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ABSTRACT

In this paperwe describea suneillanceprocedurdor grid connectedhotoroltaic (PV) systems.Thesite
specificsolarirradiation datawill be derived from satelliteimagesratherthanfrom groundbasedmeasure-
ments. No additionalhardwareinstallationwill be necessaryn site. On the basisof hourly irradiancetime
seriesmonthlyvaluesof PV systemyield will be calculatedanddistributedautomaticallytowardsthe system
operators.He or shemay thencomparethe estimatedoower productionto the real productionmeterreading.
First testsreveal an overall accurag of about10% for that period of a yearoffering 90% of the annualsolar
irradiation.

1 INTRODUCTION

Photaoltaic (PV) Systemgyenerateelectricity from sunlight. In grid- connectedsystemsa fraction (or all)
of the generategower is fed to the local utility network. A large numberthesesystemss in operationin
Europetoday anda strongincreaseis expectedfor the nearfuture. Today the installedPV power of small
systemsincreasesvith remarkableratesin somecountries,e.g. with somel0 MW, peryearin Germary.
GenerallythesePV systemsn apowerrangefrom 1 to somelOkW, donotincludeary longtermsureillance
mechanismAs mostsystemoperatorsareno PV specialistssystemfaults(componentailures)or decreasing
performance(e.g. dueto increasingshadingby growing vegetation)will not be recognized. At leasttwo
negative effectswould berelatedto a badperformancef numeroud?V systemstheoverall enegy production



(andthusthe saring of CO, emissionsywould be reducedandtheindividual plantoperatorwill seefinancial
losses.Reggardingthe increasingpay-backratesfor PV enegy (0.99 DM/kWh in Germary from spring2000
onwards,similar initiatives areforeseenn other Europearncountries) the last point becomesnoreandmore
importantbothfor the plantoperatoraswell asfor the PV industry

Thereforethereis a needfor methodswhich allow for a cheapandreliablecheckof the powver production
of grid connected?V systems.Thesechecksare doneby calculatingthe estimatedoutputof the PV system
with a simulation-model. The model needsinformation aboutthe installed componentsand a site specific
irradiationtime seriesas modelinput. While suitablesimulationtools are available, the generationof site
specificirradiancetime serieds crucial,especiallyasthisis themostimportantfactordeterminingheaccurag
of ayield check. Hardware solutions(smallirradiancesensorsintelligent monitoring devices) are available,
neverthelessextra deviceswill causeextra costsandrequireadditionalmaintenanceffort.

TheEU JOULEIII projectPVSAT will setup aremoteperformanceheckfor grid connectedPV systems.
No additionalhardware installationwill be necessaryn site. The site specificsolarirradiation datawill be
derived from satelliteimagesratherthanfrom groundbasedmeasurementsA tamgetyield will be estimated
for eachindividual PV systemon a monthly basis. It will be reportedto the systemoperatorgo allow for a
comparisorof targetedandrealyield values.

2 HOW DOESPVSAT WORK?

The PVSAT procedurés basedn threemaincomponents:

o A databaseof PV systemconfigurationdata

o A satelliteimageprocessor

o A genericPV systemmodel
Theinteractionbetweerthesecomponentss depictedn figure 1 andwill be explainedin the following.

A PC databasecontainsgeographicalcomponentand operatorrelateddatafor eachindividual system.
Theentriesin thedatabasecover thefollowing details:

o Addresse®f PV systemsiteandof operator
Geographicoordinate®f the site
Orientationandtilt angleof PV system
Horizonobstructiomat thesite
Manufacturerandtype of PV modules
Sizeandwiring schemeof PV generator
Mountingtechniqueof PV generator

o Manufacturerandtype of inverter
Thesedataareto be collectedoncefor eachparticipatingsystem.For new systemsthe systemsuppliermight
aid the dataacquisitionprocessashewill beacquaintedvith all technicaldetailsof the systematthe moment
of its installation.Neverthelessalsosystemslreadyrunningfor along time may participatein PVSAT.

