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Abstract

The demand for electricity is increasing and o�shore wind farms have great poten-
tial to bridge this void. This thesis explores the potential of having �oating o�shore
wind turbine substructures at sea depths between 30 and 60 m because of the lim-
ited studies in this area.

The study will provide a comparative analysis of a �xed lattice-based substructure
and a �oating semi-submersible substructure for a 5 and a 15 MW wind turbine.
Furthermore, this thesis will address the various factors that need to be considered
in the selection of the solutions and will cover a preliminary design of the two sub-
structures. The preliminary design is based on simpli�ed methods that can be used
in the early stages. Focus lies on the analysis of global response and structural
resistance as well as a brief frequency observation. Due to the complexity of the
�oating solution, this thesis aims to summarize and clarify the main theory behind
them. In comparison to the �oating substructure, the design method for the jacket
substructure is more straightforward and well-documented. The main purpose of
the preliminary design of the jacket substructure is to compare the material con-
sumption and how it changes with the intermediate sea depths.

The results from the design iteration provide a deeper understanding of the overall
behavior of the substructure and validate the applied simpli�ed methods. Further-
more, the results show the need for design changes for varying depths for �oating
and �xed substructures. A �oating substructure of the type semi-submersible is
possible at intermediate sea depths. However, according to the preliminary design
of this particular semi-submersible, it was less material e�cient than the �xed jacket
substructure.

Keywords: Substructures, O�shore wind turbine, Preliminary design, Intermedi-
ate depths, Floating substructure, Fixed substructure, Comparison, Jacket, Semi-
submersible
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1
Introduction

This report is a master thesis in the master program Structural Engineering and
Building Technology at Chalmers University of Technology. The project has been
carried out at ELU Konsult AB and together with NCC AB.

1.1 Background

The demand for electricity is rising rapidly and the global need for increased elec-
tricity supply remains a signi�cant concern. Global electricity consumption was 23
031 TWh in the year 2018 (International Energy Agency, 2019). IEA also states
that the demand is expected to increase by 30 % to 2030 and 20 % between 2030
and 2040. Because of the consumption increase as well as the transition from non-
renewable energy sources the demand for renewable energy sources is high on the
agenda.

One of the most common renewable energy sources is wind power which has grown
rapidly since the beginning of the 21 century (International Renewable Energy
Agency, 2019a). The development has mainly been for onshore wind turbines but
looking forwards, o�shore have the greatest possibilities for many reasons. One
of the advantages is more consistent wind and higher wind speed which leads to
an increase in the production of electricity (Bureau of Ocean Energy Management,
2023). The total global o�shore turbine capacity currently under operation is about
50.6 GW (Musial et al., 2022a). To put this into perspective, the o�shore turbine
capacity in 2018 was 4 % of the onshore capacity (International Renewable Energy
Agency, 2019b). The estimation for 2024 is that o�shore turbine capacity has in-
creased to 10 % of onshore capacity.

Another advantage is the development of larger wind turbines. The electricity out-
put has increased from 0.2 MW in 1990 and up to 4 MW in 2020 for onshore wind
turbines (Hartman, 2022). Hartman claims that the reward for larger wind turbines
is higher o�shore and today 6 MW turbines are common and 17 MW turbines are
expected in the near future. Figure 1.1 shows a 5 MW turbine and a 15 MW tur-
bine along with the Ei�el tower as a reference to easier comprehend the sizes of the
wind turbines. To grasp the magnitude in capacity, a 17 MW o�shore wind turbine
provides electricity to approximately 17 000 households under a year.
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1. Introduction

Figure 1.1. Size comparison for, from left to right, a 5MW OWT, a 15 MW
OWT and the Ei�el tower.

The open ocean also provides large new areas where possible wind farms can be
installed, which won't cause disturbance to the local population when it comes to
not only noise but also the view of the landscape. This makes o�shore wind turbines
more acceptable by Society. In a study in Ireland the conclusion was that 87 % of
the people who participated in the study were positive or neutral to o�shore wind
turbines (Cronin et al., 2021). Another study presents that o�shore turbines are
more accepted by public opinion according to results from Sweden and Denmark
(Lamy et al., 2020). These studies show that o�shore wind turbines have an edge
compared to onshore wind turbines.

An o�shore wind turbine (OWT) consists of three main components, a turbine, a
substructure and a foundation. The OWT substructures can be categorized into
two di�erent systems: �xed and �oating. Within these categories, there are several
di�erent types and each has its own bene�ts for di�erent sea depths and environ-
mental aspects such as soil conditions. The �xed types are typically gravity, pile,
or lattice-based, while the �oating can be sorted into groups of buoyancy, tension
mooring lines, and ballast.

The choice between �xed and �oating substructure is highly dependent on the sea
depth. In the published book that concerns the design of o�shore wind turbines does
professor Bhattacharya (2019) outline the water depth and di�erent types within
the categories that are commonly applied today, but highlight that there are site-
speci�c factors that in�uence which type of support are most suitable. The limit
between �xed and �oating is about 60 m today, even though �oating types are able
to be installed at lower depths. This limit builds on two main reasons; the feasibility
of the �xed substructure where it gets oversized for larger depths than 60 m and
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the higher expenses the �oating supports generates, due to the more complex infras-
tructure the solution needs to support them. There is limited research on additional
factors in�uencing the adaptability of �oating substructures at depths below 60 m.

The sea depth for �oating substructures is in principle only limited to their draft,
which would make some of the substructure types suitable for lower depths than 60
m. Many sites around the world have depths far greater than 60 m and are forced
to go for the �oating solution, as the demands goes up the expenses will go down.
With a broaden knowledge of �oating substructures, increased manufacturing and
overall widened infrastructure concerning the �oating solution will reduce the over-
all expenses of �oating substructures. This can be seen in the project of Hywind
Scotland, where it was achieved a 60-70 % cost reduction compared to the Hywind
Demo project in Norway (Equinor, 2022). Reuters Events (2019) writes that the
petroleum re�ning company Equinor estimated in 2019 that the next project Hy-
wind Tampen will reduce the cost by a further 40 % compared to Hywind Scotland
which has been operating since 2017. Musial et al. (2022b) have summarized global
prediction of the LCOE (Levelized Cost of Energy) for �oating wind projects from
2020 onward to 2035 where reduction is even above 40 %.

