
Executive Summary

Wind turbines with floating support structures are blessed with their potential in gen-
erating high quality and affordable electricity due to the economics of scale. However,
conventional land-based wind turbines blade pitch control system coupled with a floating
structure present a problem known as control-induced resonance. The problem, if unre-
solved may lead to devastating implications such as structural and machinery failure due
to fatigue.

This thesis started off by examining the working theory of a detuned version of con-
ventional land-based controller intended for offshore floating wind turbines (FOWT) and
subsequently using it as a baseline for performance comparison with a few alternative
state of the art designs that also aim at reducing control-induced resonance. Rather than
developing novel controller designs, the focus of this work has been on code implemen-
tation and extending the performance evaluation criteria beyond structural. A decoupled
approach is taken to separately account for the dynamics of different component levels.
Modifications to the baseline control strategy are made through a java interface interact-
ing with aero-hydro-servo-elastic code SIMA which is the environment where the global
analysis is carried out. Finally the global response is then imported to MBS simulation
software SIMPACK for drivetrain multi-body dynamics simulations.

Three alternative controllers are considered and implemented in this work. The first
one is simple yet elegant variable speed variable pitch strategy proposed by Lackner in
which platform surge velocity is being fed to the control loop with a constant gain as
active damping term to augment the reference speed of the rotor [1]. The ’energy shaping’
filter developed by Pedersen in his doctoral thesis augment the reference speed through
a function developed on the basis of energy conservation [2]. Lastly the energy shaping
controller is complement with an individual pitch control mechanism to reduce blade flap-
wise bending load described by Lackner [3] and Bossanyi [4].

The performance of controllers is evaluated based not only on their ability to mitigate
structural loads but also loads on drivetrain component in which limited studies has been
made. Frequency response analysis proves to be effective in identifying frequencies at
which the controllers are behaving poorly and allows the possibility of filtering out of
such frequencies at input. By looking at the frequency response of the component in the
drivetrain, sources of excitation from global analysis can also be identified and thus giving
a more complete picture with regards to the gains and losses using a particular controller.
Finally, one hour fatigue damage comparison is used to justify that the mitigation of loads
at certain frequencies leads to an improved fatigue performance.
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Chapter 1

Introduction

1.1 Background

Wind power has developed into a reliable and competitive source of energy driven by
rapid technological revolutions and increased environmental awareness. It is renewable,
non-pollutant and therefore according to World Wind Energy Association [13] - the overall
capacity of wind turbines installed worldwide reached 600 GW by the end of 2018 with
53,900 MW added in 2018 alone. This accounts to nearly 6% of the global electrical
energy demand. In Europe, wind turbine manufacturing industry supports over 260,00
highly-skilled jobs and generates a turnover of 60 billion Euros per annum. Being one of
the leaders in wind technology development, the European wind industry exports 8 billion
Euros per annum in technology and services [14].

The �rst offshore wind farm was commissioned in Denmark in 1991 and since then
the number has grown drastically. It is predicted that by 2022, global operating capacity of
offshore wind farms will reach 46.4 GW of which 33.9 GW of the capacity being operated
in Europe, 11.3 GW in Asia and 1.2 GW in North America [15]. Concrete foundations
are used in the more benign Baltic Sea sites; monopiles have been used in shallow seas
while non-monopile steel structures (jackets, tripods and tripiles) are preferred in deeper
waters up to 40 meters water depth. Despite innovative designs, bottom founded structures
present limitations due to the scarcity of shallow coastal waters with high quality wind and
public preference to keep wind turbines far offshore. Japan and the United States are in
particular exposed to such limitations due to the lack of shallow sites. Floating solutions
come in as an alternative offering the offshore wind industry access to wind resources in
water depths greater than 50 meters. In transitional water depths (30-50 meters), �oating
foundation may offer lower cost solution than �xed bottom foundations due to the poten-
tial standardization of foundation designs, capability of onshore assembly and the used of
available installation vessels in the market. In the long term, the industry recognizes the
potential of �oating in water depths where bottom founded structures are no longer cost
ef�cient. Following the successful deployment of a full scale prototype Hywind demon-
stration unit in 2009, Equinor successfully launched the world's �rst commercial wind
farm with �ve 6 MW turbines offshore Scotland in 2017 marking a key milestone to the
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Chapter 1. Introduction

