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Abstract

The main objective of this thesis is to design controllers for a 2MW wind turbine for
power regulation and tower load reduction. Due to the highly stochastic nature of the
wind, a wind turbine is exposed to strongly varying loads. More specifically tower
loads are a major concern and there is little literature proposing solutions towards
their mitigation. One of the objectives of the operation of a wind turbine is to
maximize its energy capture in below rated wind speeds through the controller. A
thorough assessment of what is possible in a modern MW scale wind turbine is
undertaken in this thesis. A full envelope single input single output controller is
designed to be used as a benchmark for comparison of the newly proposed
coordinating controller which successfully mitigates tower fatigue loads. The design

of the newly proposed coordinated controller is thoroughly explored and tested.
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Nomenclature

C Central controller (above or below rated unless defined)
Car Above rated controller (pitch control)
Cpr Below rated controller (torque control)
C, C; Outer and inner components of controller used in switching
Gtfl Tower feedback controller
Gactuator Dynamics of the pitch actuator
Q In-plane aerodynamic torque
Q, Out-of-plane aerodynamic torque
P Electrical Power
Air density
A Area of Rotor
0 Rotor speed
02, Angular velocity
C, Power coefficient
Cr Aerodynamic thrust coefficient
R Radius of the rotor
B Pitch angle
1% Wind speed
Kope Optimum controller gain for the tracking of the maximum power

coefficient curve

W, W, Generator speed
Wref Nominal Generator speed
L Effective length of the blade
k Weibull shape factor
Weibull scale factor
y) Tip speed ratio
Or In-plane rotational displacement of the centre of mass of the blade

1X



Rotational displacement of generator

Out-of-plane rotational displacement of the centre of mass of the
blade

In-plane rotational displacement of the tower

Angular position of the hub

Hub torque

Generator torque

Inflow factor (axial flow)

Rotor inertia

Edgewise blade stiffness

Flapwise blade stiffness

Fore-aft tower stiffness

Hub height

Fore aft tower inertia

Tower-rotor cross coupling inertia

Fore-aft acrodynamic damping of tower

Tower stiffness

In-plane aerodynamic torque

Out-of-plane aerodynamic torque

Frequency of blade edgewise moment

Frequency of blade flapwise moment

Material damping due to the twisting of the two shafts
Mechanical losses in the high-speed shaft of the drive-train
Mechanical losses in the low-speed shaft of the drive-train
Gearbox ratio

Inertia of the low speed shaft

Inertia of the Gearbox relative to the high speed shaft
Inertia for the side-to-side movement of the tower
Damping for the side-to-side movement of the tower
Stiffness for the side-to-side movement of the tower

Co-ordinated controller transfer function



Y,Y Tower frequency filter (High pass or Notch filter)
Ba Pitch angle demand
T, Torque demand
T.,K, Constants in wind speed model affected by the turbulence of wind
oy Wins turbulence intensity
174 Short term mean wind speed
Turbulent decay factor of spatial filter
Abbreviations List
WT Wind turbine dynamics
SISO Single Input Single Output
MIMO Multi Input Multi Output
CCDh Coordinated Controller Design
PCC Power Coordinated Controller
RHPZ Right Half Plane Zeros
TFL Tower Feedback Loop
HAWT Horizontal Axis Wind Turbine
nP n*Rotational speed
PID Proportional Integral Derivative
CFD Computational Fluid Dynamics
LTI Linear Time Invariant
BEM Blade Element Momentum Theory
DFIG Doubly Fed Induction Generator
SCADA Supervisory Control and Data Acquisition
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1 Introduction

The exploitation of the energy found in the wind dates back thousands of years.
Nowadays wind energy is exploited through large scale wind turbines used to
produce electrical power. Undoubtedly, the rapid development of renewable energy
sources is the most popular tool available internationally for the tackling of climate
change. Wind turbines are machines which convert the kinetic energy of the wind
into electrical power. This conversion is done in two stages; the first through the
rotor converting the kinetic energy of the wind to mechanical energy and the second
stage through the generator converting the mechanical rotational energy into electric

energy.

