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Abstract

The development of ehwind farmhas grown dramatically in worldwide over
the past 20 year$n order to satisfy the reliability requirement of the power grid,
t hwénd farm should generate sufficient active power to make the frequency stable.
Consequentlynany methodbavebeen proposed to achieve optimizing wind farm
active power dispatch strategy. In previous research, it assumed that each wind
turbine has the same health condition in the wind farm, hitrecpower dispatch
for healthy and subealthy wind turbines are ated equally. It will accelerate the
subhealthy wind turbines damage, which may leads to decrease generating
efficiencyand increases operating cost of the wind farhus,a novel wind farm
active power dispatch strategy considering the health condifiovind turbines
and wind turbine health condition estimation methoglthe proposedA mode}
based CM approach for wind turbines based on the extreme learning machine (ELM)
algorithm andanalytic hierarchy process (AHP) are used estimate health
condition of the wind turbineEssentially, the aim of the proposed method is to
make the healthy wind turbines generate power as much as possible and reduce
fatigue loads on the sthealthy wind turbines. Compared with previous methods
the proposed methods is able to dramatically reduce the fatigue loads-on sub
healthy wind turbines under the condition of satisfying network operator active
power deman@nd maximie the operation efficiency of those healthy turbines.
Subsequently, shuattive power filters (SAPFsreused to improve power quality
of the grid by mitigating harmonics injected from nonlinear loads, which is further

to increase the reliability of the wind turbine system.
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ANN
AHP
Al

BP
CM
CNPC]
DG
DFIG
ED
ELM
GA
IGBT
LPF
MD
MPPT
NPC
PLL
PWM
PV

RIV

Artificial neural network
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Artificial intelligence
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SLFN single hiddeHrayer feed forward neural

network

SCADA Supervisory control and data acquisition
SAPF Shunt active powdilters

SCIG Squirrelcage induction generator

SVM Support vector machine

SVPWM Space voltage vector putsedth modulation
THD Total harmonic distortion

VNPCI Voltage dependent NPC thrémvel inverter
WRIG Wound rotor inductiorgenerator

Nomenclature

Length of the blade
Aerodynamic torque

Thrust force

" Air density

0 Wind speed

0 Power coefficient
0 Thrust coefficient
0 Rotor inertia

0 Generator inertia
0 Gearbox ratio

Y Shaft torque

Realelectrical torque of the generator
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‘0YO
Usa, Usb, Usc
isa,isb,isc
iLa, iLb, TLc

Ica, Icb, lcc

SAPF

Uo
bridge arm

UN
capacitors

Uc

Ub

Reference power

Reference electrical torque

Pitch angle

Actual generator speed

Ratedgeneratospeed
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voltage change

Active power

Reactive power

Wind speed of the cut in
Wind speed of the cut out
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Eawlm| hagenoni ¢ component
Distortion rate of voltage
Current harmonic content
Each duwrrrmeomti ¢ component

Di stortion rate of current
Threephase alternatingurrent supply

Grid currents

Load currents

Compensation currents provided by the

Neutral point voltage of the thrgdhase

Neutral point voltage of the Ddnk

Voltage of the primargide of thdaransformer

Compensating voltage
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Chapterl. Introduction

This chapter starts with a background information of wind power technologies.
Then, the importance of wind energy research and the deraamdgiven.
Thereafter, theaesearchmotivation in developingondition monitoring system,
health estimation method argptimizing strategy are illustrated he objectives
andaimsinvolved in this dissertation are alstescribed Finally, the dissertation

layout is demastrated.
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Chapterl Introduction

1.1 The importance of wind energy research

There has been a dramatic increase in the construction of wind farms over the past
decade irglobal world especially offshore wind installations, contributingatb
around the wrld achieving targets for reducing G@®missions and the production

of sustainable energyl], because of its technology maturity and improved cost
competitivenesdrig. 1.1 shows thglobal installation (GW) of wind turbines for
each yearthe installation ofhewind turbines reaching32GW in the entirevorld

in 2015. In order to achievesustainable energy generation projects hold by
industrial community, many countries have carried out corresponding targets and
policies.Taking China for exampl&fter Renewable Energy Law issued in 2006,
theinstallation of wind turbines has witnessed a rapid growthviey 40 times from

2006 to 20152]. In 201Q Chinese government carried out an explicit project for
establishing eight 2GW-level wind farms in Jiangsu, Jilin, Inner Mongolia, Hebei,
Gansu and XinjiangAs the rapid development of wind energy in China, some

classical characteristicd wind energy in China are given as foll¢8 4]:

1) Theinstallation of the wind turbines grows rapidly reaching high penetration

level in abundant wind resource areas.

2) In some region, the establishment of wind farms tend to be highly

concentrated, especially in the northwest of China.

3) Over 90% vind farms ardairectly connected to the higioltage power grid
including 110KV power grid and above, in China.

A more ambitious planhas been established ifiHigh Renewable Energy
Penetation Scenariorad Roadmap Study, 2050 in Chateold by Energy Research
Institute This project plans to increase the wind power installation capacity to
2.4TW by the year of 2050, which accounts for more than 30% of the total power

generation in Ching2].
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Figurel.1l Global installatiofGW) of wind turbines for each yeaf2]

Becausef abundant wind resource -ghore, the development of wind power pay
more attention to oshore wind pwer projectsCompared withon-shore wind
farm, the cost of the manufacture and maintenanceffemorewind farm is much
higher, particularly when the wind turbines are operating in harsh environments a
are sited in deep sea watdrsom year 20% to 20, the new installatioof the
wind turbines will be expected to reach2% GW per year. By year 2020, the total
new installation of the wind turbinesill be anticipated td250-300GW, which
meets5% of the annual power demand. From year 2020 to 2040, a much more
growth of the wil power construction are expected to be withnessed. By #030,
scale of the wind power is expected to expand to moreltiamWw, consisting of
both orshore an@ffshorewind farms At the end of 2050, the totaéwly installed
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Chapterl Introduction

wind turbines will reach 2.7 TW. Corresponding wind power generation

development plan is shown in Fig. 1.2.
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Figure 1.2A wind power generatiodevelopment plan in Gma[2]

Besides of Chinalhewind energy has been widely accepted as an effective energy
solution to reducing C®emissions and producing sustainable energy because of
its technology maturity and improved cost competitegnin UK. From the
roadmappublished by the Department of Energy and Climate ChatigeUK
government plans to make renewable energy generatitbsfys100% energy
consumptiorfor Scotland, 40% for Wales and Northern Ireldryd2020.In 2016,

the installation of the wind turbirreaches 13631 MW and generating 8D0GW/h

power output in UKwhich accounts for 11.5% energgnsumption

Nowadays, ne of the key priorities identified by the wind industry is to reduce

costs in the operation and maintenance of wind turbines, which currently accounts
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Chapterl Introduction

for 18% of the cost of offshore energ@ver an operating life of 20 years,
maintenance costs of windrfa may reach 15% and 30% of the total income for
onshore and offshore wind farms, respectivi@l, The costs ofoperation and
maintenance for wind turbines are usually consistadatfnician and engineering
staff salaries, unexpected damage or maintenance and replacement parts and the
costs associated with routine maintenanbee costeffective operations of the
wind farm is therefore crucial in the current industrial field duehi fierce
competition in global sustainable energy markdtnitoring of the operating
conditions of the wind turbines has been considered as an effective method to
enhance the reliability of wind turbines and implement-edisictive maintenance.
Clearly, it is essential to develop effective CM techniques for wind turljiéé,

in order to provide information regarding the past and current conditions of the

turbines and to enable the optimal scheduling of maintenancq $adkk

With increasing penetration of wind energy, the reliability of power grid effected
by wind energy is a challendé&]. Thus, it is necessary for wind farm to provide
stable active and reactive powerstmpport the frequency and voltage value in the
power grid[11, 12]. To fulfill these requirements, tloperatiorof the modern wind

farm is required to be much more like a conventional power pigjt In this
circumstance, keeping each wind turbine operating in ldestoondition is very
essential. However, wind turbines are usually installed in harsh condition,
especially for offshore wind farm, which poses a challenge for operation and
maintenance of wind turbin, 14]. Wind turbine is also a complex generation
system, health condition of each component will affect the whole system working
efficiency. The wind turbine usually consists of a number of comporards
subsystemsincluding generator, gearbox, bearing, rotuub and blade main

shaft mechanical brake power electronic convert¢t5, 16]. It is worth noting

that healthcondition of each component or subsysteat only determines the
whole wind turbineoperational efficiency, but also affects aptimizing control
strategy in wind farm control system, which plays a critical role in reliable operation

of a large scale wind power plant when connected to the power grid.
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Chapterl Introduction

In order to make wind turbines generating stable power, power electronics devices
are widely used in wind power generation systeldmwyever, power electronics
device is a kind of nonlinear devi¢&7-19] that generally generates harmonic
currents. Harmonic currents are harmful to electrical equipment, which causes
electrical equipment malfunctiaand also reduces life time of electrical equipment
[20]. Meanwhile, harranic currents also affect the reliability of wind farmstive

power filter (APF), as an effective technical means to solve the problem of
harmonic pollution, haseen obtained great concerf21-23]. Compared to
traditional twelevel voltagesour@ inverters used in SAPFs, thileeel voltage
source inverters are able to bear higher voltage classes and operate with lower
harmonic distortion and at lower switching frequenci€breelevel inverters
therefore offer better performance, in particular fediumvoltage applications

[24]. Thus, a NPC threkevel APF is applied in wind power generation sysém

enhance the reliability.

