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IMPACT OF MAINTENANCE STRATEGY ON RELIABILI TY

1 Mandateand Smp

A Task Forceon the dfed of vatious mainenance sateges on eliability has been eslishedoy th
|EEE Subcommitteeon Application of Probability Methods (presently Rdiability, Risk & Probabili t
Applicaions SC). The mardate of the Task Forcewas st atthe TFs meding during the PES Winter
Medingin New Y ork, January 1995. It contains the foll owing agenda

Definethe areaof investigation. Propose terminology where amhiguity exists.

Review literature on maintenance methods and rank them for applicability in power systems.
Include anassesnent of the recantly developed methods comnonly caled reliabili ty-centered
maintenance (RCM) which appea mostly heuristic but may contain useful observations or
models.

Review the mgjor maintenance palicies presently pradiced in eedric utili ties.

Review the data needs of maintenance programs and discussdatacdlection methods

Discussthe interpretation of diagnostic tests, and the ways of determining the stage of ageing
in which adeviceisfound during ingpedion.

Describe gproactes to developing a maintenance program which could increase the mst and
reliability benefits from those gained when using traditiona policies. Discussthe asts to be
included.

Survey present efforts of developing such approactes.

Produce adocument which summarizes the findings and offers ecommendtons. Assessthe
nedd for further refinements such as consideringthe effedsof load levels or cost optimization.

The structure of the present report closaly follows the mandate. Thefocus of the workis on providing
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clea concepts, identifying needs and criteria (particularly about costs) for maintenance in the dedric
power industry, anddisaussng approacheswhich can beg saisfy the needs. The report isnot amed a
developing a comprehansve mantenarce program; rather, it is restricted to the exduation of fadors to
be mnsdered in such a development. The god of the reportis toincrea® theindustry's awarenesso
thistoal for improving system reliabili ty, atod which hes not been fully exploited in the past.

2 Terminology

In the following, definitionswill be given of afew fundamantal concepts discussed in thisreport. While
the terms below will be used throughout the report, it must be understood that there is no sandard
nomenclature in this field, and the literature has been employing a variety of terms for some of the
concepts. In thenotes to the dfiniti ons, several dternative erms are listed which are frequently used
in power system reliability sudies or in the component and drcuit reliaaili ty literature; in proposng the
definitions below, an attemptis macde to off er aconsistert set which may be accetable to most users.

Failure - The termination of the gbility of a deviceto perform a required function.

Random failure - A fallure whose rate of ocaurrerce (intendty) is constant, and independent of the
devicés condition.

Note 1: In other words, the diances of a fallure ocaurringin any short time interval, assiming
that the cevice hes been working up to that time, is dways the same. In the more precse
terminology of reliability theory, afallure is random if the dengty of the eonditional probabili ty
that it ocaursin theintervd (t, t + At), given that the device wasin aworking condition at t, is
congtant (independent of f). In generd, this density is cdled the hazard function, and if it is
condant, thehazardrat or failurerate.

Note 2: In a broader sense, failures whose origins are not well understood and therefore ae
percaved as being able to ocaur at any time ae often said to be random. If for eader
mathematicd modeling it is assumed that such fallures can ocaur a any time with equd
probabili ty, then the broader concept isreduced to theabove definition.

Note 3: Therate of random failure may depend on exemal condions. For example, the
rates of lightning orice sbrms,andthe iates of esuting rancbm failures,would b
different in ead season.

Deterioration (wear or wear-out) - A process by which the rate of fallure increases due to loss o
grength, the effeds of usage, environmental exposure or passigeof time.



Note: Theterm isaso used to describe the acamuated results of the process
Deterioration failure - A failure resulting from the deterioration of adevice

Restoration - An adivity which improves the @ndition of a device If the cevice is in a failed
condition, the intent of restoration is the re-establishment of aworking state.

Replacement - Restoration wherein adeviceisremoved and one in beer condition isputin its place if
the deviceis faled, it is replacel by a working one. It is often assumed that the device soinstalledis
new.

Repair - Restoration wherein afailed deviceis returned to operalde condition.

Note: It iscommon to use the term corrective maintenan  for both replacement and repair.

Minimal repair - Repair of limited effort wherein the deviceis returned to the operable sate it wasin
just before failure.

Maintenance - Restoration wherein an unfailed device fes, from ime to time, its deterioration areded,
reduced or €iminated.

Note: It is common to cdl this concept planned maintenan  or preventive maintenance.
These terms are meant to contrast wit ~ corrective maintenan  (see Repair). They ar
redundant by theabove definition, and are not usedin thisreport.

Scheduled maintenan - A maintenancecaried aut at regular intervals (rigid schedule).
Note: Another term often used for this adivity is preventive maintenance. This usage of the
term contradicts the one mentioned in the Note to Maintenance dove. In this report, the &r

isnot used.

Predictive maintenan - A maintenance caried out when it is deamed necessary, based on riodi
ingpedions, diagnogtic testsor othermeans of corition monibring.

Emergency maintenan - A predictive maintenancethat must be caried outimmediatdy, or with the
shortest delay possble, after condition monitoring deteds a danger of imminent failure.

Minor maintenance - Maintenanceof limited effort and effed.



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

Overhaul - Maintenance or repr requiring major eff ort and resulting in a sgnificant improvement o
the devices condition.

