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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND TURBINE GENERATOR SYSTEMS -

Part 12: Wind turbine power performance testing

FOREWORD

1) The I|EC (International Electrotechnical Commission) is a worldwide organization for sfandar mprising
all nptional electrotechnical committees (IEC National Committees). The object promote
interpational co-operation on all questions concerning standardization in the elecgtfical and ields. To
this ¢nd and in addition to other activities, the IEC publishes International &ta ration is
entrusted to technical committees; any IEC National Committee interested\in ith may
partigipate in this preparatory work. International, governmental and nop jzatignp liaising
with fhe IEC also participate in this preparation. The IEC collaborates cloSgly witk i pnization
for $tandardization (ISO) in accordance with conditions determi & the two
orgarnizations.

2) The formal decisions or agreements of the IEC on technica Bible, an
interpational consensus of opinion on the relevant subjects sentation
from Jall interested National Committees.

3) The documents produced have the form of recommend the form
of stgndards, technical reports or guides al e.

4) In orpler to promote international unificatior dertake to apply IEC Intdrnational
Stanglards transparently to the maximum ional and regional standafds. Any
diverpence between the IEC Standard and/the corresponding\pational or regional standard shall be clearly
indicgted in the latter.

5) The |EC provides no marki \ af and cannot be rendered responsibl¢ for any
equigment declared to be i it i p

6) Atten nts of this International Standard may be thg subject
of pa identifying any or all such patent rights.

Internal been prepared by IEC technical committee 88: Wind

turbine

The tex

FDIS Report on voting
88/85/FDIS 88/89/RVD

Full infprmation on the voting for the approval of this standard can be found in the rejport on

voting indicated in the above table.

A bilingual version of this standard may be issued at a later date.

Annexes A and C form an integral part of this standard.

Annexes B, D and E are for information only.
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INTRODUCTION

The purpose of this part of IEC 61400 is to provide a uniform methodology that will

ensure

consistency and accuracy in the measurement and analysis of power performance by wind

turbine generator systems (WTGS). The standard has been prepared with the anticipat
it would be applied by:

ion that

— the WTGS manufacturer striving to meet well-defined power performance requirements

and/or a possible declaration system;
— the WTGS purchaser in specifying such performance requirements;

— the WTGS operator who may be required to verify that stated, or required. power
performance specifications are met for new or refurbished units;

— the|WTGS planner or regulator who must be able to accurately &n power
performance characteristics of WTGS in response to regulations ¢ bnts for
new or modified installations.

This standard provides guidance in the measurement, power
performpance testing for wind turbine generator systems benefit
those parties involved in the manufacture, installation eration,
utilizatipn, and regulation of WTGS. The technical nalysis
techniques recommended in this document should/be /appli re that
continuing development and operation of WTGS s 1 oMiNin hsistent
and adcurate communication relative QNN ern. This standard pfyesents
measufement and reporting procedukes to_fovide aecurate results that can be
replicajed by others.

However, readers should be warned that i ion procedure is quite new.|As yet

there i no substantial evigé a cutate results for all sites, especially sites

in complex terrain. Part okthe oced i dyopr applying uncertainty calculations| on the
measufements. In coin ituations it js not adequate to state that resylts are

accurafe since uncerta

standaid, accou@fc

developed in future.

in standard deviation. A new measuUrement
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WIND TURBINE GENERATOR SYSTEMS -

Part 12: Wind turbine power performance testing

1 General

1.1 Scope

This part of IEC 61400 specifies a procedure for measuring the
charact

perfofmance
sting of

WTGS for the
determ and of
differer atlons.
The W r curve
and the rmined
by collg ite for a
period | of wind
speeds asured
power ¢ ity.

The std
and defi
source$ and their combined effects.

ifes the measured powgr curve
Rted by an assessment of uncgrtainty

1.2 Normative reference

The foljowing normativi eference in this text, constitute provisiong of this
part of |IEC 614 e ti ' i the editions indicated were valid. All nofmative
documents are s parties to agreements based on this part of IEG 61400
are enpouraged tg stiga i ibility of applying the most recent editions| of the
standa indi gmbers) of IEC and ISO maintain registers of currently valid
Internafi )

IEC 60

IEC 60

Amend

Amendment.2 (199

IEC 60688:1992, Electrical measuring transducers for converting a.c. electrical quantities to
analogue or digital signals

ISO 2533:1975, Standard atmosphere

Guide to the expression of uncertainty in measurement, 1SO information publications, 1995,
110 p. ISBN 92-67-10188-9
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1.3 Definitions

For the purposes of this part of IEC 61400, the following definitions apply.

1.3.1

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

1.3.2
annual

estimafe of the total energy production of a WTGS during a one-year p

measu

assuming 100 % availability
1.3.3
availabjlity

ratio off the total number of hours during a certain period, &
the WT|GS could not be operated due to maintenance or fa

energy production

ed power curve to different reference wind speed frequency dist

hours ip the period, expressed as a percentage

1.3.4

complex terrain

terrain [surrounding the test site that fe S ican ons in topography and
obstacles that may cause flow distortion

1.3.5

data st

collectipn of data that ed overa xgntinuolrg period

1.3.6

1.3.7
extrapd
extensi
measu

1.3.8

distance consta@
indicatipn of the resp

the insfrument for 1\{O

ometer, defined as the length of air that mu
e final value for a step input in wind speed

flow digtertion

ing the
height,

irs that

g total number of

terrain

St pass

chang

M air flow caused by obstacies, topographicat variations, or other wind turbi

es that

results in a deviation of the measured wind speed from the free stream wind speed and in a

signific

1.3.9

ant uncertainty

free stream wind speed
speed of the undisturbed natural air flow, usually at hub height

1.3.10

hub height (wind turbines)
height of the center of the swept area of the wind turbine rotor above the terrain surface

NOTE -

For a vertical axis wind turbine the hub height is the height of the equator plane.
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1.3.11

measured power curve

table and graph that represents the measured, corrected and normalized net power output of a
WTGS as a function of measured wind speed, measured under a well-defined measurement
procedure

1.3.12

measurement period

period during which a statistically significant database has been collected for the power
performance test

1.3.13
measulement sector
a sectdr of wind directions from which data are selected for the measur

1.3.14
method of bins
data rgduction procedure that groups test data for a ceftain i i speed
intervals (bins)

NOTE - |For each bin, the number of data sets or samples and thei Arameter

value within each bin is calculated.

