TRABAJO FIN DE MASTER
CURSO 2020-2021

INTELLIGENT CONTROL OF A VARIABLE SPEED
FLOATING WIND TURBINE

TRABAJO FIN DE MASTER Septiembre 2021

; ) Enrique Lopez Hinarejos
PARA LA OBTENCION DEL TITULO DE

MASTER EN INGENIERIA DE SISTEMAS Y
CONTROL Matilde Santos Penas

Directora del trabajo fin de mdster.







FACULTAD DE INFORMATICA

UNIVERSIDAD COMPLUTENSE DE MADRID
(CONJUNTO CON UNIVERSIDAD NACIONAL DE EDUCACION A DISTANCIA)

INTELLIGENT CONTROL OF A VARIABLE SPEED FLOATING WIND
TURBINE

TRABAJO FIN DE MASTER

TIPO-A: PROYECTO ESPECIFICO PROPUESTO POR UN PROFESOR

MASTER EN INGENERIA DE SISTEMAS Y CONTROL

AUTOR: ENRIQUE LOPEZ HINAREJOS
DIRECTORA: MATILDE SANTOS PENAS

CONVOCATORIA: SEPTIEMBRE 2021






Autorizacion

Autorizamos a la Universidad Complutense y a la UNED a difundir y utilizar con fines
académicos, no comerciales y mencionando expresamente a sus autores, tanto la memoria de este
Trabajo Fin de Master, como el codigo, la documentacién y/o el prototipo desarrollado.

Firmado: Enrique Lopez Hinarejos

Firma del alumno






DEDICATORIA

A mi tia Agus y abuela Agustina.






AGRADECIMIENTOS

A mi familia por todo el apoyo dado durante mi tiempo cursando el mdaster.

A Eduardo y Alberto por los consejos aportados siendo siempre una gran ayuda

y motivacion.

A Matilde por ensenarme tanto, a nivel académico y también personal.

VI






RESUMEN

La energia edlica se estd convirtiendo en una opcion real de energia renovable,
compitiendo con ofras fuentes de energia como los derivados del petrdleo, lo que se
puede constatar en el aumento de nuevos proyectos de parques edlicos en todo el
mundo. La energia edlica marina (offshore) presenta muchos beneficios en
comparacion de su contraparte en tierra, pero la estructura fija al fondo marino de estos
dispositivos hace que estén restringidas por la profundidad del agua, ya que las
construcciones de soporte deben instalarse en regiones costeras de aguas poco
profundas. Por lo tanto, como respuesta para paliar esta restriccion se han propuesto las
turbinas edlicas en estructuras flotantes, las llamadas turbinas edlicas flotantes marinas
(FOWT).

En este trabajo fin de mdaster, con el fin de mejorar el control de paso de pala de
una turbina edlica marina, se aplican métodos de control inteligente para ajustar los
pardmetros del controlador existente. El propdsito del control de cabeceo (dngulo de
ataque) es obtener la mdxima potencia, alcanzando su valor nominal, mientras se

reduce en lo posible la vibracion de la estructura flotante.

Para ello se ha simulado un modelo realista de un aerogenerador tipo barcaza
de 5 MW, implementado con el software especializado FAST; no sdlo se han considerado
las cargas de viento sino también de las olas. Se han propuesto varios soluciones de
control inteligente y los resultados de las propuestas hibridas inteligentes se han
comparado con un regulador Pl de ganancia programada integrado en el modelo
FAST. Aungue en términos de eficiencia los resultados son similares, la estrategia de
control difuso proporciona una accién de control mds suave, produciendo asi menos
vibraciones en la estructura flotante. Esto puede ayudar a reducir la fatiga de la furbina

edlica y prolongar su vida Util.
Palabras clave

Control inteligente, I6gica difusa, controlador Pl, viento, olas, fatiga, turbinas

edlicas flotantes, energia edlica.






ABSTRACT

Wind energy is turning intfo a real option of renewable energy in contrast to the
ordinary petroleum derivative sources, we can see that in the increase of new wind farm
projects around all the world. The offshore wind presents many benefits contrasted with
its onshore partner, but present bottom-fixed structure is restricted by the water depth
since the supporting constructions must be infroduced in shallow water waterfront
regions. Hence, an answer for defeat this restriction has been created by mounting the
wind turbines on floating structures, for example, the Floating Offshore Wind Turbines
(FOWT).

In this paper, in order to improve the pitch control of a FOWT, intelligent control
methods are applied to tune the parameters of the controller. The purpose of the pitch
control (angle of the blades) is to get the maximum power while reducing the vibration
of the floating structure. A realistic model of a 5 MW barge-type wind turbine,
implemented with the FAST software, has been simulated; not only wind but wave loads
have been also considered. The results of the inteligent hybrid controller have been
compared to a Pl regulator that the FAST model has embedded. Though in terms of
efficiency results are similar, the fuzzy control strategy gives a smoother control action,
thus producing less vibrations in the floating structure. This may help reduce the fatigue

of the wind turbine and increases its lifetime.
Keywords

Intelligent control, fuzzy logic, PID control, wind, waves, vibrations, floating wind

turbines, wind energy.
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1. Introduction

Outflows of ozone-depleting substances and the fatigue of fossil assets, as
explained in [1], have enlarged the direness of worries regarding a rise in earth-wide
temperature even as the necessity for making environmentally friendly power creation
decisions around the world. Thanks to supportive governmental policies applied in the
middle 70's, a great number of renewable energy sources, like hydro, solar and wind
energies, are steady taking up a big job on the planet's Total Primary Energy offer (TPES).
Particularly, this kind of energies have increased in the rank as the second biggest
supporter of worldwide in electric creation. The renewable energies represent the 27% of
world generation, just below gas (29.7%); behind renewable energies is coal (22.5%), then
comes the nuclear (18.1%) and finally the oil (1.8%), as indicated by the International

Energy Agency (IEA) [2].

Of allrenewable energies, the wind energy sector has encountered an incredible
development in the last years. Most of wind energy is introduced onshore. Nevertheless,
the increase of offshore wind energy has found its site in current development. In 1991 in
Denmark, it was the first country in the world where the first offshore wind farm was
installed, as a consequence an increase was found within the offshore wind energy limit
overall the whole world [3]. As we can see in Figurel-1, the largest giver is the UK, with
29% of all offshore wind energy, China ranks second with 28.12%, and third Germany with
21.96%.

The production of offshore wind energy has a large number of advantages over
regular onshore wind energy generation. For example, regions with the most efficient
wind quality are often reached to create wind power, therefore the offshore alternative
energy generation is higher due to the amount that can be installed; other advantage is
that it setftles the absence of accessible territory for brand spanking new interior wind
farms emplacements, decreasing the visual and clamour contamination for within reach
neighbourhoods, also it has minor ecologically effects in the woods even as on wild life
[4].
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Figure 1-1. Global cumulative offshore wind installations by end of 2020 [5].

The ocean is still an amazing area wherever, from the moment of inception, there
is an area suitable for offshore wind farms. Despite this, the current innovative responses
to develop offshore wind energy, as fixed-bottom wind turbines, which can be seen in
Figure 1-2 (left), are located in shallow water areas, at depths below 50-60 meters [6].
However, installing these turbines at depths greater than 30-40 meters is becoming less
and less profitable and entails more difficulties [7] [8]. This restriction basically reduces the
accessible offshore regions around the world for the installation of fixed-bottom wind
turbines. Therefore, as a solution to overcome this restriction could be to mount the
offshore wind turbine on a floating structure [?]. Some examples of Floating Offshore Wind
Turbines (FOWT) are shown in Figure 1-2 (right). This offers the opportunity to supply power
in deep water areas, which is especially attractive for coastal nations with strong ups and

downs.