1.2 Project motivation and aims

Traditional wind farm power dispatch strategy is formulated by considering the
available power and the power demand of the operators. The vast majority of
research simply distributes power references to wind turbines based on a
proportional distribution just following available active power from the wind farm
and maximum demand fone reactive powd25]. Fewworks take account in the
health condition of the wind turbines in wind farimus, it is desirable to adopt an
optimizing wind farm power output contriohsed on estimating health condition of
wind turbines The flow chart of research propose is given in Eig. The first step

is condition monitoring of wind turbine$he condition monitoringystem is able

to monitor the operating status and detect the faults of the wind turbines by using
modetbased methodAlthough a method relying on residual signals alone can
detect faults effectively, it is not able to provide accurate characteristias thleo

failure of componentsFurthermore, the wind turbine generally has several
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components, and traditional methods have only focused on detecting faults or
identifying the health of an individual compon€i@6]. Clearly, it would be
desirable to use a more appropriate method in order to identify the health condition
of the gearbox system as a whole. In second step, the results gained in step 1 can
provide a quantitative value about fault degree of each componeintd turbines.

As mentioned above, the wind turbine is a complex system and each component
has different weight of index significance in whole system in terms of different
maintenance tim and cost caused. Hence, health condition estimation for te win
turbine can be regarded as a kind of meiiierion decision making. In order to
optimize power dispatan the wind farmit is necessary to adopt a method to solve
multi-criterion decision making problem of wind turbines based on their health
conditions. In third stepthe optimal power control for wind farm based on heath
condition estimation of individual turbinésto reduce mechanical loads acting on

the faulty wind turbines while satisfying power output demanded by the network

operator.

1.30b ) eetsi

In relation to the proposed research, the following objectives will be addressed:

Objective 1:To conduct a systematic literature review of background information
of wind power technology, previous research works concerning to condition
monitoring algorithms ad techniques applied in wind turbines, and optimizing
power dispatch strategy of the wind farm.

Objective2: To study thesupervisory control and data acquisitiCADA) data
obtained from a commercial operatiomahd farmfor future research.

Objective3: To propose appropriate model basdgbrithm to detect the faults of

wind turbines effectively.

Objective4: To establish health condition estimation method to assegse#iih

conditionof the whole wind turbine system.
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Objective5: To design an optimizing wind farm power output control strategy

based on estimating health condition of wind turbines.

Objective6: To adopt SAPF to enhance the reliability and output power quality of

the wind farm

Objective7: To validate ad analyze the proposed methods and algorithms by using
SCADA data and simulation data.

CM System base Bonferroni interval

on ELM method
Fault Degree
Estimation Chapter
|
 —_———— e e — ————— — — —— — = \

Health Condition
Level Estimation
using AHP

Chapteb

I
|
|
|
I
|
|
I
Power Dispatch |
|

I
I
I
|
|
|
|
I
I
I
\

— e e e — - 7

Figure 1.3 Flow chart of research propose
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l4Layout of the thesis

The layout of this thesidescribess follows:

In the first chapter, it systematic illustrates the importance and necessary of wind
power research and gives the motivation and resezbgctives Besides, this

chapteralso describes the layout of the thesis.

In the second chapter, the background information and literature of previous
research in terms of wind turbine condition monitoring and optimizing wind farm
power output strategy are carried olihey include overview of wind turbine

technologies, contrdtrategy and algorithms.

In the third chapter, the structure and mathematical model of doubly fed induction
generator (DFIG) are illustrateBesides, SCADA data technology is introduced in
this chapter, because the algorithwmasidation is based on SCADdata obtained

from a commercial operating wind farm in this thesis.

Inthe fourth chapter, a modkhsed condition monitoring method based on extreme
learning machindELM) is proposed to dect the faults occurred in the wind
turbine system. However, wirtdrbines usually have several operating scenarios,
which requires prediction model with training data updating ability. Thus, an
improved ELM named online sequential extreme learning machine is adbpted.
order to validate the effectiveness of proposedhwods, they are compared with
traditional back propagation (BP) artificial neural network. Finathgnetic
algorithm is selectedto optimize initial input weights and biases of ELM to

overcome the drawback of random selecting initial input weights and biases.

In the fifth chapterhealth condition of wind turbines is established by using
residual signals obtained from chaptr Firstly, abnormal residual signals
indicating faults occurring are assessed with a Bonferroni interval method for fault
degree estimatiorSecondly, analytic hierarchy process (AHP) tisah kind of
technology foranalysingcomplex decisionss used to estate health condition

level in terms offault degree, maintenance cost and maintenance E&mally,
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optimal power dispatch control strategy is formulated based on result of health

condition estimation.

In the sixth chapteg new method for improving thgerformance of SAPFs using
neutral point clamped (NPC) thrémvel invertersis presentedNPC thredevel
inverters often suffer excessive voltage fluctuations at the neirati of DCGlink
capacitors, which may damage switching devices and causdoaddihigh
harmonic distortion of the output voltage. In order to solve the problem, two
compensating schemes are proposed to restrict voltage fluctuation in the inverters.
The first is voltage dependent, adopting a voltage compensation method, while the

second is current dependent, using a current compensation method.

In the seventh chapter, a conclusion for the current research is given. Achievements
corresponding to the objectives set out in this chapter and the contributions to
knowledge arising from th research are presented. Finally, the limitations of the
algorithms proposed in this research and recommendations for future research are
discussed.

10|Page



Chapter2. Literature review of wind power system
and condition monitoring technology

In this chapter, a review of theind turbine technologiesnd wind turbine
condition monitoring are giverkirstly, the background of current wind turbine
technologies isllustrated secondly the detailed information abouwtructure of
DFIG wind turbine, including mathematical model of each subsys@lascribed;
finally, the review of thexisting techniques for wind turbine condition monitoying
Al techniques used in modehsed methods, and signal techniques applied in
condition monitoring, including vibration signals, temperature signals, acoustic

emission signals, torque signals and electrical sigas¢égpresented
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Chapter?2 Literature review

2.1 Overview of wind turbine technologies

Recently, there has been increasing interest in renewable energy because this kind
of energy is more sustainable and -f@endly. Wind turbineswill play a crucial

role in renewable energy systefirable 1and Figure 2.1 illustratéhe structures,
configurations, operating and contqinciples, and gird connection methods of

four types of typical wind turbines operatedhewind farm.

Fig. 2.1 (a) shows a constant speed wind turbinetire that is usually designed

to operate in goe particular wind speed arrange. Hence, any fluctuations of the
wind speed will cause oscillation of power outpAt.squirrelcage induction
generator (SCIGIs usually adopted in this type of wind power generation system,
which is generally designed te lappropriate for operating in specific rotate speed
The gearbox is a key componenttbé constant speed wind turbine, becatis
turbine rotor cannot reach synchronous speed that satisfies the operating condition
of DFIG generator. The use of gearbox is to transmit kinetic energy from the turbine
rotor to theSCIG electric generator through the drivetrain systdmwo sets of
windings are installed in SCIG to satisfy the efficiency of the power generation.
However, this kind of wind power generation system has its drawbacks given as
follow [27]: 1) themechanical componentgedto bear high stress loads caused by
sudden and substantial changes of the wind spedie ppower grid shoultavea

good robustnesdue to the fluctuation of th@oweroutput; 3) the efficiency of this
wind turbine is lower than the other types of wind turbines becaude obnstant

speed operating.
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Figure2.1 Four commonly applied wind turbigenfigurations

Fig 2.1 p), (c) and () illustrate three types of variable spewdd turbines, which
are designed to capture the maximum power a range of wind speedsg 2.1
(b) shows a variable speed wind turbine using variable resistta wound rotor
induction generator (WRIGhethod to achieve variable speed conffble rotate
speed of generator is changed with the variable rotor resistancetyphif
generadbr has more efficiency thahe constant speed wind turbifi28]. However,

the cost and reliability is not very satisfactory due to its complex structure.

