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Abstract—In this paper, the most frequently used maintenance
strategies are reviewed. Distinction is made between strategies
where maintenance consists of replacement by a new (or “good
as new”) component and where it is represented by a less costly
activity resulting in a limited improvement of the component’s
condition. Methods are also divided into categories where mainte-
nance is performed at fixed intervals and where it is carried out as
needed. A further distinction is made between heuristic methods
and those based on mathematical models; the models themselves
can be deterministic or probabilistic.

From a review of present maintenance policies in electric
utilities it is concluded that maintenance at fixed intervals is
the most frequently used approach, often augmented by addi-
tional corrections. Newer “as needed”-type methods, such as
reliability-centered maintenance (RCM), are increasingly con-
sidered for application in North America, but methods based on
mathematical models are hardly ever used or even considered. Yet
only mathematical approaches where component deterioration
and condition improvement by maintenance are quantitatively
linked can determine the effect of maintenance on reliability.
Although more complex, probabilistic models have advantages
over deterministic ones: they are capable of describing actual
processes more realistically, and also facilitate optimization for
maximal reliability or minimal costs.

Index Terms—Maintenance, overhaul, power system reliability,
probability: applications, reliability modeling.

I. INTRODUCTION

I N 1995, a Task Force was established by the IEEE Sub-
committee on Application of Probability Methods (presently

Reliability, Risk & Probability Applications SC) to investigate
maintenance strategies and their effect on reliability. The TF
concluded its work in 1999 and the present paper is a conden-
sation of its full report [21].

The purpose of maintenance is to extend equipment lifetime,
or at least the mean time to the next failure whose repair may
be costly. Furthermore, it is expected that effective maintenance
policies can reduce the frequency of service interruptions and
the many undesirable consequences of such interruptions. Main-
tenance clearly affects component and system reliability: if too
little is done, this may result in an excessive number of costly
failures and poor system performance and, therefore, reliability
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is degraded; done too often, reliability may improve but the cost
of maintenance will sharply increase. In a cost-effective scheme,
the two expenditures must be balanced.

Maintenance is just one of the tools for ensuring satisfactory
component and system reliability. Others include increasing
system capacity, reinforcing redundancy and employing more
reliable components. At a time, however, when these ap-
proaches are heavily constrained, electric utilities are forced to
get the most out of the devices they already own through more
effective operating policies, including improved maintenance
programs. In fact, maintenance is becoming an important part
of what is often called asset management.

Electric utilities have always relied on maintenance programs
to keep their equipment in good working condition for as long as
it is feasible. In the past, maintenance routines consisted mostly
of pre-defined activities carried out at regular intervals (sched-
uled maintenance). However, such a maintenance policy may
be quite inefficient: it may be too costly (in the long run), and
may not extend component lifetime as much as possible. In the
last ten years, many utilities replaced their fixed-interval main-
tenance schedules with more flexible programs based on an
analysis of needs and priorities, or on a study of information
obtained through periodic or continuous condition monitoring
(predictive maintenance).

The predictive maintenance routines include a group of
programs named Reliability-Centered Maintenance, commonly
abbreviated to RCM. In an RCM approach, various alternative
maintenance policies can be compared and the one most
cost-effective for sustaining equipment reliability selected.
RCM programs have been installed by several electric utilities
as a useful management tool.

The implementation of RCM programs represented a signifi-
cant step in the direction of “getting the most out” of the equip-
ment installed. However, the approach is still heuristic, and its
application requires experience and judgment at every turn. Be-
sides, it can take a long time before enough data are collected
for making such judgments. For this reason, several mathemat-
ical models have been proposed to aid maintenance scheduling.
In fact, the literature on maintenance models has become quite
extensive.

In the following, first a short review is given of the most im-
portant approaches and models described in the literature. Next,
present maintenance policies are examined using the results of a
survey initiated by the Task Force and involving electrical utili-
ties in several countries. Subsequently, the use of mathematical
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Fig. 1. Overview of maintenance approaches.

models for maintenance strategies is explored and desirable at-
tributes of realistic probability-based models are listed. In the
closing section, reference is made to the role of maintenance in
deregulated power system operation. In Appendix I, definitions
are given of the most important concepts discussed in the paper.