1.3.15
net elegtric power output

measute of the WTGS electric power o ork

1.3.16
obstacles

stationary obstacles, suc
distortipn

1.3.17

pitch angle

angle hetween the ¢
radius)

nd flow

1.3.18
power
ratio off
over th

1.3.19
power performance
measure of the capability of a WTGS to produce electric power and energy

1.3.20

rated power

guantity of power assigned, generally by a manufacturer, for a specified operating condition of
a component, device or equipment

NOTE — (Wind turbines) Maximum continuous electrical power output which a WTGS is designed to achieve under
normal operating conditions.

1.3.21
standard uncertainty
uncertainty of the result of a measurement expressed as a standard deviation
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1.3.22

swept area

area of the projection, upon a plane perpendicular to the wind velocity vector, of the circle
along which the rotor blade tips move during rotation

1.3.23
test site
location of the WTGS under test and its surroundings

1.3.24
uncertainty in measurement
param i i rsion of
the vallies that could reasonably be attributed to the measurand
1.4 Symbols and units
A swept area of the WTGS rotor ]
AEP annual energy production [kWh]
Biomin measured air pressure averaged over 10 mjn [Pd]
c sensitivity factor on a parameter (the partial di
Cp; power coefficient in bin i
D rotor diameter [m]
Dg equivalent rotor diameter [m]
D, 19 wind turbine [m]
f a wind speed interval
F(V) distribution function for wind speed
I [m]
Ly [m]
L 3 g WTGS and the meteorology mast [m]
L distagee between the WTGS or the meteorology mast and an obstacle  [m]
L, distance between the WTGS or the meteorology mast and

a’/neighbduring and operating wind turbine [m]
M numpber of uncertainty components in each bin
My number of category A uncertainty components
Mg number of category B uncertainty components
N number of bins
Ny, number of hours in one year = 8760 [h]
N, number of 10 min data sets in bin i
Ny number of pre-processed data sets within a 10 min period
Ng number of data samples of pre-processed data sets

P; normalized and averaged power output in bin i [KW]
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P, normalized power output [kW]
P, normalized power output of data set j in bin i

P1omin measured power averaged over 10 min [kW]

R gas constant [3/(kgxK)]
s uncertainty component of category A

T10min measured absolute air temperature averaged over 10 min [K]

u uncertainty component of category B

Upgp combined standard uncertainty in the estimated annual energy productian h]
Ug i combined standard uncertainty of the power in bin i ]

%4 wind speed S]
Vave annual average wind speed at hub height [m/s]
Vi normalized and averaged wind speed in bip [mfs]
v, normalized wind speed [m/s]
Vi [mis]
V10min [m/s]
Xk

X10min

p

Po [kgfm’]
P1omin [kgym®]
Ok

Op, (kW]
T10min

1.5 Albbreviations

WTGS wind turbine generator system
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2 Test conditions

The specific test conditions related to the power performance measurement of the WTGS shall
be well defined and documented in the test report, as detailed in clause 6.

2.1 Wind turbine generator system

As detailed in clause 6, the WTGS shall be described and documented to identify uniquely the
specific machine configuration that is tested.

2.2 Test-site
At the fest site a meteorological mast shall be set up in the neighbo TGS to
determ|ne the speed of the wind that drives the wind turbine. The tesirsite m ighificant

istortion
fferent,

influente on the measured power performance of the WTGS. |
effects|may cause the wind speed at the meteorological mast and\at
though|correlated.

The tegdt site shall be assessed for sources of wind flow

— chojose the position of the meteorological mast;

The following factors shall be considere

— topggraphical variation
— other wind turbines

— obsfacles (buiing
The tegt site shall a[8

2.2.1 |Distance ©

Care shall b e meteorological mast. It shall not be located too closg to the
WTGS/| sgifs ill be slowed down in front of the WTGS. Also, it shall not be
located to GS, since the correlation between wind speed and electri¢ power
output e meteorological mast shall be positioned at a distance from the

WTGS |of between_ 2 and 4 times the rotor diameter D of the WTGS. A distance of 2,5 times the
rotor dlameter D issyecommended. The meteorological mast should be positioned within the
selected\meéasurement sector. In the case of a vertical axis WTGS, D should be sele1:ted as
1,5 times the maximum horizontal rotor diameter.

Figure 1 shows the separation requirements between the meteorological mast and the WTGS.
It also shows the recommended separation distance of 2,5 times the rotor diameter of the
WTGS between the meteorological mast and the WTGS.
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Meteorology mast at 4 D

Distance of meteorology
mast to WTGS between
2Dand4 D;25Dis

25D
recommended

Disturbed sectoN

to wake of of WTGS
on meteorology
mast; sector angle
taken from annex A:
103° at2 D
93°at2,5D
74° at4 D

ht sector:

s to distance\o
Jlowe easure

The mpeasurem 21 ¢ gctions having significant obstacles, significant
variatigns in top : bihes, as seen from both the WTGS under test and
the meteorological m

2.2.2 |Measurement sector

The dig S k ded due to the meteorological mast being in the wake¢ of the
WTGS gr distanses of 2, 2,5 and 4 times the rotor diameter of the WTGS as
shown igure 1. distances between the WTGS under test and the meteorplogical
mast, g B g wind turbines and obstacles, the directions to be excluded due to

wake effects ined using the procedure in annex A.

2.2.3 |Caorrection factors and uncertainty due to flow distortion at the test site

If the tesT site meels the requirementis defined In annex A, then no turther site analysis is
required, and no flow distortion correction factors are necessary. The applied standard
uncertainty due to flow distortion of the test site shall be taken to be 2 % or greater of the
measured wind speed if the meteorological mast is positioned at a distance between 2 and
3 times the rotor diameter of the WTGS and 3 % or greater if the distance is 3 to 4 times the
rotor diameter.