Fig 2.1 (c) and (d) are two kinds for most extensively used wind turbines. Compared

with previous variable speedind turbine these wind turbines adomtower

electronics device to implement variable speed cop2®B31]. From the failure

data collected inthe wind farm located in Germany, it was able to be found that

directdrive wind turbines are usuallgnore reliable than indirearive wind
turbines, because of the indiratrive wind turbine with a gearbox. Howevéng
permanent magnet synchronodisectdrive wind turbineshould employ a full
power converter, whilthe doublyfed induction indirectrive wind turbineadops

a 33% full power converter. It means that the cost and failure rate of the electronic

components in the permanent magnet synchronous -dineet wind turbine is
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higher than that in the doubligd induction indirectirive wind turbine, due to

higher power level ofhe power converter

Type | Rotating | Blade Drivetrain | Generator Grid
Speed Control Connection
a Fixed Pitch or Using a Squirretcage | Directly
speed stall gearbox | induction connected
control generator
b Partly Pitch or Using a Woundrotor | Directly
variable stall gearbox | induction connected
speed control generator
c Variable | Pitch Using a Woundrotor | Through
speed control gearbox | induction partiatload
generator power
converters
d Variable | Pitch No Synchronous| Through fult
speed control or | gearbox | generator load power
fixed pitch converters

Table 2.1 Classificationsbasedon respectiveconfigurations and features

2.2 The structure of the wind power systenmand model

2.2.1 A typical doubly-fed wind turbine system

Over the pastecades, wind energy has been widely accepted as an effective energy
solution to reducing C®emissions and producing sustainable energy because of
its technology maturity and improved cost competitiveness. With increasing
penetration of wind energy, theliability of power grid effected by wind energy is

a challengeThus, it is necessary for the wind farm to provide stable active and
reactive powers to support the frequency and voltage value in the power grid. To
fulfil these requirements, theperationof the modern wind farm is required to be
much more like a conventional power plftd]. In this circumstance, keeping each
wind turbine operating in a stable condition is very essential. However, wind

turbines are usually installed in harsh condition, especially for offshore wind farm,
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which poses a challenge for operation and maintenance of wind t{8bi®. The
wind turbine is also a complex generation system, as shown @ Zithe health
condition of each component will affect the ilaasystem working efficiency.
DFIG wind turbine is the most widely used wind turbine in the world. Compared
with PMSG wind turbine, DFIG wind turbine has higher failure [a48.

Generator

\

Generator
shaft

Rotor Main shaft \

Main

\ bearing \
e \
O\

Gearbox bearing

Converter
IK as = IK as

Figure2.2 A typical doubly-fed wind turbinesystemwith sulsystens

(©)

Power grid

2.2.1.1Rotor hub and blade

The power generation of the wind turbine depends on the interaction between the
rotate speed of the rotor and the wind speed. The rotor is composed of the hub and
blades. The fault of rotor is usually causeckhprs of the blade pitch angle or mass
imbalance of blades. The faults of rotor hub and blade are generally caused by
fatigue or surface roughnedsongterm fatigue will cause the delamination of

bl ade 0 s,iemgdserrcarzoh fibereinforced pastic structure, resulting in
reducing the stiffness of the blade. Cracks will also be produced on the surface or
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in the internal structuref blades, due ttongterm fatigue.The surface of blades

will become roughness, because of the exfoliation, blowholes, icing and pollution.

2.2.1.2Gearbox

The gearbox is usdd transmit kinetic energy from the turbine rotor to the electric
generator, adjusting rotational speed and torque accordingly. However, the gearbox
can be a major contributor to a turbineos
being bearing faults and gei@eth faults. Surveys have shown that the root cause
of gearbox failure is due to rapid changes of torque from stochastic wind profiles,
which create an uneven load for the bearing and misalignment of gear teeth. Other
causes of bearing and gear teetifufa are elevated operating temperature and
excessive contamination of the cooling lubricant due to failure of the gearbox
cooling system. Any fault from the gearbox can result in an abnormal power input
to the generator, reducing efficiency or in extrezases, damaging the generator
[57-59]

Fig 2.3 shows a schematic diagram of the structure of a-teage gearbox. The
gearbox consists of three types of components, specifically, gears, bearings and the
cooling system (usually oil coolinghn this thesis gearbox temperature and oll
pressure measurements at different locations of the gearbox obtained from the
SCADA [32, 33 dataare selected to monitor the condition of gearbox, which
containspecifically temperature readings for gearbox bearingdin speed shaft
bearing connected to the rotor), gearbox bearing 2 (high speed shaft bearing
connected to the electric generator) and the gearbox oil (the temperature of gearbox
oil is close to actal geartemperature) and the pressure in the oil pump. The oil

pressure shows the operating condition of the gearbox cooling system.

Monitoring and analysis of the vibration signals have been preegneffective,
as it is easy to obtain the fault signature of a specific component in the frequency
or timefrequency domains. However, it is difficult to obtain the accurate vibration

signals in the wind turbine under varying speed operation. Furthercamdition
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monitoring based on vibration signals is a kind of compespatific technique,

which lacks providing an inherent relationship between different subsystems

High speedstage

Bearingl

}
}
}
Main shaft |
|

|

Low speedstage
¥ g Intermediatespeedstage

Figure2.3 Schematic diagram of gearbox structure

From surveys concerning the reliability of wind turbine, the faults caused by
drivetrain  system account for over 20% of total faults and contribute to
approximately 30% of the downtime of wind turbines in the detdaiywind turbine

[15, 16]. Thus, thestudies about fault diagnosis of the drivetrain system are
necessary. Fig.2 shows a typical drivetrain and gearbox subsystem in a déedly

wind turbine that contains hub, main bearing, main shaft, gearbox, brake, generator
shaft power converter andmggrator. The main function of drivetrain system is to
transmit kinetic energy from the turbine rotor to the electric generator by adjusting

rotational speed and torque.

2.2.1.3Bearing

Bearings are extensively appliedo various wind turbine components and
subsystems, including generator, main shaft, gearbox, rotor, yaw system and pitch

system. In recent year, using roller bearings instead of ball bearings is become a
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trend. One of a typical fault of bearing is surfaceghnes®f certain parts caused
by using for long time, which will then develop into more serious fault. Meanwhile,
the fault happened in bearings will induce different frequencies feature of the

vibration.

2.2.1.4Main shaft

The function of main shatft is toansfer the energy from the rotor to generakbe
failure modes of the main shaft in the wind turbine inclodeosion, crack, and
misalignment. The fault of main shaft will reduce the power transmission efficiency

and generate vibrations in generatotor and gearbox.

2.2.1.5Hydraulic system

Generally, thénydraulic systems are used to delivery hydraulic power to blade pitch
system or yaw system to adjust the angle of the blade or the yaw position in the
wind turbine, in order to obtain the maximize power from the wind. Some kinds of
fault, including oil le&age and sliding valve blockage damdetectedy using oll

pressure signals or oil level signals acquired from corresponding sensors.

2.2.1.6Mechanical brake

In orderto avoid the rotor over speed or make wind turbine stop in the condition of
failures ofkey componentsthemechanical brake isstalled on higkspeedshaft
Generally, the mechanical brake is consisted of three gadisc and calipers, a
hydraulic mechanism system, and a thpbase AC motor. Theist of the
mechanical brakevill be subject tocrackscaused by overheating, because the
mechanical brakesually beargextremehigh mechanicaload. The faults othe
mechanical brakean bediagnosedy using temperature signalgbrationsignals,

and electrical signals.
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2.2.1.7Tower

The corrosion and crackre two main faults in wind turbine structure damages,
which are usually induced by a poor quality control duting manufacturing

processharsh environmentand firedisaster

2.2.1.8Electric machine

The detailed information of the wind turbine generator is illustrated in section 2.1
and table 2.1. Apart from the generator, the motors are also applied in pitch and
yaw system. Thdailures of the electric machine are able to ddassified into
electrical falts (i.e. winding insulation damagecircuit short and open) and
mechanical faults(i.e. bearing wearing, rotor mass imbalance, and air gap

eccentricity).

2.2.1.9Power electronic converter

With the rapid development of the wind turbine power rating, thehitiaof the

power electronic converter has been paid more attention. Frostatitgical data

in [19], the failure of power electronic converter accounts for around 25% of the
totalfailurein the whole wind turbine system, and the downtime caused by the fault
of power electronic convertemay reach approximately 14% of the total wind
turbine downtime. There are three main reasons that cause the power electronic
converter damage, including \eerheating, humid environmentand vibration
condition. The capacitor, printed circuit boards (PCB) and power switch (i.e.
insulated gate bipolar transistare the thregulnerablecomponents in the power

electronic converter.
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2.2.2 Nonlinear wind turbine model

2.2.2.1Aerodynamics

For &erodynamicsnodel, there are two mamarametersancludingthe aerodynamic

torque™Y and the thrust forc®, which can be expressed as follow:

"y 8 h h (2_1)

O ™YL OR R (2-2)
Where'Y is the length of the bladg;is the air densityd is the wind speed) and

0 are the powecoefficientand thethrust coefficientespectively

2.2.2.2Drive train

Thedrive trainis a key component efiewind turbine, which is to transmit kinetic
energy from the turbine rotor to the electric generator through the drivetrain system.

