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EN IEC 61400-50-3:2022 (E)

European foreword

The text of document 88/845/FDIS, future edition 1 of IEC 61400-50-3, prepared by IEC/TC 88 "Wind
energy generation systems" was submitted to the IEC-CENELEC parallel vote and approved by
CENELEC as EN IEC 61400-50-3:2022.

The following dates are fixed:

+ latest date by which the document has to be implemented at national (dop) 2022-11-11
level by publication of an identical national standard or by endorsement

+ latest date by which the national standards conflicting with the (dow) 2025-02-11
document have to be withdrawn

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights. CENELEC shall not be held responsible for identifying any or all such patent rights.

Any feedback and questions on this document should be directed to the users’ national committee. A
complete listing of these bodies can be found on the CENELEC website.

Endorsement notice

The text of the International Standard IEC 61400-50-3:2022 was approved by CENELEC as a
European Standard without any modification.

In the official version, for Bibliography, the following note has to be added for the standard indicated:

IEC 61400-1:2019 NOTE Harmonized as EN |IEC 61400-1:2019 (not modified)
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Annex ZA
(normative)

Normative references to international publications
with their corresponding European publications

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

NOTE 1 Where an International Publication has been modified by common modifications, indicated by (mod), the
relevant EN/HD applies.

NOTE 2 Up-to-date information on the latest versions of the European Standards listed in this annex is available
here: www.cenelec.eu.

Publication Year Title EN/HD Year
EC 61400-12-1 2017 Wind turbines - Part 12-1: Power EN 61400-12-1 2017

performance measurements of electricity
producing wind turbines

EC 61400-12-2 2013  Wind turbines - Part 12-2: Power EN 61400-12-2 2013
performance of electricity-producing wind
turbines based on nacelle anemometry
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND ENERGY GENERATION SYSTEMS -
Part 50-3: Use of nacelle-mounted lidars for wind measurements

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
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 electronic fields. To this end and
in addition to other activities, IEC publishes International Standards, Technical 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 Committee 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 preparation. 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 nearly 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 its directors, employees, servants or agents including individual experts and
members of its technical committees 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. IEC shall not be held responsible for identifying any or all such patent rights.

International Standard IEC 61400-50-3 has been prepared by IEC technical committee TC 88:
Wind energy generation systems.

The text of this International Standard is based on the following documents:

Draft Report on voting

88/845/FDIS 88/853/RVD

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

The language used for the development of this International Standard is English.

This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in

accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available

at www.iec.ch/members_experts/refdocs. The main document types developed

described in greater detail at www.iec.ch/standardsdev/publications. bd’i&ﬁﬁents
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The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the
specific document. At this date, the document 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.

The contents of the corrigendum 1 (2023-11) have been included in this copy.
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WIND ENERGY GENERATION SYSTEMS -

Part 50-3: Use of nacelle-mounted lidars for wind measurements

1 Scope

The purpose of this part of IEC 61400 is to describe procedures and methods that ensure that
wind measurements using nacelle-mounted wind lidars are carried out and reported consistently
and according to best practice. This document does not prescribe the purpose or use case of
the wind measurements. However, as this document forms part of the IEC 61400 series of
standards, it is anticipated that the wind measurements will be used in relation to some form of
wind energy test or resource assessment.

The scope of this document is limited to forward-looking nacelle-mounted wind lidars (i.e. the
measurement volume is located upstream of the turbine rotor).

This document aims to be applicable to any type and make of nacelle-mounted wind lidar. The
method and requirements provided in this document are independent of the model and type of
instrument, and also of the measurement principle and should allow application to new types of
nacelle-mounted lidar.

This document aims to describe wind measurements using nacelle-mounted wind lidar with
sufficient quality for the use case of power performance testing (according to
IEC 61400-12-1:2017). Readers of this document should consider that other use cases may
have other specific requirements.

This document only provides guidance for measurements in flat terrain and offshore as defined
in IEC 61400-12-1:2017, Annex B. Application to complex terrain has been excluded from the
scope due to limited experience at the time of writing this document.