development of �oating wind solutions.
The key to reliable �oating offshore wind turbines lies in the design of the �oating

support structures according to site speci�c environmental conditions. According to IEC
61400-3 design requirement, the load on a offshore wind turbine has to be calculated
through integrated dynamic analysis taking into consideration characteristic wind, hy-
drodynamic and permanent loads [16]. Time domain aero-hydro-servo-elastic analysis
is therefore typically performed on �oating offshore wind turbine (FOWT) to take into
account the effect of nonlinearities in aerodynamic, structural dynamic and control sys-
tem. Some examples of computer aided engineering (CAE) tools being used are such as
FAST by NREL, Bladed-Sesam by DNVGL and SIMA by SINTEF Ocean which are all
based on coupled aero-hydro-servo-elastic simulation in time domain. Simulations using
these CAE tools can be performed within a relatively short amount of time and therefore is
suited for preliminary design where many load cases need to be tested within a short time
frame.

More sophisticated Multibody Dynamics (MBD) software such as Adams and SIM-
PACK were used to capture complex interactions between disciplines including motion,
structures, actuation, and controls. These MBD simulation software aim to produce as
close as possible the real world behavior by including more degree of freedoms (DOF) and
using a higher time step resolution as compared for example, the FEM solver in SIMA.
Such high �delity simulations require signi�cantly longer computing time and therefore it
is not possible in this project to employ these software on every load case. However, in
order to study in detail the response on the component-level of the generator, global re-
sponse of selected load cases generated from coupled analysis were imported to an MBD
software for further analysis. The global analyses for a range of load cases of the platform
in this project were performed using SIMA while the detailed analyses of the generator for
selected load cases were perform in SIMPACK environment.

Traditionally, blade pitch controllers are used to regulate the wind turbine aerodynamic
power above rated speed. As wind turbines become larger, there is an increase of interest
in the load mitigating ability of these controllers. This work explores the implications of
different load mitigating control strategies employed on a spar-supported FOWT through
modifying an existing controller and performing load analyses. The results are then com-
pared to the baseline for performance evaluation of the developed controller.

1.2 Previous Work and State of the Art Technology

Numerous studies have been carried out to analyze the performance of different control
strategies with Bossanyi [17] being one of the earliest work to describe various conven-
tional and recently developed control algorithms. Without referencing to speci�c type
of supporting structure, Bossanyi's work described the conventional Proportional-Integral
(PI) controller and showed that it can be modi�ed to include more terms and achieves re-
duction in motion responses. Methods such as the use of additional sensors as to provide
more inputs to the PI-controller and the use of more advanced observer-state estimator
control algorithm to optimize controller performance are also brie�y described. Control-
induced negative damping of tower motion above rated wind speed was �rst described by
Nielsen et. al. [18] where conventional constant power blade pitch control strategy. Sim-
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ulations and model scale experiments on on Hywind �oating concept show that at above
rated wind speed clear resonance at surge and pitch frequency were detected. It was also
mentioned that the addition an ”active damping” component successfully reduced the peak
of resonance. However no further details were given on the design of the controller. Sev-
eral subsequent work addressed the negative damping problem and attempted to improve
existing control strategies. Larson and Hanson [19] for example tested a few controller
natural frequency ranging from0:01 to 0:1Hz and discovered that the controller worked
best to reduce large motion excitation at lower frequencies. A slower to react controller
however resulted in higher speed variation of the rotor and undesirably lower power qual-
ity. In another research, Jonkman [20] studied the effect on the pitch motion damping
of a barge supported wind turbine using three different methods. The �rst method was
to include tower-top acceleration as an input in an additional blade pitch control loop as
suggested by Bossanyi [17]. The second method was to use variable blade pitch to stall in-
stead of feather as in conventional controllers and the third method was to detune the gains
in the variable blade pitch to feather controller. Detuning gains showed the most promis-
ing of results but did not, however reduce the platform pitch negative damping problem
suf�ciently enough. Lackner [1] presented a simple controller that uses platform pitch
velocity as an input to augment the generator speed set point. This easily implemented
controller showed signi�cant reduction of motion with a slight downside of increased gen-
erator power and speed variability. Lackner further commented that this increase in power
variability might not amount to much effect as compared to the overall power variability
of an entire wind farm. Similarly, in their patented design Skaare and Nielsen [8] injected
an active damping term by passing the platform pitch velocity through a ”black box” (that
is said to �lter and process the signal) to augment the generator reference speed. A block
diagram of the design is shown in Figure 1.1.

