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For wind turbines operating in the full load region, stabilizing the generated power at its nominal
value is a key objective. Furthermore, the control of tower vibrations is a major constraint in wind
turbine structures because diverse loading sources can induce fatigue damage. These goals are often
conflicting, and a trade-off solution must be found. To reduce tower vibrations, an additional damping
method can be implemented by ensuring coordination between the pitch and torque control scheme.
This study proposes a control scheme that balances these two objectives: power generation and tower
vibration reduction. The control design is based on a collective pitch combined with two active tower
damping controls: one for frontal oscillations to the wind, which generates an extra pitch component,
and another for lateral displacements, which produces an additional component of the generator
torque. The control parameters are tuned through multi-objective optimization and multi-criteria
decision methods with FAST software along with MATLAB/Simulink. The proposed control scheme
was simulated according to the extreme wind direction change in the IEC 61400-1 standard. The
results show that the proposed procedure achieves a notable reduction in tower vibrations, whereas
the generated power is almost unaffected. To support this conclusion, a set of performance indices and
the time and frequency responses are analyzed from the simulations Comparisons with other control

schemes illustrate the superior performance of the proposed methodology.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction and, simultaneously, reducing their different structural loads to

increase their fatigue life (Kong et al., 2017).

Faced with the challenge of global warming, renewable en-
ergies have experienced great growth to reduce greenhouse gas
emissions, cope with the increase in energy demand, and avoid
high dependence on energy imports. In this massive deployment
of renewables, wind energy has played a key role in recent
decades. The total worldwide wind capacity in 2021 reached
837 GW, with China, USA, Germany, India, and Spain together
accounting for 72%. Even so, according to the forecast of the
International Energy Agency, wind power capacity must increase
up to 3200 GW by 2030 to limit global warming to 1.5 °C (Lee
and Zhao, 2022). For this expansion to be financially affordable
and competitive, wind power technology must keep improving
its efficiency in energy production and reducing its maintenance
costs as well (Luo et al., 2019). From a control viewpoint, these
costs can be significantly reduced by operating wind turbines
more efficiently: improving the power captured from the wind
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Nowadays, three-bladed variable speed and variable pitch (VS-
VP) wind turbines are the most widespread because their control
system allows them to work in different operational regions
according to the wind speed (Gambier, 2021). Between the cut-
in wind speed and the rated wind speed (partial load region),
the control system aims to capture as much power as possible
from the wind by tracking the optimal generator characteristic
(Saravanakumar and Jena, 2015; Yin et al.,, 2018). In this region,
the generator torque control allows the wind turbine speed to
vary while the collective pitch angle remains at its minimum
value (Song et al., 2022; Yin et al., 2017). The full load region is
defined over the rated wind speed and below the cut-off value. In
this region, the objective is to regulate the generator power at its
rated value over various wind speeds. For this aim, the control
system pitches the blades to enable smooth power production
and reduce mechanical loads and vibrations (Novaes Menezes
et al., 2018). A transition region, which is defined around the
rated wind speed value when the torque is still below its rated
value, is generally used to ensure a smooth switch between the
respective controllers of the partial load region and the full load
region (Ruz et al., 2020; Fragoso et al., 2017).
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Nomenclature

Acronyms

AGTC Active generator-torque control

ATDC Active tower damping control

CPC Collective pitch control

CVR Cumulative variation rate

EDC Extreme direction change

FA Fore-aft

FFT Fast Fourier transform

GA Genetic algorithm

IPC Individual pitch control

ISE Integral of the square error

MCDM Multi-criteria decision-making

MOO Multi-objective optimization

NSGA Non-dominated sorting genetic algo-
rithm

PID Proportional-integral-derivative

SAW Simple additive weighting

SS Side-side

STD Standard deviation

TFC Tower feedback control

TOPSIS Technique for order of preference by
similarity to ideal solution

VIKOR VliseKriterijumska optimizacija I kom-
promisno resenje

VS-VP Variable speed, variable pitch

Symbols

CVRp CVR of total tower displacement

D Tower model damping

F Rotor thrust

h Sampling period

I(k) Integral action in the kth sampling
period

] Cost function

K Tower model stiffness

Kra Gain of TFC

Kp Proportional gain

Kss Gain of AGTC

M Tower model mass

Py Generated power

P(k) Proportional action in the kth sampling
period

STDy4y Sum of the displacement STDs in FA and
SS directions

Ty Generator torque

T Integral time constant

X OT Xpa Nacelle fore-aft displacement

XFA.0 Tower-top fore-aft displacement in the
tower frame

XFA.0 Tower-top fore-aft displacement in the
nacelle frame rotated a yaw angle 6

Wind turbine control in the full load region is challenging
due to the complex and non-linear dynamics of the system, the
coupling of its variables, and the uncertainty of wind conditions.
When wind speed is over the rated value, the power must be
limited by the corresponding controller, which in the case of
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y Or Yss Nacelle side-side displacement

Yss,0 Tower-top side-side displacement in
the tower frame

Vss.0 Tower-top side-side displacement in
the nacelle frame rotated a yaw angle 6

B Pitch angle

Bcerc Pitch angle provided by the CPC

Bra Pitch angle provided by the TFC

0 Nacelle yaw angle with respect to the
initial tower reference frame

0, Wind direction

v Mean wind speed

Tg sS Generator torque provided by the AGTC

Wy Rotational generator speed

8 Change, difference

oF Extra thrust force

VS-VP wind turbines produces a collective pitch control (CPC)
signal Bcpc to pitch all blades simultaneously at the same angle.
The generator torque Ty (N m) is usually fixed at its rated value
Tg ratea and therefore, according to (1), the power output Py (W)
can indirectly be maintained constant at its rated value using a
control loop of the rotational speed wg (rad/s).

