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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND TURBINES -

Part 11: Acoustic noise measurement techniques

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization.cemprising
all national electrotechnical committees (IEC National Committees). The object of IEC is <to/ promote
international co-operation on all questions concerning standardization in the electrical and electrohic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technicak Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Gommittee interested
in the subject dealt with may participate in this preparatory work. International, /governmental and non-
governmental organizations liaising with the IEC also participate in this preparations IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with ‘\conditions determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as hearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international”use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made\to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their\national and regional publications. Any divergence
between any IEC Publication and the corresponding-national or regional publication shall be clearly indicated in
the latter.

5) IEC itself does not provide any attestation of\conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) All users should ensure that they have the*latest edition of this publication.

7) No liability shall attach to IEC or itsidirectors, employees, servants or agents including individual experts and
members of its technical committe€s and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the( publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

8) Attention is drawn to_the-Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights,-[E€ shall not be held responsible for identifying any or all such patent rights.

DISCLAIMER

This{Consolidated version is not an official IEC Standard and has been prepared for
user)convenience. Only the current versions of the standard and its amendment(s)
are'to be considered the official documents.

Fhis— Hdated . EC—64406-+1 4 it ' 34— st £
the third edition (2012-11) [documents 88/436/FDIS and 88/440/RVD], its
amendment 1 (2018-06) [documents 88/615/CDV and 88/644A/RVC] and its
corrigendum (2019-10). The technical content is identical to the base edition and its
amendment.

In this Redline version, a vertical line in the margin shows where the technical content
is modified by amendment 1. Additions are in green text, deletions are in strikethrough
red text. A separate Final version with all changes accepted is available in this
publication.
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International Standard IEC 61400-11 has been prepared by IEC technical committee 88: Wind
turbines.

This third edition constitutes a technical revision, introducing new principles for data reduction
procedures.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts of the IEC 61400 series, under the general title Wind turbines, can be found
on the IEC website.

The committee has decided that the contents of the base publication and its amendment will
remain unchanged until the stability date indicated on the IEC web site” under
"http://webstore.iec.ch"” in the data related to the specific publication. At this ‘date, the
publication will be

e reconfirmed,
e withdrawn,
e replaced by a revised edition, or

e amended.

IMPORTANT - The 'colour inside’' logo on the cover page of this publication indicates
that it contains colours which are considered” to be useful for the correct
understanding of its contents. Users should {hefefore print this document using a
colour printer.
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INTRODUCTION

The purpose of this part of IEC 61400 is to provide a uniform methodology that will ensure
consistency and accuracy in the measurement and analysis of acoustical emissions by wind
turbine generator systems. This International Standard has been prepared with the
anticipation that it would be applied by:

arfs H dafinad o

IPVHT-0= IR THTH S o TR V- O S $ aar P~ H AR —
hd WITTU  tUTvirnTS 1miarnuTaLiurT o othiviTiTy  tUTTTeT U WiTTTh UTTITTTU  aLUUOoUL  TlTITooTuTT Yo

requirements and/or a possible declaration system (e.g. IEC/TS 61400-14);
e wind turbine purchasers for specifying performance requirements;

e wind turbine operators who may be required to verify that stated, or required, acoustic
performance specifications are met for new or refurbished units;

e wind turbine planners or regulators who must be able to accurately andfairly define
acoustical emission characteristics of a wind turbine in response to ‘environmental
regulations or permit requirements for new or modified installations.

This standard provides guidance in the measurement, analysis and jeporting of complex
acoustic emissions from wind turbine generator systems. The standard will benefit those
parties involved in the manufacture, installation, planning and permitting, operation,
utilization, and regulation of wind turbines. The measurement, and analysis techniques
recommended in this document should be applied by all parties to ensure that continuing
development and operation of wind turbines is carried out intar’ atmosphere of consistent and
accurate communication relative to environmental concerns. This standard presents
measurement and reporting procedures expected to provide accurate results that can be
replicated by others.

INTRODUCTI@N" o the Amendment

This amendment to IEC 61400-11:20%2 addresses the situation where a measurement
consists of measurements series o0\different days or with substantially different conditions.
Furthermore, clarifications have peén introduced on tonality analysis and reporting. Editorial
changes have been made.
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WIND TURBINES -

Part 11: Acoustic noise measurement techniques

1 Scope

This part of IEC 61400 presents measurement procedures that enable noise emissions-of-a
wind turbine to be characterised. This involves using measurement methods appropriate to
noise emission assessment at locations close to the machine, in order to avoid erraors-due to
sound propagation, but far away enough to allow for the finite source size. The jprocedures
described are different in some respects from those that would be adopted for noise
assessment in community noise studies. They are intended to facilitate characterisation of
wind turbine noise with respect to a range of wind speeds and directions. Standardisation of
measurement procedures will also facilitate comparisons between different|wind turbines.

The procedures present methodologies that will enable the noise gmissions of a single wind
turbine to be characterised in a consistent and accurate manner: These procedures include
the following:

e location of acoustic measurement positions;

e requirements for the acquisition of acoustic, metedrological, and associated wind turbine
operational data;

e analysis of the data obtained and the content for'the data report; and

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

This International Standard is not restricted to wind turbines of a particular size or type. The
procedures described in this standardallow for the thorough description of the noise emission
from a wind turbine. A method for small wind turbines is described in Annex F.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable faor)its application. For dated references, only the edition cited applies. For
undated references, the Ilatest edition of the referenced document (including any
amendments)-applies.

IEC 60688, Electrical measuring transducers for converting a.c. electrical quantities to
analogue or digital signals

IEC 60942:2003, Electroacoustics — Sound calibrators

ITEC 6126071995, Efectroacoustics — Octave-barna and fractional-octave-bamnd fitters

IEC 61400-12-1:2005, Wind turbines — Part 12-1:. Power performance measurements of
electricity producing wind turbines

IEC 61400-12-2, Wind turbines — Part 12-2: Power performance verification of electricity
producing wind turbines?

1 To be published.
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IEC 61672 (all parts), Electroacoustics — Sound level meters

ISO/IEC Guide 98-3, Uncertainty of measurement — Part 3: Guide to the expression of
uncertainty in measurement (GUM:1995)

3 Terms and definitions

For the purposes of this standard, the following terms and definitions apply.

3.1

apparent sound power level
Lwa . .

A-weighted sound power level re. 1 pW of a point source at the rotor centre with\the same
emission in the downwind direction as the wind turbine being measured, Ly, istdetermined at
bin centre wind speeds at hub height

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

3.2
apparent sound power level with reference to wind speed at 10.m height
Lwa,10m

10
A-weighted sound power level re. 1 pW of a point source af:the rotor centre with the same
emission in the downwind direction as the wind turbine being measured, Lya 1om are
determined at bin centre wind speeds at 10 m height within’the measured wind speed range

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

3.3

audibility criterion

La

frequency dependent criterion curve, determined from listening tests, and reflecting the
subjective response of a “typical” lisener to tones of different frequencies

Note 1 to entry: Audibility criterion js‘@xpressed in dB re. 20 pPa.

3.4 sound pressure levels

3.4.1 A-weighted sound pressure levels

La

sound pressure levels measured with the A frequency weighting networks specified in
IEC 61672

Note 1 to entry:” A-weighted sound pressure levels are expressed in dB re. 20 pPa.

3.4.2-XC-weighted sound pressure levels

Le

sound pressure levels measured with the C frequency weighting networks specified in
IEC 61672

Note 1 to entry: C-weighted sound pressure levels are expressed in dB re. 20 pPa.

3.5
bin centre
centre value of a wind speed bin
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3.6
inclination angle

angle between the plane of the measurement board and a line from the microphone to the
rotor centre

Note 1 to entry: Inclination angle is expressed in °.

3.7
maximum power
maximum value of the binned power curve for the power optimised mode of operation

Note 1 to entry: Maximum power is expressed in kW.

3.8
measured wind speed at height Z

Vzm
wind speed measured at height Z with a mast mounted anemometer

Note 1 to entry: Measured wind speed at height Z is expressed in m/s.

3.9
measured nacelle wind speed at hub height
V

nac,m
wind speed measured at hub height with a nacelle anemometer

Note 1 to entry: Measured nacelle wind speed at hub height(is expressed in m/s.

3.10
normalised nacelle wind speed at hub hgight

Vnac,n
normalised wind speed measured at hub height with a nacelle anemometer corrected to

standard meteorological conditions

Note 1 to entry: Normalised nacelle wind speed at hub height is expressed in m/s.

3.1

normalised wind speed-derived from power curve

VP n

normalised wind speed(derived from power curve under standard meteorological conditions

Note 1 to entry: Naermalised wind speed derived from power curve is expressed in m/s.

3.12
normalised' wind speed at hub height during background noise measurements

VB n
normalised wind speed at hub height from anemometer

Note 1 to entry: Normalised wind speed at hub height during background noise measurements is expressed in
m/s.

3.13

normalised wind speed at hub height
VH n

normalised wind speed at hub height

Note 1 to entry: Normalised wind speed at hub height is expressed in m/s.

3.14
normalised wind speed at height Z

Vzn
normalised wind speed at height Z from mast mounted anemometer
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Note 1 to entry: Normalised wind speed at height Z is expressed in m/s.

3.15

reference distance

Ry

nominal horizontal distance from the centre of the base of the wind turbine to each of the
prescribed microphone positions

Note 1 to entry: Reference distance is expressed in m.

3.16
reference roughness length

Zoref
roughness length of 0,05 m used for converting wind speed to meteorological feference

conditions

Note 1 to entry: Reference roughness length is expressed in m.

3.17
sound pressure level

L
18 times the logio of the ratio of the square mean sound pressure to the square of the
reference sound pressure of 20 uPa

Note 1 to entry: Sound pressure level is expressed in dB re. 20 pPa.

3.18

tonal audibility

AL,

difference between the tonality and the audibility criterion in each wind speed bin, where k is
the centre value of the wind speed bin

Note 1 to entry: Tonal audibility is expressed indB.

3.19

tonality

AL,

difference between the tone-level and the level of the masking noise in the critical band
around the tone in each wind speed bin where £ is the centre value of the wind speed bin

Note 1 to entry: Tonality is expressed in dB.

3.20

wind speed bin

wind speed.interval, 0,5 m/s wide, centred around integer and half-integer wind speeds open
at the low\end, and closed at the high end

3.21

wind speed at 10 m height

10 o . .
wind—speed—at—t0m—height—for reportimg—apparent—sound—power—tevets—and—spectra—with

reference to 10 m height

Note 1 to entry: Wind speed at 10 m height is expressed in m/s.
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4 Symbols and units
D rotor diameter (horizontal axis turbine) or equatorial diameter (m)
(vertical axis turbine)
H height of rotor centre (horizontal axis turbine) or height of rotor (m)
+ehqﬁu.\a:lticirri‘a*llwpﬂ:aﬁnﬁe (vertical axis turbine) above local ground near
LporLs AorC-weighted sound pressure level (dB)
Lpeq equivalent continuous A-weighted sound pressure level (@B)
Lonjk sound pressure level of masking noise within a critical band in the (dB)
“ith” spectra at the “kth” wind speed bin
Lon,avg,k average of analysis bandwidth sound pressure levels of masking (dB)
noise in the “jt” spectra at the “4th” wind speed bin
Lotk sound pressure level of the tone or tones in the “jth” spectra-at the (dB)
“kth” wind speed bin
Lwax apparent sound power level, where k is a wind speed bin centre (dB)
value
log logarithm to base 10
P measured electric power (kW)
P, normalised electric power (kW)
R, slant distance, from rotor centre to actual measurement position (m)
Ry reference distance (m)
So reference area, Sy = 41m?2 (m?2)
Te air temperature (°C)
Tk absolute air-temperature (K)
Uy type A.uncertainty (-)
Ug type B uncertainty (-)
Vi wind speed at hub height, H (m/s)
Ve derived wind speed from power curve (m/s)
P wind speed at height, z (m/s)
Vihac wind speed from nacelle anemometer (m/s)
f frequency of the tone (Hz)
Js centre frequency of critical band (Hz)
p atmospheric pressure (kPa)
Zq roughness length (m)

Z0oref

reference roughness length, 0,05 m
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z anemometer height (m)
K ratio of normalised wind speed and measured wind speed (-)
ALy j i tonality of the “jth” spectra at “kth” wind speed (dB)
y inclination angle (*)

5 Outline of method

This part of IEC 61400 defines the procedures to be used in the measurement, analysistand
reporting of acoustic emissions of a wind turbine. Instrumentation and calibration
requirements are specified to ensure accuracy and consistency of acoustic and ngn-acoustic
measurements. Non-acoustic measurements required defining the atmospheric) conditions
relevant to determining the acoustic emissions are also specified. All parameters to be
measured and reported are identified, as are the data reduction methads required for
obtaining these parameters.

Application of the method described in this International Standardiprovides the apparent
A-weighted sound power levels, spectra, and tonal audibility at bin_centre wind speeds at hub
height and 10 m height of an individual wind turbine. The tonaklaudibility is included to give
information on the presence of tones in the noise. The tonality determined is not giving
information on the tonality at other distances. Optionally;,’'measurements can be made in
supplementary positions to give information on the directional characteristics.

The method applies to all wind speeds. The wind spéeed range for documentation is related to
the specific wind turbine. As a minimum it is defined as the hub height wind speed from 0,8 to
1,3 times the wind speed at 85 % of maximum-power rounded to bin centres. Indicatively, this
is a wind speed range of approximately 6 t© 10 m/s at 10 m height, depending on the turbine
type. The wind speed range may belexpanded for instance to comply with national
requirements.

The measurements are made at ‘locations close to the turbine in order to minimise the
influence of terrain effects, atmeéspheric conditions or wind-induced noise. To account for the
size of the wind turbine under test, a reference distance R, based on the wind turbine
dimensions is used.

Measurements are taken with a microphone positioned on a measurement board placed on
the ground to reduee the wind noise generated at the microphone and to minimise the
influence of différent ground types.

Measurements of sound pressure levels, sound pressure spectra, wind speeds, electrical
power, rotor rotational speed and, if measured, pitch angle are made simultaneously over
short-periods of time and over a wide range of hub height wind speeds. The sound pressure
levels/and spectra at bin centre wind speeds are determined and used for calculating the
apparent A-weighted sound power spectra and levels.

ANNEexXes are Inciuded that cover:

— other possible characteristics of wind turbine noise emission and their quantification
(Annex A informative);

— assessment of turbulence intensity (Annex B informative);

— assessment of measurement uncertainty (Annex C informative);

— apparent roughness length (Annex D informative);

— classification of a secondary wind screen (Annex E informative);

— small wind turbines (Annex F normative);
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— air absorption (Annex G informative).
6 Instrumentation

6.1 Acoustic instruments

6.1.1 General

The following equipment is necessary to perform the acoustic measurements as set forth in
this standard.

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

The equipment shall meet the requirements relevant to this document of an IEC61672 class 1
sound level meter. The diameter of the microphone diaphragm shall be .no* greater than
13 mm.

6.1.3 Equipment for the determination of A-weighted 1/3-octave band spectra

In addition to the requirements given for class 1 sound level metets, the equipment shall have
a constant frequency response over at least the frequency_fange given by the 1/3-octave
bands with centre frequencies from 20 Hz to 10 kHz. The filters shall meet the requirements
relevant to this document of IEC 61260 for class 1 filters.

The equivalent A-weighted continuous sound pressut€ levels in 1/3-octave bands with centre
frequencies from 20 Hz to 10 kHz shall be determified simultaneously.

6.1.4 Equipment for the determination of harrow band spectra

The equipment shall fulfil the relevant requirements for I|EC 61672 series class 1
instrumentation in the 20 Hz to 11 200_HZ frequency range.

6.1.5 Microphone with measurement board and windscreen

The microphone shall be mounted at the centre of a flat hard board with the diaphragm of the
microphone in a plane normal to the board and with the axis of the microphone pointing
towards the wind turbine, as in Figure 1 and Figure 2. The measurement board shall be
circular with a diameter of at least 1,0 m and made from material that is acoustically hard,
such as plywood or-hard chip-board with a thickness of at least 12,0 mm or metal with a
thickness of at teast 2,5 mm. In the exceptional case that the board is split (i.e. not in one
piece) there aré.considerations; the pieces shall be level within the same plane, the gap less
than 1 mm{and the split shall be off the centre line and parallel with the microphone axis as
shown in‘kigure 1a.

