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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND ENERGY GENERATION SYSTEMS -

Part 50-2: Wind measurement — Application of
ground-mounted remote sensing technology

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.

IEC 61400-50-2 has been prepared by IEC technical committee 88: Wind energy generation
systems. It is an International Standard.

This first edition of IEC 61400-50-2 is part of a structural revision that cancels and replaces the
performance standards IEC 61400-12-1:2017 and IEC 61400-12-2:2013. The structural revision
contains no technical changes with respect to IEC 61400-12-1:2017 and IEC 61400-12-2:2013,
but the parts that relate to wind measurements, measurement of site calibration and assessment
of obstacle and terrain have been extracted into separate standards.

The purpose of the re-structure was to allow the future management and revision of the power
performance standards to be carried out more efficiently in terms of time and cost and to provide
a more logical division of the wind measurement requirements into a series of separate
standards which could be referred to by other use case standards in the IEC 61400 series and
subsequently maintained and developed by appropriate experts.
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The text of this International Standard is based on the following documents:

Draft Report on voting

88/829/CDV 88/865/RVC

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 by IEC are
described in greater detail at www.iec.ch/publications.

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

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

This part of IEC 61400 specifies procedures and methods which ensure that wind
measurements using ground-mounted remote sensing devices are carried out and reported
consistently and in accordance with best practice. This document does not define 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 testing or resource assessment.

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

The technical content of this document could previously be found in IEC 61400-12-1:2017 [1]".
Because of the increasing complexity of this source document, IEC TC 88 decided that a re-
structuring of the IEC 61400-12 series of standards into a number of more specific parts would
allow more efficient management and maintenance going forward. This document has been
created as part of that re-structuring process.

T Numbers in square brackets refer to the Bibliography. Documents
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WIND ENERGY GENERATION SYSTEMS -

Part 50-2: Wind measurement — Application of
ground-mounted remote sensing technology

1 Scope

IEC 61400-50 specifies methods and requirements for the application of instruments to
measure wind speed (and related parameters, e.g. wind direction and turbulence intensity).
Such measurements are required as an input to some of the evaluation and testing procedures
for wind energy and wind turbine technology (e.g. resource evaluation and turbine testing)
described by other standards in the IEC 61400 series. This document is applicable specifically
to the use of ground-mounted remote sensing wind measurement instruments, i.e. devices
which measure the wind at some location generally above and distant from the location at which
the instrument is mounted (e.g. sodars, vertical profiling lidars). This document specifically
excludes other types of RSD such as forward facing or scanning lidars. This document specifies
the following:

a) the procedure and requirements for classifying ground-based RSDs in order to assess the
uncertainty pertaining from sensitivity of the RSD response to meteorological conditions that
can vary between the RSD calibration place and time and the use case (specific
measurement campaign — SMC) place and time;

b) the procedures and requirements for calibration of RSDs;
c) the assessment of wind speed measurement uncertainty;
d) additional checks of the RSD performance and measurement uncertainty during the SMC;

e) application of the wind speed uncertainty derived from the RSD calibration and classification
to the measurements taken during the SMC (e.g. interpolation of uncertainty or calibration
results to different heights);

f) requirements for reporting.
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.

IEC 61400-50-1, Wind energy generation systems — Part 50-1: Wind measurement -
Application of meteorological mast, nacelle and spinner mounted instruments

3 Terms and definitions
For the purposes of this document, the following terms and definitions apply.

ISO 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
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3.1

accuracy

closeness of the agreement between the result of a measurement and a true value of the
measurand

3.2

complex terrain

terrain surrounding the test site that features significant variations in topography and terrain
obstacles (3.10) that can cause flow distortion

3.3
data set
collection of data sampled over a continuous period

3.4

flow distortion

change in air flow caused by obstacles, topographical variations, or other wind turbines that
results in the wind speed at the measurement location being different from the wind speed at
the wind turbine location

3.5

hub height

<of a wind turbine> height of the centre of the swept area of the wind turbine rotor above the
ground at the tower

Note 1 to entry: For a vertical axis wind turbine the hub height is defined as the height of the centroid of the swept
area of the rotor above the ground at the tower.

3.6
measurement period
period during which a statistically significant database has been collected for the use case

EXAMPLE power performance test

3.7

measurement uncertainty

parameter, associated with the result of a measurement, which characterizes the dispersion of
the values that could reasonably be attributed to the measurand

3.8

measurement volume

<of RSD> region within which wind flow characteristics can influence a wind speed
measurement and which is defined by the scan geometry, device configuration or arrangement
of the multiple beams penetrating the volume in order to acquire that measurement

3.9
method of bins
data reduction procedure that groups test data for a certain parameter into intervals (bins)

Note 1 to entry: For each bin, the number of data sets or samples and their sum are recorded, and the average
parameter value within each bin is calculated.

3.10
obstacle
obstruction that blocks the wind and creates distortion of the flow

Note 1 to entry: Buildings and trees are examples of obstacles.
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3.1
pitch and roll angles
<of RSD> levelling angles

3.12
power performance
measure of the capability of a wind turbine to produce electric power and energy

3.13

probe volume

<of RSD> region from which a single constituent physical measurement of, for example, Doppler
shift or radial velocity, is acquired, several of which are typically required to derive a wind speed
measurement

Note 1 to entry: The probe volume is a characteristic of the basic physical interaction of the remote sensing device
with the atmosphere, rather than the wind speed measurement derived from these interactions, which is determined
by the flow within the measurement volume.

