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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, and
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 industrial and commercial power systems.
Design, installation, 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
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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
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In publishing and making this document available, the IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity. Nor is the IEEE undertaking to perform any duty owed by any
other person or entity to another. Any person utilizing this, and any other IEEE Standards document, should rely
upon the advice of a competent professional in determining the exercise of reasonable care in any given
circumstances.

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 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 societies and Standards Coordinating Committees are not able to provide an
instant response to interpretation requests except in those cases where the matter has previously received formal
consideration. At lectures, symposia, seminars, or educational courses, an individual presenting information on
IEEE standards shall make it clear that his or her views should be considered the personal views of that individual
rather than the formal position, explanation, or interpretation of the IEEE.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership
affiliation with IEEE. Suggestions for changes in documents should be in the form of a proposed change of text,
together with appropriate supporting comments. Comments on standards and requests for interpretations should be
addressed to:

Secretary, IEEE-SA Standards Board

445 Hoes Lane

Piscataway, NJ 08854

USA

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 Clearance Center, Customer
Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 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 part of IEEE Std 493-2007, IEEE Recommended Practice for the Design
of Reliable Industrial and Commercial Power Systems.

The objective of this recommended practice 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 engineers, and technicians. 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 and existing 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. This revision of IEEE Std 493™ overcomes these
obstacles by providing extensive mechanical and electrical equipment reliability data;
complete U.S. Army Corp of Engineers Power Reliability Enhancement Program (PREP)
database, recent cost of power outage data, data collection procedures for maintenance
and equipment failures, 7 x 24 continuous power analysis, and voltage sag analysis are
presented. Detailed examples of reliability analysis of various industrial distribution
system operating configurations are presented. The authors of this book have attempted to
provide sufficient information so that reliability analyses can be performed on industrial
and commercial power systems without requiring cross-references to other texts.

Notice to users

Errata

Errata, if any, for this and all other standards can be accessed at the following URL: http:/
/standards.ieee.org/reading/icee/updates/errata/index.html. Users are encouraged to check
this URL for errata periodically.

Interpretations

Current interpretations can be accessed at the following URL: http://standards.iece.org/
reading/ieee/interp/index.html.

Patents

Attention is called to the possibility that implementation of this recommended practice
may require use of subject matter covered by patent rights. By publication of this
recommended practice, 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 or patent applications for which a license may be required to implement an IEEE

Copyright © 2007 IEEE. All rights reserved. v
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recommended practice or for conducting inquiries into the legal validity or scope of those
patents that are brought to its attention.
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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_and technicians.

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._This revision of IEEE Std 493 " overcomes these
obstacles.

The authors of this book have attempted to provide sufficient information so that reliability analyses can be
performed on industrial and commercial power systems without requiring cross-references to other texts.
Included are the following:

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

— Economic evaluation of reliability

— Recent cost of power outage data

— New extensive mechanical and electrical equipment reliability data—Complete U.S. Army Corp of
Engineers Power Reliability Enhancement Program (PREP) database

— Examples of reliability analysis_of various industrial distribution system operating configurations

Iadditiondi . it : ded
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— 7 x 24 continuous power

—  Voltage sag analysis

—  Emergency and standby power

 Eleetrical . .

—  Evaluating and improving the reliability of existing faeilitieselectrical system
—  Preventative maintenance

— Reliability and maintainability verification
— Standard data collection techniques

The following chapters present a detailed discussion of factors that impact the planning and design of
industrial and commercial power systems

Chapter 2: Basic concepts of reliability

Chapter 3: Planning and design
Chapter 4: Evaluating and improving the reliability of an existing electrical system

Chapter 5: Preventative maintenance Chapter 6: Emergency and standby power Chapter 7: Voltage sag

analysis
Chapter 8: 7 x 24 continuous power facilities

Chapter 9: Reliability and maintainability verification
Chapter 9 NVolagesazanalysis
Chapter 10: Summary of equipment reliability data

Chapter 11: Data collection

The appendixes (renamed annexes) of IEEE Std 493-1997! are included in this revision of the IEEE Gold
Book™. One new annex, Annex Q. has been added to provide additional informative material on the reliability
analysis of industrial and commercial power systems.

Several new reliability concepts [i.e., inherent availability (Ai) and operational availability (Ao)] are introduced
in this version of the IEEE Gold Book. The inherent frequency and duration of load point interruptions is used
to compare designs based on the mean time to repair (MTTR) a component. The MTTR a component is defined
as only the average time to repair that component but does not include the logistics time (e.g., to identify
and isolate the component on forced outage). The operational frequency and duration of load point interruptions

includes the mean downtime (MDT) (i.e., the mean duration of the component maintenance and forced outage

events). Other reliability studies define the operational frequency and duration of load point interruptions where

the MDT excludes the maintenance downtimes (Mdts). These concepts are presented in detail in Chapter 2.
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1.2 Summary of contents of each chapter

Chapter 2 provides the theoretical background for the reliability analysis used in other chapters. Some basic
concepts of probability theory are discussed as these are essential to

'Information on references can be found in 1.4.

the understanding and development of quantitative reliability analysis methods. Definitions of terms commonly
used in system reliability analysis are also included.

Chapter 3 provides a description of how to make quantitative reliability and availability predictions for
proposed new and existing configurations of industrial power distribution systems. A discussion is presented on
the important factors that must be considered in the reliability analysis of industrial and commercial power
systems. The Gold Book Standard Network configuration and the results of various reliability methodologies are
presented to enable validation of existing and future reliability computerized methodologies. Seven numerical
examples are presented and a reliability-cost/reliability-worth methodology presented. The latest survey data on
the cost of interruptions to various facilities is presented. 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 based upon fotal
owning cost over the useful life of the equipment rather than simply the first cost of the system. The material in
this book should enable engineers to make more use of quantitative cost vs. reliability trade-off studies during
the design of industrial and commercial power systems.

