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IEEE Standards documents are developed within the Technical Com-
mittees of the IEEE Societies and the Standards Coordinating Commit-
tees of the IEEE Standards Board. Members of the committees serve
voluntarily and without compensation. They are not necessarily mem-
bers of the Institute. The standards developed within IEEE represent
a consensus of the broad expertise on the subject within the Institute
as well as those activities outside of IEEE which have expressed an in-
terest in participating in the development of the standard.

Use of an IEEE Standard is wholly voluntary. The existence of an
IEEE Standard does not imply that there are no other ways to pro-
duce, test, measure, purchase, market, or provide other goods and ser-
vices related to the scope of the IEEE Standard. Furthermore, the view-
point expressed at the time a standard is approved and issued is subject
to change brought about through developments in the state of the art
and comments received from users of the standard. Every IEEE Stan-
dard is subjected to review at least once every five years for revision
or reaffirmation. When a document is more than five years old, and has
not been reaffirmed, it is reasonable to conclude that its contents,
although still of some value, do not wholly reflect the present state of
the art. Users are cautioned to check to determine that they have the
latest edition of any IEEE Standard.

Comments for revision of IEEE Standards are welcome from any
interested party, regardless of membership affiliation with IEEE. Sug-
gestions for changes in documents should be in the form of a proposed
change of text, together with appropriate supporting comments.

Interpretations: Occasionally questions may arise regarding the mean-
ing of portions of standards as they relate to specific applications. When
the need for interpretations is brought to the attention of IEEE, the
Institute will initiate action to prepare appropriate responses. Since
IEEE Standards represent a consensus of all concerned interests, it is
important to ensure that any interpretation has also received the con-
currence of a balance of interests. For this reason IEEE and the mem-
bers of its technical committees are not able to provide an instant re-
sponse to interpretation requests except in those cases where the matter
has previously received formal consideration.

Comments on standards and requests for interpretations should be ad-
dressed to:

Secretary, IEEE Standards Board
345 East 47th Street

New York, NY 10017

USA
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Foreword

(This Foreword is not a part of IEEE Std 493-1980, IEEE Recommended Practice for the Design of Re-
liable Industrial and Commercial Power Systems.)

The design of reliable industrial and commercial power systems is of considerable
interest to many people. Prior to 1962 a qualitative viewpoint was taken when at-
tempting to achieve this objective. The need for a quantitative approach was first
recognized in the early 1960s when a small group of pioneers led by W.H. Dickinson
organized an extensive AIEE survey of the reliability of electric equipment in indus-
trial plants. The survey of AIEE taken in 1962 was followed by several IEEE relia-
bility surveys which were published during 1973 through 1979.

Tutorial reliability sessions on the design of industrial and commercial power sys-
tems were conducted at the 1971 and 1976 IEEE Industry and Commercial Power
Systems Technical Conferences. A need has existed for some time that the pertinent
tutorial reliability material, equipment reliability data, and cost of power outage
data be assembled into a single book that could be useful in the design of reliable in-
dustrial and commercial power systems.

Comments are invited on this recommended practice and also suggestions for addi-
tional material. These comments and suggestions should be addressed to:

Secretary

1IEEE Standards Board

The Institute of Electrical and Electronics Engineers, Inc
345 E. 47th St

New York, NY 10017

This recommended practice was prepared by a working group of the Power Sys-
tems Reliability Subcommittee, Power Systems Support Committee, Industrial
Power Systems Department of the IEEE Industry Application Society.

At the time it recommended these practices the working group of the Power Sys-
tem Technologies Committee had the following members and contributors:

C.R. Heising, Chairman

C. E. Becker A. D. Patton
P. E. Gannon C. Singh
D. W. McWilliams S. J. Wells

Other contributors to the nine IEEE Committee Reports on equipment reliability
in the Appendixes are:
J. W. Aquilino D. Kilpatrick
M. F. Chamow R. T. Kulvicki
W. H. Dickinson P. O'Donnell

B. G. Douglas R. W. Parisian

I. Harley W. J. Pearcet

M. D. Harris W. L. Stebbins
H.T. Wane
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1. Introduction

1.1 Objectives and Scope. The objective
of this book is to present the funda-
mentals of reliability analysis as it ap-
plies to the planning and design of
industrial and commercial electric power
distribution systems. The text material
is primarily directed toward consulting
plant electrical engineers.

The design of reliable industrial and
commercial power distribution systems
is important because of the high costs
associated with power outages. There is
a need to be able to consider the cost of
power outages when making design de-
cisions for new power distribution sys-
tems and to be able to make quantitative
cost versus reliability tradeoff studies.
The lack of credible data concerning
equipment reliability and the cost of
power outages has hindered engineers
in making such studies.

The authors of this book have at-
tempted to provide sufficient informa-
tion so that reliability analyses can be
performed on power systems without
need for cross references to other texts.
Included are:

(1) Basic concepts of reliability anal-

15

ysis by probability methods

(2) Fundamentals of power system
reliability evaluation

(3) Economic evaluation of reliability

(4) Cost of power outage data

(5) Equipment reliability data

(6) Examples of reliability analysis

In addition, discussion and informa-
tion are provided on:

(1) Emergency and standby power

(2) Electrical preventive maintenance

(3) Evaluating and improving relia-
bility of existing plant

A quantitative reliability analysis in-
cludes making a disciplined evaluation of
alternate power distribution system de-
sign choices. When costs of power out-
ages at the various building and plant
locations are factored into the evalua-
tion, the decisions can be based upon
total owning cost over the useful life of
the equipment rather than simply first
cost of the system. The material in this
book should enable engineers to make
more use of quantitative cost versus
reliability tradeoff studies during the
design of industrial and commercial
power systems.
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1.2 IEEE Reliability Surveys of Indus-
trial Plants. From 1973 through 1979
the Power Systems Reliability Subcom-
mittee of the Power Systems Support
Committee, Industrial Power Systems
Department, IEEE Industry Applications
Society, conducted and published the
results of extensive surveys of the relia-
bility of electrical equipment in indus-
trial plants and also the cost of power
outages for both industrial plants and
commercial buildings. The results from
these surveys have been published in
nine IEEE committee reports. The most
important results from these surveys are
summarized in Chapters 2, 3 and 5 of
this book. In addition, the nine IEEE
committee reports are reprinted in
Appendixes A, B, C, D, and E.

The IEEE survey reliability data pro-
vide historical experience to those who
have not been able to collect their own
data. Such data can be an aid in analyz-
ing, designing, or redesigning a power
distribution system and can provide a
basis for quantitative cost comparisons
between alternate designs.

1.3 How to Use This Book. This book is
primarily directed toward consulting
engineers and plant electrical engineers
and covers the fundamentals of relia-
bility analysis as it applies to the plan-
ning and design of industrial and
commercial electric power distribution
systems. The methods of reliability anal-
ysis are based upon probability and
statistics. Some users of this book may
wish to read Chapter 8 on basic prob-
ability concepts before reading Chapter 2
on planning and design. Other users may

16
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wish to start with Chapter 2 and not
wish to attempt to fully understand
the derivation of the statistical formulas
given in 2.1.9, Table 1.

The most important parts of planning
and design are covered in 2.1 and 2.2 on
fundamentals of power system relia-
bility evaluation and on the economic
evaluation of reliability. Chapter 7 gives
six examples using these methods of anal-
ysis. These examples cover some of the
most common decisions that engineers
are facing when designing a power distri-
bution system. Some discussion on the
limitations of reliability and availability
predictions are given in the latter part
of 7.1.

Those wishing to obtain equipment
reliability data should go to Chapter 3.
Those wishing to obtain data on the cost
of electrical interruptions to industrial
plants or commercial buildings should
consult 2.2. Any data on costs may need
to be updated to take into account the
effects of inflation.

The importance of electrical preventive
maintenance in planning and design is
covered in 2.3 and 2.4. Chapter 5
discusses the subject in further detail
and contains data showing the effect
of maintenance quality on equipment
failure rates.

Many reliability studies need to be
followed up by considerations for emer-
gency and standby power. This subject is
covered in Chapter 6 and may also be
considered part of planning and design.

An approach to evaluating and upgrad-
ing the reliability of an existing plant is
presented in Chapter 4. Some users of
this book may wish to start with this
Chapter.
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2. Planning and Design

2.1 Fundamentals of Power System Re-
liability Evaluation

2.1.1 Reliability Evaluation Funda-
mentals. Fundamentals necessary for a
quantitative reliability evaluation in elec-
tric power systems include definitions of
basic terms, discussions of useful meas-
ures of system reliability and the basic
data needed to compute these indexes,
and a description of the procedure for
system reliability analysis including com-
putation of quantitative reliability in-
dexes.

2.1.2 Power System Design Considera-
tions. An important aspect of power
system design involves consideration of
the service reliability requirements of
loads which are to be supplied and the
service reliability which will be provided
by any proposed system. System reli-
ability  assessment and evaluation
methods based on probability theory
which allow the reliability of a proposed
system to be assessed quantitatively are
finding wide application today. Such
methods permit consistent, defensible,
and unbiased assessments of system reli-
ability which are not otherwise possible.

The quantitative reliability evaluation
methods presented here permit reli-
ability indexes for any electric power
system to be computed from knowledge
of the reliability performance of the
constituent components of the system.
Thus, alternative system designs can be
studied to evaluate the impact on service
reliability and cost of changes in com-
ponent reliability, system configuration,
protection and switching scheme, or
system operating policy including main-
tenance practice.