Note: Occasondly the terms maintenance-overhaul and repair-overhaul are used to indicae
the digtinction. In most case, howewer, this is not necesary and these erms will not be used
inthisreport.

Minor overhaul - An overhaul of substantia effort yet involving only a limited number of parts, whose
effed isacondderableimproverment of the equipment'scondition.

Major overhaul - An overhaul of extensive dfort and duration which involves nog or dl parts of the
equipment and results, asfaras possble, in the "good asnew™ conditi on.

Note: A mgjor overhaul usualy involves complete disassembly and maintenance of all parts of
the equipment, and redacament of some.

3 Introduction

The purpose of mantenareis to extend equipment lifeime, or at least the mean time to the next
failure whose repair may be @ostly. Furthermore, it is expeced that effedive mantenarce policiescan
reduce the frequency of sarvice interruptions ard the many undesrable mnsequences of such
interruptions. Mainterarce dealy impads on component and system reliability: if too little is dore,
this may result in an excessve number of cosly failures angoa system performance and, therefore,
reliability is degraded; done often, reliability may improve but the @st of maintenance will sharply
increase. In a cost-€ff edive scheme, the two expenditures nmust be balanced.

Maintenanceis just one of he cevices forupkeeping or, if necessary, improving the level of reliability
of components and systems. Others include increaang system capadty, reinforang redundancy and
employing more reliable mmponents. At a time, howewver, when these gproades are heavily
congtrained, eedric utilities are forced to get the most out of the cevices hey alead/ own tirough
more dfedive maintenance routines. In fad, mantenarce is becoming an important part of what is
often cdled asst management.

Eledric power utilities have dways employed maintenance programs to keep their equipment in good

working condition for aslong asit isfeasble. Traditional mantenarce gproaces nodly conssted o

pre-defined adivities caried out at regular intervas (scheduled maintenance). However, such a
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maintenance policy may be quite ingficient: it may be overly costly (in the long run), and may not
extend component lifetime a much as passble. In the last tenyeas, therefore, many tilitiesredaced
their maintenaceroutines using fixed schedules with more flexible programs based on an analyss of
needs and priorities, or on a aiidy of information obtained through periodic or continuous conditio
monitoring (predictive maintenance). Some of these routines are mmed Reliahili ty-Centered
Maintenance, commonly ablreviated to RCM. In an RCM approadh, various dternative mantenarce
policies can be empared and the one most cost-effedive for sustaining equipment religbili ty selecied.
RCM programs have been ingtalled by severa eledric power utili ties as a useful management tod.

The implementation of RCM programs represented a Sgnificant step in the diredion of "getting the
most out” of the egipment indtdled. Howewer, the goproad is dill heuristic, and its applicaio
requiresexperience adjudgement atevery turn. Besdes it cantake alongtime before enough da
are ®lleded for making such judgements. For this reasm, several mathemeatical malels havebeen
proposed to aid maintenance scheduling. In fad, the literature on maintenance models hasbecone
quiteexiengve. Inthefollowing Sedion, ashort review isgiven d the mast important aggoroadies and
models propased and in the subsequent Sedion, power system mantenarce pradicesare discussed.

4 Review of Maintenance Approaches

In Figure 1, a dassfication of the various mantenance approadiesis presented. Note that maintenance
is down as part of the oveall assetmanagmenteffort. Clealy, maintenance palicy is one of the

operating policies and, in a given setting, it is sleded to saidy bah techncal requirements and

financid congtraints.

Much of the literature cnceans itsdf with replacenents only, both after falures and during
maintenance, and disregards the possbility of the kind of maintenance where less improvement is
adhieved a smdler cost. The oldest replacenent modds are the age replacenent and bulk replacenent
policies[1, 2. Inthefirst, a omponent isreplacel at a cetain age or when it fails, whichever comes
first. In the second, al devices in a given classare replacel at predetermined intervals, or when he
fal. The last policy is easer to administer (especidly if the ages of components are not known) and
may be more eonomicd than a pdlicy based on indvidua replacement. Newer replacenent schemes
are often based on probabili stic models [e.g., 3, 4] and can te quite @mplex. In most eedricd uitili t
applications, howewver, mantenarce resulting in limited improvement is an established pracice and
replacement models have only asecondary role.
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Figurel - Overview of maintenance approaches

Maintenance models range from the very smple to the quite sophisticaed. Perhapsthesmplestplanis
to adopt a rigid maintenance schedule where pre-defined adivities are caried out at fixed time
intervals. Wheneer the component fals, it is repared o replaced. Both repair and redacement ar
assaimed to be much more @stly than a single maintenance job. The manteraceintervds are sleced
on the basis of long-time experience (not necessarily an inferior dternative to mathematicd models).
To thisday, thisisthe approad the mos frequently used.

For a ommplete evaluation of the dfeds of a maintenance padlicy, one wold have b know how fa
such a palicy would extend the lifetime of a component, measured in, say, mean time to falure. To
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find this out, the deterioration processes of components have to be modeled, and of lak, seveal sic
models have been proposed [5, 6, 7]. They provide the link missng in ealier approadies
quantitative conredion between religbili ty and mantenarce By incorporating assimptions about the
improvements resulting from maintenance one can optimize the processwith regard to changes in one
or more of the variables.

