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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. ﬁd':t&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.
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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:

e 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 (Z_ZJ (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 Dirygy, 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 Vho,

Uope, lidar operational uncertainty of the lidar (9.3) m/s
Upos uncertainty due to the beam positioning m/s
Ur; 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)
Via 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
Ve longitudinal wind speed component (A.1) m/s
4 transversal wind speed component (A.1) m/s
/4 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
a shear exponent -
angle between two beams in the plane containing the two beams | deg
(7.2.1.2)
Brmax 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
Vv projection of 7 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 | deg
(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
0, relative wind direction (8, =60-0,,) 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
1) elevation angle of the lidar beam during lidar calibration | deg
(Clause 7)
v 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 values
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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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6.2.2 Installation and operation documentation

To support the installation and operation of the lidar on a WTG, the documentation shall also
describe:

1) the dimensions and weight of the main lidar components and their mounting arrangements;

2) the power requirements and consumption of the lidar;

3) the full process used to mount the lidar on the WTG nacelle including a list of permanent
modifications that may need to be made to the WTG;

4) the system and/or process used to align the lidar optical axis with a projection of the rotor
axis onto the horizontal plane;

5) the details of any cabling required;

6) data connection requirements;

7) clock synchronisation requirements;

8) requirements of other resources or consumables, such as screen washer fluid;

9) any procedures to ensure eye safety or certification demonstrating that no such procedures
are necessary.

7 Calibration and uncertainty of nacelle lidar intermediate values

71 Calibration method overview

The methodology entails calibrating the inputs to the lidar’'s WFR algorithm. The process is
divided into five steps: the first three concern the calibration of the beam position quantities
(beam trajectory, inclinometers, and measurement range), and the last two consist in calibrating
the LOS speed, Vo5, and assessing its uncertainty, u, ... The procedures to calibrate the
quantities describing the beam position are specific to the lidar technology and the particular
geometry/trajectory of the lidar beam. The calibration and assessment of the uncertainty of Vj g
are more generic, but the details (particularly the determination of beam position) may well still
depend on the exact nature of the lidar technology.

The determination of beam position requires accurately positioning and detecting the lidar
beam(s), which is achieved by either:

e visualizing the laser beam with e.g. an infrared sensitive card or infrared camera, or;

e performing a hard target test. A hard target test consists of blocking the beam with a
reflective surface, and then measuring the target’'s position. When the beam is blocked, the
level of the signal measured by the lidar is extremely high compared to when the beam is
not blocked. For homodyne lidars a moving target is necessary since zero speed is
undetectable.

The calibration of the nacelle lidar shall be performed for every lidar unit before the start of the
SMC. The duration of the period for which the calibration is considered valid and the number of
SMCs allowed within that period shall be determined by the guidance associated with the use
case and by the advice of the manufacturer. Any change in e.g. optical components or firmware
that affects the measurements requires a new calibration.
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7.2 Verification of beam trajectory/geometry
7.21 Static position uncertainty
7.211 Method

The angles defining the beam geometry (for fixed-beam-geometry lidars) or the beam trajectory
(for scanning lidars) shall be measured as follows:

o for fixed-beam-geometry lidars: angles between various LOSs;

o for fixed-pattern- and programmable-scanning lidars: values of the angles characterizing the
scanning trajectory (e.g. cone angle for fixed-pattern conically scanning lidar; azimuth and
elevation angles for programmable-scanning-lidar).

The uncertainty of the measured angles shall be stated. The test results (measured angles and
their uncertainties) shall be compatible with the values and tolerances stated in the
manufacturer specifications (technical documentation provided according to 6.2.1 (item 4)).

7.21.2 Example

An example of beam geometry verification is given in Figure 1 for a two-beam (fixed-beam-
geometry) nacelle lidar. In this case, the verification of beam geometry consists of verifying the
angle B between the two LOSs (see Figure 1). The distances L,, L,, L, are measured (e.g.
using a theodolite). The angle g between the two beams in Figure 1 is given by:

L02 +L12 _LzzJ

2, (2)

p= acos[

The uncertainty of the measured angle is derived from the uncertainty of measurements of L,
L, and L,.

IEC
NOTE Point A represents the beam origin and L, and L, are the distances to the detected beam positions B and C.

Figure 1 — Example of opening angle 8 between two beams
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7.2.2 Dynamic position uncertainty

For a scanning lidar, when it is measuring whilst the beams are in motion (or moving rapidly
and then stopping), there will be an additional position uncertainty due to the inability of the
motion control system to provide the exact position. This uncertainty is termed dynamic position
uncertainty. In addition to the static measurement of the opening angles and uncertainties of
these measurements, the dynamic position uncertainty for the trajectory shall be quantified or
provided.

7.3 Inclinometer calibration
The purpose of the inclinometer calibration is to establish the relationship between the lidar
inclinometer indications of tilt angle ( tjgicateq ) @nd roll angle ( pingicateq )» @nd reference

measurements ( tyeasured> Pmeasured )-

The procedure consists of:

1) reading the indicated inclinometer position values, 7 gicated> Pindicated

2) measuring the distance and height difference of the beams’ position relative to the beams’
origin (e.g. using a theodolite);

3) deriving the tilt and roll angles, tcasured Pmeasured» @Nd comparing them to the inclinometer
values.

This procedure should be repeated for combinations of at least five different values of 7gicated
and at least five different values of pjgicateq- The calibration range should cover as much as

possible of the range of tilt and roll angles values expected during the SMC. The calibration
range shall be reported.

The uncertainty of the measured tilt and roll angles shall be stated.

Annex B presents a suggested methodology for field measurements of tilt and roll angles for
the example of a 2-beam lidar.

7.4  Verification of the measurement range
The measurement range shall be verified using one of the following methods:

e Visual observation of the backscatter levels at different ranges, from a target of known
position.

e Performing a statistical analysis of the LOS speed calibration data: the lidar is configured
to several ranges around the distance at which a reference instrument is located. The
correlations between the reference wind speed and the LOS speeds measured at the
different ranges are analysed. The highest correlation is expected at the range closest to
the reference instrument.

e A focus calibration method (for a homodyne lidar with a fixed or variable focus), for example,
by measuring the beam diameter as a function of distance along the LOS or by measuring
the strength of the lidar return signal scattered from a moving target at a fixed calibration
range as the lidar focus is adjusted.

It is recommended that the verified range is close to the measurement range used in the LOS
speed calibration (see also 7.5.4 regarding calibration range recommendations).

The verification of the measurement range shall be performed for every beam. The uncertainties
shall be reported.
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7.5 LOS speed calibration
7.5.1 Method overview

The purpose of this calibration is to establish the relationship between the lidar-measured wind
speed in one LOS, V45, and a reference speed along the LOS, V,.;, obtained from traceably
calibrated reference instruments. The reference speed is measured at the focus point fora CW
lidar, or at the centre of the probe length for a pulsed lidar.