In 1972, William E. Heronemos, a member of the University of Massachusetts, had
the first idea to mount a large wind turbine on top of a floating structure. Several
distributions appeared [10] [11] before the thought reappeared within the last part of the
90's by the wind business, what began doing the principal studies and moving the
purpose to universities in order to investigate it. Research in the floating offshore wind

turbines area was not completed until these last years because the wind market focused



on the development of fixed-bottom wind turbines in shallow water locations.
Nevertheless, a great number of institutions began to investigate in floating offshore wind
turbines, but it was not until 2007 when the first floating offshore wind turbine model was
set in the ocean in Italy coast. The developing of this investigation began the start of a
new stage for the offshore wind projects. From that time forward, more than twelve
offshore wind turbines all around the world have been tested, the great majority of them
were installed in the European Union, but also in Japan and USA. Some companies have
carried out these projects despite the fact that this innovative technology is in the early
stages of its development. Since 2018, Scotland has hosted the world's first operational

floating wind farm. Past, present, and not so distant future FOWT projects are examined

in Section 2.
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Figure 1-2. Representation of the main offshore wind turbines [1].

1.1 Motivation of this Final Master Project

As explained in [1], due to the reuse of current turbine technology on land, fixed-
bottom wind turbines are cheaper to build. The floating offshore wind turbines projects
of nowadays, nonetheless, requires an individualized design creation, assembly,

arrangement and establishment, including unique vessels and cranes for the
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establishment and towing, expanding every one of them to the last Levelised Cost Of
Energy [12]. When a large-scale manufacturing is achieved, and the manufacturing cost
is reduced, due to the arrival of a more advanced mechanical stage, according to
specialists, the floating offshore wind turbines innovation will take somewhere in the range
of ten or fifteen years to develop and have the option to contend with the other as of
now accessible wellsprings of power. It is anticipated that the need of electricity is going
to increment due to the growth of population [13], incrementing electricity costs and,
thus, making the floating offshore wind turbines innovation more serious. The political
responsibilities and arrangements will likewise help in such manner, because of the

worldwide worries about the requirement for decarbonisation.

The placement of the floating offshore wind turbines presents a hydrodynamic
solidity which makes it inflexible at the base of the pinnacle, which is lower than in fixed
wind turbines. During the operation of the turbine, the reliability of the structure can be
affected by the coupling produced by the control of the turbine and how it affects the
platform [14], energizing movements of the platform [15] [16], commonly known as
"impact of negative damping of the platform" [17]. This behaviour of the turbine causes
the floating offshore wind tfurbines to oscillate even more causing damage to its
mechanical structure [18], causing its useful life to drastically decrease. We can solve this
problem by solving the mechanical part, with a large and heavy floating platform. In this
way, it is more difficult to assemble a platform with higher hydrostatic stiffness [12], but a
platform with low hydrostatic stability can affect the performance of the floating offshore

wind turbines. [19].

Therefore, the motivation for this work is to investigate the relation between the
blade conftrol of the floating offshore wind turbines and the vibration of the entire
structure. This poses extraordinary difficulties for the advancement of control calculations
ready to further develop the framework execution, limiting the underlying burdens
delivered by waves and wind, and giving stable activity in seaward conditions. Improving
this type of control in floating offshore wind turbines will give us a reduction in the stress
suffered by the mechanical parts of the structure, lengthening their useful life, also
avoiding spare parts for mechanical parts that are very expensive, and an improvement

in how the energy is delivered improving the quality in its useful life fime. With this we try



to increase productivity in the development of floating offshore wind turbines, helping to

avoid pollution through the use of clean energy.

1.2 Objetives

As mentioned in [20], the general objective of the control of floating turbines is to
achieve that the real power obtained is the closest possible to the maximum extractable
power, for any wind regime [21] [22]. The operating regime of a wind turbine and,

therefore, the control depends on the wind speed:

e Connection speed: it is the minimum wind speed required for the rotor to start

rotating. Below this value, no power is generated. It is normally around ~ 3-4 m / s.

¢ Nominal speed: it is the wind speed for which the power limit imposed by the
generator is reached. From this value the power obtained is limited by a constant
value in order to maintain the maximum possible power production without

damaging the generator/electrical system. This speed is around ~ 11-17m / s.

o Cutting speed: it is the one for which the loads produced in the blades would
damage the mechanical system, that is, it is the maximum speed at which power

can be generated safely, around ~25m /s.

These three wind speed values strongly depend on the turbine, mainly on its size.
They determine various operating ranges of the FOWT system as we can see in Figure 1-
3.
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Figure 1-3. Operating regions of wind turbine depending on wind speed [23].

(i) Wind speed region in which the turbine remains stopped. There is no power

generation.

(i) Region of wind speed in which the turbine begins to rotate with speed w. The
conftrol objective in this case is to obtain the maximum possible power by manipulating

the angular velocity of the rotor.

(i) Once a nominal value of the wind is reached, the power must remain constant,
in a stable state. In this speed range, if the angular velocity of the rotor is increased, the
generated power would increase, and the electrical system could saturate when
reaching its maximum capacity, which could damage the electrical system and create
loads on the rotor blades. Therefore, the rotor forque cannot be used as a control
method and it is necessary to keep the power magnitude at a constant nominal value.
Therefore, in this case, the control system modifies the angle of attack of the rotor blades

to maintain constant power levels (pitch conftrol).

(iv) For wind speeds higher than the cutting speed, to avoid damaging the turbine,
the angle of attack of the rotor blades is reduced until the blade is positioned parallel to
the incident wind (angle of attack 0°). The turbine stops rotating and the power

production is zero.



The objective of this work is to control the blade pitch angle of the turbine inregion
Il reducing, if possible, the vibrations of the entire floating structure, applying classic and

intelligent confrol methodologies.

1.3 Work plan: Specific Objetives

In order to obtain the objectives mentioned before, we have divided the work in

the following steps.

- Learning how to use the software FAST (Fatigue, Aerodynamics, Structures, and
Turbulence), developed by NREL, USA, in combination with Matlab/Simulink, in

order to simulate floating wind turbines and implement control strategies.

- Obtain same results as the control used in FAST using Matlab and Simulink. The

results shall be the same with a constant wind speed and no waves.

- Improve FAST conftrol using classic control strategies, using the same constant

wind speed and no waves.

- Improve FAST control using intelligent control strategies, like adaptive fuzzy
tunning of Pl control, genetic algorithms tunning of Pl control, and fuzzy control

using the same constant wind speed and no waves.

- Improve FAST control using all methodologies mentioned before, including real

wind in order to reduce platform oscillations.

- Improve FAST control using all methodologies mentioned before, including real

wind and real waves to reduce structure vibrations.

1.4 Structure of the Final Master Project

In chapter 1, the infroduction and motivation of the work here presented have

been described. The main objectives are drawn.

Chapter 2 is devoted to explaining the benefits of offshore wind turbine and the
simulation programs used to develop this fechnology. Also, all types of control used are

described.



In chapter 3 itis described how a wind turbine works and the control method used

to regulate it, as well as an explanation of how wind and waves are simulated.
Chapter 4 is dedicated to show the intelligent control methods used in this work.
In Chapter 5 we discuss the results of all scenarios presented.
Conclusions and future works are presented in Chapter 6.

In the annexes at the end of the report the code developed in Matlab is included.



2. State of art

According to [24], in recent times, environmental concerns have been growing.
Due to this more emphasis has been put on the development of renewable energies,
such as hydroelectric, solar, biological, tidal and wind, which do not produce gases
green-house effect. Among all these energies, wind power has been the one that has
developed the most due to its progress and great capacity to generate energy. Wind
energy works by converting the kinetic energy produced by the wind to mechanical

energy, which then it is transformed into electrical energy.

Although the world capacity of installed wind turbines has grown and there are
forecasts of even a greater growth [5], the cost of wind energy compared to other
sources is still very high, due to the high cost of starting these projects, accompanied by

high production costs.

Another challenge of collecting energy through wind is to reduce both
maintenance and operating costs, placing more emphasis on offshore wind turbines,
since many resources must be invested to access them. One method to reduce these
costs is to carry out appropriate control strategies, as well as to monitor the structure of

marine turbines.

The utilities companies dedicated to the manufacture of wind turbines, design the
turbines with three blades due to the advantages that can be seen in [25] [26]. Some of
these advantages are that they improve the efficiency by capturing energy; another
advantage is to place the entire rotor at the top of the tower to be able to catch higher

wind speeds.