When planning for future investments in OWT farms there is of essence to look
at the in�uencing factors concerning economics as well as sustainability. The main
components in�uencing the �nances of an OWT are the turbine, substructure, foun-
dation, assembly and installation, electrical infrastructure, maintenance, and soft
costs including for example contingency, and insurance. Where the substructure
and foundation stand for between 20.1-27 % of the investment dependent on �xed
or �oating solution (Stehly et al., 2019).

There are several points of view to work towards a sustainable future for the OWT
industry. Choosing the most suitable substructure and foundation to �t the site
conditions is a major key to increase the material e�ciency (Bhattacharya, 2019).
Low maintenance on the substructure and foundation and a longer lifetime for the
turbine will generate a more durable solution, this together with recycling will be
of essence to keep the life cycle of OWT sustainable (Li et al., 2022).

1.2 Aim

The aim is to analyze the potential of �oating substructures at intermediate water
depths. Primarily in regard of structural mass (stel and concrete) in comparison
to a �xed substructure. The analyze also aims to investigate how the design alters
between di�erent depths and turbine sizes.
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1.3 Objectives

In order to compare the �xed and �oating o�shore wind turbine substructures the
following objectives are established.

ˆ Explore �oating and �xed o�shore wind turbine substructure and their dif-
ferences at intermediate sea depth. Select one of each type for preliminary
design.

ˆ Review loads, theories, and models connected to o�shore wind turbines.
ˆ Establish design methods for preliminary design for each substructure type.
ˆ Preliminary design of a substructure of each type at intermediate sea depths

for a 5 MW turbine and at 40 m sea depth for a 15 MW turbine.
ˆ Compare the �oating and �xed substructure regarding structural mass

1.4 Limitations

The studied substructure types do not cover all possible di�erent solutions. Com-
parison between the �xed and �oating substructures is limited to examining one
substructure from each category. Furthermore, the comparison between substruc-
tures is entirely based on the structural mass of the main components. The following
limitations are applied in the preliminary design:

ˆ One �xed substructure and one �oating substructures are preliminary designed
ˆ One design con�guration of the selected substructures are preliminary designed
ˆ No design in fatigue limit state and accidental limit state
ˆ No detailing design, such as connections, welds, and reinforcement
ˆ The loads applied are limited to wind, wave, 1P, and 3P
ˆ Five simpli�ed load cases are applied
ˆ The preliminary design does not include a complete optimization of the main

components in regard to material e�ciency
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1.5 Method

The thesis is divided into two parts where the �rst part includes a literature study
and the second part includes a case study with numerical analysis.

In the �rst part, a literature study was performed that aimed to explore the �eld
around OWTs. Particular focus was given to the various substructures. The study
was done to map the existing types of solutions and understand the overall di�er-
ence between them. Furthermore, the literature study continued with the aim to
understand which loads, theories, and models are applicable for a preliminary design
of OWT substructures.

The second part of this thesis was to perform a case study at a location with in-
termediate sea depths. Environmental data for the case study were established and
tower data for the 5 and 15 MW turbines were de�ned. Furthermore, one substruc-
ture from each category of �xed and �oating was selected. A design method for
each of the substructures is established and contains several iterations. A reference
case was used as an initial assumption in the design method as well as to verify the
numerical model. The design method iteration included:

ˆ De�ne an initial geometry based on a reference case, stability, and assumptions
in MATLAB

ˆ Simulate the OWT in a time domain analysis in Ashes
ˆ Control the global response of the OWT in MATLAB
ˆ Analyze the structural resistance of the substructure in MATLAB
ˆ Study the natural frequencies of the substructures in Ashes

A convergence analysis was performed for the �oating substructure. The purpose
was to analyze which simpli�cations were possible in order to obtain a stable model
as well as decrease computational time.

Finally, a comparison between the two types of substructures at intermediate sea
depths was performed to compare the structural mass of a 5 MW turbine. A brief
comparison was also performed for the substructures at 40 m sea depth with a 15
MW turbine.
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2
Supportive structures for o�shore

wind turbines

This chapter will introduce the reader to the basic knowledge about OWTs. The
�rst section describes the main components of an OWT. Moving forward the di�er-
ent foundations and substructures for �xed and �oating substructures are described.
The chapter ends with a de�nition of the degrees of freedom for a �oating substruc-
ture and a summary of sea depths for the presented substructures.

2.1 Main components of an OWT

The main components of an OWT are a foundation, a substructure, and a turbine
(Bhattacharya, 2019). The turbine itself consists of a tower and a rotor-nacelle
assembly (RNA). The RNA typically consists of three blades attached to a hub
which is connected to a gearbox and generator. These components are placed at
the top of the tower i.e. the nacelle. The most common is to have a rotor that is
horizontally mounted. Figure 2.1 shows the main components.

Figure 2.1. Main components of a OWT: foundation, substructure, tower, and
RNA.

2.2 Foundation and substructure

The following sections describe the di�erent foundations and substructures used for
�oating and �xed structures. The foundation and substructure are sometimes de-
scribed as a whole unit but within this project, it's chosen to treat them separately.
The foundation is regarding the structure below the seabed and the substructure
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the supporting structure above the sea �oor.

A challenge for foundations o�shore is a phenomenon called scour, which happens
because of the movement of water (van der Tempel et al., 2019). The water particles
accelerate around foundations and bring small grains from the sea bed away from
the foundation, resulting in a scour hole. Therefore most solutions demand scour
protection, especially if the soil is erodible to ensure the stability of the support
structure.

2.2.1 Foundation for �xed substructures

The �xed substructures have in principle three di�erent types of foundations: pile,
suction caissons/buckets, and shallow foundation(ICF, 2020). The shallow founda-
tion, Figure 2.2a, is used for gravity-based substructures which basically rest on the
seabed and withstand the overturning moments by their dead weight. The solution
demands a solid and �at seabed to rest on. Suction bucket, Figure 2.2c, and suction
caisson, Figure 2.2b (left), has the same appearance, a cylinder-shaped body which
has a closed top where the substructure rests and an open bottom enabling the
mounting into the seabed. They are inserted into the seabed by creating a vacuum
within the base by removing water, which allows the ocean's hydrostatic pressure
to push the suction bucket/caisson into the soil. The di�erence between the two is
that the suction bucket works as a single unit, utilizing the diameter to resist the
overturning moments, while the suction caisson works together in a group of smaller
units(ICF, 2020). For some soil conditions foundation piles, Figure 2.2b (right), can
be used instead of suction caissons. The pile foundation, Figure 2.2d, consists of a
pile driven into the seabed where the vertical loads are resisted by soil friction and
resistance, and the horizontal loads are supported by the pile's bending resistance
and the soil's lateral resistance around the embedded portion of the pile.
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0

Figure 2.2. Foundation types for �xed substructures: (a) shallow foundation, (b)
from left: suction caisson and foundation piles, (c) suction bucket
and (d) monopile foundation.

