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is part of every stage of my life. Abu Esther, I remember you every day.
And especially my parents, Marta and Iosu, and my brother, Jorge. You
have always been in the front lines. Thank you very much for your advice,
always thinking about what is best for me. How lucky I am to have such
strong pillars like you.

Maŕıa
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al equipo de Enerǵıas Renovables Offshore, por haber compartido vuestra
experiencia y conocimientos conmigo durante estos años, que ha sido funda-
mentales para llevar a cabo este trabajo. Concretamente, quiero agradecer
a Vincenzo Nava por haberme ayudado siempre que he acudido a ti tanto
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cŕıtico y la exigencia de los resultados han sido de gran lección y una met-
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Abstract

Global efforts to combat climate change involve increasing renewable
energy use, with a focus on wind energy. While onshore wind is reaching
its limits, offshore wind, and particularly Floating Offshore Wind (FOW),
is gaining huge interest. Moreover, FOW gives access to deeper waters,
unlocking 80% of marine wind resources, leading to install larger and more
powerful wind turbines. Among the floating substructures used to support
the wind turbines, semi-submersible configuration offers several advantages,
including access to various water depths, easy onshore turbine assembly and
tow-out, and simple installation. While it is still an emerging technology,
there is growing interest regarding this platform type, and a large variety
of platform concepts are currently in design stage, driving the need for op-
timisation.

The behaviour of Floating Offshore Wind Turbines (FOWT) is influ-
enced by structural dynamics, aerodynamic, hydrodynamic, and mooring
dynamics, with control systems managing their interactions. Modelling
these complex coupling effects is challenging, so fully-coupled time-domain
numerical tools are commonly utilised to address both linear and non-linear
loads. However, due to the high computational effort required for these type
of analyses, in the preliminary design stages frequency domain based tools
are often employed.

In this Thesis, an efficient frequency domain numerical tool for the
preliminary design of the floating offshore wind substructures has been de-
veloped, investigated and validated against a time domain state-of-the-art
method. Since it is focused on the design of the floating substructures, and
particularly applied to semi-submersible platforms, the acceleration of the
design process is sought. The large number of platform assessment requires
high computational cost, and therefore, a novel method to obtain the hy-
drodynamic coefficients is here presented. This method has demonstrated
to estimate the hydrodynamic coefficients with reasonable accuracy and, as
the main advantage, it performs the calculation at least five times faster
than the conventional methods.

Additionally, another novel method has been developed, that predicts
the second-order hydrodynamic loads at linear cost, in computational terms.
These loads are not commonly considered in the initial stages of design,
however, it is known they are significant for the mooring design, espe-
cially when catenary mooring systems are used. This method has shown
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to provide accurate results, despite the simplifications that have been ad-
opted. Similarly to the first method, the main advantage this one presents
is the important reduction of the computational cost achieved, making it
suitable for the preliminary design stage of FOW substructures. Both de-
veloped methods have been validated against radiation-diffraction analysis
and have been integrated into the frequency domain simplified response
model. The proposed tool has shown to provide similar results regarding
the dynamic behaviour of FOWT structures and enables to identify the
most suitable platform designs to be assessed in a more advance phase of
design, narrowing down the number of potential platform solutions.

Moreover, the notable efficiency of the proposed tool makes it suitable
for sensitivity analyses, in order to have a better understanding of the
FOWT dynamic behaviour and quantify the influence of the different para-
meters on the platform design. For instance, in this Thesis, two sensitivity
studies have been carried out. On one hand, how the platform dimensions
change when a larger wind turbine aims to be installed has been discussed,
resulting that the diameter of the columns is the design parameter that
most changes. And, on the other hand, how the mooring system affects to
the platform design, as well as the importance of including the second-order
loads is highlighted.
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Resumen

Los esfuerzos globales para combatir el cambio climático implican un
aumento en el uso de enerǵıa renovable, estando la enerǵıa eólica entre
las más prometedoras. Mientras que la enerǵıa eólica en tierra está alcan-
zando sus ĺımites, la enerǵıa eólica marina, y en particular la enerǵıa eólica
flotante, está generando un gran interés. Además, esta última proporciona
acceso a aguas más profundas, desbloqueando el 80% del recurso eólico
marino, lo que permite la instalación de aerogeneradores más grandes y de
mayor potencia. Entre las subestructuras flotantes utilizadas para soportar
las turbinas, las plataformas semi-sumergibles ofrecen varias ventajas como
el acceso a emplazamientos con diferentes profundidades de agua, sencilla
instalación en tierra y posible remolque desde el puerto. Aunque aún es
una tecnoloǵıa emergente, existe un creciente interés por esta configuración
de plataforma, y actualmente se encuentran en fase de diseño una amplia
variedad de conceptos de plataformas semi-submergibles, lo que impulsa la
necesidad de su optimización.

El comportamiento de este tipo de estructuras está influenciada por la
dinámica estructural, la aerodinámica, la hidrodinámica y la dinámica del
sistema de fondeo, junto con los sistemas de control que gestionan sus in-
teracciones. Se trata de un sistema complejo con importantes efectos de
acoplamiento, cuya modelización supone un gran desaf́ıo. Es por ello que
son las herramientas basadas en el dominio del tiempo que permiten anal-
izar sistemas acoplados las que se utilizan comúnmente. Sin embargo, su
análisis requeire un al alto esfuerzo computacional que para las fases ini-
ciales de diseño son inasumibles. Por tanto, durante el diseño preliminar
se emplean herramientas basadas en el dominio de la frecuencia, dada su
mayor eficiencia.

En esta tesis, se ha desarrollado, investigado y validado una herrami-
enta basada en el dominio de la frecuencia para el diseño preliminar de
subestructuras de eólica marina flotante, cuya ventaja principal reside en
su bajo coste computacional. Se centra en el diseño de las subestructuras
flotantes, y en particular en las plataformas semisumergibles, y se busca
acelerar el proceso de diseño reduciendo significativamente el número de
diseños válidos desde la fase inicial. La gran cantidad de plataformas a
evaluar durante la fase inicial de diseño implica un alto coste computa-
cional, por esta razón se ha desarrollado un método eficiente de cálculo de
la respuesta de las plataformas que incluye diferentes herramientas. Por un
lado un método novedoso para obtener los coeficientes hidrodinámicos de
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cada uno de los flotadores. Este método ha demostrado estimar los coefi-
cientes hidrodinámicos con una precisión adecuada para esta fase de diseño
preliminar y, como principal ventaja, realiza el cálculo al menos cinco veces
más rápido que los métodos convencionales.

Por otro lado, se ha desarrollado otro método pionero que predice las
cargas hidrodinámicas de segundo orden de manera mucho más rápida que
los métodos del estado del arte. Estas fuerzas no lineales no suelen consid-
erarse en las etapas iniciales de diseño por el alto coste computacional que
requiere su análisis; sin embargo, es sabido que son de gran importancia
para el diseño del fondeo, especialmente cuando se utilizan sistemas de am-
arre de tipo catenaria. Este método ha demostrado proporcionar resultados
razonablemente precisos, a pesar de las simplificaciones adoptadas, con la
principal ventaja de haber logrado una reducción del coste computacional
significativa. De esta manera, este método acelerado ha demostrado ser una
buena alternativa para implementar el cálculo de fuerzas hidrodinámicas de
segundo orden durante el diseño preliminar de subestructuras flotantes de
eólica marina. Ambos métodos han sido validados mediante análisis de
radiación-difracción con herramientas comerciales y se han integrado en el
modelo simplificado de respuesta basado en el dominio de la frecuencia. La
herramienta propuesta ha demostrado proporcionar resultados similares en
cuanto al comportamiento dinámico de las estructuras de FOWT y permite
identificar los diseños de plataforma más adecuados que deben evaluarse en
una fase más avanzada del diseño, reduciendo aśı la cantidad de soluciones
potenciales de plataforma.

Además, la notable eficiencia de la herramienta propuesta la convierte
en idónea para realizar análisis de sensibilidad, con el fin de tener una
mejor comprensión del comportamiento dinámico de los aerogeneradores
flotantes y cuantificar la influencia de diferentes parámetros en el diseño
de las subsestructuras que soportan las turbinas. Por ejemplo, en este
trabajo se han llevado a cabo dos estudios de sensibilidad. Por un lado,
se ha discutido cómo cambian las dimensiones de la plataforma cuando se
pretende instalar un aerogenerador más grande, resultando ser el diámetro
de las columnas el parámetro más influyente. Y, por otro lado, cómo afecta
el sistema de fondeo al diseño de la plataforma, aśı como la importancia
de las fuerzas hidrodinámicas de segundo orden desde las fases iniciales de
diseño.
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Chapter 1

Introduction

In this chapter, the introduction to the content presented in this document
is provided. First, in section 1.1, the motivation behind this study is ex-
plained, offering a brief description of the current status of floating offshore
wind worldwide and highlighting the future perspectives. Following that, in
section 1.2, the main existing challenges related to the design and modelling
of floating offshore wind systems are exposed, along with an exploration of
how this work addresses these challenges. The primary objectives, as well
as the scope and limitations of the proposed methods, are detailed in sec-
tion 1.3. Finally, in section 1.4, the description of the document’s structure
is given.

1.1 Motivation

Since the last years, there is a worldwide commitment to climate change
mitigation through the reduction of the greenhouse gas emissions. This
can be achieved by means of increasing the deployment of renewable en-
ergy technologies [8]. Among the renewable energy sources, wind energy has
achieved a matured stage using the three blade Horizontal Axis Wind Tur-
bine (HAWT). Onshore sites with good wind resource are now approaching
their limits and offshore wind increases the potential of the wind energy
generation [8, 9]. To date, bottom-fixed foundations have been used for the
installation of offshore wind turbines and they are generally the cheapest
way to build offshore wind farms. Per contra, this technology is limited
to shallow waters (< 60 m) due to economical aspects. Previous research
[8] show that moving towards deeper waters gives access to the 80% of the
marine wind resource, thus, Floating Offshore Wind (FOW) is attracting
increasing interest among stakeholders due to its numerous advantages in-
cluding access to sites with higher capacity factors and the potential to
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install larger turbines, resulting in an increased nominal power generation.

When it comes to floating platforms, they can be classified into four
types, based on their stability mechanism: the spar-buoy, which is ballast
stabilised; the semi-submersible and the barge, which are buoyancy stabil-
ised; and the Tension Leg Platform (TLP), which is mooring stabilised.

It is expected floating technology to be more cost effective than bottom-
fixed in the near future. Currently, there are four floating offshore wind
farms operating in Europe: Kincardine, Hywind Scotland, WindFloat At-
lantic and Hywind Tampen. All of them are proving the feasibility of the
floating technology, able to perform as well as bottom-fixed solutions or
even better [10]. There is an important issue with FOW and it is the high
cost of the foundation due to the immaturity of technology. It is one of
the main drivers of the total cost, after those related to the operation and
maintenance, and the most expensive structural component [11]. Therefore,
technology optimisation, standardisation, and scaling of the foundations
would have a direct impact on the total cost of FOW [10].

Among the mentioned types of floating substructures, semi-submersible
configuration have attracted great interest among designers [12, 7]. Today
there are many different solutions for semi-submersible platforms and still
it is not clear which of them will predominate in the market. In fact, this
large potential in the market can become a threat due to the high degree of
competition among designs. Since this is an emerging technology, so far the
knowledge from bottom-fixed offshore structures has enabled the develop-
ment of a great variety of floating platforms [13]. Furthermore, the current
design process requires long term simulations and the cost prediction brings
a lot of uncertainty, since there is no experience yet. Therefore, there is a
lack of efficient and versatile design tools specific for FOW substructures
that enable a quick optimisation process, especially for the initial stages of
design.

In addition, wind turbine size is increasing with accelerated pace and
consequently, larger structures need to be designed. For this reason, ana-
lysing the influence of the design parameters through sensitivity analyses
holds great significance. This knowledge empower designers to make in-
formed decisions and fine-tune the designs accordingly, ensuring optimal
performance and stability.

1.2 Challenges for the Design and Analysis of Floating
Offshore Wind Substructures

The floating substructure is one of the main drivers of the total cost of a
floating wind farm. These costs include the material and design, construc-
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tion, installation, operation and maintenance, and decommissioning. The
main objective when designing a floating platform is to generate electricity
at the lowest cost, provided that optimal performance and stability are en-
sured. Material and construction costs related to the platform are around
17% of the total cost [11], being the component with the highest contri-
bution. These costs depend on the substructure design and, therefore, by
means of its quick optimisation from the early design stage, a reduction of
the total costs can be achieved.

Floating offshore wind turbines (FOWT) are composed of four main
subsystems: the wind turbine, the tower, the floating platform and the
mooring system, which is anchored to the seabed. They are complex sys-
tems since they are subjected to many load interactions, such as wind,
wave, current, or ice, and their design involve a large number of variables.
In order to assess the dynamic behaviour of these structures, tools cap-
able of modelling the coupled hydro-aero-servo-elastic effects on the whole
system are required. In the preliminary design stages, usually simplified
models based on the frequency domain are used, because of its high com-
putational efficiency. These reduced models consider just a few Degrees
of Freedom (DoF) that represent the main motions of the structure. In
the more advanced stages of design, time domain fully coupled aero-servo-
hydro-elastic models are analysed with a large number of DoFs. In order
to account for the non-linear effects, time domain based numerical analyses
are performed, although they are very time consuming. Among design-
ers, the most commonly used time domain numerical tools are FAST [14]
developed by NREL, HAWC2 [15] by DTU, and BLADED [16] by DNV.

In literature, several frequency domain based simplified models can be
found. Generally, the wind turbine is represented by a lumped mass, the
tower is the only flexible member, the platform is considered a rigid body
and the mooring system is represented by a stiffness matrix. The non-
linearities inherent in the wind turbine control system, makes the frequency
domain analysis more complex, and thus, the aerodynamic loads are usually
cascaded to the simplified model from advanced models. Similar proced-
ure is followed for the calculation of the hydrodynamic loads, which are
commonly obtained though radiation-diffraction analysis. When looking
for the optimum semi-submersible platform design, tens of platform solu-
tions are assessed where a wide range of values for the design parameters
are combined, such as columns diameter, separation between the columns
or platform draft. This requires to perform a hydrodynamic analysis for
each of the platforms of the design space. As in every floating body, the
dynamics will be affected by the radiation-diffraction loads, which are usu-
ally computed in commercial software, such as AQWA or WAMIT, that are
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based on the potential flow theory. From these type of analysis, the first-
and second-order hydrodynamic loads can be obtained.

On one hand, first-order hydrodynamic loads are obtained by means of
the linear hydrodynamic coefficients, which are the added mass, radiation
damping and wave excitation coefficients. These are usually considered in
the preliminary design stages of offshore wind substructures. Sometimes,
they are simplified into constant coefficients, but it is not very recommended
when analysing large and complex structures. The radiation-diffraction
analysis adopted in panel code software is often used since it provides a
reasonable accuracy, although, as before mentioned, it can become a long
process if many platform solutions are aimed to be assessed.

On the other hand, second-order hydrodynamic loads play a crucial role
in catenary moored structures because they are highly sensitive to low-
frequency stimulation. Yet, computing these loads involves a significant
computational workload, requiring two time-intensive steps. Initially, ob-
taining the Quadratic Transfer Functions (QTFs) from radiation-diffraction
analysis increases the time needed for this analysis compared to calculating
linear loads. Subsequently, a double summation is necessary to compute
the loads for a specific wave spectrum, particularly time consuming when
employing long time series. Consequently, during the preliminary design
stages of floating platforms, these loads are often disregarded. Nonetheless,
integrating them into the design process from the outset would result in
more precise platform designs and facilitate the adoption of a more appro-
priate mooring design, mitigating structural resonance.

FOW technology is continually advancing, and while onshore wind tech-
nology is well-established, there remains considerable ground to cover in
understanding the dynamic behaviour, modelling, and design of floating
systems. It is pivotal to develop efficient tools that can parameterise the
structure, swiftly conduct sensitivity analysis, and enhance comprehension
of the impact of various parameters on the dynamic behaviour of FOWT
substructures. This approach empowers designers to refine their platforms
effectively while significantly reducing the time invested in the process.

This Thesis addresses the design and analysis of semi-submersible plat-
forms in order to accelerate the substructure preliminary design phase and
provide a better understanding of the dynamic behaviour of the system and
the effects of the design parameters, which would enable the definition of
certain design guidelines, such as scaling laws with wind turbine power or
design driving load cases identification. By addressing these challenges, it
is aimed to propel floating offshore wind technology towards a more com-
petitive and sustainable future in the renewable energy sector.
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1.3 Aim, Scope and Limitations

In this Thesis, it is sought to address the challenges regarding the prelim-
inary design phase of the floating offshore wind platforms described above.
For that purpose, and in view of the related work found in literature, a novel
design tool was developed, including two standalone modules for the hydro-
dynamic analysis of FOW floating platforms, as main contribution in this
research field. These developed methods are the alternative to the com-
monly used radiation-diffraction analyses and significantly accelerate the
floating platform design process. Furthermore, as before mentioned, in the
initial stages of the platform design, a large number of potential solutions
are assessed, where a wide range of platform dimensions are considered.

Figure 1.1: Overview of the proposed FD Tool. Dashed lines indicate the novel
modules developed in this Thesis.

The main objective of the proposed tool is to narrow down the number of
suitable solutions that meet the design requirements in the floater prelimin-
ary design stage. For that purpose, the developed methods were integrated
into a simplified frequency domain response model, as shown in fig. 1.1.
The aerodynamic loads were cascaded from the advanced state-of-the-art
tool, OpenFAST. The turbulent wind time series were generated in Turb-
Sim [17], also developed by NREL. This tool is denoted FD Tool and in this
Thesis is shown that it significantly accelerates the overall FOWT design
process, allowing to assess a larger number of designs from the beginning
and, thus, accelerating the possibility of finding the optimal design and,
consequently, achieving the final goal which is the reduction of the costs
associated to the substructure. Moreover, this tool has the advantage that
it can be further integrated with automatic optimisation algorithms, or be
used to perform sensitivity analyses in order to gain a better understanding
of FOWT dynamic behaviour, taking advantage of its high efficiency. Re-
garding this point, several sensitivity analyses were performed, such as how
the scaling-up of the wind turbines influences on the platform design, the
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effects of the mooring design on the definition of the platform concept, or
the importance of the second-order loads during the initial phase of design.

Due to the increasing interest of the designers, this Thesis is focused
on the semi-submersible platforms, consisting of a pontoon and vertical
columns. However, it can readily be adapted to other types of floating
structures, such as spars or TLPs, albeit with some necessary adjustments
in the formulation. The core theoretical principles would remain consistent.
Regarding the structural model, the present tool has been validated for
the application on two-plane symmetric semi-submersible platforms, and
consequently, only the surge, heave and pitch motions were evaluated. In
case of asymmetric platforms, these aspects would need to be incorporated.
It is worth noting that the scope of this study solely encompasses wind
and wave excitation when they are aligned. Moreover, current, ice or wind
gust loads are not here considered, since these type of excitation are usually
accounted in more advanced stages of design rather than for the preliminary
phases.

It should also be kept in mind that the proposed methods for the first-
and second-order hydrodynamic analyses suffer several simplifications in
order to achieve the computational cost reduction. For instance, since semi-
submersible platforms are large and complex structures, they are split into
simple members. Then, the hydrodynamic radiation and diffraction loads
are estimated for each of the members, and superposition is further ap-
plied. The fact of neglecting cross-interaction is an assumption that will
derive into inaccuracies, especially when the platform members are relat-
ively closed from each other.

Moreover, regarding the second-order hydrodynamic load calculation
method, it is based on the Morison and Rainey force model, which is based
on slender body theory. A semi-submersible platform is not slender, and
for that reason it is split into columns and pontoon bodies. However, some
of the simple members are not even slender, which also leads to certain
inaccuracies.

In this work, only a linear drag force is considered through the viscous
damping, but it was neglected for the second-order hydrodynamic loads.
Despite, it could be introduced through the Morison drag force equation.
The maximum values for the platform response motions estimated from this
frequency domain tool were adjusted by means of three hours time domain
simulations using three seeds and three different platform designs support-
ing the DTU 10 MW WT. Therefore, the estimation of the maximum value
as a function of the mean and standard deviation applied for a different
wind turbine might suffer slight variations.
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1.4 Thesis Organisation

In this section, the structure of the Thesis is outlined. In chapter 2, an
examination and presentation of the current state-of-the-art in various as-
pects related to the research work are provided. Moving on to chapter 3,
the Thesis delves into the description of FOWT, offering insights into the
design of each primary component and detailing the proposed frequency
domain response model, FD Tool.

Following this, chapter 4 and chapter 5 introduce the novel hydro-
dynamic methods used for estimating hydrodynamic coefficients, and cal-
culating the second-order hydrodynamic loads, respectively. Each method’s
formulation is elucidated, along with an explanation of the validation res-
ults. Additionally, a discussion on the reduction of computational costs
achieved through these methods is included.

Subsequently, chapter 6 focuses on the validation of the new FD Tool
and overall platform design methodology, and conducts a comparative ana-
lysis of FOWT responses under various Design Load Cases (DLC). Once the
proposed tool has been successfully validated, chapter 7 presents the sens-
itivity studies conducted using this tool, such as the influence of the wind
turbine scaling up on the platform design, and the effect of the mooring
system on the floater definition.

Finally, chapter 8 concludes by summarising the key findings of this
Thesis and mentioning avenues for future research.
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Chapter 2

State of the Art

In this chapter, the state of the art of the floating offshore wind substruc-
tures is given. First, the different types of floating platforms used to sup-
port Floating Offshore Wind Turbines (FOWT) are described, mentioning
their advantages and disadvantages, in section 2.1. Since this Thesis is fo-
cused mainly on the design of the semi-submersible configuration, although
it can be extender or adapted to other types, a more detailed section re-
garding this topic is found in section 2.2. Here, the current existing semi-
submersible platforms are compared. Also, the case study used in this
Thesis, the Nautilus platform, is described and all the necessary data for
the development of this work is given. Moreover, a brief literature review
of the platform scaling procedures in order to support larger wind turbines
is given. In section 2.3, the FOWT components are described and the dif-
ferent ways they can be modelled are exposed, based on other researchers.
There is a special section dedicated to the existing hydrodynamic model-
ling and analysis methods in section 3.3.3, as is the main contribution of
this Thesis. Here, the literature gaps found are highlighted and an brief
summary of what this work presents is given.

2.1 Floating Offshore Wind Substructures

Floating Offshore Wind (FOW) has increased the interest of designers since
it offers several advantages with respect to the bottom-fixed technology,
such as the access to deep water areas, which covers almost the 80% of the
ocean surface. Floating platforms can be classified into three main types,
based on their primary stabilising mechanism [11, 7]:

• Spar type - Ballast stabilised: they are large draft cylindrical
structures that have a ballast at the bottom in order to locate the
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Centre of Gravity (CoG) below the Centre of Buoyancy (CoB). These
structures have a large inertial resistance to pitch and roll and due to
the small water plane area makes it highly resistant to wave and wind
loads. The large draft limits site location with water depths above
100 m.

• Semi-submersible - Buoyancy stabilised: structures with a large
waterplane area in order to achieve a stabilising restoring moment
in case of rotational displacement. They are commonly composed
of buoyant columns connected to other elements, such as pontoons.
These are large and weighted platforms with smaller draft than the
spar configuration, making it suitable for water depths above 40 m.
The barge type are similar to the semi-submersible platforms, with
the difference that they have a unique hull, usually with a moonpoon
in between to increase the stability in hard sea states.

• Tension Leg Platform (TLP) - Mooring stabilised: the plat-
form is moored to the seabed using tendons that are constantly under
tension, thus they are more expensive than other floating technolo-
gies.

Figure 2.1: Types of floating platforms (source: NREL).

In fig. 2.1 the different platform configurations are shown. The semi-
submersible, barge and spar types usually are catenary-moored systems.
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The natural frequencies for these structures are below the wave frequency
range, although they can be excited resonance by the slow-drift wave excit-
ation. The TLPs, however, have natural frequencies above the first order
wave load frequencies. In table 2.1 the usual natural frequencies for each
type of floater are given.

DoF Spar Semi-submersible TLP

Surge 0.02 0.02 0.04
Heave 0.07 0.07 0.44
Pitch 0.05 0.05 0.43

Table 2.1: Representative natural frequencies (Hz) of the three main floating
substructure concepts [7].

When designing any type of foundation, it is important to place the
natural frequencies far enough from the wave excitation frequency and the
wind turbine’s rotational frequencies. It is common to classify the structure
as soft or stiff, based on the rotor frequency, f1p, and the blade passing
frequency, f3p. In fig. 2.2 the traditional frequency diagram for a FOWT is
given. While the floating substructures are usually described as soft-soft,
the tower bending frequency is designed as soft-stiff.

Figure 2.2: Typical frequency diagram for a floating offshore wind turbine.

Each of the floating platforms have their advantages and disadvantages,
thus, depending on the site, including factors such as the type of seabed, the
water depth, the distance to shore or the metocean conditions, a platform
configuration that is most suitable would be determined accordingly. The
spar is very easy to manufacture and provides low operational risk. How-
ever, they are limited to very deep waters and high fatigue loads occur in
the tower base. In addition, there is currently no global market for the spar
type, despite having a high Technology Readiness Level (TRL). Contrary
to the spar, there’s significant market competition observed with the semi-
submersible floater. Designers have shown considerable interest in this type
due to its potential for cost reduction through mass production, independ-
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ence regarding depth, and easy installation, thereby achieving high TRL
levels. However, since they are large and complex substructures, they suffer
large motions and are very sensitive to wave loads, resulting in important
effects on the turbine. As for the TLPs, it is an interesting option for their
high stability and suitability under high sea state conditions, but with the
drawback of being a highly stressed structure which requires a complex
and risky installation. For this reason, the TRL is still very low and no
global market has been developed. According to a review in [7], a set of
criteria was established considering the Levelised Cost of Energy (LCOE),
durability, performance, flexibility and other considerations, and a set of
ten floaters were assessed. Among them, the semi-submersible with active
ballast system resulted in third place, after two spar types. Furthermore,
the former platform showed the highest confidence.

Semi-submersibles platform are the most expensive type of floating
foundation, being up to seven times the cost of a single TLP and twice
the cost of a spar, although it holds the lowest installation cost [18]. The
cost of the foundation is highly related to its size, therefore the optim-
isation of the floater would have a great impact on the foundation cost
and, therefore, on the LCOE. For that purpose, efficient computer software
tools developed specifically for the design of floating offshore wind support
structure are required.

In Europe currently there are six floating wind farms connected to the
grid with an overall power capacity of 115 MW. Hywind Scotland was the
world’s first floating offshore wind farm, located off-coast of Aberdeen where
the water depth is 108 m. Spar foundations support each of the five 6 MW
Vestas wind turbines. In the next years it is expected that semi-submersible
configuration will be the leading floating substructure, achieving a global
market share of almost 80 % according to [19] and almost 100 % according
to [1], as can be observed in fig. 2.3. In view of this forecast regarding float-
ing offshore wind substructures, the semi-submersible configuration shows
numerous advantages compared to the other floating platform technologies,
such as the access to sites of a wide range of water depths, onshore wind
turbine assembly and tow-out and easy installation [19, 11]. Moreover,
there is a huge potential to achieve an optimal design due to the large vari-
ety of platform concepts, using the platform members and dimensions as
design parameters. It is still an emerging technology, but designers have
shown great interest for this type of platform, therefore, there is a general
need for its optimisation. Furthermore, hybrid structures that merge the
semi-submersible low draft characteristic with favourable attributes of the
other configurations, as well as industrialisation, are two emerging topics
that will potentially reduce the FOWT costs [19].
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Figure 2.3: Forecasted installed power capacity in MW for 2030 and the types of
foundations [1].

2.2 Semi-submersible Platform Designs

2.2.1 Current Designs

Semi-submersible platforms are one of the most feasible floating substruc-
tures for offshore wind, and currently, more than thirty different concepts
are in design stage, and the question of which concept will emerge as the
market leader remains unanswered.

This type of floater sets its origins in the oil and gas industry, and it is
commonly composed of three or four columns that are connected to each
other by means of braces or a pontoon base. In fig. 2.4, some of the exist-
ing semi-submersible platforms are shown, and the wide variety of concepts
is notable. The use of a pontoon base is more suitable to reduce fatigue
loads, since these structures have static stability and the large water plane
area associated to these connections increases the hydrodynamic stabil-
ity, because of the high hydrostatic stiffness [20]. The advantages of the
semi-submersible floaters have already been discussed in section 2.1. Nev-
ertheless, their complex dynamic response due to the coupled interaction
effects of wind and wave loads, makes their design very challenging.

The first project aimed to assess the feasibility of the semi-submersible
floaters for offshore wind was Fukushima-FORWARD, supporting a 2 MW
wind turbine in Japan. Then, the WindFloat1 project emerged, a three
column configuration with a 2 MW commercial wind turbine mounted on
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(a) (b) (c)

(d) (e) (f)

Figure 2.4: Semi-submersible platforms: (a) OO-Star [2] (b) SPIC [3] (c)
Windfloat (edp.com) (d) DUT Semi [4]. (e) Nautilus (nautilusfs.com) (f)

HiveWind (hivewindenergy.com)

one of them in the Atlantic Ocean in 2011. It evolved to WindFloat Atlantic
project and now this semi-submersible concept has achieved the precom-
mercial phase with the deployment of three 8 MW wind turbines in Ferrol
(Spain) in 2019. Olav Olsen developed in 2011 the conceptual design OO-
Star Wind Floater Semi which also achieved a TRL 5 with its installation
and commission at MetCentre (Norway). Zhao et al. [4] proposed a novel
concept of semi-submersible platform to support the DTU 10 MW wind
turbine [21], DUT Semi. It consists of a steel substructure with three
columns connected by a tripod that supports the wind turbine and a ho-
rizontal pontoon, which reduces fatigue sensitivity, and welding process.
Their results show that the proposed design has a reasonably good stabil-
ity, particularly in the heave motion. Cao et al. [3] put forward SPIC,
a new semi-submersible platform to support the DTU 10 MW wind tur-
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bine, which is composed of three partially inclined side columns designed
for an intermediate water depth of 60 m. This concept demonstrated to
achieve great stability under design environmental conditions and proved to
have smaller responses under extreme conditions than the standard limited
values.

2.2.2 Nautilus Semi-Submersible Platform

Herein, the Nautilus semi-submersible platform is described since it has
been the reference configuration for the novel methods developed in this
Thesis for the the preliminary design.

The Nautilus platform was developed by Nautilus Floating Solutions [5],
which started as a spin-off company of TECNALIA, one of the reference
applied research centres in Europe. This platform is composed of four
columns symmetrically located on top of a squared ring pontoon base (see
fig. 2.5). The transition piece is connected to the platform through the
main deck, which is crossed-shape. The columns have a diameter of 10.5 m
with a separation between their axes of 54.75 m. The width of the pontoon
equals to the diameter of the columns and the height is 1.5 m. The main
deck is 3 m height and 10.5 m wide. The total height of the platform is 26
m and, fully charged with water ballast, it drafts 17 m.

Figure 2.5: Nautilus semi-submersible platform [5].

The structure is made of structural steel S-275 J2 and S-355. It employs
an active ballast system to counteract the overturning moment produced
by the wind action, which modifies the platform mass, CoG position and
mass moment of inertia according to the mean wind speed and direction
[2]. It has an overall mass of 7781 t including water ballast in the pontoon
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and inside the columns.

Platform Dimensions

Column diameter 10.50
Column height 26.00
Distance between columns 54.75
Pontoon width 10.50
Pontoon height 1.50
Deck height 3.00
Deck width 10.50
Platform draft 17.00

Table 2.2: Nautilus platform dimensions (m).

2.2.3 Up-scaling Platforms for Bigger Turbines

The stronger and steadier wind speeds, which typically feature offshore
sites, favours the installation of larger wind turbines. Currently, there is a
dominant trend to increase the power capacity generation in order to re-
duce project costs by means of increasing the size of the wind turbines. For
instance, the three leading wind turbine manufacturers (Siemens Gamesa,
Vestas and General Electric) are developing 15 MW wind turbines with the
intention to be available by 2024 [19]. The largest wind turbines are oper-
ating in Europe, the two 14 MW machines developed by Siemens Gamesa
and General Electric, respectively. The Chinese wind turbine manufacturer
Ming Yang recently presented a 22 MW wind turbine model, which is set
for development between 2024 and 2025. This turbine will have a 310 m
diameter rotor. In view of the anticipation of larger turbines in the coming
years, understanding the dynamics of floating wind turbines, and analysing
the influence of the platform design parameters holds great significance.

The scaling of wind turbines has reached a mature phase, having been
extensively researched in onshore technology. However, the scaling of float-
ing substructures to support these continually larger turbines remains un-
clear, and multiple approaches have been suggested: Sergiienko et al. [22]
investigated the deviation between the theoretical and real scaling of the
semi-submersible floating platforms and assessed the influence on the dy-
namic behaviour of the substructure. The relationship between both scaling
of the rotor and scaling of the platform is of great importance, and espe-
cially how this ratio affects the loads, mass and stability of the FOWT
system. The length scale of the wind turbine is defined by the rotor dia-
meter, whereas the length scale of the platform can be defined by the
column diameter, distance between the columns, draft, or any other plat-
form characteristic length. Islam et al. [23] presented the design of a
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semi-submersible floater aimed to support the DTU 10 MW WT based on
the WindFloat design developed for the NREL 5 MW WT. They used the
same geometrical scaling factor for both the up-scaling rotor and floater.
For the hydrodynamic loads and induced responses, the Froude scaling laws
were used. The scaled design was over estimated, showing a large displaced
mass and further detail stability calculation is recommended in order to get
a more adjusted design. Roddier et al. [24] up-scaled the WindFloat semi-
submersible platform from 7 MW WT to 10 MW using the Froude scaling
laws. Xu et al. [25] also analysed the dynamics of a scaled OC3-Hywind
Spar-type FOWT supporting the DTU 10 MW wind turbine, however, the
large and strong non-linear motions of the platform, as well as the coupling
effects between the mooring system and support structure need still thor-
ough research. In [2] the Nautilus platform was assessed and up-scaled from
the initial concept for 5 MW wind turbine to the DTU 10 MW reference
wind turbine. Zhao et al. [26] up-scaled a blaceless semi-submersible plat-
form from the NREL 5 MW wind turbine to the DTU 10 MW in moderate
water depths and compared the motion responses and structural dynamics,
which were both increased, and especially the former in a reasonable range,
proving the feasibility of the up-scaling process. Leimester et al. [27] de-
veloped a procedure for up-scaling the OC4-DeepCwind semi-submersible
platform which was originally design for the NREL 5 MW wind turbine and
was modified to support the IWT-7.5-164 WT. They also concluded that
the up-scaled systems resulted too conservative, requiring a more detailed
stability analysis afterwards. Furthermore, they recommended to use dif-
ferent scaling factors for each platform component in order to get a more
optimised procedure.

2.3 Modelling and Analysis of FOW Platforms

In this section, the modelling and analysis for the design of FOW platforms
is exposed. For that purpose, the main components of a FOWT are first
described in section 2.3.1 and the typical modelling approaches used for
each of them are summarised in section 2.3.2. In particular, the challenges
in the hydrodynamic analysis methods will be highlighted since it is where
the main research contribution of this Thesis is focused on, and it will
serve as an introduction for the next section section 3.3.3, which describe
the new tools developed. In addition, the most popular aero-hydro-servo-
elastic models used for the design and analysis of FOWT are described,
specifically for the initial phases of design.
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2.3.1 FOWT Components and Environmental Conditions

The complete system of a FOWT is composed mainly of four components:
the wind turbine, the tower, the platform and the mooring system, as shown
in fig. 2.6. The global reference system is usually located at the Point of
Flotation (PoF), which has the origin at the Mean Sea Level (MSL), the
x-axis is aligned with the wave propagation in the zero direction, the z-axis
is pointing upwards and the y-axis direction results from the right-hand
thumb rule.

The rigid body motions of a FOWT are surge, sway and heave for the
traslational motions in the x, y, and z directions, respectively. And the
rotational motions around those axes are defined as the roll, pitch and yaw,
respectively.

(a) (b)

Figure 2.6: FOWT system main components and rigid motions in 6 DoFs.

FOWTs are deployed offshore, thus they are exposed to hard environ-
mental conditions mainly due to wind and marine loads. The wind acts
mainly on the Rotor and Nacelle Assembly (RNA), being the thrust aero-
dynamic force the responsible for the power generation, and also drag forces
on the tower take place. Regarding the marine loads, the wave loads are
the main action on the platform and on the mooring lines, although current
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and tides might have an important effect on the response.

2.3.2 Modelling Approaches for FOWT

The modelling and analysis of a FOWT will depend on the stage of design,
as well as the numerical tool to use, since the level of fidelity, accuracy and
computational efficiency varies along the whole design process. During the
initial phases of design, where a wide design space is explored, simplified
frequency domain based models are frequently used. However, once the
preliminary design is defined, time domain coupled numerical tools are used
in order to assess the performance under a wide range of environmental
conditions.

During the preliminary design phase, simplified frequency domain based
response models are usually used, due to the high computational efficiency.
These models only consider a few DoFs, that represent the main motions
of the structure and are set up with cascading techniques, which consist
in pre-computing some information in the advanced models to improve
the accuracy of the simplified models. Then, in more advanced stages
of design, fully coupled aero-servo-hydro-elastic models are used. These
models represent a large number of DoFs and, in order to account for
the non-linear effects and transitory periods, time domain based numerical
analysis are performed. These advanced models offer a very high level of
accuracy, at the expense of high computational cost.

