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PREFACE

This document is intended as an application
guide to power system reliability analysis.
It presents an overview of system reliabil-
ity concepts and an outline of the methodol-
ogies whereby these concepts are applied.

In accordance with the mandate of CIGRE
Study Committee 38, the guide concerns the
application of analytical methods to power
system reliability evaluation based on prag-
matic concepts and principles. Tts purpose
is to cover reliability aspects 1in the
fields of power generation and transmission
from the system point of view.

The document starts from a number of basic
concepts to define a set of reliability-
related objectives and discusses various
reliability criteria to be used to fulfil
those objectives. The reliability indices
correspending to these criteria are defined
and the methodologies of calculating such
indices for composite-system reliability
evaluation and prediction are reviewed.

The models used in these methodologies are
based on a number of parameters that charac-
terize the performance of dgeneration and
transmission equipment. Te estimate the
values of these parameters, it is necessary
to collect performance data on the system

McGILLIS

components. Two entire chapters are conse-
quently devoted Lo the collection and pro-
cessing of such data: one for generation
eguipment, the other for transmission equip=-
ment. The consideration of multiple-cutage
events leads to a discussion of dependency
concepts with particular emphasis on weather
medeling, to which a special appendix is

dedicated. An appendix on substation mod-
eling is provided for evaluating the impact
of different substation schemes on trans-

mission system reliability.

A consistent effort has been made to unify
the terms and definitions used in this
rapidly evolving field. The terminology
currently employed for power system relia-
bility analysis is given in Appendix III,

No guide of this nature can claim to
all the skills necessary to
tailed reliability studies
viding basic orientation in this complex
area. For a more thorough understanding
of the mathematics, models and methods in-
volved, readers ace referred to the relevant
literature, starting with the references
given in each chapter and expanding upon
this information with the books listed in
Appendix IV, This application guide 1lays
the groundwork for a wider use of the tools
and technigques of reliability analysis in
the planning, design and ocperation of power
systems and, as such, should prove useful to
all system engineers engaged in power system
reliability assessment.

impart
carry out de-
apart from pro-
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CHAPTER 1

CONCEPTS, PRINCIPLES, OBJECTIVES AND CRITERIA
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1.1 [NTRODUCTION 1.2 FATILURE CLASSIFICATION

The function of electrical utilities is te Many types of powar supply system fallure

produce, transmit and distribute clectrical ars possible. At least three cakegories
energy safely, at rcasonable cost and with a should be identified, namnely:

degree of technical quality (adeguate volt-

age and frequency) and service centinuity . deificiencics in the technical quality
generally acceptable to the majority of cus- . emergencies in the supply system
comers. Thase conditions are related and . failure of the power systanm.

are all components of service reliability.
The main focus of this application guide is
the continuity aspect of secvice reliability Technical-quality deficlencies include un-

and, wmore specifically, the ways it can be acceptable fraquency and service voltage
measured, analysed and predicted at Lhe bulk cxcursions, ecxcessive harmonics  and  un-
power system level. balance in polyphase power supplics. Such

events may alse originate within the cus-

tomer's own systam. Cusiomer processes or
The definitlion of reliability-related objec- aauipment  (printing processes and paper
tives and the conscequent application of cri- production, far exaaple) may bs susceptible
teria to achieve them is cssential to the to wvoltage excursions, which can rasult
planning, design and opsration of rcliable in process upsets and, c¢onsequently, poor-
zlectric power generation and transmission quality products or production interrup-
systems. ticn. The customer's cquipment may also be

vulnerable to abnormal voltage, harmonics,
v unbalanced conditions.
Modern society places a high prierity on
service raliability and on fast restoration

following loss of gervicz. As a result, the Powsr system cmergencies arisc whon demand
availability of service provided by clectri- exceads supply capabiltity, as in the casc
cal utilities is generally high. For nmany of widespread shortfall of resources, Jgen-
vears, utilities have achieved an average aration or transmission capability limita-
sorvice availability of 0.99956 to 0.9998, tions. System responses to emergencies in-
the CFormer corrvesponding to 3.5 hours of clude appeals for voluntary load reduction,
interruption cxpected por customer per year, curtailment of interruptible lecads, veduc-
the latter to 1.75 hours. Similar levels of tion of service voltage to customers or lead
availability are attained in other developed management control. Load shedding and iso-
areas. lation of areas f[rom interconnected systens

{controlled separatlon) are accepted in
major emerygencies.

These high reliability levels used to be
achieved by planning and operating practices
based on intuition, experience and judgement Power gystem interruptions result in sudden
but the increase in system size and complex—  and controlled loss of service., The oxtent
ity in the last 20 years or so has forced can vary from a few customers to a wide-
utility engineers to replace their empirvical spread area affecting millions of custon-

methods by more formal approaches. These CrS, Interruptions caused by disruptions
include the categorization of concepts and and failure in the bulk powcr system differ
indices, the analysis of failures, the es- in nature, extent, frequency and effect from
tablishment of criteria and the application thosce originating in distribution systems.
of analytical methods. while most events resulting in service in-

terruption arise in the distribution systan,
the number of customers involved 1In each



case is usually small,
Lo several hundred.

in  the bulk power  systam, on the other
hand, are fewer but can affect large num-
bers of custowmers and have widespread social
and economic iapacts [1-4]. Public and
political rzaction is strongly influenced by
their sevarity, the consequential damages
and the facilities affected,

fow
arising

ranging from a
Disturbances

Typically, widespread
from a combinaticn of
foellowing:

result
including the

interruptions
Causes,

- heavily stressed systenm

- critical facilities on maintenance

= high hazard conditions causing multi-
ple failures

= Pprotection system failure

- opzrator ercor,

The public has shown tolerance to localized
outages in the distvibution system, if the
interval betweon thew is reasonably long and

service restoration proceeds within a few
flours, On the other hand, reacticn to wids-
spread interruptions has been strong, par-
ticularly when the source of disturbance
cannot  be readily identified with severe
natural causes such as hurricanes, thunder-—
storms, tornadoes or ice storms. Legal
actions have even resultad from prolonged
interruptions of service. Nonetheless, the

public has responded to appzals for volun-
tary curtailment in emergencies and accepted
energency lead-relief measures to protect
Lthe power system, provided service restora-
tion is prompt.

1.3 RELIABILITY CONCEPTS

The main goals in the planning and operating
philosophy for bulk powar systems have heen
to provide adequate rescerves to minimize the
risk of power supply emergencies and to pro-
vide a system strength that will withstand
specific classes of disturbances. In this
document, and 1in power system analysis in
general, reliability is used as an umbrella
term describing an ability measured by a sot
of suitable quantitative indices {numerical
variables)., 1In other applications, such as
Sspace technology and electronics, "reliabil-
ity" is itself given a quantitative defini-

tion and is ocne of the indices employead.
Since the latkter (narrower but more con-
crete) definition is not used in power sys-—

tem studies, thers should be no confusion.

Reliability: a general
compassing all the measures of the
ability to deliver electricity to all
points of utilization within acceptable
standards and in the amount desired.

concept en-

Bulk power systen reliability can be de-
scribed by two basic and functional attrib-
utes - adequacy and security.

Adequacy: ability to supply the aggre-
gate electric power and energy require-
nments of the customers within component

ratings and wvoltage limits, taking ac-
count of »nlanned and unplanned outages
of system components.

Security: ability to withstand
ified sudden disturbances such as elec-
tric short circuits or unanticipated
losses of system components  together
with operating constraints.

spec-—

Adequacy is alsoc referred to as
reliability and security as dynanic
bility (sec sectien 2.1).

static
relia-

Anather aspect of
tegrity, which is

security is system in-
the ability to maintain
interconnected operations. Integrity re-
lates to the preservation of interconnected
system operation, or the avoidance of un-
controlled separation, in the presence of
specified severe disturbances.

Service interruntion may result from fail-
ure and outage of lines andg equipment. The
existence of various hazards nmakes failures
and interruntions inevitable; theoretically,
infinite investments would be needed  to
eliminate then completely. The value of any
marginal investment made to obtain a given
reduction in interruptions nay be related
to the benefit resulting from having fewer
interruptions.

Utilities and their customers
for a balance of econony and
The occurrence of system outages
fore be accepted and the reliability cri-
teria respond, in fact, to the 1level of
accentability.

must strive
reliability,
mMust there-

1.4 RELIABILITY PRINCIPLES
1.4.1 S8ystem Planning

Planning covers three aspects:

- the forecasting of future demand (power
and/or energy) taking inteo account un-
certainties due to the economic situ-
ation or to weather events

- the establishment of technical and eco-
nomic data relative to the devices to
be installed: ocutages (forced and
Planned) and the cost of generating
units and transmission components
{lines, cables, transformers), fuel
prices, uncertainties of hydroelectric
resources, construction times, safety
and operating requlations and their
effect on costs

. the development of appropriate models
and the search for the most economical
solution  through the evaluation of
alternatives the latter 1includes the
selection of devices to bhe installed at
the appropriate time and in the required
size and location to supply the forecast
demand at lowest cost. The search is
subject to a number of constraints:



- thosce related to bthe service expectoed
by the custoner such as power cuts
limit=d in duration and fregquency,
voltage and Crequency held within
acceptable limits, etc.

- geographic and
straints due to

deworyraphic con-

Lhe nature of the
territory to be ssrved {load density
level, necessity of transmikting
power over long distances, isolated
or highly meshed character of the
system, etc.)

- environmental
the level of wvarious iwmpacts (chem-
ical effluents or wastse heat, con-
siderations of wvisual or audible ef-
Fects, electric and magnetic field
strengths), and constraints arising
from public opposition to the con-
struction of new power stations or
lines

constraints limiting

- aconomic and political constraints:
limitation of available capital, de-
sire to reduce national dependence on

particular fuels, uncertainty about
costs and availability of various
fuels, etc.

These constraints vary accocding to region
and country bhut those related to service are
common to all generation and transmission
systems and are directly linked to reliabil-
ity criteria. In a strict sense, the con-—
straints noted do not fall within the terms
of reference of this document and will be
examined here only to the extent that they
intevract with the reliability criteria.
They should be taken into account in the
scarch Ffor an economic optimum but, since
they are not always well defined, they arc
sometimes impossible to model 1in precise
mathematical terms.

1.4.2 System Design

A design philosophy has evolved for the bulk
power system which assures that, in additien
to being safe for customers and cperating
personnel, the system will have the capabil-
ity and flexibility to minimize violations
of adequacy, security and integrity during
foreseeahle contingencies, Allowance must
he made for maintenance of system components
as a part of the preconditicns for the as-
sessment of reasonably foreseeable contin-
gencies. Consideration must be given to the
power transfer reguirements imposed upon the
bulk power system by power flows arising
from the normal econcmical dispatch of gen-
eration. Contingency conditions must re-
flect line configuraticn (double=-circuit
construction, c¢ommon right-of-way), con-
tamination considerations, and extreme
weather (hazards of high winds, 1ice and
snow loading) and flooding.

The system should be designed te minimize
the risks of propagation of adverse effects
of major disturbances that vielate the

design critertia.
that the system be sufficiently protected
and operated with sufficient reserve Lo
confine the extent of disturbancess, to avold
nropagation  of interruption beyond the
portion affected, and to protect generation,
substation equipment and lines from damage
and personnel from injury.

The objective sought is

The means for sgystem reconfigurabion and
restoration of operation should be suffi-
cient to perait rapid recovery from in-—
terruption, Communications, control and
switching centres should be provided with
emergency on-site auxiliary power capability
to permit independent monitoring and oper-
ating capabilities for rapid reconfiguration
and re-gnergization.

1.4.3 System Operationsg

Reliability of the bulk power system con-
cerns the oaperator as much as the plan-
ner [2]. However, since the decision time

frame is different for each, the reliability
methods to be applied and the difficulties
involved are alsc different., Operators make
short—term risk assegssments while planners
are concerned with long-term predictions.
In addition, operators ideally should obtain
results Cast enough for operating decisions
based on them to be made with minimum delay.

Generally speaking,
operating-reliability asscessments is Lo
provide assistance in setting and carrying
out various operating policies. Typical
are the provisions of adequate spinning
rescrvaes, the allocation of preventive
maintenance or the timing of sales to, and
purchases from, interconnected utilities.
These activities must be carried out so that
operating risks are acceptable, economy and
security are balanced, and the effects of
component. fallures arce minimized as well
as the probability of catastrophic fail-
ures (system collapse). Since frequent re-
evaluations are required, an ideal program
would produce them on-line.

the purpose of

The use of operational reliability methods
depends on the time frame to which they ave

applied. Time Frames are the varlous pe-
riods in the Ffuture Ffor which assessments
are made. While there 1s no general agree-
ment on their classification, they may De

categorized as follows:
. Time Frame A: from the prescnt to a few
hours or days hence

Time Frame B: up to one year hence

. Time Frame C: up to the end of the oper-
ating time horizon (2 to 4

years).

In each of these categories,
ical studies that wmay require
assessments.

there are typ-
reliability



Time Frame A

Beconomical utilizatcion of
generating capacity

available

Provision of adequate spinning reserve
to keep the risk of system failure below
a pradatermined level

Assessment of the amount of Dower
can be sold or needs to be purchased

that

Choice of
gencies

corvective actions in contin-

Time Frame B

Eeconomical utilization of available gen-
erating capacity

Unavailability of hydroelectric anergy

Impact of the uncertainty
hydroelectric energy

in forecast

Economic operating schedule
Scheduling of energy sales and purchasecs

Assessment
pabilities

of transmissien transfer ca-

Assaessment of
from schedules

requests for deviations

Component maintenance and

scheduling

overhaul

Time Frame ¢

Bconomical utilization of available gen-
erating capacity

Mothballing and restoring of units
Fuel contracts

Long-term sales and purchases

It can be obscrved that the entries in Time
Frame A serve mainly to help operators de-
cide what action to take, while those in B
concern operating policies. 1In the practice
cf some ukilities in EBurope (e¢.g. ENEL),
evaluations in Time Frame C are carried out
annually, to ensure constant risk over the
years.

The development of indices and criteria to
fit the above applications and of methods to

compute these indices is fairly recent and
by no means complete. To make full use of
these approaches is still a task of the

future,

1.5 RELIABILITY OBJECTIVES

Using the principles just presented, utili-
ties should have the following objectives
when planning, designing and operating a
bulk power system:

. To i.e. to

preserve system adequacy,

supply the aggregatz electric power
and energy requirements with accept-
able technical guality and service
continuity.

- To preserve system sccurity in such a
way thabt recovery from wore probable
contingencies can be achieved without
load curtailment or interruption and
avolding excessive stress on the sys-
tem and its components.

To prescrve systam
that morc severe, less probable con-
tingencies, including sequences  of
contingencies, will not result in un-
controlled separation of major por-
tions of the systen.

integrity, such

. To limit the extent of failure and
minimize the risk of widespread shut-
down,

fol-

« To promote raplid restoration

lowing shutdown.

1.6 RELIABILITY CRITERIA

Rzliability criteria can be viewed as con-
ditions that should be satisfied by the
generation and transmission system in order
to achieve the required reliability. They
fall into two categories: index or variable
and attribute or performance test critoria.
The Cformer are numerical parameters which
provide target levels of reliability or,
more usually, upper bounds on unreliability,
i.2. expectad energy not supplied or ex-
pected frequency of failure. The use of
such criteria forms the basis of srobabilis-
tic reliability assessments. Performance-
basaed criteria take the form of sets of con-
ditions, such as generation or transmission
incidents, that the system must be capable
of withstanding. The definition of incident
includes the predisturbance as well as the
disturbance itself and forms the basis of
deterministic contingency evaluation.

Chapter 2 illustrates the division of the
general reliability problem into the cate-
gories of adequacy and security and provides
detailed descriptions of the indices uti-
lized in both domains.

There are many techniques in use at the
present time to assess the reliability of
an existing or proposed bulk power system.
Chapter 3 presents a summary of the method-
ologies, which can be generally categorized
as being either deterministic or probabi-
listic in nature, and illustrates the compu-
tational techniques available for quantified
reliability assessment.

In using reliability critsria, the planner's
task consists in determining, within the
bounds of these criteria, the bulk power
system for which the overall costs are min-
imum. This can be thought of as a search
for a constrained optimum system in which
the overall cost is the sconomic function
and the reliability criteria are the con-
straints.



RELIABILITY CONCEFTS AND PRINCIPLES

SERVICE RELTABILITY

Safety

Cost-cffactivoness
Tecnnical quality
Service continuity

GENERAL RELIABILITY CONCEPTS

Adequacy
Security
Integrity
Strategic constraints

SYSTEM PLANNING SYSTEM DESIGN SYSTEM OPERATION

Load forecasting Reliable supply Safety

Data collection Reliable transfer Service quality
System modaling Safety Economy

Consideration of Configuration Tntegrity

constraints Operating constraints

Evaluation of
alternatives

N

RELIABILITY OBJECIIVES

Maintenance of supply
Sccourity

Integrity

Limitation of failure extent
Rostoration

|

RELTIABITITY CRITERIA

Figure 1.1 - Schematic representation of the progression of ideas
in reliability criteria formulation

The progression of ideas 1n the formulation serve  as "umbrella performance tests”.
of veliability criteria is schematized in Experience and judgement play a significant
Fig. 1.1. role in the selectlion, since this affects

the resultant system strength, reliability
performance, capital reqguirements and oper-—
ating costs.

1.7 PERFORMANCE TESTING AND RELIABILITY

PREDICTION 1.7.1 System Failure Criteria

Most transmissicon and bulk power Systenm Bcceptable response is determined by using
reliability assessments employ performance cuicable performance criteriat loadings
tests which invelve the application of  ,i¢tnin specified limits, bus voltages and
specified disturbances, simulation of system changes within specified limits, and preser-

response, and evaluation_oﬁ system recovery vation of system frequency and integrity.
capability. System conditions at tho onset

cf the disturbance are included as part of

the disturbance. These limits are not necessarily thresholds
of system failure or of loss of service
quality but they reflect margins in the sys-

To limit the number of tests to be per-  tem withstand capability for the classes of

formed, a few cases representative of larger distuvbances represented by the umbrella

classes of disturbances are sclected to tests,
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Deterministic performance tests, or the
choice of probabilistic reliability indices,
are based on system failure criteria. The
reliability criteria discussed earlier are
then used in the assessment of test results
or index values obtained for a given system.

i.7.2 Failure Assessment

Theoretically, all possible modes and levels
of disturbances should be included in the
assessment of risk and severity of failure
for reliability predictions. Performance
testing stacts from the presumed healthy
system and simulates the system respoase and
recovery for prescribed contingencies. In
cantrast, index-based system reliability
predictions require the ability to track
system respense into the failure states to
establish the outcome and the degree or
severity of failure Ffor the significant
contingencies, Risks and modes of errors
in operation must also be modelled together
with faults and malfunctions of protection
relaying and conktrol systems, In Dboth
cases, success 1is measured by acceptable
response and recovery.

Note that correct evaluation of system re-
sponse to performance tests requires the
same level of medelling and computing accu-
racy as index-basad failure evaluation.

failures should be meas-
terms of losses of electrical serv-
interruptions and/or loss of service

Strictly speaking,
ured in
ice,

quality. From a practical standpoint,
however, for planning and operation evalua-
tions, they may be measured by the occur-

rence of such conditions as:

. loadings beyond limits

. frequency excursions beyond limits

» voltage excursions beyond limits

. real-power deficiencies

. reactive-power or voltage-support
deficiencies

. sSeparation

. instability

- cascading risks

. voltage collapse

These are descriptions rather than actual
neasures of failure because they are indica-
ticns of conditicns leading to failure.

1.8 UNCERTAINTY IN RELIABILITY EVALUATIQNS

Uncertainties in power system reliability
predictions may arise at any stage of a
reliability investigation. Inaccuracies or
even errors may occur at each step shown in
Fig. 1.2 for a typical investigation [5].

S5tep 1. Past system behavior

Outage corresponding
nodels - —

:

Step 2.

Outage
data

Reliability calculation
nethod with implemented
cutage models and rodels of
systems and operator behavior

Step 3. Calculation of
reliability indices
I
Step 4. Prognosis of future
system behavior
Figure 1.2 - Schenmatic overview of reliabil-

ity investigation

Step 1

Observation of past system behavior in
order to obtain outage models and corre-

sponding component outage data. Uncer-
tainties occur here due to:
. limited number of ohserved outages

(sampling inadequacy)

. insufficiency of outage reports, which
means that not all the desirad infor-
mation is obtained.

Step 2

Creation of a vreliability calculation
method and its implementation in a com-
puter program. Many simplifications are
necessary owing to limited computational
power or because some effects involving
plant and system operator actions, espe-
cially operator errors, are not easily
modeled:

« impossibility of
rossible outage
outage models

considering all
events by creating

. load-flow calculation,
an approximation method

often done by

. modeling of remedial actions, such as
switching, busbar coupling or genera-
tion dispatching, often oversimplified

. modeling of load-shedding policies,
very difficult but with significant
impact on reliability indices.,



—11-

Step_ 3

Calculation of reliability indices using

a program.

. Inaccuracies may occur here as a re-

sult of limitation of the contingeacy
selection, 1f analytical mncethods arc
used.

Uncertainty may result from the small

number <f simulated time Iintervals, if
simulation methods are used.
Step 4
Predicting the future system behavior or

comparing nlanning wvarlants Cor a given
time period using reliability criteria.
Deviation of loads fromn Eorecast and
the stochastic nature of system fallure
avents, combined with the fack LChat
failure occurrence is infrequent Efor the
highly reliable systems under study, con-
tribute to uncertainty in predicticns of
fukture system behavior.

of these er—
if wmodeling

Duantitative evaluation of most
rors is difficult, especially
simplificaticns are involved.

Planning engincers should be awarc that, be-
cause of the inherent uncertainties, relia-
bility indices have a probability distribu-
tion with a considerable deviation., Account
should therefore be taken of variances of
the calculated indices when using rvelia-
pility criteria to make nlanning decisions.
These wvarliances can be calculated. Full
information on predicted system behavior is
contained within the probability distribu-

tions of the indices. Ideally, woliability
critzria should be based on these distri-
butions but in practice the planncr aust

for less, making use of the cxpecterd

of the indices.

seltle
values

The uncertainty in predicting system bhehav-—
ior depends on the reliability index. The
uncertalnty is especially high For the pre-
dleted interrupted-encrgy index, which means
that evaluations of interrupted-enargy costs
based on this index are also forced to deal
with significant uncertainty.
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2.1 INTRODUCTION

The concept of power system reliability 1is

extremely broad, covering all aspects of
the systen's ability to satisfy customer
regquirements. It is therefore necessary to

recognize this scope and to use it Ffor gen-
eral rather than specific indications of the
overall ability of the system to perform its
function. A much more precise classifica-
tion is needed to obtain risk indices that
express the varlous aspects of system relia-

bility quantitatively. Risk 1indices refer
to situations in which the system wmay be
unable to guarantes the pecvformance of its
functions bhecause of the forced outage of
some components or, even 1if this occurs
rarely, because the load has taken on values
other than those expected. Tha simple but

reasonable
reflects
system:

classification presented below
the twc basic aspects of a power
adequacy and sccurity [1,2].

The risx indices
therefore most
riving from a comparison in probabilistic
terms ab given instants between the load
{demand) and the capability of the system
in steady-state conditions. Such system
capability 1is often referred to as ade-
quacy, whence corresponding adequacy indi-
ces are derived. Since these indices do
not consider transient phenomenal that occur
in an electrical system from the moment a
forced outage Lakes place until a new steady
situation is reached, they are qualified as
static.

gquickest
often wused,

to obtain, and
are Lhose de-

The most  common
further classified
biparametric [2].

adequacy indices can be
inte monoparametric and

As their name
indices use
cvaluation,

implies, monoparametric risk
a4 single parameter, For their
it suffices to define the behav-

1 such transient phenomena include both
the electromechanical swinging of the
machines and system frequency variations.

ior of any system component simply bv the
long-term probability of outage, without
specifying the related duration or Erequency
characteristics. These indices provids a
measure of the average system behavior dur-
ing the period under investigation, without
stating whether the rvisk situation corre-
sponds to a single long event or a number of
short events.

Biparametric risk indices are expressed by
two paramebers, usually the annual expected
value of the guantity represcenting the sys-—
tem deficiency (duration or amount) and the
related annual frequency, or the expected
value of a single deficiency and its fre-
quency. Obviously, assuming the same unit
of time (e.qg. one year) the product of fre-
quency and the expected value {duration or
amount) of a single occurrence gives the
corresponding total expected value in the
uait of time {e.g. annual value}. In ocrder
te wevaluate these indices, the behavior of
the various components from the point of
view of their unavailability must be defined
not only by the value of the average Iocrced-
ocutage rate {or outage probability) but also
by the related average Erequency (or dura-
tion).

Obviously, transient phenomena can make the
disconnected load even greater than the dif-
ference between availability and demand in
the new steady system state. The system’s
ability to overcome transient phenomena is
often referred to as security, whence cor-
responding security or dynamic indices are
derived.

It should be borne in mind that adequacy
indices take account of faults of relatively
long duration, since these require repalr
and therefore constitute what is commonly
defined as permanent faults. For determina-
tion purpocses, however, they do not cover
transient faults lasting from fractions of a
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second up to a fow minutes, which are caused
for examnple by temporary breakdown of the
air insulation of overhead lines. 1In order
to include these faults, a further class
of dynamic indices is nceded. These indices
are calculated in the same way as adequacy

indices, by comparing availability and de-
mand  during the short temporary-cutage
interval of the component concerned., In

radially operated systems, there may also
be interruptions in supply, with the result
that loads must be disconnected until supply
is restored by other means. These interrup~
tions are not covered by adequacy indices
which, strictly speaking, cnly consider in-
terruptions due to insufficient availability
of installed components. Temporary indices
may also include interruptions whose dura-
tion, even fairly long in some casas, can
theoretically be obtained by means of suit-
able automatic devices.

i1t is important to realize that most prob-
abilistic techniques available for power
system reliability evaluation are used in
the domain of adequacy assessment, although
some work has been done on subsets of the
security problem, such as quantifying spin-
ning- or operating-capacity reguirements and
transient-stability evaluation.

2.2 GENERATING SYSTEM ADEQUACY INDICES

2.2.1 Monoparametric Risk Indices [2]

2.2.1.1 Probability of not meeting the

annual peak leoad

In this case, reliability is judged on the
basis simply of the system's probability of
being able, or not, to supply the maximum
annual peak load. The risk index is eval-
uated by comparing the probabilistic distri-
bution of the maximum annual load with that
of the system capacity available on the day
the peak occurs.

the
two

The index is obtained by considering
risk as the combined probability of
independent events A and B:
P{A,B} = P(A) . P(B)
where A is the existence of a given stress
B is the existence of a strength less
than the stress

Let pL(L) be the probability density
function for the annual peak load {stress),
defined between an upper extreme Lpay and

a lower extreme ILgin, and Ppa{L), the
probability that the available capacity
{strength) is lower than L.
1 If palC) is the related probability
density function,
PA(L) 5 (C) 4ac
A(L) = gpA

With reference to Fig. 2.1,

: the probability
of not meating a peak

load between I and

L + dL is
pL{L) 4L . Pa(L) = r(L)4L
and, for the whole range of probable peak

loads, the risk R is

where v(L) is the density function of the
risk index under consideration.

Lmax Lnax
R =f r(L}dL ='[pL(L).PA(L}dL
Lain lmin
Llmax L
R =[ pL(L)o pr(C)dC.dL Dol
Lenin o

The case represented in Fig. 2.1 corresponds
to a possible real system having an average
peak load of 51.6 GW, normally distributed
with ¢= 7%. The total installed generating
capacity, Cg = 65.1 GW, consists of wvar-
ious groups of nuclear, thermal and gas tur-
bine units all having forced-outage rates of

usual values. The cumulative probability
function of the available capacity being
lower than T, is obtained from the corre-

sponding probability density function which,
in turn, is a combination of the various
binomial probability density distributions
of each ygroup of generating units, This
risk index, which has been adopted by tha
CEGH,2 is used in a system where all the
generating units are thermal, with no limi-
tation as regards the energy (fuel) at its
disposal.

Obvicusly, judgment based exclusively on
this index can suffice only if the index has
acquired a deqree of confidence, which pre-
supposes a stable relationship between the
beak value and the wvalue for the rest of
the year. This index was originally used to
evaluate the reliability of generating sys-
tems and is therefore genevally applied to
busbar systems.

[R¥]

The Central Electricity Generating Board
(CEGB) standard, which emerged as a prag-
matic choice during the period 1954-1958,
defined a disconnection risk (after first
obtaining a reduction in demand through
operatien at reduced voltage and fre-
gquency) of 3%, when some customers' loads
would have to be disconnected for the
30-min duration of the annual peak de-
mand; this remains unchanged. In 1971
the standard was extended to include a
statement of the corresponding full de~
mand risk of 23%, when there would be
insufficient generation available to meet
demand in full at the half-hour of annual
peak demand, and load reduction up to a
maximum of 7.5% by operation at reduced
voltage and frequency would be necessary.
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Figure 2.1 - Probability of not meeting the annual peak
load, R
P {p.u) Week : Wk
1.0— P (L —P p .
A )= (Available capaciy < L}
LOLE(W,) = L F;Pa(L | F(days)
SO AlLj) Weekdays L5
|
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Figure 2.2 — Risk due to lack of installed capacity, or
loss of load expectaticon (LOLE or LOLP)
2.2.1.2 Risk due to shortfall capacity depends on the number of generakting units
available for service and is stationary for
an interval in which the units on planned
The loss-of-load expectation {LOLE), also malntenance do not change (normally one
commonly referred to as the or loss—-of-load  week)}.

is defined as the ex-
in the year when the

probability (LOLP),
pected number of days
daily peak load Lj exceeds the available
capacity. It is “ohtained by adding the
probabilities Ry (as calculated in 2.2.1.1)
for every day ia the year when the available
capacity is unable te meet the daily peak:

365
LOLE = E Rj (days/yc)
1
The probability function Pa(C) of the
available capacity being lower than C

in order to reduce the volume of calcula-
tions for the load, it is possible to assumc
the approximation that each daily peak lcad
is known deterministically {only one value
per day). Naturally, there Is no obligation
to use Lhis approximation and the velated
probability density function can be adopted
instead. A further approximation is to as~
sume the same value of Li for a group of
days in a given week, ascribing to it a fre-

quency Fj (days/week). With these approxi-
mations, the probability of not meeting the
daily peak load is PA(Lj) and for the

week 1s wys
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LOLE {wy? Z: Fy Pa(Ly) {days/wk)
]

In Fig. 2.2, Fj is 5 for weekdays, 1 for
Saturday and Surdday. This figure shows how,
in practice, only weekdays contribute to
LOLE {wyg), so that unplanned maintenance of

further units can be envisaged at weckends.

The yearly LOLE is easily obtained by re-
peating the same computations for each weck
of the year and summating the results:

52
LOLE = E LOLE {w}) {days/yr)
k=1
It should pointed out that R(y) = jgé' LOLE

is the probability of failure occurring at
daily peaks during the year.

LOLE is the index most commonly used for
planning purely thermal generating systems.
Its values show a wide spread: in Europe,
for instance, it varies roughly between 5
and 0.2 days/year, whereas the USA, Canada
and Australia report values of 0.1 to
0.2 days/year. The differences among sys-
tems are due, in part, to calculation dif-
ferences.

LOLE is much more significant than the Dre-
vious index because it takes account of
situations that occur throughout the year,
albeit only those that correspond to daily

peaks. In this c¢ase, too, the index con-
siders only the occurrence of the event's
"inadequacy to meet maximum load value",

without evaluating the extent of the corre-
sponding insufficiency. A shortfall of 1 kij
for example, is judged in the same light as
one of hundreds of megawatts. Furthermore,
neither the frequency nor the duration of
the lecad loss is indicated.

2.2.1.3 Risk due to lack of stored energy

Uhen the generating system is mixed hydro-
thermal, a possible cause of inadequacy to
neet demand is lack of stored energy in the
reservoirs. This can be quantized with a
risk index similar to LOLE but it is more
complex to calculate. In fact in the hy-
pothesis of examining the system behavior
on a weekly basis, the possibility of sat-

isfying the 1load depends on five random

variables:

C = available thermal and hydro capacity
(MW). Probability densities: pt (C}
and pp (C)} (Mw-1)

L = load during the week (MW). Probabil-
ity density: prp (L} (Mw—1)

ELg = load energy to be supplied weekly
by the hydro plant (MWh). Probability
density: ppg (Ery) (Mwh~—1)

Wy = volumes stored in the reservoirs at
the beginning of each weex (m3),
Probability density: py (W) (im3)—1)

Wi = weekly inflows to the
(m3%. Probability density:
((m3)-1)

reservolirs
PinlWi)

Direct analytical calculation of an index
similar to LOLE 1is possible in the casec
that a) the system behavior can be consid—
ered on a weskly basis, b) the hydro sub-
system is modeled with only one large (at
least monthly) equivalent reservoir and o)
the hydro plants are used for pealing pur-—
poses [31. In other <cases, when various
hydro and pumped-storage plants are present,
more detailed and complex simulation pro-
grams are suggested to estimate the indices
related to the lack of stored energy [5,6].

Assuming two
other hydro, modeled with S3ust one large
scasonal vreservoir, and assuming further
that the hydre energy can be requested only
after all thermal plant has been utilized
("defence of water" 9policy), an LOLEg
index can be obtained for an entire year
as the sum of all the weekly values of
LOLEg(wk) of not being able to meet the
weekday peak load owing to lack of water in
the rescrvoir. In other words, LOLEg(wg)
can be defined as the weekly probability
that the energy available in the reservoirs
during the weck, which represents the sum of
the volume stored at the beginning of the
weck plus the inflow during that week, is
less than the energy required by the hydro
plant during the same week.

subsystems, one thermal, the

The index can be calculated as follows (sece
Fig. 2.3). For a fixed week Wk the weekly
load duration curve PL(L)Y and the proba-
bility density of the available thermal
capacity py(C) (account having been taken
for the thermal units on planned mainte-
nance} can be used to obtain the probability
density of the energy required by the hydro

plants prylELy) in that week (lower part
of the figure).

Assuming the week as the unit of time, the
load duration curve gives the probability

that the load is equal to or higher than L:

Pmax
?L(L) = pp(L)dL
L

If the thermal subsystem has an available
capacity L, the energy to be supplied by the
hydro subsystem is

Lmax

ELH(L) = PL(L)dL

and therefore
- P({L)4L

dELH(L) = (2.1}
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The probability of having a request for

hydro energy between Epg(L) and Erg{L) +
dEpg is:

5= - .2

pLH(ELH) dELH pt (L) {-dL) (2.2)

Substituting eq. (2.1) into expression (2.,2)
vields the probability density function of a
demand for Erpg as [ollows:

E ) (- P(L)dL) =

Pru‘Fry PE(L)

(-aLr)

(E = pedL) /P, (L) {MWn-1)

PrytBryl

Furthermore, from the probability density
of the water stored at the beginning of the
week py(Wv) and that of the inflow during
that week p-(wj), it is possible to evaluate
the probabiiity density of the water avail-

able from the reservoir in the same week
ps(Wg) (upper part of Fig. 2.3).
Ps{Wg}, the probability that the water vol-

ume available during the week will be equal
to or lower than Wg when the water volume
stored at the beginning of the wesk is be-
tween Wy and W, + dWy, is the product of the
related probability py(Wy)dWy and the prob-
ability Pjip(Wg-Wy). For the range of Wy
between 0 and Wg:

s

PglWg) = Pin (Ws—Wy).py(dy)dw,
Wy =0

By analegy, considering the

Py(Wg-Wi) and pipn(Wildwy,

probabilities

Wg
Ps (Wg) = Py(Ws=Wi).pi{Wildwy
Wi=0
Therefore, the density function pg equals

dPg(Wg) /AW,

Wy
Ps(¥g) =“/P Pin (Wg=Wy).py{Wy)aw,
Wy=0
We
= -/bv(ws-wi).pitwi)dwi
W;i=0

If the energy obtainable from the reservoir
is proporticnal to the water volume stored,
through a plant coefficient

Egg = Wy . ¢

the related probability density function is

1 1 Egqy
PoylBgy) = g Ps - Ws = a st
and Psy(Egy) iz the ©probability that

the energy obtainable from the reservoir is
equal to or lower than Egy.

When
known,

pralELY) and Psy{Bsy) are

it is possible to calculate

vl

Limax
RE(wk) = _/- pLH(ELH) d Ey - PSH(ELH)
0
(dimensionless)
where ErHmax is the value at which
py{Epu?) practically vanishes.

Summing the Rg{wy) for the 52 weeks of the
year* yields
52
LOLEE = z RE(wk} {wk/vyr)
k=1

It should be mentioned that the function
oy (Wy) of each week depends on the proba-
bilistic history oF the system during the
previous weeks.

2,2.1.4 Expected capacity shortfall

For events in which load exceeds capacity,
the expected valus (long-term average) of
the capacity shortfall Cyx provides a measure
of the extent of such shortfall.

For this purpose, let pa(C) be the prob-
ability density function of the capacity,
valid for a time period with a given group
of generating units. The group excludes
units on planned outage. Let pL(L) be the
probability density functicon of the lcad for
a time interval within the period in which

palC) is defined {depending on the appli-
cation, p(L) can refer to the annual peak
load, the daily peak load, daily peak lcads

in a week, hourly loads in a day or a week,
daily loads, weekly loads, etc.). Various

indices Cy can therefore be considered. Let

us start with the simplest case, related to

the annual pealk load (see Fig. 2.4).

L 1¢ is sometimes necessary to combine the
index LOLE (days/year), related to the
lack of capacity at the peak, with the
index LOLEg (weeks/year) related to the
weekly lack of stored energy. For this,
the rough approximation can be assumed

that all five weckdays should bhe affected
at the peak by the weekly deficit; ac-
cording to this assumption, Rp(wg) is
the probability of having five days with
an energy shortfall and LOLEg multi-
plied by five is the expected number of
days per year when the energy shortfall
occurs.
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Cy(wk) gives the avevage expected capacity
snortfall for all hours of Lhe week. Assum-
ing the duration of each capacity shortfall
will not he less than one hour, the expected
energy curtaiiment that week can be obtained
as the product of Cx{wk) and the number of

hours in the week (3760/52 = 163):
B{wk) = 163 Cylwk)
= 168 . . -
63 f pLN(L)f(L C)p,,,(C)AC dL
Linin 0
Tha annual wvalus © (or EENS) i3 the sum of
tne 52 wezkly valuos:
52
= iz E(wy) = EENS
k=1
It 1is casy to check that, if Cy(y) is
the vyearly index corresponding Lo the
wieekly values, Cylwg), then E 1is equal to
8760 Cyx(y).

The index is normally expressed both in ab-
solute values, i.e. in megawatthours/year,
and in per-unit values of the total energy
vreguired by the load. The per-unit wvalues
ace in the range of 10-4 to 1073, depending
on the size of the generating system and the
adeguacy target pursued by planners.

When the generation system 13 not
thermal but includes hydro and/or storags
plants  (pumped storage, battsry systems,
2tc.), the other component of the possible
deficiencies, namely the energy curtailment
due to lack of stored cnergy, must be eval-
uated. To distinguish between these two
components, the indices quoted above are
usually referred to as the "risk of power”
in the case o0of capacity shortfall and the

purely

"risk ¢f energy" in the case of primary-
cnergy deficiencies.
Under conditions such as those assumed in

section 2.2.1.3, the expected value of the

weekly curtailed energy due to lack of
stored energy E(wg) is the weighted average
of the random-variable deficit of stored
ensrgy. FE is defined as follows:

B = Fryg - Bgy 1f  EBpy > Egy

£ =0 lf ELH < BSH
where Erygr, the energy required from the

hydro plant by the lecad, can vary between 0
and Epgmax while Egy, the energy avail-
able in the rescrvoir, can vary betwecen 0

and Bggpax according to the total volume
of the reservoir.
The \ A aiti

ne relevant probability densities Py (ELH)

and p (B )
SH SI

2.2.1.3. The problem 1is analogous to that

ol evaluating Cy (see section 2.2.1.4).

were 1llustrated in secticon

Therefore,

Bl max Ern
Eglw = PrylBLgldE g :[ (B FoylPgy(EgyldEgy
) 0
and, for the whole vear,
52
E. = }; E_({w
" 2 Wk
k=1

When the hydro
the phenomena

systems are complex and/or
studied require a sampling of
vearly system behavior covering 1less than
one week, the proposed index cannot be eval-
uated without resorting to special programs
based on the Monte Carlo methed, which sim-
ulates the system behavier on an hourly
basis [4,5].

The resulting expected yearly energy cur-—
tailment will be:

Eror = £ + B (MWh/yr}

or EENSpot = EENS + EENSR (MWh/yr)

The EENS index has found widespread use for
power systen planning in Europe, particular-
ly in France (B8DF) and Italy {(ENEL).

2.2.1.6 Utilization of monoparametric risk

indices

All the above-mentioned monoparametric in-
dices are used in generating system planning
{busbar model). Table 2.3 provides an idea
of those most often adopted by electrical
utilities in various countries. Naturally,
the indices shown are often complemented by
others that take local conditions into ac-
countl.

that direct com-
not only is
misleading, since

It should be emphasized
parison of numerical figures
dit€icult but could be

different computational methods may have
been used, resulting in different interpre-
tations. Furthermore, allowance must be

made for load variations due to weather ef-
fects and errors in growth forecasts, for
assistance from interconnections with other
utilities, for remedial or emergency actions
and for multi-state modeling of genevating-
unit availability. Finally, for utilities
expressing the index as a preobability
{e.g. 0.02), direct comparison is further
hampered by the difficulty of defining the
population to which this rvefers.
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It should be recalled that the expected
value 1is the weighted average of all the
values of a random variable, the weights
being the related probabilities. The random
variable in the present case is the capacity

shortfall, defined as follows:

A=L ~-C it L >
= <

o
A=0 if L £¢C

whers L varies betwoen Lpin and Lyax with a

brobability density pp(L) and C between 0O
and Cpax Wwith a probability density pa(C).

When the load has only a fixed value L, the

expected value of Ty is

Cmax
(L—C)pA(C)dC + 0 . H/- DA(C)dC
0 L

Cmax
f PA(C)dC

v}

Cx(L) =

(M)

C
But the integral L max

over the entire

pAl(C)dC extanded

range of C, which
total weight of the probabilities consid-
ered, is egqual to one and the zern values
can be deleted so that the following rela-
tion can be written:

is the

L

Cx (L) = (L - C)p,(C)dC {MW)

0
In the second member of the expression, only
shortfalls different from =zero appear Dbut

the weighted average also takes account of
zero shortfalls.

By analogy, when the load is a random vari-
able, for the whole range of probable loads

Lmax Cmax

L
f p (L)L . f (L-C)D, (C)dC+0 f p,{CHaC
Lmin 0 L

Linax

J.

Any possible

Cx (M)

cmax

pL(L)dL . f palcidc
0

deficiency, including =zero
deficits, is weighted with the related
probability [p[‘(L)dL + Py (C)dC] and the
total weight appearing in the denominator is
equal to one. We can therefore write

L
Cx -f p (L)dL Afo

Lmin

in

Lmax

Imax
(L-Clp,icidc 'f
L

—Cyx (L)AL {MW)
in
where

L
—Cx (L)L = [ p (1) . J' {L-Clp,(Crac | dr
0

As before, only shortfalls different from
Zero appear in the second member of this
expression but in the weighted average zero

shortfalls are also taken into account.