II. REVIEW OF MAINTENANCE APPROACHES

A classification of the various maintenance approaches is pre-
sented in Fig. 1. Note that maintenance is shown as part of the
overall asset management effort. Clearly, maintenance policy is
one of the operating policies and, in a given setting, it is selected
to satisfy both technical requirements and financial constraints.

Much of the literature concerns itself with replacements only,
both after failures and during maintenance, and disregards the
possibility of the kind of maintenance where less improvement
is achieved at smaller cost. The oldest replacement schemes are
the age replacement and bulk replacement policies [1], [2]. In
the first, a component is replaced at a certain age or when it
fails, whichever comes first. In the second, all devices in a given
class are replaced at predetermined intervals, or when they fail.
The last policy is easier to administer (especially if the ages of
components are not known) and may be more economical than
a policy based on individual replacement. Newer replacement
schemes are often based on probabilistic models (e.g., [3], [4])
and can be quite complex. In most electrical utility applications,
however, maintenance resulting in limited improvement is an
established practice and replacement models have only a sec-
ondary role.

Maintenance programs range from the very simple to the
quite sophisticated. Perhaps the simplest plan is to adopt a
rigid maintenance schedule where pre-defined activities are
carried out at fixed time intervals. Whenever the component
fails, it is repaired or replaced. Both repair and replacement are
assumed to be much more costly than a single maintenance
job. The maintenance intervals are selected on the basis of

long-time experience (not necessarily an inferior alternative to
mathematical models). To this day, this is the approach most
frequently used.

The RCM approach referred to in the Introduction is heavily
based on regular assessments of equipment condition and, there-
fore, does not apply rigid maintenance schedules. It should be
observed that RCM is a somewhat fluid concept, defined differ-
ently in various sources [11]–[13]. It is not always based on con-
dition monitoring, but on other features such as failure modes
and effects analysis and an investigation of operating needs and
priorities. The approach is almost always empirical. As an ex-
ample, the RCM program used at the Consolidated Edison Com-
pany of New York [11] consists of the following procedure.

• System identification, and the listing of critical compo-
nents and their functions.

• Failure mode and effects analysis for each selected com-
ponent, the determination of failure history, and the calcu-
lation of mean time between failures.

• Categorization of failure effects (by using appropriate
flow charts) and determination of possible maintenance
tasks.

• Maintenance task assignment.
• Program evaluation, including cost analysis.

Another approach, claimed to be more efficient than RCM,
was recently described in Reference [14]. Called Preventive
Maintenance Optimization (PREMO), it is based on extensive
task analysis rather than system analysis, with a capability of
drastically reducing the required number of maintenance tasks
in a plant. Programs such as RCM and PREMO have been very
useful in ensuring the economic operation of power stations.
However, they will not provide the full benefits and flexibility
of programs based on mathematical models.

For a complete evaluation of the effects of a maintenance
policy, one had to know by how much its application would ex-
tend the lifetime of a component, measured in, say, mean time to
failure. To find this out, a mathematical model of the component
deterioration process is required, which is then combined with
a model describing the effects of maintenance. In the last ten
years or so, several such models have been proposed [5]–[7].
They provide the link missing in earlier approaches: a quan-
titative connection between reliability and maintenance. Once
a mathematical model is constructed, the process can be opti-
mized with regard to changes in one or more of the variables.

The simpler mathematical models are essentially still based
on fixed maintenance intervals, and optimization will result in
identifying the least costly maintenance frequency. More com-
plex models incorporate the idea of condition monitoring, where
decisions with regard to the timing and amount of maintenance
are dependent on the actual condition (stage of deterioration)
of the device [5], [8], [9]. Thus, some kind of monitoring (e.g.,
inspection) must be part of the model [10]. Other desirable fea-
tures are listed in Section VI.

Mathematical models may be deterministic or probabilistic.
A discussion of the two approaches is given in Section V. Prob-
abilistic models developed for applications in the electric power
industry are described in References [17]–[20]. Good surveys of
the literature on maintenance are given in References [15] and
[16].
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TABLE I
REPORTEDMOST FREQUENTMAINTENANCE INTERVALS AND DURATIONS

III. PRESENTMAINTENANCE POLICIES IN ELECTRIC UTILITIES

To form an overview of present maintenance practices, a
questionnaire was prepared and, with the help of the Task
Force members, distributed among a number of utilities, both
in North America and overseas. Since maintenance protocols
vary from equipment to equipment and to review all would
have required an unwieldy effort, it was decided to select
three typical components of different sizes and quantities in
the system as representative in the hope that basic trends can
already be observed on this sample. The equipment selected
are: A) hydrogen-cooled steam-turbine driven generators,
B) substation transformers, 100–161 kV primary, 4–20 kV
secondary, and C) distribution system indoor circuit breakers,
15 kV. Accordingly, the questionnaire was structured into three
parts.