In recent years, it has become common knowledge that wind farms are playing a very
important role towards the development of green, natural energy. They completely
eradicate carbon and gas emissions; to the extent that for a SOMW wind farm,
approximately 2,300 tonnes of sulphuric acid, 128,000 tonnes of carbon dioxide and
180 tonnes of nitrogen dioxide are avoided from being emitted to the atmosphere, by

using conventional power plants.

Around 40 GW of new wind energy capacity has been added this year alone
(globally). The global installed wind energy capacity was close to 200 GW by the
end of 2010. The European wind market on its own is expected to grow at a rate of
over 9 GW annually, which takes the figure of annual investments to more than 11
billion Euros [45]. The Global Wind Energy Council (GWEC) predicts the global
market for wind turbines will grow to more than 330 GW of total installed capacity
by 2013. It is also anticipated that wind power could cover up to 13% of global
electricity demand by 2020, according to GWEC, and up to roughly 25% in 2030
[45].



The figures discussed above are huge and show the rapid development of the wind
energy market. Research is being done into every aspect of the wind turbine
operation, and, as the wind turbines get continuously larger in size, see Figure 1.1,
issues like their design, control, economics and location become more complex and
demanding. Much research is being done on the materials used to build a wind
turbine [60]. The trend is towards lighter, stronger, less expensive materials,
especially for the tower and blades. In some case the cost of the tower and its
foundations account for more than the 50% of the total cost of the wind turbine, the
reason being that less costly material with high endurance have not yet been fully
justified. In order for new materials to be used i.e. aluminium, concrete etc, the
fatigue loads and the strength requirements must be fully met.
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Figure 1.1: Size development of wind turbines [45]

The heart of the operation of a wind turbine is its controller. As the size of the wind
turbine increases the controller becomes more complex and more tasks are assigned
to it. Wind turbine structural elements have become structurally flexible and fatigue
loads have become of major concern. If they are not taken into account the operating
life of the wind turbine can be reduced and the costs for maintenance, down time and

part replacement will be significantly increased.



The purpose of this thesis is to pronounce the significance of the controller and its
contribution to energy capture, present the full envelope controller design of a
modern large MW scale wind turbine, and introduce advance control algorithms

towards the alleviation of tower fatigue loads.

1.1  Brief History of Wind Power

Historically wind power has followed a general evolution from the use of simple,
light devices using aerodynamic drag force, to heavier material. Human efforts to
exploit wind for energy date back thousands of years, when sails were used to propel
ships and boats. Aerodynamic lift (the force making planes fly) is not a modern
concept at all. The earliest use of wind power is the sailing boat, which is the
predecessor of sail-type windmills. Ancient sailors didn't have the physics
background knowledge to explain how aerodynamic lift and drag worked, however

they used it in everyday life.

The earliest design of a wind mill documented, dates back to 200 B.C [63]. The
Persians used them for grinding corn during this period. These were vertical axis

machines and the grinding stone was attached to the vertical shaft.

Windmills were also widely used by the Chinese, and some people argue that China

was their place of origin.

The first windmills in the western European region were horizontal-axis machines.
The reason for the change from the Persian vertical-axis design is yet to be answered.
This is probably due to their higher structural efficiency. The first illustrations
(approximately 1270 A.D.) depict a four- bladed mill mounted on a central mast.
These mills used wooden gears to transmit the motion of the shaft to rotate a

grindstone.

The era of electricity generators using wind as their fuel began around 1890°s when
the first wind turbine was designed in Denmark, specifically for electricity
generation. Then in 1920 the Darrieus machine was developed, having narrow
curved blades designed to rotate around the vertical axis. Wind electrical generators
then evolved rapidly with new axis, rotor and blade design concepts. Constant speed

wind turbines with rated power 100kW were developed later in the 70’s in Germany



having a diameter of about 15m. Thereafter the technology dramatically evolved, to

the point where SMW machines are proposed to exploit the offshore resource.