2.2.2 Foundation for �oating substructures

The �oating substructures are anchored to the seabed, which can be done with either
surface or embedded anchors. Suction caissons as described in Section 2.2.1 can also
be used for anchoring �oating substructures as illustrated in Figure 2.3a. Surface
anchors, which are represented in Figure 2.3b, rest on the seabed with the help of
their dead weight. There are several di�erent types of embedded anchors such as the
drag embedded anchor shown in Figure 2.3c, which is applied in the seabed by being
pulled through the soil. Anchor piles can also be used as an embedded solution, Fig-
ure 2.3d. A solution leaving a low impact on the seabed is dynamically embedded
anchors which are represented in Figure 2.3e. The procedure of deployment is that
the installation device is withdrawn directly after mounting, leaving the anchor set
in the soil.
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Figure 2.3. Foundation types for �oating substructures: (a) suction caissons, (b)
gravity anchors, (c) drag anchors, (d) anchor piles, and (e) dynamic
anchors.

2.2.3 Fixed substructures

Grounded systems are the most common type of substructure used today for OWT.
The characteristic of a �xed substructure is that its directly mounted to the sea bed.
Fixed substructures are often used in water depths between 0-60 m but larger water
depths are technically possible. There are a few di�erent variants of substructures
that can be broken down into, gravity-based, pile-based, and lattice-based. Gravity-
based substructures are limited to a shallow foundation type but piled-based and
lattice-based substructures can be installed with suction caisson/bucket or founda-
tion piles.

Gravity

A gravity-based substructure has two main components, a wide base, and a cylin-
drical column. On top of the column, the turbine is attached and below the base,
a foundation is constructed according to Section 2.2.1. To resist the forces from
the turbine, this type of substructure relies on the gravitational theory to avoid
uplift, sliding, or overturning (ICF, 2020). The contact between the wide base and
the seabed handles the vertical forces. The overturning moment is resisted by the
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self-weight of the OWT as well as additional ballast inside the substructure. The
most common material for gravity substructures is reinforced concrete but steel is
also possible. The construction is often performed onshore in a dry dock and then
two options are viable for the transport. For substructures with enough buoyancy,
a crane-free approach can be used by towing to the �nal position (Bhattacharya,
2019). The other option is to load the substructure on a ship or barge and then
lift it o� with a crane at the �nal position. In the �nal location, the structure is
�lled with ballast which causes it to sink. Gravity substructures have been used for
turbines between 0.45-5 MW with a base diameter of 11-24 m and at water depths
between 0-26m (ICF, 2020).

Figure 2.4. Gravity substructure: (a) Main components, (b) Reaction forces.

Monopile

The most common type of substructure is the monopile which consists of two main
parts, a pile and a transition piece (ICF, 2020). Essentially, the pile is a large
tube that is prefabricated and is often made of steel but concrete is possible as
well. Monopiles have been used to support turbines between 1.5 to 9.5 MW with a
diameter between 3-10 m at water depths up to 50 m. The pile acts as a substructure
but also as a foundation described in Section 2.2.1, because the pile is inserted into
the seabed approximately equal to the sea depth. The monopile can be driven,
vibrated, or drilled into the seabed depending on the soil conditions. This requires
a large �oating vessel or a jack-up to be able to support the machine installing the
pile. A drawback of the installation is often that the top of the pile is deformed and
therefore a transition piece is attached on top of the pile.
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Figure 2.5. Monopile substructure: (a) Main components, (b) Reaction forces.

Jacket

A jacket substructure is a common type of lattice variant. The main components
are a transition piece, a frame, and a foundation. Above the water, the transition
piece is located and spreads the load from the turbine to the frame. The frame is
tapered, largest at the base, and consists of legs which can di�er in number but
three and four are most common. Between the legs, a truss is formed with struts
in a smaller dimension in order to sti�en the structure. The frame legs are then
connected to the foundation which can be either suction caissons or foundation
piles, see Section 2.2.1. Jackets used today have supported turbines between 3-6
MW at water depths between 20-50 m. Common diameter of the frame legs is 1-3
m and the base dimensions are approximately 20x20 m. The overturning moment
located at the transition piece generates tension and compression in di�erent frame
legs. Jacket structures are made of steel but the transition piece can either be
made of steel or concrete. The jacket structure is prefabricated onshore and is then
transported to the site with large vessels or barges. At the site, a crane lifts the
structure vertically and lowers it to the sea bed.

Figure 2.6. Jacket substructure: (a) Main components, (b) Reaction forces.

Tripod

Another lattice substructure is the tripod which is a combination of a monopile and a
jacket. The main parts are a tubular pipe, three legs, bracing, and a foundation. As
for the jacket structure, the foundation is either foundation piles or suction caissons,
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see Section 2.2.1. The legs are arranged in a triangular pattern with sides of 20 m
and the tubular pipe is placed in the middle and connected by struts that act as
bracing. Tripods have been used for turbines between 3-5 MW and for water depths
between 20-40 m. Common dimension for the legs is a diameter of 2-3 m and the
tubular pipe is smaller than for an equivalent monopile. The overturning moment
is resisted in the same way as for a jacket structure. Tripods are produced in steel
onshore and follow the same installation process as the jacket structure.

Figure 2.7. Tripod substructure: (a) Main components, (b) Reaction forces.

2.2.4 Floating substructures

There are several di�erent types of �oating substructures and even more are un-
der development. There are three main principles within the �oating substructures:
buoyancy-based, tension-based, and ballast-based. This section will present one
type from each principle that is most common in the industry today. To keep the
�oating substructure in place, mooring lines are used together with an anchorage
system as described in Section 2.2.2.