For this purpose, the lidar is installed at a test site according to requirements described in 7.5.2,
in a setup according to 7.5.3 and the lidar measurement range is configured as described in
7.5.4. The LOS speed calibration procedure is described in 7.5.5 to 7.5.7.

Vief is the projection of the wind velocity onto the LOS, and in its most general form is expressed
as

Veet = Vhor *COS ¢+c0S (6 — Gog ) + Wesing (3)

where

Vhor IS the horizontal wind speed, measured by the wind speed reference instrument;
@ is the elevation angle of the lidar beam from horizontal plane (see Figure 4);

0 is the wind direction, measured by the wind direction reference instrument;

Bos is the LOS direction;

w is the vertical wind speed, measured by a reference instrument.

Since in flat terrain the vertical component of the wind velocity is normally much smaller than
the horizontal component (W « V,,,;), with a small elevation angle and small inflow angles (e.g.
between —2° and +2°), the impact of the contribution of the vertical component can be neglected,
and formula (3) can be written as:

Vet = Vhor * COS @ * cOS O, (4)

where 6, =6 -6 is the wind direction relative to the LOS, i.e. the difference between the wind
direction and the LOS. 7, as expressed in formula (4) is the reference wind speed used in the
following subclauses. Note: The definition of V4 in equation (4) requires vector averaging of
the measurements of 7}, and 6.

The LOS speed calibration shall be performed for every beam.
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7.5.2 Calibration site requirements
7.5.2.1 Definitions

The lidar is set to measure at a range immediately adjacent to the mast-mounted reference
sensor (see 7.5.3). The horizontal distance between the lidar and the reference is L. The

height of the reference sensor over the terrain is H . The lidar probe length is Ly, with the

middle of this length adjacent to the measurement sensor (note that the lidar also senses wind
before and beyond the probe length, see 3.19). The reference plane is a horizontal plane
passing through the base of the reference mast. Terrain height z(r) is measured from this plane

(where r is the horizontal distance from the met mast in the beam direction). Figure 2 provides
a schematic representation of this calibration setup.

Two specific areas have particular requirements given below, as shown in Figure 3. The sensing
area is a disk parallel to the reference plane, centred at the reference sensor, with diameter
2Lyrobe - The inflow area is a sector defined by the wind direction sector used in the calibration

with radius Ly +15L,pe and apex at the nacelle lidar.

2'L

{probe :probe/z /"Sensing area"

| —

Figure 2 — Side elevation sketch of calibration setup
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Sensing
area

Area of
terrain slope
assessment

Figure 3 — Plan view sketch of sensing and inflow areas

7.5.2.2 Terrain requirements
The calibration site shall be flat and fulfil the following requirements:

e Terrain slope: inside a circle centred on the middle of the probe length and with radius 1 km
or 20Lype (the maximum value of these two), a plane is fitted to a digital terrain model with
a resolution of 30 m or finer. The plane slope shall not exceed 1 %.

e Mean terrain slope: for each point inside the inflow area, but outside the sensing area, a
slope, s, is calculated as: s=z/d, where z is the terrain height relative to the reference
plane, and d is the horizontal distance between the terrain point and the calibration mast.

It is recommended to use a digital terrain model with a resolution of 30 m or finer. The
absolute value of the mean of the terrain slope, s, shall not exceed 1 %.

e Height variation:

— within the sensing area, the terrain height, z , must not vary by more than +H, /20, i.e.

maxz— minz| < Hy /20.

— within the inflow area but outside the sensing area, height variations may not exceed

these limits: Documents
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maxz| < H.g /10

‘minz < H. /10

where the terrain height at the calibration mast position is z=0.
7.5.2.3 Roughness changes

There should be no major roughness change (land use or land type change) within the inflow
area.

7.5.2.4 Obstacles

No obstacles (including trees and bushes) are permitted that can cause significant wakes or
partial wakes in the sensing area. The significance of the obstacle is determined by its height,
as follows:

¢ Inside the sensing area, an obstacle is considered significant if the obstacle’s height is
greater than H /10.

¢ Inside the inflow area and outside the sensing area, an obstacle is considered significant if
the obstacle height is greater than 4, where h(r) is a linear function of the distance r to

the calibration mast, defined as

H.o 1
h(r) = TJ{(F_Lprobe)m‘mJ ()

so that:

h(” = Lprobe) = Her 110,

h(r =15 Lyope ) = Href /3.

Significant obstacles are permitted if the distance to any measurement point (reference
sensor or part of lidar probe volume) is larger than 20 rotor equivalent diameters D,, with

Iy *1,
D, =2*"h ‘w
e Iy + 1y (6)

where }, and /, are the height and width of the obstacle, respectively.

For example, a second met mast with a side length of 0,2 m and a height of 30 m has an
equivalent diameter of 0,4 m and must hence keep a distance of at least 8 m from the other
mast.

7.5.3 Setup requirements

The lidar shall be installed on the ground or on a stiff elevated platform. The design of the
support and platform shall prevent deflection of the lidar exceeding +0,1° or a maximum height
variation between the LOS and reference instrument of £1 % of the reference height (the
minimum value of these two).
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The beam to be calibrated shall be accurately pointed towards the reference instruments, which
are mast-mounted. The reference instruments used for measuring J;, and @ shall be

calibrated and comply with the requirements in IEC 61400-12-1:2017 (Clause 7) with regards
to calibration, mounting, and operational characteristics. The reference instruments shall
include:

e one cup or 3D sonic anemometer for 1},,, measurements;
e one 3D sonic or vane for & measurements (for determining the relative wind direction 6, );

e a secondary wind speed and direction measurement for quality control of the primary
instrument;

e a measurement of inflow angle or vertical wind speed (for filtering).
Optionally, the reference instruments should also include (recommendation):

e a horizontal wind speed measurement at a different height, for shear measurements (same
type as the primary 7}, sensor);

e atemperature sensor, to filter out data below a given temperature threshold, to discard data
affected by ice accumulation or bearing friction drift on the reference sensors. Alternative
sensors or methods to detect failure or degradation of the reference instruments due to icing
are not excluded, but shall be described in the lidar calibration report;

e pressure and humidity sensors may be required to determine sensitivity of calibration to
environmental variables, and/or to check that the 7}, sensor is within class limits.