1.2 Thesis organisation

The thesis is organised as follows:

Here in Chapter 1, an introduction, the motivation and organisation of this thesis is

presented, as well as a brief historical background of wind energy.

Chapter 2, provides the background to control of wind turbines. Details about the
wind resource as well as the fatigue loads that wind turbines encounter are also

included in this Chapter.

Chapter 3, describes the modelling and aerodynamic background of a modern
horizontal axis wind turbine. Apart from the modelling details, a brief assessment is
also made of commercial aeroelastic codes widely used by the wind energy
community. The results and simulations included in this thesis are outputs from the

aeroelastic software package GH Bladed.

Chapter 4, assesses fully the energy capture capability of a modern MW scale wind
turbine. As explained in Chapter 2, one of the main and most important objectives of
the controller during below rated operation is to ensure that the wind turbine
maximises the amount of energy captured from the wind. It is investigated whether
energy capture is dependent on the control strategy adopted and to what extent the

wind turbine is exploiting the energy available in the wind.

Chapter 5, provides a description of a detailed full envelope controller design for the
2MW Supergen exemplar wind turbine. This wind turbine and its controller serve as
a benchmark for comparison of the novel controller algorithms for tower load

reduction, presented in Chapter 6.

Chapter 6, presents novel algorithms based on a parallel path modification to the
existing controller, using a coordinated multi-input multi-output concept which
significantly reduces the lifetime tower fatigue loads. This concept is extended to a
power coordinated controller design, which manages to reduce the loads with no

compromise in the performance of the wind turbine.



Finally, Chapter 7 summarises the results presented in this thesis, draws some
conclusions and discusses the proposed further work to be done in this area of

research.

1.3 Publications

The outcomes of this thesis resulted in the following publications:

1. A. Chatzopoulos, W.E. Leithead, “Ensuring maximum energy capture by wind
turbines during below rated operation”, 5th PhD Wind Energy Conference in
Europe, p.97-100, 30 September — 1 October 2009, Durham, UK

2. A. Chatzopoulos, W.E. Leithead, “Assessing the Energy Capture Capability of a
MW Scale Wind Turbine During Below Rated Operation”, European Wind Energy
Conference 2010, Scientific Proceedings, p.251-254, 20-23 April 2010, Warsaw,
Poland

3. A. Chatzopoulos, W.E. Leithead, “Reducing tower fatigue loads by a co-ordinated
control of the Supergen 2MW exemplar wind turbine”, Torque 2010: The Science of
Making Torque From Wind, Proceedings of 3" EWEA Conference, p.667-674, 28-

30 June, Heraklion, Greece

To be presented in September 2011:

4. A. Chatzopoulos, W.E. Leithead, “The Use of a Novel Power Co-ordinated
Controller for the Effective Reduction of Wind Turbine Tower Fatigue Loads”,
eRA2011 — Conference for International Synergy in Energy, Environment, Tourism

and contribution of Information Technology in Science, Economy, Society and

Education, 19-24 September 2011, Greece



2 Overview of the Wind turbine and the

Controller

2.1 General Background

Control plays a very important role in the efficient operation of the wind turbine. It
allows for better exploitation of the wind energy capacity as well as the mitigation of
fatigue loads that reduce the lifetime expectancy of the installation. Hence, active

control has crucial impact on the cost of wind energy [69].

Wind turbines have to account for the stochastic nature of the wind and therefore,
they include mechanisms that limit the captured power in high wind speeds to avoid
damage of the machine. For low wind speeds the controller needs to adjust its mode
of operation according to an ideal strategy of the wind turbine. The most common
practice for power limitation is to reduce the blades lift by pitching the blades and
discarding excess power. Alternatively, passive control methods are sometimes used

for this job.