Semi-submersible

Semi-submersible substructures are buoyancy stabilized, the stability is provided by
the multiple struts bracing the submerged ballast-�lled cylindrical hulls, which also
provides buoyancy and keeps the structure vertical (ICF, 2020). This solution can
be installed in a wide range of water depths from 30-1000 m (Vázquez et al., 2022b).
To support a 5 MW turbine the cylindrical hull has a total height of 32 m, where
12 m is above and 20 m below the waterline (Robertson, Jonkman, Masciola, et al.,
2014). The diameter of one bottom hull is 24 m and the distance between the hulls
is 50 m. To station the semi-submersible substructure, mooring lines are connected
to an anchoring system, typically suction caisson or drag anchors.
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Figure 2.8. Semi-submersible substructure: (a) Main components, (b) Reaction
forces.

Tension-leg platform

Tension-leg platform (TLP) is a buoyant �oating rig. In opposite to the semi-
submersible that mainly is moored for station keeping this solution also provides
additional vertical stability (Speight, 2015). The additional downward and stabiliz-
ing force is achieved by the tendons that are anchored just beneath the platform. The
solution also gives restraint rotationally i.e pitch and roll, see Section 2.3. Therefore
global pitch and heave are carried directly by the tendons. The system does allow
for motions in surge and sway. Since the solution is self-buoyant it can be towed to
the site.

Figure 2.9. Tension-leg substructure: (a) Main components, (b) Reaction forces.

Spar-buoy

Spar-buoy is a ballast-based solution, consisting of a single cylindrical hull, which
is kept upright by the dead weight the ballast provides in the bottom part of the
hull, while the upper part maintains the buoyancy (ICF, 2020). Since its one single
hull which keeps the substructure upright, it extends deeper down in the water than
the semi-submersible solution which makes it suitable for deeper waters, 60-1000 m
(Vázquez et al., 2022b). If there is an additional need to prevent the overall tilt
of the system, motion controlled stabilizer can be used, attached below the hull
(Bhattacharya, 2019).
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Figure 2.10. Spar-bouy substructure: (a) Main components, (b) Reaction forces.

2.3 Degrees of freedom for �oating substructure

Regardless of substructure type, the �oating systems have six degrees of freedom.
The �rst three are translations and are called sway, surge, and heave. The last three
are rotations about each axis and are de�ned as pitch, roll, and yaw. An illustration
of the degrees of freedom together with a commonly chosen coordinate system x, y,
and z are presented in Figure 2.11. This system is also used within this thesis.

Figure 2.11. De�nition of degrees of freedom and coordinate system for a �oating
substructure.
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2.4 Sea depths for di�erent substructures

One of the main factors in the selection of substructure is the sea depth. A summary
of the spans of sea depth for each substructure from some o�shore wind parks
currently in operation is presented in Figure 2.12. As Bhattacharya (2019) concludes
the limit between the �xed and �oating are today roughly about 60 m. Contradictory
to previous choices of substructures in regard to sea depth several sources argue
that some of the �oating substructures can be well suited for below 40 m sea depth
(Vázquez et al., 2022a).

Figure 2.12. Collected data of sea depths for the di�erent substructures from
several sources for currently installed o�shore wind parks
(Bhattacharya, 2019; ICF, 2020; Malhotra, 2007; Wang et al.,
2018).
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Loads, theories and models

connected to OWTs

This chapter will walk through the main loads and load cases in the early stages of
preliminary design. Furthermore, the theory and models used for the static and time-
dependent case are presented. Section 3.3 explains how to obtain the frequencies
from the loads analytically and how to assemble them to �nd the target frequency.
This frequency range is used when designing the structure's natural frequency also
described in Section 3.3. The �nal section in this chapter describes the necessary
theory to comprehend how the �oating substructure behaves with regard to stability.

The OWT is designed for the ultimate limit state (ULS) which in the preliminary
design includes control of the structural resistance and assures that the �xed sub-
structure can resist the overturning moment and that the �oating substructure avoid
capsizing. Serviceability limit state (SLS) is also regarded in the preliminary design
in terms of vibrations, by assuring that the structure is not in resonance due to the
cyclic loads. Therefore the frequency from the loads should not collide with the
natural frequency of the structure. Fatigue limit state (FLS) and Accidental limit
state (ALS) are important design conditions for this type of structure but are not
in the scope of this thesis.

It can be a challenge to select the best-suited standards and regulations when design-
ing o�shore wind turbines. Partly due to its di�erent main components but also due
to its location at sea. Within this thesis, it is chosen to follow guidelines and docu-
ments provided by DNV (Det Norske Veritas), which is one of the certi�cation organ
for OWTs. In their documents, they also provide recommendations and guidance
to other standards, norms, and documents covering all parts of the OWT. Some of
the organs referred to in DNV are IEC (International Electrotechnical Commission),
ISO (International Organization for Standardization), and Eurocode.

3.1 Main loads and load cases

This section covers the main loads used in the preliminary design of the substruc-
tures. Other loads that need to be accounted for in a detailed design are brie�y
stated. The second part de�nes di�erent load conditions for wind and waves. Lastly,
�ve di�erent loads cases are presented for an OWT that can be applied in the early
stages of preliminary design.

3.1.1 Loads acting on the OWT

OWTs are subject to a number of di�erent loads and the main loads can be summa-
rized in two types of groups, static and dynamic loads (Bhattacharya, 2019). The
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static load is the dead weight of the whole structure and the de�nition of a static
load is that it is applied slowly and remains constant in time. Dynamic loads are
the other group whose primary loads are wind, waves, 1P, and 3P (Bhattacharya,
2019). The de�nition of a dynamic load is that it is applied rapidly or changes with
time. The main loads acting on the OWT are illustrated in Figure 3.1.

Figure 3.1. Environmental loads acting on OWT together with the vibration loads
1P and 3P.

Wind on turbine

The wind load on the turbine can be described as two parts, a thrust created by the
rotation of the blades and a drag on the tower (Bhattacharya, 2019). The thrust
depends on the wind speed and its variation as well as the operating wind turbine
characteristics and size of the turbine. Due to this thrust, a lateral load is created
at the hub level. The drag depends on the wind speed and its variations and creates
a lateral load along the tower.

