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INTERNATIONAL ELECTROTECHNICAL COMMISSION 

____________ 

 
WIND ENERGY GENERATION SYSTEMS –  

 
Part 12-1: Power performance measurements  

of electricity producing wind turbines 
 

FOREWORD 
1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising 

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

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

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

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

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

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

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

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

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

International Standard IEC 61400-12-1 has been prepared by IEC technical committee 88: 
Wind energy generation systems. 

This second edition cancels and replaces the first edition published in 2005. This edition 
constitutes a technical revision. This edition includes the following significant technical 
changes with respect to the previous edition: 

a) new definition of wind speed, 
b) inclusion of wind shear and wind veer, 
c) revision of air density correction, 
d) revision of site calibration, 
e) revision to definition of power curve, 
f) interpolation to bin centre method, 
g) revision of obstacle model, 
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h) clarification of topography requirements, 
i) new annex on mast induced flow distortion, 
j) revision to anemometer classifications, 
k) inclusion of ultrasonic anemometers, 
l) cold climate annex added, 
m) database A changed to special database, 
n) revision of uncertainty annex, 
o) inclusion of remote sensing. 

IEC 61400-12-2 is an addition to IEC 61400-12-1. 

The text of this standard is based on the following documents: 

FDIS Report on voting 

88/610/FDIS 88/617/RVD 

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

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

Future standards in this series will carry the new general title as cited above. Titles of existing 
standards in this series will be updated at the time of the next edition. 

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

The committee recognizes that this revision represents a significant increase in complexity 
and perhaps greater difficulty to implement. However, it represents the committee’s best 
attempt to address issues introduced by larger wind turbines operating in significant wind 
shear and complex terrain. The committee recommends that the new techniques introduced 
be validated immediately by test laboratories through inter-lab proficiency testing. The 
committee recommends a Review Report be written within three years of the release of this 
document which includes recommendations, clarifications and simplifications that will improve 
the practical implementation of this standard. If necessary a revision should be proposed at 
the same time to incorporate these recommendations, clarifications and simplifications. 

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

• reconfirmed, 
• withdrawn, 
• replaced by a revised edition, or 
• amended. 

The contents of the corrigenda of September 2019 and March 2020 have been included in 
this copy. 

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

The purpose of this part of IEC 61400 is to provide a uniform methodology that will ensure 
consistency, accuracy and reproducibility in the measurement and analysis of power 
performance by wind turbines. The standard has been prepared with the anticipation that it 
would be applied by: 

a) a wind turbine manufacturer striving to meet well-defined power performance 
requirements and/or a possible declaration system; 

b) a wind turbine purchaser in specifying such performance requirements; 
c) a wind turbine operator who may be required to verify that stated, or required, power 

performance specifications are met for new or refurbished units; 
d) a wind turbine planner or regulator who shall be able to accurately and fairly define power 

performance characteristics of wind turbines in response to regulations or permit 
requirements for new or modified installations. 

This document provides guidance in the measurement, analysis, and reporting of power 
performance testing for wind turbines. The document will benefit those parties involved in the 
manufacture, installation planning and permitting, operation, utilization, and regulation of wind 
turbines. The technically accurate measurement and analysis techniques recommended in 
this standard should be applied by all parties to ensure that continuing development and 
operation of wind turbines is carried out in an atmosphere of consistent and accurate 
communication relative to wind turbine performance. This document presents measurement 
and reporting procedures expected to provide accurate results that can be replicated by 
others. Meanwhile, a user of the standard should be aware of differences that arise from large 
variations in wind shear and turbulence. Therefore, a user should consider the influence of 
these differences and the data selection criteria in relation to the purpose of the test before 
contracting the power performance measurements. 

A key element of power performance testing is the measurement of wind speed. This 
document prescribes the use of cup or sonic anemometers or remote sensing devices (RSD) 
in conjunction with anemometers to measure wind. Even though suitable procedures for 
calibration/validation and classification are adhered to, the nature of the measurement 
principle of these devices may potentially cause them to perform differently. These 
instruments are robust and have been regarded as suitable for this kind of test with the 
limitation of some of them to certain classes of terrain. 

Recognising that, as wind turbines become ever larger, a wind speed measured at a single 
height is increasingly unlikely to accurately represent the wind speed through the entire 
turbine rotor, this standard introduces an additional definition of wind speed. Whereas 
previously wind speed was defined as that measured at hub height only, this may now be 
supplemented with a so called Rotor Equivalent Wind Speed (REWS) defined by an arithmetic 
combination of simultaneous measurements of wind speed at a number of heights spanning 
the complete rotor diameter between lower tip and upper tip. The power curves defined by 
hub height wind speed and REWS are not the same and so the hub height wind speed power 
curve is always presented for comparison whenever a REWS power curve is measured. As a 
consequence of this difference in wind speed definition, the annual energy production (AEP) 
derived from the combination of a measured power curve with a wind speed distribution uses 
an identical definition of wind speed in both the power curve and the wind speed distribution.  

Procedures to classify cup anemometers and ultrasonic anemometers are given in Annexes I 
and J. Procedures to classify remote sensing devices are given in Annex L. Special care 
should be taken in the selection of the instruments chosen to measure the wind speed 
because it can influence the result of the test. 
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WIND ENERGY GENERATION SYSTEMS –  
 

Part 12-1: Power performance measurements  
of electricity producing wind turbines 

 
 
 

1 Scope 

This part of IEC 61400 specifies a procedure for measuring the power performance 
characteristics of a single wind turbine and applies to the testing of wind turbines of all types 
and sizes connected to the electrical power network. In addition, this standard describes a 
procedure to be used to determine the power performance characteristics of small wind 
turbines (as defined in IEC 61400-2) when connected to either the electric power network or a 
battery bank. The procedure can be used for performance evaluation of specific wind turbines 
at specific locations, but equally the methodology can be used to make generic comparisons 
between different wind turbine models or different wind turbine settings when site-specific 
conditions and data filtering influences are taken into account. 

The wind turbine power performance characteristics are determined by the measured power 
curve and the estimated annual energy production (AEP). The measured power curve, defined 
as the relationship between the wind speed and the wind turbine power output, is determined 
by collecting simultaneous measurements of meteorological variables (including wind speed), 
as well as wind turbine signals (including power output) at the test site for a period that is long 
enough to establish a statistically significant database over a range of wind speeds and under 
varying wind and atmospheric conditions. The AEP is calculated by applying the measured 
power curve to reference wind speed frequency distributions, assuming 100 % availability. 

This document describes a measurement methodology that requires the measured power 
curve and derived energy production figures to be supplemented by an assessment of 
uncertainty sources and their combined effects.  

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 60688:2012, Electrical measuring transducers for converting A.C. and D.C. electrical 
quantities to analogue or digital signals 

IEC 61400-12-2:2013, Wind turbines – Part 12-2: Power performance of electricity-producing 
wind turbines based on nacelle anemometry 

IEC 61869-1:2007, Instrument transformers – Part 1: General requirements 

IEC 61869-2:2012, Instrument transformers – Part 2: Additional requirements for current 
transformers 

IEC 61869-3:2011, Instrument transformers – Part 3: Additional requirements for inductive 
voltage transformers  

ISO/IEC GUIDE 98-3:2008, Uncertainty of measurement – Part 3: Guide to the expression of 
uncertainty in measurement (GUM:1995) 
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ISO/IEC 17025:2005, General requirements for the competence of testing and calibration 
laboratories 

ISO/IEC 17043:2010, Conformity assessment – General requirements for proficiency testing 

ISO 2533:1975, Standard atmosphere 

ISO 3966:2008, Measurement of fluid flow in closed conduits – Velocity area method using 
Pitot static tubes 

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: 

• IEC Electropedia: available at http://www.electropedia.org/ 

• ISO Online browsing platform: available at http://www.iso.org/obp 

3.1  
accuracy 
closeness of the agreement between the result of a measurement and a true value of the 
measurand 

3.2  
annual energy production 
AEP 
estimate of the total energy production of a wind turbine during a one-year period by applying 
the measured power curve to different reference wind speed frequency distributions at hub 
height, assuming 100 % availability 

3.3  
atmospheric stability 
a measure of tendency of the wind to encourage or suppress vertical mixing 

Note 1 to entry: Stable atmosphere is characterized by a high temperature gradient with altitude, high wind shear, 
possible wind veer and low turbulence relative to unstable conditions. Neutral and unstable atmosphere generally 
result in lower temperature gradients and low wind shear.  

3.4  
complex terrain 
terrain surrounding the test site that features significant variations in topography and terrain 
obstacles (refer to 3.18) that may cause flow distortion 

3.5  
cut-in wind speed 
the lowest wind speed at which a wind turbine will begin to produce power 

3.6  
cut-out wind speed 
the wind speed at which a wind turbine cuts out from the grid due to high wind speed  

3.7  
data set 
a collection of data sampled over a continuous period 
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3.8  
distance constant 
indication of the response time of an anemometer, defined as the length of air that shall pass 
the instrument for it to indicate 63 % of the final value for a step input in wind speed 

3.9  
extrapolated power curve 
extension of the measured power curve by estimating power output from the maximum 
measured wind speed to cut-out wind speed 

3.10  
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 to be different from the wind speed at 
the wind turbine location  

3.11  
hub height (of wind turbines) 
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.  

3.12  
measured power curve 
table and graph that represents the measured, corrected and normalized net power output of 
a wind turbine as a function of measured wind speed, measured under a well-defined 
measurement procedure 

3.13  
measurement period 
period during which a statistically significant database has been collected for the power 
performance test 

3.14  
measurement sector 
a sector of wind directions from which data are selected for the measured power curve 

3.15  
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. 

