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Abstract

This thesis presents methods and theory for adjusting a floating spar wind tur-
bine model in OpenFAST. This work is based on the WindCrete model created by
the CoreWind project. The WindCrete model is adjusted to fit the environmental
conditions of the Utsira site off the coast of south-western Norway. The work includes
adjustments of the wind turbine tower, support platform, and mooring layout. The
wind turbine tower is adjusted in both wall thickness and diameter to ensure struc-
tural integrity. The natural frequencies of the tower must lie outside the frequency
of the rotating turbine blades. This prevents resonant oscillations that may cause
structural fatigue and instability. Ballast is added to the support platform interior,
to maintain the platform static equilibrium. The mooring layout is adjusted to fit
a new water depth. The design process is iterative, resulting in an adjusted model
that satisfies all predefined structural requirements. The final model is tested through
simulation to investigate model characteristics under different load cases. Analysis of
these simulations showed that the adjusted OpenFAST model behaves as expected.
The characteristics of the final adjusted platform satisfy the same predesign basis and
design limitations as the original WindCrete model is built upon.

v



CONTENTS CONTENTS

Contents

1 Introduction 1
1.1 Background and motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Theory 4
2.1 Definition of the spar floating wind turbine . . . . . . . . . . . . . . . . . . 4

2.1.1 Rotor Nacelle Assembly . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.2 Tower . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.3 Support platform . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.4 Mooring . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.5 Controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.6 Rigid body motions . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Idealized Euler-Bernoulli beam . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 Floater theory and equations . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3.1 Catenary equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3.2 Moments of inertia . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3.3 Metacentric height . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.4 Platform inertia matrix . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.5 Added mass matrix - strip theory . . . . . . . . . . . . . . . . . . . . 13
2.3.6 Hydrostatic stiffness matrix . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.7 Mooring stiffness matrix . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.8 Morison’s equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.4 Wave and wind fields . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4.1 JONSWAP spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.4.2 Turbulent wind field . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3 Background, tools and site conditions 19
3.1 OpenFAST . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.1.1 Sub-modules . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2 BModes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2.1 Basic principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3 IEA 15-MW Reference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.4 CoreWind WindCrete . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.4.1 The WindCrete model . . . . . . . . . . . . . . . . . . . . . . . . . . 27
3.4.2 The WindCrete support platform . . . . . . . . . . . . . . . . . . . . 27
3.4.3 WindCrete controller . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.5 Site descriptions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.5.1 Environmental conditions in wind turbine design . . . . . . . . . . . 29
3.5.2 Gran Canaria Island . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.5.3 Utsira . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4 Utsira design 31
4.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2 Adjustment process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

vi



4.2.1 Structural requirements . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.2.2 Tower model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
4.2.3 Support platform model . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.3 Additional requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.3.1 Blade rotation frequencies . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3.2 Blade tip clearance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.3.3 Center of rotation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.4 Adapting mooring to new depth . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.4.1 Deciding on a layout . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.4.2 Calculations of new mooring line dimensions . . . . . . . . . . . . . . 43
4.4.3 Static layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.4.4 Touchdown point . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.5 Finding new tower modes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.5.1 BModes input data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.5.2 Post-processing of BModes output data . . . . . . . . . . . . . . . . 53

4.6 New inputs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5 Simulation results 57
5.1 Platform equilibrium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.2 Decay tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.2.1 Tower FA and SS frequencies through OpenFAST . . . . . . . . . . . 60
5.3 Stability at different environmental conditions . . . . . . . . . . . . . . . . . 63

5.3.1 Turbulent wind and waves . . . . . . . . . . . . . . . . . . . . . . . . 64

6 Summary and conclusion 75

7 Future work 77

Appendices 82

A OpenFAST input 82

B OpenFAST output 84



CONTENTS CONTENTS

Acronyms

API Application Programming Interface

CM Center of Mass

CoG Center of Gravity

CoB Center of Buoyancy

COREWIND COst REduction and increase of performance of floating
WIND technology

DNV Det Norske Veritas

DoF(s) Degree(s) of Freedom

DTU Technical University of Denmark

HAWC2 Horizontal Axis Wind turbine simulation Code
2nd generation)

IEA International Energy Agency

IEC International Electrotechnical Commission

JONSWAP JOint North Sea WAve Project

MSL Mean Sea Level

NREL National Renewable Energy Laboratory

RNA Rotor Nacelle Assembly

OC3 Offshore Code Comparison Collaboration

ROSCO Reference OpenSource COntroller

SWL Still Water Level

TCP Technology Collaboration Programme

UMaine University of Maine

viii



1 INTRODUCTION

1 INTRODUCTION

1.1 Background and motivation

Floating offshore wind is a rapidly growing emerging market, and northern Europe is
leading this growth [Afewerki et al., 2019]. As offshore wind farms are deployed in deeper
water, floating wind turbines are needed. The technology is maturing, and turbine
capacities are increasing. The average rated capacity for installed turbines in Europe was
8.2 MW in 2020, with new projects trending towards turbines with capacity up to 13
MW [WindEurope, 2021]. There is a need for technological innovation for this trend to
continue.

There exist several proven design concepts for multi-megawatt floating offshore wind
turbines, each with its own strengths and limitations. Two commonly used support
platform designs are the semi-submersible concept and the spar concept. In the
semi-submersible concept, the tower is typically mounted on a three-legged pontoon.
Each pontoon is connected to a vertical column. These columns contain ballast, and
provide stability through buoyancy. Of course, there exist different geometries and
designs of these support platforms, but the stability principle remains the same.
Semi-submersible platforms are typically moored with catenary mooring lines. These
platforms are well suited to be placed in shallower waters, as they have a relatively small
draft. The first semi-submersible wind farm in operation is named Windfloat Altlantic,
and has been operational since July, 2020 [Windfloat Atlantic, 2021].

For deeper waters, the spar concept is a well-proven design. A spar floating wind turbine
is a single cylinder column support platform equipped with a wind turbine tower and
rotor, see Figure 1. This concept relies on ballast in its deep draft to provide stability by
gravity. It is a simple and cost-effective design that first was demonstrated by Equinor at
a multi-megawatt scale in 2009 through the Hywind Demo project [Hywind Demo, 2009].
This demo proved successful, laying the foundation for the 30 MW Hywind Scotland pilot
park [Hywind Scotland, 2017]. This is the world’s first floating wind farm, and has been
producing electricity since October, 2017. It consists of five 6 MW turbines, with a rotor
diameter of 154 m.

Figure 1: Two main design concepts for offshore wind, as designed by Equinor: the spar
(left) and the semi-submersible (right). Figure from [Equinor2021]
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1 INTRODUCTION 1.1 Background and motivation

The European Union is committed to becoming climate-neutral within 2050 [Green Deal,
2021]. Through the Green Deal, the European Commission outlines an ambitious vision
of up to 450 GW installed capacity of offshore wind by 2050. Floating offshore wind is a
key component to make this possible. A report written by BVG Associates for
WindEurope outlines optimal areas for offshore wind to be deployed to achieve the goals
set by the Green Deal [Freeman et al., 2019]. According to this report, approximately 380
GW of offshore wind is expected to be installed in the North Seas. This is equivalent to
allocating approximately 2.8% of the total area of the North Seas to offshore wind
installations. Though Norway is not a part of the EU, there is a huge potential for
offshore wind energy within its North Sea territories. One such area well suited for
offshore wind is Utsira Nord.

On June 12th, 2020, the Norwegian Ministry of Petroleum and Energy opened two areas
dedicated to offshore renewables [Government, 2020]. Utsira Nord is one of these areas,
and is well suited for floating wind turbines. The government is now in the process of
adapting laws governing offshore energy production before concessions can be given. The
site area is 1010 km2, with an estimated floating wind turbine capacity of 1500 MW
[Drivenes et al., 2010]. Water depths vary between 185-280 m, which makes it a well
suited site for floating spar platforms.

This thesis investigates a spar floating wind turbine model, secured with three catenary
mooring lines [Mahfouz et al., 2020]. The spar floater concept in focus is named
WindCrete, developed by the "cost reduction and increase of performance of floating wind
technology" project (COREWIND) [CoreWind, 2021]. The WindCrete model is designed
to support the Rotor Nacelle Assembly (RNA) from the International Energy Agency
(IEA) Wind 15 MW reference wind turbine [Gaertner et al., 2020b]. This reference
turbine is originally designed for a monopile bottom-fixed foundation. In the WindCrete
model, the support platform, and consequently the tower, is adapted to the floating
concept. In addition, the WindCrete concept uses concrete in both support platform and
tower, as opposed to the steel tower used in the reference model. This is done in an effort
to lower the cost of construction, as cost reduction is one of the main goals for the
COREWIND project. The WindCrete tower and support platform is designed to satisfy
all structural requirements that follow from the environmental conditions of a Gran
Canaria site. These structural requirements are based on the International
Electrotechnical Commission (IEC) 61400-3-2 standard [IEC TS 61400-3-2:2019].

2



1 INTRODUCTION 1.2 Objective

1.2 Objective

The objective of this thesis is to adjust the WindCrete model to the environmental
conditions present at Utsira Nord offshore wind site. The adjustment is based on the
WindCrete spar floater OpenFAST model, created by the CoreWind project [Molins
et al., 2020]. I aim to adjust this model to withstand the more extreme environmental
conditions of the Utsira Nord site. I will achieve this with three main adjustment steps.

The first step is to adjust the tower. In the WindCrete model, the tower structure is
made of concrete. I choose to model the tower using steel, as used in the tower of the
bottom-fixed IEA 15MW reference wind turbine model. Because of this design choice, I
will increase tower height, to account for rougher seas and higher waves found off the
coast of south-western Norway. The new tower must be strengthened to withstand the
greater loads applied to the structure. I will use a combination of adjusting the tower
radius as well as the wall thickness to ensure structural integrity. In general, I aim to
adjust the tower following structural requirements from the IEC standard [IEC TS
61400-3-2:2019].

The second step is to adjust the internal ballast of the spar subplatform, to compensate
for the new tower structure. The weight of the tower is significantly decreased when
using steel instead of concrete. The main objective is to keep the platform position in
equilibrium equal for the new design, with a special focus on vertical displacement. This
requires ballast to be added to the subplatform, which alters subplatform properties.
Updated values must be calculated, as they are required as input in the OpenFAST
model.

The third step is to adjust the mooring layout to fit the increased depth of the Utsira
Nord site. The new mooring layout will be based on the catenary design used in the
WindCrete project. I will increase the anchoring radius and main chain length, to fit the
layout to the new water depth. The main focus will be to avoid uplifting forces at the
anchors under all conditions, as well as to maintain good stationkeeping capabilities.

Finally I will demonstrate the stability and performance of the adapted OpenFAST
model. I will verify model properties through simulation, and discuss results. This thesis
goes into detail on the procedure a wind turbine designer must follow when adjusting an
existing design to a new location and a new tower material. This process is iterative, and
I use simulation results to do readjustments to the model in all steps.

A significant part of my work will be to learn OpenFAST, with focus on how to use a
model, and how to adjust this model to fit new structural requirements. This requires
knowledge of several submodule input parameters, as both environmental conditions and
structural properties are adjusted. I also aim to familiarize myself with available output
options, and how to manipulate these outputs to investigate model properties. This
includes post-processing output data in MATLAB.

This thesis aims to contribute to the development and optimization of floating wind
turbines. Sustainable development of wind turbines will contribute to affordable and
clean energy to more people (goal 7) and innovations relevant for the industry (goal 9).
The deployment of floating wind turbines has a low impact on the life below water (goal
14) and may replace fossil energy sources, which is a positive climate act (goal 13).

3



2 THEORY

2 THEORY

Central components of a spar floating wind turbine are defined in the following
subsections. The rigid body motions of the floater are also defined. Finally, some theory
on the wave and wind fields used in this thesis are presented.

2.1 Definition of the spar floating wind turbine

Figure 2 displays a typical design for a spar floating wind turbine. I use the WindCrete
OpenFAST model as a base, and do adjustments to the tower, ballast and mooring to
adapt the new model to the environmental conditions of the Utsira site. Because of the
design choice of using steel as material in the tower, it is more natural to compare
structural integrity with the steel tower from the bottom-fixed IEA 15MW reference
turbine. For that reason, Section 2.1.2 describes the reference tower, and not the
WindCrete model tower.

MSL

Figure 2: A typical spar floating wind turbine design. Adapted from [Mahfouz et al., 2020].
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2 THEORY 2.1 Definition of the spar floating wind turbine

2.1.1 Rotor Nacelle Assembly

The rotor nacelle assembly (RNA) is the structure mounted on top of the tower of a wind
turbine, see Figure 3. This structure houses the power-generating components. The
turbine blades are connected to the hub which is placed at the top of the tower. These
components make up the rotor. The wind exerts a force on the blades, causing the rotor
to rotate. The rotor is connected to a generator through a driveshaft. The IEA 15-MW
reference wind turbine is designed with a permanent-magnet generator, which is a simple
design that allows a direct-drive layout. The whole structure rests on a bedplate, which
transmits all loads and forces from the RNA to the tower. A yaw bearing allows the
RNA to rotate, so that the rotor plane always faces the wind direction. The RNA center
of mass (CM) is typically shifted off the central vertical tower axis, causing the floating
wind turbine to have a rotational pitch displacement in its equilibrium position.

Figure 3: The IEA-15MW reference turbine RNA. [Gaertner et al., 2020b]

2.1.2 Tower

The tower is a cylindrical beam that connects the RNA to the support platform. The
IEA 15-MW reference tower is a steel structure with a common design. It is a thin-walled
cylinder with decreasing radius from the tower base to the tower top. This structure must
be strong enough to carry the weight of the RNA, and withstand the loads and forces
transmitted from the RNA. The tower is subjected to large bending stresses throughout
its height, especially if mounted on a floating support platform that allows significant
tilting. It must be designed with enough height to give good clearance between the blade
tip and the water surface. The design must also consider interactions with the rotor. The
frequencies of the tower structures natural vibrations must lie outside the frequencies
induced by the rotor, to avoid resonance. Towers mounted on a floating subplatform is
typically stiffer, which shifts the tower mode frequencies away from frequency range that
causes resonance. This design consideration is further investigated in Chapter 3.2.

5



2 THEORY 2.1 Definition of the spar floating wind turbine

2.1.3 Support platform

The support structure of the WindCrete floating tubine is a spar cylinder. A spar is a
slender, hollow column with a deep draft. The large ratio of draft over diameter is the
central principle of stability for this design. The bottom part of the substructure is
ballasted internally, to provide stability and to counteract the buoyancy force. This
ballast may either be a solid aggregate such as concrete, or a liquid such as sea water.
The spar support platform is a very simple geometry, which makes production relatively
simple. The deep draft of the spar makes it well suited to be placed in deeper waters.
However, the deep draft of the spar design also makes installation and transportation
challenging. Installation of the subplatform, tower and RNA near land or in a port would
require a passage of deep waters all the way from the port to the final wind turbine site.

2.1.4 Mooring

The platform mooring system is primarily designed for station-keeping, but it also
provides stability. There are several different available mooring designs, divided into two
main categories. The first category, which also is the most commonly used design, is
catenary mooring. This model relies on the weight of the mooring line as the restoring
force. Steel chains and wires are most commonly used as catenary mooring lines, as steel
has a high material density. The anchors are placed at a large radius around the
platform, which increases the mooring line length. This anchor is subjected to relatively
small loads of horizontal tension, as a section of the mooring line is resting on the seabed.
The length of this section varies with the loads subjected onto the floating turbine.

The second category is taut mooring. This design relies on the elasticity of the highly
tensioned mooring lines to provide the restoring force. The anchor of a taut mooring line
is subjected to both horizontal and vertical forces. This makes it a more complex and
expensive setup. Although the anchoring is more costly, the taut model provides some
important advantages. It allows for less horizontal and vertical platform translations.
Also, the length of mooring line required is significantly reduced, as no section of the line
is resting at the seafloor. This also reduces the impact on the seafloor, making the
mooring footprint minimal.

6



2 THEORY 2.1 Definition of the spar floating wind turbine

2.1.5 Controller

A wind turbine controller is essential for achieving optimal power production over the
entire operational spectre of wind speeds. The controller regulates the pitch of the
blades. It ensures smooth transitions between increasing or decreasing wind speeds,
which is key to maintain platform stability. This is especially important for the platform
pitch stability of a floating spar. It also controls the maximum and minimun rotational
speed of the rotor. The turbine controller properties of the IEA 15 MW reference turbine
are defined in Gaertner et al. [Gaertner et al., 2020b]. This reference turbine is a bottom
fixed monopile, which behaves differently compared to a floating structure when
subjected to wind loads. Thus, some modifications are necessary when transitioning from
a bottom fixed monopile to a floating spar. The modifications done by the WindCrete
team is further detailed in subsection 3.4.3.

