IEEE Std 493-1997
(Revision of IEEE Std 493-1990)

IEEE Recommended Practice for
the Design of Reliable Industrial
and Commercial Power Systems

Sponsor

Power Systems Reliabilty Subcommittee
of the

Power Systems Engineering Committee
of the

IEEE Industry Applications Society

Approved 16 December 1997
IEEE Standards Board

Abstract: The fundamentals of reliability analysis as it applies to the planning and design of
industrial and commercial electric power distribution systems are presented. Included are basic
concepts of reliability analysis by probability methods, fundamentals of power system reliability
evaluation, economic evaluation of reliability, cost of power outage data, equipment reliability
data, examples of reliability analysis. Emergency and standby power, electrical preventive
maintenance, and evaluating and improving reliability of the existing plant are also addressed.
The presentation is self-contained and should enable trade-off studies during the design of in-
dustrial and commercial power systems design, installation, and maintenance practices for
electrical power and grounding (including both power-related and signal-related noise control)
of sensitive electronic processing equipment used in commercial and industrial applications are
presented.

Keywords: Designing reliable industrial and commercial power systems, equipment reliability
data, industrial and commercial power systems reliability analysis, reliability analysis.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 16:18:45 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 493-1997


http://www.avadocuments.com/doc/ieee-493-1997
http://www.avadocuments.com/doc/ieee-493-1997

First Printing
August 1998
SH94572

The Institute of Electrical and Electronics Engineers, Inc.
345 East 47th Street, New York, NY 10017-2394, USA

Copyright © 1998 by the Institute of Electrical and Electronics Engineers, Inc.
All rights reserved. Published 1998. Printed in the United States of America

ISBN 1-55937-969-3

No part of this publication may be reproduced in any form, in an electronic retrieval system or otherwise,
without the prior written permission of the publisher.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 16:18:45 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 493-1997


http://www.avadocuments.com/doc/ieee-493-1997
http://www.avadocuments.com/doc/ieee-493-1997

IEEE Standards documents are developed within the Technical Committees of the IEEE Societies and
the Standards Coordinating Committees of the IEEE Standards Board. Members of the committees
serve voluntarily and without compensation. They are not necessarily members 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 that have expressed an interest 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 produce, test, measure, purchase, market, or provide other goods and services
related to the scope of the IEEE Standard. Furthermore, the viewpoint 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 Standard is subjected to review at least
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 mem-
bership affiliation with IEEE. Suggestions for changes in documents should be in the form of a pro-
posed change of text, together with appropriate supporting comments.

Interpretations: Occasionally questions may arise regarding the meaning 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 concurrence of a balance of interests. For this reason IEEE and the members of its technical com-
mittees are not able to provide an instant response to interpretation requests except in those cases where
the matter has previously received formal consideration.

Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE Standards Board
445 Hoes Lane

P.O. Box 1331

Piscataway, NJ 08855-1331

USA

Note: Attention is called to the possibility that implementation of this standard may
require use of subject matter covered by patent rights. By publication of this stgndard,
no position is taken with respect to the existence or validity of any patent rights in
connection therewith. The IEEE shall not be responsible for identifying patents for
which a license may be required by an IEEE standard or for conducting inquirig¢s into
the legal validity or scope of those patents that are brought to its attention.

Authorization to photocopy portions of any individual standard for internal or personal use is granted by

the Institute of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to

Copyright Clearance Center. To arrange for payment of licensing fee, please contact Copyright Clear-
ance Center, Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; (508) 750-8400.

Permission to photocopy portions of any individual standard for educational classroom use can also be
obtained through the Copyright Clearance Center.
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Introduction

(This introduction is not a part of IEEE Std 493-1997, IEEE Recommended Practice for the Design of Reliable
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 attempting 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 electrical equipment in industrial plants. The AIEE survey that was taken
in 1962 was followed by several IEEE reliability surveys, which were published in 1973
through 1979. These surveys from the the 1970s were the basis for the reliability data con-
tained in IEEE Std 493-1980. Six additional IEEE reliability surveys have been conducted
and published during the 1980s and have been updated in this revision of IEEE Std 493-1997.
The 1990 edition included pertinent tutorial reliability material and the cost of power inter-
ruptions data.

IEEE Std 493-1997 presents two new chapters, Chapter 9, a new methodology for estimating
the frequency of voltage sags at industrial and commercial sites, and Chapter 10, a methodol-
ogy for estimating the number of tests required to demonstrate reliability of emergency and
standby systems. New appendixes have been added on high- and low-voltage circuit breaker
reliability data, guarantees of gas turbines and combined cycle generating units, transmission
line and equipment outage data, interruption costs, and expectations for service reliability.
The existing appendices have been updated.

Tutorial reliability sessions on the design of industrial and commercial power systems were
conducted at technical conferences of the IEEE Industry Applications Society in 1971, 1976,
1980, and 1991.

This recommended practice was prepared by a working group of the Power Systems Reliabil-
ity Subcommittee, Power Systems Engineering Committee, Industrial and Commercial
Power Systems Department of the IEEE Industry Application Society.

This IEEE Recommended Practice serves as a companion publication to the following other
Recommended Practices prepared by the IEEE Industrial and Commercial Power Systems
Department:

— |EEE Std 141-1993, IEEE Recommended Practice for Electric Power Distribution for
Industrial Plants (IEEE Red Book).

— |EEE Std 142-1991, IEEE Recommended Practice for Grounding of Industrial and
Commercial Power Systems (IEEE Green Book).

— |EEE Std 241-1990, IEEE Recommended Practice for Electric Power Systems in
Commercial Buildings (IEEE Gray Book).

— |EEE Std 242-1986, IEEE Recommended Practice for Protection and Coordination of
Industrial and Commercial Power Systems (IEEE Buff Book).

— |EEE Std 399-1990, IEEE Recommended Practice for Industrial and Commercial
Power Systems Analysis (IEEE Brown Book).
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— |EEE Std 446-1995, IEEE Recommended Practice for Emergency and Standby Power
Systems for Industrial and Commercial Applications (IEEE Orange Book).

— |IEEE Std 602-1996, IEEE Recommended Practice for Electric Systems in Health
Care Facilities (IEEE White Book).

— |IEEE Std 739-1995, IEEE Recommended Practice for Energy Management in Com-
mercial and Industrial Facilities (IEEE Bronze Book).

— |EEE Std 1015-1997, IEEE Recommended Practice for Applying Low-Voltage Cir-
cuit Breakers Used in Industrial and Commercial Power Systems (IEEE Blue Book).

— |IEEE Std 1100-1992, IEEE Recommended Practice for Powering and Grounding
Sensitive Electronic Equipment (IEEE Emerald Book).
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IEEE Recommended Practice for the
Design of Reliable Industrial and
Commercial Power Systems

Chapter 1
Introduction

1.1 Objectives and scope

The objective of this book is to present the fundamentals of reliability analysis applied to the
planning and design of industrial and commercial electric power distribution systems. The
intended audience for this material is primarily consulting engineers and plant electrical
engineers.

The design of reliable industrial and commercial power distribution systems is important
because of the high cost associated with power outages. It is necessary to consider the cost of
power outages when making design decisions for new power distribution systems as well as
to have the ability to make quantitative “cost-versus-reliability” trade-off 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 attempted to provide sufficient information so that reliability
analyses can be performed on power systems without requiring cross-references to other
texts. Included are

— Basic concepts of reliability analysis by probability methods
— Fundamentals of power system reliability evaluation

— Economic evaluation of reliability

— Cost of power outage data

— Equipment reliability data

— Examples of reliability analysis

In addition, discussion and information are provided on

— Emergency and standby power
— Electrical preventive maintenance
— Evaluating and improving reliability of existing facilities

Two new chapters have been added to this edition of IEEE Std 493:

— Chapter 9,\oltage sag analysis
— Chapter 10, Reliability compliance testing for emergency and standby power systems

Copyright © 1998 IEEE. All rights reserved. 1
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Chapter 9 meets the demand for a methodology for estimating the frequency of voltage sags
(which may interrupt processes and systems) at industrial and commercial sites. Chapter 10
presents a methodology for estimating the number of tests required to demonstrate reliability
compliance of devices and systems while considering the reliability constraints dictated by
the manufacturer and the customer.