2.2 Preliminaries of the wind turbine controller

The control task of a modern wind turbine is to enable the wind turbine to maintain
the appropriate operational state as conditions change and to improve its dynamic
properties. It is divided into two main categories: Supervisory control and

Operational control.

2.2.1 Supervisory Control

Supervisory control is responsible for assigning “supervisors” that restrict the
behaviour of a plant such that the given manufacturers specifications are fulfilled.
States of the wind turbine that supervisory control is responsible for, include the

following [62], [65], [69]:



e System check: this includes a check of the most important parameters of the
wind turbine that may indicate a start up fault. Examples of such parameters are
the status of the brakes, pressure levels, temperatures etc.

e Stand by: referring to the low power mode in which the machines systems are
checked and ready to start

e  Start up: includes the pitching of the blades at the optimum angle of attack for
below rated operation, and the rotor starts to rotate.

e  Shut down: this is the case when the mean wind speed over a specific period of
time remains outside of the wind speed operational limits of the wind turbine.
The wind turbine goes back to its stand by state.

e Power production: this state refers to the connection of the generator to the grid.
There is a distinction in load operation according to the wind speed. When the
wind speed is below the rated value the wind turbine operates at partial load.
When the wind speed is above the rated value then there is maximum power

production and the wind turbine is operating at full load.

More states [65] can also be considered to be affected by supervisory control which,
amongst others, includes the engagement and disengagement of the brakes of the
shaft, the power up of the actuators and the employment of the closed loop pitch
controller for power limitation. The supervisory controller must make sure that
specific tasks are completed before moving to the next ones. If a test does not pass

because of a fault or conflict then the turbine is shut down.

2.2.2 Operational Control
Focus on the operational controller and its design is the main goal of this thesis. The
main goals of operational controller may be divided in two categories depending on

whether the wind turbine is operating in the below or above rated region:

Below rated

The task of the controller in this region is to extract as much power from the wind as
possible. The objective in this low wind speed region is to vary the reaction torque
from the generator according to a measurement of either rotor speed or output power.
In this region, pitch regulated, variable speed wind turbines which are the main type

discussed in this thesis; operate with minimum pitch angle in order to produce as



much power as is theoretically possible. The full assessment of the energy capture
capability of a modern large scale wind turbine is undertaken in Chapter 4 of this
thesis. The results suggest that when the theoretical maximum Cp,,,, curve is
tracked through careful choice of the controller gain, almost no energy losses are
observed. However, on fixed speed wind turbines which are not discussed here, the
optimum angle of attack may vary slightly and the blades may have to be pitched
slightly in order to achieve maximum power output. Another important task of the
controller in below rated operation is the smooth switching between the 1** constant
speed region, Cppnq, tracking region and 2™ constant speed region. A typical
operating strategy of pitch regulated, variable speed wind turbine and the

aforementioned regions are depicted in Figure 2.4.

Above rated
In above rated operation the power is limited at some pre-determined nominal value

(reached at rated wind speed). The task of the controller in this region is amongst

others to [2], [38], [65], [69]:

e Maintain power at its rated value

e Compensate for the aerodynamic nonlinearities

e Keep the required stability margins that will ensure stability

e Take action to alleviate increased tower and rotor loads

e Maintain generator speed and torque within the required band of operation,
protecting from over speed

e Maintain pitch activity within the specified limits

Inevitably there are trade-offs that have to be considered and analysed when
designing the controller. Effort to improve the performance of one aspect might have
negative influence on another. The task of the control engineer is to balance the
advantages and disadvantages and make the best decision for overall improved

performance.

