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Nomenclature

DM Deutstilandmodellthe GermanNWP

DWD Deutster Wettedienst the Germarweatherservice
DMI DanishMeteoplogical Institute

DEWI The Germanwind Enegy Institute

EURE EuropearUtilities for Renavables

FLaP TheUniv of Oldenturg wind farm program
HIRLAM  TheDanishNWP

NWP Numericalweathempredictionmodel

PARK TheRisgwind farm program

FLaP TheOldenlurg wind farm program

WMEP A Germanwind andwind power measuringproject
WASP Wind Atlas AnalysisandApplication Program

Shortterm Here:concerningatime rangefrom 3 to 48 hours
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1 Abstract

Themainobjective of this projectwasto implementawind powerforecastingsystenfor
atime periodup to 48 hours,extendingan approachdevelopedin otherEU andnational
projects.

This forecastingapproachdevelopedin the framework of this projectgivesthe project
partnersthe possibility to implementthis methodfor utilities, tailoredto the respectre
situationconcerningnstalledpower, topographicatonditionsandsoon.

In practicetheforecastingsystencanbeonebasisfor abetterschedulingf conventional
power plantsleadingto alower spinningresere andtherebyto savings of fossilfuel and
COs. Besidesthis, a betterintegration of wind enegy in the existing electric enegy
supplysystemdeadsto a betteracceptancef this new technology

During the projecttime afully operationallyworkingwind power predictionsystemhas
beendeveloped.With this systemit is possibleto predictthe power outputfor single
turbineswind farmsor largerregionsup to 48 hoursahead.

The performancef the predictionsystemwasinvestigatedy meanof statisticalanaly-
siscomparingorecastgo wind turbinepower outputmeasurementsom about30 sites.
Main resultof this partis thatthe is almostindependenof wind speedandkind of an
absolutemeasurewhich is typically in the rangeof 15 % (6 hoursprediction)to 25 %
(48 hours)of ratedpower.

Looking atthesummedup poweroutputfrom regions,the predictionerrordecreasedue
to smoothingeffects.A typical reductionof RMSEis to 60 % to 80 % of the singlefarm
value,concerninga region of about100 x 200 km?.
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2 Partnership

Thepartnershipgonsistf threepartnerinstitutions:

o Risg National Laboratory Denmark:model development,modelimplementation,
modelverification,co-ordination.

o University of Oldenlurg, German: model development,model implementation,
modelverification,studyof regional effects.

o TechnicalCollegeof Magdelurg, German: studyof regional effects.

Adresse®f partners:

RisgNational Laboratory (Coordinator)
DeptWind Enegy andAtmospheridPhysics
POBox 49

DK-4000Roskilde

DENMARK

Contact:

LarsLandbeg

email lars.landbay@risoe.dk

fon +4546775024

fax +4546775970

University of Oldenburg

Enepgy- andSemiconductoResearch
Faculty of Physics
D-261110Ildenlurg, Germany
Contact:

Hans-Petewaldl

email igor@uni-oldenbrg.de
fon +494417983577

fax +494417983326

Technical Collegeof Magdeburg

Dept.of ElectricalEngineering

D-39114Magdelurg, Germany

Contact:

Prof.Dr. HansGeog Beyer

email Hans-Geqy.Beyer@Elektrotechnik.FH-Magdely.de
fon +493918864499

fax +493918864126

The projectWWW page:

www. physi k. uni - ol denbur g. de/ ehf/wi nd/ predi ct/indexpredict. htm
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3 Objectives

Themainobjective of this projectwasto implementawind powerforecastingsystenfor
atime periodup to 48 hours,extendingan approachdevelopedin otherEU andnational
projects.This forecastingapproactdevelopedin the framewvork of this projectgivesthe
projectpartnerghe possibility to implementthis methodfor utilities, tailoredto there-
spectve situationconcerningnstalledpower, topographicatonditions,andsoon.

In practicetheforecastingsystencanbeonebasisfor abetterschedulingf conventional
power plantsleadingto alower spinningresere andtherebyto savings of fossilfuel and
CO,. Besidesthis, a betterintegration of wind enegy in the existing electric enegy
supplysystemdeadsto a betteracceptancef this new technology

In the nearfuture, the tradingwith “greenenegy” will becomean essentiapart of en-
ey marketsTheresultingprice of greenelectricenegy will dependonthedayby day
availability of this enegy source Sonotonly “classic” enegy suppliersbut also“green
traders”arebecomingpotentialcustomergor wind power forecasts.

Themain technical objectivesof the projecthave been

¢ Implementing a prediction method on baseof the German NWP model. Due
to the coarseresolutionof the Deutstilandmodelimodel (14 x 14 km?), a spatial
refinementof the predictionmust be implementedo get a forecasttailoredto a
specificsite.

¢ Make an analysisof the prediction error for the meanpower output for an area
considerd. The describedmethoddelivers wind power predictionsfor different
sites.Theregional power productionis thenderivedby multiplying this resultwith a
factor For power plantdispatchingutilities arenot only interestedn power output
for singlewind farmsbut alsofor their total supplyarea.The quality of prediction
andespeciallyits uncertaintymay be differentfor onepointanalysisandthewhole
area.ln this project,anestimationof the predictionerrorin dependencen thesize
of theareaunderinvestigationvasdevelopedon baseof a comparisorof predicted
andmeasureavind power for about30 sitesdistributedover NorthernGermam.

¢ Usinganumerical weather prediction modelwith a higher spatial and temporal
resolutionthan in former projects asbasefor the power prediction model. As
numericalweatherpredictionmodel (NWP), the GermanDeutstilandmodellwas
chosenThe goalis to investigatewhetheror not the higherresolutionresultsin a
betterpredictionof wind speedandwind power outputcomparedo HIRLAM.
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4 TechnicalDiscription

4.1 Overview

During the projecttime a fully operationallyworking predictionsystemhasbeendevel-
oped.With this systemit is possibleto predictthe power outputfor singleturbineswind
farmsor largerregions.It deliverstherespectie power outputaswell aswind speedand
directionin aneasilyreadableutputformat.Input for thesystemcanbeonlineor archive
wind speedandwind directionpredictionsfrom an overall numericalweatherforecast.
Thepredictionsystemmaybe operatedy thegermarnweatheforecasDWD, whenwind
enegy powerforecastarerequestedby enegy suppliersor (green)enegy brokers.
The projectconsistedf the following partsall of whichwill be describedn the follow-
ing:

e Modeldevelopment

e Modelimplementation

¢ Modelevaluation

e Studyof regionaleffects

Model development

A modelwasdevelopedfurther which producesvind power predictionstaking into ac-
countthe local circumstances$ike surfaceroughnessand orography The forecastsare
basedon the outputof numericalweatherpredictionmodels,the DanishHIRLAM and
the GermarDeutstilandmodell

Model implementation

The predictionmodelwasimplementedasan online predictionsystemgetting weather
predictiondatafrom the accordingweatherservice,and generatinghe locally refined
wind power forecastqseeoverview next page).As anuserinterface,HTML pagesare
generated.

Model evaluation

For assessmemdf the quality of the predictions measuringlatafrom 32 stationsspread
over thenorthernpartof German for threeyearswasused.An intensive comparisorof

measurementand predictionswas performed.One focuswasthe statisticalanalysisof

smoothingeffectsoccuringif theregional power outputfrom regionsis investigated.

In thefollowing, theforecasmodelsdevelopedandusedin the projectwill bedescribed.
The two modelsusedare called the Risg model and the Oldenlurg model. Both these
modelsuse numericalweatherprediction (NWP) model forecastsas the basisfor the

moredetailedlocal forecastsin this projectthe HIRLAM modelof the DanishMeteo-

rological Institutewasusedasthe NWP modelfor the Risgsmodelandthe Deutstland-

modell(DM) for the Oldenkurg model.In thefollowing HIRLAM andDM aredescribed
followedby a detaileddescriptionof the RisgandOldenturg models.
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Numerical Weather Prediction
Deutschlandmoell, HIRLAM
Wind speed
to + 6h,+12h,..., +48h
Resolutionl4 x 14km?