3.16  
net active electric power  
measure of the wind turbine electric power output that is delivered to the electrical power 
network 

3.17  
normal maintenance 
any intervention which is done according to a defined regular maintenance program, 
independent from the fact that a power performance test is being done, e.g. oil change, blade 
washing (if due anyway, i.e. independent from the power performance test) and any 
intervention which is out of the scope of the regular maintenance program (e.g. repair of a 
failed component) and which is not a machine configuration change 
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3.18  
obstacles 
obstructions that block the wind and create distortion of the flow, such as buildings and trees 

3.19  
pitch angle 
angle between the chord line at a defined blade radial location (usually 100 % of the blade 
radius) and the rotor plane of rotation 

3.20  
power coefficient 
ratio of the net electric power output of a wind turbine to the power available in the free 
stream wind over the rotor swept area 

3.21  
power performance 
measure of the capability of a wind turbine to produce electric power and energy 

3.22  
rated power 
quantity of power assigned, generally by a manufacturer, for a specified operating condition of 
a component, device or equipment 

3.23  
rotor equivalent wind speed 
wind speed corresponding to the kinetic energy flux through the swept rotor area when 
accounting for the variation of the wind speed with height, as represented in Equation (5) 

3.24  
special maintenance 
any intervention which is out of the scope of the regular maintenance program and which is 
not a machine configuration change, i.e. any intervention which is done in order to improve 
the power performance during a test period, e.g. an unscheduled blade washing, any 
replacement of an essential component 

3.25  
standard uncertainty 
uncertainty of the result of a measurement expressed as a standard deviation 

3.26  
swept area 
for a horizontal axis wind turbine, the projected area of the moving rotor upon a plane normal 
to axis of rotation 

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

3.27  
test site 
location of the wind turbine under test and its surroundings 

3.28  
uncertainty in measurement 
parameter, associated with the result of a measurement, which characterizes the dispersion of 
the values that could reasonably be attributed to the measurand 

3.29  
wind measurement equipment 
meteorological mast or remote sensing device 
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3.30  
wind shear 
change of wind speed with height across the wind turbine rotor 

3.31  
wind shear exponent 
exponent α 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 for site calibration in  
Annex C and may be otherwise useful. The power law equation is 

 
α







=

H
zvv i

i hz  (1) 

where 

vh is the hub height wind speed; 

H is the hub height (m);  

vzi is the wind speed at height zi; 

α is the wind shear exponent. 

3.32  
wind veer 
change of wind direction with height across the wind turbine rotor 

4 Symbols and units 

A swept area of the wind turbine rotor [m2] 
Ai area of the ith wind turbine rotor segment [m2] 
Aw  Weibull scale factor [m/s] 
AEP annual energy production [Wh] 
B barometric pressure  [Pa] 
B10min measured air pressure averaged over 10 min [Pa] 
Ch pitot tube head coefficient  
CP,i power coefficient in bin i 
CQA generalized aerodynamic torque coefficient 
CT thrust coefficient  
c sensitivity factor of a parameter (the partial differential) 
cB,i sensitivity factor of air pressure in bin i [W/Pa] 
cd,i sensitivity factor of data acquisition system in bin i 
cindex sensitivity factor of index parameter 
ck,i sensitivity factor of component k in bin i 
cT,i sensitivity factor of air temperature in bin i [W/K] 
cV,i sensitivity factor of wind speed in bin i [Ws/m] 
cρ,i sensitivity factor of air density correction in bin i [Wm3/kg] 
D rotor diameter [m] 
De equivalent rotor diameter [m] 
Dn rotor diameter of neighbouring and operating wind turbine [m] 
d meteorological mast diameter [m] 
F(V) the Rayleigh cumulative probability distribution function for wind speed 
fi the relative occurrence of wind speed in a wind speed interval 
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fr,MM wind shear correction factor, measured using meteorological mast mounted 
instruments 

fr,RSD wind shear correction factor, measured using a remote sensing device 
H hub height of wind turbine [m] 
h height of obstacle [m] 
I inertia of cup anemometer rotor [kgm2] 
k class number 
k  Weibull shape factor 
kb  blockage correction factor 
kc wind tunnel calibration factor 
kf wind tunnel correction factor to other tunnels (only used in uncertainty estimate) 
kρ humidity correction to density 
KB,t barometer sensitivity [N/m2V] 
KB,s barometer gain 
KB,d barometer sampling conversion 
KT,t temperature transducer sensitivity [K/A] 
KT,s temperature transducer gain [A/V] 
KT,d temperature transducer sampling conversion 
Kp,t pressure transducer sensitivity 
Kp,s pressure transducer gain 
Kp,d pressure transducer sampling conversion 
Lm distance between adjacent legs of lattice meteorological mast [m] 
L distance between the wind turbine and the wind measurement  
 equipment [m] 
Le distance between the wind turbine or the wind measurement  
 equipment and an obstacle [m] 
Ln distance between the wind turbine or the wind measurement 
 equipment and a neighbouring and operating wind turbine [m] 
lh height of obstacle [m] 
lw width of obstacle [m] 
M number of uncertainty components in each bin 
MA number of category A uncertainty components 
MB number of category B uncertainty components 
N number of bins 
Nh number of hours in one year ≈ 8 760 [h] 
Ni number of 10 min data sets in wind speed bin i 
Nj number of 10 min data sets in wind direction bin j 
n  number of samples within sampling interval 
nh  number of available measurement heights 
Po porosity of obstacle (0: solid, 1: no obstacle) 
Pi normalized and averaged power output in bin i [W] 
Pn normalized power output [W] 
Pn,i,j normalized power output of data set j in bin i [W] 
P10min measured power averaged over 10 min [W] 
Pw vapour pressure  [Pa] 
QA aerodynamic torque [Nm] 
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Qf friction torque [Nm] 
R rotor radius [m] 
R0 gas constant of dry air (287,05) [J/kgK] 
Rd distance to meteorological mast centre [m] 
Rw  gas constant of water vapour (461,5) [J/kgK] 
RSD remote sensing device 
r correlation coefficient 
s category A standard uncertainty component 
sA category A standard uncertainty of tunnel wind speed time series 
sk,i category A standard uncertainty of component k in bin i 
si combined category A uncertainties in bin i 
sP,i category A standard uncertainty of power in bin i [W] 
ssc category A standard uncertainty of site calibration [m/s] 
sw,i category A standard uncertainty of climatic variations  [Wh] 
sα,j category A standard uncertainty of wind speed ratios in bin j 
S meteorological mast solidity 
T absolute temperature  [K] 
TI turbulence intensity 
T10min measured absolute air temperature averaged over 10 min [K] 
t time [s] 
U wind speed [m/s] 
Ud centreline wind speed deficit [m/s] 
Ueq equivalent horizontal wind speed [m/s] 
Ui wind speed in bin i [m/s] 
Ut threshold wind speed [m/s] 
U wind speed vector 
u category B standard uncertainty component 
uAEP combined standard uncertainty in the estimated annual energy  
                production [Wh] 
uB,i category B standard uncertainty of air pressure in bin i [Pa] 
uc,i combined standard uncertainty of the power in bin i [W] 
ui combined category B uncertainties in bin i 
uindex category B standard uncertainty of index parameter 
uk,i category B standard uncertainty of component k in bin i 
uP,i category B standard uncertainty of power in bin i [W] 
uV,i category B standard uncertainty of wind speed in bin i [m/s] 
uT,i category B standard uncertainty of air temperature in bin i [K] 
uα,i,j combined standard uncertainty of site calibration in wind speed 
 bin i and wind direction bin j [m/s] 
uρ,i category B standard uncertainty of air density correction in bin i [kg/m3] 
V wind speed [m/s] 
Vave annual average wind speed at hub height [m/s] 
Vi normalized and averaged wind speed in bin i [m/s] 
Vn normalized wind speed [m/s] 
Vn,i,j normalized wind speed of data set j in bin i [m/s] 
V10min measured wind speed averaged over 10 min [m/s] 
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v transversal wind speed component [m/s] 
v  mean flow air speed [m/s] 
veq  measured equivalent wind speed  [m/s] 
veq,final  final rotor equivalent wind speed [m/s] 
veq,MM  equivalent wind speed based on meteorological mast measurements [m/s] 
veq,RSD equivalent wind speed based on remote sensing device measurements [m/s] 
vh hub height wind speed [m/s] 
vh,MM   wind speed measured at hub height with meteorological mast [m/s] 
vhn   hub height wind speed normalised for a specific wind shear profile [m/s] 
vh,RSD   wind speed measured at hub height by the remote sensing device [m/s] 
vi   wind speed measured at height i [m/s] 
vzi wind speed at height zi [m/s] 
WME wind measurement equipment 
w vertical wind speed component [m/s] 
wi weighting function to define deviation envelope 
Xk parameter averaged over pre-processing time period 
X10min parameter averaged over 10 min 
x distance downstream from obstacle to wind measurement  
 equipment or wind turbine [m] 
z height above ground [m] 
zi  height of the ith wind turbine rotor segment [m] 
α wind shear exponent from power law [°] 

εmax,i maximum deviation for any wind speed bin i in the wind speed range [m/s] 
θ disturbed sector [°] 
κ von Karman constant 0,4 
λ speed ratio 
ρ air density [kg/m3] 
ρ0 reference air density [kg/m3] 
ρ10min derived air density averaged over 10 min [kg/m3] 
σP,i standard deviation of the normalized power data in bin i [W] 
σ10min standard deviation of parameter averaged over 10 min 
σu/σv/σw standard deviations of longitudinal/transversal/vertical wind speeds 
Φ relative humidity (range 0 % to 100 %) 
ω angular speed [s–1] 

5 Power performance method overview 

The wind shear and wind veer may vary significantly over the rotor height of large wind 
turbines for atmospheric stability conditions and it is also dependent on topography at the 
site. The occurrence of extreme atmospheric stability conditions is a site specific issue, and if 
occurring during a power performance test, the power curve may vary significantly.  