If the test site does not meet the requirements defined in annex A, or a smaller uncertainty due
to flow distortion of the test site is required, then either an experimental test site calibration or
a test site analysis with a three-dimensional flow model, which is validated for the relevant type
of terrain, shall be undertaken.
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If an experimental test site calibration is undertaken, it is recommended that the procedure in
annex B be used. The measured flow distortion correction factors for each sector should be
used. The standard uncertainty assigned to the site correction shall be no less than one-third of
the maximum correction found within the entire measurement sector and the 60° sector centred
on the predominant test wind direction.

If a theoretical assessment of the correction factors for the test site is undertaken, using a valid
three-dimensional flow model, then sectors less than or equal to 30° should be used. The
standard uncertainty assigned to the site correction shall be no less than half of the maximum
correction found within the entire measurement sector and the 60° sector centred on the
predominant test wind direction.

Although the site calibration procedure (annex B) can be used for of the
perfornpance characteristics of individual wind turbines within a wigdNp ioh, it is
importgnt to evaluate the consistency of the results in very complex tefxai

3 Tept equipment

3.1 Hlectric power

The nett electric power of the WTGS shall be meagured wsing device
(e.g. pd g ' phase.
The class of the current transformer \ guiremyents of IEC 60044-1 and the
class o i ney are
all reco

The accuracy of the po eet the
requirements of IEC 0 be class 0,5 or better. If thel power
measutement device ig the accuracy should be equivalent {o class
0,5 power transdygers{ Th& opexati geef the power measurement device shall b¢ set to
measute all po ativeninstantangbus power peaks generated by the WTGE. As a

guide, casurement device should be set to —50 % tg 200 %

he full-scate’r

of the pe periodically reviewed during the test to ensyire that
the rar rement device have not been exceeded. The| power
measu ce shalicheNpountéd at the network connection point to ensure that gnly the
net act \ v deliyvered to the electrical power network, is measured.

3.2 V)

Wind speed measurements shall be made with a cup anemometer that is properly instplled at
hub helght'on a meteorological mast, at a point that represents the free stream wind flpw that
drives 1|he WTGS.

The wind speed shall be measured with a cup anemometer that has a distance constant of less
than 5 m and maintains its calibration over the duration of the measurement period. Calibration
of the anemometer shall have been undertaken before and after the completion of the power
performance test to a traceable standard. The second calibration can be replaced by an in situ
comparison against another calibrated reference anemometer, mounted at a distance of 1,5 m
to 2 m from the hub height anemometer, during the measurement period. During calibration,
the anemometer should be mounted on a configuration similar to the one to be used during the
power performance test. The measurement uncertainty of the anemometer shall be stated.

The anemometer shall be mounted within 2,5 % of hub height, preferably on the top of a
vertical circular tube standing clear of the top of the meteorological mast. As an alternative, the
anemometer may be mounted on a boom clamped to the side of the mast and pointing in the
predominant wind direction.
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Care shall be taken to minimize flow disturbance experienced in the vicinity of the anemometer.
To reduce flow effects, the anemometer shall be mounted so that its vertical separation from
any mounting boom is at least 7 times the boom diameter and its horizontal separation from the
mast at the anemometer height is at least 7 times the maximum mast diameter; the mast being
of a tube, cone, or lattice type. No other instrument shall be mounted so that the flow, incident
upon the anemometer, could be disturbed.

Any corrections, which are applied to the indicated wind speed to take account of factors such
as flow distortion due to the site, shall be reported clearly. The uncertainty in the correction
shall also be assessed and reported, and typically shall be no less than half the difference
between the corrected and uncorrected value.

3.3  Wind direction

Wind
meteorI)
positio
vane. T

3.4 Air density

Air den
equatid
correct|for it.

e using
and to

The aif buld be
mountg
air tem
The air| pressure sensor s ight to

give a |good representati
sensor|is not mounted

to the Hub heigh@o

To distinguish.m S -dry and wet periods, precipitation should be manitored
during and documented in the test report.

ressure
rrected

3.5 A

3.6 W 8 or system status

At leasf one paramete
The stdtus informatie

that indicates the operational status of the WTGS shall be mopitored.
shall be used in the process of determining WTGS availability.

3.7 Data acquisition system

A digital data acquisition system having a sampling rate per channel of at least 0,5 Hz shall be
used to collect measurements and store pre-processed data.

End-to-end calibration of the installed data acquisition system shall be performed for each
signal. As a guideline, the uncertainty of the data acquisition system should be negligible
compared with the uncertainty of the sensors.
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4 Measurement procedure

4.1 Introduction

The objective of the measurement procedure is to collect data that meet a set of clearly
defined criteria to ensure that the data are of sufficient quantity and quality to determine the
power performance characteristics of the WTGS accurately. The measurement procedure shall
be documented, as detailed in clause 6, so that every procedural step and test condition can be
reviewed and, if necessary, repeated.

Accuracy of the measurements shall be expressed in terms of measurement uncertainty, as
described in annex C. During the measurement period, data should be periodically cherked to
ensure| high quality and repeatability of the test results. Test logs aintajned to
document all important events during the power performance test.

4.2 Wind turbine generator system operation
During [the measurement period, the WTGS shall be in norpais i in the

WTGS| operations manual, and the machine configuration_sha i langed. All data
collectg¢d while the WTGS is unavailable shall be discarded:

4.3 Data collection

Data shall be collected continuously &t 3 ,g{z ot faster. Air temperafure, air
pressufe and precipitation, and WTGS™s ) q at a slower rate, but pt least

once per minute.

The dgta acquisition syste ‘ pled” data or pre-processed data sets as
described below, or both.<] ¢ ! 2 shall comprise the following infofmation
on the pampled data:

- meIn value;
dard de;

—  maximum value;

— sta

—  minimum valug.