In each part, questions were asked about the maintenance
policy presently in effect and the criteria for triggering the next
maintenance activity; about using, or planning to use, such ad-
vanced strategies as RCM or the ones based on mathematical
models; and about the available data-base. A sample question-
naire (Part B) is shown in Appendix II.

Replies were received from 6 countries, Austria, Canada,
Germany, Italy, Saudi Arabia, and the U.S. A total of 53
completed questionnaires were returned, 19 of Part A, and 17
each of Parts B and C. Thus the returns form comparatively
small samples, but even so, the conclusions can be stated with
some measure of confidence. In the following, the findings are
listed.

A. General

• The answers to many questions display a considerable
spread. This is not only the consequence of different prac-
tices, but also of different interpretations of some of the
concepts introduced.

• Many utilities do scheduled maintenance only (11 out of
53), or a modified form of it where additional corrective
actions are taken if required by inspection results (36).
Only in a few cases (6) was exclusive use of predictive
maintenance reported.

B. Scheduled Maintenance

• The intervals and durations reported for scheduled main-
tenance show considerable spread. Table I lists their most
frequent values.

• Cyclic routine (e.g., a major overhaul following 3 minor
overhauls) is rare (6 cases reported).

C. Predictive (as Needed) Maintenance

• The most often used device to establish the need for main-
tenance is periodic inspection. The inspection intervals
vary widely and are also different for different tasks. For
example, in Part B intervals ranging from 1 week to 5 years
were reported, with the most frequent entry of 1 month.
Same for Part C. In Part A, yearly inspections were the
most frequent.

• Another device for detecting maintenance needs is contin-
uous monitoring. This was mentioned most often in Part A
(oil leakage, vibration, bearing temperature) and to lesser
degree for smaller equipment (tap changer condition, cor-
rosion, discharge voltage).

• The most effective diagnostic tools were found to be, in
Part A, gas and oil analysis, surge testing, vibration mon-
itoring; in Part B, gas and oil analysis, power factor tests,
thermal tests, dielectric tests; in Part C, contact resistance
tests, hi-pot tests.

D. Reliability-Centered Maintenance (RCM)

• This procedure is not generally used, and particularly
rarely applied outside North America. However, nearly
half of the correspondents are considering its introduc-
tion. At the present, only 1 in Part A, 2 in Part B and 1 in
Part C reported that the procedure is fully used.

• Those who consider using RCM are expecting to gain
the following benefits: longer up-times, lower costs, better
control and decisions, better use of labor.

E. Probabilistic Models

• Probabilistic approaches are not used in maintenance plan-
ning by any of the respondents. Some report on pilot appli-
cations and “tests,” others have hired external consultants
who may include such methods.

• Many do, or wish to, compute such indices as unavail-
ability, failure frequency and duration (or mean time
to failure); in Part A also forced outage rate (FOR) or
equivalents.

F. Data Requirements

• For generators (Part A), present maintenance policies are
primarily based on historical records. These may include
performance indices, inspection records and maintenance
data. In addition, generator manuals are used and experi-
ence and memory were frequently mentioned as important
resources.
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Fig. 2. State diagrams for (a) random failure and (b) deterioration failure.
W: working state, F: failure state, D, D , …: stages of deterioration.

• For transformers (Part B), the more frequently mentioned
data used were test reports, data on windings, failure data,
maintenance protocols and maintenance history.

• For breakers (Part C), the replies included operation logs,
maintenance history, failure statistics, faulty operation
counts vs. total number of operations, results of oil and
hi-pot tests.

G. Contracting Out Maintenance Work

• The majority of respondents do contract out at least part of
the maintenance activities. Some do it on an “as needed”
basis or only for special tests. Others contract out major
maintenance work.