3.14

radial velocity

line of sight velocity

<RSD> projection of the wind speed vector onto the RSD line of sight

3.15
standard uncertainty
uncertainty of the result of a measurement expressed as a standard deviation

3.16

swept area

<horizontal axis wind turbine> projected area of the moving rotor upon a plane normal to the
axis of rotation

Note 1 to entry: For teetering rotors, it is assumed that the rotor remains normal to the low-speed shaft. For a
vertical axis wind turbine, it is the projected area of the moving rotor upon a vertical plane.

3.17

test site

location and surroundings where an RSD is deployed for the purpose of providing
measurements as part of a test of, for example, a wind turbine or testing of the RSD

3.18
wind shear
change of wind speed with height

3.19

wind shear exponent

a

exponent of the power law defining the variation of wind speed with height

Note 1 to entry: This parameter is used as a measure of the magnitude of wind shear and can be otherwise useful.
The power law equation is:

where

, is the hub height wind speed;

H is the hub height (m);
v,; is the wind speed at height z;

zi
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3.20
wind veer
change of wind direction with height

4 Symbols, units and abbreviated terms

Symbol Description Unit
avg 10 min average
c slope in linear regression m/s
d; data in bin i

number of environmental variables considered to have a relevant influence on the
accuracy of the remote sensing device according to the classification test

m slope in linear regression

slope describing the sensitivity of the wind speed measurement of the remote
m; sensing device on the environmental variable j as gained from the combination of
the results from a minimum of 3 classification tests

M ax maximum slope

M in minimum slope a month

m, slope of the nth test

N total number of data points in dataset

Ngr number of classification tests

n, number of bins according to the ranges of variables given in Table 3
n; number of data points in bin i

REWS rotor equivalent wind speed

RSD remote sensing device

2 coefficient of determination in linear regression
SMC specific measurement campaign

std standard deviation

u _ | added category B standard uncertainty at measurement height j (not covered by
added_systematic,,i | the meteorological mast)

Uadded_systematic,1,; | added category B uncertainty at the height of the top of the meteorological mast

Usystematic,j,i cumulated other category B uncertainties of the remote sensing device at height
u o cumulated other category B uncertainties of the remote sensing device at the
systematic, 1,i height of the top of the meteorological mast
Uyer standard uncertainty of calibration test in bin i in accordance with 8.3 m/s
UyR ; uncertainty components combined to calculate the category B uncertainty for wind
speed measurements from an RSD

UVR class,i uncertainty related to the classification of the RSD
UVR flow i uncertainty related to the flow variation across the measurement volume of the

T RSD
UyR.isc,i uncertainty due to the in-situ test
UyR mnt,i uncertainty related to the mounting of the RSD
UyR mon.i uncertainty related to the monitoring of the RSD
UyR ver,i uncertainty due to the verification test
UyRels mh.i uncertainty due to operational characteristics of the RSD at control mast height in

o bin i

UyRyrf,mh,i uncertainty of the RSD verification at control mast height in bin i D‘)cuments
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Symbol Description Unit

Viet.i mean value of the reference wind speed in bin i m/s
Veup cup wind speed
VRsD wind speed based on remote sensing device measurements m/s
Vieference wind speed based on reference sensor measurement m/s
Vieference wind speed measured by the reference wind speed sensor m/s
VRSD,mh,i wind speed of the RSD at control mast height in bin i
VMM, wind speed of the control mast in bin i

17R3D,,~ bin average of RSD at calibration test in bin i m/s
17Reﬁ bin average of reference measurement at calibration test in bin i m/s
X entre centre of range covered by xg,,. and by the verification test x,_ isication test
¥ - expected upper range limit of not measured environmental variable j in wind

max.,,i speed bin i
o expected lower range limit of not measured environmental variable j in wind

min.y,i speed bin i
. maximum range of the environmental variable x between the SMC and the

range verification test (i.e. maximum of ranges of xg,,- and xverificaﬁon_test)
¥ environmental variable considered in the RSD classification and measured during

sMC

the SMC
¥ environmental variable considered in the RSD classification and measured during
verification_test
the SMC
XSMmC i mean value of the environmental variable j in wind speed bin i as present during
v the specific measurement campaign

T mean value of the environmental variable j in wind speed bin i as present during

very the calibration test of the remote sensing device
oy upflow angle into the probe volume
a, upflow angle out of the probe volume
@ opening angle of the RSD from the vertical
o(d) standard deviation of the percentage wind speed deviations of the 10 min data in

i bin i
5 General

This document defines methods and requirements for carrying out wind measurements using
ground-mounted remote sensing devices (sodars and lidars). Requirements for calibration,
classification and mounting are described. Wind measurements carried out in accordance with
this document are useable for many purposes in the field of wind energy (e.g. power
performance measurement, site assessment, load measurement, noise measurement). The
specific standard relating to the intended use case of the wind speed measurements should be
referred to for limitations and additional requirements (e.g. height of measurement relative to
turbine hub height in the case of power performance measurements). For wind measurements
carried out using cup or sonic anemometers mounted on a meteorological mast or turbine
nacelle, refer to IEC 61400-50-1. Interfaces between this document and other standards are
summarized in Table 1 and Table 2.
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Table 1 — Interfaces from other standards to IEC 61400-50-2

