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INTERNATIONAL ELECTROTECHNICAL COMMISSION

WIND TURBINES -

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

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for stahdardization._compprising
all |national electrotechnical committees (IEC National Committees). romote
intefnational co-operation on all questions concerning standardization in the electyricaMang-electhonic fIE Ids. To
this| end and in addition to other activities, IEC publishes International Standards ecifi¢gations,
Technical Reports, Publicly Available SpeC|f|cat|ons (PAS) and Guides 1 e erred toNas “IEC
Pullication(s)”). Their preparation is entrusted to technical committees; an tiona \ interested
in fhe subject dealt with may participate in this preparatory work. Ir d non-
governmental organizations liaising with the IEC also participate in this repara 0 closely
with the International Organization for Standardization (ISO) in accordance ned by
agrgement between the two organizations.

2) The formal decisions or agreements of IEC on technical matte ational
congensus of opinion on the relevant subjects since eac rom all
intefested IEC National Committees.

3) IEC| Publications have the form of recomm ational
Committees in that sense. While all reasehable effgrts*are of IEC
Pullications is accurate, IEC cannot be or any
mis|nterpretation by any end user.

4) In ¢rder to promote international uniformi cations
tranjsparently to the maximum extent possible rgence
betyveen any IEC Publication and the correspondin i¢ated in
the [latter

5) IEC| provides no marking pro or any
equipment declared to b

6) All Yisers should

7) No Jiability shall rts and
mermbers of its technjcal so hage or
othe¢r damage of a s) and
expenses arising{ out\ o er IEC
Publications

8) Attgntion is‘drawn>to the Normati i i i ication. icafions is
indippensabl ic

9) Attgntion_is dra bject of
patent rig

Internptional-Standard IEC 61400-12-1 has been prepared by IEC technical committee 88:

Wind turbinés.

This standard cancels and replaces TEC 61400-12 published in T998. This first edition of IEC
61400-12-1 constitutes a technical revision. IEC 61400-12-2 and IEC 61400-12-3 are
additions to IEC 61400-12-1.

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

FDIS Report on voting
88/244/FDIS 88/251/RVD

Full information on the voting for the approval of this standard can be found in the report on

voting

This p

indicated in the above table.

ublication has been drafted in accordance with the ISO/IEC Directives, Part 2.
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IEC 61400-12 consists of the following parts, under the general title Wind turbines:

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

Part 12-2: Verification of power performance of individual wind turbines (under consideration)
Part 12-3: Wind farm power performance testing (under consideration)

The committee has decided that the contents of this publication will remain unchanged until

the maintenance result date indicated on the IEC web site under "http://webstore.iec.ch" in
the data related to the specific publication. At this date, the publication will be

* reconfirmed;

+ wifhdrawn;

» replaced by a revised edition, or
+ amended.

A bilirlgual version of this standard may be issued at a later da

@C‘@
e
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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 wind turbine manufacturer striving to meet well-defined power performance requirements

and/or a possible declaration system;

— a wind turbine purchaser in specifying such performance requirements;

& wind turhi I I red iy 1t I red

performance specifications are met for new or refurbished units;

— a wind turbine planner or regulator who must be able to accurately dan
performance characteristics of wind turbines in response to
requirements for new or modified installations.

This $tandard provides guidance in the measurement,
performance testing for wind turbines. The standard will ben
manufacture, installation planning and permitting, operation
turbines. The technically accurate measurement and-ana

this standard should be applied by all parties to g g developmer
operagion of wind turbines is carried out in sistent and ac
commjunication relative to environment presents measureme
reportfng procedures expected to praVvi an be replicated by d

Meanyhile, a user of the standard should. be i ences that arise from

variatjons in wind shear and turbulen
Therefore, a user should consider th
criterip in relation to the purpose of efore Contracting the
measiirements.

A key|element of pow

the chosSen criteria for data selg
e differences and the data sel

power

power
bermit

power
in the
f wind
led in
t and
Curate
nt and
thers.
large
pction.
ction
ance

he€ measurement of wind speed. This stgndard

prescribes the use of casure the wind speed. This instrument is fobust
and has long be@é this kind of test. Even though suitable wind funnel
calibration procedure e field flow conditions associated with the fluctuating
wind YVector, both i direction, will cause different instruments to potentially
perform different

Tools|and. procedures fy cup anemometers are given in Annexes | and J. However
there wil , ( ssibility that the result of the test can be influenced by the selection
of the| wind ent. Special care should therefore be taken in the selection jof the

instruments cf sen to.measure the wind speed.
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WIND TURBINES -

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

1 Scope

This

charagteristics of a single wind turbine and applies to the testing of wind/turbines of-all

and sjzes connected to the electrical power network. In addition, thi
proceglure to be used to determine the power performance charz
turbings (as defined in IEC 61400-2) when connected to either the €
battery bank. The procedure can be used for performance evatuatio
specific locations, but equally the methodology can be used\to ma
betwelen different turbine models or different turbine settings®

The wind turbine power performance characteristics
curve|and the estimated annual energy production (AE
determined by collectlng S|multaneous measuren n S 0

range| of wind speeds and under ve
calculpted by applying the measured
distrijutions, assuming 100 % availability.

The s
and d
source

2 N

The f
For d4
of the

IEC 6
Amen

IEC 60688;1992, Ele
analogue’or digital signals

ance
types
bes a
wind

ofk or a
ines at

risons

power
rve is
at the
bver a
EP is
uency

curve
rtainty

ment.
pdition

rical measuring transducers for converting a.c. electrical quantities to

Amendmentq (1 007)
Amendment 2 (2001)2

IEC 61400-2:1996, Wind turbine generator systems — Part 1: Safety of small wind turbines

ISO 2533:1975, Standard atmosphere

ISO Guide to the expression of uncertainty in measurement, 1995, ISBN 92-67-10188-9

1 There exists a consolidated edition 1.2 (2003) that includes edition 1 and its amendments 1 and 2.
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3 Terms and definitions

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

31

accuracy

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

3.2
annual energy production

AEP

est|m£te of the total energy production of a wind turbine during a one-year per|d by a[iplymg
the measured power curve to different reference wind speed freque i t hub
heigh{, assuming 100 % availability

3.3
complex terrain
terrain surrounding the test site that features significant v
obstag¢les that may cause flow distortion

errain

3.4
data get
collection of data that was sampled o

3.5
distavlce constant
indication of the response ped as the length of air that must pass

indicati [ \ mer, de i
the ingtrument for it to indicate\63 % of\tf a ue‘for a step input in wind speed

3.6

extrapolated po .
extengion of the a powen curve by estimating power output from the maximum
measlired wind spee

3.7
flow gi
change inai C , i iati , i ings that
results i iatign i d in a
signifi

3.8
hub h
heigh

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

3.9

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

3.10

measurement period

period during which a statistically significant database has been collected for the power
performance test
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3.1
measurement sector
a sector of wind directions from which data are selected for the measured power curve

3.12

method of bins

data reduction procedure that groups test data for a certain parameter into wind speed
intervals (bins)

NOTE 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.

3.13

net aﬂitive electric power
measlre of the wind turbine electric power output that is delivered {o cfrical power
netwofk

3.14
obstalcles

things| that blocks the wind and creates distortion of the flo gs and trees

3.15
pitch [angle

angle[between the chord line at a defined blad
radiug) and the rotor plane of rotation

blade

3.16
power coefficient
ratio of the net electric power output\of ; e free
stream wind over the roto

3.17
powefl performance
measlire of the iIi
3.18
rated

quant
a com

ion of

NOTE
operati

normal

3.19
standard uncertainty
uncertainty of the result of a measurement expressed as a standard deviation

3.20

swept area

for a horizontal axis turbine, the projected area of the moving rotor upon a plane normal to
axis of rotation. For teetering rotors, it should be assumed that the rotor remains normal to the
low-speed shaft. For a vertical axis turbine, the projected area of the moving rotor upon a
vertical plane.

3.21
test site
location of the wind turbine under test and its surroundings
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3.22

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

4 Symbols and units

A swept area of the wind turbine rotor [m?]
AEP annual energy production [Wh]
B barometric pressure [Pa]
B1omir measured air pressure averaged over 10 min [Pa]
Ch pitot tube head coefficient

Cp,; power coefficient in bin i

Cana generalized aerodynamic torque coefficient

CT thrust coefficient

c sensitivity factor on a parameter (the partial different

cB,; sensitivity factor of air pressure in bin i [W/Ra]
cd,i sensitivity factor of data acquisition syste

Cindex sensitivity factor of index parameter

Cr sensitivity factor of componé

Cm.i sensitivity factor of air density corre in\bj [Wm3/kg]
cT sensitivity factor of air temperature [W/K]
oy sensitivity factor of wind speed in"y [Wsim]
D % [m]

Dq [m]

Dn

d

(V)

Ji

H

h

1

k

kp )

ke wind tunnel calibration factor

ks wind tunnel correction factor to other tunnels (only used in uncertainty estimate)
kp humidity correction to density

Kp ¢ barometer

Kp s barometer gain

Kg 4 barometer sampling

KTt temperature transducer

Kts temperature transducer gain

KTd temperature transducer sampling

Kp t pressure transducer sensitivity

Kp.s pressure transducer gain

Kp.d pressure transducer sampling conversion
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L leg distance of three legged mast [m]
L distance between the wind turbine and the meteorological mast [m]
Lg distance between the wind turbine or the meteorological mast and an obstacle

[m]
L, distance between the wind turbine or the meteorological mast and

a neighbouring and operating wind turbine [m]
Iy height of obstacle [m]
Ly width of obstacle [m]
M number of uncertainty components in each bin
Mp mumber of Tategory A urncertaitTty COmponents
Mg number of category B uncertainty components
N number of bins
Ny, number of hours in one year = 8760
N; number of 10 min data sets in wind speed bin i
N; number of 10 min data sets in wind direction bi
n number of samples within sampling interval
n velocity profile exponent (n=0,14)
F, porosity of obstacle (0: solid, 1: no obsta
P, normalized and averaged [W]
P, normalized power output [W]
Ppij normalized power output of W]
P1omif W]
P, vapour pressure [Pa]
Oa aerodynamfie [Nm
Os friction.torque [Nm
R dist [m]
Rq [J/(KgK)]
Ry, [J/kgK]
-
N
Sp A standard uncertainty of tunnel wind speed time series
Sk A standard uncertainty of component & in bin i
S; d’category A uncertainties in bin i
Sp; category A standard uncertainty of power in bin i [W]
Sw,i category A standard uncertainty of climatic variations in bin i
Sa,j category A standard uncertainty of wind speed ratios in bin j
T absolute temperature K]
TI turbulence intensity
T40min measured absolute air temperature averaged over 10 min K]
t mast solidity
t time [s]
U wind speed [m/s]
Uy centre-line wind speed deficit [m/s]
Ueq equivalent horizontal wind speed [m/s]
Uy free wind speed at height h of obstacle [m/s]
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wind speed in bin i [m/s]
threshold wind speed [m/s]

wind speed vector

longitudinal wind speed component [m/s]
uncertainty component of category B

combined standard uncertainty in the estimated annual energy production [Wh]
category B standard uncertainty of air pressure in bin i [Pa]
combined standard uncertainty of the power in bin i [W]

combined category b uncertainties In odin

category B standard uncertainty of index parameter

category B standard uncertainty of component & in bin {
category B standard uncertainty of air density correctio
category B standard uncertainty of power in bin i

combined standard uncertainty of site wind

direction bin j
wind speed

mea@\'
vertic i

[m]
[m]
[m]
a disturbed sector [°]
a angfe of attack |
a,; ratio of wind speeds in wind direction bin j (wind turbine position to meteorological
mast position)
AU, influence of an obstacle in wind speed difference [m/s]
Emax,i maximum deviation for any wind speed bin i in the wind speed range  [m/s]
K von Karman constant 0,4
A speed ratio
Yo correlation coefficient
e air density
20 reference air density [kg/m3]
£10min derived air density averaged over 10 min [kg/m3]
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Op ; standard deviation of the normalized power data in bin i [W]
040min standard deviation of parameter averaged over 10 min

o,/o, 0, standard deviations of longitudinal/transversal/vertical wind speeds

Q relative humidity (range 0 to 1)

w angular speed [s~1
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5 Preparation for performance test

The specific test conditions related to the power performance measurement of the wind

turbine—shat-beweH-definedand-dectmented-rthetest IU}JUIt, as—detatedCSlatse9-

5.1 Wind turbine and electrical connection

As detailed in Clause 9, the wind turbine and electrical connecti d and
documented to identify uniquely the specific machine configuratjc

5.2 |Test site

At the| test site a meteorological mast shall be set up Lirbine
to determine the wind speed that drives the wind turbipe sitemay have signjificant
influepce on the measured power performance the wi . In particular} flow
distor i sal mast and at thg wind
turbing to be different, though correla

The t4 v distortion in order to

— c¢h

— define a suitable meas

— esfimate appropriate

— evpluate the uncer

The fgllowing fa(<.>s>

— toyp

— other wind

— ob

The t4

5.2.1

Care shall’be taken in locating the meteorological mast. It shall not be located too close|to the
wind {urbine, since the wind speed wittbe Influenced/canged/affected i frontof 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 meteorological mast 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, D is equivalently defined as 2~/ A/ 7T, where A is the
swept area of the rotor, and distance is defined as L+0,5D, where L is the distance between
the centre of the turbine tower and the mast of an equivalent horizontal axis wind turbine.