(1)

The most classical approach applied to the CPC is the
Proportional-Integral-Derivative (PID) control (Novaes Menezes
et al,, 2018), which is usually implemented with gain schedul-
ing to adapt to the wind turbine dynamic changes with the
wind speed (Bianchi et al,, 2007; Jonkman et al., 2009). To en-
hance the performance of classical PID controllers, some authors
propose using more modern versions of PID control, such as
nonlinear PID controllers, which adjust the control parameters
from nonlinear functions of the error signal, or fractional PID
controllers, which add new tuning parameters (Gambier, 2022a).
More advanced control methods have also been studied. In Yuan
and Tang (2017), a disturbance accommodation controller with
model reference adaptive control is developed for pitch control
to regulate the generator speed and to reduce induced load in
a wind turbine with structural uncertainties. In Wakui et al.
(2021), model predictive control (MPC) is applied to wind tur-
bines with a formulation that considers additional objectives and
constraints, such as pitch usage, power limit, or tower displace-
ments; however, it uses wind turbine models linearized around
some operation point, and consequently, the model uncertainties
can lead to errors in the analysis. To address this issue, some
authors used nonlinear MPC (Schlipf et al., 2013) or applied
robust control to nonlinear wind turbine models (Faraji Nayeh
et al., 2020; Garcia-Sanz and Houpis, 2012). Recently, intelligent
control approaches, such as fuzzy control (Viveiros et al., 2015),
neural networks (NNs), or reinforcement learning (RL), have been
developed for CPC of wind turbines to improve their performance
(Sierra-Garcia and Santos, 2021). These methods can be used
to directly design the pitch controller or can be combined with
other controllers in hybrid strategies. In Sierra-Garcia and Santos
(2020), an NN is trained and implemented as a pitch controller to
maintain the power output at the rated value. In Sierra-Garcia and
Santos (2022), the pitch control combines a fuzzy logic controller
and a deep learning module that also estimates the effective
wind. In Sierra-Garcia et al. (2022), the same authors propose
a hybrid control that combines an RL-based controller with a
PID regulator for CPC, and they achieve speeding up the learning

Pg = Tg,rated + Wg
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Fig. 1. Different wind turbine oscillations and initial tower reference frame.

convergence and reduce the error of the power output compared
with a PID controller.

In addition to the power output regulation, in the full load
region, mitigation of structural loads and oscillations is crucial
to avoid undesirable effects or even early failure of the wind
turbine. These loads can produce different vibration modes with
strong coupling among them, as shown in Fig. 1. The tower fore-
aft oscillations show strong coupling with the blade flap-wise
vibration, while the tower side-side fluctuations and the blade
edge-wise vibrations are strongly coupled with the drive torsional
vibration (Liu et al.,, 2016). The oscillation modes of the tower
have been studied in a wide variety of works from different
approaches: passive and active methods (Zuo et al., 2020). Passive
or semi-active tuned mass dampers, calibrated liquid column
dampers, or 3D pendulums installed in the nacelle can reduce the
undesired tower oscillations (Fitzgerald et al., 2013; Galan-Lavado
and Santos, 2021; Mensah and Duefias-Osorio, 2014; Sun, 2018;
Villoslada et al,, 2021). Nevertheless, these additional devices
incur extra installation and maintenance costs. In contrast, active
tower damping control (ATDC) uses feedback to inject damp-
ing into the system through extra pitch or torque controllers.
Cyclic loads due to the periodic rotation of the rotor occur at
different frequencies and affect mainly the rotor blades. They can
be reduced by individual pitch control (IPC), which individually
adjusts the pitch of each blade (Bossanyi, 2003a). Feedforward
control is another strategy that can be used to mitigate load
and improve the generated power. This strategy uses wind speed
measurements, typically provided by light detection and rang-
ing (LIDAR) based technology, to generate a feedforward control
signal that reduces fatigue in different parts of the wind turbine
(Mahdizadeh et al., 2021; Schlipf et al., 2013; Wang et al., 2013).
This feedforward signal is usually a pitch component that is
combined with the CPC.

The tower oscillations in the fore-aft (FA) direction can be
actively reduced by a complementary tower-feedback controller
(TFC) that adds an extra pitch value Bga (°) to the collective pitch
signal Bcpc (°) (Fischer et al, 2012; Gambier and Nazaruddin,
2018). Tower dynamics in the fore-aft direction can be mod-
eled according to (2), as a second-order system with a damped
harmonic motion, where xgs (m) is the fore-aft tower displace-
ment, F (N) is the rotor thrust force, and M, D, and K are the tower
modal mass, damping, and stiffness, respectively, in N/m. The
term OF is the extra thrust force produced by the pitch increment
APB (or Bga) of the TFC. If this term OF is forced by AB to be
proportional to —Xga (m/s), as shown in (3), then, the effective
damping of (2) can be increased an additional quantity Dgy (N
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s/m) (Bossanyi, 2003b). The tower-top fore-aft acceleration can
be measured and integrated to provide an estimate of Xgs. Ac-
cording to (4), the TFC signal Bgas can be obtained from a simple
proportional control law with gain Kga (N s/m), which is a design
parameter to be tuned (Bossanyi, 2003b). Due to the nonlinear
dynamics of wind turbines, some works propose that the gain Kga
be adaptive (Pascu et al., 2017).

MXgs + DXga + Kxga = F + OF (2)
oF = (2E) A = —Dpi (3)
= _ = — X
2B FAXFA
Bra = AB = — D Xea = KeaXpa (4)
A = = ———— X = KmXg
(0F/9B)