The objective of Chapter 4 is to provide the facility engineer with critical issues that should be analyzed from
various perspectives considering their system electrically and physically and inquiring about the utility’s
system. The chapter provides a list of issues that the engineer should address:

a)  See that faults are properly isolated and that critical loads are not vulnerable to interruption or

delayed repair.
b)  Analyze the critical areas and evaluate the need for special restoration equipment, spare parts, or

procedures.
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¢)  Based on probability and economic analysis, make capital or preventive mainte- nance
investments as indicated by the analysis.

d)  Make carefully documented contingency (catastrophe) plans.
e) _ Check the quality of the power supply from the utility and throughout the plant to determine if the
equipment is vulnerable to premature failure.

f) Develop preventive maintenance, checking, and logging procedures to ensure continuous

optimum reliability performance of the plant.

The objective of Chapter 5 is to illustrate the important role preventative maintenance plays in the availability
of systems in industrial plants and commercial buildings. Details of “when.” “how.” and “how often” can be

obtained from other sources that are defined in the chapter. Of the many factors involved in availability,
preventive maintenance often receives meager emphasis in the design phase and operation of distribution
systems when it can be a key factor in high availability. Large expenditures for systems are made to provide the
desired reliability; however, failure to provide timely, high-quality preventive maintenance leads to system or
component malfunction or failure and prevents obtaining the intended design goal.

Chapter 6 presents an overview of common types of emergency and standby power systems used by most
industries to achieve increased reliability in power supply to loads. No attempt is made to list and describe
every type of existing system that may be classified as an emergency or standby power system. For example,
fuel cells continue to be developed and researched for a wide range of applications. At this time, however, most
would agree their cost prohibits attractive practical use in general industrial and commercial applications for
emergency and standby power.

Chapter 7 presents a method for voltage sag coordination that is an important improvement in the power quality
field. The procedure enables customers, utilities, and equipment manufacturers to quantify the performance of
their process, supply, or device. This will no doubt lead to a better understanding of spurious trips and an
improvement in performance.

Chapter 8 presents a reliability block diagram (RBD) methodology to conduct a probability/reliability study of
a 7 x 24 continuous power facility. Momentary interruptions of the electrical power can have huge financial
consequences.  The chapter provides a methodology of defining failure in a 7 x 24 facility. Specialty
equipment, such as uninterruptible power supplies (UPS), emergency generators, and automatic static transfer
switches (ASTS) are used to supplement utility power and are discussed in detail in this chapter.

Chapter 9 presents a generalized sequential test plan for demonstrating whether a power system and/or its parts
comply with the specifications dictated by the customer and manufacturer. The number of observed system
failures vs. the number of tests required for compliance evaluation is shown graphically. The methodology
provides a means of estimating the number of tests required to demonstrate reliability compliance of devices

and systems.

Chapter 10 summarizes the reliability data collected from equipment reliability surveys and a data collection
program over a period of 35 years or more. This data is the most comprehensive database publicly available on
electrical and mechanical equipment reliability in the world. 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.

Chapter 11 presents the standard data collection techniques that include the essential categories of
information and data essential for reliability modeling including maintenance activities. Categories
such as site identification, site one-line drawings, nameplate information, critical equipment designation and
sparing, and maintenance data are discussed, and the necessary data collection forms presented. The
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information contained in the data collected provides the analyst with all the necessary data to populate a
reliability model.

1.3 How to use this book

The authors of this book have made it a self-contained body of knowledge in which reliability analyses can be
performed on industrial and commercial power systems without requiring cross-references to other texts. Each
chapter addresses the critical issues affecting the reliability of industrial and commercial power distribution
systems. For example, those wishing to obtain the latest equipment reliability and maintainability data should
go directly to Chapter 10 and wishing to obtain the most recent data on the cost of electrical interruptions to
industrial plants or commercial buildings should consult Chapter 3. Chapter 11 provides the standard data
collection techniques to capture the reliability data at any industrial and/or commercial facility. The summary of
chapter content in 1.2 provides a guide for users to address their specific concerns in the reliability analysis of
their industrial and commercial power systems.
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1.4 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced document
(including any amendments or corrigenda) applies.

IEEE Std 493-1997. IEEE Recommended Practice for the Design of Reliable Industrial and Commercial Power
Systems (IEEE Gold Book).>

2IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway. NJ
08855-1331, USA (http://standards.iece.org/).
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Chapter 2
Basic concepts of reliability

2.1 Introduction

This chapter provides the theoretical background for the reliability analysis used in other chapters. Some basic
concepts of probability theory are discussed, as these are essential to the understanding and development of
quantitative reliability analysis methods. Definitions of terms commonly used in system reliability analysis are
also included.

2.2 Definitions

For the purpose of this document, the following terms and definitions apply. The Authoritative Dictionary of
IEEE Standards Terms [B3]" should be referenced for terms not defined in this subclause.

Some commonly used terms in system reliability analyses are defined here; these terms are also used in the
wider context of system reliability activities. These definitions are referenced in several reliability publications
and the formulas can be verified in the Reliability Analysis Center’s Reliability Toolkit: Commercial Practices
Edition, page 12 [B7], or MIL-STD-339 [B5].

2.2.1 availability: The ability of an item—under combined aspects of its reliability, maintainability, and
maintenance support—to perform its required function at a stated instant of time or over a stated period of time.

2.2.2 component A piece of electrical or mechanical equipment a—Hne—or—circuit—or-a-secton-ofalineor
eiretit-ora-group-ofitems-thatis-viewed as an entity for the purpose of reliability evaluation.

2.2.3 failure (f): The termination of the ability of a component or system to perform a required function.

2.2.4 failure rate (L): The mean (arithmetic average) is the number of failures of a component and/or
system per unit exposure time. The most common unit in reliability analyses is hours (h) or years (y).
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Therefore, the failure rate is expressed in failures per hour (f/h) or failures per year (f/y). Syn: forced outage
rate.

2.2.5 inherent availability (Ai): The instantaneous probability that a component or system will be up or

down. Ai considers only downtime for repair to failures. No logistics time, preventative maintenance, etc., is
included.