U

Horizontal Refinement
tolocal Site
(Roughness, Stabilitprography)

U

Model Output Statistics
for Correctionof
systematicrrors

U

Wind Turbine
Pawer Characteristic
Wind FarmEffects

U

Local Prediction of
Power Output

Overviav of the differentparts of the predictionsystems.

4.2 Numerical Weather Prediction Models

As basicinputto thepredictionsystemstwo differentnumericalweathepredictionmod-
els(NWP) wereused:the DanishHIRLAM modelandthe GermanDeutstilandmodell
They areoperatedy therespectre weatherservices.

Operator

HIRLAM
DanishMeteor Institute

Horiz. Grid Resolution 25km

StartingTimes
Domain

0and12GMT
DenmarkandNorthernGermay  Germary andNeighborhood

4.3 The Oldenburg Prediction Model

As the Risgmodel, the Oldenhurg approachs basedon the predictionsof a numerical
weathempredictionmodel,the Deutstilandmodelloperatedy the GermanWeatherSer
vice ([16]). The resultsof this modelhave a resolutionof 14 x 14 km?. Several steps
areundertakerio geta local predictiontaking into accountthe specificlocal conditions
onasite(figure 1). This mechanisntransformghe NWP result(height10 m or amodel
level) to thehubheightof theaccordingturbine.This includesthe consideratiorof local
roughnesspbstaclesprography thermalstratificationof the atmospherewind turbine
parameterandwind farm arrangementin addition,a correctionof systematicerrorsis
donewith asimplestatisticaimodel.
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The transformatiorof the surfacewind is doneon baseof methodgollowing the Euro-
peanWind Atlas Method. To geta closerlook on the influenceof modeldetailson the
predictionuncertaintythe modelsdescribedelon wereimplementechew.

4.3.1 Spatial Refinement:Roughness

To generalizégheNWPwind outputfrom theusedroughnessn afirst stepthegeostrophic
wind is calculatedrom the 10m valueusingthe geostrophiaraglaw

G="x (111 ( . ) —A(u))2 + B(p)? (1)

K fz
by usingu, andz, of the Deutstilandmodellwind (f: Coriolis parameterA, B: con-
stants,in generaldependingon stability factor ;). Backward,the local wind thenis

calculatedby usingthe local, sectorialdifferentiatedroughnesdength and the current
atmospheristability ([13],[7]).

Uy z z
ufz) = = (m (%) —w (E)) )
Theturningof thewind in the Ekmanlayeris modelledwith the standardapproach

. B(p)us
sino = ——-~ (3)

GDM(g_ivf)

GeostrDrag

Law = G(z0,pM) = ux(20,01)

log. Profile | = vgus

‘ vor(Zhus, 20,01, or0, farm) ‘

log. Profile  |=wu, pas

vom (10m, 20, par)
vom (120, z0,pm)
vpom (119, 20,0 M)

Figure 1: Transformationof surfacewind speedto the geostophic wind and bad with
thedetailedroughnesslescription.

For highermodellevels (herelevel 18 andhigher),theleft branchof figure 1 is omitted
andthelevel wind is usedjustasgeostrophiavind directly.

In thesurroundingof asite,in generatheroughnesss inhomogeneou®ifferentrough-
nesslengthsresultin differentverticalwind speedprofiles.In theright branchof figure
1, the calculationsare madeincluding a detailedroughnessiescriptiondependingon
wind directionanddistanceto the site. An algorithmwasimplementedvhich takesinto
accounthe developmenbf internalboundarylayers([14]).
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4.3.2 Spatial Refinement: Stability

The vertical wind speedprofile dependsn the thermalstratificationof the atmosphere
(seeequatior?; L, theMonin-Obhuka length,is ameasurdor thethermalstratification,
see[13]). To takeinto accountthis stratification,the information aboutthe (predicted)
thermalstateof the atmospherenustbe obtainedtogetherwith the wind speedpredic-
tions. Becausaghe GermanWeatherServicedoesnot provide this valueonline, we used
the longtermclimatologicalmeanvalueof 7 to makean overall correctionto all predic-
tion. Of coursethis cannotbe satisfactorybecauseneteorologicakffectslike the daily
patternof wind speeddependstronglyon L. Fortunately at higherwind speedswvhich
areimportantfor wind enegy use the atmospherén mostcasess nearlyneutral,sothe
influenceof the missingonlineinclusionof the stratificationshouldnotbetoo high.

The consideratiorof the stratificationis done accordingto the Europeanwind Atlas
method.The vertical wind speedprofile is regardedas being disturbedby non neutral
conditionsby implying afunction f(z):

o) = () (14 252 ) @

z0(Zm)

Theterm % is derivedwith

Zm

Au(zm)  Awe  U(Zm/Loss) + ¥(2m/Lrms)
= - (5)
uo(zm) Uy g In(zm /70)
. Rggardingthe climatologicalmeanfor CentralEurope following valueswherechosen:
heatflows A H,; = 100W/m? (multiplied with aform factorof F=0.6)andA H,,,,; = -
40W/m?.

TheaccordingVlonin-Olukhov-lengh is definedvia

_Toep ulp
L= kg Hy (6)
Theheightz,,, depend®n roughnessdengthz, andRossbynumberRo = G/ f z, and
soconnectgheroughnessndthe stability model.

Zm = 0.002 zo RA"? (7)
Theratio Au—“** canbederivedfrom thetotal differentialof the geostrophidraglaw
duy cyg
bt R . A— e ] s 8
[fTOCpsz]d ()
Theconstanhasthevaluec = 2.5.
Thefunction f(z) is responsibldor the shapeof theverticalprofile

Ux

In(zm /70)

B In(z/z0) ©)

fz) =

4.3.3 ComplexTerrain

In comple terrain, the wind speedis changedn amountand direction by orographic
effects. Theseeffectsaretakeninto accountby usingthe calculationresultsfrom WASP.
Theseare given asan MI X file including a correctionfactor for wind speedand wind
directionfor eachdirectionsector WASP itself implementsa linear modelof “Jackson-
Hunt” type ([15]). Baseof the modelcalculationds a digital orographicmapof the sur
roundingof the turbine site. First, the wind speedis turnedby the value given by the
WASP results. Then,the speedup factoris multiplied to thewind speed.
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4.3.4 Wind Farm Effects

Insidea wind farm, the mutualinfluenceof the turbinesto eachotherresultin a reduc-
tion of power output.This reductionis dependingn thegeometricabrrangemensf the
turbines,the wind directionand on wind speed.The farm effects are calculatedby the
Oldenhurg computemprogramscalledFLaP resp.f cal ¢, whichimplementa variantof
thesocalledRisg-Modelike usedfor instancen theRisgprogramPar k ([17]).
Eachfarmis characterisedly its arrangementurbinepower andthrustcoeficient char
acteristicsFor thegivenwind farm (or a singleturbineinsidea farm) a tableof reduction
factorsis calculateddependingon wind directionand wind speed This factoris multi-
pliedto thefarm or turbineoutputat the endof the predictionmodel.

4.4 TheRisgModel

In this sectionthe physicalmodelof RisgNationalLaboratoryis describedEachstep,
from selectingthe HIRLAM wind to the final MOS correctionswill be describedn
turn. An overview of the modelis givenin Figure2. The analysisof the original model
will shaw, thatwhenfocusis on severestormsthe modelcanbeimprovedin someways.
Furthermoreare-analysi®f thewindsfrom thevariouslevelsof HIRLAM will shaw that
betterpredictionscanbe madeusinga differentlevel. Thefinal modelwill bedescribed
attheendof this section.

4.4.1 Overview

Theforecastingsystemfrom the outputfrom HIRLAM to thefinal forecastat the utility
is sketchedn Figure2.

HIRLAM wind

Geo drag law

Log profile 2. f
orography
| WASP roughness )

obstacles

MoS1 || PARK |——{ wos3

park lay-out

Figure 2: Flow chart of themodelcomple fromthe HIRLAM windto thefinal prediction
of the poweroutputfroma wind farm.
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4.4.2 HIRLAM

The large-scaldlow of the atmospherés modeledby the E-versionof HIRLAM of the
DanishMeteorologicalnstitute. Themodelhasa horizontalresolutionof 16 km andit is
runfour timesadayat00,06,12and18 UTC.