The to i ocessed data set shall be between 30 s and 10 min annd shall
be 10 ; i an \ of less
than 1 hall be
collects

4.4 Data'selection

Selected data sets shalt be based on 10 min periods derived from contiguous measured data.
The mean and standard deviation values for each 10 min period shall, when derived from pre-
processed data sets, be calculated according to the following equations:

1
X10min = N ¥ Mk X (1)

1
O10min = \/—N N1 Sk (Ng (X1omin=Xk)? + 0Z(Ns—1)) (2)
k'Vs

where

N, is the number of pre-processed data sets within a 10 min period,;
X, Is the parameter averaged over pre-processing time period,
Xiomin Is the parameter averaged over 10 min;
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N, is the number of data samples of pre-processed data sets;

S
0y is the standard deviation of pre-processed parameter,

O10min 1S the standard deviation of pre-processed parameter averaged over 10 min.

Data sets shall be excluded from the database under the following circumstances:

— WTGS unavailable;

— failure of test equipment;

— wind directions outside the measurement sector.
Data se
dust, s

during
criteria|shall be stated in the measurement report.

blection

4.5 [Data correction

Selects gsure if
measu plied to
measu ample,
anemo

46 D

After d mdgthod of
bins” p tending
from 1 WTGS.
Alternatively, the wind spged\range 3 -i i peed at
which 'JAEP-measured" is : ; B). The
wind speed range shal i i s_coptiguous bins centred on integer multiples of
0,5 m/4.

The dajabase sha@

— eag
WTGS

5 Delrived resul

5.1 Data normalization

The selected data sets shall be normalized to two reference air densities. One shall be the
average of the measured air density data at the test site rounded to the nearest 0,05 kg/m3
The other shall be the sea level air density, referring to ISO standard atmosphere
(1,225 kg/m ) No air density normalization to actual average air density is needed when the
actual average air density is within 1,225 + 0,05 kg/m®. The air density is determined from
measured air temperature and air pressure according to the equation:

BlOmin
= _—10min 3
P1omin R10min 3
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where

Piomin IS the derived air density averaged over 10 min;

Tiomin is the measured absolute air temperature averaged over 10 min;
Biomin is the measured air pressure averaged over 10 min;

R is the gas constant 287,05 J/(kg x K).

For a stall-regulated WTGS with constant pitch and constant rotational speed, data
normalization shall be applied to the measured power output according to the equation:

Fn = Piomin D,‘L (4)

F10min

where
P, is the normalized power output;

P1omin| 1s the measured power averaged over 10 min;

Po is the reference air density;

P1omin | is the measured air density averaged over 10 min.

For a ed to the wing speed

according to the equation:

®)
where
Vn
VlOmin
malized
ed wind
(6)
1N
R = P 7
I N j=1 n,i,j (7)
where
V; is the normalized and averaged wind speed in bin i;
Vh,ij Isthe normalized wind speed of data set j in bin i;
P; is the normalized and averaged power output in bin i;
Pn’i’j is the normalized power output of data set j in bin i;
N: is the number of 10 min data sets in bin i.

The measured power curve shall be presented as detailed in clause 6.
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5.3 Annual energy production ( AEP)

The AEP is estimated by applying the measured power curve to different reference wind speed
frequency distributions. A Rayleigh distribution, which is identical to a Weibull distribution with
a shape factor of 2, shall be used as the reference wind speed frequency distribution. AEP
calculations shall be made for annual average wind speeds of 4, 5, 6, 7, 8, 9, 10 and 11 m/s
according to the equation:

P =, S A )AL ®

where

AEP ig the annual energy production;

Ny, is the number of hours in one year = 8760,
N is the number of bins;

Vi
P.

is the normalized and averaged wind speed Vin bin i;
is the normalized and averaged power output in bin i.

and

9)

where
F(V) i
V.,

ve 1§ the annual average

V is thhe wind speed.

The su

The A
extrapg
power

speed.

3 “AEP-
ve does not include data up to cut-out wind spged, the
the maximum measured wind speed up to cut-out wind

AEP-m al\be ohltained from the measured power curve by assuming zero pdwer for
all wind spe above andbelow the range of the measured power curve.

AEP-extrapolated | be obtained from the measured power curve by assuming zerq power
for all wind-speeds below the lowest wind speed in the measured power curve and cpnstant
power tor-windbetweenthehighest-wind—speed-imthe measuredpower—curve—ancdthe cut-out
wind speed. The constant power used for the extrapolated AEP shall be the power value from
the bin at the highest wind speed in the measured power curve.

AEP-measured and AEP-extrapolated shall be presented in the test report, as detailed in
clause 6. For all AEP calculations, the availability of the WTGS shall be set to 100 %. For given
annual average wind speeds, estimations of AEP-measured shall be labelled as "incomplete"
when calculations show that the AEP-measured is less than 95 % of the AEP-extrapolated.

Estimations of measurement uncertainty in terms of standard uncertainty of the AEP according
to annex C, shall be reported for the AEP-measured for all given annual average wind speeds.
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The uncertainties in AEP, described above, only deal with uncertainties originating from the
power performance test and do not take into account uncertainties due to other important
factors. Practical AEP forecasting should account for additional uncertainties, including those
concerning: local wind distribution, local air density, high atmospheric turbulence, severe wind
shear, variations in the WTGS performance within a wind power station, availability of the
WTGS and WTGS performance variations due to blade roughness effects.

5.4 Power coefficient

The power coefficient, Cp, of the WTGS may be added to the test results and presented as
detailed in clause 6. Cp shall be determined from the measured power curve according to the

following_equation:
&
cP,i:1—3 (10)
5 PoAY;
where
Cp,; ig the power coefficient in bin i;
V; is the normalized and averaged wind speed in bin j

P.

. is the normalized and averaged power output in b

N

ne specific WTGS configuration under test which

A is thhe swept area of the WTGS roto

po is the reference air density.

