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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND ENERGY GENERATION SYSTEMS -

Part 11-2: Acoustic noise measurement techniques -

Measurement of wind turbine sound characteristics in receptor position

FOREWORD

he International Electrotechnical Commission (IEC) is a worldwide organization for standardization.comprjising

aJl national electrotechnical committees (IEC National Committees). The object of IEC is to promote internat]
-operation on all questions concerning standardization in the electrical and electronic fields. To this eng
addition to other activities, IEC publishes International Standards, Technical Specifications,"\Technical Req
ublicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC{ Rublication(s)”).

preparation is entrusted to technical committees; any IEC National Committee interested_in the subject deall
ay participate in this preparatory work. International, governmental and non-governmental organizations lia|
ith the IEC also participate in this preparation. IEC collaborates closely with thé/nternational Organizatig

Jtandardization (ISO) in accordance with conditions determined by agreement’between the two organizatio

he formal decisions or agreements of IEC on technical matters express, as nearly as possible, an internat
cpnsensus of opinion on the relevant subjects since each technical ,committee has representation fro
interested IEC National Committees.

ublications is accurate, IEC cannot be held responsible for, the way in which they are used or for
isinterpretation by any end user.

Im order to promote international uniformity, IEC National Committees undertake to apply IEC Publica

IEC itself does not provide any attestation of ¢onformity. Independent certification bodies provide confo
apsessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible fo
services carried out by independent certification bodies.

All users should ensure that they have the-latest edition of this publication.

o liability shall attach to IEC or its directors, employees, servants or agents including individual expertg

embers of its technical committees~and IEC National Committees for any personal injury, property dama
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees
ekpenses arising out of the\ publication, use of, or reliance upon, this IEC Publication or any other
Hublications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publicatio
indispensable for the eorrect application of this publication.
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systems. It is a Technical Specification.

The text of this Technical Specification is based on the following documents:

Draft Report on voting

88/995/DTS 88/1009/RVDTS

tion

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Specification is English.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/publications.

A list of all parts in the IEC 61400 series, published under the general title Wind energy
generation systems, can be found on the IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the

HE 2| eaant At dat +h 2| T~ - S | N
Spe PTITC UOUCUOTITOTTC 7Y Oy Udate; a1 Ju TUaOTiTeTIe vt O

e reconfirmed,
e Wwithdrawn, or

° evised.

IMPORTANT - The "colour inside" logo on the cover page of this document indicates
that it contains colours which are considered to be useful forthe correct understanding
of its contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

The primary objective of this document is to establish uniform measurement and data analysis
techniques to facilitate the evaluation of the A-weighted sound pressure level, or other
acoustical properties, attributable to wind turbines at representative far-field locations. While
this is a seemingly simple objective, wind turbines require wind to operate and the presence of
wind complicates reliable acoustical measurements, either directly through wind induced
microphone noise or indirectly through wind induced vegetative rustling sound. The presence
of other common environmental sounds (planes, trains, road traffic, industrial, agricultural
activities, etc.) can complicate or adversely influence the measured sound level. Owing to the

distance of sound nranaaation the metaorolaaical conditions-have a sianificant imnact o
- t tH-e—pepagaHoh—HRe—1e+t Fe+ogicar ReHHe-Rs—HaV-8—a—sStgRHHea R—HRPac+od

medsurement results and the influence should be considered.

Given that the regulatory requirements and history vary from country to country (and-even w

the

how| best to isolate the sound attributable to wind turbines alone in the preséence of o
environmental sounds. It also provides guidance for those whose regulatory istory for win

the

same country), this document does not dictate regulatory metrics, but provides guidanc

thin
B on
ther
d or

othgr sources require the evaluation of specific acoustical aspects that have historically been
subject to highly varying methodologies. Some countries have substantial experience with wind

turb

In general, the document can be used by regulators and authoftities, measurement laborato
developers, operators and manufacturers for

comparison with local regulation;

comparison with guarantee values;

ised to aid the decision process;

assessment of the sound characteristics in wind turbine sound as well as the sound leV

nes while other countries are new to the special requirementsZof wind turbine sqund
megsurements. Both can find guidance on how to standardise their approaches.

ies,

where no tradition for regulations of wind turbine sound immissions is available it can be

el.
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WIND ENERGY GENERATION SYSTEMS -

Part 11-2: Acoustic noise measurement techniques -
Measurement of wind turbine sound characteristics in receptor position

1 Scope

Thigd part of IEC 61400-11 presents measurement procedures, that enable the~ sdund
characteristics of a wind turbine to be determined at receptor (immission) locatiohs. This
invdlves using measurement methods appropriate to sound immission assessment at far-field
locgtions of a wind turbine or wind farm. The procedures described are different in spme
resgects from those that would be used for noise assessment from other lindustrial sqund
soufces in environmental noise impact assessments. They are intended to facilitate
chafacterization of wind turbine sound with respect to a range of wind speeds and directions.

The| procedures present methodologies that will enable the sound immission and sdund
characteristics of wind turbines to be described in a consistent‘and accurate manner. THese
progedures include the following aspects:

¢ location of acoustic measurement positions (receptor position);

e requirements for the acquisition of acoustic, meteofological, and associated wind turpine
bperational data;

¢ analysis of the data obtained and the content.for the data report; and

e definition of specific acoustic parameters;,and associated descriptors which are used for
making environmental assessments.

Thid document is not restricted to wind,turbines of a particular size or type. The procedlires
desgribed in this document allow forthe thorough description of the sound characteristics [and
souphd immissions from wind turbines.

2 |Normative references

The|following documénts are referred to in the text in such a way that some or all of their conftent
constitutes requirements of this document. For dated references, only the edition cited applies.
For| undated references, the latest edition of the referenced document (including |any
amgndments)applies.

IEC|60942; Electroacoustics — Sound calibrators

IEC 61400-11:2012, Wind turbines — Part T1: Acoustic noise measurement techniques
IEC 61400-11:2012/AMD1:2018

IEC 61400-12-1, Wind energy generation systems - Part 12-1: Power performance
measurements of electricity producing wind turbines

IEC 61672-1, Electroacoustics — Sound level meters — Part 1: Specifications

ISO 1996-2:2017, Acoustics — Description, measurement and assessment of environmental
noise — Part 2: Determination of sound pressure levels
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3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminology databases for use in standardization at the following
addresses:

e |EC Electropedia: available at https://www.electropedia.org/

e |SO Online browsing platform: available at https://www.iso.org/obp

31 L
appjrent sound power level

Lya
A-wgighted sound power level re. 1 pW of a point source at the rotor centre with-the same
emigsion in the downwind direction as the wind turbine being measured, Ly, is\determined at

bin gentre wind speeds at hub height as described

Note|1 to entry: Apparent sound power level is expressed in dB re. 1 pW.

[SOURCE: IEC 61400-11:2012, 3.1]

3.2
appjarent sound power level with reference to wind speed-at 10 m height

Lywa 10m
A-wgighted sound power level re. 1 pW of a point source at the rotor centre with the same
emigsion in the downwind direction as the wind turbine being measured, Lyp 1or, is determined
at integer wind speeds at 10 m height within* the wind speed range achieved during
megsurements

Note|1 to entry: Apparent sound power level with\reference to wind speed at 10 m height is expressed in dB|re. 1
pW.

[SOURCE: IEC 61400-11:2012, 3:2, modified — “achieved during measurements has Heen
addgd to the definition.]

3.3
A-weighted sound pressure level
La
soupd pressure level measured with the A frequency weighting networks as specified in
IEC(61672-1

Note|1 to entrys./ A-weighted sound pressure level is expressed in dB re. 20 pyPa.

3.4
bin lcentre
centre value of a wind speed bin or wind direction bin

3.5

time-weighted and frequency-weighted sound pressure level

ten times the logarithm to the base 10 of the ratio of the time-mean-square of the sound
pressure to the square of a reference value, being obtained with a standard frequency weighting
and standard time weighting

Note 1 to entry: Sound pressure is expressed in pascal (Pa).
Note 2 to entry: The reference value is 20 pPa.

Note 3 to entry: Time-weighted and frequency-weighted sound pressure level is expressed in decibels (dB).
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024

4 to entry: The standard frequency weightings are A-weighting and C-weighting as specified in IEC 61672-1,
and the standard time weightings are F-weighting and S-weighting as specified in IEC 61672-1

background sound
contribution from all sources of acoustic sound other than the source of interest (i.e. wind
turbine)

3.7
tota

| sound

totally encompassing sound composed of sound from many sources near and far (including

bac

3.8
low

ground - Sournd and Sournd SOUTce of ITETest)

frequency sound

souhd containing frequency components of interest within the range generally“covering| the
1/3-pctave bands 10 Hz to 200 Hz

Note|1 to entry: This definition is specific for this document. Other definitions can apply in different natjonal
regulations.

3.9

tonality

ALy

diffgrence between the tone level and the level of the maskKing noise in the critical band ardund
the fone in each wind speed bin where £ is the centre value of the wind speed bin

3.1

ton¢ frequency

I

frequency of the spectral line (or mid bandfrequency of the narrow band filter), to the lev¢l of
whig¢h the tone contributes most strongly.

3.11

toneg level

Ly

enefgy summation of the nafrow-band level with the tone frequency, f7, and the lateral ljnes
abolit f7, assignable to_this tone

Note[1 to entry: If the'eritical band for the frequency, f;, under consideration contains a number of tones, thep the
tone|level, L., is thetenergy sum of these tones. This level, L;, is then assigned to the frequency of the particippting
tone|that has the maximal value of audibility, AL.

3.12

audrbility

AL

difference between the tonality and the audibility criterion, «, in each wind speed bin

Note 1 to entry: Tonal audibility is expressed in dB.

3.13

bandwidth

frequency range of a number of neighbouring spectral lines

Note 1 to entry: If the width of a frequency band is calculated, for which its beginning or end does not correspond

to the boundary between two spectral lines, then only the spectral lines that lie in their full width within the calculated
frequency range are assigned to the frequency band.
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3.14

sampling frequency

fs

number of samples taken per second

3.15

block length

N

block of sampling values that in discrete form represents a time-limited range of the time
signal to be analysed

3.1

line|spectrum

nar
freq
plot
ban

3.17
line
freq
dist
tran

w-band spectrum

ency spectrum

of sound pressure level as a function of the frequency in the frequency bands of const
Hwidth

spacing
uency resolution

sform (FFT) is given by

where

Js
N

3.18
crit
freq
inte

s the sampling frequency

s the block length

cal band
pency band with a bandwidth, (Af., within which the auditory system integrates the so

nsity in the formation of loudness and within which it integrates the sound intensity in

formation of the masking threshold

3.19

megdn narrow-band leyel of the critical band

LS
ene
this

3.2(
aud

ay

gy mean yalue of all narrow band levels in a critical band that (as a rule) does not exdg
value by-more than 6 dB

fbility criterion

ant

hnce between neighbouring spectral lines where the line) spacing in the fast Fodrier

und
the

eed

frequency dependent criterion curve determined from listening tests, and reflecting the
subjective response of a ‘typical’ listener to tones of different frequencies

Note

1 to entry: Audibility criterion is expressed in dB re. 20 pyPa.

3.21
critical band level

Lg

level of the noise that is assigned to the critical band that describes the masking characteristic
of the noise for one or more tones of the noise in the critical band
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3.22

amplitude modulation

regular fluctuation in the level of sound, the period of fluctuations being related to the rotational
speed of the wind turbine

Note 1 to entry: This characteristic might be described by a listener as a repetitive ‘swish’, ‘whoomph’ or ‘thump’.

3.23
impulsivity
sudden onset of a sound

Note|1 to entry: The character and prominence of the impulse at the immission point depends on the characfer of
the gmitted sound, the distance and propagation path from the sound source and the background sound. (Thergfore
the impulsiveness of a sound is characterised by the onset of the sound independently of the category_of the spund
sourge.

Note|2 to entry: The definition includes only the onset of a sound, not the sound as a whole. "Sudden” is basgd on
an afditive judgement, which is expressed in terms of physical measurements in this method.

3.24
tesf plan
document that identifies the goals and objectives of an investigation-orr-measurement campgign
to make it possible to select the appropriate setup

3.25
long term measurements
series of continuous unattended measurements typically for several days, weeks, or months

3.26
shoft term measurements
series of attended measurements

3.27
receptor position
position where the sound characteristics are to be determined

3.28
remote sensing device
RSD
ligh{ detection and ranging (LiDAR) using light or sonic detection and ranging (SoDAR) uging
acouystical signals to determine the wind speed or wind speed profile

3.29
binning wind)speed
wind spe€d-usually at 10 m height used for binning measurement results

Notell ta entry:  The binning wind Qpppd can bhe measured or calculated

3.30

mode of operation

operational mode of a wind turbine characterized by the sound and power curve for a certain
power and sound power output

3.31

reference roughness length

Z0ref

roughness length of 0,05 m used for converting wind speed between heights by using a
logarithmic wind speed profile
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3.32
sound relevant wind turbines, pl.

group of wind turbines with most relevant contribution to the sound characteristic at receptor

posi

tion used for the determination of wind speed

3.33
wind shear
change in wind speed with height

3.34
nacgHe-anemometer
anemometer mounted on the nacelle of the wind turbine
3.35
avefaging time /measurement interval
lendth of time for a measurement interval of typically 10 s, 60 s or 600 s
Note|1 to entry: Averaging can consist of applying shorter intervals, for example 1 s t0|'40’s logging data building
up tg the required interval.
3.36
SCADA data
datg achieved from the wind farm data system
Note|1 to entry: Typically included in SCADA data are power, RPM, wind speed, yaw position pitch. Sometim¢gs air
temperature, barometric pressure, relative humidity etc. ,are included as well.
3.37
blade passage frequency
nuniber of times a blade passes a given pointon the rotor discin 1s
3.38
far-field location
locdtion which is at a distance from-the wind farm corresponding to the receptor location
Symbols and units

D rotor diameter (horizontal axis wind turbine) or equatorial diameter

(vertical axis wind turbine) (m)
H height of'rotor centre (horizontal axis wind turbine) or height of rotor

equatorial plane (vertical axis wind turbine) above local ground near the

wind turbine (m)
L ar Lg~SCA-weighted or C-weighted sound pressure level dB)
Lpg equivalent continuous A-weighted sound pressure level dB)
Lwa k apparent sound power level, where k is a wind speed bin centre value (dB)
log logarithm to base 10
P measured electric power (W)
Te air temperature (°C)
Tk absolute air temperature (K)
Up type A uncertainty (-)
Ug type B uncertainty (-)
Vy wind speed at hub height, H (m/s)
Vbin binning wind speed at 10 m height (m/s)
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Vp derived wind speed from power curve (m/s)
2 wind speed at height, z (m/s)
Vhac wind speed from nacelle anemometer (m/s)
T frequency of the tone (Hz)
Je centre frequency of critical band (Hz)
p atmospheric pressure (kPa)
Zg roughness length (m)
Zoref reference roughness length, 0,05 m (m)
z anemometer height (m)
ratio of normalised wind speed and measured wind speed (-)
S power spectrum (-)
Lok magnitude of fundamental peak dB)
Ly, masking level dB)
Pam prominence ratio for amplitude modulation (-)
P, prominence of impulsivity (-)
BPH blade passage frequency Hz)
5 [Outline of method

Thig part of IEC 61400 defines a range of procedures to be used in the measurement, anal

and
The

diffgrent acoustical characteristics of widd turbine noise. Not all methods in this document

reqy
Inst

(repeatability) of acoustic and- non-acoustic measurements. Acoustic measurem

cha
atm

acterise the sound while (hon-acoustic measurements characterise the operational

direption are essential in this. All parameters to be measured and reported are identified

are

the data reductionsmethods required for obtaining these parameters.

Application of the.methods described in this document provide one or more of the parame

the
mod

reporting of acoustic characteristics of a wind farm or a wind turbine at the receptor posif
intention of the document is to providé.a range of methods and tools to apply to desd

ired in all investigations, and wheré multiple options are available, choose a single opf
'umentation and calibration requirements are specified to ensure accuracy and consistg

bspheric conditions during which the acoustic data were collected. Wind speed and

ySis
ion.
ribe
are
ion.
ncy
bnts
and
vind
, as

ers,

A-weighted “sound pressure levels, spectra, tonal audibility, impulsivity and amplijude
ulation @tya receptor location relevant for the investigation under varying wind speeds or

wind directions. The wind speed range is related to local or national requirements, the purgose

of th
(huh
eva

e jn\vestigation, and is identified in the test plan. The method is not restricted by operatipnal
height) wind speed but strong winds at the microphone location can complicate the ¢ata

uation as described herein.

Measurements of acoustical characteristics, meteorological conditions and wind turbine
performance are made simultaneously.

The informative annexes included cover:

rating levels (Annex A)

infrasound (Annex B)

low frequency sound evaluation (Annex C)
examples for a test plan (Annex D)

objective method for assessing the audibility of tones in noise — survey method (Annex

E)
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e data exclusion tools (Annex F)

AM adaptions (Annex G)

additional analysis tools (Annex H)

secondary wind screens, fagade mounted microphones and proxy locations (Annex 1)
sound emergence (Annex J)

meteorological effects (Annex K)

ISO PAS 20065, Implementation — Area of further consideration (Annex L)

6.1
6.1.

The
doc

6.1.

The
clas

The
with

6.1.
In a

acd
with

for this document, of IEC 61260 for class 1 filters. The equivalent A-weighted or Z-weig

con
10 K

The
with

6.1.4 Equipment for the determination of narrow band spectra

The

Instrumentation

Acoustic instruments
1 General

following equipment is necessary to perform the acoustic measurements as set out in
iment.

R Equipment for the determination of the equivalent continuous A-weighted
sound pressure level

equipment shall meet the requirements relevant to this document of an IEC 61672 se
s 1 sound level meter.

diameter of the microphone diaphragm shall be/no greater than 13 mm and shall be |
in its specified environmental conditions.

B Equipment for the determination(of A-weighted or Z-weighted 1/3-octave ban
spectra

ddition to the requirements givenfor class 1 sound level meters, the equipment shall h
nstant frequency response ovetat least the frequency range given by the 1/3-octave b4g
centre frequencies from 10.Hz to 10 kHz. The filters shall meet the requirements, rele

inuous sound pressure.Jévels in 1/3-octave bands with centre frequencies from 10 H
Hz shall be determined simultaneously.

diameter of the microphone diaphragm shall be no greater than 13 mm and shall be (
in its specified.environmental conditions.

equipment shall fulfil the relevant requirements for |IEC 61672 series clas$

this

ries

sed

ave
nds
ant
nted
z to

sed

inst

umentation in the 970 Hz to 11 200 H= 'Fr'nqnnnr\y range

The diameter of the microphone diaphragm shall be no greater than 13 mm and shall be used

with

in its specified environmental conditions.

