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EXECUTIVE SUMMARY

Oak Ridge National Laboratory (ORNL) performed a feasibility study for the Bonneville Power
Administration (BPA) to determine whether or not Reliability Centered Maintenance (RCM) is applicable
to BPA’s substation maintenance. This paper presents the ﬁndings of the study and proposes a prototype
RCM system for BPA’s substation maintenance. The prototype will be limited initially to transformers
and breakers.

The feasibility study examined five areas of concern to BPA and the ways in which RCM could

aid BPA in these areas. The areas are as follows:

- to support the BPA mission, which is to supply reliable power at the least cost and to
provide research leadership to the utility industry;

- to manage BPA resources wisely;

- to provide a more reliable power supply, better customer service, and fewer emergencies
and problems;

- to reduce costs; and

- to answer questions related to improving maintenance.

RCM can directly affect these areas. RCM was developed in the airline industry to improve
services and reduce costs by developing maintenance plans that maximize reliability at the lowest possible
cost. It does this by identifying real-time incipient equipment problems, thereby averting potentially
catastrophic failures and by providing decision support through recommendations that will aid in
identifying and scheduling preventative maintenance. To identify potential real-time problems, an RCM
system uses equipment monitors on critical substation equipment and computer software that helps analyze

equipment data. The RCM decision support recommendations are based on the following:

- maintenance criteria,

- maintenance history,

- experience with similar equipment,
- real-time field data, and

- resource constraints.
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The recommendations also identify the type of maintenance to be performed and help establish a

maintenance schedule.

Because the implementation of RCM is dependent on measures of system reliability, the study
also examined ways of measuring substation equipment reliability. Four techniques were evaluated that
probably apply to BPA’s system. They were evaluated through an examination of the literature, including

case studies of existing RCM systems. They are the following:

- Failure Mode and Effect Analysis (FMEA),
- regression analysis,
- expert systems, and

- Bayesian techniques.

An evaluation of techniques that probably do not apply to BPA’s system is also included.

Two types of maintenance are performed on transformers and breakers: corrective maintenance
(CM) and preventative maintenance (PM). The current CM and PM practices were analyzed using BPA’s
Performance Level Guides (PLGs) and Systemm Maintenance Information System (SMIS), and by
performing an FMEA through discussions with BPA’s transformer and breaker experts. This analysis

is useful to the development of an RCM system because of the following:

- maintenance records can be used to predict future failure probabilities and reliability,

- a current profile of planned and unplanned maintenance practices can be generated by
equipment type,

- equipment characteristics can be described and they can be correlated with maintenance
needs,

- analysis results can support economic studies such as statistics on equipment age at
replacement and replacement cost, and

- analysis of a maintenance database can aid in the design and development of an RCM

system by making it easier to integrate current corporate resources and procedures.

To identify real-time problems, which is one of the primary objectives of an RCM system,
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equipment monitors and analytical software are needed. An analysis was performed that identified
transformer and breaker conditions that can be monitored. This analysis was based primarily on
information from BPA staff. An evaluation of currently available diagnostic methods for oil-insulated
transformers and gas-insulated equipment was also performed, based on a review of current literature.
While there are various diagnostic methods available for monitorihg transformer and breaker conditions,
there is also the need to research and develop additional transformer sensors. This research and

development effort should include the following:

- the selection of a set of measurements keyed to transformer health rather than or in addition
to incipient failure indicators,
- the exploitation of non-invasive diagnostic techniques, and

- the incorporation of state-of-the-art sensor technology where appropriate and practical.

The feasibility study also examined the financial benefits to BPA of an RCM system. The
analysis used data from BPA’s SMIS for the fourth quarter of fiscal year 1990 cumulative. The
conclusion is that over $8 million in annual benefits are available to BPA if RCM is applied to breakers
and transformers at all BPA substations. The way an RCM system would reduce costs is by lowering
the overall PM and CM costs and by reducing capital costs. RCM can provide the data necessary to
precisely define PM requirements which reduces PM costs by eliminating unnecessary PM. It also
reduces CM costs by identifying PM needs that are missed in a regular "rule of thumb" maintenance plan.
Capital costs are reduced by appropriate PM which belps avoid catastrophic equipment failure, making
it possible to delay replacement.

There are additional benefits from RCM that were not estimated. These include the benefits of
higher reliability and safety to personnel. Another potential benefit is improving equipment selection by
evaluating RCM data to identify characteristics of equipment that lead to lower PM and CM costs.

This paper also presents the functional requirements for the proposed RCM system. There are
three areas of functional requirements that were evaluated through discussions with BPA personnel and
by examining current literature.

The first area is the hardware. Ultimately, the RCM system must have the ability to operate
within the existing Supervisory Control and Data Acquisition (SCADA) system, and it must be able to
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communicate maintenance schedules to the SMIS. The RCM research effort will also determine the
optimum number of equipment sensors actually needed to maintain the quality of the inferences drawn
by the RCM system. Equipment monitors will 1) detect equipment operation anomalies, 2) diagnose the
conditions of the transformers and breakers, and 3) make PM and CM recommendations. A substation
monitor will consolidate and integrate the equipment monitors at the substation level. Ultimately, a
system monitor at Dittmer will integrate and evaluate the data from the substation monitors. Initially,

this function will reside on the substation monitor.

The second area of functional requirements is decision support. There are four decision support

components as follows:

- CM decision support at the substations, or area offices;

- PM decision support at the substations, or area offices;

- CM decision support at the system headquarters (Dittmer); and
- PM decision support at the system headquarters (Dittmer).

The third area of functional requirements is software. The software tools must be flexible and
must be conducive to exploring ways to evaluate and analyze the data. All the software components must
provide effective methods for integration. Software is needed to provide a decision support model and

the ability to communicate with the SMIS.
In conclusion, RCM is a tool which can be applied by BPA to substation maintenance to improve

reliability while reducing maintenance costs. The feasibility study ends with a set of recommendations

about how to proceed with the prototype RCM at Alvey substation.
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ABSTRACT

This feasibility study examines reliability centered maintenance (RCM) as it applies to Bonneville Power
Administrations (BPA) substation maintenance program. Reliability techniques are examined and
evaluated. Existing BPA equipment maintenance procedures are documented. Equipment failure history
is considered. Economic impacts are estimated. Various equipment instrumentation methods are

reviewed. Based on this analysis a prototype system is proposed.

The prototype will be implemented in two phases. Phase 1 is to be completed in 1992, it includes
instrumenting one power transformer and one oil circuit breaker. Software development will focus on
displaying data. Phase 2 is to be completed the following year. The remaining transformers and breakers
will be instrumented during the second phase. Software development will focus on predictive

maintenance techniques and maintenance decision support.
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1.0 INTRODUCTION

1.1 PURPOSE

The purposes of this study are 1) to examine the feasibility (pros and cons) of Reliability Centered
Maintenance (RCM) as it applies to Bonneville Power Administration’s (BPA) substation maintenance
and 2) to propose a prototype RCM system. A feasibility study will help in the decision making process,
but field experience will be required to quantify the true benefits of RCM. Maintenance is expensive.
However, improper maintenance is even more expensive and "mistakes” may not show up for years.

Thus, changing maintenance procedures warrants a "go slow" (prototype) approach.

This study is presented in seven sections: introduction, background, BPA equipment, equipment
monitoring, benefits of RCM, functional requirements for an RCM system, and conclusions. The
introduction section defines and examines the motivation for RCM. It also suggests objectives for BPA’s

substation RCM program and defines the process for implementing an RCM system.

The background section examines traditional power system reliability and puts substation
reliability and RCM into perspective. Techniques used for reliability are also reviewed. This brief
summary assesses which techniques are potentially applicable to BPA’s RCM system. Similar RCM
activities by other utilities, the Electric Power Research Institute (EPRI), equipment vendors, and others
are documented. These other RCM experiences are viewed from the perspective of transferring this

technology and experience to BPA’s RCM prototype.

In the next section, BPA’s equipment is examined. Existing transformer and breaker maintenance
practices are summarized, and BPA’s substation maintenance information system (SMIS) maintenance
records are analyzed. The objective of this analysis is to quantify frequency and duration reliability rates

for substation equipment. Also, transformer and breaker failure modes are documented.

Equipment monitoring is considered in the next section. Transformer and breaker conditions that

can be monitored are identified and assessed. Equipment monitoring options are presented and discussed



and research needs are identified. Substation equipment is considered further and conclusions are

presented on how BPA’s equipment may be included in the RCM prototype.

The benefits of the proposed RCM system are examined in the next section. Among the benefits
considered are mitigation of significant equipment failures while in-service, the cost of power
interruptions, equipment life extension, changes in maintenance procedures, and targeting maintenance

to equipment where the risk and consequence of failure are high.

In the next section, a prototype RCM system is proposed. Functional requirements are identified.
These requirements are general and form a basis for the future design. The general hardware system and

software architecture are documented.

The final section contains conclusions and recommendations. It addresses the implementation of
an RCM prototype.
1.2 WHY EXAMINE RCM TECHNIQUES? MOTIVATION?
1.2.1 BPA Mission

The BPA mission contains two major objectives. These are discussed in this section.
1) To supply reliable power at the least cost

Reliable power supply and minimum cost are usually economic opposites. Higher reliability
generally involves increased investment and maintenance cost. However, RCM may lead to reduced

equipment failure rates without increasing maintenance costs. Thus, RCM has the potential of improving

reliability while reducing costs.



2) To maintain research leadership in the industry

Another aspect of BPA’s mission is to contribute to advances in the utility industry through
research and development, testing, and sharing of R&D experiences. An industry problem is the
increasing average age of utility equipment. This problem is complicated because reduced load growth
has slowed construction activities. Also, financial pressures have caused utilities to defer expenditures.
Equipment continues to age; however, plans to replace the entire stock over time are not being made.
Some equipment is nearing the end of its useful life. Equipment left in service too long fails; old
equipment becomes a safety liability. Furthermore, if equipment fails it may either destroy or accelerate
the need to replace associated equipment. RCM may help determine when equipment nears the end of
its useful life.

1.2.2 Utility Stewardship

Utilities have a large investment in their substations. Each utility has a responsibility to manage
resources, such as people and equipment, wisely. The problem is striking an appropriate balance. Too
much maintenance is unnecessarily expensive. On the other hand inadequate maintenance is also
expensive. Equipment failures are generally more costly, in human and financial terms, than

maintenance.

A goal of RCM is to establish an acceptable reliability level and perform maintenance to maintain
that reliability level. Realizing this goal opens the possibility of examining increased or decreased
reliability criteria in light of costs.. Currently, maintenance procedures are the driving force determining
maintenance expenditures and observable reliability levels. RCM may be used as a tool to turn the
process around. The driving force may then become reliability level and expenditures resulting in
maintenance procedures. RCM should provide a tool to effectively manage resources based on reliability
and costs. Realistically, data on reliability/cost tradeoffs will take years to fine tune. But once collected,

RCM will become a powerful tool for managing maintenance.

1.2.3 Utility Service
RCM should help provide a more reliable power supply, better customer service, and fewer
emergencies and problems. Currently, maintenance procedures are based on fixed-time intervals and

inspections. Continual monitoring of key failure precursors may help utility personnel discern when an



expensive piece of equipment is about to fail. A goal of RCM is to perform maintenance at the latest

reasonable time without severely impacting equipment serviceability.

Some failures are the result of electrical transients. Other failures only appear to be the result
of transients. Some failures may be avoidable if proper instrumentation and controls are in place so

warning signs (precursors) can be identified and monitored.
1.2.4 Stable Rates

Higher reliability and lower maintenance costs support stable electricity rates.
1.2.5 BPA Continues To Ask The Questions

BPA needs to be able to answer the following maintenance questions. How can maintenance be

done better? Are there any desirable alternatives to the way maintenance is being done now?

1.3 WHAT IS RCM?

RCM is a technique that is used to develop maintenance plans and criteria so the operational
capability of equipment is achieved, restored, or maintained. The objective of the RCM process is to
focus attention on system equipment in a manner that leads to the formulation of an optimal maintenance
plan. The RCM concept originated in the airline industry in the 1970s and has been used since 1985 to
establish maintenance requirements for nuclear power plants. The RCM process is initially applied during
the design and development phase of equipment or systems on the premise that reliability is a design
characteristic. It is then reapplied, as necessary, during the operational phase to sustain a more optimal
maintenance program based on actual field experiences. The purpose of the RCM process is to develop
a maintenance program that provides desired or specified levels of operational safety and reliability at the
lowest possible overall cost. The objectives are to predict or detect and correct incipient failures before
they occur or before they develop into major defects, reduce the probability of failure, detect hidden

problems, and improve the cost-effectiveness of the maintenance program.



RCM accomplishes two basic purposes: (1) It identifies in real-time incipient equipment problems,
averting potentially expensive catastrophic failures by communicating potential problems to appropriate
system operators and maintenance personnel. (2) It provides decision support by recommending,
identifying, and scheduling preventive maintenance. Recommendations are based on maintenance criteria,
maintenance history, experience with similar equipment, real-time field data, and resource constraints.
Recommendations identify the type of maintenance to be performed, such as inspection, testing, routine
maintenance, or detailed maintenance. Recommendations also help establish a maintenance schedule.
Scheduling should include the concepts of maintenance priority and local scheduling so field personnel

can prioritize preventive maintenance.

Hardware and software are used to accomplish these two purposes. The RCM system includes
instrumentation that monitors critical substation equipment as well as computer software that helps analyze

equipment data.

A unique aspect of the BPA RCM system involves predicting the "health” of individual
equipment. Equipment is manufactured by different vendors. Its design, materials, manufacturing, and
vintage differ. Once placed in service, equipment ages and experiences unique operating conditions.
Experiences vary according 10 voltage level and duty requirements. Likewise, quality of maintenance
and replacement parts vary. Predicting the health of equipment is similar to, but not as complex as,
determining the health of individual people. To determine the health of individual equipment, incipient
diagnostic knowledge, preventive maintenance expertise, and instrumentation are combined into a single
RCM system. By considering the equipment’s unique characteristics like age, design, duty, and
operating/maintenance history, along with the equipment’s common characteristics like experience with
sister units, reliability, traditional maintenance practices, and failure modes as well as maintenance
resources and management goals, work can begin on determining equipment health and hence
maintenance needs. Hopefully unnecessary "exploratory surgery” can be reduced where equipment is
opened up, inspected, then closed up without any maintenance taking place. It is unrealistic to assume
that this project will result in being able to accurately determine equipment health in all situations.
However, if the project’s direction can be clearly established, progress can be made toward the goal of

optimizing maintenance.



RCM may be viewed simplistically as an input/output process. Maintenance decisions are based

on input information such as the following:

understanding the physical processes inside the equipment,
maintenance expertise,

scheduling expertise,

observations coming from monitoring equipment,
maintenance criteria,

manufacturer’s recommendations,

time elapsed since last maintenance,

operating conditions experienced since last maintenance,
€conomics,

reliability,

age of the equipment,

historical data,

maintenance budget,

prior maintenance,

safety,

construction budget, and

operating philosophy.

The outputs of RCM are maintenance decisions. Maintenance includes a range of activities such

as the following:

internal and external equipment inspection,
testing,

time-based preventive maintenance (PM),
condition-based PM,

corrective maintenance (CM), and

no maintenance action.

What might an RCM system be expected to accomplish for BPA? What steps must one go

through to implement an RCM system? These two questions are addressed next under the headings of
RCM objectives and the RCM process.



1.3.1 RCM Objectives

The objectives of the installed RCM need to be considered before the system is designed.
Consideration must be given to the desired impacts of the intended RCM system on BPA’s power system.
These objectives should address the mission of a fully implemented RCM system at BPA. The proposed
RCM system for BPA are limited to substation maintenance only. The following sections enumerate

RCM objectives.

1.3.1.1 Reduce Maintenance Costs
To quantify reductions in substation maintenance costs (consisting of corrective and preventive
maintenance). Currently, BPA’s maintenance requirements exceed maintenance resources. RCM may

be viewed as a tool to help manage the maintenance workload.

1.3.1.2 Optimize Maintenance Resources
Maintenance resources can be realigned to effectively implement RCM, increase reliability, and
improve safety. BPA management may see the need to make organizational changes due to modified

maintenance procedures brought about because of RCM.

1.3.1.3 Optimize Maintenance Tasks
To consider the impact of maintenance criteria, which determine when maintenance is required,
on maintenance effectiveness. To establish the appropriate balance between the different maintenance
procedures such as inspections, surveillance testing, time-oriented maintenance, condition-oriented
maintenance, and no action, To optimize the time between maintenance intervals. Bomnneville has a
tremendous amount of experience in time-driven maintenance. However, BPA does not have the ability
to monitor transformers and breakers extensively while on-line. Real-time data will help provide better

information for optimizing maintenance practices.

1.3.1.4 Optimize RCM Instrumentation
To identify what values need to be monitored in real-time to provide the data required to make
more informed maintenance decisions. If data requirements are not absolutely known, the prototype
system may need to be over-instrumented in order to determine experimentally the most economic and

effective instrumentation system. The prototype system can then be evaluated and a typical substation



RCM instrumentation package can be identified, designed, and installed in additional substations as

appropriate.

1.3.1.5 Enhance Safety
Safety is an important consideration for utilities. Establishing measures of safety and safety goals
and tracking the impact of maintenance decisions on safety, lost time accidents, deaths, etc. are results

of safety practices. RCM may be used to reduce catastrophic failures, thus improving safety.

1.3.1.6 Improve CM/PM Ratio
The goal is to establish a more favorable corrective maintenance (CM) to preventive maintenance
(PM) ratio. If this ratio is too high, there is not enough PM being done. On the other hand, if the ratio
is t0o low, it may be an indication that too much PM is being done. What is the best CM/PM ratio for

BPA? Historical maintenance expenditures will help provide insight into this complex decision.

1.3.1.7 Provide Life Extension

How will RCM impact equipment retirement decisions? Retirement criteria may need to be
reconsidered in light of additional information available from RCM. RCM may lead to equipment life
extension. Perhaps retirement criteria for equipment can be established, based on RCM, which results
in extending equipment life. The economic impact of equipment life extension is discussed in Chapter
5.0.

1.3.2 The RCM Process

The anticipated steps required for implementation of the RCM system are listed in this section.
These steps are sequential: work should be completed or nearly completed in one area before the next
step is started.

1.3.2.1 Establish System Boundaries
Define system boundaries. Alvey substation was selected for the RCM prototype system.
Substation equipment are the RCM components for the final system; transformers and breakers are the

RCM components for the prototype.



1.3.2.2 Define System Functions
Identify substation functions and define functional failures that must be addressed. Equipment
failures that disrupt power supply reliability must receive additional attention by RCM. The RCM system
will be designed to optimize preventive maintenance and mitigate catastrophic equipment failures since

these failures are particularly expensive.

A desired reliability level for substation circuits needs to be identified. What is the target
reliability level for BPA’s substations? What is the relationship between BPA’s contingency level criteria
and substation reliability? Substation reliability is separate and distinct from generation system reliability,

transmission system reliability, equipment reliability, or customer reliability.