The sensors shall be installed in one of the following ways:

e on the same mast, either on:
— asingle top-mounted arrangement (IEC 61400-12-1: 2017, G.2),
— a side-by-side top-mounted arrangement (IEC 61400-12-1: 2017, G.3), or

— a side-mounting arrangement following IEC 61400-12-1: 2017, G.4 and the following
stricter requirements:

i) Since the anemometer will be influenced by the presence of the mast, the mounting
boom, and possibly the guy wires, a second anemometer at the same height shall be
used to derive a mast blockage correction, following Annex S of
IEC 61400-12-1:2017.

ii) The minimum distance of the anemometer to the centre of the met mast shall ensure
that the mast influence on the anemometer wind speed readings shall remain less
than 1 % for the whole measurement sector.

iii) The height difference between the wind direction and the wind speed sensors shall
not be greater than 2 m.

e on two separate masts, each of them a single top-mounted arrangement
(IEC 61400-12-1:2017, G.2), where the reference wind speed and wind direction sensors
are at the same height. The horizontal distance between the two masts shall not be greater
than 10 m.

Finally, the calibration layout shall ensure that the presence of the mast will not significantly
affect the flow through the lidar probe volume being calibrated (e.g. the wake of the cup
anemometer, mast or boom should not influence wind conditions in the probe volume), for the
range of wind directions in the measurement sector used during the calibration campaign.

The beam elevation angle from the horizontal plane ¢ should be as small as possible, and it
shall not be greater than 10°.

The beam should be located close to the reference speed anemometer. The beam height shall
be within 1 % of the reference anemometer height, and within a horizontal distanceb@féments
from the reference speed anemometer. The beam position and its uncertainty shall .
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7.5.4 Calibration range

The measurement setup of a lidar calibration should be as close as possible to the
measurement setup in its later application.

The measurement range, Ry, is defined as the distance between the lidar and the plane

orthogonal to the optical axis (e.g. the axis of symmetry of the lidar trajectory, if it exists), such
that

Roonf = Rec0Sd (7)

where

R is the distance along the LOS (not the horizontal distance) from the laser beam origin to the
reference instrument. R =L cosg, where L. is the horizontal distance between the laser

beam origin and the reference instrument and ¢ is the elevation angle of the laser beam
(for the calibrated LOS);

6 is the angle between the optical axis and the LOS being calibrated.

IEC

Figure 4 — Sketch of a calibration setup

7.5.5 Calibration data requirements and filtering

The definition of V¢ (formula (4)) is based on 10-min vector average measurements of V.,
0 and ¢V, sindV,, cosd . The dataset for the analysis shall be filtered according to the
following criteria:

e Thor shall be within the range for which the anemometer was calibrated (typically, between
4 m/s and 16 m/s);

e ¢ shall be within a contiguous sector around the LOS ( § g *+40° or smaller is

recommended). The sector limits shall be decided on the basis of the site characteristics
(see 7.5.2), direction sensor geometry, and directions free of flow perturbations from
obstacles at the site. A narrow sector corresponds well to normal operational conditions of
NMLs, since the wind direction relative to the turbine yaw position is usually small,_ However,
a narrow sector will usually increase the time required to perform the calibrationdocuments
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e There shall be sufficient quality and quantity of data within the averaging period. Filters
based on e.g. V| og availability and/or CNR above threshold should be applied. The specific

metric and threshold depend on the lidar type and the aerosol distribution at the site.

e For LOS selection in scanning lidars the lidar LOS shall be within a given azimuth and/or
elevation sector;

e Periods during which failure or degradation of the measurement equipment occurred (e.g.
due to icing) shall be discarded.

e It can be shown that the relative error of the LOS speed due to the inflow angle ¢, is given
by

& =tanytang (8)

where y is the wind inflow angle and ¢ is the beam elevation angle. The inflow angle shall
be filtered such that the magnitude of ¢, will not exceed 0,002. Filtering according to the

inflow angle is also recommended regardless of the lidar beam elevation angle if the
accuracy of the horizontal wind speed measurement ( 1}, ) decreases with increasing inflow

angle.
The lidar measurements and the reference instrument(s) shall be synchronised in time. A

synchronisation tolerance of +1 %, i.e. +6 s for 10-min averaging intervals, is acceptable
according to IEC 61400-12-1:2017.

Data shall be collected until the requirements defined in 7.5.7 are satisfied.

7.5.6 Determination of LOS
7.5.6.1 General

The LOS shall be evaluated. This may be done in two steps. First, the lidar response to the
wind direction is fitted to a function in order to retrieve an approximate LOS. Next, a process
based on residual sum of squares (RSS) is applied, yielding the final value of the LOS. The
advantage of this method is that the 6§ o5 values are obtained in the frame of reference of the

reference wind direction sensor.

7.5.6.2 Fitting the lidar response to wind direction

The first approximation of the LOS is evaluated by fitting the normalised lidar LOS speed
(VLosnorm) to a function of the wind direction (). In this analysis, all wind direction sectors are

valid except for site related specifications (e.g. tower shadow, obstacles, wakes from
neighbouring turbines, etc.). The normalised LOS speed is:

Mos

V = —-—————
LOS,norm VhorCOS® (9)
The fitting function f; is:
 acosine for a heterodyne lidar: fgq= Ayscos(0—6p)+ By;
 arectified cosine for a homodyne lidar: fg, = 4;¢cos(0 -6y )|+Bz.
Documents

Document Sharing Hub

Full document details: IEC 61400-50-3-2022


http://avadocuments2026.com/doc/iec-61400-50-3-2022
http://avadocuments2026.com/doc/iec-61400-50-3-2022

-32 - IEC 61400-50-3:2022 © |EC 2022

The fitting process yields best estimates of 4, By, and 6. Ideally 4, =1and B, =0. ¢, is
the estimate of 4 og. Figure 5 shows an example of normalized wind speed vs direction and
the results of a cosine fit.

O Data
== Filled cosine

Figure 5 — Example of lidar response to the wind direction and cosine fit

7.5.6.3 Refining the estimated LOS using residuals

A statistical process is used to refine the estimation of 6 og:

1) For 20 values of eproj(eproj,,.;i = 1,...,20) centred around ¢, with an increment of 0,1°:

a) Evaluate V4, for all 10-min data, as:

Vrefi = Vhor*COS (00008(9 - gproj,i ); (10)

b) Perform a linear regression between 1| og and V¢,

Nos_fiti =@ Vrefi +0; (11)

N

2
c) Evaluate RSS; = Z(VLOS —VLOS_fit,l’> .
k

2) Plot RSS; VS Gpp; (i=1,...,20).

3) Fit to a second-order polynomial (see example in Figure 6).

