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Abstract
The advancement of floating wind turbine technology in recent years necessitates accurate predic-
tions of their behaviour using various simulation tools. Utilizing multi-fidelity tools like OpenFAST
allows for comprehensive calculations of the entire floating wind turbine structure. However, the
precision of these calculations is challenged by the uncertainties associated with different system
parameters.

The main goal of this research is to conduct a comprehensive exploration of various parameters,
with a particular emphasis on hydrodynamic factors, and their impact on the structural and aero-
dynamic performance of semi-submersible floating wind turbines. To achieve this, an extensive
sensitivity analysis approach is employed, utilizing the multi-fidelity model OpenFAST. The sim-
ulations are conducted on a semi-submersible floating wind turbine, specifically the one used in
the OC4 experiment, featuring the 5MW NREL wind turbine. The Elementary Effects (EE) method
is employed in this study to assess the significance of various factors. These factors include the
hydrodynamic drag coefficients, wave height, peak wave period, wind speed, wind direction, cur-
rent speed, current direction, and turbulence intensity. Their influence on the Damage Equivalent
Load (DEL) of different loads acting on the floating offshore wind turbine (FOWT) is thoroughly
examined.

The analysis conducted in this study has unveiled several key findings. The most influential param-
eters identified are the current speed, primarily impacting mooring line tension, and the significant
wave height, which exhibits a balanced effect across various outputs, including hydrodynamic loads,
tower loads, and rotor dynamics. Additionally, turbulence intensity emerges as a significant factor,
particularly concerning rotor thrust and torque.

When employing the Morison equation, the order of parameter significance remains consistent with
the hybrid theory (Potential + Drag). However, it is noteworthy that the added mass coefficients
carry greater significance compared to the drag coefficient. Furthermore, simulations conducted
using probability distributions for different locations confirm that wave height consistently ranks
as the most significant parameter. However, the overall significance may vary and decrease in more
severe environmental conditions.

The comparison with the OC3 spar platform revealed a similar pattern when examining the influ-
ence of current speed and significant wave height. Nonetheless, the simple hydrodynamic drag
coefficient used for the whole platform also displayed significance, emphasizing the sensitivity of
the spar platform loads to this modelling parameter. This significance is much higher than the cor-
responding one of the semisubmersible platform.

The research underscores it is imperative to mitigate the uncertainty associated with various param-
eters. This can be achieved through experimental verification and establishing correlations between
modelling parameters and the specific conditions being simulated. Additionally, given that the most
influential parameters are related to external conditions, it becomes crucial to simulate conditions
that closely resemble the anticipated deployment location for the floating offshore wind turbine
(FOWT). By doing so, the accuracy and reliability of the simulations will be enhanced to better
inform FOWT design and deployment strategies.
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1 Introduction

1.1 Floating Wind Turbines

The rise in the energy demand combined with the constraints set by the Paris Agreement to reduce
greenhouse gas emissions by 43% by 2030 has stimulated interest in renewable sources such as wind
energy. Offshore wind has advanced tremendously in order to explore the greatest energy potential
it offers. Over the next two decades, offshore wind power will develop significantly, increasing
efforts to decarbonize energy systems and decrease air pollution as it becomes a larger fraction
of the electricity supply. In fact, the potential of offshore wind amounts to 420,000 TWh per year
worldwide, which is 18 times the current global electricity demand [1].

The Northern Sea has provided remarkably favourable circumstances for the development and com-
mercialization of offshore wind technology because of its high-quality wind resources and relatively
shallow waters and as a result Europe is the leading region in offshore wind. In the European Union
(EU), the installed offshore wind capacity reached 14.6 GW in 2021 [2] and is expected to increase
more than 25 times by 2030, with the use of the potential of the EU sea basins such as the North and
the Baltic sea. On the other side, Asia, holding almost half of the market share, has commissioned
several MW in China, Taiwan and Vietnam [3].

A significant aspect is that wind power is more potent at deeper water levels far away from the coast
where the mean wind speeds are typically higher and constant [4]. Studies suggest that the greatest
wind potential can be achieved in water depths where fixed-bottom offshore wind turbines are dif-
ficult to install. To be more specific, 80 % of the wind potential is located in depths of more than 60
meters, which is outside the feasible range for the majority of seabed-fixed (bottom-fixed) offshore
foundations [1]. From this prospect, the development of Floating Offshore Wind Turbines (FOWT)
is imperative, with 121.4MW of installed capacity at the end of 2021, the majority of which will be
installed in Europe [3]. According to predictions of the Global Wind Energy Council, by 2030, 18.9
GW of floating wind will be installed, while DNV anticipates 264 GW of floating wind by 2050,
which will be 15% of the total offshore wind [5].

Apart from the power generation, FOWTs concerning their social acceptance since they are not visi-
ble far away from land and they do not compete with human activity near the coast. Based on that,
the first large-scale floating wind turbine concept was proposed by Professor William E. Heronemus
in 1972 [6]. Although the idea was introduced around 50 years ago, floating wind turbines have
been developed only in recent years. There are several floating wind farms in Europe and single
FOWT systems used for projects [7]. The oldest one, Hywind Scotland, has five wind turbines with
a total 30 MW capacity and is located near Peterhead, Scotland. It began operating in 2017 and
also had a 57.1% capacity factor on average. Windfloat Atlantic, with a 25 MW capacity and the
ability to power 60,000 consumers, was unveiled in Portugal in July 2020. Kincardine, which is also
located in Scotland, is the largest currently online; it has a total capacity of 48 MW, enough to power
50,000 houses. These wind farms are depicted in Figure 1.1 along with the prospective floating wind
farm in Norway, which is partially online and is expected to be the largest with a capacity of 95 MW.
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Figure 1.1: Map of operational floating wind farms in Europe 2023

1.2 FOWT structures

FOWTs consist of three main components: the wind turbine, the floating structure and the mooring
system. All these come along with the anchoring and the electrical cables. The interaction of the
FOWT components with the environment affects the structural performance and the power output
of the wind turbine. Mooring systems, dynamic, suspended cables, and floating foundations for
offshore wind all come in a variety of sizes, forms, and combinations.

Starting with floating structures, there are three main types of floaters.

• Spar

• Semi-submersible

• Tension Leg Platform (TLP)

Each one of them has unique characteristics and basic principles that make it appropriate for specific
applications. Their characteristics in terms of depth, installation and cost are presented in Table 1.1
and the structural layout is depicted in Figure 1.2 .

Table 1.1: Comparison of the different floating structures [4]

Characteristics Spar Semisubmersible TLP
Stability Balance Hydrostatics Mooring
Min depth Deeper (>100m) Shallower(<50) Medium(50-150m)
Periods Good Acceptable Good
Fabrication Simple structure More complex More complex

The primary properties used to compare the original structures are the stability, motion response,
construction and installation aspects, depth independence, and mooring design. There are many
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1.2. FOWT structures

Figure 1.2: Floating Structures Layout [8]

more to be evaluated, such as the maturity of the design and its safety, which are also crucial for
their selection.

Spar buoy design bases its stability on its centre of gravity, which is lower than the buoyancy cen-
tre [9]. This is achieved through a large upright cylinder with ballast weight in the lower part.
Then catenary mooring wires are used to anchor the platform to the ocean floor firmly. Unlike the
spar floater, semi-submersible bases its stability on distributed buoyancy provided by the wide sub-
merged base structure of this type of floater. It consists of several cylinders while for added water
plane stability, heave plates can be positioned at the base of the cylinders. The tension leg platform
acquires stability through the tensioned mooring lines which are vertically anchored to the seabed.
It also consists of a semi-submersible shallow structure that keeps the turbine in the right position.

The floating motion of each one of the floaters is also different. While stiff in translational motions,
the spar floating structure is vulnerable to rotational motions. The semi-submersible structure is
more sensitive to large wave-induced motions, with the tower top shifting considerably as a result
of strong rotating motions caused by wave loading. On the contrary, TLP experiences small wave-
induced oscillations and at the same time, it appears to be very rigid to rotational motions.

Their assembly and installation are also matters of significance. The spar is assembled on and off-
shore and then it may be towed to the site or not. The semi-submersible appears the most simple
installation since it can be assembled on a dry dock and then towed to the site. TLP requires a more
complex procedure since it is not self-stable.

Compared to the other two, the semi-submersible floater is additionally water depth independent,
which means that it can be deployed in shallower waters as well. TLP is feasible in a range of
50m to 150m while the spar requires a water depth greater than 100m. The semi-submersible and
spar structures usually have very long catenary mooring lines that are attached to drag-embedded
(horizontally loaded) anchors. This results in higher costs. Instead, the TLP uses short vertical lines
that to maintain a consistent tension between the anchors and buoyancy tank, they must carry a
substantially heavier burden.

1.2.1 Semi-submersible structure

The semi-submersible floating structure appears to be more adaptable to changes in water depth
when compared to the other floating structures. Because of this, it can be applied to a variety of
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locations, from those in shallower to deeper ocean depths. Due to the higher surface area, the semi-
submersible structure is more exposed to waves, hence it is important to examine how different
ocean conditions would affect this kind of platform.

A more thorough examination of the semi-submersible structure is presented in Figure 1.3. Typ-
ically, three or four cylindrical columns with smaller beams connecting them together make up a
semi-submersible construction. The wind turbine can be positioned either in the center of the floater
or on top of one of the columns of the structure, which can be made of steel or even concrete. Heave
suppression discs (heave plates) may be included at the foot of the columns because, as was already
indicated, it is one of the most significant motions. The usage of catenary mooring lines, which are
more challenging to construct in shallow water, is another feature.

Figure 1.3: Semis-submersible floating platform characteristics [4]

There is a great amount of projects and structure layouts dedicated to the semi-submersible struc-
ture. Some of these structures are presented in Figure 1.4. As it is observed the design of the struc-
ture can differ while some extra components such as extra ballast components and heave dampers
exist. The Tri-Floater that has been designed from GustoMSC [10] is a concept that promotes easy
manufacturing and a scalable design while it does not use any extra ballast system. The SeaReed
design of DCNS [11] is a different approach which consists of a central cylindrical column, that
supports the wind turbine and three cylindrical columns connected with the central one through
pontouns. The WindFloat is a type of floater that has been widely used in many projects and has
been commercialized [12]. The design is the one, depicted in Figure 1.4c with three columns of
which one supports the wind turbine. This platform also includes heave plates that dampen the
wave motion and is ’turbine agnostic’ meaning that it can support a wide range of wind turbine
modifications.

1.3 Research Motivation

Despite the great wind potential in deeper waters, the technological development of FOWT systems
is a major challenge. Due to their recent establishment, research and development on the FOWT and
its alternative concepts is still underway. A correct prediction of the hydrodynamic behaviour and
loading of the system impacts the design and manufacturing of the FOWT, especially for the floater
itself. However, it is challenging to describe a coupled FOWT system, since the hydrodynamic re-
sponse is debatable due to the stochastic nature of waves. This indicates a need to understand the
various uncertainties of the hydrodynamic parameters that exist among the different models as well
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(a) Tri-floater concept [10] (b) SeaReed Concept [11] (c) WindFloat Concept [12]

Figure 1.4: Semi-submersible floating concepts

as the exploration of different sea conditions in deep waters. In parallel, the role of inflow wind
becomes particularly significant when it interacts with a floating structure, as opposed to a stable
onshore installation.

Specifically for the case of the semi-submersible structure which is exposed to the wave motion,
the need for relative research on hydrodynamic and aerodynamic loads is imperative. Several ap-
proaches have been developed and evaluated using different fidelity levels, while different hydro-
dynamic methods, namely Potential Flow Theory and Strip theory have been used. Nevertheless,
choosing which method can accurately describe the overall loads with the least amount of comput-
ing expense is still necessary. A lot of effort has been devoted to the proper formulation of each
of those methods and the proper tuning of their parameters under the consideration of wind and
wave conditions.

It has been observed that the uncertainty associated with several parameters, encompassing both
the modelling approach and the simulated environmental conditions, can substantially impact the
behaviour of the floating offshore wind turbine (FOWT) system. Moreover, the multiparametric
nature of this system makes it challenging to pinpoint which specific parameters exert the most
significant influence.

For this reason, the project aims to identify the uncertain parameters within the FOWT model and
investigate their impact in relation to varying external wind and metocean conditions. This will be
achieved through the utilization of a medium-fidelity simulation tool, OpenFAST.

1.4 Research Objectives

The aforementioned motivation led to the problem statement of the thesis which can be described
as follows:

The study aims to investigate the effect of different hydrodynamic parameters and environmental conditions
on the hydrodynamic loads of a semi-submersible structure and the system’s aerodynamic performance with
the use of OpenFAST. The sensitivity of the different hydrodynamic parameters in combination with the ex-
ternal conditions from specific sites will be analyzed.

To better frame the problem the following research questions should be answered:

• Which input parameters have a wide range of variability?
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• Which are the most significant input parameters with respect to the hydrodynamic loads, the
mooring line tensions, the tower loads and rotor dynamics?

• What does the inclusion of turbulent wind introduce?

• What is the effect of the physical model on the significant parameter analysis?

• Can any conclusions be drawn when applying this analysis to a different type of floating
platform?

• What does the location correlation add to the sensitivity analysis study?

1.5 Research Approach

The primary step of the research will include a literature review of the existing modelling ap-
proaches which will point out the properties that need further investigation. The numerical model
will be verified with existing data from the literature and will be used as a reference throughout
this work..

The initial part of the project will be approached with a sensitivity analysis which will measure the
uncertainty of the different modelling parameters. This will be done with the Elementary Effects
(EE) method which can scale the input parameters with respect to the influence they have on a
specific output every time they change.

The second part is mostly relevant to the cases that would be simulated. For this part, different cases
will be formulated based on real data from different locations that represent moderate, medium and
severe wave and wind conditions. The measured sensitivity will then be compared and will also be
correlated with the effect of the modelling parameters.

The overall approach of the research is presented in Figure 1.5 along with details of every step
which will be analysed in the relevant chapters.

1.6 Report Layout

The thesis report is divided into two parts. The first one is dedicated to the literature review and the
system definition while the second one focuses on the simulation tests and the sensitivity analysis
results. In more detail:

PART I -Theory & Background

Chapter 2 describes the basic wave theory developed to describe the sea motion and the basic
equations used to describe the forces upon the floating structure.

In Chapter 3 the existing numerical models are discussed and a thorough presentation of the up to
date research is demonstrated. The motivation behind the thesis research is also presented.

Chapter 4 is dedicated to explaining the functionalities of the OpenFAST tool, focusing on the mod-
ules that will be used and modified in the simulations. The FOWT system is presented in more
detail with the layout of the platform and the wind turbine characteristics. The inputs of the Hy-
droDyn module are also discussed.

PART II -Simulations
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parameter
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Figure 1.5: Research Approach

Chapter 5 presents the verification and the validation of the modelled system through a comparison
with previous simulations and experiments of the same FOWT system. In this chapter, the basic
idea of the different input parameters and their values is obtained.

Chapter 6 focuses on the uncertainty of the different parameters and the methodology of elemen-
tary effects methods used to measure their uncertainty. The chosen approach is analysed along with
the post-process methodology.

In Chapter 7 the results of the different simulations are analysed. Different cases and input and
output parameters are discussed.

In Chapter 8 a different formulation of cases is used, with realistic data from different locations and
probability distributions for their selection.

Chapter 9 provides a comprehensive summary and conclusion of the project’s findings while Chap-
ter 10 suggests areas of future research.
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2 Wave Theory and Hydrodynamics
This chapter aims to introduce the different wave modelling techniques and to analyze the induced
loads involved in the FOWT system. More specifically, Section 2.1 introduces the existing wave
models and wave classifications depending on their characteristics. Section 2.2 discusses hydrody-
namics by analysing the motions and forces on a floating body.

2.1 Wave models and Theory

Apart from the rotor motion similar to onshore wind turbines, FOWTs are also subjected to platform
motion caused by sea state conditions. For this reason, it is important to explore the aero-hydro be-
haviour of the system.

2.1.1 Wave properties

Ocean waves are generated from the interaction between the wind and the sea and their analysis
has been based on fluid mechanics. Waves can be generated in many ways and can be characterised
based on their physical properties, such as the water depth h, the wavelength λ, the wave height H
and relevant relations between those properties such as the wave steepness H/λ .

Depth < λ/20

The wave breaks

λ/20 <Depth < λ/2

C and λ decrease
Wave height  h increases

Depth > λ/2

C and λ, h constant
and depend on wave period T

Deep water waves

C
Wave length λ

Shallow-water waves Intermediate waves

No Wave Motion

Depth = λ/20

Depth = λ/2

Figure 2.1: Deep and Shallow water regions

A first-order classification that ap-
plies to the waves that are pro-
duced by the wind divides them
into two main categories: sea and
swell [13]. Sea waves are those
that are primarily created by the lo-
cal wind patterns and are distin-
guished by their short crests and
irregularity. On the other hand,
swell waves might exist far from
the area where they were created.
They have longer crest lengths and
are more regular. In addition to
these two categories, water depth can
be used to define waves Figure 2.1.
The waves with a ratio of water
depth h to a wavelength λ of more
than 1/2 are known as deep water
waves (short). Shallow water waves
(long) have a ratio of h/λ less than
1/20.