Prior to carrying out the performance evaluation test and in helping to select the location
for the meteorological mast, account should be taken of the need to exclude measurements
from all sectors in which either the mast or the turbine will be subject to flow disturbance.
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In most cases, the best location for the meteorological mast will be upwind of the 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 mast alongside the turbine, for example for
a wind turbine that is sited on a ridge.

5.2.2 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 meteorological mast.

For all neighbouring wind turbines and obstacles, the directions to be excluded due to wake
effect oha” bU dUtUIIII;IIUd UO;IIH thU HIU\JUdUIU ;II AIIIIUI\ A ThU d;OtUIbUd OGUtUIO tO be
excluded due to the meteorological mast being in the wake of the wind tufbine undef\tgst are
shown in Figure 1 for distances of 2, 2,5 and 4 times the rotor diameter| of the ‘wind’tyrbine.
Reasgns to reduce the sector might be special topographic c iti expected
measlirement data achieved from directions with complicated sops for
reducing the measurement sector shall be clearly documented.

Mast to wind turbine centre line

Mast at 4D

istance of meteorology
ast to wind 2D and 4D,

,5I04s recommended

Maximum measurement sector:

at2D: 279°
at 2,5D: 286°
at4D: 301°

IEC 2027/05

Requirements as to distance of the meteorological mast
and maximum allowed measurement sectors

5.2.3 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 shall identify whether the power curve can be measured without a
required 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 factors are
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 meteorological mast is positioned at a distance
between 2 and 3 times the rotor diameter of the wind turbine and 3 % or greater if the
distance is 3 to 4 times the rotor diameter, unless objective evidence can be provided
quantifying a different uncertainty.
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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 test site calibration shall be undertaken. If an
experimental test site calibration is undertaken Annex C shall be used. The measured flow
correction factors for each sector shall be used.

6 Test equipment

6.1 Electric power

The net electric power of the wind turbine shall be measured using a power measurement

d 10 OO - OO trancda~ny adbaoe baocod on _moacy nta_of cueern i ad alia
eVviceq N 3 HUVVUI Llullouuuvl, R t—be—Pasta—oh—measuremeRts—er—ecufrert—ata—vertage on

each phase.

The cJass of the current transformers shall meet the requirement
class |of the voltage transformers, if used, shall meet the requiren
shall e class 0,5 or better.

The accuracy of the power measurement device, if it is & po f er, et the
requirements of IEC 60688 and shall be class 0,5 or better. 9 3 evice
is nol a power transducer then the accuracy sho(lld b i ,5 power
transducers. The operating range of the power me i asure
all pogitive and negative instantaneous power peaks genécrated i ine[ As a
guide| the full-scale range of the powe S p % to
+200 b of the wind turbine rated power. e test

to engure that the range limits of the p S 1 eded.

The power transducer shall be calibraf ement
device shall be mounted between the e that
only t all be
stated of the
transf

6.2

Wind made with a cup anemometer that meets the
require erformance measurements an anemometer with g class
better . Additionally, in terrain that does not meet the requiremgnts of
Annex e.calibration, it is recommended that a class better than| class
2,5B ¢ d’speed to be measured is defined as the average magnitpde of
the hpri 2 wponent of the instantaneous wind velocity vector?, including only the
longithidi but not the vertical, turbulence components. Consequently, the
angular response of the cup anemometer should be cosine shaped (see Annex J). All reported
wind 3 - | dncertainties connected to operational characteristics shall be reldted to

this wjnd speed definition.

The cup anemometer shall be calibrated before and recalibrated after the measurement
campaign. The difference between the regression lines of calibration and recalibration shall
be within +0,1 m/s in the range 6m/s to 12 m/s. Only the calibration before the measurement
campaign shall be used for the performance test. Calibration of the cup anemometer shall be
made according to the procedure of Annex F. During calibration the cup anemometer shall be
mounted on a vertical tube configuration similar to the one being used during the power
performance test.

2 |t is believed that, by using instruments that are able to measure the wind speed according to this definition
consistent power curves will be obtained in most field conditions. Consistent in this context means that the
power curves measured in inclined flow are essentially similar to the power curves measured under non-
inclined flow conditions. Special care should be taken to achieve a proper mounting (align the instrument) and
special care should also be taken to inspect the anemometer for distorted cups. Improper mounting or distorted
cups may introduce severely biased results.
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As an inferior alternative to the recalibration, it shall be documented that the cup anemometer
maintains its calibration over the duration of the measurement period. The procedure in Annex
K should be used.

The cup anemometer shall be mounted at hub height of +2,5 %, relative to the ground at the
meteorological mast. The requirements given in Annex G with respect to mounting shall be
used.

The uncertainty in wind speed measurement derives from three sources (see Table D.1): the
calibration of the instrument, the operational characteristics of the anemometer and flow
distortion due to instrument mounting effects. Uncertainty in calibration shall be derived from
AnneXFUncertainty due to operational characteristics shatt—be derived from Anmex | on
classification of anemometry. Uncertainty due to mounting effects sha derived from
Annex G.

6.3 |Wind direction

Wind firection should be measured with a wind vane. A wmd va
be mqunted on the meteorological mast on a boom, as des
caIib;Ttlon operation, and orientation uncertainty of the
be less than 5°.

6.4 |Air density

Air density shall be derived from the measure [ using
equation (1). At high temperatures, it is AME i idi gsured
and corrected for. The correction for the densi i idi brmed
using lequation (F.1).

The ajr temperature senso C di d , ithin 10 m of
hub height to represen i

The ajr pressur ght to
repregent the air pres is not
mounied close to the

heigh{ according

6.5 |Rotational

Rotatiponal.speed ahd-\pi i i pecific
need ffor it, f¢ i i ioh with

acousttic noise-tests. IPmeasured, the measurements shall be reported according to Clayse 9.

6.6 Blade condition

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

6.7 Wind turbine control system

Sufficient status signals shall be identified, verified and monitored to allow the rejection
criteria of 7.4 to be applied. Obtaining these parameters from the turbine controller's data
system, if available, is adequate3. The definition of each status signal shall be reported.

3 A status signal on generator cut-in is adequate to verify cut-out hysteresis control algorithm
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6.8 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 pre-processed data.

The calibration and accuracy of the data system chain (transmission, signal conditioning and
data recording) shall be verified by injecting known signals 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.

7 Measurement procedure

7.1 General

The dbjective of the measurement procedure is to collect data
defingd criteria to ensure that the data are of sufficient quantity and
power performance characteristics of the wind turbine
procegdlure shall be documented, as detailed in Clause 9,
test condition can be reviewed and, if necessary, repeated

Accuracy of the measurements shall be expressed /in te ) : ty, as

described in Annex D. During the measurement p ked to
ensure high quality and repeatability ed to
docunpent all important events during

7.2 |Wind turbine operation

During the measurement pe i i cribed
in the| wind turbine operati nged.
The o p cribed

bine shall be carried out throughodit the
noted in the test log. Any special mainte\Ewance
ith ensure good performance during the tesft shall
nance actions shall by default not be made, Unless

in Clxuse 9. Normal

measlyirement peried, k
actionss, such as e
in parficular be notéd/'S

agree mencement of the test.

7.3

Data 3 3 e contintiously at a sampling rate of 1 Hz or higher. Air temperatufre, air
press i yrbine.statys and precipitation, if measured, may be sampled at a slowey rate,
but at i

The datalacquisition system shall store either sampled data or statistics of data s¢ts as
followp:

— mean value;

— standard deviation;
— maximum value;

— 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 7.6 are satisfied.
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7.4

Data rejection

To ensure that only data obtained during normal operation of the 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:

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

— turbine cannot operate because of a turbine fault condition;

— turbine is manually shut down or in a test or maintenance operating mode;

— fai
- Wi

- Wi
Any o
The p

as thq
hyster

behai

prese
data {
cut-oy

Subsd
rough
shear

If the
the pq
grid fr
freque

7.5
For t

calibr
close

7.6

After
bins”

| | ot o icing}of . ;

hd direction outside the measurement sector(s) as defined in 5.2.2;

hd directions outside valid (complete) site calibration sectors.

her rejection criteria shall be clearly reported.

b effect of parasitic losses below cut-in. The effe
esis loop in the cut-out control algorithm

database A). The

ency bins, centred on integer values of th

Database

jata‘normalization (see 8.1) the selected data sets shall be sorted using the “met

s well

large
ut-out
bre be
other

d generating power due to

blade
wind

select

evels as a special database. In this casle, the

e grid

site
than

hod of

roecedure (see 8.2). 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 1m/s below cut-in to a
wind speed at which "4EP-measured” is greater than or equal to 95 % of "4EP-extrapolated”
(see 8.3). The report shall state which of the two definitions has been used to determine the
range of the measured power curve. The wind speed range shall be divided into 0,5 m/s

contig

uous bins centred on multiples of 0,5 m/s.

4 A power curve based on database A can be used to estimate the impact of cut-out behaviour of a turbine. While
accurate for the location and period of the test, it may differ from the behaviour seen at other periods or
locations. A power curve based on database B, which does not include power loss due to cut-out hysteresis,

can

be used to compare or verify power curves in a more generic way.
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The database shall be considered complete when it has met the following criteria:

— each bin includes a minimum of 30 min of sampled data;
— 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. In order to complete
the power curve at high wind speeds the following procedure can be used:

— for wind speeds above 1,6 times the wind speed at 85 % of rated power the measurement
sector can be opened.

The following condition has to be fulfilled by using these two measures: P measujled by
extengled procedures deviates less than 1 % from AEP extrapolate up to the highest
compliete wind speed bin for the extended procedures (for the Rayleigh .B).

The database shall be presented in the test report as detailed i

8 Derived results

8.1 Data normalization

. be the
sea g kg/m3). The other shall be
the a a during periods of valid data
collecti SNO alr enS|ty normalization to actual ajerage
air de ensity is within 1,225 = 0,05 kg/m3.
Altern yyt'to a nominal air density pre-defined
for th pom measured air temperature apd air
press

The s

(1)

Ro is-the gas constant of dry air 287,05 J/(kg x K).

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

By = Piomin o0 2)
10min
where
P, is the normalized power output;

Piomin s the measured power averaged over 10 min;

o is the reference air density.
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For a wind turbine with active power control, the normalization shall be applied to the wind
speed according to the equation:

0 . 1/3
Va =V10min (Mj (3)
Po

where
Va is the normalized wind speed;
Viomin I8 the measured wind speed averaged over 10 min.

8.2 |Determination of the measured power curve

The measured power curve is determined by applying the "method of bpins alized
data gets, using 0,5 m/s bins and by calculation of the mean values\© i wind
speed and normalized power output for each wind speed bin accord :

(4)

®)

wherég

Vi

Vo,ij is the normalized

P, is the normalized
P is the normalized po

N; is the n<:>
The measured powe

ut-out
behaviour has bee all be
presepted. Powe CUKVE o : ged on
database B . B i i lause
9.
8.3 |[Ann

Genellic AEP\is‘estimated by applying the measured power curve to different reference wind
speed frequency distributions. A Rayleigh distribution, which is identical to a Weibull
distr|but|on W|th a shape factor of 2, shall be used as the reference wind speed frequency
distrib : : of 4,
5,6,7,8, 9 10 and 11 m/s accordlng to the equat|on

agP = Ny YN [F () - (s )] (%} ©)
where
AEP is the annual energy production;
Ny, is the number of hours in one year = 8760;
N is the number of bins;
V; is the normalized and averaged wind speed in bin i;

P, is the normalized and averaged power output in bin i.
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F(r)=1-exp —E( v ]2

Vave

is the Rayleigh cumulative probability distribution function for wind speed;
is the annual average wind speed at hub height;

V is the wind speed.

The summation is initiated by setting V. 4 equal to V. — 0,5 m/s and P, , equal to 0,0 kW.

()

For a
may
on thi

The 4
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the pq
to cut

AEP-measured shall be obtained from the meas

all win

AEP-€
for all
power
wind §
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"incon
extraf
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to Ani

The u
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AEP-measured and AF
Clausg 9. For 1@‘
For glven annualhaveta

specific development, nominal site conditions specifying the wind climatecef'th

5 site specific information.

EP shall be calculated in two ways, one designated “A]
olated”. If the measured power curve does not inclyde

out wind speed.

nplete" whe z
olated.

5 relating to actual energy production for a given installation.

e site
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“AEP-
peed,
ed up
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hstant
ut-out
e from

led in
00 %.
ed as
AEP-
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eeds.

m the
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8.4

Power coefficient

The power coefficient, Cp, of the wind turbine shall be added to the test results and presented
as detailed in Clause 9. Cp shall be determined from the measured power curve according to
the following equation:

where
Cp
V.

1

N

iz 3
EPOAVI'

is the power coefficient in bin i;
is the normalized and averaged wind speed in bin i;

(8)
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P, is the normalized and averaged power output in bin i;
A is the swept area of the wind turbine rotor;
o is the reference air density.