The smpler such models are esentialy ill based on fixed maintenance intervals, and optimization will
result in identifying the least costly maintenance frequercy. More @mplex models incorporate the
ideaof condition monitoring, where dedsions with regard to the timing and amount of maintenance ae
dependent on he acatial condtion (stage of ceterioraton) o the device[5, 8, 9]. Thus,some knd o
monitoring (e.g., ingpedion) must be part of themodd [10]. Optimization caninclude many variables,
from the frequercy of ingpedions to the resuiting choices macde. Note that many conditi on-monitoring
schemes are empiricd.

The RCM approadh referred to in the Introduction is heavily based on regular asessnents o
equipment conditi on and, therefore, does not apply rigid mai ntenance schedules. It should be doserved
that RCM s a somewhat fluid concept, defined differently in various ®urces [11, 12, 13]. Itis not
always based on condition monitoring, but on oterfeaures sgh as failve mocks anceffecs analysi
and an investigation of operating needs and priorities. The gproachis dmog aways empricd. Asan
example, the RCM program used at the Consoli dated Edison Company of New York [11] consstso
the following procedure.

--  Sygtem identificetion, and the li sting of ciitical comnens andheirfuncions

-- Falure mode and effeds analysis for eat sdleded component, the determination of failure
history, and the calculation of the mean time between fal ures.

-- Categorization of falure dfeds (by using appropriate flow charts) and determination o
possble maintenancetasks.

-- Maintenancetask assgnment.
--  Program evduation, including cost ardysis.

Another approad, claimed to be more dficient than RCM, wasreceatly described in Reference 14.

Cdled Preventive Maintenance Optimization (PREMO), it is based on exensive askanalysis athe

than system analysis, with a cgability of drasticaly reducing the required number of maintenance task

in a plant. Programs sich as ROM and PREMO have been ary ussful in ensuring the e@nomic

operation of power gations. Howewer, they will not provide the full berefits and flexibility of those
9



based on pobabilistc mocels

Good surveys of the literature on maintenance ae given in References 15 and 16. A probahili stic
model developed for applicaionsin the ekdric power industry with a number of feaures to enhaige
theredism of the model isdescribed in References 17 and 18.

5 Present MaintenancePaliciesin Eledric Utilities

To form an overview of present maintenancepradices, aquestionnare wes preparedand, with the Fep
of the Task Force membership, distributed among a number of uilities, both in Noth Ameica an
overseas. Snce mantenarce protocols vary from equipment to equipment and to review al would
have required an unwieldy effort, it was dedded to seled threetypicad components of diff erent sizes
and quartities in the system asrepresertative in the hope thatbasc trends can alrealy be observed o
this smple. The equipment seleded are: (A) hydrogen-coded gean-turbine driven gererators, (B)
subgtation transformers, 100-161kV primary, 4-20 kV secadary, and (C) distribution system indoor
circuit bre&kers, 15 kV. Acoordingly, the questionnaire was $ructured into three parts. As an
example, Part B isappended.

Replies were receved from 6 countries, Austria, Canada, Germany, Italy, Saudi Arabia, and the U.S.
A tota of 53 competed questionnaires were returned, 19 o Pat A, and 17 ead of PartsB and C.
Thus the returns form comparatively smal samples, but even so, the @nclusons can be stated with
some measure of confidence In thefollowing, thefindings arelisted.

5.1 Genera

» Theanswerstomany quegions dsplay aconsderable r d. This isnot only the mnsequenceo
different pradices, but also of diff erentinterpretations of some of the conceptsintroduced.

o Mo uitilities do scheduled mantenarce only, or a modified form of it where alditi onal corredive
adions are taken if required by inspedion results. The following Table indicates the number of
utili tieswhere scheduled, modified or predictive maintenanceis performed.

A: Generators B: Transformers C: Bre&kers
Scheduled only
Modified scheduled 13 12 11
Predictive only
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5.2 Scheduled maintenan

The intervals and durations reported for scheduled mainterence show consderable greal. The
following Table liststheir most frequent va ues.

A: Generators B: Transformers C: Bre&kers
Interval Duraion Interval Duration Interva Duration

Minor maintenance 1y 1-2wk lyr 1dw lyr 1dg
Minor ovehau 5yr 4-5 W 5r 3 days 5y 3 dgs
Mgor ovehad 810yr 6-8wk I8 4-8W  8-10y 2wk

Cyclic routine (e.g. amgor oveihad following 3 minor ovelhaus)is rare 6 caseseported).

5.3 Predicti  (asneeded) maintenan

The most often tseddevice to establish the need for maintenance is periodic inspedion. The
ingpedion intervas vary widely and are dso different for different tasks. For example, in Part
intervals ranging from 1 week to 5 yeas were reported, with the most frequent entry of 1 month.
Samefor Part C. In part A, yealy inspedions were themost frequent.

Another device for deteding maintenance needs is continuous monitoring. This was mentioned
mogt often in Rt A (oil leakage, vibraion, beaing temperature) andto lessedegee forsmalle
equipment (tapchanger conditi on, corroson, discharge voltage).

The mogt effedive diagnostic toolswere found to be, in Part A, gasand al analyss, surge testing,
vibration monitoring; in Part B, gas and oil analysispower facior tess, themal ess, dielecti
tests, in Part C, contad resistancetedts, hi-pot tests.

5.4 Rdiability-centered maintenance (RCM)

This procedure is not gererdly used, and particularly rarely applied outsde North America
However, nealy hdf of the errespondents are onsderingitsintroduction. At the pesent, only
linPart A, 2inPart B and 1in Part C reported that the procedureisfully used.