The controller behaves differently depending on which region of wind speeds the turbine
is operating under. The blades are kept stationary for wind speeds less than a minimum
value. This minimum wind speed is defined as the cut-in wind speed. Above the cut-in
wind speed, the controller ensures maximum power production. The maximum rotational
speed is reached at a wind speed defined as the rated wind speed. Optimally, the
controller ensures a constant power output, or alternatively constant torque, from the
turbine for above rated wind speeds. A constant torque setting is most common for
floating wind turbines. This is achieved by the blade pitch controller, which is responsible
for continously regulating the pitch of the three turbine blades. Finally, the controller
ensures that the turbine is set to an idling position, if the wind speeds pass a threshold
defined as the cut-out wind speed. Turbine production must be stopped for wind speeds
above cut-out wind speed, to prevent structural damage.

7



2 THEORY 2.1 Definition of the spar floating wind turbine

2.1.6 Rigid body motions

The cartesian global coordinate system for platform motions has its origin in the center
of the spar, at the mean sea level (MSL), see Figure 4. The turbine rotor is oriented
upwind, and the positive x-axis is pointing downwind. The six translational and
rotational degrees of freedom (DoF) are defined along the global coordinate axes. These
DoFs are presented in Table 1. The center of rotation does not lie in the global origin,
which implies coupling between some translational and rotational motions. This is
investigated in Subsection 5.2.

Table 1: Translational and rotational degrees of freedom

DoF Symbol Description

Surge η1 Translation along the x-axis

Sway η2 Translation along the y-axis

Heave η3 Translation along the z-axis

Roll η4 Rotation around the x-axis

Pitch η5 Rotation around the y-axis

Yaw η6 Rotation around the z-axis

xy

z

Surg
eSway Pitch Roll

Wind
Yaw

Heave

Figure 4: A floating spar platform. Figure adapted from [Mahfouz et al., 2020]
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2 THEORY 2.2 Idealized Euler-Bernoulli beam

2.2 Idealized Euler-Bernoulli beam

OpenFAST requires tower modes as input. I will find the new tower modes for the
adjusted tower using a tool named BModes [Jonkman, 2020]. This tool treats the tower
as an idealized Euler-Bernoulli beam. This subsection provides a brief explanation of the
underlying theory.

The Idealized Euler-Bernoulli beam model describes how a beam behaves when subjected
to bending and axial forces. There are two main underlying assumptions for this model.
First, we assume that there is no transverse shear deformation. That is, any straight line
through the width of the beam will remain straight after deformation. Second, we assume
that the deformation are limited to small angles, so that the slope remains small through
the length of the beam. In addition, we assume that the flexural rigidity, EI remains
constant through the beam. We may then write a forth-order differential equation for
vibration of a uniform beam [Thomson and Dahleh, 2005]:

d4y

dx4
− β4y = 0 (2.1)

Here, β4 is defined as:

β4 = ρ
ω2

EI
(2.2)

where ω is the frequency of vibration and ρ is mass per unit length. Assume a solution
on the form y = eax. The natural frequencies of vibration, ωn are then found to be:

ωn = β2
n

√
EI

ρ
(2.3)

Where the value βn is determined by the boundary conditions. BModes models the tower
as an idealized Euler-Bernoulli beam cantilevered at its base, and with the RNA as a tip
attachment at the free top end. The base is modelled as a rigid body moving according
to the properties discussed in subsections 2.3.4 through 2.3.7. These properties set the
boundary conditions for the vibrating beam.
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2 THEORY 2.3 Floater theory and equations

2.3 Floater theory and equations

2.3.1 Catenary equations

I use a MATLAB routine created by F. G. Nielsen to approximate a static mooring
layout as I do adjustments to the mooring model [Mat, 2021]. This process is further
elaborated in section 4.4.3. The MATLAB routine uses elastic catenary equations to
calculate positions of segments along a catenary line [Nielsen, 2021].

dx

ds
=

FH√
F 2
H + [FV − w0(L− s)]2

(2.4a)

x =
FH

w0

{
sinh−1

[
FV − w0(L− s)

FH

]
− sinh−1

[
FV − w0L

FH

]}
+

FH

EA
s (2.4b)

z =
FH

w0


√
1 +

[
FV − w0(L− s)

FH

]2
−

√
1 +

[
FV

FH

]2+
1

EA

[
FV s− w0Ls+

w0s
2

2

]
(2.4c)

Here, FH is the horizontal force and FV is the vertical force applied to the upper end. EA
is the axial stiffness per unit length, and w0 is the weight per unit length. The parameter
s is the unstretched length coordinate along the line, where the (x,z) position and slope is
calculated. L is the unstretched line length so that s = L in the upper end. In the lower
end, s = 0 and (x, z) = (0,−DW ) where DW is the water depth.

2.3.2 Moments of inertia

The ElastoDyn submodule (see Subchapter 3.1.1) requires both mass moment of inertia
and area moment of inertia of different structure components as input, either directly or
indirectly.

Mass moment of inertia

The mass moment of inertia around a rotational axis, I is given as:

I =

∫
m
r2 dm (2.5)

Here, m is mass and r is the polar coordinate of dm. Thus, r2 would correspond to
(x2 + y2 + z2) in the cartesian coordinate system. A significant amount of ballast is
added to the subplatform in the reconstruction process. The original subplatform mass
moment of inertia around the original subplatform center of mass (CM) is known
[Mahfouz et al., 2020, p.17]. I use the parallel axis theorem to add mass moment of
inertia contribution from the added ballast in the subplatform interior.

10



2 THEORY 2.3 Floater theory and equations

Parallel axis theorem

Suppose the cylinder body of the added ballast with mass mb has its CM placed in
(x0,y0,z0). The mass moment of inertia around the axes with origin in the added ballast
CM is ICM . The mass moment of inertia for this body around some other axes with
origin in (x1,y1,z1), I is given as:

I = ICM +mbd
2 (2.6)

where d is the distance along each axis from the added ballast CM to the new axis. In
the current work, both the added ballast CM and the platform CM lies on the central
z-axis. This means that d equals the vertical distance from the added ballast CM to the
subplatform CM for mass moment of inertia around the x- and y-axis, and d equals zero
for mass moment of inertia around the z axis (see Equation 2.12).

First moment of area

The first moments of area in cartesian coordinates (Sx, Sy) are defined as:

Sx =

∫
S
y dS (2.7a)

Sy =

∫
S
x dS (2.7b)

Here, S is a surface area, dS is an elemental surface area and (x,y) is the distance from a
given (x,y)-axis to dS.

Second moment of area

The second moment of area (Sij), also called area moment of inertia, is defined as:

Sij =

∫
S
xjxi dS (2.8)

Here, subscript (i,j) refers to the cartesian (x,y) coordinates so that (xi,xj) = (x,y).

2.3.3 Metacentric height

A floating body in equilibrium is balanced by the buoyancy force and the gravity force. If
the body is shifted from its equilibrium, then its ability to restore equilibrium is
depending on its stability. The metacentric height, GMc, is a measure of this stability:

GMc = KB +BMc −KG (2.9)

where K is the keel, G is the center of gravity, B is the center of buoyancy and Mc is the
metacenter. Stability requires a positive metacentric height, and higher metacentric
height gives more stability. BMc can be found by the following formula:
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BMc =
SWP

V
(2.10)

Here, SWP is the second moment of area around the waterplane, see Equation (2.8). V is
the displaced volume. A spar platform like the one in focus in this thesis, has a deep
draft and relatively small radius. The spar has a low center of gravity due to the ballast
contained in the bottom part of the platform. Figure 5 demonstrates how the spar is a
very stable platform. This is mainly caused by two factors. The first factor is that the
center of buoyancy is far above the center of gravity. The second factor is that the water
plane area is relatively small compared to the displaced volume. This means that BMc is
small, and the metacentric height is approximately equal to the vertical distance from the
center of gravity to the center of buoyancy. This approximation is valid for small angles
of rotation.

B

G

M

G

B

Figure 5: Metacenter of a spar platform. G is the center of gravity, B is the center of
buoyancy and M is the metacenter which is referred to as Mc in the previous paragraphs.
These models have reduced draft and increased radius, for demonstrational purposes.
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2.3.4 Platform inertia matrix

This subsection together with the three following subsections describe matrices that are
required as input in BModes. This is further elaborated in Section 3.2.

The equations for mass moments of inertia around each axis with origin in the
cylinder-shaped added ballast center of mass (CM) is:


Ix

Iy

Iz

 =


1
12mb(3r

2 + h2)

1
12mb(3r

2 + h2)

1
2mbr

2

 (2.11)

Here, mb is the added ballast mass, and r and h is the radius and height of the cylinder
respectively. The mass moment of inertia contribution from added ballast about each
cartesian axis with origin in the platform CM becomes:

Iadded =


Ix +mbd

2 0 0

0 Iy +mbd
2 0

0 0 Iz

 (2.12)

where d is the distance from the added ballast CM to the platform CM. Finally we derive
the new platform mass inertia matrix required as input in BModes:

INew = IOriginal + Iadded (2.13)

where IOriginal is the platform inertia about the platform CM.

2.3.5 Added mass matrix - strip theory

Consider the spar subplatform as a slender, vertical column of constant radius R. This is
a simplification in the case of the WindCrete subplatform, as the subplatform shape is
tapered at the top and domed at the bottom. These end effects are not accounted for in
the following equations. Let zt and zb be the top and bottom extent of the column
respectively, where zb < zt ≤ 0. The equation for added mass of linear motion in
horizontal direction, Ah is [Nielsen, 2021]:

Ah = A2D(zt − zb) = πρwR
2CahL (2.14)

Here, L = zt − zb is the length of the column, Cah is the two-dimensional added mass
coefficient of the column, and ρw is sea water density. For oscillation in the vertical
direction we get:

Av = (Cavb + Cavt)πρwR
3 (2.15)
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where Cavt and Cavb is referring to added mass coefficients for the top and bottom of the
column respectively. Cavt = 0 if the structure is piercing the free surface. The added
mass matrix for linear motions, Ac is then given as:

Ac =


A(2D)L 0 0

0 A(2D)L 0

0 0 Av

 (2.16)

This matrix corresponds to the top left corner of the 6×6 added mass matrix. The lower
left corner of the added mass matrix is the rotational terms, where the two non-zero
terms of the sub-matrix I are:

I11 =

∫
L
(y2 + z2)dm = y2cAv +

1

3
A(2D)(z3t − z3b ) (2.17)

I22 =

∫
L
(x2 + z2)dm = x2cAv +

1

3
A(2D)(z3t − z3b ) (2.18)

Here, (xc, yc) are the x and y coordinate respectively of the central axis of the column. If
the equations are applied to a structure that is symmetric about the z-axis, we would
have that (xc, yc) = (0,0). Next, let Sc be defined as:

Sc =


0 −1

2(zb + zt) yc

1
2(zb + zt) 0 −xc

−yc xc 0

 (2.19)

and let SAc = AcSc. The full added mass matrix is then:

Acol =

Ac -SAc

SAc I

 (2.20)
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2.3.6 Hydrostatic stiffness matrix

Assume that the hydrostatic forces are linear. The hydrostatic stiffness matrix for a
floating body, Ch is then given as [Veritas, 2010]:

Ch =



0 0 0 0 0 0

0 0 0 0 0 0

0 0 ρwgS ρwgS2 −ρwgS1 0

0 0 ρwgS2 ρwg(S22+V zB)−MgzG −ρwgS12 −ρwgV xB+MgxG

0 0 −ρwgS1 −ρwgS12 ρwg(S11+V zB)−MgzG −ρwgV yB+MgyG

0 0 0 −ρwgV xB+MgxG −ρwgV yB+MgyG 0


(2.21)

Here, M is the total mass of the whole system. This includes the platform, ballast, tower
and RNA. V is the submerged volume. The center of gravity is in (xG, yG, zG), and the
center of buoyancy is in (xB, yB, zB). S is the water plane area. Si and Sij are the first and
second moments of water plane area respectively. Finally, g is the gravitational constant.

2.3.7 Mooring stiffness matrix

Assume a catenary line stretching in the local (x,z) plane, with its origin in the upper
end. The restoring coefficients, Cij that make up the 3x3 restoring matrix for each
catenary line, C(l) are defined as [Nielsen, 2021]:

C(l) = Cij =
∂Fi

∂j
, i, j = [x, y, z] (2.22)

The local plane is rotated around the vertical z-axis with an angle θ relative to the global
coordinate system. The 3x3 restoring force matrix in the global coordinate system is then:

C = γTC(l)γ (2.23)

where the transformation matrix is:

γ =


cos(θ) sin(θ) 0

−sin(θ) cos(θ) 0

0 0 1

 (2.24)

If the catenary line is attached to the subplatform at (xt, yt, zt) in the global coordinate
system, the 6x6 mooring stiffness matrix can be written as:

C(m) =

 C Cα

αTC αTCα

 (2.25)
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where α is:

α =


0 zt −yt

−zt 0 xt

yt −xt 0

 (2.26)

2.3.8 Morison’s equation

The Morison’s equation gives the in-line hydrodynamic force acting on a cylinder as a sum
of inertial and drag forces [Fredsoe and Sumer, 2006]. Assume that the cylinder diameter
is less than 0.2 times the wave length, to ensure small variation in flow acceleration over
the cross-section of the body. Assume that the ratio of wave height over wave length is
less than 0.14, to avoid slamming from breaking waves. The total force, FT, is given as:

FT = FD + FI =
1

2
ρwDCd|U |U + ρwCMA

dU

dt
(2.27)

The first term is the drag force, FD. This is proportional to |U |U , which is the flow
velocity squared. The second term is the inertia force, FI. This force is in phase with flow
acceleration, which is shifted 90o relative to the phase of the flow velocity and drag force.
A is the cross-sectional area of the cylinder, and D is the cylinder diameter. Cd and CM
are the drag and mass coefficients respectively. CM is equal to the added mass coefficient
plus 1. U is the flow velocity.

2.4 Wave and wind fields

OpenFAST allows several types of user-defined wave- and wind fields as inputs. I perform
simulations with both still water and with wave input. I also do simulations with both
uniform and turbulent wind. The following paragraphs give a brief description of these
inputs and how they are generated. I use turbulent wave and wind fields as means to test
the model as I do adjustments.

2.4.1 JONSWAP spectrum

The JONSWAP spectrum, [Hasselmann et al., 1973], has its name from the Joint North
Sea Wave Project. Analysis of the collected data found that the wave spectrum continues
to develop over very long times and distances. This resulted in a proposed wave spectrum
for a developing sea state, named the JONSWAP spectrum. The underlying equations
can be found in DNV-RP-C205 [Veritas, 2010, p. 33]. However, these equations are an
integrated part of the hydrodynamic submodule, and so I choose not to go into details in
this thesis. Three input parameters are required when running simulations with a
JONSWAP wave spectrum. The first required parameter is the significant wave height,
Hs, which is defined as the mean of the one-third highest waves. The second required
parameter is the peak period, Tp, which is the wave period corresponding to the peak
frequency of the spectrum. The third required parameter is a peak-shape parameter,
which is a non-dimensional value in the range of [1,5], and with an average value of 3.3.
This parameter is set to "Default" in the hydrodynamic submodule.
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2.4.2 Turbulent wind field

I use a tool developed by DTU Wind Energy named Mann 64bit turbulence generator to
create three-dimensional boxes of turbulent fluctuations [HAWC2].

The Mann spectral tensor model

The Mann 64bit turbulence generator creates a 3D wind box by the use of the Mann
spectral tensor model. This model is developed by Jacob Mann, and is a model for
representing a turbulent wind field [Mann, 1994]. It is one of the turbulence models
recommended to be used by the International Electrotechnical Commission (IEC) [IEC
61400-1]. Table 2 defines required input parameters. This includes three
"Mann-parameters"; an eddy lengthscale (l), a constant connected to eddy lifetimes (Γ)
and a parameter describing energy dissipation of eddies (ϵα

2
3 ).

Table 2: Mann turbulent wind field simulation parameters

Parameter description Simulation parameter

Grid points in the x-direction Nx = 32768

Grid points in the y-direction Ny = 64

Grid points in the z-direction Ny = 64

Distance between grid points x-direction Dx, Equation (2.28)

Distance between grid points y-direction Dy = 4.2

Distance between grid points z-direction Dz = 4.2

The length scale of the turbulent eddies (l) 33.6

Non-dimensional parameter for eddy lifetime (Γ) 3.9

Dissipation rate of eddies ϵα
2
3 , Equation (2.29)

The 3D box of turbulent fluctuations is advected past the turbine following the mean
wind, assuming Taylors frozen turbulence, see the following paragraph. The distance
between grid points in x-direction must be large enough to cover the whole time series.
This distance is found by the following formula:

Dx =
Ux · T
Nx

(2.28)

where Ux is the mean wind speed at hub height, and T is the simulation time. As both
simulation time and number of grid points in the x-direction is kept constant for all
simulations, the mean wind speed dictates the value of Dx.

ϵα
2
3 is a parameter describing the energy dissipation of eddies. This dissipation rate is

dependent on turbulence intensity, according to equation (2.29).

ϵα
2
3 =

55

18
· 0.4754 · σ2

iso · l
−2
3 (2.29)
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Here, σiso is given as:

σiso = 0.55σx (2.30)

where σx is the standard deviation of the wind time series, or the root-mean-square of
the turbulent fluctuations. Given a turbulence intensity (Ti), we have:

σx = TiUx (2.31)

Thus this parameter is also dependent on the wind speed used. The values of l and Γ are
used according to the IEC standard [IEC 61400-1].