Likewise, it is possible to use the related
probability density functions of L and C to
calculate the expectad capacity shortfalls
Cypldy) at the daily peak load for an entire
yaear and to obtaln an annual index Cxp(y)

L 355
Cxply} I8 Z:l Cxp(di) (M4}
j=

This index has been proposed as a conpanion
to LOLE and, like the 1latter, is used for
systems whave there is no limitation on the
primary energy (fuel) supply to the gener-
ating units.

TE the related probability deasity functions
of L and C are used to calculate Cyx{sj) for
N time intervals sy covering a whole year,
an annual index Cx(¥) can be obtained as the
veighted average of the Cx(sy) values, the
weights being the rvatiocs 30 Which represent
the duration of each interval expressed in
fractions of a year.

N
(Z aj = 1)
j=1

i
Z o, Cx (35) N
j=1

Cxly) = :Z a; - Cyx(s5) (W)

N
Z“j
=1

i=1

For instance, if the week is chosen as the
time interval, the following eguation is
obtained:
52
1
Cxly) = — . Z Cyx (wg) {(MH)
52
k=1
2.2.1.5 Expected energy not supplied
This index, Ergy (EENSToT), 1s defined
as the long-term average of the enecrgy

curtailed because of system deficiencies.
For generating systems having units with
unlimited primary energy at their disposal
{thermal systems}, this index <can be ob-
tained from the appropriate expected capac-
ity shortfall index Cy.

Considering a one-week time iInterval (see
Fig. 2.4} and the probability density Ffunc-
tion of hourly leads prw(L), and assuming
that the probability density function of the
available capacity payw(C) does not vary
during the interval, the corresponding index
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Example of moncparametric static risk criteria
used by various electrical utilities
for generating systems

Source : CIGRE SC-37 - Oslo Meeting 1983
Udpated: Electra No. 11U, January 1487

Reserve LOLE E and Epgr
(%) {(days/yr) (Mwh/ yr)
(pau.)
Europe
Belgium x (16 h/yr)
Finland (17)
France (EDF} X (5) X
Ireland {(ESB) 4 (U.2)
Ttaly (ENEL) X (0.2) x {1073)
Spain X (0.1}
Sweden (S5PB) X (0.4) X
United Kingdom (CRGB) (28) x (1.8)
Hungary x {50 h/yr)
North Mmerica
Canada {Ontaric Hydro) X (0.1)
USA (most utilities X (D.1)
Others
Austraiia {(Victoria) (25~35} X (0.5}
Brazil X X (2.5)
Japan see note X (0.3}
South Africa {(ESCOM) (28) X (6)
x = 1Index 1in use
{ ) = Target values

Note: In the case of Japan, the reserve values of 8-10%
usually indicated do not take planned maintenance
into account and are therefore not comparable with
other reserve values.

2.2.2 Biparametric Indices In order to determine this particular index,
the following variables must be cvaluated:

2.2.2.1 Freguency and duration of capacity
shortfalls . HMargin: difference between available ca-
pacity and load

The indices based on frequency and duration, . Cumulative margin, M, a state containing

F&D, represent an extension of the LOLE (or all states with a margin less than or

LOLPY index in that they provide more infor- equal to that specified

mation: they identify the average rate at

which a capacity shortfall occurs as well . Probability of that cumulative margin

as its average duration. The frequency of state, PMm, obtained as Py = P(X) !

occurrence typically refers to events per Pipad (C*-X-M) where:

yvear and the duration is generally expressed

in days or hours [6-8]. P(X) = probability of a capac-
ity outage of magni-
tude X

Two=-state (peak and off-peak), multi-state

and continuous daily load models have been c* = installed capacity of

used in computing this index. the system less any

scheduled outage (as-—
sumed constant through-

Both the LOLP (LOLE) and the EENS indices out each week)

utilize the steady-state unavailability U

and availability A parameters. In addition, Pload{C*¥-X-M) = probability that the
FaD techniques utilize the transition rate load is less than or
parameters (failure rate = A and repair equal to (C*-X-M),

rate =H }.
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Note that when M is =zero, Py is the
LOLP in the traditional ssnsc.
- Frequency of state M, fy, whose expres-
sion can be found in [7) and [8].

The following general expression axists be-
tween the above variables:

oM o= Py
where Dy = avzrage duration of M
Pu/ Ly = probability of residing
in state M divided by the
frequency of encountering it
The frequency of encountzring a load loss

and the latter's average duration are deter-
nined simply on the basis of the cumulative
margin being equal to zero (M = Q).

The F&D technique that produced this index
originated in the USA [6-8]. In reality,
the index is not widely employed in gJencera-

it has found
studies, as

ting system analysis although
extensive use ino transmission
will be seen later.

2,2.2.2 HMean amount and duration of energy
curtailment

This index is based on twe parameters: the

mean amount of an energy curtailment ec.

which is givan in megawatthours per curtail-
ment, and its mean duration re, given in
hours. It is used by ENEL in Italy in con-
junction with the monoparametric index EENS

(see Fig. 2.5) for quantitative reliability
assessment o©of generating systems. The
following relationship can be ecmployed to

obtain the frequency of curtailment £g:

EENS = fo . ec (MWh/yr)

It was pointed out earlier that particular
difficulties arise in risk index evaluation
when the generating system includes hydro-
electric plants and when the time intervals
to be considered during the year are short
and thercefore numerous. The latter situa-
tion is peculiar to systems that comprise
pumped-storage plants with a night-day
cycle, especially when the reservoir storage
capacity limits the generation mode at full
capacity to a range ¢f 4 - 14 h.

In such situations,

seguential HMonte Carlo
samplesl

of relevant variables are performed

As far as the availability of generating
units is concerned, the distributions of
availability-state or ocutage-state dura-
tions of the form Plt ¢ T} = 1 - o~ 0O&
are used, & being the relevant transition

rate from the state considered (A, u ).
Naturally, with Monte Carlo simulation,
any arbitrary distribution for service

and repair states may be incorporated.

at hourly intervals chronolsgically through-

out the vyear. In the hourly situation
defined by the samples [4,5,15], the ap-
propriate operating policies (dispatching,
drawdown from rescervoirs, etc.) are imple-
mented and possible capacity shortfalls
and  primary-encrgy (water) deficits are
recorded.
[
1 GWh
15 30 43 60 75 20
! } t t + + 'y -
1 .
E ]
1%
~ +
»
la.
-
o
-
10
I e el
Mean value ®
-2 : f
10 t + ' + -
' 5 19 i i5 M

Figure 2.5 - Probability distributions
of durations (r) and amount
(el of curtailment for the
definition of biparametric
indices

The relevant statistics give both the aver-
age values of f., e; and r; and their prob-
ability distributions. The vyearly scan 1is
repeated a suitable number of times to ob-

tain averages of the various indices that
provide a good estimate of the expected
values.

Obviously, detailed simulation like this is

also used to evaluate the expected values of
other system performance indices of interest
in planning assessment: the load factors of
each generating unit's primary-energy con-
sumption and related running costs.

2.3 TRANSMISSION SYSTEM ADEQUACY INDICES

If the evaluation of the adequacy risk
indices includes the transmission system,
it is usually termed “composite-system"
or "bulk transmission system" adequacy
evaluation.

wWhen considering the influence of the
transmission system on the overall system
reliability, it should be recalled that

the system's capability to transfer the out-
put from the generating units to the 1load
supply points depends not only on the pos-
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sible outages of components but alse on the
load flows dctermined by Kirchhoff's laws
for different genervation and transmission
states, loads and dispatch situations. The
availability of reactive sources and their
flows should be considered as well.

The power flows resulting from the different
system states can give rise to currents in
the network components and/or voltages at
the nectwork nodes that are outside permis-
sible limits: to ensure return to within
thesce limits, appropriate operating {(redis-
patching) policies are applied in reality,
and must be simulated when computing ade-
quacy indices. Should such policies be
unsuccessful, the lcad supply may be cur-
tailed; these curtailments constitute
measures for the adequacy risk indices.

When the transmission system is
adequacy 1s wusually assessed by
ering two sets of indices: individual
bus {"where") indices and overall system
indices. Thesc are naturally complementary,
not alternatives: the bus or load-peoint
{"where") Indices monitor the effect on
individual buses and can be used to pro-
vide input for adequacy evaluation at the
secondary=-transmission level, whereas system
indices give an assessment of overall ade-
quacy.

included,
consid-

Two main evaluation methods are used, con-
tingency enumeration and Monte Carlo simula-
Lion.

2.3.1 Contingency Enumeration Method

The contingency enumeration method is an
extension of the approach guoted in connec-
tion with generating systems [8]. The basic
varameters are the probability and frequency
of failure at individual 1load points but
additional indices can be created from these
gencric values.

It is important to appreciate that if these
indices are calculated for a single load
level and expressed on the basis of one year
they should be designated as "annualized"
values. Annualized indices calculated at
the system peak load level are usually much
higher than the actual annual indices and
can thercfore be used only for comparing
different alternatives of system structure,
not for system optimization.

2.3.1.1 Load-point indices

The annualized load-point indices for each

bus of the system are given below.

Basic Values

. Probability of failurel : Q) = Py Pgj

{(dimensionless)

. Freguency of failurel

F = Fy Py
{occ/yr)

where j is a network outage condition

Pj is the probability of exist-

ence of j

j is the frequency of occurrence
of j

Pyy is the prohability of the load
at bus k exceeding the maximum
load that can be supplied at
the bus during ]

.  Expected pumber of voltage violations:

Z F‘j{occ/yr)

Jev

where j V includes all contingencies
causing a voltage violation at
hus k

. Expected number of load curtailments:

Z Fj(occ/yr)

jEX v

where jex includes all contingencies
resulting in line overlocads
alleviated by the load cur-—
tailment at bus k

jey includes all contingencies re-
sulting in isolation of bus k

. Expected load curtailed:

Z LkxyFj = ELC{MW/yr)
JE XY

where L5 is the load curtailment at bus
k to alléviate line overlocads arising
due to the contingency j or the load not
being supplied at an isolated bus k due
to j.

Expected enerqgy curtailed:

Z LkiDk3F5 (MWh/yr) = ZijPj
JE X,y

x 8760 (MWh/yr)

{MWh/yr) = EENS
where Dks 1is the duration in hours of
the load curtailment either arising as a
result of the cutage j or occurring at an
isolated bus k due to outage j = Dj x Pkj

. EBxpected duration of load curtailment:

ZijFj = Z DijjE'j

ZPijj 8760 = 8760 Oy

Fk Dx (h/yr)

1l In the case of a two-state component out-
age model.
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Maximum Values

+ Maximum load curtailed:

max (Lxy' Lkz--°'thj) (MW)

»  Maximum energy curtailed:

max {(Lk1 Dg1" s Tg2DR2...LgsDy )
(MWh)

« Maximum duration of load curtailment:

max (Dyq. Dkg,...,ij,...) {h)

Additional information on the <contin—
gencies that cause these maxima is
desirable in order te appreciate their
severity.
Average Values
. Average load curtailed:
2Lk
3 (MW/curtailment)
2 e
]
EEN ]
. Average energy : —— —_ (MW/curtailment)

not supplied
F

Dy sF4
. Average duration: —f3°J

of curtailment

(h/curtailment)
F

The individual load-point
aggregated for all k buses to produce a
set of system indices which can provide an
overall assessment of the system adequacy.

indices can be

2.3.1.2 System indices

A set of indices for the overall system is
given below [1].

Bulk Power Interruption Index

The BPII is defined as the average number of
megawatts of system or areza load interrupted
per megawatt of system or area load served,
which is the ratic of total load interrupted
to annual peak load (Lygay). Its calculation
calls for the study of sufficient load lev-
els to be able to adequately define the sSys-—
tem reliability.

Zk ZJ: ijFj

Lmax

{MW)
( wa )

BPITI =

Bulk Power Energy Curtailment Index

The BPECI, an extension of the BPII, relates
the annual energy not supplied to the peak
load, which can be calculated using EENS:

BPEC = EENS/Lyay
DD I
PU kiPkiv]

Lmax

(MWh)
{MWP)

BPECI = /yr

Severity Index

The BPECI is also known as the severity in-
dex. The total unsupplied energy expressed
in megawatts per minute is divided by the
peak system load in megawatts. The severity
1s therefore expressed in system-minutes,
one system-minute being equivalent to an
interruption of the total system load for
one minute at peak load. It does not rep-
resent a real system outage time hecause the
interrupticn need not be concurrent with the
peak.

It is useful to remember that this severity
index has made it far easier to compare
operating events and system behavior from
year to year. A recent survey on bulk
electricity system disturbances, initiated
in 1983 on behalf of CIGRE SC 39, WG 05,
grouped disturbances according to four de-
grees of severity, depending on the impact
on customers (less than 1 (disturbance ac-
ceptable), 1 to 9, 10 to 99 and 100 to 999},
and obtained statistics on all degrees of
severity. More details on this subject are
given in section 7.

Bulk Power Supply Average MW Curtailment/
Pisturbance

Ek: ; ijFj
2:'Fj

J

(MW/disturbance)

Other annualized system indices, similar to
those for load points, can be obtained as
indicated below.

Average Values Per Load Point

« Number of curtailments =§: 2: Fj/Lp
k3

.« Load curtailed = z Z Lk3F3/Lp
j

k

. Enerqgy curtailed =

zk: ; ijijFj/Lp
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. Duration of load curtailed =
2 2. Fips/n
n 3 1¥K3/ =P
. Number of voltage violations =

2 2

Fi/L
]
i JEV P

Maximum Values Under Any Contingency

il

System load curtailed

zmax ZLkl,....., Zij....z
k k

. System energy not supplied =

2max ZLkl Dkilresees ngj ij,...i
3

2.3.2 Monte Carlo Simulation Method

The HMonte Carlo simulation method evaluates
indices similar to the ones described ear-
lier.

It commonly utilizes the
Mwh/year.

BENS risk index, in

This index 1is usually obtained according to
various options: "why", "where" and "when",
as explained below.

n Why" Opt iOn

The EENS is subdivided according
of the curtailment:

the cause

- static deficiency of installed generation
{this figure corresponds to EENS in the
bushar system, assuming no primary-encrgy
constraints, as found in purely thermal
systems)

- static deficiency of transmission and/or
transformation capacity

- network islanding.

European systems are very meshed, with the
result that thermal problems usually arise
pefore voltage problems. For adequacy eval-
uation, satisfactory network solutiens are
usually obtained with a DC lcoad flow based
on active power.l The Monte Carlo approach
also permits assessment of risk due to lack
of reactive capacity; in such cases, another
linearized 1lecad flow model £for reactive
power is adopted to solve the network.

"Where" Option

The EENS is subdivided with respect to the

buses where the deficiency occurs. The
deficiency at each bus can be subdivided
according to the "how" option.

"When" Opticn

The EENS may Dbe also subdivided with re-
spect. to the weather conditiens (normal,

adverse)} under which a deficiency occurs.

It is worthwhile mentioning that at ENEL
this index is converted into monetary terms
by adopting a suitable unit cost: the cor-
responding "risk cost™ is used in the system
optimization along with the capital cost of
the plants and the fuel cost of the system.

2.4 BSECURITY INDICES
Adequacy indices obviously do not provide
complete information on the reliability of

an electric power system. In particular,
they totally ignore transient faults which,
when eliminated, would theoretically allow
the systen to operate correctly but could,
in practice, cause significant load discon-
nections as a result of stability problems
or protection malfuncticons. More generally,
static indices may be said to understate the

where |P| = column

power

active
in network

matrix of
injected
nodes, known
square matrix of
admittances, known

[yl = network

JBF = column matrix of voltage
angles, to be determined

under the assumptions:

i) voltage constant in
each bus = rated volt-
age = 1 p.u.

ii) no active losses

iii) differences A# of bus
angles are small,
such that sin Af =],
cos Af=1.

2. oY = iy

16!
where {0% = column matrix of
injections plus
losses in each bus, known

column matrix of percent-
age veoltage variation with

reactive
reactive

el =

respect to rated value
(V = vn(l + o)) under as-
sumptions 1ii) and iii) in

note 1.
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way load reductions can cccur due to faults
and outages.

Tt is well known that load reductiocns due to
unavailability can either be implemented by
a dispatcher, accovding to a prevention pro-
gram based on short- or long~ternm Eorecasts,
oc happen suddenly, at the moment a change
in availability occcurs., Such events may be
the consequence of automatic-device action
{underfrequency), separation from generation
or instability, In these cases, the discon-—
nected load may be considerably greater than
the load corresponding to the shortfall of

static capacity of the system (Fig. 2.6a)
and could even affect the entire system
load, resulting in a gensral blackout (see
Fig. 2.6b). It may happen, therefore,
da .
jLoad Qutgge time
Load demand
S I‘,
Time
b A Load Expected outgge tims|
- Loodd.mundl
——
[ -
ZzZiZ}
-y 4

Power supply

[Blackouf Hmnl

Figure 2.6 - Power supply trend during sys-
tem outages:

5] = suddenly disconnected
power .

F = curtailed energy, dis-
regarding transients

F+X = total curtailed energy

that two systems characterized by the same
adequacy index could have very different
reliability, for two main reasons:

- different policy followed by the dis-
patcher in programming load reduction at
critical moments

. different system
dynamic phase.

behavior during the

Consider, Cfor example, two systems whose
production is the same 1in gvery respect
except in their amount of capacity reserve;
¢.g9. system 2 has a 5% qreater reserve mar-~
gin than system 1. Suppose that during
critical periods system 1 is operated using
all the generating power available, i.e.
without keeping any spinning reserve, while
system 2 is operated using only 95% of the
available generating power, keeping the re-
maining 5% as spinning reserve. Chviously,
the adequacy index will be the same but,
just as obviously, system 2 is more reliable
because, if a generator has a forced outage
during a critical period, the dynamic con-
sequences for system 1 may be far more se-
rious.

Now consider two other systems, hoth oper-
ated according to the same criteviocn but
consisting of units very different in size,
although with an installed reserve suffi-
ciently similar to have the same static risk
index. It might therefore be said that the
systems have the same adeguacy, yet the
first, characterized by larger units, is not
as secure as the other, in practice, and the
dynamic consequences of Forced outage of the
generators are far more sericus in fact.

Such considerations are also of fundamental
importance in the case of long point-to-
point transmission systems where veinforce-
ments may often be required just for pre-
venting stability problems, while the static
risk is negligible. Even in thesc cases,
however, the usual procedure for selecting a
priori the same "credible faults" for which
stability must be maintained can lead to un-
necessary Investments. It seems far pref-
erable to evaluate the consequences of the
different types of fault in terms of the
estimated amount and duraticn of load dis-
connection, for instance, and to weigh these
consequences with the probability of occur-
rence of such faults.

In this way, it is possible to arrive at
security indices that permit a guantitative
comparison of the expansion alternatives. A
number of such indices are described below.

2.4.1

; Probability of Lower-than-Critical

System Frequency During a Transient

Since the system cannot
certain frequency wvalue ({(critical level),
in particular because thermoelectric sta-
tions cannot operate under such conditions,

operate below a

the corresponding probability approximates
the probability of total breakdown, or
blackout. This index considers only the

more sSerious or rarer consequences of the
breakdown of system components and therefore
does not give sufficient information for a
fairly secure system, where less serious but
more probable occurrences may be of greater
interest.
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2.4.2 Average Value of Suddenly
Disconnected Load
This index takes account of inconveniences,

apart £from total breakdown,
fault in a system component.
suddenly discoannected load

caused by a
For example, a
{indicated by S

in Filg. 2.8) consists of:

. load that becomes isolated from genera-
tion

. load disconnected by underfrequency ro-
lays

. power required by the whole system (or by
the parts that remain separated) when the
frequency drops below the critical value.

Alternatively, it would have been possible
to consider the energy (X in Fig. 2.6) not
supplied following a translent and oxceeding
that already evaluated in the static in-
dex dealt with in section 2.1.6 (F in
Fig., 2.6). OQuantitative evaluaticn of this
energy 1s even more difficult than evalua-
tion of the disconnected power, however,
since it calls for estimation of the time
and modalities of service restoration fol-
lowing total or partial system breakdown.

2.4.3 Response Risk - Long-Term Average
Value of Undelivered Energy During

an Operating-Reserve Intervention

Evaluation of this type of index is consid-
ered here in the more general framework of
evaluating the operating-reserve duty, which
consists in rapidly supplying the power re-
quired for maintaining or restoring the fre-
guency to its normal wvalue in the event of
sudden variations in generation (outagcs).

Two components in the operating resecrve can
be distinguished:

. spinning reserve, to immediately face the
sudden outage of a generating unit and
gquickly restore the frequency to prevent
a drop to inadmissible values;

. ready standby reserve, Lo restore the
spinning reserve at such times and mini-
mize the possibility that the outage of a
second unit, finding the system without
sufficient spinning reserve, result in a
frequency collapse.

daturally, the use of different plants for
the operating reserve not only affects the
system running cost but also has a deter-
mining influence on its dynamic behavior.
In fact, taking such factors as start-up
time, loading rate, etc. into account, it
is clear that the wvarious means provided
to make use of the standby reserve actually
offer duties of different quality, which
should also bhe guantified iIn the com-
parisan. In fact, the quicker the reserve
action, the lower the risk that further
capacity shortfalls will £find the system

without sufficient spinning reserve and
possibly bring about a frequency collapse.

The need to assess this risk of not covering
outages that occur within the time needed
to start up a replacement unit has long
been recognized and various schemes based
on direct analytical approaches have been
devised. In the past, due to the system
structure (especially in the United States)
being based on almost entirely conventional

thermal units with wvery few gas turbine,
nydroelectric and pumped-storage plants,
the theory assumed that every loss of
spinning rescrve was compensated after a
time T = 3-4 h, which corresponded to the

start-up time of a thermal unit.

The increasing use of gas turbines in
erating systems and the forescean large
lization of conventioconal storage means
changed this situation as well as the
cept of response risk.

gen=
uti-
have
con—

Nowadays in the United States, 5-min and
l-nin response risks are computed by divect
analytical methods using time~dependent
probabilities to obtain a system response
table of the generation used. The compu-
tations arc similar to those performed to
determine the (LCOLE) LOLP risk in the static
reliability evaluation [8,20].

ENEL, in the more general framework ofF
evaluation of the dynamic duties of storage
plants, has opted rather for simulation of
the system operation, examining in detail
the hourly intervals where £forced outages
take place and simulating, within the hour,
the intervention of the wvarious means allo-
cated to the operating reserve [13,14]. The
modeling procedure is as follows. Outages
are assumed to happen at the beginning of
the hour. The spinning rescrve available at
the ond of the previous hour instantaneously
intervenes and makes up for all {(or part) of
the outage. Then, when dispatched, the
standby reserve intervenes:

- firstly, if necessary, 1t contributes to
the amount of forced outage, adding its
capacity to the spinning capacity already
utilized;

- secondly, it restores the spinning re-
serve by replacing it, as far as pos-
sible.

Whenever the avallable spinning reserve

cannot match the amount of forced outages,
the integral over time of the share of the
load not covered by the operating reserve
during its Interventions is computed. This
energy can be assumed as an indication, al-
beit simplified, of the load shedding needed
to prevent the freguency from dropping to
dangerously low values. The expected value

of the vyearly energy shortfall could he
assumed as being the dynamic risk of the
system.



To complete the illustration, Fig. 2.7 shows
the rarest situation that could arise, namc-
ly two forced Qutages in one hour and a
third at the beginning of the following
hour. This dynamic risk is naturally ex-
pressed in megawatthours not supplied, 1i.e.
the same units used for the indices assumed
to evaluate the static reliability of the
system. The problem of its conversicn into
monetary terms arises of course. This index
is still under examination by ENEL and is
mentioned here simply to complete the pre-
sent review in order to give an idea of
the planning problems in which it can be
utilized.

With regard to different load behavior with
different classes of interruption duration,
separate risk indices are generally re-
quired. Those specified below can be con-
sidered as wvalid for the wvarious classes.
They are gencrally applied to systems with
several supply points, and the local index

values can be combined into an overall in-
dex.
- Annual expected value of the tempo-
rarily interrupted 10ad for a given
class

This index, within the framework of the

A
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Figure 2.7 -~ Simulation of the

intervention of spinning reserve

and ready standby rescrve for definition of the
propesed dynamic risk of the system

2.5 TEMPORARY-INTERRUPTION RISK INDICES

These indices belong
considers system reliability in terms of
unavailabilities involving temporary inter-
ruption of a supply for intervals of time

to a category that

ranging between fractions of a second and
many minutes. Examples include interrup-
tions following a successful opening and

reclosing or a switching operation.

In general, temporary interruptions can be
classified according to their duration:

« up to one second

. a few minutes (corresponding to slow
reclosing or slow automatic switching)

+ dozens of nminutes {corresponding to
manual operations for eliminating the
faulty component and possibly restoring
supply by other means).

The gravity of a temporary interruption
depends on the class of the duration and
on the type of load curtailed. In fact,
there are some load types for which a tempo-
rary interruption, even one lasting a few
seconds, may involve a pause in productive
activity for a number of minutes. A typical
diagram showing the consumption trend after
a very short temporary interruption of the
supply (three-phase opening and reclosing)
is given in Fig. 2.8.

respective duration classes, does not
take into account the actual duration
of the interruption.

- Annual expected wvalue of the tempo-
rarily interrupted energy for a given
duration class

This index is obtained by multiplying
the interrupted 1lcad by the corre-
sponding interruption duration. It
does not take into account the Enerqgy
curtailed while the load is being
v #
—
F T -.—A'. o t—
O O 02 03 o041l 50 100

Figure 2.8 - An example of the active power
consumption trend following a
very short temporary interrup-
tioen (0.3 s) of supply (three-~
phase opening and reclosing)
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picked up following restoraticn of the
supply (which depends on the charac-
teristics of the leoad, not on those of
the system).

INDICES FOR MEASURING ACTUAL COMPOSITE-
SYSTEM RELIABILITY

A variety of indices exist for studying
different aspects of composite-system ralia-
bility. Since they mainly concern planning
problemns, these indices are calculated by
system planners.

Recent years have also seen an effort to
measure Lthe composite-system reliability
actually incurred. Thus each utility can
compare the actual reliability of its power
system at different times, compare it with
the performances recorded by other utilities
and assess it in terms of a suitable indus-
try average. These measurements alsc allow
the identification of wvaricus factors that
can acceount for differences in performance.
In other words, composite-system reliability
is assessed by making inferences based on
actual data. The collection of performance
data allows feecdback information to be used
to validate the design of the composite sys-—
tem as well as the reliability model that
served in its evaluation.

A performance reporting system has Dbeen
proposed [9] for measuring composite-system
raeliability. This system acknowledges that
collecting and analysing unreliability data
can be time-consuming and expensive, while
some quantities may be difficult te obtain
and analyse. Simplicity of measurement is
therefore the main aim of this reporting
system, which is also designed in terms of
providing adequate coverage of the various
possible ilmpacts of unreliability events on
customers.

2.6.1 Elements of the Performance Reporting

System

For the purpose cof the performance reporting
system, the composite system Is referred to
as the bulk electricity system (BES). The
BES supplies elecktricity to distribution
networks through varicus low-voltage bhuscs,
which are considered as load points but
referred to as delivery points to indicate
that they are points where the BES dellvers
electricity to the distribution networks.
The latter, in turn, supply electkricity to
various customer systems.

The recommended performance reporting system
comprises three specific systems covering:

. BES delivery point interruptions

. BES effects on distribution networks and
customers

. BES disturbances.

Delivery point interruptions comprise two
types: momentary and sustained. In the
case of the former, lasting less than 1 min,
service 1s restored by automatic rveclosure
schemes and the impact is mainly on indus-

trial and commercial customers with Llittle
effect on residential and rural customers.
Sustained interruptions are those lasting
1 min or nore.

BES
and

affect distribution
customer systems in other ways, without
the low-voltage buses ovr delivery points
being interrupted. The following actions
can take place:

unreiiability <can

. opening of eircuit breakers on distribu-
tion system feeders, f[or rotational load
cuts, by underfrequency and undervoltage
system protection or by automatic system
load reijection

. cuts implemented on
such as reduction of interruptible load,
voluntary load reduction in response
to public appcals, rsgulatory curtail-
ments. ..

customer systems,

. cuts occurring on customer systemS, such
as response to a loweving of BES supply
voltage, or initiaticn of customers' pro-
tective devices caused by abnormal BES
voltage ov a frequency excursion.

The third type of wunreliability event of
importance, BES disturbances, is defined as
widespread load loss characterized by one or
more of the following phenomenas

. loss of system stability

cascading outages of transmission cir-
cuits

. abnormal ranges of freguency and/or volt-
age .

A BES disturbance is characterized by

many delivery point interruptions, while
in addition there may be the tripping of
distribution system fecders for rotational
load cuts, or load shaken off due to fre-
quency or voltage excursions, etc. BES
disturbances therefore include both delivery
point interruption and effects on distribu-
tion and customer systems. The reporting of
these additional aspects of BES unreliabil-
ity must however be segregated, on the basis
that the coincidental loss of supply to a
large number of customers should be examined
separately.

2.6.2 Indices for the Performance Reporting

System

Indices have been arrived at for the first
two reporting systems described above, name-
ly, BES delivery point interrupticns and
BES disturbances. Performance data for the
latter have been cecllected in a survey con-
ducted by CIGRE WG 39.05 among 168 utili-
ties, totalling 1369 utility vyears of expe-
rience. The data have been analysed and the
obgservations and conclusions reported [10}.
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2.6.2.1 1Indices for delivery point
interruptions
The indices for delivery point interrup-

tions are:

« the frequency of intercuption, for momen-
tary interruptions

- the frequency of interruption and the
annual duration of interruption (i.e. sum
of interruption durations/yesar), for sus-
tained interruptions,

These three indices are calculated every
year for all BES delivery points. Ubvi-
ocusly, each year some points will experience
unusually good or unusually poor perform-
ances and a satisfactory performance at one
peint will not compensate for a poor per-
formance at another. Portrayal of average
tresults alone would mask poor performances,
so that a cumulative frequency portrayal
should also be employed.

2.6.2.2 1Indices for BES disturbances

These are based on the severity index dis-
cussed in section 2.4.1. The number and
severity of BES disturbances give a measure
of a) the effectiveness of the design and
operating criteria established to provide
security against such events arising due to
contingencies having a reasonable probabil-
ity of cccurrence, b) the controls provided
for both normal and emergency states, and
¢) the selection and training of operating
personnel.

For ease of presentation and assessment,
individual unreliability events such as BES
disturbances are classified according to
the following definitions:

Degree 0 - unreliability conditien
normally considered accept-
able

Degree 1 —- unreliability condition

{Significant) with possibly significant
impact on customers but not
considered serious, typ-
ically 1less than a factor

of 10 above that considered

acceptable
Degree 2 - unreliability condition
(Serious) with a serious impact on
customers, typically 10 to
100 times above that nor-
mally considered acceptable
Degree 3 - unreliability condition
(Very serious) with a very serious impact
on customers, i.e. 100 to

1000 times above that nor-
mally considered accept-
able.

Thus, each BES disturbance is measured in
terms of the severity index and classified

according to its degree of severity:

Degree 0 - incident with a severity index
of less than 1 system-minute
Degree 1 - incident with a scverity index
from 1 to 9 system-minutes
Degree 2 - incident with a severity index
from 10 to 99 system-minutes
Degree 3 - incident with a severity index

from 100 to 999 system-minutes

the
BES

indices rec-
disturbance

Based on the foregoing,
ommended  for reporting
performances are:

0 disturbance
1 disturbance
2 disturbance
3 disturbance.

- frequency of
- frequency of
- frequency of
- frequency of

degree
degree
deqgree
degree

2.7 SUGGESTED USES OF RISK INDICES IN

SYSTEM PLANNING

The possibility of evaluating reliability in
quantitative terms is of primary importance
in the planning of electric power systems.
Indeed, such a task generally requirss an
economic comparison of various alternatives
designed to be equally able to meet the load
but this can only be done if the alterna-
tives have the same value with respect to
the pre-established risk index.

It is often assumed that alternative systems

have identical reliability when the risk
index adopted does not exceed the permis-
sible limit. The economic compariscon is
then made by taking into account only the
usual cost components, capital costs and
running costs. For a deeper analysis, how-—

ever, it may be argued that this assumption
has some fundamental 1limitations, as seen
below.

An electric power system consists of a
finite number of components whose nominal
rating is chosen in discrete steps. The
reliability of the system can therefore be

increased or decreased by finite quantities

which, according to the limit value of the
index, may present different margins. These
should be taken into consideration in the
comparison, allewing some compensation
proportional to the reliability margin, for
example. This compensation may be in-
terpreted as an economic evaluation, albeit

conventional, of the greater reliability of
the system. Thus, a third economic compo-
nent appears in the comparison of planning
alternatives: reliability c¢ompensation.
Actually, in conformity with the other
economic components, it is more convenient
to take a risk cost as third component by
ascribing a monetary wvalue to each unit of
the risk index.

An even more seriocus criticism of the meth-—
ods of comparison on the basis of so-called
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equal reliability is that the risk limit (or
reliability level) is chosen a priori, with-
out considering the advisability of a given
chnoice., Indeed, no account is taken of the
fact that an increase 1n reliability might
he advisable if this results 1in only a
slight increase in cost, while iIn other
cases a siight reduction in vreliability
might be acceptable if it promises signifi-
cant savings.

A reasonable basis for comparing planning
alternatives would therefore appear to be
one that does not involve any fizxed reli-
ability 1level but rather makes econonic
compariscons among altzrnatives, each being
optimized by minimizing 1ts overall cost

made up of capital costs,
and risk costs, The level of reliability of
@ach alternative is thus its optimal lavel
and the comparison can be based on the mini-
mum overall cosk of each altesrnative.

operating costs

Assignment of a risk cost proportional to
the wvalue of the visk index means that the
unit value of that cost (e.g. for LOLE, the

$/day on which the peak is not met,
EENS the $/Midh not supplied)
termined. This

or [for
must be prede-
is termed the failure cost.
Theoretically, fallure cost corresponds to
the change 1in socioeconcmic costs corre-
sponding to a change of one unit in the re-
liability index.

Two classical approaches exist for relating
the sociceconomic costs to the risk index:
the implicit cost and the explicit cost.

With respect to the implicit cost, it may
be argued that the wvalues of reliability
indices developed over time in response to
public needs as shaped by economic and regu-
latory forces tend to reflect the optimum
trade-off between the cost of achieving the
value and the benefit derived by socciety.
From the Kuhn-Tucker theory of mathematical
programming, a strict relationship exists
at the optimum between an active system con-
straint (which may represent either a physi-
cal or a performance limit) and the shadow
price for a unilt change in the constraint.
Assuming the reliability idindex to be an
active constraint for a given system plan,
the shadow price 1is the implicit value of
the failure cost. For example, suppose that
the addition of a peaking unit is neccessary
for a plan to satisfy a system reliapilipy
index, EENS. At optimum, the variation 1in
capital and operating costs asgsociated with
the addition of the peaking unit corresponds
to the decrease in the cost of the curtailed
anergy. A unit cost for curtailed energy
can therefore be determined. Although it
may appear that the a priori choice of re-
liability level 1is more robust than the a
priori choice of failure cost, it is impor-
tant to stress the dual relationship implied
between reliability level and reliability
cost. If one were to examine a number of
typical systems, it would be possible to
develop median and range statistics and to
fix the order of magnitude of failure costs
for various risk indices.

The explicit-cest approach uses subjective
and objective measures of custoner losses
arising from interruption or curtailment of
service. The unit c¢ost of losses due Lo
curtailed enexgy, kWh, is normally a con-
posite formed froa the losses of various
classes of customer affected by the inter-
ruption, Some organizations employ expres=
sions representing Increasing cost of losses
as a function of the severity of curtail-
ment., EDF, for c¢xample, uses guadratic
functicns Lo express the cost of lesses as
a function of the severity of curtailment.

Investigations of the customer
of the cost of losscs of service
that the figures vary widely from one cus-
tomer type to another [15-17]1 but also
depend on considerations that are purely
subjective [18]. Costs of losses due to
interruptions avre not readily deduced £rom
the direct economic consequences of inter-
ruptions and curtailments of scrvice. There
are also indirect effects, which are more
Jifficult to observe and to predict. More-
aver, account must be taken of soccial qual-
ity facteors, which cannot be directly eval-
uated in direct economic terms. Finally,
many practical risk indices used for plan-
ning and design are not absolute measures of
systam reliability but relative, and conse-
quently very schematic versions of reallty.

perception
have shown

When studying systems with several supply
polints, it should also be borne in mind that
the consequences of curtailments on various
loads may differ, This can be taken into
account by assigning different failure costs
te the local risk indices, according to the
nakure of the respective loads. This is
equivalent to using a single risk reference
cost and correcting the local indices with a
coefficient of importance. In such casecs
the overall risk index is obtained not from
a simple summation of the local indices but
from a weighted sum of thesc indices.

The reliability concept should always be
interpreted in a more general frame, taking
into account the various historical, social,
siting and financial constraints faced by
the utilities. After the last oil crisis,
for instance, the main problem was not the
reliability level in the traditional sense -
that is the correct assessment of installed
capacity — but energy substitution (for in-
stance, energy obtazined with oil-fired units
Lo be replaced by base-duty energy obtained
with coal-fired and/or nuclear units}. This
may have led utilities to accept even an
overdesigning of base-duty units and, there-
Fore, oversizing of the overall generating
system in the transient phase from the old
to the future optimized structure. This
could have created systems that were safer
than usual, so that the concept of reliabil-
ity really has to be interpreted in the con-
text of the case.

The recent decrease in oil prices and the
worldwide nuclear debate have recently added
new uncertainties to the planning optimiza-
tion problem and, therefore, to reliability
assessment.



-32-

Otilities are increasingly facing the dilem-
ma of trading off their customers' interest
in reliahkility for the owner's interest in
ensuring adequate return on investments.
Reliability is conceived more and more as a
commodity that can be differentiated, priced
and marketed.

Tt is worthwhile emphasizing here that EPRI

has sponsored many research projects [19]
to determine how reliability can best be
evaluated and how customers perceive its

importance compared with other attributes of
electricity. Other questions cover the new
approaches needed to introduce rates based
on raliability, the ability of new technol-
ogies tc distinguish between specific end-
use applications for rating or curtailment
burposes and the way reliabhility consid-
erations affect both demand-side and supply-
side planning. The results of such research
will certainly help utilities to better
evaluate, maintain and improve system relia-
bility under the constraints imposed by the
present-day environment,

REFERENCES

[1] M.B. Guertin, P.F. Albrecht,
M.P. Bhavaraju, R. B8illinton,
G.E. Jorgensen, AN, Karas,
W.D., Masters, A.D. Patton, N.D. Repen
and R,P. Spence, "Reliability Indices

for Use in Bulk Power Supply Adequacy
Evaluation," IEEE Trans. PAS-97,
No. 4, July-August 1978.

[2} G. Manzoni, L. Paris, L. S8alvaderi and
M. Valtorta, "Risk Indices for Relia-
bility Assessment in Electrical Power
System Planning," Position Paper for

CIGRE W.G. 38.03 Montreux Meeting,
1983,

(3] G. Manzoni, P.L. Noferi and
M. Valtorta, "Planning Thermal and

Hydraulic Power System Relevant Para-
meters and their Relative Influence,"”
CIGRE Report No, 32-16, 1972.

[4] P.L. Noferi, L. Paris and
L. Balvaderi, "Monte Carlo Methods for
Power BSystem Reliability Evaluations
in Transmission and Generating Plan-
ning," Proceedings of Annual Relia-
bility and Maintainability Symposium,

IEEE 75 CHO 918-3 RQC, p- 449,
Washington, January 1975.
[5] L. Paris, L. Salvaderi and

M. Valtorta, "Energy Storage Peak Load
Plants in Future Energy Production
Systems," CIGRE Session Paper 31.10,
Paris, 1976.

(6]

[7]

[81]

[2]

[10]

(11]

[12]

[13]

[14]

[15]

[le]

R. Billinton, R.J. Ringlee and
A. Wood, Power System Reliability
Calculation, MIT Press, 1972.

J.D. Hall, R.J. Ringlee and A.J. Wood,

"Frequency and Duration Methods for
Power System Reliability Calcula-
tions - Part I -~ Generation System
Model," IEEE Trans. PAS-87, September
1963.

R. Billinton and R. Allan, Reliability
Evaluation of Power Systems, Longmans
{Lendon, England)}/Plenum Publishing
(New York), 1984.

W. Winter, "Measuring and Reporting
Overall Reliability of Bulk Electric-

ity Systems," CIGRE, Paper No. 32.15,
Paris, 198Q.
W. Winter and B. Le Reverend, "Dis-

turbance Performance of Bulk Electric-

ity Systems," CIGRE, Paper No. 38/30/
39, Paris, 1986.
P.L. Noferi and L. Paris, "Quantita-

tive Evaluation of Power System Reli-

ability in Planning Studies,"” IEEE
Trans. PAS-91, No. 2, April/March
1972,

P.L. Noferi and L, Paris, "Effects of

Voltage and Reactive Power Constraints
on Power System Reliability," IEEE PES
Summer Meeting, Paper T74428-9,
Anaheim, July 1974.

S. Panichelli, L. Salvaderi and
M. Valtorta, "Quantitative Evaluation
in System Planning of Dynamic Duties
for Load-Curve Following," CIGRE Paper

No. 31-14, Paris, 1980.

S. Panichelli and L. Salvaderi,
"Dynamic Benefits of Pumped Storage
Plants: Why and How," DOE-EPRI Inter-

naticnal
Dynamic
Plant
1984.

Symposium
Benefits of
Operation,

and Workshop on
Energy Storage
Boston, May 7-14,

L. Paris and L. Salvaderi, "Optimiza-
tion of the Basis Characteristics of

Pumped - Storage Plants," IEEE PES
Winter Power Meeting, C74-152/2,
New York, 1974.

E.M. Mackay and L.H. Berk, "Cost of

Power Interruptions to Industry - Sur-
vey Results," CIGRE Paper No. 32.07,
Paris 1987,



[17]

[138]

-33 -

M. Munasinghe, "A New Approach to
Power System Planning," [EEE Trans.
PAS-99, No. 3, May-June 1980,

"Value of Service Reliability to Con-

sumers," Seminar Proceedings prepared
by Criteria Inc., EPRI EA 4494, #March
1986.

[12]

[20]

"The Vvalue of Reliability,"” EPRI

Jdournal, March 1986.

L.G. Leffler, R.J. Chamhbhliss,
G.A, Cucchi, N.D. Rapen and
R.J. Ringlee, "Operating Reserve and

Generation Risk Analysis for the PJM
Interconnection,"” I[£EE Trans. PAS-94,
pp. 396-407, March-April 1975.