Finding the right HIRLAM level SinceHIRLAM hasaverticalgrid of 31 levelsit is
necessaro investigatavhichlevel givesthewind thatbestapproximatethegeostrophic
wind (atheoreticalwind). To do this an analysishasbeencarriedout on a subsebf the
wind farms,wherethe modelhasbeenrun with HIRLAM windsfrom level 1 (65 m) to
level 7 (1050m). Theresultsareshavn in Figures3 and4.

Level
N
T

1 1 1

1
-0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20
Norm mean error

Figure 3: The meanof the error for the 12 hour prediction normalisedwith the total
capacityof thewind farm asa functionof thelevel.

Level
N
T

0.10 0.15 0.20 0.25 0.30 0.35 0.40
Norm std dev of error

Figure 4: Thestandad deviation of theerror for the 12 hour predictionnormalisedwith
thetotal capacityof thewind farmasa functionof thelevel.

JOR3-CT98-027ZRublishableReport(DRAFT) 9



Analysingthesetwo plots,anumberof obsenationscanbedone:

¢ Vindebyseemdo be very differentfrom the others,we will returnto thisin alater
section.Here,we will not put emphasion this stationwhendraving our conclu-
sions.

e Themeanerroris closesto zeroat levels5 and6.
e Thestd.dev. of theerroris smallesiagainfor levels5 and6

Theseobsenrationsleadto a choicebetweereitherlevel 5 or level 6. Level 5 have been
chosenpecauseét hasthe overall smallesterror and moststationshave the smallestor
secondsmallestistd.dev. of theerror. In thefollowing, thereforethegeostophicwind, GG,
will besetequalto thewind obtainedromlevel5 (ie at 550magl) of HIRLAM. Note,that
it is theactualHIRLAM wind whichis used,notthe geostrophictHIRLAM wind. It was
foundthatthis wind gave too high standarddeviationsof theerror. Thisis in agreement
with thefindingsin Landbeg etal, 1993.

4.4.3 Surfacetransformation

The ideabehindthe physicalmodelis that the predictedwind from HIRLAM, which
is a wind specificto a gridcell of 23x23 km?, is transformedo the surfaceusingthe
geostrophiaraglaw (cf BlackadamandTennekes]1968),

G=2 [ln<;*)—A]2+Bz (10)

K Z0

whered is the geostrophiavind, heresetequalto the HIRLAM wind at level 5, ., the
friction velocity, « the Von Karman constant(=0.4), f the Coriolis parameterand z,
the aerodynamicoughnesgength. A and B areconstantheresetequalto 1.8 and4.5,
respectiely, in accordancavith TroenandPeterserf1989).

The geostrophidraglaw givesthefriction velocity which canbe usedto geta velocity
in the surfaceboundarylayerby usingthelogarithmicwind profile

u(z) = =1n (i) (11)

K Z0

whereu(z) is the velocity at height z. Theseequationsarein their neutralform. For
further details,seeLandbeg andWatson(1994).

4.4.4 WASP

Thewind calculatedsofaris still valid for quiteabig areaandit mustbecorrectedo take
local effectsinto accountThisis doneusingWASP (Wind Atlas AnalysisandApplication
ProgramMortenseretal, 2000).WASP is takingthe following local effectsinto account:

e Shelterfrom obstacleghouseswind breaksetc).
o Effectsof roughnesandchangesn roughness.
o Effectsof theorographyspeed-up/den.

Note,thatthis list doesnotincludethermally-driveneffectsase.g.sea-breezeandkata-
baticwinds.In mostof NorthernEurope(includingDenmark)thesdattereffectswill not
be of ary importanceandcanthusbeleft outwithoutary lossof accurag. The problem
of thermally-driveneffectsmustbeaddressediowever, if themodelisto beusedn areas
wherethoseeffectsprevail (eg the Mediterranean).

¢ Fromthe previousstudy(Landbeg andWatson,1994andLandbeg etal, 1993)anesti-
mateof theRMSerrorgave aroundl.5ms™! for atypicalstationin NorthernEurope The
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studyalsoshaved thatimplementingMOS (Model OutputStatistics)greatlyimproved
the predictionsfor someof the stations,andasa consequencthis methodwill alsobe
usedin this studyto explain the effectsnot explainedby the physicalmodels.

The parameterin the MOS modelwill be estimatedisingdetailedmeasurementsom
the 17 wind farmsandmodeloutputfrom HIRLAM. The measurementsonsistof data
from the individual turbinesplus a numberof meteorologicaparametersat eachfarm
takenat one-hourlyintervals.

A furtherrefinemenbdf themethodcouldbeto includetime dependentoughnessescrip-
tions, this is dueto the fact thatroughnesss actuallya time-varying quantity (eg trees
have learesin thethesummermandnoneduringwinter), theonly onein thelist abore. The
time-varianceof roughnesss nottakeninto accounin WASP becaus&\VASP is estimating
climatologicalquantities(eg the yearly production),andthereforeit would be wrongto
let the roughnessary; in the presentapproachpn the other hand,we look at individ-
ual times, making it necessaryo examinethe inclusionof this time dependenceThe
time variability of the roughnesgould be includedby makingfour differentroughness
descriptionsonefor eachseason.

4.4.5 Model Output Statistics(MOS)

To correctfor all effectsnot explainedby the models,Model OutputStatistics(MOS) is
used A numberof differentapproachesanbetaken.

Firstly, the functionalform of the MOS filter mustbe chosenStudyingthe behaiour of
theerror(cf Figure5) it canbeseerthattheonly reasonableandidatés thesimplelinear
function:

y(final, sector) = y(model, sector)a(sector) + b(sector) (12)

wherey(final, sector) is thefinal forecasty(model, sector) theforecastrom the phys-
ical models,a(sector) andb(sector) arethe directiondependentonstantf the linear
function.

3500 T T T T+ T T
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— *
+ +
— 2000 L + + .
8 + oLt . +
= +
3 + S
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o+ *h . ;{:} +tr+ ‘; ++ 4 . +
R S + +
+ PR +
500 ; +{‘iﬁ%§t++ f* " ’ o h
ﬁ’t* + t:;& LT o
Jf‘ﬁﬁ# ot T
0 AT I L L L L

0 500 1000 1500 2000 2500 3000 3500
Observation [kW]

Figure 5: Scatterplot of the raw physicalpredictionvsthe observatiorfor the Kyndby
wind farm for the 12 hour predictionlength.

The secondchoiceconcernghe point at which the MOS filter is to be applied.Herea
numberof possibilitiespresenthemseles:
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1. the output could be correctedright after the local wind hasbeencalculated(and
beforethe applicationof the power curve andthe park effects).

2. to correctafterthe power hasbeencalculated
3. to correcttheendproductof themodel.

It hasalsoto be decidedwhetherMOS shouldbe appliedto the predictionsasa whole
or whetherit shouldbe appliedto the predictionssectorby sector All thesepossibilities
have beenlookedinto andthefindingsaredescribedn thefollowing.

Before ary MOS is appliedit is necessaryo determinewhetherary of the input to
the physicalmodelscanbe improved: is thereeg a stationwhich is consistentlyunder
predicted,andis this stationlocatedin a flat area,thenit is morethanlikely thatthe
roughnessassignedo the areais too high. It wasfoundthatif correctionsare applied
sectorby sector(seelater) they did not consistentlystayunder/aer 1.0 for ary onesta-
tion. Thismeanghattheroughnessesostlikely hasbeenassignedhe correctvalues.It
could, however, alsojust meanthat the signalfor the effect of roughnesss overwritten
by signalsfrom othererror sourceslt is thereforedecidednot to changetheroughness
for ary of thestations.

Anotherreasonfor not changingthe roughnesdengthsis that the valuesusedare the
standardraluesfor the Danishlandscapécf Table1).