Thelwindscreen to be used with the ground-mounted microphone shall consist of a primary
and, where necessary, a secondary windscreen. The primary windscreen shall consist of one

half of an open cell foam sphere with a diameter of approximately 90 mm, which is centred
around the dinphrngm of the mihrnphnnn’ as in Fignrn 2

The secondary windscreen may be used when it is necessary to obtain an adequate signal-to-
noise ratio at low frequencies in high winds.

If the secondary windscreen is used, the influence of the secondary windscreen on the
frequency response shall be documented and corrected for in 1/3-octave bands. A procedure
for calibration of the secondary windscreen can be found in Annex E together with
suggestions for design and demands on the insertion loss.
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( 1724 )l

Minimum dimension
4=10m

Minimum thickness
T=12,0 mm for wood
2.5 mm for metal

A\

Split (optional)

k— Microphone mounting board

Figure 1a — Mounting of the microphone - Plan view
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Microphone diaphragm location
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Optional secondary
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Microphone mounting board

=

Wind turbine s

EC 2091/12

Figure 1b — Mounting of the microphone - Vertical cross-section

Figure 1 — Mounting of the microphone
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Q ) IEC 2092/12
Figure 2 — Picture of m'(\r hone and measurement board
QO
6.1.6 Acoustical calibrator (%)

The complete sound measurem system, including any recording, data logging or computing
systems, shall be calibrated i ediately before and after the measurement session at one or
more frequencies using an_acoustical calibrator on the microphone. The calibrator shall fulfil
the requirements of IE&,Q0942:2003 class 1, and shall be used within its specified
environmental conditio

6.1.7 Data re(§ding/playback systems
/

A data rec playback system is a required part of the measurement instrumentation. If
used for sis (other than re-listening), the entire chain of measurement instruments shall
fulfil t@évant requirements of IEC 61672 series, for class 1 instrumentation.

O

6. Non-acoustic Instruments

\QG.2.1 General

The following equipment is necessary to perform the non-acoustic measurements set forth in
this standard.

6.2.2 Anemometers

The mast mounted anemometer and its signal processing equipment shall have a maximum
deviation from the calibration value of £0,2 m/s in the wind speed range from 4 m/s to 12 m/s.
It shall be capable of measuring the average wind speed over time intervals synchronized with
the acoustic measurements.
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Because the nacelle anemometer is calibrated in-situ (8.2.1.2) during measurements, the
demand for calibration does not apply to the nacelle anemometer. The measurements from
the nacelle anemometer may be supplied from the wind turbine control system. The nacelle
anemometer shall not be used for background noise measurements.

6.2.3 Electric power transducer

The electric power transducer including current and voltage transformers shall meet the

accuracy requirements of |IEC 60688 class 1. If a calibrated system is not available for the
power signal, an additional uncertainty of the electrical power shall be included. The power
signal may be supplied by the manufacturer if the uncertainty of the measurement chain_can
be documented by a detailed description of the entire power measurement chain andCthe
corresponding uncertainty components.

6.2.4 Other instrumentation

A camera and instruments to measure distance are required. The temperature shall be
measured with an accuracy of +1 °C. The atmospheric pressure shall be measured with an
accuracy of +1 kPa.

6.3 Traceable calibration

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

e acoustic calibrator (12 months);

e microphone (24 months);

e integrating sound level meter (24 months);

e spectrum analyzer (36 months);

e data recording/playback system (24 months), if used for analysis;

e anemometer (24 months);

e electric power transducer (24 months);

e temperature transducer«(24 months);

e atmospheric pressure-transducer (24 months).

Where temperaturesand atmospheric pressure measurements are made only to give general

information about‘ the meteorological conditions during the measurement, an internal
verification of-the instrument is sufficient.

An instrument shall always be recalibrated if it has been repaired or is suspected of fault or
damage:

7~ Acoustic measurements and measurement procedures

71 Acoustic measurement positions

To fully characterize the noise emission of a wind turbine, the following measurement
positions are required.

One, and optionally another three, microphone positions are to be used. The positions shall
be laid out in a pattern around the vertical centreline of the wind turbine tower as indicated in
the plan view shown in Figure 3. The required downwind measurement position is identified
as the reference position, as shown in Figure 3. The direction of the positions shall be within
+15° relative to the downwind direction of the wind turbine at the time of measurement. The
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downwind direction can be derived from the yaw position. The horizontal distance R, from the
wind turbine tower vertical centreline to each microphone position shall be as shown in
Figure 3, with a tolerance of £20 %, maximum 30 m, and shall be measured with an
accuracy of +2 %. The measurement distance shall be as close as possible to R,. The allowed
tolerance should only be used where it is essential to obtain valid data and, where this is
done, clear evidence shall be reported to justify the decision made.

Wind direction

Tower vertical 3
centerline

60°

N\‘

O Optional measuring
positions

O Reference position 1

IEC 2083/12

Figure 3 — Standard pattern for microphone measurement positions (plan view)

As shown in Figure 4a, the reference distance R for horizontal axis turbines is given by:

RO:H+§ (1)

where
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H is the vertical distance from the ground to the rotor centre; and
D is the diameter of the rotor.

As shown in Figure 4b, the reference distance R for vertical axis wind turbines is given by:

Ry=H+D

(2)

where
H is the vertical distance from the ground to the rotor equatorial plane; and

D is the equatorial diameter.

G

R4

Y
77777777777777777777
>

D
=H+=
Ry 5

IEC 2094/12

Figure 4a — Horizontal axis turbine
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R4
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|¢ Ro=H+D —»-

IEC 2095/12

Figure 4b — Vertical axis turbine

Figure 4 — lllustration of the definitions of Ry and slant distance R,

To minimize influence due to the edges of the mgasurement board on the measurement
results, it shall be ensured that the board is positioned flat on the ground. Any edges or gaps
under the board should be levelled out by means of soil. The inclination angle ¢, as shown in
Figure 4, shall be between 25° and 40°. This) may require adjustment of the measurement
position within the tolerances stated ahbove. Additional considerations shall be made for
measurements in complex terrain to aveid influence such as screening or reflections from
obstructions or terrain.

The measurement position shall be chosen so that the calculated influence from any reflecting
structures, such as buildings orfawalls, shall be less than 0,2 dB.

7.2 Acoustic measurements
7.2.1 General

The acoustic measurements shall permit the following information to be determined about the
noise emission)from the wind turbine at bin centre wind speeds:

— the A-weighted apparent sound power level;
— the‘A-weighted 1/3-octave band levels;

= the tonal audibility.

Optional measurements may include directivity, infrasound, low-frequency noise and

impulsivity.

7.2.2 Acoustic measurement requirements
For all acoustic measurements, the following requirements are valid:

e The complete measurement chain shall be calibrated at least at one frequency before and
after the measurements, or if the microphones are dis- and reconnected during the
measurements.

e All acoustical signals shall be recorded and stored for later inspection.
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e Periods with intruding intermittent background noise (as from aircraft) shall be omitted.

e The wind speed range is related to the specific wind turbine. As a minimum it is defined as
the hub height wind speed from 0,8 to 1,3 times the wind speed at 85 % of maximum
power rounded to wind speed bin centres.

o With the wind turbine stopped, and using the same measurement set-up, the background
noise shall be measured immediately before or after each measurement series of wind
turbine noise and during similar wind conditions. When measuring background noise,

every effort shall be made to ensure that the background sound measurements are
representative of the background noise that occurred during the wind turbine noisé
emission measurements. It is recommended to measure the background noise several
times during the measurement period to cover the same wind speed range as for the'total
noise.

e The measurements shall cover as broad a range of wind speeds as practically possible.
To obtain a sufficient range of wind speeds it may be necessary to take the measurements
in several measurement series. (see 7.2.8)

e At least 180 measurements shall be made overall for both total nois€ and background
noise covering corresponding wind speed ranges.

e At least 10 measurements shall be made in each wind speed bin for both total noise and
background noise.

Additionally, the following requirements are valid for the individual acoustic measurements.

7.2.3 A-weighted sound pressure level

The equivalent continuous A-weighted sound pressure/level of the noise from the wind turbine
shall be measured at the reference position. Each measurement shall be integrated over a
period of 10 s.

7.2.4 A-weighted 1/3-octave band measurements

A-weighted 1/3-octave spectra are measured synchronously with the overall sound pressure
levels as the energy average overx10 s periods. As a minimum, 1/3-octave bands with centre
frequencies from 20 Hz to 10 kHgz; inclusive, shall be measured. A-weighting shall be applied
in the time domain i.e. before the frequency analysis.

Background measurements with the wind turbine stopped shall satisfy the same requirements.

7.2.5 A-weighted harrow band measurements

Narrowband ,spectra are measured synchronously with the sound pressure levels as the
energy average over 10 s periods. Narrow band spectra shall be A-weighted. A Hanning
window with”an overlap of at least 50 % shall be used. The frequency resolution shall be
between-! and 2 Hz.

Additional noise measurements may be needed to determine the audibility of an identified
tone as stated in 9.5.8.

Background noise measurements shall be used to determine that tones do not originate from
background noise.

7.2.6 Optional acoustic measurements at positions 2, 3 and 4

Measurements in the non-reference positions shall fulfil the requirements for the reference
position.

The measurements in the non-reference positions should be made simultaneously with
corresponding measurements in the reference position. The measurements in the three non-
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reference positions can be made individually, but each one shall be made simultaneously with
measurement in the reference position.

7.2.7 Other optional measurements

Additional measurements can be taken to quantify noise emissions that have definite
character that is not described by the measurement procedures detailed in this standard.

Such character might be the emission of infrasound, low-frequency noise, modulation of
broadband noise, impulses, or unusual sounds (such as a whine, hiss, screech or hum),
distinct impulses in the noise (for example bangs, clatters, clicks, or thumps), or noise that"is
irregular enough in character to attract attention. These areas are discussed, and pdssible
quantitative measures are outlined in Annex A. These measures are not universally@ccepted
and are given for guidance only.

7.2.8 Combining measurement series

When there are data available from different measurement series with differing environmental
conditions, then the data can only be combined using expert judgemegnt. This may involve
pooling all the available data and analysing collectively, or it may/involve analysing the
periods separately and combining the results. In the latter case,when there are overlapping
results then the method of weighted means, defined in Annex™, shall be used to combine
these into a single result.

The tonal analysis should always be based on pooling all.the available data.

Where this is done, clear evidence shall be providéd to justify the decisions made. This may,
for example, be accomplished by showing a segatter plot of the raw data colour coded for the
measurement series.

8 Non-acoustic measurements

8.1 General

The following non-acoustic measurements shall be made. Wind speed, electric power and
rotational speed shall be sampled with at least 1 Hz. If other turbine parameters are measured
the sampling rate shall be the same.

8.2 Wind speed measurements

The wind speediis to be measured from the produced power through a power curve.

For sections of the power curve where the requirements in Equation (3) are not met, the wind
speedicannot be determined from the power readings and the nacelle anemometer shall be
used.Af no nacelle anemometer is available an anemometer shall be mounted on the nacelle.
@Guidance for mounting the nacelle anemometer is given in IEC 61400-12-2.

Thewind—speed measured by the macette anemometer strattbeTepresentative of the—wind

speed hitting the rotor.

For measurements of background noise an anemometer mounted on a met mast of at least
10 m height shall be used. The position of the met mast should be relatively undisturbed and
represent the free wind at the turbine position. In order to ensure a correlation between the
measured wind speeds at the met mast, at hub height, and the wind at the microphone
position, guidance on the met mast position is given in Figure 5.
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Wind direction

IEC 2096/12

Figure 5 — Acceptable meteorological mast(position (hatched area)

Wind speed and power data shall be collected and arithmetically averaged synchronously with
the acoustic measurements.

Turbulence in the wind incident to a wind furbine can affect its aerodynamic noise emission.
A discussion of assessment of turbulencesis‘contained in Annex B.

8.2.1 Determination of the wind speed during wind turbine operation
8.2.1.1 Determination of wind speed through power curve

The power curve relates the*power to the wind speed at hub height. The wind speed is
determined from the measured electric power. Correlation between measured sound level and
measured electric powger:is very high for the allowed closed intervals of the power curve, see
Equation (3). Withinhe allowed range of the power curve, piece-wise linear interpolation shall
be used to define a‘eontinuous function between interval supporting points.

The wind speed Vp , shall be obtained from measurements of the produced electric power
using a doedmented power versus wind speed curve. The power curve shall represent the
specifickwind turbine type and preferably be measured according to IEC 61400-12-1 or
IEC 61400-12-2. If a measured power curve is not available a calculated power curve may be
usedIf a calculated power curve is used an uncertainty in the range of a measured power
c¢urve can be assumed. The power curve shall give the relation between the wind speed at
hub height and the electric power that the turbine produces for standard atmospheric

it £ 4L O al 404 2 1.
CUTIJTUUTITS Ul 1o U diiu 1U 1,0 R Ad.

The intervals on the power curve that can be used are all intervals where no duplicated values
exist and the slope of the power curve including the uncertainty is positive.

The demand on the slope of the power curve is satisfied for any interval on the power curve,
where the following is fulfilled:

(Pe+1 — Prot) — (P + Pyo) >0 (3)
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where
k is the wind speed bin number of the power curve;
P, is the power curve value at wind bin k;

P, is the tolerance on the power reading, typical values for P, are 1 to 5 % of
maximum value.

All power curve intervals meeting this demand are called allowed range of the power curve

For these intervals,

VH,n = VP,n
Viyn is the normalised hub height wind speed.

8.2.1.2 Determination of wind speed with nacelle anemometer

For all data points with power levels from the allowed range of the power curve;the average
value of the ratio of the wind speed derived from the power curve Vp  and the measured
nacelle wind speed Vi ,c m, knpae i derived. This value shall then be applied to the measured
nacelle wind speed for the data points with power levels outside the.allowed range of the
power curve to derive the normalised wind speed using Equation (4).

Vhac,n = KnacVnac,m (4)

where
Vhac.m is the wind speed measured with the nacelle-anemometer;

Vhac,n 18 the normalised wind speed from the nacelle anemometer, corrected to hub
height.

If Vnac,n takes on values in the allowed range of the power curve, the data point shall be
omitted from the analysis.

Outside the allowed range of the power curve Vy = V¢

8.2.2 Wind speed measureménts during background noise measurements

For background noise measurements, the wind speed shall be measured with a met mast
mounted anemometer at-a height of at least 10 m. For in-situ calibration purposes the wind
speed from the met,mast shall be measured during the entire measurement.

For all data points with power levels from the allowed range of the power curve, the average
value of ratio_of the wind speed derived from the power curve Vp , and the measured wind
speed V; .. ., shall be derived. This ratio shall then be applied to the measured wind
speed of the data points achieved during background noise measurements to derive the
normalised wind speed using Equation (5).

VB,n =Kz VZ,m (5)

where
Vzm is the wind speed measured with an anemometer at height Z of at least 10 m;
Vgn Is the normalised wind speed at hub height.

During background noise measurements V' .= Vg

8.3 Downwind direction

The nacelle position with respect to the measurement board position will be observed to
ensure that only data are used for the analysis, where the measurement board or microphone
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position is within £15° of the downwind direction derived from the nacelle position. It is
recommended to measure the yaw position from the turbine controller simultaneously with the
other turbine controller signals.

8.4 Other atmospheric conditions

Air temperature and pressure shall be measured and recorded at least every 2 h at a height of
atleast15m

8.5 Rotor speed and pitch angle measurement

Measurement and reporting of rotor speed is mandatory and measurement and reporting of
pitch angle is recommended. These data can be obtained from the wind turbine controller and
shall be collected and arithmetically averaged synchronously with the.acoustic
measurements.

9 Data reduction procedures

9.1 General methodology for sound power levels and 1/3-octave/band levels

The aim of this procedure is to produce sound power spectra in\*/3-octave bands and overall
sound power levels using statistical methods. It should be ‘noted there are two types of
averaging used in the analysis: arithmetic averaging for“non-acoustic data and energy
averaging for acoustic data.