Corrections for induction zone or blockage effects are not included in the scope of this document.
However, such correction or uncertainty estimation due to blockage effects may be applied if
required by the use case, under the responsibility of the user.

The purpose of this document is to provide guidance for wind measurements. HSE requirements
(e.g. laser operation) are out of the scope of this document although they are important.

2 Normative references

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

ISO/IEC 61400-12-1:2017, Wind energy generation systems — Part 12-1: Power performance
measurements of electricity producing wind turbines

ISO/IEC 61400-12-2:2013, Wind energy generation systems — Part 12-2: Power performance
of electricity-producing wind turbines based on nacelle anemometry
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3 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 61400-12-1:2017 and
the following apply. 1ISO and IEC maintain terminological databases for use in standardization
at the following addresses:

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

3.1

carrier-to-noise ratio

CNR

measure of signal quality for a pulsed lidar defined as the ratio between the heterodyne current
power and the total noise power in the detection bandwidth

Note 1 to entry: By default, CNR is CNR wide band (CNR,,;,). We can also define CNR narrow band (CNR,;) as the
ratio between the heterodyne current power and the noise power in the Doppler peak bandwidth. This does not
depend on spectral signal processing. CNR is different from Signal-to-Noise Ratio (SNR). SNR is the ratio between
the Doppler peak power and the noise power standard deviation.

Note 2 to entry: SNR = CNR,,vn, with n: number of averaged pulses.

3.2

continuous wave lidar

CW lidar

a lidar transmitting a laser signal of constant amplitude and frequency and receiving
backscattered light at the same time

3.3

correlated uncertainties

a pair of uncertainty components in which an unknown error on one of the components is
correlated to some degree to the error on the other component

Note 1 to entry: The value of the correlation coefficient can vary between -1 and 1.

[SOURCE: JCGM 100:2008; 5.2]

3.4

data availability

ratio between the number of measurement points accepted on the basis of a predefined data
quality and the maximum number of measurement points that can be acquired during a given
measurement period

3.5

final values

values provided by the nacelle lidar system for use in wind energy assessment applications
such as WTG power performance testing

Note 1 to entry: Therefore, the accuracy of the final value is the key consideration when using nacelle lidar in wind
energy applications. Examples of final values include (but are not limited to) horizontal wind speed and wind direction.

3.6
free wind speed
wind speed that would be present at the turbine location if the turbine was not there
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3.7

homodyne detection

measurement technique in which the received signal is mixed with a signal of the same
frequency as that of the transmitted signal

Note 1 to entry: The mixing product at the difference frequency contains information on the magnitude of the
Doppler shift induced in the received signal, but not whether that Doppler shift is positive or negative.

3.8

heterodyne detection

measurement technique in which the received signal is mixed with a signal of a different
frequency to that of the transmitted signal

Note 1 to entry: The mixing product at the difference frequency contains information on both the magnitude and the
sign of the Doppler shift induced in the received signal.

3.9

intermediate values

inputs to the wind field reconstruction (WFR) model or algorithm, which delivers final values as
output

Note 1 to entry: Examples of intermediate values include (but are not limited to) line of sight (LOS) speeds.

3.10

line of sight

LOS

direction originating at the laser source and oriented along the axis of the transmitted laser
beam, corresponding to the beam propagation path

3.1

line of sight speed

LOS speed

magnitude of the component of the wind velocity in the LOS

3.12

LOS speed turbulence intensity

ratio of the LOS speed standard deviation to the mean LOS speed, determined from the set of
measurement data samples of LOS speed, and taken over a specified period of time

Note 1 to entry: See Clause 6 for the characteristics of turbulence measured with lidar.

