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Summary

Sound source localization has a direct practical application on wind turbines. Thus offering a
new point of view that provides novel solutions to several challenges from the wind turbines
sector. With this acoustic measurement method it is easy to record, identify and localize sound
sources in different parts on wind turbines, analyzing in time and frequency domain. In addition,
the results can be showed in the wind turbine 3D model, acquired using a laser-scanner.

This publication presents the basic properties and functionalities of sound source localization
using beamforming and the Acoustic Camera, it introduces the principle of operation and the
different array typologies and concludes with several results in different scenarios.

1. Introduction

Wind energy is one of the renewable energies widely used around the world. The wind is a
source available almost anytime not depending of other factors like temperature or sunlight.
Sometimes the best locations for wind turbines are close to cities. Hence noise emissions from
the wind turbines, can be a problem; especially in wind farms with a lot of units. The relation
between the noise exposure and health is well know and been analysed in several publications.
In outdoor noise emissions the wind strength and his orientation, temperature or humidity affect
directly the noise propagation in the air. In addition, the sound footprint from a wind turbine has
low frequency content, which increases the noise problems in the reception points.

The noise in and from wind turbines during operation is a complex equation because there are
several potential noise sources: Blades, gearbox, generator, brakes, tower, etc. In addition
aerodynamic noise can be present in the external part like blades or nacelle.

Be able to identify this sources separately is the key for analysing the contribution of each one
in the global level and to take the right decisions about how to improve the noise reduction in a
wind turbine. In addition, the noise localization provides a new point of view for maintenance
purposes, visualizing where the specific noise like chirps, squeaks or screaks are coming from.
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The Acoustic Camera system can provide this kind of results, using a special multichannel
microphone array, a data recorder and a computer running the software, all this analysis in time
and frequency domain can be done on site.

This method can be used in research & development for new prototypes, control and
monitoring for installed ones or comparison between different models or different workflows.
One of the main features of this system is that it is not necessary to install any sensor on the
wind turbine, neither to stop in operation.

2. Principle of operation

There are different techniques for localising sound using microphone arrays; For near field
measurements, Nearfield Acoustic Holography is the best method. When the target needs to be
independent from background noise, to measure in very low frequencies and in close
distances, Intensity is the best solution. Focusing in our aim, wind turbines are big objects and
are usually far away from the point of evaluation, for this reasons Beamforming is the best
technique for this application.

The basic algorithm running behind the processing software is named Delay-and-Sum-
Beamforming, the most widely known sound localisation technique. It is based on the following
principle: The sound of different noise sources travels using different ways so it takes different
amounts of time to reach the array microphones. This means different run-times from the sound
sources to the different microphones. By calculating this time differences between a sound
event and each microphone of an array, direction and strength of sound sources are
determined. The calculated sound pressure is then mapped on the optical picture or video of
the measurement object. Figure 1 shows an easy example with two sensors; the human spatial
hearing is a good and easy comparison.

Left Ear ". ",‘ Right Ear Left Ear ¥ W Right Ear

Figure 1. Run-time example using human earing.

The data from all the microphones are used to calculate the sound pressure level for a certain
position using the following formula:

Fxt) = ﬂ;iw@m--m)

Figure 2. Delay and sum formula.
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In the formula (Figure 2) the f corresponding sound pressure level for a given t time and a x
position on a reference plane using M number of microphones; w could be used as optional
spatial shading weights or set to unity if does not occur. Figure 3 shows the process in detail:
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Figure 3. Time domain Beamforming operation principle.

Delay-And-Sum-Beamforming in the Frequency Domain allows acoustic evaluation via the
frequency domain. The spectrum and the spectrogram show the different frequencies a signal
is composed of. Using Fourier Transformation, a transition from time to frequency domain is
possible and the spectrum and spectrogram can be calculated.

In the final step this process is applied to a number of picture points set by the user in a
photo plane, in which the target is located. Figure 4 shows that to each picture point a
corresponding set of distances ri and run-time delays ti can be calculated.

Photo Plane

Microphone-Array

= S picture point

E e ; -
— 7 \ actually caleulated

different distances | r,| lead to different
runtime delays 1, to each microphone

Figure 4. Picture points calculation.
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Thus, the sound pressure level can be determined for all the picture points using delay-and-
sum-beamformer. To represent the sound pressure levels, a colour scale is used in the picture
points with the optical reference photo, generating an acoustic picture.

2.1 Microphone array typologies

Depending on the beamforming applications, different microphone arrays, varying in geometry,
size and number of microphones are used. Ring type arrays are suitable for several
applications, inside and outside, depending on the array diameter. Sphere type arrays are
designed for 3D applications, inside cabins or rooms. For the measurement campaigns in this
publication, a star microphone array (STAR 48 AC PRO) with 48 channels and 3,4 meters was
used. This microphone array (Figure 5, centre) is designed for outdoor applications and
specialized for low frequency localization.

Figure 5. From left to right: Ring array with 48 microphones, Star array with 48 microphones
and Sphere array with 120 microphones.

3. Measurement scenarios

The measurement tests were divided in 3 scenarios, in order to provide results from different
locations and different wind turbine models (Figure 6).
- Scenario 1: Wind farm, several wind turbines in lines. Focus on the first one, the
other ones are on the right.
- Scenario 2: Same point of view from scenario 2, focus on the right side.
- Scenario 3: Wind farm, several wind turbines inside a small forest. Point of evaluation
in the middle of several wind turbines, focus on the right side.

Figure 6. From left to right: Evaluation points for scenarios 1, 2 and 3.
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3.1 Scenario 1 results

In this measurement scenario, the Acoustic Camera is set 330 meters from the wind turbine
selected as target. Other wind turbines are in the area, mainly on the right side. One first look to
the spectrogram (Figure 7) provides us the possibility to identify continues frequencies in all the
measurement or short time events.

Figure 7. Spectrogram

Selecting when one blade is on the top, the 500 Hz third octave is always localized in the same
position. The acoustic pictures are from different time selections. The blades on the right
position are the noise source (Figure 8).

Figure 8. Acoustic pictures from different times selections, 500 Hz third octave

Going to the low frequency, 200 Hz third octave, the noise source is always localized on the
wind turbine tower, no matter which blade is on the top position (Figure 9).

Figure 9. Acoustic pictures from different times selections, 200 Hz third octave

3.2 Scenario 2 results
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From the same evaluation position as scenario 1, just rotating to the left of the microphone
array. In this position the microphone array is not parallel aligned in front of the noise sources.
Now the first wind turbine is located in 400 meters distance. In this measurement two wind
turbines are in the view, 120 meters distance between them (Figure 10). The striking frequency
peak on 1.594 Hz is localized on the blade.

q&m T
24

Figure 10. Acoustic picture focused on the frequency peak on 1.594 Hz

The 2.000 Hz third octave is localized on the first wind turbine tower, but increasing the
dynamic range (Figure 11, right), the same third octave is localized on the second wind turbine
tower too.

W-ﬁmﬂ e

Figure 11. Acoustic pictures with different dynamic range, 2.000 Hz third octave

Looking in the low frequencies, 400 Hz third octave is localized in the bottom of the first wind
turbine and again, increasing the dynamic range (Figure 12, right), the second noise source in
the same frequency but less level appears in the second wind turbine tower.
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Figure 12. Acoustic pictures with different dynamic range, 400 Hz third octave

3.3 Scenario 3 results

The area for this test is a small forest on a mountain with several wind turbines around in the
high part. The point of evaluation is in front of three wind turbines more or less aligned. The
microphone array is 350 meters from the first one. In the spectrogram some fluctuations are
showed between 2.000 Hz and 3.000 Hz. Selecting this fluctuations directly in the spectrogram
(Figure 13), the noise source is pointed on the top blade.
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Figure 13. Spectrogram and acoustic picture from the selected area.

The 400 Hz octave band can be focused on the rotor from the first wind turbine. Independently
of the blades position, during the whole workflow the noise source remains.
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The low frequencies, like the 160 Hz third octave band showed,

ground (Figure 15).

Figure 14. Acoustic picture, 400 Hz third octave
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Figure 15. Acoustic picture, 160 Hz third octave

Page | 8





4. Conclusions

A lot of data has been generated in these measurement tests, but only the more interesting are
showed on this publication. The results from the different scenarios show the different kind of
data that can be used as basis for analysing, regardless if the wind turbine target is close to
others. This data can be used as reference for comparing it with other workflow conditions, like
different wind speeds or wind directions. Repeating the same points of evaluation in the same
units and same conditions after a known number of working hours can provide useful
information comparing the noise emissions regarding level and point or area of emission.
Without stopping the wind turbine and without installing any sensors on it, noise results related
with maintenance and malfunction can be acquired and processed on site.

The acoustic pictures can be used for validating predictive noise models, focusing on the noise
emission from each part of the wind turbine or using global values for predictive noise
propagation softwares, feeding them with real data from installed and working wind turbines.
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Summary

The wind energy sector is growing steadily in Germany. With 29213 wind turbines and an
installed capacity of around 52931 MW [1], Germany ranks first in Europe. For a successful
realization of the transformation of the energy system it is necessary to increase the
acceptance of wind turbines in the neighborhood. The basis for the approval of wind turbines in
Germany is the German Federal Immission Control Act. According to this act installations
subject to licensing shall be established and operated in such a way that this does not involve
harmful effects on the environment. This requirement is specified in the “Technical Instructions
on Noise Abatement, Tl Noise” which contain noise immission values. The total noise exposure
at a decisive immission point may not exceed these values. An important part of the noise
assessment of wind turbines is a prediction of the noise immission. For this purpose, the Tl
Noise as well as the recommendations for the protection against noise exposure from wind
turbines of the federal states are used in Germany. These recommendations have been
fundamentally revised under consideration of the current state of knowledge in 2017. The
procedure for the protection against noise from wind turbines in Germany will be explained in
detail.

1. Introduction

Wind turbines are of great importance to meet the demand for electricity with renewable
sources of energy. Therefore a successful realization of the transformation of the energy
system in Germany is essential.

In Germany, wind turbines with a height of more than 50 m, are subject to licensing pursuant to
the German Federal Immission Control Act [2]. Principally, installations subject to licensing
shall be established and operated in such a way that this does not involve harmful effects on
the environment or other hazards, considerable disadvantages and considerable nuisance to
the general public and neighborhood. Moreover, precautions should be taken to prevent
harmful effects on the environment. Within the scope of the licensing process not only
environmental aspects are taken into account but also all other legal aspects in connection with
the construction of a new wind turbine or the repowering of existing ones. For instance, building
regulations as well as nature conservation requirements are also to be considered. One
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important element of the licensing process deals with the protection against noise. The
regulations are laid down in the Sixth General Administrative Provision to the Federal
Immission Control Act, which is called “Technical Instructions on Noise Abatement, Tl Noise”
[3]. It is applied to various kinds of industrial plants as well as commercial installations. This
wide range of applicability includes wind turbines. The regulations for wind turbines also
comprise the “recommendations on the protection from noise of wind turbines” of the Federal
States of Germany [4]

2. Determination of noise immissions

The determination of noise immissions of wind turbines is carried out according to the Tl Noise
and the additional “recommendations on the protection from noise of wind turbines” of the
Federal States of Germany [4]. The main steps of the noise assessment procedure for wind
turbines are shown in figure 1.

Planning phase

Determination of
noise immissions by
forecasting

Comparison with
binding immission-
values

In operation
if necessary checking
1

at decisive at surrogate emission
immission point immission point measurement

Fig.1: Noise assessment procedure according to TI Noise in Germany

The Tl Noise contains criteria to identify and assess the noise immissions of installations
subject to licensing, including wind turbines. The noise assessment procedure starts with the
determination of noise immissions by forecasting.

3. Binding immission values according to Tl Noise

For the approval of a wind turbine it is essential that the noise immission of the installation
comply with binding immission values for points outside buildings which are defined in the Tl
Noise [3]. They depend on the type of land-use and are distinguished between daytime and
nighttime. The immission values given are in table 1.
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Table 1:
Binding immission values according to Tl Noise in Germany

Types of areas Day Night
6a.m.-10 p.m. 10 p.m. -6 a.m.

Industrial areas 70 dB(A) 70 dB(A)
Commercial zones 65 dB(A) 50 dB(A)

Urban areas 63 dB(A) 45 dB(A)

Core areas, village areas and mixed-use zones 60 dB(A) 45 dB(A)
General residential areas and small residential states|55 dB(A) 40 dB(A)

areas

Purely residential areas 50 dB(A) 35 dB(A)

Spa areas, for hospitals and nursing homes 45 dB(A) 35 dB(A)

These types of areas correspond to the building areas, which are defined in a nationwide valid
Federal Land Utilization Ordinance [5]. According to this ordinance, for example, purely
residential areas are only used for living. In contrast to this, village areas may also contain
agricultural and forestry holdings. Moreover, the further development of agricultural and forestry
holdings is taken into consideration.

The binding immission values are applied during the day for an assessment period of 16 hours.
The full hour with the highest rating level is the basis for nighttime assessment. The reason for
this special regulation is that the protection against noise at night is very important because a
sufficiently long period of undisturbed sleep is essential for mental and physical rest.
Furthermore, the Tl Noise contains regulations concerning short-term noise peaks. These
peaks may exceed the values during the day by not more than 30 dB(A), and at night by not
more than 20 dB(A).

The immission values displayed in table 1 must be met in order to obtain the license for the
operation of a wind turbine. They refer to the forecast respectively measured rating level L;
ascertained at the immission point. In this context, it is generally assumed from the total
exposure at the decisive immission point. This is the point in the area of influence of the
installation at which binding immission values are most likely to be exceeded. The decisive
immission points are defined as follows:

. In buildings, 0.5 m outside the middle of the open window of the room which is
worst affected by noise.