6 Reporting format

The teq

— des
incl

. (O ; serial numbers, number of blades, fixed or variable pitgh, and

— desfriptiofn of test/Site (see 2.2): the description of the test site shall include photogrpphs of
gasurement sectors preferably taken from the WTGS at hub height. A test site map
fifrg-the—strrotnding—area—covering—aradiat-tistance—of-atteast26-times—the' WTGS
rotor diameter and indicating the topography, location of the WTGS, meteorological mast,
significant obstacles, other wind turbines, and measurement sector;

otG O a VAA O atia G 0 O co v, e

— description of grid conditions at the test site, i.e. voltage, frequency and their tolerances;

— description of test equipment (see clause 3):. identification of the sensors and data
acquisition system, including documentation of calibrations for the sensors, transmission
lines, and data acquisition system;

— description of measurement procedure (see clause 4): documentation of the procedural
steps, test conditions, sampling rate, averaging time, measurement period, and test log
book that records all important events during the power performance test;

— presentation of data (see 4.3 to 4.6): the data shall be presented in both tabular and
graphical formats, providing statistics of measured power output as a function of wind
speed and of important meteorological parameters. Scatter plots of mean, standard
deviation, maximum, and minimum power output as function of wind speed and scatter
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plots of mean wind speed and turbulence intensity as function of wind direction for each
selected data set shall be presented. Examples of scatter plots of power output for power
performance test data are shown in figure 2.

Special databases consisting of data collected under special operational or atmospheric
conditions should also be presented as described above;

presentation of measured power curve for both reference air densities (see 5.1 and 5.2):
tabular and graphical representations of the measured power curve shall be provided. The
reference air density shall be stated in the graph and in the table. For each bin, the table
shall include normalized and averaged wind speed, normalized and averaged power output,
number of data sets, and standard uncertainties of category A, category B and combined
(determined accordlng to annex ). A graphlcal plot shaII present the same data of wind
asured
ided in

spheric

d AEP
pd. The
annua
asured
abelled
945 % of

of the

s shall be provided;

of this standard shall be |clearly
e technical rationale for each deviation.

1500/ I
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Figure 2 — Presentation of example data: power performance test scatter plots
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Table 1 — Example of presentation of a measured power curve

Measured power curve Category A Category B Combined

Reference air density 1,225 kg/m 3 uncertainty uncertainty uncertainty

Bin No. i Hub height Power No. of data Standard Standard Standard

wind speed output sets N, uncertainty uncertainty uncertainty
Vi P, 10 min S; u; ug;

average

m/s kw kw kW kW
1 1,59 -0,85 8 0,00 6,31
2 2,02 -0,74 15 0,08 6,30
3 2,51 —0U, 81 T8 0
4 3,04 -0,50 22 0
5 3,53 -0,67 27 0
6 4,04 0,16 41 5
7 4,55 7,32 55 8
8 4,99 25,90 61 1
9 5,54 54 0
10 6,00 95 9
L1 6,47 90 8
| 2 6,97 8 4
13 7,53 68 3
L4 8,02 7
L5 8,52 L 5
L 6 9,00 9 4
L 7 9,51 % 8
18 9,9 W 0
19 0
PO 74 5
P 1 78 3
P2 85 4
P3 60 4
P4 102 5
P5 88 1
4 79 8
p7 85 2
P8 61 2
P9 28 5
0 27 7
31 33 22,26
32 14 16,16
33 12 15,67
34 23 20,16
35 23 14,37
36 13 16,05
37 5 37,40
38 7 31,49
39 8 56,16
40 5 33,47
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Table 2 — Example of presentation of estimated annual energy production

Estimated annual energy production

Reference air density: 1,225 kg/m

3

Cut-out wind speed: 25 m/s

(extrapolation by constant power from last bin)

Hub height AEP-measured Uncertainty of measured AEP-extrapolated
annual average (measured power curve) power curve in terms of (extrapolated power curve)
wind speed standard deviation of AEP
(Rayleigh)
m/s MWh MWh, % MWh
4 412 111 27 % /\( 412
5 911 154 17 % 911
6 1536 191 15
7 2 207 219 2244
8 2 847 236 880
9 3 395 245 3487
10 3812 4001
11 4 092 incomplete 245(v 4 403

9,

N

=5



https://iecnorm.com/api/?name=75496302de231d8643fead5644872ce8

24 —

Annex A
(normative)

Assessment of test site

61400-12 © IEC:1998(E)

The test site shall be assessed to determine whether it can meet the requirements in this

annex.

Al R

The te
variatio
terrain
terrain
figure A
the rotd
the ma

Pquirements regarding topographic variations

ns from a plane which passes both through the base of the
within the sectors specified in table A.1. The slope of the

r diameter of the WTGS. In the case of a vertical ax
imum horizontal rotor diameter.

Table A.1 — Test site requirement

N

ographical variations

oW minor

cted as

Distance Secto Max unMo e Maximum terrain
% variation from plane
<2L 360° <3* <0,08|D
2 Land <4 L measuremen\sect&{r \/ <5* <0,15|D
22 Land <4 L ou}s% measie ent\) <10** Not appli¢able
N sealgr
34 Land <8 L L \/hg\as\ure%q%iectﬁ\ <10* <0,25|D

*  The[maximum @ft e plané, whish_pr id}s,r{e best fit to the sectoral terrain and passes through the tower
baseg.
**  Thelline of steep;s’t\ pe that capnects theMower base to individual terrain points within the sector.

N

Measurement sector

8L

>2L
slope!
variations < 0,1 D

agd/<4 L
50,

4L

<2 L:
slope <3 %
variations < 0,08 D

meteqgrology mast at distance L

>2Land<4L
slope < 10 %

WTGS IEC 148/98

Figure A.1 — Requirements to topographical variations, top view
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A.2 Requirements regarding neighbouring and operating wind turbines

The WTGS under test and the meteorological mast shall not be influenced by neighbouring and
operating wind turbines. The minimum distance from the WTGS under test and the
meteorological mast to neighbouring and operating wind turbines shall be two rotor diameters
D, of the neighbouring wind turbine. The sectors to exclude due to wakes from neighbouring
and operating wind turbines shall be taken from figure A.2. The dimensions to be taken into
account are the actual distance L, and the rotor diameter Dy of the neighbouring and operating
wind turbine. The sectors to exclude shall be derived for both the WTGS under test and the
meteorological mast, and they shall be centred on the direction from the neighbouring and
operating wind turbine to the meteorological mast or the WTGS. An example is shown in
figure A3 _Stopped wind turbines shall be regarded as ohstacles

A.3 Rpquirements regarding obstacles

No sighificant obstacles (e.g. buildings, trees, parked wind turhine ist]in the

measufement sector within a reasonable distance from the | mast.

