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Abstract

Floating offshore wind technology is yet to establish a share in the renewable energy
market, so far just a few commercial projects exist and many new concepts are
being developed and tested. During this stage, simulation soft-wares like FAST are
specially useful as they accelerate the development phase of the project, allowing the
developers to understand the behaviour of their concepts under different conditions
before constructing and testing prototypes. In this work the motions and nacelle
accelerations of the Windcrete concept will be studied using FAST and the metocean
data of two sites.
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Chapter 1

Introduction

The fast development of the renewable energy sector is now a crucial objective for
most of the nations in the world, with this interest, many new technologies are being
developed to make the most of the renewable resources available, in the same way,
other mature renewable energy technologies are now more efficient and their energy
yield more significant.

Among the most widely used of these technologies is wind power, which has also
been part of recent developments; more efficient and bigger wind turbines are now
commercially available promising a significant increase in wind power production.
Nevertheless, like all renewable energy resources, this method is bound to the cli-
matic conditions of the site of the installations; the search for better resources has
led this industry from onshore installations to offshore fixed-bottom ones and now,
floating offshore wind turbines (FOWT) are starting to gain momentum with the
beginning of the first offshore floating wind farm financed by a bank taking place
just last year [12].

At the same time, new prototypes for floating structures are being considered
with the objective of reducing costs and improve performance, reliability, and in-
stallation. Much of this research is accompanied by a fair share of CAD (Computer-
aided design) and CAE (Computer-aided engineering) that allows for the calcula-
tion of the structures stresses and motions under a battery of circumstances, for an
OFWT it is crucial to consider and simulate the behavior of the structure under
a wide range of climatic conditions since the installation is constantly affected by
them.

This work will describe and study the behavior of a 10MW version of the Wind-
crete concept, a monolithic tower structure made of concrete for offshore floating
wind turbines, under the climatic conditions of two different locations. The locations
considered are West of Barra and Gran Canaria Island, they will serve as a reference
for severe and moderate metocean conditions respectively. All the simulations were
done using the FAST software and the development of the corresponding numerical
models for it will be detailed in this text.
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Chapter 2

Objectives and Scope

The objective of this work is to study the motions of the structure and accelerations
in the nacelle of the Windcrete concept developed for a 10MW wind turbine under
five different load cases defined in the IEC 61400-3 [15] procedure (DLC 1.1, DLC
1.3, DLC 1.6, DLC 2.1, DLC 6.1) using as a reference the climatic conditions of two
different locations: West of Barra and Gran Canaria Island.

The tower structure design, material, and dimensions are already defined so this
work will only focus on the definition of the models used in the simulations. The
10MW reference wind turbine [3] models developed by DTU will be used for the
study and in the same way, they won’t be modified except for the control system
that will be tuned for this structure.

All simulations were carried out using the FAST (Fatigue, Aerodynamics, Struc-
tures, and Turbulence) [18] software and therefore the models where made in this
context. Using these results it will be clearer if the structure is fit to operate under
the proposed conditions and this will contribute to the further development of the
structure.
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Chapter 3

The Energy Transition and Wind
Power

Energy access is a crucial factor in the development of the economies of the countries,
many of which deal with a fast-growing population. As a result, the demand for
energy is increasing dramatically; from 1990 to 2016 the primary energy consump-
tion has risen by 56%, from which in 2016, 81% came from fossil fuels (Figure 3.1).
These sources have the added cost of producing greenhouse gases (GHG) emissions,
which contribute to climate change. The effects of climate change are already no-
ticeable and include increasingly frequent extreme weather events, floods, droughts,
heatwaves, and the melting of the ice shields. Most projections indicate that future
impact will only be more significant, and dealing with these consequences will be
more expensive than preventing them.

Figure 3.1: Total primary Energy Supply Consumption [14].

Therefore, considering that two-thirds of GHG emissions originate from the en-
ergy sector, the Intergovernmental Panel on Climate Change (IPCC) called for an
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immediate, large-scale shift to renewable energy and energy efficiency [33].In re-
sponse, many countries have adopted different agendas, including the Paris Agree-
ment, the 2030 Agenda for Sustainable Development, and the Sendai Framework
for Disaster Risk Reduction. The primary goal of the Paris Agreement is to keep
the average global temperature rise well below 2 °C and as close as possible to 1.5
°C above pre-industrial levels and is the primary driver of most of the new policies
related to the energy transition [36].

In ’A Roadmap to 2050’ [16] the IRENA estimates that meeting the objectives
of the Paris Agreement would require reduction of global energy demand through
efficiency, increasing the share of renewables in the energy mix, and promoting
electrification. The IRENA also indicates that renewable energies would need to
comprise at least two-thirds of the total final energy supply by 2050 to achieve
these goals. At the same time, the share of renewable energy in the power sector
would need to increase from 25% in 2017 to 86% in 2050 [17]. It is necessary to
promote the widespread use of mature technologies like solar, wind, and hydropower
to achieve such a significant share of renewables in the energy mix. Furthermore,
it is also necessary to invest in the development and implementation of more recent
and promising technologies like offshore floating wind turbines.

Among renewable energies, wind power is the fastest-growing technology; the
global wind energy production went from 3.380 GWh in 1990 to 957.694 GWh in
2016 (Figure 3.2). Since 2014, annual installations have surpassed 50 GW each year,
and the Global Wind Energy Council (GWEC) expects for this trend to continue
until the year 2023 for the onshore market [9]. Also, wind is one of the most
extensively used renewable resources; according to the International Energy Agency
(IEA) renewable energies will provide almost 30% of the total power demand in
2023, out of this percentage hydropower would be the most representative share
with 16%, followed by wind (6%), solar PV (4%) and bioenergy (3%) [13].

Figure 3.2: Electricity Generation from Renewable Energies[14]
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Compared to other applications of renewable energy technologies, power gener-
ation through wind has an advantage because of its technological maturity and cost
competitiveness [21]. Already, new solar and wind are cheap enough to outcompete
oil and some gas-based generators. From the beginning of 2016 until today, reports
have appeared showing a fast decrease in prices achieved in tendering processes
around the world. During that year, onshore wind prices reached 30 USD/MWh in
Morroco and 50 EUR/MWh for offshore wind in northern Europe [23].

There are several significant factors involved in the reduction of the Levelized
Cost of Energy (LCOE) for wind power like the increase of turbine efficiency, re-
duction of operation and maintenance costs and improvements of the supply chain.
However, in recent years, some of the main drivers of this decline have been larger
swept areas (Figure 3.3) and higher hub heights, which allows for better and more
cost-efficient energy production [10].

Figure 3.3: Evolution of the wind turbine swept area[37]

Nevertheless, onshore wind turbines are constrained by several factors. An on-
shore wind farm needs vast extensions of vacant land with a suitable wind resource;
these are scarce and might interfere with other possible uses of the terrain. Also,
wind turbines produce visual and noise annoyances that restrain the installation
near populated areas [37]. On top of this, logistical constraints that come from the
transport of components by rail or road limit the wind turbine size.

Even though the LCOE of offshore energy is currently higher than onshore wind
power (Figure 3.4), this technology has several advantages, mainly that the offshore
wind resource can be between 1.2 to 2 times faster and the energy yield generally
increases by going further from land [22]. Also, the resource is more consistent, with
less turbulence intensity and smaller shear compared to the resource onshore. If
constructed near the coastline, the size of the wind turbine is not limited by transport
routes and there are vast expanse of uninterrupted open sea for this installations.

With this in mind, some of the investment and research has shifted to offshore
installations, mainly in Europe where the shallow water wind resource is more avail-
able. However, so far the energy prices produced from fixed-bottom offshore wind
turbines are not competitive compared to other traditional energy sources. Offshore
wind power lead times are usually longer; also, grid connection, installation, and
construction costs are higher and very dependent on geographic factors like water
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depth and distance to the shore.
A higher capital investment is required for an offshore wind turbine because of

the costs associated with marinization of the turbine and the added complications
of the support structure, installation and decommissioning. Furthermore, offshore
installations are less accessible than onshore installations which raise the operations
and maintenance costs and possibly increase the downtime of the machines. Not
only do offshore wind turbines experience environmental loading from wind, but they
must also withstand other conditions such as hydrodynamic loading from waves and
sea currents. As a result the complexity of the design increases.

Nevertheless, in the same way as onshore wind power, cost reductions have com-
menced with the industrialization and standardization of the manufacturing and in-
stallation methods. The improvement in capacity factors and energy yield that come
with the use of more powerful turbines further from the mainland might mitigate
the higher capital and operational expenditures of an offshore project. Nonetheless,
water depth is a limiting factor for offshore wind installations; in 2016 the average
water depth of completed, or partially completed, wind farms was 29 meters, with
an average distance to the nearest port of 44 km [39].

