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Abstract

An important problem for the social acceptance of the wind turbines is the noise that they introduce into the environment, particularly
during the night hours in towns close to the wind farms. This problem is normally mitigated by reducing the rotor speed. The control system
implementation requires a change in the setpoint of the collective pitch controller. This leads, consequently, to a minor power conversion.

The present contribution uses simple models for noise emission, propagation, and prediction in order to design controllers that mitigate
noise with reduced power losses. The parameter tuning problem is solved with a game-theoretic approach and multi-objective
optimisation. The simulation results show an increment in the power conversion for the same legal noise limits. Hence, the concept looks

promising for applications to real machines.

Keywords: Wind turbines; pitch control; acoustic noise reduction; parametric multi-objective optimization

1. Introduction

The noise emitted by wind turbines is a clear barrier to
the acceptance of wind energy, particularly in the case
of onshore installations. For this reason, research
regarding noise emission, modelling, measurement,
propagation, and reduction has been become more and
more relevant.

There are several sources that generate acoustic
noise in wind turbines. The most important are the
mechanical noise, which is studied, e.g., in Hubbard
and Shepherd, (1991), and the aerodynamic noise. The
mechanical noise can be mitigated in the nacelle (Sprensen,
2012), by using isolation plates (see Barone, 2011) and
active damping control of the drive train as presented
in Burton et al., (2011). Therefore, the present study is
devoted to the modelling of aerodynamic noise for
control purposes.

The goal is to find simple models for the emission,
propagation, and prediction of aerodynamic noise that
may be used to develop control approaches that reduce

the noise of wind turbines that are several hundred
metres distant from towns.

Aeroacoustic noise reduction by using control has been
investigated, e.g., in Cardenas-Dobson and Asher, (1996)
and in Mgller and Pedersen, (2011). Some approaches, such
as Bertagnolio et al, (2014), Maizi et al, (2017) and
Mackowski and Carolus, (2021), utilize control to lower
aeroacoustic noise. Moreover, other contributions are de-
dicated to mitigate the aeroacoustic noise by using the
pitch control system. The most common approach consists
in switching the setpoint of the collective pitch control to a
lower value during the night. Another way is to extend the
duties of individual pitch control to attenuate noise, as
suggested in Bertagnolio et al., (2014), Maizi et al., (2017)
and Mackowski and Carolus, (2021).

However, the induced sound is sensitive to the angle
of attack of the blade aerofoils (Oerlemans et al., 2007),
which decreases with the increase of the pitch angle.
This leads to a contraction in the turbulent boundary
layer of the suction side of the airfoils, causing not only
noise but also power reduction. Contrarily, reducing the
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pitch angle increases the noise and the power extraction.
Thus, the permanent pitching activity produces changes
in the induced sound all the time. Hence, the pitch
control system introduces disturbances into the sound
source but is also a means to mitigate them.

The above-mentioned contributions to reducing noise
do not consider the trade-off between maximum power
extraction and minimal noise emission. Thus, this aspect is
also considered in the present work, where the application
example considers noise mitigation and power extraction
as compromised by using multi-objective optimization
following the approach of Gambier (2017), for collective
pitch control and tower damping control. Thus, control
loops for collective pitch control and noise attenuation are
optimally combined.

The rest of the paper is structured as follows: Section
2 is devoted to present the problem description. Simple
models for acoustic noise from wind turbines that can be
applied for control purposes are described in Section 3.
This is complemented with parameter estimation and
validation in Section 4. Noise damping control is introdu-
ced in Section 5, and the application study is the subject of
Section 6. Finally, conclusions are drawn in Section 7.

2. Problem description

Onshore wind turbines emit audible aerodynamic noise
that spreads geographically to population settlements,
typically in rural or semi-rural areas. This noise is
particularly annoying and unacceptable during nighttime
sleeping hours. The noise generation is a direct
consequence of the dynamic rotation and depends
mainly on the rotational speed and its variation, which
in the full load operation is mainly caused by the pitch
activity. Hence, the way to mitigate audible noise is by
slowing down the rotation and constraining the pitch
speed. The consequence is a power fall.