Many different control methods have been discussed in the literature. To name a few,
the Linear Quadratic Gaussian control approach is discussed in [50], [51], [52]

minimising an LQG cost function, aiming at maintaining the power output at its rated



value. A Model Predictive Controller is design and tested in [55], [56]. Fuzzy Logic
approaches are discussed in [8], [53], [54] mainly in below rated wind speeds in
order to maximize energy capture. The minimization of the H2/Hoo norm using a
Linear Parameter Varying controller is proposed in [57], balancing the tradeoffs
between loads and power output. All of the methods give good results, some better
in load reduction and some better in power output performance. The classical design
approach, mainly used here, involves the use of PI or PID controllers for the design
of the controller and is nowadays the industrial standard. Once rated torque is
reached, pitch control has to regulate the rotor speed while keeping the load of the

torque constant and thereby maintain power at the rated level.

As discussed in [20], [33], [59], the bandwidth of a system is a very important
indication of the benefits and drawbacks of applying classical feedback control. As
far as performance is concerned, the speed of response of the system under study
relates directly to the bandwidth frequency. In general a large bandwidth corresponds
to a faster response since high frequency components are not attenuated. However,
high bandwidth indicates a sensitivity to noise and to parameter variations. On the
other hand a low bandwidth frequency indicates a slower but more robust system. It
is easily understood that depending on the nature of the system, a balance of
tradeoffs has to be made. Roughly speaking bandwidth is the frequency range over
which the controller is effective. In the case of a wind turbine the highly stochastic

nature of the turbulent wind requires a responsive controller.

2.3  Pitch versus Stall Control strategies
Passive stall controlled wind turbines do not pitch the blades, whereas, active stall
controlled machines are similar to the pitch controlled ones. The existing types of

control strategies are described below.

Constant speed Stall Control
The constant speed, stall regulated strategy, see Figure 2.1, involves no active
aerodynamic control action during normal operation. There is a direct connection of

the generator to the constant frequency grid.
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Figure 2.1: Stall regulated, Constant speed strategy

Variable speed Stall Regulated

The concept of active stall regulation is to reduce the aerodynamic power by pitching
the blades in the negative angle opposite to that done in active pitch control, see
Figure 2.5. This is done in order to increase the angle of attack of the wind on the
blades [68]. The generator is decoupled from the grid and the rotor speed is
controlled through varying the reaction torque from the generator. In variable speed
stall control, the rotor speed is varied to vary the aerodynamic torque and so to limit

the output power. The torque versus speed curve of this strategy is shown in Figure
2.2.
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Figure 2.2: Variable speed Stall regulated strategy

Constant speed Pitch Regulated
This is another case where the generator is directly connected to a constant speed

grid. This strategy is depicted in Figure 2.3, and the blades are pitched to limit the

power in above rated wind speeds [31].
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Figure 2.3: Constant speed Pitch regulated strategy
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Variable speed Pitch Control

This control strategy is used to pitch the blades in such a way as to discard excess
wind and limit the power output at its rated value. The 2MW wind turbine analysed
in the present thesis adopts the active pitch control strategy and is therefore the main

control strategy discussed. Its torque versus speed curve is presented in Figure 2.4.
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Figure 2.4: Ideal operating strategy for Variable speed, Pitch controlled wind
turbines (Aerodynamic Torque — Rotor Speed)
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Figure 2.5: Active Pitch vs. Active Stall Control



2.4 Wind Resource

It is common knowledge that accurate prediction of the wind turbine performance
depends on the knowledge of the behaviour of the wind. The most obvious
characteristic of the wind resource is its variability. The wind speed at any location
varies continuously in a stochastic manner and there are yearly, seasonal, daily and
even turbulent second to second variations. All these variations make it difficult to
accurately predict the exact energy capture performance and other aspects of the
wind turbine behaviour. Typical wind speed time series plots are available in

Appendix B.

The typical Van der Hoven spectrum see Figure 2.6, depicts the variance in wind
speeds related with the time scales mentioned above. By observing this frequency
plot we see slow variations occurring in a range of between 10 minutes and 2 hours.

This explains the reason why wind statistics depend on mainly this timescale range.

