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ABSTRACT

Since the early 90s, wind energy industry has s mffshore due to a number of interesting
characteristics compared to onshore wind harvestiigeast when initially realized,

offshore wind farms were not really different th@rshore ones, since the same wind turbine
technology with slight modifications was directlyied to the new environment. In these
early cases, low water depths and small distansbdoe may have justified this option. For
future large scale offshore wind farms howeves doubtful whether simply applying the
existing onshore wind turbine technology will legadhe desired outcomes, e.g. high energy
yield and revenues. Technical reliability of windliines affects the economics of an offshore
wind farm since failures increase maintenance @rstisdecrease operational time, thus
energy production.

In the beginning of this report, the most importaspects that drive modern wind turbine
design are investigated, followed by a review ffiedent design choices for the various parts
of a wind turbine as well as overall wind turbiog@alogies. A thorough reliability analysis,
focused on comparison of the most prominent archites, is then carried out using failure
data from two German databases, LWK-SH and WMERalEmnual failure rates of 2to 5
failures per wind turbine per year were observehiouspecific topology seemed to clearly
stand out in terms of reliability. Most criticalrmponents proved to be blades, electrical and
electronic systems, as well as hydraulics. Geayagenerators, and shafts and bearings are
also important not because they fail very frequemitit due to the high associated
downtimes. Using a widely used reliability growttodel, there seem to be more failures
during the first years of operation for most subassies.

In order to identify the most important parametdfecting offshore wind farm availability
and O&M costs per kWh, several Monte-Carlo simolagiwere performed using the
software tool CONTOFAX. Results showed that avdlikylis not only affected by technical
reliability, but also availability of heavy liftingquipment and spare parts, site accessibility,
crew and vessel strategy, and distance of the faimd to shore.
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1. Introduction

1. INTRODUCTION

1.1 Offshore wind energy

There is an increased interest about renewablggseurces lately as a result of discussions
about the disadvantages of traditional power geioeranethods. Reduction of greenhouse
gases emissions and independency from fossil fugiplying countries are the main benefits
of producing electricity using sustainable sourdésreover, oil and gas reserves on Earth are
not unlimited whereas solar irradiation, and themefwind which is the result of temperature
differences within the earth’s atmosphere, arehaestible energy sources.

Wind energy is the most widely exploited sustaieagmurce nowadays ([1], see Figure 1) and
constantly keeps growing in Europe and worldwidstdlled capacity is increasing year by
year and for some countries, like Denmark, Germang, Spain, wind has an important share
amongst the overall electrical power supply. Wimdine technology is also under constant
development and larger machines are introducelgeimarket with evident cost benefits due
to economy of scales. 5 MW wind turbines with aratiameter of more than 120 m have
been lately manufactured while bigger ones are@rgeo be developed in the coming years.

Solar PV (grid)
Geothermal
Biomass
Wind

B Small Hydro

n
=
o
=
o
=
(=]

World Developing EU-25 China Germany USA  Spain India Japan
world
Figure 1. Renewable power capacities in 2007 [1]

Due to lack of space in densely populated areasheics and noise issues, social acceptance,
as well as favourable wind resources, large scald mower has recently stepped offshore.
An offshore wind farm consists of -typically largeulti megawatt- wind turbines clustered
together in an offshore location some kilometregram the coast, feeding the local grid on
an onshore connection point through cables thatamefully buried under the seabed. Since
the early nineties this kind of projects have besalized mainly in Denmark, UK and the
Netherlands, countries with advanced wind energykhow, offshore experience from oil
and gas platforms, and favourable characteristick as shallow waters, strong winds and
reliable electrical grids. Nowadays offshore wiadhiis are gaining increasing interest as an
alternative option for electricity generation aratigus projects are under development (in the
Netherlands, Belgium, UK, Denmark, Germany, Spairg USA). Figure 2 shows the biggest
offshore wind farm up to date, which is in opematgince 2002. It is located in Horns Rev, 14
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1. Introduction

kilometres from the west Danish coast, and conels8f Vestas V80-2MW machines at
water depths of 6-14 meters.

w =
p— ke
d ie “
-
L R e by b e SRS

Figure 2. The 80-unit offshore wind farm in Horns Rev, Denmark

Inevitably there are a lot of challenges that #atively young offshore wind energy industry
has to face and find solutions, mostly becausbe@tpecial conditions encountered in the
marine environment. Extra loads due to waves aneots, water depths, and soil properties
of the seabed are just some of the additional petenmithat have to be considered during the
structural design of an offshore wind turbine. Mower, due to the saline environment which
accelerates unfavourable processes such as coriasibcrack growth, offshore wind
turbines require coatings and materials, whichuateally more expensive than the ones used
onshore. Additionally, difficulties in approachitite site due to weather conditions, distance
to shore, and transport means unavailability crpaiblems for the installation and
maintenance of offshore wind farms, leading togaificant increase of costs compared to
onshore.

At least when initially developed, offshore windrfes were not really different than onshore
since the same wind turbine technology with sliglodifications was directly applied to the
new environment. In these early cases, low watpthdeand small distance to shore may
justify this option. For future large scale offs@avind farms however, it is doubtful whether
simply using the existing onshore wind turbine tesdbgy will lead to the desired outcomes,
e.g. high energy yield and revenues.

1.2 Importance of reliability

A vital factor in the success of -especially offsftonvind energy projects is the technical
reliability of wind turbine systems, meaning hovweof and how severely they fail. Reliability
has an impact on the project’s revenue becausedated availability and significant
operation and maintenance costs, while it alscctfftne electrical grid performance, as
explained below and visualised in Figure 3.
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Figure 3. Reliability’s influence on the success of a wind energy project

- Availability: Wind turbine (or farm) availabilitys the percentage of time the system can
function properly as it was designed to (a detailefinition follows in section 1.4).
Availability is mainly influenced by technical ralility since failures and associated
maintenance activities lead to periods of time thatwind turbine is not able to deliver
expected power.

- Operation and maintenance costs: These are gensg&s necessary for operating and
performing maintenance on a wind turbine (or faroth planned and unplanned. O&M
costs strongly affect the cost of wind energy poatlelectricity; for offshore wind farms
they can contribute up to 30% of the total cost T2iis is mainly because offshore access is
much harder than onshore; vessels that are cuyrmeseld to transport personnel and
equipment offshore are expensive and can oper&tendren the weather is fair. Significant
reduction of O&M activities and therefore costsdddoe reasonably expected if more
reliable wind turbines are developed.

- Grid performance: Electrical power produced biglobre wind farms is collected through
cables on an onshore point of the network. As qiattie electrical grid, wind turbines are
requested to function reliably so as to have lessre impact on the power quality of the
network. This is more important for networks wiilyth penetration of wind energy systems.
In an indirect way, reliability influences the mattion of financial and developer
communities to invest on wind power projects, sitieeincreased risk or at least the
perception of increased risk for —especially offghoprojects is associated with increased
financing fees or interest rates [3]. Investorsraoewilling to put their money in costly
projects with doubtful outcome; they normally demhgmoven technology so as to reduce
risks. The same holds for insurance companies,heisdate to cover large offshore projects
for wind energy exploitation or ask for high premiun order to provide their services.

From another point of view, achieving high availépiis also important for manufacturers of
wind turbines. Competition in wind turbine businessather tough today because worldwide
there are quite a lot of wind turbine manufactyrtagunately in a constantly growing
market. A proven strategy for a company in ordantoease its market share and stand out
among its competitors, is to deliver products #hdtibit high reliability. This will result in
customer satisfaction that eventually facilitates build up of a good reputation for the
company, which is a relative advantage over itsppetitors.
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1.3 Thesis objectives and overview

In the previously described context the main objeodf this thesis is to assess the
availability of offshore wind farms and suggest hibwan be improved by applying certain
wind turbine design choices and O&M strategiesrer to reach this main target, the
following topics need to be covered as well:

v review wind turbine topologies that are commonlgdisr about to be used offshore

v evaluate the reliability of these topologies bylgsiag databases containing failures
of onshore wind turbines

v' identify the most critical subcomponents of eagiotogy
v explore factors that affect availability of offskeawrind farms.

The first part of the thesis is based on literatnd other resources research on wind turbine
technology. The analysis begins with identifying thost important aspects that drive
modern wind turbine design, followed by a reviewddferent design choices for the various
parts of a wind turbine as well as overall wintbtoe topologies. Advantages and drawbacks
of each system are investigated emphasizing maimhgliability issues. It should be noted
that this part is not intended to be a completetisof every possible design, but is focused
on the most frequently used concepts onshore dswéie ones that seem to be beneficial
for offshore applications.

In the second part of the thesis, a detailed stfigyind turbine maintenance data from two
German sources — LWK-SH and WMEP - is presented.afalysis is focused on four
different wind turbine models, each one represgrdigpecific topology but all being similar
in terms of size and power output. For various ssbmbly categories annual failure rates and
associated downtimes are obtained by analysinddtebases. Additionally, by applying a
reliability growth model for repairable systems ®aliglused in other engineering fields,
changes of failure rate in time are tracked dowesuRs from the different topologies are
finally compared in order to find possible advaegr disadvantages of each concept in
system reliability.

The third part contains availability estimates filoore wind farms using CONTOFAX [2],
which is a software tool based on Monte Carlo satiohs. Analysis begins with a case study
of a representative modern offshore wind farm whidhbe used as the baseline. The
baseline maintenance strategy represents the gpishit maintenance strategy of a common
offshore wind farm. Variations of the base casetlaea simulated so as to find which
parameters affect availability and O&M costs otfe) offshore wind farms. Optimization

of the O&M strategy is possible by comparing thé&come of all simulated scenarios.

At the end of the thesis there is a discussiorhemrésults obtained in all previous parts, and
conclusions on reliability and availability issugfscurrent and future offshore wind farms.
The last chapter contains some suggestions foargsen topics of wind turbine reliability
and availability issues.

1.4 Definitions of basic terms

Due to diversity of definitions in reliability relant literature, it is necessary to clarify the
meaning of basic terms which will be frequently @matered in the present document. For the
following definitions, sources [4-6] were consulted

Failure is the inability of a system or part of the systienperform its required function under
defined conditions. The system is then in failedestin contrast with operational (or

working) state. The required function of a windbine is to convert wind power to electricity
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when wind speed is within a certain range. Theeefofailure means that the wind turbine is
unable to deliver the expected amount of electpoaber for given wind conditions.

Wind turbines areepairable systemahich means that when a failure occurs, they @n b
restored into operational condition after any actbrepair, other than replacement of the
entire system, takes place. Repair actions canrbiaedtance settings adjustment, parts
exchange, addition, or removal, software updatejdation, cleaning. Other examples of
repairable systems include vehicles, electricabgators, medical equipment, computers, air
conditions, and large household appliances sucéfagerators and washing machines. A
non-repairable systens a system that is discarded after a failuréeeibecause no repair
action can bring it back to properly functioning mrost commonly, because it does not worth
to perform repair instead of replacement of théeslystem. Light bulbs, keyboards,
telephones, desktop fans, pocket calculators ane sxamples of non-repairable systems. It
should be noted that some repairable systems becomespairable after some time, since
technology improvements and automated productiongsses result in inexpensive products
that is cheaper to discard rather than fix wheg tha.

Reliability of a system or component is the probability thaerforms its required function
under stated conditions for a specified periodroét

Failure rate (or failure frequencyof a repairable system or system component isatie of
the number of failures observed or expected witlefined time interval, to this time interval.
For wind turbines and their subassemblies, it isallg expressed in number of failures per
calendar year.

Mean Time Between Failuréabbreviated as MTBF), usually expressed in hasm@snother
way to express reliability of repairable systemd danotes the average time between two
successive failures. If the failure rate is contsteith time, then MTBF is simply the
reciprocal of failure rateMean Time To Repafabbreviated as MTTR) is the average time
required to repair a system and bring it back teraponal state after a failure.

In the present document, wind turbieailability for a specified time interval (usually one
calendar year) expresses the percentage of timedaturbine is able to function,
independently of wind conditions, and excludingldaults or human interventions such as
manual shutdowns. For the complete wind farm, atbdity is the average of the availability
values of all wind turbines for the same periodiroke. This definition makes clear that
availability does not include the amount of time&iad turbine is not operating because wind
speed is below cut-in or above cut-out valuesijtlrefers to the time the wind turbine has no
kind of failure nor it is under any type of mainéece, scheduled and unscheduled. This
amount of time is calledptime while downtimerefers to hours that a wind turbine is unable
to function. The fraction of uptime over the sunuptime and downtime is usually used to
express wind turbine availability. Availability depds on technical reliability, and site
accessibility, which are influenced by other partars including the chosen maintenance
strategy (see Figure 43erviceabilityandmaintainabilityrefer to the ease of scheduled
servicing and unscheduled repair respectively,aaadusually expressed in average hours
required per activity.



1. Introduction

Transport Means

Limitations Logistics

Design Weather Conditions

A

[Technical Reliabilityj [SiteAccessibility] @aintenance Strateg;] [ '\gznfig‘:g::g ]

Availability

Figure 4. Availability dependencies

The termmaintenancelescribes all actions which have as an objectivetain an item in or
restore it to, a state in which it can performtbguired function. The actions include the
combination of all technical and corresponding adstiative, managerial, and supervision
actions.Preventive maintenandacludes all actions performed on an item so geéserve

its present operational state, wiglerrective maintenancsuggests the actions taken to repair
an item and bring it back to function after thewcence of a failure. Both types can be either
scheduled or unscheduled, depending on whetheratteeglanned between regular time
periods or not. Maintenance activities that aréquared if a certain condition is satisfied are
calledcondition-basegdin contrast tanaintenance on-demarnehich describes actions that
are taken immediately after an event such as aréailt is clear that there are different
possibilities on how to perform preventive and eotive maintenance.

Maintenance strategycludes all the chosen tactics and parameteesdew) maintenance of
a system. In onshore wind farms it is common pecadib perfrom scheduled preventive
maintenance twice a year, and unscheduled coreegtaintenance on the event of a failure.
Usually every 5-7 years,raajor overhaukakes place which apart from a thorough inspection
may also include exchange of large subcomponents.

Especially for offshore wind farmagccessibilityexpresses the amount of time a site can be
accessed by the available transport means. Easkl\a operate only within certain wave
height and wind speed ranges. Based on meteoralagiservations, it is possible to estimate
the fraction of time that a given site is accesswithin a year by a certain type of vessel.
Since maintenance actions on a failed machine ¢dommperformed until the vessel can
access the site, accessibility affects downtimescwerall wind farm availability.
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2. WIND TURBINE TECHNOLOGY

Before analysing reliability and availability aspeof wind turbines, it is important to clarify
functionality of the most important systems incagied, and explore available design
options. Based on what is more probable to be afedore, common topologies are
described at the end of this chapter.

2.1 Structural Breakdown of a modern HAWT

A wind energy converter includes several subassesjt#ach one being in charge of specific
functions. Figure 5 illustrates name and locatiballbsubassemblies encountered in modern
horizontal axis wind turbine (HAWT), while Tablesimmarizes their main functions. Note
that these subassemblies can be further broken ddwitheir structural parts, for example
the generator consists of a rotor, a stator, sligsretc.
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Figure 5. Subassemblies of a modern HAWT
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Table 1. Functions of subassemblies

Subassemblies

Functions

Blades

To rotate due to lift force by wind

Hub

For blades attachment

Pitch system

To adjust blade pitch angle to control power
output and limit loads, to brake the wind
turbine

Yaw system

To orientate the rotor based on wind direction

(Low & high speed) Shafts

To transmit torque

Gearbox

To increase rotational speed

Electrical generator

To convert mechanical torque to
electromagnetic torque

Power Electronics
Converter

To match generated electricity to grid
specifications

Main transformer

To step up voltage level

Sensors

To measure various operational parameters

Control system & PLC

Monitoring, controlling, automation

Braking system

To brake wind turbine

Electrical systems

To connect WT to the grid, to supply power, etc

Tower

2.2 Design considerations

Nacelle mounted on top

Every commercial wind turbine is designed to cohwend power to electricity economically
and safely during its technical lifetime. Safetylatonomics therefore drive wind turbine
designs, but this implies several considerationsettaken into account, as summarised in
Figure 6. In the following section the most impaitdesign drivers are described so as to
portray design possibilities and limitations Instiheport only drivers directly or indirectly
associated with reliability are examined, so fagiraple noise issues or impact on
surroundings are not included, although they atertanto consideration during design.



2. Wind Turbine Technology

Economic Safety
Considerations Considerations

Overall
Conversion
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Technical
Reliability
Loads

Standards

Fabrication

Figure 6. Design considerations

2.2.1 Economic considerations

A fundamental constraint in the process of windbing design is economic viability of the

final product [7]: the cost per energy produceduth@ventually be as low as possible, so that
the machine will be competitive to other energyvarsion systems, both renewable and
traditional. The cost of energy depends on varfaatrs, most important of which are listed
below; some of them are obvious and others moriesicicbut of similar significance. These
drivers are so important that are taken into acctiunughout all the design phases, from
preliminary to final.

Overall conversion efficiency

All types of energy conversion and transmissionude losses. For a wind turbine these can
be aerodynamic losses, which blade design aimsmatising, gearbox losses, which come
from stepping up the rotational speed, generagses, such as the iron and copper losses,
power electronics conversion losses, due to adprstiof the voltage and electrical frequency
level, and electrical losses at the transformeraatading. In the case of wind farms, array
loses due to the wake effect have to be takeraictount as well, since they result in energy
yield reduction.