2.2.6 maintenance downtime (Mdt): The total downtime for scheduled maintenance (including logistics time,
spare parts availability, crew availability, etc.) for a given time period (Tp) (hours).

!The numbers in brackets correspond to those of the bibliography in 2.11.

2.2.7 mean downtime (MDT): The average downtime caused by scheduled and unscheduled maintenance,

including any logistics time. Syn: mean time to restore system (MTTRS).

2.2.8 mean time between failures (MTBF): The mean exposure time between consecutive failures of a
component.

2.2.9 mean time between maintenance (MTBM):_The average time between all maintenance events, scheduled
and unscheduled, and also includes any associated logistics time.

2.2.10 mean time to failure (MTTF): The mean exposure time between consecutive repairs (or installations) of a

component and the next failure of that component. MTTF is commonly found for non-repairable items such as
fuses or bulbs.

2.2.11 mean time to maintain (MTTM): The average time it takes to maintain a component, including logistics
time. MTTM is primarily a measure of the preventative maintenance frequency and durations.

2.2.12 mean time to repair_(MTTR or simply r): The mean time to replace or repair a failed component.
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Logistics time associated with the repair, such as parts acquisitions, crew mobilization, are not included. It can be
estimated by dividing the summation of repair times by the number of repairs and, therefore, is practically the
average repair time._The most common unit in reliability analyses is hours (h/f).

2.2.13 operational availability (Ao): The instantaneous probability that a component or system will be up or
down, but differs from Ai in that it includes @/l downtime. Included is downtime for unscheduled (repair due to

failures) and scheduled maintenance, including any logistics time.

2.2.14 reliability: The ability of a component or system to perform required functions under stated conditions for a
stated period of time.

NOTE—The term reliability is also used as a reliability characteristic (metric) denoting a probabil- ity of success or a success

ratio. In general usage, reliability refers to system performance over time.2

2.2.15 repair downtime (Rdt): The total downtime for unscheduled maintenance

(excluding logistics time) for a given Tp (hours).

2.2.16 repair logistics time (RIt): The total logistics time for unscheduled maintenance for a given Tp (hours).

2.2.17 system: A group of components connected or associated in a fixed configuration to perform a specified
function.

2Notes in text, tables, and figures are given for information only and do not contain requirements needed to implement the standard.
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2.2.18 total downtime events (Tde): The total number of downtime events (including scheduled maintenance and

failures) during the Tp (previously referred to as all actions, maintenance, and repair).

2.2.19 total failures (Tf): The total number failures during the Tp.

2.2.20 total maintenance actions (Tma): The total number of scheduled maintenance actions during the Tp.

2.2.21 total period (Tp): The calendar time over which data for the item was collected

(hours).

2.2.22 year (v): The unit of time measurement approximately equal to 8765.81277 hours (h). Any rounding of this
value will have adverse effects on analyses depending on the magnitude of that rounding; 8766 is used
commonly as it is the result of rounding to

365.25 x 24 (which accounts for a leap year every 4th year); 8760, which is 365 x 24, is the most commonly used

value in power reliability field. By convention, 8760 will be used throughout this recommended practice.
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2.3 Calculation reference

A summary of the definitions is compiled in Table 2-1. This table is supplied for your quick reference for some of
the formulas that are provided with definition later in the chapter. These calculations are also useful in the Chapter

10.

Table 2-1—Definition summary

Calculated data

Formula for calculation

Al, inherent availability

Ai= MTBF/(MTBF + MTTR)

Ao, operational availability

Ao =MTBM/(MTBM + MDT)

|_, failure rate (f/h)

L=Tf/Tp

|_, failure rate (f/y)

| =Tf/(Tp/8760)

MDT, mean downtime (h)

MDT = (Rdt + Rlt + Mdt) / Tde

MTBF, mean time between failures (h)

MTBF =Tp /Tf

MTBM., mean time between maintenance (h)

MTBM = Tp / Tde

MTTM, mean time to maintain (h)

MTTM = Mdt/ Tma

MTTR, mean time to repair (h)

MTTR =r=Rdt/Tf

R(?), reliability

Rm=e‘b

Table 2-1—Definition

summary (continued)

Calculated data

Formula for calculation

Downtime hours per year (DHY)

DHY = (1 — Ao) x 8760

Lr, downtime hours per year (DHY)

DHY =|r, where| is the failure rate per year

2.4 Acronyms and abbreviations

Al inherent availability

Ao operational availability

ASTS automatic static transfer switch

CDF cumulative distribution function

FMEA failure mode and effects analysis

Mdt maintenance downtime

MDT  mean downtime

m-g motor-generator
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MTBF mean time between failures

MTBM ean time between maintenance

MTTF mean time to failure

MTTR mean time to repair

O&M  operations and maintenance

PDF probability density function

PDU  power distribution unit

RBD reliability block diagram

RCM  reliability centered maintenance

Rdt repair downtime

RIt repair logistics time

SPOF _ single point of failure

Tde total downtime events

Tf total failures

Tma total maintenance actions

Tp total period

2.5 Review of basic probability

2.5.1 Sample space

Sample space is the set of all possible outcomes of a phenomenon. For example, consider a system of three

components. Assuming that each component exists either in the operating or “up” state or in the failed or “down”
state, consider the sample space:

S =(1U, 2U, 3U). (1D, 2U, 3U), (1U, 2D, 3U). (1U, 2U, 3D), (1D, 2D, 3U), (1D, 2U, 3D), (1U, 2D, 3D), (1D, 2D,
3D)

Where iU and iD denote that the component i is up or down, respectively. The possible outcomes of a system are
also called system states, and the set of all possible system states is called system state space.

2.5.2 Event

In the example of the three-component system, the descriptions (1D, 2D, 3U), (1D, 2U, 3D), (1U, 2D, 3D), and
(1D, 2D, 3D) define the events in which two or three components are in the failed state. Assuming that a minimum

of two components is needed for successful system operation, this set of states (A) also defines the system failure.
A is, therefore, a set of system states, and the event A(N) is said to have occurred if the system is in a state that is a
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member of set A.