4) 6 os is the projection angle that provides the minimum RSS. This is the value to be used in
the procedure described in the rest of Clause 7, in particular for the evaluation of V4

according to formula (4): Vg = Vpor *cOS0ecOS(6 — 6 og )-
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T T
y = 1,025x% — 593,266x + 85 890

Sum of squares of residuals

5 Bon %

284 285 286 287 288 289 290 291 292 293 294

Projection angle (°)
IEC

| -

Figure 6 — Example of LOS evaluation using the RSS process: RSS vs epmj

7.5.7 Binning of data and database requirements

It is recommended to first make a scatter plot of 1 ng Vs V¢ for the entire filtered 10-min

dataset, in order to identify outliers visually, and investigate these as necessary. The valid data
are then binned based on ¥, with a bin width of 0,5 m/s, and bins centred in multiples of

0,5 m/s.

A bin is considered complete if it contains a minimum of five data points. The database is
considered complete when:

e 300 valid data points have been obtained from the calibration of each beam;

e all bins from 4 m/s to 12 m/s are complete. Note that the usual wind speed range of
calibrations in wind tunnels is 4 to 16m/s. However, in nacelle lidar calibrations, it can be
time consuming to obtain wind speeds greater than 12m/s in the specific LOS. Sometimes
even completion up to 12 m/s might be difficult to achieve (e.g. low wind season). When
that is the case, the calibration range may have to be reduced to 4 to 10 m/s. This must be
reported as a deviation from this procedure. Furthermore, an extra uncertainty term shall be
applied to the reconstructed wind speed.

7.6 Uncertainty of the LOS speed measurement
7.6.1 General

As the LOS speed is calibrated against 7;s , the uncertainty of J{ng results from the
combination of the uncertainty of Vi, the statistical uncertainty of the deviation between ¥ og
and 7, and the uncertainty due to neglecting the vertical component of the wind in formula (4).
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7.6.2  Uncertainty of V4

7.6.2.1 General

As expressed in formula (12), reference wind speed is a function of %o, ¢, 8 and 6 og
(where 6, =60 -6 og is the wind direction relative to the LOS). In the most general case the

uncertainties of these quantities can reasonably be assumed to be uncorrelated, and the
combined uncertainty of ¥, can be expressed as:

The sensitivity coefficients are:
gZ—r:j=cos§a cosd, (13)
ag—;‘:f=—th,rsingo cosd, (14)
?Tfefz—VhorsinH, cos¢ (15)

r

The uncertainties and sensitivity factors may be calculated from bin-averaged values®. For
angular quantities, the recommendation is to average the values of the angles, e.g.

cos(avg(6, )).

All uncertainties are expressed as standard uncertainties with a unity coverage factor (k=1). In
the case where the application requires expanded uncertainty, reference is made to E.2.2 of
IEC 61400-12-1:2017.

7.6.2.2 Horizontal wind speed uncertainty

The uncertainty of 1}, is the combination of the reference wind speed sensor uncertainty and
the uncertainty due to the fact that the reference sensor is not measuring exactly in the same

volume as the LOS being calibrated:
[ 2 2
Uy or =\ Usens tUpos

(16)

The uncertainties of the reference sensor used to measure the horizontal wind speed shall be
calculated according to IEC 61400-12-1:2017:

T n theory, it is more accurate to calculate uncertainties and sensitivity factors for all 10-min values and then

average. The recommendation above is used for practical purposes to allow reproducibility of t

calibration results without requiring the data base.
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2 2 2 2 2
Usens = \/”cal T Uope T Umast T Uigt T lUdaq (17)

where the uncertainty sources related to the reference wind speed sensor are as follows:

Ucql is the calibration uncertainty of the reference sensor used to measure Vi, — ugqy IS
generic and includes not only the pre-calibration uncertainty, but also the uncertainty
related to the in-situ monitoring and/or the post-calibration of the sensor;

Ugpe is the operational uncertainty of the reference sensor used to measure V},, (also
called classification);

umast 1S the uncertainty due to mounting of the reference sensor used to measure ¥, ;

Ujgt is the uncertainty related to the mounting of lightning finial, if there is one;

Ugaq is the data acquisition uncertainty of the reference sensor used to measure ¥, .

The uncertainties due to the relative position and different measurement volume of the
reference sensor compared to the calibrated LOS probe volume are expressed as:

2 2 2
Upos = \/“probe T Uinc T Uyert_pos (18)

where
Uprobe is the uncertainty due to the variation of the wind speed within the lidar probe
volume. It results from the horizontal variation of the wind speed along the probe
volume, which is mainly caused by terrain effects, and, in addition in the case of an
inclined LOS, from non-linear wind shear in the height range covered by the probe
length. It is recommended to estimate this uncertainty in dependence of the
calibration height and the probe length. This uncertainty generally increases with
decreasing calibration height and increasing probe length. In the case of an inclined
LOS, the estimation of this uncertainty should also depend on the wind shear
measured at the reference met mast. This uncertainty generally increases with
increasing elevation angle of the LOS. As an alternative, u,,e can be estimated

from calibrations performed at various measurement ranges around the range
matching the reference met mast. A typical value for wuppe is 0,1 % for a horizontal

LOS and 0.2 % for a tilted LOS.

Uine is the uncertainty due to the inclined LOS and the measurement range.

The most significant error related to the LOS inclination (apart from alignment errors
that are considered in uyet pos) is caused by a measurement range error. Even if

the LOS passes exactly past the reference sensor, the height at which a measurement
is made will be wrong if there is a range error. Therefore, for an inclined LOS, a
range error leads to a height error. Using a simple power law model the uncertainty
due to inclination will be

SiNY Urange

| 1
Href hor ( 9)

Uinc = @
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where o is the shear exponent, ¢ is the inclination angle, ugnge is the range
uncertainty and H is the measurement reference height. w4 can be estimated
from the measurement range verification (see 7.4).

Another uncertainty related to the range uncertainty is associated with the
horizontal displacement of the centre of the probe volume relative to the position of
the reference measurement. Terrain effects can cause differences in wind speed at
both positions and can contribute to the uncertainty of the reference measurement.
This uncertainty can be significant in the case of large range uncertainties
compared to the calibration height and should be estimated similarly to the
uncertainty of the probe length (”probe)-

uyert_pos IS the uncertainty due to the height difference between the reference sensor and

the LOS (alignment error — Note that this uncertainty is also valid for a horizontal
beam).

For example, modelling the vertical shear profile using a power law and shear
exponent o, with a reference instrument height H, an uncertainty uy in the beam

position would correspond to a wind speed uncertainty of:

Uy
Uyert _pos = aH_Vhor (20)
ref

o can be either the average shear measured during the calibration (if shear
measurements are available) or a typical value for the site.

There are three uncertainty sources in the vertical positioning:
o Height error resulting from non-ideal orientation of the lidar during installation.
The uncertainty is significant especially in case of small calibration heights H

o A possible systematic drift of the tilt angle of the lidar, e.g. due to systematic
wind load or systematic drift in time. This uncertainty shall be evaluated on the
basis of the change of the tilt inclinometer measurements of the lidar with wind
speed and time. This uncertainty can easily dominate, especially for lidars
mounted on platforms or with low calibration heights.

e vibrations of the lidar. This uncertainty is usually insignificant and may be
ignored.