Energy production strongly depends on the oveffdliency of the wind turbine, but design
does not only target at high efficiency levelscsimethods to reduce losses usually require
higher manufacturing costs, e.g. advanced powdesah feasible design should be cost
effective and have a reasonable balance betweereatfy and production costs.
Furthermore, complex systems which may be usemhéoeasing efficiency should be
avoided, since they may reduce overall reliability,harder to manufacture and/or install.

Fabrication

Total wind turbine manufacturing costs depend envirious (sub-) components’ weights,
the type of materials chosen, and the fabricatrocgsses used. It is favourable to have low
weights mainly for reduction of loads and instadiattime, but lightweight materials are
typically more expensive. Complex designs usuatyuire special manufacturing techniques,
which increase the cost of fabrication, thus therall cost of energy. That is why it is
common practice to sacrifice small amounts of &fficy for making components that are
easy to manufacture. It is also preferred to usedstrd off-the-shelf techniques rather than
special designs, because such components’ deliveeg can be quite high, and their
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performance is not proven on field. It is even cammractice for wind turbine
manufacturers to order some parts from externgllgns, but this might cause delays in the
production line due to long delivery times, thusréasing costs. Nowadays increasing steel
and oil prices give additional rise to manufactgrand transportation costs. The designer
should be aware of these issues, since the fiodlugt has to be competitive in the market.

Technical reliability

Stand still times due to failures and maintenanceks/have a negative effect on the
performance of a wind turbine, since energy pradads a function of the amount of time

the machine actually operates. This is more prontin#fshore, where downtimes can be

quite significant due to inaccessibility of the @m site because of severe weather conditions.
It is therefore very important to design wind tunds that operate reliably with as minimum
service and repair requirements as possible. Instregse, subcomponents that are sensitive,
involve many moving parts, and perform complex tiors are sometimes avoided because
experience has shown that those characteristigestigrone to failure products. Moreover,
ease of maintenance should be taken into accouimgdilne detailed design of

subcomponents so as to achieve relatively low repaes, thus reduced downtimes.

Installation

Installing a wind turbine includes transportingtallver sections and nacelle parts on site,
preparing the foundations, erecting the towelinlifthe nacelle on top of the tower, and
fixing the blades. Due to the increasing size oflera wind turbines, transportation and
installation costs can be quite significant andegige to the overall cost of energy. This is
more prominent offshore where special vessels kmtited accessibility are required. In

order to facilitate transportation and installatmocedures, compact or modular designs with
reduced weights and sizes are generally prefefi@dvery large wind turbines, the designer
should also be aware of the limitations currentigi@ble machinery and transportation
means have.

2.2.2 Safety considerations

A wind turbine deals with huge forces caused bywhel and its own rotational movement; it
should therefore be designed for safe operatioeualll possible situations during its
technical lifetime. Commercial wind turbines acauaiertificates from independent renewed
institutes, which prove that they are designedfaihg the principles of accepted standards
(e.g IEC-61400 series).

Loads

Reducing loading is crucial for the safety andgnitg of the wind turbine and many design
choices are based on that constraint. For alif@srhe, a wind turbine must withstand any
loads possible to be encountered during any opetstate: standstill, starting, producing
power, shutting down. Moreover, it should be ablsurvive any possible ultimate loads
caused by extreme weather conditions such as vghynhean wind speed, even if they rarely
occur. Finally, for a specific amount of time, whiis basically the machine’s lifetime,
usually 20 or 25 years, the wind turbine must &lslol up to cumulative, fatigue-induced
damage, which comes from periodic, transient, anchsastic loads [7].

Standards

11
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Based on research and experience, various stand@avdseen developed in order to certify
safe operation of wind turbines through their iifed. These standards describe acceptable
design procedures, explicitly defined load casdsclvcover almost every possible event,
normal and extreme, while they also contain requéets for braking the wind turbine under
any circumstance. Most standards are quite cornbes\so as to ensure high level of safety of
the wind turbine. The IEC-61400 developed by therimtional Electrotechnical

Commission is a series of standards covering alenesty aspect of wind turbine design. For
large multi megawatt wind turbines there is notgmbugh experience gained and the know-
how, design codes, and tools are actually upseedesions of the ones used for medium class
machines.

2.3 Design options

For anything that makes up a wind turbine therexawee than one possible technologies to
choose from. The following overview of most impattaesign choices is not an extensive
catalogue of everything available or attemptedegast, but rather a list of the most
dominant options in the wind energy market at preda the design procedure, every choice
depends on the previous step’s choice, and spetifeepossible options for the next step. At
any point, there can be alterations and improvesneiithe initial design till the final
production design is established.

2.3.1 Number of blades

Any number of blades is theoretically possible, dhigh number of blades leads to more
material use and therefore increased weight. Mastern wind turbines have three blades,
some two, and even one bladed machines have balerecein the past (Monopteros,
Germany, and Riva Calzoni, Italy).

Three bladed rotors exhibit the following advantagden compared to similar one and two
bladed rotors: highest efficiency, smooth dynanghdvior due to the weight distribution
being more balanced over the swept area, lowedgeamic noise levels, and reduced visual
impact because their rotation looks smother.

Two blades have weight and cost advantages, sssenaterial is used to construct them,
and are generally easier to install. A major draskidaowever is that teetered hinges are
needed so as to balance gyroscopic loads when gaiMe moment of inertia is higher when
the blades are aligned horizontally than verticdtlyorder to reduce large cyclic loads during
yawing teetered hinges are required for two orldaded rotors [8].

The advantages of one bladed rotors are that dneyun at a relatively high tip speed ratio,
resulting in lower drive train loads, be possibheaper, more reliable, and easier to install.
They also offer a unique parking technique: thel®ls placed pointing down to the ground
and the rotor is yawed downwind. However they aream attracting option for designers,
because they exhibit important drawbacks: lowdcieficy as a result of high tip losses; no
weight reduction compared to a 2-bladed rotor,esemcounterweight is required to balance
the single blade; very complex dynamics; high ntesels as a result of high tip speed ratio
for optimal energy capture; visibility problemsnae one blade seems like rotating
unsmoothly.

2.3.2 Rotor orientation

There are basically two possible ways to orientagerotor, either upwind or downwind of the
tower (see Figure 7). In upwind rotors, an actige/ysystem is used to adjust the rotor
position with respect to wind. The blades shoulartaele rather inflexible and have some
distance from the tower so as to avoid collisioime Thain advantages of a downwind rotor
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are that the wind turbine is passively orientethtoprevailing wind direction without the
need of an active yaw system, and that the blagle®e made more flexible, leading to cost
reduction. Moreover, it is possible to reduce fritagt bending moments in a downwind
configuration by taking advantage of centrifugaktts. This is because the blades are
normally coned downwind, so centrifugal momentsntetact moments due to thrust [7].
However, downwind rotors experience an alternaiag due to the periodical passing of
each blade through the disturbed wind field ofttveer wake, resulting in increased fatigue
damage, additional aerodynamic noise, as welldscel power output. This disadvantage
explains why the vast majority of modern wind tads have upwind rotors. A way to
minimize the impact of the tower shadow effect inavturbines with downwind rotors is the
usage of lattice instead of tubular tower designs.

Wind
direction direction

= ' ()
Upwind Downwind

Figure 7. Possible rotor configurations [7]

2.3.3 Power regulation

A control system is necessary so that the windrierbperates within certain ranges of
rotational speed, torque, thrust, and eventuallygvoPitch and stall regulation are most
commonly used for this purpose, although otherrigples are possible like yawing the rotor
out of the wind or utilizing aerodynamic surfacétaehed on the blades, such as flaps or
ailerons. Yaw control has the disadvantage thahtheis subjected to large gyroscopic loads
when yawing, and that is why this method is appirednly in small wind turbines.
Aerodynamic surfaces are not so spread mainly Isecafithe complexity they introduce to
the aerodynamic blade design. In this section, @tdgges and disadvantages of possible stall
and pitch control philosophies are described anahsarized in Table 2.

Table 2. Comparison of most common pitch and stall control systems

Control ROTOR
syste SPE | advantages Disadvantages
m ED
High energy yield Pitch Fast pitching
; . mecha requir
Pitch Fixed /| Loads reduction nism ed for
o Lim | pitch for braking require dealin
(Pitching to ited Control d g with
feath vari ontrol accuracy Power gusts
er) able | Constant  power electro | Power
output nics fluctua
above convert tions
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Optimum require
to  power pow d
electronic er (variabl
cont e

converter, rol Speed)
Variable different p
types of | Reduced
generators nois

can be €

used leve
Is

Rigid blades Loads by high thrust

. . Braking system other than blade
(Passive) Less maintenance pitching

Stall Direct coupling to grid Noise issues

Easy construction Limited power control

Pitch for braking

Active stall Better power control than passive | _ , )
(Pitc stall Pitch mechanism required
hing Constant power output above | High thrust forces
to rated Less accurate control

stall) Slower pitch mechanism can be
used

The blades of stall regulated wind turbines amalfirattached to the hub, so the pitch angle is
fixed. They are designed so as to take advantatieeontrinsic stall effect which occurs after
a certain angle of attack: as the wind speed agk af attack increase, the flow becomes
more and more stalled, the lift force is decreasing the drag force is increasing. The rotor
efficiency drops and this results in limiting thewer output. The main advantage of stall
control is that there are less moving parts sinblade pitch system is not required, although
it can sometimes be present for braking purposbs @n the other hand, the wind turbine is
subjected to more severe blade and tower loadsodogv vibration damping of the stalled
blades [9]. Moreover, the power output of stalluleged wind turbines is a bit lower than that
of pitch regulated, mainly because the lift desesafor high wind speeds above rated, where
the flow on the blade is into the deep stall region

In pitch regulated wind turbines, the blades (at pathem) can turn about their long axis by
means of an active actuation system, which is bsaalelectric motor or hydraulic system.
The optimal pitch angle is determined accordinh&asured conditions and power output.
There are basically two techniques of pitchinglitzgles, one is positive blade pitch control
(pitching to feather or simply pitch control) arntother is negative pitch control (pitching to
stall or active stall control). In the former tygmwer is limited by pitching the blades so as to
reduce the angle of attack and therefore thediftd. In the active stall type, the angle of
attack is increased by decreasing the blade prigle@gowards the stall region where lift
becomes lower and drag higher. Pitching to featbatrol is more accurate and thrust forces
are lower than active stall. However, the pitcluatiir system for active stall can be much
slower than in the case of pitching to feathegvaithg simpler designs.

Both pitch and stall philosophies can be used wittier fixed or variable speed operation.
Most pitch regulated wind turbines operate at \deiaotational speed before they reach rated
power output because this allows better power odintg, reduction of loads, and the use of a
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slower pitch mechanism than in the case of consfaetd. Variable speed operation in the
range of roughly 60% to 110% of the rated speetliglpossible by using either a slip ring
induction generator together with a partial powamnerter or a synchronous generator with a
full power converter, which is more expensive. Mststl regulated wind turbines rotate at a
speed which is kept constant through the genegatliiéct connection to the grid. Using two
generators with different nominal power or a pdiammying generator with two stator
windings, operation at two fixed speeds is possibtech has advantages in noise levels and
energy yield. Limited variable stall controllednaliturbines have been also realized by using
variable resistance generator, which permits sspeded variations —in the order of £10% of
the rated speed- thus relieving loads.

A pitch system usually consists of an electricatoan@and some gears that transmit torque to a
rod that crosses the blade. Individual pitchingaéh blade is possible with the same or
different per blade pitch rate. Hydraulic systeras also be used, but are not generally
preferred for being sensitive. The whole operaisomonitored and controlled by a special
computer (Programmable Logic Controller unit abiatad as PLC) which gathers and
evaluates all information that come from variousssgs and measuring instruments of the
wind turbine. Operation and monitoring can be damaotely, for example from an office
located at the closest port in the case of an oféskvind farm.

2.3.4 Drive train

While common electrical generators rotate at 15PMRfor grid frequency of 50 Hz), rotor
speed is typically in the order of some tenths BMR In order to use a standard off-the-shelf
generator in a wind turbine, it is required to gase the rotational speed to the level of
generator speed; this is done by means of gedrasi drive train setup consists of: a low
speed shaft which transmits the rotor torque taggerbox; a gearbox where the rotational
speed is stepped up according to generator regeimesma high speed shaft which transfers
torque to the generator; support bearings and owmgplThese are usually implemented either
in a modular or an integrated structure. Some elesgi the different arrangements of the
drive train are given in Figure 8. The main advgeasaof fully or partially integrated

structures are compactness of the nacelle andtiedwf weight since the bed frame is not
required, as well as easier assemblage. Howevénfanance becomes harder and sometimes
the whole nacelle has to be taken out for majoairsr replacement of parts. Moreover, in
the modular drive train, loads caused by wind goatsbe partially absorbed.

Usually conversion of rotational speed takes piagaultiple stages, such as 3. The preferred
gears are combined spur-planetary type becauseiofdompactness and therefore lower
volume.

In drive train design it is critical to make reélisestimations of the large and varying loads
that the various components experience during thd wrbine’s lifetime. Operational
experience however has shown that especially geasbhoear more often than expected,
implying inadequate design due to insufficient lestimations. Moreover, gearbox losses
are quite significant especially during operati@folw rated rotational speed.

The direct drive concept has been introduced ierowm eliminate the gearbox, which is
achieved by coupling the rotor directly with a gexter that operates at low rotational speeds
(more information about direct driven generatorgiven in the section about electrical
generators). Most commonly a shaft connects ther dtectly with the generator, but some
manufacturers (Zephyros [12] -now owned by Harakes®irectwind, DarwinD) use no

shaft but only a single bearing, where on one sidenub is mounted and on the other the
generator rotor; this concept’s apparent advantatiee reduction of rotating parts and
nacelle’s weight.
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Figure 8. Various drive train structures [11]

2.3.5 Electrical generator

Generator is an electrical machine which convedshanical energy to electricity, e.qg.
mechanical torque to electromagnetic torque. Thesdwo types of generators depending on
the synchronous speed, synchronous and inductsym¢aronous) generators. The choice of
the electrical generator depends and influencesr akbisign choices such as rotational speed,
drive train design, connection to the grid, ancetgp power regulation. Advantages and
disadvantages of most common generator systensiammarized in Table 3; more detailed
comparison can be found in [10] and [13].

Standard squirrel cage induction generators are ins@ind turbines, because they are
relatively cheap and can be directly connectetieagrid without the need of conversion by
means of power electronics. A gearbox is requicedfepping up the low shaft rotational
speed to the operational speed of the generattireinrder of 1500 RPM, which is kept fixed
due to direct grid connection; this implies fixed %) rotational speed for the rotor as well. It
is most common to use this type of generator wh sr active stall controlling.
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For fixed speed wind turbines, it is preferredhéwe two generator speed possibilities in
order to reduce noise levels and yield more powsnfwind speeds below rated. One way to
achieve this is to use two generators, a smalfameind speeds up to rated and a large one
for wind speeds above rated. In accordance witlyémerator, the rotor has a low and a high
fixed rotational speed. Another option is to ugmke changing generator which has two
stator windings with different number of polespaling operation in two speed levels.

Still, variable speed in the order of £30% of raiedesirable because of lower noise levels
below rated wind speed and higher energy yieldctvis achieved by maintaining the tip
speed ratio constant at its optimum value. Foralédei rotor speed operation, a typical squirrel
cage induction generator would require power ede&otrconverters with rating 100% of the
rated generator power, which are quite expensidesahibit high losses. It is possible to use
smaller power electronics converters with ratinfjalwut 25-35% of the rated generator
power by means of a doubly-fed induction generatbich has its wound rotor connected to
the converter, while its stator is directly coneekcto the grid. However this system cannot
deal with a grid fault and the wind turbine had¢odisconnected until the fault is cleared in
order to protect the converter. This seriouslycffehe power quality of electrical grids with
significant penetration of wind power. Additionaglyoubly-fed induction generators are more
expensive than standard squirrel cage inductioemgeors and require slip rings with brushes,
which are sensitive and need regular maintenanestag achieved elimination of brushes,
slip rings and external resistors by using optiitee communications on a wound rotor
induction generator with electronically controllabesistance of the rotor windings

(OptiSlip® patented technique). This allows speed variaiiotise range of +10% of rated
speed. The main drawbacks that this generatoribypmiuces to the wind turbine are
increased loading and noise levels compared tabi@ispeed machines, as a result of smaller
speed variation.

As already mentioned in the drive train sectiorcs generators can be directly driven by
the rotor without the need for a gearbox. Low spagetration requires a large number of pole
pairs and that is why direct drive generators anelmarger and heavier than standard ones.

Moreover, since they are synchronous machines,aamsnaf exciting the rotor field is needed.
Electrical excitation has been initially preferger permanent magnets (PM) because it was
cheaper; however, as prices of permanent magneps BM generators become an attractive
option because they are lighter and cheaper, #sseactive material is needed, have no
brushes, and exhibit higher energy yield due teabs of excitation losses [13]. There are
however some drawbacks for PM, such as high patése materials used, and degradation
of their magnetic field with time.