2.5.3 Combinatorial properties of event probabilities

Follows are certain combinatorial properties of event probabilities that are useful in reliability analysis.

2.5.3.1 Addition rule of probabilities

Two events, Al and A2, are mutually exclusive if they cannot occur together. For events A1 and A2 that are not
mutually exclusive (that is, events which can happen together), see Equation (2.1).

P(A1*A2) = P(A1)+P(A2)-P(A1nA2) (2.1)

where

P(A1UA2)
P(A1NA2)

is the probability of A1 or A2, or both happening

is the probability of A1 and A2 happening together

When Al and A2 are mutually exclusive, they cannot happen together; that is, P(P(A1)A2))=0,
therefore Equation (2.1) reduces to Equation (2.2):

P(A1#*A2) = P(A1)+P(A2) (2.2)

Where Al and A2 are mutually exclusive.

2.5.3.2 Multiplication rule of probabilities

If the probability of occurrence of event Al is affected by the occurrence of A2, then A1 and A2 are not
independent events.

The conditional probability of event Al, given that event A2 has already occurred. is denoted by P(A1 A2)
and Equation (2.3):

P(A1)A2) = P(Al A2)P(A2) (2.3)

Equation (2.4) is also used to calculate the conditional probability:

P(A1 A2) = P(A1)A2)/P(A2) 2.4)

When, however, events Al and A2 are independent, that is, the occurrence of A2 does not affect the occurrence of
Al, use Equation (2.5):

P(A1)A2) = P(A1)P(A2) (2.5)

2.5.3.3 Complementation

A21 is used to denote the complement of event Al. The complement A21 is the set of states that are not
members of Al. For example, if Al denotes states indicating system failure, then the states not representing
system failure make A21 [see Equation (2.6)].
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P(A21) = 1 -P(Al) (2.6)

2.6 Reliability and availability

In the reliability engineering discipline, the terms reliability and availability have specialized technical meanings.

In general, reliability refers to system performance over time. And unfortunately, reliability is often shorthand for
reliability engineering and its practice, results, etc. Reliability engineering is a design engineering discipline that
applies scientific knowledge to assure a product will perform its intended function for the required

duration within a given environment. This includes designing in the ability to maintain, test, and support the

product throughout its total life cycle. This is accomplished concurrently with other design disciplines by
contributing to the selection of the system architecture, materials, processes, and components—both software and
hardware— followed by verifying the selections made by thorough analysis and test. Availability generally refers
to the quality or state of being immediately ready for use.

2.6.1 General concepts

The term reliability refers to the notion that the system performs its specified task correctly for a certain time
duration. The term availability refers to the readiness of a system to immediately perform its task—at a particular
time. Both terms have precise definitions within reliability engineering discipline and typically have specified
equations or methods to provide quantitative metrics for each of them. A rocket must be very reliable for the
duration of the short mission, but might not be very available as it may sit in a repair state for extended periods of

time.

On the other hand, power for communications facilities needs to be highly available, implying little downtime.
Where the components of the system might be unreliable, the redundancies of that system can help achieve high
availability.

2.6.2 Definitions

2.6.2.1 Reliability

If the time, ¢, over which a system must operate and the underlying distributions of failures for its constituent

elements are known, then the system reliability can be calculated by taking the integral, essentially the area under
the curve defined by the probability density function (PDF, see 2.9), from ¢ to infinity, as shown in Equation (2.7).

R(t) = L"f{a)dr (2.7)

where

R(t) s the reliability of a system from time ¢ to infinit
ftt) __is the PDF

2.6.2.2 Availability

2.6.2.2.1 Availability assumptions

Generally in this document, availability will be used as a mathematical term being either the percent of time a
system is immediately ready for use, or as an instantaneous probability of the system being immediately ready for
use.

Generally, availability metrics fall into two distinct subsets: inherent availability (Ai) and operational availability
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(Ao). Ai considers component failure rates and the average repair

time for those components. Ao goes beyond Ai in that maintenance downtimes (Mdt), parts procurement times,

logistics, etc., are included. Although Ao provides a “truer’” availability of a system, Ai provides a metric that is not
tainted by local facility characteristics, such as spare part supplies, planned outages, etc. Ai is useful as a common
metric for comparing multiple facilities and measuring particular facilities against a predetermined availability

goal.

Availability analyses need to have an explicit listing of the assumptions used for each unique analysis. For
example, if a facility will go down for maintenance, but the outage is not deemed critical, then that outage might
not be included in that analysis. On the other hand, if a mission critical facility has a planned maintenance event on
a redundant piece of equipment, then that planned outage could be included to capture the additional exposure to
risk as the redundancy of the system is temporarily lost.

2.6.2.2.2 Inherent availability definition

In general, availability is immediate readiness for use. For this recommended practice, we only consider Ai and
calculate the metric for Ai explicitly as shown in Equation (2.8):

MTBF

Al = SITBF+ MTTR

(2.8)

where

MTBEF is mean time between failures
MTTR is mean time to repair

If the system never failed, the MTBF would be infinite and Ai would be 100%. Or, if it took no time at all to repair
the system, MTTR would be zero and again the availability would be 100%. Figure 2-1 is a graph showing

availability as a function of MTBF and MTTR [availability is calculated using Equation (2.8)]. Note that you can
achieve the same availability with different values of MTBF and MTTR. With lower MTBF, lower levels of
MTTR are needed to achieve the same availability and vice versa.

2.6.2.2.3 Inherent availability misinterpretations/limitations

Power availability metrics tend to be reported as a function of “9’s.” This refers to the quantity of 9’s past the
decimal point. A facility with an availability of 0.99999 would be referred to as having 5-9°s.