The power performance measurement method used in this standard is based on a definition of 
the power curve that expresses power produced versus the wind speed that represents 
effectively the kinetic energy flux in the wind flowing across the swept area of the rotor.  
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The kinetic energy flux (referring to a certain point in time or period of time, typically 10 min, 
assuming that the wind speed does not change within this time1) across the vertical capture 
area is in general terms expressed as:  

 
AVP

A
d

2
1 3

kin ρ∫=  (2) 
 

 

Here the wind speed V, measured at a point in space over the rotor area, is the horizontal 
wind speed2. The horizontal wind speed is defined as the average magnitude of the horizontal 
component of the instantaneous wind velocity vector, including only the longitudinal and 
lateral (but not the vertical) components. When we consider a horizontal axis wind turbine the 
wind veer is also taken into account and the kinetic energy in the wind is corrected according 
to the wind direction at hub height: 

 ( )( ) AVP
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Here φhub is the wind direction at hub height. The wind veer may vary significantly over the 
rotor height of large wind turbines for extreme atmospheric stability conditions and it is also 
dependent on topography at the site. 

In this standard we do not consider wind shear and wind veer in the horizontal plane. Thus 
the energy equivalent wind speed that corresponds to the kinetic energy in the wind as 
derived from the expression of kinetic energy in Equation (3) in general is described as: 
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Here the index i  refers to the height within the rotor area3. 

Although horizontal wind speed is considered to be the influential wind speed parameter, on 
sites with significant non-horizontal flow (up or down-flow), there is additional uncertainty 
associated with both the measurement of the horizontal wind speed and the response of the 
wind turbine. 

At sites with low and homogeneous wind shear and wind veer over the rotor (and for turbines 
with small rotor diameters in possibly more complex wind flow conditions), the wind speed 
measured at hub height can be a good representation of the kinetic energy to be captured by 
the rotor. Hub height wind speed is the wind speed upon which power curves have historically 
been defined in all previous editions of this standard. For that reason, the wind speed 
measured at hub height is the default definition of wind speed and shall always be measured 
and reported, even when more comprehensive measurements of wind speed are available 
over the rotor height. 

___________ 
1  If the wind speed changes (i.e. if the turbulence intensity is >0) during a certain time period, then the kinetic 

power (averaged over this time period) is higher than in case of a constant wind speed, whereas a wind turbine 
has only a limited possibility to transform this additional kinetic power into additional electric power. This issue 
is not taken into further consideration here. As a simplification, the Equations (2), (3) , (4) are considered valid 
here, even in case of a turbulence intensity >0. The impact of wind speed changes on the time averaged kinetic 
power and the associated impact on the wind turbine power curve is treated by the turbulence normalisation 
procedure as included in Annex M.  

2  Wind turbine power seems to correlate better with the horizontal wind speed definition than with a vector wind 
speed definition for a one point hub height wind speed measurement. 

3  However when wind speed is mentioned in the document, it is by default referring to the hub height wind speed 
definition unless specifically stated to be this energy equivalent wind speed definition. 
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At sites and seasons where extreme atmospheric stability conditions are expected to be 
frequent, it is recommended always to measure wind shear. 

If wind shear and wind veer are not measured over the full height of the rotor, there is added 
uncertainty in the equivalent wind speed. This uncertainty decreases as more wind speed and 
wind direction measurement heights are used. If measurements are limited to only hub height 
and there is no measurement of wind shear over the most significant parts of the rotor then 
this implies an uncertainty in determination of the equivalent wind speed.  

For small wind turbines4, where the influence of the wind shear and wind veer are 
insignificant, the wind speed shall be represented by a hub height wind speed measurement 
alone without adding uncertainty due to lack of wind shear and wind veer measurements.  

For vertical axis wind turbines, where the influence of the wind veer is not present, the wind 
veer shall be neglected.  

As the wind conditions at the position of the test turbine and at the position of the wind 
measurement may differ significantly if the test turbine or the wind measurement is located in 
wakes of any wind turbines, such situations shall be excluded from the test.  

The air density ρ  also varies over the height of a large wind turbine rotor. However, this 
variation is small. For practical implementation of the power performance measurement 
method, it is sufficient to define and determine the air density only at hub height. The power 
curve is normalized to the average air density at the measurement site over the measurement 
period or to a pre-defined reference air density. 

Power curves are also influenced by the turbulence at the test site, and turbulence may vary 
over the rotor. In this standard, only the site turbulence at hub height is considered. High 
turbulence increases the radius of curvature of the power curve at cut-in and at the start of 
power regulation at nominal power while low turbulence will make these corners of the power 
curve sharper. Site turbulence shall be measured and presented as a supplement to the 
power curve. If needed, a normalisation to a specified turbulence can be done using the 
method of Annex M. 

In summary, the power curve according to this standard is a climate specific power curve, 
where: 

a) the wind speed at a point in space is defined as the horizontal wind speed; 
b) the wind speed of a power curve is defined as the hub height wind speed. This definition 

may be supplemented with the equivalent wind speed, as defined in Equation (4), taking 
account of vertical wind shear and wind veer5; 

c) air density is measured at hub height and the power curve is normalized to a site average 
air density during the measurement period or to a pre-defined reference air density; 

d) turbulence is measured at hub height and the power curve is presented without a 
turbulence normalization;  

e) the power curve can be normalized to a broader range of climatic conditions (e.g. specific 
air density, turbulence intensity, vertical shear and veer)6. 

___________ 
4  Small turbines, refer to IEC 61400-2. 

5  For vertical axis wind turbines, the wind veer is omitted in Equation (3) (setting φi = φhub). 

6 The power curve normalization is only valid for limited ranges of climatic conditions from the actual site 
conditions. 
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In this standard, all necessary procedures for measurements, calibration, classification, data 
correction, data normalization and determination of uncertainties are provided. However, if not 
all parameters are sufficiently measured, then uncertainty shall be applied due to the lack of 
measurement. This applies, for example, to the measurement of a power curve of a large wind 
turbine with only a hub height wind speed sensor. In this case, an uncertainty shall be applied 
for the variability of the wind shear and of the wind veer. 

The best results from the use of the standard are achieved by measurement of all required 
parameters and use of all relevant procedures. However, if this is not possible, there are 
options both for the measurement setup and for the use of the procedures. These options are 
described in Table 1. The options refer to the use of wind measurement equipment, the 
applied normalizations, and additional uncertainties connected to the lack of measurements.  

Table 1 – Overview of wind measurement configurations for power 
curve measurements that meet the requirements of this standard 

Wind measurement 
configuration 

1. Meteorology 
mast to hub height 

and remote 
sensing to all 

heights 

2. Meteorology 
mast below hub 

height and remote 
sensing to all 

heights 

3. Meteorology 
mast above hub 

height 
4, Meteorology 

mast to hub height 

Typical application Large wind 
turbines7 in flat 
terrain (see  
Annex B) 

Large wind turbines 
in flat terrain (see 
Annex B) 

Large and small 
wind turbines in all 
types of terrain 

Large and small 
wind turbines in all 
types of terrain 

Wind measurement 
sensors 

7.2.3, 7.2.5 7.2.3, 7.2.5 7.2.3, 7.2.4 7.2.3 

Normalisation 
procedures for 
climate specific 
power curve 
determination 

Air density, wind 
shear; 9.1.5 and 
9.1.3.4 

Air density, wind 
shear; 9.1.5 and 
9.1.3.4 

Air density, wind 
shear; 9.1.5 and 
9.1.3.4 

Air density; 9.1.5 

Additional 
uncertainty due to 
lack of wind shear 
measurement 

No additional 
uncertainty 
dependent on 
measurement height 
coverage;  

 E.11.2.2 

No additional 
uncertainty 
dependent on 
measurement height 
coverage; 

E.11.2.2 

No additional 
uncertainty 
dependent on 
measurement height 
coverage; 

E.11.2.2 

Additional gross 
uncertainty for large 
wind turbines due to 
lack of vertical wind 
shear;  

E.11.2.2 

Optional 
normalization 
procedures8 

Turbulence, wind 
veer and upflow 
angle; 9.1.6 and 
9.1.4 

Turbulence, wind 
veer and upflow 
angle; 9.1.6 and 
9.1.4  

Turbulence, wind 
veer and upflow 
angle; 9.1.6 and 
9.1.4. 
Meteorological mast 
flow distortion; 
9.1.2, Site 
calibration; 
Annex C. 

Turbulence and 
upflow angle; 9.1.6. 
Site calibration; 
Annex C. 

 

___________ 
7  Refer to IEC 61400 -2 for definition of large and small wind turbines. 

8  Upflow influences the power curve and can be measured with 3D sonic anemometers or upflow vanes. If an 
upflow angle normalization is applied then the method should be documented (uncertainty on upflow is 
considered in Annex E). However, no specific procedure is described in this standard on how to normalise for 
upflow angle.  
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6 Preparation for performance test 

6.1 General 

The specific test conditions related to the power performance measurement of the wind 
turbine shall be well-defined and documented in the test report, as detailed in Clause 10. 

6.2 Wind turbine and electrical connection 

As detailed in Clause 10, the wind turbine and electrical connection shall be described and 
documented to identify uniquely the specific machine configuration that is tested. 

6.3 Test site 

6.3.1 General 

At the test site wind measurement equipment shall be set up in the neighbourhood of the wind 
turbine to determine the wind speed that drives the wind turbine.  

Wind shear and atmospheric stability characteristics of the site may have significant 
influences on the wind measurement and the actual power performance of the wind turbine. 
Often there is a diurnal cycle of atmospheric stability, with stable atmosphere forming at night 
and neutral or unstable atmosphere during the day as the sun heats the ground, increasing 
turbulence and mixing in the boundary layer. Wind shear, wind veer, and turbulence are all a 
function of atmospheric stability and impact the relationship between the hub height wind 
speed to the rotor equivalent wind speed and unusual profiles may impact a wind turbine’s 
energy conversion. In addition, flow distortion effects may cause the wind speed at the 
position of the wind speed measurement and wind turbine to be different, though correlated. 

