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Abstract: Among renewable energy technologies, wind energy features one of the best possibilities
for large-scale integration into power systems. However, there are specific restrictions regarding the
installation areas for this technology, thus resulting in a growing, yet restricted, rate of penetration of
the technology because of the limited viable sites onshore or in shallow waters. In this context, the use
of offshore semi-submersible platforms appears as a promising option, which additionally enables
the incorporation of other elements, such as wave energy converters or aquaculture. Nevertheless,
this kind of offshore facility involves interactions between platform movements and the wind turbine,
increasing the complexity of the system, causing traditional control techniques to not be able to fully
cope with the dynamics of the system, and thus limiting the efficiency of energy extraction. On
the contrary, the use of intelligent control techniques is an interesting option to take full account of
the said interactions and to improve energy capture efficiency through the control of the pitch of
check for the blades, especially under turbulent, above-rated wind profiles. This work presents an original
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is considered a technology with huge possibilities for industrial exploitation, maturity;,
and large-scale integration into the power systems [1,2]. In this sense, offshore (marine)
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floating structures, the installation of wind turbines on semi-submersible platforms is a
promising alternative, as studied in [4], which allows secondary uses such as aquaculture
or tidal energy. Non-fixed foundations have attracted a lot of attention, particularly from
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Europe [5].

The worldwide wind energy installed capacity was forecasted to reach 217 GW by 2020
distributed under the terms and  and 414 GW by 2030 [6], but this moderate scenario has been surpassed by far, as installed
conditions of the Creative Commons ~ Wind energy facilities accounted for 563 GW in 2018, 23 GW of them corresponding to
Attribution (CC BY) license (https://  Offshore facilities [7]. As an example, in the case of Spain, 20.9% of the electricity consumed
creativecommons.org/ licenses /by / in 2019 came from wind generation [8]. At the European level, offshore facilities have
40/). risen from 5% of newly installed wind turbine capacity in 2009 to over 23% in 2019 [9],
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and offshore wind farms are considered the most profitable renewable energy source in
Europe [10]. However, the massive integration of the electricity produced in renewable
facilities into power systems brings the need to employ controllers to adapt the production
of electric energy with two purposes: increasing the return on the investments and avoiding
harm to the electrical grid they are connected to. This is particularly relevant in the case of
wind energy because of its significant participation in the energy mix [11].

The most frequent technique currently used to implement this regulation is the simul-
taneous control of both the generator torque, using MPPT (Maximum Power Point Tracking)
algorithms, and the angle of attack of the blades or pitch [12]. While the control of the first
one is well-established, there is not a universally accepted solution to control the angle of
attack of the blades, and several approaches can be found in the literature. As a reference,
in [13], the control techniques are classified into four groups: optimal TSR (Tip to Speed
Ratio) search, closed-loop power control, ascending search control, and hybrid control.

The dynamics of a floating wind turbine are different from that of an onshore wind tur-
bine [14]. In addition to the common elements, which can be described using aerodynamic,
mechanical, and electrical models, the floating platform itself and its mooring have their
own dynamics, being under the effects of hydrodynamics, waves, currents, tides, and ice.
The resulting system is nonlinear, with internal variables strongly coupled and difficult to
model [15]. Even with a model, the dynamics of the combined system may produce notable
differences between the measured wind and the effective wind, i.e., the wind on the surface
of the blades, particularly in the case of strong winds in a turbulent regime. The behavior
of the controller has a strong impact in these cases, both on the energy harvested and on
the safety of the facility. Thus, offshore wind turbine operators tend to be conservative in
the adoption of pitch controllers to substitute the industry-standard PID [14]. However,
operators have expert knowledge of the desired behavior of offshore wind turbines. A
control strategy able to capture this desired behavior can be an effective option to improve
controllers in actual wind turbines.

This work proposes a novel fuzzy logic pitch controller that adjusts the output of an
improved standard PI controller. The fuzzy logic controller has been designed based on
the experience of turbine operators and their desired behavior of the overall system. The
topology of the controller, modifying the output of a standard PI, seeks a better transfer
of expert knowledge, as well as to ease the understanding of its impact on performance.
The proposed fuzzy logic controller outperforms previously validated controllers in the
adjustment of the pitch of a wind turbine placed on a semi-submersible platform. More
specifically, this article presents a comparison between the proposed fuzzy logic controller,
a baseline PI, another two fuzzy logic controllers previously validated, and an improved
PI. An integrated simulation tool and a set of performance indexes that take into account
mechanical loads, power generated, and the error in speed reference tracking compose the
employed methodology.

This article is organized as follows. After this introduction to the problem, Section 2
presents a brief state of the art. Section 3 depicts the system and the model on which
it works. Then, in Section 4, the applied methodology is reviewed, which is one of the
contributions of the work. Later, in Section 5, the main contribution of the article is provided:
a description of the original fuzzy logic controller. Next, in Section 6, the results obtained
with this methodology for the proposed controller and another four controllers are shown
and discussed, suggesting that the topology presented in this work is the best among
the three fuzzy controllers compared, which is the last contribution of the article. Finally,
conclusions are presented in the seventh section.