0 is therotor inertig U represents thgenerator inertiaOne of the widely used

drive trainmodel is thesinglemassmodelillustrated bylow-speed shaft motion

equation Hence, thequivalent mass can be gained by using equati@d3).
O 0 00 (2-3)
Where0 isthe gear box ratidhen the relationship between the rotate speed of

the rotor andhe rotate speed tiie generator can be expressed as follow:
1 -"Y 0°7Y (2-4)

1 07 (2-5)
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Then, theshaft torqueY twisting the lowspeed shaft isalculated by using
equation 2-6).

Yo—Y —Y (2-6)
2.2.2.3Generator

0 is the reference powgerY s the referencelectrical torquef the generator;
“Y is the realelectrical torque of the generatobtained from the wind turbine

system.
Y — (2-7)

In wind turbine control system, tlvector controls adopted in closop electrical
torque controlto make a fast and accurate feedback from the generator. If the

control systermormally operates, theeal electrical torque ahe generatofY is

almost close tthe reference electrical torque of the generator.
Yoy (2-8)
Then the generator power outgutcan be expresses follow [34]

~

VR (2-9)

2.2.2.4Pitch actuator

Dueto theinertiaexisting in pitch system, thgitch systenmodel considering the
inertia is established. Thepitch anglef is adjusted by thegainscheduled
proportionalintegral (PI) controller, which is based on difference betwéitered

actual generator speed and ratedyenerator speed

i - =1 1 (2-10)
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WhereU and U illustrate proportional and integral gain dhe Pl controller

respectivelyp representhe correction factoderived byequation (311).
U Q 0 Q ph Qp (2-112)

And therotation anglerange of thepitch anglé should be ina certain range

described by equation{).
N Ty (2-12)

Where¥ denotesmaximumchangeateof the pitch angle
1 =1 =1 (2-13)

t illustrateghe time constanf the measurement filter for the generator speed

1

2.2.3 Wind turbine faults

In order to analysis thiailure eventof the wind turbine, the data gained from a
commercial windfarm in Germanis used, which contains 731 daibperational
reportsin 2011 and 2012 respectivelyhe data containsparameters of power
generation, wind velocities, stoppage tinnassed byaults andevents anélarm
logsof eachwind turbine

Thepercentage of failure events for each subsystecnrred in 2011 and 2Qkre
presented in FiR.4 respectively. It seems that the rotor accounts the largest
percentagef failure eventsn 2011, reaching 44%. The gearbox, control system
and converter have the almost sgmeecentage of failure eventshich are around
10%. In 2012, th@ercentage of failure events for each subsyssesimilar to its

in 2011. The above mentiongalir subsystemisavehigherfailure frequenciethan

the other subsystems.
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(a) The survey in 2011
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Figure 2.4 Percentagef failure events foeach subsysteim two years[35]
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WT
Compone . . Component or subsystem
subsys Possible failures L
nts monitoring
tems
Deterioration, Cracking and Ultrasound and active
Blades ;
adjustment error thermography
Rotor Beari Spalling, Wear, defect of bearing| Vibration, OA, AE, SPM and
earings . L
shells and rolling element performance monitoring
Shaft Fatigue anatrack formation Vibration
Main ghaft Wear and high vibrations Vibration, SPM, temperature
bearing and AE
Mechanica . .
Drive | Brake Locking position Temperature
Train Wearing, fatigue, oil leakage,
Gearbox insufficient lubrication, braking in | Temperature, vibration, SPM,
teeth,displacement and eccentricit particles in oil and AE
of toothed wheels
Wearing, electrical problems, slip
Generator rigs, winding damage, rotor Generated effectsemperature,
asymmetries, bar break, overheati vibration, SPM, OM.
and over speed.
Yaw Yaw motor problem, brake locked Motor current
. System and gear problem
Auxili Pitch
ary System Pitch motor problem oM
S%Sste Hydraulic Pump motor problems and oil OM, process parameter,
System leakage performancemonitoring
Sensors Broken and wrong indication Thermography
Control short circuit, component fault and Current consumption and
System bad connection temperature
Electri - .
cal Power short circuit, component fault and Current consumption and
Syste Electronics bad connection temperature
m
High L
contamination and arcs Arc guard, temperature
Voltage
System transformer Problem with contamination, Thermograph
y breakers, disconnectors and isolatd graphy

OA - Oil analysis, AE- Acoustic Emission, SN Strain Measurement, V| Visual Inspection,
SPMi Shock Pulse Method, OMOperation and Maintenance

Table 2.2 Overview of possible failures and monitoring techniques for
various wind turbine components and subsystem

2.3Wind turbine condition monitoring

The condition monitoring system is used to monitor the change of the operating

parameters in physical systd®6-38]. The system failure can lskagnosed and
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prognosed from the change of the operating parametersohidéion monitoring
systems can be divided into two categories: offline condition monitoring system
and online condition monitoring systenCompared with offline condition
monitoring system, the online condition monitoring system has several advantages:
firstly, the online condition monitoring system can operate when the wind turbines
areoperating. ltmeans that this system is able to reduce power generation loss of
wind turbines. It would therefore save the cost of wind farm operating. Sgcond
the onlnhe condition monitoring system provides a deeper insight into health
condition of wind turbine components and subsystdinean alert thenaintenance
department to both longerm trends and shet¢érminformation which is not able

to be observedy the offline condition monitoring system. Thid the online
condition monitoring system can be integrated with SCADA system, which can
automatically trigger appropriate alarms and maintenance schedule. This
characteristic of the online condition monitorings®m is very essential to some

wind farms, especially in remote and harsh environment area.

2.3.1 Existing techniques

Actually, the signal processing technologies are the core parts in the condition
monitoring system, which is usedegtract featureand transfer the data collected
from the sensormto theformat of the requesErom previous research, thignal
processing technologiesed for condition monitoring of the wind turbine mainly
include dassical timedomain analysis methodslassical frequency analysis
methods dassical timefrequency analysis methqdswodetbased methodsand
probability-based method4.6].

2.3.1.1Classical timedomain analysis methods

In classical timedomain analysis method$ere are three main methodscluding

statistical analysisHilbert transform and @velope analysis In the statistical
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analysismethods, the timeomainsignals from the healthy wind turbine, including
statistical featuregi.e. variance,crest factor root mearsquare valueand mean
valug, are selected as thase data for the condition monitoring syst¢&®. Then,
the same type of signals are monitored with tsegesduring the wind turbine
operdion. Any deviationsbetween thédase datand online datéhat exceedhe

predetermined thresholdsdicate faults occurred in the wind turbine.

Hilbert transformis another lasscal timedomain analysis methatiat is able to
extractfault featuredrom modulated signalgtQ]. Whenthere is a fault in the wind
turbine, the faulty component will induce the vibration of tmenponent The
vibration of the componentill modulatesignals obtained from the sensors in the
wind turbine. However, it is difficult textract faulicharacteristidirectly by using
raw data due to theodulation of signalsHilbert transformis considered one of
effectivedemodulatiormethod that has beersed for signatlemodulatiorin fault

diagnosisof mechanical componentse. bearing, gearbox, and main shatft.

While envelope analysiss widely used in commercial wind turbine condition
monitoring systemsComparedwith Hilbert transformenvelopeanalysiss able to
gain the envelope of a signal lpombining with other amplitude demodulation
methodsHowever,envelope of a signas a kind of timedomainsignal that neesl
to befurther processed by other signal processing technologies.

2.3.1.2Classicalfrequency analysis methods

Fast Fourier transform(FFT) analysisis the most extensively used frequency
analysis method. FFanalysiscan easily obtain th&equency spectrum ahe
signalin the digital systenj4l]. The fault happened in some components will
inducethe vibrationwith specific frequencyn the frequency spectrurwhich can
be easily detected by usikd=T analysisFFT analysisis particularly applied in
frequency spectruranalysis ofacoustic emissiosignal andvibrationsignal.FFT
analysisis also be used to analysis harmoronitents in the frequency spectra of

the current andsoltage signalsthat is associated with faults of the electrical
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subsystem in the wind turbin®hile the wnd turbine generally operaavith
varying condition, so signals collected from the sensors are nonstationary.signals
It is difficult for FFT analysigmethod to pocess thenonstationary signalduring

the wind turbine operation.

2.3.1.3Classical timefrequency analysis methods

Classical timefrequency analysis methodsmbine the both advantagestiohe-
domain analysis methodsnd frequencydomain analysis methodS$hortterm
Fourier transform (STFT) and waveleansformare two types of the most widely
usedtime-frequency analysis methadd mean for analysing the timarying
frequency rggonse of a nonstationary signal is able to be obtained by 83iR§
which provides athreedimensionalsignal that contains values of the time,
frequency and amplitud&TFT method has beesuccessfullyappliedin thefault
diagnosisof the rotor, generatogearbox,andstructure damageiowever,STFT
methodis incapableto simultaneouslyachieve hightime resolution and high
frequency resolutiorbecaus&TFT methods a kind of thawindow-base methad
Thus,STFT methods difficult to achievehe frequency analysis of nonstationary

signalswith high sampling frequency.