Table 3. Comparison of possible electrical generator systems

GENERATOR )
advantages Disadvantages
TYPE
Only +1% speed variation (thus
Standard off-the-shelf technology increased noise and
Squirrel cage Robust (e.g. no brushes) mechanical loads)
induction | Simple Lower energy yield
generator | cheap Grid voltage and frequency control not
possible
Direct Grid Connection
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Wound rotor Limited speed variations (£10% of

mductlc:n No brushes rated)
enerator
\?Vith Opti- Direct Grid Connection Losses in the controllable rotor
. P resistance
Slip®
Doubly fed q Variable speed variation
woun .
I('otor) Partially rated power electronic | Brushes that require regular
. . converters maintenance
induction
generator Standard off-the-shelf technology

(Elect ¢ Large and heavy (not for PM)
ectromagnets
g Expensive (specially PM)

or Variable speed variation
Permanen . Not standard technology
Low rotational speed (no gearbox) )
t Magnets) Fully rated power electronic converters

Svnchrono | Voltage and frequency control as a )
ué’ result of full power conversion | Generally complex electrical system

enerator Brushes that require regular
9 maintenance (not for PM)

In all direct drive generator designs, full powesho be converted by means of power
electronic converters so as to match the grid requénts. Although costs and power loses
are higher, full power conversion results in beptawer quality because of voltage and
frequency control, which can also be used for sttpmpthe grid during grid faults.

After choosing the type of generator, a designsrtbaletermine its dimensions and output
voltage level. Sizing aims at reducing generateolsime and using as least material as
possible. Voltage level is usually in accordanciwidustrial standard levels, for example
690, 960, 3000 and so on Volts. Low values are rappropriate for small and medium class
wind turbines, since they require expensive cadteshave more copper losses. High voltage
levels result in thick insulation around the getmra wires, and should be used only for large
wind turbines or when distance to grid connectiompjustifies it (e.g. remote offshore wind
farms).

In most cases the generator output voltage levebwilower than the grid voltage, so a step-
up transformer is needed to match grid requiremdnitsa standard industrial device so the
choices are the same like any other field wherestaamers are used. For example, there are
wet (oil-filled) and dry transformers available whihave different internal cooling system.
Transformers are usually placed either in the iotef the tower or in a cabinet located close
to the wind turbine.

2.3.6 Braking systems

Manufacturers have to make sure that their winblimar is able to stop operation under any
condition at any time, for example extreme weatuwerditions, grid failure, component
malfunction, rotor overspeed, or maintenance aatwiaking place in the nacelle. For this
purpose two braking mechanisms which must be abfieniction independently are
implemented. Aerodynamic braking is typically usethe main braking system and it can be
implemented by pitching 90 degrees along its lamtital axis either full span or part of the
blade. Full blade pitching is used for braking piemd active stall controlled wind turbines,
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since they already have pitch mechanism. In passalewind turbines only the tip of the

blade can vary its pitch angle (tip brake). Yawig of the wind is also an option for

braking, but exhibits important disadvantages lilgh gyroscopic loads.

Mechanical brakes, like disk brakes and clutcheékendrive train, hydraulically or

electrically driven, are used as secondary fag eagaking systems. These are activated when
the main braking system is not enough, which ocrafteer rarely, or together with the

primary brake when technicians perform maintenautiwities inside the wind turbine.

2.3.7 Tower structures

Wind speed increases with increasing height asutref the wind shear effect, while
turbulence intensity slightly reduces due to latklustacles far from the ground. Those
favourable conditions together with noise restictissues justify the fact that wind turbine
towers are generally very high, in the order of fifd@bove ground level for multi-megawatt
onshore machines. Offshore towers can be madesabiter because noise is not an issue,
and surface roughness, therefore wind shear effe@duced compared to onshore.

There are mainly two tower types to chose fronmegitattice or tubular; the former are made
using welded steel profiles and the latter canitheeesteel or steel-concrete constructions.
Lattice towers are cheaper and reduce the towectefivhich is important for downwind wind
turbines. However tubular towers are more commashd mainly because they offer space
for devices such as the transformer and allow easiess to the nacelle for maintenance
activities through a ladder and/or a built-in ekeva

The tower accounts from 10 to 20% of wind turbin@anufacturing costs ([7] [11],) and has
to withstand under any condition for 20 or morergeao the main drivers in tower design are
costs and safety. Based on the required dynamiaviimlr and stiffness of the tower its
optimal dimensions can be determined so thatntade of as less material as possible.

2.4 Common topologies

Feasible combinations of the various design optiead to different wind turbine topologies.
In this thesis only horizontal axis wind turbineil Wwe examined, since vertical axis
machines are not yet widely encountered in offslap@ications and are not likely to be
implemented. Moreover, focus will be given on HAW6pologies that have been extensively
used onshore and are most probable to be trandfeffishore, if not already. It should be
noted that variations of the basic topology maggxd.g. permanent magnets vs
electromagnets for a direct-drive wind turbine. fanities and differences of the topologies
described in this section can be found in Table 4.

Fixed speed with induction generator, stall control (Danish concept)

The rotor is rotating with a nearly fixed speedafs RPM at any wind speed. There is a low
speed shaft connected to gearbox and a high spaéiccennected to the electrical generator.
The gearbox steps up the speed to 1500 or 1800 RiAMh is needed by the generator in
order to convert mechanical energy to electriditye induction generator is directly coupled
to the grid with no power electronic converterswBoregulation at wind speeds above rated
is achieved by means of passive stall controlhedtades are fixed to the hub and do not
pitch. Safety systems used in this concept are arecal disk brakes sometimes combined
with aerodynamic brakes (blade tip brakes).

Some manufacturers use 2 stages of rotational spgediow for wind speeds below rated
and the high for wind speeds equal and above rated.requires either two electrical
generators of different nominal power or a switdbginles generator, as described in the
electrical generators part.
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Manufacturers that developed or adopted the Dartiskept include Vestas, Bonus, Nordex,
Micon and Made. A large portion of currently insdl wind turbines is of that type, but this
tends to decrease as newer models are typicaligblarspeed machines with full span blade
pitching.

(Limited) Variable speed with induction generator, pitch control

Depending on the incoming wind speed, the rotatl®ved to vary its speed within certain
limits. Blades are -usually individually- pitchealfeather according to wind speed and
direction so as to minimize loads and harvest mokger. Pitching is also used to brake the
rotor when needed and a secondary braking systerh,as a disk brake, was present in early
designs until individual blade pitching proved $aile. A multi stage gearbox steps up the
rotational speed of the low speed shaft to the nahbtational speed of the induction
generator. Voltage and frequency are adjustedsoeatklevels by means of power electronic
converters, which are either fully rated by using generator, or partially rated by means of
a doubly fed induction generator.

Pitch controlled variable speed wind turbines wittubly fed induction generator
manufacturers that produce this type of wind tugbimclude General Electric, Siemens, and
late Vestas.

Variable speed with synchronous generator, direct-driven, pitch control

In this concept there is no gearbox present anefihve special low speed electrically excited
or permanent magnets synchronous generators freditiA blade pitch system is used for
limiting power as in the previous concept and thtattonal speed is allowed to vary within
+30% of the rated. Fully rated power electronic\eaters are used before connection to the
grid so as to adjust the voltage and frequencyldeaecording to the network specifications.
Enercon from Germany is the biggest manufacturelirect-drive wind turbines,
implementing this concept since the early 90s awd Imaving up to 6 MW versions. Lately
more companies are beginning to adopt this conbepiprefer permanent magnets instead of
electrical excitation for the synchronous generagirce they allow smaller and lighter
designs.

Table 4. Features' comparison of common HAWT topologies

LIMITED
VARI
QEEE VARIABLE
D+ SPEED + | \ARIABLE SPEED
PITCH +PITCH
“DANISH PITC CONTROL
H CONTROL +
CON + DOUBLY
CONT SYNCHRON
CEPT o FED oUS
% INDUNCTIO GENERATO
INDU GENERAT R
CTIO OR
N
GENE
RATO

20



2. Wind Turbine Technology
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3. Data Analysis

3. DATA ANALYSIS

3.1 Data sources

In order to perform reliability analysis of a sysigt is fundamental to find available sources
containing failure information of this system. kad databases are a result of monitoring and
recording products’ performance, either in the tabary or operational field. These activities
are executed by companies, independent institytresearch centres, etc. Companies
generally keep track of failures so as to estirtfae@ products’ reliability and maintenance
requirements. As in any other industry, these degantended for internal use and treated as
confidential, since competitors can potentially éferif this information is shared.

Especially for wind turbines, a number of failuegta sources have been published, found
summarized in Table 5

Table 5. Wind turbine failure databases

NUMBER OF

SOURCE

LOCATIO
N

N

REPOR
TING
WTS

POWER RATINGS

Lynette [14]

USA

1981-1986

unspecified

Max Average 100 kW

EPRI [15]

USA

1986-1987

290

40-600 kW

EUROWIN [16]

Europe

1986-1989

Up to 3500

Max Average 160 kW

WindStats [17]

Germany

Denmark

1994-2007

Up to 74500
Up to 72500

100kW-3MW

VTT [18]

Finland

1998-2006

Up to 98

Max Average 900 kW

ELFORSK [19]

Sweden

1997-2007

Up to =770

Most <1 MW

Felanalys [20]

Sweden

1997-2005

Up to 786

Most <1 MW

LWK-SH [21]

Germany

1993-2006

Up to 7650

Max Average 700 kW

WMEP [22]

Germany

1989-2006

~1500

Most <1 MW

In order to select which ones to analyse, the Walig important criteria were taken into

account:

Type of available information. For any datasetéhg&nould be information for at least the
type, location, operational period, age, and nurobenonitored wind turbines. Moreover,

the data should be organised per subcomponentlyctiining what is included in every

subcomponent category. The resulting downtime $s ahportant information, since it

allows to determine which failures are more seveterms of hours that the wind turbine
is not able to operate.
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3. Data Analysis

Amount of data. There should be a reasonable amuafugata both in terms of covered
time period and size of monitored populations.

Reliability of data. Failure databases are usehgnthey come from reliable sources and
have been developed using scientific methods @f daltection.

Access to data. At least for academic research enerally easier to get access to
databases that are published by institutions ratfar by companies.

From the previous data sources, Lynette, EPRI atid@WIN were not selected for
containing old and small wind turbines. WindStatsaNletter has the disadvantage that data
are aggregated, so it is not possible to idenéflfes per specific model and consequently
topology. The Finish VTT database has a small nurabeind turbines, and the same holds
for the first years of the Swedish databases. Enadigtthe German WMEP and LWK-SH
were selected for further analysis because:

Data are similarly organised so it is possible skencomparisons.

They both provide information per specific wind dire model and almost the same
models are covered by both.

At least for the mid power class, both databasegago records for a large number of
wind turbines.

LWK-SH contains wind turbines installed only on ttaastline of the Northern region of
Germany (Schleswig-Holstein); although WMEP cowatsountry, it is possible to have
segregated data per location, like mainland, doaséind region with mountains.

Both databases come from trusted independentutistis. Especially WMEP is very
reliable source since wind farm operators thatigpeted in the programme were obliged
to hand in their data so as to get subsidies.

Both were accessible by the author. The Wind En&wggsearch group of TU Delft has all
the LWK-SH annual reports; WMEP database was kipdbyided by ISET.

3.1.1 Praxisergebnisse Schleswig-Holstein (LWK-SH)

The Chamber of Agriculture “Landwirtschaftskammeh®swig-Holstein” (LWK-SH)
gathers information of wind farms installed in ti@thernmost part of Germany, Schleswig-
Holstein. Every year since 1994 data about winbih@s’ installations, performance and
availability are published in a booklet under tlaene Praxisergebnisse [21] (in English
translated as Practical experience results), wtachbe ordered at a low cost through LWK-
SH website [23] .

In this source, the data are presented both peepoiass, which includes aggregated data
from different wind turbines of similar ratings,daper individual wind turbine model. In both
categories, each dataset begins with the

Compilation of downtimes for wind turbines

WIND TURBINE MODEL
For the period: Month.Year - Month.Year
Number of WTs: XX
Average age at the end of Year XX Months
N1umher nf Numher nf  Parcentaca
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Stop reason

Maintenance
Grid failure/loss
Storm

el sl R

Icing

Disconnections Total

Average per WT

Lightning
Blade
Rotor Brake
Pitch Mechanism
Brake
Shaft/Bearings
Gearbox
Generator
Hvdraulics
Yaw Svstem
Anemometry
Electronics
Electric
Inverter
Sensors
Other

<IN <N Rl el < j ol sl s R e [} o ff sl s eI <[ <} N < B < < < [ o
< sl sl i<l <l s QWi el <l s QR ol ¢

Failures Total
Average per WT

*

Stand still Total
Average per WT

sl |- e < QSN s el el <[ sl s N s e[} <[ s J s Qs <[ < <[} s N * ) <[ <[ o
3

ofy®

Annual availability Average per WT %

Figure 9. LWK-SH form for presenting data (English translation)

time period the data refer to, the number of winthines reported, and their average age.
Then the number of events that led to standstilltae amount of downtimes are presented
for each stop reason, e.g. preventive maintengnickfailures, storm, icing, and failures. The
latter are subdivided into 16 categories, lightramgl 15 categories for different wind turbine
components: Blades, Rotor Brake, Pitch Mechanisrak® Shaft & Bearings, Gearbox,
Generator, Hydraulics, Yaw System, Anemometry, fEbeics, Electric, Inverter, Sensors,
Other. An example page of the 1996 edition of Bergebnisse is given in Appendix A
(Figure 28), while an English translation of thenfiois shown in Figure 9. It should be noted
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3. Data Analysis

that in the annual reports it is not clarified whgubcomponents each category includes,
something which has to be taken into account duaimajysis.

LWK-SH includes wind turbines with power ratingstn 20 kW to 3 MW. The larger appear
in the latest versions of the database since mégawatt wind turbines were introduced in
the late 90’s-early ‘00s. As a result, most infotiorais available for wind turbines in the so
called mid power class, with power ratings rangnogn 500 to about 750 kW; included
machines from this class are Micon M1500, Tacke T®/@&nercon E40, Vestas V39, V44
and V47, AN Bonus 450 and 600, GET 41, and NordtdhK 500.

3.1.2 Wissenschaftlichen Mess und Evaluierungsprogramms (WMEP)

Scientific Measurement and Evaluation Programme @®)is part of the “250MW wind”
funding programme, an incentive of the German Fddeovernment to fund electricity
produced by wind turbines across Germany. It begfan as a 100 MW programme in 1989,
was expanded to 250 MW in 1991, and reached 350M\&006. All funded plants had to
deliver operational information to the parallel mimg WMEP monitoring programme for at
least 10 years. Even after that period, some apmr&ept providing data on a voluntary basis
for up to 5 more years.

Institut fur Solare Energieversorgunfstechnik (ISETKassel handles and processes the
WMEP database. Every year standardized evaluatienmade public in the form of a yearly
report (“Wind Energy Report Germany” [24]) and srearly 1997 some results are available
on the internet [25] as well. Scientific articled)ich assess the reliability of wind turbines
using WMEP data, are listed in the references ([[24]], [28], [29], [30]).

The WMEP database consists of up to 15 years opeshtiata (1989-2006) from
approximately 1500 wind turbines of various sized technologies. The report that
participants in the WMEP programme were requesidd in is shown in Appendix A

(Figure 29). All reports were gathered into logb®dikom which data are retrieved according
to desired form using SQL computer language. Thie i@x@as monitored are the following
[22]:

- Weather conditions (wind speed and direction)

- Wind turbine performance (contribution to supplgnaal energy yield)
- Reliability (failures and associated reasons, cgmseces, downtimes)
- Economics (costs for operation and maintenance ,af@nergy)

Table 6. WMEP failure categories and subcategories

Category SubCategories included

Hub Body
total HUB Pitch Mechanism

Pitch Bearings
Blade Bolts Blade
total BLADES shell

Aerodynamic Brakes
Generator Windings Generator
total GENERATOR Brushes

Generator Bearings
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3. Data Analysis

Inverter Fuses

Switches
total ELECTRIC Cables / Connections

Anemometer / wind vane
Vibration Switch
Temperature Antenna

total SENSORS Oil Pressure Switch

Power Sensors

Revolutions Counter

Electronic Control Unit Relay
total CONTROL SYSTEM Measurement cables / connections

Gearbox Bearings
Gear-Wheels
Gear Shaft
Gearbox Sealing
Brake Disc
total MECHANICAL BRAKES Brake Pads
Brake Shoe
Rotor bearings
total DRIVE TRAIN Drive Shafts
Couplings
Hydraulic Pump Pump
Motor
total HYDRAULIC SYSTEM Valves
Hydraulic pipes / Hoses
Yaw Bearing
total YAW SYSTEM Yaw Motor
Yaw Gear / Pinion
Foundation

total STRUCTURAL PARTS/ L‘;‘g’;‘i é ;?;Vn?; Bolts
HOUSING

total GEARBOX

Nacelle Cover
Ladder - Tower

WMEP database has slightly different failure categgothan LWK-SH, but it is more clearly
defined which systems are included since theyutbdr split into subcategories (see Table
6). For every category there is an additional stdgmay not shown in the table, labelled
“unspecified”. This includes failures which are ©ot/ered by available subcategories, so
operators marked only the major failure categony ram specific subcategory, when filling in
the WMEP report (Figure 29).