1.3.2.3 IXdentify Failure Modes
Identify the dominant failure modes associated with equipment failures. Several approaches may
be considered as follows:
- summarize BPA’s maintenance history and experience, including -interviews with
maintenance personnel;
- review industry experience based on other utility and vendor experiences; and
- apply analytical techniques such as failure mode and effects analysis (FMEA), fault tree

analysis, sequence of events, and/or system modeling.

1.3.2.4 Apply RCM Decision Logic
Apply RCM decision logic to determine preventative maintenance tasks. This process should help
identify those values that need to be monitored by the RCM system.

1.3.2.5 Design Instrumentation System

Design an instrumentation monitoring system that will meet RCM requirements.

1.3.2.6 Redefine Preventative Maintenance (PM) Tasks
The RCM will propose PM tasks, prioritized according to the following activities:
- equipment inspections,
- surveillance tests,
- time-based PM,



- condition-based PM, and

- no-action options or suggest equipment design changes.

1.3.2.7 Evaluate RCM Performance
The RCM system must be based on sound maintenance principles and experience. Perhaps a

RCM review board is needed to insure quality decisions. Evaluation and control mechanisms need to be
put into place to provide a tangible basis for evaluation as follows:

- define and revise baseline criteria and equipment monitoring thresholds for condition-based

and time-based PM;

- explore extensions to maintenance periods proposed by RCM analysis;

- examine organizational interfaces required to implement RCM;

- quantify cost, safety, and reliability implications associated with RCM; and

- determine the overall effectiveness of RCM.

1.3.2.8 Track Critical Maintenance Parameters
Identifying key measurable parameters will give insight into the effectiveness of RCM. These
key values must be tracked and examined for trends. Items which may apply include the following:
- CM (pumber and severity),
- types of failure modes,
- maintenance costs, and

- safety impacts.
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2.0 BACKGROUND

2.1 POWER SYSTEM RELIABILITY AND RCM

The "reliability” of an electric power system refers to the ability of the electric system to provide
consumers with continuous electrical service of satisfactory power quality. The electric utility industry
maintains a high level of system reliability because when the electric supply to consumers is disrupted,
even for a short period of time, the results can range from minor inconvenience t0 major economic loss
to endangerment of human life. Reliability provided to each consumer varies from location to location
on the system. Different reliability levels are experienced by the generation, transmission, and
distribution systems. The IEEE Power Engineering Task Force on Bulk Power System Reliability
describes a proper level of electric utility system reliability as that which meets customer load demands
and energy at the lowest possible cost while maintaining acceptable levels of service quality. Provisions
for higher degrees of service reliability involve higher expenditures for both additional facilities and

increased maintenance.

Today there is a tendency among electric utilities to defer expenditures for expansion and
improvement as long as possible. This tendency results in equipment experiencing more severe operating
conditions. Normally, when equipment experiences more severe operating conditions and becomes older,
closer attention is given to maintenance. This attention may be in the form of either working harder
(where additional site visits are made) or working smarter (where additional reliability techniques are
applied). This section identifies and evaluates additional reliability techniques applicable to RCM (see
Sect. 2.3).

Maintenance activities may be classified as either corrective or preventive maintenance.
Generally, corrective maintenance is concerned with observed problems while preventive maintenance
anticipates problems and initiates action before problems are observed. Reliability techniques may be

applied to either corrective or preventive maintenance.
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2.2 TRADITIONAL POWER SYSTEM RELIABILITY

Service reliability is measured in terms of the number of consumers affected, the number of

interruptions, and the duration of interruptions. Reliability indices include the following:

- number of interruptions per consumer served,

- number of consumers affected per consumer served,

- number of consumer hours of interruption per consumer served,
- average number of consumers affected per consumer served, and

- average outage duration (hours) per consumer served.

The reliability of the electric power system is a concern for both system operators and planners.
Operators are concerned with the reliability of the system when it is in one of its likely operating states.
They are interested in short-term risk assessments because they need fast results that can be used to
implement new operating decisions before problems arise. System planners are concerned with the
reliability of the system as designed for all possible operating states and are thus interested in long-term

risk assessments of the system.

The complexity and size of most electric power systems do not allow for an analysis of the entire
system in a completely realistic and exhaustive manner on a digital computer. For this reason, and
because it may be more meaningful to select separate failure criteria, reliability indices, and modeling
assumptions for each subsystem, the reliability of an electric system is studied by dividing the system up
into subsystems. The main subsystems are generating systems, interconnections, the composites of
generation and transmission known as the bulk power system, area supply systems, and distribution
networks. Because of the extreme complexity of the power system, especially a large system, simplifying
assumptions are generally used to build models of the system. Short-term reliability predictions, which
are still under development, assist in day-to-day operating decisions. Long-term reliability analysis

techniques are mature. They are performed to assist in long-range system planning.

Two different approaches have been used for reliability assessments of power systems:
deterministic and probabilistic. In the deterministic approach, reliability criteria are established by

selecting a set of contingencies which the system must withstand without service interruptions. Then a
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series of computer runs are made to evaluate the impact of single contingencies or combinations of
contingencies. The probabilistic approach to reliability evaluation involves defining appropriate reliability
indices to measure the reliability of the system. These reliability indices are used to assess the risk of
a system failure. The power system is designed to keep these reliability indices below a predefined level.
The primary indices indicate the probability of failure, the frequeﬁcy of failure, and the average duration
of failure. These indices are determined for each kind of corrective action (i.e., shedding of interruptable
load, voltage reduction, and load reduction in part of the system) which may be taken after a system
contingency or disturbance. Comparison of alternative system plans are the most frequent application

of probabilistic approaches.

The two concepts described above have quite a bit in common. Both address risk reduction and
cost minimization. The system reliability concept is concerned with the overall reliability of the system
and does not necessarily consider the reliability of all system components, including substation
components. In addition, system reliability evaluation is based on either a deterministic approach which
considers a preselected set of system contingencies or is based on a probabilistic approach which
considers component reliabilities. RCM is much like system reliability at the component level. It
considers reliability starting at the design phase and proceeds through to the operational phase. A unique
characteristic of RCM is the decision logic that goes into identifying critical components, applying the
decision logic to the critical failure modes, and collecting and building of adequate data on component
reliability.

RCM may be used to target individual equipment or the system. Either the reliability of
individual equipment or the reliability of the system is maximized. Traditionally, RCM has been applied
to the system level, to maintain the function of the system (e.g., transmission system, nuclear power
plant, or aircraft). However, the design of substations are very reliable: critical components like
expensive transformer banks can usually be lost without loss of electrical service. Therefore, substation
RCM should target individual equipment (e.g., transformers and breakers) in order to minimize

maintenance resources (e.g., time and costs).
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2.3 RELIABILITY TECHNIQUES APPLICABLE TO RCM

A successful RCM program requires the availability of appropriate data such as usage,
maintenance, and reliability histories of equipment and systems. The basis for RCM is generally derived

from careful consideration of the following questions.

- What is the function of the system and its components?
- What types of failures occur? What is the frequency?
- What are the consequences of failures?

- What can be done to prevent failures?

Consequently, an "RCM Information/Decision Support System” that includes the aforementioned
data would be valuable and beneficial to the maintenance analyst. To convert the raw data into
meaningful information, software tools and techniques are needed in an RCM program. For instance,
mathematical or statistical procedures help in deciding where maintenance resources should be allocated

in order to better utilize maintenance resources while trying to improve component reliability.

This section addresses tools and techniques applicable to reliability analysis. These tools are
evaluated from the viewpoint of applying them to BPA’s RCM system. The techniques are assigned to
one of two categories: those that probably apply to BPA’s RCM system and those that probably do not
apply. Four techniques appear to have the greatest application potential to BPA’s RCM system. These
techniques are failure mode and effects analysis, regression/correlation analysis, expert systems, and
Bayesian techniques. The remaining techniques may be revived as the design progresses, but at this point

these techniques are less likely to be applied to BPA’s RCM prototype.
2.3.1 Techniques That Probably Apply to BPA’s System

The techniques that apply to BPA’s RCM system are analytical, judgement oriented, or simulation
based. Failure mode and effect analysis and regression analysis are analytical techniques. Techniques
may also be judgement or experience based because good maintenance practices depend on sound
judgement and experience. Expert systems allow experience and judgement to be included. Bayesian

techniques represents a combination of judgement oriented and statistical approaches. Dynamic system
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modeling techniques may be applied to power system transformers or breakers, and simulation techniques
that extrapolate dynamic system conditions estimate when maintenance is required. Expert systems in
conjunction with transformer or breaker models may be used to project when maintenance is required.

The four techniques that probably apply to BPA’s system are discussed in the following subsections and

are summarized below in Table 2.1.

Table 2.1. Techniques which probably apply to BPA’s system
Technique Rationale | Application

Failure Mode and Examines failure mechanisms and the consequence Helps determine what

Effect Analysis of each type of failure. Analysis is limited to values should be

(FMEA) transformers and breakers. monitored.

Regression Examines data statistically to establish relationships | Helps target

Analysis between data (i.e., failure rate vs age, or failure maintenance based on
rate vs voltage, or failure rate vs equipment type). equipment age and

voltage.

Expert Systems Compare monitored and historical data from Suggests maintenance
transformer or breaker to maintenance criteria. The | activities based on
expert system could suggest what type of maintenance criteria,
maintenance needs to be performed and when it monitored data, and
needs to be performed. historical data.

Failure analysis
potential.

Bayesian Combines experience and data. Results of this May be used to
analysis may be used by the expert system. predict where a

failure may occur.

2.3.1.1 Failure Mode and Effect Analysis (FMEA).

FMEA is a structured analytical technique that documents failures and the impact of failures on
equipment. It addresses functional failures, identifies the dominant failure modes, categorizes impacts
(e. g., local, system, or organizational), and determines critical components within the equipment. In
addition, it provides the input for determining which failure modes may be prevented by RCM, and which
modes may be addressed by RCM.
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2.3.1.2 Regression Analysis.

Reliability is a "probability,” and hence the mathematical structures of probability theory and
statistics are important in reliability evaluation. Statistical methods can be used to measure, compare,
and predict characteristics of the distribution of time to some particular event or events of interest (e.g.,
system failures). Regression or correlation analysis helps to determine relationships between failure and
failure-cause variables (e.g., failure rate vs. age). Parameters in the regression models are typically
estimated by various statistical procedures. Binary response models are also frequently used when one
considers only the failure or nonfailure of equipment over a specified time period. A regression model
for RCM might relate observable values (e.g., the number of operations, the cumulative power loading,

the rate of oil hydrogenization, and the time since last maintenance) to maintenance requirements.

2.3.1.3 Expert Systems.

Expert systems handle a wide range of problems. They may be developed to diagnose, interpret,
predict, instruct, design, plan, monitor, advise, or control. An expert system can be integrated with other
software including dynamic models, algorithms, data bases, or real-time systems. Expert systems can
be designed to be flexible. Rules can be developed which reflect maintenance experience. Rules can be
revised quickly without impacting other rules. In this manner an expert system can be incrementally
improved. Expert system technology has been applied successfully to BPA’s communication alarm

processor project.

An RCM expert system will probably need access to monitored and historical data. Observed
data can be compared to maintenance criteria and suggestions for maintenance may be initiated by the
expert system. The recommendations by the expert system can be evaluated by those in charge of

substation maintenance. Afterwards maintenance tasks can be scheduled by maintenance personnel.

2.3.1.4 Bayesian Approach For The Study of Reliability/Availability Problems

Bayesian methods provide one way of combining experience with observed data. The Bayesian
approach uses conditional probabilities. The analysts use their experience to choose a probability and to
apply it to the problem. It should be noted that Bayesian approaches are generally applicable to datasets
where the data are limited but good experience is available. Other techniques should be used for data
sets rich in information. For Bayesian methods in reliability refer to the book Bayesian Reliability
Analysis, (New York: John Wiley, 1982) by Martz and Waller.
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2.3.2 Techniques That Probably Do Not Apply to BPA’s System

There are other techniques for assessing reliability which probably do not apply to BPA’s system.

Techniques that probably do not apply may be classified as those which analyze static data or depend on

accurate data, are difficult to automate, are non-dynamic approaches, or those that require actual failure

experiences for input. The techniques that probably do not apply and the reasons they probably do not

apply are discussed in the following subsections and summarized in Table 2.2.

Table 2.2, Techniques which probably do not apply to BPA’s system

Technique

Rationale

Fault Tree Analysis (FTA)

FTA may progress through several levels of cause and effect.
However, since the observable values are internalized within the
equipment, FMEA appears to be a better approach.

Machine Learning

Predicting transformer and breaker failures based on RCM
instrumentation in some instances is more art than science.
There are many unknowns about physical phenomena leading to
equipment failures which makes verification of machine learning
techniques difficult. Verification is important because failures
are expensive and occur infrequently.

Statistical Modeling

The type of data which will be used for RCM is not available
without RCM instrumentation. Statistical modeling requires an
analyst, so this approach may not work with real-time data.

Reliability Block Diagrams

Uses component reliability rates and repair times to examine the
impact of losing a component on the reliability of power supply.
Determines the impact of a failed component on substation
reliability. Since data is not readily available for alternative
maintenance scenarios this approach does not apply to RCM.

Time Series Analysis

Time series analysis requires data from RCM instrumentation
along with equipment failure experiences. These data from
failures are not available.

Markov Model

This method does not apply well to small system analysis and
does not lend itself to real-time data because it requires a skilled
analyst.

2.3.2.1 Fault Tree Analysis (FTA)
Fault tree analysis (FTA) was developed mainly by engineers who design and analyze complex

systems. Basically, a fault tree is a model that graphically and logically represents various combinations

of possible events, both fault and normal, occurring in a system that lead to the event of interest (e.g.,

system failure or breakdown). FTA can help the analyst identify critical components and sometimes,
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specific failure modes for a system. As a diagnostic tool, FTA can be used to predict the most likely
causes of system failure in the event of a system breakdown. As a design tool, FTA aids in the
identification of potential accidents due to system design and helps to eliminate costly design changes and
retrofits.

FTA involves two steps: fault tree construction and fault tree analysis. Fault tree construction
requires the input of an expert’s knowledge on how the system is designed and operated. The second step
involves the evaluation of the fault tree, either qualitatively or quantitatively. It is important to
understand that a fault tree is not always a model of all possible system failure modes. The fault tree
might only include faults related to certain selected system functions. Also, fault trees generally only
include those faults that are determined by the analyst to be most credible. Reliability and Fault Tree

Analysis, edited by Barlow, Fussell, and Singpurwalla (1975), provides many applications of FTA in
reliability.

An attempt was made to apply FTA earlier in this study. However, after working with BPA
staff, FTA did not capture the information necessary for RCM. FMEA appears to do a better job than
FTA because detailed knowledge of fault sequences is not available from BPA and is required for FTA.

2.3.2.2 Machine Learning

Machine learning has three primary focuses: task-oriented analysis, computer simulation of
buman learning processes, and theoretical analysis of learning methods. Machine learning techniques
include neural networks, classifier systems, and genetic algorithms. Most machine learning techniques
require a learning process. Learning includes observing experiences where equipment fails or learning
the signs and symptoms which are abnormal or appear prior to a failure. Machine learning techniques
may eventually be applied to RCM; however, today there is not sufficient sensor data involving faults

and maintenance to adequately teach the system.

2.3.2.3 Statistical Modeling

Statistical models require good data. Careful modeling of a system may help uncover components
or modules that are particularly sensitive to damage or whose failure will lead to a systefn failure.
Models that are most commonly applied in the study of reliability problems include poisson, extreme

value, Weibull, exponential, gamma, lognormal, and inverse Gaussian distributions. These models map
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actual data to statistical models to see how closely the model fits. Goodness-of-fit procedures are
available for testing modeling assumptions and evaluating the appropriateness of the selected models. The
problem with statistical modeling is the uniqueness of individual pieces of equipment. Equipment
variations and operating experiences are too complex to capture in a single predictive statistical model.

Also, statistical modeling requires an analyst so this approach may not work with real-time data.

2.3.2.4 Reliability Block Diagram

Classical probability theory is the basis for mathematical modeling in reliability analysis.
Mathematical models state the probability of system success (defined as non-failure) in terms of individual
component failure rates and reliabilities. Reliability block diagrams aid in the development of
mathematical models which represent the physical system. They graphically display systems in terms of
paralle] and/or series components. This analysis may result in mean-time between failure (MTBF)
predictions. The book Mathematical Theory of Reliability by Barlow and Proschan (1965) is an
acknowledged authority on mathematical models and methods to the study of reliability problems.

Reliability block diagrams are used frequently for reliability analysis of design alternatives. The
reliability of different failure modes under alternative maintenance scenarios is not well understood. In
essence, the data are not available to apply reliability block diagrams to a dynamic system {e.g.,

transformer or breaker).

2.3.2.5 Time Series Analysis (TSA)

TSA is an "experienced-based” analysis. This analysis is related to Fourier analysis. By
evaluating failure history and system failure frequency, TSA allows the analyst to identify possible failure
cycles or trends as opposed to random failure levels. The theoretical basis of TSA is that unique cyclic
failure patterns often exist in the operating experience of systems and equipment. Factors that contribute
to unique failure patterns include items such as design, maintenance, faults, operations, and equipment
operating environment. These failure cycles often represent failure degradation mechanisms that could
be associated with the root cause of equipment/system breakdowns. TSA is used to identify the failure
modes and causes of critical components failure as well as the failure intervals. However, the complexity
and diversity of the equipment, the infrequency of failures, and the diversity of the operating environment

make it difficult to extract a pattern which is applicable to maintenance practices.
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2.3.2.6 Markov Model

The Markov process is a continuous time model. The Markov process requires that equipment
states be defined, such as normal operation, emergency operation, or not operational. Also, the
probabilities of transitioning from one state to another in a certain time period must be identified. These
probabilities include failure rates and repair rates. The Markov model results in a set of first order
differential equations that can be solved by classical methods, Laplace transforms, or computer
simulation. The Markov method is difficult to use and requires a high skill level. Markov analysis

applies better to large power network systems than to small substation sized systems.

2.4 REFERENCES

There are four main sources of information for substation RCM. These sources are nuclear
power plant applications, airline/military applications, literature on reliability techniques or availability

engineering, and articles on instrumenting power equipment.

The application of RCM to nuclear power plants was initiated by EPRI in the early 1980s. A
1984 EPRI study, "A Study to Identify the Potential Value of Commercial Aviation Experience to the
Nuclear Industry,” identified RCM as a candidate for technology transfer to the utility industry. The
airline industry discovered that the application of RCM reduced maintenance costs while improving
reliability. The airline industry observed consistent improvements in maintenance costs and reliability
over the 16-year period that RCM had been used.

EPRI commissioned three RCM pilot projects to determine the usefulness of RCM for nuclear
power plants. The first project was staged at Florida Power and Light’s Turkey Point plant. The
component cooling water system was selected due to high corrective and preventative maintenance costs.
The second project was staged at Duke Power’s McGuire station. The main feedwater system was
selected because it had experienced operational problems and had recently been modified. These two

projects demonstrated that RCM yields useful maintenance recommendations.