BesdeSTFT methodthe other lassical timefrequency analysis methaswavelet
transform method. Essentiallwavelet transform methad able tohierarchically
decompos asignal intoa set of frequencghannelghat have thesame bandwidth
on alogarithmic scald42, 43]. Because of thigharacteristicwavelet transform
methodhas an ability taextract the signal featufeom both the timelomain and
frequencydomain.However,wavelet transform methdths the same disadvantage
with STFT, it cannot achievéhe frequency analysis of nonstationary signals with
high sampling frequency.

2.3.1.4Probability-based methods
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Bayesian methodsire kinds of classicaprobability-based techniquethat is
appropriate foapplying in the field of theeattime state predictianGenerally, a
process of Bayesiarpredictionis consisted with twoperations recursively4],
including propagation and updatén order to obtain the better predicticesult,a
recursive Bayesian algorithrhased onthe concept ofsequential importance
samplingand the Bayesian theoramproposed, which has been used forféudt
diagnosisof the bladeand bearingn the wind turbineHowever,the number of
prior tests and the size of data samphak significantly affect theprediction
accuracyof Bayesian methodd his disadvantagef Bayesian methodémits its
application inindustrialfield.

2.3.1.5Modelbased methods

In the modebased condition monitoring systethe establishment dfieaccurate
prediction modeis thekey step, which is used simulate the dynamic behaviours

of components and subsystems inwthed turbine.Generally, the wind sged and
power output are selected as input signals for prediction njé8elThen, actual
output signals are compared with the signals that are predicted by the model for
given input signals. Differences between actual output signals and the model
predicting signals could beaased by changes in the process, possibly due to the
occurrence of faultsThe establishment dhe prediction modehas three main

methods, including mathematical modetddatadrivenmethod.

The mathematical modas established based on the physicai@ple. Adopting
mathematical moddior predicationrequires a thorough understanding about
physical structure andnathematicakelationship of modsl It is difficult to be
obtained for complex ononlinearsystem Moreover, themathematical model
applied in themodetbased condition monitoring systasmnot suitable for odine
implementation The databasedmodel method does not require the detailed
information abouphysical structure and mathematical relationsmput signad

for the databased modetan obtaired directly from measuresignalsthat are
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collected from planned experiments oreattime online dataduring system

operation

Compare with above mentioned methodise signal sampling rater the model
basednethods do not &l to be very highitherefore, there is no needs for addition
high performance sensors in condition monitoring system, which is able to
significantly reduce the cost ancomplexity of the system. Moreover, the
computation loadof the above mentionednethodsis very high resulting in
limitation of theindustrial application The other advantage dig¢ modelbased
condition monitorings that it can detect sonmen-negligible changem themodel
outputcaused by an even small damage of the compamérg wind turbine. Thus,
the modelbased methods are suitable to be usadiagnog of faults in an early
andmonitorthe development dhe faults Although themodelbased methodsas

an ability todiagnosehe faults occurred in the wind turbine, it is difficult to provide
the detail informatiorof faulting, i.e.the location and fault degre&urthemore,
accuracy othe modelbased methods depend on the prediction model, however,
the accuratenathematial modelfor somecomplex systenis usually difficult to

obtain in realworld applications

2.3.2 Al techniquesin model-based methods

For databasedcondition monitoring systems, accurate models are essential for the
relationships between those parameters being monitored. In this regard, artificial
intelligence (Al) techniques are utilized by many researchers forbdaed CM
schemes, such as artiit neural networks (ANNg6], support vector machines
(SVMs) [47] and fuzzy logic[48]. ANN-based methodsequire little or even no
knowledge about thphysical principleof the model ANN-based methodkave

two functions in condibn monitoring of the wind turbine, including prediction and
classification.In the behavior predictigrthe reference data of the wind turbine
obtained from the database is selected as training datd\fidrbased methods

After training processANN-basedmethodsarethen used to predict the operation
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performance of the wind turbine or its subsyst&men, actual output signals are
compared with the signals that are predicted by the model for given input signals.
Differences between actual output signald ¢he model predicting signals could

be caused by changes in the process, possibly due to the occurrence of faults.
Besides the prediction functioANN-based methodare also able to be used to
recognizethe fault categories of the wind turbine subsystemm the input signals

that contain the information of fault&NN-basedmethods are robust to signal
noise, making them suitable for dealing with data acquired in noisy environments.
However, the long training times associated with ANN models can Imait t

application.

Support vector machisgSVMs) are anothedatadriven technique thattend to
have better generalized performance and more accurate training resufislittan
based methodSVM methods are generally appliedthe condition monitoring of
gearbox, generator, bearing and main shaft in the wind tutdmeever training

SVM models with large datasets is not straightforward.

Expert systems are ruleased techniquethat are able toconstruct a mapping
associad with measurements tife health condition of the wind turbine. Then,
expert systems can achieve the fdidgnosidy reasoning with newneasurements.
But expert systemsalso have their own disadvantagesey have the same
shortcomings obtherheuristic method€One of the main disadvantage expert
systemss that the size of the prediction model will increagponentially withthe
number of the fault model raising, which will significantly increase the
computationaload and cost.

Fuzzy logt systens, based on fuzzy sets of linguistic variables, use predefined
rules to enableeasoningFuzzy logic systemarebased upon fuzzifietkatures of

the faultsand then use these features to diagnose faults by using the predefined
rules. It is clear that fuzzy logic systesirequire full knowledge of failure
mechanisms of a wind turbine in order to design these rules, whigsualy
unfeasible in practicelf the designment of rules is not accurate enough, the

prediction results will also balse Furthermorefuzzy logic systemalso have the
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same disadvantage widixpert systems

In this thesis, an extreme learning machine (ELM) algoritf#8-51] is employed

to train a neural network model for ddtased condition monitoring, overcoming
the drawlacks of a traditional feédrward ANN. The prediction model is
established by using ELM algorithm, the actual data collected from real wind
turbine is compared with prediction signal. Any difference means that there are

some faults happening in the windline.

2.3.3 Signal typesfor wind turbine condition monitoring

The faults occurring in wind turbines can be divided into two types: the temporary
random faults and the weaut failures.There are many types of signals can be
used in condition monitoringystems, including current, voltage, temperature,

strain, vibration, oil pressure, acoustic emisgidB) and torque.

2.3.3.1Vibration signals

Many faults happing in wind turbines usually induce the vibration of the
corresponding components and subsystemsciwioan be easily detected by
vibration sensors/ibration monitoring technology is one of widely used condition
monitoring method incommercial wind turbine condition monitoring system.
Vibration sensors are usually installed on blade surface, main sithfiearing,
gearbox and generatf®2]. There are three types of vibration sensors, including
displacement sensorgccelerometers, angelocity sensors.Their operating
frequencies normally arrange from 1 Hz to 30 kHawever, the signato-noise
ratio of vibration signal is lowvhen it is used to diagnose the incipient fautts.

means that vibration signal is edeybe disturbed.

2.3.3.2Temperature signals
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The temperature signal based condition monitoring technique is consateoee

of the cost effective and reliable method in condition monitoring of wind turbines.

It has been applied for fault detection of the generator, gearbox, main bearing and
power electronic device. In normalperating conditions, the temperature of
compnents or subsystems in a wind turbiaebelow certain valuesWhen an
abnormal temperaturésing happens in wind turbine components or subsystems

it can be caused bydegradation ofome components or subsystefs a mature
technique temperature sitals are able to provide useful informatmmthe health
condition of the wind turbine. Howevelhe temperature signal based condition
monitoring system has its drawbackssentially, there are many factdinst may

cause hie abnormaltemperaturancreasing occurringn the wind turbine which
make it difficult to identify the accurate reasonsf the abnormaltemperature
increasing Thereforethe abnormal temperaturising in the wind turbine can just

only indicate a possible faultappeningbuti t c ano0tindeateehichat e |

component haafault.

2.3.3.3Acoustic emissiomsignals

When materials bear external strain or stress, they may generate sound waves called
acoustic emission (AEJEven a tiny structural change will make AE signals to be
excited, it means that AE signal is very suitable to be applied in incipient structure
defecting or monitang its development. In wind turbine condition monitoring
system, AE sigrla are generallysed for faultdetectionof the blade gearbox,
bearing, and generato€omparedwith vibration signals AE signals have high
signatto-noise ratio forcondition monitoringwhich means that AE signals is able

to be appliedn high-noise environmentslowever, AE technigue also has its own
disadvantages in wind turbine condition monitoring system. In order to monitor
subsysters of the wind turbine, it is necessary to install a large number of AE
sensorsand each sensor requires an independent data aocqussistem for signal

sensing, processing atrdnsferring which may increases the cost and complexity
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of the wind turbine condition monitoring system.

2.3.3.4Torque signals

Torquebased condition morating technique is usually applied generator and
drive train. It can detect faults when there is an axle to be turned ayooedding
moment tends in the shafforque signalsare obtained by using rotary torque
sensoror reaction torque sensorspart from using for condition monitoringhe
torque signals are alsesed tocalculate the electrical power output from the
generator. The disadvantage of torque signals is similar to vibration ssignal
However, arelevant torque signal for faulty component is a kind of modulated
signal with tle dominantomponents associated witteload, which makesignal

processing for torque signals more complicated than wangtion signals.