9 Reporting format

The test report shall contain the following information:

a) An identification and description of the specific wind turbine configuration under test (see
5.1). including:

1) turbine make, type, serial number, production year;
2) rotor diameter and a description of the verification methad nce 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, numbe pitch,
and pitch angle(s);
6) hub height and tower type;
7) description of the control system (de tation
of status signals being used’fo
8) description of grid condition at voltage, frequency and their
tolerances, and a drawing ind ected,
specifically in relation to a nption
of power.
b) A description of th
1) photograph ine at
[ least
ion of
bines,
shall
e site
c) A gdescription of the test equipment (see Clause 6):
LRY idantificoatinn ~Ff L1 caoncaora and dAotn S~ e avctara el Aie daciimad tat|on

7

O CT o O troTT OT (T~ o CTToUTS arrg_gata U\J\.1UI\JII.IUII =3 AN A0 |||u|uu|||u TOoOTOTTTCT

of calibrations for the sensors, transmission lines, and data acquisition system;

description of the arrangement of cup anemometers on the meteorological mast,
following the requirements and descriptions in Annex G;

sketch of the arrangement of the meteorological mast showing principle
dimensions of the tower and instrument mounting fixtures;

description of method how to maintain the anemometer calibration over the
duration of the measurement period and documentation of results that show that
the calibration is maintained.
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d) A description of the measurement procedure (see 5.1 and Clause 7):

1)

2)

3)

documentation of the procedural steps, test conditions, sampling rate, averaging
time, measurement period;

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
and a listing of any special actions (such as blade washing) that were completed to
ensure good performance;

identification of any data rejection criteria beyond those listed in 7.4.

e) Presentation of measured data (see 7.3 to 7.6):

dq
pr

1)

ffa from each selected data set shall be presented in both tabular and
pviding statistics of measured power output as a function of wind sp
meteorological parameters including:

esentation of m
the p

graphical fofmats,
ed and ofcimgortant

— scatter plots of mean, standard deviation, maximu power
output as a function of wind speed (plots must include i sample

— scatter plots of mean wind speed and turbulense ity Acti f wind

— special databases consisting of hal or

— if measured, rotational spe catter
plot including binned va inned
values;

— definition of/sta S ement
period.

wind

speed bi

combined standard uncertainty (see Annexes D and E);

the power curve shall be presented in a graph similar to Figure 3. The graph shall
show as a function of normalized and averaged wind speed:

— normalized and averaged power output;
— combined standard uncertainty;
the Cp curve shall be presented in a graph similar to Figure 4;

both the graph and the table shall state the sea level air density 1,225 kg/m3, used
for the normalization;

in case cut-out wind speed has been reached during the measurement period the
power curve and C, curve, or the parts of the curves influenced by the cut-out
hysteresis, shall be presented in a similar way to items 1), 2), 3) and 4).

g) Presentation of measured power curve for site specific air density (see 8.1 and 8.2):
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)

k)

if the site average air density is not within 0,05 kg/m3 of 1,225 kg/m3, or if a pre-defined
nominal air density is required, then a second presentation of the measured power curve
shall be made. This presentation shall be the same as for sea level air density but shall
show the power curve results obtained by normalization to the site specific air density.

Presentation of measured power curves collected under special operational and
atmospheric conditions (see 7.5):

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 as
for sea level air density, but with clear indication in all plots and tables of the special
operational and/or atmospheric conditions.

Presentation of estimated annual energyv production for air density at sea level (see 3)
D20 A o rs \y . .

1) a table that for each annual average hub height wind speed shg

— AEP-measured;
— standard uncertainty of AEP-measured (see Annexes
— AEP-extrapolated;

2) the table shall also state:
— reference air density;
— cut-out wind speed;

3) if at any annual average wind speed me i ss than 95 % off AEP-
extrapolated, the table shallralso inelude , “incomplete” in the colymn of

4) in case cut-out wind speed ha ing the measurement peripd the
estimated annual uding the cut-out hysteresis,| shall
i and 3); the table shall also state the

Presentation of estijmn 3 8 tion for site specific air density (see 8.3):

if the site average ai ityis not within\0,05 kg/m3 of 1,225 kg/m?3, or if it is desirgd that
a >re-define' ir ¢ i : ented.
THis presentatie esults

ob
Pr

measured i table

e and

2) ,the table shall for each wind direction bin present:

— minimum and maximum wind direction limits;

— the bin-averaged wind direction;

— the bin-averaged ratio of wind speeds;

— number of hours of data;

— combined standard uncertainty of the wind speed ratio for 6, 10 and 14 m/s;
3) the graph (see Figure 5) shall present:

— the bin-averaged ratio of wind speeds with standard deviation SaJ versus wind
direction.

m) Uncertainty of measurement (see Annex D):

uncertainty assumptions on all uncertainty components shall be provided.


https://iecnorm.com/api/?name=60c585eaaf37b4de6276b72316b816c7

- 26 - 61400-12-1 © IEC:2005(E)

n) Deviations from the procedure:

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.

Scatter plot of measured power output (database A)
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Figure 2 — Presentation of example database A and B: power performance test scatter
plots sampled at 1 Hz (mean values averaged over 10 min)
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Cp at sea level air density 1,225 kg/m3 (database A)
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Figure 4 — Presentation of example Cp curve for databases A and B
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Table 1 — Example of presentation of a measured power curve for database A

Measured power curve (database A)

Reference air density: 1,225 kg/m3 Category A Category B u?::::::;’;ﬁ?y
) Hub height Power No. of Standa_rd Standa_rd Standa_rd
Bin wind speed output Cp data sets uncertainty uncertainty uncertainty
no. S uj Uej
m/s kW (10 min. avg.) kw kW kW
4 2.1 -3,6 | -0,26 138 0,05 6,3 6,3
5 2,5 -3,6 |-0,16 275 0,04 6,3 6,3
6 3,0 -3,8 |-0,10 270 0,13 6,3 6,3
7 35 —5>—1-6-63 326 8-56 63 63
8 4,0 -0,4 | 0,00 347 0,56 63 [ 6,3
9 4,5 6,0 0,05 362 0,67 6, 6\
10 5,0 27,7 | 0,15 333 1,09 BB 6,9
11 5,5 67,4 | 0,28 285 1,65 10,9 1,00
12 6,0 111,3 | 0,36 262 2,26 16,1\ 1673
13 6,5 160,9 | 0,40 265 3,08 2010\ 20,3
14 7.0 209,4 | 0,42 286 3,22 RO4 20,7
15 7,5 262,0 | 0,43 287 3:28~ 207 20,9
16 8,0 327,6 | 0,44 248 /328 23,3\ 23,5
17 8,5 395,2 | 0,44 215 | 438/ 28,6 28,9
18 9,0 462,0 | 0,44 79 | \V4.9 ¢ 29,8 30,2
19 9,5 556,1 | 0,45 < 183 < (502 |V 299 30,3
20 10,0 629,8 | 0,43 133 05,83 41,5 41,9
21 10,5 703,1 | 0,42 127 6,82 32,8 33,5
22 11,0 786,5 | 0,41 L1197 6,75 36,1 36,7
23 11,5 836,5 0,38 01 N O\ 665 36,5 37,1
24 12,0 893,5 |\ 0,38, oA T WT27 25,2 26,2
25 12,5 9286 | 0,33 | (.74 |/ 559 28,8 29,3
26 13,0 956,4 | 0,30\ 70 6,38 19,5 20,5
27 135 (| 9713 | o, 63 4,66 16,5 17,1
28 14,0 980,9 /10,25 A 7} 3,19 13,5 13,8
29 14,5 988,2 | 0, N\ V77 2,53 12,2 12,4
30 15,0 9935 | 0,20 |/ 64 1,37 11,9 11,9
31 15,5 993,750,118, 47 0,84 11,6 11,6
32 16,0 9952 | 07 54 0,83 11,3 11,3
33 {165\ 9962 | 0,15 33 0,42 11,4 11,4
34 1750 209964} 0,14 23 0,23 11,3 11,3
35 17,5 996,5 | 0,13 30 0,24 11,3 11,3
36 180 ~No96,5 | 0,12 13 0,18 11,3 11,3
37 1875 9957 | 0,11 11 0,21 11,3 11,3
38 190 C\’U—'\,f—'\ n,no 15 n,7n 11"2 11‘A
39 19,5 900,5 | 0,08 12 61,11 36,8 71,3
40 20,0 842,5 | 0,07 8 65,05 23,0 69,0
41 20,5 551,2 | 0,04 5 122,70 33,9 127,3
42 20,9 661,2 | 0,05 6 230,33 159,9 280,4
43 21,5 396,5 | 0,03 8 211,08 77,3 224.8
44 22,0 —-6,3 | 0,00 6 176,06 144,4 2277
45 22,6 4943 | 0,03 4 0,03 224.5 224.5
49 24,6 6,3 | 0,00 3 0,19 125,4 125,4
50 25,0 6,3 | 0,00 3 0,04 6,3 6,3
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Table 2 — Example of presentation of a measured power curve for database B

Measured power curve (database B)

Reference air density: 1,225 kg/m3 Category A Category B u‘i\%’:ﬁ;’;ﬁ?y

. Hub height Power Standa_rd Standa_rd Standa_rd

Bin| \ind speed output (O No. of data sets uncertainty uncertainty uncertainty
no. Si uj uej
[m/s] kW] (10 min. avg.) kW] (kW] (kW]
4 2,1 -3,6 |-0,26 138 0,05 6,3 6,3
5 2,5 -3,6 |-0,16 275 0,04 6,3 6,3
6 3,0 3,8 |-0,10 270 0,13 6,3 6,2
7 3,5 2,2 |-0,03 320 0,56 6, 6.4
8 4,0 -0,4 | 0,00 347 0,56 {63 (T 6,
9 4,5 6,0 | 0,05 362 0,67  \ B3 6,4
10 5,0 27,7 | 0,15 333 1,09 5,8 6,9
11 5,5 67,4 | 0,28 285 1,65 \ 20, o 1p
12 6,0 11,3 | 0,36 262 2426 18,1 16,8
13 6,5 160,9 | 0,40 265 3,08~ N 20,1 20,B
14 7,0 209,4 | 0,42 286 3,22 204 20,7
15 7,5 262,0 | 0,43 287 { 323 20,7 20,p
16 8,0 327,6 | 0,44 248 A\ V7 [a.38 23,3 23,5
17 8,5 3952 | 0,44 NEEES \4,387 | 28,6 28,p
18 9,0 462,0 | 0,44 79 a94 29,8 30,p
19 9,5 556,1 | 0,45 183 5,02 29,9 30,B
20 10,0 629,8 | 0,43 \ 138 g 83 41,5 41p
21 10,5 703,1 | 042 1270) 6,82 32,8 33,p
22 11,0 786:5 | 041 ) 4d9 6,75 36,1 36,f
23 11,5 836,5 0,38 | \ \MTON 6,65 36,5 37,0
24 12,0 18935 | 0, % 7,27 25,2 26,p
25 12,5 928,6] 0,33 74 5,59 28,8 29.B
26 13,0 966,4 | 030\ V70 6,38 19,5 20,p
27 13,5 o718 | 027/ 63 4,66 16,5 17,f
28 14,07~ [ \980,g: N 0,2 71 3,19 13,5 13,8
29 14,5 9882 | o) 77 2,53 12,2 12,4
30 15,0 3,5 N 0,20 64 1,37 11,9 11,p
31 15,5, <A 993,71 0,18 47 0,84 11,6 11,p
32 16,0 995,7 | 0,17 54 0,83 11,3 11,
33 {6,5 '996,2 | 0,15 33 0,42 11,4 11,1
34 17,0 996,4 | 0,14 23 0,23 11,3 11,
35 17,5 996,5 | 0,13 30 0,24 11,3 11,3
36 18,0 996,5 | 0,12 13 0,18 11,3 11,3
37 18,5 995,7 | 0,11 11 0,21 11,3 11,3
38 19,0 996,6 | 0,10 14 0,59 11,3 11,3
39 19,4 996,1 | 0,09 10 0,21 11,3 11,3
40 20,0 994,1 | 0,09 5 0,41 11,3 11,3
41 20,5 987,4 | 0,08 2 2,67 11,4 11,7
42 20,9 996,9 | 0,08 3 3,38 11,8 12,3
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Table 3 — Example of presentation of estimated annual energy production (database A)

Estimated annual energy production

(database A)

Reference air density: 1,225 kg/m3

Cut-out wind speed 25 m/s

(extrapolation by constant power from last bin)

Hub height AEP-measured Standard Standard AEP-extrapolated
annual (measured power uncertainty in uncertainty in (extrapolated
average wind curve) AEP AEP power curve)
speed
(Rayleigh)
/s MWh MWh % /m@\
4 481 99 21 481 \_
5 1083 129 12 1083, %
6 1825 152 8 < \18\2\5
7 2596 168 N 2596
8 3305 181 P A% \?3@5/
9 3892 197 N 3892
10 4329 216 5 A 4329
11 4615 J238 /N 2o 8, ) |/ 4615

Tabl¢ 4 — Example of presentation fes{h%l energy production (database B)

\Eétlmate annualehe

S

production

)

nsity: 1,225 kg/m3
nd speed 25 m/s

constant power from last bin)

Hub| height /Standard Standard AEP-
annual uncertainty in | uncertainty in extrapolated
avergge win AEP AEP (extrapolated
sieed power curve)
(Rayleigh)
mn/s MWh % MWh
4 99 21 495
5 129 12 1097
6 152 8 1841
7 165 6 2621
8 170 5 3362
9 169 5 4026
10 163 4 4590 Incomplete
11 156 4 5045 Incomplete

NOTE The uncertainty figures in the above tables are based on a coverage factor of 1. This implies that the level
of confidence (percentage of times in repeated power curve measurements the intervals will contain the “true” 4EP
value) is in the order of 58 % to 68 %. The level of confidence is only an estimate since detailed knowledge of the
probability distribution of the measurand is normally not known. The upper value (68 %) applies to normal
distributions and the lower value (58 %) applies to rectangular distributions.
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Annex A
(normative)

Assessment of obstacles at the test site

A.1 Requirements regarding neighbouring and operating wind turbines

The wind turbine under test and the meteorological mast shall not be influenced by
neighbouring wind turbines. If a neighbouring turbine is operated at any time during the power
performance test, its wake shall be determined and accounted for as described in this-annex.