New appendixes have been added to IEEE Std 493, and existing appendixes have been
updated as follows:

Appendix J, “Summary of CIGRE 13.06 Working Group Worldwide Reliability Data and
Maintenance Cost Data on High Voltage Circuit Breakers Above 63 kV,” contains a summary
of the most significant reliability data and maintenance cost data from two CIGRE 13.06
Working Group worldwide reliability surveys of high-voltage circuit breakers rated 63 kV
and above.

Appendix M, “Reliability/Availability Guarantees of Gas Turbines and Combined Cycle
Generating Units,” contains one manufacturer’s suggestion on how to write a reliability/avail-
ability guarantee when industrial firms are purchasing gas turbine generating units or com-
bined cycle units.

Appendix N, “Transmission Line and Equipment Outage Data,” contains the failure rates of
transmission line equipment that can be used for predicting voltage sags at a particular indus-
trial or commercial site caused by transmission line outages on adjacent feeders and/or from
the entire electric network configuration.

Appendix O, “Interruption Costs, Consumer Satisfaction and Expectations for Service Reli-
ability,” presents a recent study on the cost of service interruptions to various industrial and
commercial types. This data can be used for evaluating the cost-reliability worth of various
industrial and commercial electrical configurations.

Appendix P, “Survey Results of Low-Voltage Circuit Breakers as Found During Maintenance
Testing,” contains the results of a low-voltage circuit reliability survey achieved through the
use of available results from testing during preventive maintenance.

A quantitative reliability analysis includes making a disciplined evaluation of alternate power
distribution system design choices. When costs of power outages at the various building and
plant locations are factored into the evaluation, the decisions can be baseotaipmmning
costover the useful life of the equipment rather than simplyfithecostof the system. The
material in this book should enable engineers to make more use of quantitative cost vs.
reliability tradeoff studies during the design of industrial and commercial power systems.

1.2 IEEE reliability surveys of industrial plants

From 1973 through 1996, the Power Systems Reliability Subcommittee of the Power Sys-
tems Engineering Committee of the IEEE Industry Applications Society conducted and pub-
lished the results of extensive surveys of the reliability of electrical equipment in industrial

2 Copyright © 1998 IEEE. All rights reserved.
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plants and also the cost of power outages for both industrial plants and commercial buildings.
This included motors, motor starters, generators, power transformers, rectifier transformers,
circuit breakers, disconnect switches, bus duct, switchgear bus-bare, switchgear bus-insu-
lated, open wire, cable, cable joints, cable terminations, and electric utility power supplies.
The results from these surveys have been published in 16 IEEE committee reports, 15 of
which are included in this book in Appendixes A, B, C, D, E, G, H, K, and P. Appendix F
gives the procedure used for conducting these surveys. It has been considered important that
the “reasons for conducting the survey” be written down at the beginning of each new survey.
It has also been considered important that the final report receive both oral and written dis-
cussion at the end of each survey. Some of the IEEE surveys have also included the cost of
power interruptions, critical service loss duration time, and plant restart time. The most
important results from these 16 surveys have been summarized in Chapters 2, 3, and 5. Table
3-2 contains a summary of the latest equipment reliability data from these surveys, and these
values are suggested for use in the absence of better data that may be available from the
reader’'s own experience. Table 3-1 presents a guide of where to look in this book for addi-
tional reliability data for each of several equipment categories.

Four important equipment reliability surveys conducted by others have been summarized and
included as Appendixes I, J, and N; these appendixes supplement the IEEE equipment reli-
ability surveys in some categories in which there has been little or no data and in other cate-
gories in which the data is more recent and/or much more extensive. These four equipment
reliability surveys include

— Cable, cable splices, and cable terminations
— High-voltage circuit breakers above 63 kV
— Diesel and gas turbine generating units

— Transmission lines and terminal equipment

A paper on electrical service interruption costs is presented in Appendix O.

The reliability survey data contained in this book provide historical experience to those who
have not been able to collect their own data. Such data can be an aid in analyzing, designing,
or redesigning an industrial or commercial system and can provide a basis for the quantitative
comparison of alternate designs.

1.3 How to use this book

The methods of reliability analysis provided in this book are based upon probability and
statistics. Some users of this book may wish to read Chapter 8 on basic probability concepts
before reading Chapter 2 on planning and design. Other users may wish to start with
Chapter 2 and not wish to attempt to fully understand the derivation of the statistical formulas
givenin2.1.9and 2.1.11.1.

The most important parts of planning and design are covered in 2.1 and 2.2 on fundamentals
of power system reliability evaluation and on the economic evaluation of reliability.
Chapter 7 gives seven examples using these methods of analysis. These examples cover some
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of the most common decisions that engineers are faced with when designing a power distribu-
tion system. Some discussion on the limitations of reliability and availability predictions is
included 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 emergency 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 upgrading the reliability of an existing plant is presented in
Chapter 4. Some users of this book may wish to start with this chapter.

1.4 Definitions
The following definitions should be used in conjunction with this recommended practice:

1.4.1 availability: As applied either to the performance of individual components or to that of

a system, it is the long-term average fraction of time that a component or system is in service
and satisfactorily performing its intended function. An alternative and equivalent definition
for availability is the steady-state probability that a component or system is in service.

1.4.2 component:A piece of electrical or mechanical equipment, a line or circuit, or a
section of a line or circuit, or a group of items that is viewed as an entity for the purposes of
reliability evaluation.

1.4.3 electrical equipmentA general term including materials, fittings, devices, appliances,
fixtures, apparatus, machines, etc., used as a part of, or in connection with, an electric instal-
lation.

1.4.4 electrical preventive maintenanceA system of planned inspection, testing, cleaning,
drying, monitoring, adjusting, corrective modification, and minor repair of electrical equip-
ment to minimize or forestall future equipment operating problems or failures, which,
depending upon equipment type, may require exercising or proof testing.

1.4.5 expected failure duration:The expected or long-term average duration of a single
failure event.
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1.4.6 expected interruption duration: The expected, or average, duration of a single-load
interruption event.

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

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

— Partial or complete plant shutdown, or below-standard plant operation
— Unacceptable performance of user’s equipment

— Operation of the electrical protective relaying or emergency operation of the plant
electrical system

— De-energization of any electric circuit or equipment
A failure on a public utility supply system may cause the user to have either of the following:

— A power interruption or loss of service
— A deviation from normal voltage or frequency outside the normal utility profile

A failure on an in-plant component causes a forced outage of the component; that is, the com-
ponent is unable to perform its intended function until it is repaired or replaced. The terms
“failure” and “forced outage” are often used synonymously.

1.4.9 failure rate: The mean number of failures of a component per unit exposure time. Usu-
ally exposure time is expressed in years and failure rate is given in failures per year.

1.4.10 forced outageAn outage (failure) that cannot be deferred.

1.4.11 forced unavailability: The long-term average fraction of time that a component or
system is out of service due to a forced outage (failure).

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

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

1.4.14 mean time between failures (MTBF)The mean exposure time between consecutive
failures of a component. It can be estimated by dividing the exposure time by the number of
failures in that period, provided that a sufficient number of failures has occurred in that
period.

1.4.15 mean time to repair (MTTR): The mean time to repair or replace a failed compo-
nent. It can be estimated by dividing the summation of repair times by the number of repairs,
and, therefore, it is practically the average repair time.
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1.4.16 minimum cut-set:A set of components that, if removed from the system, results in
loss of continuity to the load point being investigated and that does not contain as a subset
any set of components that is itself a cut-set of the system.

1.4.17 offline systemA system that is dormant until it is called upon to operate, such as a
diesel generator that is started up when a power failure occurs.

1.4.18 online systemA system that is operating at all times, such as an inverter supplied by
dc power via the primary power source through a battery charger.

1.4.19 outageThe state of a component or system when it is not available to properly per-
form its intended function due to some event directly associated with that component or
system.

1.4.20 repair time: The repair time of a tailed component or the duration of a failure is the
clock time from the occurrence of the failure of a component 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. (Also called the duration of a failure). It includes time
for diagnosing the trouble, locating the failed component, waiting for parts, repairing or
replacing, testing, and restoring the component to service. It is not the time required to restore
service to a load by putting alternate circuits into operation. The terms “repair time” and
“forced outage duration” are often used synonymously.