2.3.3.5Electrical signals

Voltageand current are types of widely useléctrical signals collected from the
terminals of the generator and power electronics device in the wind turbine, and
therefore extensively appligd diagnosis of the power converter and generator
faults.Electrical signals based condition monitoringhieique has been paid more
attention in recent years, because of its advantage. Collecting electrical signals
doesnot need addi ti onal devikes becausesthese n d
electrical signalsan be obtained from the wind turbine control and protection
systems, which means thelectrical signal based condition monitoring system
requires no additional cost. Furthermore, electrical signals are reliable and not easy

to be disturbed by highoiseenvironmens.
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2.4Summary and discussion

In this chapter, the four type of wind turbines and their subsystems have been
reviewed. Additionally, this review also covers the importance ofcondition
monitoring of the wind turbine system that is consideagsdhe bessolution for
improving the windturbine reliability.In order tohave a better understanding of
the condition monitoring of the wind turbine, thaéetailed information about
structure of DFIG wind turbine, including mathematical model of eabbystem,

is describedThen, the advantage and disadvantage of xlstirey techniques for
wind turbine condition monitoringre presented. In this thesibe modelbased
method based on dathive technique is adopted, the reviewAlftechniques in
model-based methods therefore describeth previous research, the training time

of machine learning methodatentoo long, which limits its industrial application.
This chapter is focus on the wind turbine technology, and the introduction of power

grid related technology is given in next chapter.
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dispatch strategy

Thischapterillustratesthe study o&ctive power filter and power dispatch strategy
The detailed introduction of optimizing wind farm power output strategy
includingactive power and frequency controéactivepower and voltage contrpl
and power dispatch strategyare given. Thereafter,the active power filter
technologyand harmonic pollutionrelated problem are describeéinally, the

SCADA data collected from a commercial wind farm is illustrated
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3.1 Optimizing wind farm power output strategy

3.1.1 Active power and frequency control

Wi ttthe rapid increasing installation of wi
wind power becomes very high. Hence, t he
stringent technical requid rempreics at by Wwond
power control. More specifically, there a
contr ol isntcrl autde gnige skpeasxe Imunre pnoondeer poi nt tr ac
MPPT)r,atdeed mode, delta mdabedl5mnd percentage

The active power generated by wind turbin
demand and power | oss in power grid. When
the |l oad dwermnlddosasnd ipto wi | | causm gener at
corresponding to the frequency of power
generation of active power iis not enough,
d ecr[6 &5sye

Thelroop control strategy is wbédl yasused i1

shown 31In Fheg.frequency cobyros$icgnthe pashmh
contr ol iwliltths ttrheet Fsidgllii d tl iinse aibnl e t o maint a
bet ween the power generation and31load dema
il lustrate alternative séattsngafbeddtbepse
control. Compared with the primary contro
control is slower than the primary contr ol
the secondary control t o cpoonwterro | g etnheer api 0 we
bet ween different power plants.
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Frequency(pu) A
1.04 k.
1.02 .
1 ~ o | >
0.0 0.5 1.0 Power(pu)

Figure3.1 The diagram of the droop control

The frequency ccthiavneg epso wweart Ihgaet theeA adtr éelolddi n g

faquency indicat easnda aeamafadr imecreaschgve p
generation. MaHd tiinpgldeh ptareal $ @ihe dr oop <char
respondr itsoae tfhreeqguWemewsibyg their active p
si mul t aThesouuwdsdleyn. changes in renewabl e power
frequency oscillation and other reliabilit
power r atmpersadeéeomdary control should be sp

I n order toasvypeponthadme fpodeddoop .contr ol
Wind turbines wuswually participate in both
control in the wind farm. However, the swi

secondary cont rwilndwip dwecra ugseen € roastsi oonf.

3.1.2 Reactive power and voltage control

Reactive power and voltage control are st

contr ol system, due to the strong coupling
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voltage changes Thethel ptoiwems girp dbet ween

voltage can be expressed as foll ow:

Yo

(3-1)

WheVei s the voltage change cauwmiesd tbhye reac
voltage of thhhewd@dpowet hgriadti ve power and
respecMYaneal ¢ ;ttrh@®&nsmi ssion | ine with seria

reactaespectivel y.

Inr e al wor |l d, the value ofrehethhbmamsmhssi on
hi gher than the value of ndédei dvttaamdeniadsi on

case, the voltage of the power grid is mai

3.1.3 Power dispatch strategy

Power curves of t wo wind tudBif@mesn aobt ai i
commerci al wiredsh3#wmBaigl | iisg rates a power
heal thy turbithmhat pobweanviaei £semwi th the cut
the rated speed of 15 m/ies.d¢dWMhepetdeotwi Adm¢
the rotor torque is not sufficient for th
speed of the wiwgdouts sgpecead eaf thfmnm/th,e t he
down and does not generate any power. At

bel ow -d hte cuded, power output is restricte
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Figure 3.2 Power curve of the fauftee wind turbine

General ly, the wind power curve for wind
met hod f or [& @ppr okh enaftiirngt one is the stepw
1l ust32at.ed 1 n (

T U U ho 0
0 OO © b 0 0 (3-2)
0 O 0 U
Wheveanwd are the wind speed of the cut in

respeati vyetlye rate wi nd as plgaerde ftohre wsilnodp et uar

the intercept parameters of the function.
While the second one is Wei bul[6ltchuamul at i v

is applied in this paper. ThG3).the wind g

0 b p Q- b 0 D (3-3)
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Wh e keenadar e shape and scale parameters of ¢t
used to make the shape of Wei bull cumul ati

to the wind power <curve.

Wind farm control scheme is designged t o ma

a separate ener gy s troartaegde ospyesrtaem oamr otf h rwo un

But wutilization of a separate energy store
wind farm, due to high maintenance cost a
enesggprage systramedTlhoperaadaide wind farm c

practi cadensealadtliygn.power demand from the n
t he maxi mum a Fi@ 8.3 carbphres diffeoent evind turbine power

reserve strateggs a function of wind spe¢@3-66]. The baseline of power output

is obtained via using equatio8-8). In this figure, there are four wind turbine

operation modes, i.e., baseline mode (MPPT modahtéel mode, delta mode and

percentage mode. In MPPT mode, the wimdbine tries to capture the maximum

power from the wind until it arrives the rated power. If the wind speed is above the

rated wind speed but belowthewut speed, the turbineds ouf
at the rated power; the date mode is almost tteame as baseline mode, but it

limits the maximum rated power production to meet wind farm requirements (80%

in this case); the percentage mode keeps the constant percentage power reserve of

the baseline mode (80% in this case); the delta mode meansawed production

needs to be lower than the available power by a given amount of the baseline mode

(500KW in this case).
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Figure 3.3 Comparison of different wind turbine power reserve strategies as a
function of wind speed.

3.2 Active power filter

3.2.1 Harmonic pollution

In the power system, the ideal waves of the current and vokagsine wave
Actually, thewaves of the current and voltagdl distort due to thenfluenceof
harmonics Harmonics will cause abnormal temperature rising and toigpkernn
wind turbine generatpmwhich reduces reliability and lifetime of the wind power

system[67]. Somedefinitions of harmonicsaregiven as follow:

~.
g

Y B V¥ (3-4)

WhetYd s vbohtramgei rYcoamtehthagenoni ¢ .component

0 B O (3-5)

WheiOesur hanmoni cOiceoancterntgnmoni ¢ component .
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oYY — pmmb (3-6)

'OYY s dtitse orti on;"Yiag étulndd amehtagevol tage
OYO —- pnmnb (3-7)

OYDs the di c<tuorr@imd nt rea t feuuodraemetnt a |

YOO — prnmb (3-8)

YOO sot al har mohi ¢ hei yobodt aigen

YOO — pmnmhb (3-9)

YOO sot al har momfi ¢ heéi suortinon

From previous research, t her eh aarrn@inhihcr e e ma

power system.
1) Har mogewssrated from the power generator

The power genethat onodnuiwicilsi g gemeerrtadtteaney , a rbee ¢ a L

sommanuf actuti mereornaocm r wiod digreger at or
2) Har momriacdcsu c eglo woeyr tthreansmi ssion and distr

Theéransfiar nienftea r kmesroiuai ctehe power transmissi
di stri butWhoetnhey s treofn ttciomnesi er mewm ttuhreat i on
cond, tinleganet i zwinlgl cpo e&seeamdenadai tni on . 't means

| ar ge nhuaacrtbreamigchss produaegeduring this st
3) Har momawssed olmy i neearnl oad

Wi ttthe devel opment of themaspoaeableéeeneonqy
devi ces atrpecavep!| Pgaeieqmel ectronity pdewailce i s
nonl i nédre wpora de Ideecvtirceebisva rlde wavhpeo Wwe o m
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grid,naodhmpslé enteeww d V e btenpeb wée t Tlgins dpr obl em caus

a | ar gerharrumdreiccuso t hpeogwe rn sy st em.