Only small buildings, connected to the WTGS or the measuye bptable.

Obstacles smaller than the allowable terrain variations, as_defined @ san be neglected.

The sefctors to exclude due to wakes of significant obstasles<sh re A.2.

The dimensions to be taken into account are the agtual dis nt rotor

diameter D of the obstacle. The equivalent rotor diamet : bd as:
(A.D)

where

D, is the equivalent rotor dia

I, is the height of obstacls

l,, is the width of obstacte.

The seftors to e@ g 3 y pOth the WTGS under test and the meteorplogical

mast. They shall o] tion from the obstacle to the meteorological mast or

the dirgction from GS. An example is shown in figure A.3. For s$topped
wind trbines, . ¢ total height, and /, to the largest of either th¢ tower
diametér close~to » € largest blade chord.
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North Neighbouring North Neighbouring
and operating and operating a1°
wind turbine wind turbine
81°
meteorology Meteorology
mast mast o
L/D, =34 121
disturbed sector = 80°
wrcs | |
under test Significant WTGS Significant
% Dn obstacle under test obstacle
& T
2455 . L/D,=25
o disturbed sector = 93°
o/ 225 ) KO QX v
ighbbsurin
Nprth North
Neighbouring 25,5° ar_ld erating
and operating 56° nd tupbine
wind turbine
86,5°
Meteorology
mast
G
L/D,=86,0 L/D, =72
disturbed sector = 61° disturbed sector §56°
D g7°
Lo Significant L
wrcs St
under fest S [,=2/3D 143°
URQerigst L=13D
D, =4/9 D
d)
—/
Nprth North
270° L 90°
Significant
WTG obstacle
underf|test
[,=23D
L,=13D
D, =4/9 D
e) f)
IEC 150197

The figures show the sectors to exclude when:

a) the meteorological mast is in the wake of the WTGS under test;

b) the meteorological mast is in the wake of the neighbouring and operating wind turbine;
c) the WTGS is in the wake of the neighbouring and operating wind turbine;

d) the meteorological mast is in the wake of the significant obstacle;

e) the WTGS is in the wake of the significant obstacle;
f) all of the above effects a) to e) are combined.

Figure A.3 — An example of sectors to exclude due to wakes of the WTGS under test,
a neighbouring and operating wind turbine and a significant obstacle
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Annex B
(informative)

Calibration of test site

The aim of an experimental calibration of the test site is to determine the flow distortion
correction factors due to the test site topography. Calibration of a test site should be performed
by collecting wind speed and wind direction data at hub height on a temporary meteorological

mast e at the
meteor

The m ents of
clause blection
should width
For ea h 5 m/s
to 10 m

For thg meteorological masts, flow distortion correct; , S br each
wind difection sector by regressing the measured wind ds \ ‘ tion on
the mepsured wind data from the reference mas

The urcertainties connected to the factors
should| be derived from the measure sis as

described in annex C should be applied. e eg uncertainty should be use@l when
applying the flow distortion gorrection facto th rtainty should not be stated lgjss than

requirefd in 2.2.3.

9,
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Annex C
(normative)

Evaluation of uncertainty in measurement

This annex addresses the requirements for the determination of uncertainty in measurement.
The theoretical basis for determining the uncertainty using the method of bins, with a worked

example of estimating uncertainties, can be found in annex D.

The m(laasured power curve shall be supplemented with an estimate of
measufement. The estimate shall be based on the ISO information pUblic
expressgion of uncertainty in measurement”.

Followihg the ISO guide, there are two types of uncertainties{ category
which ¢an be deduced from measurements, and categor [
means] In both categories, uncertainties are expressed as

standald uncertainties.

The mgasurands

The megasurands are the power curve,
of eleqtric power and wind speed (see 5.1
production (see 5.3). Uncertainties in the measure

measufand by means of sensitivity factors. %

Uncertainty components

Table .1 provides a Qf) o ainty parameters that shall be included
uncertdinty anal

of the
to the

itude of

y other
enoted

values
energy
in the

in the
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Table C.1 — List of uncertainty components
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Measured Uncertainty component Uncertainty
parameter category
Electric power Current transformers B
Voltage transformers B
Power transducer or power measurement device B
Data acquisition system (see below) B
Variability of electric power A
Wind speed Anemometer calibration B
Operational characteristics B

Mounting effects
Data acquisition system (see below)

Flow distortion due to terrain

Air temperature

Temperature sensor
Radiation shielding
Mounting effects

Data acquisition system (see b Iowﬁ

<

Air pressure

Pressure senso

Mounting eff

Data acquisition

\Z
(see below)

Data acquisition
system

T 0 W T W W T @

Signal transmigsion v
stem accura Q
\'iign onditiom
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Annex D
(informative)

Theoretical basis for determining the uncertainty of measurement

using the method of bins

In its most general form the combined standard uncertainty of the power in bin i, u.; can be
expressed hy:

where

Cyiist

Uy jis the standard uncertainty of component k in bin i;
M is the number of uncertainty components in each Bin;

Pi,1i,j

The un

parame

The co
most g

where
f iS

F(V) is

N istl
Ny, is't

It is se

2 _ M M .
Ugi = 2k=1 21=1 Ski Ui Cii Ui Prlij

e sensitivity factor of component k in bin i;

dom possible to deduce explicitly all the values of the correlation coefficients py

(D.1)

ertainty

asured

AN in its

(D.2)

bin i;

normally significant simplifications are necessary.

