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ABSTRACT

Wind is becoming an increasingly important souréecimergy for countries that
ratify to reduce the emission of greenhouse gasdsritigate the effects of global
warming. Investments in wind farms are affected ibter-related assets and
stakeholders’ requirements. These requirements nién@a well-founded Asset
Management (AM) frame-work which is currently laogiin the wind industry.
Drawing from processes, tools and techniques of AMother industries, a
structured model for AM in the wind industry is ééwped. The model divulges that
maintenance is indispensable to the core busingsgstives of the wind industry.
However, the common maintenance strategies appiedvind turbines are
inadequate to support the current commercial dsivef the wind industry.
Consequently, a hybrid approach to the selectioa sidiitable maintenance strategy
is developed. The approach is used in a case studiemonstrate its practical
application. Suitable Condition-Based Maintenanciviies for wind turbines are

determined.

Maintenance optimisation is a means to determine thost cost-effective
maintenance strategy. Field failure and maintenase& of wind turbines are
collected and analysed using two quantitative neaigmice optimisation techniques;
Modelling System Failures (MSF) and Delay-Time Mairance Model (DTMM).
The MSF permits the evaluation of life-data samm@ad enables the design and
simulation of a system’s model to determine optimumaintenance activities.
Maximum Likelihood Estimation is used to estimabe shape) and scaler)
parameters of the Weibull distribution for criticamponents and subsystems of the
wind turbines. Reliability Block Diagrams are dewg using the estimatgtandn

to model the failures of the wind turbines and afe(ected wind farm. The models
are simulated to assess and optimise the relbditailability and maintainability
of the wind turbine and the farm. The DTMM examimegiipment failure patterns
by taking into account failure consequences, inspedime and cost in order to
determine optimum inspection intervals. Defecte i@} and mean delay-time {3/
of components and subsystems within the wind terbame estimated. Optimal

inspection intervals for critical subsystems of Wied turbine are then determined.

PhD Thesis, The Robert Gordon University Aberdeen, 2008. XV
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CHAPTER 1

INTRODUCTION
1.1 BACKGROUND

Global warming is increasingly becoming a crucssiie in the contemporary world.
The seriousness of the issue is reflected througliecent commitment of corporate
organisations and individuals to combat the effeftglobal warming. In 1997 the
United Nationsadopted thekyoto Protocolas an amendment to tlkamework
Convention on Climate Changé~CCC). The Protocol is a legally binding
agreement under which industrialised countries @rkged to reduce collective
emissions of greenhouse gases (Kyoto Protocol@éoUthited Nations Framework
Convention on Climate Change, 1997). Countries whatify the protocol commit
to reduce their emissions of carbon dioxide an@ fdther greenhouse gases, or
engage in emissions trading if they maintain oréase emissions of these gases.
However, many countries including the United Stafe America (USA) who
contribute a significant percentage of the totabgl pollution are yet to ratify the

Kyoto protocol.

There has been rising concern about the finiteokfse earth’s fossil fuel reserves
(Manwell et al. 2002). The global demand for enesyincreasing with population
growth. The normal human daily life such as comroation, transportation, health-
care, etc is becoming more and more dependent ergyenNations are currently
challenged to find proactive measures to comply wie global policies on climatic

change and respond effectively to the finitenedb®fearth’s fossil fuel reserves.

Accordingly, the UK government in 2002 introducdt Renewable Obligation
Order (RO). The RO requires electricity suppliers to pravattthey are generating a
specified proportion of their power from renewablergy sources. A target was set
to increase the current level of 2% to 10% by 2QD@partment of Trade and
Industry, 2002). Electricity suppliers that meee terms of the RO are issued a
Renewable Obligation CertificatdROQ. This has compelled the electricity

suppliers in the UK to generate energy from altieveasources which are naturally

PhD Thesis, The Robert Gordon University Aberdeen, 2008. 1
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replenished, and do not release carbon dioxidetgspoduct into the atmosphere.

These alternative sources of energy are referradRenewable Energy

1.2 RENEWABLE ENERGY

Renewable energy is obtained from natural souttatsare essentially inexhaustible
(Energy Information Administration, 2005). Basigalthere are seven (7) common
types of renewable energy; wind, solar, hydroeiectidal, wave, geothermal and
bio-fuels (Cresswell et al. 2002). Each of thesergy sources can be converted
from their original form to produce electricity Wwiut depleting or distorting the
natural characteristics of the resources. Energgemgged from wind is fast
becoming one of the most utilised renewable ensagyces in the worl{Pellerin,
2005). Improvements in the design of wind turbifesrsh, 2005) and the ready
availability of wind resources in most parts of therld are contributing to the rapid

development of the industry.

1.3 WIND ENERGY GENERATION

Wind energy generation refers to the conversioraiofmovement into electrical
energy by using a wind turbine. Wind moves arouhd earth as a result of
temperature and pressure differences. The wind meme is harnessed by the
blades of a wind turbine to generate electricitiye blades are connected to a shaft
and often times a gearbox to convert the rotatisded of the blades into
mechanical energy. This is converted into eledtecrgy by an electrical generator
connected to the gearbox or shaft as required. Windines are often installed
onshore but in recent years, the wind industrydxgeerienced a significant shift in
the development of wind farms from onshore to affsthocations(Gaudiosi, 1999

It is worth noting that the availability of wind seurces in a specific location
depends on the nature of the landscape, altitndieeld, th&european Wind Energy
Association(2003) claims that the North Sea area allocateaffshore wind energy
generation could provide enough power to satidfpfaEurope’s electricity demand.
These factors have increased significantly the raitiefor investment in the wind

energy industry as well as the range of possilalee$iolders. However, caution must
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be exercised in evaluating the business climatheofvind energy industry to ensure

the return on investments in wind farms is maximise

1.4 CHALLENGES OF INVESTMENT IN THE WIND ENERGY
INDUSTRY
The UK government’s target to generate 10% of théonal electricity from
renewable sources by 2010 would require an invedtimfeabout £10 billion; given
that the current level of renewable energy genamais only 2% (Department of
Trade and Industry, 2002). The current prioritytioé¢ wind energy industry is to
expand by developing more wind farms using turbinésigh capacity ratings.
Globally, very significant financial investmentsvieabeen made in developing wind
farms with a wide range of stakeholders. Indeed,vwiind energy industry in 2005
spent more than US$14 bilion on instaling new eating equipment
(Environment News Service, 2006). Progressivelg,world generated wind energy
has now increased to about 59,322 MW (Environmeswvd Service, 2006) from
2,000 MW in 1990 (Marafia and Ashour, 2003) withaamual average growth rate
of about 26 percent (Junginger et al. 2005). Howewgh this huge investment
potential and significant increase in generatiopacéty comes an additional and
often overlooked responsibility; the managemenwiofd farms to ensure the lowest
total Life Cycle Cost (LCC).

Learney et al. (1999) states that thenét.revenue from a wind farm is the revenue
from sale of electricity less operation and maiatere (O&M) expenditure Thus,

to increase the productivity and profitability dfet existing wind farms, and to
ensure the lowest total LCC for successful futuevetbpments will require
maintenance strategies that are appropriate (teglhnifeasible and economically

viable) over the life-cycle of wind turbines.

15 COMMON MAINTENANCE STRATEGIES APPLIED TO WIND
TURBINES
The termmaintenances sometimes referred to asset carer asset preservatiorit

involves activities like inspection, repair, oveushand/or replacement of parts of the
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asset. British Standard (BS) 3811 defines maintemas “..the combination of all
technical and associated administrative actionsmeled to retain an item or system
in, or restore it to, a state in which it can parfoits required function” Dunn
(2005) defines maintenance as any activity carried out on an asset in order to
ensure that the asset continues to perform itsnold functions Where as
Moubray (1997) defines maintenance asensuring that physical assets continue

to do what their users want them td’do

Wind turbines are often purchased with a 2-5 yedlrn-service contract, which

includes warranties, and corrective and preverdgatmaintenance strategies
(Verbruggen 2003; Conover et al. 2000; Rademakeige&ruggen 2002). These
maintenance strategies (corrective and prevenjasive usually adopted by wind
farm operators at the expiration of the contraciooeto continue the maintenance of

wind turbines (Rademakers & Verbruggen 2002).

1.5.1 Preventative Maintenance

The preventative tasks are planned to include meutchecks, testing and
maintenance. The tasks are aimed to determine wheihy major maintenance
work is required so that corrective maintenanceedkiced to a minimal level. Full
servicing of wind turbines is often carried out dwia year (Verbruggen, 2003;
Conover et al. 2000; Rademakers & Verbruggen, 2002 bi-annual servicing is
carried out with the aid of a checklist to verifyetcurrent status, and update the

maintenance record, of each turbine.

The checklists are turbine specific and activitredude a check of the gearbox and
the hydraulic system oil levels, inspection of l@bks, inspection of the cables
running down the tower and their supporting systeohservation of the machine
while running to check for any unusual drive traibrations, inspection of the brake
disc, and inspection of the emergency escape egumpn®ther activities include

checking the security of fixings (e.g. blade attaeht, gearbox hold down, jaw
bearing attachment, tower base-bolt), the high dp&eaft alignment, the brake

adjustment and brake pad wear, the performancexwfdrive and brake, bearing
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greasing, the security of cable terminations, pitelfibration (for pitch regulated

machines), oil filters, etc.

1.5.2 Corrective Maintenance

Corrective maintenance of wind turbines includekgasarried out in response to
components’ wear and tear, human errors, desidtsfand operational factors such
as over speeding, excessive vibration, low geaiibyressure, yaw error, pitch
error, premature activation of brakes, synchromogatfailure, loss of grid
connection, etc. The operators become aware ofedore tasks either during
routine inspection or when the protection systeatstdown the turbines in response

to an incipient fault.

In the final report of theConcerted Action on offshore Wind Energy in Europe
(Garrad Hassan & Partners, et al. 2001), four reasnice strategies are proposed
for European offshore wind farms. These includeN@ maintenangewhere neither
preventive nor corrective maintenance are exechteédnajor overhauls are to be
performed every five years. (iiCorrective maintenance onlywhere a certain
number of wind turbines are allowed to fail befoepairs are carried out, and no
permanent maintenance crew is required. @pportunity maintenangewhere
maintenance activities are executed on demand akisgt the opportunity to
perform preventive maintenance at the same timentel@ance crew is not required.
(iv) Periodic maintenancethis includes schedule visits to perform previéwa

maintenance and corrective actions using permandatlicated maintenance crew.

1.6 PROBLEMS ASSOCIATED WITH THE CURRENT MAINTENANCE
PRACTICES OF WIND TURBINES

The no-maintenancend corrective maintenance-onlstrategies commonly known

asFailure-Based Maintenanc@BM) strategy involve using a wind turbine or any

of its components until it fails. This strategyusually implemented where failure

consequences will not result in revenue lossesomes dissatisfaction or health and

safety impact. However, critical component failuseishin a wind turbine can be

catastrophic with severe operational and Healtlet$$aand Environmental (HSE)
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consequences. Thus, the viability of FBM strateggierted by the consequences of

failures on electricity network and revenue genenat

The preventative maintenance strategy commonlyrmefeto as Time-Based
Maintenance(TBM) involves carrying out maintenance tasks atdetermined
regular-intervals. This strategy is often impleneehtto avoid invalidating the
Original Equipment Manufacturers’ (OEM) warrantydato maintain sub-critical
machines where patterns of failure are well knowWowever, the choice of the
correct interval poses a problem as too frequenintarval increases operational
costs, wastes production time and unnecessarycespknts of components in good
condition, whereas, unexpected failures frequeatlgur between TBM intervals
which are too long (Thorpe, 2005). Thus, time agsburces are usually wasted on
maintenance with little knowledge of the currenhdition of the equipment. This
thwarts the adequacy of the periodic and oppogumtintenance strategies to

support the current commercial drivers of wind farm

A detailed assessment of failure characteristicsl®500 grid-connected wind
turbines were carried out in Germany. The aim wasdéntify all possible causes of
failures of horizontal axis wind turbines. It wamihd that forty two (42) percent of
the total failures were caused by components bmakdwhile twenty one (21)
percent were caused by control system failures @éfats Newsletter, 2004).
Similar studies were undertaken at t@entre for Renewable Energy Systems
Technology(CRESY and theEnergy Centre Netherland&CN). The results show
components’ breakdown was responsible for mosthef wind turbines’ failure.
Rademakers & Verbruggen (2002) observed thafaihare rate of an onshore wind
turbine was about 1.5 to 4 times per year whileffshore wind turbine was said to
require about 5 service visits per year (Garradseias Partners et al, 2001). This
implies that huge amount of money and effort auired annually to fix failed
wind turbines’ components in addition to the sewetenomic, operational, health,

safety and environmental consequences.
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Thus, owing to the current maintenance practisésfaiture characteristics of wind
turbines, there exists a need to determine an ppgpte maintenance strategy that
will effectively reduce the total LCC of wind turi#s and maximise the return on
capital investment in wind farms. Such a strategystmcomprise maintenance
activities that are technically feasible and ecoivalty viable over the life-cycle of

wind turbines.

1.7 ASSET MANAGEMENT

The Chambers Dictionarydefines asset as “any thing of value to the owrier
Eyre-Jackson and Winstone (1999) classified ass&isS major groupsphysical
human, financial, intellectualand intangible As a result, the term Asset
Managemerithas been used widely across several industrigbsg For example,
the financial services and banking sectors havéieapfhe term to the management
of investment funds, financial assets, credit asitg (Woodhouse, 2002). The Oil
and Gas industry uses the phrase to describe a coon@rehensive approach to
getting the best value out of hydrocarbon reseevas$ production infrastructure
(PAS 55- Asset management view, 2004). In spitethef numerous areas of
application,Asset Managemet(dM) has evolved from many industrial sectors as a
means to describe a holistic application of businesst practices in order to satisfy

all stakeholders’ requirements.

The Institute of Asset Manageme(@iAM) defines Asset Management as the

systematic and coordinated activities and practigesugh which an organisation
optimally manages its physical assets, and thesoaisited performance, risks and
expenditure over their lifecycle for the purpose aghieving its organisational

strategic plan.

The processes, tools and techniques of Asset Mamagehave historically been
developed by industries to improve their overakibass performance. Nowadays,
AM is becoming a major issue in many organisatisehing to redefine business

performance and get the best value for money.
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1.7.1 Asset Management in other Industrial Sectors
A brief overview of the experiences of some indastrthat adopted AM
methodologies to manage day-to-day business aesvigive insight into the

potential benefits of AM.

1.7.1.1 The Oil and Gas Sector

The first UK’s oil was produced from the Argyll fie in 1975 (Institute of
Petroleum, 2005). A huge financial investment waslenin the sector due to the
government’s commitment to make UK self sufficienbil production. As a result,
the sector experienced rapid infrastructural dguelents. Moreover, there was a
steady increase in the profit margins to a clim&U8%$20 per barrel (operating
expenditure was approximately $15 with a cruderabket value at about $35 per
barrel). Subsequently, the oil market price crasined986 to about $9 per barrel
(Woodhouse, 2002) resulting in a loss of about &6 lparrel. Production became
unprofitable and ownership of physical infrastruetsuch as production platforms,
underwater pipelines, etc became uneconomical. WstO88, the sector suffered
another business dilemma; the destruction of tiperPAlpha platform killing 167
persons (The History of the oil industry in UK).é&d® economic and safety factors
necessitated the development and application ofeséi processes, tools and
techniques to maximise the return on investmenhydrocarbon reserves and

production infrastructure while ensuring a safekiry environment.

1.7.1.2The Electricity Supply Industry

In 1980 the UK started restructuring its ElectyicBupply Industry(ESI) through
privatisation. A substantial part of the privatisattook place between 1990 and
1993. It concluded with the sale of the newer rarcfower stations in 1996 (Pollitt,
1999). The privatisation brought to the sector rawl crucial challenges such as
improving the efficiency and quality of services meeet the increasing public
demand, lower prices to gain a larger market shadkjcing operating expenditure
to increase overall profitability of the sectorc.eThe ESI adopted AM processes,

tools and techniques to improve equipment relighilplant integrity and overall
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network performance to eliminate intermittent siggl Regulatory requirements

were reviewed. Measures for proactive and totalpi@nce were initiated.

1.7.1.3The Water Supply Industry

The privatisation of the Water Supply IndusiiW/Sl) in the UK had three key
objectives; increase efficiency, lower prices amgreéase quality of services.
However, as Hall (2001) pointed out, a constansiten exists between public
service objectives and profit-seeking behaviouragbrivatised sector. The sector
was faced with incompatible objectives of lowercps and profit maximisation.
Consequently, WSI prioritised the maintenance ohpustations and the control of
leakages in pipes and storage facilities by adgptiMl methodologies to ensure the

reliability of water supply.

1.7.1.4Transport Services
AM is gaining popularity in the UK transport seregcdue to the privatisation of the
sector. The overall business objectives as wethethods of getting the best value

for money are re-defined through the applicatioA®f methodologies.

1.7.2 Processes of Asset Management

A generic business model outlining the fundamenssiues involved in the
management of any physical asset is presentedgurefil.1. A high level of
performance is required in terms of compliance witkalth, safety and
environmental requirements as well as improving thmlity of products and
services while ensuring cost effectiveness. Equigmeliability needs to be
assessed and optimised through the applicationppfogriate asset management
tools and techniques. People and operational reaints for effective and efficient
performance should be identified and aligned witQuipment reliability
requirements. Performance measurement frame-werd to be designed to ensure
periodic evaluation of actual performance againrided targets and goals. Where
deviations are identified, corrective measures iaigated to ensure continuous

performance improvements. Therefore, it is absbluteecessary to review the
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various tools and techniques used in AM with a viewunderstand their area of

application.
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Figure 1.1 Generic Model showing key Business Isssie

1.8 ASSET MANAGEMENT AND THE WIND ENERGY INDUSTRY

The offshore Oil and Gas (O & G) sector in the U&agctively adopted AM
methodologies to maximise the return on investmertiydrocarbon reserves and
production infrastructures when production becamprefitable and ownership of
physical infrastructures such as production plat®became uneconomical. There
is a clear corollary of the current status of thedrenergy industry with that of the
O & G industry of 30 years ago; the O & G in the Wireased in size dramatically
over one to two decades, with little consideratanthe impact that appropriate
maintenance might have in terms of reducing totéd-dycle costs (LCC).

Subsequently, the O& G industry has historicallyfesed from ineffective and
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inefficient maintenance practices and the impact moductivity has been
significant. It is estimated that an optimal mamnaece regime reduces direct
maintenance cost by 40-70% and can improve avéhilaly up to 7% (Arthur,
2005). The O& G industry has perpetually been reelgt attempting to address

these issues by re-engineering design, installagimfor effective maintenance.

The wind energy industry has a clear opportunity cinsider the strategic
importance of maintenance now, and to proactivelglise the benefits that are
available over the life of wind farm installation&his is especially important when
it is considered that planning regulations for wiadms currently do not relate to
maintenance and no regulations pertinent to maamies exist (Melford 2004). The
processes, tools and techniques of AM are curremglj-established in the mature
industries most especially in the area of mainteeamptimisation but the

application to the wind energy sector has histdsidzeen poor.

19 TOOLS AND TECHNIQUES OF ASSET MANAGEMENT

A number of quality tools and techniques existhie field of asset management to
effectively and efficiently manage the ownership pofysical assets; taking into
account economic, health, safety and environmeigsilies. These tools and
techniques include thReliability-Centred MaintenancRCM), Failure Mode and
Effect Analysis(FMEA), Hazard and Operatibility studieHAZOP), Hazard
Analysis (HAZAN), Fault Tree AnalygiETA), Event Tree Analysi€&TA), Critical
Task Analysis (CTA), Quantified Risk Analysis(QRA), Total Productive
Maintenance(TPM), Risk Based Inspectio(RBI), Root Cause AnalysiRCA),
Structured What-if TechnigU8WIFT), etc.

Reliability-Centred Maintenance, Risk Based Insjpectand Total Productive
Maintenance are techniques commonly used to deteragppropriate maintenance
strategies for physical assets. Moubray (2000) ampl that no comparable
technique exists for identifying the true, safe immm of what must be done to
preserve the functions of physical assets in thg that RCM does. RCM was
introduced in the air craft industry by Nowlan afdap (1978). Since its inception,
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the approach has been applied in several indust@brs with considerable success
(Rausand, 1998) for example, the railway (Rasmussext. 2004), offshore Oil &
Gas (Arthur & Dunn 2001; Hokstad et al. 1998), nfanturing (Deshpande &
Modak 2003).

1.9.1 Reliability-Centred Maintenance

RCM is a technique used to determine what musbine ¢tb ensure that any physical
asset or system continues to do whatever its uwgansit to do (Moubray 1991). The
process predicts how a system’s failures can oandrthe potential consequences
on the system operation. The technique furthersassefailure consequences and the
probability of occurrence to provide a basis updmiclv to decide an appropriate
maintenance action for each failure mode (Latin®87)9 Fundamentally, there are
three (3) factors that must be considered to sedectappropriate maintenance
strategy for any physical asset. These factorsudecl failure consequences,
predictability of reasonable asset life, and thesgulity of installing condition
monitoring systems on the asset. A suitable maamea strategy could include one
or a combination of the following; failure-baseiiné-based and/or condition-based

maintenance activities.

1.10 CONDITION-BASED MAINTENANCE STRATEGY

Condition-Based Maintenance (CBM) is one of thespue strategies that can be
determined through the application of an RCM teghei CBM constitutes
maintenance tasks carried out in response to dedéon in the condition or
performance of an asset or component as indicaieccdmdition monitoring
processes (Moubray 1991). Saranga & Knezevic (20Adthur & Dunn (2001)
stated that CBM is the “most cost-effective means of maintaining critical
equipmerit The broad research area of CBM applied to winergy conversion has
largely been ignored, although limited work hasrbeeadertaken in the areas of
monitoring the structural integrity of turbine b&sd using thermal imaging and
acoustic emission (Clayton et al. 1990; Duttonlefl891), the use of performance
monitoring (Learney et al. 1999), lubricant anadysemperature monitoring and on-

line analysis systems (Philippidis & Vassilopoul®304). Generally, as reported,
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these works exist in isolation, and are not comsidlevith the wider context of a
maintenance, integrity and asset management sgreffeg example, the intervals at
which these activities should be carried out (&t have not been assessed in terms
of cost-benefit. Determining an appropriate maiatere strategy for a piece of
equipment is not in itself a means to an end, lbeitnbaintenance activities ought to

be optimised on a continuous basis.

1.11  MAINTENANCE OPTIMISATION

Maintenance optimisation [s..a process that attempts to balance the mainteaanc
requirements (legislative, economic, technical,)edad the resources used to carry
out the maintenance program (people, spares, coablas, equipment, facilities,
etc.)” (Systems Reliability Centre, 2003). A maintenartcategy that is appropriate
and optimal now may not be optimal in the very rfe&ure due the erratic nature of
the input variables such as interest rate, comgsneost, failure behaviour, etc.
Thus, maintenance optimisation is not a one-oftedure but a continuous process
which requires periodic evaluation of performanod amproving on the successes

of the past.

Essentially, there are 2 approaches to maintenaptienisation; qualitative and
guantitative Arthur (2005) and Scarf (1997) observed thaalitative maintenance
optimisation is often clouded with subjective opmiand experience, and further
suggest the utilisation @fuantitativemethods to optimise the maintenance activities
of physical assets. Quantitative maintenance opétian (QMO) techniques employ
a mathematical model in which both the cost andefiesnof maintenance are

guantified and an optimum balance between botbtgined (Dekker, 1996).

There are a number of QMO techniques in the fidld\pplied Mathematics and
Operational ResearcAMOR), for example,Markov Chains and Analytical
hierarchy processeChiang et al. 2001)Genetic AlgorithmgTsai et al. 2001), etc.
However, most of the approaches are criticised baming developed for
mathematical purposes only and are seldom usedartigal asset management to

solve real-life maintenance problems (Dekker, 1996)delling System Failures
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(MSF) has been recommended as the best approaakséss the reliability and
optimise the maintenance of mechanical systemsi@@an and Hunsley 1994). The
Delay-Time Maintenance Mod€DTMM) (Scarf, 1997) is well-known for its
simplistic mathematical modelling and has beeniagpbractically to optimise the
inspection intervals of some physical assets waths@erable success. Andrawus et
al (2007a) discussed the concept and relevandeediro quantitativemaintenance
optimisation techniques and highlighted their agaddility to the wind energy

industry.

1.11.1 Benefits of maintenance optimisation for wihturbines

Maintenance is based on observed conditions whadnaes components’ damage
and prevents catastrophic failures of wind turbinBlsus, costs associated with
longer downtimes are reduced by ensuring minourfed are resolved before they
escalate to major ones. Replacements or overh&atsngponents in good operating

conditions are avoided completely.

The overall availability of wind turbines is incessadl by maximising the time
interval between repairs and overhauls. Furtherpsigable maintenance intervals,
logistics, spare parts and associated man-hourgplarsed ahead, adding up to
greater turbine availability. Consequently, the bemof access and logistic costs

are reduced significantly.

The conditions of turbines can be monitored renyatereal-time without personnel
having to travel to sites which pose serious safiedgits. The lead time given by
monitoring systems will enable stoppage of a twbloefore it reaches a critical
condition. Extreme external conditions such as wadeced oscillation of towers in
remote locations can be detected. This preventsagarto components of turbines.
The overall result is improved reliability/availéity of wind turbines, and

significant reduction in downtimes and net maintergacosts.
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1.12 RESEARCH AIM AND OBJECTIVES
This section elaborates the aim and objectiveshef undertaken research work

reported in this thesis.

1.12.1 Research Aim
The overall aim of the research work was to deteemrand optimise appropriate

maintenance tasks for wind turbines.

1.12.2 Research Objectives

Specifically, seven research objectives were ldlyicautlined and addressed:-

1. Assess the current maintenance of wind turbinepegeint.

2. Develop a structured model for asset managemethieinvind energy industry.

3. Critically evaluate wind turbines to determine likéailure characteristics.

4. Assess the technical and commercial feasibilitymafintenance strategies
taking into account commercial drivers such as \&aty issues, geographical
location, intermittent operation and the value ehgration.

5. Optimise maintenance activities using Modelling t&ys Failures based on
Monte Carlo Simulation Techniques.

6. Optimise maintenance activities using Delay-timehmaatical maintenance
model.

7. Compare the results of the Modelling System Faduaed the Delay-time

mathematical maintenance model.

1.13 THESIS OVERVIEW

The thesis determines and optimises appropriatenter@nce tasks for wind
turbines. Field failure and maintenance data ofdwinrbines are collected and
analysed using the Modelling System Failures anldy&me Maintenance Model
optimisation techniques. Failures of the wind tnesi are modelled and simulated to
assess and optimise the reliability, availabilitg anaintainability of a selected wind
farm. Defects rate and mean delay-time of companant subsystems within the
wind turbine are estimated to determine optimapéusion intervals for critical

subsystems of the wind turbine.
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Chapter 2 reviews the renewable energy sector aviplarticular focus on the wind
energy industry. It discusses the failure char&ties and cost significant items of
horizontal axis wind turbines. The subject of Asesnagement is reviewed to
understand its concept and processes applied ier dtldustries. Existing asset
management tools and techniques which can be dsgpldy improve assets’

performance are identified and discussed.

Chapter 3 presents the approaches and methodokdigded to achieve the stated
objectives of the research work reported in thissih Field failure data of wind
turbines were collected from 27 wind farms (compgsturbines of different
capacity ratings) located within the same geogaghiegion. Failure data pertinent
to the critical components and subsystems of wimbines were extracted from the
Supervisory Control and Data Acquisition (SCADA)s@wm of wind farms. The
SCADA system records failures and the date and tifneccurrence; these were
used in conjunction with maintenance Work OrderdO8) of the same period to
ascertain the specific type of failure and the congmts involved. The collected
data were organised in accordance with the typsigdeand capacity of the wind
turbines. A total of seventy seven 600 kW wind toels of a particular type have
been used to carry out the objectives of the rebeaork reported in this thesis. The
600 kW wind turbines rating were of particular met&t to the collaborating wind
farm operator in regard to optimising maintenanoetteeir wind farm. Therefore

maintenance optimisation of 600 kW wind turbin¢his focus of this thesis.

The methodology presented in the thesis can beeappbd offshore wind farms.
However, additional models are required to include cost of various possible
access systems to carry out maintenance works fshooé wind turbines. Hostile
weather conditions that can delay the maintenarmtwitees on offshore wind

turbines are other factors to be considered

In Chapter 4 we design a structured model for assetagement in the wind energy

industry. Chapter 5 critically evaluates a gendwaizontal axis wind turbine to
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determine its likely failure characteristics andtanle maintenance activities. The
technical and commercial feasibility of the mairstece activities on a 26 x 600 kW
wind farm are assessed. In Chapter 6 we analy$ectad field failure data of wind
turbines to estimate shap@) (and scaler{) parameters of critical components and
subsystems. Chaptem7odels the failures of the 600 kW wind turbine dimel 26 x
600 kW wind farm. The models are simulated to ass@sl optimise the reliability,
availability and maintainability of the wind turl@nand the farm. In Chapter 8 we
determine optimal inspection intervals for criticalbsystems of the 600 kW wind
turbine. Chapter 9 compares the results of the thodesystem failures and the
delay-time mathematical maintenance model. In Glragd we summarise the
study, then presents conclusions drawn from theeareb work and

recommendations for further study.
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CHAPTER 2

LITERATURE REVIEW
2.1 INTRODUCTION

This chapter critically reviews literature pertinga Wind Energy Industry and the
field of Asset Management. The wind energy indussryliscussed in section 2.2
where we expound on the potentials of onshore afishare wind energy

generation. In section 2.3, the common types ofdwiirbine design as well as
component functionalities and design materials vadgseussed. The section reviews
failure characteristics of horizontal axis windiimes and, identifies some common
causes of failure in wind turbines. A review of thest significant items within a

wind turbine is presented in section 2.4.

Asset management tools and techniques existinghiar andustries are identified
and their applicability, strengths and weaknesses discussed in section 2.5.
Condition monitoring techniques that are applicablevind turbines are discussed

in section 2.6.

2.2  THE WIND ENERGY INDUSTRY
Wind turbines are stand-alone machines which aenahstalled and net-worked in
a place referred to asVdind Farmor Wind Park Wind farms can be located either

onshore or offshore.

2.2.1 Onshore and Offshore Wind Energy Generation
Onshore and offshore wind energy generation differsonly in the geographical
location but also in some vital technical and ecomoissues as discussed in the

following:

" Wind resources

The offshore wind resources are often significariilgher than onshore, even
though wind resources at a specific site dependhennature of the landscape,
altitudes, shapes of hills, etc (Department of €raahd Industry, 2005). The

temperature difference between the sea surfacehendir above it is far smaller
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than the corresponding difference onshore. Thisnséarbulence tends to be lower
offshore than onshore (World Energy Council, 2006pnsequently, offshore wind

turbines suffer less dynamic operating stress.

" Capital cost

Another significant difference between onshore affishore wind energy generation
is the installed cost. The foundation structuresmfonshore wind farm cost about
6% of the total project cost while grid connectiawcilities cost about 3% (World
Energy Council, 2005). On the other hand, the fatiod structures of an offshore
wind farm need to ensure the turbines are conndotelde seabed and are able to
cope with additional factors such as loading froaves, currents and ice. Thus, the
cost is about 23% of the total project cost wHile tost of grid connection facilities
is about 14% (World Energy Council, 2005). Thesstsa@re significantly higher

than onshore wind farm costs.

" Technology

The technology of the wind turbines used in onshamrd offshore wind farms is

very similar. The main difference is in the sizel dne power rating of the turbines.
Onshore farms often utilise turbines with capasité up to 2 MW while offshore

farms use multi-mega watt turbines (Department cdd€ and Industry, 2005).
Offshore wind farms are usually connected to astabien located onshore by using
submarine cables. The substation is connected weaitricity grid using overhead
cables in similar manner to onshore wind farms.skdfe wind farms usually

require higher voltage transmission systems andinieal equipment such as
transformers and switch-gear. The significant wiedources offshore and the
possibility to install multi-mega watt turbines aseme of the major drivers of the

recent shift in development of wind farms from amhto offshore locations.
2.3  WIND TURBINES

This section discusses some common design typesiraf turbines. It reviews

components’ functionalities, design materials ab asetheir failure characteristics.
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2.3.1 Design Types

The design of a wind turbine is usually specifiedading to the following six basic
criteria; hub heightrotor diameter or swept aredlade solidit)]/, tip speed ratio,
rated powerand rated wind speedWalker & Jenkins 1997). These criteria are
designed to suit a specific orientation or topoldglanwell et al. 2002). Table 2.1
summarises some common design topology of windrtasb Note there are designs
that are not commercially available are not inctudethe table. HAWT have been
popularised by designers because they offer thsilgbty of using towers to raise

the blades to a position of maximum wind resources.

Table 2.1 Common Design Orientation of Wind Turbine

Sub-system Design options

1 [Rotor axis orientation a. Horizontal axis wind tad(HAWT)
b. Vertical axis wind turbine (VAWT)
2 | Rotor power control | a. Stall control

b. Variable pitch control

c. Aerodynamic control

d. Yaw control

3 | Rotor position a. Down wind rotor
b. Up wind rotor
4 | Yaw control a. Free control
b. Active control
5 | Rotational speed a. Constant speed
b. VVariable speed
6 | Tip speed ratios a. High speed
b. Low speed
7 [Hub a. Rigid
b. Teetering
c. Hinged or gimballed
8 | Rigidity a. Stiff
b. Flexible
9 | Number of blades a. Three blades
b. Two blades
10| Tower structure a. Tubular
b. Pipe-type
c. Trusses
11) Foundations a. Concrete caissons foundation
b. Steel gravitational foundation
c. Tripod foundation
d. Mono piles foundation

212
! The ratio of the area of blades to the swept area.
2 Ratio of the speed of the blade tip to the wind speed.
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A horizontal axis wind turbine comprise 3-bladeg;wind, pitch control, a 3-stage
planetary gearbox, 4-pole asynchronous generatdraaubular tower, is chosen to
pursue the objectives of the research work repadrtetiis thesis. The subsystems

and components of a typical horizontal axis windbitue are shown in figure 2.1.

anemometer

. ~ lightning protection system
main bearing

| windvane— _ |
| gearbox A
blade$ ——— [

/{{ main shaft generator /
spinner e N . o

- s . ventilator
— service crane

1

] brake system

rotor hub

Yaw system

Figure 2.1 Components and Subsystems of a typicalVT wind turbine

2.3.2 Components Functionality, Design Materials ahFailure characteristics
This subsection discusses the functions as weleadesign materials of the various
subsystems and components of a horizontal axis Wwirtnine. It further identify
from the literature, the possible causes of a winthine’s components and

subsystems failure.

Basically, there are 4 main causes of failure efiggent or physical assetsyman
error’, Acts-of-God, design faults and components related failute The
International Electro-technical Commissioon Wind Turbine StandardgIEC

61400-22 and, theEuropean Wind Turbine CertificatioBuidelinesfEWTC, 2001
212
® The gap between what is done and what should have been dbressumng installation of
components, etc.
* Refers to natural events which the occurrence can noabernably foreseen or avoided e.g.
lightening, etc.