Waves on substructure

The substructure is subjected to a lateral load induced when waves are hitting the
substructure (Bhattacharya, 2019). The magnitude of the wave load is dependent
on the wave height, wave period, and sea depth.
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1P (Rotor induced vibrations at hub level)

1P load is an e�ect of imbalances inside the rotor and simultaneously due to di�er-
ences in the pitch of individual blades which creates vibrations in the RNA (Bhat-
tacharya, 2019). These vibrations have a speci�c frequency that is equal to the
rotational frequency of the rotor. Modern wind turbines are capable of operating
at di�erent speeds and therefore the 1P frequency is a span between the lowest
and highest speed. The 1P load generates a lateral load as well as an overturning
moment.

3P (Blade shadowing e�ect)

As an e�ect of the 1P load, the so-called 3P load is generated. When the blades
of the rotor pass the tower a shadowing e�ect appears (Bhattacharya, 2019). The
result of this is a reduction in the thrust acting on the tower. Similar to the 1P
load, the 3P load is a vibration with a three times higher frequency and generates
a lateral load and an overturning moment.

Other loads

A few other common loads that a�ect the OWT in the group of cyclic/dynamic loads
(Bhattacharya, 2019) are stated below. One of these is the e�ect of wind-induced
current or tidal current which leads to drag on the substructure. Another load that
is special for OWTs is marine growth. When plants, animals, and bacteria grow
on the substructure it increases the weight and therefore the vertical loads (DNV,
2021c). The growth also increases the diameter of the di�erent members and there-
fore wave and current loads increase over the �rst years. It also a�ects the dynamic
response, accessibility, and corrosion rate. Typical values of marine growth are 100
mm in the Baltic Sea with a density of 1325kg=m3.

Furthermore, ice loads are a load that is relevant for OWTs in the Baltic Sea. Ice
loads can appear in many forms and create horizontal and vertical loads on the
structure (Lindblom & Ånger, 2022). Example of horizontal loads is thermal ex-
pansion, drifting ice and pack ice. Water level changes can create horizontal loads
but also vertical loads such as uplifting. Other examples of loads are ice on the
turbine blades, ship impacts, start-up, emergency shutdown, and emergency fault
of the turbine as well as seismic loads. One also needs to consider the e�ects of
installation errors and residual stresses.

3.1.2 Load cases used for OWT design

Load cases combine di�erent types of environmental loads to re�ect typical condi-
tions to which the structure is exposed. In order to ensure the structural integrity of
an OWT, it is necessary for it to withstand these load conditions. There are a vast
amount of load cases according to DNV which considers ultimate loads and fatigue
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loads. The load cases are built up by di�erent categories of wind and wave loads.

Wind loads are separated into two types of categories, normal wind conditions
(NWC) and extreme wind conditions (EWC) (DNV, 2021c). NWC is used for
fatigue calculations and maximum wind loads on operating wind turbines and EWC
is for peak wind speeds and changes in direction and speed. Furthermore, wind tur-
bulence can be divided on the same basis as the normal turbulence model (NTM)
and extreme turbulence model (ETM). Wind turbulence models create a wind �eld
of velocities that varies in space and time. The di�erence between NTM and ETM
is that the standard deviation is calculated di�erently. The ETM model results in a
larger standard deviation and therefore larger di�erence in wind velocity. Another
category is the extreme operating gust (EOG) which is a fast change in wind speed
(Bhattacharya, 2019). The di�erence compared to the turbulence model is that the
velocity changes in time but not in space. Common for all three models is that the
wind is modeled with the same wind pro�le which is described in Equation 3.4.

Wave loads are separated into four di�erent categories (DNV, 2021c):

ˆ Normal sea state (NSS). Signi�cant wave height is concurrent with a 10-minute
mean wind speed. They are used for ultimate loads and fatigue loads.

ˆ Severe sea state (SSS). Signi�cant wave height is extrapolated to achieve a
load e�ect in combination with the 10-minute mean wind speed which has a
return period of 50 years. Used for ultimate loads and fatigue loads.

ˆ Extreme sea state (ESS). Signi�cant wave height is determined from the dis-
tribution of the annual maximum signi�cant wave height for either a 1-year or
50-year return period.

ˆ Extreme wave height (EWH). Maximum wave height is determined by the
distribution of the annual maximum wave height.

With the wind and wave states described above a few simpli�ed load cases can be
created for the design of substructures (Bhattacharya, 2019). The load cases are
reduced in the number of cases, number of loads, and number of angles the load is
applied at the structure. In load case 5 the wind and waves are misaligned which
means that the wave direction rotated 90 degrees. The load cases that was used in
the thesis are presented in Table 3.1.

Table 3.1. Simpli�ed load cases used for the design of substructures
(Bhattacharya, 2019).

Name Load
case

Wind model Wave model Alignment

Normal operational 1 NTM at Umean 1-year ESS Collinear
Extreme wave load 2 ETM atUmean 50-year EWH Collinear
Extreme wind load 3 EOG atUmean 1-year EWH Collinear
Extreme operating gust 4 EOG atUout 50-year EWH Collinear
Wind-wave misalignment 5 ETM at Umean 50-year EWH Misaligned

20



3. Loads, theories and models connected to OWTs

3.2 Static and time dependant models

The static model follows the simpli�ed analytical calculations explained according
Bhattacharya (2019). This model are used in the early stages of preliminary di-
mensioning and later as a reference comparing results to the numerical model from
a time-dependent simulation software. The numerical models and theories imple-
mented in the simulation software can account for non-linearity's and re�ect the
more realistic cyclic behavior of the loads.

3.2.1 Static model

The static model can have two di�erent setups as presented in Figure 3.2. In the
�rst setup, the drag force (Fdrag ) is acting on the full tower as seen in Figure 3.2a.
In the second setup, the blade is shadowing the tower and instead, the force of 3P
is used as seen in Figure 3.2b. Equation 3.1 - 3.5 de�nes each load indicated in the
�gure.
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(a) Setup 1 with drag force acting on
the full tower.

(b) Setup 2 with the blade shadowing
the tower.

Figure 3.2. Static model with the two di�erent setups depending on the blade
position.