The third RCM pilot project was conducted at Southern California Edison’s San Onofre. The

auxiliary feedwater system was selected. It is a standby system which experiences infrequent operation
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while requiring frequent testing. Data collection activities were suggested to aid surveillance testing.
Resulting data helps determine the need for condition-directed maintenance. This project included

considering the impact of data from instrumentation in making maintenance decisions.

After these pilot studies were completed, two large-scale RCM demonstrations were begun. The
purpose of these demonstrations were to show cost effectiveness, fine tune maintenance procedures, and
justify plant life extension. These demonstrations were conducted at Rochester Gas and Electric’s Ginna
plant and Southern California Edison Electric’s San Onofre nuclear plant.

Military RCM experience like BPA’s RCM is equipment based. Like BPA, the Army overhauled
equipment on a fixed time schedule. The military reduced maintenance cost and improved reliability after
they adopted RCM.
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3.0 BPA EQUIPMENT

3.1 EXISTING TRANSFORMER AND BREAKER MAINTENANCE

Current BPA maintenance practices for transformers and breakers are summarized in this section.
BPA has a well developed system for maintenance. Their system is based on years of experience. This
section describes existing maintenance practices on two types of equipment: transformers and breakers.
Instrumentation for BPA’s RCM system will be limited initially to transformers and breakers.

Two basic types of maintenance are performed on equipment: preventive maintenance (PM) and

corrective maintenance (CM). BPA’s definitions for these are as follows.

Preventive maintenance is defined as, "Work performed: to keep equipment in operating
condition.” Preventive maintenance consists of performing a standardized maintenance task leading to
a Work Unit in a time interval prescribed by the Performance Level Guides (PLGs). All preventive work
is scheduled via BPA’s Substation Maintenance Information System (SMIS). Sometimes preventive
maintenance develops into corrective maintenance: continue with preventive maintenance accounts until
the activity changes, then use the corrective maintenance code (C). The preventive indicator (P) is used
in conjunction with the maintenance activity to identify costs associated with the Work Unit when service

is in accordance with the PLG.

Corrective maintenance is defined as, "Work performed to analyze and return equipment to
sustained operating condition.” A corrective task is required by equipment operating needs, rather than
the PLGs. The corrective condition applies until repairs are completed and the equipment is returned to
satisfactory operating condition. The corrective indicator (C) is used in conjunction with corrective
activity code "MAG6C."

A determination as to whether work is preventive or corrective depends upon the reason for doing
the work. If the work is scheduled via SMIS, preventive activities are used. If the work was not

planned, but caused by equipment failure or malfunction, the corrective activity will be used. If a
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scheduled task which begins as a preventive maintenance task develops into a corrective one, the charges

are apportioned.

3.1.1 Breakers

3.1.1.1 Breaker Maintenance Activities

This section identifies maintenance activity by breaker voltage, design type, and duty. These
three characteristics are uniquely identified by BPA’s PL-6 equipment maintenance codes. Preventive
and corrective maintenance are performed on each PL-6. Preventive maintenance is categorized into three
activities and identified by an activity code. The three preventive maintenance activity codes are compiete
service (ME4P), diagnostic service (MESP), and mechanism service (ME8P). There is only one
corrective maintenance activity, diagnose/repair (MA6C). Table 3.1 is based on 1989 maintenance data.
The tables are organized according to PL~6 maintenance activity codes. The tables identify the number
of breakers, how many breakers were maintained in 1989 (maintenance frequency), the average man-
hours spent on maintaining the breakers, the actual maintenance rate, and the PLG maintenance rate.

Data in the first three columns are from SMIS.
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Table 3.1. FY89 Breaker maintenance practices

Maintenance Average Actual PLG
Frequency Man-Hrs Maint. Maint.
Rate (Yrs) Rate (Yrs)
EHYV (345kV and above)
Air and Gas Blast (M411) Population: 150
Preventive Maintenance
Complete Service (ME4P) 11 1034 14 6
Diagnostic Service (MESP) - 22 22 7 3
Mechanism Service (MESP) 77 45 2 1
Corrective Maintenance
Diagnose/Repair (MA6C) 5 413 30
Gas Puffer (M413) Popuiation: 35
Preventive Maintenance
Complete Service (ME4P) 0 12
Diagnostic Service (MESP) 0 6
Mechanism Service (MESP) 16 * 2 i
Corrective Maintenance
Diagnose/Repair (MA6C) 0
230kV
OCB - Line, Bus, and Transformer (M401) Population: 314
Preventive Maintenance
Complete Service (MEA4P) - 56 102 6 4
Mechanism Service (MESP) 0 1
Corrective Maintenance 211 13
Diagnose/Repair (MA6C) 6 19 52
OCB - Capacitor {M402) Population: 3
Preventive Maintenance
Complete Service (ME4P) 0 2
Mechanism Service (MESP) 4 9 1 1
Corrective Maintenance
Diagnose/Repair (MA6C) 0
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Table 3.1 FY89 breaker maintenance practices (continued)

Maintenance Average Actual PLG
Frequency Man-Hrs Maint. Maint.
Rate (Yrs) Rate (Yrs)
230kV (continued)
Gas & Air Blast - Line, Bus, & Transformer (M421) Population: 52
Preventive Maintenance
Complete Service (ME4P) 6 109 9 6
Mechanism Service (MESP) 36 24 1 1
Corrective Maintenance
Diagnose/Repair (MA6C) 1 170
Gas & Air Blast - Capacitor (M422) Population: 14
Preventive Maintenance
Complete Service (ME4P) 2 17 7 2
Mechanism Service (MESP) 11 27 1 1
Corrective Maintenance
Diagnose/Repair (MA6C) 0
Puffer (M431) Population: 60
Preventive Maintenance
Complete Service (ME4P) 1 * 60 12
Diagnostic Service (MESP) 1 * 60 6
Mechanism Service (MESP) 39 * 2 1
Corrective Maintenance
Diagnose/Repair (MA6C) 0
115kV
OCB - Line, Bus, & Transformer (M403) Population: 421
Preventive Maintenance
Complete Service (ME4P) 50 53 8 6
Mechanism Service (MESP) 305 11 1 1
Corrective Maintenance
Diagnose/Repair (MA6C) 4 35 105
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Table 3.1 FY89 breaker maintenance practices {(continued)

Maintenance Average Actual PLG
Frequency Man-Hrs Maint. Maint.
Rate (Yrs) Rate (Yrs)
115kV (continued)
OCB - Capacitor {(M404) Population: 17
Preventive Maintenance
Complete Service (ME4P) 6 * 3 2
Mechanism Service (MESP) 6 * 3 1
Corrective Maintenance
Diagnose/Repair (MA6C) 0
Gas & Air Blast - Line, Bus, & Transformer (M423) Population: 3
Preventive Maintenance
Complete Service (ME4P) 1 * 3 6
Mechanism Service (ME8P) 2 * 2 1
Corrective Maintenance |
Diagnose/Repair (MA6C) 0
Gas & Air Blast - Capacitor (M424) Population: 6
Preventive Maintenance
Complete Service (ME4P) 1 * 6 2
Mechanism Service (MESP) 2 * 3 1
Correctivé Maintenance
Diagnose/Repair (MA6C) 0
Puffer (M432) Population: 39
Preventive Maintenance
Complete Service (ME4P) 0 12
Diagnostic Service (MESP) 0 6
Mechanism Service (MESP) 13 12 3 1
Corrective Maintenance
Diagnose/Repair (MA6C) 0
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Table 3.1 FY89 breaker maintenance practices (continued)

Maintenance Average Actual PLG
Frequency Man-Hrs Maint. Maint.
Rate (Yrs) Rate (Yrs)
69kV and Below
OCB - Line, Bus, & Transformer (M405) Population: 494
Preventive Maintenance
Complete Service (ME4P) 64 20 8 6
Mechanism Service (MESP) 183 10 3 1
Corrective Maintenance
Diagnose/Repair (MA6C) 7 16 70
OCB - Capacitor (M406) Population: 34
Preventive Maintenance
Complete Service (ME4P) 8 21 4 2
Mechanism Service (MESP) 15 11 2 1
Corrective Maintenance
Diagnose/Repair (MA6C) 0
Gas & Air Blast - Line, Bus, & Transformer (M425) Population: 22
Preventive Maintenance
Complete Service (ME4P) 2 28 11 6
Mechanism Service (ME8P) 8 11 3 2
Corrective Maintenance
Diagnose/Repair (MA6C) 0
Gas & Air Blast - Capacitor (M426) Population: 14
Preventive Maintenance
Complete Service (ME4P) 1 * 14 2
Mechanism Service (MESP) 6 10 2 1
Corrective Maintenance
Diagnose/Repair (MA6C) 0
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Table 3.1 FYB89 breaker maintenance practices (continued)

Maintenance Average Actual ‘ PLG
Frequency Man-Hrs Maint. Maint.
o Rate (Yrs) | Rate (Yrs)
Puffer (M433) Population: 10
Preventive Maintenance
Complete Service (ME4P) 0 12
Diagnostic Service (MESP) 0 6
Mechanism Service (MESP) 5 8 2 1
Corrective Maintenance
Diagnose/Repair (MA6C) 0

*data not available

3.1.1.2 Breaker Maintenance Activity Description

Breaker maintenance activity codes (i.e., MEAP, MESP, MESP, and MAG6C) describe the "type"
of work being done (e.g., complete service, diagnostic service, mechanism service, or corrective
diagnose/repair). However, the scope of work actually performed in the field for a specific activity code
varies. For example ME4P (complete service) differs between a gas puffer EHV breaker and a 69kV

oil circuit breaker due to differences in breaker design and service.

Maintenance descriptions for the "scope” of work performed in the field for each series of breaker
foliow. These descriptions are organized according to PL-6 codes. The PL-6 code, as described earlier,

is a unique identifier which conveys breaker voltage, design type, and duty.

Qil Circuit Breakers - (M400 Series) The maintenance associated with this breaker series are
MEA4P Complete Service Activity, and ME8P Mechanism Services Activity. The PLGs identify
the Preventive Maintenance activities for each PL-6. The corrective activity is MA6C
Diagnose/Repair; it is used when maintenance is not scheduled by PLG requirements or SMIS.
The following table describes the maintenance associated with the M400 series breakers.
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PL-6 Breaker
Identifier Code

M401
M402
M403
M404
M405
M406

Maintenance
Activity Code
MAG6C

ME4P

MESP

Table 3.2. Maintenance for M400 series breakers

Equipment Description

230 kV Oil Circuit Breakers, Line, Bus, and Transformers

230 kV Oil Circuit Breakers, Capacitors

115-kV Qil Circuit Breakers, Line, Bus, and Transformers

115-kV Oil Circuit Breakers, Capacitors

69-kV and Below Oil Circuit Breakers, Line, Bus, and Transformers

69-kV and Below Oil Circuit Breakers, Capacitor Switching

Maintenance Activity Definition

Diagnose/Repair This code identifies time spent when maintenance work has not
been planned or scheduled and is corrective.

Complete Service This code identifies time spent on major disassembly of the
breaker and includes tasks described in MESP Mechanism Service. Typical tasks
consist of replacement of oil; oil purification; maintenance of interrupters,
contacts, linkages, cranks, bearings, mechanisms, hydraulic accumulators, and
compressors; lubrication and oil tests; contact resistance and breaker speed
measurements; bushing maintenance; cleanup; and other work normally
performed on the entire breaker with the oil removed.

Mechanism Service This code identifies time spent on maintenance of the
breaker’s stored energy system. Typical tasks consists of maintaining, replacing,
repairing, or adjusting of compressors, pumps, valves, operating mechanism,
accumulators and strip heaters; lubrication; inspections; and tests such as megger
and millivolt.

EHV Power Circuit Breaker (M410 Series) The preventive maintenance associated with this

breaker series is ME4P Complete Service Activity, MESP Diagnostic Service Activity, and

MES8P Mechanism Service Activity. The preventive maintenance associated with each PL-6 are

identified in the PLG. The corrective activity, MAG6C Diagnose/Repair, is used when

maintenance is not scheduled by PLG requirements or SMIS.
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PL-6 Breaker

Identifier Code

M4l11
M413

Maintenance
Activity Code

MAG6C

ME4P

MESP

MESP

Table 3.3. Maintenance for M410 series breakers

Equipment Description

EHV Air and Gas Blast Power Circuit Breakers

EHV Gas Puffer Power Circuit Breakers

Maintenance Activity Definition

Diagnose/Repair This code identifies time spent when maintenance work has not
been planned or scheduled and is corrective.

Complete Service This code identifies time spent on major disassembly of the
breaker and includes tasks described in MESP Diagnostic Service and MESP
Mechanism Service. Typical tasks consist of replacement of gas; gas purification
(if any); maintenance of interrupters, contacts, linkages, cranks, bearings,
mechanism, air or hydraulic accumulators, and compressors; lubrication; gas
tests; contact resistance and breaker speed measurements; bushing maintenance;
cleanup; and other work normally performed on the entire breaker with the gas
removed.

Diagnostic Service This code identifies time spent on typical tasks consisting of
timing and electrical/mechanical testing of main and resistor contacts and related
accessories. (Where Equipment Service Guides recommend timing as a part of
the mechanism service, the diagnostic service can be deleted on an exception
basis.)

Mechanism Service This code identifies time spent on maintenance of the
breaker’s stored energy system. Typical tasks consist of maintaining, replacing,
repairing, or adjusting of compressors, pumps, valves, operating mechanism,
accumulators, and strip heaters; lubrication; inspection; and tests such as megger,
millivolt and timing (where recommended by the Equipment Service Guides).

Gas or Air Blast Circuit Breaker (M420 Series). These breakers store air or gas at high pressure

so that the gas or air flows from high to low pressure during interruption to extinguish an arc.

These breakers require a compressor to store the air or gas at high pressure.

The preventive maintenance associated with this series are ME4P Complete Service Activity and

MES8P Mechanism Services Activity. The Corrective Activity, MA6C Diagnose/Repair, is used when

maintenance is not scheduled by PLG requirements or SMIS.
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PL-6 Breaker

Identifier Code

M421
M422
M423
M424
M425
M426

Maintenance
Activity Code
MA6C

ME4P

MES8P

Table 3.4. Maintenance for 420 series breakers

Equipment Description

230-kV Gas and Air Blast Circuit Breakers, Line, Bus, and Transformers
230-kV Gas and Air Blast Circuit Breakers, Capacitor Switching

115-kV Gas and Air Blast Circuit Breakers, Line, Bus, and Transformers
115-kV Gas and Air Blast Circuit Breakers, Capacitor Switching

69-kV & Below Gas and Air Blast Circuit Breakers, Line, Bus, and Transformer

69-kV & Below Gas and Air Blast Circuit Breakers, Capacitor Switching

Maintenance Activity Definition

Diagnose/Repair This code identifies time spent when maintenance work has not
been planned or scheduled and is corrective.

Complete Service This code identifies time spent on major disassembly of the
breaker and includes tasks described in MESP Mechanism Service. Typical tasks
consist of replacement of gas; gas purification (if any); maintenance of
interrupters, contacts, linkages, cranks, bearings, mechanism, air or hydraulic
accumulators, and compressors; lubrication; gas tests; contact resistance and
breaker speed measurements; bushing maintenance; cleanup; and other work
normally performed on the entire breaker with the gas removed.

Mechanism Service This code identifies time spent on maintenance of the
breaker’s stored energy system. Typical tasks consist of maintaining, replacing,
repairing, or adjusting of compressors, pumps, valves, operating mechanism,
accumulators, and strip heaters; lubrication; inspections; and tests such as megger
and millivolt.

Gas Puffer Circuit Breaker (M430 Series). These breaker interrupters use a puffer design which

includes a puffer cylinder which compresses the gas during the open operation. The preventive

maintenance associated with this breaker series are ME4P Complete Service Activity, MESP

Diagnostic Service Activity, and ME8P Mechanism Services Activity. The Corrective Activity,

MAG6C Diagnose/Repair, is used when maintenance is not scheduled by PLG requirements or

SMIS.
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PL-6 Breaker
Identifier Code

M43l
M432
M433

Maintenance

Activity Code
MA6C

ME4P

MESP

MESP

3.1.2 Transformers

Table 3.5. Maintenance for 430 series breakers

Equipment Description

230-kV Gas Puffer Circuit Breaker
115-kV Gas Puffer Circuit Breaker

69-kV and Below Gas Puffer Circuit Breaker

Maintenance Activity Definition

Diagnose/Repair This code identifies time spent when maintenance work has not
been planned or scheduled and is corrective.

Complete Service This code identifies time spent on major disassembly of
breaker and includes tasks described under MESP Diagnostic Service and MESP
Mechanism Service. Typical tasks consist of replacement and/or filtering of the
gas; maintenance of interrupters, contacts, linkages, cranks, bearing, mechanism,
air or hydraulic accumulators and compressors; lubrication; contact resistance and
breaker speed measurement; bushing maintenance; cleanup; and other work
normally performed with the gas removed.

Diagnostic Service This code identifies time spent that does not involve major
disassembly of the breaker. It also includes the tasks described under Mechanism
Service. Typical tasks consist of timing and/or electrical/mechanical testing of
main and resistor contacts and related accessories.

Mechanism Service This code identifies time spent on maintenance of the
breaker’s stored energy system. Typical tasks consist of maintaining, replacing,
repairing, or adjusting of compressors, pumps, valves, operating mechanisms,
accumulators, and strip heaters; lubrication; inspections; and tests such as megger
and millivoit.

3.1.2.1 Transformer Maintenance Activities

This section identifies maintenance activities for transformers 500kVA and above. There are two

PL-6 codes associated with power transformers, M441 which is a power transformer with load tap

changers (LTC), and M442 which is a power transformer without LTC.
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The six types of preventive maintenance for transformers are Complete Service (ME4P),
Diagnostic Service (MESP), Accessory Service (ME6P), LTC Service (ME7P), Mechanism Service
(MES8P), and Special Test (MF1C/P). The corrective maintenance activity is Diagnose/Repair (MAG6C).
The tables which follow are based on 1989 maintenance data. The tables are organized according to PL-6
code. These tables identify the number of transformers, how many transformers were maintained in 1989
(maintenance frequency), the average man-hours spent maintaining the transformers, actual maintenance

rate, and PLG maintenance rate. Data in the first three columns are from SMIS.
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Table 3.6. FY89 Transformer maintenance practices

Activity Maintenance Average Actual PLG
Description Code ~ Frequency Man-Hrs Maint. Maint.
' Rate Rate
(Yrs) (Yrs)
Power Transformers 500kVA and above with LTC (M441) Population: 467
Preventive Maintenance:
Complete Service MEA4P 5 910 93 14
Diagnostic Service MESP 21 15 22 7
Accessory Service MEGP 183 3 3 1
Load Tap Changes 15 4
Services ME7P 31 18
Mechanism Service MES8P 60 8 1
Special Test MFIC/P 0 0
Corrective Maintenance:
Diagnose/Repair MAGC ; 3 19 156
Power Transformers S00kVA and above without LTC (M442) Population: 63
Preventive Maintenance:
Complete Service ME4P 5 * 13 14
Diagnostic Service MES5P 32 9 2 7
Accessory Service MEG6P 145 4 0.4 1
Special Test MFIC/P 0 0
Corrective Maintenance:
Diagnose/Repair MAGC 2 * 32

*data not available
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3.1.2.2 Transformer Maintenance Activity Description
Transformer maintenance activity codes (i.e., ME4P, MESP, ME6P, ME7P, ME8P, MFIC/P
and M4IC) describe the type of work being done. Table 3.6A contains the codes and their definitions.