IV. M ATHEMATICAL MODELS LINKING RELIABILITY AND

MAINTENANCE

A. The Use of Mathematical Models

As mentioned in Section II, the simplest maintenance policies
consist of a set of instructions taken from equipment manuals
or based on long-standing experience. There are no quantita-
tive relationships involved and the possibilities are very lim-
ited for making predictions about the effectiveness of the policy
or carrying out any sort of optimization. To make numerical
predictions and carry out optimizations, mathematical models
are needed which can represent the effects of maintenance on
reliability.

Mathematical models can be deterministic or probabilistic.
Both can be put to good use in appropriate maintenance studies,
and many applications are described in the literature [10]. How-
ever, where quantities are involved whose values vary randomly,
the associated future uncertainties can be properly handled only
through probabilistic models. In the following, a probabilistic
approach to linking maintenance and reliability is described.

B. Failure Models

In many applications, component failures can be divided into
two categories, random failures and those arising as a conse-
quence of deterioration (aging). Simple failure-repair processes
in the two cases are shown in Fig. 2. The various state designa-
tions are explained in the legend of the figure.

The deterioration process is represented by a sequence of
stages of increasing wear, finally leading to equipment failure.
Deterioration is of course a continuous process in time and only
for the purposes of easier modeling is it considered in discrete
steps. The number of deterioration stages may vary, and so do
their definitions. There are, essentially, two ways of defining
deterioration stages: either by duration (the second stage is
reached, on the average, in three years, the third in six, and so
on), or by physical signs (corrosion, wear, etc.) and appropriate

Fig. 3. State diagrams including maintenance states for (a) random failure,
(b) failure following a three-stage deterioration process.

mileposts. In practical applications, the tendency is to favor
the second way which, of course, makes periodic inspections
necessary to determine the stage of deterioration the device has
reached. If this course is taken, the mean times between the
stages are usually uneven, and are selected from performance
data or by judgment based on experience.

The processes in Fig. 2 can be readily represented by proba-
bilistic mathematical models. If the transitions shown between
the states are assumed to occur at constant rates, the mathemat-
ical models describing these processes are known as Markov
models. Well-known techniques exist for the solution of such
models.

The assumption of a constant failure rate explains why the
model in Fig. 2(a) represents random failure: since the rate of
failure is constant, the chance of a failure occurring in any fu-
ture time-interval is the same (see Appendix I, definition
of Random failure). Note that a constant failure rate (or hazard
rate) model is a special case where the hazard function, associ-
ated with the probability of failure in a future time interval
if the device is still working at the beginning of , is constant.
In most practical cases the hazard function increases with time
(see Appendix I,Note 1to entryRandom failure).

It can be proven that in a Markov model the times of stay
in the various states are exponentially distributed. This prop-
erty and the constant-rate property follow from each other. The
mean time to failure from the instant a “new” device is put into
service—that is, the moment of entrance into the W state in case
(a) and into the initial deterioration state Din case (b)—is the
mean time spent in W in the first case, and the sum of the mean
durations of the deterioration states in the second. It is impor-
tant to realize that this sum represents a time-variable which is
not exponentially distributed.

C. The Effect of Maintenance

As already mentioned, the purpose of maintenance is to in-
crease the mean time to failure. One way of adding maintenance
states to the models in 0. 2 is shown in Fig. 3. In diagram 3(b),
it is assumed that maintenance will bring about an improvement
to the conditions in the previous stage of deterioration (minimal
maintenance, [6]). This contrasts with many strategies described
in the literature, where maintenance involves replacement—that
is, a return to the “new” conditions.

In the case of random failures [Fig. 3(a)], the constant
failure-rate assumption leads to the result that maintenance
cannot produce any improvement, because the chances of a
failure occurring during any future time-interval are the same
with or without maintenance. This finding also agrees with
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experience; it gave rise to the widely known piece of wisdom:
“if it ain’t broke, don’t fix it!” The situation is quite different
for deterioration processes, where the times from the new
condition to failure are not exponentially distributed even if the
times between subsequent stages of deterioration are. In such
a process the hazard function is increasing, and maintenance
will bring about improvement independently of the types of
distributions between stages [7]. Hence the rule: conditions
cannot be improved by maintenance for random failures, but
maintenance has an important role to play when failures are the
consequence of aging.