The test site shall be assessed for sources of wind flow distortion in order to: 

a) choose the position of the wind measurement equipment; 
b) define a suitable measurement sector; 
c) determine if a site calibration is required then determine the appropriate flow corrections 

by measurement according to Annex C; 
d) evaluate the uncertainty due to wind flow distortion. 

The following factors shall be considered, in particular: 

1) topographical variations and roughness; 
2) other wind turbines; 
3) obstacles (buildings, trees, etc.). 

The test site shall be documented as detailed in Clause 10. 

6.3.2 Location of the wind measurement equipment 

Care shall be taken in locating the wind measurement equipment. The wind measurement 
equipment shall not be located too close to the wind turbine, since the wind speed will be 
influenced in front of the wind turbine. Also, it shall not be located too far from the wind 
turbine, since the correlation between wind speed and electric power output will be reduced. 
The wind speed measurement instrumentation shall be positioned at a distance from the wind 
turbine of between 2 and 4 times the rotor diameter D of the wind turbine. A distance of  
2,5 times the rotor diameter D is recommended. In the case of a vertical axis wind turbine,  
refer to Clause H.4. 

Prior to carrying out the power performance test and in helping to select the location for the 
wind measurement equipment, account should be taken of the need to exclude measurements 
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from all sectors in which either the wind measurement equipment or the wind turbine will be 
subject to flow disturbance.  

In most cases, the best location for the wind measurement equipment will be upwind of the 
wind turbine in the direction from which most valid wind is expected to come during the test. 
In other cases, however, it may be more appropriate to place the wind measurement 
equipment alongside the wind turbine as the wind conditions will be more similar, for example 
for a wind turbine sited on a ridge.  

6.3.3 Measurement sector 

The measurement sector(s) shall exclude directions having significant obstacles and other 
wind turbines, as seen from both the wind turbine under test and the wind measurement 
equipment.  

For all neighbouring wind turbines and significant obstacles, the directions to be excluded due 
to wake effects shall be determined using the procedure in Annex A. The disturbed sectors to 
be excluded due to the wind measuring equipment being in the wake of the wind turbine under 
test are shown in Figure 1 for distances of 2D, 2,5D and 4D. Reasons to reduce the 
measurement sector(s) might be special topographic conditions or unexpected measurement 
data from directions with complicated structures. All reasons for reducing the measurement 
sector shall be clearly documented. 

 

Distance of meteorology 
mast to wind 2D and 4D, 
2,5D is recommended 

Mast to wind turbine centre line 

Maximum measurement sector: 
at 2D:    279° 
at 2,5D: 286° 
at 4D:    301° 

2,5D  
2D 

Mast at 4D 

Disturbed sector 
due to wake of 
wind turbine on 
meteorology mast 
(Annex A): 
at 2D:    81° 
at 2,5D: 74° 
at 4D:    59° 

Wind 
turbine  

D 

IEC  

Figure 1 – Requirements as to distance of the wind measurement equipment 
and maximum allowed measurement sectors 

6.3.4 Correction factors and uncertainty due to flow distortion originating from 
topography 

The test site shall be assessed for sources of wind flow distortion due to topographical 
variations. The assessment in Annex B shall identify whether the power curve can be 
measured without a site calibration. If the criteria of Annex B are met, the wind flow regime of 
the site does not need a site calibration. However, in assuming that no flow correction is 
necessary, the applied uncertainty due to flow distortion of the test site shall be a minimum of 
2 % of the measured wind speed if the wind measurement equipment is positioned at a 
distance between 2 and 3 times the rotor diameter of the wind turbine and 3 % or greater if 
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the distance is between 3 and 4 times the rotor diameter9, unless objective evidence can be 
provided quantifying a different uncertainty. 

If the criteria of Annex B are not met, or a smaller uncertainty due to flow distortion of the test 
site is desired, then an experimental site calibration shall be undertaken in accordance with 
Annex C. The measured flow correction factors for each sector shall be used.  

7 Test equipment 

7.1 Electric power 

The net electric power of the wind turbine shall be measured using a power measurement 
device (e.g. power transducer) and be based on measurements of current and voltage on 
each phase. 

The class of the current transformers shall meet the requirements of IEC 61869-2 and the 
class of the voltage transformers, if used, shall meet the requirements of IEC 61869-3. They 
shall be of class 0,5 or better. 

The accuracy of the power measurement device, if it is a power transducer, shall meet the 
requirements of IEC 60688 and shall be class 0,5 or better. If the power measurement device 
is not a power transducer then the accuracy should be equivalent to class 0,5 power 
transducers. The operating range of the power measurement device shall be set to measure 
all positive and negative instantaneous power peaks generated by the wind turbine. As a 
guide for MW-size active control regulated wind turbines, the full-scale range of the power 
measurement device should be set to –25 % to +125 % of the wind turbine rated power10. All 
data shall be periodically reviewed during the test to ensure that the range limits of the power 
measurement device have not been exceeded. The power transducer shall be calibrated to 
traceable standards. The power measurement device shall be mounted between the wind 
turbine and the electrical connection to ensure that only the net active electric power (i.e. 
reduced by self-consumption) is measured. It shall be stated whether the measurements are 
made on the wind turbine side or the network side of the transformer.  

7.2 Wind speed 

7.2.1 General 

The wind speed measured at Hub Height only (HH) is the default wind speed definition and 
shall always be used. This may be considered the limiting case of the rotor equivalent wind 
speed where there is only one measurement height and additional uncertainty due to the lack 
of a wind shear or wind veer profile measurement (see E.11.2.2). It is recommended that the 
hub height wind speed measurement is supplemented with wind shear measurements in the 
lower half of the rotor to reduce the wind speed uncertainty. To further reduce the wind speed 
uncertainty, the Rotor Equivalent Wind Speed (REWS), see 9.1.3.2 and Annex Q, should be 
used as the wind speed input variable to the power curve.  

The wind speed measurement configurations are summarized in Table 2 which takes account 
of the current limitations of each measurement technology with respect to the terrain 
complexity classification. Remote sensing devices that assume horizontal flow uniformity 
through the scanned volume limit the application of these technologies to non-complex terrain 
conditions for power performance testing. Thus only configurations based on Table 2 shall be 
applied. 

___________ 
9  These uncertainties were derived from a WAsP (Wind Atlas Analysis and Application Program, DTU Wind 

Energy) analysis of a Gaussian hill meeting the terrain requirements of Annex B. 

10  In other cases, a higher range may be necessary. This has to be checked individually. 
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Table 2 – Wind speed measurement configurations (X indicates allowable configuration) 

Wind speed measurement HH HH REWS REWS 
Terrain type Non-complex Complex Non-complex Complex 

Hub height meteorological mast X X   

Hub height meteorological mast + 
RSD X X X  

RSD + non-hub height 
meteorological mast X  X  

Meteorological mast covering 
heights above HH + 2/3 R X X X X 

 

The different possible sensor configurations comprise meteorological mast top-mounted 
anemometers, meteorological mast side-mounted anemometers and remote sensing devices 
and these provide measurements of hub height wind speed, rotor equivalent wind speed and 
wind shear profile. Subclauses 7.2.3 to 7.2.5 describe the general, common requirements of 
top-mounted, side-mounted and remote sensing sensor configurations whilst 7.2.6 to 7.2.8 
describe the application specific details for the measurements using these sensor 
configurations. 

7.2.2 General requirements for meteorological mast mounted anemometers 

The following requirements apply to all cup and sonic anemometer applications described in 
Subclauses 7.2.3 to 7.2.8. 

The sensor shall meet the requirements in Annex I for cup and sonic anemometers. For power 
performance measurements an anemometer with a class better than 1,7A or 1,7C shall be 
used. Additionally, in terrain that requires a site calibration, it is recommended that a class 
better than class 2,5B, 2,5D or 1,7S shall be used, see Annex I and Annex J. 

The anemometer shall be calibrated before and, if required, calibrated again after the 
measurement campaign (post-calibration). It is mandatory to check and document that the 
anemometer maintains the validity of its calibration throughout the measurement period. This 
can be achieved by either comparing the initial calibration results with the outcome of the 
post-calibration or as an alternative, the in-situ anemometer comparison following Annex K is 
permissible. 

Where a post-calibration is carried out, the difference between the regression lines of 
calibration and post-calibration shall be within ± 0,1 m/s in the range 4 m/s to 12 m/s. Only the 
calibration before the measurement campaign shall be used for the performance test. 
Calibration of the anemometer shall be made according to the procedure of Annex F. If the 
maximum difference between the regression lines of calibration and post-calibration is outside 
of ± 0,1 m/s in the range of 4 m/s to 12 m/s, then the standard uncertainty of the anemometer 
calibration uVS,precal,i shall be increased (at least to this max. difference, but not to more than 
± 0,2 m/s). If the difference is above ± 0,2 m/s, then the in-situ anemometer comparison of 
Annex K is to be used to identify the point in time when the deviation in the data occurred and 
the subsequent faulty data shall be rejected. If the in-situ test cannot determine the point at 
which the deviation began then the post-calibration difference is added as an uncertainty. 