2.1 Software used

In general, wind turbines are non-linear systems and the wind they receive varies
both in magnitude and speed [25]. It is very difficult to develop a mathematical model
that is capable of representing all the dynamics of a wind turbine due to these non-
linearities. Also due to the nature of the wind and its random behaviour, it is even more

complicated to develop this model. However, using efficient confrol methods may



compensate the unmodeled dynamics for a wind turbine. In recent years, several
simulation tools have been developed in order to simulate and design the structural
dynamics of wind turbines. Some of these tools are GH Bladed [27], Fatigue,
Aerodynamics, Structures, and Turbulence (FAST) [28]. Flex5 [29], Automatic Dynamic
Analysis of Mechanical Systems (ADAMS) [30] and so on. Among all these tools for

simulation, due to the approach to control, FAST and GH-Bladed are the most used.

In this work, FAST (Fatigue, Aerodynamics, Structures, and Turbulence), developed
by National Renewable Energy Laboratory (NREL), has been chosen due to several
reasons. The first one is that it has many simulation options that are already provided by
the tool itself, as well as allowing to obtain linearized models. It also allows changing the
characteristics and parameters of the turbines. Another advantage is that FAST is an
open source software, which does not require a license for its use and has a wide variety
of very useful forums for consultation and problem solving. Besides, it has turbine models
that are fully available online, as are all data processing and analysis tools. In addition,
there are a large number of articles published providing reliable results giving truth to this
research. Another great advantage is that it has an interface with Matlab/Simulink, which
allows users of this tool to design complex controllers in an efficient and fast way. Finally,
Germanischer Llioyd WindEnergy GmbH certifier [31] has a positive assessment of the FAST

code.

As explained in [32] [33], FAST is a computer-aided tool (CAE) whose objective is
the simulation of turbines. This tool has the ability of calculating the fatigue due to loads
on the turbine systems, for marine turbines that are fixed at the sea bottom, floating ones
and those that are installed on land. This program is capable of using dynamic and
structural models, also models of the electrical system, as well as aerodynamic and
hydrodynamic models, all of them in the time domain. It also allows you to use modules

that generate wind fields.

As explained in [34], FAST models are capable of combining modal and multibody
dynamics formulations. It is made up of flexible bodies, such as the tower, blades and
transmission, and the rigid bodies that are the rest of the elements of the turbine. FAST is
capable of modeling a three-bladed turbine with 24 degrees of freedom (DOF): three

degrees of freedom for platform translations (lift, swell and roll) and another three
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degrees of freedom for platform rotation (roll, pitch and yaw). The first and second tower
modes from bow to stern and side to side, four degrees of freedom, and nacelle yaw
with one degree of freedom. Two degrees of freedom for the variable generator and
flexibility of rotation of the tfransmission and another two degrees of freedom for the rotor
and tail winder. The first and second fin mode as well as the first edge mode for each

blade give us the last 9 degrees of freedom. We see all this represented in Figure 2-1.

Figure 2-1. Degrees of freedom of a floating turbine with a barge [24].

The FAST 8 version has been used in this work.

2.2 Related Works

To minimize costs in relation to wind power generation, the vast majority of conftrol
strategies used in the literature focus on the safe operation, reliability and efficiency of
wind turbines. The following table presents a detailed review of the types of controls used
in existing and emerging wind turbines, valuing the approaches used to see their

strengths and weaknesses.
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Control method References Gain Pitching Short description
Pl-controller (gain ] ) Simple to design ond robust. 5150
i [33] Variable | Collective
scheduling) confroller.
Falman filter is used to estimate
Linear guadratic Gaussian ) o
LaG) [34], [37]. [38] Fixed Individual | systern states. Loop fransfer recovery
iz used to iImprove stabiliby margins.
Used to reject unknown disturbance
HZ/H= [37], [40], [41], [42] | Fixed Individual | and suppression of measurement
nCige.
Linear guadratic regulator i o An additional infegral action is used
o o [43] Fixed Individuail
with integral action (LERI) to cancel steady stote error.
Disturbance Estimate system and disturbance
accommodating controller | [44], [45], [44] Fixed Individual | states. Assumes measurement signal
[DAC) are noise free.
Stochastic disturbance Estimation of systermn and disturbance
accommodating controller | [47], [48], [4%] Fixed Individual | states using measurements with
[EDAC) noise.
Ferodic disturbance Uses penodic model and iz complex
accommodating contreller | [50], [31] Ferodic | Individual | to design. Azimuth position is used to
[FDACZ] vary the gain.
Model predictive control ] o On-line optimization as well as input
[52], [23] Variable | Individual ] )
(MPC) and output constraints handing.
Fuzzy logic confrol and fune of FID
Fuzzy logic [54], [53]. [54] Varable | Collective i ]
parameters using fuzy logic
i i o i Tune of PID parameters using genetic
Genestic Algornthm [57] Ferodic | Collective

algaorithrm.

Table 2-1. Comparison of control methods in high wind speed region
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In this work, intelligent control strategies have been studied in order to obtain
better results than in control previously studied. This work has the innovation of adding a

wave simulation, which has not been previously included in most of the articles published.
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3. Methodology

In this chapter we are going to explain the main characteristics of a wind turbine

and study the control methodologies that we have applied.

3.1 Wind Turbine

Wind turbines use the force of the wind to produce energy. Figure 3-1 shows the

main elements of a wind turbine.

Controller Anemome?er
(,’

/
Wind direction

\Nacelle Wind vane

High-speed shaft

Yaw motor

¥
Tower._.

Figure 3-1. Main elements of a wind turbine [58].

Generator

These components are explained as follows:

Anemometer: it is in charge of measuring the wind speed and communicates
this information to the regulator.

Blades: It spins when the wind hits them, making the rotor turn.

Brake: It is responsible for mechanically braking the rotfor. It can also brake it
electrically and hydraulically.

Controller: Starts with the connection speed of the wind (3 m/s). At winds
speeds above 25 m/s, turbines do not operate.

Gear box: It is responsible for connecting the low speed shaft with the fast shaft
to increase the speed from 30-60 rpm to 100-1800 rpm, which is the speed
necessary for the generators to deliver energy [59].

High-speed shaft: it is responsible for driving the generator.
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- Low-speed shaft: it is responsible for turning the low speed shaft around 30-60
rom.

- Nacelle: It contains the axles, the brakes, the gearbox and the generator [59].

- Pitch system: The main task is to change the angle of the turbine blades
depending on the wind speed, in order to control the speed of the rotor, so
that the rotor works within its functional limit.

- Roftor: Itis made up of the hub and the blades.

- Wind vane: It is responsible for measuring where the wind is heading and
communicates this information with the yaw motor to orient the turbine [59].

- Yaw drive: It is responsible for orienting the turbine when the wind changes
direction.

- Yaw motor: It is in charge of driving the yaw motor.

As explained in [60], we can summarize all this components in the following block

diagram.
.'t- TI- T‘;
T Blade & Pitch Bl DriveTrain |1 cenerators
_h System Conwvertor
] —
FY Wy U'J.‘f s
.j? .'I.j}'ﬂri- W Ty.'f'
Ty, me ‘.-"":Ilj'..lr.l : -lD_r;

l

Controller

_1

P,

Figure 3-2. Block diagram model of a wind turbine [63]

The blade and pitch system are composed of two parts, the aerodynamic and

the pitch model.
a) Aerodynamic model

The incidence of the wind that each blade receives provides the force for lifting
and dragging them. This incidence segment produces a force which generates the

torque of the motor. If we integrate the tangential torque over the entire length of the
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blade, we get the aerodynamic torque that affects the rotor [60]. The aerodynamic

torque can be expressed as

7,() = 5 PR Co (A0, BV (1)

where R is the radius of the blades, wr is the rotor speed and vw is the wind speed.
Cq can be defined as the torque coefficient, which is a function that defines the
relationship between the wind speed and the speed of the blade tip with the angle of
inclination B [60]. It is defined as the tip-speed ratio,

A(r) = 20 (2)

vy (t)

Cq admits several approximations [60]. In the previous equation we assume that
the blades can be controlled collectively, so they always have the same angle of

inclination.
b) Pitch model.