Thrust force

The wind load acting on the RNA is translated to a resulting thrust force,FT h ,
acting on the rotor. The thrust force is the summation of a static wind load (Thstat )
and a �uctuating dynamic wind load (Thdyn ) at a given wind speed. This simpli�ed
analytical translation is built from the Morrison equation and expressed according
to Bhattacharya (2019) as:

FT h = Thstat + Thdyn =
1
2

� aARCT U
2

+
1
2

� aARCT (2Uu + u2) (3.1)

Where � a is the density of air,AR is the swept area of the rotor, andCT is the thrust
coe�cient which is dependent on the wind related to the operating wind speeds in
the RNA. U is the mean wind speed over a 10 min interval at hub height and de-
pends on the load case. The turbulence is estimated with the componentu, which
is the �uctuation of the wind speed. This component varies with the turbulence
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intensity and are therefore load case dependent.

Mass imbalance force (FP 1)

The imbalance induced by pitch di�erence in the blades and imbalances in the rotor
can in a simpli�ed matter be translated to a centrifugal force. By adding one lumped
mass on the rotor with a certain distance R from the hub in the swept rotor area and
at a distance b from the center of the tower, called rotor overhang (Bhattacharya,
2019). The centrifugal force can be expressed according to equation 3.2.

F1P = 4� 2I m f 2 (3.2)

Where I m is the product of the lumped mass and the radius (R) to the hub, andf
is the maximum frequency obtained in the rotor rpm range. To obtain the moment
this force is generating this expression is multiplied with the rotor overhang.

Tower drag force and blade passing force (FP 3)

There are two di�erent setups when the wind is hitting the tower. Either the tower
is fully exposed to the wind which is resulting in the total drag force acting on the
tower which can be expressed with the following equation:

Fdrag =
Z H

0

1
2

� aCD:wind D(z)U(z)2 (3.3)

whereCD:wind is the drag coe�cient. D tower (z), accounts for the change of the cross-
section diameter, and the wind pro�leU(z), is expressed with the following power
law:

U(z) = Uref

� z
zr

� �

(3.4)

whereUref is the reference wind speed at hub height andzr is the height of the hub.
The power law exponent� determines the shape of the wind distribution.

The second setup is where one blade is in the location of the tower i.e shadowing
the tower. This force (F3P ) is expressed as the drag force but only integrated over
the area that the blade covers, where the area of the blade can be approximated as
trapezoids. This force has a small in�uence in the static model and can be assumed
as bene�cial in comparison to the �rst setup. The dynamic in�uence is though of
essence which is described in Section 3.3.1. Therefore the total drag force (Fdrag ) is
used for analytical calculations. The shadowing e�ect has a larger in�uence regard-
ing the vibrations it contributes to.

Wave loading

Di�erent models are applicable to calculate the loads on a given structure. One
model is the Morison equation which is suitable for slender structures (International
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Electrotechnical Commission, 2019b). The purpose is to calculate the forces from
viscous drag and inertia loading. A limitation of the model is that if the cross-section
of the structure is large compared to the wavelength, typicallyD > 0:2� where D
is the diameter and� is the wavelength, the model isn't applicable. The general
formula for Morisoń s equation is presented below:

F =
1
2

Cd� wD j Ur j Ur + Cm � wA _UW � Ca� wA _US (3.5)

Where F is the force per unit length of the member,Cd is the drag coe�cient,
usually between (0.7-1.2),Cm is the inertia coe�cient, usually between (2.5-3),� W

is the density of seawater,D is the diameter,A is the cross-section area,Ur is the
relative velocity of the �ow normal to the member, see Equation 3.6,_UW is the
acceleration of the �ow resolved normal to the member, see Equation 3.7,_US is
the acceleration of the structure resolved to the member andCa is the added mass
coe�cient, usually between (1.5-2).

Ur =
�H
T

cosh[k(zs + d)]
sinh(kd)

cos
� 2�t

T
� kx

�

(3.6)

_UW =
� 2H
T2

cosh[k(zs + d)]
sinh(kd)

cos
� 2�t

T
� kx

�

(3.7)

WhereH is the wave height,T is the wave period, k is the wave number, see Equation
3.8, zs is the distance positive upwards from the mean free surface elevation, see
Equation 3.9 and Figure 3.3,d is the sea depth,t is the time and x is the distance
of propagation.

! 2 = gk � tanh(kd) (3.8)

Where ! = 2�
T .

� =
H
2

cos
� 2�t

T
� kx

�

(3.9)

Figure 3.3. Il lustration of mean free surface elevation and the distancezs (DNV,
2021a).

A requirement for the models to work is a choice of wave theory. The selection of
wave theory is based on the sea depth, wave period, and wave height (DNV, 2021a).
The simplest assumption is to use simple linear waves called (Airy). This theory is
based on the fact that the wave height is much smaller than the sea depth and the
wavelength. The Equations 3.6-3.9 is based on Airy theory and regular waves.
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3.2.2 Time dependant model

To simulate the periodic loads such as wind and waves over time, it is needed to
initiate a signal of the load over a frequency domain. The frequency domain for the
di�erent loads as described in Section 3.3 is thereby the di�erent frequencies that
make up the signal. The time domain is how the amplitude of the signal changes over
time. With a Fourier transform it is possible to convert in between the spectrum
and time domain. In other words, the environmental data is used to generate the
load in the form of a spectrum and further on convert it into a time domain with
a Fourier transform. The load's behavior in a time domain is illustrated in Figure
3.4.

Figure 3.4. Main loads acting on the OWT and their behaviour in a time domain.

The time domain analysis is performed by solving the dynamic equation of motions
at each time step (n) according to Equation 3.10.

M •dn + C _dn + f int
n = f ext

n (3.10)

f int
n =

@fint

@d
� dn = K int

n � dn (3.11)

f ext
n =

@fext

@d
� dn = K ext

n � dn (3.12)

Where M is the mass matrix, C the damping matrix, d governs the displacement
at each node,f int

n the internal forces, andf ext
n the external forces. As can be

seen in Equation 3.11 and 3.12, the consistent tangent matrixK ext
n , and the load

sti�ness matrix, K ext
n , are dependant on the displacement,d, in a non-linear analysis.
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The dynamic equation of motions is solved with the Newmark-Beta method with
the possibility to include Hilbert-Hughes-Taylor (HHT) method which enables to
include numerical damping. If the analysis is nonlinear, which results in a residual
error, the Newton-Raphsson iteration method is used. This reduces the error until
a set tolerance.