Taylor’s Hypothesis

Observations show that turbulent eddies often evolves with a longer timescale compared
to the time it takes to advect past a point in space. Taylor’s hypothesis assumes that the
turbulent structure is frozen as advection carries it past a reference point [Stull, 1988]:

Dξ

Dt
= 0 (2.32)

where ξ is any variable. We get the general form of Taylor’s hypothesis by extending the
material derivative above:

∂ξ

∂t
= −U

∂ξ

∂x
− V

∂ξ

∂y
−W

∂ξ

∂z
(2.33)

[U,V,W] are the mean wind components in the [x,y,z] direction. Taylor’s hypothesis is
applicable for situations where turbulence intensity is small compared to the mean wind
speed.
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3 BACKGROUND, TOOLS AND SITE CONDITIONS

In the following chapter, I introduce the simulation software used, as well as both the
IEA reference turbine model and the CoreWind model. I also give brief descriptions of
the sites in focus for this thesis. The introduction of the simulation software and its
submodules introduces many new concepts that are not explained in detail. The
objective of this thesis is partly to familiarize with OpenFAST from a user point of view.
This requires some overall knowledge of the main components of the software, and
detailed theory is not the priority. The focus of this chapter is to get an overview of the
software, and the lessons learned in the process of using the software. The theory used in
this thesis is presented in Chapter 2.

3.1 OpenFAST

External Conditions

HydroDyn

Inflow Wind

Wind Inflow
Waves &
Currents

Applied Loads

AeroDynamics

AeroDyn

Hydrodynamics

Wind Turbine

ServoDyn

Control System
& Actuators

Power
Generation

MoorDyn

Mooring
Dynamics

ElastoDyn

Rotor
Dynamics

Drivetrain
Dynamics

Tower
Dynamics

Nacelle
Dynamics

Platform
Dynamics

Figure 6: A flowchart of the OpenFAST structure, adapted from [NREL, 2020a, p.72]
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OpenFAST is a powerful tool for simulating the dynamics of a wide range of wind
turbine configurations [OpenFAST binaries]. Figure 6 shows a flowchart of the
OpenFAST structure. The OpenFAST framework combines submodules for turbine
aerodynamics, control systems, structural dynamics, and hydrodynamics. All submodules
are highly adaptable through input selection, and the software is open-sourced.
OpenFAST is developed and maintained by the National Renewable Energy Lab
(NREL), which is a national laboratory of the U.S. Department of Energy.

OpenFAST is available on Windows, macOS and Linux. Personally, I use Windows. In
this case, compiling from source is not necessary. All necessary complementary software
and the WindCrete model used in this thesis are all freely available. Specifics are given in
the list below:

• OpenFAST version 2.5.0 [OpenFAST binaries] including the ROSCO v2.0.1
controller [NREL, 2020b]

• Fortran compiler [Intel Fortran Conpiler]

• WindCrete model input files [Molins et al., 2020]

Further, API changes between OpenFAST versions are described in [API changes]. I
manually updated input files from OpenFAST version 2.4.0 to be compatible with
OpenFAST 2.5.0, which is the version used in this thesis.

3.1.1 Sub-modules

Short descriptions of the sub-modules most relevant to this thesis follows below. More
information is found in the OpenFAST documentation. [NREL, 2020a].

AeroDyn

AeroDyn is a time-domain module for simulating the aerodynamics of a horizontal-axis
wind turbine [NREL, 2020a, Ch 4.3]. This submodule approximates aerodynamic loads
on each blade and on the tower using an actuator line method. This method represents
the blades and the tower using point nodes oriented along lines following the structures.
The AeroDyn module receives the position, orientation, and velocity of each node
continuously from the OpenFAST framework. The lift and drag forces, as well as the 2D
distributed load is then calculated for each node in each time step. These distributed
loads are integrated over the lenght of the structure to find the total 3D aerodynamic
loads. AeroDyn can be split into four separate submodels. The first models rotor
wake/induction. The second calculates blade airfoil aerodynamics. The third models the
tower influence on the fluid local to the blade nodes. The fourth submodel calculates
tower drag.

AeroDyn requires several input files. General environmental conditions including air
density, kinematic air viscosity and the speed of sound is specified in the main input file.
The tower radius and drag coefficient at each tower node height is also specified here.
The blade geometry is defined separately. First, the local span of each blade node is
defined, with increasing distance from the hub. Second, factors such as local out-of-plane
offsets, twist angle and chord length are defined for each node along the local span. The
next input file contains airfoil information. This includes airfoil angle of attack, lift, drag
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and coefficients for moment and pressure.

BeamDyn

BeamDyn is a time-domain module that calculates structural dynamics of slender
structures [NREL, 2020a, Ch 4.6]. This module is used in the OpenFAST framework to
model blade structural dynamics. The root node of the blade receives input at each time
step, governed by The OpenFAST driver. The inputs are the six translational and
rotational displacements, six velocities and six accelerations. The outputs at the root
node are six reaction loads, consisting of the moments and three translational forces. In
addition, BeamDyn outputs blade velocities, accelerations, and displacements along the
beam length. These outputs are then used by AeroDyn to calculate aerodynamic loads
along the blade length, which again is used as input in BeamDyn for the next time step.

ElastoDyn

ElastoDyn is a structural-dynamic module for horizontal-axis wind turbines [NREL,
2020a, Ch 4.8]. ElastoDyn contains structural geometries and modelling options of the
RNA, tower and subplatform. The primary input file allows the user to specify initial
conditions for both platform displacements and blade orientations. This makes it possible
to drastically reduce the start-up transients in simulations, which might reduce required
simulation lengths. There are 17 degrees of freedom which can be enabled or disabled
separately. This can be very convenient for debugging, or for testing specific model
characteristics. The main input file also contains a turbine configuration input section,
where the user can specify dimensions, number of blades, and mass centers of several
geometry elements. Mass and inertias of the RNA and platform are also required as
input. The second ElastoDyn input file contains distributed tower properties, as well as
tower fore-aft and side-to-side mode shapes in forms of 6th order polynomials. These
modes are found externally using BModes in this thesis, see Chapter 3.2.

ServoDyn

The ServoDyn submodule is responsible for the mechanical control of the system [NREL,
2020a, Ch 4.11]. Here you find input for controlling blade pitch, the generator and the
nacelle-yaw control. This submodule requires two input files describing the wind turbine
controller. These files are provided within the WindCrete model [Molins et al., 2020].
Here they have adapted a baseline ROSCO controller originally developed for an onshore
wind turbine. The controller is crucial to ensure stability as the floating wind turbine is
subjected to loads from waves and turbulent wind.

The WindCrete model provides a version of the first NREL Reference OpenSource
Controller (ROSCO), which uses a Bladed-style DISCON interface. I was unable to run
this setup, even after attempting installation on three separate hardware. Thus, I had to
adapt the input files of another ROSCO version 2.0.1 controller to fit my purpose [NREL,
2020b]. This extra step should not be required for a standard installation. I verified the
new controller by comparing outputs from WindCrete model simulations done by a
colleague, with my own outputs. I was able to reproduce the same output using identical
inputs.

21



3 BACKGROUND, TOOLS AND SITE CONDITIONS 3.1 OpenFAST

HydroDyn

The HydroDyn submodule models the hydrodynamics of the system, and can be used as
a standalone model [NREL, 2020a, Ch 4.9]. Here we specify the hydrodynamic model
parameters together with substructure geometry and properties. HydroDyn supports
several incident wave kinematics models, including JONSWAP/Pierson-Moskowitz
spectrum and externally generated wave-elevation time series.

The submodule supports a potential flow model to calculate hydrodynamic forces. This
requires potential-flow solutions generated externally by programs such as
ANSYS-AQWA [Ansys 2021] or WAMIT [WAMIT 2021]. HydroDyn requires input files
following the WAMIT output format. HydroDyn also supports a strip-theory-only
approach. This approach uses Morison’s equation, and it requires definition of one or
more strip-theory members in the input file. The strip-theory approach gives the
possibility to include contributions from current-induced water velocity, as the current
only induce hydrodynamic loads through the viscous drag terms of strip-theory members.
Each strip-theory member can be flagged to determine if the potential-flow model or
Morison’s equation should be applied. This gives the possibility for a hybrid approach.

MoorDyn

The MoorDyn submodule is the mooring line model connected to OpenFAST [MoorDyn
2021]. It uses a lumped-mass approach to calculate cable dynamics. The cable is
modelled as nodes with evenly spaced line segments between them. Hydrodynamic loads
are calculated at each node point. The node positions and node types are specified in the
main input file. There are three different kinds of node types. A fixed node is not allowed
to move in space, which accurately represents an anchor point. A vessel node is attached
to the platform substructure, and the node movements are governed by subplatform
motions. The connect nodes move in space governed by the forces acting on them. A
connect node might join two line segments with different structural properties, allowing
for hybrid mooring lines that combines elastic and inelastic lines.

Inflow Wind

The Inflow Wind submodule handles the input wind field, and can be used as a
standalone model [NREL, 2020a, Ch 4.10]. Parameters for steady wind conditions are
specified in the main input file. The submodule also allows externally generated synthetic
wind fields of different formats. I use binary HAWC-format files created by an external
pre-processing tool developed for the HAWC2 code by DTU Wind Energy [HAWC2].
This tool is named the Mann turbulence generator, see Section 2.4.2. This tool gives
three output files containing grids of turbulent fluctuations in [u,v,w] directions
separately. The grid translates with the mean wind along the x-axis during simulation.
Taylor’s hypothesis is assumed applicable. The grid numbers and distances between grid
points are also specified in the Inflow Wind input file, to match the grid of the wind files
from the Mann turbulence generator.
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3.2 BModes

OpenFAST requires fore-aft and side-to-side tower modes as input. Due to the tower
modifications performed in the current work, these tower modes have changed, and so
they must be recalculated. Also, the tower mode natural frequencies are of interest, as
the rotating blades interact with the tower. A software named BModes was developed
primarily to find these modes, and their associated natural frequencies. The software is
developed by Gunjit S. Bir of the National Renewable Energy Laboratory (NREL) [Bir,
2007]. BModes calculates coupled modes for a beam using a finite-element method
(FEM). The software was originally developed for fixed foundations. I use a version that
can be used for floating wind turbines [Jonkman, 2020]. This version was never
completed, as the developer Gunjit Bir left NREL. Thus, this version is not well
documented, and has never been officially released.

3.2.1 Basic principles

The tower is modelled as a Euler-Bernoulli beam divided into finite elements. BModes
uses Hamilton’s principle to derive PDEs of motion for the modelled tower. These
equations are discretized through finite element analysis to give us solvable ODEs in
time. Eigenanalysis of these equations produces the coupled modes of the tower, together
with the mode frequencies. A coupled mode implies presence of coupled flexural, axial,
and torsion motions in a natural mode of vibration. The code allows for tip attachments.
The tower is cantilevered at its base, connected to a rigid body, which represents the
floating platform. This rigid body is associated with mass moment of inertia, added
mass, hydrostatic stiffness, and mooring stiffness matrices, which are required as input.
These inputs are investigated in Section 4.5.1.
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3.3 IEA 15-MW offshore reference wind turbine

The IEA 15-MW offshore reference wind turbine is described in IEA Wind Technology
Collaboration Programme (TCP) Task 37 [Gaertner et al., 2020b]. The development of
this project is a collaboration involving the National Renewable Energy Laboratory
(NREL), the Technical University of Denmark (DTU) and the University of Maine
(UMaine). This is a bottom-fixed design with a monopole base. It is a conventional
three-bladed wind turbine, with the rotor plane facing in the upwind direction. The hub
height is set to 150 m above MSL, with the rotor spanning a diameter of 240 m. The
baseline model presented here is a steel structure, designed to be placed offshore at water
depths of 30 m. The diameter of the tower foundation is 10 m, which is pushing the
current manufacturing and installation abilities. Pushing the boundaries of the current
wind turbine technology is one of the important roles of reference wind turbines. The
RNA design is standard and highly adaptable, while the tower and support platform
require a more site specific design. Key parameters of the reference turbine RNA are
presented in Table 3.

Further, a reference wind turbine is an open-sourced benchmark with a realistic, but not
optimized design. This makes it a great platform for students that wish to enter and
explore the world of wind turbine technology. The model is made available through
provided input files for a range of analysis tools, hosted at the IEA Wind Task 37
GitHub repository [IEA, 2020]. These are provided with the motivation of facilitating
further collaboration in the wind energy community. One such collaboration is the
EU-funded CoreWind project. This project is investigated in the next section.
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Table 3: Key parameters, Reference Turbine RNA
Adapted from [Gaertner et al., 2020b]

Parameter Units Value

Power rating MW 15

Rated thrust MN 2.4

Turbine class - IEC Class 1B

Cut-in wind speed m/s 3

Rated wind speed m/s 10.59

Cut-out wind speed m/s 25

Rotor diameter m 240

Hub height m 150

Hub overhang m 11.35

Rotor precone angle deg -4.0

Blade prebend m 4

Blade mass t 65

Shaft tilt angle deg 6

Rotor nacelle assembly mass t 1017

Table 3 lists some key parameters of the IEA 15MW reference turbine RNA. All
parameters presented here remains unaltered in both the WindCrete model and the
adjusted model.
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3.4 CoreWind WindCrete Floating Wind Turbine

The CoreWind project aims to reduce the Levelized Cost of Energy (LCOE) for offshore
wind turbines, with a special focus on floating technologies [CoreWind, 2021]. CoreWind
has developed two floating turbine platforms designed to support the IEA 15 MW
reference wind turbine, one of which is a spar design. A floating substructure will
significantly alter the accelerations experienced by the tower, and the natural frequencies
of the tower. Therefore, the tower structure is also optimized by CoreWind, with a stiffer
design. CoreWind achieves this by both increasing the tower radius and decreasing the
tower height, compared to the reference tower. I will focus on the spar platform project,
which is named WindCrete [Mahfouz et al., 2020]. Figure 7 illustrates the WindCrete
tower and substructure, with dimensions.
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Figure 7: The WindCrete spar floater. Adapted from [Mahfouz et al., 2020]
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3.4.1 The WindCrete model

The WindCrete model is a spar platform made of concrete [Mahfouz et al., 2020]. The
model is designed to fit the environmental conditions of a Gran Canaria site. The
tapered tower has a constant wall thickness of 0.4 m. The design choice of a concrete
tower is an effort to reduce cost, compared to the steel tower used in the IEA reference
turbine [Gaertner et al., 2020b]. In the OpenFAST model, the tower base is set to 15 m
even though the design report states that the tower base is defined at the MSL [Mahfouz
et al., 2020, p.13]. This is done in order to preserve the base height as it is defined in the
IEA 15MW reference wind turbine OpenFAST model. When doing adjustments, I will
keep the same definition as both mentioned models, for the sake of consistency. Some key
properties of the WindCrete model are presented in Table 4.

The design basis for the WindCrete model specifies that applying maximum thrust force
on the turbine should give a static platform pitch of less than four degrees. Further, the
natural periods of oscillation for platform heave, pitch, and roll should be kept above 30
s. I keep these characteristics as a design basis when adjusting the WindCrete model.
Natural periods of rotational and translational platform DoFs are discussed in Section 5.2.

Table 4: WindCrete Properties

Property Unit Value

Total mass [kg] 3.9805e+07

Tower mass [kg] 3.2550e+06

Draft [m] -155.00

Center of Mass (CM) Height [m] -98.41

Ixx from CM [kgm2] 1.5536e+11

Iyy from CM [kgm2] 1.5536e+11

Izz from CM [kgm2] 1.9025e+09

Displacement [m3] 4.054e+04

Center of Buoyancy Height [m] -77.29

3.4.2 The WindCrete support platform

The subplatform has a draft of 155 m, with a tapered top and a domed bottom. The
main cylinder structure has a radius of 9.3 m, with 0.5 m thick concrete walls. Solid
aggregate ballast with a density of 2500 kg/m3 is housed in the lower part of the cylinder
interior. The mooring fairleads are located at a depth of 90 m. Some key properties of
the WindCrete subplatform model are presented in Table 5. Note that as the tower base
is defined at a height of 15 m, the total mass of the substructure includes the tower
section from the MSL to 15 m.
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Table 5: WindCrete substructure properties

Property Unit Value

Total mass [kg] 3.655e+07

Concrete mass [kg] 1.148e+07

Ballast mass [kg] 2.507e+07

Center of Mass (CM) Height [m] -113.08

Ixx from WindCrete

substructure CM [kgm2] 5.590e+10

Iyy from WindCrete

substructure CM [kgm2] 5.590e+10

Izz from WindCrete

substructure CM [kgm2] 1.828e+09

3.4.3 WindCrete controller

The WindCrete design utilizes a controller developed for the NREL 5MW and the DTU
10 MW reference wind turbines [NREL, 2021] (v1.0.0). This controller is then tuned to
achieve stability at above-rated wind speeds for the 15 MW WindCrete version. The
rotational speed is controlled to be a minimum of 5 rpm at the cut-in wind speed of
3m/s, and a maximum of 7.56 rpm at the rated wind speed of 10.59 m/s. For wind
speeds within these limits, variable-speed torque control is used to get maximum power
output. There is no blade pitch regulation involved until the rated wind speed is reached.
Constant torque control is used between rated wind speed and the cut-out wind speed of
25.0 m/s. A consequence of this is some variation in the power output, especially when
the wind speed is decreasing. In this region of wind speeds, all three turbine blades are
uniformly pitched, with no individual variation. This is known as collective pitch control.