3.13

measurement

process of experimentally obtaining one or more quantity values that can reasonably be
attributed to a measurand

[SOURCE: JCGM_200_2012; 2.1]

3.14

measurement accuracy

closeness of agreement between a measured quantity value and a true quantity value of a
measurand

[SOURCE: JCGM_200_2012; 2.13]

3.15
measurement bias
estimate of a systematic measurement error

[SOURCE: JCGM_200_2012; 2.18] Documents
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3.16
measurement period
interval of time between the first and last measurements

[SOURCE: ISO 28902-1:2012, 3.10]

3.17

measurement uncertainty

non-negative parameter characterizing the dispersion of the quantity values being attributed to
a measurand, based on the information used

[SOURCE: JCGM_200_2012; 2.26]

3.18

nacelle-mounted lidar

NML

wind lidar mounted on the nacelle of a WTG generator

EXAMPLE A lidar placed in the spinner of a WTG is not considered nacelle-mounted in the case where it follows
the spinner's rotation about the rotor axis.

Note 1 to entry: A wind lidar can only be considered as nacelle-mounted if the lidar is fixed in the frame of reference
of the nacelle (but not the rotor frame of reference).

3.19

probe length

measure of the radial extent of the lidar probe volume, which can be defined in terms of the
distance between the two points at which the radial sensitivity of the lidar is half of its maximum
value: the full-width at half-maximum (FWHM) sensitivity

e For pulsed coherent lidars: The probe length is the distance between the FWHM levels of
the Velocity Range Weighting Function (VRWF).

e For pulsed incoherent lidars (direct detection lidars): The probe length is the distance
between the FWHM levels of the laser pulse. (assuming no range averaging).

e For CW coherent Lidars: The probe length is the distance between the FWHM levels of the
Lorentzian weighting function.

Note 1 to entry: The Velocity Range Weighting Function describes the relative efficiency of collecting velocity
information as a function of distance around the nominal range. An ideal weighting function would be a Dirac function
at 0 (the wind speed is measured at one point). The integral of the weighting function (from minus to plus infinity) is
equal to 1. The VRWEF is the normalized convolution of the range gate profile with the pulse amplitude profile.

3.20

probe volume

volume located along the laser beam propagation path in which particles scattering light back
to the lidar system contribute significantly to the received signal

3.21

pulsed lidar

lidar transmitting a laser signal during a short time period (the pulse) at regular intervals and
receiving backscattered light between the pulses

3.22

remote sensing

technique for wind measurement where the instrument is distant from the locations where the
wind vector is sensed
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3.23

roll angle

angle of rotation of the lidar about the roll axis, with respect to the design orientation of the lidar
defined as horizontal

Note 1 to entry: The roll axis passes through the origin of the lidar coordinate system in a direction representative
of the average measurement direction of the lidar. The exact definition of the roll axis shall be documented by the
lidar manufacturer. For a scanning lidar it is suggested that the roll axis is defined as the unit vector with the same
direction as the average of the unit vectors describing the beam’s trajectory. For a fixed beam lidar it is suggested
that the roll axis is defined as the unit vector with the same direction as the average of the unit vectors describing
the lidar’s fixed beams.

3.24
scalar average
scalar number found by dividing the sum of scalar data by the number of items in the data set

3.25
scanning lidar
lidar in which the direction of a single transmitted beam is scanned

Note 1 to entry: In this document, two types of scanning lidars are considered:

1) Fixed-pattern-scanning lidar: the beam is scanned following a fixed, predefined trajectory (this trajectory is
typically planar or conical)

2) Programmable-scanning lidars: the beam is scanned in a programmable manner.

In contrast, a fixed-beam-geometry lidar is a lidar in which the laser beam is transmitted in a number of different, but
fixed, directions that are addressed sequentially or simultaneously.

3.26

specific measurement campaign
SMC

an implementation of a use case

3.27

tilt angle

angle of rotation of the lidar about the tilt axis, with respect to the design orientation of the lidar
defined as horizontal

Note 1 to entry: The tilt axis passes through the origin of the lidar coordinate system, is perpendicular to the roll
axis, and is horizontal when the lidar is in the design orientation defined as horizontal.