Figure 1.1: Hywind patented controller block diagram [8]

In his Phd. thesis, Pedersen [2] proposed an energy shaping controller motivated by
the conservation of energy within the wind turbine system. Pedersen showed that the
energy equilibrium of a �oating offshore wind turbine can be represented using a dynamic
equation with perturbation in the form of change in wind speed,�w and change in rotor
speed,� 
 . This idea allowed the derivation of a variable speed controller mathematical
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model that uses�w as input to depict a corresponding desired� 
 . This method is pivotal
to this work and will be examined closely in Chapter 5. Finally in a more recent work,
Fleming et. al. [21] simultaneously used platform pitch angle and nacelle velocity as
inputs to augment the generator reference speed.

Other than collective pitch controllers (CPC), work has also been done exploring the
advantages of controlling blade pitch individually. Bossanyi [4] detailed the application of
individual pitch controller (IPC) using linear quadratic gaussian (LQG) for multivariable
optimization and a simple proportional integral (PI) controller when the control problem is
simpli�ed to a single input single output (SISO) problem. Lackner [3] further documented
in details the implemention of a SISO linear time invariant (LTI) IPC on a 5 MW turbine
using aeroelastic codes. Signi�cant reduction of blade root �apwise damage equivalent
load (DEL) was achieved for wind speed above rated with little change on the power
production but a much higher blade pitch activity.

Further into the performance of drivetrain, Nejad et. al. [22] investigated the fatigue
damage of mechanical components of a 5 MW land-based turbine drivetrain used on �oat-
ing wind turbines. Signi�cant increase in damage was observed for main bearings that
are carrying axial load (induced by pitch and surge motions) as compared to land-based
turbines. The drive train on a spar platform appeared to suffer a much higher main bearing
damage as the environmental condition became more severe.

While aeroelastic codes are typically used to study the preliminary performance of
controllers, work has been done using integrated aeroelastic-drivetrain dynamics code to
better model the behavior of drivetrains. Girsang et. al. [23] for example, used the inte-
grated FAST-Simscape to accurately capture resonant excitations of the drivetrain. Their
work proposed introducing virtual inertia in the compensating torque to modify the eigen-
frequency to avoid resonance.

1.3 Floating Offshore Wind Turbines

FOWT with single turbine con�gurations can be divided into 3 main categories namely
ballast stabilized FOWT, buoyancy stabilized FOWT and mooring line stabilized FOWT.
Spar platforms are typical examples for ballast stabilized FOWTs. A spar platform sta-
bilizes itself via a heavy ballasted cylinder moored by catenary or taut lines. A mooring
stabilized FOWT such as a tension-leg platform (TLP) achieves stability through maintain-
ing tension in the taut mooring lines between the hull and the anchors. A barge platform
is generally kept in position using catenary mooring and stays a�oat mainly through the
hull's buoyancy which make it a type of bouyancy stabilized FOWTs. A schematic of the
3 common types of platforms are shown in Figure (1.2).