Maintenance

Activity Code
ME4P

MESP

MEG6P

ME7P

MESP

MFIC/P

MA6C

Table 3.6A. Maintenance for transformers

Maintenance Activity Definition

Complete Service This code identifies time spent on the major disassembly of
the transformer and includes tasks described in MESP Diagnostic Service and
MEG6P Accessory Service. Typical tasks are repairs on the core, coil, tap
changers, oil tank, radiators, and other parts; removal of oil for internal
inspection and/or regasketing of a transformer; bushing replacement; oil
rehabilitation (e.g., degassing); and necessary processing or dryout of the
transformer in order to return the unit to service.

Diagnostic Service This code identifies time spent performing electrical tests on
transformers and includes tasks described in MEGP Accessory Service. Tests
may include power factor, megger, turn ratio, impedance, resistance, and others.

Accessory Service This code identifies time spent on the maintenance of devices,
usually mounted externally on the transformer tank, which are easily accessible
from the transformer exterior without removal of oil or main covers. Typical
items serviced are gas seal equipment, relief devices, alarms, recording devices,
cooling fans, oil pumps, and other miscellaneous external accessories. Tasks
such as combustible gas readings, oil tests, and others, are included in this
activity.

(LTC) Load Tap Changer Service This code identifies time spent on the major
disassembly of the tap changer and includes tasks described under MESP
Mechanism Service.  Typical tasks are removing oil; opening of the
compartment; and cleaning, replacing, repairing, or adjusting accessible
components.

Mechanism_Service This code identifies time spent on the servicing of tap
changer’s external accessories. Typical tasks consist of repairing, replacing,
cleaning, or adjusting of motors, contactors, gears, and strip heater; lubrication;
inspection; and tests.

Special Test This code identifies time spent on special tests not covered under
other activity codes.

Diagnose/Repair This code identifies time spent when maintenance work was not
planned or scheduled and is corrective.



3.2 ANALYSIS OF DATA FROM BONNEVILLE’S SUBSTATION MAINTENANCE
INFORMATION SYSTEM

3.2.1 Maintenance Data and Development of RCM Methodologies

Results of analysis of data on breakers and transformers from Bonneville’s Substation
Maintenance Information System (SMIS) are presented in this section. Analysis of equipment
maintenance data contributes to the development of RCM methodologies in five ways. First of all,
maintenance records can be used to formulate techniques to predict failure probabilities and reliability.
Secondly, a profile of current maintenance practices, planned and unplanned, by equipment type can be
generated. The third way is that equipment characteristics can be described and correlated with
maintenance needs. The fourth way is that analysis results can support economic studies, for example,
statistics on equipment age at replacement and replacement cost. Finally, experience in analysis of a
maintenance database will be a tremendous aid in the design and development of an RCM system. A
successfully implemented RCM program must be well integrated with existing corporate resources and

procedures.

It is desirable that the equipment maintenance data be accurate, well maintained, and rich with
information. Ideally, maintenance records should include the following details [Cockerill and Lavoie,
1990]:

- failure mode and diagnosis of the component or system,

- other components that failed as a result of the primary failure,

- the effect of the failure on system performance,

- repair and replacement time, including labor and materials,

- annual frequency of failure and cumulative figures over the life of the
component, and

- cost of repair.
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3.2.2 Data Preparation

Bonneville maintains SMIS as an internal decision support system for the Division of Maintenance
and the Area Offices [Bonneville, 1986]. SMIS includes information on the preventive maintenance
schedule, on the maintenance work actually performed (work uﬁits), and on equipment characteristics
(facilities). Facility data includes configuration specifications, equipment operating condition and
characteristics, and maintenance-related data. Work unit data consists of work units performed, the

Program Level Code (PL6), type of maintenance (activity code), and hours expended.

Data extracts from SMIS were performed in three phases. The first was a small extract used to
test data handling procedures. In phase two, facility and work unit data for all breakers and transformers
were sent to ORNL for analysis. As a result of experience with the test data, the phase two extract was
error free and efficiently organized. Finally, the annual report for 1990 was used for economic analysis
as reported in Section 5 of this document; it includes the number of facilities by PL6 and number of work

units.

Considerable effort was required to become familiar with the characteristics of the SMIS data and
to put quality assurance measures in place. Work began with the facility data. For facility data to be
included, the energization date had to be known and the equipment had to be energized before the ending
date for analysis, which was the end of 1989, the last full year of data. Also, numeric variables that were
zero were set to "missing” (e.g., cost and kV) so that analysis would only be done on non-zero values.
Finally, facility records for certain types of equipment not included in this study (e.g., reactors) were
dropped from the analysis.

To analyze work unit data, facility data had to be present. Also, the date of maintenance must
have been between the energization date and the analysis ending date. Any zero value for the number
of hours of maintenance was set to missing. Finally, the maintenance records were compressed into what
we call maintenance events. Equipment often experienced several maintenance activities on consecutive
days. If two maintenance records occurred within seven days, and were of the same type (i.e., planned

or unplanned), then the records were combined into a single record to represent a maintenance event.
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A third data set was created which contained one record for each piece of equipment (facility)

for each year of operation, (i.e., equipment-years of service). This data set serves as the basis for all

analysis which is concerned with annual statistics and ensures that all such analysis is consistent. Table

3.3 summarizes the final data set available for analysis.

Table 3.7. SMIS data received and available for analysis

Number of Records
Equipment Received | Available for
Type Data Set Analysis
Breakers Facility 2,192 2,021
Work Unit ' 15,423 11,975
Equipment-years - 41,328
Facility 926 645
Transformers | sk Unit 9,023 4,904
Equipment-years - 12,567

3.2.3 Analysis of Unplanned Maintenance

This section presents an analysis of unplanned maintenance data. Unplanned maintenance
activities were analyzed because they pertain to equipment reliability rates. Annual "failure rates” (A),
defined as the ratio of the number of unplanned maintenance activities to the population, are investigated.

Also, relationships of A to equipment characteristics, such as age and voltage rating, are examined.

Table 3.8 presents an annual summary of a merge of the facility data and maintenance data for
breakers. According to the data, installation of new breakers during the 1940’s, 1950°s, and 1960s
averaged about 30 per year (number energized) while practically no breakers were de-energized. By 1970,
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there were 1,102 breakers on-line with an average age of 9 years, increasing to 1,590 on-line in 1980 with
an average age of 15 years. Note that the database contains no maintenance records for the early years.
During the mid-eighties 2 number of breakers were de-energized, a trend that continued through 1989.
Also, during the mid-eighties the rate of planned maintenance stabilizes at about 0.67. However, the rate
of unplanned maintenance has an unusual spike in 1984, which may be attributed to record-keeping
practices. Therefore, we report an average A from 1986 through 1989 of 0.03, which is comparable to
other figures reported in the industry [e.g., (Vorwerk, 1985), (Chu, 1986)]. The reciprocal of A yields a
mean time between failure (MTBF) of 33 years. MTBF is an appropriate measure for components that

experience renewal (i.e., maintenance) [Goldberg, 1981].

Table 3.8. Annual summary of breaker data

Number of Breakers Avg Maintenance Maintenance
Year Age Frequency Rate
De- () Un-Planned Un-
Energize | Energized | On-line Planned Planned | Planned

S N N NN SN S I R S
1940 ' 10 0

“ 1950 114 4

‘ 1960 500 7
1970 1102 9
1980 1590 15 |
1981 1641 15 ’
1982 72 0 1713 16 914 0 0.53 0.00
1983 32 14 1745 16 1171 261 0.67 0.15
1984 35 12 1766 17 1168 835 0.66 0.47

| 1985 44 22 | 1789 18 | 1210 263 0.67| 0.15
1986 46 57 1822 18 1217 94 0.67 0.05
1987 30 39 1795 19 1211 33 0.67 0.02 |
1988 45 31 1801 19 1098 35 0.61 0.02 H
1989 63 97 1833 19 1247 23 0.68 0.01 “




Table 3.9 shows a similar history for Bonneville’s transformers, including rate of construction,
average age, and quality and availability of maintenance data. The X for transformers averages 0.03 for
the final four years of data.

Table 3.9. Annual summary of transformer data

T —
Number of Transformers Avg Maintenance Maintenance Rate
Year Age Frequency '
De- (¥rs) Un- Un-

Energized | Energized | On-line : Planned | Planned | Planned | Planned
1950 13|
1960 155 6
1970 323 9
1980 511 14
1981 525 15
1982 10 1 535 15 364 0 0.68 0.00
1983 20 14 554 16 474 136 0.86 0.25
1984 10 7 550 | 17 494 472 0.90 [ 0.86 Il
1985 10 4 553 17 462 140 0.84 0.25 u
1986 9 20 558 18 476 39 0.85 0.07 |
1987 17 12 555 19 420 12 0.76 0.02
1988 4 25 547 20 484 7 0.88 0.01
1989 8 30| 530 | 20| 482 5 091] 0.1

In general, the de-energization of transformers has been increasing during the 1980’s. From 1982
through 1989, 88 transformers were energized while 113 were de-energized. The average age of
equipment de-energized between 1986 and 1989 was about 26 years. Assuming these trends continue
during the early 1990’s, the average age of equipment on-line will increase at a slower rate than before.

Figures 3.1 and 3.2 show the distributions of age for breakers and transformers, respectively.
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The average age of transformers and breakers in service during 1989 was about 20 years (see
Fig.s 3.1 and 3.2). The distributions of age show a peak in construction about 22 years ago and growth
during the last 20 years. Twenty-five percent of the breakers, about 430 breakers, are 26 years of age

or older. Twenty-five percent of the transformers, about 155 breakers, are 31 years of age or older.

Fig. 3.3 is a plot displaying the relationship of N to breaker age considering breakers in service
from 1986 through 1989. Each breaker that is on-line in each year contributes a count of one to the
populations, and, of course, the age is increasing by one in each year. The numerator of A is the number
of, for example, six-year-old breakers that experience unplanned maintenance. From the figure, it is
clear that breakers often experience unplanned maintenance soon after energization. However, very old
breakers, above 35 years of age, require little unplanned maintenance according to this SMIS data extract.
This may be attributable to a vintage of breakers where the level of engineering, materials, and
construction exceeds current practices. If smoothing were possible, the result may likely yield an upside

down "bathtub curve.” Analysis of transformer failure rates demonstrates similar behavior.
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There are many ways to analyze N including age of the equipment, duty, manufacturer, work
load, or a combination of these. For example, Table 3.10 shows A for all breakers on line from 1986
through 1989 by breaker type. The failure rate for air breakers is three times as high as the failure rate
for SF, breakers.

Table 3.10. Breaker reliability for all breakers on-line from 1986 through 1989, by interrupting

media
Unplanned Maintenance
Interrupting Number
Media - On-line Frequency Rate
AIR 864 42 0.047
GAS 290 7 0.024
OIL 5451 126 10.023
SF; 376 6 10.016

Table 3.11 shows how A may also vary by voltage rating for transformers. This analysis includes
all transformers-years of service from 1986 through 1989. Analysis results show that high voltage ratings
are positively correlated with high failure rates. Which means that more expensive higher voltage
transformers are more likely to fail. If BPA were to target which transformers should receive additional

monitoring for maintenance purposes, higher voltages transformers should be considered first.

Table 3.11. Transformer reliability for all transformers on-line from 1986 through 1989,
‘ by voltage group

| Unplanned Maintenance
Voltage Number
Group (kV) On-line Frequency Rate
34 - 155 676 2 0.003
230 972 32 0.033
345 - 500 542 29 0.054
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3.3 EQUIPMENT TO BE INCLUDED IN THE RCM PROTOTYPE

Transformers and breakers represent major investments for BPA. These two pieces of equipment
are the most expensive, most complex, and cause the most trouble if they fail while in service. The RCM
prototype will monitor all the transformers and breakers at Alvey substation. Table 3.12 identifies the

transformers and breakers that will be instrumented

Table 3.12. Alvey transformers and breakers included in the prototype

Transformers
Voltage (kV) 1¢ or 3¢ banks Quantity
1-500/230/34.5 (LTC)! 1¢ units 3
1-230/115 (LTC) 3¢ bank 1
1-230/115 (LTC) 1¢ units 3
1-115/34.5 3¢ bank 1
Breakers (kV)
Voltage Type Quantity
500° GAS 3
230° OIL 7
23¢° GAS 1
115 OIL 11
115 GAS 1
34.5 OIL 1
14 OIL 1

"Transformer instrumentation package ordered July 1991.
2500kV breakers should be in service in late 1992.
33-230kV gas breakers will be installed by April 1992.

50



3.4 FAILURE MODE AND EFFECTS ANALYSIS

A failure mode and effects analysis (FMEA) was compiled by talking with BPA’s transformer
and breaker experts. The transformer FMEA is contained in Table 3.13 while the breaker FMEA is in
Table 3.14. These tables identify the failure mode, typical symptoms that accompany the failure,
observables that may be monitored which precede the failure, time the symptoms persist before a failure
occurs, the effect of the failure, an indication of whether the failure is catastrophic or not, and some

indication of failure rates.
3.5 REFERENCES

Bonneville Power Administration, Division of System Maintenance, "Substation Maintenance,” October
1989,

Bonneville Power Administration, 1986, "IBM SMIS User’s Guide for Substation," Portland, Oregon.
F. Chu, Final Discussion: Failure Statistics, Repair Experience, GIS Reliability & Availability, in Gas-
Insulated Substations: Technology and Practice, edited by S.A. Boggs et. al., Pergamon Press,

Elmsford, New York. pp. 559-560, 1986.

A. Cockerill, and M. Lavoie, "RAM Analysis Helps Cut Turbine-generator Systems Costs," Power
Engineering, July. pp 27-29, 1990.

C. Flurscheim, Power Circuit Breaker Theory and Design, IEE Power Engineering Series, 1982.
H. Goldberg, Extending the Limits of Reliability Theory, John Wiley & Sons, New York, 1981.

H. Vorwerk, Operational Experience With GIS for 145 and 245 kV, in Gas-Insulated Substations,
Technology and Practice, Pergamon Pres, Elmsford, New York. pp. 377-383, 1986.
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Failure
Mode

Insulation Degradation

Insulation Degradation

Insulation Degradation

Load Tap Changer

Manufacturer Design

Contamination of Oil
and Paper

Loose Clamps

Bushing Explosion
(bushings are sealed
units)

Failure
) Symptom

Due to aging
Insulation looses its
mechanical strength
and gets brittle due to
heating

Harmonics and over
excitation cause
heating

Cooling problems
{plugged radiators)

Improper alignment,
mechanism (some
type of adjustment),
timing {coordination
between phases)

Problems with a
transformer’s design

Due to leaks or
gradual
decomposition of
cellulose

Vibrations cause core
clamps to become
loose

Throws debris
(paper/porcelain)
inside transformer
tank

Table 3.13. Transformer failure mode and effects analysis

Observable
{Monitored to

Verify Symptom)
CO/CO,

Frequencies other
than 60 cycle,
harmonies

Transformer oil
temperature verses
load

Partial discharge,
compare gas-in-oil
(GIO) between
phases

GIO

0,/H,0

Vibration signature
of core

Power factor,
change in voltage,
partial discharge

Time
(Symptoms Persist
prior to Failure)

Degrades over years

Clamps become loose
over years

Effect

After the insulation’s
strength decreases, a
transformer through
fault could lead to an
internal transformer
fault

The transformer
through fault
capability is reduced

Failure
—Ranking

1
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Failure

Mode
No-Load Tap Changers

Coregrounding

Through faults

Failure
Symptom

Vibration and wear
cause poor contact

Core usually
grounded at one point
Accidental grounding
at another point leads
to circulating currents
in the core which
increases internal
temperature
Increased temperature
leads to
decomposition of
ail/cellulose

3.13. Transformer failure mode and effects analysis (continued)

Observable
(Monitored to

—VYerify Symptom)

Partial discharge
GIO
Acetylene in oil

H,

Historical values
like 1%

Time
(Symptoms Persist

prior to Failure)

Effect

Catastrophic
{yes/no)

Failure

Rate M\

Failure

Ranking
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Failure
Mode

Fails to Operate
{Stuck Breaker)

Mechanical Problems -
(Breakage or out of
adjustment)

Compressed Air
Packages (Air Blast
Breakers)

SF¢ Insulation System

Failure
Symptom

The circuit breaker
cither operates slow or
not at all (lock out)
Problem with the coil
assembly (coil,
armature, valve, latch)

Mis-operation, non-
operation, or
degradation of
operation

Problem with prime
mover, linkage, mains,
or ancillaries

Alarm state followed by
lock-out state Problem
with energy source,
energy storage, or
prime mover

Seals may be defective
Increased friction or
bearing problem is
compressor

Alarm followed by
lock-out state

Table 3.14. Breaker failure mode and effects analysis

Observable
(Monitored to
Verify Symptom)

Coil current profiles,
historical trends of coil
current profiles

(5 KHz for 15 - 25 ms)

Breakage of a part is
not detectible

Can detect other types
of failures by historical
trending as well as
mechanism travel and
acceleration events

Compressor runs more,
profile of compressor
during operation differs
Harley has an on-line
monitor for pumps

Gas density monitor,
(leaks, low

temperature)
Currently alarmed

Time

{Symptoms Persist
prior to Failure)

Usually no notice

Effect

Personal injury,
possible power system
instability, broadens
area of impact

Operator call out
Equipment out of
service a few hours

Catastrophic Failure
{yes/no) Rate
4/198
15/198
100/198
Takes a lot of time
12-24 man-hrs/occurrence
No 31/198



4.0 EQUIPMENT MONITORING

This chapter examines transformer and breaker monitoring. The first subsection assesses
equipment conditions that can be monitored. The information in Section 4.1 came primarily from the
BPA staff. The Second section dicusses diagnostic techniques that are currently available. This chapter
concludes by identifying research and development opportunities.

4.1 EQUIPMENT CONDITIONS THAT CAN BE MONITORED

Tables 4.1, 4.2, and 4.3 identify breaker and transformer conditions that can be monitored.
Observable variables are identified and prioritized according to their importance for RCM. These tables
also assess the availability of technology to monitor the variables identified. Reasoning is presented that
identifies how this information might be used for RCM.