Figure 3.4: Generation Costs for Different Technologies [1]
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Chapter 4

Floating Offshore Wind Turbines

For fixed bottom offshore wind turbines higher water depth means a more complex
construction, installation process and a more expensive structures. At the same
time, in many occasions the best wind resource is usually located in places with
water depths that might out of reach for these structures. Much of the offshore
wind resource potential in the United States, China, Japan, Norway, and many
other countries is available in water deeper than 30 m. For example, the wind
resource potential at 9 to 90 kilometers off the U.S. coast is estimated to be more
than the total currently installed electricity-generating capacity of the United States
(more than 900,000 MW when accounting for exclusions) [28].

For locations with water depths above 45m offshore floating wind turbines are a
solution that is worth considering since foundation and installations cost reductions
can be expected; since these structures don’t need to reach the seabed there is a
significant reduction in material costs and structural mass.

In a floating offshore wind turbine (FOWT) the structure is linked to the seabed
by a mooring system instead of a solid structure. There are several proposals for
this constructions but so far most of them can be classified as one of three main
kind of FOWT being used for floating installations, these are:

• Semi-submersible platform: The platform is a semi-submerged buoyant
structure anchored to the seabed with catenary mooring lines. This often
requires a heavy structure to provide stability but at the same time allows for
a low draft which simplifies the logistics of transport and installation.

• Spar Buoy: The platform is a cylindrical ballast in which the center of gravity
is lower that the center of buoyancy, this provides stability. The structure is
also anchored to the seabed using catenary moorings. The structure is usually
fairly simple and easy to fabricate but the large draft might produce assembly,
transportation and installation problems; it also confines the installation to
large water depths (>100 m) since a large part of the platform needs to be
underwater.

• Tension leg platform: In this case a semi-submerged floating structure is
also used but it is anchored with tensioned mooring lines. The tension provided
by the mooring lines makes the structure more stable and allows for smaller
drafts in comparison to a semi-submersible platform. On the other hand in-
stallation challenges are significant and there is a significant operational risk
if a tendon fails.
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In the following table (Table 4.1) the advantages and disadvantages of each struc-
ture are described for easier comparison. Also, the described FOWT are illustrated
in figure 4.1.

Typology Strengths Weaknesses
Semi-
submersible • Flexible application

due to the ability to
operate in shallow
water depths.

• Low vessel require-
ment - only tug boats
required.

• Onshore turbine as-
sembly.

• Amenable to port-side
major repairs

• High structural mass
to provide sufficient
buoyancy and stabil-
ity.

• Complex steel struc-
tures with many
welded joint can be
difficult to fabricate.

• Potentially costly ac-
tive ballast systems.

Spar-buoy

• Simple design is
amenable to serial
fabrication processes

• Few moving parts
(no active ballast
required)

• Excellent stability

• Constrained to deep
water locations

• Offshore turbine as-
sembly requires dy-
namic positioning ves-
sels and heavy lift
cranes

• Large draft limits
ability to tow the
structure back to port
for major repairs.

Tension leg plat-
form • Low structural mass

• Onshore turbine sta-
bility assembly Few
moving parts (no ac-
tive ballast required)

• Excellent stability

• High loads on the
mooring and anchor-
ing system

• Challenging installa-
tion process

• Bespoke installation
barge often required.

Table 4.1: Comparison of the Main Kinds of FOWT [1].
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Figure 4.1: Floating Wind Foundation Typologies [1].

As mentioned before FOWT could be a great option for deep water locations,
nevertheless it is still uncertain how significant the economical advantage will be,
the technology is still too immature and there are very few operating windfamrs
and prototypes. In terms of capital costs the foundation and installation costs are
expected to be significantly lower than in a fixed-bottom offshore wind installation,
nevertheless once the added costs of the mooring system is considered that the total
capital expenditure might be higher for FOWT. In terms of operative costs the
routine maintenance operations should be the similar to those of a fixed-bottom
structure, but bigger operations like the replacement of the gearbox would be more
affordable since is possible take the turbine to a port for reparations. Taking this
into account and the higher capacity factors associated with FOWT the levelized
cost of energy for this kind of structures should be slightly lower than for fixed
bottom wind turbines in the future.

It must be taken into account that this is not the first time that the transition
from fixed bottom to floating structures is made, much of the experience in this
field comes from the oil and gas industry, in which significant cost reduction was
achieved trough standardised designs (figure 4.2), optimised fabrication lines on top
of the advantages mentioned above in terms of installation and overall structure.
The same scenario is also valid for the offshore floating wind industry.

4.1 Motions of a Floating Offshore Wind Turbine

A FOWT is able to move in all six degrees of freedom, the tree translation movements
are called sway, heave and surge. The tree rotational movements are called pitch,

15



Figure 4.2: Cost reductions in oil production using floating platforms [1].

roll and yaw. These motions are shown in figure 4.3.
To ensure the proper operation of the Windcrete concept during its lifespan in

each location the motion and acceleration limits presented in table 4.2 will be used:
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Figure 4.3: Degrees of Freedom of a FOWT. [19]

DoF/Limit typology Limit
Operation

Yaw (max) [-15°,+15°]
Yaw (10 min. std) <3°

Pitch (max) [-5.5°,+5.5°]
Pitch (10 min. average) [-4°,+4°]

Roll (max) [-3.5°,+3.5°]
Pitch/Roll (10 min. std) <1°

Idling Condition
Pitch (max) [-7°,+7°]

Pitch (10 min. average) [-5°,+5°]
Emergency Stop

Pitch (max) [-15°,+15°]
Excursion Restrictions

Horizontal offset (mean during operation conditions) 15m
Horizontal offset (max. during parked conditions) 30m

Acceleration Limits (Nacelle)
Operation 2.8m/s2

Survival 3.5m/s2

Table 4.2: Motion and acceleration limits for a FOWT.
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Chapter 5

FAST Software and Modules

The FAST (Fatigue, Aerodynamics, structures, turbulence) code is a simulator de-
veloped by the National Renewable Energy Laboratory (NREL) that is capable of
simulating the couple dynamic response of a wide configuration of wind turbines
including onshore, offshore fixed bottom and offshore floating wind turbines. Since
the 8th version of this software, NREL have implemented a modularized system
in which each module deals with a different part of the physical model, including
aerodynamic, hydrodynamic, control and electrical systems models; figure 5.1 shows
the control volumes associated with each module for floating offshore wind turbines.
In order to understand the context in which the Windcrete tower models where
developed a brief outline of each used modules will be given in this chapter.

Figure 5.1: FAST Control Volumes for floating systems[18].

5.1 AeroDyn

Is a time domain wind turbine aerodynamics module that is able to calculate the
aerodynamic loads both on the blades and the tower these calculations are based
on the principles of actuator lines where a three dimensional flow around the body
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is approximated in a series of two dimensional cross sections along the body of the
tower or the blades. Aerodyn assumes that the geometry of the structure consist of
a rotor with a range from one to three blades over a singles straight, vertical, and
undeflected tower. When coupled to FAST this module receives the instantaneous
structural position, orientation and velocities of the nodes of the blades, hub and
tower for its calculations. For this particular case the aerodynamic loads on the
tower where not calculated, this is because the models developed for the DTU 10
MW wind turbine used Aerodyn V14 which does not include this option.The wind
itself is generated by another module called inflow-wind.

5.2 HydroDyn

HydroDyn allows for the calculation of the time-domain hydrodynamic loads over a
fixed-bottom or floating offshore wind turbine, it can use potential-flow theory, strip
theory or a combination of both solutions. This module also generates the waves
used in the study which can be regular (periodic) or irregular (stochastic). The
potential flow solution requires frequency dependent hydrodynamic coefficients and
must supplied by a separate frequency domain panel code (e,g WAMIT). The strip
theory solution can be applied across multiple interconnected members and are de-
rived directly from undisturbed wave and current kinematics; the strip theory loads
include the relative form of Morrison equation for the disturbed fluid inertia, added
mass and viscous drag components, additional distributed load components include
axial loads and static buoyancy loads. The hydrodynamic coefficients required for
this solution come trough user specified dynamic-pressure, added-mass, and viscous
drag coefficients.

5.3 ServoDyn

Includes control and electrical-drive models for blade pitch, generator torque, nacelle
yaw, high-speed shaft brake, and blade-tip brakes. This module uses the structural
motions, reaction loads and wind measurements to define the controller commands
for the proper function of the wind turbine. The control routines come from a
separated sub-routines that can be provided by Matlab, Simulink or a fortran sub-
routine.