3.2 Technical description of selected wind turbines

In order to assess reliability of the common winbine topologies, representative models
that have similar size and appear in both dataldzesss been selected: Micon M1500; Tacke
TW600; Enercon E-40; Vestas V39,V42,V44 \V47. Eatthe selected wind turbines
represents one of the different topologies preseintéhe previous chapter; Table 7 shows the
topology corresponding to each model. They arbailzontal-axis machines with 3-bladed
upwind rotor and active yaw system; per model $medescription will be presented in this
section and Table 8 summarizes the most importaaracteristics of each model. It should be
mentioned that these wind turbines were commeycsaltcessful back in the 90s, and a large
number of them are still in operation throughouttNern Europe and USA.
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Table 7. Topology of selected wind turbines

FIXED ROTATIONAL SPEED (2 STAGES), PASSIVE STALL
CONTROLLED, INDUCTION GENERATOR

Fixed rotational speed (2 stages), active stall controlled, induction
generator

Variable rotational speed, pitch controlled, direct driven synchronous
generator, power electronic converter

Limited variable rotational speed, pitch controlled, variable slip induction
generator

Micon M1500

MICON A/S (or MICON Energy Systems) was a Danismpany active from 1982 to 1997,
when it merged with Nordtank to form NEG-Micon;2003 Vestas acquired NEG-Micon.
Most Micon machines were implementations of theiBfasoncept with power ratings from
100 kW up to 750 kW.

Micon M1500, introduced back in 1994, is a représre wind turbine of the Danish
concept. This machine was quite successful in fidectass and a lot of units were installed in
the mid 90s especially throughout Germany. 50060@kW versions were available for low
and high wind speed sites respectively. Each veisas two fixed speed levels and the
possible rotational speed variation is in the oafer1% of rated. M1500-500 incorporates a
125/500kW induction generator with switchable ppbesd M1500-600 a 150/600kW
generator of the same technology. A 3 stage geasbosed with a ratio of 1 to 56-60.
Passive stall technique is limiting power outputiosated wind speed, so the three blades are
firmly attached to the hub; however, pitching of tilade tips is possible and used as
secondary braking. The main braking system is hydraisc brakes on the high speed shatft.

Tacke TW500 & TW600

Tacke KG, a German company previously involvedrimdpction of industrial clutches and
gears capable of withstanding high stress levelgab developing wind turbines in 1984 [31].
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Tacke Windtechnik GmbH manufactured wind turbinekess than 1,5 MW using the fixed
speed, passive stall, induction generator coneepaally for the latest 1,5MW model, Tacke
switched to pitch control, variable speed, doulglg-induction generator technology. In 1997
Enron bought Tacke due to bankruptcy but in 2008e®a Electric acquired the wind

division of Enron.

TW600 was introduced in 1995 as an upscaled mddB500 from 500kW to 600kW. The
TW600e version incorporated the Danish conceptaddal upwind rotor, passive stall power
control, two fixed speed stages, induction genenaith switchable poles (200/600kW), 3-
stage combined spur-planetary gearbox, and hydediyliactuated disk brakes. TW600a uses
active stall power control by means of pitchabkdels that additionally function as primary
braking system. Rotor diameter ranges from 43 tmé€ers depending on the IEC wind class
of the site. There was also a CWM (Cold Weather ifitedt) version of the Tacke TW600
slightly adapted for cold environments.

Enercon E-40

The German company Enercon [32], established i 1®8s one of the first manufacturers
that applied the direct drive concept back in 1892en they introduced E-40/500kW. Since
then Enercon has been successfully producing gsaniand turbines ranging from 500 kW
up to 6 MW nominal power, and has installed moenth2.000 units worldwide.

Two versions of the gearless Enercon E-40 wereldped: E-40/5.40 with 40 m rotor
diameter and a 500 kW multipole synchronous geaer&t40/6.44 with 44 m rotor diameter
and a 600 kW multipole synchronous generator. Tl incorporate pitch system for
power control and braking. Full rated power eleaite converters are used for adjusting
voltage and frequency levels to grid requirements.

Vestas V39, V42, V44, V47

Vestas Wind Systems A/S [33] is a Danish comparsygténg and manufacturing wind
turbines since 1979 and currently being the leatldre market worldwide. Early Vestas
machines followed the Danish concept, but sincdatee80s they switched from fixed to
(limited) variable speed and from stall to pitcmtol (OptiTip® patented pitch regulation
mechanism).

Fixed speed Vestas V39-500 kW introduced in 1982iured the OptiTip® technology
which is actually active pitch control. Later oredfas developed the variable slip generator,
which allowed speed variations in the order of +18Rfated speed (OptiSlip® technology).
Depending on the blade length, V39, V42 and V44 I880versions were produced using this
generator. Model V47-660 kW featured a variable 660 kW induction generator for wind
speeds above rated and a secondary simple 200d\¥tion generator for wind speeds
below rated.

Table 8. Features of selected wind turbines

& Micon | T4 MENECON  Veslas
M1500  TWe00 E-40 V39/V42/V44IV4T
E E

M1500- M1500-

Version TW600e TW600a V39 V39/4x V47

ocou
o
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L 1 Bl a 1N N
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In LWK-SH and WMEP databases there was no distingbossible between various versions
of the same model, so for example Tacke TW600ar&00e data are grouped together
although they incorporate different power reguiatoethods. Data for Vestas V39, V42,
V44, and V47 were obtained aggregated from the WM&Rbase, while LWK-SH includes
separate data for Vestas V39, V44 and V47.

3.3 Reliability analysis of selected wind turbines

3.3.1 Amount of data

For the selected wind turbines, LWK-SH and WMEPéhavelatively large amount of data
for more than 10 years. Table 9 lists in detaildkierage number of wind turbines and time
span of data per database and wind turbine motelntimber of wind turbines that report
every year varies because either new installato@sncluded, or there are wind farm
operators who did not hand in data. WMEP offeradafparated per location of wind
turbines, namely mainland, low mountain regionsl emastline. Since LWK-SH includes
wind turbines from the coastline of Germany, it wiasided to perform separated analysis for
WMEP coastline data so as to make comparisonsiwitk-SH.

Table 9. Amount of data in LWK and WMEP for each WT model

Micon Tacke Enercon | Vestas Vestas
M1500 TW600 E-40 V39 V47
Years of operation 11 12 13 13 7
LWK Average number of WTs 40 34.25 43.2 38,5 18,7
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Years of operation 11 11 12 12

Average number of WTs

Years of operation
Average number of WTs

As it is already mentioned, data from differentsiens of the same wind turbine model are
not separately reported in both LWK-SH and WMER:. &ample Tacke TW600e and
TW600a are collectively presented under the namé@&dWValthough they incorporate
different power regulation philosophy, passive antive stall respectively. However,
especially for WMEP it was possible to identify havany machines of each version were
included throughout the duration of the monitonpiggramme, not per year of operation.
This information, presented in Table 10, reveadd:th

- the majority of the Micon M1500 wind turbines ahe 600/150kW version
- almost all Enercon E-40 ‘s are 500 kW versions

- there are about half Tacke TW500's in the TackesD@/600 category

- almost all Vestas models in the V39/V4x categos/\&89'’s

Table 10. Number of wind turbines per version for complete WMEP

Model . Enercon |Tacke TW500+ Vestas
category |Micon  MI5001 e, 600 V39/V4x

Version |500/125| 600/150f 500 600 500 600 V47 V44
Number of
WTs

Percentagg
of Total

Total 10

2 8 86 2 23 25 4 3

F 20,0%

The exact number of wind turbines versus theirayerage (or years of operation) are
graphically presented per model and database uré&i0. WMEP coastline is not included
in the graphs because the number of wind turbs#sel same every year and equal to the
average values found in Table 9. For every yeapefation, the average age of monitored
wind turbines in LWK-SH is given on the x-axis aetfollowing graphs; for WMEP this
information was not available, so it was assumatltthe average age is the same as the year
of operation, although these periods might be difieup to about six months.

From these graphs the following remarks shouldakert into account:

- Almost for every year there are at least 10 wintdines reporting in both databases. In
some cases, e.g. for Micon M1500 and Vestas V3XKLSM contains larger amount of wind
turbines than WMEP.

- Especially in WMEP, the number of wind turbinesed not vary significantly. This is
prominent especially during the first 10 years pém@tion due to the fact that participants
were obliged to deliver data for this period in@rtb get funds from the “250MW wind”
programme of the German government. After thisqagrihe number of reporting wind
turbines drops significantly; for that reason, daftar the 18 year will not be used in the
following analyses.
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- In LWK-SH, the amount of data for Vestas V44 Afestas V47, in terms of number of
wind turbines and years of operation, is limitechpared to the other machines. WMEP has
grouped data for Vestas V39, V42, V44, and V47 dinte the number of V42, V44, and
V47 machines for the complete WMEP programme idligigee Table 10), the WMEP
Vestas V39/V4x group will be compared to Vestas 88 LWK-SH. Therefore, Vestas
V44 and V47 data from LWK-SH will not be used i thpcoming analysis.
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Number of Wind Turbines reported Number of Wind Turbines reported

Number of Wind Turbines reported
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Vestas V39/V4x

80

== WKSH Vestas V39
LWKSH Vestas V44 |
LWKSH Vestas V47
= |SET Vestas V39/V4x |

Number of Wind Turbines reported

Average Age [Years]

Figure 10. Number of wind turbines vs average age in LWK-SH and WMEP

3.3.2 Annual failure rates & downtimes

In order to assess reliability of different topdkgyand subassemblies, the average failure
frequency or rate will be used. This is definedhesratio of the number of failures occurring
during a time interval over the number of monitovadd turbines times this interval. As it
will be explained later in the reliability growtletion, this is the same as the failure rate
estimation of the Homogenous Poisson Process macmdrding to which failures occur
randomly with no increasing or decreasing trentinie. Although any time scale can be
used, failure rate is commonly expressed in nurob&ilures per wind turbine per calendar
year; in that case it is calleshnual failure rateand can be calculated using the following
equation:

f="t==— (Equation 1
X, T,
i=1
f Annual failure rate
N, Number of failures occurred during the time interval 7;
X; Number of wind turbines reported for the time interval 7;
T Time intervals (Zin total of 1 year each one)

While annual failure rates are useful in orderstneate how many failures requiring
unscheduled visits occur in a year, they do notigeany information on how severe a
certain failure is. In order to quantify the seteaof failures, the amount of time a wind
turbine stands still (cdowntime will be used because downtimes are given in LWHK-S
WMEP programme logged this information as well, &iate it was not available to the
author, only LWKH-SH downtimes are included in taigalysis. Note that downtime does not
only reflect the severity of failure but also tleidwed corrective maintenance strategy and
the serviceability of each manufacturer, sincs thie total time spent for diagnosing,
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gathering repair equipment and spare parts, acge® site when weather conditions allow,

and repairing the wind turbine, as can be seelgur€é 11. Diagnosing time is zero in case of
a failure that can be identified remotely; accegsire site is not issue onshore, but offshore it
may be quite high since waiting time for favouralvkeather conditions is included.

A
State
Operating| ——— — o
Failed :
Gathering
Diagnosing ~ SPare parts ) Repairing &
thegfailureg and repair  ACCessIng restarting
}4 Downtime =} Time

Figure 11. Breakdown of downtime

In LWK-SH downtimes are given every year aggregadedhe total number of a certain
subcomponent’s failures (see Figure 9). In orddrae one parameter that includes both
frequency of failures and associated downtime, $itast due to failures per wind turbine is

estimated:

HL=—"=— (Equation 2)
>X 0T
i=1
HL Downtime due to failures per wind turbine per year [hours/WT/year]
d Downtime from subcomponent failures during the time interval 7;
X; Number of wind turbines reported for the time interval 7;
T, Time intervals (/ in total of 1 year each one)

In order to asses the average downtime of oneréadfia specific subcomponent, the mean
downtime was calculated using the following equatio

|
2.4
MDT == — (Equati®n
N
i=1
MDT Mean downtime of a certain subcomponent failure [hours/one failure]

d Downtime from subcomponent failures during the time interval 7;

n, Number of subcomponent failures occurred during the time interval 7;
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T, Time intervals (/ in total of 1 year each one)

An estimate of the average availability of eachduiarbine model is possible because LWK-
SH contains downtimes not only due to failuresdisid due to scheduled maintenance, grid
problems, storm and icing:

(D, +1)

8760- = ——
X
A= L1 100% (Equation 4)
8760
A Average annual availability [%]
D, Downtime due to failures during the time interval 7;

l Downtime due to other reasons during the time interval 7;
X; Number of wind turbines reported for the time interval 7;
T Time intervals ( in total of 1 year each one)

Annual failure rates of the selected wind turbiaes presented in Figure 12 for LWK-SH,
WMEP, and WMEP-Coastline. In LWK-SH total failurates are in the order of 1,7 to 2,7
failures per year, while in WMEP values are muaghbr, ranging from 3,5 to 5 failures per
year. A possible reason for this disagreementadaht that WMEP includes wind turbines
located in various German landscapes, while LWKeBHtains installations across the
coastline only. There it is expected that faillates are lower because fatigue loads, which
can potentially result in failures, are lower tleag. the mainland, where turbulence levels are
higher due to the presence of physical and manmbsiacles.

By comparing LWK-SH and WMEP-Coastline, differeneee smaller but still failure rates
in the latter database are considerably highes @bild be attributed to the fact that WMEP
database is a result of a well organised prografomehich wind farm operators were
obliged to hand in data, in contrast to LWK-SHsltherefore reasonable to claim that
participants in the “250 MW wind” scheme were morethodical in completing, storing, and
delivering maintenance reports, which are the bafsisliability databases.

Failure rates of the “Danish concept” wind turbifdison M1500 and Tacke TW600 lie
between 1,7 and 3,8. Micon M1500 exhibits the ldveesiual failure rate in LWK-SH with a
value of 1,70 failures per wind turbine per yedthaugh this is more than double (3,8) in
MWEP. Failure rates of Tacke TW600 from
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Figure 12. Average annual failure rates of selected WT's (LWK-SH / WMEP / WMEP-Coast)
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LWK-SH and WMEP-Coastline are 2,2 and 3,2 respebtjwvhich is the closest agreement
between the two databases for all models, stitieguigh. 1t should be mentioned that WMEP
includes some Tacke TW500 machines, but the désigruch similar to TW600e
incorporating a 500kW instead of 600kW generatbe @irect-driven topology represented
here by Enercon E-40 shows the highest failureirl@8MEP with 5,2 failures per year and
in WMEP-Coastline with approximately 4,7 failuresryear. In LWK-SH Enercon E-40's
failure rate is 2,4, ranked second highest belostd&eV47, which has 2,7 failures per year.
Vestas V39 failure rate is relatively low in LWK-SH,8), while in WMEP and WMEP-
Coastline significantly higher values are observeanely 3,6 and 3,4, assuming that the
Vestas V39/V4x category represents mostly Vesta® 8chines (approximately 92% of the
Vestas group are V39s, see Table 10).

Since LWK-SH contains downtimes due to failures atiter reasons, it is possible to
estimate how much time per year each wind turbindehwas able to operate. Using
equation 4 and LWK-SH data, the annual averagdadbititiy of the selected models is
estimated; results, presented in Figure 13, shatwa¥ailability of mid-class onshore wind
turbines is very high, well above 98%. Note thét@igh Tacke TW600’s failure rate is
slightly lower than Enercon E-40, Enercon E-40 destiates higher availability.

100,00%

B Micon M1500
B Tacke TW600

B Enercon E-40
99,50%

B Vestas V39/500

99,00% -

Annual average availaibility [%]

98,50% -

98,00% -
Micon M1500 Tacke TW600 Enercon E-40 Vestas V39/500

Figure 13. Average annual availability of selected WTs (LWK-SH)

Apart from the overall failure behaviour of the @iturbine, reliability of the various wind
turbine items is separately analysed so as toifgtemitical subassemblies of each topology.
Total annual failure rates presented previouslylmabroken down into the different
categories, as described in sections 3.1.1 an8. Bihce categories are different in each
database, data rearrangement was needed so thaiSih\a6d WMEP data describe similar
subcomponents (see Table 11). In the present tleagdegory names of the LWK-SH
database are used. Subcomponent failure ratesagkicplly presented in Figure 14. The
annual average amount of stand-still time per viumtdine (calculated using Equation 2) is
also included so as to identify critical subcompuaén terms of resulting downtime.
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Table 11. LWK-SH and WMEP subcomponents categories

WMEP

Blade
Generator

Gearbox

Electric
Shaft/Bearings
Inverter & Electronics

Yaw System
Hydraulics

Sensors

Aerodynamic Brake

Mechanical Brake

Pitch Mechanism

Anemometry

Other

Blade Bolts + Blade shell + unspecified Blade
total Generator

total Gearbox

Fuses + Switches + Cables/Connections +
unspecified Electric

total Drive Train
Inverter + total Control System
total Yaw System

total Hydraulic System

Vibration Switch + Temperature Antena + Oil
Pressure Switch + Power Sensors + Revolutions
Counter + unspecified Sensors

Aerodynamic Brake
total Mechanical Brakes
Pitch Mechanism + Pitch Bearings

Anemometry/wind vane

total Structural Parts/Housing + Hub Body +
unspecified Hub
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Average annual failure rate [Failures/WT/year]
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Average annual failure rate [Failures/WT/year]
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Figure 14. Annual failure rates and downtimes of subassemblies

The most frequent failing subcomponents for alldviarbines and in both databases are in
descending order electric, electronics, blade,lieargenerator, and hydraulics (for a
complete list of annual average failure rates rdrikem highest to lowest values, see Table
20 in Appendix C). By taking advantage of the LWHK-8owntimes information, critical
subcomponents in terms of resulting downtime p&dviurbine prove to be the gearbox,
generator, shafts and bearings, blades, and elglcssistem. For each subassembly, the
downtime due to one failure occurrence (Equatiois gjven in Appendix C (Figure 34).