As an alternative, the in-situ calibration procedure of Annex K shall be used to check the 
anemometer integrity throughout the measurement period. In this procedure a control 
anemometer is used to monitor the primary anemometer. Where a cup anemometer is used as 
the primary anemometer, then either a cup anemometer or a sonic anemometer may be used 
as the control anemometer. Where a sonic anemometer is used as the primary anemometer, 
then the control anemometer shall be a cup anemometer. In the case where a REWS derived 
power curve is obtained from taller than hub height meteorological mast measurements, there 
shall be a side mounted primary anemometer at hub height on the mast with an associated 
control anemometer satisfying the mounting requirements from Annex G. 
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The uncertainty in wind speed measurement derives from several sources of uncertainty as 
specified in Table D.1 Uncertainty in calibration shall be derived from Annex F. Uncertainty 
due to operational characteristics shall be derived from Annex I on classification of 
anemometry. Uncertainty due to mounting effects shall be derived from Annex G. 

7.2.3 Top-mounted anemometers 

Where wind speed measurements are made with a top-mounted anemometer the 
requirements given in Annex G with respect to mounting shall be adhered to. The installed 
height of the sensor above ground level11 shall be verified by measurement and the 
measurement method and its standard uncertainty documented12. The standard uncertainty of 
the measurement of the height of the wind speed sensor above the estimated ground level 
shall be less than or equal to 0,2 m. The control anemometer shall be mounted according to 
the requirements of Annex G. 

7.2.4 Side-mounted anemometers 

The mounting shall follow the requirement for side mounted anemometers according to 
Annex G. The installed height of the side-mounted anemometers above ground level (see 
footnote 11) shall be verified by measurement and the measurement method and its 
uncertainty documented. The height measurement standard uncertainty shall be less than or 
equal to 0,2 m.  

Correction of side-mounted anemometers for meteorological mast flow distortion is permitted 
and further described in 9.1.2 and Annex S. The technical basis for the correction and the 
effect of the correction shall be documented. The booms shall have identical orientations to 
ensure similarity of flow distortion between different heights. The meteorological mast and 
boom design should have similar flow distortion effect at the sensor with a maximum allowed 
difference in wind speed distortion of 1 % between all different heights. The meteorological 
mast cross-sectional dimensions should be consistent at each elevation, thus in the case of 
free-standing meteorological masts where the meteorological mast cross-sectional area is 
larger at the lower elevations, special care should be taken following the recommendations in 
Annex G. An alternative option is to mount a second anemometer at each measurement 
height on a separate boom and to limit the measurement sector such that the wind speed 
measurements do not deviate by more than 1 %. 

7.2.5 Remote sensing device (RSD) 

Remote sensing devices that assume horizontal flow uniformity through the scanned volume 
limit the application of these technologies to non-complex terrain conditions for power 
performance testing as defined by Annex B. The remote sensing device shall be verified 
before the measurement campaign or in-situ according to Clause L.3. The remote sensing 
device can be used to measure hub height wind speed, wind shear profile, wind veer and/or 
the rotor equivalent wind speed based on measurements at more than one height (see 7.2.8). 
In any case, the remote sensing device shall be simultaneously compared with a top-mounted 
anemometer on a meteorological mast at a height not less than the minimum of the wind 
turbine rotor lower tip-height or 40 m as defined in Clause L.1. Requirements on the top-
mounted anemometer are identical to those described in 7.2.3. 

The uncertainty of the RSD wind speed measurements shall be derived according to Annex L. 

___________ 
11 For the purpose of defining ground level, an estimate of the mean elevation over a radius of 2 m around the 

mast base or 5 m radius around the turbine base can be made. The sensor height measurement uncertainty 
should exclude the uncertainty of the ground level estimate. For offshore conditions, ground level should be 
considered as mean sea level. 

12  The measurement can be performed by means of measurement device with a traceable calibration for example 
a theodolite able to derive heights from an angle measurement in the vertical plane. 
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7.2.6 Rotor equivalent wind speed measurement 

If the wind speed is measured at three or more heights across the wind turbine rotor as 
defined in 7.2.8, then the rotor equivalent wind speed can be calculated according to 9.1.3. 
Note that more than three measurement heights are recommended. There are three options 
for measuring the rotor equivalent wind speed as described below. 

a) Where a hub height top-mounted anemometer satisfying the requirements of 7.2.3 is used 
together with an RSD satisfying the requirements of 7.2.5 and the terrain meets the 
requirements of Annex B then the measurements from the hub height anemometer and 
RSD are combined to determine the rotor equivalent wind speed according to 9.1.3. 

b) Where an anemometer not at hub height but otherwise satisfying the requirements for top-
mounted anemometers of 7.2.3 is used with an RSD satisfying the requirements of 7.2.5 
and the terrain meets the requirements of Annex B then the RSD measurements are used 
directly to determine the rotor equivalent wind speed according to 9.1.3.  

c) Where a taller than hub height meteorological mast is used with side-mounted 
measurements distributed across the rotor height, including an anemometer at hub height, 
then the side-mounted anemometer wind speed measurements may be used directly to 
measure the rotor equivalent wind speed according to 9.1.3. 

7.2.7 Hub height wind speed measurement 

There are three options for measuring hub height wind speed as described below. 

a) Where a hub height meteorological mast is used, the hub height wind speed 
measurements shall meet the requirements described in 7.2.3. 

b) If the terrain meets the requirements of Annex B, then the hub height wind speed can be 
measured with an RSD meeting the requirements of 7.2.5 and noting specifically the 
requirement to compare the RSD against a simultaneous top-mounted anemometer. 

c) A meteorological mast that is taller than the hub height may be used to better capture the 
wind speeds across the rotor area. In this case, the hub height wind speed shall be 
measured with a side-mounted sensor on a boom following the requirements described in 
7.2.4.  

For the hub height definition of wind speed, the lack of knowledge of the vertical wind shear or 
wind veer across the wind turbine rotor shall be accounted for by adding an uncertainty term 
according to Annex E based on the estimated or measured wind shear or wind veer. Where 
only a hub height wind speed measurement is available, an estimated wind shear or wind veer 
based on site characteristics (e.g. roughness) or prior measurement or modelling at the site 
(e.g. during a resource assessment campaign) shall be used as input to the uncertainty 
analysis. Where the hub height wind speed is determined using an RSD or taller than hub 
height meteorological mast with side-mounted wind speed measurements across the rotor or 
where below hub height side-mounted instruments are present and satisfying the minimum 
requirements described in 7.2.8, then wind shear or wind veer derived from the RSD or side-
mounted instruments shall be used as input to the uncertainty assessment. 

7.2.8 Wind shear measurements 

Where wind speed measurements are available over a range of heights wind shear shall be 
measured and used for the rotor equivalent wind speed or for wind shear exponent 
determination.  

Wind shear measurements shall either be performed using side-mounted anemometers as 
described in 7.2.4 or by a single remote sensing instrument as described in 7.2.5. Further 
specifications on wind shear measurement using remote sensing instruments or 
meteorological mast measurements are given in Annex L and Annex G respectively. 

The rotor equivalent wind speed measurement shall include wind speed measurements above 
hub height. To apply a measurement-based wind shear correction, there shall be at least 
three wind speed measurements distributed over the rotor swept area. However, to minimise 
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wind speed uncertainty, it is recommended to have as many measurement heights as 
possible. Measurement heights should be distributed symmetrically around hub height and 
evenly over the vertical range of the rotor swept area. 

The measurement heights shall include the following heights as a minimum: 

a) hub height ±1,0 %;  
b) between H – R and H – 2/3R;  
c) between H + 2/3R and H + R, 

where H is the hub height of the wind turbine and R the radius of the rotor swept area, see 
Figure 2.  

 

 

Figure 2 – Wind shear measurement heights appropriate 
to measurement of rotor equivalent wind speed 

If the meteorological mast is hub height or a little above, then no wind speed measurements 
above hub height may be available for wind shear measurement. In that case, the 
measurements used to derive wind shear shall include at least the following heights: 

a) a side-mounted anemometer as close to hub height satisfying the requirements of 
Annex G for separation from the top-mounted anemometer,  

b) between H – R and H – 2/3R and satisfying the requirements of Annex G for side mounted 
anemometers. 

where H is the hub height of the wind turbine and R the radius of the rotor swept area, see 
Figure 3. 
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Figure 3 – Wind shear measurement heights when no wind speed measurements 
above hub height are available (for wind shear exponent determination only) 

7.3 Wind direction 

Wind direction measurements are used as an input to the site calibration, for filtering data to 
the valid direction sector and for determining wind veer. Wind direction shall be measured 
with a wind direction sensor. This may be a wind vane or a 2D or 3D sonic anemometer or an 
RSD. Where a sonic anemometer is used it shall be used in conjunction with a conventional 
wind vane as a control. If an RSD is used, it should be subjected to a verification test on the 
wind direction according to Annex L. 

The instantaneous horizontal wind direction shall be determined and averaged over  
10 min. Vector averaging (averaging of cosine and sine components of instantaneous wind 
direction values taking arc tan of the average values and adjusted to the 0° to 360° scale) is 
one method for deriving the average wind direction. Another method is to extend the wind 
direction scale for values above 360° and calculating the 10 min average, then adjusting the 
average value to the 0° to 360° range. Data measured within the dead band of a wind vane, 
usually at the north mark of the wind direction sensor body, are usually not defined (open 
circuit or short circuit) and shall be excluded. The combined calibration, operation, and 
orientation standard uncertainty of the wind direction measurement shall be less than 5°. The 
wind direction sensor shall be calibrated. Annex N provides guidance.  

7.4 Air density 

Air density shall be derived from measurement of air temperature, air pressure and relative 
humidity. As an alternative to the humidity measurement, an assumed value of 50 % relative 
humidity may be used if humidity is not measured. The air density shall be calculated using 
Equation (12) in 9.1.5. 

The air temperature sensor shall be mounted within 10 m of hub height to represent the air 
temperature at the wind turbine rotor centreline. Refer to Annex G for temperature sensor 
mounting requirements where a meteorological mast shorter than hub height is used. 