—-35-

CHAPTER 3

METHODOLOGIES

TASK FORCE

L. Salvaderi
R. Billinton
J. Bndrenyi
J. Prince

R. Ringlaeo

3.1 INTRODUCTION

The veliability of an electrical powsr sys-
tam rafers to the system's ability to per-
form its function of supplying load, when

and where it is requested,
ate voltage and frequency levels. The tara
"ability" is chosen intentionally to indi-
cate the combination of hazards with raspect
poth ko the load (economic and climatis) and
Lo the gencration/transmission system {(ran-
dom avallability of uydro energy, outages of
units and network components). The «ffects
of these combined hazards wust boe adequataely
countzred by the structure that the planner
glves to the systam. Whether for planning
or operating the power system, evaluation of
its reliability level thercfore is indis-
pensable.

at the appropri-

To produce a system Frec of failure would
demand theoretically infinite investments.
In practice, thercfore, the planner aust
find the best compromise between cconomy and
reliability: he is obliged to accept system
failures, provided that the resulting draw-
backs for the customers remain at a level
which the latter will accept. This level of
acceptability is defined gquantitatively by
reliability criteria which, fnistorically,
can be classified in bwo wain categories:
deterministic and probabilistic. Datermin-

istic criteria are based on an cxamination
of a nuaber of c¢onstraining situations
chosen according to the planner's and the
operator's experience, taking iato con-

sideration the uncertainty of loads and the
availability of system components. Proba-
bilistic criteria recognize the random nat-
ure of probahilistic lcads and outages of
generation/transmission equipment. In a
way, reliability evaluations constitute gen-
@ralizations of the deterministic criteria,

since (at least in principle) all possibie
constraining situations are examined and,
from their results, risk indices are ob-

tained which have an expected meaning in a
probabilistic sense.

beterministic criteria were the first to be
adopted and are still in widespread use 1in
many countries, especially for transmission
system reliability evaluaticn. However, as
naew methodological approaches and computing

{Chairnan)

facilitics becomne available, probabilistic
criteria arve now gaining ground. They ara
alrveady used by many utilities for genora-
tion systen reliability evaluation, although
still in the developmenk phasc for conposite
systems.

The Intent of this chapter is to present the
stale of the art of power system reliability
cvaluation, It refers fregquently to papers

and  books published in the last 15 years
which provide more detailed information for
those interosked,

Although rcisk Indices considered here
mainly from the planner's standpoint, it
should be stressed that the utility's plan-
ning technigues call for fecdback from the
oparations side, This is alsc true For ro-
liability evaluation.

are

Tt 1s anticipated that a comprehensive un-
reliability mecasurement system will be more
widely applied 1in the operation of bulk
electricity systems. Measurement of the
performance of such systems and their sub-
systems 1s desirable to evaluate Ltrends and
Lo compars the performance of different sys-
tems., Monitoring and recording data for
2ach unreliability event provide a number
of risk indices which form a numecrical base
for establishing methods for analysing the
operational performance of prescnt and fu-
ture systems. These concepts could be inte-
grated into design criteria at the planning
stage.

3.2 DETERMINISTIC CRITERIA

Deterministic criteria ave derived by czxam-
ining a number of constraining situations
{lcad and outage conditions) to c¢heck the
soundness of the gencrating and/or trans-

nission system. These situations are based
on cases considered a priori to be diffi-
cult for the system (annual peak load with

loss of the largest generating unit, for
example). The underlying hypothesis is that
if the system functions can be assured for
such cases, the same will be true in all
octher, more favorable, cases.



~36 -

The advantages of deterministic criteria, in
addition to their conceptual clarity, are
first the limited number of cases to be ex~
amined and, second, the fact that the tools
availlable for this task, e.g. AC load flows,
provide detailed and precise descriptions of
system performance. Furthermore, such cri-
teria often correspond to an extension to
the planning stage of the techniques already
used in system operation,

With regard to drawbacks, even ignoring the
failure of these criteria to take into ac-
count the probability of occurrence of the
case considered and, therefore, the weight
of its effect, selection of the 1list of
constraining cases depends inevitably on the
planner's experience. Hence there is always
a risk of omitting some cases, a risk that

is ever-increasing Dbecause the nature of
difficult cases can change with time in
subtle ways sometimes barely perceptible,

Difficulties may also arise from the sheer
number of operators, whose contribution is
essential in order to identify the maximum
number of constraining cases based on their

experience and knowledge of the existing
system.
3.2.1 Criteria for Generating Systems

The most frequently used index is the re-
serve margin, which is equal to the ratio of
the installed capacity to the maximum annual
load, minus one. The required value is de-
termined taking into consideration the size
of the system, the size of the largest gen-
erating unit or the number of units on main-
tenance, among other factors. As the gen-
erating system is assumed to be on a single
bus, this problem 1s relatively easy to
solve by state enumeration methods.

The index based on the percentage reserve
has gradually been replaced by other indices
based on probabilistic calculations. For
example, some countries indicate the range
of reserve margins to which the use of prob-
abilistic criteria lead.

Another type of criteria has been adopted
for systems where hydro genervation consti-
tutes a considerable share of the total in-
stalled capacity. In this case, an energy
criterion is used with respect to the por-
tion of total demand te be served by the
energy generated by hydro units.

Table 3.1 summarizes the results of an
August 1984 review by CIGRE WG 37.01 of cri-
teria used at the present time by electrical
utilities throughout the world [1].

3.2.2 (Criteria for Transmission Systems

The previous section mentioned the histori-
cal trend away from deterministic towards
probabilistic indices for generating sys-—

tems, Once the concept that random phenom-—
ena could be handled in a probapbilistic way
had been accepted, the computation algo-
rithms were relatively easy to implement.
With a transmission system, on the other
nhand, the calculation is much more compli-
cated. Firstly, the problem has a spatial
dimension, since the system extends over an
entire Lerritory. Secondly, the fundamental
laws of electric circuits (Kirchhoff's laws)
must be satisfied.

Power flows and voltages obviously depend on
the component availability and other aspects
of system vreliability. Various simplifica-
tions can be adopted: use of linear DC load
flows instead of complete nonlinear AC load
flows, Cor instance, or limitation of the
number of overlapping contingencies to be
examined. Despite this effort, recourse to
prebabilistic indices for the reliability
evaluation of 1large transmission systens
still calls for the implementation of so-
phisticated wmodels, powerful computer pro-
grams and the associated hardware. It is
therefore easy to understand why most coun-
tries continue to use deterministic ecriteria
to evaluate transmission system reliability.

The ¢general procedure for application of
deterministic criteria may be described as
follows:

to test

These should cor-
situations consid-
priori and preferably
combination of planners'

experience. The base
cases may differ in load conditions, in
generation dispatch (corresponding to
different maintenance and forced-outage
conditions, with available units brought
on-line according to an order of priority
usually based on operating costs) and in
network configuration ({corresponding to
various {maintenance and) forced-outage
conditions, with the available components
usually being all in service).

. Select one or several base cases
the system capability.
respond to operating
ered difficult a
result from a
and operators'

. Subject each base case to a series of
generation and/or transmission incidents
and examine how the system withstands

them from various points of view:

- Flows through system components kept
within permissible limits: uspally
their maximum permissible values under
steady-state conditions {generally,
the thermal limit, sometimes combined
with the stability limit). Some coun-
tries permit higher temporary £flows
for transformers for incidents in-
volving the loss of two components or
for a limited duration and sometimes
use different maximum values, accord-
ing to the time of year.

- Voltage changes at network nodes kept
within permissible limits: according
to data obtained from surveys, these
limits, which vary according to the
nominal voltage, range from 85 to 110%
approximately.
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Table 3.1

Criteria for generating systems used by different utilities

AUSTRALIA|BRAZIL| FINLAND| JARAH NETHER— | ROUMANTA SOUTH TJNITHD 1
(*) LANDS AFRICA KINGDOM
Criteria
* Power 25 to 35%| X 17% |2 to 10%] 30% |9 to 14% 28% 23%
(reserve ratio)
* Energy
Calculation Year Year Average | Year Year All Winter
period of threc (menthly| working peak
monthly peak) days
peaks throughout
{Dec. - the
Aug.) year
Loads
Uncertainty taken X
into account
* Heconomic X X X =-3.0%
situation
* Climatic X X X -3.8%
consideration
Interruptible Yes
loads taken
into account I
* prders of magnitude resulting from another criterion.
Some countries use different procedures and network components or one

critaria depending on the area or function
of the scction of transmission system under
consideration (generation injection, load
supply, interconnectiocn). In fact, uniform
practices do not exist but the most wide-
spread deterministic criteria can never-
theless be ideally grouped in two classes,
known as N-1 and N-2, according to the num-
ber of network components involved in the
loss.

The HW-1 criterion, the most widely used in
practice, consists of the simulated loss of
one network component (line, cable, trans-
former, sometimes even a reactive-power
conpensation component) or a generator.
While all countries that have adopted this
criterion consider the loss of a component,
few take into account generation outages.

The N-2 criterion consists of the simulated
loss of two system components, either two

generation component.
widespread as N-1 becauss simultaneous fail-
ures are generally considered unlikely:
underlying idea is that two itams would have
to trip in the same region during a diffi-
such as the peak
load period (which lasts only a short time),
for the double failure to have

cult operating

sedquences.

ever.

Some

be

example,
cascade,

operations,

countries

nost serious

situation,

simulate

tion to the system.

network and one
Its use

N-2 incidents
building on the base cases examined accord-
ing to the N-1 c¢riterion.
special cases of double incidents that would
for their
the loss of twe principal lines in
from the polnt of system collapsec
and with recourse to lcad shedding and other
or the loss of both lines of a
double circuit linking a nuclear power sta-

Others examine

serious con-
The probability of such an inci-
dent is to be judged to be very slight, how-

systems:
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Criteria based on other incidents

Some countries consider

even gmore  serious
cases than thoss examinad above. For in-
stance:
- loss of a set of busbars (and corro-
sponding lines)
- multiple incidents or cascade tripping,
which are usually not consideraed by the

reliability criteria and may cadse major
disturbances.

A5  these
likely, they arec

multiple incidents arc most un-
assuned to occur oakside
peak periods and no attempt is made to
invest 1in network components  that «<ould
withstand such cases. Instead, the utility
relies on operating manceuvres to aveoid
system collapse as a result of cascade krip-
plnge introduction of reactive reservaes,
operation of remote-control devices to shed
customer loads, controlled system splitting,
use of gencration limiters, changes to the
generation scheme and network switching,
Table 3.2 summarizes the results of a recent
review of this guestion by CISRE WG 237.01
[11.

3.3 PROBABILISTIC CRITERIA AND METHODS

It was mentioned earlier that the random
nature of the phenomena affecting the guan-
titative evaluation of power system relia-
bility called for a shift from deterministic
to probabilistic reliability indices and
criteria.! In fact, probabilistic methods
are now in almost general use in generating
system planning and are increasingly being
applied to composite planning.

1 The subject of risk indices is developed
in Chapter 2; an outline of the basic
concept is presented here to complete the
reasoning. The two basic aspects of the
power system reliability evaluation are
its adequacy and security [3,4]. The
adequacy 1s the power system's ability
to meet the demand under steady-state
conditions with full component availabil-
ity and the indices derived are static
because they do not take transients into
consideration. Security describes the
system's ability te withstand transient
phencmena, which can result in the dis-
connected load being greater than the
difference between capability and demand
in the new system state; the security
indices are conseguently dynamic, {A
third category of indices, known as tem-
porary indices, is used to cover short-
duration faults caused, for example, by
temporary breakdown of the air insulation
on overhead power lines, or interruptions

and on radially operated systems). It
should be borne in mind that most of the
probabilistic techniques available for

power system reliability evaluation are
in the domain of adequacy assessment,

The main reasons such methods ware not

widely used in the past are shortage of
data, limitation of computational resources,
lack of realistic reliability techniques,
aversion to the use of probabilistic
techniques and misunderstanding of the
significance of probabilistic criteria and

risk indices [2]. Toeday, many utilities
have _reliability data bases, comput ing
facilities are greatly enhanced and most
engineers have a working understanding of
probabilistic techniques. However, even
though reliability ‘evaluation techniques
have become highly developed, there is

nevertheless a general dearth of programs
for applying these techniques to large sys-
tems. Those available fall intc two cate-
gories: state enumeration (analytical) and
Monte Carlo simulation. These techniques
are detailed in section 5 but a brief de
scription is presented here for practical
purpeses and to identify the major differ-
ences between the two.

Analytical technigues represent the sys-
tem by simplified mathematical models and
evaluate the reliability indices from these

models using mathematical solutions. In
reality, when the network 1is taken into
account, the modeling of system laws and
operating policies is indispensable, even
with analytical techniques. Monte Carlo
simulation methods, however, estimate the

reliability indices by simulating the actual
process and random behavior of the overall
system as well as its components and can
therefore be defined as experimental mathe-
matics.

Each approach has its merits and demerits.
Generally, Monte Carlo simulation requires a
large amount of computing time and is not
used extensively if alternative analytical
methods are available, In theory, however,
it can include any system effect or process,
which in analytical methods may have to be
approximated, and can supply indices close
to those used In actual practice by system
operators and customers.

Naturally, the two approaches can evaluate
the same risk indices. Comparison of the
numerical wvalues obtained offers a better
understanding of their limits. With ana-
lytical tools, the system structure and
components must be greatly simplified while
with the Monte Carlo approach the volume of
experiments and, therefore, the computing
time, must be reduced. Comparison is 1in
fact essential for system planners to become
more familiar with these methods and, on
the basic of their own experience and good
sense, to Jjudge which tool is appropriate
for the task involved.

3.4 COMPUTATIONAL METHODS FOR PROBABILISTIC
ASSESSMENT OF COMPOSITE-SYSTEM ADEQUACY
The evaluation of reliability indices for

composite systems calls for answers to three
equally essential questicns: how to intro-
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duce proper recognition of dependent outages
of transmission units, how to handle the
large number of possible states, and how
to incorporate operating strategies for re-
lieving stress on the transmission system.

With respect to dependency, it should be
noted that important outage modes, including
common-mode outages involving multiple
units or multiple outages due to station-
originated events, ought to be included
in the list ¢f contingencies. The risks
associated with these dependent causes of

multiple-unit outages frequently outweigh
the risks of independent overlapping out-
ages. One chapter of this book and two

appendices are devoted to the modeling of
dependencies because of the significant,
frequently dominating effects of dependent
causes on composite-system wunreliability.
Chapter 6 provides an overview of the issues
to be considered, including common-mode and
weather—-exposure effects. Attention should
be paid to the risks of common loss of lines
supported on the same structure or lines in
close proximity on the same right-ocf-way.
Consideration should also be given to the
increase in the risk of overlapping outages
of overhead lines during periods of adverse
weather. A discussion of the data collec-
tion requirements for identification of
common-mode events is offered in Chapter 4.
Appendix 1, Weather Modeling, provides
extended discussion of weather-exposure
models and approaches for estimating the
modeling parameters.

Prediction o©f the risks of
originated multiple-unit outages is dis-
cussed in Chapter 6 and detailed model ing
and procedures for substation reliability
analyses are presented in Appendix IT. It
is often desirable te perform substation
reliability analyses in conjunction with
static and dynamic system studies to deter-
mine specific ways in which component faults
and maioperation of protective relaying and
circuit breakers can lead to system failure,

substation-

The second question, how tc deal with the
large number of possible contingency states,

concerns the «c¢riteria for computations.
Theoretically, evaluation of composite-
system adequacy would 1involve analysing

all possible system contingency states, or

at least a sufficient number of them to
estimate indices with required accuracy.
This could be a formidable task. Consider
the IEEE reliability test system, RTS,
illustrated in Fig. 3.1, which is a small
representation of a composite system
containing only 32 generating units and

38 lines and transformers. Allowing each
line and generator two states, the number
of composite-system states would be 270,
Obviously an exhaustive analysis of all
these states would be impossible Efor the
IEEE RTS, so the number considered must be
limited, according to their contribution to
the risk index, for instance. This might be
done by means of threshold values to select
states based upon their probability of oc-
currence: a state would be considered only
if the probability of occurrence were great-

er than the threshold value. But setting
threshold wvalues depends on the risk of
failure and the relative size of the system.

An alternative approach is to limit the num-
ber of contingency states to be investigated
to those most likely to represent Ffail-
ures. One of the characteristics of bulk
power systems is the relatively low ratio
of transmission lines and transformers to
buses: for the IEEE RIS system, it is 38/24
or 1.58. Setting aside radial-generation
buses, the IEEE RTS has an N-1 contingency
capability. Loss of load requires the re-
moval of two or more lines or transformers.
Outages must be close together in order to
cause an interruption or network overload or
voltage problems. In other words, of the
{38x37)/2 vpossible second contingencies,
only a few combinations will be found to
result in failure. To exploit this property
of bulk power systems, methods are being
developed to rank contingencies on the basis
of their predicted impact on system over-—
loads and voltage violations [17].

Another issue to consider is the system size
to be used to represent the bulk power sys-
tem for reliability predictions. Two as-
pects are invclved: the size of the model
for properly representing the flows in the
network under contingency conditions and the
span of the network within which contin-
gencies should be considered. The computing
effort Lo solve power flow problems tends to
vary linearly with network size (number of

buses). The number of contingencies to be
investigated tends to be proporticnal to
{(N}!/(N-K) X!, where N is the number of
elements (lines and gensrators) subject to

outage and K the number of contingencies to
be investigated. If the system under obser-
vation is sufficiently large, it is quite
likely that in most cases the existence of
more than one line out will not represent a
condition of stress in that system. Multi-
pPle outages generally represent a problem
when they are geographically close, not when
they are far apart.

As far as modeling the system response to
contingency states is concerned, the power
flows and voltages in the system and the
generator loading must be determined for
ezach state to be analysed. It may alsc be
required to develop models of operating
policies to represent remedial actions and
resource allocations. Each contingency
state must be checked for vioclation of the
specified service quality criteria, which
for adequacy assessments will be defined in
terms of static leoadings and voltages as
well as events involving separation of loads
from sources, These assessments must be
performed with AC load flows or, if failure
to meet the voltage criteria and reactive
flows can be neglected, with DC load flows.

it up to the second level for
the transmission system and up to the
fourth level for generating units, the
total numbetr of outage combinaticns would
be 30 755 158, which is still very large.

1 Cenfining



—-43-

Bus

-

Busg 17

18
@Bus 21 @
Bus

22

Bus 23

S)

TN

A
Pal
i
o 8
Pt}

— |
&

[/

[U

230 kv

Bus 14

i

138 kV

]
16|% ‘BUS

—

19 * Bus 20

synchronous
condenser

Bus 12

-

iBus 10 Bus 6
cable

—a
' T

Bus 8

cable

!

Bus 1

-—-i- Bus 7

Figure 3.1 - IEEE 24-bus reliability test system, RTS

Most of the computing time is spent on load
flow analysis and on Gthe determination of
remedial steps to correct the vielation of
service quality criteria.

For each gencrating-unit contingency, the
dispatch schedule must be modified to com-
pensate for the loss of generation, whereas
for each transmission contingency checks

must be made of the network topology. For
either type, if transmission line or trans-
former loadings are excessive or if bus

voltages become unacceptable, the approaches
used to relieve the violation of criteria

comprise phase shifting, changing trans-
former ratios, generation rescheduling and
selective load curtailment.

Composite-system reliability evaluation thus
involves models and strategies for systems
of large dimension. It 1is therefecre vital
to kXeep the number of states under investi-
gation no larger than the results warrant.
For example, it may be unnecessary teo medel
a system spanning an entire continent in
order to study the reinforcement in a given
region. Similarly, the number of lines and
transformers to be subjected to outages can
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be limited to these that will have signi-
ticant impact on the region under investiga-
tion. Network eguivalents are enployed to
retain the overall effects of large systems
without involving individual clements in
the soluticn. A careful choice of equiva=-
lents can similarly be used to merge the
generating-capacity reserves in  distant
areas without being encumbered by detailed
representation of individual generators.

3.4.1 Simulation and State Enumeration

Two broad approaches have evolved for the
computation of composite-system reliability:
enumeration and simulation. These are not
strictly exclusive and hybrid versions have
been used in attempts to combine the ef-
ficiency of each, Both approaches have
strengths and weaknessces. For example, enu-
meration is very effective for determining
generation capacity and capacity margin
States, whareas simulation is generally
better for treating cowmplex or involved
models for operating, remedial and resource-
allocation strategies,

It should be emphasized that when load cur-
tailment is cequired, the resulting values
for the bus indices are strongly affected by
the curtailment policy used and this should
be taken into account when selecting oper-
ating policies for use in adequacy assess-
ments. The requirement for calculating bus
indices also affects the choice of algo-
rithm. The calculation methods should be
selected with a view to the end results and
bearing in mind that more than one method
may be needed for composite-system reliabil-
ity evaluation.

3.4.1.1 Monte Carlo simulation

The advantages of adopting Monte Carlo simu-
lation methods for the reliability assess-~
ment of busbar generating systems, including
peak storage plants, were identified ear-
lier. The Monte Carlo approach is even more
suitable for index evaluation when the in-
fluence of the transmission system is taken
into account., It is a technique that can be
defined, in Ffact, as experimental mathemat-
ics and its suitability increases as the
simulation problem becomes more complex and
more difficult to handle by direct analyt-
ical methods, Its main advantages are the
feasibility it offers of theoretically ac-
counting for any random variable and any
contingency and the possibility of adopting
operating policies similar te real ones.
Monte Carlo also allows useful dialogue
between a utility's planning and operation
departments, since the factors/indices used
are nearly the same. The only disadvantage,
if it can be termed thus, could be the
computing time, which may or may not bhe a
¢ritical factor, depending on the computing
capacity available and its cost. The main

features of these methods are detaiied
below.l
Approach t Simulation of system steady

state on an hourly basis, each
Jroup of 8760 simulated hours
constituting a yearly sample

Purpose ¢ Evaluation of reliabilily and

system running cost

Risk Index : Raliability is just one compo-
nent of system cost optimiza-
ticn, which at ENEL and EDF is

done by adding:

- Dblant installation cost
+ system running cost
- reliability cost

subject to a number of
straints:

con-—

« type of ensrgy
+ siting

. licensing

- financial,

Reliability must be expressed
by a risk index that is casy
te use in the two stages of
system life, pPlanning and
operation, which should bhe mu-
tually interactive. The risk
index adopted by ENEL and EDF
in their Planning practice is
the Expected Energy Not Sup-
plied (EENS), expressed in
megawatthours per year.

At BNEL, this index 1is given
by the computing program sub-
divided according to:

+ causes (lack of generation,
lack of transmissiaon and/
or transformer capacity):
"why" option;

- buses where the curtailment

occurs: "where" option;

. weather when the cur—
tailment occurs: "when"
option;

EENS is expressed in monetary
terms for optimizing the sum
of the costs of installation,
Operation and system adequacy.

1 Many of these features were obtained from
the description of ENEL's SICRET com-
puting program [5-7] but most are found
also in the Meonte Carlo approach adopted
by EDF for the MEXICO and ANASEC models
[31~-33] and by CEPEL in the CONFTRA model
[34].
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For each network componcnt:

. electrical and topological

characteristics

. planned and forced outage
dataz:
- forced-outage probabil-

ity (%)

- planned maintenance du-
ration (wk/yr)

- rate of repair {occ/yr)
- rate of Failure (occ/yr)
load and its composition in
cach bus. Weather conditions
alternating over the year.

For the systems:

. operating pelicies to be
simulated for:

- generatlon dispatching
- overload reliet
- 1load shedding

In each hour the pro-

grams:

sampled

. randomly simulates:
~ component availability

- load at each bus

. carries out qgeneration dis-
patching and makes a first
comparison of generalbion
vs. load. 1f necocssary,
1oad curtailments arc made;
this gives a flrst risk
component, "lack of genera-
tion capacity".

When a balance between genera-
tion and load is obtained:

. fast DC load flow gives the
power flows:

relief is
if necessary;

overload
formed,

per-

. if overload relief is
impossible, other cur-
tailments are made, repre-
senting a second risk com-
ponent, "lack of transmis-—
sion and/or transformer
capacity";

Cperating
policies

i) Safety

Aim

Application:

the system running cost is
svaluated togethor with the
yearly utilization cost of
each gencrating unit.

ilourly cost and
ar> accumulated,
yearly basis:

curtailments
giving, on a

system running coskt

. system reliability (adequa-
cy)

Twe policies are
according to the planning
goal, namcly safety alone or
safety and economy.

possible,

to minimize computing
time and maximize
overload relief

systeam reliability and
running-cost evalua-
tion for system and
componant optimiza-
tion at final planning
stage.

ii) Safety and Economy

Aim

Dispatching:

: to minimize system
running cost and maxi-
mize overleoad velief

careful
generator

according to
increase in
running cost

Ooverload

relief :

Application:

By way of

illustration,
to know that for the last ten

capacity shifting bo-
tween the two nodes
presenting the lowest
function: cost of
shifting + cost of
residual overload

system reliability and
running-cost cvalua-
tion for system and

component optimiza-
Lion at final planning
stage.

it might be usaful
years ENEL

has been using the SICRET program for plan-

ning

large

dimensions

page.

mashed
given

systems of roughly the
in the table on the next
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1985 1995 (2)

Generation (GW) 41 57.5
Transmission system (km)

380 kv 7 000 10 000

220 kv* 12 000 12 000
Transformer capacity({MvA}

380 kv 39 000 48 000

220 kv* 32 000 32 000
Peak load (GW} 31 |41.6-45.3
Energy demand {(TWh} 170 225-245

* The 220-kV level to be discontinued.

3.4.1.2 gtate enumeration technigues [8,17]

The fundamental three

general steps:

procedure comprises

« systematic selection and evaluation of
contingencies

. contingency classification according to
predetermined failure criteria

- compilation of appropriate predetermined
reliability indices.

The total number of contingencies selected

in the first step can be reduced by
ranking them according to specified cri-
teria, using either predetermined contin-

gency levels or a preobability or frequency
cut-off criterion, Classification may in-
volve a transportation model for the system
or use DC or AC lecad flow repressntations.
Use of one model rather than another depends
on the system configuraticn and on the need
felt to recognize certain system conditions
and factors in the analysis. Full system
representation involving AC load flow anal-
¥sis as opposed toe a linearized flow or
transportation model produces more accurate
answers, albeit at the expense of computer
time. The basic structure of the enumera-
tion approach is schematized in Fig. 3.2.

3.4.1.3 Simulation versus enumeration

The enumeration and Honte Carlc simulation
approaches are not mutually esxclusive and
an attempt should always be made to use the
advantages while avoiding the drawbacks of
each, In practice, the choice depends on
the individual planner's background and
working experience. The main features of
the two approaches are compared in schematic
form in Pigure 3.3,

3.4.2 Case Studies

Two sample cases will now

be presented to
illustrate the

possibilities of each ap-

f————

Base-case analysis |

Py

4
Select a contingency

I

selected contingency

Evaluate the

y

Determine whether there
is a system probleq

Yes
{_ Take appropriate remedial action
Y B
No Determine whether there
I is still a system problem
; Yes
’ Evaluate the impact of the problem
Calculate and summate the load
point reliability indices

No ‘

All contingencies evaluated

r

Yes
Compile overall system indices

Figure 3.2 - Basic structure of enumera-
tion approach

proach [13]. The first, based on a Monte
Carlo method, is used by ENEL in its plan-
ning practice while the second, based on a
contingency evaluation, was developed by the
University of Saskatchewan. They are both
representative of other evaluation methods
found in Europe and North America.

Both techniques were applied to the
IBEEE RTS, although it must be emphasized
that, despite this common background, unless
both methods use exactly the same system and

load models and remedial actions, the re-
sults must be handled with caution. No t—
withstanding, they should allow deeper in-

sight into each approach.

The RTS has only two voltage levels and is
divided geographically into two regions :
the upper region at 230 kV, the lower region
at 138 kV. The complete data for the RTS is
given in [11] but certain salient features
are summarized here. The main characteris-
tics are given in Table 3.1 while Table 3.2
recalls the RTS generation mix.
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Enumeration

Monte Carlo

SYSTEM LOAD

. Predetermined:
- Contingency level

- Load (yearly peak)

SYSTEM COMPONENT AVAILABILITY

. Random generation of:
- Contingencies

- 8760 hourly load

samples
1
GENERATION DISPATCH
POWER FLOW ASSESSMENT Modeling of various
OVERLOAD RELIEF operating policies
LOAD SHEDDING
1
RISK INDICES
OPERATING COST

. Biparametric: F&D

Calculated by
analytical laws

. often only "annualized"

Used for comparison of
various system alternatives

. Moncparametric

. Calculated by
averaging various
experimental results

. Used in planning
optimization

PRECISION
COMPUTING TIME
. Dependent on . Dependent on
predetermined randomly generated
contingency level number of samples
Figure 3.3 - Schematic comparison of Honte Carlo and enumeration methods

Table 3.1

Table 3.2

RTS generation mix

Main characteristics of

TEEE reliability test system TYPH CAPACTTY | PERCENTAGE
Generators 32 Nuclear 800 MW 243
Lines + transformers 38
Loads 16 Coal 1274 MW 37%
Buses 24 0il 951 MW 28%
Installed capacity Pg = 3405 MW Hydroelectric 300 MW 9%
Yearly peak Py, = 2850 MW Gas turbine 80 MW 2%
Installed reserve r = 19.5%
Energy demand E;, = 15 300 GWh/yr 1405 MW 100% 1
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Just to give an idea, the following cutage

parameters are assumed: Table 3,3

Expected energy not supplied (MWh/yr)
according to cause and location

- Generating units: forced-outage proba-
bility: 2% {(12-Mw
size) to 12% (400-MW

size) GENERATION
NODES | SHORTFALIL, |OVERLOAD TOTAL
- Overhead lines:
138 kv: forced-outage rate = 18 2597 2597 = 63.3%
0.52 L + 0.22 (occ/yr) 16 491 491 = 12.0%
«+ 230 kv: forced-outage rate = 13 215 215 = 5.2%
0.34 L + 0.29 (occ/yr) 5 - 232 232 = 5.6%
where L = length in 160 km 7 213 213 = 5.2%
15 190 190 = 4.6%
2 64 64 = 1.6%
3.4.2.1 Case study l: Monte Carlo 1 56 56 = 1.4%
simulation
4 - 36 36 = 0.9%
20 8 8 = 0.2%
ENEL's SICRET program, based on Monte Carlo
simulation, was applied to the RTS to conm- 8 1 1=
pute its adeguacy and show how it is used in —
the ENEL approach to system optimization. 3835 + 268 4103 = 100%
Some of the results presented at the 1983 (93.55) (6.5%) = {100%)
EPRI Workshop on Transmission System Relia-
bility Methods in Washington [12] will be EENS
recalled as well as some of those listed in = 3 x 10-4
Ref, 13. enerqgy demand
ener demand: 15.3 TWh
Table 3.3 and PFig. 3.4 show the results Y

of simulation of the yearly system be-
havior. These results are the average of
five yearly samples of the same chronolog-
ical year. The CPU time on IBM 3032 for one

year (8760 h) was 2 h 18 min. Table 3.4

Effect of modifications on
system adequacy (EENS)
The Expected Energy Not Supplied (EENS) in- {(in MWh/yr)
dex is subdivided according to cause (lack
of generation, component overleoad, etc.) and

location {buses) of the curtailments.
TMINUS PLUS ONE
REFERENCE ONE GAS TURBINE
The IEEE RTS input data did not take into NODES SYSTEM LINE AT BUS 18
consideration the effect of weather condi- BETWEEN [AFTER LINE
tions on overhead-line forced-outage rates. 17-18 REMOVAL
The results therefore do not incorporate the
effect of overlapping outages on the network 18 2597 2597 2434
adequacy, which could be higher if the in- 16 491 491 491
creased outage probability under adverse 13 215 215 215
weather conditions had been accounted for
5 232 232 179
(5,6].
7 213 213 213
15 190 190 -
. . 2 4
From such results, bearing in mind that the 1 26 gg f4
network solution has been obtained by DC
load flows, it can be argued that the power 4
system is quite safe as far as transmission
is concerned and that the major contribu- 20 8 8 -
tions to its inadequacy come from the gen- 8 1 1 -
erating system. This consideration can bhe
helpful Eor further steps. Tg;al . A4lo3 4103 3612
which 268 268 195
Thanks to its flexibility in supplying risk overload

indices in terms of the number of megawatt-
hours curtailed in each bus per year accord- Total
ing to the cause, SICRET can be effectively decrease: - 491
used in composite-system optimization by EC

comparing the variations in risk cost fol-



lowing modifications to the system composi-
tion with the related Investment cost.

Table 3.4 shows the effects of two possible
modifications. The first is the removal of
one line between buses 17-13: no variation
in HENS was found. The second is the addi-
tion of a gas turbine unit at bus 18: this
results in a lower EENS on some buses both
for 1lack of generation and for lack of
transmission capacity. Values in boxes
reflect the influence of overload.

Tabie 3.5 and Fig. 3.5 represent the other
results supplied by the computer program,
the yearly utilization of each generating
unit, from which the yearly running cost of
the system can be obtained.

M:1x400

Table 3.6, finally, shows how all these
results {capital, running, and risk costs}
serve for system optimization. Such a table
can therefore be considered the ultimate
target of the system planner: its values -
all monetary - can be easily transmitted to
and understood by the utility's management
for final decision-making.

Table 3.6 shows not only the way to utilize
the results but alsc the importance of a
correct running-cost evaluation. In fact
the two solutions appear to be eguivalent
when the running cost is considered.

10x Il M:1x400 H:6x50
———
17 21 ,I, 22
[ 23 C:2x155
C:z1x350
C:1x155 [
i B
15 I 14 synchronous
é . ] al::ondenser
O:4x12 n. 13
230 kv C:1X155 f":l
0:3x197

138 kv

TG: 2x20
C:2x76

Curtailment: ll= 200 MWh/yr
Load:[]# 100 MW

TG: 2%20
C:2x76

Figure 3.4 - IEEE RTS curtailments in network buses
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able 3.5

generation duration curve

TYPE SIZE CAPACTITY |DURATION
(MW x No) { MW) (h)
Coal 350 x 1 350 7265
Nuclear 400 x 2 800 6784
Coal 155 x 4 620 6763
Coal 76 X 4 304 5000
0il 197 x 3 591 2157
0il 100 x 3 300 666
Hydro 50 x 6 300 666
0il 12 x 5 60 262
Gas turbine 20 x 4 80 181
{Additional 20 x 1 20 24
gas turbine}
Total installed; 3405 + 20
Yearly running cost _ 6
(in Ttalian fuel pricesly” $284.6 X 108/yr

L At the time of writing (Jan.

one US dollar wa

1, 1982),
s worth 1450 liras,

—

Risk \
MW G.T. added 1x20 MW
4000 G.T.
\\_—Oil/’ -—
° r
3000 — E
W ( -
T T T
I 100 200 300 hours
(1l97)
2000 4
Coal (76) f
Coal (155)
1000 ]
Nuclear (400)
Coal (350}
1050 " 8800 & ' 8000 hours
Nuclear 8.0 mills/kWh
Coal 23.0 mills/kWh
Qil 34.8 mills/kWh
Gas turbine 79.6 mills/kWh

Table 3.6

IEEE RTS optimization:
guantitative comparison
of various solutionsl

($10%/yr)
. MINUS PLUS ONE
VARIABLE ONE LINE|[GAS TURBTWE
Capital cost - 0.55 - 0.22
+ 0.46
Running cost - + 0.04
. Reliability cost - - 0.49
- 0.22 - 0.21
1 Constant money: All figures refer to
Jan. 1, 1982 when one
us dollar was worth
1450 liras.
220-kV line $7586/km.yr
Gas turbine $23.1/ki.yr
Life t 25 years
Interest rate 7%/yr {inflaticn re-
moved)
Table 3.7

Effect of operating policies

on generating unit utilization

and on yearly running cost

Figure 3.5 - Generation duration curve

OPERATING POLICIES
TYPE CAPACITY PURE MIXED
{ MW) SAFETY
{h/yr) (h/yr)
Nuclear 800 6785 6785
Coal 1274 5127 6451
0il 951 3171 1543
Hydro 300 666 6606
Gas turbine 100 1535 150
Yearly running cost 310.9 284.64
($106/yr) -9%
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The previous considerations stress yet again
the importance of disposing of a tool that
can simulate realistic operating policies
and therefore supply correct results for
system optimization. This 1is why ENEL's,
SICRET program 1is used with the two dis-
patching policies {(mentioned in 3.4.1) re-
garding the planning stage (early planning
or operational planning) to be faced.

Table 3.7 provides an exanple of the dif-
ference in annual  hours' utilization of
various generating units and of running
costs evaluated in terms of a simplified
pure safety policy and in terms of a mixed
{economy+safety) policy. Naturally, only
the latter result can be used in optimiza=-
tion work.

3.4.2.2 Casc study 2: contingency
cvaluation method

The nain characteristics of the University
of Saskatchewan's COMREL program, bascd on a
contingency evaluation method, are detailod
in section 3.4.1.2 and [13] together with an
explanation of the nced to limit the number
of contingencies considered, Whon o this
method was applied to the RTS, independent
overlapping outages up to the [ourth level
[or generating units and up to the secoond
level fov transmission cleamcnts wore taken
into account. The offects of higher-order
generakting-unit  failures were incorporated
by using a cumulalive probability and Froe-
guency for the highest-level contingency
considered. Compmon—-mode or  Common-caunse
outages were not Included.

The indicas were evaluated with the aid of a
single-step load model. One of the assump-
Lions underlying this model is that the load
remains  constant throughout the period of
study: In the cxample, the yearly peak load
value (2350 MW) was assumed. In order ko
calculate the annualized indices, the period
of study i1s taken as onc year. No account
was  taken of planned maintenance of the
generakting units.

The system adequacy indices obtained using
this approach arvre given in two forms: indi-
vidual bus indices (Table 3.8) and overall
system indices (Table 3.9). Actually, the
full range of indices qgivan in [10} can alszo
be obtained.

Adeqgquacy  indices are very sensitive o
the leoad level. The severity index, fov
example, drops to 71.1 system—minutes whan
the load level decreases to 2400 MW from
2850 MW,

A bus failure undec any outage condition
is defined as including vioclations of the
acceptable voltage limits at that bus and/
or failure to mect the load raquircments at
that bus, viclations of generater reactive=
power limits, nonconvergent situations,
etc, Swing-bus owverloads, if any, are al-
leviated by curtailing the load at various

Table 3.8

Annualized bus indices

for the IEEE RTS

System load = 2850 MW
BUS | FAILURE FATLLURE LOAD ENERGY
No . PROBA- FREQUENCY | CURTAILED|CURTAILED
BILITY (occ/yre) { MW) { Mwh)
__f 022446 16.59 171.5 2 086
2 .040999 30.01 314.6 3 827
3 |1.022640 16.73 369.2 4 560
4 022394 16.54 172.4 2 133
5 1.022446 16.54 145.2 1 794
6 | .022395 16.54 317.0 3 9290
7 ].015922 11.98 l6G. 4 1 305
8 |.0159590 12.01 326.3 3 972
9 |.003171 1.98 32.4 425
10 |.003171 1.98 36.6 474
13 1.071273 45.83 1769.2 23 662
14 |.009556 6.70 150.4 1 793
15 |.056509 35.138 19¢1.7 28 069
16 |.026011 18.35 204.9 2 478
18 |.083433 51.51 3377.9 50 912
19 ).011667 8.05 166.4 2 017
20 }.046213 29.97 853.4 11 792
_ng‘819
Table 3.9
IEEE RTS5: annualized system indices

(system-minutaes)

SYSTEM INDICES VALUHE
Bulk power Iinterruption index 3.69
{MR/MW L v )
Bulk power cnergy curtailment 51.16
index (MWh/MW.vyr)
Bulk power supply average 167.00
power curkailment index
{(MwW/disturbance)
Energy unreliability index J.005841
Severity index 3070.00
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buses. Iin these studies, the curtailable
load at =ach bus is assumed to be 20% of the
total bus lcad and the number of load cur-
tailment steps i3 apecified as 1. Line or
transmission overload conditicons are alle-
viated by generation rescheduling and/or
load curtailment at the bhusses. Bus 6 ex-
periences lead curtailment because of the
aoverloading of the connaction between
buses & and 10 when the line between buses §
and 2 is out.

A 400-11W generator outage at bus 18 results
in unsatisfacitory system performance because
of generator rveactive-power limits. Line
{except line 5) outages on bus indices have
a negligible to wmoderate effect. Buses 6,
13, 15, 18 and 20 have higher inadequacy
indices than the othesrs. Buses 3 and 6 also
experience voltage violations. The maximum
and minimum bus voltage limits were assumed
to be 1.05 and 0.85 respectively.

Outage of the 1largest generating unit
(400-MW) alone does not cause load curtail-
ment but that of one 400-MW generator at
either bus 18 or bus 21 together with other
relatively large generating units results in
load curtailment at the buses. Bus 18 has
the lowest adequacy wvalus because of nany
combinations of the outages of the connected
generator with those of any other relatively
large gensrator in the system. Meanwhile
buses 13 and 20 have low adequacy values as
a result of the outage of a generator at
bus 23 and that of another larger generator
e¢lsevhere in the system.

Summarizing the results, it
that, firstly, line overload is not a major
problem, except for the outage of a few
lines, in which case the connection between
bus & and bus 10 is overloaded. Sscondly,
the contribution of line outages to relia-
bility indices is negligible. And thirdly,
the major <¢ontribution te bus indices is
generation shortfall during the outage of
large generating units.

can be said

3.4.2.3 Comparison of the two approaches

The two techniques described above represent
valid ways to evaluate composite or bulk
system adequacy; they also reveal conceptual
differences in medeling and problem percep-—

tion. Some of the wajor differences are
given in Table 3.10 together with the risk
indices obtained, the contingencies examined
and the load-alleviation techniques em-
ployed.

The tabulated results (Tables 3.4, 3.5 and

3.8, 3.9) cannot be compared directly, main-
ly because different load models were used
in the two studies. Scveral specific cases
examined in [13] pinpoint other differences
and facilitate direct comparison.

Case 1

The load was held constant at 2850 MW for

the entire year and no planned maintenance
was considered. The following results were
obtained:

. simulation EEWS = 125.215 MWh

. analytical : REENS = 145.819 MuWh

The higher HENS yielded by the University of
Saskatchewan calculations is due to the dif-
ferent load curtailment policies used (but
also perhaps to line overload alleviation
arising from AC load flow representation).

Case 2

The load was again held constant at 2850 MW
for the entirs year. All system components
were in service but one 400-MW unit at
bus 18 and one 197-MiW unit at bus 13 werc on
forced outage. The results were as follows:

simulation : overall available capacity
lower than the lcad to be

supplied; load shedding
necessary owing to lack of
generating capacity; no

line overloads.
. analytical : 1lecad curtailed due to in-
adequate generating capac-
ity in accordance with the
prespecified policy; no
line overloads.

Case 13
The load was held constant at 2850 MW for
the entire year while one 400-MW unit at

bus 18 and one 197-MW unit at bus 13 were
on forced outage. The line between buses 2
and 6 was removed from service. The results
were as follows:

. simulation : no overload conditions de-

termined by the DC load
flow as in case 2
. analytical : in addition to load

shedding due to generation
sufficiency, load curtailed
at bus 6 due to line over-
loading between buses & and

10.
These three cases 1illustrate some of the
fundamental differences hetween the two
methods., In Case 1, the EENS is basically

the same for both methods and is attribut-
able largely to generation deficiencies.
It should be appreciated that the locad bus
components of the curtailed energy will be

very dependent on the load~curtailment
philosophy. The additional component in
the University of Saskatchewan results in

Cases 2 and 3 is due to load alleviation to
remove difficulties perceived by the AC load
flow.
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Table 3.10

Comparison of

simulation and analytical approaches

METHON

—— e —— —

SIMULATION

ANALYTILCAL

Risk index

EENS according
to cause
location

Range of load
points and systen
indices

and

Situation
examined

For a fixed year,
8760 hourly samples
resulting from the
random comnbination
of available

components and

load lavels

Pradetermined
contingency level:s
up to four gener-
ating units and
two transmission
lines, at a spec-
ified load level

3ystem

Load model

Any load level for
the year consid-
ered {8760 in all)

Specified load
level (e.g. yearly
peak load)
—_—

Generation
analysis

Planned maintenance
of all units for
the year considered

J— —

Not included

Risk due to
generation
shortfatll

Evaluated by
curtailing load
according to
pricrity list

1 Curtailment by a

fira/curtailable
load policy and
regional bounds

Initial dispatch

Priority list based
on running costs

Prespecified

Network analysis
load fliow

DC load flow,
including voltage
timits

not AC load flow,
inciuding reactive-

power limits

Overload relief

policy and risk

due Lo lack of
transmitting

L_ capacity

DC load flow,
overloads
relieved using a
"coefficient of
influence" policy

Alleviation at
closce-proximity
points

As already mentioned, the results calculated
by these two methods cannot be compared di-
rectly but differences can be traced. The
load models employed account for the major
difference but the sclution techniques,
system representation and load curtailment
policies all introduce further attributable
discrepancies in the calculated indices.