1.4.21 scheduled outagein outage that results when a component is deliberately taken out
of service at a selected time, usually for purposes of construction, maintenance, or repair.

1.4.22 scheduled outage durationfhe period from the initiation of a scheduled outage until
construction, preventive maintenance, or repair work is completed and the affected compo-
nent is made available to perform its intended function.

1.4.23 scheduled outage ratéfthe mean number of scheduled outages of a component per
unit exposure time.

1.4.24 switching time:The period from the time a switching operation is required due to a
component failure until that switching operation is completed. Switching operations include
such operations as throwover 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.

1.4.25 systemA group of components connected or associated in a fixed configuration to
perform a specified function of distributing power.

1.4.26 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 due to failures or scheduled
outages. Mathematically, unavailability = (1-availability).
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Chapter 2
Planning and design

2.1 Fundamentals of power system reliability evaluation
2.1.1 Reliability evaluation fundamentals

Fundamentals necessary for a quantitative reliability evaluation in electric power systems
include definitions of basic terms, discussions of useful measures of system reliability and the
basic data needed to compute these indexes, and a description of the procedure for system
reliability analysis including computation of quantitative reliability indexes.

2.1.2 Power system design considerations

An important aspect of power system design involves consideration of the service reliability
requirements of loads that are to be supplied and the service reliability that will be provided
by any proposed system. System reliability assessment and evaluation methods based on
probability theory that 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 reliability that are not otherwise possible.

The gquantitative reliability evaluation methods presented here permit reliability 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 component reliability, system
configuration, protection and switching scheme, or system operating policy including
maintenance practice.

2.1.3 Definitions

Terms previously defined in Chapter 1 are commonly used in the survey of the reliability of
electric equipment in industrial plants (see IEEE Committee Report [BF&jer to 1.4.

2.1.4 System reliability indexes

The basic system reliability indexes (see Billinton and Allen [B2], Dickinson [B8], Endrenyi
[B9], and Patton and Ayoub [B19]) that have proven most useful and meaningful in power
distribution system design are

— Load interruption frequency
— Expected duration of load interruption events

1The numbers in brackets preceded by the letter B correspond to those of the bibliography in 2.5.
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These indexes can be readily computed using the methods that will be described later. The
two basic indexes (interruption frequency and expected interruption duration) can be used to
compute other indexes that are also useful:

— Total expected (average) interruption time per year (or other time period)
— System availability or unavailability as measured at the load supply point in question
— Expected demanded, but unsupplied, energy per year

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

2.1.5 Data needed for system reliability evaluations

The data needed for quantitative evaluations of system reliability will depend to some extent
on the nature of the system being studied and the detail of the study. In general, however, it
requires both data on the performance of individual components together with the times
required to perform various switching operations.

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

— Failure rates (forced outage rates) associated with different modes of component
failure

— Expected (average) time to repair or replace failed component
— Scheduled (maintenance) outage rate of component
— 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
conducted by the Power Systems Reliability Subcommittee (see IEEE Committee Reports

[B15], [B16]) 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 include the following:

— Expected times to open and close a circuit breaker
— Expected times to open and close a disconnect or throwover switch
— Expected time to replace a fuse link

— 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, engi-
neering judgment, and anticipated operating practice.
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2.1.6 Method for system reliability evaluation

The method for system reliability evaluation recommended and presented here has evolved
over a number of years (see Billinton and Allen [B2], Billinton and Grover [B3], Dickinson
[B8], Endrenyi [B9], and Gaver et al., [B11]). The method, called rtiweimal-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 commercial buildings. The method is
systematic 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
numerically and nonnumerically, thereby focusing design attention on those sections or com-
ponents of the system that contribute most to service unreliability. See Chapter 8 for a deriva-
tion of the minimal cut-set-method.

The procedure for system reliability evaluation is outlined as follows:

a) Assess the service reliability requirements of the loads and processes that are to be
supplied and determine the appropriate service interruption definition or definitions.

b) Perform a failure modes and effects analysis (FMEA) identifying and listing those
component failures and combinations of component failures that result in service
interruptions and that constitute minimal cut-sets of the system.

c) Compute the interruption frequency contribution, the expected interruption duration,
and the probability of each of the minimal cut-sets of step b).

d) Combine the results of step c) to produce system reliability indexes.
These steps will be discussed in more detail in that following subclauses.
2.1.7 Service interruption 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 that are to be served. This
assessment should be summarized and expressed in a service interruption definition, which
can be used in the succeeding steps of the reliability evaluation procedure. The interruption
definition specifies, in general, the reduced voltage level (voltage dip or sag) together with the
minimum duration of such a reduced voltage period that results in substantial degradation or
complete loss of function of the load or process being served. Frequently reliability studies
are conducted on a continuity basis, in which case, interruption definitions reduce to a mini-
mum duration specification with voltage assumed to be zero during the interruption.

Further discussion of interruption definitions as well as examples of such definitions are
givenin 7.1.2.

A method for calculating the magnitude of voltage sags is given in Chapter 9. Sags can be
caused by faults elsewhere on the power system.
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2.1.8 Failure modes and effects analysis (FMEA)

The FMEA for power distribution systems amounts to the determination and listing of those
component outage events or combinations of component outages that result in an interruption
of service at the load point being studied according to the interruption definition that has been
adopted. This analysis must be made in consideration of the different types and modes of out-
ages that components may exhibit and the reaction of the system'’s protection scheme to these
events.

The primary result of the 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 3 of this book. A minimal cut-set is defined

to be a set of components that, if removed from the system, results in loss of continuity to the
load point being investigated and that does not contain as a subset any set of components that
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 interruption according to the inter-
ruption definition adopted.

An important nonquantitative benefit of the FMEA is the thorough and systematic thought
process and investigation that it requires. Often weak points in system design will be identi-
fied before any quantitative reliability indexes are computed. Thus, the FMEA is a useful reli-
ability design tool even in the absence of the data needed for quantitative evaluation.

The FMEA and the determination of minimal cut-sets are most efficiently conducted by con-
sidering first the effects of outages of single components and then the effects of overlapping
outages of increasing numbers of components. Those cut-sets containing a single component
are termedirst-order cut-setsSimilarly, cut-sets containing two components are tersee
ond-order cut-setsetc. 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 probability compared to lower-order cut-sets. A good rule of
thumb is to determine minimal cut-sets up to orderl wheren is the lowest-order minimal
cut-set of the system. Since most power distribution systems have at least some first-order
minimal cut-sets, the analysis can usually be terminated after the second-order minimal cut-
sets have been found.

2.1.9 Computation of quantitative reliability indexes

The list of minimal cut-sets obtained from the FMEA is used to compute system reliability
indexes. Since the occurrence of any cut-set will result in system failure, these cut-sets can be
regarded as acting in series. The failure frequency and average outage duration can therefore
be computed using Equations (2-1) and (2-2).

fs = System interruption frequencyz fcs (2-1)
i
rs = System expected interruption durationzzfcs1 Fes /fq (2-2)
i
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where

fCS is the frequency of cut-set event i; and

res IS the expected duration of cut-set event i.

NOTE—These are approximate formulas and should only be used when the v(a‘ricousrcs) are
less than 0.01. 3

It can be seen from Equations (2-1) and (2-2) that, once the frequency and duration of the
various cut-sets are known, the load point interruption frequency and duration can be easily
computed. Since the various cut-set events are not mutually exclusive, Equation (2-1) is an
upper bound on the frequency of system failure. Assuming, however, that the time a compo-
nent spends on outage is very small compared to the time it is operating satisfactorily,
Equations (2-1) and (2-2) give results close to the exact values. A later section gives equa-
tions for computing the frequency and duration for various types of outage events.

2.1.10 Component failure modes

Distribution system components, such as lines, transformers, and circuit breakers, are subject
to a variety of failure modes that, in general, have different impacts on system reliability per-
formance. For system reliability evaluation purposes, it is useful to categorize system compo-
nents as switching devices or nonswitching devices. First, consider nonswitching devices
such as lines or transformers. The important modes of failure are those events that cause the
component to be unable to fulfill its current-carrying function, generally due to a fault and
subsequent isolation of the faulted component by a protective device. Such failure modes can
be modeled in system reliability calculations through the use of permanent forced outage
rates and transient forced outage rates, where

A is the permanent forced outage rate of the component = rate of occurrence of forced
outages in which the component is damaged and cannot be restored to service until
repair or replacement has been completed; and

A is the transient forced outage rate of component = rate of occurrence of forced outages
in which the component is undamaged and can be immediately restored to service.