If the furbine is stopped at all times during the power performance test, it dered
as an|obstacle and accounted for as described in Clause A.2.

The minimum distance from the wind turbine under test and.the jica ast to
neighbouring and operating wind turbines shall be two rotor dig i buring
wind furbine or two rotor diameters of the wind turbine unde iameter.
The sg all be
taken 2 W ce Lp
and th i ind_turbine. The sectors|to be

exclug
and th
the me

e meteorological|mast,
d operating wind turBine to
ih Figure A.2.

A.2

No si 9. n the

measyirement sector withi S di i i ogical
, i ement

An ob t rbine
positiq ' 3 i determining a significant obstacle is that the flow is
affecte bt hub
heighf
The irf imated
by
AU, JU, =975 (1- By) exp(— 0,67/71‘5) (A1)
X
H, x —
n="-(K) (A2)
h h
2k*
K= (A.3)
h
In—
Zy
where

x distance downstream obstacle to met mast or wind turbine [m]

h height of obstacle [m]
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U, free wind speed at height / of obstacle [m/s]
n velocity profile exponent (n=0,14)

F, porosity of obstacle (0: solid, 1: no obstacle)
H hub height [m]

z, roughness length [m]

K von Karman constant 0,4

Sectors with a significant obstacle shall be excluded with reference to Figure A.1. The

dimen[Sions 10 be taken INto accounti are the actual distance Lg and an_equivaleny rotor
diameter D¢ of the obstacle. The equivalent rotor diameter of the obstacle ed as:
21,1
R =_“h'w (A4)
lh +ZW
wheré
D, is the equivalent rotor diameter;
l,, is the height of obstacle;
Iy is the width of obstacle. (\(> G
w PN
9 \ Qe N\
8 3\\4 \D\ D)
= 1,3"arctan(2,5Dg/bp\t 0,15) + ora = 1,3 arctan(2,5D,/L, + 0,15) + 10
- 7 r>( N
8 N
I \/{\\ \/\ >ndisturbed
g s .
8 4
o]
pe \
1< —
a 3 -
\\ \>)isturbed
2( \>
1
9
0 2 4 6 8 10 12 14 16 18 20 22

Relative distance Lg/Dg Or Lp/Dp IEC 203505

Figure A.1 — Sectors to exclude due to wakes of neighbouring and operating wind
turbines and significant obstacles
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Neighboring .
and operating 49
wind turbine
N Neighboring N 81°
and operating
wind turbine
Meteorology 113°
mast Meteorology
mast Ln/Dn = 3,4
disturbed sector = 64°
Significant Significant
obstacle obstacle
Wind turbine Wind turbine
under test under test
£
236°
199° " 162° Ln/Dn=2,5
disturbed sector = 74°
a) b) O\
e \>
Neighboring 32
and operating ) )
N wind turbine 80° eighboring
and operafing
A Meteorology wind turbinpe
mast
Ln/Dn=6,0 LelDe = 7,2
disturbed sector = 48° disturbed sector = 44°
D Significant .
obstacle 93

Wind turbine
under test

Significant
obstacle

Iw=2/3D
Ih=1/3D
De =4/9D

1370 [15°

Z

Wind turbine
undertest

Significant
obstacle

Iw=2/3D
Ih=1/3D
De =4/9D

0°

180°

IEC 2036/05

Figure A.2 — An example of sectors to exclude due to wakes of the wind turbine under
test, a neighbouring and operating wind turbine and a significant obstacle

The figures show the sectors to exclude when:

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

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

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

e) the wind turbine is in the wake of the significant obstacle;

f) all of the above effects a) to e) are combined.
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Annex B
(normative)

Assessment of terrain at the test site

For testing without a site calibration, the terrain at the test site may only show minor
variations from a plane, which passes both through the base of the tower of the wind turbine,

and the terrain within the sectors.
If the |

If the terrain characteristics are within an additional 50 % of the limits
shown in Table B.1, then a flow model can be used to determ

flow model shows a difference in wind speed between the a

turbing's hub less than 1 % at 10 m/s for the measurement se
measlirement is required.

Otherwise a site calibration measurement is required

Table B.1 — Test site r uen;e@i o] gl@hic variations

ired.

slopes
iration
in|If the
d the
idration

Distance Secto >> Wpe

Maximum terrain
variation from [plane

<21 360 \ <3+ <0,04 (H+Ip)
22Land <4 L easu t ect&\ \ <5* <0,08 (H+1p)
>2 L and <4 L I\ \Q\s meas&iﬁe\)\/ <10** Not applicalple
>4 L and <8}/\ I\%}%\\em\ai\to <10* <0,13(H+0)

* The maximum s p e plane, whi |des the best fit to the sectoral terrain and passes thrqugh the
towyer base.
** The line of steepést ects the tower base to individual terrain points within the sector.

Relative distance
8L

Annular area AL

lo e o 4L
oetweeITzZzCanca =L

Circular area
within 2L

Measurement

sector limit \ /sector limit

Outside measurement
sector

Veteorotogicatmast
at distance L from wind turbine

Measurement

Wind turbine position

IEC 2037/05

Figure B.1 — lllustration of area to be assessed, top view
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Annex C
(normative)

Site calibration procedure

C.1 General

A site calibration quantifies and potentially reduces the effects of terrain and obstacles on the
power performance measurement. Terrain and obstacles may cause a systematic difference
in wind speed between the position on the meteorological mast where the power performance

anempmeter is mounted and the centre of the turbine rotor.

A key|result of a site calibration test is a table of flow correction factors for ctions
in thelmeasurement sector. Another result is an estimate of the unce 9 ection
factors. The test may provide information that justifies wable
measlirement sector.

C.2 | Test set-up

Prior { ogical masts shall be
erectgq >.be used also for the power
perfor s two
anem sition
anem used
for pd on a
tempag r was
locate se as
possit ere H
is the at the
turbing

Sensg . The
anem istics.
The ahemometers . The
meteorologlc ent as
for site ) | he case, the added uncertainty shall be taken into account.
C.3

Data shall’be collectéd continuously at the same sampling rate as for the power performance
test. Data sets shall be based on 10 min penods derived from cont|guous measured data. The
mean : 0 Rall be

derived and stored

The data sets shall be sorted into wind direction bins. Each bin shall be no larger than 10°.
The wind direction bin should be not less than the uncertainty of the wind direction sensor.

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

—_

failure or degradation (e.g. due to icing) of test equipment;

)
2) wind direction outside the measurement sector(s) as defined in 5.2.2;
3) mean wind speed less than 4 m/s or greater than 16 m/s;
4) any other special atmospheric conditions that will also be used as rejection criteria during

the power performance test.
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As a minimum the site calibration data set shall consist of 24 h of data for each non-excluded
wind direction bin. Of these each bin shall have at least 6 h of data where winds are above
8 m/s and at least 6 h of data where winds are below 8 m/s. Beyond these minimum
requirements, the test should be monitored to indicate the convergence of data5.

From the site calibration database, the averages of the flow correction factors due to terrain
a;, (ratio of wind speed at the wind turbine location divided by the wind speed at the

meteorological mast) for each sector shall be made.

C.4 Uncertainty analysis

MeastArement uncertainty of flow correction factors shall be determined according tosAnpex D.
An expmple is shown in Annex E, where the combined uncertainty is calculated for-each wind
directlon bin.

C.5 | Selection of final measurement sector

It is often the case that the insufficient data are obtaine ; 3 orrection factors

acros$ the measurement sector used for site ass A. In additiop, the
corregtion factors may change abruptly between wind directi ins. Itis recommended that

wind firections from the measurement sector ¢ i en flow correction factors

In some cases, the site calibration test s G hat anmobstruction has no discefnable
effect|on the measured flow correction fac . S ases, the measurement sectgr may
be in¢reased beyond the eqwremen ss i 2X A. The increase in measurgment
secto]l must account for ) wake) from an obstruction to affect the test
turbing's rotor even if it doe : eter at the hub.

C.6 | Report @re

The regporting requi ibration are described in Clause 9.

C.7 | Verificat

If a site calibration\i ertaken, the site calibration itself, derived from measurements with
two masts, ¢ d by using data measured directly at the turbine during the power
curve |measurem . Below rated power, the wind speed incident to the wind turbine gan be

derivegd fromrthe mo entary time averaged mean value of the electrical power by use |of the

wind d|rect|on IdeaIIy these wind speed factors should be |dent|cal to the wind speed
correction factor established from the site calibration before the erection of the wind turbine.

5 The most illustrative graph for this purpose plots normalized running averages against the number of hours per
bin. Each running average is normalized by the final average obtained as of the date of analysis. For many
sites, the running averages can be seen to converge to the final average within 1 % after 8 h to 16 h of data
have been obtained. Further reduction to 0,5 % can be obtained by continuing the test until 24 h or more of
data per bin are obtained. If one or more of the running averages shift away from the normalized value of one
after appearing to stabilize, the data set should be analyzed further to ensure that no problems have occurred
with the anemometers or wind vane.
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Annex D
(normative)

Evaluation of uncertainty in measurement

This annex addresses the requirements for the determination of uncertainty in measurement.
The theoretical basis for determining the uncertainty using the method of bins, with a worked
ple of estimating uncertainties, can be found in Annex E.

exam

Following the ISO Guide, there are two types of uncertainties: cate

which

means$

denot

a) The measurands

of elgctric power and wind speed (

b) Uncertainty components

Table
uncer

rement. The estimate shall be based on the ISO information publi¢ation
Esion of uncertainty in measurement”.

D -

pd standard uncertainties.

Ction (see clause 8.3). Uncertai
measurand by means of sensitivi

D.1 provides a mi
ainty analysis.

9

of the
to the

tude of

other
d are

alues

nergy
rtainty

in the
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Table D.1 — List of uncertainty components

Measured Uncertainty component Uncertainty
parameter category
Electric power Current transformers B
Voltage transformers B
Power transducer or power measurement device B
Data acquisition system (see note) B
Variability of electric power A
Wind cpooﬂ Anemometercalibration B
Operational characteristics B
Mounting effects
Data acquisition system (see note)
Flow distortion due to terrain B

Air temperature Temperature sensor \

$

Radiation shielding
Mounting effects

Data acquisition system (see n te

Air pressure Pressure sensor \/
Mounting eff
Data acquisition (see no
Data acquisition Signal transmi S|on
system
stem accura
% ond|t|o n

T U W | W WD @

NOTE | The implicit assumption of th tandard is that the 10 min mean power yield from|a wind
turbine]is fully exp i mean wind speed measured at hub height, and|the air
density

This is|not the case. Qthe s’ af power yield and thus identical wind turbines will yield different
power gt different sités eve i wind speed and air density are the same. These other variables
include| turbulence fl ions i spe€d (in three directions), the inclination of the flow vector relgtive to
horizontal, scale t ear of mean wind speed over the rotor. Presently, analytical tools offer little
help inf identification o i 2 these variables and experimental methods encounter equally [serious
difficultjes.

The reqult i will vary from one site to the next, but since the other influential variables|are not
measured and takehn t, the variation in the power curve will appear as uncertainty

This apparent_‘uneertainty )stems from differences in observed power yield under different topographi¢al and
climatiq conditions, i.e. wiien comparing an AEP measured in homogeneous terrain with an AEP measured af a non-
homoge¢netus-wind farm site.

Quantificationof this apparent nnm:rfmnhl is difficult nnnnnr{mn on site conditions and climate _the ||nnnrta|nty

may amount to several percent In general terms, the uncertamty may be expected to increase with increasing
complexity of topography and with increasing frequency of non-neutral atmospheric conditions.
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Annex E
(informative)

Theoretical basis for determining the uncertainty of measurement
using the method of bins

E.1 General

In its ost gnnnrnl form the combined standard ||nr~nrfqinfy of the power inbin iy T can be
expregsed by :

2 — M M

G T Zk=12y= C Uk € Ui P (E.1)
wherg
Ch.i is the sensitivity factor of component & in bin i;
Uy i is the standard uncertainty of component £ in bin;
M
Pr1ij i onent & in bin i and unceftainty

S and / are both in bin i)
The i i indivi quantity to the uncertainty of| each
meas . i nty in the estimated annual gnergy
produgti ini )
(E.2)

wherég
fi nd speed between V,_4 and V,;: F(V;) — F(V,_4) [within
F(V) probability distribution function for wind speed
N
Ny, ours in one year = 8760
Itiss 9 deduce explicitly all the values of the correlation coefficients gy ;|; ; and
normdlly, (significant simplifications are necessary. To allow the above expressions of
combined uncertainties to be simplified to a practical level, the following assumptions may be

made:

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

— all category A uncertainty components are mutually independent and category A and B
uncertainty components are independent (they are either from the same bin or they are
from different bins), while category B uncertainty components are mutually fully correlated
(e.g. uncertainty in power transducer in different bins).
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Using these assumptions, the combined uncertainty of the power within a bin, u; can be
expressed by

2 2 2 2
uCl Zk—qckz Skz+zk =1 Cpi U~ =8 tu;

where

Mp is the number of category A uncertainty components;

Mg is the number of category B uncertainty components;

Sk is the category A standard uncertainty of component & in bin i;

It sho
numbeé

The ap

The gignifi

uncer
assu
comb

In practice, it may not be onv i i )gofy B uncertainty components acro

bins
uncer
s; and

The u
equat

E.2

(E.3)

are the combined category A uncertainties in bin i;

are the combined category B uncertainties in bin i.