Deterioration of equipment in its normal operating consexth as fatigue, wear-out, etc.
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require comprehensive design tests for the varammsponents of a wind turbine.
However, these design tests cannot accurately giratlithe actual environmental
factors which vary from site to site (Dutton A.@t,al 1999) or all possible causes
of failure that may occur during the operating liéé the wind turbine. Thus
assessing field failure characteristics of windtoes is essential to understanding
the likely failure behaviour of the turbines whdrey are exposed to the natural

environment.

In Germany, field failure behaviour of 15,500 gddnnected wind turbines were
assessed to determine all causes of failure. Thdtrpresented in figure 2.2 shows
that 42% of the total failure was caused by compoieeakdown while 21% was
caused by control system failure (Windstats NewesleP004).

Loosening of parts  Other causes

.2% . cing 11%
Lightnin Components failure
Grid failu az%
5%
High wind
5%

Cause unknown
8% Control system failure
21%

Figure 2.2 Causes of wind turbines failure- The Genan experience
(Source: Windstats Newsletter, 2004)

Similar studies on failure behaviour of wind turdsnin the UK and the Netherlands
were undertaken at ti@entre for Renewable Energy Systems TechndOBES)
and theEnergy Centre NetherlandECN) respectively. The results are presented in

figures 2.3 and 2.4 respectively.
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Yaw system

8% Mechanical control

0,

0 .
Electrical control

Foundation 13%
Couplin
Ol%)u Gear box
o 12%
TOV\@l/0 Generator
0% Blades 5%
Entire nacelle 5% 30 Air brakesoy,
1% ¢, fgntire turbine 0 . 204
o, 1% Axle bearm%
0 1%

Figure 2.3 Wind turbine component failures in the K
(Source: CREST Loughborough Universihgtp://www.hie.co.uk/Renewables-
seminar-04-presentations/crest-david-infield.Jodf

Control
2%
Electrical systems

Parking br
0%
B|a(193 Gear box
34% Generator 21%
32%

Figure 2.4 causes of offshore wind turbines failurin the Netherlands
(Source: ECNhttp://www.ecn.nl/docs/dowec/2003-EWEC-O_M.pdf

2.3.2.1 Blades

Wind turbine blades are designed to harness windgement and then transmit the

rotational energy to the gearbox via the hub anthrehaft. The blades of a wind

turbine are usually made from compoSiteaterials. Composite materials are often
preferred because of the possibility of achievinghhstrength and stiffness-to-

weight ratio (Manwell et al. 2002). They are alswrrosion resistant and good

212
® Items made from combining at least two completely chffie materials
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electrical insulators. These properties are adgaatias in an offshore environment
where corrosion is a critical factor to be consider Table 2.2 shows some
composite materials and their corresponding bindesexmonly used in the

production of wind turbine blades.

Table 2.2 Composites and binders used in manufactung wind turbine blades

Composites Binders or Resins
Fibreglass Polyester (unsaturated)
Carbon fibre Vinyl ester
Wood Epoxy

Wind turbine composite blades can be describe€abon fibre reinforcingor

Wood-epoxy laminateer fibreglass reinforced plasti§cGRP. GRP is the most
commonly used blade because it is cheaper tham otimeposite materials (Burton
et al. 2001). Furthermore, fibre glass has goodilerstrength while the binder

(polyester resins) has a short cure time and Iast. co

A wind turbine blade consists of two main part® sparwhich gives the structural
stiffness and thekin which provides the air foil shape as required bgpacific
design. Basically, there are three common shap@svand turbine’s blade. The
shapes are determined by the overall topology ofviad turbine and the
aerodynamic considerations. These common shapgseaeoptimumlinear taper
and constant chord(Manwell et al. 2002). Table 2.3 shows an examgleao

specification for a wind turbine blade.

Table 2.3 Technical specification of a typical blagl of a wind turbine

Type Self supporting — constant chord
Material Fibre glass reinforced plastic (GRP
Length 30 metres
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= Connecting blades to the hub

The blade is connected to the turbine’s hub throtighblade’s root. The root is
usually made thicker to cope with the high dynaloading it will experience in its

operating life. The blades, hubs and the fastemersnade from different materials.
Thus, interactions between these 3 componentgnmstef stiffness during variable
loading constitute huge operating problems. Modeind turbine blades have

threaded bushes glued into their roots, and areemiad to the hub by using bolts.

2.3.2.2 Causes of Fibreglass reinforced plastic (GRP) bladd-ailure
Interaction between wind turbine blades’ centrilugiad gravitational force as well
as varying wind thrust and turbulence induce tredés$ to a cyclic and flap-wise
loading. As a result, the IEC TS 61400-23 requitdisscale blade test for strength,
static and dynamic fatigue, stability and criticdéflection to validate design
certification. GRP blades in normal operating ctinds are known to fail as a result
of cracks arising from fatigue (Philippidis T.P avidssilopoulos A.P. 2004; Infield
D. 2003; Dutton A.G., et al. 1990), defects in miate accumulating to critical
cracks (Jorgensen E.R., et al 2004) (AnastassopoAlé., et al 2002) and
lightening strikes (Conover K., et al. 2000). Icailth-up is also known to cause
failure of GRP blades.

2.3.2.3  Hub

The hub of a wind turbine connects the blades #o rttain-shaft, and transmits
rotational force generated by the blades. Hubgyarerally made from steel which
can be welded or cast (Manwell et al. 2002). Essintthere are three common
designs of wind turbine hubsgid, teeteringandhinged The topology of a wind
turbine determines the specific type of hub desabe used on the wind turbine.
Table 2.4 shows an example of a wind turbine hézi§pation.

Table 2.4 Technical specification of a typical hulof a wind turbine

Design Rigid

Material SG cast iron

Others Contains the equipment to alter
pitch of blades
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2324 Main Shaft

The main or low-speed shaft of a wind turbine catmend transmits rotational
force from the hub to the gearbox. Wind turbinegiimshafts are usually of forged
alloy steel (Burton et al. 2001).

2.3.2.5 Main Bearing

The main bearing of a wind turbine reduces thetifnal resistance between the
blades, the main-shaft and the gearbox while umdeggrelative motion. The main
bearings of a wind turbine are usually of tbelf-aligning spherical rollertype
designed specifically for wind turbines. The spb&rbearing has two sets of rollers
which allow the absorption ghdial loads(across the shaft) arakial forces(along
the shaft). The uniqueness of these bearings aciassd with the spherical shape
which allows the bearing’s inner and outer rings&slightly slanted and out-of-
track in relation to each other. The out-of-track de up to a maximum oflelf
degreewithout damaging the bearing while it is operatjhanwell et al. 2002).

= Main bearing installation
The main bearing is mounted in the bearing houamybolted to the main frame of

the turbine while the pitching bearing uses the &sibousing.

2.3.2.6 Causes of Main Bearings Failure

The main bearings are usually designed to speliyfiesnsure that wind turbines

withstand high loads during gusts and braking. H@xepoor lubrication (Molinas

M. 2004), wear, pitting, deformation of outer ra& rolling elements (Caselitz P.,
et al. 2004) are known to cause main bearing fesluDther causes of failure of a
generic bearing are identified by Smith and Mol{2303).

2.3.2.7  Gearbox

The gearbox of a wind turbine increases the ratatispeed of the main shaft from
very low revolutions per minute (rpm) to a highpnrrequired to drive a generator
of the wind turbine. The gearbox often has a cantstpeed increasing ratio, that is,

it does not change speed by changing gears likeecional gearboxes. It is worth
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noting that it is not uncommon to have a wind toebioperating at different
operational speeds. This is possible by having different sized generators in a
wind turbine; each generator unit with a distinetspeed of rotation or alternatively

having one generator with two different stator viigs (Burton et al. 2001).

The gearbox is one of the heaviest and most exgergmponents of a wind
turbine. A three-stage planetary gearbox is usualijised in wind turbines
(Manwell, 2002). The three-stage planetary geadmmsists of glanetary geaand
a three-stagegear as shown conceptually in figure 2.5. The planetgpar
comprises an interior toothed gear-wheel known rasgawheel(see ‘a’ in figure 2.5
), three smaller toothed gear wheels knowrplaset wheelgb;, b, and B) which
are carried on a common carrier arm known aplieet carrier'c’, and a centrally

placed toothed gear wheel known asdhe gear wheel ‘d’

The ring wheel is usually stationary while the grarrier is mounted on the
hollow shaft. The planet carrier rotates with tlaene rotational speed as the rotor
blades. The three planet wheels, (l, and B) revolve around the inner
circumference of the ring wheel ‘a’ thereby inciegsthe speed of the sun-gear

wheel ‘d’. The sun-gear wheel is fixed to a shaiftidg the three-stage gear.

The three-stage gear has three sets of toothedvgezels i.e.slow speed stage
(5&6), intermediate stage (7&8)nd thehigh speed stage (9&10)n the low speed
stage, the larger gear wheB) {s mounted directly on the hollow-shaft (1) driviey
the sun gear wheel. The smaller gear (6) is madhilrectly onto the intermediate
shaft (2). This drives the larger gear wheel (7)hi@ intermediate stage. The small
intermediate gear wheel (8) is mounted on the im¢gliate shaft (3). This drives the
larger gear wheel (9) in the high speed stage. silal gear wheel (10) in the high

speed stage is attached to the high speed shath(dh is connected to a generator.
= Connecting the gearbox to the generator

The high speed shaft from the gearbox is connecteéde generator by means of a

coupling. The coupling is a flexible unit made frgneces of rubber which allow
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some slight difference in alignment between therlgma and the generator during

normal operation.

Planetary Gear 3-stage Gear

Figure 2.5 components of a 3-stage planetary gearbo

2.3.2.8 Causes of Planetary Gearbox Failure

Some major causes of failure in a wind turbine glary gearbox include poor
lubrication, bearings and gear teeth failures (Res®n F., et al. 2004) (Molinas M.
2004), (Caselitz P., et al. 2004) (NiederstuckeeBal. 2000). Polak (1999) carried
out a detailed research on gearbox problems, amti@mated some generic causes of
their failure. Also, Smith and Mobley (2003) listedme common failure modes of

gearbox and gear-sets.

2.3.2.9 Generator

The generator within a wind turbine converts thehamical rotational energy from
the gearbox into electrical energy. The generaoslightly different from other

generating units connected to the electric gricabse it works with a power source
(the wind turbine rotor) that supplies fluctuatimgechanical power (torque).
Essentially, there are two types of generators contynused in wind turbines;

synchronousndasynchronous

=  Synchronous generator
A generator issynchronouswhen its rotor rotates at a constant speed wtsch i
synchronouSwith the rotation of the magnetic field (statdind turbines which

use this type of generator normally use electroratsgim the rotor which are fed by

212
" Running exactly like the cycle.
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direct current from the electric grid. Note thae thrid supplies alternating current;
this is converted to direct current before sendiingto the coil-winding around the
electromagnets in the rotor. The rotor electromegarse connected to the current by

using brushes and slip rings on the shaft of tmegsor.

=  Asynchronous generator

This is also known as ammduction generator. It is referred to as asynchronous
because the rotor has no torque (power) at thesgregnchronous rotational speed.
The generator consists of two main parts, the iIstatd the rotor. The stator contains
a series of coils placed in slots forming a cyliodr assembly of thin iron plates.
The rotor is also assembled of thin iron platemiog rows of thick aluminium bars
joined at each end with an aluminium ring. Thesefdted in key ways on the outer
surface of the rotor which looks like a squirreyeaThe rotor sits on a shaft placed

inside the stator.

2.3.2.10 Causes of Squirrel Cage Induction Genematfailure

Bearings are known to be the major cause of faibifra squirrel cage induction

generator (Hansen L.H, 2001). Thus, maintenan@e $CIG is mainly restricted to

bearing lubrication. Muljadi et al. (1999) obsentbdt at power frequencies, SCIG
is inherently stable, but when connected to a wgrak with an unbalanced three-
phase load, overheating and torque pulsations meyroMachelor (1998 & 1999)

listed some generic causes of failure in an AC ¢tida motor.

2.3.2.11 Blade Pitching System

Wind turbines are generally designed to operathimigpecified wind speed limits;
cut-in and cut-out limits. To maximise energy conversion and avoithponents’
stress or damage due to strong wind, some formowfep control are installed in
wind turbines. One of these power control systesrtbe blade pitching system. The
pitching system serves a dual purpaserodynamic power contr@indaerodynamic
braking The electronic controller of a wind turbine supses wind-speed in

relation to power out put by measuring the windespand the power out put as

PhD Thesis, The Robert Gordon University Aberdeen, 2008. 29



Maintenance Optimisation for Wind Turbines

analogue signals. The controller decides whichatpmrs are to be carried out while

the hydraulic system operates the pitching mechanis

2.3.2.12 Causes of Pitch System Failure

Each blade has a separate pitching activator wtdchprises a hydraulic cylinder,
piston rod etcThe pitch bearings are generally four-point beair@pme causes of
pitch system failure are listed in the European &Vimurbine Certification
Guidelines (2001).

2.3.2.13 Mechanical Brake

The mechanical braking system in a wind turbineeseia dual purpose. First as a
back-up system to prevent the rotational speethefdtive train from escalating to

an unacceptable level in the event the aerodynbmaking system (pitching system)

fails to operate. Secondly as a packing brake wiied turbine is not in operation.

The mechanical braking system is usually locatedhenhigh speed shaft (HSS)
between the gearbox and the generator. The bratensyconsists of brake dis¢

brake padsindcallipers

= Mechanical Brake Activation

In the event that the aerodynamic braking systaits to operate, the electronic

controller of a wind turbine sends an action messi@gthe hydraulic system to

operate the mechanical braking system. During hrakpressure is released by the
hydraulic system which actuates the brake callip&fese push the brake pads
against the brake disc which is fixed on the ratatiigh speed shaft. The braking is
a result of friction between the brake pads anditbe. Similar operation takes place
during parking of the wind turbine. The hydraulstem of the mechanical brake is
fail safe i.e. the required hydraulic pressure niesteached before the wind turbine

can start operating.
2.3.2.14 Causes of Mechanical Brake Failure

Excessive wear on brake linings may cause braKkardéapr even fire EWTCG
(2001) pp22.
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Rademakers et al (2002) listed some common faiwdes and causes of a typical

wind turbine mechanical brake.

2.3.2.15 Hydraulic System

The hydraulic system operates the mechanical bgakystem, the pitching system
and the yaw control system. It also operates thbaand cranes and locking systems
for canopies and spinners in larger wind turbifdgin components of the hydraulic
system includgoumps drives oil tanks filters and pressure valvesThe hydraulic
system contains hydraulic oil which is put undeegsure to move pistons in
hydraulic cylinders. This system ensures that piress established when the wind
turbine starts and also releases the pressure tlikdnrbine stops. The pump builds
up the pressure which is controlled by a pressereitve valve to ensure safe
attainment of the required pressure level. Forcéiffe operation, a reserve pressure
steel tank is often included in the system. Thek teontains a rubber membrane
which separates the hydraulic oil from the encldsedy of air. When the hydraulic
oil is under pressure, it pushes the rubber menebeayainst the enclosed body of
air, this in turn act as a cushion to give a couptessure that enable the pressure in

the system to be maintained.

2.3.2.16 Causes of Hydraulic System Failure

Hydraulic pump failures are often caused by comatnon of hydraulic fluid,
wrong oil viscosity, premature failure of cylindexs a result of high hydraulic fluid
temperature, hydraulic valve failure caused by tesioins, faulty circuit protection
devices (Casey B. 2005), and seal failure (WhitldcR003).

2.3.2.17 Yaw Drive

The yaw system is used to continuously align therrof a horizontal axis wind
turbine with the changing wind directions for maxim energy extraction.
Basically, there are two types of yawing systeawive andfree. The topology of
the rotor determines the specific type of yaw syste be incorporated. Upwind

turbines use active yaw which consists of a maiaadtively align the turbine with
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wind direction. Downwind turbines usually use theef yaw which depends on the

aerodynamics of the rotor to align the turbine wtiité wind direction.

= Operation of the active yaw system

The active yaw system comprisedoar-geared drive motoryaw bearingand a
bull-gear attached to its circumferenadrive pinion geayrpinion shaft and housing
gear reducer brake dis¢ brake callipers, etcWhen wind changes direction, the
meteorological sensors of the wind turbine send essage to the electronic
controller. This in turn sends a control messagheoyaw system which operates by
using power supply from slip rings to the electirtve motor. The motor converts
the electrical energy into mechanical energy reglio drive the pinion gear. The
pinion gear engages the bull gear mounted on thebgaring there-by turning the
whole nacelle to align with wind direction. As soas yawing is completed, the
electronic controller sends a control message tivade the yaw braking system to
stop the turbine from turning further. Conversdiyakes are released just before

yawing begins.

2.3.2.18 Causes of Yaw System Failure

The major causes of failure of a yaw system inclel@ring failures, pinion and bull
gear teeth pitting, yaw brake failure (VerbruggekVT 2003; Manwell J.F., et al.
2002), pinion and bull gear teeth wear-out (Burforet al. 2001).

2.3.2.19 Electronic Controller

The electronic controller of a wind turbine badigaderves two purposes. First it
oversees the normal operation of the turbine bysu@ag and storing statistical data
such that faults are registered and retrieved qusined. Secondly, it is responsible
for most decision-making processes in the safestesy of a wind turbine. The

controller uses a micro-computer designed for itrthlsuse. It has a large storage
capacity and the control program is stored in aroeigip. The microchip, electro-

technical equipment, contactors, switches, fusegkaced in the control cabinet of
the nacelle. To prevent internal errors by the tedeic controller, an internal

automatic self-supervision is built-in to allow thentroller to check and control its
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own systems. Usually a back-up system is instdildng the same function as the

controller but assembled with different types ainpmnents.

=  The Control System

The IEC 612400-2defines the control system as a.sub-system of wind turbine
that receives information about the condition ok tind turbine and/or its
environment and adjusts the turbine in order to mtain it within its operating
limit”. The basic design requirement for a control sysie defined in IEC 61400-1
section 8. However, Stiesdal H (1998) explained there are possibilities of error
no matter how high the quality of installed sensoebles, software and hardware.
Indeed, the National Renewable Energy Laborator{2004) states that the
“...reliability of software is not readily calculatechd its failure modes are not
predictable, even though a watch-dog timer is adpnt mechanism for monitoring
and detecting some software faultfiere are large numbers of potentially unsafe
software faults that will not be detected as itnist possible to test all in-put
sequencés Some causes of control system failure are listethe European Wind
Turbine Certification Guideline@001).

=  The Protection System

The protective system also known as the safetyesystomprises the hydraulic
system, the mechanical brakes and the pitch sysi@émEuropean Wind Turbine
Certification GuidelinesEWTCG-2001) states that “where the pitch system is
used as part of the braking system it shall be idemed as part of the protecting
system and evaluated as su@age 21 of the EWTCG).

2.3.2.20 Nacelle Canopies and Spinners

The canopy covers and protects the wind turbin@mponents from weather
elements. The spinner covers the hub and the pgsbmbly. Nacelle canopies and
spinners are usually made from composite mate(liglst weight) such as fibreglass
reinforced plastic (GRP). This is to reduce theralldmposed load of the wind
turbine, and ensure high strength and stiffnessdight ratio. Composite materials

are corrosion resistant and good electrical ineugat
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2.3.2.21 Tower

The tower of a wind turbine raises the main paftthe turbine to a height where
conversion of energy from the wind can be optimisgte tower transmits self and
imposed loads of the turbine to the foundation.ndiurbine towers can be made
from reinforced concreteand painted or galvanised steelSome common tower
designs includefree-standing latticétruss),guyed-lattice(pole) andubular towers
(Manwell et al. 2002). Tubular towers are commamed in offshore wind turbines
because they are fabricated in sections of sigmfitengths and erected on site with
less bolted connections. Tubular towers require [@iodic inspection for loose
torque. The tower also provides a safe climbingeascto nacelle, and is

aesthetically better than the other types of towérse mentioned.

2.3.2.22 Foundation

The foundation of a wind turbine keeps it in anigipr and stable position even
under extreme weather conditions. The foundati@nsfiers the weight of all
imposed loads to the surrounding soil. Two commoatenials used in the
construction of wind turbine’s foundations a@ncreteandsteel Common designs
include pad foundation often used onshore whil&oncrete caissons, steel

gravitational, tripod and mono pildsundationsare usually usedffshore.

24 COST SIGNIFICANT ITEMS WITHIN A WIND TURBINE

This section identifies cost significant items witha wind turbine i.e. where
consequences of failure will result in significéimancial loss. Figure 2.6 presents a
cost breakdown of a typical wind turbine. The nkcedhich contains the main-drive
and the generator is about 56% of the total cost wind turbine. The rotor which
comprises the blades, the hub and associated c@&ngsors about 29%, and the

tower is approximately 15%.

A further breakdown of cost of components/subsystenthin a nacelle of a wind
turbine is shown in figure 2.7. The gearbox, cotereand the generator have 33%,
17% and 13% respectively of the total cost of aeltlacThus, the gearbox, converter

and the generator are the cost significant itentisimva nacelle of a wind turbine.
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Towers

Rotor

Nacelle 29%
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Figure 2.6 cost significant items of a typical 60RW wind turbine

Hub casting machined’ aV\é/Drives
5% ® _Front Bed plate
4%

Nacelle cover
4%

Control cabinet
4%

G%%B/ box

Rotor s E . 0

4% Blade bearing&enerator
5% 13%

Figure 2.7 Percentage costs of components withinNacelle of 600 kW Turbine

Figures 2.2-2.4 have shown the blades, gearboxergtn, yaw system, hydraulic
system, electrical and control system are the mapuses of failure of wind
turbines. Coincidentally, the blades, gearbox, gEoe electrical and control
system are cost significant items within a windbtoe (figures 2.6 and 2.7).
Therefore, it is crucial to improve the performanoé wind turbines by
implementing suitable maintenance tasks aimed attimge equipment specific

needs.
2.5 TOOLS AND TECHNIQUES OF ASSET MANAGEMENT

This section gives a brief description as well he uses of some tools and

techniques used in asset management.
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2.5.1 Hazard and Operatibility Study

Hazard and Operatibility Study (HAZOP) is Bottom-Up detailed hazard
identification technique that examines processescequures and organisational
change to identify critical deviations in processitsal It identifies all possible
hazards associated with the deviations and detesmihe resultant effects. The
effects are analysed so that the risk of the evearisbe quantified in tangible terms
(Smith D.J., 2001). HAZOP is used in organisatiomsere micro details are
required to address botfard-wareandpeople-waresystems. It reduces or removes
hazards that can cause process interruption oruptioth losses due to mistakes
made by operators, and to some limited extent egenp breakdown (Smith D.J.,
2001).

2.5.2 Fault Tree Analysis

Fault Tree Analysis (FTA) is a frequency and proalitgbanalysis technique that

permits the assessment of an undesirable eventaiemt. It starts with a major

‘Top’ event and works its way down, in a bid to éstigate and identify possible

combinations of factors that can lead to the oenae of the event (Huggett, J. et al.
2003). FTA is used to find the root-causes of adesgirable event in order to

determine a solution. It can also be used to estirmansequences and probabilities

of occurrence of a top-event (Huggett, J. et b330

2.5.3 Event Tree Analysis

Event Tree Analysis (ETA) is a technique which pésreequential assessment of an
initiating eventto identify and quantify all possible effects betevent. It identifies
remedies for minimising the consequences of thentegiduggett, J. et al. 2003).
ETA is often used during the design phase of aripegent to assess potential
accidents resulting from a postulated initiatingmv It is also used on operating
facilities to assess the adequacy of existing gafeatures or to examine the

potential out comes of equipment failures (Huggktet al. 2003).
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2.5.4 Critical Task Analysis

Critical Task Analysis (CTA) is &op-Downhazard identification technique that
analyses work in terms of the tasks performed terdene criticality rating of all
possible risks associated with the tasks that ar@erformed properly. CTA is used
in task-based activities to highlight critical tagkat need to be carried out correctly.
It outlines appropriate procedures and indicaté®m@E and precautions that will
prevent or minimise potential losses. CTA is usedttucture working procedures
(Huggett, J. et al. 2003).

2.5.5 Quantified Risk Analysis

Quantified Risk Analysis (QRA) is a technique thatlyses risks associated with a
particular event. It assesses the nature of the @ad the probability of occurrence.
The impact of various available options to atteauhe risks is assessed. Financial
values are assigned to each of the identified npt{&olluru, 1996)QRA is used to
establish a priority ranking for risk reduction,that management can prioritise their
expenditure to get the best HSE benefit for thetleast (Kolluru, 1996).

2.5.6 Root Cause Analysis

Root Cause Analysis (RCA) is a technique that cotdda full-blown analysis to
identify the latent root causes of ‘Why’ any undable event occurred. It identifies
necessary steps to eliminate the event in its edgtiand prevent reoccurrence
(Reliability Center Inc, 2000). RCA finds and cante the causes of a problem,
hence it is used where solutions are sought to stoplems from happening again
(Reliability Center Inc, 2000)

2.5.7 Structured What-if Technique

Structured What-if Technique (SWIFT) is a high leVep-Downsystem-oriented
hazard identification method. It examines the whesylstem or subsystem to identify
all possible hazards, causes and frequency of mmwe to produce risk priority
ranking. The technique is based on structured simming efforts by a team of
experienced process experts with supplemental ignsstrom a structured what-if
check list (Cox and Tait, 1998pWIFT is often used in hazard based operations as
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an indicator of the seriousness of risks and howkdy actions must be taken by
management to remove or mitigate the hazards baseke causes (Cox and Tait,
1998).

Other AM tools and techniques include the Religpientred Maintenance (RCM),
Failure Modes and Effects Analysis (FMEA), Risk Basinspection (RBI) and

Total Productive Maintenance (TPM). These are dised in chapter 3.

2.6 CONDITION MONITORING TECHNIQUES AND WIND TURBIN ES
Condition-Based Maintenance (CBM) strategy depends the utilisation of
appropriate condition monitoring techniques. Cdoditmonitoring is "..extracting
information from machines to indicate their conaliti and to enable them be
operated and maintained with safety and ecoriofMoubray, 1991). Verbruggen
(2003) and Infield (2004) listed some condition marmng techniques that are
potentially applicable to wind turbines. Some oégé techniques are discussed

below.

2.6.1 Strain Measurement

Strain-gauges attached to the surfaces of a witdhieis blades are used to measure
strain in the blades. This is done by measuringngéa in electrical resistance in the
strain gauge. The technique is used for laboratidestime prediction and
safeguarding of the stress level of blades (Verpengl. W. 2003).

2.6.2 Acoustic Analysis Technique

Acoustic monitoring involves attaching acoustics®s to wind turbine blades, and
thenlisteningto the sounds generated by the blades. The semsoedtached to the
blades by using flexible glue with low attenuatidmnormal sounds which are not
related to the dynamic loading of the turbine adidators of possible blade failure.
The variability of wind speed, wave, turbulencevasd! as the dynamic operating

nature of wind turbines can limit the use of acmushalyses technique.
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2.6.3 Vibration Analysis Technique

Vibration monitoring involves the use of vibrati@ensors mounted rigidly on
equipment to register its local motion. The techeigs used to monitor the
condition of rotating components of a wind turbieach as the blades, main
bearings, main shaft, gearbox and associated cosmpon(gearwheels, shafts,
bearings), generator and associated componentsinggarotor, stator) (Infield,

2004). There are 3 sensors commonly used in vdrationitoring; transducers,
displacement and acceleration (Mitchell, 1993). &Viturbines, unlike other

equipment, operate on both steady and dynamic leadwell as high and low

rotational speeds. These make signal analysis iagaasis difficult (Verbruggen T.

W. 2003). Vibration analysis of wind turbines compots and subsystems are

expounded upon in chapter 8.

2.6.4 Performance/ Process Parameter Technique

A wind turbine is designed to operate within a defi wind speed limit. The
controller of a wind turbine measures the wind spaed the main-shaft rotational
speed as analogue signals. The main-shaft rothpead is supposed to be directly
proportional to the wind speed. Any significantigéion in the measured parameters
indicates possible failure of the rotor (Infield)@). However, the variation does
not precisely indicate the equipment associated whte failure; hence failure
detection using parameter/process technique lgheespecific causes of failure and

the extent unknown.

In addition to the wind and main-shaft rotationaéed, the controller measures the
high-speed-shaft rotational speed as an analogmalsiFor every in-put speed of
the main shaft, there is a predetermined correspgrapeed of the high-speed-shaft
as an out-put from the gearbox. Variation betwéenactual and the predetermined
rotational speed of the high-speed-shaft is ancatdin of failure of the gearbox.

Also, the bearings and gear-oil temperatures arasored as analogue signals.
Excessive bearing temperature is an indication edring failure or insufficient

lubrication.
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Furthermore, the controller of the wind turbine swas wind speed, generator
temperature, high-speed-shaft rotational speedage] current, all as analogue
signals. The voltage and current are used to aletihe actual power out-put. For a
given high-speed-shatft rotational speed, therecisrgesponding expected power out
put. Significant variations between the expected ealculated power is indicative

of generator failure.

The performance/process parameter technique lastime fault diagnosis. Its
effectiveness depends on the mode of calculatiah comparison. Measurement
errors may indicate failure which will invariablyfect the operation of the wind
turbine. Robust application will involve developnterof algorithms such that
measurements and comparisons can be generatedatictity. Another draw back
is the dependence of the monitoring system ondhéraller. This means that a fault

on the controller could affect the monitoring prese

2.6.5 Visual Examination

One of the reasons for installing condition monitgrsystems on wind turbines is to
reduce the number of maintenance activities whicbldc be very expensive and
sometimes restricted by weather conditions. Visxamination involves physical
examination of the condition of wind turbine’s commgnts and subsystems such as
detection of cracks in blades, etc. The technigas nequire the deployment of
cranes and crane-vessels in onshore and offshand férms respectively. In
addition to the access costs, invisible failures ot be detectable by using this

technique.

2.6.6 Fibre Optics Measurement

Optical fibre sensors can be embedded in the blstdecture to enable the
measurement of five parameters which are criticalbtade failure. The five

parameters includestrain measurementvhich monitors the blade loading and
vibration level, temperature measuremeffior likely over-heating,acceleration

measurementto monitor pitch angle and rotor positiorgrack detection

measuremenisand lightning detectionwhich measures front steepness, maximum
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current and specific energy. The loading data fldades sensors can be used for
real-time pitch control. This reduces significarite out-of balance loading on the

tower and foundation.

2.6.7 Oil Analysis Technique

This technique serves a dual-function; first teegafird the quality of lubrication oil
(contamination by parts, moisture) and secondlysafeguard the components
involved (characterisation of parts). In order tdeguard the oil quality, on-line
sensors are used for part-counting and moistuectien. The oil analyses are done
off-line by taking samples at prescribed interval§he majority of maintenance
activities require climbing the turbine’s tower, damworking either within the
confines of the nacelle or outside by using thefgien below the nacelle. Thus the
remoteness of work place and accessibility for dam@king are factors to be

considered.

For safeguarding components, samples are takemeatvals for off-line analysis.
The interval for sample taking constitutes a probigith the technical applicability
of the technique. For instance, if the level ofedietration is not identified, then it is
difficult to determine whether the component oripment will not fail before the
next sample taking. The technique is best used aspporting test to indicate

components with excessive wear.

PhD Thesis, The Robert Gordon University Aberdeen, 2008. 41



Maintenance Optimisation for Wind Turbines

CHAPTER 3
APPROACH AND METHODOLOGY

3.1 INTRODUCTION

This chapter presents and discusses the approathmathodology adopted to
achieve the research aim and objectives statechapi€r 1. The methodology to
design a framework for re-organising the wind egengdustry into an asset
management-based industry is presented in sect@nSgction 3.3 presents the
methodology for the selection of a suitable maiatexe strategy for wind turbines.
Sections 3.4 and 3.5 present the approach and dwtgy for quantitative

maintenance optimisation; Modelling System Faillaed Delay-time Mathematical
Maintenance model respectively. Data requirememtdife optimisation processes
and the collection technique are discussed in aec8.6. Finally, section 3.7

presents the summary of the chapter.

3.2 DESIGN OF A STRUCTURED ASSET MANAGEMENT MODEL

Asset Management (AM) has evolved as a means wibdesa holistic application
of business best practices in order to satisfy stdlkeholders’ requirements.
Successful AM organisations utilise a frameworlkaanodel (Holland, 2002) to link
all the vital requirements for effective managenarssets (Townsend, 1998). AM
models are not information management systems lméthod or process through
which valid decisions can be made in the wider exintof external business
expectations (Gyimothy and Dunay, 2004). In thet,pgeneric business models
were used for management of assets but theseofaibmsider and align assets
specific needs with corporate business values. yef2904)for example observed
that there is a need to develop an industry-sme&ifl model to incorporate suitable
maintenance management strategies that will magithis return on investments in

physical assets.
The AM process commences by identifying businedsiegawhich control the

industry’s performance (Liyanage and Kumar, 200hp g&he assets that are

indispensable to drive and sustain the future es¢hvalues (Woodhouse, 2000).
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These ensure that thsetfategic and tactical decisions that are requiteddeliver
the asset management mission are clearly drivethéyasset itself rather than any
activity’ (Townsend, 1998). Appropriate Key Performancedatbrs (KPI) and Key
Performance Measurement (KPM) frameworks are foamedl (Liyanage and
Kumar, 2001) to allow effective evaluation of adtparformance in comparison to
intended targets. This sets continuous performanggovements in motion by
identifying gaps and opportunities so that appadpristrategies for harnessing the

benefits can be determined and implemented.

The subject of Asset Management has been addreys€dwnsend1998)using a
three-tiered mode{i.e. Business Valueg\sset Management Life-Cycle Phasasd
Asset Management Processe$he first tier identifies strategic business ues
which the asset manager is seeking to contribute.second tier identifies the phase
of asset management life-cycle that must be manageatder to deliver these
values. Finally, the third tier identifies the pess in which the asset manager will
be engaged as the life-cycle phases are managadarSphilosophical thinking is
presented by Woodhouse (2000), Hammond and JoA88)(2

The wind industry currently lacks a holistic franmw to combine and rationalise

opposing stakeholders’ demands, and to also enthak assets remain in a

satisfactory condition over the life-cycle of wifekms. A methodology to design a

structured model for asset management in the wiedgy industry is outlined in the

following six (6) key steps:

= Review of literature pertinent to AM to understahd generic concept of AM
processes, models, tools and techniques existiathar industries.

=  Critical assessment of the wind energy industridémtify business values and
assets that drive the long-term survival and pg#iteration of wind farms.

= I|dentification of crucial requirements for effedivmanagement of the
identified business values and assets of the vands.

= Designing a frame-work to harness and transfornctheial requirements for
the effective management of wind farms into AM m@meses for the wind

industry.
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= A detailed design of each AM process with an expégplanation including
the incorporated AM tools and techniques.

= Logical integration of all the designed process using a unique process
modelling technique to form a robust structured etddr AM in the wind

energy industry.

These six (6) key steps are followed logically mapter 4 to design a structured

model for asset management in the wind energy tndus

3.3 THE SELECTION OF A SUITABLE MAINTENANCE STRATEG Y

One of the fundamental issues raised in chapteag tve common maintenance
strategies applied to wind turbines are inadeqt@mtameet the current commercial
drivers of the wind industry. Consequently, a nemdsts to determine an

appropriat® maintenance strategy for wind turbines withinwhder context of asset

management methodology. A number of approacheseterrdine appropriate

maintenance strategies for physical assets exigtdanfield of asset management,

these include:

3.3.1 Total Productive Maintenance

This approach evaluates potential causes of aafatef by focusing on the machine,
methods of operation, measurement styles, manpewer and materials. Total
Productive Maintenance (TPM) assesses a failureenbydasking ‘Why’ up to five
times, in a bid to trace the problem to its roaisea The approach is used often in
the manufacturing sector to treat, tolerate, transf terminate a problem (DeHaas,
1997). However, TPM is constrained on the spedificls needed to determine
which tasks are worth doing in terms of risk coesadion and equipment life

expectancy (Woodhouse, 2002).