Those who consider usng RCM are expecting to gain the following benefits: longer up-times,
lower cogts, better aontrol and dedsions better use d labour.
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5.5 Probabilistic model

Probabili stic goproachesare not used in mantenarce planning by any of the respondents. Some
report on pilot applications arftests’, others have hired external consultants who may include
such methods.

Many do, or wish b, compute such indices as unavail abili ty, falure frequercy and duration (or
mean timeto failure); in Part A aso forced ouage rate (FOR) o equivalents

5.6 Data requirement

For generators (Part A), present maintenance policies are primarily based on hisbrical recods
These may include performarce indices, ingpedion records and mantenarce data. In addition,
generator manuals are used and experience and memory were frequently mentioned asimportant
resources.

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

For bre&kers (Part C), the replies included operation logs, maintenance history, failure statistics,
faulty operation countsvs. total number of operations,resuts of oil anchi-pot tests.

5.7 Contracting out maintenance work

The majority of respondentsdo contrad out at least part of the maintenanceadivities. Some do it
on an“as needetbasis or only for special tests. Others contract out major maintenance work.

6 Ageing and Maintenan

6.1 Classification of failures

It is widely accepted that component fallures can ke divided into two categories, random failures and
those arising asa consequence d deterioration (ageing). Smple fail ure-repairmadelsin the o cases
are shown in Figure 2. Note hat these & stae malels, not Markov madels as there ae no
asumptions made &out the time-distributions of the individual transitions. The various gat
designations are explainedin the legend of Figure 2.
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(a) (b)

Figure2 - Sate diagramsfor (a) randomfailure and (b) deterioration failure
W: workingstate, F: failurestate, 1, D2...: stagesof deterioration

In some case, fal ureis declared when wearreades an unaccepalde level even if no actual equipment
breskdown ocaurs. Such fail uresmay allow for some fexibility in thetiming of repair or replacement.
Simple modifications of the modd in Figure 2(b) will acaunt for this possbili ty.

The mean timeto failure from the ingtant the daviceis"new" - thatis, themament of entrarceinto the
W datein case (a) and into theinitial deterioration state D1 in case (b) -is the mean time spentin W in
the first case, and the sum of the mean durations of the ceterioration statesin the oond. As dreal
mentioned, the purpose of mantenarceis to increa the mean time to falure. One way of adding
maintenance states to the models in Figure 2is siown in Hgure 3. In diagram 3(b), it is assimedthat
maintenance will bring about an improvement to the cnditionsin the previous gageof deterioratio
(minimal maintenance, [6]). This contrasts with meny strateges ebsaribed in the literature, wher
maintenanceinvolves replacaement - that is, areturn to the"new" conditions.

Ol ONONO

(b)

ig.3-04/99

Figure3 - Sate diagramsincluding maintenance statesfor (a) random failure,
(b) failure following a three-stage deterioration process
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Figure4 - Thenumber of deterioration states is so salected that the average wear in an
dated; equalsthe amount occurring between two subsequent maintenances (A = Am)

In Figure 30), the dbtted-line transitionsto and from state M 1 indicate that mantenance out o
D1 shodd redlly not be performed because, as noted before, it would be meaningless. The
implication is, however, that when mantenance is due the mantainer would know if the

deterioration process was still in its first stage. If this is not the case, maintenance shoud be
carriedout regularly from the beginning, and state M: must then be part of thediagram

The computed effect of maintenance depends on the mathematical model chosen. The more
redistic is themodd, the closer are the computed and real consequences of maintenance. Itcan
be often asaumed, for examge, that the ugimes (the duationsin state W or the times of stay in
the various deerioration stageg are exporentially distributed. In the case of random failures,
this assumption would lead to the reallt that mantenance cannot produce any improvement,
because the chances of a fail ure occurring duing any future time-interva are the same with or
withou maintenance. This follows from a pioperty of the exponential distribution, but also
agees with experience, it gaverise to the widely known piece of wisdom: "if it ain't broke, don'
fixit!" The gtuationis quite dff erent for deterioration processes, where the times from the new
condtion to failure ae not exponrertidly distributed evenif the times between subsequent stages
of deterioration are. Insuch a piocess, mantenance will bring abou improvement independentl

of the types of distributions between stages [7]. Hence the rle: conditiors cannat be improved
by maintenance for random fail ures, but mai ntenance has an important role to play when failures
are the consequence of ageing.

6.2 How many stages of deterioration should be modeled?

Deterioration is a continuous pocess in time and only for the puposes of easier modeling is it
conddered in dscrete steps. The number of deterioraiion seiges may var, and so o thei
definitions. There ae, esentialy, two ways of defining deterioration stages eithe by duration (the

14



semnd dsage is readed, on he aveage, in three yeas, the tird in six, and soon) or by
/\ D, /\

\
Y N Nk

O OO

M

Figure5 - Combining deterioration states so that maintenance will improve condition
by onestag (heavy lines: combined states and their transitions)

physicd dgns (corroson, weda, efc.) and appropriate milepost . In pradicd applications, the
tendency is to favour the seand way which, of couse, makes @riodic inspecions necessgio
determine the stage of deterioration the device has reatied. If this courseis taken, the mean times
between the stages are usudly uneven, and are seleded from performance data or by judgement based
on experience The mantenarceroutinesin the \arious stagesmay asodiffer.