4



1.4 Project Objectives

Figure 1.2: Typical �oating wind solutions (from left): Spar platform, TLP and barge platform

The dynamic coupling of wind turbines with �oating structures has always poses chal-
lenge to the successful development of commercialized �oating wind farm. At above
rated conditions, a �oating platform experiences excessive load due to large pitch mo-
tions. While each type of platform has it own advantages and disadvantages, choosing a
suitable platform based on the operating sites and the environmental conditions is impor-
tant to ensure a good return of investment. In Table 1.3, Van and Biswajit compared the
advantages and disadvantages of the 3 types of �oating wind turbines and it shows that
for deep water, spar type platforms have superiority over TLP due to the cheaper mooring
cost and simpler hull design [9].

Figure 1.3: Comparison of the advantages and disadvantages for 3 common types of �oating plat-
forms [9]

1.4 Project Objectives

The main objectives of this study is to provide a better understanding of the impact of
various load mitigating control strategies through decoupled analyses. As there is a lack
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of work on transient behaviors of controllers, it is intended that simple load cases such as
step wind velocity being used to give more insight into these transient behaviors. Many
recent work on controller performance focus mainly on comparing tower and blade fatigue
damage through global analysis. Therefore, this work carries the responses from global
analysis to multi-body dynamics simulation environment to explore the effect on the com-
ponent level of a wind turbine drivetrain. Finally, it is expected that this study is able to
reproduce results that agree with previous work in terms of load mitigation performance
and to highlight any trade-off that arises in exchange.

The NREL 5 MW wind turbine control strategy as described by Jonkman et. al. is
�rst setup as the baseline for performance comparison. Next extensive environment load
case (ELC) simulations is performed in SIMA to obtain the global response of the model.
The ELCs involved are based on the work by Nejad et. al. [22] with only the ELCs above
rated wind speed investigated. The control strategies featured in the simulations are the
NREL 5 MWs baseline controller, baseline controller with active damping (using nacelle
surge velocity), energy shaping controller developed by Pedersen [2] and �nally the energy
shaping controller will be used simultaneously with the IPC.

Structural response improvement such as tower bending moments, blade root bending
moments in the form of 1-hour damage equivalent load (DEL) are described and compared.
The resulted wind turbine characteristic ie. the power quality, speed excursion and blade
actuator activities are presented and discussed. The response from global analysis is then
used to imported to SIMPACK for detailed analysis of the generator drivetrain. Bearing
and gear 1-hour damage are compared for different controllers.
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Chapter 2

Theory

Floating offshore wind turbines are designed to be operated in water depths that exceed
60 meters and are usually exposed to harsher environmental conditions as compared to
�xed offshore wind turbines due mainly to the larger volume and motions of the �oating
structures. According to IEC 61400-3-2 [24], the loads are categorized into gravitational
and inertia loads, aerodynamic loads, hydrodynamic loads, sea/lake ice loads and other
relevant loads such as mooring loads and wake effects from neighbouring wind turbines.
Figure 2.1 illustrates typical loads that are acting on a FOWT. In modelling terms, it is
convenient to divide an aero-hydro-servo-elastic model into two main parts - structural
model and external load model. The structural model describes in time and space the ini-
tial boundary conditions of all structural elements and the physics that governs the load
displacement relationship. The external load model describes both aerodynamics and hy-
drodynamic loads that are exerted on the structural model. The remaining sections of
this chapter will give an overview of the various loads that are relevant in the design of a
FOWT. Theory of load calculations will be covered brie�y with the intention to focus on
the simpli�cation to actual physics that SIMA's aero-hydro-servo-elastic code uses and the
limitations resulted from such simpli�cations.