3.3.2 Risk Based Inspection
Risk Based Inspection (RBI) systematically assest#ic-equipment to determine

appropriate condition monitoring methods for equeptnwith high likelihood and

212
8 technically feasible and economically viable overlifeecycle of wind turbines
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consequence of failure. It uses risk as a basispfaoritising and managing
inspection programs of static-equipment. The apgroallows development of
equipment-specific inspection plans as well asnoigtng inspection methods and
intervals (Wintle et al. 2001; Favvennec, 2001)wdwer RBI is notably weak in
determining how much to spend on inspections amdliion monitoring systems

and also in pointing to alternative risk-treatmeptions (Woodhouse, 2002).

3.3.3 Reliability-Centred Maintenance

Reliability-Centred Maintenance (RCM) identifies wgain which components or
systems at the design stage or already in opereaginriail to perform their intended
design functions. The approach focuses on the ifumetof equipment in order to
predict failure modes and the resultant consequenroethat suitable maintenance
actions can be determined (Moubray, 1991; Lati®®7). This makes RCM unique
from the other approaches. Moubray (2000) expl#ias no comparable technique
exists for identifying the true, safe minimum of athmust be done to preserve the
functions of physical assets in the way that RCMsdoRCM originated in the
aircraft industry and has been applied with considle success in several industrial
sectors, for example, Railways (Marquez et al. 2008fshore Oil & Gas (Arthur
and Dunn, 2001); Manufacturing sector (Decade anddk, 2003) etc.

The entire purpose of maintenance is to ensurentia@hines continue to do what
their users want of them. Therefore the first $tegetermine a suitable maintenance
strategy is to understand what is required of aetasow this can be affected and
the consequences. RCM which is defined asd'.systematic consideration of
system functions, the way functions can fail, amatiarity-based consideration of
safety and economics that identifies applicable effieictive preventive maintenance
task$ (Rausand, 1998), provides the necessary undegrlgoncepts to do this by
asking and building upon seven basic questions fviogy 1991) in the sequence
shown below:

=  What are the functions and associated desired atdsaf performance of the

asset in its present operating context (functions)?

= In what ways can it fail to fulfil its functionsyihctional failures)?
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=  What causes each functional failure (failure moees)

=  What happens when each failure occurs (failurecej@

= In what way does each failure matter (failure couseces)?

=  What should be done to predict or prevent eachriaiproactive tasks and task
intervals)?

= What should be done if a suitable proactive tasknoa be found (default

actions)?

Answering the 7 basic RCM questions about a windime will identify ways in
which a wind turbine already in operation can failperform its design intentions
and the resultant consequences. However, RCM abnienited in determining
which maintenance strategies are the most costctieffe options available
(Woodhouse, 2002).

3.3.4 A Hybrid Approach (RCM plus ALCA)

Given the limitation of RCM to assess the econowmbility of selected options, a
very strong economic assessment technique knowmeassset Life-Cycle Analysis
is in this thesis integrated into the RCM to formydorid approach. Asset Life-Cycle
Analysis (ALCA) is defined as “.the combined evaluation of capital costs with
future performance, operating and maintenance ioapions, life expectancies and

eventual disposal or replacemeitan assét(Woodhouse, 2002).

In the hybrid approach, RCM approach is used terdghe possible failure modes,
causes and the resultant effects on system oper&@aure consequences of critical
components and subsystems are evaluated and exgbriesEnancial terms. Then,
the ALCA technique is used to assess the commerdaility of selected
maintenance activities; taking into account geokiegl location, intermittent
operation and value of generation. Uncertaintieshm financial calculations are
identified and risk assessed using a probabilisttbnique of the Crystal Ball Monte
Carlo simulation software. The Crystal Ball Montarld simulation software is

commercially availablehttp://www.decisioneering.com/crystal_ball/indexafft It

is a leading software suite for financial and ecoiworisk assessment. Non-financial
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aspects of the selected activities are identified assessed using a Weighted
Evaluation (WE) technique and Benefit-to-cost rafithis hybrid approach is

applied in chapter 5 to select a suitable mainteaairategy for wind turbines.

3.4  MAINTENANCE OPTIMISATION

Maintenance optimisation [s..a process that attempts to balance the mainteaanc
requirements (legislative, economic, technical,)edad the resources used to carry
out the maintenance program (people, spares, coablas, equipment, facilities,
etc.)”(Systems Reliability Centre). In chapter 2, we axptd that determining and
implementing suitable maintenance strategies forsighl assets is not in itself a
means to an end, but that maintenance activitightdo be optimised. It was further
explained that maintenance optimisation is not e@ff procedure but a continuous
process which requires periodic evaluation of pemince and improving on the

successes of the past.

The main purpose of maintenance optimisation isdétermine the most cost-
effective maintenance strategy. This strategy shquiovide the best possible
balance between direct maintenance costs (labaterrals, administration) and the
consequences or penalty of not performing maintemas required (i.e. labour,
materials, administration, loss of production andic@pated profit, etc) without
prejudice to Health, Safety and Environmental (HS&jtors. The concept of

maintenance optimisation is illustrated concepyuallFigure 3.1.

Evidently, carrying out maintenance activities sug$ inspection, preventative
maintenance, and replacement of components mogedntly, increases the direct
cost of maintenance. Thus, the risk exposure octimsequences of not performing
maintenance activities as required, reduces. Homyvetlee less frequent the
maintenance activities, the lower the maintenanost,cand the higher the risk
exposure. Optimisation deals with the interactietween these factors and aims to
determine the optimum level. This is usually ob¢gimt the lowest point on the total
combination of the key variables, where maintenaut®ities are carried out at the

lowest total impact (optimal cost and intervalshswn in Figure 3.1.
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Figure 3.1 Maintenance Optimisation Concept

3.4.1 Types of Maintenance Optimisation

There are two common approaches to maintenancenisption; qualitative and
guantitative. Arthur (2005) and Scarf (1997) obsdrthatqualitative maintenance
optimisation is often clouded with subjective opmiand experience, and further
suggest the utilisation @fuantitativemethods to optimise the maintenance activities

of physical assets.

3.4.1.1 Quantitative Maintenance Optimisation

Quantitative maintenance optimisation (QMO) techei& employ a mathematical
model in which both costs and benefits of mainteraare quantified and an
optimum balance between both is obtained (Dekk@®6) There are a number of
QMO techniques in the field of Applied Mathematsssd Operational Research, for
example, Markov Chains and Analytical hierarchygesses (Chiang and Yuan,
2001); Genetic Algorithms (Tsai et al. 2001), édowever, most of the approaches
are criticised by Scarf (1997), Dekker (1996), aAdhur (2005) for being
developed for mathematical purposes only and adoseused in practical asset
management to solve real-life maintenance probldmsthermore, Arthur (2005)
observed that....quantitative maintenance optimisation can be ded through the
rigorous data demands of mathematical modelling #rebe same models require

data that is often unavailable”
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Modelling System Failures (MSF) is a QMO technidgjo& has been recommended
as the best approach to assess the reliability agionise the maintenance of
mechanical systems (Davidson and Hunsley, 1994jayPEme Maintenance
Model (DTMM) (Scarf, 1997) is attractive for itsygplified mathematical modelling
and has been applied practically to optimise thgpection intervals of some
physical assets with considerable success. For@eairthur (2005) has employed
it to optimise inspection intervals for an Oil afhs water injection pumping
system. The approaches of the two QMO are now sisszliin more detalil.

3.5 MODELLING SYSTEM FAILURES

The modelling System Failures (MSF) technigue ermlthe investigation of
operations and failure patterns of equipment byintakinto account failure

distribution, repair delays, spare-holding, andouese availability to determine
optimum maintenance requirements (Davidson and ldyn$994). The first step in
the approach is to identify a suitatdeatistical distributionthat will best fit the

assessed failure characteristics of the physica@taSecondly, a suitabparameter

estimationmethod is selected to calculate the parametetiseoidentified statistical
distribution. Then, the calculated parameters aeduo design Reliability Block
Diagrams (RBD) to model the failures of the as3éie RBD permits the use of
Monte Carlo simulations software to assess andméie the optimal levels of key
maintenance variables such as costs, spare holdingslevel of reliability and

availability required, etc.

3.5.1 Statistical Distributions

Fundamentally, there are thrgeatterns of failure that describe the failure
characteristics of mechanical systems (DavidsonHunisley, 1994). These include
reducing constantandincreasingfailure patterns as illustrated in Figure 3.2. The
figure displays a curve usually referred to alBazard rateor most commonly a
bath-tub curve The reducing failure pattern usually known as itifant mortality
denotes failures that occur at the early-life ofiipment and the likelihood of
occurrence reduces as the age of the equipmergaises. The constant failure

pattern represents failures that are independeneqoiipment age, that is, the
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likelihood of occurrence is invariable through dbé life-cycle of the equipment.
Lastly, the increasing failure pattern commonlyeredd to asvear-outsymbolises
failures that occur at the later life of equipmehagt is, the likelihood of occurrence
increases with the age of the equipment. It is lvadting, that the bath-tub curves
differ for different pieces of equipment in the witurbine. The reader is referred to

(Moubray, 1991) for a more detailed study on typiefilure pattern.

Reducing Constant : Increasing

p<1 p=1

Hazard rate

Equipment life

Figure 3.2 ‘Bath-Tub’ curve showing failure patterns

A number of statistical distributions exist to fite failure patterns described. The
Exponential distribution describes a constant thzeate while Normal and
Lognormal describe effectively the period of insieg hazard rate (Davidson and
Hunsley, 1994). However, the most commonly usedridigion is the Weibull
named after a Swedish engineer Waloddi Weibull {18879) who formulated and
popularised the use of the distribution for relidépianalysis. The distribution is
very versatile as it fits all the three basic patgeof failure. Note that the Weibull
distribution is also employed in the analysis ohavispeed distribution but this is

outside the scope of this research work.

3.5.2 The Weibull Distribution
The Weibull distribution can be represented in f3edent forms; 3-parameter, 2-
parameter and l-parameter. The 3-parameter andaipser Weibull distribution

probability density functioms given in Equations 3.1 and 3.2 respectively.
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n=£(Tor) e P
n\n
Where,
f(M)=0T=00ry,>0,7>0-cw<y<o. B, n and y represent theshape
scaleandlocation parameter respectively. Note that the location rpatar does not
necessarily represent failure free interval.
~ C
1(r)=C (IJC ') 32)
Ui
The one parameter Weibyddfis obtained by setting = O in the equation 3.1, and
assumingB = C or assumed value from past experience on igdnbr similar

products. The only unknown parameter is the scalarpeter ).

The 2-parameter Weibull distribution denoted hyrabability density function (pdf)
and cumulative distribution function (cdfpgiven in Equations 3.3 and 3.4

respectively is considered exclusively due to rtsall acceptability.

f(T)= - [I}ﬁ'le—[;] , 720, 5>0,7>0 (3-3)
n\n
ol
F(T)=1-e " (3.4)

Where £ ands represent thehapeandscaleparameter respectively. The value of
B describes the failure pattern of the equipmentaAgneral rule, < 1) means a
reducing failure pattern, £=1) signifies a constant failure pattern ang@>1)
indicates an increasing failure pattern, as degiateFigure 3.2. Conversely, the
scale parameter denotes the characteristic lifthn@fequipment; the time at which
there is an approximately 0.632 probability tha¢ #gquipment will have failed
(Davidson and Hunsley, 1994). Estimating the patamsaequires a suitable method

that will best fit the characteristics of the cotled data.
3.5.3 Parameter Estimation Methods

Common parameter estimation methods include prébaplot, regression analysis
and Maximum Likelihood Estimation (MLE). The chawstics of collected data
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influence the estimation method to be used. Theessipn analysis is suitable for a
complete data sample, that is, all the equipmedeuassessment has failed within
the period under consideration. Field or life fegldata are seldom complete as they
are often subjected tsuspensionsor censorings An item could have been
temporarily removed from the test during the testnval or the test interval could
elapse before an item fails. The probability plotdahe regression analysis are
limited in dealing with data sets containing a tigkly large number of suspensions

or censorings (Cohen, 1965).

3.5.4 Maximum Likelihood Estimation

The Maximum Likelihood Estimation (MLE) takes intaccount the times-to-

suspension or censoring in the estimation procésshwmakes it a more robust and
rigorous estimation method. The process of usimg riaximum likelihood to

estimate the parameters of the Weibull distributiwhen data are censored or

suspended is now discussed.

Consider a random failure sample consisting of ipleltcensoring or suspension.

Suppose that censoring occurs progressively istages at time$, wherel, >T,_,,
i=12.....k and that at thath stage of censoring, sample specimens selected
randomly from the survivors at timg are removed from further observation.Nf

designates the total sample size anthe number of specimens which fail at times

T, and therefore provide completely determined Ifarss (Cohen, 1965), it follows

that

N:n+2ri (3.5)

The likelihood function is
n k
L=C [ f(T. 1-F(T)" &B.
] (r) [h-F@)

WhereC is a constantf (T) is thepdf, and F(T) is thecdf.

PhD Thesis, The Robert Gordon University Aberdeen, 2008. 52



Maintenance Optimisation for Wind Turbines

Note: Harris and Stocker (1998) defined a likelithofunction L () as ‘the
probability or probability density for the occurre@ of a sample configuration,x
..., X given that the probability density f(x) with parameter is unknown i.e. L
(a) = f(Xq; @)... T(%; @)” . Substituting equations 3.3 and 3.4 in 3.17, tiading the
natural logarithm and partial derivative of the atijpn with respecf andn will

result in Equations that can be used to estima&tedlues off andn respectively.

ReliaSoft Weibull ++7 softwareh{tp://www.ReliaSoft.com) which is based on the

fundamental mathematical principles of the MLE d&sed above will be used to
analyse field failure data of wind turbines. Thdtware package is commercially
available, and robust in life data analysis. Itcaldtes automatically thp andn
parameters of the Weibull distribution and allowswanber of graphs such as the
Weibull probability plots reliability graphs failure verses time plotgprobability
density function graphs, eto be generated. In chapter 6, MLE in the Weibull

distribution is used to analyse collected fielduia data of wind turbines.

The estimated values off and# of each component within a subsystem will be
used to design Reliability Block Diagrams (RBD) tmodel the failures of the
subsystem. TheZ and s values for each subsystem within a system arenattu

to model the failures of the system. For examptmsaler a wind turbine as a
system and the gearbox of the turbine as a sulmsyswh the following
components; shafts, intermediary speed shaft (IM&rings, high speed shaft
(HSS) bearings, key ways, gear-teeth etc. @hadn of each of the components are
estimated to model the failure behaviour of therigea Similarly, thef andn of
each subsystem of the turbine such as the geneyator hub etc are estimated to

model the failures of the wind turbine.

In the modelling, Reliability Block Diagrams (RBDare designed for the
subsystems to incorporate the failure charactesisif the components. Then, the
RBD of the subsystems are used to model the failmfethe wind turbine as
illustrated conceptually in figure 3.3. Thus, tlagldre behaviour of the wind turbine

can be used in modelling the failure charactesstt a selected wind farm. It is
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worth noting however, that the modelling procesdegend on the availability of
failure data to estimate tifleandn values for the components and subsystems of the
wind turbine. The models are simulated to assesk aptimise the reliability,
availability and maintainability of the wind turldras well as the wind farm; taking
into account the costs and availability of mainteseacrew and spare holdings.

‘ReliaSoft BlockSim-7" software hitp://www.ReliaSoft.com) will be used in

chapter 7 to model and assess the reliability, l@vidity and maintainability of a

selected wind turbine and a wind farm, the softwees Monte Carlo simulation.

-------------
-----------------------------
-----------------------
““““
R

L}
.
*, 0
HSS Vor . g { ‘ . i
Gears ~ % [Bearin: Rotor —¥ Windings :
Beanngs P W g

Wind Turbine

Figure 3.3 Modelling wind turbine failures

3.6 DELAY-TIME MAINTENANCE MATHEMATICAL MODEL

The delay-time mathematical model examines equiprfadinre patterns by taking

into account failure consequences, inspection castk intervals to determine an
optimal inspection interval. The time taken by acipient failure to deteriorate from
inception to catastrophic event is fundamentaletednining maintenance intervals.

This is illustrated in Figure 3.4.

In an RCM approach, P-F intervals are determindajestively on the basis of
engineering judgement and experience (Rausand,) 1988 P-F interval determines
the frequency of CBM activies and is wusually ¢ir out at a

time< P-F Interval/2. Moubray (1991) although questionable suggestex\fiays
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to determine P-F intervals for equipment but codeti ‘it is either impossible,
impracticable or too expensive to try to determi intervals on an empirical
basis. A simple quantitative mathematical model knows the delay-time
maintenance model (Scarf, 1998) allows the deteatimin of optimal inspection
interval by taking into account costs, risks andgenance. The delay-time is the
time between a defect becoming apparent and furadti@ilure actually occurring.
This is synonymous to the P-F interval. The conadpthe delay-time model is

discussed in the next subsection.

S = Point where defect initiates

P = Point where defect can be
P identified (Potential failure)

F = Point where component fails
(Functional failure)

Condiition

Time P-F i
Interval !

Figure 3.4 Potential-to-Functional failure intervals

3.5.1 Concept of the Delay-time Maintenance Mathematica\Viodel

This maintenance mathematical model proposes ad&oizocess of defects rate of
arrival (a); exponentially distributed delay-times with me@ly ), and perfect
inspection. Perfect inspection permits the detactb all expected failure modes.
Note the defects rate of arrival connote completieife of an item or defects found
during inspection. Suppose all the gearboxes ofivimbines in a particular wind
farm are subjected to regularly spaced inspectjsush as vibration analysis) with
inspections occurring evedy in the interval [0, T]; where T is a multiple dfas
shown conceptually in figure 3.5. Two defect arrivecenarios (F and k)
underpinning the principles of the delay-time math&cal model are shown in the
figure. Incipient failure F occurs between inspection intervals, is detectethe

next inspection &which is then followed by a repair or, Foccurs, fails

catastrophically af before the next inspectiof\3
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L A &
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Inspection interval
O ) Period under consideration g T

Figure 3.5 delay-time concept

Thus, for a component observed over a period oBysdvith inspections equally
spaced at intervals oA days, the maximum likelihood estimates satisfy the

expressions;
G = ? [Baker et al. 1997] (3.7)

Where;a = defect rate, n = total number of defects obskfve. the sum of failed
and repaired equipments), and T = period underideration. Also

$ (=R

=gt -1 ef-1

(N=K) [Baker et al. 1997] (3.8)

Where k failures are observed at times (i=1,............. K) from the last
inspection, andn -k defects are found at inspectiongand g are estimates of

yanda respectively. The optimal inspection interval satisfies the expression
@+ yN)e” :1_% , which has a solution providegt, < ac, (3.9)

Where c, is the cost of inspection and repair, and the cost or consequences of
failure (Baker et al. 1997). Equations 3.8 andc&af be solved by amending them to
equations 3.10 and 3.11 respectively, and usingeaative procedure or trial and

error approach to find the valuesyodindA for which f (y) and f (A*) are zero.

f(y)zz[ . j+(n—k)( P“lj—(n—k) 3.10)
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f(AF) =1+ yA* ) e’ —[1— %} (3.11)

The reader is referred to [Baker et al. 1997; Bakaat Christer, 1994; Baker and
Wang, 1991] for a detailed study on the concept derivation of the delay-time

maintenance mathematical model.

3.7 DATA REQUIREMENT AND COLLECTION

Historical failure data pertinent to the criticalnagponents and subsystems of wind
turbines will be extracted from the Supervisory €ohand Data Acquisition
(SCADA) system of wind farms. The SCADA system melsofailures and the date
and time of occurrence; this will be used in cogjion with maintenance Work
Orders (WOs) of the same period to ascertain tleeifip type of failure and the
components involved. Information will be sourcednfi wind farms (comprising
turbines of different capacity ratings) locatedhintthe same geographical region.
The collected data will be organised in accordandth the type, design and
capacity of the wind turbines. For example, faildiaga of all 600 kW horizontal
axis turbines will be extracted and collated. Mails further re-grouped according to
subsystems and components of the wind turbine hed te-arranged in order of
failure modes and dates. The asset identificationber and the serial numbers for

the subsystems and the components are essenteal/éy detailed analysis.

3.8 SUMMARY

The outlined methodology for designing a structuremtiel for asset management in
the wind energy industry will be applied in chapter The hybrid approach to
selection of a suitable maintenance strategy wilubed in chapter 5 to determine an
appropriate maintenance strategy for wind turbiffde modelling system failures
maintenance optimisation technique will be appiiedhapters 6 and 7 to assess and
optimise the reliability, availability and maintaipility of wind turbines on a
selected wind farm. The delay-time maintenance emattical model will be used in

chapter 8 to optimise the inspection intervalsrafoal subsystems of wind turbines
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on a selected wind farm. A number of case studiisb® used to demonstrate the

practical application of the discussed methodokagie
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CHAPTER 4

A STRUCTURED MODEL FOR ASSET
MANAGEMENT IN THE WIND INDUSTRY

4.1 INTRODUCTION

In chapter 2 it was explained that achieving arretin investment in wind farms is
affected by inter-related stakeholders’ requirermeas well as technical issues
associated with the assets. It was further expiaihat inter-related issues require a
holistic framework to combine and rationalise stakders’ demands, and ensure
assets remain in a satisfactory condition over lifeecycle of wind farms.
Consequently, six (6) key steps were outlined iaptér 3 to re-organise the wind

energy industry to support the applicability ofetsmanagement methodologies.

This chapter applies the outlined steps to desigstractured model for asset
management in the wind energy industry. Asset mamagt processes in the wind
energy industry are identified and arranged ingicll framework in section 4.2.

Detailed design of each of the identified struaueM processes is presented in
section 4.3. The overall picture of the structumsatiel, highlighting the need to pull
them together into a more coherent and effectivetyused whole is presented in
section 4.4. The potential benefits of the moded awtlined in section 4.5.

Institutional barriers in the way of practical irepientation as well as individual
responsibilities are discussed in sections 4.Galkinthe summary of the chapter is

presented in section 4.7.

4.2 ASSET MANAGEMENT PROCESSES IN THE WIND ENERGY
INDUSTRY

Literature pertinent to Asset Management was reeéew chapter 2 to understand
its processes, tools and techniques existing ierothdustries. Andrawus et al.
(20064a) critically assessed the wind energy ingusitd identified business values
and assets which drive the long-term survival arafitpgeneration of wind farms.

Crucial requirements for the effective managemenhtwind farms were also
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identified. The business values, assets and theatrtequirements are logically
harnessed and rationalised into a 3-level AM madethown conceptually in Figure
4.1 and described as followsevel 1 comprises “stakeholders’ requirements”
(process A-B) and “Mission and vision statemenpgd¢ess B-C). This is similar to
the ‘Business Values’ in the AM model describedCimapter 3 section 3.2evel 2
consist of “Assets classification and maintenanemagement” (process C-F) which
is synonymous to the"®and & tier in the model previously described. Finally,
level 3 comprise of “Overall continuous performamegrovements” (process F-A

or F-G). The detailed design of these processepmted in the next section.

= ]G>

Stakeholders’ Continuous performance
- A ' =
reguirements \_j improvement
e Workforce F
Mission and vision Wind turbines and grid
statements connection facilities
c Secondary Assets

indispensable to
core business

Integrated assets register and dafa
Management system \J

Figure 4.1 an outline framework for the Asset Managment process

Assets classification Primary Asset

4.3 DETAILED DESIGN OF THE MODEL
This section presents a detailed design of eatiecfisset management processes

shown in figure 4.1.

4.3.1 Stakeholders’ Requirements
The first stage involves recognising and assemidihgtakeholders’ requirements
which are often incompatible, and to unveil fundataé business values that will

drive the performance and long-term survival of wiad farms. This process will
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facilitate negotiation with appropriate parties gn@imit a rational trade-off between

conflicting priorities.

In the wind industry, the government creates a r@ass-enabling environment
through appropriate laws and also regulates thwitges of the industry through

regulatory bodies. Non-compliance with these lawd gegulations will result in

penalties and subsequent withdrawal of operatiognkes. Investors in the wind
energy sector desire a long-term business suniivaeased profitability as well as
enlarged market share in the global energy markie¢ end users expect lower
prices of energy in comparison to other sourcese Plablic expect absolute
protection of the environment. These varying anposng requirements need to be
harnessed and balanced for a sustainable fututeeofind energy industry. Figure

4.2 shows the stakeholders’ requirements flow mece

Stakeholders’
requirements

¥
' ' b '

Government Investors Consumers General public
Require complian¢e | Require Require Require protectior]
with =Business survival | =Lower price of of
=Regulations <> *Maximise return («* energy > "Environment
*Health, Safety and | on investment =Increase efficiengy | »Aquatic life, Birdg
Environment (HSE) | =Enlarge market =Increase quality of | *Navigation and
*Price control share service T defence facilities

Figure 4.2 stakeholders’ requirements flow process

4.3.2 Mission and Vision Statements

This process provides a bond between differingettalders’ requirements and the
overall business objectives. Unambiguous missiod a&ision statements are

essential (Woodhouse, 2000) to give clear and isadtie direction to manage

business values of the wind industry. The overnadiifiess objectives to uphold these

values should be defined to satisfy all the staldgve’ requirements. This often
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results in contradicting objectives and it is ingiere therefore to minimise the
variability in the objectives by translating thejettives into concise and well
communicated functions. Thus it is crucial the allerstrategies align the
departmental and individual responsibilities. An el Key Performance
Measurement (KPM) system should be designed teatethe requirements of the

stakeholders. Figure 4.3 shows the mission andrvisiatements flow process.

Mission & vision
statements

Define overall business
goals

Concise,
well communicated
do-able?

Establish overall KPM
=Return on investment
=Regulatory complianc
=Revenue generated
=Shareholder value

©

Figure 4.3 Mission and Vision statement flow proces

(1)

4.3.3 Asset Classification

Assets are basically classified into five main greEyre-Jackson and Winstone,
1999), these include physical (e.g. equipment, gntyp etc); human (e.g. labour,
skills, knowledge etc); intellectual (e.g. dataformation, patents, copy right,
design, etc); financial (e.g. money, credit, etoyl antangible (e.g. public image,
morale, goodwill, communication etc) assets. A wiadn holds a variety of these
assets, some are primary to the core businesstioBg@nd others facilitate the

performance of the primary assets. Classifying tasse this manner will draw

PhD Thesis, The Robert Gordon University Aberdeen, 2008. 62



Maintenance Optimisation for Wind Turbines

attention to assets that are indispensable to dhg-term survival of the wind
industry and also elucidate boundaries and intpeddencies of the assets. Figure

4.4 shows the asset classification flow process.

?

Asset classification

indispensable to™~_Yes
core business

A 4 A 4

Secondary assets Primary assets

® ®

Figure 4.4 asset categorisation flow process

4.3.4 Primary Asset

Wind turbines operate within defined wind speediténfcut-in and cut-out). The
generated energy is then transmitted and connedotélke electricity network for
distribution to consumers. Effective managementiofl turbines and the associated
grid connection facilities will require the formtilen of asset-based business
objectives to align the overall goals of the wildms. The objectives will include;
effective management of Health, Safety & Environtab(HSE) factors, improving
Reliability, Availability and Maintainability (RAM) minimising the Whole Life-
Cycle Costs (WLCC), and failure elimination. Debim and achievable targets
should be set to reflect the expected level of ggarhnce. Suitable strategies for
achieving the objectives should be determined byguappropriate AM tools and

techniques.

Reliability-Centred Maintenance (RCM) is an AM teajue used mostly to select

suitable maintenance strategies for physical agdétsibray, 1991). The approach

PhD Thesis, The Robert Gordon University Aberdeen, 2008. 63



Maintenance Optimisation for Wind Turbines

has been applied in several industrial sectors wathsiderable success. The wind
industry is yet to explore the full potentials ofCR to determine appropriate
maintenance strategies for wind turbines and theocated grid connection
facilities. RCM alone is limited in determining vehi maintenance strategies are the
most cost effective options available. Therefore, ALCA technique which is
defined as “.the combined evaluation of capital costs with fatyerformance,
operating and maintenance implications, life expactes and eventual disposal or
replacemenbf an assét(Woodhouse, 2000) should be incorporated into ROM
assess the commercial viability of maintenanceviiets over the life-cycle of wind
turbines. The integration of RCM and ALCA will pride a sustainable method of
determining appropriate (technically feasible andr®mically viable) maintenance
strategies for wind turbines and the associatati@ynnection facilities to maximise

the return on investment in wind farms (Andrawuale006b & c).

Appropriate Key Performance Indicators (KPI) ane theasurement systems should
be designed (Liyanage and Kumar, 2001) to aligmih@ntenance activities and the
overall strategic business values. Actual perforearshould be evaluated
periodically and checked against intended targetss will provide a baseline for
maintenance optimisation to achieve the best coatioim of costs, risks and
performances. Gaps and opportunities should betifgeh continuously and
appropriate strategies to harvest the benefitsldhmidetermined and implemented.

Figure 4.5 shows the flow process of primary assets

4.3.5 Secondary Assets
This section discusses the secondary assets wdnidltate the performance of the

primary assets discussed in subsection 4.3.4.

4.3.5.1Data

The significance of collecting and storing the eotrtype of data from the
commencement of the AM process has been emphabisefbwnsend (1998),
Hammond and Jones (2000), Sherwin (2005). Improthegreliability, availability

and maintainability of wind turbines and the asatsx grid connection facilities
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will depend on the availability of useful historidailure and maintenance data. It is
imperative therefore to have a comprehensive imrgr{including specific location)
of all wind turbines and grid connection facilitiesan integrated asset register and
data management system. The system should be rabastommodate sequential
recording of maintenance and failure data in an Rf©Nhat. This will keep the
maintenance track record of each asset in a mefahiimgmat that can be used for

optimisation processes and for an informed decisiaking process.

Wind turbines and grid
connection facilities

Evaluate performance
periodically

Define asset business

sManage HSE

Set Performance

Establish dynamic KPI

objectives Measurement for KPI o _
*Improve reliability of *Availability=_MTBF Optimise strategies
turbines MTBF + MTTR +PM Use
*Improve wind farm *Reliability=" MTTF *Delay-time mathematic-
availability “wrEewTR| | @lmodel
*Minimise Life Cycle *No of injuries *System failure models-
Costs i Monte Carlo simulation
=Failure elimination * RCA

Set targets

Availability = 100%
Reliability = 99%

»Availability of wind
turbines

sFailure rates of wind
turbines

determine appropriate

maintenance strategieg

strategies are the mos

A *Maintenance efficiency
Number of Injuries = 0 and effectiveness
“Injuries T Benchmark
- v
Establish strategy Evaluate the economics Identify gaps,
Use Use opportunities & strategies
*RCM/FMECA to *ALCA to ensure

t

cost effective options.

Performance
according to
targets?

according to
target?

Any room for
improvement?

—( Integrated asset register and data managesmer

Figure 4.5 primary asset flow process
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4.3.5.2 Workforce

The work force ensures effective operation and teasnce (O&M) of wind
turbines and the associated grid connection fesdliio achieve the expected level of
performance. The quest for excellent performana®lves around a competent
workforce with the right people on the right jobaying manageable work backlogs
and zero human error. Achieving this level of ebarede will require an effective
training and communication scheme, clear work piaces, team work and
effective shift and reward systems. The performaotendividuals should be
evaluated periodically to identify training needs the purposes of continuous staff
development. Figure 4.6 shows the flow process@fiork force.

Define business abjective
@—>| Workforce f—* = Right people on right jobs
= Achieve competency

Establish strategies
= Effective training & Y

communication scheme Set target
—»| = Clear work procedures = Human error= 0%
= Team work = Minimum work backlog
= Effective shift & reward
system

Performance
according to
target?

No

Evaluate performance
periodically

Yes

Identify opportunities and
implement strategies

Figure 4.6 secondary assets flow process

4.3.6 The overall continuous performance improvemen

This process involves periodic evaluation of therall business performance of
wind farms to satisfy all the requirements of thikeholders. The overall

Performance Measurement (PM) will indicate the l®fesuccess or failure attained
in the period under consideration; this will revéfa@ gaps and opportunities on a

continuous basis. Furthermore, it will motivate tdesire to determine and
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implement appropriate strategies that will bridge tdentified gaps and to explore
new opportunities. Nonetheless, if no significamprovements are achieved by
applying the appropriate strategies and the roose&s cannot be identified, then
benchmarking (Benson and McGregor, 2005) agains¢-gatters within or across
the industry should be used to yield useful sucdastors that will drive the

continuous performance improvement process. Figuteshows the process flow of

the overall continuous performance improvement.

Continuous performanc | Evaluate overal
improvement performance periodically
: Performance Yes
| Identify gap according to overall

business goals?

Identify/implement most

| cost effective strategies
Performan
> according to overal Yes
business goals~
Benchmark S
Any
Yes opportunity/room for~«

W

Figure 4.7 continuous performance improvement flovwprocess

4.4  THE OVERALL PICTURE
The overall picture showing the holistic interantiand interdependencies of the
asset management processes is shown in figureTHi8.represents the structured

model for asset management in the wind industry.

4.5 THE BENEFITS OF THE SYSTEM
The model when fully implemented will aid long-tersurvival of businesses
operating in the wind energy industry as well asximé&ing the return on

investments in wind farms.
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Stakeholders’ |

l

Government

Require compliance with

* Regulations

+ Health, Safety and
Environment (HSE)

« Price control

Evaluate performanc
periodically

Set performance
measirement
* Availability=" MTBF
MTBF + MTTR + PM
« Reliability= MTTF
MTTF + MTTR
+ No of injuries

I

Investors

Require

* Business survival

+ Profit maximisation

* Enlarge market share
+ Minimise life cycle cost

A

Establish dynamic
KP|
* Availability of turbine
 Failure rates of turbine

& effectiveness

+ Maintenance efficiency o~

* Injuries

Consumers
Require
+ Lower price of energy
* Increase in efficiency
+ Increase in quality of
service

Evaluate the economics

Use

* ALCA to ensure
strategies are the most
cost effective options
(economically viable)

General Public

Require protection of
« Environment

« Aquatic life, Birds etc
« Navigation and
defence facilities

Mission & vision
statements

T

Establish strategy
Use

* RCM/FMECA to
determine appropriate
maintenance strategies
(technically feasible)

A

Set targets

exceed stakeholdel
requirements2

Yes

Define overall
business goals

Concise, well
communicated
do-able?,

Establish overall KPM|

P Return on investment
Regulatory compliance
Revenue generated
Shareholder value
added

Assets categorisation

Integrated asset register, data and informatioragement

* Availability= 99%
* Reliability = 99%
« No of injuries= 0

Define objectives

« Improve reliability

+ Improve availability
« Minimise LCC

« Eliminate failures

* Manage HSE

A

Wind turbines & grid
connection facilities

Primary Assets
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Performance
according to

Optimise strategies

Use

« Mathematical models
« System failure models
« Root Cause Analysis

Performance
according to
targe®?