The step actuator can be defined as a second order model which includes the

inertia of the blades. In [61] we find the closed loop dynamics of this type of system,

B(s) _ w3 (3)

Br(s) ~ s2+20wpstw2

where g is the reference of the pitch.

The drive train model includes a low speed shaft and a high speed shaft, which
are connected to each other by a transmission, having an Ng gear ratio. It can be
defined as two axes with friction force and moments of inertia connected with a gear

that has an efficiency of nat. We can see this model represented in Figure 3-3.
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Figure 3-3. Drive train schematic of a wind turbine [60].

We can express the dynamics of the low speed shaft as:
W =17, — 17, — Bw, (4)

where J;, Br are defined as the moment of inertia and the viscous friction of the low
speed shaft respectively, wr is defined as the rotational speed of the rotor, and 1l is
defined as the torque on the low-speed shaft [63]. In parallel, we define the dynamics of

the high-speed shaft as follows:
JgWg = Th — Tg — Bgwy, (5)

where Jg, Bg are defined as the moment inertia and the viscous friction of the high-
speed shaft respectively, wg is defined as the rotational speed of the generator, and Tn is

defined as the torque on the high-speed shaft. The gearbox is defined as:

T

TNy (6)

Th
The drive train torsion can be defined as a coefficient of friction and a torsion
spring as:
Ty = Kat6a + UarBarba (7)

where Kat can be defined as the torsion stiffness of the drive train, Bat can be
defined as the torsion damping coefficient of the drive train, and 6a(t) can be defined

as the torsion angle of the drive train which is represented in the following equation:
By =6, — %: (8)

where 6r can be defined as the angle of the low-speed shaft and 64 as the angle
of the high speed shaft. We can see that if we use the above equations, we can rewrite

the general dynamics of the drivetrain as follows:

W (1)
[Wg (t)‘ = Apr

‘NG)

w-(t)
wy(t)
NG

T, (t)
+ Bpr [Tg () (9)

Where
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r_ Bac+Br Bay _ Kaer

Ir NgJr Ir
HdeBdr

NZ —By

Apr = | HacBar HacKa (10)
Nglg Jg Nglg
1 -> 0
Ng
~ 0
Jr
Bpr=|p -1 (11)
Ig
0 0

These formulas diverge in the generator torque, which can be controlled by a

reference 14, . We can approximate the dynamics of this converted as a first order system:

Tg(s) . Pgc
Tg_s(s) s+ age

(12)

The power generated by the generator can be expressed as:
Rg(t) = “gWg(t)Tg(t) (] 3)

where g is defined as the efficiency of the generator.

3.1.1 Power Characteristics

In Figure 1-3 we can see the relationship between the electrical energy generated
through the turbine and the wind speed, we can call this relationship the power curve.
In this work, the connection speed is approximately 3 m/s, the nominal speed is around

12m/s and the cut speed is 25 m/s.

The force of the airis defined in [62]. Based on this air force, we can define a power

coefficient, expressed as

Pr
%!)U%Ad.

Cp = (14)

where Pr is defined as the mechanical power of rotor blades, p as the air density,

U= is defined as the air flow velocity and Aqg is defined as the cross-sectional area.
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The Betz's law defines the mechanical to electrical energy conversion. We can
define the Betz limit as the maximum value capable of reaching the power coefficient,

which is
Cp = 0.593 (15)

This limit is not a design issue, it is given because the stream-tube has to expand
upstream of the actuator disc and so the cross section of the tfube where the air is at the

full, free-stream velocity is smaller than the area of the disc [62].

Stream-tube

{_.:%-_L_““—__ Velocity
P Pressure__--"4 —————— o W
— - — === -— - — [ -Presswe —==s==—pz - —
\:\(‘Actumm' disc

—
&_

Figure 3-4. Energy Exfracting Actuator Disc and Stream-tube [62].

3.1.2 Wind Turbine Control

In section 1.2 we saw the different regions where a wind turbine can work. In region
lll, that is, with a wind speed greater than the nominal speed, we use the control diagram
of Figure 3-5 [1]. In this region the power coefficient Cp has a value below 0.593, which is
the maximum value, since the maximum allowed power has been reached as well as
the maximum allowed speed of the turbine. The control objective is now to keep this

speed constant. We achieve this by controlling the pitch angle of the blades g.
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Figure 3-5. Control of wind turbine

Py can be defined as a fixed value, but if we want to control the output power in

this region, then we can define it as

P?l
By = (16)
where Py is the nominal mechanical power of the wind turbine and wgis the

generator speed.

Blade pitch control can be implemented in two ways: pitch to stall and pitch to
feather [63]. As explained in [1], each fime the wind speed increases, the pitch to feather
control makes the pitch angle of the blades larger, reducing the speed of the generator.
The pitch to stall control makes the speed of the generator smaller, making the pitch
angle of the blade smaller, thus achieving an increase in the turbulence of the wind that
affects the blade, which causes an increase in the coefficient of aerodynamic
resistance. Despite all this, it has been found that the design of controllers of the pitch to
stall type is not viable due to the difficulties that, based on the pitch angle of the blade,
it is not possible to know the operating status of the turbine. For all this, the pitch to feather

type control is used for this type of large-scale turbines.

When a higher-rated controller and a lower-rated conftroller switch between each
other during control, they do so by obtaining both generator speed and blade pitch

data. They achieve this when they saturate the Pl control, as shown in Figure 3-5. When
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the wind speed exceeds the value of the nominal speed, the turbine is located in the
operating region lll, starting to work with a generator speed greater than the maximum
allowed generator speed, so that the turbine does not generate more power than the
allowed one. The PI controller controls the angle of inclination of the blades so that the
speed of the generator does not exceed the maximum speed of the generator allowed.
For the control in this operating region, the pitch angle of the blades should not exceed
90°, for this reason a block is used that saturates if this angle exceeds 90°. The saturation
block simulates the dynamics of the blade pitch actuator. A condition of this control is
that the blade pitch control will never be able to operate if the generator torque conftrol

is operating in region lll, and vice versa.

The rotation of the blades can be done in two different ways, jointly or individually.
The collective pitch control is performed when all the blades rotate at the same time and
in the same way, thatis, with the same angle. On the conftrary, the individual pitch control
is performed when each blade rotates individually. The collective pitch control is the one

used in this job.

3.2 PID and GSPI Wind Turbine Control

In region lll, rotor-collective and blade-pitch angle are regulated using gain-
scheduled proportional-integral (GSPI) control of the error between the output of the
generator speed of the system and the rated generator speed, whichis 1173.7 rom in this

work.

We have designed the control of the pitch of the blades using the simplified model
of one degree of freedom of the turbine, since the objective of this control is to regulate
the speed of the generator, and this degree of freedom is defined by the angular rotation
of the shaft.

The value of the blade-pitch angle, B, can be found using the typical PID
controller. It acts on the difference between the current speed of the generator and the
speed of the reference generator, wget, Which we can be expressed as the error of the
generator speed, e. The terms of the PID controller are the proportional term to the

generator speed error, the integral of the generator speed error during this time, and
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finally, as commented in [64], it is not recommended to use the derivative of the error for
the control of this type of turbines. Because of this, we get the following expression for the

controller
B(t) = Kpe(t) + K, [, e(t)dr (17)

K =22 (18)

T;

where Ko and Ki are the proportional and integral gains, respectively, and Ti

represents the integration time of the conftroller.

We must expect that the gain of our Pl conftroller should act in a non-linear way,
due to the aerodynamic property of the blades, since they move non-linearly within the
range of values of the wind in which the turbine is located. We can see this behaviour in
[17], where the sensitivity of the aerodynamic power of the pitch angle of the blades is
studied. Therefore, a gain schedule, GS, control will be used to calculate the gain
correction factor, GK, using the blade pitch angle from the previous time step in the next
fime step:

GK(B) = ﬁ (19)
where By is the pitch angle of the blade where the pitch sensitivity has doubled its

value at the nominal operating point.

As studied in [23], if we use the characteristics of the reference offshore wind
turbine and the characteristic results of [64], the Pl controller gain values are KP (f =0°) =
0.01255121 s, KI (B = 0°) = 0.003586059. In Figure 3-6 we can see the gains at different

blade pitch angles by varying the gain correction factor.
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Figure 3-6. Blade-pitch confrol system depending on gain-correction factor.

