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Abstract： Astudyonpowerperformancetestingofawindturbinewhichhasnomet-mastatadistanceof2～4

rotordiameterwascarriedoutusingtheNacelleTransferFunction,NTF,accordingtoIEC61400-12-2.Thewind

dataforthisstudywasmeasuredatHanKyoungwindfarm ofJejuIsland.TheNTFwasmodeledusingthe

correlationbetweenwindspeedsfromthemet-mastandfromthewindturbinenacellewithin2～4rotordiameter

fromthemet-mast.TheNTFwasverifiedbythecomparisonofestimatedAnnualEnergyProductions,AEPs,and

binnedpowercurves.TheNacellePowerCurve,NPC,wasderivedfromthenacellewindspeeddatacorrectedby

NTF.TheNPCofwindturbineundertestandthepowercurveofferedbytheturbinemanufacturerwerecompared

tocheckwhetherthewindturbineisproperlygeneratingelectricity.OveralltheNPCwasingoodagreementwith

themanufacturer'spowercurve.Theresultshowedpowerperformancetestingforawindturbinewhichhasno

met-mastatadistanceof2～4rotordiameterwassuccessfullycarriedoutincompliancewithIEC61400-12-2.
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Nomenclature

AEP :Annualenergyproduction

NTF :Nacelletransferfunction

NPC :Nacellepowercurve

WTG :Windturbinegenerator

WS :Windspeed(m/s)

WD :Winddirection(°)
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AGL :Abovegroundlevel(m)

RIX :Ruggednessindex
PC :Powercurve
L :Distancefrom windturbineto

met-mast(m)
Cp :Powercoefficient
Vnacelle,i:Averageofthenacellewindspeed

inbini(m/s)
Vfree,i :Averageofthemet-mastwind

speedinbini(m/s)
Vfree :Freewindspeedestimatedusing

measurednacelleandmet-mast

windspeeddata(m/s)
Vn :Normalizedwindspeed(m/s)
ρ10min :Measuredairdensity(㎏/㎥)
ρ0 :Thereferenceairdensityof

1.225㎏/㎥

1.Introduction

Theexistingmethodofpowerperformance

testing according toIEC 61400-12-1
1)
is

costlyandtimeconsumingbecausemet-mast

shouldbelocatedatadistanceofbetween

2～4rotordiameterfrom awindturbine

undertest.Itisnotpossibletoobtaina

reliablepowercurveofa wind turbine

locatedatadistanceofmorethan4rotor

diameterfrommet-mastsincethecorrelation

between wind speed and electricpower

outputwillbelow.Forthatreason,many

studiesonpowerperformanceverification

bynacellewindspeedhavebeencarriedout.

Albersetal.
2)
reportedthatwindpower

performanceverificationusingnacellewind

speedwillreducethecosttoathirdofthat

usingmet-mastwindspeed.Thestudyon

relationshipbetween wind speed derived

fromthemeasuredelectricpowerandwind

speedmeasuredfrom nacelleanemometer

toverifywinddirectionunderwakewas

conductedbyAlbersetal.
3)
Smithetal.

4)

foundthattherewasspecificcorrelation

betweennacelleandmet-mastwindspeed

throughvariousexperiments.

IEC61400-12-2
5)
waspublishedrecentlyto

provideamethodologytoobtainpowercurvesof

wind turbines withoutmet-mastbased on

nacellewindspeed.Thepurposeofthisstudyis

tocarryoutpowerperformancetestingofawind

turbinewhichismorethan4rotordiameteraway

from a met-mastin accordance with the

procedureregulatedbyIEC61400-12-2.The

uncertaintywasnotevaluatedinthisstudy,and

thatisournextresearchsubject.

2.Testsetup

Thetestsite,testconditions,specification

of wind turbine generator,WTG,and

measurementequipmentareshowninFig.

1,Table1,Table2,andTable3.Thestudies

byKim etal.
6)
andHeretal.

7)
onpower

performancetestingincompliancewithIEC

61400-12-1wereconductedinthistestsite.

Fig.1Testsite
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Item Description

Measurementperiod 2009.09.17.～ 2010.02.17.

Measurementlocation
HanKyungWindFarm,

Jejucity,Rep.ofKorea

WTGforNTF V90No.6,2.5Dfrommet-mast

WTGundertest V90No.9,11Dfrom met-mast

Table1Testconditions

Item Description

WTGmodel Vestas903MW

Diameter/Hubheight 90m /80m

Cut-in/Rated/Cut-out

Windspeed[m/s]
3.5/15/25

Control/RPM(rated) Activepitch/16.1rpm

Table2SpecificationofWTGundertest

Parameter Sensortype HeightAGL

MastWS Cupanemometer 80m

MastWD Potentiometer 80m

Pressure VaisalaPTB100A 1m

Temperature Thies2.1280.00.141 77m

NacelleWS FTultrasonic 80m

NacelleWD

FTultrasonic,

Revisedbythe

specificoffset

80m

Electricpower
VestasSCADA,Verifiedby

comparingtransducerendsignals

＊Dataacquisitionsamplingrate:1Hz

Datasetstoreperiod:10minute

Table3Measurementequipment

3.Nacelletransferfunction

The nacelle wind speed data is not

suitable for power performance testing

becausenacellewindflowisdisturbeddue

torotationofthewindturbinerotor.For

thatreasonaNTFassessestheeffectof

thewind turbinerotoron nacellewind

speedandpredictswhatfreewindspeed

wouldbeattheupwind.