Since the noise suffers different changes during the
travel due to, for example, reflections, absorption,
attenuation, and friction, it is not the noise at the
emission place that is important but at the place where
people suffer the effects (see Figure 1).
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Figure 1. Scheme for the problem description

Aeroacoustic noise can be effectively reduced using
the feedback control. This kind of issue can be resolved
in two different ways. The first one needs a noise
measurement equipment to be installed in the lobby.
Nevertheless, this is expensive, both for the necessary
measurement equipment and for the transportation of
the data back to the control hardware, which is often
found inside the wind turbine.

The alternative is to use prediction models. This
approach is economically attractive, although the

difficulty lies in the fact that the models are imprecise
and, moreover, they require validation and calibration.
The objective here consists, therefore, of determining
if it is possible to obtain approximate models and a
control strategy that provide a noise reduction at the
level ordered by the legislation while at the same time
minimizing the power drop. The available models are
analyzed in the next section.

3. Models for the aeroacoustic representation

3.1. Prediction models

The specialised literature has reported many noise
prediction models. In Lowson, (1992), such models are
classified into three groups: Class I corresponds to
simple stationary models; models with middle comple-
xity are grouped in Class II; and Class III is reserved for
models with complete information on noise processes
related to wind turbines. The different models are
compared in Zidan et al., (2014). Only a few of them are
described in the following.

3.1.1. Sound power level depending on rated power

A very simple model for the sound power level was
proposed in Lowson, (1992). This model is given by

L, =10log,, P,; +50. )

Lwarepresents the A-weighted sound power level of the emit-
ter, and Puris the rated power of the wind turbine in watts.

3.1.2. Sound power level depending on rotor diameter

In Hau et al., (1993), a simple model depending on rotor
diameter D is proposed. The formula is given by

L, =20 log,, D+72. (2)

3.1.3. Sound power level depending on rotational speed

In Hagg et al., (1992), a model that depends on the tip
speed is proposed according to the equation

L. =50log,, v, +10log,, D - 4. (3)

Since the tip speed of the blade is vip = 0.5 D ar, where
or is the rotor speed, can also be used to describe the tip
speed, (3) can be rewritten in dependence on the rotor
speed and rotor diameter as

L, =501log,, (0.5D ®,)+10log,, D -4
=50 log,, («,)+ 60 log,, D~19.0515" (4)

Equation (4) is helpful since the sound power level Lwa
depends on the rotor speed wr, which in turn is reliant on
the pitch control system. As a result, (4) can be used in
order to express the emission as a function of a space state
variable, namely the rotor speed ar.

It is noted in Wagner et al., (1996), that all these
formulas are very imprecise. Therefore, they can be used
in particular cases if the parameters are adjusted to satisfy



the measurement data. In the case of real-time control,
the prediction can be complemented by sensor data.

3.2. Simple Models for the Propagation

The noise of wind turbines is actually a problem at the
receiver position. Thus, the emission models have to be
complemented by a propagation model. A thorough
discussion of propagation models is provided in (Wagner
et al, 1996). The idea presented here follows the
standard ISO 9613 (ISO-9613,1993; ISO-9613,1996).

The sound pressure level that reaches the receiver
location can be computed by

LpA:LwA+LCf_A’ (5)

where Lwa has already been defined, Ly represents a
correction factor given in dB (zero for the radiation into
free space), and A is the attenuation in dB that includes
different components, as, for example,

A:'%d+Aalm+Agr+Abar+Arr‘ (6)

Ay is the attenuation as a result of the geometric
spreading. Hemispherical, spherical, or cylindrical dis-
persions lead to different values, such as, for instance,

Ay, =10log,, (27(d /d,)?) = 20l0g,,(d / d,) +8dB,

Ay.s =10log,, (47(d / d,)?) = 20log,,(d / d,) +11dB,and  (7)
Ay, =10l0g,,(27(d / d,)) =10l0g,,(d / d,) +8dB.