It should be mentioned that some wind turbinesatancorporate certain subcomponents.
For example, Micon M1500 is a pure passive stalldiurbine with fixed blades that cannot
pitch. Despite the absence of a pitch mechanismedailures were reported for this
subassembly in WMEP. These are included in thehgrayst to illustrate that sometimes
operators did not report the correct subassemhblyftfiled when filling in the WMEP form
(see Figure 29 in Appendix B). This might be dueifterent interpretation of categories by
the various wind farm operators. Failure ratesHioercon and Vestas aerodynamic tip brakes,
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as well as Enercon’s gearbox and mechanical bialeepresented in the graphs for the same
reason.

3.3.3 Comparison of topologies

Stall vs Pitch

Micon M1500 and Tacke TW600 are stall regulated mraes while Enercon E-40 and all
Vestas are pitch controlled. In order to compalialvéity of pitch and stall wind turbines, we
look up to failure rates of subassemblies, of wiiiekign depends on the type of power
regulation. It should be underlined that reliapilif other subassemblies than the ones
described below can also be indirectly affectedheypower control method, but the
following systems are chosen as being the mostatide ones.

- Blades : Comparison of blade failure rates doesgha any clear indication for which
topology performs more reliably. For all topologmse blade failure occurred on average
every 4,5 to 5,5 years, with the exception of Tatk¢600 in LWK-SH, where one blade
failed as frequently as 2,5 years for unknown reasoDowntimes due to blade failures
are quite high, especially for Tacke TW600.

- Pitch mechanism : Judging from resulting downtintlas,pitch mechanism does not seem
to be a critical item for wind turbine availabilitin terms of failure frequency, Enercon E-
40’s pitch mechanism exhibits the highest valudinfaonce in less than 3,5 years (LWK-
SH). Vestas pitch system is more reliable, failmgce in more than 4 years. Tacke
TW600a incorporates active stall technique for pogamtrol (see

- Table 8), so there is a pitch system present inesonits of the Tacke TW600 category.
This exhibits very low failure rates in all databasalthough it should be noted that the
number of TW600a’s included in the TW600 categsrymknown.

- Brakes : With the exception of Micon M1500 from WMEdata, failure rates of
aerodynamic tip brakes are rather small. This tgpebraking is used only in stall
machines. Since blades cannot pitch, additionahan@cal brakes are necessary to ensure
stoppage under any conditions. These exhibit raler failure rates, but only when
another type of braking system is present as Wéttqn, Vestas). Both aerodynamic and
mechanical brakes’ failures result in similar statil times, which are low compared to
other subassemblies.

- Hydraulics: This category includes hydraulic systemsed for pitching the blades,
actuating the disk brakes, lubricating the gearlmig, Although downtimes associated
with failures of hydraulics are not very signifitafrequency of such events is very high,
as it can be seen especially from WMEP failurestateshould be noted that hydraulics is
one of the very few categories in WMEP for whicliuie rates at coastline are slightly
higher than the ones in the mainland, probably esalt of the salty atmosphere.

Summed up failures rates and downtimes of the pusvsubassembly categories are
graphically presented in Figure 15. The EnercordEadividual blade pitch philosophy and
wide range variable speed leads to comparably |éawere rates, as observed in both
databases. Stall turbine Tacke TW600 suffered tammber of blade failures that led to
very high downtimes. Pure passive stall and fbadtronal speed concept, represented by
Micon M1500 proves to be a rather reliable optibleast close to the coastline, as failure
rates from LWK-SH suggests. Note that in WMEP theeonly 10 M1500’s reporting
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compared to 40 units in LWK-SH (see Figure 10), alhdf them are located further from the
coastline. Vestas pitch controlled low range vdeapeed machines failed rather frequently
in WMEP, but according to LWK-SH resulting downtisnare relatively low.

Average annual failure rate [Failures/WT/year]
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Figure 15. Stall vs. Pitch (Aggregated subassemblies failure rates)

Geared vs Direct drive topologies

In order to compare reliability of direct drivendageared wind turbines, the gearbox and
overall drive train is not the only important subasbly to look at. The electrical system
design depends on the presence of gearbox; dine@ehdvind turbines incorporate large
multipole synchronous generators and full powected@ic converters, while in geared
concepts standard induction generators with npdatially rated converters in case of doubly
fed induction generators) are used.
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Gearbox : Based on the graphs, the gearbox doegaihads often as it is generally
perceived, but it is still one of the most criticalbassemblies, since very large associated
downtimes are observed, especially for Tacke TWé@Btercon E-40, which does not
contain a gearbox for stepping up the rotor spéed, a relative advantage in this case
over the other topologies. In WMEP, gearboxes ofdvii Tacke, and Vestas machines
failed once about every 3 years. In LWK-SH values @onsiderably lower, with one
failure occurring approximately every 5 years oreno

Shaft/Bearings : Main shafts and bearings exhditar low failure rates of one event per
10 to 30 years. No specific topology seems to bleatand out in terms of failure
frequency, and there is some divergence among asgabwith the exception of Tacke in
LWK-SH and WMEP coastline. On the other hand, dawes resulting from shaft and
bearings failures are very large, especially focdhi M1500 and Enercon E-40.

Generator : Geared topologies utilize 4 or 6 paiduction generators that run on
(possibly dual) fixed speed. These have been esaxtdn various applications other than
wind turbines and are widely considered as robusthimes. The latter is confirmed by
the Micon and Tacke generators, which prove redtiveliable as they fail once in more
than 5,5 years. Even lower failure rates are olesefor the Vestas induction generator,
which allows +10% speed variations due to variablgp feature. The multipole

synchronous generator of Enercon E-40 exhibitshilgbest failure rate, almost double
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than the other types, and the highest associatedtine. However it is important to note
that E-40 was the first commercial attempt of a imedpower class wind turbine with
direct-driven low speed synchronous generator, mmadt failures occurred especially
during the first years of operation as it will beown later in the reliability growth

chapter.

- Inverter & Electronics : Type of electronics fouimda wind turbine depend on electrical
generator type, speed variation possibilities, aod/er control method. As all direct
driven machines, Enercon E-40 incorporates fullgdapower electronic converters so
that output voltage and frequency levels match grglirements. Failure rate in this case
is very high, especially in the WMEP database, whene failure occurred every 9
months. Nevertheless, resulting downtime per wimtdibe is only slightly higher than the
other topologies. Micon M1500, Tacke TW600, and t¥esV39/V4x are directly
connected to the grid, although thyristors that aften used exhibit lower failure rates.
Downtimes in this case are similar as Enercon E-B8pecially for Vestas, the
electronics/inverter category probably includetufas of the OptiSlip® components, e.g.
of the electronically controlled resistance, whishn series with the rotor resistance in
order to achieve variable slip for the generatuustrotational speed variability.

- Electric : Electric components such as switchgemsformer, batteries, and power
cables, show a quite high record of failures, esfigcfor the variable slip Vestas
V39/V4x and the direct driven Enercon E-40. Theelathas the highest downtime
associated with electrical components’ failureg, dllumachines experience considerable
downtimes. Note that some operators may have mdiides in the electronics and
inverter systems as electric failures and viceazers

An overall comparison of geared and direct droywotogies is possible by aggregating
annual failure rates of the related subassemhbtfidgesulting downtimes (Figure 16). The
fact that Enercon E-40 was the first direct drivend turbine for commercial application
must be taken into account, because there are slsayge design improvements after
operational experience from the field is gainednkiating the gearbox seems to result in an
increased number of failures for the electricadtedl subcomponents of E-40, possibly as a
result of the complex generator and electricalesysincorporated. Although Tacke TW600’s
failure rate is in the same order as the other winlines, significantly higher downtime are
observed, mostly because of the time consumingities needed to repair the gearbox.

Geared vs Direct drive Topologies
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Figure 16. Geared vs Direct drive (Aggregated subassemblies failure rates)

3.4 Reliability growth tracking

The field of reliability growth management examirigge improvement in a reliability
parameter over a period of time due to changesadygt design or the manufacturing
process” [5]. Reliability growth models have be@veloped so as to track changes in
reliability during the different design phases gfraduct. Moreover, it is possible to use
appropriate models on failure data collected indperating field so as to investigate if the
product’s reliability stays constants, changes oamlgt or shows any improvement or
deterioration with time. Reliability growth has Ipeoroughly studied by the Army Material
Systems Analysis Activity (AMSAA) department of thkS army. The AMSAA Reliability
Growth Management Military handbook MIL-HDBK-189][dritten in 1981 still provides
significant information and methods for reliabilijyowth; an updated version entitled
AMSAA Reliability Growth Guide TR-652 [5] was pubhed in 2000, but still based on the
1981 version. An electronic handbook of engineesitagistics [34] developed by the
American National Institute of Standards and Tebtbayw (NIST) together with SEMATECH
dedicates a detailed chapter on reliability issireduding reliability growth.

Reliability growth models described in the sourabsve are very commonly used in industry
SO as to assess product reliability and eventualprove it. Examples include vehicles,
aircrafts, computer chips, machinery componentd,raedical hardware. The only —at least
publicly available— publications that describe &gilon of reliability growth models on wind
turbine failure data come from Dr. Peter Tavner Batdio Spinato, from Durham School of
Engineeering, UK ([35] , [36], [37], [38]).

In this paper the AMSAA Continuous Reliability GrdbwTracking Model for grouped field
data will be applied on the LWK and WMEP datasetsich is intensively described in 2
documents published by the US Army ([5] and [4BpEining the detailed mathematics
behind reliability growth models is out of the seayf this thesis, however some basic
concepts will be described in the following secsion

3.4.1 The AMSAA Reliability Growth model for grouped data

Point Processes

A point process is generally a stochastic modettiiescribes the occurrence of events in
time; these occurrences are thought of as pointe@time axis [6]. In reliability analysis,
failures of repairable systems are the events wdmiehracked either in calendar time, for
example hourly, annually, etc, or an operationahpeeter, like kilometres or flying hours.
A random variableN(t) that represents the number of events in the iat€tst] is called
counting random variableSubsequently the number of events in the intefag] will be

N(a, b= N(Bh - N 3, asillustrated in Figure 17.
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Ny t °

N(b)
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Figure 17. A counting random variable

ThePoint Process Mean Functiofi(t) is the expected number of failur&s in the interval
throughout timet :

A(t) = E[N(9] (Equation 5)
TheRate of Occurrences of Failurg(t) is the rate of change of expected number of fagur
H(t) = LAL0) (Equation 6)

dt

TheIntensity FunctionA(t) is the limit of the probabilityP, of having one or more failures
in a small interval divided by the length of théeirval.

P(N(t t+Af]>1)

A(t)= lim (Equation 7)

At -0 At

If the probability of simultaneous failures is zettoen:
U(t) = A1) (Equation 8)

Non Homogeneous Poisson Process (NHPP)

A counting proces$(t), e.g. cumulative number of failures after operaior calendar
time t, is a Poisson process if the following three cbods are valid:
1. No failures have occurred before the initialdigero:

N(0)=0
2. For anya< b< c< d the random variableBl(a, b] and N(c, d] are independent. This is
known as the “Independent increments property”.
3. There is a functiod (intensity functiohsuch that:

AQ= lim PONGLt+AT=1)
At -0 At
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Note that if A is constant then the process is Homogeneous Pgssoess (HPP), so in fact
it is a special case of the NHPP.
4. Simultaneous failures are not possible:

| P(N(t,t+At]=22) _
Main property of NHPP : Th&t@@ber of fayfurba, b]'iR the interval(a, b] is a random

variable having a Poisson distribution with meahue%bﬁ(x)dx.

Power Law Process

The chosen model that will be used for the intgrfsibction is the power law process
because of its flexibility, as it has the importadtzantage of modelling all three phases of the
bathtub curve. Additionally, various literature soes covering the topic of reliability growth
agree that the power law process can be used toldesystems of different fields, even if

the number of available data is limited. A Non-Ha@@apeous Poisson process with intensity

function A(t) = pBt** is called a power law process. In that case, tineutative number of
failures through time is given by:

N(t) = pt” (Equation 8)
P scale parameter (time unit)
[ shape parameter (dimensionless)

As for any stochastic process (see Figure 17)expected number of failures for a specific
time interval(t,t,] is given by:

N(t,t]= N(L) - N(t) = p(€ - ) (Equation 9)

The failure rate (rate of occurrences of failuiegjhe time derivative of the cumulative
number of failures:

d';l—:t) = pptF™ (Equation 10)
From the last equation, it is obvious that failtate is not necessarily constant but can vary
with time. Whether it is constant, decreasing oreasing depends on the value of the shape
parameterS. For £ values smaller than unity, the rate of occurrerddailures is

increasing with time, while fo3 values greater than unity it is decreasing. I logises with

£ other than 1, the process is a Non-Homogeneowss®&oProcess (NHPP). Wheghis

unity, failure rate is constant over time, and éfiere the process is a Homogeneous Poisson
Process (HPP) as previously defined. The followatge summarizes the trends of failure
rate and number of failures for different valueshaf shape parametg, while Figure 18
shows a graphical representation of both functfongach case. It should be noted that the
functions are monotonic, meaning that they careeitticrease, decrease, or be constant.

At) =
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Figure 18. Cumulative number of failures and failure rate vs. time for varying shape parameter

Table 12. Variation of shape parameter around unity

Number of failures Failure rate Type of Process

Decreasing with time Decreasing with time NHPP

Constant with time Constant with time HPP

Increasing with time Increasing with time NHPP

Parameter estimation (MLE)

In order to get theB and p parameters of the power law process from groujedd data,

arranged as shown in Table 13, the maximum likekhestimator (MLE) is used as described
below.

Table 13. Grouped field data arrangement

Interval Time Number of failures
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The MLE shape parametéj‘ must satisfithe following nonlinear equation, whete
represents the numberafailable time intervals, the total time, aneh the number of
failures observed within time intervft|_,t), with t, defined equal to zero:

Z':n_ (tiﬂ Int —t% Int_, —IntlJ:O

= ti[’ -t (Equation 11)

t/ =Int,=0

By solving the previous system fqﬁ with any analytical method for nonlinear equatiadhe
shape parameter of the power law process is detedniThe scale parametgris then
estimated by dividing the total number of failuce®r the entire time raised to tlﬂbth power.

p= 'i[l—/} (Equation 12)

X° _test

The statistic value to check is given by the follogvequation:

PRY:
X’ = le—(ni . ¢) (Equation 12)
i=1

wheree =5 ¢’ -/, ) (Equation 13)

Hypothesis that data can be modelled using PLP is accépiesistatistic is distributed as a
chi-square random variable with 2 degrees of freedom, where 2 comes from the nuofbe
the estimated parameters from the previously described)m(a,ﬁ‘and D)
Null hypothesis: The data follow the power law process

Accepted> x* < X

Rejected> x* > x|,
wherea is the level of significance (typically from 90% to 99%).

3.4.3 Application to datasets of wind turbine failures

The model described in the previous section tracks ckasfgeliability with time for only a
single repairable unit, for example one wind turbineorider to be able to apply the same
model for grouped datasets of failures, as it is the foadaVK-SH and WMEP, the quantity
time to test will be used in equations 5 to 13 insteateofictual calendar time. Time to test
is simply the product of the number of monitored windbines in one interval, times the size
of this interval, which is one year in both databasethitnway, failure rate describes failures
per wind turbine per year instead of failures per year.

In order to apply the AMSAA reliability growth model to the KAGH and WMEP datasets
of wind turbine failures, a simple MATLAB code was develdifsee Appendix D). The
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program first estimates the shape and scale paranusiagsEquations 11 and 12, and then
checks whether the null hypothesis that the given datades@sibed by the power law
process, is accepted or not. This method is repeatet smbaomponent categories. Output
is logged in an Excel spreadsheet and graphs showirayithelative number of failures or
failure rate versus time are plotted, given that the rydbthesis is accepted. The same
procedure is used for all wind turbines using all avadlalaltasets (LWK-SH, WMEP and
WMEP coastline). Maximum likelihood estimated values efshape parameter, given that
the null hypothesis is accepted, can be found in TabkppEndix E; examples of the
resulting plots are shown in Figure 19. In these graphsé¢ data are depicted as green
squares, while the red lines are plots of equationr®ubie estimated shape parameter value.
Application of the PLP model to LWK-SH and WMEP dataset®als some very interesting
characteristics concerning the reliability of the sekbetend turbines. Table 21 shows that the
shape parameter is below unity for most subassembligshwneans that they experience an
increased number of failures during the first yearspafration and drop afterwards. For a
period of 1 to 3 years after commissioning, on-field ioyements and adjustments take
place, resulting in lower failure rates for the followiyears. This is more prominent for
components such as blades, electrics and electrogaguics, sensors, and aerodynamic
brakes. Reliability improvement with time is also obserfor the Enercon E-40’s generator,
justified by the fact that it was the first commercial atteoffa multipole slow rotating
electrical machine, and therefore on-field amendmentdéad implemented based on
ongoing operational experience. On the other handréiftequencies of long lead
mechanical subcomponents like the gearbox, thesstaftl the bearings, show an increasing
trend with time. Such items fail more often after somarg of operation due to inevitable
wear out, and on-field improvements, other than minprsichents like alignment or oil
change, cannot be implemented.