The sub components resulting from the first two sources shall be evaluated
individually and shall be combined on the assumption that they are independent of
each other.

7.6.2.3 Relative wind direction uncertainty

The uncertainty of the relative wind direction is

2 2
ug, = luf tuy (21)

where

ug is the uncertainty of the wind direction sensor in the measurement sector. This

uncertainty is calculated according to IEC 61400-12-1:2017, E.12 excluding north

mark, boom orientation and magnetic declination uncertainties, since the LOS is

calculated in the frame of reference of the sensor. This is therefore typically only the

uncertainty resulting from residuals of the wind direction sensor calibratio
rbocuments
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A second uncertainty source is the possible systematic drift of the tilt angle of the lidar
during the calibration, e.g. due to systematic wind load or systematic drift in time. This
uncertainty shall be evaluated based on monitoring the tilt angle of the lidar during the
calibration. It shall be considered to be independent from the uncertainty of the
inclination angle resulting from the installation of the lidar, i.e. both uncertainties shall
be added in quadrature.

ug s 1S the uncertainty of the determination of the LOS, related to the statistical evaluation

of § og. For the method described in 7.5.6, this uncertainty is estimated to be 0,1°.

7.6.2.4 Beam elevation angle uncertainty

U, characterises the uncertainty of the angle used in the vertical projection of the horizontal
wind speed onto the LOS. Its value is obtained from either:
e the inclinometer’s calibration — for a test setup where the lidar is installed on a platform and

the tilt inclinometer readings, in combination with the lidar height, are used to obtain the
beam elevation value used in the projection or;

e the uncertainty of the direct measurement of ¢ — for a test setup where the lidar is installed
on the ground or a very stable platform, and ¢ is obtained with a direct measurement (e.g.
theodolite).

7.6.3 Flow inclination uncertainty

The vertical component of the wind vector is neglected in the evaluation of 7,4 (according to
formula (4)).The neglected term is treated as an uncertainty of V4 due to flow inclination:

u,, = W sing; «=Vpo, tany; sing, (22)
where:
u,  is the uncertainty of ¥ o5 due to flow inclination
w is the vertical wind speed
) is the beam elevation angle

Vhor is the horizontal wind speed

w; istheinflow angle, estimated as tan™! (W | Vhor ) - For the estimation of «, the bin average

Vi
of the inflow angle y,; can be used.

7.6.4 Uncertainty of the LOS speed measurement

The uncertainty of the 1] o5 measurement is expressed for each wind speed bin as:

2
|2 ; 2 2 Odev 23
W o —\/”Vref““(VhorS'WCOS@r) ty,” + =0 (23)

where

Uy o is the uncertainty of the reference wind speed used in the calibration in formula (12);
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o4ev IS the standard deviation of the difference AV =(} g —Vief) in the bin ( AV shall be

calculated for each 10-min interval, and then its standard deviation (within the LOS speed
bin) is computed);

N is the number of data in the bin;

Uy, is the flow angle uncertainty (see 7.6.3).

All LOS calibration uncertainty components are summarised in Table 1, including their
uncertainty type.

Table 1 — Summary of calibration uncertainty components

No. Component Type Description

Reference anemometer

Mounting, Umnaet

1 Calibration uncertainty, uqg B Calibration uncertainty of the reference
anemometer sensor according to
IEC 61400-12-1:2017

2 Operational characteristics, Uqpe B IAE”grg?TOeote{zC'ﬁSZSO?;Cording to

3 Mounting uncertainty of the anemometer

Data acquisition, Udagq

4 Lighting finial, Uigh Un(_:ertai_nty (_)f_the reference anemometer due
to lightning finial
4 Data acquisition system uncertainty

Lidar probe length

Measurement range, Ujnc

5 Site effects, Uprobe Horizontal wind flow variation within the lidar
probe volume
Height error Measurement errors due to wind shear
6 Installation, Uyert pos Height difference between ref_erence _
P anemometer and LOS due to installation of
optical head
7 Height difference between reference

anemometer and LOS due to measurement
range error

Relative wind direction, uy
-

8

Reference wind direction sensor, uy

Deviation from linearity and other instrument
uncertainties

Determination of line of sight, Ufos

Uncertainty following the procedure of 7.5.6

Projection error

Errors in the angle used in projection

14

9 Installation, U, the inclinometers’ calibration uncertainty
or the uncertainty of the direct measurement
of ¢ (e.g. theodolite)

10 Flow inclination, u Uncertainty due to neglecting the contribution

of Wsing

Calibration measurements

11

Statistical uncertainty

Odev /\/N

7.7

Calibration results

The average of the difference between 1 og and V, in the bin, AV =V o5 —V,ef, shall be
calculated for each bin. The calibration results shall be reported using the format irDMumentS
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The nacelle lidar LOS speeds may be corrected based on the results of the calibration. The
correction is mandatory if the bin-averaged deviation ( A7) is greater than the uncertainty Uy os

for any wind speed bin. The correction shall be based on a linear regression between the bin-
averaged reference speed and the bin-averaged lidar LOS speed. If |AV| <Up o the correction

of the LOS speeds is optional.

Table 2 — Calibration table example

o bt;Zr Veef VLos N av N Upref Uy, os

(mls) (mls) (m/s) (mls) (mls) (mis)
7 4,04 4,13 13 0,10 0,05
8 4,51 4,57 20 0,06 0,06
9 4,98 5,05 31 0,07 0,06
10 5,45 5,51 12 0,06 0,07
11 5,98 6,08 22 0,10 0,07
23 12,01 12,05 30 0,04 0,12
24 12,47 12,58 6 0,11 0,12
25 12,95 13,01 14 0,06 0,12
26 13,53 13,63 20 0,11 0,13
27 13,95 14,01 12 0,05 0,13
28 14,49 14,56 7 0,08 0,13
29 15,01 15,05 5 0,04 0,14

When several LOS speeds have been calibrated, a table containing the uncertainties for all the
calibrated lines of sight shall be part of the results. This table shall report in different columns
the uncertainties that are correlated and uncorrelated, respectively, between different lines of
sight. An example of the mandatory contents for the calibration of N lines of sight is given in
Table 3. A detailed example for two lines of sight is presented in Annex A.

Table 3 — Calibration table example
(n=1...N; N is the total number of lines of sight calibrated)

L bin u
number

corr,1 Uyncorr,1 Ucorr,n Uyncorr,n Ucorr,N Uyncorr,N

ugomn is the quadratic sum of the uncertainty terms that are correlated between the beams for
the nth LOS.

u&ncorr,n is the quadratic sum of the terms that are uncorrelated between the beams for the nth
LOS.