The air pressure sensor should be mounted within 10 m of hub height to represent the 
barometric pressure at the wind turbine rotor centreline. Air pressure measurements shall be 
always corrected to the appropriate hub height according to ISO 2533. 
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The humidity sensor should be mounted within 10 m of hub height to represent the humidity at 
the wind turbine rotor centreline. 

7.5 Rotational speed and pitch angle 

Rotational speed and pitch angle should be measured throughout the test if there is a specific 
need for it. For example if there is a need to apply the measurements in connection with 
acoustic noise tests. If measured, the measurements shall be reported according to  
Clause 10. 

7.6 Blade condition 

The condition of the blades may influence the power curve particularly for stall regulated wind 
turbines. It may be useful in understanding the characteristics of the wind turbine to monitor 
the factors that affect blade condition including precipitation, icing and bug and dirt accretion. 

7.7 Wind turbine control system 

Sufficient status signals shall be identified, verified and monitored to allow the rejection 
criteria of 8.4 to be applied. Obtaining these parameters from the wind turbine controller's 
data system is adequate13. The definition of each status signal shall be reported. 

7.8 Data acquisition system 

A digital data acquisition system having a sampling rate per channel of at least 1 Hz shall be 
used to collect measurements and store either sampled data or statistics of the data sets as 
described in 8.3.  

The calibration and accuracy of the data system chain (transmission, signal conditioning and 
data recording) shall be verified by injecting known signals from a traceable, calibrated source 
at the transducer ends and comparing these inputs against the recorded readings. As a 
guideline, the uncertainty of the data acquisition system should be negligible compared with 
the uncertainty of the sensors. 

8 Measurement procedure 

8.1 General 

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 wind turbine accurately. The measurement 
procedure shall be documented, as detailed in Clause 10, 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 standard uncertainty, as 
described in Annex D. During the measurement period, data should be periodically validated 
to ensure high quality. Test logs shall be maintained to document all important events during 
the power performance test. 

8.2 Wind turbine operation 

During the measurement period, the wind turbine shall be in normal operation, as prescribed 
in the wind turbine operations manual, and the machine configuration shall not be changed. 
The operational status of the wind turbine shall be reported as described in Clause 10. 
Normal maintenance of the wind turbine shall be carried out throughout the measurement 

___________ 
13  A status signal on generator cut-in is adequate to verify cut-out hysteresis control algorithm.  
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period, but such work shall be noted in the test log. Any special maintenance actions, such as 
frequent blade washing, which ensure good performance during the test shall in particular be 
noted. Such special maintenance actions should be avoided. 

8.3 Data collection 

Data shall be collected continuously at a sampling rate of 1 Hz or higher. Air temperature, air 
pressure and humidity and precipitation, if measured, may be sampled at a slower rate, but at 
least once per minute.  

The data acquisition system shall store either sampled data or statistics of data sets as 
follows: 

a) mean value; 
b) standard deviation; 
c) maximum value; 
d) minimum value. 

Selected data sets shall be based on 10-min periods derived from contiguous measured data. 
Data shall be collected until the requirements defined in 8.5 are satisfied. 

8.4 Data rejection 

To ensure only data obtained during normal operation of the wind turbine are used in the 
analysis, and to ensure data are not corrupted, data sets shall be excluded from the database 
under the following circumstances: 

a) external conditions other than wind speed are out of the operating range of the wind 
turbine; 

b) the wind turbine cannot operate because of a wind turbine fault condition; 
c) the wind turbine is manually shut down or in a test or maintenance operating mode; 
d) failure or degradation (e.g. due to icing) of measurement equipment; 
e) wind direction outside the measurement sector(s) as defined in 6.3.3; 
f) wind directions outside valid (complete) site calibration sectors; 
g) any special atmospheric condition filtered during the site calibration shall also be filtered 

during the power curve test. 

Any other rejection criteria shall be clearly reported. 

The effect on the power curve of a large hysteresis loop in the cut-out control algorithm may 
be considerable. This effect shall not be included in the power curve, and all data sets where 
the wind turbine has stopped generating power due to cut-out at high wind speed shall be 
excluded. If cut-out behaviour has been reached during the measurement period, the 
measurements may be presented in a special database that includes all data points in the 
database. The power curve shall capture the effect of hysteresis at the cut-in control 
algorithm, as well as the effect of parasitic losses below cut-in. Cut-out hysteresis affects the 
higher wind speed bins and neglecting it may therefore lead to overestimation of energy 
production especially for scenarios with higher annual average wind speeds. 

Subsets of the database collected under special operational conditions (e.g. high blade 
roughness due to dust, salt, insects and ice or if grid conditions vary significantly) or 
atmospheric conditions (e.g. precipitation, wind shear) that occur during the measurement 
period may be selected as special databases.  
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8.5 Database 

After data normalisation (see 9.1) the selected data sets shall be sorted using the “method of 
bins” procedure, see 9.2. The wind speed range shall be divided into 0,5 m/s contiguous bins 
centred on multiples of 0,5 m/s. The selected data sets shall at least cover a wind speed 
range extending from 1 m/s below cut-in to 1,5 times the wind speed at 85 % of the rated 
power of the wind turbine. Alternatively, the wind speed range shall extend from 1 m/s below 
cut-in to a wind speed at which "AEP-measured" is greater than or equal to 95 % of "AEP-
extrapolated", see 9.3, where “AEP-measured” and “AEP-extrapolated” are defined using the 
appropriate, consistent definitions of wind speed (i.e. the hub height wind speed derived 
power curve and wind speed distribution and, in the case where REWS is derived, by the 
REWS derived power curve and wind speed distribution). For active pitch controlled wind 
turbines, the power curve may also be considered complete when the rated power has been 
reached and the average power does not change by more than the larger of 0,5 % of the 
power or 5 kW for three consecutive wind speed bins and there is not a trend of increasing 
power across these three bin-averages. The report shall state which of the three wind speed 
range criteria has been used.  

The database shall be considered complete when it has met the following criteria: 

a) each bin includes a minimum of 30 min of sampled data; 
b) the database includes a minimum of 180 h of sampled data. 

Should a single incomplete bin be preventing completion of the test, then that bin value can 
be estimated by linear interpolation from the two adjacent complete bins.  

The database shall be presented in the test report as detailed in Clause 10. 

9 Derived results 

9.1 Data normalisation 

9.1.1 General 

In the following subclauses, three methods of normalisation are described for the main 
atmospheric drivers on the power curve results: air density, wind shear and turbulence 
intensity.  

The purpose of these normalisations is to improve the accuracy of the results by means of 
concrete formulations for each variable. This will to some extent allow the comparison of 
results from different data sets bringing them to similar scale.  

The various normalisations should be applied as indicated in the flow chart in Figure 4. 
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Figure 4 – Process of application of the various normalisations14 

9.1.2 Correction for meteorological mast flow distortion of side-mounted 
anemometer 

Correction of the wind speeds from side mounted anemometers for meteorological mast flow 
distortion is permitted (the requirement from Annex G for a maximum of 1 % meteorological 
mast flow distortion before application of the correction is still required). Any correction 
method shall be documented and reported following the requirements of 10. 

The impact of the meteorological mast flow distortion on the wind shear measurement may be 
minimized by reducing the measurement sector where meteorological mast flow distortion is 
below a certain limit. The technical basis for any such reduction in sector width shall be 
documented. Annex S gives a possible method for determining the flow distortion correction 
for a lattice mast. 

9.1.3 Wind shear correction (when REWS measurements available) 

9.1.3.1 General 

If the wind speed over the wind turbine rotor area is constant, the wind speed at hub height 
would be representative of the wind speed over the wind turbine rotor and the use of the hub 
height wind speed would be justified. However, the assumption of a point wind speed such as 
at hub height representing the wind speed over the wind turbine rotor area may not be 
representative for large wind turbines. It is therefore necessary to introduce corrections that 
account for the wind speed at hub height and the variations introduced by the wind shear over 
the wind turbine rotor. In the following, three quantities are defined: 

a) the rotor equivalent wind speed; 
b) the wind shear correction factor; 
___________ 
14 Where the optional REWS measurements are available, the REWS data follow a normalisation path parallel to 

the default hub height data normalisations as indicated by the terms in square brackets. The normalisation of 
the REWS data is carried out separately at each measurement height for all normalisation steps up to the 
step where the results from each height are combined into the wind shear/REWS/veer correction. A single 
REWS corrected value is derived for each 10-minute data point at each subsequent step in parallel to the 
corrections applied to each hub height data point.  

Raw 10 min data
• Hub Height Data
• [REWS Data at multiple heights]

Mast flow distortion
(9.1.2)
• Hub Height Data
• [REWS Data at multiple heights]

Site calibration (Annex C)
• Hub Height Data
• [REWS Data at multiple heights]

[Shear/REWS/Veer 
Correction]
(9.1.3/9.1.4)
• [REWS Data at multiple heights]

Air density correction
(9.1.5)
• Hub Height Data
• [REWS Corrected Data]

Turbulence normalisation
(9.1.6)
• Hub Height Data
• [REWS Corrected Data]

Normalised 10 
min data
• Hub Height Data
• [REWS Corrected 

Data]

IEC
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c) the wind shear corrected wind speed. 

The wind shear correction factor may be used to derive a climate specific power curve as 
explained in Annex P. However, this correction is based on the assumption that a wind turbine 
is able to convert all of the available kinetic energy. 

9.1.3.2 Rotor equivalent wind speed 

The rotor equivalent wind speed is the wind speed corresponding to the kinetic energy flux 
through the swept rotor area, when accounting for the vertical wind shear. Where the wind 
speed for at least three measurement heights are available (see 7.2.6), the rotor equivalent 
wind speed is defined as: 

 31
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where  
nh  is the number of available measurement heights (nh ≥ 3); 
vi   is the wind speed measured at height i; 
A is the complete area swept by the rotor (i.e. πR2 with radius R); 
Ai   is the area of the ith segment, i.e. the segment the wind speed vi is representative for, 

derived from Equation (6). 