Tl et Peak

Figure 2.6: Typical Van der Hoven spectrum

2.5 Fatigue Loads

Due to the nature of the wind turbine it is subjected to various kinds of loads and
stresses which are highly variable and affect almost all of its components. This is
even more important as the size of the wind turbine increases and their components
become more and more flexible. Even at the initial design process of the wind
turbine it is crucial to assess its components and analyse the loads that the machine

will experience during its lifetime. Moreover, very importantly as their size
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increases, the controller must cater for and actively alleviate much of the fatigue

loads where possible.

It is known that the wind field in which the wind turbine operates is non-uniform and
stochastically time-varying. There is strong interaction between the stochastic wind
field and the rotor which causes loads on the whole structure. The main categories of
loadings that are usually taken into account are Aerodynamic, Inertial and
Gravitational loads. These cause increased bending moments such as in the flapwise

and edgewise modes of the blades, fore-aft modes of the tower, the drive train etc.

On the spectrum plot of Figure 2.7, it is easy to observe the loads, caused by the in-
plane and out-of-plane moments of the blades, as large peaks placed at frequencies
which are multiples of the frequency of the rotor. These are referred to as “nP” loads
and may often cause damage to different components of the wind turbine. Another
example is depicted in Figure 2.8, depicting the spectra of the fore-aft bending
moment of the base of the tower. The large peak centred at the tower dominant
frequency is causing excessive loads on the structure and must be alleviated through
the controller. The reduction of the tower loads is one of the main objectives of this

thesis and is thoroughly analysed in Chapters 5 and 6.

10 T T T
1P Stochastic 1P Deterministic
=
= 10
L 10 | =
=
@
=
2
2 * AR 3
= 8 M~
Fo | - "‘\‘ A/ |
3 e
o E 1
=
@
=
w@ 0
g 10 F -
@
Blade in-plane moment
Blade out-plane moment
5 *  Generator torque
1D n MY | i M i i a s sl i id i s aaal
2 a ] i z 3
10 10 10 10 10 10

Frequency [radis]

Figure 2.7: Unbalanced “nP” loads
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3 Modelling and Aerodynamics of Variable
Speed Wind Turbines

3.1 Main Wind Turbine Components

The most important components of a modern MW scale wind turbine are listed

below and depicted in Figure 3.1.
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Figure 3.1: Main components of a HAWT [68]

e Rotor: The rotor of a wind turbine consists of the blades, the hub, the bearings
and the shaft. It is the part of the wind turbine responsible for capturing the energy
of the wind and transforming it into mechanical power. Modern wind turbines,
such as the one discussed in this thesis, follow the Danish concept (i.e. three
blades, upwind) which is nowadays the industrial standard. The size of a rotor
depends on the turbines rated power, the higher the power output, the bigger the
size of the rotor. Very early wind turbines of 25kW had a rotor diameter of 10m
whereas a modern 2.5MW wind turbine rotor has a diameter of approximately

80m. To design a rotor, different methods are used by researchers and engineers,
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such as the Blade Element Momentum theory, the Reynolds Navier stokes method
(Fluid Dynamics approach) and the Vortex Lattice method.

Tower: The tower serves the important role of supporting the rotor and the
nacelle. Different concepts exist (Tubular, Lattice etc.) depending on the scale and
the purpose of the turbine. Due to the fact that wind turbines are becoming larger
in size, today towers may be in excess of 90m tall for a SMW machine. It is
inevitable that as towers become taller, the loads they experience become an
important issue. This is one of the main topics of the present thesis.

Gearbox: It is situated between the main shaft and the generator. Its use is to
increase the rotational speed of the rotor to the generator rotation speed of 1000 or
1500 revolutions per minute (rpm). The gearbox has always a constant ratio (as
opposed to car gearboxes), however they are prone to wear and high maintenance
needs.