Parameters do and d represent a reference distance (nor-
mally 1 m) and the distance from the emitter to the receiver
in meters. The numbers in dB at the end of equations are
obtained from 8 dB ~ 10 logi(27r) and 11 dB ~ 10 logio(47T).
The calculation of the distance d requires considering the
hub height hn of the wind turbine and the horizontal
distance ls to the receiver, and it is expressed by

d=JI7 4 . (8)

For the atmospheric attenuation Aaum, a very simple
equation given by

Ay =ad (9)

is used, where « is the atmospheric absorption in dB/m.
It is a function of frequency, temperature, humidity, and
pressure.

Further components that can be added to the atte-
nuation equation are, for example, ground absorption
(Agr), screening (Asar), as well as, according to Lovtidende,
(2017), the sound insulation A..

Factors Ag, Ao, and « depend on the frequency, and
therefore, they are commonly described for each funda-
mental frequency of the 1/3-octave bands, as described
in Lovtidende, (2017). Hence, equation (5) is applied for
each band. The total sound pressure level is computed
by using

s =10l0g,, (37,20}, (10)
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In the downwind direction and for distances closer to
the wind turbine, the spread can be assumed to be
spherical. Hence, the A-weighted sound pressure level
(SPL) is characterized by the fact that the sound
pressure level attenuates 6 dB per distance doubling
(see Mgller and Pedersen, (2011)), is given by

Lop = Lyu —2010g,, (d /) —~ad ~11dB, (12)

where a typical value for ¢, according to Rogers et al.,
(2006), is 0.005 dB/m.

According to Hubbard and Shepherd, (1991), the
propagation for distances larger than 200 m verifies a
cylindrical spread, and the attenuation decreases by
around 3 dB for every doubled distance. The model has
been proposed by Mgller and Pedersen, (2011), and
the equation is

Lys = L —20l0g,,(200m/1m) -10log,,(d / 200m) - d ~11dB+ A, , (12)

where A, is a ground effect correction, whose values
are 1.5 dB for onshore and 3 dB for offshore wind
turbines. The Danish standard (e.g., Lovtidende,
2017) suggests a propagation formula for low-
frequency noise that responds to

Ly = Ly ~10l0g,, (h +d%) - (Jh2 +d? - A — A ~11dB+A, .(13)

ALgir, and AL denote the ground effect and sound
isolation at low frequencies, respectively.

3.3. Modelling the background acoustic noise

According to Fitzell and Phil, (2019), background acoustic
noise levels ranged from roughly 30 dB(A) in rural and
suburban areas to more than 120 dB(A) in urban and
commercial locations. It is pointed out in Hansen and
Hansen, (2020), that level swings between 30 and 48
dB(A) can be assumed.

On the other hand, the interaction between wind and
foliage in rural areas has been studied by Fégeant,
(1999). It could be verified that this interaction is nearly
proportional to the base 10 logarithm of the wind speed.
In other words,

LpAwind = K1 IOgm (szw) + Ks' (14)

Finally, Rogers et al., (2006) pointed out that the wind
itself causes background noise that ranges from 25 dB(A)
(in calm conditions) to 42 dB(A).

4. Parameter estimation and model validation

The important models to be adjusted and validated
are those defined by equations (4) and (14) because
they depend on other variables related to the wind
turbine. Equation (14) is now rewritten in a more
abstract way in order to be able to adjust it to the
available data, namely

L. =alog, (bD w, +¢)+d log,,(eD)+ f . (15)
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Given the variables vw, r, Ly, and Lpawina from real data,
as well as the rotor diameter D = 126 m, the unknown
parametersa, b, c,d, e, f, K1, K2, and K3 are estimated to
fit (14) and (15). To this end, the nonlinear least squares
method with the trust-region algorithm is used. The
result is shown in Figure 2.
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Figure 2. Fitted functions for equations (14) (a), and (15) (b)

The obtained parameters are summarized in Table 1.