Any room for
improvement?

Continuous performanceg

according to target?

improvement

business
goals?

Evaluate performance

periodically | Identify gap
Establish strategies .

«Effective training

«Clear work procedures

«Effective
communication

*Team work

«Effective reward system

+

Set target

« Human error= 0%
* Minimum work
back log

Define business
objectives

« Right people on
right jobs
« Competency

Identify/implement mos
cost effective strategy

business
goals?.

Terminate

Figure 4.8 the overall flow process of AM in the wid industry

= Stakeholders will be kept in touch with all the eggary information they will

require to perform their task effectively.
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= The system will preserve knowledge and improvegiaity of decision making
on crucial issues such as the Health, Safety anddfrment (HSE), Operational

& Maintenance etc through out the life-cycle of diiarms.

= The system will improve the ability to trace causésncidents by providing a
specific operation and maintenance diagnosis oipegent to the end user. This

will reduce the number of operational incidentshsas emergency shutdowns.

= Maintenance will be based on observed conditiohss Will reduce the number
of down-times due to breakdowns, defects or dam#gyes improving the

productivity of wind turbines and also reducing tfwsst of energy generation.

= Replacements or overhauls of components in goodatipg condition will be

avoided.

= The time interval between repairs and overhauls lvéil maximised through an
optimisation process. This will allow better plamgiof suitable maintenance
periods, logistics, spare holding and the assatis@n-hours.

= Access and logistic costs will be reduced signiftta

= The overall return on the investments in wind familsbe maximised.

46  PRACTICAL IMPLEMENTATION
This section discusses some institutional barrigrsthe way of practical
implementation of the AM model as well as indiviluasponsibilities to make it

happen.

4.6.1 Institutional barriers

One key barrier to the practical implementationtleé model is getting all the
stakeholders to recognise and accept the strategartance of AM, and to be fully
and visibly committed to its implementation. Alsmnfidentiality among wind farm
operators can limit data and information sharingisTwill affect the update of the

data base which is fundamental to long-term sustnaf the system.
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4.6.2 Responsibilities
The right climate and a mechanism to make knowrsttaegic importance of AM
to the wind industry are fundamental to successfiplementation. It is imperative

that all the key stakeholders should take respditigib as discussed below:

. National
Government should, through appropriate policiesaetlaws, ensure that the wind
farm operators take full responsibility of mainiagpassets within the wind industry

in the wider context of asset management methogiolog

=  Company

The establishment of a policy at the national lewel ensure practical

implementation of AM in the wind industry must bepported with a significant

allocation of human, material and financial resesrcTo this end, wind farm
management must be fully and visibly committed bethe system can yield its rich
dividends. The management must be committed toiafimgy the required

expenditure as rapidly as possible at the stath®fprogramme and maintaining it
while the programme continues. It is importanttttes that the wind farm operators
should strive to be the primary custodian of thedeipeven if government is

reluctant to support the system.

=  Workforce

The commitment of the entire personnel to the imgletation of AM will be the
driving force to ensure success. The degree offivevit be directly proportional to
the level of commitment of the personnel. It isgpaount that the entire workforce
accepts the change and to be fully committed tartfementation so that the full

benefits of the system can be harvested.

4.7 SUMMARY
The wind energy industry is face with incompatibtakeholders’ requirements and
the lack of a holistic framework to harness stakddrs’ needs with assets technical

issues. A structured model for asset managementhen wind industry was
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developed. In the development of the model, AM psses, tools and techniques
existing in other industries were drawn down antegrated for the effective
management of wind farms. Crucial requirementsftective management of wind
farms have been identified and transformed into pAiMcesses. These processes
were logically arranged to form the structure oé tmodel. Each process was
subsequently discussed and appropriately repreksenta flowchart. Finally, the
overall flow process indicating a holistic inteiiact of decision making and asset

interdependence has been outlined by integratiegnitiividual process chart.

The model coherently harnesses and rationalisé®stéders’ requirements and
ensures that assets remain in a satisfactory ¢onditver the life cycle of wind
farms. Such a model initiates the basic concepAMfin the wind industry as a
prelude to developing dedicated AM software for theustry. The activities
presented in the “primary asset flow process” (g4.5) will be carried out in
chapters 5-8 due to its strategic function in therall model.
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CHAPTER 5

SELECTION OF A SUITABLE MAINTENANCE
STRATEGY FOR WIND TURBINES

5.1 INTRODUCTION

The previous chapters had explained that the commamtenance strategies
applied to wind turbines are inadequate to meettient maintenance demands of
the wind energy industry. Chapter 2 highlighted theed to determine an

appropriate maintenance strategy for wind turbinsisg asset management tools
and techniques. In chapter 3, section 3.3, a hydgjroach comprising Reliability

Centred Maintenance (RCM) and Asset Life-Cycle Asisl (ALCA) techniques

was developed to select an appropriate mainterstretegy for wind turbines.

This chapter presents and discusses the pracppétation of the hybrid approach
to determine a suitable maintenance strategy fodwirbines. A generic horizontal
axis wind turbine is critically assessed in sect®2 to determine its failure
characteristics by using the Reliability-Centrediffianance approach. A case study
is presented in section 5.3 to demonstrate thetipah@pplication of the hybrid
RCM and ALCA to determine suitable maintenance végts for critical
components and subsystems of a 600 kW wind turtrina 26 x 600kW wind farm.
The commercial viability of CBM activities is assed using the ALCA technique;
taking into account geographical location, intetenit operation and value of
generation. Uncertainties in the financial caldolas are risk assessed using a
probabilistic technique of the Crystal Ball Montar® simulation software. Non-
financial factors are identified and assessed using/eighted Evaluation (WE)
technique and Benefit-To-Cost ratio. Finally, themsnary of the chapter is

presented in section 5.4.
5.2  APPLICATION OF RCM TO A GENERIC HORIZONTAL AXI S

WIND TURBINE
The first four RCM questions, listed in chaptes@bsection 3.3.3, identify ways in
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which a wind turbine already in operation can failperform its design intentions
and the resultant effects on the components angtragsof the turbine. This is
usually referred to as a Failure Mode and Effecalgsis (FMEA).

5.2.1 Functions and performance standards of a wihturbine

The primary function of a wind turbine is to convevind kinetic energy into
electrical energy within a defined speed limit (outand cut-out wind speed). This
function is solely considered to minimise complgxit the analysis. The reader is
referred toWind Turbine Standard&C 61400-22or other functions and standards

of performance.

5.2.2 Functional failures

Three functional failures are defined in view ok tprimary function stated in
subsection 5.2.1; these include (i) Complete Ids=nergy conversion capability (ii)
Partial loss of energy conversion capability ang @ver speeding. This broad
classification permits the analysis of critical qunents and subsystems that are

indispensable to the normal operation of a wintihe.

5.2.3 Failure Mode and Effect Analysis

Failure modes for the defined functional failures presented logically in Table 5.1.
These were further scrutinised sequentially to tifiepossible causes up to a third
level as shown in Appendixes Al, A2 and A3. Theultesf this analysis can be

applied to a generic horizontal axis wind turbine.

5.3 A CASE STUDY

In this section, a case study is presented to detraie the practical applicability of
the approach. The last three RCM questions deterrfaiure consequences and
suitable maintenance tasks to mitigate the pesaliata from a 26 x 600 kW
onshore wind farm (total capacity of 15.6 MW) oprg at an average capacity
factor of 33% is used to answer the last three toqpres The selection of this
category of wind farm and turbine is deliberate fomumber of reasons; first,

onshore wind farms have ease of access for mamtenactivities; secondly, it has
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been suggested (Verbruggen, 2003) that the faidra low-rated-power wind
turbine such as 600 kW does not greatly affectrédwenue generation of a wind
farm because wind turbines operate stand-alonetladinancial margins in the

wind industry is relatively small.

Table 5.1Functional Failure and Failure Modes for Horizomials Wind Turbines

Function Functional failure Failure modes

WTto covert WT-1Complete loss WT-1-1Catastrophic blade failure
wind kinetic of energy conversionWT-1-2Catastrophic hub failure

energy into capability WT-1-3Main bearing failure

electrical WT-1-4Main shatft failure

energy WT-1-5Shaft-gearbox coupling failure
within WT-1-6Gearbox failure

defined WT-1-7Gearbox-generator coupling failure
speed limit WT-1-8Generator failure

(cut-in and WT-1-9Meteorological system failure
cut-out) WT-1-10Premature brake activation

WT-1-11Electrical system failure
WT-1-12Tower failure
WT-1-13Foundation failure

WT-2Partial loss of WT-2-1Crack in blade

energy conversion WT-2-2Deteriorating blade root stiffness

capability WT-2-3Blades at different pitches
WT-2-4Dirt build-up on blades
WT-2-5Ice build-up on blades
WT-2-6Damping in blades
WT-2-7Hub spins on shaft
WT-2-8Low speed shaft misalignment
WT-2-9Nacelle not yawing
WT-2-10Nacelle yaws too slowly
WT-2-11Nacelle yaws too fast
WT-2-12Large yaw angle
WT-2-13Cable twist
WT-2-14Wind speed measurement error
WT-2-15Wind direction measurement error

WT-30ver speeding WT-3-1Controller failure
WT-3-2Hydraulic system failure
WT-3-3Pitching system failure
WT-3-4Mechanical brake failure
WT-3-5Grid connection failure
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5.3.1 Data Collection
Current market prices of major components of a 800kind turbine, including

transportation cost to site, were obtained from ufacturers. Labour requirements
for replacements of these components as well agdtess costs were obtained from
the collaborating wind farm operator (see tablg.34storical failure data pertinent
to failure modeswT-1-1 WT-1-2 WT-1-3 WT-1-4 WT-1-6 and WT-1-8 of the
600kW turbine were extracted from the SCADA (i.ap&rvisory Control and Data
Acquisition) system for a period of 6 years. TheAB@ system records failures and
the date and time of occurrence; this was usedomuaction with maintenance
Work Orders (WOs) of the same period to ascertagnspecific type of failure and
the components involved. Over this period, the stadphic failure (by
“catastrophic” in this case, we mean failures beyampair which require
replacement of the system) of a gearbox (failureden@/T-1-6) occurred twice,
while the catastrophic failure of a generator (fizgl modeWT-1-§ occurred on one
occasion. Activities for inspection of wind turbsdrive trains were obtained from
the collaborating wind farm operator (see table #«Bile current market prices of
vibration monitoring systems for failure modéér-1-3 WT-1-4 WT-1-5 WT-1-6
WT-17 andWT-18 were obtained from vendors of condition monitgrgystem
(see table 5.4).

5.3.2 Failure Consequences
Our analysis is based on the following equatiorsng functions given in the

Glossary (Appendix B):

TCIT = (CIT +CTP +CLd +COLd )(1+VAT ] (5-1)
100

TCLB = NPn X Ndnyhr ><LRT (52)

TCoe =(Con X Ny, )4 Cop XN, x VAT (5.3)

AS CR y CR ¥ 100

= ( ) = (5.4)

TPL - Lhc + Rdy X24XWTPR ><CEH ol e '
100
Fc :TCIT +TCLB +TCAS +TPL 55)
1
PW = (5.6)
(L+d)’
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Table 5.2 Data for calculating failure consequences

Materials Blade [Main-bearingd Main shaft| Gearbox | Generator|

Cost of item (£) 28,000.0 798500 9,024.00 50,000.00 19,000.0(
Cost of transportation (£) at 4% of material cost|  120100) 31940 3609 20000) 760.0(
Cost of Loading (£) at 0.5%of meterial cost 14000 993 45.12 250.00 95.00
Cost of off loading (£) at 0.5%of material cost .020 39.93 45.12 250.00, 95.04
Value Added Tax (%9 175 175 17.5) 17.5 175

Labour
Nurmber of person to replace components 3 3 3 B
Nurmber of days required to replace components 4 2 u B 2
\Work hours per day 8 8 8 8 8
Skilled labour rate per hour (£) 50.0( 50.04 50.00 0500 50.00

Accestso
Cost of crane hire per hour including driver (£) Q0D 100.04 100.00 100.04 100.0(
Nurrber of hours per day 24 24 24| 24 24
Cost of crane hire/day including Mob & Demob (E) 02,40 240000 240000 240000 2400.0(
Number of days 3 3 4 4 3
Value Added Tax (%9 175 175 17.5 17.5 175

Productinss
Lead time to supply material (days) 180 21 3 129 6D
Lead time to hire a crane (days) 4 4 4 4 4
Nurmber of repair days including travel time 3 3 4 4 3
Hours per day 24 24 24 24 24
\WInd turbine power rating (KW) 600 600 600 600 60
Capacity factor (%9 33 33 33 33 33
Cost of energy per M\ (£) 50 50 50 50 50,

Table 5.3 Inspection activities of 26 x 600 kW winturbine drive trains

Number of wind turbines in wind farm (W) 26

Rated power per wind turbine 600 Kw

Capacity factor 33 %
6-monthligreice inspection of drive train

Number of turbines serviced/day/ 2 personnekgNT 1 turbine

Number of full-service per year ) 2

Number of full service days/year = (W NTsr) Nec 52 days

Number of personnel @y 2

Work hours per day (Y 6 hours

Labour rate per hour &) 17 pounds

Annual cost of 6-monthly inspection 52 X Ny, X Wy X Lgr 10,608.00 Pounds
Annual geasbinspection

Number of gearbox inspected/day/2 personng)(N 6

Number of inspection per year N 1

Number of days = (NJ=/ Ngg) N, 4.333 days

Number of personnel @y 2

Work hours per day (Y 6 hours

Labour rate per hour k) 50 pounds

Annual cost of gearbox inspection 4.33 X Nb, X Wi X Lgr 2,600.00 pounds

Total Annual Cost of Inspection ( 10,608.00 + 2,6[D) 13,208.00 Pounds
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Table 5.4CBM tasks of 26 x 600 kW wind turbine drive trains

Number of wind turbines (N 26
Rated power per wind turbine 600 kw
IMU 16 channel HW & S/W D5DA3/turbine () 7,300  pounds
Park server/ wind farm §p 2,500  pounds
Maintenance spares/ wind farmggv 7,300  pounds
WEBCON/turbine/annum (WEB,) 294 pounds
Diagonostic support vibration analysis consultaneyd farm/annum (B) 1,800  pounds
Application engineering & bearing inspection/wiadhfVinspection/report (AR 600 pounds
Aptitude exchange licence/wind farmyannum (e 696 pounds
Annual conditidbased servicing of drive trains
Number of turbines serviced/day/ 2 personnekfNT 6 turbine
Number of full-service per year ¢l 1
Number of full service days/year = (Wl NTsp) Nec 4.33 days
Number of personnel @y 2
Work hours per day (Y 6 hours
Labour rate per hour £ 17 pounds
Costs of CBidtivities

Capital Cost of Condition Monitoring (CM) System =(NTye X Gyu)+ PsetMgr 199,600.00 pounds
Annual maintenance cost of CM IWEB oy + Dy + AEg + AE - 3,390.00 pounds
Annual cost of condition-based servicing of driveréins =4.33 x N, X W, X Lgr 884.00 pounds

PWA=(1+d)T -1 (5.7)

d @+d)
NPVigy = TA,, xPWA (5.8)
NPV,y, = (Con xPW)+(AM,,, + ACeqy ) PWA (5.9)
Ack = PFcN; (5.10)
m
A*=A[S = [J X W,.S (5.11)
i=Ln j=1
A*=A|BTC = [] 3 (5.12)
= NPV

Table 5.5 shows the failure consequences of driicenponents of a 600kW wind

turbine expressed in financial terms. These weterdgned by using equation 5.5
and the data in Table 5.2, taking into account obstaterial (Equation 5.1), cost of
labour (Equation 5.2), cost of access (Equatioh &8 production losses (Equation
5.4).
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A single day outage of a 600kW wind turbine (at 3&¥pacity factor ané50/MWh
energy value) would result to a revenue loss oliabd37/day. Moreover onshore
wind farms have the potential to operate at higharage capacity factors which
results to a greater loss of revenue. Figure 5alvsithe effect of capacity factors
and down times on revenue generation of a 600kWd wumbine. A month down
time at 33% and 36% capacity factors will resultateevenue loss 7,128 and
£7,776 respectively, approximately 8% of the totat@al revenue. Furthermore, the
effects of two or more turbines failure on revegeeeration are significantly higher
(see figure 5.2). A month outage of seven 600kWdwiirbines at 33% capacity
factor will result to a revenue loss of abd&40,896. Hence, implementing a Failure
Based Maintenance strategy only, where a certamben of wind turbines are
allowed to fail before repairs are carried out wilsult in a significant loss of
revenue in addition to the effect on the electicietwork and cost of component
replacement, given that, the lead time to supplytmad the critical components
ranges between 3-4 months.

Table 5.5 Failure consequences of critical componenof a 600kW wind turbine

Failure Modes Failure consequencesKE)
TGr | TGs | TGe Rs< Total
WI-1-1 Catastrophic blade failure 34,545.00400.00 846000 166320 47,068.2)
WT-1-3 Catastrophic main bearings failte ~ 9,841.48400.00 846000 166320 22,374.69

WI-1-4 Catastrophic mein shaft failure | 11,133.36800.00 11,280.00 1,9008) 29114.16
WT-1-6 Catastrophic gearbox fai 61,687.50 3,600.00 11,280.00 1,900.8) 78468.3)
WT-1-8 Catastrophic generator failure 23441 240000 846000 166320 35964.4%

5.3.3 Selection of CBM tasks

The diagram in figure 5.4 was designed to seleitalsie on-condition tasks also
known as the Condition-Based Maintenance activifidsese were selected on the
basis that an appropriate condition monitoring teskvailable to detect incipient
dominant failure modes (that occur gradually witharming signs and are
independent of age) so that actions can be takamdial the resultant consequences
(Wiggelinkhuizen E, et al 2006; Infield D, 2004; NMdeuggen T 2003; Caselitz, P et
al 1997). Condition Monitoring Systems for Wind Bbures are now commercially

available, and have been installed on wind turbinamany wind farms around the
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world, for example; the Enertrag Wind farm in Genydsee reference page), the
Cathedral Rocks wind farm in South Australia (seénence page), etc. The
collaborating wind farm operator has installed laraitions monitoring system on the
drive train of one of the 600 kW wind turbines gsilat project. Indeed, installation
of vibration monitoring system on the drive traiinvand turbines is now becoming

a requirement for insurance purposes.

Vibration analysis was identified as the suitablendition based maintenance
technique to mitigate dominant causes of failuredlesaWT-1-3 WT-1-4 WT-1-5
WT-1- WT-1-7 WT-1-8 WT-1-12 WT-2-7 and WT-2-8 while strain gauge
measurements were employed for dominant causeslofd modesWT-1-1 WT-1-

2, WT-2-1 WT-2-2 WT-2-4 WT-2-5 andWT-2-6 Catastrophic failures of critical
components such as the blades, main bearings aftj gearbox and associated
components, the generator and associated componentss and foundations can
be prevented through the application of appropiG®é activities.

£25 000
——cf=0.30 %
= cr03l {£20,000
cf=0.32
cf=0.33 /
—— cf=0.34 £15.000
—e— cf=0.35 ’ Cost
—+ ¢f=0.36
£10,000
// £5,000
% '/

1 2 3 4 5 6 7 14 30 60 90
Down-time (days)

Figure 5.1Effect of capacity factor and down time on revenugeneration
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Figure 5.2 the effects of two or more turbines failre on revenue generation
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Figure 5.3 Failure consequences of critical compongs of a 600kW wind

turbine
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No Consequences of | Yes
failure acceptable?

Designing out cause | N0 | Life reasonably Yes
of failure practical? predictable?
Yes No
Designing out cause [No| | Condition monitoring] No
of failure economical? possible?
Yes
Condition monitoring]  No
ves economical?
Yes
Modify plant Condition Based Time Based Failure Based
p Maintenance (CBM) Maintenance (TBM) Maintenance (FBM)

Figure 5.4 Maintenance Selection Model

5.3.4 Economic Analysis of CBM and comparison witfBM

The economic life of a wind turbine is 20 yearsrzen and Munksgaard, 2002),
(Kaldellis and Gavras, 2000) but an analysis peobi8 years is used in this paper
to account for the 2 years all-in-service contractl obsolescence with changing
technology. The corporate organisation of the taoltating wind farm operator

utilises a discount rate of 8.2% for all financalalysis. Also, a spare pool of 1
gearbox, 1 generator, 3 blades etc is held by thd farm under the TBM strategy.

If any of these systems fail and it can not be ireplain-situ, the failed system is
replaced with a spare before repairs are carrigdand then transferred into the
spare pool (note; the maximum number of spares daatpossibly be in the re-
supply chain of the wind farm at one time is beytimal scope of this paper). Using
this information and the data in tables 5.3 and thd economics of TBM and CBM

are evaluated and compared.
The Present worth (PW) and Present Worth per An(RWA), which is used for

discounting initial non-recurring costs and annweurring costs respectively, are

determined by using equations 5.6 and 5.7 to olitanvalues of 0.24 and 9.24
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respectively. Then, the Net Present Value (NPVJBM and CBM, are calculated
by using equations 5.8 and 5.9 respectively toinktze values of £122,085 and
£239,105 respectively. The results show that sdeddaspection of the drive trains
of wind turbines is the most cost effective optmrer the 18 year life-cycle with a
total savings of about £117,020. Indeed, the NP\hspection (£122,085) is less
than the initial capital cost of installing conditi monitoring systems (£199,600).

5.3.5 Uncertainties and Risks Assessment

The NPV analysis deals with future costs which rrafgly contain uncertainties and
risks that require critical assessments to endugeatcuracy of results for valid
decision making. A probabilistic approach of ‘CajisBall Monte Carlo’ simulation
was used to assess the risks and uncertaintié® ddety variables in the Net Present
Value calculations. After a 10,000 trials, the tesaf the TBM simulation is
presented in table 5.6. The mean Net Present \ddltlee TBM is £122,407. This is
slightly greater than the calculated NPV of the TB&bsection 5.3.4) with about
£322. The standard deviation is about £12,487 hedrtean standard error is £125.

The skewness and coefficient of variability arel0ald 0.10 respectively.

Table 5.6 TBM Simulation Result

Statistics Forecast values
Trials 10,004
Mean 122,407.55
Median 121,936.84
Mode
Standard Deviation 12,487.39
Variance 155,934,950.27
Skewness 0.21
Kurtosis 3.04
Coeff. of Variability 0.10
Minimum 80,113.10
Maximum 172,893.71
Range Width 92,780.67
Mean Std. Error 124.87

The result of the CBM simulation after a 10,00@l&iis presented in table 5.7. The
mean Net Present Value of the CBM is £239,070his ¢ase, the mean Net Present
Value of the CBM is less than its calculated NP\thwébout £35. The standard
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deviation is about £19,202 and the mean standaod israbout £192. The skewness

and coefficient of variability are almost zero.

Table 5.7CBM Simulation Result

Statistics Forecast values
Trials 10,004
Mean 239,070.30
Median 238,856.63
Mode -
Standard Deviation 19,201.98
Variance 368,715,966.09
Skewness 0.04
Kurtosis 3.02
Coeff. of Variability 0.08
Minimum 162,846.49
Maximum 309,711.35
Range Width 146,864.97
Mean Std. Error 192.02

Figures 5.5 and 5.6 show the overlay and trendt diahe NPVs of the TBM and

the CBM. The overlay chart shows no significarfeetf of uncertainties on the

NPVs as the two forecast are widely apart. SinyilaHe trend chart clearly shows a

constant increasing NPV from TBM to CBM as showrtha figure 5.6. The trend

chart data at various percentiles are shown iretal. Note the median NPV of the
TBM and CBM are £121,937 and £238,857 respectively.
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Trend Chart 1
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Figure 5.6 NPV trend chart
Table 5.8The trend Chart data at various percentages
Trend Chart Data NPV of TBM NPV of CBM
90.0% 102,658.44 207,669.46
50.0% 113,685.65 226,151.86
25.0% 118,031.91 232,918.82
10.0% 120,402.80 236,493.54
Median 121,936.82 238,856.63
10.0% 123,556.95 241,231.86
25.0% 126,164.56 244.886.78
50.0% 130,498.37 251,734.79
90.0% 143,609.60 270,970.68

The sensitivity report of the TBM and CBM Net Preis&/alue calculation are

presented in figures 5.7 and 5.8 respectively. Lalgost per hour is found to be the

most sensitive variable in the TBM Net Present ¥atalculation with about 64.3%

sensitivity. On the other hand, the discount ratéound to be the most insensitive

variable with about minus 31.7% sensitivity.
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Sensitivity: Net Present Value (NPV) of inspection

-100.0% -50.0% 0.0% 50.0% 100.0%
Labour cost per hour ‘ r
a

Park server/park

Discount rate (M28)

Diagonostic support VA
consultancy/park/annum

Figure 5.7 TBM sensitivity report

The initial cost of the condition monitoring systerfi.e. IMU 16 channel H/W &
S/W D5DA3/ turbine) is found to be the most semsitvariable in the CBM Net
Present Value calculation with about 93.3% sensjti@s shown in the figure 5.8.
Diagnostic support vibration analysis consultan&g fsensitivity of about 1.1%.
Also the discount rate is found to be insensitiagiable with sensitivity value of

about minus 1.1%.

Sensitivity: NPV of Condition Based Maintenance
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Figure 5.8 CBM sensitivity report
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5.3.6 Evaluation of Non-financial Factors

An economic analysis based on purely financiakdatis not in itself adequate for

valid decision making (Kirk and Dell'lsola, 1999 on-financial factors, which are

not reducible to monetary values should be idexdifand incorporated into the

overall economic analysis (Kishk, 2002). A maintecestrategy that is appropriate
for a specific physical asset should be reliablepold the integrity of the asset and
also to fulfil all statutory and health and safe¢guirements. These non-financial
factors are fundamental and can not be comproniisé¢ide selection of a suitable

maintenance strategy. In figure 5.9, a screenindaihXishk and Pollock, 2004) for

maintenance strategies is presented and a weigh{(i&. good) was established as

the minimum standard requirement for each of trasilee criteria.

A Identify alternatives > Establgirt]esrf:;eenln
A T
v v v
Health and safety Reliability Statutory
Criteria Criteria Criteria

Establish standard
requirements

Collate performancg
data

Minjmum
requirement
satisfied?

Compile other
assessment criteriq

Discard Alternative

Collate financial |, Financial criteria

data

A
. . Evaluate Non-financial
Life-cycle Analysis applicability criteria
Net Present Value Collate gg?éfmanmal Weighted Evaluation

I T I

BTC ratios
Overall ranking

[ Terminate ]

Figure 5.9 Model for screening options and criteria
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In addition to the crucial factors, five other eria were identified. These includes
‘fault detection’ which is the ability to discover faults at an gastage so that
appropriate actions can be taken to avoid the cuesees;fault identification’
which is the ability to identify the subsystem aongonent most relevant to
diagnosing the fault within the shortest time pblesi‘fault diagnosis’is the ability
to determine the cause of the fault within the &sirtime possible;process
recovery is the ease of rectifying the fault in good tirmaed Efficiency’ is the
effectiveness of restoring the asset to a normataimg condition. These were
assessed using the Weighted Evaluation (WE) teabrigirk and Dell’lsola, 1995);
(Kishk, 2002) and the result is presented in figbE0. It is worth noting however,
that the non-financial factors can be subjective &igure 5.10 was established

through discussion with wind farm operators.

The WE approach consists of two processes; fissessment criteria are identified
and the weights of their relative importance amaldshed. These are sequentially
compared in pairs and the most vital criterioncgred according to its comparative
preference of scale 1 to 4, for example in figwEd5criterion ‘A’ (fault detection)

is compared with criterion ‘E’ (health and safetl)js found to be more important

than A and it is a major preference, hence theevditd’ was recorded.

The scores of each criterion are summed up (RaweSodigure 5.10) and the final

weightsw; are determined such that the maximum weight igasd a value of 10
(Weight of importance in figure 5.10). Secondlye thating S; of each strategy

(TBM and CBM) in terms of each criterion is detemeud on a scale of 1 to 5 (i.e.
poor to excellent), for instance, the performant€BM in terms of criterion ‘A’
(fault detection) was found to be ‘good’ (i.e. hese values were then multiplied

by the corresponding criterion final weightg and the summation gives the total

score of the strategy (equation 5.11). As a riie,dest alternative A* should have
the highest total score (Kishk, 2002). In figuré®.the total scores of TBM and
CBM are 105 and 142 respectively; this suggeststhieaCBM strategy is the best
alternative.
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Figure 5.10 Weighted Evaluation of non-financial fators of TBM and CBM

5.3.7 Benefit-To-Cost Ratio Evaluation

The benefit-to-cost (BTC) ratio evaluation combiies results of the financial and
the non-financial calculations to determine and para the benefits derived from
the competing options. The higher the ratio theebahe benefit derived from the
alternative. Equation 5.12 was used to determiadBfhC ratio of TBM and CBM to
obtain the values of 0.000860 and 0.000594 resmdygtifigure 5.10). This indicates
that the BTC ratio of CBM strategy is very low innaparison to TBM because of
the high initial capital investments required foistialling condition monitoring
systems. However, the life-cycle analysis is mwhplete unless the effect of failure
rate of the critical components is assessed aratpocated into the overall analysis
(Andrawus et al. 2006c).
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5.3.8 Effect of Failure Rate

The failure rate ) of failure modeswT-1-3 WT-1-4 WT-1-6 and WT-1-8 were
estimated by determining firstly ‘wind turbine op#onal years’ which is the
product of the number of turbines in a wind farn6)(Zand the period under
consideration (6 years) to obtain 156 operatiomary. The number of events for
each failure mode is then divided by the wind tneboperational years to get the
failure rate of the components. For example, 2stadphic failures of a gearbox
occurred in the period under consideration to give0.01282 per year. These were
further converted into annual cash reservationsgusguation 5.10; the summation

(£32,150 per annum) is discounted by PWA to geeaesent Value of £297,172.

The actual NPV of TBM is established by summingfiV of inspection and NPV
of annual cost reservation to get £419,257.59. dUliis value to repeat the WE and
BTC ratios shows CBM is the most cost effectivatstgy with a total savings of

£180,151 over the 18 year life cycle.

Table 5.6Effect of failure characteristics on maintenancatsgy

Number of turbines 26
Number of failure years 6
Number of | Failure rate | Failure consequenceq ~ Annual & reservation
Failure Modes Event [ Fe A
WT-1-3 Catastrophic bearings failure 0 0 22,374.69 0
WT-1-4 Catastrophic mainshaft failure 0 0 29,114.16 0
WT-1-6 Catastrophic gearbox failure 2 0.01283 78,468.3 26,156.1(
WT-1-8 Catastrophic generator failure 1 0.0064 35454 5,994.08
Total Acg 32,150.18
NPV of Agg 297,172.54
NPV of TBM (Inspection + Acg), 419,25759

54 SUMMARY

This chapter has presented a methodology for sefectuitable maintenance

strategies for wind turbines using a hybrid of R@nt ALCA techniques, and has
used the methodology to determine an appropriatiel €Bategy for a 26 x 600 kW

wind farm. Industrial data pertaining to the wiratrh has been sourced from the

farm operator and have been collated to deternmspeiction activities and failure
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history of the wind turbines. Current market priagscritical components of the
wind turbines as well as the condition monitoriygtems have been sourced from
manufactures and vendors. The RCM approach has tmesh to determine wind
turbines failure modes, causes and effects. Faikkwasequences of critical

components have been determined and expressetircial terms.

Suitable CBM tasks have been determined and competh TBM activities using
the ALCA technique. In the comparison, the NPV &M and CBM has been
calculated. It has been shown that comparisoneoNtRAV of the two strategies is not
absolute for a valid decision making since the NYisiders only financial criteria.
The non-financial aspects of the two strategiesshaeen identified and assessed
using the ‘WE technique’ and ‘benefit-to-cost ratleailure data was extracted from
the SCADA system of the wind farm, and was validaby the maintenance work
orders of the same period. The failure rate ofctiitecal components was calculated
and included in the analysis since the selectioa sfiitable maintenance strategy
depends upon the failure characteristics of thedwimrbines. The overall result
shows CBM is the most cost effective option witto&l savings of about £180,152

over 18 year life-cycle.
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CHAPTER 6

ASSESSMENT OF WIND TURBINES
FIELD FAILURE DATA

6.1 INTRODUCTION

This chapter and the next, will demonstrate thectpral application of one the
guantitative maintenance optimisation approach kn@s the Modelling System
Failures (MSF). This chapter focuses on the analysé field failure and
maintenance data of horizontal axis wind turbineected from wind farms. The
characteristics of the collected data are discussedection 6.2. The data are
analysed in section 6.3 using Maximum Likelihoodifaation (MLE) to estimate
the shape (8) and scale (n) parameters of the Weibull distribution for crélic
components and subsystems of a particular typeD0fk&V wind turbine Weibull
probability plots reliability graphs failure verses time plotaindprobability density
function graphsfor the components and subsystems are presented alde the
estimatedshape() andscale(n) parameters. A case study of the 26 x 600 kW wind
farm is presented in section 6.4 to demonstrateptiaetical application of the
estimatedd andn values to determine and optimise maintenance iaesvfor the
critical components and subsystems of the windrnetblrhe summary of the chapter

is presented in section 6.5.

6.2 DATA COLLECTION

In addition to the failure data collected from &&x 600 kW wind farm, more data
were sourced from 26 wind farms (comprising turbioédifferent capacity ratings)

located within the same geographical region. THeeced data was first organised
in accordance with the type, design and capacityhefwind turbines. This was

further re-grouped according to subsystems and ooemis of the wind turbine and

then re-arranged in order of failure modes andsdalables 6.1, 6.2, 6.3 and 6.4
contain the field failure data for the main shafiain bearings, gearbox and the

generator respectively of 600 kW wind turbines.
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In order to evaluate the wind farms in confideityal they were labelled
alphabetically A to Z; AB) WF-Cin column 1 of Table 6.1 denot®¥¢ind Farm C
The wind turbines were named according to thepeesve wind farmsyWF-A-WT-
10 (Table 6.2, column 2) denoté¥ind Farm A-Wind Turbine number .1The
manufacturers of the failed components were nuntbanel recorded in column 3 of
tables 6.1-6.4. Thiail-date andfail-time from thebase-dateas well as theauses of
failure are recorded in the same tables. Note that tablesBows additional
information about the serial numbers of the faiggmherators. This information is
essential to identify re-occurring failure modesl @a effectively trace the failure

history of each component or subsystem of the wingine.