7.8 Calibration reporting requirements

7.8.1 Report content

The calibration report shall provide the information listed in 7.8.2 to 7.8.6.
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7.8.2 General lidar information

lidar unit: model, year of manufacture, serial number, firmware identification, beam
configuration, scan geometry;

range gate(s);

7.8.3  Verification of beam geometry/trajectory (according to 7.2)

definition of the angle(s), e.g. cone angle, half/full opening angle between two coplanar
LOSs, etc.;

description of the measurement setup;
description of the method to measure the angle(s);
description of the measurement equipment;

table of results: measured angles, reported uncertainties and compatibility to the
manufacturer specifications;

7.8.4 Inclinometer calibration (according to 7.3)

description of the measurement setup;

description of the method;

description of the measurement equipment;

table of results: indications of tilt angle ( 7j,gicateq ) @Nd roll angle ( pingicated ) Measured angles

( Tmeasured: Pmeasured) @nd reported uncertainties;

plots of indicated tilt and roll angles vs measured tilt and roll angles;

7.8.5  Verification of the sensing range (according to 7.4)

description of the measurement setup;
description of the method;
description of the measurement equipment;

results of the range verification;

7.8.6 LOS speed calibration (for each LOS)

site description (7.5.2), including panoramic pictures of the site;
description of the measurement setup (7.5.3);

description of the reference equipment, including: types and serial numbers of sensors,
calibrations, sketch of met-mast arrangement;

location of the lidar and lidar probe volume with respect to reference equipment;
method of alignment of the LOS;

description of the lidar settings, including measurement ranges (7.5.4), time base relative
to UTC and method of synchronization with reference instruments;

measured beam position, and uncertainty;

data collection start and end times;

description of filters applied to the measurement database (7.5.5);

description of the method to determine the LOS, and the LOS obtained (7.5.6);

calibration function for each LOS speed, with V4 as the dependent variable (y), and ¥ gg
as the independent variable ( x ). The calibration function is an ordinary least square fit. The

R? shall be reported as well;

scatter and bin plots of 1] gg VS Ve, and plots of (7 gg VS Ve ) VS relevant variables (e.g.

V. TI);
ref o7 Tl) Documents
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* one figure including both plots of A}” and +uy  as a function of Vi ;

e time series plot of lidar tilt and roll angles for each LOS calibration;
o table(s) with calibration results and uncertainties (7.7);

o table(s) with uncertainties for all the calibrated lines of sight, reporting in different columns
uncertainties that are correlated and uncorrelated, respectively, between different lines of
sight.

8 Uncertainty due to changes in environmental conditions

8.1 General

Calibration of a lidar (as in Clause 7) establishes the measurement uncertainty of wind speed
measurements made by the device under a particular set of environmental conditions.
Environmental conditions during the SMC will be different from those encountered during
calibration, introducing further measurement uncertainty.

This additional measurement uncertainty is assessed by analysing the influence of
environmental variables (EVs) on measurement accuracy. The process consists of two stages:

1) assessing the contribution to the uncertainty of measurement of the intermediate values
due to changes in EVs (see 8.2);

2) establishing the range of operational conditions under which the EVs can be taken to
have no influence on the WFR model (see 8.3).

This influence of EVs on measurement accuracy is expected to be characteristic of a specific
model of lidar (hardware and software) and its configuration under defined operational
conditions. The two-step process described above shall be applied to each lidar model.

8.2 Intermediate value uncertainty due to changes in environmental conditions
8.2.1 Documentation

The contribution to the uncertainty of measurement of each intermediate value due to changes
in environmental conditions shall be assessed for each significant EV. The lidar manufacturer
shall provide details of this assessment in a manner amenable to independent review.

8.2.2 Method
8.2.2.1 General

The method of assessment of each such uncertainty contribution will depend on the EV and the
intermediate value. The assessment may be made experimentally, through laboratory testing,
by simulation, or using theoretical analysis.

Each EV shall be assessed over a range covering at least the values expected or measured
during the tests forming the evidence-base (see 8.3) that supports the adequacy of the WFR
model. Where the uncertainty due to changes in an EV is assessed experimentally, such
assessment may require more than one test to cover the required range of values.

8.2.2.2 Uncertainty assessment through sensitivity analysis

The contribution to the uncertainty of measurement of an intermediate value due to changes in
environmental conditions may be assessed through a sensitivity analysis. The sensitivity of the
accuracy of an intermediate value to an EV is defined as the rate of change of the error in the
intermediate value to changes in that EV.
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The associated contribution to uncertainty of the intermediate value is estimated by multiplying
the sensitivity by a suitable range. If the EV is measured during both the calibration and the
SMC then the absolute difference between the mean values of the EV may be used as that
range. If the EV is not measured then the range used should be an estimate of the maximum
range (such as that given in Table L.3 of IEC 61400-12-1:2017) divided by J6 (which is the
product of the divisors in L.2.7 and L.4.4 of IEC 61400-12-1:2017).

8.2.2.3 Sensitivity test for LOS speed

The sensitivities of LOS speed to changes in EVs may be assessed through a sensitivity test
similar to those described in L.2 of IEC 61400-12-1:2017 (although the definition of sensitivity
in that document is slightly different to the one given above). In such a test, the LOS speed is
compared to a reference wind speed measurement for a range of values of each EV. The
following experimental conditions shall be fulfilled in such a test:

e The site and set up shall follow the requirements from 7.5.2 and 7.5.3. A minimum of 1 080
data points covering the LOS speed range from 4 m/s to 12 m/s with at least 5 data points
in each bin (0,5 m/s width) is required;

o Where possible, the reference parameters shall be measured using reference sensors (not
the lidar being tested). If the lidar reports a measurement of backscatter intensity, this may
be used to assess aerosol density.

8.2.3 List of environmental variables to be considered
A minimal list of EVs to be considered is as follows:

e air temperature, pressure, relative humidity and density;

e cloud base height;

e aerosol density (as measured by backscatter intensity for example);

e turbulence intensity;

e linear wind speed variation within the lidar probe volume;

e non-linear (e.g. power law) variation of wind speed within the lidar probe volume;

e data availability within the 10-min period.

Note that not all of these EVs will affect every intermediate value (for example, the calibration
accuracy of a tilt sensor is not expected to be sensitive to aerosol density). The list of EVs is
not exhaustive and is extendable on the basis of a suitable technical rationale.

8.2.4 Significance of uncertainty contribution

If the contribution to the uncertainty of measurement of the intermediate value due to an EV is
smaller than half the calibration uncertainty (k=1) as per Clause 7, that contribution may be
considered negligible.