The dynamics of a FOWT are affected mainly by the structural dy-
namics, the aerodynamics, the hydrodynamics, and the mooring dynamics,
and the coupled effect will be considered by the control. The coupling ef-
fects between these dynamics are complex to model, so, in order to account
for both linear and non-linear loads, fully coupled time domain based nu-
merical tools are commonly used. Each of these effects can be modelled
with a different level of fidelity, therefore, in the following subsections, the
literature review regarding the different modelling options is detailed. Fur-
thermore, the most popular fully coupled aero-servo-hydro-elastic models
are described.

Structural Dynamics

Structural dynamics can be assessed through low, mid or high-fidelity mod-
els, depending on the number of degrees of freedom considered, as well as on
the consideration of the structure motions and deformations. The simplest
representation is considering the FOWT as a rigid body six DoFs: surge,
sway and heave translational motions, and roll, pitch and yaw rotational
motions. This approach can be suitable for stability analyses during the
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early design stage, but not appropriate for representing deformations or
non-linear behaviours. Borg et al. presented a method that included the
flexibility of a spar foundation in the aero-hydro-servo-elastic simulations
adopted in HAWC2 and resulted that the substructure bending mode did
not have a significant effect on the motion of the global structure but relev-
ant sectional loads within the platform could depend on the bending motion
[28]. It is also quite common to combine system elements with rigid body
properties and other with flexible properties. For instance, the platform is
commonly modelled as a rigid body, whereas the tower is considered flex-
ible. Pegalajar-Jurado et al. developed the QuLAF (Quick Load Analysis
of Floating Wind Turbines) model [29] where they considered the platform
as a rigid body, the RNA is represented by a lumped mass and the tower
is the only flexible member. Also, Backinsky used a simplified model for a
TLP assuming the platform hull as a rigid body and considering the flexib-
ility of the blades, tower and platform tendons [30]. In these cases, modal
analysis is performed in order to obtain the mode shapes of certain flex-
ible DoFs, such as the modal deflection of the tower or blades. For that
purpose, Finite Element Method (FEM) models are usually used, where
the eigenvalue problem is solved, such as ANSYS, ADAMS or BModes, the
standalone tool developed by NREL [31]. Furthermore, sometimes relevant
non-linear dynamic properties are considered and included in linear models,
instead of quasi-static analysis since they trend to under predict restoring
forces, although they are computationally more efficient.

In the initial design phases, also reduced DoFs models are used, where
only the DoFs of interest are considered. The frequency domain based
model QuLAF [29] uses four DoFs, the surge, heave and pitch platform
motions and the tower deflection due to the first tower fore-aft bending
mode, since it is considered a 2D model. Karimi et al. [32], which also de-
veloped a fully coupled frequency domain simplified model, however, does
not account for the flexibility of the tower and blades for simplicity, and
considered the FOWT as a rigid body of six DoFs. Reduced models have
also used for time domain simulations, Sandner et al. [33] used a simplified
model of the OC3-Hywind FOWT, representing the structure with four
rigid bodies, the wind turbine, tower, platform and station keeping sys-
tem, and nine DoFs, which demonstrated to reproduce reliably the overall
behaviour of the system.

After a wide overview of the existing frequency domain based structural
models in literature, the QuLAF, developed by Pegalajar et al. [29], was
chosen as reference for the development of the tool presented in this Thesis.
The reason for this, was that it is a very simple model, easy to reproduce
and the results obtained agreed very well with the time domain simulations
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adopted in OpenFAST, the NREL reference tool [14].

Aerodynamics

The aerodynamic analysis is a critical aspect on the design of FOWT. The
complex interactions between the turbine blades and the offshore environ-
ment results in dynamic loads that can cause fatigue and structural damage.
For this reason, accurate modelling and analysis of these loads are essen-
tial for optimising power production and ensuring safety and reliability of
floating wind turbines. Advanced simulation tools and experimental test-
ing methods are used to model and analyse the effects of the aerodynamic
loads, but still are generally difficult to obtain with high accuracy. Simil-
arly to the structural dynamics, here also low to high-fidelity tools for the
aerodynamic assessment can be found in literature. The most widely-used
approach is the Blade Element Momentum (BEM) theory developed by
Glauert [34], based on the actuator disk theory and combines the Blade
Element Theory and the Momentum Theory to determine, through an it-
erative process, the aerodynamic forces and the induced velocities near the
rotor. In practice, wind turbine blades are split into a finite number of
elements along the span. Due to the rotational motion of the blades, each
element forms an annular region where conservation of angular momentum
takes place. Therefore, by means of the balance between the axial thrust
on the turbine and the change of momentum of the flow passing through
the swept annulus, and the balance between the turbine torque with the
change of angular momentum in the flow, the induction factors are determ-
ined [35]. The computational efficiency of the BEM method is achieved
through simplifications that also introduce some limitations. These include
static calculations for each iteration, no consideration of the aerodynamic
interaction between blade sections, assumes that forces on the blades are
determined uniquely by the lift and drag coefficients. Further, momentum
balance is assumed to occur only in the plane parallel to the rotor plane.
However, corrections such as tip loss and hub vortex models have been de-
veloped to address these limitations. Nevertheless, BEM theory is widely
used and considered reliable for the calculation of the induced velocity and
elemental aerodynamic loads on wind turbine blades.

Several tools use the BEM theory to perform the aerodynamic ana-
lysis. AeroDyn [36], developed by NREL, consists of a series of routines
that perform the aerodynamic calculations for aero-elastic simulations of
HAWT configurations. The lift, drag and pitching moment of the airfoil
sections along the wind turbine blades are calculated. Then, considering
the turbine geometry, operating conditions and blade-element velocity and
location, the inflow wind and the aero-elastic effects, it obtains the distrib-
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uted forces along the blades. The most important models used in AeroDyn
are the wake models, that calculate the effect of the wake on the turbine ro-
tor aerodynamics. In AeroDyn v14, two different options are available: the
widely-used approach BEM theory or the more recently developed Gener-
alised Dynamic Wake model. The latter is not included in the last versions
of AeroDyn [37].

High-fidelity aerodynamic methods are based on CFD or Potential Flow
(PF), which solve the Navier-Stokes equation numerically and thus, the ana-
lysis requires significant computational cost. Sanderse et al. [38] provided
a comprehensive review of the CFD methods used for wind turbines.

Hydrodynamics

Herein, just a brief summary of the current mid and high-fidelity methods
for the hydrodynamic analysis of the floating structures is given since a
more detailed literature review is given in section 3.3.3.

For a very initial stage of design, a stability analysis can be enough, con-
sidering just the hydrostatic loads. This is achieved through the Archimedes
Law [39]. In order to analyse the dynamic behaviour of the floating body,
the hydrodynamic loads are required. These loads are the dynamic forces
and moments and can be divided into radiation and diffraction loads and
both can be solved separately. The former correspond to the loads caused
by the fluid on an oscillating body in still water, and waves are radiated
from the body. The latter refers to the loads due to wave action on a fixed
body. Airy wave theory is widely used to describe the incident wave field
and the wave kinematics can be expressed by means of the wave potential.

The most widely used mid-fidelity methods used for the first and second
order hydrodynamic analysis are PF theory base tools and the Morison
Equation (ME), or a combination of both. On one hand, PF consist on
the calculation of the radiation-diffraction loads acting on the submerged
part of the floater. They are solved in the frequency domain and use panel
methods, where the number of panels is adjusted to achieve the desired ac-
curacy and computational efficiency. From this analysis, the hydrodynamic
coefficients are obtained, which correspond to the radiation damping and
added mass, and to the linear wave excitation coefficient. Since potential
flow is applied, mooring reactions, aerodynamic loads and viscous loads
are not included in this analysis [39]. The most widely used numerical
tools where radiation-diffraction analyses can be adopted are WAMIT [40],
ANSYS-AQWA [41] or NEMOH [42].

On the other hand, the ME is based on the slender body theory, thus it
is limited to slender cylindrical structures which fulfil D/Lw < 0.2, being
Lw the wave length. This force is decomposed into a drag force proportional
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to the velocity and a virtual mass force proportional to the acceleration [43],
as given in (2.1) for a differential section of the cylindrical structure.

dF =

(
ρw(Ca + 1)A(u̇f − u̇b) +

1

2
ρwCDD(uf − ub)|uf − ub|

)
dz (2.1)

where ρw is the water density, A is the cross-sectional area of the cyl-
inder, D is the diameter, ub is the cylinder horizontal velocity and uf the
fluid particle velocity. Ca and CD are the inertia and drag coefficients that
depend on the local flow conditions and mainly on the Keulegan Carpenter
Number, KC, which relates the structure diameter with the wave amplitude
and period, and on the Reynolds Number, Re. In [44] provide useful tables
to obtain these coefficients. In (2.1), the first term corresponds to the in-
ertia term, which includes the Froude-Krylov force and the added mass
term. The former, is related to the pressure in the undisturbed wave field;
and the latter, represents the force required to accelerate the flow around
the cylinder. Th second term in (2.1) corresponds to the drag force that
includes the viscous effects. The Morison Equation can sometimes be sim-
plified to a single term, depending on the inertia or drag dominance. The
KC number is a useful indicator of the importance of drag versus inertia
forces. If KC < 3, the inertia force is dominant and the drag term can be
neglected. If 3 < KC < 15 the drag is dominant and it can be linearised
[39]. However, there are other situations of KC where none of the terms
can be neglected. For semi-submersible structures usually inertia forces
dominate over the drag forces, although it depend on each flow situation.
The main limitation of the Morison Equation application is that it can only
be accurately applied to slender bodies (D/Lw < 0.2). For D/Lw > 0.2
MacCamy and Fuchs solution can be used [45]. The radiation-diffraction
analysis, however, accounts for the whole D/Lw spectra. Furthermore, the
ME does not account for the alteration of the incident wave field by the
platform.

It is common to combine PF theory with the ME, when viscous ef-
fects that can not be neglected, by including a drag term. These methods
have shown to provide a good balance between accuracy and computational
effort.

Again, high-fidelity CFD tools can be used in order to assess a specific
non-linear problems, such a slamming or vortex shedding. Nevertheless,
CFD models are computationally very expensive, and therefore are nor
suitable for a general analysis of the floater, but more for specific parts.
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Mooring Dynamics

The station keeping system or mooring system is what pushes the structure
towards its equilibrium position through restoring forces when it is displaced
from it. There are different types of mooring systems, although the most
common for the semi-submersible platforms is based on catenary lines with
drag anchors. The mooring system adds mainly stiffness to the FOWT,
with a slight contribution of mass due to the lines weight. The stiffness of
the mooring lines is dependent of the catenary shape, and therefore, it is a
non-linear matrix. Mid-fidelity methods use quasi-static analysis (QS) due
to their computational efficiency, and they have shown to agree very well
with the true system dynamics for small displacements around the equilib-
rium position and small wave amplitudes. The QS analysis works better
for taut mooring systems since the restoring force is proportional to the
axial strain, however, it can also be applied to catenary moored configura-
tions assuming certain simplifications. Despite, this method is quite useful
for the preliminary design stage adopted in the frequency domain. When
the platform displacements and velocities become important, the dynamic
effects, such as inertia and hydrodynamic drag and added mass loads on
the lines, might be necessary in order to have an accurate prediction of the
structure behaviour. Furthermore, dynamic effects on the mooring lines
are of high importance for fatigue loads and ultimate loads assessment. In
that case, FEM models are commonly used, particularly, the mooring lines
are discretised into finite elements and the equations of the catenary are
solved using, for example, the equations given by Faltinsen [46] for each
floater position. Hall et al. [47] evaluated the importance of the mooring
system approaches and concluded that the QS methods provide reasonably
accurate response of the platform, but lead to important inaccuracies on
the FOWT structure dynamics under extreme load conditions. There are
currently several commercial and open tools that perform dynamic analysis
of the mooring systems, such as OrcaFlex or the standalone open source
codes from NREL, MoorDyn And MAAP+.

Aero-hydro-servo-elastic Tools

FOWT are complex systems where the above explained four main dynamics
interact together and coupled effects occur. Depending on the design phase,
mid-or high-fidelity methods are used, and a wide combination of fidelity
levels can be assessed together. During the initial design stage, it is com-
mon to use reduced structural FOWT models combined with cascading
techniques, where simplified models are fed with accurate data obtained
from high-fidelity methods. The main objective is to accurately capture

24



Chapter 2. State of the Art

the most important physical phenomena, while keeping the compromise
with a reasonable computational cost. Then, for more advanced design
phases, time domain simulations are commonly used. These techniques are
generally mid-fidelity software and the most popular among designers are
FAST, also OpenFAST, developed by NREL in the United States of Amer-
ica [14], which is an open source code composed of several modules able to
solve the coupled non-linear aero-hydro-servo-elastic and mooring analysis;
HAWC2 [15] developed by the Technical University of Denmark (DTU)
which is an aero-elastic model coupled with a hydrodynamic model in the
time domain; and, BLADED [16] that was developed by Det Norske Veritas
(DNV), which coupled with the hydrodynamic and mooring modules from
SIMA [48], analyse the global dynamics of the FOWT [49]. Both FAST and
BLADED use frequency domain tools to perform the hydrodynamic ana-
lysis, such as the PF solvers ANSYS-AQWA [41], WAMIT [40] or NEMOH
[42]. These commercial software tools are considered mid-fidelity solvers
and the time domain simulations enable to account for the non-linear ef-
fects, however, this leads to longer simulations and higher computational
effort. The level of accuracy of these type of solvers might not be necessary
for the initial stages of FOWT design, thus, the choice of the numerical tool
will depend on the trade-off between accuracy, fidelity and computational
cost. In table 2.3 a summary of the most used aero-hydro-servo-elastic tools
used in offshore wind are given.

Code Developer Structural Aero Hydro Moor

FAST /OpenFAST NREL Modal /FEM BEM PF/ME QS/Dyn
HAWC2 DTU Modal /FEM BEM PF/ME QS/Dyn
BLADED DNV-GL Modal /FEM BEM PF/ME QS/Dyn
SIMA SINTEF FEM BEM PF/ME QS/Dyn

Table 2.3: Aero-servo-hydro-elastic tools used in offshore wind.

During the preliminary stages of design, usually low-fidelity models are
used to examine operational and extreme conditions. In literature, sev-
eral numerical tools can be found for the initial stage of the FOWT design
[49]. For instance, Hegseth and Bachynski [50], Karimi et al. [51] and
Pegalajar-Jurado et al. [29] developed in-house frequency domain models
that are publicly available. Hegseth and Bachynski [50] developed an effi-
cient design method for the evaluation of two spar designs for floating wind
that was validated against results derived from time domain analysis. A
simplified model of three DoFs was used: the platform surge and pitch and
the first tower bending mode. The aerodynamic loads were obtained from
time domain simulations and the hydrodynamic loads, due to the simplicity
of the spar geometry, were approached using the MacCamy-Fuchs Theory
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[45]. The frequency domain model showed reasonable agreement with the
fully coupled non-linear time domain model for both fatigue and extreme
response. Karimi et al. [51] also developed a frequency domain model con-
sidering a flexible moored platform and rigid tower and blades, although the
model has the capability to include the structural DoFs. Again, the aero-
dynamic loads were obtained using the time domain numerical tool FAST
and this time WAMIT was used for the hydrodynamic characteristics of
the floater. This frequency domain model was used for evaluating the cost
of the different classes of floating platforms. Pegalajar-Jurado et al. [29]
developed a similar frequency domain model representing four DoFs: the
platform surge, heave and pitch motions and the first tower fore-aft bending
mode. The model was denoted QuLAF, which is been previously mentioned
in section 2.3.2, and it consists of a planar model that assumes aligned wind
and wave conditions. The aerodynamic loads were also obtained from time
domain simulations adopted in FAST and the hydrodynamic loads were
obtained from the frequency domain based PF solver, WAMIT. For the
validation of the model, the semi-submersible floating wind turbine used
in the LIFES50+ project [2] was used, supporting the DTU 10 MW WT,
and the structure motions were compared to those obtained with FAST.
The existing frequency domain numerical tools still need to cascade some
inputs from the validated state of the art numerical software: the aero-
dynamic loads from BEM based tools and the hydrodynamic loads from
the PF solvers. In the preliminary design stages, a wide design space of
platform concepts are analysed and, therefore, a large number of simula-
tions need to be performed. This process can be very time consuming and,
as an alternative to the high computational cost demanded by the time
domain analyses, usually frequency domain numerical approaches are used
to evaluate the FOW structures response. However, many inputs on the
frequency domain methods are obtained by means of other more advanced
tools which require high computational effort, and thus, make the whole
design process less efficient [29], [32], [52].

2.4 Hydrodynamic Analysis in the Early Design
of FOW Substructures

When designing a FOW platforms, a correct characterisation of platform
hydrodynamic properties is required. In the initial stages of design, gen-
erally only the first-order wave excitation loads are considered, in order
to save computational effort. However, it is known that the second-order
wave loads, specially low-drift forces, can be significant for catenary-moored
structures, such as semi-submersible platforms. In this section, a more de-
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tailed literature review is provided regarding the methods used for the first-
and second-order hydrodynamic loads calculation in the early design phase
of the FOW substructures.

2.4.1 First-Order Hydrodynamic Analysis

As in every floating body, hydrodynamics will be affected by the radiation
and diffraction loads. In the initial stages of design, usually only the first-
order loads are considered. These are also known as the hydrodynamic
coefficients, which are the added mass, radiation damping, and linear ex-
citation loads. They are frequency-dependent values, thus, the analysis of
the FOWT response in the frequency domain can be easily adopted. It
has already been mentioned in section 2.3.2 that the radiation-diffraction
loads are usually obtained through PF theory based tools such as AQWA,
WAMIT or NEMOH. In addition, the Morison Equation can be used for
slender structures, or combined with the latter in order to include viscous
effects. Regarding to chose which method to employ, designers constantly
look for the trade-off between accuracy and computational cost, striving to
develop effective and trustworthy tools that can be used during the pre-
liminary design stages. Optimisation routines are commonly implemented
to analyse the platform response so as to get the optimal design in terms
of cost. It is common practise to integrate panel codes to perform the
hydrodynamic analysis to obtain the dynamics of each platform solution.
Consequently, this process can result in lengthy simulation times, particu-
larly when looping a significant number of platform designs. Karimi et al.
[53] developed a multi-objective optimisation function using a frequency
domain dynamic model that was fed with the hydrodynamic data obtained
from WAMIT [40]. Also, Hall et al. [39] developed a basis function ap-
proach that represents the design space in terms of hydrodynamic perform-
ance instead of geometric details. However, this function demonstrated its
validity for similarly-shaped geometries only and it also required a previ-
ous processing of the coefficients in WAMIT. In order to address the high
computational cost of including the potential flow solver in the optimisa-
tion loop, Ferri et al. [54] evaluated off-line a grid of platforms varying the
column diameter, draft and radius of the platform to be interpolated on-
line, achieving an important computational cost reduction, although still
784 platforms were evaluated in AQWA [41] for the accurate definition of
the fitted multidimensional functions, which can take days of simulation.

In literature, efforts have been usually focused on efficiently calculating
hydrodynamic forces on isolated vertical cylinders, whereas comparatively
little research has been developed regarding neighbouring cylinders and
their impact on wave loading, which is important for offshore structures
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with multiple cylindrical supports. P. McIver and D.V. Evans [55] pub-
lished a large-spacing approximation for the estimation of wave forces on
a group of columns of fixed vertical cylinders, where the scatter diverging
waves are replaced by plane waves. Similarly and applied to both dif-
fraction and radiation loads, A. N. Williams et al. [56, 57] examined the
hydrodynamic interactions of an array of cylinders simulating a TLP using
equivalent plane waves and non-planar correction terms, allowing for the
determination of the hydrodynamic interactions using only the character-
istics of an isolated cylinder. These approaches still require solving the
velocity potential integrals, which have an expensive computational cost.

2.4.2 Second-Order Hydrodynamic Analysis

Second-order hydrodynamic loads on semi-submersible floaters are com-
monly obtained through radiation-diffraction analysis by means of panel
codes, but they require high computational effort for the calculation of the
full quadratic transfer functions (QTF). In addition, once the QTFs are
obtained, their application to obtain the load time series for a certain wave
spectrum requires the evaluation of a double sum at cost O(N2), with N
being the number of frequencies. This calculation can lead to a high com-
putational effort when long time series are assessed, which is acceptable
for a validation process and for the loads calculation of a known design,
but is not feasible for preliminary design optimisation. For this reason,
usually, second-order loads are not included in the numerical models used
in preliminary analysis. To simplify and accelerate the calculation of the
second-order hydrodynamic loads, several approximations have been de-
veloped. The majority of them consider simplifications of the full QTF
computation. The Newman approximation [58] is one of the most known,
used for modelling the slow drift problem of moored floating vessels. For
instance, Coulling et al. [59] obtained the second-order wave forces on a
semi-submersible through Newman approximation and observed very good
prediction of the response in surge. However, it is not always accurate,
compared to the full QTF approaches, especially in shallow waters. See for
example Duarte et al. [60]. Another approach is the white noise approxim-
ation proposed by Crandall and Mark [61], which has shown to agree very
well with the full QTF computation. The main condition to ensure its ac-
curacy is that the second-order motion spectrum must be narrow banded.
Through this methodology, the force spectrum must be computed just for
the pairs of frequencies whose difference is equal to the natural frequency
of the drift motion. These methods provide a substantial reduction of the
computational effort, although the QTFs still need to be obtained through
radiation-diffraction analysis which is usually time consuming. As an al-
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ternative and fast method, hydrodynamic loads have been commonly evalu-
ated through the Morison’s equation under the assumption of slender body
theory. To this end, a semi-submersible floater must be decomposed into
its individual members. Ishihara et al. [62] used an augmented Morison’s
equation to evaluate the dynamic response of a semi-submersible FOWT
and observed that Morison’s equation still needed further improvements.
Consequently, they determined correction factors for that specific floater
for the inertia and drag coefficients from force oscillation tests to account
for the interaction between members. This method, however, is not valid
for a generic floater since the correction factors were obtained for that spe-
cific floater geometry. H. Bredmose and Pegalajar-Jurado also developed a
fast method for calculating the second-order hydrodynamic loads on slender
bodies. This method was applied to a vertical cylinder [63, 64] , and the
second-order surge force and pitch moment were accurately predicted. The
method is based on the Morison and Rainey force model, and thus it is
limited to slender bodies. The main advantage of the method resides on
the reduction of computational cost in the second-order hydrodynamic load
calculation through the eigenvalue decomposition of the QTF, and further
modal truncation. Through this method, with only 8 modes the second-
order surge force was accurately obtained between 400-800 times faster than
the conventional methods. This method, referred to as accelerated method,
has been extended in this Thesis for the application on semi-submersible
platforms. For that purpose, new formulation was developed and it will be
detailed in chapter 5.

Second-Order Hydrodynamic Loads and Mooring Design

The action of the waves on a floating structure is non-linear and it can be
described based on a perturbation method considering effects in different
orders of magnitude with respect to the wave amplitude. This procedure
is valid as long as wave amplitude and structure motions are small enough.
The analysis of offshore systems response is normally performed consider-
ing only first- and second-order effects. Since the second-order forces are
significantly smaller than those related to first order, their effects are only
relevant when they are amplified by a resonant motion such as a floating
platform horizontal motion in surge, sway, and yaw degrees of freedom. For
a floating semi-submersible platform moored by catenary lines, the natural
period of platform horizontal motion is usually quite higher than those of
wave components with significant energy and, therefore, only the second-
order forces related to difference-frequency, or low-frequency components,
are relevant (’slow-drift’ forces). These forces are due to the interaction
between waves of different frequencies, and when the difference-frequency
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of a pair of sinusoidal wave components with significant energy is close to
a natural frequency of the moored platform motion (typically the above
mentioned horizontal motions), this platform motion is amplified and the
mooring system will receive higher forces, in addition to the zero-frequency
effects also induced by waves (’mean drift’ forces). This means that second-
order loads must be considered when designing a mooring system of the
floating platform, and the platform horizontal motion response is the res-
ult of these second-order wave loads and the mooring system stiffness in
these horizontal degrees of freedom [65]. Zhang et al. [66] examined the
effect of the second-order hydrodynamic loads on the response of three dif-
ferent semi-submersible platforms supporting the NREL 5 MW WT. They
confirmed that the second-order difference wave loads can excite the reson-
ance, especially in the platform pitch motion. Xu et al. [67] also studied
the effect of the low-drift forces on the response of semi-submersible plat-
form and concluded that they were one of the main focusing points in the
platform motion, together with the water depth. They found that the plat-
form motion response generally increased when the second-order difference-
frequency loads used full QTF methods. Furthermore, they found that
the wave frequency and low-frequency dynamic behaviour were not strong
compared to the mean static force due to wind and wave. Despite, the
second-order wave forces could induce resonant motions and increased the
response maximum values and standard deviations.
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Preliminary Design and
Modelling of FOWT

In the present chapter, the proposed frequency domain based method for
the preliminary design of Floating Offshore Wind (FOW) substructures
is described, which is denoted as FD Tool. First, the site assessment and
environmental conditions are detailed in section 3.1. Then, each of the com-
ponents of the Floating Offshore Wind Turbine (FOWT) are described, as
well as the floater parameterisation utilised in this work, in section 3.2. Fi-
nally, in section 3.3 the structural, aerodynamic, hydrodynamic and moor-
ing models used in this study are explained. In addition, it is provided
a visual scheme that introduces the two novel methods developed in this
Thesis, which are focused on the hydrodynamic analysis, and how they are
assembled to the frequency domain response model is explained.

3.1 Site and Environmental Conditions Assessment

The site where a floating offshore wind farm plans to be deployed determ-
ines the environmental conditions to which the FOWTs will be subjected.
Offshore sites are quite hard environments, thus it is important to carry
out a deep assessment in order to define an appropriate design according
to the expected conditions. Furthermore, having a thorough grasp of wind
and wave phenomena enables the implementation of a precise modelling ap-
proach. A brief explanation of the wind and wave physical characteristics
are given in section 3.1.1. Every location exhibits distinct wind and wave
conditions due to factors such as proximity to land, the presence of moun-
tains, local atmospheric patterns, water depth, seabed topography, ocean
currents, and other site-specific characteristics. These factors contribute
to specific probabilities regarding the direction and intensity of both wind
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and waves. In this context, a particular site has been selected for the case
study, and essential site-specific information is presented in section 3.1.2.
These wind and wave conditions have a direct impact on the external forces
acting on the floating structure and the power generation of the offshore
wind farm. Each site may experience various wind and wave combinations,
such as operational conditions and ultimate scenarios. The Design Load
Cases (DLCs) used for the evaluation of the response of the FOWT, and
consistently used throughout this study, are detailed in section 3.1.3.

3.1.1 Wind and Wave Excitation

Wind is considered an ergodic process, what means that it can be repres-
ented through statistic measures. The wind speed has three components:
longitudinal, lateral and vertical direction. The former is the main propaga-
tion direction, whilst the remaining two have generally significantly lower
values. In this Thesis, the lateral and vertical components were neglected.
The wind speed suffers important variations with time and it can be quite
different depending on the time scale. For this reason, it is important to
report the wind speed for a specific period of time. Commonly, 10-minute
or 1-hour periods are used. Wind rarely blows with a steady wind velocity,
it is not but a simplification. However, wind is a turbulent flow and it is
usually represented by its mean speed and the standard deviation of the
fluctuating values. The ratio of these two variables results in the turbulence
intensity, I, as given in (3.1).

I = σu/Ūref (3.1)

where σu is the standard deviation of the wind speed and Ūref is the
mean wind speed at a reference height. This relation of the wind speed
with height, z, is also another characteristic of the wind process, it is called
wind shear and it is due to the effects of the viscous boundary layer. In
order to get the mean wind speed at a certain height from the ground,
two formulations are usually used: the logarithmic and power law. In this
study, the latter formulation has been applied and, thus, it is given below.

Ū(z) = Ūref

(
z

zref

)α

(3.2)

Here, Ū(z) is the mean wind speed at height z from the ground, or from
the Mean Sea Level (MSL) for offshore conditions, and Uref the mean wind
speed at the reference vertical distance zref . The power law coefficient used
is the one recommended for offshore sites, which is denoted with α and has
the value of 0.14.
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There are several wind spectra definitions for the design of structures
subjected to wind loads. However, not all of them are suitable for offshore
conditions, particularly, Davenport or Harris spectra have shown to have
questionable application in floating structures [68]. Alternatively, for large
floating structures, the use of Kaimal or API spectra are recommended. In
this work, the Kaimal spectrum was applied for the calculation of the wind
excitation, and it is given by (3.3).

Su(f) =
4σ2

uLu/Ūref

(1 + 6fLu/Ūref )5/3
(3.3)

Where Su(f) is the wind Kaimal spectrum, Lu is the integral scale
parameter, and f is the frequency.

TurbSim tool, developed by NREL [17], was used to generate the tur-
bulent wind speed signals. This tool is a stochastic full-field turbulent wind
simulator and provides the time series of the three-component wind speed
vectors at a given height, for the given time step and simulation time. The
TurbSim output file is read by InflowWind, used for the calculation of the
wind loads through AeroDyn [36].

Waves can be generated in many different ways, such as wind, although
there are other types of waves that are composed of multiple non-linear
waves together, each of them propagating in different directions. The waves
generated by wind can be represented as a combination of regular waves of
different amplitude and period values, propagating in different directions.
Real waves are very complex to model, thus several simplifications can be
considered. The most common way of studying waves is through Airy’s
theory, which assumes linear relationship between the wave kinematics and
the wave height. In addition, unidirectional waves are usually considered,
where all the combination of regular waves are assume to propagate in the
same direction.

Irregular waves are assume to follow an ergodic Gaussian process, thus
they can be defined through a spectrum. The most used wave spectra
are the Jonswap and the Peirson-Moskowitz (PM) spectra, which both are
characterised by the significant wave height (Hs) and the wave peak period
(Tp). The main difference between both spectra resides in the peakness
parameter, which is equal to unity for the PM spectrum, resulting in a
lower peak of energy at the wave peak period.

3.1.2 Site Description

For this study, the Gulf of Maine (GoM), located at the North Atlantic
ocean, was chosen for the installation of the FOWT case study. A relevant
source of information is available due to the presence of three measurement
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buoys which provide wave and wind climate data, such as the wave height
and wave period every half-hour, and 10-minute mean wind speed values,
wind direction and gust. Furthermore, current mean values and other envir-
onmental characteristics can be obtained (e.g.,water temperature, salinity,
density and air temperature), and it is a realistic site for the deployment of
a floating offshore wind farm [6]. It represents medium metocean conditions
with a 50-year significant wave height of 10.9 m and peak periods between
9-16 s. It has a mean water depth of 130 m with sand-mud-rock seabed.
The average wind speed at 100 m height is 9.8 m/s, making it suitable for
the DTU 10 MW WT, which has a rated wind speed of 11.4 m/s, and also
an appropriate site for the IEA 15 MW WT, whose rated wind speed is
10.59 m/s. The water density can be assumed 1025 kg/m3.

In fig. 3.1 the probability distribution of the annual mean wind speed
at the measuring buoy which is at 4 m above from the MSL, is shown.
The long-term probability distribution can be represented by a Weibull
distribution with a scale coefficient of 6.214 and shape coefficient of 1.701.
The annual average wind speed at the DTU 10 MW WT hub height (119
m) is 10.02 m/s. Kaimal spectrum model is considered as the most suitable
for the wind spectral density characteriSation [10].

(a) (b)

Figure 3.1: Data from the NOAA buoy EO1 at 4 m from MSL: (a) Annual
probability distribution (%) for 10-minute mean wind speed. (b) Wind rose of

GoM. Data from [6].

Regarding the marine conditions at the GoM, in fig. 3.2 the scatter
diagram obtained from the data found in [6] is given, which represents the
probability of occurrence of each certain significant wave height and wave
peak period combinations. The most accurate wave spectrum for this site
is the PM model, since is was observed that the wave climate is not very
bound to the wind conditions, being the swell sea the wave climate driver.
Taking into account the scatter diagrams regarding the combined wind and
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wave conditions, a 3rd order polynomial equation was found to be the best
approach for the wind-wave correlation in GoM [6].

Figure 3.2: Scatter diagram for the Gulf of Main [6].

3.1.3 Design Load Cases

When designing FOWTs, it is of great importance to know which are the
driving load cases. The International Electrotechnical Commission (IEC)
defines in [69] the combined wind and wave conditions and wind turbine
operation condition for FOWT design. In this Thesis, a set of represent-
ative load cases were defined based on the LIFES50+ project [2], used to
assess the dynamic response of the case study FOWT. These are given in
table 3.1, where six of them correspond to normal operation conditions,
while the other correspond to ultimate conditions. The turbulent wind was
modelled with the Kaimal spectrum and the irregular waves follow the PM
spectrum. The wave conditions for ultimate load cases correspond to 50-
year significant wave height and the upper limit of the wave peak period.
The wind speed values refer to the mean speed at the wind turbine hub
height.

ID Uref Hs Tp Condition

DLC1 7.1 1.67 8.0 Operational
DLC2 10.3 2.20 8.0 Operational
DLC3 13.9 3.04 9.5 Operational
DLC4 17.9 4.29 10.0 Operational
DLC5 22.1 6.20 12.5 Operational
DLC6 25.0 8.31 12.0 Operational
DLC7 7.1 10.90 16.0 Ultimate
DLC8 12.0 10.90 16.0 Ultimate
DLC9 22.1 10.90 16.0 Ultimate

Table 3.1: DLCs for the GoM defined by the mean wind speed (m/s), and the
wave significant height (m) and peak period (s).
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3.2 Design of FOWT

In this section, each of the FOWT components, which have been previously
briefly introduced through fig. 2.6, are here thoroughly described and the
platform design space, as well as the parameterisation employed in this
work, are outlined. FOWT are composed of four main components: the
wind turbine, the tower, the floating platform and the mooring system
anchored to the seabed. They are complex systems since they are sub-
jected to the offshore hard conditions where many load interaction effects
take place, such as wind, wave, current or ice. Subsequently, the design
procedure and parameters considered in this work for each of the FOWT
components are comprehensively presented.

3.2.1 Wind Turbine

In this Thesis, two wind turbines are examined: the DTU 10 MW WT
and the IEA 15 MW WT. The former, designed as a scaled-up version of
the NREL 5 MW WT, offers ample information as documented in [21].
Additionally, this turbine played a pivotal role in the LIFES50+ project’s
inception [2], which served as the foundation for this study’s development.
The latter results from a collaborative effort between the IEA, NREL, and
DTU, serves as a benchmark wind turbine for both the industry and re-
search community, anticipating the next generation of larger wind turbines
[70].

Both wind turbines serve as reference models, and there is publicly
available information detailing their dimensions, structural characteristics,
and performance. The essential data regarding the wind turbines required
for this study is condensed in table 3.2. In this context, RNA stands for the
Rotor and Nacelle Assembly, CMTT represents the centre of mass relative
to the tower top (TT), and ITT denotes the moment of inertia around the
TT axis indicated in the subscript.

Parameter DTU 10 MW IEA 15 MW

RNA mass 676 723 949 781
RNA CMTT [-0.939, 0, 2.789] [-6.500, -0.090, 4.517]
RNA ITT

xx 1.659 × 108 3.780 × 108

RNA ITT
yy 1.062 × 108 2.560 × 108

RNA ITT
zz 1.014 × 108 2.370 × 108

Hhub 119 150

Table 3.2: Wind turbines mass and inertia properties. (Units: kg, m)

The DTU 10 MW WT played a central role in the majority of the work.
It served as the validation benchmark for each of the hydrodynamic mod-
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ules, elaborated in chapter 4 and chapter 5. Additionally, it was utilised
to validate the comprehensive frequency domain design tool in chapter 6,
and to evaluate the effect of the mooring system on the platform design in
section 7.2. The IEA 15 MW WT was selected as a case study to invest-
igate the impact of up-scaling wind turbines on the design of the floating
platforms in section 7.1, with the DTU 10 MW WT as reference for the
comparison.

3.2.2 Tower

Here, a description of the towers utilised to support each of the wind tur-
bines mentioned in the previous section is provided. The tower properties
for the DTU 10 MW WT align with those employed in the LIFES50+ pro-
ject, as outlined in [2]. As for the tower supporting the IEA 15 MW WT,
the data from the floating tower utilised in the Volturn US-semi-submersible
platform was extracted, as documented in [71]. It is worth noting that both
towers employed in this study deviate from the literature due to variations
in the outer and inner diameter along the tower’s height, which were de-
termined through linear interpolation. A concise summary of the properties
necessary for the implementation of this research can be found in table 3.3.

Parameter DTU 10 MW IEA 15 MW

Tower Mass 879 381 1 263 000
Tower Centre of Mass [0, 0, 54.908] [0, 0, 70.000]
Tower Height 107.000 129.386
Tower Top Height 114.667 144.386
Tower Base Height 7.667 15.000
Tower Top Diameter 5.500 6.500
Tower Base Diameter 10.500 10.500
Tower Top Thickness 0.037 0.021
Tower Base Thickness 0.040 0.082
Damping ratio 1st fore-aft mode 0.019 0.010
1st fore-aft natural frequency 0.405 0.496
1st side-to-side natural frequency 0.400 0.483

Table 3.3: Tower structural properties. (Units: kg, m, s)

Parameter Symbol Value

Steel Density ρ 8500
Young Modulus E 2.10 × 1011

Shear Modulus G 8.08 × 1010

Table 3.4: Steel material properties. (Units: kg, m, s)

The natural frequencies given in table 3.3 correspond to the clamped
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tower configuration and in fig. 3.3 the first and second fore-aft mode shapes
of the DTU 10 MW WT floating tower are shown. Note that they are nor-
malised with respect to the tower top modal displacement. The eigenvalue
problem was solved using BModes, the NREL developed FEM code for the
calculation of dynamically coupled modes in beams [31]. For that purpose,
some of the tower distributed properties were required, such as the inertia
and the stiffness of each discretised section. The tower top mass properties
were set according to the wind turbine described in section 3.2.1. Note
that the values given in table 3.3 do not include the effects of the floating
substructure, since the mode shapes used in this Thesis correspond to the
condition of clamped tower.