3.28

turbulence intensity

ratio of the wind speed standard deviation to the mean wind speed, determined from the same
set of measured data samples of wind speed, and taken over a specified period of time

[SOURCE: IEC 61400-1:2019, 3.58]

3.29
use case
combination of the following three elements:

o Data requirements: objectives arising from the application and independent of instrument
capabilities.

e Measurement method: lidar technique selected to fulfil the data requirements. The scope of
this guidance is restricted to methods using nacelle-mounted lidar and evaluation of their
accuracy under the operational conditions described.

e Operational conditions: circumstances that may influence measurement accuracy.

[SOURCE: CLIFTON, A. et al., 2018]
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3.30
vector average
vector found by dividing the sum of vectors by the number of items in the dataset

3.31
wind direction
direction of the horizontal component of the wind velocity

3.32

wind field reconstruction

WFR

process of combining intermediate values, such as the LOS speeds associated with multiple
LOSs, to retrieve the final values relevant to the use case

3.33

wind lidar

remote sensing device that transmits energy from a laser source into the atmosphere and
analyses the signal reflected from particles being carried by the wind to measure the
characteristics of the wind

Note 1 to entry: The word "lidar” is used for wind lidar throughout this document.

Note 2 to entry: Most wind lidars working principles rely on the Doppler effect, where the frequency of the light
backscattered by particles moving with the wind is Doppler shifted.

3.34

wind measurement equipment

WME

meteorological mast or remote sensing device

[SOURCE: IEC 61400-12-1:2017,3.29]

3.35
wind shear
change of horizontal wind speed with height

Note 1 to entry: In this document, the focus is on the change of wind speed with height across the turbine rotor
span.

3.36

wind shear exponent

exponent of the power law model of the variation of horizontal wind speed with height above
the ground

Note 1 to entry: The power law formula is

Vz2 =V [2_2] (1 )

where
v, is the horizontal wind speed at height z;

a is the wind shear exponent.

3.37
wind speed
magnitude of the local wind velocity
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Note 1 to entry: The horizontal wind speed is the magnitude of the projection of the wind velocity onto the horizontal
plane.

3.38
wind veer
change of wind direction with height across the WTG rotor

[SOURCE: IEC 61400-12-1:2017, 3.32]

3.39

wind velocity

vector pointing in the direction of motion of an infinitesimal volume of air surrounding the point
of consideration, the magnitude of the vector being equal to the speed of motion of this air
"parcel" (i.e. the local wind speed)

Note 1 to entry: The vector at any point is thus the time derivative of the position vector of the air "parcel" moving
through the point.

[SOURCE: IEC 61400-1:2019, 3.73, modified — "minute amount" has been changed to
"infinitesimal".]

3.40
yaw misalignment
angle resulting from the horizontal deviation of the WTG rotor axis from the wind direction

[SOURCE: IEC 61400-1:2019, 3.77, modified — "angle resulting from the" has been added]

4 Symbols and abbreviated terms

NOTE Symbols are specific to this document (not to be confused with other standards).