The rotational speeds under production imply a 1P frequency range of [0.0833 to 0.126]
Hz and a 3P frequency of [0.25 to 0.378] Hz. This is the frequency of the blades passing a
point in their rotational plane. As an example, the blades will pass the tower at
frequencies within the ranges defined above. It is important to consider the 1P and 3P
frequency when designing the tower, to avoid unwanted resonance. The 1P and 3P
frequency ranges are discussed further in Section 4.3.1.
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3.5 Site descriptions

The following paragraphs provides a short description of the sites in focus of this thesis.

3.5.1 Environmental conditions in wind turbine design

The RNAs of wind turbines are not only designed for specific power outputs, but also for
specific environmental conditions. Wind turbines are classified after basic parameters
such as average wind speeds, maximum wind speeds, and turbulence intensity. The
offshore wind industry may then buy an RNA that has a classification that suits the site
and project in question. For example, if a wind turbine is to be placed in a wind park
near other wind turbines, one would expect the neighboring wind turbines to generate
turbulence that affects the incoming wind field. Thus, one would need to use an RNA
with a higher turbulence category than if the wind turbine was placed without
surrounding wind turbines. Though the RNA follows a standard, the tower, support
platform, and mooring or foundation is designed for specific sites.

The WindCrete concept has a design based on the IEA 15 MW reference turbine, with
some identical structures, mainly the RNA. This wind turbine is classified as IEC Class
1B, after guidelines provided in the IEC standard [IEC TS 61400-3-2:2019]. In this
classification, the number 1 refers to high winds, and the letter B refers to medium
turbulence intensity. I do no changes to the RNA when adjusting the WindCrete model.

Though the WindCrete RNA is similar to the IEA 15 MW reference turbine, the tower
and support platform have to be adapted to account for the floating spar design. Recall,
the reference design defines a bottom-fixed monopile platform. We have to consider the
change of dynamic loads experienced by the tower and support platform when
transitioning to a floating design. Both normal and extreme environmental conditions
must be considered. Important factors to consider are both the normal and extreme
10-minute average wind speeds, as well as the significant wave heights (Hs). These
considerations must also be done when adjusting the WindCrete model to fit new
environmental conditions, as done in the current work.
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3.5.2 Gran Canaria Island

The WindCrete project places a floating spar wind turbine off the southeast coast of
Gran Canaria Island. The site information presented here is obtained from the Design
Basis report by COREWIND [Vigara et al., 2020]. The water depth is set to 200 m. The
10-minute mean wind speed at a height of 100 m is 11.98 m/s. This value is found by
using the logarithmic law to extrapolate from the measurement height of 10 m. The
10-minute mean extreme wind speed profile with a 50 years return period (TR50) gives a
wind speed of 27.35 m/s at a height of 100 m. The site has winds coming predominantly
from the north-northeast.

The most probable Hs is 1.5 m. For a 50-year return period, the Hs increases to 5.11 m,
with a frequency of 9.0-11.0 s. The dominant wave direction is from the north-northeast,
following the dominant direction of the wind. There is a vertical difference of 3.32 m
between the highest and lowest still water levels.

3.5.3 Utsira

As mentioned in the introduction of this thesis, the Utsira site has an area of 1010 km2,
with an estimated floating wind turbine capacity of up to 1500 MW [Drivenes et al.,
2010]. Water depths vary between 185-280 m, with an average depth of 267 m within the
site. The average Hs is 2.2 m. The 50-year return period Hs is 13.8 m, which is
drastically larger compared to the Gran Canaria site. The average wind speed at a height
of 100 m above MSL is 10.2 m/s [Skeie et al., 2012]. The 10-minute 50-year return rate
(TR50) wind speed is 42.1 m/s at the same height above MSL. The dominant wind
direction follows the coast from north to south or from south to north.
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4 UTSIRA DESIGN

This chapter describes the iterative process of adjusting the WindCrete OpenFAST model
to the Utsira site. I discuss structural requirements, and present new input parameters.

4.1 Motivation

I aim to model a spar floating wind turbine to fit the environmental conditions of the
Utsira site, using the WindCrete model as a baseline. The turbine must be designed to
withstand the harsher conditions off the western coast of Norway. For this reason, the
hub height must be increased. This process must be done according to a range of
structural requirements, to ensure integrity. This process will be discussed in the
following subchapters.

4.2 Adjustment process

The adjustment process can be viewed as four main steps. The first step is to restructure
the tower, to account for more extreme environmental conditions. The second step is to
adjust the ballast in the support structure, with the aim of keeping the displaced volume
of the platform close to the original. The third step is to adjust the mooring layout to a
new water depth, which again will require some adjustment of the subplatform ballast.
The fourth step is to calculate the tower modes, to ensure that these natural frequencies
lie outside the 3P frequency range, with a certain margin. Figure 8 shows a flowchart of
the adjustment process. All the steps are iterative, and I have done several iterations of
the whole process in this work. The following sections elaborate on the adjustment
process.

31



4 UTSIRA DESIGN 4.2 Adjustment process

MATLAB model
of tower and
subplatform

Structural

requirements

Tower

Adjust

tower height

and wall

thickness

Calculate

tower bending

stress

Additional

requirements

Subplatform

Adjust ballast,

calculate new

subplatform properties

Adjust

mooring

layout

Static

Mooring

layout

Analyze

simulation

output

Calculate

tower modes

Mooring

stiffness

matrix

Decay test

/ Static

equilibrium

Simulations

with

different

environmental

conditions

BModes

Testing of
final model

Resonance
between tower
mode and

rotor frequency

Figure 8: A flowchart of the main steps in adjusting the WindCrete OpenFAST model to
fit the Utsira site.
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4.2.1 Structural requirements

The Utsira structure must satisfy the structural requirements given by the IEC TS
64100-3-2:2019 standard [IEC TS 61400-3-2:2019]. The standard specifies that:

1. Access platform to be out of the reach of the 50-years wave crest

2. Minimum air gap of 20% of Hs or 1.50 meters, whichever is larger

3. Hub height to be 6 meters plus the semi-rotor diameter. The 6 meters allowance is
for an operating crane located at the access platform.

The 50-years significant wave height (Hs,50) for the Utsira site is reported to lie between
13.8 m and 12.8 m depending on source [Skeie et al., 2012] [Drivenes et al., 2010], with
the highest values measured at the western border of the site. Hmax is derived from the
significant wave height (Hs,50), which again is a statistical property of a wave data time
series. Given the Rayleigh density distribution of the wave data, Hmax can be calculated.
Hmax is interpreted as the most probable largest wave height for the given Hs,50. Assume
a typical wave period of 10 seconds. Also assume that the wave spectrum does not
contain breaking waves, which limits the maximum wave height to 0.78 times the water
depth. This is no issue for the Utsira site, as water depths exceeds 200 meters. Equation
(4.1) then gives the most probable largest wave height given a Hs [Bai and Bai, 2014]:

Hmax ∼= 1.86Hs,50 (4.1)

I will use the most extreme value of (Hs,50 = 13.8 m) in my calculations. This is the
height between the wave crest and the wave trough. Hmax is multiplied by a factor of 0.6
to find the wave crest height (Hcrest) above the MSL, as shown in [Petrova and Guedes
Soares, 2008]. The two remaining structural requirements given above are straight
forward to calculate. The minimum air gap is measured from Hcrest to the access
platform height. I assume the access platform height for the WindCrete model to be 9 m,
though this is not stated. This assumption is based on the known WindCrete hub height
of 135 m, and the known semi-rotor diameter, which is half the rotor diameter, of 120 m.
The highest access platform height that still would satisfy the third requirement listed
above is then 9 m. The actual air gap in the WindCrete model is then found by
subtracting Hmax from the access platform height.

Table 6 shows a comparison between the structural requirements for the Utsira and the
Gran Canaria sites. The minimum hub height for the WindCrete model is determined by
the third requirement listed above, as the access platform is both out of the reach of
Hs,50, and the air gap is over double of the minimum requirement. For the Utsira tower,
second requirement listed above would place the access platform at a height of 16.9 m,
which is over the tower base height. Alternatively, the access platform must be designed
to be exposed to the hydrodynamic forces from large waves. I choose to determine the
hub height by placing the access platform at the height of Hcrest, which is closer to the
tower base height. As a consequence, the actual hub height of the Utsira model is 1.5 m
lower than the calculated minimum hub height given by the requirements listed above.
The argument behind this choice is that I wish to increase tower height as little as
possible. The added cost of designing a stronger access platform is counteracted by the
saved cost of a lower tower.
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Table 6: Structural requirements with input data

Gran Canaria Utsira

Hs [m] 1.5 2.2

Hs,50 [m] 5.1 13.8

Hmax [m] 9.5 25.7

Hcrest [m] 5.7 15.4

Minimum air gap [m] 1.5 1.5

Actual air gap [m] 3.3 0.0

Minimum hub height [m] 135.0 142.9

Actual hub height [m] 135.0 141.4

4.2.2 Tower model

I design the Utsira tower using steel instead of concrete. I choose this approach because
steel is a more commonly used material for wind turbine towers. This causes significant
changes of the tower properties. These changes are tested against some benchmark values
to verify the structural integrity of the tower. The IEA 15 MW offshore reference turbine
has a much more similar design, as it is a steel construction. For this reason, I choose to
use the reference tower desrcibed in [Gaertner et al., 2020b] as a base case. I calculate
the static bending stress throughout the height of the reference tower. This is compared
to the static bending stress of the adjusted tower, with a heeling angle of six degrees. I
then increase the wall thickness (th) of the Utsira tower until the bending stiffness does
not exceed the reference tower values. This method follows the work of Ane Vatshelle in
her master’s thesis [Vatshelle, 2020].

For the reference tower, the bending moment is mainly a result of a thrust force from the
wind applied to the rotor, and the center of mass offset by the RNA. Following the global
coordinate system, this offset has a negative value, and will counteract the contribution
from thrust force. Equation (4.2) gives the bending moment, M through the height of
the tower. The first subequation gives the bending moment for a tower with no angle of
heel, so that the tower is symmetric around the global z axis. I use this equation to
calculate bending moments for the IEA reference bottom-fixed wind turbine tower. For
the Utsira floating wind turbine tower, the calculation must include the contribution
from the weight of the heeling tower. This is included in the second subequation.

M0 = Tmaxzrna + mrnaxrnag (4.2a)

MUtsira = M0 + (mrnazrna + mtowerztower)gη5 (4.2b)
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Here, M0 is the bending moment for each tower section, with no angle of heel. Tmax is
the rated thrust of the turbine, which is 2.4 MN, see Table 3. The vertical distance from
each tower section to the RNA center of gravity is zrna. Further, xrna is the horizontal
offset of the RNA center of gravity. MUtsira is the bending moment, including
contributions as a consequence of a heeling angle. I choose a static heeling angle of six
degrees for the bending stress calculations. This may be a conservative approach, as the
predesign basis of the WindCrete spar support platform was to keep the static pitch of
the platform due to maximum thrust force within four degrees [Mahfouz et al., 2020,
p.13]. Moments are calculated from sections along the height of the tower, and so mtower

and ztower is the total mass and center of gravity respectively of the tower between a
specific section and the tower top. The results are plotted in Figure 9.

I then adjust the wall thickness of the tower, as previously explained. I use a 4th order
polynomial fitting to smooth the step-like shape of the original wall thickness. This
polynomial is in turn multiplied by a linear function f(z) = az + b:

thUtsira = thref (az + b) (4.3)

where z is the height from the tower base. The coefficients a and b of the linear function
are found iteratively. Figure 9 compares the bending stress throughout the two towers.
Notice how the bending stiffness for the reference tower increases close to the base, while
the value for Utsira decreases. This is caused by the outer diameter of the reference tower
being constant at 10 m close to the base, while the Utsira tower increases in width to
meet the support structure at a diameter of 12.42 m. Also, notice how the bending stress
changes sign near the tower top. This is caused by the 1017 t RNA with a CoG offset in
the direction of the incoming wind. The mass contribution from the RNA CoG is larger
than the thrust force contribution near the tower top.
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Figure 9: Bending stress throughout the
height of the tower.
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Figure 10: Wall thickness throughout the
height of the tower.

Figure 10 shows how a significant increase in wall thickness is required to not exceed the
values of the IEA reference wind turbine tower. The tower walls are increased in
thickness inwards, and so the outer diameters are not affected when adjusting wall
thickness. To re-iterate, I do adjustments of the WindCrete OpenFAST model to create
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the Utsira model, but compare bending stress and wall thickness with the IEA reference
wind turbine model. Thus, I chose both the tower top diameter and the tower base
diameter to equal the WindCrete values in the first iteration of tower adjustment. After
some iterations, I found it necessary to increase the tower top diameter from 6.5 m to 7.5
m, in order to avoid tower mode natural frequencies close to the 3P frequency range.
Figure 11 shows the final outer diameters of the Utsira model after all adjustments. The
initial tower diameter for the first iteration is marked in red.
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Figure 11: Outer diameter of the adjusted Utsira tower.

4.2.3 Support platform model

I will use the exact same support platform as used in the WindCrete model, only adding
some ballast to the interior of the structure, to compensate for adjustments done to the
tower and mooring lines. The platform is connected to the tower base at 15 m above the
MSL, and stretches down to -155 m. The two main parts of the platform is the outer shell
structure with concrete walls, and the internal solid aggregate ballast. The top of the
shell structure consists of a truncated cone with a diameter of 12.42 m at the tower base,
expanding to 13.2 m at the MSL. Then follows a truncated cone reaching a diameter of
18.6 m at a depth of 10 m below the MSL. This section connects to a 135.7 m long hollow
cylinder. The bottom of the platform is a half dome shape with a radius of 9.3 m.

I have written a MATLAB routine to model the WindCrete support platform, with each
of its geometric shapes. Using this routine, I calculate the resulting dimensions of the
added ballast, together with new subplatform properties such as center of gravity,
displacement, and mass moment of inertias. The added ballast calculation consists of two
operations. The first operation is adding the weight difference between the concrete
CoreWind model tower and the Utsira steel tower. The second operation is subtracting
the weight corresponding to the increased vertical forces from the mooring lines. The
process of finding a new mooring layout is described in Section 4.4. This process is
iterative, as visualised in the flowchart in Figure 8. The solid aggregate ballast fills the
interior of the half dome, and the bottom part of the main cylinder. Figure 12 shows the
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dimensions of the new Utsira support platform after the final iteration, with the added
ballast marked in red. The total weight of added ballast to the spar interior after the
final iteration is 1.8948E+06 kg. As a result, the equilibrium heave position is kept close
the original value.
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Figure 12: Utsira support platform (values in meters). Adapted from [Mahfouz et al.,
2020]

As discussed above, I only do adjustments to the interior ballast of the WindCrete spar
support platform. This means that the total submerged displacement is kept close to the
original volume of 4.054e+04 m3. As a consequence, the changes in buoyancy force acting
on the adjusted support platform remains small. An alternative method for restoring the
equilibrium heave position could be to reduce support platform volume. Reducing the
draft of the spar, or even reducing the spar cylinder radius, could have production cost
benefits. However, this would reduce the metacentric height, leading to less platform
stability. Support platform optimization for the Utsira model could be the basis of future
work.

4.3 Additional requirements

After constructing a model that complies with the structural requirements given by the
standards, The tower is tested for stability and structural integrity. The main challenge
is to ensure that the natural frequencies of the tower does not resonate with the 1P and
3P frequencies of blade rotation. This is done by using the BModes software. I also
compare the blade tip clearance and the center of rotation with the WindCrete model.
These elements are important for the structural integrity and stability of the system. I
further discuss this in the following sections.
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4.3.1 Blade rotation frequencies

The range of rotor rotational speeds ranges from 5 rpm at cut-in and 7.56 rpm at rated
wind speed. This range defines a 1P frequency range of [0.0833 to 0.126] Hz and a 3P
frequency of [0.25 to 0.378] Hz. The 3P frequency corresponds to the frequency when any
of the three blades pass the wind turbine tower. If the tower vibrates with a natural
frequency near the 3P frequency range, then resonance will occur. This resonance would
create instability, which increases wear and might cause damage to the construction. The
natural frequencies of the tower are higher than the 3P frequency. I choose a safety
margin of 20% above the 3P frequency at rated wind speed, and adjust the tower
properties until the natural frequencies are outside this margin. I did several iterations of
adjustments to achieve this. In addition to increasing the thickness of the tower walls, I
also increased the radius of the tower cylinder. This causes some challenges regarding the
rotating blades, which will be discussed in the next paragraphs.

4.3.2 Blade tip clearance

Increasing the tower radius is a viable method for increasing the tower’s natural
frequencies, as discussed previously. I choose to keep the diameter at the tower base
constant, and then gradually increase the tower top diameter until acceptable natural
frequencies are achieved. This does assume that the RNA bedplate is adaptable to
account for the increased diameter. The radii throughout the tower height follow linearly
between the top and bottom diameter. In doing this, it is necessary to consider the blade
tip clearance as it rotates across the tower, pointing downwards along the z-axis. To
determine this blade tip clearance, a closer look at the turbine geometry is needed.