Table 1. Standad roughnes$engths,z, for typical Danishlandscapes.

Type 2o [M]
Sea 10—
Village 0.35
City 0.4-0.5
Forrest 0.35-0.4
Farmland 0.1

MOS applied to the wind speed Therecanbe no doubtthatthe bestplaceto apply
MOS is asearlyaspossible namely at the predictedocal wind.
OnecouldalsoapplyMOS to the geostrophiavind itself, but this would makethe statis-
tical correctionghe dominatingpart,andovershadw the abilitiesof the physicalmodels
to explain the local variationof the wind. This latterapproachwould thereforebe more
like a statisticalapproachthana physicalone.Sincewe have setout to usethe available
physicalmodelsasfar aspossible correctingthe geostrophiavind will notbedone.
Theobsenredwind is unfortunatelymeasurean thenacelleof thewind turbines causing
severe flow distortion. On top of this the anemometersvere never meantas precision
devicesfor measuringhewind, soit hasbeendecidedhotto usethe speedneasurements.
Anothervery unfortunatething is the fact thatwind directionis not measuredt all. We
know, however, from a previous study (Landbeg and Watson,1994) that the direction
is predictedfairly well. All this leadsto the conclusionthat MOS shouldnot be applied
directly to thewind speed.

MOS applied to the power Taking the above findingsinto account,it is found that
MOS mustbe appliedto the power prediction.Sincethe power curve distortsthe wind
speedguite significantly leaving smallvariationsin wind speedvery importantin some
placesandcompletelyunimportanin othersthefollowing proceduréhasbeendevised.
It assumedhatthe real wind speed(of which we have no reliable measurementyy, is
connectedo the predictedwind speedy thefollowing simplerelation:
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U= @5 Upred (13)

whereq; is thefactorfor thes'th sectorandw,..q is the predictedwind speed.
Folding this backthroughthe power curve, we get:

Pops Ppred = p(aiupred) xT xE (14)

whereF,s and P4 aretheobseredandpredictedoower, respectrely, of agivenwind
farm,p(u) is the poweragiventurbinewill produceatspeed: (ie thepowercune), T is
the numberof turbinesoperatingand £ theefficieng/ of thewind farm ascalculatedby
PARK.

It is thenpossibleto find thata which for a certainsectorgivesthe smallestvalueof the
error:

€ :| Pops — Ppred | (15)

Thefunctionalshapeof e asa functionof « canbe seenin Figure6. It canbe seenthat
thefunctionis well behaed, which meanghatsimple methodsfor minimisinge canbe
used.
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Figure 6: Typical exampleof theerror, ¢, plottedasa functionof theMOSparametera.

Estimating the final «’s Following theabove procedureavaluefor « canbecalculated
for eachsectorandfor eachforecastength.Doingthis, atypical exampleof thecalculated
valuesis foundin Figure7. As canbe seenfrom this figure, mostof the calculated:’s
do not vary with the forecastiength. This is alsoto be expected sinceit is hypotesised
that the effects, that the a’s correctfor, are physicaleffects, which areindependentf
theforecastength. Somesectorshowever, displayquite a large variation(in thefigure,
sectorsl, 2 and 11), this is explainedby the fact that the numberof samplesin these
sectordgs down to only 25% of the averagenumberof sampledor all sectorsandthese
sectorsarethusnot statisticallystable.

To calculateonea per sector(ie to collapsethe «'s in the forecastengthdirection)the
averageof thea’sfor thedifferentpredictionhorizonsis used.

A final questionpertainingto the sectorwise correctionds the constang with time of
the estimatesie for how long mustonewait until the factorshave stabilised A typical
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Figure 7: The MOS-corection factor for ead of the twelve30 degree sectorsfor the
differentprognosidengths.

exampleof thisis givenin Figure8. Studyingthis figureit canbe seenthatmostfactors
are stableafter only a few months,exceptof courseseldomlyvisited sectors(1, 2 and
12 in the figure). Sector3 standsout in that the total amountof obserationsover the

yearis large enough but during the first few monthsvery few obsenationsarepresent,
explaining the markedswing after two months.The patternfound for this wind farm is

repeatedor theotherwind farmsaswell.

2.0
1.8
16
14
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@ 1.0
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0.6
04 r

0.2

OO 1 1 1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10 11 12
months

Figure 8: Thevariationwith timeof theestimatef thesectorwiseMOScorrectionfactor.
Sectorawith veryfew observationsre markedwith dashedines. Thedataare takenfrom
theNgjsomhedsodd&ind Farm.

MOS applied to the final output To correctfor ary biasanothersimpleMOS model
hasbeenchosento correctthefinal outputof the model,ie the actualproductionof the
park.A simplelinearversionof MOS s againused
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Pvos = Pmodel + 0 (16)

where Pyios is the MOS-correctegbroductionof a givenwind farm (ie thefinal resultof
themodel), P41 the productionpredictedby the physicalmodel,andb the bias.Note
thaté is not dependendn the sector sinceit is assumedhatthe first MOS moduletook
careof ary directionaldifferences.

4.4.6 PARK

To takeinto accountheinfluenceof wakeshitting otherturbinesin the parkthe PARK
program(Sanderhdf 1993) hasbeenusedto createa park efficiengy rose(ie a sector
wiselist of theactualproductionseerrelative to the ratedproduction).

4.4.7 Input to the model

To be ableto predictthe power outputof awind farm thefollowing inputis needed:
e HIRLAM wind field (Geo.draglaw)

descriptionof orography(WASP)

descriptionof roughnesgWASP)

descriptionof obstaclegWASP)

power curve (PARK)

thrustcurve (PARK)

¢ wind farm lay-out(PARK)

e measurementsf actualpower production(MOS)
Notethatthis information,exceptfor theHIRLAM forecastjs needednly for theinitial
analysisof thewind farm, oncethefarmis analysedhe predictionmodelusesonly the
resultsof theanalysis.

A A A A
AV A R A A A N
A A S
ARV A A N A
P A ) I R
A AV A A S Y
s 7 2 A A A
Y Ve Vi R A
V i ~, P / o w m
/S s s .
- -~ ” s 7 s 7 / /

Figure 9: An exampleof the wind field from HIRLAM. A similar field is geneated for
Bornholm.

HIRLAM wind field

Input to WASP  For WASP to be ableto simulatethelocal effectinput of the orography
roughnessand obstacless neededlIn Figure 10 the orographyand roughnesof the
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surrounding®f the Kyndbywind farm areshovn andin Figure11 the obstaclef the
Avedgrel000wind turbineareshown.
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Figure 10: The orograhy (thin lines) and the roughnesgthick lines) for Kyndbywind
farm. Thisdigital informationis givenasinputto WASP. Thecrossmarksthelocation of
thewindfarm.
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Figure 11: Theobstaclesnputto WASP for the Avedge 1000turbine

Input to PARK The PARK programneedsasinput the power andthrustcurves (see
Figure12) andthewind farmlay-out(seeFigure13).

4.4.8 Usingthe 10m wind asinput

Dueto the decreasén grid sizeandtheimprovementof the boundary-layeparameter
isationof HIRLAM, the level from which the wind hasto be takenhaschangedrom
whenthe modelwasfirst developedandimplementedsee[2] for furtherdetails).In the
original modelthe wind foundin modellevel 5 (approx.550 m agl) shouldbe usedas
the bestapproximatiorof the geostrophiavind, now, however, thewind from thelowest
level hasthe smallestscattemwhencomparedo the obseredwind atthe wind farm site.
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Figure 12: Thepower(solid line) andthrustcurve (dashedine) of the VestasvV27wind
turbine
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Figure 13: Thelay-outof the Kyndbywind farm.