5.4 MoorDyn

MoorDyn is meant to be used in conjunction with another program that tells it
how the fairlead ends of the mooring lines are moving. With this input the module
is capable of predicting the dynamic loads of the mooring system and calculating
tensions and forces in the lines. This forces will also affect the movement of the
floating wind turbine.
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5.5 ElastoDyn

ElastoDyn uses the structural models of the rotor, drivetrain, nacelle, tower, and
platform to calculate the displacements, velocities, accelerations and reaction loads
of each component, taking as input the aerodynamic and hydrodynamic loads from
other modules and the control commands from Servodyn.
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Chapter 6

Description of the Windcrete
Concept

Windcrete, shown in figure 6.1, is a spar type structure concept for floating offshore
wind turbines developed by a research team from the Polytechnic University of
Catalonia. It consist on a monolithic structure mainly made of concrete instead of
steel like most commercial structures [2].

Figure 6.1: Windcrete Floating Offshore Wind Turbine

The effectiveness and advantages of the use of concrete for offshore structures
have been already proven in the oil and gas industry, from the experience of this
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sector, the FIB [7] has reached the following conclusions about the use of concrete
in offshore structures:

• Concrete offshore platforms provide full operational safety.

• They show a very high durability level.

• They do not require costly maintenance and repair operations.

• Their effective lifespan has been underestimated and their 20-year initial design
life can be greatly extended.

Taking this into account a structure made of concrete could greatly reduce op-
eration expenditures as the maintenance operations would be minimized, also, the
lifetime of a tower structure could greatly exceed the lifespan of the turbine, for
some structures, a lifetime longer than 60 years can be expected, so the tower could
be used for another turbine in the future.

On the other hand the use of a monolithic structure contributes the the dura-
bility of the structure minimising the penetration of chlorides, water and soon, and
preventing damage such as that detected in the transitions zones of mixed con-
crete and steel structures. Also, durability and fatigue problems that have been
detected in the transition zones between the steel of the tower and the concrete of
the foundation in several bottom-fixed offshore wind farms could be avoided with
this construction method. Currently, concept upgrades to 10MW and 15WM are
being worked on, in this work the focus point will be the structure developed for
10MW wind turbines.
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Chapter 7

Description of the DTU 10MW
Reference Wind Turbine

The DTU 10MW Reference Wind Turbine, was originally developed through coop-
eration between DTU Wind Energy and Vestas with the Light Rotor project .The
model was developed with the objective providing a publicly available representa-
tive design basis for the next generation of new optimized rotors. The turbine is a
three-bladed upwind wind turbine with a rated power of 10MW, in table 7.1 more
specific details about the turbine model will be given.

For this work the available data of the turbine and blades system were used
without modifications therefore their specific characteristics wont be presented but
are available in the reports by LIFE50+. In the case of the control system a modified
version of the system developed for the Nautilus wind turbine was defined in this
work, this will be explained in following chapters.
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Rotor Orientation Clockwise rotation - Upwind

Control Variable Speed, Collective Pitch

Cut in wind speed [m/s] 4

Cut out wind speed [m/s] 25

Rated wind speed [m/s] 11.4

Rated power [MW] 10.0

Number of blades 3

Rotor diameter [m] 178.3

Hub diameter [m] 5.6

Hub height [m] 119

Drivetrain Medium speed, multiple stage gear box

Minimum rotor speed [m/s] 6.0

Gearbox ratio 50

Hub overhang [m] 7.1

Shaft tilt angle [deg] 5.0

Rotor precone angle [deg] -2.5

Blade prebend [m] 3.332

Rotor mass [Kg] 227962

Nacelle mass [Kg] 446036

Table 7.1: 10MW Reference wind turbine properties [25].
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Chapter 8

Climate Conditions

For this work the the motions and accelerations of the Windcrete concept were stud-
ied under the metocean conditions of two locations, West of Barra and Gran Canaria,
wich present severe and moderate conditions respectively. The data obtained from
this sites will define the conditions for the simulation of each DLC.

8.1 Site A: West of Barra (Severe Met-ocean Con-

ditions)

The simulations and load cases in this section are all defined using as reference the
met-ocean conditions for West of Barra in Scotland. This site has been selected by
protects like LIFES50+ [31] as an area with severe met-ocean conditions. The site
is located 19km west of Barra island and its been recognized as a potential location
for future FOWT projects.

8.1.1 Wind Climate

The wind data from this reference was measured on 1-hour average speed at 10
m above MSL, according tho the LIFES50+ deliverable 1.1 report [31] the most
reliable method to extrapolate the wind speed data to the target height in operating
conditions is the use of the logarithmic law (Equation 8.1) considering Zo=0,0002
so it was used to estimate the wind speeds at hub height, presented in table 8.1.

V (z) = Vhub
ln(z/zo)

ln(zhub/zo)
(8.1)

On the other hand for extreme wind conditions a power law (equation 8.2) rela-
tionship with α = 0,12 was used. The extreme wind speed (Vref ), is defined as the
value of the highest wind speed, averaged over 10 minutes, with an annual exceeding
probability of 2% (50 years return period). In order to estimate the Vref value it is
necessary to use a method that extrapolates the horizon of the extreme wind speed
prediction to 50 years, in this case the EWTSII method was used, the obtained
result is presented in table. 8.2.

V (z) = Vhub(z/zhub)
α (8.2)
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@Hub Height @10m
4 3.255
6 4.882
8 6.510
10 8.137
12 9.765
14 11.392
16 13.020
18 14.647
20 16.274
22 17.902
24 19.530
25 20.344

Table 8.1: Wind Speeds at hub height and 10m above MSL [31].

@10m @Hub Height
38.25 53.79

Table 8.2: 50 years return wind speed at hub height and 10m above MSL [31].

Wave Climate

For the case of wave climate the main focus is the wave height and peak period in
relation to the wind speed. The deliverable 1.1 report by LIFES50+ [31] used the
data in table 8.1 to develop a reliable formula that could predict the wave height
as a function of the wind speed, as a result a third order polynomial equation (Eq.
8.3) was developed, where u is the wind speed at 10 meters.

Figure 8.1: Wind- Wave Combined Distribution: Hs-u10 Correlation [31].
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Hs(u) = 0.0079u3 − 0.2499u2 + 3.4366u+ 1.9859 (8.3)

In the same way a relation (Eq. 8.4) between the significant wave height and
peak period was obtained using the available data for the site presented in table
8.2. This relation was also used to estimate the peak period for the 50 years return
significant wave height presented in table 8.3.

Figure 8.2: Significant Wave Height – Peak Period Frequency [31].

Tp(Hs) = 3.1338ln(Hs) + 6.7566 (8.4)

@Hs @Tp
15.6 15.37

Table 8.3: 50 Years Return Wave Height [31].

Using relations 8.3 and 8.4 it was possible to obtain the significant wave heights
and peak periods for the wind speeds considered for the design load cases, these are
presented in table 8.4.

8.2 Site B: Gran Canaria Island (Moderate Met-

ocean Conditions)

The site is located south east of the Gran Canaria Island and its conditions will
be used as a reference for moderate met-ocean conditions in this work. This site
wind and wave data is taken from the Spanish Ports Authority for the following
coordinates:

15°19’48.00” W 27°45’0.00” N

8.2.1 Wind Climate

The wind conditions for Gran Canaria were taken from a report developed by Core
Wind that calculates the normal and extreme wind profile using also equations 8.1
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@Hub Height @10m Hs [m] Tp [s]
4 3.255 0.64 2.5
6 4.882 0.92 7.25
8 6.510 1.34 7.68
10 8.137 1.92 8.80
12 9.765 2.64 9.80
14 11.392 3.52 10.70
16 13.020 4.54 11.50
18 14.647 5.72 12.22
20 16.274 7.04 12.87
22 17.902 8.52 13.47
24 19.530 10.14 14.12
25 20.344 11.00 14.27

Table 8.4: Wind and Wave Climate conditions for operational range

Figure 8.3: Specific wave height in relation to the wind speed @10m [6].

and 8.2 respectively. The report also estimates the 50 year return wind speed at 119
meters (hub height) as 40.07m/s.

8.2.2 Wave Climate

The data presented by the Corewind report concerning the relation of the wind
speed, waves specific height and period is presented in the figures 8.3 and 8.4.