Consider a side-view of the turbine, with the rotor pointing leftwards, see Figure 13.
First, the rotor shaft is tilted six degrees clockwise around the y-axis. Let the rotor plane
be defined as the plane orthogonal to the rotor shaft. This creates a six degrees angle
between the rotor plane and the yaw axis through the tower center. Second, we have a
rotor precone angle of four degrees, which further extends the clearance. Finally, the
blades have a prebend away from the tower, with i horizontal distance of 4 m separating
the root and the tip chord line. This again extends the blade tip clearance. This is a
conservative design, as stated in the definition of the IEA 15 MW reference wind turbine.
According to this definition, the out-of-plane tip deflection remains below 22.8 m even
under worst-case loading on the blades [Gaertner et al., 2020b, p.vii]. In the IEA
reference model, the unbent blade tip has a clearing of 30 m to the tower. As a simple
estimation, assume that the blade tip is rotating in the rotor plane at a radius of 120 m.
This is of course an approximation, as the blade bends in a curve when sufficiently loaded.
The blade tip passes the tower at an approximate distance of 120m ∗ cos(6) = 119.34m

from the rotor apex height. Let the height of these two points be defined as the critical
height, see Figure 13. I will compare the horizontal clearance between the two points for
the reference turbine, the WindCrete turbine, and the Utsira turbine.
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Figure 13: Side view of wind turbine with its rotor plane. The critical plane marks an
estimation of where the blade tip passes the tower. Dimensions are not accurate.

The next step is to find the tower radius in the critical height of each tower model. The
individual critical heights are found by simply subtracting 119.34 m from each individual
hub height. Let the tower radius at the critical height be defined as the critical radius.
We then have the following clearances between the blade tip with maximum out-of-plane
deflection, and the outer wall of the tower:

Table 7: Critical radii and blade tip clearance for IEA Reference, WindCrete and Utsira
structures. Clearance refers to the horizontal distance from the blade tip to the tower wall.

IEA Reference WindCrete Utsira

Critical radius [m] 4.99 6.19 6.07

Clearance [m] 7.2 6.0 6.12

The calculated clearances for both WindCrete and Utsira structures are significantly
smaller than in the reference model, as expected. This issue is not addressed in the
WindCrete report. Nevertheless, the reference design is specified as being conservative. It
is also reasonable to assume that the WindCrete structure satisfies this structural
requirement. I will accept the clearance in the Utsira design as sufficiently large.

4.3.3 Center of rotation

I seek to estimate the center of rotation for the new model, and then compare this to the
center of rotation in the WindCrete model. This comparison is useful for stability
considerations. I have added a considerable amount of ballast below the original center of
rotation to compensate for the reduced tower weight in the Utsira-model compared to the
concrete WindCrete model. I expect the depth of the center of rotation to increase below
the SWL (Still Water Level). I need to consider adjusting the locations of the connection
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between the mooring lines and the spar if there is a significant change of the center of
rotation.

I initialize a pitch decay test, and look at the relation between the pitch and the surge
motion. The platform is placed in a neutral initial position for all degrees of freedom
except pitch and surge. I choose the initial pitch rotation to be five degrees. There are no
waves or wind acting on the turbine.

MSL

η5

η1

Figure 14: The geometric approach of finding the platform center of rotation. The illus-
tration shows a greatly exaggerated pitch angle. Surge translation is η1 and pitch rotation
is η5.

Note also that platform motions in pitch and surge are coupled. The coordinate system
for platform translation and rotation has its origin at the SWL, while the center of
rotation is located far below this point. This is what causes the coupling. In the ideal
case of no surge translation in the center of rotation, the wave form of the surge output
will mirror the pitch oscillations perfectly. I expect the center of rotation to lie close to
the connection point of the delta lines to the platform. For this reason, I choose the
initial surge displacement so that the mooring connection points are close to the global
z-axis. The calculation is as follows:

η1 = 90m ∗ sin(5) = 7.8m (4.4)

where η1 is the initial surge displacement. I use the geometric approach visualized in
Figure 14 to approximate the center of rotation, using a MATLAB routine. I view the
surge translation as the shortest leg of a right-angled triangle. This leg is also the
opposite side of the five-degree pitch angle. I then seek to find the adjacent side of this
triangle. This leg of unknown length will approximate the depth of the center of rotation.
It is more accurate to say that I seek the vertical position where the horizontal
displacements are minimal throughout the time series.
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The pitch decay output has a length of 3800 seconds. First, I subtract the mean value
from each data point of the surge translation and pitch rotation respectively. I do this to
account for the fact that the platform has a small displacement in both surge and pitch
when it is in equilibrium. Note that this operation makes our geometric approximation
somewhat less accurate, as the axis of surge translation along the SWL no longer is
orthogonal to the vertical axis of the platform in equilibrium position. Second, I divide
the surge translation by the tangent of the pitch rotation for each time step. Let the
tangent of the pitch rotation be denoted as ϵ. I set a threshold of ϵ = 0.01. All timesteps
with ϵ < 0.01 will be excluded from the calculation to avoid values close to zero in the
denominator. Figure 15 shows the approximate depth of the center of rotation for the
pitch decay test.

Finally, I take the mean of all the calculated adjacent legs. This gives the approximate
vertical center of rotation of 89 m below SWL. For the WindCrete structure, the exact
same approach gives a center of rotation of 82 m below SWL. The restructure process has
brought the center of rotation closer to the fairlead, as expected. Considering this, I
choose to keep the fairleads at their original placement.
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Figure 15: Center of rotation of the new Utsira floating wind turbine model
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4.4 Adapting mooring to new depth

Figure 16 demonstrates a typical catenary mooring layout with three anchor points. The
WindCrete OpenFAST model has mooring lines with divided into two main sections.
The first section is the main line, which is connected to the anchor points. These anchor
points are placed at a radius of 600 m from the center of the spar in the WindCrete
model. The main line accounts for the most part of the total mooring line length, and for
the WindCrete model, this section consists of a 565 m long chain. The second section of
the mooring line is the delta line, which connects the mooring line to the subplatform
fairleads in a crowfoot pattern. This gives the mooring system additional stiffness in yaw,
which contributes to platform stability. In the WindCrete model, each delta line is 50 m
long.

Delta lines

Anchor 
fairlead

Main chain length

Figure 16: A typical catenary mooring layout, with delta lines. The figure is not to scale,
for demonstrational purposes.

The Utsira site has an area of 1010km2 with depths ranging from 185 m to 280 m
[Drivenes et al., 2010]. The average depth is 267 m, which is significantly higher than the
200 m depth of the Gran Canaria site. I seek to adapt the layout of the three catenary
mooring lines, to fit the new water depth. Realistically, the mooring lines should be
optimized for each specific location, as the range of water depth within the site is broad.
However, the adaptation in this thesis is done for one specific depth, 250 m. I do not aim
to optimize the mooring system. I choose to keep the catenary chain as used in the
WindCrete system. The adaptation is done by increasing both the length of the main
line sections and the radius of the anchoring points. I keep the delta line geometry used
in the WindCrete model.
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4.4.1 Deciding on a layout

There are several considerations that must be done when choosing the new mooring
layout, some of which is discussed here. First, I want the forces applied to the anchor to
act in the horizontal direction. I assume the anchors to be strong in the horizontal
direction, and weaker in the vertical. For this reason, I want to avoid any uplifting forces
in the anchor points. To ensure this, I require a safety margin between the touchdown
point of the line and the anchoring point. I choose a safety margin of 10% of the anchor
point radius to rest on the seabed, even under extreme environmental conditions. This is
visualized in Figure 17.

Second, a new mooring layout may cause changes to the stationkeeping abilities of the
system. Some changes are expected, such as decreased natural frequency and increased
displacement in surge. Also, the delta lines provide the main restoring forces in yaw
rotation, and so a new layout will influence yaw characteristics. However, platform heave
requires special attention. Increasing water depth causes the length of line between the
fairlead and touchdown at the ocean floor to increase. The weight of this extra line
segment is added to the platform weight, causing the platform equilibrium position to
shift downwards. This reduces the air gap between the blade tips and the MSL. I remove
some internal ballast, so that heave displacement remains small in equilibrium. This
requires a new iteration of calculating subplatform properties, as seen in the flowchart in
Figure 8.

Third, I consider the length of mooring lines in the new layout. Mooring lines can be
expensive and challenging to install. An important part of optimizing the mooring layout
is to reduce costs. As mentioned before, I will use a simple approach, as optimization is
not in focus for my thesis. Still, I aim to do a reasonable estimation of the layout
dimensions.

Anchor

Delta line

660 m

250 m

TouchdownCritical touchdown

MSL

66 m

Hf,equilibrium Hf,max

Figure 17: The catenary mooring line. The chain must not be lifted verticaly past the crit-
ical touchdown point when the platform is loaded with maximum horizontal force (Hf,max).

4.4.2 Calculations of new mooring line dimensions

I determine both the radius of the anchor points and the length of the catenary lines
using a combination of OpenFAST simulation and a MATLAB routine written by F.G.
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Nielsen [Nielsen, 2021]. The MATLAB routine computes mooring line geometry and
restoring characteristics using the elastic catenary Equations (2.4). It gives the static
geometries of a single catenary line, given a range of horizontal forces applied to the
fairlead. In this routine, the catenary line is modelled as two segments. The first segment
is from the anchor point to the delta line. The second segment is the delta line, which is
connected in two fairlead points. The delta line is simplified to one single line connected
to the subplatform in [x,y,z] = [-9.3 , 0 , -90]. I double both the weight per unit length
and the axial stiffness per unit length for this segment, to approximate the delta line as
two parallel line segments. I then set the water depth to 250 m, and guess values for both
the anchor point radius and the line length before computation.

The MoorDyn submodule calculates the position of each segment between all nodes in
the predefined lumped-mass model. These positions can be included in the output files.
The model allows user-defined segment lengths between the anchor node and the
connection node where the main line meets the delta line. I set the number of line
segments between these nodes so that each segment has a length of approximately 10 m.
I am then able to get a rough estimation of the touchdown point throughout the
simulation. MoorDyn also calculates the horizontal forces in the fairlead nodes. I will
analyze these horizontal forces to define a range of applied loads. The maximum applied
load must not cause the line to lift up past the critical touchdown point.

Anchor
 node

Connection
    node

Fairlead
  node

Segments

n n+1 n+2

Figure 18: Each separate mooring line is defined in four nodes. The user may specify the
number of segments between each node point.

I start the iterative process of finding the new mooring layout. First, I define an initial
guess of the new mooring configuration in the MoorDyn input file. I then do an
OpenFAST simulation with no wind or waves, to find the new system equilibrium. I sum
the averaged horizontal forces in the two fairlead nodes associated with line number one.
This line stretches in the xz-plane. The calculation gives an approximate average
horizontal force of 3.3 MN. This gives the lower boundary for the range of horizontal
forces that I wish to investigate in the MATLAB routine. Recall, this routine calculates
one anchored line with a horizontal force applied to the top end, see figure 17. When I
apply the lower boundary horizontal force, I want the horizontal coordinate of the
fairlead in equilibrium position to match the anchor point radius. I risk vertical forces in
the anchor point if the line is too short. The stationkeeping abilities of the mooring
system are reduced if the line is too long. The platform must not drift too far from
equilibrium at any applied loads. If the fairlead coordinate in the static case matches the
equilibrium simulation, then the ratio between anchor radius and line length is good.
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I then do a simple estimation of the maximum horizontal forces applied to the platform.
I apply the rated thrust force of 2.4 MN, and then add a small extra margin of 0.3 MN to
the horizontal forces at the top end of the mooring line. This sums up to a horizontal
force of 6.0 MN, which is just an arbitrary guess of an upper bound on the range of
applied horizontal forces. I apply 6 MN of force to the static line configuration, and
require that this does not cause the touchdown point to exceed the critical touchdown. I
then run simulations with different environmental conditions, as presented in Chapter 5.
I apply the same output analysis as used to find the horizontal forces in equilibrium
position, and find that the horizontal forces stay well below the guessed maximum.
Therefore, the mooring layout I find by using 6.0 MN as an upper limit is likely an
overestimation, but I find it sufficient for this analysis.

I analyze the output segment positions, to find the closest segment to the anchor that
does not experience any significant vertical displacement. This segment should be close
to the touchdown point of the line as found in the MATLAB computation. I do not
expect the touchdown point to coincide accurately. This is because MoorDyn simulates a
dynamic system, and the line is not static. I then compare the touchdown points of the
static mooring line geometry with the OpenFAST output. I repeat this process until I
find a balanced layout, where the touchdown point is close to, but not exceeding the
critical value under extreme conditions. I found that small changes in main line length or
anchor radius give large changes in touchdown point. Thus, this process required many
iterations.

4.4.3 Static layout

Properties of the Utsira mooring layout are presented in Table 8. These properties
describe node positions of the mooring layout with the platform placed in static
equilibrium in the global origin. These node positions are required as input in MoorDyn,
and will give the initial positions of the mooring layout. Upon initialization, MoorDyn
will perform a dynamic relaxation routine to get an initial position that is closer to a
static case. This reduces mooring line contributions to startup transients.
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Table 8: Static properties of the Utsira mooring layout.

Node type x y z

(-) (m) (m) (m)

Line 1

Anchor -660.0 0.0 -250.0

Delta connection -44.1 0.0 -119.9

First fairlead -4.65 8.05 -90.0

Second fairlead -4.65 -8.05 -90.0

Line 2

Anchor 330.0 571.58 -250.0

Delta connection 22.05 38.19 -119.9

First fairlead 9.3 0.0 -90.0

Second fairlead -4.65 8.05 -90.0

Line 3

Anchor 330.0 -571.58 -250.0

Delta connection 22.05 -38.19 -119.9

First fairlead 9.3 0.0 -90.0

Second fairlead -4.65 -8.05 -90.0

Delta line length 50 m

Main line length 642 m

Figure 19 shows the static layout for a range of horizontal forces applied to the top end of
the line. The lower boundary corresponds to the horizontal force in equilibrium position.
This layout is as described in Table 8, which is the final mooring layout. Here it is clearly
demonstrated how a small displacement at the top end causes a large translation in the
mooring touchdown point. With maximum horizontal force applied to the static
configuration, the touchdown point is at a distance of 81 m from the anchor point in this
static configuration. This is comfortably above the required 10% clearance from
touchdown to anchor point.
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Figure 19: Plot of catenary lines for 3 cases: Hf,equilibrium=3300kN, Hf = 4640kN and
(Hf,max) = 6000kN. Here, the origin is in the anchor point at the sea floor. Created with
MATLAB routine from [Mat, 2021].

Figure 20 shows the touchdown point of a static catenary line for a range of horizontal
forces applied to the top end. The slight flattening of the curve demonstrates how the
restoring stiffness increases as a greater length of the chain is lifted off the seafloor. The
critical touchdown line corresponds to a distance of 60 m from the anchor point.
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Figure 20: Horizontal distance from the touchdown point to the fairlead position, against
force applied to the fairlead. Created with MATLAB routine from [Mat, 2021].

4.4.4 Touchdown point

Figure 21 shows the output z-position of a line segment at a distance of 139.4 m from the
anchor. This is the closest section to the anchor point that experiences significant
displacements in the z-direction. Figure 22 shows the corresponding horizontal forces
applied to the top end of this line, through the two fairleads. These outputs are from the
simulation with 13 m/s turbulent wind and waves, see Section 5.3.1. The average
horizontal force applied in the x-direction for this simulation is approximately 4230 kN.
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As we can see, the line segment is just barely lifted from the seafloor periodically. For
example, the line is lifted periodically from the seafloor between 1000 s and 1500 s in the
time series. In this period, horizontal forces reach over 5 MN. Looking at Figure 20, we
see that for an applied horizontal force of 5 MN, the static line would touch down at
approximately 525 m from the origin. This corresponds to 135 m from the anchor. Thus,
the static case agrees with what we see from the OpenFAST output in this situation.
Similarly, between 1500 s and 2000 s, Figure 21 shows that the line rests at the seafloor,
thus the touchdown point is at a greater distance than 139.4 m from the anchor. In the
same time period, the applied horizontal forces reaches a maximum of approximately
4.7-4.8 MN. In this case Figure 20 gives a touchdown point at a distance of
approximately 145-150 m from the anchor point. Thus, the static case also agrees with
what we see from OpenFAST output for this time period.
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Figure 21: Z-coordinate of line segment at a distance of 139.4 m from the anchor in
line 1. Here we see that the line is lifted from the seafloor periodically, but also experiences
some periods with no vertical displacement.
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Figure 22: Horizontal forces in the two fairleads associated with line 1.
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The discussion in the paragraphs above shows that the final mooring layout is
conservative, as the touchdown point stays at a distance of more than 20% of the
mooring line length, even for simulations with wind speeds around the rated wind speed.
Figure 5-13 in the WindCrete report shows that maximum surge displacement is reached
when applied thrust force is greatest, which is at rated wind speed [Mahfouz et al., 2020,
p.27]. Thus I find it reasonable to believe that the touchdown point does not cross the
critical touchdown point at any realistic range of environmental conditions. However, I
have not done simulations with a producing wind turbine and with extreme waves. I
expect that large loads from waves would affect the touchdown location. Optimizing the
mooring layout would require simulation of many more load cases, but that is outside the
scope of this thesis.