2. Related Works

The control system of a wind turbine comprises two simultaneous controllers: the
control of the generation torque and the pitch control. Control of generation torque is a
well-known problem with solutions generally accepted by industry and academia [14],
so this section will deal only with pitch control. Wind turbines usually operate in four
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regions depending on wind speed. Pitch controllers are key in Region III, which is limited
by the rated speed and the cut-out value. The goal is to limit the rotor speed and power by
changing the angle of attack of the blades of the rotor [16]. The most common controller
is the PID. Several configurations are possible, with only PI terms [17] or with PID [18].
Scheduled gains are also a usual solution [19,20], as well as the nonlinear PIDs [21]. More
advanced schemes, such as Model Predictive Control [22,23], have been proposed. An
interesting alternative is the use of the Fractional Order PID (FOPID) [24]. A FOPID can
enhance the performance of a PID since two additional parameters can be tuned. Its use in
pitch control for wind turbines is reported in [25].

However, floating offshore wind turbines (FOWTs) are highly nonlinear systems.
There are hydrodynamic and aerodynamic interactions with a set of coupled elements such
as the rotor, power transmission, platform dynamics, mooring lines, and tower. These
interactions must be taken into account to design a control strategy [26]. If not, then
the FWT motions can produce instabilities, resulting in large pitch motions and structural
bending moments [27]. Reducing the gains of the controller can mitigate this problem, at the
cost of worse controller performance, which is not desired from an industrial perspective.
Furthermore, its use in floating wind turbines can introduce resonant motions associated
with the controller-motion interaction [28].

An alternative is to design a controller based on a model [29-31]. However, these
models assume some simplifications and numerical approximations, which, together with
uncertainty in the actual parameters of the system, have prevented the adoption of ad-
vanced controllers in commercial offshore wind turbines. Another problem is the limited
attention that large wind turbines have received in the literature, either in control or in
modeling, and works on turbines from 5 MW on are very limited [32,33].

An alternative approach is intelligent control, which may be capable of enhancing
the performance of the system even if the model is not available or is too complex to
apply conventional control techniques [34]. Although some other schemes have been
proposed [34,35], fuzzy logic presents good performances in wind energy due to its ability
to be adapted and its capability to deal with uncertainties [36]. For instance, [37] proposes
a control system for a 3.5 kW wind turbine based on three fuzzy logic controllers; however,
the implementation of the control system is complex, and the wind turbine is placed
onshore and comparatively small. In another study, [38] presents a fuzzy-based controller
for an offshore turbine closer to industrial models. The turbine has a power of 5 MW and is
simulated using an NREL (National Renewable Energy Laboratory) model, although no
details about the specific model or the foundations are disclosed. The proposed controller
includes a fuzzy logic element combined with a conventional PI, which requires a complex
design and tuning before the fuzzy inference can be designed. The overall control system is
compared to an NREL reference controller. Type 2 fuzzy systems have also been proposed,
offering additional degrees of freedom to tune the controller [39]. Finally, intelligent
techniques can be used to obtain an expert system that, based on human experience, can
obtain a control solution that is potentially adapted to the specifications of any wind
turbine [40].

To sum up, while there is a considerable amount of published work on the control of
wind energy, there is a comparatively small number of papers devoted to the control of
commercial-sized turbines on floating platforms or structures in general. The literature
presents experimental results only for turbines with a power in the order of kW in the
case of onshore systems, and in the case of offshore systems, the results are limited to
conventional controllers. To the best knowledge of the authors, there is a lack of articles
dealing with the use of expert knowledge with intelligent control to improve the control of
floating offshore wind turbines.

3. System Description

The objective is to control the W2Power, a concept developed by EnerOcean. This
system consists of two wind turbines on a semi-submersible platform. It has already been
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successfully tested through a scaled prototype near the PLOCAN test site, and it has become
the first worldwide multi-wind turbine semi-submersible platform tested in open waters.

However, the different floating wind turbines are technologies that have yet to reach
the commercial stage, which implies that experimental data on full-scale systems is scarce
or non-existent, in contrast with offshore fixed wind turbines or onshore ones. For that
reason, as a first approach to test control schemes, simulations can be performed on a
model with a single wind turbine in the center of the semi-submersible platform. The
NREL of 5 MW [19] will be used as the simulation model, being part of the well-known
OC4 Deepwind Semi-submersible simulation model [41,42], which represents the current
baseline for new designs.

3.1. Specifications

Many properties are inherited from the REpower 5M, with the most relevant ones
shown in Table 1. A full description can be found in [19].

Table 1. Key specifications of the NREL 5 MW [19].