A common misunderstanding—and misuse—of the metric is the interpretation that a mean downtime (MDT)
can be extracted from an availability metric. For example, a common proclamation is that a facility that has
achieved 5-9’s availability can expect an average downtime of approximately 5 min per year. It is mathematically
true that the system will be down an average of 5 min per year over the long run, i.e., as # I 1. However, if
MTBF is known, or calculated a priori, to be 87 660 h (10 y), then the expected duration of the outage will
be 52 min.
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Figure 2-1—Different combinations of MTBF and MTTR vyield the same availability

Essentially, an availability metric is a ratio of two parameters. As made clear in 2.6.2.2.2, given an availability
metric, there are infinite MTBF and MTTR metrics that can yield the same availability metric. Thus, if availability
of a system is estimated through modeling, great care must be taken in extracting system MTBF and MTTR
metrics.

2.7 Defining frequency and duration of outages and interruptions,|, MTBF

The definitions and assumptions associated with frequency and duration data are critical to effectively measuring
the reliability of a power system. The choice of metric used to define outages and repair times is dependent on the
data used to generate the statistic, which leads to the proper distribution function (see 2.8).

2.7.1 Frequency of failures, outages

Historically, frequency was synonymous with the failure rate (or MTBF), which implied the exponential
distribution attribute of having a constant failure rate with randomly occurring events throughout the life of the
component or system. The failure distribution of few components is random—to be described by the exponential
distribution. Its popularity is a function of the fact that it is the best distribution given the data that is available for
most power components.

As data collection efforts continue, time to failure data, coupled with the maintenance practices on that equipment,
will produce data that can be tested for best fit for a multiple of distributions, primarily the Weibull (see 2.8.5).

2.7.2 Duration of outages and interruptions

Similarly, the duration of outages has historically been described as the MTTR— implying the exponential
distribution. This, again, was due to a lack of detailed data. In considering descriptive statistics to represent the
duration of outages, the assumptions, such as the inclusion if scheduled repairs, logistics, spare parts availability,
must be explicitly stated.
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2.8 Probability distributions

Probability distributions are mathematical equations that describe the probability of a particular event occurring
with respect to time. For reliability analysis, what is of great interest is the probability distribution of failure. These
functions capture failure characteristics such as wearout failure modes, infant mortality, random, etc. The most
common distribution for power reliability analyses (the term reliability used in the general sense, as described in
2.6.1) is the exponential distribution. This function describes a random failure mode, where the MTBF is the
critical parameter. Others are the Weibull, the Lognormal, etc.

2.8.1 Probability density functions

Each probability distribution has unique PDFs with the notation f{z). The area under that curve shows the relative
probability of a failure occurring before time ¢ (see Figure 2-2). That probability, which becomes the cumulative
distribution function (CDF), can be calculated by the integral shown in Equation (2.9):

F(r) = [f(1)ds (2.9)

where

F(t) _is the probability of a failure occurring before time ¢ f(#) __is the PDF of failure

2.8.2 Cumulative distribution function

Plotting F'(¢) gives us the CDF, which shows the probability of a failure occurring at time ¢

(see Figure 2-3).

Finally, the reliability function R(?) is the probability if a component not failing by time ¢. Therefore R(z) =1 —

E().
fit)

F(x)= j: Flx)dx

Probability Density Function

o

0 g Time tc; failure ()

Figure 2-2—Probability of a failure represented by the area under the curve of the PDF
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Figure 2-3—The cumulative distribution

2.8.3 Hazard function

The hazard function, or hazard rate, is the instantaneous failure rate for the remaining population at time .

It is denoted as shown in Equation (2.10):

2.8.4 Exponential distribution

The PDF for the exponential distribution is shown in Equation (2.11):

fi) =l et (2.11)

Thus, the CDF is shown in Equation (2.12):

f)=1—ett 2.12)

And the reliability function is shown in Equation (2.13):

Rit)=ec*! (2.13)

where

L is the failure rate (inverse of MTBF)
t is the length of time the system must function
e is the base of natural logarithms

It can be seen that the hazard function is as shown in Equation (2.14):

This is to be expected, as the instantaneous failure rate is constant for the exponential distribution.

(2.10)
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The most essential characteristic of the exponential distribution, which is the common PDF in availability
analyses, is that the failure rate is constant over time—the component is no more likely to fail in its first year of life
then it is in its 21st year of life. It should not be assumed that all components exhibit this characteristic. Most do
not. Its popularity is a function of the fact that it is the best PDF given the data that supports the reliability metrics

of most power components. Essentially, the exponential requires only the MTBF, which can be easily determined
by a total component run time and a total of component failure events.

2.8.5 Weibull distribution

The Weibull distribution is one of the most widely used in life data distribution analysis. It is a versatile distribution
that can take on the characteristics of other types of distributions, based on the value of the shape parameter beta
(®). When ® > 1 then a wearout failure mode is present. When ® < 1 then the part exhibits infant mortality.
When ® = 1, then the Weibull distribution is mathematically equal to the exponential distribution, implying a
random _failure mode. The eta () parameter is a “location” factor. Where the beta parameter tells us how
the part is going to fail, the eta parameter tells us when.

2.8.5.1 2PDF and CDF

Equation (2.15) shows the Weibull PDF:

=

iy P L1/
B,y B! 3
f(t.pm) = —(— € (2.15)
| T'I-)
where
B is the shape parameter

| is the location parameter

Equation (2.16) shows the Weibull CDF:

py B
45/
f(rsﬁsri] = I_E' {216}
The hazard function for the Weibull distribution is shown in Equation (2.17):
Bl
H(t.p.m) = pr (2.17)

When ® = 1, the Weibull distribution is equal to the exponential distribution, as shown in
Equation (2.18):

Ft.1.D=1-e—Dl=1-e— () (2.18)

Note the variety in PDF shapes depending on the choice of ®, as shown in Figure 2-4.
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Fiqure 2-4—Variation of the beta parameter
2.8.6 Calculating reliability for the exponential

If the underlying distribution for each element is exponential and the failure rates, |_i, for each element are
known, then the reliability of the system can be calculated using Equation (2.13).

2.8.6.1 Series reliability

Consider the system represented by the reliability block diagram (RBD) in Figure 2-5.