From figure 8.3 it can be appreciated that the most common specific wave height
for each wind speed range is between 1m and 2m, so a conservative approach would
be to use 2m as the Hs and a 6s Tp (from figure 8.4) for for every wind speed while
in NSS. On the other hand, the CoreWind report states hat the 50 year return wave
has a specific height of 5.11m and a peak period of 9s.
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Figure 8.4: Peak Period in Relation to the Specific Wave Height [6].
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Chapter 9

Load Cases

The design load cases (DLC) [15] are used to define situations that the wind turbine
might face during its lifespan in order to verify the structural integrity of the wind
turbine and its parts. These include the climate conditions found in the site of the
installation that the wind turbine will face under under normal operation, start up,
shut down, occurrences or faults and a parked. The cases evaluated in this work
wont cover start up nor shutdown of the wind turbine.

• DLC 1.1: In this design situation, the wind turbine is in operation and con-
nected to the electrical grid while the control system is active, fault situations
are not included in this load case. For the wind climate conditions, they must
be considered from the cut-in to cut out wind speed with intervals that must
be smaller than 2m/s. Also, the loads related to atmospheric turbulence must
be considered using a normal turbulence model (NTM). For this DLC irreg-
ular normal sea state (NSS) conditions must be assumed in which the wind
speed will dictate the significant wave height and peak spectral period. For
this simulation 6 seeds will be used for each wind speed and the simulation
duration will be 600s.

• DLC 1.3: For this case the turbine will be operational under the same con-
ditions as in DLC 1.1 but the wind model will be a an extreme turbulence
model (ETM), also this simulation must have a duration of at least 1500s.

• DLC 1.6: As in the load case 1.1 the turbine will operate under a NTM wind
that covers all the operational range, for the waves specific height and period
the IEC requires the use of a severe sea state wave climate, in these data in
unavailable a conservative option is to use the 50 years return wave specific
height and period. For this DLC at least 3600s of simulation are required and
for this work the 50 year return wave data will be used.

• DLC 2.1: The turbine will operate normally under NTM wind and NSS wave
climates. After the first 10s of the simulation a grid loss or control fault must
be induced. This will be achieved turning the pitch angle of the blades to 90
degrees with a speed superior to 8 °/s. The simulations must be at least 600s
long.

• DLC 6.1: In this design situation the turbine is parked and subdued to 50 year
return wind speed and wave specific height and period. For this simulations a
time of 3600s will be used.
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Chapter 10

Numerical Models of the 10 MW
Windcrete

In order to get reliable results from the simulation the numerical models of the struc-
ture must represent the behaviour of the tower in a accurate way, in this chapter the
physical properties of the different sections of the tower structure (tower, platform
and moorings) will be described.

10.1 Tower

When the wind turbine is at equilibrium position the tower section of the structure
starts at MSL and it consist of a conical, hollow structure made of concrete that
connects the floating platform an the rotor nacelle assembly. The tower properties
are shown in table 10.1

The physical properties of the tower where calculated using a CAD model of the
tower section, on the other hand for the calculation of the natural frequencies and
mode shapes the Bmodes [8] module was used and, therefore, a simplified model of
the structure had to be defined. For the model the conical structure was approxi-
mated using thirty cylindrical sections (as show in figure 10.1) of equal height and
constant wall thickness, the radius of each cylinder was determined linearly interpo-
lating between the base and the top outer radius. The obtained natural frequencies
are displayed in table 10.1 and the mode shapes for the first two vibrations modes
can be seen in figure 10.2, where the displacements of the tower are shown in relation
to the unitary length of the ladder for the first two natural frequencies.

10.2 Platform

The platform section consist of a hollow cylindrical structure that joins the tower
section though a conical transition part, the structure is partially filled with ballast
(figure 10.3), this brings down the center of mass of the structure since most of the
material is at the bottom of it. The characteristics of this section are shown in table
10.2.

The platform section of the tower suffers all loads from the interaction with water,
these are calculated using the strip theory solution of the HydroDyn module. To
define the hydrodynamic coefficients of a structure dedicated softwares like WAMIT
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(a) Windcrete Tower CAD Model Di-
mensions.

(b) Windcrete Tower Approximation for
FAST.

Figure 10.1: Tower Model Definition

Property Unit Value
Tower base elevation above MSL [m] 0
Tower base diameter [m] 11
Tower base wall thickness [m] 0.5
Tower top elevation above MSL [m] 116.6
Tower top diameter [m] 5.5
Tower wall average thickness [m] 0.4
Total mass [Kg] 2365139.65
Inertia about x,y axis w.r.t. tower-CM [Kgm2] 2467.859
1st fore-aft natural frequency (clamped tower) [Hz] 0.44075
2nd fore-aft natural frequency (clamped tower) [Hz] 2.453
1st side-side natural frequency (clamped tower) [Hz] 0.44075
2nd side-side natural frequency (clamped tower) [Hz] 2.453
Density [Kg/m3] 2000
Modulus of elasticity [GPa] 21
Shear modulus of elasticity [GPa] 36

Table 10.1: Physical Properties of the Tower

[4] are usually employed; also, scale models can be used to study their response in
the water to obtain the coefficients for the original structure.

In the case of this work, the values of the hydrodinamic coefficients of the struc-
ture where taken from a previous study done for a scale model of a 5MW version of
the windcrete concept. For the calculation of the linear hydrostatic restoring matrix
the following formulas where used:
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(a) 1st Mode s-s (b) 2nd Mode s-s

Figure 10.2: Tower Vibration Modes

Figure 10.3: Windcrete Platform CAD Model Dimensions.

Property Unit Value
Draft [m] 141

Platform Diameter [m] 15.6
Transition section length [m] 10

Transition section top diameter [m] 11
Ballast Mass [Kg] 16406716.306

Ballast Density [Kg/m3] 3000
Platform Center of Mass [m] 107.23

Platform x,y inertia [Kgm2] 24669727344.68

Table 10.2: Platform Characteristics

C33 = ρgA0 (10.1)
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C34 = C43 = ρg

∫∫
A0

y dA (10.2)

C35 = C53 = −ρg
∫∫

A0

x dA (10.3)

C44 = ρg

∫∫
A0

y2 dA+ ρgV0zb −mmggzmg −mfgzf (10.4)

C45 = C54 = −ρg
∫∫

A0

xy dA (10.5)

C46 = −ρgV0xb +mmggxmg +mfgxf (10.6)

C55 = ρg

∫∫
A0

x2 dA+ ρgV0zb −mmggzmg −mfgzf (10.7)

C56 = −ρgV0yb +mmggymg +mfgyf (10.8)


0 0 0 0 0 0
0 0 0 0 0 0
0 0 C33 C34 C35 0
0 0 C43 C44 C45 C46

0 0 C53 C54 C55 C56

0 0 0 0 0 0

=


0 0 0 0 0 0
0 0 0 0 0 0
0 0 9.32x105 0 0 0
0 0 0 −1.9073x1010 0 0
0 0 0 0 −1.9073x1010 0
0 0 0 0 0 0


(10.9)

where:
ρ water density, kg/m3

g gravity, m/s2
A0 undisplaced waterplane area of platform, m2

V0 undisplaced volume of platform, m3

(xb, yb.zb) coordinates of the center of buoyancy of the undisplaced platform, m
mmg total mass of marine growth, kg
(xmg, ymg, zmg) coordinates of the center of mass of the undisplaced marine

growth mass, m
mf total mass of ballasting/flooding, kg
(xf , yf , zf ) coordinates of the center of mass of the undisplaced filled fluid (flood-

ing or ballasting) mass, m
For each case the origin of the coordinate system is the intersection of the struc-

tures central axis and the undisturbed water plane.
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10.2.1 Hydrodynamic Forces on the Platform

The forces that are exerted on the platform as a result of the interaction with the
water bodies are calculated by the HydroDyn module using the Morrison’s Equation,
which contains the following forces:

~F = ~FI + ~FD + ~FB + ~FMG + ~FF−B + ~FAM−M + ~FAM−MG + ~FAM−F (10.10)

Where FI is the inertia force, FD the drag force, FB the buoyancy force, FMG

the weight of the marine growth, FF−B the force due to fluid ballasting, FAM−M
the added mass of the structure, FAM−MG the added mass due to marine growth,
and FAM−F the added mass due to fluid ballasting. Marine growth on the structure
is not considered in this model so the forces related to this parameter are zero; in
the same way, the ballast in considered in the model as a solid part of the platform
structure, therefore FF−B and FAM−F will also be zero.

On the other hand, the inertial loads, viscous drag and hydrodynamic added
mass forces are scaled using hydrodynamic coefficients. In this case the coefficients
where defined for different members of the tower, the conical section (member 1), the
cylindrical section (member 2), and the spherical section at the end of the cylinder.
In this case the spherical segment is modeled as a disc at the end of the cylinder
(member 3). The coefficient values used in the HydroDyn module are presented in
table 10.3, where Cd is the drag coefficient, Ca is the added mass coefficient and CP
the dynamic pressure coefficient; the sub indexes 1 and 2 indicate that the value
is applied to the beginning or the end of the member respectively, and finally Ax
indicates indicates axial components.