NOTE—A forced outage is defined as “an outage (failure) that cannot be deferred.”

Now consider the failure modes of protection systems and of switching devices, such as cir-
cuit breakers. In contrast to the components described above whose only function is carrying
current (a continuously required function), protection systems and switching devices gener-
ally have both continuously required and response functions. The inability to perform a con-
tinuously required function, such as current carrying, will immediately impact system
performance while the inability to perform a response function, such as tripping open on
command, will be manifested only when the response is required.
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Some of the more important failure modes of protection systems and switching devices, and
the parameters used to model these failure modes in reliability calculations are summarized
as follows:

2.1.10.1 Continuous functions

a) Component short circuit resulting in operation of backup protective devices. The
modeling parameter i which is the rate of occurrence of such short-circuit events.

b) Switching device opening without the proper command. The modeling parameter is
AT, Which is the rate of occurrence of such events given that the device is closed.

c) Switching device closing without the proper command. The modeling parameter is
Agc, which is the rate of occurrence of such events given that the device is open.

2.1.10.2 Response functions

a) Switching device failure to open on command. The modeling parampgemisich
is the probability that the device will not open on command.

b)  Switching device failure to close on command. The modeling parameiemikich
is the probability that the device will not close on command.

c) Protection system trips incorrectly due to a fault outside of the protection zone. The
modeling parameter i3,, which is the probability of an incorrect trip, given a fault
outside the protection zone.

2.1.11 Expressions for outage events

Expressions for computing the frequenty, , and the expected duratigns, , of a cut-set
event are summarized in this subclause. These expressions are generally approximate, but are
sufficiently accurate for practical calculations in typical situations. The given expressions
presume that all physically parallel paths in a distribution system are fully redundant; that is,

it is presumed that any one path of a parallel set is fully capable of carrying the highest load
that may be experienced. Further, the failure bunching effects of storms and other common-
mode or common-cause failures are not considered in the given expressions. These issues are
fully described elsewhere (see Billinton and Allan [B2] and Endrenyi [B9]) and are usually
not numerically important in industrial and commercial distribution systems whose reliability
performance is dominated by series components that yield first-order cut-sets.

2.1.11.1 Forced outages of current-carrying components

Now the events of cessation of the continuous current-carrying function of any component
will be considered. The following notations are used:

is the frequency of cut-set event;

is the expected duration of the cut-set event = expected duration of system failure
event due to occurrence of the cut-set event;

is the permanent forced outage rate of component i;

A" is the transient forced outage rate of component i;
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r, isthe expected repair or replacement time of component i; and

t is the time to perform an appropriate switching operation.
First, consider cut-sets associated with permanent forced outages.
First-Order (single-component) cut-sets:

f .= }\i (2-3)

cs
I'es= min ¢, t) = Minimum ofr; ort (2-4)
Second-Order (dual-component) cut-sets:
fes =N A (r+17) (2-5)
Fes =Min 1y / (rj +19), 1) (2-6)

NOTE—Equations (2-5) and (2-6) are approximate formulas and should only be used whan>both (
r;) and §; x r;) are less than 0.01.

Note that the above expressions fgygre approximate and assume thag much less than

1/r. This is usually a reasonable assumption, but exact expressions are given in Chapter 8 and
should be used if needed. Also note that, particularly in the above expressiggssigstem
interruption durations may be determined by component repair or replacement times or by
the time to restore service to interrupted loads through a switching operatiorr. I sugery

much a function of system topology and switching arrangements. It should also be noted that
fcs for second-order cut-sets may, in certain circumstances, also be a function of switching
times rather than repair and replacement times. In such cases, the; tmeg should be

viewed as the appropriate switching times.

Next, consider cut-sets associated with transient forced outages or transient forced outage
events overlapping permanent forced outage events. The likelihood of overlapping transient
forced outages is considered remote and is not discussed in this book.

First-Order (single-component) cut-set:
fes= N (2-7)
res=t (2-8)

Second-Order (dual-component) cut-sets:

fes=Aj N 1 (2-9)
res=t (2-10)
NOTE—Equation (2-9) is an approximate formula and should only be used dhen)(are less than
0.01.
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2.1.11.2 Failures of switching devices or protection systems

Now consider failure events of switching devices or protection systems. The frequency and
duration of cut-set events associated with the short-circuit failure mode of switching devices
can be calculated using Equations (2-3) through (2-10) as appropriate. Similarly, if a switch-
ing device is normally operated closed, the effects of false trip events having a\isteaf

be calculated using the approaches of Equations (2-3) through (2-10). The event of switching
device closure without proper command is not generally viewed as important from a distribu-
tion system reliability point of view (though it certainly is important from a safety viewpoint)
and will not be treated in this book.

Switching device or protection system failures that render the device or system unable to
respond properly to some other event may occur at the instant of required action or more
probably represent undetected prior failures. Such latent failures are only revealed by the
event calling for the device or system action. It follows, therefore, that response function fail-
ures of switching devices or protection systems never constitute first-order cut-sets since such
failures do not in and of themselves result in load interruptions. Expressiong &ordf g

for each of the response function failure modes appear in Equations (2-11) through (2-20). In
these expressions,is the rate of occurrence of the event requiring a response.

Failure to open on command:

fes=APs (2-11)

res=r Ort as appropriate (2-12)
Failure to close on command:

fes =P (2-13)

res=r Ort as appropriate (2-14)
Incorrect trip due to fault outside protection zone:

fes=APo (2-15)

res=r ortas appropriate (2-16)
The probabilitiegg andp,, are very much influenced by inspection, maintenance, and testing
policies. This follows, sincpg andp, largely reflect undetected prior failures at the time of a
required response.
2.1.11.3 Scheduled outage of components
System interruptions and their related cut-sets will now be considered, which are associated

with scheduled outages of components. A scheduled outage is defined as “an outage that
results when a component is deliberately taken out of service at a selected time, usually for
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purposes of construction, maintenance, or repair.” The distinction between a forced outage
and a scheduled outage is the degree to which the outage can be postponed; a forced outage
cannot be postponed, while a scheduled outage can be postponed, if necessary, to avoid con-
sumer interruptions. Clearly, a scheduled outage of a component that constitutes a first-order
cut-set will result in a consumer interruption regardless of the degree to which it can be post-
poned. However, the timing of such an outage is entirely controllable and can, therefore, be
taken at times of minimum inconvenience and with forewarning. Therefore, such interrup-
tions may not have the same impact as interruptions that occur at a random time and without
warning. The frequency and duration of first-order cut-sets associated with scheduled outages

are
fes=A" (2-17)
res=1" (2-18)

whereA"; andr”; are the scheduled outage rate and average scheduled outage duration of the
ith component.

In systems possessing redundant supply paths, consumer interruption should never occur due
to overlapping scheduled outages of components. However, a component forced outage may
overlap a preexisting component scheduled outage, thereby producing a consumer interrup-
tion and a second-order cut-set. The frequency and duration of a cut-set in which a forced
outage of componeitverlaps a scheduled outage of componarg given as follows:

fes= A" NI (2-19)

R b
r m
Gt

ort as appropriate (2-20)

Again, the assumption is thiatis much greater thanrl/
2.1.12 Example

A simple example will now be used to illustrate the application of the reliability evaluation
concepts that have been presented to the evaluation of alternative system protection and sec-
tionalizing schemes. The alternative cases to be studied are shown in Figures 2-1, 2-2, and 2-
3. More detailed examples using typical data are given in Chapter 7. In these examples, only
the labeled line sections and circuit breakers or switches are considered fallible. Furthermore,
in the interest of simplifying the example, scheduled outages and transient forced outages of
components are not considered. Assumed numerical data for the example systems is shown in
Table 2-1. In every case, the reliability performance indexes desired are the interruption rate
and expected duration that would be experienced by a load served from line sgction L

Here an interruption is defined to be “the loss of continuity from the source to the load point
for a time longer than that required for an automatic or remotely controlled switching
operation.”
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Table 2-1—Data for example systems

Line sections

A = 0.20/yr
r = 3h
Breakers and switches
A = 0.01l/yr
)\FT = 0003/yr
ps = 0.001
p, = 0.01
r = 5h

Switching times
ts Normal manual switching time = 0.5 h
tg Time to isolate breaker or switch or to repair noncatastrophic failure = 1 h

The analysis of each system is shown in the tables within Figures 2-1, 2-2, and 2-3 (Cases 1,
2, and 3). In the analysis, it is assumed that breakers are operated automatically or remotely,
while switches are operated manually. The results of the analyses are in agreement with intu-
ition:

— Sectionalizing circuits with noninterrupting devices reduces average interruption
duration but has a minimal effect on the interruption rate.