To further explore the stuation, first let the dHfinition by duration be onsidered. Assiming
scheduled mantenarte routine (yealy, for examde), one ould sled the anount of wea occuring
between every two conseautive maintenances (the amnount of deterioration occuring every yea) asa
stage of deterioration. Thisway, however, one may end up with avery largenumber of states. Under
the arcumstances, it would be reasonable to exped thatevery mantenarcewill resuitin a st-badk o
severd stages in the deterioration process (Figure 4). Asaming row that the improvement in
deterioration is the same (in terms of the magnitude of set-badk) after every mantenarce, groups of d
and m dtates of the size eud to the anount of set-badk can be cmbined as gown in Figure 5. The
resulting oucome isthe samesthe arrargementin Figure 3(b).

While the deterioration stages in Figure 5are still defined by their durations, there is nathing in the
scheme of Figure 3(b) which adudly requiresthis. If the requirement that maintenance ait of any d
gate must have the same setbad is relaxed, and only he assmption mack that mainenance in an
gate in D; will bring about an improvement resulting in astate in Di1,  than the mean durations of D
may be different, and the stages may be identified by the status of reagnizable physicd signs of
deterioration. This agrees with the cond definition of deterioration stages above. But eventhe last
assumption above may be guegionable and shoudd be relaxed in a piactical modd. It must be
remembered that Figure 3p) shows a conceptud modd rather than a pototype. Severa
features that will have to be incorporated before it can be cormsidered ready for practica
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apdications arelistedin Section 8.3.
6.3 Other modd

The model described in Sedions 6.1 and 6.2 representsjust one of severd ways of acwounting for the
effed of mainenance oreliability. Many other approactes have bee devdoped; of thes, at least
two are ancerned with power system applications [20, 21]. In [20], a maintenance modd is derived
for parallél branches of components in series as often found in transformer stations, and in [21], the
maintenance and reliability of standby devices are studied. Both are in esence, redacement models
where repair and maintenance are assumed to resa$t mew conditions.

As dready mentioned, the identificetion of the deterioration stage adevice finds itsdlf in at any given
time is a sgnificant part of the methodology andmocdkls. The next Sedion deds with approactes to
thistask.

7  Identification of the Deterioration Stages

7.1 Diagnogtic test

Under a predictive maintenance palicy, maintenanceis carried out as neeckd. There ae no schedules
to follow. The read formantenarceis establi shed through periodic inspedions.

To perform meaningful inspedions, diagnogtic routines and technques are required which help to
identify disordersthat cdl for maintenance While the mantenarce adivities are performed asneeded,
ingpedions $ould be caried out regularly to initiate mantenance &ore eguipment break-down. |
additi on, predictive mantenarce nay dlow for:

better outage scheduling,
operdingflexibility,

betterfuel uss,

improved efficiency,

more efficient spare part management.

Commonly used diagnostic methods indude visud ingpedion, opticd inspedion, neutron argysis,
radiography, eddy currert testing, ultrasonic testing, vibration analysis, lubricant andysis, temperatur
anadyss, magnetic flux le&kage analysis and amugtic anisson monitoring. Ead of these nethod
have alvantages and limitations. Examges of diagnostic systems currently implemerted by the
eledric power industry are given ke ow.
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Eledricd equipment
Visud ingpedion
Temperatures
Insulating oil tess -to detecttransformer oil andinsuation condation
Megger tests - tomeasureinsulation resistarce
Protedion system tests
Winding resstancetests
Drop load testsand dry wicket gateopen/dose rates- to  nsure that

governor operaton is witin limits

Transformer ratio ched - to probefor short drcuitsin winding
Rotor voltage drop ched - to probe for short circuitsin the rotor
Partial discharge ardlysis - to predict thecondition of stator inding
Thermography tests - to deted high-resistarcejoint
Double insulation tests

Medanicd equipment
Lubricating oil tesing - to lookfor metllic parts as gn of wea
Vibration monitoring - to deted wea, broken rotating component, hydraulic
instabili t
El-Cid and coreflux test - to deted stator damege
Auxiliary motor operating currents - to ched gererd motor conditio

Structural equipment
Among civil engineging dructures, large dams are the most prominent. Typicd dam
survelll ance programs are the following:

routine dam safety ingpedions,

monitoring of stategcally ins@lledinstrumengtion

periodic reviews of design procedures

As production equipment becanes more sophisticated, the instrumertaion required to diagnoseit
condition beames more mmplex. Impementation of new diagnostic tednologies may incur hig
equipment costs and necesstate the often difficult task of ardyzing the data that has been gathered.

On the other hand, with further refinements predictive mantenarce dinques and tedhnologies may
bemme deger and easier to use. As this ocaurs, ther berefits to emnomic operation and
maintenance could be quite extraordinary.

It isnot the mendateof thisreport to make recanmerdations for diagnogtic tests appliceble in specific

cases. Inthis Sedion amply an overview isgiven of the tests that may be required during ingoedions,
and their importance anddiversity is highlighted.
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7.2 Continuousinspection

Continuous inspedion, or condtion monibring, is the onging inspecion andsurveillance of
operation of an equipment to ensure proper performance and to deted abnormalities indiceive o
approading fallure. Condition manitoring is preferred where it is not possble to predict wea-out
trends through periodic inspedions with reasonable aceiragy, given that the aseciated costs are not
prohibitive; also, where off-line inspedions are not desrable axd where the aiticdity of a falure
justifies kegoing congtant vigil on adeviceor process

Numerous condition monitoring and non-destructive testing techniques have bee devdoped and
utilized in the past two decads. These tedniques mary based an high-techrology devices, differ in
applicability, acaragy, and cost. Most schemes provide @ntinuous readout or at least informatio
obtained from frequent observations, and many will automeaticdly dert the operator when criticd
levels are readed. In other cass, the operator will hawe to take readings of the monitoring
insrumentsat regular intervas.