Parameter Value
Nominal power 5 MW
Hub and rotor diameters 3,126 m
Hub height 90 m
Cut-in, nominal, cut-out wind speed 3,11.4,and 25 m/s
Number of blades, rotor topology 3, upwind
Rotor, generator nominal speed 12.1,1173.7 rpm
Efficiency 94.4%
Control Collective pitch, variable speed

3.2. Equations

The quantity of power that a wind turbine captures from the wind is defined as a factor,
Cp, multiplied by the power of the wind entering the swept area [17,43]. Nevertheless,
this factor depends on the TSR (usually stated as A) and on the pitch (3) non-linearly, also
involving nine wind turbine constants that generally are not known:

P _ S
Cp(h, B) = Tharvested _ ¢ (C2 .8 0,2 5 )e M 4O, (1)
Pwincl )\1
1 1 Co
- _ . 2
A <7\—C8(5 [53—1> @

In the equation above, 3 is a controlled variable, while the TSR is defined as the ratio
between linear velocity at the tip of the blades and that of the wind:

A — Vtip _ QrotorR. (3)

Vwind Vwind

Cp and A are key parameters in the control of wind turbines as system operators
modify them, changing the energy captured by the wind turbine, to achieve a longer
lifespan of the equipment and a better exploitation of the wind energy.

The power of the wind is a function of the air density, the swept area of the rotor, and
the wind speed:

1
Pyind = §pairArotorV3Vind- 4)

The torque of the rotor produced by the wind (usually noted as T aero) can be found as
a function of the harvested power and the rotation speed of this low-speed shaft (wysg). In
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turn, this rotation speed can be obtained from the high-speed shaft, usually a measured
variable, and the gear ratio Ngear:

TLSS _ P harvested __ Pwincl X Cp()\/ ﬁ) 5
Aero — w - WHSs . ( )
LSS Naear

On the other hand, there is a control or generator torque. This variable can be con-
trolled by the wind turbine operator. It often equals to a constant value in the nominal
operation of the wind turbine, i.e., the nominal generator torque:

THSS — I)harves’ted _ Pwind X Cp()\/ ,B) (6)
Generator WHSS Wrss X Ngear .

Therefore, considering the ideal rotation of the low-speed axis, the speed is constant
in the nominal state. It should be taken into account that the control torque is related to the
inertia of the high-speed shaft, while the wind torque is related to the low-speed shaft:

LSS LSS LSS
T XKoo — TGenerator= IDrivetrain X &7, (7)
THSS
LSS _ _Generator 8)
Generator — :
Ngear

Again, the inertias must be carefully handled. In the case of the previous equations,
IDrivetrain i related to the low-speed shaft, as the two torques are also calculated with
respect to that speed axis. To close, « states the angular acceleration of the chosen axis.

As a result, the performance of the wind turbine in terms of harvested power, speed,
etc., can be modified using the control variables, i.e., THs5 and B (pitch).

3.3. Reference Control

Usually, the control system of wind turbines, as indicated in [19], consists of two
sub-controllers: a generator torque controller and a controller for the pitch of all the blades
based on traditional control techniques. The simulation model also has a control system
based on those two subsystems. Since the first one acts when the generator speed is below
the nominal value and the second one acts when it is above, those two controllers are
designed to work practically in an independent yet complementary manner. Thus, the
objective of the first one is to capture as much wind power as possible using an MPPT
algorithm, implemented by a torque control law (Figure 1), while the second one regulates
the generator speed when the operation is above the nominal generator speed with changes
in the collective pitch angles, which often happens when the wind speed is higher than its
nominal value.

Torque control law

N
o

w
o

N
o

-
o

Generator torque (kN)

o

500 1000 1500 2000
Generator speed (rpm)

o

Figure 1. Theoretical law of torque control based on the MPPT algorithm. A constant wind speed
with the value of the nominal wind speed is considered.
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It is in the second control system, the traditional pitch controller (Figure 2), that there
is room for improving the system performance with the integration of intelligent control
techniques, e.g., fuzzy logic control. It is worth noting that the reference control system
is based on a Proportional-Integral controller, developed by the NREL, that has dynamic
gains that depend on the actual value of the pitch blades. This architecture is usually
known as “gain scheduling” and it is based on expert knowledge of the NREL.

PI controller

™

[ Gain-scheduling law ] [ Wind Turbine ]

Measured pitch and generator speed

Figure 2. Simplified diagram for the reference PI controller structure.

Nevertheless, it is mandatory to develop, in advance, a simulation tool and comparison
indexes to set a framework that allows for controller comparison, testing, and improvement
using common, yet representative, performance metrics.

4. Methodology

The presented methodology has been specifically developed to enable the design,
simulation, and comparison of intelligent controllers for a wind turbine placed on a
semi-submersible platform. This methodology has already proved to be useful in the
improvement of both existing and new controllers.