(a) (b)

Figure 3.3: DTU 10 MW WT clamped tower fore-aft normalised modal
displacements. (a) 1st mode (b) 2nd mode.

The number of sections into which discretise the tower would be de-
cision of the designer. In this particular study, 56 sections were used for
both towers and the distributed mass and inertia, and stiffness properties
were obtained for each section. These distributed properties align with
the specifications needed for the tower input file utilised by OpenFAST,
specifically the ElastodynTower module.

3.2.3 Semi-Submersible Platform

In this Thesis, a wide platform design space was defined in order to per-
form a comparative analysis of the dynamic response of each FOWT, which
served to validate the present frequency domain design tool. As a refer-
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ence case study, the Nautilus semi-submersible platform described in the
LIFES50+ project [2] was used, which has been previously described in sec-
tion 2.2.2. It is a symmetric floating substructure composed of four columns
connected through a square-shaped ring pontoon at the columns base and
by a X-shaped main deck at the columns top. The transition piece that
connects the platform to the tower is embedded in the main deck central
position, as shown in fig. 3.4. The floater is characterised by the columns
diameter, D, by its draft, d and by the distance between the columns, s.
The columns have a total length of hc, without considering the pontoon
height, where the submerged part of the columns is defined as the lower
column, hlc, and the freeboard is defined as the upper column, huc. The
main deck is defined by the width of the rectangular braces, wd, and its
height hd. The pontoon base is characterised by its width a and by its
length measured through the distance between the width central axes, s,
and by its height hp. To attain hydrostatic stability, the pontoon is filled
partially or completely with water, and, as needed, a portion of the columns
is also filled with water to serve as ballast. The height of the water that
enters the columns is denoted as hwb, as shown in fig. 3.4. In table 3.5
the description and nomenclature of the design parameters required for the
platform structural properties calculation are given.

Symbol Parameter

hd Main deck height
wd Main deck width
ld Main deck length
D Column diameter
s Distance between column axes

huc Upper column height or freeboard
hlc Lower column height
hc Column total height
hp Pontoon height
lout Pontoon outer length
lin Pontoon inner length
a Pontoon width

Table 3.5: Platform design parameters definition and nomenclature.

The structural properties of the platforms, such as mass and inertia,
and the hydrostatic stiffness were computed in a calculation spreadsheet
taking into account the steel mass of each platform member, based on steel
weights per volume given in table 3.6. Then, the amount of water ballast
was determined in order to achieve hydrostatic stability. The centre of mass
of the platform was defined considering the overall mass.
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(a) (b)

Figure 3.4: Nautilus semi-submersible platform. (a) LIFES50+ [2] FOWT (b)
Parameterisation.

Parameter Symbol Value

Upper Column and deck ρuc 120
Lower Column ρlc 185
Pontoon ρp 230

Table 3.6: Weight densities (kg/m3) for the platform structural steel.

To simplify the design process and streamline the number of paramet-
ers involved, several key assumptions and relationships were implemented.
Firstly, the height of the pontoon, the height of the main deck, and the free-
board of the columns were maintained as constant values across all design
configurations. Furthermore, the columns were placed at the corners of each
pontoon base, which allowed for the spacing between columns to be linked
to the length of the pontoon. Additionally, the diameter of the columns
was set equal to the width of the pontoon. These simplifications and in-
terrelated parameters served to facilitate the design process, and for the
validation of the present design tool. Below, the mentioned relationships
and assumptions are summarised.
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hd, hp, huc = constant

wd = wp = D

ld =

√
2

2
(s−D)

lout = s + D

lin = s−D

d = hlc + hp

Definition of the Platform Design Space

To establish a practical and realistic design space, conventional design cri-
teria have been taken into careful consideration. Considering the primary
objective of designing a FOW substructure, which is to endure challenging
offshore conditions while maintaining cost competitiveness (e.g., minimising
the LCOE), the defined requirements prioritise the reduction of construc-
tion and material costs while simultaneously maximising power production.
To achieve this goal, efforts are made to minimise factors such as steel mass,
tendon pretension, and displacements. It is worth noting that in this study,
certain simplifications have been made regarding cost considerations, but
they suffice for validating the proposed methodology. For instance, in-
stallation costs are assumed to be uniform across all designs, and material
costs are essentially represented by the platform’s steel mass. These sim-
plifications help streamline the design process while ensuring robustness in
the face of offshore challenges. The design criteria that the FOWT must
fulfil have been defined according to the common standards used for the
FOWT design [72, 73, 74]. Since this methodology is aimed for the pre-
liminary design stages, conservative thresholds have been chosen regarding
the maximum response motions. Below, the design requirements are listed.
The following design requirements are applied, based on the data found in
literature:

Design Thresholds

0.3h m Maximum surge displacement in operational conditions.∗

10 deg Maximum pitch angle in operational conditions.
0.18g m/s2 Maximum nacelle acceleration in operational conditions.∗∗

Table 3.7: Thresholds defined for the FOWT response.
∗ h: water depth.

∗∗ Value extracted from COREWIND project. g: gravity acceleration.

In Ghiogo et at. [73] also the material cost and a cost function for
a preliminary design phase are given: for a S355 steel with density 8500
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kg/m3, the cost is 3000 Eur/t. However, in this work the cost of the
platform will be referred in terms of steel mass since the main objective is
to compare the different platforms from the design space. A more detailed
insight of the factors influencing the FOWT cost is out of the scope of this
Thesis.

In table 3.8, the design space of the semi-submersible platforms based
on the reference Nautilus floater are defined. Each table corresponds to
the platform designs with the same column diameter values. As before
mentioned, there are some parameters whose dimensions remain constant
for all the platforms considered. These values correspond to the platform
deck height of 2 m, the columns freeboard with 6 m and the pontoon height
of 1.5 m.

According to the constraints above defined, the evaluation of the vari-
ous platform solutions was based on three key parameters: the column
diameter, the spacing between columns, and the platform draft. A com-
prehensive comparison was conducted, encompassing a total of thirty-three
distinct platform configurations. These configurations are generated by
combining different ratios of column diameter to draft and column diameter
to the distance between columns, providing a comprehensive assessment of
the design space.

ID D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12

D 10 10 10 10 10 10 10 10 10 10 10 10

s 50 50 50 55 55 55 60 60 60 70 70 70

d 11 15 20 11 15 20 11 15 20 11 15 20

ID D13 D14 D15 D16 D17 D18

D 11 11 11 11 11 11

s 50 50 50 55 55 55

d 11 15 20 11 15 20

ID D19 D20 D21

D 12 12 12

s 50 50 50

d 11 15 20

ID D22 D23 D24 D25 D26 D27

D 13 13 13 13 13 13

s 50 50 50 70 70 70

d 11 15 20 11 15 20

ID D28 D29 D30 D31 D32 D33

D 15 15 15 15 15 15

s 50 50 50 70 70 70

d 11 15 20 11 15 20

Table 3.8: Platform design space. Values of diameter (D), separation between
columns (s) and draft (d) (Units: m).
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3.2.4 Mooring System

The mooring system used for the case study of this Thesis is here defined.
Two distinct mooring systems were employed, with each tailored to the
specific wind turbine. As the height of the turbine increases, so do the
dimensions of the substructure, resulting in increased drift forces that ne-
cessitate varying mooring stiffness for each structure. For that purpose, two
catenary mooring systems were defined. On one hand, the mooring based
on the original station keeping system of the LIFES50+ project from [2] for
the Nautilus semi-submersible platform supporting the DTU 10 MW WT.
And, on the other hand, the original mooring system from the Volturn US
semi-submersible floater reported in [71]. The mooring system properties
are summarised in table 3.9.

Parameter DTU 10 MW IEA 15 MW

Number of lines 4 4
Angle between adjacent lines 90.00 90.00
Chain diameter 0.097 0.185
Mass per unit length 188.18 685.00
Anchor depth (below MSL) 130.00 100.00
Fairlead depth (above MSL) 6.00 14.00
Line length 833.00 400.00
Line pretension 448 790 800 000

Table 3.9: Mooring system properties for each FOWT. (Units: kg, m, deg)

3.3 Frequency Domain Model Framework

This section introduces the simplified frequency domain modelling approach
employed in this Thesis, which was implemented in Python code. The
input for wind and wave excitation was fed in the form of spectra, and the
resulting response motion in the frequency domain was derived using the
system’s transfer function. This transfer function incorporated the mass,
damping, and stiffness matrices. Subsequent sections will detail the process
of linearising and adapting each of these inputs, many of which typically
exhibit non-linear characteristics in the time domain, for representation in
the frequency domain.

To switch a signal from the time domain to the frequency domain, the
Fast Fourier Transform (FFT) is used. Conversely, the Inverse FFT (iFFT)
is employed to obtain a time series from a frequency-dependent signal.
These transformations have been consistently utilised in the study, and
their application will be elaborated further.
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Figure 3.5: Simplified FOWT model

In fig. 3.5, an overview of the simplified model used throughout this
Thesis is shown. The four main components can be identified, as well as
the wind and wave excitation acting on the structure. The global frame
is also represented with the red arrows located at the Point of Flotation
(PoF). Since the dynamics of a FOWT are mainly affected by the struc-
tural dynamics, the aerodynamics, the hydrodynamics and the mooring
dynamics, each of the corresponding models are described in the following
subsections. First, the structural model is defined in section 3.3.1, as well as
the Degrees of Freedom (DoFs) considered, and the representation of each
of the FOWT members. Then, the aerodynamic model is presented in sec-
tion 3.3.2, where it is described the way the aerodynamic damping and the
aerodynamic loads are obtained and how to include them in the equation of
motion. Next, in section 3.3.3, the hydrodynamic model is detailed, which
provides the hydrodynamic radiation-diffraction loads and accounts for the
viscous effects. In section 3.3.4, how the mooring system is represented is
described. Finally, how each of the models are assembled together into the
frequency domain response model is explained in section 3.3.5.

3.3.1 Structural Model

The Equation of Motion (EoM) in the frequency domain for a single DoF
system is given in (3.4).
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ξ̂(ω) =
F̂ (ω)

−ω2m + iωb + c
(3.4)

where ξ̂(ω) is the response amplitude, F̂ (ω) is the excitation force amp-
litude, both frequency-dependent values, being ω the angular frequency. m
is the system mass, and b and c are the damping and restoring coefficients,
respectively.

Numerous simplified models for FOWT design can be found in liter-
ature. In this study, the starting point for the development of an effi-
cient tool for FOWT design was the before mentioned QuLAF model, by
A. Pegalajar-Jurado et al. [29]. The ways it could be improved for the
FOW substructures’ design was analysed and the relevant modifications
were implemented. Particularly, the areas of improvement were related to
the calculation of the hydrodynamic loads. In this model, the wind tur-
bine was represented using a lumped mass, the tower was the sole flexible
component, the platform was treated as a rigid body, and the mooring was
characterised by a non-linear stiffness matrix that adjusts with changes in
the platform’s surge displacement. It consisted of a planar model, which
did not take into account wind and wave misalignment conditions. Factors
such as current, tides, or ice were omitted from consideration, as they are
typically more pertinent in advanced design phases rather than prelimin-
ary ones. The FOWT was reduced to 4 DoFs: the surge, heave and pitch
platform motions, and the first tower fore-aft (FA) modal deflection. This
simplification enabled the computation of nacelle acceleration, which holds
particular significance for fatigue analysis. The response vector according
to the DoFs considered is given in (3.5), where the lower index correspond
to the four DoFs, respectively.

The sign convention is positive surge and tower deflection in the down-
wind direction, positive heave upwards, and positive pitch clockwise about
the PoF, which is the global reference frame origin.

ξ̂(ω) =


ξ̂1(ω)

ξ̂2(ω)

ξ̂3(ω)

ξ̂4(ω)

 (3.5)

The equation of motion of a FOWT in the frequency domain can be
written in matrix form as follows:

ˆ̈
ξ(M + A) +

ˆ̇
ξB + ξ̂C = F̂aero + F̂hyd (3.6)

Where M is the system structural mass matrix, A is the hydrodynamic
added mass matrix, B is the system damping matrix and C the system
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stiffness matrix. F̂aero is the FFT amplitude of the wind excitation load and
F̂hyd is that of the wave excitation load to which the FOWT is subjected.
The total load acting on the FOWT is the sum of the aerodynamic and
hydrodynamic forces.

In this model, the tower’s flexibility is taken into account because the
tower deflection at the RNA position is of particular interest, especially for
fatigue analyses. To incorporate the tower’s flexibility, modal analysis is
employed, where the structural deformation is approximated using a linear
combination of mode shapes. To facilitate this, the tower is assumed to
be clamped, resembling an onshore wind turbine setup, and it is divided
into small longitudinal sections. Each section is associated with height-
dependent properties, including mass (m) and bending stiffness (EI). By
solving the eigenvalue problem (3.7), the vibration modes are determined
for each natural frequency. Here, the subscript zz signifies the second de-
rivative concerning the vertical coordinate z.

mv̈ + (EIvzz)zz = 0 (3.7)

The eigenvector and eigenvalues derived from (3.7) correspond to the
mode shape, ϕ, and natural frequencies, λ, of the tower, respectively. As
the mode shapes are orthogonal, superposition can be applied and the de-
flection, v, can be written as follows:

v(z, t) =
∞∑
i=1

ϕi(z)λi(t) (3.8)

Generally, not all the modes are used to represent the deflection of the
structure. Only those that correspond to the natural frequencies close to the
excitation frequency range are considered. In this Thesis, only the first fore-
aft mode shape was employed, although using a larger number of modes, a
higher accuracy on the deflection representation would be achieved. How-
ever, this decision depends on the relevance of each of the tower mode
shapes on the structure dynamic behaviour.

The mode shapes and natural frequencies of the flexible tower were
obtained using BModes [31], the NREL tool that solves the eigenvalue
problem. When designing the substructure for FOW, the wind turbine
and the tower are already defined, thus the mode shapes were computed in
advance and stored to set as the input of the structural model.

Once the tower mode shapes were computed, then, the system structural
matrices can be obtained. Since the present system is represented with four
DoFs, the matrices size 4x4. The mass and inertia matrix were defined the
same way as done by Pegalajar et al in [29], based on the force necessary
to produce unit acceleration for each DoF:
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Mstr =


mtot 0 mtotz

CM
tot mrnϕhub +

∑Nt

i=1 ρ̃iϕi∆zi
mtot 0 0

IOtot mrnϕhubhhub + ITT
rn ϕz,hub +

∑Nt

i=1 ρ̃iϕizi∆zi
mrnϕ

2
hub + ITT

rn ϕ2
z,hub +

∑Nt

i=1 ρ̃iϕ
2
i ∆zi


(3.9)

being mtot = mrn +
∑Nt

i=1 ρ̃i∆zi + mf + mmoor, which is the sum of the
RNA, the tower and the floater, respectively. The tower mass is composed
of the sum of the Nt sections mass into which it has been decomposed and
calculated from mass per unit length ρ̃i and length ∆zi. The FOWT centre
of mass (CM) vertical position with respect to the MSL is obtained by
taking into account the position of the CM of each individual component:

zCM
tot =

mrnhhub +
∑Nt

i=1 ρ̃izi∆zi + mfz
CM
f

mtot
(3.10)

where zi = zt,i+ht is the absolute height of the tower elements with respect
to the MSL, being ht the tower base height.

The total inertia of the system, IOtot, is referred to the PoF and is the sum
of the inertia, referred to the same point, of the RNA, platform and tower.
The tower structural properties and mode shapes used in the frequency
domain simplified model were the same as those used for its validation in
the state of the art (SoA) model.

The structural stiffness is due to, on one hand, the negative restoring
effect of the tower and rotor when the platform pitches, and on the other
hand, the stiffness properties of the flexible tower.

Cstr =


0 0 0 0

0 0 0

−mtotgz
CM
tot −mrngϕhub −

∑Nt

i=1 ρ̃igϕi∆zi∑Nt

i=1 EIiϕ
2
zz,i∆zi

 (3.11)

And the structural damping matrix is due to the tower deflection and
it is obtained as follows:

Bstr =


0 0 0 0

0 0 0
0 0

2ζstr,tw
√
CtwMtw

 (3.12)

where ζstr,tw is the structural damping ratio for the tower first fore-aft
mode, and Mtw and Ctw are last diagonal elements of the system mass and
stiffness matrices, respectively.
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3.3.2 Aerodynamic Model

In the simplified structural model described earlier, the wind turbine was
represented as a lumped mass, neglecting the flexibility of the blades and,
consequently, overlooking any damping effects resulting from their motion.
It is a common practice to employ cascading techniques in such scenarios
to maintain accuracy in the inputs of the simplified model. Wind turbine
aerodynamics involve highly intricate elements, such as rotating blades with
complex profiles and variable pitch control. To account for these effects, it is
advisable to pre-compute the aerodynamic loads and aerodynamic damping
using more sophisticated models. In this study, following the methodology
outlined by Pegalajar et al. in their work [29], the aerodynamic analysis
was conducted using the state of the art reference time domain based tool,
OpenFAST, using the AeroDyn module. These results were then cascaded
into the simplified model. Additionally, the tower aerodynamic drag force
was also included in the present model.

Aerodynamic Loads

The model assumes that the node representing the top of the tower is
positioned at the centre of the rotor, without taking into account the actual
distance between the tower top and the hub, as well as the overhang angle.
As a result, when inputting the aerodynamic loads from the SoA model into
the simplified model, it becomes necessary to transform these loads into
the global reference system. It is important to note that for the simplified
model, only the pure aerodynamic components are relevant, so any inertial
and gravitational components should be subtracted if they are present (e.g.,
if they are extracted from ElastoDyn (NREL)).

F̂aero(ω) =


F̂aero,x(ω)

F̂aero,z(ω)

F̂aero,x(ω)hhub + M̂aero,y(ω)

F̂aero,x(ω)ϕhub + M̂aero,y(ω)ϕz,hub

 (3.13)

To calculate aerodynamic loads in OpenFAST, all DoFs were disabled,
effectively immobilising the wind turbine while keeping the controller active.
Turbulent wind and calm water conditions were assumed. For each mean
wind speed within the operational range, time series data were collected
for the aerodynamic thrust (Faero,x), aerodynamic vertical force (Faero,z),
and aerodynamic tilt moment around the tower top (Maero,y). This process
might involve multiple simulations, but it is important to note that these
simulations need to be carried out just once for each specific wind turbine, as
they are tailored to its unique characteristics. In (3.13), the aerodynamic
load vector referred to the PoF is given. Because these time series were
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further used as input for the simplified model, the simulations need to be as
long as the maximum simulation time used in the latter. Prior to be loaded
into the frequency domain model, each load time series were transformed
to the frequency domain through the FFT. In this study, simulations time
5400 s were performed.

Aerodynamic Damping

The aerodynamic damping is crucial for the design of offshore wind turbines,
and various researches have demonstrated that the aerodynamic damping
can effectively reduce response motions and fatigue loads on the FOWT,
such as Guo et al. [75] and Liu et al. [76]. Furthermore, the effects of
the aerodynamic damping on the FOWT dynamic responses were explored
and it is known that it is mainly related to the rigid platform motions and
mooring tensions excited by the low-frequency components. Deng et al. [77]
found that frequency-dependent damping enables a better understanding
of the amplitude changes in FOWT’s dynamic responses under operational
conditions compared to constant damping, and a poor evaluation of the
aerodynamic damping on decoupled models lead to an underestimation of
the surge motion and over estimation of the pitch response. For this reason,
it is important to carefully assess the aerodynamic damping as a function
of frequency.

The rotational movement of the rotor generated by the airflow induces
an aerodynamic damping effect that relies on the relative velocity. This
damping is a function of the average wind speed, the rotational speed, and
the oscillatory motion. Similar to the calculation of aerodynamic loads,
the aerodynamic damping was obtained through time domain simulations
using OpenFAST and was subsequently incorporated into the linear damp-
ing matrix of the system. To achieve this, decay tests were conducted for
each DoF under steady wind conditions and calm water. To isolate the
pure aerodynamic damping, any sources of damping, such as structural,
radiation, and viscous damping were eliminated from the model. All DoFs
except the one of interest for the decay test were deactivated, remaining
the controller active to represent the wind turbine as a single DoF system.
For each DoF, 600 s step test was performed in OpenFAST, jumping at
each wind speed within the operational range of the FOWT. These sim-
ulations were performed for the reference Nautilus platform, described in
section 2.2.2. The aerodynamic damping ratio was assumed to be the same
across the different platform designs provided that the natural frequency of
the FOWT does not significantly vary. From the resulting motion response
time series, the local damping ratio at each peak extracted from the signal
were obtained, and then it was averaged in order to get the aerodynamic
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damping ratio for the corresponding DoF and mean wind speed. In fig. 3.6
the aerodynamic damping ratios corresponding to the DTU 10 MW WT for
surge, pitch and tower fore-aft motion are given. The heave aerodynamic
damping is zero, thus it is not shown. It is observed that the surge damp-
ing ratio became negative at rated wind speed (11.4 m/s), and as the wind
speed increases, it went back to positive values. The negative damping
effect could turn into critical situation, exciting resonant responses.

Figure 3.6: Aerodynamic damping ratio for surge, pitch and tower first fore-aft
mode as a function of mean wind speed.

The aerodynamic damping ratio was converted into the aerodynamic
damping coefficient using the following expression, as a function of the
mean wind speed, U and the angular frequency, ω.

baero,i(Uj , ω) = 2ςaero,i(Uj)
√

Cii(Mii + Aii(ω)) (3.14)

where Cii, Mii and Aii(ω) are the diagonal terms of the restoring mat-
rix, structural mass matrix, and added mas matrix of the FOWT system.
The lower index i denotes the DoF and j each of the wind speed values.
These damping coefficients were extracted from simulations in steady wind.
In order to consider the wind turbulence, the probability density function
(PDF) following a normal distribution was employed. This PDF was util-
ised to introduce the variability of wind speed into the resulting aerody-
namic damping. Then, the aerodynamic damping coefficient was stored
and loaded to the simplified model.

baero,i(ω) =

Nw∑
j=1

PDF (Uj)baero,i(Uj , ω) (3.15)

Under the basis of maintaining the aerodynamic damping ratio through-
out the different platform designs, since it was assumed that the natural
frequencies of the FOWT are kept within a small range of values for each
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DoF, the same damping ratios were used for the IEA 15 MW WT. This
approach could be adopted because in this Thesis it is pursued a qualitat-
ive analysis rather than a highly accurate prediction of the response, and
it was verified that the results were not substantially affected. Bear in
mind, that the aerodynamic coefficient for each FOWT, where a different
platform is assessed, was obtained by considering the mass and stiffness for
each specific design.

Tower Aerodynamic Drag Force

The aerodynamic tower drag force is particularly significant for extreme
wind conditions, where the thrust loads are small. In this work, only the
horizontal component of the aerodynamic drag was considered and a single
drag coefficient, CD, was used along the whole tower height. The same
element discretisation explained in section 3.2.2 was used, using 56 sections.
The expression for this force is as follows:

Faero,tw(z) =
1

2
ρairD(z)htw(z)CD,twU(z)|U(z)| (3.16)

Here, D(z) is the tower outer diameter at each vertical position, htw(z)
is the height of the tower section located at distance z from the MSL, and
U(z) is the local horizontal wind speed following the power law wind speed
distribution. The tower drag coefficient, CD,tw was considered constant
along the entire height of the tower. It is a static load, thus it will contribute
to the mean response.

3.3.3 Hydrodynamic Model

The hydrodynamic forces acting on a floating offshore substructure primar-

ily encompass hydrostatic forces Fhst, radiation forces Frad, first-order F
(1)
w

and second-order wave forces F
(2)
w , and viscous forces Fvis. Additional

forces can arise due to factors such as currents, tides, or other meteorolo-
gical conditions, but these factors were not considered in this study. The
overall hydrodynamic loads acting on the FOWT substructures are the sum
of the mentioned forces, as given in (3.17). The following sections will detail
the calculation methodology for each of these loads.

Fhyd = Fhst + Frad + F (1)
w + F (2)

w + Fvis (3.17)

Hydrostatic Loads

The hydrostatic component is related to the pressure distribution of a fluid
at rest and it dictates the stability of floating structures. This force results
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from the Archimedes Principle, where the equilibrium between the buoyant
force and the weight of the displaced water balances. Since the platform was
considered rigid body, the restoring force will depend on the water plane
area, and on the position of the CoG and CoB. It is a static force and thus,
obtained through the hydrostatic stiffness matrix. In this study, for the
calculation of the hydrostatic stiffness small displacements were assumed,
and therefore, it was obtained for the equilibrium position. Due to the
two-plane symmetry of the Nautilus platform, only the diagonal terms in
heave and pitch were non zero values. The stiffness matrix for the 4 DoF
simplified model is given in (3.18).

Chst =


0 0 0 0
0 ρwgA 0 0

0 0 ρwg∇GM 0
0 0 0 0

 (3.18)

Where ρw is the water density, g is the gravity acceleration, ∇ the
displaced water volume and GM the metacentric distance to the CoG.
This matrix is an output from the radiation-diffraction analysis, but in this
work it was obtained in a spreadsheet calculation due to its geometrical
properties.

From the equilibrium, it can be also defined a buoyancy force, which
for the structural model of 4 DoFs has the form, being xCoB the position
along the x-axis of the CoB.

Fbuoy =


0

ρwg∇
−ρwg∇xCoB

0

 (3.19)

Radiation and Wave Excitation Loads

Every floating body is subjected to radiation and diffraction loads. Radi-
ation loads are hydrodynamic loads due to forced harmonic rigid body mo-
tions, where no incident waves occur, but the forced motion of the structure
produces radiated waves. This oscillating motion of the fluid is responsible
for the pressures on the structure, leading to forces and moments. Radi-
ation loads are composed of the frequency-dependent hydrodynamic added
mass, A(ω), and radiation damping, Brad(ω), both functions of the struc-
ture geometry, oscillating frequency and forward speed. In this study, the
forward speed was neglected, thus, the added mass and radiation damping
matrices were symmetric.
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Wave loads are those produced by the incident and diffracted waves act-
ing on the structure assuming it is not moving. These loads are called wave
excitation loads and are composed of the Froude-Krylov and diffraction
forces and moments. The former are related to the effect of the unsteady
pressure induced by the undisturbed waves, and the latter are related to the
variation of this pressure field due to the presence of the structure. Similarly
to radiation loads, the total frequency-dependent first-order wave excita-
tion coefficients for each DoF were obtained through radiation-diffraction
analysis. The first-order wave loads are obtained as follows:

F (1)
w (ω) = X(ω)η(ω) (3.20)

Where F
(1)
w is the linear wave load vector, η is the wave elevation, and

X(ω) is the linear wave excitation coefficient per unit of wave amplitude.
The hydrodynamic added mass, radiation damping and wave excitation
coefficient are commonly referred to as the hydrodynamic coefficients, and
are usually obtained from the radiation-diffraction analysis. The most used
commercial tools are WAMIT, ANSYS-AQWA, and NEMOH, which gener-
ate these frequency-dependent coefficients for a given frequency range and
for the 6 DoFs, assuming the platform as a rigid body. In this Thesis,
the response model is fed with these coefficients referred to the global co-
ordinate system, is located at the MSL with the origin at the PoF of the
FOWT.

When the natural frequencies of the FOWT fall outside the range of
wave excitation frequencies, it becomes relevant to consider the inclusion of
second-order excitation loads. In the presence of irregular waves, which aim
to replicate real offshore conditions, the interaction between different waves
can lead to an excitation frequency that closely matches the natural frequen-
cies of the structure. This is particularly significant for catenary moored
structures, which typically have very low natural frequencies in surge and
pitch, making them highly susceptible to low-frequency second-order hy-
drodynamic loads. The conventional approach to obtain the second-order
hydrodynamic loads follows two steps: first, the calculation of the Quad-
ratic Transfer Function (QTF) through radiation-diffraction analysis by
means of a panel code; and second, the evaluation of the hydrodynamic
loads for a certain sea state through the double sum considering the inter-
action between each frequency pair ωm and ωn. Hence, the second-order
load can be expressed as
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F
(2)
w,k = ℜ

{ N∑
m=1

N∑
n=1

η̂mη̂∗nQTF−
mn,ke

i(ωm−ωn)t

}
(3.21)

+ℜ
{ N∑

m=1

N∑
n=1

η̂mη̂nQTF+
mn,ke

i(ωm+ωn)t

}
where * indicates the complex conjugate, η̂ are the Fourier coefficients

of the free surface elevation and QTF+
mn,k and QTF−

mn,k are the sum and
difference QTFs, respectively, being k the index for the degree of freedom.
The evaluation of (3.21) can lead to a high computational cost if many
frequencies are involved.

It is also common practice to apply the Morison Equation for the cal-
culation of both first- and second-order wave excitation loads, although it
is limited to slender structures (Dλ < 0.2) [43, 78].

Viscous Loads

Radiation-diffraction analysis does not account for the drag force and vis-
cous damping effects, thus, Morison drag force on the slender members is
usually added to model.

Fvis =
1

2
ρwACD,f (uf − vb)|uf − vb| (3.22)

Where CD,f is the floater drag coefficient, which depends on the geo-
metry, on the KC number, on the Reynolds number and on the surface
roughness. A is the drag surface, uf is the fluid velocity and vb the structure
velocity. As it can be observed in (3.23), viscous effects depend non-linearly
on the relative velocity between the fluid and the body, hence they can not
be considered in frequency domain models. However, since this Thesis is
focused on semi-submersible platforms design, which are large structures,
drag loads can not be neglected. Therefore, a linear viscous damping was
considered based on the Morison force. For sake of simplicity, small dis-
placements and velocities relative to the fluid velocity were assumed, thus,
the linear damping term resulting from (3.23) becomes:

Fvis ≈ ρwACD,fvb|uf | (3.23)

The viscous effects considered for this study were accounted in the sim-
ilar way as in the QuLAF from Pegalarjar et al. [29]. The viscous damping
coefficient for each DoF was derived from the Morison forces and moments
in surge, heave and pitch motions. Since the drag force depends on the
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submerged geometry, a linear viscous damping was defined for each plat-
form design. The drag coefficient, however, was assumed constant. The
symmetric viscous damping matrix is given as:

Bvis =


ρCDxAxurep 0 ρCDxSy,Axurep 0

ρCDzAzwrep 0 0
ρ(CDxIy,Axurep + CDzIy,Azwrep) 0

0

 (3.24)

Where CDx and CDz the global drag coefficients with values 1 and 2,
respectively, since the columns oppose less resistance than the sharp corners
on the bottom surface of the platform. Ax and Az are the floater’s area
projected on the yz plane and xy plane, respectively, and Sy,Ax and Sy,Az

the first moment of area about the y-axis of the respective surfaces. Iy,Ax

and Iy,Az are the second moments of area about the y-axis of Ax and Az,
respectively. The representative horizontal and vertical velocities, urep and
wrep are obtained by averaging the fluid velocity, first over depth, and then,
over time, as done in the original QuLAF [29].

3.3.4 Mooring System Model

The mooring system contributes to the FOWT with restoring forces and
moments. For the case of catenary mooring lines, the provided stiffness
depends on the catenary shape, which changes with the FOWT displace-
ment. In this Thesis, a quasi-static approach was used in order to obtain
the mooring stiffness and some simplifications have been adopted in order
to integrate it in the frequency domain model. Following the procedure
adopted in the QuLAF [29], a linearised stiffness matrix for each mean
wind speed was used to represent the mooring system. This is explained
by the mean thrust force produced at each mean wind speed, displacing
the FOWT to a new equilibrium position. On the contrary, the displace-
ment due to wave loads was not here considered for the calculation of the
mooring stiffness.

In this Thesis, the mooring stiffness matrix was obtained through static
analyses in commercial software OrcaFlex, yet this can be calculated using
other tools or analytically. For the mooring systems defined in table 3.9,
for the DTU 10 MW WT and for the IEA 15 MW WT, and for the site
conditions defined in section 3.1, the stiffness matrices at the different equi-
librium positions were obtained and stored to be loaded to the linear model.
In fig. 3.7 the horizontal displacement produced by the wind thrust is shown.
These values were based on the wind turbine performance curves. Another
simplification in this study is that the same mooring stiffness were applied
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for all the platforms from the design space, in order not to introduce dif-
ferences rather than the platform properties.

Figure 3.7: Platform horizontal displacement versus wind thrust acting on the
DTU 10 MW WT and on the IEA 15 MW WT.

Figure 3.8: Mooring stiffness in the surge motion corresponding to a given wind
speed for the DTU 10 MW WT and for the IEA 15 MW WT.

In fig. 3.8 the mooring stiffness for the surge motion is given as a func-
tion of the mean wind speed. The maximum stiffness is achieved for the
rated wind speed of each corresponding turbine, since it is also associated
to the maximum surge displacement. As the 15 MW WT will be subjected
to a higher thrust force, due to its larger size, it will also suffer larger dis-
placements and, thus, it requires a stiffer mooring system. The procedure
followed in this work is suitable for the validation of the proposed meth-
odology for the preliminary design phase of FOW support structures, since
the focus is not yet placed on the mooring design. Otherwise, a proper
evaluation of the mooring stiffness would be required, taking into account
the mean drift loads and any other excitation that could produce significant
displacements of the FOWT.
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3.3.5 Frequency Domain Model Assembly

Putting all the previous information together, where the dynamics affecting
the response of FOWTs and the modelling techniques used in this Thesis
have been described, a more detailed EoM can be written as in (3.25).

ξ̂(ω) = H(ω)(F̂aero(ω) + F̂hyd(ω)) (3.25)

F̂aero(ω) is the aerodynamic loads vector, F̂hyd(ω)) are the hydrodynamic
loads vector, both frequency dependent values. H(ω) is the mechanical
transfer function and it characterises the system, since it is a function of
the mass, damping and stiffness of the FOWT. It is a complex matrix and
is given in (3.26).

H(ω) =
1

−ω2(Mstr + A(ω)) + iωB(ω) + C)
(3.26)

The total system mass and inertia matrix is the sum of the structural
mass and inertia and the hydrodynamic added mass, since it is subjected
to hydrodynamic loads. Regarding the damping and the stiffness matrices
of the system, now that each dynamic model has been explained, they can
be written as follows:

B(ω) = Bstr + Baero(ω) + Brad(ω) + Bvis (3.27)

C = Cstr + Chst + Cmoor (3.28)

The system damping matrix is composed of the tower structural damp-
ing (Bstr), the aerodynamic damping matrix (Baero), and the hydrodynamic
radiation (Brad) and viscous damping (Bvis). And, the restoring matrix is
the sum of the structural stiffness (Cstr), which is due to the tower flexib-
ility, the hydrostatic stiffness (Chst) due to the floating structure, and the
stiffness that represents the mooring system (Cmoor).

In fig. 3.9 a simple scheme of the modelling approach is shown. As men-
tioned in the previous sections, cascading techniques were used in order to
accurately model some of the FOWT model inputs. This is the case of
the aerodynamic loads and aerodynamic damping. which were extracted
from the time domain SoA tool, OpenFAST. The aerodynamic load time
series, which were transformed to frequency domain thought the FFT, and
the aerodynamic damping ratio foe each mean wind speed were stored and
loaded to the simplified model. This aerodynamic data is employed for all
the platforms from the design space that are supporting the same wind
turbine, provided the system natural frequencies do not show substantial
differences. The turbulent wind time series were generated using Turbsim.
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Figure 3.9: Overview of the frequency domain simplified model, FD Tool, and
the numerical approaches used for each of the dynamic analysis.

Cascading techniques were also applied for the mooring stiffness calcula-
tion. OrcaFlex tool was employed to perform quasi-static analyses in order
to obtain the mooring stiffness associated to different platform surge dis-
placements, which at the same time are related to a specific mean thrust
force. The mooring matrices were also stored to be later input into the
simplified response model.

Regarding the hydrodynamic loads, it is common to perform radiation-
diffraction analyses through potential flow solvers such as WAMIT or ANSYS-
AQWA. However, this is not an efficient solution when a large number of
platform concepts need to be assessed, as required in the initial stages of
design. In order to address this, the present Thesis presents two novel stan-
dalone methods as efficient alternatives to the radiation-diffraction analysis
in this design phase, providing a reasonable accuracy and with the main ad-
vantage of reducing substantially the computational cost. The first method
attends to the first order hydrodynamic coefficients estimation, based on
the radiation-diffraction analysis, and it has been denoted HAAC, mak-
ing reference to Hydrodynamic Analysis on Aggregated Components and it
is described and validated in chapter 4. The second method, focuses on
the prediction of the second-order hydrodynamic wave loads based on the
slender body theory, referred to it as Accelerated Method and it is explained
and validated in chapter 5. These two methods constitute the main con-
tribution of this Thesis, and through the integration on the frequency do-
main response model, their validity and usability for the preliminary design
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phase of FOW platforms is demonstrated. In fig. 3.9 a simple scheme of the
modelling approach is shown. The matrices obtained in the spreadsheet,
such as the structural mass, stiffness and damping matrices, or the viscous
damping matrix and the hydrostatic stiffness matrix are now shown in the
scheme, but they are included in the EoM in (3.25). The design methodo-
logy described throughout this section, where a simplified frequency domain
response model is fed with the hydrodynamic data extracted from the novel
methods HAAC and Accelerated Method, was denoted FD Tool.