In the following, afew typicd applications arelisted.
Eledricd equipment

On-line intelli gent automatic monitoring
Zero Outage On-Line Monitoring (ZOOM) - used for hydraulic gererator

Medanicd Equipment
Rotor-mounted scanrer
Vibration monitoring

Structural equipment
Monitoring of lealage quantities
Monitoring of uplift pressures
Monitoring of deformatonstdisplacemers
Monitoring of emperatures angbredpitation

The parameters that requiremonitoring are dfined during the processaof planning or duringa general
ingpedion. At the same tme, the degree ¢ automatic gperaion needed in the given case is &0
established. It should benoted, howewer, thatautomated instruments do not gererdly reman reliable
sources of dataover extended periods. They need to be ejuipped with means for checking cdibratio
and/or with redundant manua readout instruments[19].

The eonomy of condition monitoring depends on its costs. If the msts are not excessve, it may be
more economicd than mantenance ased on regular inspedions [18].
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8 Mathematical M odels Based on Ageing

8.1 The use of mathematical models

As mentioned in Sedion 4, the Smplest maintenance policies consst of a set b indructions taken
from equipment manuds or basd on long-standing experience  There ae no quantitaive
relationships involved and the posgbilities are very limited for making predictions atout the
effedivenessof the palicy or carrying out any sort of optimization. For the later, atleast one vaiable
is necessry whose numericd vaue can be fredy chosen, and the csts and benefits asociated with
the different values of the variable ae known. This then leals to the use of mathemeticd modds
where optimization can ke caried aut eitherardyticaly or through aseries d sensitivity tests.

Mathematicd models can be deterministic or probabilistic. Both can le putto good use in
appropriate mantenarce studies and mary applicaions are cescribed in the literature [10]. However,
where quantitiesareinvolved whose vduescan \ary randomly, the asociated future uncertantiescen
be properly handled only through probahili stic modds. In the following, asmple mmparison will be
meade of the two approactes.

8.2 Deterministic or probabilistic approach?

As mentioned before, maintenance ca increase the time to failure only if fallures do not happen at
random but are the @mnsequerces of deterioration ocaurring as a device @es. Therefore, any
mathematicd model to represent the bewfits of a given mantenarce policy must relate the results o
maintenance to the process of deterioration. A Smple state space diagram where such a link is
established was own in Figure 3(b); its properties were discussedin Sedion 6.2. The dagam can
be mnverted into a probabili stic mathematicd model and, under certain restrictions, this beames a
Markov modd with the trangitions represented by their rates. Well-known tediniques ist for the

solution of such models. A prominent fedure of the modd is that its Slution can le really
optimized either for the highest reliability or for the lowest cost. Exampesare given in many studies

reported in the literature.

While many deterministic maintenance models have been proposed, a sSmple one @uld be devised by
using roughly the same gproad as that used in the development of the probabili stic model ealier.
An example is $iown in Figure 6(a), based on the asumptions that without maintenance, the device
would fal after exadly 10 yeas, the (rigid) mantenance interva is 3 yeas and the dfedo
maintenance is a 1-yea improvement in deterioration (a questionable assumption; more of which
later). Thehorizontd line erves as acale of deterioration; otherwise the diagram in Figure §3a) is
sf-explanatory. Deterioration and mantenarce ae still i nked in this representation through an
agorithm based on the @ove diagram; this algorithm takes the placeof a mathemeaticd modd. It can
be seen that the time tofail ureisnow extended to 14 years as aresult of the four maintenances carried
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out intheinterval.

M
MM
(b) MM
MM

Figure 6 - Maintenance every 3years, resultingin (a) 1-year improvement,
(b) 3-year improvement if total wear is 6 yearsor more, otherwise asin ()
M - maintenance MM - overhaul F - failure

While it is concavable that the improvement due b a mantenance ativity is less than the
deterioration between two conseautive maintenances, espedaly ealy in the life of a device when only
minor maintenances are performed, later the dfed of mainenance shdd equa or exceal the
deterioration ocaurring between mantenarces. This can be ensured by scheduling overhauls (major
maintenances) beyond a given stage of deterioration. If, for instarce, in the examgde of FHgure §a)
overhaul is required at or after the deterioration stage 6, and if the dfed of ovehad is a 3yea
improvement in deterioration, the diagram will change to that shown in Figure 6(b). Note ha no
the expectd time tofal ureisinfinity.

The problem with this deterministic representation (and many others) beames obvious in the last
example. Itis eay tovisualizethat if the stbackeffeced by mantenarceis lessthan the mantenarce

interval the process will terito the right and end in failure. However, in Section 6.2 this was
congdered an unlikely case. Every time the stbackequd s the maintenanceinterval, the processwill

oscill ate within a given range, asin Figure 6(b), andif it exceeds the mantenarceintervd, the process

will move “to the left. In both latter cases the implication is that failure will never occur. Thisis a
fdse concluson and is entirely due to the assumption thatal quartities involvedhavefixedvalues. |

varigbility is alowed as in a probabilistic mode, the falure state will sooner or later always b

readed. Thisagreeswith experienceandcan be provenrigoroudy.