This meanghat sincethe original modelhadto transformthe wind from a geostrophic
wind via the geostrophiaraglaw to the surfacethe modelmustbe changedsincethis
transformatiorhasalreadybeendoneby the HIRLAM model.Referringto Figure?2 the
boxlabeledGeo.draglaw, Log profile’ mustthereforeberemoved.Calculatinghemean
errorandstd.dev. of theoriginal modelandthe modelproposedereappliedto the Risg
mast,however, the predictionsusingthe 10 m wind showv a reductionin the standard
deviation of typically 20%on the predictionof thewind speed.
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4.5 DifferencedetweenOldenburg and RisgImplemen-
tation
Themaindifferencedbetweerthe Risgandthe Oldenturg online predictionmodelare

e Risg modelis basedon HIRLAM, Oldenturg model on the Deuts@landmodell
NWP model,which hasa higherspatialresolution.

¢ TheOldenlurg approachs usinga non-linearroughnessnodelimplementation.
¢ TheOldenhlurg modelcanhandlewind farmswith turbinesof differenthubheights.

¢ TheOldenlurg modeldoesnt includeobstacles.
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5 Resultsand Conclusions

For theverificationof predictionresults,alot of aspectdave to betakeninto accountin
thebeginning,thequality of theforecaswill critically dependnthe NWP modeloutput
itself. If this doesnotreflectthe developmentbf theweathersituation thereis no chance
to getareliablelocal wind power prediction.The comparisorof theinfluenceof thetwo
NWP modelsHIRLAM andDeutstilandmodelwill be shovnin section5.7.

In generalthe predictionquality depend®n the predictiontime. The predictionerroris
expectedto increasefor longerforecasthorizons(chapters.3). But thereare alsoother
influencesThenaturalwind speedin generalshavsadaily pattermnwhich canberepro-
ducedmoreor lessaccuratelyby thewind speedprediction.We have alook at this effect
in the“results” chaptemwherewe mainly considepredictionswith starttime 00UTC. So
theresultsshav theinfluenceof thetime of day. In generalthe accurag of a prediction
for 36 hoursmay be differentif thetargettimeis 12 or 24 UTC (chapter5.3).

Geneal remarks:

¢ All predictionsarebasednthe Deutstilandmodell0 UTC run, 10 m level, if noth-
ing elseis remarked.

¢ In generalthe 1996 NWP grid datais used If thebasicyearis 1997 (alsogrid data)
or 1999(onlinedata),thisis noted.

e In most casestwo basicstatisticalpropertiesare usedfor discussionthe mean
bias {(predictedpowver — measureghower)) and the RMSE (Root Mean Square,
/{(predictedpower — measureghower)?)).

¢ In mary casesthemean! valuefor all stationsis used.This meanghatthe RMSE
arejust summedup anddivided by the numberof stations.This of courseis not
equalto the RMSE of thesummedup time series.

5.1 Wind Speed

Firstof all thequality of thewind speedpredictionis evaluated Figurel4 shavsascatter
plot of thewind speecat 10 m level givenby the Deuts@landmodelversughemeasured
wind speedat the sameheightfor the station AltenbekenThe datafor all prediction
timesis usedto get enoughdatapoints. Generally the predictionis systematicallytoo
low becausemostof the datapointsarebelow the bisectorof angle.In particular high
wind speedsre underestimatedifter the predictionof the NWP hasbeenrefinedthe
predictedwind speedmatcheghe measuredvind speedmuchbetter This canbe seen
in figure 15 whereresultsof the refinedpredictionof the wind speedare comparedo
themeasurement®r the samestationasbefore.The datapointsarenow ratherequally
distributedalongthe bisectorof angle.The improvementis mainly dueto the detailed
roughnessiescriptionin the refinementwhich considershe local effects at the site in
contrasto thedirectDeutstilandmodelbutputwhichis basedbnameanroughnessver
alargearea.

1sometimesve call this atypical value
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Figure 14: Scatterof measued andraw Deutschlandmodelind speedat 10 m.
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Figure 15: Scatterof measued andrefinedpredictedwind speecdat 10 m.

5.2 Power Prediction Time Series

In figure 16 a typical time seriesof measuredind predictedpower for a singleturbine
is shavn. In generalthe agreemenis goodandthetwo stormeventsarepredictedquite
well. Of coursethequality of the predictionis betterfor shortforecasthorizons,.e. 6 h
and 12 h. In figure 17 the predictionsof threesucceedinguns (0 UTC) are presented.
Again the predictionis rathergoodbut for large predictiontimesthe forecasimight de-
viate significantlyfrom therealsituation.This canbe seerfor the 24 h - 48 h forecasif
run 1 which predictssmallpower outputinsteadof astorm.

Figure 18 shovs the RMSE betweerprediction(0 UTC run) andmeasuremerdf power
outputsfor differentpredictiontimesaveragedover all sites.The uppercurve is normal-
ized to the respectre meanpower output. The RMSE valueis very high (about100%)
andincreasewith predictiontime, shaving a daily pattern.The second(lower) curve
shavsthesameRMSEnormalizedo thetotal ratedpower of all turbinesregarded.This
value,of coursejs muchlower. We will shav laterthatthis valueis the moreimportant
onefor ageneralizegropositionaboutthe predictionuncertainty

20 JOR3-CT98-0272ublishableReport(DRAFT)



Figure 16:
1996.

Measured
700 f pred 06h i

pred 12h
600 k| pred18h |
pred 24h
pred 36h
500 | pred 48h )
2 400 - ]
£,
o
300 - R
200 b
100 b
o
0 il “AL’ \WEQvY L= T 1711
320 322 324 326 328 330 332

Day of Year 1996
Typical time seriesof measued and predictedpowerfor a singleturbinein

700 [ Measured —1

600

500

400

300 AAU/ L\“x
\ foo

200 /X /
100 \\;JA\*\’A&A%*H et

0 ! ot VAl ‘%
324 3245 325 3255 326 326.5 327 327.5 328
Day of Year 1996

P [KW]

Figure 17: Detail of figure 16 showingdevelopmenbf threesucceedingnodelruns.

Figure 18:

‘ ‘ ‘
160 | normalised on mean measured power —— |
normalised on rated power --->--- |

140

120

RMSE [%]

6 12 18 24 36 48
prediction time [h]

RMSEof poweroutputversuspredictiontime,avelagedoverall stations.The

uppercurveis normalizedto the current meanwind power the lower oneto the rated
powerof all turbines.Thepredictionerror is increasingwith predictiontime
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Figure 19: RMSEbetweernprediction and measuementfor all predictiontimes,mean
overall stationsandmaximumand minimumvalue
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5.3 Prediction Horizon and Daily Pattern

Figure20shawvsthedaily patternof measuremengndpredictiongbasedn 10 m wind,
0 UTC run)for the cumulative power outputof all stations As expectedthewind speed
is systematicallynigherat noon(12 and36 hoursprediction)thanat night (24,48 hours)
dueto the thermalstability stateof the atmospherelt canbe statedin generalthatthe
relative daily patternof the measurements reproducedjuite well, evenif the absolute
valueof forecastaandmeasurements quitedifferent. This is true for siteswith high as
well aslow daily variations(figures21 and25).

In figure 22 the developmentof the averageof predictionsis plotted for two different
modellevels (level 10 at 10 m meanheightagl. andlevel 18 at 322 m). For the upper
level the daily patternof the forecastis just oppositeto the expectationsthe prediction
at night is higherthanat daytime.This holdsfor all levels from level 19 (133 m) and
above. Accordingto informationprovided by the DWD, this behaiour is anartifactdue
to anincompletepartof the modelwhichimplementghe stability dependentnomentum
transferin the lowerboundarylayer. In ary casejt seemgo bedifficult to obtaina good
forecasbasednlevel 18 evenafterimplementingarefinemenincludingcurrentstability
of theatmosphere.

Rallo1
2000 ‘ ‘
ppredHH _
pmeas/mean <
1500 |
5 1000 1
E
[e]
o
500 r |
O ‘ ' : L L 1 1

0 6 12 18 24 30 36 42 48
tpred [h]

Figure 20: Daily patternof measuementsand predictionsversuspredictiontime (here:
= daytime).Sumof all stations.Bothcurvesclearly showa daily pattern.
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Figure 21: Exampleof daily patternof the powerpredictionand measuementfor a sta-
tion with weakdaily pattern(Fehmar. Thisis alsoreproducedquitewell by the predic-
tions.