3.4.3 Extended Applications Using

Contingency Enumeration Metheds

A number of digital computer programs for
evaluating composite-system adeguacy using
contingency enumeration are described in the
literature. The SYRBL program, develcped
under an EPRI contract, is detailed in [17]
while the University of Saskatchewan's
COMREL program is described in [13]. The
application of these programs to the IEEE-
RTS, as reported in several publications,
illustrates some of the significant elements
in contingency enumeration methods [20,30].

The effect of station-originated outages
in composite-system adequacy evaluation is
clearly indicated in [27]. This study ex-
tends the IELE-RTS scheme shown in Fig. 3.1
by adding practical substations and switch-
ing stations at each bus. Tables 3.11 and
3.12 illustrate the effects of incorporating

station censiderations on annualized load
point and system indices; the peak load
considered was 2400 MW,

The adequacy indices were also calculated
for a system load of 2350 MW, the same
value assumed in the two examples in sec-
tions 3.4.1.1 and 3.4.1.2. The effect of
station-originated outages here is over-
shadowed by the contribution from inde-
pendent outage contingencies, as seen in
Table 3.12, which gives various system

indices for this load level. These indices
are dominated by the outage of generating
units. At 2850 MW, the outage of one large
generating unit (300 MW or 400 MW) and one
medium-size generating unit results in a



-54.

capacity shortfall, since the system static
reserve at this load level is only 555 MW.
Tables 3.11 and 3.12 show that by increasing
the yearly peak load from 2400 MW to 2850 MW
the severity index due to Independent outage

events increases from 71 to 3070 system—
minutes, whereas with statlon-originated
outages it increases from 123 to 309 system-
minutes.

Table 3.11

Annualized system indices for the RTS
Systam load = 2400 MW

WITHOUTL wWI'TH 3 IN-
STATIONS STATIONS [CREASH
Bulk power 0.08579 0.13664% 59.29T
interruption
index
(MW/ M-y )

Bulk power 92,81903 1104.544256 12.62
supply
average load
curtallment
index
(v
disturbance)
Bulk power 1.18503
encrgy
curtailment
index

(MWh /M)

2.05153 73.12

Modified bulk
DOWELr 2Nerqgy
curtailment
index
{MWh /M%)

0.000135 0.000234( 73.33

71.102 73.12

Severity
index
{system-

minutes)

123.092

This nonuniform increase in the
dices 1illustrates the great
the effects of independent
originated outage cvents to the system load
at which the indices arc calculated. Defi-
nite conclusions about these effects cannot
be drawn for any particular system at spe-
cific 1load levels without conducting a
detailed analysis, however. In addition to
lcad and generation reserves, several other
factors such as system topclogy, component
reliability and the components involved in
the contingency also play an important role
in the contribution of staticn-originated
outayes in  composite-system reliability
evaluation,

system in-
sensitivity of
and station-

The linclusicon of station-originated outage
events significantly increasses the load
point and system adequacy indices, particu-

Annualized system indices for the RTS
Systam load = 2850 M

WITHOUT
STATTONS

WITH 3 IN-
STATIONS |[CREASE

Bulk powcry
intervuption
index
(MW/ MW oy

3.69510 3.71753

Bulk power 167.6755 168.41957 4.443
supply
average lcad
curtallment
index
{(MW/
disturbance)
Bulk power 51.16847] 51.57207 0.783
encrgy
curtailment
index

{ MWh /M)

Modified bulk

power anergy

curktailment
index
(HWh /1)

0.0055411(0.00058872] 0.789

Severity 3070.108 3094.324 0.788
index
(systemn—

minutes)

e ‘,_I_

larly at lower load levels, and nust there-
fore be cxamined. Line outages merit spe-
cial alttention. The total computation time
is not auch longer when station-oviginated
outages are added but can be when higher-
level independent outages are loncluded. The
load at =ach bus and, hence, the system load
do not remain at a constant value throughout
the vyear. In practice, the system load
spends only a short time at its peak wvalue
on the whole. At lower load levels, the
effect of station-originated outage events
on the system adeguacy may be compared to
that of independent outage events.

The results of incorporating weather effects
in a conposite-system adequacy evaluation
are reported in [30]. Several models are
described in Chapter 6 and Appendix 1T of
this guide together with their inFfluence on
the load point and system adeguacy Indices
for the TELE-RTS. Recognition of the fluc-

tuating environment produces different
impacts on the indices at different load
points: for example, the probability of

transmissicn line Ffailures overlapping would
be far stronger, whereas the probability of

all 1lines being in service would decrease
slightly. The indices calculated at buses
whose inadequacy 1s due mainly to over-

lapping line failures would be very sensi-
tive to weather effects. This 1inadequacy
increases marksdly when weather effects are
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incorporated, vet the lacter have almost no possibly be Ffurther reduced by excluding all
influence on the inadeguacy indices at ?US?J those below a c<ertain cutoff probability.
whose main contribution comes from first- Figure 3.7 [17,18] shows the upper and lower
order line outages. bounds on the overload probability for the
; . . ) 25-bus system as a function of the proba-
The numher of contingenciles avaluated can bility cutoff criterion. Both independent

be limited by means of a ranking procedure,
which automabically selects those *to be
studied. This procedure is used in the
SYREL program [177.

and dependent multiple outages are consid-
cred., It appears that a probability cutof:s
as low as 10~7 could be used for this system
without a major impact on the reliability
indices. This would mean testing 200 con-
tingencies as compared to 469 at 10-19 and
743 at 10712, Use of an appropriate proba-
bility cutoff criterion could thus result in
a significant reduction in computer time
without significant loss of accuracy.

3.4.3.1 EEfect of number of contingency
levels

Figure 3.6 shows the overload probability as
a function of the contingency level for the
25-bus system. The upper and lower bounds
of the probability indices are presented for
one, two and threc lsvels nf independent and
dependent outages [17,18]. Tt may be con-
cluded that, in this particular case, two
contingency levels suffice for computing the
transmission reliapility indices for the
2%5-bus system. In view of the uncertainties
in the input outage statistics, the differ-
cnce betwsen the upper and lower bounds at

3.4.3.3 Capability approach - systam
load curtailment indices

Probability indices for the 25-bus system as
a function of the lcad curtailed (¥MW) are
shown in Fig. 3.8. The gap between the up-
per and lower raliability bounds widens as

two levels is nealigible, even when indc- the CUftaleeﬂﬁ 1Hcr§ases, which 1s ?nly to
pendent outages alone are considered. be expected since the number O? primary-
and secondary-level contingencles causes
more moderate load curtailments, down Lo
3.4.3.2 EBffect of probability cutoff about 200 MW, owing to the dominance of
several severe dependent multiple-outage
The number of contingencies evaluated could events,

g3 { ‘
1 level Dashed lines:
Ol } N independent and
eve "N dependent multiple
\\ - ocutages
\\ N
N N N L
B . 21
- 4 N . evels
- 10 "
— \\ *
- \\ M 3 levels
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b \\ ”‘
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Figure 3.6 - Effect of number of contingencies tested and contingency level
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Figure 3.7 - Effect of probability cutoff criterion

3.5 USE OF PROBABILISTIC RISK INDICES IN

SYSTEM PLANNING

As explained in greater detail in Chapter 2,
the possibility of evaluating reliability in
quantitative terms is of primary importance
in power system planning. A reasonable
basis for comparing planning alternatives
would appear to be one that does not involve
any fixed reliability level but makes eco-
nomic comparisons among the alternatives
involved. Each alternative is optimized by
minimizing its overall cost, which comprises
three components: capital expenditure, run-
ning cost and risk cost. The reliability
level of each alternative is thus its op-
timal level, and the alternatives can be
compared on the basis of their respective
minimum overall cost.

When the failure cost is to be used in plan-
ning a given system, however, both the ex=
plicit cost (expressing the economic preju-
dice to the customers) and the implicit cost

(related to a physical system constraint)
must be used with caution. In particular,
attempts to deduce the eccnomic conseguences
of a curtailment [14-16] have shown that the
cost assigned to it by different customers
not only varies greatly from one customer to
another bhut also depends on considerations
that are extremely subjective, Moreover ,
account must be taken of the fact that the
consequences of the failure include many
that cannot be evaluated in economic teras,
while the risk indices themselves often re-
present highly schematic versions of the
reliability. 1t must be remembered that the
reliability concept should always be seen in
a more general frame, taking into account
the various historical, social, siting and
financial constraints facing utilities.

Utilities, at least privately owned ones,
are increasingly facing the dilemma of
trading off their customers' demand for
reliability with their own interest in an
adeguate return on investments. Reliability

is seen more and more as a commodity that
can be differentiated, priced and marketed.
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CHAPTER 4

GENERATION EQUIPMENT
OUTAGE DATA COLLECTION AND PROCESSING

TASK FORCE

M. Bhavaraju {(Chairman)

R. Billinton
M. Brown

J. Kariger
R. Ringlee

4,1 INTRODUCTION

This chapter describes the generation equip-
ment data to be collected and the form it
should take so that the relevant statistics
can be calculated and interpreted. The data

collection and statistics {performance
indices) discussed are at the generating-
unit level, since the primary application

considered is the bulk power system relia-
bility assessment., Another important appli-
cation of equipment performance data is
availability engineering, where the perform-
ance of major components of a generating
unit such as a boiler, turbine, generator or
condenser is analysed to evaluate availabil-
ity improvements either at the design stage
or in the actual aperation of the unit. The
important aspects of equipment performance
data collection are definition of the vari-
ous types of outage and proper interpreta-
tion of these definitions by data collec-
tors. There are obviocusly similarities
ariong the terns and schemesg used but
differences do and always will exist. Data
collection schemes are based on long-
standing practices within each country,
which are unlikely to change.

This chapter alsc describes the generating-
unit performance indices in use or proposed
for system planning applications. The im-
portant aspect in predicting unit perform-
ance for system planning studies is careful
analysis of the historical performance data,
taking account of data sparsity {(need for
data pooling), abnormal events which may not
recur, changes in configuration, and operat-
ing and maintenance practices (e.g. over-
time, spares policy).

Inadequacies in the definitions of terms and
the data analysis methods are identified.
For example, special definitions and analy-
sis methods nay be needed in the case of
peaking units, complex configurations such
as coal gasification combinred cycle units,
storage devices and renewable technologies
{solar, wind, etc.)

The terms related to generating-unit outages
fall into five groups: outage states, ca-

pacity levels, time designations,
gquantities and performance indices.
The concepts involved in these five areas
are described below using terms in common
use in North America. Where European prac-
tice differs, this is discussed. The inten-
tion here is to generally describe the state
of the art rather than give definitions em-
ployed in specific data cellection systems
used in different countries.

energy

4.2 UNIT STATES

The status of a generating unit can be com-
pletely described by a set of mutually ex-
clusive states. An important grouping of
unit states is used to indicate operational
readiness: the unit is either available or
unavailable. When the unit is available, it
can be either in service, electrically con-
nected to the system, or on reserve shut-
down, available but not in service. For
instance, generating units in peaking serv-
ice are characterized by significant frac-
tions ©f time in the reserve shutdown state:
they are placed in reserve shutdown whenever
it is not economical to operate them.

The unavailable state may be further classi-
fied into planned or unplanned outage
states. Planned outages are scheduled well
in advance for inspection, testing, nuclear
refuelling or overhaul and can typically
last two to eight weeks, depending on the
size, fuel and condition of the unit. Sev-
eral states may be used to classify unplan-
ned outages 1in terms of the postponability
of the outage.

in common use in North
forced outages and nmaintenance
outages. The former include starting fail-
ures as well as failures during the in-
service state that cannot be postponed too
long. For example, the North American Elec-—
tric Reliability Council's Generation
Availability Data System (NERC GADS) defini-
ticn of forced outage includes all events
that require the unit to be removed from the
in-service state before the end of the next
weekend. Unplanned outages that can be

Two classifications
America are
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postponed beyond the next weekend but re-—
quire a unit to be removed from the avail-
able state before the next planned outage

are called maintenance outagesl [1]. The
hierarchy of these unit states is illus-
trated in Fig. 4.1.
| 1
AVAILABLE UNAVAILABLE

N

IN SERVICE RESERVE PLANNED UNPLAMNED
SHUTDCWN OUTAGE QUTAGE
FORCED MAINTENANCE
QOUTAGE OUTAGE

Figure 4.1 - Generating-unit states

Different ¢lassifications can be used to
describe unit states, For examnple, UNIPEDE
defines as forced all outages that are not
part of the annual maintenance plan and
records two outage states: planned outages
and forced ocutages.

4.3 CAPACITY LEVELS

It should be noted that the states described
in the previous section do not refer to the
unit capability but simply indicate whether
or not the unit is available to serve load.
When the unit is available, it may oOr may
not be able to supply the rated maximum out-
put. The terms used to define capacity lev-
els and capacity deratings are given below.

Two methods of defining, reporting and anal-
¥sing capacity levels are used widely in the
industry: gross and net. 1In dgeneral, util-~
ities interested in plant design and effi-
ciency seem to prefer data collection on a
gross basis whereas those interested in sys—
tem planning and concerned with the unit
output available to serve system load prefer
the net basis. Whichever the preference, it
is important to use all quantities consis-
tently on the same basis.

i Definitions of outage states must ad-
dress events resulting in unanticipated
extensions of the duration as well as
postponability of the time the outage
starts. For example, if maintenance or
planned outages exceed the estimated
duration as a result of a wrong esti-
mate, these extensions are usually tak-
en into account in the data collection
effort but the outages are not reclass-
ified. However, an extension due to a
component failure or a condition dis-
covered during the outage that forced
the extension is reclaszified as a
forced outage.

The following terms are in general use:

- The maximum capacity of a unit is estab-~
lished by formal demonstration under
specified ambient weather conditions.

. The dependable capacity is the maxirmun
capacity modified for ambient limitations
for a specified period of time, such as a
month or a season (this seasonal effect
is not recognized in Europe).

is the dif-
dependable

. The seasonal derating, which
ference between maximum and
capacity,

. The available capacity is the dependable
capacity, modified for egquipment limita-
tion at any time.

+ The unit derating (alsoc known as partial
sutage or restriction) is the difference
between dependable and available capacity
and, similar to outage states, can be
planned or unplanned. The latter
category can be further classified into
forced and maintenance derating, depend-
ing on postponability. These unit capac-
ity levels are shown in Fig. 4.2.

MAXIMUM CAPACITY
]

—SEASONAL DEPENDABLE
DERATING CAPACITY
1
—PLANNED
DERATING
-UNIT 1 1
DERATING FORCED
—UNPLANNED DERATING
DERATING
—MAINTENANCE
DERATING
AVAILABLE
. CAPA?ITY

Figure 4.2 -~ Unit capacity levels

4.4 TIME DESIGNATIONS

For convenience of data analysis, the time
spent in various outage states and at vari-
ous capacity levels is described by the fol-
lowing specific terms: available, unavail=-
able, in service, on reserve shutdown, on
planned outage, on unplanned outage, on
forced outage and on maintenance outage.

The unit states with which these times are
associated can be seen in Fig. 4.1. Period
time refers to the entire duration of a
data-reporting period.
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Similtarly, the times describing capacity
levels are secasconal derated, unit derated,
planned deratead, unplanned derated, forced
derated and maintenance derated times.

The unit capacity levels with which these
times are associated are shown in Fig. 4.2.
A common practice here 1s to calculate the
"equivalent full" time of a unit derating,
i.e. the time a unit spends at a derating
level multiplied by the percentage derat-
ing. For exanmple, if a unit with a 200-MW
maxirum capacity 1is derated by 50 UW (25%)
for 20 h, then the eguivalent time is
20 h x 25%, or 5 h. Equivalent time is ac-
cunulated for different derating levels to
obtain the total equivalent seasonal derated
time, equivalent unit derated time, and
other derated categories.

Since time is typically measured in hours,
these various times are referred to as
available hours, unavailable hours, etc. in

HNorth American data collection systems. The

subsequent examples will therefore be ex-
pressed in terms of "hours" rather than
"time".

4.5 ENERCY QUANTITIES

Energy quantities are also expressed as

gross or net. The two most important are
the measurable energy generated by a unit in
a given period, i.e. actual generation, and
the maximum generation, which is Lhe energy
that could ke produced by a unit in a given
period of time if operated continuously at
maximum capacity.

4.6 PERFORMAIICE INDICES

From the time designations of various unit
states, capacity levels and energy gquanti-
ties, it is possible to calculate the impor—
tant unit performance indices. These can be
classified into reliability, availability
and productivity indices, reliability being
the index of the ability of a generating
unit to perform its intended function. The
mean service time to Fforced outage can be
used to calculate the probability of a unit
not failing in a specified period as a reli-
ability index.

Availahility indices are concerned with the
fraction of time a unit is capable of pro-
viding service; they consider both mean time
to outage and mean outage duration. Avail-
ability indices include the forced outage,
maintenance outage, unplanned and planned
outage, unavailability and availability fac-
tors as well as the forced-outage vrate.
Productivity indices are concerned with the
total power output of a unit with respect to
its potential production and therefore con-
sider the outage magnitude in additien to
the mean time to outage and mean outage du-
ratiocn. Productivity indices include the
unit-derating, equivalent availability,

equivalent unavailability, seascnal derating
and capacity factors.

some of these performance indices are based
on period heurs and can be described using
Fig. 4.3, which shows capacity versus time
(all capacity values should be either gross
or net). The total height of the diagran is
maximum capacity (MC), and the total width
is periecd hours (PH). Thus, the total area
Y is MC x PH, which is the total energy that
could have been generated during the period
if the system 1s operating continuously at
maximum capacity.

E I SEASONAL DERATING F G H
o
= D B M
A IN-SERVICE RESERVE A P
o UNIT PERATING SHUTDOM| F T L
- UNIT o | N | A
= DERATING| R T 3}
o] B c| el n
o] IN-SERVICH E|l nwlE
= DISCRETIONARY D A D
REDUCTION N
{(c.g. LOAD o] C o]
FOLLOUING) C U B U
RESERVE T T
A SHUTDOVH A o} A
IN-SERVICE G U G
ACTUAL E T E
GENERATLON A
G
E
hours
- sH : RSH —i-FOH-i-MOH-*-POH{
| s J.
} PH
SH = service hours
RSH = reserve-shutdown hours
FOH = forced-ocutage hours
MOH = maintenance-cutage hours
POH = planned-outage hours
AH = available hours
PH = period hours
MC = maximum capacity

Figure 4.3 - Relationship between time
and energy terms

The arca Y is divided into several vertical
segments by the various time designations.
The wvertical segments involving available
hours are further divided into sections to
show the energy assoclated with seasonal
derating, wunit derating, discretionary re-
duction and actual generation. All perform-

ance indices, which are based on period
hours, can be expressed as percentages of
the total area in Fig. 4.3,
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Availability indices (time-based availabili-

ty in Europe):

F
Forced-outage factor = v X 1400

G
Maintenance-outage factor= 7 x 100

F + G
Unplanned-outage factor = x 100

H
Planned-outage factor = 3 x 100

F+G+H
Unavailability factor = 7 x 100

A+B+C+D+E+I
Availability factor = — %100

Productivity indices
lity in Europe):

(energy-based availabi-

D+ E
Unit derating factor = x 100
Y
A+ B+ C
Equivalent availability = x 100
factor Y
D+E+F+G+H
Equivalent unavailability = x 100
factor Y
I
Seasonal derating facter = — x 100
Y
A
Capacity factor = — x 100
Y

Indices not based on the
include:

total period hours

Mean service time to forced outage

service hours

nunber of forced outages
(excluding starting failures)

Mean forced-outage duration

forced-outage hours

number of forced outages
{excluding starting failures)

Forced-outage probabilityl

forced outage hours

forced-outage + service
hours hours

Equivalent forced-outage probabilityl

forced-outage + equivalent forced

hours derated hours
forced-outage + equiv.forced + service
hours derated hours hours

during reserve
shutdown

(The definition of equivalent forced-outage
rate has variations in the industry. That
used here is taken from ANSI/IEEE Standard
762 as an illustration).

Starting-failure probability

= No. of starting failures

No. of starting +
successes

No. of starting
failures

The basic performance indices used in system
planning are the forced-outage, egquivalent
forced-outage and starting-failure probabil-

ities and the planned-outage and nmainte-
nance-outage factors. The forced-outage
probability provides an estimate of the

probability of a unit being on forced outage
when not on planned or maintenance outage
and is the basic statistic used in the
loss-of-1load probability method. Both the
mean time to forced outage and mean forced-
outage duration are required for the fre-
quency and duration method or the Monte
Carlo simulation for evaluating bulk power
system reliability. The other performance
indices discussed are useful for assessing
the individual generating unit's productivi-
ty for studying methods of improving it.

A state transition matrix is used to perforn
a systematic analysis of the outage data and
define the performance indices. Figure 4.4
is a general state transition matrix showing
the wunit states described earlier in this
chapter, These unit states are mutually ex-
clusive and exhaustive. The left side of
the matrix shows the possible unit states
before a transmission event while the top
row shows the same possible unit states
after a transition event. Clear definitions
and interpretations of transition events are
important in the collection of generating-
unit outage data because the actual report-
ing includes the dates and times of the
transition events from which the state dura-
tion times and performance indices are cal-
culated.

1 These indices are dimensionless and pro-

vide estimates of the probability of
forced outage. The terms "forced-outage
rate" and "equivalent forced-outage rate"
{rather than probability) have been in
use 1n North America for many years.
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STATE STATE AFTER TRANSITION
BEFORE
TRANSTTION IN RESERVE PLANNED FORCED OUTAGE!T MAINTENANCE
SERVICE SHUTDOVN OUTAGE OUTAGE
IN SERVICE SHUT DOvIM SHUT DOWN SHUT DOy FOR SHUT DCWH FOR
FOR ECONOMY FOR PLANNED OUTAGE FORCED QUTAGE MAINTENANCE OUTAGE
RESERVE STARTING BEGIN Y BEGIN
SHUTDOWTN SUCCESS PLANNED OUTAGE MAINTENANCE OUTAGE
PLANNED STARTING END Y X
OUTAGE SUCCESS PLANNED OUTAGE
FORCED STARTING END EXTEND FOR X
OUTAGE SUCCESS FORCED OUTAGE PLANNED WORK
MAINTENANCE STARTING END EXTEND FOR STARTING
QUTAGE SUCCESS MAINTENANCE OUTAGE PLANNED WORK FAILURE
X - Transfer not possible
Y — sStarting failure or component failure found during shutdown
Figure 4.4 - State transition matrix
4.7 DATA COLLECTION SYSTEMS FOR GENERATING- gression analysis. Unless suitable data
UNIT OUTAGES analysis tools are used, however, it is not
straightforward to make these adjustments

The major data collection schemes have been
developed by CEA 1in Canada, HNERC in the
United States, EDF in France, CEGR in the
United Xingdom, VDEW in Uest Germany and the
International Union of Producers and Distri-
butors of Electricity. Tnformation on
HERC's GADS system and CEA's ERIS is sum-
marized in Annex 4A, while Annex 4B provides
a description of the data collection systens
uscd in Europe.

4.8 OQUTAGE DATA ANALYSIS AND PERFORMANCE

PREDICTION

The analysis methods currently used for gen-
erator outage data are relatively simple.
Generating units are disaggregated by type,
size, design, wvintage and fuel used, and the
performance indices for a specified period
are calculated. The indices are provided
for each unit as well as for a group of sim-
ilar units as a group average. There are
usually sufficient performance data to cal-
culate the indices with reasonable confi-
dence. Some analysts use statistical tools
{e.g- regression analysis) to assess the
performance of units by type, size, design,
vintage, fuel used and any other significant
factors.

System planning requires the prediction of
generating-unit performance for long-range
bulk power system reliability studies. In a
number of systems, the prediction is based
on historical performance indices, with
certain adjustments teo account for new com-
ponents, changes 1in repair policies or in
operating conditions and factors such as
age, all of which can be studied using re-

and many utilities usec simply the historical
perfornance indices.

The tools mentioned above are those that can
analyse historical data to develop outage
statistics for the components of a unit and
synthesize the component performance indices
to determine the unit performance. Such
tools can account for the effects of changes

in the component performance {e.g. due to
age) ot configuration {e.qg. additional
pulverizer) on the unit performnance. They

can also be used to predict the performance
of future units by means of a synthesis of
the planned componants and their
configuration. This is the apprcach refer-
red to earlier as availability engineering.

4.9 FUTURE NEEDS OF GENERATING-UNIT OUTAGE
DATA

In view of new generation technologies, it

is important to recognize the inadequacies

in existing data collection systems, defini-
tions of terms and analysis methods. Future
work by the industry will resolve these is-—
sues and provide the reqguired tools.

In the case of data collection systems, fur-
ther emphasis should be given to component
performance. As most data ceollection sys-
tems today are unit-oriented, component per-
formance data is extracted from the cause
codes for unit failures. However, the fail-
ure and repair processes of major components
should be Identified independently of unit
states for developling the appropriate data
for availability engineering.
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The sccond area, definitions, should cover
outages for unconventional technologies.
For example, when an energy-storage device
is discharged or 1is charging, it is not
available to supply power. Similarly, solar
and aerogenerator devices cannot supply
power when there 1is ne resource (sun or
wind). Theoretically, such cases should be
considered as outages when evaluating the
econonics of these devices, although this
may introduce misleading indices in the
evaluation of component configuration and
design. In these cases, outages due to
equipment failures would have to be defined

separately from those due to resource
failures [4] and appropriate performance
indices developed. Another example 1is

generating units with peaking duty, which

have low service hours. The conventional
forced~outage rate index used for base-load
units could be misleading here and several
methods have been proposed to calculate a
special performance index for this case.

The third area in neecd of further work is
data analysis to predict component and unit
performances. This aspect is now being ad-
dressed by the industry, as indicated by
current availability engineering activities
[S, 6]. Complex configuraticns such as coal
gasification combined cycle (CGCC) units
(comprising a coal gasifier, a steam unit
and a combustion turbine) are being planned
for the future. The performance indices of
the different components will have to be
conbined to calculate a composite index for
the CGCC unit [7].
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ANNEX 4A

NORTH AMERICAN DATA SYSTEMS

aAa.1 MNERC GADS (USA)
The Tlorth  American  FRlectric Reliability
Council {(NERC) maintains +the Gencrating

Availabhility Data System {GADS) on bchalE of
all 05 utilities and participating Canadian
HERC members. Participation in NERC GADS is

voluntary. As of 1985, progran participants
represented  nearly  90% of the installed
capacity 1in itorth America and more utilities

were in the process of cntering the program.

Three types of data arc used in GADS:  unit
pedigree, in which major systems and compo-
nents are identified: unit event, an event
being recorded each time a unit experiences
a change in operating status or capability,
permitting the reconstruction of the unit's
operational history; and unit performance,
recording the unit's actual performance data
for a given period. This data permits the
analysis of performance tronds for specific
units and for wvarious categorics of units
and their major systems and components.

HERC reporting instructions
outline of the procedures and
submitting information to the GADS program.
These are directed to enable consistent reo-—
porting of the unit design information, out-
age and derating descriptions, and selected
overall unit performance information. All
reporting requirements and definitions are
basced on ANSI/IEEE Standard 762 "Definitions
for Reporting ilectrical Generating Unit Re-
liability, Avallability and Productivity"
[1]. The GADS definitions are compatible
with but not identical to the definitions
used by UNIPEDE and the World Energy Confer-
onee.

provide an
format Cor

Data submissions using the present GADS re-
perting format began in 1982, replacing pro-
cedures used since the early 1960s. The
GADS recording format provides means for
describing the type and cause of outage and
derating events on both the total unit and
the component(s) that failed. This may be
further amplified by a written description
of the type and mode of fallure, causc of
immediate failure and any contributing fac-

tors and corrective actions taken. Perform-
ance reporting includes information on unit
ratings, energy gencrated, unit Icading

characteristics and a
consumed.

description of fucls

All participants receive annual GADS publi-

cations [2] and reporting instructions. The
annual publications are awvailable to non-
WERC utilities and others on a cost-based

fee,

A copy of one summary page {rom the "BEquip-
ment Availability Report - 1985" is offered
in Fig. 4A.1 to illustrate the form of sum-

mary statistics provided by NERC GADS.

4A,2 CEA ERTS (CANADA)

The
l.em,

Bquinment Reliability Tnformation Sys-
ERIS, of the Canadian Clectrical Asso-
ciation, ©CEA, has been developed to satisfy
the need of Canadian utilities for a uniforn
method ol recording the performance of gen-
eration and transmission eguipment and for

the centralized nrocessing of such data.
The generation equipment reporting system
was  inaugurated in 1977 and annual reports
have been issued since then using software

written for that purpese [3]. The data base
contains information on pumped-storage and
hydaulle turbine units of maximum continucus
ratings (MCR) of 24 MW or larger, fossil
steam units with an MCR of 60 MY or larger,
combustion turbine units and internal
conbustion units with an MCR of 1 MJ or
greatoer, and nuclear units with an MCR of
200 MW or larger. As of 1982, the data base
contains operating experience on 702 units
including 483 hydraulic, 94 fossil, 76 com-
bustion turbine, 3% internal combustion and
eight nuctear units,

The generation equipment reporting system is
based on that developed hy the Edison Elec-
tric Institute. Several additicnal charae-
teristics have been introduced which signif-
icantly enhance the value of the data with-
out placing an unreasonable burden on those
responsible for acquiring and reporting it.
Four distinctive characteristics define this
system:

. recording of the state of a unit over
the entire reporting period

. recording o©f deratings of a unit,
including concurrent deratings

. recording o©f the causes of each
change of state of a unit using a

five-digit outage code

. recording of the outages of cerlain
selected components oven when these
do not causc a change of state of the

uanit.
The CEA ERIS gencration data system uses an
ecleven-state model consisting of six avail-
able states:
. 0 - operating
+ D(FD) - operating under a forced
derating
. O(SD} - operating under a scheduled
derating
. ATBNO - available but not operating
« ABIO(FD) - ABNO under forced derating
ABNO(SD) -~ ABNO under scheduled
derating
five unavailable states:
. O - [orced outage
. FEMO - forced eoxtension of a main-

tenance outage
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. . NERC GADS
Fossil Units=All Fuel Types A |
All Size Ranges 1985 nnual Summary Report
NUMBER OF SYSTEMS . - 148 / PLANT !
NUMBER OF UNITS - - . 1438 i EQUIPHMENT / FORCEB FORCED EQUIV SCHED Q
NUMBER OF UNLT-YEARS - 1438 r GROUF1INGS /! QUTAGE OUTAGE AVAIL AVALL QUTACE UNPLANNED EQULV
- i RATE RATE FACTOR FACTOR FACTOR {FOKCED) SCHED
UNIT-YEAR AVENAGES . e e e maeeieccmmeemeeaan- dmsmsesrasmsitcmemeaaaa
/ BOLLER 4. 5.6% 89.65 BB. 58 7.76 8.1 13,80
PERIOD HOURS 9690 / SCRUBBER n.08 .08 95.9% a5 54 4,00 J0. 44 5.19
SEAYICE HOUKS 5120 ! TURBINE 1.22 1.a? 93.413 ©3.25 5.84 V3,42 2,46
RESERVE HOURS * 2114 / GERERATOR (ELEC) 0.a? Q.40 97.20 ¥?.18 2.28 1.45 0.08
AVALLABLE HOURS 7213 /  TURBINE-GEN SET 2.07 2.1% 92. 44 82.24 6.1 14,87 2.41
AVG URIT CAPACLTY.MW 272 f COMDENSER g.18 (LY 97.99% 97. 76 1.91 14,88 s.11
G CAPACLITY FALTOR-T 49. 66 / BALANCE OF PLANT 0. 94 1.81 96, 9% 96.37 2.4% L5.78 G4, Bb
QUuTPUT FAUTOR-X 13.00 /! REGULATORY q.ut 0.00 99.98 9. 98 n.n0z 0.04 0.02
SERVICE FACTOR-% 58.92 / TOTAL UNIT 7,97 10. 18 83.24 .14 11,93 155.61 26.9
AVAILASILITY FACTOR-%T 83,24 /
SCH OUT FACTOR-X .93 /
FORCED OUT FACTOR-T 4,87 7
FORCED OUT RATIC-% 2B. 80 ! PROBABILITY STATES
F O INCIDENT RATE-X 69. 21 e m e e mwemE SR LA T ARE s m e m e e m e s — e mmemeeeem—emo oo [,
/ / UHPLANNED (FORCED) !
ATTEMPTED STARTS =~ 28.132 / PERCENTAGE / DERATINGS / SCHEDULED DERATLNGS
SUCCESSFUL STARTS =+ 27.82 ra AVAILABLE gy Y
TRt AT AT Ee R ARt mrmm e mmmameean CATEGOKIES / NUMBER DERATING % OF / NUMBER DERATING % OF
! * SOME CLASSES OF UNITS ARE NOT REQUIRED / f QF OCC HOURS PERIGD / OF 0CC HOUKS PERIQD
i TO REPORT RESERVE HOURS. RESERVE HOURS /oo oo dersmemmmmmmm = ArEmEEsETEessremEaTETARSLE L ——— R
ARE COMPUTED FROM PERIOD HOURS, SERVICE / 00,4 - 19,9 1.1 3.0 0n.g / 0,2 1.¢ 0.0
N HOURS AND UNIT OUTAGLS. / 0.0 - 29.9 n.7 5.4 0.1 f 0.2 0.8 0.0
Q =% BASED ON THOSE UNITS REPORTINGC STARTS, 2 30.0 - 39.9 1.4 9.1 a.1 7 0.6 4.4 a.1
T / 40.0 - 49,9 2.6 14.2 O.a / 0.9 6.1 0.
E f 50.9 - 59.9 j.¢ 63.1 a.7 f 1.2 12.3 0.1
s /! 60.0 - 6%9. % 4.0 50.9 0.7 0.7 5.9 0.1
7 70.0 - 79.9 6.3 102.9 1.2 / Q.9 13.7 0.2
! ! Ac.g - 89.9 10.6 201.2 N I t.a 36.5 Q.4
/ ! 90.0 - 99.9 12.8 362.6 4.2 7 0.9 3%.4 0.4

! UNPLANNED {FORCED} / / /

PLANT / OUTAGES / PLANRED GUTAGES [ MAINTENANCE OUTAGES / NONCURTALLING LVENTS | CAUSE

EQUIPMENT  fememeoomoacoooooe PR P S Jesansaomansauoccacaanan Jommm e PR CODE

GROUPINGS [ NUMBER OUTACE MAR 7 NIMBER OUTAGE MAN / NUMBER OUTAGE MAN / WUMBER OUTAGE MAN 7 SERLES
/ OF OCC  HOURS HOURS / OF OCC  HOURS HOURS / OF OCC  HOURS HOURS / OF OCC  HOUHS  HOURS /

BOILER / %.00 225.6 630 / 0.85 557.8 0B / 7.49 362.1 P94l 4 100-199
SCRUBBER / 0.28 4.5 56 / 0.17 279.7 2069 / 15.4% 391.7 3l 4 400-450
TURBINE / 1.8 3.2 390 / 0.66 436,2 224 0.23 15.1 35/ 600-6v9
GENERATOR (ELEC)/ 0.3% 45.0 176 } G. 24 176.5 Q7 0.113 10,0 41 4 T60-Tyy
TURBINE-GEN SET/ 1.90 108.1 363 f 0.75 468.0 235 ¢/ 0.00 0.0 0/ 600-799
CONDENSER / 4.38 B.4 109 G.19 6.8 149 1.20 130.7 213 / 200-599
BALANCE OF PLANT/ 1.52 4R.6 127 4 0.24 175.9 156 4.27 3166. 5 548t 7 $00-999
REGULATORY ! Q.00 a.0 0/ Q.00 . b4 7 4.c00 0.3 (L) $00-545%
TOTAL UNIT 7 6.88 419.6 760 ¢ 1.43 451,13 924/ 0.00 0.0 a/ 100-¥99

TOP 15 IJNPLANNED (FORCED) AND SCHE’.DULED CG“PONENT DUTAGES ARD DERATINGS XED BY AVERAGE MWH PER UNIT-YEAR
NUMBER OF 5YSTEMS - lag NUMBER OF UNITS - 1,438 NUMBER OF UNIT-YEARS - 1,438

CAUSE AVG NO, GCE AVE H  AVERAGE MW
CODE PER UNIT-YR PER UNILT-YR PER OUTAGE  CAUSE CODE DESCRIPTLON
101 1.08 22715 21042 WATER WALLS
191 0.73 12175 16786  SUPERHEATER
104 0. 34 6956 20733 KEHEATER - F1RST
M2 0.15 6678 44662  EXCITER
106 0.46 5884 12780 ECONOMIZER
631 0.1% T 27280 LUBE OIl SYSTEM k BEARINGS (EXCEPT BEARING VIBRATION)
629 0.02 4133 185718 BUCKETS AND BLADES
900 0. 46 3774 8224  OTHER, GENERAL CODE; SEE CODES 500-54% FOR ADDITLONAL CLASSLFICATLONS
799 0.10 3489 36360 MISCELLANKOUS ; SEE CODES 500-545 FOR ADOLTIONAL CLASSIFICATIONS
139 0.23 242 1387}  MISCELLANEOUS ; SEE CODES 500-545 FOR ADDITLONAL CLASSIFICATLONS
903 0.07 319 47211 MAIN TRANSFORMER
315 0.18 2414 13722 OPERATING ERROR
§30 0.22 2185 $790  VIBRATION OF TURBINE GEWERATOR UNIT
599 0.18 2143 11886 MISCELLANEOUS ; SEE CODES 500-545 FOR ADDITIONAL CLASSIFICATIONS
622 0.17 2145 12290 CONTROL, TURBINE AND REHAT STOP VALVES
AGE DISTRIBUTION (COMMERCIAL DATE) SIZE DISTRIBUTION {NAMEPLATE)
NUMBER OF UNITS: 1438 YEARS: 1936-1985 NUWBER OF UNITS: 1438 SIZE RANGE: 8-1300 MW

200 Wuml oF UMTS

Figure 4Aa.1 - Copied from "Equipment Availability Report - 1985,"
North American Reliability Council.
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. FEPO - forced extension of a planned
outaqge

. MO - maintenance outage

. PO - planned outage

and four substates For c¢lasses of Eorced
ouktages:

. sudden forced cutage

immediately deferrable forced ocutage
. deferrable forced outage
. starting failure.

The firat threce available states refer to
the level of capability when the unit is op-
erating and the latter threc to the capabil-
ity level when not opecrating. For each of
these available states, the capability of
the unit is reccorded.

The outage states are listed in descending
order with respect to the urgency of the
action required.

Summary data derived from CEA ERIS hydrau-
lic, fossil and nuclear statbistics for the
interval 1930-84 for base-load operation Iis
offered in Table 4A.1 and summary statistics
for gas turbines in Table 4A.2.

Tab

le 4a.1

CEA base-lcad generation data 1980-84

Hydraulic units

MCR class Forl naror? Failure rate
{M) (%) (%) {occ /yr)
24 - 99 2.88 3.08 2.91
100 - 199 2.41 2.51 4.66
200 - 299 6.58 6.95 10.47
300 - 399 12.09 12.32 13.96
400 - 499 3.36 31.40 3.83
All units 3.15 3.33 3.74
MCR class FOR DAFOR Failure rate
{MW) (%) (%) {occ /yr)
60 -~ 99 17.15 23.58 13.09
100 - 199 8.83 12.97 14.68
200 - 299 12.85 17.32 40.71
300 - 399 5.77 10.84 16.27
400 -~ 499 9.81 10.43 6.47
All units 9.51 13.53 14.69
Muclear units
MCR class FOR DAFOR Failure rate
(M) (%) (%) (oce /fyr)
400 - 5992 16.29 17.02 3.62
600 - 799 5.47 7.47 7.17
B00 & over 0.07 0.24 3.35
All units 10.64 12.02 5.54
Table 4A,2

CEA gas turbine data 1980-84

MCR class ForRl DarFor2 Failure rate
(M) (%) (%) (occe /yr)
1 - g 63.26 10.80 196.57
10 - 24 27.18 11.18 28,47
25 — 49 38.95 15.34 16.22
50 & over 69.34 34.51 22.15
All units 48.77 15.88 27.62

1 FOR : forced-outage rate

2 DAFOR: derated adjusted Forced-outage

rate
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ANNEX 4B

EUROPEAN DATA BANKS

4B.1 INTRODUCTICN

The purpose of this annex is to identify and
briefly describe the major data hanks
presently in operation in Burope which con-
tain information usceful for analysing the
performance and availability of generating
plants.

Table 4RB.1 summarizes currently known sys-—

tems 1n operation in Europe. Owing mainly
to their safety implications but also to
their use for reliability evaluation, data

bases designed for nuclear power plants are

more numercus than those for conventional
thermal plants. The table also indicates
data systems containing only nuclear plant

operating data.

International organizations that have set up
useful data systems Cor nuclear plants are

TAEA, UNIPEDRE and EEC. UNIPEDE alse has a
system, perhaps the oldest of all such sys-
tems, for thermal nlants.

An internaticnal effort is now under way to
standardize data collection and reporting
and a master questionnaire on common operat-
ing experience has recently been developed

by the International Atcmic Energy Agency
(IAEA), the European Economic Community
(EEC), UNIPEDE and Vorld Energy Conference.

4B.2 FEURCPEAN DATA SYSTEMS

4B.2.1 IAEA Power Reacktor Information

System (PRIS)

PRIS basically provides
clear plant avallability and, to some ox-
tent, on key cconomic parameters for nuclear
power plants. Since 1973, it alsc contains
information on the main causes of plant una-
vailability. While PRIS 1is not primarily
designed for availability and performance
analysis, it could be used in the future for
improving performance by learning from sig-
nificant common causes of cutages.

information on nu-

Its main limitations are the small number of
classifications or unit subsystems and nmajor
components to which an unavailability cause
can be assigned, its non-inclusicn of events
leading to outages of less than 10 full
power-hours, and its exclusive use of load
factor. Load factor 1is not a sufficient
description for plants that depart from base
load operation.

4R.2.2 UNIPEDE Thermal Plant Data Bank

Since 1968, UCPTE (Union for the
Coordination of the Production and
Transmission of Energy) and UNIPEDE have
been collecting monthly information about
the performance of thermal plants installed
in  theilr member countries, The data

supplied includes all unavailabilities and a
list of 19 main causes. The items of
equipment that fail due to these causes
number 84, grouped according to the major
systemns of the plant: boiler, turbine,
generator, feedvater and electrical.

The cause codes and reporting criteria have
undergone sceveral changes during the exist-

ence of this data bank until it reached its
present status.,

Hormal vyearly reports are produced after
statistical processing. The performance in-
dicators used arc the load and the energy

availability factor.

4B. 2.3 UNIPEDE significant Events Reporting

System (USERS)

On June 6, 1982 the Steering Committee of
UNIPEDE approved a project to design and op-
erate a system of exchanging and processing
information related to nuclear plant opera-
tion, based on an eoxisting system, INPO-
MNSAC, for American plants.