It should be noted that when the null hypothesis is rejetttesdreasonable to assume
constant failure rate (HPP), which implies that fakioccur randomly with time and no
particular trend can be tracked. Constant failure rasaldibe also assumed in cases where
the estimated shape parameter is slightly higher or smadleruthity: changes of reliability
with time in these cases are so small that can be negjlegt@ssuming constant failure rate.
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4. AVAILABILITY OF OFFSHORE WIND FARMS

4.1 Offshore wind farms’ operation and maintenance activities

For every wind turbine of an offshore wind farm thestimportant operational parameters
are continuously monitored and logged by a Supervi€omtrol And Data Acquisition
(SCADA) system. During normal operation, monitoring adpistments, like pitching the
blades or yawing the rotor, can be performed remdteiy an onshore location where all
information from SCADA system is sent. If some paransesee not as expected, e.g. rotor
speed is too high or generator’'s temperature has aiseve specified limits, the wind farm
operator will try to identify the source of the problermagely, if possible, and act
accordingly. Some problems can be solved from distapc®bexample, resetting the wind
turbine or adjusting some operational parameters.

In case of a failure that cannot be identified remyoge specialized crew of technicians is
needed to go to the offshore wind farm so as to disgmon-site the exact source of the
problem. When the required repair actions are determpusgjbly needed spare parts are
ordered, if they are not kept in stock near the cldsette wind farm port. Once all necessary
spare parts, workers, tools, and transport mearsvaitable, the repair crew travels to the
failed wind turbine(s), given that there is sufficient weathindow to complete required
repair activities. If weather conditions (wind speedyevheight, visibility) don’t allow

access, the wind turbine remains in its failed state aotiéssing is possible, which translates
into additional revenue loses.

Actual repair time, meaning that travel and logistics timgen®t included, depends on the
cause and severity of each failure. Some failures eamgmired within a few hours while for
others it can take up to several days until the wind turtémebe restarted. Especially when a
large subassembly has to be replaced, the wind turbigiet némain in its non-operating state
for a long period of up to weeks. The tedious task oharging a heavy component is not the
only source of this high downtime. The jack-up bargetifg crane ship, or any other special
lifting equipment required to complete the exchange candaks to arrive to the offshore
wind farm, because it is very likely that they are busynother mission, since the number of
such heavy lifting equipment available in the wider offeh@mgineering market is very
limited. Moreover, a relatively large and narrow weathemdaw for access and operation is
required by these special vessels, something which cegase waiting time especially

during winter, when it is less probable to have sudfitiperiod of favourable weather
conditions.

In contrast to the previously described corrective reaigce (CM) activities, preventive
maintenance (PM) tasks are generally easier to mdregise they can be scheduled.
Depending on the followed strategy, every wind turlidn@spected on-site either

periodically or after a predefined threshold of an apenal parameter, such as temperature
of the gearbox lubricant, has been exceeded. It carbalthe case that PM follows CM tasks
in order to reduce annual visits per wind turbine, thmwrdime and costs. During PM, which
is usually carried out in one full day per turbine, abamponents in the interior of the
nacelle and the tower are carefully checked by speaibfizesonnel, consumables such as
lubricants are replaced, and cleaning, e.g. of oil §jteakes place.

4.2 Experience from existing offshore wind farms

Operational experience from offshore wind farms thealimited, mainly because offshore
wind energy conversion is still in its infancy: wind turksne the range of 450 to 600 kW
were initially installed offshore in the early 1990s, ibig not until the early 2000s that large
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offshore wind farms were realized. However there mesevidence that the offshore wind
energy industry is already facing a number of problesas@ated with technical reliability.

In a number of reported cases of offshore operatex@drience, significant failures occurred
during the first period of operation, leading even toanapmponents replacement. Most
severe problems encountered are related either to éineayeor electrical subcomponents
(transformer, generator) as it can be seen from vapobbshed sources.

According to [39], the Danish Middelgrunden offshore wiaan commissioned in 2001
experienced a number of unexpected problems durinfyshgears of operation, mainly in
the transformer, drainage system, cooling system, swiscthgewer cables, and structural
parts of the 20 Bonus (now Siemens) 2.0MW, which arelwirbines of the Danish concept.
At Horns Rev again in Denmark, all generators andstoamers of the 80 Vestas V80-
2.0MW were completely replaced during the first yeadrgperation, after a series of failures
occurred on a number of machines [40].

In British Blyth, generator failures occurred since lleginning of operation, and both Vestas
V66-2.0 MW had to be retrofit [40]. Additionally, one thie three sea high voltage cables
was cut down in late 2007, and the same problem hapgarScroby Sands in early 2008
[41]. For the later wind farm, serious gearbox baggifailures of the 30 Vestas V80-2.0MW
led to availability of 84% in 2005 (monthly highest 97% inedumonthly lowest 64% in
December) [42], and 81% in 2006 (monthly highest 92%uiy, monthly lowest 64% in
October) [43]. Some gearboxes were completely repladiite for others the outboard
intermediate speed bearing had to be exchanged. Gensengere also problematic and at
least 17 replacements took place, this time using convetiwoven technology generators.
O&M costs were approximately 1,3 c€/kWh both for 2068 2006, years which are within
the 5-year warranty period.

The Kentish Flats offshore wind farm in the UK, consistih§®Vestas V90-3.0MW wind
turbines, exhibited an availability of 87% (monthly highest 96%ugust, monthly lowest
65% in December) during the first year of operation i@62@t4]. Most downtime is

attributed to 12 gearbox replacements and very frequerdr repairs. Generator bearings,
generator rotor cable connections from slip-ring wang the pitch system caused a series of
problems as well. O&M costs for this year were aboditcE/kWh, noting that there is a 5-
year warranty period active covering O&M expense®dry January 2007, it was reported
that 12 wind turbines experienced severe gearbox fajlureich led to large downtime due to
bad weather conditions and low accessibility [45].

The North Hoyle wind farm of 30 Vestas V80-2.0MW dfétNorth Wales coast published
84% overall availability for the first year of operation 2606 (monthly highest 94% in May
2005, monthly lowest 63% in October 2004) [46], até9n 2005-06 (monthly highest 95%
in October 2005, monthly lowest 84% in August 2005)].[Annual O&M costs were
approximately 2 and 1,8 c€/kWh for 2004-05 and 2005e@6ectively. Most downtimes
were attributed to generator and electrical system fasipgagally during the' year of
operation, 6 severe gearbox problems occurred leadiBgomplete replacements.
Recently, gearboxes of 9 out of the 36 Vestas VOMB/thad to be replaced at the first
Dutch offshore wind farm located 10 to 18 km from there of Egmond aan Zee in the
Netherlands [48].

All previously mentioned sources reported that the lagyentime period is directly
connected to the low accessibility of the offshore site whpair actions are needed. Waiting
for sufficient operational weather window proved to litical parameter affecting
downtime significantly. Availability of vessels was alsoissue, since heavy lifting
equipment needed for replacements, such as jack-gp bafloating crane ship, might have
been busy in other missions. In almost all cases, targeslability was estimated higher
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than the resulting one. This can lead in unexpected adalitievenue loses, a fact that
underlines the significance of estimating O&M parameteescaarately as possible.

Table 14. Availability of offshore wind farms in operation

Wind Farm Year Annual availability O&M costs/kWh

Scroby Sands, UK 2005 84% 1,3 c€/kWh
Scroby Sands, UK 2006 81% 1,3 c€/kWh

Kentish Flats, UK 2006 87% 1,4 c€/kWh

North Hoyle, UK | 2004-05 84% 2,0 c€/kWh

North Hoyle, UK | 2005-06 91% 1,8 c€/kWh

4.3 Simulation tools for O&M parameters estimation (CONTOFAX)

Availability and O&M costs per energy produced are \uBrgortant parameters in assessing
the feasibility of an offshore wind farm and comparipg@tion and maintenance of different
wind farms. The great advantage of these two paramisttrat they include technical
reliability and site accessibility, while they also refldst result of the chosen maintenance
strategy. Due to the stochastic character both of weatlmglitions and failures’ occurrences,
it is not possible to estimate O&M parameters straight-dotdwMore precisely, the following
reasons hinder predictions concerning O&M of offsheired farms:

1. Accessibility of vessels to wind farm is limited by weathemditions.

2. Availability of special lifting equipment (e.qg. jack-up bargelimited.

3. There is not enough information on failures of (multiMMihd turbines.

4. Logistic and/or delivery times of spare parts may vagyredictably.
Since no direct calculation method can be applied, dpsaftavare tools have been
developed, which usually calculate parameters su@®ad costs and downtimes associated
with failures. The ones that were known to the autheliated below with a short
description:

- “Operations & Maintenance Cost Estimator” developed kyeihergy research centre of
the Netherlands (Energieonderzoek Centrum Nederébieviated as ECN) [49].

- “MWCOST”, which stands for “Modeling Windfarm Capex &pé&x with Sloop
Technology” developed by BMT Fluid Mechanics Limite@]5It is an extension to the
SLOOP software package, which is used to assess&M farameters of offshore oil
and gas installations.

- A model developed by Frans de Jong and Mecal partaggstéd for estimating O&M
costs of onshore wind farms [51].
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CONTOFAX (TU Delft)

CONTOFAX, developed at TU Delft by Christian Schéntad &erard van Bussel in 1996
[2], is a software tool, written in Excel with Visual Basiacros, for estimating various
operations and maintenance parameters of an offshindefarm using Monte-Carlo
simulations. The program simulates operation and maintenaf a specified offshore wind
farm for a defined period of time by following the stateeath component of the wind farm
(wind turbine, crew, transport vessel, spare parnt$, ehe time step at a time. A simplified
flowchart of the code structure is given in Figure 20.darh time step of 1 hour, it is first
checked if the site is accessible, according to thaldision of stormy and non stormy
intervals, which is simulated using a built-in storm models assumed that it is possible to
forecast the state of the weather at least for 12 hoadviance. The next step is an update of
the status of every wind turbine. If a wind turbine is uradgrective or preventive
maintenance, it is continued or completed giventtigte is no storm. If a wind turbine is
operating normally, it is stochastically determined wheghiilure occurs in the current time
step. After the status of all wind turbines has beenddgthe status of maintenance
resources, such as crews, spare parts, transport slegieéso updated. If there is a wind
turbine in need of maintenance, weather conditions alloesacand all resources are
available, a routine for deploying resources is called.

Inevitably it is not possible to model the operation and teaance of offshore wind farms

exactly as itis in reality. The CONTOFAX model contasosne assumptions that are in

general reasonable, but limit simulation possibilities inescases:

- Failure rates of subcomponents are constant with timerpe simulation. No increasing,
decreasing, or bathtub curve trend can be implementedarrun, but since it is possible
to manually define simulation time interval, this can be efled by splitting the wind
farm’s lifetime into periods of different failure rateghich are constant for every period.

- Similarly, the time interval of scheduled preventive maiatex is fixed over the defined
simulation period. This does not create any problems, difngactually common practice
to have a constant PM interval for the entire lifetirharoffshore farm.

- Distance and therefore travelling time from maintenarase tio all wind turbines is the
same. In reality there might be a considerable distaatgelen units of a large offshore
wind farm that covers a large area.

- 1 crew of X workers can be transported by 1 vesselepar 1 wind turbine. The number
of workers does not affect maintenance activities, buinlg taken into account in cost
calculations.

- Only 1 type of vessel for crew and spare parts pariation and 1 type of special lifting
equipment for large components repairs can be usedge theth have the same
accessibility level. In reality large crane ships have limitgukrating capabilities
compared to simple vessels.

- Only integer values are allowed for input times. This linthe minimum possible
travelling time to 1 hour.
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Figure 20. Simplified flowchart of CONTOFAX code structure

4.4 Simulations for Scira offshore wind farm

4.4.1 Baseline

Input parameters
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The contracted offshore wind farm “Scira” in Sheringh&hoal, UK is used as a baseline
case for the O&M analysis. It is located 17 to 23 lamffom the coast of Sheringham
covering a total area of 35 Knilotal capacity is about 315 MW, but the exact windine
model is not yet decided; since failure data for Sien3e®8IW were provided by
ECN/Ecofys, in the following analysis Scira is assumed tsisbonf 88 Siemens 3.6MW. The
annual energy yield based on the site’s wind speed distiband turbine’s power curve
(Appendix F) is estimated as 16.49 GWh per wind turbgsaiming 100% availability. The
most important parameters of Scira wind farm are sutzedin Table 15.

Table 15. Characteristics of Scira wind farm

Parameter Value

Number of Wind Turbines

88 Siemens 3.6

Nominal power 317 (88*3.6) MW

Distance to shore 17-23 km

Annual Energy Production .
(100% availability) 88*16.49 GWh

Table 16 provides all information regarding O&M activiti@a@dated as the baseline
scenario. All failure and vessel information was predidy ECN/Ecofys. Every wind turbine
will be visited twice a year for a 24-hour preventive maiatee. In the baseline 2 crews of 2
workers each are available for 12 hours every daygwail week. In order to be in
accordance with the CONTOFAX model, it is assumed tltaew, is enough to perform any
type of maintenance on 1 wind turbine, and that 1 vessetarry 1 crew at a time.

Table 16. Maintenance parameters (Baseline)

CONTOFAX Input Parameter Value
. Number of scheduled visits 2 1/year/WT
Preventive
Maintenance Duration 24 hours
Costs 1000 €/PM task
Failure rates (Siemens 3.6 from ECN)) Appendix -
Failure Average repair time per failure mode Appendix -
information Costs for spare parts Appendix -
Average waiting time for spare parts Appendix -
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Length of one Shift 12 hours
Number of Shifts per Day 1 -
Working Days per Week 7 -
Human Resources Number of Crews per Shift 2 -
Number of Workers per Crew 2 -
Maximum Overtime 0 hours
Time Wage of Crew 70 €/hour
Number of available devices 1 -
Transport devices Travelling Time from port to site 1 hours
(WindCat) Accessibility (throughout year) 7% -
Running costs 200 €/hour
Number of available devices 1 -
Average Time for Mooring 10 hours

Average Time for Lifting 24 hours

Heavy.lifting Average Time for Demooring 10 hours
devices
(Jack-up Barge) Accessibility (throughout year) 77% -

Mobilisation/Demobilisation Rate 330 k€/mob

Daily rental rate 110 k€/day

Minimum number of WTs for repair 1 -

The type of vessel used for simple repairs is a Win@®&gtire 39 in Appendix F), which is
capable of operating for a sea state of up to 1stgmificant wave height. According to the
wave height distribution of Scira (Appendix F) this résih accessibility of about 77% in a
year. All failures, including the ones that require spdiftaig vessel, are assumed to be
diagnosed remotely, so there is no need to send aforem-site inspection and

identification of the failure. For large and heavy comgnts’ failures, a jack-up barge (self
elevating ship with built-in crane, see Figure 40 in &mglix F) is used for 24 hours per repair
on average. It is not possible to define differemeasibility for the special lifting equipment
in CONTOFAX, so it is assumed that the jack-up bargeacarss the site for 77% of the
time equally to the WindCat.

Baseline scenario results

Table 17 shows the resulting O&M parameters’ valvesf4 different runs of CONTOFAX
simulating the baseline scenario; the last row containawheage values. More than 1 runs
were performed so as to investigate possible variatiotiteeaksults due to different

distributions of the same storm percentage. This is possiI®NTOFAX by changing the
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seed number of the built-in random number generRiesulting average availability and
O&M costs are 91,22% and 2 c€/kWh respectively.

Table 17. Scira Baseline results

Accessibility Availability | O&M costs per kWh

Winter | Summer Year 20 years 20 years average
70,55% 84,30% 77,78% 91,21% 0,0200 €
69,36% 84,92% 77,49% 91,40% 0,0198 €
69,64% 84,96% 77,67% 90,90% 0,0201 €

69,67% 84,79% 77,62% 91,38% 0,0201 €

69,80% 84,74% 7'7,64% 91,22% 0,0200 €

In order to identify which factors affect availability a@&M expenses, eventually aiming to
optimise the O&M strategy, breakdown of downtimes @& costs of the baseline case
(Figure 21) are depicted from CONTOFAX detailed outpfdrimation.
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Breakdown of Average Downtime per Turbine per year

~ 800 hours
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14% O No spare part
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O Crew traveling
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Breakdown of 20 years' total O&M Costs

~ 530 million €

@ Crew

O Jack-up barge 5%
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O Crew

B Spare Parts
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B Spare Parts
41%

O Vessel
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Figure 21. Breakdown of average downtime per WT per year and O&M costs (Baseline)

In the first graph, the total resulting downtime is split itht® following categories:

- CM/PM activities: The actual time spent on wind turbing &®rvicing/repairing it.
Downtime associated with working time of special lifting ipguent e.g. jack-up barge, is
included here.

- Jack-up barge mooring: This is the time needed fojable-up to travel to the wind farm
and position itself.

- Crew travelling: This is the amount of time spent for tranglto the failed wind turbine
(only for CM, since for PM the wind turbine is assumede running until approached).
Note that travelling from the repaired wind turbine backht® maintenance base is not
counted in, since it is assumed that the wind turbineat@&is soon as the required actions
are accomplished in terms of repair time.

- No spare part: The ordering time for spare parts, if mail@ble in stock, which is always
the case for the baseline scenario.

- No jack-up barge available: When a certain repairiregyack-up barge but it is busy on
another mission (4%) or another wind turbine of the viarth (2%).
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- No shift: The amount of time a wind turbine does not dpebecause there is no shift
available when PM or CM actions are needed, or theablaikhifts ended before finishing
the required tasks.