In conclusion, it gppeas that while ceterministic goproachesmay be smple to follow, some carleal to
erroneous results. Probabilistic models produce much more aedible enclusions but, unfortunaely,
their more comgex structure will often mask the fad thatthey can in many applicdions better describe
red conditions.
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8.3 Mode extensions

In generd, probabilistc mocels can accommadk exensions ancefinemers easiethan eeminist
models. In the following, a few exampdesare given of dedrabdle feaures that ought to be built into
maintenance models.

If the rates of trangtions from the D; to the M; states are the same for all i, the mode in Figure 3(b)
will represent a situation where maintenance is sheduled; that is, performed at regular intervas. It is
fairly obvious that better e@nomy can be daeved with a predictive mantenarce policy wher
maintenance is performed only when neeetl The model in Figure 3(b) can [ further deve oped to
acomnmodate such apolicy [18]. A smple solution is toinsert inspedion statesbefore procealing to
maintenance duringinspedions dedsions are mack & to the recessty of carying out maintenance a
that time. The probabili ties of the possble dedsion outcomes nust be chosen in adrance clealy, the
more elaborateis themodd, themoreinput dataare reeded.

Further development isrequired for enhaing probabilistic models so that they can accanmodate, for
example, the following:

« mantenance schemes based on corihuous condtion monibring instead @
periodic ingpedion;

» svera deterioration processestaking placeconcurenly;

« theimpad of load changes, or cycling loads, on ageing;

« thepossbility that maintenance, if not done with care, can damage rather than
improve the condition of a cevice infad, the défed of maintenancein teemsof the
resulting adjustment in the deterioration processshould be considered arando

variable, including the possibilities of no set-back ‘a&d-forward;

« reagnition of the necessty of postponing maintenance, particularly for generating
units, if load conditions do not alow the remova of aunit from service

« Regnition of the dfed of obsolescence which magtt in spare part
unavailability at some time during the devicactive lifetime.

The claim may be made that the effect of the break-in/debugging period at the beginning ofa device

operating life, when failure rate is possbly quite high, should dso be reognizedin a pradicd modd.
However, maintenance during this period is wsudly covered by specid instructions which are ajart
from the long-term maintenancepolicy, the subjed matter of thisreport.
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Many of the dove refinements are presently under study. Several probabilistic models dedi ng wit
some of these concerns arealready describedin the literature[e.g., 10, 18, 20, 21].

9 Conclusons

From the limited survey of maintenance pradices in éedric utilities described in this report it has
bemme evident that many utilities in North America ad overseas have not yet adopted pradices
beyond those of scheduled mantenarce or empricd forms of predictive mantenance &sed on
periodic inspedions. However, many are interested in introducing reliabili ty-certered maintenance
and while this may mean different things to different people it is certain that in most casa it would
result in sgnificant savings.

Mathematicd models, deterministic or probabili stic, are & of yet rarely used. They lad the amplicit
required for evauations which are often caried aut in the field; besdes, they require amultitude o
input information which may not be really available.

For al therr advantages, probability-based maintenance policies are particularly dow in being
congdered for implementation. It cannot be cenied, howewer, that optimized probabilistic
maintenance models would provide the highest savings and dso the highest flexibili ty in exploring and
utili zing the dfeds of changes in any of the parameters. Therefore, thereis little doubt that the final
development in utili ty maintenance policies will be the introduction of such modds, however compex
they first appea to be. This is particularly true in a @mpetitive eavironment where it is a prime
necessty to find ogimal soldions in comficated situatons. A goad example is generator
maintenance where, as mentioned above, the questions are not only of minimizing maintenance and
repair costs but also of appropriate scheduling.

In the padt, the pradice of eledric uitilities and power pods was to centrdly plan ad coordinate the
maintenance of generating units. Ma ntenance was done during low-load seasons and thetiming was
influenced by such condderations as g/stem risk and production cost. In the deregulatedscenario it is
unlikely that maintenance will be centraly planned or even coadinated Generator ownes will ten
to keep the units running when the market cleaing price of eledric erergy is high and perfor
maintenance only when the market price is low. In addition, they may wish to sl energy in a
neighbouring control areain which the periods of high load (and high market price) may be different
from those in the aeawhere the generator islocaed. Under such circumstances the dedasion when to
maintain a generator will be driven by profit incentives rather than by the optimal cost of mainenan
and repair.

Sinceit is unclea at the time of this writing how erergy markets will operatg, it is not possble to
examine the effed of gererator mantenarce palicies on riskin the deregulated indudry. Thereforethis
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report does not addresstheseissies. But it should be noted that for equipment aher than generding
units and some generating station components, findings in this document are goplicable eve when
utilities operate in competition. Work is being caried aut in several centers to devdop program
padages for both the probabili ty-based maintenance goproaches discussed in this report, and the
analysis of risk under deregulation and how theriskisinfluenced by various mantenance strateges.
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APPENDIX

Sample Questionnaire

Note: The definitions of terms at the end of the questionnaire ae esentially the same & those in
Sedion 2. Minor differercesin wording can ke dtributed to the dfort to make the definitions mor
compad for the questionnare,and dso to the fad thatthe questionnaire wasissued half-way throug
the projed while there was more time to review Sedion 2.
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| EEE Questionnaire
on M aintenance Policies

Respondent Company No. ........