The control actions of CPC and TFC are coupled since both
actions converge to the same control variable, the pitch angle.
They are also contradictory. When the CPC produces strong pitch
variations to limit the power output, which is even more frequent
in the presence of wind turbulence, the tower vibrations increase.
Subsequently, TFC modifies the pitch angle acting against the
CPC to reduce the oscillations. This trade-off between power
performance and fluctuation reduction in wind turbine control
is addressed by some authors as a multi-objective optimization
(MOO) problem. This approach is based on obtaining solutions
from the Pareto front and the use of decision-makers. The Pareto
solutions are optimal in the sense that no objective function
can be improved without worsening others. Genetic algorithm
(GA) methods can be used to identify correct and accurate Pareto
fronts independently of the objectives and constraint functions, at
the expense of many iterations and computational efforts (Chian-
dussi et al., 2012). Then, front solutions are analyzed and ranked
through multi-criteria decision-making (MCDM) methods to se-
lect one of them according to the specific preferences (Gambier,
2022b; Lee and Chang, 2018). Recent works use MOO techniques
to tune a more efficient control of wind turbines in simulated
models. In Odgaard et al. (2016), a linear MPC is tuned consid-
ering Pareto optimality for power and fore-aft fatigue control of
a wind turbine. In Gambier and Behera (2018), MOO is used to
design CPC for power performance, TFC for tower oscillations,
and IPC for loads on the blades. The work by Lara et al. (2021)
proposes a gain scheduling PI controller for CPC, an adaptive gain
for TFC, and an adaptive feedforward compensation for the wind
speed. The controllers are tuned on the basis of a Pareto opti-
mization problem that minimizes the generator speed error and
the tower fore-aft displacements. The proposed solution achieves
better performance than that obtained by a classical baseline
PI controller. Most of these studies related to optimization and
control methodologies for wind turbines use FAST (Fatigue, Aero-
dynamics, Structures, and Turbulence) software (Jonkman and
Buhl, 2005) to validate their designs in simulation. This software
allows representing the aeroelastic and dynamic characteristics
of a wind turbine without physically depending on the natural
resources of the wind and a real system. Works testing designs
directly in real wind turbines are unusual.

Additionally, tower oscillations in the side-side (SS) direc-
tion can arise in wind turbines due to changes in the mean
wind direction or wave loads in the case of offshore turbines.
In Park et al. (2020), orthogonal tuned liquid column damper
designs are optimized via multi-objective optimization to re-
duce fore-aft and side-side fatigue, and extreme loads. Other
studies propose to compensate for lateral tower vibrations us-
ing active generator-torque control (AGTC), which can provide
damping to these oscillations, as was demonstrated by Zhang
et al. (2014). The generator torque affects the side-side tower
vibrations through the reaction on the generator stator, which
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is rigidly fixed to the nacelle. AGTC involves an ATDC method
similar to that of TFC. Here, the control action tgss is added for
damping to the demanded nominal value g rateq in the full load
region. These extra torque signals are calculated via feedback
from the tower side-side velocity, ys; (m/s), as shown in (5),
and they are usually limited within +10% of the rated generator
torque. The tuning parameter is the gain Kss (N s) and the lateral
velocity can be obtained from measuring and integrating the
tower-top side-side acceleration.

(5)

The reduction of lateral tower vibrations is also related to
the mitigation of edgewise deflection modes of the blades. The
generator torque is used as a way to dampen the torsional vibra-
tions of the drivetrain (Poureh and Nobakhti, 2020). However, the
tower AGTC can increase the fluctuations in the power output. In
Golnary and Tse (2022), this trade-off between reducing power
output fluctuations and tower lateral oscillations is addressed
by simultaneously using a fuzzy torque control and a sliding
mode pitch controller. Nevertheless, this study does not consider
the tower fore-aft oscillations in its proposed control scheme.
Recently, some authors have proposed coordinated pitch and
torque methodologies based on MPC and Pareto optimization to
reduce mechanical loads and improve power output (Lin et al.,
2018, 2019; Song et al., 2022).

There are few studies dealing simultaneously with AGTC of
tower vibrations and power control regulation (Golnary and Tse,
2022). To the best of our knowledge, works dealing simultane-
ously with minimizing power fluctuations, tower fore-aft vibra-
tion, and tower side-side oscillations in the full load region are
even more unusual in the literature. Additionally, there is a trade-
off between these three objectives that needs to be considered.
To address this research gap, we combine CPC, TFC, and AGTC in
a control scheme with three loops, and we tune the controllers
using a multi-objective optimization on a 5 MW wind turbine
that is simulated with FAST software and MATLAB/Simulink. The
optimization considers one objective function of the generated
power error and two indices associated with the tower vibra-
tions. Other simpler control strategies considering fewer control
loops are also developed and optimized for performance compar-
ison. The results demonstrate that simultaneously adding active
damping through both pitch loop and generator-torque loop to
a conventional collective pitch controller considerably reduces
the tower vibrations of the wind turbine without significatively
affecting the generated power.

The rest of the paper is organized as follows: Section 2 intro-
duces the full proposed control scheme for the wind turbine in
the full load region and defines the parameters to be tuned. In
Section 3, the objectives to minimize are described and the MOO
problem is formulated. An illustrative example and the simulation
results are exposed in Section 4, and finally, conclusions are
discussed in Section 5.

Tg = Tg rated + Atg = Tg,rated + KSSJ"SS

2. Control system

The scheme of the proposed wind turbine control system in
the full load region is shown in Fig. 2. The controlled variables
are the generator speed wy, the nacelle fore-aft and side-side
displacements xps and yss, and the nacelle yaw angle 6 with
respect to the initial tower reference frame. The measurements
required by the control system are generator speed, fore-aft
and side-side top-tower accelerations, pitch angles, nacelle yaw
angle, generator power, and wind speed and direction. All these
variables are assumed to be obtained from conventional sensors
installed in the wind turbine.
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A CPC implemented with a PI controller regulates the genera-
tor speed at its nominal value, wg raed. The controller produces
the control signal Bcpc to reject the wind speed disturbances
according to (6). Its tuning parameters are the proportional gain
Kp (°/rpm) and the integral time constant T (s).

1
Bere = Kp (wg,rated - wg(t)) + F[ / (wg,rated - wg(t)) dt (6)

The tower fore-aft oscillations are compensated by a TFC,
which adds an extra pitch signal Sga to the pitch value generated
by the CPC. This Brs signal is calculated according to (4) and is
proportional to the fore-aft nacelle velocity.