6.1.5 Acoustical calibrator

The calibrator shall fulfil the requirements of IEC 60942 class 1 and shall be used within its
specified environmental conditions.
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6.1.6 Audio recording and playback systems

A data recording and playback system is a recommended part of the measurement
instrumentation. If used for analysis (other than re-listening), the entire chain of measurement
instruments shall fulfil the relevant requirements of the IEC 61672 series, for class 1
instrumentation.

6.2 Non-acoustic instruments
6.2.1 General

The[following equipment IS necessary to perform the non-acousiic measurements set 1orgh in
this|document.

6.2.p Wind speed measurement systems

The|wind speed can be measured with a mast mounted anemometer. The anemometer should
be, Bs a minimum, a class B instrument in accordance with IEC 61400-12-Awith an operatipnal
uncertainty of £0,5 m/s at 10 m/s. It shall be capable of measuring the ayerage wind speed ¢ver
timqg intervals synchronized with the acoustic measurements.

So[AR, LiDAR or other wind speed measurement systems can.also be used for determingtion
of wind speed. Documentation of their accuracy and reliability shall be available, and|the
accliracy of the measurement system shall be stated.

6.2.8 Other instrumentation (temperature, humidity, rain, pressure, distance,
temperature gradient, satellite positionifng-system)

For gdistance measurements (for instance using @aJlaser range finder) the accuracy shall be better
than +2 %. For a satellite positioning system(GPS or other), the accuracy shall be at least to
withjin 10 m.

A ralin gauge is required for unattended-measurements. Precipitation should be determined with
an gdccuracy of 5 % and a minimumrresolution of 0,5 mm/h is recommended.

Depending on the purposes.of the measurements, temperature, humidity and atmospHheric
pregsure can be required.If these parameters are measured, their accuracy shalll be
documented. Typically,stemperature shall be measured with an accuracy of %1 °C. [The
atmpspheric pressure-shall be measured with an accuracy of +1 kPa. The relative humidity ghall
be determined with"an“accuracy of 5 %.

Other parameters can be optionally measured depending on the need for the campaign guch
as dloud cover, temperature profile, or wind velocity profile. In each case the accuracy off the
megsurements shall be reported, and documentation shall be available to determine|the
accTracy and reliability of the measured parameter.

6.3 Traceable calibration

The following equipment shall be checked regularly and calibrated by an accredited laboratory
with traceability to national or primary standards. The maximum time from the last calibration
shall be as stated for each item of equipment:

1) acoustic calibrator (12 months);

2) microphone (24 months);

3) integrating sound level meter (24 months);

4) spectrum analyser (24 months);

5) audio recording and playback system (24 months), if used for analysis.
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The following equipment should at least be verified at regular intervals to ensure proper

operation:

a) anemometer (24 months); for ultrasonic anemometers (72 months);
b) electric power transducer (24 months);

c) temperature transducer (24 months);

d) atmospheric pressure transducer (24 months);

e) instrumentation to measure distance (24 months).

Where temperature and atmospheric pressure measurements are made only to give gen

eral

infofmation about the meteorological conditions during the measurement, an inig
verification of the instrument is sufficient.

6.4 | Acoustic field calibration

The|complete measurement chain shall be field calibrated at least at one frequency before
aftef the measurements, or, if the microphones are disconnected and recoennected during
megdsurements, using an acoustic calibrator.

Megsurement equipment shall be recalibrated at regular intervals)during measurement
verify validity of the calibration. These regular intervals are dependent on weather condit
that|occur during the measurements. All calibrations should bé‘reported, along with any dri
calibration drift of less than 0,5 dB is considered appropriates\where a measurement has t3
plade over multiple days. A calibration drift greater than 0,5 dB but less than 1,0 dB need
disqualify the measured data, provided that subsedquent calibration to the manufactur

rnal

and
the

5 to
ons
ft. A
ken
not
er’'s

spegification confirms that there is no defect in thessystem, and that the recorded time hisftory

doep not exhibit any anomalies that might indicate more significant deviations in sys
sensitivity during the survey. Where the systemi.exhibits a calibration shift greater than or e

tem
qual

to 1,0 dB, those measurements should be cdiscarded. Furthermore, the error in the entire

megsurement system should be found and:documented and equipment causing the drift sh

ilance on calibration of ~ noise monitoring systems can be found
1ISO|20906:2009/AMD1:2013, 4.8.

6.5| Time synchronization

Synghronization of thétacoustic data with relevant wind turbine data and other non-acot
instfumentation shallsbe carried out as far as practicable. The overall time reference shoul
locql time.

The| synchrénjzation between acoustic, non-acoustic, and wind turbine SCADA data shal
maiptained-during all the measurement time with maximum offset below 10 % of the avera

buld

stic
] be

| be
jing
the

timg including any long-term drift. This can be done by comparing the time offsets at

beg|nning and end of the measurement campaign with a reference clock such as a satellite-

based radio navigation system.

The internal clock of different relevant wind turbines will probably not be synchronous for
different reasons. They can be part of different groups or owned by different operators. Time
synchronization has been known to drift over long periods. It would be prudent to verify time
synchronization at regular intervals during the campaign. If applicable, daylight saving time
adjustments should be accounted for across all data sources. All possible gaps shall be noted

and corrected by post processing.’

1
data sources. Therefore care should be taken when correlating these data from differing sources.

The timestamp can indicate the end or the beginning of the measurement period for the different instruments or
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7 Test planning

7.1 General

As an initial step in a campaign to measure wind turbine or wind farm sound at a far-field location,
it is mandatory to determine the required scope of the campaign, and to set up a test plan, to
clarify how measurement data are to be collected and analysed.

The test plan shall include considerations of the planned measurement campaign including

sound characteristics and non-acoustic measurements that need to be measured in order to
des ~ribha thao cotind fears tha vaand farna

PTTOC I TC— o0 OTTC 1T OTIT trrC— v it rar it

Logf from residents, operators or other stakeholders can provide information in forming’ a |test
plan.

7.2 Planning acoustic measurements
7.2 Sound characteristics
The|sound characteristics addressed in this document include:

1) pound pressure level (L,) (see Clause 11);

2) {onal audibility (see Clause 12);
3) amplitude modulation (see Clause 13);
4) jimpulsivity (see Clause 14);

5) low frequency sound evaluation (see Annex G).

If mjore than one characteristic of sound immission is being investigated (for instance sdqund
pregsure level and tonal audibility), it can be.necessary to combine types of measurements), for
example measurement durations (longs‘and short-term measurements) and measurement
locdtions (measurement directly at receptor locations and measurement at proxy locationg) or
othgr ambient conditions of testing.

7.2.R Sound sources to bé considered

The|lmeasured total sound is the sound of the wind farm under investigation, plus potential other
indystrial sound sources*(e.g. other wind farms), other environmental sound sources, traffic
noige, wind induced'sound (wind speed dependent), natural sound sources (animals, insgcts
etc.) and other background sound sources at the receptor location. Therefore, it is important to
congider how baekground sound levels can influence the measurement.

locgtion}.and to measure under typical situations where these other sound sources exhibit a
represéntative level and characteristics. Microphones shall be set up in a way to measur¢ all
considered sound sources directly.

It is| typically required to measure the sound as close as possible to the relevant rece£)tor

It is desirable that any potential masking background sound is avoided as much as possible
during the measurements. That can mean:

e avoiding measurement periods where disturbing background sounds occur or discarding
data points that are obviously contaminated by background sound;

e to choose a measurement location so that background sound sources have the least
influence on the measurement data, for example by increasing distance to vegetation to
avoid wind induced noise, or to have blocking objects between background sound source
and microphone (e.g., a wall or building in between the microphone and a road or other
distinct background sound source). Fagade noise measurements should be considered as
described in Annex |I. Care should be taken to avoid positioning the microphone in the
vicinity of a densely forested or vegetated area, where possible, so as to reduce wind
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induced vegetation sound. In an agricultural area, consideration should also be given to the
crops being planted, their timing, and the potential for vegetation sound or bird scarers at
different times of the growing season.

Background sound sources that cannot be avoided can be accounted for by background sound
correction. Background sound correction can be carried out in different ways depending on the
characteristics of the background sound and the purpose of the measurement:

Ins
the
uppegr limits of the wind turbine sound.

An
noi
pos

In the case where background sound depends on wind speed or wind direction (typical wind
induced noise in vegetation), the correction should be done by using bin analysis of total
sound and background sound with respect to wind speed or wind direction, in order to
. . o : - / to
istinguish periods with strong or weak wind shear, for example night and day.

n the case where background sound is related to time and not to wind speed (typical traffic
noise, industrial noise), the correction can be done by comparing comparable‘time per|ods
pf measurements with the wind farm operating or shut down.

tuations where background sound is so high that it is masking the wind\urbine sound, [and
wind turbine sound cannot be determined, the measurement result\can only confirm|the

blternative approach is to make measurements closer to the source where the signal-to-

1e ratio is large enough and to extrapolate the wind turbine seund contribution at the receptor

tion by predictions. Predictions based on in-situ sound power measurements in accordgnce

withl IEC 61400-11 are another alternative. Note thatthese methods are not normally
appfopriate for the assessment of sound characteristicSsuch as amplitude modulation or tpnal

aud

bility) as the perception is very dependent on thé\local sound environment.

Where background or sound sources other than*the wind turbine sound under investigdtion
neefl to be explicitly determined and quantified, it is necessary to define the source of these

sou

nds, their characteristics, and from which parameters the level and characteristic of these

othgr sound source can depend, for example, wind speed, time of day (week, or year), weather,

etc.
depgndencies. See 11.6.2 for more-information.

7.3

Measurement conditions, setup and-data analysis can have to be chosen according to guch

Determination of repre'sentative conditions

The| times of interest can depend on the overall goal of the measurement campaign. Spme

common criteria for data\validity include a combination of the following:

1)

Wind turbine operational wind speed range

'he hub height wind speed could be used as a way of isolating specific weather condit|ons
hat wouldynot otherwise be able to be isolated, for example, if measurements are for dtall-
ontrolfed wind turbines where the maximum sound power occurs at a very high hub hgight
ind\speed. Test plan requirements can indicate if the wind speed ranges of interest|are
ind’speed bins from cut-in to cut-out, or alternatively a single bin that covers wind spgeds
resulting in maximum acoustic output.

Electrical power range

This condition could be a range of electrical power of the relevant wind turbines that would
be of interest in assessing wind turbine sound at the receptor location. The electrical power
range, for example, could isolate wind turbine operational conditions where the sound output
is expected to be maximum.

Specific wind direction conditions

This condition can be true when the wind is blowing from the relevant wind turbines in the
direction of interest (for example downwind, crosswind, prevailing direction or all wind
directions). For this condition consideration needs to be given to the correlation between
wind direction across the relevant wind turbines, and between the relevant wind turbines
and the measurement location. It is suggested that wind angles be defined in a range (for
example £45°).
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4) Wind speed measured at low heights, between 2 m and 10 m height close to the receptor

ocation

This quantity can be used to isolate only conditions where background sound contamination

S minimised.

5) Time of day

Depending on the purpose of the measurements the data can be limited to daytime and
evening or night time periods in order to reduce the potential for contamination, or to
evaluate specific patterns of sound output if necessary for the purpose of the measurement.
The best signal-to-noise ratio is typically during night time conditions usually starting after

7)

8)

Oth
plan

7.4

The
meg
potg

horus (morning bird sounds), or the time at which local human outdoor activities are\li
o start for the day. The use of information on atmospheric stability could be helpf
etermining the appropriate time frame of measurements.

eteorology

he meteorology might affect the sound propagation and thereby the“results of
easurements in the far-field location. Examples of parameters (that will affect
easurements can be: temperature and humidity which affect the atmospheric absorp
see ISO 9613-1), temperature gradient which can vary between" day and night t
tmospheric stability, turbulence, shear and veer will affect the pfopagation. For that rea

is important to consider which conditions are representative*conditions of interest an
blan the campaign accordingly. It might be relevant tol measure several metrolog
parameters to filter for non-relevant conditions or bin data and thereby reduce varial
hnd uncertainty in the measurement bins.

Verification of wind turbine operation

Confirming times where wind turbines are actually operating as expected (for example]
juring ramp up or ramp down, in the right mode of operation, etc.)

Neather conditions

Rainfall conditions can have a dramatic\éffect on the sound levels in the far-field locati
Consideration should be made to identify whether these periods should be include
bxcluded from the valid measurement times.

br criteria can be appropriate for use based on the purpose of the measurements. The
should outline the required,filters and their intended purpose.

Effects of site conditions on measurements

test plan should-/describe and assess suitable site conditions for the purpose of
surements and*How these conditions affect the measurement. Examples of conditions
ntially cap-affect the measurements:

nimal-sounds (e.g. insects, frogs, birds etc.);

coustical ground conditions such as hard versus soft ground, roughness length etc.;

ely
I in

the
the
tion
me,
son,
d to
ical
ility

not
bNS.
d or

test

the
that

fthroutteaves o trees,; Streanms Turmmng; etc);

e vegetation (crops, deciduous plants etc.);

o traffic or other sound sources (industrial noise, farming activity, other wind farms);

e weather (wind direction, rainwater course after rain (faster stream or river flows), snow, ice
etc.);

e daily variations;

e sound propagation conditions (e.g. atmospheric stability, wind shear, temperature gradient,
humidity, cloud cover, etc.).

7.5

Acoustic measurements

The test plan should describe and assess suitable acoustical parameters for the purpose of the
measurements. Acoustical parameters could be:
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1) sound pressure levels;

2) percentiles, for example Lagg, Lasos

3) 1/3-octave bands;
4) narrowband spectra.

Audio recordings shall be carried out uncompressed or using lossless signal compression.
Where data compression format or similar format recordings are carried out, such recordings
shall be strictly limited to ancillary purposes such as identifying a certain sound source or event.

8
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Setup of acoustic measurements

Measurement locations
1 General

re the purpose of the measurements is to establish the overall sound-pressure level 3
r a wind farm neighbour’s dwelling (for the purposes of compliance with noise limits),

nd. This is ideally accomplished with a separation distance of-5 times the wavelengt
owest frequency of interest, typically 15 m to 20 m from any such surfaces.

locations should be chosen with consideration for local“sources of noise contaming
as sight-lines with regard to traffic noise sources, (0cal noisy equipment related to
Iling such as externally mounted (or vented) air-conditioning or heating equipment.
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Iocgtion. Some examples of microphone proxy location choices are provided in Annex I. P

surement locations shall be representative of thewreceptor location being evaluated (s
dwelling location). The receptor position ¢an be representative for a larger grou
Ilings with similar conditions.

R Proxy location

location is chosen that is differentin distance or acoustic environment, or both, from

cted to be representative of the sound propagating from the source to the receptor locH
such that they are most-impacted by the same wind turbine in the farm as the rece

tions are of limited applicability for determining characteristics like tonality, amplit
ulation or impulsivity:

E The following, issproposed: The representative receptor position will have the same background sourceq
br distances toithe sound relevant wind turbines. A difference of less than 1,0 dB from predicted overall S
d relevant wind-turbines is considered acceptable over the more exposed dwelling. For showing complian
erent location at the group of houses, the predicted difference will be corrected. For larger differences,
locations will be considered (Clause 1.4).
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The preferred method for microphone mounting is a free-field microphone that is protected by
a two-stage or oversize wind screen in order to obtain an appropriate signal-to-noise ratio with
respect to wind-induced noise. Such a microphone could be mounted on a tripod or pole. Care
should be taken to ensure that parts of the mounting system do not exhibit or produce noise in
the presence of wind. This can sometimes occur where the mounting poles contain holes for
bolts or fasteners that are left open, or protrusions such as bird spikes.

If a higher signal-to-noise ratio is desirable, in some situations it can be possible to mount the
microphone directly onto a vertical surface of the dwelling. The fagade shall be plane within a
tolerance of +0,05 m, within 1 m distance from the microphone, and the distance from the
microphone to the surface edges of the fagade shall be more than 1 m. For more details on
facade mounted microphones see Annex | and 1ISO 1996-2:2017, Annex B.
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For a fagcade mounted microphone, the relevant wind turbines at the measurement location
should be within 45° of the normal to the fagade. The applicability of these alternative mounting
methods depends heavily on-site conditions, and thus, justification of the use of such methods
and their effects on the resulting sound levels shall be reported.

Facade mounted microphones cannot be used for assessing tonal audibility, amplitude
modulation or impulsivity.

9 Non-acoustic measurements

9.1 General comments

Wind turbine operation depends on wind conditions and the sound emission is)therefore
depgendent on the wind speed at the wind turbine(s). The background sound,is usyally
depgndent on the wind speed near the receptor location. To determine the sound behaviodr of
a wind farm it is necessary to know the corresponding wind speeds for the recorded sound data.

Thefe are several methods of determining wind speed. The determination“of wind speed should
be garefully selected on the basis of the aim of the measurement deséribed in Clause 7 (test
plarining).

Different methods for different receptor location (receivers)<on the same wind farm can be
necessary.

9.2 | Data sampling

Winfd speed, electrical power and other operational parameters should be sampled at a rafe of
at least 1 Hz. Nacelle wind speed and electrical power output can be provided by the wind
turbjne operator.

An averaging period between 10 s and@0 min should be used.

9.3| Wind speed
9.3.11 General

In the context of wind turbine sound measurements, the wind conditions play a critical role.[The
winjl conditions at various positions can influence the measured sound levels in the far-field
locqgtions. Subclause)9.3 outlines the different considerations and requirements for wind speed
megsurements and-analysis.

The|wind speed at various heights can be used to obtain important information about conditlons
of the sound measurement. Generally, the sound emitted by the wind turbines is correlated to
the wind-speed at the wind turbine hub. Wind induced noise from vegetation is correlated tq the
phy |\Jq: qualltlco Uf thU VUHUtat;UII ouuh do thU hUIUht Uf thc VUHUth;\JII. ‘VAV’;IId O}JUUdO nmeal the
ground would correlate with vegetation sound from low bushes, shrubs and trees; wind speeds
between 2 m and 10 m height could correlate to vegetation sound from trees in the immediate
vicinity of the microphone (depending on their height), and wind at higher elevations could be
correlated to vegetation sound if the topography of the site exposes trees to different wind
conditions compared to the microphone location. Finally, the wind speed at the microphone
height would correlate most with wind-induced self-noise from the measurement system. The
test plan should make considerations for the necessity to quantify these separate sounds in
order to ensure sufficient data quality.

Wind speeds can be either measured or derived. Measured wind speeds are measured directly
at the desired height, whereas derived wind speeds are calculated from other quantities such
as the electrical power output of wind turbine or calculated from the wind speed measured at a
different height using IEC 61400-11:2012, Equation (D.1).
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Wind speeds can be used for two primary purposes, either binning the data according to set
parameters to allow the acoustic values to be averaged within the bins or filtering the data to
exclude data which does not meet the required conditions (often to minimise background sound
contributions). Generally, only a single wind speed data source should be used to bin data,
whilst multiple wind speed data sources can be used to filter data if desired.