The uncertainty is also determined in this subclause”and determined along with the sound
power spectra in 1/3-octave bands and overall sgund power levels. For most instruments the
accuracy is given. Before using this in the text’below, the accuracy shall be converted into an
uncertainty. Guidelines are given in Annex &,

Noise and wind speed are measured and-averaged over 10 s periods. Noise is measured both
as the A-weighted sound pressure.level Lpoq and A-weighted 1/3-octave spectrum Lpgq o
Each 1/3-octave spectrum is normalized to the measured value for the Ly,

The data points are sorted inta'wind speed bins and averaged giving:

e average wind speed;
e average A-weighted 1/3-octave spectrum;
e corresponding standard uncertainties.

The average 'wind speed may not be at the bin centre.

For each 1/3-octave band the value of the noise at the bin centre is found by linear
interpolation between the adjacent bin average values. This results in a 1/3-octave spectrum
atsthe centre of each bin.

The prnr‘ndllrn describhed ahove applinc to_bhoth the total noise and the hnr‘kgrmmd noise to

determine bin centre spectra.

At each wind speed bin centre the wind turbine noise 1/3-octave spectrum is found by
correcting the total noise spectrum with the background noise spectrum for the same wind
speed bin centre. If the difference between the sum of the 1/3-octave bands of the total noise
and the sum of the 1/3-octave bands of background noise is between 3 and 6 dB the result
shall be marked with an asterisk when reported. If the difference is 3 dB or less, the result for
that wind speed bin shall not be reported.

In the description below following subscripts and indexes are used:
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1/3 octave band number (e.g. i = 1 for 20 Hz centre frequency, i = 2 for 25 Hz centre
frequency, ..., i = 28 for 10 kHz centre frequency);

10 s measurement period number (each bin should have the minimum of 10 points per bin
therefore j = 1 to 10 or greater);

wind speed bin (i.e. K = 6 m/s bin, k = 6,5 m/s bin, k = 7 m/s bin, etc.);

bin centre value;

k
v
0
n
T
B

C

measured 1/3 octave spectrum;
normalized spectrum;

total noise;

background noise;

background corrected total noise.

The details of the procedure are described hereafter and illustrated in the*flowchart in
Figure 6.
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from these data shall be marked with an asterisk. If the difference is larger than 6 dB the

Apparent sound power level Lwa 1o m is

speeds at 10 m with zo = 0,05. Linear

v

interpolation between bin average values

Correct bin-center 1/3-octaveband spectrum for background noise in each bin.

Equation (23) and the corresponding standard deviation, Equations (24) and (25). 9.2.4

at hub height is used.

v

Calculate apparent sound power spectrum, Lwa ;x (26) and apparent sound power
level, Lwa in each bin (27) and the corresponding standard deviation, uwa (28), 9.3

Hub height,
measurement
distance

Figure 6 — Flowchart showing the data reduction

IEC 2097/12

procedure
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9.2 Calculation of sound pressure levels
9.2.1 General

The noise is measured as an equivalent noise level L,,, and a 1/3-octave band spectrum with
centre frequencies from 20 Hz to 10 kHz. The equivalent noise level Lpgq o is determined from
the energy sum of the 1/3-octave bands. The difference Lpgy-Lagq,o IS determined.

28 [LAeq,i,j]
—0 6
Lacgo,; =10-log> 100 " )
i=1

Aj =LAeq,j _LAeq,o,j (7)

This difference is added to each individual band in the 1/3-octave band spectrum to give the
normalized 1/3-octave band spectrum for each measurement period ;.

Lpeq,n,i,j = Laeq,i,j +4; (8)

where

Lpgq,0, IS the A-weighted sound pressure level calculated from the 1/3-octave spectrum
in the measurement period j;

Lpgq,i; I the A-weighted sound pressure leyel at 1/3-octave band i in the measurement
period j;
Lpeq,i is the measured A-weighted sound pressure level in the measurement period j;

4; is the difference between the calculated A-weighted sound pressure level from
the 1/3-octave spectrum ahd the measured A-weighted sound pressure level,;

Lpgq,n,i; IS the normalized 1/3<octave band i in the measurement period ;.

If a secondary wind screen. is,"used, the normalized spectra shall be corrected for the
influence of the secondary wind screen in 1/3-octave bands.

All the following analyses are made using the normalized 1/3-octave band spectra. The
1/3-octave band spectra are sorted into wind speed bins k. Average value and uncertainties
for both sound pressure level and wind speed for each bin are calculated using the following
expressions within each wind speed bin k.

The total,noise and background noise are analysed using the same principles.
9.2.2 \Calculation of average sound spectra and uncertainty per bin

The average sound pressure level Zi,k for each 1/3-octave band i is calculated by

v (Li,j,k] )
- 1 10
Lix =10-log(— > 10
ik o( N J§=1 )

where
N is the number of measurements in wind speed bin k;



https://iecnorm.com/api/?name=4c9431e2d8326f2c2cbfc735594c06a5

IEC 61400-11:2012+AMD1:2018 CSV - 29 -
© IEC 2018

Lk is the sound pressure level of 1/3-octave band i of measurement period j in wind
speed bin %.

The result will be one average 1/3-octave spectrum for each wind speed bin %.

The type A standard uncertainty on the average sound pressure level of 1/3-octave band i in
wind speed bin & 5L, is calculated by Equation (10):

N _
> (szk - f’#l‘:’f)2
=1

N-(N-1)

(10)

St =

where

Z,;k is the average sound pressure spectrum in wind speed bin &from Equation (9);

Liik is the sound pressure level of 1/3-octaveband i of measurement period j in wind
speed bin %.

The combined type B standard uncertainty on the energy averaged sound pressure level of
1/3-octave band i, Ug for each measurement period;.;; is calculated by Equation (11).

Guidance for type B uncertainties are given in Annex,C:

U 2
= Zu%q (11)
q=1

Ui is the type B standardxuncertainty from source g on the average sound pressure

where

level of 1/3-octave band i for each measurement period ;.

The type B standard uncertainty on the average sound pressure level of 1/3-octave band i in
wind speed bin %, up, is_calculated by Equation (12):

(12)

where

ik is the combined type B standard uncertainty on the average sound pressure level

of 1/3-octave band i for each measurement period j, see Equation (11). This value

is the same for all values of ;.

The combined standard uncertainty on the average sound pressure level of 1/3-octave band i
in wind speed bin & Ucom, L, is calculated by Equation (13):

3 2
Ucom, L =51, + " (13)
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9.2.3 Calculation of average wind speed and uncertainty per bin
The average wind speed,;k, in bin k is calculated by Equation (14):
—_ .
Vi=—- >V, 14
k= 21 jk (14)
where
N is the number of measurements in wind speed bin k;

Vik is the average value of wind speed at measurement period j in wind speed bin %.

The type A standard uncertainty on the average wind speed in bin & sy is egalculated by
Equation (15):

= N-(N-1)

SV,k: (15)

where

Vj]k is the average wind speed for measurement’period j;

V., is the average wind speed in wind speed bin k, see Equation (14).

The type B standard uncertainty on thexwind speed for each measurement period j uy, is

9
uy, = /Z ugj,q (16)
q=8

Uy .q is the_type B standard uncertainty from source ¢ on the average wind speed for

calculated by Equation (16):

where

eachymeasurement period ;.

The typenB standard uncertainty on average wind speed in bin & uy; is calculated by
Equation:(17):

5]
= |3 (17)

where
uy; is the type B standard uncertainty on the average wind speed for each

measurement period j, see Equation (16).

The combined standard uncertainty of the wind speed in bin &, ucoy y 4, is calculated by
Equation (18):
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2 2
Ucom, vk =\ SVk TUrk (18)

The corresponding covariance, cov, ;, is calculated by Equation (19):

1 N _ —
COVIVik:ﬁ'Z(Vilr—Vk)'(Li‘ilz_Lik) (19)

Jj=1
where
V., is the average wind speed measured in measurement period j;

Vi is the average wind speed for bin &, see Equation (14);

is the measured noise level of 1/3-octave band i from measurement_period ;j in wind
speed bin £;

Zl;k is the average noise level of the 1/3-octave band i in windspeed bin k&, see
Equation (9).

9.2.4 Calculation of noise levels at bin centres including uncertainty

For both total noise and background noise, estimates ferJthe sound pressure level of
1/3-octave band i at the bin centre wind speeds are galculated using linear interpolation
between the bin average values. In principle the methogd is-applicable for any wind speed.

The estimated sound pressure level at this wind speed V is calculated as

C=(-0). e Lyi(t)=(1=t)-Lik +1-Lijk+1 (20)
where

Vk <V <Vi+1

The ¢ value at a given wind:speed V is calculated as

A iy (21)
Vi1 =Vik

The standard uncertainty on the calculated sound pressure levels at bin centre wind speed v
is calculated using

2 2
Lo covd () /2 covdy (1)
wr Aty =—urtt) > ug, (¢)= Jug ;(t)———F——— (22)
\ uy (1) \ uy(r)
where
2 2 2 2 2 2 n 2 2 2 2
uzt)y={t=1) “Ucom,L,k + ¢ ~Ucom,L,k+1 ”L,i(t)—(1_t) “Ugom,L,ik T “Ucom,L, i, k+1
Vi Vi
cov A i 2 SVIrk 2 CViyka o .(t):“_t)z_co LV,ik +t2.C° LV i, k+1
UUVLV\I/I \1 ’/I T LV’I N N
Ny N1 k e+
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2/, 2 2 L2 2 2 _ 2 2 2 2
ity ==t ugom &+t uGom. v k1 uy () =(A=0 -ugompk +1° Ucom y 111

N, is the number of measurements in wind speed bin k.

N, in Equation (22) is compensating for the use of standard uncertainty on average values for
noise level and wind speed.

If the bin average of the wind speed is below the bin centre at the highest bin, extrapolation to
the bin centre is allowed. If the bin average of the wind speed is above the bin centre at the
lowest bin, extrapolation to the bin centre is allowed. Extrapolation is only allowed for bins
with at least 10 measurement data points.

If the total noise level Ly r;; is at least 3 dB higher than the background noise levelK'Ly p;,

in the same 1/3-octave band i, the background corrected sound pressure levelfor 1/3-octave
band i and the corresponding standard deviation on the value, are calculated.using

[LV,T,i,k j {LV,B,i,k j
Ly..x =10-log(10t 1© J_10\ 10 )y (23)

2

] [ o

+ uLV,B,i 10

Heik = [ Ly 14 j [ Ly pi j
10 10 ~10 10

It is assumed the total and background noise are uncorrelated if the difference is larger than
3 dB. This may lead to an overestimation of the uncertainty if there is any correlation. For bins
or 1/3-octave bands, where the total noise level, Ly ,;, is less than 3 dB higher than the

uLV,T,i 10

(24)

background noise level, Ly zg"a 3 dB correction is applied and the result marked with
brackets [ ]. The uncertainty is' calculated as if the difference is 3 dB, see Equation (25).

2 2
Ly 1 J LyTi-3 ]
10 10
uLV,T,l"10 + MLV,B,Z"10
Ucik = (LV,T,iJ (LV,I‘,i73] (25)
10 10 ~10 10

9.3° Apparent sound power levels

Whithimeach bim, the apparent sound-power tevet for each t/3=octave band 1,7 1S catcutated

from the corresponding background corrected sound pressure level for the same 1/3-octave
band, Ly ;. at the bin centre wind speeds as follows:

471'R12

Lygik =Ly,cik —6+10log S
(26)
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where
Ly ..« 1s the background corrected A-weighted sound pressure level in 1/3-octave band i
at the bin centre wind speed & under meteorological reference conditions;

R, is the slant distance in meters from the rotor centre to the microphone as shown in
Figure 4; and
So is a reference area, Sy = 1 m2,

The 6 dB constant in Equation (26) accounts for the approximate pressure doubling that
occurs for the sound level measurements on a measurement board.

The estimate for the A-weighted sound power level in bin k is calculated by energy sunming
of all 1/3-octave band sound power values.

2 { WA,ik ]
Ly =10-log) 10t (27)
i=1

If the difference between the sum of the 1/3-octave bands of the\total noise and the sum of
the 1/3-octave bands of the background noise is between 3Cand 6 dB the result shall be
marked with an asterisk when reported. If the difference is,38.dB or less, the result for that
wind speed bin shall not be reported.

28 [ Ly ik ]

> uggptot 1

Mj (28)

28 [
210 10
i=1

Equation (28) is valid for correlated uncertainties. The uncertainties of the sound power levels
of the 1/3 octave bands are-assumed to be correlated.

Guidance for Type B-uncertainties are given in Annex C.

9.4 Apparentisound power levels with reference to wind speed in 10 m height

To calculate ;the apparent sound power level with reference to wind speed in 10 m height,
Lwa 10 m @t integer wind speeds within the measurement range, the following procedure is
used:

Calculate the corresponding wind speed at hub height, V; | by using Equation (29). Then use

limear interpolation and the background noise correction as described in Equations (20) to
(26)

In( f j
Vig =Vag -| ——2et 2 (29)

( J
|
20 €
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Lwa 10 m,x for integer wind speeds k within the measurement range with corresponding
uncertainty, u;, 1om, is calculated by using Equations (27) and (28).

9.5 Tonal audibility

9.5.1 General methodology for tonality

The presence of tones i the noise at differentwindspeeds shaft be determined on the basis
of the narrowband analysis. The procedure for tonality assessment is described by the
flowchart in Figure 7.
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Figure 7 — Flowchart for determining tonal audibility for each wind speed bin
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The tonal analysis shall cover the same wind speed range as the sound power level
measurement. The complete measurement shall be divided into 10 s energy averaged spectra
as defined in 7.2.5.

All spectra are sorted into wind speed bins. The overall tonal audibility for a given wind speed
bin can only be determined if at least 6 of the narrowband spectra for that wind speed bin
have an identified tone with the same origin.

Tones of the same origin are defined as follows: Identified tones in different spectra are
considered as tones of the same origin if they are within an interval +25 % of the critical band
centered at the frequency. Tones of the same origin are treated and reported as one tone;

For each spectrum with identified tone, j, in each wind speed bin

e The sound pressure level of the tone L ; , shall be determined.

e The sound pressure level of the masking noise L, ; , in the critical bandyaround the tone
shall be determined.

e The tonality ALy, ;. the difference between the sound pressure level of the tone and the
masking noise level, shall be found.

e The tonal audibility AL, ; ;. the difference between the tonality-and the audibility criterion of
the tone, shall be found.

The overall tonal audibility, AL, ,, is determined in eaech wind speed bin for each of the
identified tones of the same origin as the energy average of the individual ALy Only spectra
with identified tones are included.

In exceptional cases (for example very broad tohes consisting of many lines or masking noise
with very steep gradients) this method may/not give the correct results. In such cases,
deviations from the prescribed method may be needed and shall be reported.

9.5.2 Identifying possible tones

A preliminary identification of tones is needed for the classification of the spectrum lines.

The following procedure is @sed to identify possible tones:

a) find local maxima:n_the spectrum;

b) calculate the critical band, a closed interval centred on the maxima with a bandwidth
determined_by:

0,69

2
Critical bandwidth =25 +75-|1+1,4- Je
1000

where f, is the frequency of the maxima in Hz;

c) calculate the average energy in the critical band centred on each local maximum, not
including the line of the local maximum and the two adjacent lines;

d) if the local maximum is more than 6 dB above the average energy as calculated in the
previous bullet, then it is a possible tone.

9.5.3 Classification of spectral lines within the critical band

The critical band shall be positioned with centre frequency coincident with the possible tone
frequency. For possible tones with frequencies between 20 Hz and 70 Hz, the critical band is
20 Hz to 120 Hz.
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If the centre frequency of a line is included in the critical band, the line is part of the critical

band.

Within each critical band, every spectral line is classified as tone, masking, or neither, using

the following procedure.

a) Calculate the L,y o, sound pressure level, where L, o, is the energy average of 70 % of
spectral lines in the critical band with the lowest levels as shown in Figure 8

b) The criterion level is equal to L;q o, plus 6 dB as illustrated in Figure 9.

e Aline is classified as “masking” if its level is less than the criterion level. L,
the energy average of all the lines classified as masking as illustrated in Figure 10

e Aline is classified as “tone” if its level exceeds Ly, 5,4 plus 6 dB.

n.avg 1S then

e Where there are several-adjacent lines classified as “tone”, the line having-the greatest
level is identified.-Adjacent Lines are then only classified as “tone” if.their levels are

within 10 dB of the highest level.

e A line is classified as “neither” if it cannot be classified as either'“tone” or “masking”.