2.1 Aerodynamic Model

The aerodynamic loads applied to the blades can be separated into a steady component
and one which is due to wind speed �uctuation (i.e. turbulence). The load component that
varies periodically due to a steady spatial variation of wind speed over the rotor swept area
is deterministic in nature. It is a function dependent on parameters such as hub height,
wind speed, rotor speed and wind shear. The random load component that is due to wind
speed �uctuations involves uncertainties, which has to be characterized using probability
distributions. This load component is termed stochastic load component.

7



Chapter 2. Theory

Figure 2.1: Load on an offshore wind turbine [6]

2.1.1 Deterministic Aerodynamic Loads on Blade

The deterministic aerodynamic loads are calculated using the blade element momentum
(BEM) method which is a combination of aerofoil dynamics and 1-D momentum theory
on an arbitrary control volume around a wind turbine as shown in Figure 2.2.

A typical execution of BEM code can be generalized as follows,

1. initialize starting guess ofa anda0

2. calculate� and�

3. look upCD andCL using the computed�

4. updatea anda0 and check if the convergence criteria is satis�ed

where

� CL is the aerofoil lift coef�cients
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Figure 2.2: Control volume of wind turbine �ow momentum [10]

� CD is the aerofoil drag coef�cients

� � is the angle between relative wind velocity and the rotor plane

� � is the angle of attack

a anda0 are the axial and radial induction factors respectively and they can be calcu-
lated through

a =
1

4F sin 2 �
�C n

+ 1
(2.1)

a0 =
1

4F sin � cos �
�C t

� 1
(2.2)

2.1.2 Stochastic Aerodynamic Loads on Blade

Stochastic aerodynamic loads are due to a random variation of wind velocity from its mean
value with respective to time and space. Such turbulence introduced as a result, random
�uctuation blade loads. To analyze stochastic aerodynamic loads, a stochastic turbulence
wind �eld simulator is required to simulate a wind �eld covering the rotor disc area. This
is achieve through generating random wind velocity time series block around the rotor
disc that consists of user-de�ned statistical properties. The time series is characterized by
standard power spectra such as Von Karman and Kaimal.

Tower Shadow

Tower shadow effect occurs at region close to the tower due to the reduction of wind speed.
The presence of the tower causes a disruption of the otherwise smooth air �ow and the
effect is more signi�cant for tubular towers than for lattice towers due to bigger wind area.
For a tubular tower, the wind velocity reduction upwind can be estimated using potential
�ow theory [11]. Through placing a doublet in a uniform �ow, the stream function can be
expressed as,
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 = U1 y
�

1 �
(D=2)2

x2 + y2

�
(2.3)

whereD is the tower diameter andx andy are the coordinates with respect to the
center of tower as shown in Figure 2.3.

Figure 2.3: Load on an offshore wind turbine [11]
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Differentiating the stream function with respect toy yield the axial velocity upwind,

Ux = U1

�
1 �

(D=2)2(x2 � y2)
(x2 + y2)2

�
(2.4)

2.1.3 Aerodynamic Loads on Nacelle and Rotor Hub

The calculation of aerodynamic loads on non-submerged bodies such as the nacelle and
rotor hub is based on the instantaneous wind and body relative velocities as in the following
equation [25],

q = C(� )v2 (2.5)

where

� q is the force in the degree of freedom concerned

� C is the classical wind force coef�cient in the degree of freedom concerned

� � is the relative angle between the body and wind velocity

� v is the relative velocity between the body and wind

2.1.4 Aerodynamic Loads on Tower

Slender sections that are not part of the wind turbine (i.e. below the lowest blade passing
point) is subjected to Morison-type quadratic drag loads [26] which is based on the relative
wind velocity in local coordinates as in Figure 2.4.