. In undeveloped or built-up areas that contain no buildings with noise sensitive
rooms, at the edge of the area where buildings with noise sensitive rooms may be
built.
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4. Examination of the sound propagation model

In the past the alternative method of DIN ISO 9613-2 [6] was used for the determination of the
noise exposure caused by wind turbines. This standard is designed for sound sources with a
height up to 30 m and a distance between source and immission point until 1000 m (Fig. 2).
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Fig. 2. Scope of DIN ISO 9613-2

Therefore, it is questionable whether DIN ISO 9613-2 is appropriate for calculating the sound
propagation for modern wind turbines with a height of more than 100 m. For this reason, a
research project [7] was conducted which was commissioned by the State Agency for Nature,
Environment and Consumer Protection of the German Federal State of North Rhine-Westphalia.
In this project, noise measurements have been carried out and compared with calculation results.
This study has come to the result that up to 450 m from the wind turbine the calculation values
are above the measured ones. For greater distances, the study shows contradictory results. With
increasing distances from the wind turbine, the measurement results are higher than the
calculation results. In view of these findings, the German organization for standardization DIN
developed an interim method for the calculation of sound propagation at wind turbines [8]. This
method considers the results of the above-mentioned research project and is based on a plain
acoustic model. It describes the wind turbine as an omnidirectional point noise source which is
frequency-dependent and located in the rotor center of the wind turbine. The input variable of the
sound immission forecast is the specific octave band sound power level Lw of the wind turbine.
For this purpose, the A-weighted third-octave band sound power levels Lwa,; determined
according to DIN EN 61400-11 [9] will be converted into the corresponding unweighted octave
band sound power levels Lw. The equivalent continuous downwind sound power level L is
determined by the following equation [8]:

Ler (DW) =Lw + Dc— A (1)
where
Lw octave-band sound power level produced by a wind turbine described as a
point source [dB]
Dc directivity correction [dB]
A attenuation [dB]
with
A = Adiv + Aatm + Agr + Abar + Amisc (2)
Adiv attenuation owing to geometrical divergence
Aatm attenuation due to atmospheric absorption
Agr ground attenuation
Abar attenuation by a barrier
Amisc attenuation caused by other effects
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In equation (2), the attenuation due to the ground effect is set to -3 dB. This is based on the
assumption that modern wind turbines with a height of above 100 m cause only one reflection
from the ground. Furthermore, the meteorological correction in the equation for the determination
of the long-term average A-weighted sound pressure level Latwt) is modified [8]:

Latet) = LATOW) — Cmet (3)
where
LaT(ow) average A-weighted sound pressure level for downwind propagation
Cmet meteorological correction, Cmet = 0 dB

It is envisaged to replace the interims method by a new German guideline VDI 4101 part 2 [10]
in the next years.

5. Recommendations on the protection from noise of wind turbines

In addition to the Tl noise there exists “recommendations on the protection from noise of wind
turbines” of the German Federal States [4]. They contain further details for the determination of
the noise immissions of wind turbines and are also applied by the licensing authorities. In
particular, the recommendations include the interim method for the calculation of sound
propagation at wind turbines. Moreover, requirements on the input data and the quality of the
noise prediction are described in detail. Additionally, some practical information for the licensing
authorities are also given in these regulations.

5.1 Input parameter of the noise immission forecast

The input variable of the noise immission forecast for a specific wind turbine project is the
specific sound power level of a wind turbine type in the corresponding operating mode. The
input parameters are divided into two groups, namely parameters for the existing and the
additional exposure.

Existing exposure is defined as the noise exposure at an immission point from all installations
for which the TI Noise is applied, excluding immissions emanating from the installation under
assessment. Consequently, all already approved wind turbines and other installations subject
to the Tl Noise are to be considered. Additional exposure is the immission that is anticipated
with planned installations. The sum of both is the total exposure. According to German law [2]
the protection against harmful effects on the environment due to noise is ensured, if the total
exposure at the decisive immission point does not exceed the binding immission value shown
in table 1.

For the determination of the input data there are three different options:

1. The sound power level is given by the manufacturer for normal operation. The
appropriate octave spectrum is also provided.
2. Determination of the sound power level and the corresponding octave spectrum

by measurements of the wind turbine type according to the Technical
Guidelines for Wind Turbines Part 1[11] in combination with the German
standard DIN EN 61400-11 [9].

3. Determination of the sound power level and the corresponding octave spectrum
by measurements of at least minimum three wind turbines of the same type.

5.2 Determination of the noise prediction

The determination of noise immissions by forecasting is described in detail in the Tl Noise and
the “recommendations on the protection from noise of wind turbines”. These recommendations
contain the interim method for the calculation of sound propagation at wind turbines [8]. This
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procedure is carried out in a frequency-selective manner for the approval of wind turbines both
for the existing wind turbines as a part of the existing exposure and for newly requested
installations. For air absorption calculations, the atmospheric attenuation coefficient a according
Table 2 of DIN ISO 9613-2 [6] shall be considered for 70 % relative humidity and 10 °C air
temperature. To ensure that the legal requirements are met a quality assurance is carried out.
Within the framework of this quality assurance it must be proved that under consideration of the
uncertainty of the emission data as well as the uncertainty of the propagation calculation the
upper limit of confidence level of the forecasted rating level is below the binding immission
value. The upper limit of confidence level is calculated from the forecasted immission value
plus the total uncertainty which results from the inaccuracy of the acoustic emission
measurement and the fundamental uncertainty of the prediction model.

6. Consideration of low-frequency noise

The mechanisms of the sound generation and propagation of wind turbines are complex [12].
The noise emissions of a wind turbine consist of mechanically induced and aerodynamic noise
components. The aerodynamic noise is often broadband and includes low-frequency and
infrasonic components. For the determination and assessment of low-frequency noise, the
German standard DIN 45680 “Measurement and assessment of low frequency noise
immission” [13] and in the accompanying Supplement 1 are used [14]. The supplement
contains reference values, which should not be exceeded. DIN 45680 contains an auditory
threshold and the draft of DIN 45680 of 2013 [15] contains a hearing and perception threshold.
These thresholds are illustrated in figure 3 together with the sound pressure levels of wind
turbines with 2 to 3 MW in different distances. In the usual distances between wind turbines
and residential dwellings in Germany, the infrasound emission generated by wind turbines is
well below the threshold of human perception. This is confirmed by extensive noise immission
measurements on wind turbines in the German Federal States of Baden-Wuerttemberg and
Bavaria [16]. The impact of infrasound from wind turbines can be assumed to be very low in
comparison with other natural and anthropogenic sources, so that according to the current state
of research this does not have negative effects on health.

Distance appx. 200 m Distance appx. 900 m
Engine-power class: 2-3 MW Sound Pressure Leve dB(2Z) Engine-power class: 2-3 MW
: 100 ?
80
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Infrasound Infrasound
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6.3 8 10 125 16 20 25 315 40 50 63 80 100 63 8 10 125 16 20 25 315 40 50 63 80 100
Frequency Hz
. Hearing threshold according . . Hearing threshold according
Total noise DIN 45680 Interior noise to DIN 45680
Wind Turbines to Wind Turbines " i .
in operation ~— Perception threshold in operation — Perception threshold according to
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Interior noise
Wind Turbines
not in operation

Backround noise
Wind Turbines
not in operation
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Fig. 3: Comparison of measurements results with hearing and perception thresholds.
Measurements on modern wind turbines with a hub height of 140 m at wind speeds from 8 to
13 m/s, distance 200 m (left) and 900 m (right). [17] with own editing

7. Conclusions

The generation of energy by wind turbines is essential for the implementation of the energy
transition. Especially in Germany, the number of these installations has continuously increased
in the last years. Within this framework, the protection of the population from wind turbine noise
has to be taken into consideration. Therefore, it is particularly important to have clear legal
regulations for noise protection by wind turbines. The Tl Noise especially contain area-related
binding immission values for immission points outside buildings which may not exceeded
during the operation of the wind turbine. In addition to the Tl noise there exists
‘recommendations on the protection from noise of wind turbines” of the German Federal
States.
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Summary

The aim of this study is to compare and validate wind turbine noise prediction codes from various
institutes and companies. This effort is part of the IEA Wind TCP Task 29 (Wind Turbine Aerody-
namics) and IEA Wind TCP Task 39 (Quiet Wind Turbine Technology). The benchmark is divided
into 3 rounds which will be dealt with incrementally in time, and the focus of the present article is
on the first round. Note that this study concentrates on aerodynamic noise generation, therefore
mechanical noise and long-range atmospheric propagation effects are not considered.

1. Introduction

Wind turbine noise emissions are commonly measured in the field according to the IEC-64100-11
standard [4]. Microphones are placed on the ground downstream of the turbine at a specified dis-
tance from the tower (equal to the height of the tower plus half of the rotor diameter). The wind turbine
is considered as a monopole noise source and is thereby supposed to emit the same noise levels in
all directions. Thus, the mesured sound pressure levels can be related to the sound power levels of
the turbine. Immission levels at dwellings can be evaluated using a variety of methods predicting the
propagation losses, from simple semi-empirical formulas to advanced simulation methods such as
Parabolic Equations or Computational Aero-Acoustics. Furthermore, the results of the above stan-
dardized measurements are binned according to the wind speed to reflect the actual variations of
the noise emission levels with respect to the wind conditions. Modern turbines produce typically less
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noise at low wind speed because of the lower rotational speed, and nearly constant noise above
rated power when the rotational speed is normally kept fixed and power is regulated by the controller
through the blade pitch.

However, as far as the actual noise emissions are concerned (i.e. when considering the wind turbine
as the source of noise), the physics of noise generation mechanisms is more complicated than
the above conceptualization. The assumption of a monopole noise source is certainly a first order
approximation. Nevertheless, note that for wind turbine certification it is considered as satisfying
to measure according to the IEC-64100-11 standard since microphones should be located directly
downstream of the turbine, where the maximum noise levels are expected. In this sense, the IEC
standard is a worst case situation. Yet, the noise generation mechanisms (e.g. trailing edge noise
considered as one of the most potent source of noise in the audible range) present strong directivity
features [1, 3]. These effects are not accounted for in the measurements according to the above
standard.

Another aspect of wind turbine noise is the fact that multiple noise generation mechanisms are simul-
taneously at play. These can be segregated in two main categories: mechanical and aerodynamic
noise. Mechanical noise results from structural vibrations of the turbine components (tower, nacelle
and blades) as well as gear noise. Usually, it is identified as tonal noise with frequencies associated
to the eigenfrequencies of these components or to the rotational speed of the shaft or the gear com-
ponents. Although potentially annoying and subject to regulations related to tonal noise, mechanical
noise is not considered herein. The present study concentrates on aerodynamic noise, i.e. noise
generated by the interaction of turbulent vortices with the blade surfaces. These turbulent features
can be self-generated, as it is the case for the turbulent boundary layer flow developing along the
blade airfoil sections producing noise when passing by the trailing edge. Alternatively, they can
originate from the turbulent atmospheric flow impacting the blades or some other external source of
turbulence (e.g. wake from an upstream turbine).

Aerodynamic noise generation involves complex phenomena and their mutual interactions. Firstly,
fluid flow turbulence is a difficult topic with highly non-linear processes which are not trivial to predict.
Most of the theory of turbulence is based on statistical averaging which somehow facilitates some
aspects of flow prediction in contrast to the deterministic prediction of the chaotic behavior of the
turbulent structures. This is quite relevant for wind turbine noise generation since the time-scales
of the turbulent motions generating noise are quite small compared to the time-scales of the param-
eters influencing the wind turbine operation (e.g. changing mean wind speed over the rotor disk
or rotational speed). Secondly, turbulence interaction with the hard surfaces generating noise are
also rather complicated phenomena, e.g. noise scattering at the trailing edge. As a consequence,
accurately predicting noise from wind turbines can be challenging.

Wind turbine manufacturers have a long practical experience of noise emissions from their wind
turbines and have access to a lot of noise measurement data. To predict the noise emission from a
turbine, in many cases they rely on semi-empirical models which can be accurately tuned thanks to
the above practical experience and know-how. The next step in developing modeling tools capable
of predicting wind turbine noise is to introduce more physics in the models and try to describe more
faithfully the actual processes involved. This may become a critical asset as wind turbine technology
develops with the use of advanced aerodynamic features such as flaps, morphing blades, winglets,
etc.
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To the best authors’ knowledge, there does not exist a commercial simulation tool that is dedicated
to the prediction of wind turbine noise as a source, although several of these codes can be used in
this context []. As a result, wind turbine manufacturers and research institutions alike separately are
developing their own prediction tools. When wind turbine manufacturers can rely on their expertise
and historical data, it is sometimes difficult for the researchers to find reliable data to validate their
models. Contrastingly, the manufacturers do sometimes have limited resources to develop more
advanced simulation tools and usually rely on their existing more empirical tools. In both cases,
exchanging experience and comparing results may benefit the two communities.

The aim of the present study is to define a comparison benchmark for wind turbine noise simulation
codes. This initiative was taken as part of IEA Wind TCP Task 39 (Quiet Wind Turbine Technology)
in collaboration with IEA Wind TCP Task 29 (Analysis of Aerodynamic Measurements). The compatr-
isons are based on an existing wind turbine which was extensively measured during the DANAERO
project [5, 6]. These measurements were conducted on is a 2.3 MW NM80 wind turbine located
in Tjeereborg, Denmark. One of the blades was specifically manufactured for this project and exten-
sively equipped with aerodynamic sensors, as well as surface pressure high-frequency microphones
flush-mounted in the outer part of the blade which are relevant for studying aeroacoustic emissions.
Some noise measurements according to the IEC-64100-11 standard also exists and may become
part of the present benchmark once this has been negotiated and agreed with the current owner of
these data.

The first objective of this comparison benchmark is to make sure that the noise predictions from the
different codes are based on (nearly) identical aerodynamic data. Indeed, aerodynamic noise is by
essence driven by aerodynamic quantities. In this respect, this benchmark is actively connected to
the IEA Wind TCP Task 29 Phase IV which currently focuses on using the DANAERO database to
validate aeroelastic codes for wind turbines. Therefore, the present study also includes the validation
of a restricted set of aerodynamic data considered as crucial for accurately evaluating the noise
emissions. The validation of the aerodynamic noise predictions is the core objective of the present
benchmark. This is dealt with in two steps. Firstly, the surface pressure fluctuations measured with
high-frequency microphones on the blades can be used to partly validate noise prediction codes,
particularly for trailing edge noise but possibly turbulent inflow noise as well. Secondly, the noise
emissions of the whole turbine in different configurations are investigated.