Spectral lines identified as “neither” are ignored in furtheryanalysis. Figure 11
illustrates the classification of lines in a critical band.
55
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Figure 8 — lllustration of L;, o, level in the critical band
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Figure 11 — lllustration of classifying-all spectral lines

9.5.4 Identified tone

An identified tone is a possible tone with one ©r more spectral lines classified as “tone”.
According to 9.5.3, the spectral line with the highest level is the frequency of the tone.

9.5.5 Determination of the tone level

The sound pressure level of the tone L ; , is determined by energy summing all spectral lines
identified as tones within the critical band in—9.5.2 9.5.3. Where this involves 2 or more
adjacent lines, a correction is applied for using the Hanning wind i

ow—Thisrequires—dividing
the-energy-sum-by 1,5. This\eorresponds to subtracting —10-log(1/1,5) or 1,8 dB (1,76 dB)
from the tone level.

Note that if more thanone tone is present within the same critical band, the above procedure
is equivalent to energy summing the level of these individual tones.

9.5.6 Determination of the masking noise level

The masking noise level, Lpnj,k, is defined as follows:

I - +10-log Critical bandwidth
Pk = Fpn.avg.jk Effective noise bandwidth

(31)

where L pn,avg,,k is the energy average of the spectral lines identified as “masking” within the
critical band

The effective noise bandwidth is 1,5 times the frequency resolution, which includes a
correction for the use of the Hanning window.

9.5.7 Determination of tonality

The tonality, the difference between the tone level and the level of the masking noise in the
corresponding critical band, is given by Equation 32:
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ALtn,j,k = Lpt,j,k - Lpn,j,k (32)

9.5.8 Determination of audibility

For each value of ALy, ., a frequency dependent correction shall be applied to compensate
for the response of the }(wman ear to tones of different frequency.

The “tonal audibility” for each spectrum, AL is defined as:

a,jk

ALgjx = Alin i~ Ly (33)

. is the frequency dependent audibility criterion, defined as:

2,5
“tog- |14 =L )
log {1+(502j } (34)

where fis the frequency of the tone maximum in the critical band, in Hz.

Note that this criterion curve has been determined from listening tests, and reflects the
subjective response of a “typical” listener to time-invariant'tones of different frequencies.

The AL, ; , are energy averaged to one AL, ; for each.tone of the same origin in each bin. For
the tones of the same origin, the corresponding frequency to report is the range of
frequencies of the tone maxima of the individualspectra from Equation (34).

For tonal audibilities meeting the condition:
AL, >-3,0dB (35)

The tonal audibility is reported. Except if:

e AL,,2-3,0dB andless than 20 % of 10 spectra or more, contain identified tones with the
same origin the values of AL, , shall be reported as “No relevant tones.”

e AL,, 2-3,0 dB and more than 20 % but less than 6 spectra contain identified tones with
the same origin more measurements are needed. Up to 30 spectra may be necessary.

For tonal audibilities where:

ALy, <-3,0dB (36)

the values of AL _, shall be reported as “No relevant tones”.

A tone is audible if the tonal audibility is above 0 dB.

9.5.9 Background noise
Narrowband spectra shall be made of the background noise for each wind speed bin. If tones

originating from the background significantly affect the audibility analysis then measures shall
be taken to establish the degree to which this occurs and these measures shall be reported.

No correction for broadband background noise is made.
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10 Information to be reported

10.1 General

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

10.2 Characterisation of the wind turbine

The wind turbine configuration shall include the following information:

— Wind turbine details:
e manufacturer;
e model number;
e serial number.
— Operating details:
e vertical or horizontal axis wind turbine;
e upwind or downwind rotor;
e hub height;
e horizontal distance from rotor centre to tower axis;
e diameter of rotor;
o tower type (lattice or tube);
e passive stall, active stall, or pitch controlled. turbine;
e constant or variable speed;
e power curve;
e rotational speed at wind bins;
e rated power output;
e control software version.
— Rotor details:
e rotor control devices;
e presence of voriex-generators, stall strips, serrated trailing edges;
e blade type;
e serial number;
e numpber/of blades.
— Gearbox details:
o~ manufacturer;
¢ model number;

e serial number.

— Generator details:

e manufacturer;

model number;

serial number.

10.3 Physical environment

The following information on the physical environment at and near the site of the wind turbine
and the measuring positions shall be reported:
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e details of the site including location, site map and other relevant information;

o type of topography/terrain (hilly, flat, cliffs, mountains, etc.) in surrounding area (nearest
1 km);

e surface characteristics (such as grass, sand, trees, bushes, water surfaces);

e nearby reflecting structures such as buildings or other structures, cliffs, trees, water
surfaces;

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

e two photos, one taken in the direction of the turbine from the reference microphone
position, and one taken from the wind mast toward the turbine;

e a photo of the microphone on the measurement board positioned on the ground and
immediate surroundings, see Figure 2.

10.4 Instrumentation
The following information on the measurement instrumentation shall be-reported:

e manufacturer(s);

e instrument name and type;

e serial number(s);

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

e met mast anemometer position and height for eachi,measurement series;
e influence of secondary wind screen, if used;

e measurement position of each microphoné€ for each measurement series.
10.5 Acoustic data
The following acoustic data shall be reported:

e measurement position of eagch microphone for each measurement series;

e time and date of each measurement series;

e apparent sound power tevel Ly ; at bin centre wind speeds at hub height;

» apparent sound power level Ly 19 m 4 at integer wind speeds at 10 m height;

e a plot showing all measured data pairs at reference position 1 of the measured total noise
and backgreund noise (with different symbols). Differentiate in the plot if the wind speed
was derived from different methods. On the plot, the axes of L4 and Vy;, shall be linear,
and scaled so that 1 m/s corresponds to 2 dB;

o a plotshowing all measured total noise versus electrical power data;

e ‘table and plot of sound power spectrum in 1/3-octaves for each bin centre wind speed;
coordinates plotted at 1 octave = 10 dB, and levels bracketed as appropriate;

¢ table showing total noise and background noise. The values shall be calculated as the

energy sum of the average 1/3-octave band spectra for each bin. The corrected Ly, at
bin centre values calculated from the corrected 1/3-octave band spectrum at the bin centre
can be included in the table. If the difference between total noise and background noise is
between 3 and 6 dB the result shall be marked with an asterisk. If the difference is 3 dB or
less the result shall not be used.

For each bin centre wind speed &:

o ALy, AL, for each identified tone (as table or plot);
A b i ;
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e AL, for each identified tone of the same origin;
o frequency for each identified tone of the same origin;
e narrowband spectra of total and background noise as an overlay plot per bin.

Optional acoustic data that may be reported includes:

e low frequency noise;

e infrasound;
e impulsivity;
e amplitude modulation;

e other noise characteristics, if any.
10.6 Non-acoustic data
The following non-acoustic data shall be reported:

e wind speed determination method(s);

o plots of wind speed from the power curve relative to measured nacelle wind speed and
met mast measured wind speed;

e rotor rotational speed,;

e air temperature;

e atmospheric pressure;

e roughness length (estimated);

e range of the downwind direction during thee measurement including the method used to
ensure the yaw direction was within +152jef)the microphone position.

Optional non-acoustic data that may be reported include:

o estimates or measurements of the‘turbulence intensity during acoustic measurements;

o whether the turbulence intensity data were determined by measurement or by inference
from meteorological conditions.

10.7 Uncertainty
The uncertainty of thefollowing reported acoustic quantities shall be assessed and reported:

e description of.type B uncertainties;

e apparent'sound power levels at bin centre wind speeds;

o 1/3-oGtave band spectrum of the noise at the reference position at bin centre wind speeds.
Guidance for the assessment of measurement uncertainty can be found in Annex C and in

ISOHEC Guide 98-3, Uncertainty of measurement — Part 3: Guide to the expression of
upcertainty in measurement (GUM:1995).
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Annex A
(informative)
Other possible characteristics of wind turbine
noise emission and their quantification
A.1  General

In addition to those characteristics of wind turbine noise described in the main text of‘this
standard, the noise emission may also possess some, or all, of the following:

e infrasound;

o low-frequency noise;

e impulsivity;

¢ low-frequency modulation of broad band or tonal noise;

e other, such as a whine, hiss, screech or hum, etc., distinct impulses in the noise, such as
bangs, clatters, clicks, or thumps, etc.

These characteristics are described briefly below, and \possible quantitative measures
discussed.

It should be noted that certain aspects of infrasound; low frequency noise, impulsivity and
amplitude modulation are not fully understood. at present. Thus it may prove that
measurement positions farther away from the wind turbine than those specified in the
standard may be preferable for the determination of these characteristics.

A.2 Infrasound

Sound at frequencies below 20 Hz is called infrasound. Although such sound is barely audible
to the human ear, it can still.cause problems such as vibration in buildings and, in extreme
cases, can cause annoyance=If infrasound is thought to be emitted, an appropriate measure
is the G-weighted soundxpressure level according to 1ISO 7196. Research has shown that
modern upwind wind turbines do not produce audible infrasound.

A.3 Low frequency noise

The general )procedure extends one-third octave bands to 20 Hz and covers the relevant
frequeney.range to describe the low frequency noise. From the data it is possible to predict
the low/frequency noise levels in the far field.

A disturbance can be caused by low-frequency noise with frequencies in the range from 20 Hz
to 100 Hz. The annoyance caused by noise dominated by low frequencies begins when the

IIUibU ib bicdliy audi'uic. At iUVUiD biUbC tU t;lb ;Ibdl;llg tille;lUiUl tilC ||uiaa||bc Uf bubil d IIUibC
may be overestimated if assessed using only Ly, values.

A.4 Impulsivity

An impulsive, thumping sound may be emitted from a wind turbine due, for example, to the
interaction of the blade with the disturbed wind around the tower. Impulsivity is a measure of
the degree of this thumping.
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A quantification of impulsivity can be obtained from the average of several measurements of
the difference between the C-weighted “impulse hold” and maximum C-weighted “slow” sound
pressure levels.

A.5 Amplitude modulation of the broad band noise

In some cases, it is possible that the broadband noise emitted by a wind turbine is modulated

by the blade passage frequency giving rise to a characteristic “swishing” or “whooshing”
sound.

This modulation can be displayed by recording the measured A-weighted sound préssure
level with time weighting F for at least ten full rotations of the rotor.

The characteristics of this modulation can be influenced by local atmospheric conditions (see
Annex B), and for this reason such conditions should be recorded during measurements.

A.6 Other noise characteristics

If the noise emission contains a whine, hiss, screech, hum, bang; clatter, click, thump, etc.,
then this characteristic should be reported. A full description_as)possible of the noise should
be given in words, and any measurements that illustrate the-hature of the noise should be
taken.
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Annex B
(informative)

Assessment of turbulence intensity

Turbulence is a2 natural p:lrf of the wind nn\/irnnmﬂnf, and-as it passes +hrn||gh the rotor r'liel(7

it causes unsteady pressures on the blades that radiate noise. Studies suggest that at high
power levels or wind speeds, noise due to inflow turbulence can become the dominant source
of aerodynamic noise emission from a wind turbine.

Because of its effect on overall noise emission, turbulence levels should be assessed and
recorded during acoustic measurements. The preferred method is by direct measurement of
wind speed within at least three time periods of 10 min each, and at a sampling rate of at
least 1 Hz. Both the average and standard deviation of the wind speed are_determined from
the measured data for each 10 min period. The average turbulence yintensity is then
determined as the average of the ratio of standard deviation divided by the average wind
speed for each period.

Turbulence intensity is usually measured with an anemometer.at rotor centre height in
undisturbed flow. Using a 10 m met mast, power curve, or-nacelle anemometer gives an
estimated value. These can be used for relative measurements on the same turbine, in order
to compare noise measurement results.

If such turbulence measurements are not practical,\durbulence levels may be inferred from
knowledge of the local atmospheric stability and surface roughness. On clear, sunny days the
ground heats up and turbulent energy arises/in ‘the atmospheric boundary layer due to air
buoyancy effects. This represents an unstablé atmospheric boundary layer and results in high
turbulence levels. On the other hand, after‘sunset the ground often cools, due to radiant loss
to the night sky, and cold air settles below warmer air. This condition represents stable
atmospheric conditions, wherein turbulent mixing in the boundary layer is inhibited, and
turbulence levels are low. The surfacé roughness of the measurement site also affects the
levels of turbulence. High turbulence levels can occur over rougher ground surfaces and over
complex terrain. The time of-day, cloud cover during measurements, and the surface
roughness, should be reported‘as an alternative to reporting measured turbulence levels.



https://iecnorm.com/api/?name=4c9431e2d8326f2c2cbfc735594c06a5

- 48 — IEC 61400-11:2012+AMD1:2018 CSV
© IEC 2018

Annex C
(informative)

Assessment of measurement uncertainty

Cc.1 General

This Annex gives some guidance on how to make uncertainty determinations.

C.2 Uncertainty components of type A and B

The measurement uncertainty of each of the reported acoustic quantities sheuld be derived
and reported as the combined standard uncertainty in the manner defined~in this annex.
Additional guidance on applying the methods is contained in the ISO/IEC Guide 98-3,
Uncertainty of measurement — Part 3: Guide to the expression of uncertainty in measurement
(GUM:1995). In this annex, distinction is made between type A uncerfainty components that
are evaluated by using statistical methods to a series of repeated _determinations, and type B
uncertainty components that are evaluated by judgement, using different kinds of relevant
information including experience from similar situations. Uncertainty components of both type
A and B are expressed in the form of standard uncertainties \@nd are combined by the method
of combination of variances to form the combined standardyuncertainty.

C.3 Site effects

When the uncertainty of the measurement _results are evaluated, it is important to take into
account the influence that the actual measurement site can have upon the measured wind
speed and upon the acoustic conditions_of the microphone mounting board. If the site terrain
is non-uniform, the measured wind speed can deviate from the wind speed incident on the
rotor. The deviation will increase with” increasing distance between the rotor centre and the
anemometer. If the ground is sloping or uneven, the conditions for the microphone mounting
board may not be fully met, and,the measured sound pressure levels may be inaccurate. The
uncertainty of spectra will beilarger than for A-weighted total levels and will increase with
decreasing board size. The.site effects are type B uncertainty components.

C.4 Uncertainty_on acoustic parameters

C.41 Apparent sound power spectra and levels

This subélause describes the uncertainty components that, based on current knowledge, are
the magstiimportant with respect to the apparent sound power spectra and levels.

The parameter describing the type A uncertainty is the standard error of the estimated noise

spectra at each wind speed bin centre for each 1/3-octave band in the spectrum. Details on
this are found in Clause 9

The following are considered uncertainty components of type B for sound level determination:

e calibration of the acoustic instruments, ug;

o tolerances on the chain of acoustic measurement instruments, ug,;

e uncertainty on the acoustic conditions for microphone mounting board, ugs;
e uncertainty on the wind screen insertion loss, upgy;

e uncertainty on the distance from microphone to hub and direction, ugs;
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e uncertainty on the acoustic impedance of air, air absorption, ugg;
e uncertainty on the acoustic emission of wind turbine due to changing weather conditions,
including turbulence, ugy.

The following are considered uncertainty components of type B for wind speed determination.

e uncertainty on the measured wind speed, including anemometer calibration and site

affocte or an darivad meludt Ha-power raadinag uncartainty 4,
o Gervea Gt

CTTTCTTto;OT < v oCrg P oV e oot g oo oTrtarys ”BB’

e uncertainty on the measured and derived wind speed from the power curve uncertainty;
igo.
For all of the type B uncertainties mentioned here, a rectangular distribution of possible

values is assumed for simplicity with a range described as “+a”. The standard unceftainty for
such a distribution is:

“= (C.2)

Table C.1 and Table C.2 present the possible values of the uncertainty components, which
are given as examples. They should only be used as guidance for evaluations to be made in
actual cases.