Mooring stiffness

The stiffness in surge is stated as 5.0523e+05 N/m for the WindCrete model [Mahfouz
et al., 2020, p.22]. I expect the surge stiffness to somewhat decrease, as I extend both the
anchor radius and the line length when fitting the mooring layout to the increased depth
of the Utsira site. I aim to approximate C(m) from Equation (2.25) by using OpenFAST
simulations, following a procedure outlined in a NREL forum discussion [Jonkman, 2005].
I start by running three separate simulations with all platform DoFs disabled. In the first
simulation, I lock the platform in (x,y,z)=(0,0,0), and let the mooring lines stabilize over
a period of 600 seconds. In the second and third simulation I impose 1 m surge and heave
displacements respectively.

The C(m)
11 element is approximated as the difference in horizontal force in the 6 fairlead

nodes by displacing the platform by one unit length in surge. The C(m)
33 element is

approximated as the difference in vertical force in the six fairlead nodes by displacing the
platform by one unit length in heave. I apply Equation (2.22), but in this case, ∂Fi

∂j

approximates C(m)
11 and not C(l)

11. This is because contributions from all three mooring
lines are included in MoorDyn. The remaining elements follow from the theory as
explained in Section 2.3.7, but without summing over the rotated lines.

I wish to investigate the impact of the mooring stiffness when it comes to tower modes.
The reason for this is that though I expect the mooring stiffness to have a great impact
on the translational and rotational movements of the floating platform and thus the
tower, I do not expect it to have any major impact on the tower fore-aft and side-to-side
displacements. This is investigated in Section 4.5. I choose to do this comparison with
data from the OC3Hywind project [Jonkman, 2010, p.18]. The Offshore Code
Comparison Collaboration (OC3) project is an effort by the IEA to validate and verify a
range of aero-hydro-servo-elastic codes or simulation tools [Jonkman and Musial, 2010].
This work involves a slight modification of the Hywind spar model, to make the spar
support platform appropriate for supporting the NREL 5-MW reference wind turbine
[Jonkman et al., 2009]. The OC3Hywind model is a well-documented spar design with
openly available input files. It has a similar design to the Utsira model, but the mooring
stiffness matrix is different.

The mooring stiffness matrix for the OC3Hywind tower mode calculations is found in the
main BModes input file [Jonkman, 2020]. This is identical to the linearized restoring
matrix given for the OC3Hywind project [Jonkman, 2010, p.18], except for elements (4,4)
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and (5,5). These elements have been augmented to include the contribution of the
gravitational terms. I include the same augmentation in the new mooring stiffness
matrix. The augmentation is adding −zCOGMg to terms (4,4) and (5,5), where zCOG is
the vertical distance from MSL to the center of gravity, and M is the total system mass.
This matrix also contains an additional yaw stiffness term in element (6,6), to account for
the restoring properties of the delta lines. I find this by manually adjusting the
additional yaw stiffness term until the BModes output frequency matches the natural
frequency found in the yaw decay simulation.

4.5 Finding new tower modes

I have adjusted the tower, the support platform, and the mooring layout from the
WindCrete OpenFAST model to fit the environmental conditions of the Utsira site. I
then must calculate tower modes, to ensure that the natural frequencies of the tower
modes lie outside the 3P frequency range, as discussed in Section 4.3.1. In the following
paragraphs, I discuss the input data required for running the BModes program, and I
also discuss necessary post-processing of the output data in order to find the tower modes
to be input in the Utsira OpenFAST model.

4.5.1 BModes input data

The BModes executable requires two input files. The first input file contains properties
for distributed sections of the tower. True values of the tower properties may need to be
modified to fit the OpenFAST tower model. In OpenFAST, only the fore-aft and
side-to-side bending is accounted for. This means that the tower model is a straight
beam of isotropic material with no elastic offsets and no axial, torsional, or shear DOFs.
The torsional and axial stiffness inputs for each section should be set high enough so that
it does not impact the output fore-aft and side-to-side modes that we are interested in.

The second input file contains all the main inputs such as general parameters, tower-top
mass properties, finite element discretization, and tower support subsystem properties.
For this thesis, the main input file is based on the input files provided by the IEA
15-Megawatt Offshore Reference Wind Turbine project [Gaertner et al., 2020a]. The IEA
project uses the same RNA and blades as used in this thesis, thus the tower-top mass
properties can be found directly. The code allows tip attachments for both blade and
turbine mode calculations. For the tower mode calculations, the RNA is assumed to be a
rigid body mass with six moments of inertia. The center of mass for this tower tip
attachment is not required to lie on the central vertical tower axis. The potential offsets
are specified in the main input file. The inertia contribution from the RNA can
substantially influence the coupled modes of the tower.

The section containing the properties of the tower support subsystem requires some
calculations. This part of the floating turbine structure is simply referred to as the
platform. The platform includes the transition piece below the tower base, starting at 15
meters above SWL. It is considered as a rigid body, with a cantilevered tower at the top.
The model needs the platform center of mass location, as well as the total platform mass.
Further, four matrices are required. These matrices sets the boundary conditions when
solving Equation (2.3).
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Platform mass inertia

The platform mass inertia matrix elements are provided in the CoreWind report for the
WindCrete platform [Mahfouz et al., 2020, p. 17]. The support platform used in this
thesis is structurally identical, except for the ballast added to account for the reduced
weight of the new tower. This added ballast is placed on top of the existing ballast, with
the same solid-cylindered shape. The parallel axis theorem relates the mass moment of
inertia of the added ballast about its local center of mass, relative to its mass moment of
inertia about the platform center of mass. Following the theory presented in section
2.3.4, the new platform mass inertia matrix given as input, Inew becomes:

Inew =


5.5970e+ 10 0 0

0 5.5970e+ 10 0

0 0 0.1901e+ 10

 (4.5)

Added mass matrix

The second matrix required as input in BModes is the platform-reference-point-referred
hydrodynamic 6X6 matrix. This matrix can be generated by external programmes such
as ANSYS-AQWA [Ansys 2021]. However, I will use a simplified method, following the
strip theory as explained in Section 2.3.5. To verify the method used in this work, I
calculated the added mass matrix for the OC3Hywind platform using strip theory as
presented in Section 2.3.5. The result added mass matrix is found to be reasonably
similar to the given input for OC3Hywind [Jonkman, 2020]. I therefore consider this
approach as reasonable for this thesis.

The added mass matrix at infinite frequency is given in the WindCrete report, [Mahfouz
et al., 2020, p. 18]. The two-dimensional added mass coefficient for horizontal movement,
Cah is unknown. I assume the value of Cah to be similar to the coefficient used in the
OC3Hywind model, Cah = 0.969954. I then use Equation (2.14) to find the constant
radius R of the vertical column. The value of R is found to be approximately 8.8 m, and
follows from the added mass coefficient assumption. This radius is a bit smaller than the
9.3 m radius of the main subplatform column. Recall that the subplafrom is tapered at
the top and domed at the bottom. Considering this, I accept an approximate radius of
8.8 m as reasonable. The full added mass matrix for the vertical column is then:

Acol =



3.7354e+ 07 0 0 0 −2.8949e+ 09 0

0 3.7354e+ 07 0 2.8949e+ 09 0 0

0 0 1.2657e+ 06 0 0 0

0 2.8949e+ 09 0 2.9914e+ 11 0 0

−2.8949e+ 09 0 0 0 2.9914e+ 11 0

0 0 0 0 0 0


(4.6)

The units are [kg] for the ij = {11, 22 and 33 terms}, [kgm] for the ij = {15, 24 and 51}
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and [kgm2] for the ij = {44 and 55} terms.

Hydrostatic stiffness matrix

The third matrix required as input in BModes is the hydrostatic stiffness matrix. I find
this using Equation (2.21), but with one augmentation. The gravitational restoring terms
are not included in these calculations, as they are accounted for in the mooring stiffness
matrix. BModes takes the sum of the hydrostatic and the mooring stiffness matrices
internally, which means that the gravitational terms must only be included in one of
these matrices. The calculated hydrostatic stiffness matrix, Ch is:

Ch =



0 0 0 0 0 0

0 0 0 0 0 0

0 0 1.375555e+ 06 0 0 0

0 0 0 −3.148042e+ 10 0 0

0 0 0 0 −3.148042e+ 10 0

0 0 0 0 0 0


(4.7)

The units are [N/m] for C33 and [Nm/rad] for C44 and C55.

Mooring stiffness matrix

The fourth and final matrix required as input in BModes is the mooring stiffness matrix,
C(m), from Equation (2.25). As discussed towards the end of Section 4.4.4, I wish to
investigate the effect of mooring stiffness on the first tower modes. To do this, I run
BModes with two different mooring stiffness matrices. The first simulation is done with a
stiffness matrix from the OC3Hywind model [Jonkman, 2020]. The second simulation is
done following the method described in Section 4.4.4, which gives a mooring stiffness
matrix based on the Utsira model:

C(m) =



2.8142e+ 05 0 0 0 −2.5328e+ 07 0

0 2.8142e+ 05 0 2.5328e+ 07 0 0

0 0 8.6620e+ 04 0 0 0

0 2.5328e+ 07 0 4.4035e+ 10 0 0

−2.5328e+ 07 0 0 0 4.4035e+ 10 0

0 0 0 0 0 0


(4.8)

Here, the units of each 3x3 section of C(m) are:

Cm =

[N/m] [N ]

[N ] [Nm/rad]

 (4.9)
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Comparing the two BModes outputs, I find that the mooring stiffness matrix has a
significant effect on the mode frequencies of surge, sway and yaw, as expected. However,
there are much smaller variations in the first and second tower mode frequencies. This
implies that the mooring has a limited impact on the fore-aft and side-to-side tower
modes. Table 9 compares BModes output tower mode frequencies using OC3Hywind and
Utsira mooring stiffness matrices respectively.

Table 9: Fore-Aft and Side-to-Side mode frequency comparison

Description Frequency with
OC3Hywind mooring [Hz]

Frequency with
Utsira mooring [Hz]

Mode 7 1st Side-to-Side 0.459217E+00 0.461300E+00

Mode 8 1st Fore-Aft 0.459984E+00 0.462007E+00

Mode 10 2nd Side-to-Side 1.996044E+01 1.99611E+01

Mode 11 2nd Fore-Aft 2.206985E+01 2.207037E+01

Based on these findings, I conclude that the mooring stiffness has a limited impact on the
tower modes of interest. Thus, I accept some inaccuracy in the natural frequencies of the
first 6 output modes from BModes, which corresponds to translational and rotational
displacements. I proceed using Equation (4.8) as input in BModes.

4.5.2 Post-processing of BModes output data

BModes gives the first 20 tower modes as output. The first mode is the lowest frequency
mode, and the subsequent modes are of increasing frequency. The first six modes
correspond to the translational and rotational eigenfrequencies of the platform. I seek
only the first two fore-aft and side-to-side tower modes for input in OpenFAST. These
must be recognized from their modal frequencies. The relevant modes are modes 7, 8, 9,
and 10 for the restructured tower. The lowest frequency for the modes of interest is mode
7. This mode frequency must be outside the 3P frequency range, to prevent resonant
vibrations between the tower and the blades. This outlines the iterative design process of
the tower, see also the flowchart in Figure 8. The first iterations gave tower mode
frequencies within the 3P range. I then use a combination of increasing tower radius and
increasing wall thickness until the tower mode frequencies exceed the 3P frequency at
rated wind speed, with a safety margin of 20%. This is likely a conservative approach,
which means that I may have increased tower top radius and wall thickness more than
necessary.
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Table 10: Final natural frequencies for the first 10 modes, after the last iteration. The
maximum 3P frequency is 0.378 Hz, which makes mode 7 the closest in natural frequency,
but still outside the safety margin of 20%.

Frequency (Hz)

Mode Mode

Number Type Utsira Tower

1 Surge 0.0952

2 Sway 0.0952

3 Heave 0.0296

4 Roll 0.0307

5 Pitch 0.0308

6 Yaw 0.0760

7 1st SS 0.4613

8 1st FA 0.4620

9 2nd SS 1.9961

10 2nd FA 2.2070

I have done preliminary decay tests of the new Utsira model to check if both OpenFAST
simulation and BModes gives similar natural frequencies in the translational and
rotational DoFs. These OpenFAST decay tests are done by posing initial displacements
in each respective DoF, with no input wave or wind fields. The mode frequencies for
translational and rotational DoFs matches the decay tests well. This indicates that the
four matrices specified in the BModes input file are fairly accurate. The small variations
could be caused by several factors. The added mass matrix might be inaccurate, as it is
frequency dependent. The simplified method used to find added mass is also based on
assumptions that might not be accurate. For example, the two-dimensional added mass is
assumed equal through the height of the substructure. This means that the end effects of
the truncated top and domed bottom are not accounted for in the transverse added mass.

Each output mode from BModes contains displacements, slopes and twist for each
specified span location of the tower. The span location is normalized by the beam length,
and is defined in the main BModes input file. Figure 23 shows a plot of the modal
displacements.
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Figure 23: Modal displacments for the new tower.

OpenFAST requires that the 6th order polynomials describing the modal shapes sums to
unity. To achieve this, the displacement values must be normalized by the tower top
displacement. This must be done before using one of the provided routines for finding
OpenFAST-style polynomials. I choose to use a MATLAB function named
GetFastStylePoly [Prowell, 2017]. This function uses the improved direct method from
the Excel spreadsheet provided in [Jonkman, 2020]. Figure 24 shows a plot of the
polynomials found from BModes.
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Figure 24: Normalized tower mode polynomials for the new tower. The fore-aft mode 1
has a very similar polynomial as the side-to-side mode 1, thus it is hidden behind the green
line in the plot.
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Table 11 shows the polynomial coefficients describing the tower mode shapes as seen in
Figure 24. The coefficients for each mode sums to unity, as required by OpenFAST.

Table 11: Coefficients of the 6th order polynomials describing tower mode shapes.

Coefficient
xn term

Fore-Aft
mode 1

Fore-Aft
mode 2

Side-side
mode 1

Side-side
mode 2

n = 2 -1.953 7.452 -1.879 5.8085

n = 3 12.959 7.022 12.580 7.949

n = 4 -24.117 -21.354 -23.396 -21.468

n = 5 21.167 13.382 20.538 15.052

n = 6 -7.057 -5.503 -6.844 -6.342

4.6 New inputs

Most input changes are done to set the conditions for each separate simulation case.
Other changes are done permanently, specifically structural parameters. Some of these
input changes are included in Table 12. Some others are included in Appendix A.

ElastoDyn

Table 12: ElastoDyn input changes

Parameter unit Old value New value

Height of tower above MSL [m] 129.495 135.896

Subplatform Center of mass [m] -113.08 -112.87

Subplatform mass including ballast [kg] 3.655e+07 3.845e+07

Subplatform Ixx about CoG [kgm2] 5.590e+10 5.597e+10

Subplatform Iyy about CoG [kgm2] 5.590e+10 5.597e+10

Subplatform Izz about CoG [kgm2] 1.828e+09 1.905e+09

Initial conditions & displacements: Change to reduce startup trancients and to
avoid emergency shutdown at startup.
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5 SIMULATION RESULTS

The characteristics of the Utsira model is shown by analysis of OpenFAST simulation
results. The following simulations are performed:

1. No external forcing - equilibrium

2. Decay tests - natural frequencies

3. Uniform wind and stochastic waves

4. Turbulent wind and stochastic waves

The first two listed above are run with the original mooring layout of WindCrete at a 200
m depth with updated tower and ballast, as well as with the complete new design. This
is done to see if the system properties change as expected in relation to the model
adjustments. The last two listed above is done to check model characteristics and
stability for wind speeds below rated, close to rated and above rated.

5.1 Platform equilibrium

Mooring layout from WindCrete

Static equilibrium for the Utsira tower is simulated in a 1500 second time series with
initial conditions of zero in all six translational and rotational degrees of freedom. The
position of the platform at equilibrium is calculated as the mean of the time series,
starting at 200 seconds. The results are presented in Table 13.

The new static equilibrium changes as expected, considering the alterations of the tower.
The weight of the tower is reduced by approximately 2/3, and this weight is added as
ballast in the support structure, just a few meters above the center of gravity. The
platform pitch is thus reduced, as expected. Consequently, the horizontal offset at the
MSL is reduced, as the new platform follows the global vertical z-axis closer compared to
the WindCrete model. This results in a reduced surge displacement. A similar
geometrical argument can be made to explain the change of heave. As platform pitch is
reduced, heave consequently increases.