The control laws are discretized according to the Tustin ap-
proximation with a sampling period of h seconds and imple-
mented with the difference equations in (7). The proportional
term P(k) and integral term I(k) in the kth iteration are defined in
(7)(a) and (7)(b). Eq. (7)(c) defines the TFC action, which provides
the pitch component Bpa. The initial pitch signal B(k) is the
sum of proportional and integral components plus the TFC term,
as shown in (7)(d). The first “if” clause (7)(e) limits the pitch
signal considering its slew rate constraint |ABmax|. The second
“if” clause (7)(f) is an anti-windup mechanism that copes with
the pitch limits B, and Bmax and updates the integral term I(k)
within its limits when the pitch value is out of range.

(@ P (k) =Kp (wg.rated — Wg (k))
Kph
Bk =1(k—=1)+ ST (wg,rated — wyg (k)
1

+ (wg.rated — wg (k — 1)))
() Bra (k) = KeaXea,o (K)

(d) B (k) =P (k) +1 (k) + Bra (k)
(e)if Bk)y —pk—1) < —h-|ABmal
B (k) =8 (k) —h- | A Bnax!

elseif B (k) —B(k—1) > h-|ABmal
B k) =p (k) +h-[ABmal
end
() if B &) < Bmin
I (k) = Bmin — P (k) — Bra (k)
elseif B (k) > Bmax
I (k) = ,Bmax —P (k) - lgFA (k)
else
I(k)y = B (k) — P (k) — Bra (k)

end

(7)

The tower lateral vibrations are damped by the AGTC, which
produces an extra component 7, ss of the generator torque to be
added to the rated torque. This extra component is proportional
to the nacelle side-side velocity, as shown in (5). The final torque
signal is constrained considering the slew rate and saturation
limits of the generator. In most works, the extra component 7, ss
is constrained to £10% of the rated generator torque (Golnary and
Tse, 2022).

The control signals produced by the TFC and AGTC are pro-
portional to the nacelle velocities in the fore-aft and side-side
directions, respectively. In this work, we assume that the ac-
celerations of the tower top are measured by sensors mounted
perpendicularly at the tower top, as provided by the FAST soft-
ware in simulations, and then, they are integrated to obtain the
tower top velocities. Therefore, these velocities are obtained in
the initial tower reference frame with xo- and yp-axes, as shown
in Fig. 1. When the nacelle orientation matches the initial tower
frame, as depicted in Fig. 1, tower-top velocities directly provide
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Fig. 2. Proposed control system scheme.

wind

6,

Fig. 3. Rotation transformation from the tower reference frame to the nacelle
reference frame.

the required nacelle velocities. However, when the mean wind
direction changes, the yaw controller begins to rotate the nacelle
until reducing the mean yaw misalignment with the mean wind
direction. In the desired stationary situation, the wind is frontal
to the nacelle fore-aft direction and perpendicular to the nacelle
side-side direction. If the nacelle and its moving reference frame,
with Xxy- and yy-axes, have rotated a yaw angle 6 (°) with respect
to the initial tower frame, as depicted in Fig. 3, the tower-top
velocities do not fit the nacelle velocities required by the TFC
and AGTC for damping. Therefore, the tower top velocities must
be transformed from the initial tower frame to the nacelle frame
using the rotation matrix in (8), where Xg4 o and yss o are the mea-
sured fore-aft and side-side tower-top velocities in the tower
frame, respectively. And Xpy ¢ and yssg are the corresponding
velocities in the nacelle frame rotated a yaw angle 6 with respect
to the initial tower frame.

XFa0 cos(f)  sin(9)
ySS,H

Xpa0
—sin(d) cos(0)/ \Jss.o0

The yaw controller used in this work is the pre-defined control
referred to as the baseline in Spencer et al. (2012). It works
in an on-off manner to avoid the yaw action to be enabled
continuously. This controller rotates the nacelle yaw angle to

(8)
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follow the mean wind direction 6, determining the yaw rate
according to the following procedure: first, if the error between
the current yaw angle and the 30-s time-averaged wind direction
is greater than 5°, the controller begins yawing at 0.3°/s. Then,
it stops yawing when the error between the current yaw angle
and the 2-s time-averaged wind direction is less than 0.5°. The
time-averaged wind direction is computed for each sampling
time of 0.02 s using a discrete function. The operation of the
yaw controller is independent of the other control blocks: CPC,
TFC, and AGTC, whose tuning procedure is explained in the next
section.

3. Tuning procedure by multi-objective optimization
3.1. MOO formulation

The control scheme described in the previous section has three
control blocks to be tuned: CPC, TFC, and AGTC. Four parameters
require tuning: Kp and T for the PI controller of CPC, Kga gain for
TFC, and Kss gain for AGTC. Each control block is intended to reach
different conflictive objectives. Therefore, the tuning procedure of
these controllers can be solved through MOO to achieve a proper
trade-off between the design objectives. The decision variables
match the previous tuning parameters and define the parameter
vector p = [Kp T; Kga Kss]. Three objective functions are proposed
in the cost function vector ] as follows:

J = [ISEpg STDy1y CVRp]". (9)

The first one is the integral of the squared error between the rated
power Pg raed and the generated power Pg, as shown in (10). This
performance index is related to the generator speed regulation
by the CPC. The ISEp, is used to penalize the control designs that
produce large variations of the generated power with respect to
its rated value.

ISEp, = / (Py.rated — Py(t))” dt

The other two cost functions to be reduced are associated with
mitigating the tower structural fatigue. The index STDy, (m)
is the sum of the standard deviations of the tower vibration in
the Xo- and yo-axes, as shown in (11). Reducing STDy.y involves
decreasing the tower vibration amplitudes in these axes. The STD

(W2s) (10)
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has been previously used as a cost function to reduce the fatigue
loads of the tower because they are correlated (Lackner and
Rotea, 2011; Park et al., 2020; Villoslada et al., 2022). In addition,
the STD reduction of the tower displacements is positively cor-
related to the STD reduction of tower moments (He et al., 2017).
The STD considers the tower displacement amplitude but not its
frequency, which is also related to the tower damage. To this
purpose, this work proposes the cumulative variation rate of the
tower displacements CVRp. The index CVRp (m) is defined in (12).
Reducing CVRp implies lowering the tower oscillation frequency.
It considers the total tower displacement as the combination of
two perpendicular components of movement: fore-aft and side-
side . Both indices are simultaneously related to the TFC and
AGTC, and they conflict with the ISEp, index. These three cost
indices are computed from the time series data after completing
a simulation; integrals and derivatives are replaced by discrete
numerical approximations.