JOR3-CT98-0272ublishableReport(DRAFT) 23



70

mean measured power —+—
predition with level 18 ------
60 1

50

40 b/

power [kW]

30

20

10 +

0

6 1‘2 £8 2;1 3‘6 48
prediction time [h]

Figure 22: Daily patternlike in figure 20, level 10 (10 m height)and level 18 (322 m):

Theupperlevel showsa reversedaily pattern.

Figure 23 shaws the behaiour of the predictionsconcerningthe bias betweenpower
predictionsandmeasurementdependingon the predictiontime for 1996 (annualmeans
normalizedo themeasurednean)ln ary casethepredictionis higherthanthemeasured
output,andthe meanvalue of the biasis increasingrom 12 % at 6 hoursto about32 %
at 48 hours.Thereseemto be mechanismén the NWP modelproducingan increaseof
meanmomentunwith increasingpredictiontime.
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Figure 23: Predictionbias (predictionsminusmeasuementsyersusredictiontime nor-
malizedto currentmeanpower meanof all stations.Thebiasis positiveall thetimeand
increasingwith predictiontime

Figure24 shavs anexampleof thedevelopmenibf the RMSEfor the stationSdilp. The
valuesarenormalizedo themeasuredneanpowerandto theratedpower, respectiely, to

getcomparablestatementdt canbeseernthattheRMSE normalizedo the currentmean
power shavs adistinctdaily patternwhile theonenormalizedo ratedpowerdoesnot. In

fact, this behaiour shavs a typical propertyof the predictionerrors:the uncertaintyof

thepredictionis mainly anabsolutevaluewhich doesnot stronglydependon thecurrent
meanpower output. This can be verified looking at the daily patternof power output
for the samesite (figure 25): the developmentof the RMSE in figure 24 just reflectsthe
normalizatiorto the currentmeanpower.
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Figure 24: Exampleof RMSEversuspredictiontimefor stationSchilp. Theuppercurve
is normalizedto the current meanwind power the lower oneto the rated powerof the
turbine Thepredictionerror is increasingwith predictiontimeonavemge It canbeseen
that the curve normalizedto the rated power showsalmostno daily variation, so the
uncertaintyof the predictionis mainlykind of an absoluteerror.
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Figure 25: Daily patternof measuedand predictedpowerfor stationSchilp.

Thesamebehaiour canbe seerfor themeanRMSE over all stationsshown in figure 26.

OnaverageheRMSEof asinglestationis ratherhigh: about100% for 6 hoursandabout
150% for 48 hoursif normalizedo themeanpoweroutput.If it is normalizedothemean
ratedpowerthe RMSErangedrom aboutl7 % to 20 %. In contrasto this the RMSE of

the summedpower outputof all turbines(figures27 and28) is muchlower. Normalized
to the meanpower, the total RMSE increase$rom about40 % (6 hours)to about80 %

(48 hoursprediction).Normalizedto ratedpower, therangeof RMSEis increasingrom

about7 % to 12 %. It mustbe notedthatthe fraction of annualmeanto ratedpower is

justaboutl15 % becauséherearesomesiteswith quite poorwind conditionspresentin

the ensembleof stations.The drasticimprovementof the RMSE of the summedoower

outputis dueto the decayof the predictionerror over a region. The greaterthe distance
betweerthe stationsthe lesscorrelatedtheir predictionerroris. We will comebackto

regional effectsin chapter5.8.
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Figure 26: RMSEof poweroutputversuspredictiontime,aveiagedoverall stations.The
uppercurveis normalizedto the current meanwind power the lower oneto the rated
powerof all turbines.Thepredictionerror is increasingwith predictiontime
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Figure 27: RMSEversusprediction time for sumof power outputof all turbines.The
uppercurveis normalizedto the current meanwind power the lower oneto the rated
powerof all turbines.
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Figure 28: Meanpowerversuspredictiontime for sumof poweroutputof all turbines,
measued (dashed)and predicted(solid curve).

Theincreasinguncertaintyof the forecastwith increasingpredictionhorizonis alsore-
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flectedin the correlationbetweerpredictionandmeasurementsor a typical site (figure
29),thecorrelationdecreasefom 0.88(6 hours)to 0.72(48 hours).For the summedup
power output(figure 30), thefiguresarehigherdueto balancingeffects(seechaptels.8),
but the overall developmenis the same(0.94t0 0.87).
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Figure 29: Exampleof correlation of the powerpredictionandmeasuementor thetypi-
cal stationAltenbekenThecorrelationis deceasingwith increasingpredictionhorizon.
A slightinfluenceof thetime of daycanalsobeseen.
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Figure 30: Correlation of predictionand measuementfor summedpoweroutputof all
stations.Thecorrelationis quite highanddeceasingwith increasingpredictionhorizon.
Theinfluenceof thetime of dayis verysmall.
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5.4 Online Data 1999

For theyear1999the datafor our predictionss providedby online datafrom the DWD.
In contrasto the 1996grid datathe 19990online datais givendirectly for the geographic
positionof the station.

We foundsignificantdifferencedetweerthetwo years.Figure 31 shavs a typical daily
patternof themeanpredictedobower outputandthecorrespondingneasurementhepre-
diction revealsa muchmoreemphasizedliurnal patternasthe measuremenCompared
to 1996the biasversuspredictiontimesis completelydifferentwhich canbeseenin fig-
ure 32. The pronouncedaily patterncanbe seenthereaswell. Moreover, thereis no
systematiéncreasenf thebiaswith increasingpredictiontime for 1999whichis thecase
for 1996.

The RMSE averagedover all stationfor 1999 doesnot increasewith predictiontime
either(figure33). Thedaily patternis not muchdifferentfrom theonein 1996showvnin
figure26. TheRMSEin 1999is worsefor shortpredictiontimesandbetterfor largeones
comparedo 1996.It hasto benoticedthattheresultsfor 1997agreeverywell with 1996.
Thedatasourcefor thesewo yearsaregrid pointsin contrasto onlinedatain 1999.We
have noinformationif theonline dataaresubjectto furtherpostprocessingvhich might
beresponsibldor thedifferentresults.
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Figure 31: Daily patternof measuementsand prediction(1999). Thedaily variation of
theforecastis too high.
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Figure 32: Asfigure 23, for 1999.
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Figure 33: Asfigure 26, for 1999.

5.5 Prediction Err or and Mean Power Output

In generalthe quality of the predictiondependon the meanwind speedand power
outputrespectrely. As figure 35 shaws, the relative RMSE of the forecastnormalized
to the currentpower outputhasalmostthe samevalueindependenbf the currentmean
power outputexceptfor low wind speedsThis is dueto the fact thatit is very difficult
to predictlow wind speedgorrectly becaus¢he loweratmospherés notin equilibrium
in mary casesln addition,the cut-in-performancef the turbineandthe dependengc of
poweroutputonu?® (u: currentwind speedpausedig differencesn powerevenfor small
wind speedlifferences.
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Figure 34: Distribution of poweroutputfor a typical site (Hilkenbrok)

Dueto thesereasonsthe RMSE is dominatedby the behaiour at low power outputs,
becausenosttime of theyear thewind speedtselfis relatively low (figure34).In reality,
thepredictionof power outputis importantmainly for higherwind speeds.
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Figure 35: RMSEfor classifiedor binsof meanmeasued power Theerror for low wind
speedss veryhigh.
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From thesefacts, the ideaaroseto filter out low power outputsandjust look at higher
wind speedsln generalthis approactdid not succeedlueto severalreasons:

o Filtering out low measuregower outputsmeansalsofiltering out situationswhen
themeasuredutputis low andpredictionis high. Onthe otherhand thesearevery
badsituationsbecauseot having the expectedwind power maybevery expensve.

e This clear disadwantagecannotbe overcomeby filtering with respectto predicted
power. In this caseary changein the predictionmodel changeghe value of the
power outputandin this way theensemblef measurementggarded This leadsto
totally incomparableesults.

¢ Filteringmayleave only alittle numberof obsenationsleft for badsites.In thiscase,
the statisticalparametersalculatedare very uncertainandtheir absolutevalue (as
e.g.themeanoutputafterfiltering) maybe misleading.