— 2 » B >

0.9900 0.9851

Figure 2-5—Example reliability block diagram

Note—The number above each block in Figure 2-5 is the failure rate | in failures per million hours. The inverse of the failure
rate is the MTTF (exponential failure rate assumed). The number below each block is the reliability calculated using Equation
(2.13) with ¢ = 10 million hours.

2.8.6.1.1 Series configuration—Weakest link

Components A and B in Figure 2-5 are said to be in series, which means all must operate for the system to operate.
Since the system can be no more reliable than the least reliable component, this configuration is often referred to as

the weakest link configuration. An analogy would be a chain; the strength of the chain is determined by its weakest
link.

2.8.6.1.2 Series calculation method 1

Since the components are in series, the system reliability can be found by adding together the failure rates of the
components. The system failure rate is 0.001000 + 0.001500 =
0.002500. The reliability is shown in Equation (2.19):
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R(f) = ¢ 00025%10 _ 9753 (2.19)

2.8.6.1.3 Series calculation method 2

Alternatively, we could find the system reliability by multiplying the reliabilities of the two components as
follows: 0.9900 x 0.9851 = 0.9753.

2.8.6.2 Reliability with redundancy

Now consider the RBD shown in Figure 2-6.

0.0010 0.0015

> A » B
0.9851

0.9900

» A » B e

Figure 2-6—RBD of a system with redundant components

NOTE—The number above each block in Figure 2-6 is the failure rate in failures per million hours. The inverse of the failure
rate is the MTTF (exponential failure rate assumed). The number below each block is the reliability.

The system represented by the block diagram in Figure 2-6 has the same components (A and B) used in Figure 2-5,
but two of each component are used in a configuration referred to as redundant or parallel. Two paths of operation
are possible. The paths are top A-B or bottom A-B. If either of two paths is intact, the system can operate. The
reliability of the system is most easily calculated by finding the probability of failure (1 — R(?)) for each path,

multiplying the probabilities of failure (which gives the probability of both paths failing), and then subtracting the

result from 1. The reliability of each path was found in the previous example. Next, the probability of a path failing

is found by subtracting its reliability from 1. Thus, the probability of either path failing is 1 — 0.9753 = 0.0247. The
probability that both paths will fail is 0.0247 x 0.0247 = 0.0006. Finally, the reliability of the system is 1 —0.0006

= 0.9994, a significant improvement over the series-configured system, which had a reliability of 0.9753.

2.8.6.3 N + X redundancy

System redundancy is not restricted to simply having twin systems. Where N is defined as the required piece of
equipment to achieve an operational system, 2N would, in turn, imply that there is double the capacity, i.e., 1 of 2
are required to operate for system success. In some facilities, where there is a full 2N philosophy for redundancy,
the facility will often have one additional piece of equipment on each side so that if one of the N pieces of
equipment is down for maintenance, the facility still is 2N redundant. This would be the 2(N + 1

configuration.

With respect to availability, the following tables represent the availability of a system that requires 1000 kVA of
power, assuming that each has an availability of 0.99.

Case 1: Use 1000 kVA generators (/N =1
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2.8.6.4 M of N calculations for reliability

Equation (2.20) can be used for calculating the reliability of an m of n system for any arbitrary m or n:

i
! kK b, (n-k)
R(1) = (e (1-e 2.20
( E HEH—R']!{ ( ) (2.20)
k=m
where
n is the total number of components
m is the required components

2.9 Methods of reliability and availability analysis

The intent of the tools in this subclause—and the entire chapter—is to perform availability analyses for systems.
These tools, particularly those resulting from the exponential distribution are directly applicable to one family

of analyses: analytical. The PDFs introduced in 2.8 can be used to their greatest potential in numerical analyses
using Monte Carlo simulation.

2.9.1 Analytical methodologies

Analytical methods utilize logical algebraic formulas to arrive at a closed-form, exact, solution to a model of a
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system. Simple systems, as seen in 2.8.6.1, can be calculated with pencil and paper. That exercise grows linearly
as the model grows linearly. Several techniques/algorithms streamline the process of calculating availability for

large systems.

2.9.1.1 Cut-set

The cut-set method can be applied to systems with simple as well as complex configurations and is a very
suitable technique for the reliability analysis of power distribution systems. A cut-set is a “set of components

whose failure alone will cause system failure,” and a minimal cut-set has no proper subset of components whose
failure alone will cause system failure. The components of a minimal cut-set are in parallel since all of them

must fail in order to cause system failure, and various minimal cut-sets are in series as any one minimal cut-set
can cause system failure.

2.9.1.2 Network reduction

The network reduction method is useful for systems consisting of series and parallel subsystems. This method
consists of successively reducing the series and parallel structures by equivalent components. Knowledge of the
series and parallel reduction formulas is essential for the application of this technique.

2.9.1.3 GO algorithm

The GO algorithm, a success-oriented system analysis technique, was originally developed for defense
industry applications in the early 1960s. The capability of the GO methodology was drastically improved under
the sponsorship of the Electric Power Research Institute (EPRI) with the development of additional analytical
techniques (i.e., system interactions, system dependencies, and man-machine interactions) and improved
computer software reliability. The popularity of the GO method can be linked to basic characteristics that fault
trees do not possess, including: 1) hardware is modeled in a manner more or less the same way as in the system
drawings, 2) model modifications can be easily introduced to reflect configuration changes, and 3) the modelin,
capability is extremely flexible. GQO’s success-oriented technique analyzes system performance through
straightforward inductive logic. The GO representation of a system, or GO model, can often be constructed
directly from engineering drawings, which makes GO a valuable tool for many applications, since it is relatively
easy to build and review models.

A system model is first constructed within the GO methodology using a top-down (forward-looking) approach to
identify the functions required for successful operation following normal process flow or operational sequences.
Secondly, in the GO methodology each of the systems that provide the functionality is modeled to the required
level of detail. The level of detail may be at the system, subsystem, or component level depending upon the type of
information required and the plant specific information available. The GO models determine all system-response
modes: successes, failures, prematures, etc.