Since this methodology is based on the frequency domain, the outcome
will be a mean component ξ̄, resulting from the static analysis, and a dy-
namic component, represented by the standard deviation σξ. The latter,
is related to the area of the response spectra, according to the Parseval
theorem. Therefore, the response can be obtained as the sum of the mean
and standard deviation of each DoF motion. Additionally, in order to plot
the time series, the iFFT is applied.

3.3.6 Overall System Properties

Herein, the natural periods of the FOWT with the floating platforms defined
in table 3.8 supporting the DTU 10 MW WT are shown. The four DoFs
described in the structural model section 3.3.1 were considered. For the
calculation of the system natural periods, the eigenvalue problem was solved
using the mass and the stiffness matrices used in the EoM (3.26).

In 3.13, 3.11 and 3.12, the natural periods for the platform surge, heave
and pitch are shown. Additionally, the wave peak periods from the assessed
DLCs (see table 3.1) are also depicted with dashed lines. As observed, the
most crucial natural frequencies for the specified ocean conditions are as-
sociated with heave and pitch motions. The surge motion exhibited con-
siderably longer natural periods, making it less prone to resonance under

Figure 3.10: Surge natural periods for the different platform designs.
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first-order wave forces, but more susceptible to low-drift loads. Among the
different designs, when the diameter of the platform columns increased, the
natural period also experienced an increase. Likewise, a greater platform
draft or increased separation between the columns resulted in a longer nat-
ural period for the FOWT. This pattern is explained because larger plat-
forms possess greater mass, thereby causing an extension of the natural
period.

Within the FOWT designs listed in table 3.8, there were found not-
able cases where the natural periods for heave and pitch exhibited striking
similarities. These particular designs were characterised by columns with
diameters of either 13 meters or 15 meters and a separation distance of 50
meters between columns. While it is worth noting that this configuration is
not commonly recommended, since 10% difference is preferred, though, it
serves as a valuable example for our analysis. Furthermore, it is important
to emphasise that, even though the heave motion may not be the primary
concern for the floater’s design, it remains crucial to consider that the nat-

Figure 3.11: Heave natural periods for the different platform designs.

Figure 3.12: Pitch natural periods for the different platform designs.
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ural period should not coincide with the interaction frequency. In fig. 3.11,
it seems that certain designs closely approach the peak period associated
with severe sea states, which is defined with a Tp = 16 s. These designs
correspond mainly to those platforms with separation between the columns
of 50 m.

Figure 3.13: Tower fore-aft deflection natural periods for the different platform
designs.

Regarding the tower’s deflection caused by the first fore-aft mode is
characterised by extremely short natural periods, making it more suscept-
ible to the rotational motion of the blades. This is better explained through
the Campbell diagram shown in fig. 3.14. The rotating frequencies corres-
ponding to one to twelve passing blades are shown with the black lines.
The region out of the blue shaded area corresponds to the wind turbine
operation rotational speed.

Figure 3.14: Campbell diagram for the DTU 10 MW WT and the FOWT tower
first fore-aft bending natural frequency range.

The green region delimits the natural frequency range for the first fore-
aft tower bending mode for the platform designs used in this study. It is
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noticeable that some of the designs interfered with the 3P frequency, thus,
they would probably be excited resonance, although this would be observed
in the results. These designs corresponded mainly to those that have 70 m
of separation between the columns. The rest of designs were far from the
region to be avoided, which is from 1P to 3P. This will be later discussed,
when the selection of the suitable designs is carried out in the validation of
the proposed tool in chapter 6.
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Chapter 4

Linear Hydrodynamic
Coefficients Estimation
Methodology

In the early stages of FOW substructure design, numerous substructures
with varying parameters are typically analysed. As outlined in section 3.3.3,
a floating body’s behaviour is primarily influenced by radiation and dif-
fraction loads. During this preliminary phase, only linear hydrodynamic
loads, collectively referred to as hydrodynamic coefficients, are typically
considered, which are commonly obtained through radiation-diffraction ana-
lysis using potential flow solvers. Running such analyses for each platform
can be time-consuming. Given the lack of efficient and adaptable techniques
for integrating into the initial FOW substructure design, this Thesis intro-
duces an innovative methodology for estimating hydrodynamic coefficients,
particularly for semi-submersible platforms. This approach significantly re-
duces computational demands compared to existing methods, allowing for
a broader range of platform designs to be assessed. Moreover, it can be
easily integrated into a response model, as described in chapter 3, facilit-
ating swift and extensive sensitivity analyses for a better understanding of
the structure’s dynamics.

The proposed method breaks down the platform into simpler geometric
components, calculating hydrodynamic coefficients for each separately. By
summing these isolated component coefficients, the overall platform coeffi-
cients are obtained, assuming no interaction between them. This method is
referred to as Hydrodynamic Analysis of Aggregated Components, hencefor-
ward referred to as HAAC. To validate HAAC, the estimated hydrodynamic
coefficients were compared with those from AQWA. Furthermore, its accur-
acy and effectiveness in modelling the frequency domain response of various
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platform designs was assessed using the simplified response model described
in chapter 3. Detailed analysis of the factors affecting HAAC ’s accuracy is
discussed in subsequent sections.

This chapter is structured as follows: in section 4.1 the HAAC meth-
odology is described in detail. In section 4.2 the methodology is validated
comparing the hydrodynamic coefficients derived from HAAC against the
results from the radiation-diffraction analysis of each of the platforms de-
scribed in section 3.2.3 performed in ANSYS-AQWA. Then, in section 4.3,
the response analysis for the different platforms is assessed, evaluating the
accuracy of the method through the impact on the response calculation.

4.1 Hydrodynamic Analysis on Aggregated Com-
ponents (HAAC )

The methodology presented here efficiently provides the hydrodynamic coef-
ficients for FOW substructures with reasonable accuracy for the preliminary
stage of platform design. The main idea is to decompose the floater into
bodies of simple geometry and estimate the hydrodynamic coefficients of
each member and then, apply superposition in order to obtain the coeffi-
cients of the entire floater. Using the platform from fig. 4.1 as an example,
it has been decomposed into four single columns and a squared based pon-
toon. Regarding the latter, it has been split into four equal rectangular
prisms and have been considered as a unique body, because this way the
interaction effects of the pontoon are included. This can be done provided
that the height of the pontoon is assumed to have negligible effect on the hy-
drodynamics of the full floater. Otherwise, the pontoon should be split into
four isolated prisms and, analogously to the columns, the coefficients for
each of them should be obtained. This approach, however, would increase
the inaccuracy of the results since the interaction between the pontoon
members would not be accounted for in this way.

4.1.1 Basic Steps: Database - Interpolate - Scale

HAAC is mainly based on three steps: (i) build the database, (ii) inter-
polate, and (iii) scale. In addition, empirical formulae have been developed
to account for the interaction between the columns and consider the depth
variation of the pontoon, which have been both verified against the results
from radiation-diffraction analysis. This procedure is applied for any isol-
ated member or group of members one wishes to assess, with slight differ-
ences for each individual case. The hydrodynamic coefficients are referred
to the PoF, with the origin at the MSL.
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(a) (b)

Figure 4.1: AQWA model of a semi-submersible platform: (a) Original (b)
Decomposed into members.

Step 1. Build the Database

The first step is to set the database with the hydrodynamic coefficients
of a few number of cases covering a wide range of aspect ratios. The
hydrodynamic analysis of these geometries can be executed in potential
flow solvers, such as AQWA or WAMIT, thus setting a database based on
radiation-diffraction data.

Regarding the isolated member, due to the nature of the scope of this
methodology, in this work the example of vertical surface-piercing cylin-
ders is used, like most of the columns of semi-submersible platforms. This
geometry is defined by two parameters: the diameter and the draft. The
hydrodynamic coefficients of a single vertical partially-submerged cylinder
will depend on the diameter-to-draft ratio, assuming deep water condi-
tions. Therefore, a database is built running simulations off-line of a small
number of isolated cylinders with constant draft and different diameter val-
ues, covering a wide diameter-to-draft ratios for potential platform columns
designs.

As for the group of members, such as the pontoon base (see fig. 4.2), a
database is built as well for a few pontoons fully submerged at a constant
depth d. The length L, height, and CoG vertical position are also set
constant, and different width value a are defined. The width-to-length
ratios of the database should cover the range of values of the designs one
aims to assess.

Step 2. Interpolation

The second step is to interpolate the hydrodynamic coefficients using the
database set in the previous step. The interpolation consists of a cubic
approximation at each frequency value, and in this work particularly the
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(a)

(b)

Figure 4.2: AQWA model for the pontoon database: (a) front view (b) top view.

interp1 function from the library Scipy [79] was used. The reason for using
a cubic interpolation is that a previous check concluded that the interpola-
tion through polynomial approximation, with degree three showed the best
agreement.

In the database, only one parameter varies, while the rest are kept con-
stant. For instance, the diameter of the cylinder is the only varying value,
and in the similar way, the pontoon width. Since the geometries of interest
might not have the same dimensions as the fixed values of those on the
database, one should interpolate for the aspect ratio. In other words, the
hydrodynamic coefficients resulting from the interpolation will correspond
to geometries with the fixed dimensions of the database. The resulting isol-
ated cylinder will have the draft of the database and, in order to keep the
aspect ratio of interest, a new diameter value denoted Dsc. Analogously,
the resulting pontoon will be submerged at the depth of the database, ddb
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and will have the same height and length Ldb as the database, but a new
width value asc. The lower index db denotes the database, and sc, scaled
parameter.

Dsc

ddb
=

D

d
(4.1)

asc
Ldb

=
a

L
(4.2)

Where D and d are the diameter and the draft of the target cylinder,
and a and L the width and length of the rectangular members that form
the pontoon. Bear in mind that when it comes to the cylinder, d refers to
draft, whilst when it comes to the fully submerged horizontal members, it
refers to as depth.

Step 3: Scaling

Finally, the hydrodynamic coefficients of the target members are calculated
by means of scaling to the original dimensions through the Froude scaling
factors, which depend on the units of the coefficients. The isolated cylinder
is defined simply by the diameter and the draft, thus the hydrodynamic
coefficients of the isolated cylinder are obtained directly by multiplying by
the corresponding scaling factor the data derived from the interpolation.
The scaling factor base for the cylinder is given below:

scc =
d

ddb
(4.3)

The pontoon, on the contrary, depends on four design parameters:
width, length, height and depth. For this reason, when multiplying the
coefficients times the pontoon scaling factor, the whole pontoon is scaled,
including the depth at which it is submerged. The hydrodynamic coeffi-
cients resulting from the scaled values correspond to a pontoon with the
dimensions of interest at a scaled depth dsc. The depth variation has an
important influence on the coefficients, so it will be later explained how
to consider it in the following section. The pontoon height is also scaled,
although the height variation is neglected. This leads to some inaccuracies
in the estimation of the surge hydrodynamic coefficients, but they have a
minor effect due to the dominant role of the columns in this degree of free-
dom. So for the pontoon, the scaling factor and resulting scaled depth are
the following:
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scp =
L

Ldb
(4.4)

dsc = ddb
L

Ldb
(4.5)

Note that this ’scaled depth’ is not necessarily equal to the actual depth
of the submerged body being analysed. As above mentioned, this is correc-
ted as explained in the following section.

4.1.2 Additional Contributions to the Methodology

Once the hydrodynamic coefficients of an isolated column and the pontoon
with the dimensions of the case study floater are estimated, superposition
is applied. This is done under the assumption of negligible cross-interaction
between the floater members, however, it can become important when the
distance between the members is not large enough. Herein, a sensitivity
analysis of the interaction between the columns and the separation distance
is performed, and the verification of a developed expression to account for
this interaction effect on the radiation damping is exposed.

Furthermore, the hydrodynamic coefficients of the pontoon obtained
through the basic three steps correspond to that located at the scaled depth
dsc, due to the scaling factor applied in the third step. In order to obtain
the hydrodynamic coefficients corresponding to the pontoon of the platform
case study, one should consider the depth variation between the target and
the scaled value. For that purpose, formulation for the added mass and for
the radiation damping were developed, and are described and verified as
follows.

Throughout this document, the error measure used to quantify the ac-
curacy of the estimation of the hydrodynamic coefficients is defined below,
where y and yref are the corresponding coefficients at each frequency, ω,
obtained through HAAC and AQWA, respectively.

ϵcoef =

∫∞
0 |y − yref | dω∫∞

0 |yref | dω
(4.6)

All the coefficients are referred to the PoF taking into account the loca-
tion of each member at the platform configuration. Also, the phase change
of the diffraction loads is accounted for through linear wave theory equa-
tions.
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Interaction Between the Columns

HAAC assumes negligible interaction between the platform members, how-
ever, depending on the separation between them it can become significant.
The way the pontoon is modelled in the database already accounts for
the interaction between the four rectangular prisms, whereas the interac-
tion between the four columns is here neglected, as well as the interaction
between the columns and the pontoon base. Here in, a sensitivity analysis
of the interaction between an array of columns was carried out.

Figure 4.3: AQWA model of two columns separated a distance s along the x-axis.

An array of cylinders with diameter D and draft d separated along
the x-axis were analysed for different separation distances, s, as shown in
fig. 4.3. For that purpose, these two-cylinder models were run in AQWA,
and the resulting hydrodynamic coefficients were compared to those ob-
tained through HAAC. The error obtained for each DoF and each coef-
ficient are given for the different s/D ratios in fig. 4.4. The excitation
loads were accurately predicted under the assumption of negligible interac-
tion, where the maximum deviation is observed for the surge force of 22%.
However, this value occurred when the distance between the columns’ axes
was 2D, which corresponds to a platform with the columns very close to
each other. For the current semi-submersible platform configuration s/D
ratios, the excitation surge force was predicted with a deviation of 12%.
The added mass matched generally well, although certain peaks were not
captured with the proposed methodology in the direction where the array
of columns were aligned to the wave propagation direction. Still, the error
was below 10% for s > 3D, thus the assumption of negligible interaction
between the columns seems suitable for the preliminary design phase re-
garding the added mass and the linear excitation loads. Regarding the
second-order hydrodynamic excitation loads, a similar procedure could be
applied. However, second-order radiation-diffraction analyses would take
a higher computational cost than the first-order analyses, and it does not
add significantly higher accuracy. For this reason, second-order wave loads
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Figure 4.4: Error for the added mass (A), radiation damping (B) and the
excitation loads (X) for the surge (1), heave (3) and pitch (5) motions of two

cylinders with different s/D ratio. AQWA vs HAAC (assuming no interaction).

are obtained through the Accelerated Method, presented in the next chapter
due to its high efficiency and reasonable accuracy.

In contrast, the interaction effects could be clearly observed in the radi-
ation damping, achieving the largest errors. Therefore, an empirical expres-
sion was developed to estimate the radiation damping of a single cylinder
within an array of cylinders, taking into account the interaction effects as
a function of the distance between them. This expression accounts for the
presence of the cylinders right next to the target one, and does not consider
the interaction of the rest of the cylinders in the array. The expression that
accounts for the interaction effects on the radiation damping is given as

Bint
rad = Brad

(
1 +

cos ks

2

)n

(4.7)

where Brad is the radiation damping of the isolated cylinder, Bint
rad the

radiation damping of one cylinder accounting for the interaction effects
due to the neighbour cylinders and k is the wave number. Moreover, it
differentiates when the cylinder is located at one of the ends of the array
(n = 1) or between two cylinders (n = 2).

Using (4.7), the accuracy predicting the radiation damping increased
substantially, especially in surge and pitch, reducing the error to half of that
neglecting the interaction effects. In order to verify this expression, the res-
ulting radiation damping of an array of 2, 3, and 5 columns were compared
to that obtained by means of AQWA. Since the largest error was found for
the pitch motion, as shown in fig. 4.4, the hydrodynamic coefficients for the
pitch radiation damping are shown in fig. 4.5. The signals correspond to the
radiation damping obtained from the radiation-diffraction analysis and to
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(a) (b)

(c)

Figure 4.5: Pitch radiation damping from AQWA and HAAC with (purple) and
without (yellow) interaction for an array of cylinders of 10.5 m diameter, 17 m

draft and separated a distance of 50 m. (a) 2 cylinders (b) 3 cylinders (c) 5
cylinders.

the estimated damping through HAAC with and without including the in-
teraction effects. It can be observed that the developed equation takes into
account with really good accuracy the interaction effects on the radiation
due to the presence of other cylinders. The accuracy seemed to improve as
the number of cylinders in the array decreases, observing a better match
for two cylinders than for five. This is because (4.7), as mentioned before,
only accounts for the presence of the adjoining cylinders.

As shown in fig. 4.4, the accuracy of the present methodology varied
with the distance between the columns, which is related to the smaller
radiation and diffraction effects between the members as the separation
between them increases. After applying (4.7), the prediction of the radi-
ation damping improved and a valid region could be defined, achieving the
best accuracy when the distance between the columns was from 2.5D to
7.5D. In fig. 4.6, the resulting radiation damping taking into account the
interaction between the columns through (4.7) is given for an array of two
equal columns separated different distances. The s/D ratios of the case
studies assessed in this work covered a wide range of values from 3.08 to 7,
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(a) (b)

(c) (d)

Figure 4.6: Pitch radiation damping from AQWA and HAAC for an array of two
cylinders of 10.5 m diameter, 17 m draft and separated a distance (a) 15 m (b)

50 m (c) 75 m (d) 150 m.

which provided a good estimation of the radiation damping, not only for
the typical dimensions of the current semi-submersible floaters but also for
the potential values of the platforms supporting bigger turbines.

Depth Variation in Submerged Horizontal Bodies

The pontoon is modelled as four equal members, thus the interaction of
the members is already considered in the database cases run off-line in
AQWA. The hydrodynamic coefficients obtained after the three steps in
section 4.1.1, correspond to a pontoon with the dimensions of interest but
with the CoG located at the scaled depth after the third step described
in section 4.1.1. Therefore, in order to obtain the added mass, radiation
damping, and excitation loads of the target pontoon base, the coefficients
should be transformed to the corresponding depth. Empirical formulae
were developed for the added mass and radiation damping in (4.8) and
(4.9), whereas the excitation loads were transformed through linear wave
theory equations, as shown in (4.10).
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(a) (b)

(c)

Figure 4.7: Pitch hydrodynamic coefficients for a pontoon 10 m wide and 45 m
long and 25 m depth. AQWA vs HAAC with (purple) and without (yellow)
considering the depth variation.(a) Added mass (b) Radiation damping (c)

Excitation load amplitude.

A(ω) = (A(ω) −Ainf (ω))ek(dsc−d) + Ainf (ω) (4.8)

Brad(ω) = Brad(ω)e2k(dsc−d) (4.9)

X(ω) = X(ω)ek(dsc−d) (4.10)

where k is the wave number, which was obtained through the generic
dispersion relation, Ainf is the infinite frequency added mass matrix and dsc
and d are the scaled and target depths t which the pontoon is submerged.

These expressions were verified with AQWA and the hydrodynamic coef-
ficients for the pitch motion are given in fig. 4.7. The added mass was gen-
erally well predicted, while the depth variation did not seem to influence
significantly. On the contrary, the depth showed to have a higher impact
on the radiation damping and the excitation loads, achieving a very good
match with the developed expressions. The most notable differences were
found for the pitch motion, therefore, these are the results shown in this
document. The surge and the heave motions were accurately predicted,
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although the former has a minor contribution to the full semi-submersible
platform.

4.1.3 Last Step: Superposition

Now that the additional contributions described in section 4.1.2 have been
introduced, the hydrodynamic coefficients of the semi-submersible floater
are obtained by means of superposition, referring the moments to the plat-
form PoF. For that purpose, the estimated hydrodynamic coefficients of the
isolated cylinder are referred to the PoF of the case study platform, consid-
ering the locations of each of the columns in the configuration. Then, the
presence of the other cylinders regarding the radiation effects is accounted
for through the developed expression eq. (4.7) for each of the columns and
they are summed together with the coefficients of the pontoon.

4.2 Validation of the HAAC methodology

Up to this point, hydrodynamic coefficients related to various platform
components have been discussed, and the impact of design parameters on
the accuracy of the HAAC methodology has been explored. In this sec-
tion, the proposed methodology for the hydrodynamic coefficients of semi-
submersible platforms is validated. For that purpose, the hydrodynamic
coefficients of the complete semi-submersible platforms defined in table 3.8
are compared against the results from the radiation-diffraction analysis per-
formed in ANSYS-AQWA. Herein, only the most representative results are
shown. According to the main motivation for the development of this meth-
odology, the reduction in computational cost achieved compared to the
conventional approach is exposed.

4.2.1 Full Floater Hydrodynamic Coefficients

The hydrodynamic coefficients, such as the added mass, radiation damp-
ing and wave excitation loads, for each of the platform designs defined in
table 3.8 are here shown. The results derived from the proposed methodo-
logy are compared to those obtained through the SoA radiation-diffraction
analysis in ANSY-AQWA, and henceforward, it will be denoted as AQWA.

The first step to take for the application of this method is to create a
database for each of the platform members, as explained in section 4.1.1. In
this study, the Nautilus platform was used as a case study, thus, the plat-
form was split into four individual columns and a pontoon composed of four
rectangular segments. The latter was considered as a unique body. This
follows the procedure explained throughout section 4.1. The database was
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built using the radiation-diffraction panel code ANSYS-AQWA. A total of
50 periods with equal spacing between 2 and 100 s were used and a constant
maximum element size of 1.2 m was set, in order to maintain the analysis
frequency range. Seven isolated partially submerged vertical cylinders of a
constant draft of 17 m and varying diameter-to-draft ratios from 0.11 to
1.35 were modelled. Similarly, simulations of seven pontoons composed of
four rectangular prisms at a depth of 13 m with a constant height of 1.5 m,
constant length of 45 m, and varying width-to-length ratio from 0.066 to
0.51 were carried out. Then, as above mentioned, the hydrodynamic coef-
ficients of the full floater were obtained through the superposition of the
columns and the pontoon, all of them referred the PoF of the case study
FOW platform.

Moreover, for the validation of the method, simulations in ANSYS-
AQWA of the different platform designs described in table 3.8 were per-
formed for the same frequency vector and maximum element size as in the
database.

In fig. 4.8 to 4.15, the added mass, the radiation damping, and the amp-
litude of the excitation loads, respectively, for the semi-submersible floater
D12, D26 and D29 obtained through HAAC are compared against the res-
ults from AQWA. The reason for showing the results corresponding to these
designs is that they cover the extreme values of D/d and D/s ratios, which
range from 0.14 to 0.3, 0.5 to 1.36, respectively, and an intermediate one
with 0.19 and 0.87. Furthermore, it was observed that the minimum error
was achieved for the designs with the lowest values of D/s and D/d and
vice-versa. The D/s ratio is strongly related to the superposition among
the columns, occurring that as the columns were closer to each other, more
significant interaction effects took place. As in HAAC the cross-member
interaction was neglected, worse agreement with the hydrodynamic coeffi-
cients from the conventional radiation-diffraction analysis was observed. As
for the D/d, it was found that is more related to the a/d ratio, since the dia-
meter of the columns and the pontoon width were set equal. The influence
of this parameters are related to the interaction between the columns and
the pontoon, noticing that when the pontoon was a large volume compared
to that of the columns, the interaction between these members became
more important, and therefore, neglect it resulted in higher deviations with
respect to AQWA. Since the accuracy of the heave coefficients is implicit in
the pitch moment results, only the surge and pitch motions are here shown,
and its accuracy is discussed too. The remaining DoFs are not given here
due to the double symmetry of the case study platform configuration.

The added mass in the surge direction showed some peaks that are due
to the interaction effects of the columns, which were not captured with
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(a) (b)

Figure 4.8: Added mass for D12 platform. (a) Surge (b) Pitch.

(a) (b)

Figure 4.9: Radiation damping for D12 platform. (a) Surge (b) Pitch.

(a) (b)

Figure 4.10: Excitation force magnitude for D12 platform. (a) Surge (b) Pitch.

HAAC due to the direct superposition, although the value at zero and
infinite frequency seemed to be accurately predicted. Still, the deviation
in surge with respect to the results from the AQWA model ranged from
6-19%, using the error definition given in (4.6). The added mass in the
pitch direction showed an under-prediction of 12-28%, a similar value to the
deviation in the heave motion; and it is mainly related to the superposition
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(a) (b)

Figure 4.11: Added mass for D26 platform. (a) Surge (b) Pitch.

(a) (b)

Figure 4.12: Radiation damping for D26 platform. (a) Surge (b) Pitch.

(a) (b)

Figure 4.13: Excitation force magnitude for D26 platform. (a) Surge (b) Pitch.

of the columns and the pontoon base. In addition, it was observed that
considering the pontoon as four equal prisms instead of a closed structure
resulted in a correlation with the lost area. However, these findings require
further investigation in future work.

Regarding the radiation damping, the surge DoF seemed to be estimated
with reasonable accuracy, although it was not as good as in the case of the
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(a) (b)

Figure 4.14: Added mass for D29 platform. (a) Surge (b) Pitch.

(a) (b)

Figure 4.15: Radiation damping for D29 platform. (a) Surge (b) Pitch.

(a) (b)

Figure 4.16: Excitation force magnitude for D29 platform. (a) Surge (b) Pitch.

added mass. Nevertheless, the correction that accounts for the interaction
effects by means of (4.7), provided a better match of HAAC with AQWA,
obtaining an error of 21-34% for the surge direction and 23-48% for the
pitch, substantially smaller than the 30% and 58% observed for the array
of two columns of the same D/s ratio in fig. 4.4.

The excitation loads showed good approach through the present meth-
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odology, despite the assumption of negligible interaction between members.
The surge again showed the smallest deviation with respect to the AQWA
results, with 13-26% error. This is because the interaction has a minor effect
on the surge direction due to the important role of the columns. However,
larger errors were found in heave and pitch, where the interaction effects
between the columns and the pontoon became more relevant, producing
deviations of 15-40% and 18-38% for heave and pitch, respectively. It was
observed that these errors are mainly related to the superposition. These
errors might seem large, however, as it is shown in the following sections,
they do not have a substantial impact on the FOWT response motions.

4.2.2 Computational Effort Reduction

The HAAC methodology showed to estimate the hydrodynamic coefficients
of semi-submersible platforms with a reasonable accuracy for the prelimin-
ary design phase of the platforms for offshore wind. The main motivation
for the development of this method is the lack of efficient tools that enable
to make important decisions since the early stages of design, such as the
platform configuration and main dimensions.

The time required for the radiation-diffraction analysis of the platform
designs defined in table 3.8 evaluating 50 periods, from 2 s to 100 s equally
spaced, varies with the size of the platform. The simulation time ranges
from 13,000 s for the smallest substructure to 23,269 s, for the largest.
Bear in mind that in this work the same maximum element size was used
for the meshing set up in order to keep the same frequency range. The
CPU used for the validation of the methodology has four cores through
parallel technique in a computer with two Intel Xeon E5-2630 CPUs and
Hyper-Threading active.

The present methodology estimated the hydrodynamic added mass, ra-
diation damping, and excitation loads in less than 1 s, once the database
is created. Furthermore, as it is based on the interpolation of a set of hy-
drodynamic coefficients, it does not depend on the geometry. The database
setting for seven cylinders and seven pontoons took an overall simulation
time of 60,000 s, which is between 2-5 times the time required for the
radiation-diffraction analysis of a single floater design. This means that
if less than five floaters aimed to be compared, it is worthy to perform a
radiation-diffraction analysis in a panel code based tool, since no compu-
tational cost is saved and a higher accuracy will be obtained. However,
during the preliminary design stages of the FOW substructures, generally
tens of different platforms are assessed, making the present methodology
suitable.

Since the computational time of HAAC is mainly that of the database
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setting, the number of geometries and the number of frequencies to use for
the interpolation would drive the computational effort reduction achieved
with this method. The time required for the basic steps in section 4.1.1 is
nearly negligible, thus the number of platform designs whose hydrodynamic
coefficients need to be calculated does not imply a significant increase of
the simulation time.

4.3 Integration ofHAAC into the Frequency Domain
Model

Once the hydrodynamic coefficients obtained through the proposed meth-
odology have been validated against the radiation-diffraction analysis and
a sensitivity of the influence of the different platform design parameters
on the method’s accuracy has been assessed, the impact of these differ-
ences on the FOWT response is evaluated and discussed. For that purpose,
as shown in fig. 4.17, the frequency domain response model was fed with
the hydrodynamic coefficients derived from both HAAC and AQWA, and
the response obtained in the four DoFs were compared. Previous to the
response calculation, as a part of the HAAC methodology’s validation pro-
cess, it is crucial to ensure that the natural periods for various platform
designs are estimated with consistent accuracy and that the FOW struc-
ture’s dynamics remain relatively unchanged. Therefore, the accuracy on
the calculation of the natural periods for each FOWT was also quantified.

Figure 4.17: Scheme diagram for HAAC validation process.
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4.3.1 System Natural Periods

The natural periods were determined through an eigenvalue problem, tak-
ing into account both the total mass and total stiffness at the equilibrium
position of the FOWT. The hydrostatic stiffness, which is based on the
platforms’ geometry, was computed numerically.

The natural period values for different FOWT supported by the dif-
ferent platform designs were previously presented in section 3.3.6. In this
section, the differences concerning the natural periods when using the hy-
drodynamic added mass derived from the HAAC methodology or from
AQWA are examined. To facilitate this comparison, the error for each DoF
was calculated and is given in fig. 4.18.

Figure 4.18: Error obtained for the natural periods between HAAC and AQWA.
Negative sign means under prediction through HAAC.

In the previous sections, it was observed that the added mass in heave
and pitch derived from HAAC are under estimated with respect to AQWA.
This leads to an under prediction of the natural period in those DoFs, as
it can be noticed in fig. 4.18, where except for those designs with an error
close to zero, generally the sign is negative, which means under prediction
of the natural period based on the definition of error used (4.11). Being Ts

and Tref the estimated and reference natural periods.

ϵT =
Ts − Tref

Tref
(4.11)

In general, really good agreement was observed, with deviations below
9% with respect to the reference natural periods. Surge motion natural
periods showed the best agreement with AQWA, with deviations below
2%. The error values decreased with the diameter, with the separation of
the columns and with the draft. This is related both to the columns contri-
bution to the mass and stiffness system matrices and to the little influence
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of cross-interaction. As observed in the results of the hydrodynamic coeffi-
cients, the columns seemed to show better results than the pontoon, thus,
the larger the columns and the larger the distance between the them, the
higher the method’s accuracy. In section 3.3.6, it was observed that the
incident wave peak periods were very far from the natural periods, so it is
unlikely to cause resonance in this DoF.

The DoF that showed the worst match is the heave motion, although
the deviations are no larger than 9% with respect to AQWA. Notably, this
error pattern appeared less consistent than that observed in surge motion.
It was primarily influenced by interaction effects, with the error decreasing
substantially as the separation between the columns increased. In fact,
the error was halved when transitioning from a 50-meter separation to a
70-meter separation between columns.

The natural periods for pitch motion followed a similar trend as the
heave DoF, but this time they appeared to align closer with the refer-
ence values. This improved agreement can be attributed to the accurate
prediction of the surge contribution to pitch motion. In cases where the
platforms have very low D/s ratios, deviations below 2% can be achieved,
while for scenarios where interaction effects became more significant, the
error reached up to 5.5%.

Regarding the natural periods for the first tower fore-aft mode shape
deflection, different contributions are taking part, such as the platform surge
and pitch motions, as well as the modal deflection by the firs fore-aft model
shape. For this reason, it did not always occur that the lower the D/s,
the better accuracy was achieved. The influence of the surge and the pitch
dynamics to the tower deflection natural frequency will be later assessed
and discussed. Still, really good match was achieved between the estimated
and the reference values, achieving a maximum deviation of 5.2%.

In section 3.3.6, certain designs exhibited heave natural periods quite
near the wave peak period associated with the severe sea state (Tp = 16 s).
The proximity of the natural period from the excitation period is a crucial
consideration for designers. However, it is important to note that since the
natural periods, as estimated using the hydrodynamic added mass from
HAAC, were slightly under estimated, this means that for some platform
designs the heave natural period may approach closer to the Tp = 16 s. The
subsequent assessment will help determine the impact of this proximity on
the response under such excitation conditions.

4.3.2 Dynamic Response of the FOWT

Given that the primary objective of this methodology is to facilitate a rapid
evaluation of the dynamic behaviour and response of FOWT using various
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platform designs, the focus here is on quantifying the propagation of dif-
ferences observed between the radiation-diffraction analysis and the HAAC
methodology in the response analysis. To achieve this, the hydrodynamic
data from both AQWA and HAAC was incorporated into the frequency
domain based response model described in chapter 3. This is shown in
fig. 4.17. Since the interest here resides in evaluating the accuracy of the
proposed hydrodynamic approach, only wave excitation was considered as
input to the model and no wind excitation was input. While this approach
may not entirely mirror real-world scenarios, especially for moderate and
severe sea conditions, it does offer valuable insights into the capabilities of
this methodology. Moreover, in practical situations where wind excitation
is a factor, the impact of disparities between AQWA and HAAC on the
response would tend to be less significant. Consequently, the response of
the FOWT under the conditions specified in table 3.1 was assessed. These
DLCs cover a wide range of mild, moderate and severe sea states, repres-
enting 50-year of significant wave height Hs and peak periods Tp. Below a
table with the DLCs used for this validation is given:

ID Type Hs Tp

SS1 Mild 1.67 8.0
SS2 Moderate 6.20 12.5
SS3 Severe 10.90 16.0

Table 4.1: Sea states used for the HAAC validation. (Units: m, s)

The response of the thirty-three platform designs considered in table 3.8
under the DLCs described in table 4.1 are shown and discussed in this sec-
tion. Despite some of the disagreements observed in the previous results of
the hydrodynamic coefficients, it is important not to forget the main goal
of this work: to be able to reach the same conclusions regarding the dy-
namic behaviour of the FOWT in a comparative analysis of several platform
designs as if the hydrodynamic coefficients from the radiation-diffraction
analysis were used to feed the frequency-domain based response model.

Operating in the frequency domain where signals follow a Gaussian
distribution, the dynamic response is expressed through the standard de-
viation of the response spectrum. The error definition used to measure the
accuracy is given in (4.12).

ϵσ =
σs − σref

σref
(4.12)

where σs and σref are the standard deviation of the response obtained
from the frequency domain model using the hydrodynamic coefficients from
HAAC and AQWA, respectively.
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In fig. 4.19, 4.20, and 4.21, the standard deviation of response is given for
each of the platform designs described in chapter 3 for the mild, moderate,
and severe sea states, respectively. For the three sea states and the four
DoF, there was found a general under prediction of the response standard
deviation when the hydrodynamic coefficients from HAAC are fed to the
frequency domain response model. This is related to the superposition, and
consequently, to assume no interaction between members. Particularly, the
under estimation excitation loads lead to lower displacements.

The surge displacement of the FOWT is significantly influenced by the
mooring system. In this comparative analysis, it has been assumed the
same mooring stiffness matrix for all designs. While this primarily affects
the static response, it does result in relatively minor differences between
the responses obtained using HAAC and AQWA. Additionally, it is im-
portant to note that the columns play a crucial role in the surge motion.
Consequently, as the separation between the columns increases or the draft
deepens, the error between the two methods decreases. Among the cases
considered, the most accurate estimation of the standard deviation of the
surge motion was achieved for D3, with a deviation of only 0.5% under SS2
conditions. Conversely, the least accurate case is D31, with a 15% deviation
under SS1 conditions. It is worth highlighting that while this error may
seem substantial, it should be viewed in the context of the relatively small
standard deviation values obtained.

Similar trends to those observed in surge motion were also noticed in
heave motion. In this DoF, the contribution of the pontoon to interaction
effects is particularly crucial, leading to better agreement between the two
methods as the pontoon length increases. Additionally, an improved match
was achieved when the platform’s draft increased, meaning longer columns.
The most accurate prediction of the standard deviation of heave motion
through the proposed method was observed for D12 under SS2 conditions,
with almost zero error. Conversely, the closest match was found for D1,
also under SS2 conditions, with a 19% error. Interestingly, it appeared
that the sea states do not significantly affect the accuracy of the HAAC
methodology in this context.

Regarding the pitch angle an nacelle acceleration standard deviation,
very good approximation was achieved for SS1 and SS2. For mild sea states
the error was nearly constant for all designs, although there was a slightly
decreased as the draft of the columns increased. This is related to the
major contribution of the columns to the hydrodynamic coefficients, and
it has already been demonstrated that the HAAC methodology provided a
very good estimation of arrays of columns. Furthermore, the higher are the
columns with respect to the pontoon, the better accuracy was achieved. In
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other words, the lower the D/s ratio, the lower deviation. The minimum
error for the nacelle acceleration are found for the designs with the lowest
values of D/s ratio, meaning that the interaction effect between the columns
and the pontoon are less important.

On the contrary, it is noticeable that the results regarding SS3 did not
agree as well as the previous results. In addition, here the results using the
coefficients from HAAC lead to over predict the response for cases with
larger low draft columns and large width pontoons. However, this results
are not realistic since usually when such moderate or severe sea states occur,
they come together with wind. In order to have a more real idea of the
accuracy of the proposed methodology, wind action was included to the
severe sea conditions. The corresponding results are depicted in fig. 4.22,
where the standard deviation of the response under SS3, but now with the
excitation of turbulent wind with mean wind speed of 12 m/s. This wind
speed is very close to rated speed, thus the thrust force has almost reached
the maximum value. This corresponds to DLC8 described in table 3.1.