2.1.3 Definitions. The definitions pre-
sented here include those used in the sur-
vey of the reliability of electric equipment
in industrial plants.[1]! The defini-
tions presented are not exhaustive, but
do provide much of the required nomen-
clature for discussions of power system
reliability.

availability. This term may apply either
to the performance of individual compo-
nents or to that of a system. Availability
is defined to be the long-term average

! Numbers in brackets refer to the references
listed in 2.5.
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fraction of time that a component or
system is in service satisfactorily perform-
ing its intended function. An alternative
and equivalent definition for availability
is the steady-state probability that a
component or system is in service.

component. A piece of equipment, aline
or circuit, or a section of a line or circuit,
or a group of items which is viewed as an
entity for purposes of reliability evalua-
tion.

expected interruption duration. The ex-
pected, or average, duration of a single
load interruption event.

exposure time. The time during which
a component is performing its intended
function and is subject to failure.

failure. Any trouble with a power
system component that causes any of
the following to occur:

(1) Partial or complete plant shut-
down, or below-standard plant operation

(2) Unacceptable performance of
user’s equipment

(3) Operation of the electrical protec-
tive relaying or emergency operation of
the plant electrical system

(4) Deenergization of any electric cir-
cuit or equipment

A failure on a public utility supply
system may cause the user to have either
of the following:

(1) A power interruption or loss of
service

(2) A deviation from normal voltage
or frequency of sufficient magnitude or
duration

A failure on an in-plant component
causes a forced outage of the compo-
nent, that is, the component is unable to
perform its intended function until it is

18
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repaired or replaced. The terms failure
and forced outage are often used synon-
ymously.

failure rate (forced outage rate). The
mean number of failures of a component
per unit exposure time. Usually exposure
time is expressed in years and failure
rate is given in failures per year.

forced wunavailability. The long-term
average fraction of time that a compo-
nent or system is out of service due to
failures.

interruption. The loss of electric power
supply to one or more loads.

interruption frequency. The expected
(average) number of power interruptions
to a load per unit time, usually expressed
as interruptions per year.

outage. The state of a component or sys-
tem when it is not available to properly
perform its intended function.

repair time. The repair time of a failed
component or the duration of a failure is
the clock time from the occurrence of the
failure to the time when the component
is restored to service, either by repair of
the failed component or by substitution
of a spare component for the failed
component. It is not the time required
to restore service to a load by putting
alternate circuits into operation. It in-
cludes time for diagnosing the trouble,
locating the failed component, waiting
for parts, repairing or replacing, testing,
and restoring the component to service.
The terms repair time and forced outage
duration are often used synonymously.

scheduled outage. An outage that results
when a component is deliberately taken
out of service at a selected time, usually
for purposes of construction, mainte-
nance, Or repair.
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scheduled outage duration. The period
from the initiation of a scheduled outage
until construction, preventive mainte-
nance, or repair work is completed and
the affected component is made avail-
able to perform its intended function.

scheduled outage rate. The mean number
of scheduled outages of a component per
unit exposure time.

switching time. The period from the time
a switching operation is required due to
a component failure until that switching
operation is completed. Switching opera-
tions include such operations as: throw-
over to an alternate circuit, opening or
closing a sectionalizing switch or circuit
breaker, reclosing a circuit breaker
following a trip out due to a temporary
fault, etc.

system. A group of components con-
nected or associated in a fixed configura-
tion to perform a specified function of
distributing power.

unavailability. The long-term average
fraction of time that a component or
system is out of service due to failures
or scheduled outages. An alternative
definition is the steady-state probability
that a component or system is out of
service. Mathematically, unavailability =
(1 - availability).

2.1.4 System Reliability Indexes. The
basic system reliability indexes [2],
[8], which have proven most useful and
meaningful in power distribution system
design are:

(1) Load interruption frequency

(2) Expected duration of load inter-
ruption events

These indexes can be readily computed
using the methods which will be de-
scribed later. The two basic indexes of
interruption frequency and expected in-
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terruption duration can be used to com-
pute other indexes which are also useful:

(1) Total expected (average) interrup-
tion time per year (or other time period)

(2) System availability or unavailabil-
ity as measured at the load supply point
in question

(3) Expected demanded, but unsup-
plied, energy per year

It should be noted here that the
disruptive effect of power interruptions
is often non linearly related to the dura-
tion of the interruption. Thus, it is often
desirable to compute not only an overall
interruption frequency but also fre-
quencies of interruptions categorized by
the appropriate durations.

2.1.5 Data Needed for System Reli-
ability Evaluations. The data needed for
quantitative evaluations of system reli-
ability depend to some extent on the
nature of the system being studied and
the detail of the study. In general,
however, data on the performance of
individual components together with the
times required to perform various
switching operations are required.

System component data which are
generally required are summarized as
follows:

(1) Failure rates (forced outage rates)
associated with different modes of com-
ponent failure

(2) Expected (average) time to repair
or replace failed component

(3) Scheduled (maintenance) outage
rate of component

(4) Expected (average) duration of a
scheduled outage event

If possible, component data should be
based on the historical performance of
components in the same environment as
those in the proposed system being
studied. The reliability surveys con-
ducted by the Power Systems Reliability
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Subcommittee [1], [4] provide a source
of component data when such specific
data are not available. These data have
been summarized in Chapter 3.

The needed switching time data in-
clude:

(1) Expected times to open and close
a circuit breaker

(2) Expected times to open and close
a disconnect or throwover switch

(3) Expected time to replace a fuse
link

(4) Expected times to perform such
emergency operations as cutting in clear,
installing jumpers, etc

Switching times should be estimated
for the system being studied based on
experience, engineering judgment, and
anticipated operating practice.

2.1.6 Method for System Reliability
Evaluation. The method for system reli-
ability evaluation which is recommended
and presented here has evolved over a
number of years [2], [5], [8]. The
method, called the minimal-cut-set
method, is believed to be particularly
well suited to the study and analysis of
electric power distribution systems as
found in industrial plants and com-
mercial buildings. The method is sys-
tematic and straightforward and lends
itself to either manual or computer
computation. An important feature of
the method is that system weak points
can be readily identified, both numeri-
cally and non numerically, thereby
focusing design attention on those
sections of the system that contribute
most to service unreliability. See Chapter
8 for a derivation of the minimal cut-set-
method.

The procedure for system reliability
evaluation is outlined as follows:

(1) Assess the service reliability re-
quirements of the loads and processes
which are to be supplied and determine

20

RELIABLE INDUSTRIAL AND COMMERCIAL POWER SYSTEMS

the appropriate service interruption
definition or definitions.

(2) Perform a failure modes and
effects analysis identifying and listing
those component failures and combina-
tions of component failures that result
in service interruptions and which con-
stitute minimal cut-sets of the system.

(3) Compute the interruption fre-
quency contribution, the expected inter-
ruption duration, and the probability of
each of the minimal cut-sets of step (2).

(4) Combine the results of step (3) to
produce system reliability indexes.

These steps will be discussed in more
detail in the sections that follow.

2.1.7 Service Interruprtion Definition.
The first step in any electric power
system reliability study should be a
careful assessment of the power supply
quality and continuity required by the
loads which are to be served. This
assessment should be summarized and
expressed in a service interruption defini-
tion which can be used in the succeeding
steps of the reliability evaluation pro-
cedure. The interruption definition spec-
ifies, in general, the reduced voltage level
(voltage dip) together with the minimum
duration of such a reduced voltage period
which results in substantial degradation
or complete loss of function of the load
or process being served. Frequently reli-
ability studies are conducted on a con-
tinuity basis in which case interruption
definitions reduce to a minimum dura-
tion specification with voltage assumed
to be zero during the interruption.

A further discussion of interruption
definitions together with examples of
such definitions is given in 7.1.2.

2.1.8 Failure Modes and Effects Anal-
ysis. Failure modes and effects analysis
(FMEA) for power distribution systems
amounts to the determination and listing
of those component outage events or
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combinations of component outages
which result in an interruption of service
at the load point being studied according
to the interruption definition which has
been adopted. This analysis must be
made considering the different types and
modes of outages which components
may exhibit and the reaction of the
system’s protection scheme to these
events. Component outages may be cate-
gorized as:

(1) Forced outages or failures

(2) Scheduled or maintenance outages

(3) Overload outages

Forced outages or failures may be
further categorized as:

(1) Permanent forced outages

(2) Transient forced outages

Permanent forced outages require re-
pair or replacement of the failed compo-
nent before it can be restored to service,
while transient forced outages imply no
permanent damage to the component,
thus permitting its restoration to service
by a simple reclosing or refusing opera-
tion. Additionally, component failures
may be categorized by physical mode or
type of failure. This type of failure
categorization is important for circuit
breakers and other switching devices
where failure modes such as the follow-
ing are possible and have varying im-
pacts on system performance:

(1) Faulted, must be cleared by back-
up devices

(2) Fails to trip when required

(3) Trips falsely

(4) Falils to re-close when required

The primary result of the failure
modes and effects analysis (FMEA) as
far as quantitative reliability evaluation
is concerned is the list of minimal cut-
sets it produces. The use of the minimal
cut-sets in the calculation of system
reliability indexes is described in Chapter

Full document details: IEEE 493-1980
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3 of this book. A minimal cut-set is
defined to be a set of components which,
if removed from the system, results in
loss of continuity to the load point being
investigated and which does not contain
as a subset any set of components which
is itself a cut-set of the system. In the
present context the components in a
cut-set are just those components whose
overlapping outage results in an interrup-
tion according to the interruption
definition adopted.

An important non quantitative benefit
of the failure modes and effects analysis
(FMEA) is the thorough and systematic
thought process and investigation that
it requires. Often weak points in system
design will be identified before any
quantitative reliability indexes are com-
puted. Thus, the failure modes and
affects analysis (FMEA) is a useful reli-
ability design tool even in the absence of
the data needed for quantitative evalua-
tion.