As aconclusionjt canbestatedthatthereis still a needto decreas¢heinfluenceof low
power outputson statisticalparameterdyut a new algorithmhasto be developedfor this.

450

values for 36h  +
L f(x) = 0.81 * x + 53.6, powerfilter 60 kW
400
350
2 s a .
3 P PN +
5 250 ¥ -
g + * *
s 200 e
- + + "
ﬂ;) T+ + :
g 10 ¥ T
a e o
+ o 4
100 ettt .
e 47, it 4 o
oot .
50 FRHEE T
dhoe
oot
0
0 50 100 150 200 250 300 350 400

power measured [kW]
Figure 36: Scatterplot andregressionline calculatedwith a powerfilter (regressionwith
pointswere meanpoweris greaterthan 20 % of ratedpower= 60k1}/) andfor station
Hagen-Dahl36 hoursprediction). The numberof pointsleft outsidethe filter rectangle
(60 kW x 60 kW) is very small. The MOS regressionline (here: offsetand slope)is
almostarbitrary.
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5.6 MOS

Thecurwe in figure 23 shavs the meanbiasfor all sitesbetweenrmeasuremen@ndpre-
dictions.For all predictiontimes, the forecastis significantly higherthanthe measure-
ments.This canbe correctedpartly by applyinga simple MOS model,in this caseby
just multiplying the power forecastwith a factorwhich is determinedor eachsite aver
agedover all predictiontimes. Figure37 shavs an examplefor a site wherethis MOS
canimprove the predictions Of coursetherearesiteswherefundamentaproblemswith
the predictionsfor this site occur e.g.stationLindewitt(figure 38). Therepredictionand
measurementeento beveryweaklycorrelatedln asituationlike that,animprovement
by MOSwould bejustby chance.

In figure 39, the MOS factorsgainedfrom the 1996dataare plottedfor eachsite, sorted
by their magnitudelt canbe seenthat mostvaluesvary aroundan averageof about0.7
to 0.8, sothis seemgo be a quite universalvalue.Neverthelesghereare somestations
with valuesfar avay from that(e.g.0.4).

Applying the MOS correction(factorsfrom 1996)to the 1997 dataleadsto a biasshavn
in figure40, lower curve. Generallythe predictionnow underestimatethe measurement
but averagedver all predictiontimestheagreemenetweerthe predictedandmeasured
meanpower outputhasbeenimprovedby MOS.

The improvementin RMSE is shawvn in figure 41 and42. Dependingon the prediction
time the RMSE normalizedto the meanpower outputwith MOS is between10 % and
20 % smallerthanwithoutMOS. The RMSEwith respecto theratedpoweris improved
by about2 %.

The resultsof the MOS correctionfor 1999 (factorsfrom 1996)are givenin figures43
and44. Thebiashasshiftedon averageby about-10% comparedo directoutput(figure
32). Neverthelessthe RMSE hasimproved about10 % for 6 and 12 hours.For larger
predictiontimes (except 36 hours)the RMSE is worsewith MOS thanwithout (figure
33).

values at all p‘red times -+
f(x) =0.7301 * x

power measured [kKW]

0 100 200 300 400 500 600 700
power predicted [kW]

Figure 37: Scatterplot of measued versuspredictedpower with regressionline for a
“good” site (Wusterhusen SimpleMOScanimprovethe predictionsignificantly

JOR3-CT98-027RublishableReport(DRAFT) 31



400 T

values at all preﬂ times | +
350 | f(x) = 0.8013 * x |

power measured [kKW]

0 50 100 150 200 250 300 350 400
power predicted [kW]

Figure 38: Scatterplot of measued versuspredictedpowerwith regressionline for a
“bad” site(Lindewitt). Thescattercoversnearlythewholeboxinsideratedpower
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Figure 39: MOSfactorsfor all sites.
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Figure 40: Bias betweermeasuementsand predictionswith and without applicationof
MOS versuspredictiontime normalizedto measued power(1997with MOS constants
from1996,aveiageoverall stations).Theoverll biasis deceased.
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Figure 41: Like figure 40 for RMSEnormalizedto meanpower
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Likefigure 40 for RMSEnormalizedo ratedpower
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Figure 43: Like figure 40, biasfor 1999data.
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Figure 44: Like figure 40, RMSEfor 1999data.

5.7 HIRLAM/ Deutschlandmodell

Theforecasf the numericalweathepredictionmodelis the basisof thewholeforecast
system.To comparetwo of the big modelsusedin Europe,i.e. HIRLAM andDeutst-
landmodel] seren sitesare calculatedwith input datafrom both NWP modelswith the
refinemenimplementedn Oldenhurg (Oldenturg model)for 1999predictiondata(on-
line datafor bothNWP models).

Figure 45 shaws the bias betweenrmeanmeasuredaind meanpredictedpower for 1999
summediupoverall 7 sites.HIRLAM overestimate$or all predictiontimesnearly10kwW
in contrasto the Deutstilandmodellwhich generallyfits quitegood. The RMSEis more
than20%higherascanbe seenin figure 46

Figure47 shavsthebiasof measure@ndpredictedpowercomparedo themodelimple-
mentedin Risg (Risgmodel)andthe Oldenturg model. The Risgmodeloverestimates
for all predictiontimeswith 15 kW. Sotheoverestimatiorin figure45is notrelatedto the
refinemenimodel,the origin liesin the NWP dataalready Pleasenotethatbothmodels
werecomparedvithout MOS. It is expectedthatthis would improve the performancef
usingHIRLAM inputdatadistinctly.
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Figure 45: Biasbetweerpoweroutputmeasuementsandpredictionswith the Oldenhurg
modelbasedon Deutschlandmodednd HIRLAM NWPdata (1999).
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Figure 46: RMSEof power output measuementsand predictionswith the Oldenlurg
modelbasedon Deutschlandmodelind HIRLAM NWP data, normalizedto meanmea-
sured power(1999).

25

Risoe model ohtput —

i Oldenburg model output —x%—
5 20 zero line
H —
o

15
@
£
c 10
@ | —
[
£ 5
9]
3
= 0
=]
[
s 5
=4
[+
(4]
E .10

6 12 18 24 30 36

prediction time [h]
Figure 47: Biasbetweerpoweroutputmeasuementsand predictionsof the Deutschland-
modellbasedOldenhlurg andthe HIRLAM basedRisgmodel(1999).
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Figure 48: RMSEof poweroutputmeasuementandpredictionsof the Deutschlandmod-
ell basedOldenturg andthe HIRLAM basedRisgmodel(1999).

5.8 Prediction of the Power Output of Ensemblesof spa-
tially distrib uted Wind Wurbines

5.8.1 Relevance

For the implementatiorof predictionschemesnto the schedulingprocessesf the con-
ventionalpower plants,the key figureis not presentedby the precisionof the forecasted
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power outputof individual installationsbut of the power outputof the ensembleof all
turbinesconnectedo the respectre grid section.Thus, the errorin the forecastedo-
tal power outputhasto be analysedThis is doneby boththe direct comparissorof the
lumpedfiguresof measure@ndpredictedoower outputof differentensembleandthein
depthstudyof the correlationcharacteristicef the spatialfield of forecasterrors.From
thelattertoolsfor the assessmerdf forecasterrorsfor arbitrarywind turbineensembles
may bederived.n the next sectionfirst the underlyingfundamental$or the handlingof
statisticalcharacteristicef ensembleffectsarepresented.

5.9 EnsembleSmoothingof ForecastErr ors

Basedon the completeset of the datafor 33 turbines,the normalizedpredictionerror
(measure@srmserror)for theensemblg@oweroutputis derivedfor thedifferentforecast
horizons.The resultsusing the outcomeof the full predictionmodelare presentedn
figure 49. The plot givesthe averageof the normalizedforecasterrorsfor theindividual
turbinesandthe ensembldigures.
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Figure 49: Normalized'mserrors for thepredictionof the poweroutputof singleturbines
andtheensemblef 33turbines.