Aerodynamic loads

In a simulation software, the wind is modeled as a 3D wind �eld based on average
wind speed, turbulence intensity, and a wind pro�le according to the power law. For
load case category NTM and ETM, described in Section 3.1.2, a turbulence �eld is
built up with the signal from either Kaimal or Mann spectrum and then converted
into a time domain which will allow the wind �eld to vary in time. In order to model
the wind �eld to vary in time and space there is a need for a stochastic turbulence
simulator such as TurbSim (B. J. Jonkman & Kilcher, 2012). This allows for a
second layer superimposed on the spectral layer. This will create the randomized
structure of turbulence in all three dimensions. The data is applied onto each node
at the wind �elds mesh which is �xed in space for each time step. As for the category
EOG, described in Section 3.1.2, the wind �eld is based on a wind pro�le and varies
in time based on a sudden extreme event. An illustration of how the wind �eld can
appear graphically in a simulation software is seen in Figure 3.5. The turbulent case
(NTM/ETM) can be seen in Figure 3.5a and the extreme event (EOG) in Figure
3.5b.
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(a) Wind �eld for a turbulent load case
(NTM/ETM) including power law.

(b) Wind �eld for an extreme event
load case (EOG) with solely power
law.

Figure 3.5. Graphical visualization of wind �elds in a simulation software.

Numerically a common model to compute the aerodynamic loads on the rotor is
the Blade Element Momentum (BEM) model. The BEM model is a combination of
Blade Element Theory and Momentum Theory (Rogers et al., 2010). Blade Element
Theorem considers the shape of the blades and computes lift and drag force acting
on each blade element yielding to independent behavior of each other. The lift
force acts perpendicular to the incoming wind velocity and the drag force is parallel.
Momentum Theorem considers the �ow of a medium passing through the turbine
and results in a thrust and a torque. For the non-blade members of the structure
such as the tower and substructure, the aerodynamic loads are computed with the
term related to the drag in Morison's equation.

Wave loads

In a numerical model the Morrison equation described in Section 3.2.1 is used. If
Morisoń s equation isn't applicable a di�raction theory such as MacCamy-Fuchs
needs to be used. The di�erence when the cross-section is large is that the structure
modi�es the wave pattern. The di�erence in modeling is an added boundary condi-
tion that there is no �ow through the structure. The MacCamy-Fuchs model is an
addition to Morison´ s equation and reduces to Morison´ s equation for long wave-
length and small cross-sections. The addition to Morison´ s equation is presented
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below:

Cm =
4

� (kr )2
p

A1
(3.13)

Where r is the radius, k is the wave number andA1 comes from the Bessel function
depending onk and r . A solution to a di�erential equation can be speci�ed with a
Bessel function of di�erent orders (Britannica, 2023).

As described in Section 3.2.1 a simple linear wave model can be used but also more
advanced models can be used depending on the sea conditions. Linear wave theory
is applicable for intermediate to deep waters depending on the ratios between wave
height and wave period on the y-axis and water depth and wave period on the x-
axis, see Figure 3.6. If the ratio on the y-axis is large or the ratio on the x-axis is
low a more advanced model such as Stokes's theory or Dean´ s stream function can
be used. These models often apply in shallow water or when the waves start to break.

Figure 3.6. Il lustration of at which depth di�erent wave models should be
applicable (DNV, 2021a).
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The linear wave theory can be modeled as either regular or irregular waves. Irregular
waves are a sum of di�erent regular waves and the most simple expression can be
de�ned as in Equation 3.14 (DNV, 2021a). This replaces the mean free surface
elevation described in Equation 3.9 which are used in Equation 3.6 and 3.7.

� (t) =
NX

n=1

Ancos(! n t � knx + � n ) (3.14)

Where the subindex de�nes the wave component and N is the number of wave com-
ponents. ! is the angular wave frequency,k is the wave number,� is the phase angle
and A is the amplitude of the wave which can be calculated with Equation 3.15.

1
2

A2
n = SJ (! n )� ! n (3.15)

Where SJ (! n ) is the wave spectrum de�ned in Section 3.3.1 and� ! n = ! n+1 � ! n

is the di�erence between two successive frequencies.

3.3 Frequency

The OWT is dynamically sensitive due to its tall and slender shape as well as the
additional weight and movement caused by the RNA on the top (Bhattacharya,
2019). Therefore, it is of essence to ensure that the natural frequency of the OWT
doesn't collide with the frequency of the environmental and mechanical loads.

It is appropriate to analyze the issue in a frequency domain (Bhattacharya, 2019).
The frequency domain can be set up by Power Spectral Density (PSD) functions.
Each load generates a spectrum in the domain. By analyzing the combined nor-
malized spectrums from each load one can establish design target frequency ranges.
The aim is then to obtain a natural frequency (f 0) of the OWT that �ts in this
frequency range.

The following section describes how to �nd the target frequency connected to the
loads and how the natural frequency is obtained.

3.3.1 Target frequency

An illustration of a PSD diagram including the spectrum from each load and the
domain ranges possible for design (soft-soft, soft-sti�, and sti�-sti�) can be seen in
Figure 3.7. The curves from each load are obtained analytically and described with
Equation 3.16 - 3.20. A summary of the three possible design options and their
frequency range is presented in Table 3.2.
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Figure 3.7. Example of a PSD diagram including the spectrum from each load.

Table 3.2. Design options and their frequency range (Bhattacharya, 2019).

Design Frequency range Range speci�cs

Soft-soft f 0 < f 1P:min

f 0 located below 1P loading. A very �exible
structure is needed to achieve a natural fre-
quency within this low range.

Soft-sti� f 1P:max < f 0 < f 3P:min

f 0 located in between the spectrum of 1P
loading and 3P loading. Range suitable for
most support structures

Sti�-sti� f 0 > f 3P:max

f 0 located above the spectrum of 3P loading.
To achieve a natural frequency in this high
range a very sti� structure is needed.