2. General description of the benchmark

2.1. Generalities

The present benchmark is a combination of a series of code validation through simplified test cases
and actual measurement data. In the simplified cases, the analysis of the results should reveal some
shortcomings of the actual numerical models and their implementation. In particular, some of these
test cases will assume axial symmetry of the flow around the rotor axis and this symmetry should be
reflected in the computed results, both aerodynamic and acoustic ones. Furthermore, comparisons
between results from the various codes should bring some light on the various methods, assuming
that high-fidelity models such as CFD can be taken as reference. Concerning the use of actual
measurement data, those collected during the DANAERO experiment will be considered.

Briefly, the DANAERO experiment is a series of measurement campaigns conducted in year 2009
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Fig. 1 The NM80 wind turbine in Tjeereborg

on a 2.3MW NMS80 wind turbine with a hub height of 60 m E] (see Fig.[1). One of the three blades
of the turbine was specifically manufactured for this experiment and equipped with multiple sensors.
Aerodynamic sensors (pressure taps, Pitot tubes, microphones) are distributed along the blade span
at several given radii (see Fig. 2). The blade is a LM 38.8 m attached to the hub at a radius of
1.24 m from the rotor centre. Therefore, the rotor radius at the blade tip is 40.04 m. A met mast
located near the turbine was used to monitor atmospheric conditions. The project also included a
series of wind tunnel experiments for which 2D reproductions of given blade airfoil sections were
measured. These are not considered as part of the present benchmark so far. Note that surface
pressure microphones were flush-mounted on the blade near the outer most instrumented radial
section. These measurements are quite relevant for the validation of noise emission models (i.e.
trailing edge noise, and possibly turbulent inflow noise).

In the present benchmark, we are interested in validating:

» The aerodynamic part for the wind turbine noise codes using pressure tap sensors and Pitot
tubes. These validations are a subset of those conducted as part of Task 29 Phase IV Case
IV.1 and therefore mainly orientated toward participants to the present benchmark who do not
participate to Task 29.

» The estimation of turbulent boundary layer quantities near the trailing edge relevant for trailing

edge noise modeling. These quantities were not measured during the measurement campaigns,
but validation will be based on cross- checking the results obtained by the various participants
(and existing experience on this type of data, e.g. BANC benchmark @]).
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igh frequency pitot tube

Fig. 2 Equipment on the LM 38.8 m blade

» The estimation of the surface pressure fluctuations (more specifically their spectra) for simula-
tion codes using an approach that do provide such quantity. This validation is mainly relevant for
turbulent inflow and trailing edge noise prediction models. The validation can be performed using
measurement data from surface pressure microphones on the test blade.

» The prediction of the acoustic noise immission in the far-field (in fact at the distance recom-
mended by the IEC 61400-11 standard). The participants are expected to provide their turbulent
inflow and trailing edge noise predictions, but may also include other noise sources (e.g. separa-
tion noise if separation is detected, tip noise) if they wish so.

Furthermore, according to the previous description of the benchmark, the benchmark is divided into
3 rounds:

- Round #1 is concerned with the validation of the codes for four idealized cases including sym-
metrical cases, as well as rigid and flexible rotors. Two parameters are varied in order to quantify
their influence on the acoustic results: the rotor rotational speed and wind shear.

- Round #2 is concerned with actual cases from the DANAERO experiment. The specific aim of
this round is to compare numerical results with existing measurement data.

- Round #3 is concerned with comparisons of the wind turbine noise codes by calculating noise
characteristics as a function of wind speed. Noise was not measured as part of the DANAERO
experiment, but noise measurements were conducted as part of the certification procedure for this
turbine and may possibly be used in this round for validation. For the time-being, the description
of Round #3 is tentative and will be refined at a later stage.

Note that the two first rounds are integrated parts of IEA Wind TCP Tasks 29 & 39, while the third
round is more orientated toward participants of Task 39. In this paper, we are only interested in the
first round of this benchmark.
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2.2. Test cases

As mentioned above, the benchmark is divided into 3 rounds. Each round contains a number of
test cases to be simulated. The specific geometrical and aerodynamic inputs for each test case
are shortly described in this section for Round#1. The results to be provided are specified in the
following section.

For the Round #1 , there are 4 test cases defined as follows:

Case 1.1

Same as Task 29 Case 1V.1.1 and provide comparison results (i.e. aerodynamic and boundary layer
guantities, surface pressure near leading and trailing edge, and immission noise) as specified in
Section 3 below. The specifications of Case IV.1.1 amounts to an axi-symmetric configuration (no-
rotor tilt or yaw, no tower shadow, no wind shear, no inflow turbulence, but the pre-bend is included)
and a rigid rotor (i.e. no aeroelastic deformation of the blades).

Case 1.2

Same as Task 29 Case 1V.1.2 and provide comparison results as specified in Section 3 below. The
specifications of Case 1V.1.2 are identical to Case IV.1.1, but for flexible blades. However, if the
participant’s wind turbine noise code cannot handle flexible blades, this case should be ignored and
the participant should carry on with the following cases, assuming a rigid structure in Round #2 (see
below).

Case 1.3
Same as Case 1.1, but with a different rotor speed.

Case 1.4
Same as Case 1.1, but with wind sheatr.

The main other parameters common to all calculations of Round #1 are reported in Tablell Note
that the turbulence intensity and length scalse specified herein are only meant for the turbulent
inflow noise modeling, not the atmospheric wind speed impacting the turbine for the aero-elastic
calculations.

2.3. Results to deliver
The results that participants to the benchmark should deliver can be divided into 4 sets.

The first set is concerned with aerodynamic data at the 3 radius locations along the blades. The
guantities of interest are mainly relative velocity (with and without induction), angle of attack, aero-
dynamic forces (incl. lift and drag) and coefficients (C_. and Cp, respectively), as a function of time
and/or blade azimuth angle. In addition, pressure coefficients around the blade are investigated.

The second set of data is related to trailing edge noise modeling. The results to deliver are quantities
across the boundary layer near the trailing edge, both on pressure and suction sides, such as velocity
profiles, turbulent kinetic energy, turbulent length scales, and integral quantities such as boundary
layer thickness or displacement thickness.

The third set is concerned with surface pressure spectra near the trailing edge and the leading edge,
which are of potential interest for trailing edge and leading edge noise, respectively.

The fourth and last set are the noise immission levels at pre-defined observer locations around the
turbine on the ground, as well as one location at hub height directly downwind of the turbine. This
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Table 1 Main computational input parameters for Round #1.

Quantity Value

Tilt 0°

Coning 0°

Tower shadow None

Air density 1.231kg/m3

Temperature 19°C

Wind speed VH=6.1m/s

Wind shear None

Turbulence intensity 8.96%

Turbulence length scale 39m

Rotor speed 12.3rpm

Blade pitch angle 1.5° (>0 nose down)

Yaw error angle o°

Transition location x/C =0.065 (Suction side)
Transition location x/C =0.20 (Pressure side)

last noise immission location is dedicated to check the sanity of the numerical models with respect
to the axial symmetry defined in Round #1 (see above).

3. Preliminary results and comparison examples
As none of the participants have sent their results at the time of writing, some of the expected results
are shown in this section in order to illustrate the specificities of the different test cases.

3.1. Aerodynamic results

In figure 3, some aerodynamic data on a given blade at the outer most radial position r =37 m are
plotted as a function of its azimuth angular position ¢ for the 4 considered test cases. The quantities
are the effective velocity, the angle of attack, the lift and drag coefficients. As expected, for test cases
1.1, 1.2 and 1.3 (i.e. without shear), the aerodynamic quantities do not vary with the azimuth position.
Contrastingly, these quantities are a function of the azimuth for test case 1.4, which includes a wind
shear, thereby breaking the symmetry with respect of the rotor axis as discussed earlier. Note that
the angle of attack, as well as lift and drag, are highest when the blade points upwards (i.e. for y = 0°).
Test case 1.3 exhibits a higher effective velocity because of the higher rotational speed. Furthermore,
it can be noticed that the blade flexibility for test case 1.2 also modifies the aerodynamic properties
with a higher angle of attack, at least at the considered radius.

3.2. Noise immission results
As the main goal of this benchmark is to validate wind turbine noise simulation code, a few examples
of noise immission results in the vicinity of the turbine are shown here.
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The whole turbine noise immissions (i.e. the contributions of the noise emissions are integrated
over the whole span of the 3 blades and over the whole frequency range) for the 4 test cases are
plotted as a function of the azimuth of blade #1 during one of its revolution in Figs.[4,B and[6l In the
first two figures, the immission location (denoted as P13) is directly downwind of the rotor at hub
height. Therefore, this latter point is located on the rotor axis since the rotor is not tilted. In the third
figure, the immission point (denoted as P7) is at the IEC standard position, directly downwind of the
turbine on the ground. Furthermore, in these figures the noise levels are displayed by adding up all
considered noise sources, i.e. here turbulent inflow noise, trailing edge noise and stall noise, as well
as individually in the separate sub-figures.

As expected for the results at P13 in Fig.ld, the symmetry of the flow for test cases 1.1, 1.2 and
1.3 results in constant noise levels. However, for an asymmetical flow field (i.e with wind shear for
test case 1.4), the noise levels exhibit temporal variations, in particular for the trailing edge and stall
noise, whereas the turbulent inflow noise appears insensitive to the wind shear. The overall noise is
slightly influenced by the shear. In the case of A-weighted noise as displayed in Fig.[5], the stall noise
becomes dominant and the temporal variation of noise levels become apparent for the overall noise.
It may be surprizing that stall noise is dominant in the present configuration. This is investigated
below. Before that, it should be noted that the noise immissions at P7 in Fig. [6 illustrate the fact that
this position breaks the symmetry of the noise emission as a result of the noise sources directivity.

In order to study the noise emissions in more details, map of the noise sources across the rotor
disk are plotted, once again both for all added-up noise sources and individually. These maps
represent the elementary contribution to the noise immission levels at given observer locations (i.e.
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P7 or P13 here) from the local noise emissions across the rotor disk. Let us first consider test case
1.1. The map for position P13 is displayed in Fig.[Z. The symmetry of the noise emissions is clear.
Furthermore, it can be seen that stall noise is concentrated in the inner region of the rotor disk/blade
where thick airfoil sections can be found, more easily triggering the occurrence of stall. The same
map but for position P7 is displayed in Fig.[8l Once again, the asymmetry from the noise directivity
patterns becomes apparent and it can be seen that higher noise levels are observed on the lower
right part of the rotor disk, both for turbulent inflow and trailing edge noise. This effect is possibly a
combination of directivity and the fact that the lower part of the rotor disk is closer to the observer at
P7.

Finally, the noise map for test case 1.4 (with wind shear) for an oberver at position P13 is displayed
in Fig.[9Q. It can be seen that stall noise is produced on a large upper part of the rotor disk. Indeed,
it is where the wind speed is higher due to the wind shear and angles of attack are also larger (see
Section [3.1). However, it was observed in the previous section the angles of attack remain relatively
low and it is quite surprizing that stall is so widely spread. This indicates a potential problem in the
simulation code which has to be investigated (or alternatively a misinterpretation of the results). As
a matter of fact, one of the primary goal of the present benchmark is to detect such inconsistencies
in the results and try to improve the prediction tools accordingly.
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4. Conclusion

A benchmark for wind turbine noise simulation codes comparison and validation is proposed. The
main details of the numerical inputs to the various test cases have been presented (at least for the
first round of this benchmark).

At the time of writing, none of the participants have had time to perform the required computations
and send their results. However, it is expected that a number of participants will have conducted
these before the start of the conference, and that comparisons and analysis of the results can be
presented then.

A tentative timeline for the continuation of this benchmark follows. As mentioned above, it is expected
that the results of the first round can be analyzed at the WTN 2019 conference, as well as during the
next IEA Wind TCP Task 39 meeting which is planned as a side-event to the conference. Round #2
should be conducted during the second semester of year 2019, and Round #3 probably during the
first semester of year 2020. However, conclusions from the initial analyses may alter this timeline.
In particular, it may be necessary to come back on specific issues of the test cases if difficulties in
understanding the results and their comparisons do arise.
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Abstract

Background noise levels play a major role when it comes to ensuring compliance
with French noise regulation. Background noise levels are usually assessed based
on scatter plots: noise levels vs wind speeds and/or wind directions.

In this article, we propose to model the background noise levels using machine
learning techniques.

The datasets are built with 10 minutes meteorological data as well as background
noise level measured in dBA.

We used gradient boosting which is a supervised machine learning technique used
in classification and regression problems. The objective is to train the model for each
dataset, and evaluate the accuracy of the regression algorithm.

The results are very promising: the mean absolute error (MAE) of the prediction are
1.07 dBA on dataset A and 1.71 dBA on dataset B. We are convinced that this
technique will change the way we manage noise and meteorological data in
acoustics and wind energy.
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1. Introduction

Background noise levels play a major role when it comes to ensuring compliance
with French noise regulation. Background noise levels are assessed using scatter
plots: noise levels vs wind speeds. This statistical analysis is carried out for several
“‘homogeneous conditions” as defined in the French normative [1]:

- Day/night

- Wind direction sectors

- Time of the day

- Human activities

- Meteorological conditions

- Seasons
The problem is that this methodology is not precise enough if we need an accurate
model of the background noise vs meteorological conditions: the standard deviation
is always greater than 3 dBA. First, we should take into account all the
meteorological conditions available (not only wind speed and the wind direction as
shown in figure 1). Secondly we need new techniques, with a better accuracy than
the classical scatter plots.
That’'s why we decided to test machine learning techniques for a better assessment
of noise levels around wind farms.
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Figure 1: Example of scatter plots for night period (22h-7h), for two homogeneous classes: Wind
direction = South-West [135° - 315°[ and wind direction = North-East [315° - 135°[. In red = calculation
of the median or extrapolation of the trend of background noise.