These controllers are considered the basis to compare with the control proposals

used in this work.

In Figure 3-7 we can see the control diagram in Simulink, with the FAST Nonlinear
Wind Turbine block, that is connected to FAST simulator. We use the generator speed as

the output and convert it in a rad/sg signal which is the input of the Pitch Controller.
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Figure 3-7. Simulink Turbine Confrol Diagram

In Figure 3-8 we can see the Pl controller used inside of the Pitch controller block

of the previous figure.
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Figure 3-8. Simulink Pitch Control diagram

3.3 Wind and Waves in Floating Offshore Wind Turbines

3.3.1 Wind

The energy we obtain from the wind can be expressed as the cube of the wind
speed, due to thisitis very important to understand how wind turbines work, from knowing
how to identify possible locations for their installation as well as the economic viability of
this type of projects, knowing the useful life of wind turbines and the impact they have

on the companies that manage this energy as well as the consumers themselves

The biggest problem that experts find in developing wind turbines is the variability
of the wind. Wind is one of the most variable elements, both geologically and temporally.

Furthermore, this variability persists in a very wide range of scales [62].

When we change the time scale to smaller sizes, such as minutes or seconds, the
wind can vary greatly in speed, better known with the term turbulence, and has a great
impact on the execution plans of individual wind turbines, having direct repercussions
[62].
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In this work we define the wind based on the coordinates of the turbine in order
to simulate the inference of the wind in the entire turbine. The output of the wind
simulation, which is the same as the input of the wind which FAST receives, is a matrix as
shown in Figure 3-7, which is updated in each period of simulation, generating a vector

of matrices with the wind information.

Figure 3-9. Wind direction [65].

Inertial Reference Frame

U Along positive X [nominally downwind)

\ Along positive Y [to the left when looking along X)

W Up, along positive I (opposite gravity)

Aligned with the Mean Wind

v Streamwise (longitudinal)

W Transverse (crosswise)

W Vertical

Table 3-1. Wind simulation characteristics

We have used two kinds of wind, a constant wind and turbulence wind.
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The constant wind can be generated using an input file from FAST, and have a
constant U value of 16 m/s during all the simulation and a V. and W values of 0 m/s (see
Table 3-1).

In Figure 3-10, the turbulence wind is generated using the Turbsim Tool [65]. This is
a tool which generates turbulence based on input parameters, and gives an output that

simulates a realistic wind.

Wind Speed

Figure 3-10. Turbulence wind output values.

3.3.2 Waves

Waves change over a wide scope of spatial and transient spaces. In depicting
sea waves, there are assortment of actual systems which go about as reestablishing

powers.

As infroduced in [66], the spectra through which the waves move allow us to
predict by probability the characteristics of the waves. We usually assume some basic
concepts. One of them is that waves are random steady-state ergodic processes, which
are also Gaussian. The ergodic term is where the statistics collected over time in this
particular process makes it possible for us to determine a process from a single

observation. It must also be assumed that in these spectra there is a sharp concentration
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around a specific frequency. Finally, we can say that the highs and lows, as well as the

valleys are statistically independent.

Two of the most commonly used spectra, and used in this work, are explained
here. In 1964, Pierson and Moskowitz broke down the estimated wave information
obtained by accelerometers on ships in the North Aflantic [66]. Only information
obtained from fully created oceans was used in the examination. A fully developed
ocean is reached at the energy immersion mark, where there is a harmony between the
speed at which energy is acquired from the wind and is lost by the breaking or non-direct
association of the waves. It was expected to be that if the wind blew consistently
throughout a significant stretch of time and enormous region that waves would come
intfo balance with the wind, consequently delivering a completely developed ocean.
Five dimensionless spectra dependent on various wind speeds somewhere in the range
of 20 and 40 bunches were created, and a normal of these was taken to track down an

overall unearthly plan. The Pierson-Moskowitz spectrum is

X0

where A = 8.10 x10—-3,B = 0.74, and U is the wind speed which has been

A 2
S(w) = %exp

(20)

measured at 19.5 m above sea level. The Pierson-Moskowitz spectrum depends solely on

the wind speed.

Also, in 1968 and 1969 the Joint North Sea Wave Project (JONSWAP) made
estimates on a 160 km line in the North Sea [66]. Examination of the deliberate information
was led by Hasselmann, giving another range to wind produced waves in get restricted
oceans. It was found that the wave spectrum has never been fully developed. The waves
keep on creating because of non-straight associations over significant time frames and
distances. The JONSWAP spectrum is an adjustment that is made on the Pierson-
Moskowitz spectrum to take into account the recovery, obtaining a sharper peak as a
result. The JONSWAP spectrum is based on the collected wind speed. The JONSWAP
spectrum can be expressed as

Sw) = a\i—iexp [—1.25 (@)4] ye (21)

w
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Where

_ (w=wm)*

a= (22)

2(owp)?

and where y =3.3a =0.07x"%%2¢ =0.07 for f<f,, and 0.09 for f < fowy, =

vALs (%) x7933% = dimensionless fetch = % = fetch length U = mean windspeed g = gravity

The term y is the peak enhancement, and multiplying this term with the Pierson-
Moskowit spectrum we obtain the JONSWA spectrum [66]. When the original data were
analyzed, values of the peak shape parameter between 1-6 were obtained, in which y
is used as a variable with a normal distribution. Normally, we use the value of 3.3, since it

is the result of the mean value obtained from the normal distribution.

This parameter is the growth of the waves in relation to the distance, making the

difference between the JONSWAP spectrum and the Pierson-Moskowitz spectrum [66].

FAST software allows to generate waves simulation with this spectrum properties,

generating the following output (Figure 3-11).

Wave Elevation

Figure 3-11. Wave output simulation
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4. Intelligent Conirol of FOWTs

4.1 Fuzzy Tuning of the FOWT Pl Controller

Fuzzy control is based on fuzzy set theory. Fuzzy logic is a language that
represents uncertain knowledge and approximate reasoning, using fuzzy logic rules

in order to simulate the way a control operator works [54].

The tune of Pl parameters using a fuzzy method involves fuzzification, rule base,

inference and defuzzification.

In this first step, we have defined the inputs and outfputs to adjust the Pl
parameters using a fuzzy method. We have determined two inputs, the error and the
change in error, and two outputs, Kp and Ki (Figure 4-1). The input change in error
represents the rotor speed change. We used this input because the response of the
system has proved to be significantly better in terms of rise time when using it [54].
Taking into account the error, e, and the change in error, ec, the parameters of the

Pl controller will be adjusted by the fuzzy system.

€ ce
e FUZZY
wref +,~ e - 6 FAST Model | W
NREL 5 MW - ITI Barge

Figure 4-1. Fuzzy tuning of the Pl parameters.

We have used Gaussian membership functions, both for the inputs and
outputs. The range used to define the error, e, and the change in error, ec, are [-5, -
4,-3,-2,-1,0, 1, 2, 3, 4, 5]. We have assigend these values linguistic terms, [NB, NM,
NS, ZO, PS, PM, PB], which means [Negative Big, Negative Medium, Negative Small,

Zero, Positive Small, medium positive, large positive] (Figure 4-1).
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Figure 4-2 shows the output, Kp, with its gaussian membership functions.

Membership function plots THEE 181

NB kA NS Z0 PS FM FB

input variable "e"

Figure 4-2. Membership functions of the inputs error, e, and change in error, ec.

Membership function plots THITTE 181

A NS Z0 PS PM P8

output variable "KP”

Figure 4-3. Membership functions of the outputs Kp and Ki.

Fuzzy rule base

Based on the values obtained from FAST simulation, the best values for the

proportional gain, Kp, and integral gain, Ki, were calculated when the blade-pitch angle
was 0° (Kp = 0.0126 and Ki= 0.0036). These values were used as a starting point for tuning
the Pl parameters, to then update the gains accordingly based on the error and change

of error. The starting points of gains were chosen to be at half rated speed to make the

tuning of gains equivalent for lowest speed and highest speed.