Member Cd1 Cd2 Ca1 Ca2 Cp1 Cp2 AxCa1 AxCa2 AxCp1 AxCp2
1 0.80 0.80 1 1 1 1 0 0 0 0
2 0.80 0.80 1 1 1 1 1 1 0 0
3 0.80 0.80 1 1 1 1 1 1 0 0

Table 10.3: Hydrodynamic Coefficients.

10.3 Mooring System definition

Mooring systems allow floating structures to be used in deep waters where con-
ventional jacket foundations are economically prohibitive or technically challenging.
Same as the tower structure the mooring lines maintain the position and orientation
of the wind turbine [5]. Although this structure provides stiffness to the tower it
still allows for limited movement in all degrees of freedom, bringing new challenges
to the tower and platform design. The mooring system is defined in MoorDyn [26]
using three different kind of points:

• Fixed: For the software this nodes don’t move during the simulation and are
used in this case to mark the location of the mooring line anchors.

• Connect: These nodes are used to connect two or more mooring lines.
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• Vessel: The movement of this nodes is defined by the movement of the tower
structure, and serve as interface with the other modules.

For this model three mooring lines spaced by 120 °where used, each line connects
to two out of three anchor points in the vessel as show in figure 10.4, this is done to
provide stability in the yaw degree of freedom. The coordinates of each point and the
chain properties are show in table 10.4 where the origin of coordinates corresponds
to the center of the platform and MSL.

Figure 10.4: Mooring System Layout

Node Type X(m) Y(m) Z(m)
1 Fixed -850.0 0 -250
2 Connect -46.36 0.0 -105.66
3 Fixed 425 -736.12 -250
4 Connect 23.18 -40.15 -105.66
5 Fixed 425 736.12 -250
6 Connect 23.18 -40.15 105.66
7 Vessel -3.90 6.76 -80.00
8 Vessel -3.90 -6.76 -80.00
9 Vessel 7.80 0.0 -80.00

Table 10.4: Nodes used for the definition of the mooring lines in MoorDyn
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Line Connected Nodes Length(m) Diameter (m) Stiffnes (KN) Mass (Kg/m)
1 1-2 827.5 0.160 2304000 561.25
2 2-7 50 0.160 2304000 561.25
3 2-8 50 0.160 2304000 561.25
4 3-4 827.5 0.160 2304000 561.25
5 4-8 50 0.160 2304000 561.25
6 4-9 50 0.160 2304000 561.25
7 5-6 827.5 0.160 2304000 561.25
8 6-7 50 0.160 2304000 561.25
9 6-9 50 0.160 2304000 561.25

Table 10.5: Mooring Lines and Properties

10.4 Control System Definition

For the control system a version of the DTU wind controller [27] was used as a refer-
ence. Since the original controller was created for a bottom fixed wind turbine two
versions of this system had to be developed for the studies performed by LIFES50+
one tuned for the Nautilus [20] and other for the OO-Star Wind Floater [30] struc-
tures, the modified parameters affect the pitch control during full load operation
and are shown in table 10.6. To study the behaviour of the Windcrete tower using
these control systems a step wind simulation was done for each one, considering a
stepped steady wind from cut in to cut out speed and no waves . In figures 11.1 and
10.6 it can be observed that the control system developed for the nautilus is better
suited for use with the Windcrete OFWT.

OO Nautilus
Parameter Units Value Value
Proportional gain of pitch con-
troller

[rad/(rad/s)] 0.192201 0.208004

Integral gain of pitch controller [rad/rad] 0.008798 0.041415
Differential gain of pitch con-
troller

[rad/(rad/s2 )] 0.0 0.0

Proportional power error gain [rad/W] 0.4x10−8 0.4x10−8

Integral power error gain [rad/(Ws)] 0.4x10−8 0.4x10−8

Coefficient of linear term in aero-
dynamic gain scheduling, KK1

[deg] 298.32888 5.498310

Coefficient of quadratic term
in aerodynamic gain scheduling,
KK2

[deg2 ] 693.22213 386.005941

Relative speed for double nonlin-
ear gain

[-] 1.3 1.3

Table 10.6: Control system parameters for the Nautilus and Olav-Olsen Concepts.

The focus of the step wind simulation in the pitch comes from the fact that this
degree of freedom is the more complicated to manage for these kind of turbines.
The platform pitch motion of a OFWT introduces additional relative wind speed to
the rotor known platform-pitch-induced (PPI) wind shear effect, which distributes
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Figure 10.5: Step Wind Simulations for the Nautilus and Olav-Olsen concepts using
their respective control systems.

Figure 10.6: Step Wind Simulation of the Windcrete Concept using the control
systems developed for the Nautilus and Olav-Olsen

linearly along the vertical axis [38]. Also, since the foundation of the turbine is less
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rigid the natural frequencies of the structure are significantly lower, this leads to an
unfavorable coupling between FOWT motion and the pitch control of the turbine
and might produce as a result negative damping in this degree of freedom [24].

10.4.1 Tuning of the control system

During preliminary simulations of the model it was noticed that the accelerations
in the nacelle where outside the permitted range for some of the design load cases,
since the control system used for this simulations was not tuned specifically for
the Windcrete concept it was decided that the control system parameters would be
optimized for it.

For both the Nautilus and the Olav-Olsen concepts the pole-placement method
[12] was used to tune the proportional-integral (PI) controller. Nevertheless other
works have used differential evolution to perform optimizations on this system
[29][34]. Since differential evolution is a direct search optimization method it can
take into account all the specific characteristics of the tower, it was considered that
this was specially convenient for a problem with so many variables as this one.

10.4.2 Differential Evolution

Differential evolution is a direct search method published in 1997 by Rainer Storn
and Keneth Price [32], this means that the algorithm generates solutions a then
evaluates their fitness trough a cost function that is defined for each problem.

The algorithm generates populations of vectors with different values for the vari-
ables of interest for the problem inside a previously defined range. The vectors are
then recombined, evaluated and selected imitating the natural selection process, so
the selected vectors that would continue on to the next generation are the better
adapted for the problem environment. This process consist of four phases: initial-
ization, mutation crossover and selection.

In the initialization phase the algorithm generates a population of Np vectors of
D dimensions. Each parameter of the vector is a real number confined between an
upper (Lu) and a lower limit (Lb) defined for each variable. The algorithm generates
each vector using the equation 10.11 where i = 1, 2, ..., Np−1 and j = 1, 2, ..., D−1.
The code uses randj(0, 1) as a tool to generate a random number between zero and
one, this will provide a uniform distribution of the vector values inside the defined
range.

~xi,j = randj(0, 1)(Lui,j − Lbi,j) + Lbi,j (10.11)

The vectors generated during the initialization phase are then considered ob-
jective vectors during the mutation phase. Three vectors from the population are
selected, each component of a base vector (r0) and two donor ones (r1) and (r2),
these are combined using equation 10.12 to produce a mutant vector. The value F
of the equation defines the degree in which the donor vectors will affect the base
one, its value is always positive and is most cases between 0 and 1.

vi = xr0 + F (xr1 − xr2) (10.12)

The objective and mutant vectors (~v) are then combined during the crossover
phase to produce a test vector (~u), for this operation the algorithm employs a
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crossover probability parameter (Cr) previously defined by the user with a value
between zero and one. The testing vector (~u) is then constructed by generating a
randj(0, 1) for each parameter of the vector and the comparing it with the Cr value,
if the resulting value is higher than (Cr) the code will use the vector component
from the objective vector, on the contrary it will use the parameter from the mutant
vector.

When the population of test vectors is completed both the test and objective
vector are evaluated using the user defined cost function, the objective of the algo-
rithm is to reduce this function so if the new test vector is fitter than the objective
one it will become a part of the new generations population, in this it not the case
the objective vector will be used instead.

The phases of mutation, crossover and selection are then repeated until the de-
fined number of generations is reached or the desired cost function value is achieved.

10.4.3 Definition of the parameters for the optimization

The first step for the definition of the differential evolution procedure is to determine
which is the objective of the optimization, this will then shape the cost function. As
mentioned before, during preliminary testing it was observed that the accelerations
in the nacelle were above the permitted parameters for this variable under certain
climatic conditions, these are more specifically the conditions from the design load
case 1.6 using the West of Barra met-ocean conditions, therefore the optimization
process will focus this value.

On the other hand, its also desirable to maintain the parts of the control system
that already work, for this reason a benchmark or reference point is also needed;
simulations at the beginning and end of the full load region wind speeds where
used to evaluate if the new solution is also valid for moderate conditions. The tree
simulation conditions are summarized in table 10.7.