GO models consist of arrangements of GO operator symbols and represent the engineering functions of
components, subsystems, and systems. The models are generally constructed from engineering (one-line) drawings
by replacing engineering elements (valves, motors, switches, etc.) with one or more GO symbols that are
interrelated to represent system functions, logic, and operational sequences. The GO software uses the GO model
to_quantify system performance. The method evaluates system reliability and availability, identifies fault sets,
ranks the relative importance of the constituent elements, and places confidence bounds on the probabilities of
occurrence of system events reflecting the effects of data uncertainties.

Some key features of the GO method are as follows:

a)  Models follow the normal process flow

b)  Most model elements have one-to-one correspondence with system elements
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¢)  Models accommodate component and system interactions and dependencies

d)  Models are compact and easy to validate

e)  Outputs represent all system success and failure states

f)  Models can be easily altered and updated

2)  Fault sets can be generated without altering the basic model

h)  System operational aspects can be incorporated

i) Numerical errors due to pruning are known and can be controlled

The GO procedure uses a set of 17 standard logical operators to represent the logic operation, interaction, and
combination of physical equipment and human actions. For example, a type 1 operator represents the logical
operation of equipment that either performs, or fails to perform, its function given a proper input or stimulus. The
type 2 operator performs the logical OR gate operation where a successful response is generated if any of several
inputs is proper, etc. The random variables of the GO methodology include operator inputs called stimuli (S1,
S2....,.8n) and outputs referred to as responses (R1, R2...., Rn). An operator, which represents equipment responses
or human actions and which may itself have associated performance probabilities, processes the input random
variable in a prescribed and well-defined way to generate the output random variables. These random variables are
given the electrical term signals in the GO models.

2.9.2 Numerical methods

2.9.2.1 State space

The state space methodology is founded on a more general mathematical concept called Markov chains.
Markov chains are a modeling technique that describes a system by the possible states in which it can possess
(i.c., state space). For our purpose, a system essentially resides in two distinct states: up or down. The
probability of transitioning from one state to the other in a given time period is the critical reliability metric that
we are after. Figure 2-7 shows this simple Markov model.

Figure 2-7—Simple Markov model

where

P(1) is the probability of the system going down in time ¢

P(2) probability of the system coming up in time ¢

However, the true goal of availability analysis is to determine the probability of being in the “up” state—or the
time spent in the up state for a given time ¢. To show this, consider the simpler scenario including only a system
with backup generation. Given loss of utility power, the generators will either start automatically, or if that
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functionality fails, the generators can be started manually. In those starting phases, the system is “down.” Once
started, the system is up. The system will then switch to utility power once available. The system could be down

during that switching.

Figure 2-8 shows the associated Markov model for this system. Between each of the possible states are state
transitional probabilities that must be known. The solution to the model will be the time spent in the up states
vs. the down states.

Solving Markov models is simple only for very simple models, by solving a set of linear equations. The
complexity solving these models grows exponentially as the sizes of the models grow linearly. Solutions can be
found by using complex numerical analysis methods involving linear algebraic matrix operations, etc. Markov
models can also be solved by Monte Carlo techniques described as follows.

Auto start of
generators DOWN

Transition to utility
power DOWN

System on standby
power UP

Marmal start of
generators DOWN

Figure 2-8—Less simple Markov model

2.9.2.2 Monte Carlo simulation

Monte Carlo simulation is the most versatile modeling methodology available. The methodology can be
implemented in many forms from simple models in a spreadsheet environment to complex models that are
“handcrafted” in a programming language of choice. There are also a variety of simulation software packages
that provide drag-and- drop environments that can automate the creation of simulated models for the casual

analyst.

2.9.2.3 Simulation basics

The Monte Carlo simulator operates on an iterative process where each “iteration” represents a description of
what the system could experience through a set mission life. For instance, if we consider the past experience of

a system, including what really failed, that experience was only one of infinite possible outcomes that depended
on the failure characteristics of that system.

Thus, Monte Carlo simulation looks forward by considering possible scenarios that could occur in the future—
and those scenarios, with their associated likelihoods, is dependent on the failure characteristics applied to the
system components. For each iteration, failure times, and the associated repair attributes, are picked for each
component in the system. The simulation will then implement the logical relationships of the system to
determine the following:

a)  If a failure has occurred in the system prior to the defined mission life.
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b) Ifa failed component(s) takes the system down, what is the duration of downtime.

With these items determined, the availability for the system in that particular iteration can be calculated. Then,
as this single iteration is repeated, an average is tabulated of uptime

vs. downtime, and duration of downtimes. The average of all the iterations yields expected system availability.

2.10 Performing reliability and availability analyses

The results of availability analyses are extremely sensitive to factors such as underlying assumptions, techniques
for calculating availability, and the data used to support the analysis. No results of an analysis should be
distributed—Ilet alone trusted—without documentation supporting those attributes. Subtle differences in those

attributes can produce drastically different results, results that might be used to drive design decision making. It is
the ultimate responsibility of the analyst to be aware of those sensitivities and perform and present analyses with

integrity.

2.10.1 Modeling limitations

Cut-set, state space, network reduction, and Boolean algebra are techniques that lend themselves to the casual
reliability engineer to analyze small systems, primarily because they can all be accomplished with common
desktop PC tools such as spreadsheets, etc. A series of studies recently performed on the Gold Book Standard
Network have shown that, provided that the assumptions are held equal, each technique produces similar results.
The first four techniques however become impractical under certain conditions.

2.10.1.1 Network size

As larger systems are modeled, the sheer size of the analysis becomes burdensome for the analyst. Furthermore,
“what-if” sensitivity analyses also become impractical.

2.10.1.2 Smarter distributions

Data collection efforts have expanded the analysts’ tools beyond the classical MTBF analysis. Failure
distributions such as the normal, lognormal, Weibull, etc., are being fitted to common failure modes of many
critical components in power distribution networks.