Figure 2.4: Ri�ex beam element local coordinate

ur = uwind � _v = ur 1i 1 + ur 2i 2 + ur 3i 3 (2.6)

Fj =
1
2

� air DLC dj urj jurj j (2.7)

where
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� j is the degree of freedom

� ur is the relative velocity

� uwind is the wind velocity

� _v is the tower element velocity

� F is the drag force

� D is the characteristic length

� L is the tower height

� Cd is the aerodynamic coef�cient

2.2 Hydrodynamic Model

For �oating offshore wind turbines, a clear distinction from �xed offshore wind turbines is
the potentially large hydrodynamic loads due to larger volume and motions of the �oating
support structure. Interactions between �oating bodies, mooring and waves is accounted
for using �rst and second order wave theories. In this section, a breakdown of the differ-
ence sources of force relevant to the �oating bodies will be discussed.

2.2.1 Body Kinetics

SIMO module performs time domain hydrodynamic forces calculation on �oating bodies
(SIMO bodies) using frequency dependent properties based on �rst and second order po-
tential �ow theories. The time domain representation of force motion can be generalized
as shown in Equation 2.8. The solution method by convolution integral is presented as
follows [25],

[m + A]•x + C _x + B1 _x + B2 _xj _xj + K (x)x = q(x; _x; t )

q(x; _x; t ) = qW I + q(1)
W A + q(2)

W A + qC + qext (2.8)

where

� m is the body mass matrix

� A(! ) = a(! ) + A1 is the frequency dependent added mass matrix

� A1 is the asymptotic added mass coef�cient as! ! 1

� K is the hydrostatic stiffness

� C(! ) = c(! ) + C1 = c(! ) is the frequency dependent potential damping

� B1 is the linear damping matrix
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� B2 is the quadratic damping matrix

� q is the wave excitation force

� qW I is the wind drag force

� q(1)
W A is the �rst order wave force

� q(2)
W A is the second order wave force

� qC is the current drag force

� qext includes wave drift damping, speci�ed forces and forces from station-keeping
and coupling elements, etc

Rearranging equation 2.8

[m + A]•x + C _x = q(x; _x; t ) � B1 _x � B2 _xj _xj � K (x)x = f

and lettingx(t) = Xe i!t andf (t) = Fei!t , the equation can then be represented in
frequency domain as

� ! 2A1 X (! ) + [ i!a (! ) + c(! )]i!X (! ) = F (! ) (2.9)

By taking the inverse Fourier transformation the equation can be written in the �nal
form

[m + A1 ]•x + B1 _x + B2 _xj _xj + K (x)x +
Z t

0
h(t � � ) _x(� )d� = q(x; _x; t ) (2.10)

where the retardation functionh(� ) can be computed using the frequency dependent
added mass or damping using equation

h(� ) =
2
�

Z 1

0
c(! )cos(!� )d! = �

2
�

Z 1

0
!a (! )sin (!� )d! (2.11)

and relationship between the frequency dependent added mass and damping can be
de�ned according to the Kramers-Krnig relations

a(! ) = �
1
!

Z 1

0
h(� )sin (!� )d� (2.12)

c(! ) = �
Z 1

0
h(� )cos(!� )d� (2.13)

13



Chapter 2. Theory

2.2.2 First Order Wave Excitation Force

First order or linear wave theory allows us to superimpose waves of different frequencies,
wavelengths and directions on top of each other. It implies that wave-body interactions
can be studied using many regular waves and combined to obtain the resultant motion in
irregular waves. The wave elevation describing an irregular wave can thus be expressed as
a summation of a number of incident regular waves. Airy wave theory further describes
the propagation of gravity wave as a sinusoidal wave form,

� = � a cos (!t � kx) (2.14)

where

� � a is the wave amplitude

� ! is the wave frequency

� k is the wave number associated with wave frequency through dispersion relation

� x is the horizontal coordinate of the wave propagation

Subsequently, applying non-permeable boundary conditions on the free surface and
seabed allows the solving of Laplace equation for the incident wave velocity potential,

� 0 =
g�a

!
cosh(k(z + h))

kh
cos(!t � kx) (2.15)

wherez is the vertical coordinate andh is the water depth. The �rst order wave exci-
tation force can thus be obtained in terms of velocity potential by simply integrating the
static and dynamic pressure over the wetted surface,

p = � �
@�
@t

� �gz (2.16)

F =
Z

SB

pn dS (2.17)

where� is the wave velocity potential. Under the assumption of linearity, velocity
potential can be superposed which allows us to further decomposed the wave interaction
problem into a diffraction part and a radiation part.