Table 1. Parameters for equations (14) and (15)

Equation | Parameters Values
a 5.51348
b 1.17689
c 25.61593
(14) d 1.512282
e -5.84898
f 1.96914
K. 3.42450
(15) K 13.10747
K; £48.32280

The real data used to find the parameters presents impor-
tant dispersion, but in a reduced range of 5 dB, as can be
observed in Figure 2. Therefore, the obtained parameters
lead to equations that work as averaging functions.
Hence, the RMSE shows acceptable values, but the R-
square values are too low. However, the estimated func-
tions provide a satisfactory approximation for the control
duty as shown in the numerical study. The goodness of fit
statistics is summarized in Table 2.

Table 2. Goodness of tit Statistics for equations (14) and (15)

Equation | Parameters Values
SSE £41.337
(14) RMSE 0.63661
R-squared 0.0089
SSE 99.03
(15) RMSE 0.6306
R-squared 0.1774

5. Application to noise damping control

The aim of the models discussed in the preceding sections
is their application for control purposes. The applica-
tion chosen for the present study is to reduce the wind
turbine noise level near settlements to the legal threshold
value while still maximizing energy conversion. In
particular, the requirement is important during the
night in full-load operation under active pitch control.

5.1. Operational regions and control strategies

Large wind turbines have an operation characterized by
regions that depend on the wind speed (see, e.g., Bianchi
et al., (2007), Gambier, (2022), Burton et al., (2011)).
This is described in Figure 3.
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Figure 3. Operational regions of a wind turbine (see, e.g., Gambier,
(2022))

The wind turbine is operated in Region I, where it revolves
freely without converting energy if the wind speed ww is
below the cut-in value. Once the wind speed exceeds the
cut-in threshold and the transition ends, the machine
enters Region II, also known as the partial load operatio-
nalregion, and remains there as long as the nominal value
of vw is not reached. Here, the control objective it to
maximize the energy conversion. If the wind speed
overshoots the nominal value the wind turbine goes after
a transient in the full-load operation (Region III) and the
control objective is to limit the rotational speed by
pitching the blades. If vw overdoes the cut-out limit, the
machine has to be shut down. The transitions between
regions are sometimes referred to as Regions I*> and II**,
respectively.

5.2. Pitch control

The active sound damping control proposed here is limited
to the operation in Region III, i.e., a collective pitch
control (CPC) system as shown in Figure 4, because the
strong wind in this region makes the machine the noisiest.

. —_&’[}U
Pitch | f )
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Figure 4. Control system for Region I1I

The CPC corresponds to a proportional-integral (PI)
control law with gain scheduling. The PI controller is
formulated in the Laplace domain by



K, Ki+K;s
Gy (s) =K, +—+=—--", (16)
S s
where K, and Ki are the controller gains and are
computed from
K® K®
K,=——-"—andK, = ——"— (17)
PIop, oP1p|,,
with P as power. Parameters K,° and Ki° are obtained by
optimization for the operation at rated values. By
changing the wind speed, the operating point as well as
the pitch angle 4 also change. Hence, the sensibility

function oP/apl fo is used as a scheduling parameter to
adjust the controller gains accordingly.

5.3. Active sound damping control

The concept proposed here is to restrict the pitch
control loop to a cascaded external control loop. The
outer control loop has as its setpoint the legal limit for
the noise level. As a feedback variable, the generator
speed is taken, which is used to estimate the noise level
propagated to the village and to which the background
noise is added. This control loop gives a setpoint for the
CPC, which is the maximum that can be targeted for the
current legal noise level. This setpoint is dynamically
adjusted according to the value of the background noise
present at any given moment.

Thus, the idea is to implement a tracking control system
such that the power conversion takes place adaptively in
order to maximize power while maintaining the sound
threshold below the limit. This is called active sound
damping control (ASDC) and its configuration is shown in
Figures..

fo 1
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Propagation

Figure 5. Control system in cascade configuration including CPC and ASDC

The saturation block ensures that the setpoint for the
generator speed does not exceed the maximum value
when the sound level pressure is very low. The highest
value in the saturation block is set to the rated genera-
tor rotational speed.