Generator: The role of the generator is very demanding as they have to work
under fluctuating power levels because of the nature of the stochastic wind.
Depending on the operation and the type of the wind turbine, different types of
generators are used. Most MW-scale wind generation plants are integrated with
the grid, therefore three phase AC generators are commonly used. The most
commonly commercial wind turbine configurations are the Doubly-fed induction
generator (DFIG) wind turbines, see Figure 3.2, and the Wide-range variable-

speed wind turbine based on a synchronous generator, see Figure 3.3.

i~ /".'

| .e'J Wound rotor
inductlc:n_-_:-:n-:ratc:r
(| 2N O Q=

] f . T
=g 'aY.

-H'\u
| /
', ;"l - Power Converter
— ‘}; T\ -

—

Crowbar

e kx| L -
ET ]q}

Figure 3.2: Typical DFIG Configuration [73]
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Figure 3.3: Wide range variable speed wind turbine configuration [73]

The first configuration uses an asynchronous generator combined with power
electronics, and as its name implies, is able to decouple from the grid and operate in
a specific speed range. Moreover, they are efficient with relatively little maintenance
needs. The second configuration uses a synchronous generator in which the rotor and
the generator rotor are completely decoupled from the grid, allowing operation in a

wide range of speeds.

e Sensors: sensors are the electronic devices that measure various quantities from
the different components and convert these measures to signals. Some of these are
used by the controller in order to take corrective action while the rest allow the
global monitoring of the system via the SCADA. One example is the
measurement of output power several times per second. This allows orders the
pitch control mechanism, to pitch the blades and discard the excess power.

o Safety systems: The wind turbine must have the capability of stopping in case of
an emergency. Examples of emergency include an over-speed, highly turbulent
wind speeds, disconnection of the generator from the grid, failure of one of the
subsystems etc. For such an event the turbine is designed to use aerodynamic and
mechanical breaks. In the case of aerodynamic braking, the wind turbine pitches
the blades in order to cancel the aerodynamic lift and therefore stop the rotor.
Mechanical brakes, usually discs braking are used as backup devices and are also

used for parking the blades.
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3.2 Basic Aerodynamics

The operating principal of a wind turbine is to extract kinetic energy from the wind.
The aerodynamics of the rotor refers to the mutual interaction between the wind and
the rotor. This interaction is most commonly described by Blade Element

Momentum Theory (BEM), which considers the rotor as a disk, see Figure 3.4.

Figure 3.4: Disc representation of the turbine and the wind flow [65]

According to the BEM theory, the turbine extracts the energy by inducing a change
in pressure across the swept disk. This causes part of the wind to slow down and this
part is transformed from kinetic to mechanical energy by the turbine.

The ratio of the power extracted from wind over the energy going through the swept

rotor area is called Power coefficient and is given by:

p (1)

%pAv3

Cp =
In the above expression Cp is the power coefficient, P is the electrical power, A is
the rotor area swept, v is the wind speed and p the air density (1.225kgr/m3).

The denominator of eq. (1) stands for the power available in the air if the rotor disk

did not exist (theoretical power), hence the power coefficient is equal to [65], [68]:

Cp = 4a(1 — a)? )

where, a represents the axial inflow factor.
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To find the maximum value we set the derivative of (2) equal to zero:

ac
P 0 5a=033 (3)
da

Therefore the maximum possible value of the power coefficient is, Cpyq, = 0.59,

which is also known as the Betz limit or Betz coefficient.

3.3 Aeroelastic Design Codes

Detailed dynamic models are essential in any application where simulation is used to
evaluate the design of a system. Especially for wind turbines, aeroelastic codes are an
absolute must at all steps throughout the design and test process. For the task of
designing and testing a controller such design codes provide the linear and nonlinear
models. There are several commercial packages available, all with different levels of

complexity and detail. The requirements that such a code must have are amongst

others [70]:

e The ability to adapt to different wind turbine configurations. Standalone
simulation software has to face the challenge of accounting for different number
of blades, different types of generators, drive train configurations, masses
changes, rotor imbalances etc.

e Exporting of linear models is an essential characteristic of such a piece of
software. These are extremely useful when designing and tuning a controller, as
well as when assessing the wind turbines dynamic behaviour.

e Accounting for couplings between different modes of the turbine that interact
together.

e Ideally it must have a user friendly interface that allows for straightforward
parameter adjustments for simulation and post-processing of data.

e Experience shows that easy exporting of data files, which can be read by other

programs for manipulation and analysis (e.g. Matlab), is also very helpful.