STDy,y = STDg4 4 STDss (11)
dxpa \° [ dyss\’
o= [ [ (%2) () )
= / (\/ X%A,o +5’§s,0> dt (12)

The proposed MOO is performed according to the procedure
depicted in Fig. 4. Once the conflicting cost functions are defined
and the parameter vector is randomly initialized, the optimizer
must obtain the Pareto front, which is a set of optimal solutions.
A Pareto front solution is a non-dominated solution in the sense
that no objective can be improved without degrading the others
(Cui et al,, 2017; Odgaard et al., 2016). The proposed objective
functions cannot be evaluated analytically because they and the
dynamic model of the wind turbine are very complex. Thus, a
simulation-based approach is applied to obtain the Pareto front
solutions by the optimizer. FAST software in conjunction with
MATLAB/Simulink is used to simulate the proposed control sys-
tem in Fig. 2. This nonlinear optimization requires an intensive
computational effort and time; therefore, the optimizer uses the
non-dominated sorting genetic algorithm-II (NSGA-II), which is
an evolutionary algorithm specially developed for MOO (Deb
et al,, 2002), to achieve better computational efficiency. The main
parameters configured in the genetic algorithm are as follows: a
maximum generation of 100, a population size of 200, a Pareto
front population fraction of 0.25%, and a crossover fraction of 0.8.
The search range for Kp, T; and Kga is limited from 10~ to 50,
while Kss ranges from 0 to 5 - 10°. This range is determined prior
to optimization by manually performing a bisection-like method
in which the range is narrowed by discarding parameters that
imply instability or too slow responses in the simulation.

Pareto fronts were calculated with a size of 50 points. One of
these points must be selected to obtain the optimal controller
parameters. Since there is a trade-off between the different ob-
jectives, MCDM methods are necessary to evaluate the optimal
solutions and choose one according to specific preferences. Three
common MCDM methods are SAW, TOPSIS, and VIKOR (Wang
et al., 2016). Simple Additive Weighting (SAW) is considered to be
the most intuitive and simple method. In SAW, the overall score
of a candidate solution is calculated from the weighted sum of all
attribute values. TOPSIS method defines two points: the positive
ideal solution, which minimizes the cost criteria, and the negative
ideal solution, which maximizes the cost criteria. Then, TOPSIS
selects the solution with the shortest Euclidean distance from
the positive ideal solution and the farthest Euclidean distance
from the negative ideal solution (Wang et al., 2016). In the VIKOR
method, the closest solution to the ideal one is preferred. The
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Table 1
Properties of the NREL 5-MW wind turbine.
Property Value
Rated power 5 MW

Cut-In, Rated rotor speed
Cut-In, Rated, Cut-out wind speed

6.9 rpm, 12.1 rpm
3 m/s, 11.4 m/s, 25 m/s

Drivetrain High-speed,
multiple-stage gearbox
Rated generator speed 1173.7 rpm
Rated generator torque 43093.55 N m
Gearbox ratio 97 :1
Electrical generator efficiency 94.4%
Rotor, Hub diameter 126 m, 3 m
Hub height 90 m
Rotor mass 110000 kg
Nacelle mass 240000 kg
Tower mass 347 460 kg
Limits on the blade pitch angle 0°-90°
Slew-rate limits on the pitch actuator 8°/s
Slew-rate limits on the generator torque 15000 N m/s

alternatives are evaluated according to the different criteria and
ranked by comparing the closeness measure to the ideal solution
(Chitsaz and Banihabib, 2015). In this work, the three previous
MCDM methods are applied to each point of the calculated Pareto
front and the average of them for each point is determined. Then,
the solutions are ranked and the best one is selected as the best
satisfactory solution. The tuning parameters associated with this
solution are considered the optimal ones.

4. Illustrative example

In this section, the proposed methodology is applied to the
NREL 5-MW baseline wind turbine as an illustrative example.
This turbine is based on the Repower 5 MW commercial model,
a three-bladed VS-VP turbine. Its model is implemented by the
software FAST version 8 and its main properties are collected in
Table 1; more information about this turbine can be found in
Jonkman et al. (2009). In this work, it is used as an onshore wind
turbine.

The proposed Full Control has all three blocks enabled, i.e.,
CPC+H+TFC+4AGTC. Additionally, the following combinations have
also been designed and simulated for comparison: the CPC+TFC
excludes the AGTC; the CPC+AGTC disables the TFC; and the CPC,
which is the simplest one, only has the PI controller without
TFC nor AGTC. These four control systems are implemented in
Simulink with a sample period of 0.02 s.
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Fig. 5. 3D Pareto front points obtained for the EDC test.

4.1. Pareto fronts

For each control system, the described MOO procedure is
performed to obtain the 3D Pareto fronts by considering the
three objectives proposed in Section 3. The simulation performed
throughout the optimization process consists of an extreme
change in the wind direction defined according to the Extreme
Direction Change (EDC) event of the IEC 61400-1 standard (IEC
61400-1, 2005). Simulations are performed with a total time of
700 s; however, the first 200 s are discarded to exclude transient
effects in the data. The sampling frequency is set to 50 Hz.
The required turbulent wind field is generated using TurbSim
(Jonkman, 2009). Configured parameters are a turbulence inten-
sity of approximately 14% and a power-law vertical shear with
exponent 0.2 according to the Kaimal turbulence model defined
by the Normal Turbulence Model Class B in the standard. The
mean wind speed is 15 m/s and the wind direction changes about
—30° in the horizontal plane in 200 s (within the 500 s selected
from the simulation time). This event is intended to study the
possible performance improvements that can be obtained under
extreme conditions.