The FMEA and the determination of
minimal cut-sets is most efficiently con-
ducted by considering first the effects of
outages of single components and then
the effects of overlapping outages of in-
creasing numbers of components. Those
cut-sets containing a single component
are termed first-order cut-sets. Similarly
cut-sets containing two components are
termed second-order -cut-sets, etc. In
theory the FMEA should continue until
all the minimal cut-sets of the system
have been found. In practice, however,
the FMEA can be terminated earlier
since high-order cut-sets have low prob-
ability compared to lower order cut-sets.
A good rule of thumb is to determine
minimal cut-sets up to order n + 1 where
n is the lowest order minimal cut-set of
the system. Since most power distribu-
tion systems have at least some first-
order minimal cut-sets, the analysis can
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usually be terminated after the second-
order minimal cut-sets have been found.

2.1.9 Computation of Quantitative
Reliability Indexes. Computation of re-
liability indexes may proceed once the
minimal cut-sets of the system have been
found. The first step is to compute the
frequency, expected duration, and ex-
pected down time per year of each
minimal cut-set. Note that the expected
down time per year is just the product of
the frequency expressed in terms of
events per year and the expected dura-
tion. If the expected duration is ex-
pressed in years, the expected down time
will have the unit of years per year and
may be regarded as the relative propor-
tion of time or the probability the sys-
tem is down due to the minimal cut-set
in question. More commonly the ex-
pected duration is expressed in hours,
and the expected down time has the unit
of hours per year.

Approximate expressions for the fre-
quency and expected duration of the
most commonly considered interruption

RELIABLE INDUSTRIAL AND COMMERCIAL POWER SYSTEMS

(3) Components are not taken out of
service for maintenance or other defer-
rable work if other components are on
forced outage, but forced outages of
components may occur during the
scheduled outage of a component.

(4) Components which act in parallel
to carry load are fully redundant. That
is, any one component of the parallel
combination is capable of carrying the
entire load of the parallel combination
without overload. (Methods for treating
overload outages are given in 2.1.12).

Once the frequencies and expected
durations have been computed for each
minimal cut-set, the system reliability
indexes at the load point in question
are determined.

fs

interruption frequency
2 fes;

min
cut-sets

rs expected interruption duration

events associated with first-, second- = mzm fes; T csi/ fs
and third-order minimal cut-sets are cut-sets

given in Table 1. These are discussed in
more detail in Chapter 8.

Note that expressions are given for
forced outages (failures) and for forced
outages overlapping a maintenance out-
age. The basic assumptions made in
deriving the expressions of Table 1 are
as follows:

(1) Component failure and repair
events are statistically independent.

(2) Component up times are much
larger than down times. That is, the
probability that a component is up is
much larger than the probability that it
is down.

22

fsrs

= total interruption time per time
period

2.1.10 Example: Sample System
Evaluation . The reliability evaluation
method which has been described will
now be illustrated through a simple
example. More detailed examples using
typical data are given in Chapter 7.

Consider the simple system of Fig 1.
Here, for the sake of simplicity, only the
components labeled 1, 2, and 3 will be
considered fallible, and only permanent
forced outages and scheduled outages

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 16:16:20 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 493-1980


http://www.avadocuments.com/doc/ieee-493-1980
http://www.avadocuments.com/doc/ieee-493-1980

IEEE
PLANNING AND DESIGN Std 493-1980

Table 1
Frequency and Expected Duration Expressions for Interruptions
Associated with Minimal Cut-Sets

Forced Outages

First-Order Minimal Cut-Set Second-Order Minimal Cut-Set Third-Order Minimal Cut-Set
fes= Ay fes=NiNjlritry fes= A Aj Ay ritrirgtrry)
Fes =Ty res=ri 1y / (ritr)) Tes = Tiriry | (rp ritrry+riry)

Forced Outages Overlapping Scheduled Outage

Second-Order Minimal Cut-Set Third-Order Minimal Cut-Set
L fu=A+B+C
, T
Feg = /\i)\J - - ,
It riTiTy
re = [A]— -
rirj + riry + rjrlz
N A rorr
+)\j/\irj y ) /fcs +B iriTk
’ ' riri torirg o,
r,;r T
O . J+ /fes
ryr; boryrs o
Symbols: KU TRY T
fes = frequency of cut-set event where:
res = expected duration of cut-set event '
. A=A A:A.r _niT + Tk
A; = forced outage rate of ith component PN ARTIT T n
! ' oty rtor
A; = scheduled outage rate of ith component
r; = expected repair or replacement time of ) )
i , | rir rir
’ ith component B:)\j)‘i’\krj ’J iy ‘j 3
r; = expected scheduled outage duration of rjptr Tt
ith component
, , LT T
C= N Ay Ay |t ¢ 2L
ry +r; ry *r;

Note 1: The time units of r and A in expressions for f , must be the same.

Note 2: If service can be restored to the affected load point by a switching operation, set r..= expected
switching time. Note that this assumes that switching times are short compared to repair or replacement
times.
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Fig 1
Sample System

i

L_f\

LOAD
SOURCE — —_
Table 2
Sample System Evaluation
Minimal Cut-Sets fes fesTes
Forced Outages:
Component 1 Ay Aqry
Component 2/Component 3 Aghglry + 1) rarolrg + ry) Agharary
Forced/Scheduled Outages:
. ) . . ré"g , ) rar
Aghgrs|— + Aphgra|— Mgk gry| =2
r3try rotrg ra+ry
Aghorg + Aghgra .
Component 2/Component 3 Nghorg + Aghgry + Aghgry 23
rotrg
TOtalS EICS ZfCBrCS

System indices:

f5= Efcs
r; = chsrcs/fs
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will be assumed possible. Additionally,
scheduled outages of component 1 which
would result in interruptions to the load
are assumed to be taken during periods
of plant maintenance shutdown and are
not treated in the reliability analysis. All
circuit breakers are assumed to be nor-
mally closed and are coordinated to
minimize system disruption due to a
component failure.

The load is assumed not to be sensitive
to voltage dips limited to the time
required to clear a fault, but any loss of
continuity from source to load consti-
tutes an interruption to the load. Using
this definition of an interruption, the
minimal cut-sets of the system are shown
in Table 2. Also shown in Table 2 are the
expressions needed for the calculation of
the system reliability indexes.

2.1.11 Post Fault Switching. Power
systems are frequently designed with
protective and switching schemes that
allow restoration of service through
some switching action following one or
more component failures. The key point
in such cases is that the duration of the
interruption event is the time to perform
the switching operation rather than the

IEEE
Std 493-1980

time to repair or replace failed com-
ponents. Thus when computing the
frequency and duration of a system
interruption event (minimal cut-set), the
frequency is computed as outlined in
Tables 1 and 2, but the duration be-
comes simply the switching time (assum-
ing that the switching time is short com-
pared to the repair or replacement
time).

The procedure is most easily described
through use of a simple example. Con-
sider the system of Fig 2 in which power
is supplied from a source to a load over
two parallel circuits with the sectionaliz-
ing scheme shown. Assume for the pur-
poses of the example that only the
circuits are subject to failure and that
each circuit has a failure rate of A; and
an average repair time of r;. Assume
further that the sectionalizing switches
at the load point can be opened in a time
ts to isolate a faulty circuit and that all
circuit breakers and switches are normally
closed.

If the definition of system failure is
loss of continuity from source to load,
the general reliability evaluation pro-
cedure yields the results given in Table 3.

Table 3
Sample System Evaluation
Considering Post-Fault Switching

Minimal-Cut Frequency Duration Probability
Failure of circuit 1 Ay t, At
Failure of circuit 2 Ao t, A 5t

rirs
Failure of both circuits AAo(ry + ry _— NAgrirs
(rl + rg)
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NC CIRCUIT | NC
~

LOAD
NC circuir 2 NC

SOURCE

Fig 2
Example of Post-Fault Switching

Note that failure of both circuits is not,
strictly speaking, a minimal cut-set since
failure of either circuit alone constitutes
a system failure and load interruption.
The justification for including failure of
both circuits is the desire to give fre-
quency, duration, and probability in-
formation on both short-duration in-
terruptions which are terminated by
switching actions and long-duration
interruptions which are terminated by
repair or replacement efforts. In the
event that load sensitivity is such that
differences in power supply interruption
durations are not important, failure of
both circuits could have been omitted
and only the frequency of minimal
cut-sets calculated. In general system
fajlure, frequency and probability are
obtained by summing the frequency and
probability columns, respectively. If it is
desired to separate short- and long-
duration interruption performance, these
summations are carried out with due
regard to the average durations of the
various cut-sets. Average interruption
duration is given by system failure prob-
ability divided by system failure fre-
quency.

26

2.1.12 Incomplete Redundancy. A
common method of improving the reli-
ability performance of a system is
through component redundancy, for ex-
ample, more than one transformer in a
substation. Typically, each component
of the redundant set has sufficient capac-
ity, perhaps based on an emergency
rating, to carry the peak load that the
system may be asked to deliver. Such
full redundancy is effective in improving
system reliability performance but is
usually quite expensive. If the load of
the system is variable, the opportunity
exists to cut costs by reducing the
capacity of redundant components to
levels less than that required to carry
system peak load. Such component ca-
pacity reductions admit the possibility
that one component of the redundant
set might be called upon to carry system
peak load and would thereby suffer an
overload outage. An overload outage
might result in an actual interruption of
load or perhaps only some loss of life in
the overloaded component, depending
on the protection scheme in service.

A method exists [9], [10] for com-
puting the frequency, average duration,
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and probability of overload outage
events as a function of component
capacities and load characteristics. This
method, which is compatible with the
general reliability evaluation procedure
outlined earlier, can be used to evaluate
the cost-reliability tradeoffs of incom-
plete redundancy. The method is briefly
presented hereafter.