The main specifications were:

. The system rust allow for information ex-
change among users.

. All significant events involving not only
safety but alsc plant availability mnust
be ccllected.

. Computer processing,
number of events to be

becausc of the large
handled.

Very fast reporting and use.

. Basy coordination with other internation-
al data systems.

The system architecture comprises a central
data bank, the terminals, the data transnis-
sion network and the electronic mail net-
WOTk.

Events
three

are reported if
criterias

they meet one of

. The event has great safety significance.

- The event produces an unavailability ex-
ceeding or egual to 3 full-power days.



sjuauodwod JeTTWTS JO A1TTTQRTIAY
aouewto)rad Juery

SJUS AT TEWIDUGY

(s1cjoeal 1ajem-1ybTy) sjuaucdwos yo aanyTey

Ja310dal ayj JO uotsToaQg *

sAep Jamod-TTng ¢
Butpeacxa 10 03 Tenba A3TTTgETTEABUN JUBT4 *

Jutodpue)s A13jes woiy jueatytubrs Azep ¢
tBTJIA)TIO 931yl JO JU0 333U ISNW SIJUSA]
*s329) 48 JueTd puBR SaSNED YITM SSIUDAT

UOTIEWIo Ut ATUIUOK

juawdtnba
40 83Tun Iclew vg Jo, sasnea uTew g|

souewaoy ed Juety

swarqead butieaado 10 ubtsap araouag -+
swaisAs A)ajes 40 uoijepeibag
aInsodxs ‘saseatay ¢

tAj@jES 0] pPaleral s2oU3I1INDA0 TBWICUQGY

{sanoy aamod-TTny pi butpasoxa
uotjeanp) pajiodal sabejno juedTyTubts ATug

x3apuT asuBwlogyJad sy} SE pasn I0}Jde) peoT]
(¢l) swaysds Jolew yym acuswapyiad juerd

{90dY) >ueg ejeq Iajaweiey A3TTIgeTTay
(¥sno) 31soday snyeds s3Tun Butiedadp
{SHOY) waisig BuTiioday

S30U81INa3) TewIouqy

(9037) »ueg e1B(¢ juarl juaucdwo)

Jeatany

Ieatony

TewIay|

Ieatany

JeayonN

5861

c<Bsl

8961

0g6l

Li6l

(5043) waisig
ejeg A3TTTQETTaY ueadoiny

(5935n) waysAg butyaoday
s3U8A7 JUBITJTUBTS 303dINN

52T1STIBIS JUBTd TEWIay]

{s41)
wajsis Butiazcday juaprtou]

(51dd) woisig
UCTIBWIOJU] JDJIBIY J3M0d

33

303dINN

3J03dINN

YIvI

LELD

WOTJRWIOJUT 4O T3A]

juBq BJEP UTYJTM SWAISASQNS

paianno
sjuerd

Ieak o1
TeuoTiEIady

5NUBQ BIEP JO SWEN

arqisuodsal
uotieztuebig

5373571838 aduewroyiad jueld-butierauab ueadoan3 Bututejuoad swyueq ejleq

L*gh atqe]




—-72-

(uoT12a1T02 ejep
Tetoads) sjusuodwoa pajeatrdnp jo AITTTIQETT3Y

ndine
40 ssof Butsnea sjuauodwoa 4o A3TTIGETTAY (pUTQIN] sey (SaTEM pue
( Tewrsy) pueTbu3)
Taa3] aduewloylad juery { =arany Lisl ¥/ud 8233
Tewiay) {Auewian jsay)
TaAal aguewlcjiad JueTy Jeatony 0Lgl S3TISTIR)S JUBTd TEWIAY) M3aA
(uapamg)
A3TTTgeTTOY JE3TINN BLEL TIVINILLYA
UOTIEWIOYUT SJUBRWIOIad
juauodwod ayj woiy pajenoted ejep AJTTTQRYTaY 81035 BlEp AITTIQETTaY
(S4S) >ueg eileQ {An)
sauewrogiad juauodwo] 31038 BJEp JU3AJ Al3sPput TTY 06l S20TAJAG AJTTIQRTTSY wo3sAs ¥ 3N
sasteduel) saitTeglonu
SIUIAI S9TBIJUAD SIT JUBUIAIUOD
Juedtytufits Jnoge uotjEwIogut ajeTdwod aloy Jeatony 1861l BIUSWAUI AR P JATYDT4
(30y) ssategTanU
S28[BIJU3D sap uoTiejtToTdx3,p
[oAa] aouewyoyiad juerd Ieayfony BLEL Saguuog ap TTaNAaY ap awglsAg
{40¥s) 93111QR Ty AP
{swalY gogL o3 dn) sjuaucdwoa jo AJTTTQRYITSY I2atany 8l61 saguun] sp [Tan03Y ap awq3isAg
(sxo03j0ea1 seb
(wo3sAs ajtydesb snid) (aduely)
$.303dINN 0] JBTTWIS) Taaal aduewicylad juerd Tewaay| 0961 403
ks palaaod Jeak uTt ueq B1e o a1qTsuodsal
2 il
UDTI2WIOJUT JO [3AaT) JUEq BIEP UTY)}TH SWa}SAsgng squeTy Teuoyiezady »ueq ejep jo aweN uoT3ezTUEBID

(P,3U03) gy aTgel




—-73-

. The reporter considers that even if the
incident does not fall into the two cate-
gories above, it must be shared with
other users.

The system contains the following informa-

tion:

. Unit identification

. Type and nominal power of the reactor

. HNature of the event

. Plant status before the cvent

. Assigned function of the failed component
. Causes and circumstances of the event

.+ Impact on the plant

. Impact on other ceonponents

.  Impact on perscnnel and the environment
. Unavailable power and duration

. Impact on safety

. Event code

. Event summary

. References

48.2.4 EEC Eurcpean Reliability Data System
(ERDS)

The Joint Research Centre of the CDuropean

Communities (Ispra, Italy) started work on

developing the design of a centralized sys-
tem to collect and process European nuclear
plant operating data in 1977. ERDS contains
four main subsystems according to the type

and level of infermation collected:

. Component Event Data Bank (CEDB), to col-
lect component failure data from national
information systens

. Abnormal Occurrences Reporting Systen
(ADRS), for collecting data from national
systems about events to be used in safety
analysis

. Operating Unit Status Report (OURS), to
obtain, process and make available per-
formance data

. Reliability Parameter Data Bank (RPDB),
to collect and process reliability param-
cters for similar components.

The CEDB stores information about failures,
repairs, maintenance and other activities
related to the main components of the EBuro-
pean light-water reactors. The najor files
are:

identification by

. Component data:

. Failure data:

+« Operating

type, manufacturer, design,
maintenance, operating
operating data. Family classification of
conponents allowing up to 20 character-

}sticg,l to be specified for accurate
identification.

test and
characteristics,

indication of causes,
corrective actions, etc.

ef-
fects,

datazt operating hours, de-

mands, etc.

Such information, together with a powerful
data base management system (ADABAS), allows
a statistics reporting system from the ter-
minals.
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5.1 INTRODUCTION
5.1.1 Objective
The power transmission system is monitored

with the result that many sys-
tem paramciers such as the configuration,
open and closed status of breakers, powsr
injections, power flows and busbar voltages
are known as a function of real time. All
Lhesc parameters constitute data that is es-
sential for efficient, economic and secure
operation of the system. The more important
clements of this real-time data, augnented
by information derived post-event, are cru-
cial to well-structured planning and design.

continuously,

in this chapter, the subject of collecting
and analysing data 1is treated within the
framework of the objective to c¢reate an ap-
plication guide on the methodologies assocl-
ated with predicting the reliability of the
composite (generation/transmission) system.
The text that follows is thercfore not in-
tended to be an exhaustive discourse on the
topic; instead, it considers data only in
terns of the above comments.

5.1.2 Purpose of Data

Unlimited amounts of data can be collected
but it is both inefficient and undesirable
to collect, analyse and store more than re=
quired for the intended purpose. Before de-
ciding what data to ceollect, it is thereforec
essential to positively identify 1its pur-
pose.

In concentual terms, data can be collected
for assessing past system performance and/or
predicting future performance.

For assessment of the past performance of
components, plant and systems, data is valu-
able for the following reasons:

Schneider
F. Talandier

Allan (Chairman)

. It lidentifies chronological changes in
performance and therefore helps determine
weak areas needing reinforcement or plant
modifications.

. Tt establishes existing indices, which
serve as a guide for deternining accept-
able values in future system reliability
assessment.

. It cnables previcus predictions to be
compared with actual operating experi-
ence.

In order to look at future system behavior,
past experience must be transformed into the
required predictions. Collection ¢f data is
therefore invaluable, since this forms the
input to relevant reliability models, tech-
nigues and egquations that estimate:

. the future system performance

. the benefits
signs,

of alternative system de-

reinforcements and expansicn plans

. the effects of alternative operaticonal
and maintenance pclicies

. the related reliability cost, benefit and

worth of these alternatives.

At the present time, data is more widely
used for assessing past system performance
than for predicting future performance.
Several plant-criented CIGRE study commit=-
tees have been active in this field for many
years and are still involved with collect-
ing, analysing and comparing plant data.
The objective of this application gquide is
not to duplicate that activity but merely to
outline the collection, processing and
transformation of data relevant to the
modeling and analysis of the reliability of
the overall power systemn.

It feollows that data reqguirements reflect
and respond to the needs of the predictive
nethodeology. This means that the data must
be sufficiently comprehensive to ensure the
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nmethods «can  be applied but restrictive
enough to ensure that unnecessary data is
not collected and avoid irrelevant statis-
tics being evaluated. Consequently, the
discussion here 1is limited to the data
required for the wmodels and techniques
assoclated with systen reliability
prediction and cost/benefit analyses.

5.1.3 Processing of Data

Data preocessing comprises two activities:

- collection of field data by operations
and maintenance (0 & M) personnel docu-
menting the details of failures as they
occur, together with the associated out=-
age durations

. analysis of this data to create statis-
tical indices, which will be subsequent-
ly updated by the entry of new data.

The field data and/or the statistical! data
may be stored in a data bank for later use.
However, the quality of the stored data de-
pends on two important factors: confidence
and relevance. The quality of the data and,
hence, the confidence that can be placed in
it, are clearly dependent on the accuracy
and completeness of the information compiled
by 0 & M personnel. The latter should
therefore be made fully aware of the future
use to which the data will be put and the
importance it will have in later systenm
developnents. They mnmust also have direct
access to the data for their work.

The quality of the statistical indices also
depends on how the data 1is processed, how
much pooling is done and the age of the data
currently stored, since these factors affect
the relevance of the indices for their in-
tended use.

The objective of the following overview of
the two main data processing activities is
to determine which elements of transmission
equipment performance should be collected
and in what format, so that the relevant
statistics can be calculated and interpret-
ed. This objective has three distinct fea-
tures:

- data to be collected,
ment classification

~ data collection schemes

- statistical indices

including equip-

These features are discussed individually in
the following section.

5.2 Data to be Collected

5.2.1 Equipment Classification

The failure and restoration processes depend
on the type of component considered. There

are several reasons for this, including the
different functions the conponents perforn
in the transmission system and the exposure

parameters to which they are subjected. The
items of equipment for which data is to be
collected should therefore he divided into

classes, each class being determined by op=-
erational functicons and/or exposure condi-
tions, The number of c¢lasses is a function
of the perceived requirement and/or applica-
tion of the data collected but a minimum of
three should be respected:

CLASS A - Components of
i.e.

varying length,
transmission lines and
cables., These form a c¢lass of
their own because their failure
rate is a functicon of their
length. If terminal effects are
neglected, then for most practical
purposes the failure rate can be
assumed proportional to the length
and can be quoted in failures per
unit length per vyear. Care mnust
be exercised in extrapolating such
a value for excessively long or
very short lines. In practice,
certain terminal effects are in-
cluded which, since their contri-
bution is constant, add a constant
value to the proportional rate
menticned above. These terminal
effects can dominate for short
lines.

CLASS B ~ Static components, i.e. all other
components except switchgear.
This class therefore includes
transformers, reactors, etc. The
failure rate of these components
can be quoted per item per year
and is therefore conceptually

different from that of Class A.

CLASS C - Bwitching components, e.g. circuit
breakers, disconnecting switches
and their associated protection
and control systems, which differ
from the previous class because of
their function within the network,
i.e. they are expected to open
and/or c¢lose on command. In some
situations, for example if the
protection system is being studied
actively in its own right, it may
be desirable to subdivide this
class, separating the breaker (or
switch) from the actual protection
or control system. However, it is
not essential for the methodology
associated with predicting future
system behavior, where the breaker

and its associated protection
system are generally treated as
cne entity (as explained in Chap-
ter 3).

The data to be collected for each component
will depend on the class to which it be-
longs. Each component should therefore be
specified by an appropriate class, which may
be in accordance with those defined above or
with similar classes defined by a utility
according to its own requirements. It is
also very useful in practice to divide each
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into a number of subclasses (e.g.
type, manufacturer, voltage, function, ther-
mal rating, fault rating, gecgraphical loca-
tion) as appropriate for greater precision
in defining causes and effects of the fail-
urc/restoration processes. an appropriate
set of such subclasses relating to and re-
flecting the requirements of individual
utilities can be created.

class

5.2.2 Concepts of Data

The data collected must be sufficiently de-
tailed to allow the factors that affect sys-—
tem reliahility to bec modeled and analysed.
1t should therefore reflect the two nain
processes involved in component behavior,
namely the failure process and the restora-
tion process. The Ffollewing discussion
identifies the various factors concerned,
It cannct be stressed too strongly that a
utility must make its own decision on the
data to be collected since no universal
rigid rules can be predefined. The factors
identified rmust be those that have an impact
on the utility's own planning and design
considerations.

5.2.3 Failure Process
5.2.3.1 Concepts of failure
It is important to recognize that for fail-

ure data to be used for predicting future
system behavior it must be divided into cat-
egories according te the impact of the dif-
ferent failure modes.

Two of the most obvious and easily identifi-
able failure modes are open civcuits and
short <circuits. The latter will always

cause anpropriate breakers to trip via pri-

nary or secondary protection schemes, thus
possibly causing the outage of other
branches and circuits. Open circuits, on

the contrary, will not generally affect oth-
er circuits. This clearly indicates that
failure modes have different system impacts
and therefore should be identified separate-
ly. Open circuits can be further classified
as open-phase faults, which although rare
are likely to evolve intec short circuits,
and inadvertent switching, which 1s less
likely to have the same outcome. Addition-
ally, components are sometimes removed from
service following detection of an incipient
failure, c.g. detection of gas, hot spots or
partial discharges. These can be defined as
precautionary actions to prevent seriocus
damage cccurring to components. Generally,
all failures associated with Class A and B
components can be attributed to one of the
above failure events. However, further sub-
division can be nade according to other at-
tributes of the process. <{lass C conponents
require additional failure modes, as discus-
sed in more detail below.

5.2.3.2 Short-circuit failures

Short-circuit failures are the most connon
power system faults and cause the majerity
of the outages. All three classes of compo-
nents can suffer such failures. Short cir=
cuits will cause the operation of relevant
circuit breakers and the immediate inmpact is
the same, irrespective of the subsequent du-

ration. This type of event has heen defined
in some literature as an "active failure"
[1,21. Since all short circuits have the

same impact from a failure vicwpoint, it nay
seem that they can be pocled and the under-
lying causes or attributes Iignored but this
would be too simplistic because, among other

things, it does not permit the effect of
different restoration processes to be con-
sidered.

For this reason, short circuits are general-
ly divided into three subcategoriess:

a) Permanent. This generally includes all
failures that require repair or replace-
ment, 1i.e. the component causing the
outage is damaged. This mode therefore
also includes conponents removed for re-
pair or replacement due to the detection
of incipient faults such as the opera-

tien of gas detecticn (Buchholtz) a-
larms. Some utilities define this mode
for outages exceeding a certain dura-
tion.

b) Temporary. This generally includes all
outages in which the compenent causing
the outage is not physically damaged but
the restoration process is manual, per-—
haps after close physical inspection. A
typical situation is a trip following a
lightning flashover in a system not hav-
ing automatic reclosure. Some utilities
define this mode for outages having min-
imum and maximum durations.

is similar tec the tem-~
porary mode and the two are sometimes
grouped together as so-called "undamag-
ed" faults. When used as a separate
subcategory, it is generally assoclated
with restoration due to auto-reclosure
or durations less than a certain value.

¢) Transient. This

It should be noted that not all utilities
use these three subcategories, while some
use different terms to define them (sec secc-
tien 5.3). The method used to classify
failures differs from one utility to anoth-
er; it may be based on the physical nature
of the process or on the outage duration.

5.2.3.3 Open-circuit failures

Open circuits are usually rare events, par-—
ticularly for Classes A and B. Although it
is physically possible for a conductor to
break, causing an open circuit, in many
cases a short circuit follows when the con-
ductor end comes intc c¢ontact with the
ground.
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Another important open circuit is the inad-
vertent opening of a breaker (also known as
a false opening or mal-trip), which includes
manual operating errors. Only Class C com-
penents exhibit this type of open-circuit
failure.

The open-circuit failure mode
condition, other than a fault, which causes
the protection system to operate. This type
of event has been defined in some literature
as a "passive failure" [1,2].

includes any

5.2.3.4 Switching failures

Class C components can suffer short circuits
and open circuits in the same way as Classes
A and B components but also, owing to their
switching functions, failure events. These
include:

- Failure to open. This failure mode re-
lates to normally closed breakers and
their associated relaying system. Uhen
a system fault occurs, the primary pro-
tection scheme is intended toc operate.

Occasionally, however, owing to faults
within the protection system or the
breaker itself, one or rore of the

breakers controlling the zone fails to
trip. This means that a back-up or sec-
ondary protection must operate, which is
likely to result in the outage of a
greater section of the systen, with a
more significant impact on its opera-
tion. This failure mode, generally
known [21 as a "stuck Dbreaker®, is
therefore very important and should be
recognized as such. A detailed knowl-
edge of relay behavior and failure modes
is essential to the protection engineer
but from the point of view of the
overall power system the protection and
the breaker can be treated as a single
component.

. Failure to close. A complementary event
exists for normally open breakers and
their associated control, or for break-
ers that have tripped following systenm
failure and are being reclosed. The
pPrinciples and related needs are similar
in concept to those involved in the mode
described above.

5.2.3.5 Multiple failures

In practice, it is sometimes found that a
particular event has caused the outage of
nore than one component. If the events
leading to this so-calied multiple outage
are not related, then each event in the nmul-
tiple outage can be recorded separately and
treated as an independent failure.

This has been the practice in the past but
it is now acknowledged that multiple fail-
ures can result from commen line configura—
tions leading to common-mode (or common-

cause) outages [2-6, 15], from station-
induced effects [2,7] and from cascade
failures [16]/secondary outages [9]. These
events should be recognized and treated
accordingly.

5.2.3.6 Environmental effects

Power system networks are exposed to varying
environments due to different weather condi-
tions. Adverse weather such as lightning,
gales, snow and ice can greatly enhance the
failure rate of transmission circuits and,
therefore, the 1likelihood of a nultiple
(overlapping) outage known [2, 3] as "fail-
ure bunching". Its effect should be taken
into account but unfortunately, although
most utilities identify the weather condi-
tions when outages occur, the data collected
is sometimes insufficient to establish de-
tailed weather-related failure rates and
relevant statistics. This aspect is covered
in greater depth in Chapter 6 and
Appendix I.

5.2.3.7 Planned outages

Outages can also be planned {scheduled} in
order to carry out preventive maintenance,
construction or refurbishment so as to keep
the system in a condition consistent with
the required level of performance, efficien-
cy and reliability. Although such outages
can have a significant impact on systen
reliability, the action 1is scheduled in
advance of the relevant outage. It is thus
a routine action not directly related to the
stochastic behavior of the system and has
therefore been ignored in the detailed
discussion of data here. It rmust be
renmembered, however, that planned outages
weaken a system, with the consequence that
forced outages causing customer interrup-
tions are more likely to occur. It may be
beneficial therefore to record all planned
outages and relate these, if possible, to
any subsequent forced cutages. For similar
reasons, it 1is important to include the
effect of planned outages in predictive
reliability evaluation (see Chapter 3).

5.2.3.8 Stochastic data

The data associated with the failure pro-
cesses discussed above can be defined as
stochastic because it relates to the randecm
nature of the process. ‘Vithin each failure
mode category, the failure events arc meas-—
ured by counting the number of relevant
events that occur in a defined period of
time, or the number of failures to operate
following a given number of commands. The
former applies to failures of all continu-
ously operated components or inadvertent
operation of Class C components whereas the
latter applies only to failures to open or
close of Class C components.



5.2.3.9 Population and exposure data

In order to evaluate relevant statistical
indices (see section 5.4) from stochastic
data, it is essential to know certain expo-

sure parameters, namely:

. nunmber of operating components of each
designated typs, in order to pool rele-
vant and related data and know the number

of components exposed to failure. This
applies to all classes.
. length of 1lines and cables, including

lengths of double circuits and lines on
common  rights-of-way. This applies to
Class A only.

which 1is the
during which an event can
take place. It may be the up-time if
failure 1is being considered, the down-
time if repair is being considered, etc.
This applies to all classes.

. exposure time,
elapsed time

continuous

discrete exposure, which represents the
number of times a failure can occur. It
is relevant only to those conponents
which receive commands to operate and
therefore applies to Class C only.

All these exposure parameters relate to the
denominator of the equations from which sta-
tistical indices are evaluated.

5.2.4 Restoration Process

5.2.4.1 Types of restoration

Restoration can be perceived as being of two
types: restoring supply to the consumers
and restoring a failed component to its
working state, which are not necessarily
the same. For example:

. A component is repaired in situ and
service is restored upon completion of
the repalr process. In this case, the
restoration times are the same.

. A short-circuit failure of a conponent
trips breakers, which may cause healthy
components to be disconnected. The
failed component 1is isolated and the
breakers reclosed. This could lead to
all or some of the load points being
restored to service. Consequently, the
restoration time of the load points is
different from that of the component,
which itself must be repaired or re-
placed.

. A component is replaced by a spare. The
time to restore supply is therefore dif-
ferent from that of repairing the compo-
nent, which may itself be retired.

rare is therefore required in appropriately
recording restoration times. In order to
compile component data, the restoration

times associated with the component are re-
quired. Service restoration times are alsc
important, since these measure the quality
of service to customers, It is therefore
pertinent to record both sets of restoration
times as well as the failure events resolved
by repair and those necessitating replace-
ment. This aspect can be important in
subsequent planning decisions relating to
spares, optimum provision therecf and their
impact on quality of service.

It is clear that restoration can be catego-
rized by a number of subevents such as re-
pair, replacement, reclosure or switching.
In most cases, a particular restoration pro-
cess is coupled with a specific type of
failure event. For examples

. Repair or replacement usually follows
a permanent failure. In practice, the
system may be restored by repairing and
reusing the failed component or by re-
placing it. In the latter case, the
failed conponent may be retired or re-
paired, following which it may itself be
used as a spare or reinstated in the
system to replace a component used as a
temporary restoration measure. Care is
required to correctly identify each of
these actions.

. Manual switching usually follows a tem-
porary failure. It can alsoc be used to
reinstate supply from alternative
sources while the failed component is
being repaired or replaced.

. Automatic reclosure
transient failure.

usually follows a

The eclapsed time before circuit restoration
is not always a good guide to the process
involved because non-urgent mnanual restora-
tion can take longer than urgent repairs.

5.2.4.2 Stochastic data for restoration
processes
The data associated with the restoration

processes can alsc be defined as stochastic
because it relates to the random nature of
the restoration procedure. The process 1is
measured by the time that elapses Dbetween
the occurrence of the failure event and the
completion ©f the restoration process. More
than one such elapsed time may thus be re-
corded for each failure event if the differ-
ent sets of restoration times discussed
above are being determined.

Individual outage times can be accumulated
for each failure category Iidentified by the
utility. Population or exposure data is not
required in these cases since the only addi-
ticnal information needed to evaluate rele-
vant statistical indices (see section 5.4)
is the number of events leading to each of
these failure categories; this is the data
being collected for the failure process (see
section 5.2.3.8).



5.3 Review of Some Data Collection Schenes
5.3.1 Purpose

It is evident from the discussion in section
5.2 that there is a wide range of collect-
able data. This does not mean that all data
should be recorded nor that every possible
mode and attribute of the failure and resto-
ration processes should be identified. It
simply means that the data actively collect~-
ed should be sufficient to identify the
likelihood of the failure and the duration
of the restoration process.

Most utilities collect data in one form or
another. A review of the various schemes
shows that, despite great sinilarities, par-
ticularly in terms of concepts, considerable
differences also exist, especially in the
details, o one scheme can be said to be
right or better, just different. it is
therefore inappropriate to judge individual
merits or make recommendaticns for a parti-
cular data base and, therefore, for a parti-

cular format for collecting data. Instead,
the purpose of this review is to identify
such similarities and differences in order

to highlight:
+ the need for particular data

- the need to subdivide the data into rele-
vant classes and subclasses

- the important aspects and factors to be
considered.

Providing a framework within which individu-
al utilities c¢an organize their own data
base can benefit the utility by:

-+ ensuring a consistent set of data that
can be transformed into an intelligible
set of statistical parameters

. ensuring that the ccllected data conforms
conceptually with international under-
standing and agreement

- allowing inter-utility comparisons of
transmission system performance

. allowing wide and consistent application
of common reliability models.

5.3.2 BScope
It should be recognized that there are
probably nearly as many data collection

schemes and formats as there are utilities
in the world and that no single internation-
ally accepted data base system exists, al-
though several studies have been made. For
this reason, it was considered more desira-
ble to review schemes in present use. In
view of the impossibility to identify and
review all that exist, an arbitrary selec-
tion was essential. Those chosen are:

- Canadian Electrical Association's Equip-
nent Reliability Information System
{ERIS)

. Central Electricity Generating Board's
Transmission Fault Reporting Schene
{OR9A)

« Commonwealth Fdison's Fault Reporting

Scheme (FRS}.

Although this choice is arbitrary, it is be-
lieved that the comparisons are adequate for
the following reasons:

. They highlight the aspects and features
likely to be found in most data colleg-
tion schemes.

- Sufficient differences exist to illus-
trate that there is no cne single inter-
nationally recognized scheme and that
most are individually created to suit and
satisfy local requirements,

- The schemes chosen represent three dis-
tinct situations:

- The CEA system is a pooled data sys-
tem of many individual  utilities
within a single nation.

- The CEGB scheme is for a single major
utility encompassing the majority of
a nation and no pooling is involved.

- The CE schenme is for a single utility

representing a small part of a large
nation and no pooling is involved.

It is evident, therefore, that these three
schemes, although not necessarily represent-
ative in themselves, are indicative of the
range, type and scope of data collection
schemes organized by different types of uti-
lity.

The following review makes it very clear
that the three schemes chosen show some
sharp distinctions. In particular, it is
evident that utilities do not attempt to
make an exhaustive record of all possible
data. This is an essential point to be re-
cognized by a utility thinking of setting up
its own data collection scheme. It is im=-
portant that the objectives of the data col-
lection scheme be decided in advance and a
scheme created that matches these object-
ives. The wutility should recognize that
collecting data for ill-defined purposes not
only is undesirable but discourages accuracy
and precision in the recording of events,
times and other necessary attributes. Fi-
nally, it should be prepared to adapt and
extend its scheme as and when desirable.

The review of the selected data collection
schemes began by arbitrarily taking CEA's
ERIS scheme as a basis for comparison. This
was fellowed by comparisons of ERIS with
OR9A and FR5. 1t is not the purpose of this

gulde to make a detailed review of these
comparisons - which can only be done
effectively by reading the annexes - but

some specific observations are made below by
highlighting certain features and aspects
that cane to the fore during the
comparisons.



5.3.3 Basic Concept of Schemes

5.3.3.1 Approaches used

The two main approaches to data collection
are the component approach and the unit ap-~
proach. These are quite distinct and not
easily reconcilable. Both are identified in
the annexes, CEA and CEGB using the former

and CE the latter. There is a grey area in
defining "component” and “unit", a peoint
highlighted in Annex 5C and exemplified in
Annex 5A, where a "major component" is

defined as a "unit". This problem is being
considered by an IEEE Committee [9] and both
terms are defined in Appendix I1II.

5.3.3.2 Scope and limitations of schemes

The comparisons included
to this chapter also

in the appendices
identify another part-

icular difference between data collection
schenes. This relates to the scope and
scale to which a given scheme is used. Some

attempt to create a cormnon data collection
system spanning a number of utilities within
a nation, e.g. the CEA systern, others are
tailored to meet the objectives of a single

utility within an entire nation, e.g. the
CEGB system, while a third group is asso-
ciated with a single utility representing
only a small section of a nation, e.g. the
CE systen.

None of these can be said to be the best,

have nerits and demerits.
The particular merits of the common scheme
are that it allows c¢asy ceomparison of the
performance between neighboring wutilities
and potential pooling of relevant data. On
the other hand, consensus between particip-
ating utilities is required. Tt is
possible, therefore, that the final agree-
ment reflects the "lowest cormmon denominat-
or" and is not as detailed, comprehensive or

since they all

cxtensive as may be desired te meet the
needs of individual utilities. This problem
appears to be eliminated when the schene

devised relates directly to the particular
reguirements of a utility, e.g. the CEGB and
CE schenes. In such c¢ases, it may be
possible to provide considerably more detail
in specific areas. The disadvantage is that
pooling of data and comparing performances
between utilities may be handicapped.

The main advantage of pooling 1is that it
eénables the size of data samples to be in-
creased. Although this can increase confi-
dence in any calculated statistic,
associated preblems  may arise. Such
problems are outside the scope of this
chapter but several studies have been made.
For instance, the effects of pocling trans-
mission outage data have been analysed
{17,18] using a chisquared test statistic
developed by Hoel [19], which demonstrated
that there c¢an be significant differences

between seasons, utilities and terminal
configurations. This has led sore
utilities, e.q. CEGB [20] , to analyse

subsets of their systems and even to adopt

slightly different operating rules for these
subsets.

it is evident, therefore, that care must be
exercised when interpreting bulk transmis—
sion system performance indices. Misinter-
pretation can lead to erroneous conclusions
regarding overall system performance. Tech-
niques implemented to ascertain the system
performance can often obscure important
parameters which affect the indices [21].
Awareness of differences fi.e. 53casons,
terminal configurations, etc.) can be
instrumental in understanding and using the
calculated indices in system reliability
evaluations.

5.3.4 Cutage Classification

None of the schemes selected are comprehen-
sive in their outage classification. Al-
though all recognize independent forced out-
ages and common-mode ocutages, only the CE
system seems to identify dependent outages.
Also, even if the weather conditions at the
time of the outage are reported, the
weather-related information is insufficient
to accurately determine outage or failure
rates in different environmental conditions
(see Chapter 6 and Appendix 1). Finally,
although forced outages have heen classified
in several places as permanent, tenporary
and transient [2,8,9], CEA does not scem to
distinguish between them, while CEGB dist-
inguishes between transient and sustained
{temporary plus permanent) on the basis of
the restoration time only when preparing the
statistical indices, and CE uses only two,
namely momentary (transient and temporary}
and lockout (permanent).

It is important that utilities developing
their own data collection systemn acknowledqge
that existing schemes are not necessarily
comprehensive. It is beneficial to set in
notion a scheme that is not fully developed,
to gain data and to allow the scheme to dev-
elop and expand as the need for a more com-
prehensive system becomes apparent.

5.3.5 Failure Modes

The number of failure modes differs consid-
erably. CEA uses ten ([eight specified in
Annex 5A plus nanual removal and unknown},
CEGB uses six (although others are classed
under primary causes rather than under fail-

ure mode) while CE uses only three, This
point is also worth noting by utilities
developing their own data bases. There is

no universally acceptable conceptual set of
failure modes but it is important for a uti-

lity to recognize all potential modes of
failure, to decide which (if any) can be
pooled, and to consider whether subgrouping

or the specification of attributes is desir-
able. Mo benefit can be derived by an ex-
cessive number of groups, as this will lead
to wrong classification by operations pers-
onnel, which may thus override all potential
gains in the use of the data.
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5.3.6 Outage Times

All schemes recognize the duration of out-
ages but appear to allocate them different-
ly. For instance, the CEA definiticen of
repair time differs from that of the CEGB:
the first relates to the repair of the con-
nonent, the second to the time taken to
restore the circuit to service. The CEGB
system also records the component repair
time.

Destroyed components are likewise treated
differently: the CEA system quotes the time
as "X" whereas the CEGB system records 999
days. Similarly, outage times of less than
1 min are specified as zero in the CEA sys-
tern and as 1 min in the CEGB systen.

5.3.7 Statistics

All schemes use the data to calculate sta-
tistics which, besides giving basic relia-
kility indices, are used to provide perform-
ance indicators of the transmission systen.
The performance indices differ in several

respects. A nore detailed de;cription of
statistical indices 1is given in the next
section.

5.4 Statistical Indices

5.4.1 General Concepts

As discussed previously, the statistics that
need to be considered in this application
guide are those to be used in the system

prediction methodology discussed in Chap-
ters 2 and 3. These statistics therefore
form the interface between the collected
data and the system reliability evaluation

techniques.

A large number of statistics can be deduced
but all can generally be classified in one
of the following main conceptual sets of in-
dices:

. rate and/or frequency of occurrence of
an event

. average duration of a state

. probability ©f a command failure.
These are expanded and discussed in more de-
tail below. It should be noted that the in-

dices that follow are not deterministic
values but the expected or mean values of a

probability distribution, which itself may
be unknown. In addition, it is sometimes
desirable to evaluate the variance (or

standard deviation) and possibly higher mo-
ments of this distribution from the raw data
but these are not considered here.

5.4.2 Rate and Fregquency of Occurrence
5.4.2.1 Concept of indices
The concept of failure rate, A ’
is given [2-4] by
numnber of events N
= = - (5.1}
exposure time when E
cvent can occur
and that of frequency, £, [2-4] by
nunmber of events N
f = = (5.2)

=l

period time

Thus the denominator is the only difference
between these two indices. Both this and
the numerator of egs. 5.1 and 5.2, the num-
ber of events, require short explanations.

5.4,2.2 Number of events

The number of events, N, 1is essentially
self-explanatory: it is the number of times
a particular event occurs during the period
of interest. This concept is true, whether

it is failures, repairs, weather-state tran-
sitions or any other transitional occur-
rences that are being considered and

therefore counted.

There is usually no conceptual problem when
the events are being counted for a single,
identifiable component but problems of in-
terpretation can occur when data is being
pooled. Consider the case of failures. 1In
this case, N is the number of events (fail-
ures) observed for all the relevant compo-
nent population divided by the total popula-
tion, including components that did not fail
at all during the particular reporting per-—
icd. It is for this reason that an accurate
inventory of the system is required. This
is also one of the reasons why weather-state
data is difficult to determine and why it is
generally lacking. 1In this case, the number
of cccasicons when adverse weather occurs
must be counted, even if on those cccasions
it has no effect on system operation. Such
data is difficult to determine and requires
close cooperation between the utility and
the local weather bureau.

The event being counted can be any event for

which the wutility wishes to record data,
e.g. individual counts can be made for pern-
anent failures, temporary failures, tran-

sient failures, permanent failures occurring
in normal and adverse weather, etc. Simil-
arly, the events being counted can be dif-
ferentiated on the basis of causes of fail-
ure. The study period is the same for all
individual counts.
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5.4.,2.3 Period time

The period time, T, is sinmply the period of
interest used in scction 5.4.2.2. It fol-
lows, therefore, that frequoncy represents
the number of times an event of interest oc-
curs during the total reperting period.
This is ceonceptually very different from the
rate of occurrence, as scen in the nexl soc-
tion.

5.4.2.4 Exposure time

The exposure time, E, is the parameter that

often causes nost problems associated with
the interpretation of eq. 5.1. Tt is the
time during which the event of interest can
occur.  For example:

If failure rates are being evaluated,
the exposure time includes only the time
during which the component is in the op-
erating state. [L does nok include any
repair time, maintenance time, ctc. or
any other state times during which the
conmponenkt is not exposed to failure.
Even standby times would be excluded,
although a standby failure rate could be
determined using, as data, the number of
failures whilst in the standby mode and
the time spent in this state.

. If repair rates arc being evaluated, the
exposure time includes only that during
which the component is undergoing re-
pair.

rates are heing
"normal-to-adverse
rate", the cxposure

. Tf weather transition
cvaluated, a.q.
weather transition

time 1is the time spent 1n the normal
weather state. Similarly for advarse
weather. This leads to problems rescr-
bling those discussead in section
5.4.2.2, since these durations arc nced-

ed even on occasions when no operational
problems are encountered.

It is evident from these examples that for

a given number of events occurring in T,
since the exposure time E decreases as a
proportion of T, the rate of occurrcnce
increases. It also follows that a relation

exists [4] between rate and frequency, il.e.
E
£f = — .\ {5.3)
T

Also, egs. 5.1 and 5.2 may be expanded to:
N/n
£ = (5.4}
T
N/n
D — (5.5)
T-%r/n
I

Tn=%r

where N and T are as before, n is the number
of components and ¥r/n is the averags tine
cach compenent is not in the operating state
during the pericd of study, i.e. {(T-2r/n) is
the average oxposure time of the relevant
comnponents.

It follows f{rom the above discussion rhat
the rate represents the number of times an
event of interest actually occurs during the
period of time it can occur.

5.4.2.5 Comparison botween failure

frequency

rate and

Equation 3 indicates that the failure
and frequency are numerically very differ-
ent If B <« T, i.e. the exposure time of an
event i3 a small fraction of the period
time. This applies to the vepair process,
for cxample. If B and T arc approximately
the same, then so are A and f also. This
applies, for example, to the failure process
of a continuously operated component, since
the time not spent in the operating state
{T-E) is vwvery short and often negligible,
For this reason, failure rate and Frequency
arc often numerically equivalent and the
value of is sometimes cvaluated using the
simpler equation 5. 2.

rate

5.4.2.6 Numerical exanples

In order to illustrate the evaluation of
rate and frequency of occurrence, consider a
aystem containing ten identical components.

In a two-year calendar period, these conpo-
nents behaved as shown below:
Component No . Repair
of failures duration (h)
1 3 18, 25, 93
2 3 56, 39, 107
3 2 22, 49
4 1 37
5 1 16
6 1 52
7-10 0 -=
10 11 514

Using the concept of egs. 5.1 and 5.2,
11/10
frequency of failure = —— = 0.550 occ /yr
2

frequency of repair

11
failure rate = — . =
2x10-514/8760

0.552 oze /yr

11
repalr rate = — =
514/8760Q

187.5 rep/yr
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These values indicate that, although the
failure rate and frequency of failure may be
approximately the same numerically, the
repalr rate and frequency of repair are very
different, owing to the small exposure tine
assoclated with repair.

5.4.3 Average Duration of a State

The concept of duration is given [4] by:

total time spent in a particular state

(5.6)
number of events leading to that state
This 1s a mnuch easier eguation to inter-
pret. All that 1is required is for the

appropriate durations assoclated with each
separately identifiable state to be accumul-
ated. This gives the numerator. The denon-
inator is the same as the number 1N discussed
in 5.4.2.2.

In order to illustrate the application of

a7, 5.6, the reader is referred back to the
example used in 5.4,2.6 where
3r
average duration of repair = {(5.7)
I7
= 514/11 = 46.73 h
Similarly,
average operating time (up-time) (5.8)
Tn-Xr
N
= (2x8760x10-514)/11
= 15881 h
= 1.81 vyr

It is seen that eqs. 5.7 and 5.8 are the re-
ciprocals of the concept given by ed. 5.5.
Consequently, the average duration and the
occurrence rate are the reciprocal of ea?h
other. For this reason, it is more usual in
practice to define the failure and restora-
tion precesses as follows:

. the failure process 1in terms of its
failure rate. This is relatively easy
to evaluate, particularly if the down-~

time is a very small fraction of the pe-
riod time, as it is then ignored;

in terms of its
usually

. the restoration process
This 1is

average duration.
casier to determine, interpret and
understand than the concept of repailr

(or restoration) rate.

5.4.4 Command Failures

The probability of a command failure (i.e.
probability of a component failing to res-
pond to a command) is given [4,9] by

nunber of failures tc operate

(5.9)
number of commands to operate
In the case of opening commands, "operate"
in eq. 5.9 is interpreted as "open" and, in

the case of “"closing" commands, as "close".

Equation 5.9 seems to be conceptually easy
to interpret in that only the counting of
events is needed. However, difficulties can
and do arise in counting both the number of
failures and the number of commands. For
exanple, if a switch fails to close on the
first command but closes after the sccond or
subsequent attempt, is this counted as a
failure or not? And is the number of com-
mands one or the number of attempts? Also,
the commands c¢an be separated into fault—
switching and load-switching commands.
There is no simple, unique answer to these
questions but they do indicate that care
must be taken to construct a data-reporting
scheme that gives the required information
and to ensure that the data recorded ro-—
sponds to this informatien, e.g. nmultiple
attempts are recorded as single or multiple
events, as needed.

5.4.5 TIllustration of Data and Statistics

Figures 5.1 and 5.2 illustrate the output of

typical data collecticon schemes. The tables
are reproduced from the CEA [11l] and CEGB
(12] schenes. The following observations

can be made from these figures:

+ Both schemes maintain an inventory of
the system: Table 5.1 in Fig. 5.1 for
the CEA scheme and Table 10 of Fig. 5.2
for the CEGB scheme.

- Both schemes divide components into sub-
classes on the basis of voltage, the CEA
scheme using six levels, the CEGB scheme

only two, these being the two main
transmission voltages,

. Both record 1lines/cables in terms of
length, as required for Class A compo-
nents.

. The terminals in the CEA scheme and the
substations in the CEGB scheme are es-
sentially the same.