Abbreviation Description
CNR carrier-to-noise ratio
cw continuous wave
DLL dynamic-link library
EV environmental variable
FWHM full-width half-maximum
HSE health safety environment
LOS line of sight
NML Nacelle-mounted lidar
RSS residual sum of squares
SCADA supervisory control and data acquisition
SMC specific measurement campaign
SNR signal-to-noise ratio
VRWF velocity range weighting function
WFR wind field reconstruction
WME wind measurement equipment
WTG wind turbine generator
Variable Description Unit
G uncertainty component of a LOS speed, which is correlated /s
between left and right beam (Annex A) ocuments
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Variable Description Unit
d horizontal distance between the terrain point and the calibration | m
mast (7.5.2.2)
D rotor diameter of tested WTG m
D, rotor diameter of the neighbouring turbine m
Dirggsetcorr | COrrection angle between true north and nacelle orientation | deg
angle Diryg, rr (D.2.4)
DirtrueNorth | Nacelle orientation relative to true north (D.2.4) deg
Dirq Nac TR 10-min average turbine-reported relative wind direction of first | deg
sensor (D.2.4)
Diry Nag,TR | 10-min average turbine-reported relative wind direction of | deg
second sensor (D.2.4)
Diryay TR 10-min average turbine-reported nacelle orientation (D.2.4) deg
H hub height m
h height threshold for an obstacle to be considered significant m
Hy height by which beam 0 is elevated after a tilt and roll | m
displacement specific to Annex B
H, height by which beam 1 is elevated after a tilt and roll | m
displacement specific to Annex B
Hon vertical distance between lidar optical head and rotor axis
H.o height above ground of the reference wind speed instrument
used in the lidar calibration
i if used as an index: reference to the wind speed bin number -
k coverage factor according to E.2.2 of IEC 61400-12-1:2017 -
Ly distance between beam origin and detection point for beam 0 | m
specific to Annex B
L, distance between beam origin and detection point for beam 1 | m
specific to Annex B
Lg distance to a neighbouring obstacle (10.4.2) m
Ih Height of an obstacle m
L, distance to a neighbouring turbine (10.4.2) m
Ly width of an obstacle m
Lorobe lidar probe length m
Lot horizontal distance between lidar and reference (in calibration) | m
L, horizontal distance between the rotor plane and the upstream | m
measurement position
N number of data in a bin -
R total distance between the lidar and the reference instrument in | m
lidar calibration set up (7.5.4)
r distance between an obstacle and the calibration mast m
Tij correlation between uncertainty components (Annex A) -
Ry, measurement range along the LOS (10.4.2)
R onf lidar measurement range (configured) (7.5.4) m
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Variable Description Unit
s mean terrain slope (7.5.2.2) %
Ucal calibration uncertainty of the reference wind speed sensor used | m/s

to measure ¥},
Udaq data acquisition system uncertainty m/s
UHWS uncertainty of the reconstructed horizontal wind speed m/s
U; variable for an uncertainty component (A.2)
Uing uncertainty due to the inclined beam and measurement range m/s
Upi uncertainty components of the left LOS, which are uncorrelated, | m/s
specific to (A.2)
Ujgt uncertainty related to the mounting of lightning finial, if there is | m/s
one
Umast uncertainty due to mounting of the reference sensor used to | m/s
measure V.
Uppe classification uncertainty of the reference wind speed sensor | m/s
used to measure V,

Ugpe,lidar operational uncertainty of the lidar (9.3) m/s
Upos uncertainty due to the beam positioning m/s
Ug; uncertainty components of the right LOS, which are

uncorrelated, specific to (A.2)
Urange measurement range uncertainty m

Uresidual uncertainty from residuals of calibration function (9.2.1) m/s
Usens uncertainty of the reference sensor in the calibration setup | m/s

(7.6.2.2)
Uprobe uncertainty due to the horizontal wind flow variation within the | m/s
lidar probe volume

Uyert_pos uncertainty due to the height difference between the reference | m/s

- sensor and the LOS
Uy hor horizontal wind speed uncertainty m/s
uy Los uncertainty of the LOS speed estimate m/s
Uy, uncertainty of the measured wind speed (A.4) m/s
Upfp reference wind speed uncertainty m/s
U(y) WFR propagated uncertainty of the LOS speed uncertainties through | m/s
the WFR algorithm
UWFR,par uncertainty due to parameter in WFR algorithm (9.2.2) m/s
Wav),measHeight | UNcertainty due to varying measurement height (9.4) m/s
Uy uncertainty of measurement height (A.4) m
Uy uncertainty of the shear exponent (A.4) -
ug uncertainty of the wind direction deg
Ug LoS uncertainty of LOS estimate deg
’ Documents
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Variable Description Unit
ug r relative wind direction uncertainty deg
Ug beam elevation angle uncertainty deg
vV horizontal wind speed from lidar measurement and WFR | m/s