Case Wind Conditions Hs Tp
Benchmark Case 1 14m/s - Steady No waves No waves
Benchmark Case 2 19m/s - Steady No waves No waves

Critical Case 14m/s - ETM 15.6m 15.2s

Table 10.7: Study cases for the differential evolution optimization

The algorithm will then carry on thee three simulations for each vector of each
generation, its easy to see that this method will require a considerable amount of
computational power so its imperative to reduce the size of the problem as much as
possible. With this in mind, only four values of the control system will be manipu-
lated during this procedure, the range and function of this values are presented in
table 10.8.

For the cost function we are interested in the following aspects of the problem:

• Reduce the accelerations in the nacelle in the identified critical case bellow
2.8m/s2.

• Guarantee that that the motions of the turbine are bellow the maximum values
for all three cases.
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Parameter Lower Value Higher Value
Proportional gain of pitch con-
troller.

0 0.8

Integral gain of pitch controller. 0 0.1
Coefficient of linear term in aero-
dynamic gain scheduling, KK1.

0 30

Coefficient of quadratic term
in aerodynamic gain scheduling,
KK2.

0 700

Table 10.8: Range for the differential evolution parameter

• Guarantee that the motions of the turbine are converging to an acceptable
value.

• The algorithm must be able to recognize a failed FAST simulation and discard
the resulting values.

We focused the study in the pitch motions of the tower and the nacelle acceler-
ations in the x axis, in the cost function the first peak of the pitch motion is called
Po, the last one Pe and the one with highest absolute value P . Considering these
guidelines the cost function is defined by the following equations:

• For the first benchmark one:

Fcosta =

{
P >= 4 P × 1010

P < 4 P × 106
(10.13)

Fcostb =

{
Po >= Pe 1 × 1020

Po < Pe 0
(10.14)

• For the first benchmark case two:

Fcostc =

{
P >= 3.5 P × 1010

P < 3.5 P × 106
(10.15)

Fcostd =

{
Po >= Pe 1 × 1020

Po < Pe 0
(10.16)

• Critical case, where Ana is the absolute value of the maximum acceleration
registered:

Fcostd =

{
P >= 5.5 P × 1010

P < 5.5 P × 106
(10.17)

Fcoste =

{
Po >= Pe 1 × 1020

Po < Pe 0
(10.18)
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Fcostf =

{
Ana > 2.8 1 × 1020

Ana <= 2.8 Ana × 107
(10.19)

The final cost function can be defined as:

Fcost =
Fcosta + Fcostc + Fcostd

2
+ Fcostb + Fcoste + Fcostf (10.20)

The cost function is defined in this way to give priority to the reduction of the
accelerations in the nacelle, this is why is Ana multiplied by a higher order of mag-
nitude than the maximum values of the motions; in the same way, the sum of all the
cost function elements related to the motions of the FOWT are divided by 2 to en-
sure that the total value is one order of magnitude bellow the cost function elements
defined for the nacelle accelerations. If the FAST simulation is not completed or any
of the acceleration or motion values exceeds the limits established before, the cost
function will dramatically increase in value so the solution is instantly discarded.

Using this function and the parameters and ranges stated before, the simulation
was carried out with ten generations with a population of 75 individuals and a value
to reach of zero in the cost function.

10.5 Overall Structure Properties

The general characteristics of the structures as a whole are also significant to the
tower design and are presented in table 10.9. The natural frequencies where obtained
trough FAST simulations with no wind or waves and a initial perturbation in the
studied degree of freedom, these are shown in figure 10.7.

Property Unit Value
Weight* [Kg] 25376635.63

Center of mass in the z axis* [m] -92.84
Inertia* [Kgm2] 78277134073.28

Heave natural frequency [Hz] 0.0308
Pitch natural frequency [Hz] 0.0256
Roll natural frequency [Hz] 0.0257

Table 10.9: Overall Structure Characteristics. *Values without considering the rotor
nacelle assembly.
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Figure 10.7: Free Decay Response
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Chapter 11

Results

11.1 Control System definition

After 10 generations, the differential evolution algorithm wasn’t able to reach the
desired acceleration values; also the best value was reached in the third generation.
Nevertheless, it was able to reduce the maximum acceleration significantly so the
resulting values were used in the rest of the study, these values are presented in
table 11.1. The behaviour of the Windcrete concept under the conditions used
in the differential evolution algorithm with both control systems are presented in
figures 11.2 and 11.1. The maximum pitch and acceleration values produced using
both the Nautilus and the tuned controlled system are shown in table 11.2.

Parameter Value
Proportional gain of pitch con-
troller.

0.71

Integral gain of pitch controller. 0.069
Coefficient of linear term in aero-
dynamic gain scheduling, KK1.

27.61

Coefficient of quadratic term
in aerodynamic gain scheduling,
KK2.

100.336

Table 11.1: Resulting Control System Parameters
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Parameter Value with Nau-
tilus Control

Value with
Tuned Control

Pitch @ 14m/s steady wind with
no waves.

2.85° 3.61°

Pitch @ 19m/s steady wind with
no waves.

2.55° 2.55

Pitch @ 19m/s NTM wind with
waves.

5.12° 4.9

Accx @ 14m/s steady wind with
no waves.

0.0538m/s2 0.1138m/s2

Accx @ 19m/s steady wind with
no waves.

0.086m/s2 0.075m/s2

Accx @ 14m/s NTM wind with
waves.

3.52m/s2 3.11m/s2

Table 11.2: Maximum values for each control system
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(a) 14 m/s Steady Wind and No Waves.

(b) 19 m/s Steady Wind and No Waves.

(c) 14 m/s NTM Wind, Hs=15.6m Tp=15.2s

Figure 11.1: Behaviour Under the Nautilus Control System.
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(a) 14 m/s Steady Wind and No Waves.

(b) 19 m/s Steady Wind and No Waves.

(c) 14 m/s NTM Wind, Hs=15.6m Tp=15.2s

Figure 11.2: Behaviour Under the Tuned Control System.
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11.2 Motion of the FOWT Using the Site A Meto-

cean Conditions

For each design load case, the maximum values of motion and acceleration in the
nacelle reached during the simulations are presented in tables 11.3 trough 11.7. In
the same way, for each DLC, the cases with higher pitch and acceleration in the
nacelle are shown in greater detail in figures 11.3 trough 11.7. Only the wind speed
(u) is presented in the tables, nevertheless the specific wave height and peak period
can be consulted in chapter 8. All simulations are 200s longer than the time required
by the IEC, this time was used to eliminate the transient behaviour of the tower at
the beginning of the simulation and wont be presented in any figure.
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Ptfm Pitch Ptfm Roll Ptfm Heave Ptfm Surge Acceleration x Acceleration y Time
Parameter Conditions [°] [°] [m] [m] [m/s2] [m/s2] [s]
Ptfm Pitch u = 12m/s 6.9 0.41 -0.24 11.22 -0.81 -0.01 86.7
Ptfm Roll u = 24m/s 0.17 0.85 0.0397 1.41 1.03 0.0486 113.35

Ptfm Heave u = 24m/s 1.75 0.44 -2.32 3.73 0.1878 0.0553 148.65
Ptfm Surge u = 14m/s 6.42 0.366 -0.786 12.43 -0.733 0.0189 45.4

Acceleration x u = 24m/s 4.29 -0.1474 -0.73 9.16 -3.23 -0.077 18.6
Acceleration y u = 24m/s 0.71 0.50 -0.646 1.75 0.54 0.317 483.5

Avg. 10min Ptfm Pitch u = 12m/s 3.59 - - - - - -

Table 11.3: Maximum Values for the DLC 1.1 using West of Barra Conditions

Ptfm Pitch Ptfm Roll Ptfm Heave Ptfm Surge Acceleration x Acceleration y Time
Parameter Conditions [°] [°] [m] [m] [m/s2] [m/s2] [s]
Ptfm Pitch u = 12m/s 6.95 0.45 -0.0163 11.55 -1.131 0.024 89.55
Ptfm Roll u = 24m/s -0.26 0.89 -0.249 1.85 -0.2734 -0.0148 33.9

Ptfm Heave u = 25m/s 1.67 0.39 -2.08 3.63 -0.301 0.123 585.375
Ptfm Surge u = 12m/s 6.73 0.338 -0.9658 12.58 -0.467 0.0472 44.4

Acceleration x u = 24m/s -0.43 0.56 0.1845 -1.3525 2.845 0.0155 439
Acceleration y u = 24m/s 2.47 -0.13 -0.68 4.35 0.0383 -0.3544 20.6