Compared to the results were only wave action was considered, when
wind action is included, the differences between the response using HAAC
or AQWA were diminished. This is explained because the wind excitation
was the same for all platform designs, since they support the same wind
turbine, thus it does not depend on the hydrodynamic analysis. This resul-
ted in the damping of the inaccuracies derived from HAAC. Consequently,
and as it was expected, as the wind loads became more important, the re-
sponse signals agreed better. Now, the surge motion standard deviation was
predicted with very high accuracy, with almost no difference between both
signals. The heave motion achieved deviations below 10% for all cases. The
platform pitch angle showed very good match between AQWA and HAAC
in general. The platform designs with the highest D/s ratio, were those
that worse agree. Despite those cases, the both methods provided similar
dynamic behaviour regarding the pitch angle and the nacelle acceleration.
Taking into account the main purpose of this Thesis, the good prediction
of the response in these two DoF is crucial to provide confidence to the
proposed design tool.

As for the nacelle acceleration, they provided the largest differences
compared to the rest of DoF. This is partly related to the double derivative
of the nacelle deflection, which leads to an increasing mismatch of the sig-
nals as the number of derivatives increases. In addition, those error values
correspond to the cases where the maximum deviation was found. Despite
this fact, it was still considered a good result since the tendency was co-
herent with the reference signal and, moreover, because AQWA performs a
frequency-domain-based analysis, whose accuracy is also limited.
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It is interesting to see how the calculation of the hydrodynamic coef-
ficients by means of the proposed methodology HAAC provided the same
tendency as if the potential flow problem had been solved. This is the
main idea of the HAAC and it has shown to provide similar results as with
the radiation-diffraction hydrodynamic coefficients. Therefore, despite the
slight disagreements observed in the response, they still enable us to achieve
similar conclusions as the state-of-the-art tools, with much higher compu-
tational efficiency.
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(a)

(b)

(c)

(d)

Figure 4.19: Response standard deviation for each design under SS1 (a) Surge
[m]. (b) Heave [m] (c) Pitch [deg] (d) Nacelle Acceleration [m/s2].
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(a)

(b)

(c)

(d)

Figure 4.20: Response standard deviation for each design under SS2 (a) Surge
[m]. (b) Heave [m] (c) Pitch [deg] (d) Nacelle Acceleration [m/s2].
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(a)

(b)

(c)

(d)

Figure 4.21: Response standard deviation for each design under SS3 (a) Surge
[m]. (b) Heave [m] (c) Pitch [deg] (d) Nacelle Acceleration [m/s2].
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(a)

(b)

(c)

(d)

Figure 4.22: Response standard deviation for each design under DLC8 (a) Surge
[m]. (b) Heave [m] (c) Pitch [deg] (d) Nacelle Acceleration [m/s2].
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Chapter 5

Approach for the
Second-Order
Hydrodynamic Loads
Calculation of
Semi-Submersible Platforms

In preceding chapters, it has been emphasised the significance of second-
order hydrodynamic wave loads and discussed the existing methods for
their computation. Typically, these loads are considered in advanced design
stages due to their computationally intensive nature. However, this Thesis
introduces an innovative approach that efficiently estimates second-order
wave loads acting on semi-submersible platforms, rendering it suitable for
the preliminary design phase of such substructures. This method is groun-
ded in slender-body theory and formulates its approach based on the Mor-
ison and Rainey force model. It is important to note that the development
of the accelerated method for semi-submersible platforms was carried out
with the guidance and support of H. Bredmose and A. Pegalajar, as it ex-
tends their original method, which was initially implemented for an isolated
slender vertical cylinder in [63, 64, 80].

Similarly to the HAAC methodology described in chapter 4, the method
has been implemented for the Nautilus semi-submersible platform based on
the LIFES50+ project [2], although it could be further tailored for other
platform configurations. The accelerated method was already validated for
slender vertical cylinders in previous work, such as in spars [64] or mono-
piles [63], but semi-submersible platforms are generally shorter columns,
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leading to larger deviations with respect to the results using the conven-
tional radiation-diffraction analysis. Therefore, some parametric studies
were carried out for different cylinder diameter-to-draft ratios and diameter-
to-wavelength ratios. In addition to drawing conclusions from the paramet-
ric studies conducted on the columns, a significant contribution in this work
is the expansion of the accelerated method to semi-submersible platforms.
To accomplish this, formulations for heave forces acting on the columns
and loads on the horizontal pontoon members were developed. Further-
more, the evaluation of the validity of applying superposition, assuming
negligible interaction among platform components was evaluated.

To validate the proposed approach, the estimated second-order hydro-
dynamic loads were compared with conventional methods commonly em-
ployed for this type of analysis. Then, for the same reasons as explained
in the previous chapter, the accuracy of the method was assessed by eval-
uating the impact on the FOWT response analysis. For that purpose, the
frequency domain response model described in chapter 3 was fed with the
second-order hydrodynamic loads derived from the present method, and
the response was compared against that derived from the same frequency
domain response model fed with the loads obtained by means of the con-
ventional method as in (3.21).

This chapter is structured as follows. First, in section 5.1 the proposed
accelerated method for the second-order hydrodynamic load calculation is
presented. Then, in section 5.2 the results obtained under certain sea states
are shown and discussed. Furthermore, in section 5.3, the sensitivity of the
method’s accuracy is assessed by evaluating the influence on the FOWT
response motions and the importance of the inclusion of the second-order
hydrodynamic loads during the initial stages of the substructures’ design is
discussed.

5.1 Accelerated Method for Second-Order Loads
on Semi-Submersible Floaters

In this section, the extension of the accelerated method originally developed
by Bredmose et al. [63] for the estimation of the second-order hydrodynamic
loads at linear cost on slender vertical cylinders to semi-submersible plat-
forms is described. It is based on the Rainey (1995) [78] force model plus
the standard Morison viscous force. The core of this method is that the
time-consuming double sum over frequencies (see 3.21) can be bypassed by
using instead the eigenvalue decomposition of the corresponding quadratic
load transfer function. Since the results of the accelerated method are here
bench-marked against results from a potential flow radiation-diffraction
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Figure 5.1: Semi-submersible platform and global reference frame.

solver, drag forces were not considered.

A semi-submersible platform its not slender itself, thus, it is split into
simple members that can be considered, to a certain extent, as slender
bodies. Similarly to the decomposition made for the HAAC methodology
in chapter 4, four individual columns and, this time, also four individual
rectangular prisms that form the pontoon are considered. Then, superpos-
ition is applied for the calculation of second-order loads of the full semi-
submersible floater.

The coordinate system used throughout the study has its origin at the
Point of Flotation (PoF), placed at the Mean Sea Level (MSL), with the
z-axis pointing upwards and the x-axis pointing in the direction of the
wave propagation. The y-axis follows the right-hand convention, as shown
in fig. 5.1. The moments of the full platform are referred to the PoF and
the contribution from surge and heave forces to the pitch moment must be
considered, as well as the phases need to be referred to the global reference
coordinate system.

A semi-submersible floater is usually composed of vertical members,
which are commonly cylindrical columns, supported or connected by hori-
zontal members, which can be cylinders or rectangular prisms. The Morison
and Rainey force model are applied and integrated along the longitudinal
axis, and depending on its orientation with respect to the wave propagation
direction, the quadratic transfer functions for each member are formulated.
This Thesis is focus on rectangular prisms, such as the ones shown in fig. 5.2.

As a slender-body theory-based method, the accelerated method obtains
the second-order loads by means of analytical integration from the first and
second-order wave velocity potential given by
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ϕ(1) =

N∑
j=−N

B̂je
i(ωjt−kjx)

cosh kj(z + h)

cosh kjh
(5.1)

ϕ̃(2) = i

N∑
m=−N

N∑
n=−N

ˆ̃Bm
ˆ̃BnTϕei((ωm+ωn)t−(km+kn)x)

cosh (km + kn)(z + h)

cosh (km + kn)h
(5.2)

Tϕ =
1

2

2(Ωm + Ωn)(Ω2
mΩ2

n + κmκn) + Ωm(Ω4
n − κ2

n) + Ωn(Ω4
m − κ2

m)

(Ωm + Ωn)2 − (κm + κn) tanh (κm + κn)
(5.3)

ϕ(1) and ϕ̃(2) are the first- and second-order velocity potentials, the
former expressed in dimensional form and the latter, in non-dimensional
form, see (5.6). Furthermore, Ω and κ are the non-dimensional angular
frequencies and wave numbers k, also defined in (5.6). B̂ is the Fourier
amplitude of the linear velocity potential and z and h are the vertical dis-
tance along the z-axis and the water depth, respectively, and ∼ represents
a non dimensional parameter. Here a double-sided Fourier series with com-
plex Fourier amplitudes is used for the sake of simplicity since cosine/sine
and sub/super harmonics are indistinctly considered this way.

5.1.1 Definition of the Non-Dimensional Parameters

The second-order force for a vertical column can be written as a function
of the following parameters

F = f(ρw, g, h, d,D,Lw, ν, B̂) (5.4)

Where F is the force, ρw is the water density, g is the gravity acceler-
ation, h is the water depth, d is the substructure’s draft, D is the column
diameter, Lw is the wave length, ν is the fluid viscosity and B̂ is the Fourier
amplitude of the linear velocity potential. By normalising lengths with D
[81], they can be written the non-dimensional second-order force as follows

F̃ = f(
D

d
,
D

Lw
,
D

h
, B̂,Re) (5.5)

where the Reynolds number, Re, can be left out since only in-viscid loads
are considered. Therefore, the parametric studies will analyse the influence
on a single cylinder of two parameters: the diameter-to-draft ratio, D

d , and
the diameter-to-wave-length ratio, D

Lp
. The diameter-to-water-depth ratio

is not studied here due to the relatively large water depth of h = 130m.

Therefore, the following non-dimensional variables for the analysis can
be defined, as found in [63].
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Ωp = ωp

√
h/g, κp = kph, ϕ̃ = ϕ

√
h3/g, ˆ̃B = B̂

√
h3/g (5.6)

where ωp is the angular peak frequency and κp is the peak wave number.

5.1.2 Second-Order Loads on Vertical Cylinders

The formulation for the surge force and pitch moment of an isolated column
was already developed by Bredmose et al. in [63], thus herein it has been
briefly explained. In addition, the transfer function of the heave force is
one of the parts of the extension of the original method, thus it is provided
a detailed description of its development.

Surge and Pitch Second-Order Loads

The second-order hydrodynamic surge force is based on the formulation
presented in [63], where each term is analytically integrated along the z
direction, resulting in the velocity potential amplitude multiplied by the
force quadratic transfer function. The surge force components acting on
the vertical cylinder are four: the second-order Eulerian wave particle ac-
celeration term, the convective acceleration term, the axial divergence term,
and the free-surface term. The superscript indicates the first- (1) or second-
order (2) of the wave kinematics and the second subscript c denotes the
column. These forces are given by

F
(2)
x1,c =

∫ 0

−d

ρwAx(Cm,x + 1)u
(2)
t dz (5.7)

F
(2)
x2,c =

∫ 0

−d

ρwAx(Cm,x + 1)(u(1)u(1)
x + w(1)u(1)

z )dz (5.8)

F
(2)
x3,c =

∫ 0

−d

ρwAxCm,xw
(1)
z u(1)dz (5.9)

F
(2)
x4,c = ρwAx(Cm,x + 1)η(1)u

(1)
t |z=0 (5.10)

From each of these terms, a separate quadratic transfer function is de-
rived, as shown in [63]. The individual QTFs are added together into a
single QTF, which, when multiplied by the two Fourier amplitudes of the
velocity potential, gives the corresponding contribution to the second-order
surge force. Expressing it in the non-dimensional form

F
(2)
x,c

ρwAxgh
= i

N∑
m=−N

N∑
n=−N

ˆ̃Bm
ˆ̃Bne

i((ωm+ωn)t−(km+kn)x)F (2)
x,c (5.11)
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where Ax is the cylinder cross-sectional area, Cm,x is the added mass

coefficient in the surge direction, F
(2)
x,c is the quadratic transfer function,

and N the number of positive frequencies. The full derivation can be found
in [63]. The evaluation of (5.11) involves a double sum over the number of
frequencies, which would require a high computational cost for long time
series. The load time series can be obtained in a much quicker way by means

of eigenvalue decomposition of the quadratic transfer function, F
(2)
x,c . First,

(5.11) is given in matrix product form as follows:

F
(2)
x,c

ρwAxgh
= i
[
· · · ˆ̃Bmei(ωmt−kmx) · · ·

]
F (2)

x,c


...

ˆ̃Bne
i(ωnt−knx)

...

 (5.12)

The quadratic transfer function F
(2)
x,c can be expressed as a product of

eigenvalues, λj , and eigenvectors, Vj , where the j index corresponds to a
given eigenvalue.

F
(2)
x,c

ρwAxgh
= i

2N∑
j=1

[
· · · ˆ̃Bmei(ωmt−kmx) · · ·

]
VjλjVj


...

ˆ̃Bne
i(ωnt−knx)

...

 (5.13)

F
(2)
x,c

ρwAxgh
= i

2N∑
q=1

λq

[ N∑
m=−N

Vqm
ˆ̃Bmei(ωmt−kmx)

]2
(5.14)

Equation (5.13) results in the product of two identical pseudo time series
that can be reformulated considering the symmetry, and that provide the
force at linear cost O(NlogN) via inverse Fast Fourier Transform (iFFT ).
The key equation of the accelerated method is presented in (5.14), where
modal truncation has been applied. By this method, considerable compu-
tational savings are achieved, since only a few modes, q, are necessary to
accurately obtain the second-order hydrodynamic load and, therefore, the
load time series can be obtained at a computational cost of O(NlogN).

As for the pitch moment on a single cylinder, the arm of the surge force
in each position along the z-axis is introduced and the integral is solved
analytically in a similar way as for the surge force. This is also detailed in
[63], thus only the final formulation is given here.

M
(2)
y,c

ρwAxgh2
= i

N∑
m=−N

N∑
n=−N

ˆ̃Bm
ˆ̃Bne

i((ωm+ωn)t−(km+kn)x)M (2)
y,c (5.15)

where M
(2)
y,c is the pitch moment quadratic transfer function, with the

full derivation available in [63].
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Heave Second-Order Force

The formulation of the heave force is required for the load calculation on
a semi-submersible floater, thus it is has been developed in this study.
Following the same procedure as in section 5.1.2, the second-order axial
heave force on a cylinder is the sum of Froude-Krylov (FK) and the added
mass (AM) terms given by

F (2)
z,c = FFK

z,c + FAM
z,c = p(2)Az + ρwCm,zVzw

(2)
t (5.16)

Here p(2) is the second-order hydrodynamic pressure applied to the area
Az, which is the cross-sectional area of the column, Cm,z is the inertia coef-
ficient in heave, Vz is the corresponding volume for the motion in the heave

direction, and w
(2)
t is the second-order vertical acceleration of the water

particles. It is assumed the wave kinematics and pressure remain constant
over the cylinder bottom and evaluate them at the centre of the cross-
sectional area.

The second-order hydrodynamic pressure, derived from the Bernoulli
equation for unsteady and irrotational flow, is the sum of the contribution
from the time derivative of the second-order velocity potential and the
kinematic term. Under the assumption of unidirectional waves, the second-
order hydrodynamic pressure is given by

p(2) = −ρw

(
ϕ
(2)
t +

1

2

(
u(1)u(1) + w(1)w(1)

))
(5.17)

Here the time-invariant contribution to p(2) that relates to the Bernoulli
constant is excluded, see [63], since only the dynamic second-order force is
of interest. From (5.17) two separate quadratic transfer functions are ob-

tained: one for the second-order potential term, F
(FK)
z1,c , and another for the

quadratic term, F
(FK)
z2,c , both expressed with non-dimensional parameters.

The second-order Froude-Krylov term is then given by

FFK
z,c

(2)

ρwhgAz
=

N∑
m=−N

N∑
n=−N

ˆ̃Bm
ˆ̃Bne

i((ωm+ωn)t−(km+kn)x)(F
(FK)
z1,c + F

(FK)
z2,c ) (5.18)

F
(FK)
z1,c =

TΦ(Ωm + Ωn) cosh ((κm + κn)(1 − d
h ))

cosh(κm + κn)
(5.19)

F
(FK)
z2,c =

1

4
κmκn

cosh ((κm − κn)(1 − d
h )) + cosh ((κn − κm)(1 − d

h ))

coshκm coshκn
(5.20)

The added mass term is the product of the heave added mass and the

second-order wave particle vertical acceleration, w
(2)
t , which is

97



Chapter 5. Approach for the Second-Order Hydrodynamic Loads Calculation of
Semi-Submersible Platforms

w
(2)
t =

(
w

(2)
t + u(1)w(1)

x + w(1)w(1)
z

)
(5.21)

Again, from (5.21) two separate quadratic transfer functions are derived:
one for the first term and another for the sum of the last two terms. The
expression for the added mass component of the heave force is as follows:

F
(AM)
z,c

ρwCm,zVzg
=

N∑
m=−N

N∑
n=−N

ˆ̃Bm
ˆ̃Bne

i(ωm+ωn)t−(km+kn)x)(F
(AM)
z1 + F

(AM)
z2 ) (5.22)

with,

F
(AM)
z1 = −

TΦ(Ωm + Ωn)(κm + κn) sinh ((κm + κn)(1 − d
h ))

cosh(κm + κn)
(5.23)

F
(AM)
z2 =

1

4
κmκn(κm + κn)

sinh ((κm − κn)(1 − d
h )) + sinh ((κn − κm)(1 − d

h ))

coshκm coshκn

(5.24)

F
(FK)
z2,c and F

(AM)
z2 have been modified to make them symmetric, neces-

sary for the eigenvalue decomposition. Once are defined the QTFs corres-
ponding to the Froude-Krylov and added mass terms, the load time series
are obtained through (5.14).

5.1.3 Second-Order Loads on Horizontal Member with
Longitudinal Axis Perpendicular to the Wave
Propagation Direction

Herein, the formulation for the case of a fully submerged prism with the
longitudinal axis perpendicular to the wave propagation direction, as shown
in fig. 5.2, is given. The formulation is referred to the local reference frame
with origin at z = −d with coordinate systems Op.

In this case, it can be assumed that the force is uniformly distributed
along the y-axis. As this method assumes the mid-point force representation
at the longitudinal axis, no pitch moment is generated, thus, only the surge
and the heave forces are formulated.

Surge and Pitch First- and Second-Order Loads

The first-order surge force based on the slender-body approach is a function

of the first-order wave particle acceleration in the flow direction, u
(1)
t

F (1)
x,pp =

∫
L

ρwA(Cmc + 1)u
(1)
t dy (5.25)
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Figure 5.2: Horizontal members with the longitudinal axis perpendicular (left)
and aligned (right) to the wave propagation direction.

where L is the pontoon length along the longitudinal axis, Cmc is the
inertia coefficient corresponding to the motion along x-axis and A is the
area projected on the plane perpendicular to the longitudinal axis, which
corresponds to the cross-sectional area in fig. 5.2. Writing (5.25) in non-
dimensional form:

F
(1)
x,pp

ρwALg
= (Cmc + 1)

N∑
j=−N

ˆ̃Bje
i(ωjt−kjx)F (1)

x,pp (5.26)

F (1)
x,pp = Ωjκj

cosh (κj(1 − d
h ))

coshκj
(5.27)

Considering the same surge components as described in (5.7) to (5.10),
the axial divergence term is zero since v = vy = 0 due to the assumption of
uni-directional waves; and the free-surface force term is also zero because
the body is fully submerged. The second-order force components are:

F
(2)
x1,pp =

∫
L

ρwA(Cmc + 1)u
(2)
t dy (5.28)

F
(2)
x2,pp =

∫
L

ρwA(Cmc + 1)(u(1)u(1)
x + w(1)u(1)

z )dy (5.29)

where the index pp denotes pontoon perpendicular. The equations above
are given in the non-dimensional form as a function of the wave excitation
and the quadratic transfer function:
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F
(2)
x,pp

ρwAgL
= (Cmc + 1)i

N∑
m=−N

N∑
n=−N

ˆ̃Bm
ˆ̃Bne

i((ωm+ωn)t−(km+kn)x)(F
(2)
x1,pp + F

(2)
x2,pp)

(5.30)

The quadratic transfer functions corresponding to each of the surge
components are given below.

F
(2)
x1,pp =

TΦ(Ωm + Ωn)(κm + κn)

cosh(κm + κn)
cosh (κm + κn)(1 − d

h
) (5.31)

F
(2)
x2,pp =

1

4
κmκn(κm + κn)

cosh ((κm − κn)(1 − d
h )) + cosh ((κn − κm)(1 − d

h ))

coshκm coshκn

(5.32)

The pitch moment referred to the PoF from the contributions of the
surge force becomes

M (2),PoF
y,pp = −F (2)

x,ppd (5.33)

Heave First- and Second-Order Forces

The first-order heave force is obtained similarly to the surge force, but this

time as a function of the vertical acceleration, w
(2)
t .

F (1)
z,pp =

∫
L

ρwA(Cma + 1)w
(1)
t dy (5.34)

Here Cma is the inertia coefficient for the vertical motion. Writing the
force in non-dimensional form, it is obtained

F
(1)
z,pp

ρwALg
= (Cma + 1)i

N∑
j=−N

ˆ̃Bje
i(ωjt−kjx)F (1)

z,pp (5.35)

F (1)
z,pp = Ωjκj

sinh (κj(1 − d
h ))

coshκj
(5.36)

Regarding the second-order heave force, the formulation is based on the
slender-body approximation and it is done in a similar way to the case of
the isolated vertical cylinder.

F (2)
z,pp =

∫
L

ρwA(Cma + 1)(w
(2)
t + u(1)w(1)

x + w(1)w(1)
z )dy (5.37)

Again, two QTFs are derived from the equation above, one corresponds
to the first term and the other, to the sum of the last two terms. The Fz2,pp

has been modified to make it symmetric, as in the previous cases.

100



Chapter 5. Approach for the Second-Order Hydrodynamic Loads Calculation of
Semi-Submersible Platforms

F
(2)
z,pp

ρwALg
= (Cma + 1)

N∑
m=−N

N∑
n=−N

ˆ̃Bm
ˆ̃Bne

i((wm+wn)t−(km+kn)x)(F
(2)
z1,pp + F

(2)
z2,pp)

(5.38)

where,

F
(2)
z1,pp = −TΦ

(Ωm + Ωn)(κm + κn) sinh ((κm + κn)(1 − d
h ))

cosh(κm + κn)
(5.39)

F
(2)
z2,pp =

1

4
κmκn(κm + κn)

sinh ((κm − κn)(1 − d
h )) + sinh ((κn − κm)(1 − d

h ))

coshκm coshκn

(5.40)

The resulting QTF from the sum in (5.38) is eigenvalue decomposed
and the second-order heave force time series is obtained by means of (5.14).

5.1.4 Second-Order Loads on Horizontal Member with
Longitudinal Axis Aligned to the Wave
Propagation Direction

Herein, the formulation of a fully submerged prism with its longitudinal
axis aligned to the wave propagation direction, as shown in fig. 5.2, is
given. This member required the analytical integration of the forces along
the x-axis since the wave kinematics change along the pontoon length. The
pontoon member is rather long and, thus, it does not seem reasonable to
approximate the surge force by the mid-point force representation. Instead,
in this case the surge force formulation is based on the pressure difference
at the two end surfaces. The heave force and pitch moment formulations,
however, are based on the slender-body approach, as has been done in the
previous cases. The formulation given below is referred to each of the local
reference frames with origin at z = −d with coordinate system Oa.

Surge Second-Order Force

The second-order surge force is formulated using the second-order hydro-
dynamic pressure expression:

F (2)
x,pa = −ρwA

(
ϕ
(2)
t + ϕ(1)

x ϕ(1)
x + ϕ(1)

z ϕ(1)
z

)∣∣∣∣0
L

(5.41)

From the velocity potential time derivative, one QTF is obtained, and
from the quadratic velocity sum term, another QTF, as shown as follows:
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F
(2)
x,pa

ρwAhg
= (Cmb + 1)

N∑
m=−N

N∑
n=−N

ˆ̃Bm
ˆ̃Bne

i((wm+wn)t−(km+kn)x)(F
(2)
x1,pa + F

(2)
x2,pa)

(5.42)

with,

F
(2)
x1,pa = TΦ

(Ωm + Ωn) cosh ((κm + κn)(1 − d
h ))

cosh(κm + κn)
(1 − e−ikL) (5.43)

F
(2)
x2,pa =

1

4
κmκn

cosh ((κm − κn)(1 − d
h )) + cosh ((κn − κm)(1 − d

h ))

coshκm coshκn
(5.44)

Heave and Pitch Second-Order Loads

The heave force and the pitch moment are similarly obtained, with the
difference that the latter is the product of the former and the arm in the
x-direction. The second-order loads are given by

(
F

(2)
z,pa

M
(2)
y,pa

)
= ρwA

∫
L

(
(Cma + 1)(w

(2)
t + u(1)w

(1)
x + w(1)w

(1)
z ) + Cmau

(1)
x w(1)

)(
1
−x

)
dx

(5.45)

By solving (5.45), the following integral functions Iz1(k) and Iz2(k) are
obtained.

Iz1(k) =
i

k
(1 − e−ikL) (5.46)

Iz2(k) = −
(
iL

k
e−ikL +

1

k2
(e−ikL − 1)

)
(5.47)

And from (5.45), three QTFs are derived: first for the second-order
acceleration term, second for the quadratic velocity term and third for the
axial divergence term.

F
(2)
z1,pa = −TΦ

(Ωm + Ωn)(κm + κn) sinh ((κm + κn)(1 − d
h ))

cosh(κm + κn)
(5.48)

F
(2)
z2,pa =

1

4
κmκn(κm + κn)

sinh ((κm − κn)(1 − d
h )) + sinh ((κn − κm)(1 − d

h ))

coshκm coshκn

(5.49)

F
(2)
z3,pa = −1

2
κmκn

κm coshκm(1 − d
h )) sinhκn(1 − d

h )) + κn coshκn(1 − d
h )) sinhκm(1 − d

h ))

coshκm coshκn

(5.50)

102



Chapter 5. Approach for the Second-Order Hydrodynamic Loads Calculation of
Semi-Submersible Platforms

The heave force and the pitch moment share the same transfer functions
in (5.48), which are derived in the similar way as in the previous cases. The
second-order loads referred to the local reference system located at Oa (see
fig. 5.2) are given by

(
F

(2)
z,pa

M
(2)
y,pa

)
= ρwAg

N∑
m=−N

N∑
n=−N

ˆ̃Bm
ˆ̃Bne

i((wm+wn)t−(km+kn)x) (5.51)(
(Cma + 1)(F

(2)
z1,pa + F

(2)
z2,pa) + CmaF

(2)
z3,pa

)(
Iz1(k)
Iz2(k)

)
The pitch moment is referred to the PoF of the isolated horizontal mem-

ber by considering the surge and heave forces contribution.

M (2),PoF
y,pa = M (2)

y,pa + F (2)
z,pa

L

2
+ F (2)

x,pad (5.52)

5.2 Validation of the Accelerated Method on
Semi-Submersible Platforms

The validity of this method for the second-order hydrodynamic loads on
semi-submersible platforms is here demonstrated. For that purpose, the
method has been first implemented to the Nautilus semi-submersible floater,
which is shown in fig. 5.1 and its characteristics are described in sec-
tion 2.2.2.

The Nautilus platform is composed of four equal columns and a squared
ring pontoon [2]. Therefore, the accelerated method was applied to the
isolated column, and to each of the rectangular prisms that compose the
pontoon. In both cases, the position of each of the members with re-
spect to the PoF was considered. The validation of the method is carried
out by comparing the results with those obtained through the radiation-
diffraction approach. The radiation-diffraction analysis was performed in
ANSYS-AQWA for the calculation of the QTFs, where, for consistency
with the formulation given in section 5.1, the floater was fixed and the
first-order motion was not included [64]. ANSYS-AQWA uses the Pink-
ster approximation [82], where the free surface contribution to the QTF is
neglected. The Morison drag force was not considered since the results are
compared against radiation-diffraction analysis. Then, the generated loads
were evaluated for each of the sea states defined in table 4.1 by the double
frequency sum (3.21). This conventional approach is hereinafter referred to
as AQWA.

The difference between the assumption of slender-body and the radiation-
diffraction analysis, in addition to the modal truncation associated with the
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accelerated method, can lead to significant differences. For this reason, the
second-order loads were been compared to those obtained from the matrix
product formulation (5.12), which is the step before the eigenvalue decom-
position of the QTF. It is here referred to this approach as Slender since
it is the application of the Morison and Rainey force models, based on
slender-body theory. In this way, the discrepancies due to the slender-body
assumption can be separated from those due to the modal truncation in
the accelerated method.

To quantify the accuracy of the results, the same error definition used
for the validation of the HAAC method is here used, which is based on
the standard deviation ratio (4.12). This time, σx is the standard devi-
ation of the load time series obtained through the accelerated method and
σref is that of the reference signal (AQWA or Slender). The error that
compares the Slender with the AQWA results, which would be equivalent
to use of an infinite number of modes in the accelerated method, is here
referred to as the non-diffraction error. This error will be further analysed
since it measures the limitation of the method due to the slender-body as-
sumption. Throughout the paper, the standard deviation used for the error
measurement is calculated for filtered time series, where the energy content
above the wave peak frequency for each sea state has been removed from
the Fourier amplitudes of the given signal. A filter cut-off frequency equal
to the peak frequency for each sea state was used, although it was observed
that the error is very sensitive to the filter cut-off frequency.

First, the results corresponding to the parametric studies regarding the
vertical cylinder are shown and discussed. Then, the second-order loads
for the Nautilus pontoon segments, both perpendicular and aligned config-
urations, are compared to those from AQWA. Also, the error values with
respect to the AQWA loads and to the Slender loads are given. In all fig-
ures, the time series, PSD, and exceedance probability plots of the surge
and heave forces and of the pitch moment are given. The window shown in
the time series plot is always centred around the event where the error is
maximum, while both the PSD and the exceedance probability analysis are
always obtained from the entire corresponding signal, after the application
of the filter.

5.2.1 Parametric Studies and Results for the Columns

The motivation for carrying out these parametric studies is based on the dif-
ferent accuracy of the method for different vertical cylinders. As mentioned
before, the accelerated method is based on the slender body assumption,
which holds when the diameter-to-wave-length ratio is smaller than 0.2 and
assumes an infinitely long cylinder. In [63] and [64] a spar and a monopile
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were validated, which both meet the slender-body criterion. However, it
was observed that the diameter-to-draft ratio of the cylinder also had an
important effect on the method’s accuracy. For this reason, the influence
of the variability of these parameters on the accuracy of the method was
assessed.

Diameter-to-Draft Ratio

For the same incident sea state, the second-order hydrodynamic loads were
obtained for several cylinders of equal diameters but different drafts, which
enabled to analyse the influence of the diameter-to-draft ratio without being
biased by the diameter-to-wave-length ratio. In order to analyse also the
sensitivity of the modal truncation for the different diameter-to-draft ratios,
different number of modes were used for the second-order load calculation.

Figure 5.3: Standard deviation error. Accelerated method vs AQWA. Analysis of
the error using different number of modes in the modal truncation and different

diameter-to-draft ratio (see legend) under SS2 conditions.

In fig. 5.3, the error (4.12) with respect to AQWA signal of the second-
order loads is shown, where each colour corresponds to a different diameter-
to-draft ratio. In table 5.1 and following tables, two measures of error are
given: the error due to the modal truncation, where the loads from the
accelerated method are compared to the loads obtained using the Slender
approach (5.12); and the error when compared to the AQWA approach,
which includes errors due to the modal truncation and those associated
with the slender-body assumption.

The estimation of the surge force was significantly influenced by the

105



Chapter 5. Approach for the Second-Order Hydrodynamic Loads Calculation of
Semi-Submersible Platforms

diameter-to-draft ratio, especially for D
d < 0.2, where the accuracy im-

proved notably achieving non-diffraction errors below 10%. Taking a look
at fig. 5.3, the higher the values of diameter-to-draft ratios, the larger the
error with respect to AQWA. The error converged with 64 modes for all
cases, although the error for the case with the highest diameter-to-draft
ratio was 10% and for the case with the lowest ratio increased to 28%.
Initially, this observation led to believe the error was partly caused by end
effects; therefore, the Rainey correction [78] that accounts for an additional
point load at the cylinder ends was applied. However, the addition of this
extra force did not make any significant change in the surge force. Looking
at table 5.1, the error with respect to the Slender surge force was below
1% for both cylinders using 128 modes. This led to conclude that the
inaccuracies of the surge force on vertical cylinders were mainly due to
the slender-body approach, which results in larger errors for cylinders with
diameter-to-draft ratio above 0.2. The modal truncation on the surge QTF
seemed to be accurate using 128 modes, regardless of the diameter-to-draft
ratio. It was noticed that the Slender surge loads were smaller than the
AQWA results. The discrepancies can thus not be explained by the stand-
ard D

λ effect as covered in MacCamy-Fuchs theory. As will be explained
later, a reference calculation with WAMIT showed a reduction of the error
of 28% to a value of 16%.

The heave force does not show the same dependence on the diameter-to-
draft ratio as the surge force does. However, it was observed that cylinders
with very large drafts receive small loads at the bottom end and, con-
sequently, the differences in the loads with respect to AQWA were higher,
causing larger errors. As a matter of fact, the case study with the highest
diameter-to-draft ratio corresponds to a draft of 137 m, which showed very
low heave forces. What can be observed in both fig. 5.3 and table 5.1 is that

D
d = 0.62 D

d = 0.14

Nº Modes 8 32 128 256 1024 ∞ 8 32 128 256 1024 ∞

Surge
Slender 150 -1.4 -0.3 0.01 0 0 160 -5.7 -0.01 -0.002 0 0

AQWA 60 -29 -28 -28 -28 -28 -0.3 -9 -12 -12 -12 -12

Heave
Slender -27 2.8 -1.7 -0.4 0 0 -66 -35 -9 -4 -0.2 0

AQWA -29 -3 -5 -6 -6 -6 -60 -23 4 8 7 7

Pitch
Slender 1.5 6.4 0 0 0 0 -60 -7.2 0.3 0.04 0 0

AQWA -0.09 5 -0.9 -0.9 -0.9 -0.9 -59 -8 -2 -2.3 -2.3 -2.3

Table 5.1: Accelerated method error (%) for different number of modes with
respect to the loads from Slender (5.12) and from AQWA. Cylinders of D = 10.5

m and drafts 17 m and 77 m under SS2 conditions.

106



Chapter 5. Approach for the Second-Order Hydrodynamic Loads Calculation of
Semi-Submersible Platforms

this force component required a larger number of modes than the surge force
for a good representation, reaching convergence with 256 modes, although
128 modes provided the same error with respect to AQWA. In table 5.1
it can be observed that the assumption of slender-body would introduce
some disagreement with respect to the radiation-diffraction analysis but
still the highest value of error found is of 7%, which seems reasonable for a
preliminary design phase.

The results for the pitch moment showed that the modal truncation
also influences the accuracy of the second-order load prediction, and the
correct choice of the number of modes provided very good agreement with
the AQWA loads. All cases show non-diffraction errors below 3% and
convergence is reached for 64 modes, regardless of the diameter-to-draft
ratio. It is interesting that the formulation for the surge and the pitch
moment are very similar and, despite the rather large error found in the
surge force for high diameter-to-draft ratios, the same tendency was not
observed for the pitch moment. For this reason, this error in surge is related
to some effect near the free surface that the radiation-diffraction analysis
might be considering and the Morison and Rainey models are not.

Diameter-to-Wave-Length Ratio

The same cylinder was subjected to the three sea states defined in table 4.1.
Additionally, three different diameter-to-draft ratio cases were used to as-
sess this effect. The diameter was 10.5 m in all cases and the draft was
changed to evaluate different aspect ratios: a Nautilus-size column with
a ratio of 0.62, a high-draft column with a ratio of 0.14, and a spar-size
column with a ratio of 0.08. It was expected to find a better agreement with
the AQWA results as the diameter-to-wave-length ratio decreased since a
Morison-based approach is the basis of the present method, where the range
of applicability is for ratios D

Lpw
< 0.2. This is because diffraction loads can

be ignored for bodies that are slender compared to the incident wave length.
The expected tendency was only observed for D

d < 0.2, as happens in plots
(b) and (c) in fig. 5.4, which is clearly observed for the surge and the heave
forces. The pitch moment was obtained with high accuracy for all the sea
states, therefore there sems to be negligible influence of the diameter-to-
wave-length ratio. However, in plot (a), which corresponds to a cylinder
with D

d = 0.62, there is not a clear correlation of the error to the diameter-
to-wave-length ratio and the accuracy on the load prediction. The surge
force is the most influenced by this ratio, while the remaining loads show
similar agreement for the three diameter-to-wave-length ratios.

Taking into account the results of these parametric studies, it can be
concluded that the surge force was the most influenced by the diameter-
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(a)

(b)

(c)

Figure 5.4: Standard deviation error. Accelerated method vs AQWA. Analysis of
the error using different number of modes in the modal truncation and different
diameter-to-wave-length ratio studied for three cylinders with a diameter of 10.5

m and a draft of (a) 17 m (b) 77 m. (c) 137 m.
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to-draft ratio. For D
d < 0.2, an error with respect to AQWA below 10% is

achieved when using 128 modes. In addition, since the method is a Morison
based force model, the smaller the diameter-to-wave-length ratio, the better
prediction of the hydrodynamic load, provided that the D

d < 0.2. The pitch
moment was generally well predicted with error values lower than 10% in all
cases using again 128 modes. The heave force did not seem to be influenced
by any of the parameters and its calculation required at least 128 modes to
reach error convergence. The non diffraction error achieved for the worst
case is 11%, as long as the draft is less than 100 m.