In Fig. 3(b), the dotted-line transitions to and from state M
indicate that maintenance out of Dshould really not be per-
formed because, as noted, it would be meaningless. State M
could be indeed omitted if the maintainer knew that at the time
of next maintenance the deterioration process would still be in
its first stage and, therefore, no maintenance would be needed.
Otherwise, maintenance must be carried out regularly from the
beginning, and state Mhas to be part of the diagram.

Note that deterioration processes are a subset of the failure
models where the hazard function is increasing with time.
Maintenance is advantageous in all such cases. If the failure is
random, the hazard function is constant, and maintenance is of
no use.

As already mentioned, the identification of the deterioration
stage a device finds itself in at any given time is a significant
part of the methodology and models. The next section deals with
approaches to this task.

D. Identification of the Deterioration Stages

Under a predictive maintenance policy, maintenance is car-
ried out as needed. There are no schedules to follow. The need
for maintenance is established through periodic or continuous
inspection.

To perform meaningful periodic inspections, diagnostic rou-
tines and techniques are required which help to identify disor-
ders that call for maintenance. While the maintenance activities
are performed as needed, inspections should be carried out reg-
ularly to initiate maintenance before equipment break-down. In
addition, predictive maintenance may allow for:

— better outage scheduling,
— operating flexibility,
— better fuel use,
— improved efficiency,
— more efficient spare part management.
Commonly used diagnostic methods include visual inspec-

tion, optical inspection, neutron analysis, radiography, eddy
current testing, ultrasonic testing, vibration analysis, lubricant
analysis, temperature analysis, magnetic flux leakage analysis
and acoustic emission monitoring. Each of these methods has
advantages and limitations.

Continuous inspection, or condition monitoring, is the on-
going inspection and surveillance of the operation of equipment
to ensure proper performance and to detect abnormalities in-
dicative of approaching failure. Condition monitoring is pre-
ferred where it is not possible to predict wear-out trends through
periodic inspections with reasonable accuracy, given that the

Fig. 4. Maintenance every 3 years, resulting in (a) 1-year improvement,
(b) 3-year improvement if total wear is 6 years or more, otherwise as in (a).
M—maintenance MM—overhaul F—failure.

associated costs are not prohibitive; also, where off-line inspec-
tions are not desirable and where the criticality of a failure justi-
fies keeping constant vigil on a device or process. In fact, if the
costs are not excessive, condition monitoring may be more eco-
nomical than maintenance based on regular inspections [18].

E. Other Models

The model described in Section IV-C represents just one of
several ways of accounting for the effect of maintenance on re-
liability. It is the basis of the program described in [18]. Many
other approaches have been developed; of these, at least two are
concerned with power system applications [19], [20]. In [19],
a maintenance model is derived for parallel branches of com-
ponents in series as often found in transformer stations, and
in [20], the maintenance and reliability of standby devices are
studied. Both are, in essence, replacement models where repair
and maintenance are assumed to result in “as new” conditions.

V. DETERMINISTIC ORPROBABILISTIC APPROACH?

As mentioned before, maintenance can increase the time to
failure only if failures do not happen at random but are the con-
sequences of deterioration occurring as a device ages. There-
fore, any mathematical model to represent the benefits of a given
maintenance policy must relate the results of maintenance to the
process of deterioration. A simple probabilistic model where
such a link is established was shown in Fig. 3(b); its proper-
ties were discussed in Section IV-C. A prominent feature of the
model is that its solution can be readily optimized either for the
highest reliability or for the lowest cost.

While many deterministic maintenance models have been
proposed, a simple one could be devised by using roughly the
same approach as that used in the development of the proba-
bilistic model earlier. An example is shown in Fig. 4(a), based
on the assumptions that without maintenance, the device would
fail after exactly 10 years, the (rigid) maintenance interval is
3 years and the effect of maintenance is a 1-year improvement
in deterioration (a questionable assumption; more of which
later). The horizontal line serves as a scale of deterioration;
otherwise the diagram in Fig. 4(a) is self-explanatory. Deteri-
oration and maintenance are still linked through an algorithm
based on the diagram; this algorithm takes the place of a
mathematical model. It can be seen that the time to failure is
now extended to 14 years as a result of the four maintenances
carried out in the interval.