For example, in an attempt to assess the sound pressure levels during maximum sound power
level conditions, data could be binned according to the hub height wind speed of the wind
turbine and the microphone height wind speed would then be used to filter out intervals where
the self-noise would be problematic. This example is summarised in Table 1.

Table 1 — Example 1: Wind speed data categorization —
Maximum sound power level emissions

Quantity Measured /Derived Binning or filtering Range oflinterest
Hub height wind speed Derived Binning 7 mis to13 m/s
10 m height wind speed Measured Filtering <5m/s
2|m height wind speed Measured Filtering <4 m/s

Conyversely, Table 2 shows an example where 10 m height wind speed could be used as|
binrling wind speed, and the hub height wind speed could belused as a filter to remove ti
when the wind turbine would not be generating the desired\electrical output or acoustic sqg

power.

Table 2 — Example 2: Wind speed data categorization —

Maximum sound power level emissions

the

mes

und

Quantity

Measured /Derived

Binning or Filtering

Range of interest

T

ub height wind speed

Derived

Filtering

>7m/s

N

Q m height wind speed

Measured

Binning

0 m/s to 5 m/s

In bpth of these examples the maximum sound power level of the wind turbine is emitted for
hublheight wind speeds above 7 m/s. The aim is to assess for this condition by either minimiging,
or cprrecting for, the background sound contribution (see 11.1 for details of this sound pressure
level analysis).

Other examplescould include only a single wind speed reference being used, for example
binrling between 0 m/s to 12 m/s derived hub height wind speed.

When cenverting wind speeds (measured or derived) between different heights the posgible
effepctof wind shear has to be considered. This is particularly relevant when assuming a
measured wind speed at a height significantly lower than the turbine hub height can adequately
correlate with turbine sound emission variation with wind speed at the rotor.

If measurement devices are located in the vicinity of wind turbines or significant terrain features,
they could be disturbed by the wake of wind turbines or terrain effects. When wind speed and
wind direction measurements are disturbed by wind turbine wake or terrain effects, they should
not be relied upon to be accurate. For any of these devices which are not close to the receptor
location longer averaging periods should be used. The nacelle wind direction should be used
with caution as there is always a concern for accuracy.
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9.3.2  Binning wind speed related to wind farm operation, V,;,

9.3.2.1 General

The preferred method of determining the binning wind speed for overall sound is based on the
power output based on the power curve and the nacelle anemometer as described in
IEC 61400-11:2012 and IEC 61400-11:2012/AMD1:2018, 8.2.1. This value is recalculated to 10
m height in accordance with IEC 61400-11:2012, Equation (29). The wind speed reference shall
be called V.

9.3.2-2— Wind spesd-forsinglewind turbine of interest

If only one wind turbine is of interest the same method as described in IEC 61400-11:20142[and
IEC|{61400-11:2012/AMD1:2018, 8.2.1, shall be directly used.

9.3.R.3 Wind speed for multiple wind turbines of interest

For [the case where the operation of multiple wind turbines is of interest, the" wind speed ghall
be determined for every wind turbine with the same method as described. in IEC 61400-11:2012
and| IEC 61400-11:2012/AMD1:2018, 8.2.1. The determination of the binning wind speed
depgnds on the number of wind turbines, the layout of the wind/{afm and the position of| the
recgiver.

For [smaller wind farms (typically up to 5 wind turbines) @nd*comparable sound contribut|ons
fron all wind turbines to the receptor location the mean wind speed from all wind turbines shpuld
be ysed as reference wind speed.

For|larger wind farms or when the sound contribution of the wind turbines on the recejptor
location is very different, only some of the wind turbines should be chosen for the determingtion
of the binning wind speed. For an objectivecmethod to determine which wind turbines have an
inflyence on the overall sound level at thereceptor location, the wind turbines have to be sorted
by the predicted sound contribution atthe receptor location. The quietest wind turbine will be
excluded from the prediction and it will be checked if the total wind farm sound level withou{ the
quidtest wind turbine has reduced(®y more than 1,0 dB. If not, the next quietest wind turpine
has|to be excluded from the prediction. That will be done as long as the predicted sound change

turbjnes are considered as\the sound relevant wind turbines. The mean wind speed from| the
soupd relevant wind turbines has to be used for the determination of the binning wind spg¢ed.
Typ|cally this will resuitiin the most dominant 2 or 3 wind turbines determining the binning wind
speed for a given meéasurement location. The mean wind speed shall be determined by
arithmetically averaging the wind speeds derived from each individual wind turbine.

speeds at heights higher, or lower, than those measured. To carry out this shear corrected wind
speed estimation, it is usually necessary to have a measurement height within £+40 % of the
turbine hub height, and a second measurement height at least 15 m vertically distant from the
first measurement height. Measurements at multiple heights can also be used to investigate
shear effects at certain receivers.

If measurement devices are located in the vicinity of wind turbines, they could be disturbed by
the wake of wind turbines. The values during wind directions when these measurement devices
are disturbed by wind turbine wake are to be excluded from the data evaluation. Similarly terrain
effects (shielding or funnelling) should be considered where these might affect measurements
in some wind directions. This is most easily assessed by comparing two wind speed sources in
terms of wind speed and wind direction.
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9.3.24 Wind speed with the wind turbines parked

Generally, when assessing background sound, the same method shall be applied as for the
measurements of the wind farm operation. However, there are limitations to some methods,
namely power curve derived wind speed and nacelle anemometer wind speed. The power curve
method cannot be applied during wind turbines parked.

Ideally, a (permanent) meteorological mast in a suitable position or remote sensing devices are
available with hub height or near hub height wind speed measurements. These wind speed
measurements should be correlated with the wind speed determined from the power data during
wind farm operation and subsequently corrected with the derived factor for use in wind turbine
parKed period as per IEC 61400-11. The derived factor can be wind direction dependent,;apd it
can|be necessary to determine the factor for different sectors.

If ugsing the nacelle anemometer as alternative wind speed measurement, it should be n¢ted
that|there are several reasons for the inaccuracy of this wind speed data. Data from wher¢ the
turbjne is off might not be directly comparable to wind data measured during.eperation. Blddes
can|obstruct the wind flow in a parked position and even when idling, large stow-moving blddes
can|reduce the inflow to the anemometer on the nacelle.

If s¢veral different wind speed measurement devices are available; it is strongly advisefd to
compare all available data and chose the most appropriate method for the assessment.

NOTE 1 When using the nacelle anemometer for wind speed determination, wind data will be compared immedijtely
befofe and after the time period where the shut down occurs to estimate the influence of the blade on the nacelle
anenjometer reading. If there is an unexpected drop or increase.ifn wind speed when the wind turbine has peen
stopped, the data might not be reliable. Furthermore, a comparisen/of the wind speed vs. sound pressure level plots
with wind farm on and off will be appropriate. If the plotted datallooks sensible, the nacelle wind speed data cgn be
used

NOTE 2 The wind speed measurement measured by a’meteorological mast or remote sensing device can alqo be
influgnced by the operation of other turbines. Where“possible, and where the device is installed for the purpope of
the spund measurement, it will be placed in a representative location where the wind speed measurement is the Jeast
influgnced by the wake of wind turbines. If the permanent meteorological mast is affected by wake from wind turbjnes,
thos¢ periods during wind turbine operation will\oe removed as per 9.3.2.3. All periods during which the wind turlpines
are garked can be used.

9.3.B Binning wind speed related to background sound

If wind induced background-sound is a particular and significant part of the investigation (e.g.
whefre background sound, correction has to be done or where potential masking by wind indyced
background sound hasto be considered), the wind speed for background sound can be Used
as the binning wind,speed, and other wind speeds would have to be used to filter for|the
appfopriate operation of the wind turbines.

When choesing the background sound wind speed as the binning wind speed, the releyant
height should be informed by considering, where most of the wind induced background sqund
is being em|tted to the measurement Iocatlon Usually, th|s is from vegetation like trees bugdhes

3 a : ASULS hus,
an anemometer shaII be placed cIose to these objects creatlng the wmd mduced sound in a
representative height of the respective sound sources (typically between 2 m and 10 m). Care
shall be taken, that the anemometer and related mast installations do not add further wind
induced noise to the microphone location.

In some cases, wind induced noise can also stem from objects further away from the
microphone location, such as objects on a topographically exposed location like a mountain
ridge (under otherwise wind sheltered conditions near the microphone) or larger areas of forest.
In such cases, wind speed determination at larger distances and near to the aforementioned
objects is recommended. Wind speed measurements within the wind farm, potentially the very
same wind speed as is used for the determination of the wind farm sound, may be used as a
proxy for the aforementioned larger-distance wind speed measurements (see note in 9.4 on the
relation between distance from wind measurement to object and limitations of short averaging
times).
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In case of several objects of wind induced sound immissions to a microphone location, a good
compromise has to be found in order to characterise the wind speed at the object of sound
creation which contributes most to the background sound levels under consideration.

The distance between the wind speed sensor and the object of (wind induced) sound emission
has influence on the correlation between the wind speed measured and the wind speed hitting
the object. For large distances (100 m and more), the correlation will generally be low (wind
travel time might be considered to increase correlation to a certain limited extent), consequently,
short averaging times (like 10 s) do not make a lot of sense and will mostly not lead to
meaningful results.

Renfioté sensing devices §) might not be appropriate for measuring the local wind spgdeds
at Igw heights near the measurement position.

9.4 Wind direction

In afddition to wind speed, the sound from wind turbines is dependent on the orientation tq| the
recgiver and the wind direction. In downwind direction the highest A-weighted sound pressure
levels are expected, although other sound characteristic can vary|xwith direction. [The
background sound at receiver positions is wind direction depemndent as well, althdqugh
sometimes to a lesser extent, depending on the distances of the dominant background sdund
soufces to the microphone position.

In a|similar manner as wind speed, the wind direction information from various locations cpuld
either be used for binning the data or for filtering the data: In all cases, there should only be
one|source of wind direction for binning and all other/sources could be used for filtering| the
datg.

NOTE For example, wind direction derived from wind turbiné.SCADA data could be used to bin the data accofding
to prppagation conditions, and wind direction near the microphone could be used to filter out parts of that data where
the Wind is blowing from nearby vegetation in order to reduce the contamination if possible.

Thefe are several methods of determining wind direction. The determination of wind direqgtion
shotld be carefully selected on the basis of the aim of the measurement.

Win{d direction data shall be sampled with a rate of at least 1 Hz. Nacelle wind direction can be
proyided by the wind turbine manufacturer or operator. Wind turbine yaw can also be used.
However, the yaw angle is only'reliable for determining changes in nacelle direction, but Jess
religble for absolute angle, ‘unless this is verified prior to, or during, the measurements.

Whegre wind direction-is'required to be averaged, this should be done using vector averaging
owing to the discontinuity at north.

Optjons for determining the wind direction are measurements with wind vanes or directipnal
anemometefs)(such as ultra-sonic sensors), RSDs and with nacelle instrumentation. Ag for
megsuring-wind speed it is not possible to reliably estimate wind directions at significgntly
diffgrentldcations (either vertically or horizontally) due to the large impact of terrain effects|and
diffgring” airstream profiles with height. Therefore, use of wind direction measured at heights
significantly different to those of the rotor are generally poor at correlating with wind direction
variation at the sound emission location.

9.5 Precipitation

Precipitation should be measured at positions representative of rainfall at the receptor
position(s). The rainfall data will be used to minimise the contribution of rain and water course
sound to the measurements. Rain gauges should be accurate enough to determine whether
rainfall is occurring or not in each measurement interval (see 6.2.3). Where multiple receptor
locations are being monitored concurrently, precipitation measurements should be made
sufficiently close to the receptors to appropriately determine the likelihood of rainfall or not
within the measurement resolution time frame being used. For a 1 min time frame, the rain
gauge necessitates being closer to the receptor to be representative than with a 10 min time
frame.
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9.6 Temperature, humidity, etc

Air temperature, relative humidity and air pressure (optional) have an influence on the air
absorption. These parameters should be measured during the measurements, preferably at a
height of 1 m to 1,5 m above ground. The measurement position should be between the wind
farm and the receptor location.

For more detailed information on the influence of meteorology on sound propagation see
Annex K.

9.7 _ Wind bi (opti Lif ¢ at)

The|following parameters can be used for describing the operation of the wind turbines_or wind
farm:

e operational modes of wind turbines (power curve for wind speed determinatien);

o status of wind turbines (off for whatever reason — non-normal situation);

e flautomated” grid restriction which results in power curtailment if triggered by grid company;

e RPM and power are used to determine on/off status for background’sound measurement or
{o confirm the status;

e rotor RPM is also a key input to AM analysis (although this,can be done without wind turbine
RPM data if necessary), and can be very useful for investigation of tonal audibility also

10 |Data reduction

10.1 Bin analysis

The|basic principle is that all acoustic parameters are binned and averaged with respect to wind
speed and wind direction. Wind speed bin width is usually 1 m/s referenced to the binning wind
speed. Wider bins can be used if relevant. This could also be a single bin including all gata
(with or without filtering). Binning can be’made according to more parameters at the same time.

Winf direction is binned eitherlin equal sectors relating to north, or sectors relating to| the
oriehtation between the wind.turbines and the receptors. When binning relating to north thjs is
usuglly done in 30° wide sedtors. When binning relating to the orientation between the wind
turbjne and the receptor, wider sectors relating to downwind, crosswind or upwind are usyally
used.

The|downwind segtor is often considered to be the vector between the wind turbines and| the
recgptor position'+45°.

Some parameters like tonal audibility and amplitude modulation might not be present at all times.
For such parameters the percentage of presence is determined in bin analysis as well.

10.2 Data recommendations

The accuracy, uncertainty or reliability of a measurement is to some extent dependent on the
amount of data acquired. With a large amount of data, tendencies become clearer and the
scatter is likely to be reduced. When data are sorted into wind speed bins (wind speed and
direction) the data are expected to be representative for a specific condition. Filtering or binning
after more parameters (high power, day or night etc.) can decrease the scatter even further and
make the results more descriptive for a given situation. It is not straightforward to set up
requirements on the necessary amount of data but it is necessary to have sufficient data to
make a reliable statistical treatment. The standard deviation on the mean value can be used as
a good indicator of the quality and robustness of the results.
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Note that when analysing the measurements in the laboratory it sometimes happens that more
data has to be discarded than expected due to disturbances.

10.3 Uncertainty
10.3.1 General

The uncertainty on the measurement result, whether it is the sound level or the tonal audibility,
is an important information on the accuracy and the validity of the result. Decisions on
compliance can be made from an understanding that the results are not decisive values on their
own. In many situations the principle that noncompliance is only demonstrated if the uncertainty
is tgken into account is the governing principle. Large uncertainties can sometimes lead to mon-
cong¢lusive situations.

An ¢stimate of the uncertainty can be calculated from average and standard deviation witHin a
bin.

The| uncertainty of the result of a measurement can be based on the_standard devidtion
desg¢ribed in 10.3.2 to 10.3.4.

10.3.2 Calculation of average sound pressure level and uncertainty per bin based gn
measurements

The|laverage sound pressure level, l_k for is calculated by Equation (1):

NOTE Equation (1) applies when sound pressure levels are determined as equivalent A-weighted sound pregsure
levelp. For statistical levels like L50, 190 or L95 arithmetic averaging as described in Equation (8) applies.

el
Lk:10~log(ﬁzyz110 10 (1

whefre
N is the number of data(points in wind speed bin &
L is the sound pressure level of measurement period j in wind speed bin «.

The|type A standatdjuncertainty on the average sound pressure level in wind speed bin & 51
is calculated by“Equation (2):

o = ,(ZL(L‘* _Zkﬂ 2

ST

where

Zk is the average sound pressure level in wind speed bin £ from equation (1)

The combined type B standard uncertainty on the energy averaged sound pressure level ur for

each measurement period, j, is calculated by Equation (3). Guidance for Type B uncertainties
is given in Table 3:
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u, = 32
£ o=1'Liq

re
is the type B standard uncertainty from source ¢ on the average sound pressure leve

each measurement period ;.
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type b standard uncertainty on the average sound pressure level in wind speed bin £ ulk

ulated by Equation (4)
TN 2 ).

re
is the combined type B standard uncertainty on the averageysound pressure level for ¢

measurement period j, see Equation (3). This value is the same for all values of ;.

combined standard uncertainty on the average sound pressure level in wind speed 4
Iy is calculated by Equation (5):

u = S2 +M2
comply ﬂ L I

applies to the background.sound measurements as well.

background corrected sound level and uncertainty on the background corrected sound |
be calculated as:

[ﬂj [ﬂ]
Lgy =10-log(10t 1/ —10' 10 /)

(4)

ach

nk

©®)

evel

(6)
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Table 3 — Examples of possible values of type B uncertainty components
relevant for apparent sound power spectra

Component Possible typical range Possible typical standard uncertainties
Calibration, ug4 10,3 dB 0,2dB
Instrument, ugo 0,5 dB 0,3dB
Measurement position, ug3 +0,5 dB 0,3dB
Wind screen insertion loss, Ugy, +0,3 dB 0,2 dB

10.3

The

.3 Calculation of average values and uncertainty per bin based on measuremen
— Arithmetic averaging

average value, )_(k, is calculated by Equation (8):
7 - 1N

re
is the number of measurements in wind speed bithk
is the value of X of measurement period j in wind speed bin &

type A standard uncertainty on the average'value of X in wind speed bin k is SXj whig
ulated by Equation (9):

> Xk -% )

N-(N-1)

SXk—

re
is the average value of X in wind speed bin k from Equation (8)

is the(value of X measurement period j in wind speed bin &

b B uncertainties are not relevant for relative measurements like AM and tonal audibilit

10.3.4 Calculation of average sound pressure level and uncertainty per bin when

using the sound power level based regulatory scheme

(8)

his

9)

The sound power level based regulatory scheme is based on sound power levels determined
through measurements according to IEC 61400-11. The method provides the sound power level

and

uncertainty per bin.

When predicting the sound level at a receiver position the uncertainty is based on the
uncertainty of the sound power level of each source (wind turbine), the prediction model and
the modelling.

The

uncertainty on the predicted sound pressure level can be estimated by
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LpA,i,k]

oo
Dol uwaik 10

(10)

10
u =
Lak [LpA,i,k]
N 10
.10
i=1
where
La ik is the sound pressure level from wind turbine number i and
u wh ik is the uncertainty of the sound power level of wind turbine i and wind spe'edbin
NOTE The standard uncertainty of the prediction model is expected to be 2 dB for both ISO 9613-2\and for Nord
for dpwnwind propagation for wind turbine sound up to 3 km to 5 km.
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uncertainty contribution from sound propagation modelling is estimated to 0,5 dB.
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Sound pressure level

Outline
purpose is to determine the sound pressure levels of the wind turbine or wind farm so

t-term, and modelling based appreaches determining the sound pressure level at
ptor position. It is acknowledged that local regulations and guidelines often describe
hded method for such measurements with varying degrees of detail. It is anticipated
document could be used ejther by authorities in outlining appropriate methods for a g
diction, or by measurement’institutes in interpretation of local regulations and requiremg
h research efforts where,quantifying the sound pressure level in the far-field locatio]
red.

erally, the preferred method to measure the sound pressure level at a far-field locatid
long term measurements. This method allows for evaluation of the in-situ acoustic
occurs durning the desired atmospheric conditions. However, it is acknowledged that
r methads outlined here can also be used to make sound scientific conclusions abouf
nd pressure level at the receptor location.
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Instrumentation

For standard requirements for determination of sound pressure levels, see 6.1.2 and 6.1.3.