4.1. Integrated Simulation Tool

A key aspect of the applied methodology is the implementation of a simulation tool
integrating all the necessary components. Firstly, measured wind data are sent to the
TurbSim 1.21 software (a stochastic, full-field, turbulence simulator) to produce wind
profile data in a suitable format for FAST [44]. FAST is a computer-aided engineering (CAE)
software provided by the NREL that allows users to simulate the behavior of horizontal axis
wind turbines, which can be integrated with MATLAB/Simulink. These wind profiles are
one of the most relevant inputs of a FAST simulation model, whose execution produces the
outputs of the simulated system (Figure 3 shows the sequence of the stand-alone tools used
in this work). The integration of these tools enables the applied methodology, supporting
the controllers’” development stage and allowing their simulation to generate the necessary
data in order to evaluate the controller using performance indexes according to the OC4
simulation model [45,46].
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FAST MatLAB Simulink

Wind Data TurbSim Model Code Model

Figure 3. The integration process of the stand-alone software tools.

4.2. Performance Indexes

The operation of wind turbines on offshore semi-submersible platforms presents
significant differences with respect to onshore wind parks and also to offshore wind parks
with fixed foundations. Specifically, the displacements of the semi-submersible platform
interact with the wind turbine, creating fluctuations that alter the aerodynamic state in
which the system operates, with a great impact on electricity production. Moreover, these
oscillations may also change the mechanical loads, altering the circumstances for fatigue
to appear. In this sense, a controller able to cope with these interactions may significantly
improve the profitability of the system, as vibrations play a key role in it [47].

As a key element of the methodology, this work employs three performance indexes
already used to evaluate developed controllers for wind turbines in semi-submersible
platforms [45]. In contrast with graphical results, e.g., [48,49], the indexes summarize the
results using a performance rating, thus making it easier for the reader to understand the
contributions of the different controllers and the operation of the system.
As [38,43,50] show, two key measurements are the speed tracking error and power gen-
eration. Furthermore, [51] remarks on the relevant role of aerodynamics and loads on
wind turbines. Nevertheless, there is no consensus about the definition of the performance
evaluation indexes, with the mean and standard deviation often being employed. The
indexes used in this work record the influence of a controller on the mechanical loads, on
the efficiency in electricity generation, and on the behavior of the wind turbine compared
with its nominal operation, i.e., the speed reference tracking error. According to this, for
the sake of clarity, the definitions of the indexes are given as follows:

e  MI (Mechanical loads index). It estimates the impact of the evaluated controller on the

lifespan of the platform using the reaction moment, Mp,;, ;, considering a rigid joint
at the base of the turbine:

1 N
MI =— Z‘MBase,i . )
N=
e  GI(Generation index). It provides a measure of the performance on energy harvesting
using the difference between the generated power P; and the nominal power Pjgminal:

1 «—N
GI ==Y " IPi — Prominall- (10)

N
e  Spl (Speed index). As a performance indicator, this index calculates the difference
between the speed of the generator w; and its nominal value wyominal:

N

1
SpI BN 2|wi - wnominal|- (11)
N i=1

All these indexes are calculated as the average of the absolute values for every time
step i. Thus, a lower value means a better controller performance.
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5. Proposed Fuzzy Logic Controller

The baseline PI acts on the tracking error of the reference for the generator speed, and it
presents a gain-scheduling law that depends on the actual value of the collective pitch. The
addition of an Anti Wind-Up method (Figure 4) improved this PI performance according
to the aforementioned indexes [52]. The original PI is described in detail in [19,45], and the
improved PI and its implementation for simulation is presented in [46].

PI controller

A7 N\

Gain-scheduling law
Anti Wind-Up

Wind Turbine

=

Measured pitch and generator speed

Figure 4. Simplified diagram for the improved PI scheme.

The main contribution of this work is the description and evaluation of a fuzzy logic
controller that adjusts the reference calculated by the improved PI controller. The fuzzy
rules were designed according to expert knowledge of the desired behavior of the system.
Since the desired behavior could be better described using linguistic variables, a Mamdani-
type fuzzy inference was selected. The scheme of the topology of the proposed fuzzy logic
controller can be seen in Figure 5.

[ PI controller ]
Gain-scheduling law
Anti Wind-Up N
Fuzzy Logic
/R Controller
[Measured pitch and generator} /

speed
Wind Turbine
K/

Figure 5. Simplified diagram for the proposed fuzzy logic controller topology scheme.

As can be seen, the improved PI calculates a pitch reference, which is sent to the fuzzy
logic controller. Using it and the generator speed as normalized inputs, this fuzzy logic
controller produces a new and adjusted pitch reference for the blades. A common practice
is to make the output values fall within the range [0, 1] and to de-normalize it afterward,
which, in the scheme, is completed before sending the fuzzy pitch reference to the wind
turbine, i.e., the OC4 Deepwind semi-submersible FAST simulation model. Explicitly, the
Mamdani-type fuzzy logic controller is composed of:

e Two normalized inputs (generator speed and the pitch reference calculated by the
improved PI, Figures 6-9) and one normalized output (pitch reference calculated by
the fuzzy logic controller, Figures 10 and 11). The membership functions of each of
them are shown in Tables 2—4.
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e  Forty-eight rules that map the inputs to the output (Table 5). The resulting inputs to
output values are shown in Figure 12 and detailed in Figure 13.