While it is conceivable that the improvement due to a main-
tenance activity is less than the deterioration between two con-
secutive maintenances, especially early in the life of a device
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when only minor maintenances are performed, later the effect
of maintenance should equal or exceed the deterioration occur-
ring between maintenances. This can be ensured by scheduling
overhauls (major maintenances) beyond a given stage of deteri-
oration. If, for instance, in the example of Fig. 4(a) overhaul is
required at or after the deterioration stage 6, and if the effect of
overhaul is a 3-year improvement in deterioration, the diagram
will change to that shown in Fig. 4(b). Note that now the ex-
pected time to failure is infinity.

The problem with this deterministic representation (and many
others) becomes obvious in the last example. It is easy to vi-
sualize that if the setback effected by maintenance is less than
the maintenance interval the process will tend “to the right”
and end in failure. However, this can be considered an unlikely
case. Every time the setback equals the maintenance interval,
the process will oscillate within a given range, as in Fig. 4(b),
and if it exceeds the maintenance interval, the process will move
“to the left.” In both latter cases the implication is that failure
will never occur. This is a false conclusion and is entirely due
to the assumption that all quantities involved have fixed values.
If variability is allowed as in a probabilistic model, the failure
state will sooner or later always be reached. This agrees with
experience and can be proven rigorously.

In conclusion, it appears that while deterministic approaches
may be simple to follow, some can lead to erroneous results.
Probabilistic models produce much more credible conclusions
but, unfortunately, their more complex structure will often mask
the fact that they can in many applications better describe real
conditions.

VI. M ODEL EXTENSIONS

In general, probabilistic models can accommodate extensions
and refinements easier than deterministic models. In the fol-
lowing, a few examples are given of desirable features that ought
to be built into maintenance models.

If the rates of transitions from the Dto the M states are the
same for all , the model in Fig. 3(b) will represent a situation
where maintenance is scheduled; that is, performed at regular in-
tervals. It is fairly obvious that better economy can be achieved
with a predictive maintenance policy where maintenance is per-
formed only when needed. The model in Fig. 3(b) can be further
developed to accommodate such a policy [18]. A simple solu-
tion is to insert inspection states before proceeding to mainte-
nance; during inspections decisions are made as to the necessity
of carrying out maintenance at that time. The probabilities of the
possible decision outcomes must be chosen in advance; clearly,
the more elaborate is the model, the more input data are needed.

Further development is required for enhancing probabilistic
models so that they can accommodate, for example, the
following:

• maintenance schemes based on continuous condition
monitoring instead of periodic inspection;

• several deterioration processes taking place concurrently;
• the impact of load changes, or cycling loads, on aging;
• the possibility that maintenance, if not done with care, can

damage rather than improve the condition of a device; in
fact, the effect of maintenance in terms of the resulting

adjustment in the deterioration process should be consid-
ered a random variable, including the possibilities of no
set-back and “set-forward”;

• recognition of the necessity of postponing maintenance,
particularly for generating units, if load conditions do not
allow the removal of a unit from service;

• Recognition of the effect of obsolescence which may re-
sult in spare part unavailability at some time during the
device’s active lifetime.

The claim may be made that the effect of the break-in/
debugging period at the beginning of a device’s operating
life, when failure rate is possibly quite high, should also be
recognized in a practical model. However, maintenance during
this period is usually covered by special instructions which are
apart from the long-term maintenance policy, the subject matter
of this report.

Many of the above refinements are presently under study.
Probabilistic models dealing with some of these concerns are al-
ready described in the literature (e.g., [10], [18]–[20]). It needs
to be emphasized that the present effort is not aimed at devel-
oping a comprehensive maintenance program. The goal is to in-
crease the industry’s awareness of this tool for improving reli-
able operation, a tool whose use has not been fully exploited in
the past.

VII. OUTLOOK

From the limited survey of maintenance practices in electric
utilities described in this report it has become evident that many
utilities in North America and overseas have not yet adopted
practices beyond those of scheduled maintenance or empirical
forms of predictive maintenance based on periodic inspections.
Mathematical models, deterministic or probabilistic, are as of
yet rarely used. They lack the simplicity required for evalua-
tions which are often carried out in the field; besides, they re-
quire a multitude of input information which may not be readily
available.

For all their advantages, probability-based maintenance poli-
cies are particularly slow in being considered for implementa-
tion. It cannot be denied, however, that optimized probabilistic
maintenance models would provide the highest savings and also
the highest flexibility in exploring and utilizing the effects of
changes in any of the parameters. Therefore, there is little doubt
that the final development in utility maintenance policies will
be the introduction of such models, however complex they first
appear to be. This is particularly true in a competitive environ-
ment where it is a prime necessity to find optimal solutions in
complicated situations. A good example is generator mainte-
nance where, as mentioned above, the questions are not only
of minimizing maintenance and repair costs but also of appro-
priate scheduling.