Avg. 10min Ptfm Pitch u = 12m/s 3.6 - - - - - -

Table 11.4: Maximum Values for the DLC 1.3 using West of Barra Conditions



Ptfm Pitch Ptfm Roll Ptfm Heave Ptfm Surge Acceleration x Acceleration y Time
Parameter Conditions [°] [°] [m] [m] [m/s2] [m/s2] [s]
Ptfm Pitch u = 12m/s 8.86 0.01 17.51 -1.27 -2.74 -0.023 32.2
Ptfm Roll u = 25m/s 0.8166 0.87 -0.481 1.43 1.19 0.036 1475.6

Ptfm Heave u = 18m/s 1.75 0.21 -4.52 4.40 -0.633 0.028 420.75
Ptfm Surge u = 12m/s 8.86 0.013 -1.3620 17.51 -2.76 -0.031 32.3

Acceleration x u = 24m/s -2.37 0.2816 -0.87 -7.61 5.02 -0.0665 1894.5
Acceleration y u = 8m/s 0.99 0.498 0.30 2.48 -0.45 0.46 100.6

Avg. 10min Ptfm Pitch u = 12m/s 3.21 - - - - - -

Table 11.5: Maximum Values for the DLC 1.6 using West of Barra Conditions

Ptfm Pitch Ptfm Roll Ptfm Heave Ptfm Surge Acceleration x Acceleration y Time
Parameter Conditions [°] [°] [m] [m] [m/s2] [m/s2] [s]
Ptfm Pitch u = 12m/s 6.1 0.916 -0.268 9.26 -0.628 -0.0311 0
Ptfm Roll u = 12m/s 2.54 0.4824 -0.85 4347 -0.305 0.025 11.15

Ptfm Heave u = 12m/s -1.43 0.0945 -1.73 -2.63 -0.15 -0.0327 190.65
Ptfm Surge u = 12m/s 6.1 0.916 -0.268 9.26 -0.628 -0.0311 0

Acceleration x u = 22m/s 1.78 0.0347 -0.5611 4.72 -2.87 0 350.95
Acceleration y u = 12m/s -3.91 0.106 -4.1978 -0.088 0.225 -0.518 21.3

Avg. 10min Ptfm Pitch u = 22m/s 0.076 - - - - - -

Table 11.6: Maximum Values for the DLC 2.1 using West of Barra Conditions



Ptfm Pitch Ptfm Roll Ptfm Heave Ptfm Surge Acceleration x Acceleration y Time
Parameter Conditions [°] [°] [m] [m] [m/s2] [m/s2] [s]
Ptfm Pitch u = 50m/s 5.13 0.19 0.67 9.01 -0.580 -0.03 6.3
Ptfm Roll u = 50m/s 0.635 1.079 -1.49 1.29 0.40 0.084 1978.6

Ptfm Heave u = 50m/s 0.35 -0.406 3.96 0.56 0.25 -0.1633 204.1
Ptfm Surge u = 50m/s 4.96 -0.204 -0.0508 11.82 -2.42 -0.02 231.075

Acceleration x u = 50m/s -3.27 -0.0587 -0.8825 -8.7748 4.20 -0.063 803.7
Acceleration y u = 50m/s -0.0879 0.244 0.1755 -0.364 1.346 0.427 959.1

Avg. 10min Ptfm Pitch u = 50m/s 0.076 - - - - - -

Table 11.7: Maximum Values for the DLC 6.1 using West of Barra Conditions



(a) Maximum Platform Pitch in the DLC 1.1

(b) Maximum Nacelle Acceleration in the DLC 1.1

Figure 11.3: FOWT Predominant motions in the DLC 1.1
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(a) Maximum Platform Pitch in the DLC 1.3

(b) Maximum Nacelle Acceleration in the DLC 1.3

Figure 11.4: FOWT Predominant motions in the DLC 1.3 using West of Barra
Conditions.
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(a) Maximum Platform Pitch in the DLC 1.6

(b) Maximum Nacelle Acceleration in the DLC 1.6

Figure 11.5: FOWT Predominant motions in the DLC 1.6 using West of Barra
Conditions.
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(a) Maximum Platform Pitch in the DLC 2.1

(b) Maximum Nacelle Acceleration in the DLC 2.1

Figure 11.6: FOWT Predominant motions in the DLC 2.1 using West of Barra
Conditions.
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(a) Maximum Platform Pitch in the DLC 6.1

(b) Maximum Nacelle Acceleration in the DLC 6.1

Figure 11.7: FOWT Predominant motions in the DLC 6.1 using West of Barra
Conditions.
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11.3 Motion of the FOWT Using the Site B Meto-

cean Conditions

For each design load case, the maximum values of motion and acceleration in the
nacelle reached during the simulations are presented in tables 11.8 trough 11.12. In
the same way, for each DLC, the cases with higher pitch and acceleration in the
nacelle are shown in greater detail in figures 11.8 trough 11.12. Only the wind speed
(u) is presented in the tables, nevertheless the specific wave height and peak period
can be consulted in chapter 8. All simulations are 200s longer than the time required
by the IEC, this time was used to eliminate the transient behaviour of the tower at
the beginning of the simulation and wont be presented in any figure.
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Ptfm Pitch Ptfm Roll Ptfm Heave Ptfm Surge Acceleration x Acceleration y Time
Parameter Conditions [°] [°] [m] [m] [m/s2] [m/s2] [s]
Ptfm Pitch u = 12m/s 4.94 0.12 -0.377 9.21 -0.44 0.023 484.7
Ptfm Roll u = 24m/s 1.22 0.72 -0.157 2.56 0.0499 -0.156 478.75

Ptfm Heave u = 12m/s 4.04 0.21 -1.04 10.06 0.20 0.01 170.3
Ptfm Surge u = 12m/s 4.36 0.17 0.31 10.41 -0.68 0.017 445.45

Acceleration x u = 4m/s 0.411 0.01 -0.388 1.14 1.13 -0.01 336
Acceleration y u = 24m/s 1.084 0.405 -0.0057 2.41 0.264 0.299 282.7

Avg. 10min Ptfm Pitch u = 12m/s 3.28 - - - - - -

Table 11.8: Maximum Values for the DLC 1.1 using Gran Canaria Conditions

Ptfm Pitch Ptfm Roll Ptfm Heave Ptfm Surge Acceleration x Acceleration y Time
Parameter Conditions [°] [°] [m] [m] [m/s2] [m/s2] [s]
Ptfm Pitch u = 12m/s 5 0.095 -0.5018 9.62 -0.31 -0.001 488.35
Ptfm Roll u = 25m/s 1.147 0.73 -0.12 2.42 -0.03 0.061 478.7

Ptfm Heave u = 12m/s 4.13 0.198 -1.0442 10.14 -0.25 0.0046 169.55
Ptfm Surge u = 12m/s 4.37 0.1731 -0.3301 10.3655 -0.19 0.018 444.9

Acceleration x u = 20m/s 1.52 0.39 -0.49 3.04 -1.1103 0.086 199.55
Acceleration y u = 24m/s 0.956 0.6213 -0.26 2.92 -0.0755 0.29 111.775

Avg. 10min Ptfm Pitch u = 12m/s 3.29 - - - - - -

Table 11.9: Maximum Values for the DLC 1.3 using Gran Canaria Conditions



Ptfm Pitch Ptfm Roll Ptfm Heave Ptfm Surge Acceleration x Acceleration y Time
Parameter Conditions [°] [°] [m] [m] [m/s2] [m/s2] [s]
Ptfm Pitch u = 12m/s 5.403 0.134 -0.6031 10.64 -0.63 0 1467.4
Ptfm Roll u = 25m/s 1.25 0.90 -0.096 3.23 -0.2128 0.02 677.13

Ptfm Heave u = 12m/s 4.50 0. -1.47 11.51 -0.27 0.002 38.05
Ptfm Surge u = 12m/s 4.72 0.13 -1.00 12.22 -1.50 0.053 39.8

Acceleration x u = 18m/s 2.83 0.25 -0.49 5.82 -2.20 -0.06 3214.3
Acceleration y u = 25m/s 1.51 0.46 0.023 3.02 0.421 0.456 1712

Avg. 10min Ptfm Pitch u = 12m/s 3.25 - - - - - -

Table 11.10: Maximum Values for the DLC 1.6 using Gran Canaria Conditions

Ptfm Pitch Ptfm Roll Ptfm Heave Ptfm Surge Acceleration x Acceleration y Time
Parameter Conditions [°] [°] [m] [m] [m/s2] [m/s2] [s]
Ptfm Pitch u = 12m/s 4.3 0.09 -1.062 4.95 -0.23 0.0035 44.3
Ptfm Roll u = 12m/s -0.12 0.57 -0.42 -0.089 0.069 0.10 25