2. Dataset & methodology

2.1 Dataset

During previous WTN conferences we showed that the wind speed gradient and the
temperature difference had an influence on the background noise levels [2]. Those
parameters also drive the refraction during noise propagation of wind turbine noise
[3].
Based on this observation we decided to choose two datasets that include wind
speed and temperature measured for at least two different heights.
In the dataset A, the input features are:

- Datetime, from 11/23/2017 to 12/14/2017

- Temperature measured at a height of 1.5 m

- Temperature measured at a height of 10m

- Wind speed measured at a height of 10m

- Wind speed measured at a height of 200m (hub height of the future turbines)





Wind direction
Relative humidity
Point of acquisition
and the measured noise level, the target to model.

In the dataset B, the input features are:
Datetime, from 05/03/2017 to 06/02/2017

Temperature measured at a height of 24.9m
Temperature measured at a height of 99.5m

Wind speed measured at a height of 24.9m
Wind speed measured at a height of 99.5m (hub height of the future turbines)
Wind direction
Relative humidity
Point of acquisition
and the measured noise level, the target to model.

In both cases the output data are background noise level L50,10min in dBA,
measured at several locations around the wind farm project: there are 9 location of
noise measurements in dataset A and 5 in dataset B.
We decided to use only the night time period (22h-7h) of the dataset, because
French regulation is more restrictive during night time.

Wind speed | Wind speed Wind Relative
Datetime Temperature | Temperature measured | measured | ool humidiy | Measure Noise level
at 1.5m (°C) at 10m (°C) at 10m at 100m N point
(®) (%)
(m/s) (m/s)

11/23/2017

sz 12.2 12.4 9.0 14.2 164 67.9 1 37.7
11/23/2017 12.4 12,5 9.7 13.6 163 67.4 1 36.6
00:10

11/23/2017 125 125 9.4 13.6 164 67.1 1 36.4
00:20

11/23/2017

iz 12.6 12.7 9.7 13.6 167 66.1 1 325
11/23/2017 12.7 12.8 10.2 14.2 167 66.1 1 31.4
00:40

éé{gg’ 2017 12.7 12.8 10.1 15.0 167 65.9 1 32.8

Figure 2: First rows of dataset A

2.2 Methodology
To model this dataset, we propose to use a supervised machine learning approach.

Supervised machine learning is part of artificial intelligence techniques which aims at
learning from a set of features a decision pattern to predict target values. A
supervised machine learning model thus implies two phases, the learning and the
inference phase.






In the learning phase, a model is trained on a set of samples that includes prepared
features and corresponding targets in order to make the most accurate predictions.
Once the model is trained, we can use it to infer new target values based on a
dataset of new samples with the same set of features used for the training phase.

Gradient boosting is a supervised machine learning technique used in classification
and regression problems based on the concept of ensembling, i.e. combining weak
learners to produce a prediction model. The model is built sequentially, first
producing a first model which performance will be evaluated.

The prediction errors are then weighted in order for the next model to correctly
predict the difficult samples that were incorrectly predicted by the previous model.
This process is repeated iteratively for a given number of rounds.
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5 5 1 -
VAN i . Prediction error at round 1
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X2 0 X2 o} | "\, Weight samples at round 2
3 A 3 AN . \ .
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|
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Fig. 3 Gradient boosting explained simply for a supervised classification example. Decision trees are
iteratively built in order to make better predictions for the incorrectly predicted values by the previous
tree.

For this paper, we have used XGBoost, a popular and efficient open-source
implementation of gradient boosting [4]. XGboost is famous for winning machine
learning competitions and because it adapts to a large variety of data types and
offers a broad palette of hyperparameters that can be tuned to enhance model
performance. This kind of model is thus a reliable choice for supervised machine
learning regression problems, like the one presented in this paper.

One problem that could occur during the training phase is overfitting. This term
means that the model complexity is too high and has learned “by heart” the training
set. The effect of overfitting is straightforward on new data, as the performance
measures on new predictions get lower than those on the training set. To overcome
this problem, we split the data in two sets - a training and a validation set - with a
80/20% ratio. To assess model generalization and performance on new data, we will
compare the predictions errors on these two sets.





One other way to control overfitting is by performing cross-validation on the training
set. This process involves to randomly partition the training data into several folds.
One of the folds will be left out the training set and will be used for performance
evaluation. This process is repeated for every fold and validation results are
averaged over the different validation rounds to get a better evaluation of the model’s
predictive capability.

To evaluate the performance, we use the mean absolute error and the standard
deviation error. Given a predicted value y; for and the corresponding ground truth
value y;, the mean absolute error over the n samples in the dataset is defined as:

n
1
MAE = _z V. — v
" 1Iyl Vil
1=

3. Results

3.1 Global results

The machine learning models trained on these two datasets offer good
performances, as illustrated in Table 1, with low bias (1.10 dBA and 1.82 dBA on the
test sets) and limited variance between the training and the validation sets (resp.
0.79 dBA and 1.16 dBA on dataset A and B), which indicates good generalization of
the models on data unseen during the training phase, and thus limited overfitting.

Train set Test set Test/ trf';un
comparison
Mean Abs Std Mean Abs Std Dev. Error difference
Dataset Error Dev Error Error Error 2) (1)
1) ' (2
A 0.29 dBA 0.38 dBA 1.07 dBA 1.45 dBA 0.78 dBA
B 0.60 dBA 0.83 dBA 1.71 dBA 2.42 dBA 1.11 dBA

Table 1. Performance of the two models on the training and test sets

Figures 4 and resp. 5 present the predicted values over the ground truth values for
all the samples in the training and test sets. The difficult values to predict in the test
set are clearly identified as outliers from the linear fit. Further exploration on the
prediction errors could allow to better understand in which conditions the model is
less accurate. We can also compare the generalization power of the two models by
observing the distribution of errors for the train and test sets: more variance is
observed on the training dataset A than on the training dataset B, and we observe
the same pattern in the corresponding test sets.





On dataset B, we observe greater prediction errors for larger values. This could be
explained by the fact that the model has less data to be trained on for large values,

as we clearly observe lower density for large values on the test set evaluation scatter
plot in Figure 5.
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Figure 4: Predictions and ground truth values for training and validation set on dataset A
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Figure 5: Predictions and ground truth values for training and validation set on dataset B

3.2 Feature importance

One advantage of using gradient boosting trees methods in the explainability of the
decision making process performed by the model, both at a global scale
(understanding which feature is important in the model) and at a local scale (which
feature contributed quantitatively to drive the target value prediction in a specific

direction). Local scale interpretability can be obtained using methods as shapley
values [5].

At the global scale, the feature importance is an insightful tool to assess the
predictive power of features. In the context of gradient boosting trees, it measures
and computes the average reduction in impurity across all trees in the ensemble of
weak learners due to each feature. Therefore, features that are used early in the tree
construction (closer to the root node) get larger importance value.





By plotting the feature importance of all features in Figure 6 and 7 for the two
models, we observe that the top most important features in the dataset A are the
temperature at 1.5m, the mean wind speed at 10m/100m and the relative humidity.
In the dataset B the important meteorological features are similar. The point of
acquisition (area to predict the noise level) is also of prime importance, which
confirms the fact that the noise level depends on the meteorological conditions but
also the location of the measure itself.

Feature importance
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Figure 6: Features importance on dataset A
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Figure 7: Features importance on dataset B





In parallel of this machine learning approach, we tried to benchmark these results to
neural networks based models, but these models gave slightly less performance
than the one obtained with the gradient boosting trees models. Nevertheless, they
may give good results and should be tested again if the dataset is very large.

4. Discussion

Machine learning techniques give good results on wind turbine noise prediction, but
further investigation are necessary in order to draw more reliable conclusions. The
guestions are: is it possible to extrapolate from one site to another? Is it possible to
model and predict the trend of background noise over one year? and what are the
minimum parameters and amount of for that scope?

In the near future we can imagine several applications of machine learning in wind
turbine noise. Some use cases could be:

- Improving the modelization and understanding of background noise during
impact study.

- Extrapolation of missing data at one noise location, in base of meteorological
data and noise measurements at other locations around the site.

- Estimation of background noise during the operation of wind turbines, when
they can’t be stopped. A machine learning algorithm could be implemented in
the operating system in order to evaluate in real-time the noise emergences in
the neighborhood.

- Optimization of the energy production with respect to meteorological
predictions including the noise criteria.
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Summary

Following an initially rejected proposal for a new international standard on the measurement of
wind turbine noise characteristics at receptor positions in 2017, the subsequently submitted
revised 2" proposal for a technical specification (TS) received approval by the IEC/TC88
member committees in April 2018. The International Electrotechnical Commission (IEC)
Technical Committee TC88 tasked Mr. Bo Segndergaard from Denmark with organizing and
convening the new project team, PT61400-11-2 (PT11-2), and the first meeting of the group
took place in Hamburg in June 2018. Further meetings were since held in the US and in
Denmark. At the second meeting in October 2018, the preliminary structure of the TS was
defined, and the text of the individual chapters and appendices is currently being written in
smaller project groups until the next update meeting in June 2019.

The TS comprises measurement and evaluation methods relating to topics such as sound
pressure level, amplitude modulation, tonality, impulsivity, low frequency, and the determination
of wind speed and other non-acoustic measures describing the details of the implementation of
such measurements under conditions relevant to wind turbine noise. The project team currently
includes 29 experts from 11 national committees, traditionally strongly represented from Europe
and North America, but also a growing number of experts from Asia are interested in
collaborating within the project team. The TS will be of particular interest in countries, where no
guidance for the measurement of wind farm noise is available, but also in countries where
guidelines and legislation for environmental noise measurements may not be sufficiently
adapted to the specifics of immission measurement and characterization of sound from wind
turbines under windy conditions.

This paper will cover the background of and intentions for the initiative, as well as a description
of the items included in the TS and the current status of writing, including the estimated timeline
of publication.





1. Introduction

In most of the countries known to the authors, wind turbines are structures that require a
planning permission (permission for construction, operation and deconstruction at the end of
the life-time), usually involving an environmental impact assessment which also includes the
assessment of wind farm noise at the nearest residential properties. Subsequently, the building
permit or permit to operate a wind farm is often issued with a number of conditions relating to
the noise level and noise characteristics from wind turbines, the wind farm immissions
impacting on the nearest residential neighbours. In order to show compliance with such
conditions or in the event of complaints about wind farm noise and/or its characteristics,
measurements at the receptor position may be required. Some countries have specific
guidelines for the measurement of wind farm noise, many have only general guidance for the
measurement of industrial noise and others have no guidance at all. Unless wind farm specific
guidelines are available, national legislation or guidance often require adaptation to the
peculiarities of wind turbine noise. Available guidance is usually created for wind speed
independent sound sources and is therefore often not suitable for wind turbines which exhibit a
wind speed dependent sound emission. In the absence of a well described guidance, the
quality of measurements and reports is often poor, and/or not reproducible by another expert.
In order to simplify and standardize their work, wind turbine manufacturers, internationally
operating energy providers, wind farm developers and operators prefer uniform and
internationally recognized measurement and evaluation methods, especially in countries where
there are no suitable regulations adequately adapted to wind turbines. Internationally it can be
observed that many permitting authorities use 1ISO 1996-2, which should only be used for wind
speeds up to 5 m/s at the location of the measurement.

In order to have a basis for wind farm measurements and assessments all over the world, and
to fill a ‘vacuum’ in various countries, experts of wind turbine acoustics and stakeholders from
the wind industry came together to discuss in which way an international standard would be
suitable and under the guidance of which international standards organization (ISO or IEC) this
standard should be placed. This process will be described in the following chapters.

2. History of the IEC/TS 61400-11-2 with the working title “Wind energy
generation systems - Part 11-2: Measurement of wind turbine noise
characteristics in receptor position”

2.1 IEC and ISO Standards

A collection of currently 32 published standards relating to wind turbines is in the care of the
approximately 800 experts from 29 countries under the umbrella of the IEC" in the Technical
Committee TC88 “Wind energy generation systems”. Another 27 standards are under
development (revision or new documents in progress). Amongst others, the IEC 61400 series
describes topics from individual components of the wind turbine (mechanical and electronical),
wind measurements, test procedures, stability, wind park regulation, site suitability and
occupational safety for onshore and offshore wind turbines and wind power plants as a whole
(including supply to the power grid). Further information can be found on the IEC website under
‘TC 88 Dashboard™.

Standards dealing with sound measurements of sources and propagation calculations of
industrial noise have traditionally been written and maintained by ISO3. An exception is the
standard for the determination of sound power levels of wind turbines, which was included in

1 International Electrotechnical Commission: International Standards and Conformity Assessment for all electrical,
electronic and related technologies

2 hitps://www.iec.ch/dyn/www/f?p=103:7:5599856330528::::FSP_ORG _ID,FSP_LANG 1D:1282,25 (last accessed
20/03/2019)

3 International Organization for Standardization
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the IEC series because it is strongly linked to the operation of this particular plant and therefore
fits into the IEC series which describes this product. The IEC 61400-11 is an expansion of the
ISO standards for the determination of sound power levels (especially ISO 3744), but which
includes as a special feature the correlation of the sound power level with (hub height) wind
speed and in particular describes measurements at higher wind speeds. The first version
(Edition 1) was released in September 1998, with the latest version (Edition 3) published in
December 2012 and Amendment 1 in June 2018.

2.2 A new IEC standard/technical specification

The existing ISO 1996 standard series has been written for the description, measurement and
evaluation of environmental noise, which includes the sound sources road, rail and air traffic, as
well as industrial plants. However, it is unsuitable for wind power plant immissions because it
defines a maximum allowable wind speed range at which the wind turbines may not have
reached their highest sound power level yet. It is required to avoid the influence of
meteorological parameters on the measurements. Recently, there was a proposal to include
wind turbines as a sound source in the ISO 1996 series, but this has not been followed up so
far. Now that the IEC has taken this task on, it is expected that there will be reference to the
new IEC document rather than their own creation. From the beginning, experts from the
relevant acoustics committees at ISO collaborated with the with the IEC experts. This is to
avoid doubling the work and possible contradictions between an ISO and an IEC standard.