. The CEA scheme evaluates and quotes
"frequency of events" whereas the CEGRB
scheme quotes "rate of events" but ac-
tually evaluates frequency, since it
uses the simplified evaluation method.

the duration of

. Both schemes evaluate

the events.
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Table 5 — Summary of Transformer Bank Statistics by

Voltage Classification tor Forced Qutages Invol-
ving Integral Subcomponents

Table 1 — Inventory of Transmission Equipment as of
December 31, 1984
Vollage Transmission Lines Transiormer Circuit
Classifi- Length Terminals Banks Breakers
cation (km}
110-149 kV 30,722 981 1,067 1,404
150-199 kV 529 33 63 106
200-299 kv 26,332 708 632 1,034
300-399 kV 7,710 194 193 370
500-599 kV 7,547 109 105 179
600-799 kV 10,011 127 86 362

Table 2 — Summary of Transmission Line Statistics for

Line-Related Sustained Forced Outages

Voltage Kilomeire Number
Classifi- Years of

cation (km.a) Outages
110-149 KV 127,474 1,284
150-199 kV 1,323 4
200-299 kY 128,320 618
300-399 kV 36.586 108
500-599 kV 34.080 52
600-795 kV 40,525 70

Total
Time
(h)
4,848

5
5594
3160

272
977

Frequency Mean
{Per Duration

100 km.a} {h)
1.0673 3.8
G 3023 13
. 4816 9.1
02952 293
01526 5.2
01727 140

Unavail-
ability
{%)
0044
0004
0050
0039
0 009
0028

Table 3 — Summary of Transmission Line Statistics for
Line-Related Transient Forced Outages

Voitage

Chassili-

calion
110-149 kv
150-199 kV
200-299 kV
300-399 kV
500-599 kv
600-799 kV

Kilometre
Years
{km.a}
127,474
1,323
128,320
36,586
34,080
40,525

Number
of
Outages

1,649
0

803
49
393
71

Frequency

(per
100 km.a}

1.2936
0.0000
0.6258
0.1339
1.1532
01752

Table 4 — Summary of Transmission Line Statistics for
Terminal-Related Sustained Forced Qutages

Voltage Terminal
Clagsifi- Years
cation {a}
110-149 kv 38510
150-199 kv 825
200-299kV 35425
300-399 KV 8995
500-589 kv 423.5
800-799 kV 4850

Number Total
of Time
Qutages (h)
436 678
4 10
475 734
75 397
7C 1.526
90 1,469

Figure 5.1 -

Frequency Mean
Duration

(Per a) (h}
0.1262 14
0.0485 25
0134 1.5
00834 53
0.1653 218
0.1856 16.3

Extracts from CEA Statistics,

Unavail-

ability
(%0}
0.002
0.001
0.002
0.005
0041
0035

Voltage
Classifi-
cation
110-149 kY
150-199 kW
200-299 kV
300-399 kv
500-599 KV
500-799 kV

Compo- Number Taotal Fre- Mean Mean
nent Years of Time quency Duralion  Op. Pos.
(a) Qutages {h (Per a) {ny (h)
44655 50 35,997 00tz 71949 7044

1575 11 4,985 00698 4532 1737
29870 49 34190 0.0164 697.8 347 7
8150 19 $.688 20233 509.9 1849
436 5 7 5748 Q0160 8213 821.3
3190 33 15 494 01034 469 7 339.3

Table 8 — Summary of Transformer Bank Statistics by
Voltage Classification for Forced Outages Invol-
ving Terminal Equipment

Vollage Compo-  Number Total Fre- Mean Mean

Classifi-  nent Years ol Time quency Duration Op. Pos.

cation {a) Oulages  (h) {Per a} {h)
110-143 KV 4,465.5 310 5,363 0.0694 17 3 173
150-199 kV 1575 14 ¥7.109 0.0889 12220 869
200-299 kV 2.987.0 241 36838 Q.0807 151 149
300-399 kV 8150 28 309 0.0344 1.0 1.0
500-599 k¥ 436 5 38 1.230 Q.0871 324 32.4
600-799 kV 319.0 58 33,180 Q1818 572.2 2116

Table 7 — Summary of Circuit Breaker Statistics by Voltage

Classification for Forced Outages Involving
Integral Subcomponents
Voltage Compo- Number Total Fre- Mean Mean
Classifi-  nenlt Years of Time quency Duration Op. Pos.
calion {a) QOutages  (h} {Per a) (h) (h)
110-149 kY 58810 23 21 06039 92 92
150-199 kV 2650 1 297 00415 270 270
200-299 kV 4.870.5 53 2,694 0.6109 508 508
300-399kV 1.5860 46 5,293 0.0280 1151 1151
S00-599 kv 8530 17 1,492 0.0199 878 87.8
€00-799 kV 1,3920 110 130,794 0.0790 11890 1.1838.0
Table 8 — Summary of Circuit Breaker Stalistics by Voltage
Classitication for Forced Outages Involving
Terminal Equipment
Voltage Compo- Number Total Fre- Mean Mean
Classifi- nent Years of Time quency Duration  Op. Pos.
catian {a) Oulages {h) {Per a) {h} (h)
110-149 kY 5.881.0 147 184 0.0250 1.3 13
150-199 kV 265.0 1 8 Q0415 o7 0.7
200-299 kV 48705 158 7.269 0.0324 46 0 46 0
3G0-399 kY 1.586 0 77 2.863 0 D485 37.2 372
500-599 kv 8530 28 4872 00328 174 0 1740
600-799 kV 13820 108 10.091 00776 934 934
1986 [11]
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ANNEX 5A

CANADIAN ELECTRICAL ASSOCIATION'S

EQUIPMENT RELIABILITY INFORMATION SYSTEM

5A.1 SCOPE OF ERIS

The Canadian Electrical Assocliaticn's Equip-
ment Reliability Information System, ERIS,
includes both generation and transmission
systen data. Developed by consensus between
Canadian utilities, it provides a practical
vehicle for the collection of equipnent
performance information and the derivation
of relevant statistical parameters. The
transmission reporting system is conceptual-
ly different from that developed for
generating equipment and is confined to the
recording of forced outages for selected
major components only. The causes of Forced
outages are reported using a sct of
primary-cause codes and a classification of
the subcomponents of the major components
involved. The failure modes associated with
a forced cutage are also included. A minim-
al but basic inventory is established for
each major component. A brief description
of the salient features of this reporting
system follows.

Transmission equipment is limited to all
equipment with an operating voltage of
119 kV and above but includes associated
elements such as synchronous and static com-
pensators and, also, shunt reactors and ca-
pacitors on the tertiaries of transformers
at 110 kV and above. ERIS divides transmis-
sion equipment into major components, each
of which is considered a "unit" and includes
all the associated auxiliaries that make it
a functional entity within a power system.
The reporting system covers compenent forced
outages, their duration, the primary cause
and the subcomponent involved, where applic=
able. These forced outages are limited to
those of major components wherein the cause
of the outage originated. OQutages of a ma-
jor component caused by the outage of
another major component are not included.

S5A.2 DEFINITIONS
The follewing basic definitions [10] are

used in ERIS:

Transmission equipment: all equipment with
an operating voltage of 110 kV and above,
including those elements associated with
transmission systems such as synchronous and
static compensators and, also, shunt reac-
tors and capacitors on the tertiaries of
transformers of 110 kV and above.

Major component: a unit of transmission
equipment, including all the associated
auxiliaries that make it a functional entity
within a power system.

Subcomponent: a constituent component of a
mazjor component, including the external ele-
ments associated with it.

Terminal: a transmission line end or cable
end equipped with primary line protection.
Stations which are tapped into the transmis-
sion line are not included in this defini-
tion.

Unit of transmission equipment: a
phase installation made up of
three-phase element or three
elements.

three-
either one

single-phase

Primary cause: the reason to which the out-
age or malfunction of a major component can
be attributed.

Component forced outage: the unscheduled
removal from service of a major component
(or its inability to perform its specified
function) due to defective equipment, ad-
verse environment, system condition, hunan
element, foreign interference or some un-
known rcason.

Common-mode outage: event where more than

one conmponent forced outage results from a

single primary cause and where the outages
are not consequences of each other.

Failure mode: the type of fault (or mal-
function) that the system sustains as a re-
sult of a component forced outage.

Replacement time: elapsed time required to

replace the major component from stock or
from some other locatien in the network.

Repair time: elapsed time required to re-
store the major conponent to service or make
it serviceable again.

5A.3 INVENTORY CF MAJOR COMPONENTS
Utilities are requested to send, once a
year, a tabulation of the number of major

conponents by classification.
sion lines and cables, the listing is given
in terms of the number of kilometres (of
three-phase circuits) and terminals, whereas
for the other major components the total
number of units in each classification is
required. This inventory forms the design
data bank for the ERIS reporting systemn.

For transmis-

5A.4 CLASSIFICATION OF MAJOR COMPONENTS

5A.4.1 Concepts of Classification

It was not considered practical to compile a

data bank on each major component since
there are too many items to consider. In-
stead, a classification system has been

established in which each major component is
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divided into classes according to certain
distinguishing characteristics.
It 1is an alphanumeric system where cach

digit describes cne of the chosen character-—
istics. The first digit identifies the ma-
jor component, the second identifies the
voltage class, and subsequent digits (or
letters) are used to identify the other
characteristics. Since Lthe number of main
cateqgories of major components is limited to
external

nine, there are likely Lo be

elements ({such as disconnecting switches)
which could be considered as belonging to
more than o©one category. To avoid the

necessity of having to choose where an
external element belongs, the boundary of
each major component must be defined.

5A.4.2 List of Major Components

The first digit identifies the
components of transmission equipment:

major

+ Transmission line

. Cable

. Transformer bank

. Circuit breaker

.  Synchronous compensator
. Static compensatocr

. Shunt reactor bank

. Shunt capacitor bank

. Series capacitor bank

5A.4.3 Classification by Voltage

{Phase-to-Phase)

The veoltage class
identified by the

of each major component is
second digit:

. up to 10% kv (for static compensators,
shunt reactors and capacitors)

. 110 - 150 kV

. 151 - 200 kV

. 201 - 300 kV

. 301 - 400 kV

. 401 - 500 kV

. 501 - 600 kV

. 601 - 800 kV

. above 800 kV

5A.5 OCUTAGE DEFINITIONS

Unlike the generation eguipment status re-
porting system, no attempt is made in this
reporting system Lo describe all the various
states in which a major component can re-
side. Either it is out due to a conponent
forced outage or it 1s assumed to be in
service.

It was decided that the recording of sched-
uled or maintenance outages [or transmission
equipment would be too laborious. In addi-
tion, it was helieved that scheduled outages
do not normally interfere with the continu-
ity of supply so that statistics would not
be o©f a wvalue commensurate with the work
involved in reporting such outages.

ERIS distinguishes between component forced
outages and common-mode ocutages (see defini-
tions in A.2). As far as the former are
concerned, recording 1is not required for
healthy major components removed from serv-
ice as a result of cascading system events
or as a result of the outage (or malfunc-
tion) of some other major component.

As for ceommon-mode outages, ERIS records all
of them but places a strong emphasis on
those occurring on transmission lines. A
special column has been provided on the re-
porting form for registering cormmon-mode
outages. For the special case of conmon-
mode outages on transmission lines, another
column has been provided to indicate whether
the transmission lines involved are on the
same towar.

5A.6 TIME DEFINITIONS

Two different times are identified in asso-
ciation with each component forced outage,
the replacement time and the repair time
(see definitions in Al.2}.

The replacement time gilves a measure of the
practice of utilities 1in the allocation of
spare units. If no spare 1s available, this
time is not reported.

In the case of repair times, if the time is
less than 1 min, a zero is indicated. The
letter "X" is used to indicate that the ma-
joF conponent has been destroyed beyond re-
pair.

5A.7 PRIMARY-CAUSE CODE

defined in
each of which

A component [orced outage 1is
terms of the possible causes,

is termed a primary cause. ERIS does not
subdivide these primary causes.
The following primary causes have been

assigned codes:

. Defective eguipment
. Adverse weather

. Adverse environment
. System condition

. Human elcment

. Foreign interference
. Unknown
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54.8 FAILURE MODES
Failure modes describe either a type of
fault or an equipment malfunction. Faults

are described in terms of the type of fault
which the system sustains as a result of the
event., Malfunctions comprise those events
where a major component or subcomponent does
not perform as desired.

Codes have bheen assigned to the following
failure modes involving major components:

.  Phase~to-ground short circuit

. Phase-to-phase short circuit

« Phase-to-phase-to-ground short circuit
. Three-phase short circuit

« One or two open phases

. Refusal of a circuit bhreaker to open

« Refusal of a circuit breaker to close
. False operation of a circuit breaker

5A.9 STATISTICS

The outage data collected in ERIS is used to
produce basic reliability indices. In addi-
tion, ERIS is expected to provide data fronm
which the performance of transmission equip-
ment in the following areas may be obtained:

. nature and frequency of common-mode out-—
ages with particular reference to trans-
mission lines

. utility's policy with respect to the
allocation of spares, as given by an
analysis of the replacement tinme

. distribution of primary causes of compo-
nent forced ocutages

. importance of «certain subcomponents,
such as control and protection equipment

» failure modes of equipment, especially
active components such as circuit break-
ers

+ performance of the same type of equip-
ment from different suppliers.

The basic statistics which this reporting
system produces and which form part of the
annual report are:

. failure rate, A

. repair rate, @

+ forced-outage frequency, f.

These statistics are calculated using the
following relations:
No. of forced outages
'u,=
sum of forced-outage times
No. of forced cutages
total operating time
No. of feorced cutages
component years - sum of
forced=-outage times
Mo. of forced outages
f = =
total time
Ho. of forced outages
conponent years
Since the major components are subdivided
into classes, it 1is possible teo provide

these statistics for each clagssification.

5A.10 CONCLUSION

This brief report has not attempted to dup-
licate the material contained in [10] and
[11]. Its aim has been to provide an over-
view of the intent behind the transmission
equipment component of ERIS and an indica-
tion of data that can and will be made
available in the future.
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ANNEX 5B

COMPARISON OF ERIS WITH CEGB

TRANSMISSION FAULT REPORTING SCHEME

5B.1 SCOPE

RBroadly speaking, the
scheme collects the

CEGB fault reporting
same transmission data
as CEA's. Most definitions are practically
cquivalent, although the CEGB collection
scheme provides considerably more detail in
certain arcas.

Whereas ERIS covers all equipment with
operating voltages o¢f 110 kV and above,
CEGB-OR%A now only covers voltages of 200 kv
and above. Transmission fault data on the
132-kV system was recently transferred to
the distribution collection scheme HNAFIRS
(National Fault and Interruption Reporting
Schenme), which covers the rvange from 6.6 to
132 kv.

The CEGB and CEA schemes appear identical in
their treatment of agsociated equipment,
©.g. tertiary-connected shunt reactors, and
neither records planned cutages.

583.2 DEFINITIONS

Transmission equipment: similar definition
as ERIS but for 200 kV and above.

Major component: OR9Y9A is nmore detailed, as
it recerds both the type of circuit and the
main equipment item in the circuit that
causes the outage. It also has the facility
to record two {or more) items that contri-
bute to one outage, e.g. a transient line
fault plus a switchgear problem that delays
circuit restoration.

Subcomponent: OR9A uses a series of
componant codes to identify the subcompo-
nents of each main equipment item affected
by the fault.

Terminal: this is one area where the two

schemes differ. ORYA records the circuit
odtage and terminal equipment faults are
recorded as the main equipment item, e.g.

transformer or circuit breaker.

Unit: OR9A also treats three single-phase
units as one three-phase unit.

Primary cause: OR9A is similar to ERIS but

more detailed in that it has 57 primary-
cause classifications. In addition, two
further classifications are possible,

secondary cause and contributory cause.

Conponent forced outage: broadly the same

for both schemes but, for clarity, the full

OR9A definition is given.

Reportable electrical faults include any ab-
normal event involving the tripping of a
circuit breaker either automatically or man-
ually, switchgear failure to open or close
when required; any switchgear operation in
error; any interruption of supply resulting
from a reportable electrical fault; and any
load reduction or disconnection caused by
the incorrect operation of equipment,

Common-mode  outage: a nultiple outage is
recorded under the one event number and
there is also a cocde which indicates simul-
taneous faults on two circuits carried on
the same set of towers.

Failure mode: OR9A has several codes which
give details of the failure mode.

Replacement time: OR9A does not record this

information.

Repair time: OR%A records the clapsed time
to restere the circuit in addition to t.e
repair times of the main equipment items.

5B.3 INVENTORY

inventory for
contains such
manufacturer,

The CEGB maintains a separate
all transnmission plant. This
information as type, ratings,
etc. and is updated regularly.

Because the inventory is separate, combined
use with the OR9A scheme is not easy. In
practice, only basic population data is

extracted; fault data summary tables, e.g.
by manufacturer or transformer rating, can
only be produced indirectly.

5B.4 CLASSIFICATIOHN
58.4.1 Concept of Classification
The CEGB scheme is primarily intended to

provide data using a classification scheme
similar to ERIS. However, it is possible to
identify the particular major component,
i.e. circuit name and number and equipment
items; this facility is used extensively in
ad hoc searches of the data base.
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5B.4.2 List of Major Components

CEGB employs the following classifications:
Circuit types Overhead line

Cable

Transformer

Banked transformers
Transformer feeder
Transformers banked with

line
Reactor
Bus coupler or bus

section switch

Busbar

Synchronous compensator
Static compensator
Capacitor
Converter
Generator

{(DC - AC)

Item types Overhead line
Cable
Transformer
Reactor
Booster
Generator
Generator-transfornmer
Switchgear (with number
to indicate circuit
breaker, disconnecting
switch, etc.)
Protection
Busbar
Capacitor
Converter
Synchronous compensator
Static compensator
Voltage or current
transformer
Inducticon motor
5B.4.3 Voltage Classification
The norminal operating veoltage 1s recorded
and can be any 4-digit value. 1In practice,
this provides two c¢lassifications, 275 and

400 kV, as these are the two operating volt-
ages on the CEGB supergrid system. (Note
that the 200~kV DC link is classified with
275-kV  equipment}. In addition, OR%A
records the lower voltage level for trans-—
former equipment/circuits.

5B. 4.4 Subcompecnent Codes

Like the CEA scheme, ORYA collects addition-
al information on the subcomponents of the
main equipment that are involved in the
fault. Up to three component codes can be
recorded for each eguipment item and there
are more than 100 codes to choose from. A
complete list is shown in the Annual Report
[12].

5B.5 OUTAGE DEFINITIQNS

The comments above indicate that the defini-
tion of outage used in the two schemes is

very similar. Although planned-outage data
is not collected at present, CEGB 1is con-
templating that possibility. The collection
scheme would probably be separate from but

compatible with QR9A,

58.6 TIME DEFINITIONS

The repalr time in this scheme is the time
to restore the circuit to service. Repair
times of less than 1 min (delayed auto-

reclose} are entered as 1 min (not 0 as in
ERIS). Destroyed equipment is allocated a
repair time of 999 days (compare "X" in
ERIS).

OR9A also defines what it calls event time
but ERIS5 makes nc mention of this. Data on
event times is required to ascertain that
the assumption of random independent fail-
ures is valid or is of particular interest
to demonstrate the bunching of faults during
adverse weather.

3B.7 PRIMARY-CAUSE CODES

A full 1list of the primary and secondary/
contributory cause codes 1s published in the
Annual Report {12]. These codes cover all
the aspects of the seven codes in ERIS and,

also, precautionary action and switching
surges.

5B,8 FAILURE MODES

The CEA and CEGR schemes record similar
failure-mode data but this information is
held in several places in OR3SA. The main
information field is "Nature of Fault",
which includes ERIS codes 1 to 5 plus

insulation failure. ERIS codes 6 to B8 are
covered in the Cause Code section.

5B.9 STATISTICS

In addition to the derivation of basic re-
liability indices, the OR9A data base is
used for purpcses similar to ERIS items 1,
3, 4 and 5. As replacement time is not
recorded, spares holding and allocation are
not directly monitored. Note that in
England and Wales, the time to replace a
transformer say, can be estimated with
reasonable accuracy and there is therefore
no perceived need to collect replacement
time data.

Other uses of the collected data include in-
vestigation of vrepair time distribution,
identification of circuits experiencing a
higher-than-average fault rate, identifica-
tion of the effects of season, weather and
location on equipment fault rates, and use



-53—

of observed data to check the predicted per-
formance of circuits/systems (model valida-
tion).

The CEGR scheme also calculates
Statistics of k, # and £, although in prac-
tice the failure rate and the forced-
ocutage frequency f are effectively identic-
al, since down-times are much shorter than
up~tinmes.

the basic

5B.10 CONCLUSIONS

Currently the data is collected manually and
initially recorded on an input document

prior to being
data hase.

entered into the computer

An example of the various outputs from the

OR9A reporting system is the annual report
of supergrid fault statistics [12].
However, in the CEGB system the data extrac-

tions can be varied at willi and tailored to
specific needs as they arise. Cutputs are
therefore constrained only by the scope of
the data recorded and as such can be consid-

ered quite separately from the raw-data col-
lection.
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ANNEX 5C

COMPARISON OF ERIS WITH COMMONWEALTH

EDISON'S SCHEME

The major differences between ERIS and
Commonwealth Edison's transmission outage
data collection system for planning and

cperating purposes can be summarized as fol-
lows,

The most important difference is the level
of entities on which data is collected. CEA
compiles data for nine types of component
and nine voltage classes. Up to four addi-
tional attributes for classification are re-
ported but a count or total mileage (rather
than a list) of entities within each sub-
group is reported.

Commonwealth Edison compiles data for 345-kV
units of four types: transmission 1line
units (including tapped lines), transformer
units, bus units and generating units.

Each entity is reported separately. In ad-
dition, data is compiled on sections and
segmnents of lines as appropriate.
Commonwealth Edison also identifies the
component to which each outage was attribut-
ed, based on the more extensive list of
components identified by EPRI RP-1283 (8]
and an inventory compiled under RP-1468-2
[13].

Inconsistent application of the terms "comp=-

onent" and "unit" 1is causing confusion in
this area. Commonwealth Edison considers a
unit as the complete entity within the

clearing zone of one or more protection sys-

tems, interfaced to other adjacent units by
one or mere circuit breakers, which are
automatically tripped by that protection

system in response to a fault on the unit.

CEA apparently considers a component as a
functional entity including the protection
system, which may interface other compenents
directly rather than only through a c¢ircuit
breaker. In fact, cirecuit hreakers consti-
tute another class of components. Cne mem-
ber of CEA, Ontario Hydro, seemingly uses
the same level of functional entities in re-
porting as CEA compenents but terms them
units, so this utility has transformer units
tapped to transmission line units.

EPRI RP-1283-=1 [8]
more narrowly, in &
closely to design considerations such as
IEEE Standard 500 [14]. A transfermer and
its protectieon system are considered to be
separate components,

subdivides components
manner corresponding

Ten failure rodes
and unknown) are

{including manual removal
recognized by the CEA

scheme whereas Commonwealth Edison reports
three: fault, no fault and unknown, and
distinguishes between momentary and lockout
{permanent) outages.

common-mede but not de-~
pendent outages. Commonwealth Edison iden-
tifies dependent outages, distinguishing
between those due to the network configura-
tion and those due to a circuit breaker
and/or protection equipment malfunction.

CEA distinguishes

CEA does not consider transformers tapped
into a line when enumerating terminals.
Commonwealth Edison counts such tapped

transformers if they are at a separate loca-
tion where there is no 345-kV circuit break-
er, although such application is infrequent.

CEA recognizes common-tower eXposure as a
special case of common-mode outage.
Commonwealth Edison also recognizes common
right-of-way and common terminal for ling-

related common-mode outages. Terminal-
related common-mode outages are
distinguished as related 1line or bus and
miscellaneous. An "other proximity™

category is provided.

CEA distinguishes outages attributed to
terminal equipment from those attributable
to the integral subcomponents (structure,
conductors, bushings, etc.} of each
component.. "Unknown" is reported separately
but analysed as if it were line-related.
This facilitates normalizing by length or
terminals, as required.

Commonwealth Edison identifies line, termi-
nal and unknown, and also tapped transform-
ers, as locations of trouble. The latter is
not needed by CEA as tapped transformers are
considered separate reporting entities.
Commonwealth Edison uses regression nodels
for prediction rather than average histori-
cal performance.

Commonwealth Edison 1is experimentally re-
cording weather conditions at the time of
the outage, based on weather records at

Chicago's O'Hare International Airport.

CEA records circuit-breaker tripping opera-
tions that do not outage any unit because of
redundant paths within the terminal (ring
bus configuration), Commonwealth Edison
does not record such operations but, on the
other hand, reports as outaged, those units
which were energized but open at one termin-
al.
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CHAPTER 6

DEPENDENCY CONCEPTS

TASK FORCE

R. Billinton {Chairman)

R.N. Allan
O, Berteoldi
M.G. Lauby

6.1 INTRCDUCTIOHN

A basic requirement in all areas of power
system reliability evaluaticon is the recog-
nition and ability to assess the likelihood
of multiple-outage events. Thesc events can
arise in a wide variety of ways and under a
wide range of conditions. In some situa-
tiens, the events may be completely inde-
pendent of each other or there may be an
associaticn between them which has a major
influence on the 1likelihood of the over-
lapping outage condition. Recognition of
the stress level under which facilities are
operating is a major factor in raliability
evaluation. In the case of outdoor facil-
ities such as transmission elements, the
weather can have a dominating influence on
the likelihood of failure. The fact that
many elements can be simultanecusly affected
by a single storm creates a form of depend-
ency which must be recognized and evalu-
ated, This chapter considers the concept of
dependency with particular emphasis on the
weather modeling of transmission elements.

6.2 INDEPENDENT QUTAGES

Independent outages are by far the simplest
multiple events to include in reliability
asscessment., These events involve two or
more elements and are referred to as cver-
lapping or simultaneous Iindependent out-
ages. The probability normally associated
with a multiple event is the product of the
failure probabilities for each ©f the ole-
ments. The basic component model used in
these applications is usually the simple
two=-state representation in which the compo-
nent is either up or down. In this model,
the rate of departure from a component up-
State to its down-state is designated as the
failure rate \. The restoration process
from the down-state to the up-state is some-
what more complicated and is normally desig-
nated by the repair rate g . Restoration
following a forced outage can take place in
a number of markedly different ways which
can result in quite different probabilities
of finding the component in the down-state
(usually desighated as unavailability).
Processes such as reclosure, which can be
either manual or automatic, cor repair in-
volve quite different outage times and,
therefore, quite different restoration
rates. The state space diagram for a two-
element configuration considering independ-

ent failures is shown in Fig. 6.1. A con-
ponent may also be removed from service for
a scheduled outage. The scheduled-outage
rate, however, cannot be added directly to
the failure rate as scheduled outages are

not random events.

Most of the published techniques for gen-
eration and composite-system reliability
evaluation assume that the outages consti-
tuting a contingency situation are independ-
ent.

My e fIPs
2 up
Al Az
I down | up
Zup 2 down
Hi
)\2 t down
Ko 2 down Al

Figure 6.1 - Basic two-element independent
failure model

6.3 DEPENDENT OUTAGES

These outages are dependent on the occur-
rence of one or mnore other outages, e.g. an
independent outage of one line of a double
eircuit followed by the removal of the sec-
ond line due to overload. Such cutages are
net normally included in  the reliability
evaluation of composite systems and require
detailed appreciation of system data in ad-
dition to individual! component data.

6.4 COMMON-MODE OUTAGE

As stated earlier, the probability of an
event consisting of two or mere simultaneous
ocutages is the product of the individual
cutage probabilities. If these probabil-
ities are low, the preduct can become ex-
tremely small. The probability of a comnon-
mode outage resulting in a similar contin-
gency event c¢an Thowever be many times
larger. The effect of these outages on load



point reliability indices can therefore be
quite significant compared with the impact
of second- and higher-order independent out-
ages,

A common-mode or conmon-cause outage is an
event having an external cause with multiple
failure effects where the effects are not
consequences of each other. The most obvi-
ous cxample is the failure of a transmission
tower supperting two or more transmission
circuits. This event can be contrasted with
the outcome for a similar configuration in
which the twoe circuits are on separate tower
structures and physically separated by a
large distance.

The Task Force on Common-Mode Outages of
Bulk Power Supply Facilities in the IEER
Subcommittee on the Application of Proba-
bility Methods has suggested a common-mode
outage model for two transmission lines on
the same right-of-way or on the same trans-

mission tower {39]. This wmodel (Fig. 6.2)
contains a direct transition rate ¢ from
state 1 to state 4 and assumes that the
same repalr process applies for all fail-

ures, including
Other common-cause

failures,
have been

common—-cause
outage models

analysed and are described in detail in
Ref. [1l].
Hy I vp 153
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Figure 6.2 - A common-mode outage model
(IEEE)

6.5 STATION-~-QRIGINATED OUTAGES

The outage of two or more transmission cle-
ments not necessarily on the same right-of-
way and/or generating unit can arise from
station-originated causes such as a ground

fault on a breaker, a stuck breaker, a bus
fault, etc., or a combination of these
conditions. Such outages are sometimes
accounted for in transmission line and/or
generator outage rates by combining them
with independent outages. However, this
approach cannct recognize a situation in

which more than cone element of the system is
simultaneously removed from service becausc
of a single event in the terminal station.
Such outages must be considered as separate

events, The effect of station-originated
outages in composite-system reliability
has not been extensively analysed and can

have an appreciable effect on load point
reliability indices. The impact can be
clearly seen in the station shown in
Fig. 6.3, where a ground fault on breaker

O .

2, RS 6
- -
S

\@—/T\_D_/ij

€axr 906 504
wda
528 <-——I
230 kv
Figure 6.3 - Squaw Rapids Gensrating

Station configuration in the
Saskatchewan Power Corporation
System

901 will open breakers 902 and 907 and hence
isolate four generating units from the Sys—
tem, This type of event is not normally
included in either generating-capacity or

composite-system reliability studies, The
duration of the outage in this case, how-
ever, might be associated not with the
repalr of breaker 901 but simply with the
switching action vrequired to remove the

breaker from the system and restore the four
units to system service. It is therefore
important to recognize that restoration in
the case of terminal-station faults may
not invelve repair directly but may be by

switching action and, consequently, a dif-
ferent model is required. Figure 6.4 shows
cne possible model which includes both

common-mode and station-related events.

| down a3 lup o I down
Zd:w; Acl Hi 2upl e A Edowne
)\1/ "
| dtrwn
2 up
2
K2 tAc2 ki
i down
Ra J2down P\
4
Figure 6.4 - General model for common-—

cause, independent and station-
originated events

The state transition dlagram above
trates two possible common-mode failure
events characterized by Acl and Ags. These
events are physically different: in one
case, repair follows the same process as for
the independent events, while in the other a
common-mode repair process is used. FEither
one or both may exist in a particular situa-
tion.

illus-
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Tt is important Lo
ent  impact that
originated ovenks

appreciate the differ-
common-made  and  station-—
can have on the systom
transmission components. Figure 6.5 shows
two double-line conligurabions. Lines 1
and 2 in Fig. 6.5(a) =start at station A and
terminate at two Jdilferent stations 1B and
C. The two lines may be renoved from scr-
vice by two overlapping independent Fail-
dres  or by a single element  fallure in
station A, In Fig. 6.5(b) both Tines ter-
minate at station 13, In this case, the Lwo
lincs may also be removed from service by a
common-mode failure 1f they are on a common
Lower  structure or a common rignt-ofl-way.
A1l these lactors must e included for 2
comprencnsive analysis of a composite syo-
Lerma The most suitable way (s

to considoer
thenm as separale levels of component and
system data,

Station A Station A
Line ¢ Line 2 Line | Line 2
Station B Station C Station B
(o) (b)
Figure 6.5 - Double-linz configuralkions
The stochasiic data requirements for

composite-system reliability thercfore in-

clude both individual component paramebers
and higher levels of data which iInvolve
more than one component and may be systoemn-

spacific.

There is a relatively large amount of avail-
ahle data related to individual component
ocutages. Hany companies have or are in the
process of establishing conprehensive ocutage
data ¢ollection procedures, which should
provids individual component outage data
wikth an acceptable level of confidence.
This 1is not tne casc with common-node, de-
pendent and station-originated failures,
although increasing awaveness of bhe neces-
sity [or such data should lead to better and
morce comprehensive collection procedures.

6.6 INCLUSION OF WEATHER EFFECTS

6.6.1 Concepts

All power system networks are oxposed Lo
varying wcather coaditions and it has boen
found [rom cxperiencs that the failure rate
oFf many components is  a functbion of the
weathoer to which they are cxposced. In some
weather conditions, the fallure rate of a
component can bc many times greater than

that  found in the most favorable weather
condition. The impackt of wecathzar has beoa
CONS | cd for a number of years and tech-
niga have been developed that allow itz

inzluded in basic

affuct ko boe
analysis.

retiability

Weather conditions bthat cauasce high component

failure rates arc generally infreguent and
of short duration, During thesc periods,
however, the [failure rates can  Increase

snarply and bthe probabllity of overlapping

failuras {s much greater than in favorable
Wweather. This crealss what Is known as the
bunchning effect, due to the fact that compo-
nent faildres arce not randomly distributed
throwjhout the year but far wmore likely te
ocour in ecertain constralinad short periods
within the year, If this fazt is neqglected,

the roliability indices evaluated for a load
point can be over-optimistic and consoquant-
1y wvery misleading.

Tt should be noted that the technigues used
to account for fallure bunching do not imply
dopendence between component faillures. Al-

though the components may roeside withlin a
common environment which alfects their fail-
ure rates, the actual failure process skbill
assumes the component Eaillures to be inde-
piendent. There 13 no suggestion, therefore,
that the process involves a commen-mede or
dependent failure, only that the independent
failure rates are enhanced because of the
common  envivonnent, There may also be en-
hanced common-mode failure rates existing
during the adverse weathcr wherever such
failures can occur. Tt should be noted
that, altheugh the following techniques
are describad in regard to fallure processes
in a common weatier environacnt, they are
aqually applicable to other types of varying
cnvironment sucn as temperature or loading
level. The key factor is that the environ-
menlk s comaon Lo more than one element.

6.6.2 Weather State Modeling

The Lfallure rate of a componenk is a contin-
uous Ffunction of the weather, which suggests
that it should be described by elither a con-
tinuous function ov a large set of discrecte
stataes. This proves impossible, in prac—
tice, owing to difficulties In system mod-
2ling, data collection and data validation,
and the problem must thercfore be restricted
to a limitsd number of states. The number
should be sutficlent to represent failure
bunching but small =nough to make the prob-
lein tractable.

A set of approximate equations was presented

in 1964 which incorporated the weather of-
fects wusing two weather states designated
as normal and stormy [3]. A more complete

analysis, which introduced the utilization
of Markov models ko examine the effects of
weather, was published 1in 1968 [4]. This
paper illustrated the error existing in the
approsimate cquations and presented a theo-
retically more rigorous approach to weather
modeling [4,6].
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The TEEE standard (5] subdivides the weather
environment into the three classifications
of normal, adverse and major storm disas-
ter, Although techniques have been devel-
oped to evaluate the effect of these three
weather states, the problems are still great
and therefore only the first two (normal
and adverse) are generally considered. The
third state is usually reserved for consid-
eration of major system disturbances.

A set of equations for accurately modeling
the effects of weather using the two-state
representation was published in 1975 [7,8].
The results using these equations were found
to compare Ffavorably with those obtained
using the Markov modeling appreoach [4,6].
References [7) and [8] also provide a set of
equations to incorporate the three weather
states in the prediction of load point re-
liability indices. Owing to difficulties in
the data collection of both failure and
weather data, the problem is usually re-
stricted to normal- and adverse-weather
stakes.

The general range of weather conditions is

thercfore classified as either normal or
adverse. This restriction freguently causes
concern and is one rzascon why two-state

weather medeling has seldom been used in the
past. The criterion for deciding into which
category sach type of weather must be nlaced
is dependent on its impact on the component
failure rates. Weather conditions having
little or no effect should be classified
as normal and those having a large effect
classified as adverse. Examples of adverse
weather include 1lightning storms, gales,
typhoons, snow and ice.

One important feature in the collection of
weather duration data is that all periods of
normal and adverse weather must be collated
even if no failures occur during any given
period. This point cannot be overstressed,
since there Is little use in allocating a
particular failure event to normal weather
or adverse weather after it has occurred if
the starting and £finishing times of the
weather periods have not been ascertained.
This aspect requires cocperation between the
utility and the appropriate weather bureau.
Failure to collect such statistics compre-
hensively will introduce significant ervrors,
not only in the statistics themselves but
also in subseguent reliability analyses.

The durations associated with each of the
designated weather states can be shown in
the Fform of a <chronological profile as
sresented in Fig. 6.6. A similar profile
can be created for the three weather cate-
gories {ncrmal, adverse and major storm [5}))
if it is decided tc model extremely adverse
weather.

The pattern of weather durations can be con-
sidered as a random process which can then
be described by expected values, i.e. the
expected durations of normal weather and
adverse weather are given by N and S respec-
tively. These expected values produce the
average-weather profile shown in Fig. 6.7.

_,.]a Joa—
Adversep e - A e ——— gy —— -
W o .
Normal - - L
o )
Time
Figure 6.6 - Chronological variation of
weather
Al——--
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Figure 6.7 - Adverse-weather duration
profile

Failure Rates in a Two-State Ueather

Model

6.6.3

After the decision has been made regarding
which weather conditions ceontribute to the
constrained two-state model, all subsequent
failures should be allocated to one of these
states depending on the prevailing weather
at the time of a failure. This permits the
failure rate in each of the weather states
to he ascertained. These failure rates must
be expressed as the number of failures per

vear of that particular weather condition
and not as the number of failures in a
calendar vear. This requirement follows
from the concepts and definition of a
transition rate, as given in Section 9.2.1
of Ref. [2]. Because adverse weather is

generally of short duration, many calendar
years of operation may be necessary to
achieve one year of adverse weather.

Define
A - component  failure rate in normal
weather, expressed in failure occur-
rences/year of normal weather
X - component failure rake in adverse
weather, expressed in failure occur-

rences /year of adverse weather.

An averaqge value of failure rate 5y expressed
in failures per calendar year can be derived
from A, X, N and S using the concept of ex-
pectation,

i.e.

i
=
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the wvalue of i iz
These values cof
6.7,

Since generally N >» 3,
approximately equal to A.
A, A' and are shown in Fig.

At the present time, most data collection
schemes do not reconqnize A and A' but are
only responsive to A. This is slowly chang-
ing, however, as many utilities now acknow-
ledge the need to identify such data. As
this development continues, the gquality of
both fault-repcrting schemes and the result-
ing reliability analysis will improve. The
values of A L and A' can, however, be
evaluated from A using the equation above if
the values of N, § and the proportion of

failures (F) occurring in adverse weather
are known, since
A H+5
A=A (1=F)
¥
" N+3
A=A v

If the wvalue of F
sensitivity analysis
< 1 to establish the
ures on the behavior

is unknown, a complete
can be nade using 0 < F
effect of adverse fail-
of the system.

The relative magnitude of A and X'
illustrated by considering a
merical example in which = 0.594 occ/vr,
W =200 h, 5 = 2 h, These wvalues are shown
in Table 6.1 for values of F = 0, 0.5 and
1.0, i.e. no failures, 50% of failures and
all failures occur in adverse weather, re-
spectively.

can bhe
realistic nu-

Table 6.1

Relative magnitude of Aand A"

A Al
F {(occ/yr of (oce/yr of
normal weather) adverse weather

0 0.600 0.0
0.5 0.300 30.0
1.0 0.000 60.0
The results shown in Table 6.1 clearly

indicate that the failure rate during short
periods of adverse weather is much greater
than the overall average value and will
significantly increase the probability of
overlapping failures during these periods.

It is worth noting the significance of A, A'
and at this point. Although a data col-
lection scheme may identify and store A,
this is not a physical parameter but only a
statistical guantity that relates A, A', N

and 5. It therefore does nob truly repre-
sent the bechavior of a component. The real
physical parameters dstermining comnponent
failure are the valuss of A and A'. Conse-
quently the consistency of A and confidence
in the data will ingrease if A and A' are

collected instead of A.

6.6.4 Analytical Approach

The Eirst contribution to the evaluation of
a two-state weather model proposed a set of
approximate equations for use with a network
reduction method. Although representing a
major step [orward, these equations con-
tained certain weaknesses which were iden-
tified from a Markov analysis of the same
nroblem. The Markov approach is shown 1n
detail in Ref. [47. Subsequently, a mod-
ified set of equations was proposed which
now forms the basis of most evaluation
methods and can be used as part of a network

reduction process or, more fruitfully, in
association with a failure-mode {minimal
cut=set) analysis, These equations, to-

gether with a listing of the original rafer-

ences describing this work, are detailed in
Refs. [1] and [4].
6.6.5 Numerical Example

The application of the equations developed
to consider the effect of overlapping forced
outages can be illustrated using the simple

parallel network shown in Fig. 6.3.
|
l—» load
2
Figurs 6.8 - Simple parallel
transmission circuit
This system may represent elther a real
parallel circuit or a second-order failure
event (minimal cut-set) of a more compli=-

cated network. The process of analysis 1is

identical in both cases.

It is assumed that both elements are iden-
tical ‘and that each has the following
numerical data:

A = 0.20 occ/yr of normal weather
A" = 40.0 occ/yr of adverse weather
r = 10 h

is assumed that the weather
following average durations:

In addition it
states have the

200 h

N
S 2 h
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5.6.6 Neglecting Ueather

The average failure rate A corresponding to
the normal and adverse data given above can
be obtained using the following equation

ne 200 0. 20 : a0
= e . 2 + = . N

A TF X 753 X 0.5%4 occ/yr
This value of A is the failure rate that
would be identified by a data enllection
scheme 1f the weather state woere not asso-—
cliated with each system [ailure. It is
evident that the value of is much closer
to the failure rate during normal weather
because the value of N is much greater than.
that of S,

Using this valuc of ﬁ, Lthe leoad point reli-
ability indices can be ovaluated as

Ap = AL Ay (rp + 1)

Ap = 0.5%4 x 0.594 (10+10)/8760 =
8.06 x 104 occ/yr
rixr 10x10
rp = _l__% = _—— = 5h
r1teo 10+10
U. = n—3 R
Up = MppZpp = 4-03 x 1073 hy/yr
6.6.7 Two Ueather States - Repalr Possible
in Adverse Ueather
This contribution can be cvaluated from the
data given above using the following cgua-—
tions [1].

Ap = Aa +Ap Ao +Ag

N
As = [A] Ap {r1 + 1)

N St ry N S
No = E\l (gl)()‘2_‘”_1) s Ay (i)(JﬁZ)J

S + ry H S + r;
A = N A No A
c = 1 72 ¥ vt Az Ay T

L] ’,
= )\ Sr f }\ Sr
Ng = N 2T N, (AL
N+5 S + r) S + 13
Ap = 6.45 x 1073 oce/yr
r1 r 10x10
rp= L 2o L5y
P ri+ra 10+10
Up = Apptpp = 3:23 x 1072 n/yr

A similar set of results
if vrepair was not
weather [1].

would be obtained
possible in  adverse

f.6.8 Scnsitivity Analyses

Comparison of the pravious
single-state and a two-state weather mnodel
shows that the failure rate and annual out-
age time are much greater for the two-state
weather model., The concept of sensitivity

results for a

analysis is illustrated considering the
system  shown in  Fig. 6.8 and assuming
Joo= 200 h, 85 = 2 h, r = 10 h and
% = 0.5%4 occ/yr, i.e. as used in the
cxample above. The values of and ' can
be evaluated for values of F between zero

and unity and the system indices evaluated.

rror factor

E

" i L 1 1 | X ! L
Q 20 & 80 [:]8) 100

Percentage of failures occuring in
adverse weather

Figure 6,9 - Error factor in value
of failure rate
These results are shown in Fig. 6.9, where
it can be clearly seen that, as the nurmber
of failures occurring in adverse weather
increcases, the system failure rate also
increcases sharply. The ratio between the
failure rate if all failures occur in ad-
verse weather and that when all failures
occur in normal weather is about 17 to 1.

This ratio can be defined as an errvor fac-
tor, since it defines the error introduced
in the evaluation of failure rate if the ef-
fect of weather is neglected. The variation
in the wvalue of this error factor is shown
in Fig. 6.9 as a function of the percentage
of failures that occur in adverse weather.
It can be seen that the error increases rap-—
idly as the percentage of adversc weather
failures increases. A very optimistic eval-
uation would be obtained 1f the effects of
weather werce Ignored.