Table C.1 - Examples of possible values of type B uncertainty components
relevant for apparent sound-power spectra

Component Possible typical range Possible typical standard uncertainties

dB dB

Calibration, ug1 0,3 0,2

Instrument, ugo Frequency dependent, can be taken from calibration certificate

Board, ugs +0,5 | 0,3

Wind screen insertion loss, ugy See annex E

Distance and direction, ugs +0,2 | 0,1

Air absorption, ugg See annex G

Weather conditions, ug7 +0,8 | 0,5

Table C:2- Examples of possible values of type B uncertainty components
for-wind speed determination relevant for apparent sound power spectra

Component Possible typical range Possible typical standard uncertainties
m/s m/s
Wind speed, measured ?, ugg 1,2 0,7
Wind speed, derived °, ugg +0,3 0,2
Wind speed, pOwer curve, ugg 10,3 0.2
@ Through nacelle anemometer or met mast.
® Through power curve.

The combined standard uncertainty is found as given in Clause 9.
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Annex D
(informative)

Apparent roughness length

D.1 General

Roughness length is the parameter used for calculation of the wind speed at different heights
based only on the terrain conditions. In Table D.1 guidance on how to estimate the roughness
length is given. Since this is crude estimate, valid only for cloudy conditions, this annéx gives
some guidance on how to determine an apparent roughness length either from wind speed
measurements or from typical wind shear data measured during site evaluation.

Table D.1 - Roughness length

Type of terrain Roughnesr: length z,
Water, snow or sand surfaces 0,000 1
Open, flat land, mown grass, bare sail 0,01
Farmland with some vegetation 0,05
Suburbs, towns, forests, many trees and bushes 0,3

D.2 Method for determination of roughness length.

Roughness length is a parameter in the equation for the logarithmic wind profile. The equation
for the logarithmic wind profile is given‘ig“Equation (D.1).

Ve=Voref | —F—~ (D.1)
In Zref
20
where,
v, is the'wind speed at height z above ground level;
V. refiisthe wind speed at height z..¢ above ground level (typical hub height);
z is the height above ground for the desired wind speed;
Zrof I8 the height above ground where the wind speed is known;
zg is the roughness length in the wind direction under consideration.
Equation (D.1) can be rearranged to
[ Vz'ln(Zref )—Vz,ref'ln(z)]
n=e szVz,ref (D2)

By measuring the wind velocity in two different heights above ground we are able to
determine the roughness length in the wind direction under consideration. The roughness
length is determined by averaging all the calculated 10 s roughness length during the
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complete noise measurement. Preferable z.,; is chosen to be hub height, and z is chosen to
be tip low height, in order to minimise local ground effects.

D.3 Conversion of wind shear to apparent roughness length

Very often wind shear is measured during site evaluation. Wind shear is another measure for
the variation of wind speed with height as seen in (D.3). The wind shear can be converted to

an apparent roughness length by equalling Equations (D.1) and (D.3).

24
z
Ve =Varef [ j (D.3)
Zref
where,
v, is the wind speed at height z above ground level;

V, ref is the wind speed at height z,.¢ above ground level (typical hub.height);

z

z is the height above ground for the desired wind speed;

z is the height above ground where the wind speed is known;

ref
a is the wind shear factor for the wind direction undercesnsideration.

By solving for z; we get the following result:

2% In(zret )~ Ser ™ In(2)

zg=e et (D.4)

By calculating z, this way, we can find.two intersection point using the two different wind
profiles, namely for a height equal to"z“and a height equal to z therefore we chose the
equality to be valid for 10 m heightafd hub height, and thereby we can rewrite the equation
to the equation for determination of'the apparent roughness length from wind shear.

10% In(H )-H* In(10)

=e O (D.5)
where,
H is thechub height of the turbine;
a is_.the wind shear factor for the measured wind direction.

The measured roughness length (see Equation (D.2), the apparent roughness length (see
Equation (D.5)) or the roughness length found from Table D.1 shall be used, when finding the
sound power level as a function of wind speed at 10 m height.
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Annex E
(informative)

Characterization of a secondary wind screen

E.1 General

A secondary wind screen can be used when measurements are made at high wind speeds
and at low frequencies. The secondary wind screen improves the signal to noise ratio,at_the
lowest and highest frequencies by reducing wind induced noise in the microphone.

If the secondary windscreen is used, the influence of the secondary windsCreen on the
frequency response shall be documented and corrected for in the results. The insertion loss of
the wind screen should cover the meteorological conditions for which it\is intended, i.e.
different degrees of humidity, moisture.

E.2 Secondary wind screen

The secondary wind screen can be designed in different ways) For example, it could consist
of a wire frame of approximate hemispherical shape which'’is’covered with a 13 mm to 25 mm
layer of open cell foam with a porosity of 4 to 8 pores pef10 mm or different types of textile.
The secondary hemispherical windscreen shall besplaced symmetrically over the smaller
primary windscreen.

The diameter of the wind screen shall be at least 450 mm.

E.3 Insertion loss

As the secondary wind screen is patt of the entire measurement chain the insertion loss of the
secondary wind screen shall beimeasured with high precision. The following measurement
procedure shall be followed.

E.4 Measurementcprocedure

The measurement. setup is similar to the measurement situation for wind turbine noise
measurements,

The insertion loss is measured using a loudspeaker and a pink noise signal.

The'te'st microphone is put on a measurement board at a horizontal distance of 6 m from the
loudspeaker. The loudspeaker is put on a stand at a height of 4 m. The horizontal distance of
the measurement board is varied by +20 %, corresponding to the allowed variation in

maacuramaent dictanca
HeaSureret—atStance:

An extra microphone, a control microphone, is put on a separate measurement board next to
the first measurement board. The purpose of this is to monitor the noise from the loudspeaker
during the measurements, looking for variation in the noise emission. A half standard wind
screen is applied on each of the two microphones.

The secondary wind screen is applied to the test microphone. Noise is emitted from a
loudspeaker and the resulting sound pressure levels at the microphone positions are recorded
for 1 min to 2 min. The secondary wind screen is removed from the test microphone and
another recording is made. This is repeated 3 times. The background noise is measured
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before and after these measurements. This procedure is repeated with 3 different distances of
the measurement board: 4,8 m, 6,0 m, and 7,2 m. All measurements are made in 1/3-octave
bands.

The insertion loss can then be determined as the level difference with and without the
secondary wind screen as an arithmetic average for the 9 measurements. The standard
deviation shall be calculated as well. As the result is a small difference between high sound

pressurelevels it is necessary to normalize the level difference with the level difference

between the corresponding measurements from the control microphone.

The background noise in each 1/3-octave band shall be at least 3 dB below the noise with.the
loudspeaker on. For 1/3-octave bands where this is not the case the insertion loss cannot be
reported.

At frequencies below 100 Hz the insertion loss can be assumed equal to the jinsertion loss at
125 Hz if background noise has prevented measurements.

E.5 Other demands

The values of the insertion loss shall be within —1,0 dB to 3,0 dB for any one-third octave
band.

The difference in insertion loss between 2 neighbouring(1/3-octave bands shall not exceed
2 dB to prevent a distortion of the FFT-spectra, whete) it is not possible to correct for the
secondary wind screen.

E.6 Examples of secondary wind scréens

Two examples of secondary wind screensyare shown in Figure E.1 and Figure E.2.

IEC 2103/12

Figure E.1 — Example 1 of a secondary wind screen
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IEC 2104/12

Table E.1 - Ex&nple on reporting of insertion loss
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Insertion loss
Average of 3 heights
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IEC 2105/12

Figure E.3 — Example on insertion'loss from Table E.1
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Annex F
(normative)

Small wind turbines

F.1 General

Along with the development of larger wind turbines there is a development of small low-cest
wind turbines. Due to the lower production cost as well as the different design it is,found
appropriate to ease the demands on the noise measurement for these wind turbines.

This annex describes the method for noise measurements on small low-cost Wwind turbines.
The method can be used only for wind turbines with a maximum power output less than
100 kW.

The method in this annex deviates from the general method in the main)body of the standard
to better address the dynamic character of small wind turbines (e.g.free yaw, greater rotor
speed variations). It also removes requirements that specifically laddress large turbines such
as nacelle anemometry. The noise from wind turbines can eithér be determined according to
the general method or according to this annex depending onithe turbine configuration.

This annex follows the principles of the general methad, The annex describes the deviations
from the general method.

If a wind turbine is designed to run unloaded {e.g. if the battery is full, in a battery charging
application) this situation should be includeddn)the measurements and reported separately.

F.2 Acoustic measurement positions

Acceptable measurements shall not be more than +45° relative to the downwind microphone
position and may be determined by wind direction measurements.

F.3 Wind speed measurements
Wind speed shall be-measured directly instead of derived from electric power.

If a site assessment has been done in accordance with IEC 61400-12-1 to determine valid
measurement sectors, data from the valid measurement sectors may be used. If no site
assessment has been done then the meteorological tower shall be placed in accordance with
FigureF.1, using B = 90°).

The wind speed is determined from an anemometer which shall be placed at a height of least
10 m and preferably at rotor centre height. The distance between rotor centre and

anemometer height shall be less than 25 m.

The wind speed shall be normalised to standard meteorological conditions as described in
Equation (F.1) and adjusted to hub height applying the reference roughness length as
described in Equation (F.2).

T 3
Vyn=Vzm (ﬁif] (F.1)
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where

57—

V;m is the measured wind speed at height Z averaged over 10 s;
T, is the measured absolute air temperature averaged over 10 s;

p is the measured air pressure averaged over 10 s in kPa;

is the reference air temperature, Ty = 288 K,

pn_. is the reference air pressure Po = 101 325 kPa

vV, v,
Hn Zn - Q
In| — (1/
b1y) Q'\'
where @
| | XX

H  is the hub height; ,\(],

z is the measurement height for the wind speed; (1/

Zg is the apparent roughness length. ,\'\’

+ Wind directionb‘QQ,

Allowable
region

A\
P
N
N
OQQ
%C%
O
\Q/ D
< =k > < =X >
< 4D < 4D >

Figure F.1 — Allowable region for meteorological
mast position as a function of - Plan view

IEC 2106/12
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F.4 Wind speed range

The required wind speed range is from cut-in wind speed to 11 m/s as a minimum. Data
should cover up to cut-out wind speed if possible, particularly for turbines that have speed
control mechanisms.

The data shall be sorted into wind speed bins, 1 m/s wide, centred on integer wind speeds.

F.5 Tonal Audibility

The general methodology will be followed with the-exceptien option of determination of tonal
audibility as follows.

For each integer wind speed, at least twelve 10 s spectra of A-weighted wind\turbine noise
are required. These 12 spectra shall be as close as possible to the integer wind speeds. If the
A-weighting cannot be applied during measurement, linear spectra may~pe converted to A-
weighted spectra according to IEC 61672-1:2002.

The tonality is analysed according to the method in 9.5.

If no tone was identified according to 9.5.4 for some of the twelve 10 s spectra so that ALth,k
is undefined, it shall be replaced by the following value:

Criticalbandwidth
ALtn’j’k :—1OIog[ }

Effective noise bandwidth (F.3)

The overall tonality, AL, is determined as. the energy average of the 12 individual ALy, ; ;.

F.6 Information to be reported

The report shall contain the infermation described in Clause 10. Measurements and reporting
of measured power, rotor rpms pitch angle, yaw direction are not mandatory.

For small wind turbines;,an immission map based on the determined sound power levels-shalt
can be reported. Thenimmission map shall cover the wind speed range for which reportable
sound power levels are available. On the horizontal axis, the minimal value shall be the tower
height of the test\turbine and the maximum value shall be chosen such that a representative
part of the 35 dB(A) contour line is showing. The sound pressure levels shall be calculated
using spherical spreading with a ground reflection correction of 1,5 dB. Sound pressure
contours-shall be drawn for multiples of 5 dB (e.g. 30 dB(A), 35 dB(A), 40 dB(A) and 45
dB(A)){ Note that the immission map does not include penalties for tonality or similar as
penalties are subject to local regulations. If penalties from local regulations are included in
thesimmission map, a statement of this shall follow the map.

Ifmo data 15 avaltable for a singfe wind speed bin, that data can be Interpofated between
neighboring bins. Interpolated data shall be distinguishable from actual data in the map either
by using a different line style or by adding a statement under the map (e.g. “Immission levels
at 7 m/s are based on interpolated data”)

Figure F.2 shows an example of an immission map.
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Figure F.2 — Example immission noise map



https://iecnorm.com/api/?name=4c9431e2d8326f2c2cbfc735594c06a5

- 60 - IEC 61400-11:2012+AMD1:2018 CSV
© IEC 2018

Annex G
(informative)

Air absorption

With the increasing size of wind turbines the distance, R4, to the reference point for the noise
measurements is becoming larger and the air absorption may have an influence on the results

of the measurements.

The air absorption is well defined for various meteorological conditions (e.g. ISO 9613~
1:1993, Acoustics — Attenuation of sound during propagation outside — Part 1: Calculation of
the absorption of sound by the atmosphere).

The sound attenuation coefficients of high frequencies can — depending\,on the air
temperature, humidity and the distance to the noise source — amount to considerable values.
High frequency noise of modern wind turbines is mostly radiated from the_retor blades. In the
last years there was a very high focus on the development of the blade |design, particularly
the tip of the blade, to reduce the noise emission. This means that the distance of the
measured total noise at high frequencies is usually low compared ‘to”the background noise
during the measurement (see Figure G.1). Consequently, a background noise correction is not
reliable for every 1/3-octave band and a possible correction fot“the air absorption would lead
to an overestimation as it would be applied to background noise and not to the turbine noise
only.

According to the data reduction procedure the batCkground noise correction is leading to
conservative sound pressure levels for the turbiné noise, if the distance between total noise
and background noise is small. As this approagh‘is leading to higher sound power levels and
a correction for the air absorption has a considerable uncertainty, it is recommended not to
correct for the air absorption.

To minimise the effect of the air absarption the tolerance for the reference position is limited
to £30 m and especially for large wind turbines it is recommended to choose a microphone
position close to the turbine.

‘ —— background noise —+—total noise ——turbine noise
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Figure G.1 — Example of 1/3-octave spectrum
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Annex H
(normative)

Data treatment for measurement series on different days
or with substantially different conditions

When mngcllring different measurement series over several davs with different conditions or

J
with changing measurement position with different conditions and overlapping wind speeds Q
there is a need for a procedure to reduce the measurement series to one set of data. In t go
annex, a procedure is laid out.
NS

The results of several measurement series are the apparent sound power spectra given
wind bin including the uncertainty. The resulting apparent sound power spectrum 's¢ e wind
speed bin is calculated as the weighted average with the uncertainty as the ht. This is
described in Equation (H.1).

Lyyyipou; 2
gy = 2aia g*;_’ - ,\{19 (H.1)
il /r\
Q

where i is the 1/3 octave and / is the measurement series nuinber.

©
The corresponding uncertainty is calculated as C)
\Z
X

Since the type B uncertainties are eljminated in this calculation, the uncertainty can be less
than the uncertainty from instrume@ and similar. To compensate for this, a fixed number 52
is introduced in the equation.

A\Q

©
O

O
oo®
&
%O
@
N

2 The uncertainties from Table C.1 add up to 0,6. This means the number b should be 0,4 or the square root of
0,6 in the formula.
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND TURBINES -

Part 11: Acoustic noise measurement techniques

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization-cemprising
all national electrotechnical committees (IEC National Committees). The object of IEC is -ta/ promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technicah Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Gommittee interested
in the subject dealt with may participate in this preparatory work. International,cgovernmental and non-
governmental organizations liaising with the IEC also participate in this preparationy I[EC collaborates closely
with the International Organization for Standardization (ISO) in accordance with‘conditions determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical cogmmittee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international”use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made\fo ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their‘national and regional publications. Any divergence
between any IEC Publication and the corresponding-ndtional or regional publication shall be clearly indicated in
the latter.

5) IEC itself does not provide any attestation of\econformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) All users should ensure that they have‘the'latest edition of this publication.

7) No liability shall attach to IEC or itsidirectors, employees, servants or agents including individual experts and
members of its technical committe€s and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of thel publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

8) Attention is drawn to_ the“Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights,-|[E€ shall not be held responsible for identifying any or all such patent rights.