Table 6.1Failure Data for the Main Shafts of 600 kW Wind Bine

Wind Farm [ Wind Turbine | Component Fail date Causes of
(WF) (WT) Manufacturer ddimmlyyyy | Fail time (days)| Main shaft failure
WF-C WF-C-WT-13 2 "19/11/2003" 315 F Other
WF-K WF-K-WT-7 5 '01/03/2004" 424 F Poor design
WF-F WF-F-WT-16 1 "07/05/2004" 492 F Unknown
WF-A WF-A-WT-27 1 "13/06/2004" 529 F Fatigue
WF-L WF-L-WT-3 7 "29/12/2004" 698 F Fatigue
WF-N WF-N-WT-3 2 "25/07/2005" 936 F Fatigue
WF-M WF-M-WT-3 7 "14/06/2006" 1233 F Fatigue

Table 6.2FailureData for the Main Bearings of 600 kW Wind Turbine

Wind Farm | Wind Turbine | Component Fail date Fail time Causes of
(WF) (WT) Manufacturer | dd/mm/yyyy (days) Main Bearings failure
WF-A  |WF-A-WT-10 1 "29/01/2003" 29 F Poor design
WF-B  |WF-B-WT-4 2 "09/05/2003" 129 F Poor design
WF-A  |WF-A-WT-13 1 "19/05/2003" 139 F Poor design
WF-A  |WF-A-WT-3 1 "27/06/2003" 178 F Poor design
WF-C  |WF-C-WT-4 2 "31/07/2003" 212 F Unknown
WF-D  |WF-D-WT-13 1 "05/11/2003" 309 F Unknown
WF-A  |WF-A-WT-34 4 "10/02/2004" 406 F Fatigue
WF-E  |WF-E-WT-2 3 "15/05/2004" 500 F Poor design
WF-A  |WF-A-WT-22 1 "15/12/2004" 714 F Fatigue
WF-D  |WF-D-WT-13 1 "27/12/2004" 726 F Fatigue
WF-A  |WF-A-WT-26 1 "17/01/2005" 747 F Fatigue
WF-A  |WF-A-WT-34 3 "18/01/2005" 748 F Fatigue
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Table 6.3Failure Data for the Gearboxes of 600 kW Wind Tuoebi

Wind Farm| Wind Turbine| Component | Fail date |Failtime| HSS | IMS | Gear [ Key | Gearbox | Causes of
(WF) (WT) | Manufacturer | ddimmiyyyy | (days) | bearing | bearing| wheels| way |catastrophic| failure
WT-F  |WF-F-WT-1 8 "24/11/1999"[ 329 F S S| S F "Unknown"
WT-F  |WF-F-WT-18 8 "13/01/2000" 378 F S F | F F "Fatigue"
WT-F  |WF-F-WT-24 8 "26/03/2001"[ 815 F S S| F F "Fatigue"
WT-F  |WF-F-WT-07 8 "23/07/2001" | 934 F S S| F S "Fatigue"
WT-F  |WF-F-WT-15 8 "19/11/2001" [ 1043 F S F | S S "Fatigue"
WF-A |WF-A-WT-8 9 "05/05/2003"| 1585 F F S| S S "Fatigue"
WF-A  |WF-A-WT-14 9 "06/06/2003"| 1649 F F S| S S "Fatigue"
WF-A  |WF-A-WT-23 9 "04/08/2003"| 1676 F S S| S S "Fatigue"
WF-A |WF-A-WT-9 9 "27/08/2003' 1699 F F S| S S "Fatigue"
WF-B_|WF-B-WT-6 9 "11/09/2003'[ 1714 F F S| S S "Fatigue"
WF-B |WF-B-WT-10 9 "04/11/2003'[ 1768 S S S| S S "Fatigue"
WF-B_ |WF-B-WT-6 10 "04/11/2003'( 1768 S S S| S S "Fatigue"
WF-B |WF-B-WT-14 9 "22/11/2003' 1786 S S S| S S "Fatigue"
WE-F |WF-F-WT-19 9 "18/06/2004'( 1985 S S F | S S "Fatigue"
WF-G |WF-G-WT-9 9 "30/06/2004'[ 2006 F F S| S F "Unknown"
WF-A  |WF-A-WT-33 8 "09/10/2004'{ 2107 S S F | S F "Fatigue"
WF-A_ |WF-A-WT-1 8 "18/10/2004'( 2116 S S S| S S "Fatigue"
WF-A_ |WF-A-WT-19 8 "30/10/2004'( 2128 S S S| S S "Fatigue’
WF-C  [WF-C-WT-7 11 "01/11/2004"| 2130 F S F | S S "Fatigue"
WF-D  [WF-D-WT-20 10 "04/02/2005"| 2225 S S F | S S "Poor design"
WF-A |WF-A-WT-19 10 "02/04/2005"( 2282 S S F 1S S "Poor design"
WF-D_ [WF-D-WT-2 8 "11/05/2005"( 2321 S S S| S S "Poor design"

To illustrate the importance of the additional mhation in the table 6.4, consider
the failure data recorded in row 3 of the tablegénherator with a serial number
GSN-2failed in wind turbine 22 of wind farm F. Also iow 4 of the table, another
generator failure is recorded with a serial num@&N-2 but this time in wind
turbine 15 of the same wind farm. It will be noticthat the serial numbers of the
generators are the same, indeed, it is the samergjen The first failure of the
generator in wind turbine 22 was due to bearinlyfaj it was removed for repairs
and the turbine was fitted with a spare. The fagederator GSN-2)was repaired

and transferred into the spare pool.
The generator in wind turbine 15 failed and it ited with theGSN-2from the

spare pool. The generat@$N-3 eventually failed catastrophically as a resul&of

stator winding failure. A similar failure eventriscorded in rows 9-11 of the table. It
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is worth noting that this type of detailed recoglof failure data was found only in

wind farm F and is specific to the generators.

Table 6.4Failure Data for the Generators of 600 kW Wind Tiueb

Farm | Wind Turbine| Serial | Component [ Faildate | Failtime Generator | Causes of
(WF) (WT) number | Manufacturer| ddimm/yyyy | (days) |Windings| Bearings| catastrophic| failure
WF-F | WF-F-WT-1 | GSN-1 4 "24/02/1997"| 55 S S F Fatigue
WF-F | WF-F-WT-22| GSN-2 4 "15/02/1998"| 411 S F S Fatigue
WF-F | WF-F-WT-15]| GSN-2 4 "01/06/2000" | 424 F S F Fatigue
WF-F | WF-F-WT-15] GSN-3 4 "01/03/1999"| 789 S F S Fatigue
WF-F | WF-F-WT-18 | GSN-4 4 '01/06/1999"| 881 S F S Other
WF-F | WF-F-WT-12| GSN-5 4 '01/12/2000"| 548 S S F Other
WF-F | WF-F-WT-12| GSN-6 4 "01/10/1999"| 1003 F S S Poor Design
WF-F | WF-F-WT-17| GSN-7 4 "15/12/1999"| 1080 F S S Unknown
WF-F | WF-F-WT-15] GSN-7 4 '01/01/2002"| 746 F S S Poor Design
WF-F | WF-F-WT-15] GSN-7 4 '01/07/2002"| 181 F S S Poor Design
WF-F | WF-F-WT-5 | GSN-8 4 '08/01/2000"| 1307 S F S Fatigue
WF-F | WF-F-WT-24| GSN-9 4 '08/01/2000"| 1307 S S F Poor Design
WF-F | WF-F-WT-16 | GSN-10 4 "01/11/2000"| 1399 S F S Poor Design
WF-F | WF-F-WT-7 | GSN-11 4 "01/06/2002"| 1977 S F S Poor Design
WF-D | WF-D-WT-26 | GSN-12 4 "21/01/2003"| 2211 S F S Fatigue
WF-A | WF-A-WT-29 | GSN-13 4 "29/01/2003"| 2219 S F S Fatigue
WF-A | WF-A-WT-20 | GSN-14 4 "09/04/2003"| 2289 S F S Fatigue
WF-C | WF-C-WT-11| GSN-15 4 "09/05/2003"| 2319 S F S Fatigue
WF-A | WF-A-WT-18 | GSN-16 4 "09/06/2003"| 2349 F S S Fatigue
WF-A | WF-A-WT-8 | GSN-17 4 "24/06/2003"| 2364 S F S Fatigue
WF-D | WF-D-WT-4 | GSN-18 4 "07/08/2003"| 2409 S F S Fatigue
WF-D | WF-D-WT-2 | GSN-19 4 "28/08/2003"| 2430 F S S Fatigue
WF-D_| WF-D-WT-27| GSN-20 4 "15/09/2003"| 2445 S F S Fatigue
WF-A | WF-A-WT-21| GSN-21 4 "11/11/2003"| 2535 F F F Fatigue
WF-H | WF-H-WT-11| GSN-22 4 "13/11/2003"| 2537 S F S Fatigue
WF-A | WF-A-WT-7 | GSN-23 4 "29/12/2003"| 2553 S F S Fatigue
WF-A | WF-A-WT-20 | GSN-24 4 "29/01/2004"| 2584 S F S Other
WF-C | WF-C-WT-8 | GSN-25 4 "04/03/2004"| 2618 S F S Other
WF-E_| WF-E-WT-20 | GSN-26 4 "25/03/2004"| 2639 F S S Poor Design
WF-F | WF-F-WT-20 | GSN-27 4 "25/03/2004" | 2639 S S S Unknown
WF-I [ WF-I-WT-1 [ GSN-28 4 "20/04/2004" | 2665 S F S Poor Design
WF-D | WF-D-WT-15| GSN-29 4 "23/04/2004"| 2668 S S S Fatigue
WF-A | WF-A-WT-1 | GSN-30 4 "04/05/2004"| 2679 F F F Poor Design
WF-D_| WF-D-WT-27| GSN-31 4 "07/05/2004" | 2682 S F S Poor Design
WF-E | WF-E-WT-4 | GSN-32 4 "18/06/2004" | 2724 S F S Poor Design
WF-I [ WF-I-WT-6 [ GSN-33 4 "26/06/2004"| 2732 S F S Poor Design
WF-G | WF-G-WT-9 | GSN-34 4 "08/07/2004" | 2744 S S S Other
WF-A | WF-A-WT-29 | GSN-35 4 "13/07/2004"| 2749 S F S Poor Design
WF-A | WF-A-WT-17 | GSN-36 4 "16/07/2004"| 2752 S F F Poor Design
WF-C | WF-C-WT-19| GSN-37 4 "30/07/2004"| 2766 S S S Poor Design
WF-C | WF-C-WT-10| GSN-38 4 "12/08/2004"| 2779 S S F Poor Design
WF-E | WF-E-WT-11| GSN-39 4 "17/09/2004"| 2815 S F S Poor Design
WF-D | WF-D-WT-28| GSN-40 4 "21/09/2004"| 2819 S F S Poor Design
WF-E | WF-E-WT-16 | GSN-41 4 "25/10/2004"| 2853 F S S Fatigue
WF-E | WF-E-WT-13 | GSN-42 4 "07/11/2004"| 2866 F S S Fatigue
WF-I [ WF-I-WT-7 [ GSN-43 4 "20/12/2004"| 2918 F S S Poor Design
WF-A | WF-A-WT-24 | GSN-44 4 "02/01/2005" | 2922 F S S Poor Design
WF-A | WF-A-WT-6 | GSN-45 4 "28/02/2005"| 2969 F F F Poor Design
WF-| [ WF-I-WT-13 [ GSN-46 4 "07/04/2005"| 3007 S F S Poor Design
WF-A | WF-A-WT-19 | GSN-47 4 "26/04/2005"| 3026 S F S Poor Design
WF-J | WF-J-WT-9 | GSN-48 4 "12/09/2005"| 3165 S F S Poor Design
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6.3 SHAPE AND SCALE PARAMETERS OF COMPONENTS AND
SUBSYSTEMS OF 600 kW WIND TURBINE

The shape and scale parameters for componentsibagstems of the various types
of wind turbines are estimated in this sectiorwdts mentioned previously that the
value of # describes the failure pattern of the equipmerdt th, S<1 means a
reducing failure pattern =1 signifies a constant failure pattern a@c1 indicates
an increasing failure pattern. The scale param@ledenotes the characteristic life
of the equipment; the time at which there is praistof approximately 0.632 that

the equipment will have failed.

The reducing failure patternf(<1) usually known as thmfant mortality denotes
failures that occur at the early-life of equipmamid the likelihood of occurrence
reduces as the age of the equipment increasescaristant failure patterng=1)
represents failures that are independent of equipage, that is, the likelihood of
occurrence is invariable through out the life-cyolethe equipment. Lastly, the
increasing failure patternA>1) commonly referred to awear-out symbolises
failures that occur at the later life of equipmehat is, the likelihood of occurrence

increases with the age of the equipment.

The shapé) and scalén) parameters of critical components and subsystéieo
600 kW wind turbine are estimated using the Relia®B&eibull ++7 software. The
results are presented in table 6.5. The probabilisgribution and the parameter
estimation technique are shown in columns 3 antltheotable respectively. In the
analysis, the Fisher Matrix (FM) confidence boundtmod and median (MED)
ranking was used to underpin the statistical evmoaTheMean Lifeor Mean Time
Between FailureMTBF) of each of the critical components and ggbsms are
presented in column 10 of the same table. Note ttiatscale parameters and the

mean time between failures are in days.
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Table 6.5 Shape and Scale parameters for critical compongn&00 kW wind

turbine

Shape | Scale | Likeli- Mean Life
Sub-systemy  Components Distribution Analysis  (B) () | hood | Failed| Suspended (MTBF)

Blade
Main shaft Weibull-2P|  MLE | 143| 6389 -7290 7 70 | 5807
Main bearing Weibull-2P| ~ MLE| 1.09| 3833 -112.f9 1% 65| 3711
Gearhox Weibull-2P|  MLE [ 1.05| 290501 -56.99 5 72 | 28521
Gears Weibull-2P| MLE| 250| 5718 -7510 7 70 | 5070
HSSbearingy Weibull-2R  MLE| 152 7244 -125j00 1P 64| 6528
IMS bearings| Weibull-2Pf MLE| 363] 4694 -5399 5 | 4%
Key way Weibull-2P| MLE | 0.84| 101790 -356p 3 74| 111720
Generator Weibull-2Pf  MLE| 111 17541 -98.40 9 68 | 16888
Bearings Weibull-2P]  MLE| 139] 495§ -300.00 31 46 | 4524
Windings Weibull-2P| MLE | 162 7158 -15540 15 62 | 6412

6.3.1 The Main Shaft

The estimated values ¢f ands for the main shaft are 1.43 and 6389 respectively.
The S value of 1.43 indicate wear out failure patterrwhile thes value of 6389
implies that there is a probability of approximgtél632 that all the main shafts in a
wind farm of 600 kW turbine would have failed with6389 days or approximately
18 years, given the assessed failure behaviouhefnain shafts and the current
maintenance strategy employed. The Weibull ploagbical data analysis) for the

main shafts failure data is shown in figure 6.1.
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Figure 6.1 Main Shaft Weibull Plot
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The probability density function (pdf) plot for tmeain shaft is presented in figure
6.2. The plot is skewed to the left showing thalkbef the failure modes occur
between 0 and 4000 days even though the estimai@&FNs 5807 days.
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Figure 6.2 Main Shaft pdf plot

The main shaft failure rate plot is presented igufé 6.3. The plot shows a
constantly increasing failure rate and not a cleear out even though the value of

[ is greater 1. This demonstrates the significanfcéhe plots to provide more

information to support the calculated values.
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Figure 6.3 Main Shaft Failure Rate Plot

PhD Thesis, The Robert Gordon University Aberdeen, 2008. 97



Maintenance Optimisation for Wind Turbines

6.3.2 The Main Bearing
The estimated3 ands values for the main bearing are 1.09 and 383%ectsly.

The 1.09 value of8 indicates aandom failure patternThe Weibull plot is shown

in figure 6.4.
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Figure 6.4 Main Bearing Weibull plot

The pdf plot of the main bearings is shown in Figure @Be plot is also skewed to
the left and the right side of the pdf steeply drajpwn before 1300 days; this

means that that most of the failures will occubefthis time.
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Figure 6.5 Main Bearing pdf plot
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The main bearing failure rate plot in figure 6.®wafs the randomness of the failure

pattern.
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Figure 6.6 Main Bearing Failure Rate Plot
6.3.3 The Gearbox

The estimated values @ ands for the gearbox are 1.05 and 29051 respectively.
The S value of 1.05 indicate emndom failure patterrwhile the, value of 29051

implies that there is an approximately 0.632 prdigtihat all the gearboxes in a
wind farm of 600 kW turbine would have failed with29051 days or approximately
79 years, given the assessed failure behaviouthefgearbox and the current
maintenance strategy employed. TNeeibull probability plot of the failure
characteristic is shown in Figure 6.7.

The probability density function (pdgnd thefailure rate plots are shown in Figures
6.8 and 6.9 respectively. The pdf plot is skewetholeft; it shows a classic failure
characteristic of the gearboxes as a result of nfiaihyre modes. Unfortunately, the
assessed failure data did not capture the exdatdanodes due poor recording of
failure information. The failure rate plot show#arizontal line which explains the
randomness of the failure pattern of the gearboXd®e gear-wheels and the

intermediate stage (IMS) bearing of the gearboxehgvvalues of 2.50 and 3.63

respectively. These indicatengear-out failure patternThe key-way of the gearbox

has af value of 0.8 which denotes artborn failure pattern or infant mortality
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The MTBF for the gearbox is about 28521 days. Teargvheels, HSS bearing,

IMS bearing and the key ways have MTBF of 5070,85232 and 111720 days
respectively.
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Figure 6.7 Gearbox Weibull Plot
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Figure 6.8 Gearbox pdf plot
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Figure 6.9 Gearbox failure rate plot

6.3.4 Generator
The estimated values off and n for the generator are 1.107 and 17541
respectively. TheS value of 1.11 indicates @ndom failure patternThe Weibull

plot is shown in figure 6.10. The pdf and failuager plots are shown in figures 6.11
and 6.12 respectively. The pdf plot of the generiatslightly skewed to the left.
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Figure 6.10 Generator Weibull Plot
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Figure 6.11 Generator pdf plot

The failure rate plot of the generator in figurdBshows a horizontal line which
explains the randomness of the failure charactesisff the generator. Note that the

estimated mean time between failures of the genreiail 6888 days.
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Figure 6.12 Generator failure rate plot
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6.4 A CASE STUDY
This section presents a case study to demonstiatgractical application of the
estimated3 andn values to determine and optimise maintenance iaesvfor the

critical components and subsystems of the 600 ki iirbine.

6.4.1 Reliability Trend of Critical Components of e 600 kW Wind Turbine
Table 6.12 presents the reliability trend of thitical components of the 600 kW
wind turbine over a period of 20 years. The talflewss the upper and the lower
limits of the reliabilities at 95% confidence boufithe reliability of the main-shaft
reduces from 0.98 in the first year to about 0.8tha end of the 20 years life-cycle.
The lower limit of the reliability reduces signiéintly from 0.93 in the first year to
0.25 in the 8 year and subsequently to about 0.01 at the etttecf%’ year.

On the other hand, the reliability of the main legreduces from 0.93 in the first
year to about 0.53 in thd"¥ear and further degenerates to about 0.13 artheof

the 20 years life-cycle. The lower limit reducesnfr0.86 in the first year to 0.00 at
end of the 15 year. The gearbox appears to be more reliable ahgrof the other
subsystems in the first year with a reliabilitylofHowever, this reduces drastically
to about 0.66 at the end of th& Year and further degenerates to 0.29 and 0.00 in
the 11" and the 2B year respectively. The lower limit of the reliatyilreduces to
0.15 and 0.00 in year 10 and 14 respectively. felmbility of the generator
reduces from 0.99 in the first year to 0.35 andl0if) the §' and 18' year
respectively. The lower limit deteriorates to 0i@0the 14" year from 0.97 in the

first year.

Figure 6.13 shows the reliability trend of the icat components. Assuming a
reliability of 0.95 is desired as a minimum thrdshat is worth noting that the
components (main bearing, main shaft, gearbox bhadgenerator) will fall below
this target in year 3, 1, 4 and 3 respectivelyegithe current failure behaviour and

the maintenance strategy employed.
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Table 6.6Reliability trend for critical subsystems of a @0 wind turbine

Year 123|456 7]8|9]|10)11|12(13|14|15])16|17|18[19|20
_Reliability 0.98/0.960.92 10.89{0.85{0.80 {0.76 (0.72|0.68(0.64[0.60 [0.56]0.52 {0.48{0.45{0.4110.38 |0.35|0.33{0.30
JUpper  {1.00{0.9810.96 {0.94]0.93]0.92 [0.91 [0.90/0.90]0.89]0.89 |0.88/0.88{0.87|0.87{0.86 {0.86 {0.86 {0.85(0.85
“TLower  {0.93]0.89 |0.84{0.77{0.67{0.57 |0.45 [0.35[0.25(0.170.11 [0.07{0.04 |0.02{0.01 |0.01 0.00 10.00 |0.00{0.00
@ Reliability |0.93|0.850.78 |0.710.640.58 |0.53 |0.48]0.43|0.390.35 |0.31{0.28{0.25/0.230.21 {0.18 {0.17 {0.15{0.13

;i Upper  {0.96/0.910.87 {0.84(0.82/0.80 {0.78 {0.760.750.74(0.72 |0.71]0.70{0.69]0.68{0.67 |0.66 {0.65 [0.65 |0.64
[<5]
~|Lower  |0.86/0.75]0.62 |0.490.37/0.27 |0.19 {0.13]0.08]0.05/0.03 |0.02]0.01{0.01]0.00{0.00{0.00 {0.00 {0.000.00
= |Reliability |1.00{0.98 {0.95 {0.90]0.83{0.75 0.6 |0.56{0.46(0.37)0.29 {0.210.15{0.11{0.07{0.04 {0.03 {0.02 {0.01{0.00
E Upper  {1.00/0.990.98 {0.94(0.8910.83 {0.76 {0.700.64(0.59|0.54 |0.49]0.45{0.40]0.36{0.330.29 {0.26 {0.24(0.21
© Lower  |0.98[0.94]0.89 0.82]0.75/0.65 0.52 |0.39|0.260.15/0.08 {0.03]0.01{0.00{0.000.00{0.00 |0.00 {0.000.00
S Reliability {0.99(0.96 {0.91 {0.830.75(0.65 {0.54 |0.44(0.35(0.27]0.20 {0.14|0.10{0.07(0.04{0.03 {0.02 {0.01 {0.01{0.00
«©
@ |Upper  |1.00]0.98 {0.95 {0.89]0.82(0.73 {0.63 |0.54(0.460.38)0.32 (0.260.21{0.17(0.14{0.11 {0.08 |0.07 {0.05{0.04
© |Lower |0.97|0.91{0.84 [0.750.65]0.55 |0.45 |0.34]0.25/0.17]0.11 |0.06]0.03{0.02|0.01{0.00{0.00 {0.00 {0.000.00
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Figure 6.13Reliability Trends of Critical Components over ay&ar Life-Cycle

6.4.2 Maintenance Optimisation

A Condition-based maintenance (CBMjrategy is suitable for components or
subsystems with aandom failure pattern(3=1) if identifiable and measurable
warning signs exist to assess the actual conditadnmcipient failures, and the

availability of reasonable time to take proactiwian to prevent the failures from
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escalating to catastrophic events. Therefore, wttegee are no identifiable and/or
measurable warning signs, and/or the lack of ressentime to take proactive
action such as components with very short P-F vaterCBM will not apply.
Moreover, CBM is not applied to components or sstemys with a random failure
pattern if failure consequences will not result nevenue losses, customer’'s
dissatisfaction or health, safety and environmenmntglact. Time-based TBM) is
suitable for components or subsystems exhibitwegr-out failure patterrii.e. >1)
while Failure-based (FBM)(corrective actions performed upon failure of the
component or subsystems) is appropriate for comgenand subsystems with

negligible failure consequences.

Thus, given the failure patterns of the componamd subsystems of the 600 kW
wind turbine in table 6.5, and their failure consegces in table 5.5, Condition-
Based Maintenance is the most suitable strategypnamntain the main bearing,
gearbox and the generator. The strategy enablbsdstection of incipient failures
that can potentially cause catastrophic failuréhefsubsystem3ime-basedis well
ascorrective actions based on unanticipated failuaes suitable for the gear wheels

and the main shaft.

Recall that Time-Based and Failure-Based Maintemame the strategies commonly
adopted by wind farm operators to maintain windbings. In chapter 5, we
established that these strategies are not adetpat®et the current maintenance
requirement of the wind industry. In the next subie®m we will re-assess the

suitability of the TBM tasks using quantitative iopisation technique.

6.4.3 Optimisation of Time-Based Maintenance Tasks

We have seen in the previous section that the desals and the IMS bearing of the
gearbox exhibit a wear out failure pattern, andt tthme-based maintenance is
appropriate for these components. In this subseet® will determine the optimum
cost and time to carry out the TBM task. Furthemmdine suitability of TBM tasks

for the other components and subsystems will besassl.
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6.4.3.1The Gear Wheels

In chapter 3, we had explained the concept of raaarice optimisation to denote
the best possible balance between costs/risksfpsaface (figure 3.1). In chapter 5,
the failure consequences or unplanned replacemenmtitcal components and

subsystems of the 600 kW wind turbine were deteeohisnd presented in table 5.5.
The cost of planned replacement of gear wheelsvisngin chapter 8, table 8.2.

Using this information the optimal time and cosé aletermine and the result is
presented in figure 6.14.

Start Time: 365 Cost for planned replacement: £8,182
Increment: 365 Cost for unplanned replacement: £78,468
Cost/Unit
Time Units Time Cost Per Unit Time vs. Replacement Time
365 22.62287
730 11.79035 24
1095 8.53828
1460 7.23868 | 22 '\
1825 6.75484 | g
2190 6.70032 \
2555 6.90344 18
2920 7.27316 16 \
3285 7.75424 | 8 By \
3650 8.30936 =
4015 8.91100 | ¢ \ e
4380 9.53755 \ //
4745 10.17125 10 \ /
5110 10.79719 8 \ //
5475 11.40279 N——
5840 11.97761 6
6205 12.51323 0 1000 2000 3000 4000 5000 6000 7000 8000
6570 13.00333 PM Time
6935 13.44363
7300 13.83189
7665 14.16780 Minimum point = 6.7003

Figure 6.14Gearwheels Optimum Replacement

The minimum point on the curve is at 6.7003, tleigresents the optimal point. The
optimal cost per unit time is £6.7003 and the optimterval is at 2190 days i.e. 6
years. For the purposes of comparison, the cad8Mbmust be reduced to a common
unit such as cost/year. Thus, the PM cost/yedreabptimal point is the product of
the cost per unit time (i.e. 6.7003) and the nunabelays in a year (i.e. 365) to give
£2,445.61 as the optimum cost/year of the PM tastable 6.5, the estimated Mean
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Time Between Failures (MTBF) for the gearwheelS030 days. The PM tasks are
often scheduled at the MTBF, however we need terdehe the cost/year at this
period and compare it with the optimal point. Measy from figure 6.14, the unit
cost at 5070 days is about £10.8679. Thus, the &year at the MTBF is about
£3,966.78. This is about 62% higher than the ceat/yat the optimum interval.
Alternatively, about £1,521.17 will be saved per MK if it is carried out at the

optimum interval.

6.4.3.2The Intermediary Speed Shaft Bearing

Figure 6.15 shows the optimised Time-Based Mainte@dask for the intermediary
Speed Shaft Bearing of the gearbox. The cost aieplareplacement of the IMS
bearing is about £2,742 (Chapter 8, Table 8.2)thadailure consequences is about
£78,468 (Chapter 5, Table 5.5).

Start Time: 365 Cost for planned replacement: £2,742

Increment: 365 Cost for unplanned replacement: £78,468
Cost/Unit

Time Units | Time Cost Per Unit Time vs. Replacement Time

365 7.53192

730 3.87734 20

1095 2.85601 -

1460 2.62649 18 /’

1825 2.84222 16 /

2190 3.39856 /

2555 4.25152 14

2920 5.36996 =12

3285 6.71743 §

3650 8.24388 10 /

4015 9.88252 8

4380 11.55136 \ /

4745 13.15962 6 \ /'

5110 14.61889 4

5475 15.85715 N~

5840 16.83193 2

6205 1753757 0 1000 2000 3000 4000 5000 6000 7000 8000

6570 18.00296 PM Time

6935 18.28003

7300 18.42757

7665 18.49720 Minimum point = 2.62649

Figure 6.15IMS Bearings Optimum Replacement
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The minimum value on the curve in figure 6.15 is@l?2.62649; this represents the
optimal replacement cost per unit time. The optintinre is about 1460 days i.e. 4
years. Thus, the optimal PM cost/year is the prbdefcthe optimal cost i.e.
£2.62649 and the number of days in a year (369)ivwe £958.69. The estimated
MTBF of the IMS bearing is 4232 days (Table 6.5heTcost per unit time at the
MTBF is about 10.42156, thus the cost/year of PkhatMTBF is about £3,803.87.
Carrying out the PM task at the optimum time wdlve about £2,845.18 per PM
task.

6.4.3.3The Main Shaft

Figure 6.16 shows no optimum cost and intervalderforming PM task on the

main shaft.
Start Time: 365 Cost for planned replacement: £12,885
Increment: 365 Cost for unplanned replacement:  £29,114
. | Cost/Unit “ost Per Unit Time vs. Replacement Time
Time Units | Time
365 36.29810
730 18.98762 40
1095 13.35339
1460 10.61503 35| |
1825 9.02437 \
2190 8.00153 30
2555 7.29934 \
2920 6.79491 25
3285 6.42041 g
3650 6.13540 O \ No optimal Cost
4015 5.91432 20
4380 5.74026 \
4745 5.60160 15
5110 5.49013 \
5475 5.39985 10 ]
5840 5.32632 N
6205 5.26618 5
6570 5.21684 0 1000 2000 3000 4000 5000 6000 7000 8000
6935 5.17627 .
7300 5.14288 PM Time
7665 5.11540

Figure 6.16Main Shaft Optimum Replacement
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The shape parametd?) (for the main bearing in table 6.5 and the failtate plot in
figure 6.3 show that the main shaft failure chagastic is neither a complete
random failure pattern nor a complete wear out rmicated by the constantly
increasing failure pattern. The cost for planneplasement of the main shatft is
about £12,885 (Chapter 8, Table 8.2) while the émsunplanned replacement or
the consequences of failure is £29,114 (Chapt&able 5.6). The cost per unit time
decreases continuously as time increases. ThissiibanPM task is not suitable for
maintaining the main shaft of the 600 kW wind taehi

6.4.3.4The Main Bearing

Figure 6.17 shows no optimum cost and intervalderforming PM task on the

main bearing.
Start Time: 365 Cost for planned replacement: £10,763
Increment: 365 Cost for unplanned replacement: £22,374
Time Units Cc}sitr;Lémt Cost Per Unit Time vs. Replacement Time
365 33.02744
730 18.52287 35
1095 13.76032
1460 11.41797 30 \
1825 10.03768
2190 9.13540 \
2555 8.50448 25
2920 8.04203 \
3285 7.69109 g 20
3650 7.41764 o No Optimal Cost
4015 7.20008
4380 7.02410 15
4745 6.87980
5110 6.76016 10 4
5475 6.66002 N
5840 6.57556
6205 6.50384 >
6570 6.44259 0 1000 2000 3000 4000 5000 6000 7000 8000
6935 6.39004 PM Time
7300 6.34475
7665 6.30558

Figure 6.17Main Bearing Optimum Replacement
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The shape parameter of the main bearings in tabletd the failure rate plot in
figure 6.6 show the random failure pattern of thenrbearing. Recall that PM tasks
are not suitable for components or subsystems wéxbibits random failure pattern
if there is an identifiable warning signs that da measured to assess the actual
condition of incipient failures and the availalylibf reasonable time to take
proactive action to prevent the failures from esitag to catastrophic events. The
cost for planned replacement of the main bearint0ig63 (Chapter 8, Table 8.2)
while the cost for unplanned replacement or thesequnences of failure is £22,374
(Chapter 5, Table 5.6). The cost per unit time eases continuously as the time
increases. This means that PM task is not suifableaintaining the main bearing
of the 600 kW wind turbine.

6.4.3.5The Gearbox HSS Bearing

The estimated shape paramef®rdf the gearbox high speed shaft bearing is 1.52.
This is neither a complete random nor a wear oiliiréa pattern but a constant
increasing failure rate plot. The cost for planmeglacement of the HSS bearing is
given in chapter 8, table 8.2 and the cost for ampéd replacement or consequences
of failure of the bearing in chapter 5, table 5l8sing this information the

optimisation graph is plotted as shown in figurkss.

The minimum point on the graph in the figure is838474. This represents the
optimal cost per unit time, and the optimal inténgaat 1095 days (3 years). The
optimal cost/year is determined by multiplying tbetimal cost per unit time
(5.9834) and the number of days in a year (365tain £2,183.94. In table 6.5, the
estimated MTBF of the HSS bearing is 6,528 days.

Thus, the cost per unit time at the MTBF is 9.9008ultiplying the cost per unit
time at the MTBF and the number of days in a y&&5) will give £3,613.83
cost/year at MTBF. By carrying out the PM taskha optimal interval will save the
sum £1,429.89/PM task.
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Start Time: 365 Cost for planned replacement: £2,230
Increment: 365 Cost for unplanned replacement: £78,468
Cost/ Cost Per Unit Time vs. Replacement Time
Unit
Time Units Time
365 8.344 10.5
730 6.257 10 _
1095 | 5.983 L
1460 6.099 9.5 /
1825 | 6.340 9 yd
2190 6.625 //
2555 6923 | 83 /
2920 7.220 3 8 \
3285 [7510| © \ /
3650 | 7.790 75 \ /
4015 8.058 7 /
4380 8.314 6 \
4745 | 8.557 & \
5110 8.788 6 .
5475 9.007 .
2840 | 9.215 0 1000 2000 3000 4000 5000 6000 7000 8000
6205 9.411 '
6570 9.596 PM Time
6935 9.771
7300 9.935
7665 10.09 Minimum = 5.9834474

Figure 6.18Gearbox HSS Bearing Optimum Replacement

It is worth noting however, that the gearwheelg thMS and HSS bearings are
components within a gearbox, and the gearbox filsicharacterised by a random
failure pattern as indicated by the estimated slpapameter and the failure rate plot
in table 6.5 and figure 6.9 respectively. The geaiils a repairable subsystem with a
number of components, thus the failure characiera§tthe subsystem in this case
will override the PM tasks for the individual cormemts because of the random

pattern of failure.

6.4.3.6The Generator bearing
Figure 6.19 shows the optimisation plot for the eyator bearing. The minimum
point on the curve in the figure is 5.89848 whiepresent the optimal cost per unit

time. The optimal interval for performing the PMskais 1460 days (4 years). The
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optimal cost/year is £2,152.77. The estimated MT@Rhe generator bearing is
4524 days (table 6.5); the cost per unit time atMTBF is 6.9936. The cost/year
for doing the PM task at the MTBF is £2552.67.

Start Time: 365 Cost for planned replacement: £2,332
Increment: 365 Cost for unplanned replacement:  £35,964
Cost/ Cost Per Unit Time vs. Replacement Time
Unit
Time Units | Time 9
365 8.941
730 6.51
1095 5.997 8.5
1460 5.898
1825 | 5.941 8
2190 6.039 .
2555 6.160 7 —
2920 | 6.288| 8 //
3285 6.416 7 ~
3650 | 6.541 //
4015 6.659 6.5 7
4380 6.771
4745 | 6.876 6 \
5110 6.974
5475 7.065 5.5
5840 7.149 0 1000 2000 3000 4000 5000 6000 7000 8000
6205 7.226 PM Time
6570 7.298
6935 7.363
7300 7.423
7665 7.478 Minimum = 5.89848

Figure 6.19Generator Bearing Optimum Replacement

6.5 SUMMARY

This chapter has analysed the collected field faiand maintenance data of 600 kW
wind turbines. The failure and maintenance data eadlected from 27 wind farms
located in the same geographical region. The Mammiikelihood Estimation
(MLE) was used to determine the shape and scalanpmers of the Weibull
distribution for critical components and subsystafithe wind turbines. ReliaSoft

Weibull ++7 software was used in the analyses. Wwbull probability plots,
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probability density function (pdf) plots and theldee rate plots were generated for

the critical components and subsystems of the wirtines.