In the past, the practice of electric utilities and power pools
was to centrally plan and coordinate the maintenance of gener-
ating units. Maintenance was done during low-load seasons and
the timing was influenced by such considerations as system risk
and production cost. In the deregulated scenario, maintenance
may not be centrally planned or even coordinated. Generator
owners may tend to keep the units running when the market
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clearing price of electric energy is high and perform mainte-
nance only when the market price is low. In addition, they may
wish to sell energy in a neighboring control area in which the
periods of high load (and high market price) may be different
from those in the area where the generator is located. Under
such circumstances the decision when to maintain a generator
will be driven by profit incentives rather than by the optimal cost
of maintenance and repair.

Since it is unclear at the time of this writing how energy
markets will operate, it is not possible to examine the effect of
generator maintenance policies on risk in the deregulated in-
dustry. Therefore this report does not address these issues. But
it should be noted that for equipment other than generating units
and some generating station components, findings in this docu-
ment are applicable even when utilities operate in competition.
Work is being carried out in several centers to develop program
packages for the probability-based maintenance approaches dis-
cussed in this report, for risk analysis under deregulation and
how risk is influenced by various maintenance strategies.

APPENDIX I
TERMINOLOGY

In the following, definitions are given of a few fundamental
concepts discussed in this paper. It must be understood that no
standard nomenclature exists in this field; in the notes to the def-
initions, several alternative terms are listed which are frequently
used in power system reliability studies or in the component and
circuit reliability literature. In proposing the definitions below,
an attempt is made to offer a consistent set which may be ac-
ceptable to most users.

Failure: The termination of the ability of a device to perform
a required function.

Random Failure: A failure whose rate of occurrence (inten-
sity) is constant, and independent of the device’s condition.

Note 1: The chances of a random failure occurring in
any short time interval, assuming that the device has
been working up to that time, is always the same. In the
more precise terminology of reliability theory, a failure is
random if the density of the conditional probability that
it occurs in the interval ( ), given that the device
was in a working condition at, is constant (independent
of ). In general, this density is called thehazard function,
and if it is constant, thehazard rateor failure rate.
Note 2: In a broader sense, failures whose origins are not
well understood and therefore are perceived as being able
to occur at any time are often said to be random. If for easier
mathematical modeling it is assumed that such failures can
occur at any time with equal probability, then the broader
concept is reduced to the above definition.
Note 3: The rate of random failure may depend on ex-
ternal conditions. For example, the rates of lightning or ice
storms, and the rates of resulting random failures, would
be different in each season.

Deterioration (Wear or Wear-Out):A process by which the
rate of failure increases due to loss of strength, the effects of
usage, environmental exposure or passage of time.

Note: The term is also used to describe the accumulated
results of the process.

Deterioration Failure: A failure resulting from the deterio-
ration of a device.

Restoration: An activity which improves the condition of a
device. If the device is in a failed condition, the intent of restora-
tion is the re-establishment of a working state.

Replacement:Restoration wherein a device is removed and
one in better condition is put in its place; if the device is failed, it
is replaced by a working one. It is often assumed that the device
so installed is new.

Repair: Restoration wherein a failed device is returned to
operable condition.

Note: It is common to use the termcorrective maintenance
for both replacement and repair.

Minimal Repair: Repair of limited effort wherein the device
is returned to the operable state it was in just before failure.

Maintenance: Restoration wherein an unfailed device
has, from time to time, its deterioration arrested, reduced or
eliminated.

Note: It is common to call this conceptplanned mainte-
nanceor preventive maintenance. These terms are meant
to contrast withcorrective maintenance(seeRepair). They
are replaced by the above definitions and not used in this
paper.

Scheduled Maintenance:A maintenance carried out at reg-
ular intervals (rigid schedule).

Note: Another term often used for this activity ispreventive
maintenance. This usage of the term contradicts the one
mentioned in the Note to Maintenance above. In this report,
the term is not used.

Predictive Maintenance:A maintenance carried out when it
is deemed necessary, based on periodic inspections, diagnostic
tests or other means of condition monitoring.