DISCLAIMER

This{Consolidated version is not an official IEC Standard and has been prepared for
user)convenience. Only the current versions of the standard and its amendment(s)
are'to be considered the official documents.

Fhis— tdated . EC—64406-H11 " it ' 3-4—H . ¢
the third edition (2012-11) [documents 88/436/FDIS and 88/440/RVD], its
amendment 1 (2018-06) [documents 88/615/CDV and 88/644A/RVC] and its
corrigendum (2019-10). The technical content is identical to the base edition and its
amendment.

This Final version does not show where the technical content is modified
by amendment 1. A separate Redline version with all changes highlighted is
available in this publication.
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International Standard IEC 61400-11 has been prepared by IEC technical committee 88: Wind
turbines.

This third edition constitutes a technical revision, introducing new principles for data reduction
procedures.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts of the IEC 61400 series, under the general title Wind turbines, can be found
on the IEC website.

The committee has decided that the contents of the base publication and its amendment will
remain unchanged until the stability date indicated on the IEC web _site under
"http://webstore.iec.ch"” in the data related to the specific publication. At this date, the
publication will be

e reconfirmed,
e withdrawn,
e replaced by a revised edition, or

e amended.

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

The purpose of this part of IEC 61400 is to provide a uniform methodology that will ensure
consistency and accuracy in the measurement and analysis of acoustical emissions by wind
turbine generator systems. This International Standard has been prepared with the
anticipation that it would be applied by:

arfs H dafinad o

IPVHT-0= IR THTH S o TR V- O S $ aar P~ H A+ L OB—
hd WITTU  tUTvirnTS 1miarnuTaLiurT o othiviTiTy  tUTTTeT U WiTTTh UTTITTTU  aLUUOoUL  TlTITooTuTT Yo

requirements and/or a possible declaration system (e.g. IEC/TS 61400-14);
e wind turbine purchasers for specifying performance requirements;

e wind turbine operators who may be required to verify that stated, or required, acoustic
performance specifications are met for new or refurbished units;

e wind turbine planners or regulators who must be able to accurately and-fairly define
acoustical emission characteristics of a wind turbine in response to ‘environmental
regulations or permit requirements for new or modified installations.

This standard provides guidance in the measurement, analysis and ieporting of complex
acoustic emissions from wind turbine generator systems. The standard will benefit those
parties involved in the manufacture, installation, planning and permitting, operation,
utilization, and regulation of wind turbines. The measurement, and analysis techniques
recommended in this document should be applied by all parties to ensure that continuing
development and operation of wind turbines is carried out inyar’ atmosphere of consistent and
accurate communication relative to environmental concerns. This standard presents
measurement and reporting procedures expected to provide accurate results that can be
replicated by others.

INTRODUCTI@N*'to the Amendment

This amendment to IEC 61400-11:2012 addresses the situation where a measurement
consists of measurements series oa-different days or with substantially different conditions.
Furthermore, clarifications have beén introduced on tonality analysis and reporting. Editorial
changes have been made.
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WIND TURBINES -

Part 11: Acoustic noise measurement techniques

1 Scope

This part of IEC 61400 presents measurement procedures that enable noise emissions-of-a
wind turbine to be characterised. This involves using measurement methods appropriate to
noise emission assessment at locations close to the machine, in order to avoid erraors-due to
sound propagation, but far away enough to allow for the finite source size. The jprocedures
described are different in some respects from those that would be adopted for noise
assessment in community noise studies. They are intended to facilitate characterisation of
wind turbine noise with respect to a range of wind speeds and directions. Standardisation of
measurement procedures will also facilitate comparisons between different|wind turbines.

The procedures present methodologies that will enable the noise gmissions of a single wind
turbine to be characterised in a consistent and accurate manner: These procedures include
the following:

e location of acoustic measurement positions;

e requirements for the acquisition of acoustic, metedrological, and associated wind turbine
operational data;

e analysis of the data obtained and the content for'the data report; and

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

This International Standard is not restricted to wind turbines of a particular size or type. The
procedures described in this standardallow for the thorough description of the noise emission
from a wind turbine. A method for small wind turbines is described in Annex F.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable faor)its application. For dated references, only the edition cited applies. For
undated references, the Ilatest edition of the referenced document (including any
amendments)-applies.

IEC 60688, Electrical measuring transducers for converting a.c. electrical quantities to
analogue or digital signals

IEC 60942:2003, Electroacoustics — Sound calibrators

TEC 6126071995, Efectroacoustics — Octave-barna and fractional-octave-bamnd fiters

IEC 61400-12-1:2005, Wind turbines — Part 12-1:. Power performance measurements of
electricity producing wind turbines

IEC 61400-12-2, Wind turbines — Part 12-2: Power performance verification of electricity
producing wind turbines?

1 To be published.
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IEC 61672 (all parts), Electroacoustics — Sound level meters

ISO/IEC Guide 98-3, Uncertainty of measurement — Part 3: Guide to the expression of
uncertainty in measurement (GUM:1995)

3 Terms and definitions

For the purposes of this standard, the following terms and definitions apply.

3.1

apparent sound power level
Lwa . .

A-weighted sound power level re. 1 pW of a point source at the rotor centre with\the same
emission in the downwind direction as the wind turbine being measured, Ly, istdetermined at
bin centre wind speeds at hub height

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

3.2
apparent sound power level with reference to wind speed at 10.m height
Lwa,10m

10
A-weighted sound power level re. 1 pW of a point source af:the rotor centre with the same
emission in the downwind direction as the wind turbine being measured, Lya 1om are
determined at bin centre wind speeds at 10 m height within’the measured wind speed range

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

3.3

audibility criterion

La

frequency dependent criterion curve, determined from listening tests, and reflecting the
subjective response of a “typical” lisener to tones of different frequencies

Note 1 to entry: Audibility criterion js‘@xpressed in dB re. 20 pPa.

3.4 sound pressure levels

3.4.1 A-weighted sound pressure levels

La

sound pressure levels measured with the A frequency weighting networks specified in
IEC 61672

Note 1 to entry:” A-weighted sound pressure levels are expressed in dB re. 20 pPa.

3.4.2-XC-weighted sound pressure levels

Le

sound pressure levels measured with the C frequency weighting networks specified in
IEC 61672

Note 1 to entry: C-weighted sound pressure levels are expressed in dB re. 20 pPa.

3.5
bin centre
centre value of a wind speed bin
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3.6
inclination angle

angle between the plane of the measurement board and a line from the microphone to the
rotor centre

Note 1 to entry: Inclination angle is expressed in °.

3.7
maximum power
maximum value of the binned power curve for the power optimised mode of operation

Note 1 to entry: Maximum power is expressed in kW.

3.8
measured wind speed at height Z

Vzm
wind speed measured at height Z with a mast mounted anemometer

Note 1 to entry: Measured wind speed at height Z is expressed in m/s.

3.9
measured nacelle wind speed at hub height
V

nac,m
wind speed measured at hub height with a nacelle anemometer

Note 1 to entry: Measured nacelle wind speed at hub height(is expressed in m/s.

3.10
normalised nacelle wind speed at hub hgight

Vnac,n
normalised wind speed measured at hub height with a nacelle anemometer corrected to

standard meteorological conditions

Note 1 to entry: Normalised nacelle wind speed at hub height is expressed in m/s.

3.1

normalised wind speed-derived from power curve

VP n

normalised wind speed(derived from power curve under standard meteorological conditions

Note 1 to entry: Naermalised wind speed derived from power curve is expressed in m/s.

3.12
normalised' wind speed at hub height during background noise measurements

VB n
normalised wind speed at hub height from anemometer

Note 1 to entry: Normalised wind speed at hub height during background noise measurements is expressed in
m/s.

3.13

normalised wind speed at hub height
VH n

normalised wind speed at hub height

Note 1 to entry: Normalised wind speed at hub height is expressed in m/s.

3.14
normalised wind speed at height Z

Vzn
normalised wind speed at height Z from mast mounted anemometer
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Note 1 to entry: Normalised wind speed at height Z is expressed in m/s.

3.15

reference distance

Ry

nominal horizontal distance from the centre of the base of the wind turbine to each of the
prescribed microphone positions

Note 1 to entry: Reference distance is expressed in m.

3.16
reference roughness length

Zoref
roughness length of 0,05 m used for converting wind speed to meteorological feference

conditions

Note 1 to entry: Reference roughness length is expressed in m.

3.17
sound pressure level

L
18 times the logio of the ratio of the square mean sound pressure to the square of the
reference sound pressure of 20 uPa

Note 1 to entry: Sound pressure level is expressed in dB re. 20 pPa.

3.18

tonal audibility

AL,

difference between the tonality and the audibility criterion in each wind speed bin, where k is
the centre value of the wind speed bin

Note 1 to entry: Tonal audibility is expressed indB.

3.19

tonality

AL,

difference between the tone-level and the level of the masking noise in the critical band
around the tone in each wind speed bin where £ is the centre value of the wind speed bin

Note 1 to entry: Tonality is expressed in dB.

3.20

wind speed bin

wind speed.interval, 0,5 m/s wide, centred around integer and half-integer wind speeds open
at the low\end, and closed at the high end

3.21

wind speed at 10 m height

10 o . .
wind—speed—at—t0m—height—for reportimg—apparent—sound—power—tevets—and—spectra—with

reference to 10 m height

Note 1 to entry: Wind speed at 10 m height is expressed in m/s.
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4 Symbols and units
D rotor diameter (horizontal axis turbine) or equatorial diameter (m)
(vertical axis turbine)
H height of rotor centre (horizontal axis turbine) or height of rotor (m)
+ehqﬁu.\a:lticirri‘a*llwpﬂ:aﬁnﬁe (vertical axis turbine) above local ground near
LporLs AorC-weighted sound pressure level (dB)
Lpeq equivalent continuous A-weighted sound pressure level (@B)
Lonjk sound pressure level of masking noise within a critical band in the (dB)
“ith” spectra at the “kth” wind speed bin
Lon,avg,k average of analysis bandwidth sound pressure levels of masking (dB)
noise in the “jt” spectra at the “4th” wind speed bin
Lotk sound pressure level of the tone or tones in the “jth” spectra-at the (dB)
“kth” wind speed bin
Lwax apparent sound power level, where k is a wind speed bin centre (dB)
value
log logarithm to base 10
P measured electric power (kW)
P, normalised electric power (kW)
R, slant distance, from rotor centre to actual measurement position (m)
Ry reference distance (m)
So reference area, Sy = 41m?2 (m?2)
Te air temperature (°C)
Tk absolute air-temperature (K)
Uy type A.uncertainty (-)
Ug type B uncertainty (-)
Vi wind speed at hub height, H (m/s)
Ve derived wind speed from power curve (m/s)
P wind speed at height, z (m/s)
Vihac wind speed from nacelle anemometer (m/s)
f frequency of the tone (Hz)
Js centre frequency of critical band (Hz)
p atmospheric pressure (kPa)
Zq roughness length (m)

Z0oref

reference roughness length, 0,05 m
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z anemometer height (m)
K ratio of normalised wind speed and measured wind speed (-)
ALy j i tonality of the “jth” spectra at “kth” wind speed (dB)
y inclination angle (*)

5 Outline of method

This part of IEC 61400 defines the procedures to be used in the measurement, analysistand
reporting of acoustic emissions of a wind turbine. Instrumentation and calibration
requirements are specified to ensure accuracy and consistency of acoustic and ngn-acoustic
measurements. Non-acoustic measurements required defining the atmospheric) conditions
relevant to determining the acoustic emissions are also specified. All parameters to be
measured and reported are identified, as are the data reduction methads required for
obtaining these parameters.

Application of the method described in this International Standardiprovides the apparent
A-weighted sound power levels, spectra, and tonal audibility at bin_centre wind speeds at hub
height and 10 m height of an individual wind turbine. The tonaklaudibility is included to give
information on the presence of tones in the noise. The tonality determined is not giving
information on the tonality at other distances. Optionally;,’'measurements can be made in
supplementary positions to give information on the directional characteristics.

The method applies to all wind speeds. The wind spéeed range for documentation is related to
the specific wind turbine. As a minimum it is defined as the hub height wind speed from 0,8 to
1,3 times the wind speed at 85 % of maximum-power rounded to bin centres. Indicatively, this
is a wind speed range of approximately 6 t© 10 m/s at 10 m height, depending on the turbine
type. The wind speed range may belexpanded for instance to comply with national
requirements.

The measurements are made at ‘locations close to the turbine in order to minimise the
influence of terrain effects, atmeéspheric conditions or wind-induced noise. To account for the
size of the wind turbine under test, a reference distance R, based on the wind turbine
dimensions is used.

Measurements are taken with a microphone positioned on a measurement board placed on
the ground to reduee the wind noise generated at the microphone and to minimise the
influence of différent ground types.

Measurements of sound pressure levels, sound pressure spectra, wind speeds, electrical
power, rotor rotational speed and, if measured, pitch angle are made simultaneously over
short-periods of time and over a wide range of hub height wind speeds. The sound pressure
levels/and spectra at bin centre wind speeds are determined and used for calculating the
apparent A-weighted sound power spectra and levels.

ANNEexXes are Inciuded that cover:

— other possible characteristics of wind turbine noise emission and their quantification
(Annex A informative);

— assessment of turbulence intensity (Annex B informative);

— assessment of measurement uncertainty (Annex C informative);

— apparent roughness length (Annex D informative);

— classification of a secondary wind screen (Annex E informative);

— small wind turbines (Annex F normative);
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— air absorption (Annex G informative).
6 Instrumentation

6.1 Acoustic instruments

6.1.1 General

The following equipment is necessary to perform the acoustic measurements as set forth in
this standard.

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

The equipment shall meet the requirements relevant to this document of an IEC61672 class 1
sound level meter. The diameter of the microphone diaphragm shall be .no* greater than
13 mm.

6.1.3 Equipment for the determination of A-weighted 1/3-octave band spectra

In addition to the requirements given for class 1 sound level metets, the equipment shall have
a constant frequency response over at least the frequency_fange given by the 1/3-octave
bands with centre frequencies from 20 Hz to 10 kHz. The filters shall meet the requirements
relevant to this document of IEC 61260 for class 1 filters.

The equivalent A-weighted continuous sound pressut€ levels in 1/3-octave bands with centre
frequencies from 20 Hz to 10 kHz shall be determified simultaneously.

6.1.4 Equipment for the determination of harrow band spectra

The equipment shall fulfil the relevant requirements for I|EC 61672 series class 1
instrumentation in the 20 Hz to 11 200_HZ frequency range.

6.1.5 Microphone with measurement board and windscreen

The microphone shall be mounted at the centre of a flat hard board with the diaphragm of the
microphone in a plane normal to the board and with the axis of the microphone pointing
towards the wind turbine, as in Figure 1 and Figure 2. The measurement board shall be
circular with a diameter of at least 1,0 m and made from material that is acoustically hard,
such as plywood or-hard chip-board with a thickness of at least 12,0 mm or metal with a
thickness of at teast 2,5 mm. In the exceptional case that the board is split (i.e. not in one
piece) there aré.considerations; the pieces shall be level within the same plane, the gap less
than 1 mm{and the split shall be off the centre line and parallel with the microphone axis as
shown in‘kigure 1a.

Thelwindscreen to be used with the ground-mounted microphone shall consist of a primary
and, where necessary, a secondary windscreen. The primary windscreen shall consist of one

half of an open cell foam sphere with a diameter of approximately 90 mm, which is centred
around the dinphrngm of the mihrnphnnn’ as in Fignrn 2

The secondary windscreen may be used when it is necessary to obtain an adequate signal-to-
noise ratio at low frequencies in high winds.