In March 2017, the Chinese National Committee submitted a proposal for writing a new
standard titled "Wind turbine aero acoustic noise measurement techniques (proposed IEC
61400-11-2)", which was accepted by the majority of P-members* but rejected owing to lack of
experts from P-members (these two criteria must be met for a successful application). This was
then taken as an opportunity to revise the Chinese proposal and submit it in a second proposal
to the IEC, written by members of the MT11 maintenance team and submitted by the Danish
National Committee. This included the removal of overlaps of the new proposal with the
existing IEC 61400-11, a more integrated approach that included more parameters than just
amplitude modulation and low frequency noise, changing from an international standard (IS) to
a technical specification (TS) to speed up the process and the intention to collaborate with the
relevant ISO working group. This revised proposal was adopted by the P-members and
sufficient experts were put forward by the National Committees, so that at their annual meeting,
TC88 mandated the formation of a new project team in April 2018.

Documents published by the IEC are classified based on their maturity and experience with the
methods described. Some of the publication types produced by the IEC are listed here:
* International Standard (IS)
Technical Specification (TS)
» Publicly available specifications (PAS - publicly available specifications)
+ Technical reports (TR)

MT11 opted for a TS in this case, as it was felt that e.g. the topic amplitude modulation still
requires further research and therefore standardization as an IS was considered as premature.
A TS refers to international standards with respect of detail and completeness. Furthermore, a
TS is similar to an IS in that it is normative and developed by consensus. A TS is approved by a
two-thirds majority of the participating members of a technical committee of the IEC (TC) or a
subcommittee (SC). The approval process for the TS is similar to that of the IS, but saves one
round of voting and therefore goes through the IEC process faster for publication.

A TS goes through the following stages as shown in Figure 1 and further explained below.

4 P-member: participating National Committees in TC88





* New Proposal
* Preliminary Draft to be submitted after 6 months if not provided with NP
J
« Committee Draft A
» To be submitted after 12 months
* Issued to P-members for consultation
» Comments from the NC to be returned usually within 12 weeks )
+ Draft Technical Specification )
» To be submitted after 24 months
* Voting by P-members: Approval, Rejection (reasons to be supplied)
Abstention within 12 weeks y
~\
» Technical Specification
* To be submitted after 28 months
» DTS will be registered as TS after a successful vote
J

Figure 1: Milestones of an IEC/TS

A New Proposal (NP) is submitted by a National Committee and is usually written by experts
with the required background in the topic. The expectations of the IEC on deliverables are as
follows:

* If not present at the time of submission of the NP, a 'working draft' must be submitted
within half a year. This can be done in the form of a table of contents or the schematic
representation of the work processes.

+ One year after accepting the NP and assigning the project team, the Committee Draft
(CD) is expected. This is distributed to the P-members of the TC88 with the requests, to
submit comments within 12 weeks, which will eventually lead to TS acceptance by that
Member State.

* The project team must now consider all the comments received and decide whether they
are justified and therefore passages need to be changed, whether itis a
misunderstanding that can be resolved by a better description of the text, or whether it is
a topic that may be known, but cannot be considered at the time and is therefore
postponed until the next revision.

» Subsequently, the Draft Technical Specification (DTS) is prepared. This is sent out to the
P-members again with a 12-week voting period. Each member state has three options:
acceptance of the TS (positive), rejection of the TS (negative, reasons must be
presented) and abstention. A case for the latter option could be if a National Committee
does not have its own experts on the subject and therefore cannot form an opinion on
the subject.

Ideally, the DTS is accepted by the National Committees and is then registered and published
by the IEC as TS. If the criteria are not fulfilled at the election, the project team can rework the
document. The text may then be reissued as a revised DTS, or, which would be one step
before, being circulated as CD again. And the last option is to present it to TC88, and if well
argued, it may be approved by TC88, however may also be rejected if there are good reasons
for it.





2.3 Motivation

Writing a document that includes the characterization of the noise from wind turbines at the
receptor location into an IEC standard is a consequence of the fact that sound power level
measurements at the wind turbine do not describe the nature of far-field sound as perceived by
the residents, and the need for a description of the measurement and evaluation of amplitude
modulation (AM). It was decided that such a document should include the analysis of all wind
farm sound characteristics, not as originally intended, just AM. It is not the aim to invent new
methods e.g. for tonality or impulsivity, but to use existing standards and methods wherever
possible.

It has already been found that the TS cannot consist of just one well-defined method for
carrying out measurements and assessment per topic, as there are already many different
methods in existence in various countries. The aim for the TS is therefore to describe available
and reliable methods and give instructions on how to work with the relevant method for the
required task. A toolbox will be created in which the expert can pick out the best fitting
approach for a meaningful assessment.

It will be stated very clearly that the different measurement and evaluation methods are
independent of each other and that they do not have to be applied all in one report. Before
each measurement it should be defined which purpose the measurement will serve and the
appropriate method should be selected appropriately. It is expected that only those
assessments will be carried out which are purposeful for the task at hand.

2.4 The Project Team

The PT61400-11-2 (PT11-2) project team currently consists of 29 experts, representing eleven
National Committees (shadow committees to TC88), and numbers are still growing. Only
countries, where their national standards committee is a member of TC88, can send experts on
their behalf. Experts of other countries can only take part in meetings of the project team in an
advisory manner at the discretion of the Convenor. Traditionally strongly represented are
Germany and Denmark, which together already made up half of all participants at the inaugural
meeting and, with the exception of participating Goldwind from China, also have all the major
international wind turbine manufacturers in their ranks. Project management for PT11-2 has
been assigned to Mr. Bo Sendergaard of Sweco Danmark A/ S, who is already in charge of the
MT11 maintenance team. A project manager can be assisted by a secretary which in this case
has been taken over by Ms Sylvia Broneske of Innogy Renewables UK Ltd.

3. State of Progress

The members of the Danish NC came prepared to the first meeting of PT11-2 with a proposal
for the chapter structure and topics to be included in the TS. This was generally accepted by
participants of the meeting and is shown in Figure 1 in a revised version representing the work
in progress after the 3 meeting.





Main Part

Wind speed and direction (sector)
Background Noise
Measurement position
Correlation to WT/Wind Farm
Recommended operational range
Meteorological conditions (incl. temperature measurements at two heights, e.g.
2 and 10 m to determine atmospheric stability

Lp

AT Statisticals Reporting

modulation

Low frequency
noise

Chapter

Meas./Pred.

ETSU-R-97
DK (BEK Scandinavia
1736 Others
IEC/TS 61400-11-2
[}

Figure 2: First draft of structure of IEC/TS 61400-11-2
It has also become very clear that it will not be possible to decide on only one method of
measurement and evaluation per topic, since the tasks assigned to such measurements may
vary considerably. For example, the effort and the requirements for a complaint measurement
will differ from those for compliance testing or troubleshooting. Therefore, the goal is to offer a
choice of possibilities that can be put together for the measurement depending on the task. The
buzzword commonly used here is toolbox. Depending on the job you need a certain approach.

If the task is not defined, a proposal for the minimum requirement will be defined so that the
measurements provide a meaningful result.
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The following schematic structure of the TS was provided by a member of PT11-2 and is
included here as Figure 3.
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Figure 3: Overview of the preliminary work flow

The chapter breakdown of the current draft version is listed below. It follows the specifications
of the IEC, as far as the introductory, non-technical chapters are concerned. Each technical
chapter is subdivided as follows:

e Outline

e |nstrumentation

e Acoustic measurements

e Non-acoustic measurements

e Data reduction

e Reporting

If similarities of all described measurements and evaluations are found, these are described in
the main introductory chapters. For topic-specific explanations that are not useful in any other
case, there will be a description in each individual chapter. Care must be taken to ensure that
no repetitions of the same facts of the main text occur in the individual chapters.

The preliminary list of contents is provided in Figure 4 below.
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For the evaluation of the tonality, no final decision has yet been made yet, which of the
available methods represents the preferred method of the PT11-2. Sgndergaard et al. carried
out a round robin in which individual spectra were evaluated according to different standards,
namely IEC 61400-11 and ISO/PAS 20065. At the last session of the PT11-2 it was also
suggested to include the evaluation according to ETSU R-97. After a complete evaluation of the
round robin, the results will be presented at the Wind Turbine Noise Conference in June 2019





and subsequently PT11-2 may be able to decide on just one method to assess tones in wind
turbine noise immissions.

The description of amplitude modulation (AM) is currently based on the publication of the British
Institute of Acoustics, though the expert group on AM also discusses improvements and
extensions of the evaluation procedure and, as far as possible in the short time, incorporates
this into the text of the TS. There is another large study on AM currently conducted in Germany
under the sponsorship from the German Umweltbundesamt® (UBA) and results are eagerly
awaited®. However, their project plan extents to 2021 which will be too late for the anticipated
publication of this TS.

For the assessment of impulsivity, the TS will refer to the future ISO/PAS 1996-3, which is
expected to be published within the next three years. This ISO/PAS is based on the publicly
available Nordtest NT ACOU 112: 2002-05.

4. Challenges

The challenge of writing an international norm or even report of a working group, is to balance
the interests of the various stakeholders at the table. In PT11-2 all major wind turbine
manufacturers from Europe are represented and for the first time there is also an Asian
manufacturer present. Another large group in the project team are the experts from the
measuring institutes from various countries, while operators / project developers and
universities / research institutes are present only in a small number. All these various groups,
and indeed individual members, aim to bring forward and defend their own interests. As
representatives of the National Committees, experts are also expected to represent the opinion
and interests of their home countries. An IS / TS is the result of long discussions based on
consensus. This is not always easy, as can be imagined.

Consensus is defined as follows:
consensus: General agreement, characterized by the absence of sustained opposition to
substantial issues by any important part of the concerned interests and by a process that
involves seeking to take into account the views of all parties concerned and to reconcile
any conflicting arguments.
NOTE: Consensus need not imply unanimity.

Even the selection of topics to be covered in the TS 11-2 led to lively discussions, which are not
yet completed. Should e.g. the evaluation of a noise characteristic be complete with the
determination of a value (example: tonal perceptibility or depth of the amplitude modulation)?
Should a typical "normal" value be defined? Does the PT11-2 want to attempt a definition for
penalties and a rating level? The latter would be of particular interest to countries in which there
are no regulations with regard to immission standards and pollution control. The text would
have to be phrased in such way that it does not cancel out existing rules and regulations about
the allocation of penalties such as tonality, impulsivity and AM.

Details must be clarified, such as, which of several existing nearly equivalent evaluation
methods would be listed as the preferred method, how are uncertainties to be calculated, how
and where should wind speed be measured or determined, or where should the microphone be
placed for the measurement.

There are also administrative challenges. Working with a group of international experts across
the world brings challenges in finding suitable time slots for webconferencing. Attending face to

5 Federal Environment Agency
66 Research Project “Geraeuschwirkungen bei der Nutzung von Windenergie an Land“ carried out by deBAKOM
Gesellschaft fuer sensorische Messtechnik mbH





face meetings is not an option for every expert as this depends on their availability to take out 2
days for each meeting and additional travel time, but also on the willingness of their company to
pay for expenses and allow them to take the required time out of a usually busy work schedule.
Writing a TS or IS is time intensive, so that availability of ‘free’ time to carry out the required
work and attend meetings could easily have a major impact on meeting the deadlines set out
by IEC as described in Section 2.2 above.

5. Outlook

It had already emerged at the first meeting of the new project team that the original idea of
referring exclusively to existing standards and only occasionally writing explanatory words to
adapt existing methods for wind farm noise was too simplistic. Therefore, the original timetable
has turned out to be too ambitious. The plan was to hand over the CD to IEC in January 2019,
so that after passing through the necessary processes, the TS could be published in June
2020. PT11-2 has requested an extension of the deadline by a year, so that the new deadline is
to finalize the Committee Draft by the end of January 2020 and if everything goes smoothly’, to
have the TS available for mid-2021.

Again, this is a tight schedule, which requires a lot of engagement from the participants, not
only at further meetings, but also in the current phase of working out individual chapters in the
different subgroups away from the larger PT11-2 meetings.

It will be interesting to see if there are any more presentations at the Wind Turbine Noise 2019
that need to be considered in the TS. Furthermore, we invite the discussion with members of
PT11-2 to either confirm that we have taken the right approach so far or, if we missed out on
important topics, to make us aware at this stage where topics can still be discussed and
included if required.

It looks like the results of the German research project will be too late to be considered for this
version of the TS, but their findings may then be incorporated into a revision of the TS or, if
results confirm previous research, into an IS.
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Summary

The siting of major wind energy developments requires numerous environmental factors to be
studied, not only for the finished project but for the entire life cycle of a proposed project. The
final noise immissions from a wind farm project are of course important, but the noise and
vibration from construction and ongoing maintenance are important to consider as well. This
paper will cover the many aspects of noise and vibration that must be considered in a wind
energy developer’s application. A brief review of wind energy developments in the Northeast
United States will be covered.

We will also discuss how the background noise level at a given site is determined among a host
of factors, including hub height wind speed, precipitation, and temperature. Ground vibration
measurements at varying distances from an operating wind turbine will also be presented,
providing additional information on the propagation of ground vibration surrounding wind farms.

1. Recent Wind Energy Developments in the Northeast United States

The political climate has slowed the growth of land based wind farm developments in the north-
eastern United States in recent years. Many of the early stage developments after the 2016
elections have been put on hold. Further delays have occurred due to the emergence of white-
nose syndrome affecting bats. Any additional threats to bats are now being more carefully
examined.