Consider a system possessing incom-
plete redundancy, and consider the
forced outage of some set i of the
components of this system. Let the fre-
quency and probability of this forced
outage event be f; and P;. Then the fre-
quency, probability, and average dura-
tion of overloading events that are
precipitated by loss of the components
in set i are given approximately by:

RELIABLE INDUSTRIAL AND COMMERCIAL POWER SYSTEMS

2.2 Costs of Interruptions; Economic
Evaluation of Reliability
2.2.1 Cost of Interruptions Versus
Capital Cost. The type and extent of
new or rehabilitated electric systems for
industrial plants or commercial buildings
must carefully balance the costs of
anticipated interruptions to electrical
service against the capital costs of the
systems involved. Each instance requires
a separate analysis taking into account
special production and occupancy needs.
Because of the many variables involved,
one of the most difficult items to obtain
is the cost of the electrical interruptions.
2.2.1.1 What is an Interruption?
Economic evaluation of reliability begins
with the establishment of an interrup-
tion definition. Such a definition specifies
the magnitude of the voltage dip and the
minimum duration of such a reduced-

fov; = fi+P g(:gin> Cg?fag;tgmz)f re voltage period which result in a loss of
€ P production or other function for the
+P; - f (load > capacity of re-  plant, process, or building in question.
maining components) Frequently, interruption definitions are
Pou, = PP (loud > cpasity of re-  Even only In oy ol u minkmum due
.. age is zero

maining components) during that period.
Dov; = Por;/for; IEEE surveys, [12], [13], [14], have

In the above expressions P (load = X)
is called the load~duration characteristic
and is simply the probability of propor-
tion of time that the load is greater than
or equal to X. A typical load~duration
characteristic for utility load is shown in
Fig 3. Similarly, f (load =2 X) is called
the load-frequency characteristic and is
the rate with which events (load = X)
occur. A typical load-frequency char-
acteristic is shown in Fig 4. The reader
is referred to [10] for additional discus-
sion of the load-duration and load-
frequency characteristics.
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revealed a wide variation in the minimum
or critical service loss duration. Table 4
summarizes results for industrial plants
and Table 5 gives results for commercial
buildings. It is clear from these tables
that careful attention must be paid to
choosing the proper interruption defini-
tion in any specific reliability evaluation.

Another important consideration in
the economic evaluation of reliability is
the time required to restart a plant or
process following a power interruption.
An IEEE survey [12], (shown in Table
6) indicates that industrial plant restart
time following a complete plant shut-
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Table 4
Critical Service Loss Duration for
Industrial Plants”

(Maximum length of time an interruption of electrical service will not stop plant production.)

Average Plant
Outage Time
for Equipment
Failure Between

25th 75th 1- and 10-Cycle
Percentile Median Percentile Duration
10.0 10.0 15 1.39
cycles seconds minutes hours

*55 plants in the United States and Canada reporting; all industry.

Table 5
Critical Service Loss Duration for Commercial Buildings"

(Maximum length of time before an interruption to electrical service is considered critical.)

Service Loss Duration Time

1 2 8 1 5 30 1 12
cycle cycles cycles second minutes minutes hour hours
% % % % % % % %

3 6 9 15 36 64 74 100

*Percentage of buildings with critical service loss for duration less than or equal to time indicated (54

buildings reporting).

down due to a power interruption aver-
ages 17.4 hours. The median plant res-
tart time was found to be 4.0 hours.
Clearly, specific data on plant or process
restart time should be used if possible
in any particular evaluation.

Many industrial plants reported that
1 to 10 cycles were considered critical
interruption time, as compared to 1.39h,
required for startup, (plant outage
time being considered equal to plant
startup time). This indicates that the

critical factor must be carefully explored
prior to assigning a cost to the interrup-
tion. That 15% of the commercial
buildings reported the critical service loss
duration time to be 1 second or less is
probably attributable to the fact .that
computer installations were involved.
Further data from [12] graphically
illustrates the time required to start an
industrial plant after an interruption.
Step 1 of the cost analysis thus be-
comes the selection of the critical dura-
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Table 6
Plant Restart Time"

(After service is restored following a failure that
has caused a complete plant shutdown.)

RELIABLE INDUSTRIAL AND COMMERCIAL POWER SYSTEMS

accomplishing economic evaluations. For
quick order-of-magnitude or Is it worth
further investigation? type of evalua-
tions, cost data from [12], [14] can be
used. Caution must be exercixed how-

Average Medial)l ever, since these data are very general
;;“’:’S) (hmﬁ) in nature, and wide variations are possi-

43 plants in the United States and Canada re-
porting; all industry.

tion time of the outage and the plant
startup time, including equipment repair
or replacement time required because of
the interruption.

2.2.12 Cost of an Electrical Service
Interruption. With the establishment of
expected downtime per interruption,
costs are assigned to all individual items
involved, including but not limited to:

(1) Value of loss production time less
expenses saved (expected restart time is
used along with the repair or replacement
time)

(2) Damaged plant equipment

(3) Spoiled or off-specification prod-
uct

(4) Extra maintenance costs

(5) Cost forrepair of failed component

If possible, the cost for each inter-
ruption of service should be expressed
in a short interruption plus an amount
of dollar per hour for the total outage
time in order to utilize the reliability
data and analysis presented.

2.2.1.3 Economic Evaluation of
Reliability . There are many methods
of varying degrees of complexity for

30

ble in individual cases. Some of the
more commonly accepted methods for
economic analyses are:

(1) Revenue requirements (RR)
(2) Return on investment (ROI)
(8) Life cycle costing (LCC)

It is not the intent to stipulate here
the method to be used nor the depth
to which each analysis is to be made.
These are considered to be the preroga-
tive of the engineer and will depend
heavily on management choice and the
time available for the analysis. The
revenue requirements (RR) method is
given in this chapter as an example.

2.2.2 “Order of Magnitude” Cost of
Interruptions. IEEE surveys, References
(2], (4], presented general data on the
cost of interruptions to industrial plants
and commercial buildings. The reader is
again cautioned that such general data
should be used only for “order of magni-
tude” evaluations where data specific to
the system being studied is not avail-
able. A review of the reliability data
can probably best be used in adjudicat-
ing the type of utility company service
which should be provided.

The costs based on the kW inter-
rupted and the kWh not delivered to
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industrial plants presented in
Tables 7 and 8.

Interruption costs based on kWh not
delivered and reflecting the relationship
to duration of interruptions for commer-
cial buildings are presented in the

Tables 9 and 10.

are

2.2.3 Economic Analysis of Reliability
in Electrical Systems. There are several
acceptable methods for accomplishing
an economic analysis of the reliability
in electric systems. The examples of
reliability analysis included in this
chapter and Chapter 7 utilize the Reve-
nue Requirements (RR) method. The
application of this method as it applied
to the analyses of the reliability in
Industrial Plant Electrical Systems was
presented in Reference part 6 of [2].
Applicable excerpts from this reference
are included herein.

2.2.3.1 The Revenue Requirements
(RR) Method. Although there are many
ways in use to compare alternatives,

IEEE
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weaknesses, especially when comparing
design alternatives in contrast to
overall projects. The RR method is
“mathematically rigorous and quantita-
tively correct to the extent permitted by
accuracy with which items of cost can
be forecast.” [2], [13]

The essence of the RR method is that
for each alternative plan being con-
sidered, the Minimum Revenue Require-
ments (MRR) is determined. This means
that we find out how much product we
must sell to achieve minimum accept-
able earnings on the investment
involved plus all expenses associated
with that investment. These MRRs for
alternative plans may be compared
directly. The plan having the lowest
MRR is the economic choice.

MRR is made up of and equal to (1)
variable operating expenses, (2) min-
imum acceptable earnings, (3) deprecia-
tion, (4) income taxes, and (5) fixed
operating expenses. These MRRs may
be separated into two main parts, one

some of these have defects and proportional and the other not propor-
Table 7
Average Cost of Power Interruptions for Industrial Plants*
All Plants $1.89/kW + $2.68/kWh

Plants > 1000 kW
Max Demand

Plants < 1000 kW
Max Demand

$1.05/kW + $0.94/kWh

$4.59/kW + $8.11/kWh

*41 plants in the United States and Canada reporting —published in 1973.
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Table 8
. . . *
Median Cost of Power Interruptions for Industrial Plants
All plants $0.69/kW + $0.83/kWh
Plants > 1000 kW Max Demand $0.32/kW + $0.36/kWh
Plants < 1000 kW Max Demand $3.68/kW + $4.42/kWh

*41 plants in the United States and Canada reporting —published in 1973.

Table 9
Average Cost of Power Interruptions for Commercial Buildings
All commercial buildings” $7.21/kWh not delivered
Office buildings only $8.86/kWh not delivered

*54 buildings in the United States reporting—published in 1975.

Table 10
Cost of Power Interruptions
as a Function of Duration
for Office Buildings (with Computers)”

Sample
Cost/Peak kWh
Not Delivered
Power Interruptions Size Maximum Minimum Average
15-min duration 14 $22.22 $1.88 $8.89
1-Hour duration 16 $24.93 $1.88 $8.30
Duration > 1-hour 10 $67.66 $0.16 $9.81

*Published in 1975.
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tional to investment in the alternative.
This may be expressed in an equation:

G=X+CF (Eq D

where

G

minimum revenue require-
ments (MRR) to achieve min-
imum acceptable earnings

X = nonfixed or variable operat-
ing expenses

C = capital investment

F = fixed investment charge fac-

tor

The last term in Eq 1, the product of C
and F includes the items (2), (3), (4),
and (5) listed in the preceding para-
graph. Equation 1 is now discussed.

X—Variable Expenses. The effect of
the failure of a component is to cause
an increase in variable expenses. How
serious this increase is depends to a
great extent on the location of the com-
ponent in the system and on the type of
power distribution system employed.
The quality of a component as installed
can have a significant effect on the
number of failures experienced. A poor
quality component installed with poor
workmanship and with poor application
engineering may greatly increase the
number of failures that occur as com-
pared with a high quality component
installed with excellent workmanship
and sound application engineering.

When a failure does occur, variable
expenses are increased in two ways. In
the first way, the increase is the result
of the failure itself. In the second way,
the increase is proportional to the dura-
tion of the failure.