The resultant Pareto front points of each control system are
shown in Fig. 5. Fig. 6 shows the 2D projections of these 3D Pareto
fronts for ease of analysis. The combined use of TFC and AGTC in
the Full Control improves the indices because the achieved Pareto
front solutions have minor index values than those obtained
using the other control systems. In the first and second plots of
Fig. 6, the Pareto front of Full Control shifts further to the left
than the other fronts, which means that minor CVRp and STDyy
values are obtained using the Full Control while the ISEp; value
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remains the same. After Full Control, the CPC+TFC achieves the
best indices, whereas the CPC obtains the worst ones. The third
plot of Fig. 6 indicates a correlation between the CVRp and STDy
indices, which implies that minimizing one of them also reduces
the other.

The final step for optimizing each control system is the selec-
tion of the best Pareto front point by considering the trade-off
between objectives according to the different MCDM methods:
SAW, TOPSIS, and VIKOR. Then, the averaged ranking solution is
calculated for each control system. In this example, the TOPSIS
solution and the averaged ranking solution are the same for each
control approach. SAW, VIKOR, and proposed satisfactory ranked
solutions are highlighted for each control system as squares,
triangles, and stars, respectively, in Fig. 5. The averaged ranking
solutions are also emphasized in Fig. 6. The optimal control pa-
rameters are those associated with these ranking solutions and
are summarized in Table 2. Related objective indices are also
shown.

Fig. 7 shows the spider diagram of the three optimized objec-
tive indices normalized with respect to those achieved by the CPC.
The Full Control achieves the best indices related to the tower
displacements, showing a reduction of 31.08% in the CVRp with
respect to that of the CPC, and a reduction of 24.19% in the STDy.
The ISEp, is slightly increased by 3.74%. The CPC+TFC achieves
similar results to the Full Control and even a minor increase of
2% in the ISEpg. However, the reductions for the indices related
to the tower displacements are less than 25%, not as low as

those achieved with Full Control. The CPC+AGTC obtains a small
increase of 4.14% in the ISEp; without reductions in the tower
vibration indices as significant as in the previous two controls.

4.2. Simulation results

This section shows and analyzes the simulation results of the
four control systems tuned with the previous optimal parameters
in Table 2. The performed simulation consists of the previously
explained EDC test with a simulation time of 500 s. Fig. 8 shows
the wind speed and the wind direction with respect to the initial
tower reference frame, as described before. In the upper plot, the
wind speed is decomposed into two perpendicular components
in the tower frame: vy in the fore-aft direction Xo, and vy in
the side-side direction y,. As shown in the lower plot of Fig. 8,
the wind speed is initially frontal to the nacelle; then, at 200 s,
the wind direction suddenly changes to —30°. The described yaw
controller reacts and rotates the nacelle until reducing misalign-
ment with the new mean wind direction, as shown in Fig. 3. The
nacelle yaw angle 6 with respect to the initial tower reference
frame is also shown in Fig. 8. To be used by the TFC and AGTC,
the fore-aft and side-side velocities in the tower frame are
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the Pareto fronts.



M. Lara, J. Garrido, M.L. Ruz et al.

Table 2
Optimal controller parameters and objective indices.
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Control system Kp (°/rpm) T, (s) Kea (° s/m)

Kss (N s) ISEpg (MW?2 s) CVRp (m) STDy4y (cm)

0.0656 24.0652
0.0617 19.5722
0.0550 11.6085
0.0547 13.1614

11.7448
9.4916

Full control
CPC+TEFC
CPC+AGTC
CPC

17253 1.9528
1.8444
1.9603

1.8824

12.520
13.773
16.549
18.167

4.63
5.01
6.19
6.54

14738

ISE_Pg
1.2

STD_x+y

CPL
CPC+TFC

CVR_D

e CPC+AGTC
e FUI | COntrol

Fig. 7. Normalized spider diagram in the CPC solution for optimized objectives.

transformed into the nacelle frame by means of the rotation
matrix in (8).

Fig. 9 shows the time responses obtained for each control sys-
tem. Specifically, the plotted variables are the generated power,
the turbine angular speed in the high side shaft, the pitch signal,
and the generator torque. Tower displacements are shown in
Fig. 10, both in the initial tower reference frame and in the
nacelle reference frame. Figs. 9 and 10 also show a zoom of
the signals from 180 to 200 s, before the EDC event, to better
appreciate the differences in the time responses. Furthermore, the
CVR and standard deviation of different signals are calculated as
performance indices for comparison and collected in Tables 3 and
4, respectively. These tables show in parentheses the percentage
of improvement or worsening of each index with respect to the
CPC.

No important differences are observed in the power output
and the angular speed between the different control systems, as
was expected from the similar values of ISEpg in Table 2. Although
the CVRs of Pg for Full Control and AGTC are higher than those
obtained for CPC and CPCHTFC, as listed in Table 3, the STDs of
P; and w, are almost the same for all control systems, as shown
in Table 4.

Before the EDC event, both the nacelle angle and the wind
direction are along the Xq-axis, and the tower reference frame
and the nacelle frame match. As shown in Fig. 10, the fore-aft
displacements Xga o (and Xga ¢) oscillate around 0.25 m. The side-
side displacements yss o (and yss ) vibrate around only —0.05 m
because the wind component in this direction, the yp-axis, is
almost zero. These static displacements yss o are mainly due to
the aerodynamic torque at the rotor. However, after the wind EDC
event, the nacelle reference frame is rotated. In the two upper
graphs of Fig. 10, the new rotated state produces a change in
the tower static displacements in the tower reference frame. The
new Xpa o displacements oscillate around 0.2 m; the new yss
side-side displacements are around —0.17 m because there is
a greater component of the tower oscillation in the yg-axis due
to the new wind orientation. Alternatively, the two bottom plots
of Fig. 10 show the fore-aft and side-side tower vibrations in
the moving nacelle reference frame, where xpa ¢ and yss o oscillate
around 0.25 m and —0.05 m, respectively, throughout the entire
simulation. These graphs allow us to better check the damping
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performed by each controller in each component (fore-aft or
side-side ) because the static displacements are independent of
the nacelle yaw angle.