8.3 Evidence-base supporting the adequacy of the WFR

Independently from the sensitivity of the intermediate values, the WFR model may be sensitive
to some EVs. As there is no simple or established way of evaluating such sensitivities, this
document provides a criterion of non-sensitivity of the WFR model to EVs. This criterion is
based on an evidence-base consisting of comparisons between wind speed measurements
made by a nacelle lidar (final values, not intermediate values) and those made by an acceptable
calibrated reference.

The evidence-base shall consist of a minimum of five tests in which satisfactory accuracy of the
final values has been demonstrated. For at least two of these tests, the lidar under test shall
be mounted on a normally-operating WTG. For the remainder of the tests, the lidar may be
mounted on the ground or on a fixed platform. Documents
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A successful test consists of:

o atleast 600 10-min averaged data points;

e atleast 150 10-min data points above 8 m/s;

e atleast 150 10-min data points below 8 m/s;

e for a test of a lidar mounted on the nacelle of a WTG:

bin-wise mean deviations from the reference measurements shall fall within the
uncertainty (coverage factor of k=1) of the reference measurement for all bins with a
minimum of 6 pairs of 10-min data points;

o for a test of a lidar mounted on the ground or on a fixed platform:
a single-parameter regression between the measurements shall exhibit a regression
slope within 2 % of unity and a coefficient of determination (R2) of at least 0,97.
Acceptable reference instruments for use in establishing the evidence-base include:
e cup anemometer with a class better than 1,7A or 1,7C installed and operated in
compliance with IEC 61400-12-1:2017 (Clause 7), or

e ground based lidar calibrated and classified in accordance with IEC 61400-12-1:2017
Annex L, or

e a separate reference NML compliant with this document.
The following requirements apply to nacelle-mounted tests in the evidence-base:
o NML operation shall be limited to sectors for which measurements are not affected by
operating WTGs or obstacles, as defined in 10.4.1 of this document;

e The terrain, for a given sector, shall comply with the requirements of Table B.1 from
IEC 61400-12-1:2017 for both the WTG and WME positions (as further described in
10.4.2).

Each of the following requirements shall be fulfilled at least by one of the tests in the evidence-
base:

e The lidar under test was mounted on a WTG with a rotor diameter within 30 % of the
rotor diameter of the WTG in the new measurement campaign.

e The measurement range used in the test is within 0,5 rotor diameters (of the WTG used
in the new measurement campaign) of the measurement range to be used in the new
measurement campaign.

e The measurement height in the test is within 30 % of the hub height of the turbine in the
new measurement campaign.

8.4 Requirements for reporting

The evidence-base supporting the assumption of zero contribution to measurement uncertainty
due to environmental effects on WFR for a specific lidar in an SMC shall be cited. The
sensitivities of the intermediate variables shall be documented.

The lidar manufacturer shall produce a sensitivity analysis report that contains as a minimum:

e lidar manufacturer name, model type and version number;
e date of report;

e report version history;

e author, reviewer and authoriser names;

e a description of the lidar;

e sensitivities for the EVs listed above; Documents
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e description of the method used to arrive at the values of the sensitivities;
e ranges of the variables within which the sensitivities are held to be valid;
e value of any additional sensitivities and their method of determination;
e summary of the evidence-base.
Should any measurement discrepancies be observed that indicate an incomplete evaluation of

uncertainty, these shall be reported to the authors of the evidence-base and the sensitivity
analysis report which shall be amended to:

o refine the description of the operational conditions to exclude those in which the
discrepancy occurs, recompile the evidence-base, and if the evidence-base remains
satisfactory, further restrict measurements to those supported by the new evidence-
base;

e if the effect is limited to intermediate variables, accommodate the conditions in which
the discrepancy occurs in the sensitivity analysis procedure by the inclusion of additional
EVs.

9 Uncertainty of reconstructed wind parameters

9.1 Horizontal wind speed uncertainty

The uncertainty of the horizontal wind speed shall be estimated.

The calibration (according to Clause 7) and possible sensitivities to EVs (according to 8.2)
provide the uncertainty of the intermediate values: LOS speed measurements along the various
LOSs and the quantities characterising the lidar beam trajectory (inclination angles, angle
between lidar optical axis and each LOS, cone angle, etc.).

The uncertainty of the horizontal wind speed at the desired measurement height is found by
combining four terms (represented in Figure 7):

1) the uncertainty of the WFR algorithm output — the uncertainties of the intermediate values
are combined through the WFR algorithm (see 9.2).

2) the uncertainty due to the WFR algorithm suitability, assumed to be 0 m/s if the conditions
described in 8.3 are verified (see 9.3).

3) the uncertainty due to variation of the measurement height, either due to tilt and roll of the
nacelle or terrain height variation or both (see 9.4).

4) the possible extra uncertainty due to lidar measurement inconsistacny (see 9.5).
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Figure 7 — High level process for horizontal wind speed uncertainty propagation

9.2 Uncertainty propagation through WFR algorithm

9.2.1

Propagation of intermediate value uncertainties u ) wrr

The uncertainty of intermediate values (derived according to Clause 7 and 8.2) is propagated
to the horizontal wind speed through the reconstruction algorithm used during the SMC.

a) If the GUM (see JCGM 100:2008) is applicable (e.g. differentiable algorithm), the explicit
equations or approximations should be used to propagate uncertainties of the intermediate
values to the final variable uncertainties following the GUM methodology (see Annex A).

b) Ifthe GUM is not applicable or the equations are not provided by the author of the algorithm,
other uncertainty propagation methods shall be used (e.g. Monte Carlo method). In such a
case, the author/owner of the algorithm shall provide:

o either the algorithm itself (e.g. in a readable script format) or an executable (DLL);

o the list of input quantities to the algorithm;

e the list of output quantities.

It is necessary to have an estimate of the uncertainty of all input quantities. If an input quantity
can be calibrated (e.g. lidar tilt and roll angles), it shall be calibrated. If an input quantity cannot
be calibrated, an uncertainty estimate should be provided (e.g. range uncertainty).

The calibration residuals shall be considered as an additional uncertainty component u¢giqua at
the application of the lidar. The calibration residuals are defined as the bin-averagmdeviation t
(AV;) as per 7.7. If the LOS speeds are corrected based on the calibration resu!is, t REMEIENTsS
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shall be estimated as the differences between V;qs; corrected by the calibration function, and
V. "i” denotes the calibration bin index).

ref,i

9.2.2 Uncertainties of other WFR parameters uygg par

If the reconstruction algorithm includes parameters other than the input quantities, the author
of the algorithm shall indicate them and provide an estimate of the effect of their uncertainty for
the final values. An examples of such parameters would be a parameter applied in the algorithm;
Or, if a fit is used to optimise the reconstruction of the horizontal wind speed, uncertainty
resulting from the fitting procedure should also be treated as a parameter.