Lij and

To allow the above expressions of combined uncertainties to be simplified to a practical level,
the following assumptions may be made:

— uncertainty components are either fully correlated (p =1, implying linear summation to
obtain the combined standard uncertainty) or independent (p =0, implying quadratic
summation, i.e. the combined standard uncertainty is the square root of summed squares
of the uncertainty components);

— all uncertainty components (they are of either category A or B) are independent of each
other (either they are from the same bin or they are from different bins), except category B
uncertainty components, which are fully correlated with category B components of the same
origin (e.g. uncertainty in power transducer) in different bins.
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expressed by:

where

s; are

u; are

It shou
numbe

The as§
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Using these assumptions, the combined uncertainty of the power within a bin, ug;, can be
— 2 2 _ 2,2
ugi= Tk ki St IKB Cugi= s U (D3)
M, is the number of category A uncertainty components;
Mg is the number of category B uncertainty components;
Sk i is the category A standard uncertainty of component k in bin i;
the caombined cataaorvy A uncertainties in hin i-
mbined-category-A-uncertaintiesin-bin+
the combined category B uncertainties in bin i.
d be noted that u ;? is not independent of bin size due to thé depende Sp} on the
of data sets in the bin (see equation D.10).
production, U,fp, is:
(D.4)
gory B

The si
uncertdi

combin

In pradi
bins bg
uncertdi
s; and

The uj4
equatig

Expandedduncertainty

AEP uncertainty, apply
ponents. Finally, the cr
Y into a resulting AEP uncertainty.

ing the
0ss-bin

bss the
gory B
ns (i.e.

(D.5)

0 using

The combined standard uncertainties of the power curve and the AEP may additionally be
expressed by expanded uncertainties. Referring to the ISO guide and assuming normal

distributions,

multiplying the standard uncertainties by a coverage factor also shown in the table.

intervals having levels of confidence shown in table D.1 can be found by
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Table D.1 — Expanded uncertainties

Level of confidence
%

Coverage factor

68,27
90
95
95,45
99
99,73

Example

The following example goes through an estimate of the categor}
bin of &a measured power curve. The uncertainty of the pow

uncertginty of AEP is estimated.

The ex
of the

uncertgi

where
and indi
express

where
measu

2 ,,2 2 2

2 N ef[2 . 2 2 . 2 2
sw %izlfl\/up,i teyiuy,it CT iUt CRiUB T Cimilm,i

speed. The uncertalnty related to climatic variations, s, is evaluated separately

bination
ertainty
gory B

(D.6)

qymbols

can be

(D.7)

(D.8)

The example only considers the uncertainty components, which shall be included in the
uncertainty analysis according to table C.1. The measured power curve, shown in figures 2 and
3 and table 1, is used in the example. The power curve (for lack of pre-processed data sets) is
extrapolated with a constant power, which is the power in the last bin, to the stop wind speed of
25 m/s. The results of the uncertainty analysis in the example are also shown in figure 3 and
table 1. All sensitivity factors are listed in table D.3, and category B uncertainties are listed in

table D.4.

Category A uncertainties

The only category A uncertainty that needs to be considered is the uncertainty of the measured
and normalized electric power data in each bin.
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Category A uncertainty in electric power

The standard deviation of the distribution of normalized power data in each bin is calculated by
the equation:

1 )
7Pz \/T—l 5 (P~ Poa) (D-9)

where

Op; is the standard deviation of the normalized power data in bin i;

N; is t:[c rmomberof- 1o mimdatasetsmrhin
Pi ist
P

e normalized and averaged power output in bin i;

3 the normalized power output of data set j in bin i.

@%

n,i,j

R
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Table D.2 — List of category B and A uncertainties

— 35—

Category B: Instruments Note Standard Uncertainty Sensitivity

Power output Upi cpi=1
Current transformers * a IEC 60044-1 Upy i
Voltage transformers * a IEC 60186 Upy,i
Power transducer or * a IEC 60688 Upg i
Power measurement device * c Upy,i
Wind speed Uy P - Pi_;
Anemopreter = b tyTT
Operat|onal characteristics * cd Uy
Mountipg effects * [
Air density P,
Tempefature 88,15 K-
Tempefature sensor * a Pi |
Radiation shielding * cd 1013 hPa
Mountipg effects *
Air prebsure ISPR53
Pressufe sensor *
Mountipg effects *
Data agquisition system Ug i Sensitivity factorlis

. o derived from actyal
Signal fransmission * b Q Ugq i uncertainty parareter
Systen) accuracy * cd Ugp i
Signal conditioning “ Ugs i
Categqry B: Terrai< B 2 < /
Flow d|stortion due to tgfra % ,\\Qc) Uyg,i Ccy,i (see above)
Categdry B: Method\/\ >
Method Uni
Air derfsi cd Umy,i crjand cgj
Method c Uma.i (see above)
Categdry A: Statisw
Electri¢ power * e Sp,i cpi=1
Climatic variations e Sw —--

* parameter required for the uncertainty analysis

NOTE - Identification of uncertainties:
a = reference to standard
b = calibration

¢ = other "objective" method
d = "guestimate"
e = statistics
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The standard uncertainty of the normalized and averaged power in the bin is estimated by the

equation:

S = spj = Ihi
| — A \/_
N;

where
Spis the category A standard uncertainty of power in bin i;

Op; is the standard deviation of the normalized power data in bin i;

(D.10)

N-:

i IS the-rumberof 10-min-data-setsin-bin+

Category A uncertainties in climatic variations

The power performance test may have been carried out under
that affect the test result systematically, such as very stablé
turbulepce) or unstable (little shear and high turbulence) atr
and/or [large changes in wind direction. The order of mag
tested [by: a) subdividing the data record into segme
(statistical) uncertainty on power, b) estimate annual/energ
power [curves, and c) calculate the standard (i
estimates.