ForNTFderivation,thehub-heightfree

windspeedmeasuredbyanemometeron

themet-mastandthenacellewindspeedof

No.6WTG thatislocated at2.5rotor

diameterfrom met-mastwereusedinthis

investigation.

3.1MeasurementsectorforNTF

Frombothofthemet-mastandtheNo.6

WTG,the directions having significant

obstacles and neighboring WTGs were

excludedfrom NTF measurementsector

accordingtoIEC61400-12-1.Asaresult,

forNo.6WTGthewindspeeddatacoming

from directions from 252°to 46°were

availableforNTFestablishment.

3.2Terrainevaluation

Thetestsiteshouldbeassessedtocheck

theeffectofwindflow distortiondueto

topographicalvariation.Oneshouldidentify

whetherthesiteiscomplexandpoweroutput

ofWTGisavailablewithoutasitecalibration

foraccuratepowerperformancetesting.

Fig.2showscircularareaforterrain

evaluation,whereLisadistancefromWTG

tomet-mast.Thecirclewasdividedinto

themeasurementsectorandtheexcluded

sectorformeasurement.

Theterrainevaluationwascarriedoutin

compliance with the regulations ofIEC

61400-12-1.TheresultisshowninTable4.

Evaluatedmaximum slopesandmaximum
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 

× 

terrainvariationswerelowerthanthecriteria.

Accordingly,nositecalibrationwasneeded.

Fig.2Areaforterrainevaluation

Distance Sector
Maximum

slope[%]

Max.terrain

variation[m]

<2L 360° 0.63<3＊
4.40

<0.04(H+D)＊

≥2L&<4L
Measurement

sector
0.00<5＊

0

<0.08(H+D)＊

≥2L&<4L

Outside

Measurement

sector

1.74<10＊
Not

application

≥4L&<8L
Measurement

sector
0.46<10＊

7.39

<0.13(H+D)＊

＊CriteriainaccordancewithIEC61400-12-1

H:Hubheight=80m,D:Rotordiameter=90m

Table4Terrainevaluation

3.3Correlationofnacelleandmet-mast

windspeed

Simultaneously measured wind speed

datafrom themet-mastandthenacelleof

No.6WTG wereplottedinFig.3.The

met-mastwindspeeddatawerebinned

againstthenacellewindspeeddataaccording

tothemethodofbinswith0.5m/sinterval.

Theneachlinearinterpolationbetweenbins

wasmadeusingthefollowingformula:

Fig.3Correlationofmet-mastandnacellewindspeed

Thefittedlinearcorrelation,asshownin

Fig.3,canbeusedforfreewindspeed

estimation.EnergyresearchCenterofthe

Netherlands,ECN,conductedthestudyon

windfarm efficiencyusingthemethodof

fittedlinearcorrelation.
8)
Inthisstudy,to

obtainamoreaccurateresult,allofnacelle

windspeeddatawerecorrectedbyeachlinear

equationbetweenneighboringbinsderived

byNTFforobtainingfreewindspeed.

3.4VerificationofNTF

Themet-mastwindspeedandnacelle

windspeedcorrectedbyNTF shouldbe

comparedasformofbinnedpowercurveas

wellasAEPtoverifyNTF.Thepowercurve

derivedfromnacellewindspeedcorrectedby

NTFisnamedasNacellePowerCurve,NPC.
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AccordingtoIEC61400-12-2,themaximum

differenceinpowerperbinshouldbelessthan

1% ofbin'spoweror0.5% ofratedpower.

Table5showsthepowerdifferencesofbins.

Allthedifferenceswerelessthanthecriterion

of15kW,whichis0.5% oftheratedpower.

TheAEPswerecalculatedusingpower

curveswithRayleighdistributionsupposing

availabilityof100%.Themaximumdifference

inAEPshouldbelessthan1% forannual

averagewindspeed4m/sto11m/sathub

height.Table6showstheAEPdifferences.The

differencesinAEPswerelessthanthecriteria.

Accordingly,theNTF wasverifiedby

Tables5and6.ThustheNTFisapplicable

toothernacellewinddatatoestimatefree

windspeed.

Bin

no.