In fig. 5.5 and 5.6, are given the results for the second-order hydro-
dynamic loads from the accelerated method using 128 modes and from the
AQWA approach, for the cases marked with a star in fig. 5.4. The former
corresponds to the Nautilus single column (D= 10.5 m and d = 17 m) and
the latter, to a longer cylinder with the same diameter (d = 77 m) both un-
der SS2 conditions ( D

Lpw
= 0.04). The most remarkable difference between

these two cases regarding the accuracy resides in the surge force, consistent
with the results of table 5.1. The number of modes required for the good
prediction of the second-order loads on vertical cylinders is determined by
the stabilisation of the error due to the modal truncation. For the Nautilus
columns, this corresponds to 128 modes with an error of 28% with respect
to the radiation-diffraction analysis for the second-order surge force, 7%
for the heave force and 0.9% for the pitch moment. Regarding the case
in fig. 5.5, the error in surge decreases as the diameter-to-draft ratio does,
where the heave force had a deviation below 6% and the pitch moment
wass accurately estimated with an error of 2.3%. Thus, the accelerated
method agrees very well with the Slender solution and generally well with
the AQWA solution, with the errors attributed mainly to diffraction effects,
which are not accounted for in the present method. As a further check of the
surge error, it was performed an independent check with WAMIT where
the non-diffraction error for the isolated Nautilus column was 16 %, al-
most half the error than that obtained when comparing to AQWA. This
difference between both radiation-diffraction panel codes is likely related to
the free-surface integral in the second-order loads. This would also explain
that the highest errors were found in surge, whereas the pitch moment
was predicted with high accuracy. The AQWA solver uses the Pinkster
approximation [82], which neglects the integral on the free surface for the
second-order loads, whilst WAMIT does not.

5.2.2 Results for the Pontoon Members

The pontoon was decomposed into four equal rectangular prisms, as shown
in fig. 5.2. Two of the members have the longitudinal axis perpendicular
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Figure 5.5: SS2 - Second-order loads on cylinder D = 10.5 m and draft = 17 m
AQWA and Accelerated Method (128 modes).
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Figure 5.6: SS2 - Second-order loads on cylinder D = 10.5 m and draft = 77 m.
AQWA and Accelerated Method (128 modes).

to the incident wave direction and the formulation given in section 5.1.3
was applied. The remaining pontoon segments have their longitudinal
axis aligned to the wave propagation direction and the second-order loads
were obtained through the formulation described in section 5.1.4. In or-
der to verify the formulation, pontoon members with the dimensions of
the pontoon corresponding to the original Nautilus platform described in
section 2.2.2 were used.

The results for the first- and second-order wave loads on the pontoon
segments are shown in fig. 5.7 for the member with the longitudinal axis
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perpendicular to the wave propagation direction and in fig. 5.8 for the
member with the longitudinal axis aligned under SS2 (see table 4.1). The
three sea states were evaluated but since the results of the moderate sea
state are representative of the general method’s accuracy applied to the
pontoon members, the results for SS1 and SS3 are not presented here. This
time, results for the first-order loads are relevant to support the discussion
on the second-order results.

The first-order loads in fig. 5.7 show very good agreement with the
AQWA results, achieving errors below 5% for the three DoFs. Second-
order loads, due to the complex non-linear effects, show larger error values
in table 5.2 but still the non-diffraction error is of 10% and 11% for surge
force and heave force, respectively, likely due to the slender-body approx-
imation. The modal truncation worked well, needing 128 modes or less to
reach convergence with the Slender approach. Therefore, this error can not
be improved further while using a slender-body approach. Thus the accel-
erated method showed to work accurately for the surge and the heave forces
calculation under the assumption of slender body. The conditions of SS2 are
representative of the set of sea states in table 4.1, although it was observe
slightly better agreement of the surge force with the radiation-diffraction
analysis as the wave peak period increased.

Nº Modes 8 32 128 256 1024 ∞

Surge
Slender -67 6 0.02 0 0 0

AQWA -62 15 10 10 10 10

Heave
Slender 29 1.9 -0.4 0 0 0

AQWA 22 16 11 11 11 11

Table 5.2: SS2 - Pontoon perpendicular member second-order loads error (%) vs
number of modes using the loads from the Slender (5.12) and the AQWA as

reference signals.

In fig. 5.8 and table 5.3 the results corresponding to the first- and
second-order loads for the pontoon member aligned to the wave propagation
direction and the error for different number of modes are shown, respect-
ively. The first-order surge and heave forces show very good agreement with
respect to AQWA, with deviations lower than 3%. The pitch moment, how-
ever, showed an error of 11%. This larger error in pitch is related to the
constant Cma value assumed constant along the pontoon length. It would
be more accurate to consider a Cma value for each point along the x-axis,
with lower values towards the pontoon ends. This would explain the over
prediction of the first-order pitch moment.
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Nº Modes 8 32 128 256 1024 ∞

Surge
Slender -84 -2.8 0.2 0 0 0

AQWA -83 -10 -9 -9 -9 -9

Heave
Slender -87 -28 -1.9 -0.3 -0.05 0

AQWA -85 -23 -2.8 4.2 5.1 5.1

Pitch
Slender -30 -9.1 -0.4 0 0 0

AQWA -26 9 14 14 14 14

Table 5.3: SS2 - Pontoon aligned member second-order loads error (%) vs
number of modes using the loads from the Slender (5.12) and the AQWA as

reference signals.

Regarding the second-order pitch moment, a similar conclusion can be
reached, where the non-diffraction error was quantified as a 14% over es-
timation. The second-order surge and heave forces showed errors below
10% which are also linked to the slender-body approximation. The number
of modes that accurately represent the second-order hydrodynamic loads
on this horizontal member were 128, although the heave force would be
even more accurately obtained with more modes. As for the influence of
the wave length on the accuracy of the method, it were observed only minor
differences between the results. Again better agreement could be achieved
for the severe sea state.

5.2.3 Results for the Nautilus Semi-Submersible Floater

The results obtained for the second-order hydrodynamic loads on the ori-
ginal Nautilus semi-submersible floater are here presented and discussed.
The first-order loads are also shown since they allow to quantify the in-
fluence of neglecting the cross-member interaction on the accuracy of the
method, due to apply load superposition.

In order to compute the loads on the full Nautilus floater, superposi-
tion of the loads on the different members was applied. The wave surface
elevation and the pitch moment need to be referred to the PoF for the full
floater. In fig. 5.9 the first- and second-order loads obtained through the
accelerated method using 128 modes and through AQWA are shown for
the moderate sea state (see table 4.1). Looking at the first-order loads, the
slender approach agreed quite well with AQWA for the surge force, while a
noticeable under estimation was observed for the heave force and the pitch
moment, which is related to the cross-interaction between the members.
Nevertheless, the time series and the exceedance probability showed very
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Figure 5.7: SS2 - Hydrodynamic loads on pontoon member with the longitudinal
axis perpendicular to wave propagation direction. AQWA and Accelerated

Method (128 modes) .(a) first-order, (b) second-order.

good agreement between the two signals at least for pitch. The second-
order load statistics showed very good agreement for the heave force and
the pitch moment. The surge force PSD seemed to agree well for the high
frequencies but the low frequencies show substantial differences. The source
of discrepancy here is the application of the slender-body assumption on
cylinders with diameter-to-draft ratio above 0.2. In addition, the phases
on the time series of the surge force did not match as well as for the other
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Figure 5.8: SS2 - Hydrodynamic loads on pontoon member with the longitudinal
axis aligned to wave propagation direction AQWA and Accelerated Method (128

modes) .(a) first-order, (b) second-order.

components. This is due also to the slender-body approach, since the inter-
action between the columns seemed negligible in surge, as can be observed
in the first order. As the findings for the three sea states were similar, only
SS2 is shown and discussed in this section.

In order to understand the results obtained for the full Nautilus floater,
table 5.4 is given, where the errors obtained for each of the separate mem-
bers and for the full floater using 128 modes are compared. Here Column,
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Figure 5.9: SS2 - Hydrodynamic loads for the full floater.(a) first-order, (b)
second-order (128 modes).

PP and PA correspond to the error (4.12) of the accelerated method with
respect to AQWA for the isolated Nautilus column, the isolated pontoon
member perpendicular, and the pontoon member aligned to the wave propaga-
tion direction, respectively. 128 modes were chosen since with that num-
ber of modes, errors similar to the non-diffraction error, associated to the
slender-body simplification, were achieved.

The surge force for the full floater showed a similar outcome to what
was already observed for the single column in fig. 5.5. For cylinders with
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DoF Column PP PA Nautilus

Surge -28 10 -9 -22

Heave -5 11 5.1 0

Pitch -0.9 - 14 -10

Table 5.4: SS2 - Second-order loads error (%) for each member separately and for
the full Nautilus floater with 128 modes.

diameter-to-draft ratios above 0.2, like the Nautilus columns, the surge
force was underestimated and, since the columns were the main contribut-
ors to the surge force, the second-order loads on the full floater followed the
same trend as the single columns with a deviation of 22%. In addition, it
was observed from the first-order results that the interaction between the
columns can be neglected for this case, or in other words, that superpos-
ition works well. Therefore, the accelerated method gives the same error
as a conventional slender-body approach since the error was mainly driven
by differences between radiation-diffraction analysis and slender-body the-
ory. The second-order heave force for the full floater was obtained with al-
most perfect accuracy, despite missing the inclusion of the cross-interaction
between members. This seems to be due to compensation between the un-
der estimation of heave loads on the columns (−5%), the over estimation
of heave loads on the pontoons (11% and 5%), and the under estimation
associated to superposition. Finally, the pitch moment was under estim-
ated with a deviation of 10%. Here it is more difficult to identify which
member dominates the error, since the total pitch moment is also affected
by contributions from the surge and the heave forces. It was apparent that
compensation occurred between the over prediction on the pontoon mem-
ber (associated to the constant Cma along the pontoon length) and the
cross-interaction between the members. Despite these sources of error, the
Slender approach was equivalent to the accelerated method with just 128
modes and the error relative to the radiation-diffraction solution was only
10% for the entire floater.

5.2.4 Computational Cost

The main advantage of the accelerated method is the significant reduction
in computational cost achieved, when compared to that required by the
AQWA approach, which first requires a radiation-diffraction analysis to
obtain the QTFs and later involves a double sum to obtain the load time
series for a specific sea state.

For the full Nautilus floater, the computational time needed to obtain
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load time series by means of the full AQWA approach for a given floater geo-
metry and sea state was 16900 s, using four cores through parallel technique
in a computer with two Intel Xeon E5-2630 CPUs and Hyper-Threading
active. This execution time is significantly longer than that employed by
the accelerated method, as shown in table 5.5, which was 6.7 seconds for
128 modes.

Number of modes 8 16 32 64 128 256 512 1024

Time (s) 0.82 1.02 1.53 2.74 6.72 24.69 145 1262

Table 5.5: Computational time (s) for the accelerated method to calculate
second-order loads on the Nautilus floater for a 1-hour sea state, using different

number of modes.

5.2.5 Sensitivity of the Method with the Platform Design
Parameters

In the previous section, the original Nautilus platform has been used as the
case study for the method validation. Now, the second-order hydrodynamic
loads on the different platform designs defined in table 3.8 are compared.

The second-order hydrodynamic loads due to the three sea states defined
in table 4.1 have been calculated and compared against those derived from
the direct method using the QTFs from AQWA, and further double sum-
mation for the specific wave spectrum. Since it has been demonstrated that
for these type of structures 128 modes are enough to achieve the method’s
stability, the same number has been used to analyse all the platform design
space. The error definition used for this validation is the same as in the
previous section, using the expression (4.12).

Among the design space defined for the validation of this work, there is
a wide range of diameter-to-draft values, from 0.5 to 1.36. It is noticeable
that the columns currently used for FOW semi-submersible structures are
relatively short compared to the spar-buoy foundations. According to the
error values observed in the previous section for this range of diameter-to-
draft ratios, it is expected to have deviations in the second-order surge force
of around 22%.

In fig. 5.10 the standard deviation of the second-order surge and heave
forces and pitch moments resulting from the accelerated method and from
the AQWA+DM under SS2 conditions are shown. It is observed that the
surge force is in all cases under predicted, as occurred with the Nautilus
platform. The best approximation is found for the design with the smallest
diameter and largest draft and largest distance between the columns, which
is D12 and shows a deviation of 9.5%. This is coherent with the conclusions
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made during the method validation in section 5.2. For all cases, as the draft
increases, the surge force is better approached, which is mainly related to
the contribution of the columns to this force component. This situation
was explained in section 5.2.1, where it was shown that the accelerated
method generally under estimates the second-order surge force. Align with
this, as the columns diameter increases, there is also an increased in the
error, which is associated to the increase in the D/d ratio, and also to the
mid-point force representation, which leads to a better agreement with the
AQWA+DM method as the D/ Lw decreases. Thus, for the same peak
period, the smaller the diameter, the lower the error.

The second-order heave force shows a very clear relationship with the
platform diameters and also a very good agreement between both methods.
Here, the interaction effects between the platform members has a more
relevant influence on the method’s accuracy since the pontoon takes an im-
portant roll in this DoF. In fact, throughout all the design space, as the
columns become larger in terms of draft, a better match between the stand-
ard deviations is observed. This does not occur as the diameter increases.
This is explained because in this study, the diameter and the width of the
pontoon have been set equal. Thus, a larger diameter means also a lar-
ger pontoon, and less separation between the pontoon members, increasing
the interaction effects, and therefore, increasing the error. Similarly, the
second-order heave force is better predicted as the separation between the
columns increases, due to the lower interaction effects.

As for the second-order pitch moment, again a clear tendency is observed
and a general under prediction of load is obtained through the accelerated
method. Following the same reasoning as for the previous loads, the es-
timated pitch moment shows better agreement as the draft increases and
as the diameter decreases. This is very related to the surge component,
where a strong relationship with the D/d and D/Lw was observed in the
parametric studies in section 5.2.1.

In order to see how the time series and the spectra of designs corres-
ponding to the best and worst second-order load prediction, fig. 5.11 is
given. In view of the results obtained for each of the different platform
designs and taking into account the conclusions observed in the parametric
studies, the best estimation of the loads through the accelerated method is
achieved for the lowest D/d and D/λw, and the largest separation between
the columns. The worst estimation will be observed for the contrary case.
Having a look at the design space, the former would be given by D12, with
10 m diameter, 20 m draft and 70 m of separation between columns. The
latter would be observed with D28, with 15 m diameter, 11 m draft and
50 m of distance between the columns. Both under SS3 conditions, which
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(a)

(b)

(c)

Figure 5.10: Second-order loads standard deviation on each platform design
under SS2. AQWA+DM and Accelerated Method (128 modes). (a) Surge force

[N] (b) Heave force [N] (c) Pitch moment [Nm]

correspond to the longest wave length.

In fig. 5.11, the second-order hydrodynamic loads corresponding to the
maximum and minimum deviation in the pitch moment calculation are
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Figure 5.11: SS2 - Second-order hydrodynamic loads for the designs: (a) D23 (b)
D25

shown. These designs are the D8 and D10, respectively. The surge force
does not seem to differ significantly from one design to the other, show-
ing an important under estimation at very low frequencies and a better
agreement at higher frequencies. The heave force is reasonably accurately
predicted, where a slightly over estimation is observed. And, finally, the
pitch moment can be very well estimated through the accelerated method
achieving deviations of 4% and in the worst case, D8, it can be substantially
underestimated, which is related mainly to the superposition and negligible
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interaction between the members, since the first-order loads obtained us-
ing the Morison and Rainey force model to each of the platform members
showed similar error values in this DoF.

5.3 Integration of the Accelerated Method on the
Frequency Domain Model

The main objective of the methodology proposed in this Thesis is to in-
clude the second-order hydrodynamic loads on the preliminary design of
the FOWT substructures design. In a manner similar to the approach em-
ployed in section 4.3 to assess the impact of the accuracy of the HAAC
method on the analysis of FOWT responses, the current section incorpor-
ates the Accelerated Method into the frequency domain response model
outlined in chapter 3. This involves comparing the response motions with
results obtained from the same frequency domain model when supplied with
second-order loads generated by AQWA+DM. The hydrodynamic loads in-
put to the model are those resulting from AQWA, in order to evaluate in
an isolate way the accuracy of the here proposed method. An overview of
this exercise is given in fig. 5.12.

Figure 5.12: Scheme diagram for Accelerated Method validation process.

Again, the response under the different sea states defined in table 4.1 is
evaluated, using the frequency domain simplified response model described
in chapter 3. As done in the previous chapter chapter 4, first the response
under the single action of wave is compared and then, the response includ-
ing wind is given. The error expression to measure the accuracy of the
Accelerated Method through the FOWT response motions is the same as in
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the previous chapter, (4.12). The standard deviations of the FOWT surge,
heave and pitch displacements, and the nacelle acceleration are compared
below.

In fig. 5.13 the standard deviation corresponding to the surge, heave
and pitch platform motions, and the nacelle acceleration for each design
are given under SS2 conditions. This is a moderate sea state, thus the
hydrodynamic loads are reasonably relevant. The surge force shows an
important difference for the case where no wind action is considered, leading
to significantly larger surge displacement if the AQWA+DM compared to
the results using the second-order loads from the Acc. The platform designs
with the columns with small diameter, such as 10-12 m, a better approach is
observed. This is again very related to the D/d ratio, which increases with
the diameter. Furthermore, again it can be observed how for larger drafts,
the surge displacement is better predicted with the Accelerated Method.
It appears that there is a substantial increase in deviation for columns
when the ratio D/d exceeds 1, with particularly notable effects observed in
designs D22, D26, D28, and D31. However, it’s important to consider that
this scenario may not provide a comprehensive representation, as these wave
conditions would likely coincide with wind forces, potentially offsetting the
error to some extent.

The pitch angle is predicted with reasonable accuracy, since it shows
slight deviations and a similar tendency throughout the whole design space.
Nevertheless, this time the interaction effects take an important roll on the
method’s accuracy. It is observed that, not only a low D/d ratio leads to
better agreement with AQWA+DM, but also the interaction between the
members. For instance, the larger the separation between columns, which
also means larger separation between the pontoon members, the better
estimation is observed.

The heave displacement and the nacelle acceleration are very well pre-
dicted either using the conventional method AQWA+DM or either the
present approach Acc. This is also related to the less dependency of these
DoFs on the second-order hydrodynamic loads.

In fig. 5.14, now the response motions under SS3, which corresponds
to a severe sea state, are shown. The heave displacement and the nacelle
acceleration are not shown, since it has been previously observed the low
dependence on the second-order hydrodynamic loads. Therefore, they do
not contribute to any substantial knowledge regarding this topic. This
time better agreement can be observed in the surge motion between the
AQWA+DM and the present method. This is related to the slender-body
assumption, where the larger the D/λw, the better is approximated to
slender, and therefore, the higher is accuracy is achieved. This explains the
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better match observed in the surge standard deviations and also, how the
larger is the column diameter, the differences become more important.

The pitch angle now shows larger standard deviation values, due to
the higher and longer wave acting on the structure. It seems that, except
for the designs D1 and D2, the Accelerated Method provides a very good
approximation of the FOWT pitch angle, with a general under estimation
of the response related to the previously observed under prediction of the
load. This under prediction is very related to two factors: on one hand, the
not very slender columns characteristic on the semi-submersible platforms,
and on the other hand, the superposition which does not account for the
cross-member interaction effects. This also explains the results for the surge
response.

Ignoring the wind action might not be realistic, so in fig. 5.15 the re-
sponse under DLC8 is given. This DLC consists of the wave conditions
corresponding to SS3 and a turbulent wind with a mean speed of 12 m/s.
Now, it can be observed that the response obtained feeding the frequency
domain response model with the second-order loads from the conventional
method or from the Accelerated Method does not lead to significant dif-
ferences. This is explained by the major contribution of the aerodynamic
load, compared to the non-linear hydrodynamic loads. Still, it meets the
main goal of the study, which is to provide a similar dynamic behaviour of
the FOWT under different wind and wave conditions. While it is certainly
valuable to assess and discuss the results in scenarios involving wave ex-
citation alone, it is more practical to evaluate the outcomes under realistic
conditions where both wind and wave forces are at play. Furthermore, it is
equally important to gauge the method’s appropriateness based on the ac-
curacy it offers in response analysis. The approach to measuring accuracy
aligns with the central aim of this Thesis.
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(a)

(b)

(c)

(d)

Figure 5.13: Response standard deviation for each design under SS2. (a) Surge
(b) Heave (c) Pitch (d) Nacelle Acceleration
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(a)

(b)

Figure 5.14: Response standard deviation for each design under SS3. (a) Surge
(b) Pitch
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(a)

(b)

Figure 5.15: Response standard deviation for each design under DLC8. (a) Surge
(b) Pitch
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Chapter 6

Validation of the
Preliminary Design Tool for
FOWT

In this chapter, the validation of the proposed FD Tool, the simplified fre-
quency domain modelling approach described in chapter 3 is given. The
frequency domain simplified model is integrated with the two developed
standalone methods for the calculation of the linear hydrodynamic coef-
ficients and second-order hydrodynamic wave loads calculation presented
in chapter 4 and chapter 5, respectively. The suitability of these methods
during the preliminary design stages is here evaluated and discussed, as
well as it is demonstrated the significant utility of the complete FD Tool
and its advantages compared to the state-of-the-art (SoA) tools regarding
the computational cost. To achieve this, the results obtained from the pro-
posed tool with those obtained from the SoA reference tool, OpenFAST,
have been compared. Therefore, in section 6.1, the procedure followed for
the validation of the proposed tool is described. Then, in section 6.2, the
response of motion from time domain and frequency domain are compared
for the whole platform design space used in this study. Since one of the
motivations of this work is to improve the efficiency of the existing design
methods, in section 6.3 the computational cost reduction achieved through
this method is highlighted.

6.1 Description of the Validation Procedure

This section provides a detailed explanation of the procedure employed to
validate the FD Tool. As case study, it was explored a wide design space
of semi-submersible platforms to support the DTU 10 MW WT, whose
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characteristics are given in table 3.8. The FD Tool serves a dual purpose.
Firstly, it is considered successful if it can pinpoint the same preliminary
designs as the SoA methods, thereby narrowing down potential solutions
for more in-depth analysis in the advanced stages of design. Secondly, it is
crucial to obtain accurate predictions of the response of different platforms
under a wide range of design load cases, with a particular focus on the most
critical conditions.

In fig. 6.1, an overview of the validation procedure is shown. FD refers
to frequency domain and TD, to time domain. As it can be observed, the
response derived from the FD Tool is compared against the response from
the TD SoA tool. The former, is fed with the hydrodynamic data obtained
by means of the novel methods: HAAC for the first-order hydrodynamic
coefficients and Acc for the second-order hydrodynamic wave loads. The
SoA tool, however, integrates the hydrodynamic linear coefficients and the
Quadratic Transfer Functions (QTFs) derived from radiation-diffraction
analysis, that for this study has been adopted in the commercial panel
code tool ANSYS-AQWA. Both the FD and TD models utilise identical
mooring stiffness and viscous damping matrices, which ensures that any
discrepancies between the two modelling approaches arise solely from dif-
ferences in the hydrodynamic model, eliminating other potential sources of
error.

From each of the models, the static component, ξst, and the standard
deviation, σξ, of the response were determined. These parameters were
utilised to compute the maximum response, ξmax, which is subsequently
adjusted using a dynamic factor, Cdyn. Regarding the response signals
derived from the OpenFAST simulations, the mean and the standard de-

Figure 6.1: Overview of the validation procedure.
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viations were directly obtained from the time series. As for the frequency
domain response, the standard deviation was calculated through the Power
Spectral Density (PSD), whereas the mean response was obtained by means
of an static calculation, as shown in eq. (6.1):

ξFD
st =

Fst

Cst
(6.1)

being ξst the static response vector, Fst the static load vector, whose
components have been explained in chapter 3 and Cst is the restoring matrix
at the equilibrium position for each Design Load Case (DLC).

To assess the accuracy of the results, an error measurement defined in
(6.2) was employed. It is referred to the threshold value for each Degree of
Freedom (DoF) since it is a way of pondering the accuracy of the predic-
tion as the maximum response obtained is closer to the maximum response
allowed. Similarly, this error becomes less important as the maximum re-
sponse of the structure is further from the design limit values.

ϵ =
ξFD
max − ξTD

max

threshold
(6.2)

where ξFD
max and ξTD

max are the maximum response derived from the FD
Tool and from OpenFAST, respectively. The thresholds defined for each
DoF have been already given in section 3.2.3.

In view of this procedure, in the following sections how the time domain
analysis has been set is described in section 6.1.1. It should be noted that,
in order to compare the time domain results against the response of the
frequency domain, the former should have a slightly linear behaviour, or
in other words, should not be very non-linear. Therefore, the level of non-
linearity of the present TD model is assessed in section 6.1.2. Then, the
adjustment of the dynamic factor is explained in section 6.1.3.

6.1.1 Set-up of the Time Domain Simulations in OpenFAST

The time domain simulations were conducted using the reference tool for
wind turbine response analysis, OpenFAST, developed by NREL [14]. The
maximum simulation duration was set at 5400 seconds, with a time step
of 0.025 seconds. However, for the purpose of comparing results with the
frequency domain model, the initial 1800 seconds of the time series data
were excluded to eliminate transient effects.

The structural model was defined in ElastoDyn module input file, which
was set with the same values of mass, inertia and structural stiffness that
were used for the frequency domain model described in chapter 3. In
table 6.1, the output parameters required for the comparison are indicated.
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Parameter Description

PtfmSurge Platform translational surge displacement
PtfmHeave Platform translational heave displacement
PtfmPitch Platform rotational pitch displacement
TwHt1ALxt Yaw bearing x acceleration

Table 6.1: OpenFAST ElastoDyn output parameters corresponding to the DoFs
considered in the simplified structural model in section 3.3.1.

Wind speed time series data were generated using TurbSim [17]. The
turbulence model utilised was the Kaimal spectrum model. The wind ve-
locity distribution was modelled using a power law, with the hub height
of 119 meters serving as the reference height, as indicated in section 3.2.1.
The power law exponent was set to 0.14, and a surface roughness length of
0.03 was employed. The analysis area for the wind data covered a 210x280
meter region (width x height) to encompass a sufficient area for capturing
the wind turbine’s motion. The wind speed time series obtained from Turb-
Sim simulations were then used for aerodynamic load calculations, which
were subsequently integrated into the frequency domain simplified model.
For processing the wind time series data from TurbSim, InflowWind mod-
ule was employed, and the AeroDyn module, also developed by NREL, was
used for the time domain calculation of the aerodynamic loads on the wind
turbine blades and tower. For that purpose, the publicly available data
from the LIFES50+ project [2] regarding the DTU 10 MW WT was used,
such as the airfoil characteristics. The input files for the wind speed time
series and wind turbine data were the same for the full platform design
space assessed in the validation. The controller applied in the OpenFAST
simulations was the basic DTU controller, which is described also in the
LIFES50+ project [2]. The fact of having the controller active, allows to
maximise the thrust force, and consequently, the power generation.

The hydrodynamic model was configured using the HydroDyn mod-
ule, developed by NREL. This module relies on hydrodynamic coefficients
provided in the WAMIT output file format. In this study, radiation-
diffraction analyses were conducted for each platform of the design space
using ANSYS-AQWA. However, to make these results compatible with
the HydroDyn module, the output files were converted from their original
format to WAMIT format using the open-source tool BemRosetta [83]. In
addition, the simulations run in ANSYS-AQWA were referred to the Point
of Flotation (PoF) of the FOWT, since both, the linear hydrodynamic coef-
ficients and the QTFs need to be referred to the WAMIT reference point,
which is located at the Mean Sea Level (MSL). The wave excitation was
modelled with the Peirson-Moskowitz (PM) spectrum for the given wave
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significant height and wave peak period. In this study, a single wave dir-
ection was assessed, propagating along the x-axis in the positive direction,
and no current was considered. To ensure consistency with the simplified
model, the same viscous damping was incorporated as linear additional
damping matrix within the HydroDyn file, with no consideration for quad-
ratic damping. Any other sources of drag affecting the platform were set
to zero. The viscous damping matrix was calculated as defined in Equa-
tion (3.24) for each of the platform concepts and sea states. Similarly, the
mooring stiffness is introduced in the HydroDyn file as linear additional
stiffness matrix instead of utilising the MoorDyn module. This approach
was taken to eliminate any potential sources of error originating from the
mooring system, as the primary objective is to validate the developed hy-
drodynamic methods, particularly focusing on their accuracy in predicting
the dynamic behaviour of FOWT. As before mentioned, the mooring stiff-
ness was defined as as function of the mean wind speed, thus, a specific
stiffness matrix was associated to each reference wind speed. Contrary to
the viscous damping, the mooring stiffness does not depend on the platform.

6.1.2 Assessment of the Non-Linearity Level of the Fully-
Coupled Model

As before briefly mentioned, so as to compare the response signals obtained
from the OpenFAST fully coupled aero-servo-hydro-elastic non-linear model
against the response from a frequency domain linear model, it is necessary
that the former could be, to a certain extent, approximated to a Gaussian
distribution, as the excitation, meaning that it has not a purely non-linear
behaviour. In order to check this, a few designs from the design space
defined in table 3.8 were chosen, considering different diameter-to-draft
ratios and with different distance between the columns; and simulations
using different seeds were performed in OpenFAST. These were the designs
D2, D11 and D18, which cover the total range values of the design space
assessed in this study. Also, from mild to severe metocean conditions were
examined for this verification, corresponding to the operational condition
DLC2 and to the ultimate condition DLC9 from table 3.1.

Although FOWT design standards [69] recommend six random seeds,
here a sensitivity analysis of the variation of the maximum response value
with the number of seeds was performed. The results showed that three
random seeds provide a similar maximum response to that with six random
seeds, with deviations below 1% for mild conditions, and below 5% for
extreme conditions. The representative maximum value to which is referred
to in this analysis was modelled using the method of moments estimator
of the Gumbel distribution. This method leads to a maximum value, µ̃,
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as a function of the mean, X̄, and standard deviation, σ, of the registered
peak values from each of the simulations corresponding to different seeds.
In view of these results, three seeds were considered to assess the level of
non-linear nature of the time domain model.

µ̃ = X̄ − 0.45σ (6.3)

Since the frequency domain response does not account for transient
effects, the first 1800 s were removed from the time series extracted from
OpenFAST. Then, the histogram of the signal were obtained and compared
to a normal distribution, using the mean and standard deviation of the time
series. This procedure was applied for each DoF and using three different
seeds in the time domain simulations. As the results obtained derived to
similar conclusions, in fig. 6.2 only the histogram of the surge and pitch
platform motions and the nacelle acceleration for the design D2 under the
operational conditions of DLC2 are shown, with the corresponding normal
distribution overlaid.

(a) (b)

(c)

Figure 6.2: Frequency distribution for D2 under DLC1 conditions (a) Surge, (b)
Pitch, (c) Nacelle acceleration.

The figure fig. 6.2 provides a visual check weather the signal histogram
follows a normal distribution or not. However, there are few methods for
testing normality numerically. In this case, the D’Agostino-Pearson test [84]
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has been applied, which returns a p-value that quantifies the null hypothesis
that the values were sampled from a Gaussian distribution. A insignificant
p-value means the normality test has passed. The p-value corresponding to
each signal is given in the legend, and it can be observed that it is negligible,
leading to the assumption that the time domain system response can be
assumed to follow a Gaussian distribution.

The conclusion above enables to compare the responses from frequency
domain model with those from the time domain model. From the time
domain model, time series were extracted, whereas from the frequency do-
main model, the FFT signals and PSD are extracted. The static response
was obtained by means of a static analysis, whilst the mean value of the
time series was taken from the time domain model. The maxima aimed to
be compared, but, since these signals follow a random process, and statistic
measures were required.

6.1.3 Maximum Dynamic Response Factor Calibration

Once it was confirmed that the time domain model had a slightly non-
linear behaviour and, thus, it was reasonable to assume that the response
followed a Gaussian distribution, the response from the time domain model
and from the frequency domain model can be compared. In fig. 6.1, the
definition of the maximum response is given as a function of the mean
and the standard deviation of the response, where the latter is multiplied
by a dynamic factor. This factor was adjusted taking into account the
distribution of the maximum response values derived from the OpenFAST
simulations.

There are several ways of extracting a maximum distribution from a
time series, but the key is to have a good analysis of the peak threshold that
should be considered to fit the distribution. In view of the main goal of this
tool, which is to provide similar tendency regarding the FOWT dynamic
behaviour and enable to identify the most cost-competitive preliminary
platform designs in the same way as the SoA tools, just a few simulations
in the time domain were performed. The lack of a massive set of simulation
data does make it nonsense to apply a complex extreme value analysis.
Therefore, in this Thesis it was considered a simple approach to estimate
the maximum response as a function of the mean and standard deviation,
which demonstrates to be enough for the required accuracy in the initial
phase of the platform design. For that purpose, first, the maximum values
for each DoF and DLC resulted from the Gumbel distribution as given in
eq. (6.3) were obtained.

Table 6.2 shows the maximum response for each DoF resulted from the
Gumbel distribution corresponding to the most critical condition, DLC9.
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ID Surge Heave Pitch Nac.Acc

D2 27.42 5.19 9.83 1.51
D11 29.50 5.13 4.02 3.12
D18 33.04 4.33 4.12 2.72

Table 6.2: Gumbel maximum response under DLC9 conditions from the
OpenFAST simulations. (Units: m, deg, s)

ID Surge Heave Pitch Nac.Acc

D2 28.50 5.40 10.08 1.40
D11 30.41 5.23 3.95 2.69
D18 33.31 4.53 3.75 2.45

Table 6.3: Maximum response under DLC9 conditions using eq. (6.4) with the
mean and standard deviation derived from the SoA tool. (Units: m, deg, s)

ID Surge Heave Pitch Nac.Acc

D2 27.25 5.51 9.91 1.36
D11 29.21 4.74 4.43 2.45
D18 29.04 4.21 5.01 2.42

Table 6.4: Maximum response under DLC9 conditions using eq. (6.4) with the
mean and standard deviation from the FD Tool. (Units: m, deg, s)

For the values given in table 6.2, the dynamic factor Cdyn described in
fig. 6.1 was extracted for each of the DoF, DLC and design, and it was
concluded that it can be reduced to a unique factor, resulted from the
average. The definition of the maximum response as a function of the
mean and standard deviation that best represents the time domain model
is given as:

ξmax = ξst + 3.6σξ (6.4)

Table 6.3 shows the maximum response values for each DoF under DLC9
conditions, resulted from the maximum response definition through (6.4).
Having a look at both table 6.2 and table 6.3, one could say that this ap-
proach generally provides a very good estimate of the maximum response.
The nacelle acceleration is the motion that showed the largest differences,
with a maximum deviation of 21% using (6.2), although the tendency was
maintained. Moreover, this adjustment seems conservative since it accepts
designs that might be further discarded. The pitch motion showed very
good agreement, with deviations below 4%, and the surge and heave max-
imum displacements showed differences below 2% with respect to the Gum-
bel maximum values. Therefore, it seems reasonable to use this Cdyn factor
to represent the maximum response of the FOWT dynamic behaviour.
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In table 6.4 the maximum response resulted from (6.4) using the mean
and standard deviation values from the developed frequency domain design
tool, FD Tool, are given. From this results, it was observed that the surge
was underestimated, and it seems to be very dependent on the mooring
stiffness, thus, it will be more affected by the static load. Furthermore, it
has been observed in chapter 5 that there was a general underestimation of
the second order load through the Accelerated Method, so the fact of setting
a more conservative factor in the surge motion would favour the comparison.
Despite, the maximum deviation observed regarding the maximum surge
displacement with respect to the SoA tool was 10% for the larges D/s
ratio. The most important motions to be here assessed are the platform
pitch displacement and the nacelle acceleration, since these are critical for
the platform design and cannot be fully compensated through the mooring
system design. The former showed a general good match between the SoA
tool and the proposed tool, except for the largest platform design, with a
maximum deviation of 8.8%. The reason for this will be discussed in the
following sections. Regarding the nacelle acceleration, as before mentioned,
it was under predicted, which is considered a proper approach due to the
conservative hypothesis, leading to accept rather than discard platform
designs too early. Nevertheless, these results demonstrated that a dynamic
factor Cdyn = 3.6 can be considered a good approach of the real peak
response to be used for the tool validation.

6.1.4 Platform Cost Estimation

A simple cost estimation was carried out in order to compare the different
platform concepts defined in table 3.8 aimed to support the same wind
turbine. Similarly to the cost estimation procedure performed by Bachynski
[30], the cost of the floating platform is proportional to the steel mass
required. It is a rough number, leading to a general underestimation of the
overall cost, but it provides a first idea of the relative contributions of the
different platform designs. In fig. 6.3 the steel mass required for each of the
platform designs is shown. Neither installation nor maintenance cost were
here considered.

It can be observed that as the draft of the columns increases, the steel
mass does it too. Also, as the separation between the columns increases, so
does the pontoon length, and thus, more steel mass is required. Similarly,
the larger the diameter (or pontoon width), the larger amount of steel. The
difference between the lightest platform and the heaviest, considering only
the platform steel mass, is of 35%.
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Figure 6.3: Steel mass for the different platform concepts from table 3.8.