N 2
”AEP th 1f Z th Ski t+

pefore they are d. approximation, allowing the categ
ainty component e_combined\within bins before they are combined across bin
u; can be , Te ) e conyenient expression:

2
2 2 2( vN Me 2 2 _
CkiSkit N [21:1 JiV 2K ck,i”k,i) =

2 2
N 12524 NS, fof

; pn the

ps I8!
(E.4)

ory B

ihg the

5s-bin
inty.

5s the
ory B
s (i.e.

(E.5)

using

| Expanded uncertainty
J

The combined standard uncertainties of the power curve and the 4EP may additionally be
expressed by expanded uncertainties. Referring to the ISO guide and assuming normal
distributions, intervals having levels of confidence shown in Table E.1 can be fou
multiplying these combined standard uncertainties by a coverage factor also shown in the

table.

nd by
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Table E.1 — Expanded uncertainties

Level of confidence Coverage factor
%
68,27 1
90 1,645
95 1,960
95,45 2
99 2,576
99 73 3
E.3 | Example
The f iles for
each , and
finally
The e hation
rtainty
comp ory B
uncer
(E.6)
where using
symbq rands
can bq
(E.7)
1fi\/ulg,i+C%/,i”%/,i-'-c%i”?r,i+C%,i”l%,i+C%,iu%,i ) } (E.8)
due to the data acquisition system are part of the uncertainty of each
eter and flow distortion due to terrain is included in the uncertainty of
rtainty related to climatic variations, s,,, is evaluated separately.
The g¢xample only considers the uncertainty components, which shall be included |n the
uncerfainty analysis according to Table D.1. The measured power curve, shown in Figlires 2

and 3 and Table 1, is used in the example. The power curve is extrapolated with a constant
power, which is the power in the last bin, to the cut-out wind speed of 25 m/s. The results of
the uncertainty analysis in the example are also shown in Figure 3 and Tables 1 and 2. All
sensitivity factors are listed in Tables E.4 and E.5, and category B uncertainties are listed in
Tables E.6 and E.7.

E.4

Category A uncertainties

The only category A uncertainty that needs to be considered is the uncertainty of the
measured and normalized electric power data in each bin.
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E.4.1 Category A uncertainty in electric power

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

Op, =\/Ni1_1 DL (Pi"Pn,i,j)2 (E.9)
where
Op ; is the standard deviation of the normalized power data in bin i;
N; is the number of T0 min data sefs in bin 7;
P, is the normalized and averaged power output in bin i
Ppij is the normalized power output of data set j in bin i.

@C‘@
e



https://iecnorm.com/api/?name=60c585eaaf37b4de6276b72316b816c7

61400-12-1 © IEC:2005(E)

— 45—

Table E.2 — List of categories B and A uncertainties

Category B: Instruments Note Standard Uncertainty Sensitivity
Power output up ; cp; =1
Current transformers * a IEC 60044-1 upq;

Voltage transformers * a IEC 60044-2 Upy ;
Power transducer or * a IEC 60688 up3 ;
Power measurement device * c Upy ;
Wind speed uy
Anemometer * b Uy ;
Operational characteristics * cd Uy ;
Mountjng effects * c uy3 ; <
Air density

Tempgrature

Tempgrature sensor * a

Radiafion shielding * cd

Mountjng effects *

Air prgssure ISO 2533

Pressiire sensor *

Mountjng effects

Data gcquisition system
Signalftransmission
System accuracy

Signall conditioning

*
<\(
N

Sensitivity factor
derived from act
uncertainty paran

is
al
heter

Categpry B: Terrain

\

I
listortion dl{e/t}xte%?in

)
X
>

Flow } \bc\ ) Uyg,; cy,; (see above)
Categpry B: Methoa\//\ A

Methdd ) s

Air depsity corr%on cd Um1,i cr;and cg;
Categpry A: atist}oak \ >

Electrjic pow > * e Sp; cp; =1
Climatic variation e Sw —-

* paraneter requikd\Qr t% uncertainty analysis

NOTE Adentification of uncertainties:

a = lefefence to standard;

H™N F'H -
other "objective" method;
"guestimate”;
statistics.

® Q0T
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The standard uncertainty of the normalized and averaged power in the bin is estimated by the
equation:

where

Sp,i
Op,i

Op,i

(E.10)

is the category A standard uncertainty of power in bin i;

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

N.

1

E.4.2

is the number of 10 min data sets in bin i.

Category A uncertainties in climatic variations

a) supdividing the data record into segments, each lgng L stical)

b) estimate annual energy productiod for'e

c) ca

E.5 | Category B unce
The c¢ategory B unc data
acquigition system, If the
uncerfainties ar ctors,
the standard uncertaint ndard
uncertainties.
NOTE | Consider an ution is
assumgd, the st
(E.11)
If a triapgular prebab stribution is assumed, the standard uncertainty is:
U
g=— (E.12)
V6
E.5.1 Category B uncertainties in the data acquisition system

There may be uncertainties from transmission, signal conditioning, analogue to digital
conversion, and data processing in the data acquisition system. The uncertainties may be
different for each measurement channel. The standard uncertainty of the data acquisition
system for the full range of a certain measurement channel, u4 ;, can be expressed as:

- [2 +2 42
ud,i‘\/ud1,i+ud2,i+ud3,i (E-13)
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where

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

Ug2.; is the uncertainty in digitization in bin i, for example from quantization resolution;
ugs,; is the uncertainty in other parts of the integrated data acquisition system (software,

storage system) in bin i.

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

E.5.2 Category B uncertainties in electric power

The uncertainty of the power sensor has uncertainty contributions from ent andrvpltage
transformers and from the power transducer. Uncertainties of these.\subcompohenis are
normglly stated by their classification.
The sfandard uncertainty of the electric power for each bin, up;i ompining
the standard uncertainties from the power transducer, the c Ite tansfcrmers
and the data acquisition system:

(E.14)
wherég
Up1,i
Up2,;
Up3g;
Ugp,i
In the , gre all
assumed to be o@ss 0
The d f 5/0, % ominal loads of the current transformers are here
designed to mateh the i , 1000 kW, and not 200 % of nominal power),| They
have i i i IEC 60044-1, of +0,5 % of the current at 100 %]| load.
At 20 though,\the uncertainty limits are increased to £0,75 % and 1,5 % of
the cu S v power performance measurements on wind turbines, the most
importan erg oduc ion is produced at a reduced power. Thus, we anticipale the
unceriai imits ( % of the current at 20 % load to be a good averagd. The
uncerfainty distsibution is assumed to be rectangular. It is assumed that the uncertainfies of
the three _-eurren nsformers are caused by external influence factors such as air
tempdrature, grid frequency, etc. They are therefore assumed fully correlated (an exc%ption
from [the“ general assumption) and are summed linearly. As each current transformer

contributes by one-third to the power measurement, it follows that the uncertainty of all
current transformers is proportional to the power as follows:

o ,
uprp= 212 /0\/? (kW] ;3=o,43 % [P, [kW] (E.15)

The voltage transformers of class 0,5, have uncertainty limits, referring to IEC 60044-2, of
10,5 % of the voltage at all loads. The uncertainty distribution is assumed to be rectangular.
The grid voltage is normally rather constant and independent of the wind turbine power. The
uncertainties of the three voltage transformers are as for the current transformers assumed to
be caused by external influence factors such as air temperature, grid frequency, etc. They are
therefore assumed fully correlated (an exception from the general assumption) and are
summed linearly. As each voltage transformer contributes by one-third to the power
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measurement, it follows that the uncertainty of all voltage transformers is proportional to the
power as follows:

0
up2i= 0,5 A)jlgl (kW] ;3 0,29 % Cp; [KW] (E.16)

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

The power transducer of class 0,5, referring to IEC 60688, with a nominal power of 2 000 kW
(200 Y ofthemomimatpower, +000kWof thewindturbime ) tras—amuncertaimty timmitof 40 kW.
The Jncertainty distribution is assumed to be rectangular. The uncer, yof thé)power
transducer is thus:

10 kW

UuP3,i — \/§

Consiflering the electric power range of the measurement.channel
uncertainty of the data acquisition system of 0,1 %
from the electric power sensor for each bin is:

=5,8 kW

(E17)

o~be 2 500 kW and an
R rtainty

(E.18)
E.5.3
The (ncertainty of th rtainty
components. Usually, errain,
operational char i meter,
and the uncertai errain
requirements of A ‘ of 3 %,
dependent on the \di i i ine. |If an
experimental si i i C i , rtainty
derived fro s ibration shall be used. The flow distortion due to mounting ¢ffects
(see Anne ightk id i top of
the mja | rtainty
due tq operational-chara isti i inating i it.
The category B uncertainty from wind speed in bin i, uy ;, can be expressed as:
= [ 2 2 2 2 2

uvi= \/”V1,i+”V2,i+“V3,i *uy a4t ugv, (E.19)
where
Uy is the uncertainty of the anemometer calibration in bin ;
Uy ; is the uncertainty due to operational characteristics of the anemometer in bin i;
uy3 ; is the uncertainty of flow distortion due to mounting effects in bin i;
Uyy ; is the uncertainty of flow distortion due to the terrain in bin i;

ugy, i is the uncertainty in the data acquisition system for the wind speed in bin i.
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The sensitivity factor is determined as the local slope of the measured power curve:

Pi~ Pi—
Vi=Vi-

cvi=T (E.20)

The standard uncertainty of the anemometer calibration is estimated to be 0,1 m/s.
Uncertainty due to operational characteristics of the anemometer is derived from the
classification (Annex 1) which is estimated to be a class 1,2A. Assuming a rectangular
uncertainty distribution, the class corresponds to a standard uncertainty of 0,034 m/s + 0,0034
V;. The standard uncertainty of the flow distortion due to mounting effects is estimated to be
1 % df the wind speed. Considering a wind speed range of 30 m/s of -the measurgment
channel and an uncertainty of the data acquisition system of 0,1 % of this rang ndard
uncerfainty from data acquisition is 0,03 m/s. In this example, it/ > S t site
calibration is not undertaken, and the flow distortion due to the terr i Lima e3%
of the|wind speed. The uncertainty of each wind speed bin is:

(0,1m/s)* + (0,034 m/s +0,0034 [y/,[m/

(0,01 0V[m/s])* + (0,03 OV [m/s])* + (0 E.21)
= \/(0,104 m/s)2 + (0,032 IV, [m/s])? +
In thg case where a site calibration e site

caIibthion shall be included as the uncertainty of i Uy,

instead of the fixed value (2 % or 3
factors of each wind direction bin-i
corregtion factors (ratio i

ection
d flow
rbine and wind speed at meteorological

mast)| The standard deviatic thuti in each bin is Sa and the catedory A
uncertainty is thﬁ:}n an value Sa’j/ Nj , where Nj is the number of
wind $peed ratios Wi i ion-bin j. Calibration uncertainty is the same as for the power
curve|measuremenmn. i ainties of the two cup-anemometers in site calibration
may ble consideré ed-if\the cup anemometers are of the same type and may therefore

be neglected. tbration Uncertainty (ratio of wind speeds for each wind directipn bin
j can be exp

Uy = J2U2 VP +202,, IV +52 N, (E.22)

wherg

Ug,ij is the uncertainty of site calibration in wind speed bin i and wind direction bin j;
Uy is the uncertainty of anemometer calibration in bin ;

ugy ; is the uncertainty in data acquisition system for the wind speed in bin i;

Sa,j is the standard deviation of wind speed ratios in wind direction bin j;

N; is the number of wind speed ratios in wind direction bin ;.

J

The site calibration uncertainty is dependent on the wind speed. It is recommended to present
the uncertainty of site calibration for a specific wind speed, for example 10m/s. In Clause 6, it
is specified that the uncertainty shall be calculated for three wind speeds.

When the site calibration uncertainty is included in the wind speed uncertainty, the site
calibration uncertainty is multiplied with the sensitivity factor, which is equal to the wind speed
of each bin:
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Uyayy = J2U,, +20%,, +SEVEIN, (E.23)

The uncertainty of each wind speed bin of the power curve shall be weighted with the number
of data in that wind speed bin for each wind direction bin of the site calibration:

Z Uy N,
j
2N,
J

where N, ; is number of power curve data sets for wind speed bin i and

Uygi = (E.24)

ind directionbin ;.

E.5.4 Category B uncertainties in air density

D

The a|r density is derived from measurements of the air tempera

The m onts:
- un
— un elding
ra
— un Hay to
nig ight).
The s ed as:
(E.25)
wherg
Ut
u-|-2’1- Din l,
Urts,;
udT’i N 7.
The o itions,
estimated by.
crm Pi__jewiK] (E.26)

The measurement of the air pressure sensor might include first a correction factor to correct
the air pressure to hub height if the sensor is not positioned at hub height. An uncertainty due
to the correction might be considered, and the uncertainty (calibration) of the pressure sensor
shall be included. The standard uncertainty in measured air pressure for each bin, ug ;, is:

= [2 2 2
UB,i _\/“81,1' *ugg; T ugs,; (E.27)
where
UR1 is the uncertainty of air pressure sensor calibration in bin i;
Ugo ; is the uncertainty due to mounting effects of air pressure sensor in bin i;

UgR i are the uncertainties in data acquisition system for the air pressure in bin i.
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The sensitivity factor for the air pressure measurement is, for sea level conditions, estimated
by

P.
= ———[kW/hPa E.28
CB,I 1013 [ ] ( )

The uncertainty due to the relative humidity might be significant if the average air temperature
is high. At sea level and at an air temperature of 20 °C, the air density varies 1,2 % between
0 % and 100 % relative humidity. It varies 2,0 % and 4,0 % at 30 °C and 40 °C, respectively.
Thus, at high temperatures it is recommended that the relative humidity be measured and

corrected-for-The influence of the relative hllmirlify is not taken into account in this exa p|e

The s ing of
the te ndard
uncer ertical
distan height
a stan 5 of the
measlirement channel and an uncertainty of the data acquisitio S C f this
range | )

(E.29)
The p umed
that tH ndard
atmos ). The
uncer hPa.
Consi nty of
the dgta acquisition system of rtainty

of the

air pressure is: M x
u@ (E.30)

E.5.5

The c

(E.31)

c1,((2,1 K)? +c5,(3,0hPa)?)