5.4. Parameter tuning by using multi-objective
optimization

The parameter tuning of a multi-loop control system
with several controllers follows the methodology pro-
posed in Gambier, (2017), Gambier and Nazaruddin,
(2018), Gambier et al., (2006 ). The controllers of a coupled
multi-loop control system are players in a nonzero-
sum cooperative dynamic game (see Haurie, (2001),
Petrosjan, (2005), Schmitendorf, (1972). Each player
receives an objective function (payoff) such that all togethers
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they constitute a vector-valued objective function.

=l I, I (18)
The solution is obtained by using a multi-objective
optimization algorithm that delivers a Pareto front, as
shown in Figure 6. Each point on the Pareto front is an
equally optimal solution. Hence, a decision maker is
applied to find a unique final solution.

Decision-making can be based on different proce-
dures. The most common is the compromise solution
(CS). However, bargaining games provide other ways,
as for instance, the Nash solution (NS), the Kalai-
Smorodinsky solution (KS) and the egalitarian solution
(ES). All are described in Figure 6.
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Figure 6. Decision maker using bargaining games

6. Simulation Study

6.1. Scenario and simulation setup

The NREL 5MW wind turbine with an onshore setting is
used for the numerical study (Jonkman et al., 2009). It has
a rotor with a diameter of 126 m, where the blades are
61.5 m long, and the 3m-diameter hub is located at a
height of 90 m (see Figure 7).

"\ 153m
61.5m
J’,’(\ Qj 126.0m / @ 3.0m
90.0m|
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[e—

Figure 7. Scheme of the NREL 5MW wind turbine

The generator efficiency is rated to 94.4%, such that
mechanical power is 5.30 MW. An optimum tip-speed
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ratio of 7.55 results in the highest power factor Cp of
0.482. The rated rotor speed is 12.1 rpm for a wind speed of
11.4 m/s, and it is connected to the generator through a
gearbox with a ratio of 97:1. Hence, the rated generator
speed is 1173.7 rpm. Since the cut-in rotor speed is 6.9
rpm, the noise emission computed by using (4) ranges
from 99.4 to 112.1 dB(A). The rated values are summa-
rized in Table 3.

Table 3. Rated values of the 5 MW reference wind turbine

Rated variables Values
Rated mechanical power 5.30 MW
Rated rotor speed 12.1rpm
Cut-in and rated wind speed 6.9 rpm, 11.4 m/s
Peak power coefficient, optimal TSR 0.482,7.55

The receiver is 400 meters from the wind turbine, and
the sound attenuation caused by aerial, ground, and
environmental factors is 58.7 dB(A). For small popula-
ted areas, the German law permits a maximum daytime
noise level of 55 dB(A) and a nighttime noise level of 40
dB(A). These aeroacoustic conditions are summarized
in Table 4.

Table 4. Aeroacoustic values for the simulation scenario

Simulation scenario Values
Distance to receiver 400m
Aerial-ground attenuation 58.7 dB(A)

Legal level (day, night) 55 dB(A), 40 dB(A)

99.4 —112.1dB(A)

Noise emission range

The operation takes place in Region III with an effective
wind speed changing between 11.5 and 20 m/s, including
tower shadow and turbulence of 10%, for 30 minutes.

6.2. Control system design

The control system design consists of finding the
parameters of the controllers of both coupled control
loops. The joint tuning of all parameters is carried out
by using the approach proposed in Gambier et al,
(2006) and the bat algorithm described in Gambier and
Nazaruddin, (2022).

As objective functions to be optimized, the time-
averaged performance indices

1
! tf_to

t 2 _ 1 t 2
LO tel dt and J, _ﬂjto tetdt.  (19)

are used, where e, and e; are the control errors of both
control loops. The numerical optimization requires the
evaluation of the objective functions at every iteration.
Thus, a simulation-based procedure is applied, where the
evaluations are obtained numerically as part of the simu-
lation, as shown in the scheme of Figure 8. Since the
evaluations are limited to a finite period of time, the
performance indices must be averaged over time.