algorithm
Voros reconstructed horizontal wind speed with the 2 LOS | m/s
reconstruction method (Annex A)
Vu horizontal wind speed extrapolated to the desired measurement | m/s
height (Annex A)
Vhor horizontal wind speed measured by the wind speed reference | m/s
instrument during calibration (Annex A)
L LOS speed of the left LOS as seen from behind the lidar (A.1) m/s
Vios LOS speed m/s
VLos,norm normalised lidar LOS speed (used for the determination of 6, | -
during calibration)
Vi horizontal wind speed at the height the beams were pointing at | m/s
during the measurement (A.4)

VNAC.TR 10-min averaged turbine-reported wind speed (D.2.4) m/s
Vr LOS speed of the right LOS as seen from behind the lidar (A.1) | m/s
Viet reference wind speed, in the LOS direction, used in the | m/s

calibration
V, longitudinal wind speed component (A.1) m/s
4 transversal wind speed component (A.1) m/s
w vertical wind speed measured by a reference instrument during | m/s
calibration
XoH horizontal distance between lidar optical head and rotor plane m
z the terrain height relative to the reference plane (7.5.2.2) m
Zy desired measurement height (A.4) m
Zm height at which the lidar acquires measurements (A.4) m
o shear exponent -
angle between two beams in the plane containing the two beams | deg
(7.2.1.2)
Prax largest horizontal angle between any two beam positions within | deg
the trajectory/geometry (10.4.2)
y opening angle between two beams that are symmetrical with | deg
respect to the horizontal plane — specific to example in Annex B
v projection of J onto the vertical plane — specific to example in | deg
Annex B
ADir; Nac difference in angle between two wind direction measurements | deg
from nacelle-based sensors averaged over wind speed bin i
AV difference between LOS speed and reference speed (7.6.4) m/s
AVhor wind speed correction due to measurement height variability |[Ac) m/s Gl
(Annex A)
0 the angle between the lidar optical axis and the LOS being | deg
calibrated (7.5.4) Documents
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Variable Description Unit
Oy relative error on the LOS speed due to inflow angle (7.5.5)
dcal correction resulting from inclinometer calibration (C.2) deg
O vertical angle between horizontal plane and direction from lidar | deg
optical head to hub height at 2.5D (C.2)
ONac difference in tilt angle of the nacelle between its orientation while | deg
the WTG is in normal operation and while it is at stand-still (C.2)
dope nacelle tilt angle when WTG is in normal operation (C.2) deg
dstandstill nacelle tilt angle when WTG is at-stand still (C.2) deg
Otot lidar optical head pre-tilt angle deg
0 wind direction measured by the wind direction reference | deg
instrument during lidar calibration (Clause 7)
0y approximation of the direction 8, yg deg
02108 horizontal wind direction obtained from the 2-LOS WFR | deg
algorithm
Binduction wind direction sector to be excluded from the measurement to | deg
account for the influence of flow distortion on lidar probe volumes
in the induction zone of a neighbouring turbine or other obstacle
0.os LOS direction deg
oroj projection angle (Clause 7) deg
Or relative wind direction (6. =0-0,,) deg
Owake wind direction sector to be excluded from the measurement to | deg
account for the influence of the wake of a neighbouring turbine
or other obstacle
p roll angle deg
Odev standard deviation of the difference between the LOS speed and | m/s
the reference wind speed (7.6.4)
T tilt angle deg
® elevation angle of the lidar beam during lidar calibration | deg
(Clause 7)
W the angle between wind velocity vector and the horizontal plane | deg
(inflow angle), see 7.5

5 Overview

5.1 General

This document is applicable to nacelle mounted lidars(NML) that use the following measurement
principle: the fundamental measurand of the lidar is the line of sight (LOS) speed. The required
measurands, for example, the horizontal wind speed and direction, are derived from multiple
measurements of LOS speed, together with parameters (such as lidar tilt and roll angles, the
angle between each LOS and the lidar optical axis) that define the LOS direction and the
measurement range.