Full document details: IEEE 493-1980
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Considering the first way, the
increased expense due to the failure
includes the following:

(1) Damaged plant equipment
(2) Spoiled or off-specification product
(3) Extra maintenance costs

(4) Costs for repair of the failed com-
ponent

Considering the second way, plant
downtime resulting from failures is
made up of the time required to restart
the plant, if necessary, plus the time to
(1) effect repairs, if it is a radial sys-
tem, or (2) effect a transfer from the
source on which the failure occurred to
an energized source.

During plant downtime, production is
lost. This lost production is not avail-
able for sale, so revenues are lost. How-
ever, during plant downtime, some
expenses may be saved, such as
expenses for material, labor, power, and
fuel costs. Therefore, the value of the
lost production is the revenues lost,
because production stopped less the
expenses saved. Some of the variable
expenses may vary depending on the
duration of plant downtime. For exam-
ple, if plant downtime is only one hour,
perhaps no labor costs are saved. But, if
plant downtime exceeds eight hours,
labor costs may be saved.

If we assume that the value/hour of
variable expenses does not vary with
the duration of plant downtime, then
the value of lost production can be
expressed on a per hour basis, and the
total value of lost production is the
product of plant downtime in hours and
the value of lost production per hour.

It should be noted that both the value
of lost production and expenses incurred
are proportional to the failure rate. The
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total effect on variable expenses, if the
value of lost production is a constant on
a per hourly basis, may be expressed in
an equation.

X = Alx; + (gy—xp) (r+s)]

where

X

(Eq 2)

variable expenses ($ per year)

The term g, represents revenues lost
and it is not really an expense. How-
ever, it is a negative revenue, and as
such has the same effect on the econom-
ics as a positive expense item. It is con-
venient to treat it as though it were an
expense.

A failure rate of 0.1 failure per year
is equivalent to a mean time between
failures of 10 years. Since we are deal-

A failures per year or failure ing with probability, this is what we
rate can expect, but in a specific case, we
x; extra expenses incurred per might have two failures in one 10 year
failure ($ per failure) period and no failures in another 10
ear period. But considering many simi-
g revenues lost per hour of y P st ng Y
P lant d ti s hour) lar cases, we expect to have an average
plant downtime { per hour of 0.1 failure per year, with each failure
xp variable expenses saved per costing an average of $80,000. This
hour of plant downtime ($ gives an equal average amount per year
per hour) in the above example of $8,000.
) ! ¢t 4 The point is that even though the
r repair or replacement tlme actual failures cost $80,000 each and
after a failure (or transfer .
. . . occur once every 10 years, a given
time if not radial system), . . . .
h failure is just as likely to occur in any
ours of the 10 years. The equivalent equal
s plant startup time after a  annual amount of $8,000 per year is the

failure, hours

Assume that

average value of one failure in 10 years.
c—Investment. Each different alterna-
tive is an industrial plant power distri-

A 0.1 failure per year bution system involves different invest-
. ments. The system requiring the least
Xi $20,000 per failure, extra investment will usually be some form of
expenses incurred radial system. By varying the type of
&p $8,000 per hour, revenues lost  construction and the quality of the com-
ponents in the system, the investment

*p $6,000 per hour, expenses in radial systems can vary widely.
saved The best method is to find one total
r 10 hours per failure investment in each alternative plan.
. Another common method is to find the
§ 20 hours per failure incremental investment in all alterna-
Then, variable expenses affected would tives over a base or least expensive
be: plan. The main reason that the total

X = (0.1)[$20, 000

+ ($8,000-$6,000) (10 + 20)]

= $8,000 per year

investment method is preferable, is that
in comparing alternatives, the invest-
ment is multiplied by an F factor which
will be explained later. This factor is
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usually the same for alternative plans
of the sort being considered here, but
this is not necessarily the case.

Using the incremental investment
may thus introduce a slight error into
the economic comparisons.

F—Investment Charge Factor. This
discussion of investment charge factor
is taken from [2].

The factor F includes the following
items which are fixed in relation to the
investment.

(1) Minimum acceptable rate of
return on investment, allowing for risk

(2) Income taxes
(3) Depreciation
(4) Fixed expenses

An equation to calculate the F factor is:

[ScaL/f,] —td,
- 1-t

F +e (Eq 3)

This may also take the following form:

F=r+d+t+e (Eq 4)
where
a, = R +d,, amortization factor
or leveling factor
d, = R/(S,—1), sinking fund fac-
tor
S, = 1+ R)", growth factor or
future value factor
n = period of years, such as cor L
c = years prior to startup that an
investment is made
L = life of investment years
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minimum acceptable earnings
per $ of C, investment

probability of success or risk
adjustment factor

income taxes per $ of C,
investment

income tax  depreciation,
levelized per $ of C, invest-
ment = 1/L, d, = 1L

fixed expenses per $§ of C,
investment

levelized return on invest-
ment per $ of C, investment

levelized  depreciation on
investment per $ of C, invest-
ment

levelized income taxes on
investment per $ of C, invest-
ment

20 years, life of investment
1 year

0.15, minimum
rate of return

acceptable

1, risk adjustment factor

0.5, income tax rate

1 =
I 0.05
0.0825

(1+R)*= (1+0.15)1 = 1.15
A+R)L' = (1+0.15)% = 16.37

R/(S;—1) = 0.15/(16.37—1)
= 0.0098

R+d;, = 0.15 + 0.0098
= 0.1598
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Substituting into Eq 3 to calculate
the F factor, we get:

(1.15)(0.1598)

RELIABLE INDUSTRIAL AND COMMERCIAL POWER SYSTEMS

3. Determine F, the fixed investment
charge factor, F from Eq 3.

4. Calculate G = X + CF, the min-
imum revenue requirements G of each

oo 10 —(0.5)(0.05) plan. Eq 1.
N (1—0.5) 5. Select as the economic choice the
plan having the lowest value of G.
+ 0.0825 = 0.4 (Eq 5)

All the assumed values are believed
to be typical for the average electric dis-
tribution system, except the value of e
0.0825. This latter value was arbi-
trarily assumed to make R round out to
0.4. The term e covers such items as
insurance, property taxes, and fixed
maintenance costs. A typical value is
probably less than 0.0825.

It is believed that a typical value for
minimum acceptable return on invest-
ment in many industrial plants is 15
percent, that is, R = 0.15. The company
average rate of return, based on either
past history or anticipated results, is
a measure of what R should be. In
plants of higher risk than the average,
the risk adjustment factor, f,, should
probably be less than 1. However, com-
pany management determines what the
value of R should be.

The value of F can be calculated from
Eq 3 using a log log slide rule. In [14],
tabular values are given for the factors
S, and a, for various rates of return
and plant lifes.

2.2.3.2 Steps for Economic Compari-
sons.

1. Prepare one-line diagrams of alter-
native plans and assign failure rates,
repair times, and investment in each
component, and determine the total
investment C, in each plan.

2. Determine X, the increased vari-
able expense for each plan as the sum of
the value of lost production and the
extra variable expenses incurred.
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2.2.3.3 Conclusions. A technique
has been presented for the economic
evaluation of power system reliability.
The method of determining the failure
rates and repair times of different alter-
natives is not covered here. Additional
information relative to the RR Method
is included in [13].

2.2.4 Examples. Examples of electric
systems with varying degrees of relia-
bility (availability), together with fixed
and variable costs are given in Chapter
7.

2.3 Cost of Scheduled Electrical
Preventive Maintenance

It is always appropriate to consider in
the economic evaluation of reliability
the costs for scheduled electrical
preventive maintenance. Sometimes
these costs are large enough to make it
desirable to analyze them separately
when comparing alternative designs of
industrial power systems. The Revenue
Requirements Method described in 2.2.3
includes a term called the Investment
Charge Factor, F which is given by Eq 3
in 2.2.3 and includes e the fixed yearly
expenses e (as a percentage of the capi-
tal investment) are attributed to
scheduled electrical preventive mainte-
nance, insurance, property taxes, etc.
Since the yearly average costs for
scheduled electrical preventive mainte-
nance may not be the same percentage
of investment for every component
within the industrial power system, a
separate more detailed look is often
taken at these costs for each component.
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Scheduled electrical preventive
maintenance has two major cost ele-
ments; labor effort and spare parts con-
sumed. These costs are often expressed
on an average yearly basis so as to be
usable with the “Revenue Requirements
Method” when an economic evaluation
is made. These data are needed for each
different type of component used in the
industrial power system and can be
compiled for each component as follows:

(1) Labor Costs in manhours per com-
ponent per year

(2) Cost of spare parts consumed in
dollars per component per year

(3) Labor rate in dollars per manhour

If, for example, a component is only
maintained once every three years, then
its maintenance costs should be divided
by three in order to determine the aver-
age yearly maintenance cost. The labor
rate used probably should only include
the overhead costs associated with the
storage of spare parts, direct supervision
of the maintenance, and costs for neces-
sary test equipment. The labor costs in
dollars per component per year can be
calculated by multiplying items (1) and
(3) together; the result can then be
added to item (2) to get the total aver-
age yearly costs that are attributable to
scheduled electrical preventive mainte-
nance.

Data thus collected can become
obsolete at a later date due to inflation
which can result in changing the labor
rate used and also the average yearly
cost of spare parts consumed. But the
data for labor in manhours per com-
ponent per year does not become
obsolete due to inflation. Some
engineers have chosen to use their labor
rate to convert their average yearly cost
data for spare parts consumed into aver-
age yearly “equivalent manhours” data.

Full document details: IEEE 493-1980

37

IEEE
Std 493-1980

This is then added to the labor
manhours data to get total equivalent
manhours per component per year that
includes both the labor cost and the cost
of spare parts consumed. The use of
equivalent manhours for cost data
instead of dollars has two advantages:

(1) The equivalent manhours data do
not become obsolete due to inflation

(2) The equivalent manhours data can
be considered an international currency
The data are not affected by changing
exchange rates between the currencies
or different countries. This enables the
cost data to be compared with studies
from other countries.