- No crew available: The amount of time a wind turbindas/n because all available crews
are busy in another wind turbine of the wind farm.

- No vessel available: The amount of time waiting for a eless be available for crew
transportation; until then it is busy on another wind turlwhéech is under maintenance.

- Repair abandoned due to storm: Before finishing PM/CM msticcrew abandons
maintained wind turbine and has to go back to the maintenhase because of an
upcoming storm which would not allow travelling back.

- End of shift: Before finishing PM/CM actions, crew allans maintained wind turbine
because their shift (including possible overtime) ends.

- Storm: The amount of time a wind turbine is not operatexpbse it cannot be accessed for
CM or PM activities due to unfavourable weather cond#jdrased on the transport means’
specifications.

CM/PM activities downtime depends not only on failuexfrency, but also on the criticality

of each failure and difficulty of repairing, since thaytlme the required repair effort. In other

words, actual working time on a wind turbine under maiatee is solely influenced by the
wind turbine’s reliability. For a given wind turbine modethvdefined failure behaviour, no
decrease in CM/PM activities downtime is possible by ghegnthe maintenance strategy.

From the rest of the categories, crew strategy (No, dhificrew available), spare parts

ordering time, site accessibility (Storm), and jack-up &agpnilability contribute mostly to

the total downtime in descending order. In terms of es@grspare parts’ price and rental

charges for the jack-up barge dominate O&M activiti&smbining the previous, variations

of the baseline scenario will be carried out in order éoada@vhat extent each category is

affecting availability and O&M costs. This informatioarcthen be used for optimising the

O&M strategy, in terms of achieving a good balancthe§e two parameters.

4.4.1 Variations of the baseline

Input parameters

In order to look investigate variations of the baselirenado, the following iterative method
is applied:

1. Define which parameters will be investigated.
2. For this parameters, chose a range of interest fot irgdues.

3. Vary these parameters one step at a time and keapgheput parameters same as
the baseline scenario.

4. Run 4 simulations using the same seed numbers as irafladine scenario, so that
results can be comparable.

5. Repeat steps 3 and 4 for all the range defined instep
6. Gather results and compare.

Following from the analysis of the baseline case, variatiorbe considered are given in
Table 18, together with input values that are diffefesm the baseline.
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Table 18. Maintenance parameters (Variations)

CONTOFAX Input Parameter Value

Accessibility Accessibility (throughout year) 50 - 100%
Reliability Total annual failure rate 1,5-6,5

Heavy lifting Number of wind turbines to fail before jack-up 2-14
devices barge is sent to the wind farm

. ) Travelling Time from port to site (vessel) 2-5
Distance of wind

farm from shore

Average Time for Mooring (Jack-up Barge) 11-15

Expenses for keeping stock of spare parts (% of 8-18%
their price)

Spare Parts
Length of one Shift 12 or 24
Crew strategy Number of Shifts per Day lor2

Number of Crews per Shift 2-4

- Accessibility effect on availability and O&M costs is sediby changing the desired annual
average percentage, which represents either differeatthvwr conditions, or vessel type with
different specifications. Simulations are performedafressibility levels of 50, 55, 60, 65,
70, 75, 80, 85, 90, 95, and 100%.

- Wind turbine’s reliability influence on O&M parameters isastigated by increasing or
decreasing the annual failure rate for every subcompaviémthe same percentage,
summing up to 1,5, 2,5 3,5, and 4,5 failures per wimbdine per year.

- Since the heavy lifting equipment (jack-up barge) flemtpenses make up half of the total
O&M costs (Figure 21), a different strategy is evédainstead of hiring a jack-up barge
when one failure that requires such an equipment happleistering of 2 to 14 events will be
simulated.

- In order to assess the effect of wind farm’s distalocshore on O&M parameters, travelling
time of 2, 3, and 4 hours for the simple vessel ancetiyely 12, 14, and 16 for the jack-up
barge are simulated.

- Ordering time for spare parts can be eliminated byngeavailable stock on an onshore
location near the closest to the wind farm port. Rental eostsnterest losses associated with
keeping a stock of spare parts are input in the simulatiogram so as to see how the total
O&M expenses are influenced. For easier comparis@sss of having a stock of spare parts
are calculated as percentage of their purchase price.

- Scenarios for different crew strategies will be sirtadeby varying the length of one shift,
as well as the number of available crews and shifts.

Results

Resulting availability and O&M costs for different wind tumé reliability values are depicted
in Figure 22; reliability is expressed in terms of overaiid turbine failure rate, ranging from
1,5 to 5,5 failures per WT per year. As it was expdigere is a substantial increase in
availability and decrease in O&M costs for lower failuresa
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Figure 22. Availability and O&M costs vs. annual failure rate

Figure 23 shows what are the resulting availability andviO#®sts per kWh produced for
different accessibility values (50 to 100% with a step%f; the baseline scenario is
illustrated in red. The lines connecting simulation poinesjast fitted trend lines to show
divergence from linearity. As it was expected, high asitslity levels result in high
availability and lower O&M costs. For the latter, blue barsciaing different simulations
show that there is larger — still limited — uncertaintyew site accessibility is less than 70%.
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Figure 23. Availability and O&M costs vs. accessibility

The effect of wind farm’s distance from the closest,pwhere maintenance crews and
vessels are typically located, is evaluated by changing ingvelling time. For these
simulations, the following assumptions were taken intmant:
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- The same wind farm is moved to locations with exactlysidume weather conditions
as the baseline case, but different distance to shore.
- When travelling time using a simple transport means (@/mdCat) isx hours,
travelling time for the jack-up barge i Bours.
- The human factor was not modelled, but it is expectedrhaality repair times may
be higher for long sea trips due to crew fatigue.
Figure 24 summarizes results from the described simuokatNote that on the x-axis
travelling time of the simple transport means is shownthe jack-up barge this is double.
O&M costs per kWh seem to depend almost linearly with tiagetime, but for higher
values larger variations are observed. Additionally, faveting times of 3 hours and above,
availability drops quite significantly to 70% or less. Avéiling time increases, it becomes
less probable to have a sufficient weather window to abrthe failed wind turbine and
repair it. For example, when travelling time is only opnera 6 hour weather window is
sufficient for a failure that requires 4 hours repaingn travelling time is 3 hours, the
required weather window increases to 10 hours. Maedur weather windows above the
length of one shift, availability of crews becomes anartamt issue; however, this effect is
possible to be reduced, if crew strategy is adjustethfeshore wind farms.
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Figure 24. Availability and O&M costs for varying travel time

Large portion of O&M costs comes from heavy equipmental and use (Figure 21). A way
to reduce these expenses is by using the jack-up balgefter a certain number of wind
turbines are in need for it. For the for the studied Vi@mch of 88 wind turbines, Figure 25
shows that for up to 9 wind turbines, clustering camcecdosts without sacrificing
availability. The first point represents the baseline edsere a jack-up barge is used
immediately when needed. Note that when the numbelustered wind turbines is more than
10, availability varies significantly for different runsiisstrated by the error bars, showing
that chances of having such a large number of failwkgh require a jack-up barge, reduce.
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Figure 25. Availability and O&M costs when special vessel activities are clustered

Different crew scenarios were simulated and resultslamen in Figure 26. The number of
vessels is included because of the way CONTOFAX haneiesels, e.g. one vessel can carry
only one crew. The most important conclusion from #malysis is that high availability with
relatively low O&M cost per kWh can be achieved by usimgnd-the-clock shifts, which
means having crews available anytime during day arft.iépte that the number of wind
turbines influences if it is worth having round-the-clocktshsince a wind farm of many

units has increased chances to fail during night time.
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Figure 26. Availability and O&M costs for various crew strategies

In order to discover possible benefits from having akstdspare parts instead of ordering
them on the event of a failure, rental costs and assddigrest rate are taken into account
Figure 27 shows what are the O&M costs per kWh fifedint price of keeping spare parts
in stock, which is given as the percentage of their total psechost. Availability increases
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from 91,2% (baseline) to 91,8% when a stock of spares jis made available. The variations
of O&M costs for different CONTOFAX seed numbers,sthated as blue bars, reveals that
O&M costs are influenced by the amount of time theesparts are kept in stock before a
failure occurs and they are needed.
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Figure 27. O&M costs for keeping stock of spare parts

A simulation was performed using a vessel that campgim 1,5 m significant wave height
and another simulation using an advanced access systecathaperate up to 2,0 m (e.g.
Ampelmann). In both simulations, the jack-up barge caess the site when significant wave
height is below 1,0 m. The result (Table 19) shows thahgasuch an access system would
result in about 2% higher availability; O&M costs anataevenues depend on how much
the advanced system would cost. It was calculated tisavidrth using such a system if it
costs up to 4 times the expenses of renting a standasg! (e.g. WindCat, 200 euros/day).
Selling price of produced electricity was assumed to B&I8/\¢h.

Table 19. Standard vs. advanced access system

Parameter Standard vessel Advanced vessel

Availability 90,07% 92,16%

Rental price 200 €/day 4,1*200 €/day
O&M COSTS/kWh 0,0287 € 0,0299 €

Total Revenues 1.340.134.990 € 1.340.111.758 €
excluding Capital
Costs ( Selling price: 8
c€/kWh)
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5. DISCUSSION

5.1 Conclusions

Wind turbine technology has significantly evolved duting last 30 years, and nowadays
various designs of horizontal axis machines are availatitee market. In the first part of this
thesis, the most important design choices were reviewedangared, showing that every
option has certain advantages and drawbacks, whichdsheuaken into account during the
various design phases of a wind turbine. Currently, thst avidely used topologies include
the Danish concept, which incorporates stall control ¥ix#d rotational speed and induction
generator, the geared variable speed architecture withgwotdrol for power regulation, and
direct drive machines with slow rotating multipole synclousgenerator and no gearbox.
These types have been successfully operating in onshei®nments, and are most likely to
be used offshore, as if not already.

In order to assess reliability of the most important topofydieo databases of wind turbine
failures, namely LWK-SH and WMEP, were analysed. Roimd turbine models each one
representing a specific topology were selected basdideommount of available data in terms
of number of monitored units and years of operatioitokl M1500, Enercon E-40, Tacke
TW600, Vestas V39. From the analysis of more tiaogderational years of failure data for
these onshore wind turbines located in Germany, it waslfthat mid power class machines
experienced 2 to 5 failures per wind turbine per yeaiit &as expected, failure rates are
lower for wind turbines close to the coastline where lowesulence levels are observed.
Comparison of the most common wind turbine topologmesved that, at least in the mid
power class, no specific architecture clearly standsnaerms of reliability. There are certain
characteristics however that seem to lead to more religlsigns: variable speed operation,
power regulation by means of blade pitching, avoidaridanctions that require hydraulic
and complex electrical systems. Passive stall controlaisaybe reconsidered for offshore
applications, since results showed that downtimes are lowifal turbines located close to
the coastline. Elimination of the gearbox can potentiaBylten reliable wind turbines, but it
should be underlined that an increased number of faifilresld be expected during the first
years of operation for the non conventional slow rotagegerator and associated electrical
system of direct drive machines.

As far as concerning reliability of wind turbine subasseesbiexperienced operators consider
gearboxes as a major problem, especially for large twirnines. Complete gearbox
replacements during the first operational years afféshore wind farm are not uncommon.
From the analysis, the gearbox did not prove to be tist frequent failing component of a
wind turbine, but it is certainly a critical component imtsrof reliability, since it leads to
very large downtimes when there is a failure. Simildilgdes, electrical generators, shafts
and bearings require relatively large repair times, altholugi do not fail very frequently.

On the other hand, data showed that electric and elecsgstiems fail rather often,
especially during the first years of operation. Sincecated downtimes are relatively low,
electric and electronic subassemblies are critical particdtarlyffshore applications, where
access is limited by weather conditions and vessel aVéitabi

For the majority of the subassemblies, constant failteeis adequate to describe their failure
behaviour. There are however some cases wheredfadte is considerably varying as years
of operation go by. In order to track changes of wimtite reliability with time, the

AMSAA reliability growth model was applied to the LWK-SH&WMEP datasets of wind
turbine failures.

A great advantage of the applied technique is that it catehadl three phases of the bath-tub
life curve for repairable systems, namely early failurgsinsic failures, and wear-out period.
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It was concluded that failure rates of certain comptseuch as the blades, electrical
systems, and hydraulics decrease significantly with timeerasult of on-field modifications,
while other wind turbine parts such as the gearbox,hthtiss and the bearings tend to fail
more often as time goes by, mainly due to normal weaarThe overall picture is that wind
turbines experience a rather high number of early faildueisig the first 1-3 years of
operation as a result of adaptations to the specific site.

Since the early 90s, wind energy industry has stepgsdase due to a number of interesting
characteristics compared to onshore wind harvestir), @8 high wind speed regime, low
turbulence intensity levels, limited visibility issues, widablic acceptance, and availability
of larger areas. At least when initially realized, offehwind farms were not really different
than onshore ones, since the same wind turbine tedynalith slight modifications was
directly applied to the new environment. In these ezabes, low water depths and small
distance to shore may have justified this option. Foréuarge scale offshore wind farms
however, it is doubtful whether simply applying the exigtimshore wind turbine technology
will lead to the desired outcomes, e.g. high energy yiad revenues. This is mainly because
offshore wind generated electricity is more expensive treshore not only due to higher
capital expenses involved, but also as a result of laagations of associated operation and
maintenance costs. The latter make up about 30% dbthlecost of energy offshore, and
they depend primarily on technical reliability and site asibégy, which give rise to
uncertainty in predictions.

Technical reliability is one of the most important tastinfluencing wind farm availability
and therefore energy yield and revenues, but especfidlyooe it is not the only one. In order
to investigate which parameters affect offshore wardhfavailability and to what extent,
several Monte-Carlo simulations were performed using TORAX software tool,

developed at TU Delft. For a large offshore wind farihabout 320 MW nominal power,
91,2% average annual availability and O&M costs of pe&€kWh were estimated.
Breakdown of O&M costs revealed that expenses assdaiatie heavy lifting equipment
such as a jack-up barge, contribute more than hatiet®@&M costs per kWh. Costs for spare
parts are also significant, in the order of 40%, whiencand transport devices expenses are
about 7%.

By step changing important input parameters in CONTORAHX keeping the rest
unchanged, availability and O&M costs per kWh wertated for different scenarios. With
this method it was found that the most important parameatgasting offshore wind farm
availability and O&M costs per kWh are mainly wind turbieéability, site accessibility,
distance of wind farm to shore, and availability of trammsgpmeans and human resources. By
optimising the chosen O&M strategy, higher availability &owder O&M costs can be
achieved. This can be done for example by havingd-dbe-clock crew shifts, by using
heavy lifting equipment for more than one repairs, anoydkeeping a stock of spare parts on
an onshore location close to the wind farm. Use oftaarced offshore access system that
can operate under less strict weather conditions than cbowal vessels is also
advantageous, given that associated operational coststhirea certain range.

5.2 Recommendations for future work

The importance of wind turbine reliability especially forstfbre projects shows that there is
a strong need for further research in the directiordficing failure events and associated
downtimes. In this context, it is fundamental to build afidly structured database of
operational information using a properly organised catlactystem. Monitoring the
performance of multi-megawatt wind turbines will help reskdo identify critical
components from a reliability point of view, as well aassify all failure modes, with the aim
to deal with the most important problems of modern mashiRor the success of such a data
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collection project, a large number of participants is necgssaorder to attract as many wind
farm operators as possible and ensure confidentialitypndependent institution should be in
charge of gathering and handling the data of competitiveufaaturers. Additionally,
standardisation of the method to collect wind turbine operatidata on a European or even
international level is essential so as to ensure a relddihbase. Experience gained from
relevant projects such as the WMEP programme wouldhlable in this direction. An
example of a very successful reliability data collectiarjqut is the OREDA initiative by the
most important players in the offshore oil and gasketar

More accurate prediction of loads and re-evaluatiorppfied safety factors would be
beneficial for the technical reliability of larger machin&s.an example, new information
about gearbox dynamics, such as that loading comemhofrom the rotor but also from the
generator side, show that there is not enough knowleglgeoypcerning the actual loads that a
wind turbine gearbox experiences throughout its lifetiReliability of the power grid should
also be thoroughly researched, since electrical bautrenic parts of grid-connected wind
turbines fail rather frequently, especially in their earlg.lif

Especially for offshore applications, it would be valuabldéasign new wind turbines with
focus on reliability and ease of maintenance. Applyingotighore technology to the sea with
slight modifications seems to create a number of relialghtyplems. Dedicated offshore
wind turbine designs with characteristics such as simpli@guction of parts, application of
condition monitoring for failures prediction, and use ofighbcomponents with modular
parts that can be easily exchanged, are rather megdes the future large offshore wind
farms. Maybe it is the right time for manufacturerse@onsider abandoned concepts or
invest on new innovative designs. In addition, systemagtintg of all subcomponents and the
wind turbine as a system would help in avoiding high bbers of early failures that are
known to occur after commissioning.