9.3  Uncertainty associated with the WFR algorithm ug,¢ jiqar

The horizontal wind speed measurement uncertainty arising due to the variations in the
performance of the WFR algorithm under varying EVs needs to be considered. The purpose of
8.3 is to provide criteria for considering the model’s assumptions to be acceptable such that no
further uncertainty needs to be added. If the conditions described in 8.3 are verified, this
uncertainty term is null.

9.4  Uncertainty due to varying measurement height u sy measHeight

Every beam or LOS of a nacelle lidar probes the wind at varying heights above the ground due
to one or both of the following mechanisms:

e The turbine nacelle tilting and rolling under the varying thrust and torque applied on the
rotor by the wind, which makes the lidar beams tilt up or down or roll around the turbine
rotor axis;

e The lidar following the yawing motion of the turbine nacelle such that, if the terrain is
not perfectly flat or the turbine tower is slightly tilted, the height of the lidar beam above
ground level changes.

It is recommended to correct for the measurement height variation (see 11.8) either as part of
the WFR algorithm or during post processing. In any case, the uncertainty of the measurement
height shall be accounted for.

e If the WFR algorithm provides the output of the final variables at the height required by the
SMC, uncertainty estimation is undertaken as part of the propagation from intermediate to
final values (9.2).

e Ifthe WFR does not account for the actual measurement height, but the measurement height
is corrected for in post-processing (see 11.8), the residual uncertainty from this correction
shall be estimated and documented. See Annex A.4 for an example.

o If the measurement height is not corrected for, either in the WFR or in post-processing, the
uncertainty shall be estimated as the maximum range of possible correction (e.g. assuming
an exponential shear with a conservative shear exponent) to the reconstructed horizontal
speed divided by the square root of three.

9.5 Uncertainty due to lidar measurement inconsistency

According to 11.9, if a deviation is observed during the measurement period, an additional
uncertainty term shall be applied. The corresponding uncertainty assessment shall be described
in the report.
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9.6 Combining uncertainties

The above four (9.2.1, 9.2.2, 9.4, 9.52) types of uncertainties can be considered as fully
uncorrelated and shall be added in quadrature.

An example of the uncertainty estimation of the horizontal wind speed for a WFR using two
LOSs is given in Annex A.

10 Preparation for specific measurement campaign

10.1 Overview of procedure

The requirements of the SMC (e.g. IEC 61400-12-1:2017 for power performance measurement)
and their implications for NML measurements ought to be prepared before the start of the
measurement campaign. This clause and Figure 8 describe the minimal requirements to be
considered in this preparation.

2. Measurement set up:

- Lidar positioning on WTG
nacelle (10.3.1)

- Other sensors (10.3.2)

- Nacelle position calibration
(10.3.3)

3. Measurement sector

assessment:

- Exclusion of wakes from
neighbouring turbines
(10.4.2)

- Terrain assessment (10.4.3)

1. Information collection
(lidar and WTG specs,

wind park and surroundings
layout) (10.2)

IEC
Figure 8 — Procedure flow chart

10.2 Pre-campaign check list

It is recommended to prepare a pre-campaign check list before starting the measurement
campaign. This check list should address all the information required in Clause 12 (reporting
format) to the extent it can be determined prior to the campaign.

Minimum, but not limited to, information contained in the check-list should be:

e documentary requirements (according to 6.2);

o lidar calibration certificate (according to Clause 7);

e lidar sensitivity analysis report (according to Clause 8);

¢ relevant information for installation of the lidar on the WTG (see 10.3.1);
o software change log with respect to the sensitivity analysis report;

o description and location of the additional sensors to be used during the measurement
campaign if needed (see 10.3.2);

e measurement sector evaluation (exclusion of wake and obstacles, terrain assessment)
according to 10.4;

e description of the measurement methodology (following the requirements for the SMC).
In particular, special attention should be given to the time synchronization of the lidar
data and turbine data (see 11.4).

2 f the consistency check is applied to the intermediate variables the related uncertainty should tD%o&aﬁaﬁ,i
ents

through the WFR algorithm according to 9.2.1.
Document Sharing Hub

Full document details: IEC 61400-50-3-2022


http://avadocuments2026.com/doc/iec-61400-50-3-2022
http://avadocuments2026.com/doc/iec-61400-50-3-2022

- 48 — IEC 61400-50-3:2022 © |EC 2022

10.3 Measurement set up
10.3.1 Lidar installation

The lidar shall be installed according to the lidar manufacturer’s guidelines. Positioning and
fixation of the various lidar parts (e.g. optical head and processing unit) on or in the nacelle
should follow the WTG manufacturer recommendations.

It is recommended to consider at least the following points prior to the installation day:

e The location of the lidar with regard to the instrumentation on the turbine should be
chosen so that the influences between these are minimized. It is recommended to make
sure that the lidar optical head does not disturb the nacelle anemometer and wind vane.
A minimum distance shall be respected. This should be defined with the WTG owner and
manufacturer. A check of a change in turbine yaw misalignment can be achieved during
the measurement campaign (see 11.2 and Annex D).

e The lidar measurement volume is determined by the lidar optical head position on the
nacelle, the beam trajectory or beams geometry, and the tilt and roll angles of the lidar
optical head. The following inputs are needed (see Annex C):

— the horizontal distance from the lidar optical head to the rotor centre (reference for
horizontal distances);

— the height of the lidar optical head from the rotor centre;

— the turbine nacelle tilt and roll angles (due to tower bending) as a function of the wind
speed during WTG operation and at stand still.

The information on the dimensions of the nacelle and the turbine tower bending can be
provided by the WTG manufacturer or estimated through measurements in an initial
phase.

e The lidar optical axis should be aligned with the horizontal projection of the rotor axis.
In practice, this requires defining a reference line on the nacelle.

See Annex C for further recommendations and examples.

10.3.2 Other sensors

For some SMCs (e.g. power performance measurements and loads assessment), it is required
to measure the air density.

In that case, an air pressure and temperature sensor shall be part of the measurement setup.
A relative humidity sensor is recommended as per IEC 61400-12-1:2017.

The location of the instrumentation shall be selected in a way that ensures that the following
individual conditions are met.

Air temperature and relative humidity (if measured) sensor(s) shall have a minimum impact from
dissipated or radiated heat from the energy conversion process. To check this, a reference
sensor may be placed in a second position.

The air pressure sensor shall be located in a position that ensures that the sensor is in contact
with the atmosphere.

The sensors’ mounting shall comply with the requirements from IEC 61400-12-2:2013, 7.4.
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