Table 2. Input 1 (generator speed) membership functions (MF).

MF Name MF Type Defining Points
UnderNominalSpeed Trapmf [-1.0 —-0.50.91.0]

A25 Trimf [1.0 1.025 1.05]
A5.0 Trimf [1.025 1.05 1.075]
A75 Trimf [1.051.075 1.10]
A10 Trimf [1.0751.10 1.5]
A15 Trimf [1.01.50 2.0]
A20 Trimf [1.52.02.5]

Above20 Trapmf [202.53.54.0]

S

Figure 6. Membership functions of the generator speed input.

input variable *GenSpeed

25

A50

11
input variabia *GenSpeed”

Figure 7. A zoom-in on the range [0.95, 1.25] of the horizontal axis of the membership functions for
the generator speed inputs A2.5, A5.0, A7.5, and A10.

NuL1 L2 13 L4

1B

input variable "PID"

Figure 8. Membership functions of the pitch reference input calculated by the improved PI.
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ot 1 L2 L3 L Max

o1
input variable "PID*

Figure 9. Membership functions of the pitch reference input calculated by the improved PI. Zoom-in
on the range [0, 0.20] of the horizontal axis.

N L1 L2 13 L4 LS L6 53

15 -

B I I 1

cutput variable "PitchFuzzy"

Figure 10. Membership functions of the pitch reference output.

01
output variable "PitchFuzzy™

Figure 11. Membership functions of the pitch reference input. Zoom-in on the [0, 0.20] range of the
horizontal axis.
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PitchF uzzy
S o
2 2

PI o
o o GenSpeed

Figure 12. A surface that summarizes the interactions between the rules, inputs, and membership
functions to produce the output. The general form representation is due to using a big mesh with

low precision.

GenSpead

Figure 13. A surface that summarizes the interactions between the rules and membership functions
using the output value for each pair of input values. Representation with a small mesh so the details

of transitions can be appreciated.

Table 3. Input 2 (improved PI pitch reference) membership functions (MF).

MF Name MF Type Defining Points
Null Trapmf [—0.225 —0.025 0.001 0.002]
L1 Trimf [0.002 0.02 0.04]
L2 Trimf [0.02 0.04 0.06]
L3 Trimf [0.04 0.06 0.08]
L4 Trimf [0.06 0.08 0.10]

Max Trapmf [0.08 0.20 1.0 1.50]
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Table 4. Output (fuzzy logic controller pitch reference) membership functions (MF).

MF Name MF Type Defining Points
Null Trapmf [—0.225 —0.10 0.001 0.002]
L1 Trimf [0.002 0.025 0.04]
L2 Trimf [0.02 0.045 0.06]
L3 Trimf [0.04 0.065 0.08]
L4 Trimf [0.06 0.085 0.10]
L5 Trimf [0.08 0.105 0.12]
L6 Trimf [0.10 0.125 0.14]
L7 Trimf [0.120.20 0.28]

The membership functions for the generator speed input were defined with respect to
several relevant speed values above the nominal value, as shown in Figure 6. A normaliza-
tion with regard to the nominal generator speed is applied. This is reflected in the name of
the sets, were A5.0 means a membership function centered on a speed of 5.0% higher than
nominal speed, as shown in Figure 7 and summarized in Table 2.

For the improved PI pitch reference input, the behavior of that PI was studied under
different operating scenarios, resulting in the division of possible pitch values into some
ranges (Figure 8). These ranges are meant to approximate the non-linear relationships that
exist between a hypothetical steady wind speed value and the pitch required to achieve
a stable response from the wind turbine operating at that wind speed. The names of the
membership functions (Figure 9) reflect these ranges as levels (L1, L2, etc.). Table 3 lists
these functions.

The expertise of wind turbine designers performed a key role, as the membership
functions of the pitch reference output were established according to the pitch references
that an expert wind turbine operator would suggest, as shown in Figures 10 and 11.

Thus, the identified drawbacks would be corrected by an expert human operator
taking advantage of the potential of the fuzzy logic control technique. Still, this expertise
should be embedded into the fuzzy logic controller, hence the importance of the control
theory and engineering. Table 4 summarizes the membership functions of the output.

As mentioned before, the integration of the expert knowledge of the wind turbine
designer is not trivial. In the case of the proposed fuzzy logic controller, 48 rules were
defined that couple expert knowledge with control knowledge. These rules are presented
in Table 5.

These rules were stated by assigning different pitch levels to the desired behavior of
the wind turbine, as explained in the definition of the fuzzy logic controller inputs. Still,
some tuning was required after the initial implementation in order to improve the behavior
in turbulent, high-wind speed scenarios using the defined indexes. The methodology
presented in Section 3 played a key role in that process.