For

standard requirements of audio recording and playback systems, see 6.1.6.

For standard requirements for the necessary meteorological measurement systems, see 6.2.
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11.3 Acoustic measurements
11.3.1 General

The main acoustical quantities to be measured are the equivalent sound pressure level, Lpeqg
or statistical level, L,,,. These data are obtained by determining the appropriate quantities in

short measurement intervals such as between 10 s and 10 min to be able to determine
measurement validity, and subsequently aggregated into longer periods to correspond with the
intended analysis.

Theappropriate-interval-time-foreach-measurementcan Hnr\nnrl on-the intended nllfﬁr\mn the
PP or

megsurement index being computed, and the expected varlablllty of the data. Subclausex[1.3
outllnes considerations and measurement interval times.

11.3.2 Equivalent continuous A-weighted sound pressure evel, Lpeq

Whe¢n measuring Ly, the acoustic energy within an interval is energy averaged. Because of

the pature of the energy averaging, the resulting levels tend to be moreyinfluenced by higher
souhd levels occurring during the interval. Consequently, Lpeq @re" more susceptible to

confaminating transient sound events. For this reason, measurement intervals should be
chogen to be shorter intervals, such as 1 min, but not shorter than-10 s, in order to isolate the
confaminating transient event within an interval that can then-be’/discarded.

11.3.3 Statistical level, Lp,,

Statjistical indices allow for some level of automatic réddction of the influence of transient events
in the data. They can thus be used with longer interval times than L,¢, levels. Statistical indjces
suclh as Ly, sound levels are typically analysed.in 10 min intervals. It is recommended to Keep
the maximum interval length for all indices t0:10 min given potential variability in wind spegds.
The| parameter basis, the period of logging“and the class interval used to determine the IN,T
shall be reported.

Statjistical indices can be useful in-improving the quality of a data-set, for example to identify
outllers or similar, when paired with short Lpegq intervals. For example, a large differgnce

between an Lago/Laeq/La16._c0uld indicate a volatile sound level within a short interval jand
identify a contaminatediinterval. See Annex F for examples.

Care should be taken in regulatory environments where the limits are described in statistical
indi¢es to ensure\that appropriate interval times are used and handling of contaminated of gata
is appropriate’./When comparing different statistical indices, it should not be assumed thaf the
relalionship‘\between them is stable. Any computation with different indices should be done with
carg. Statistical indices for shorter periods cannot be logarithmically averaged or summe{d to
repljcate-the same statistics for longer periods.

11.4 Non-acoustic measurements (SCADA, wind speed, temperature, humidity)

For the duration of the campaign, SCADA data for the acoustically relevant wind turbines will
be recorded. The SCADA data requirements are outlined in 9.2. To the extent possible, the
SCADA data intervals shall match the intervals of the A-weighted sound pressure levels. Refer
to 6.5 for guidance on time synchronization.

At or near the acoustic receptor location, the wind speed, wind direction, and precipitation shall
be recorded. A representative location should also collect temperature, barometric pressure
and humidity for the measurement area (of each receptor location). The wind speed and wind
direction data intervals should preferably match the intervals of the A-weighted sound pressure
levels. It is recommended that the testing requirements be determined using the outline and
guidance provided in 7.2.
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11.5 Data processing and analysis
11.5.1 Data requirements

Subclause 11.5 outlines the data requirements in order to determine receptor location that can
be attributed to a wind power facility during the relevant operating conditions of the facility. It is
anticipated that this will aid in determination of details regarding how the below quantities
should be derived, the placement of the relevant sensors, synchronization of the data, and
sensors required to determine representative operational conditions of interest.

The following quantities should be determined as required for the analysis at relevant intervals
(sedq Table 4):

Table 4 — Quantities as required for analysis

Quantity description Comment

Reg¢eptor location:

Sound pressure level See Clause 11
Wind speed See 9.3
Wind direction See 9.4
Temperature See 9.6
Humidity See 9.6
Precipitation level See 9.5

At wind farm infrastructure for relevant wind

turbines:
Wind turbine electrical power, yaw angle, rpm See 9.7
Wind direction at hub height See 9.4
Wind speed at hub height See 9.3
Optional: cloud cover See Annex K

11.8.2 Data binning

When binning of the measurements is required, the procedures shall follow the metHods
outlined in 10.1. The method applies to all wind speeds and directions. The wind speed rgnge
for Jocumentation js'related to the specific intent of the measurement purpose and could bg set
by Ipcal guidelines.

11.8.3 Handling extraneous sound data

It is| anticipated that during the measurements, transient conditions can influence the sqund
levels.“As such it is appropriate to remove data influenced by intermittent, extraneous sqund
sources. This should be applied equally to ON and OFF conditions. Examples of such
extraneous sound sources could be:

e variable traffic;
e rivers and roads after rainfall;

e seasonal birds (dawn chorus) and insects.

Some strategies for removing extraneous sound are provided in Annex F.
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11.5.4 Determination of representative conditions

The gathered data will be time filtered to create one or more data-sets, representative of the
times of interest (noting that some data can fall into multiple data-sets or none). The times of
interest should be determined in the measurement plan outlined in 7.2, with consideration for
the purpose of carrying out the sound pressure level measurements.

Examples of measurement plans are provided in Annex D.

11.6 Measurement methods

11.6.1 Long term measurements of wind turbine operation without shut down

Thigd method is intended for a situation in which compliance can be checked at receivenlecatlons
using simple measurements. There are limitations to the usefulness of this method.- However,
it cgn be used to provide a satisfactory level of information for regulators in certain conditipns.
It could be useful in scenarios of high wind shear where the hub-height wind speed is high
enopgh for the wind turbines to be operating and the ground level wind speeds’are low, reduging
the pmount of background sound contribution.

In cpncept, this method involves conducting measurements with the-wind farm operating in the
desired state (for example, over a specific, desired wind speed“range, or at or close t¢ its
maximum sound power output), while also being in a condition ‘where background sound leyels
are kept at a minimum. The measurements can be compared.against the regulatory limit, [and
be ysed to confirm compliance, if the levels fall below the-allowed limit. If the measured leyels
are |above the allowable limit, no conclusion can b€ made regarding compliance, as|the
signiificance of the contribution to the measured levels from the background sound is not knpwn
duripg the measurements. In the latter case, measurements during wind turbine shutdown would
be necessary to make an assessment of compliafice.

Thig method is applicable to any acoustiggitdicator (Leq, Lgg, Lsg) that the regulator would

reqyire. Minimum data requirements are recommended to be established before measurements
are conducted and should be determined with respect to the acoustic index being measured.

During the course of the measurements, if background sound is considered to have a significant
and|measurable contribution to overall sound levels, the background levels should be measured
and|quantified. Acoustic data.is’considered to represent background sound where the releyant
wind turbines are confirmed-not to be producing a significant amount of sound for the entirety
of the measurement _interval. Selection of relevant wind turbines shall be the same| for
background sound determination as for the wind speed determination (see 9.3.2.3). This may
be qonfirmed by evaluating the power output and rpm of the relevant wind turbines.

11..2 Short)term measurements including periods of wind turbine operation and shut
down

Thid method may be incorporated as part of an overall measurement program to provide another
line|oflevidence as to the sound level attributable to the project. This method can allow for the
quantification of the wind turbine sound and the background sound during a specific timeframe
provided the conditions do not materially change between the on and off period. Measurements
would be carried out on a continuous basis and the wind farm would be temporarily stopped
(including any auxiliary sound-emitting equipment) for short durations (e.g. 30 min to 1 h).
Comparisons of sound levels between operational and shut down periods would be used to
determine the contribution of the wind farm at the measurement location. The comparisons
would only be possible between periods measured within short timeframe such as 3 h to 4 h.

This method relies on the assumption that environmental conditions, which have an influence
on the acoustic performance, have not changed substantially between the periods of wind
turbine operation and wind turbine shut down being compared. This specification provides
guidelines and limitations to ensure that the comparisons are appropriate. If the conditions are
deemed comparable, then the sound pressure level contribution can be calculated as a
logarithmic energy subtraction of the background sound levels, during the turbine shut down,
from the total sound levels during the operational periods.
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In carrying out this method, operational and shut down periods should be compared on a case-
by-case basis, and a determination has to be made whether conditions have materially changed
between the turbine operation and shut down periods or not. If the operational and shut down
periods are deemed to not be sufficiently comparable, a comparison and subsequent logarithmic
energy subtraction cannot be carried out. Other than the elapsed time between the turbine
operation and shut down periods, several other factors could determine validity of the
comparison such as (but not limited to):

e representative conditions of interest (see 7.3);

characteristic wind direction (see 9.4);

e fTmospheric stability, In particular avoiding changes from day to night or night to day,

e significant changes of cloud cover, temperature gradient, wind shear (or other guantjties
ndicating a change of atmospheric stability and thus sound propagation or wihdindyced
packground sound levels);

e eéxtraneous sound sources (traffic noise, farming sound, sound by humans or animals, €ftc.).

It is|recommended that the acceptable range of conditions for validity of\this method be pre-
detgrmined in the testing plan and applied to the data once the measurement campaign bedins.
For [example, generally, the time between periods of turbine operatior’ and shut down should
not pe more than 3 h to 4 h to ensure comparable conditions.

Althpugh not explicitly required, data gathered in this fashion{can be binned by wind speed or
wind direction for a binned analysis methodology to account for variations in conditions dufring
the Imeasurement. If conditions are expected to be unsteady and fluctuating, more frequent
stogping of the turbines can be prudent, and a bin analysis likely to be necessary.

11.§.3 Long term measurements including periods of wind turbine operation and shut
down

Thigd method is similar to short-term measurements (see 11.6.2), but it typically utilises|un-
attended long term measurement stations, and continues measurements both during wind
turbjne operation and wind turbine shut down over much longer periods (several days, wegks,
or nonths). This is expected to result in a larger data-set. Depending on the test plan, it cpuld
be Used to target a much larger range of different operating and environmental conditipns.
Thepe variations are captured:-and binned for appropriate data handling, for instance, lafger
wind speed ranges as well'as a range of different wind directions, under different atmospHheric
staljility parameters and\thus sound propagation characteristics. As such, the method allows
for more wide sweeping statements about the sound pressure level attributable to a wind farm
at a|given location/

In grder to achieve the intended results, care shall be taken to ensure that environmgntal
condlitions are'comparable between turbine operation and shut down periods. For instance, both
datg-sets shall comprise periods covering the same times of day, same range of meteorological
condlitions, etc.

While wind turbine sound emission does not change with season (although certain conditions
affecting wind turbine operation can occur more or less frequently on average in different
seasons), background sound can change significantly (wind induced sound in trees with versus
without leaves, animal sound like birds, insects, frogs, etc.). Thus, the timing of the testing
should consider acoustic influence from ambient conditions, as well as ensuring that over the
timeframe of the measurement significant seasonal changes to the background sound levels do
not occur.

Measurements of sound levels during wind turbine operational and shut down are required to
be part of a continuous and contiguous data-set (allowing for short gaps due to unforeseen
equipment issues etc.). Shut down, or other background sound measurements, made as part of
prior measurement campaigns cannot be combined with a new operational measurement
campaign.
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Once sufficient data is collected, data reduction shall be carried out to exclude transient
extraneous sound events (see 7.4), and to filter for conditions deemed representative (see 7.3).
The data is then binned (see 10.1) by wind speed and wind direction. The acoustic descriptors
for each bin are determined using the appropriate averaging of the data within the bin. The wind
farm acoustic contribution can then be determined by logarithmically subtracting the resulting
background sound level, measured during turbine shut down, from the total sound level,
measured during turbine operation from the same bin.

11.6.4 High background sound situation

Where background sound levels are high, a correction for the influence of background sound is
not [possible. Where the determination of compliance with assessment criteria therefore_is in
queption, an alternative measurement and analysis approach is required, for example| via
megdsurements of sound power level at the turbine in the near-field for use infa-reliable
prediction model (see 11.8), or measurements at a proxy location (see Annex)l). A pfoxy
location requiring a prediction of comparative sound levels to correct the measufed resulis to
the [location being represented by the proxy should be the least preferable ‘method as |this
intrgduces both the higher measurement uncertainties of a receptor distance method with| the
uncertainties related to the use of a prediction model.

Not¢ that the sound power level and proxy location measurements.aré only applicable for sqund
pregsure level estimation, and cannot be used for the assessment of sound characters infline
with[ Clause 12 and Clause 13.

11.7 Guidance on background sound correction

To Hetermine the specific wind turbine sound levels, the total sound is corrected for|the
inflyence of the background sound.

Background sound data shall be binned in thé same manner as the wind turbine operatipnal
sounhd. Depending on site conditions, it can‘\be appropriate to filter the background intervalg for
the pame shear conditions as the wind-turbines in operation, i.e. an additional filter such [that
the hub height wind speed during the\background measurements is similar to the wind turbine
in operation measurements.

Generally background sound ¢orrection is done using the total sound levels from each bin uging
a lopgarithmic subtraction between the total sound and the background sound. Care should be
takgn when the difference between the total and background sound levels is less than 3 dB.

o |f (bin averaged);total sound is at least 3 dB higher than shut down sound, a logarithmic
background _seund correction can be applied.

e |f (bin ayeraged) total sound is between 0 dB to 3 dB higher than shut down sound, |it is
suggested'to use a correction of 3 dB.

Noigedevels with spurious data shall be removed or otherwise adjusted in the same way ag the
totalsound case It should be noted that individual extranecus sound events can be more
pronounced during shut down conditions. Removing these extraneous points shall not be more
restrictive in background periods (wind turbine OFF) compared to total sound (wind turbine ON)
periods. Guidelines and examples of methods for removing extraneous sound are provided in
Annex F.

NOTE 1 If the difference between measured total sound and background sound is less than 3 dB, an excess of
regulatory noise limits (violation) cannot be found owing to the in-built uncertainty of the measurement concept.

NOTE 2 If the overall sound level is less than the regulatory requirement, a finding of compliance can be possible.
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11.8 Sound power level based regulatory scheme

11.8.1 General

Conducting accurate sound immission measurements at large distances from a sound source
can often become complicated or impractical due to the local ambient conditions. As the
distance between the source and microphone position increases, the signal is weakened, and
eventually is contaminated by background sound levels present at the microphone position to
a degree where it is not possible to obtain meaningful results for the wind farm sound. The
sound pressure level existing at a specific point far from the wind turbines can be estimated
using a combination of near-field measurements for determination of the apparent sound power
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wind turbines could be determined using the methods outlined in IEC 61400-11 describing
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Table 5 — 1ISO 9613-2 modelling parameters

024

Parameter description Parameter value Comment
Source height Hub height Point source
Directivity Omnidirectional Apparent sound power
level
Ground factor No more than 0,5 Different regulatory

schemes require
different values

Temperature, °C 10 15 °C most
COTTSETVative

Relative humidity, % 70 80 % mast
conservative
Receptor height, m 4 Reducing the

influénce of the
ground
Cmet 0

It hps to be understood, that parameters like relative humidity, temperature and/orcground factor have not b
chgsen because they are a mean value for the site or country, but because~they show best agreemen

con

Map
can
loc

Different software implementations have options to limit the size ofithe area included in the calculations or simf

cal

the|right level to get correct results.

The

hor|zontally or with a constant slope. Some investigations have found that concave ground profiles (propaga
over a valley) can result in lower levels of ground,attenuation. A correction of —3 dB is applied in all freque
bar|ds if the ground falls away significantly between'the source and the receiver, such that the mean propaga
height #_ is at least 50 % more than that overflat ground. However additional investigations are necessar

confirm the relation between concave ground profile and ground attenuation.

parison with measured values at receptor position.

y jurisdictions have specific parameter ranges for use in sound modelling for wind turbines. Local regulati
apply when making sound predictions using such a model. The above‘parameters are recommendations w
| guidance is not available.

ulations for low levels of the resulting sound. It is important to ensure that this type of limitations are se

method of calculating the ground effect is based on“a‘scenario with ground which is approximately flat, ei
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10 Hz to 10 kHz. When using the Nord2000 model for prediction of wind turbine sound,
follqwing parametersyare recommended (see Table 6):

.3 Nord2000

is a 1/3-octave bahd ‘'model and requires sound power levels in 1/3-octave bands from

the
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Table 6 — Nord2000 modelling parameters

Parameter description

Parameter value

Comment

Source height

Hub height

Point source

Directivity

Omnidirectional

Apparent sound power
level

Ground factor

Land, typically D or E

Flow resistivity 200,

500
Offshore, G
20 000 kNms™
T"mp"rctur", °c 1n 15 °C maoct
conservative
Relative humidity % 70 80 % _most
conservative
Pressure millibar 1013,3

Terrain

Use terrain profile as it
is from elevation lines or
similar

Wind speed, m/s

8 m/s at 10 m height
with maximum sound
power level

OF,

wind speed-distribution

Typical authority
requirement

Temperature gradient C/m

0

Unless specific

knowledge or

requirement is
available

Turbulence (wind) m(4/3)/s?

0,120

Unless specific

knowledge or

requirement is
available

Turbulence (temperature) K/s?

0,008

Unless specific

knowledge or

requirement is
available

Roughness length) m

Actual roughness length

Or recalculate fro
measured wind shear
for specific sites

E]

=

situations.
Roughness class Small, 0,25 Not very important
Wind direction Downwind? Typical authority
or requirement

measured wind direction
profile?

Receiver height, m

Use the physically

Dependent on

COITEeCl vdlug, i-UI
example 1,6 m above
ground

guttrority Tequiterment

Different software implementations have options to limit the size of the area included in the calculations or simplify
calculations for low levels of the resulting sound. It is important to ensure that this type of limitations are set at

the right level to get correct results.

See 10.3 for uncertainty of different models.
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11.9 Reporting of results

The

following data shall be reported in binned values where applicable:

e sound pressure levels:

— total sound,

— background sound,

— specific wind turbine sound,

e power;

12

12.1 Outline

The

in t

narrowband analyses.

Sou

vind speed;
vind direction;
bther binned parameters;

bcatter plot of measured sound pressure levels versus binning wind speed;

ime series plots of measured sound pressure levels, power, wind speed, )wind direction;

easured sound power level data for prediction models; input parameters for predidtion

odels.