In shallow water depths, water particles can be influenced by the sea bottom, resulting in a huge
difference in the speed of the upper particles, which move fast, to the lower ones, which have re-
duced speed. This results in the so-called breaking wave, which practically means that the top of
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the wave spills over and falls down on the front surface.

There are three primary circumstances that lead to the breaking waves forming. The wave crest
forming an angle less than 120 degrees is one cause. The wave height to wavelength ratio H/λ
(steepness) falling below 1/7 is a secondary cause. Thirdly, breaking waves can occur when the
wave height is more than three-fourths of the water depth (H > 3/4 D).

In addition to this fundamental division, the waves are separated into regular and irregular waves.
This division has been used to build up different wave models and describe their behaviour mathe-
matically.

2.1.2 Regular Waves

The simplest way to describe waves is with the use of a simple sinusoidal function. Regular or
harmonic waves are single wave components with a given wave direction, height, and period. Usu-
ally, they are described with a sinusoidal function. Their characteristic shape can be described by a
crest which is the highest point of the wave and a trough, which is the lowest point. The distance
between two continuous crests gives the wavelength as shown in Figure 2.2, while the wave height
is the vertical distance between the crest and the trough. The wave elevation is described by Equa-
tion 2.1 where ζa is the amplitude of the wave elevation as shown in Figure 2.2, k = 2π/λ is the
wave number (rad/m), ω = 2π/T is the angle velocity (rad/s).

ζ(x, t) = ζa cos(kx − ωt) (2.1)

h
t=fixed

λy
z

x

seabed

ζa

ζ
T

ζ
ζa

x=fixed

z

t

Figure 2.2: Regular Wave Definition [13]

Potential Flow Theory

In order to analyze the hydrodynamic behaviour of floating structures, the potential flow theory
can be used. Potential flow theory is a linearized method that can be applied to regular waves.
Based on the aforementioned expression Equation 2.1 for the wave elevation of regular waves the
fundamental expressions of the potential flow theory can be derived. The potential theory has two
main assumptions. The first indicates that the water surface is very small and this means that the
wave steepness which is described by the ratio of wave height to wavelength H/λ is also small,
this allows the neglection of some second-order terms. The second one is that a linear relationship
between frequency components is considered and all nonlinearities are ignored. Starting with the
equation, the wave can also be described with the use of potential Equation 2.2, where Φ is the wave
potential of the wave, the derivative of which in the different direction gives the velocity.

Φ(x, z, t) =
ζag
ω

· cosh k(h + z)
cosh kh

· sin(kx − ωt) (2.2)
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This form of the first order potential flow solution is based on the following fundamental assump-
tions:

a) Continuity condition or Laplace which is described as ∇2ϕ = 0

b) Sea-bed boundary condition which states that the vertical velocity at the sea bed is zero

c) Free Surface dynamic boundary condition which states that the pressure at the surface should
be atmospheric

d) Free Surface kinematic boundary condition which states that the vertical velocity of the water
particles at the free surface of the fluid is equal to the vertical velocity of the free surface itself.

With the above assumptions several equations can be derived. The dispersion relationship described
by Equation 2.3 provides a relation between the angular wave frequency and the wave number.

ω2 = k · g · tanh kh (2.3)

While the phase velocity is calculated in Equation 2.4. With the approximation for shallow waters
tanh hk = hk and for deep waters tanh hk = 1 the expressions can be simplified more as presented
in Equation 2.5 and Equation 2.6.

c =
√

g
k
· tanh kh (2.4)

c =
g
h︸ ︷︷ ︸

Shallow water

(2.5) c =
√

g
k
=

g
ω︸ ︷︷ ︸

Deep water

(2.6)

The afformentioned expressions lead to the wave kinematics and pressure relationships presented
in Table 2.1.

Table 2.1: Wave expressions for deep and shallow water depths

Deep Water Shallow water

u = ζaω · ekz · cos(kx − ωt)

w = ζaω · ekz · sin(kx − ωt)

(2.7)

u = ζaω · 1
kh

· cos(kx − ωt)

w = ζaω ·
(

1 +
z
h

)
· sin(kx − ωt)

(2.8)

p = −ρgz + 1
2 ρgζ2

aω2 · e2kz + ρgζa · ekz · cos(kx − ωt)(2.9) p = −ρgz + ρgζa · cos(kx − ωt)(2.10)

Diffraction and Radiation

In the case of larger structures, scattering is important and the diffraction and the radiation effects
should be considered. Diffraction and radiation effects are significant in floating structures in the
case of structures close to the sea surface such as the semi-submersible structure. Diffraction is
defined as the change in wave direction as it passes through a barrier and its effects are considered
relevant when kD > 1.3 or D/λ > 0.2. On the other hand, radiation is when the floating body
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oscillates in still water producing waves that radiate away from it.

With those considerations, the potential can be split into three different parts, the radiation potential,
the wave potential and the diffraction potential. Therefore the potential flow theory can incorporate
these elements and obtain an expression for loads of the floating structure counting the contribution
of each element separately.

Φ(x, y, z, t) = ΦR(x, y, z, t) + ΦD(x, y, z, t) + ΦW(x, y, z, t) (2.11)

With the aforementioned considerations the derived forces calculated from the integration of pres-
sure over the submerged surface would be represented for each component respectively with the
addition of hydrostatic buoyancy as presented in Equation 2.12.

F = FR︸︷︷︸
Radiated waves

+ FD︸︷︷︸
Diffracted waves

+ FW︸︷︷︸
Incident waves

+ FS︸︷︷︸
Hydrostatic Buoyancy

(2.12)

2.1.3 Irregular Waves

The potential flow theory is, as stated before, a well-defined theory to describe linear regular waves.
However, under actual conditions, waves are erratic with the elevation of the water of Figure 2.3
rather than a sinusoidal one. The sea is always changing throughout time without repeating itself,
and the wavelength varies between two subsequent crests. Because of this, irregular waves are
important because they can simulate realistic conditions and predict the nonlinear hydrodynamic
response of floating structures.

Figure 2.3: Irregular Waves elevation [13]

Statistics

In general irregular waves can be described with the superposition of multiple sinusoidal waves.
In this case, due to the complexity of the multiple waves used, a statistical analysis is required.
The mathematical representation used to describe the distribution of wave energy across different
frequencies is the wave spectrum. Starting with the basic parameters used to describe the wave
characteristics, the significant wave height, Hs is the average height of the highest 1/3 of the waves
in the wave record. It is equal to four times the standard deviation as shown in Equation 2.13
and Equation 2.14. Another important parameter is the peak period, TP which is the period that
the spectral energy that is the highest in the wave spectrum and it represents the dominant wave
period.

σ =

√√√√ 1
N − 1

N

∑
n=1

ζ2
n (2.13)
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H1/3 = Hs = 4σ

ζα1/3 = ζαs = 2σ
(2.14)

As a natural phenomenon wave elevation can be described from Gaussian distribution as the sum
of independent harmonic waves. From this assumption, the wave height distribution is considered
to be the Rayleigh distribution. Rayleigh distribution is mostly used in the case of a small range
of frequencies and can express the wave amplitude and the wave height as well as presented in
Equation 2.15 and Equation 2.16.

P [ζα > α] = exp
(
− α2

2σ2

)
(2.15) P [Hw > H] = exp(−2

(
H
Hs

)2

) (2.16)
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Figure 2.4: Rayleigh distribution of wave height

The maximum wave height, which
cannot simply be taken to be un-
limited, is a vital component. In
reality, the maximum depends to
the frequency of appearance which
is derived from the Rayleigh distri-
bution. The most commonly used
representation is the wave height
that occurs once per 1000 waves,
over a 3-hour period wave. The
greatest wave height obtained using
the Rayleigh distribution is Hmax =
1.86Hs. These properties are im-
portant for the long-term analysis of
waves.

P [Hw > Hmax] = exp(−2
(

Hmax

Hs

)2

) = 1/1000 (2.17)

Wave Spectra

Since the study is in the time domain it is too complicated because different components of different
frequencies are added up, and the frequency domain is used to describe the waves. Equation 2.18
describes the wave elevation in the time domain where ζαn is the wave amplitude for every n, kn is
the wave number, ωn is the circular frequency, ϵn is the random phase angle.

ζ(t) =
N

∑
n=1

ζαn cos(knx − ωnt + ϵn) (2.18)

In the frequency domain, it can be transformed to the spectrum formulation and give Equation 2.19.

Sζ(ωn)dω =
1
2

ζ2
αn

(2.19)

Firstly, the spectral moments are described as the integral of the wave energy spectrum multiplied
by the frequency to the n-th power and are expressed mathematically from the Equation 2.20.
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mn(ω) =
∫ 0

∞
ωnS(ω)dω (2.20)

The zero-order spectral moment gives the area under the spectral curve, while the first order is the
static moment and the second order is the moment of inertia. With these considered a group of
significant parameters can be described.

Table 2.2: Wave spectrum characteristics

Parameter Equation
RMS Wave Elevation σζ =

√m0ζ(2.21)
Significant wave amplitude ζαs = 2√m0ζ(2.22)
Significant wave height Hs = 4√m0ζ(2.23)
Mean wave period T1 = 2π

m0ζ

m1ζ
(2.24)

Mean zero-crossing period T2 = 2π
√

m0ζ

m2ζ
(2.25)

There are specific wave spectra used to describe open sea conditions. The Pierson-Moskowitz (PM)
or Bretschneider is a mathematical model used to describe the ocean wave spectrum [14]. It is
mostly used for fully developed wind sea and it is described by Equation 2.26 where Hs is the
significant wave height as was defined previously, fp is the peak frequency (Hz), f is the frequency
(Hz) [15]. It is also characterised by the balance between wind energy input and wave dissipation.

SPM( f ) = 0.3125 · H2
s · f 4

p · f−5exp

(
−1.25

(
fp

f

)4
)

(2.26)

Similar to the PM spectrum the Joint North Sea Wave Project (JONSWAP) spectrum is used mostly
in cases of growing sea and therefore cannot be applied to swell waves. In this type of spectrum
due to the growing wave, there is a net energy input. The spectrum is described by Equation 2.27 as
a modification of the PM spectrum, with γ being the peak shape parameter and σ = 0.07 for f < fp
or σ = 0.09 for f > fp.

SJS( f ) = 0.3125 · H2
s · Tp ·

(
f
fp

)−5

exp
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)4
)
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(2.27)

The peak shape parameter is derived from Equation 2.28.

γ =


5 Tp√

Hs
≤ 3.6

exp
(

5.75 − 1.15 Tp√
Hs

)
3.6 ≤ Tp√

Hs
≤ 5

1 Tp√
Hs

> 5

(2.28)

A comparison between the two spectra is presented in Figure 2.5 for a significant wave height
Hs = 4m and three different peak periods of 6, 8 and 10 sec. It can be observed that the JONSWAP
spectrum has a more noteworthy peak.

2.1.4 Currents

Apart from the waves, ocean currents are another environmental phenomenon that needs to be con-
sidered. There are three main reasons that lead to the occurrence of a current. The ocean circulation
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Figure 2.5: Comparison between PM and JONSWAP spectrum [13]

system, produces a continuous current, the cyclical variation in lunar and solar gravity, which re-
sults in tidal currents, wind, and differences in seawater density. In a more general description, the
current velocity can be described as the superposition of a tide and a wind current as presented in
Equation 2.29 and Equation 2.30 and is valid for water levels z < 0.

utide = utide0

(
h + z

h

)1/7

(2.29)

where utide0 is the velocity at still water level (SWL) and h is the depth at SWL

The wind current is provided by Equation 2.30 and describes a linear distribution of the velocity
from a reference depth h0 till the water level z = 0.

uwind = uwind0

(
h0 + z

h0

)
(2.30)

where uwind0 is the current’s velocity in still water level (SWL) and is proportional the average wind
speed of 10m uwind0 = kU0 and h0 is the reference depth for wind-generated current

2.2 Hydrodynamics

The general description of waves can lead to several hydrodynamic approaches. Hydrodynamics ex-
amines the motion of the seawater and the forces that are imposed on the floating structure through
their interaction. As will be presented in this section, the relative motion between the floating wind
turbine and the sea causes time-varying loads to be applied to the floating structure, which moves
the structure and extra fluid motion.

2.2.1 Degrees of freedom of FOWT

There are multiple loads that are exerted in a floating wind turbine. The wind-induced loads are
the typical loads experienced in every wind turbine in all three different rotor axes (thrust, torque
and yaw). This includes all the mean and dynamic components and shear and bending moments as
well. Apart from those there are wave-induced loads which are produced from the wave conditions
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lead to both the static and the dynamic components and both shear and bending moments.

All the aforementioned loads create motions of the floating structure upon six degrees of freedom
(DOF). As presented in Figure 2.6, the degrees of freedom are:

• Surge describes the motion paral-
lel to x-axis

• Sway describes the motion paral-
lel to y-axis

• Heave describes the motion paral-
lel to z-axis

• Roll describes the motion around
to x-axis

• Pitch describes the motion around
to y-axis

• Yaw describes the motion around
to z-axis

y
Sway

x
Surge

Yaw
Pitch

Roll

z
Heave

SWL

Wind

Figure 2.6: Degrees of
freedom of FOWT [4]

2.2.2 Stability

The floating of the semi-submersible structure as it was described in Section 1.2 is based on its
buoyancy. This effectively implies that the gravitational force and the buoyant force, as described by
Archimedes’ principle, are in balance. Equation 2.31 represents this balance and should be always
active to ensure static stability in the vertical axis of the structure.

FB − FG = ρgV − mg = 0 (2.31)

In the case of disturbances such as wind, waves and currents the structure is rotated and needs to be
balanced again. Although the forces in the z-axis are still the same, the centres of the forces are not
coincident. The Centre of Gravity (COG) on x-axis is defined as the product of the individual masses
times their positions divided by the total mass (Equation 2.32). On the other hand, the Centre of
Buoyancy (COB) is defined as the product of the individual volumes of the submerged parts times
the positions of their volumetric centre divided by the total volume displacement (Equation 2.33).

COGx =
∑n(xndmn)

∑n dmn
(2.32)

COBy =
∑n(yndVn)

∑n dVn
(2.33)

In the case that the structure rotates there is a misalignment between the two centres, which creates a
moment capable of returning the structure back to the initial position to ensure the floating stability.
In more detail, under the rotation of the floating body by an angle ϕ, the center of buoyancy is moved
with response to the vertical misalignment axis of the two centres by GZ as shown in Figure 2.7.
Based on this, the floating stability of the structure can be measured with the use of metacentric
height which is the distance GNϕ, the COG to the metacentre Nϕ. The metacentre represents the
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intersection of the vertical lines of the centre of gravity G and the new offset centre of buoyancy
Bϕ. Therefore, from the rotational stability, it can be derived that the moments Ms described by
Equation 2.34 should be equal to the buoyancy force multiplied by the lever arm indicating the
misalignment of the two centres.

M = ρgV · GZ (2.34)

where
GZ is the stability lever arm and can be expressed as a function of the heel angle ϕ , and the
metacentre Nϕ, GZ = GNϕ sin ϕ which are presented in Figure 2.7.

φ

φ

G
B

Z
Bφ

gm ρg𝛁

Nφ

gm

ρg𝛁

Figure 2.7: Rotational Equilibrium of a floating body [13]

2.2.3 Motion and Load equations

In addition to the static stability of a floating body, it is important to explore the basic equations
of motions with respect to loads. According to Newton’s second law, the vertical motion of the
buoy is described by Equation 2.35. In this approach, the motion of the structure is the result of the
superposition of the hydromechanical forces which are induced by the harmonic oscillations of the
structure in still water and the wave exciting forces which are created by the upcoming ocean waves.

d
dt
(ρ∇ż) = ρ∇z̈ = Fh + Fw (2.35)

Considering only the oscillation of a floating buoy in the heave direction the linear equation of
motion without the existence of any external force (free decay in still water) is described by Equa-
tion 2.36. The motion of the body is described by the vertical displacement z with ż being the
velocity and the z̈ being the acceleration. Firstly, the term bż is triggered by the hydrodynamic re-
action that arises from the body’s motion with respect to the water. The body’s vertical oscillations
produce waves which convey energy, and also take energy away from the oscillations of the (free)
buoy, causing its motion to cease. In a linear system, this so-called wave damping is proportional
to the velocity of the body ż by the hydrodynamic coefficient b. The term αz̈ is also a result of the
hydrodynamic behaviour of the body. This force is generated by the acceleration of water molecules
close to the body and this part of the force does not lose energy and it resembles a standing wave
system close to the floating body. The coefficient α, also known as the hydrodynamic mass or ad-
ditional mass, has the dimension of a mass and is added to the solid mass of the structure. Finally,
the term cz describes the restoring force which is proportional to the displacement z.
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(m + α)z̈ + bż + cz = 0 (2.36)

where:
z is the vertical displacement (m), m = ρAwT is the solid mass of the boy structure (kg), Aw the
water plane area (m2), α is the hydrodynamic mass coefficient (kg), b is the hydrodynamic damping
coefficient (kg/s), c = ρgAw is the restoring spring coefficient (kg/s2), T is the length of the body
under the water(draft) m

With the existence of a sinusoidal external heave force the equation of motion can be transformed
as seen in Equation 2.37.