Ptfm Heave u = 22m/s -1.40 -0.095 -1.73 -2.54 -0.256 -0.025 190.6
Ptfm Surge u = 12m/s 6.1 0.0916 -0.268 9.265 -0.6284 -0.031 0

Acceleration x u = 22m/s 1.78 0.0347 -0.561 4.727 -2.872 0 350.95
Acceleration y -3.91 0.106 -0.088 -4.198 0.226 0.2255 -0.518 21.3

Avg. 10min Ptfm Pitch u = 22m/s 0.0766 - - - - - -

Table 11.11: Maximum Values for the DLC 2.1 using Gran Canaria Conditions



Ptfm Pitch Ptfm Roll Ptfm Heave Ptfm Surge Acceleration x Acceleration y Time
Parameter Conditions [°] [°] [m] [m] [m/s2] [m/s2] [s]
Ptfm Pitch u = 41.2m/s 3.56 -0.2264 0.023 4.82 0.012 -0.0464 3.775
Ptfm Roll u = 41.2m/s 0.5235 -1.95 0.33 1.19 0.193 -0.083 2037.3

Ptfm Heave u = 41.2m/s -1.64 0.126 -1.25 -1.66 0.115 0.0264 102.45
Ptfm Surge u = 41.2m/s 3.33 -0.11 -0.1645 5.4176 -0.6709 0.01 39.6

Acceleration x u = 41.2m/s 1.56 -0.4847 0.53 2.90 -2.43 -0.131 280.925
Acceleration y u = 41.2m/s 0.2268 1.1067 -0.1688 0.612 0.693 0.2969 2935.5

Avg. 10min Ptfm Pitch u = 41.2m/s 0.309 - - - - - -

Table 11.12: Maximum Values for the DLC 6.1 using Gran Canaria Conditions



(a) Maximum Platform Pitch in the DLC 1.1

(b) Maximum Nacelle Acceleration in the DLC 1.1

Figure 11.8: FOWT Predominant motions in the DLC 1.1 using Gran Canaria
Conditions.
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(a) Maximum Platform Pitch in the DLC 1.3

(b) Maximum Nacelle Acceleration in the DLC 1.3

Figure 11.9: FOWT Predominant motions in the DLC 1.3 using Gran Canaria
Conditions.
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(a) Maximum Platform Pitch in the DLC 1.6

(b) Maximum Nacelle Acceleration in the DLC 1.6

Figure 11.10: FOWT Predominant motions in the DLC 1.6 using Gran Canaria
Conditions.
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(a) Maximum Platform Pitch in the DLC 2.1

(b) Maximum Nacelle Acceleration in the DLC 2.1

Figure 11.11: FOWT Predominant motions in the DLC 2.1 using Gran Canaria
Conditions.

64



(a) Maximum Platform Pitch in the DLC 6.1

(b) Maximum Nacelle Acceleration in the DLC 6.1

Figure 11.12: FOWT Predominant motions in the DLC 6.1 using Gran Canaria
Conditions.
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Chapter 12

Analysis

For the control system tuning, the acceleration in the nacelle was reduced in a
13.18% while the other control values remained inside the range defined in table
4.2. While this can be considered an improvement in the tower response, the nacelle
acceleration it is still above said limits (2.8m/s2). On the other hand, we can see
that for the case of the 14m/s wind speed and no waves the response of the structure
using the tuned control system, while adequate, had higher deviations in the pitch
degree of freedom. This is not a problem for the structure, but it still shows that a
wide variety of climatic conditions, have to be verified while performing this method
to avoid generating new issues in other sectors of the operational range.

The simulations performed in both sites showed other climatic conditions in
which the structure wasn’t able to perform within the established values. Without
performing another simulation with said conditions ad the Nautilus control system,
the influence of the tuned control system in the motion of the tower is uncertain,
however, it shows that a wider evaluation of the tower behaviour before performing
the optimization process could help get better results. Finally, its important to pay
attention to the convergence of the method; the final value of the cost function was
reached within just three generations, so certainly, performing a longer optimization
process (i.e. with more generations) wouldn’t really affect the final result. Therefore
we could attribute the failure of the differential evolution process to one of two
factors.

First we have to consider that the behaviour of the OFWT is not defined by
the control system alone, many other factors like for example the position of the
center of mass in relation to the center of buoyancy have a considerable effect in
the stability of the structure. Therefore, it is possible that no better result could
have been reached without modifying structural characteristics of the FOWT or
considering a wider set of variables of the tuning system.

Secondly, since there are many factors affecting the behaviour of the tower its
very likely that the solution space is a multi-modal one, meaning that it have multiple
local optimum values (shown in figure 12.1). In this case, algorithm might converge
to a local optimum that is not actually the most efficient solution.

Under the metocean conditions of West of Barra the maximum values of deviation
in the pitch degree of freedom were surpassed in all design load cases except for the
DLC 6.1, however, it can also be appreciated in tables 11.3 trough 11.7 that the
peak values are reached between the first seconds of the simulation (after the first
200 seconds that were discarded); particularly in DLC 2.1 where the maximum pitch
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(a) Uni-Modal Objective Function (b) Multi-modal Objective Function

Figure 12.1: Objective Functions in a Differential Evolution Algorithm [32].

deviation value is reached even before the control system fault has occurred. This
indicates that the time dedicated to eliminate the influence of the transient state
might not have been long enough.

The case of the accelerations in the nacelle the maximum values are also sur-
passed in all cases, nevertheless, contrary to the pitch values, in this situation the
maximum accelerations occur further into the simulation time; for the DLCs 1.6 and
6.1 a clear relation between the occurrence of the highest waves and the pitch values
that exceed the established limits can be observed, discarding for this variable the
influence of the OFWT initial conditions. Its important to take into account that
the DLC 6.1 considering this site conditions was used to tune the control system,
nonetheless, higher wave elevation values appear in the hour long simulation that
where not considered in the short simulations used for the differential evolution al-
gorithms. Indicating that the range conditions used during the differential evolution
procedure was too narrow.

In the case of the simulations performed using he Gran Canaria climatic condi-
tions, the problems produced by the transient state of the OFWT are only evident
in the DLC 1.6 and 6.1 (figures 11.10 and 11.12), were a clear reduction of the
values at the beginning of the simulation can be observed. In this conditions the
structure was able to perform within the limits presented in table 4.2 except for the
accelerations in the nacelle in DLC 2.1, where the acceleration is barely above the
limit (2.5%)

67



Chapter 13

Conclusions

Even though the results of this simulation were not the most favorable, the insight
that comes from them is very valuable and will help in future iterations of the design
of the Windcrete FOWT. From this work we can observe clearly that the critical
variables in the structure motion are the pitch and the nacelle acceleration in the
x axis; in the same way, we were able to see how the control system is able to
affect the forces that are transmitted to the FOWT structure and therefore affect
its stability. Since the control system and the tower stability can be so intertwined,
it is important to define a proper control system for future studies of this concept.
From this study it is considered that differential evolution is still a very useful and
powerful method to find the correct characteristics of a proper control system and
even the tower structure; considering the experience of this work we can establish the
first steps for a next iteration of the differential evolution method of this problem.

Firstly, it was clear that a better synthesis of the critical climatic conditions of
the site was needed for the correct evaluation of the behaviour of the tower on the
site. Nonetheless, this conditions must be evaluated while taking into consideration
the increment of the computational time that this might produced.

Also, many of the problems observed in this work regarding the tower motions
could be inherent to the structure definition, so it would be useful to allow the
algorithm to modify some parameters of the structure in future iterations. In the
same way, the method was limited by the protocols defined in the control system,
for example, collective pitch blade control was used in this work since it was already
defined in the control system that was used as a template, nevertheless, individual
pitch blade could be a far better control strategy for FOWT [35]. On the other
hand, from the results of this study it can be concluded that the 10MW Windcrete
concept could operate properly under the moderate set of metocean conditions of
Gran Canaria, since only the acceleration in the nacelle surpassed the allowed limits
in DLC 2.1 and just by a 2.5%, also, it must be taken into account that during this
DLC the turbine is suffering a control system fault that forces the turbine to stop
its operation. On the contrary, for the case of the severe set of metocean condi-
tions the tower wouldn’t be able to operate within the limits established previously,
furthermore, the results from DLC 6.1, were the turbine is parked, show us that
independently of the control system used, the tower is not fit to operate under this
conditions. Overall, this work shows how simulation softwares like FAST and test-
ing like the one described in the 64100-3 procedures that were used for this study
are a big contributor to the design process of the FOWT, pointing out problematic
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features of the proposed concept and allowing developers to create and test new
solutions for them.
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