Offshore wind energy in the north-eastern US is poised for growth. This region offers some of
the best wind resources in the world. In 2018 the state of Massachusetts awarded a contract to
develop 800 MW of offshore wind. Rhode Island also started the process for development of
400 MW of offshore wind. Other coastal states such as Maine, Connecticut, New York, and
New Jersey are following suite with large proposals aimed at meeting future clean energy
production goals. Maritime towns and ports are vying to be hubs for construction and
maintenance to this newly forming coastal industry.
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2. New York State — Article 10

In the state of New York, major electric generating facilities of any type larger than 25 MW are
sited according to the state’s Article 10 law. This law streamlines the application process for
developers, while providing a rigorous process for local input and ensuring environmental and
public health laws are followed. The process begins during the early planning of a facility and
continues throughout the siting review, construction, and its operation.

When this law was enacted, local communities were worried that a state board could decide
matters relating to their towns. To address these concerns, and to encourage community and
stakeholder participation, developers in the Article 10 process are subject to an intervenor fee
equal to $1,000 for each 1 MW of generating capacity of the subject facility, but no more than
$400,000. These fees can be used by the local governments and other eligible people to pay
for things like expert witnesses, consultants, and certain legal expenses.

2.1 Noise and Vibration Impact Studies

Exhibit 19 of New York’s Article 10 law specifies the noise and vibration impacts that need to be
considered in order for an application to be approved. The following list summarizes the
required studies to be conducted.

1. Measurement and evaluation of ambient pre-construction baseline noise conditions at
representative potentially impacted receptors that includes:
e Summer Daytime/Night time Ambient Sound Level (Leq, Ln)
e Winter Daytime/Night time Ambient Sound Level (Leq, Ln)
e Combined Summer/Winter Ambient Sound Level (Leq, Ln)
e The ambient pre-construction baseline sound level should be filtered to exclude
seasonal and intermittent noise.

2. Evaluation of future noise levels during construction and operation of the facility at
potentially impacted receptors using computer modelling to include:
e A-weighted sound levels
e Prominent discrete (pure) tones
e Amplitude modulated sound
¢ Analysis of whether the facility will produce significant levels of low frequency noise
or infrasound

3. ldentification and evaluation of reasonable noise abatement measures for construction
activities and in the final design and operation of the facility

4. Evaluation of the following potential community noise/vibration impacts:

Hearing damage (as addressed by OSHA)

Indoor and outdoor speech interference

Interference in the use of outdoor public facilities and areas

Community complaint potential

Potential for structural damage

Potential for interference with technological, industrial or medical activities that are
sensitive to vibration or infrasound

Because these impact studies apply to all electric generating facilities, some of the required
evaluations are perhaps less intended for wind farms. Nonetheless, they still need to be
addressed in a developer’s application for a project in the state of New York. The rest of this
paper will cover a few parts of these studies that may be useful to the wind turbine noise
community.
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3. Measurement of Ambient Pre-construction Baseline Noise Conditions

Measurement of site ambient sound levels is already a widely studied topic, yet the rules and
metrics for arriving at an agreed upon ambient level can vary. For this reason, whenever
possible it is expedient to measure and record sound data such that statistical metrics can be
post processed in any number of ways. This requires the saving of 1/3 octave band Leq data in
at least one-second increments.

3.1 Filtering Ambient Measurements

Figure 1 presents measurement data at a proposed wind farm during a two week summertime
period. The overall A-weighted sound level is plotted for every second, which totals well over 1
million data points. The daytime (7:00 am — 10:00 pm) and night time (10:00 pm — 7:00 am)
periods are delineated by the blue and pink data series. Ground and met tower wind speeds

are also included on a secondary axis.
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Figure 1: Representative Summer Ambient Noise Measurement Data
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For this project it was required to filter days and nights for times without possible rain, snow, or
temperatures outside the sound level meter specifications (-10 C to 50 C). Times when the met
tower wind speed measured below the wind turbines’ cut-in speed were also excluded. The
shaded green areas on the chart in Figure 1 indicate the excluded time periods from the set of

measured ambient data.
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Figure 2 presents the ambient sound measurements at the same site during winter season. A
much larger portion of the data set is excluded because of extreme low temperatures. The met
tower also did not report data for some time, which required more exlusion of data.

10— T T T T 0l B T 7 101 1T BT 1 IR T T T T 10
One Second Daytime Levels
o8 One Second Nighttime Levels

' Met Tower Wind 490
90 - 8 — —+ - Local Ground Wind
. Excluded Time Periods
|| B 80
80 i,
L Y °
1
§ -
g i H ) :, 70
il Ei -, | T PREHEL i
;& : ; S A
¥ : 3 I 60

60 [~

50 -

A-Weighted Sound Level (dBA)
1
(4]
=]
Wind Speed (mph)

30

10

LLL2f20 |

Date (mm/dd/yy)
Figure 2: Representative Winter Ambient Noise Measurement Data

After filtering the summer and winter noise measurements the seasonal Leq and statistical
metrics were calculated based on the remaining one-second data. Then the data from both
seasons were combined in order to arrive at a year-round estimated ambient sound
environment. There was roughly twice the amount of valid summer data as there was winter.
Because of this the year-round statistical levels were calculated in two ways. First, the valid
data points from each season were put together and the noise metrics calculated accordingly.
Second, so that there was an equal number of data points for each season, the valid winter
data was duplicated for the final noise metrics.

4. Construction Vibration

As discussed previously, the application for a wind development permit requires a study of the
expected vibration impact that construction may have on nearby receptors. The nearest
receptors could be residential or commercial buildings, each with their own limits for acceptable
floor vibration. A list of equipment that might be used in the construction of a wind farm is
provided in Table 1, along with the amount of ground vibration that could be expected at
various distances using generic distance attenuation factors.
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Table 1: Estimated Ground Vibrations Due to Various Large Construction Equipment [6]

Distance from Activity (m)
Equipment 10 | 15 | 30 |60 | 90 120150180 215
Estimated Ground Vibration Level (micro-m/sec)ms

Pile Driver (impact) (Upper range) 10,112 | 3,575 | 1,264 | 447 | 243 | 158 | 113 | 86 | 68
Pile Driver (impact) (Typical) 4,026 1,423 503 | 178 | 97 | 63 | 45 | 34 | 27
Pile Driver (sonic) (Upper range) 4,517 1,597 565 200 | 109 | 71 | 50 | 38 | 30
Pile Driver (sonic) (Typical) 1,135 401 142 50 | 27 | 18 | 13 | 10 8
Vibratory roller 1,273 450 159 56 | 31 | 20 | 14 | 11 9
Hoe Ram 569 201 71 25 14 9 6 4
Large bulldozer 569 201 71 25 | 14 9 6 5 4
Caisson drilling 569 201 71 25 | 14 9 6 5 4
Loaded trucks 507 179 63 22 | 12 8 6 3
Jackhammer 226 80 28 10 5 4 >3 | >3 | >3
Small bulldozer 20 7 >3 >3 | >3 | >3 | >3 | >3 | >3

Figure 3 lists relative vibration sensitively limits for a number of sensitive and not-so-sensitive
buidling uses. These can be used for comparing to the estimated vibration levels in Table 1.

Velocity
Designation | Limits Applications of Limits
(MM/S)ms
Potential damage
to residential 5,000
structures
Offices 400
Residences - Day 200 Average threshold of human perception / microscopes up to 40x
Residences -
Night 140
Operating Rooms 100 Perception threshold for the most sensitive persons
VC-A 50 Research labs, microscopes up to 400x
VC-B 25 Optical equipment on isolation tables
VC-C 12.6 Electron microscopes up to 30,000x / NMR, MRI, AFM
VC-D 6 Electron microscopes over 30,000x
VC-E 3 Unisolated optical research equipment
Appropriate for extremely quiet research spaces; generally
VC-F 1.56 difficult to achieve in most instances, especially cleanrooms. Not
recommended for use as a design criterion, only for evaluation.
Appropriate for extremely quiet research spaces; generally
VC-G 0.78 difficult to achieve in most instances, especially cleanrooms. Not
recommended for use as a design criterion, only for evaluation.

Figure 3: Typical Vibration Criteria [5]
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Vibrations from blasting activities are not included in these charts. Blasting has the potential of
producing considerable vibrations and noise. Both depend on the “charge” — the total amount of
explosive set off at one time — and the “delay” (where the charge is divided into several smaller
amounts and these are detonated with a brief, controlled, time delay from one to the next). At
the usual distances from turbine installations to the nearest receptors the noise and vibration
from blasting is unlikely to produce structural damage or cause adverse health effects. The
vibration limits for residences or offices in Figure 3 may be briefly exceeded, but this is often
mitigated by proper communication with potentially affected receptors well in advance of
blasting activity. Blasting is usually only expected to happen a few times, whereas the other
activities listed in Table 1 can happen throughout the construction process and some over the
entire life of the wind turbine’s operation.

5. Ground Vibration Near an Operating Wind Turbine

Exhibit 19 of New York State’s Article 10 law requires an impact assessment to technological,
industrial or medical activities that are sensitive to ground vibration. Very little reputable
information could be found to support an assessment pertaining to wind turbines. Therefore,
Acentech recorded vertical ground vibration measurements near operating utility scale wind
turbines in a rural area. The results of one such measurement are presented in Figure 4.
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Figure 4: Narrow Band Vibration Data near an Operating a Utility Scale Wind Turbine
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This chart shows the average vertical ground vibrations measured over a 10 minute period at
each distance from an operating turbine. The results right next to the turbine show a peak at
the blade pass frequency around 0.6 Hz as well as other harmonics and frequencies. At
distances of 30, 60, and 120 meters away from the tower the vibration amplitude at the blade
pass frequency is down at least an order of magnitude and perhaps even below the
measurement noise floor. The dashed line on Figure 4 represents the recommended residential
night time vibration limit listed in Figure 3.

For more perspective on how these measured vibrations compare to the most sensitive
facilities, the data from Figure 4 has been converted to 1/3 octave band amplitudes for suitable
comparison to the vibration criterion (VC) curves listed in Figure 3.
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Figure 5: 1/3 Octave Band Vibration Data near an Operating Utility Scale Wind Turbine

Figure 5 indicates that even the most sensitive laboratories and hospital functions are not a risk
due to ground vibrations from a wind turbine in operation.

6. Conclusions

The requirements for a wind farm development in New York State to follow the Article 10 law
likely provides more work to acoustical and vibration consultants because of the wide ranging
analyses that need to be considered. It is suggested that during ambient measurements the 1/3
octave and overall sound levels be recorded at least once a second so that sound metrics can
be calculated (and re-calculated) based on many factors.

Guidance has been provided on the levels of ground vibration that could be expected during
the construction and maintenance of wind turbines. We have also presented ground vibration
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measurements near operating utility scale wind turbines. This data shows that the levels of
ground vibration around a single turbine are extremely small at even short distances away from
the base of the tower. It is expected that Acentech will continue to gather ground vibration data
near turbines in the future to supplement this observation.
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Summary

Over the past 10 years, significant progress has been made in the analysis of amplitude
modulation in wind turbine noise. Several numerical analysis techniques have emerged and
been refined by a number of authors. In particular, in 2016 a UK Institute of Acoustics working
group published a proposed analysis methodology based on a hybrid frequency/time domain
approach, which has been applied by a number of authors in the UK and abroad. The
international community is now considering the assessment of this noise feature as part of an
effort to standardise the measurement of wind farm noise in the far-field. It is therefore a good
time to review the IOA method and its parameters, its application to a number of practical test
cases, and perspectives for developing its scope further.

1. Introduction

Amplitude modulated (AM) sound can sometimes arise in proximity or in the far-field of wind
turbines, the latter phenomenon being complex and sometimes pronounced to the extent that
disturbance can arise. Following increased interest in this subject, different practitioners
developed a number of comparable techniques to rate the level of modulation. However, the
lack of a standard and robust assessment method made the research on this subject more
difficult. Any such method needs to be useable on real-world recordings which are often
corrupted by a number of other sources, particularly in the far-field.

The AM analysis method published in 2016 by the Institute of Acoustics [1] represents the
outcome of the development of such a method by a UK-based working group, following a
review of previous work on the subject. In summary, the procedure in Ref. [1] involves
undertaking a frequency analysis of a band-filtered Leq,100ms Signal separated in 10s blocks: if a
clear peak is identified in the resulting modulation spectrum, at a rate expected for the turbines
considered, then this indicates the presence of some AM. The identified modulation signal and
its first two harmonics in the spectrum are retained and used to reconstruct a filtered modulated
signal, whose variation is then rated using a simple statistical metric.

Results for individual 10s are then combined in groups of 10 minutes and a rating is given
based on the top 10% of the individual 10s results (effectively representing a typical worst-
case). Importantly, this rating is only given if sufficiently clear modulation (as defined using a
“prominence” rating) is present for at least 50% of that 10-minute period. This last requirement
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in particular has been found to be very effective at automatically identifying wind turbine noise,
which tends to be relatively persistent in time, compared to other sources which may trigger
apparent “modulation” which corrupts the analysis. Such is the effectiveness of that method
that it often eliminates a large proportion of erroneous data in the analysis, even without
restricting analysis to the quieter night-time periods. Nevertheless, a residual number of
erroneous results can still remain in the processed dataset and further data-validation
procedures will be discussed below based on our experience.

The I0A method has already been applied by a number of other practitioners [2,3] with some
success. As part of the use of this method at a number of UK sites, the present paper illustrates
practices that have emerged in the application of these techniques. The paper also considers
specific application cases and possible extensions of these techniques that could be
considered as part of international development work for AM techniques.

2. Applications

2.1 AM Data analysis

In practice, due to a number of different factors, levels of AM in the far-field of wind turbines can
experience a wide range of variability. Furthermore, the specific weather conditions associated
with specific disturbance may not occur regularly. This can therefore require noise
measurements over long periods of weeks or months in order to capture representative data.
The resulting large data volumes can be daunting to analyse directly through review of the
instantaneous noise levels time history; in any case this rarely provides directly meaningful
information and provides little indication of the prevalence of any particular data.