(m + α)z̈ + bż + cz = Fα sin(ωt + ϵFz) (2.37)

During the forced heave, the vertical motion of the model is described through a sinusoidal relation
z(t) = zα sin(ωt). By applying this to Equation 2.37 the coefficients can be defined based on the
external force characteristics, apart from the restoring coefficient which is merely dependent on the
geometrical characteristics.

α =
c − Fα/zα cos ϵFz

ω2 − m

b =
Fα/zα sin ϵFz

ω
c = ρgAw

(2.38)

Under the exposure to waves the force at the bottom the floating body is derived from Equation 2.9
for deep water and it is described by Equation 2.39.

F = (ρgT + ρgζαe−kT cos(kx − ωt))Aw (2.39)

The harmonic part is the wave force called the Froude-Krilov force and it is considered to be calcu-
lated by multiplying the spring coefficient with the effective wave elevation. However, due to the
reason that waves are diffracted there are additional terms that are needed to describe the wave
force with components proportional to the acceleration and the velocity. With all the aforemen-
tioned the wave equation is described by Equation 2.40 with ζ∗ indicated as the reduced or effective
wave elevation.

Fw = αζ̈∗ + bζ̇∗ + cζ∗ (2.40)

All of the aforementioned equations can be combined and give the total equation of motion Equa-
tion 2.41.

(m + α)z̈ + bż + cz = αζ̈∗ + bζ̇∗ + cζ∗ (2.41)

When studying a FOWT system other external forces have to be considered. In fact, the excitation
forces are a sum of hydrostatic forces, hydrodynamic loads, mooring forces, and aerodynamic loads
as presented in Equation 2.42. The hydrostatics along with the mooring describe the restoring loads
and therefore the system restoring coefficient includes the mooring stiffness as well as the static
contribution of the whole FOWT system. The hydrodynamics can describe both ocean waves and
currents while the aerodynamics depend on the existing wind conditions.

Fext = Fhydrostatics + Fhydrodynamics + Fmoorings + Faerodynamics (2.42)
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Morison equation

Potential wave theory, as it was presented in Section 2.1.2, reconstructs the motion caused by the
presence of radiation, diffraction forces, hydrostatic buoyancy, and incident waves. The damping
and additional mass over the six degrees of freedom are derived from radiation and diffraction
characteristics and employed in the system’s equation of motion. However, the presence of viscous
effects is completely ruled out, which might result in an underestimation of the system’s damping.
Consequently, several techniques have been developed to take this into consideration. For iden-
tifying which elements are important a diagram has been developed as shown in Figure 2.8. It
describes whether diffraction or drag is most important based on the wave characteristics and the
characteristic dimension of the buoy.
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Figure 2.8: Different wave force regimes D is the characteristic dimension, H is the wave height, and λis the wave
length

Morison’s representation is an empirical approach that can be used to describe the forces on an
offshore structure. Although it is mostly used for fixed bottom applications, the Morison equation
can also be applied to floating structures to directly compute the linear wave loads and viscous-
drag loads. It is mostly, limited to slender structures bodies where the dimensions of the structure
are significantly smaller than the wavelength, specifically D/λ < 0.2. In this case, diffraction is
negligible and as presented in Figure 2.8. The Morison equation considers the force derived from
the superposition of inertia and drag forces.

F(t) =
π

4
ρCMD2 · u̇(t)︸ ︷︷ ︸

Inertia term

+
1
2

ρCDD · u(t)|u(t)|︸ ︷︷ ︸
Drag term

(2.43)

The pressure gradient and the disturbance force are the two primary types of inertia forces that re-
sult from the ocean’s flow accelerations. The Froude-Krilov force, which was discussed previously,
is what causes the pressure gradient, which is created by the pressure around a body. Since the
body’s shape pushes the fluid to move around it and creates local velocities, the disturbance is the
body’s force applied to the water. These two forces have the same value however their significance
to the inertial force is different. For the Froude-Krilov force, it is considered to be 1, while for the
disturbance the significance is Cα which is the coefficient of added mass and it is usually less than
1. The sum of 1 + Cα equals to CM which is the inertia coefficient.

The drag forces are proportional to the square of velocity U2, and the characteristic diameter D and
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it is considered to be caused by a current.

The drag and the inertia coefficient are fundamental for the Morison equation and therefore it is
helpful to be defined through non-dimension numbers. Reynolds number, Froude number and
Keulefan Carpenter number are some that can be used to describe the coefficients.

1. Reynolds number is expressed by Equation 2.44 where uα is the velocity amplitude m/s, D is
the characteristic diameter m and v is the kinematic viscosity m2/s

Re =
uαD

v
(2.44)

2. Froude number can be defined in Equation 2.45 where g is the acceleration of gravity m/s2

Fr =
uα√
gD

(2.45)

3. Keulegan Carpenter number is expressed by Equation 2.46 where xα is the water displacement
amplitude m

KC =
2πxα

D
(2.46)

Inertia and drag dominance which is also shown in Figure 2.8, can be expressed through the
Keulegan-Carpenter number, as shown in Equation 2.48. This is a significant point, which can
possibly simplify the Morison equation by neglecting some terms.

Fdragα

Finertiaα

=
1
2 ρCDD · uα|uα|

π
4 ρCMD2 · u̇α

=
1
2 ρCDD · uα|uα|
π
4 ρCMD2 · ωuα

=
2CD|uα|
πCMDω

(2.47)

The maximum value of |uα| is uα, while ω = 2πT and uα = ωxα the expression can be reformulated.

Fdragα

Finertiaα

=
1

π2
CD

CM

uαT
D

=
1

π2
CD

CM
KC (2.48)

Considering that 1
π2 is around 1/10, and that CD is more than half the CM the two forces are equal

when KC varies between 15 to 20. In more detail:

• For KC < 3 the inertia force is dominant. In this case, compared to the diameter, the flow does
not move far enough to produce significant boundary layers or vortices and the drag force can
be ignored. The potential flow theory is still valid.

• For range, 3 < KC < 15, a linearized approach of the drag force can be applied.

• For higher range, 15 < KC < 45 , the complete Morison equation is applied.

• For higher KC values, KC > 45, the drag force is the primary force, while inertia can be
neglected. At this point, the flow behaves more like a uniform flow.
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3 Related research review
& Literature Gap
The theory that was introduced in Chapter 2 can be applied with different numerical approaches.
In this chapter, an insight into the different numerical approaches ( Section 3.1) is presented with
an emphasis on the research that is currently conducted on the accuracy and the aspects of those
models (Section 3.2). The chapter concludes with the research gap that led would be the main of
focus of the thesis simulations (Section 3.3).

3.1 Numerical Models

In order to develop solid technology on FOWT, their modelling is essential since it is the main
indicator of the ultimate loads and fatigue damage of the structure. The two primary approaches
for modelling FOWT are numerical methods and physical testing. Numerical tools calibrated with
physical testing can be used to explore the design space by running more design load cases.

For the analysis of floating wind turbines, there have been multiple tools developed, combining
structural dynamics, aerodynamics, hydrodynamics and mooring dynamics. Fatigue, Aerodynam-
ics, Structures, and Turbulence (FAST), SIMPACK, Bladed, SIMA workbench and HAWC2 are some
of the multi-fidelity tools [16]. Each one of them uses different modelling approaches for each one
of the sections as shown in Table 3.1. Computational Fluid Dynamics (CFD) can also be used for a
high-fidelity approach to aerodynamic and hydrodynamic analysis.

As observed in Table 3.1 the different software uses different approaches for hydrodynamics, aero-
dynamics and structure dynamics which determine the fidelity level of the simulations. For hy-
drodynamics, which is the main objective of the present thesis, all software use the Potential Flow
Theory and the Morison equation. Implementing these theories requires tuning different modelling
parameters such as drag coefficients, added mass matrices and hydrostatic properties. There are
frequency domain tools that explicitly focus on the floater and the definition of the hydrodynamic
coefficients such as WAMIT [17], NEMOH [18] and Ansys AQWA [19] which can provide input to
the time-domain mid-fidelity tools. This kind of tool solve the radiation/diffraction problem and
calculate the added mass and damping for different range of frequencies and wave directions. The
radiation/diffraction defined coefficients could be used as an input in the potential flow solution,
however, the viscous effect should be accounted for as well. Depending on the structure and the
application the viscous effects (drag coefficients) are determined through the Re and KC numbers.
The calculation and the selection of the hydrodynamic coefficient are significant for measuring the
FOWT performance and the research efforts have been put into measuring their effect in the correct
prediction of the FOWT performance.

3.2 Related research

There are several projects, devoted to the performance analysis of this system, have examined several
aspects concerning the aero-hydro dynamic performance. The projects OC4 (Offshore Code Com-
parison Collaboration Continuation) and OC5 (Offshore Code Comparison Collaboration Continu-
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Table 3.1: Software tools for FOWT [16]

Software Hydrodynamics Aerodynamics Structure
FAST PF+ME BEMT + GDW/FVW RB+Modal/FEM+Dyn/QS
HAWC2 PF+ME BEMT + GDW FEM+Dyn
SIMA PF+ME BEMT FEM+Dyn
Bladed With SIMA BEMT + GDW Modal
SIMPACK With HydroDyn AeroDyn/AeroModule FEM
Orcaflex PF+ME With FAST RB+FEM+Dyn
Flexcom PF+ME With FAST RB+FEM+Dyn

ation with Correlation project) have been carried out in previous years and have used the National
Renewable Energy Laboratory (NREL) 5MW wind turbine and different platforms to verify and
validate different tools and methods. More precisely, OC4 included verifying the accuracy of differ-
ent offshore wind turbine modelling tools by comparing the different codes previously mentioned
[20] for a semisubmersible structure. Several load cases, including free-decay tests, currents, and
irregular waves coupled to and uncoupled from the wind, were simulated during this study using
a variety of codes, including the FAST code. The findings allowed for the identification of the sys-
tem’s natural frequencies and motions that are susceptible to resonance. From those comparisons,
it was concluded Morison equation and potential flow solution can provide equivalent results while
the choice of drag should be member-dependent.

OC5 focused on validating the tools used for modelling offshore wind systems through the com-
parison of simulated responses of select system designs to physical test data [21]. In this study, a
scaled-down physical model of the system (Floater and Wind turbine) was constructed and tested
under different cases and the results were compared to the ones obtained from simulations. The re-
sults of the simulations comply with those of the experiments, however, there is an under-prediction
of around 20% in the global loads. This under-prediction is crucial in pitch and surge natural fre-
quencies which have natural frequencies outside the linear wave excitation region and therefore
are excited from non-linear hydrodynamic loads. This suggests that second-order terms should be
carefully modelled and not disregarded.

This underestimation has sparked a lot of research on its main causes and has led to the OC6 project
(OC5 with unCertaitny). Simulations conducted have proposed that the proper tuning of the drag
coefficients is crucial to the prediction of low-frequencies responses [22]. However, it is difficult to
find a coefficient that can effectively predict the response in both free-decays and irregular wave
conditions [23]. Several approaches have been proposed such as depth-dependent drag coefficients
with the use of larger drag coefficients close to the SWL [24] and the modification of the Quadratic
Transfer Functions (QTF) which are responsible for calculating the second-order terms. In this case,
the QTF can be calculated with CFD and then added to a multi-fidelity tool such as OpenFAST
[25]. More research conducted in relation to OC6 proposed that the low-frequency forces in the
transverse flow are mostly related to viscous drag and can therefore be correctly predicted with the
increase of drag coefficient near this point and the addition of wave-stretching [26].

Although there has been extensive research on the approach of low frequencies with an emphasis
on drag, further research on those models has identified other dependencies as well. The way that
quadratic damping is implemented seems to have an effect on the load prediction [27]. The drag
coefficient in the Morison equation does not account for Degrees Of Freedom (DOF) dependency,
therefore a quadratic damping matrix seems to address more accurately the loads compared to
experimental results. The complementary effect of the different degrees of freedom can also be
addressed with the use of multi-directional waves instead of uni-directional ones which tend to
overpredict the global loads [28]. On the other hand, the uncertainty of drag seems to have neg-
ligible effects on large structures but there is a need for research on small and slenderer floaters [29].
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The second-order dynamics apart from their contribution to lower frequencies, appear to be sensi-
tive to water-depth changes [30] with their effectiveness being greater in shallower water. The use of
coupled models that take wind conditions into account is also crucial since it might alter predictions
of total loads.

Recent research has concentrated on assessing the sensitivity of various parameters related to both
the wind turbine and the floating platform, employing the OpenFAST framework [31] [32]. This
research serves as a valuable reference for the current study. The investigation delves into the
influence of several parameters, encompassing aspects of wind, waves, and current, as well as in-
trinsic model characteristics like system mass, centre of mass, and blade properties. The findings
from this research highlight that the most impactful input parameter is the standard deviation of
turbulent wind, closely followed by current speed and the system’s centre of mass in the x-direction.

3.3 Research gap

The aforementioned work demonstrates that there is still a need for exploring the effect of dif-
ferent hydrodynamic parameters in order to make more accurate predictions of FOWT behaviour.
Especially for mid-fidelity tools the proper tune of the parameters can be crucial for load predic-
tion. Although it appears that the main issue with mid-fidelity tools is the underprediction of
low-frequency hydrodynamic loads, which has been attributed to the proper selection of the drag
coefficient, other properties of the hydrodynamic models seem to have a great impact as well. The
effect of added mass coefficients which are derived from the potential flow theory can be different
for different wave amplitudes, while the axial drag and added mass coefficients might also need to
be adjusted for different wave conditions. At the same time, other aspects such as wave stretching
can also affect the results.

On the other hand, the inclusiveness of the research is limited since most of the simulations have
focused only on specific load cases. Moreover, the hydrodynamic parameters have not been studied
extensively for coupled cases, and therefore the interaction between hydrodynamic parameters and
wind effect has not been explored. Finally, the currents have a limited representation in the litera-
ture including the uncertainty of the parameters.

This gap in research is related to the lack of experimental and full-scale data to compare with, how-
ever, there can be other methods implemented to give an indication of the performance on a global
scale. Those include the uncertainty of the different parameters and at the same time will cover a
wide range of possible wave /wind cases. This led to the current thesis which will focus on the
effect of the different parameters on the overall performance through a sensitivity analysis. While
there exists a sensitivity analysis for semi-submersible Floating Offshore Wind Turbines (FOWT),
the current project aims to take this analysis to a more comprehensive level. Firstly, it will place
a greater emphasis on the hydrodynamic parameters, thoroughly examining each individual mem-
ber. Furthermore, the study will delve into comparing different theoretical approaches, including a
sensitivity analysis utilizing the Morison equation. Additionally, sensitivity analysis will extend to
a spar platform, facilitating a comparative study between the two types. The research will encom-
pass a wide range of scenarios, incorporating diverse environmental conditions that FOWTs may
encounter.

A correlation between the ocean waves and the modelling approach could not only predict the
possible response of the FOWT but also give a more in-depth analysis of the model features that
are uncertain. Therefore, it is considered quite important to identify those uncertain features and
study their effect on the FOWT performance. Additionally, it might bring the standardization of the
modelling approaches applied to FOWT one step closer.
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4 OpenFAST & System Properties
This chapter will discuss the primary computational tool, OpenFAST, used in the simulation and
analyze the employed hydrodynamic and aerodynamic techniques. There will also be a description
of the system that OpenFAST will replicate.

4.1 OpenFAST

From all the different tools, FAST (Fatigue, Aerodynamics, Structures, and Turbulence) that has been
developed by National Renewable Energy Laboratory (NREL) is a multi-fidelity, multiphysics tool.
FAST was first created to forecast loads for on-land and offshore bottom-mounted wind turbines,
but its functionality was expanded with the addition of new modules to allow for the modelling of
FOWTs. To enable coupled nonlinear aero-hydro-servo-elastic analysis in the time domain, the code
consists of modules representing various FOWT characteristics. As shown in Figure 4.1 there are
external conditions concerning the wind and the waves, which are translated into an applied load
which is then coupled and gives several outputs relevant to the power generation and the wind and
wave motion.

InflowWind

Wind-Inflow

Waves & Currents Hydro-dynamics

AeroDyn

Aerodynamics

MoorDyn, 
MAP++,FEAMooring

Mooring Dynamics

Rotor 
Dynamics

Drivetrain 
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Nacelle Dynamics

Tower Dynamics

Platform Dynamics ElastoDyn

Control System & Actuators

Power 
Generation

ServoDyn

External Conditions Applied Loads Wind Turbine

HydroDyn

Figure 4.1: OpenFast Modules

OpenFAST is the tool used to run all the simulations using the FAST code. Its main modules are
AeroDyn, HydroDyn, InlfowWind, ElastoDyn, ServoDyn and MoorDyn. All of these combined
can successfully module a floating wind turbine system and model its behaviour. For the current
study, the primary focus will be on the external conditions and the applied loads meaning that the
HydroDyn and AeroDyn modules will be mostly studied. In the following section, a more detailed
analysis of the modelling options will be given
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4.1.1 HydroDyn Module

HydroDyn is the module responsible for calculating the hydrodynamic loads and the platform mo-
tion with the wave characteristics as an input [33]. This module allows the different hydrodynamic
modelling approaches to be applied and measure their effect on the FOWT. In more detail, the Hy-
droDyn provides the ability to define specific sea conditions which will then be used to calculate the
motions and loads. Starting with the wave condition, it is possible to simulate regular and irregular
waves JONSWAP and PM spectrums, as well as user-defined input data of wave motions. The basic
characteristics that are required for the definition of the sea conditions are the wave height H (sig-
nificant wave height Hs for irregular waves), the period T (peak period Tp for irregular waves), the
peak shape parameter γ in case of spectrum, the direction and the directional spreading if applied.
It is also possible to add currents to the water motion by providing the velocity in the SWL and the
water depth.