New mooring layout

Static equilibrium with the new mooring layout implemented is simulated in the same
fashion as described in the paragraphs above. The results are presented in Table 13.
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Table 13: Static equilibrium - WindCrete mooring layout

Surge [m] Sway [m] Heave [m] Roll [deg] Pitch [deg] Yaw [deg]

WindCrete

-1.01 0.0 -0.16 0.0 -0.64 0.0

Utsira - WindCrete mooring layout

-0.66 0.0 0.01 0.0 -0.42 0.0

Utsira - New mooring layout

-0.69 0.0 -0.10 0.0 -0.42 0.0

The new mooring layout has a limited impact on the static equilibrium. It has the same
symmetry as the WindCrete layout, and so the changes should be small. Some minor
differences are expected, as the fairlead tensions increase with the new water depth. I
have removed some ballast to compensate for the fairlead tensions. I did not calculate
this mass with high accuracy, and so the removed mass is not accurately proportional to
the increased vertical load. I made a rough estimation of the added weight of chain
carried by the platform when increasing depth by 50 m, considering the static layout in
Figure 19. The lower bound of applied horizontal force in this plot relates to platform
equilibrium, and so I find an approximate length of the catenary line in the bottom 50 m
visually. Thus, the greatest difference is found in heave. Small changes in vertical load
causes great changes in heave, as the water plane area of the spar design is small. Still, I
find the new heave displacement in static equilibrium acceptable.

5.2 Decay tests

The next step of verifying the Utsira platform is to recreate the decay tests presented in
the WindCrete report [Mahfouz et al., 2020]. I have done separate decay tests for surge,
heave, pitch and yaw, with the goal of finding the natural frequencies of these motions for
the Utsira tower. Each test is initiated by offsetting only one translational or rotational
degree of freedom. Surge and heave have an initial offset of 5 m respectively for their
separate decay test. Pitch and yaw have an initial offset of 5 degrees for their separate
simulation. The oscillation frequencies are determined visually from plots of the Fast
Fourier transforms of the time series. I then determine the oscillation frequencies visually.
The simulation duration is set to 500 s, which is adequate to find accurate frequencies,
with exception of the surge frequency, which is very low. For this reason, I use a 3800 s
surge decay simulation. These decay simulations are done for both the WindCrete and
the Utsira mooring layout. Natural frequencies are then compared to the WindCrete spar
in Table 14. The natural frequencies of the WindCrete model is stated in Table 5-9 in the
COREWIND report [Mahfouz et al., 2020, p.26].
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Table 14: Decay Simulations

Natural Frequency [Hz] Natural Period [s]

Model WindCrete Utsira WindCrete Utsira

Mooring WindCrete Utsira WindCrete Utsira

Surge 0.01221 0.0126 0.0092 81.90 79.37 108.70

Heave 0.03052 0.0300 0.0300 32.77 33.33 33.33

Pitch 0.02441 0.0320 0.0316 40.97 31.25 31.65

Yaw 0.09155 0.0900 0.0760 10.92 11.11 13.16

The tower reconstruction has a relatively small impact on natural frequencies of the
translational and rotational DoFs, except for pitch. The natural period of pitch is reduced
by almost 25%. This reduction is as expected, as mass has been shifted from the tower to
the internal of the support platform. Lowering the global center of gravity further
increases the metacentric height, resulting in a more stable platform. The pitch decay
test clearly demonstrates how platform motions are coupled, se Figure 25. The main peak
is the surge natural frequency. The second peak matches the pitch frequency of 0.0320
Hz. This is caused by the center of rotation being vertically offset from the global origin.
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Figure 25: Natural frequency of surge, with coupled pitch frequency. This data is from
a surge decay test, using the Utsira tower and support platform, with the WindCrete
mooring layout.

The transition to a new mooring layout causes some changes to the natural frequencies.
First, the surge frequency is lowered. This is expected, as the surge stiffness is reduced
when extending the length of the mooring line. To check this transition, we can look at
the relation between the square root of the old surge stiffness divided by the new surge
stiffness:
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√
5.0523e+ 05

2.8142e+ 05
= 1.34 (5.1)

This value is reflected in the ratio between the new and the old natural periods:

108.70

79.37
= 1.37 (5.2)

This shows that the change in surge natural frequency is proportional to the change in
surge stiffness of the mooring system. The natural frequency of yaw is also decreased
when altering the mooring layout. The restoring force in yaw is mainly provided by the
mooring line through the delta line. I have kept the delta line as is when transitioning to
the new layout, extending only the main chain section. Thus, the yaw stiffness is affected
by the change in surge stiffness. As the platform yaws, a greater part of the tension from
the main chain length is channelled through one of the delta lines, which then provides
the restoring force. In this fashion, yaw stiffness is an extension of the surge stiffness,
thus I expect yaw stiffness to be affected similarly to surge stiffness when adjusting
mooring properties without any changes to the delta lines. All considered, I expect the
changes in platform stability in production under various environmental conditions to be
relatively small. This is further investigated in Section 5.3.

5.2.1 Tower FA and SS frequencies through OpenFAST

The objective of this thesis is partly to get familiarized with the OpenFAST tool.
OpenFAST allows the user to input a wide range of parameters, including restricting
specific DoFs. This section is included as a small example of something that can be
investigated by manipulating the model input.

I wish to investigate the Fore-Aft and Side-to-Side tower displacements as output from
OpenFAST and see if the output coincides with the expected tower mode frequencies
found using BModes. I run 500 s simulations with no translational and rotational degrees
of freedom on the new design. I set the initial displacement of the tower top Fore-Aft and
the Side-to-Side displacements to 5 m respectively. I then use an FFT function on the
output in MATLAB to find the natural frequencies of the first tower modes, as described
in Section 5.2. Each time step in the OpenFAST simulation is 0.01 s, though the output
frequency of the simulation is 10 Hz. These are compared to the natural frequencies
found in BModes in Table 15.

Table 15: Tower natural frequencies of the first mode. Comparison between BModes and
OpenFAST output.

Description Frequency with
OpenFAST output [Hz]

Frequency with
BModes output [Hz]

1st Side-to-Side 0.47 0.46

1st Fore-Aft 0.46 0.46
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Figure 26: Tower top displacements

Figure 26 shows how the vibrations are dampened much faster in the Fore-Aft direction
than the Side-to-Side direction. The following discussion is an effort to understand why
this damping occurs in the Fore-Aft direction. In these simulations, the flapwise and
edgewise blade mode DoFs are free to move, and the blade pitch angle is 0 degrees. I
repeat the simulation while restricting flapwise and edgewise blade DoFs and pitching the
blades 90 degrees. I then investigate the impact each parameter has on the Fore-Aft
displacement damping.

First, I run simulations with flapwise and edgewise blade mode DoFs disabled. This
means that the blades stay rigid throughout the simulation, thus we have no out-of-plane
displacements or in-plane displacements for the blades. This has a significant effect on
the damping of the tower Fore-Aft displacements, as shown in Figure 27. The output
now resembles the Side-to-Side displacement time series, but not exactly. This indicates
that there are several parameters that affect the damping rate.
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Figure 27: Tower top fore-aft displacements. This graph demonstrates the damping impact
of allowing flapwise and edgewise DoFs for the blades.
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Second, I run simulations with an initial blade pitch of 90 degrees. I allow flapwise and
edgewise blade DoFs. The blade pitch is locked at a constant 90 degrees, which also is
called feathered position. This is controlled by the ServoDyn submodule, where the final
pitch of the blades is set to 0 degrees originally. This simulation requires changing the
final pitch angle to 90 degrees. Intuitively, the drag from the blades moving through air
will have a dampening effect on the system. Feathering the blades minimizes this drag,
allowing the tower to vibrate with less resistance from the air. Figure 28 shows how the
blade pitch affects the damping rate of tower top displacements. The effect of blade
pitching is significant, though the total damping rate seems to be affected by both
bending and pitch of the blades.
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Figure 28: Tower top fore-aft displacements. This graph demonstrates the damping impact
of blade pitch.
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5.3 Stability at different environmental conditions

The next step is to see if the new model behaves as expected when the wind turbine is
operating. Simulations are performed both with steady wind and with more realistic
conditions with turbulent wind. Waves are modelled by the JONSWAP spectrum in both
mentioned simulations. I will examine the impact of the adjustments I have done, and
try to discover any challenges with the new design. The controller is crucial for platform
stability. The WindCrete team has adapted the controller from the bottom-fixed IEA
reference turbine, but they have not optimized this new controller for the whole power
production spectre. In addition, I have done further adjustments to tower, subplatform
and mooring lines. I will investigate if the controller is able to handle these changes, or if
controller optimization is required.

I choose to run simulations for four wind speeds. First, I run simulations with 8 m/s
wind, as this is below rated wind speeds. I include this to see how variable-speed torque
control affects system stability. Second, I run simulations with wind speeds of 13 m/s.
This wind speed is above the rated wind speed of 10.59 m/s, but in the case of turbulent
wind, I expect to see some fluctuations where the wind speed drops below rated. This
gives insight into how the system behaves around the rated wind speed. I give special
attention to the output of these simulations in Section 5.3.1. Third, I run simulations
with 18 m/s wind. This is well above rated wind speed, and I include this to see how the
wind turbine behaves under high environmental loads. Fourth, I run simulations with 35
m/s wind as an extreme case. For this simulation, the rotor blades are feathered, and the
wind turbine generator is turned off. Here I investigate how the model behaves in high
winds and extreme waves, in an idling state. I run all simulations for both steady and
turbulent wind, with the exception of 35 m/s, where I only use turbulent wind. The
steady wind simulations are mostly included in Appendix B, with the exception of 13
m/s steady wind. This steady wind case is discussed in Section 5.3.1.

I find realistic wave input for each wind speed, which is based on a Norwegian 10 km
Reanalysis Archive (NORA10) dataset [Reistad et al., 2011]. This dataset contains
measurements of wind and waves at a station with latitude-longitude coordinates of
[59.27N, 04.39E]. This location is approximately 25 km west of Utsira island. The dataset
contains measurements every three hours from 1957 to 2020. It gives wind speeds from a
height of 10 m and up to a height of 150 m [Furevik and Haakenstad, 2012]. I search the
database for all measurements of 8, 13 and 18 m/s wind speed respectively at
approximately the hub height. I then find the average wind sea Hs for each wind speed,
together with an associated average Tp. This gives a simple, yet somewhat realistic
average wave spectre for each wind speed when using the JONSWAP spectrum, see
section 2.4.1. For the extreme case, I search the dataset for the maximum wind sea Hs,
and use the associated value for Tp and wind speed.
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5.3.1 Turbulent wind and waves

In this section, I discuss some of the simulations done with different environmental
conditions. All mean and max values of simulation parameters presented in the following
sections are found from the last 1800 s of the time series, to avoid the effect of transients.
This is further discussed in the paragraph about 13 m/s steady wind.

8 m/s turbulent wind
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Figure 29: OpenFAST simulation for 8 m/s turbulent wind, with inputs as described in
Table 16.

Figure 29 shows some characteristics of the Utsira model under wind speeds below rated.
Here, the wind turbine controller operates with a variable speed torque control, to
maximize power output. Because of this, The blades have a constant pitch of zero
degrees. As a consequence, the variations in platform pitch, surge, and power output
mirrors the variations in thrust applied to the rotor. At approximately 2000 s there is a
spike in the thrust curve. At this moment, the wind speed is above the rated wind speed,
but the blades stay at a constant pitch of zero degrees. This causes a spike in thrust
reaching values above the rated thrust value of 2.4 MN. Considering this, I expect the
platform pitch to reach an extreme value, but it still does not exceed three degrees. This
further indicates that the platform stability is increased beyond necessary. Of course, this
simulation is done with a JONSWAP spectrum of waves with a Hs of 0.6 m. Running
this simulation with more extreme waves would likely result in higher pitch values.
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Table 16: Some input parameters and initial values for 8 m/s Turbulent wind.

Parameter Initial/input value Unit

Mean wind 8.0 [m/s]

Turbulence intensity 0.15 (-)

Power Law exponent 0.2 (-)

Rotor speed 5.7 [rpm]

Blade pitch 0.0 [deg]

Wave Hs 0.6 [m]

Wave Tp 4.2 [s]

Surge 5.9 [m]

Pitch 2.0 [deg]

Heave -0.3 [deg]

Yaw 0.0 [deg]

Table 17: Means and ranges of motions for the 8 m/s turbulent wind simulation.

Surge
maximum
[m]

Surge av-
erage [m]

Pitch
maximum
[deg]

Pitch
average
[deg]

Yaw
maximum
[deg]

Yaw
average
[deg]

10.92 6.63 2.80 1.44 1.61 0.33
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13 m/s steady wind

The steady wind simulation is not a realistic case, but is included here to investigate the
effect of initial values on start-up transients. Also, this simulation gives an indication of
power output stability, and the extent of translational and rotational movements. Step
wind simulations are available for the WindCrete model in the CoreWind report
[Mahfouz et al., 2020, p.27], and so I can compare the Utsira model with these
simulations. Table 18 describes some input parametrs for this simulation.

Table 18: Some input parameters and initial values for 13 m/s steady wind.

Parameter Initial/input value Unit

Mean wind 13.0 [m/s]

Power Law exponent 0.06 (-)

Rotor speed 7.54 [rpm]

Blade pitch 8.38 [deg]

Wave Hs 1.86 [m]

Wave Tp 6.97 [s]

Surge 6.5 [m]

Pitch 2.5 [deg]

Heave -0.3 [deg]

Yaw -0.2 [deg]

Figure 30 visualizes the start-up transients that occur when initial values do not match
mean values for the particular load case. This effect is especially prominent in surge. I
used initial values found from simulation of the WindCrete model, and so I would expect
pronounced start-up transients. I run a new simulation for 13 m/s steady wind, to
demonstrate the impact of initial values on transients. I use values provided in Table 19
as new initial values. I also calculate mean blade pitch and rotor rpm, together with
sway, heave and roll displacements.

Though Figure 30 shows shorter start-up transients when applying more appropriate
initial values, we still see the effect in surge, especially in the first 1000 s of simulation.
Also, the new initial yaw rotation has suppressed almost all start-up transients, though
the extent of yaw rotation is small already in the original simulation shown in Figure 30.
I calculate the range of motions for the simulation that has appropriate initial values,
while still suppressing the first 1800 s. The changes of mean values are insignificant,
compared to Table 19. This indicates that it is sufficient to ignore the first 1800 s of the
time series to account for start-up transients.
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Figure 30: OpenFAST simulations with the initial values as described in Table 18, com-
pared with initial values for rotational and translational DoFs set to zero.

Table 19: Means and ranges of motions for the 13 m/s steady wind simulation.

Surge
maximum
[m]

Surge av-
erage [m]

Pitch
maximum
[deg]

Pitch
average
[deg]

Yaw
maximum
[deg]

Yaw
average
[deg]

8.29 7.78 1.90 1.72 -0.10 -0.08
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13 m/s turbulent wind

Table 20: Some input parameters and initial values for 13 m/s turbulent wind.

Parameter Initial/input value Unit

Mean wind 13.0 [m/s]

Turbulence intensity 0.12 (-)

Power Law exponent 0.2 (-)

Rotor speed 7.54 [rpm]

Blade pitch 8.38 [deg]

Wave Hs 1.86 [m]

Wave Tp 6.97 [s]

Surge 6.5 [m]

Pitch 2.5 [deg]

Heave -0.3 [deg]

Yaw -0.2 [deg]
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Figure 31
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Table 21: Means and ranges of motions for the 13 m/s turbulent wind simulation.

Surge
maximum
[m]

Surge av-
erage [m]

Pitch
maximum
[deg]

Pitch
average
[deg]

Yaw
maximum
[deg]

Yaw
average
[deg]

11.83 7.63 2.84 1.71 2.29 0.49

We see large variations in power output in Figure 31. This is expected as the model uses
a constant torque controller at above rated wind speeds. Figure 32 shows how the
generator torque is limited at an upper bound of approximately 19.62e+04 Nm. This
limit is defined in the torque control input section of the DISCON.IN file, which is a
required input file for the ServoDyn submodule. Figure 32 shows how the dips in
generator torque is correlated with spikes in rotor rpm. Power, P is the product of
torque, τ and angular velocity, ω:

P = τω (5.3)

This relation is evident in Figure 32. At around 2000 s there is a peak in rotor rpm. At
the same time, there is a dip in torque, τ , which allows the power output to remain
relatively constant. Also, at around 500 s there is a dip in rotor rpm. We then see a dip
in power, as the controller does not allow torque to increase past the upper limit. As a
consequence of this constant torque controller type, the power output fluctuates more
around the rated value of 15 MW.
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Figure 32: Torque output for the 13 m/s turbulent wind simulation.

The rotor rpm fluctuates much, with sharp peaks whenever the torque is reduced. During
these peaks, the rotor rpm reaches speeds far higher than the rated rotational frequency
of 7.56 rpm. The reason for this becomes evident when taking a closer look at output
data during a dip in torque, as seen at around 2000 s in Figure 32. Around this point in
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the time series, there is a sharp spike in rotor rpm. Figure 33 shows how there is an
increase in wind speed from approximately 1900 s to 1950 s. Before this increase starts,
the rotor rpm is approximately the rated value of 7.56 rpm. As the wind picks up in
speed, the rotor rpm increases to approximately 9.5 rpm. This indicates that the blades
have a too small pitch angle, and that the blade pitch angle changes to slowly to
counteract the sharp increase in wind speed. The blade pitch angle, shown as a solid red
line in Figure 33, has a maximum pitch rate of 0.0349 rad/s, or approximately 2 deg/s.
This limit is also user-specified in the DISCON.IN file corresponding to the ServoDyn
submodule. However, Figure 33 shows that the blade pitch angle changes at a maximum
of approximately 0.07 deg/s, which is nowhere near the 2 deg/s limit. Of course, there
may be good reasons for keeping the pitch rate lower than 2 deg/s, but the theory behind
the pitch controller is beyond the scope of this thesis. This indicates that the controller
might need some optimization. CoreWind states that controller optimization is scheduled
as a future project [Mahfouz et al., 2020, p.24]. In fact, output from the WindCrete
model show the same characteristics as discussed here, e.g. in Figure 5-16 in the
WindCrete report [Mahfouz et al., 2020, p.30].
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Figure 33: A closer look at the relation between wind speed [m/s], blade pitch [deg], rotor
rpm [-] and torque. This figure is a close-up around 2000 s of the time series shown in
Figure 32.