4.2 DIAGNOSTIC TECHNIQUES AVAILABLE NOW

Currently available diagnostic methods for oil-insulated transformers and gas-insulated equipment
are presented in this section. Gas-insulated equipment may include gas-insulated substations (GIS), bus

lines, switchgear (either oil or gas), and rotating machines (generators).
4.2.1 Oil-insulated Transformers
4.2.1.1 Dissolved gas analysis
Electrical discharges in the form of corona, arcs, or hot spots can deteriorate the oil and paper
insulation in transformers resulting in the formation of gas. The gases then partially or totally dissolve

in the oil and can be detected as an early indicator of problems. Dissolved gas analysis (DGA) has been

used extensively for monitoring transformers during the past 20 years. Complete
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Table 4.1. Breaker conditions that can be monitored on-line

RCM Reason
(How this might
Observable Variable Priority* Availability® be used for RCM
Trip Coil Current 1 2&3 (9]
Close Coil Current 1 2&3 ©
Ambient Temperature 1 1&2 ©)
Timing, Velocity, Acceleration 1 2&3 (C,D,E)
Displacement 1 2&3 (C,D,E,F)
Duty - Arc Energy Interrupted - It 1 3 E,F)
Vibration - Future (EPRI) 1 2&3 (C,D)
Air Pressure (Limits Only) 1 1 ©
Gas Density (SF) (Limits Only) 1 1 ©
Relay Targets 1 1&2 ©
Drive Motor Current, # of starts, run time 3 2 ©
Heater Current 3 2 ©
Contact Resistance (Temperature Rise) 3 3 ©
Load Current 5 1 Not relevant
Dielectric Strength (oil filled) 5 3
Number of Operations 5 3 Not required
Notes
A. Priority B. Availability

1 Absolutely required for RCM
2 Probably required for RCM

3 Maybe required for RCM

4 Probably not required for RCM
5 Not required for RCM

C. Can pinpoint or exclude cause of failure, may be used for

trending.

1 Available now
2 Practical and doable
3 Future

D. These three functions are interrelated and should be integrated.

E. Arcing time is needed to calculate Pt which is an indicator of contact wear. F. Doble test
Maintaining breaker contacts is a major maintenance item requiring opening the
breaker. Unforeseen problems might arise later because a breaker has been opened.
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Table 4.2. Breaker conditions that can be monitored off-line

Observable Variable

Trip Coil Current

Close Coil Current

Ambient Temperature

Timing, Velocity, Acceleration
Displacement

Duty - Arc Energy Interrupted - It

Vibration ~ Future

Air Pressure (Limits Only)

Gas Density (SF¢) (Limits Only)

Relay Targets

Drive Motor Current, # of starts, run time
Heater Current

Contact Resistance (Temperature Rise)
Load Current

Dielectric Strength (oil filled)

Number of Operations

A. Priority
1 Absolutely required for RCM
2 Probably required for RCM
3 Maybe required for RCM
4 Probably not required for RCM
5 Not required for RCM

C. Breaker condition is indicated by trending of successive operations (coil, armature

latch valve, dynamics)

Priority®

P Y B

»—Al\)l\)"p—r—-ht—-

=y

E. These three functions are interrelated and should be integrated.

Available®

1&2
1&2
1
1&2
1&2

B. Availability
1 Awvailable now
2 Practical and doable
3 Future

RCM Reason
(How this might
be used for RCM)

(C,D)
(C,D)
Not relevant
Mechanism dynamics/condition (D,E)
Mechanism dynamics/condition (D,E)
Visual inspection of contact condition
regarding wear
Measure of mechanism dynamics/
condition (E)

Measures leaks

Condition
Heater(s) condition
This is one measure of contact condition
Not applicable
Measure of breaker duty
Aging

D. All districts do not have the equipment required to perform this test.
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Table 4.3. Power transformer conditions that can be monifored

Potential RCM
Data
Observable Variable Priority* Availability® Source
Moisture-in-oil 1 1 Transformer Performer Analysis System (TPAS)
Hydrogen-in-oil (+CO) 1 1 TPAS
Temperature: Top Oil, Hot Spot | 1 Gages, SCADA (where available)
Ambient Air Temperature 1 1 SCADA
Ambient Partial Discharge - Acoustic 1 1 TPAS
Partial Discharge - Acoustic 1 1 TPAS
Vibration 1 1 TPAS
Load - Voltage, Current, mw, mvar 1 1 SCADA
Status of Fans/Pump - on/off 1 2
Pump Bearing Wear 1 2
Dielectric Strength (future) 2 3
Leakage Current - losses 4 2
Moisture-in-paper 4 3
Power Factor 4 3
On-line Resistivity 4 3
Dielectric Constant 4 3
Static Electrification 4 3
Load Tap Changer
Number of Operations 1 2
Thermal - Oil, or Contact 3 2
Motor - start, run curren{ 3 2
Timing - Velocity 3 3
Displacement 3 3
Dielectric Strength 3 3
Moisture-in-oil 3 3
A. Priority B. Availability
1 Absolutely required for RCM 1 Available now
2 Probably required for RCM 2 Practical and doable
3 Maybe required for RCM 3 Future

4 Probably not required for RCM
$ Not required for RCM



analysis requires laboratory testing by gas chromatograph (GC) and proper sampling procedures have
been specified by IEC Publication 567, 1977. Such tests are usually performed at intervals from 3
months to 2 years depending on the utility. The gases formed are the following:

- Hydrogen (H,),

- Methane (CH,),

- Ethane (C,Hy),

- Ethyne or acetylene (C,H,),

- Ethylene C(,H,),

- Carbon Monoxide (CO), and

- Carbon Dioxide (CO,).

Information about the electrical discharge or hot spot temperature can be deduced from the ratios
of gases formed. IEC/IEEE and others publish data and tables that indicate the type of transformer

problem based on dissolved gases.

On-line monitoring is available only for determining the hydrogen level in oil. These detectors
are not used extensively at present, but their use is expected to increase in the future. A few commercial
systems are available now. Of the two methods currently used, one employs a portable GC which
samples the oil every few hours, and the other uses a fuel cell type detector which samples the oil

continuously.

Interpreting DGA is difficult due to the complexity of the transformer’s insulation system.
Determining unsafe levels is aided by data banks from previous DGAs such as those at Hydro-Quebec.
The accuracy and precision of DGA is rather poor; large analysis discrepancies can occur between test
labs. Some have called this technique an “art" rather than a science. Substantial intérpretive analysis
is still required to determine the nature of the change in gas concentrations. Analysis can be further

complicated by sensor problems.

4.2.1.2 Bubble formation in oil
Changes in the equilibrium state of dissolved gas in oil can cause bubble formation to occur.
Bubbles occur when there is a local increase in the concentration of gases, which is mostly desorbed

water, CO, and CO,, as a result of rapid temperature rise in the paper insulated conductor or thermal
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decomposition of the paper. The concern is that the presence of bubbles can reduce the 60 Hz and
impulse strengths by 20 - 50%. Presently, instrumentation for observing bubble formation does not exist.

However, moisture sensors do give an indication that bubbles may be forming.

Hot spot temperature sensors have been developed based on the principle of fluoroptic
thermometry. These are fiber optics probes which employ the fluorescence of rare earth phosphors. The

intensity ratios of different lines are temperature dependent.

4.2.1.3 Partial Discharges (Acoustic emission method)

Partial discharge (PD), such as corona, is the result of electrical charges moving in a dielectric
under the influence of a high electrical field. These electrical charges do not bridge the electrode gap
and hence do not result in an immediate fault or short. However, degradation of the insulating medium
does occur over time which can lead to catastrophic breakdown and permanent loss of insulating
capability. The partial discharge is detected by monitoring either the electrical pulses or the mechanical

shock waves (acoustic waves) generated by the PD. This section addresses the acoustic wave method.

Shock waves transmitted through the dielectric medium, in this case oil, are usually picked up by
a resonant piezo-electric crystal mounted on the tank wall. The wave signature is characterized by
packets of burst pulses of 120 - 160 kHz. A monitoring system consists of the sensor, proper acoustic
coupling to the tank, and the necessary electronic equipment. Information on the number and amplitude
of the PDs can be obtained. Since dielectrics attenuate the acoustic signal, detecting the location of the
fault may require multiple sensors. The external acoustic method is not used for unattended monitoring
due to possible noise problems caused by rain. However, J.W. Harley, Inc. has developed a internal
piezolectirc acoustic sensor mounted on a fiberglass rod which is inserted into the oil. A ambient noise
sensor is used to help discriminate between external noise caused by rain, sleet, etc. and internal noise
thus making PD detection possible. For acoustic emissions monitored in the laboratory, an acceptable
level is usually about 2200pC (picocoulombs). PD and gas-in-oil methods make it possible to
differentiate between thermal and electrical faults.

Stone describes an on-line monitoring technique which has been used at Ontario Hydro for

instrument transformers. This method involves measuring current pulses which were resistant to false



alarms. However, this device was not analyzed. Stone also describes an on-line power factor monitor
for substation instrument transformers developed by TVA.

4.2.1.4 Temperature (T)

The chemical degradation of the oil and paper insulation accelerates as temperatures increase.
Unexpected high temperatures are caused by a number of factors including core and load losses, hot spots
due to insulation failure, and loss of cooling. The temperature at the top of the oil is usually monitored.
Internal hot spot temperatures are estimated by adding 15°C to the top oil temperature. Sophisticated
models that predict temperature at internal transformer points have been investigated by EPRI. Actual
internal temperature measurements are not done since they would disturb the insulation system and could
cause PD or reduce dielectric strength.

4.2.1.5 Moisture

Moisture is stored in the cellulose (paper) insulation. Deterioration of the paper and oil increase
moisture levels, thus decreasing dielectric strength. Recommended levels are below 20 ppm, a level for
which available test methods are unsatisfactory. J. W. Harley Inc. is using an on-line moisture monitor

in their monitoring system which is being tested at several utilities including BPA.

4.2.1.6 Oxygen

Degradation of the oil by oxidation results in formation of a number of harmful by-products, such
as peroxides, which lead to production of sludge. Catalysts and accelerators, mainly moisture and
copper, further increase oxidation. Oxidation inhibitor and peroxide tests are made to check the depletion
of inhibitors and oxidizing impurities in the oil. These tests do not easily lend themselves to real-time

systems.

4.2.1.7 Vibration

The periodic changes in magnetic flux in the transformer core lamination produce characteristic
vibrations which can be monifored. Structural changes caused by aging result in different vibration
patterns and give an indication of performance. In the MIT experiment an accelerometer mounted on the
core and a time signal from a current transformer generated data which feed a software adaptive model.
The sensitivity of this method is not known. Mounting vibration sensors inside the transformer, such as

on laminations, must be done 50 as not to disturb the transformer.
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4.2.1.8 Dielectric Strength of the Oil
Many factors act to deteriorate the dielectric strength of the oil mostly through the production of
contaminants in the form of solids, liquids, and gases. On-line testing brings complications because these

tests produce contaminants which must not be put back into the main tank.

4.2.1.9 Other oil related tests

The neutralization number is a measure of the acidity of the oil and serves as an indicator of oil
degradation. Also, interfacial tension measurements test oil/water interfaces. These tests indicate polar
and oxidation by-product contaminants. Color indicators, specific gravity, visual inspection, power factor
measurements, and sediment analysis each produce additional information on oil quality. Qualitative
infrared absorption is useful for observing changes in oil composition; however, this analysis is too
complex to be quantified. Refractive index and optical dispersion techniques give additional qualitative
information on contaminants. Resistivity measurements also provide knowledge regarding conductive

particles or impurities. These tests are too qualitative for use with expert systems.

4.2.1.10 Commercial transformer monitoring system

J. W. Harley, Inc. has developed a transformer performance analysis system (TPAS) which
incorporates their internal acoustic detector, moisture sensor, hydron H, DGA, and several oil
temperature sensors together with adaptive modeling software. This system is commercially available.
Its development was funded in part by BPA.

4.2,2 Gas-insulated Equipment

4.2.2.1 Gaseous Decomposition products of SF, - Chemical Methods

Corona or other partial discharges and arcs in gas-insulated equipment cause a fraction of the
insulating gas to decompose and form both short- and long-lived by-products. The amount of by-products
depend on the total energy of the fault. Impurities, such as water, are known to affect the ion and neutral
chemistry of the discharge. The by-products can be either solid, such as the metal fluoride AlF,, or
gaseous, such as SOF,, SO,F,, or HF. Solid by-products are not suitable for monitoring since the
chamber has to be opened to obtain samples. However, the presence of the gaseous compounds can be
monitored. Indicator tubes are used to detect the major stable gaseous by-products by observing color

change in a reagent. This technique is inexpensive and quite sensitive down to the ppm level for sulfur
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compounds and 30 ppb for HF. However, to obtain relative concentrations gas samples are taken
periodically and sent to a laboratory for detailed analysis using gas chromatography/mass spectrometry
analysis. Complications arise for switchgear because arcing occurs at the contacts under normal switching
operation. On-line monitoring is not performed at present, but there is active research in a number of
labs on the basic physics of SF,; decomposition, the fragments formed, and toxicities of the by-products.
ORNL is a major participant in this area.

4.2.2.2 Partial Discharge by acoustical methods

The method of detecting PD for a gas insulated substation (GIS) is similar to that for oil. The
PD source generates an acoustic signal in the 40-200kHz range (ultrasonic) which is picked up by a
resonant piezoelectric sensor mounted on the exterior of the GIS compartment. This technique picks up
the sound wave generated by free particles hitting the enclosure and by pressure pulses due to corona and
capacitively coupled floating shields in SF,. The fault location is determined by signal attenuation. The
acoustic emission sensors are relatively insensitive to PDs in voids of solid spacers due to absorption by
the material. Ambient noise does not seem to present a monitoring problem. Field testing has been done
since 1983 in which faults have been detected to within 25 cm. Standardized criteria from test results
are being developed for expert system application. However, no exact guidelines for risk are available
yet.

4.2.2.3 Partial Discharge in solid spacers - Voids

Discharges occur in voids in solid spacers in GIS, giving rise to measurable electrical PD pulses.
Ontario Hydro has developed a system using x-rays (XIPD) for detecting voids in solid epoxy spacers
for GIS. X-rays provide the initiating electrons hecessary to start the PD under normal operating

conditions. An aging study is currently under way to test the effectiveness of this method.

4.2.2.4 PD detection by the UHF method

This method was developed by Hampton at the University of Strathclyde within the last several
years. Capacitive couplers excited by PDs detect resonances in the bus chambers. Signals for PD pulses
are in the 800 -1200 MHz range (with a fast rise time). These signals are fed to a wide band (1500
MHz) spectrum analyzer for comparison to a baseline frequency spectrum. Time of flight (signal
propagation) measurements between couplers locate the PD source to the nearest coupler. Using

conventional signal timing between couplers, one can locate the problem accurately (within 10 cm in one
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case). This method appears to be well suited for expert system development and is being investigated
for the National Grid. Also, characterization of the different types of pulses is being investigated. There
is considerable interest in this method for detecting PD since it successfully locates PDs in in-service

equipment.

4.3 RESEARCH AND DEVELOPMENT OPPORTUNITIES

4.3.1 Diagnostic Techniques Requiring Development

The development and implementation of new or improved sensors for on-line diagnostic
monitoring requires a multidisciplinary approach ranging from fundamental research to application. In
some areas the technology exists already, so that design and engineering testing of devices can proceed
immediately. Longer term research should first be conducted in laboratories, and then prototypes should
be developed and tested using actual equipment. Characterization studies under real world conditions are
necessary to aid development. Such tests are currently underway on oil transformers at AEP and BPA
using equipment from J. W. Harley Inc. This section covers diagnostic techniques where the research
is substantially complete and development is required. In other instances diagnostic techniques need to

be transferred from another area, such as aerospace, and applied to power system equipment monitoring.

The major focus in selecting sensors for the commercial Westinghouse Transformer Monitoring
System as well as the MIT Transformer System (now being commercialized by J. W. Harley Inc.) has

been the detection of incipient failures. Measured parameters include the following:

- temperature,

- partial discharges,

- dissolved gas (Syprotec H-201),
- vibration, and

- operating parameters.

One problem in making these kinds of measurements in transformers has been obtaining access
to regions of interest. Many practical limitations exist in modifying transformers in the field to include

sensors. One offshoot of these limitations has been the development of complex models to predict
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measurement parameters of interest from more “convenient” measurements. For instance, the prediction
of moisture content from the top oil temperature or predicting internal winding temperatures. The
question of accuracy, however, always surfaces when critical measurement parameters are predicted
rather than measured. J. W. Harley Inc. has made some inroads into making critical measurements, like
moisture content, using a commercially available sensor that has been calibrated and modified for this

application.

A second issue with the available/projected commercialized transformer monitors is that the state-
of-the art in applicable sensor technology is not being tapped. For instance, Syprotec’s dissolved gas
monitor is used as an H, sensor, even though it is also sensitive to CQO,, ethylene, and acetylene. The
dissolved gas monitor thus has no gas specificity. Dr. Guzman at Carnegie Research Institute (CRI) has
developed a gas sensor system that measures levels of hydrogen, methane, ethylene, acetylene, and
carbon dioxide, which could be applicable to RCM. ORNL has developed a programmable integrated
circuit gas sensing device (IGAS), which identifies gas component molecules via pattern recognition
techniques. Another example is the acoustic seﬁsor used by J. W. Harley Inc. to monitor partial
discharge. Installation of this sensor is non-trivial and the sensor is sensitive to external disturbances such
as raindrops. Non-invasive demodulation techniques and vibration analysis may be useful in partial
discharge characterization. Transformers will often produce vibration-induced sidebands due to structural
resonances, subharmonics, and harmonic signals. Defects such as partial discharges will generate large
amounts of high-frequency noise (usually white noise). Finally, leakage effects in transformers will
exhibit wideband noise with a "flicker” (1/f) component. Several other technologies such as distributed
fiber temperature sensors (e.g., Luxtron) may be applicable to hot spot measurements and internal
winding temperature measurements. These and other fiber sensors (e.g., refractometry, optical specific
dispersion, and pH) however, are more practical when introduced in the manufacturing phase of the
transformer rather than as a field retrofit.

The basic issue in sensor development for reliability centered maintenance is not simply the
incorporation of the latest technology into existing measurements, but rather the selection of a set of
measurements which best indicate the health of a transformer as opposed to the incipient failure of a
transformer. This sensor concept may incorporate many of the measurements already chosen for incipient
failure detection as well as newer sensor technology such as the CRI or ORNL gas sensor. Non-invasive

characterization of electrical components via signal analysis techniques should be very helpful in
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establishing the health of transformers in the power industry. In conclusion, transformer sensor

development for RCM should take several directions as follows:

- selection of a set of measurements keyed to transformer health rather than or in addition to

incipient failure indicators,
- exploitation of non-invasive techniques for diagnostics, and
- incorporation of state-of-the-art sensor technology where appropriate and practical.
4.3.2 Diagnostic Techniques Requiring Research

Fundamental research is needed in areas where the technology does not exist or the understanding
of phenomena is lacking. It is unlikely that reliable sensors that work under a variety of conditions can
be built without a thorough understanding of the mechanisms involved. New types of sensors and future
generations of improved sensors must be based on fundamental knowledge. Future research programs

should include basic foundational studies that will lead to applied research for diagnostic sensors.

In order to make predictions about equipment performance, reliability, maintenance, and end-of-
life criteria, the aging characteristics of the different types of insulation systems under a variety of
conditions must be known. The fundamental processes behind aging mechanisms must be identified and
studied where this knowledge is insufficient.