The segments (with areas Ai) shall be chosen in the way that the horizontal separation line 
between two segments lies in the middle of two measurement points. The segment areas are 
then derived according to Equation (6): 
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where 
zi  is the height of the ith segment separation line (H–R<zi<H+R), numbered in the same order 

as vi (either top down or bottom up). 

The rotor width at height z is: 

 222 )()( HzRzc −−=  (7) 

 

where 
R is the rotor radius; 
H is the hub height. 

The integrated function is: 
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Example of REWS calculation for one 10 minute wind speed profile 

In this example, a wind turbine is assumed to have a hub height of 80 m and a rotor diameter 
of 100 m. The wind speed was measured at 5 heights with a meteorological mast. If the 
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heights could have been chosen, ideally they would have been evenly distributed (40 m,  
60 m, 80 m, 100 m and 120 m). This example shows a case where the heights were fixed 
independently from the REWS evaluation purpose. The segment limits were set in the middle 
of two consecutive measurements. The resulting REWS is equal to 9,38 m/s, see Table 3. 

Table 3 – Example of REWS calculation 

Measurement 
Heights [m] 

Wind 
speed 
[m/s] 

Segment 
weighting* 

[%] 
Segment 
inferior 

limit 
height 
(zi) [m] 

Segment 
superior 

limit 
height 

(zi+1) [m] 

Segment 
height 

[m] 

116 11,46 16,31 108 130 22 
100 10,43 21,04 90 108 18 
80 9,24 25,29 70 90 20 
60 7,81 23,12 50 70 20 
40 6,05 14,24 30 50 20 

*  Segment weighting is defined as the ratio between the segment area and the 
total swept rotor area. 

 

9.1.3.3 Wind shear correction factor 

9.1.3.3.1 Case 1: Hub height meteorological mast with remote sensing device or 
remote sensing device with short (below hub height) meteorological mast 

A wind shear correction factor measured using a remote sensing device is defined as the ratio 
of the rotor equivalent wind speed relative to the wind speed measured at hub height 
according to Equation (9): 

 RSDh,RSDeq,RSDr, vvf =  (9) 

 

where 
veq,RSD  is the rotor equivalent wind speed measured by the remote sensing device, as 

defined in Equation (5); 
vh,RSD   is the wind speed measured at hub height by the remote sensing device. 

9.1.3.3.2 Case 2: Meteorological mast above hub height 

A wind shear correction factor measured using a meteorological mast is defined as the ratio of 
the rotor equivalent wind speed to the wind speed measured at hub height according to 
Equation (10)15: 

 MMh,MMeq,MMr, vvf =  (10) 

 

where 
veq,MM  is the rotor equivalent wind speed measured by the anemometers on the 

meteorological mast, as defined in Equation (5); 
vh,MM   is the wind speed measured by the anemometer at hub height. 

___________ 
15  Note that fr,MM is for reporting purposes only. 
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9.1.3.4 Wind shear correction of wind speed 

If the hub height wind speed and the wind shear are measured with the same type of WME, 
the rotor equivalent wind speed is calculated according to Equation (5).  

If the hub height wind speed is measured using an anemometer mounted on a meteorological 
mast and the wind shear measurement with an RSD, the final rotor equivalent wind speed is 
calculated according to Equation (11): 

 MMh,RSDr,finaleq, vfv =  (11) 

 

9.1.4 Wind veer correction 

As explained in Annex Q, the change of wind direction over the rotor height range (wind veer) 
can have a significant impact on the wind turbine power output. In the case of large wind 
turbine rotors, it is recommended to apply the extended definition of equivalent wind speed 
including wind veer. 

9.1.5 Air density normalisation 

The air density shall be determined from measured air temperature, air pressure and relative 
humidity according to the Equation (12): 
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where 
ρ10min is the derived 10 min averaged air density; 
T10min is the measured absolute air temperature averaged over 10 min [K]; 
B10min is the air pressure corrected to hub height averaged over 10 min [Pa]; 
R0 is the gas constant of dry air 287,05 [J/kgK]; 
Φ is the relative humidity (range 0 % to 100 %); 
Rw is the gas constant of water vapour 461,5 [J/kgK]; 
Pw  is the vapour pressure equal to 0,000 020 5 exp(0,0631 846 T10min) [Pa]; 

Vapour pressure Pw depends on mean air temperature over the 10 min. 

The selected data sets shall be normalised to at least one reference air density. The 
reference air density shall be the average of the measured air density of the valid collected 
data at the site during the test period (see 8.4), or alternatively a pre-defined nominal air 
density for the site. The average measured air density shall be rounded to the nearest 
0,01 kg/m3 and reported in accordance with 10. 

For a stall-regulated wind turbine with constant pitch and constant rotational speed, data 
normalisation shall be applied to the measured power output according to Equation (13): 

 








=

10min

0
10minn ρ

ρ
PP  (13) 

 

where 
Pn is the normalised power output; 
P10min is the measured power averaged over 10 min; 
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ρ0 is the reference air density; 

ρ10min is the air density derived according to Equation (12) averaged over 10 min. 

For a wind turbine with active power control, the normalisation shall be applied to the wind 
speed according to Equation (14): 

 3/1

0

min10
min10n 








=

ρ
ρ

VV  (14) 

 

where 
Vn is the normalised wind speed; 
V10min is the measured wind speed averaged over 10 min. 

9.1.6 Turbulence normalisation 

Wind turbine power curve measurements are influenced by the turbulence intensity. A 
significant part of the turbulence intensity effect is caused by the averaging of the measured 
power output and the measured wind speed over 10-minute periods. It is recommended to 
remove this effect from the measurements by normalising the power curve data to a reference 
turbulence intensity according to Annex M. The reference turbulence intensity shall be defined 
prior to the power curve test. It may be defined as a function of the wind speed at hub height. 
If not defined otherwise, a reference turbulence intensity of 10 % shall be applied. The 
uncertainty of the turbulence normalisation shall be accounted for. If no turbulence 
normalisation of the power curve data is performed, the uncertainty of the power curve due to 
turbulence effects shall be estimated. As a recommendation use the uncertainty method 
described in Annex M16. 

9.2 Determination of the measured power curve 

The power curve shall be determined based on the hub height wind speed and, if measured, 
the rotor equivalent wind speed. However, it should be remembered that the uncertainty in a 
power curve derived from hub height measurements only is subject to higher uncertainty due 
to the lack of knowledge of other influential wind condition parameters. Therefore to account 
for the vertical wind shear, wind veer and turbulence intensity and to reduce power curve 
measurement uncertainty, it is recommended to consider the rotor equivalent wind speed as 
the representative wind speed and the turbulence normalised power output according to 
Annex M as the relevant power output. The derivation of power curves based on wind speed 
normalised for a specific wind shear profile (see Annex P) and the turbulence normalised 
power output are options that are recommended if a comparison between different power 
curves is wanted or if the power curves are applied for wind resource assessment. 

To indicate single 10-min averages, a further index j should be added to the respective wind 
speeds. 

The measured power curve is determined by applying the "method of bins" for the normalized 
data sets, using 0,5 m/s wind speed bins and by calculation of the mean values of the 
normalized wind speed and normalized power output for each wind speed bin according to 
Equations (15) and (16): 
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___________ 
16  It should be noted that turbulence intensity measured by cup anemometers, remote sensing devices and ultra 

sonic anemometers are measured differently. This should be considered when interpreting the results. 
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where 
Vi is the normalized and averaged wind speed in bin i; 
Vn,i,j is the normalized wind speed of data set j in bin i; 
Pi 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; 
Ni is the number of 10 min data sets in bin i. 

The measured power curve shall be presented as detailed in Clause 10 and where REWS 
power curves are measured, the hub height wind speed power curve shall also be presented.  

9.3 Annual energy production (AEP) 

The AEP shall be calculated in two ways, one designated “AEP-measured”, the other “AEP-
extrapolated”. If the measured power curve does not include data up to cut-out wind speed, 
the power curve shall be extrapolated from the maximum complete measured wind speed up 
to cut-out wind speed. 

Furthermore, AEP may be defined as generic AEP or site specific AEP. Generic AEP is 
estimated by applying the measured power curve to different reference wind speed frequency 
distributions. For a specific development, nominal site conditions specifying the wind climate 
of the site may be known. If so, a site specific AEP may, additionally, be reported and 
computed based on this site specific information. 

It is emphasised that a power curve derived from hub height wind speed measurements shall 
only be combined with a wind speed frequency distribution based on the hub height wind 
speed definition to derive AEP whereas a power curve derived from REWS measurements 
shall only be combined with a REWS frequency distribution to derive AEP. The AEP derived 
from combining a REWS power curve with a hub height wind speed frequency distribution 
(and vice versa) is not a valid calculation. 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 estimations shall be made for hub height annual average wind 
speeds of 4 m/s, 5 m/s, 6 m/s, 7 m/s, 8 m/s, 9 m/s, 10 m/s and 11 m/s according to 
Equation (17): 
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where 
AEP is the annual energy production; 

Nh is the number of hours in one year ≈ 8 760; 
N is the number of bins; 
Vi is the normalized and averaged wind speed in bin i; 
Pi is the normalized and averaged power output in bin i. 
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where 
F(V) is the Rayleigh cumulative probability distribution function for wind speed; 
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Vave is the annual average wind speed; 
V is the wind speed. 

The summation is initiated by setting Vi–1 equal to Vi – 0,5 m/s and Pi–1 equal to 0,0 kW. 