The algorithm used to derive the required measurands is referred to as wind field reconstruction
(WFR). The inputs to the WFR algorithm are referred to as intermediate valueslje.g. LOS

Full document details: BS EN IEC 61400-50-3:2022
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speeds, lidar tilt and roll angles, etc.). The outputs of the WFR algorithm are referred to as the
final values (e.g. horizontal wind speed).

5.2 Measurement methodology overview

The overall methodology includes two phases of the specific measurement campaign (SMC),
lidar calibration and measurement campaign execution.

Phase 1: Calibration and sensitivity to the environmental variables

The calibration method described in Clause 7 of this document follows the "white box calibration”
approach to calibrate and provide uncertainties on the intermediate values. The calibration
provides calibration factors and measurement uncertainties specific to each unit and therefore
has to be performed separately for each lidar unit.

Environmental conditions during the SMC will vary from those during calibration of the lidar unit.
The resulting contribution to measurement uncertainty is assessed by analysing how sensitive
the accuracy of each intermediate value is to these variations. These sensitivities are assumed
to be characteristic of the type of lidar and applicable to any unit of that type. The treatment of
these sensitivities is described in 8.2.

At the time of writing of this document there is not enough experience with NML to be able to
assess how varying environmental conditions affect WFR. In the present edition of this
document we therefore take the pragmatic approach of assigning a value of zero to this
component of the measurement uncertainty, providing there is an evidence-base to
demonstrate a sufficient level of measurement accuracy for a particular type of lidar. The
requirements of such an evidence-base are described in 8.3.

The calibration and the sensitivity analysis of the intermediate values provide the main
uncertainty components that have to be propagated through to uncertainties in the final values
(e.g. horizontal wind speed) for the SMC.

The calibration of the nacelle lidar unit and the sensitivity analysis of the type of nacelle lidar
shall be performed before the start of the SMC.

Note that the procedure described in this document differs from the approach described in
IEC 61400-12-1:2017 for ground-based remote sensors, which describes the calibration and/or
verification of final values (e.g. the horizontal wind speed) only. The evaluation of the
contribution to measurement uncertainty due to the effects of varying environmental conditions
on wind speed measurement accuracy is referred to in IEC 61400-12-1:2017 as "classification”,
but that terminology is not used in the present edition of this document as no "class” is assigned
to the lidar type.

Phase 2: Execution of specific measurement campaign

Data requirements of the use case implemented by the SMC are provided in the relevant
standard (e.g. IEC 61400-12-1:2017 for power performance testing). The execution of a typical
measurement campaign using an NML follows 4 steps:

1) preparation — including site assessment, measurement sector and preparation of lidar
mounting on the nacelle;

2) measurements;

3) complete measurement uncertainty assessment;

4) reporting.
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5.3 Document overview

The main clauses of this document are not mutually dependent. Therefore, it is possible to refer
to only certain parts of the main clauses rather than all clauses to adapt this document to a
particular use case. However, the main clauses are presented in a logical sequence that could
be applied in practice.

Clause 6 describes the requirements a lidar shall fulfil so that the various methods described
in this document are applicable.

Clause 7 describes procedures and requirements for the calibration of NMLs.

Clause 8 describes the assessment of the sensitivities of intermediate values to changing
environmental conditions. It also describes the requirements of an evidence-base able to
support the assumption of zero contribution to measurement uncertainty due to environmental
effects on WFR.

Clause 9 describes how the uncertainties on the intermediate values (resulting from calibration
according to Clause 7 and sensitivity analysis according to Clause 8) are propagated to the
final values (e.g. horizontal wind speed and direction) through the WFR algorithm. An example
for a 2-LOSs lidar is provided in Annex A.

Clause 10 describes the NML specific aspects to be considered in the preparation phase of the
SMC.

Clause 11 describes the measurement procedure, including filtering and database requirements,
and sensor output and ancillary system requirements needed for monitoring measurements during the
SMC.