4.3.2.1 Oil-insulated Transformers
There are four areas applicable to oil-insulated transformers that require research. Discussions

of each area follow.

DGA methods Formation of various gases and their ratios resulting from different types of
discharges is not understood very well. Basic studies on how gases are formed, the energetics within the
discharge, and/or the temperature dependence of chemical recombination as a function of impurities and
dielectrics are necessary to improve understanding. Also, gas by-products or early warning signs of oil

deterioration should be better understood.



Development of on-line sensors that determine gas species other than H, are needed to extend
diagnostic techniques to a higher‘ level of precision. Carnegie Mellon is currently working on this.
Ultimately, this work may allow determination of ratios of various gases, which in turn will help identify
the type of PD or fault.

Bubble formation Previous studies conclude that a method for determining the moisture content
of the insulation in the vicinity of the hot spot (related to bubble formation) is needed. The studies also

recommend the development of a separate bubble detector.

Charge injection and prebreakdown processes The earliest oil prebreakdown event is charge
injection into the dielectric which subsequently may lead to PD discharges, depending on local electric

field strength. Knowledge of these processes and factors which enhance charge injection could lead to
early indications of incipient problems. Work at the University of Tennessee, sponsored by DOE, has.
led to detection of the earliest prebreakdown pulses observed to date. The University of Tennessee is
developing a model for low density, or bubble, detection. Such work is important in the development
of sensors, diagnostics techniques, and in the understanding the aging mechanisms. Additional studies

along these lines are necessary to better understand oil-insulated transformers.

Static electrification Electrokinetic effects in forced-oil-cooled power transformers have been
responsible for a number of equipment failures in Japan and the U.S. This area has been the subject of
several research projects and reports funded by EPRI. Charges generated by streaming electrification
can buildup on insulators and distort the electric field causing dielectric degradation. Also, electric
hydrodynamic effects in the fluid itself can generate instabilities in high electric field regions, which also
deteriorates insulation capability. An absolute charge sensor has been developed by MIT that measures
the charged fluid using a Faraday cage. This system is being applied to transformers to collect more
information about failures of oil insulated transformers caused by oil-flow electrification. Further

research is needed to develop at a diagnostic technique for early warning of charging problems.
4.3.2.2 Gas-insulated Equipment

There is only one area applicable to gas-insulated equipment that requires research. A discussion

of this area follows.
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Partial Discharges - Chemical Gas Decomposition Techniques It may be possible to deduce

information about the origin of partial discharges in GIS by examining the ratios of decomposition
products. This analysis is analogous to gas-in-oil ratios for oil-insulated transformers. Researchers in
Italy (i.e., CESI and ENEL) have done work on decomposition product ratios. Basic research on by-
product yields from various forms of PDs, such as corona, ﬂbating components, and possibly free
particles and arcs, is needed for SF, at different impurity levels. This type of research simulates realistic
environments. ORNL has done considerable work to obtain decomposition yields for a number of PD
processes in SF,. Such basic data are needed for the development of expert system models to diagnose
concentrations of decomposition species as a function of temperature, H,O, pressure, other fragments,

and other factors.

The decay or stability of such by-products in contact with surfaces and other impurities must be
understood better. If decomposition species do not exist long enough to build up or be analyzed, they
will not be useful as a diagnostic or can give false results. Further research is needed in the areas of PDs

in spacer voids, charging of spacers, and degradation of floating components and contacts.
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5.0 BENEFITS OF RELIABILITY CENTERED MAINTENANCE

Several types of benefits are potentially available from RCM. Broadly, RCM results in economié
benefits because it provides improved information about maintenance requirements of equipment.
Maintenance activities can be more precisely coordinated with need, therefore reducing maintenance costs
and capital costs, while providing more reliable sefvice. In this chapter the types of benefits estimated
for RCM are described and the assumptions used in making these estimates are itemized. This analysis
focuses on benefits only. A cost-benefit analysis was not performed because RCM costs are too
speculative. The estimates presented in Table 5.1 represent the potential benefits if RCM were applied
to all substations in the BPA system. Of course, the actual effects of RCM are unknown. Thé
assessment of benefits provides a frame of reference for evaluating the economic justification of applying
RCM programs to the BPA system. This chapter ends with a discussion of potential benefits of RCM

that have not been included in the scope of the quantitative assessment.

Table 5.1 presents an estimate of over $8 million in annual benefits available if RCM were applied
to circuit breakers and transformers at all BPA substations. The categories for which benefits have been
estimated include lowering preventive maintenance costs by optimiziﬁg maintenance as realized through
increasing maintenance intervals, reducing corrective maintenance costs to diagnose and repair equipment,
reducing capital replacement costs through reducing catastrophic failures, and reducing capital costs by
extending the life of older equipment. Transformer and breaker maintenance may be altered because
RCM equipment monitoring will provide more information about the equipment than is currently
available. Table 5.1 provides the estimated present value of potential RCM benefits over the equipment’s

life cycle and the equivalent benefits on a levelized annual basis.
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Table 5.1. Estimated economic benefits of RCM for BPA substation transformers
and circuit breakers

TRANSFORMERS PRESENT VALUE ANNUALIZED
Increased Maintenance Intervals $1,255,000 $82,000
Reduced Diagnosis/Repair $11,519,000 $749,000 |l
Reduced Catastrophic Failures $42,898,000 $2,500,000
Delaying Scheduled Retirement $38,777,000 $2,260,000
CIRCUIT BREAKERS
Increased Maintenance Intervals $6,088,000 $397,000
Reduced Diagnose/Repair $22,051,000 $1,434,478
Reduced Catastrophic Failures $4,135,000 $269,000
‘ Delaying Scheduled Retirement $9,778,000 $570,000
|[ TOTAL RCM SAVINGS $133,281,000 $8,050,000

Table 5.1 is based on the following assumptions:

a 5% discount rate and 30 year analysis period, except reduced catastrophic failures and delaying
schedule retirement which are based on 40 years;

average maintenance intervals increase by 1 year, except 1 year intervals which increase to 18
months;

catastrophic failures are reduced by 50%;

diagnostic and repair costs are reduced by 50% (costs were extracted from SMIS);

direct maintenance costs for FY 1990, with overhead added, are based on the proportion of direct
maintenance costs to the total of all substation costs reported in SMIS for FY-90 4th quarter

cumulative;

replacement costs for circuit breakers are from Sahag Chilingerion, (BPA Substation Maintenance—
MMEB, 1991) and the number of units are from the BPA 10-Year Plan 1990-1999;

replacement costs and number of units for transformers are from "BPA Operations, Maintenance, and
Replacement 10-Year Plan 1990-1999;" and

factor applied to total replacement costs (.042) is the summation of 2 year differences in Present

Value factors at 5% discount rate for 40 years (i.e., transformer and breaker life is extended by 2
years).
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5.1 THE ECONOMIC OBJECTIVE OF RCM

The following analysis assesses potential benefits from reducing preventive maintenance (PM)
costs, corrective maintenance (CM) costs, and capital (CAP) costs. The economic objective for
‘maintaining equipment is to minimize the total costs (PM+ CM+CAP) for a given level of system
reliability through optimizing PM. The advantage of RCM is to provide information about maintenance
‘requirements that allows the optimum PM to be more precisely identified.

In essence, CM and CAP costs are a function of PM. RCM provides additional information that
more closely identifies the cost tradeoffs between CM, CAP, and PM. This information can be used to
reduce the costs of PM, CM, and CAP by more precisely identifying the optimum PM requirements.
Performing PM precisely when it is needed lowers CM while at the same time avoiding some unnecessary
PM. The unnecessary PM is the result of regular maintenance cycles that are based on "experience” or
"conservative rules of thumb” but do not have the detailed information that can be generated by RCM.
Thus, the additional information generated through RCM monitoring helps to avoid some unnecessary
PM (lowering PM costs) while at the same time addressing some of the needed PM (lowering CM costs)
that would be missed in a regular cycle maintenance program. Appropriate preventive maintenance also
helps reduce CAP by avoiding catastrophic equipment failure by giving better information about
equipment condition and making it possible to delay replacement.

The benefits realized through RCM will tend to increase over time. There is an inherent time
lag as information is generated through RCM and used to optimize a maintenance program. This
information will not only provide a basis for optimizing maintenance but it may also provide a better basis
for equipment purchase specifications and vendor selection based on systematic information about
operation of existing equipment. . Using RCM, the airline industry experienced no unit increases in
maintenance costs over a 16-year period despite increasing size and complexity of aircraft. Over the
same interval, the safety record also improved (EPRI 1989).
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5.2 DATA

The maintenance and repair cost data used to estimate RCM benefits are from BPA’s System
Maintenance Information System (SMIS) "Substation Maintenance Workload and Staff Utilization
Report,” Quarter 4 of FY 1990 cumulative. The non-direct costs include travel, tools and shops, general
and administrative expenses, training programs, pollution abatement, and various other costs. As a result
of reducing direct maintenance costs, overhead costs would also be reduced. To account for the reduction
in overhead costs, the estimated reductions in direct labor and material costs reported by type of
equipment (see Table 5.2) were increased by the ratio of total non-direct to total direct costs reported in
the SMIS cost data. This increased direct cost reductions attributed to RCM by 107 % reflecting overhead
for substation maintenance. For example, if preventive maintenance is estimated to be reduced by $400
in direct material and $600 in direct labor costs or $1,000 in direct costs, another 107% or $1,070 is

added to account for overhead costs.

5.3 BENEFITS FROM REDUCING PREVENTIVE MAINTENANCE

RCM can reduce equipment maintenance costs by providing more precise maintenance scheduling.
This can result in lower costs through increasing the average maintenance interval. With increased
monitoring, average maintenance can be scheduled on an as-needed basis and/or scheduled maintenance
intervals can be increased because RCM can better detect incipient problems. It is assumed that the
average maintenance interval would be increased as preventive maintenance was scheduled on an as-
needed basis as indicated by RCM monitoring. In order to estimate cost savings attributed to performing
maintenance on an as-needed basis, it is assumed that the programmed maintenance intervals would
increase by six months or one year depending on the existing programmed preventive maintenance
interval reported in SMIS. All existing maintenance intervals of approximately one year were assumed
to be increased by an additional six months and all intervals of two years and longer were assumed to
be increased by an additional year. The present value of the reduced maintenance was calculated for a
30-year period at a 5% discount rate. This resulted in annual savings of $82,000 for transformers and
about $397,000 for circuit breakers. Most of the reduced costs resulted from increasing the one-year
maintenance interval to 18 months. Relatively little savings resulted from increasing maintenance
intervals that were 3 years and longer. This reflects the fact that most of the maintenance intervals are

two years or less.
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Page 1 SMIS DATA OVERHEAD AND TOTAL ESTIMATED ANNUAL SAVINGS PER UNIT
COSTS
Scheduted
Maintenance . . Estimated .
Number Intervat Maintenance Overhead Estimated
Description Activity of Units (years}) Hours Direct Costs Costs Total Costs Preventive Corrective Total®
OIL CIRCUIT BREAKER MAINTENANCE
230 OCB Line, Comp. 311 4 7158 $202,364 $215,000 $417,364
BUS & XFMR Mech, 311 1 2847 $78,677 §83,590 $162,267
DR n [ 1,436 $46,397 $49,294 $95,691
$416 $154 $570
236 OCB Capacitor Comp. 5 2 303 $10,93t $it,614 $22,545
Mech. s 2 28 $781 $830 $1,611
D/R 5 0 79 $2,554 $2.13 $5,267
$1,350 $527 $1,877
115 OCB Line, Comp. 416 6 4226 $120,079 $127,577 $247,656 S
BUS & XFMR Mech. 416 1 4,033 $116,894 $124,193 $241,087
D/R 416 0 2,168 $126,239 $134,122 $260,361
$524 $313 $836
115 OCB Capacitor Comp. 13 3 246 $6,872 $7,301 $14,173
Mech. 13 2 . 96 $2,646 $2,811 35,457
DR 13 4 63 $1,905 $2,024 $3,929
$307 $15¢ $458
69 OCH Line, Comp. 485 6 1,731 $53,364 $56,696 $110,060
BUS & XFMR Mech. 485 2 2,013 $57,578 $61,173 $118,751
D/R 485 0 757 $46,436 $493,336 $95,772
' $143 $99 $242
69 OCB Capacitor Comp. 30 2 317 $8,984 $9,545 $18,529
Mech. 30 2 74 $2,318 $2,463 $4,781
DR 0 (4 5t $11,491 $12,209 $23,7200
$527 $395 $922

Table 5.2. RCM benefits by breaker and transformer types
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Page 2 SMIS DATA OVERHEAD AND TOTAL ESTIMATED ANNUAL SAVINGS PER UNIT
COSTS
Scheduled
Maintenance Estimated
Number Interval Maintenance Overhead Estimated
Description Activity of Units (years) Hours Direct Costs Costs Total Costs Preventive Corrective Total*
69 & 1-Phase Oil Comp. 48 7 $62 $66 $128
Switch Mech. 48
D/R 48 0 $63 $67 $130
51 $1 33
EHV POWER CIRCUIT BREAKER MAINTENANCE
Air & Gas BLST PWR Comp. 152 7 7,605 $431,819 $458,783 $890,602
Circuit Diag. 152 4 2,143 $60,556 $64,337 $124,893
Mech. 152 2 4,762 $157,678 $167,524 $325,202
D/R 152 0 6,177 $539,497 $573,185 $1,112,682
$4,150 $3,660 $7,810
Gas Puffer PWR Circuit Comp. 37 185
Diag. 37 4
Mech. 37 1 967 $29,051 $30,865 $59,916
DR 37 [ 1,044 $171,969 $182,707 $354,676
$5,360 $4,793 $10,153
GAS AND AIR CIRCUIT BREAKER MAINTENANCE
230 G & ACB Line, Comp. 56 7 1,016 $46,926 368,745 §96,782
BUS & XFMR Mech. 56 1 1,067 $34,987 $42,688 $72,159
D/R 56 0 1,315 $51,895 $69,958 $107,030
$1,429 $956 $2,385
230 G & ACB Capacitor Comp. 13 2 904 $31,537 $40,278 $65,043
Mech. 13 2 216 $6,116 $6,511 $12,614
D/R 13 0 177 $8,106 $11,343 $16,718
$1,661 $643 $2,304

Table 5.2. RCM benefits by breaker and transformer types (Cont.)
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Page 3 SMIS DATA OVERHEAD AND TOTAL ESTIMATED ANNUAL SAVINGS PER UNIT
COSTS
Scheduled
Maintenance . Estimated
Number {nterval Maintenance QOverhead Estimated
Description Activity of Units (Years) Hours Direct Costs Costs ‘Total Costs Preventive Corrective Totat®
115 G & ACB Line, Comp. 7 35
BUS & XFMR Mech. 7 1 45 $1,281 $1,361 $2,642
DR 7 0 121 $15,281 $27,686 $31,516
$2,383 $2,251 54,634
115 G & ACB Capacitor Comp. 4 4 219 $9,526 $10,121 $19.647
BUS & XFMR Mech. 4 1 34 $972 $1,033 $2,005
DR 4 0 143 $5,208 $6,574 $10,741
§1,809 $1,343 $3,151
69 & BLW G&ACB Comp. 27 7 99 $62,465 $126,112 $128,831
BUS & XFMR Mech. 27 2 124 '$27,138 $52,627 $55971
DR 27 [ 1,241 $72,528 $114,997 $149,585
$3,185 $2,770 $5,956
69 & BLW G&ACB Comp. 13 2 105 $3.216 $3,736 $6,633
Capacitor Mech. 13 2 13 $352 $374 §726
D/R 13 0 79 $2,865 $3,610. $5,909
$324 $227 $551
OIL FILLED TRANSFORMER AND REACTOR MAINTENANCE
230 PUFR Circuit Comp. 57 18
Breaker Diag. 57 5 $44 $91 $91
Mech. 57
D/R 57 1 791 321,922 $23,438 $45,213
$674 $397 $1,071

Table 5.2. RCM benefits by breaker and transformer types (Cont.)
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Page 4 SMIS DATA OVERHEAD AND TOTAL ESTIMATED ANNUAL SAVINGS PER UNIT
COSTS
Scheduled
Maintenance Estimated
Number Interval Maintenance QOverhead Estimated
Description Activity of Units (Years) Hours Direct Costs Costs Totatl Costs Preventive Corrective Total®
115 PUFR Circuit Comp. 31 52 $3,621 57,468 $7,468
Breaker Diag. 31 6
Mech. 31 1 37 $11,014 $12,248 $22,716
DR 31 0 389 $17,429 323916 $35,946
$836 $580 $1,416
69 & BLW PUFR Circuit Comp. 9 30 30 ($897) (8953) ($1,850)
Breaker Diag. 9 $0
Mech. 9 1 88 $2,482 $2,637 $5,119
DR 9 0 44 $5,504 $9,981 $11,352
3830 $631 $1,460
Switching Device Comp. 60 6 478 $47,302 $84,684 $97,558
Mech. 60 1 438 $12,755 $14,216 $26,306
D/R 60 0 787 $31,458 $42,423 $64,880
Gas Insulated Equipment $715 $541 $1,256
GIS Power Circuit Comp. 6 160 12 5405 $446 $835
Diag. 16 7
Mech, 16 1 13,651 $13,651 $28,154 $28,154
D/R 16 0 95 $73,089 $148,121 $150,742
$5,327 $4,711 $10,037

Table 5.2. RCM benefits by breaker and transformer types (Cont.)
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Page § SMIS DATA OVERHEAD AND TOTAL ESTIMATED ANNUAL SAVINGS PER UNIT
COSTS
Scheduled
Maintenance Hstimated
) Number Interval Maintenance Qverhead Estimated
Description Activity of Units (Years) Houss Direct Costs Costs Totat Costs Preventive Corsective Total*
TRANSFORMERS
WITH LTC
AC LIQFL PWR XFMR, Comp. 256 19 4,098 $135,965 £193,974 $321,669
WLTC Diag. 256 7 Bol $45,172 $68,227 $93,165
Acc, 256 1 772 - 822370 $24,718 $46,137
LTC 256 4 1,176 $35,055 $41,374 $74,361
Mech. 256 2 s28 $14,674 $15,590 $30,264
DR 256 0 9,067 $433,567 $619,470 $894,207
$1,789 $1,746 $3,535
TRANSFORMERS
WITHOUT LTC
Comp. 842 21 5,604 $191,482 $226,970 $394,921
Diag. 842 9 1,613 $47,192 $50,397 $97,331
Acc. 842 1 2323 $74,803 $89,775 $154,277
D/R 842 0 7,368 $293,064 $388,069 $604,428
$360 $359 $719

*Does not include replacement cost savings.

SMIS DATA is from BPA System Maintenance Information System Substation Maintenance Workload & Stafff Utilitization Report Quarter 4 Cumulative. Estimated Overhead Costs are 106.2% of
Direct Costs. Total costs are Direct plus Overhead Costs, Estimated savings per unit for preventive and corrective maintenance are annualized estimates based on assumptions described in the text,

Table 5.2. RCM benefits by breaker and transformer types (Cont.)