A substantial presentation and comparison of most of the existing aeroelastic codes is

also made in [70]. A brief description of a few of these codes follows:
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e GH Bladed: It is “an integrated software package for wind turbine performance
and loading calculations” [31]. It has a friendly user interface and is able to carry
out sophisticated tasks having to do with:

1. Manipulation of all the parameters of a wind turbine

2. Specification of environmental inputs and load cases

3. Rapid calculation of steady-state performance characteristics

4. Dynamic simulation covering all turbine states and allowing the use of a
user-defined controller

5. Post-processing of results

GH Bladed has been certified by Germanischer Lloyd, and it is developed by Garrad
Hassan & Partners in Bristol, England. This software package was used for the

validation and simulation results presented in this thesis.

e FAST: Stands for Fatigue, Aerodynamics, Structures and Turbulence and was
developed in the Oregon State University in collaboration with NREL. It is
relatively fast because of the limited degrees of freedom and can model any
wind turbine configuration [28]. It uses modal representation for the flexible
parts of the wind turbine and also uses AeroDyn for the representation of the
dynamics of the rotor. It is a public domain piece of software available to
anyone.

e FLEXS: This software package was developed in the Technical University of
Denmark. It can simulate wind turbines with different number of blades whether
they are pitch controlled or stall controlled and fixed or variable speed. The user
interface is not as friendly as in the previous codes mentioned, yet the
simulations are very fast.

e GAST: It is a General Aerodynamic and Structural Prediction Tool, and was
developed by the National Technical University of Athens in Greece. It is able to
perform full simulations of wind turbines over a wide range of operational

conditions [29], as well as post-processing of data and load analysis.

Other Design Codes, such as DUWECS, FOCUS, GAROS, PHATAS, GAROS,
YawDyn, AeroDyn, etc., exist having similar possibilities with the ones described

and a more complete discussion of these may be found in [70].
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3.4 Wind Turbine Modelling and Dynamics

Or

o1

Figure 3.5: Modelling parameter representation of the Wind Turbine

The derivation of the dynamic wind turbine models used here in the Simulink
simulation for the controller design is described in detail in [12], [13]. It includes all
necessary components for a full wind turbine operation and includes, wind speed,
aerodynamics, rotor dynamics, tower dynamics, drive-train dynamics, actuator

dynamics, converter dynamics and of course the control dynamics.

As far as rotor dynamics are concerned, the structural (low frequency) modes that
interact directly with the drive train are included. Each blade has two dominant
modes, the flapwise and the edgewise. Both modes contribute to the dynamics of the
drive train. There are three modes of the rotor with, one blade stationary and two
oscillating at the same frequency but out of phase. Adding these motions together the
result is zero and therefore they constitute only two independent modes of the rotor.
The third mode is that with all three blades oscillating at the same frequency in
phase. The frequency of the edgewise motion of the rotor is the same as the edgewise
frequency of one individual blade. This third mode is the most important contribution
to the rotor dynamics as it is the only low frequency mode to directly transmit low
frequency loads to the drive train. Similarly, the only flapwise rotor mode essentially

affecting the dynamics of the drive train is the one with all three blades oscillating in
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phase (and having the same frequency). Therefore, the rotor can be modelled as a

single blade.

The fore and aft movement of the tower, as well as the out of plane mode of the rotor
couple with the rotor and drive train. As mentioned earlier all the dynamics affecting
the design of the controller are included in the model. Therefore, dynamics, such as
the in-plane and out-of-plane rotor modes and the first dominant mode of the tower,
are modelled, as they may cause R