3.2.2 APF classification

At present, harmonicelated problems have become more serious because of the

wi despread application of nonlinear | oads
(APF), as an effective techniagakthodto solve the problem of harmonic pollution,

has obtaied great concern. Especially the high voltage, large capacity APF, has

become a hot spot in today's power quality management, due to its more extensive
applicationsAs mentioned abovia section 3.2.1there are two types barmonis,

l.e. voltage harmaic and currentharmonic In real world, most of harmonic

pollution is caused by current harmomlae to use of the nonlineévads. The

voltage harmonic is caused by power generators, which is less serious than current

harmonic.

3.2.2.1The passive power filter

In order to solve this problem, adopting the power filethe best solution to
eliminateharmonis in the power gridThe poweffilter could be divided into two
categoriesthepassivepower filter and active power filter. Tipassive power filter
shown inFig. 34, is consisted of thelectric reactqrresistor and capacitor
However, the values dhe electric reactor, resistor, and capadaitar fixed, which
means thaa passive power filtecan justfilter the constanffrequency harmonic.
According tothe regulation of harmonic frequencye passive power filterould

bedivided intomondonousfilter, more tuned filter, and C type filter.
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Monotonous filter  More tuned filter C type filter

Figure 34 The structure oftiree types of passiygwerfilters

3.2.2.2The active power filter

Compared witlthe passive power filter, the active power filter is a more effective
method. The active power filter is able to dynamically compensate various
frequency harmong[68]. Furtrermore, the operation effect of the active power

filter does not influence by the power grid impedance.

The shunt active power filtershown inFig 35, is usually adopted teliminate
current harmoniagenerated by th@onlinear load Besideseliminaing current
harmonic theshunt active power filtels also able t@ompensateeactive current

andzerosequence curreim the power grid
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Power grid

@ A Load

L1

J@S APF

Figure 35 The structuref shuntactive power filter

The seriesactive power filter shown inFig 3.6, is usually adopted teliminate

voltageharmonicfrom the power gridTheseries active power filtés in serieghe

power grid by using theoupling transformer

Power grid
L T
@ YA ssa— Lo
[ )

L1

J APE

Figure 36 The structuref seriesactive power filter
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Power grid
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Load

Figure 37 The structure ofinified powerquality controller

Theunified power quality controller, shown in Fig’3is consisted by both thehunt
active power filteandseries active power filtewhich isadopted to eliminatboth

current androltage harmoni inthe power grid.

In this thesis, the research work is only focushencurrenharmonic detection and
currentharmonicelimination Becausethe current harmoniaelated problem is
more serious in the wind farrfrig 3.8 illustrates the chematic diagram of shunt
active power filtethat is used teliminaie current harmonim real time. Generally,
shunt APF is consisted &ur parts, includindnarmonic detection circyitontrol
circuit, drive circuit, andmain circuit The harmonic detection circugollects the
current signals from the power grid to analysis hlaemonic componerf the
current. Wherthe harmoniccomponent of the curremd obtainedthe reference
compensatingurrent is therefore determin&athat is then used as the input signal
of thecontrol circuit In order to transfereference compensating curréoatPWM
signal [69], space voltage vector pulseidth modulation(SVPWM) function is
realized by the control circuif70]. The main circuit is directly connected to the
power grid, so the drive circuaimplifies the PWM signal to drive the main circuit.
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The drive circuit can make high voltage part &wl voltage parisolation, which
enhances the reliability of APFhe main circuit normally adoptsa voltage type

inverterwhich generatesompensating current giminate current harmonin the

power grid.
| |
A ) L—
. Load
Y . >
€ C=— e
|
, Harmonic | |
R H L Main 1 || Detection
| Circutt | T Circuit
« |
HPF I
Il Drive « Control
APF Circuit Circuit |

Figure 38 Schematic diagram of shunt active power filter

3.2.3 Harmonic detection

The rarmonicdetectiontechnology is the kegomponent in SAPF system, which
is used to obtain accuratearmonic currentsin three phrase power grid. The
harmonic detectiomethod based on thestantaneous reactive povikeoryis one

of the most widely used technique applied in SAPF. Compared with tradiiaabal
Fourier transform(FFT) method,the harmonic detection method based on the
instantaneous reactive power the@able to not only detebarmonicaccurately,

but al® obtainzero sequence currentpower grid.
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Figure 39 Schematic diagram dahe harmonic detection method based on the
instantaneous reactive power theory
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Fig 39 shows theschematic diagram of the harmonic detection method based on
the instantaneous reactive power thediye A phase voltage is processed by
the phaselocked loop(PLL), and the correspondiiig Q¢ and ¢ | signals are
then obtainedThreephrase current® , 'Q , and"Q collected from the power grid

are transferred t&lark transformunit described in equatior8{10) and (3-31).
Active currentQand reactive curreri@thenpass througkhe low paséilter (LPF)

to gain the filtered etive currentQand reactive currefi® The farmonic current

componerd can then be obtained by usiegerseClark transform
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3.3SCADA data

Supervisory control and data acquisition (SCADA) systetiize hardware and
software elements and IT technologies to monitor, gather, and proceds dag¢a.
power systems, SCADA systems are used for a range of functions, including data
acquisition, coftrol, adjustment of parameters, and generating warning sidrnegs.
SCADA systems allowsnformation exchangéetween thewind farm and the
remote monitoringand control centre By two-channelinformation transmission
channels the remote monitoring anaontrol centreis able toreceive signals
collectedfrom sensorand make decision on control strateglge sampling ratef
SCADA system usuallis usually belowd.002 Hz, i.e. data is sampled ever§®
minutes. Howeverthe data processing method of thignals will affect the

samplingresult.

The SCADA data used here have been obtained from a working wind farm. The

use of operational SCADA data is an effective way to demonstrate the algorithms
described in thishesisThese data represent 12 mont hsé
128 variables, comprising temperatures, pressures, vibrations, power outputs, wind

speed, and digital control signals. Note that SCADA signals are usually processed

and stored at 10 minute intervaddéthough sampled in the order of 2 s.

3.4Summary and discussion

In this chapterpptimizing wind farm power output strateggyjillustrated In power
output strategyactive power control is usdd keep the voltage frequency stable,
while the reactive power control makesltage of the power grid in reasonable
fluctuation interval Then the background information ohmonicrelated problem

is describedActive power filterclassificationandharmonicdetection technology
are detailed introduce#inally, the SCADA data collected from a commercial wind

farm is illustrated. In next chapter, the proposed condition monitonitipod is
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presentedValidation of the proposed algorithms will be cadioutby using
SCADA data
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based on Extreme Learning Machine

Condition Monitoring (CM) has been considegelan effective method to enhance

the reliability of wind turbines and implement ceffiective maintenance. Thus,
adopting an efficient condition monitoring approach of wind turbines is desirable.
This chapterpresents a moddlased CM approach for wirtdrbines based on the
extreme learning machin&l(M) algorithm.In order to solve tharbitrary values
assignment problem, the weights of the inputs and the biases of the hidden neurons
of the ELM model are optimized by the genetic algorithm (Glaylels lave been
validated from supervisory control and data acquisition (SCADA) data acquired
from an operational wind farm, which contains various types of temperatde
pressuredata of the gearbox. The results show that the proposed method can more

efficienty detect faults of the gearbox
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4.1 Model-based condition monitoring system

Wind farms areusually built in rema locations on land or offshore, which causes
that wind turbines arewormally subject toharsh weather. Thus, theutine
maintenancandinspection of wind turbirgarealways difficult to be implemented.
Over an operating life of 20 years, maintenance costs of wind farm may reach 15%
and 30% of the total income for onshore and offshore wind farms, respeftiljely
Condition monitoring (CM) is considered an effective method to schedule cost
effective maintenance activities and enhartlee reliability of wind turbine([6, 72,

73]. Consequently, it is essential to develop effective CM techniques for wind
turbine, providing information regarding the past and current conditiomiraf

turbines and to enable the tial scheduling of maintenance task

Input Output
—T1—®»| Process |—® Sensors >
+ .
i Residual
—» Model >

Figure4.1 Schematic diagram of modbhsed condition monitoring system

Fig 4.1 shows theschematic diagram of modbhsed condition monitoring
approach where the data generated from condition monitoring system or
equivalents are used as inputs using models to predict the output signals of a

physical process. Then, actual output signals argpaoed with the signals that are

53|Page



Chapter 4 Condition monitoring of the wind turbine

predicted by the model for given input signals. Differences between actual output
signals andhemodel predicting sigalscould be caused by changes in the process,
possibly due to the occurrence of faliltd]. The wind speed and power generation
are usually selecteds input data, and the output is the prediction sighiad
residual signal can be an important indicator to provide an early warning of
impending component failur®easonable maintenance strategies can thereéore
implemented, which can significantlgduce the maintenance cost and enhance the

availability and reliability of a wind turbinir4].