Tonal audibility

ne sound at different wind speeds and wind directions shall be determined based

purpose of Clause 12 is to describe how to determine the tonal audibility of wind turbine or
wind farm sound at a receptor location based on standardised methods. The presence of td

nes
on

Ind with audible tones is perceived as\more annoying than the same sound without topes.

To ke able to evaluate the effect of tonal/audibility in the sound it is necessary to have a met{hod

that

presents objective results for “the tonal audibility that corresponds to the subjegtive

pergeption, and which is suitable<fer use on large data-sets in a semi-automated mannef. In

this
as t

The
aud

it should be-noted that analysing tonal audibility in purely downwind conditions, might

enc

The
clar

ble turbiness-in part due to the lower aerodynamic masking sound in those directions. Hg

bmpass.the worst tonal audibility a resident can perceive.

document, ISO/TS 20065 fhenceforth referred to as the ‘ISO method’) has been sele¢ted
he basis for evaluation of:the tonal audibility of the sound from wind turbines. CIausI 12
detgils an implementation. of‘the 1ISO method for the analysis of wind turbine sound meas

at r¢ceptor distances.

red

most promingnt.tones can be measured in wind directions other than downwind of the most

nce
not

analysis should be carried out as per the ISO method, except where Clause 12 specifies a
fication, or deviation as part of the implementation. The standard approach assumed Is to

determine tonal audibility for 1 min periods, based on the combination of the results for 20
individual 3 s averaged spectra.

NOT

E 1 When coding or trying to follow ISO/TS 20065:2022, reference is made to ISO/TS 20065:2022, Figure D.1
to Figure D.4 alongside Clause 5, as information regarding the process is not always detailed fully in either the
diagrams or the text alone.

NOTE 2 A sample program to determine audibility can be downloaded from http://standards.iso.org/iso/20065
This can be useful for validating proprietary analysis codes, however the variations from the ISO method detailed in
this implementation will be borne in mind.

NOTE 3 Annex L details some aspects of the ISO method which require further investigation to be more thoroughly
addressed in a future revision of this implementation.

NOT

E 4 ISO TS 20065 states that the procedure has not been validated below 50 Hz.
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12.2

Overview of the ISO/TS 20065 method

Below is a brief summary of the method:

1) ‘Basic’ narrowband spectra are merged to create 3 s average narrow-band spectra.

2) For each 3-s averaged narrowband spectrum:

a) The frequency range is scanned for peaks which could be potentially audible tones.

b) Each line is checked whether it is both greater than the lines either side, and above the
mean narrow-band level, Lg, within the critical band about the line (calculated through
an iterative process)

) For each peak identified as a potential tone:

i) a critical band is formed around the peak;

ii) tone level, Ly, (including neighbouring tone lines) is determined if the, spectral|line
identified as a potential tone is greater than the mean narrow:band level,| Lg,
(calculated through an iterative process assigning lines as either)tone, masking or
neither) about the tone line by at least 6 dB;

iii) the tone is checked for distinctness;

iv) the critical band level, Lg, of the masking noise, and\the masking index, a,,|are
calculated;

v) The audibility, AL, is calculated by subtracting, theé critical band level, Lg, of|the
masking noise, and the masking index, a,, from-the tone level, L.

1) For each tone identified:

i) A critical band is centred around the maximum narrow-band level of the tone lings.

ii) The critical band is checked to see,if*any other tones are present within the critical
band.

iii) Where other tones are found tg'be present (a frequency group), flag all spectral llnes
belonging to these tones and-the tone under investigation.

iv) Add the levels of the flagged spectral lines and, using the masking noise, Lg, [and
the masking index, ay; of the participating tone with the greatest difference Al, to
determine a AL of the frequency group.

b) The decisive audibility, AL, is calculated for each narrow-band spectrum from the most
prominent tonakaudibility, possibly involving a frequency grouping.

3) Determination 'ef mean audibility of multiple 3 s spectra is carried out through eng¢rgy
hveraging.

NOTE The «necessity for the calculation of the uncertainty of the tonal audibility is removed due tq the

implgmentation of the ISO method detailed within Clause 12, which results in more than 12 basic narrowband spgctra

being merged to create each 3 s average narrow-band spectra.

12.3—tnstrumentation

For standard requirements for determination of narrowband spectra, see 6.1.4.

For standard requirements of audio recording and playback systems, see 6.1.6.

Assuming an audio recording is used as the source for obtaining narrow-band spectra, the
recording should use a dynamic resolution of 24 bits and sampling rate = 12 kHz. As it is key
to be able to audition specific periods to determine if tones are likely to come from the wind
turbines (such as for investigating outliers in the results), it is suggested a similar quality of
audio recording is made even if narrow-band spectra are being measured directly.

NOTE

In some circumstances it can be necessary to make audio recordings with a higher sampling rate where

higher frequency tones are of interest. See 12.5.2.4 for more details about determining frequencies of interest.
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12.4 Acoustic measurements

Although it is useful to have the context of broadband levels for periods which are being
analysed for tonal content, there is no specific requirement for acoustic parameters to be
measured ‘live’, as it is most practical to calculate the narrowband spectrum from the recorded
audio files, applying an A-weighting.

The narrowband spectrum should use a constant line spacing, Af, of 2 Hz and a Hanning window
as mandated in the ISO-method with a 75 % overlap. A source audio file of sampling frequency
12 kHz analysed with these parameters will result in a window width of 0,5 s, or 6 000 samples,
and will result in 25 ‘basic spectra’ being averaged to create each 3 s averaged narrowband
spe¢trum. Where a higher sampling frequency audio file is used as the source, the numbgr of
basic spectra per 3 s averaged narrowband spectrum will be higher.

12.8 Non-acoustic measurements
12.8.1 General

The|wind speed and wind direction should be determined as per 9.3 of,this"”document for gach
1 m|n period. If a period other than 1 min is being used for the major time frame reference) the
1 m|n tonal audibility results should be assigned the wind speed afd wind direction valueg for
that| larger time frame reference for all 1 min periods included within the larger time frame
refefence.

12.8.2 Implementation specifics
12.9.2.1 Wind turbine operation

Where wind turbine shut downs have been carried out during the measurements, the analysis
should be carried out for wind turbine on and ‘wind turbine off periods separately, and both
datg-set results reported.

NOTE It is not necessary to carry out rigorous/tone origin investigation for turbine off data, however it is relgvant
to cdlculate and report tonal audibilities over<the same tonal search range as the on data.

12.5.2.2 Frequency range ofiapplication

As wind turbine tones can accur below 50 Hz, and these tones can be perceptually audible| the
method should be applied for all suspected or identified tones from 30 Hz upwards| To
accopmmodate this, thetcritical band for tones between 30 Hz and 50 Hz should be fixed at 20 Hz
to 1R0 Hz.

It c4n, in some.circumstances, be desirable to investigate tones below 30 Hz, which could be
dong with suditable equipment and caution, but the implementation of this should be justified|and
treafed with*caution.

Tonblaudibilities calculated for tones within the 30 Hz to 50 Hz rpginn should bhe scrutinlsed
carefully as there is the potential for A-weighting steepness to affect the assigning of lines as
tone or masking, and can in some instances create the appearance of a tone that is not actually
present. In addition perception within this region can vary more than at higher frequencies in
practice.

In cases where tones appear at low frequencies it is advisable to investigate if the tone level is
above the relevant hearing threshold (e.g. ISO 226 and ISO 28961). If the total tone level in a
critical band is below the relevant hearing threshold, it can be reasonable to disregard the
associated tones in the assessment of tonal audibility.
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12.5.2.3 Critical bandwidth

Subclause 5.2 of the ISO method (ISO/TS 20065:2022) details how to determine the width of
the critical band about a tone frequency. It is not clear from the ISO method whether corner
frequencies (f; and f,) should be rounded down, up, or to the nearest narrow-band line. For the

purposes of this implementation, corner frequencies should always be rounded down to the
nearest narrow-band line.

12.5.2.4 Determining frequencies of interest

It is highly likely that measurements carried out at residential locations will feature tones from
soufces other than the wind turbines under investigation. As such it is important to try and_both
limif the likelihood that tones from other sources will be analysed, and to scrutinise|the
frequencies of tones identified and to determine whether they originate from the wind turb|nes
beirlg investigated.

To reduce non-turbine tones from influencing the results, the first consideration is suitable
positioning of the microphone (see Clause 8), however a further step is,to)limit the frequgncy
range over which tones are searched for. It is suggested that the upper limit for the tonal search
range should be based on the atmospheric absorption expected at_the separation distance to
the pearest turbine, calculated using ISO 9613-1. If the atmosphericabsorption is at least 2( dB
in a| 1/3-octave band, tones are typically attenuated sufficiently to' not be of concern by wind

turb|

ne neighbours. As the atmospheric absorption increases/with frequency, if it can be shpwn

that|a specific 1/3-octave band will be attenuated by at least.20 dB, all 1/3-octave bands with
higher frequencies will also be attenuated by at least 20 dB.
In Tlable 7 examples of the lowest 1/3-octave band*to be attenuated by at least 20 dB|are
shown, and therefore an appropriate upper search frequency, for a range of distanges,
temperatures and relative humidities. The examples are calculated from ISO 9613-1.
Table 7 — Upper tone search frequencies based on
a range of distance*and meteorological conditions
Teémperature Relative Distance (from source to receiver)
humidity
100 m 300 m 600 m 1000 m
(°C) (%) (kHz) (kHz) (kHz) (kHz)
-10 100 10 5 3,2 2
0 100 10 6,3 4 3,2
10 50 10 5 4 2,5
10 80 10 5 2,5 2
20 50 10 6,3 5 4
This search range can be increased If fones above this frequency are suspecied. Equally, the

search range can be reduced further following either an initial analysis over the said range and
the identification of turbine tone frequencies, or if the purpose of the analysis is to investigate
a specific tone frequency from the outset. It can be useful to review IEC 61400-11 sound power
level measurements, or to consult with manufacturers, in order to better understand any
potential tone frequencies that could reasonably be expected from the turbine(s) under
investigation. If an iterative approach is taken to determine the final search range, the results
of both the wider and narrower search range(s) should be presented.

In addition, the frequencies of audible tones identified should be reviewed, and both common
tone frequencies, and high audibility outliers, should be investigated to ensure tones from
sources other than the wind turbine(s) under investigation are not affecting the results, and the
details and extent of this documented in the report.


https://iecnorm.com/api/?name=7a739d2595674ef971cf3fe7239aa4b1

— 46 - IEC TS 61400-11-2:2024 © IEC 2024

NOTE Determining the source of significant tones can be done via auditioning audio files, comparing turbine off
and turbine on data, reviewing spectrograms and various other methods.

12.5.2.5 Criteria for a tone being present

For the purposes of this implementation, tones with calculated audibilities below 0 dB should
not be excluded from the further calculation steps based on this criterion alone, and therefore
should still be included in frequency grouping calculations (see below). This is likely a variation
from what is intended within the [SO method as it is stated in the ISO method
(ISO/TS 20065:2022) 5.3.8, Step 2: “If AL, > 0, then a tone is present”. This statement can

imply that potential tones where AL, < 0 are in fact not tones.

NOTE The reasoning behind this divergence from the ISO method is that, although a potential tone with@a AZf <0

mighf not be audible by itself, the perceptual concept of a critical band (assuming the discrete two-tone case detgiled
beloy and within the ISO method is not met) is that all tone energy within a critical band is percejvedias a sfngle
tone] and therefore all tone energy is summed to account for this. Whether the energy of a potential,tone on it§ own
woulfl cause a perceptible tone is irrelevant to the underlying critical band concept.

12.8.2.6 Frequency grouping

Frequency grouping is the process of combining the energy of tones“*where multiple tgnes
appgar within a single critical band. This process is carried outzafter calculating the tpnal
aud|bility (from the combined energy of tone lines about the localkmaxima, and a subsequent
correction for masking and distinctness check — see ISO method (ISO/TS 20065:2022), 53.8,
Step 1 and Step 2) of each individual tone found to be preseni,This process is detailed in jpart
withiin the ISO method (ISO/TS 60025:2022), 5.3.8, Step,3, and partly within the ISO method
(1ISQ/TS 60025:2022), Figure D.4. This process was found to be commonly interpreted with
smdll variations by practitioners, and therefore the{glarifications below aim to avoid tHese
variations from occurring.

Thig process should be carried out as follows-for each audible tone (‘origin tone’) found in| the
ISO[method (ISO/TS 60025:2022), 5.3.8, Step 1 and Step, in turn:

e A critical band should be centred onrthe line of the origin tone with the maximum tone Igvel.

e The critical band should be searched on either side of the origin tone for other previously
dentified tones.

e Where another tone is found whose maximum tone level line falls within the critical band,
all lines associated with-this tone should be ‘flagged’ for inclusion within the frequgncy
jrouping (whether_the ‘individual tone lines, other than the maximum tone level line/| fall
ithin or without the-critical band).

e Having searched/the entire critical band, the origin tone and any other tones flagged should
be compared-to determine which tone has the maximum audibility calculated in Step 2, [and
his tone-assigned as the ‘dominant’ tone.

e The tone lines of the origin tone and all other flagged tone lines should have their en¢rgy
summed (ensuring no line is summed multiple times for adjacent tones), and then the tpnal
audibility of the frequency group calculated using this summed tone level and the masking
corrections calculated in Step 2 from the dominant tone.

e The frequency assigned to this frequency grouping’s tonal audibility should be that of the
dominant tone.

NOTE 1 The terms ‘origin tone’ and ‘dominant tone’ do not appear in the ISO method, but have been added here
to try and aid clarity.

NOTE 2 Although in terms of reporting requirements, only the frequency and audibility of the decisive tone in each
3 s averaged spectra will be reported, more information can be useful for a more detailed analysis. It is suggested
that storing the output of all individual (non-frequency grouped) tonal audibilities and associated frequencies (in line
with Step 2) as well as the frequency grouping results is important for investigating results. Furthermore, where
frequency groupings occur, it is useful for the practitioner’s analysis outputs to detail both the appropriate frequency
for the frequency groups tonal audibility, and the frequencies of the tones combined within the frequency grouping.
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12.5.2.7 Determination of mean audibility for each 1 min period

The mean audibility of the decisive audibilities of a group of 20 consecutive 3 s averaged
spectra should be calculated, corresponding to a 1 min mean audibility. This should be done
for each 1 min period.

This calculation should be carried out according to the ISO method (ISO/TS 60025:2022), 5.3.9,
except for the adjustment of 3 s decisive audibilities, AL;, <0 dB to —10 dB. These audibilities

sho

NOTE

1 mi

uld be left with their original negative value for the purposes of energy averaging.
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result, has the potential advantage of tracking both frequency and tonal audibility variation within a

ive a
min

perigd, as opposed to using 60 s averaged spectra, where both frequency and audibility can be blurred, and the|level

of to
the -

ality potentially underestimated. This advantage can, in some circumstances, be significantly reduced by

sing

0 dB audibility adjustment for 3 s spectra where decisive audibility is below 0 dB. This is particularly the |case

wherg a tone is varying in audibility near the assumed threshold where small dips in audibility (just below 0 dB) pring
dowr] the energy average disproportionately, with the result that the derived 1 min mean audibility representf the

tonall audibility within the period to a lesser degree. Where strong tonalities are present, howeverthis variation

the |

12.8.3 Data binning

Foll

5O method makes little difference to the 1 min result.

from

bwing the calculation of 1 min mean audibilities for the data-sel! these audibilities shpuld

be 4ligned with a 1 min average (or longer time reference if necessary) wind speed and Wind

dire
spe

arithmetic mean audibility should then be calculated for, each bin.

If additional wind direction bins are required, as determined in the test plan (see Clause 7)
burpose of the analysis (such as downwind segtor), the above procedure should be followed
with| these additional bin parameters also.

the

12.5.4 Uncertainty

Usel|the principles of 10.3 for uncertainty calculations by arithmetic mean.

12.6 Reporting

The|reporting of results using this tonal analysis method shall include the following in add
to the information requifed by Clause 15 of this document:

bd and direction with a resolution of 1 m/s and 30° (integer/north centred respectively)

Description andjustification of methods used to identify false-positives and false-negat
within the data_and to remove extraneous sound sources, and details of the data exclu

[ables of-séctoral binned results showing 12 columns of wind direction sectors of 30°
starting\with a sector centred on North at ‘0’ (345 < x < 15°) and rows of 1 m/s wide

[ hie’'wind speed bin rows should be contlguous and cover the range of data available. Th

ablac can raniiira oAt~ Sl e ~Ff A Adoaand diract: caoptora baocad on th
aoTCS—oaTt rogqunmoc—audTtroTrar CoTaTT o~ Ot e SHea— Wt aHeeHo—SeetorS—oasSea—ohi—the

Ction, calculated as per 9.3 and 9.4. These 1 min data points-should then be binned for wind

An

for

tion

ves
led.

wlidth

vind

Epeed ;bins centred for wind speed on the integer values starting at ‘1’ (0,5 < x < 1,5 np/s).

ese
test

plan requirements. The following bin values should be presented in separate tables (note

that some bins are likely to contain ‘-’ or ‘0O’ values):

a) arithmetic mean tonal audibility;

b) number of 1 min data-points analysed (and not excluded);

c) three tables showing the percentage of 1 min datapoints within the bin above:
i) 0 dB tonal audibility
i) 4 dB tonal audibility
iii) 9 dB tonal audibility
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e Charts showing:

024

a) frequency for the highest 3 s decisive audibility for each 1 min period versus wind speed
(note it can in some cases be useful to also plot rotor or generator rom on a secondary

axis where this is suspected to be related to key tones);

b) wind speed versus wind direction with:

i) each non-excluded 1 min period, with each data-point coloured to show if the tonal

audibility value for that 1 min period was x<0 dB, 0sx<2 dB, 2<x<4
4<x<6dB,6<x9dB,9<x<12dBand 12dB < x;

i) tonal audibility versus wind speed chart;

e Additional charts can include:

13

13.1

Due€

iii) each 1 min period analysed (and not excluded) from all wind directions,

) either Lagq 1-minute ©F LA90,1-minute VErsus reference wind speed for each non-excly

10 min period, with each data-point coloured to show if the tonal audibility.value for
10 min period was x<0 dB, 0<x<2 dB, 2<x<4 dB, 4 <x<6.dB, 6sx<9
9<x<12dB and 12 dB < x.