A case study was undertaken to demonstrate thetiggh@pplication of the
estimatedd andn values to determine and optimise maintenance iaesvfor the
critical components and subsystems of the 600 kWdwirbine. The main bearing
and shaft of the wind turbine have no optimal carsdl interval to carry out PM
tasks. The optimal interval for performing PM taskthe gearwheels, IMS bearing
and the HSS bearing of the gearbox of the 600 kvwiwurbine are 2190, 1460 and
1095 days respectively while the optimal cost/yaar £2,445, £958 and £2,183
respectively. Similarly, the optimal interval anast/year for performing PM task on
the bearing of the generator are 1460 days andZ2&pectively. The gearbox and
the generator are repairable subsystems of the tariine with estimated shape
parameters of 1.09 and 1.11 respectively. Thugahdom pattern of failures of the
subsystems will not allow effective implementatiof the PM tasks for the

components as PM will not be suitable for the sstesys.
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CHAPTER 7

MODELLING WIND TURBINE FAILURES
TO OPTIMISE MAINTENANCE

7.1  INTRODUCTION

The shape and scale parameters of critical comperaem subsystems of the 600
kW wind turbines were estimated in chapter 6. Tammeters were further used to
determine appropriate maintenance tasks for thgpooants and subsystems of the
turbine. This chapter present a case study to maddl assess the Reliability,
Availability and Maintainability (RAM) of the 600W wind turbine and the 26 x
600 kW wind farm. The estimated valuespoaindn (chapter 6, table 6.5) of each
component within a subsystem of the 600 kW windine will be used to populate
the BlockSimof the ‘ReliaSoft BlockSim-7" simulation softwar® model the
failures of the subsystem. TBeandn values of each subsystem of the 600 kW wind
turbine will be used to populate the BlockSim todmlbothe failures of the wind
turbine. The model of the wind turbine is then usted model the failure
characteristics of the wind farrMonte Carlo simulatioris used by the ‘ReliaSoft
BlockSim-7’ software to assess the RAM of the wind turbine #edwind farm;
taking into account the costs and availability okimenance crew and spare

holdings.

7.2 Modelling Failures of the 600 kW Wind Turbine

A failure model of a typical gearbox in the 600 KWrizontal axis wind turbine is
shown in Figure 7.1. The components (representeBdiability Block Diagrams)
are connected igeries that is,the function of each component is dependent on the
functionality of the other components. Convers#ilure of a component within the

subsystem will result to the subsystem’s breakddMae estimateq3 ands values

of each component are incorporated into the Rdilalilock diagrams (RBD).

Note that any component which failure data wasavailable has been set tadck

cannot fail in the models. This is to avoid subjective anldgical assumptions
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about the components, and to ensure the mode8ifmps$ed solely on field failure
data. The incorporate@® ands; values of the gear wheels, key ways, intermediary
speed shaft (IMS) and high speed shaft (HSS) bgsmane shown in the figure. The

complete reliability equation of the gearbox madeshown in Equation 7.1.

IMS HSS Key
shaft]_b[Bearings]_’[Bearing]_’[ Ways HGears]—P.

Block Failure Distribution Legend

Start: Block Cannot Fail End: Block Cannot Fail
Shafts: Block Cannot Fail IMS Bearingsp=3.63;1=4694;y=0
HSS Bearingsf=1.52;n =7244;y=0 Key ways3=0.84;n=101790;y =0

Gears$=2.5;1=5715;y=0

Figure 7.1Gearbox Failure Model

RGearbox= RshaftsRIMS Bearings-RKey Ways-RHSS Bearing-RGears (7.1)

Where R= Reliability

Failure model of generators within the 600 kW wintbines is shown in Figure 7.2.
The components; stator winding, bearing, rotor, &t connected iseries The
incorporatedfS and s values of the stator windings and the bearingsshosvn in
the figure. The complete reliability equation oéthenerator's model is presented in
Equation 7.2.

sestngg—s| otor |- wrings| ]

Block Failure Distribution Legend

Start: Block Cannot Fail End: Block Cannot Fail
Bearings: $=1.39;1=4956,;y=0 Rotor: Block CannoilFa
Windings: p=1.62;1=7158;y=0

Figure 7.2Generator Failure Model
RGenerator= RWindings .RBearings. RRotor ... (7.2)
Where R= Reliability.
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Figure 7.3 shows the failure model of the 600 kWidvturbine. The figure shows
the RBD of key subsystems and their estimated satieS and;. The blades of

the turbine are connectedparallel as they operate independently. However, all the
blades must be in good operating condition befbeewind turbine can function.
This operating condition is depicted in tBeout of-3node 8oo3d shown in the
figure 7.3. Similar condition applies to the magabings which require 2-out of-2
The operating condition of the mechanical and agrachic brakes are however
different, one of the brake is enough to stop tmbibhe (i.e.1l-out of-3. Safety
requirements demandZzaout of-2to avoid failures related to over speeding of the
turbine. These parallel arrangements are connétteeries to the other subsystems

of the wind turbine. The appropriat§ and n values of each component and

subsystem are incorporated in the model. $taet and end blocks as well as the

connecting nodeare set toblock cannot fail’

The gearbox and the generator models in figuresand 7.2 respectively are
incorporated to represent the gearbox and the gtaren the wind turbine’s failure
model shown in the figure 7.3. The incorporatedueal of 8 and n of each

subsystem are shown in the figure. The compleialiéty equation of the wind

turbine’s model is presented in Equation 7.3.

Mechanical
brake

.: Foundeation ¢
Block Failure Distribution Legend

Start: Block Cannot Fail Blade 1:  Block Cannot Fail Bearing A=1.09,1=3835;y=0
Flexible coupling: Block Cannot Fail Gear box;p=1.05;1=29051,y=0 Aerodynamic break: Block Cannot Fail
2002: Block Cannot Fail Main shaft=1.43;1=6389;y=0 Foundation: Block Cannot Fail
Bearing B:f=1.09;1=3835;y=0 3003: Block Canivail Blade 3: Block Cannot Fail
Generator:p=1.11;1=17541y=0 Blade 2: Block Canfrail 1002: Block Cannot Fail
Mechanical break: Block Cannot Fail Tower: Block Cannot Fail End: Block Cannot Fail

Figure 7.3Failure Model of 600 kW Wind Turbine
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Rrurbine = (RMian ShaftsRGearboxsRFlexible coupling-RTower-RFoundation (R3oo3 (RBIade 13)) (R2002

(RBearing AZ)) (RGenerator-Rlooz (ZRMechanicaI Brake™RMechanical Brakez)))--- (7.3)
Where,

R= Reliability

RBlade 1=RBlade 2=RBlade 3

RBearing A=RBearing B

RAerodynamic brake =RMechanical Brake

The failure model of the 26 x 600 kW wind farm ®®n in Figure 7.4. Each of the
Reliability Blocks (numbered 1-26) represent onetted 26 wind turbines in the
farm. All the 26 turbines are a replica of the 8604 wind turbine failure model
presented in figure 7.3. Generally, wind turbin@erate independently in a wind
farm, that is, failure of a wind turbine on a wifadm does not affect the operation
of the other turbines on the farm. This operatiomalependency of the wind
turbines is depicted in thgarallel connection of the blocks in the wind farm model
as shown in the figure 7.4. The 1-out of-26 (i1®026) operating condition

represents the autonomy of each wind turbine onvthd farm.

7.3 600 kW Wind Turbine Model Assessment

The reliability, availability and maintainabilityRAM) of the wind turbine is
assessed over a period of 4 years; taking intoustdhe costs and availability of
maintenance crew and spares holding. The ‘4 yedard short term economic
analysis period required by the collaborating wiadn operator. Recall th&aBM
strategy (i.e. corrective maintenance based ondoBpn)is suitable for components
or subsystems with lndom failure patterr{i.e. f=1) if there is an identifiable and
measurable warning signs that permit the assessoietfite actual conditions of
incipient failures and the availability of reasoleabme to take proactive action to

prevent the failures from escalating to catastropkents.

Tables 7.1, 7.2 and 7.3 show the current spare palaly, corrective maintenance
crew policy, and inspection and preventative maatee (PM) crew policy

respectively. Note that tables 7.2 and 7.3 areldped based on a discussion with
the collaborating wind farm operators to initiatke t process of quantitative

maintenance optimisation. The detailed breakdownhefdirect cost per itemin
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table 7.1 and théailure consequences table 7.2 are given in Chapter 5, Section
5.3.2. The current spare pool policy and the maamee crew policies were used to

populate the appropriate RBD of the wind turbimadel.

10026

Block Failure Distribution end
1-26:  Wind turbine

Start:  Block Cannot Fail

10026: Block Cannot Fail

End:  Block Cannot Fail

Figure 7.4Failure Model of the 26 x 600 kW Wind Farm

Table 7.1Current Spare Pool Policy

Restock when | Number of
Direct cost | Indirect Initial stock level | stock to be | Total Initial
Subsystem |per item (£)| cost (£) | stock level drops to added | stock cost (£)
Mean bearings| 9,851 100 4 2 2 39804
Main shaft 11,133 100 2 1 1 22466
Gear box 61,687 100 1 0 1 61787
Generator 23,441 100 2 1 1 47082

Note the indirect cost in the Table 7.1 is the ab¥teeping an item in a spare pool

measured per annum.
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Table 7.2Crew Policy for Corrective Maintenance

Tasks crew| Labour
Labour can Cost
Crew cost/ | Work |performat| per Failure
Repair Parameters A hour | hours/ | the same |incident| Consequence
Subsystem Distribution]  (days) | (Person) | (£) day time (£) (£)
Mean bearings | Normal pu=2
o=1 3 50 8 1 2,400 22,375
Main shaft Normal pu=4
o=1 3 50 8 1 4,800 29,114
Gear box Normal u=3
o=1 3 50 8 1 3,600 78,468
Generator Normal pu=2
o=1 3 50 8 1 2,400 35,964

Table 7.3Crew Policy for Inspection and Preventative Maiatgre

Tasks crew Cost of| Total

Labour can Labour | crane | Direct| cost

Fixed | Crew | cost/ | Task [perform at|Cost per| per |costof| of

interval A hour |duration| the same |incident| hour | crane | task

Subsystem Task | (days) [(Person)| (£) | (hours) time (£) (£) (£) | (B)
CBM

Mean bearings |(Inspection) 180 3 50 1.33 1 200 300 | 399 | 599
TBM

Main shaft (PM) 365 3 50 1.33 1 200 300 | 399 | 599
CBM

Gearbox (Inspection) 180 3 50 2 1 300 300 | 600 | 900
CBM

Generator (Inspection) 180 3 50 1.6 1 240 300 | 480 | 720

The wind turbine model is populated with the infation in the tables, and then
simulated over a period of fours years. The sinmuhat start from 0 to 365, 730,

1095 and 1460 days respectively. The wind turbmeits subsystems up/downtime
trend are shown in Figure 7.5. The subsystems episnelatively consistent over
the 4 year period; given the defined maintenancategty, crew and spare pool
availability. The overview result and the cost suamynare shown in Tables 7.4 and
7.5 respectively. The mean availability (all everdas the wind turbine in the first

and the fourth year are 97% and 98% respectivetg fbtal down time increases
from about 10 days in the first year to about 2ysdia the fourth year. The total
costs increases from £180,912 in the first yeahtout £208,758 in the fourth year.
The break down of the total cost is shown in tabk It is evident that the spare

pool costs constitute the greater percentage dbthécosts.
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‘ Operating
Main Shaft Time
Generator i i | i i 1 ! ‘ Time Under

Repair
Gear box T T T T T T
Bearing B T T T T T T
Bearing A R BN UR R
Turbine T T T T T T

0 292 584 876 1168 1460

Time, (1)
Figure 7.5Wind Turbine and Subsystems up/down

Table 7.4Wind Turbine Overview result

System Overview Year 1 Year 2 Year 3 Year 4
General
Mean Availability (All Events): 0.97 0.98 0.98 0.98
Std Deviation (Mean Availability): 0.09 0.06 0.04 0.04
Mean Availability (w/o PM & Inspection): 0.97 0.98 0.98 0.98
Point Availability (All Events): 1 1 1 1
Reliability: 0.88 0.79 0.74 0.67
Expected Number of Failures: 0.13 0.23 0.29 0.39
Std Deviation (Number of Failures): 0.35 0.47 0.52 0.60
MTTFF: 2787 3134 3615 3640
System Uptime/Downtime
Uptime: 355 713 1075 1433
CM Downtime: 0 1 1 1
Inspection Downtime: 0 0 0 1
PM Downtime: 0 0 0
Total Downtime: 10 17 20 27
System Downing Events
Number of Failures: 0 0 0 1
Number of CMs: 0 1 1 1
Number of Inspections: 2 4 6 8
Number of PMs: 0 0 0 0
Total Events: 2 5 7 10

Costs

Total Costs:] 180,912.16 | 191,029.01 [ 199,886.83 | 208,758.54

7.4  Wind Farm Model Assessment
The wind farm’s up/downtime trend is shown in Fgt.6. At 44 days, some wind
turbines failed which brought the wind farm inta@n-full operating time. The non-

full operating time is as a result of repairs ofefd turbines and/or delays waiting for
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crew/spare parts. In this case, the maintenanee ca@ only perform one task at a
time, hence resulting in the long delay. Similan+ioll operating times are recorded
at 308, 902 and 1099 days respectively.

Full Operating
Time

| Non-full Operating
Time

Wind Farm

T

ov w292 584 876 1168 1460
44 182
Time, (t)

Figure 7.6 Wind Farm up/downtime trend

Tables 7.5, 7.6, 7.7 and 7.8 show the overviewltesast summary, crew costs
summary and spare pool cost summary of the wingh faspectively. The mean
availability A (t) of the farm at the end of the first and the foyrttar are 46% and
40% respectively. The reliability of the wind farmthe first and the fourth year are
0.02 and O respectively. The mean time to functidadure (MTTFF) decreases
from 90 days in the first year to about 87 dayshim 4" year. The total down time

increases from 196 days in the first year to aBdatdays in the 2year.

The number of failure resulting to downing of thmevfarm increases from 2 events
in the first year to about 7 events in tHeygar. The total cost of managing the farm
as the results the maintenance strategies inrteafid the % year are £376,246 and
£1,006,068 respectively. Thepare pool costgi.e. overall costs of keeping the
spares in the pool) are added to the total comeatnaintenance (CM) costs and

inspection costs to obtain the total costs of thetegies in each year (see table 7.6).
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Table 7.5Wind Farm Overview Result

System Overview Year 1 Year 2 Year 3 Year 4
General
Mean Availability (All Events): 0.46 0.43 0.42 0.40
Std Deviation (Mean Availability): 0.25 0.20 0.17 0.16
Mean Availability (w/o PM & Inspection): 0.46 0.43 0.42 0.40
Point Availability (All Events): 0.90 0.78 0.68 0.57
Reliability: 0.02 0.00 0.00 0.00
Expected Number of Failures: 2 4 5 7
Std Deviation (Number of Failures): 1 1 1 2
MTTFF: 90 90 90 87
System Uptime/Downtime
Uptime: 169 316 457 583
CM Downtime: 4 7 11 14
Inspection Downtime: 0.16 0.31 0.45 0.57
PM Downtime: 0 0 0 0
Total Downtime: 196 414 638 877

System Downing Events

Number of Failures: 2 4 5 7

Number of CMs: 2 3 5 6

Number of Inspections: 3 6 10 12
Number of PMs: 0 0 0

Total Events: 7 13 20 25

Costs

Total Costs:] 376,246.42 | 592,209.73 | 809,132.55 | 1,006,068.97

Table 7.6Wind Farm Cost summary

System Cost Summary Year 1 Year 2 Year 3 Year 4

Misc. Corrective Costs: 46,985.86 | 89,071.99 131,930.76 170,188.67
Costs for Parts (CM): 24,095.69 | 45,245.73 66,223.59 85,569.96
Costs for Crews (CM): 4,248.77 8,155.32 12,152.62 15,599.70

Total CM Costs: 75,330.33 | 142,473.05 210,306.97 | 271,358.33

Misc. Preventive Costs:

Costs for Parts (PM):

Costs for Crews (PM):
Total PM Costs:

[=1 = =1=]
== =1=]
[=1 = =1=]
== [=1=]

Misc. Inspection Costs & 129,777.10 | 257,595.69 384,000.58 508,334.64
Costs for Crews (IN):
Total Inspection Costs:| 129,777.10 | 257,595.69 384,000.58 508,334.64

Spare Pool Costs:[ 171,139.00 | 192,141.00 214,825.00 226,376.00

Total Costs:]  376,246.42 | 592,209.73 809,132.55 | 1,006,068.97

Table 7.7 shows the maintenance crew summary. Ghebers of calls made to the

crew in each year, the accepted and rejected tdaditime used to repair the failures
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as well as the total costs of the crew are showthéntable. For example, a total of
15 and 31 calls were made to the crew in tharid the # year out of which 6 and

12 calls were accepted and, 9 and 19 calls weeeteg] respectively, given that, the
crews can only work on one job at a time. A tofahlbout 4 and 14 days were used

to attend to the calls at the cost of £4,248 arigJ390 respectively.

Table 7.7Wind Farm Crew summary

Maintenance Crew Summary
Period | Crew Policy | Calls |Accepted| Rejected [Time Used Cost
Year 1 Crew A 15 6 9 3.86 4,248.77
Year 2 Crew A 18 13 5 7.44 8,155.32
Year 3 Crew A 23 10 13 11.16 | 12,152.62
Year 4 Crew A 31 12 19 14.39 | 15,599.70

The summary of the spare parts re-supplied to thelspof each subsystem
consumed are shown in Table 7.8. Average StockIL@&®L) and item dispensed
of each of the subsystems are indicated in colunaisd 4 of the table respectively.
For example, 1 bearing was dispensed to carryepdirs in the first year, reducing
the ASL in spare pool of bearings to 3. The indireast of spares (the cost of
keeping the item in the spare pool per annum) éeddo the direct cost per item to

obtain the total cost of each spare.

Table 7.8Wind Farm Spare Pool Summary

Total
Items Cost Per Total Annual
Period Pool ASL | Dispensed Item Cost Cost
Spare Pool gearbox 1 0 61,687 61,787.00
Spare Pool Shaft 2 0 11,133 22,466.00
365 Spare Pool Bearings 3 1 9,851 39,804.00
Spare Pool Generator 2 0 23,441 47,082.00 | 171,139.00
Spare Pool gearbox 1 0 61,687 61,887.00
Spare Pool Shaft 2 0 11,133 22,666.00
730 Spare Pool Bearings 3 3 9,851 60,306.00
Spare Pool Generator 2 0 23,441 47,282.00 | 192,141.00
Spare Pool gearbox 1 0 61,687 61,987.00
Spare Pool Shaft 2 1 11,133 34,299.00
1095 | Spare Pool Bearings 3 4 9,851 71,057.00
Spare Pool Generator 2 0 23,441 47,482.00 | 214,825.00
Spare Pool gearbox 1 0 61,687 62,087.00
Spare Pool Shaft 2 1 11,133 34,599.00
1460 | Spare Pool Bearings 3 5 9,851 82,008.00
Spare Pool Generator 2 0 23,441 47,682.00 | 226,376.00
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7.5 RELIABILITY, AVAILABILITY & MAINTAINABILITY
OPTIMISATION

The fixed CBM and TBM task intervals in table 7r& aesponsible for the very long

downtime of the wind farm shown in figure 7.6. Tingervals are rather ambitious,

thus not ideal for the subsystems because theinteéRsals are far less than the tasks
interval (see chapter 5). Furthermore, TBM taskas suitable for the maintenance

of the main shaft due the constant increasing patiEfailure. Thus, we recommend

a monthly inspection interval for the gearbox, gatw, main bearing and shaft;

taking into account their P-F intervals. Table 8lows the adjusted the tasks

intervals for the subsystems.

Table 7.90ptimised Task Intervals for the Subsystems

Tasks crew Total
Labour can Labour | Cost of | Direct| cost
Fixed | Crew | cost/ | Task [perform at|Cost per| crane [costof| of
interval| A hour |duration| the same [incident| per | crane| task
Subsystem Task (days) |(Person)[ (£) |(hours)| time (£) |hour (£) (£) | (E)

CBM

Mean bearings | (Inspection)] 30 3 50 1.33 1 200 300 | 399 [ 599
CBM

Main shaft (Inspection)| 30 3 50 1.33 1 200 300 | 399 [ 599
CBM

Gearbox (Inspection)| 30 3 50 2 1 300 300 | 600 | 900
CBM

Generator (Inspection)| 30 3 50 1.6 1 240 300 | 480 | 720

7.5.1 The Wind Turbine

Using the adjusted information and then repeatimg simulations described in
section 7.3, the overview results and up/down trfendhe wind turbine are shown
in table 7.10 and figure 7.7 respectively. Note thgrovement in the mean
availability, reliability and the total downtime tifie wind turbine recorded in table

7.10 when compared to the result in table 7.4.

Table 7.10 shows the mean availability of the wintbine in the first 3 years is
100%; this reduces to about 98% in the fourth wsaa result of the failure shown in
figure 7.7. Also, the reliability of the wind turi@ in the first 3 years is 1 which
reduces to about 0.79 in the fourth year. The dpétion reduces drastically the

total downtime of the wind turbine from 74 daysrasorded in table 7.4 to 19 days
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in table 7.10. The total downing events in thetfitree years is zero (0); this
increases to 2 events in the fourth year. This shawgreat improvement in the
operating time of the turbine when compared toitigal total downing events of
2,5, 7 and 10 events in the first, second, third fmurth year respectively (see table
7.4).

Main Shaft Operating Time

. . | Time Under Repair
enerator

Gearbox
Bearing B
Bearing A I

Turbine I

0 292 584 876 1168 1460
Time, (t)

Figure 7.7 Optimised Wind Turbine’s up/down trend

Table 7.100ptimised Wind Turbine’s overview result

System Overview Year 1 Year 2 Year 3 Year 4
General
Mean Availability (All Events): 1 1 1 0.99
Std Deviation (Mean Availability): 0 0 0 0
Mean Availability (w/o PM & Inspection): 1 1 1 0.99
Point Availability (All Events): 1 1 1 1
Reliability: 1 1 1 0.79
Expected Number of Failures: 0 0 0 1
Std Deviation (Number of Failures): 0 0 0 0
MTTFF:| 527 1053 1580 944
System Uptime/Downtime
Uptime:| 365 730 1095 1441
CM Downtime: 0 0 0 3
Inspection Downtime: 0 0 0 0
PM Downtime: 0 0 0 0
Total Downtime: 0 0 0 19
System Downing Events
Number of Failures: 0 0 0 1
Number of CMs: 0 0 0 1
Number of Inspections: 0 0 0 0
Number of PMs: 0 0 0 0
Total Events: 0 0 0 2
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7.5.2 The Wind Farm

The wind farm’s up/down trend, overview result, tcesmmary, crew summary and
spare pool summary are shown in figure 7.8, ta@ldd, 7.12, 7.13 and 7.14
respectively. These are compared with the initiahdvfarm up/down trend,

overview result, cost summary, crew summary andespaol summary presented in
figure 7.6, tables 7.5, 7.6, 7.7 and 7.8 respelgtivkhe optimised up/down trend in
figure 7.8 shows a significant improvement in thmadvfarms operating time in

comparison to the initial up/down trend presentadfigure 7.6. The monthly

inspection permits the rectification of incipierdiliires before they escalate to

catastrophic events. This reduces significantlyire farm’s total downtime.

Table 7.11 shows the mean availability of the wiadn remained consistently at
about 99% over the four year period. This is a tgnegrovement over the mean
availability of 46%, 43%, 42% and 40% in year 1,3and 4 respectively as
reported in the initial overview result presentadable 7.5. Also, the reliability of

the wind farm is significantly improved to 1 froma@er the four year period. The
total downtime of the wind farm is reduced to 2 glag against the initial 196, 414,
638 and 877 days in the first, second, third andtfoyear respectively. The number
of unexpected failures is reduced to zero (0) f&ad, 5 and 7 in the first, second,
third and the fourth year respectively as repoitedhe initial overview result

recorded in table 7.5.

Operating Time
| Time Under Repair

Wind Farm

0 292 584 876 1168 1460
Time, (t)

Figure 7.8Optimised wind farms’ up/down trend
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Table 7.12 shows a significant reduction in the ob€orrective maintenance of the
wind farm over the four year period as a resulttref optimisation. The initial

corrective maintenance costs ranged between £0633% the first year and £271,
358.33 in the fourth year (see table 7.6). Howetadsle 7.13 shows the reduction of
the corrective maintenance costs to about £34,311Also, the miscellaneous
inspection and crew costs were significantly redu®m the second year. It is
worth noting that the initial result presented iable 7.6 shows a better
miscellaneous inspection and crew costs in theyear than the optimised result in
table 7.12. Similarly, the spare pool costs for wied farm starts reducing in the
second year due to the lower number of unexpeei@dds when compared with the
initial result presented in table 7.6. Thus, thaltoosts of the optimised wind farm
starts reducing drastically in the second yearasva in table 7.12 when compared

to the initial result presented in table 7.6.

Table 7.110ptimised Wind Farm Overview result

System Overview Year 1 Year 2 Year 3 Year 4
General
Mean Availability (All Events):| 0.9953 | 0.9977 | 0.9984 | 0.9988
Std Deviation (Mean Availability): 0 0 0 0
Mean Availability (w/o PM & Inspection):| 0.9953 | 0.9977 | 0.9984 | 0.9988
Point Availability (All Events): 1 1 1 1
Reliability: 1 1 1 1
Expected Number of Failures: 0 0 0 0
Std Deviation (Number of Failures): 0 0 0 0

MTTFF:| 527 1053 1580 2106

System Uptime/Downtime

Uptime:| 363 728 1093 1458

CM Downtime:| 1.703 1.703 1.703 1.703
Inspection Downtime: 0 0 0 0
PM Downtime: 0 0 0 0
Total Downtime: 2 2 2 2

System Downing Events

Number of Failures: 0 0 0 0
Number of CMs: 1 1 1 1
Number of Inspections: 0 0 0 0
Number of PMs: 0 0 0 0

1 1 1 1

Total Events:

Costs

Total Costs:| 382,336 | 383,236 | 384,136 | 384,735
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Table 7.120ptimised Wind Farm Cost Summary

System Cost Summary Year 1 Year 2 Year 3 Year 4
Misc. Corrective Costs:| 22,375.00 | 22,375.00 | 22,375.00 22,375.00
Costs for Parts (CM): 9,851.00 9,851.00 9,851.00 9,851.00
Costs for Crews (CM): 2,485.13 2,485.13 2,485.13 2,485.13
Total CM Costs: 34,711.13 | 34,711.13 | 34,711.13 34,711.13
Misc. Preventive Costs: 0 0 0 0
Costs for Parts (PM): 0 0 0 0
Costs for Crews (PM): 0 0 0 0
Total PM Costs: 0 0 0 0
Misc. Inspection Costs &| 176,486.00 | 176,486.00 | 176,486.00 | 176,185.00
Costs for Crews (IN):
Total Inspection Costs: 176,486.00 | 176,486.00 | 176,486.00 | 176,185.00
Spare Pool Costs: 171,139.00 | 172,039.00 | 172,939.00 | 173,839.00
Total Costs: 382,336.13 | 383,236.13 | 384,136.13 | 384,735.13

Table 7.13 shows the summary of the wind farm’snvcomst as a result of the
optimisation. The number of calls made to mainteracrew as presented in table
7.7, ranged between 15 calls in the first year 3hdaalls in the fourth year. These
calls are reduced significantly to 1 call over thgear period. All calls under the
optimised wind farm were accepted (see table 7at33gainst the high number of
rejected calls in the initial crew summary showntable 7.7. Also, the total time
used to repair failures have been reduced to arageeof 2 days over the four year
period as against the 4, 7, 11 and 14 days fofitsie second, third and the fourth

year respectively as shown in table 7.7.

Table 7.130ptimised wind farms crew cost summary

Period |Crew Policy| Calls |Accepted| Rejected [Time Used Cost

Year 1 Crew A 1 1 0 1.7026 | 2485.13
Year 2 Crew A 1 1 0 1.7026 | 2485.13
Year 3 Crew A 1 1 0 1.7026 | 2485.13
Year 4 Crew A 1 1 0 1.7026 | 2485.13

Table 7.14 shows the spare pool cost summary #iteroptimisation. Note the
significant difference between the spare pool coshmary presented in table 7.8

and table 7.14. The items dispensed for maintenpongaoses are reduced in table
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7.14 which resulted in the lower total cost of gppool starting from the second

year.

Table 7.140ptimised Spare Pool cost summary

Items Cost Per| Total Cost/| Total Cost
Period| Spare Pool ASL |Dispensed| Item Item of Spares
Main Bearings 3 1 9,851 39,804.00
Year 1 |Main Shaft 2 0 11,133 22,466.00
Gearbox 1 0 61,687 61,787.00 | 171,139.00
Generator 2 0 23,441 47,082.00
Main Bearings 3 1 9,851 40,204.00
Year 2 [Main Shaft 2 0 11,133 22,666.00
Gearbox 1 0 61,687 61,887.00 | 172,039.00
Generator 2 0 23,441 47,282.00
Main Bearings 3 1 9,851 40,604.00
Year 3 [Main Shaft 2 0 11,133 22,866.00
Gearbox 1 0 61,687 61,987.00 | 172,939.00
Generator 2 0 23,441 47,482.00
Main Bearings 3 1 9,851 41,004.00
Year 4 |Main Shaft 2 0 11,133 23,066.00
Gearbox 1 0 61,687 62,087.00 | 173,839.00
Generator 2 0 23,441 47,682.00

7.6 SUMMARY

This chapter has modelled the failure charactessif the 600 kW wind turbine and
the 26 x 600 kW wind farm. The estimated valueg ahdn of critical components
and subsystems of the wind turbine were used toulptgp Reliability Block
Diagrams of the models. ReliaSoft BlockSim softwareich uses Monte Carlo
simulation was used to assess the reliability, lakaity and maintainability of the
wind turbine and the wind farm over a period ofedss; taking into account the cost

and availability of maintenance crew and spare4hgldf the critical components.

Initial fixed maintenance task intervals were defirfor the subsystems of the wind
turbine. These intervals were meant to reduce acmed crew costs associated with
shorter maintenance tasks intervals. The models wienulated based on the initial
information and the results were discussed. Howsekie intervals were ambitious,
resulting to a very long downtime of the wind farfime P-F intervals of the critical
components range between 1 and 2 months. Thusnélirtenance task intervals
were reduced to 30 days from 180.2 days. Thenmibdels were re-simulated over

the same period; incorporating the same numberres¥ and spare holding.
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The results of the re-simulation (i.e. optimisedr&vcompared with the results of
the initial simulation. In the comparison, the opsed result showed an initial
increase in the cost of inspection due to shorigrval. The result further shows
that adopting the shorter maintenance intervaleimses the overall availability and
reliability of the wind turbine as well as the wifatm. The total downtime and the
overall cost of the wind farm were drastically redd through the optimisation. For
instance, the total costs of maintaining the wiaaif based on the initial interval are
about £376,246 and £1,006,068 in the first anddbgh year respectively while the
total costs of maintaining the wind farm basedtmnghorter (optimised) interval are
about £382,336 and £384735 in the first and theliogear respectively.
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CHAPTER 8

DELAY-TIME APPROACH TO
MAINTENANCE OPTIMISATION

8.1 INTRODUCTION

The last two chapters had assessed the failurectesistics of wind turbines, and
optimised the reliability, availability and maimability of a 26 x 600 kW wind
farm using the modelling system failures approddfis chapter will examine the
failure characteristics of the 600 kW horizontaisawind turbine using the Delay-
Time Maintenance Mathematical ModdD{MM). The concept and relevance of
DTMM have been discussed in chapter 3, section A€o, the failure modes of
critical components and subsystems of the windinerlwvere identified using the
Reliability Centred Maintenance approach (see @rdpt The failure consequences
of the critical subsystems was determined and sgpikin financial terms. Section
8.2 of this chapter will present a case study tmalestrate the practical application
of the delay-time maintenance model to optimise itispection intervals of the
critical subsystems of the wind turbine. Cost ofpections and repairs of
components within the subsystems will be calculafBide defect rate for each
component of the subsystems will be evaluated.ngitinspection intervals for the
subsystems will be determined. The summary otcttemter is presented in section
8.3.

8.2 A CASE STUDY

This section presents a case study to demonstiatgractical application of the
DTMM technigques to optimise the inspection intesvaf critical subsystems of the
600 kW wind turbine.

8.2.1 Failure Mode Effect and Criticality Analysis

The Failure Mode and Effect Criticality AnalysiSMECA) technique has been used
to predict the failure modes of the 600 kW horizbmtxis wind turbine. The result is
logically presented in table 5.1 of chapter 5.
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Suitable Condition-Based Maintenance tasks to atiéighe effects of the identified
failure modes were identified and presented in ectiien 5.3.3 of chapter 5. Recall
that vibration analysis was identified as the d$l@acondition based maintenance
task to mitigate dominant causes of failure mod&s1-3 WT-1-4 WT-1-5 WT-1-

6, WT-1-7 WT-1-8 WT-1-12 WT-2-7andWT-2-8while strain gauge measurements
were employed for dominant causes of failure mode$:1-1 WT-1-2 WT-2-1
WT-2-2 WT-2-4 WT-2-5 andWT-2-6 Catastrophic failures of critical components
of the wind turbine such as the blades, main bgariand shaft, gearbox and
associated components, the generator and assoaat®gonents, towers and
foundations should therefore be detectable andepted through the application of
the appropriate CBM activities.

8.2.2 Vibration Analysis

All rotating equipment produces ultrasonic or adwusibration regardless of the

state of lubrication (Smith, 1989). Vibration argy (VA) is used for monitoring

the failure behaviour of rotating equipment suchtheswheels and bearings of the
gearbox, generator bearings, main shaft and bearfigthe wind turbine. The

principle of vibration monitoring to detect incipiefaults is illustrated in Figure 8.1.

Vibration monitoring involves using sensors. Thesses employed depend on the
frequency range of the equipment to be monitoreav frequency range equipment
requires position transducers (Mitchell, 1993), diedfrequencies require velocity
sensors (Mitchell, 1993) and high frequency requieecelerometers (Mitchell,

1993). Appropriate vibration sensors are mounteibll§i on the components to

register the local motion.

Faults l l Disturbances
Input Output
B ={ System } B >

4>| Diagnosis system |<—

Fault information

»
-

Figure 8.1 Fault detection model
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Accelerometers are commonly used to monitor thatiry equipment of the wind
turbine (Caselitz et al. 1997). Although displacaimsensors seem more appropriate
for monitoring the performance of the main beariagd shaft since they operate at
a low speed. However, wind turbines differ from estrmechanical equipment
because it operates on both steady and dynamic,ldagh and low rotational
speeds which make signal analysis and diagnodfiicuti (Caselitz et al. 1997).
This requires a specialised knowledge which thepkens of the system often

execute in addition to the maintenance of the nooinigg system.

The cost of installing condition monitoring system a wind turbine is expected to
be covered by the benefits of preventing the camseces of catastrophic failures.
The trade-off between the cost of installing vilmatmonitoring system on the drive
train of the 600 kW wind turbines and the beneditpreventing the consequences
of failure of critical subsystems in the 26 x 608 kvind farm has been carried out

in chapter 5.