Extraction of the Fuzzy Rules

An experiment to study the effect of steady-state error (SSE) when varying Kp and

Ki was carried out. The results of the experiment were used to design 49-rules for the tuning

of Kp and Ki using the fuzzy inference system. The followed procedure is outlined below.
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The effects on the steady state error (SSE) of the response were observed when

varying Ki while fixing Kp at 0.0126, and varying Kp while fixing Ki at 0.0036. Table 4-1 and

Table 4-2 shows the results, and Figure 4-4 and Figure 4-5. The values of Kp and Ki were

obtained through as stated above.

Kp Ki SSE
0.0004 12.1058
0.001 9.3484
0.002 5.3662

0.0126 0.0036 40134
0.004 3.9467
0.005 4.2009
0.006 5.6061

Table 4-1. Effects on varying Ki maintaining Kp constant

Steady State Error

Steady State Error variation changing Kl with KP=0.0126
131

127

my

107

1 2 3 4 5 6
Kl %1073

Figure 4-4. Steady State Error changing Ki and maintaining Kp=0.0126.
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Kp Ki SSE
0.002 2.0324
0.005 9.5234
0.01 4.9812
0.0126 0.0036 40134
0.02 2.6209
0.025 2.2436
0.03 21311

Table 4-2. Effects on varying Kp maintaining Ki constant

Steady State Error

Steady State Error variation changing KPwith KI=0.0036

0.005

0.01

0.015 0.02 0.025 0.03

KP

Figure 4-5. Steady State Error changing Kp and maintaining Ki=0.0036.

According to these results, we can see that when we have bigger error values,

we need to increase Kp and decrease Ki. Using these results, we can now design the

following rules in order to obtain the Kp and Ki values based on the error and change

in error.
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ce
NB NM | NS I0 PS PM PB

e

NB PB PB PM | PM PS 10 10
NM PB PB PM | PS PS Fi®] NS
NS PM | PM | PM | PS 0o NS NS
Fie] PM | PM | PS 10 NS N | NM
P$ PS PS i®] NS NS N | NI
PM PS 10 NS NM | NM | NM | NB
PB Ji®] Fi®] NM | NM | NM | NB NB

Table 4-3. 49 rules for Kp

ce

NB NM | NS 10 P3 PM PB
e
NB NB NM | NS 10 PS Ph PB
NM NB NB NM | NM | NS 10 10
NS NB NB NM | NS NS O 10
I0 NB N | NS NS 10 PS PS
P$ NM | NM | NS 0 PS P PhA
PM NM | NS 10 PS PS Ph PB
PB 10 10 PS PS P PB PB

Table 4-4. 49 rules for Ki

Defuzzification

When we convert a fuzzy set info real numbers, we call it defuzzification.
Various methods have been studied in order to generate real values as outputs. In

this work we have used the centroid defuzzification method [55].

Here the parameters of the Pl confroller, Kp and Ki, are modified depending

on the values of the error, ‘e’ of the rotor speed and the change in error, ‘ec’.
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Figure 4-6, shows the Simulink implementation.

FUZZYKP
_'IEI FUZZYKI
JE— o— | =R
-
o 11PC_KP -]
Kp

CHANGE IN ERROR

Figure 4-6. Simulink block diagram of the fuzzy tunning of the FOWT PI Controller

4.2 Genetic Algorithm Pl Tuning

Genetic Algorithms (GA) are adaptive methods that can be used to solve
search and optimization problems [57]. They are based on the genetic process of
living organisms and on the principle of survival of the fittest. To reach the solution to
a problem, we start from an initial set of individuals, called a population, generated
randomly. Each of these individuals represents a possible solution to the problem.
These individuals will evolve based on the schemes proposed by Darwin on natural
selection and will adapt to a greater extent after the passage of each generation to
the required solution. The performance of a genetic algorithm is highly dependent
on the quality of the operators used. The execution of a genetic algorithm ends when

a certain termination condition is verified [67].

In recent years, genetic algorithms have been replacing the classical
optimization methods given their flexibility, their good approximation to the global
optfimum in most cases, their computational efficiency and the practical absence of
starfing conditions that the objective function and/or restrictions have to be verified

in order to be applied [68].
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1) GA Controller Tuning

The genetic algorithm used for tuning the Pl parameters is implemented in

Matlab with the following configuration:

Population: 50 individuals in each generation. This population has been chosen
because it is believed to be adequate for the optimal resolution of this control

problem.

Genetic code: the number of elements chosen is 2, which represent the gains

of the Pl regulator (Kp, Ki):
Initial population: it will be generated randomly using a uniform distribution.

Coding: a real number coding will be used for the genetic code of the

individuals.
Genetic operators: the following operators have been used:

a) Elite individuals: the existence of elite individuals is contemplated, that is, the
“best” parents of each generation will be moved directly to the next. Its value was
set at 20.

b) Crossing: the recombination mechanism starts from the creation of a

random vector of length 20 taking the values of the genetic code of the parents.

c) Mutation: an algorithm is used that randomly generates mutation. It was

established that 10 of the individuals of each generation experience it.

To improve the search of the best controller parameters and to speed up the

convergence the decision variables were limited to:
- 0.001 <Ki<0.01.
- 0.01 <Kp <0.1.

On the other hand, given the stochastic nature of the genetic algorithm, an

average of 15 executions have been carried out in each case.
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Regarding the objective function to be optimized, it seeks to minimize the error.

The following objective function J is established, where n is the number of predictions.

The results of the simulation of the GA to calculate the gains of the Pl

1 2
J = MSE = T (Wrepi — wi)

controller are shown in Table 4-5.

(23)

Sim 1 §Sim2 | Sim3 | Sim4 Sim5 | Simé | Sim7 | Sim8 | Sim? Sim 10 | Sim 11 | $im 12 | Sim 13 | Sim 14 | Sim 15
J 7.0185 | 6.9987 | 7.2587 | 6.9765 | 69941 | 6.9244 | 6.9997 | 7.0121 | 6.9874 | 6.9987 | 6.9458 | 6.9641 | 6.9812 | 6.8756 | 7.0011
Ki | 0.0042 | 0.0037 | 0.0041 | 0.003% | 0.0038 | 0.003% | 0.0037 | 0.0040 | 0.0038 | 0.0034 | 0.0037 | 0.0038 | 0.00346 | 0.0035 | 0.0041
Kp | 0.0212 | 0.0172 | 0.0120 | 0.0197 | 0.0200 | 0.018% | 0.0184 | 0.0179 | 0.0211 | 0.0134 | 0.0188 | 0.0199 | 0.0154 | 0.01&1 | 0.0197
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5. Results and Discussion

The objective of the controlis to maintain the generator power at SMW, conftrolling
the blade degree. We can maintain the rotor speed at 12.1 rom obtaining the desire
generator power. In order to simulate the most realistic case, we have used the NREL 5
MW - ITI Barge model in FAST. Wind and waves have been also included. The wind turbine

is in Region Il and the generation power must not exceed SMW.

Blade

Nacelle Hub

Barge platform

Mooring line

Figure 5-1. NREL 5 MW —ITI Barge model

Elevation of Yaw Bearing above Ground 87.6m
Vertical Distance along Yaw Axis from Yaw Bearing fo Shaft 1.96256 m
Distance along Shaft from Hub Centre to Yaw Axis 5.01910m
Distance dlong Shaft from Hub Centre to Main Bearing 1.912m

Table 5-1. Nacelle and Hub Properties
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Roll inertia about CM 726900000 kg-m?2
Roll inertia about CM 726900000 kg-m?2
Depth to faileads, anchors 4m, 150 m
Radius to faileads, anchors 28.28m, 423.4m
Unstretched line length 473.3m

Line diameter 0.0809 m
Line mass density 130.4 kg-m!
Line extensional stiffness 589000000 N

Table 5-2. Platform Properties.

Rated Generator Speed 1173.7 rpm
Generator Inertia about High-Speed Shaft 534.116 kg'm?
Equivalent Drive-Shaft Torsional-Spring Constant 867,637,000 N-m/rad

Equivalent Drive-Shaft Torsional-Damping Constant 4,215,000 N-m/{rad/s)

Fully-Deployed High-Speed Shaft Brake Torque 28,116.2 N-m

High-Speed Shaft Brake Time Constant 0.65

Table 5-3. Drive train Properties.