Interface description| Reference to other Reference to Short use Format
standard IEC 61400-50-2 description
Mounting of sensors [IEC 61400-50-1 Subclause 6.1 Mounting of reference
on meteorological sensors on
masts meteorological masts
for RSD calibration
and classification
Assessment of IEC 61400-12-5 Subclause 6.2 Filtering the dataset |From [deg]
obstacles and terrain to [deg]
Side-mounted IEC 61400-50-1:2022, |Subclause 6.2 Assessing the
instruments on Subclause 10.4 influence of
meteorological masts meteorological mast
wake on the RSD
measurement
Assessment of IEC 61400-50-1:2022, |Subclause 6.2
sectors free of Subclause 9.3
meteorological mast
wake
Uncertainty of side- IEC 61400-50-1:2022, |Subclause 6.2 Estimating additional
mounted instruments |Clause 11 uncertainty due to
on meteorological correction of
masts meteorological mast
effect on reference
sensor in RSD
calibration and
classification
Classification of mast-|[IEC 61400-50-1:2022, |Subclause 6.3
mounted wind Clause 6
sensors
Mounting of sensors |IEC 61400-50-1 Clause 7 Mounting of reference
on meteorological sensors on
masts meteorological masts
for RSD calibration
and classification
Post-calibration or in- |IEC 61400-50-1:2022, |Clause 7 Application of RSD
situ calibration of Subclause 11.3.3 post-calibration or in-
wind sensors Subclause 9.4 situ calibration
Calibration of mast- [I[EC 61400-50-1:2022, [Subclause 8.1 Estimating uncertainty
mounted sensors Clause 11 of reference sensors
in RSD calibration
Table 2 — Interfaces from IEC 61400-50-2 to other standards
Interface Reference to Reference to other Short use Format
description IEC 61400-50-2 standard description
Definition of RSD Subclause 6.1 IEC 61400-12-1 Definition of RSD Heights in metres

and/or shear
measurement for a
power curve
measurement

measurement measurement [m]
heights for a power | Subclause 9.1 heights for
curve measurement Clause 10 classification, hub

height, REWS

When compared to measurements from a meteorological mast-mounted cup anemometer,
remote sensing device (RSD) measurements typically display some degree of scatter. Some of
this scatter arises due to the sensitivity of the RSD to various environmental conditions (e.g.
temperature and wind shear). It is the task of the classification test (Clause 6) to identify and
quantify these sensitivities for a number of discrete heights covering the measuri nge of
interest. As for cup anemometers it is assumed that these sensitivities will b2 tvpe ﬂﬁﬁdﬂ’ﬁents
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the classification test needs to be performed for each type of RSD for a minimum of two
instruments of each type and at a minimum of two locations.

The remaining scatter in the cup anemometer comparison is considered to be random noise.
This arises from a variety of sources. For example, the turbulent de-correlation in the wind due
to the distance between the measurement locations leads to scatter. Also, the distance between
the individual probe volumes of the remote sensor itself could contribute to such scatter. The
random noise is assumed to be unit and site specific, i.e. it can vary between different
evaluations of the same RSD.

Depending on the specific use case (e.g. resource assessment, power performance test, etc),
a particular unit of an RSD could require a verification test (Clause 7) before being deployed
for the specific measurement campaign (SMC). In some situations, it may alternatively be
possible to perform the verification test during the SMC (e.g. during the power performance
test). This test is a comparison of the RSD measurements to those from calibrated cup
anemometers mounted on a meteorological mast spanning a significant portion of the height
range of interest. The purpose of this test is to convey traceability to international standards to
this particular device, in the form of an uncertainty. Usually the SMC using the RSD will take
place at a different location and at a different time and therefore with a different distribution of
environmental conditions than for the RSD verification test. Depending on the sensitivities
identified during the classification test, the different environmental conditions will alter the
performance of the RSD, increasing the uncertainty in relation to that determined in the
verification test. Expressions for the uncertainty of the RSD are given in Clause 8.

Clause 9 describes how the cup anemometer measurements from a short meteorological mast
can be used to monitor the performance of the RSD. By ensuring at least one common
measuring height, it is possible to assess whether the uncertainty obtained in the classification
and the verification test is consistent with the performance of the RSD during the SMC. If
inconsistencies are identified from this monitoring, the corresponding uncertainties used in the
SMC are increased. This provides a useful "safety net" for the methodology and a feedback
mechanism that should promote realistic uncertainty assessments.

Reporting requirements for the complete methodology are given in Clause 11.

6 Classification of RSDs

6.1 General

The accuracy of the RSD can be influenced by meteorological variables. As the meteorological
conditions during the SMC can be different from those prevailing during the RSD performance
verification test, such influences are linked to additional uncertainty. It is therefore necessary
to investigate the sensitivity of the performance of the RSD to meteorological variables. The
results of such tests shall identify the variables that influence the performance of the RSD and
determine the classification of the instrument.

The simplest of these evaluations entails considering the difference between the RSD
measurement and a reference measurement as a function of one meteorological variable at a
time. An accuracy class of the RSD shall be evaluated for certain ranges of various
environmental variables similar to the classification of cup anemometers in accordance with
IEC 61400-50-1, based on the empirical analysis of the sensitivities observed during
classification tests. Care should be taken to allow for the possible interdependency of
environmental variables (e.g. wind shear and turbulence intensity) so that sensitivities are not
inadvertently double counted. The uncertainties arising due to RSD classification can then be
evaluated.