— Sectionalizing circuits with fault-interrupting devices cuts the interruption rate.

Note, however, that the average interruption duration of Case 3 is close to that of Case 1 and
higher than that of Case 2. This points out than@rg may not move in the same direction

as changes are made in the protection scheme, and that the indmers ghould be viewed

as a complementary pair in reliability analysis.

2.1.13 Incomplete redundancy

A common method of improving the reliability performance of a system is through compo-
nent redundancy, for example, more than one transformer in a substation. Typically, each
component of the redundant set has sufficient capacity, perhaps based on an emergency rat-
ing, 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 and where
they would thereby suffer an overload. An overload might result in an actual interruption of
load or perhaps only some loss of life in the overloaded component, depending on the protec-
tion scheme in service.
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B1 L1 L2
|
SOURCE * '
S1
O— o \:
|
|
Bo L3 Lg
Cut-Set (2) 2)
Frequency Duration Q)% (2)
(failureslyr) (h/failure)
Line Failures
Ly A=0.20 r=3 0.20x 3
Lo A=0.20 r=3 0.20x 3
Breaker/Switch Failures
Type 1: B A=0.01 tg=1 0.01x1
Type 1: B A=0.01 tg=1 0.01x1
Type 1: § A=0.01 tg=1 0.01x1
Type 2: B Ap7=0.00% tg=1 0.003x 1
> =0.433 > =1.233

where
fs = 0.433 interruptions/yr
rq = 1.233/0.433 = 2.85 h/interruption

Figure 2-1—Example system—no line sectionalizing

A method exists (see Ayoub and Patton [B1] and Christiaanse [B6]) for computing the

frequency, average duration, 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/reli-
ability tradeoffs of incomplete redundancy. The method is briefly presented hereafter.

Consider a system possessing incomplete redundancy, and consider the forced outage of
some set of the components of this system. Let the frequency and probability of this forced
outage event be AndP;. Then the frequency, probability, and average duration of overload-

ing events that are precipitated by loss of the componentsiiargegiven approximately by
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B1 L1 y s, L2
SOURCE * NC
S1
LOAD NOo N\
NC
S
B> L3 3 La
Cut-Set (2) 2)
Frequency Duration Q)% (2)
(failureslyr) (h/failure)
Line Failures
Ly A=0.20 r=3 0.20x 3
Lo A=0.20 r=0.5 0.20x 0.5
Breaker/Switch Failures
Type 1: B A=0.01 tg=1 0.01x1
Type 1: B A=0.01 tg=1 0.01x1
Type 1: § A=0.01 tg=1 0.01x 1
Type 1: $ A=0.01 tg=1 0.01x1
Type 2: B Apr=0.003 tg=1 0.003x 1
Type 4: tg=1 0.00041x 1
pe & PAL, + AL, *As) :
=0.0041
> =0.44341 > =0.74341
where
fs = 0.44341 interruptions/yr
rg = 0.74341/0.43341 = 1.68 hfinterruption
Figure 2-2—Example system—Iine sectionalized with switches
fOLi = f, x P (load= capacity of remaining components)
+ P; x f (load> capacity of remaining components)
Po, = Py xP (load= capacity of remaining components)
Doy, = Pou/fo,
18 Copyright © 1998 IEEE. All rights reserved.
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B1 L1 B3 L2
SOURCE
NC
NC
B2 L3 B4 Lg
Cut-Set (2) (2)
Frequency Duration 1) x(2)
(failureslyr) (h/failure)
Line Failures
Ly A=0.20 r=3 0.20x 3
Ly A=0.20 r=0.5 0.20x 0.5
Breaker/Switch Failures
Type 1: B, A=0.01 tg=1 0.01x1
Type 1: B A=0.01 tg=1 0.01x1
Type 1: B A=0.01 tg=1 0.01x1
Type 2: B A7 =0.00% tg=1 0.003x 1
Type 4: B ps()\L2 + )\BS) =0.00021 tg=1 0.00021x 1

Ps(A, +Ag,) =0.00021
Type 4: B, tg=1 0.00021x 1
Po(A, + Ag,) =0.0021

Type 6: B tg=1 0.0021x 1

S =0.23552 S =0.63552

where
fs=0.23552 interruptions/yr
rg = 0.63552/0.433 = 2.70 h/interruption

Figure 2-3—Example system—Ilines sectionalized with circuit breakers
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In the above expressior3(load= X) is called théoad-duration characteristiand is simply

the probability or proportion of time that the load is greater than or egaftoypical load-
duration characteristic for a utility load is shown in Figure 2-4. Simifafpad= X) is called

the “load-frequency characteristic” and is the rate with which eventsXIgadccur. A typi-

cal load-frequency characteristic is shown in Figure 2-5. The reader is referred to (Ayoub and
Patton [B1]) for additional discussion of the load-duration and load-frequency
characteristics.

1.0

0.8
0.7
0.6
0.5
04r
0.3
0.2

PROBABILITY (LOAD X)

o.1r

0O 01 02 03 04 05 06 07 08 09 10
PER UNIT LOAD

Figure 2-4—Typical load-duration characteristic

2.2 Costs of interruptions—economic evaluation of reliability
2.2.1 Cost of interruptions vs. capital cost

The type and extent of new or rehabilitated electric systems for industrial plants or commer-
cial buildings must carefully balance the costs of anticipated interruptions to electrical ser-
vice 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 interruption definition.
Such a definition specifies the magnitude of the voltage sag and the minimum duration of
such a reduced-voltage that result in a loss of production or other function for the plant,

20 Copyright © 1998 IEEE. All rights reserved.
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PROBABILITY (LOAD X) ONCE PER DAY
O 000 0O OO OO0 R

] ] ] ] 1 ] 1 ] 1
.0 0.1 0.2 0.3 04 05 06 07 08 09 10

PER UNIT LOAD

0O B N W M 0 ® N ® 0 O
T

Figure 2-5—Typical load-frequency characteristic

process, or building in question. Frequently, interruption definitions are given only in terms
of a minimum duration and assume that the voltage is zero during that period.

IEEE surveys (see IEEE Committee Reports [B15], [B16], and Patton [B20]) have revealed a
wide variation in the minimum or critical service loss duration. Table 2-2 summarizes results
for industrial plants, and Table 2-3 gives results for commercial buildings. It is clear from
these tables that careful attention must be paid to choosing the proper interruption definition
in any specific reliability evaluation.

Table 2-2—Critical service loss duration for industrial plants a

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

Average plant outage time
25th percentile Median 75th percentile for equipment failure between
1- and 10-cycle duration

10 cycles 10s 15 min 1.39h

8Fifty-five plants in the United States and Canada reporting; all industry.

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 (see IEEE Com-
mittee Report [B15] and Table 2-4) indicates that industrial plant restart time following a
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Table 2-3—Ciritical service loss duration for commercial buildings a

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

Service loss duration time

1 cycle 2 cycles | 8cycles 1ls 5 min 30 min 1lh 12h
(%) (%) (%) (%) (%) (%) (%) (%)
3 6 9 15 36 64 74 100

8Fifty-four buildings reporting; percentage of buildings with critical service loss for duration less than
or equal to time indicated.

Table 2-4—Plant restart time 2

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

Average Median
(h) (h)
17.4 4.0

8 orty-three plants in the United States and Canada reporting: all industry.

complete plant shut-down due to a power interruption averages 17.4 h. The median plant
restart time was found to be 4.0 h. 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 1.39 h, 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 assign-
ing a cost to the interruption. That 15% of the commercial buildings reported the critical
service loss duration time to be 1 s or less can probably be attributed to the fact that computer
installations were involved.