2.10.1.3 Modeling hurdles

There are several system attributes that are challenging to model. UPS battery life, for instance, had historically
been assumed to be limitless in many analyses, whereas their contribution to power availability is not. Furthermore,

Data has shown that standby equipment has differing distributions from their primary counterparts. Thirdly, spare
parts availability, human factors, etc., are difficult to capture with the classical approaches to availability analysis.

2.10.2 Modeling solutions

The typical engineer can perform “back of the envelope” analyses easily. Results from these analyses are only as
200d as the assumed ground rules and the data used. Experience

has shown that analysts who wish to perform availability studies often and consistently should choose a
software package to aid in this effort. Packages exist that perform analyses via most of the described
methodologies. Once a package is selected, the user should become familiar with the package behavior, the
analytical or numerical methodology used, and the underlying limitations of that package.

Chapter 3 uses the minimal cut-set methodology for its examples. Furthermore, the chapter provides a
comparison of results from various methodologies.
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Chapter 3
Planning and design

2 4 Fund Is of liabili luati
> 4.1 Reliabil Luation fund :

3.1 Introduction

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

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 allow the reliability of a proposed system to be

assessed quantitatively—are—finding—wide—appheation—today. Such methods permit consistent, defensible, and

unbiased assessments of system reliability that are not otherwise possible.

The quantitative 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.

In this chapter, a description is given of how to make quantitative reliability and availability predictions for
proposed new and existing configurations of industrial power distribution systems. A discussion is presented on the
important factors that must be considered in the reliability analysis of industrial and commercial power systems.
Some of these factors are: reliability indexes, reliability data (e.g., component failure rates, repair and replacement
times, switching times), definition of interruptions, and reliability equations. Seven examples of industrial system
configurations (e.g., a simple radial system, a primary-selective system, secondary-selective system) are worked
out in detail showing how the failure of individual components affect the overall reliability levels at a point of use
within an industrial facility. The following chapters present a detailed discussion of other factors that impact the
planning and design of industrial and commercial power systems:

Chapter 4: Evaluating and improving the reliability of an existing electrical system

Chapter 5: Preventative maintenance Chapter 6: Emergency and standby power Chapter 7: Voltage sag

analysis
Chapter 8: 7 x 24 continuous power facilities

Chapter 9: Reliability and maintainability verification Chapter 10: Summary of equipment reliability data
Chapter 11: Data collection

Recent surveys on the cost of power interruptions to industrial, commercial, and institutional facilities will be
summarized and presented in this chapter. The estimated cost of power interruptions to an individual facility can be
factored into the decision as to which type of power distribution system to use. This approach could be used to
assist in cost-reliability trade-off decisions in the design of the power distribution system.
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3.2 Fundamentals of power system reliability evaluation

3.2.1 System reliability indexes

The basic system reliability indexes (IEEE Std 493TM—1997)1 that have proven most useful and meaningful in power
distribution system design are as follows:

a) Frequency of load point interruptions
b) Expected duration of load point interruption events

These indexes can be readily computed using the methods that will be described laterand referenced in this
chapter. The two basic indexes (interruption frequency and expected interruption duration) can be used to compute

the following indexes that are also useful_in the planning and design of industrial and commercial power systems.
1) Total expected (average) interruption time per year (or other time period)

2) System availability or unavailability as measured at the load supply point in question

3) Expected demand, 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 appropriate durations.

3.2.2 What is an interruption?

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 period that result in a loss of
production or other function for the plant, 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. A detailed
discussion of critical service loss duration for industrial and commercial plants and plant restart times is presented

in Chapter 7.

3.2.3 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 that 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 minimum duration specification with voltage assumed to be zero
during the interruption, which will be assumed in the reliability analysis presented in this chapter. A method for
calculating the magnitude of voltage sags is given in Chapter 7. Sags can be caused by faults elsewhere on the
power system.

!Information on references can be found in 3.6.
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3.2.4 Data needed for system reliability evaluations

The data needed for quantitative evaluations of system reliability 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 repair and/or replacement actions and the times for various
switching operations are summarized as follows:

a) Failure rates (forced outage rates) associated with different modes of component failure
b) Expected (average) time to repair or replace failed component ¢) Scheduled (maintenance) outage rate of
component

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

The needed manual or automatic switching time data include the following:
1) Expected times to open and close a circuit breaker
2) Expected times to open and close a disconnect or transfer switch
3) Expected time to replace a fuse link
4) Expected times to perform such emergency operations

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

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 and the U.S. Army Corps of Engineers Power Reliability Enhancement Program (PREP) (reliability
data contained in Chapter 10) provide a source of component data when such site-specific data are not available.
Chapter 11 provides a framework for collecting reliability data.

3.2.5 Method for system reliability evaluation

There are many computer reliability methodologies available today for analyzing complex industrial and
commercial power system configurations. The methods for system reliability evaluation have evolved over a
number of years (Dickenson et al. [B6], Feduccia and Klion [B9], Patton et al. [B27], Wells [B34], and Love

[B25]).2 The minimal cut-set method will be used in the analysis of various electric power distribution systems.
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 non-
numerically, thereby focusing design attention on those sections or components of the system that contribute most
to service unreliability.

One of the main benefits of a reliability and availability analysis is that a disciplined look is taken at the alternative
choices in the design of the power distribution system. By using published reliability data collected by a technical
society from industrial plants, the best possible attempt is made to use historical experience to aid in the design of

the new system.

SeeCl 2 for o deriva_tionof the-minimal hod.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 16:19:43 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 493-2007


http://www.avadocuments.com/doc/ieee-493-2007
http://www.avadocuments.com/doc/ieee-493-2007

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 16:19:43 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 493-2007


http://www.avadocuments.com/doc/ieee-493-2007
http://www.avadocuments.com/doc/ieee-493-2007

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 16:19:43 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 493-2007


http://www.avadocuments.com/doc/ieee-493-2007
http://www.avadocuments.com/doc/ieee-493-2007