A case-specific accuracy class may also be evaluated based on the sensitivities of the remote
sensing system and the variation of the environmental variables observed during the RSD
performance verification and SMC. It should be clearly stated whether a classification result
has been derived generically on multiple units or whether it is based on a case-specific

luation.
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6.2 Data acquisition

The classification test is based on concurrent measurements obtained by the RSD and a tall
reference meteorological mast with which it is compared. The measurements shall be co-
located, such that they characterize flow within the same volume of air. The degrees of
concurrency and co-location that shall apply to the measurements are those that enable the
determination of the most precise and well understood relationship between them. In particular,
the following apply.

a) The same averaging intervals shall be used for the RSD and reference sensor being
compared: 10 min averages shall be recorded. In addition to 10 min averages, the standard
deviations and extreme values of the measured variables within the 10 min periods shall be
recorded.

b) The number of samples acquired by each instrument during each averaging interval to
obtain an average shall be recorded.

c) It shall be noted whether the individual samples acquired within the averaging interval by
the RSD are cumulative values, representing, for example, a spectrum integrated from the
beginning of the averaging interval to the moment at which the sample is acquired. This will
have a bearing on statistics that require successive samples to be independent, such as
standard deviation used in, for example, turbulence assessments.

d) The device shall be sited and analysis of the measurements conducted in a manner that
minimizes extraneous influences on the relationship between the RSD and reference sensor
measurements. These influences can include, but are not limited to, flow perturbations, fixed
echoes, and real variations in the flow between the RSD measurement volume and the
reference instrument measurement location. The distance between the meteorological mast
and the RSD shall be a compromise allowing good correlation between meteorological mast
and RSD measurements, while at the same time preventing or limiting the influence of the
meteorological mast on the RSD.

e) The meteorological mast-mounted reference sensors shall comply with the requirements of
IEC 61400-50-1. This applies especially to the calibration, classification and mounting.

f) The reference meteorological mast should have a constant cross section and solidity across
its height. In this way, the influence of the meteorological mast on boom-mounted
anemometers remains constant with height and allows a more accurate comparison of the
measured wind shear between the meteorological mast and the RSD.

The RSD and reference sensors shall be synchronized to within 1 % of the averaging interval,
and this degree of synchronization shall be verified and tested for drift at least once a week. If
comparison of time stamps indicates drift has occurred, the RSD system clock shall be reset to
synchronize with the reference sensor system clock and remote sensing data time stamps
adjusted to compensate for the drift over the period during which it is evident by linear
interpolation.

Data shall be acquired until the following data coverage requirements are fulfilled.

1) Reference sensor wind speed measurements shall be binned into 0,5 m/s bins centred on
integer multiples of 0,5 m/s.

2) The data shall be filtered in accordance with the recommendations of the device
manufacturer and the requirements of 6.3. The following requirements shall be fulfilled after
filtering.

a) The data acquisition requirements of a classification test shall not be considered fulfilled
unless at least three pairs of valid concurrent, co-located and filtered measurements
have been recorded in each wind speed bin centred between 4 m/s and 16 m/s inclusive.

b) The amount of acquired data shall cover a minimum of 180 hours.

c) The data acquisition campaign shall last at least three months and cover a significant
span of environmental conditions (e.g. winter to summer). The database shall cover at
least 25 % of the bins as described in Table 5 with a minimum number of data points as
defined in Equation (3) for all variables which are known to influence the accijaay of the

RSD. cuments
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For further use case specific RSD classification requirements, refer to the use case standards
such as IEC 61400-12-1.

6.3 Data preparation
The following data filters shall be applied.

a) The reference meteorological mast shall be free of wakes from wind turbines and obstacles
as defined in IEC 61400-12-5.

b) Probe volumes within which the RSD acquires a radial velocity measurement shall be free
of wakes and flow perturbation from wind turbines and obstacles as defined in
IEC 61400-12-5. The influence of the wake of the reference meteorological mast on the
measurements of the RSD shall be inspected by plotting the ratio of the RSD and reference
sensor measurements as a function of wind direction. Criteria regarding the permissible
values of this ratio can be developed with reference to the corresponding considerations for
cup anemometry discussed in IEC 61400-50-1. RSD measurements shall be excluded if
they are influenced by either the meteorological mast or its guy wires.

c) Reference cup anemometers shall be free from the influence of the wakes of the
meteorological mast, its guy wires or lightning receptor as defined in IEC 61400-50-1.

d) The reference cup anemometers shall not be influenced by icing. This may be achieved by
any means deemed to be suitable, subject to the requirement that the method and results
are adequately documented.

e) The measurements that are recorded for each averaging interval by both the RSD and
reference sensors shall represent a single contiguous period of operation whose duration
equals the averaging interval. However, as discussed in 6.4, there is a possibility that the
data availability requirements may be relaxed. The influence that relaxing these
requirements could have on the measurement accuracy should be checked by means of a
sensitivity analysis. If the RSD does not record the proportion of the period in the 10 min
averaging interval during which it has been available, a general quality factor shall be
recorded to indicate the reliability of the measurement in a similar manner to device
availability. Data may then be filtered or a sensitivity analysis may be performed with
reference to the quality factor. Guidance shall be provided by the manufacturer regarding
the appropriate treatment of the quality factor.

f) In general, no filtering on precipitation should be undertaken. Precipitation should be treated
as an environmental variable in the classification test. If an RSD manufacturer's guidelines
make provision for filtering with reference to precipitation, these guidelines should be
followed. If filtering is undertaken with reference to precipitation, the filtered data should be
considered a special dataset and classification, calibration and application of the RSD
should be conducted in a manner consistent with this.