The fore-aft oscillations xps ¢ are better compensated by the
Full Control and the CPC4+TFC. In comparison to the CPC, the
Full Control achieves a reduction of 34.8% in the CVR of Xga g
(CVRxpap) and 25.3% in its standard deviation (STDXga ). The
CPCHTFC shows a reduction of 36.3% in CVRxga¢ and 23.8% in
STDXga 9, Which are very similar to those of the Full Control.
The Full Control and the CPC+TFC obtain similar results, which
demonstrate the improvement provided by the TFC in reducing
fore-aft vibrations. The CPC+AGTC does not provide improve-
ment in these indices. These values are collected in Tables 3 and 4.
On the other hand, the side-side vibrations yss ¢ are considerably
reduced by the Full Control and the CPC+AGTC, as was expected.
The Full Control reduces the CVR of these vibrations (CVRyss ¢)
by 62.8% and the STDyssy by 47.9%. The percentage reductions
achieved by the CPC+AGTC in these indices are 53.7% and 41.5%,
respectively, which are slightly lower than those of the Full Con-
trol. However, these values evidence the positive effect of AGTC
on mitigating side-side oscillations. The CPC+TFC only provides
half the damping on these vibrations, with percent reductions of
30.3% in CVRySS’g and 23.5% in STDySS’g.

Fig. 11 shows the horizontal plane positions of the tower
top in both reference frames: the tower frame and the nacelle
frame. By observing simultaneously both vibration components
of the tower top in this figure, the total tower displacements
are analyzed. On the left side with the tower displacements in
the tower reference frame, there are two fuzzy regions corre-
sponding to the states before and after the EDC event. The left
region corresponds to the first state, where the wind direction
matches the xq-axis. The right region corresponds to the second
state, where the wind arrives with an orientation of —30° and
the tower oscillations arise mainly in that direction. Both fuzzy
regions associated with the Full Control are smaller than those
associated with the other control systems, implying lower tower
oscillations. On the right side, with the displacements in the
nacelle reference frame, there is only a fuzzy region because this
frame is independent of the yaw angle. Similarly, the Full Control
shows the smallest region, which also proves the better damping
of tower oscillations. This statement is also supported by a higher
reduction in the peak of the frequency response of the displace-
ments Xga ¢ and yss ¢, as shown in Fig. 12, which displays the Fast
Fourier Transformation (FFT) of the tower displacements in the
nacelle reference frame. The Full Control achieves the greatest
reduction, about 84%, in both peaks of Xga ¢ and yss ¢ around the
frequency of 0.33 Hz compared with the CPC, which shows the
highest peak values. The CPC+H+TFC only reduces the peak of fore-
aft displacements, whereas the CPCH+AGTC only affects the peak
of side-side oscillations.

However, these improvements in vibration mitigation are
achieved at the expense of larger values of the generated torque
and pitch signal, as shown in Fig. 9. To reduce the fore-aft vi-
brations, the Full Control and the CPC4+TFC produce pitch signals
with higher CVR values (CVRg), which are collected in Table 3.
To reduce the side-side displacements, the Full Control and the
AGTCHCPC need to generate oscillations in the torque signal in
comparison to CPC+TFC and CPC, where the torque remains fixed
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Fig. 9. Time responses of the generated power, turbine speed, pitch, and generator torque.

at its rated value. The Full Control gains the benefits of both
ATDC (TFC and AGTC) without incurring high pitch control signals
compared to those of the CPC+TFC or higher generator torque
values than those of the CPC+AGTC.

1645

Fig. 13 shows a spider diagram for the seven
indices from Tables 3 and 4: CVRXpa g9, CVRyss g,
the fore-aft and side-side moments in the nacelle reference
frame (CVRMga 9 and CVRMss g, respectively), STDpg, STDXa 9, and

performance
the CVRs of
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STDyss.¢. These indices are standardized with respect to the val-
ues of the CPC. All control systems show practically the same
standard deviation of the generated power, STDpg. This index
is related to the ISEpg, which was used as a cost index in the
performed optimization for tuning the controllers, with similar
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resulting values, as shown in Table 2. Nevertheless, the diagram of
Fig. 13 shows a substantial improvement in the indices associated
with the fore-aft tower oscillations (CVRXpa 9 and STDxga ¢) for
the control systems with TFC: the Full Control and the CPC+TFC.
These indices are related to the optimized objectives CVRp and
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Table 3
CVR of different variables and their relative change with respect to the CPC values.
Control system CVRXga CVRyss 9 CVRMga CVRMss ¢ CVRg CVRyg CVRpg CVRwg
(m) (m) (kN m 106) (kN m 106) ) (kN m) (MW) (rpm)
Full control 11.65 2.96 2.527 1.569 304.2 146.9 22.3 2976
(—34.8%) (—62.8%) (—23.3%) (—27.4%) (+126.4%) (+82.4%) (+7.7%)
CPC+TFC 11.39 5.54 2.555 1.75 240 0 12.64 2870
(—36.3%) (—30.3%) (—22.5%) (—19%) (+78.6%) (+3.5) (+3.9%)
CPC+AGTC 17.77 3.68 3.1511 1.846 136.8 142.2 21.8 2785
(—0.53%) (—53.7%) (—4.38%) (—14.6%) (+1.82%) (+78.9%) (+0.8%)
CPC 17.86 7.96 3.295 2.161 1344 0 12.21 2763
Table 4
STD of different variables and their relative change with respect to the CPC values.
Control system STDXpa 9 (m) STDyss ¢ (m) STDrg (kN m) STDpg (kW) STDwg (rpm) STDg (°)
Full control 0.023 0.0055 0.13 62.5 14.13 1.23
(—25.3%) (—47.9%) (+2.14%) (—1.6%) (—1.2%)
CPC+H+TFC 0.024 0.008 0 60.7 14.26 1.232
(—23.8%) (—23.5%) (—0.73%) (—0.73%) (—1.15%)
CPCH+AGTC 0.0313 0.006 0.14 62.8 14.1 1.26
(0.7%) (—41.5%) (+2.7%) (—1.87%) (+1.04%)
CPC 0.031 0.0106 0 61.2 14.36 1.25

STDy.4y. Additionally, these control systems present a reduction
of about 23% in the CVRMp . In the same way, the control
systems with AGTC (the Full Control and the CPC+AGTC) ob-
tain the smallest values of the indices related to the side-side
tower vibrations. They achieve reductions greater than 50% in the
CVRyss ¢ and 40% in the STDyss . The Full Control achieves the
largest reduction of 27.4% of the CVRMgss ¢, whereas the CPC+TFC
slightly outperforms the CPC+AGTC on this index. These results
indicate that the Full Control achieves a good balance between
different performance indices.