6.7 DATA COLLECTION AND UTILIZATION

There are many difficulties associated with
the determination of A and A', i.e. the
failure rate In normal and adverse weather
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respectively. The reccognition of adverse
weather durations when fallures do not occur
i difficult if not impossible. Alkernative
approaches arc sonstimes used to recognize
adverse weather and its effects. Periods of
adverse weather are revealed by the bunching

of overhead line faults that the adverse
weather causes. Therefore, by analysing
fault incidents rvecorded in a transmlssion

possible to identify
hence, estimate the
number and  averaqge duration of adverse
weather periods. Appendix T 1llustrates
scveral approaches used by various utilities
to obtain weather-related statistics. There
is no unanimity regarding the most appro-
priate means to obtain thesec data and owing

fault database it is
fault bunching and,

to differences in climate and system con-

figuration, the approaches tend to become

system-specific.
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APPENDIX T

WEATHER MODELING

TASK FORCE

0. Bertoldi {(Chairman)

R. Billinton
M.G. Lauby
$.J. Argent

I.1 HOW TG MODEL WEATHER

Veather is a continuum
such as wind, lightning, snow and so forth
occur with an intensity ranging from zero
upwards. Mo theory has yet been developed
for combining meteorological parameters into
an index, while doubts persist as to the
possibility and usefulness of such an under-
taking. Nevertheless, in terms of weather
effects on overhead lines, a relationship
could be conceived between the probability
of line faults due to weather and sone
weather severity index, at least for a given
standard line design and a given location
[1-5].

in which phenomena

Such a relationship may resemble the solid
line in Fig. T.l: as the weather severity
increases, so does the fault probability, up
to the point where the weather becomes sev-
ere enough to make failure certain. For
practical modeling purposes, the weather can
be classified into discrete states, as
illustrated by the dashed line in the same
figure.

P

T
1
1
]
[}

Fault
prcbability

S

Weather

severity
Adverse Extreme

Fd
7 Normal

Representation of weather
severity by discrete
weather states

Figure 1.1 -

A compromise must be achieved between a
large number of states, which introduces
problems of modeling ceomplexity and lacks

sufficient data to specify each state, and a
small number of states (perhaps even one),
which may not have the required accuracy to

adequately represent the relationship bet-
ween fault probability and weather severity.

In order to model the weather adequately
with respect to the likelihood of line out-

ages, the results of surveys (such as those
reported in Table I.2) are of great help.
They indicate two types of weather effect,

in fact: one scasonal, the other due to the
concentration in time and space of the oc-
currence of adverse-weather phenonena.

The scasonal cffect is due to the different
types and occurrence rates of the stresses
to which overhead lines are subjected, which
depend on the metecrcological phenomena char-
acterizing each season. The result is that

the failure and repair characteristics
vary. In Europe and Nerth America, for in-
stance, the worst stresses 1n winter are

those caused by ice formation on conductors,
wherecas in summer overvoltage type stresses
induced by lightning predominate, or mechan-
ical stresses caused by the wind. Nesearch
conducted by CEGB in the United Kingdem and
MAPP in the United States on operational
data indicates that this seasonal effect is
responsible for differences in the failure
rates per unit for exposure time, as well as
in the repair time values.

As for the second effect, namely the concen=-
tration in space and time of phenomena such
as gales, snow, ice or thunderstorms, the
surveys revealed that their cccurrence is
random in nature and usually of brief dura-
tion (a few hours) while the size of the
area depends on climatic and geographical
characteristics.

Processed field data show a very substantial
increase in the failure rate during adverse
weather and some reduction {3 to 5 times) in
service restoration time for faults occur-
ring during such brief periods compared with
restoration times for faults occurring in
normal weather.

Based on these findings, a fairly accurate
model of the weather can be achieved using
one or other of the approaches described in
the pages that follow.
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Table I.1 - Main characteristics of the networks examined

Network examined

CEGB

ENEL MAPP

National and regional
supergrids (275 kV and
400 V)

Regional supergrids
(230 kV and 400 kV)

Multi-reqional supergrid
(230 kv and 345 KkV)

5 and 13 for national

Exposure time (years) and regional grids 7 é
respectively

Seasonal subdivision

(summer - winter) Yes No Yes

Method for adverse-
weather identification

Failure bunches, together
with proximity eriterion

Failure bunches,
including 130-kV network

Snowfall levels {winter)
Keraunic levels (summer)

Adverse-weather frequency

Outage classification

and duration anmalysis Yes Yes No
Severity levels:
Number of weather . 2 in winter
conditions considered 2 2 . 3 in summer
Transient:

Transient sustained

. temporary ( >3 h long)
» permanent (<3 h long)

Not specified

Common-mode failure
analysis

Yes

No No

Outage parameters

. Failure rate and
restoration time

« Failure rate and
restoration time

Failure rate only

Statistical distribution
analysis

Yes

No Yes

» A deterministic alternation of average

conditions,
al wvariations in
illustrated below.

to take into account season-
the failure rate,

as

Actual variation
——
-
-~ s
s N
T \
Fd \
A \
\
h Two-season model
\
\
\
\
N, -
S -
~. - "’
t
Winter Summer

Modeling of

seasonal forced-

outage rate variation

A two-season {winter and summer) model is
usually sufficient, the duration of each
season depending, of course, on the geo-

graphical area where the network under study
is located. In north and central Europe and
in HNorth America, for example, winter is
usually assumed to last from WNovember to
March, with the other months considered as
summertime.

. A random alternation of
adverse~weather conditions
on the previous
rnodel severe
brief periods.

naormal- and
superimposed
deterministic one to
stress on lines during

According to the results of a CEGB survey
showing that transition times from normal
(N) to adverse (A) weather are exponentially
distributed, this random alternation can be
represented by a Markov nodel [4]. The
relevant state-space diagram [6)] is shown in
Fig. 1.3.

« A third weather state (extreme weather),
required only for geographical areas
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whore extreme conditions such as torna-
doecs occur, during which nmechanical
stresses reach such high wvalues as to
cause towers to collapse or conductors
to bLreak. With reference to Fig. T.1,
this particular weather state is requir-
ed fFor representing the range of weather
severity indices where the outage prob-
ability is very close to 100%.

@;‘A e _M:_,@
Ay = Ay = '1%3

15N
Ry = average duration o©of normal-
weather pocriods
Ry = average duration of adversc-
weather periods
Figqure I.3 - State-space diagram [for two-

state weather model

Most methodologies usually employed for the
evaluation of power system reliability
indices i1nclude a two-state weather nmodel,
s Lthat the woccaslonal need to represent
three weather states does not invelve any
insuperable difficulty. Actually, extreme
weather severity 1s assococlated with neteo-
rological phenomena  that occcur so  infre-
quently that the average time interval be-
tween one event and the next is much longer
than the average transition times for normal
and adverse statcs. According to this
assuription, the contribution of such rare
phenomcna  to component failures and power
system malfuncticns should be calculated by
separate methods (see [7] for instance},
which supply the additicnal unavailability
tn that ohtained using a two-state weather
nodel (normal and adverse) assoclated with a
determninistic season alternation.

Generally speaking, the relationship between
weather severity and fault incidence coulid
be evaluated 1In quantitative terms on the
basis of the results of a correlation anal-
ysis requiring a wide range of detailed re-
cordings of meteorological parameters close
to overhead transmission lines.

A recent rvesearch project [8] promoted by
EPRI and developed by the Commonwealth Re-
search Corporation in the United States
investigated the possible correlation be-
tween hourly weather states, recorded at a
meteorological station and described by ap-
proximately 30 categories, and outages that
occurred on lines within a 65=km radius of
the observation point. The same repcrt also
suggests some weather models for which the
transition rates into and out of adverse
weather (or particular types thereof) can be
derived directly from such meteorological
records. In most countries, however, the
statistical data reguired by an analysis of
correlations such as between fault occur-
rence and metecorcological ceonditicns at the

time of exist or are not
available in suitable form. Some utilities
have nevertheless tried to overcome such
deficiencies by using processing techniques
that allew them to pinpoint the dependency
of fault occurrence on weather.

faults do not

Two appreoaches in particular have been sug-
gested and appropriate data processing tech-
niques developed by CEGB [1,9,10], ENEL [11]
and MAPP [12]. a detailed description of
the technigues and the results obtained is
given below, while the main characteristics
of investigations based on these techniques
are summarized in Table I.1.

1.2 CEGB AND ENEL BUNCHING APPROACH

I.2.1 Characteristics and Main Assumptions

The bunching appreoach is based on an outage
data processing technique that takes into
account the fact that line faults occur in
rapid succession under adverse-weather con-
ditions. Two weather conditions are consid-
eraed: ncrmal and adverse, whose alternation
could be represented as in Fig. I.4.

The occurrence of adverse weather is traced
back to failure bunches due to adverse en-
vironmental conditions, according to the
following rules:

. If the time interval between two subse-
quent failures is less than or equal to
a given limit AT, two or more failures
are considered as belonging to the same
bunch.

. If at least one fault 1is certain to
have had an envirenmental cause, the
failure bunch is considered due to ad-
verse wecather.

. If the lines on which the faults occur-
red are less than L %km apart (CEGB
only).

The parameters AT and I, are chosen so as to
adequately represent adverse-weather occur-

rence in the area under investigation. The
values retained are AT = 6 h and L = 60 kn
(CEGB) .

The duration of the ith period of adverse

weather (rpa) 1is defined as the interval
between the first fault in the i observed
bunch and the start of the last fault in
that bunch. An end correction equal to the
mean interval between faults during adverse
weather is added by CEGB.

The methed adopted to identify adverse-
weather periods is both empirical and prag-
matic. The storms detected are given in
terms of bunches of faults.
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Figure 1.4 - Random alternation of

I.2.2 Evaluation of Indices

If the transmission system is located in a
geographical area characterized by seasonal
periods in which appreciably different mete-
orological conditions occur, the values for

the indices should be assessed separately
for each season.

I.2.2.1 Weather indices

If two weather states are assumed (their

random alternation can be represented as in

Fig. I.4), the indices of interest are:

Ry @ average duration of normal-weather
periods

Rp @ average duration of adverse-weather
periods.

Taking

raj= duration (in hours) of the ith ag-
verse-weather period

Na = number of adverse-weather periods
observed during the total investiga-
tion time (many years usually)

Hy, = duration (in hours) of a given unit
time interval (e.g. one year}

£a = average number of adverse-weather

occurrences in Hy

the indices are evaluated as follows:

Np
2 raj
i=1
RA = (I.].)
Na
HU
Ry = - Rap (1.2}
fa

Suitable best-fitting analysis could be car-
ried out to ascertain the probabilistic dis=-
tribution law of ra and ry.

Time

weather conditions (two=-state model)

I.2.2.2 Line unavailability indices

Assuning two meteorogical conditions, the

relevant indices are

A, A' = failure rates with normal and
adverse weather, respectively,
expressed as the number of
failures per year of exposure
(normal-weather or adverse-
weather year)

r, r' = mean duration of failures oc-

in normal or adverse
respectively

curring
weather,

Since the reliability assessment is perform-
ed in both steady-state {adequacy) and tran-
sient (security) conditions, it is advisable
to calculate and A' separately for tran-
sient and sustained outages.

The indices X and A', referred to a con-

ventional unit length (100 km) and a given
exposure time interval (1 yr = 8760 h), are
evaluated as follows
N,
Z Fi
i=1
A = (I.3)
Hy k.y
8760 100
where
Ny, = nunber of lines observed
Fij = number of faults on ith 1ine during
normal weather
Hy = number of normal-weather hours during
investigation
1

These formulas assume the exposure time
identical to the dura-
investigation, which is
case with transmission

is practically
tien of the
generally the
equipment.

2 The investigation periogd nay refer to
surmmer, winter or the whole year, of
course,
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My,
S e
i=1
A ——— (1.4}
Hp K.y
83760 100
where
F'iy = number of faults on ith line during
adverse weather
Hpa= number of hours of adverse weather
during investigation?
k.y = total kilometres of overhead lines

congidered,
ant data.

times the years of relev-

The exponential distribution law is usually
assuned for times to failure, both in normal
and in adverse weather.

The indices r and r' (for sustained outages
only) can be evaluated approximately as the
mean values of the durations of all sustain-
cd outages that occurred within a given time
interval in ncormal and adverse weather re-
snectively:

HL
2 ry
i=1
rooo= (1.5}
i
E: Fi
i=1
where
ri = total down-time of ith 1line due to
faults in normal weather
N
r'y
i=1
r' = (I.6)

M,
X[ g
i=1

ith line due to
faults in adverse weather

where

r'. = total down-time of

1

In this case,
law is asgumed,

the exponential distribution
taking the repair rates as

1 1
p= [T pp— (I.7)
r !
tlith regard to the statistical distribu-

tion law of r,
can be used:
available data
distribution
Weibull)
such

a more sophisticated approach
the best fitting in the
set with wvarious types of
{exponential, log-nornal,
is verified by suitable techniques
as X or Kolnmogoroff-Smirnoff tests
[13]. This analysis, which is realistic
only 1if sufficent field data is available,
provides the relevant indices.

I.2.3 Results and Cormments

The documentation rmade available by CEGB
and ENFL [1,9-11] relates to various Iinvest-—
igations, as secen in Table I.1, but only the
most significant results, especially those
regarding 400-kV lines and the origin of

line-related outages, are surnarized here.

1.2.3.1 Veather fluctuation indices

weather fluctuation
in their surveys are

The indices for the
used by CEGB and ENEL
given in Table T1.2.

The CEGB investigation showed that the
transition times from ncrmal to adverse
weather and vice versa (ryj and raj ol

Fig. I.4 respectively) follow an exponential
distribution law.

as noted in section I.2.1, the results were
obtained using AT = 6 h. Subsequently, re-
search was performed to establish how a

bunching apprcach invelved a bias of the re-
sults due to the ratio between AT and the
actual duration of adverse-weather periods.
If AT is halved or doubled {3 h and 12 h),
the calculated value of Rp (average dura-
tion of adverse-weather periods) changes
very little.

Table I.2
Indices used in CEGB and ENEL surveys

CEGB
Index ENET,
Hinter|Summer
f : Frequency of adverse-weather
periods (per month) 0.86 0.51 2.8
Ry @ Mean duration (h) of normal-
weather periods 833 1408 251
Rp ! Mean duration (h) of adverse-
weather periods 3.9 3.5 6.7
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Table 1.3 - CEGB and ENEL surveys:
independent sustained forced outages

400-kV lines,

CEGH
Index Weather ENEL
Winter{Surmmer

A |Nermal 0.20 0.21 0.92
Outage rate/100 km., yr

A' |Adverse 244 86 49

r |Normal 74 57 25
Mean repair time (h)

r' AdverseJ 21 10.5 9

Table

I.4 - CEGB and ENEL surveys: 400-kV lines,
transient forced cutages
Outage rate (per 100 km. yr)
CEGH
Veather ENEL

Winter Sunmer

Normal 0.80 0.15 0.16

Adverse 80.6 432 201

Table I.5 ~ CEGB survey: 400-kV double-circuit lines,

common-mode outage rate 4. (per 100 km. yr)

Ag Ac
Season Hormal weather|Adverse weather
Winter 0.087 56
Summer 0.035 21
1
I.2.3.2 Line forced-unavailability indices I.3 MAPP SEASONAL APPROACH
The results presented in Tables [.3 te 1.5 71.3.1 Characteristics and Main Assumptions
show:
The MAPP investigation was conducted on
Some seasonal effect, on both A and r, fault data collected between 1977 and 1982
which is notable for adverse-weather

periods (A' summer/A'winter = 2.5)

A very significant effect of adverse
weather on failure rates, measured by the
ratic A'/A (both the CEGB and the ENEL
surveys show that this effect is greater
on transient than on sustained outages})

A significant effect of the weather on
average outage durations (a sustained out-—
age originating in normal weather has a
3-5 times longer repair time than one ori-

ginating in adverse weather)

Increase in the failure rate due to weath-
er, which is of the same order of magni-
tude for common-mode as for independent
outages.

on 230-kV and 345-kV transnission systems in
Minnesota,
South Dakota
broken down by:

Nebraska,
[12].

Iowa, MNorth Dakota and
The line cutage data was

- line voltage level
. season when faults occurred

- line-related and
origin of faults

terminal-related

- average severity of adverse-weather
phenonena (storn intensity) affecting

the lines considered. 1In particular;

- For the summer period,
ions were identified as having 20-
30, 30-40 and 40-50 thunderstorn
days per year;

three reg-
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- For the winter period, two areas
werce 1ldentified as having an annual
snowfall of 40-80 cm and 80-160 cm.

Since two voltage levels, two seasons and
two types of fault were considered, eight
main data sets were obtained (e.g. 345 kV,
sunmer, line-related, 20-30 thunderstorm
days). By also taking into account areas
with different average intensities with re-
spect te  meteorological phenomena, the
number of data sets was increased to 18.
For each data set, it is assumed that the
failure rate 1is constant and, therefore,
that the expected number of faults within a
given time interval fellows Poisson's law.

The effects of the season and the storm in-
tensity were analysed by comparing homogen-—

eous data samples (e.g. 345 kV, symmer,
line-related, etc.) and by using a X< test
to determine whether the differences in the

failure rates were due to sampling errors or

to actual external causes {season or sever-
ity of rmeteorclogical phenomena).

I.3.2 Index Evaluation

The relevant index in the MAPP survey is the
forced-outage rate, which is calculated for
each data set according to the formulas giv-
en below.

I.3.2.1 Line-related cutages

For outages of line-related origin, or in-

ternal faults, the index is calculated by
taking
n = maximum number cf lines in a giv-
en data set
M; = length of the it! line (in nmiles)
ET; = exposure time of the i line
M.y = total mile~years of the data set
0 = number of interval outages on the

ith 1ine

which yields:

M.y = ¥ MiI(ET4) (L.8})
i=1
Y
204
i=1
Aj = —————— {outages/mile-year)
M.Y (I.9)
I.3.2.2 Terminal-related outages
For terminal-related outages, or external

faults, the index is calculated by taking
maximum number of lines

number of lines of (i) terminals
maximum number of terminals

N
Ny
NT

nou

1]

Tij = nuaber of terminals of jth 1line
of (i) terminals

ETjj = exposure time of jth line of (1)
terminals

3j = 380 1ine in a group of N lines

05 = number of external outages of
jth 1ine

which yields

NT  Nj
T.y = X b3 Tij « ETjj (I.10)
i=2  j=1
N
3 o]
=17
g = — . _(outages/terminal-year)
T.Y (I.11)
I.3.3 Results
Only the results relevant to line-related

cutages are given here.

I.3.3.1 Seasonal effects

Takle I.6 gives the owverall results for the
whole area, obtained by processing the sum-
mer and winter data separately.

The X2 test on separate summer and winter
data sets confirmed that the differences
between the values obtained are not due to
sampling errors.

Table I.6 - MAPP survey: seasonal variation
of A {outages/100 km. yr)

A
Season
345 kv 230 kv
Summer 1.05 0.83
Uinter 0.47 1.05
I.3.3.1 Mean weather severity effects

The results for the winter snowfall level
effect presented in Table I.7 below are con-
tradictory, despite being fairly similar.
The X2 tests indicate that for 345 kV there
is a very strong probability (68%) that the
differences are due to sampling errors. For
230 kv, however, this probability is very
low (2%) so that the differences on A nust
be due to the differences in the average

weather severity, represented by the snow-
fall levels.



Table I.7 - MAPP survey:

-12-

snowfall-level
effect on A (cutages/100 km. yr}

A
Snowfall level
(in./yr} 345 kv 230 kv
16=32 0.50 0.87
32-64 0.45 1.17

The results obtained for the effect of sum-—

mer
Again,

thunderstorms are given

in Table I.8.
the average values calculated on the

individual data sets differ only slightly.

According to the x2
ciable

test,
that

there is an appre-

probability these differences

are due to sampling errors.

Table I.8 - MAPP survey:

keraunic-level
effect on A (outages/100 km. yr)

[2]

(31

A
Keraunic level

(thunderstorm days/year): 345 kV|230 kv

20-30 - 0.097

30-40 0.019( D.098

40-50 0.1281 0.078
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APPENDIX I1I

SUBSTATION MODELING

TASK FORCE

5. 8calcino (Chairman)

J. Endrenyi

R. Ringlee

Contributing members:

R. Billinton

B. MacRae
R. Naggar

II.1 PURPOSE AND UTILIZATION

In studying the reliability of the genera—
tion and transmission system it is usually
not sufficient to consider a substation
simply as a network node and to disregard
its details, since each substation layout
has a distinct impact on line outages and,
therefore, on system reliability. This is
particularly true for multiple line fail-
ures, which are highly dependent on substa-
tion outages. A useful approach for relia-
bility studies is to consider substations as
system components for which the usual two-
state (available/unavailable) model, satis-
factory for lines and generators, cannot be
used. In this approach, three classes of
substation failure events can be defined:

. loss of one terminal

«+ loss of more than one terminal but not
of the entire substation (pairs, trip-
lets, etc. of terminals)

. loss of the entire substaticn.

A reliability study of the generation and
transmission system can be usefully divided
into two stages [7}):

- A separate study of each substation,l
preparation of a simplified model and
determination of the probabilities, fre-
quencies and duraticns of all events in
all three classes.

. Use of these models and the statistical
data as input to study the generation and
transmission system as a whole.

The first stage is dealt with in this appen=
dix while the second belongs essentially to
Chapter 3, Methodologies.

1 1n practice, these studies can be reduced
to a few typical cases for a few types of
layout..

Naturally, substation reliability studies
are also conducted specifically for station
design, without direct account heing taken
of the system of which the substation will
form part but this aspect will not be con-
sidered here.

Ii.2 MODELS AND ASSUMPTIONS

1T.2.1 ©Definitions

Components of a substation model: trans-
formers; «c¢lrcult Dbreakers, disconnecting
switches and buses {generally); 1lightning
arresters, voltage and current instrument
transformers are often neglected. Compo-

nents of the protection system are generally
not considered explicitly but failure data
may take into account the outages induced by
them.

Station availability: existence of an ap-
propriate electrical linkage between station
terminals,

Failure-effect analysis: analysis of the
effect of component fallures sclely in terms
of the existence or non-existence of link-
ages between the varilous terminals.

Active failure: this involves not only the
unavailability of the component concerned
but also a series of switching operations
aimed at isclating the component from the
system.

Passive failure: wunavailability is limited
to the failed component. The failure is
such that it does not cause the operation of
protective devices.

It should be pointed out that the defini-
tions for active and passive failures can
differ according to the author,
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Stuck=-closed condition: a normally-closed
circuit breaker or switch that fails to open
on demand.

Stuck=-open condition:
cult breaker
on demand.

a normally-open cir-
or switch Lhat falls to close

Maintenance: a regular activity aimed at
improving the ccndition of a component. It
can be deferred if this is requiresd by sys-—
tem conditions (maintenance which cannot be
deferred should be considered as a failure).

Repair and replacement: sone models con-
sider two possible developments: a failed
component is either repaired or replaced by

another one from stock.

II.2.2 Events Considered

In the
{up to
system
uated:

general
triple
failure

case, the events listed below
contingencies) wmay represent
and should therefore be eval-

. single repalr outage

. single switching outage
. double repair outage
. double outage: switcning and repair

. double outage: maintenance and repair

double outage: maintenance and switching

. switching outage and stuck-breaker condi-
tion

. repair outage and stuck condition of a
normally-open breaker

. switching outage and stuck condition of a
normally—-open breaker

. triple repalr ocutage
. double repair and switching

. maintenance, repalir and switching

. double repair and stuck condition of a
ncrmally-open breaker
maintenance, repair, stuck condition of a

normally-cpen breaker

. maintenance and dcuble repair.

If replacement by spares 1s a possibility,
the following events should also be consid-
ered:

. repalr outage followed by replacement

. replacement of one component in a double-

repair outage, with spares available for
hoth components

. replacement in a double repair outage,
with spares available for only one compo-
nent

. replacement of a component 1in
with a normally-open breaker slbuck

repair,

. as above, in a double outags
maintenance and repair

involving

. replacement of one component in a tripls
repair oputage, with spares available for
all three components

. as above, but
twe components

spares avallable for only

. as above, hut spares available for only
ong component

. replacement of one component in a triple
outage with double-repair plus mainte-
nance, where sSpares are available for
both components under vepair

. as above, but a spare available for only
one component.

11.2.3 Effects of Component Unavailability:

Success Condition

According to the simplest definition,
tem with a single input node and a single
output node operates successfully 1if at
least one of the sets of components linking
the two nodes operates.

a sys—

In a more rafined definiticon, the substation
is considered as a multipole whose terminals
are the poles and the condition of success
is the existence of electrical linkages
between pre-selected poles. If it is
assumed that the power flow is always in the
same direction, this substation will have
n points of input and m of output. The ge-
neric success condition can then be defined
as the conditicon which ensures that at least
mi output points out of a total of m can be
reéached from at least ni input points out of
a total of n.

This problem 1is generally solved by the
go-called minimal cut-sets method. For
details, the reader is referred to the

literature [2,5].

I1.2.4 Determination of System Failure
Probability, Frequency and Duration
1r.2.4.1 Assumptions and constraints

+ No component shall be taken out for main-
tenance 1if this may cause substation
failure. This implies, for example, that
if the event "component A failed and com-
ponent B under maintenance" represents
system failure, it can happen only if the
maintenance of B is initiated before the
failure of A.
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. Stuck-breaker conditions (both
closed) can occur only during switching
operations (active failure) and each is
characterized by the probability of such
an event occurring upon repeated commands
of the appropriate operation,

open  and

. A failed component is replaced by a spare

only tf the average failure duration 1is
longer than the rveplacement time. The
probability of replacement is the proba-
bility that the spare necded is avail-

able. 1Tt is a function both of the fail-
ure state probabilities (single, double,
etc.), since these determine the demand
tor spares, and of the spares policy.
This policy may differ for different
systems; for example, spares may he used
either in the case of system failure

on%y or at any time when a component has
failed.

replacing
stuck or

reasonable to avold

under maintonance,
conditions and to limit this
option to passive failurcs. Obviously,
if there 1s a choice of several replace-
ment possibilities (a multiple failure
with spares for more than one component),
the Fastest ceplacement should be chosen.

. It seocms
components
switching

. Outages containing deouble or triple
switching or double or triple stuck-
broaker conditions can be neglected,
owing to the very low probability of
occurrence of such events.

. Examination of statistical data on net-
work failurss and its correlation with
the weather shows that some weather con-

ditions give risc to fallure bunching
(increase in component failure rate and
in the rate of overlapping failures).
This occurs for many types of component
but is particularly marked only in the
case of transmission lincs and the phe-
nomena will therelfore be neglected for

all substation components.

For each type of failure state, its proba-
bility, [requency and duration are com-
putzd. Usually the Markov method is adopled
for this purpose {see [2,5]1), which requires
the following assumptions:

. EBvents are stochastically independent.,
Y 2

. All rates vrelated to the transition
from one state to another are time-
independent.

. The process is in the stecady state, that
is, predictions are made for moments far
enough in the future wherc state proba-
bilities no longer change.

171.2.4.,2 Importance of sparcs

It should be stressed Lthat spare componcnts

play a crucial role in system reliability,

since they allow system
be curbed significantly. An adequate number
of sparcs must therefore provided for the
most critical components in tzyas of system
availability [4].

unavailability to

The following study applications are typi-

cal:

. assessmeat of syston sensitivity to vari-
ations in the number of spares for each
type of component

. comparison of "more roliable" layouts
without spares with "legs reliable”

layouts with spares.

referred Lo here are so-called
i.¢. sparzes in stock ready
for dinstallation when a component of the
sane bype fails. Tha time required to re-
place the failad component with a spare I3
termed the raplacement time, This is a
random number which is assumed Lo be oxpo-
nentially distributed and whose average
depends on the distance from the store, the
facilities and manpower available, and a
number of other lactors.

The spares
"slhandby" spares,

It should
ity of spares

be emphasized that the availabll-
can be compubed starting from

the list of minimal cut-sets that the systen
would have without those spares.
I1.2.4.3 Switching after faults
In most appliczations, a typical component
life history was assuned to consist of two
altarnating states, working and failed.

Switching routines after failurss introduce
a degree of added complexity. When a compo-
nent fails, first the systen protection will
isolate <very component within the protec-—
tion zone of the faulty device. As soon as
nossible after that, all but the minimal
number of components to bhe kepb out of serv-
iece [or ilsolation of the failed device will
e restored bo operation through approprlate
switching [1,2,86). Thus, while a component
is in the failed state, the system moves
through two states, that hefore switching
and that after switching. Obviously, as
far as the system 1s concerned, the pre-
switching state is relatively severe, the
one after switching being less critical,

As

g

Figure II.l - Model for repair fol-
lowed by switching

The corresponding state diagram is shown in

Fig. T1I.1, where
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= normal condition

= switching condition

= repair condition
A =
Bs =
Fr =

component fault rate
switching-to-repair transition rate
repair rate

Obviously, since

Ts = 1/pug =

1/Ug =

average switching time

TR = average repair time

the state probabilities are

Pg = ks Ts Py
1
P
N [L+ ) {T + T
s R s

PR = Ag TR Py

Failure effect analysis: A failure effect
analysis of states R and $ in Fig. II.1 may

have three outcomes: first, neither re-
presents system failure; second, only S is
a system failure state; third, both R and S

are system failure states. The R state by
itself cannot represent system failure be-
cause S is a more severe system condition
than R so that if the system is failed in R
it must also be failed in s.

It should be mentioned that several publica-
tions refer to faults that require switching
as "active" and to those that do not require
switching as "passive".

b}

RS
(X )
¥

T

Figure II.2 - Mcdels for false operation

False breaker operation: Not all component
Faults are followed by the above routine
invelving switching. For example, open cir-
cuits and, above all, false breaker opera-
ticn can still be described by a two-state
model , Figure II.2a shows one example of
such an event, where

N

normal condition

RT = temporary repair condition

= normal condition to

tempcrary-repair
condition rate po Y P

= restoration rate from temporary repair
condition

ﬁtﬁ m>h

The state probabilities are now given by the
following equations:

T T
MR kR
Py = PRT = -~ ~
T T T [
Ko+ A B+ N
R R R ]

Note that temporary repair rates are gener-—
ally different from those of normal rapair.

Other types of false operation: Inadvert-

ent operation does not always induce the
outage of a single component but may in-
volve {(e.g. as in a protection system fault)
several compenents and appear as temporary
switching. In this case, too, the model is
a two-state one, as in Fiq. II.2b, where

N = normal condition

St = temporary switching condition {(this
is not switching proper, because it is
due to false operation)
T . .
RS = temporary switching rate
T a
#S = resgstoration rate

The associated state probabilities are:

T T

i A

S S
PN = T T PST = T
+ A + A
MS [ pé s

Events of this kind, even if rare, are very
important in that they can seriously impair
system stability.

u
)\
N s

Ag Hs

M kg

Figure II.3 - Unified models
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unified
wharea

A  possible
Fig. 1II.3b,

model is shown in
no distinction 1is made
bztween  temporary repair state and re-
paly state and, similarly, every type of
switching is encompassed in state 5.

Cbviously,
A=+
S 5
T
A = A
R R
u T
= +
#R #f pr
Note that if temporary switching 1is neg-
lected, the well-known model in Fig. IIL.3a
can be used. The formula for pY is also
applicable in this case and reflects the
fact that the mean repair times are dif-

ferent for normal and temporary repair., If
a single value is used, an equivalent rate
is necessary. The following relations apply
to the model

u

_ 1 _ s LA
Py = u ! PS'FPN' PR__EPN

S
1o+ ;% + £§ pﬁ
uﬁ MS

where AY = Jg + Apr is the total fault
rate of the component. The frequency of

occurrence of the various states is

fN% lu, fsm _/ls, fRz Ad,

It should be observed that:

. The frequency and probability of the
repair state depend on an "equivalent"
rate, which is the sum of the "switching"
and "repair" rates.

. The freguency of the "working™ state is
approXximately egual to that of the repair
state.

I1.3 DATA REQUIREMENTS

The required data includes:

. topological data describing the function-
al link between the various components

. statistical data on the unavailability of
each type of component, such as:

- passive failure rate (occ /year)
- active failure rate (occ /year)
- maintenance rate (occ /year)

- stuck-condition probability (%)
- mean switching duration (h)

- mean repair duration {(h)

- mean maintenance duration (h)

If the effect of spares is to be studied,
the mean replacement time and the number of
spares available are also required.

Note that the probability of the stuck-
closed condition is generally assumed to be
equal to that of the stuck-open conditioen.
However , the use of two different probabil-
ity wvalues for the two conditions does not
introduce any complication.

I1.4 EXAMPLES

11.4.1 Active and Passive Failures

It is useful at this stage to give an exam-
ple of differences in the behavicr of the
system in the case of active and passive
failures. Figures TII1.4 and II.5 show the
effects of the two types of failure. In

both cases, it is the same disconnecting
switch that fails. Figure 1II1.4 shows the
effects of a false opening, resulting in a

passive failure, while Fig. IL.5 illustrates
the effects of a failure-to-ground of the
disceonnecting switch, resulting in an active
failure. It is clear that the active fail-
ure represents a much more severe condition
for the system.

IL.4.2 Detailed Comparison of Two 3Substa-

tion Layouts

This example describes a reliability study
that compares a substation with a one-and-
half-breaker layout and a substation with a
double-interconnected-ring layout. Since
the reliability value of these layouts de-
pends on the number of substation terminals,
it was decided to refer to a situation where
the number of terminals was sufficiently
high to justify the double-ring layout. A
layout with eight terminals was selected
(see Figs. II1.6 and I1I.7) where the power
flow was assumed to be unidirectional, with
four input and four output terminals [3].

The statistical data used is given in Table
IT.1, which indicates the availability of
a spare breaker and a spare disconnecting
switch but no spare bus. To account for
possible uncertainties in the input data,
the computations were repeated, varying the
passive and active breaker failure rates.
This helps to assess the system's sensitiv-—
ity to this parametric variation.

The following cases were examined:

. one-and-a-half-breaker
spares

layout without

. double-interconnected-ring layout without
spares

. one-and-a-half-breaker
spares for breakers
switches

layout, with
and disconnecting
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Table II.1
Statistical data used in the double-interconnected-ring
and one-and-a-half-breaker layouts
Rate (occ./year) Stuck- Mean duration (h) Number
Component breaker of
Active |Passive{MaintenancejprobabilityjActive [Passive{Maintenance|Replacement|spares
failure| failure failure{failure
Breaker 0.1100| 0.1000 0.25 0.001 3.00 50,00 70.00 10.00 1
Disconnector{ 0.0010{ 0,001% ] 0 2.00 15.00 0 4.00 1
Bus 0.0060| 0.0050 0 o 2.00 30.00 0 1] 0
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Figure IT.5 — Example of active failure
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Figure II.7 - One-and-a-half-breaker layout

Figure 11.6 - Double—interconnected-ring

layout



. double-interconnected-ring
spares for breakers and
switches.

layout, with
disconnecting

These reference cases were repeated by vary-
iny the passive and active breaker failure
rates. The rates were assumed to be 20% of
their initial value.

Since the substation was studied with no
indication as to the system configuration
Lor which it was intended, the probabilities
of all "derated" operating conditions were
computed, from the loss of one terminal to
glebal failure with the loss of all connec-
tions between terminals. This approach
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required ten success conditions to be con-
sidered because only 10 of the 16 possible
combinations (4 inputs x 4 outputs) had dif-
ferent reliability wvalues. This is dus to
the symmetry of the layout, which has the
same reliability if inputs and outputs are
interchanged.

The results obtained were used to prepare
Tables II.2 to II.6, where Table II.2 re-
fers to the success condition that calls for
aill the terminals to be in operation and
Table 1I.3 to a success condition that re-—
quires all four inputs and at least three
outputs to be available; subsequent tables
refer to increasingly “"tolerant" success
conditions.

Table II.2 - At least 4 input terminals and at least 4 output terminals to be in

operation for success

Reduced Mean % Contribution of components
Layout Spares breaker Unavailability | fFrequency | duration

failure-rates (hfyr) (1/yr) {h) Breakers | Disconnectors | Buses
Ring Na No 0.76 0.03862 19.60 9.67 11,18 79.24
14 breaker No No G.33 0.03065 10.85 54,31 46.25 1.42
Ring Yes Na 0.66 0.03862 17.18 3.53 6,06 90.44
14 breaker Yes No 0.12 0.030866 4.05 48.51 52.09 3.15
Ring No Yea 0.70 0.03647 19.11 1.83 12.13 86.11
14 breaker No Yes 0.19 0.02540 7.34 18.47 82.32 1.95
Ring Yes Yas 0.64 0.03647 17.66 0.40 6.24 93.18
14 breaker Yes Yes 0.08 0.02540 3.03 16.88 83.a9 4.51

Table II.3 - At least 4 input terminals and at least 3 output terminals to be in

operation for success

Reduced Mean % Contribution of components
Layout Spares breaker Unavailsbility | Frequency | duration

failure-rates (h/yr) (1/yr) {h) Breakers | Disconmectors | Bumes
Ring No 0.70 0.03652 19.13 2.10 12.04 85.88
1% breaksr No 0.20 0.01646 11.95 61,39 39.25 1.80
Ring Yes 0.64 D.03652 17.65 0.73 6.21 93.07
14 breaker Yes 0.07 0.01648 4.40 55.90 44,84 4.04
Ring No Yes 0.69 0.03609 19.02 0.37 12.25 87.39
14 breaker No Yes 0.10 0.01296 T.66 23.46 77.56 2.75
Ring Yes Yes 0.64 G.03609 17.75 0.12 6.25 93.64
14 breaker Yes Yes 0.04 0.0129% 3.16 21,92 79.12 8.35
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Table II.4 - At least 4 input terminals and at least 2 cutput terminals to be in
operation for success

Reduced Mean % Contribution of components
Layout Spares breaker Unavailability { Frequency | duration

failure-rates {h/yr) (1/yr) (h) Breakers | Disconnectors | Buses
Ring No No 0.68 0.03600 19.00 0.0 12.28 87.72
14 breaker No No 0.20 0.01648 11.95 61.39 39.25 1.80
Ring Yeg No 0.64 0.03600 17.78 0.0 6.25 93.75
14 breaker Yes No 0.07 0.01648 4.40 55.90 44.84 4.064
Ring No Yes 0.58 0.03600 19.00 0.0 12.28 87.72
14 breaker Na Yes 0.10 0.01296 7.66 23.46 77.56 2.75
Ring Yes Yes 0.64 0.03600 17.78 0.0 6.25 93.75
14 breaker Yes Yes 0.04 0.012% 3.16 21.92 7%.12 6.35

Table II.5 - At least 4 input terminals and at least 1 output

operation for success

terminal to be in

Reduced Me an % Contribution of components
Layout Spares breaker Unavailability | Frequency | duration

failure-rates (h/yr) (1/yr) {h} Breakers { Disconnectors | Buses
Ring No No 0.58 0.03600 17.00 0.0 12.28 87.72
14 breaker No No 0.14 0.01421 9.56 44.05 56.41 0.87
Ring Yes No .64 0.03600 17.78 0.0 6.25 93.75
14 breaker Yes No 0.05 0.01421 3.68 38,22 62.30 1.89
Ring No Yes 0.68 0.03600 15.00 0.0 12.28 87.72
t4 breaker No Yes 0.09 0.01246 7.00 12.84 B7.74 1.04
Ring Yes Yes 0.54 0.03600 17.78 0.0 6.25 93.75
14 bresker i Yes Yes 0.04 0.01246 2.89 11.26 99.34 2.41

Table I1II.6 - At least 3 input terminals and at

operation for success

least 3 output terminals tobe in

Reduced Mean % Contribution of components
Layout Spares breaker Unavailability | Frequency | duration

failure-rates (h/yr) (1/yr) {h} Breakers | Disconnectors | Buses
Ring No No 0.02 0.00062 25.78 99.86 1.26 7.56
1% breaker Na No 0.0 0.0 7.34 0.0 22.52 85.74
Ring Yes No 0.0 0.00062 9.30 99.68 1.85 17.34
1% breaker Yes No a.0 0.0 7.02 0.0 19.01 B9.63
Ring No Yes 0.0 0.00016 21.40 99.38 4.61 26.3
1% breaker No Yos 0.0 0.0 7.38 0.0 22.52 85.74
Ring Yes Yes 0.0 0.00016 10.38 98.92 5.03 51.64
14 breaker Yes Yes 0.0 0.0 7.02 0.0 19.01 89,63
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Only the first five tables are discussed
since the remaining cases offer little in-
terest, the system then being so reliable
that its availability is practically 100%.

For a well-defined success condition, each
table compares the performance of the ring
layout and the one-and-a-half-breaker 3lay-

out. It gives the annual hours of unavajil-
ability, annual failure frequency and dura-
tion (in hours) and, also, the percentage

contribution to the total unavailability of
each type of component,

Tables II.2 to IIL.6, which actually refer
te the most stringent success conditions,
show unavailability results that are signif-
icantly different from =zero. The one-and-

a-half breaker layout always has a higher
reliability than the other, even if a
double-ring case with spares is compared

with a one-and-a-half-breaker case without
spares, The same remains true for this
scenario even if the breaker unavailability
in the double-ring case is reduced to 20%.

Adding a spare in the double-ring alter-
native reduces the difference in the number
of breakers between the two layouts to a
single unit. The results for reduced
breaker failure rates in the double-ring
case reflect the fact that there is little
to be gained by installing more reliable
and, therefore, more expensive breakers in
this case. This is explained by the rela-
tively low contribution of the breakers to
the total unavailability of the double-ring
layout,

[2]

{31

(4]

[5]

[6]

[71
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INTRODUCTION

The objective in selecting the terms and
definitions presented in this appendix has
been to form an internally consistent and
sufficient set to permit the description of
power system reliability and allow guanti-
fication of system reliability in terms of
classes of system failures. It therefore
includes the appropriate indices for the
measurement and prediction of power system
reliability.

It is important to present
arguments that were
selection process:

of the
the

some
considered in

Reliability evaluation of generation
and transmission systems addresses the
second level of a hierarchy of relia-
bility assessment in which the first
level concerns the generation system;
the second, generation and transmis-
sion; and the third level, generation,
transmission and distribution. Most
of the terms included in the present
document are related to Tevel II,
although some are generic and can also
be ugsed in Levels I and III. Specific
terms pertaining to distribution and
protection are given in the
supplements to this appendix.

In order to be able to describe ade-
quately and completely the reliability
of power systems, it is essential to
associate reliability terminology with
terms and definitions of such systems
and their constituent parts. This is
why some not strictly power systenm
reliability terms are included.

one definition was
available, only one per term has been
retained. Explanatory notes, diagrams
and examples are added to clarify the
definitions, whenever needed.

. Where more than

Bhavaraju
C.R. Heising

. An effort has been made to harmonize
the terms and definitions with those
in IEC documents, (Chapter 191 of the
International Electrotechnical Vocabu-
lary is dedicated to terminoclegy in
the fields of reliability, availabi-
lity, maintainability, and quality of
service).

This compilation of terms has been formed

from the research of CIGRE TF 38.03.01
nembers, Sources include technical docu-
ments and standards pertaining to power

system reliability.

The terms have been classified as feollows :

0 - Reliability Concepts and Techniques

1 - System and Network Constituent Parts

2 - Connectivity

3 - States and Cccurrences

4 - Disturbances, Faults and Failures

5 - Bulk Power System Fault Modes

6 - Bulk Power System Failure and
Deficiency Attributes

7 = Rates

8 - Duration

9 - Exposure

10 - Performance Concepts

11 - Generic Performance Indices

12 - Selected Specific Performance Indices

The terms in the introductory section on
reliability concepts and technigues are
used to describe power system reliability
in a qualitative sense only. For ¢uantita-
tive descriptions, readers are referred to
the succeeding sections. Terms related to
protective relay systems and custoner
reliability indices are given in
supplements A and B.
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0-0 RELTABILITY CONCEPTS AND TECHNIQUES

0—-01 RELIABILITY

A measure of the ability of a bulk power
system to deliver electricity to all points
of utilization within accepted standards
and in the amount desired.

Note 1: In many applications this generic
concept is quantified by expressing the
ability by the probability of the same.

Note 2: Bulk power system reliability may
be analysed in terms of the static and
dynamic aspects o©f bulk power system
performance.