Measurements of boom-mounted reference sensors may be corrected for meteorological mast
effects (blockage effects and flow acceleration effects). Such correction of meteorological mast
effects incurs additional uncertainty in comparison with top-mounted reference sensors. The
correction may be achieved by any means deemed suitable for reducing the total uncertainty,
subject to the requirement that the method and results are adequately documented.
IEC 61400-50-1 provides an example method for mast flow distortion correction. Uncertainty
associated with the use of boom-mounted anemometers is discussed in IEC 61400-50-1.

All filtering criteria that are used, and their respective effects on the dataset, shall be recorded
and reported.

6.4 Principle and requirements of a sensitivity test

The deviation observed between the measurements of the RSD and the reference sensors shall
be analysed in terms of their sensitivity to different environmental variables. The evaluation of
the RSD accuracy class in terms of the absolute measurement of the horizontal wind speed
component is the minimum requirement. The RSD accuracy class may be derived in terms of
other parameters (e.g. turbulence intensity or wind direction) depending on the_wind flow
parameters acquisition entailed by the SMC. Documents
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Only the evaluation of accuracy class in terms of horizontal wind speed is treated here.

The initial sensitivity to be tested shall relate to the relaxation of the criterion described in 6.3 e).
The sensitivity of the deviation between the reference sensors and the RSD on the availability
of the RSD within the averaging interval or the corresponding quality factor of the
measurements (as defined by the manufacturer) shall be examined. Remote sensing data shall
be deemed acceptable if characterized by a level of availability or by a quality factor that has
been demonstrated to have no significant influence on the deviation between the reference
sensors and the RSD measurements.

The percentage deviation between 10 min averages of the output parameter under
consideration acquired by the RSD and reference sensors at one height level is considered as
a dependent variable which is analysed as a function of one environmental variable by means
of a classification test:

(VRSD ~ Vreference ) %100 % 2)

Vreference

All available environmental variables are considered to be potentially within the scope of the
sensitivity analysis. A non-exhaustive list of variables to consider can be: wind shear exponent,
turbulence intensity, rain, wind direction, air temperature, air density, temperature difference at
two different heights, upflow angle, wind veer, and cloud cover. Some relevant parameters can
be instrument-specific, for example data availability or quality factor, and may be specified by
the manufacturer.

Sensitivity to an environmental parameter can be an artefact of an easily remedied error in the
configuration of the RSD. For example, a marked sensitivity to wind shear can arise when there
is a systematic error in the heights associated with the RSD wind speed measurements. If a
strong sensitivity is observed with an RSD, or a significant variation in sensitivity between tests
is observed, the device should be checked for such errors. If errors are detected and corrected,
the sensitivity tests should be repeated.

Where the reference cup anemometer exhibits a known sensitivity to an environmental variable,
an attempt should be made to remove the influence of this sensitivity from the sensitivity test.
This may be done by any means deemed to be suitable with the requirement that the method
and results are adequately documented. As an example, Figure 1 shows the effect of upflow
angle on wind speeds measured by a commonly used class 1,7A cup anemometer as
determined from industry standard wind tunnel tests.
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Figure 1 — Tilt angular response V_/V,_, of a cup anemometer as a function
of flow angle a compared to cosine response (IEC 61400-50-1)

Figure 2a) shows the response of an RSD to upflow angle determined with respect to data from
a cup anemometer of the type represented by Figure 1. In Figure 2b) a linear model has been
fitted to the data in Figure 1 in the region between +3° and used to adjust the data points to
remove the effect of the cup anemometer response. It can be seen from Figure 2 that the
sensitivity recorded for the RSD in Figure 2a) in this case is at least partially attributable to the

reference cup anemometer.

Deviation (°)

Flow inclination angle (°)

IEC

a) before adjustment for cup anemometer response

Deviation (°)

Flow inclination angle (°)

IEC
b) after adjustment for cup anemometer response

Figure 2 — Deviation versus upflow angle determined for an RSD
with respect to the cup anemometer in Figure 1
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Environmental variables shall be analysed to identify any interdependency. Where this exists,
further analysis shall be undertaken to identify which of the environmental variables influences
measurement deviation. This may be done by any means deemed to be suitable with the
requirement that the method and results are adequately documented. Documentation should
include sufficient detail for the replication of results from the data acquired during the
classification test. Suggested methodologies for achieving this are detailed in 6.6. Only
environmental variables found to have a direct influence on measurement deviation shall be
included in the sensitivity analysis. These variables are then considered to be independent.

If any environmental variables that are known to directly influence measurement deviation are
omitted from the sensitivity test, this is likely to result in additional uncertainty at the application
stage, as defined in Clause 9. If subsequent monitoring of the RSD with a short anemometer
meteorological mast during the SMC shows the results of the sensitivity test have been unduly
conservative, revision of the environmental variables included in the sensitivity test is permitted.

A one-dimensional, two-parametric ordinary least squares (OLS) linear regression analysis
shall be performed for each pair of dependent and independent variables. The following
parameters are calculated from the regression analysis:

a) slope: m;

b) offset: ¢;

c) coefficient of determination, which in the case of OLS linear regression is the correlation
coefficient: r2;

d) standard deviation of the independent variable: std;
e) mean value of the independent variable: avg.
The estimation of the slope m and the offset ¢ shall be performed on bin-averaged data for the

measured environmental variable (see example in Figure 3), where the size of the bin to be
used is given in Table 3.