E.5.6 Combined standard uncertainty — Power curve

The combined standard uncertainties of each bin of the power curve are found by combining
the category A uncertainty with all the category B uncertainties.
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Ues =NISE+u? =43 +ud; +cuds +oiiud; +odiud;
s +(0,52 % [p; [KW])* +(6,3 KW)? +
= |c%,((0,104 m/s)? + (0,032 [y, [m/s])’ +(0,034 m/s +0,0034 [y, [m/s])’) +
c1((2,1K)* +¢;,(3,0hPa)?)

(E.32)

E.5.7 Combined standard uncertainty — Energy production

The combined standard uncertainty of 4EP is found by combining individually the category A
and Bfuncertainties bin-wise:

2
U AEP = Nh \/Z/I\i1 f/2 Si2+ (Z:’I\i1 fi uf) <\

(0,52 % [P; [kKW])* + (6,3 k

(E.33)
= Nh Zil\;fiz S:,-"' Z;\; fi

wher¢

f.=((F, —F)+(F -F_))/2 isthe a erase proba
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Table E.3 — Uncertainties from site calibration

Bin No. Wind speed Site
i V; calibration
m/s u,Va,i
4 2,0 0,1477
5 2,5 0,1477
6 3,0 0,1472
7 3,5 0,1473
8 4,0 0,1474
9 4,5 0,1479
10 5,0 0,1475
11 5,5 0,1480
12 6,0 0,1481
13 6,5 0,1482
14 7,0 0,1478
15 7,5 01278
16 8,0 0,484

17 85 /| 01486

T NG AT
20 900 ( o460~
21 05 N[ o407
22 11, 0,1493
23 (s | 0,1494
W20 0 > 01494
2% 125 0,1499
26\ 13,0 0,1498

Q D 21, 435 0,1499

28 N 140 0,1500
200 14,5 0,1501
30/

15,0 0,1503

31 15,5 0,1503
32 16,0 0,1507
33 16,5 0,1513
34 17,0 0,1512
35 17,5 0,1523
36 18,0 0,1530
37 18,5 0,1522
38 19,0 0,1521
39 19,5 0,1539
40 20,0 0,1541
41 20,5 0,1505
42 21,0 0,1512
43 21,5 0,1548
44 22,0 0,1530
45 22,5 0,1533
46 23,0 0,1557

47 23,5 0,1567
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Power curve (database A)

Sensitivity factors

Bin No. | Wind speed | Electric power | Wind speed | Air temperature | Air pressure
i Vi Pi °v,i °T,i “B,i
m/s kW kW/ms KW/K kW/hPa
4 2,13 3,64 1,71 0,01 0,00
5 2,49 ~3,65 0,01 0,01 0,00
6 2,99 -3,78 0,27 0,01 0,00
7 3,51 —2,19 3,06 0,01 0,00
8 3,99 -0,43 3,65 0,00 0,00
) 4,90 0,04 12,63 0,02 0,01
10 4,08 27,70 44,69 0,10 [ 003
11 5,52 67,39 74,00 023 /' ~q07
12 5,98 111,30 94,47 0,39,/ R
13 6,51 160,95 95,05 0,56 0,
14 7,01 209,42 95,41 0,73 0\ 10,21 )
15 7,50 261,96 107,51 N0091 Wt 0,26
16 8,00 327,63 132,16 1,0 \ 0,32
17 8,50 395,23 136,16 387 0,39
18 8,99 462,01 134,67 () %60 0,46
19 9,49 556,08, 18730 | O 1,93 0,55
20 10,00 629,80 < 144025 - 2td 0,62
21 10,47 703,06\ 57,300 V| J44 0,69
22 11,00 786, 56128 2,73 0,78
23 11,50 836,48 ( [\ 10K45\ 2,90 0,83
24 11,997 893,52\ 7116,32 3,10 0,88
25 12,49 N 928,61 69)27 3,22 0,92
26 13,08~ N 956447\ | 51,66 3,32 0,94
27 13,50 97130 31,58 3,37 0,96
28 14,00 980,92\ 19,49 3,40 0,97
29 14,48 ~\ose, 17 15,10 3,43 0,98
30 15,00 993/46 10,20 3,45 0,98
3 15480 993,71 0,50 3,45 0,98
32 15,99 ]~ 995,70 3,97 3,46 0,98
33 16,54 996,22 0,96 3,46 0,98
eg D\ 102’ 996,42 0,42 3,46 0,98
35 47,48 996,48 0,12 3,46 0,98
36 17,95 996,50 0,04 3,46 0,98
37 18,49 995,71 1,48 3,46 0,98
38 18,07 935,54 125,87 3,25 0,02
39 19,45 900,46 71,97 3,12 0,89
40 19,97 842,52 112,19 2,92 0,83
41 20,50 551,21 549,95 1,91 0,54
42 20,92 661,19 261,26 2,29 0,65
43 21,47 396,55 480,32 1,38 0,39
44 22,02 -6,30 738,89 0,02 0,01
45 22,60 494,34 861,43 1,72 0,49
46 23,00 231,88 656,95 0,80 0,23
47 23,56 193,49 67,81 0,67 0,19
48 24,02 ~7,92 445,39 0,03 0,01
49 24,56 6,34 2,89 0,02 0,01
50 25,03 ~6,30 0,08 0,02 0,01
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Table E.5 — Sensitivity factors (database B)

Power curve
(database B)

Sensitivity factors

Bin No. | Wind speed Electric power | Wind speed Air temperature Air pressure
i Vi P °v,i T,i °B,i
mls KW KW/ms KW/K KW/hPa
4 2,13 _3,64 1,712 0,013 0,004
5 2,49 _3,65 0,014 0,013 0,004
6 2,99 _3,78 0,269 0,013 0,004
7 3,51 —2.19 3,062 0,008 0,002
8 3,99 0,43 3,645 0001 A o000
9 4,50 6,04 12,825 0,021\ \o, 06
10 4,98 27,70 44,664 0,096 0,021/
11 5,52 67,39 74,049 234 06
\ \o\
12 5,98 111,30 94,430 |/ 0se)lx 0,110
13 6,51 160,95 95,019 0,55 -~ 0,159
14 7.01 209,42 95,476 N 0,7\2\7\ > 0,207
15 7.50 261,96 107) N 0,\303 0,259
16 8,00 327,63 <1\§1,g’§2 ) 1)\134 0,323
17 8,50 395,23 \e\e,zbg 372 0,390
18 8,99 462,0( \r%, 77 1,603 0,456
19 9,49 556,06\ \87, 4 1,930 0,549
20 10,00 & (629,%\ 45@ 2,186 0,622
21 10, 703,06 N__155/957 2,440 0,694
22 11,00 786,55 157,358 2,729 0,776
23 \/?1/{6\ \ 8\36\,48 100,000 2,903 0,826
24 {{,99 \89’3@2\/ 116,327 3,101 0,882
25 [ < 1249 L \928.61 70,200 3,223 0,917
26( \igg \ 956,44 51,481 3,319 0,944
A7 \| (B 0\ 971,30 31.702 3.371 0.959
\Q N \M > 980,92 19,200 3,404 0,968
29 12,48 988,17 15,208 3,429 0,976
30 4500 993,46 10,192 3,448 0,981
31 15,49 993,71 0,408 3,449 0,981
32 15,99 995,70 4,000 3,455 0,983
33 16,54 996,22 0,909 3,457 0,983
34 17,02 996,42 0,417 3,458 0,984
35 17,48 996,48 0,217 3,458 0,984
36 17,95 996,50 0,000 3,458 0,984
37 18,49 995,71 0,556 3,457 0,983
38 18,97 996,6 0,833 3,459 0,984
39 19,42 996,1 1,111 3,457 0,983
40 19,96 994,1 3,704 3,450 0,981
41 20,51 987,4 12,182 3,427 0,975
42 20,88 996,9 25,676 3,460 0,984
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Table E.6 — Category B uncertainties (database A)

Bin No. |[Electric power|Wind speed | Wind speed |Air temperature |Air temperature|Air pressure | Air pressure
i Up,i Uy, ViUV, UT, i T, T, upB,i CB,i " UB,i
KW m/s KW K kW hPa kW
4 6,29 0,19 0,33 2,09 0,03 3,18 0,01
5 6,29 0,19 0,00 2,09 0,03 3,18 0,01
6 6,29 0,19 0,05 2,09 0,03 3,18 0,01
7 6,29 0,19 0,60 2,09 0,02 3,18 0,01
8 6,29 0,20 0,71 2,09 0,00 3,18 0,00
9 R")O ﬂ")ﬂ ’),:’2 '),no ﬂ‘ﬂA ’2,1(1 0,02
10 6,29 0,20 8,86 2,09 0,20 8 0,09
11 6,30 0,20 14,81 2,09 049 A\ 318 0,21
12 6,32 0,20 19,05 2,09 0,81 \3n8 0,35
13 6,35 0,20 19,35 2,09 N 848 0,51
14 6,39 0,21 19,57 2,09 (1520 3,18 0,66
15 6,44 0,21 22,27 2,09 .90 (N 3187 0,82
16 6,52 0,21 27,70 2,09 237\ 13,18 1,03
17 6,62 0,21 28,85 2,09” 286 3,18 1,24
18 6,74 0,21 28,86 209 () 335~ 3,18 1,45
19 6,93 0,22 40,68 (200 / |/ 403 3,18 1,75
20 7,09 0,22 3164 V200 [N as7 3,18 1,98
21 7,28 0,22 34, 2,09 /5,10 3,18 2,21
22 7,51 0,22 35, 2,09 5,70 3,18 2,47
23 7,65 0,23 2303 (. "gos > 6,06 3,18 2,63
24 7,82 023\ | 26,81 N 2,09 6,48 3,18 2,81
25 7,93 _023 | 1819 209 6,73 3,18 2,92
26 8,02 [ 024 12,2408 2,09 6,93 3,18 3,00
27 8,07 L0224 158 2,09 7,04 3,18 3,05
28 8,10\ 24 470 2,09 7,11 3,18 3,08
29 8,13 RN 372 2,09 7,16 3,18 3,10
30 8.14 0,25 2,55 2,09 7,20 3,18 3,12
31 8,14 0325 0,13 2,09 7,20 3,18 3,12
32 8,15 0,26\ 1,02 2,09 7,22 3,18 3,13
33 | [/ a8 ] owe 0,25 2,09 7,22 3,18 3,13
34 8,153 0, 0,11 2,09 7,22 3,18 3,13
35 85y |\ 027 0,03 2,09 7,22 3,18 3,13
36 8,15 0,27 0,01 2,09 7,22 3,18 3,13
37 8,15 0,28 0,41 2,09 7,22 3,18 3,13
38 796 6-26 3546 5-69 6-76 346 2,94
39 7,84 0,28 20,44 2,09 6,53 3,18 2,83
40 7,67 0,29 32,32 2,09 6,11 3,18 2,65
41 6,91 0,29 159,68 2,09 4,00 3,18 1,73
42 7,17 0,29 76,82 2,09 4,79 3,18 2,08
43 6,62 0,30 144,22 2,09 2,87 3,18 1,25
44 6,29 0,30 224,40 2,09 0,05 3,18 0,02
45 6,80 0,31 265,85 2,09 3,58 3,18 1,55
46 6,41 0,31 205,65 2,09 1,68 3,18 0,73
47 6,37 0,32 21,58 2,09 1,40 3,18 0,61
48 6,29 0,28 125,27 2,09 0,06 3,18 0,02
49 6,29 0,29 0,83 2,09 0,05 3,18 0,73
50 6,29 0,29 0,02 2,09 0,05 3,18 0,61
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Table E.7 — Category B uncertainties (database B)