Diffraction

In the diffraction problem, the body is is �xed while interacting with incoming waves.
When incoming waves arrives at the body surface, diffracted waves are formed due to
the body's impermeability. The load generated due to incoming wave potential is termed
Froude Kriloff load while the load due diffracted wave potential is termed diffraction load
and the total excitation force is the sum of these two terms as shown in,
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Fexc = �
Z

SB

�
@�0
@t

n dS
| {z }

Froude Kriloff

�
Z

SB

�
@�D
@t

n dS
| {z }

Diffraction

(2.18)

Radiation

In the radiation problem, the body is forced to oscillate in all six degree of freedoms under
calm water condition with frequency! . The oscillating body generates radiated waves
with velocity potential� R and is thus subjected to reaction forces in the form of added
mass, damping and restoring components. Restoring components are associated with the
variation of buoyancy or other form of restoring forces due to motions and is characterized
by the hydrostatic stiffness matrix. The frequency dependent added mass and damping are
connected to the dynamic pressure which together will form the excitation force due to
radiation,

Frad = �
Z

SB

�
@�R
@t

n dS (2.19)

=
6X

j =1

f� A j •� j � B j _� j g (2.20)

whereA andB are the added mass and damping coef�cients respectively.

2.2.3 Second Order Wave Excitation Force

Instead of solving the wave body interaction problem to the �rst order, solving it accurate
to second order yield the following representation of velocity potential,

� = � 1 + � 2 (2.21)

where the indices represent the order of solution. The wave induced load can then be
obtained through direct pressure integration as described above but this time with addi-
tional second order terms in the pressure equation,

p = � �gz � �
@�1
@t| {z }

�rst order

� �
@�2
@t

� �
1
2

r � � r �
| {z }

second order

(2.22)

Due to the squared velocity term, with any 2 incident waves of frequency! i and! j

propagating inx, the second order effect results in a mean drift force, a sum-frequency
excitation at short period and a difference-frequency excitation at long period. Although
the amplitude of the forces due to second order effect are much smaller as compared to the
�rst order forces, In the case of a moored spar structure,
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2.2.4 Current Drag

Current drag on the submerged body is calculated using Morison equation as in,

qk
C (�; t ) = Ck

1 (� )ju(t)j + Ck
2 (� )ju(t)j2 (2.23)

juj2 = ( v1 � _x1)2 + ( v2 � _x2)2 (2.24)

� = arctan
v2 � _x2

v1 � _x1
(2.25)

where

� k is the degree of freedom

� C1, C2 are the linear and quadratic current drag coef�cient

� u is the relative velocity between the body and the current

� � is the relative angle between the velocity of the body and current

� v1, v2, _x1, _x2 are the current velocity components and body velocity components
in the transitional degree of freedoms with respect to the body's coordinate system

2.2.5 Mooring Force

Mooring system is crucial to ensure that the platform exhibits good station keeping ca-
pability. One of the most common form of mooring is the catenary system which pro-
vides restoring forces through the suspended weight of mooring lines and resistance to the
change in con�guration due to vessel motions. The OC3 Hywind spar platform is moored
by three catenary mooring lines 120� apart from each other. Each of these lines is con-
nected to the platform via a so-called ”crawfoot” or delta connection at one end to increase
the yaw stiffness while the other end to an anchor which is attached to the sea�oor.