Wind turbines also have actuators, which have limited
output ranges. This aspect has to be included in the
optimization process. For example, pitch actuators are
limited in rotation angle and in rate, namely
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Maker

ube.w ~

a

0

“<> 4pd

Simulation based calculation
of objective functions

Figure 8. Simulation-based multiobjective optimization scheme

:Bmin Sﬂgﬂmax and .min Sﬂgﬂmax‘

Moreover, the control signal of the ASDC is limited because it
is the setpoint for the CPC, i.e.,

(20)

a,

g,cut—in = a)gL B a)g,rated . (21)

For the present study, these limits are given in Table 5
following common values of real pitch actuators.

Table 5. Limit values for the controller outputs

Rated variables Angle/Speed Rate
Minimum value (pitch) 0 deg -8 deg/s
Maximum value (pitch) 25 deg +8 deg/s
Minimum value (sound) 6.9 rpm -
Maximum value (sound) 12.11pm e

The multiobjective optimizer delivers the Pareto front of
Figure 9.
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Figure 9. Pareto front for (J, vs. J.)

The Kalai-Smorodinky solution in the objective space is
(o Ju) = (23.8,1.99 x103), and the solution in the parame-
ter space is summarized in the right column of Table 6.

Table 6. Controller Parameters

Gains |Classic Approach|{Cascade Approach
KL -- -1.38290
Kir -- -0.00084
Ka -- 0.5
Koo 1.51 1.64078
Kio 0.653 0.56139
Kaw 8.0 0.5




6.3. Simulation Results and Analysis

In order to evaluate the results, the classic approach is
also considered. The classic approach is very simple:
during the night, the setpoint of the CPC is set to a value
that guarantees the noise level limit in the worst case,
i.e., independently of background noise. In the current
case, this is given at 7.65 rpm. In addition, an interme-
diate case (flexibilized classic approach) with a value of
8.0 rpm has been defined. This case provides more
energy under the premise that the noise level can be a
little bit higher.

The simulation is set to begin four minutes before
entering nighttime, and then it is switched to nighttime
operation. The complete simulation lasts 30 minutes.
The results are shown in Figure 10.
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Figure 10. Simulation results for the classic approach. (a) SPL. (b) Rotor
speed.

Since the SPL does not reach the legal level of 55 dB (A) for
the rated rotor speed during the day, no power restriction is
necessary. It is also observed that the cascade control
system maintains the legal limit during night operation
while maximizing the rotor speed. This is not possible
to obtain with the classic approach, which always main-
tains a constant rotor speed even when the sound level
would allow a higher value.

The above-described aspects regarding the rotor
speed have a quantitative correlate in the power con-
version. To this end, a quantitative performance com-
parison is carried out by using the converted energy
during the simulation time in kWh. The results are
summarized in Table 7.

Table 7. Energy converted by the different approaches in 30 minutes

Energy in kWh

Classic Setpoint 7.65 rpm Setpoint 8.0 rpm
IApproach 4262.84, 4456.67
Cascade

IApproach 4485.61
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Assuming an operation of 8 hours per day and 365 days in
a year with similar wind conditions and 8 eurocent per
kWh, the use of the cascade approach, against the classic
approach, would produce a win per wind turbine of 13,000
€ for the setpoint at 7.65 rpm and 1,6090 € if the setpoint
is 8.0 rpm.

7. Conclusions

In this work, models for the emission, propagation, and
prediction of aeroacoustic noise from wind turbines
and their application to control system design are
presented. An application example is described. It
included a second control loop in a cascade configure-
tion, whose setpoint is the allowed noise level limit.

By using multi-controller design based on multiob-
jective optimization, it is possible to find a dynamic
compromise between the legal noise limit and maximum
power conversion for the current conditions.

Very satisfactory simulation results are obtained.
Such that a promising real-time application can be
expected. The next steps in the research are to consider
more sophisticated models and the control system
implementation in a real-time simulation environment.
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