Emergency Maintenance:A predictive maintenance that
must be carried out immediately, or with the shortest delay pos-
sible, after condition monitoring detects a danger of imminent
failure.

Minor Maintenance: Maintenance of limited effort and
effect.

Note: If deterioration is modeled in discrete stages and the
intent of maintenance is to improve conditions by just one
stage, the maintenance procedure is often calledminimal.

Overhaul: Maintenance or repair requiring major effort and
resulting in a significant improvement of the device’s condition.

Note: Occasionally the termsmaintenance-overhauland
repair-overhaulare used to indicate the distinction. In most
cases, however, this is not necessary and these terms will
not be used in this report.

Minor Overhaul: An overhaul of substantial effort yet in-
volving only a limited number of parts, whose effect is a con-
siderable improvement of the equipment’s condition.

Major Overhaul: An overhaul of extensive effort and dura-
tion which involves most or all parts of the equipment and re-
sults, as far as possible, in the “good as new” condition.
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Note: A major overhaul usually involves complete disas-
sembly and maintenance of all parts of the equipment, and
replacement of some.

APPENDIX II
SAMPLE QUESTIONNAIRE

IEEE Questionnaire
on Maintenance Policies

Respondent Company no. ........

Part B
Substation Transformers,

100–l6l kV Primary, 4–20 kV Secondary

1) Please indicate the number and MVA size range (on a
3 phase basis) of such transformers.

Number:........ .............. MVA to ............ MVA

2) What type of maintenance policy do you employ? Please
check all that apply.

Scheduled maintenance activities at
fixed time intervals. (Sometimes called
preventive or cyclic maintenance).

Maintenance activities based on evaluating
the condition of the equipment while it
is in service. (Sometimes calledpredictive
maintenance.)
Emergency maintenance/overhaul as needed.

3) Is replacement of the entire transformer a part of your
policy?

If so, what criteria would prompt consideration of this
alternative?

4) If you schedule some or all maintenance activities at
fixed time intervals for these transformers, how often are
the following performed.

Minor maintenance...................weeks/months/years
Minor overhaul..........................weeks/months/years
Major overhaul..........................weeks/months/years
Other.........................................weeks/months/years

5) Do you employ a cyclic routine such as an overhaul fol-
lowing 3 minor maintenances?

6) What is the average duration of the following mainte-
nance alternatives?

Duration
Minor maintenance
Minor overhaul
Major overhaul

7) The terms used in questions 4, 5 and 6 are defined in the
Appendix. Are you comfortable with this terminology
or is your company using different terms for the same
concepts?

8) If you schedule some or all maintenance activities based
on evaluating the condition of the equipment while it
is in service which of the following do you use for the
evaluation? (If you do not use predictive maintenance,
skip to question 11.)

Periodic inspection or testing at intervals
of.................weeks/months
Continuous monitoring
Other technique (please describe)............

9) Have you found any diagnostic tools or techniques par-
ticularly effective?

If yes, which?
10) If your policy is to carry out maintenance as needed,

what criteria do you use to perform the following levels
of maintenance?

No maintenance
Minor maintenance
Minor overhaul
Major overhaul
Emergency maintenance/overhaul

11) In what percentage of the cases evaluated under your
predictive maintenance strategy do you decide to select
each of the following alternatives?

No maintenance.....................................
Minor maintenance................................
Minor overhaul.......................................%
Major overhaul.......................................%
Emergency maintenance/overhaul..........%

12) Are you using a Reliability-Centered Maintenance
(RCM) program for transformers?

If yes, how long has it been in use?
If not, are you considering adopting one?

13) If you are using, or considering to use, an RCM program,
what benefits do you see in employing this technique?

14) Are you using any technique to predict the effect of your
maintenance policy and to see if improvements can be
made?

If yes, please describe.
Are you using probabilistic models for the purpose,
and if yes, what models?

15) What measures of transformer reliability do you use to
evaluate your maintenance policy?

Unavailability
Failure frequency
Mean time to failure
Other (explain)......................................

16) For what components do you collect historical data?
What types of data are being collected?

17) What historical data are available to you in providing the
estimates required in questions 4, 6, 10 and 11?
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18) Do you contract out any maintenance work (e.g., major
overhaul)?

If yes, what type and what percentage?..........%
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