Table 3 — Bin width example for a list of environmental variables

Independent variable Bin width Unit
Wind shear exponent 0,05 Dimensionless
Turbulence intensity 0,01 Dimensionless
Rain 0,1 mm
Remote sensing device availability 1 %
Wind direction 5 °
Air temperature 2 °C
Air density 0,05 kg m™3
Temperature gradient 0,002 K/m
Upflow 0,2 °
Wind veer gradient 0,04 °/m

For variables to be included in the sensitivity analysis that are not listed in Table 3, suitable bin
widths should be chosen with respect to range and distribution of the data.

For a specific environmental variable, bins should only be included in the sensitivity test where
they meet the criteria listed in Equations (3) and (4):

N
n; >— (3)

2nb
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where

np is the number of bins according to the ranges of variables given in Table 5;
N is the total number of data points;

n; is the number of data points in bin i.

Equation (4) shall be applied only when sensitivities on the wind speed measurement are
analysed:

d. .
M@ < 0,03 m/s (4)
Jn; 100
where
d; is the data in bin i;
o(d;) is the standard deviation of the percentage wind speed deviations of the 10 min data in
bin i;
Viet,; is the mean value of the reference wind speed in bin i.
The correlation coefficient (2), standard deviation of the independent variables (std) and mean

value of the independent variables (avg) shall be estimated using the 10 min data in the bins
included in the sensitivity test.

A \ y=-5192x + 1,86 ; 12 = 0,258 \ ] y=-5246x + 1,8 : 12 = 0,981 \

20
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Linear regressions are plotted for 10 min data (black) and for bin-averaged data (red).

Figure 3 — Example of sensitivity analysis against wind shear

Sensitivity is defined as the slope multiplied by the standard deviation of the independent
variable: m x std. The sensitivity indicates the extent, expressed as a percentage, that the
deviation between the RSD and the reference sensor measurements is changed by a change
in the independent variable of one standard deviation. Documents
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Table 4 — Parameters derived from a sensitivity analysis of an RSD

Height Independent avg std m Sensitivity r2 m % std x r
above variable i .
ground level independent [independent m % std
variable variable
[m] [-] [unit variable]|[unit variable] [%/unit [%] [-] [%]
variable]

135 0,21 0,19 -2,324 -0,45 0,235 -0,218

104 Wind shear 0,21 0,2 -1,918 -0,38 0,085 ~0,111
exponent

72 0,17 0,17 0,607 0,1 0,009 0,009

135 0,07 0,03 8,855 0,26 0,08 0,074

104 Turbulence 0,07 0,03 13,902 0,39 0,093 0,119
intensity

72 0,08 0,03 15,812 0,4 0,133 0,146

135 Rai 0,02 0,13 0,205 0,03 0,001 0,001

ain
104 (yes =1, 0,04 0,19 1,168 0,22 0,028 0,037
no=0

72 ) 0,03 0,18 0,499 0,09 0,007 0,008

135 247,28 31,62 -0,007 -0,22 0,059 -0,053

104 d.Wm.d 252,83 34,19 0,012 0,43 0,108 0,141

irection
72 225,14 11,39 0,003 0,03 0,001 0,001
135 Ai 14,66 2,7 0,044 0,12 0,016 0,015
ir

104 temperature 14,56 2,66 -0,042 -0,11 0,008 -0,010
at 131 m

72 15,16 3,43 -0,091 -0,31 0,083 -0,089

135 1,23 0,01 -16,43 -0,24 0,065 -0,061

104 Air density 1,23 0,01 1,804 0,03 0 0,000

72 1,22 0,02 5,208 0,08 0,005 0,006

135 Temperature -0,69 1,36 -0,112 -0,15 0,027 -0,025
difference

104 between -0,69 1,36 -0,444 -0,6 0,217 -0,279
133 m and

72 10 m -0,64 1,53 -0,281 -0,43 0,158 -0,171

135 0,35 1,37 -0,085 -0,12 0,015 -0,015

Upflow angle

72 -0,35 0,73 0,665 0,49 0,17 0,202

135 Wind veer 15,36 10,01 -0,036 -0,36 0,145 -0,137

104 between 15,26 10,05 -0,07 -0,71 0,298 -0,388
133 m and

72 35m 15 9,26 -0,036 -0,33 0,092 -0,100

An example of a sensitivity analysis of an RSD conducted with respect to a variety of
environmental parameters is shown in Table 4. The sensitivity of the device has been analysed
at three different heights. Only remote sensing data with availability within the averaging interval
of 80 % or more have been considered for the test. As can be seen from Table 4, and following
significance criteria that are defined in 6.5, the wind shear, turbulence intensity, wind direction,
air temperature difference (as simple indicator for stratification), upflow angle and wind veer
appear to have a significant influence on the deviation between the remote sensing and
reference cup anemometer measurements of wind speed. The other independent variables
appear not to be significant. However, some variables that appear to influence the performance
of the RSD might not have an influence. If their variation is correlated with the variation of some
other variables that also have an influence, this correlation could be the reason for their
apparent influence. Interdependency between variables shall be analysed to identify which
variables exert a genuine meaningful influence as discussed in 6.6 before estimating the final
accuracy class of the RSD. For example, multivariate regression techniques may be employed

to achieve this.
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The classification is analogous to the existing classification of cup and sonic anemometers in
accordance with IEC 61400-50-1. The RSD class can be evaluated for either pre-defined
conditions or for the specific conditions prevailing during the application of the RSD.

Conditions analogous to the A-classification of cup and sonic anemometry in accordance with
IEC 61400-50-1 are presented in Table 5.