For a more accurate prediction of O&M costs for offehemd farms, focus on advanced
simulation tools, which describe O&M activities very closevtmat is happening in reality, is
highly recommended. Experience with software sudB@STOFAX has shown that the
results’ quality strongly depends on the quality of thelinpformation. A properly structured
database of offshore wind farms operational data asidedan the beginning of this section
could also be useful for such simulations.
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APPENDICES

Appendix A. LWK-SH and WMEP maintenance report examples

Fusarmmensteliung der Stillstandszeiten fur den WEA-Typ

ENERCON E40
fiar den Zeibravm: 1.95 - 12.06
Anzahl WS - 58
& Anlagenaltar Enda D& 27 fcnate
Arzahd Shill-
Arzahl  betroffens stand
Stillstandsgrumd Stunden WA, Anteil %
Wartung S5E 46 0,12
Metzstbrungen'-ausfall 482 18 0,09
Surm 4 1 000
Wearzisurng 113 15 0,02
Abschaltungen gesamit 1.084 54
@ =z WHA 18 0,23
Blitz 0 0 (1,00
Ratorolatt 7a8 31 0,15
Ratorbremse 0 0 0,00
Pitchverstallung 268 14 005
Bresmsa mechanisch. ] L] 0,00
VWellen/Lager G2 3 012
Geatrisbe i) i 0,00
Ganarator 28349 26 0,51
Hydraulik a 0 0,00
Windnachfihrung 33 = 0,01
Windmessung A 5 0,01
Regelungstechnik 415 22 0,08
Elektrile 83T a3 0,16
Wechselrichter 3g 1 0,01
Sensoren 71 B 0,01
Sonstiges 250 15 0,05
Sidrungen gazamf £.010 -1
& je WA 102 1.76
Stillstamd e sam! 7.207 55
& i A 122 1,39
Verfiigharkeft 36 & ja WA ot 28,61

Figure 28. Excerpt page from the LWK-SH booklet [21]
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Maintenance and
Repair Report
WMEP 250 MW-Wind

work carried out report-nr,

| 1 |

cause of malfunction

posl code

plant identification number

operator

manufacturer and model

high wind malfunction of control system
grid failure component wear of failure
lightning loosening of parts

icing other causes

cause unknown

reason for repair

effect of malfunction

|:| scheduled maintenance

O

|:| unschaduled repair after malfunction

scheduled maintenance with
replacemeant of worn parts or repair of defects

overspead reduced power

overload causing follow-up damage
noise plant stoppage

vibration other consequences

down time removal of malfunction
D — I:‘ l ’ perfect functioning of plant after
Ape o |:| control reset D changing of control parameters
from | | repaired or replaced components
o | | hub gear box
day month time I—1 hub body |__| bearings
‘ ‘ | pitch mechanism || wheels
reading of hour counter pitch bearings || pear shaft
rotor blades sealings
. || blade bolts h I brake
costs stated on bill || blade shel || brake disc
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Figure 29. Maintenance and repair report of WMEP [24]
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Appendix B. Additional information of selected wind turbines

All following drawings were taken from the manufacturergidmures, and pictures come
from the internet.

Main shaft

oeg

I
Anemometer and vane —— |
Main bearing

BEhox Two-speed genarator ll-“
|

|l

Radiator

Cast iron hub - = H e
‘ Fail-safe hydraulic

Rigid body frame /

Bearing and gear ring for
the yawing system

disc brake system

Flexible coupling

Yaw motors

Figure 30. Micon M1500
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1 Rorornabe / rotor bk 13 Blustische Rutscbbupplung / elustic sliding Juech

2 Rorarblaee £ voror blade 14 Generutorstiitze / generator post

3 sehallgedimmmerer Maschinenbuuns / 15 Asimutgetriehe { yaw motor
sound insulated nagelle 16 Wirtungsluke £ maintenance batcb

4 Dachlnke / sleylight 17 Grandplatte / wnsole

§ Sicherungsbiigel / vecurity frame 18 Rugeldrebsorbindung / ball-foimt copnector

6 Entliftang / ventilation 19 Azimutbremse / yuir brakes

T Mitsgeschiitzte Windfabne, Anemometer /20 Kirperschullentkoppinng / vibration-proofing
lightming protevted windvine 21 Turne ! tower

& Generator / gencratar

9 Getriehe / gearbox

117 Betriehsbremse / operation brake

11 Sekundiebreense / secondary brake

12 Hydraulikaggregat / bydrawlicunit
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Non-rotating
rotor axle

Generator stator
Generator rotor

Figure 32. Enercon E-40 nacelle
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o e

5

Nacelle bedplate
Blade pitch actuator
Rotor shaft

Rotor blades

Rotor hub

3 2 1 15 14 13

6. Blade pitch mechanism 11. Generator
7. Rotor main bearings 12. Wind measuring system
8. Gearbox 13. Hydraulic supply system
9. Rotor brake 14. Electrical control system
10. Generator drive shaft 15. Yaw drive

Figure 33. Vestas V39 nacelle
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Appendix C. Annual average failure rates and downtimes
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Appendix D. Matlab code for AMSAA Reliability Growth model

Main Program

%Crow-AMSAA reliability growth model for LWK-SH Dat
clear all ;

load( 'Micon M1500-LWK.mat" );
I=length(YEAROFOPERATION);
u={ 'Anemometry’

'‘Blade’

'‘Brake'

'Electric’

‘Electronics'

'‘Gearbox'

‘Generator’

'Hydraulics'

‘Inverter'

'Lightning'

‘Other’

'PitchMechanism'

'RotorBrake'

'‘Sensors'

'ShaftOx2FBearings'

"TOTAL'

'YawSystem' };

resultsAMSAA=zeros(l,5);

%User input for the type of plots required

plot_type=input( 'For plots of cumulative number of failures type 1
plots of failure rate type 2: " );
%User input for file type of the plots
plot_format=input( 'For .FIG format type 1 For .BMP type 2: "
if plot_format==1
clear plot_format
plot_format= 'fig'
end
if plot_format==2
clear plot_format
plot_format= ‘bmp" ;
end
% Main Program---- e
for w=1:17
disp( 'Processing LWK data of Micon M1500' )
disp(u(w,1))

%Change to Total Test Time (TTT)
TTT _init=zeros(l,1);
TTT_init(1,1)=NumberOfWTs(1,1);
for f=2:1
TTT_init(f,1)=TTT_init(f-1,1)+ NumberOfWTs(f,1) ;
end
clear f

if w==1;failures=NumberOfWTs.*Anemometry; end;
if w==2;failures=NumberOfWTs.*Blade; end;

if w==3;failures=NumberOfWTs.*Brake; end;

if w==4:failures=NumberOfWTs.*Electric; end;
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if w==5;failures=NumberOfWTs.*Electronics; end;
if w==6;failures=NumberOfWTs.*Gearbox; end;

if w==7;failures=NumberOfWTs.*Generator; end;
if w==8;failures=NumberOfWTs.*Hydraulics; end;
if w==9;failures=NumberOfWTs.*Inverter; end;

if w==10;failures=NumberOfWTs.*Lightning; end;
if w==11;faillures=NumberOfWTs.*Other; end;

if w==12;faillures=NumberOfWTs.*PitchMechanism;

if w==13;faillures=NumberOfWTs.*RotorBrake; end;
if w==14failures=NumberOfWTs.*Sensors; end;

if w==15;failures=NumberOfWTs.*ShaftOx2FBearings;

if w==16;faillures=NumberOfWTs.*TOTAL,; end;

if w==17;failures=NumberOfWTs.*YawSystem; end;

%Calculate average annual failure rate
resultsAMSAA(w,5)=sum(failures)/sum(NumberOfWTs);

%Check if there are at least 15 failures in the cur
if sum(failures)<15;
resultsAMSAA(w,4)=0;
continue ;
end;

%Rearrange bins so as to have at least 5 failures p
clear X
clear TTT
X(1,1)=failures(1,1);
TTT(1,1)=TTT_init(1,1);
if (X(1,1)>=5)
bin_point=1;
else
for bin_point=2:
X(1,1)=X(1,1)+failures(bin_point,1);
if (X(1,1)>=5)
TTT(1,1)=TTT_init(bin_point,1);
break
end
end
end

for r=2:
if (bin_point==l);
bin_point=bin_point+1;
X(r,1)=failures(bin_point,1);
TTT(r,2)=TTT_init(bin_point,1);
if (bin_point==l); break ; end;
if (X(r,1)<5)
for k=bin_point+1:l
X(r,1)=X(r,1)+failures(k,1);
if (X(r,1)>=5)
TTT(r,1)=TTT_init(k,1);
break

break ; end;

end
end
bin_point=k;
end
end

I_new=length(X);

end;

end;

rent dataset

er bin
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%Chech if there are at least 3 bins each of at leas
if (I_new<3)
resultsAMSAA(w,4)=0;
continue
end

%lIf the last bin contains less than 5 failures, add
if (X(I_new,1)<5)
X(I_new-1,1)=X(l_new-1,1)+X(l_new,1);
TTT(_new-1,1)=TTT(l_new);
|_new=l_new-1;
X=X(1:l_new);
TTT=TTT(1:_new);
end

%Calculate beta
beta=findzero(X,TTT,1);

%Calculate rho
N=sum(failures);
rho=N./(TTT(l_new,1)."beta);

%Goodness of fit

e=zeros(l_new,1);

tibeta=zeros(l_new,1);

tibeta=TTT. beta;

e(1,1)=rho*tibeta(1,1);

for r=2:1_new
e(r,1)=rho*(tibeta(r,1)-tibeta(r-1,1));

end

chisgr=sum( ((X-e)."2)./le);

%Keep values in workspace
resultsAMSAA(w,1)=beta;
resultsAMSAA(w,2)=rho;
resultsAMSAA(w,3)=chisqr;

if chisgr<chi2inv(0.95,|_new-2);
resultsAMSAA(w,4)=1;
end
if chisgr>chi2inv(0.95,|_new-2);
%Since NHPP rejected ,check if HPP can be accepted
beta=1;
rho=N./(TTT(I_new,1)."beta);
e=zeros(l_new,1);
e(1,1)=rho*TTT(1,1);
for r=2:1_new
e(r,1)=rho*(TTT(r,1)-TTT(r-1,1));
end
chisgr=sum( ((X-e)."2)./e );
if chisqr<chi2inv(0.95,_new-1);
%Keep values in workspace
resultsAMSAA(w,1)=beta;
resultsAMSAA(w,2)=rho;
resultsAMSAA(w,3)=chisqr;
resultsAMSAA(w,4)=1;
end

if chisgr>chi2inv(0.95,_new-1); resultsAMSAA(w,4)=-1

end
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%Plots
if (resultsAMSAA(w,4)==1)
if plot_type==1
%Calculate cumulative number of failures
for r=2:l;
failures(r,1)=failures(r,1)+failures(r- 1,1);
end
plot(TTT_init,
failures, 'rs' , 'MarkerEdgeColor' , 'k, 'MarkerFaceColor' ,'g" , 'MarkerSize' ,8)
grid on
hold on
plot(TTT_init, rho*TTT _init."beta, ', 'LineWidth' ,2)
ylabel( '‘Cumulative number of failures [Failures]' );
if max(failures)<1; ylim([0 1]); end;
legend( 'LWK Data’ ,[ 'MLE
\beta=" ,num2str(resultsAMSAA(w,1),3)], '‘Location’ , 'NorthWest' )
end
if plot_type==2
%Calculate failure rates
figure(w)
grid on
hold on
ylabel( 'Failure Rate [Failures/WT/year]' );
X=failures./NumberOfWTs;
clear interval
interval=[0 TTT_init(1,1)];
y=[X(1,1) X(1,1)];
plot(interval,y, 'g" , 'LineWidth' ,2)
interval=0:TTT_init(length(TTT_init),1);
plot(interval, beta.*rho.*(interval.(beta- 1)), 'r , 'LineWidth' ,2)
legend( 'LWK Data’ ,[ 'MLE
\beta=" ,num2str(resultsAMSAA(w,1),3)], ‘Location’ , 'NorthWest' )
for s=2:length(TTT_init);
interval=[TTT _init(s-1,1) TTT_linit(s,1) 1
y=[X(s,1) X(s,1)];
plot(interval,y, 'g" , 'LineWidth' ,2)
hold on
end
if max(X)<1; ylim([0 1]); end;
end
hold on
plot([TTT_init(l,1) TTT_init(1,1)],[0 max(ylim)], 'b* , 'LineWidth' 1)
text( TTT_init(l,1), max(ylim)/2, [num2str(max(YEAR OFOPERATION)), 'vyears
of operation' , \rightarrow’ ], 'HorizontalAlignment' , 'Right, 'Color" ,[00
1]y;
xlabel( 'Time To Test [Years*Wind Turbines]' );
title([ ‘Micon M1500 - LWK'" , u(w,)]);
hold off
filename=char(u(w,1));
if plot_type==1; filename =sprintf( ‘Micon-cum%s' filename); end
if plot_type==2; filename =sprintf( '‘Micon-%s" filename); end
saveas(gcf, filename, plot_format)
close
end
end
%Results to EXCEL file
xlswrite( 'Micon-LWK-AMSAA' , u, 1, ‘A2 );
xlswrite( 'Micon-LWK-AMSAA' |, { 'Micon M1500-LWK" }, 1, ‘Al );
xlswrite( ‘Micon-LWK-AMSAA' ,{ 'beta' 1}, 1, ‘B1' );
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FL);
110
111

xlswrite( ‘Micon-LWK-AMSAA' ,{ 'rho" 1}, 1, 'C1l )
xlswrite( 'Micon-LWK-AMSAA" | { 'xsqr' 1}, 1, ‘D1 );
xlswrite( '‘Micon-LWK-AMSAA' ,{ 'Hypothesis' b1, ‘E1 );
xlswrite( ‘Micon-LWK-AMSAA" ,{ 'Average annual failure rate' b1,
xlswrite( 'Micon-LWK-AMSAA' |, { '1: Null hypothesis accepted' b1,
xlswrite( ‘Micon-LWK-AMSAA' ,{ '-1: Null hypothesis rejected' b1,
xlswrite(  'Micon-LWK-AMSAA" , { '0: Not enough data' b1, 12" )
xlswrite( 'Micon-LWK-AMSAA' , resultsAMSAA, 1, ‘B2" );
Subroutine for estimating MLE parameters of PLP
function y =findzero(n, T, beta0)
options = optimset( 'Display’ , 'off ); % Turn off Display
y = fzero(@fun, beta0, options);
function y =fun(beta)
m=length(T);
y=n(1,1)*(log(T(1,1))-log(T(m,1)));
for k=2:m
y=y+n(k,1)*(((T(k,1)"beta)*log((T(k,1)))-(T(k-1 ,1)"beta)*log((T (k-
LD)N/((T(k, 1) beta)-(T(k-1,1)"beta))-log(T(m,1)) );
end
end
end
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Appendix E. Results from AMSAA model applied to LWKSH/WMEP

Table 21. MLE shape parameter values

Wind WMEP
Turbine | Subassembly Category LWK-SH WMEP -
Type (Coastline)
Anemometry 0.964
Blade 0.608
o Mechanical Brake 1.261
E Electric 0.916
p Electronics 0.961
§ Generator 0.930 0.746 0.847
Scj Pitch Mechanism 1.018
Sensors 1.109 0.862
Shaft/Bearings 1.293
Yaw System 0.711 0.914
Aerodynamic Brake 0.565 0.278
Mechanical Brake 0.884 1.131
=4 Electric 0.842 0.758
L© Gearbox 1.122 1.000
E Shaft/Bearings 1.042
8 Yaw System 0.832
s Hydraulics 0.274
Sensors 0.476
Inverter Electronics 0.609
Anemometry 0.976 0.813 0.888
Blade 0.737
Mechanical Brake 1.151 0.925
S Electric 0.980 0.767
S Inverter Electronics 0.873 0.641
: Gearbox 1.563
S Hydraulics 0.700
& | Other 1.000
Sensors 0.733
Aerodynamic Brake 0.640 0.568
Shaft_Bearings 0.816
Anemometry 1.019 0.743 0.884
Electric 0.880 1.104 1.016
X Hydraulics 0.793 0.814
g Pitch Mechanism 1.531 0.994 1.080
g Sensors 0.678 0.958 1.059
@ Blade 0.582
g Mechanical Brake 0.693
> Yaw System 1.461 1.083
Other 0.831 0.586
TOTAL 0.817
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Micon M1500 - LWK
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Figure 35. Examples of graphical results from Matlab code
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Appendix F. Additional information

for Scira offshore wind farm
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Figure 36. Scira offshore wind farm location
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Figure 37. Wind speed and wave height distribution for Scira
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Siemens 3.6 MW
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Figure 38. PV curve of Siemens 3.6

Table 22. Fault information for Siemens 3.6

f . . Logistic Time
Fault description e el B %;;g;;?

small crew, Repair=4 hr, consumables 2,194 4 0,006% 0
small crew, Repair=4 hr, consumables 0,041 4 0,006% 0
small crew, Repair=4 hr, low costs 0,605 4 0,060% 24
small crew, Repair=8 hr, low costs 0,186 8 0,060% 24
small crew, Repair=8 hr, medium costs 0,666 8 0,600% 48
small crew, Repair=16 hr, medium costs 0,189 16 0,600% 48
small crew, Repair=8 hr, medium costs 0,154 8 0,600% 48
large crew, Repair=16 hr, high costs 0,099 16 6,000% 96
large crew, Repair=24 hr, high costs 0,122 24 6,000% 96
small crew, Repair=8 hr, medium costs 0,101 8 0,600% 48
large crew, Repair=24 hr, high costs 0,054 24 6,000% 96
large crew, Repair=24 hr, medium costs 0,050 24 0,600% 120
large crew, Repair=24 hr, high costs 0,041 24 6,000% 168
TOTAL 4,500
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Figure 40. Jack-up barge for heavy subcomponents' repairs
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