The HydroDyn main approach to reach the solution is the Potential theory and the Morison equa-
tion (Strip Theory) as they were described in Chapter 2. The potential flow theory is used for
substructures that are large compared to typical wavelengths. The potential-flow hydrodynamic
loads include linear hydrodynamic restoring, added mass and damping contributions from linear
wave radiation, and the incident-wave excitation from the first and second-order diffraction [33].
This solution requires hydrodynamic coefficients which are precalculated from separate codes such
as WAMIT.

Second-order components that are crucial for identifying excitations at lower or higher frequencies
can be added to the potential flow theory’s first-order solution. The mean-drift forces, the Newman
approximation, and the full QTF are the three separate methods used in OpenFAST to generate
the quadratic terms as quadratic transfer functions (Quadratic Transfer Function). The quickest
method is the mean-drift approach, which only considers diagonal terms (where frequencies and
direction are the same). The significance of the drift loads is due to the presence of low-frequency
components that may generate sluggish drift motions. Similarly, Newman’s approach only needs
those diagonal elements as input but it extrapolates them to acquire the off-diagonal elements as
well. However, for large QTF terms, it underestimates the off-diagonal components. Therefore, the
full QTF method may be more appropriate. This method is more computationally intensive, but it
enables obtaining the sum frequency QFT, which is significant for capturing the high frequencies.

The second solution method is the Morison equation which is expressed through the Strip theory
and used for structures with small diameters relative to a typical wavelength. In this case, the
fluid-inertia, added-mass and viscous-drag components of Morison’s equation are included in the
strip-theory loads. Moreover, axial loads from tapered members and static buoyancy loads can be
added, while hydrodynamic loads are also applied as lumped loads on member endpoints (joints).
Flooding or ballasting of members and the effects of marine growth can also be included. It should
be mentioned that in some cases, the potential-flow theory is combined with the viscous-drag com-
ponents of the strip theory for a more inclusive approach.

4.1.2 AeroDyn and InflowWind

AeroDyn module offers aero-elastic modelling of horizontal-axis turbines in the time domain. It can
also be used as a standalone module to calculate the aerodynamic performance of the wind turbine
uncoupled with the OpenFAST and the rest of the modules. In the present thesis, this module along
with InflowWInd will be used to add wind effect combined with the hydrodynamics.

The AeroDyn module assumes the turbine geometry consists of a single tower supporting a one-,
two-, or three-bladed rotor. It is used to determine the aerodynamic loads on the tower and blades
with calculations subjected to the principles of actuator lines. In this aerodynamic approach, the

28



4.1. OpenFAST

Modelling Approach

Mean-Drift
Newman Approximation

Full QTF
Full QTF

Potential Flow Theory Strip Theory (Morison Equation)

𝐹 = 𝐹 + 𝐹 + 𝐹 + 𝐹
+𝐹 _ + 𝐹 + 𝐹 _ + 𝐹 _

𝐹 = 𝐹 + 𝐹 + 𝐹 + 𝐹

Wave Excitation
Hydrostatic
Radiation

Added mass

2nd order 2nd order 

Inertia Force
Drag Force

Buoyancy Force
Weight of Marine Growth

Fluid Ballasting
Added Mass 

Added Mass marine growth
Added Mass Fluid Balancing

Hybrid

𝐹 = 𝐹 + 𝐹 _ + 𝐹 _

Drag Force
Fluid Ballasting

Added Mass Fluid Balancing

Full QTF
2nd order 

Figure 4.2: Modelling Methods of HydroDyn module [33]

three-dimensional (3D) flow around a body is approximated by local two-dimensional (2D) flow at
cross sections, and the distributed pressure and shear stresses are approximated by lift forces, drag
forces, and pitching moments lumped at a node in a 2D cross-section [34].

The most significant part of the AeroDyn module is the rotor wake modelling which defines the
modelling approach for calculating the forces upon the wind turbine. In Aerodyn, wake modelling
is conducted through three main methodologies: theBlade Element Momentum (BEM) theory, the
Dynamic Blade Element Momentum (DBEM) theory and the cOnvecting LAgrangian Filaments
(OLAF).

BEM theory is widely used to calculate aerodynamic forces with the combination of principles from
blade element theory and momentum theory. In blade element theory the thrust force and the
torque around an annulus dr, are defined from Equation 4.1 and Equation 4.2, respectively.

dT = B
1
2

ρV2
total(Cl cos ϕ + Cd sin ϕ)cdr (4.1)

dQ = B
1
2

ρV2
total(Cl sin ϕ − Cd cos ϕ)crdr (4.2)

where B is the number of blades, Vtotal is the total speed upon a blade as the geometrical superposi-
tion of the wind speed and the rotational speed, Cl is the lift coefficient of the blade, Cd is the drag
coefficient of the blade, ϕ is the inflow angle, c is the chord and r is the radius.

On the other hand, in the momentum theory the same properties are defined from Equation 4.3
and Equation 4.4 , with the consideration of some extra corrections such as Prandtl tip-loss, Prandtl
hub-loss, and Pitt and Peters skewed-wake.

dT = 4πrρU2
∞(1 − a)aFdr (4.3)

dQ = 4πr3ρU∞Ω(1 − a)a
′
Fdr (4.4)
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where, U∞ is the wind speed, Ω is the rotational rotor speed, a is the axial induction factor, a
′

is
the tangential induction factor and F is the correction factor to the induced velocity based on the
tip-loss model and hub-loss

To solve these equations an iteration process is followed. Starting with an estimation for the in-
duction factors a and a

′
, the inflow angle can be calculated, along with the local angle of attack.

Followed by this, the tip and hub-loss factors can be calculated, while the lift and drag coefficients
can be found based on the angle of attack. The new induction factors can then be calculated through
the balance of the blade element and momentum theory equations. The resulting induction factors
are compared to the initial estimation and the iteration process is continued till the results converge.

Apart from BEM models OpenFAST is also possible to use a different approach which is Free Vor-
tex Wake (FVW) models. The main module is the cOnvecting LAngrangian Filaments (OLAF). The
increase in the rotor size involves large blade deflections which result in swept areas that differ
from the rotor plane and affect the near wake. This situation violates the assumptions used by BEM
theory and there is a need for a more robust approach such as OLAF. It should be noted that this
approach is out of the scope of the thesis and therefore it will not be used.

In addition to rotor aerodynamics, OpenFAST employs additional techniques to determine the lift
and drag coefficients of airfoils. Using static aerodynamics, which uses tables with the necessary
data for each airfoil, is the easiest method. The coefficients are determined as a function of the
Reynolds number and the angle of attack. However, the fluctuation in wind speed over the rotor
disk causes unstable or oscillatory angles of attack time histories on wind turbine blade airfoil sec-
tions, which results in dynamic stall occurrences. Vertical wind, yaw misalignment, horizontal and
vertical wind shears, and wind turbulence are the sources of these fluctuations in velocity. Different
unsteady airfoil aerodynamic models are offered by the AeroDyn module, making it possible to
model those phenomena in the lift and drag coefficient calculations.

It is worth mentioning that AeroDyn also simulates the wind turbine tower’s effect on the blades’
aerodynamics. This is performed with the use of a potential flow solution around a cylinder as the
basic flow field, combined with a tower dam model for the upwind effect and a downwind wake
model based on tower drag coefficient Cd.

A significant part of the aerodynamics is the input wind data defined in the InflowWind file. Dif-
ferent wind conditions can be simulated such as steady wind or fluctuating wind with turbulence
addition and shear phenomenons. InflowWind supports different formats such as uniform, binary
TurbSim full-field (FF), binary Bladed-style FF, and HAWC formatted binary FF wind files. Based
on the wind type that is chosen different input parameters need to be defined, such as the hor-
izontal wind and the reference height. The purpose of this module is to simulate accurately the
wind conditions and therefore the wind type used will be based on the available data that will be
obtained for the different studied locations.

When dealing with turbulent wind conditions, TurbSim is a valuable tool for generating necessary
files. TurbSim offers flexibility in modifying parameters to create full-field wind data files. Among
various turbulent models, the Kaimal spectrum is commonly utilized due to its effectiveness in char-
acterizing atmospheric turbulence [35]. The Kaimal spectrum is defined by the equation presented
in Equation 4.5, where Λu represents a length scale parameter, and U corresponds to the mean wind
speed at the hub height [36].

Su( f ) =
4σ2

u
Λu
U(

1 + 6 f Λu
U

) 5
3

(4.5)
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4.1.3 Wind Turbine Modules

The wind turbine modules as presented in Figure 4.1 contain the ServoDyn, the ElastoDyn and
the MoorDyn modules. ServoDyn implements wind turbine control, such as the Pitch control and
the Generator and Torque control. The ElastoDyn defines different modelling options, geometries
and active DOFs of the different substructures such as the tower, the nacelle, the blades and the
platform. At the same time, it sets the initial conditions of the simulation. MoorDyn simulates the
mooring of the platform, including the lines and their physical properties.

These sections refer to the system characteristics and therefore will not be studied in the present
report. However, they will be used to obtain the total performance of the FOWT.

4.2 Wind Turbine and Platform Properties

For the conceptual study of offshore wind turbines, the National Renewable Energy Laboratory
(NREL) has developed a baseline wind turbine widely used in projects to evaluate the performance
and response under specific aerodynamic and hydrodynamic conditions [37]. The NREL 5MW
wind turbine is a three-bladed upwind turbine with variable-speed and variable blade-pitch-to-
feather-controlled. The characteristics of the wind turbine are presented in Table 4.1. It has been
used in several projects and has already been simulated in OpenFAST, making it an ideal choice for
studying different cases.

Table 4.1: NREL 5MW Properties ([37])

Rated Power 5MW
No Blades 3
Rotor Diameter 126m
Hub- Height 90m
Rated speed 11.4 m/s
Cut-in wind speed
Cut-out wind speed

3 m/s
25 m/s

Cut-in rotor speed
Cut-out rotor speed

6.9 rpm
12.1 rpm

Rated Tip Speed 80 m/s
Rotor Mass 110,000 kg
Nacelle Mass 240,000 kg
Tower Mass 347,460 kg

For simulating the aforementioned floating wind turbine as a semi-submersible floating structure,
a floating platform has been developed to support the rotor-nacelle assembly and the tower. The
platform layout is presented in Figure 4.3, where a scaled construction of the structure is shown
[38]. The floating platform consists of a main column, which is attached to the tower at the centre of
the structure. Three offset columns surround this and are connected to the main through pontoons
and cross members. These smaller structures are two sets of three pontoons connecting the offset
columns at the top and the bottom, along with another two sets of three pontoons connecting the
offset to the main. Additionally, there are three cross braces connecting the bottom of the main to
the top of the offset. The structure’s total height is supposed to be 32m, with the first 20m under
the SWL. The total mass includes the ballast water and has been considered carefully to ensure the
buoyancy of the system taking into account the weight of the rotor-nacelle assembly, the tower, the
floating platform and the mooring system.

Along with the floating platform’s physical qualities, it is important to characterize its hydrostatic
and hydrodynamic parameters. The core of hydrostatics is the stability of the system’s equilibrium
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Figure 4.3: Layout of the whole structure designed for the OC4 and OC5 projects[39]

while taking into account the effects of gravity, the displaced volume, and the shape of the water
plane at the centre of buoyancy (COB). The hydrostatic restoring matrix (6x6) that is generated as a
result of this balance is utilised as an input in OpenFAST. It should be noted that due to the sym-
metry of the structure and the alignment of the COB with the tower centre line only the heave, the
roll and the pitch diagonals of the matrix are non-zero.

On the other hand, the inputs that are relevant to hydrodynamics rely exclusively on the hydrody-
namic approach used. The potential flow hypothesis demands additional mass effects, radiation,
and wave excitation. They are predefined by WAMIT, which addresses the linear potential-flow
radiation and diffraction issues when modeling various excitation tests. Added mass and damp-
ing matrices (6x6) that are dependent on wave frequency are provided by the radiation problem,
whereas a hydrodynamic wave-excitation vector that is dependent on both wave frequency and di-
rection is provided by the diffraction problem[38].

In cases where the radiation damping is negligible and flow separations can occur Morison’s Equa-
tion can be applied. In this case, the added mass coefficient Ca and the viscous-drag coefficient Cd
have been predefined for the transverse flow as well as the axial (heave) direction. The added mass
was selected such that it agrees with the potential flow added mass and it was verified through
simulations. The viscous drag was defined through Reynolds number relations for the different
members of the platform. The detailed are presented in Table 4.2.
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CD = 0.61 upper 
columns

CD = 0.68 base columns (heave 
plates)

CD = 4.8 axial drag (or 9.6 at one 
end)

CD = 0.63 pontons cross 
members

CD = 0.56 main column

Figure 4.4: Drag coefficients on the different parts of the floater according to the system description [38]

Table 4.2: Semisubmersible Floating Structure for OC4 project

General Properties
Platform mass, including ballast 1.3473E+7 kg
Displaced volume (Vo) 13917 m3

Center of Buoyancy (COB) below SWL 13.5 m
Hydrostatic restoring matrix

Heave (CHydrostatic
33 ) 3.836E+06 N/m

Roll (CHydrostatic
44 ) -3.776E+08 N-m/rad

Pitch(CHydrostatic
55 ) -3.776E+08 N-m/rad

Morrison coeffients
Added Mass coefficient (Ca) all members 0.63
Drag coefficient (Cd) main column 0.56
Drag coefficient (Cd ) upper columns 0.61
Drag coefficient (Cd ) base columns 0.68
Drag coefficient (Cd ) pontoons and cross members 0.63
Axial added mass coefficient (Caz) base column 1
Axial drag coefficient (Cdz) base column 4.8

Additional Quadratic Damping
Additional quadratic drag in surge (Bquad

11 ) 3.95E+5 Ns2/m2

Additional quadratic drag in sway (Bquad
22 ) 3.95E+5 Ns2/m2

Additional quadratic drag in heave (Bquad
33 ) 3.88E+6Ns2/m2

Additional quadratic drag in roll (Bquad
44 ) 3.70E+10 Nms2/rad2

Additional quadratic drag in pitch (Bquad
55 ) 3.70E+10 Nms2/rad2

Additional quadratic drag in yaw (Bquad
66 ) 4.08E+9 Nms2/rad2
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5 Model Verification & Validation
In the context of the research, it is important to conduct a model verification process before simulat-
ing various sea conditions and models. The purpose of this verification serves two different goals.
Firstly it will ensure that the simulations running with the selected version of the OpenFAST align
with previous simulation results, such as those of the OC4 project and the experimental results of
OC5 and OC6 projects. Secondly, it will be used as a point of reference for the different theories
applied. Consequently, a comparison, of the natural frequencies and the free-decay responses will
be presented. In addition, a comparison with the experimental results will also be demonstrated
and the differences between those will be discussed in this chapter.

5.1 Verification with NREL FAST simulations

The first step towards verification is to obtain relevant simulation data that can be used as bench-
mark data for the comparison to the model. The OC4 project, as was mentioned, was developed
to evaluate the Morison equation and Potential Flow theory with the use of mid-fidelity tools, in-
cluding the simulations with the FAST code. Those simulations were dedicated to the selected
semisubmersible floater with the NREL 5MW wind turbine and therefore are the ideal choice for
conducting the verification.

The set of simulation cases that were conducted in OC4 project encompassed various scenarios to
assess the behaviour of the model. Still water conditions, wave conditions, and simulations where
wind coupling were considered. Under those terms, those simulations were also chosen for the
model verification for a better representation of the different scenarios.

5.1.1 Free-decay tests

Still water simulations (free-decay tests) allow the evaluation of the model’s response in the absence
of any external force, providing insights into the system’s characteristics. The free-decay tests pro-
vide the natural frequencies over the platform six degrees of freedom which are significant for the
analysis of the dynamic performance of the system. In addition, they are essential in the verification
of the models since they are indicative properties.

Considering that the same set-up is used for the model in OpenFAST the comparison between the
two models is expected to give almost identical results. During the OC4 project, four free decay
tests were simulated in the surge, heave, pitch and yaw directions. In these tests, it is considered
that there is no wind and there is still water while the platform is moved by some meters or degrees
in one of the directions and the motion is documented. It should be noted that the simulations
were modelled with only the 6 DOFs of platform motion active and all the other DOFs of the wind
turbine were turned off. The properties of the model as referred to in Table 4.2 were simulated with
0.0125s timestep. The initial conditions for those tests are described in Table 5.1.