Further data from IEEE Committee Report [B15] graphically illustrates the time required to
start an industrial plant after an interruption.

The first step of the cost analysis thus becomes the selection of the critical duration time of
the outage and the plant startup time, including equipment repair or replacement time
required because of the interruption.

2.2.1.2 Cost of an electrical service interruption

With the establishment of expected downtime per interruption, costs are assigned to all indi-
vidual items involved, including but not limited to

22 Copyright © 1998 IEEE. All rights reserved.
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— Value of lost production time less expenses saved (expected restart time is used along
with the repair or replacement time)

— Damaged plant equipment

— Spoiled or off-specification product

— Extra maintenance costs

— Cost for repair of failed component

If possible, the cost for each interruption of service should be expressed in dollars for a short
interruption plus an amount of dollars 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 accomplishing economic eval-
uations. For quiclorder of magnituder Is it worth further investigation®ypes of evalua-

tions, cost data from IEEE Committee Report [B15] and Patton [B20] can be used. Caution
must be exercised, however, since these data are very general in nature, and wide variations
are possible in individual cases. Some of the more commonly accepted methods for economic
analyses are

— Revenue requirements (RR)
— Return on investment (ROI)
— 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 prerogative of the engineer and will depend
heavily on management choice and the time available for the analysis. The RR method is
given in this chapter as an example.

2.2.2 “Order of magnitude” cost of interruptions

IEEE surveys (see Dickinson [B8], IEEE Committee Report [B14], and Patton [B20])
presented general data on the cost of interruptions to industrial plants and commercial
buildings in the United States and Canada. Additional cost of interruption data is presented in
various IEEE-IAS and IEEE-PES publications. Recent data collected by a U.S. electric utility
is given in (Sullivan [B23]). Other data are listed in Billinton and Wacker [B4], Billinton

et al., [B5], Goushleff [B12], and Koval and Billinton [B18] and are primarily for areas in the
middle of Canada and the Province of Ontario. The reader is again cautioned that such
general data should be used only for “order of magnitude” evaluations where data specific to
the system being studied is not available. A review of the reliability data can probably best be
used in selecting the type of utility company service that should be provided.

The costs based on the kilowatts interrupted and the kilowatts-hours not delivered to indus-
trial plants are presented in Tables 2-5 and 2-6.

Interruption costs based on kilowatts-hours not delivered and reflecting the relationship to
duration of interruptions for commercial buildings are presented in the Tables 2-7 and 2-8.
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Table 2-5—Average cost of power interruptions for industrial plants a
All plants $6.43/kW + $9.11/kWh
Plants > 1000 kW max demand $3.57/kKW + $3.20/kWh
Plants < 1000 kW max demand $15.61 / kW + $27.57/kWh

4 orty-one plants in the United States and Canada reporting (published in 1973, with costs updated
to July 1996).

Table 2-6—Median cost of power interruptions for industrial plants a
All plants $2.35/kW + $2.82/kWh
Plants > 1000 kW max demand $1.09/kW + $1.22/kWh
Plants < 1000 kW max demand $12.51/kW + $15.03/kWh

3 orty-one plants in the United States and Canada reporting (published in 1973, with costs updated
to July 1996).

Table 2-7—Average cost of power interruptions for commercial buildings

All commercial building8 $21.77/kWh not delivered

Office buildings only $26.76/kWh not delivered

8Fifty-four buildings in the United States reporting (published in 1975, with costs updated to July
1996).

Table 2-8—Cost of power interruptions as a function of duration for office

buildings (with computers) 2@
Cost/Peak kWh not delivered
Power interruptions Sample size
Maximum Minimum Average
15 min duration 14 $67.10 $5.68 $26.85
1 h duration 16 $75.29 $5.68 $25.07
Duration >1h 10 $204.33 $0.48 $29.63

8Published in 1975 with costs updated to July 1996.
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Interruption costs as they are related to interruption time from Table 2-7 and from (Koval and
Billinton [B18]) are graphically represented in Figure 2-6. Small industrials are considered to
be those with a maximum demand of less than 1000 kW and large industrials are considered
to be those with a demand of 1000 kW or more.
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Figure 2-6—Cost of interruptions versus duration (adjusted to July 1996 value)

2.2.3 Economic analysis of reliability in electrical systems

There are several acceptable methods for accomplishing an economic analysis of the reliabil-
ity in electric systems. The examples of reliability analysis included in this chapter and
Chapter 7 utilize the RR method. The application of this method as it applied to the analyses
of the reliability in industrial plant electrical systems was presented in part 6 of Dickinson
[B8]. Applicable excerpts from that reference are included herein.

2.2.3.1 The RR method

Although there are many ways in use to compare alternatives, some of these have defects and
weaknesses, especially when comparing design alternatives in contrast to overall projects.
The RR method is “mathematically rigorous and quantitatively correct to the extent permitted
by accuracy with which items of cost can be forecast” (see Dickinson [B8] and Jeynes and
Van Nemwegen [B17]).
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The essence of the RR method is that for each alternative plan being considered, the mini-
mum revenue requirements (MRR) are determined. This reveals the amount of product
needed to be sold to achieve minimum acceptable earnings on the investment involved plus
all expenses associated with that investment. These minimum revenue requirements for
alternative plans may be compared directly. The plan having the lowest MRR is the economic
choice.

MRR are made up of and equal to the summation of

a) Variable operating expenses
b) Minimum acceptable earnings
c) Depreciation

d) Income taxes

e) Fixed operating expenses

These MRR may be separated into two main parts, one proportional and the other not propor-
tional to investment in the alternative. This may be expressed in an equation

G = X+CF (2-21)
where

G isthe MRR to achieve minimum acceptable earnings;

X is the nonfixed or variable operating expenses;

C s the capital investment; and

F isthe fixed investment charge factor.

The last term in Equation (2-21), the producCadindF includes the items b), c), d), and e)
listed in the preceding paragraph. Equation (2-21) 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
component 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 experi-
enced. A poor quality component installed with poor workmanship and with poor application
engineering may greatly increase the number of failures that occur as compared with a high
guality 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
duration of the failure.

Considering the first way, the increased expense due to the failure includes the following:

— Damaged plant equipment
— Spoiled or off-specification product
— Extra maintenance costs
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— Costs for repair of the failed component

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

— Effect repairs, if it is a radial system, or
— 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 available for sale, so
revenues are lost. However, 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 example, if plant down-
time is only 1 h, perhaps no labor costs are saved. But, if plant downtime exceeds 8 h, labor
costs may be saved.

If it is assumed 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 propor-
tional to the failure rate. The 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=A[x+@-x) +9)] (2-22)
where

X is the variable expenses ($ per year);
A s the failures per year or failure rate;
X is the extra expenses incurred per failure ($ per failure);

gp s the revenues lost per hour of plant downtime ($ per hour);
X, is the variable expenses saved per hour of plant downtime ($ per hour);

r is the repair or replacement time after a failure (or transfer time if not radial system);
in hours; and
s s the plant startup time after a failure, in hours.

Assume that

A is the 0.1 failure per year,;

X; is the $55 000 per failure, extra expenses incurred,;
gp Isthe $22 000 per hour, revenues lost;

X, s the $16 000 per hour, expenses saved;

r is the 10 h per failure; and
is the 20 h per failure.
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Then, variable expenses affected would be
X =(0.1)[$55 000 + ($22 000 — $16 000)(10 + 20)] = $23 500 per year

The termg,, represents revenues lost and it is not really an expense. However, it is a negative
revenue, and as such, has the same effect on the economics as a positive expense item. It is
convenient 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.
These results can be expected since this is probability, but in a specific case, there might be
two failures in one 10-year period and no failures in another 10-year period. But considering
many similar cases, it is expected to have an average of 0.1 failure per year, with each failure
costing an average of $235 000. This gives an equal average amount per year in the above
example of $23 500.

The point is that even though the actual failures cost $235 000 each and occur once every 10
years, a given failure is just as likely to occur in any of the 10 years. The equivalent equal
annual amount of $23 500 per year is the average value of one failure in 10 years.