The ratio of the forecasterrorsfor the ensembleend single site dataragesfrom 0.38

for thetime horizon6hto 0.55for 48 h. Comparedo thevalueof 0.17 expectedfor this

ratioassuming@3uncorrelatedlatasets thisindicatesthattheforecaserrorsshov some
coherencdor the areainspectedThis effectis more prominentwith increasingorecast
horizon.

5.9.1 Cross-corelation structure of the forecasterrors

In thissectionthecrosscorrelationof theforecaserrorsareinspectedvith respectointer
site distance forecasthorizon, sub-rgion andforecastmodel. First a total datasetfor
33turbinesis analysedFor thedifferentforecastorizonsthe cross-correlationaluefor
eachpairof turbineds calculatedusingall availabledatafor oneyear For thepresentation
of results the dataaregroupedaccordingto inter site distanceapplyinga classwidth of
25km. Within eachdistanceclasstheaveragecross-correlatiomaluefor the pairswithin
theclassis calculated Figure50 shovs the outcomefor theforecashorizonsof 6.12,24
and48h.
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Figure 50: Cross-corelation of the forecasterrors of the poweroutputof pairs of sites
using the completeensemblePresentedare the avelagesof the cross-corelation for
distanceclasseswith a width of 25 km. The lines refer the forecasthorizonsof 6, 12,
24and48h.

A first view shaws, thatthe correlationdecreasewvith inter site distancerangingfrom
about0.9 for turbine pairswithin onewind farm to valuesaroundzerofor the largest
valuesof theinter site distance Regardingthe differentforecasthorizonsthe tendeng
that the correlationincreasedor longer horizonsmay be seen.For the 6 and the 12h
forecashowever, thecorrelationdataarealmostidentical. Theincreaseof thecorrelation
with theforecasthorizonis in accordanceavith therationsof theensemblesmoothingor
theforecasterrorspresentedn section5.10and5.10.1.

Summingup thefollowing statementsanbe made:

e Thecross-correlationf the forecasterrordecreasewith inter stationdistance For
distances@bore about300 km the cross-correlatiompproachegerofor all forecast
horizons.

¢ In generalthe cross-correlationcreasesvith increasingorecasthorizon.For the
6hand12hhorizonthedifferencesn correlationareonly mamginal.

e Thecorrelationstructureof theforecaserroris notsignificantlyeffectedby various
stage®f includeddetailsof theforecastmodel.? Thereareno significantdifferences
in the correlationcharacteristicsithin theinspectedsubensembles.

5.10 Different Regions

For a quantitative look at the smoothingeffects of the geographicabispersionof the
turbinestheexisting measuringitesweresummedup to regionswith threetypical max-
imum distances140km (figure51), 350km (figure 52) andall sites(700km). Thenthe
RMSE of measurementand predictionswere calculatedandnormalizedto the average
RMSE of a singleturbine.As comparisonthe maximumapectedreduction(LN, N:
numberof turbinesin a region, seeabove) is given also. As expected,for longer pre-
diction timesthe reductionof erroris smallerdueto systematiccorrelatederrorsof the
predictionsin all casesthereductionis smallfor the 12 and36 hoursprediction,which
pointsto asystematicallynsufficientpredictionof the daily wind speedattern(input for
thecalculationwerethe 00 UTC predictionrun).
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Predictiontime 6 12 18 24 36 48
Region size (VN)~!

140km 0.71| 0.81| 0.95| 0.87| 0.82| 0.99 | 0.82
350km 0.45| 0.63| 0.66 | 0.68 | 0.64| 0.73 | 0.66
700km 0.17| 0.41| 0.41| 0.42| 0.45| 0.53| 0.51

Table 2. Ratio of RMSEfor differentregions and meanRMSEfor singlesites.N is the
numberof siteswithin theregion.
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5.10.1 Application for Model Regions

To getanimpressiorof the predictionimprovementmodelcalculationsveremadewith

the correlationof predictionerrorsdependingon distanceasinput. Two modelregions
weredefined,45 x 150 km and225 x 150 km, correspondingdo typical sizesof en-
ey supply areasin German. The grid spacingwas chosenas the resolutionof the
Deutstilandmodelimodel (155m?). All correlationsof turbineswith a smallermutual
distanceweresetto 1. For the calculationsthe correlationsvherefitted by the function
r(AT) = 1 —exp(—ax* R) with r: correlation AT": predictiontime, R: distancebetween
sites,anda. constanto be determined.

In table3 thereductionfactorsof the predictionerrorsarelisted. It shavs thattheerror
is reducedo 83 % for the smallandto 74 % for the larger areacomparedo thetypical

errorfor asinglesite.
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Figure 53: Fit of correlationsof predictionerror versugdistanceasin figure 50.

-0.4

TimeHorizon | Area4b x 150 km | Area225 x 150 km
12h 0.76 0.62
48h 0.83 0.74

Table 3. Ratio of regional by aveiage single site standad deviation for two typical re-
gions.Grid spacingof the NWPis 15 km.

5.11 Conclusions

¢ In generait canbe statedhatthe developmenbf wind farm productionis predicted
quite well by the forecastingsystem Neverthelesgherearesituationswerebigger
deviationsbetweerforecastandactualpower outputoccut

e Thedaily patternof wind power outputis reproducedvell by the NWP grid data.
Theonlinedataoverestimatethediurnalamplitudelt is possiblethatattheweather
serviceaninternalMOS modelis appliedto the online dataalreadywhich leadsto
this differentbehaiour.

e Thedeviationsbetweemmeasuredndpredictedoower outputsassesseih termsof
RMSEarequitehighandin theorderof magnitudeof themeanpoweroutput.Onthe
otherhand theRMSEerroris almostindependentf thecurrentmeanpower output
(exceptfor very low wind speeds)This meanghatthe predictionerroris kind of an
absolutemeasurewhich s typically in therangeof 15 % (6 hoursprediction)to 25
% (48 hours)of ratedpower.

¢ The predictionsfor all modelsshaov a biascomparedo measurement#A\n MOS
proceduremustbe includedinto the predictionsystemin ary case.The MOS pa-
rametersaredependingnthecurrentpredictionmodelversionandmustbeadapted
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from time to time. The decreas®f RMSE by MOS is typically about15 % of its
original value.

The comparisornof the two NWP models,Deutstilandmodelland HIRLAM has
shavn abetterperformancdor the Germarmodel.This maybedueto a higherbias
shavn by the HIRLAM forecastsvhich could be decreasetty MOS. This feature
shouldbe analysednalargerdatasetof predictionandmeasuremerdata.

For thecurrentstatusof theforecastnodel,assessments theforecaserrorsfor the
outputof wind turbineensemblesnay be basedon the informationof theinter site
distancesandthe forecasthorizoninvolved. For larger distancespredictionerrors
betweerdifferentsitesarejust partly correlated.

For regionswith a sizetypical for the supplyareaof a utility , the singlesite forecast
errormay be reducedby a factorof 0.60 to 0.85, dependingon the predictiontime
andactualsizeof theregion.
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6 Exploitation

Fromthe outputof this project,RisgandOldenturg hold awind power predictionmodel.
The main differencesarethe differentNWP input (DanishHIRLAM and GermanDM)
anda slightly differentrefinemenprocedureEachof the modelsincludesthe improve-
mentsgainedthroughthis projectand both modelsare operational Eachinstitution is
holdingthe propertyrightsto their own model.

In Germany, themaingoal of exploiting the outputof this projectis to install the predic-
tion systemfor Germany on a commerciabasesmostlikely togetherwith the German
WeatherServiceDWD. To do this, the systemmustbe endorsedy a databaseinclud-
ing the characteristidataof wind turbinesinstalledin German. This databasés under
developmentalready

In Denmak the Risgmodelis in a maturestateof commercialisationsold to oneutility
already(which wasnot a projectpartner)andundernegotiationwith anothetwo. There
arealsoapproacheto install this systemat otherEuropearcountries.
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7 Characteristic Diagram
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Figure 55: Chart of wind power predictionsfor one site The predicteddevelopmenbf
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