Vibration information of the wind turbine’s driveain is collected on a monthly
basis by a trained employee. A portable devicetilsed to register the vibration
characteristics of the components from the moustetsors. These are downloaded
to a system and the results are compared withhtteshold and previous results, to

determine if there are deviations.

8.2.3 Failure Consequences of Subsystems

The failure consequence€() of critical subsystems of the 600 kW wind turbine
represented by failure mod¥¢T-1-1, WT-1-3WT-1-4 WT-1-6andWT-1-8(table
5.1) were determined and expressed in financiahdeThe result is presented in
Table 5.5. TheC, were calculated by taking into account total coStmaterial

(TC,,;), total cost of labourTC,), total cost of accessTC,s) and production

losses P). The consequence of catastrophfailure of a gearbox is about

£78,468. The generator, main bearings and the sheift have failure consequences

212
® We use “catastrophic” to refer to failures beyoepair which require replacement of the system.
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of £35,964, £22,374 and £29,114 respectively. Eaeler is referred to chapter 5 for
a detailed calculation of the failure consequerafesritical subsystem of the 600
kW wind turbine.

8.2.4 Cost of Inspection and Repair of Components

The cost of inspection and repair of componentthefsubsystems are present in
Table 8.1. The cost per hour and the time requioetpair each component were
estimated from the information obtained from callediing wind farm operators.
The cost and time needed to inspect the compopéthte subsystems are estimated
from the information obtained from the vendors ohdition monitoring system. In
the table, the total cost of labouF, ;) is obtained by multiplying repair time, cost
of labour per hour and the number of repair crevgoAthe cost of inspection per
hour is multiplied by the inspection duration aheé number of inspection crew to
obtain the total cost of inspectiom,,). The total cost of materialTC,,;)
includes the cost of loading and off-loading, costtransportation to site, and a
value added tax (VAT) at 17.50% (see chapter 5usTihe cost of inspection and
repair (C,) is the summation GfC,,, TC ; andTC,,; . For example, theC, of high
speed shaft (HSS) bearings and intermediary st\8)(bearings of the gearbox are
£2,230 and £2,742 respectively.

Table 8.1 Cost of inspection and repair of criticacomponents

Repair [Inspection| Costof | Costof | Inspectio
Sub-system Activity & | duration| duration | inspection | repair per| & Repair [TCyyp | TCz | TCyr | Total
Componen (hrs) | (hrs) |perhour(E)| hour(£) | crew | (£) | () ) (C)
Blade Replace blade
Main Shaft | Replace shaft 32 2 12 175 3 .0,680.0 11,133.4( 12,885.4
Main Bearing Replace bearing 16 2 12 175 3 72.0840.0] 9,851.5 10,7635
Gearbox | Replace gear whee 14 2 12 175 3 2.840.0| 7,270.00 8,182.0
Replace HSS bearing 16 2 12 175 3 70.0840.0] 1,318.0 2,230.0
Replace IMS bearing 16 2 12 175 3 72.0840.0[ 1,830.0, 27420
Generator | Replace bearing | 16 2 12 17. 3 12.0840.0] 1,420.01 2,332.0

~

[z
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8.2.5 Defects Rate

The defects rateof of each component of the critical subsystemshef @00 kW
wind turbine is presented in Table 8.2. ThgWere estimated by determining firstly
the ‘wind turbine operational yearsvhich is the product of the number of wind
turbine assessed (i.e. 77 turbines) and the pemaol@r consideration. From tables
6.1-6.4, the period under consideration for themmsdiaft, main-bearings, gearbox
and the generator are 4, 3, 7 and 8 years resphctivhese result tonvind turbine
operational yearsof 539, 616, 308 and 231 for the gearbox, gemerahain shaft
and bearings respectively. The) (of each component is obtained by dividing the
total defects observed (i.e. the sum of numbereééats failed and defects repaired)
of the component by the correspondingind turbine operational yeats For
example, twelve (12) HSS bearings of the gearbdedaand replaced, while 5
gearboxes failed catastrophically (table 6.3). Thine total number of defects
observed for the HSS bearing is 17 in the 7 yeadeuconsideration. Similarly,
thirty one (31) bearings of the generator failed eaplaced while 9 generators failed
catastrophically (see table 6.4). Therefore, thal taumber of defects observed for
the bearing of the generator is 40 in the 8 yeadeu consideration. Hence, the
defects ratedo) of the HSS bearing of the gearbox and the bearfripe generator
are 0.0315 and 0.0649 respectively. The componedetscts rates were further
converted toMean-Time-Between-Failure@TBF). The MTBF are obtained by

determining the inverse value of)( For example, the MTBF of the main bearings is

W to give 19.25vind turbine yearss shown in the table 8.2.
19X

Table 8.2 Defects Rate of Critical Components

Noof | Noof | Total | Defects [ MTBF
Equipment|{ defects | defects | defects | rate (@) X | (Equipment-

Sub-system | Componentsyears repaired | failed |observed 10° years)

Blade Blade

Main shaft [ Shafts 308 0 7 7 2.21 44
Main bearing| Bearings 231 0 12 12 5.19 19.25
Gearhox Gears 539 7 5 12 2.22 44.92
HSS hearings 539 12 5 17 3.15 3171

IMS bearings| 539 5 5 10 1.86 53.9
Generator | Bearings 616 31 9 40 6.49 15.4
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8.2.6 Delay-Time
As mentioned in chapter 3, section 3.6 that FRE interval of a component is

synonymous to its delay-time. Historical maintererdata were sourced from

collaborating wind farm operators to calculate thean delay-time %) of the

components of the subsystems. T% will be used in conjunction with the

calculated consequences of failu@,§, cost of inspection and repai€), and the

defects rated to determine optimal inspection interva { for the subsystems.

Table 8.3 contains the estimated times to fail{fe$ for the components of the

critical subsystems. The lower, most-likely and tigper values of the times to
failure are presented in the table. Ideally, ifpistion intervals are equally spaced
and failure occurs between the inspections, thenpiériod from the date of last
inspection to the time failure actually occurredhis delay-time of the component as
shown conceptually in figure 3.5 of chapter 3. Tilyige of data is seldom available
in the wind energy industry due to poor recordifignaintenance and failure data.
Furthermore, vibration monitoring is not well edisiiied in the wind energy

industry. It is worth noting however, that table3 8was established through
discussion with wind farm engineers. The currergpéction intervals for the

subsystems are also presented in the same table.

Table 8.3 Mean time to failures

Inspection Time to failure T (months) | Mean {u)
Sub-systen | Components finterval A (Months) |Lower  [Most likely [Upper T
Blade Blade
Main shaft | Shafts 1 0.93 0.95 0.97 0.95
Main bearing | Bearings 1 0.85 0.90 0.95 0.90
Gearhox Gears 1 0.70 0.80 0.90 0.80
HSS bearings 1 0.85 0.90 0.95 0.90
IMS bearings 1 0.75 0.85 0.95 0.85
Generator Bearings 1 0.70 0.80 0.90 0.80
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The total numbers of defects observed and the defects repaireld \ presented in

table 8.2, the times-to-failurdl() and the current inspection intervals)(presented

in table 8.3 were assessed using Equation 3.4&t@rrdine the mean delay-time

(}{/) of the components. The result is presented ifer@ldl. Note that each of the

defects repaired were assumed to have failed agtimated mean time to failures
in table 8.3. The mean delay-time for the gear \#he¢SS and IMS bearings of the
gearbox are 0.918, 1.469 and 0.735 respectively.

Table 8.4 Mean delay-time for critical components

Sub-system Components Mean delay-time f{months)
Blade Blade
Main shaft Shafts 0.038
Main bearing Bearings 0.038
Gearbox Gears 0.918

HSS bearings 1.469

IMS bearings 0.735
Generator Bearings 1.948

Optimal inspection intervals for the critical sub®ms are determined by using

Equation 3.47. The failure consequences of theystdasis €,) in table 5.5, the cost

of the inspection and repaic,() in table 8.1, the components defects ratgsir(
table 8.2, and the mean delay—tim%) in table 8.5 were substituted in the

equation 3.46. The result of optimal inspectioreinéls for the subsystems is
presented in table 8.5. Recall, the prerequisitgetermining the optimal inspection
intervals using the delay-time mathematical mode) C, <aC, (see chapter 3).
Thus, the result in the table 8.5 shows that thennieearing and shaft, the

gearwheels and IMS of the gearbox have no optimsgédction interval as the pre-

condition is not satisfied.
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Table 8.5 Optimal inspection interval of the critial components

Mean

Total delay- Optimal
number time | Inspec- inspection
of | Defects| (Lk) | tion Cost| Failure interval A*
Sub-system| Component$ defects| ratea |(months) C,(E) [CostG,(E) y*C, «C, (months)

Blade Blade
Main shaft | Shaft 5] 0027 0033 12,885009,114.00 338,012.17 661.68| No optimal
Main bearing | Bearings 121 0051p 0038 10,7632,374.00] 282,345.79 1,162.28] No optimal
Gearbox | Gears 121 00220 0918 8182018,468.00 8,913.07 1,746.97 No optimal
HSSbearingg 17| 0.031y 146D  2,230{018,468.000 1517.77] 247487  3.045
IMSbearings| 10 | 00189 0.733  2,742.008468.00 3,731.79 145581 No optimal
Generator | Bearings 401 00640 1948 2,331(85,964.00 1196.98 233537  3.349

The HSS bearing of the gearbox and the bearinchefgenerator have optimal
inspection intervals of 3.035 and 3.349 months e@etigely; given the assessed

failure data.

8.3 SUMMARY

This chapter has presented a quantitative optimisatof condition-based
maintenance inspection intervals for critical sudbegns of 600 kW wind turbine
using the delay-time mathematical maintenance m@d&MM). Industrial data
pertaining to the wind turbine has been sourcenh frand farm operator and have
been collated to determine inspection activitiesl &ailure history of the wind
turbines. Current market prices of critical compuseof the wind turbines as well
as the activities of condition monitoring have basearced from manufactures and
vendors. The FMECA approach has been used to deerailure modes of the
wind turbines. Failure consequences of criticalsygstems have been determined
and expressed in financial terms. The costs ofeictspn and repair as well as the
failure rate of the components of the subsysteme haen calculated. The DTMM
has been used to determine mean delay-time ansha@pgtispection intervals for the
critical subsystems of the wind turbine. The optimapection interval for the HSS
bearing of the gearbox and the bearings of thergéore are 3.045 and 3.349 months
respectively. The main shaft and bearings, thevgezels and the IMS bearing of
the gearbox have no optimal inspection; given theessed failure data and the

methodology applied.
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Comparative studies between the result of the nindedystem failures as presented
in chapters 7 and 8, and the result of the detlag-tmaintenance mathematical

model will be carried out in the next chapter.
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CHAPTER 9

COMPARISON OF THE MODELLING SYSTEM FAILURES
AND DELAY-TIME MAINTENANCE MODEL

9.1 INTRODUCTION

The Modelling System Failures approach to quantgamaintenance optimisation
was used in chapters 6 and 7 to assess the cdlléeld failure data of wind

turbines. The reliability, availability and maimability of the 600 kW wind

turbines on a 26 x 600 kW wind farm were optimis€lde delay-time maintenance
mathematical model was used in chapter 8 to agbesdailure data. Optimal
inspection intervals for critical subsystems of t6@0 kW wind turbine were

determined.

This chapter will compare the two approaches tontisive maintenance
optimisation by taking into account the resultstbé assessments presented in
chapters 6, 7 and 8. The overview results of the&-M8d DTMM are presented in
sections 9.2 and 9.3 respectively. Detailed corspariof the two approaches in
terms of data requirements, analysis robustnesstipal implementation and the
potential benefits are presented in section 9.4 $hmmary of the chapter is
presented in section 9.5.

9.2 OVERVIEW OF THE MODELLING SYSTEM FAILURES

The estimatedhape B) andscale ) parameters of the Weibull distribution, the
probability density functiorndfailure rate plots revealed the failure characteristic
of each of the components and subsystems of th&\B0®&ind turbine. The failure
attributes of the components and subsystems weserided by one of the three
basic failure patterns of the bath-tub curve. Téargox and the generator consist of
a number of components. Each component had aaisgnshape parameter which
described its pattern of failure. Similarly, eaclbsystem within the wind turbine;
the main bearing, main shaft, gearbox, generator,had individual patterns of
failure. The failure characteristics were used ¢bednine a suitable maintenance

task for each of the components and subsystem$efwind turbine. Optimal
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replacement intervals for components wigh> 1 were determined. The optimal
replacement interval for the gear-wheels, IMS bwgmiand HSS bearings of the
gearbox are 6, 4 and 3 years respectively. Thenaptieplacement interval for the

bearings of the generator is 4 years.

Failure models were designed for the wind turbind the wind farm to forecast
their future performance over a defined periodimit Optimum maintenance tasks
for effective future operational performance weetedmined. The initial assessment
of the wind turbine and the wind farm models intgets 7.3 and 7.4 respectively,
showed poor levels of reliability and availabilitfhe wind turbine and the wind
farm’s mean availability after the 4 year periodrev®8% and 42% while their
reliabilities were 0.67 and O respectively. Theakatosts of managing the wind
turbine and the wind farm over the 4 year perioden£208,758 and £1,006,068
respectively. Significant amount of resources (di@osts) are expended on fixing

failed wind turbines in addition to the huge downé (indirect) costs.

In sections 7.5 and 7.6, the models were re-siradlad explore all possible options
to improve their overall performance. The optimumimeenance tasks were selected
to improve future performance of the wind turbireasd maximise the return on
investment in wind farm. The availability of thenwli turbine and the wind farm in
the 4" year were 99% and 100% and their reliabilitieser@79 and 1 respectively.
The total cost of managing the wind farm was reduitem £1,006,068 to about
£384,735.

9.3 OVERVIEW OF THE DELAY-TIME MODEL

The delay-time maintenance mathematical model densd the failure history of
components of repairable subsystems within the Kd@0wind turbine. It assessed
the field failure data of each component in relatio its subsystem. It took into
cognisance the diverse failure behaviour of comptmevithin a subsystem. The
defects rate and mean delay-time of each compamiénin a repairable subsystem
were determined. For instance subsections 8.2.8#&h@ contain the assessment of

a typical gearbox. Each of the components of tleelyex had individuatiefects rate
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and mean delay-timeThe defects rate of the gearwheels, HSS beariigs,
bearings are 0.022, 0.0315 and 0.0185 respectwkile the mean delay-times are
0.918, 1.469 and 0.735 respectively. These infledrite inspection intervals for
the gearbox. Similarly, the inspection interval tbe generator is dependent on the

defects rate and mean-delay-time of its components.

The optimal inspection intervals for the componeritthe gearbox and generator
were determined based on; the estimated defegsarat mean delay-time of each
component within a subsystem, the failure consecp®f the subsystem and, the
cost of inspection and repair of each componenhiwithe subsystem. These
provided a good compromise between costs, riskspamfbrmance. The optimal

inspection intervals for the HSS bearings of tharbgex and the bearings of the

generator were 3.045 and 3.349 respectively.

9.4 COMPARISION OF THE MSF AND DTMM
This section will compare and contrast the two dtetive approaches to
maintenance optimisation; taking into account datquirements, analysis

robustness, practical implementation and the piatidoenefits.

9.4.1 Practical Implementation

The results of both the MSF and DTMM can be impleted in practical terms,
provided the analyses are not clouded with illogiad subjective assumptions.
Thus, for practical implementation purposes, aredyshould consider field failure

and maintenance data wherever possible, and mmmiatisorms of assumption.

9.4.2 Potential Benefits

The potential benefits of the MSF include:-

= identification of components and subsystems susxteb failure;

= identification of dominant failure modes of -criticacomponents and
subsystems;

= identification of root causes of failure modes sashpoor design, human error,

wear-out and fatigue;
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= ability to improve the reliability and availabilitgf systems to reduce failure
rates and the overall cost of maintenance;

= determination and optimisation of appropriate nmenance strategy for
systems, subsystems and components; and

=  optimisation of spare-holding, and maintenance crew

The potential benefits of the DTMM include:-

=  ability to determine defects rate for components subsystems;

= ability to determine in real terms, mean delay-twigch is synonymous with
P-F intervals for components and subsystems;

= ability to determine optimum balance between rigiasts and performance;
and

= optimisation of inspection intervals for repairablstems.

9.5 SUMMARY

This chapter has reviewed the result of the MSFtaedDTMM. It has compared
and contrasted the two approaches to quantitatietenance optimisation. The
data requirements, analyses robustness, ease oficptaimplementation and

potential benefits of the approaches were companeddiscussed.

The two approaches emerged to be complimentaryomtrast with the earlier
assertion made in chapter 3 that there are indemrtdchniques to maintenance
optimisation. Hence, where field failure data existarry out quantitative analyses,
the MSF technique should be used first to assessdlected data. Thereafter, the
components and subsystems with random failure npatt@=1) should further be
assessed using the DTMM technique to determinenaptinspection intervals. If
the result of the DTTM shows no optimal inspectiotervals for the components,
then the calculated failure consequences shouldideel to determine the most
appropriate maintenance strategy. The strategypeasondition monitoring, run-to-
failure or predetermined replacements. The DTMMultepresented in table 8.5
showed no optimal inspection intervals for the gdesels, IMS bearings, main

shafts and main bearings. This implies that them m@o conclusive optimal
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inspection intervals for the gearbox, generatorinnsaaft and main bearing. Thus,
condition monitoring can be used since the conserpgeof failure will not permit
the use of run-to-failure strategy as shown in tdrap. The MSF result presented in
table 6.5 shows that main bearing exhibits a randaiture pattern while the

gearwheels, IMS bearing and the main shaft exhilrear-out failure pattern.

The DTMM technique can be incorporated into an R@Mcess as presented in
chapter 8. RCM is a qualitative technique for mamaince optimisation while
DTMM is quantitative. This blend provides a gooddnae between the qualitative
which is often clouded with subjective assumpti@msl the quantitative which

usually require rigorous data sets that are diltfimuobtain.
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CHAPTER 10

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
FOR FURTHER RESEARCH

10.1 SUMMARY

Wind is fast becoming one of the most utilised reslgle energy sources to reduce
the emission of greenhouse gases and mitigate ffeetse of global warming.
Improvement in the design of wind turbines andatailability of wind resources in
most parts of the world are contributing to theidagevelopment of the wind energy
industry. In recent years, the wind industry hagpesienced a shift in the
development of wind farms to offshore from onshdoeations due to more
favourable wind resources and the possibility aftatiing higher power turbines.
These factors have increased significantly the mi@te for investment in the
industry as well as the range of possible stakedteldA clear corollary exists
between the current status of the wind energy imngund that of the Oil and Gas
(O & G) industry of 30 years ago: the O & G indystr the UK increased in size
dramatically over one to two decades, with littlensideration of the impact that
Asset Management might have in terms of reducingl tAsset Life-Cycle Costs
(LCC). Subsequently, the O & G industry has histlly suffered from ineffective
and inefficient maintenance practices with sigaifit impact on productivity and
Health, Safety and Environment. As a result, thetsehas perpetually been
reactively attempting to address these issues-engaeering maintenance through

application of Asset Management methodologies.

Thus, the wind energy industry and the field of &sslanagement were reviewed

critically. The main findings from the review anensmarised in the following:
= The wind energy industry has a clear opportunitycémsider the strategic

importance of Asset Management, and implement iethodologies to

effectively manage assets over their life-cycle.
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= Achieving return on investment in wind farms iseatied by inter-related
stakeholders’ requirements and technical issuescieded with the assets.
These issues require a holistic frame-work curyentt applied consistently
across the wind industry to combine and rationata&eholders’ demands, and
ensure assets remain in a satisfactory conditiar tive life-cycle of wind

farms.

= Asset Management processes, tools and techniqusisiexother industries.
These processes, tools and techniques can beedsessadopted for effective

management of wind farms.

=  Effective maintenance of wind turbines is indisdne to the core business
objectives of the wind energy industry, and crutdamaximising the return on

investment in wind farms.

= Wind turbines are often purchased with a 2-5 yedk$n-service contract,
which includes warranties, and corrective (failbesed) and preventive (time-
based) maintenance strategies. These strategiassaadly adopted by wind
farm operators at the expiration of the contractigge to continue the

maintenance of wind turbines.

= Failure Based Maintenance (FBM) involves using adaturbine or any of its
components until it fails. The strategy is usuaityplemented where failure
consequences will not result in revenue lossesomess’ dissatisfaction or
health and safety impact. However, critical comparfailures within a wind
turbine can be catastrophic with severe operatiamal Health, Safety and

Environmental (HSE) consequences.

= Time Based Maintenance (TBM) involves carrying awdintenance tasks at
predetermined regular-intervals. TBM strategy igenfimplemented to avoid
invalidating the Original Equipment Manufacture(®EM) warranty, and to

maintain sub-critical machines where the patterrfadiure is well known.
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However, the choice of the correct TBM interval @@sa problem as too
frequent an interval increases operational coststes production time and
unnecessary replacements of components in good itmond whereas,

unexpected failures frequently occur between TBMerials which are too
long. Thus, time and resources are usually wastethaintenance with little

knowledge of the current condition of the equipment

= Condition-Based Maintenance (CBM) strategy whichstitutes maintenance
tasks being carried out in response to the desgror in the condition or
performance of an asset or component as indicateal dondition monitoring
process, has largely been ignored in the wind gnergdustry. Limited work
has been undertaken in monitoring the structuredgnity of turbine blades
using thermal imaging and acoustic emission; the w$ performance
monitoring and temperature monitoring and on-linealgsis systems.
Generally, as reported, this work is consideredisalation, and is not
considered within the wider context of a maintemgnintegrity and asset

management strategy.

=  Optimisation of wind turbines’ maintenance stragsgis crucial to the long

term survival of the wind energy industry.

Based on the findings, three vital research areas wdentified. These included the
need to;(i) develop a structured model for asset managemetiteirwind energy
industry (objective 2)(ii) select a suitable maintenance strategy for wimbdirtes
that is technically feasible and economically waldver the life-cycle of wind
turbines (objectives 3 and 4(jji) optimise the maintenance of wind turbines to

determine the most cost effective strategy (objestb, 6 and 7).

10.1.1 A structured model for asset management itné wind energy industry
Asset management models existing in other indisstriere reviewed. Key steps to
design a structured model for asset managemeteiwind energy industry were

outlined in chapter 3, section 3.2. The key stepevapplied in chapter 4 to design a
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structured model for asset management in the widdstry. The main points are

summarised in the following:

Crucial requirements for the effective managementwind farms were
identified. The requirements were transformed imieset Management

processes which are specific to the wind energystrg.

Stakeholders’ requirements which are often opposwvege outlined and
harnessed. The fundamental business values that thie performance and

long-term survival of the wind farms were identifie

The strategic importance of unambiguous mission dsidn statements and
the need to outline them to reflect the stakehsldeequirement were

highlighted and discussed.

Assets within the wind energy industry were categar into primary and
secondary Wind turbine and associated grid connection itéesl were found
to be primary because they drive and sustain therduof the wind energy
industry. The workforce, assets’ failure and maiatece data were found to be

secondary because they facilitate the performahtieeqrimary assets.

Appropriate asset management tools and techniqem=ssary for the effective
management of the various assets were identifiedl iategrated into the

model.

A structured model showing a holistic interactidrdecision making processes
as well as assets requirements and management esagned for the wind

industry.

Institutional barriers in the way of practical irepientations of the model as
well as individual responsibilities to make it happwere highlighted and

discussed.
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10.1.2 Suitable maintenance strategies for wind turbines

Suitable maintenance tasks that are technicalgiliéee and economically viable
over the life-cycle of wind turbines were selectddnumber of asset management
approaches to the selection of appropriate maintmnatrategies for physical assets
were reviewed. Total Productive Maintenance (TPRI3k Based Inspection (RBI)
and Reliability-Centred Maintenance (RCM) wereicailly evaluated in chapter 3,
section 3.3. RCM was found to be unique from theoapproaches to the selection
of a suitable maintenance strategy. It was alsondothat RCM is limited in
determining which maintenance strategy is the most effective option available.
Thus, a hybrid approach comprising RCM and Assi-Cycle Analysis technique
was developed in chapter 3, subsection 3.3.4. Meich approach was used in
chapter 5 to select a suitable maintenance strdi@gyvind turbines. The main

points are summarised in the following:

= A generic horizontal axis wind turbine was critlgahssessed. Possible failure
modes, causes and the resultant effects on the twibihe’s operation were
determined. Failure consequences of critical subsys were evaluated and

expressed in financial terms.

=  The failure consequences of critical subsystenthefvind turbine were found
to limit the common maintenance strategies (faih@ssed and time-based) to

support the current commercial drivers of the wemérgy industry.

= Appropriate Condition-Based Maintenance (CBM) taskscritical subsystems
of a 600 kW wind turbine on a 26 x 600 kW wind famere determined.
Vibration analysis was identified as the suitabdedition based maintenance
task to mitigate the dominant causes of failurhefmain bearings, main shatft,
gearbox and associated components, the generat@ssociated components,
towers and foundations. Strain gauge measuremest® wmployed for

dominant causes of failure of blades.
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= The CBM task for drive-trains of the wind turbines the 26x600 kW wind
farm were compared with Time-Based Maintenance (JBMivities using the
Asset Life-Cycle Analysis technique. The Net Préséalue (NPV) of the
TBM and CBM were calculated and compared. It wasmshthat comparison
of the Net Present Values is not absolute for &wdcision making since it

considers only financial criteria.

" Non-financial factors of the CBM and TBM strategjiwere identified and
assessed using the Weighted Evaluation techniqaaefi-To-Cost ratio of

each of the option was calculated and the values e@mpared.

] The overall result showed Condition-Based Mainteeais the most cost

effective option over 18 year life-cycle.

10.1.3 Optimise maintenance of wind turbines

Approaches to maintenance optimisation; qualitading quantitative were reviewed
and discussed in chapter 3, section 3.4. Two guading maintenance optimisation
(QMO) techniques; Modelling System Failures (MSR{l &elay-time Maintenance
Mathematical model (DTMM) were recommended for t@imisation of wind
turbine maintenance. The concept, relevance anticapiity of the two QMO
techniques to the wind industry were discussedhipter 3, sections 3.5 and 3.6
respectively. The MFS technique was used in chafeand 7 while the DTMM

was applied in chapter 8 to assess the collectdd fiilure data of wind turbines.

The results from the application of the modellingstem failures approach to

guantitative maintenance optimisation are summaiiis¢he following:

= The shape and scale parameters of the Weibullilmistin for critical
components and subsystems of the 600 kW wind tesbimere determined
from the collected field failure data. The Weibpitbbability plots, failure rate
plots and probability density function plots weengrated for the components

and subsystems of the wind turbines.
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= The estimated shape parameters for the criticalpomnts and subsystems

were described by one of the three basic failuteepes of the bath-tub curve.

=  Acase study of a 26 x 600 kW wind farm was und@mna The estimatefd and
n values for the critical components and subsystemthe 600 kW wind
turbine were used to optimise their Preventativaniémance (PM) tasks. It
was found that the main bearing and shaft of thedviirbine have no optimal
cost and interval for carrying out Preventative Manance tasks. The optimal
interval for performing PM task on the gearwhe#l4S bearing and the HSS
bearing of the gearbox of the 600 kW wind turbime 2190, 1460 and 1095
days respectively while the optimal cost/year a2e445, £958 and £2,183
respectively. Similarly, the optimal interval andst'year for performing PM
task on the bearing of the generator are 1460 a@lag£2152 respectively. The
gearbox and the generator are repairable subsysiethe wind turbine with
estimated shape parameters of 1.09 and 1.11 resgectThus the random
pattern of failures of the subsystems will not alleffective implementation of
the PM tasks for their components. Hence, the PWstavere not suitable for

the subsystems.

=  The failure characteristics of the 600 kW wind tneband the 26 x 600 kW
wind farm were modelled; cost and availability cdintenance crew and spare-
holding of the critical components were taken iatwount. The models were
simulated to assess the reliability, availabilidamaintainability of the wind
turbine and the wind farm over a period of 4 yehngsial inspection interval of
180.2 days was defined for the components and stdmeg withB=1. The
interval was meant to reduce failure frequency,eascand crew costs. The
models were simulated based on the initial inforomatThe interval was found
to be inappropriate due to long and frequent dawatf the wind farm as
shown in figure 7.6. The Potential-to-Functionaluie intervals of the critical
components were found to range between 1-2 morithss, interval was

reduced to 30 days from the 180.2 days. The mosets then re-simulated
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over the same period; taking into account the sanmebers of crew and spare
holding. The results of the re-simulation (i.e.iomp$ed) were compared with
the results of the initial simulation. In the comipan, the optimised result
showed an initial increase in the cost of inspectae to shorter interval. The
result further showed the shorter interval increabe overall availability and

reliability of the wind turbine and the wind farnkurthermore, the total

downtime and the overall cost of the wind farm werastically reduced

through the optimisation. The total costs of mamitey the wind farm in the

first and the fourth year based on the initial iné¢ were £376,246 and
£1,006,068 respectively. Conversely, the total ca@dt maintaining the wind

farm in the first and the fourth year based ongherter (optimised) interval

were £382,336 and £384,735 respectively.

The findings from the application of the delay-timeathematical maintenance
model (DTMM) approach to quantitative maintenanpénoisation are summarised

in the following:

= A case study of a 26 x 600 kW wind farm was undkemeo determine optimal
inspection intervals for critical subsystems of @0 kW wind turbine. The
costs of inspection and repair as well as the defeste of the components
within the subsystems of the wind turbine were waked from the collected

field failure data.

= The mean delay-time for the critical components amosystems of the wind
turbine were determined. The mean delay-time of nie@n bearing, main
shafts, gearwheels, IMS bearing, HSS bearing, lamdb¢aring of the generator
are 0.038, 0.038, 0.918, 0.735, 1.469 and 1.94f&otively.

=  The optimal inspection interval for the HSS bearofgthe gearbox and the
bearings of the generator, were 3.045 and 3.343hmarspectively. The main
shaft and bearings, the gearwheels and the IMSngeaf the gearbox had no

optimal inspection intervals; given the assessidréadata.
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10.2 CONCLUSIONS
The following key conclusions can be drawn from thgearch work reported in this

thesis:

= Achieving the return on investments in wind farmmsaffected by inter-related
stakeholders’ requirements and technical issuesceded with the assets.
These issues require a well-founded Asset Managefmame-work to deal

with the inter-related complexities.

=  The common maintenance strategies applied to wirldirtes are not the most
effective to support the current commercial drivefrghe wind energy industry.
A hybrid approach to the selection of a suitablentemance strategy for wind
turbines was developed. Practical application o ttybrid approach was
demonstrated and validated through a case study.

=  Suitable Condition-Based Maintenance activitiesdidtical subsystems of 600
kW wind turbine on a 26 x 600 kW wind farm wereetatined. Catastrophic
failures of critical components and subsystems wfirad turbine such as the
blades, main bearings and shaft, gearbox and assdccomponents, the
generator and associated components, towers amdldbans are detectable
and can be prevented through the application of dppropriate CBM

activities.

= The technical feasibility and economic viability tdfe selected Condition-
Based Maintenance strategy was assessed and camwdle Time-Based
maintenance strategy. The overall result showed CBMhe most cost

effective option over 18 year life-cycle.

= Maintenance optimisation is fundamental to proféximisation of the wind

energy industry due to its impact on costs, risic @erformance.
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=  Optimisation of the maintenance of wind turbinesaispromising way to
maximise the return on investment in wind farmsroweadefined period. The
process of maintenance optimisation is not a ohepsbcedure but a
continuous process which requires periodic evalnabf performance and

improving on the successes of the past.

=  Two quantitative maintenance optimisation techngWSF and DTMM were
recommended for practical application in the winérgy industry due to their

simplicity and robustness in solving real life ntaimance problems.

=  Practical application of the MSF approach was derated through the
assessment of the field failure and maintenanca dallected from 27 wind
farms. The MSF and DTMM approaches were validatedugh a case study
of 600 kW wind turbines on a 26 x 600 kW wind farm.

10.3 RECOMMENDATIONS FOR FURTHER RESEARCH

The research work reported in this thesis has Igledentified critical parameters
pertinent to the development of optimal maintenaaoel spares for the wind
industry. It has clearly addressed key maintenaiezdlenges of the wind energy
industry such as; minimisation of the direct andlirect maintenance costs
associated with wind energy generation, optimisatd wind turbines’ reliability
and availability in order to maximise the returniomestment in wind farms. In spite
of the critical assessment and the designed mekbgids to tackle the key
challenges of the wind energy industry, there esashe areas which requires further

research work. These areas include:

10.3.1 Modelling Wind Turbine Failures

The RAM assessment in chapters 6 and 7 did notpocate all components and
subsystems of the wind turbine. Some field faildata of the components and
subsystems were not available as at the time & dallection. The unexplored

subsystems include:
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=  Fatigue and reliability modelling of the wind tunlei blades. This will require a
concerted effort to engage willing collaboratingwiifarm operators to initiate
and measure degradation in the blades of windrniesband other composite
materials. Data measurement and collection proeedaeds to be design to

suit the methodology described in chapter 3, se@ib.

=  Structural modelling of towers to assess theirufail characteristic. The
structural integrity of wind turbine towers is ciaicto the reliability modelling
of wind turbines. Tower failure can be catastropiith a huge economic,

health, safety and environmental consequences.