An important aspect of the simulations is the mooring dynamics model. It was decided to run the
simulations with MAP++ over MoorDyn due to differences observed between those two mooring
approximations. MoorDyn is a dynamic method of mooring calculations on the contrary MAP++ is
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a quasi-static approach. Although it is expected that MoorDyn is more accurate, for the comparison
of the free-decay tests, some discrepancies were noticed, which led to the use of MAP++.

Table 5.1: Initial offsets of modes of motion for the selected free-decay test and simulation properties

Motion DOF Initial Offset Simulation Time
Surge Decay Surge = 22m 1200s
Heave Decay Heave = 6m 300s
Pitch Decay Pitch = 8 deg 300s
Yaw Decay Yaw = 8 deg 900s

The NREL results were first compared to potential flow theory in combination with the Morison
equation referred to as hybrid theory in HyrdoDyn module. This means that the model uses the
predefined WAMIT files of the floating platform with the addition of the drag coefficients of the
platform’s members. Those drag coefficients have been determined in the system definition as was
mentioned in Chapter 4. This is the main setup under which the OC4 simulations from NREL were
conducted. The dominant motions that correspond to each of the free decay tests are presented in
Figure 5.1.

By observing the results in Figure 5.1, the natural frequencies and the damping ratios are clearly
in close compliance in the majority of simulations. More specifically, there are minor variations in
surge amplitude that are also seen in pitch and yaw, along with a slight change in time, although
heave is the same. The modifications between the various openFAST versions have been identified
as the primary cause of those minor variances. In fact, OpenFAST v3.5.0 was used to recreate the
present simulations while NREL simulations were run using FAST v8. Improvements in the imple-
mentation of the HydroDyn solution throughout the course of OpenFAST’s multiple versions fully
account for the minor variations found.

From the free decay tests presented above, the natural frequencies for sway and roll were also com-
puted and contrasted with those offered by NREL for completeness. Overall, the natural periods
of the 6 DOF are presented in Table 5.2 and are quite similar, with a few slight variations and with
a maximum error of 5% observed in sway natural frequency. This small discrepancy is attributed
to the modelling modifications of the earlier version of OpenFAST that has been used at the NREL
OC4 project.

Table 5.2: Natural Frequencies comparison between NREL and OpenFAST 3.5.0 simulations

Natural Period (Frequencies) NREL Hybrid (OpenFAST 3.5.0)
Surge 104.8s 105.4s
Sway 113s 107.5s
Heave 17.9s 17.8s
Roll 26.9s 26.05s
Pitch 25.7s 26.05s
Yaw 79s 78.05s

5.1.2 Comparison of hydrodynamic theories

The verification analysis was also conducted between the different modelling approaches of the Hy-
droDyn module. OpenFAST encompasses three different approaches, namely potential flow theory,
strip theory and hybrid which is a combination of the two. Among these the most widely used is
the hybrid theory due to each versatility in different geometries and shapes of floaters. The hybrid
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Figure 5.1: Comparison of free decay tests between NREL OC4 simulations and Hybrid theory with OpenFAST 3.5.0
version represented as the floating platform motion among different directions

Table 5.3: Damping ratio comparison between NREL and OpenFAST 3.5.0 simulations

Damping Ratio NREL Hybrid (OpenFAST 3.5.0)
Surge 0.0407 0.03615
Heave 0.0249 0.0241
Pitch 0.0292 0.0285
Yaw 0.0179 0.0175

theory makes use of the diffraction-radiation problem derived by WAMIT, which is the potential
flow theory input, and the viscous effects, which are represented by the drag coefficients of the
Morison equation (Strip theory).

While the potential flow theory allows for application to different types of floaters, the Morison
equation, although less suitable for larger and complex structures, offers a more direct approach.
The requirement for a detailed frequency-dependent solution from WAMIT in the case of potential
flow theory can be replaced with the simple definition of drag and added mass coefficients. Its
simplicity underlines the importance of the Morison equation and the need for investigating further
its application.
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Figure 5.2: Comparison of free decay tests between hybrid solution (Potential Flow + Drag Coefficients) and Strip
theory solution represented as the floating platform motion among different directions

Within this framework, the free-decay tests were also simulated using the Morison equation, in-
corporating the coefficients as defined in Table 4.2. Figure 5.2 demonstrates the difference in the
free-decay tests of the hybrid and strip theory approach in the 4 DOFs. The figure demonstrated
a remarkable similarity, indicating the Morison equation is applicable to the present structure and
can yield comparable results. The largest discrepancies are located in the yaw free-decay test where
the damping ratio is significantly lower. The cause of this difference can be attributed to the values
of the coefficients used. Specifically, the added mass, derived from the potential flow solution, may
not be highly accurate as it is represented by a constant value. For this reason, it should be one
of the parameters that require further investigation. However, it should be noticed that in all other
simulations, the hybrid and Morison equation approaches are in agreement. This observation sup-
ports the statement that the differences with the NREL OC4 simulation are attributed to the version
of OpenFAST utilized.

The free-decay tests were also performed with the application of the potential-flow theory only.
In this case, only the radiation-diffraction solution is considered through the predefined WAMIT
files. Since the drag coefficients are ignored the viscous damping is not considered. It has been
noticed that viscous-induced damping is dominating for the specific semisubmersible structure.
Hence, it should be added through the quadratic damping matrix presented in Table 4.2 to obtain
equivalent outputs. The comparison between all of the theories is presented in Figure 5.3 and the
total comparison between the natural periods calculated for the different theories is presented in
Table 5.4. What is observed is that for the four main motions, namely surge, heave, pitch, and
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Figure 5.3: Comparison of free decay tests between hybrid solution (Potential Flow + Drag Coefficients), Strip theory
solution (Morison equation) and Potential flow solution represented as the floating platform motion among different
directions

yaw, there is alignment between the natural periods obtained using the hybrid and strip theory,
suggesting that the two theories are equivalent, at least for the free decay tests. A close agreement
in natural periods is also noted for surge, heave, and yaw motions when using potential flow theory
alone. However, in the case of pitch motion, when employing potential theory exclusively, a natural
period of 40 seconds is observed, which is 15 seconds longer than the values obtained with the
other approaches. This discrepancy in pitch motion could be attributed to the model setup when
using potential flow theory alone, which may require additional modifications to accurately predict
the pitch motion. Further investigation is recommended to identify the problem. It is worth noting
that the strip and hybrid theories, which employ member-based attribution, have longer simulation
runtimes but may provide more accurate calculations of the motions.

Table 5.4: Natural Frequencies comparison between different hydrodynamic theories in OpenFAST 3.5.0 and the
NREL OC4 project

Natural Period (Frequencies) NREL Hybrid Strip Theory Potential Flow Theory
Surge 104.8s 105.25s 104.6s 106.9s
Heave 17.9s 17.8s 17.95s 17.9s
Pitch 25.7s 26.5s 26.25s 40s
Yaw 79s 78.35s 78.35s 79.15s

5.1.3 Wind and Wave simulations

Apart from the free-decay tests, other load cases were also incorporated into the model verification.
More specifically, within the frame of OC4 project, several cases including waves and wind were
simulated. The outputs of those simulations were used to verify the model’s behaviour under dif-
ferent environmental conditions.

In more detail, load case 2.2 as simulated in OC4, with a JONSWAP spectrum, of wave height
Hs = 6m, peak period Tp = 10sec, and peak shape parameter γ = 2.87, was simulated and com-
pared with the NREL simulation results. When simulating irregular waves it is advised to run
simulations for at least 60 minutes [33]. Therefore, the model runs for 4600 seconds, excluding
1000 seconds of transient behaviour. Similarly to the previous simulation, the timestep was set
to 0.0125sec while the hybrid modelling approach with potential flow theory in combination with
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Figure 5.4: Comparison of load case 2.2 (Hs = 6m, Tp = 10sec, γ = 2.87) between OpenFAST 3.3.0 version hybrid
model and NREL (OC4) results with the use of power spectral density (PSD) diagrams of the platfrom motions

member-defined drag coefficients was used. It is important to note that for this load case, only wave
conditions are simulated, and still air is considered..

In the case of irregular phenomena the comparison between the different load cases can be done in
the frequency domain for a better representation of the wave frequency. For this reason, the Power
Spectral Density (PSD) for each of the outputs can be calculated. The PSD is calculated by applying
Fast Fourier Transformation (FFT) to the time-domain output and then calculating the power of this
measurement. As a result, an insight into the resonance frequencies can be obtained. The compar-
ison between the power spectral densities of the surge, heave and pitch motions are presented in
Figure 5.4. It should be mentioned that all the graphs were generated with the use of the Matlab
Toolbox that has been built for analyzing OpenFAST simulation data. The peaks are very similar
and appear at the same frequencies. The smaller peaks are observed in the natural frequencies that
were calculated in the free-decay tests. However, the dominating resonance is detected around 0.1
Hz which is the frequency corresponding to the peak period of the irregular waves that are simu-
lated.

In addition to the wave conditions mentioned above, coupled simulations were also performed. This
means that wind was also considered and used for the verification of the model. More specifically,
load cases 3.2 and 3.3, as presented in OC4 code comparison [20], with irregular wave conditions
and turbulent wind were regenerated. With the same simulation properties as in the previous
cases the simulation runs for 4600 seconds with 0.0125 seconds of timestep. Two different wind
speeds were simulated, V = 11.4m/s which is the near-rated wind speed of the wind turbine and
V = 18m/s which is the above-rated wind speed. The wind files were generated with the use of
TurbSim. Nevertheless, it should be mentioned that the wind files were generated with different
turbulent models than the ones of the OC4 project simulations. In more detail, instead of the Mann
model of the NREL simulations, the IEC Kaimal model was used.

For the verification of wind simulations blade and tower-related outputs were considered for the
comparison. Some representative results are demonstrated in Figure 5.5, with respect to the blade
deflection for case 3.2. In this case, the PSD diagrams are displayed. It can be noticed that there
is a compliance of the simulation with the results derived during the OC4 project, with the peaks
located around the same frequencies. A more general overview is also presented at Table 5.5 where
the mean response values of different outputs are compared. It can be noticed that the values are
very similar with only small variations. The most significant difference is observed in the surge
motion of the platform and certain tower moments, with the most significant error found in the
top tower moment in the y-direction, showing a deviation of up to 60%. Those differences can be
attributed to the different wind files that were used as can be shown from their mean values in all
directions, which can have an effect on the calculated moment at the base of the tower.
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5.2. Validation with the use of experimental results

Table 5.5: Mean response comparison between NREL OC4 project simulations and OpenFAST 3.5.0 version for Load
Case 3.3

Input NREL OpenFAST 3.5.0 (Hybrid)
Wind velocity x-direction 17.89 m/s 18.15 m
Wind velocity y-direction 0.022 m/s 0.063 m/s
Wind velocity z-direction 0.053 m/s 0.025 m/s

Output NREL OpenFAST 3.5.0 (Hybrid)
Platform Surge 4.48 m 6.0 m
Platform Pitch 1.71 deg 2.02 deg

Tower Base Moment x-direction 6601 Nm 8294 Nm
Tower Base Moment y-direction 38782 Nm 43467 Nm
Tower Top Moment x-direction 4214 Nm 4289 Nm
Tower Top Moment y-direction 1057 Nm 1690 Nm

Out-of Plane Blade Deflection (1) 1.70 m 1.64 m
In-Plane Blade Deflection (1) -0.55 m -0.53 m

Fairlead Tension 1 1017.9 kN 994.2 kN
Fairlead Tension 2 1349.7 kN 1454.6 kN
Fairlead Tension 3 1008.4 kN 971.3 kN
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Figure 5.5: Comparison of load case 3.2 (Hs = 6m, Tp = 10sec, γ = 2.87, Turbulent wind V = 11.4m/s) between
OpenFAST 3.5.0 version hybrid model solution and NREL (OC4) results with the use of PSD of the in-plane and out-
of-plane deflections

5.2 Validation with the use of experimental results

An additional step is to validate the OpenFAST results with existing experimental outputs. Valida-
tion efforts have been undertaken in the OC5 and OC6 projects, where various tests were conducted
on a scaled experimental model and compared with the full-scale model simulations in OpenFAST.
These analyses made it possible to detect any discrepancies between simulations and realistic tests
and explore the limitations of the modelling approach. Although the results from the tests have
been thoroughly analysed and it has been concluded that OpenFAST underestimates some low fre-
quencies [21], they are utilized here for a more comprehensive evaluation of the modelling set-up.
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Chapter 5. Model Verification & Validation

In order to compare the model to experimental results the FOWT build-in model in OpenFAST
had to be modified. The new inputs are described in Table 5.6 highlighting modifications on the
floater and mooring properties. In more detail, the platform mass along with the moments of inertia
had to be adjusted while the mooring lines are completely different with respect to their size and
properties. These adjustments were required due to the fact that the experimental results are based
on a scaled model, which, when extrapolated to full scale, has to be modified properly to get the
equivalent model [40]. In addition to modifying structural parameters, changes to the HydroDyn
inputs are required to achieve the same level of damping observed in the experimental setup [41].
The drag coefficient of the members was fluctuating around 0.6 in the OC4 simulations while for the
experimental simulations, different values were employed. A drag coefficient of 1.6 for the heave
plates (base columns) and 0.4 for the rest of the members had to be chosen. This range between
the two set-ups underscores the significance of the drag coefficients in accurately representing the
hydrodynamic behaviour of the system. This apparent difference in the selected drag coefficient
further highlights the requirement for a thorough analysis and evaluation of the drag coefficient as
one of the key characteristics of the systems.

Table 5.6: Properties of OpenFAST full-scale model for experimental model comparison

Properties
Floater Properties

Mass,m 1.40715E7 kg
Displaced Volume, V 1.39180E4 m3
Vertical Center of Gravity, VCG (from SWL) -7.53 m
Roll Moment of Inertia, Ixx about CG 1.28980E10 kg/m2
Pitch Moment of Inertia, Iyy about CG 1.2851E10 kg/m2
Yaw Moment of Inertia, Izz about CG 1.4189E10 kg/m2

Mooring Properties
EA 2.710624E6 N
Unstretched length 55.432m
Equilibrium length 78.388m
Diameter 0.0040m
Mass Density 0.12 kg/m

HydroDyn Inputs
Additional linear damping surge 75000 N
Additional linear damping pitch 31E06
Axial drag coefficient 8.20
Drag coefficient member, Cd 0.4
Drag coefficient base columns, Cd 1.6

In the validation, the free decay tests were conducted for the surge, heave, and pitch directions. The
initial offset over the different degrees of freedom for those free decay tests is presented in Table 5.7.
It was observed that the response over time could be reproduced with almost identical behaviour,
particularly in the surge direction. In general, from the comparison between the experimental re-
sults for the three degrees of freedom, there is a close relevance between the results.

Overall, the OpenFAST model demonstrates appropriate reproduction of the experimental results in
terms of free decay simulations. This indicates that the model is capable of accurately capturing the
dynamics of the system. However, it should be mentioned that in the comparative analysis between
experimental and OpenFAST simulations under load cases, there are findings where the model fails
to predict certain peaks, particularly under low-frequency conditions, as was mentioned [21]. This
suggests that further improvements or refinements may be necessary to enhance the accuracy and
predictive capabilities of the model in such scenarios.
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5.2. Validation with the use of experimental results

Table 5.7: Initial offset of the degrees of freedom of the different motion for the free decay tests in surge, pitch and heave
direction

Load Case Surge (m) Sway (m) Heave (m) Roll (deg) Pitch (deg) Yaw (deg)
Surge -5.0539 0.9128 0.0068 0.0764 0.7403 0.2514
Heave 0.0768 -0.3213 -2.1687 0.1995 0.2739 0.1441
Pitch -2.0729 0.0648 -0.0870 -0.0902 -5.6719 0.0026
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Figure 5.6: Comparison of free decay test between OC6 experimental results and openFAST simulations
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6 Significant Parameters Analysis
The dependence of performance on the modelling inputs creates great uncertainty in the measured
results and the reliability of the FOWT response. In order to comprehend the effect of uncertainties,
a sensitivity analysis over different input parameters is conducted. This analysis identifies the
significance of different inputs over specific outputs.

6.1 Elementary Effects Method Description

A sensitivity analysis could be a useful tool for determining how various parameters affect the
FOWT’s response. In reality, a number of input parameters related to both environmental factors
and modelling parameters might impact the system, and it can be challenging to identify which of
those elements may be responsible. The majority of sensitivity analysis techniques, such as Monte
Carlo, are computationally costly and need a significant number of simulations.

Because of this, a different strategy—the elementary effects method—is used. The elementary effects
(EE) approach is a screening technique that rates various inputs according to their corresponding
influence on a given output, rather than explicitly measuring the variance of that result [42]. This
enables determining the most important factors and focusing the research on them.

This method has previously been applied, primarily focusing on aerodynamic parameters[32], and
more recently extended to include other modelling parameters relevant to floating wind turbines
[31] using the OpenFAST and the same type of floating wind turbine. Therefore, it is a well-
established method that can be effectively employed for the comprehensive analysis of the existing
multiparameter system.