Mooring System Modeling in SIMO

The mooring line modeling in SIMO is an extension from the model used in the mooring
analysis program MIMOSA [25]. Each mooring line consists of multiple segments with
different properties and clump weights. In SIMO, the analysis of mooring line involves
both quasi-static analysis and dynamic analysis with dynamic analysis being performed
in time domain. Force equilibrium on a mooring line element is shown in Figure 2.5 and
modelled using catenary equations as follows,

T + � Tcos(� + � � ) � Tcos� = 0 (2.26)

T + � Tsin(� + � � ) � Tsin� � wds = 0 (2.27)

where

� T is the tension
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� � is the inclination

� w is the weight per unit length

� ds is the element length

Figure 2.5: Load equilibrium on a mooring line element

Since in quasi-static analysis the transverse drag force is neglected, the mooring line
tension calculated may be underestimated. SIMO has thus incorporated a model developed
by Larsen and Sandvik [] to account for such dynamic effects. The model is based on the
following four key assumptions,

� The only contribution to the dynamic tension comes from the tangential component
of the top end motion

� The shape of the dynamic motion due to a tangential excitation is assumed to be
equal to the change in static line geometry.

� Mass forces on the line are neglected.

� The elastic elongation of the line is determined quasi-statically.

2.3 Structural Model

Gravitational and inertia loads are static and dynamic loads resulting from gravity, vibra-
tion, rotation and seismic activity. These loads are taken into account in the form of SIMO
bodies and slender structures. The rotating blade for example is acted on by gravity and
inertial loading. Its gravity loading depends on blade azimuth and mass distribution but
its inertia loading will be dependent on the wind speed �uctuations which is stochastic
in nature. Structural analysis combines aerodynamic, hydrodynamic and control induced
loads and solves for load responses at every time step. Different aero-hydro-elastic-servo
codes carry out structural analyses differently. For example, FAST uses modal analy-
sis, HAWC2 uses multi-body simulation while SIMA uses �nite element method (FEM)
analysis. The time domain load-displacement relationship is formulated in SIMA's FEM
module RIFLEX based on the principle of virtual work as the following equation [26],
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M •D + C _D + Rint = Rext (2.28)

where

� M = M S + M H is the generalized mass matrix

� M S is the structural mass matrix

� M H is the hydrodynamic mass matrix

� C = CS + CH is the generalized damping matrix

� CS is the internal structural damping matrix

� CH is the hydrodynamic damping matrix

� Rint is the internal load

� Rext is the external load

� D is the structural displacement

The external loadRext is a combination of wind load from the blades, tower drag,
and hydrodynamic loads from the �oating body and mooring lines. Assuming that it is
orthogonal to the eigenvectors, the local element Rayleigh structural damping,c can be
modeled as a linear combination of structural mass,m and stiffness matrix,k

c = � 1m + � 2k (2.29)

where� 1 and� 2 are the mass and stiffness proportional coef�cients respectively.
The nonlinear time domain analysis is performed through numerical time integration

of the equilibrium equation at each time step. Newton-Raphson iterations are performed
at each time step in order to properly account for the effects due to model nonlinearities.

2.4 Control Model

The control algorithm plays a crucial part introducing forced excitation torque onto the
rotor of wind turbine through speed and blade pitch regulation. Conventionally, the main
objective of a controller is to regulate generator speed at different operating region and
to ensure smooth power generation. As wind turbine increases in size, loads introduced
by control algorithm increases substantially which when coupled with large motion of a
�oating wind turbine can introduce instability to the entire structure. This lead to the de-
velopment of various load-mitigating controllers in search for the perfect balance between
load reduction and power generation capabilities. As this work aims to implement and
study the performance of different control algorithms, the theory leading to the implemen-
tation of each controller will be introduced and explained in Chapter 6. The performance
comparison in terms of speed regulation, power �uctuation and most importantly structural
load responses will be presented and discussed in Chapter 7.
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