Our first objective was to obtain the same control using MATLAB/Simulink as with
FAST. In this simulation we used the constant wind explained in section 3.1.1, in order to

obtain results easy to compare with. We obtain the following results.
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Figure 5-2. Blade Pitch angle. Wind Speed 16 m/s. FAST simulation (Blue) and Pl Control (Orange)

We can see in Figure 5-2 that the blade pitch oscillates around 12 degrees, so

this is the degree that the blade angle should have in order to maintain the 5 MW

generator power.

RPM

Rotor Speed

——FAST
—Pi Control

ﬂﬂ:“"l
s

0 100 200 300 400 500 600

Time

Figure 5-3. Rotor Speed. Wind Speed 16 m/s. FAST simulation (Blue) and Pl Control (Orange)

The rotor speed should oscillate around 12.1 rom in order to maintain the 5 MW

output power. We can see in Figure 5-3 that in both simulations the rotor speed oscillate

around this value.
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Figure 5-4. Generator Power. Wind Speed 16 m/s. FAST simulation (Blue) and Pl Control (Orange)

The generator power is the only one result that has been improved using the
MATLAB simulation due to the blocks used. Nevertheless, in Figure 5-4 we can see that

the generator power is 5 MW.

Platform Oscilation

FAST
Pl Control

Figure 5-5. Platform Oscillation. Wind Speed 16 m/s. FAST simulation (Blue) and Pl Control (Orange)

Another objective of the control is to reduce the oscillation of the turbine, both of

the barge and of the tower.

41



In this case, in Figure 5-5 we can observe that the barge or platform is oscillating
around 1.1 degree. This is a very small oscillation, and the objective is to maintain this

oscillation or even reducing it.

Fore-Aft Deflection

FAST
— Pl Control

Q 100 200 300 400 500 600
Time (s)

Figure 5-6. Fore-Aft Deflection at the top of the turbine. Wind Speed 16 m/s. FAST simulation (Blue) and Pl
Control (Orange)

In Figure 5-6, we can also see that the oscillation at the top of the turbine (tower

top displacement, TTD) is the same as the FAST results.

In all the results, we can see that the first seconds the results of FAST and the PI
control are different due to the initial conditions that Simulink used. Nevertheless, in the
following seconds the simulations tend to be similar. We obtain beftter results in the
Generator Power with Simulink due to the saturation block. Obtaining these results, we
can assume that the MATLAB simulation is working as FAST. Hence, we can now design

this control using the intelligent control techniques described in 4.2.

5.1 FOWT intelligent control system (constant wind)

Our next objective was to improve the results of FAST using classic and intelligent
conftrol techniques with the same constant wind speed of 16 m/s and no waves. We

obtained the following results.
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Blade Pitch Degrees

Time

Figure 5-7. Blade Pitch Angle. Wind Speed 16 m/s. FAST simulation (Green), Pl Confrol (Orange),
Genetic Algorithm (Yellow), Fuzzy Pl tune (Blue).

We can see in Figure 5-7, as seen in previous results, that the blade pitch oscillates

around 12 degrees in all control techniques.

Rotor Speed

%

RPM

Time

Figure 5-8. Rotor speed. Wind Speed 16 m/s FAST simulation (Green), Pl Control (Orange), Genetic
Algorithm (Yellow), Fuzzy Pl tune (Blue).
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We can see in Figure 5-8 that in all control techniques, the rotor speed oscillates
around this value. We can see that the GA control method oscillates more than the rest

of the control methods obtaining a response a little worse than the rest.

Generator Power

Figure 5-9. Generator power. Wind Speed 16 m/s. FAST simulation (Green), Pl Confrol (Orange),
Genetic Algorithm (Yellow), Fuzzy Pl tune (Blue).

In Figure 5-9 in the generated power we can see that the intelligent methods give

us the same response as the classic Pl control.

Platform Oscilation

Degrees
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Figure 5-10. Platform Oscillation. Wind Speed 16 m/s FAST simulation (Green), Pl Control (Orange),

Genetic Algorithm (Yellow), Fuzzy Pl tune (Blue).

In Figure 5-10 we can observe that the barge or platform is also oscillating around

1.1 degree including intelligent control methods. Therefore we achieve the goal of

maintaining the platform without much oscillation with these methods.

Fore-Aft Deflection

Time (s)

Figure 5-11. Fore-Aft Deflection at the top of the turbine. Wind Speed 16 m/s FAST simulation
(Green), Pl Control (Orange), Genetic Algorithm (Yellow), Fuzzy Pl tune (Blue).

As seen on the platform, in Figure 5-11 the oscillation seen at the top of the turbine

is very low applying intelligent control techniques.

We can see that all the control methods used give us similar results, fulfiling the

objectives of using intelligent control techniques that can be applied in these systems.

The objective is to obtain a control of the Generator Power, reducing the oscillation of

the platform. In this case we can see that the generator power is better than with the
FAST simulation due to the saturation blocks added in MATLAB. Also, the oscillation both

on the platform and on the top of the turbine is very low as it happens in the control used

with FAST. So, we can assume that our first and second objectives have been fulfilled.
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5.2 FOWT intelligent control system (variable wind)

Now, we add a simulation of real wind in order to simulate a more realistic case

(section 3.3.1).

The input parameters used for this wind simulation are the following: the mean
wind speed at hub height is 18.000 m/s, the characteristic value of standard deviation is
2.674 m/s, and the hub height is 90 m [23]. Using this wind features, we obtain the following

results.

Blade Pitch Degrees.

Figure 5-12. Blade Pitch Angle. Wind Speed Turbsim. FAST simulation (Green), Pl Control (Orange),
Genetic Algorithm (Yellow), Fuzzy Pl tune (Blue).

In Figure 5-12, we can see now that the angle varies more due to the introduced
wind, nevertheless all outputs are practically similar, but the Fuzzy method and the classic

Pl control improve a little bit regarding the FAST simulation.
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Rotor Speed

Figure 5-13. Rotor speed. Wind Speed Turbsim. FAST simulation (Green), Pl Control (Orange),
Genetic Algorithm (Yellow), Fuzzy Pl tune (Blue).

In Figure 5-13, the output of the fuzzy system is the one with the highest peak.

Nevertheless, the Genetic Algorithm gives now the best values and less oscillation,
improving the FAST simulation.

200

Figure 5-14. Generator power. Wind Speed Turbsim. FAST simulation (Green), Pl Control (Orange),
Genetic Algorithm (Yellow), Fuzzy Pl tune (Blue).
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In Figure 5-14, we can see, like in the rotor speed, that the Genetic Algorithm
method is the best one, maintaining the generator power near 5 MW. The GSPI is the one

with worst results due to the oscillation around the nominal output power.

Pratform Oscilation

Figure 5-15. Platform oscillation. Wind Speed Turbsim. FAST simulation (Green), Pl Control (Orange),
Genetic Algorithm (Yellow), Fuzzy Pl tune (Blue).

The method with less platform oscillation is the Fuzzy one while the worst one is the
Genetic Algorithm. In Figure 5-15, we can see that the fuzzy method improves the results

from the FAST simulation.
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Meters

Figure 5-16. Fore-Aft Deflection at the top of the turbine. Wind Speed Turbsim. FAST simulation
(Green), Pl Control (Orange), Genetic Algorithm (Yellow), Fuzzy Pl tune (Blue).
Like in the platform oscillation, in Figure 5-16 the best results are obtained from the

Fuzzy method. Nevertheless, all methods are quite similar.

To summarize, using the wind speed obtained from Turbsim, we can see that the
control is more difficult, but we obtain similar results as in FAST, and in some cases, the
control even improves. Using Genetic Algorithms, we obtain the best results in generator
power but increasing the oscillation in the platform. On the other hand, using Fuzzy logic
gives the worst results related to generator power, but it reduces the oscillation in the

platform.