4.2 Methodology

4.2.1.Artificial neural network

An artificial neural network (ANN) is a kind of computational supervised learning
model, which has been widely used in many fields, including mode recognition and
state predictiorf75, 76]. Among numerous ANN methods, a single hidtsrer

feed forward neural network ($IN) using gradienbased baclpropagationBP)
training algorithm is one of the most classic ANN metfowdhe SLFN It is usually
selected as standard of comparison for estimating performance of other ANN

methods.

Fig 4.2 shows a diagram of a feed fordiareural network with a single hidden
layer. The network consists of an input layer, a hidden layer and an output layer of
neurons. For this example, the input layer haseurons; the hidden layer hias
neurons, and the output layer aseurons. Finallyxi, x2, =,  x» are the inputs

to the network angl, y», -, ymare the outputs from the network.
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Input Layer Hidden Layer Output Layer

Figure4.2 Schematic diagram dhe SLFN structure.

For the gradienbased BP training algorithforward calculation the gradient

basedBP training algorithmcan be described as follow:

Go ® ® E o (4-1)
006 © o E o (4-2)
WhereY is the actual output of the SLFRN;is thedesired outpudf the SLFN; t is

the iterationsof thetraining algorithm Thus, the erroranderror energyetween

the actual outpuandthe desired outputan be givenn equation (43) and (44)

respectively
Qo wo 0o (4-3)
00 -B Qo (4-4)

Ot hertwhesegbadiedntBP trainiogl aligimgivhen r ev
key st eBbPs tofaitnhiengilshlugoriatlem as foll ow:

o R (4-5)

rop Mo 10 (4-6)
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o -B00 (4-7)
Yoo —1®00 (4-8)
T Qdo0 o (4-9)

Wherew arethe weighs between the hidden neuron and input nedroare he
output weights connecting the hidden neuron #reoutput neuronst is the

training times: is thelearning rate

From above mentionedalculation processt shows that the traditiongradient
based BP traininfjow needst timesforward calculatiorandreverse calculation
respectively. While theterative times t is generally determined by model
designment and demand training accuracy.Furthermore, input weightand
output weightsare usually randomly determined, which will affect the training

result.

4.2.2Extreme learning machine

As above mentionedthe traditional gradieAvasedbackpropagationtraining
algorithms have some disadvantages such as trapping at local minima, the
overtraining, and the high computing burdens, which causes longer training time of
the SLFN during the learning process. Extreme learning machine algorithm was
first proposed by Huanfr7] for the SLFN. Compared with traditional gradient
based iterative leamg algorithm is used extensively to SLFN, ELM algorithm
actually incorporates the merits as follow8§-81]. ELM method has been applied

in the field of image signal processing.

I. TheELM arbitrarilyinitializes the input weights and hidden biases and analytically
calculates the output weighiThe selection ofhe input weights and hidden biases
will affect the prediction accuracy of the modelirthermorethe output weiglst

donotneed tdoeiteraed repeatedly in the training proceSsnsequenyl, theELM

56|Page



Chapter 4 Condition monitoring of the wind turbine

algorithm features an extremely faster learning sylead most popular learning

algorithms, and thus dramatically reduce learning time.

[I. Traditional gradienbased learning algorithms are iterative and may become
trapped in local optima. Other problems include overtraining and overfitting. These
issues majnterfere with the training result, especially when modelling a nonlinear
system. In contrast, the ELM algorithm is better at the generalization of training,

thus overcoming these issues.

Consider an ELM based uptime network illustrated in Fig 4\&ith an activation
functiong(.). It is assumed that the ELM is ablegstimateQ training outputsvith

zero error. The algorithm can be represented by the following expression:

b 0 E 0
, 0 0 E 0
U 8 8 E S (4-10)
0 0 E 0
f |§ f
f f E f
' & & & & (4-11)
f f E f
® © E o
. 0w o E o
w w E o
o ® E o
. W W E w
() () E
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;
A B NI Qe o E Qe @
HooT 06 6 e & E [ 0w & n
" ‘ ‘ = : :
:J' 06 O I Qoo & E R0 e &y

g SEE& (4-14)

Wherew is the weight between theh hiddenneuron andth input neurort;
I I E 1 is the vector ofoutput weights connecting thi¢éh hidden
neuron andm output neuronsy ® ® E @ are the input signals;

~

® @ o E & isthe bias of théh hidden neuron.
Eq. @-14) can be rewritten,
o 0 (4-15)

In which MT is the transpose aohatrix M andH is the output matrix of the hidden

layer. The matriH can be represented as,

Qe Iy ® Qe W ® E Mo I o o
Mo W O Mo b ® E Qo I » -
”, 11 i _
© [ é . 8 ) E é 0 (4-16)
O 0 @ Qo I & E Qo I o

Wheretheith column ofH is the vector of outputs of théh hidden neuron given
INputsxi, X2, *v  Xn. Following initialization of the input weight matriw (Lxn
dimensions) and the hidddayer bias vectob (length L), the matrixH (nxL
dimensions) is uniquely determined. The matrix of output weightgl.xm

dimensions), can then be calculateg 9imply finding amatrix 4 in order to

minimize the error function,

i EAOF 0O & (4-17)
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It is worth noting that the input weights and the hidden layer biasbsare not

changed during this procedure. The solution is expressed as the following:
I 00 (4-18)

Minimizing this function is equivalent to obtaining the unique smallest norm least
squares solution of linear system in €. The matrixH* is the generalized Moore
Penrose inverse of the matrk, which can be found using the singular value
decomposition (SVD) methd@2].

The Fig. 4.3 demonstrates the flowchart of ELM algorithm. There are four steps to
implement the ELM algorithm, including (i) design of the SLFN strest (ii)
random choice of the input weighiisand hidden biases (iii) acquisition of the
initial hidden layer output matriO and the output weights, and finally (iv)

improvement and updating of the hidden layer output m@&@axd output weights
.
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Start

!

Design the structure of SLFN

!

Randomly choose the input weight
w and hidden biasds

!

Obtain nitial the hidden layer outpu
matrix H and the output weights

!

Updatethe hidden layer output
matrix H and the output weights

!

End

Figure4.3 The flowchart of extreme learning machine (ELM)

4.2.30nline sequential extreme learning machine

Compared with other traditional supervised batch learning algorithms in ANNS,
ELM algorithm has the advantages of faster learning and better generalization
capability. However, the ELM algorithm assumes that all the training data is
available before thedming beginsln real cases, this assumption cannot always be
satisfied, as the data is available for training on a clinyaghunk or oneby-one

basis. Thus, a novel sequential extreme learning machine is employed. The

advantages of OELM algorithm[83] are given as follows:
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1) OSELM learning algorithm can receive the training data sequentially, i.e.,

arriving chunkby-chunk or oneby-one.

2) At any time, only newly arriving data is used valid training data and

transferred tadhe learning algorithm.

Thus, the application of GELM algorithm is very suitable for condition monitoring

of wind turbines. Nowadays, the operation of wind turbfobows the power curve
designed by the winditbine manufacturer. As an example, the normal power curve

of turbines from SCADA data is illustrated in F&y3as the reference wind turbine;
turbine power varies cubically with wind speed, and wind speed varies continuously
on timescales. When the wihspeed is lower than the dntspeed (4 m/s in this
case), the turbine does not produce any power because the rotor torque is too low.
When the wind speed is above the-out speed (25 m/s in this case), the turbine
does not produce any power eitherdese it is shut down to protect the turbine. If

the wind speed is above the rated wind speed (15 m/s in this case) but below the cut

out speed, the turbineds output power

The normal power curve can represent the operatidiorpgance of a faulfree

wind turbine. The change of operation performance, i.e., the change of power curve
of the wind turbine, may indicate the onset of a turbine fault. The power curve of a
wind turbine shown in Fig.4is an example of abnormal operations. In this case,
the wind turbine reduces power output (show in the red circle) in order to prevent
more serious faults from developing. Compared to-dbuin of the wind turbine
immediately when the fault is detectelle toperation by reducing power output
would reduce the mechanical loads experienced by the turbine, whilst still

maintaining its operation.

In contrast, Fig4.4 shows the power curve of a faulty wind turbine. It can be seen
that this turbine has, at sonpeint, operated with reduced power output. After
studying the fault log of the turbine, it has been concluded that this power reduction

followed a fault with the gearbox.
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As described above, the wind turbine can work in the different operation scenarios.
When the operation performance is changed, new training data should be refreshed
into the prediction model to fit the new operation scenarios. Thus, the advantages of
OSELM algorithm is able to update training data to fit the new operation scenarios
of thewind turbine. The full description of GELM algorithm is given as follow:

Figure 4.4Power curve of the wind turbine with a gearbox fault

In order to make ELMnline sequentigl can beransferredas follows:
=00 0O (4-19)
f 0 00 (4-20)

Suppose the training data has two sets, one ishitnek of initial training dat&)
andanotheris thechunk ofupdatetraining dataQ:. Then, the equatior{15) can
be updated tequation 4-21), where théO and0 are theoutput matrix of the
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