5.4 BENEFITS FROM REDUCING CORRECTIVE MAINTENANCE

RCM can also reduce costs by detecting problems that regularly scheduled maintenance might
miss, thus avoiding increased costs for repair of damaged equipment. This tends to reduce the life-cycle
cost of equipment. The constant monitoring of equipment by.RCM provides a real-time diagnostic
function, and therefore it is probable that existing diagnostic costs would be significantly reduced. Also,
the continuous monitoring could significantly lower total maintenance costs by providing information that
allows substitution of preventive maintenance for corrective maintenance. A study by the American
Electric Power Service Corporation indicated that over six major categories involving circuit breaker
problems, between 43% and 71%, would be detectable with monitoring and between 23% and 38% of
the problems would be predictable with monitoring. The combined totals for detectable and predictable
problems ranged from 81% for oil circuit breakers to 94% for Airblast to 100% for Dual Pressure SF,
{(P. Barkan 1988]. Based on this, it seems reasonable to reduce the diagnose and repair costs by 50%.
This assumption results in cost savings of about $749,000 for transformers and $1.3 million for circuit
breakers.

5.5 BENEFITS FROM EXTENDING EQUIPMENT LIFE BY REDUCING CATASTROPHIC
FAILURES AND DELAYING SCHEDULED RETIREMENT

The RCM monitoring could also reduce capital replacement costs. We have assumed that
monitoring could reduce the capital replacement costs stemming from catastrophic failures by 50%. The
estimated rate of transformer failures is 0.46% (BPA February 1990) which represents 6 transformers
per year. The estimated capital cost for this rate of failure is $5,000,000 per year or $833,000 per

transformer. Thus for transformers, annual savings would be $2.5 million.

The annual savings for avoiding 50% of circuit breaker capital replacement costs would be
$269,000. This is based on 38 violent in-service power circuit breaker (PCB) failures from 1968 to
1989. Slightly more than one 500kv PCB failed per year. The replacement cost of a 500kv PCB was
assumed to be $366,000.

Another potential savings would be in delaying replacement of equipment normally scheduled for
retirement based on "judgement” or rule-of-thumb criteria. The additional information provided by RCM

data could result in a more economically efficient replacement strategy. We have assumed cost savings
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based on extending the life of the candidate equipment by two years. The total cost savings for delaying
the replacement of transformers would be about $2.26 million annually. The potential savings for circuit
breakers would be about $570,000 annually. These calculations were made by assuming that the average
life of equipment is 40 years, which is equivalent to replacing 2.5% of all equipment every year. The
savings are achieved by extending the average equipment life to 42 years. The calculation was made by
taking an average of the summation of 2-year differences in present value factors at 5% for 40 years.
This resulted in a present value factor of 0.042 which was applied to the total replacement value of all

substation circuit breakers and transformers.
5.6 IMPROVING RCM COST EFFECTIVENESS THROUGH TARGETING

The potential savings that have been presented in Table 5.1 are gross cost reductions estimated
on a system-wide basis. However, the rational economic objective should be to maximize net cost
reductions after the costs of implementing RCM are considered. Since RCM is a decentralized concept,
it can be targeted to specific types or classes of equipment. The approach should be to target RCM to
all equipment for which the benefits of cost savings would be greater than the costs of implementing
RCM for that piece of equipment. It is presently unknown what the actual benefits and costs of
implementing RCM will be. However, given a set of assumptions such as have been made in this
analysis, it is possible to identify the best candidates for implementing RCM and possible types of
equipment that should initially be ruled out. The criterion for identifying the best candidates for RCM

is the benefit-to-cost ratio.

Table 5.2, which presents the RCM data relevant to RCM benefits by equipment types, gives an
indication of the categories of equipment that have high maintenance and repair costs per unit. These
categories are more economically attractive targets than categories that have lower costs per unit. Also
subcategories of equipment with higher costs per unit might be identified by attributes such as age,
vintage, previous maintenance experience, or vendor. This approach of targeting could increase the
economic attractiveness of RCM, especially in the early stages when benefits and costs are uncertain.

Obvious indicators of what types of equipment should be targeted are as follows:

- high maintenance costs per unit and -
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- equipment that has high average replacement costs (i.e., the average replacement cost

times the failure rate).

The average capital cost savings for circuit breakers were $318 per unit and $2,057 for
transformers. Detailed information on specific types of equipment has not been assessed. However, even

the gross breakdown indicates the advantage of targeting transformers as compared to circuit breakers.

5.7 ADDITIONAL BENEFITS

There are other potential benefits from RCM that we have not attempted to estimate. These
benefits include higher system reliability and increased safety to personnel. Increased safety would be
a by-product of any reduction in violent equipment failures that would be avoided by increased
monitoring. From 1968 through 1989 there were 29 violent in-service equipment failures on the BPA
system for 500 kV power circuit breakers. Reducing these failures would reduce the associated risk of
injuries and fatalities. So far there have been no injuries or fatalities from violent failures. However,
this potential exists for electricians, station operators, and testers who work within range of porcelain that
fragments with explosive force during violent failures. The destructive force of these failures has resulted
in damage to nearby equipment, which bears testimony to the potential risk of serious personal injuries

or fatalities.

The reliability would also be improved to the extent that equipment failures result in loss of load
to any part of the system. According to a recent survey of utilities, the costs of unserved load were
estimated at between $1 to $16 per kWh with a median value of over $4 per kWh [Sanghvi 1991]. We
have not estimated these benefits due to the inherent reliability and redundancy of the bulk power system,

but in some cases they could be significant.

Another potential benefit that has not been estimated is improving equipment selection. The data
that are generated through RCM monitoring can be used to analyze the characteristics of equipment that
will lead to lower preventive and corrective maintenance costs. This information should help in
specifying criteria for new equipment that will reduce life-cycle costs. This benefit should increase over

time as more information is generated on equipment maintenance.
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5.8 MEASURE RCM EFFECTIVENESS

The effectiveness of maintenance programs are difficult to measure. If maintenance effectiveness

can be measured it would help with the following:

determine RCM’s value,
provide objective data to track progress and detect trends, and
provide feedback to make positive changes to PM.

Ideally one would want to compare maintenance effectiveness before and after RCM was

operable. However, only one substation is being instrumented so the post-RCM sample will be too small

to reach statistically significant conclusions.

Four years of maintenance data are summarized in Section 3.2 on equipment reliability. Using

four years of data instead of 15 or 20 years of data helps remove variations due to changing PM

frequencies and maintenance practices. Equipment age and voltage are probably major determinants of

reliability rates, and so reliability was calculated as a function of these variables. However, these data

do not take into account several factors that contribute to maintenance effectiveness. These factors may

be expressed in the form of questions.

M

@
@

@

What would have happened to the reliability rates if the maintenance period were longer
or shorter?

What impact does prior loading or duty have on reliability?

How much do individual designs and manufacturers contribute to differences in reliability
and maintenance effectiveness?

How accurate are manufacturer-suggested maintenance practices? Do they suggest

excessive maintenance in order to insure higher reliability?

Despite our limitations to determine concretely maintenance effectiveness, maintenance factors

can be calculated and accumulated over time. Several maintenance factors are suggested in Table 5.3.

Maintenance metrics include maintenance man-hours, costs, logistics, BPA equipment reliability rates,

industry equipment reliability rates, substation reliability rates, and personnel safety. Each maintenance
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metric should include two values, estimated "target” values (predictions) and actual values (historical).
The reason for developing and applying maintenance metrics as a tool is to aid in continually refining
ways to optimize maintenance.

Table 5.3. Possible maintenance metrics

INDICATORS ACTUAL TARGET

Time (normalized by equipment or load)
PM Hours
CM Hours
PM Ratio

PM
PM+CM
Cost (normalized by equipment or load)

PM Costs
CM Costs

Logistics

Wrench Time
Ratio (Hours) PM+CM
PM+CM+Admin+Lost Time+Supervision

PM Backlog
Ratio (Hours) PM Backlog
PM
Egquipment reliability

BPA Reliability Rates
Transformers
Breakers

Industry Reliability Rates
Transformers
Breakers

Substation reliability
MW-Hr Outage Due to Substation

Safety
Injuries

Deaths
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5.9 CONCLUSIONS

This analysis shows that benefits associated with RCM are significant. The actual benefits would
be determined by the ability of RCM to reduce maintenance intervals, corrective maintenance, and
replacement costs. The data that have been examined indicate RCM benefits would vary significantly
across various types of equipment. In general, the most attractive targets for RCM are equipment that
have high average unit repair and/or replacement costs. With limited funds available for initial phases
of RCM implementation, the most promising equipment should be targeted first. Some additional analysis
is required to specify the most promising equipment for RCM.
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6.0 FUNCTIONAL REQUIREMENTS
6.1 INTRODUCTION

One purpose of this chapter is to identify the general functions of an on-line monitoring and
maintenance scheduling system for transformers and circuit breakers located at BPA’s Alvey Substation,
which we refer to as the Reliability-Centered Maintenance (RCM) System throughout the remainder of
this chapter.

The proposed RCM System has two goals: to alert Bonneville substation operators about incipient
problems associated with substation equipment and to provide input into the scheduling of preventive
maintenance. The first problem area mentioned, that of incipient failure detection, usually can be
detected from short-term data collection by detennirling when monitored equipment data are out of the
normal range of operation and how the out-of-range data relate to various equipment failures. The second
problem area mentioned, that of preventive maintenance, requires a 1bnger—term collection of monitored
data to detect equipment operating trends (i.e., those associated with aging) and to determine how the data
trends relate to the probability of an evolving equipment failure. Much work has been done in the area
of incipient failure detection. However, little has been done in the area of preventive maintenance for

transformers and circuit breakers.
6.2 OBJECTIVES

The overall goals of the RCM project are to (1) determine the most effective number of data
sensors as well as the most useful sensors required for adequate transformer and circuit breaker
monitoring, (2) determine what software systems and data analysis models are needed for assessing the
condition of transformers and circuit breakers, and (3) determine what maintenance needs to be performed
at what time to assure adequate equipment reliability. The purpose of using an on-line monitoring system
is to predict incipient equipment failures prior to their occurrence, to detect evolving equipment problems
prior to causing an equipment failure, and to enable the adjustment of equipment maintenance on an as
needed basis. The specific objectives of the project are as follows:

- determine the most effective level of instrumentation required to

implement RCM systems for transformers and circuit breakers;
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- develop analysis techniques and software needed to identify incipient
equipment problems and evolving equipment operating problems for
transformers and circuit breakers; and

- develop the knowledge base, decision logic, and software needed to
determine preventive maintenance requirements for transformers and

circuit breakers.

The project will be conducted in two phases: Phase 1 and Phase 2. During the first phase, the
RCM system will monitor one transformer and one or more circuit breakers. Data collected during this
phase will be displayed to BPA personnel, used to develop several decision rules for detection of incipient
equipment problems (corrective maintenance), and used to begin development of decision rules needed
for preventive maintenance decisions. The basic thrust of Phase 1 however, is to install the RCM
equipment and be sure that it operates satisfactorily. During the second phase, the RCM system will be
expanded to monitor multiple transformers and circuit breakers at the Alvey Substation. Decision rules
will be expanded to include different types of circuit breakers and transformers found at the Alvey
Substation. Decision software logic will be tested and improved, and instrumentation needs will be
finalized.

Phase 2 will consider the compatibility of the substation level RCM system with a larger RCM
system which may include as many substations as BPA considers appropriate. The ultimate RCM system
should permit the RCM operator to compare transformers and breakers from across BPA’s system and
schedule maintenance based on need. Future instrumentation needs may be identified based on research

and development conducted during Phases 1 and 2.

6.3 HARDWARE REQUIREMENTS

There are five levels of hardware required for the RCM system. They are as follows:
- instrumentation and signal conditioning,

- equipment monitor,

- substation monitor,

- RCM System monitor, and
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- communications between equipment and substation monitors and existing Supervisory
Control And Data Acquisition (SCADA).

A major requirement of the RCM system is that it must be able to interrogate the SCADA remote
terminal unit (RTU) to collect substation equipment data from the SCADA database and write data (i.e.,
operation information concerning equipment status) directly to the SCADA RTU.

6.3.1 Hardware Architecture

The first phase of the RCM system is shown in Fig. 6.1. Ultimately, the system must have the
capability to operate within the context of the existing SCADA and to communicate maintenance
schedules to the SMIS. A dedicated SCADA RTU will be provided at the Alvey Substation to allow for
the link between the RCM system and the BPA SCADA system. A substation monitor/computer will
provide various substation-wide interface services. The RCM system architecture will ultimately feature
inferencing which is distributed between the equipment monitors, substation monitor, and system monitor.

Fig. 6.2 shows the ultimate RCM as currently envisioned.
6.3.2 Instrumentation

Since the field of on-line power system equipment monitoring is in an early stage of development,
future discoveries may change the sensor array best suited for RCM monitoring. Therefore, an important
requirement for the equipment monitors is the ability to incorporate additional sensors. The expectation
at this time is that the equipment will be deliberately overinstrumented for the Phase 1 implementation.
One of the objectives of the RCM project research is to determine what reductions can be made in the
sensor array without reducing the quality of the inferences drawn by the RCM system.
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6.3.3 Equipment Monitor

The equipment monitor will have the computing ability to integrate the instrumented values and
to perform analysis as appropriate (i.e., what is required to calculate model parameters model estimates,
and data residuals). The Harley transformer monitoring system is an example of this type of equipment
hardware. Equipment monitors will obtain on-line data from transformers and circuit breakers. The
RCM system needs to be capable of (1) detecting equipment operation anomalies, (2) diagnosing the
conditions of the transformer and circuit breaker, and (3) making maintenance recommendations (both

corrective and preventive maintenance recommendations).

6.3.3.1 Transformer Monitor

The transformer monitor system will be designed to perform several tasks. These tasks include
the following:

- monitor condition of the insulating oil,

- monitor condition of the solid insulation,

- detect presence of moisture and oxygen,

- detect harmful events such as short-circuits, switching surges, voltage

surges,
- detect excessive temperatures, and

- detect partial discharges (noise signatures).

A transformer monitoring scheme similar to the one explored by Crowley at MIT is being
commercially implemented by J. W. Harley Inc. This system uses a set of sensors in a proprietary
scheme developed by Harley. Sensor data is fed into a data acquisition unit at the transformer and the
data is transferred to a remote computer in the substation control room. Inferencing is done by the
remote computer. The master computer in the Harley transformer scheme performs a role similar to the

substation monitor in the BPA RCM scheme.

It is likely that elements of the Harley system can be adapted to the transformer monitoring part
of the BPA RCM system. Specifically, the Harley data acquisition unit and remote computer might be
used as the data acquisition unit and the inferencing processor needed for the transformer equipment

monitor.
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The BPA RCM system operates in a larger context than that anticipated in the original Harley
design. For that reason, it is not practical to simply purchase a Harley box and snap it into place in the
RCM system as a free standing module. However, if Harley is willing to address the issues that would
make their hardware fit into the BPA RCM context, then elements of their system could serve as the basis

for the transformer monitor.

6.3.3.2 Circuit Breaker Monitor
The circuit breaker monitor will be designed to monitor and detect several things. These include
the following: |
- breaker operation characteristics;
- level of interrupting current;
- fault operations, magnitude, clearing time, arcing time
and phases involved;
- detect internal contact wear and damage via I’t calculations; and
- detect breakage and deformation problems (noise signatures).

The idea of monitoring a circuit breaker for incipient failures has been considered by Doble and
others [i.e., the Electric Power Research Institute (EPRI)] and reported in CIGRE, T&D Magazine, the
IEEE Transactions, and in utility conference papers. The CIGRE paper is conceptual in nature and
describes what quantities might be monitored and how the condition of the breaker might be inferred.

EPRI has been active in researching the area of noninvasive diagnostics of circuit breakers. The
research has involved the development and application of circuit breaker diagnostics including acquisition
of equipment vibration data, signal processing, and decision making. Also, the research has involved the
development of a portable diagnostic unit for circuit breakers. The functional design of the Circuit
Breaker Monitor might build on the work reported by EPRI as well as that reported by Doble in CIGRE.

BPA is working on an arrangement with Doble to monitor circuit breakers. This scheme uses
sensors, a smart data acquisition system, and a system for recording data so that a copy can be shipped
to Doble for analysis. There is no local inferencing. The scheme apparently uses a proprietary sensor.
layout and inferencing algorithm. It does not infer the condition of the breaker in real time. The Dobie
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box might be used as the data acquisition unit in the circuit breaker monitor part of the RCM system if
it can be connected easily, but an inferencing processor and 1/0 circuitry would need to be added.

6.3.4 Substation Monitor
The substation monitor will consolidate and integrate all the equipment values at the substation

level. The substation monitor will also be used during Phase 1 of the RCM system implementation as

the overall system monitor. The substation computer will perform the following functions:

integrate equipment monitoring,

- communicate with the SCADA RTU and system computer,

- handle inquires from the system computer which monitors multiple substations,
- archive data from monitored equipment,

- provide the ability to integrate additional sensors,

- provide the ability to perform additional analysis,

- maintain status of substation equipment,

- maintain a schedule of equipment requiring maintenance, and

- display equipment information to substation personnel.

Ultimately, each substation monitored by the RCM system may require a separate workstation.
However, the use of such a scheme will require evaluation of the cost and complexity of its
implementation. If required, the computer at a minimum will perform the following functions. It will
handle interrogations of the SCADA system (i.e., obtain SCADA data from the substation RTU) and
provide equipment status data to the SCADA RTU. In addition, it will maintain substation-wide
knowledge bases and/or databases produced or required by the inferencing processors, but too large to
be stored locally within each inferencing processor. It will archive inferences and selected sepsor data
from the equipment monitors. Ultimately, perhaps in Phase 2, it will communicate maintenance data to

the system-wide RCM computer.

In addition, the substation monitor might be used for other tasks. It will be used as a local point
of interface where a maintenance manager could make direct queries to the RCM system on maintenance
recommendations. Also, it might be used to make synergistic maintenance inferences based on selected

data from several different pieces of equipment.
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It is necessary that the substation monitor be capable of two-way communications with each of
the inferencing processors of the equipment monitors. The inferencing processors do not need to talk
to each other. Therefore, a peer to peer network is not necessarily required. However, the substation

monitor should be able to receive data from and transmit data to a variety of equipment monitors.
6.3.5 Interface With Existing SCADA Environment

The RCM system needs to interface with the SCADA system at BPA. The interface between the
SCADA system and the outside world is handled by RTUs supplied by Systems Northwest. The RCM
system should write information to the RTU and interrogate the RTU for information. The architecture
of the RTU limits how this can be done.

The modules connected to the RTU multiprocessor bus are communications processors operating
under various protocols. Communications between the RTU and the SCADA system are handled by a
processor using GETAC protocol (a special GE protocol) communicating with the SCADA master station
at 2400 bits per second. Interfaces to other computers, such as the substation monitor, can be handled
by other communications processors using a variety of protocols. The only way that the outside world
is allowed to write data to the SCADA system is through the analog or status I/O processors on the I/0
bus of the RTU.