It is essential therefore to collect and analyséffailure and maintenance data of
the blades and towers. Then incorporating the restd the models presented in
chapters 6 and 7. These will give more detaileldfaibehaviour of the wind turbine
and the wind farm. The reliability, availability,aimtainability, spares-holding, crew

requirements, etc can then be assessed in moik deta

10.3.2 Development of a Novel Web-Based Software

A need also exists to develop an online softwaat tikat can determine optimal
maintenance and spares holding for wind farms basecritical, site-specific
criteria. This will involve development of algontis specifically for the wind farm
environment. First, a robust financial algorithmiritegrate all the financial models
such as the failure consequences of subsystemsotespair and inspection of
components, cost of crew and spares will be deeelopecondly, mathematical
maintenance optimisation algorithms will be develdfrom the combination of the
two quantitative maintenance optimisation technsgquliscussed in chapter 3.
Optimised spares inventory algorithms will be depeld for planed and unplanned

maintenance activities.
The algorithms will then be embodied in a web-bas#tivare tool that will provide

wind farm operators/engineers with an optimal memance program for wind farms

based on specific criteria entered by the user.tdblewill be able to be used for the
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development of maintenance and spares progranefeiwind farms, and can act as
an audit/benchmark for existing facilities. Onlifeelp will be provided and

individual applications will be able to be custoedgo suit specific requirements.
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APPENDIX Al

Functional Failure A: Complete Loss of Energy Conversion Capability

System No: 1 Facilitator:
SYSTEM: Horizontal Axis Wind Turbine (HAWT) comprising of 3 blades up wind and pitch controlled, 3 - _
stage planetary gearbox, 4-poles asynchronous generator, etc. Sub-system No Auditor:
Function: To convert wind kinetic energy into electrical energy Consequence H1 | H2 | H3
within defined speed limit. Evaluation S1 | S2 S3 Default action
01 |02 |03 Proposed Tasks
Functional failures Failure modes Failure causes H S|E|O [Nl |N2 N3 |H4 |H5 | S4
a. Lightening Inspect  blades lightening
A. COMPLETE LOSS | 1. Catastrophic Y |Y N N N Y protection devices
OF ENERGY blade failure b. Loose blades-hub
CONVERSION joint Y |Y Y Vibration monitoring of blades
CAPABILITY c. Cracks Y Y Y Fibre optic measurement
d. Fatigue Y Y N N Y Replace blades of wind turbine
la. Lightening a. Damaged Inspect  blades lightening
lightening receptor Y |Y N N N Y protection devices
a. Damaged shrink
1b. Loose blade- | disc Y |Y Y Vibration monitoring of blades
hub joint b. Broken or loose
bolts Y |Y Y Vibration monitoring of blades
c. Improper fitting Y Y Y Vibration monitoring of blades
a. Matrix or resin
1c. Cracks crack Y |Y Y Fibre optics measurement
b. De-bonding of
matrix and fibre Y |Y Y Fibre optics measurement
c. De-lamination of
composite materials Y |Y Y Fibre optics measurement
Replace blades at end of life-
d. Fatigue Y |Y N N Y cycle
Replace blades at end of life-
1d. Fatigue a. Wear and tear Y |Y N N Y cycle
2. Catastrophic | a. Loose hub —main Variation in  performance
hub failure shaft connection Y Y Y parameter of the blades and
the main shaft
b. Slip or spin on Y Y Y Variation in performance
shaft parameter of the blades and
the main shaft
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Replace blades at end of life-

temperature

c. Fatigue N cycle
Variation in  performance
d. Improper fitting Y parameter of the blades and
the main shaft
3. Main bearing | a. Inadequate Y Vibration monitoring of the
failure lubrication main bearing
b. Use of wrong Y Lubrication oil analysis
lubricant
c. Lubricant Lubrication oil analysis
breakdown Y
d. Bearing binding on Y Vibration monitoring of the
shaft main bearing
e. Bearing turning on Y Vibration monitoring of the
shaft main bearing
f. Excessive vibration Y Vibration monitoring of the
main bearing
g. Overheating Temperature measurement of
Y the main bearing
h. Normal wear and N Replace main bearing at end
tear of life-cycle
i. False brinelling™ Vibration monitoring of the
Y main bearing
j. Corrosion due to Inspect main bearing for
water ingression N corrosion creep
a. Lubricant churning
3c. Lubricant due to too soft a Lubrication oil analysis
breakdown consistency Y
b. Lubricant
deterioration due to Temperature monitoring of the
excessive operating Y main bearing

212

19 False brinelling occurs when a non-rotating bepisrsubjected to external vibration e.g. durirgsportation, storage etc (Machelor J.M. 1999) (bay J. 1997)
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c. Operating Lubrication oil analysis
beyond lubricant N
life
d. Lubricant Lubrication oil analysis
foaming due to air
flow through Y
housing
a. Lack of Vibration monitoring of the
3d. Bearing | lubricant Y main bearing
binding on shaft b. Contaminated Lubrication oil analysis
lubricant Y
c. Housing Vibration monitoring of the
distortion Y main bearing
d. Preload build Vibration monitoring of the
up Y main bearing
e. Loss of
clearance due to Vibration monitoring of the
excessive adapter main bearing
tightening Y
f. Thermal shaft Vibration monitoring of the
expansion Y main bearing
a. Growth of race
3e. Bearing | due to over Temperature monitoring of the
turning on shaft heating Y main bearing
b. Normal wear
and tear of Replace main bearing at end
bearing N of life
c. Fitting error Vibration monitoring of the
Y main bearing
d. Excessive shaft Vibration monitoring of the
deflection Y main bearing
3f. Abnormal | a. Dirt or chips in Vibration monitoring of the
vibration bearing Y main bearing
b. Pitting or crack Y Vibration monitoring of the
on outer race main bearing
c. Pitting or crack Vibration monitoring of the
on rolling Y main bearing
elements
d. Rotor Vibration monitoring of the
unbalance Y main bearing
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e. Out of round Vibration monitoring of the
shaft Y main bearing
f. Race Y Vibration monitoring of the
misalignment main bearing
g. Housing Y Vibration monitoring of the
resonance main bearing
h. Bearing
housing normal Replace bearing housing at
wear and tear N end of life
i. Mixed rolling Vibration monitoring of the
element diameters Y main bearing
j- Race turning
due to excessive Vibration monitoring of the
clearance during Y main bearing
initial fit

3g. Bearing over | a. Inadequate Y Vibration monitoring of the

heating lubrication main bearing
b. Excessive Vibration monitoring of the
lubrication Y main bearing
c. Lubricant Vibration monitoring of the
liquefaction or main bearing
aeration Y
d. Housing Vibration monitoring of the
distortion due to Y main bearing
warping or out-of-
round
e. Abrasion or Y Vibration monitoring of the
corrosion due to main bearing
contaminants
f. Housing wear Y Vibration monitoring of the

main bearing
g. Inadequate Vibration monitoring of the
bearing clearance Y main bearing
or bearing preload
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h. Race turning N Y Y Vibration monitoring of the
main bearing

4. Main shaft | a. Fitting error

failure
b. Elastic
deflection under
load
c. Thermal
expansion
d. Wear and tear
5. Main shaft - | a. Damaged Vibration monitoring of the
gearbox shrink disc Y Y |Y main shaft
coupling failure
b. Broken or loose | Y Y |Y Vibration monitoring of the
bolts main shaft
c. Improper fitting Y Y |Y Vibration monitoring of the
main shaft
d.  Grease in|Y Y |Y Vibration monitoring of the
coupling main shaft
6. Gearbox | a. Bearing seizes Y Y Y Vibration monitoring of the
failure gearbox
b. Gear teeth| Y Y Y Vibration monitoring of the
pitting gearbox
Vibration monitoring of the
c. Misalignments Y Y Y gearbox
d. Thermal Vibration monitoring of the
instability Y Y Y gearbox
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e. Torsional and Vibration monitoring of the
lateral vibration Y gearbox
f. Unexpected Vibration monitoring of the
load Y gearbox
g. Lubrication Vibration monitoring of the
failure Y gearbox
h. Foreign object Vibration monitoring of the
in gearbox Y gearbox
i.  Manufacturing Vibration monitoring of the
error Y gearbox
j. Corrosion due to Strip gearbox to inspect for
water ingression N corrosion creep
k. Wear and tear N Replace gearbox at end of life
a. Lack of Vibration monitoring of the
6a. Gearbox lubricant Y gearbox
bearings seizes b. Lubrication
deficiencies Y Gearbox oil analysis
c. Operating
beyond lubricant Gearbox oil analysis
life N
d. Debris in Vibration monitoring of the
gearbox Y gearbox
Vibration monitoring of the
e. Misalignment Y gearbox
f. Vibration and Y Vibration monitoring of the
shock gearbox
g. Excessive force Vibration monitoring of the
used during fitting Y gearbox
of couplings
6b. Gear teeth a. Wheels Vibration monitoring of the
pitting and wear misalignments Y gearbox
b. Shafts Vibration monitoring of the
misalignments Y gearbox
c. Particles in
lubricant Y Gearbox oil analysis
d. Vibration and Vibration monitoring of the
shock Y gearbox
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e. Eccentricity™ of Vibration monitoring of the

tooth wheels N Y Y gearbox

f. Excessive Vibration monitoring of the

backlash'? of N Y |y gearbox

teeth

g. Normal wear

and tear N Y [N N Y Replace gear wheels

a. Setting-up Vibration monitoring of the
6c. Misalignment | errors N Y Y gearbox

b. Elastic

deflection of Vibration monitoring of the

components under | N Y Y gearbox

load

c. Thermal

expansion of N Y Y Vibration monitoring of the

components gearbox
6d. Thermal a. Failed cooling N Y Y Temperature monitoring of the
instability system gearbox

b. High operating Temperature monitoring of the

speed N Y |Y gearbox

c. External heat

conducted into Temperature monitoring of the

shaft N Y Y gearbox

a. Interaction
6e. Torsional and | between gearbox Vibration monitoring of the
lateral vibrations | components gearbox

masses, inertias N Y Y

and stiffness

b. Interaction

between gearbox, Vibration monitoring of the

mounting and gearbox

supporting N Y Y

structures
6f. Unexpected a. Worn out Vibration monitoring of the
load couplings N Y Y gearbox

212
11 Eccentricity: defects caused by a high point,hamtoval casting (Murphy T.J. 2004)
2 Backlash — gear teeth cut a little smaller tovalfcee space between teeth when they mesh (Madvie#it al. 2002)
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b. Worn out Vibration monitoring of the
bearings Y gearbox
c. Shafts tortional Vibration monitoring of the
deflection Y gearbox
a. Shearing of oil
6. Lubrication molecules Y On-line oil analysis of gearbox
failure b. oxidation of
base oil Y On-line oil analysis of gearbox
C. additive
depletion Y On-line oil analysis of gearbox
d. moisture
sucked in through On-line oil analysis of gearbox
breathers and Y
vent or missing lip
seals
e. build up of On-line oil analysis of gearbox
sludge Y
f. Use of wrong Y On-line oil analysis of gearbox
lubricant
g. Lubricant
deterioration due Y
to excessive Temperature monitoring of the
operating gearbox
temperature
h. Operating
beyond lubricant Change lubrication oil of the
life N gearbox
Vibration monitoring of the
6h. Foreign a. Left-in objects Y gearbox
object in gearbox Vibration monitoring of the
b. Loose parts Y gearbox
7. Gearbox - | a. Damaged Variation in process parameter
generator flexible coupler measurements of high speed
coupling failure Y shaft out put and generator
rotor input
b. Broken or loose Variation in process parameter
bolts Y measurements of high speed
shaft out put and generator
rotor input
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c. Improper fitting Y Variation in process parameter
measurements of high speed
shaft out put and generator
rotor input

d. Excessive Variation in process parameter

operating torque Y measurements of high speed
shaft out put and generator
rotor input

8. Generator | a. Loose rotor on Vibration monitoring of
failure shaft generator shaft

b. Rolling bearing Y Vibration monitoring of bearing

seizes of the generator

c. Stator insulation Variation in  performance

breakdown Y parameter of the generator

d. Broken rotor Y Variation in  performance

bar parameter of the generator

e. Crack between Variation in  performance

rotor bars and Y parameter of the generator

rings
Temperature monitoring of the

f. Overheating generator

g. Torsional and Vibration monitoring of

lateral vibrations Y generator

8a. Loose rotor a. Loose Vibration monitoring of
on shafts couplings Y generator

b. Setting up Vibration monitoring of

errors Y generator

8b. Rolling a. Lack of Y Vibration monitoring of bearing
bearing seizes lubricant of the generator

b. Contaminated Y Oil analysis of generator

lubricant bearing
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c. Operating Clean and apply lubricant to
beyond lubricant N bearing of the generator
life
d. Misalignment Y Vibration monitoring of bearing
of the generator
e. Vibration and Y Vibration monitoring of bearing
shock of the generator
f. Excessive force
used during fitting Vibration monitoring of bearing
of couplings Y of the generator
g. False brinelling Y Vibration monitoring of bearing
of the generator
h. Corrosion due
to water Inspect generator for corrosion
ingression N creep
i. Normal wear Replace bearing of the
and tear generator
8c. Stator a. Excessive heat Temperature monitoring of the
insulation within generator
breakdown windings/core iron Y
b. Partially or
totally blocked Temperature monitoring of the
ventilation Y generator
passages
c. Damaged or
destroyed Temperature monitoring of the
external cooling Y generator
fan
d. Foreign Temperature monitoring of the
substance build- Y generator
up on generator
surface
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e. Generator Temperature monitoring of the
operating in direct Y generator
sunlight for long
periods of time.
f. High humidity Y Variation in process parameter
of the generator
g. Normal wear N Replace generator at end of
and tear life
8c. Rotor bar a. Worn bearings Y Vibration monitoring of bearing
breaks of the generator
b. Excessive Y Vibration monitoring of bearing
operating torque of the generator
8d. Cracks a. Fatigue Variation in  performance
between rotor Y parameter technique
bars and rings
b. Manufacturing Y Variation in  performance
defects parameter technique
Temperature monitoring of the
8f. Overheating a. Overloading Y generator
b. Damaged or
destroyed Temperature monitoring of the
external cooling Y generator
fan
c. Eddy current
losses Y Temperature monitoring of the
generator
d. Unbalanced
voltage Y Temperature monitoring of the
generator
e. High ambient Y Temperature monitoring of the
temperature generator
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8g. Torsional and | a. Interaction
lateral vibrations | between Vibration monitoring of the
generator Y generator
components
masses, inertias
and stiffness
b. Interaction
between Vibration monitoring of the
generator Y generator
mounting and
supporting
structures
c. Worn couplings Y Vibration monitoring of bearing
of the generator
d. Worn out Y Vibration monitoring of bearing
bearing of the generator
9. a. Anemometer Y Variation in wind speed at
Meteorological seizes main mast and wind turbine
system failure
b. Potentiometer Y Variation in wind direction at
wind vane seizes main mast and wind turbine
c. Barometric Y Variation in pressure at main
pressure sensor mast and wind turbine
seizes
a. Meteorological
10. Premature measurement Variation in process
brake activation error Y parameters
b. System Variation in process parameter
controller error Y
¢. Mechanical Inspect braking system for
brake shoes stuck N insipient fault
d. Too much Inspect braking system for
pretension of N insipient fault
spring in calliper
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11. Tower a. Buckling Y|Y Y Vibration monitoring of tower
failure b. Cracks Y |Y N N N Y Inspection of towers for cracks
c. Fatigue Y |Y Y Strain measurement
d. Corrosion Y|Y N N N Y Inspection of towers for
corrosion creep
a. Loose or
10a. Buckling broken bolts at Vibration monitoring of tower
joints N |Y Y
b. Corrosioncreep | N | Y Y Corrosion monitoring
c. Erecting error N |Y Y Vibration monitoring of tower
d. Poor material Vibration monitoring of tower
design N|Y Y
e. Unbalanced Vibration monitoring of tower
interface between
tower and nacelle N [Y Y
f. Loose
connection Vibration monitoring of tower
between
foundation and N [Y Y
towers
a. Inappropriate
12. Foundation foundation type Y|Y Y Vibration monitoring of tower
failure b. Insufficient
distance into
subsoil Y |Y Y Vibration monitoring of tower
c. Defects in
workmanship Y |Y Y Vibration monitoring of tower
d. Corrosioncreep | Y | Y Y Corrosion monitoring
e. Deterioration
due to long term Y |Y Y N N Y Inspect foundation for fault
exposure to
climatic extremes
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APPENDIX A2

Functional Failure B: Partial Loss of Energy Conversion Capability

SYSTEM: Horizontal Axis Wind Turbine (HAWT) comprising of 3 blades up wind and pitch controlled, 3- System No 1 Facilitator:
stage planetary gearbox, 4-poles asynchronous generator, etc.
Sub-system No Auditor:
Function: To convert wind kinetic energy into electrical energy Consequence H1 | H2 | H3
within defined speed limit. Evaluation S1 | S2 S3 Default action Proposed Task
O1 |02 |03
Functional failures Failure modes Failure causes H S|E|O N1 N2 N3 |H4 |H5 | S4
B. PARTIAL LOSS 1. Crackin a. Excessive cyclic N Y Y Strain measurement for load
OF ENERGY blades loading monitoring and vibration
CONVERSION
CAPABILITY b. Excessive flap- N Y Y Strain measurement for load
wise loading monitoring and vibration
c. Bad cohesion
between skin N Y Y Fibre optics measurement
laminate and matrix
d. No cohesion Fibre optics measurement
between main spar
and matrix N Y Y
e. Delamination
between plies N Y Y Fibre optics measurement
f. Porosities in skin Fibre optics measurement
N Y Y
g. damaged gel coat
2. Deteriorating
blade root a. Fatigue N Y Y Fibre optics measurement
stiffness
b. Delamination N Y Y Fibre optics measurement
c. Poor design N Y Y Fibre optics measurement
3. Blades a. Blades at different Variation in  performance:
imbalance pitches N Y Y acceleration measurement
with relation to pitch angle and
rotor position
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4. Dirt build-up a. Insects N Clean blades
on blades
b. Debris from N Clean blades
surrounding
5. Ice build-up a. Weather N Clean blades
on blades elements
6. Damping in a. Porous blade Y Fibre optics measurement
blades finishing
7. Hub slip or a. Broken or Y Variation in  performance
spin on shaft loose bolts parameter of blades speed
and the low-speed shaft
b. Fitting error Y Variation in  performance
parameter of blades speed
and the low-speed shaft
8. Low speed a. Blade Acceleration measurement
shaft imbalance Y with relation to pitch angle and
misalignment rotor position
b. Deflection Y Vibration monitoring of low
under load speed shaft
c. Fitting error Y Vibration monitoring of low
speed shaft
9. Nacelle not a. Yaw electric Variation in process parameter
yawing drive motor Y of wind vane and yaw direction
seizes
b. Yaw bearing Y Variation in process parameter
seizes of wind vane and yaw direction
c. Foreign object
between bull Variation in process parameter
gear and drive Y of wind vane and yaw direction
pinion gear
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d. Premature Y Variation in process parameter
activation of yaw of wind vane and yaw direction
brake
e. Drive pinion Y Variation in process parameter
gear teeth wear of wind vane and yaw direction
f. Bull gear teeth Y Variation in process parameter
wear of wind vane and yaw direction
10. Nacelle yaw a. Misalignment Variation in process parameter
too slow of drive pinion Y of wind vane and yaw direction
gear and bull
gear
11. Nacelle yaw a. Yaw gear Y Variation in process parameter
too fast reducer seizes of wind vane and yaw direction
b. Insufficient Y Variation in process parameter
brake friction of wind vane and yaw direction
12. Large yaw a. Yaw error Y Variation in process parameter
angle technigue
13. Cable twist a. Failed cable N Inspect cable twist sensors
twist sensor
b. Disconnection
of signal cables Y Electrical effects
from the
controller
c. cable short
circuit of signals Y Electrical effects
to the controller
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14. Wind speed a. Faulty Variation in process parameter
measurement electrical wiring Y technique
error in anemometer
b. Defective Variation in process parameter
bearing in Y technique
anemometer
c. Anemometer
deteriorating due Variation in process parameter
to long term Y technique
exposure to
climatic extremes
d. Anemometer
not suitable for Y Variation in process parameter
application technigue
15. Wind a. Potentiometer
direction wind vane Variation in process parameter
measurement deteriorating due Y technique
error to long term
exposure to
climatic extremes
b. Potentiometer Variation in process parameter
wind vane not Y technique
suitable for
application
16. Air density a. Barometric
measurement pressure sensor
error deteriorating due Y Variation in process parameter
to long term technique
exposure to
climatic extremes
b. Barometric
pressure sensor Variation in process parameter
not suitable for Y technique
application
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APPENDIX A3

Functional failure C: Over Speeding

SYSTEM: Horizontal Axis Wind Turbine (HAWT) comprising of 3 blades up wind and pitch controlled, 3- System No 1 Facilitator:

stage planetary gearbox, 4-poles asynchronous generator, etc.
Sub-system No Auditor:

Function: To convert wind kinetic energy into electrical energy Consequence H1 | H2 | H3
within defined speed limit. Evaluation S1 | S2 S3 Default action
01 |02 |03 Proposed Task
Functional failures Failure modes Failure causes H S|E|O N1 N2 N3 |H4 |H5 | S4
C. OVER SPEEDING | 1. Controller a. Failed sensors Y Y N N N Y Inspect controller for failed
failure sSensors
b. Disconnection of Y Thermography
signal cables to the Y Y
controller
c. Cable short circuit
of signals to the Y Y Y Thermography
controller
d. Failed contactors Y Y N N N Y Inspect controller for failed
contactors
e. failed switching Y Y N N N Y Inspect controller for failed
relays switching relays
f. failed fuses Y Y N N N Y Inspect controller for failed
fuses
g. Software design Y Y Y Variation in process parameter
error technique
h. Measurement error | Y Y Y Variation in process parameter
technique
i. Lightening strike Y Y N N N Y Inspect lightening protection
devices

PhD Thesis, The Robert Gordon University Aberdeen, 2008. 184



Maintenance Optimisation for Wind Turbines

2. Hydraulic a. Contaminated Y Hydraulic oil analysis
system failure hydraulic oil*®
b. Wrong oil viscosity Y Hydraulic oil analysis
c. High hydraulic fluid Y Temperature measurement of
temperature hydraulic oil
d. Hydraulic pump Y Variation in process parameter
failure technique- pressure
measurement
e. Hydraulic cylinder Y Variation in process parameter
failure technique- pressure
measurement
Variation in process parameter
f. Hydraulic valve Y technique- pressure
failure measurement
g. Faulty circuit Tribology
protection devices. Y
h. Hydraulic seal Y Tribology
failure
i. Hydraulic hose Y Tribology
failure
j- Operating beyond N Replace filters
filters life
2c. High
hydraulic fluid a. Failed cooling Temperature measurement of
temperature system Y hydraulic oil
2f.Hydraulic a. Cavitations™ Y Variation in process parameter
valve failure — pressure measurement

212

13 Contaminants include solid particles, air, wateamy matter that impairs the function of the fluid

14 Cavitations occur when the volume of hydrauliégdldemanded by any part of a hydraulic circuit extethe volume of fluid being supplied.
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Temperature measurement of

b. High temperature Y hydraulic oil
2h. Hydraulic a. Improper Y Tribology
seal failure installation
b. Hydraulic system Tribology
contamination Y
c. chemical break Y Tribology
down of the seal
d. Heat degradation N Replace seal
2j Hydraulic hose | a. External damage
failure through pulling, Inspect hydraulic hoses for
kinking, crushing or N damages
abrasion of the hose.
b. Multi plane bending Inspect hoses for damages
N
c. Temperature Y Temperature measurement of
extremes hydraulic oil
3. Pitching a. Pitching bearings Y Acceleration measurement in
system failure seizes relation to pitch angle and rotor
position
b. Disconnection of Acceleration measurement in
pitch angle signal to relation to pitch angle and rotor
the controller Y position
c. Disconnection of
hydraulic pump signal Acceleration measurement in
cables from the Y relation to pitch angle and rotor
controller position
d. Cable short circuit Y Acceleration measurement in
of signals to the relation to pitch angle and rotor
controller position
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Acceleration measurement in

e. Slip-ring fails Y relation to pitch angle and rotor
position
3a. Pitching a. Fatigue Y Vibration monitoring of pitch
bearing seizes deterioration bearing
b. Misalignment Y Vibration monitoring of pitch
bearing
c. Lack of lubricant Y Vibration monitoring of pitch
bearing
d. Contaminated Vibration monitoring of pitch
lubricant Y bearing
e. wrong lubricant Y Vibration monitoring of pitch
bearing
f. Fitting error Y Vibration monitoring of pitch
bearing
4. Mechanical a. Insufficient friction N Inspect mechanical braking
brake failure system
b. Too much friction N Inspect mechanical braking
system
4a. Insufficient a. Too much wear of Change mechanical brake pad
mechanical brake pads and N and shoes
brake friction shoes
b. Too little Variation in performance
pretension of spring Y parameter technique
in calliper
c. Spring in calliper Y Variation in performance
broken parameter technique
d. Degraded hydraulic
oil N Change hydraulic oil
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e. Too much wear of N Y N N Y Replace mechanical brake
brake disc disc
f. Malfunctioning of N Y Y Variation in performance
combination valve parameter technique
g. Leakage in the N Y N N N Y Inspect braking system for
brake system leakage
4b. Too much a. Brake shoes stuck | N Y Y Variation in  performance
friction parameter technique
b. Too much Variation in  performance
pretension of spring N Y Y parameter technique
in calliper
5. Grid a. Power line fails Y Y Y Controller fail safe
connection
failure b. Disconnection of Controller fail safe
generator while Y Y Y
turbine is in operation
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APPENDIX B

GLOSSARY

A’ = Best alternatives
Az = Annual cost reservation

AC_g, =Annual condition based
servicing of drive train

ALCA= Asset Life Cycle Analysis
AM ., =Annual maintenance cost of
condition monitoring

AM =Asset Management

AMOR= Applied Mathematics &
Operational Research

BTC= Benefit- to-cost ratio

BS= British Standard

CBM = Condition Based Maintenance
C,r = Cost of material

C_4 = Cost of loading

Cou = Cost of offloading

C,» = Cost of transportation

C.r = Cost of crane hire per day
(including cost of driver, mobilisation

and demobilisation fee)
C., = Cost of energy per kWh

C, = Capacity factor
C.,= Capital cost of condition

monitoring system

CBM = Condition Based Maintenance
CREST= Centre for Renewable Energy
Systems Technology

CTA= Critical Task Analysis

DTMM = Delay Time Maintenance
Model

d = Discount rate (% /100)

ECN = EnergyCentre Netherlands
ETA= Event Tree Analysis

ESI = Electricity Supply Industry

EWTCG= European Wind Turbine
Certification Guidelines

F =Failure

F.= Failure consequences

FBM = Failure Based Maintenance
FMEA = Failure Mode and Effect
Analysis

FTA=Fault Tree Analysis

F (T)=Cumulative Distribution
Function

f (T) = Probability Density Function
GRP= Glass fibre Reinforced Plastic
GSN = Generator Serial Number
HAZAN= HAZard ANalysis

HAZOP= HAZard OPeratibility
HSE= Health, Safety and Environment
HSS=High Speed Shaft

i= Alternative

IAM =Institute of Asset Management
IMS =InterMediary speed Shaft

IEC = International Electro-Technical
Commission

KPM = Key Performance Measurement
KPI = Key Performance Indicator
LCC = Life Cycle Cost

L., = Labour rate per hour

L,.= Lead time to hire a crane

m= Decision criteria

MTBF =Mean Time Between Failure
MTTF =Mean Time To Failure
MTTF=Mean Time To Repair

MLE = Maximum Likelihood
Estimation

MSF= Modelling Systems Failure
MW = Mega Watt

n=Number of competing alternatives
Ny, = Number of person
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Ny, = Number of working days

N; = Number of turbines in a wind
farm
NPV, = Net present Value of

Condition Based Maintenance
NPV, = Net present Value of Time
Based Maintenance

OEM = Original Equipment
Manufacturer

0 & G=0Qil &Gas

O & M = Operation &Maintenance
P - F Interval =P is point where defect
can be identified and F point where
component fails

PM =Preventive Maintenance

PW = Present worth

PWA = Present worth per annum
QRA= Quantified Risk Assessment

QMO = Quantitative Maintenance
Optimisation
R, = Replacement days including

travel time

RAM = Reliability Availability and
Maintainability

RBI = Risk Based Inspection
RBC = Reliability Block Diagram
RCM = Reliability Centred
Maintenance

RCA= Root Cause Analysis
RPM = Revolution Per Minute
RO = Renewable Obligation order
ROC = Renewable Obligation
Certificate

S = Suspension

S = Total score of alternative

S, = Alternative ratings

SCADA = Supervisory Control and
Data Acquisition

SCIG= Squirrel Cage Induction
Generator

SWIFT= Structured What IF
Technique
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T=Time

TA. = Total annual cost of inspection
TBM = Time Based Maintenance
TPM = Total Productive Maintenance
T, = Total Production loss

TC ;= Total cost of labour

TC,s = Total cost of access

TC,,; = Total cost of material
T = Analysis period

V,; = Value added tax

w, = Criterion weight

W, = Work hours per day

WE = Weighted Evaluation

WSI= Water Supply Industry

WT = Wind Turbine

WF = Wind Farm

WT,; = Wind turbine power rating in
kilowatt (kW)

a = Defects rate

[ = Shape Parameter of the Weibull
distribution

n = Scale Parameter of the Weibull
distribution

@ = Failure rate

lz Delay time
y

A= Inspection Interval
A”= Optimal Inspection Interval
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APPENDIX C

ABSTRACTS OF PUBLISHED PAPERS
Three (3) journal and three (3) conference papave been published as a result of the

research work that underpins this thesis. Also, {&p additional papers have been
written and are currently under review for journpigolication. Abstracts of the six (6)

published papers are presented as follows:

C.1 ASSET MANAGEMENT PROCESSES IN THE WIND
ENERGY INDUSTRY

Jesse A Andrawus, John Watsord Mohammed Kishk

Proceedings of the 2nd Joint International Confereoe on “Sustainable Energy and
Environment (SEE 2006)” 21-23 November 2006, BangkpThailand, 269-274.

Asset management (AM) has evolved from severalstrd sectors to
describe holistic application of business best fes to satisfy all
stakeholders’ requirements. The processes, toasterhniques of AM
are currently well-established in the mature indest On the other
hand, wind is becoming an increasingly importanirse of energy for
countries that ratify to reduce emission of greersieogases and mitigate
global warming. This creates a huge investmentmiiatefor the wind
energy industry with a wide range of possible dtakders. However,
achieving return on investment in wind farms isatéd by interrelated
stakeholders’ requirements and assets technica¢sssThese require a
well-founded Asset Management (AM) frame-work cuathg lacking in
the wind industry. The main objective of this pajerto identify and
transform crucial requirements for effective mamaget of wind farms
into AM processes as a first step towards devetppirstructured model
for AM in the wind energy industry. Six fundamenfalocesses are

determined and presented with a detailed explamatio
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Keywords: Asset Management, Wind Energy, Business Valuese8s0

modelling

C.2 DETERMINING AN APPROPRIATE CONDITION-BASED
MAINTENANCE STRATEGY FOR WIND TURBINES

Jesse A Andrawus, John Watson, Mohammed Kishk diath Adam

Proceedings of the 2nd Joint International Confereoe on “Sustainable Energy and
Environment (SEE 2006)” 21-23 November 2006, BangkpThailand, 275-280.

Maintenance is fundamental to effective managemémtind farms due
to its impact on productivity of wind turbines, eptonal costs and
hence revenue generation. Essentially, there are wtwmmon
maintenance strategies applied to wind turbinesmefBased
Maintenance (TBM) which involves carrying out taskspredetermined
regular-intervals and Failure-Based MaintenanceMJ®hich involves
using a wind turbine until it fails. However, thenpact of failure
consequences on revenue generation and electriettyork limit the
adequacy of these strategies to support the cucemimercial drivers of
the wind industry. Reliability-Centred Maintenar(@CM) is a technique
mostly used to select suitable maintenance stieddgr physical assets.
In this paper, the approach of RCM is applied taittmtal Axis Wind
Turbines to identify possible failure modes, cauases the resultant
effects on system operation. Suitable Conditionedel Maintenance
(CBM) activities are identified.

Keywords: Wind turbines, Reliability-Centred Maintenance, Gibion-

Based Maintenance.
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C.3 THE SELECTION OF A SUITABLE MAINTENANCE
STRATEGY FOR WIND TURBINES

Jesse A. Andrawus, John Watson, Mohammed Kishkdlad Adam

International Journal of Wind Engineering, 2006, Vd 30 No 6, pp. 471-486.

Common maintenance strategies applied to windesbinclude ‘Time-
Based’ which involves carrying out maintenance saak predetermined
regular-intervals and ‘Failure-Based’ which entaing a wind turbine
until it fails. However, the consequence of failaffecritical components
limits the adequacy of these strategies to sugperturrent commercial
drivers of the wind industry. Reliability-Centredavitenance (RCM) is a
technique used mostly to select appropriate maames strategies for
physical assets. In this paper, a hybrid of an R&ldroach and Asset
Life-Cycle Analysis technique is applied to HorizalrAxis Wind
Turbines to identify possible failure modes, causesl the resultant
effects on system operation. The failure conseqenof critical
components are evaluated and expressed in finatmials. Suitable
Condition-Based Maintenance activities are idesdifand assessed over
the life-cycle of wind turbines to maximise theumt on investment in

wind farms.

Keywords: Wind turbines, Reliability-Centred Maintenance, |beg
Mode and Effect Analysis, Asset Life-cycle AnalySisndition-Based

Maintenance.
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C4 WIND TURBINE MAINTENANCE OPTIMISATION:
PRINCIPLES OF QUANTITATIVE  MAINTENANCE
OPTIMISATION

Jesse A. Andrawus, John Watson and Mohammed Kishk

International Journal of Wind Engineering, 2007, Vd 31 No 2, pp. 101-110.

Maintenance optimisation is a crucial issue forustdes that utilise
physical assets due to its impact on costs, riskispgrformance. Current
quantitative maintenance optimisation techniquesluole Modelling
System Failures MSF (using Monte Carlo simulatianyl Delay-Time
Maintenance Model (DTMM). The MSF investigates @quént failure
patterns by using failure distribution, resourceaikbility and spare-
holdings to determine optimum maintenance requirémelhe DTMM
approach examines equipment failure patterns bysidering failure
consequences, inspection costs and the period ternti@ee optimum
inspection intervals. This paper discusses the emtaelevance and
applicability of the MSF and DTMM techniques to thend energy
industry. Institutional consideration as well ag thenefits of practical

implementation of the techniques are highlighted discussed.

Keywords: Wind turbine, Maintenance optimisation, Modellings@m

Failures, Monte Carlo Simulation, Delay-time maima@ace model.
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C.5 MAINTENANCE OPTIMISATION OF WIND TURBINES:
LESSONS FOR THE BUILT ENVIRONMENT

Jesse A. Andrawus, John Watson and Mohammed Kishk

Proceedings 23rd Annual ARCOM Conference, 3-5 Septeber 2007, Belfast, UK,
Association of Researchers in Construction Managemg 893-902.

Maintenance optimisation is indispensable to the twisiness objectives
of industries that utilises physical assets. A ditative maintenance
optimisation technique known as the Modelling Systeailures (MSF)
is critically reviewed to identify its relevance itmdustries that employs
physical assets. Practical application of the apgmoto optimise the
maintenance activities of wind turbines is explosdl discussed in a
case study. The analysis is based maximum liketthgarameter
estimation in the Weibull distribution. Shape awdle parameters for a
gearbox and its components are estimated. The astihparameters are
used to design Reliability Block Diagrams to motted failures of the
gearbox of a selected wind turbine. The models sameulated using
Monte Carlo simulation software to assess theliitig, availability and
maintainability of the gearbox, and the resultafiea@s on the wind
turbine operation. The methodology presented imptqger is sufficiently
generic to any mechanical system in the Built Eorwinent/Construction
Industry.

Keywords: Wind Turbine, Maintenance Optimisation, Monte Carlo

Simulation, Reliability Block Diagrams.
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C.6  MODELLING SYSTEM FAILURES TO OPTIMISE WIND
TURBINE MAINTENANCE

Jesse A. Andrawus, John Watson and Mohammed Kishk

International Journal of Wind Engineering, 2007, Vd 31 No 6, pp. 503-522.

Modelling System Failures (MSF) is a unique quatitie maintenance
optimisation technique which permits the evaluatainlife-data samples and
enables the design and simulation of the systenodeinto determine optimum
maintenance activities. In this paper, the appraddiiSF is used to assess the
failure characteristics of a horizontal axis winghine. Field failure data are
collated and analysed using the Maximum Likelih&sdimation in the Weibull
Distribution; hence shap@)(and scaler() parameters are estimated for critical
components and subsystems of the wind turbineaBiéty Block Diagrams are
designed to model the failures of the wind turbamel of a selected wind farm.
The models are simulated to assess the reliabildyailability and
maintainability of the wind turbine and the farraking into account the costs
and availability of maintenance crew and spareslihgl Optimal maintenance
activities are determined to minimise the tota-ltfycle cost of the wind farm.

Key words: Wind turbine, Failure Modelling, Reliability, Avaibility and

Maintenance Optimisation
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