If the secondary windscreen is used, the influence of the secondary windscreen on the
frequency response shall be documented and corrected for in 1/3-octave bands. A procedure
for calibration of the secondary windscreen can be found in Annex E together with
suggestions for design and demands on the insertion loss.
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( 1724 )l

Minimum dimension
4=10m

Minimum thickness
T=12,0 mm for wood
2.5 mm for metal

A\

Split (optional)

k— Microphone mounting board

Figure 1a — Mounting of the microphone - Plan view

[

>

Microphone diaphragm location

————— >

Wind turbine
FC 209072

Microphone

Primary windscreen

Optional secondary
windscreen

I,

T
J

Microphone mounting board

=

Wind turbine s

EC 2091/12

Figure 1b — Mounting of the microphone - Vertical cross-section

Figure 1 — Mounting of the microphone
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Q ) IEC 2092/12
Figure 2 — Picture of m'(\r hone and measurement board
QO
6.1.6 Acoustical calibrator (%)

The complete sound measurem system, including any recording, data logging or computing
systems, shall be calibrated i ediately before and after the measurement session at one or
more frequencies using an_acoustical calibrator on the microphone. The calibrator shall fulfil
the requirements of IE&,Q0942:2003 class 1, and shall be used within its specified
environmental conditio

6.1.7 Data re(§ding/playback systems
/

A data rec playback system is a required part of the measurement instrumentation. If
used for sis (other than re-listening), the entire chain of measurement instruments shall
fulfil t@évant requirements of IEC 61672 series, for class 1 instrumentation.

O

6. Non-acoustic Instruments

\QG.2.1 General

The following equipment is necessary to perform the non-acoustic measurements set forth in
this standard.

6.2.2 Anemometers

The mast mounted anemometer and its signal processing equipment shall have a maximum
deviation from the calibration value of £0,2 m/s in the wind speed range from 4 m/s to 12 m/s.
It shall be capable of measuring the average wind speed over time intervals synchronized with
the acoustic measurements.
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Because the nacelle anemometer is calibrated in-situ (8.2.1.2) during measurements, the
demand for calibration does not apply to the nacelle anemometer. The measurements from
the nacelle anemometer may be supplied from the wind turbine control system. The nacelle
anemometer shall not be used for background noise measurements.

6.2.3 Electric power transducer

The electric power transducer including current and voltage transformers shall meet the

accuracy requirements of |IEC 60688 class 1. If a calibrated system is not available for the
power signal, an additional uncertainty of the electrical power shall be included. The power
signal may be supplied by the manufacturer if the uncertainty of the measurement chain_can
be documented by a detailed description of the entire power measurement chain andCthe
corresponding uncertainty components.

6.2.4 Other instrumentation

A camera and instruments to measure distance are required. The temperature shall be
measured with an accuracy of +1 °C. The atmospheric pressure shall be measured with an
accuracy of +1 kPa.

6.3 Traceable calibration

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

e acoustic calibrator (12 months);

e microphone (24 months);

e integrating sound level meter (24 months);

e spectrum analyzer (36 months);

e data recording/playback system (24 months), if used for analysis;

e anemometer (24 months);

e electric power transducer (24 months);

e temperature transducer«(24 months);

e atmospheric pressure-transducer (24 months).

Where temperaturesand atmospheric pressure measurements are made only to give general

information about‘ the meteorological conditions during the measurement, an internal
verification of-the instrument is sufficient.

An instrument shall always be recalibrated if it has been repaired or is suspected of fault or
damage:

7~ Acoustic measurements and measurement procedures

71 Acoustic measurement positions

To fully characterize the noise emission of a wind turbine, the following measurement
positions are required.

One, and optionally another three, microphone positions are to be used. The positions shall
be laid out in a pattern around the vertical centreline of the wind turbine tower as indicated in
the plan view shown in Figure 3. The required downwind measurement position is identified
as the reference position, as shown in Figure 3. The direction of the positions shall be within
+15° relative to the downwind direction of the wind turbine at the time of measurement. The
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downwind direction can be derived from the yaw position. The horizontal distance R, from the
wind turbine tower vertical centreline to each microphone position shall be as shown in
Figure 3, with a tolerance of £20 %, maximum 30 m, and shall be measured with an
accuracy of +2 %. The measurement distance shall be as close as possible to Ry. The allowed
tolerance should only be used where it is essential to obtain valid data and, where this is
done, clear evidence shall be reported to justify the decision made.

Wind direction

Tower vertical 3
centerline

60°

N\‘

O Optional measuring
positions

O Reference position 1

IEC 2083/12

Figure 3 — Standard pattern for microphone measurement positions (plan view)

As shown in Figure 4a, the reference distance R for horizontal axis turbines is given by:

RO:H+% (1)

where
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H is the vertical distance from the ground to the rotor centre; and
D is the diameter of the rotor.

As shown in Figure 4b, the reference distance R for vertical axis wind turbines is given by:

Ry=H+D

(2)

where
H is the vertical distance from the ground to the rotor equatorial plane; and

D is the equatorial diameter.

G

R4

Y
77777777777777777777
>

D
=H+=
Ry 5

IEC 2094/12

Figure 4a — Horizontal axis turbine
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R4
f 7/ /777777 LS/
|¢ Ro=H+D —»-

IEC 2095/12

Figure 4b — Vertical axis turbine

Figure 4 — lllustration of the definitions of Ry and slant distance R,

To minimize influence due to the edges of the mgasurement board on the measurement
results, it shall be ensured that the board is positioned flat on the ground. Any edges or gaps
under the board should be levelled out by means of soil. The inclination angle ¢, as shown in
Figure 4, shall be between 25° and 40°. This) may require adjustment of the measurement
position within the tolerances stated ahbove. Additional considerations shall be made for
measurements in complex terrain to aveid influence such as screening or reflections from
obstructions or terrain.

The measurement position shall be chosen so that the calculated influence from any reflecting
structures, such as buildings orfawalls, shall be less than 0,2 dB.

7.2 Acoustic measurements
7.2.1 General

The acoustic measurements shall permit the following information to be determined about the
noise emission)from the wind turbine at bin centre wind speeds:

— the A-weighted apparent sound power level;
— the‘A-weighted 1/3-octave band levels;

= the tonal audibility.

Optional measurements may include directivity, infrasound, low-frequency noise and

impulsivity.

7.2.2 Acoustic measurement requirements
For all acoustic measurements, the following requirements are valid:

e The complete measurement chain shall be calibrated at least at one frequency before and
after the measurements, or if the microphones are dis- and reconnected during the
measurements.

e All acoustical signals shall be recorded and stored for later inspection.
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e Periods with intruding intermittent background noise (as from aircraft) shall be omitted.

e The wind speed range is related to the specific wind turbine. As a minimum it is defined as
the hub height wind speed from 0,8 to 1,3 times the wind speed at 85 % of maximum
power rounded to wind speed bin centres.

o With the wind turbine stopped, and using the same measurement set-up, the background
noise shall be measured immediately before or after each measurement series of wind
turbine noise and during similar wind conditions. When measuring background noise,

every effort shall be made to ensure that the background sound measurements are
representative of the background noise that occurred during the wind turbine noisé
emission measurements. It is recommended to measure the background noise several
times during the measurement period to cover the same wind speed range as for the'total
noise.

e The measurements shall cover as broad a range of wind speeds as practically possible.
To obtain a sufficient range of wind speeds it may be necessary to take the measurements
in several measurement series. (see 7.2.8)

e At least 180 measurements shall be made overall for both total nois€ and background
noise covering corresponding wind speed ranges.

e At least 10 measurements shall be made in each wind speed bin for both total noise and
background noise.

Additionally, the following requirements are valid for the individual acoustic measurements.

7.2.3 A-weighted sound pressure level

The equivalent continuous A-weighted sound pressure/level of the noise from the wind turbine
shall be measured at the reference position. Each measurement shall be integrated over a
period of 10 s.

7.2.4 A-weighted 1/3-octave band measurements

A-weighted 1/3-octave spectra are measured synchronously with the overall sound pressure
levels as the energy average overx10 s periods. As a minimum, 1/3-octave bands with centre
frequencies from 20 Hz to 10 kHgz; inclusive, shall be measured. A-weighting shall be applied
in the time domain i.e. before the frequency analysis.

Background measurements with the wind turbine stopped shall satisfy the same requirements.

7.2.5 A-weighted harrow band measurements

Narrowband ,spectra are measured synchronously with the sound pressure levels as the
energy average over 10 s periods. Narrow band spectra shall be A-weighted. A Hanning
window with”an overlap of at least 50 % shall be used. The frequency resolution shall be
between-! and 2 Hz.

Additional noise measurements may be needed to determine the audibility of an identified
tone as stated in 9.5.8.

Background noise measurements shall be used to determine that tones do not originate from
background noise.

7.2.6 Optional acoustic measurements at positions 2, 3 and 4

Measurements in the non-reference positions shall fulfil the requirements for the reference
position.

The measurements in the non-reference positions should be made simultaneously with
corresponding measurements in the reference position. The measurements in the three non-
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reference positions can be made individually, but each one shall be made simultaneously with
measurement in the reference position.

7.2.7 Other optional measurements

Additional measurements can be taken to quantify noise emissions that have definite
character that is not described by the measurement procedures detailed in this standard.

Such character might be the emission of infrasound, low-frequency noise, modulation of
broadband noise, impulses, or unusual sounds (such as a whine, hiss, screech or hum),
distinct impulses in the noise (for example bangs, clatters, clicks, or thumps), or noise that"is
irregular enough in character to attract attention. These areas are discussed, and pdssible
quantitative measures are outlined in Annex A. These measures are not universally@ccepted
and are given for guidance only.

7.2.8 Combining measurement series

When there are data available from different measurement series with differing environmental
conditions, then the data can only be combined using expert judgement. This may involve
pooling all the available data and analysing collectively, or it may/involve analysing the
periods separately and combining the results. In the latter case,when there are overlapping
results then the method of weighted means, defined in Annex™H, shall be used to combine
these into a single result.

The tonal analysis should always be based on pooling all. the available data.

Where this is done, clear evidence shall be providéd to justify the decisions made. This may,
for example, be accomplished by showing a seatter plot of the raw data colour coded for the
measurement series.

8 Non-acoustic measurements

8.1 General

The following non-acoustic measurements shall be made. Wind speed, electric power and
rotational speed shall be sampled with at least 1 Hz. If other turbine parameters are measured
the sampling rate shall be the same.

8.2 Wind speed measurements

The wind speediis to be measured from the produced power through a power curve.

For sections of the power curve where the requirements in Equation (3) are not met, the wind
speedicannot be determined from the power readings and the nacelle anemometer shall be
used.Af no nacelle anemometer is available an anemometer shall be mounted on the nacelle.
@Guidance for mounting the nacelle anemometer is given in IEC 61400-12-2.

Thewind—speed measured by the macette anemometer strattbeTepresentative of the—wind

speed hitting the rotor.

For measurements of background noise an anemometer mounted on a met mast of at least
10 m height shall be used. The position of the met mast should be relatively undisturbed and
represent the free wind at the turbine position. In order to ensure a correlation between the
measured wind speeds at the met mast, at hub height, and the wind at the microphone
position, guidance on the met mast position is given in Figure 5.
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Wind direction

IEC 2096/12

Figure 5 — Acceptable meteorological mast(position (hatched area)

Wind speed and power data shall be collected and arithmetically averaged synchronously with
the acoustic measurements.

Turbulence in the wind incident to a wind furbine can affect its aerodynamic noise emission.
A discussion of assessment of turbulencesis‘contained in Annex B.

8.2.1 Determination of the wind speed during wind turbine operation
8.2.1.1 Determination of wind speed through power curve

The power curve relates the*power to the wind speed at hub height. The wind speed is
determined from the measured electric power. Correlation between measured sound level and
measured electric powger:is very high for the allowed closed intervals of the power curve, see
Equation (3). Within-the allowed range of the power curve, piece-wise linear interpolation shall
be used to define a continuous function between interval supporting points.

The wind speed Vp , shall be obtained from measurements of the produced electric power
using a doeumented power versus wind speed curve. The power curve shall represent the
specifickwind turbine type and preferably be measured according to IEC 61400-12-1 or
IEC 61400-12-2. If a measured power curve is not available a calculated power curve may be
usedIf a calculated power curve is used an uncertainty in the range of a measured power
c¢urve can be assumed. The power curve shall give the relation between the wind speed at
hub height and the electric power that the turbine produces for standard atmospheric

it £ 4L O al 404 2 1.
CUTIJTUUTITS Ul 1o U diiu 1U 1,0 R Ad.

The intervals on the power curve that can be used are all intervals where no duplicated values
exist and the slope of the power curve including the uncertainty is positive.

The demand on the slope of the power curve is satisfied for any interval on the power curve,
where the following is fulfilled:

(Pe+1 — Prot) — (P + Pyo) >0 (3)
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where
k is the wind speed bin number of the power curve;
P, is the power curve value at wind bin k;

P, is the tolerance on the power reading, typical values for P, are 1 to 5 % of
maximum value.

All power curve intervals meeting this demand are called allowed range of the power curve

For these intervals,

VH,n = VP,n
Viyn is the normalised hub height wind speed.

8.2.1.2 Determination of wind speed with nacelle anemometer

For all data points with power levels from the allowed range of the power curve;the average
value of the ratio of the wind speed derived from the power curve Vp  and the measured
nacelle wind speed Vi ,c m, knpae i derived. This value shall then be applied to the measured
nacelle wind speed for the data points with power levels outside the.allowed range of the
power curve to derive the normalised wind speed using Equation (4).

Vhac,n = KnacVnac,m (4)

where
Vhac.m is the wind speed measured with the nacelle-anemometer;

Vhac,n 18 the normalised wind speed from the nacelle anemometer, corrected to hub
height.

If Vnac,n takes on values in the allowed range of the power curve, the data point shall be
omitted from the analysis.

Outside the allowed range of the power curve Vy = V¢

8.2.2 Wind speed measureménts during background noise measurements

For background noise measurements, the wind speed shall be measured with a met mast
mounted anemometer at-a height of at least 10 m. For in-situ calibration purposes the wind
speed from the met,mast shall be measured during the entire measurement.

For all data points with power levels from the allowed range of the power curve, the average
value of ratio_of the wind speed derived from the power curve Vp , and the measured wind
speed V., shall be derived. This ratio shall then be applied to the measured wind speed of
the data pomts achieved during background noise measurements to derive the normalised
wind.speed using Equation (5).

VB,n =Kz VZ,m (5)

where
Vzm is the wind speed measured with an anemometer at height Z of at least 10 m;
Vgn Is the normalised wind speed at hub height.

During background noise measurements V' .= Vg

8.3 Downwind direction

The nacelle position with respect to the measurement board position will be observed to
ensure that only data are used for the analysis, where the measurement board or microphone
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position is within £15° of the downwind direction derived from the nacelle position. It is
recommended to measure the yaw position from the turbine controller simultaneously with the
other turbine controller signals.

8.4 Other atmospheric conditions

Air temperature and pressure shall be measured and recorded at least every 2 h at a height of
atleast15m

8.5 Rotor speed and pitch angle measurement

Measurement and reporting of rotor speed is mandatory and measurement and reporting of
pitch angle is recommended. These data can be obtained from the wind turbine controller and
shall be collected and arithmetically averaged synchronously with the.acoustic
measurements.

9 Data reduction procedures

9.1 General methodology for sound power levels and 1/3-octave/band levels

The aim of this procedure is to produce sound power spectra in\*/3-octave bands and overall
sound power levels using statistical methods. It should be ‘noted there are two types of
averaging used in the analysis: arithmetic averaging for“non-acoustic data and energy
averaging for acoustic data.

The uncertainty is also determined in this subclause”and determined along with the sound
power spectra in 1/3-octave bands and overall sgund power levels. For most instruments the
accuracy is given. Before using this in the text’below, the accuracy shall be converted into an
uncertainty. Guidelines are given in Annex &,

Noise and wind speed are measured and-averaged over 10 s periods. Noise is measured both
as the A-weighted sound pressure.level Lpoq and A-weighted 1/3-octave spectrum Lpgq o
Each 1/3-octave spectrum is normalized to the measured value for the Ly,

The data points are sorted inta'wind speed bins and averaged giving:

e average wind speed;
e average A-weighted 1/3-octave spectrum;
e corresponding standard uncertainties.

The average 'wind speed may not be at the bin centre.

For each 1/3-octave band the value of the noise at the bin centre is found by linear
interpolation between the adjacent bin average values. This results in a 1/3-octave spectrum
atsthe centre of each bin.

The prnr‘ndllrn describhed ahove applinc to both the total noise and the hs\r‘kgrmmd noise to

determine bin centre spectra.