Wind spectrum

In International Electrotechnical Commission [IEC], (2019a) there are two standard
turbulence models presented, Kaimal spectral and exponential coherence model and
Mann uniform shear model. DNV also refers to these two as commonly used. The
Kaimal spectrum is suitable for atmospheric boundary layers and builds up on the
frozen turbulence hypothesis and Kolmogrow's law. The Kaimal spectral density is
described with the following expression according to DNV (2021a):

SU (f ) = � 2
U �

6:868� L U
U10

�
1 + 10:32� f �L U

U10

� 5
3

(3.16)
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Where� U is the standard deviation of wind speed. Which depends on the turbulence
intensity, and the mean wind speed over 10 minutes intervals,U10. LU is the integral
scale length and corresponds to the speci�cation in Eurocode 1.

Wave spectrum

A common spectrum for waves is Pierson-Moskowitz. This spectrum builds on the
fact that the sea is fully developed. A fully developed sea can be characterized by a
longer fetch length than 5000 wavelengths and the wind speed has been constant for
10 000 wave periods (Arany et al., 2015). The expression for the Pierson-Moskowitz
spectrum is de�ned as (DNV, 2021a):

SP M (! ) =
5
16

� H 2
s ! 4

p � ! � 5exp

0

@�
5
4

 
!
! p

! � 4
1

A (3.17)

Where Hs is the signi�cant wave height, ! p is the angular spectral peak frequency
and ! is the angular frequency.

If the sea isn't fully developed a modi�ed version of this spectrum called JONSWAP
can be used as suggested by DNV. The di�erence is that the JONSWAP spectrum
handles di�erent fetch lengths and therefore is more suitable for developing seas or
seas with smaller fetch distances. The expression for the JONSWAP spectrum is:

SJ (! ) = A 
 SP M (! )

exp

�
� 0:5

�
! � ! p
�! p

� 2
�

(3.18)

Where A 
 is a normalizing factor,SP M (! ) is the Pierson-Moskowitz spectrum,
 is
a non-dimensional peak shape parameter and� is the spectral width parameter.

1P and 3P spectrum

The spectrum of 1P is simply generated from the operational revolutions per minute
(rpm) range of the rotor where one rpm corresponds to 1/60 Hz. The spectrum of
3P loading is three times the rpm range of the rotor for a three-bladed rotor.

S1P = rpm
1
60

(3.19)

S3P = 3 � rpm
1
60

(3.20)

3.3.2 Natural frequency

Natural frequencies are of importance for structures that are subjected to dynamic
loads. The basic method of how to calculate these and the modes which are most
critical for a �xed and a �oating substructure is presented in the following sections.
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Fixed substructure

The natural frequency for a jacket substructure can be solved with the eigenvalue
problem showed in Equation 3.21.

(K � ! 2M )u = 0 (3.21)

Where K is the sti�ness matrix, M the mass matrix andu the displacement vector.

There are two categories of modes for �xed substructures depending on the founda-
tion and the sti�ness/mass distribution of the turbine (Bhattacharya, 2019). The
�rst category is sway-bending modes which are typical for foundations with high ax-
ial sti�ness compared to the turbine. This is often the case for monopiles or jackets
with piled foundations. The �rst mode of sway-bending can occur in two directions,
tower side-to-side and tower fore-aft, illustrated in Figure 3.8.

Figure 3.8. Sway-bending modes for an OWT on a jacket substructure. From left
to right: tower side-to-side mode and tower fore-aft mode.

The second category is the rocking modes which occur for foundations that are less
sti� in the axial direction (Bhattacharya, 2019). The �rst mode of rocking can occur
in two directions, tower side-to-side and tower fore-aft, illustrated in Figure 3.9. The
second mode of sway-bending and rocking is not of interest because their frequency
is about four to six times higher than the �rst mode.
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Figure 3.9. Rocking modes for an OWT on a jacket substructure. From left to
right: tower side-to-side mode and tower fore-aft mode.

Floating substructure

The natural frequency for a �oating body such as the semi-submersible can be de-
rived by solving the eigenvalue problem expressed in Equation 3.22. The expression
of motions builds on an undamped system and without excitation loads (Zhou et al.,
2021).

! 2 q(! ) = [ M + A (! )]� 1C q (! ) (3.22)

Where M and A is the mass and added mass matrix. The added mass is a con-
sequence due to the inertia from the water surrounding the structure, which forces
the structure to oscillate with the frequency of the waves in a rigid body mo-
tion(Faltinsen, 1990). q is the platform motion vector and C the sti�ness matrix
of the structure, where one can include the sti�ness of the mooring lines (C =
Cstructure + Cmooring ). Since all loads have di�erent frequency ranges as shown in
Section 3.3.1 there is of essence to avoid resonance by making sure the natural fre-
quency is outside the range of the load that is causing the speci�c mode. There
are typically three modes for a semi-submersible substructure that are critical: The
tower side-to-side mode, tower for-aft mode, and heave mode where the waves forces
the substructure to lift upwards. An illustration of these modes can be seen in Fig-
ure 3.10.
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Figure 3.10. Di�erent critical modes for an OWT on a semi-submersible
substructure. From left to right: heave mode, tower side-to-side
mode, tower fore-aft mode.

3.4 Stability for �oating OWT

The following section describes the buoyancy and static stability of a �oating sub-
structure. A simpli�ed method to analyze �oating OWTs is to use a quasi-static
method. For a structure subjected to dynamic loads, the assumption is that the
deformation pro�le is time-independent (Ambrosio, 2001). The bene�t of this is
that the inertia forces coming from the dynamic load doesn't contribute to the de-
formation pro�le.

3.4.1 Floating equilibrium

The �oating equilibrium is obtained by balancing the buoyancy forceFB and the
gravitational force Fg. The buoyant force is the weight of water displaced by the
submerged volume of the substructure according to Archimedes's principle. The
gravitational force Fm comes from the total weight of the OWT. The balance is kept
intact as long as the two forces are in equilibrium as shown in Equation 3.23.

FB � Fg = � wgVsubmerged � mOW T g = 0 (3.23)

3.4.2 Static stability

Floating substructures should be able to have su�cient stability against distur-
bances such as wind, waves, and currents in order to not capsize. In calculations
of static stability the buoyancy forces are summed up to one single vertical force
acting upwards, the location of this force is called the center of buoyancy. In the
same matter, the gravity force from the dead weight of the OWT is summed up to
a vertical force acting downwards. In an upright position, the center of buoyancy
and center of gravity are aligned and stable. As soon as a heel is introduced by
the environmental loads, forcing the structure into a tilting position, the center of
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