Database interrogations and responses between the RCM substation computer and the SCADA

(via a dedicated RCM SCADA RTU to be placed at Alvey) will be handled serially via a standard

- communication protocol. A communications processor must be added to the dedicated Alvey RCM-RTU

for this purpose. The RCM substation monitor will have a serial interface that supports the same
protocol.
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6.3.6 System Monitor (Maintenance Application Processor)

The system monitor function will not reside in a separate computer during the early phases of the
RCM project. Initially, system monitor functions will be implemented on the substation monitor. The
overall system monitor/computer will archive and integrate the individual equipment data to provide
statistics on equipment performance within voltage classes and to perform long-term performance
assessment of the individual equipment. In addition, the past history data collected from the substation
monitors may be utilized to improve equipment models utilized at the equipment monitors. The
substation monitors and overall system monitor should have the capability of uploading software from

the system monitor to substation monitors.

The most important function of the system monitor is identifying equipment requiring preventive
maintenance. A Maintenance Decision Support Model will prepare a list of equipment requiring
maintenance for verification by the maintenance manager and for dissemination to area maintenance
personnel. The system monitor is also referred to as the Maintenance Application Processor (MAP).

MAP will eventually be connected to the network at Dittmer.
6.4 MAINTENANCE DECISION SUPPORT REQUIREMENTS

The RCM system presents many challenging opportunities with respect to decision support. Real-
time data from the system will support corrective maintenance decisions. Accumulations of real-time data
will support preventive maintenance decisions. In addition, the RCM system will support both corrective
and preventive maintenance decisions at various sites within the Bonneville Power Administration,

specifically at the area offices and at Dittmer.

Fig. 6.3 illustrates the RCM system decision support components and criteria. As stated above,
decision support components are conceptualized along two axes: types of decisions and sites of decisions.
This results in four decision support components. As indicated, each component requires specially
tailored decision methods and requires different types of data. This subsection examines each of these

components in more detail.
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Fig. 6.3. RCM decision support components and criteria.

Before proceeding, it is important to lay a firm conceptual framework. In particular, it is
important to distinguish between the concepts of diagnosis and decision making. Diagnosis is strictly
concerned with ascertaining the state of the world, whether one is interésted in the present, past or future.
With respect to RCM, diagnosis involves using instrumentation and supporting systems to collect data
about a problem and then using knowledge to turn the data into information. Expert systems are
primarily concerned with diagnostic problems. The RCM system will support various diagnostic activities
related to the present health of transformers and circuit breakers and their future health.

Decision making is concerned with determining proper courses of action. With respect to RCM,
decision making is concerned with optimizing maintenance activities. To make these decisions, one needs
to understand the maintenance criteria, have information on the relevant states of the equipment, have
a set of goals, and know how to achieve those goals. ‘Good decision making depends on good diagnoses

but good diagnoses are only one element of a decision making process related to maintenance. Decision
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analyses involve concepts, such as ranking and optimization, which must be appropriately applied. The
RCM system will provide data to make diagnoses about equipment health and these data will feed into

the various decision making components.

It is important to distinguish between diagnosis and decision making, especially where there is
a tendency to synthesize the two. For example, when one observes that a piece of equipment enters a
certain state, it may be standard practice to implement a specific action. In this case, there is a one-to-
one mapping between a diagnosis and a decision. However, this need not be the case. Various other
factors, such as resource availability and weather, may also be important in making a decision. In other
words, given an identical equipment diagnosis, maintenance decisions may differ from one time to the
next due to differences in manpower availability or other factors. Thus, the possibility and even
probability of one-to-many mappings between a diagnosis and a set of reasonable maintenance decisions
must not be overlooked. The quality of a diagnosis is related to diagnostic knowledge, data quality, and
availability. These will not be perfect in all cases and so, in these instances, there may be a many-to-
many mapping between potential diagnoses and decisions. Decision heuristics play an important role in
guiding actions in these uncertain situations. Multiple decision alternatives based on a diagnosis should

be considered along with the uncertainties associated with diagnoses and decisions.
6.4.1 Corrective Maintenance Decision Support at Area Offices

One RCM decision support component will assist corrective maintenance decision making at the
Area Offices. Initially, the RCM system will provide real-time data to allow Area Office staff to
diagnose imminent equipment failures. However, this requires manpower to interrogate the RCM
computer system. In time, the RCM system may assist maintenance personnel by automatically

performing these diagnoses.

The type of decision support required depends upon the nature of the maintenance decision. For
corrective maintenance decisions, it appears likely that most situations entail a one-to-one mapping
between a diagnosis and a corrective maintenance action decision. In this case, decision support would
involve providing information to Area Office staff on diagnostic knowledge and corrective maintenance

considerations.
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Though corrective maintenance is basically a diagnostic problem there are distinct research
considerations. Real-time data will flow continuously from some of the equipment sensors. For circuit
breakers the data will consist essentially of a series of graphs or operation signatures over time. An
important research task is to identify what analysis techniques are most useful to automate the diagnostic
process. For example, a simple expert system could be employéd if thresholds could be located on the
graphs. Neural nets could be employed if entire signatures must be evaluated. If comparisons between
graphs over time are required, time series analysis might be the preferred approach. As a first step

towards this ultimate goal, attention will focus on acquiring the basic diagnostic logic.
6.4.2 Preventive Maintenance Decision Support at Area Offices

Preventive maintenance decisions are more complex than corrective maintenance decisions. In
this case the goal is to establish some sort of priority ranking of equipment needing preventive
maintenance. The ranking scheme must be able to distinguish between the relative needs for preventive
maintenance among pieces of equipment under the jurisdiction of an Area Office. The ranking scheme
must also be able to produce scores that indicate the absolute need for preventive maintenance for each
piece of equipment. Given a rank ordering of pieces of equipment by need for preventive maintenance
and local expertise, each Area Office could then develop its detailed weekly, monthly, or quarterly

preventive maintenance schedules.

A ranking function requires numerous inputs. The RCM system will provide real-time data
which, when appropriately aggregated, will be able to indicate the actual health of each piece of
equipment. Statistical data on equipment failures as well as information on previous maintenance
performed on each piece of equipment is also required. The estimated costs and manpower required for

each type of preventive maintenance and the availability of funds and manpower are also necessary inputs.

A particularly interesting research problem is how to use this statistical data to make predictions
about the probability of equipment failure over time or when a piece of equipment will eventually need
maintenance, especially since a successful RCM program should continuously reduce the number of
observed equipment failures. Another interesting research question is how to link corrective and

preventive maintenance conducted by the area offices. For example, in many instances it may be cost
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efficient to accelerate preventive maintenance on pieces of equipment that have been identified for

corrective maintenance.
6.4.3 Preventive Maintenance Decision Support at Dittmer

Preventive maintenance decisions at Dittmer are more strategic in nature than those made at the
Area Offices. Staff at Dittmer are concerned with developing capital investment plans and formulating
multiple year budgets for maintenance activities. This is a difficult process because goals of guaranteed
reliability and controlling costs often conflict. Thus, instead of a ranking problem, the Dittmer staff have
a constrained optimization problem. That is, the task is to determine the best allocation of resources
among items such as capital investment and preventive maintenance that meet predetermined reliability

goals while minimizing overall costs and not exceeding manpower capabilities.

There are numerous inputs for automated decision support in this area. Reports will come from
the RCM system on the overall current state of health of substation equipment and data on equipment
failures. This data must be supplemented by other data on equipment age and past preventive
maintenance activities which will be inputs into a predictive maintenance model. One particular challenge
will be to take all this data and produce a budget plan that spans multiple time periods. A predictive
maintenance model must consider reliability, resources, budgets, equipment replacement, maintenance

criteria, equipment expertise, and other factors.
6.4.4 Corrective Maintenance Decision Support at Dittmer

Corrective maintenance decisions at Dittmer are distinctly different from the other three kinds of
decisions. In this case operators at Dittmer may use information from the RCM system to make decisions
that effect the transmission network. They may need to make decisions on whether to leave equipment
on-line or take it off-line. Operators also make decisions on whether to overload equipment and for how

long. Up-to-date data on equipment provided by RCM will greatly assist these types of decisions.

This decision environment can become exceedingly complex. If one were to focus on operator

decision making, a decision support system could provide assistance by evaluating large numbers of
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potential equipment operation decisions. Artificial intelligence techniques could be used to optimize

equipment loading decisions.

6.5 SOFTWARE REQUIREMENTS

Software requirements include the need for utilizing flexible software tools, a Maintenance
Decision Support Model which predicts incipient problems (corrective maintenance) and determines
equipment preventive maintenance requirements, and a suitable communication format for maintenance
recommendations that is useable by maintenance personnel as well as other BPA personnel. These

requirements may be stated simply as tools, models, and communication.

The preceding discussions on hardware (Sect. 6.3) and maintenance decision support functional
requirements (Sect. 6.4) have identified the software needs that will be implemented in the Substation and
System Monitors. This section briefly discusses the software requirements that will be part of the
Substation Monitor in Phases 1 and 2, and will ultimately be part of the System Monitor (MAP) beyond
Phase 2. It also discusses operational characteristics of the software requirements for each phase and how

they will be integrated.

Software development should proceed according to the functionality shown is Fig. 6.4. This
diagram, which is conceptual, helps show the range of software that will be developed during Phases 1,
2, and beyond. This diagram also helps identify the software structure.

In addition to identifying the software’s structure, two additional elements must be identified in
order to broadly define the RCM software. Namely, what is being developed and how it is being
developed. What is being developed is generally identified in Section 6.4. RCM software will support
four entities: corrective maintenance at Area Offices, preventive maintenance at Area Offices, preventive
maintenance centralized at Dittmer, and corrective maintenance support for operators. The second
software element refers to how the software is developed. Various software tools will be utilized to
maximize the software development effort. To this end we have adopted the philosophy of buying
software tools rather than developing them.
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6.5.1 Software Tools

Flexibility is extremely important for developing Phase 1 software. In particular, the suite of
software tools must provide an environment conducive to exploration of the meaning of data and the value
of various analysis techniques. Also, the software must manipulate a wide variety of data types ranging
from a single monitored value to a statistic calculated for an entire class of equipment. The timing
characteristics range from real-time data to long-term archives. There is a diverse set of data sources
including Equipment Monitors, SCADA, SEL relays, and SMIS. Also, there is a diverse set of users
including maintenance personnel, programmers, and other softwareksystems, Therefore, an extensive
database of equipment descriptions, maintenance, and performance must be built and maintained.
Throughout Phases 1 and 2, the software tools and underlying databases must allow easy modification,

integration, and use. All of the software components must provide effective methods for integration.

The software tools may be classified as follows: operating system, database management
software, statistical analysis software, user interface development tools, algorithmic programming

language, networking and communications software, and knowledge base tools.
6.5.2 Maintenance Decision Support Modeling

RCM involves decisions about when to maintain pieces of equipment and at what level (e.g.,
inspection, testing, routing maintenance, or detailed maintenance). To make these decisions a decision
model requires several inputs about a piece of equipment such as the current state of a piece of
equipment, as indicated by real-time sensors; recent operation of the piece of equipment; its maintenance
history; the probability over time of various failure inod%; the cost of maintenance by level of effort;
and the cost to repair/replace. The decision model could also incorporate more global data such as
overall system maintenance crew availability, overall system maintenance capital budgets, and overall

equipment portfolio maintenance requirements.
Basically, an RCM decision model would determine the timing and level of the next planned

maintenance for pieces of equipment to meet a set of rigorously defined objectives, such as the

optimization of maintenance costs. The model itself could be based on operations research techniques
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such as linear programming; on artificial intelligence techniques (e.g., an intelligent search algorithm);

or on a combination of these techniques.

The most important data in any information system is the output. The output of an RCM system
is maintenance recommendations. Currently at BPA, the Substation Maintenance Information System
(SMIS) handles maintenance information. Therefore, the RCM system should allow for easy interfacing
(both software and hardware) with the SMIS system. It is not expected that RCM will interface with
SMIS in the early phases. However, even in the first phase the system design must take the future

addition of the interface into account.
6.6 UNRESOLVED ISSUES

There are several unresolved issues that must be settled as the RCM prototype proceeds.

1. Setting of maintenance schedules. Ultimately, will an RCM system set maintenance
schedules?
2. Relationship between monitored values and maintenance. How do monitored values

influence maintenance? Currently, relationships between monitored values and maintenance decisions are
not known. There may be a tendency to include instrumentation because there is a technical interest;
however, equipment instrumentation should be limited to that which will help determine maintenance
needs.

3. Most effective number of sensors required. What is the most effective set of sensors
required to predict incipient problems and the need for routine maintenance?

4. RCM equipment redundancy. How much RCM equipment redundancy should the RCM
system provide?

5. Data backup. How often should the data on the computers be backed up?

6. Need for substation computer in final system. Is the substation computer needed for the
ultimate RCM system? The substation computer can provide for communications coordination with the
existing SCADA database. If enough of the monitoring and analysis can be performed by the equipment
computers there may not be a need for the substation computer. In this event all the individual equipment

computers may interface directly with the RCM system computer.
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7. Level at which maintenance decisions are made. Where is the maintenance decision
made? The RCM system will produce a recommendation which the RCM maintenance manager will
verify and include in the schedule. Alternatively, the RCM system may schedule the maintenance without
verification by the RCM maintenance manager.

8. Equipment hardening. Is the equipment sufﬁciently hardened for the substation
environment which is extremely harsh? Is equipment sufficiently protected from EMI, switching surges,
lightning surges, and extreme temperatures?

9. Equipment compatibility and modularity. Should a vendor be identified for ultimately
producing a modular black box that we can install in the vicinity of the transformer or breaker? The
communication protocol and interaction between the "black box" and the substation computer should be
transparent, so different vendors’ units can operate together in a modular fashion. Equipment should be
open, employing standards so other vendors may duplicate the interface and communicate easily with the
substation computer and software. If a manufacturer has a closed proprietary system where source data
is not easily available or communication is difficult, it will necessitate the development of our own
equipment monitor. Different sensor techniques should be integrable into either the transformer or
breaker equipment monitors.

10. Ability to instal] and maintain monitoring equipment. How should the equipment be made
so that it will be easy to install and maintain?

11. Build knowledge database on long-term equipment operation. Should a high voltage
transformer and circuit breaker similar to the equipment found in the Alvey Substation be instrumented
in the laboratory? The purpose of a laboratory setup would be to allow accelerating the aging process
of the equipment in order to start building a knowledge database on how sensor data varies as equipment
ages. A great deal can be learned by subjecting the equipment to abnormal operating conditions and the
laboratory data may also give us insight into how to schedule preventive maintenance. Another method
of collecting this long-term data is to keep the monitoring system in place on several transformers and
circuit breakers over a long period of time (i.e., the life of the equipment).

12. Integration of RCM transformer and circuit breaker systems. Ultimately, should the
RCM equipment monitoring systems for the transformer and circuit breaker be standardized such that the
instrumentation produces a standard output, allowing the use of only one equipment monitoring system
for both the transformer and circuit breaker and only one inferencing computer system?

13. Estimate the impact of historical maintenance and usage. How should existing equipment
be integrated into the RCM system.
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14. Distributed inferencing. Ultimately, identify which computer processes what type of data.
The prototype indicates that data will be analyzed in the RCM computer. Ultimately, inferencing will
be distributed between equipment monitors, substation monitors, and the system monitor.
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7.0 CONCLUSIONS AND RECOMMENDATIONS

RCM is a tool which may be applied by BPA to substation maintenance to improve reliability
while reducing maintenance costs. Currently, BPA's maintenance requirements exceed maintenance
resources. There is a maintenance backlog and some breakers and transformers are not maintained
according to BPA’s PLG.

The RCM system must address two fundamental needs. The RCM system must be able to detect
incipient equipment problems. It must also assist in identifying and scheduling preventive maintenance.
This can be accomplished by focusing on the individual equipment level or the system level. Either the
reliability of individual pieces of equipment or the reliability of the entire system will be maximized.
Traditionally, RCM has been applied to the system level to maintain the function of the system (i.e.,
power supply reliability, nuclear power plant, aircraft). However, the design of substations is very
reliable so the loss of critical components like expensive transformer banks may occur without loss of
electrical service. Therefore, substation RCM should target the individual equipment, such as

transformers and breakers, in order to minimize maintenance resources (i.e., time and costs).

The potential benefits associated with RCM are significant. The estimated present value of
applying RCM to all BPA transformers and breakers is $133,281,000 overall and $8,050,000 when the
figures are annualized. The actual benefits will be determined by the ability of RCM to optimize
maintenance intervals, corrective maintenance, and replacement costs. The data examined indicate that
RCM benefits will vary significantly according to equipment type. In general, the most attractive target
for RCM is equipment that has high average repair or replacement costs. With limited funds available
for the initial phases of RCM implementation, the most promising equipment should be targeted first.

Based on the conclusions discussed in this report, the report concludes with the following

recommendations.

- A prototype Reliability Centered Maintenance (RCM) system should be installed at Alvey
substation. Monitoring equipment should be installed on a few pieces of equipment in Phase 1
(one transformer and several breakers) and later extended to the rest of the substation in Phase
2 (all transformers and breakers).
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The RCM system should be over-instrumented in the initial phases in order to optimize learning

experiences.

RCM software should be modular to allow all software to be shifted between computers as
required.

Software developed for RCM should be based, to a practical degree, on powerful yet flexible

commercially available software tools.

The RCM should be designed so that its data will ultimately be accessible to many points within
BPA.

The RCM hardware system should be based on an "open architecture” philosophy even if that

requires custom designing some equipment monitors.

An RCM review board should be set up to review maintenance criteria, guide RCM
implementation, interpret results, identify appropriate maintenance metrics, and suggest changes.
BPA must have a comprehensive understanding of the impact of RCM as a maintenance

management tool.

Specific diagnostic data fusion techniques and RCM decision analytic techniques should be studied
simultaneously during Phase 1 and Phase 2.

Changes to substation maintenance warrant a "go slow" approach. Changes to substation
maintenance, whether positive or negative, will probably not show up in equipment reliability
rates for years. This is because RCM experience will take time to acquire. The airline industry
is still fine tuning its RCM system after more than 17 years experience. The benefits to the
airline industry continue to improve as the RCM system is fine tuned. BPA’s RCM substation
maintenance program will also take time to fine tune. One should expect the effectiveness and
efficiency of maintenance to improve over the years as experience is gained with RCM. Also,

RCM will not have a significant impact until it is implemented system wide. It may take several
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years after system-wide implementation before RCM impacts BPA’s maintenance budget

projections.

The basic issue in sensor development for RCM is not simply the incorporation of the latest
technology into existing measurements, but rather the selection of a set of measurements which
best indicate the health of equipment. Currently, the primary focus in the industry is detecting
incipient problems. The RCM program must extend monitoring to find the best monitoring mix
for longer term preventive maintenance while including the incipient failure detection necessary

for corrective maintenance.
The RCM prototype should be viewed as a learning experience. An extra degree of freedom
should be allowed so experiences can be gained from non-traditional utility views. These

experiences can ultimately strengthen the effectiveness of the future RCM system.

Future sensor development should explore non-invasive techniques for diagnostics. These sensors

should be cheaper than current systems.
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