No.6WTG+

mastWS

[kW]

No.6WTG+

nacelleWS

[kW]

Difference

[kW]

Criterion

[kW]

8 58 58 0 15

9 108 112 4 15

10 171 175 4 15

11 251 254 4 15
12 363 359 4 15

13 454 452 2 15
14 566 560 4 15
15 692 688 4 15
16 821 814 7 15
17 1011 996 15 15
18 1235 1225 10 15

19 1465 1459 6 15
20 1697 1701 4 15
21 1922 1929 8 15
22 2141 2148 7 15
23 2356 2362 6 15
24 2551 2551 0 15

25 2704 2713 9 15
26 2819 2826 7 15
27 2903 2905 2 15
28 2944 2950 6 15
29 2972 2977 5 15
30 2986 2988 2 15

Table5Powerdifferencesofbins

Annual

avg.WS

[m/s]

AEP_

MastPC

[MWh]

AEP_

NTFPC

[MWh]

Difference

[MWh]

Criteria

[MWh]

4 1572 1567 5 16

5 3187 3179 8 32

6 5225 5215 10 52

7 7402 7394 8 74

8 9440 9435 5 94

9 11130 11127 3 111

10 12371 12370 1 124

11 13156 13158 2 132

Table6AEPdifferences

4.Nacellepowercurve

TheNTFwasappliedtothenacellewind

dataofNo.9WTGundertest.Itislocated

at11timestherotordiameterfrom the

met-mast.

4.1MeasurementsectorforNPC

Thedisturbedwinddirectionsectorfrom

No.9WTGwasexcludedaccordingtothe

IEC61400-12-1.Fig.4showsthemeasurement

sectorandexcludedsectorforpowerperformance

testingofNo.9WTG.

Fig.4MeasurementsectorforNo.9WTG
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Thereshouldbenowinddistortioninthe

measurementsector.Evenintheexcluded

sector,aNTFcanbevalid,orinmeasurement

sector,aNTFcannotbevalid.Thus,itis

necessarytocheckifthereiswinddistortion

inthemeasurementsectorthroughself-consistency

check.

Fig.5showsself-consistencycheckof

No.9 WTG.The rectangular parts are

excludedsectors.Vpiswindspeedderived

from poweroutputin combination with

NPC.Vfree iswind speed calculated by

nacellewind speed in combination with

NTF.Ideally,VpshouldbeidenticaltoVfree,

ifthereisnowinddistortion.

Withintheexcludedsector,therewere

high ratiosofVp to Vfree atdirections

havingtheneighboringwindturbines.In

themeasurementsector,theratioswere

withinallowablelimit,whichisbetween

0.97and1.03.Accordingly,itwasverified

thatthewinddatain themeasurement

sectorwasavailableforNPCofNo.9WTG.

Fig.5Self-consistencycheckforNo.9WTG

4.2TerrainclassificationforNTF

ToapplytheNTF,theterrainonwhich

NTFwasestablishedshouldbesimilarto

theterrainwheretheNTFwouldbeapplied.

AccordingtoIEC61400-12-2,assessmentof

ruggednessindex,RIX,andterrainslope

forthetwolocalterrainsshouldbemade,

andthedifferencebetweenthetwofinal

terrainclassesshouldbe±1forapplication

oftheNTF.

SinceNo.6WTG andNo.9WTG are

situatedonthecoastclosetothesea,the

twolocalterrainsareveryflat.Theterrain

classificationledthatthetwolocalfinal

terrainclasseswere1.Thus,localterrains

donotinfluencetheNTFandtheNPCso

thattheNTFcanapplytothewindspeed

datafrom thenacelleoftheNo.9WTG

undertest.

4.3Powerperformancedatabase

Inordertorepresentthepowercurves

moreaccurately,thewindspeeddatawas

normalizedtoreferenceairdensityatsea

levelaccordingtothefollowingformula:

   ×

m in


Fig.6showsscatterplotsoftheaverage,

the maximum,the minimum,and the

standard deviation of measured power

outputsofNo.9WTG.Thewindspeed

rangesfrom 4m/sto21.5m/s.Eachbin

with0.5m/sintervalhasmorethanthree

data,whichisminimum requirementsfor
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reliable power curve according to IEC

61400-12-1.Therearenosignificantsignal

noiseordatainfluencedbymountingstructure.

Fig.6PowerperformancescatterplotsofNo.9WTG

Fig.7NPCofNo.9WTGandpowercurveofthemanufacturer

4.4NPCofWTGundertest

Fig.7showstheNPC andthepower

coefficient,Cp,ofNo.9WTG,comparedto

themanufacturer's.Overallpoweroutputs

ofbins were wellmatched with those

offeredbythemanufacturer.Thepower

outputsandCpatwindspeedlowerthan

ratedwindspeedof15m/swereslightly

lowerthanthoseofthemanufacturer's.At

wind speed higherthan therated wind

speed,thepoweroutputandCp ofboth

No.9WTGandmanufacturer'sarealmost

thesame.

5.Conclusions

(1)Thepowerperformancetestingwas

successfullyconductedusingtheNTF

in compliance with the procedure

providedbyIEC61400-12-2.

(2)ThereasonableNTFwasderivedfrom

the nacelle and the met-mastwind

speed.Itwasverifiedbyanalysingthe

differencesofthepowerofbinsandthe

AEP.

(3)OveralltheNPCofwindturbineunder

testwasmatchedwellwiththepower

curveprovidedbythemanufacturer.
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