6.2 Dynamic Response Analysis: FD Tool vs SoA
Methods

In this section, the present FD Tool is validated against the SoA tool,
following the scheme shown in fig. 6.1. The developed frequency domain
based tool is considered successful if it is able to provide the FOWT dy-
namic response with the accuracy required for the substructures’ prelimin-
ary design. This statement might seem rather general, however, in this
Thesis it is measured through the maximum dynamic displacements of
the FOWT, seeking the best agreement with the results derived from the
SoA methods. Simultaneously, the tool’s accuracy can be determined by
the evaluation of the methodology’s ability to streamline the initial design
phase by identifying and discarding unsuitable platform designs, mirroring
the decision-making process of SoA methods.

First, in section 6.2.1, the response of the FOWT motions along the
four DoF considered in the simplified frequency domain simplified model
(see section 3.3.1) are presented and discussed. Then, in section 6.2.2, the
platform solutions that meet the design requirements are identified, both
based on the results from the FD Tool and from the SoA time domain
method. The results obtained for the maximum response according to the
expression (6.4) are here given, measuring the accuracy through the error
referred to the threshold values defined in (6.2).

6.2.1 Comparative Analysis of the FOWTMaximum Response

Herein, the FOWT surge, heave, and pitch displacements, as well as the
nacelle acceleration for the different substructures defined in table 3.8 sup-
porting the DTU 10 MW WT are shown. The viability of the method’s
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application is evaluated, by assessing the variability of the accuracy along
the different platform designs.

Similarly to the validation of HAAC and Accelerated Method, in chapter 4
and chapter 5, respectively, the thirty-three platform solutions were sub-
jected to a comprehensive set of DLCs, characterised by certain wind and
wave conditions, which are detailed in table 3.1. These DLCs primarily
encompass operational scenarios, although a few ultimate conditions were
also included for examination. The thrust curve characteristic of a wind
turbine increases with the mean wind speed until it reaches the maximum
value at the called rated wind speed, and then it starts to decrease. The
rated wind speed for the DTU 10 MW WT is 11.4 m/s. In this context, the
focus is set on the most representative DLCs, namely DLC2, DLC8, and
DLC9. These selected DLCs effectively span a wide spectrum of wind and
wave conditions, ranging from mild to severe sea states and encompassing
evaluations at low, rated, and high wind speeds. This approach allows for a
thorough assessment of various combinations of wind and wave loads, high-
lighting instances where hydrodynamic loads may outweigh aerodynamic
loads, and vice versa. In the following subsections, the results regarding
each combination of wind and wave loads are discussed.

Maximum Thrust and Mild Sea State

This case corresponds to DLC2, which represents a scenario characterised
by a mean wind speed of 10.3 m/s, a value very close to the maximum
thrust, and relatively mild sea conditions with a wave peak period of 8
seconds. Consequently, in this scenario, the primary contribution to the
overall loads experienced by the FOWT comes from wind forces.

From fig. 6.4 to 6.7, the maximum response under DLC2 for each DoF
is given. The platform’s behaviour in terms of surge displacements ap-
peared to align with expectations given the thrust force in this particular
context. This statement refers to the significant influence of the aerody-
namic load on the surge response when the hydrodynamic loads are barely
noticeable. This case particularly, the surge displacement is dominated by
a mean component that is mainly on the thrust force and on the moor-
ing stiffness, both constant along the whole design space for a given DLC.
There are some noteworthy observations regarding the trend observed un-
der these conditions. The mean response, which was well-predicted across
all platform designs with deviations below 4%, suggested that the methodo-
logy effectively captures the average behaviour. However, when considering
the dynamic response, as represented by the standard deviation, there were
relatively noticeable larger errors, especially in cases where the platforms
feature columns with 10 m diameter and 11 m draft. Despite this, it is
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Figure 6.4: Surge maximum displacement under DLC2 for the different platform
designs supporting the DTU 10 MW WT.

Figure 6.5: Heave maximum displacement under DLC2 for the different platform
designs supporting the DTU 10 MW WT.

worth emphasising that even in these instances, the differences observed
are reasonably small. Furthermore, it is interesting to note that these par-
ticular designs exhibited the smallest surge displacements compared to the
other designs under examination. The maximum deviation obtained for the
maximum surge displacement corresponds to D1, with 16% of error.

The heave motion stands out as the DoF that exhibited the most fa-
vourable agreement with almost zero error, displaying a consistent trend
even as the platform dimensions vary. In the context of this particular DLC,
the primary heave displacement was primarily attributed to the static com-
ponent, resulting from aerodynamic loads. However, it is important to note
that the vertical displacement of the FOWT resulted relatively insignificant
in this scenario. The observed differences among responses primarily stem
from the underestimation of the dynamic response, which was consistently
underestimated in all cases, albeit with a similar level of accuracy. Notably,
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Figure 6.6: Pitch maximum angle under DLC2 for the different platform designs
supporting the DTU 10 MW WT.

Figure 6.7: Nacelle maximum acceleration under DLC2 for the different platform
designs supporting the DTU 10 MW WT.

platforms with closer column spacing tend to exhibit slightly larger devi-
ations. Nevertheless, it is worth mentioning that the heave motion may not
be a particularly critical signal for floater designers, given its relatively less
pronounced significance in this context.

In the context of this DLC, the maximum pitch angle becomes particu-
larly critical due to the very high thrust force involved, placing a substantial
load on the rotor and the structure as a whole. Interestingly, it was ob-
served that the FD Tool tends to overestimate the pitch angle across all
cases, with a more pronounced overestimation occurring in designs fea-
turing a smaller separation between the columns. This behaviour can be
attributed primarily to two key factors. Firstly, the assumption of negli-
gible interaction between members becomes increasingly significant when
the columns are closer to each other. This assumption leads to a more
accurate approximation when the platforms have a larger distance between
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the columns, contributing to the observed differences. Secondly, the relev-
ance of hydrodynamic loads versus aerodynamic loads plays a significant
role in determining the method’s accuracy. For smaller platform designs,
the hydrodynamic loads were comparatively small, and the underestima-
tion of the added mass and radiation damping factors contribute to an
overestimation of the response motion, for a given aerodynamic load. The
maximum deviation observed correspond to 30% of error for D1. However,
as the platforms increase in size, these hydrodynamic loads also increase,
thereby compensating for the previously mentioned differences, achieving
a general deviation of 5%, and even 1% for larger platforms. This com-
bination of factors provides an explanation for the observed results, with
platform size and column spacing influencing the accuracy of the FD Tool ’s
predictions regarding pitch angles.

The nacelle acceleration showed a very good match between the pro-
posed tool and SoA tool regarding the tendency and it was observed a
relatively stable underestimation for all the designs. This DoF depends
mainly on the surge and the pitch motions. If the deflection was compared,
a better agreement would be achieved. However, due to the double deriv-
ative with respect to time of the estimated signal, the differences between
both signals increased. The trend observed regarding the dynamic beha-
viour agreed very well with the SoA tool. The larger platform designs,
which presented higher stiffness, suffered larger nacelle accelerations, and
vice-versa. Due to the influence of the surge motion, this time, a better pre-
diction was achieved as the draft of the columns increased. The platform
design that provided the worst nacelle acceleration estimation is D28 with
23% of error, whereas the best approach was achieved for D3 with 7% of
error. This is related to the contribution of the columns with respect to the
full platform, where the better estimation of the hydrodynamic coefficients
was obtained as the volume of the columns increase with respect to that of
the pontoon.

Maximum Thrust and Severe Sea State

Now, the results corresponding to DLC8 are herein presented and discussed.
This time, instead of a mild sea state, the FOWT is subjected to a severe
sea state with a wave peak period of 16 s, which is a very close value to
some of the platform’s natural periods in heave and pitch motions, as was
mentioned in section 3.3.6.

From fig. 6.8 to 6.11, the maximum response under DLC8 conditions
are depicted for all thirty-three substructures supporting the DTU 10 MW
Wind Turbine. Contrary to what happened under DLC2 conditions, the
predicted maximum surge displacement showed a general over prediction

140



Chapter 6. Validation of the Preliminary Design Tool for FOWT

Figure 6.8: Surge maximum displacement under DLC8 for the different platform
designs supporting the DTU 10 MW WT.

Figure 6.9: Heave maximum displacement under DLC8 for the different platform
designs supporting the DTU 10 MW WT.

when the wave excitation increases, despite that the aerodynamic loads had
not changed. Moreover, due to the higher contribution of the hydrodynamic
loads acting on the substructure, it was observed a better prediction on the
smaller platform designs, and however, larger deviations on the larger float-
ers. This can be mainly related to the interaction effects, which become
less important when the platform members are small, and are more sep-
arated between each other. In addition, the second-order hydrodynamic
loads showed to be relevant for this sever sea state, introducing the inac-
curacies derived from the Accelerated Method, which provided very good
results when the platform columns had smaller diameter-to-draft ratios.
This would explain the larger deviations observed for the platform designs
with larger size, such as D26 to D33. Still, the maximum deviation of the
surge displacement was of 13% for D25.

The heave motion, while appeared to be somewhat more varied, still
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Figure 6.10: Pitch maximum angle under DLC8 for the different platform designs
supporting the DTU 10 MW WT.

Figure 6.11: Nacelle maximum acceleration under DLC8 for the different
platform designs supporting the DTU 10 MW WT.

maintained deviations below 5% across all cases. This level of accuracy
provides reasonable confidence in the obtained results, despite the variab-
ility observed. Moreover, this time the heave displacement showed values
that could become more significant for other design parameters, although
in this Thesis it has not been deeply assessed.

Regarding the maximum pitch angle, DLC8 offered a high degree of ac-
curacy in the response estimation, particularly for intermediate-sized plat-
forms. It is worth noting that there was observed a general trend of over
prediction of the pitch angle by the FD Tool, although as the platform size
increases, the methodology tended to slightly under predict the response.
The maximum deviation achieved was of 14% for the designs D1, with de-
creasing error for D2 and D3, but it was nearly isolated cases. The rest
of platform designs showed deviations below 5%. The present frequency
domain tool demonstrated to provide a very similar dynamic behaviour to
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the SoA methods across the whole design space.

With a better prediction of the surge motion, there were found slight
differences in the nacelle acceleration compared to the maximum values
obtained with the SoA tool. Notably, the maximum values recorded under
these conditions were generally higher than those observed in the previous
case DLC2, and some of them even surpassed the defined thresholds. It
could be identified the critical nature of DLC8 in assessing the FOWT’s
dynamic behaviour. However, some similarities were observed to DLC2,
such as the general under estimation of the nacelle acceleration along the
whole platform design space. The FD Tool again provided better estimation
of the nacelle acceleration as the draft increased, related to the length of the
platform columns. Also, explained by the significant influence of the second-
order hydrodynamic loads when stronger waves act on the FOWTs, the
platforms with smaller diameter showed better agreement with the results
from the SoA tool.

Low Thrust and Severe Sea State

For the previous DLCs, the aerodynamic loads still have an important con-
tribution to the overall load to which the FOWT is subjected. Moreover, the
pitch angle, especially, and the nacelle acceleration are highly dependent
on the thrust force, thus, the results leaded to relatively similar conclu-
sions. Now, the case where the hydrodynamic loads contribution dominate
over the aerodynamic loads is assessed. This condition, DLC9, was char-
acterised by a mean wind speed of 22 m/s and a severe sea state (SS3 in
table 4.1) with a 16-second wave peak period, as in DLC8. It is crucial to
remember that one of the principal contributions of this study lies in the
independently developed methods for estimating hydrodynamic coefficients
and second-order hydrodynamic wave loads, denoted as HAAC and Accel-
erated Method, respectively. Therefore, DLC9 offered a valuable test case to
validate and showcase the effectiveness of these unique approaches in accur-
ately modelling and predicting the behaviour of FOWTs under conditions
where hydrodynamic forces take the lead.

From fig. 6.12 to 6.15, the maximum response motions under DLC9
conditions are depicted. As expected, there were found slightly higher
discrepancies between the results obtained with the proposed FD Tool and
the SoA tool (see fig. 6.1). However, it is important to note that both signals
exhibited a similar general trend, what led to consider that the FD Tool
provides a reasonably accurate understanding of the dynamic behaviour of
various platforms supporting the same wind turbine. Ultimately, achieving
this level of consistency is precisely what substructure designers aim for in
their quest to attain the optimal solution for their projects.
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Figure 6.12: Surge maximum displacement under DLC9 for the different
platform designs supporting the DTU 10 MW WT.

Figure 6.13: Heave maximum displacement under DLC9 for the different
platform designs supporting the DTU 10 MW WT.

The most notable differences pertained to the maximum surge displace-
ment, where a distinct underestimation of the response became evident.
This outcome is was directly attributed to the significant role played by
hydrodynamic loads with respect to the overall loads and, particularly by
the second-order wave loads, in the context of severe sea states. As pre-
viously demonstrated in chapter 5, it was observed that the accuracy of
the Accelerated Method was less robust for shorter columns, or in simpler
terms, for platforms with a lower diameter-to-draft ratio (D/d). This trend
was further illustrated in the dynamic response, where an increase in draft
for the same diameter resulted to show lower errors, achieving deviations of
10% for these cases. Conversely, platforms with columns of larger diameters
exhibited more substantial errors in their predictions, with deviations up
to 30%. Despite this, the trend of the dynamic behaviour of the different
FOWT seemed reasonably well represented by the proposed method.
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Figure 6.14: Pitch maximum angle under DLC9 for the different platform designs
supporting the DTU 10 MW WT.

Figure 6.15: Nacelle maximum acceleration under DLC9 for the different
platform designs supporting the DTU 10 MW WT.

The heave displacement derived from the FD Tool showed very good
agreement with the response from the SoA tool. The maximum heave
displacements for the different designs is predicted with deviations below
7%. Regarding the tendency observed, both signals matched well in overall
and followed an expected tendency.

Under the current wind conditions, platform pitch angles were generally
lower than in previous cases due to the lower value of the thrust force. The
accuracy on the pitch angle prediction was found to slightly decrease as
the platform gets bigger due to the significant contribution of the hydro-
dynamic loads, leading to occasional overestimation and underestimation of
response. This effect was similar to that observed in chapter 5. Platforms
with smaller diameters, indicating lower hydrostatic stiffness, tend to have
higher pitch angles, and they were estimated with good accuracy, show-
ing deviations below 10%. Conversely, platforms with lower pitch angle
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displacements were less accurately predicted, with errors of up to 20%. Im-
portantly, these inaccuracies in pitch angle are not considered critical as
they involve relatively small thrust forces. Moreover, the platform designs
that achieved the largest pitch angle showed low error values.

Lastly, but certainly not less importantly, the nacelle acceleration ap-
peared to be accurately predicted. The maximum values obtained from
OpenFAST did not exhibit significant variations when compared to those
obtained under DLC8 conditions. This suggests that nacelle acceleration is
primarily influenced by the sea state. Moreover, concerning the accuracy
of its determination, it remained relatively consistent compared to DLC8.

6.2.2 Selection of Set of Suitable Designs

In this section, the most cost-effective preliminary platform designs were
identified, taking into account the maximum response discussed in the sec-
tion 6.2.1. Additionally, the relationship between the parameters and the
platform cost estimation was discussed.

Among the DLCs studied in this Thesis, DLC8 stands out as the most
critical one. It subjects the FOWT to a high thrust and a severe sea state,
closely aligning with some platform natural periods. With this in mind, the
results from DLC8 were used to identify and discuss the most appropriate
platform solutions. These findings allowed to determine which platform
configurations were the most suitable, focusing on their ability to meet
design requirements and on the cost-competitiveness. The possibility to
efficiently narrow-down the number of platform solutions enables to accel-
erate the whole design process, taking fewer designs to the more advanced
design stage.

In fig. 6.16 and fig. 6.17, the same results as in fig. 6.10 and fig. 6.11
are shown, but this time the threshold value is given with a red dashed line
and the the 10 % of threshold value upwards in order to also accept in this
preliminary design stage those designs that have the maximum response
inside that area. The surge and heave displacements are not here discussed
since the former is mainly influenced by the mooring stiffness, which it is
out of the scope of the Thesis. The influence of the mooring stiffness on the
substructure design will be later discussed in chapter 7, though. Regarding
the latter, it was not considered of interest in first place for the platform
design.

Having a look at the pitch angle for the different designs, there were
several cases that over-passed the threshold of 10 deg. These were those
with the platforms of lowest diameter and lowest separation between the
columns. This can be explained by the low hydrostatic stiffness value, which
leads to a high tilt angle due to the thrust load. The most important idea
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Figure 6.16: Pitch maximum angle under DLC8 for the different platform designs
supporting the DTU 10 MW WT and threshold range.

Figure 6.17: Nacelle maximum acceleration under DLC8 for the different
platform designs supporting the DTU 10 MW WT and threshold range.

from these results, was that both the FD Tool and the SoA tool discarded
the same platform designs. This could be expected in view of the low
errors already discussed in the previous section. Furthermore, there was no
disagreement found for any design, which provides substantial confidence
to the present methodology, and consequently, to the application of the
proposed hydrodynamic methods, HAAC and Accelerated Method, for the
FOWT response analysis.

As for the nacelle acceleration, this time there were several platforms
that did not meet the design requirement and this is mainly related to the
excitation wave peak period, that was very close to the first fore-aft tower
natural period. It could be noticed that those designs with 11 m draft
generally were above the thresholds, and particularly, the platforms with
diameter 13 m and 15 m achieved very high values of nacelle acceleration.
Again, very good agreement was found between the FD Tool and the SoA
tool, although a few designs were discarded by the latter and accepted by
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the proposed tool. These were D4, D8, D12, and D13, which did not show
a clear relationship, only that they corresponded to the platforms with
columns of 10 m and 11 m diameter. Still, it is preferable to accept in this
stage platform solutions that will be later disregarded, rather than remove
potential optimal designs.

Taking these results into consideration, the viable designs to be con-
sidered for the next design stage are listed in table 6.5. It was found a very
good match between the selected designs based on the results from the
SoA tool and those from the new FD Tool. There was only one platform
design that was removed by the latter, while it would be accepted by the
conventional method. This was D24, which is due to the over estimation of
the nacelle acceleration with an 8% of deviation. Regarding the maximum
pitch angle, both methods provided the same conclusion.

ID Steel Mass Pitch TD Pitch FD Nac. Acc TD Nac. Acc FD

D8 2.179 × 106 9.36 9.42 1.79 1.66
D12 2.385 × 106 6.03 5.96 1.82 1.73
D17 2.387 × 106 8.83 8.99 1.76 1.67
D9 2.469 × 106 9.60 9.38 1.58 1.53
D20 2.594 × 106 8.89 9.17 1.72 1.73
D18 2.739 × 106 8.78 9.02 1.55 1.61
D21 3.012 × 106 8.88 9.24 1.55 1.71

Table 6.5: Sorted list of platforms that meet design requirements and the
response from the FD Toll and TD SoA tool. (Units: kg, m, deg, s)

In view of these results, it can be concluded that the most cost-competitive
designs were those with columns of 10-11-12 m diameter. Those platforms
with 11 m draft showed not to be suitable for supporting the DTU 10 MW
WT, since none of them met with the design requirements. Additionally,
for these diameter values for the columns, 50 m of separation seemed only
appropriate for the 12 m diameter columns, for lower diameter values the
structure did not introduce the enough hydrostatic stiffness to withstand
the thrust force.

Once that the platforms that meet the design requirements are identi-
fied, it is up to the designer to set the next criterion to considered. For
instance, if the steel mass is regarded, there is not substantial difference
between the chosen platforms, except for the design D21. In real prac-
tice, more factors would be taken into account, although this tool showed
to give a quick glance of the dynamic behaviour of the different FOWT
substructures.
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6.3 Computational Cost Reduction

In this section, the computational cost reduction achieved by means of the
proposed methodology is discussed. The main motivation of this Thesis
is the reduction of the FOWT cost. As mentioned in the chapter 2, the
floating substructures are one of the main costs drivers, thus, by their op-
timisation, a substantial reduction of the Levelised Cost of Energy (LCOE)
could be achieved. Nevertheless, the optimisation process can become very
time consuming, when tens of solutions are assessed with multiple com-
binations of their design parameters (diameter of the columns, distance
between them, draft, freeboard, ballast, etc). It is common to reduce the
number of platform designs to be evaluated in order to save computational
time, disregarding some intermediate solutions. This study has pursued to
accelerate this preliminary design process by developing efficient methods
that enable even to increase the floater’s design space. As the analysis time
for the calculation of the hydrodynamic characteristics is, to some extent,
proportional to the assessed number of platforms, this Thesis has focused
on improving the efficiency of these type of analyses, through HAAC and
Accelerated Method, described and validated in chapter 4 and chapter 5, re-
spectively. In the corresponding chapters, the saving in computational cost
compared to that required in the radiation-diffraction analysis by means of
panel codes, has been quantified. As the FD Tool integrates both meth-
ods, the overall analysis time results from the sum of the time required by
each of the methods. Regarding the computational time of the accelerated
method, 128 modes were used, although it has been already explained that
the time required was for the database creation. The total time required for
the analysis of the eighteen platforms supporting the DTU 10 MW WT,
without considering the 60.000 s to build the database, was 183 s, what
means less than 10 s of analysis per design. This is 2500 times faster than
the time required by SoA method, which was performed in the time domain
and with the radiation-diffraction analysis for each of the platform designs.
If the database is considered, the FD Tool improved the efficiency with
respect to the SoA tool 14 times.

In fig. 6.18, the chart illustrates the improved efficiency of analysing
the dynamic response of FOWTs as a function of the number of platform
designs being evaluated. The FD Tool exhibits enhanced efficiency in com-
parison to the SoA tool, particularly as the design space grows larger. This
improvement can be attributed to two key factors. Firstly, the SoA tool ne-
cessitates performing a radiation-diffraction analysis for each floater design
to obtain hydrodynamic loads, which are subsequently fed into OpenFAST.
In contrast, the FD Tool streamlines this process. Secondly, it was observed
that the developed HAAC method consistently took 60,000 seconds to build
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Figure 6.18: Improvement of the computational efficiency for the dynamic
response analysis through the FD Tool with respect to the SoA tool.

the database, regardless of the number of platform designs being evaluated.
Consequently, the HAAC method becomes more efficient as the number of
platform solutions increases, resulting in an overall enhancement of the FD
Tool efficiency.

To put this into perspective, employing the conventional SoA tool for
dynamic response analysis, which involves radiation-diffraction analysis in
ANSYS-AQWA followed by time-domain simulation in the fully coupled
OpenFAST tool, for each of the thirty different platforms supporting the
DTU 10 MW WT would take 480 hours. However, the FD Tool can com-
plete the same analysis in just 83 hours while providing reasonably accurate
results.

Furthermore, in a scenario where a hundred platform solutions need to
be assessed, not far from a real-world situation, the computational cost is
reduced from 1800 hours with the SoA tool to just 168 hours using the
FD Tool. This significant reduction in computational time underscores the
effectiveness of the FD Tool in handling a large number of platform designs.
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Chapter 7

Sensitivity Studies with the
FD Tool : Defining Design
Guidelines

In the preceding sections of this Thesis, the frequency domain tool de-
veloped here has been validated and has demonstrated its ability to draw
conclusions consistent with state-of-the-art (SoA) tools when examining the
dynamic behaviour of the Floating Offshore Wind Turbine (FOWT). Fur-
thermore, it has proven its suitability for the initial design phases of FOW
substructures by providing reasonably accurate estimates of response trends
when various platform design parameters are modified. The primary ad-
vantage of this tool is its computational efficiency in dynamic analysis. This
improvement of the efficiency allows for the evaluation of numerous plat-
form designs, facilitating the pursuit of optimal solutions from a very early
design stage. Additionally, the tool’s efficiency permits the analysis of dif-
ferent conditions and supports sensitivity analysis, which may be pertinent
to floater designers.

Within this Thesis, two sensitivity analyses were conducted with the
primary aim of extracting insights into the platform design process and the
factors influencing it. Firstly, in section 7.1, the up-scaling of the plat-
form when it aims to accommodate the IEA 15 MW WT was investigated.
Similar to the comparative analysis conducted for the DTU 10 MW WT,
the the most cost-effective platforms for supporting the larger turbine were
identified, and subsequently presented the scaling relationships. Secondly,
in section 7.2, a second sensitivity study was conducted, focusing on the
influence of the mooring system on platform design. Typically, this is a
subsequent step in the process, but it has a significant impact, particularly
concerning second-order hydrodynamic loads.
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7.1 Designing Platforms to Support Larger Wind
Turbines

Within this sensitivity study, a qualitative analysis was undertaken to assess
the influence on substructure design when scaling up wind turbine size.
Particularly, the DTU 10 MW WT was used as the reference and how
platform dimensions evolve when tasked with supporting larger turbines
was examined, comparing the previously identified solutions. If a larger
turbine is installed, the supporting platform is expected to increase in size
with respect to a less powerful wind turbine. Not only because of the size
of the rotor, but mainly because of the higher thrust force. This increase in
loads, requires a larger platform that provides stability to the wind turbine.
First the suitability of the platforms defined in table 3.8 that were used to
support the DTU 10 MW WT was evaluated and it was found that most of
the platforms that were in the small size range were not even stable under
static loads. Therefore, a new design space was defined for the IEA 15 MW
WT including platforms with dimensions within the large size range. Then,
the dynamic analysis was performed, where again, a comparative analysis of
the different FOWT under several DLCs was carried out. Finally, similarly
to the procedure followed in the section 6.3, the most suitable and cost-
effective platform solutions were identified and their design parameters were
compared with respect to those platforms selected for the 10 MW WT wind
turbine. The primary goal of this study is to determine specific design
guidelines that provide insights into how platform dimensions change as
the size of wind turbines increases.

7.1.1 Platform Design Space for the IEA 15 MW WT

The platforms used for the DTU 10 MW WT were first assessed, by means
of a simple static analysis. The static loads composed of the mean wind
loads and gravitational loads, and most of the floater solutions seemed not
to be suitable for the scaled IEA 15 MW WT. This is reasonable, since a
larger wind turbine is expected to require a larger sub-structure, thus new
platform designs were defined and their characteristic dimensions can be
found in table 7.1. In order to differentiate the scaled up designs from the
original ones used for the DTU 10 MW WT, now the identification index
is denoted with S instead of D. Throughout this Thesis, as described in
chapter 3, the FOWT draft was defined as a design parameter, which was
set prior to the calculation of the platform mass, including ballast. In other
words, the mass of water ballast was derived from the equilibrium between
the displaced water mass and the total FOWT mass. This procedure might
not be realistic, but it is a simple assumption that enables a clear compar-
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ative analysis to show the validity of the present tool. Therefore, the same
draft values as for the DTU 10 MW WT were again evaluated, and new val-
ues for the columns’ diameter and the distance between them were given.
The new design space increased the number of designs within the range
of the large substructures. The platforms corresponding to the low range
of diameter and separation between the columns needed to be removed,
since they did not meet even the static stability under the maximum thrust
conditions.

ID S1 S2 S3

D 10 10 10

s 70 70 70

d 11 15 20

ID S4 S5 S6

D 11 11 11

s 70 70 70

d 11 15 20

ID S7 S8 S9 S10 S11 S12

D 12 12 12 12 12 12

s 60 60 60 70 70 70

d 11 15 20 11 15 20

ID S13 S14 S15 S16 S17 S18 S19 S20 S21

D 13 13 13 13 13 13 13 13 13

s 50 50 50 60 60 60 70 70 70

d 11 15 20 11 15 20 11 15 20

ID S22 S23 S24 S25 S26 S27

D 14 14 14 14 14 14

s 50 50 50 70 70 70

d 11 15 20 11 15 20

ID S28 S29 S30 S31 S32 S33

D 15 15 15 15 15 15

s 50 50 50 70 70 70

d 11 15 20 11 15 20

Table 7.1: New platform design space for IEA 15 MW WT. Values of diameter
’D’, separation between columns ’s’ and draft ’d’ (Units: m).

7.1.2 Dynamic Response Assessment

The new set of FOWT were subjected to the DLCs described in table 3.1. In
this section, again situations with different combinations of low to high wind
speeds and mild to severe sea states are evaluated. In addition, since the
platform selection criteria in this work was mainly dependent on the pitch
angle and nacelle acceleration, whose maximum values following the stand-
ards for FOWT design indicated in section 3.2.3, only the maximum pitch
angle and the maximum nacelle acceleration are shown. The maximum
definition used for this results is the same as that defined in section 6.1.3
through the expression (6.4). Particularly, the DLC2, DLC5, DLC8, and
DLC9 are presented and discussed below.
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Figure 7.1: Pitch maximum angle under DLC2 for the different platform designs
supporting the IEA 15 MW WT and threshold range.

Figure 7.2: Nacelle maximum acceleration under DLC2 for the different platform
designs supporting the IEA 15 MW WT and threshold range.

In fig. 7.1 and fig. 7.2, the results for the new FOWT are shown. This
condition corresponds to a major contribution of the aerodynamic loads,
since the incident wind speed is very close to the rated mean wind speed.
Therefore, this DLC is critical for the pitch motion. Here, two import-
ant relationships between the dynamic behaviour and the platform dimen-
sions were well observed. On one hand, the platforms with small diameter
(D = 10 − 12 m) were still close to the threshold value, and some of them
even over-passed it for short distances between the columns. Larger separa-
tion between the columns also implies larger pontoons which provides more
hydrostatic stiffness, although it seemed not to be enough to withstand the
thrust force. On the other hand, platforms with large diameter, such as
D = 13−15 m, showed to provide more stability to the structure, although
for the lower range of distance between the columns they over-passed the
threshold. The draft, again, did not seem to have a significant effect on
this motion, although the low contribution of the hydrodynamic loads is
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Figure 7.3: Pitch maximum angle under DLC5 for the different platform designs
supporting the IEA 15 MW WT and threshold range.

Figure 7.4: Nacelle maximum acceleration under DLC5 for the different platform
designs supporting the IEA 15 MW WT and threshold range.

one of the reasons for this. The nacelle acceleration, which is mainly in-
fluenced by the sea conditions, showed maximum values relatively far from
the threshold, thus this DLC would not discard any platform solution con-
sidering this motion.

In fig. 7.3 and fig. 7.4, the results under DLC5 are given. This DLC
corresponds to a turbulent wind characterised by a mean wind speed of
22 m/s and a moderate sea state. Now, the thrust force is lower, thus
the aerodynamic loads are not dominating the excitation on the FOWT. It
is remarkable the high pitch angle suffered on the designs S13-S15, which
correspond to the platforms with D = 13 m and s = 50 m, leading to the
conclusion that this poor distance between columns resulted in a very low
hydrostatic stiffness, making the structure not very stable. These designs
would be discarded in this initial design stage. Regarding the nacelle ac-
celeration, under a moderate sea state with a wave peak period Ts = 12.5
s, it was found that some of the floating substructures were not suitable
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Figure 7.5: Pitch maximum angle under DLC8 for the different platform designs
supporting the IEA 15 MW WT and threshold range.

Figure 7.6: Nacelle maximum acceleration under DLC8 for the different platform
designs supporting the IEA 15 MW WT and threshold range.

for support this powerful wind turbine. In fact, the nacelle acceleration
showed the contrary effect as the pitch angle, being those platforms with
larger column diameter and larger distance between the columns the ones
that provided higher acceleration value, presumably due to its higher pitch
hydrostatic stiffness. This would lead to a balance between the pitch sta-
bility and the loads on the tower base due to the nacelle acceleration, in
order to keep the maximum values below the threshold line.

In fig. 7.5 and fig. 7.6, the most critical DLC is given, which corresponds
to maximum thrust and severe sea state. The results obtained for the pitch
angle were barely the same as those for DLC2, highlighting the importance
of the thrust force on this motion. Compared to the results of the designs
supporting the DTU 10 MW WT, some of them did not meet the design
requirements. For instance, the solutions with D = 10 m and s = 70
m, were suitable for the 10 MW WT, whereas were not for the 15 MW
WT, and this is mainly because of the higher thrust force of the latter.
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Figure 7.7: Pitch maximum angle under DLC9 for the different platform designs
supporting the IEA 15 MW WT and threshold range.

Figure 7.8: Nacelle maximum acceleration under DLC9 for the different platform
designs supporting the IEA 15 MW WT and threshold range.

Similar situation happened with the designs with columns of D = 13 m
and s = 50 m. On the contrary, the nacelle acceleration showed a more
relevant influence on the draft, which was related to the importance of
the hydrodynamic load contribution to the total excitation acting on the
FOWT.

In fig. 7.7 and fig. 7.8 the maximum pitch and nacelle acceleration of
the different FOWT under DLC9 conditions are depicted. Since the aero-
dynamic loads were less relevant than the hydrodynamic loads, lower pitch
angle motions were generally observed. Except for the platform designs
with columns of 13 m diameter separated 50 m between them, generally
pitch angles below the limit value were observed, although they showed
higher values than for the 10 MW WT. The accelerations of the nacelle for
the IEA 15 MW WT are significantly lower too. In fact, the designs with
columns of D = 13 − 15 m and s < 60 m seem to be suitable, whilst they
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were not for the DTU 10 MW WT.

7.1.3 Selected Platform Solutions

Taking into account the results observed in the previous section, from
fig. 7.1 to 7.8, the most cost-competitive platform designs that meet with
the design requirements were identified. Furthermore, they were compared
against the platform solutions selected for the DTU 10 MW WT. In this
section the results obtained and how the variation of the platform dimen-
sions are discussed.

ID Steel Mass D s d Pitch Nac. Acc

S29 3.667 × 106 15 50 15 8.77 1.53
S18 3.692 × 106 13 60 20 7.68 1.43
S30 4.321 × 106 15 50 20 8.67 1.50

Table 7.2: Sorted list of platforms that meet design requirements and the
maximum response estimated by the FD Tool for the IEA 15 MW WT. (Units:

kg, m, deg, s)

The designs that resulted to be the most suitable to support the IEA 15
MW WT are given in table 7.2. Compared to the designs that seemed the
most cost-effective to support the DTU 10 MW WT, the present designs
correspond to larger platforms as expected. Essentially, the dimension that
appeared to be the most influencing one is the diameter, which was initially
constrained to be equal to the pontoon width. Therefore, columns of bigger
diameter also mean to have wider pontoons. However, the distance between
the columns did not show a clear influence, since the values for the present
designs were similar to those for the smaller turbine, which are between
50-60 m. Regarding the draft of the new designs, it generally increased,
being from 15-20 m more suitable than the smaller ones. A larger draft
provides stability especially in terms of the nacelle acceleration. It would
be decision of the designer whether to prioritise the response or the platform
dimensions, since factors such as installation or construction are not here
taken into account.

The surge natural periods were between 135-155 s, the heave and pitch
natural periods showed slightly low values, with 16 s and 30 s, respectively.
The heave motion was not here discussed, although the natural period
seemed susceptible to resonance under severe sea conditions. The tower
displacement according to the first fore-aft mode shape did not compromise
the 1P-3P region in the Campbell Diagram from fig. 3.14. Compared to
the natural periods for the most suitable platform designs to support the
DTU 10 MW WT, when scaling up to more powerful turbines, the surge
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natural periods decrease a little bit, although this depends significantly
on the mooring stiffness, which is different in these two cases. In this
tool, the mooring system was represented by a stiffness matrix and the
one used for the IEA 15 MW WT almost doubles that employed for the
DTU 10 MW WT. Therefore, the natural period for larger turbines, in this
case, would decrease slightly. The heave natural periods also showed lower
values for the larger turbine, becoming more susceptible to resonance. The
natural period values on the heave motion could be adjusted by adding
heave plates, which increase the added mass. Now that the dimensions of
the preliminary platform design that appeared to be the most cost-effective,
heave plates can be added in the next stage of design. The pitch natural
periods, however, resulted to be very similar among the different designs,
with variations below 5%.

The platforms resulting from this analysis required very similar amount
of steel mass. Compared to the platforms selected for the DTU 10 MW
WT, the platform designs aimed to support the IEA 15 MW WT showed an
increased of steel mass between 1.5-2 times. As a reference, the amount of
steel mass per megawatt for this wind turbine scaling-up increases between
1-1.3 times.

7.2 Influence of the Mooring System on the Float-
ers Design

This section introduces the second sensitivity study, which focuses on eval-
uating the impact of mooring effects within the context of platform design
and identifying the key factors to consider. In the design of FOWT sub-
structures, mooring pretension plays a pivotal role as a design parameter.
Due to the nature of the frequency domain tool developed in this Thesis,
where the mooring system is represented by a stiffness matrix that varies
with the wind conditions, the definition of the mooring lines was not here
evaluated nor defined. Therefore, the type of mooring line, length, mater-
ial, chain diameter, or any other mooring design parameter were not here
considered. However, the developed frequency domain design tool can be
useful for mooring design through the analysis of the needed mooring stiff-
ness to keep the FOWT within certain offset values from the structure’s
equilibrium position without excitation. For instance, through the estima-
tion of the minimum mooring system stiffness required for a given floating
platform design, the minimum pretension required in the mooring lines can
be estimated. This enables concurrent development of the mooring sys-
tem and platform design. The subsequent discussion focuses on how the
mooring system influences the dynamic behaviour of FOWTs.
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(a)

(b)

Figure 7.9: Stiffness for five mooring systems as a function of the mean wind
speed at equilibrium position under no excitation. (a) Surge (b) Pitch

This study was applied to the DTU 10 MW WT supported by the
different platform designs described in table 3.8. Five mooring systems
were defined, represented by stiffness matrices, covering a wide range of
values, from softer to stiffer systems. In fig. 7.9, the surge and pitch mooring
stiffness as a function of the mean wind speed are shown, since, as explained
in section 3.3.4, the mooring stiffness is associated to a specific thrust force
based on the wind turbine performance curves. The grey curve (Moor3)
corresponds to the mooring system used for the validation of the present FD
Tool described in section 3.2.4, and four other matrices have been defined
with lower and higher stiffness values. The stiffness of the surge DoF is given
by the mooring system, making the response in this motion highly sensitive
to these stiffness values. In contrast, the system pitch stiffness matrix is
predominantly affected by hydrostatic stiffness, with mooring stiffness in
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this DoF being one or two orders of magnitude lower, resulting in minimal
impact on pitch response motion. Similarly occurs with the heave DoF,
although it is now here shown.