The surface that maps the inputs to the output values summarizes the behavior of
the controller (Figure 12) and was helpful in the process of fine-tuning. It is the result of
evaluating each pair of possible inputs, according to the defined membership functions and
rules, to produce the output. As the key range of generator speeds that requires a precise
control is between the rated generator speed and approximately 15% above it, an additional
figure (Figure 13) is presented with a greater detail of the behavior of the controller in
this area.
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Table 5. Rules of the proposed fuzzy logic controller (Fuzzy A).

IF SPEED Is AND PID Is THEN PitchFuzzy Is
UnderNominalSpeed Null Null
UnderNominalSpeed L1 Null
UnderNominalSpeed L2 Null
UnderNominalSpeed L3 Null
UnderNominalSpeed L4 Null
UnderNominalSpeed Max Null

A25 Null L1
A2.5 L1 L1
A25 L2 L2
A25 L3 L3
A25 L4 L4
A25 Max L5
A5.0 Null L2
A5.0 L1 L2
A5.0 L2 L3
A5.0 L3 L4
A5.0 L4 L5
A5.0 Max L6
A75 Null L3
A7.5 L1 L3
A7.5 L2 L4
A75 L3 L5
A7.5 L4 L6
A7.5 Max L7
A10 Null L4
A10 L1 L4
A10 L2 L5
A10 L3 L6
A10 L4 L7
A10 Max L7
Al5 Null L5
A15 L1 L5
Al5 L2 L6
Al5 L3 L7
A15 L4 L7
Al5 Max L7
A20 Null L6
A20 L1 L7
A20 L2 L7
A20 L3 L7
A20 L4 L7
A20 Max L7
Wmax Null L7
Wmax L1 L7
Wmax L2 L7
Wmax L3 L7
Wmax L4 L7
Wmax Max L7
If Speed is AND PID is THEN PitchFuzzy is
6. Results

The integrated simulation tool has been used to obtain the behavior of the wind turbine
on a semi-submersible platform under three different wind scenarios with turbulence class
A, the worst case scenario, for each of five different controllers: the baseline NREL PI [19],
the improved PI [52], the fuzzy logic controller proposed in this paper (Fuzzy A), a previous
fuzzy logic controller presented in [45] (Fuzzy B), and a third fuzzy logic controller (Fuzzy
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C) depicted in [46,53]. The fuzzy logic controllers are used represent a different control
topology, which is summarized in Table 6.

Table 6. List of controllers compared in this paper. Fuzzy A is proposed in this paper.

Controller Topology or Key Feature
NREL PI [19] Baseline PI defined by NREL.
Improved PI[52] NREL PI with Anti Wind-Up algorithm.
Fuzzy A Adjusts the improved PI pitch reference.
Fuzzy B [45] Substitutes the improved PI controller.
Fuzzy C [46] Adjusts the integral gain of the improved PI.

Simulation scenarios have been considered for several wind profiles, with an average
speed of 13 m/s (Figure 14, Table 7), 15 m/s (Figure 15, Table 8), and 18 m/s (Figure 16,
Table 9). These average wind speeds have been selected to characterize the response of the
wind turbine when the wind is close to the value that produces the nominal power with a
null pitch, i.e., 11.4 m/s, when it is slightly higher than the nominal value, and when it is
clearly above.
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Figure 14. Comparison of the evaluated controllers for a wind profile of 13 m/s.

Table 7. Indexes for simulations with wind profile 1 (13 m/s A).

MI (MN-m) GI (MW) SplI (rpm)
NREL PI 75.3263 0.6887 65.6272
Improved PI 74.6069 0.5945 43.0069
Fuzzy A 74.1667 0.5734 37.6001
Fuzzy B 74.8597 0.6132 48.6432
Fuzzy C 74.3480 0.5775 38.4531

Table 8. Indexes for simulations with wind profile 2 (15 m/s A).

MI (MN-m) GI (MW) Spl (rpm)

NREL PI 71.6635 0.5132 103.3224
Improved PI 69.6505 0.2883 51.6521
Fuzzy A 68.8568 0.2205 35.0297
Fuzzy B 70.0338 0.3318 61.9664

Fuzzy C 69.2329 0.2271 36.4260
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Figure 15. Comparison of the evaluated controllers for a wind profile of 15 m/s.
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Figure 16. Comparison of the evaluated controllers for a wind profile of 18 m/s.

Table 9. Indexes for simulations with wind profile 3 (18 m/s A).

MI (MN-m) GI (MW) Spl (rpm)

Baseline PI 60.0260 1.1988 275.4546
Improved PI 53.8895 0.3808 83.3007
Improved PI + Fuzzy A 52.3816 0.2943 63.0921
Fuzzy B 55.9004 0.6653 150.2268
Improved PI + Fuzzy C 53.3247 0.2614 55.4029

6.1. Wind Profile 13 m/s Turbulence A

The requirements for pitch control are relaxed due to a wind speed lower than the
nominal value most of the time, causing the generator speed not to rise above the reference
speed frequently. However, there may be some peaks in the wind speed, and the response
that a given controller offers might improve the behavior of the system.