C (Investment)—Each different alternative in an industrial plant power distribution system
involves different investments. The system requiring the least investment will usually be
some form of radial system. By varying the type of construction and the quality of the com-
ponents in the system, the investment in radial systems can vary widely.

The best method is to find one total investment in each alternative plan. Another common
method is to find the incremental investment in all alternatives over a base or least expensive
plan. The main reason that the total investment method is preferable, is that in comparing
alternatives, the investment is multiplied byRafactor (which will be explained later). This
factor is 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 com-
parisons.

F (Investment Charge Factor)—This discussion of investment charge factor is taken from
Dickinson [B8].

The factor includes the following items, which are constant in relation to the investment:

a) Minimum acceptable rate of return on investment, allowing for risk
b) Income taxes

c) Depreciation

d) Fixed expenses
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An equation to calculate thefactor is

F = [(Sa /f,)—td] ‘e

¢ (2-23)
This may also take the following form:
F=r+d+t+e (2-24)

a, isR+d,, amortization factor or leveling factor;

is RI(S-1), sinking fund factor;

is the (1 +R)", growth factor or future value factor;

is the period of years, such@erL;

is the years prior to startup that an investment is made;

is the life of investment years;

is the minimum acceptable earnings per & ¢investment);

is the probability of success or risk adjustment factor;

is the income taxes per $ Gf(investment);

is the income tax depreciation, levelized per € @investment) = 1/, Od, = 1L;
is the fixed expenses per $@finvestment);

is the levelized return on investment per £dfnvestment);

is the levelized depreciation on investment per @ ¢hvestment); and
is the levelized income taxes on investment per@ @hvestment).

o
=]
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Assume

to be twenty years, life of the investment;
c tobe one year;
R  to be 0.15, minimum acceptable rate of return;
fr tobe 1, risk adjustment factor;

t to be 0.5, income tax rate;

di tobe 1L =0.05; and
to be 0.0825.

S is(1+R°=(1+0.15¥=1.15;

S is(1+R‘“=(1+0.155°=16.37;

d isR(S -1)=0.15/(16.37 — 1) = 0.0.0098; and
a_ isR+d_ =0.15+0.0098 = 0.1598.
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Substituting into Equation 2-23 to calculate Ehfactor, results in

(1.15)(0.1598
=R (0.5)(0.09)

F= 05 +0.0825= 0.04 (2-25)

All the assumed values are believed to be typical for the average electric distribution system,
except the value af = 0.0825. This latter value was arbitrarily assumed to rRakeind out

to 0.4. The ternme 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 investment in many
industrial plants is 15%, that iR,= 0.15. The company average rate of return, based on either
past history or anticipated results, is a measure of Risabuld be. In plants of higher risk
than the average, the risk adjustment factpr,sfiould probably be less than 1. However,
company management determines what the val&esbbuld be.

The value ofF can be calculated from Equation (2-23). In (Dickinson [B7]), tabular values
are given for the factois, anda,, for various rates of return and plant lives.

2.2.3.2 Steps for economic comparisons

a) Prepare single-line diagrams of alternative plans and assign failure rates, repair times,
and investment in each component, and determine the total invesinmergach
plan.

b) DetermineX, the increased variable expense for each plan as the sum of the value of
lost production and the extra variable expenses incurred.

c) Determindg, the fixed investment charge fackefrom Equation (2-23).

d) Calculates = X + CF, the minimum revenue requireme@®f each plan from Equa-
tion (2-21).
e) Select as the economic choice the plan having the lowest vaBie of

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 alternatives is not

covered here. Additional information relative to the RR method is included in (Jeynes and

Van Nemwegen [B17]).

2.2.4 Examples

Examples of electric systems with varying degrees of reliability (availability), together with
fixed and variable costs are given in Chapter 7.
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2.2.5 Worth of improved reliability in electrical components

All of the data and examples presented in this chapter utilize failure rates and average repair
time data for standard electrical components. Unfortunately, industry and commercial stan-
dards for recording failure history are very unsophisticated and do not allow differentiation
between various grades of equipment or between different manufacturers.

2.2.6 Maintenance costs of electrical components

This book does not contain much data on the maintenance costs of electrical components.
However, (Heising et al., [B13]), which is included as Appendix J, contains maintenance
costs for high-voltage circuit breakers above 63 kV. These studies were made by a working
group in CIGRE (International Conference on Large Voltage Electric Systems), which is a
technical arm of the International Electrotechnical Commission (IEC). In addition, this
CIGRE working group has made a worldwide survey that collected and published all of the
necessary reliability data and maintenance cost data that are needed in order to make studies
on the worth of improved reliability and reduced maintenance costs of high-voltage circuit
breakers. A summary of this data is given in Heising et al., [B13].

2.3 Cost of scheduled electrical preventive maintenance

In the economic evaluation of reliability, it is always appropriate to consider the costs of
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 RR method described in 2.2.3.1 includes a term called the “investment
charge factorK),” which is given by Equation (2-23) in 2.2.3.1 and includgshe fixed

yearly expenses) as a percentage of the capital investmentFButte are attributed to
scheduled electrical preventive maintenance, insurance, property taxes, etc. Since the yearly
average costs for scheduled electrical preventive maintenance may not be the same percent-
age of investment for every component within the industrial power system, a separate, more
detailed look is often taken at these costs for each component.

Scheduled electrical preventive maintenance has two major cost elements: labor effort and
spare parts consumed. These costs are often expressed on an average yearly basis so as to be
usable with the RR 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:

a) Labor costs in manhours per component per year
b) Cost of spare parts consumed in dollars per component per year
c) 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 average yearly maintenance cost.

The labor rate used probably should only include the overhead costs associated with the stor-

age of spare parts, direct supervision of the maintenance, and costs for necessary test equip-
ment. The labor costs in dollars per component per year can be calculated by multiplying
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items a) and c) together; the result can then be added to item b) to get the total average yearly
costs that are attributable to scheduled electrical preventive maintenance.

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 component 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 average yearly “equivalent manhours” data. 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 man-
hours for cost data instead of dollars has two advantages:

— The equivalent manhours data do not become obsolete due to inflation.

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

Component data on the cost of scheduled electrical preventive maintenance are not included
in this book except for the data on high-voltage circuit breakers above 63 kV collected by a
CIGRE working group (see Heising, et al., [B13]), which is included in this book as Appen-
dix J. It would be desirable to have such data for all of the electrical equipment categories
listed in Table 3-9. It would then be possible to consider the cost of scheduled electrical pre-
ventive maintenance in design decisions of the industrial power system by adding this into
the MRR 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 quan-
titative 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
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 opti-
mum 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 5-1 and 5-2 on the effect of the frequency and quality of scheduled electrical
preventive maintenance. These data have been used to calculate the effect of maintenance
quality on the failure rate of transformers, circuit breakers, and motors shown in Table 5-3.
Unfortunately the data do not relate the amount or cost of component maintenance to the fail-
ure rate.
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The effect of the cost of component scheduled electrical preventive maintenance on the fail-
ure rate has not been included in this book. More industry studies and published data are
needed on this subject, like the example described next.

2.4.1 Example

A paper containing quantitative data and an analysis of optimum maintenance intervals has
been published (see Sheliga [B22]). This work was based upon 10 000 failures collected at
the author’'s company over a period of seven years for 23 categories of electrical equipment.
Included in this paper was a description of just what failures could be prevented by mainte-

nance. Actual data were used to determine how this failure rate varied with the maintenance
interval. The optimum maintenance interval was then determined based upon the mainte-

nance cost and the cost of failures/power outages. Failures that could be prevented by diag-
nostic testing were then studied in a similar manner to those that could be prevented by

maintenance. The optimum diagnostic interval was then calculated for 15 equipment cate-

gories based upon the cost of diagnostic testing and the cost of failures/power outages.

It was reported that 25% of the failures could have been prevented by maintenance, and addi-
tional failures could have been prevented by diagnostic testing.
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Chapter 3
Summary of equipment reliability data

3.1 Introduction

This chapter summarizes the reliability data collected from equipment reliability surveys over

a period of 35 years. The chapter is divided into two parts, consisting of equipment surveys
conducted between 1976 and 1989 (Part 1) and equipment surveys conducted prior to 1976
(Part 2). Detailed reports on the surveys are given in the appendixes and references. The
results of these surveys are discussed and compared. Detailed information contained in the
other chapters of this book and pertinent to equipment reliability data is referenced in this
chapter. Detailed lists of references on equipment reliability are presented in the appendixes
and at the end of this chapter.