Each output of FOWT system such as the platform motions, the hydrodynamic, the tower and the
mooring loads and the power generation is a function of different input properties. Based on that
the elementary effects method can be described as follows:

1. The set of input parameters is selected and is normalized so all the variables take values
between zero and one

2. A number of trajectories R is chosen. The trajectories represent the different initial number
sets of the input parameters. Each trajectory is generated randomly with a selected random
generator or sampling method.

3. For each trajectory R, only one input parameter is changed by a fixed step size ∆ = 1/R, until
every parameter change once.

4. The resulting set of numbers is used as an input and the different simulations run to measure
the outputs. The output that is measured for every case set and the elementary effects are
calculated through Equation 6.1. The EE is calculated for every parameter i, meaning that in
the end, every parameter has R different EE calculated.

EEi(x) =
f (x + ∆ei)− f (x)

∆
(6.1)
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where f is the output that is studied and the input variables x, x +∆ei is the difference between
the time steps

5. The elementary effect statistics over all of the trajectories are then calculated with the mean
effect µ∗

i and the standard deviation σi. As a result, every parameter has a total effect. The
statistics are plotted and used to rank the parameters.

µ∗
i =

R

∑
r=1

∣∣∣∣EEi (xr)

R

∣∣∣∣ ,

σi =

√√√√ R

∑
r=1

(EEi (xr)− µi)
2

R
.

(6.2)

A detailed graph of the method is presented in Figure 6.1

6.2 Elementary Effects method objectives

The main objective of performing a sensitivity analysis is to identify which inputs and outputs are
most important. This involves identifying the main input parameters that affect the FOWT system.
It is important to carefully decide which input and output parameters to include in the analysis in
order to obtain meaningful conclusions. In addition to input and output selection, the ranges of the
assigned parameters and the sampling method can have an impact on the analysis results. Choosing
appropriate ranges ensures that the full range of potential values and their effect on the system are
considered. The sampling method should ensure that all the possible combinations of values are
examined and it can influence the robustness and reliability of the analysis. Once the sensitivity
analysis is performed and the results are obtained, the post-process analysis of those results has to
be carefully decided for their most effective interpretation. The post-process analysis may involve
statistical analysis or other techniques to facilitate the understanding of the relations between the
parameters and the system behaviour.

By addressing the selection of parameters, the sampling method and the post-process analysis, the
sensitivity analysis can provide valuable information on the performance of the system.

6.2.1 Selection of parameters

As presented in Section 3.3 there are several parameters that require further studying with respect
to their impact on the hydrodynamic analysis. Those can be divided into the modelling properties
such as the hydrodynamic coefficients and the wave/wind properties which are related to the ex-
ternal conditions applied to the system. A detailed table with the parameters and their range is
presented in Table 6.1.

As can be observed the main parameters that will be studied involve the drag coefficients and the
added mass coefficients for every member and in the axial direction (heave). Their uncertainty is
presented in several studies in which different values have been chosen based on the conditions that
were simulated. With respect to the drag coefficients, the OC4 project (Table 4.2) has selected values
ranging from 0.56 to 0.68 for different components. However, when comparing the code with CFD
simulations that only consider currents, different ranges have been proposed [43]. These ranges not
only differ between the upper and lower sections of the floating structure but also between the front
and back parts, with values ranging from 0.320 to 0.922. Other CFD simulations have indicated that
the drag coefficient is underestimated and values exceeding 1 should be taken into account [44]. As
a result, a range of 0.3 to 1.6 should be considered for simulations. Similarly, although the axial
drag has not been extensively studied, it falls within the range of 2.5 to 5 in the same studies, which
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Select Number of Trajectories R
(Number of Different Initial set of 

parameters)

Select the Number of Parameters k
(Number of Different parameters that will be 

studied)

Generate the Initial Set of Trajectories
(Sobol Random Generation numbers)

For every trajectory change every 
parameter by Δ = 1/ R

(Every parameter should change once for 
every tranjectory)

Run Cases with OpenFAST

For output f calculate EE for every 
parameter

For every parameter k, there are R values for 
EE calculated

Derive Statistics of EE

Figure 6.1: Elementary Effects Method flowchart

will be varied between 5 and 10 as an input in OpenFAST.

The range of observed values for the added mass is smaller compared to other parameters. The
added mass coefficient is specifically used when applying the Morison equation instead of the po-
tential flow theory which relies on predefined WAMIT matrices. In the case of the Morison equation,
the added mass coefficient is calculated with respect to the potential flow solution. However, this
is a global value that may not accurately represent all the cases. Therefore, research suggests that
different values can be selected based on the simulated case [44]. Considering this, a range of 0.5 to
1.3 can be examined for the traverse direction and 0.3 to 1.3 for the axial direction .

The observed environmental conditions can exhibit considerable variations. In this analysis, a wide
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range of conditions will be simulated, including significant wave heights ranging from 0.13m to
14.18m and peak wave periods spanning from 2.18s to 21.2s. The wind speeds range from 0m/s to
25m/s including the functional range of the wind turbine between cut-in and cut-off speeds but also
cases where minimum or no wind speed is applied. These ranges have been established based on
a comprehensive examination of potential floating wind turbine locations worldwide, and further
analysis will be presented in the subsequent stages. To encompass all possible scenarios, the wind
wave misalignment range has been set from 0 to 90 degrees. The selection of the current speed is
extracted from previous research findings [31].

Table 6.1: Ranges of the different input parameters of the OpenFAST model of NREL 5MW Semisubmersible FOWT

Parameters min max
Modelling Parametres

Cd (Members) 0.3 1.6
Cdz (Axial) 5 10
Ca (Members) 0.5 1.3
Caz (Axial) 0.3 1.3

External Conditions
Hs (m) 0.13 14.8
Tp (s) 2.18 21.22
Wind Speed (m/s) 0 25
Wind/Wave misalignment (deg) 0 90
Current Speed (m/s) 0 2
Current Direction (deg) 0 90
Turbulent Intensity (%) 0 15

6.2.2 Sampling Method

The selection of trajectories involves the definition of the different combinations of cases that will
be performed. By definition, the Elementary Effects method uses the trajectories approach. The
trajectories approach starts with the generation of a number R of vectors with different input values
k. Those initial values are selected randomly and should not be repeated. For each one of the trajec-
tories, every parameter has to change by a value ∆. When the first, input changes in the next step
it remains changed while the next parameter is changed by delta. At the end of the procedure, for
every trajectory in total k + 1 cases have been created including the initial condition, which leads to
R(k + 1) cases in total.

Although the trajectories method is widely used there have been alternative approaches developed
which might enhance the reliability of the results. The radial method is such an approach, which
has the same starting points as the trajectories method. However, instead of keeping the modified
values at each step, the input parameter changes only once and then it reverts back to its initial
value. The primary objective of the radial method is to isolate and examine the impact of a specific
parameter without considering the potential influence of other parameters. A graphic representa-
tion of the two methods is presented in Figure 6.2 where the behaviour of the sampling procedure
in the hyperspace considering that there are three parameters is shown. Given these considerations,
the radial method was employed while a fixed ∆ of 10% the total range of each parameter was
considered.

Apart from the method used to formulate the total number of different inputs, the initial selection
of the random numbers is a matter of concern. The initial pool of trajectories is generated with
Sobol random numbers generator which is a quasi-random low discrepancy sequence which dis-
tributes samples uniformly across the input space. This method was chosen since it has already
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Figure 6.2: Sampling method comparison in the hyperspace considering three parameters are studied.

been used in previous research that uses the EE method [32]. From this pool, the initial vectors are
selected in a way that maximizes their dissimilarity, ensuring a broad range of conditions is covered.

6.2.3 Post-process of EE resutls

The post-process of the simulations is the most significant aspect of the analysis. The first step
includes the determination of the outputs that are worth being studied with regard to the FOWT
performance. Since the most crucial aspect is related to the system’s hydrodynamic performance,
the platform motions will be considered. In addition, the hydrodynamic loads for the surge and the
pitch direction should also be included in the analysis. The mooring line tensions are also important
for the evaluation of the system while loads that affect the tower such as the tower top and base mo-
ments should also be counted. Finally, some representative loads with respect to aerodynamics such
as the rotor thrust and torque and the power generation would be taken into account. The total out-
put parameters that are considered are presented in Table 6.2 with their corresponding abbreviation.

Table 6.2: Output parameters considered in the analysis

Output Parameters Abbrevation
Axial Hydrodynamic Force z HydroFxi

Hydrodynamic Moment x HydroMxi
Hydrodynamic Moment y HydroMyi

Hydrodynamic Moment xy HydroTotMoment
Tower Base Moment x ,Side-side (roll) TwrBsMxt
Tower Base Moment y,Fore-aft (pitch) TwrBsMyt

Total Tower Base Moment xy TwrBsTotMoment
Tower Top Moment x YawBrMxp
Tower Top Moment y YawBrMyp

Total Tower Top Moment xy YawTotMoment
Mooring Line Tensions T[1], T[2], T[3]

Total Mooring Line Tension TensionTotal
Rotor Thrust RotTorq
Rotor Torque RotThrust

Power Generation PwrGen
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For the comparison of the effects of the different parameters the Damage Equivalent Load (DEL) will
be used. DEL is a method for evaluating the fatigue damage experienced by a structure subjected
to repetitive loading. It quantifies the cumulative damage by considering the number of equivalent
cycles until failure. In case of irregular cycles such as those encountered in simulations, the rainflow
counting method is utilized to calculate the count of equivalent cycles within a defined time domain
load output, considering different load ranges. The DEL of a time-series load output j is calculated
as presented in Equation 6.3. LR

ji is the cycle load range, nSTeq
j is the total equivalent fatigue counts

for time series j and nji is the fatigue counts for every cycle of the time series j. The slope of the
Whoeler fatigue curve is described by m and takes different values according to the material prop-
erties. Therefore for the tower m equals 3.5, for the mooring lines 3, 10 for blade flapwise and 8 for
blade edgewise moments.

DELST
j =

∑i

(
nji

(
LR

ji

)m)
nSTeq

j


1
m

(6.3)

To ensure a fair comparison of the impacts of various input parameters, the mean value and stan-
dard deviation are computed. However, it is important to consider that the outputs may have
different ranges, necessitating the use of a supplementary standardized elementary effects method.
This method involves normalizing the results, allowing for the observation of the relative impor-
tance across different outputs [45]. Normalization is accomplished using Equation Equation 6.4.In
this equation, the mean Elementary Effect (EE), which has been computed from the Damage Equiv-
alent Load (DEL), is divided by the standard deviation of the output.

SEEST
j = µ∗

i /σj (6.4)
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7 Results & Discussion
7.1 Elementary Effects Method Results

The elementary effects method was used to analyze the effects of the different inputs that were re-
ferred to in Chapter 6 over specific outputs. As described, OpenFAST uses different theories for the
application of hydrodynamics, and not all of the theories use all the parameters. The added mass
coefficient is only used when the Morison equation is applied. For this reason, different approaches
were used with combinations of the theories for the comparison of the results.

7.1.1 Hybrid Theory solution

The sensitivity analysis was initially conducted using the hybrid model that integrated the potential
theory and drag coefficient. This required considering the drag coefficients of various members
along with external factors such as wave characteristics, wind speed, wind/wave misalignment,
current speed, and direction. The depth-dependent current was used for the ocean current type
with 10 meters of reference while the directional spreading was active during the simulations. For
those simulations, a steady wind was used with a vertical shear exponential of a=0.11. It should
be noted that 20 different initial points were used the choice of which will also be explained in
Section 7.1.4.

An indicative diagram of the significance of each input parameter with respect to different outputs
is presented in Figure 7.1. For this specific graph, the DEL values of the time series output have
been calculated and then the EE have been derived with the formulas used in Equation 6.3. To facil-
itate the comparison, the resulting values were normalized following the methodology detailed in
Equation 6.4. The findings reveal that the impact of different parameters varies across the different
outputs. Notably, the influence of external parameters, such as environmental conditions, surpasses
that of the model-specific parameters such as the drag coefficients.

More specifically, the current speed emerges as the most influential parameter, particularly con-
cerning the mooring line tension. The mooring line tension is also affected significantly by many
other parameters as well, such as the drag coefficient of all the columns and the wave height and
peak period. The focus of the analysis is primarily on mooring line number one, but it is important
to consider the overall effect on all three mooring lines. Figure 7.2 provides an illustration of the
relationship between the input parameters and the tension in all three mooring lines. The mooring
line tension is influenced by the current speed due to its direct exposure to the prevailing currents.
As the current speed increases, the forces exerted on the platform become more significant. This,
in turn, leads to increased platform motion and subsequently higher mooring line tension. The
correlation between the mooring line tension and the current velocity is non-linear which results in
such a high influence[46]. It can also be observed that all the different mooring lines have the same
sensitivity which is justified by the symmetrical layout of the structure and the mooring lines (Fig-
ure 7.2b). This feature also explains why the sensitivity of the current direction is not as significant.

An interesting aspect of the analysis is observed at the effect of the wave parameters. The signifi-
cant wave height and the peak wave period as well as the wind/wave direction represented by the
wave direction have a significant effect on the studied outputs, surpassing the effect of the wind
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Figure 7.1: Total Normalized EE significance of the input parameters (member hydrodynamic drag coefficients and
external conditions) with respect to the DEL values of the tower and hydrodynamic loads and mooring line tensions.

speed. This observation signifies that the external hydrodynamic conditions are the main factors
determining the loading of the floating structure and the tower of the wind turbine. This underlies
the importance of wave conditions when designing and assessing a floating wind turbine, which
should be further analysed under different conditions.

Wind speed is another significant parameter that also affects many different outputs. It mostly
affects the tower’s top pitch moment which is reasonable since the wind always points in that di-
rection. However, the wind is still not the main parameter affecting the pitch top tower moment
since the significant wave height and the peak wave parameter have a higher effect. The direction of
waves and wind which have been expressed as their misalignment (adjusting only wave direction),
equally affects the different outputs but the total effect is relatively small.

From the studied drag coefficients the upper and the base members appear more significant. How-
ever, the exact position of those also affects since not all of the base or upper drag coefficients affect
the same. To better understand and interpret the effect an explanatory diagram of the different
floater members is presented in Figure 7.3. It can be observed that the front upper drag coeffi-
cient is the most sensitive parameter with respect to the other two upper columns and all three
base columns which have equal significance. This appears to be in contrast with the findings of
recent sensitivity analysis conducted[31], in which the bottom drag coefficients are more sensitive
compared to the upper. However, it should be mentioned that this analysis does not focus on the
member but only on the separation between the top and bottom drag coefficients. It can be observed
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(a) Total Normalized EE significance of the input param-
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nal conditions) with respect to the DEL values of all three
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Mooring line 1

Mooring line 2
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x

y

Wind/Wave

(b) Mooring lines layout of NREL 5MW FOWT plat-
form

Figure 7.2: Mooring lines tension EE analysis

that the secondary elements of the structure such as the pontoons and the cross braces have little or
no effect on the studied outputs. On the contrary, the main column and the three columns including
the upper and the base part (heave plates) mainly affect the mooring line tension followed by an ef-
fect on tower and hydrodynamic loads. The effect on the tower top moment is quite interesting and
signifies the importance of the floater parameters to the whole structural dynamics of the FOWT
system. The axial coefficient which applies to the bottom of the structure and is mostly related to
the axial damping of the structure has a small effect compared to the traverse direction coefficients.

BC3 DL3

UC3 MC

MC: Main Column
UC: Upper Column
BC: Base Column
CB: Cross Brace
YU: Y pontoon Upper
YL: Y pontoon Lower
DU: Delta pontoon Upper
DL: Delta pontoon Lower

UC1

BC1

DU3

Figure 7.3: OC4 Platform layout and members

In analyzing the impact on power generation, the Elementary Effects calculation was conducted us-
ing mean values. The wind speed, being the crucial determinant of the power curve, is anticipated
to significantly influence power extraction. Nevertheless, it remains intriguing to explore the extent
to which the power generation of a given wind condition is influenced by the variability in the
other parameters. This exploration is facilitated by the radial approach employed, where a single
parameter is altered in each iteration. Figure 7.4 represents the effect of all the input parameters
on the power output excluding wind. Evidently, external conditions continue to play a pivotal role
in influencing power generation. Notably, the peak period is essential in terms of impact, followed
by wave height and current speed. This noteworthy observation underlines the significance of peak

55



Chapter 7. Results & Discussion

wave periods and wave heights, along with the current speed, in shaping the extracted power pro-
file. This insight highlights that even minor fluctuations in wave conditions or current speed possess
the potential to yield substantial variations in the power output. One possible explanation for this
phenomenon could be attributed to the platform’s dynamic behavior. In specific scenarios, the plat-
form may undergo pitching motions, potentially leading to a reduction in wind speed experienced
by the rotor due to wind shear effects.
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Figure 7.4: Normalized EE significance of the input parameters (member hydrodynamic drag coefficients and external
conditions) with respect to the power generation

7.1.2 Influence of the physical model on the significant parameter analysis

Although the results clearly indicate the most significant parameters, the second-order elements
were used in the wave simulations. To identify the influence of the physical model on the ranking
of the sensitivity, the simulations were executed both with and without the incorporation of the
quadratic transfer functions approach. Those elements were added with the use of Morison 2nd-
order because the predefined WAMIT files do not include changes in the wave direction. The com-
pared results are presented in Figure 7.5 where all the different outputs of Figure 7.1 are summed
up. The order of parameter significance remains consistent across various inputs. However, a subtle
difference in the resulting Elementary Effects (EE) is noticeable when second-order elements are
considered. The inclusion of these elements may yield a different Damage Equivalent Load (DEL)
and affect the identification of critical variables. In the current simulation, neglecting second-order
elements tends to underestimate the outcomes slightly in all of the outputs apart from the current
speed where a significant underestimation is observed. While their inclusion might enhance safety
considerations, the disparity is negligible. Hence, it can be reasonably assumed that a comparable
sensitivity analysis can be obtained without employing second-order elements, allowing for expe-
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dited results in subsequent simulations.
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Figure 7.5: Combined Normalized EE significance of the input parameters (member hydrodynamic drag coefficients
and external conditions) with respect to the DEL values with and without the use of 2nd-order hydrodynamic elements

Morison equation solution

Apart from the hybrid theory, the sensitivity of the added mass coefficients was also examined
through the Morison Equation-only approach. The resulting significant analysis for those param-
eters is presented in Figure 7.6, with the total normalized Elementary Effects of the DEL of the
different loads. The simulation with the same assumptions as in potential flow theory, considering
second-order elements and steady wind.