Part B.
Substation Transformers,
100-16l KV Primary, 4-20kV Secondary

Asyou complete the Questionnairefeel freeto provide
more cktailed or suppgdementary informationon separate sheets.
If you need any clarifications in completing theform,

For definitions of terms, see Appendix.

1. Pleaseindicate the number and MV A size range (on a3 phase basis) of such
transformers.

2. What type of mantenance policy do you employ? Pleasecheck all that appl.

Sdaheduled mantenance activities at fixed time intervals. (Someimescalled

"preventive” or“cyclic” maintenance).

Maintenance activities based onevaluating the cndtion of the egquipmen
while it isin service. (Sometimes called " predictive' mai ntenance.)
Emergency maintenance/overhau as needed.

3. Isrefdacement of theentire transformer a part of your policy?..................
If so, what criteriawould prompt consideration of this alternative?
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Part B - continued

4.

If you schedue some or all maintenance activitiesat fixed time interval s for these
transformers, how often are the following performed

MiNOr MANTENANCE. .......coieeeeeeeeeeeeeeeeeeeeiiiiaes weeks/ months/ years
Minor overhaul............oovvvveeeiiiiiicii e weeks/ months/ years
Major OVerhaul ...........oooeeeeieiiiiiiiiieeee weeks/ months/ years
OthNEr e weeks/ months/ years

Do you employ acyclic routine such as an overhau following 3 minor
maintenances

What is the average duration of the following maintenance alternaives

Duraton
Minor mantenance
Minor overhaul
Major overhau

Theterms wsedin questions4, 5 and 6 are definedin the Appendix. Are you
comfortable with this termindogy a is your company usng dfferent termsfor the
same concepts

If you schedue some or all maintenance activities based onevaluating the cndtion
evaluation? (f you do not use predctive maintenance, skip to question 11.)

Peiodicinspection or testing & intervasof..................... weeks / wnths
CONtINUOUS MOITEONTNG. ¢+ttt e e e e eeemes e e e
Other technique(please describe).........cccciiiiiiiiee e

Have you found any diagnastic tools or tedhniques particularly effective
If yes, which
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Part B - continued

10.

11

If your policy isto carry out maintenance & reeded, what criteria do you use @
perform the following levels of maintenance

No maintenance

Minar mantenance

Minor overhaul

Major overhau

Emergency maintenance/overhau

Inwhat percentage of the cases evaluated under your predictive maintenance
strategy do you deade to select each of the following dternatives

No maintenance.....................%0  Maor overhaul...................cccooiiiiiinnnnne, %
Minor mantenance................... %  Emergency maintenance/overhau.......... %
Minor overhaul........................ %

12. Areyouusng a Reliahili ty-Centered Maintenance (RCM) program for transformers

13.

If yes, how longhasit been in use?

If nat, are you considering adopting one?

If you are wsing, or considering to use, an RCM program, what benefits i you see
in employing thistechnique
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Part B - continued

14. Areyouusng any techniqueto predict the effect of your maintenance
policy and to seeif improvements can be mede

If yes, please descrbe.

Are you usng probabili stic moddsfor the purpose, ard if yes, what modes

15. What meaaures of transformer reliability do you use to eval uate your maintenance
policy?

Unavail abili ty

Failure frequency
Mean time to failure
Other

16. For what components do you oollect historical data? What type o datais being
collected

17. What historical data are availableto youin providing the estimatesrequired in
questions4, 6,10 and 11?

18. Do you contract out any maintenance work (eg., major overhaul) ? ............ccccvvvvvvnnnee.
If yes, what type and what percertage ?............ %
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| EEE Questionnaire
on MaintenancePolicies

APPENDIX: DEFINITIONS

Repar - Anactivity restoring equipment which has failed to operable condtion.
(Often cdled corrective maintenance.)

Deterioration - The effects d usage, environmental expaosure, or the passage of time
which cause anincressein the probabili ty of falure for a surviing unt.

Maintenance- An activity to arrest or reduce deterioration d equpment which is stll in
operable condition (Often caled preventive maintenance).

Scheduled maintenance - A maintenance activity carried out a reguar intervak
(rigid schedue).

Predictive maintenance - A maintenance activity carried out whenit is deered
necessary, based oningpections, diagnostic tests or other means of monitoring.

Minor maintenance- A maintenance activity of limited eff ort whose effectis a mnor
reduction of its accumuated deterioration.

Overhaul - Maintenance or repair requiring major eff ort and resulting in significan
improvement of the equipmestcondition.

Note: In this Questionnaire overhaul dwaysrepresents a mantenance activity.

Minor over haul - An overhaul afecting considerable improvement yet involving only
alimited number of equpment parts (for examge, rewedgng agenerator).

Major overhaul - Anoverhaul involving mest or al parts, whose effect isto restore
the equipment, asfar aspossible, to like-new condtion. The equpment may be
completely disassembled, either onsite or after removal to ashopor the factory

Emergency maintenance/over haul - A maintenance or overhau carriedout with a
minimum of delay after its necessty is detected.

Reliability Centered Maintenance (RCM)— A maintenance process incorporatng
continuousor periodic condtion monitoring, failure effects analyss, and evaluation
of operating needs and priorities to sustain the most cost-eff ective level o
equpment reliability.
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