Amplitude modulation

General

to the rotational nature of most sound sources related*‘to a wind turbine, there is usua

regy
is r
insi
the
brod

13.3

Clayse 13 defines the procedures_to be used in the analysis and reporting of the level
litude modulation emanating-from (a) wind turbine(s) at receptor distances. Measuremient,

amg
inst
non
to b
obts

The
Amy
detd
wor
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lar pattern of rising and falling amplitude in the sound’emissions, which can be descr

lated to the rotational speed of the rotor. QUantifying the amplitude modulation all
ht into the overall character of the sound andrallows an estimation of the extent to w
noise impact might be greater than expected for steady sound with similar averg
dband sound level.

as }mplitude modulation. The time between these peaks and troughs (frequency of modulation)

Outline

umentation and calibration-requirements have been specified in previous clauses, as

e measured and reported are identified, as are the data reduction methods required
ining these parameters.

method detailed within Clause 13 is an implementation of the UK Institute of Acous
litude Modutation Working Group Final Report [7]2. The primary changes from the mef
iled within the Final Report relate to more specific output requirements, and the us

dB,

ded

that
dB,

ly a
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pows

hich
ged
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are

acoustic measurements.required to define the conditions being analysed. All paramefters

for

tics
hod
e of

bt-case. results in each bin. The method has been detailed within Clause 13 in a more

Cise’ format than in the Final Report, with the removal of the decision-making context.

NOTE This method has been identified for inclusion at the time of publication given its robust development and
successful deployment history. It is understood that other methods are under development.

2 Numbers in square brackets refer to the Bibliography.
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Application of the method described in Clause 13 provides the average modulation depth for

eac

h 1 m/s and 30° wide wind speed and direction bin, referenced to an appropriate wind speed

height as detailed in previous clauses. It can be appropriate, in addition to the aforementioned

bin
(clo
ang

resolution, to combine these bins to create wider bins covering either downwind, crosswind
ckwise and anti-clockwise of downwind separately) and upwind, or other wind direction
les to investigate criteria defined as part of the measurement plan. The wind speed range

required will likely also be detailed within the measurement plan, however itis not recommended
to widen the wind speed bin resolution further than 1 m/s. There is no set required wind speed
range suggested within this document.

The method applies to all wind speeds and wind directions, and it should be taken into account
that|the directivity of amplitude modulation emission will vary compared to other wind turbine
source(s).

The|method is applicable for a modulation frequency range of 0,3 Hz to 1,6 Hz and should be

bas

13.3 Instrumentation

Sta
Sta

13.4 Acoustic measurements

100

13.8 Non-acoustic measurements

Win

13.6 Data reduction procedures

13.6.1 General methodology

bd on external free-field measurements.

dard requirements for determination of 1/3-octave band spectra and narrowband spectra.
dard requirements for audio recording systems.

mMS Lpeq 1/3-third octave band measurements, audio recording for auditioning purposess.

1 speed and wind direction, rotor rpm if ayailable.

Acopstic measurements are made in 100 ms Lpqq on 1/3-octave bands from 20 Hz to 10 kHz

as g minimum. Wind speed a@nd direction are referenced to average 10 min values. Wind spgeds
relafing to bin definition should be 1 m/s wide and integer centred (i.e. a 5 m/s bin is from

4.5
the

m/s to 5,5 m/s). Wind-direction relating to bin definition should be 30° wide and centred on
bin value (i.e. a_ 307bin is from 15° to 45°).

In dqutline, a Fourier transform is taken of band-limited time series data to determine|the
fundamentalmiodulation frequency (which is expected to be related to the turbine blade pasgage
frequency(BPF)) and the second and third harmonics. These components are then usef to
recgnstruct a time series, which should relate only to wind turbine amplitude modulation, with

the

influence of background sources minimised. The modulation depth is then calculgted
follcmmﬂmmm, €. 95 - 5-

The method involves the following stages:

Sound is measured in short-term, 100 ms Ly, values in 1/3-octave bands. Three frequency

ranges, or bands, are evaluated: 50 Hz to 200 Hz; 100 Hz to 400 Hz and 200 Hz to 800 Hz,
and the results which exhibit the highest resulting levels of amplitude modulation (AM) are
used.

The fundamental length of the input sample to be assessed (the minor time interval) is 10 s.
The hybrid reconstruction method is used to determine the AM value for each 10 s value.

The values of AM measured by the metric in each 10 s interval are aggregated over a 10 min
period (the major time interval) to provide a single value which is the AM rating for the
10 min period.
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024

Implementation of the recommended reference method requires the use of specific bespoke
computing routines using programming platforms.

A sample code developed alongside the IDAAMWG Final Report [7] is available, although this
code might not reflect the entirety of the method outlined within Clause 13, and is not maintained
or written by IEC. The code is available at https://sourceforge.net/projects/ioa-am-code/3.

Although it is relatively complex, a degree of complexity is considered inevitable in a method
that is sufficiently robust for determining compliance or non-compliance with specific thresholds

orl

13.
13.
13.

At r¢ceptor distances the majority of the audible energy of the sound emissions emanating f

win

somewhere between 50 Hz and 800 Hz for larger wind turbines). ThéJrange of the freque
banfgwidth will depend on several factors including the wind turbine dimensions, rotati
speed, wind direction or orientation in relation to receptor, and separation distance.

desfrable to focus analysis on a limited frequency range to reduce the influence of backgro
souhd sources, and better align modulation results with perception. It is possible to scruti
spe¢tral data to identify the frequency range where modulated wind turbine sound is n

pro
the

frequencies which are modulating for each period:

NOTE 1 It can be the case for some wind turbines, oin some circumstances that the frequency of the dom
moddilating wind turbine sound is outside the threexbands detailed below. In these cases one or more altern|

freq

requfre careful handling as this is a departure.front the standard method. For more details see Annex G.

The| input data to the analysis should be A-weighted, band-filtered 100 ms Legq values.
analysis should be done for thrée band-filtered frequency ranges, each encompassing s§

1/3

NOTE 2 It willFbe borne in mind that for the higher frequency ranges (starting at 200 Hz and 400 Hz), data cg

mor

carefully. Simijlarly, the lower frequency range might be more affected by wind noise.

The| 100 ms 1/3-octave bands should be either measured as A-weighted values or have

imits.

.2 10 s methodology
6.2.1 Input data

§6.2.1.1 Frequency band

turbines will be focused around a relatively limited frequeney bandwidth (ust

rminent, but as this varies with the factors detailed above, it is generally more efficient to
three frequency bands below in a systematic)‘analysis, than to identify the domi

dency bands could be used to analyse the deminant modulating wind turbine sound, however the method

-octave bands, with 1/3-octave band centre frequencies:

b0 Hz to 200 Hz;
00 Hz to 400 HZ;
P00 Hz to 800 HzZ.

¢ prone_to corruption from other sources, such as bird calls, and the resulting spectra will be scrutinised

rom
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A-weighting corrections applied to each band as a post-processing step. The resulting
A-weighted bands should then be summed (logarithmically) within each of the above frequency

ran

3

ges of interest in order to obtain a band-pass filtered Lagq 100ms (8P) Signal.

IOA AM code is an example of a suitable product available commercially. This information is given fo
convenience of users of this document and does not constitute an endorsement by IEC of this product.

r the
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NOTE 3 While it is possible to post-process audio recordings to A-weight them and filter them over the frequency
band of interest, this entails significant practical difficulties: high resolution audio recordings would be required,
which have large storage requirements; post-processing requires specialist software and is generally not
straightforward. Therefore, the preferred approach is to use directly logged 1/3-octave band Leg values, centred
between 50 Hz and 800 Hz, in 100 ms resolution, either A-weighted or with the A-weighting corrections applied in
post-processing. Leq 1/3-octave bands were chosen in preference to fast time-weighted 1/3-octave bands as the
former are more precisely defined and allow summing up in the manner specified, and also leads to higher resulting
AM values as they result in more pronounced peaks and troughs.

13.6.2.1.2 Modulation frequency

The method requires, as input, a range of modulation frequencies in which the main (or

func amantallmaoadiulation fean i ianay 1o avinantad o b fal A Thic ccciote 1n Avoaliidiaa S o ent
arroTrtaT) FRottratoh ooy S CTAPTCTCTToOOT ot R e—rrS—asSsSistsh CTACTOUTTgap P

modlulation’ which is not related to the turbines. This main modulation frequency is-usually
relafed to the rate at which each blade passes a fixed point during its rotation, the BRF,

Knowledge of the turbine type and its possible rotational rates, or turbine operational (SCADA)
datg, can assist in defining this range. For example, for a three-bladed turhine rotating at
20 rptations per minute (rpm), the modulation frequency of interest would be*a BPF = 3 x rpm /
60 § 1 Hz. In practice, the rotational rate can vary between turbines on a particular site and it
might not be possible or practical (except maybe in the simplest cases) to define a sipgle
expected BPF for each 10 min analysis period based on operational data.

Thefefore, it is effective to specify a modulation frequency range and to determine the highest
modulation peak found within this range, usually based on the known rpm range of the turbinge(s)
beirlg measured. For example, for a turbine operating-between 12 rpm and 22 rpm,|the
corresponding BPF range would be 0,6 Hz to 1,1 HZ, and correspondingly a search rgnge
encpmpassing this with some tolerance would be appropriate. This range can be determined or
refined in an iterative analysis based on initial results if required.

NOTE Although it will be expected that modulation freguency will follow the trend of the blade passage frequg¢ncy,
it is pormal for the exact frequencies to vary somewhat\between the two. This is often shown by a chart of frequency
versiis wind speed showing both modulation frequeney and blade passage frequency, where the two will be slightly
offseft, although approximately parallel. In addition, it will be borne in mind that, if there is damage or pitch
irregplarities with a single blade, there can beCmodulation associated with the overall rotation frequency (hlade
passphge frequency divided by 3 for a three-btaded wind turbine).

13.6.2.2 Valid data

The|100 ms samples should be separated into consecutive, non-overlapping 10 s blocks [(the
‘minor’ time interval). There are 60 such minor time intervals in each major interval of 10 njin.

A 10 s block will onlyybe considered valid if not excluded for the following reasons:

e the ‘prominence’ ratio is less than four (automatic processing) (see 13.6.2.3);

e there are-no local maxima within the expected modulation frequency range in the pgwer
spectrum;

e manUally excluded for other reasons (according to the practitioner).

A representative rating for AM is derived using the 90th percentile4 of the distribution of 10 s
AM rating values calculated within each 10 min period. This value is only calculated over the
distribution of valid 10 s blocks, and only if the 10 min period contains at least 50 % valid blocks.
The number of valid 10 s blocks in a 10 min periods is referred to as the ‘»’ number.

As for any acoustic data analysis, the practitioner will retain the ultimate responsibility for
selecting valid periods of data if there is any doubt as to their suitability. This can be done in
practice by a combination of the methods outlined in Annex F.

4 The highest 10 % of the 10 s values analysed, which is the equivalent of the L, for noise levels.
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Note that standard practice is to perform exclusions of invalid results on a 10 min basis if
extraneous sound sources or other factors have invalidated any of the 10 s blocks within that
10 min period. In the situation where there is a necessity to exclude individual 10 s blocks
without excluding the entire 10 min period to which they belong, adaption of the primary will be
required and this adaptation detailed and justified.

The practitioner should review the data for potential false-positives and false-negatives and
detail and justify the methods used for this.

corruption, or similar, carried out for other purposes should be considered as potential
exclusions for the purposes of AM analysis according to this method also.

13.6.2.3 Signal analysis — 10 s blocks
Thelfollowing procedure should be carried out for each 10 s sample:

a) The time-series is de-trended using a 34 order polynomial ‘best fit’.

b) The discrete Fourier transform (DFT) is calculated and both theZreal and imaginary paris of
he output are retained. No window function should be used in‘the transform (i.e. rectangular
window). Furthermore, no padding should be applied to the_ input; therefore, the outpuf will
have a frequency resolution of 0,1 Hz. This also restricts the/maximum modulation frequgncy
hat can be assessed to 5/3 or just below 1,7 Hz.

c) The power spectrum is calculated from the DFT output using the following equation:

2
FHx
S, = | {2}| (12)
m
wvhere
F{x} is the output of the DFT;
n is the number of satples in the time-series (100 in this case).

Care should be taken to ensure correct handling of the indices referring to the positive [and
hegative frequenciésiin the DFT output. Given that the input to the DFT is real, the indjces
corresponding te‘\the negative frequencies can be excluded in the calculation of the pqwer
Epectrum. This will result in a power spectrum with half the magnitude, however this is gdf no
jreat consequence as only relative levels are considered in the analysis of the pdqwer
Epectrum~However, indices corresponding to the negative frequencies will be required later
wvhen performing the inverse Fourier transform.

d) The highest peak (local maximum) is identified within the user-defined allowable rangge of
fundamental modulation frequencies (e.g. between 0,4 Hz and 0,8 Hz, for example,r;ee
Figure 1). The frequency at which the peak is found is considered the fundamental frequency
of modulation for the 10 s block which should usually correspond to the BPF. If there are no
local maxima within the defined range, the 10 s block should not be analysed further and
identified as ‘prominence-failed’ (pf) as it is considered that there is no significant AM.

e) The prominence of the peak at the fundamental frequency is calculated using the method
below and compared to the prominence threshold value of 4:

— The magnitude of the fundamental peak, Lok is taken as the amplitude of a single line
in the power spectrum at the frequency of the peak.

— The two lines either side of the peak are ignored.

— The masking level, L, is taken as the linear average of two lines on each side of the
peak (beyond those lines immediately adjacent to the peak).
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Thelinverse Fourier transformuis performed in the following manner:

1)
2)

3)

4)

— The prominence ratio, p,,,, of the peak is calculated using:

Lok

T

Pam =

If the prominence ratio is less than the prominence threshold, the 10 s block should no
analysed further and identified as ‘prominence-failed’ (pf) as this indicates that AM at
BPF could not be readily identified.

(13)

t be
the

NOTE 2 The prominence threshold of 4 was arrived to by the IOAAMWG [7] following testing on a-ran
ample data-sets. There can be some circumstances where this value could be improved for a specific_dats
owever the process of doing this is time consuming and can be complex, but could be carried out if)desired
ufficient expertise was available.

For each harmonic (2nd and 3'd), determine whether or not to include the harmonic en
n the inverse Fourier transform using the following method:

+ Estimate the harmonic frequencies by multiplying the fundamentalfrequency by 2
(for 2nd and 3" harmonics respectively).

+ If the line at this frequency is not a local maximum in the power spectrum, check N |
on either side for a local maximum (where N is one for the 219 harmonic and two for
3rd harmonic). If no local maximum is found, do not indlude this harmonic in the inv§
transform detailed below. If more than one local maximum is found, the largestis cho

+ Assuming a local maximum is found for the, harmonic frequency, two additi
conditions shall be met for the harmonic to bedncluded in the inverse transform, nam

e The peak to peak amplitude® of the time-series generated by performing an inve
transform with only the energy at the fundamental frequency shall be greater f{
1,5 dB.

e The peak to peak amplitude of the time-series generated by performing an inv{
transform with only the energy-at that specific harmonic shall be greater than 1,5

+ If any of the aforementioned.conditions are not met, the energy at that harmonic sh
not be included in the inverse transform.

An array of zeros is ‘ereated, the same size as the output from the DFT.

[ake the index of the fundamental frequency identified in the power spectrum, along
bne index on geither side (totalling three lines), and insert the corresponding indices from
priginal DET-output (including real and imaginary components) into the correspon
ndices ofthe newly created array of zeros. Repeat this for the indices of the correspon
negativefrequencies.

Do/the! same for each harmonic identified for inclusion in the inverse transform (each

e of
-set,
and

Brgy
or 3

nes
the
Brse
en.
bnal
ely:
Brse
han

brse
dB.

buld

with

the
Hing
Hing

ime

aking three lines centred on the harmonic frequency and also including the correspon

Hing

negative frequencies).

Perform an inverse Fourier transform on the newly created array, which should include
components (from the original DFT output, complex numbers) only at the fundamental
frequency and identified harmonics (three lines at each). The output of this transform should

be real, without any imaginary part.

The output of the inverse Fourier transform will be a time-series resembling® the original time-
series, but containing only energy relating to the identified frequencies.

5

Defined here as the maximum of the entire 10-second time-series minus the minimum of the same.

6 A useful verification check for any user implementing the procedure is to first include all lines in the spectrum
and check that the result of the inverse Fourier transform is the same as the original (de-trended) time series.
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The modulation depth for the 10 s block is calculated by subtracting the 5t percentile (Lgs) of

the reconstructed time-series from the 95th percentile (Lg) in the manner of [5]. This will tend to
represent the highest typical modulation in the 10-s block.

1,4 : ------ Min/max allowable modulation frequency
: - - Initiate estimate of f; and 1,
1,2} : Il Lines included in inverse transform
(%) T
[0} : 1
El : 1 fy=0,7Hz
Y ! ! 71 = 1,4 Hz
§ o8 : . f>=22Hz
S : “ Initial £ estimate = 1,4 Hz
IS 1 | Initial £, estimate = 2,1 Hz
g 0,6 | 1
7] : : Jo prominence = 28,24
& 04f ; ! |
2 : !
o] H 1
a : : I
0,2 . F ‘ w
H - |
0 ﬂ nI Iﬂﬂ =1 | Innnﬂnil aln ﬂ”ﬂnﬂn an 0 l'l[‘l”_n..ﬂn
0 1 2 3 4 5
Frequency (Hz) IEC

NOTE The fundamental frequency, f,, has been identified within thecrange of allowable modulation freque
(marked as doted lines). Initial estimates of the frequencies of the secand and third harmonics are shown as daghed

gree

h lines. The estimated frequency of the second harmonic, f,, 4s’ a local maximum. The estimated frequen

the third harmonic is not a local maximum and the highest péak’ within two lines of the estimated frequen
identified as the true frequency of the third harmonic, f,. Lines(to be included in the inverse Fourier transforn

markled (showing, in each case, the central line plus one line‘\either side, i.e. three lines).

Figure 1 — Power spéctrum for a 10 s block

The| result of the 10 s analysis should,be a modulation depth and frequency (“fundame
freguency of modulation”) for each valid 10 s block. Non-valid 10 s blocks where the proming
critgria are not met (or no local maxima exist) should be identified as pf values.

13.6.3 Signal analysis —10"min results

Eac

pregisely. For each frequency band (see 13.6.2.1.1):

calculate the munumber (number of valid 10 s blocks following prominence filtering);

wvhere the-i number is greater than 50 % (30 valid 10 s blocks), calculate the 90t perce
pf the valid modulation depths;

whére‘the n number is greater than 50 % (30 valid 10 s blocks), both the mean and m

hcies

cy of
cy is
h are

ntal
nce

h 10 min period consists of 60 consecutive 10 s blocks synchronised to line up on the hour

ntile

ode

where the n number is less than 50 % (30 valid 10 s blocks), a modulation depth value
is assigned to that 10 min period, and no modulation frequency is calculated;

min

of 0

align the modulation depth and modulation frequency values for that 10 min period with

reference wind speed and wind direction to create a data-point.
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13.6.4 Signal analysis — Binned results

For each frequency band (see 13.6.2.1.1):

bin the data-points according to wind speed and direction?;

calculate the mean modulation depth for all data-points, including 0 values (but not including

any excluded periods due to pf or other exclusions), for each bin.