It can be observed that the variation of the external met-ocean conditions continues to exert a dis-
cernible influence on the structural loads. Notably, when considering the impact of the current
speed, it becomes evident that its primary effect is on the mooring line tension, overshadowing its
impact on other variables. Additionally, the significant wave height and the peak period equally
affect the different loads of the tower and the floater. On the contrary, the wind speed’s impact is
comparatively minimal, thereby contributing less significantly to load variations. The misalignment
factor, while exerting a marginal influence on different outputs, collectively presents a relatively
minor effect compared to the aforementioned variables.
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Similarly, the significance of the drag coefficient is equivalent to that of the hybrid (potential + drag
coefficient) approach. This intriguing alignment of significance underscores the reliability of both
theories, each yielding comparable outcomes despite their distinct methodologies. The drag coef-
ficient uncertainty of the main columns along with the upper and base columns mainly affects the
mooring line tension but also exerts an impact on the hydrodynamic and tower loads. On the other
hand, the delta upper pontoons and the Y upper pontoons can be safely neglected due to their
negligible effect on the studied parameters.

Undoubtedly, an important aspect lies in the influence of the added mass coefficients. The concept
of added mass entails the supplementary mass that a structure undergoes during oscillation caused
by waves. This phenomenon can be perceived as an augmentation of the structure’s inertia. It is
worth delving into the theory behind this effect: as a structure moves through the water, it displaces
a certain volume, leading to water movement around it. This interplay causes an apparent increase
in mass due to the inertia of the water that is set in motion.

Within the analysis, the added mass coefficient is much more influential, overshadowing the impact
of drag coefficients. In more detail, it becomes evident that the added mass of the upper columns
exerts a significant influence not only on mooring line tensions but also on the resultant loads of
the floater and the tower structure. This could be attributed to the position of the upper columns,
where their interaction with water and oscillation dynamics contribute to pronounced alterations in
the structure’s behaviour.

Furthermore, a notably substantial finding emerges in the axial added mass, which surpasses the
influence of all other parameters. The axial added mass pertains to the inertia linked to vertical
oscillations of the structure. Consequently, its accurate specification holds immense significance for
the resultant loads. Any uncertainties surrounding such parameters could potentially lead to sub-
stantial disparities in anticipated loads, consequently affecting the fatigue analysis of the structure
by either overestimating or underestimating the loads’ impact.

Hence, the correct determination of the associated added mass coefficient in accordance with the
simulated conditions is crucial. This underscores the potential benefit of employing the potential
flow theory, which calculates the added mass considering frequency. It also emphasizes the neces-
sity for rigorous verification of the coefficients’ validity. This process is pivotal for ensuring accurate
load estimations, contributing to a more precise assessment of the floating wind turbine’s structural
integrity and operational lifespan.

7.1.3 Turbulent wind

As was mentioned the wind simulated so far was steady shear wind. To emulate more realis-
tic conditions turbulent wind was included as well. The inclusion of turbulent wind introduces
additional fluctuations in the wind speed, consequently impacting the loads experienced by the
tower top, rotor nacelle assembly, and the power generation process. The IEC Kaimal spectrum was
adopted, and the corresponding files were generated using TurbSim. The introduction of turbulent
wind brings additional variables that may impact the targeted outputs. Notably, recent research
[31] emphasizes the central role of the standard deviation of turbulent wind in influencing the
structural behaviour of floating wind turbines. Calculated from the turbulence intensity and mean
wind speed, the standard deviation is incorporated into TurbSim via intensity parameterization as
described in Equation 7.1. In offshore wind locations, turbulence intensity can range from 1% to
15% [47]. Building upon this, new test cases were formulated considering turbulence intensity. Fol-
lowing the previous simulations, cases involving the delta upper pontoons and y upper pontoons
were excluded due to negligible effects. In addition, the total moments are calculated by taking the
geometric sum of the components in the xy directions, while for mooring line tensions, the sum
of all three directions is considered. This rationalization led to a reduction in the total number of
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Figure 7.6: Total Normalized EE significance of the input parameters (member hydrodynamic drag coefficients, member
added mass coefficients and external conditions) with respect to the DEL values of the tower and hydrodynamic loads
and mooring line tensions for the Morison equation solution approach

cases. In terms of wind profile, a roughness of z0 = 0.0001m and a log profile exponent of a = 0.11
were considered [47].

Iu =
σu

U
(7.1)

The results are shown in Figure 7.7 revealing a resemblance to the effects observed in the case of
steady wind conditions. Notably, the dominance of the current speed’s impact on mooring line
tension remains intact, marking it as the most significant parameter. The current speed effect in the
mooring line tension is dominant creating the most significant effect. Simultaneously, the significant
wave height, accompanied by the peak wave period, appears to equally influence the hydrodynamic
and tower loads, thus underlining their connection. The introduction of the turbulence intensity
which is equivalent to the turbulence standard deviation seems to affect the top tower moment
and the rotor torque. It is worth noting that the sensitivity of the hydrodynamic drag coefficients
does have a minor impact on the rotor torque. This minor influence could be attributed to the
motion of the floater, which affects the overall position of the entire system and is also dependent
on the hydrodynamic drag. This motion, especially considering wind shear effects, might result
in slight exposure to different positions where different wind speeds exist. Further investigation is
recommended, and this is explored in more detail in Chapter 8, where more realistic scenarios are
simulated.
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Figure 7.7: Total Normalized EE significance of the input parameters (member hydrodynamic drag coefficients and
external conditions) with respect to the DEL values of the tower and hydrodynamic loads and mooring line tensions
with the turbulent wind consideration

7.1.4 Number of starting points and random seeds independence

Within the framework of the analysis, the number of starting sampling points and the simulation
seeds were examined. The independence of those parameters is important for the final results as it
ensures the reliability of the analysis.

In Figure Figure 7.8, the convergence of results for varying numbers of initial starting points is
illustrated. The value of R, representing the number of starting points, significantly influences the
total count of simulations and consequently impacts the final outcome. More starting points lead
to a broader examination of cases, resulting in a more comprehensive range of results. The plot
reveals that the significance of parameters stabilizes after 12 trajectories. Notably, mooring line
tension displays the highest variation, particularly in relation to the current speed, which emerges
as the most influential parameter. However, this variance also levels off after reaching 15 trajectories.

In addition to the trajectory count, the number of seeds employed holds significance in ensuring
comprehensive results. Distinct seeds come into play during the creation of wave kinematics and
turbulent wind generation, where the initial states are randomly chosen. Consequently, these seeds
can influence outcomes. Hence, it is crucial to ascertain the number of seeds required to achieve in-
dependent outcomes. Figure 7.9 illustrates the seed independence for the hydrodynamic file. With
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Figure 7.8: Starting points (Trajectories) Convergence over the resulting normalized EE values of the DEL of different
outputs

each added seed, the result is averaged, encompassing all prior seeds. The graph demonstrates that
after incorporating around 6-7 seeds, a state of independence is reached.
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Figure 7.9: HydrDyn file seeds Convergence over the resulting normalized EE values of the DEL of different outputs

The wind file created using TurbSim also necessitates the assignment of seeds. However, for the
studied outputs, primarily related to the floater and tower loads, no significant dependence on seeds
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is evident, as depicted in Figure 7.10. The stability in the resulting EE values is achieved with just
four different seeds. This stability can be attributed, in part, to the normalization of the resulting EE.
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Figure 7.10: Turbulent wind seeds Convergence over the resulting normalized EE values of the DEL of different
outputs

7.2 Spar platform sensitivity analysis

While the primary focus remained on the semisubmersible properties, it was deemed valuable to
broaden the scope of the research by including a comparison with other layouts. Consequently, the
choice was made to incorporate the spar platform, as outlined in the OC3 experiment, to ensure a
comprehensive analysis.

7.2.1 OC3 Spar Platform

The OC3 experiments utilized the same reference NREL 5MW wind turbine, employing a tower
and structural attributes that mirror those of the earlier experiment. However, a spar-buoy platform
known as "Hywind," developed by Norway’s Statoil, was utilized [48]. Depicted in Figure 7.11, the
platform features a draft of 120 m. The OC3-Hywind spar buoy, positioned between the upper and
lower sections of the platform, consists of two cylindrical segments joined by a linearly tapered con-
ical region. The diameter of the cylinder is 6.5 m above the taper, transitioning to a larger diameter
of 9.4 m below the taper. This design adjustment aims to mitigate hydrodynamic loads near the
water’s surface. The linearly tapered conical section extends from a depth of 4 m to 12 m below
the still water level. It is essential to note that all these attributes are referenced to the platform’s
original position before displacement.

The spar buoy platform’s layout lies in its simple structure. In the OpenFAST model, this simplicity
allows for employing a uniform drag coefficient throughout the platform Additionally, owing to its
slender geometry, there is no explicit axial drag coefficient referenced for the structure.
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Figure 7.11: Schematic of the Spar-buoy layout

Table 7.1: OC3 Spar-buoy properties [48]

Properties Values
Water Density (ρ) 1,025 kg/m3

Water Depth (h) 320 m
Buoyancy Force in Undisplaced Position (ρgV0) 80,708,100 N
Hydrostatic Restoring in Heave ( Hydrostatic C33) 332,941 N/m
Hydrostatic Restoring in Roll ( Hydrostatic C44) -4,999,180,000 Nm/rad
Hydrostatic Restoring in Pitch ( Hydrostatic C55 ) -4,999,180,000 Nm/rad
Added-Mass Coefficient (Ca in Morison’s Equation) 0.969954
Viscous-Drag Coefficient (Cd in Morison’s Equation) 0.6
Additional Linear Damping in Surge ( Linear B11 ) 100,000 N/(m/s)
Additional Linear Damping in Sway ( Linear B22) 100,000 N/(m/s)
Additional Linear Damping in Heave ( LinearB33) 130,000 N/(m/s)
Additional Linear Damping in Yaw ( Linear B66 ) 13,000,000 Nm/(rad/s)

It is important to underline that the dynamics and stability of a spar-buoy platform differ signif-
icantly from those of a semi-submersible structure. The stability of a floating wind turbine based
on a spar-type platform hinges on an entirely distinct mechanism. This mechanism is based on the
platform’s capacity to maintain equilibrium across diverse environmental conditions encompassing
wind, waves, and currents.

Various elements such as the position of the centre of gravity, the ballast distribution, and a well-
designed mooring system are pivotal in preserving stability and mitigating excessive movements
that might compromise the turbine’s overall efficiency and structural integrity. This might as well
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have an effect on the significance of the different parameters.

For the analysis the same external conditions were used, with the wave height, the peak period, the
wind speed, the misalignment, the current characteristics and the turbulence intensity as described
in the semi-submersible sensitivity analysis. For the variation of the simple drag coefficient falls
between 0.6 to 1.2 for cylindrical members [13].

7.2.2 Spar-buoy elementary effect method results

The normalized significant analysis outcomes across the spar-buoy configuration are depicted in
Figure 7.12. The Damage Equivalent Load (DEL) values for various loads are displayed. The pri-
mary parameter influencing all of the examined outputs is the current speed, which is analogous to
the semi-submersible floater scenario. Specifically, the current speed has the greatest influence on
mooring line tension, followed by its impact on hydrodynamic moments.

The role of the drag coefficient differs noticeably from that of the semi-submersible structure whose
averaged effect is presented in Figure 7.13. The drag coefficient has a substantial influence on the
mooring line tension, hydrodynamic moments, and both the top and bottom tower moments in the
case of the spar-buoy. This strong influence is emphasized by the floater’s considerable submerged
region, where stability is mostly determined by this coefficient. This contrast emphasizes how var-
ied platform geometries might result in differing load sensitivity.

The sensitivity of the wave characteristics, the wave height and the peak period influence the differ-
ent load outputs. In more detail, the wave height mostly affects the tower’s top and base moments
and in a smaller degree the hydrodynamic loads and the mooring line tension. However, it is worth
mentioning that there is an effect on the rotor thrust and torque which underlies the effect on the
power generation as well. On the contrary, the peak period has a small impact on the thrust and
the tower moments but significantly affects the hydrodynamic forces and the rotor torque.
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Figure 7.12: Total Normalized EE significance of the input parameters (hydrodynamic drag coefficient and external
conditions) with respect to the DEL values of the tower and hydrodynamic loads and mooring line tensions for Spar-
buoy, OC3 FOWT
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8 Location Analysis
The sensitivity of the external environmental conditions to the different outputs underlines the need
for a more structured analysis with respect to those parameters. In the initial phase of the analysis,
the conditions were selected randomly between the minimum and maximum values of each param-
eter. However, the wave height, the peak wave parameter, the wind and wave direction as well as
the wind speed are all connected and follow a joint probability of occurrence. In this chapter, the
real met ocean data were processed and fitted to probability occurrences for different locations. The
statistical analysis of different location data as well as their influence on the sensitivity analysis will
be presented.

8.1 Location Selection

Numerous suitable places for deploying floating wind turbines have been found, indicating a
promising potential. Extensive analyses are being undertaken worldwide to determine the po-
tential of various sites for developing wind farms. Notably, the North Sea has been a research focus
for several decades, mostly due to bottom-fixed offshore wind turbines. Ongoing investigations, as
detailed in Life S 50+ project [49], are intensifying in places such as Scotland in Europe emphasizing
the potential of those regions.

While the offshore wind industry has primarily been concentrated in Europe and the North Sea, the
advent of floating wind turbine technology has extended to encompass regions such as Asia and
North America. In light of this development, metocean data analysis has been undertaken, encom-
passing crucial parameters such as wind speed and direction, wave height, peak wave period, and
wave direction from those locations.

Hourly data of 20 years between years 2002 and 2021 were derived from ERA-5 Copernicus database
[50]. After an analysis of the details of the different data, three locations were selected representing
moderate, medium and severe conditions. This was determined from the statistical analysis of the
significant wave heights since all of the locations have a satisfying wind potential.

8.1.1 Moderate Location

The initial location exemplifies moderate metocean conditions. As a result, Nagasaki Prefecture in
Japan was chosen, as it is regarded as a potential site for the establishment of floating wind farms,
as has been indicated [51].
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Figure 8.1: Nagasaki Perfecture location in Japan

The wave rose is illustrated in Fig-
ure 8.2, revealing prevailing mod-
erate wave conditions. A ma-
jority of the recorded significant
wave heights are below 1 meter,
with an average value of approx-
imately 1.13 meters. The high-
est recorded value reaches 10.9 me-
ters.

The wind speed predominantly does
not exceed the rated wind speed,
boasting an average value of 7.7m/s.
Additionally, the wind direction
spans from the northwest (NW) to
the southwest (SW) as shown in Fig-
ure 8.3.
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Figure 8.2: Wave Data of Nagasaki Perfecture location
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Figure 8.3: Wind Data of Nagasaki Perfecture location

8.1.2 Medium Location - Gulf of Maine

Moderate conditions are represented by the Gulf of Maine in North America. The United States is
strategically poised to venture into the dynamic floating wind turbine market, with plans for sev-
eral MW of offshore wind energy. This renders it an ideal location to comprehensively investigate
the diverse effects and modelling parameters associated with floating wind turbines, thus substan-
tiating its selection for the current study. A great interest has risen in the Gulf of Maine which is
a location with great potential [52]. Plans for installing more than 144 megawatts (MW) of wind
energy capacity in this area are currently in progress [53].
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Figure 8.4: Gulf of Maine location in USA

The wave rose depicted in Fig-
ure 8.5 vividly illustrates the pre-
vailing influence of waves originat-
ing from the south (S) to the south-
east (SE) directions. Their sig-
nificant heights primarily fluctuate
within the range of 1 to 3 me-
ters, while peak periods exhibit
a broader distribution between 5
and 15 seconds. In the Gulf of
Maine, the mean wave height aver-
ages around 1.4 meters, with the max-
imum observed height being lower
than that recorded in Nagasaki Pre-
fecture, reaching a peak of 9.4 me-
ters.