One of the design criteria to achieve structural integrity of the tower was to ensure that
the bending stress throughout the tower did not exceed values from the bottom fixed
reference tower. To ensure this, I applied the rated thrust of 2.4 MN to the tower top,
with a pitch angle of six degrees, see Section 4.2.2. From the 13 m/s turbulent wind
simulation, I find the mean thrust to be approximately 1.98 MN. This fits well what I
expect from the trust curve provided in the definition of the IEA reference turbine, seen
in Figure 34. Here it is important to note that the WindCrete controller is modified, and
so the rotor thrust curve for the controller I use is not necessarily identical to the one
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presented here. Nevertheless, this figure gives a good indication of expected behaviour.
The maximum platform pitch angle through the time series is approximately 2.84
degrees, see Table 21. The wind speeds of this simulation are relatively close to the rated
wind speed of 10.59 m/s. The thrust is approximately 2770 kN around the time step of
maximum platform pitch angle. Figure 34 also shows how rotor thrust decreases as wind
speeds increase past rated wind speed.

Figure 34: Rotor thrust curve for the IEA 15 MW reference turbine, from [Gaertner et al.,
2020b, p.19].

Analysis of output data indicates that using bending stress from six degrees static
platform pitch gives a conservative design. Table 21 shows a maximum platform pitch
value of 2.84, which is very similar to the 8 m/s turbulent wind simulation, see Table 17.
However, some considerations must be done. The wave input for this simulation is a
JONSWAP spectre using an Hs of 1.86 m. The site will experience much larger waves,
also for a relatively low wind speed of 13 m/s. Further work would be required to
investigate how rougher seas would affect platform characteristics. Even though there
might be some challenges when it comes to the controller, the overall stability of the
model seems to be adequate, considering the few load cases done in this work.
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18 m/s turbulent wind

Table 22: Some input parameters and initial values for 18 m/s turbulent wind.

Parameter Initial/input value Unit

Mean wind 18.0 [m/s]

Turbulence intensity 0.11 (-)

Power Law exponent 0.2 (-)

Rotor speed 7.54 [rpm]

Blade pitch 15.56 [deg]

Wave Hs 3.43 [m]

Wave Tp 8.62 [s]

Surge 4.6 [m]

Pitch 1.7 [deg]

Heave -0.3 [deg]

Yaw -0.4 [deg]
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Figure 35: OpenFAST simulation output with input as described in Table 22.

The output from simulation with 18 m/s turbulent wind in Figure 35 shows similar
characteristics as the 13 m/s turbulent wind simulations. The power output fluctuates
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around 15 MW, showing the same sharp dips periodically. However, both average and
maximum values of platform surge and pitch are reduced, see Table 23. This can be
explained by the reduced thrust force. The average thrust force is 500 kN below the vaule
from the 13 m/s turbulent wind simulation. Also, the Hs in this simulation is 3.43 (see
Table 22), which is almost double the value from the 13 m/s simulations. This indicates
that the response to wave loads is small compared to the response induced by the wind,
at least for relatively small wave heights. The effect of extreme waves is discussed in the
next section.

Table 23: Means and ranges of motions for the 18 m/s turbulent wind simulation.

Surge
maximum
[m]

Surge av-
erage [m]

Pitch
maximum
[deg]

Pitch
average
[deg]

Yaw
maximum
[deg]

Yaw
average
[deg]

8.55 5.53 1.95 1.14 3.32 0.72

35 m/s turbulent wind

I include a simulation with 35 m/s turbulent wind and extreme waves to investigate how
wave loads affect the model characteristics. I found the wind and wave parameters by
searching the NORA10 dataset for the highest wind sea Hs, and used the associated Tp.

Table 24: Some input parameters and initial values for 35 m/s turbulent wind.

Parameter Initial/input value Unit

Mean wind 35.0 [m/s]

Turbulence intensity 0.10 (-)

Power Law exponent 0.2 (-)

Rotor speed 0.0 [rpm]

Blade pitch 90.0 [deg]

Wave Hs 14.2 [m]

Wave Tp 14.9 [s]

Surge 4.6 [m]

Pitch 1.7 [deg]

Heave -0.3 [deg]

Yaw -0.4 [deg]
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Figure 36: OpenFAST simulation output with input as described in Table 24. The wind
turbine is in an idling state in this simulation.

Figure 24 shows that while idling, the platform pitch range of motion is much larger. The
average platform pitch is now 0.33 deg, with a maximum value of 4.07 deg. Platform
surge reaches a maximum of 12.39 m, which is more than in any other simulation done
with the Utsira model. This shows that the wave loads can cause significant platform
displacements. The maximum platform pitch is still well under the six degrees static
pitch used for bending stress calculations in Section 4.2.2.

Table 25: Means and ranges of motions for the 35 m/s turbulent wind simulation.

Surge
maximum
[m]

Surge av-
erage [m]

Pitch
maximum
[deg]

Pitch
average
[deg]

Yaw
maximum
[deg]

Yaw
average
[deg]

12.39 2.94 4.07 0.33 2.09 0.07
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6 SUMMARY AND CONCLUSION

The objective of this thesis was to adapt an OpenFAST model named WindCrete,
created by CoreWind. The aim of model adaptations was to create an offshore wind
turbine model in OpenFAST, designed for the more extreme environmental conditions of
the Utsira site.

The adaptation work was an iterative process, starting with modifications to the tower
structure. To comply with structural requirements given by the IEC standards, I
increased the tower height to 135.869 m. I chose to model the tower as a steel structure,
thus making it more structurally similar to the tower used in the IEA reference wind
turbine model. I used this reference wind turbine tower as a benchmark, and required the
bending stress throughout the adapted tower not to exceed the benchmark values. This
bending stress is a result of both a thrust force applied to the wind turbine blades, and
the offset weight of the RNA from the central axis of the tower. In addition, the adapted
tower was statically pitched at an angle of six degrees, to include the weight of the
heeling tower in bending stress calculations. This appears to be a somewhat conservative
approach, as discussed in Section 5.3.1. Here, simulation outputs show that the
maximum platform pitch is kept below three degrees, even for peaks in the thrust force
above the rated value. However, I later found it necessary to increase the stiffness of the
tower even further, to avoid unwanted resonance between tower vibration and the
rotating frequency of the rotor.

The adjustments done to the tower and mooring system causes significant changes to the
equilibrium heave position of the floating platform. The mass of the internal ballast in
the spar support platform was adjusted to compensate for the reduced weight of the
tower and increased vertical forces from the new mooring layout. The equilibrium heave
position was restored by adding approximately 1894.8 tonnes of ballast just below the
global center of mass of the floating platform. This causes the global center of mass to
shift downwards, which again leads to a higher metacentric height. The metacentric
height is a measure of spar platform stability, and simulations show that platform
stability is increased, as expected.

The mooring layout was adjusted to fit a new water depth of 250 m, which is within the
range of depths found within the Utsira site. I chose a combination of extending the main
mooring length and extending the anchor radius to compensate for the increased water
depth. I required a safety margin of at least 10% of the mooring line length between the
anchor and the touchdown point where the mooring line meets the seafloor. Simulations
indicate that the final mooring layout presented in Table 8 is sufficient to avoid uplifting
forces in the anchor points.

I calculated the tower modes of the adjusted tower using BModes. This tool models the
tower as an Euler-Bernoulli beam, with the RNA and the spar support platform as end
attachments. The support platform is modelled as a rigid body, with the tower
cantilevered at the top. Thus, BModes requires support platform properties as input,
including an added mass matrix, a hydrostatic stiffness matrix and a mooring stiffness
matrix. The first iteration gave tower mode natural frequencies too close to the
rotational frequencies of the blades, which required a new iteration of adjustments, as
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described in the flowchart in Figure 8. In fact, I conducted several iterations of the
adjustment process to arrive at a final model design.

After the final iteration of adjustments, I did a range of simulations to investigate model
characteristics and stability. This included decay tests for each separate translational or
rotational DoF, and static equilibrium simulations. The equilibrium simulation gave
expected results, showing relatively small differences in equilibrium position, compared to
the WindCrete model. I see a slight decrease in equilibrium pitch angle caused by the
increased metacentric height. From the decay simulations, I saw a significant reduction in
the natural period of pitch, which also agrees with expectations. The greatest change in
natural period is found in surge, with an increase of well over 30%. Further investigation
showed that this is as expected considering the relation between the old and new surge
stiffness values. Even though the adjustments caused some significant changes to the
natural periods, the predesign basis from the WindCrete project is still fulfilled.

I then investigated model characteristics under four environmental scenarios. The first
scenario was using a below rated wind speed of 8 m/s. Here I see a large variation in
power output. Due to turbulence, the wind speed periodically increases past the rated
wind speed, causing peaks in thrust force applied to the rotor. The simulation showed
how the turbine reacts to the applied thrust, and I recognize the shape of the thrust
curve especially well in pitch, surge and power.

The second scenario was using a wind speed of 13 m/s, which is just above rated wind
speed. The steady wind scenario highlighted the effect of start-up transients. Choosing
appropriate initial conditions greatly reduced both the magnitude and duration of these
transients. Special focus was given to the simulation with 13 m/s turbulent wind, a
characteristic wave height of 1.86 m, and a peak return period of 6.97 s. Here I
investigated the effect of using constant torque control, and highlighted issues with sharp
spikes in rotor rpm. The highly turbulent wind just over rated wind speed causes thrust
forces well above rated value, but the overall stability of the floating wind turbine is not
compromised.

The third and fourth environmental scenario was using 18 m/s and 35 m/s turbulent
wind, both with stochastic waves. The 35 m/s scenario was includes as an extreme case
with stochastic waves with a Hs of 14.2 m. The overall stability of the Utsira model
seems adequate when considering the output of these simulation cases.

Overall, I have created an OpenFAST model of a floating spar wind turbine, by making
adjustments to the WindCrete project by CoreWind. The final Utsira model complies
with the structural requirements that the adjustments are based upon. The model holds
up well in the range of simulations done to test the stability and investigate model
characteristics. However, most of the adjusted model components could be optimized, as
I have chosen quite large safety margins for most of the design requirements. Also, the
model should be tested much more thoroughly to get a more complete design analysis for
all realistic load cases. This could be done following the procedures used in the
WindCrete project.

76



7 FUTURE WORK

7 FUTURE WORK

• Optimization of the platform tower and substructure

• Optimization of the mooring layout, including site-specific anchor positioning

• Optimization of the wind turbine controller

• A complete, site-specific load analysis with accurate wave- and wind data

• Further exploring the OpenFAST tool and the possibilities it presents, such as wind
farm simulation
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Appendices

A OPENFAST INPUT

ElastoDyn input

Table 26: Distributed Tower Properties

Height fraction Mass density Fore-aft stiffness Side-to-side stiffness

(-) [kg/m] [Nm2] [Nm2]

0.00 1.657108e+04 7.457729e+12 7.457729e+12

0.05 1.560079e+04 6.746782e+12 6.746782e+12

0.10 1.480248e+04 6.146014e+12 6.146014e+12

0.15 1.413040e+04 5.627674e+12 5.627674e+12

0.20 1.354573e+04 5.169989e+12 5.169989e+12

0.25 1.301631e+04 4.756360e+12 4.756360e+12

0.30 1.251633e+04 4.374594e+12 4.374594e+12

0.35 1.202599e+04 4.016202e+12 4.016202e+12

0.40 1.153113e+04 3.675738e+12 3.675738e+12

0.45 1.102289e+04 3.350210e+12 3.350210e+12

0.50 1.049734e+04 3.038530e+12 3.038530e+12

0.55 9.955036e+03 2.741037e+12 2.741037e+12

0.60 9.400639e+03 2.459067e+12 2.459067e+12

0.65 8.842496e+03 2.194578e+12 2.194578e+12

0.70 8.292200e+03 1.949826e+12 1.949826e+12

0.75 7.764137e+03 1.727096e+12 1.727096e+12

0.80 7.275024e+03 1.528469e+12 1.528469e+12

0.85 6.843428e+03 1.355645e+12 1.355645e+12

0.90 6.489264e+03 1.209790e+12 1.209790e+12

0.95 6.233268e+03 1.091439e+12 1.091439e+12

1.00 6.096451e+03 1.000417e+12 1.000417e+12
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AeroDyn input

Table 27: The final diameters throughout the tower height. This data is required as input
in the AeroDyn submodule.

Height above MSL [m] Tower diameter [m]

15.00 12.42

25.00 12.01

35.00 11.61

45.00 11.20

55.00 10.79

65.00 10.39

75.00 9.98

85.00 9.57

95.00 9.16

105.00 8.76

115.00 8.35

125.00 7.94

135.00 7.54

135.90 7.50
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B OPENFAST OUTPUT

8 m/s steady wind

Table 28: Some input parameters and initial values for 8 m/s steady wind.

Parameter Initial/input value Unit

Mean wind 8.0 [m/s]

Power Law exponent 0.06 (-)

Rotor speed 5.7 [rpm]

Blade pitch 0.0 [deg]

Wave Hs 0.6 [m]

Wave Tp 4.2 [s]

Surge 5.9 [m]

Pitch 2.0 [deg]

Heave -0.3 [deg]

Yaw 0.0 [deg]
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Figure 37
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The ranges of motion is calculated from a time series of 3800 s. I exclude the first 1800 s
from the calculations, to avoid any transients to impact the output data. Figure 37 shows
prominent start-up transients in surge, but almost no visible start-up transients in pitch.
Platform surge stabilizes much faster than what we see in Figure 30. The variations in
power are small, caused by the stochastic waves.

Table 29: Ranges of motion in the 8 m/s steady wind simulation.

Surge
maximum
[m]

Surge av-
erage [m]

Pitch
maximum
[deg]

Pitch
average
[deg]

Yaw
maximum
[deg]

Yaw
average
[deg]

7.39 7.02 1.69 1.52 0.04 0.02
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18 m/s steady wind

Table 30: Some input parameters and initial values for 18 m/s steady wind.

Parameter Initial/input value Unit

Mean wind 18.0 [m/s]

Power Law exponent 0.06 (-)

Rotor speed 7.54 [rpm]

Blade pitch 15.56 [deg]

Wave Hs 3.43 [m]

Wave Tp 8.62 [s]

Surge 4.6 [m]

Pitch 1.7 [deg]

Heave -0.3 [deg]

Yaw -0.4 [deg]
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Figure 38

Figure 38 shows that the model is stable for the non-realistic case of 18 m/s steady wind.
The average thrust force is relatively low, and the power output varies around 15 MW, as
expected. The average platform pitch is just above 1 deg, with very little variation. This
is as expected, as the wave spectre is relatively weak.

86



B OPENFAST OUTPUT

Table 31: Range of motions for the 18 m/s steady wind simulation.

Surge
maximum
[m]

Surge av-
erage [m]

Pitch
maximum
[deg]

Pitch
average
[deg]

Yaw
maximum
[deg]

Yaw
average
[deg]

6.74 5.91 1.55 1.19 -0.19 -0.15

87



B OPENFAST OUTPUT

88


	Introduction
	Background and motivation
	Objective

	Theory
	Definition of the spar floating wind turbine
	Rotor Nacelle Assembly
	Tower
	Support platform
	Mooring
	Controller
	Rigid body motions

	Idealized Euler-Bernoulli beam
	Floater theory and equations
	Catenary equations
	Moments of inertia
	Metacentric height
	Platform inertia matrix
	Added mass matrix - strip theory
	Hydrostatic stiffness matrix
	Mooring stiffness matrix
	Morison's equation

	Wave and wind fields
	JONSWAP spectrum
	Turbulent wind field


	Background, tools and site conditions
	OpenFAST
	Sub-modules

	BModes
	Basic principles

	IEA 15-MW Reference
	CoreWind WindCrete
	The WindCrete model
	The WindCrete support platform
	WindCrete controller

	Site descriptions
	Environmental conditions in wind turbine design
	Gran Canaria Island
	Utsira


	Utsira design
	Motivation
	Adjustment process
	Structural requirements
	Tower model
	Support platform model

	Additional requirements
	Blade rotation frequencies
	Blade tip clearance
	Center of rotation

	Adapting mooring to new depth
	Deciding on a layout
	Calculations of new mooring line dimensions
	Static layout
	Touchdown point

	Finding new tower modes
	BModes input data
	Post-processing of BModes output data

	New inputs

	Simulation results
	Platform equilibrium
	Decay tests
	Tower FA and SS frequencies through OpenFAST

	Stability at different environmental conditions
	Turbulent wind and waves


	Summary and conclusion
	Future work
	Appendices
	OpenFAST input
	OpenFAST output