At each wind speed bin centre the wind turbine noise 1/3-octave spectrum is found by
correcting the total noise spectrum with the background noise spectrum for the same wind
speed bin centre. If the difference between the sum of the 1/3-octave bands of the total noise
and the sum of the 1/3-octave bands of background noise is between 3 and 6 dB the result
shall be marked with an asterisk when reported. If the difference is 3 dB or less, the result for
that wind speed bin shall not be reported.

In the description below following subscripts and indexes are used:
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1/3 octave band number (e.g. i = 1 for 20 Hz centre frequency, i = 2 for 25 Hz centre
frequency, ..., i = 28 for 10 kHz centre frequency);

10 s measurement period number (each bin should have the minimum of 10 points per bin
therefore j = 1 to 10 or greater);

wind speed bin (i.e. K = 6 m/s bin, k = 6,5 m/s bin, £k = 7 m/s bin, etc.);

bin centre value;

k
v
0
n
T
B

C

measured 1/3 octave spectrum;
normalized spectrum;

total noise;

background noise;

background corrected total noise.

The details of the procedure are described hereafter and illustrated in the*flowchart in
Figure 6.
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All activities above this line is

Calculate bin center values through piecewise linear interpolation between bin-

4

made for total noise and

I
v
background noise

results are reported without an asterisk

If'the difference between the energy sum of the 1/3-octave bands for the total noise and

the background noise is less than 3 dB the data cannot be used. If the difference is calculated at the hub height wind speeds
between 3 dB and 6 dB the results can be used and the sound power levels determined that correspond to the integer wind
from these data shall be marked with an asterisk. If the difference is larger than 6 dB the

Apparent sound power level Lwa 1o m is

speeds at 10 m with zo = 0,05. Linear

v

interpolation between bin average values

Correct bin-center 1/3-octaveband spectrum for background noise in each bin.

Equation (23) and the corresponding standard deviation, Equations (24) and (25). 9.2.4

at hub height is used.

v

Calculate apparent sound power spectrum, Lwa ;x (26) and apparent sound power
level, Lwa in each bin (27) and the corresponding standard deviation, uwa (28), 9.3

Hub height,
measurement
distance

Figure 6 — Flowchart showing the data reduction

IEC 2097/12

procedure
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9.2 Calculation of sound pressure levels
9.2.1 General

The noise is measured as an equivalent noise level L., and a 1/3-octave band spectrum with
centre frequencies from 20 Hz to 10 kHz. The equivalent noise level Lpgq o is determined from
the energy sum of the 1/3-octave bands. The difference Lpgy-Lagq,o IS determined.

28 [LAeq,i,j]
—0 6
Lacgo,; =10-log> 100 " )
i=1

Aj =LAeq,j _LAeq,o,j (7)

This difference is added to each individual band in the 1/3-octave band spectrum to give the
normalized 1/3-octave band spectrum for each measurement period ;.

Lpeq,n,i,j = Laeq,i,j +4; (8)

where

Lpgq,0, IS the A-weighted sound pressure level calculated from the 1/3-octave spectrum
in the measurement period j;

Lpgq,i; I the A-weighted sound pressure leyel at 1/3-octave band i in the measurement
period j;
Lpeq,i is the measured A-weighted sound pressure level in the measurement period j;

4; is the difference between the calculated A-weighted sound pressure level from
the 1/3-octave spectrum ahd the measured A-weighted sound pressure level,;

Lpgq,n,i; 1S the normalized 1/3<octave band i in the measurement period ;.

If a secondary wind screen. is,“used, the normalized spectra shall be corrected for the
influence of the secondary wind screen in 1/3-octave bands.

All the following analyses are made using the normalized 1/3-octave band spectra. The
1/3-octave band spectra are sorted into wind speed bins k. Average value and uncertainties
for both sound pressure level and wind speed for each bin are calculated using the following
expressions within each wind speed bin %.

The total,noise and background noise are analysed using the same principles.
9.2.2 \Calculation of average sound spectra and uncertainty per bin

The average sound pressure level Zi,k for each 1/3-octave band i is calculated by

v (Li,j,k] )
- 1 10
Lix =10-log(— > 10
ik o( N J§=1 )

where
N is the number of measurements in wind speed bin k;
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Lk is the sound pressure level of 1/3-octave band i of measurement period j in wind
speed bin %.

The result will be one average 1/3-octave spectrum for each wind speed bin %.

The type A standard uncertainty on the average sound pressure level of 1/3-octave band i in
wind speed bin & 5L, is calculated by Equation (10):

N _
> (szk - f’#l‘:’f)2
=1

N-(N-1)

(10)

St =

where

Z,;k is the average sound pressure spectrum in wind speed bin &from Equation (9);

Liik is the sound pressure level of 1/3-octaveband i of measurement period j in wind
speed bin %.

The combined type B standard uncertainty on the energy averaged sound pressure level of
1/3-octave band i, Ug for each measurement period;.;; is calculated by Equation (11).

Guidance for type B uncertainties are given in Annex,C:

U 2
= Zu%q (11)
q=1

Ui is the type B standardxuncertainty from source g on the average sound pressure

where

level of 1/3-octave band i for each measurement period ;.

The type B standard uncertainty on the average sound pressure level of 1/3-octave band i in
wind speed bin %, up, is_calculated by Equation (12):

(12)

where

ik is the combined type B standard uncertainty on the average sound pressure level

of 1/3-octave band i for each measurement period j, see Equation (11). This value

is the same for all values of ;.

The combined standard uncertainty on the average sound pressure level of 1/3-octave band i
in wind speed bin & Ucom, L, is calculated by Equation (13):

3 2
Ucom, L =51, + " (13)
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9.2.3 Calculation of average wind speed and uncertainty per bin
The average wind speed,;k, in bin k is calculated by Equation (14):
—_ .
Vi=—:- >V. 14
k= 21 ik (14)
where
N is the number of measurements in wind speed bin £;

Vik is the average value of wind speed at measurement period j in wind speed bin %.

The type A standard uncertainty on the average wind speed in bin & sy is egalculated by
Equation (15):

= N-(N-1)

SV,k: (15)

where

Vj]k is the average wind speed for measurement’period j;

V., is the average wind speed in wind speed bin k, see Equation (14).

The type B standard uncertainty on thexwind speed for each measurement period j uy, is

9
uy, = /Z ugj,q (16)
q=8

Uy .q is the_type B standard uncertainty from source ¢ on the average wind speed for

calculated by Equation (16):

where

eachymeasurement period ;.

The typenB standard uncertainty on average wind speed in bin & uy; is calculated by
Equation:(17):

5]
= |3 (17)

where
uy; is the type B standard uncertainty on the average wind speed for each

measurement period j, see Equation (16).

The combined standard uncertainty of the wind speed in bin &, ucoy y 4, is calculated by
Equation (18):
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2 2
Ucom, vk =\ SVk TUrk (18)

The corresponding covariance, cov, ;, is calculated by Equation (19):

1 N _ —
COVIVik:ﬁ'Z(Vilr—Vk)'(Li‘ilz_Lik) (19)

Jj=1
where
V., is the average wind speed measured in measurement period j;

Vi is the average wind speed for bin &, see Equation (14);

is the measured noise level of 1/3-octave band i from measurement_period ;j in wind
speed bin £;

Zl;k is the average noise level of the 1/3-octave band i in windspeed bin k&, see
Equation (9).

9.2.4 Calculation of noise levels at bin centres including uncertainty

For both total noise and background noise, estimates ferJthe sound pressure level of
1/3-octave band i at the bin centre wind speeds are galculated using linear interpolation
between the bin average values. In principle the methogd is-applicable for any wind speed.

The estimated sound pressure level at this wind speed V is calculated as

Ly (t)=(12Y Lik +- Lik+1 (20)
where

Vk <V <Vi+1

The ¢ value at a given wind:speed V is calculated as

A iy (21)
Vi1 =Vik

The standard uncertainty on the calculated sound pressure levels at bin centre wind speed v
is calculated using

2
_coviy,()

uLV,<r>=1/u%,l-(r> (22)

2
uy (1)
where
2 2 2 2 2
up (0 =01-1 “Ucom,Lik T Ucom.L,i k+1

OViy.ik 2 COVIp, k+1
+1-

5 C

cov,, . (H)=(1-1)"-
LV

! N Nt
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2 2.2 2.2
up () =(A=0 -ugompk +1° Ucom y 141
N, is the number of measurements in wind speed bin k.

N, in Equation (22) is compensating for the use of standard uncertainty on average values for
noise level and wind speed.

If the bin average of the wind speed is below the bin centre at the highest bin, extrapolation to
the bin centre is allowed. If the bin average of the wind speed is above the bin centre at the
lowest bin, extrapolation to the bin centre is allowed. Extrapolation is only allowed for bins
with at least 10 measurement data points.

If the total noise level Ly r;; is at least 3 dB higher than the background noise levelK 'Ly p;,

in the same 1/3-octave band i, the background corrected sound pressure levelfor 1/3-octave
band i and the corresponding standard deviation on the value, are calculated.using

[LV,T,i,kj {LV,B,i,kj
Ly..x =10-log(10t 1© J_10\ 10 )y (23)
(Lmj 2 [LV,B,iJ 2
10 10
uLV,T,l"10 + uLV,B,i.’]O
uc,[”k = [LV']';ij [LV'B'I‘j (24)
10 10 ~10 10

It is assumed the total and background noise are uncorrelated if the difference is larger than
3 dB. This may lead to an overestimation of the uncertainty if there is any correlation. For bins
or 1/3-octave bands, where the total noise level, Ly ,;, is less than 3 dB higher than the

background noise level, Ly zg"a 3 dB correction is applied and the result marked with
brackets [ ]. The uncertainty is' calculated as if the difference is 3 dB, see Equation (25).

2 2
Ly 1 J LyTi-3 ]
10 10
uLV,T,l"10 + MLV,B,Z"10
Ucik = (LV,T,iJ (LV,I‘,i73] (25)
10 10 ~10 10

9.3° Apparent sound power levels

Whithimeach bim, the apparent sound-power tevet for each t/3-octave band 1,7 1S catcutated

from the corresponding background corrected sound pressure level for the same 1/3-octave
band, Ly ;. at the bin centre wind speeds as follows:

471'R12

Lygik =Ly,cik —6+10log S
(26)
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where
Ly ..« 1s the background corrected A-weighted sound pressure level in 1/3-octave band i
at the bin centre wind speed & under meteorological reference conditions;

R, is the slant distance in meters from the rotor centre to the microphone as shown in
Figure 4; and
So is a reference area, Sy = 1 m2,

The 6 dB constant in Equation (26) accounts for the approximate pressure doubling that
occurs for the sound level measurements on a measurement board.

The estimate for the A-weighted sound power level in bin k is calculated by energy summing
of all 1/3-octave band sound power values.

2 { WA,ik ]
Ly =10-log) 10t (27)
i=1

If the difference between the sum of the 1/3-octave bands of the\total noise and the sum of
the 1/3-octave bands of the background noise is between 3Cand 6 dB the result shall be
marked with an asterisk when reported. If the difference is,3.)dB or less, the result for that
wind speed bin shall not be reported.

28 [ Ly ik ]

> uggptot 1

Mj (28)

28 [
210 10
i=1

Equation (28) is valid for correlated uncertainties. The uncertainties of the sound power levels
of the 1/3 octave bands are-assumed to be correlated.

Guidance for Type B-uncertainties are given in Annex C.

9.4 Apparentisound power levels with reference to wind speed in 10 m height

To calculate ;the apparent sound power level with reference to wind speed in 10 m height,
Lwa 10 m @t integer wind speeds within the measurement range, the following procedure is
used:

Calculate the corresponding wind speed at hub height, V; | by using Equation (29). Then use

limear interpolation and the background noise correction as described in Equations (20) to
(26)

In( f j
Vig =Vag -| ——2et 2 (29)

( J
|
20 €
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Lwa 10 m,x for integer wind speeds k within the measurement range with corresponding
uncertainty, u;, 1om, is calculated by using Equations (27) and (28).

9.5 Tonal audibility

9.5.1 General methodology for tonality

The presence of tones i the noise at differentwindspeeds shaft be determined on the basis
of the narrowband analysis. The procedure for tonality assessment is described by the
flowchart in Figure 7.
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Procedure for tonality assessment
For each wind speed bin

Measuring =}

v

! specta [
P

10 or more
spectra

No

T
Yes

£ L J
2
k3] Identify possible
% tones from local
P maxima
[&}
©
o ]
5 v .
g If no possible tones, Classify spectral
o |leave spectrum out of lines in critical band
§ ton::]:ludlplllty through L g,
5 ysis
2
g
! '
> If no identified tones, Determine tone level,
S |leave spectrum out of masking noise level,
5 tonal audl_bl|lty tonality and tonal
= analysis audibility

|

¥

Average tonality/for
tones of same origin"

Average

AL,>-3dB No ]
Yes
>20 %
of all measured
NO —

spectra having an
identified tone

6 or more
spectra having an
identified tone

30 or more measured
spectra

Yes

¥

Report tone and tonal Report: No
audibility relevant tones

Finished
IEC

Figure 7 — Flowchart for determining tonal audibility for each wind speed bin
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The tonal analysis shall cover the same wind speed range as the sound power level
measurement. The complete measurement shall be divided into 10 s energy averaged spectra
as defined in 7.2.5.

All spectra are sorted into wind speed bins. The overall tonal audibility for a given wind speed
bin can only be determined if at least 6 of the narrowband spectra for that wind speed bin
have an identified tone with the same origin.

Tones of the same origin are defined as follows: Identified tones in different spectra are
considered as tones of the same origin if they are within an interval +25 % of the critical band
centered at the frequency. Tones of the same origin are treated and reported as one tone;

For each spectrum with identified tone, j, in each wind speed bin

e The sound pressure level of the tone L ; , shall be determined.

e The sound pressure level of the masking noise L, ; , in the critical bandyaround the tone
shall be determined.

e The tonality ALy, ;. the difference between the sound pressure level of the tone and the
masking noise level, shall be found.

e The tonal audibility AL, ; ;. the difference between the tonality-and the audibility criterion of
the tone, shall be found.

The overall tonal audibility, AL, ,, is determined in eaech wind speed bin for each of the
identified tones of the same origin as the energy average of the individual ALy Only spectra
with identified tones are included.

In exceptional cases (for example very broad toehes consisting of many lines or masking noise
with very steep gradients) this method may/not give the correct results. In such cases,
deviations from the prescribed method may be needed and shall be reported.

9.5.2 Identifying possible tones

A preliminary identification of tones is needed for the classification of the spectrum lines.

The following procedure is @sed to identify possible tones:

a) find local maxima:n_the spectrum;

b) calculate the critical band, a closed interval centred on the maxima with a bandwidth
determined_by:

0,69

2
Critical bandwidth =25 +75-|1+1,4- Je
1000

where f, is the frequency of the maxima in Hz;

c) calculate the average energy in the critical band centred on each local maximum, not
including the line of the local maximum and the two adjacent lines;

d) if the local maximum is more than 6 dB above the average energy as calculated in the
previous bullet, then it is a possible tone.

9.5.3 Classification of spectral lines within the critical band

The critical band shall be positioned with centre frequency coincident with the possible tone
frequency. For possible tones with frequencies between 20 Hz and 70 Hz, the critical band is
20 Hz to 120 Hz.
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If the centre frequency of a line is included in the critical band, the line is part of the critical

band.

Within each critical band, every spectral line is classified as tone, masking, or neither, using

the following procedure.

a) Calculate the L,y o, sound pressure level, where L;j o, is the energy average of 70 % of
spectral lines in the critical band with the lowest levels as shown in Figure 8

b) The criterion level is equal to L;q o, plus 6 dB as illustrated in Figure 9.

e Aline is classified as “masking” if its level is less than the criterion level. L,
the energy average of all the lines classified as masking as illustrated in Figure 10

e Aline is classified as “tone” if its level exceeds Ly, 5,4 plus 6 dB.

n.avg 1S then

o Where there are several lines classified as “tone”, the line having the greaiest level is
identified. Lines are then only classified as “tone” if their levels are within.10 dB of the

highest level.

e A line is classified as “neither” if it cannot be classified as either'“tone” or “masking”.

Spectral lines identified as “neither” are ignored in furtheryanalysis. Figure 11
illustrates the classification of lines in a critical band.
55
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