A knowledge of the reliability of electrical equipment is an important consideration in the
design and operation of industrial and commercial power distribution systems. The failure
characteristics of individual pieces of electrical equipment (i.e., components) can be partially
described by the following basic reliability statistics:

a) Failure rate, often expressed as failures per year per component (failures per unit-
year);

b) Downtime to repair or replace a component after it has failed in service, expressed in
hours (or minutes) per failure; and

¢) In some special cases, probability of starting (or operating) is used.

Reliability data on the pertinent factors (e.g., cause and type of failures, maintenance
procedures, repair method, etc.) is also required to practically characterize the performance
of electrical equipment in service. (Refer to Appendixes A and B.)

The reliability performance of industrial and commercial electrical power distribution
systems (e.g., economic operation, frequency and duration of equipment and system outages,
etc.) can be estimated from a knowledge of the reliability data of individual electrical parts
(i.e., components) that are interconnected to form an operating system. The analytical models
required for estimating the reliability of various power system configurations are presented in
Chapters 2 and 8. Based on the results of these analytical models, the cost of interruptions can
be estimated and used in the reliability cost/reliability worth methodology presented in
Chapter 7 and Appendix C. The cost of power interruptions to industrial plants and commer-
cial buildings is summarized in Chapter 2.

Electrical equipment reliability data is normally obtained from field surveys of individual
industrial and commercial equipment failure reports. The reason for conducting a survey is to
provide answers to critical questions pertaining to the failure characteristics of electrical
equipment in industrial and commercial installations.

Each survey has a defined objective of obtaining field data on electrical equipment failure
characteristics, and this determines the form of the questionnaires that are sent to various
respondents.

Copyright © 1998 IEEE. All rights reserved. 37

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 16:18:45 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 493-1997


http://www.avadocuments.com/doc/ieee-493-1997
http://www.avadocuments.com/doc/ieee-493-1997

IEEE
Std 493-1997 CHAPTER 3

An analysis of the survey returns may or may not provide answers to all the questions posed
in the questionnaire. The significance of the surveyed data obtained is dependent upon many
factors, for example, the number of equipment failures reported, their operating history, the
survey questionnaire, etc. There will undoubtedly be new questions raised and also some old
guestions and controversies left unresolved. Items found to be of little significance will be
omitted and the survey form simplified to maximize the response for the next survey. The
procedure for conducting the survey is given in Appendix F. Information on the determination
and analysis of reliability studies is presented in IEEE Std 500-1984 [B1].

The IEEE Industry Applications Society (IAS) has a continuing program to conduct surveys
on the reliability of electrical equipment in industrial and commercial installations (see
Dickinson [B7], IEEE Committee Reports [B12]-[B16], and O’Donnell [B18], [B19]). The
most significant results from these surveys are then summarized for inclusion in a future
revision of this standard.

As in previous survey reports, this chapter maintains the standard for credibility of failure
rates by identifying categories that contain an insufficient number of failures. If there were
less than eight failures, a footnote indicates a small sample size. It is believed that a minimum
of eight field failures is necessary to have a reasonable chance of estimating the failure rate or
the average downtime per failure to within a factor of two (see Appendix A, Part 1 for
details). Both the average downtime per failure data and median downtime per failure data
are given so that the effect of a few very long outages on the average downtime can be
indicated by a large difference between the average and median values.

An equipment reliability reference guide is shown in Table 3-1. For each electrical compo-
nent presented in this chapter, the tables and appendixes that contain reliability data pertinent
to that component are presented. Table 3-2 contains a summary of the failure rate and average
and median downtime per failure data for all electrical equipment surveyed. These values are
suggested for use in the absence of better data being available from the reader’s own
experience.

3.2 Part 1: Most recent equipment reliability surveys (1976—1989)
3.2.1 1979 switchgear bus reliability data

The reliability of switchgear bus in industrial and commercial applications was investigated
in a 1979 survey (see IEEE Committee Report [B14] and Appendix E) and the summarized
failure rate and median outage duration time for the various subcategories of equipment are
shown in Table 3-3. In this survey, the term “units” for a bus is defined as the total number of
connected circuit breakers and connected switches. In the previous survey of 1974, the term
“units” included the total number of connected circuit breakers or instrument transformer
compartments. The total number of plants in the 1979 survey response was considerably
greater than the 1974 survey; however the unit-year sample size was slightly less.

1The numbers in brackets preceded by the letter B corresponds to those of the bibliography in 3.4.
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Table 3-1—Equipment reliability reference guide

Reference tables in Chapter 3
Ele_ctrlcal Part 1 Part 2 Appendixes
equipment
Surveys Surveys
1976-1989 prior to 1976
>50 hp 32 — —| —| —| —| 42| —
Motors > 200 hp 23-31 — | — | — | — | — | 42| — A B, H
> 250 hp 33 —_ - = — | — | 42| —
Motor starters — —| 37, 38 39 40 42 43 A B
Generators 12 — | = =] — | — | 42| —
13| 15| 16| 17| —| —| —| —| —| 42| 43
Power
Trans- 18| 19| 20| 21 A B,G
formers 14 | 16| 17| 18| — —| —| —| —| 42 43
Rectifier
19| 20| 22| —
Circuit breakers 36 33 — 38 39 40 42 43 AB,JK|P
Disconnect switches — — 37 38 39 40 42 43 A, B
Bus duct — —| 37, 38/ 39 40 42 — A, B
Bus
. . 11 — | = = = —| 42| —
Switch- | insulated A B E
gear
Bus bare 11 — - = — | — | 42| —
Open wire — —| 37| 38 39 40 42 43 A, B
Cable — —| 37| 38/ 39 40 42 43
Cable joints — —| 37| 38 39 40 42 43 AB,I
Cable terminations — — 37 38 39 40 42 43
Transmission lines . I R e e N
230 kV and above
Electric utlllty . s a — A B,D
power supplies
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Table 3-2—Summary of optional failure rate and average and median
downtime per failure for all electrical equipment surveyed

Fail Actual hours of
alure | gowntime per failure
rate

Equipment Equipment subclass (failures .
per unit- | Industry | Median
year) average plant
average
Transformers Liquid filled—All 0.0062 356.2 —
300-10 000 kVA 0.0059 297.4 —
10 000+ kVA 0.0153 1178.% —
Rectifier transformers|  Liquid filled
300-10000 kVA 0.0153 1664.¢ —
Motors > 200 hB Induction
0-1000V 0.0824 42.5 15.C
1001-5000 V 0.0714 75.1 12.C
Synchronous
001-5000 V 0.0762 78.9 16.C
Circuit breakers Fixed (including molded case) | 0.0052 5.8 4.0
0-600 V—AIl sizes 0.0042 4.7 4.0
0-600 A 0.0035 2.2 1.0
Above 600 A 0.0096 9.6 8.0
Above 600 0.0176 10.6 3.8
Metalclad drawout type—All 0.0030 129.0 7.6
0-600 V—AIl sizes 0.0027 147.¢! 4.0
0-600 A 0.0023 3.2 1.0
Above 600 A 0.0030 232.0 5.0
Above 600 \? 0.0036 109.¢' | 168.C
Motor starters Contact type: 0-600V 0.0139 65.1 245
Contact type: 601-15 000V 0.0153 284.0 16.C
Generators Continuous service
Steam turbine driven 0.1691 32.7 —
Emergency and standby units
Reciprocating engine driven
Rate per hour in use (0.00536) 478.0 —
Failures per start attempt
(0.0135)
Disconnect switches Enclosed 0.00610 16 2.9
Switchgear bus— Insulated: 601-15 000 V 0.001129 261.0 28.0
Indoor and outdor Bare: 0—600 V 0.000802 550.0 27.C
Bare: Above 600 V 0.001917 17.3 36.C
Bus duct—
Indoor and outdoor All voltages 0.000125 128.0 9.5
(Unit = 1 circuit ft)
Open wire (Unit = 0-15 000 V 0.01890 42.5 4.0
1000 circuit ft) Above 15 000V 0.00750 175 12.C
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