Categofy B uncertainties

The category B uncertainties are assu
system| and the terrain s j
expressed as uncertaint

uncertdinty must be esfiqated or they

NOTE —|Consider a certa
assumed, the stand& ICEN

U
V3
If a triangular p i ISk assumed, the standard uncertainty is:
U
o=
V6

Category Buncertainties in the data acquisition system

There mayv—be uncertainties—from—transmission sianal conditionina analoaue
Ray—ee—dheerathtHes taHsHHsSioh——sighat—606 g—aha+egd

nditions
nd low
requent
can be
e small
derived
duction

uisition
ies are
andard
nties.

bution is

(D.11)

(D.12)

digital

ot oo

conversion, and data processing in the data acquisition system. The uncertainties may be
different for each measurement channel. The standard uncertainty of the data acquisition

system for the full range of a certain measurement channel, ug ;, can be expressed as:

- 2
udi = \/Uﬁl,i’fugz,i’fuds,i

where

Ug1,i is the uncertainty in signal transmission and signal conditioning in bin i;

Ugp,i IS the uncertainty in digitization in bin i, for example from quantization resolution;

(D.13)

Ugs,i is the uncertainty in other parts of the integrated data acquisition system (software,

storage system) in bin i.
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We assume in this example the data acquisition system to have a standard uncertainty ug ; of
0,1 % of full range of each measurement channel.

Category B uncertainties in electric power

The uncertainty of the power sensor has uncertainty contributions from current and voltage
transformers and from the power transducer. Uncertainties of these subcomponents are
normally stated by their classification.

The standard uncertainty of the electric power for each bin, up ;, is calculated by combining the

standard uncertainties from the power transducer, the current and voltage transformers and the
data agetHsition-system-

up,i = \/U/2>1,i + Uppj + Upg * Ugp, (D.14)
where
Upp i ig the uncertainty in current transformers in bin i;
Upy i ig the uncertainty in voltage transformers in bin i;
Upg; ig the uncertainty in the power transducer in bi
Ugp,; ig the uncertainty in the data acquisition sy & channel in bin i.
In the [example, the current and vo e power transducer |are all
assumed to be of class 0,5.
The cdrrent transformers o ads df the current transformers afe here
designg¢d to match the nothina C and not 200 % of nominal power). They have
uncertdinty limits, referring of £0,5 P of the current at 100 % load. At 2(4 % and
5 % loads, though, the Qi imN increased to £0,75 % and +1,5 % of the ¢urrent,
respectively. For powe \ ; easlxements on WTGS, the most important|energy
production is pe vef. Thus, we anticipate the uncertainty limits of
+0,75 % of the cuvfe 9 be a good average. The uncertainty distriblition is
assumed to be rectang . inties of the three current transformers are assymed to
be caused by ext€rna such as air temperature, grid frequencyn etc. They are
therefofe assued (an exception from the general assumption) and are
summed \ NA prrent  transformer contributes by one-third to the| power
measulerr i 3 e uncertainty of all current transformers is proportional to the
power S;
0,75 % Op; [kW] 1
upii = —3 = 0,43 % [P [kW D.15
P1,i \/g 3 o LR [kW] ( )

The voltage transformers of class 0,5, have uncertainty limits, referring to IEC 60186, of
+0,5 % of the voltage at all loads. The uncertainty distribution is assumed to be rectangular.
The grid voltage is normally rather constant and independent of the WTGS power. The
uncertainties of the three voltage transformers are as for the current transformers assumed to
be caused by external influence factors such as air temperature, grid frequency, etc. They are
therefore assumed fully correlated (an exception from the general assumption) and are
summed linearly. As each voltage transformer contributes by one-third to the power
measurement, it follows that the uncertainty of all voltage transformers is proportional to the
power as follows:

0, A
_ 0,5 % [P [kW] % 3 = 0,29 % P [kW] (D.16)

upzi = \/5
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If current and voltage transformers are not operated within their secondary loop operational
load limits, additional uncertainties shall be added.

The power transducer of class 0,5, referring to IEC 60688, with a nominal power of 2 000 kW
(200 % of the nominal power, 1 000 kW, of the WTGS) has an uncertainty limit of 10 kW. The
uncertainty distribution is assumed to be rectangular. The uncertainty of the power transducer
is thus:

10 kW

upsi = T

= 5,8 kW (D.17)

Considgring the electric power range of the measurement channel to 0 kW_fand an
uncertginty of the data acquisition system of 0,1% of this range, the st ifty from
the elegtric power sensor for each bin is:

i = (0,43 % 0P, [KW])2 + (0,29 % LI [KW] )2 + (5,8 KW )24 Q1% WY/

= (0,52 % 0y [kW])? + (6,3 kW)

(D.18)

Category B uncertainties in wind speed

The urcertainty of the wind speed 3 ant A inagton of several uncertainty
compoments. Usually, the most important™\Qne distortion due to the terrajn, the
mountipg effects on the anemometer, and NS anemometer calibration. If the
terrain complies with the terrain require fanex A the flow distortion due to the [terrain
is dete of the meteorological mast frpm the
WTGS] If an experimenta ibra is\yndertaken according to annex (B, the
standafd uncertainty derived ft i shdll be used, but it may not be leds than
one-thifd of the maxi ) ortjon:-Nf e _test/site analysis with a three-dimensionfal flow
model is undertaken a oxtal an one-half of the maximum flow distortion shall
be used. The f i ¢ ounting effects (boom and mast effects) might be
considgrable unl a i ted on a tube on top of the mast. The uncertainty
of the| anemomete ati e uncertainty due to operational characteristics
(over-speeding, Si sensitivity to temperature and air density) might be

The cajeg 3 taint wind speed in bin i, uy;, can be expressed as:

Wi = \/u\z/l,i * Ui+ Upa,i+ UGai+ U (D.19)

where

Uy i Is the uncertainty of the anemometer calibration in bin i;

Uy, i is the uncertainty due to operational characteristics of the anemometer in bin i;
Uysi Is the uncertainty of flow distortion due to mounting effects in bin i;

Uyg i is the uncertainty of flow distortion due to the terrain in bin i;

Ugyi Is the uncertainty in the data acquisition system for the wind speed in bin i.

The sensitivity factor is determined as the local slope of the measured power curve:

Pi = Pi-1
== D.20
Cv,i Vi—Vig ( )

The standard uncertainty of the anemometer calibration is estimated to be 0,2 m/s. Uncertainty
due to operational characteristics of the anemometer is estimated to be 0,5 % of the wind
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