No component data are included in
this book on the cost of scheduled
electrical preventive maintenance. It
would be desirable to have such data for
all of the electrical equipment
categories listed in Table 11 of Chapter
3. It would then be possible to consider
the cost of scheduled electrical preven-
tive maintenance in design decisions of
the industrial power system by adding
this into the Minimum “Revenue
Requirements Method.”

2.4 Effect of Scheduled Electrical
Preventive Maintenance on Failure
Rate

One of the important total operating
cost decisions made by the management
of an industrial plant is how much
money to spend for scheduled electrical
preventive maintenance. The amount of
maintenance performed on a component
can affect its failure rate. Very little
quantitative data have been collected
and published on this subject. Yet this
is an important factor when attempting
to study the total owning costs of a
complete power system. If maintenance
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Table 11

Summary of All-Industry Equipment Failure Rate and Equipment Qutage Duration
Data for 60 Equipment Categories Containing Eight or More Failures

(See Tables 4 through 19 in Appendix A for additional details)

Actual Hours of

Failure Downtime
Rate Per Failure
(failures Median
Equipment per Industry Plant
Equipment Subclass unit-year) Average Average
Transformers Liquid filled — all 0.0041 529.0 219.0
601-15 000 V — all sizes 0.0030 *174.0 49.0
300-750 kVA 0.0037 61.0 10.7
751-2499 kVA 0.0025 217.0 64.0
2500 kVA and up 0.0032 216.0 60.0
Above 15 000 V 0.0130 *¥1076.0 1260.0
Dry type: 0-15 000 V 0.0036 153.0 28.0
Rectifier: Above 600 V 0.0298 380.0 80.0
Circuit breakers Fixed type (including molded case) —all  0.0052 5.8 4.0
0-600 V — all sizes 0.0044 4.7 4.0
0-600 A 0.0035 2.2 1.0
Above 600 A 0.0096 9.6 8.0
Above 600 V 0.0176 10.6 3.8
Metalclad drawout — all 0.0030 129.0 7.6
0-600 V — all sizes 0.0027 *147.0 4.0
0-600 A 0.0023 3.2 1.0
Above 600 A 0.0030 232.0 5.0
Above 600 V 0.0036 *¥109.0 168.0
Motor starters Contact type: 0-600 V 0.0139 65.1 24.5
Contact type: 601-15 000 V 0.0153 284.0 16.0
Motors Induction: 0-600 V 0.0109 *¥114.0 18.3
Induction: 601-15 000 V 0.0404 *76.0 91.5
Synchronous: 0-600 V 0.0007 35.3 35.3
Synchronous: 601-15 000 V 0.0318 *175.0 153.0
Direct current — all 0.0556 37.5 16.2
Generators Steam turbine driven 0.032 165.0 66.5
Gas turbine driven 0.638 23.1 92.0
Disconnect switches Enclosed 0.0061 3.6 2.8
Switchgear bus —indoor  Insulated: 601-15 000 V** 0.00170 261.0 26.8
and outdoor (Unit = Bare: 0-600 V** 0.00034 550.0 24.0
number of connected Bare: Above 600 V** 0.00063 17.3 13.0
circuit breakers or in-
strument transformer
compartments)
Bus duct — indoor and All voltages 0.000125 128.0 9.5
outdoor (Unit =
1 circuit ft)
Open wire (Unit = 0-15 000 V 0.0189 425 4.0
1000 circuit ft) Above 15 000 V 0.0075 17.5 12.0
Cable — all types of Above ground and aerial
insulation (Unit = 0-600 V 0.00141 457.0 10.5
1000 circuit ft) 601-15000 V —all 0.01410 *40.4 6.9
In trays above ground 0.00923 8.9 8.0
In conduit above ground 0.04918 140.0 47.5
Aerial cable 0.01437 31.6 5.3

Full document details: IEEE 493-1980

38

Documents

Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 16:16:20 UTC from IEEE Xplore. Restrictions apply.


http://www.avadocuments.com/doc/ieee-493-1980
http://www.avadocuments.com/doc/ieee-493-1980

IEEE
PLANNING AND DESIGN Std 493-1980

Table 11 (Continued)

Actual Hours of

Failure Downtime
Rate  _ perFailure
(failures Median
Equipment per Industry Plant
Equipment Subclass unit-year) Average Average
Cable — all types of Below ground and direct burial
insulation (Unit = 0-600V 0.00388 15.0 24.0
1000 circuit ft) 601-15 000 V —all 0.00617 *95.5 35.0
In duct or conduit below ground 0.00613 96.8 35.0
Above 15000 V 0.00336 16.0 16.0
Cable (Unit = 601-15000V
1000 circuit ft) Thermoplastic 0.00387 44.5 10.0
Thermosetting 0.00889 168.0 26.0
Paper insulated lead covered 0.00912 48.9 26.8
Other 0.01832 16.1 28.5
Cable joints — all types of 601-15 000V
insulation In duct or conduit below ground 0.000864 36.1 31.2
Cable joints 601-15000V
Thermoplastic 0.000754 15.8 8.0
Paper insulated lead covered 0.001037 31.4 28.0
Cable terminations — all Above ground and aerial
types of insulation 0-600 V 0.000127 3.8 4.0
601-15 000 V —all 0.000879 198.0 111
Aerial cable 0.001848 48.5 11.3
In trays above ground 0.000333 8.0 9.0
In duct or conduit below ground
601-15 000 V 0.000303 25.0 23.4
Cable terminations 601-15000V
Thermoplastic 0.004192 10.6 11.5
Thermosetting 0.000307 451.0 11.3
Paper insulated lead covered 0.000781 68.8 29.2
Miscellaneous Inverters 1.254 107.0 185.0
Rectifiers 0.038 39.0 52.2

*See Tables 48 through 56 in Appendix B for results of a special study on Effect of Failure Repair
Method and Failure Repair Urgency on the Average Hours Downtime per Failure.

**See Appendix E for data from a later survey.

NOTE: The following tables in Appendix A contain reliability data for equipment categories that had a
small sample size (4-7 failures):

Table 6 Circuit breakers used as motor starters

Table 8 Generators driven by motor, diesel, or gas engine
Table 9 Disconnect switches — open

Table 15 Cable joints, 601-15 000 V, above ground and aerial
Table 16 Cable joints, 601-15 000 V, thermosetting

Table 19 Fuses

Table 19 Protective relays
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effort is reduced the maintenance costs
go down. This may increase the failure
rate of the components in the power
system and raise the costs associated
with failures. There is an optimum
amount of maintenance for minimum
total owning cost of a complete power
system.

The subject of Electrical Preventive
Maintenance is discussed in Chapter 5.
Some data are shown in Tables 21 and
22 on the effect of the frequency and
quality of scheduled electrical preven-
tive maintenance. These data have been
used to calculate the effect of mainte-
nance quality on the failure rate of
transformers, circuit breakers, and
motors shown in Table 23. Unfor-
tunately the data do not relate the
amount or cost of component mainte-
nance to the failure rate.

The effect of the cost of component
scheduled electrical preventive mainte-
nance on the failure rate has not been
included in this book. More industry
studies and published data are needed
on this subject.
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3. Summary of Equipment Reliability Data

3.1 Introduction

A knowledge of the reliability of
electrical equipment is an important
consideration in the design of power dis-
tribution systems for industrial plants
and commercial buildings. Ideally these
reliability data should come from field
use of the same type of equipment
under similar environmental conditions
and similar stress levels. In addition
there should be a sufficient number of
field failures in order to represent an
adequate sample size. It is believed that
eight field failures are the minimum
number necessary in order to have a
reasonable change of determining a
failure rate or an ‘“average downtime
per failure” to within a factor of two.
The types of reliability data needed on
each component of electrical equipment
are:

(1) Failure rate—failures per year

(2) Average downtime to repair or
replace a piece of equipment after a
failure—hours (or minutes) per failure

(3) Information on pertinent factors
than can have an effect on (1) or (2)
above.

42

These reliability data on each com-
ponent of electrical equipment can then
be used to represent historical experi-
ence for use in cost-reliability and cost-
availability tradeoff studies in the
design of new power distribution sys-
tems.

From 1973 to 1975 the Power Systems
Reliability Subcommittee of the IEEE
Industrial Power Systems Department
conducted and published [1], ! [2] sur-
veys of electrical equipment reliability
in industrial plants. These reliability
surveys of electrical equipment and
electric utility power supplies were
extensive, and summaries of pertinent
reliability data are given in this
chapter.

(1) Failure rate and outage duration
time for electrical equipment and elec-
tric utility power supplies

(2) Failure characteristic or failure
modes of electrical equipment; that is,
the effect of the failure on the system

(8) Causes and types of failures of
electrical equipment

INumbers in brackets correspond to those in
the References at the end of this Section.
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(4) Failure repair method and failure
repair urgency

(5) Method of service restoration after
a failure

(6) Loss of motor load versus time of
power outage.

In addition reference is made to sum-
maries of pertinent reliability data and
information that are contained in other
chapters. This includes:

(7) Maximum length of time an inter-
ruption of electrical service will not stop
plant production.

(8) Plant restart time after service is
restored following a failure that caused
a complete plant shutdown.

(9) Cost of power interruptions to
industrial plants and commerical build-
ings.

(10) Example showing that the two
power sources in a double-circuit utility
supply are not completely independent.

(11) Equipment failure rate multi-
pliers versus maintenance quality.

(12) Percentage of failures caused by
inadequate maintenance versus month
since maintained

All of the reliability data summarized
in the above twelve items are taken
from the IEEE surveys of industrial
plants [1] [2] and commercial buildings
[3]. The detailed reports are given in
Appendixes A, B, C, and D. A later sur-
vey [4] of the reliability of switchgear
bus is included in Appendix E.