For each bin, select the frequency band with the highest mean modulation depth and assign it
to that bin. For each bin report the frequency band assigned, and the mean modulation depth
using this frequency band, as well as the number of data-points within that bin and in brac
nex{ to it the number of non-zero values within that bin.

kets

It cdn be appropriate to combine these bins to create wider bins covering downwind; crossy
(clogkwise and anti-clockwise of downwind separately) and upwind, or other wind dired
angles, which can allow the reporting of results which are more likely to_'be statistid
significant. These results shall be displayed in addition to the standard binping. The choig

representative frequency bands can be different for each of these wider wind direction bing.

It is|not recommended to widen the bin wind speed further than 1 m/s.

NOTE The identification of meteorological conditions (bins) where higher levels of AM are not present is equa
impoftant as identifying those where higher levels of AM are present.

13.6.5 Uncertainty

Use| the principles of 10.3 for uncertainty calculations\by arithmetic mean.

13.1 Reporting

The| reporting of results using this AM *analysis method shall include in addition to
infofmation required by Clause 15 of thistdocument:

RPM range of wind turbines under consideration and resulting expected blade pas
{frequencies.

Description and justification-of methods used to identify false-positives and false-negat
within the data and to remove extraneous sound sources, and details of the percentag
jata excluded.

[ables of sectoral binned results showing 12 columns of wind direction sectors of 30° w
btarting with a 'sector centred on North at ‘0’ (345 < x < 15°) and rows of 1 m/s wide v

'he wind_speed bin rows should be contiguous and cover the range of data available. Th
ables ean require additional columns of desired wind direction sectors based on the
planrequirements. These tables should show:

h).For each frequency band, bin values (calculated according to 13.6.3 and 13.6.4) of;

vind
tion
ally
e of

ly as

the

5ing

ves
e of

idth
vind

speed bins eentred for wind speed on the integer values starting at ‘1’ (0,5 < x < 1,5 nmp/s).

ese
test

i) average modulation depth
ii) number of 10 min data-points analysed (and not excluded)
iii) percentage of datapoints above:

¢ 3 dB modulation depth

e 6 dB modulation depth

e 9 dB modulation depth

7 These bins should be 1 m/s and 30° wide, centred for wind speed on the integer values starting at ‘1’ (0,5 <x < 1,5

m/s), and wind direction, starting with a sector centred on North at ‘0’ (345 < x < 15°).
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b) For the band in each bin or sector with the highest modulation depth:

i) band (1, 2 or 3) with the highest modulations depth

ii) average modulation depth

iii) three tables showing percentage of datapoints above:
e 3 dB modulation depth
e 6 dB modulation depth
e 9 dB modulation depth

c) Charts showing for each band:

024

14

14.1

The
isc

Win
imp
sou
be
met

As i
norn
to W

i) modulation frequency versus wind speed chart with two data series showing:
e 10 min modulation frequencies (arithmetic mean and/or mode) versus wind sp
e expected blade passage frequency versus wind speed

ii) wind speed versus wind direction chart showing:

each non-excluded 10 min period, with each data-point coloured to show if the
value for that 10 min period was x < 1,5 dB, 1,5 <x <3 dB,)3"< x < 4,5 dB, 4,5
<6dB,6=<x<7,5dB,7,5<sx<9dBand9=<x

iii) modulation depth versus wind speed chart showing
each analysed (and not excluded) 10 min period from.all wind directions
\dditional charts can include:

Sound pressure level versus reference wind speed/for each non-excluded 10 min pef
vith each data-point coloured to show if the AM value for that 10 min period was x < 1,5
,50<x<3dB,3sx<45dB,4,5<x<6dB,6$x<7,5dB,7,5<x<9dBand9=<x.

Impulsivity

Outline

purpose of Clause 14 is to determine the impulsivity of the wind turbine sound if the sq
bnsidered impulsive.

4 turbine sound is not\typically considered to be impulsive. However, when occuri
Ilsive sounds are wusually originating from mechanical sources. Examples are ban
nd like loose cables, yaw motors, loose glue in the blades, etc. Audible impulses shall
onfused with aerodynamic blade swish and thump sounds that are better described by
hod outlined in Clause 13.

mpulsive_sound is usually a sign of a defect or similarly it is not considered a part of
hal operation of a wind turbine. For that reason, a full description of impulsivity with res

eed

AM
<X

iod,
dB,

und

ing,
jing
not
the

the
bect

ind,speed is not necessary. The situations where the impulsive sound occur can easil

iden

the impulses.

The

recommended method is the ISO/PAS 1996-3.

tified and a (short) measurement can be made for these situations to identify the caudle of

An impulse is defined as a sudden onset of sound, having a gradient that exceeds 10 dB/s for
the total A-weighted sound. The prominence of the impulse also depends on the corresponding
increase in the sound.

14.2 Instrumentation

Standard requirements are according to 6.1.2.
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14.3 Acoustic measurements

Recording periods of 10 min are to be applied. This is a deviation relative to ISO/PAS 1996-3,
that requests recording in 30 min periods, but shorter periods are recommended if relevant.

The prominence P, of the impulses within each time period is determined as the highest

prominence within that time period. Validation that the analysed sounds originate from the
measured wind turbines shall be made by, for example, an audio recording of the analysed

events.

14.4—Non=acousticmeasurements

Singe no correlation of the impulsivity with wind speed is required no requirement| for
medsurement of non-acoustic parameters is required. However, the wind direction has t¢ be
fronmp the wind farm to the receptor position within £45°.

14.8 Data reduction

All ecorded 10 min periods are analysed for impulsivity and the prominence P, are presented
in a|table or a graph. The decisive value for the impulsivity is the highest value of P,.

14.6 Uncertainty

The|uncertainty on the calculated prominence is 0,3 dB in~accordance with ISO/PAS 19963.
14.17 Reporting

Singe detection of impulses is more of a diagnestic tool the results are not averaged and| the
resylts are given as the highest value of the prominence P, for each 10 min period, highlighting
the highest value.

15 [Reporting

15.1 Information to be reported

15.1.1 General

The|configuration of the wind turbine and its operating conditions shall be reported as follows.

15.1
[ ]
[ ]

.2 Description of the test scope and measurement concept
Description of the purpose of the measurement.
[he @coustical characteristics to be investigated.

Noise limits or sound characteristic penalty to comply with, or both

e Selected approach to fulfil the purpose of the measurement (including choices of

nstrumentation);

Optionally, if an agreed test plan exists in writing, it can be provided in the report as an appendix.


https://iecnorm.com/api/?name=7a739d2595674ef971cf3fe7239aa4b1

- 58 - IEC TS 61400-11-2:2024 © IEC 2024

15.1.3 Characterization of the wind turbine(s)
The wind turbine configuration shall include the following information:

— Wind farm details:
e name and location of the wind farm;
e total nameplate capacity of the wind farm,
e total number of wind turbines;

e operational strategy of wind farm (e.g. curtailment strategy);

»  sound relevant wind turbines for each receiver position;

» statement from operator to detail applied sound modes for wind farm or wind turbnes
during the measurements.

— Wind turbine details:

b manufacturer;

b model number;

b rated power output;

p  hub height and rotor diameter.

— OQperating details:

pvertical or horizontal axis wind turbine;

b upwind or downwind rotor;

b passive stall, active stall, or pitch controlled'wind turbine;
p constant or variable speed,;

b power curve(s) in the modes for releyant wind turbines if required;

b optionally, presence of blade addsans or relevant wind turbine modifications.
15.1.4 Physical environment

The|following information on the-physical environment at and near the site of the wind turbine
and|the receptor locations shall’be reported:

o (letails of the site including location, site map and other relevant information indicqting
eceptor locations-(microphone and/or met masts);
o {ype of topography or terrain (hilly, flat, cliffs, mountains, etc.) in surrounding area;

e surface characteristics (such as grass, sand, trees, bushes, water surfaces); optipnal
bstimated youghness length;

e (listances to and descriptions of nearby reflecting structures such as buildings or other
structures, cliffs, trees, water surfaces;

other nearby sound sources possibly affecting background sound level, such as other wind
turbines, highways, industrial complexes, airports;

description of the sound environment at the time of measurement;

photographs of the microphone position taken in the direction of the relevant wind turbines,
and in the four cardinal directions;

photograph of any other measurement equipment in the field if used (such as met mast).
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.5 Instrumentation

following information on the measurement instrumentation shall be reported:

e manufacturer(s);

nstrument name and type;

e serial number(s);

e other relevant information (such as last calibration date);

nfluence of secondary wind screen, if used.

15.1
The

locations:

Co

15.1

Rep)

Guiglance for)the assessment of measurement uncertainty can be found in Annex C an

ISO

+ measured acoustics properties;
+ wind speed;
+ wind direction;

+ excluded data;

+ filtered wind direction if applicable;

1+ separate for each operational mode if @applicable;

+ measured rotational speed versus power, optionally;
+ meteorological data (can include cloud cover, air temperature, air pressure, relg

. [coustic properties based on the relevant reporting requirements of the measurements
n

.6 Data

following data shall be reported for the relevant wind turbines at the respective rece)

ime and date of each measurement series;

jraphical time series of measured data, with as a minimum

vind turbines operational and shut down;

blot with wind speed versus wind direction detailing

humidity);

idential parameter that'can be provided for the assessment, shall not be reported.

.7 Uncertainty

ort uncertainties’according to Clause 11, Clause 12, Clause 13 and Clause 14.

IEC Guide 98-3.

ptor

tive

d in
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Annex A
(informative)

Rating level

Rating of sound characteristics

024

The rating level comprises the equivalent continuous sound pressure level and adjustments for
different characteristics of the sound. For wind turbines this is mainly tones, amplitude

mog

Onl

1) LI" = Leq + KT
2) I, = Leq * Kam

3) L= Leqt K

where
Kt is the adjustment for tonal audibility
Kam  is the adjustment for amplitude modulation
K| is the adjustment for impulsivity
Thellevel adjustments are typically defined in local‘tegulations. Examples are given below

It is]
cha
ope

The
as 4
pos

locql regulations on level adjustments with guidance from standards.

A.2

See

ulation and impulses.

one type of level adjustments should be applied at a time (the most severe):

common practice to use level adjustments for the period of time of occurrence of
acteristic. For wind turbines this is more often related to wind speed, wind direction o
ration of the wind turbines than to the'specific time of the day or year.

main body of this document gjves guidance on how to measure the sound characteris
function of wind speed, wind-direction or the operation of the wind turbines. Thus,
Sible to calculate the rating-level as a function of these parameters with the assistand|

Examples of adjustments to the determined sound pressure levels for
tonal audibility

Table A=

Table A.1 — Example of tonal adjustment K; from the mean audibility AL

the
the

tics
it is
e of

Mean audibility adivotment
AL K,
in dB in dB

AL'S 0 0
0 <ALS 2 1
2 <AL< 4 2
4 <AL < 6 3
6 <ALS 9 4
9 <ALS 12 5
12 <AL 6

[SOURCE: SO 1996-2:2017, Table J.1.]
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Due to the precision of the subjective assessment of sound, it is often more appropriate to use
larger steps than 1 dB, for example 3 dB, that is:

A3

See

A.4

The
ISO

AL < 2: Ky=0dB
2 <AL <9dB: Ky =3dB
AL > 9 dB: Ky =6dB
Examples of adjustments to the determined sound pressure levels for
amplitude modulation
Figure A.1.
6 ____________________________________
S Y— S W, Ve
3
U A0 E S —
g
S
B 3 T e e
kS
£
(0]
B 2 e Y
g
<
T . <
0
0 1 2 3 Z 5 6 7 8 9 10 11 12 13
Reeconstructed time-series modulation depth (dB) IEC
Figure A.1 — Examples of adjustments to the determined sound
pressure levels for amplitude modulation
Examples of adjustments to the determined sound pressure levels for
impulsivity
following suggested adjustments for the existence of impulsivity are taken from
PAS1996-3.

For sounds with onset rates larger than 10 dB/s the following adjustment X, based on the
predicted prominence P|, can be applied:

PI<5 K =0dB

It is proposed that this adjustment is made to Lgq 30min ON the basis of the one event with the
highest value of P| occurring during the 30 min period.

Lpeq correction values K| following ISO/PAS 1996-3 can be calculated for each binned result. It
is recommended to subtract the calculated K| uncertainty (0,6 dB according to ISO/PAS 1996-3
from K, before comparison to any noise limits.
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Annex B
(informative)

Infrasound and wind turbines

024

Infrasound is defined as sound in the frequency range from 1 Hz to 20 Hz. Sometimes it is
understood to be sound at frequencies below 20 Hz to cover frequencies corresponding to rotor

rem

wing
Mod
tow
do

Me4
thre

Sign
all g

eno

See

times the number of blades on the wind turbine.

| turbine with the rotor upwind of the tower. However, it is well below the hearing thresh
ern wind turbines are designed to reduce the forces related to the blade passagelof
r which was the cause of the infrasound generated by the early megawatt |proto

nwind wind turbines from the 1980 to 1990.
shold even though it is measurable.
onfirming that there is no evidence that sound levels attributablé to wind turbines are

igh to have any measurable effect.

the numbered Bibliography for more information.

surements show that infrasound from current wind turbine designs is well"below the heafring

ificant research reviews have been carried out in Germany, Canada, Finland and Holland,

oud
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Annex C
(informative)

Low frequency sound evaluation

C.1 Outline

Low frequency sound is typically defined to be in the range from 10 Hz to 200 Hz. However,
this is not a standardised definition and can vary in different countries. Low frequency sound is
mogt audible indoors as buildings work as a low-pass filter, filtering out the higher frequendies.

Marly anthropogenic sound sources such as road traffic, aircraft, heavy industrial’machinery
(including wind turbines) and even air conditioning emit sound at low frequencies ! Examplgs of
natyral sources of low frequency sound are waves on the sea, rivers, waterfalls ‘and the wind in
the purroundings.

Local regulations can give guidance for the determination of low frequency sound levels |and
appfopriate limits for low frequency sound.

Medsurement of low frequency sound levels from wind turbings, is feasible close to the wind
turbjne. There is general agreement, however, that direct measurement of low frequency sqund
at a| distance from a wind turbine is difficult. Furthermore,xthe measurement of low frequency
sound indoors can be complicated by room specific conditions such as room dimensions [and
the |[sound absorption of the surfaces in the room™\Fhis can require multiple micropHone
positions to be monitored simultaneously. This is a rather intrusive measurement in an inhabited
resiflence. Wind turbine sound measurements shall be taken over long periods as outlingd in
Clayse 11. It is impractical to isolate non-wind turbine low frequency sound over long
megdsurement periods inside a residence~‘For these reasons a standardised calculdtion
appfoach is by far the most reliable and reproducible approach.

The|purpose of Annex C is to describe'the preferred methodology for determination of the[low
frequency sound levels originating.from wind turbines. The method can be used at any wind
speed, where the sound poweriéevel(s) of the wind turbine(s) has(have) been determined.

The|sound power levels in 1/3-octave bands are being used in a sound prediction taking|into
accpunt facade sound.insulation values typical for the country and style of house for the g|ven
tasK, to arrive at an( indoor low frequency sound pressure level. (See Clause C.2 for more
detgils).

C.2| Standardised prediction approach

The| ptediction is made in 1/3-octave bands. Input to the model is sound power emissjons
determined—acecording—te c-64408 - e—lov FHEeRE aRsmission—te ien is
carried out using the Nord2000 approach to determine the immission level. The immission level
can be calculated as an unweighted, A-weighted, internal or external sound pressure level
depending on local regulation. The calculation can also be completed using specific
meteorological and ground absorption factors.

Lo LF =Ly Lp ~10log (i +4% | ~11dB +ALg ¢ - AL, ~AL, (C.1)

where

Ly g is the emitted sound power level for the 1/3-octave band frequency, measured
following IEC 61400-11
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/ is the distance between the wind turbine tower center line and the receptor position
h is the wind turbine hub height
11 dB is the distance correction term: 10log(4 1)

ALy | F is the low frequency ground correction. Tabulated values that cover ground type
(impedance class) D can be used (see Table C.1)
AL, is the air absorption = (a * \(I2 + h2)) absorption coefficients (see Table C.2)
AL is the fagade sound insulation (standardised values for groups of houses, typically part
of local regulation)
Table C.1 — Impedance class descriptions
Impedance Representative Range of Description
class flow resistivity Nordtest flow
c(kPasm'z) resistivity
classes
A 12,5 10, 15 Very soft (snow, moss like)
B 32 25, 40 Soft forest floor (short dense_heatherlike or thick mosk)
C 80 63, 100 Uncompacted loose ground (turf, grass, loose soil)
D 200 160, 250 Normal uncompacted ground (forest floor, pasture field)
E 500 400, 630 Compacted field and gravel (compacted lawns, park
area)
Compacted dense ground (gravel road, parking lot,
F 2 000 2 000 SO 10824)
G 20 000 - Hard surface (most normal asphalt, concrete)
H 200 000 ) Very hard and dense surfaces (dense asphalt, concrete,
water)
Thig equation works independently ofi\wind speed, however a wind speed range correspongding
to the required wind speed range in~|EC 61400-11 is recommended. Where no local reguldtion
exists, the conditions in Table C,2 corresponding to impedance class D are recommended
Table C.2 - Equation.coefficients for a rural setting at 70 % humidity and 10 °C
1/3loctave
bfa“d centre| 414 | 42;5| 16 | 20 | 25 [31,5| 40 | 50 | 63 | 80 | 100 | 125 | 160 | 200
reguency
[Hz]
ALJ ¢ -on
shdre wind.6,0 | 6,0 | 58 | 56 | 54 | 52 | 50 | 47 | 43 | 37 | 30 | 1,8 | 0,0 D,0
tl:}bines
a [IdB/km] 0,0 | 0,0 | 0,0 | 0,0 | 0,02 0,03 |0,05]|0,07|011]|0,17 | 0,26 | 0,41 | 0,59 | 0,80
ALg (local o oy x | xox | xox | xx | xx | xox | xx | xx | xx | xx | xx | xx | xx
regulation)

The air absorption coefficient is calculated according to ISO 9613-1. Local conditions can apply.