The first step in the analysis using the IOA method involves producing a modulation spectrum
for each 10s period. By plotting this spectrum as a function of time, the presence of modulation
and its variation is clearly apparent, as in the example of Figure 1 below. This allows to quickly
identify trends in the data over the short to medium term. These spectrograms also represent a
rapid tool for data validation which, with some experience, largely precludes in practice the
time-consuming review of audio samples or measured noise frequency spectra.
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Figure 1 - Modulation spectrogram — scaled power spectral density of the modulation spectrum used in the IOA method
analysis. Vertical axis: modulation frequency, horizontal axis: time, 10s blocks, representing a 6-hour period. Modulation
from the turbines at variable rates is apparent as the varying but broadly horizontal spectral lines between 0 and 1 Hz
(and harmonics); vertical lines represent corrupted data due to bird noise in this case.
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2.2 Systematic analysis in relation to weather parameters

The short-term variations in noise or AM levels can be difficult to explain in themselves, but
considering long-term results of the AM analysis against weather and operational data allows
further analysis. Trends then often become more apparent which allows evaluating the situation
at a particular site, either to consider the prevalence of this feature against any adverse
comments from wind farm neighbours or to help consider mitigation of the feature if required.

Hoare Lea developed the use of representing the variation of AM through a type of “wind rose”
showing the distribution of AM as a function of wind speed and direction, as shown in the
example of Figure 2. This shows a particular case of AM present over a relatively wide range of
conditions. This type of plot requires a single wind speed and wind direction, representative of
the site, to be determined as in most wind farm assessments: either from a site anemometer
mast or as measured from one or more turbines. In this case, the wind speed was
“standardised” to 10 m height as per IEC 61400-11:2006.
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Figure 2—Plot of AMratings (10-minute values, IOA methodology [1]) determined over along-term survey at aresidential
location in the far-field of a wind farm — values were separated into different bands and related to a representative wind
speed and direction (average 10-minute values) for the site.

Provided a representative wind speed/direction is used, a clear pattern is often apparent.
Furthermore, any outliers in this pattern will usually become clearly apparent in the chart and
can be selected for further review and analysis: this can show if it is an atypical event or due to
corruption from noise events not related to the wind farm. As this data is plotted as function of
wind direction, a radial plot can also represent a useful graphical representation of the situation:
this and other examples are included in Ref. [4].

The I0A method requires analysis in three frequency ranges: 50-200 Hz, 100-400 Hz and 200-
800 Hz, to represent different turbine/site characteristics that may occur in different cases. The

band that “tends to give the highest modulation values over a representative range of valid data
measured” [1] should be use, and Ref [1] suggests a scatter plot is used. Additional experience
suggests that this may be more complex on certain sites, for example if one band gives higher

results for low modulation levels but the opposite is true for higher values.
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In some cases, different frequency bands may give different results depending on the wind
direction: for example, for the data in Figure 2, a different band-pass analysis gives much lower
values in the 90-150 wind direction sector, but comparable values in the 150-220 sector. This
suggests different AM generation effects at play, corresponding to other generation and/or
propagation characteristics. This should be the focus of further research as this complex aspect
of AM behaviour is currently poorly understood.

2.3 Binned analysis

Another way of represent the data such as that shown in Figure 2 is to undertake a “binned
analysis”. Table 1 shows the result of averaging the ratings obtained by the IOA method in
each bin, with the data split in bins of 30 degrees for wind direction and 1 m/s for wind speed.

Table 1 - Average AM rating as a function of binned wind speed (1m/s) and wind direction (30°) — Figure 2 data.

wind Wind directions (bin centred on...)

speeds 0 30 60 90 120 | 150 | 180 | 210 | 240 | 270 | 300 | 330
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.2 0.3 1.1 0.8 0.5 0.1 0.3 0.0
5 0.0 0.0 1.6 2.2 2.7 2.0 2.1 1.0 1.1 15
6 0.0 2.7 3.3 3.6 4.0 1.3 0.0 1.6 2.6
7 0.7 2.6 3.6 3.9 3.6 1.9 1.0 0.6 2.5
8 0.7 2.0 3.8 3.4 2.9 1.3 0.0 0.2 1.1
9 0.2 0.5 3.2 1.1 0.1 0.0
10 0.0 0.0 0.0 0.0
11 0.0 0.0 0.0 0.0
12 0.0 0.0 0.0

Calculating an average AM value in each of the bins is only illustrative in this case. Depending
on the local applicable regulations and/intended use, other approaches may be more relevant.
In the UK, a potential penalty regime has been proposed for AM. Several UK practitioners have
concluded [5] that, to determine the rating adjustment applied to wind turbine noise to reflect
the presence of AM, the corresponding penalty value (up to 5dB for AM levels above 3dB) is
determined for each 10 minute periods, and an average penalty is calculated over the range of
conditions of interest. Some example applications of this approach are set out in Ref. [4].

Ref. [4] also notes that although a finer resolution with 10 degree-wide bins were also
investigated, this resulted in scarcity of data in many bins and excessive variability which made
the analysis less clear. The use of 30 degrees/1 m/s bins as in Table 1 therefore represents a
good starting point for a systematic analysis of the statistical behaviour of the data, in the
absence of more specific information, and can indicate trends which may not be obvious at first
glance. It is important to acknowledge that lack of data in some conditions does not mean that
AM would not potentially be present in these conditions, as sufficient data may not be present.

Figure 4 shows the results of the variation in average AM with wind speed for different wind
direction sectors, from very wide to very focused. This illustrates that averaging over too wide
or too narrow a range of wind directions can understate the average levels in other conditions.
This may also suggest a more detailed statistical analysis could be of value. Caution should
also be taken when averaging over limited quantity of data, which can throw spurious trends.
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Figure 4 - variation of calculated average AM rating (IOA method) as a function of the width (degrees) of the wind
direction sector for averaging: 360 degrees = all directions, 180 = 180 degree sector centred on DW conditions, etc. in
In this case each direction sector was centred on the downwind direction.

Any distribution of AM obtained from this analysis, such as that of Table 1, is obviously only
representative of the conditions obtained during the survey period, and whilst efforts should be
made to make it as representative as possible, the wind conditions may differ from those
observed in the long-term for any particular site. However, these results can allow identifying a
particular set of wind conditions corresponding to relatively elevated AM (for example, in
Table 1, wind directions of 105-195 degrees and wind speeds of 6 m/s and above). Reference
can then be made to a long-term wind rose for the site which would allow determining the
average prevalence (% of the time) in which these conditions arise, and therefore more
elevated AM could occur. This can also help to target operational mitigation measures if
relevant, either through targeted shutdowns or more advanced measures [6].

2.4 Use of turbine parameters

It is also useful to consider the AM analysis data against operational data from the wind farm
control system (SCADA). In a first instance, of course, controlling for periods when turbines
were not operating represents a good test.

In addition, the rotational rate of each turbine is generally available. The analysis of the AM
modulation rate against this data also allows further filtering of the data. The IOA method
requires as input a range of modulation frequencies which are potentially related to the turbines
being considered (f=3*RPM/60 for a three-bladed turbine). However, this remains a broad
criteria, particularly for modern variable-speed machines which can have strong variations in
rotational rate at moderate wind speeds. So, even if a modulation “peak” is identified, this may
not be valid if the AM frequency observed is inconsistent with that produced by the turbine(s).

Whilst determining a rotational rate is trivial for a site comprising a single turbine, this can be
more complex for a larger wind farm. Our experience is that several turbines may be
contributing to the AM in different individual 10s periods. This may therefore be at slightly
different rates, particularly in sites with complex terrain where significant variation in the wind
speed and therefore rotational speed can be experienced between different turbines. It may
therefore be relevant to consider a range of RPMs for the relevant turbines potentially
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contributing to noise at the receiver rather than a single value. The case of different turbine
types is considered below.
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Figure 5 - Comparison of modulation frequency determined from the AM analysis with the frequency corresponding to
the rotational speed of the closest turbine to the measurement location (both in 10s resolution and min/max/average
over 10 minutes) — from [7] (based on a precursor of the IOA method)

Furthermore, the RPM data is generally available at 10-minute resolution rather than 10s,
although in some cases a minimum and maximum value is recorded in addition to the 10-
minute average. See Figure 5 for example: in this study [7], more detailed 10s data was
recorded on one of the turbines and this showed an excellent match with the measured
modulation rate (in cases of clear AM).

Another consideration is that the IOA method [1] defines a modulation frequency for each 10s
period not over 10 minutes, as this frequency can vary slightly. There is no single frequency
value as output from the algorithm directly usable for comparison with the turbine information.
Possible candidates can be selected from a statistical analysis of the frequencies obtained over
each of the 10s periods: in our experience the mode (most common value over each 10-
minute) is usually representative, but alternatively the range of values may be considered
instead. See next section for further discussion.

A data validation check is then to compare the frequency value or range determined from the
AM analysis with the range of operational values determined from the rotational rates of the
turbine(s). If the absolute difference is more than the tolerance of the method (0.1 Hz in the
case of the IOA method) then these periods are flagged for further review.

2.5 Presence of turbines operating at different rates

The potential performance of the IOA method in complex modulation scenarios has been
questioned. An example period was studied in which measurements were influenced by noise
from two wind farms, with different turbine technologies: one with smaller turbines operating at
24-30 RPM (fast modulation around 1.3Hz) and one with larger machines operating at 13-18
RPM (slow modulation around 0.8 Hz). In the example period shown in Figure 6, modulation at
both frequencies is apparent over a 30-minute period (with 3 separate 10-minute blocks of data
with valid results).
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Figure 6 shows two clear trends for modulation at both rates throughout the period, with a
double distribution in the histogram of frequencies obtained. To allow this analysis to work, the
input range of valid frequencies for the method was set to 0.4 to 1.5 Hz. Whilst, in theory, a
double modulation could create difficulties for the method, in practice, the variability of AM
means that, for most of the periods analysed, only the modulation for one site is effectively
dominant at any one time. In these cases, the strongest modulation peak in the input range
specified was selected by the method.

A more detailed analysis showed that for some individual periods, the faster modulation was
taken as the first harmonic of the lower modulation, or only one modulation component was
analysed. But overall, the output of the method provided a good representation of the
modulation values experienced throughout, despite the complex situation.

The guestion of determining a single output modulation frequency for each 10-minute period
can then be considered in this case. Two clearly separate distributions are apparent in the
graph below Figure 6. Calculating an average of the frequencies would yield a value in the
middle of the two separate distributions which would not correspond to a real frequency for
either site measured. If the most frequently occurring frequency (or mode) is used instead,
excluding zero values, the result is 1.3Hz for all three periods in the example shown above.
However, this does not necessarily represent the highest AM values which were experienced
over this period. A more complex alternative is selecting the frequency of the 10s block with the
AM rating closest to the 90" percentile value determined (red lines). This yields frequencies of
1.3Hz, 0.8Hz and 0.8 Hz respectively for each of the three 10-minute blocks shown. This is
therefore more representative of the worst-case periods in each 10-minute block.

Analysis over 30s data blocks (see below) did not seem to yield good results as the modulation
peaks were often too spread out, due to variable modulation, leading to poorly resolved peaks
with poor apparent “prominence”, even if increasing the prominence criteria to account for the
increased duration.
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3. Future development

3.1 Varying the analysis parameters

The I0A method was developed with a focus on modern large commercial-scale turbines, with
rotational rates (in full operation) corresponding to BPFs of 0.7 to 1.2 Hz (RPM of 14 to 24).
Consideration can be given to expanding the remit of the method to faster or slower turbines.
This means considering the parameters and approach of the method and if it could be
extended.

In any Fourier-type analysis, there is a necessary compromise between frequency and time
resolution that need to be balanced, but always involves trade-offs. In the IOA methodology [1],
it was decided to separate the data into 10s blocks as this provided a good representation of
the variability of far-field AM which was experienced from different site measurements, with
individual “bursts” of modulation sometimes lasting only a few seconds. This corresponds to a
frequency resolution! of 0.1Hz for the modulation spectrum. As discussed below, an increased
analysis period could increase the frequency resolution some of the temporal detail can be lost.

Simplicity of approach is also a consideration: it was determined [8] that by using a 10s block, a
simple measure of average modulation in each block provided a robust representation of
individual modulation peaks and troughs over a 10-minute period. The working group
concluded that it was reasonable to characterise the level of AM in each 10-second interval by
a single value of the difference between L5 and L95 of the filtered dataset, which effectively
represents the average of the different peak-to-trough values.
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Figure 7 — representation of the main parameters affecting the time and frequency resolution of the analysis.

Practical considerations are also a factor: noise levels, particularly with 1/3 octave band data,
are typically only available on most sound level meters at 100 ms resolution (10 Hz). This
means the modulation spectrum can only extend up to 5 Hz. As the method is based on
accounting for the first three harmonics of the signal, this limits the frequency of the main peak
to 1.6 Hz [1], which corresponds to a turbine operating at 32 RPM for a three-bladed turbine. A

1 Although zero-padding the data can appear to increase the frequency resolution, this is only an artefact and does
not represent a true increase in the actual resolution of the analysis.
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higher signal sampling rate would be required in order to represent faster-rotating turbines,
which will tend to be smaller models. Alternatively, less harmonics could be retained.

More generally, a balance has to be made when deciding how many harmonics to include —
using too many will increase the noise floor while including too few will result in missing the true
amplitudes of the peaks and troughs when harmonic energy is present. The use of the first
three harmonics in the IOA method was found to provide a good representation of the original
time-series in the large majority of measured data test cases, whilst maintaining a reasonably
low noise floor.

3.2 Analysis over longer periods

During the development of the IOA method, consideration was given to a longer analysis time
(30 s to one minute). This would provide not only more frequency resolution but also error
reduction, through additional averaging of the turbine signal (which tends to persist in time),
and averaging out spurious sources such as wind and animal noises which tend to be more
short-lived. It was determined that 1-minute could be too long for variable-speed machines
whose rotational speed can vary even over this period, but a 30s-period represented a potential
alternative.