0-02 ADEQUACY

A measure of the ability of a bulk power
system to supply the aggregate electric
power and energy requirements of the custo-
mers within component ratings and veltage

limits, taking into account scheduled and
unscheduled outages of system components
and the operating (security) constraints

imposed by operations.

0-03 SECURITY (OF A BULK POWER SYSTEM)

A measure of the ability of a bulk power
system to withstand specified sudden dis-
turbances such as electric short circuits
or unanticipated loss of system components.

0-04 INTEGRITY

The ability of a bulk power
preserve interconnected operation.

system to

0-05 STRATEGIC CONSTRAINTS

The social, geographical, environmental,
financial and political requirements and
limitations to ke satisfied in the the
production, transmission and delivery of

electric energy.

0-10 RELIABILITY PREDICTION

1) The process of calculation used to
obtain predicted values of reliability
indices.

2) The predicted value of a reliability
index.

0-11 RELIABILITY MODEL

A mathematical model used for prediction or
estimation of reliability indices for items
or systems.

0-12 FAULT MODES AND EFFECTS ANALYSIS

A qualitative method of reliability
analysis which involves the study of the
fault modes that can exist in every compo-
nent and the determination of the effects

of each fault mode on the functions of
other components and on the required func-
tions of the unit, substation or bulk power
system.

0-13 FAULT MODES,
ANALYSIS

EFFECTS AND CRITICALITY

Fault modes and effects analysis together
with a consideration of the probability of
occurrence and a ranking of the seriousness
of each fault.

1-0 SYSTEM AND NETWORK CONSTITUENT PARTS

1-01 SYSTEM

A group of components connected or
associated in a fixed configuratien to
perform a specified function.

1-02 POWER SYSTEM

A group of one or more generating sources,
substations and connecting transmission and
distribution 1lines operated under common
management or supervision te supply load.

1-03 BULK PCWER SYSTEM

That portion of the power system comprising
the generation and transmission facilities
used for the production and transfer of
electric energy.

Note 1: A fully edquivalent term in use is
BULK ELECTRICITY SYSTEM.

Note 2: The extent of +the bulk power
system is usually limited to the means for
production and transmission of electric
energy to major industrial and distribution
centres.

1-04 TRANSMISSION SYSTEM

The aggregate of all the power transmission
facilities operated under common management
or supervision to transfer and/or distrib-
ute electric energy.

1-05 GENERATING SYSTEM

The aggregate of all the generating units
operated or dispatched under common manage-
ment or supervision to generate electric
energy.

1-10 NETWORK

A grouping of lines and other electrical
equipment connected for the purpose of
conveying electricity from generating
stations to the customer.

Note }: The extent of the network may be
restricted by factors other than the elec-
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trical grouping of lines or equipment; for
instance, there may be limitations to a
specified geographical area, a voltage, a
type of equipment, a utility's property, or
to a function of the 1link between the
production and consumption of electricity.

Note 2: The term network may be used to
indicate the transmission system or a
specific area of the transmission system.

1-11 AREA

A term used to denote a specific portion of
a bulk power system.

1-12 COMPONENT

An item which performs a major operating
function and which is regarded as an entity
for purposes of outage data analysis and
reliabhility modeling (see Fig. III.Z2).

Note: Components may be divided into two
general classes: major and auxiliary. For
purposes of recording outage data,
auxiliary components are included with the
item of equipment or major component of
which they are a part.

1-13 ITEM

A part, device, subsystem, functional unit,
equipment or system that is considered as a
whole in a given application.

Note 1&: An item may consist of hardware,
software or both, and in the case of
systems may alsc include people.

Note 2: The term is also used to denote a
number of items, population of items, or
sample, wherever this use is justified.

1-14 UNIT

A group of components which are function-
ally related and regarded as an entity for
purposes of recording and analysing data on
outages (see Fig. III.1).

Note 1: A unit may be defined in several
alternative ways, for example:

i) A group of components that constitute
an operating entity bounded by automatic
fault-interrupting devices that isolate it
from other entities for faults on any
component within the group.

ii} The components within a sensing =zone
of a particular system of protective
relays, e.g. a transformer and associated
terminal facilities switched with it.

iii) Two or more units grouped for the
purpose  of reporting data, one (the
supplying unit) being the only path by
which the remaining (supplied) units are

interconnected to the system.

Note 2: The components included within a
unit are often protected by a common
primary protective-relay scheme. For
example, a unit might consist of an over-

head 1line and the terminal eguipment
switched with the line by circuit breakers
during normal fault-clearing operations.

Note 3: A unit may be single-terminal,
two-terminal, or multi-terminal (i.e.
connected to three or more terminals).

Note 4: It should be recognized that

certain components ({e.g. circuit breakers)
may be part of more than one unit.

Note 5: Types include transmission units
(overhead or cable), transformer units, bus
units, and special units consisting of
egquipment such as shunt capacitors or
static var devices protected by separate
breakers.

1-15 LINE

A unit or units of a transmission system
extending between adjacent stations or from

a station to an adjacent interconnection
point.

Note: A 1line may consist of one or more
circuits.

1-16 CIRCUIT
A unit of a transmission line.

Note: A circuit breaker (or fuse) is
always the Dboundary peoint between two
adjacent circuits and must be regarded as a
constituent part of the circuits.

1-17 SEGMENT

A portion of a line section that has a
particular type of construction or is
exposed to a particular type of failure,
and therefore may be regarded as a separate
entity for the purpose of reporting and
analysing failure and exposure data.

1-18 LINE SECTION

That portion of a transmission unit bounded
by two terminations and/or line-taps (see
Fig. IIT.2).

1-19 LINE-TAP

A point on the multi-terminal transmission
unit where portions 1leading, directly or
indirectly, to three or more terminals are
joined (see Fig. III.2).

1-20 TERMINAL

A functional facility (substation, genera-
ting station or load centre) which includes

components such as bus sections, circuit
breakers and preotection systems, where
transmission wunits terminate (see Fig.
I11.1).
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1-21 SUBSTATION

A group of equipment containing switches,
circuit breakers, buses, transformers, and
voltage control equipment for switching
power circuits, voltage control and trans-
forming power from ohe veoltage to another
or from cne system to another.

Note: A substation layout is a plan or
sketch which illustrates +the electrical
connections of the substation equipment.

1-22 TERMINATION

The components within a terminal that are
switched with a specific wunit, such as
surge protective devices, voltage transfor-
mers, potential devices, strain insulators,
coupling capacitors, etc. (see Fig. III.2).

1-23 BUS

A conductor or group of conductors that
serves as a common connection for two or
more electric circuits within a station.

1-24 NODE

A terminal of any branch of a network or
terminal common to two or more branches of
a network.

1-25 SPARE (COMPONENT OR EQUIPMENT)

Component or equipment, complete or in
parts, on hand for repair or replacement.

Note: To estimate the time for placing the
spare component or egquipment into service,
consideration must be given to the time to
move the spare to the site and remove the
failed component as well as to the instal-

lation, conditioning and startup tests
required to make the spare ready for
service.

1-30 INTERCONNECTION

An interface between two

systems.

point power

1-31 DELIVERY POINT

An interface point between a bulk power
system and a purchaser of energy.

Note 1: The purchaser may be an end user
or an organization for the distribution of
energy to consumers.

Note 2: For bulk electricity systems, the
delivery point is the interface point
between the bulk electricity system and
the distribution electricity system.

1-32 LOAD POINT

A point of load aggregation in a network
medel of a bulk power system.

Note 1: A load point is a point within a
bulk power system that is selected as an
interface to linmit the extent of the bulk
power system model and to aggregate loads.

Note 2: Preferred interfaces for 1load
points are points at which network power
flow is directly associated with loads and
independent of system dispatch. Examples of
preferred interfaces would be points of
first-contingency separation of 1load from
the transmission system. These points would
include substations at which radial
connections are made to subtransmission or
distribution systems.

2=-0 CONNECTIVITY

2—-01 CONNECTED NETWORK

A network in which all buses or terminals
are connected by 1lines or transformers
forming at least one tree.

Note: A
branches
teopology) .

tree is a set of
including no meshes

ceonnected
{elementary

2-02 SEPARATION

The event of isolation of a portion of the
bulk power system.

Note: A synonym is SYSTEM SPLITTING.

2-03 ISLAND

A portion of a power system, or a number of
power systems, that has become disconnected
from the rest of the bulk power system.

Note: Other terms often used are
SYSTEM(S) or SPLIT SUBSYSTEM(S).

SPLIT

2-04 TRANSMISSION INTERRUPTION

Cessation of power supnly to a delivery
point cau=ed by an outage.

2-05 SUPPLY INTERRUPTION

The cessation of power supply to a customer
or customers caused by an outage.

Note: Outages may or may not result in a
supply interruption.
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3-0 STATES AND OCCURRENCES

3-01 COMPONENT AND UNIT STATES

3-01-1 STATE

The way in which a set of attributes stands
disposed at a particular time.

Note: The state of a component at a parti-
cular time is described by that attribute,
within the set defined by a given model,
which best indicates the condition of the
component. The most elementary operational
model would be described by two states:
operational and non cperational.

3-01-2 AVAILABLE STATE

The condition of an item, component or unit
being able to perform any one of its
required functions.

3-01-3 IN-SERVICE STATE

The  component or unit is available,
energized and connected to the system.

Note: Components such as circuit breakers
may be in service and not transmitting
power when this is the desired objective
for operational purposes.

3-01-4 RESERVE SHUTDOWN

The condition in which the uanit or
component is removed from but kept ready
for service.

Note: The term OPERATIONS-RELATED SHUTDOWN
is fully equivalent.

3-01-5 PARTIAL OUTAGE

A component or unit partially energized but
not fully connected to all its terminals so
that it 1s not serving some of its
functions within the power system.

Note: A unit composed of a three-terminal
line would be in a partial-outage state if
it is disconnected from one terminal but
two line sections are connected and capable
of carrying power.

3-01-6 DERATED STATE

A unit or component that may be placed in
service and that can perform its intended
functions but which is not able to sustain
rated capability.

Note: The amount of derating 1is the
measure of the shortfall between actual
capability and rated capability.

3-01-7 OQUTAGE

The state of an item, component or unit

characterized by its inability to perform a
required function, for any event,

Note 1: An outage may or may not cause an
interruption of service to customers,
depending on the system confiquration.

Note 2: A unit or compecnent may hnot be
capable of performing its required function
due to external restrictions, testing, work
being performed, or some adverse condition.

Note 3: The outage state is referred to
as the unavailable state.

3-01-8 PLANNED OUTAGE

A manual outage for the
inspection, testing or overhaul.

purpose of

Note: A planned outage is scheduled well
in advance.
3-01-9 UNPLANNED OUTAGE

Any outage that is not a planned outage.

3-01-10 FORCED OUTAGE

An automatic ocutage or a manual outage that
cannot be deferred.

Note: A more complete definition of
"cannot be deferred" is often needed when

collecting outage data in order to obtain
consistency in reporting.

3-01-11 DEFERRABLE UNPLANNED OUTAGE

An unplanned outage that may be deferred to

accommodate switching and/or transfer of
load.
Note: An emergency that requires the

outage of a line by manual actions would be
a deferrable unplanned outage.

3-01-12 TRANSIENT OUTAGE

A forced outage whose cause is self-
clearing so that the affected unit is
restored to service automatically by a

recloser or circuit breaker.

Note 1: An example of a transient outage
is the outcome from a lightning flashover
successfully interrupted and followed by
successful automatic reclesing.

Note 2: A necessary condition for the
occurrence of transient outages is that the
unit be equipped with automatic reclosing.

3-01-13 TEMPCRARY OUTAGE

A forced outage whose c¢ause is self-
c¢learing so that the affected unit is
restored to service by manually reclosing a
switch or circuit breaker.
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3-01-14 PERMANENT OUTAGE

A forced outage whose cause must Dbe
corrected by eliminating the hazard or by
repairing or replacing the affected _item
before the unit can be returned to service.

Note: An example of a permanent outage is
the outcome from a 1lightning flashover
which shatters an insulator and disables
the item until repair or replacement can be
made.

3-01-15 SUSTAINED OUTAGE

3-02-3 SECURE STATE

A state in which the power
capable of withstanding one in
class of events.

system is
a specific

Note 1: Successful withstand implies
network accommodation of the event without
vielating specified voltage and longterm
loading limits.

Note 2: The class of events may be a set
of defined contingencies (deterministic
approach) or the set of contingencies whose
likelihood of occurrence is above a

specific threshold (probabilistic
Any forced outage which is not a transient aPpproach}.
outage (see Fig. III.3).
Note: This is the sum of the permanent 3-02-4 ALERT STATE
and temporary outages. .

A state in which the power system is

COMPONENT & UNIT STATES
' |
| OUTAGE
AVAILABLE { UNAVAILABLE )
[ i | |
IN-SERVICE RESERVE PLANNED UNPLANNED
OUTAGE OUTAGE OUTAGE
[FULLY PARTIAL | |
CAPABLE } OUTAGE DEFERRABLE FORCED
UNPLANNED QUTAGE
OUTAGE (AUTO”ATIC)
|
TRANSIENT SUSTAINED
OQUTAGE OUTAGE

NOTE: (DESIGNATES ALTERNATIVE TERM)
NOTE' (DOES NOT APPEAR IN DOCUMENT ]

Figure III-3 -

3-02 POWER SYSTEM STATES

3-02-1 POWER SYSTEM STATE

The way in which a set of power system
attributes stands disposed at a particular
time.

Note 1: The power system state may, by
synthesis, be described as a state
compounded from the state of its
constituent units and of other relevant
attributes.

Note 2: The power system state may, by
analysis, be described by a set of attri-
butes which convey its operational

capability and margin to failure.

3-02-2 CONTINGENCY STATE

A system state where, owing to failures,
one or more of the system's components are
not, or not fully, available.

TEMPORARY  PERMANENT
QUTAGE OUTAGE

Component and unit state tree

incapable of withstanding one in a specific
class of events.

Note 1: Unsuccessful withstand: wviolation
of specified voltage limits or component
short-term lecading limits, or instability.

Note 2: The class of events may be a set
of defined contingencies (deterministic
approach) ar the set of contingencies whose
likelihood of occurrence is above a speci-
fied threshold (probabilistic approach).

3-02-5 EMERGENCY STATE

A state in which the system is unable to
satisfy all customers with electric power
of frequency and veltage within specified
limits.

Note 1: An emergency 1is considered to
exist in an area if firm load may have to
be shed or reduced by vecltage reduction.
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A--08 DEPENDABILITY (OF A PROTECTION SYSTEM)

The probability that a protection system
will operate to successfully clear a fault
or overload on the power system.

Note: The protection system can operate to
successfully clear the fault or overload

and may also have a backup protection
system operate incorrectly.

SUPPLEMENT B
SELECTED CUSTOMER-INTERRUPTION INDICES
B-01 SYSTEM AVERAGE INTERRUPTION FREQUENCY

INDEX (SAIFI)

The average number of interruptions
customer served per time unit.

per

Note: SAIFI is determined by dividing the
accumulated number of customer interrup-
tions in a year by the number of customers

served. Both momentary and sustained
interruptions can ke used for this purpose
but utilities customarily select the
latter.

B-02 SYSTEM AVERAGE INTERRUPTION DURATION
INDEX (SAIDI)

The average interruptien duration for

customers served during a year.

Note: SAIDI is determined by dividing the
sum of all sustained-interruption durations
during the year by the number of customers
served.

B-03 CUSTOMER AVERAGE INTERRUPTION
FREQUENCY INDEX (CAIFI)

The average number of interruptions
experienced per customer affected per time
unit.

Note 1: CAIFI is determined by dividing
the number of sustained interruptions
observed in a year by the number of

customers affected.

Note 2: Each customer affected must be
counted only once, regardless of the number
of interruptions that customer may have
experienced during the vyear.

B-04 CUSTOMER AVERAGE INTERRUPTION DURATION
INDEX (CAIDI)

The interruptien duration
interrupted during a year.

for customers

Note: CAIDI is determined by dividing the
surm of all sustained-interruption durations
during the specified period by the number
of sustained interruptions during the year.

B-05 AVERAGE SERVICE AVAILABILITY INDEX
(ASATI)

The ratio of the total number of customer
hours that service was available during a
year to the total customer hours demanded.

Note 1: Customer hours demanded are
determined as the 12-month average number
of customers served times B8760.

Neote 2: The complementary wvalue of this
index, i.e. the Average Service
Unavailability Index (see B-06) may also be
used sometimes.

B-06 AVERAGE SERVICE UNAVAILABILITY INDEX
{ASUI)
This is the complement of the
Service Availability Index:
ASUI = 1.0 - ASAT.

Average
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4-03 FAULT

The inability of an item to

required function.

perform a

4-04 DEFECT

Any departure of a characteristic of an
item from requirements.

Note 1: The regquirements
be expressed in the
specification.

may or may not
form of a

Note 2: A defect may or
the ability of an
required function.

may not affect
item to perform a

Note 3:
termed

The sum of faults and defects is
"troubles".

4-05 ACTIVE FAILURE

A failure which causes the operation of the
primary protection zone around the failed
component.

Note: A short circuit such as a faulted
insulator or a grounded phase conductor are
examples of active failures.

4-06 PASSIVE FAILURE

A mode of failure which does not cause
operation of circuit breakers or fuses.

Note: The false trip of a circuit breaker
would be a passive failure.

4-07 LATENT FAULT

A condition in which the occurrence of
failure remains undetected until the
component or subsystem is called teo perform
a required function.

Note: Systems that can incur latent faults
include protective relaying subsystenms,
circuit-breaker trip mechanisms, or contreol
systems which ceould incur non-functioning
states,

5-0 BULX POWER SYSTEM FAULT MODES

5=-01 BULK POWER SYSTEM FAULT MQDE

A way in which outage of generators and
transmission wunits can result in shutdown
of bulk power systems or portions thereof
and loss of lead.

5-02 CASCADING

The sequential forced tripping of trans-
mission wunits and generators caused by
excessive loading of lines sharing the duty
of transferring power into or out of an
area.

Note: The forced tripping may be either
automatic or by manual actions to protect
equipment.

5-03 VOLTAGE COLLAPSE

Excessive drop in voltages 1n an area
resulting from insufficient reactive supply
to buses or to the transmission system.

5-04 INSTABILITY

Inability to maintain synchronism or to
maintain alternator rotor relative angular
positions in a stable condition.

Note 1: Transient instability is the loss
of synchronism, due to a large disturbance,
of one or more generating units, singly or

as a group, with the remainder of the
system.
Note 2: Dynamic instability is the Jlack

of damping which results in build-up of
repeated power and voltage oscillations in
the system, and may or may not lead to loss
of synchronism. Under this condition, the
derivative of electric power with respect
to rotor speed is negative for at least one
machine.

Note 3: Steady-state instability is the
loss of synchronism between two or meore
generators or groups of generators

resulting from power transfers in excess of
the synchronous capability of the trans-
mission network. Under this condition, the
derivative of electric power with respect
to rotor angle is negative for at least one
nachine.

5-05 UNCONTROLLED SEPARATION

The forced partitioning of an intercon-
nected network into islands due to
automatic protection or contrel action as a
consequence of cascading or instability or
due to emergency manual action to protect
eguipment and load.

5-06 BUS ISOLATION

Outage of all transmission units connected
to a bus.

6-0 BULK POWER SYSTEM FAILURE AND

DEFICIENCY ATTRIBUTES

6-01 LOAD NOT SERVED

The amount of leoad that was not served due
to specified generation and transmission
ocutages.

Note: This is an umbrella term encompas-—
sing the interruption of load and curtail-
ment of 1lecad through actions of load
shedding or reduction.
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6-02 LOAD INTERRUPTED

The amount of load disconnected as a result
of bus isolation or bulk power system
shutdown.

6—03 LOAD SHED

The amount of customer load disconnected in
response to an emergency condition.

6=04 LOAD REDUCTION

The amount of a locad reduced by voltage

reduction in response to an emergency
condition.

6-20 RESERVE DEFICIENCY

The magnitude of shortfall of reserves

caused by specified generation and trans-
mission cutages.

6-21 CAPACITY RESERVE DEFICIENCY

The magnitude of shortfall of the generat-
ing-capacity margin in a specific area
caused by generation and transmission
outages.

6-22 REACTIVE-SUPPLY DEFICIENCY

The magnitude of reactive-supply deficiency
at specified buses caused by generation and
transmission outages.

6-23 DEFICIENCY IN TRANSMISSION TRANSFER
CAPABILITY

The magnitude of power transfer deficiency
on a specified cut or boundary within the
bulk power system for specified generation
and transmission outages.

6-30 COMPONENT OVERLOAD

A condition wherein in a
carrying current (load)
applicable rating.

component is
in excess of its

Note: Current rating may be
clearance, strength reduction,
thermal runaway.

limited by
aging or

6-40 BUS VOLTAGE LIMIT VIOLATION

Bus voltage outside specified limits or the
magnitude of bus voltage change outside
specified limits,

Note: Limits on bus voltage may be set in
terms of operating linmits, equipment
limits, admissible voltage excursions.

7-0 RATES

7-01 FATILURE RATE

The expected number of failures of a given
type, per unit of exposure.

Note: An example 1is capacitor
circuit failures per capacitor-year.

short-

7-02 OUTAGE RATE

For a particular classification of outage
and type of item, the expected number of
outages per unit of exposure.

Note: Outage rates may be defined for
specific weather conditions and types of
outage. Permanent-outage rates, for
example, may be separated into adverse-

weather and normal-weather permanent-outage
rates.

7-03 TRANSIENT-OUTAGE RATE

The expected number of outages per unit of
exposure, successfully restored by high-
speed automatic-reclosing devices.

Note: The exposure used for determining
the transient-outage rate must be on lines
that have automatic reclosing.

7-04 TEMPORARY-CUTAGE RATE

The expected number of outages per unit of
exXposure, successfully restored by manual
reclosing.

7-05 PERMANENT-QUTAGE RATE

The expected number of outages per unit of

exposure, restored by replacement of or
repairs to the faulted component.

7-06 FORCED-OUTAGE RATE

The expected number of forced outages per
unit of exposure.

Note: North American definitions,
IEEE/ANSI Std. 762-1987, include this term
as a measure of unit generating

unavailability due to forced outages. The

two concepts are not egquivalent.

7-07 PLANNED-QUTAGE RATE

The expected number of planned ocutages per
unit of exposure.
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8-0 DURATION

8-00 DURATION

The numerical difference between the time
of departure from and time of entry into a
state.

Note:
term.

RESIDENCE TIME is a fully equivalent

8-0]1 FORCED-OUTAGE DURATION

The period of time from the occurrence of a
forced outage until the affected component
or unit is restored to the available state.

8-02 TRANSIENT-OUTAGE DURATION

The period of time required to effect elec-
trical fault clearing and reclosure by
automatic means.

8-03 TEMPORARY-OQUTAGE DURATION

The period of time required to effect elec-
trical fault clearing and for manually
cperated switching to effect re-energiza-
tion and restoration.

8-04 PERMANENT-OUTAGE DURATION

The period of time required to effect elec-
trical fault clearing and to carry out
repairs or replacement and return the unit
to the available state.

8-20 SWITCHING DURATICN

The period of time required te carry out
switching operations to effect component
isclation and to reconfigure a network
usually to effect partial restoration of
affected units.

8-21 REPLACEMENT DURATION

The period of time required to carry out
the removal of an existing item or
component and replacement with a spare item
or component.

Note: fThe duration may be subdivided into
the period of waiting for the arrival of
the replacement component and the pericd of
actual work of replacement.

8-30 INTERRUPTION DURATION
The period from the initiation of an inter-

ruption to a customer until service has
been restored to that customer.

Note 1: Interruptions are classified by
duration.

Note 2: Interruption durations may vary
among customers affected by the same

outages if restoration of service proceeds
through a series of partial restoration
steps.

8-31 MOMENTARY INTERRUPTION

An interruption for which restoration must
be completed within a specified time.

Note: A time commonly specified by North
American utilities is 5 min or less.

8-32 SUSTAINED INTERRUPTION

An interruption not <classified as a

momentary interruption.
8-40 SHUTDOWN DURATION
The period of time from the start of the

shutdown state until restoration is
completed.

8-50 PLANNED-OUTAGE DURATION

The period of time from initiation of the

planned outage until the affected
components or units are available for
service.

9~-0 EXPOSURE

9-01 EXPOSURE

The condition describing the working
environment within which equipment or
components are subject to a change of
state.

Note: Both extent, i.e. time or cycles of
operation, and severity, or duty, are
necessary parts o©f the determination of

exposure to failure.

9-02 WEATHER EXPOSURE

The duty imposed by weather on components
installed ocutdoors.

9-03 NORMAL WEATHER

All weather not designated as adverse or
major storm disaster.

9-04 ADVERSE WEATHER

A weather state which leads to an abnor-
mally high failure rate of exposed
components during the periods such
conditions persist.

Note 1: Adverse-weather conditions can be
defined for a particular system by
selecting the proper values and
combinations of conditions: thunderstorms,
tornados, high winds, unusual rates of
precipitation, temperature extremes, etc.

Note 2:
used.

SEVERE WEATHER is another term
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9-05 MAJOR STORM DISASTER

A weather state which exceeds the design
limits of lines and plant and which has one
or more of the following consequences:

. exXtensive mechanical damage to plant.

more than a specified percentage of
customers out of service.

. excessive service restoration times.

Note 1: Examples of major storm disasters
are hurricanes and major ice stornms.

Note 2: The percentage of customers out
of service and restoration times typically
used by the industry are 10% and 24 h
respectively. The percentage of customers
out of service may be related to a utility

operating area rather than to an entire
utility.
Note 3: EXTREME WEATHER 1is another term

used.

9-10 EXPOSURE TIME

The time during which an event of interest
can occur.

Note 1: The event can be a failure, an
outage, a repair or replacement, or other
cause of transit from one state to another.
Note 2: Exposure time 1is
unit-years.

expressed in

9-11 EXPOSURE TIME (FOR OUTAGE)

Time during which a unit or component is
performing its intended function and is
subject to outage.

9-12 EXPOSURE TIME (FOR REPAIR)

Time during which a unit or component is
unavailable and awaiting completion of
corrective maintenance to return it to an
operating condition.

Note: Typically, exposure time for repair
is divided into waiting time, i.e. the
interval following fault recegnition for
the arrival of crews, equipment and
replacement parts, and working time, i.e.
the interval required to complete
corrective maintenance.

9-20 EXPOSURE LENGTH

The 1length of a 1line section, common
structure or common right-of-way which

influences the failure rate.

Note: Exposure lengths
hundreds of kilometres.

are expressed in

9-30 EXPOSURE OPERATIONS

Number of operations during which an item
performing its intended function is subject
to incorrect operation.

Note 1: In the case of circuit breakers,
the exposure operations are expressed as
the number of breaker operations for
specified duty.

Note 2: In
equipment and
equipment, the
expressed as
operations.

the case of
automatic
exposure

the

protection

reclosing
operations are
number of terminal

10-0 RELTABILITY PERFORMANCE CONCEPTS,
ATTRIBUTES AND MEASURES

10-01 PERFCRMANCE CONCEPTS

These are the attributes and measures used
to describe system performance in terms of
both the occurrence of the state of failure
and the degree of failure, i.e. severity of

failure. Indices are a specific subset of
measures used to indicate or describe
performance.

10-02 PERFORMANCE ATTRIBUTES

10-02-1 SYSTEM PERFORMANCE STATE

The degree to which a system is able to
meet specified criteria and support the
functions of providing service to loads and
carrying transfers.

Note: System capability may be categorized
in terms of secure, alert, emergency,
shutdown, and restoration states (see 3-02-

3 to 3-02-8).

10-02~2 SYSTEM CONTINGENCY LEVEL

The contingency level that the system can
withstand for specified loads and
transfers.

10-02-3 SYSTEM FPROBLEM

The combination of unit outage states which
results in the system performance failing
to meet specified criteria. Failure may be
defined to include violation of lecading or
voltage criteria and may include events of
separation and isolation of portions of the
system.

10-02~4 CCOMPONENT-OVERLOAD PROBLEM

Viclation of a specific component-locading
criterion.

Note: Consideration must involve both the
loading level and duration.

10-02-5 BUS ABNORMAL-VOLTAGE PROBLEM

Violation of a specific component or bus
voltage criterion.
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10-02-6 SEPARATION PROBLEM

Existence of a separation of portions of
the interconnected system regardless of the
load and generation affected.

10-02-7 BUS ISOLATION PROBLEM

Interruption of service to a bus.

Note: See 5-06.

10-03 PERFORMANCE MEASURES

10-03-1 SEVERITY OF FAILURE

A measure of the degree of system failure
expressed in terms of the actions necessary
to correct violations of criteria,
including amount and extent of load inter-
rupted or curtailed.

10-03-2 INTERRUPTION SEVERITY MEASURE

The unsupplied energy in an event, in MW-
min, divided by the annual peak system
load, in MW.

Note 1: Severity is expressed in system-
minutes, one system-minute being equiva-
lent, in energy, to an interruption cof the

total system load for 1 min at the time of
the annual system peak.

Note 2: The degree of severity is

indicated as follows:

D-1: incident with a severity from 1 to 9
system-ninutes

D-2: incident with a severity from 10 to
99 system-minutes

D-3: incident with a severity from 100 to
999 system-minutes
10=-03-3 SYSTEM MARGIN

A measure of system reserve capability to

withstand additicnal fault and outage
events or to carry additional load or power
transfers without violating compohent

operating limits.

10-03-4 SYSTEM LOAD-CARRYING CAPABILITY

A measure of system capability to support a

specified generation dispatch and load
distribution in the presence of specified
fault and outage events and without

violating component cperating limite.

Note: Load conformity and dispatch basis
must be stated to a define wur ' que-load
carrying capability for a specified system
state.

10-03-5 SYSTEM LOAD CURTAILMENT
The amount of system load curtailment

resulting from remedial action to relieve
an emergency condition in the system.

Note:
SYSTEM.

The term BUS can be used in place of

10-03~6 SYSTEM TRANSFER CAPABILITY

The_ ability to transfer power between
defined areas within the bulk power system

under specified disturbance and outage

events.

10-03-7 FIRST~-CONTINGENCY INCREMENTAL
TRANSFER CAPABILITY

The amount of power, incremental above

normal base power transfers, that can be
transferred over the transmission network
in a reliable manner, based on the
following conditions:

With all transmission facilities in
service, all facility loadings are
within normal ratings and all voltages
are within normal limits.

. The bulk power system is capable of
absorbing dynamic power swings and
remaining stable following a distur-
bance resulting in less of any single
generating unit, transmission circuit
or transformer.

. After the dynamic power swings
following a disturbance resulting in
the 1loss of any single generating
uanit, transmission circuit or trans-
former, but before operator-directed
system adjustments are made, all
transmission facility 1loadings are
within emergency ratings and all
voltages are within emergency limits.

Note 1: A facility is an item, component
or unit which performs a major operating
function and which is regarded as an entity
for establishing ratings.

Note 2: Normal ratings specify the level
of power flow that facilities can carry
through a series of daily 1load cycles
without 1loss of life to the facility
involved.

Note 3: Emergency ratings specify the
level of power flow that a facility can
carry for the time sufficient for

adjustment of transfer schedules or genera-
tion dispatch in an orderly manner with

acceptable loss of life to the facility
involved.
Note 4: Normal voltage limits define the

voltage range that is

sustained basis.

acceptable on a

Note 5: Emergency voltage limits define
the wvoltage range that 1is acceptable
without serious system consequences, for
the time sufficient for system adjustments
to be made.

Note 6: Normal base power transfers are
the power transfers considered to be a part
of normal base system loadings for the
condition being analysed. Other transfers,
such as emergency power or oppertunistic
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economy energy transfers,
though they may be
contractual arrangements.

are excluded even
provided for in

10-03-8 SYSTEM TRANSFER CURTAILMENT

A reduction in power transfer or power
transfer objective caused by a deficiency
in system transfer capability.

11.0 GENERIC PERFORMANCE INDICES

Note: Performance indices are always
related to some unwanted state or
occurrence such as an outage or overload.
The concepts can be extended, of course, to
any state or occurrence.

11-01 RATE

The number of
exposure time.

occurrences per unit of
11-02 FREQUENCY

The number of occurrences per item per unit
of period time.

11-03 STEADY-STATE PROBABILITY

The proportion of time, in the long run,
for which a specified state prevails.

Note : The term
also used.

INTERVAL PROBABILITY is

11-04 AVATLABILITY
Point availability: the probability of a
repairable component performing its
reguired function at any arbitrarily
selected instant.

Steady-state availability: the proportion
of time, in the long run, that a repairable
device is in or ready for service, that is,
the observed ratic of available time to
period time, i.e., the 1limit of point
availability.

11-05 UNAVAILABILITY

The complement of availability.

11-06 OPERATIONAL FAILURE PROBABILITY

The expected number of failures to operate
for a given number of commands to operate.

Note 1: Recognition must be given to the
type of operation commanded and the form of
the resulting failure. For example,
circuit-breaker failures to trip or to open
on command should be distinguished from
failures to close on command while breaker
failures to open should be distinguished
from failures to interrupt fault current.

Note 2: The term STUCK BREAKER is used to
describe circuit-breaker failure to open on
coemmand .

Note 3: The term BREAKER
reserved for circuit-breaker
interrupt fault current.

FATILURE is
failure to

Note 4: See Supplement A for additicnal
definitions.
11-07 MEAN DURATION

The expected length of the period for which
a state prevails.

12-0 SELECTED SPECIFIC PERFORMANCE INDICES

12-01 LOSS-OF-LOAD INDICES

12-01-1 LOSS-OF-LOAD EXPECTATION (LOLE)

The expected number of days in a year when
a loss of load occurs.

Note: This term is often used to describe
daily peak locad calculations.

12-01-2 LOSS-OF-LOAD PROBABILITY (LOLP)

At a point in time (or given hour) the
probability of locad loss due to generation
capacity deficiency.

Note: LOLP is calculated by using a
continuous load model composed of hourly
lcad entries (and assuming that the load is
censtant during each hour).

12-01-3 LOSS-OF~LOAD FREQUENCY (LOLF)
The frequency of loss of

bus) 1lcad due to outage
transmission system.

(systen,
events

area,
in the

12-02 LOAD INTERRUPTION INDICES (SYSTEM,
AREA, BUS)

12-02-1 LOAD CURTAILMENT PROBABILITY
The probability of curtailment of (system,

area, bus) load due to transmission outage
aevents,

12-02-2 DELIVERY POINT MOMENTARY-
INTERRUPTION FREQUENCY INDEX

The annual number of momentary interrup-
tions experienced at a delivery point.

12-02-3 DELIVERY POINT SUSTAINED-
INTERRUPTION FREQUENCY INDEX

The annual number of sustained interrup-
tions experienced at a delivery point.
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12-02-4 DELIVERY POINT SUSTAINED-
INTERRUPTION DURATION INDEX

The annual number of minutes of sustained
interruption experienced at a delivery
peint.

12-02-5 BULK ELECTRICITY SYSTEM SUSTAINED-
INTERRUPTION DURATION INDEX

The annual number of
sustained interruption
bulk electricity system.

system-minutes of
experienced by a

12-02-6 BULK POWER INTERRUPTION INDEX
(BPII)

The bulk power interruption index is
defined as the average number of megawatts
of (system, area, bus) load interrupted per

megawatt of (system, area, bus) load
served.
Note: The BPII is similar in concept to

the system average interruption frequency
used for customer service reliability
analysis. This index is the ratio of total
load interrupted to annual peak load.

12-03 ENERGY INDICES

i2-03-1 EXPECTED ENERGY NOT SUPPLIED (EENS)

The expected (system, area, bus) energy not
served as a result of bulk power systen
deficiencies.

Note: See Section
Reliability Indices,
calculate EENS.

2.1.5,
for

Chapter 2,
expressions to

12-03-2 BULK POWER ENERGY CURTATLMENT INDEX
{BPECI)

The ratio of annual energy not supplied to
peak load:

BPECI = EENS/Ly..

SUPPLEMENT A

PROTECTIVE RELAY SYSTEM

A-01 OPERATIONAL STATE

capable of
when called

subsystem
(safely)

Protective-relaying
responding properly
upon.

A-02 NONOPERATIONAL STATE

Protective-relaying subsystem incapable of
responding when called upon.

Note: This condition would arise if the
protective-relaying subsystem were left in
the test mode owing to a maintenance error
or if an auxiliary component fails in a
ncnoperation mode.

A-03 INCORRECT OPERATION STATE

The protective-relaying subsystem responds
incorrectly when called upon.

Note: This condition would arise if a
communication malfunction affected trans-
mission of the blocking informatien and
resulted in undesired tripping of a circuit
breaker.

A-04 FALSE OPERATION

The protective-relaying subsystem responds
spontaneously when not called upon.

Note: This condition may arise from a
communication malfunction or relay malfunc-
tion which results in spurious initiation
of trip of a circuit breaker.

A-05 CORRECT BUT UNDESIRED OPERATION

The protective-relaying subsystem responds
correctly to its input quantities but its
operation causes an undesired outage of
system facilities.

Note: Examples include impedance relay
operation under out-of-step system
conditions.

A-06 DETECTABILITY

The probability of identifying a failure of
a component or a subassembly of the system
in a given period of time starting at the
moment the failure occurred.

A-07 SECURITY {(OF A PROTECTION SYSTEM)

The probability that a protection system
will operate correctly after a fault or
overload has occurred on the power system.

Note: IEEE Std. 100 defines security of a
relay or relay system (power switchgear) as
follows: That facet of reliability that
relates to the degree of certainty that the
relay or relay system will not operate
incorrectly.
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A--08 DEPENDABILITY (OF A PROTECTION SYSTEM)

The probability that a protection system
will operate to successfully clear a fault
or overload on the power system.

Note: The protection system can operate to
successfully clear the fault or overload

and may also have a backup protection
system operate incorrectly.

SUPPLEMENT B
SELECTED CUSTOMER-INTERRUPTION INDICES
B-01 SYSTEM AVERAGE INTERRUPTION FREQUENCY

INDEX (SAIFI)

The average number of interruptions
customer served per time unit.

per

Note: SAIFI is determined by dividing the
accumulated number of customer interrup-
tions in a year by the number of customers

served. Both momentary and sustained
interruptions can ke used for this purpose
but utilities customarily select the
latter.

B-02 SYSTEM AVERAGE INTERRUPTION DURATION
INDEX (SAIDI)

The average interruptien duration for

customers served during a year.

Note: SAIDI is determined by dividing the
sum of all sustained-interruption durations
during the year by the number of customers
served.

B-03 CUSTOMER AVERAGE INTERRUPTION
FREQUENCY INDEX (CAIFI)

The average number of interruptions
experienced per customer affected per time
unit.

Note 1: CAIFI is determined by dividing
the number of sustained interruptions
observed in a year by the number of

customers affected.

Note 2: Each customer affected must be
counted only once, regardless of the number
of interruptions that customer may have
experienced during the vyear.

B-04 CUSTOMER AVERAGE INTERRUPTION DURATION
INDEX (CAIDI)

The interruptien duration
interrupted during a year.

for customers

Note: CAIDI is determined by dividing the
surm of all sustained-interruption durations
during the specified period by the number
of sustained interruptions during the year.

B-05 AVERAGE SERVICE AVAILABILITY INDEX
(ASATI)

The ratio of the total number of customer
hours that service was available during a
year to the total customer hours demanded.

Note 1: Customer hours demanded are
determined as the 12-month average number
of customers served times B8760.

Neote 2: The complementary wvalue of this
index, i.e. the Average Service
Unavailability Index (see B-06) may also be
used sometimes.

B-06 AVERAGE SERVICE UNAVAILABILITY INDEX
{ASUI)
This is the complement of the
Service Availability Index:
ASUI = 1.0 - ASAT.

Average
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APPENDIX IV

BIBLIOGRAPHY ON POWER SYSTEM RELIABILITY

Compiled by

J. Endrenyl

This appendix presents a list of hooks
published world-wide on electric power sys-
tem reliability. Despite the effort to es-
tahlish as complete a list as possible, a
strong possibility exists that some publica-
tions which should have been included were
omitted simply because no references to them
could be found. Unavoidable as they are,
such omissions are much regretted.

The entries are all publications whose main
subject is power system reliability. Books
on reliability in general or on power system
analysis with just a short chapter on relia-
bility evaluation are not included. Heither
are conference proceedings.

with books
alphabeti-

The 1listing is
published the
cally by the

chronelogical,
same year listed
first author's name.

V.I. Nitu and H. Albert, "Metode statistico-
probabilistice in energetica" (Statistical
and probabilistic methods 1in power system

studies), Editure Tehnica, Bucharest, 1968.

R. Billinton, ™"Power System Reliability

Evaluation," Gordon and Breach, New York,
1970,
Yu.B. Gook, N.A., ¥Kazak and A.V. Myashikov,
"Theory and calculation of power system
reliability” {in Russian), Energija, Moscow,
1970.

R, Billinteon, R.J. Ringlece and A.J. Wood,
"Power System Reliability Calculations,™ MIT
Press, Cambridge, Mass., 1973,

V.1, Nitu, "Fiabilitatea installatillor
energetice" {Power system reliability),
BEditura Academiei RSR, Bucharest, 1973.

D. Mukhedkar, F. Bretault and G. Sevestre,

"Aspects modernes de la fiabilit@" (Modern
aspects of reliability theory), Pressces de
1'Université de Montrdal, Montr&al, Québec,

1974.

M.N. Rozanov, "Reliability of electric powsr
systems" (in Russian), Energija, Moscow,
1974, Second edition, Energolzdat, Hoscow,
1984,

Yu.N, Rudenko and M.B. Cheltzov, "Relia-
pility and the provision of reserves in
electric power systems" (in Russian}, Nauka,
Novosibirsk, 1974,

J. Endrenyi,
Blectric Power

"Raeliability
Systems," J.

Modeling in
Wiley & Sons,

Chichester, 1978, published in Russian,
Energoatomizdat, Moscow, 1983, and trans-
lated into Chinese (Xi'an, 1982).

H. Khatib, "Economics of
Zlectrical Power Systems,"

Reliability in
Technicopy Ltd.,

Stonehouse, Glos., England, 19878,

W. Koenne and P, Zinterhof, "Zuver-
ldssigkeits theoretische Analyse von
Elektrizitdtsversorgungssystemen” (Relia-

bility analysis of electvic supply systems),

Springer-Verlag, Vienna, 1973,

V.I. Nitu and C. TJIonescu, "Fiabilitate in
energetica" (Reliability of power systems).,
Editura Didactica si Pedagogica, Bucharest,
1980,

C.C,B. Camarge, "Confiabilidade aplicada a

sistemas de potencia eletrica" (Reliability
applied to electric power systems), Livros
Tecnicos e Cientificos Editoria, Rio de
Janeiro, 1981.

J. Vardi and B. Avi-Itzhak, "Electric Enerqgy
Generation: Economics, Reliability and
Rates," MIT Press, Cambridge, Mass., 1981.

R. Billinton and R.N. Allan,
Evaluation of Power Systems,"

"Reliability
Pitman Pub-

lishing Ltd. (London, England)/Plenum Press
(New York, USA) 1984, Published in Chinesec
(People's Republic of China), 1987 and in
Russian (USSR), 1983,

Yyu. N. Rudenko and I.A. Ushakov, "Power
system reliability® (in Russian), Uauka,
Moscow, 1986.

R., Billinten and R.N. Allan, "Reliability

Assessment of Large Electric Power Systems,”
Kluwer Academic Publishers, 1988.
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fournir une information complé&te et fiable.
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nature que ce soit pouvant résulter d’ une mauvaise utilisation des informations contenues dans cette brochure.
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