Finally, although this work focuses only on the tower loads,
the five main fatigue loads of a wind turbine, which are depicted
in Fig. 1, are compared in Table 5, where the damage equivalent
load (DEL) is used as a measure of fatigue load. The table includes
the DEL of the tower base fore-aft moment DELga, the DEL of the
tower base side-side moment DELss, the DEL of the low-speed
shaft torsion moment DEL;sst, the DEL of the blade flap-wise mo-
ment DELry, and the DEL of the blade edgewise moment DELgyy.
As expected, the proposed Full Control achieves the smallest DEL
values related to the tower moments. The DEL related to the blade
edgewise moment is the same for all control systems. The DEL of
the blade flap-wise moment and the DEL of the low-speed shaft
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torsion moment are increased about 8% and 10%, respectively,
by the Full Control and the CPC+TFC; therefore, this increment
must have been produced by the TFC action. Note that no wind
turbine variables closely related to the last three DELs have been
considered in the optimization procedure.

5. Conclusions

A wind turbine control structure that operates on the pitch
and torque variables in the full load zone has been developed
for a 5 MW wind turbine. The proposed control strategy mainly
combines three control loops: a PI controller, which regulates
the turbine speed by actuating on the pitch angle, a propor-
tional tower-feedback control, which generates an extra pitch
signal to reduce fore-aft displacements, and a proportional active
generator-torque control, which mitigates the tower side-side
oscillations. A multi-objective optimization based on genetic al-
gorithms has been proposed to obtain Pareto front solutions for
a problem that considers three objective functions: one related
to the generated power error (ISE of generated power), and the
other two related to tower vibrations. These last two are the
CVR of the total displacements, which is related to the frequency,
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DEL of different fatigue loads and their relative change with respect to the CPC values.

Control system DELga (KN m) DELss (KN m) DELisst (KN m) DELgw (KN m) DELgw (kKN m)
Full control 8.74 - 10° 479 - 10° 193.73 3.35 - 10° 6.072 - 10°
(—28.18%) (—19.09%) (+10.39%) (+7.71%) (4+0.03%)
CPC+TFC 9.18 - 10° 5.24 - 10° 190.55 3.37 - 10° 6.072 - 10°
(—24.57%) (—11.49%) (+8.58%) (+8.36%) (4+0.03%)
CPC+AGTC 12.12 - 10° 5.37 - 10° 1725 321 - 10° 6.069 - 10°
(—0.41%) (—9.29%) (—1.71%) (+3.22%) (—0.02%)
CPC 12.17 - 10° 5.92 - 10° 1755 3.11 - 10° 6.07 - 10°
—e=Full CPC+TFC CPC+AGTC CPC system of both IPC and feedforward control with wind speed
CVR xFA estimator will be studied, and new objectives related to blade
i loading mitigation will be included in the MOO and analyzed.
The proposed optimization procedure must be performed of-
P fline, which is a drawback from a viewpoint of real-time imple-
STBLysS CVRLISS mentation. In addition, the optimal parameter tuning will vary
according to the mean wind speed. Although this work only
presents the optimal design for a mean wind speed, the proposed
control strategy can be easily extended to adapt to changes in
the mean wind speed. Further offline optimizations would need
to be performed and then, the resulting optimal parameter sets
STD_xFA CVR_Mfa

\

STD_Pg™

CVR_Mss

Fig. 13. Spider diagram for different performance indices.

and the sum of standard deviations of fore-aft and side-side
displacements, which is related to the oscillation amplitude. The
optimization procedure was performed by simulation through
MATLAB/Simulink with the assistance of FAST for the nonlinear
wind turbine model. The simulation used in the optimization pro-
cedure was based on the wind Extreme Direction Change event
defined in the IEC 61400-1 standard. The Pareto solutions were
analyzed with multiple MCDM methods, and an average solution
was chosen as the optimal one. Other simpler control schemes
were also calculated and simulated similarly for comparison: a
PI controller without any active damping control, a PI controller
with TFC, and a PI controller with AGTC.

The quantitative analysis of the simulation results confirms
that the proposed approach based on multi-objective optimiza-
tion yields a good compromise between the generated wind
power and tower vibration damping. In comparison to the CPC,
the proposed Full Control achieves reductions of about 35% and
25% in the CVR and STD of fore-aft displacements, respectively,
and about 63% and 48% in the CVR and STD of side-side os-
cillations, respectively. This superior performance in terms of
tower vibration reduction is achieved at the expense of increas-
ing the DELs of flap-wise moment and low shaft speed torsion
moment, as well as the CVR of the control signals of the pitch
and the generator torque. The maintenance costs of the pitch
mechanism could be uneconomically high, potentially negating
any benefit in reducing moments on the structure. The optimized
indices STDyy and CVRp of the tower vibrations are correlated
and therefore, reducing one of them implies reducing the other.
Consequently, in further works, one of these indices can be sub-
stituted by other objectives to be investigated, such as the CVR
of the pitch actuator or indices related to the tower moments. As
further research, controllers will also be developed in more detail,
such as including filters to investigate the possible improvement
that they provide. Additionally, the incorporation in the control
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would be used in a gain-scheduling control scheme having an
easy real-time implementation.
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