The fagcade insulation values are usually part of the local regulation and depend on local
construction of houses and knowledge of sound insulation values of building material. If in doubt,
values should be agreed between parties. If no data are available the fagade insulation can be
determined according to the principles of ISO 16283-3. The standard gives a lower frequency
of 50 Hz, but with sufficient loudspeaker signal the method is expected to be valid for the entire
frequency range in question. It is recommended to use generalised values for certain
architectural style and not specific data for individual houses.
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Table C.3 — Examples of fagade insulation values AL

1/3-octave
bfa"d centre |\ 4o |425| 16 | 20 | 25 |31,5| 40 | 50 | 63 | 80 | 100 | 125 | 160 | 200
requency
[HZ]
Denmark
brick or 49 | 59 | 46 | 6,6 | 84 |10,8 | 11,4 |13,0| 16,6 | 19,7 | 21,2 | 20,2 | 21,2 | 21,0
similar
[Denmark 68 | 39 | 04 |-02| 48 |62 |84 |105|11,9[11,9| 16 | 175|179 | 17,0
lightweight
AL _ (local
ot XX | XX | XX | XX | XX | XX | XX | XX | XX | XX XX XX X% X
regulation)
The|values in Table C.3 are given as 67 % confidence level for typical northern)European hquse
fagqdes.
C.3| Data reduction
Calgulations at a single wind speed, for a defined range of wind-speeds or the maximum sqund
emigsion case can be done. Local regulations with regard to ealculations can apply. Predictlons
can|be tabulated in individual 1/3-octave bands. The results of the prediction can be compared
to the regulations directly for each wind speed/situation dras equivalent sound pressure lgvel
bas¢d on the sum of a set of 1/3-octave bands. In_this case the equivalent level has tg be
caldulated before comparing with regulations.
C.4[ Uncertainty
The|principles from 9.2 on uncertainty can be applied to each 1/3-octave band individually
C.5| Reporting
Reslults are to be reported as tabulated values. Regulatory requirements can apply. An example

isg

ven in Table C.4:
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Table C.4 — Low frequency measurements reporting table

1/3-octave
band center| 4o | 155\ 16 | 20 | 25 [31,5| 40 | 50 | 63 | 80 | 100 | 125 | 160 | 200 |EQuivalent
frequency level

[Hz]
LW,LF
A-weighting |-70,4 |-63,4|-56,7 |-50,5 |-44,7 |-39,4 |-34,6|-30,2 |-26,2 |-22,5|-19,1 |-16,1|-13,4 |-10,9
(if used)
+ 10log
(17 +p2)
-11[dB T I T T T S T T T A T T T I O O Y S
+ ALgLF
-AL
LA,LF
outdpor*
-AL
LpA,LIF
indopr?
Critgrion
curve
Critgrion
fulfilled
S ( rLlyir (unweighted) as required.
The|criterion to fulfil can be either a summeéd 1/3-octave band LF level (energy averaging tp be
applied) or a criterion curve to fulfil at each 1/3-octave band.
L, is the energetic sum of the contributions from the relevant wind turbines in the wind farm.
C.6| Examples of sound criteria in Scandinavian countries
C.6{1 Denmark
Lp |p = 20 dB(A) determined as the equivalent A-weighted sound level based on 1/3-octave
banfls from 10/Hz to 160 Hz at 6 m/s and 8 m/s standardised wind speed at 10 m refergnce
height.
C.6J2 Sweden
The following values (see Table C.5) are used in Sweden, which go back to the report [27].

Table C.5 — Z-weighted sound levels in individual 1/3-octave bands
from 31,5 Hz to 200 Hz
1f’3'°°ta"e band 31,5 40 50 63 80 100 125 160 200
requency [Hz]
L,z [dB] 56 49 43 42 40 38 36 34 32
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Annex D
(informative)

Examples for test plan and other considerations

General

Annex D gives examples of test cases and other situations, which the user can face when
planning and executing a test according to this document. This includes typical examples, but

also
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untypical cases which can require special treatment.

5e examples are not intended to be followed in detail. They shall guide the userfow to

idual test case.

Understanding the test scope and setting up a test plan ="Example 1

vn, as well as non-occurrence of tonal audibility above a certain threshold, while mas
nal noise by background sound created near the receptordocations (irees around the hqg
| be acceptable. The wind turbines comprising the wind farm are known to have a pote
of tonal sound emission around 8 m/s at hub height{preferably in cross-wind conditi
maximum sound power levels of the aforesaid wind turbine type are in the range of 6
P m/s at hub height.

posed measurement setup: Measurements suitable for the determination of sound pres

y location) in free field at least 100 m>distant from any trees. Alternatively: Microph
p on a facade to further increase signal-to-noise ratio to a sufficient level.
surement shall be a long-term measurement to cover a wind speed range of at least 6
P m/s at hub height, filtered for-down-wind conditions. It shall cover the required situat
ned in the test plan. In order-to distinguish between wind farm sound contribution
ground sound levels, on/off testing is required, where testing with the wind farm b
ne shall provide stable and reliable results.

bcond sound measurement shall be executed as a short-term measurement in orde
stigate tonal audjbility, covering 7 m/s to 9 m/s at hub height in cross-wind conditions.
ophone shallkbe’located at the receptor location (the exact position shall be representg
ypical or worst-case listener positions). This measurement is best executed during
mn or winter period, while the trees have no leaves, to represent worst-case (i.e. l¢g
king eenditions for tonal sound from the wind farm. No on-off testing is required except
ntial_ tone shall be proven to not be originating from the wind farm.

ask

hselves the right questions, consider options and to derive the best decisions for f{heir
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D.3

Understanding the test scope and setting up a test plan — Example 2

A flat noise limit of 40 dB(A) applies for a receptor location. Sound predictions indicate that this
noise limit might be exceeded under certain conditions. On the opposite side of the wind turbine
relative to the receptor location, a busy road is present, from which significant sound levels
above 40 dB(A) are expected. Thus, the wind turbine sound might be masked by the traffic
noise at all times. The wind turbine type is known to emit highest sound power levels in the
wind speed range of 9 m/s to 12 m/s at hub height.
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Proposed measurement setup: Measurements suitable for the determination of sound pressure
levels shall be executed as short-term measurements. The microphone shall be set up in front
of the fagade of the house facing toward the wind turbine (distance and microphone height to
be determined). In this position, the highest expected contribution from the wind turbine and
the lowest expected level of traffic noise due to shielding by the house itself will occur. The
measurement shall be conducted when the wind speed cover the wind speed range of 8 m/s to
13 m/s at hub height under downwind conditions for the receptor (relative to the wind turbine to
provide optimal conditions of nonmasking the wind farm sound). To minimize the masking of
wind farm sound, the measurement should be attempted during a period such as on a night
between Saturday and Sunday in a period between 01:00 and 04:00 in the morning, which is
the period assumed to show the lowest traffic rates. On-off measurements can require to be
exeguted in order to determine the contribution from the traffic noise to the overall sound,lgvel.
If thie difference between total sound and traffic noise is more than 3 dB, a background) sqund
correction can be carried out (see 11.7). If the difference is less than 3 dB, the wind farm sqund
confributes less to the overall sound level than the traffic noise and is thus 'masked'."As sqund
progagation conditions might differ in their influence on low-elevation sound fromraffic vefsus
high-elevation sound from wind farms, two measurements shall be executed if masking is fqund
to gccur: one under favourable sound propagation conditions (temperature inversion during
clear skies), the other one under adverse propagation conditions_(instable atmospheric
condlitions with = 7/8 cloud cover). Both tests shall show sufficient masking of the wind farm
sound by traffic sound if masking is the final conclusion.

D.4| Advantages and disadvantages of different measurement methodologies
for L
p

D.411 Long term measurements of wind turbine operation without shut down

Thig method is outlined in 11.6.1. It involves conducting measurements with the wind farm in
opefation, during times of low background seund level (such as high shear events with|low
groynd level wind speed). No background” sound measurements are conducted and a
congervative assessment can be made of\wind farm sound level.

Whe¢n considering this method it is noteworthy that:

¢ it only provides a meaningfuliresult, when the measured overall sound level is below a g|ven
imit value, i.e. when compliance with the limit value is proven. If the overall sound levgl is
above a given limit, no statement of compliance or incompliance with the limit value can be
jiven;

e no distinction between wind farm sound and background sound contribution can be magle;

e this measuremeént provides results which are only representative for the environmgntal
conditionsicespecially meteorological ones, which were prevailing during the test. Therfe is
no direct.indication of results under different environmental conditions.

D.4)2 Short term measurements including periods of wind turbine operation and 1hut
down

The short term method is outlined in 11.6.2. It involves short term measurements, sometimes
attended, during the representative conditions of interest where measurements are conducted
with the wind farm operating or stopped within a short time, and the results are used to arrive
at a background corrected sound level from the wind farm.

When considering this method, it is noteworthy that:

e it provides information on both total sound and background sound, allowing the
determination of the pure wind farm sound contribution (provided signal to noise (SNR) ratio
is good enough);

e since measurements are done under well defined, sufficiently constant environmental
conditions, few data points will provide enough statistical safety, which keeps the effort of
the measurement low;
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e this measurement provides results which are only representative for the environmental
conditions, especially meteorological ones, which were prevailing during the test. There is
no direct indication of results under different environmental conditions;

o the wind speed range covered during short term measurements is typically smaller than the
range covered during long term measurements;

e it can be difficult to find on-off periods long enough under constant environmental conditions
as laid out above;

e it requires to stop the wind farm for the time of off-testing, which will lead to financial losses.

D.43 | ongterm measurements including periods of wind turbine operation and shut

down

Long term measurements typically involve unattended measurement stations with €ontindous
medsurements carried out over longer periods (several days, weeks or months). [The
medsurements are taken during the campaign will include both ON and OFF conditions of| the
wing farm. The measurements are then reduced to remove transient contamination and binned
by wind speed and wind direction. The appropriate background corrections~are then carried out
withfin the same environmental conditions, and a wind farm sound Vlevel contributiop is
detgrmined.

When considering the long term measurement method, the follewing is noteworthy:

e |t provides information on both total sound and(background sound, allowing |the
jetermination of the pure wind farm sound contribution (provided signal-to-noise ratio is
jood enough), similar to short term measuremédts including periods of wind turpine
pperation and shut down.

e $ince measurements are conducted over a.onger duration during which wider range of
environmental and operation conditions will be’encountered, more conclusions can be drawn
but of the data.

e The overall duration, effort and cost_ef long term operation cycling is generally higher fhan
for short term operation cycling.

o |f multiple environmental or operational conditions have to be addressed, more data pqints
are required to reach enough_statistical safety of the results and conclusions.

e (Cleaning measurement data from intermittent extraneous sound can be more difficult than
for attended short term measurements.

e ltrequires to stop,the'wind farm for the time of off-testing, which could lead to larger financial
osses than shortiterm operation cycling.
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Annex E
(informative)

Objective method for assessing the audibility of tones in sound -
Survey method

024

It is understood that tones cannot be identified by the evaluation of octave bands. In addition,
the use of 1/3-octave band-based tonality methods is not encouraged. One of the shortcomings
of 1/3-octave band-based tonality analysis is the inability to identify tones with frequencies near

or

the hmmdary of the 1/3-actave band For a maore detailed discussion of 1/3-actave

and

tong
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1)
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b/Part 4 and ANSI/ASA S12.9-2013/Part 3.

| analysis see Sgndergaard and Bastasch [9] who reviewed ISO 1996-2, ANSI/ASA $1

1996-2, ANSI/ASA S12.9-2005/Part 4 and ANSI/ASA S12.9-2013/Part 3 methods eval
prominence of a 1/3-octave band tonal analysis by comparing the magnitude of the
ve bands of interest with those of the immediately adjacent bands. Each(identifies the s

dB in the low-frequency range (25 Hz to 125 Hz),
0B in middle-frequency range (160 Hz to 400 Hz),
1B in high-frequency range (500 Hz to 10 000 Hz).

st not explicitly stated, it is expected that this comparison is carried out on unweighte
br spectra. 1ISO 1996-2 and ANSI/ASA S12.9-2005/Part 4 are interpreted as requiring
H of interest to exceed both adjacent side bands-by/the criteria. ANSI/ASA S12.9-2013/

age of the adjacent side bands. Sgndergaardyand Bastasch [9] identified that the arithm]
aging of the side band method of ANSI/ASA S12.9-2013/Part 3 yielded better t
ction than ISO 1996-2 and ANSI/ASA $92.9-2005/Part 4, but all methods failed when tq
b near the boundary of the band.

E  The implementation of the arithmetic averaging method is better described in the regulatory text than i
ards and is provided below from thecUS State of lllinois [20] as an example:

und, having a one-third octave band sound pressure level which, when measured in a one-third octave ba
referred frequencies, exceeds the arithmetic average of the sound pressure levels of the two adjacent one
e bands on either side of such one-third octave band by:

b dB for such one-third octave band with a center frequency from 500 Hertz to 10,000 Hertz, inclusive. Prov
Euch one-third octave band sound pressure level exceeds the sound pressure level of each adjacent one
bctave band, or;

B dB for such.ene-third octave band with a center frequency from 160 Hertz to 400 Hertz, inclusive. Prov
such one-third-octave band sound pressure level exceeds the sound pressure level of each adjacent one
bctave band) or;

15 dB~for such one-third octave band with a center frequency from 25 Hertz to 125 Hertz, inclusive. Pro
such orie-third octave band sound pressure level exceeds the sound pressure level of each adjacent one
bctave band.”
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Annex F
(informative)

Data exclusion tools

F.1 General

When considering the quality of the measured data there will be disturbances that have to be
excluded from the dataset to give a correct representation of the sound from the source. It is
necessary that these disturbances are described and that it is explained why these data should
be ¢xcluded. This applies to measurements of all sound characteristics. If background) sqund
correction is applied it is important that data exclusion in background sound measurements is
made from the same principles as for total sound measurements.

Examples of different types of exclusions that can be relevant are:

1) TNime based

a) Animal or insect based examples are

i) dawn chorus (exclude period)

ii) crickets (low pass filtering or exclude period)

iii) frogs and toads

D) Intermittent or timed activity or machinery examples are
i) boiler

i) milking time on a farm

iii) closing time of night-time establishments

iv) rush hour traffic noise

2) Meteorology based examples are

a) further rainfall exclusions —wwatercourse flow levels

b) extreme low temperatures— reduced activity/changed propagation conditions
L) temperature inversians

3) Irregular sound sources examples are

]a) lawn mowing

p) animal near.microphone

L) idling-vehicle

F.2| ,General data exclusion tools and methods

For identifying periods or data that should be excluded the following tools or methods could be
helpful.

1) Time history chart: Time history plots of noise data, synchronized with wind turbine
operations, wind speed data, etc., illustrate when the measured noise level is reflective of
turbine noise only and when it is reflective of significant nonturbine contributions. For
example, turbine-only noise is generally steady under full operating conditions, whereas
noise levels tend to fluctuate to a much greater degree when ground winds are gusty.
Individual vehicle pass-bys and other erratic “events” will be obvious.

a) Ly, windspeed, wind direction, rainfall, wind turbine operation

b) 10 minto 72 h
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2) Waterfall plot, spectrograms and other frequency analysis. The spectral composition of wind
turbine-only noise is relatively consistent at a given location under consistent wind speeds
and directions. The spectral shape of turbine-only noise can be determined from periods of
high shear (extremely low ground wind). Measurements with erratic spectral shapes, or
spectral shapes that deviate from the turbine-only spectral shape, indicate contributions
from nonturbine noise sources. This is particularly useful when attempting to determine
influences from sources of continuous background noise, such as a constant wind or distant

3)
4)

5)

6)

7)

highway.
a) Frequency versus time (power or RPM) with level in colour
b) 1sto1h

faxx Versus Lagq See H.2.1.

levels at two or more measurement locations near a wind project to determine
ocation that is relatively close to another measurement but much closer to the ne
urbine(s).

Meteorological versus L, scatter plot

a) Windspeed, wind direction, temperature, humidity, etc.

b) Shows trends and outliers (e.g. icing)

A\M specific data exclusion tools

superimposed

p) Comparing frequency bands

) Comparing modulation frequency statistics

[onality specific data exclusion tools

a) Tone frequency versus wind speed chart to show trends and outliers
b) Comparing tone frequency statistics within 1 min period (3 s values)
) Check for tones in background sound

bhenomenon is specific to one turbine or location or a sitewide issue. Using” a “corJrol”

Simultaneous multi-measurement comparison at different locations. Comparing turbine-pnly

if a

rest

a) Modulation frequency versus wind speed/wind direction with wind turbine blade pasgage
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Annex G
(informative)

Amplitude modulation adaptions

G.1 General

There are some situations where analysed turbine sound immissions are not well characterised
by the standard method outlined in Clause 13. At the time of writing, two key situations are the
mogt common in smaller scale turbines. These are:

e the turbine rotor having a rotor rpm and configuration resulting in a modulation frequency
hbove 1,6 Hz (e.g. a three-bladed turbine with a rotor rpm greater than 32);

e the modulating sound occurring at frequencies above 800 Hz (and thus outside|the
hree standard frequency bands).

The| latter situation usually occurs due to a combination of smaller, faster rotors produging
souhd with a larger high frequency content, and the receptor locations being closer to|the
turbjnes, and thus a lesser degree of high frequency attenuation.

Annex G briefly details ways in which the method in Clausé/13 can be varied to account for
thede situations. Note that these are only suggestions, and«these alterations are not yet wigdely
usedl and therefore should be treated with some caution,

pergeptually) where a ~1 kHz signal is being modulated at ~4 Hz. Where amplitude modulgtion
occlirs close to these parameters, it can be that the metric and any penalties based on|the
starldard method will diverge from the doseresponse testing upon which they are based.

It s{ould be noted that fluctuation strength is highest (resulting in the worst-case situdtion

G.2| Faster rotor speeds

Where a rotor rpm results in a-modulation frequency above 1,6 Hz, it is no longer possible to
inclyde the third harmonic’s\energy in the AM calculations. However, it is suggested that,
althpugh this will result in, a-slight underestimation of the modulation energy, that in lieu of an
altefnative adaption to_the ‘method, the analysis should be carried out despite this limitatign in
the |nclusion of harmonic energy, and acknowledged in the presentation of the results.

It is fecommended-‘that, where this adaption is used, the contribution of the first harmonic shpuld
be [nvestigated~as an indicator as to whether there is likely to be significant energy|not
accpuntedfor/in the third harmonic. Usually the second harmonic is more dominant and a Jack

of slignificant energy in the second harmonic would imply that the third harmonic would be
insignificant, although this is not always the case. This should be commented on in|the
"--:- < Re—e here—is—concern—ove he—sighificanrce——o he—thirdharmenic’s

energy, this should be investigated further.

G.3 Higher frequency bands

Where it is suspected or expected that frequencies above 800 Hz are being modulated (such
as for smaller turbines) additional frequency bands should be investigated above the 50 Hz to
200 Hz, 100 Hz to 400 Hz and 200 Hz to 800 Hz bands detailed in 13.6.2.1.1. These bands are
suggested to include the seven 1/3-octave bands with centres of:

e Band 4: 400 Hz to 1 600 Hz

e Band 5: 800 Hz to 3 200 Hz

e Band 6: 1600 Hz to 6 400 Hz
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These bands should be calculated in addition to the three standard bands, and the worst-case
bands for each bin used, as per Clause 13.

Note that the reason for band limiting the data in the first place is to avoid other sound sources
from triggering false-positives, and as such, including these higher bands, although necessary
in some cases, also requires careful considering and justification. It is crucial to listen to periods
of high modulation using these bands as there is an increased likelihood of other sound sources
triggering AM results. Although this should be done for the standard method, additional
diligence is required when using the three higher bands.
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