5.3 FOWT intelligent control system (variable wind and waves)

Finally, the waves are included (3.3.2 section). Using the same wind simulation as

before and adding waves, we obtain the following results.
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gl

Figure 5-17. Blade Pitch Angle. Wind Speed and Waves simulation. FAST simulation (Green), PI
Control (Orange), Genetic Algorithm (Yellow), Fuzzy Pl tune (Blue).

In Figure 5-17 we can see that all outputs are similar except for GA in which we
obtain bigger pitch angles.

Rotor Speed

Figure 5-18. Rotor speed. Wind Speed and Waves. FAST simulation (Green), Pl Control (Orange),

Genetic Algorithm (Yellow), Fuzzy Pl tune (Blue).
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In Figure 5-18 we can see that all outputs are practically similar with a little

improvement with the Fuzzy method.

Figure 5-19. Generator power. Wind Speed and Waves. FAST simulation (Green), Pl Control

(Orange), Genetic Algorithm (Yellow), Fuzzy Pl tune (Blue).

In this case, in Figure 5-19 we can see clearly that the Fuzzy system improves the

rest of methods. The worst results are obtained with the GAs.
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Figure 5-20. Platform oscillation. Wind Speed and Waves. FAST simulation (Green), Pl Control

(Orange), Genetic Algorithm (Yellow), Fuzzy Pl tune (Blue).
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In Figure 5-20 we can see that the oscillation of the platform is bigger due to the

waves now included. Nevertheless, we obtain similar results as in FAST.

Fore-Aft Deflection
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Figure 5-21. Fore-Aft Deflection at the top of the furbine. Wind Speed and Waves. FAST simulation

(Green), Pl Control (Orange), Genetic Algorithm (Yellow), Fuzzy Pl tune (Blue).

In Figure 5-21, we can see how including wind and waves we obtain similar results

than FAST, improving in some cases the FAST control.

This case is the most realistic one due to the wave and wind conditions added. To

summarize, the objective was to regulate the blade angle in order to maintain constant

the generator power minimizing the oscillation of the entire platform. In all cases the rotor

speed is kept near 12.1 rpm, which is the objective of the control, and thus the output

power is SMW. Maintaining this rotor speed, we also obtain small oscillations in the fore-

aft direction of the tower top of the turbine, not exceeding 2.5 meters, and in the barge

platform, not exceeding 10 degrees in the worst conditions.
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5.4 FOWT control system strategies comparison

Now we compare all the methods numerically, with the error between the desire
rotor speed and the rotor speed obtained with the different techniques. We have

calculated the Mean Squared Error (MSE), that measures the average of the squares of

the errors.

Classic Control Fuzzy GA
No wind no wave simulation 6.8007 6.8004 6.8751 6.9244
Wind and no wave simulation 6.8006 6.8003 6.7892 | 6.6546
Wind and Wave simulation 6.8006 6.8003 46.6872 | 6.8926

Table 5-4. Mean Squared Error of rotor speed oufput.

We can see that the error is practically similar in all cases, improving a little bit in

all methods used different from FAST conftrol. Also obtaining improves in the platform

oscillation and at the top of the turbine.

53



https://en.wikipedia.org/wiki/Expected_value
https://en.wikipedia.org/wiki/Error_(statistics)

6. Conclusions and future work

Offshore wind power is becoming a real alternative to replace non-renewable
energies in the near future. Given that in a short time this technology will be able to
compete with the rest of renewable energies when its costs are reduced, making it
competitive, obtaining energy in deep water areas will be possible. The large number of
FOWT systems that are currently in the world and the large investments in research that
are being made, show us the real interest in the use of this type of technology. Although
many advances have been made, the final design of these turbines must continue to be
improved, improving both manufacturing and maintenance costs and improving their

performance.

Arfificial inteligence and intelligent control techniques are increasingly used in
industrial environments, becoming essential in the field of engineering. This type of
methodologies are already being seen in the renewable energy sector, as has been seen

in the bibliography.

This work has conftributed to improving the operation and useful life of an offshore
wind turbine through intelligent control techniques. We have verified that GSPI control
works well for these turbines, although real conditions such as sea waves are not
considered. That means that the confrol used in onshore turbines can be extrapolated
to offshore wind turbines, although it should be improve to increase the efficiency and to

reduce structural loads.

Besides, different control strategies for the pitch angle of floating wind turbines
have been designed and simulated. Two techniques have been proposed, a fuzzy
inference system that adjusts the parameters of a Pl controller, and a genetic algorithm
that optimizes the tuning. They have been compared to the gain scheduling Pl controller
with satisfactory results. Although both intelligent blade controllers are able to achieve
the rated power, they give better results in terms of reducing vibrations of the structure

and in terms of rotor speed. That it, they are effective with loads.

54



As future works, these intelligent controls could be improved. In the case of the
fuzzy control, the inputs of the fuzzy system can be changed to consider other variables.
The genetic algorithm could also get better results with a different configuration. It is also
possible to work on including this type of techniques for control in the rest of the turbine's

operating regions.

Apart from control improvements with different techniques, it is necessary to
improve the simulations of the weather conditions so that they get closer to reality. Also,

it would be desirable to build small prototypes to test this solutions.
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APPENDIX

A.Matlab Files

Matlab Parameters for simulation

FAST TnputFileName = 'C:\Users\gprik'Desktop\FAST\CertTestiTest22.fat";

THax =
DT =

g00;

0.0125;

iparameters of SMW turbine NREL

CornerFreq = 1.570786;
BC_DT = 0.0125;

BC_KI = 0.003586059;
PC_KK = 0.1093285;
PC_EP = 0.01255121;

BC MaxPit = 1.570796;
BC_MinPit = 0.0;
PC_MaxRat = 0.13896263;

BC RefSpd= 122.908&;

FCommunication interval for pitch controller

FIntegral gain for pitch controller at rated

$Pitch angle were the the derivative of the
(Proportional gain for pitch controller at r
FMaximum pitch setting in pitch controller,

fMaximum pitch rate {in absclute walue)] in
FMinimum pitch setting in pitch controller,
FMinimum pitch setting in pitch controller,
%Desired (reference) HS55 speed for pitch controller

R2D = 57.2957E80; (Factor to convert radians to degrees.
RPS52RFM = 5.54925964; t(Factor to convert radians per second to rev
V5 CtlIndp = 70.16224; (Transitional generator speed (HS55 zide) bet
W5 DT = 0.00125:; $Communication interwval for torgue controller
V3 MaxBat = 15000.0; FMaximum torgue rate (in absclute walue) in
V5 MaxTg = 47402.51; fMaximum generator torgue in Regiom 3 (H3S5 s
Vi RgnaK = 2.332287; ¥Generator torgue conatant in Region 2 (H33
WV5_Rgnisp = 91.21081; $Transitional generator speed (H55 side) bet
V5 BgniMP = 0.01745325; EFMinimum pitch angle at which the torgue is
W5 BrGnSp = 121.6805; %FRated generator speed (HS5 side), rad/s. —-
V3 RtPwr = 3286610.0; tRated generator generator powWwer in Region 3
VS 51Pc = 10.0; %tRated generator slip percentage in Region 2
VS RgniMP = 0.01745325:; (Minimum pitch angle at which the torgue is
GenEff = 94.4; % Generator efficiency [ignored by the Thewvenin and user-

defined generator models]
defined generator models]

fc = 0.25;

glpha = sxp(-2*pi*DI*Icg):

V3 Sv3p = V3 RtGnsSp/ (

(%2)- Generator efficiencyv [ignored by the Thevenin and user-
(%)

(filtre

1.0 + 0.01*%V3 S1Pc |

W5 Slopels =
W5 Slopeis =

if Vi RgniK == 0.0

{ V5 Rgn2ZK*VS Rgn25p*VS Rgn2S5p )/ ( VS _Rgn2Sp - V3 _CtInsSp):
| VS_RtPwr/VS RténSp )/ ( YS_RLGnSp - vS_SvSg ):

V3 TrenSp = VS Swipr

else

Vi Ircnoe = ([ WS SlopedS - 3grt( V5 _Slopeds*( V3 Slopels - 4.0*V3E Rgn2E*V3 Svsp )

) 1/ { 2.0%V5_Rgn2K ):
end
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