Table 5 — Ranges of environmental parameters for sensitivity analysis

Independent variable Max. Min. Range Source
Wind shear exponent [-] 0,80 -0,40 1,20 N/A
Turbulence intensity [-] 0,24 0,03 0,21 This document
Rain (yes = 1, no = 0) [-] 1 0 1 Definition of sensor
Availability [%] 100 80 20 Definition of filter
Wind direction [°] 360 0 180 |Deviation of 2 directions
Air temperature [°C] 40 0 40 This document
Air density [kg/m3] 1,35 0,90 0,45 This document
Igrrnpﬁ;?g:]rte gradient from 133 m to [K/m] 0.06 -0,02 0,08 N/A
Upflow angle [°] 3 -3 6 This document
Wind veer from 133 m to 35 m height [°/m] 0,2 -0,2 0,4 N/A

The availability range of the RSD shall be consistent with the range to be applied during
deployment in the field. Unless otherwise determined by the configuration of the reference
sensors, the limits of the air temperature difference observed between the two height levels
indicated shall be 10 times the standard lapse rate between the considered height levels (the
standard lapse rate is 0,65 K/100 m) and the wind veer range shall be four times the standard
deviation of the difference between the 10 min average wind directions at the heights indicated.

6.5 Assessment of environmental variable significance

The significance of a variable is assessed by measuring its degree of influence on the RSD
measurement. The sensitivity tests could indicate that no significant relationship exists between
the dependent variable and some of the independent variables. Therefore, only relevant
independent variables shall be considered. Relevance is determined where

a) a sensitivity of at least 0,5 is demonstrated, or
b) a product of correlation coefficient » and sensitivity of at least 0,1 is found.

The sensitivity analysis of an independent variable shall be relevant for all measurement heights
if one of the above conditions is fulfilled for a single height.

For a sensitivity of 0,5 or more, a significant influence of the independent variable on the
accuracy of the RSD is directly measured during the classification test. The correlation
coefficient may modify this criterion as it indicates the significance of the relationship between
the dependent and independent variables. The correlation coefficient and the sensitivity both
indicate the relevance of an independent variable. Thus, the product of both measures defines
the second, alternative condition in item b) above.

Environmental variables for which the measured range does not cover at least 25 % of the bins
as described in Table 5 with a minimum number of data points as defined by Equation (3) should
be excluded from the sensitivity analysis. Sensitivity results derived for these variables would
be unrepresentative of any relationship with measurement deviation. Although a variable may
be eliminated from the sensitivity analysis due to insufficient variation for tDaeluments
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establishment of a relationship with measurement deviation, it could be the case that a wider
range of variation is observed during application of the device in the course of the SMC. If the
variable in question is found to have an influence on measurement deviation through the
monitoring process during the SMC, the device may be rejected. Alternatively, the additional
uncertainty shall be applied to the results to adequately reflect this, following Clause 8.
Environmental variables that are determined to influence measurement deviation only through
their correlation with other environmental variables, as discussed in 6.6, should be excluded
from the sensitivity analysis.

The selection of relevant independent variables for an RSD is illustrated in Table 6.

Table 6 — Example selection of environmental
variables found to have a significant influence

Height Independent avg std m Sensitivity r2 m % std x r
above variable . .
ground level independent |[independent m % std
variable variable
[m] [-] [unit variable]|[unit variable] [Y%/unit [%] [-] [%]
variable]

135 0,21 0,19 -2,324 -0,45 0,235 -0,218

104 Wind shear 0,21 0.2 -1,918 -0,38 0,085 ~0,111
exponent

72 0,17 0,17 0,607 0,1 0,009 0,009

135 0,07 0,03 8,855 0,26 0,08 0,074

104 Turbulence 0,07 0,03 13,902 0,39 0,093 0,119
intensity

72 0,08 0,03 15,812 0,4 0,133 0,146

135 247,28 31,62 -0,007 -0,22 0,059 -0,053

104 d.W'”.d 252,83 34,19 0,012 0,43 0,108 0,141

irection

72 225,14 11,39 0,003 0,03 0,001 0,001

135 Temperature -0,69 1,36 -0,112 -0,15 0,027 -0,025
difference

104 between -0,69 1,36 -0,444 -0,6 0,217 -0,279
133 m and

72 10 m -0,64 1,53 -0,281 -0,43 0,158 -0,171

135 Upflow 0,35 1,37 -0,085 -0,12 0,015 -0,015

72 angle -0,35 0,73 0,665 0,49 0,17 0,202

135 Wind veer 15,36 10,01 -0,036 -0,36 0,145 -0,137

104 between 15,26 10,05 -0,07 -0,71 0,298 -0,388
133 m and

72 35m 15 9,26 -0,036 -0,33 0,092 -0,100

6.6 Assessment of interdependency between environmental variables

The sensitivity analysis in 6.4 makes the assumption that the environmental variables under
consideration are independent, i.e. uncorrelated. In practice this is not always the case. This
can lead to entries being registered in the accuracy class for specific variables due to their
correlation with other variables rather than through any direct relationship with measurement
deviation. An illustration of the effect of correlation between environmental variables can be
seen in Figure 4 and Figure 5 for wind shear and turbulence intensity. Figure 4 shows the
relationship between wind shear and turbulence intensity during a classification test. It can be
seen that wind shear and turbulence intensity at this test site are not entirely uncorrelated during
the measurement period in question. This manifests itself in Figure 5 as a clustering of the data
points within the scatter plot of measurement deviation against turbulence intensity according
to the magnitude of the wind shear. This clustering can skew the line fit from which the
sensitivity of the device with respect to turbulence intensity is determined. Through this
mechanism, a relationship in the sensitivity test can be transferred from an enﬁcggental
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variable that is directly correlated to measurement deviation to one that is not if the
environmental variables are not mutually independent.
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Figure 4 — Example of wind shear versus turbulence intensity
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Figure 5 — Example of percentage deviation of RSD and reference
sensor measurements versus turbulence intensity