The various mooring stiffness matrices were utilised as inputs for the FD
Tool, and the behaviour of the thirty-three floaters described in table 3.8 was
assessed across a broad spectrum of environmental conditions. Initially, the
natural frequencies associated with the four degrees of freedom within the
FD Tool were compared across the five different mooring matrices. Follow-
ing this, the motion responses of each of the FOWT designs were analysed,
with a particular focus on examining how the mooring system affected
these responses. Ultimately, the benefits of incorporating second-order hy-
drodynamic loads in the early stages of designing FOW substructures were
identified.

It should be borne in mind that the optimal design of the mooring
system falls outside the purview of this thesis. However, this section is ded-
icated to quantify the impact of mooring on platform design. The primary
goal is to refine the preliminary platform design by taking the mooring
system into more precise consideration. To simplify matters, this study
exclusively concentrated on differences in stiffness among various mooring
system designs and did not factor in alterations in mass.

7.2.1 Assessment of the Response for the Different Mooring
Systems

Herein, the results from the comparative analysis of the different FOWT
designs response under different DLCs from table 3.1, and for the five moor-
ing systems shown in fig. 7.9 is discussed. The main goal is to quantify the
effect of the mooring system on the dynamic response of the full FOWT. For
that purpose, the FD Tool is used to analyse the FOWT response, by intro-
ducing the five different mooring systems, represented by stiffness matrices.
The results for most representative cases DLC2, DLC8 and DLC9 are here
shown and discussed. In addition, the influence of the mooring system on
the FOWT natural periods is previously examined.

Natural Periods

In fig. 7.10, the surge natural periods for each of the platform designs are
shown. These natural frequencies were obtained by solving the eigenvalue
problem using the mass and stiffness matrices of the system described in
section 3.3.1. For the calculation of the natural periods, the position with no
excitation was considered. It is noticeable that the variation of the natural
periods with the mooring stiffness is nearly a constant factor, proportional
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Figure 7.10: Natural periods (s) for the different platform designs and mooring
systems.

to the square root of the stiffness (Tn ∼
√

m/k).
The heave and pitch natural periods are not given since it was ob-

served to have negligible influence from the mooring system, since both
are dominated by the hydrostatic stiffness. Similarly occurs with the tower
first fore-aft deflection natural period due to its high dependency on the
pitch angle. Regarding the surge natural periods, the peaks observed in
fig. 7.10 follow the expected trend: on one hand, as the stiffness increases,
the natural period decreases. And, in the other hand, as was observed
in the previous chapters, the platforms with larger drafts, due to longer
columns, and larger diameter of the columns, showed a higher value of the
natural period since they have a higher mass. These high natural periods
on the large substructures makes them more sensitive to resonance excited
by second-order hydrodynamic loads.

Maximum Surge Displacement

The maximum response under some relevant DLCs was evaluated for each
of the platform design space. Regarding the response motion, again no sub-
stantial differences were observed in the heave and pitch motions, nor in the
nacelle acceleration despite the contribution of the surge motion to the lat-
ter. Therefore, herein only the results obtained for the surge displacement
are shown and discussed. This fact is definitely an important conclusion
regarding the mooring design, particularly for the semi-submersible plat-
forms. Conversely, in case Tension Leg Platforms (TLP) were assessed, the
influence of the mooring system stiffness on heave and pitch motions would
be critical, and through the proposed tool a quick estimation of its influence
could be achieved.
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(a)

(b)

(c)

Figure 7.11: Stiffness for five mooring systems as a function of the mean wind
speed at equilibrium position under no excitation. (a) Surge (b) Pitch
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In fig. 7.11 the maximum surge displacement obtained using the defin-
ition of maximum from (6.4) is given, for DLC2, DLC8 and DLC9. These
conditions represent maximum thrust and mild sea state, maximum thrust
and severe sea state, and low thrust and severe sea state, respectively. This
way, three different situations were assessed, where the aerodynamic loads
dominate over the hydrodynamic loads, and vice versa. Therefore, the in-
fluence of the mooring under several metoceanic conditions was evaluated.
As expected, the stiffer mooring system considered, the lower maximum
surge displacement was achieved for all DLCs and all designs. Furthermore,
the higher the thrust force, the higher maximum horizontal displacement
were observed, due to the dominance of this force in this direction. It
was also noticeable that the cases where the aerodynamic loads dominate
over the hydrodynamic loads, as for DLC2, the maximum response showed
more variation with the change of draft, especially for the smallest platform
designs, and as the diameter of the columns increase, the influence of the
draft was reduced. However, when hydrodynamic loads dominate the ex-
citation on the FOWT, as for DLC9, the maximum surge displacement of
the different FOWT did not show barely influence of the draft, except for
the largest platform designs. This behaviour can be related to the added
mass and radiation damping, where both are proportional to the length of
the columns, and consequently, to the platform draft.

Estimation of the Minimum Mooring Stiffness

As mentioned at the beginning of the chapter, the pretension of the mooring
lines is a useful parameter for the design of the mooring system, together
with other indicators such as the platform offset, the FOWT natural peri-
ods, the fatigue life of the lines, and the costs associated with mooring
installation and required vessels. Although this Thesis primarily focuses on
substructure design for FOWT, it is essential to recognise that all struc-
tural components are interrelated. The optimisation of platform designs is
achieved by accounting for these interactions right from the outset of the
design process. The proposed frequency domain tool, FD Tool, enables to
gain a deeper understanding of how each component influences the others
in order to establish a more precise and comprehensive initial design. In
this study, one of the suitable selected designs in section 6.3 (see table 6.5)
was used as a case study and the response under the most critical condi-
tions using the different mooring stiffness matrices were compared. For this
example it was used the platform design D8 supporting the DTU 10 MW
WT, which features columns with a diameter of 10 meters, spaced 60 meters
apart from their axes, and a draft of 15 meters. The study considered the
response of this design under the most critical conditions, comparing res-
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Figure 7.12: Surge mooring stiffness vs FOWT horizontal displacement for three
DLCs.

ults using different mooring stiffness matrices. The three DLCs for which
the results have been previously shown are here discussed. In fig. 7.12, the
mooring stiffness in the surge DoF corresponding to the offset along the
x-axis is given for the DLC2, DLC8 and DLC9.

It was observed that the mooring stiffness and the surge displacement
of the FOWT followed a nearly linear relationship for the given offset range
values. Since the FD Tool uses a mooring stiffness for a specific mean wind
speed, as explained in section 3.3.4, in fig. 7.12, the surge mooring stiffness
corresponding to the maximum horizontal displacement is given. The mean
wind corresponding to DLC2 and DLC8 are very similar, with values of
10.3 m/s and 12 m/s, respectively, resulting in not substantial difference
between both signals. However, DLC9 features a 22 m/s mean wind speed,
which produced low thrust, leading to lower offsets and, thus, reducing the
mooring stiffness. Looking at fig. 7.12, assuming a certain threshold for
the platform maximum offset, one could determine the minimum mooring
stiffness required in the surge DoF associated to the pretension in the lines.
In this case, it would be interesting to use the most critical DLC, such
as DLC8, in order to identify the minimum stiffness requirement in the
surge DoF. In case the mooring stiffness had a more relevant influence on
the pitch response, a similar study could be carried out, and thus, a more
constrained mooring pretension would be obtained.

7.2.2 Effect of the Second-Order Hydrodynamic Loads on
the Platform Response

Furthermore, this research delved into the impact of second-order hydro-
dynamic loads on the response of FOWTs. A distinctive aspect of this
study is the introduction of second-order hydrodynamic loads during the
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initial stages of designing floating substructures, which sets it apart from
many other design tools found in the literature. Additionally, a highly
computationally efficient method, referred to as the Accelerated Method is
employed, and its description and validation are provided in chapter 5.
Notably, this study aims to make the effects of introducing non-linear loads
into the response analysis clear. Conditions where hydrodynamic loads take
precedence over aerodynamic loads are highlighted, particularly in the case
of DLC9, which corresponds to a mean wind speed of 22 m/s and the severe
sea state defined in table 4.1.

In fig. 7.13, the mooring stiffness associated to the surge displacement is
shown, where the signals using only the first-order hydrodynamic loads and
including the second-order hydrodynamic loads are compared. As could be
expected, the inclusion of the second-order loads leads to a higher FOWT
surge displacement, and it is mainly due to the mean drift loads. The
surge displacement was increased 10% when the second-order loads are
considered.

Figure 7.13: Mooring stiffness versus FOWT offset in the surge DoF with (blue)
and without (yellow) second-order hydrodynamic loads.

In fig. 7.14, fig. 7.15, and fig. 7.16, the maximum surge response for
the whole design space is shown, for three of the five mooring systems
assessed, Moor1, Moor3, and Moor5, respectively. The one in the middle
corresponds to the same mooring system matrix used for the validation of
the FD Tool in chapter 6. The surge and pitch stiffness values of each
corresponding matrix are given in fig. 7.9.

The maximum offset limit value, is plotted with the red dashed line,
whose value were obtained as the 30% of the water depth, following the
recommended standards from [72] and described in section 3.2.3. The
maximum surge displacement derived from the analysis where only fist-
order loads were obtained resulted in all cases lower than that including
the second-order loads, which means that including second order loads at
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a preliminary platform design stage contributes to a better estimation of
the platform maximum offset expected. Moreover, as the mooring stiff-
ness matrix became stiffer, as for Moor1, the surge response was smaller,
achieving surge displacements very far from the threshold value. However,
for the case where the least stiff mooring system was used, Moor5, there
were found several designs that overpass the threshold, leading to discard
from the initial stage of design some of the platforms assessed. It was
observed, that the platforms with low draft values and a given diameter
showed a substantial increase of the surge displacement when second-order
loads were considered. This could be explained by the lower mass, among
other factors. The platforms with the largest diameters showed the highest
offset values, which is explained by the large hydrodynamic loads. It is
remarkable that the main differences were observed as the platform size
increase, and particularly for lower draft values.

Figure 7.14: Surge maximum displacement for the different designs using the
stiffest mooring system Moor1 under DLC9.

Figure 7.15: Surge maximum displacement for the different designs using the
original mooring system from section 3.2.4 Moor3 under DLC9.
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Figure 7.16: Surge maximum displacement for the different designs using the
softest mooring system Moor5 under DLC9.
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Chapter 8

Conclusion and Future Work

In this section, the main conclusions are presented related to the new float-
ing offshore wind platform preliminary design methodology and tools de-
veloped, as well as the primary steps envisaged for related future develop-
ments.

8.1 Conclusions

This Thesis introduces a novel frequency domain based design tool (FD
Tool) tailored to Floating Offshore Wind (FOW) substructures, particu-
larly emphasising semi-submersible platforms which is the current prefer-
ence of the industry. The FD Tool simplifies the complex dynamics of
Floating Offshore Wind Turbines (FOWT) under wind and wave loads and
is designed to expedite the preliminary design phase. Simplified models,
often used in this context, benefit from cascading techniques, incorporat-
ing high-fidelity tools’ input to account for complex effects on structural
responses. These techniques are essential because certain parameters, such
as aerodynamic loads and aerodynamic damping, are usually pre-computed
due to the simplified model’s nature. In this Thesis, novel methods that
improve the efficiency of hydrodynamic analysis are presented, since conven-
tional radiation-diffraction analysis can become very time consuming when
evaluating numerous platform designs in the quest to streamline FOW sub-
structure pre-design.

From this research work it can be highlighted two main contributions re-
lated to the development of two standalone methods alternative to radiation-
diffraction analysis. The Hydrodynamic Analysis on Aggregated Compon-
ents, referred to as HAAC, estimates the hydrodynamic added mass, ra-
diation damping and wave excitation coefficients based on the radiation-
diffraction results but with a significant reduction of computational cost.
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The conclusions regarding this method are exposed in section 8.1.1. Con-
versely to most of the tools for the platform’s preliminary design, this study
includes the second-order hydrodynamic wave loads through the developed
Accelerated Method, since they have relevant influence on catenary moored
structures. Similarly, the conclusions related to this method are highlighted
in section 8.1.2. Both methods share common characteristics, which can
also translate into limitations. The floater is split into simple isolated mem-
bers and the hydrodynamic coefficients and loads are obtained for each of
them separately. Then, superposition is applied, neglecting any possible
cross-interaction between the platform members. Furthermore, both meth-
ods were validated against radiation-diffraction analysis and their accuracy
was assessed through the impact of the estimated results on the FOWT
response.

As case study, the DTU 10 MW WT was used, supported by thirty-
three different semi-submersible platforms based on the original Nautilus
floater, where the draft, columns diameter and distance between them were
modified within a certain range. In order to reduce the number of design
parameters, and considering the objective of the study, some platform di-
mensions were set equal across the platform design space. Additionally,
the pontoon and deck width were established to match the diameter of the
columns.

Then, both new developed methods were included into the frequency
domain simplified model, denoting the integrated tool as FD Tool. The tool
was validated and the conclusions are given in section 8.1.3. Due to the high
efficiency of the developed tool obtaining the response of FOWT, sensitivity
studies can be carried out in order to gain knowledge on FOW platform
design. In particular, in this Thesis two different sensitivity analyses were
performed and the conclusions achieved are explained in section 8.1.4.

8.1.1 Conclusions Related to HAAC

Despite the fact that the HAAC method does not consider the interaction
between the platform members, a parametric study was carried out in or-
der to assess the influence of the interaction between the columns on the
method’s accuracy. It was observed that this assumption was reasonable
for the added mass and for the wave excitation coefficient within the range
of aspect ratios of the case study platform designs. However, the radiation
damping showed to be significantly influenced by this interaction. In order
to improve the accuracy of its prediction through the proposed method, it
was developed a novel formulation that accounts for the presence of the ad-
joining cylinders. Array of multiple vertical partially submerged cylinders
located along the wave propagation direction were assessed and a rela-
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tionship between the distance between the cylinders and results accuracy
was found. This formulation provided a better prediction of the radiation
damping as the cylinders were further from each other and there is a min-
imum number of cylinders. It can be considered the following valid region
which ensures results have reasonable accuracy, and it resulted to be for
platforms with columns separated between 2.5 and 7.5 times the diameter.
This region includes most of reasonable platform designs aimed to support
offshore wind turbines.

Regarding the estimation of the hydrodynamic coefficients on fully sub-
merged members, which generally represent the pontoon of the platforms,
the influence of the variation of depth at which they are submerged on the
hydrodynamic coefficients calculation was also assessed. Moreover, based
on linear wave theory, two expressions for the prediction of the added mass
and the radiation damping, respectively, were developed. The application
of these expressions to the hydrodynamic coefficients notably improved the
accuracy of the results.

The results obtained through HAAC agree very well with those from the
radiation-diffraction analysis adopted in the panel code AQWA, showing a
slight under prediction in heave and pitch, which is mainly related to the
superposition approach, assuming no cross-interaction between members.
The surge motion’s added mass reveals interaction effects, causing signal
peaks that were not captured by the HAAC. However, the prediction of
values at zero and infinite frequencies appeared to be accurate.

The proposed method for the calculation of the hydrodynamic coeffi-
cients showed to achieve an important reduction of the computational cost.
For the database setting were required 60,000 s, which was approximately
equivalent to the time required for the radiation-diffraction analysis for 2
to 5 full semi-submersible platforms, depending on the dimensions. The
three basic steps implied a negligible simulation time, below 1s per design.
In the preliminary design phase of the substructures for FOW, tens of plat-
forms are often assessed, with multiple combinations of the defined design
parameters. Therefore, this makes the HAAC method suitable for the
estimation of the hydrodynamic coefficients in the early stages of design,
especially when more than 5 platforms aim to be evaluated.

Furthermore, the utilisation of HAAC allows for a precise estimation
of the natural periods for various FOW substructures. The results indic-
ated minimal errors in the surge direction and maximum errors of 9% and
5.5% for heave and pitch motions, respectively. When applying the dy-
namic response from the frequency domain model with HAAC results, it
closely aligned with the response obtained using hydrodynamic coefficients
from AQWA. Initially, the response under wave action alone was examined
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across a broad range of sea states. It was noted that the intensity of the
sea state did not substantially affect the accuracy of response estimation.
However, the accuracy was influenced by the aspect ratio of the platform
designs, where the platforms with lower diameter-to-separation-between-
columns ratio showed the best agreement. This relationship is linked to
interaction effects between the platform members. The contribution of the
columns played a crucial role in the method’s accuracy. The higher the
contribution of the columns relative to the full platform, the more accur-
ate the predictions were achieved. Additionally, the evaluation of response
under both wind and wave actions resulted in significantly reduced errors,
as expected, owing to the contribution of aerodynamic loads. This scenario
represents a more realistic operational condition.

HAAC demonstrated to provide accurate results of the hydrodynamic
coefficients of structures with aggregated components, such as the semi-
submersible platforms used in FOWT, with the main advantage of requir-
ing a significantly lower computational cost, compared to the radiation-
diffraction analysis. It showed that, despite assuming some small errors in
the calculation of the hydrodynamic coefficients, it still enabled to identify
the designs that meet the defined thresholds in a comparative analysis.
Its high efficiency makes it suitable to be integrated into platform design
optimisation routines and for platforms’ preliminary design stages.

8.1.2 Conclusions Related to the Accelerated Method

The accelerated method is based on the slender-body assumption but, as
a semi-submersible platform is not slender, the structure was decomposed
into simpler, individual members, for which the first- and second-order loads
were calculated. The overall loads on the full floater were obtained by su-
perposition, assuming negligible cross-interaction between members. In [63]
the validation of the method for the surge force and the pitch moment on
a monopile was presented. To treat the full semi-submersible floater, the
formulation of the heave forces on a vertical cylinder was developed and val-
idated, achieving reasonable accuracy. In addition, the method was exten-
ded to horizontal members with their longitudinal axes perpendicular and
aligned to the wave propagation direction, so that the full semi-submersible
platform can be modelled. For these pontoon members, the formulation for
the surge and heave forces and for the pitch moment was developed and
validated. The results for the pontoons showed generally a good match,
achieving the worst prediction for the pitch moment with a deviation of
14% with 128 modes. The surge force showed very good agreement for
both pontoon members, with a non-diffraction error of 10% for the perpen-
dicular case and 9% for the aligned case. The results for the heave force
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were as accurate as for the columns and showed an over prediction for both
the perpendicular and aligned pontoon members, with error levels of 11%
and 5%, respectively.

Furthermore, it was observed that the accuracy of the method on the
vertical columns was significantly influenced by the diameter-to-draft ratio
and, since it is based on the slender-body theory, it was also affected by the
diameter-to-wave-length ratio. Parametric studies assessing the influence
of these two parameters were carried out, so as to quantify the accuracy.
On one hand, the diameter-to-draft ratio seemed to be the main driver
of the error in the surge force, when compared to the loads from the dif-
fraction approach. It was observed that for diameter-to-draft ratios below
0.2 the method was able to predict the surge force with less than 10% of
error, with 128 modes used in the truncation. The heave force, however,
showed less dependency to the diameter-to-draft ratio, while a larger num-
ber of modes were needed to achieve errors lower than 10% relative to the
solution without modal truncation, which did not significantly increase the
computational cost. The pitch moment was generally well predicted with
errors below 3%, with 128 modes too. On the other hand, the diameter-to-
wave-length ratio also had an influence on the surge force, as discussed in
[64]. Aligned with classical diffraction theory for cylinders, it was noticed
that the smaller the ratio, the better estimation of the load, as long as the
diameter-to-draft ratio was below 0.2.

The second-order hydrodynamic loads on the full Nautilus semi sub-
mersible floater were obtained by means of superposition of the loads on
each of the members. The results showed that the interaction between
columns did not significantly affect the accuracy, even for the mild sea
states. In fact, the error found for the loads corresponding only to the
columns was similar to that of isolated column with the same dimensions,
thus a good prediction of the surge force on the full semi-submersible floater
depends on the diameter-to-draft ratio of the columns. When analysing the
results for the three sea states, an under prediction of the surge force of
22% was observed, mainly due to the slender-body approach. For a single
column of the same geometry, this error was 28%, although a reference
computation with WAMIT lead to a value of 16%. The heave force showed
very good agreement with almost perfect accuracy, which was due to com-
pensation of the over-prediction of the pontoon heave forces and the cross-
interaction effects. The pitch moment agreed well with an under prediction
of 10%. Having a good prediction of the pitch moment is probably the
most important achievement in this study, since the pitch motion plays a
key role in the floater design, especially in the initial stages. Thus, despite
the rather large error values obtained for the surge force, its contribution
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to the pitch moment still provided good approach. On the computational
cost side, the accelerated method enabled the calculation of second-order
hydrodynamic loads 2500 times faster than the conventional approach for
the semi-submersible floater configuration considered.

Similarly to the HAAC method, the impact on the response analysis was
assessed in order to evaluate the accuracy of the method. For that purpose,
again the response under certain DLCs for the thirty-three platform designs
was obtained and compared. For the cases where no wind is considered,
only wave conditions, the surge displacement was the DoF that showed the
largest errors, which could be expected since the surge second-order force
showed the worst approach. It was underestimated for all the platform
designs and, similarly to the second-order force results, the designs with
lower diameter-to-draft ratio showed in general better agreement. The pitch
angle was also under estimated for all the designs, although it seemed to
be better predicted. When wind loads were included, these differences were
reduced, and the response obtained from the frequency domain tool fed
with the accelerated method showed very similar results as if it were fed
with the second-order loads resulting from the conventional approaches.

8.1.3 Conclusions Related to the FD Tool

In this section, the main conclusions related to the FD Tool are presen-
ted. The primary goal was to provide an efficient tool for the preliminary
design of FOW substructures. It is clear that the frequency domain models
outperform time domain models in terms of efficiency, but this is not con-
sidered part of the research contribution. Instead, the novelty lies in the
inclusion of the newly developed methods for hydrodynamic analysis, which
have demonstrated the ability to provide accurate results with a signific-
ant reduction in computational cost compared to conventional radiation-
diffraction analysis. Consequently, the integration of these methods in the
frequency domain models, lead to a general improvement of efficiency of
the design tools.

The current tool underwent validation against results generated by the
SoA tool, OpenFAST, which is a time domain fully coupled aero-hydro-
servo-elastic model for analysing FOWT response. To facilitate a com-
parison between results obtained from frequency domain and time domain
tools, the non-linearity level of the latter was initially assessed. Analysing
the histograms of various time series from OpenFAST, it was observed that
the time domain model exhibited slight non-linearity. Consequently, the
maximum response could be approximated as the sum of the mean com-
ponent and the standard deviation multiplied by a dynamic factor. This
factor was calibrated using time domain simulations in OpenFAST to de-
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termine the most representative value for the evaluated FOWTs. Using the
mean and standard deviation from the time series derived from OpenFAST,
it resulted that using a factor of 3.6 provided very good estimation of the
maxima in all DoFs, especially regarding the surge and heave motions with
deviations below 2%. The maximum pitch angle showed a slightly worse
representation with deviations below 4%. The nacelle acceleration displayed
the most significant variation in comparison to the Gumbel maximum value,
with a maximum deviation of 21%, leaning towards a conservative estima-
tion. When comparing the maximum response resulted from the mean and
standard deviation derived by the FD Tool, similar values were achieved,
although with a slightly larger differences. This could be expected, due to
the developed hydrodynamic methods, which led to deviations around 10%
and 8.8% for surge and pitch, respectively. The heave motion was nearly
neglected throughout the response analysis, since it is not considered of
critical interest for the platform design.

Once the dynamic factor was calibrated, then several DLCs were ana-
lysed both with the FD Tool and SoA tool. Those DLCs where the aero-
dynamic loads dominate over the hydrodynamic loads, showed a better
prediction of the FOWT response, especially the surge maximum displace-
ment due to the important contribution of the mean thrust force. The whole
design space showed similar surge displacements and the maximum error
observed was for the platform design with the columns of smallest diameter,
smallest draft and smallest separation between the columns (D1), with a
value of 16%. Pitch was generally overestimated, especially for platforms
with small separation between columns, mainly related to the interaction
effects. As for the nacelle acceleration, the simple fact of performing the
double derivative of the deflection with respect to time introduces an error,
thus leading to general under estimation of the signal. Despite, platforms
with larger drafts showed a better approach, due to the higher contribution
of the columns compared to the pontoon. It was observed that the hydro-
dynamic loads acting on the columns were predicted with higher accuracy
than those on the pontoon. The contrary case, where the hydrodynamic
loads dominate over the aerodynamic loads showed larger deviations, which
was an expected conclusion since the main source of inaccuracy are the de-
veloped methods for the hydrodynamic loads calculation. Particularly, for
severe sea states the FD Tool showed higher accuracy in predicting the
dynamic response when the platforms have long columns, small diameter-
to-draft ratios, and the separation between the columns is sufficiently large
in order to have negligible interaction effects. These results are also very re-
lated to the relevance of the second-order hydrodynamic loads under strong
sea states. The nacelle acceleration was found to be significantly influenced
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by the sea state, as expected.

It was observed, that for cases where both aerodynamic loads and hy-
drodynamic loads were important, the surge motions included the effect of
the relevant second-order wave loads leading to a slightly worse agreement
with respect to the cases with mild sea states. Still, the maximum devi-
ation found was of 15%. Regarding the maximum pitch angle, due to the
under estimation of the hydrodynamic loads, it was observed a general un-
der prediction but very similar tendency as the response obtained through
the SoA tool.

In general, the results obtained through the proposed FD Tool showed
better agreement with the SoA tool as the draft of the platform increased,
which is equivalent to increased length of the platform columns, and also
when the separation between them increased. This is related to the in-
teraction effects between members, which becomes less significant as the
distance between them gets larger. Additionally, the larger the columns of
the platform compared to the pontoon, the better estimation of the FOWT
motions was achieved.

The most important conclusion regarding these results is that the FD
Tool is able to provide similar results as the SoA tools and shows the same
sensitivity with the platform design parameters, although with some lost of
accuracy due to the limitations of the developed hydrodynamic methods.
Moreover, the present tool allows to identify those platform preliminary
designs that meet the design requirements, regarding some recommended
threshold values for the maximum surge, pitch and nacelle acceleration,
in a similar way as those obtained with the much more time consuming
SoA tools. Among the selected designs, the most cost-competitive support
structures for the DTU 10 MW WT resulted to be those platforms with
columns of diameters between 10-12 m. In addition, platforms with low
draft also were found not to be very suitable designs, especially regarding
the high values achieved of acceleration on the RNA. The selected platform
solutions were the same as those identified by the SoA tool, giving to the
FD Tool the confidence enough to be used for the preliminary design of
the FOW substructures. Furthermore, the main advantage of the present
tool, and also corresponding to one of the main contributions of this Thesis,
is the reduction of the computational cost achieved. For the case studies
used for the validation of the FD Tool, where thirty three designs were
assessed, the dynamic response of the whole design space was obtained 14
times faster than the SoA tool. Furthermore, a sensitivity analysis on the
size of the platform design space with the wind turbine power was assessed
and the efficiency increase of the proposed method with the number of
platforms to be evaluated. This trend is related to the need to perform
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a radiation-diffraction analysis for each floater design when the SoA tool
is used, whereas the proposed methodology starts with 60,000 s required
to build the database which is independent of the size of the design space.
Therefore, as the number of platforms to examine increase, so does the
efficiency of the present tool.

8.1.4 Conclusions Related to the Sensitivity Studies

Taking advantage of the efficiency of the present FD Tool, it enables to
quickly perform dynamic analysis in order to assess different aspects regard-
ing FOWT design. This includes the ability to conduct multiple sensitivity
studies, thereby enhancing our understanding of FOWT behaviour and the
most influential parameters related to substructure design. Furthermore, it
supports co-design of FOWT components by facilitating interaction among
them.

This Thesis explores two instances where the FD Tool was harnessed.
First, it investigates how the up-scaling of wind turbines impacts platform
dimensions and design. Second, it delves into the influence of the mooring
system on platform design.

Increasing the Size of the Wind Turbines Effect

Regarding the initial sensitivity analysis, which involved examining the
impact of up-scaling wind turbines on platform design, the focus was on
identifying the most suitable platform designs to support the IEA 15 MW
WT. To achieve this, a comparative analysis of various platform designs
was conducted. Initially, a static analysis was carried out, subjecting the
platforms to the maximum thrust force within the design space used to
validate the FD Tool. This analysis revealed that a significant portion of
the floaters with small-diameter columns and short distances between them
did not meet the prescribed threshold values for pitch angles and therefore
had to be excluded from consideration. Consequently, a new design space
was established, with a heightened resolution within the larger size range.

The dynamic response assessed through the proposed frequency do-
main tool was examined under a wide range of wind and wave excitation.
A comparison of the results was made with the DTU 10 MW WT. It was
generally observed that structures supporting larger wind turbines experi-
enced higher maximum displacements, while simultaneously showing lower
maximum nacelle accelerations.

Within the newly assessed design space for the IEA 15 MW WT, only
three structures satisfied the design criteria related to maximum platform
pitch angle and maximum nacelle acceleration. In comparison to the plat-
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forms designed for the DTU 10 MW WT, these structures featured larger
column diameters, ranging from 13 to 15 meters. Likewise, greater drafts
were observed, discarding all platforms with an 11 m draft. Notably, it
was interesting to find that the distance between columns was not a highly
influential parameter, as even a 50 m separation still yielded acceptable
maximum values for the 15 MW WT.

Additionally, the sensitivity of the natural periods of the selected designs
was also examined. It resulted that, as the platform’s size increased, the
surge natural period also increased. The heave natural period showed val-
ues very close to wave excitation, thus it could be that heave plates were
required. This would be evaluated in a more detailed stage of design. The
pitch natural periods, however, resulted to be very similar among the dif-
ferent designs, with variations below 5%. It was calculated a rough number
of how the steel mass scales with the increasing wind turbines, resulting
that the mass per megawatt required for the 15 MW WT was 1-1.3 times
that of the DTU 10 MW WT.

Mooring System Influence on the Platform Design

In a subsequent study, an investigation was conducted to gauge the impact
of the mooring system on the platform design. To achieve this, five differ-
ent mooring systems, each represented by stiffness matrices, were integrated
into the FD Tool to obtain the dynamic response. Notably, the surge dis-
placement proved to be the most significantly affected DoF, although heave
and pitch motions were also evaluated. The sensitivity analysis employed
the same case study used to validate the FD Tool, involving the platform
designs outlined in table 3.8 supporting the DTU 10 MW WT. Initially,
the study examined the effect on the variation of natural periods, revealing
that only the natural periods associated with surge motion were influenced.
Natural periods for heave and pitch, along with the tower’s first fore-aft
mode, exhibited no variation with the mooring systems analysed. This is
explained by the high contribution of the hydrostatic stiffness in those DoF.
The surge motion, however, showed an increase of the natural period pro-
portional to the decrease of the mooring stiffness, since no variation of the
mass with the mooring system was assumed.

Moreover, the response was assessed across a wide spectrum of DLCs,
yielding similar findings to those observed for the natural periods. Not-
ably, the surge motion was the sole component that displayed variations
with changes in the mooring stiffness matrix. While the maximum surge
displacement across different designs was not notably affected by mooring
stiffness, it did show sensitivity to both aerodynamic and hydrodynamic
contributions. Specifically, platforms featuring columns with smaller dia-
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meters (in the 10-11 m range) exhibited more significant differences in surge
displacement when aerodynamic loads predominated, especially in DLCs
associated with very high thrust forces. Conversely, when hydrodynamic
loads took precedence over aerodynamic forces, greater variations in surge
displacement were observed among designs within the larger platform size
range.

This study illustrated the utility of the FD Tool in estimating the min-
imum stiffness required for a given platform, ensuring it remains below
a specific platform offset threshold. This information proves invaluable
to mooring system designers as it assists in determining appropriate line
pretension. Furthermore, the study underscored the significance of incor-
porating second-order loads in the initial design phase. In the case of the
platform design space under examination, the maximum surge displacement
increased by approximately 10% when second-order loads were considered.
Indeed, depending on the contribution of mooring stiffness to the system
and the nature of excitation loads, particularly in challenging conditions,
second-order loads can become pivotal in the decision-making process for
accepting or rejecting a platform design. The inclusion of second-order
loads is therefore crucial for preliminary design considerations. Although
fatigue analysis has not been conducted in this study, these results sug-
gest that it will be an important component for enhancing the accuracy of
mooring system design.

8.2 Future Work

Several research topics have not been covered in this thesis, and some have
not undergone an in-depth analysis, presenting intriguing and promising av-
enues for future research. Furthermore, exploring these areas could greatly
enhance the precision of results, ultimately leading to a more reliable tool
and enabling more accurate designs from the very initial stages.

• In relation to the proposed method for estimating hydrodynamic
coefficients, the utilisation of HAAC to account for member cross-
interaction effects would significantly enhance result accuracy. While
it has been shown to have a minor impact on FOWT response, es-
pecially in comparative analyses, its implementation would lead to
more precise hydrodynamic coefficient estimates, which are crucial
for proper Response Amplitude Operator (RAO) comparisons. Ad-
ditionally, the potential to divide the pontoon into isolated prisms
would increase the method’s versatility, allowing for the use of the
same database for platform designs featuring pontoon with rectan-
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gular shaped cross-sections. This modification would streamline the
methodology and broaden its applicability.

• Aligned to the previous point, to account for the cross-member inter-
action would also improve the estimation of the second-order hydro-
dynamic loads obtained thought the second proposed novel method
Accelerated Method. Furthermore, a more in-depth investigation on
the influence of the diameter-to-draft ratio on the calculation of the
surge loads through the Morison and Rainey force model would cor-
rect the under estimation observed in the second-order hydrodynamic
surge force on cylinders.

• The FD Tool presents several limitations, such as the ability to assess
only aligned wind and wave excitation, and it is developed for a four
DoF model. It could be studied the possibility to wider the wind
and wave incident directions, in order to assess wind and wave mis-
alignment conditions, which can become critical for some structures.
Additionally, to improve the efficiency of calculating the aerodynamic
loads and aerodynamic damping would lead to an even quicker ana-
lysis.

• The current tool has demonstrated significant capabilities that can be
valuable for FOW substructure designers. The logical next step for
this tool is its integration into optimisation loops. In this scenario, in-
stead of pre-defining the design space, the optimisation process would
only require specifying a range for the platform dimensions to be ex-
plored, and the optimiser itself would determine the characteristics of
the most cost-effective platform. Naturally, expanding the number of
design parameters would also be a suitable progression.
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form and mooring system optimization of a 10 mw semisubmersible
offshore wind turbine. Renewable Energy, 182:1152–1170, 2022.

[55] WM Hicks. On the motion of two cylinders in a fluid. 1879.

[56] AN Williams and Z Demirbilek. Hydrodynamic interactions in floating
cylinder arrays—i. wave scattering. Ocean Engineering, 15(6):549–583,
1988.

[57] AN Williams and AG Abul-Azm. Hydrodynamic interactions in float-
ing cylinder arrays—ii. wave radiation. Ocean Engineering, 16(3):217–
263, 1989.

[58] John Nicholas Newman. Second-order slowly varying forces on vessels
in irregular waves. In Proceedings of the international symposium on
dynamics of marine vehicles and structures in waves. London, UK,
1974, 1974.

[59] Alexander J Coulling, Andrew J Goupee, Amy N Robertson, and
Jason M Jonkman. Importance of second-order difference-frequency

185



Bibliography

wave-diffraction forces in the validation of a fast semi-submersible
floating wind turbine model. In International Conference on Offshore
Mechanics and Arctic Engineering, volume 55423, page V008T09A019.
American Society of Mechanical Engineers, 2013.

[60] Tiago M. Duarte, António Jna Sarmento, and Jason Jonkman. Effects
of second-order hydrodynamic forces on floating offshore wind turbines.
In Proc. 32nd ASME Wind Energy Symposium, 2014.

[61] Stephen H Crandall and William D Mark. Random vibration in mech-
anical systems. Academic Press, 2014.

[62] Takeshi Ishihara and Shining Zhang. Prediction of dynamic response of
semi-submersible floating offshore wind turbine using augmented mor-
ison’s equation with frequency dependent hydrodynamic coefficients.
Renewable energy, 131:1186–1207, 2019.

[63] H Bredmose and A Pegalajar-Jurado. Second-order monopile wave
loads at linear cost. Coastal Engineering, 170:103952, 2021.

[64] Antonio Pegalajar-Jurado and Henrik Bredmose. Accelerated hydro-
dynamic analysis for spar buoys with second-order wave excitation. In
International Conference on Offshore Mechanics and Arctic Engineer-
ing, volume 84416, page V009T09A067. American Society of Mechan-
ical Engineers, 2020.
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Petuya, Victor; Bredmose, Henrik. Accelerated second-order hydro-
dynamic load calculation on semi-submersible floaters. Marine Struc-
tures, 2023, vol. 90, p. 103430.

• Alonso Reig, Maria; Mendikoa, Iñigo; Touzon, Imanol; Petuya, Vic-
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