For a specific site, nominal site conditions specifying the wind climate of the site may be 
known. If so, a site specific AEP may, additionally, be reported and computed based on this 
site specific information. If the site specific wind distribution is known and is present in tabular 
form, the site-specific AEP may be calculated by first transforming the wind distribution to the 
corresponding cumulative distribution. The amount of hours up to each measured wind speed 
of the measured power curve will be derived by linear interpolation between two adjacent 
values of the cumulative distribution. The hours will be divided by the sum of hours in the 
table, which is typically the nominal number of hours within a calendar year. Finally the AEP  
will be calculated by using Equation (17). The tabular wind speed distribution shall use the 
same definition of wind speed (hub height or REWS) as the measured power curve otherwise 
a valid AEP cannot be derived.  

If the site specific wind distribution is presented as a Weibull distribution with known shape 
and scale factors, then the AEP may be calculated with Equation (17) and substituting the 
cumulative Rayleigh distribution Equation (18) with the Weibull distribution Equation (19): 

 

F(V) = 1 – e 

k

A
V















− W
 

(19) 

 

where 
F(V)  is now the Weibull cumulative probability distribution function for wind speed; 
V  is the wind speed; 
Aw  is the Weibull scale factor; 
k  is the Weibull shape factor; 

AEP-measured shall be obtained from the measured power curve by assuming zero power for 
all wind speeds above and below the range of the measured power curve and carrying out the 
summation according to Equation (17). 

AEP -extrapolated shall be obtained from the measured power curve by assuming zero power 
for all wind speeds below the lowest wind speed in the measured power curve and constant 
power for wind between the highest wind speed in the measured power curve and the 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 10. For all AEP calculations, the availability of the wind turbine 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 D, shall be reported for the AEP -measured for all the used wind speed distributions.  

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 relating to actual energy production for a given installation. 
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9.4 Power coefficient 

The power coefficient, CP, of the wind turbine shall be added to the test results and presented 
as detailed in Clause 10. CP shall be determined from the measured power curve according to 
Equation (20): 
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where 
CP,i is the power coefficient in bin i; 
Vi is the normalized and averaged wind speed in bin i (matching the defined wind speed 

as either rotor equivalent wind speed or hub height wind speed); 
Pi is the normalized and averaged power output in bin i; 
A is the swept area of the wind turbine rotor; 

ρ0 is the reference air density. 

10 Reporting format 

The test report shall contain the following information: 

a) Identification and description of the specific wind turbine configuration under test (see 
6.2), including: 
1) wind turbine make, type, serial number, production year; 
2) rotor diameter and a description of the verification method used or reference to rotor 

diameter documentation; 
3) rotor speed or rotor speed range; 
4) rated power and rated wind speed; 
5) blade data: make, type, serial numbers, number of blades, fixed or variable pitch, and 

pitch angle(s); 
6) hub height and tower type; 
7) description of the control system (device and software version) and documentation of 

status signals being used for data reduction; 
8) description of grid conditions at the wind turbine, i.e. voltage, frequency and their 

tolerances, and a drawing indicating where the power transducer is connected, 
specifically in relation to an internal or external transformer and self-consumption of 
power; 

b) A description of the test site (see 6.3), including: 
1) photographs of all measurement sectors preferably taken from the wind turbine at hub 

height; 
2) a test site map showing the surrounding area covering a radial distance of at least  

20 times the wind turbine rotor diameter and indicating the topography, location of the 
wind turbine, wind measurement equipment, significant obstacles, other wind turbines, 
and measurement sector; 

3) results of site assessment, i.e. the limits of the valid measurement sector(s);  
4) if site calibration is undertaken, the limits of the final measurement sector(s) shall also 

be reported, including the rationale for any changes from the results of the site 
assessment; 

5) a table of the coordinates and elevation of the test wind turbine, wind measurement 
equipment and any significant obstacles considered in the assessment of obstacles; 
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c) A description of the test equipment (see Clause 7): 
1) identification of all sensors, wind measurement equipment and data acquisition 

system, including documentation of calibrations of sensors, wind measurement 
equipment, transmission lines, and data acquisition system; 

2) sketch of the arrangement of the meteorological mast showing dimensions of the mast 
and instrument mounting, to document compliance with Annex G; 

3) description of method to ensure the calibration of the wind measurement equipment 
was maintained over the duration of the measurement period and documentation of 
results that show that the calibration is maintained; 

d) A description of the measurement procedure (see Clause 8):  
1) documentation of the procedural steps, test conditions, sampling rate, averaging time, 

and measurement period including; 
– documentation of the calibrations, corrections or transfer functions applied by the 

data logger and/or by post-processing; 
2) a test log book that records all important events during the power performance test, 

including: 
– a listing of all maintenance activities that occurred during the test; 
– a listing of any special actions (such as blade washing) that were completed to 

ensure good performance; 
3) a complete list of all filter criteria used to produce the reported result, including: 

– the parameter, measurement or time period or combination of parameters being 
filtered on; 

– the range or logical criteria for the filter;  
– the justification for the filter; 
– the order that the filters were applied shall be reported with the number of points 

removed each iteration. Alternatively, the number of data points the filter would 
remove from the database by itself;   

– the starting number of datasets in the database and the final number of datasets 
after all filters have been applied;   

e) Presentation of measured data (see 8.3 to 8.5). Data from each selected data set 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 including 
(where REWS measurements are available, the measured data shall be presented 
separately for both the hub height data and the REWS data):  
1) scatter plots of mean, standard deviation, maximum, and minimum power output as a 

function of wind speed (plots shall include information on sample frequency). An 
example is shown in Figure 5; 

2) scatter plots of mean wind speed and turbulence intensity as a function of wind 
direction; 

3) scatter plots of the turbulence intensity as a function of wind speed, and the average 
turbulence intensity in each wind speed bin shall be presented; 

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

5) if measured, rotational speed and pitch angle shall be presented with a scatter plot 
including binned values versus wind speed and a table with the binned values; 

6) definition of status signals and plots of status signals during the measurement period;  
7) scatter plots of air density as a function of wind direction and wind speed including 

average per bin;  
8) scatter plot of the wind shear exponent vs. time of day and as function of wind speed. 

The wind shear exponent in the lower rotor half and in the upper rotor half shall be 
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presented separately. In addition, the average values of both wind shear exponents 
per wind speed bin shall be represented; 

9) the average wind shear exponent or equivalent representation of the site wind shear 
conditions during the test; 

10) wind shear correction factor according to 9.1.3.3, if applicable based on measurement 
set up (use Equation (9) or Equation (10) depending on measurement configuration); 

11) the average air density measured during the test;  
f) Presentation of measured power curve for the reference air density (see 9.1 and 9.2) for 

the hub height wind speed derived power curve and also the REWS derived power curve if 
measured: 
1) the power curve shall be presented in a table similar to Table 417. For each wind 

speed bin, the table shall list: 
– normalized and averaged wind speed; 
– normalized and averaged power output; 
– number of data sets; 
– calculated CP value; 
– standard uncertainties of category A (see Annex D and Annex E); 
– standard uncertainties of category B (see Annex D and Annex E); 
– combined standard uncertainty (see Annex D and Annex E); 

2) the power curve shall be presented in a graph similar to Figure 6. The graph shall 
show the following as a function of normalized and averaged wind speed: 
– normalized and averaged power output; 
– combined standard uncertainty; 

3) the CP curve shall be presented in a graph similar to Figure 7; 
4) both the graph and the table shall state the reference air density used for the 

normalisation; 
5) if cut-out wind speed has been reached during the measurement period, the power 

curve and CP curve, or the parts of the curves influenced by the cut-out hysteresis, 
can be presented in a similar way to items 1), 2), 3) and 4). 

g) Presentation of measured power curves collected under special operational and 
atmospheric conditions: 
1) power curves derived from subsets of the database for special operational or 

atmospheric conditions may also be reported. If this is the case, a power curve should 
be reported in the same way as for the reference air density but with the density 
derived from the average of the measured air density of the subsets of the database or 
alternatively using a pre-defined nominal air density for the site. 

h) Presentation of estimated annual energy production for the reference air density (see 9.3) 
for the hub height wind speed derived power curve and also the REWS derived power 
curve if measured:  
1) a table similar to Table 5 for each annual average hub height wind speed shall include: 

– AEP-measured; 
– standard uncertainty of AEP-measured (see Annex D and Annex E); 
– AEP-extrapolated; 

2) the table shall also state: 
___________ 
17  In addition to presenting the measured power curve in a table according to f) 1), the measured power curve can 

be presented as bin-centre values. The recommended method is to use a cubic spline for interpolation between 
the bin-values in the table to represent the measured wind speed, power and power coefficient values at the bin 
centre.  
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– reference air density; 
– cut-out wind speed; 

3) if at any annual average wind speed AEP-measured is less than 95 % of AEP-
extrapolated, the table shall also include the label “incomplete” in the column of values 
of AEP-measured; 

i) Presentation of measured power coefficient (see 9.4): 
1) measured power coefficient should be presented as a function of wind speed in a table 

and a graph in which the swept area of the rotor shall be indicated; 
j) Presentation of results of site calibration (see Annex C for reporting requirements): 

1) if a site calibration is undertaken, it shall be presented in the report as a table;  
2) the table shall for each wind direction bin present: 

– minimum and maximum wind direction limits; 
– the bin-averaged wind direction; 
– the characteristics of the wind speed correction; 
– number of hours of data; 
– combined standard uncertainty of the wind speed ratio for 6 m/s, 10 m/s and 

14 m/s; 
3) the report shall furthermore include graphs and tables as required in Annex C; 

k) Uncertainty of measurement (see Annex D): 
1) uncertainty assumptions on all uncertainty components shall be provided; 

l) Deviations from the procedure: 
1) any deviations from the requirements of this standard shall be clearly documented in a 

separate clause. Each deviation shall be supported with the technical rationale and an 
estimate of its effect on test results. 

 

Figure 5 – Presentation of example database: power performance test scatter plot 
sampled at 1 Hz (mean values averaged over 10 min) 
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