The average wind speed registers at
9 m/s, showcasing a diverse direc-
tional distribution with the most no-
table wind speeds occurring in the
northwest (NW) and northeast (NE)
directions (Figure 8.6).
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Figure 8.5: Wave Data of Gulf of Maine location
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Figure 8.6: Wind Data of Gulf of Maine location
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8.1.3 Severe Location - West of Barra
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Figure 8.7: West of Barra location in Scotland

The third site is characterized by
the most challenging environmental
conditions. Situated off the coast
of Scotland, specifically to the west
of Barra, this location boasts no-
tably high wind speeds, rendering
it a promising candidate for the
deployment of floating wind tur-
bines. However, the interplay be-
tween these favourable wind condi-
tions and the potential impact of wave
conditions necessitates thorough ex-
amination.

Figure 8.8 illustrates the wave statis-
tics and their corresponding direc-
tions. Notably, a pronounced domi-

nance of westerly wave directions is evident. Although a majority of the wave heights fall within
the 1 to 3-meter range, examples of larger wave heights exceeding 5 meters, coupled with extended
wave periods, are also observed. Through comprehensive analysis, it has been determined that the
highest recorded wave height reaches 14.7 meters, while the overall average wave height for the
region stands at approximately 3 meters.
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Figure 8.8: Wave Data of West of Barra location

In contrast to wave direction (Figure 8.9), wind direction displays a wider distribution across various
orientations. Interestingly, a majority of wind speeds surpass the rated speed with a mean value
around 11 m/s, rendering the location particularly promising for wind farm installation.
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Figure 8.9: Wind Data of West of Barra location

8.2 Cases Formulation

To construct these cases, it was imperative to ensure that the data conformed to an appropriate
probability distribution and that they were interconnected, allowing the randomly generated trajec-
tories to follow this inherent relationship seamlessly.

It is a well-established fact that wind speed conforms to a Weibull distribution [54]. Consequently,
the wind data for each location were fitted to this Weibull distribution, and new samples were gen-
erated using the parameters derived from the fitted data. Wind direction, being a circular sample,
adheres to a circular distribution known as the Von-Mises distribution. Wave height and peak wave
period, on the other hand, follow a gamma distribution. The formulas for these distributions are
detailed in Figure 8.10. The parameters specifying the shape and scale for each distribution are also
listed in the table. Utilizing the MATLAB fitting toolbox, the data from each location were fitted to
these distributions. The resulting parameters for each location are presented in Table 8.1.

Following the fitting of each external parameter to its respective distribution, the process of gen-
erating various cases was conducted using Kernel Density Estimation (KDE) [55]. The bandwidth
estimation, a critical factor in determining the precision of the analysis, was calculated using Sil-
verman’s Rule of Thumb [56], as detailed in Equation 8.1. This calculation incorporates both the
standard deviation (σ) of the sample and the sample size (n). The resulting bandwidth value is
subsequently employed in the computation of the joint probability density, facilitating a more ac-
curate and informative analysis of the data. This methodology enabled the selection of different
cases based on their joint probability distribution. In contrast to the previous approach, where the
most distinct cases were chosen, this method focuses on the most probable scenarios. This approach
facilitates the simulation of more realistic combinations, streamlines the case selection process, and
promotes the coupling of cases together.

h = 1.06σn−1/5 (8.1)
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Consequently, distinct cases were developed for each location, encompassing parameters like wind
speed, wind-wave misalignment (expressed as direction), significant wave height, and peak wave
period, from the newly generated data fitted to the different distributions. For the remaining pa-
rameters, such as the drag coefficients, current speed and direction, and turbulence intensity, a
similar methodology as in the previous simulations was applied. This involved employing random
Sobol number generation techniques and selecting the most distinct sets of numbers to ensure a
comprehensive and diverse range of input values. The same ranges were used with a variation of
10% among the generated cases. This approach allows for a robust exploration of the parameter
space, providing a thorough understanding of their effects on the system under study. By systemat-
ically varying these parameters and conducting simulations, valuable insights into their impact on
the system’s behaviour and performance can be gained, contributing to a comprehensive sensitivity
analysis. It is important to highlight that, particularly for current speed, accurate location-specific
data were unavailable. Therefore, the same ranges as those used previously were applied, spanning
from 0 to 2 m/s. However, an adjustment was made by increasing the reference depth to 20 meters,
as opposed to the previous 10 meters. This alteration aimed to diminish the impact of current speed
and enable better observation of the effects of other parameters.

For the cases simulated, 24 parameters were used, 15 trajectories (starting points) and the studied
outputs involve top and bottom tower moments, hydrodynamic forces, mooring line tensions and
rotor thrust and torque as representative of the rotor aerodynamics and power generation.

8.3 Results & Discussion

The results from the different locations were generated and compared for any distinction between
them. This comprehensive approach facilitates an in-depth investigation into the location-specific
effects, particularly how the varying external conditions prevalent in different geographical areas
influence the sensitivity of the diverse parameters. By examining and contrasting results from
multiple locations, it becomes possible to ascertain the relative significance of location-specific fac-
tors and their potential impact on the system’s sensitivity to parameter variations. This analytical
method enhances the understanding of how environmental conditions can shape the behaviour and
response of the system, adding a valuable layer of insight to the overall study.

In the case of Nagasaki Prefecture, which represents a moderate location, Figure 8.11 illustrates a
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Table 8.1: Distribution parameters for each one of the external condition for every location

Location Parameters

Location 1,
Nagasaki Perfecture, Japan

Wind Speed,
Weibull Distribution
λ = 8.7351, k = 1.9527

Wind/Wave Misalignment
Von Mises Distribution
µ = 1.3989, κ = 0.3770

Significant wave Height
Gamma Distribution
k=3.0235, θ = 0.3770

Peak period
Gamma Distribution
k=11.1591, θ = 0.5774

Location 2,
Gulf of Maine USA

Wind Speed,
Weibull Distribution
λ = 10.2568, k = 2.1252

Wind/Wave Misalignment
Von Mises Distribution
µ = 1.8804, κ = 1.1703

Significant wave Height
Gamma Distribution
k=3.7143, θ = 0.3831

Peak period
Gamma Distribution
k=9.8698, θ = 0.7650

Location 3,
West of Barra, Scotland

Wind Speed,
Weibull Distribution
λ = 12.1721, k = 2.1932

Wind/Wave Misalignment
Von Mises Distribution
µ = 2.2133, κ = 0.0.5113

Significant wave Height
Gamma Distribution
k=3.9273, θ = 0.7575

Peak period
Gamma Distribution
k=18.4058, =0.5743

notable influence of significant wave height on various loads, with exceptions being mooring line
tension and rotor torque. The study underscores the considerable impact of significant wave height
on the tower’s total base moment, making it a critical parameter affecting loading dynamics. This
stands in contrast to modelling parameters like drag coefficients, which primarily affect mooring
line tension and have negligible effect to the other parameters. The analysis also reveals that moor-
ing line tension is influenced by current speed, albeit to a lesser extent than the initial simulations
of Chapter 7. Moreover, turbulence intensity emerges as a significant factor, particularly in its influ-
ence on rotor thrust, a result that aligns with expectations based on the system’s dynamics. These
findings highlight the complex interplay of environmental and modelling parameters, shedding
light on their respective roles in shaping load outcomes at this moderate location.

When comparing these findings to the conditions in the Gulf of Maine, representing a medium
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Figure 8.11: Total Normalized EE significance of the input parameters (member hydrodynamic drag coefficients and
external conditions) with respect to the DEL values of the tower and hydrodynamic loads and mooring line tensions for
the moderate location at Nagasaki Perfecture

location, some intriguing disparities emerge. As depicted in Figure 8.12, the influence of wave
height remains substantial, but the distribution of its effects across different outputs appears more
balanced. Interestingly, wind speed shows a relatively smaller overall impact in this location, while
turbulence intensity exhibits no influence on rotor thrust. This suggests a potential interrelation
between turbulence intensity and wind speed and their combined effect on rotor thrust. In contrast,
the sensitivity of drag coefficients remains consistent, indicating that there may not be a coupled
relationship of significance in this regard.

In the severe location off the coast of West Barra in Scotland, the sensitivity distribution takes a
distinctive form (Figure 8.13). Specifically, wave height exerts a notably reduced overall effect,
amounting to approximately half of that observed in other locations, although it remains the most
influential parameter. Meanwhile, the drag coefficients, while still relatively modest in significance,
display a more uneven distribution that depends on the specific member positions. Intriguingly,
they appear to influence rotor aerodynamics as well. This could be attributed to the heightened
wave conditions, which enhance the dominance of the drag term in this context. These findings
underscore the diverse and location-dependent nature of parameter sensitivity and its intricate
interactions with varying environmental conditions. In all three locations, the influence of the hy-
drodynamic drag coefficient on the rotor torque is negligible. This observation suggests that the
sensitivity of the hydrodynamic drag might not significantly affect rotor dynamics. It is possible
that the previous findings, which were based on more extreme and random conditions, do not ac-
curately represent this particular effect on rotor dynamics.
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Figure 8.12: Total Normalized EE significance of the input parameters (member hydrodynamic drag coefficients and
external conditions) with respect to the DEL values of the tower and hydrodynamic loads and mooring line tensions for
the medium location at Gulf of Maine
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Figure 8.13: Total Normalized EE significance of the input parameters (member hydrodynamic drag coefficients and
external conditions) with respect to the DEL values of the tower and hydrodynamic loads and mooring line tensions for
the severe location at West of Barra, Scotland
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9 Conclusions
The primary objective of this study is to thoroughly examine various parameters, particularly those
related to hydrodynamics, and their influence on the structural and aerodynamic performance of
semisubmersible floating wind turbines. This investigation is carried out through an extensive sensi-
tivity analysis approach, employing the multi-fidelity model OpenFAST for conducting simulations
on the semisubmersible floating wind turbine used in the OC4 experiment with the 5MW NREL
wind turbine employed.

Throughout the course of this thesis, a significant realisation emerged: a pressing need exists for
more precise predictions of the behaviour of Floating Offshore Wind Turbines (FOWTs) under di-
verse conditions. The uncertainty associated with various modeling parameters profoundly impacts
both the generated power output and the structural robustness of FOWTs. Additionally, the scope
of analyzed cases should be expanded to encompass a wide array of metocean data. In light of this,
parameters such as hydrodynamic drag coefficients, significant wave height, peak period, wind
speed, wind and wave misalignment, current speed and direction, as well as turbulence intensity,
were identified as pivotal factors warranting thorough investigation.

The Elementary Effects (EE) method was applied to assess the significance of individual param-
eters by evaluating their impact on the load outputs of the floater, tower, and rotor. To ensure
comprehensive results, multiple trajectories were employed, and various seeds were utilized. Over
the span of 20 different starting points, independent results were achieved after 12-15 points for
trajectories, while for seeds, 7 different seeds were sufficient for wave generation and 4 seeds for
the wind simulation. For a more accurate representation of the findings, the Damage Equivalent
Load (DEL) approach was adopted, and the effects of EE were normalized to quantify their relevant
contributions to each output. The results obtained through this methodology effectively addressed
the primary research inquiries.

1) Which input parameters have a wide range of variability?

The research study has identified several uncertain parameters. Concerning the drag coefficient, a
variation ranging from 0.3 to 1.6 has been noted in the translational direction, with a notably wider
range of 5 to 10 in the bottom axial drag, rendering it one of the most uncertain factors. In terms of
external conditions, examination of data from various potential FOWT installation sites has revealed
wave heights reaching up to 14.8 meters and peak periods spanning from 2 to 22 seconds. Wind
speed and direction are traditionally chosen within the range of 0 to 25 m/s and 0 to 90 degrees,
respectively, to encompass the full functional scope. Similarly, the current speed can fluctuate from
0 to 2 m/s based on the specific location, albeit with limited available data.

2) Which are the most significant input parameters?

Despite the varying ranges of input parameters, not all of them exert the same level of influence.
Through the analysis of different cases using both the hybrid theory and the Morison equation, it
is evident that, in terms of magnitude, the current speed emerges as the most impactful parameter.
Its primary effect is on mooring line tension, where it exerts the greatest influence. However, this
influence is considerably smaller on the other output factors. In contrast, wave parameters notably
affect all the studied outputs, emphasizing the substantial role of waves in shaping the structure’s
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loading behaviour. In this regard, the significant wave height and the peak period can be consid-
ered the most significant parameters. The effect of the modelling parameters concerning the drag
coefficients is very small in the studied range of cases.

3) What does the addition of turbulent wind introduce?

The inclusion of turbulent wind introduces sensitivity to turbulence intensity, which is particularly
important for outputs related to rotor dynamics, specifically the rotor torque. However, the over-
all impact remains consistent with steady wind conditions, highlighting the significance of current
speed in relation to mooring line tensions, and the importance of significant wave height and peak
period in affecting tower, floating platform, rotor, and mooring line tensions. Turbulent wind sim-
ulations provide a more realistic representation of environmental conditions.

4) What is the effect of the physical model on the significant parameter analysis??

The sensitivity analysis of the examined parameters reveals only minor discrepancies when second-
order hydrodynamic elements are excluded with a small underestimation of the sensitivity. This
suggests that there’s no compelling necessity to incorporate second-order elements in all simula-
tions.

The Morison equation solution exhibits a remarkable similarity to the potential flow theory, with a
key distinction being its heightened sensitivity to external environmental conditions. Furthermore,
the added mass emerges as a significantly influential factor across various outputs, highlighting the
critical importance of accurately determining its associated parameters. These findings underscore
the superior performance of the hybrid theory in capturing the intricate dynamics of floating wind
turbines under differing conditions, making it a more robust choice for analysis and design consid-
erations.

5) Can similar conclusions be drawn when applying this analysis to a different type of platform?

The comparison of the semi-submersible and the spar platform leads to similar behaviour in terms
of the current speed and the effect on the mooring line tension. However, the order of signifi-
cance in different outputs is different between the two platforms. Notably, rotor thrust is minimally
affected by the significant wave height and peak period in the spar platform, whereas in the semi-
submersible platform, these factors have a more evenly distributed effect on different outputs. The
sensitivity to turbulence intensity is also more significant in the spar platform. In addition, the
modelling approach and the selected hydrodynamic drag that is used are crucial for the resulting
loads. In these terms, the spar is much more sensitive and the selection of the parameters has to be
made carefully.

6) What does the location correlation add to the sensitivity analysis study?

Incorporating various locations into the study serves the fundamental purpose of simulating a
broader range of realistic conditions, all while maintaining a consistent set of parameters governing
wind and wave characteristics. The outcomes of these diverse locations shed light on the primary
driver of parameter sensitivity, which consistently proves to be wave height. Wave height demon-
strates a substantial influence on the dynamics of floater, tower, and rotor loads across all locations.
Current speed primarily comes into play with mooring line tensions, whereas the sensitivity of
drag coefficients is more pronounced in severe conditions, contrasting with their lesser significance
in moderate and medium locations. These location-specific variations underscore the complex in-
terplay between environmental conditions and parameter sensitivity, offering valuable insights for
the design and operation of floating wind turbines across diverse geographical settings.
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In the location analysis, it is important to clarify that the selection of cases was performed using
probability distributions, resulting in a choice of cases that represent lower (moderate) but more
possible conditions. However, for a more comprehensive analysis, a wider range of diverse cases
should have been selected while still following the probability distribution. As a result, we cannot
draw definitive conclusions based on the current analysis, and further investigation is necessary for
more robust results.
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10 Recommendations
The research has led to several recommendations that can enhance the reliability and comprehen-
siveness of the study.

Firstly, it is important to emphasize that the uncertainty surrounding several parameters signifi-
cantly impacts the outputs. This, in turn, affects fatigue analysis and the efficiency of power ex-
traction from wind turbines, both of which are critical in the design and widespread deployment
of floating wind farms. While external metocean conditions are readily associated with installation
location, it is imperative to establish a correlation between these conditions and other parameters
like drag and added mass coefficients. This correlation will integrate the influence of each envi-
ronmental condition on the selection of these parameters, ultimately reducing uncertainty and its
impact on structural loading.

To achieve these more robust experimental results, higher fidelity models should be employed. It is
worth noting that there is a shortage of experimental data for scale-modified models, highlighting
the need for more research in this area. Higher fidelity models have the potential to yield more
realistic results while mitigating uncertainty. Consequently, conducting a comprehensive parameter
analysis using these advanced models to validate results would be worthwhile.

In addition to addressing the uncertainty associated with modelling parameters, it is crucial to fo-
cus on refining the data related to the most significant parameters: current speed and significant
wave height. Obtaining more accurate data for these parameters is essential. Particularly for hy-
drodynamic loads and mooring line tensions, which can be tailored to the installation location,
simulating cases that align with specific installation locations can be highly beneficial. Even small
adjustments in these parameters can have a substantial impact on the resulting DEL. Therefore, a
location-specific approach can lead to more precise predictions and optimized designs for floating
wind turbines.

Finally, the comparative analysis of significant parameters between the semi-submersible and the
spar platform has unveiled another level that worth researching, particularly concerning platform
types. The distinct mechanisms governing the motion of each platform type significantly influence
parameter sensitivity. From this perspective, it would be valuable to investigate other platform
types and possibly different scales. For instance, the 15 MW IEA platform presents an intriguing
subject for future study.
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