- 57—

Bin No. |[Electric power| Wind speed | Wind speed |Air temperature|Air temperature| Air pressure | Air pressure
i up, i uy, i ev,i Uv,i UT,i T,i- T, uB, i CB,i - UB,i
kW m/s kW K kW hPa kW
4 6,29 0,19 0,33 2,09 0,03 3,18 0,01
5 6,29 0,19 0,00 2,09 0,03 3,18 0,01
6 6,29 0,19 0,05 2,09 0,03 3,18 0,01
7 6,29 0,19 0,60 2,09 0,02 3,18 0,01
8 6,29 0,20 0,71 2,09 0,00 3.18 0,00
9 6,29 0,20 2,53 2,09 0,04 & 3,%\ 0,02
10 6,29 0,20 8,85 2,09 020 AN | (38 0,09
11 6,30 0,20 14,82 2,09 0,4§>\ 5,\@ 0,21
12 6,32 0,20 19,04 2,09 (o8t 3,18, 0,35
13 6,35 0,20 19,34 2,09 MR Y\ 3.8 0,51
14 6,39 0,21 19,58 2,09 152 \ )3,18 0,66
15 6,44 0,21 22,28 200 | Nomao | 318 0,82
16 6,52 0,21 27,66 f{{,k@)/ A 5\37 3,18 1,03
17 6,62 0,21 2878 N\ 209 [ 2,86 3,18 1,24
18 6,74 0,21 2886 2,\@ /3,35 3,18 1,45
19 6,93 0,22 40,71 09 4,03 3,18 1,75
20 7,09 0,22 ez ([, V209 4,57 3,18 1,08
21 7,28 022\ [ mer ST 209 5,10 3,18 2,21
22 7,51 NEN 35,385 09 5,70 3,18 2,47
23 7,65 L 0, \{2\7\( 2,09 6,06 3,18 2,63
24 7,82 20,23 < 26,81 2,09 6,48 3,18 2,81
25 7,93 OB N ATedy 2,09 6,73 3,18 2,92
26 8,02 ( 0,}4\ 1),20 2,09 6,93 3,18 3,00
27 807 \| \ 024 7,61 2,09 7,04 3,18 3,05
28 8,\0 } 20,24 4,67 2,09 7,11 3,18 3,08
29 | |5 813\ 0,25 3,75 2,09 7,16 3,18 3,10
30 844 025 2,55 2,09 7,20 3,18 3,12
31 814 ] 025 0,10 2,09 7,20 3,18 3,12
32 8,15 0,26 1,03 2,09 7,22 3,18 3,13
33 8,15 0,20 0,24 Z,09 7,22 3,18 3,13
34 8,15 0,26 0,11 2,09 7,22 3,18 3,13
35 8,15 0,27 0,06 2,09 7,22 3,18 3,13
36 8,15 0,27 0,00 2,09 7,22 3,18 3,13
37 8,15 0,28 0,15 2,09 7,22 3,18 3,13
38 8,15 0,28 0,23 2,09 7,22 3,18 3,13
39 8,15 0,28 0,32 2,09 7,22 3,18 3,13
40 8,15 0,29 1,07 2,09 7,21 3,18 3,12
41 8,12 0,29 3,54 2,09 7,16 3,18 3,10
42 8,15 0,29 7,54 2,09 7,23 3,18 3,13
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Annex F
(normative)

Cup anemometer calibration procedure

General requirements

The general requirements for anemometer calibration are summarised as follows:
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bw quality measurement shall be carried out;
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) measurements

ge or bounda

age ratio — defined as the ratio of the anema

stem) to the total test section area — shall not ¢

or closed test section
o covered by the anemometer shall be uniform. The flow unif]
be "asse ar to the anemometer’s calibration. Flow uniformity can be esti

velocity<sensing devices, i.e. pitot tubes, hot wires or Laser Doppler Velocimetr
in longitudinal, transversal and vertical direction. The flow sh

m to 0,2 %. ese investigations shall be carried out for the wind tunnel onc
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pbnally after each modification of the wind tunnel aerodynamics.

Cup anemometers are very sensitive to horizontal wind gradients. Different horizontal wind
gradients can be seen depending on pollution of nets and smoothing devices. Therefore, it is
useful to check the horizontal wind gradient by using two identical pitot tubes. They shall be
placed at the exact position where the anemometer will be placed with their heads spanning
approximately the area covered by the cup anemometers rotating cups. A set of measure-
ments shall be made and the linear regression between the dynamic pressures measured by
the two pitot tubes shall be calculated. The difference shall be less than 0,2 %. The axial
turbulence intensity at the anemometer’s position shall be below 2 %.

The wind tunnel calibration factor, which gives the relation between the conditions at the
reference measurement position and those at the anemometer position, shall be appraised

using

pitot tubes.
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The facility shall undergo a detailed examination of the repeatability of anemometer
calibrations. The facility shall designate a reference anemometer for use in these tests. The
reference anemometer shall be used only for checking performance of this and other
anemometer facilities. The repeatability examination shall include at least 5 calibrations of the
reference anemometer (over various atmospheric conditions). The maximum difference
between calibrations should be less than 0,5 % at 10 m/s wind speed. This process shall be
repeated after any modification or recalibration of the facility.

The facility shall prove, through round robin testing, that its results are comparable with other
anemometer calibration facilities. The facility’s average, reference anemometer calibration (as
determined from repeatability tests described above) should agree with the average of the

other facilities’ calibrations-withinthe 1 % over the range of 4 m/s to 16 m/s

F.3 | Instrumentation and calibration set-up requirements

Dedicated external signal conditioning equipment such as frequengy erers,
etc. ghall be calibrated in isolation from the anemometer, ing eter’s
calibration to be derived and reported in isolation from the si i i

The resolution of the data acquisition system shall be : . . sSo be
exercised in the case of an analogue voltage instrun hal is
adeqyately buffered to prevent its attenuation by i

During calibration the anemometer sha ontop of a tube in order to minimise flow
distorfion. This tube shall be of the same din i meter
will be mounted in service in the free 3 . nting arrangements can have dramatic
effects on instrument sensitivity, particularfy~Nif thedrati pter is
high. %

It is important to ensure the ) s i f any
reference wind speed : t i meter
shall pot affect i ts are
encountered, ther S ed by
remoVing and then rée (be it
a pitof tube or a r faining
instrument ch e : uRcertainty caused by uncontrolled drift of the tunne], it is
suggested that t epeated several times.

The plitottubes\shallkbe positioned at the test section perpendicular to the flow field [of the
wind tunnel A possible. The maximum declination allowed is 1°.

The ahemometer shall be positioned at the test section perpendicular to the flow field [of the
wind funbel as accurate as possible. The maximum deviation allowed is 1°. A numper of
studieshhave shown thata Cup anermometer s Sensitivity 10 a vertiCal angle Ol dlldCK de ends
upon the instrument’s geometry, and is generally very sensitive around vertical.

During calibration, the anemometer output signal shall be examined to ensure that it is not
subjected to interference or noise.

F.4 Calibration procedure

The anemometer shall run in for about 5 min before the calibration procedure begins in order
to avoid the effect that large temperature variations may have on the mechanical friction of
the anemometer bearings. Calibration shall be performed under both rising and falling wind
speed in the range of 4 m/s to 16 m/s at a calibration interval of 1m/s or less. By taking
readings both for increasing steps and for decreasing steps, it is possible to identify whether
hysteresis effects are present in the measuring equipment.


https://iecnorm.com/api/?name=60c585eaaf37b4de6276b72316b816c7

- 60 - 61400-12-1 © IEC:2005(E)

NOTE 1 m/s intervals can also be realised with the allowance for 2 m/s jumps, for example 4, 6, 8, 10, 12, 14, 16,
15, 13,11, 9,7, 5 m/s.

The sampling frequency shall be at least 1 Hz and the sampling interval at least 30 s. This
time shall be increased when low resolution anemometers are calibrated. It is important to
ensure that anemometer and reference wind speed readings span the same period of time.
Before collecting data at each wind speed, adequate time shall be allowed for stable flow
conditions to become established. This will typically take 1 min, but will vary from facility to
facility. Stability can be assumed if two successive 30 s means are within 0,05 m/s of each
other.

Air density p shall be calculated on the basis of the mean wind tunnel air temperature 7,
relatiie humidity @ and barometric pressure B, using equation (F.1) (s ard uncertainty
less than 10-3 kg/m3):

1 B 1 1
=—(—-@P,(——— F.1
P T(R0 (&DW(RO Rw)) (F.1)

where

B is the barometric pressure [Pa];
T is the absolute temperature [K];
@ is the relative humidity (range 0 to });
[ g

pssure

A
V =k, z 2k l;;e“ (F.3)

wherg

Cy, is the pitot tube head coefficient;

ke is the wind tunnel calibration factor as previously defined;
ky is the blockage correction factor;

n is the number of samples within the sampling interval.

The blockage correction factor for the cases of enclosed wind tunnels should be calculated
using Maskells theorem. If no blockage correction factor is calculated, then about 1/4 of the
blockage ratio shall be used for the uncertainty calculation for closed wind tunnels and 1/16
for open wind tunnels.
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F.5 Data analysis

A linear regression analysis shall be carried out on the calibration data for the estimation of
the following regression parameters: Offset, slope, regression coefficient, standard
uncertainty in the slope and intercept and the covariance of the slope and intercept of the
wind speed. The wind speed values shall be regressed upon the anemometer outputs.
Although it may seem logical to regress anemometer output on wind speed, it is more
convenient to do the reverse. During calibration the anemometer output is normally known to
a high degree of accuracy, whereas the wind speed measurement is much less certain.

If the correlation coefficient, r, for the data is less than 0,99995 then the calibration shall be
repeafed. IT the coefficient 1S st nsufficiently _high, then either the calibration tacility is
inadequate or the anemometer is excessively non-linear and shall not be y

F.6 | Uncertainty analysis

It is important to identify the uncertainty with which the horizontal ' ¢ i upon
the apemometer is known. It is required that an unc i is \i i but in
accorglance with the 1ISO guide to the expression of uncertai ~ isi A and
type B uncertainty. The magnitude of the net uncerta y and

shall fake account of:

— flow speed measurement uncertain
ete.);

— frgquency measurements;

, air density evalyation,

— wihd tunnel calibration including blocka
— flow variability in the v

F.7 | Reporting for

The relevant d@e tati ide.information on the procedure followed and the
facility used for calibrating rs (test report on the calibration campaign) gnd on
the individual anemometer catibratio

The tpst repo 2 as a
minimum:

- delscr

- skptch of t B(s) in
thTNtest section

- flow quality measurements;

- blockage correction factor;

- instrumentation certificates;

— measurement procedure;

— data evaluation procedure;

- repeatability documentation of the anemometer calibration;
— uncertainty analysis;

— deviations from these requirements.
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The calibration report of an anemometer shall as a minimum contain the following information:

— make, type and serial number of the tested anemometer and cup serial number if
transported separately;

— tube diameter of the mounting system;

— make, type and serial number of external converters, if taken (i.e. frequency-to-voltage
converters);

— name and address of the customer;

— signatures from the persons who carried out the calibration, checked the results and
approved their issue;

— name of the wind tunnel,

— enyvironmental conditions during calibration (air temperature, air pre : ywumidity);

— regression parameters (Offset, slope, regression coefficient, in the
slope and intercept and the covariance of the slope and interceptof

— tabular and graphical presentation (deviations from linear of all
calibration points and regression results;

— unjcertainty associated to each measuring point;

— reference to the corresponding calibration camp

— phloto showing the anemometer and the moun

F.8 | Example uncertainty calcula

Ideally, the uncertainty calculation should be speed

calibration condition used in a calibration ration

barometric pressure measurement has begn left

point of 10 m/s using a wi

Table|F.1 deals with ea
To avpid repetiti@
out, ap it can be |

Table F.1 - ation of anemometer calibration uncertainty

o) 3
Error §ource, \ isgussion Value, Sensitivity ;e
u; value,
u; m/s
i

ug, wind tunnel omparison with tunnels, which corresponds 0,0025 Cg = v/kg 0,025
correctjon to the~curfent status of the technology show B
factor, e that a correction factor of 0,5 % on wind speed =10 m/s/1,005

is needed, i.e. ke = 1,005. It is suggested that a = 9,95 m/s

standard uncertainty of half the difference

between the corrected and uncorrected value

should be applied
ut, wind tunnel | Wind tunnel calibration can be carried out by 0,01 Ct = 0,5 v/kg 0,049
calibration using two pitot tubes, one at the permanent
factor, k¢ reference position and one at the location to be =0,5x10/1,02

occupied by the test anemometer. By swapping = 4,90 m/s

the two pitot systems, all type B errors can be
eliminated, and standard regression analysis
can be applied to yield a correction factor (the
intercept being forced through the origin) and a
related type A standard uncertainty.

Assume the correction has a value of 1,02 and
the standard uncertainty is 0,01
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Table F.1 (continued)

Error source, Discussion Value, Sensitivity Ue;
u; value,
u; m/s
Ci
upt pressure Assume the pressure transducer is rated at 33 cpt = 0,5 v/Kp 0,033
transducer 500 N/m2. At 10 m/s wind speed, the pressure
sensitivity, will be about 60 N/m2. Assuming the ‘limits’ on = 0,5 x 10/5000
K, error are quoted by the manufacturer to be

p.t

0,2 % of full scale (1 N/m2), and assuming this
to relate to a triangular uncertainty distribution,
then the equivalent standard deviation can be