Figure 8 shows an example of the resulting spectrogram for the same period as Figure 1,
demonstrating the cleaner signal and increased frequency resolution obtained. To obtain a
comparable analysis, the parameters of the IOA method were modified as follows:
e Where one spectrum line was used before when inverting the Fourier analysis, three are
used instead;
e In a similar way, the prominence of the spectral peak is calculated by ignoring three lines
either side of peak and then calculating the average over six lines either side of this;
e The prominence criteria was increased from 4 to 12;
e The search for harmonics was done over wider area (2-3 lines either side of the exact
multiple of the main spectral peak)
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Figure 8 - Modulation spectrogram — same data and presentation as Figure 1 (6-hour period) but with the analysis
undertaken in 30s blocks.
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Figure 9 illustrates an example of analysis of one individual 30s period: this shows a relatively
clear spectrum but illustrates two points: the variability of the reconstructed signal is much
larger over the 30s, which was found to be often the case. This means that the simple L5-L95
variability metric used is too coarse to represent the signal variation over 30s. However, the
filtered signal generated through inverse Fourier transform does include this time history
element, and a more detailed analysis of the peaks/troughs is possible (as discussed in the
next section). This however means the method then becomes more complex.

Figure 9 also illustrates a case where higher harmonics of the signal are more clearly visible,
and it would be possible to consider these upper signal harmonics when reconstructing the
signal. This tended however to represent a marginal effect on the analysis, with the exception
of very isolated periods with strong harmonic content. For these reasons, the working group
concluded that a 10s analysis period represented a better approach overall (at least for the
modulation rates considered).
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Figure 9 - Modulation signal and spectrogram analysed over one 30s period — left: filtered signal generated, 95" and
5t percentile values and individual peak/troughs marked by red and green circles respectively. Right: corresponding
modulation power spectral density, with the red circles highlighting the three harmonics identified.

3.3 Individual peaks/troughs

In cases such as that of Figure 9 where the analysis period becomes relatively long compared
to the modulation period T (which depends on the main modulation frequency), then the
variability in modulation over the data “block” becomes significant. In these cases, considering
the overall statistics (5 to 95" percentiles) of the signal may not necessarily provide a
sufficiently robust estimate of the AM variability. But since the time series is reconstructed using
knowledge of its frequency content, this allows the peaks and troughs to be identified and
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characterised individually, as illustrated in Figure 9. This means that a more detailed statistical
analysis of variations of individual consecutive peak-trough differences is possible.

Ref. [9] also used a similar approach of identifying peaks/troughs directly, but the advantage of
the hybrid approach used in the IOA method is that the frequency analysis undertaken guides
the detection of peaks and troughs in the reconstructed signal. This was in fact the approach
used in one of the earlier draft methods [10] proposed by the IOA working group, but not
retained in the final document, to limit the complexity of the method. Additional steps such as
these can also introduce errors and “edge cases” which makes the method less robust.

Specifically, a version of the reconstructed signal is obtained based only on the fundamental
modulation peak in the spectrum (see Figure 4.5.2 in [1] or Figure 10 below). It is trivial to
identify local maxima and minima in that signal (which has a fixed period) and these provide a
guide as to the likely locations of peaks and troughs in the full reconstructed signal. The
fundamental modulation frequency also provides the basic modulation period: a window of half
this length is used to seek for a local maximum/minimum in the reconstituted (filtered) signal,
starting from each peak/trough in the fundamental.

6
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Figure 10 —filtered signal generated by the IOA methodology (red line), as well as first harmonic signal only (black).
Individual peak/troughs identified are marked by red and green circles respectively.

Consecutive peaks/troughs provide individual AM results which can then be processed for
further analysis. The 90™ percentile of the individual peak-to-trough values provides a useful
metric. It can be shown that, for data such as that in Figure 9, the average of the 90" percentile
of peak-to-trough values in 30s blocks over a 10-minute period is equivalent to the IOA metric,
i.e. the 90" percentile of (what is effectively) the average AM in each 10s block.

3.4 Slower turbines

As the move to larger and larger turbine rotors continues apace, consideration should perhaps
be given to turbines operating at a slower rate (less than 10 RPM) and how any AM method
could be extended to deal with this.

The first requirement would probably be to increase the time period for analysis, to capture
more modulation periods and better capture this slower signal. This would also increase the
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frequency resolution, which would help to resolve the lower frequency area of the modulation
spectrum (below 0.5 Hz) where the main modulation peak is likely to be found.

Despite this, initial investigations suggest that the prominence calculation in the standard I0A
method can run into difficulties: the calculation of a “masking level” relies on averaging
frequency lines either side of the main modulation peak and this could in theory decrease
below the lowest spectral lines. In these cases, the calculation of the masking level can be
modified to only consider spectral lines at higher frequencies (above the main peak) and still
result in an effective procedure. Initial investigations using simulated data suggest this
approach could be effective but the dynamics of actual 5-10 RPM turbines may be very
different in practice and this would require further investigations.
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Summary

A comprehensive experimental study is performed to examine the effects of large serrations on the
surface pressure fluctuations of a flat plate test rig. Two different configurations, consisting of a sharp
edge profile and a rounded edge profile, are tested to understand the effect of serrations on the
noise generated at the trailing edge and the associated flow field, compared to a straight trailing
edge flat plate. The test rig is heavily instrumented with microphones and pressure taps. The tests
are performed at serration root-to-tip distance based Reynolds number of Re = 1.8x10°. The results
are presented for a range of frequencies 50Hz < f < 6000Hz, where a broadband noise increase is
observed around f ~ 150 — 200H 7 for both serrated configurations. It is shown that the structures
generating the increase in the energy content in low frequencies evolve through the leading edge,
then gain strength as they develop downstream and amalgamate at the tip of the serration. This was
confirmed by both the sound pressure level results and the surface pressure coherence analysis.
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1. Introduction

Over the last few decades, the increased air traffic and rapidly developing wind turbine farms in urban
and rural areas accelerated the concerns about noise emissions. Aerodynamic noise generated by
the turbulent flow past a trailing edge over the airfoil is one of the most important sources of noise.
Among all the mechanisms that Brooks et al. [1] have shown to contribute to airfoil self-noise, turbulent
boundary layer interaction with the trailing edge is the main source generating the broadband noise.
The increased awareness about noise pollution and foreseen noise pollution reduction targets by
institutions (such as ACARE Flightpath 2050), researchers have focused on decreasing the noise
levels of these inseparable instruments of modern life. Several passive control methods including
brushes [2], leading and trailing edge serrations [3, 4, 5, 6] as well as the active control techniques
such as wall-normal suction [/, |8] and blowing [9] or dielectric barrier discharge plasma actuators [10]
have been investigated in the literature. Serrations, geometry which is inspired by the wing of an owl,
is the most common method applied owing to its easy application and relatively low effects on the
aerodynamic performances [11].

Analytical models initiated by Howe [12] to predict the noise reduction by the serrated trailing edges
over predicts the noise reduction level. Although the models keep evolving with new studies such
as Lyu et al. [3, 13, [14],the integration to calculate the far-field noise from wall pressure fluctuations
requires the assumption of frozen turbulence. With this assumption the statistical properties of the
convected eddies over the trailing edge is assumed to be not effected by the existence of the trailing
edge which leads the pressure spectra to be formulated at the trailing edge in cartesian coordinate
based wave numbers. These pressure spectra are then propagated to calculate far-field noise. Recent
studies show that these assumptions might be considered to be the main source of error in predicted
noise levels [15]. Having a non-straight trailing edge, the boundary layer and associated pressure
spectra change through the leading edge of the serration. These changes in the pressure spectra on
the serration should be taken into account to improve far-field noise predictions.

The necessity to obtain a sound knowledge on the flow structures and pressure spectra on the
serration geometry accelerated both numerical [16], 17, /18] and experimental studies [2, (19, [20, [21].
In their DNS study [16], Jones and Sandberg showed that a highly three-dimensional flow dominates
the tip of the serration, where stream-wise vortices from upstream smoothly develop into span-wise
vortices. Recently conducted experimental studies [15, 20, [22, |21], support the outcomes of the
numerical studies. However, there lacks a common view on how the serrations mitigate the broadband
noise.

This investigation aims to map the wall pressure fluctuations and corresponding spectra in detail
over a serration geometry. To achieve a highly instrumented serration geometry considering the size
restrictions due to microphones, a set of relatively large serrations were manufactured. The serration
root-to-tip length is five times the boundary layer height developed on the serration. Although the
design may not appear to be optimal, the authors believe that most of the results are applicable to
serrations of normal dimensions. The results may also shed light on serrated airfoils or wind turbine
blades operating in sub-optimal conditions.
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2. Experimental Set-Up

The experiments were performed in the University of Bristol Aeroacoustic Facility, which is a closed-
circuit, open-jet anechoic wind tunnel. The anechoic chamber has a cut-off frequency of 160Hz with
physical dimensions of 6.7m x 4.0m x 3.3m and the nozzle has an area of 500mm x 775mm which
allows a steady operation from 5m/s to 45m/s. The experiments were performed for a range of flow
velocities 10m/s < Us < 40m/s with turbulence intensity levels below 0.2% [23]. For brevity, only the
results at free stream velocity of 30m/s is presented.

To understand the flow physics over serrations, a highly instrumented flat plate test-rig was designed
and manufactured at the University of Bristol. A total number of 84 Knowles FG-23329-P07 miniature
pressure transducers were instrumented to obtain a very detailed near-field pressure map and allow
possible future experiments the flat plate test. 75 microphones were installed on the serrations and
8 were installed on the flat plate. The microphones are 2.6mm in diameter with a circular sensing
area of 0.8mm. The serrations and flat plate were machined to have 0.4mm pinhole mask to avoid
pressure attenuation at high frequencies.

Nozzle—™

Side Plates

Adjustable serration

oAl

Figure 1 Schematics of the flat plate serration rig.

Velocity measurements were conducted using a 55P16 single-wire constant temperature hot-wire
anemometry (CTA). Dantec StreamlinePro CTA 91C10 modules were used with 55P16 single-wire
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probes. The probes was calibrated by using the Dantec 54H10 type calibrator. The probe was
controlled with a two-axis ThorLabs LTS300M traverse system.

Serration edge profiles

(a) STR (b) SER (c) SER-R

Figure 2 Schematics of the trailing edge models a) Straight trailing edge (STR) b)Serrated
trailing edge (SER) and c) Serrated and rounded trailing edge (SER-R)
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Figure 3 Schematics and geometric details of the flat plate model.

All near-field and hot-wire measurements were performed for 16 seconds at a sampling frequency of
215Hz. The near-field and hot-wire data were acquired by using four National Instrument PXI-e4499
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cards and were driven by a Matlab script. Pressure measurements were carried out using two 32
channel Chell MicroDAQ pressure scanners at a sampling frequency of 1000Hz for 16 seconds.
The scanners have a full-scale accuracy of 0.05%. The averaged results were used to present
non-dimensional pressure coefficient C,,. ;.

Figure [1|illustrates the flat plate rig mounted to the lower lip of the wind tunnel nozzle. Side plates
were used to assure the two-dimensionality of the flow. The serration part can be tilted around z-axis
to have an angle with respect to free stream flow. The serration can be adjusted for different angles
from 0°to 30°. 3-D printed add-on fillings were used to obtain a straight trailing edge and rounded
trailing edge. Schematics of these fillings are demonstrated in Figure 2l The experiments were
conducted for the free-stream velocity of U = 30m/s, which corresponds to serration chord based
Reynolds number of Re ~ 1.8x10°.

The geometric details of the flat-plate rig are presented in Figure [3 The total length of the rig was
L = 0.9m. Serration root-to-tip distance is 2 = 0.091m and span-wise width is d = 0.105m. The
serration angle is ¢ = 32°. A local coordinate x’ is designated to clarify the microphone locations, as
shown in Figure[3] The stream-wise and span-wise locations are labeled and presented at the bottom
row of Figure [3| Taps used for the steady pressure measurements had the same spatial distribution
as microphone locations.

3. Results & Discussion

3.1. Surface pressure fluctuations over the serration

The power spectral density (PSD) of the pressure fluctuations measured at each microphone is
calculated as

¢pp(dB/Hz) = 201log, (_p ), (1)
pref

where p’ refers to the averaged pressure fluctuations and p,.s = 20pPa is the reference pressure. p’
was obtained by converting the power spectral density of the measured signal at each microphone to
pressure. Figure demonstrates the comparison of the ¢,, values for the straight trailing edge (STR),
serrated trailing edge (SER), and the combined serrated and rounded trailing edge (SER-R) cases
for microphone 1 at the tip of the serration (x’/h = 0.16). The ¢,, results for the STR demonstrate
a 6dB linear decay from 100Hz to 1000Hz, which could be interpreted as a sign of an attached
turbulent boundary layer flow. The serrated trailing edge results demonstrate a completely different
phenomenon with a broadband ¢,, hump between 50Hz < f < 600Hz, which implies an increase in
the energy content at low frequencies. SER-R results have a similar trend to that of SER. However,
the broadband hump has a lower peak magnitude and elongates towards lower frequencies. These
broadband humps may be the footprint of a large scale hydrodynamic field and will be investigated in
the following sections.
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Figure 4 Comparison of the power spectral density of the pressure fluctuations for Straight
trailing edge (STR), Serrated trailing edge (SER), and Serrated and rounded trailing edge
(SER-R) at microphone location 1, x’/h = 0.16, p,.r = 20uPa

Figure [5] further investigates the source of the energy content increase, where the ¢,, graphs for
microphones at locations 3,6,10,16 (stream-wise), and 4,7,12,19 (along the edge profile) are shown
on the left and right column of the figure, respectively. In the case of the STR trailing-edge, a similar
trend is observed for all the measurement locations, as expected. The SER case, however, shows a
distinct characteristic when all the figures are examined. Along the serration mid-plane on left hand
side column, the broadband hump does not appear until the tip of the serration. On the contrary,
following the edge of the serration, the broadband hump exists even at microphone location 19,
and gradually increases in magnitude towards the tip for the SER case. This may be interpreted
as the footprint of the physical structures evolving on the serration edge profile (on both sides) and
amalgamating at the tip, which was also discussed in [21]. For the SER-R case, where the sharp edge
profile was changed with rounded edge profiles, the broadband hump exists at a lower frequency
range, peaked at around f = 150Hz. Moreover, the magnitude of the peak is lower compared to SER
case above ~ 200Hz, but higher below that.
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