3.2 Reliability of Electrical Equip-
ment

The pertinent failure rate and aver-
age downtime per failure information
for the in-plant electrical equipment are
given in Table 11. In compiling these
data, a failure was defined as any trou-
ble with a power system component that
causes any of the following effects:
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(1) Partial or complete plant shut-
down, or below-standard plant operation

(2) Unacceptable  performance  of
user’s equipment

(3) Operation of the electrical protec-
tive relaying or emergency operation of
the plant electric system

(4) Deenergization of any electric cir-
cuit or equipment

A failure of an in-plant component
causes a forced outage of the
component,and the component thereby
is unable to perform its intended func-
tion until it is repaired or replaced.

All of the 60 electrical equipment
categories listed in Table 11 have at
least 8 or more failures. This is con-
sidered an adequate sample size in order
to have a reasonable chance of deter-
mining a failure rate within a factor of
two. Failure rate and average downtime
per failure data for an additional seven
categories of equipment are contained
in [1] (Appendix A.). These additional
categories of equipment have between 4
to 7 failures and might be considered by
some as too small a sample size, they
include:

(1) Circuit breakers used as motor
starters

(2) Generators driven
diesel, or gas engine

(3) Disconnect switches—open

(4) Cable joints, 601-15,000 V, above
ground and aerial

(5) Cable joints, 601-15,000 V, ther-
mosetting

(6) Fuses

(7) Protective relays

by motor,

The “failure repair method” and the
“failure repair urgency” have a signifi-
cant effect on the “average downtime
per failure” for some equipment
categories. Special studies have been
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made of this subject for nine equipment
categories that are marked with an
asterisk (*) in Table 11. These studies
are reported in Tables 48 through 56 of
(1] (Appendix B).

3.3 Reliability of Electric Utility
Power Supplies to Industrial Plants

The “failure rate” and the “average
downtime per failure” of electric utility
supplies to industrial plants are given
in Table 12. Additional details are
given in [2] (Appendix D). A total of 87
plants participated in the IEEE survey
covering the period from dJanuary 1,
1968 through October 1974.

The survey results shown in Table 12
have distinguished between power
failures that were terminated by a
switching operation versus repair or
replacement of equipment. The latter
have a much longer outage duration
time. Some of the conclusions that can
be drawn from these IEEE data are:

(1) The failure rate for single-circuit
supplies is about six times that of mul-
tiple circuit supplies which operate with
all circuit breakers closed; and the aver-
age duration time of each outage is
about 2.5 times as long

(2) Failure rates for multiple-circuit
supplies which operate with either a
manual or an automatic throwover
scheme are comparable to those for
single-circuit supplies, but throwover
schemes have a smaller average failure
duration than single-circuit supplies

(3) Failure rates are highest for util-
ity supply circuits operated at distribu-
tion voltages and lowest for circuits
operated at transmission voltages

It is important to note that the data
in Table 12 show that the two power
sources of a double-circuit utility supply
are not completely independent. This is
analyzed in an example in 7.1.15, where
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for the one case analyzed the actual
failure rate of a double-circuit utility
supply is more than 200 times larger
than the calculated value for two com-
pletely independent utility power
sources. See Table 36 of Chapter 7 for a
summary table comparing the actual
and calculated failure rates of a double-
circuit utility power supply.

It is believed that utility supply
failure rates vary widely in various
locations. One of the significant factors
in this difference is believed to be dif-
ferent exposures to lightning storms.
Thus, average values for the utility sup-
ply failure rate may not be valid to use
at any one location. Local values should
be obtained, if possible, from the utility
involved, and these values should be
used in reliability and availability stu-
dies.

An earlier IEEE reliability survey of
electric utility power supplies to indus-
trial plants was published in 1973 and
is reported in Table 3 of [1] (Appendix
A). The earlier survey had a smaller
data base and is not believed to be as
accurate nor as up to date as the one
summarized in Table 12. The earlier
survey of electric utility power supplies
had lower failure rates.

3.4 Failure Characteristic of Electri-
cal Equipment

The failure characteristic or failure
modes of electrical equipment are
important. They identify the effect of
the failure on the system and are
needed in system reliability studies.
Tables 13, 14, and 15 give the failure
characteristic of transformers, circuit
breakers, and 11 other categories of
electrical equipment.

There are some “failure modes” of cir-
cuit breakers that require backup pro-
tective equipment to operate; for exam-
ple, “failed to trip” or “failed to inter-
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Table 12
IEEE Survey of Reliability of Electric Utility Supplies to Industrial Plants [2]
(See Tables II, III, IV, V in Appendix D for additional details)

Single Circuit Utility Supplies

Failures per Average Duration
Unit-Year** (minutes per failure**)
Voltage level As AR A rs re r
V<15 kV 0.905 2.715 3.621 3.5 165 125
15 kV<V<35 kV — 1.657 1.657 — 57 57
V>35kV 0.527 0.843 1.370 1.5 59 37
All 0.556 1.400 1.956 2.3 110 79

Multiple Circuit Utility Supplies
All Voltage Levels

Failure per Average Duration
Unit-Year** (minutes per failure**)
Switching scheme Ag AR A rg R r
All breakers closed 0.255 0.057 0.312 8.5 130 31
Manual throwover 0.732 *¥0.118 0.850 8.1 *84 19
Automatic throwover 1.025 0.171 1.196 0.6 96 14
All 0.453 0.085 0.538 5.2 110 22

Multiple Circuit Utility Supplies
All Switching Schemes

Failures per Average Duration
Unit-Year** (minutes per failure**)
Voltage level As AR A rs rR r
V<15 kV 0.640 0.148 0.788 4.7 149 32
15 kV< V<35 kV 0.500 *0.064 0.564 4.0 *115 17
V>35kV 0.357 0.067 0.424 6.1 184 34

Multiple Circuit Utility Supplies
All Circuit Breakers Closed

Failures per Average Duration
Unit-Year** (minutes per failure**)
Voltage level Ag AR A rs R r
V<15 kV 0.175 *0.088 0.263 0.7 *335 112
15 kV<V<35 kV 0.342 *0.019 0.361 7.0 *120 13
V>35kV 0.250 0.061 0.311 11.0 203 49

*Small sample size — less than 8 failures.

**Fajlure rates A and average durations r subscripted S and R are, respectively, rates and durations of
failures terminated by switching and by repair or replacement. Unsubscripted rates and durations are
overall values.
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Table 13
Failure Characteristic of Transformers

% Failure Characteristic

92  Automatic removal by protective
equipment
1  Partial failure reducing capacity
7  Manual removal

RELIABLE INDUSTRIAL AND COMMERCIAL POWER SYSTEMS

rupt.” Both of these failure modes
would require that a circuit breaker
further up the line be opened, and this
opening would result in a larger part of
the power distribution system being
disconnected. Thus the data on failure
modes of circuit breakers shown in
Table 14 are important in system relia-
bility studies.

The data in Table 15 show that a sig-
nificant percentage of the failures of

Table 14
Failure Modes of Circuit Breakers
(Percentage of Total Failures in Each Failure Mode)

All Metalclad Drawout *Fixed Type
Circuit 601-15000 0-600V 0-600 V
Breakers All \'% All Sizes All Sizes All
% % % % % % Failure Characteristic
5 2 8 6 Failed to close when it should
9 12 21 0 0 2 Failed while opening
42 58 49 71 5 4 Opened when it should not
7 6 4 9 5 4 Damaged while successfully
opening
2 1 0 0 0 4 Damaged while closing
32 16 24 10 77 73 Failed while in service (not
while opening or closing)
1 0 0 0 0 2 Failed during testing or
maintenance
1 2 0 3 0 0 Damage discovered during
testing or maintenance
1 0 0 0 5 5 Other
100% 100% 100% 100% 100% 100% Total percentage
165 117 53 59 39 48 Number of failures in total
percentage
8 7 0 7 1 1 Number not reported
173 124 53 66 40 49 Total failures

*Includes molded case.
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motor starters, motors, and disconnect

switches are discovered during testing é ]
or maintenance. 5 . g 3 g i
. § cé ;E Bg & o
3.5 Causes and Types of Failures of Slg £8 238 5
Electrical Equipment Oleg 35 Tu8 E
Data are given in Tables 16 and 17 E 3 EE §§ g i
SERLE LD -
(1) Failures, damaged part
(2) Failure type %g .g clo o o o o
(3) Suspected failure responsibility Se g ® -
(4) Failure initiating cause § o3
) ) ] g g.g R o = o o
(5) Failure contributing cause £ 0=
3
The data in Table 17 indicate that g % Rl a0 o« o
indequate maintenance is suspected as = O @
responsible for a significant percentage :1’ g0
of the failures for several categories of ° éé e T © K
electrical equipment. =)
10 b %§ ®| g w0 =3 0 o
3.6 Equipment Failure Rate Multi- © 5 mA
pliers Versus Maintenance Quality = 8 "
The relationship between mainte- = : al °
nance practice and equipment failure is ] gé p‘:g Rig B © e e
discussed in 5.3. & vg}
Equipment failure rate multipliers %
versus maintenance quality are given in ] § 3
Table 23 of Chapter 5 for transformers, g |2 ,l,,E |8 ° © o o
circuit breakers, and motors. These mul- % éc:a’ 2 =
tipliers were determined in a special Sl ~
study part 6 of [1]; (Appendix B). The = 2
failure rate of motors is very sensitive B %_2’ o - © o
to the quality of maintenance. §§ ® | = ~
The percentage of failures due to 5%
inadequate maintenance versus the
months since maintained is given in ;:5 ole o o o o
Table 22 of Chapter 5 for circuit break- S| ® -
ers, motors, open wire, transformers, ®
and all electrical equipment -classes & o
S|l ~ = o o
combined. A high percentage of equip- 2° © «®
ment failures are blamed on inadequate
maintenance if there has been no 58
maintenance for more than two years ;0*5 Rl v o g =
prior to the failure. &
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3.7 Failure Repair Method and
Failure Repair Urgency

The “failure repair method” and the
“failure repair urgency” have a signifi-
cant effect on the “average downtime
per failure.” Table 18 shows the
percentages of these two parameters for
thirteen classes of electrical equipment.
A special study on this subject is
reported in Tables 48 through 56 of [1]
(Appendix B) for nine categories of
electrical equipment (marked with an *
in Table 11 of this chapter).