Appl. Sci. 2023,13, 2422

16 of 21

The NREL baseline PI can cope with the variations of the wind speed as these are
not big enough to lead the generator speed above its nominal value consistently, as seen
in Figure 14. The added Anti Wind-Up achieves a more constant pitch reference without
losing control capabilities, although there are almost no differences between them. With
respect to the Pls, fuzzy logic controller A produces a more stable pitch reference. Similar
results are obtained with Fuzzy B and Fuzzy C.

As previously stated, in this scenario, the pitch control has little to no impact on the
system behavior as the performance indexes are similar for the five controllers (Table 7).
However, two of the fuzzy logic controllers start to exhibit their capabilities to improve the
PI results, as the speed index (Spl) is around 10% lower (better) for them.

6.2. Wind Profile 15 m/s Turbulence A

In this second scenario, the requirements of the pitch control are far increased due to a
wind speed higher than the nominal value most of the time, causing the generator speed to
rise fast above the rated speed if the collective pitch is not properly adjusted. Moreover, the
wind speed peaks at 20 m/s in some moments of the simulation and also goes as low as
10 m/s, requiring a controller capable of adjusting the pitch reference regarding this rapid
variability. The NREL PI is not fully capable of performing this task (see Figure 15). The
improved PI controller, in comparison, improves the behavior as the generator speed is far
closer to the rated value than in the NREL PI graphics. Fuzzy A produces better results
than the improved P], as the graphics show a generator speed even closer to the desired
value, i.e., the rated value, due to a faster reaction to changes in the wind speed. Similarly,
Fuzzy B produces a better performance with respect to the NREL PI. However, it is not as
good as the improved PI or even Fuzzy A regarding the behavior of the system. In contrast,
Fuzzy B offers better stability than the other two controllers, which sometimes is preferred
by wind turbines operators even if the performance is a bit lower. Fuzzy C achieves better
results than the improved PI and Fuzzy B.

As pitch control has a bigger impact on performance, the indexes vary broadly for the
five controllers (Table 8). In contrast with the previous scenario, this one reflects which
controllers adjust the pitch fast enough to allow the system show better behavior.

6.3. Wind Profile 18 m/s Turbulence A

As the wind speed is far above the nominal value all the time, the generator speed
rises extremely fast above the rated speed if the pitch is not incremented accordingly, which
happens under the baseline PI (see Figure 16). The improved PI is not fully capable of
producing a pitch reference as fast as the wind speed changes. However, it can limit the
amount the generator speed exceeds the nominal value, which the NREL PI cannot. It is
easy to notice the enhancement produced by fuzzy logic controller A with respect to the
two PIs. The generator speed is close to the reference, and the speed tracking error is set to
a low limit. As in the previous scenario, Fuzzy B offers a poorer performance than Fuzzy A,
though its topology provides more flexibility and improves the baseline PI. Finally, Fuzzy C
offers a performance as good as Fuzzy A. It is capable of a lower amount of speed tracking
error yet is more unstable than Fuzzy A. These differences are due to the fact that the said
two controllers were developed with two totally different topologies.

In a high wind speed scenario such as this one, the pitch control has an impact on
performance. Because of this, the indexes values (Table 9) are more widespread than in the
previous study cases. In the case of the previous scenario, controllers that adapt the pitch
rapidly and accurately score lower (better) values of the indexes.

7. Discussion

In addition to the curves and the performance indexes for each scenario, an aggregated
table with all the index values for all the scenarios enables further comprehension of the
controllers” performance. For the sake of clarity, Table 6 is replicated as Table 10, recalling
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the different controllers evaluated, while Tables 11-13 present the indexes for each one of
these controllers.

Table 10. Controllers evaluated. Fuzzy A is proposed in this paper.

Controller Topology or Key Feature
NREL PI [19] Baseline PI defined by NREL.
Improved PI[52] NREL PI with Anti Wind-Up algorithm.
Fuzzy A Adjusts the improved PI pitch reference.
Fuzzy B [45] Substitutes the improved PI controller.
Fuzzy C [46] Adjust the integral gain of the improved PI.

Table 11. Mechanical loads index, MI (MN-m).

13 m/s A 15m/s A 18 m/s A
Baseline PI 75.3263 71.6635 60.0260
Improved PI 74.6069 69.6505 53.8895
Improved PI + Fuzzy A 74.1667 68.8568 52.3816
Fuzzy B 74.8597 70.0338 55.9004
Improved PI + Fuzzy C 74.3480 69.2329 53.3247

Table 12. Generation Index, GI (MW).

13 m/s A 15m/s A 18 m/s A
Baseline PI 0.6887 0.5132 1.1988
Improved PI 0.5945 0.2883 0.3808
Improved PI + Fuzzy A 0.5734 0.2205 0.2943
Fuzzy B 0.6132 0.3318 0.6653
Improved PI + Fuzzy C 0.5775 0.2271 0.2614

Table 13. Speed Index, SpI (rpm).