= 0,001

dertvedas X 17v6 or 0,40 N/m2.
Assuming also that the transducer sensitivity,
K, 1 is 5000 N/m2 per V (100 mV max output),
then the standard uncertainty at 60 N/m2 u, ¢
equates to 33 N/m2 per V
up s prejssure Assume that the signal conditioning is 0,00002 0
transducer designed to raise the maximum transducer
signal output voltage (100 mV) to the full scale range
conditigning of the data system (10 V), then the required
gain, K} ¢ gain is 100. Thus K ¢ = 0,01. Assuming a
standard uncertainty of 0,2 %, this gives a
value of uy, ¢ of 0,00002 ~
up g pPressure The resolution of the data system is defin ¢p,d =0,5 /K, 4 0,004
transdycer the full scale values, for exam
data sgmpling | (4 096 values) for 10 V or Kj of =0,5x10/
convergion The quantisation limits are half of thi 0.00244
Kpd 0,00122 V, and since a rectangu ’
is appropriate, the related sta = 2049
is 0,00122/v3 or 0,000704 V
ut  ampient et = 0,5 v/Kr 0,001
tempergture
transdycer, n/a
Kt
sducer is quoted as
“Assuming a triangular
to a standard
. We know this is the
t
Q rathrer than the complete
ain. Going back to the basic
r wind speed in terms of the
physic , B and p parameters, it is easy by
varying T (from say 15 °C, 288 K up to
15,08 °C, 288,08 K) to determine the
COTTESPOITdiTTg Charnge T witd—speed— TS
comes out, for 10 m/s, as 0,001 m/s. This value
can be inserted directly in the last column of
the table without reference to the third and
fourth columns, which were based on the more
general analytical approach
Ut g Assume the current output from the temperature | 0,0008 et =0,5v/Kr 0,002
temperature sender unit is fed to a 500 Q precision resistor,
signal to give a 2 V to 10 V output for the temperature =0,5x10/2
conditioning range. The gain K+ g is thus 2 mA/V. Assuming =25
gain, Kt ¢ the resistor has a standard uncertainty of 0,2 Q, ’

then the gain will have a corresponding
uncertainty of 0,0008 mA/V
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Error source, Discussion Value, Sensitivity u;c;
u; value,
u; m/s
¢
ur g As for the pressure transducer signal line in the | 0,0000023 cra =0,5v/Kr g4 0,004
temperature case above, the standard uncertainty of the
signal digital | quantisation is 0,000704 V. =0,5x10/
conversion,
K For 15 °C temperature, the voltage seen by the 0,00244
Td d/a system will be in the region of 7,6 V, giving = 2049
a nominal converted value of 3113.
The conversion uncertainty ur 4 is then no
more than 0,0000023 V
uyp, pitot{tube The head coefficient of a pitot tube depends 0,000997 5
head upon the angle of attack of the wind. Two error
coefficipnt, C|, | sources are possible, one related to the
accuracy with which the pitot tube is set up in
alignment with the mean flow direction, and the
other due to turbulent variations in
instantaneous flow direction.
Assume the nominal head coefficient, C,, is
0,997, and assume also that it is possible to
deduce that the standard deviation on angle of,
attack is 2°. Relevant ISO standards sugge
this will give rise to a 0,1 % ch nge in hegd @
coefficient. A
ug ¢ serysitivity | The barometer can be treated mu \\J cgt = —0,5 v/kg
of baroneter, same way as the temperature pr sincenit to
Kgt will have a large physical offs
ug ¢ sighal Similar approach_as for other signa pro essi \/ cgs = 0,5v/Kp ¢
conditigning parameters
gain on|
baromdter,
KB,s
ug 4 digital 0 pp ach asfo a}a{@mtlon cgg =0,5vKg4
convergion of
baromdter
signal, Kg 4
sp statigtical Assume he urbutenc |ty is 2 %, and 0,026 1 0,026
uncertdinty in er 30 s is used, giving
the mean of rd uncertainty in the
the wind is then given by
speed {im
series Q g 0
up, hunfidity is possible to show that c,2u,? is equivalent uy = 0,025 ¢, = 0,032 0,001
correctfon to 1o ¢4 2 fwhere uy is the uncertainty in relative
density} &, humidity and ¢, is the sensitivity of derived
wind speed to humidity) if ¢, is dominated by ¢
or rather than cg or ¢. This is normally the case
uy, relative Assume relative humidit is measured from
humidity, 6 u ive humidity, ¢, i u

a hand-held meter as 50 % to an accuracy of
5 % within 95 % confidence. ¢ = 0,5 and u =
0,025

ok
¢, =TV % 1V g 379 P
ok, dp 2k, B
At 15 °C, P,, = 1700 Pa and assuming B = 1013

mbar = 101 300 Pa, k, is evaluated as 0,997
and c, (at 10 m/s) is 6,032
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The combined uncertainty can be obtained by taking the root mean square of the contributory
uncertainties in the right hand column. For the values which have been dealt with, this
amounts to 0,07 m/s.

The example shows that type B error is liable to dominate. Extending the calibration period
can help reduce the type A uncertainty, but will have no effect on type B. Furthermore, type B
error sources, although not correlated with one another for a particular wind speed, are fully
self-correlated across wind speeds, meaning that good apparent calibrations (good straight
lines) can be obtained, whilst still retaining significant uncertainty.

@C‘@
e
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Annex G
(normative)

Mounting of instruments on the meteorological mast

General

Appropriate arrangement of instruments on the meteorological mast is important for accurate
turbine testing. In particular, the anemometer shall be located to minimize flow
distortions, especially from mast and boom influences. The least flow distortion of an

wind

anem
anem
the bg
to huf

G.2

The p
no oth
to acHi

The a

used

deviaﬂ:

The t

the apemometer cups at least 0,75

disturbances. The bracket'conne :

smooth, and symmetrical. : anemometer steady, the small-dis
vertical tube may be ; larger diameter in order to ensure t
parts jof the metegrolog ond a 1:5 cone whose vertex is at the he
the anemomete@v ) ust be positioned at least 1,5 m belo
anemometer cup c uments and their supporting brackets to a boom may é
beyond the 1:5 con ure ¢ ows _ah example of a top mounting configuration.

bmeter is found by mounting the anemometer on top of the meteoro |cal mast.

referred method for mounting the anemometer |s
er mstruments or eqmpment nearby All provi

When
5t and
close

r with
order

ter as
angle
meter.
Upport
r flow
npact,
meter
nat no
ght of
w the
xtend

Vertical tube
- Minimum
o flow disturbances allowed 15m
above this line
Mast top

Mast shall be within 1:5 cone No other instruments

(mast centre to cone relative on booms above this line

to vertical distance to anemometer

IEC 2038/05

Figure G.1 — Example of a top-mounted anemometer and requirements for mounting
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G.3 Alternative method of top mounting of anemometer

Alternative methods of anemometer mounting shall be considered to have increased
uncertainty in wind speed measurement due to flow distortion. Relatively small distortion is
obtained when two cup anemometers are top mounted side-by-side with adequate separation
from the tower and each other. In the side-by-side arrangement the two vertical tubes and
anemometer mounting brackets shall meet the requirements described in Clause G.2. The
anemometer cups must be mounted above the boom by a minimum of 15 times the boom
diameter, but 25 times the boom diameter is recommended. The anemometers shall be
separated by at least 1,5 m and no more than 2,5 m. Figure G.2 shows an example of a side-
by-side configuration. The primary cup anemometer shall be defined before the test begins.
The ether—anemometer—is—the—eontrol—anememeter—Fhe—measurement—sestor—shall be
restrigted so that the control cup anemometer does not affect the primary cup anemopmeter.
The yncertainty due to flow distortion of other instruments and ma oom~must be
determined.

Minimum 1,5 m and maximum 2,5 m

| l
Hub height relative

Oi@ to ground at met mast

Minimum
0,75m L
No flow disturbances
allowed above this line .
25 times
boom diameter

No of] stru
boom above_this I|

Mast top
A\ < Mast box with pressure sensor

IEC 2039/05

Fig ernative top-mounted primary and control anemometers

e’and wind vane and other instruments on the boom

G.4

A lightning finial (attfactor) can protect the top mounted instruments. If lightning protection is
installled, a number of precautions shall be taken:

— the lightning finial should be mounted at the top of the mast in such a way that it affords
the top mounted anemometers with a 60° protection umbrella and in such a way that the
anemometer never is in the wake of the finial when the wind is in the measurement sector;

— an adequately sized earth connection should be strapped to the tower base;

— the flow distortion on the anemometer shall be assessed, and an additional uncertainty
shall be added.
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Mounting of other meteorological instruments

05(E)

If a control anemometer is used it should be located close to the primary anemometer in order
to provide a good correlation between the two instruments during the test. This correlation
should be validated to ensure that the primary anemometer does not change its calibration
during the test. However, the control anemometer may not interfere with the primary
anemometer.

The wind vane shall be mounted at a minimum of 1,5 m below the primary anemometer but
within 10 % of hub height based on its distance above ground level at the meteorological

mast.
meas

Temp
meteq
senso|
weath
that p

Exam

anem

ferproof box. However, care should be taken to ensure th

to the
rement sector.
brature and pressure sensors should be located close to n the
rological mast at a minimum of 1,5 m below the primary ane . rature

ressure readings are not influenced by the pressure dis

bles of suitable arrangements for other boom<mounted
bmeters are shown in Figures G.3 and G.4.

Hub height relative
to ground at met mast

Free tube
minimum 0,75 m

Minimum 1,5 m and
maximum 2,5 m

Mast within 1:5 cone

(mast centre to,cane relative i Mast top
to vertical di@o ar e N

_ 1

Control anemometer
should be mounted

as described in Clause G.5
Boom
] TK 11 | 1

Mast box with pressure sensor

H in a
ted so

unted

IEC 2040/05

Figure G.3 — Example of a top-mounted anemometer and mounting of control
anemometer, wind vane and other sensors on a boom
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Minimum 1,5 m and maximum 2,5 m

T Oi@ to ground at met mast
Minimum 1,5 m
I I and

Hub height relative Oi@
Minimum
0,75m

o 0% Mol 9 es
of hub height Recommended
i Z5 imes

om diameter,
% Boom /\

I —i il
Mast top
SO

/mt box with pressure

IEC 2041/05

Figure G.4 — Example of top-mounted co | anemometers positioned
’ ments on the boom

G.6 | Boom mounting

boom]| The influe m’is 0,5 % for a distance of the cup rotor 15|boom

Boom{mounted cm a e influenced by flow distortion of both the mast and the
diameters above

An anemometer gpera 1 the.waKe of the meteorological mast is highly disturbed.| Such
used in power performance measurements. Flow distortion
upstrgam of ast ‘can be significant. Adequate separation must be allowed betwegn the
cup anemometer xand’the mast to keep flow distortion effects to an acceptably low|level.
Guidance-for appropriate anemometer — tower separation is given in G.6.1 and G.6.2.

Wakeg from-towe s can have a strong influence on cup anemometers over surprisingly
long distan¢es. Location of cup anemometers in the vicinity of upstream guys shpll be
avoided. r

It is largely up to the user to determine what degree of disturbance and hence uncertainty is
acceptable, but a suitable aim should be to avoid mast and boom induced flow distortions
greater than 1 % and 0,5 %, respectively.

Meteorological masts can either be of cylindrical or lattice construction. The required
separation of the anemometer from the tower depends upon the type of mast and solidity.

G.6.1 Tubular meteorological masts

An approximation to the flow disturbance in the vicinity of a tubular mast can be obtained from
Figure G.5. This figure shows an iso-speed plot of the flow around a tubular mast from a
Navier-Stokes analysis. The least disturbance can be seen to occur if facing the wind at 45°.
More generally, it can be seen that there is a retardation of the flow upwind of the mast,
acceleration round it, and a wake behind it.
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ed_(from the left); analysis
keés c tations

For w|nds within 45° of the line from tt 0’the meteorological mast, the largest
relatiie wind speed is s~ a igned with the anemometer and|mast.
Figurg G.6 shows this relative stion of distance. Note, however, that wind
speed distortion may |be_hi i igure G.6 if winds approach from angles
greatgr than 45° ffm alignment.

1,000 /\

—
0,995 S — — |
X —
%0 \/ |
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Centrelind relative wind speed
f=} o
© ©
[e5] [e3)
(e} O
S
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Distance to center divided by mast diameter R/d
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Figure G.6 — Centre-line relative wind speed as a function of distance R
from the centre of a tubular mast and mast diameter d
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A 99,5 % relative wind speed is seen to occur at R/d of 8,2. The corresponding figure for a
99 % relative wind speed is 6,1.

G.6.2 Lattice meteorological masts

Analysis of the flow round a lattice structure can be based upon a combination of actuator
disc and Navier-Stokes theory and analysis. The degree to which flow is disturbed by the
mast is a function of the solidity of the mast, the drag of the individual members, the
orientation of the wind and the separation of the measurement point from the mast. Figure G.7
shows the dimensions of interest on a top-view of a triangular lattice mast.

Aot ;
Acttrator-dise = ==

AN
Centreline / \\Three legged ma,
wind speed deficit Uy

Figure G.7 — Representation of a three-legged lattice-mas Wi -line{wind
speed deficit, the actuator disc representation of'the ma i > i and

The flow distortion is a function of thg a Ct, which in turn depends
upon the porosity of the mast and the drag iV bers. C; can be regarded as
the tofal drag force per unit length of the t ; e dynamic pressure and the face
width,| L.

Figurg G.8 shows the co ice tower having a Ct of 0,5. At {ypical
distances of the anemgme 5 i disturbance is very little affected by[tower
orientation (whether t i iented into the wind), and it can therefgre be
assuned to be t@\ -

If the ] minimum distortion is obtained when the
anemometer is place ) 90° to the centre of the measurement sector. Otherwise,
the flpw distortion ned by considering the upwind deficit as a functjon of
distance. Fig X computed centre-line relative wind speeds for lattice fowers

havin loté, however, that wind speed distortion may be highef than
show{ i Ire ¢ ds approach from angles greater than 100° from the anemoimneter-
mast 1
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Figure G.8 — Iso-speed plot of triangular lattice masit
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Figure G.9 — Centre-line relative wind speed as a function of distance R from the centre
of a triangular lattice mast of face width L for various C; values
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The equation below may be used to estimate the centre-line wind speed deficit Uy as a
function of Cy and R/L:

U, =1-(0,062¢7 +0,076CT).(E

L_ 0,082j

(G.1)

Ct can be estimated from local building codes or, within the ranges specified, from Table G.1.

In this table,

members on the side of the tower to the total exposed area.

the solidity ¢ is defined as the ratio of the projected area of all structural

Table G.1 — Estimation method for Ct for various types of Iamer

f'ype of tower

Plan section

Expression for Cy < A

id'range
(Valid rhng

Bquare cross-section, members with
sharp edges

AR

4,4(1 - 1)t \\
/ N\

members

Bquare cross-section, round 2,6(1 0,1\‘/t< 0,3
members
[riangular cross-section, round i 0,1<¢<0,3

Altern

R mayf

For a
times
times

istance

(G.2)

be 5,7
to 3,7
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