The IEEE data on “method of electri-
cal service restoration to plant” are
shown in Table 19. A percentage break-
down of the total shows:

Replacement of failed component

IEEE
Std 493-1980

duration, most plants lose motor load.
However, for power outages between 1
and 10 cycle duration, only about half
as many plants lose the motor load.

Test results on the effect of fast bus
transfers are reported in [5]. This
includes 4 kV induction and synchronous
motors with the following types of
loads: (1) forced draft fan, (2) circulat-
ing water pump, (8) boiler feed booster
pump, (4) condensate pump, (5) gas
recirculation fan. A list of prior papers
on the effect of fast bus transfer on
motors is also contained in [5].

3.9 Critical Service Loss Duration
Time

with spare 22% What is the maximum length of time
Repair of failed component 22% that an interruption of electrical service
Other 22% will not stop plant production? The
Utility service restored 12% median value for all plants is 10.0
Secondary selection—manual 11% seconds. See Table 4 in Chapter 2 for a
Primary selection—manual 7% summary of the IEEE survey of indus-
Primary selection —automatic 2% trial plants.
Secondary selection—automatic 2% What is the maximum length of time
Network protector operation- before an interruption to electrical serv-

automatic 0+%

The most common methods of service
restoration are replacement of failed
component with a spare or repair of
failed component. Only 22 percent of
the time is primary selection or secon-
dary selection used. This would indicate
that most power distribution systems in
the IEEE survey were radial.

3.8 Loss of Motor Load Versus Time
of Power Outage

A special study has been reported in
Table 47 of [1] (Appendix B) on loss of
motor load versus time of power outage.
For power outages longer than 10 cycle

49

ice is considered critical in commerical
buildings? The median value of all com-
merical buildings is between 5 and 30
minutes. See Table 5 in Chapter 2 for a
summary of the IEEE survey of com-
mercial buildings.

3.10 Plant Restart Time

What is the plant restart time after
service is restored following a failure
that has caused a complete plant shut-
down? The median value for all plants
is 4.0 hours. See Table 6 in Chapter 2
for a summary of the IEEE survey of
industrial plants.
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1. Primary selection — manual

25 20 13 14 28 19

58

20

2. Primary selection — automatic

0
23
4
0

3. Secondary selection — manual

32

10 20

10

17

33

14

25

11

54

4. Secondary selection — automatic

5. Network protector operation —

0+

automatic

6. Repair of failed component

25 11 12 30 20 17 20 35 31 42 24 27
10 14 10

39

22

7. Replacement of failed component

12

35

29 77

38

22

with spare

8. Utility service restored

9. Other

13

81

12
22

15

16

42

25

20

78 22

29

Total percentage

100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

Total number reported

15 69 12 20 20 103 122 25 26

68 318

75 160

1204 171
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3.11 Cost of Power Interruptions to Table 20

Industrial Plants and Commercial Failure Rate Improvement Factor of
Buildings Electrical Equipment in Industrial

Plants During 11 Year Interval
Between 1962 AIEE Survey and
1973 IEEE Survey

The cost of power interruptions to
industrial plants is summarized in
Tables 7 and 8 of Chapter 2.

The cost of power interruptions to

Failure Rate Ratio

commercial buildings is summarized in AIEE (1962)
Tables 9 and 10 of Chapter 2. The effect = Equipment Category 1IEEE (1973)
of computer outages on the costs is
h in these tables Generators
shown 1n . Steam turbine driven 16.0
Gas turbine driven** 13.0
Cable
3.12 Reliability Improvement of Nonlesdjid in underground o
. . : 0 condui .

Electrical Equipment in Industrial Nonleaded, aerial 58
Plants Between 1962 and 1973 Lead covered in underground

. . . conduit 3.4

The failure rates of electrical equip- Nonleaded in above-ground
ment in industrial plants have improved conduit 1.6
considerably during the eleven-year Cable joints and terminations
interval between the 1962 AIEE relia- Eoz'ledaded 33
bility survey [6] and the 1973 IEEE reli- eace )
ability survey [1]. Table 20 shows how  Motors, 50 hp and larger***

1 . Synchronous 8.4
much the fai ure rates haveilmproved Induction 71
for several equipment categories. These Cirouit breakers
data are calcglated from a 1974 report Metalclad drawout,
[7]. In 1962 circuit breakers had failure 0-600 V 6.0
rates that were 2.5 to 6.0 times higher Metalclad drawout,
. . Above 600 V 2.9
than in 1973. The largest improvements Fixed 2.4-15 kV 2.5
in equipment failure rates have . .
d on generators, cables, motors Disconnect switches
occurred on g ) ’ s, Open, above 600 V 3.4
and circuit breakers. The authors dis- Enclosed, above 600 V 1.6
cussed some .of the reasons for the Open wire 3.4
failure rate improvements during the
1 int L It would r Transformers
eleven-year interval. w appea Below 15 kV,
that manufacturers, application 0-500 kKVA**** 2.0
engineering, installation engineering, Below 15 kV,

g‘ : f’ 4 gh %1 above 500 kVA 2.0
and maintenance personnel have a Above 15 kV 16
contributed to the overall reliability
. Motor starters, contactor type
improvement. 0-600 V 1.3

The authors also make a comparison Above 600 V 1.3

the “actual downtime per failure” for
all equipment categories shown in the  *Unit = 1000 circuit ft.

table. In general, the “actual downtime  **Middle East pipeline data only for 1962.
per failure” was larger in 1973 than in  ***250 hp and larger for 1962.

1962. *¥**%300~-750 kVA for 1973.
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3.13 Other
Data

The reliability data from industrial
plants which are summarized in this
chapter are based upon References [1]
[2] and [3] which were published during
1973-1975. Reference [6] is an earlier

Sources of Reliability

RELIABLE INDUSTRIAL AND COMMERCIAL POWER SYSTEMS

circuit breaker per year and the cost of
spare parts consumed per circuit
breaker per year.

ANSI/IEEE Std 500 1977 [17], is a
reliability data manual for use in the
design of nuclear power generating sta-
tions. The equipment failure rates cover

reliability survey of industrial plants such equipment as  annunciator
which had been published in 1962. modules, Dbatteries and chargers,
Many sources of reliability data on blowers, circuit breakers, switches,

similar types of electrical equipment
exist in the electric utility industry.
The Edison Electric Institute (EED) has
collected and published reliability data
on power transformers, power circuit
breakers, metal-clad switchgear, motors,
excitation systems, generators, and
prime mover generation equipment
[8]1—[14]. Most EEI reliability activities
do not collect outage duration time
data; only Reference [4] on prime mover
generation equipment contains such
data.

Failure rate data and outage duration
time data of power transformers, power
circuit breakers and buses are given in
References [5] and [6]. These data have
come from electric utility power sys-
tems.

Very little published data are avail-
able on the failure modes of power cir-
cuit breakers and on the probability of a
circuit breaker not operating when
called upon to do so. An extensive
worldwide reliability survey of the
major failure modes of power circuit
breakers above 63 kV on utility power
systems has been made by CIGRE 13-06
Working Group [7]. Failure rate data
and failure per operation data have
been determined for each of the major
failure modes. Outage duration time
data have also been collected. In addi-
tion data have been collected on the
costs of scheduled preventive mainte-
nance; this includes the manhours per
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relays, motors and generators, heaters,
transformers, valve operators and actua-
tors, instruments, controls, sensors,
cables, raceways, cable joints, and ter-
minations. No information is included
on equipment outage duration times.
Future revisions to ANSI/IEEE Std
500-1977 will include mechanical com-
ponent data.

The Edison Electric Institute also
sponsors the Nuclear Plant Reliability
Data System (NPRDS) which collects
failure data on electrical components in
the safety systems of nuclear power
plants. Outage duration time data are
collected on each failure. It is expected
that NRPDS will become a source of
reliability data for future revisions to
ANSI/IEEE Std 500-1977.
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4. Evaluating and Improving
Reliability of an Existing Plant

4.1 Introduction

The 1974 survey of electrical equip-
ment reliability in Industrial Plants (1]}
and subsequent investigations showed
the utility supply as being the largest
single component affecting the reliabil-
ity of an industrial plant. (See Table 3
in Appendix A and Table 12 in Chapter
3.) The industrial user may or may not
be in a position to improve the utility
supply reliability and, as a result, must
also focus his attention on critical areas
within his own plant. A logical approach
to the analysis of options available in
the industrial plant (in terms of both
utility supply and plant distribution)
will lead to the most reliability improve-
ment for the least cost. In many
instances, reliability improvements can
be obtained without any cost by making
the proper inquiries.

Most industrial users simply ‘“hook
up” to the utility system and do not
fully recognize that their requirements
can have an impact on how the utility
supplies them. A utility is somewhat
bound by the system available at the
plant site and the investment that can
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be made per revenue dollar. However,
most utilities are willing to discuss the
various supply systems that are avail-
able to their customers. Many times, an
option is available (sometimes with
financial sharing between the user and
the utility) that will meet the exact
reliability needs of an industrial plant.

A thorough and properly integrated
investigation of the entire electric sys-
tem (plant and supply) will pinpoint the
components or sub systems having
unacceptable reliability. Some impor-
tant general inquiries are listed below.
Many of these questions apply to both
the utility and the plant distribution
systems.

(1) How is the system supposed to
operate?

(2) What is the physical condition of
the electrical system?

(3) What will happen if faults occur
at different points?

INumbers in brackets correspond to those in
the References at the end of this Section.
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