13 m/s A 15m/s A 18 m/s A
Baseline PI 65.6272 103.3224 275.4546
Improved PI 43.0069 51.6521 83.3007
Improved PI + Fuzzy A 37.6001 35.0297 63.0921
Fuzzy B 48.6432 61.9664 150.2268
Improved PI + Fuzzy C 38.4531 36.4260 55.4029

Firstly, the evaluated controllers score similarly in the 13 m/s with turbulence A
simulation scenario due to the little pitch control required, but as wind speed increases
above the nominal value, i.e., 11.4 m/s, the performance of the controllers begins to
vary, hence the behavior of the system. Finally, when the wind speed rises further, these
differences among the controllers are even bigger.

As the performance indexes summarize, the mechanical loads suffer the smallest
variations among the indexes. Still, Fuzzy A and Fuzzy C produce noticeable improvements
at around a 10% lower value in the 18 m/s scenario. Wind turbine operators give high
importance to structural operation parameters, and, as stated before, the literature has
analyzed the effects of loads on the lifespan of wind turbines and the great impact of them
on the profitability of the investment [54].

In contrast, both the energy produced and the tracking of the speed reference show
great differences for each controller. These two indexes indicate that Fuzzy A controller
achieves lower, and hence better, scores in the overall comparison.

This fuzzy logic controller is based both on the reliability of a PI plus the flexibility
of the fuzzy logic control implementing the desired behavior from the point of view
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of a turbine operator. However, Fuzzy C achieves better scores than Fuzzy A in some
scenarios, although its potential for escalation is lower due to the differences in their
topologies. Furthermore, these two controllers are the result of the application of all
the knowledge acquired during the development of previous controllers for each of the
topologies. Specifically, topologies or techniques that achieved worse scores, such as Fuzzy
B or the improved PI, and the previous versions of A and C allowed a better understanding
of the problem. However, it should be noted that Fuzzy B acts as a single controller of the
system, substituting the PI, which is remarkable because the other four controllers involve
a PI in some manner. Thus, this controller could be a candidate to substitute the now
standard PI controller. This fuzzy controller features the most stable pitch control behavior
but at the cost of worse performance, so it is not attractive for an actual deployment in
a commercial turbine. On the other hand, the improved PI enhances the baseline PI by
considering the dynamic behavior when the wind speed varies rapidly, i.e., a turbulence
scenario. However, as it is based only on the speed tracking error, there is lack of faster
adjustments when turbulence occurs, which is completed by fuzzy controllers.

As previously stated, fuzzy controllers A and C merge the fuzzy logic control and
the improved P, partially removing the flaws of both and creating synergies that allow
for further improvement in the behavior of the controlled system. Both fuzzy controllers
keep a Pl in the architecture, which can help their adoption in commercial systems. The
performances of Fuzzy A and C are improved with respect to the rest of the controllers
included in the comparison. Additionally, the proposed fuzzy controller can be enhanced
incrementally by the turbine operator by adding new rules or changing its topology without
modifying the improved PI.

8. Conclusions

Controller design plays a key role in obtaining a good performance of wind turbines,
particularly in offshore systems where the oscillatory motion of the platform interacts with
the wind turbine and has an effect on the performance in energy generation as well as on
the expected lifespan of the system.

In this context, this work presents a fuzzy logic controller designed to take into account
these effects, enhancing the performance of the system regarding the mechanical loads
in the platform, generation of electric energy, and tracking of the speed reference, as
stated by the values of a set of performance indexes and the results obtained with an
integrated simulation tool, which comprise the methodology employed for comparison of
the controllers. This methodology has been used to validate intelligent controllers, proving
that fuzzy logic control is a promising alternative to improve the performance of wind
turbines in semi-submersible offshore platforms.

In particular, the methodology has been applied to the reference PI controller, an
improved version of this PI, a stand-alone fuzzy logic controller, a fuzzy logic controller
that adjust the gains of the PI, and the fuzzy logic controller proposed in this work. The
proposed fuzzy logic controller achieved the best results in the comparison, proving that
the combination of intelligent control and traditional control techniques can result in a
better controller with fewer drawbacks. In addition, the comparison shows the potential
that intelligent control has in the field of wind turbine control in offshore scenarios, as the
three fuzzy logic topologies evaluated performed better than the reference PI for each of
the three simulation scenarios, while having far better escalation possibilities.

Future lines of work include the development of alternative intelligent controllers and
the escalation of the evaluated ones to consider effects such as wave energy converters on
the platform or the grid status. In particular, the proposed fuzzy logic controller is based
on the topology with the best potential to escalate among the three evaluated, as these
effects may be integrated in the actual set of inputs, output, and rule definitions without
modifying or erasing the PI controller. An interesting future line is the integration and
evaluation of techniques that allow for more degrees of freedom for the designer, such as
type-2 fuzzy systems, FOPID, or a combination of both.
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