In order to mitigate overestimation of uncertainty it is necessary to eliminate from the sensitivity
analysis any correlated environmental variables that can be demonstrated not to directly
influence measurement deviation. An example is shown in Figure 5, where it iDmguments
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inclusion of both turbulence intensity and wind shear in the calculation of the uncertainty
estimate would result in "double counting" of uncertainty contributions due to the relationship
evident between them. The elimination of correlated environmental variables may be done by
any means deemed suitable with the requirement that the method and results are adequately
documented, as discussed in 6.4. Documentation should include sufficient detail for the
replication of results from the data acquired during the classification test.

Dependencies between environmental variables have been analysed for the data used in
Table 6. Variables that do not have a direct influence on the measurement deviation and that
are correlated with one or more variables that do have a direct influence on measurement
deviation have been eliminated from the sensitivity test. After removing the effect of the wind
shear from the dataset, the remaining influence of the turbulence intensity was not relevant.
The remaining variables are shown in Table 7. Only wind shear, upflow angle and wind veer
appear to have a significant influence on the deviation between the remote sensing and
reference cup anemometer wind speed measurements.

Table 7 — Sensitivity analysis parameters remaining
after analysis of interdependency of variables

Height Independent avg std m Sensitivity r2 m % std x r
above variable ) )
ground level independent [independent m % std
variable variable
[m] [-] [unit variable]|[unit variable] [%/unit [-] [-] [-]
variable]
135 0,21 0,19 -2,324 -0,45 0,235 -0,218
104 Wind shear 0,21 0,2 -1,918 -0,38 0,085 -0,111
exponent
72 0,17 0,17 0,607 0,1 0,009 0,009
135 0,35 1,37 -0,085 -0,12 0,015 -0,015
Upflow angle
72 -0,35 0,73 0,665 0,49 0,17 0,202
135 Wind veer 15,36 10,01 -0,036 -0,36 0,145 -0,137
104 between 15,26 10,05 -0,07 -0,71 0,298 -0,388
133 m and
72 35m 15 9,26 -0,036 -0,33 0,092 -0,100

6.7 Calculation of accuracy class
The general principle of the calculation of accuracy classes is as follows.

a) Define ranges of all remaining variables having significant influence as described in the
example of Table 7.

b) Calculate the maximum deviation of each independent variable on the accuracy of the RSD
by multiplication of the regression slope m and the range of the independent variable, as
taken from Table 5. An illustrative example is given in Table 8.

c) Calculate the accumulated maximum influence of all independent variables on the accuracy
of the RSD by considering the different variables as fully independent of each other, such
that the maximum measurement errors caused by each individual variable are added in
quadrature.

In relation to item c), it is acknowledged that the environmental variables under consideration
are not fully independent of each other. However, with respect to uncertainty assessments, the
differences between environmental conditions prevailing during the application of the RSD for
the purposes of the SMC and during the RSD performance verification test are a key
consideration. These differences are highly dependent on the SMC site and on the RSD
performance verification test site. This site dependency decouples the variables from each other
with respect to uncertainty calculations. Therefore, to estimate the accumulated maximum
influence, independence between variables is a necessary assumption, despite the efforts
undertaken in 6.6 for addressing the interdependency of variables. ocuments
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The preliminary accuracy classes resulting from this scheme are presented in Table 9. These
have been calculated as the sum in quadrature of the maximum deviations of both all and only
the individual significant environmental variables in accordance with Table 8 and Table 6. The
values do not represent the final classification result.

Table 8 — Example scheme for calculating maximum
influence of environmental variables

Height above Independent variable Range m m % range
ground level variable
[m] [-] [unit variable] [%/unit [-]
variable]
135 1,20 -2,324 2,79
104 V‘é‘:goir;?r 1,20 -1,918 2,30
72 1,20 0,607 0,73
135 0,21 8,855 1,86
104 T:‘nrg“r:ziT;e 0,21 13,902 2,92
72 0,21 15,812 3,32
135 1,00 0,205 0,21
Rain
104 1,00 1,168 1,17
(yes=1, no=0)
72 1,00 0,499 0,50
135 20,00 0,017 0,34
104 RSD availability 20,00 -0,068 1,36
72 20,00 -0,318 6,37
135 180,00 -0,007 1,28
104 di:’g'cqf'on 180,00 0,012 2,24
72 180,00 0,003 0,51
135 40,00 0,044 1,76
104 Air ;"{”;gjr;t“re 40,00 -0,042 1,69
72 40,00 -0,091 3,65
135 0,45 -16,430 7,39
104 de’;'srity 0,45 1,804 0,81
72 0,45 5,208 2,34
135 8,00 -0,112 0,90
104 Tempera:g;eglgﬁ;i%c?nbetween 8,00 0,444 3.55
72 8,00 -0,281 2,25
135 6,00 -0,085 0,51
Upflow angle
72 6,00 0,665 3,99
135 40,00 -0,036 1,45
104 W;g‘; ‘éfzrnze;"s"erﬁ” 40,00 0,070 2,81
72 40,00 -0,036 1,42
Documents
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