Clause 12 provides the minimum requirements for reporting that are specific to NMLs (the
overall requirements for reporting are provided by the use case).

6 Lidar requirements

6.1 Functional requirements

For compatibility with this document, the nacelle-mounted lidar shall meet at least the following
functional requirements:
1) The lidar shall report at least one of the following:

a) reconstructed horizontal wind speeds, wind directions relative to the lidar optical axis
and an estimate of the turbulence intensity;

b) intermediate values from which horizontal wind speeds, directions and an estimate of
the turbulence intensity can be reconstructed;

2) LOS speeds shall be available to support the calibration procedure.

3) The lidar shall be equipped with one or more inclinometers to measure the angles required
for the WFR algorithm with a sampling rate greater than or equal to the horizontal wind
speed reconstruction rate.

4) Measurements of tilt and roll angles (and any other parameters required for WFR) shall be
reported in the data stream.

5) The lidar shall be able to measure at one or more known distances (ranges) in front of the
rotor. The measurement distance shall fulfil the requirements of the use case. (For example,
for power performance measurements compliant with IEC 61400-12-1:2017, this distance
should be between 2 and 4 times the rotor diameter of the WTG being tested, with distance

measured from the rotor plane.). Documents
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6) Lidar measurement data shall have an accurate timestamp (+ 2 s) with respect to a known
reference. Such time references can be provided by GPS or by the host turbine’s time
reference.

7) It shall be possible to align the measurement equipment to within 1-degree standard
uncertainty in the yaw degree of freedom.

8) The lidar shall report a data quality control code.

9) The above parameters shall be available at least as 10-min statistics.
6.2 Documentary requirements
6.2.1 Technical documentation

To provide the technical information required to support the calibration, sensitivity of
uncertainties, and the operation of the lidar, the following shall be documented:

1) the means of measuring the LOS speed (e.g. continuous or pulsed coherent Doppler lidar);
2) the lidar probe length — Lo, as defined in 3.19;

3) the number of beams — The number of beams is defined by the number of possible optical
paths in a system. An optical path is defined by the succession of optical components
crossed by the light from the source to the atmosphere.

For example, a device with beam originating from a single laser source switched or split to
different paths (e.g. different telescopes) of parallel design is considered a multi-beam
device. A device with a beam originating from a single laser source and oriented in various
directions using a moving prism or mirror is considered a single-beam device;

4) whether the lidar operates with a fixed-beam geometry, a fixed scanning pattern or a
programmable scanning pattern;

5) a description of the beam geometry or scanning pattern including relevant angles and angle
tolerances;

6) the internal coordinate system, including the sign convention;

7) the rate of scanning, meaning the time between completed executions of the entire scanning
pattern;

8) for scanning lidars, estimate of the dynamic position uncertainty (see 7.2.2);

9) whether the instrument measures at single or multiple ranges, and in the latter case, the
temporal sequence of the different ranges (e.g. one range per 10-min interval, sequential
switching between ranges within a 10-min interval or acquisition of data from multiple ranges
during each measurement within a 10-min interval);

10)the means by which the instruments discriminate between various ranges (e.g. focusing or
range-gating);

11)a general description of the method of calculating the horizontal wind speed, relative wind
direction and estimate of the turbulence intensity from the measured LOS speeds (the WFR
method);

12)information on how the estimate of the turbulence intensity relates to a point measurement
of turbulence intensity (e.g. as measured by a cup anemometer);

13) the rate at which reconstructed horizontal wind speeds and wind directions are available in
the data stream or in the recorded data;

14) how the quality control code should be interpreted;

15) a technical description of the inclinometer(s) used in the instrument and their measurement
principle (e.g. if it is an accelerometer or gyroscopic sensor). This documentation should at
least cover measurement range, resolution, accuracy and sampling rate;

16) the current firmware version of the unit;

17)the list of known environmental and operational limitations of the unit (e.g. inclination,
temperatures, etc.).
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