Thecontinuougeceptiorandprocessingf METEOSAT imagegdoneat Oldenkurg University)allows for
the productionof site specifictime seriesof solarirradiancedatafor eachof the locations. Global horizontal
irradianceis estimatedrom the visible channeldatausingthe conceptof the HELIOSAT method[1]. The
HELIOSAT-methods asemi-empiricamethodin whichacloudindex is calculatedrom satelliteimageswvhich
is thencorrelatedto the clearsly index. This methodhasbeenrecentlymodified[2], andthe SATELLIGHT
team[3] madefurtherimprovementgoit. ThePVSAT senercontiniouslyrecevestheMETEOSAT imagesand
corvertsthemto cloudindex images.Thesemagesarestoredfor on demandyeneratiorof site specifichourly
irradiancetimes series. Hourly valuesare madeby a weightedaverageof the threeimagesreceved within
thehour While singleirradiancevalues(in 30-minutessteps)shov deviationsup to 25% from corresponding
groundmeasurementghe statisticsof local irradiation climatesarereproducedvell by the satellitederived
data. In consecutie steps,global horizontalirradianceis convertedto the tilted planeby the Kluchermodel
[4]. A local horizonaobstructionis takeninto accountpy definingahorizonline in stepsof 30° attheplantsite.
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Figure 1. Overview onthe PVSAT procedure.For eachindividual PV systemparticipatingin PVSAT, geo-
graphical,componentindoperatorelateddataareenteredn a configurationdatabase.The continuousecep-
tion of METEOSAT imagesallows for the productionof site specifictime seriesof solarirradiancefor eachof
thelocations.At theendof agivenperiod,individual yield valuesarecalculatedor all PV systemausinga PV
systemmodelandtheirradiancetime series.Theresultsaretransferredo the operatorfor acomparisorof the
estimatedproductionto the enegy acutallyproduced.

At the end of eachmonth, individual yield valuesare calculatedfor all PV systems. For this purpose,
a genericsystemmodelis fed with the configurationdataand accordingirradiationtime series. The model
hasbeensetup using the simulationsystemINSEL [5] which hasbeenusedwidely for systemsimulation
andevaluationpurposeg6]. The accurag of the simulationtool hasbeentestedwith datafrom the german
1000roofs progammeusing meteorologicalnput datameasureabn site. The resultsindicatethe underthese
conditionsthe monthly performanceatio canbe modelledwithin anerrorrangeof ~ 2% rmse.

The interface betweenthe database(running on MS-Windows) and the systemmodel (running, asthe
satelliteimageprocessqron Linux machinesj)s basecn e-mail. Therefore severaldistributeddatabasesnay
accesshe PVSAT sener withoutinterference Theresultsof the modelcalculationaretransferredackto the
databasefrom wherethey aredistributed (mailed,faxed or e-mailed)to theindividual systemoperator He or
shemaythencomparethe estimatedproductionto therealproductionmeterreading.

3 ACCURACY OF THE PROCEDURE

A maintaskof the projectwork programmehasbeenconcernedwith the assessmertf the accurag of the
PVSAT routine,bothfor theimageprocessingndfor the systermmodellingsection.Basisof theinvestigations
are PV systemoperationdataacquiredwithin the German1000-Roofs-Programmpg’]. Irradiation dataon
horizontalandtilted planesareavailableaswell assystemperformancealata,bothwith a time resolutionof 5
minutes.

A major problemwith the productionof site specificirradiationdatais the correctestimationof radiation
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Figure2: Comparisorof satellitederivedto groundmeasuredrradiationdatain the planeof the PV arraysin-
cludinghorizoneffects. Eachdotrepresenta monthlymeanvalueof daily irradiationsums the plot comprises
oneyearof datafor 9 PV systensitesin Germary.

lossesdueto alocal horizonobstruction.Satellitederivedirradiancescomparequite well on a monthly basis
to dataasmeasuredby the GermanWeatherServiceat unobstructedites. For the individual PV systemsites
individual horizonlineshave to betakeninto account.Theaccurayg of thecalculatedrradianceonthecorverter
planestrongly dependson the quality of thesehorizondata. Figure 2 givesa comparisorof satellitederved
dataincluding horizon effectsandthe plane-of-arraydatameasuredt the specificsites. The RMSE for this
sampleof monthlymeanvaluesamountgo 5.7%. Thisfits quitewell to generaktatementsoncerningnonthly
satellitedataRMSE values which rangefrom 5% to 10%.

Thenext quantityneededor anaccuratesystenmodellingis the PV moduletemperatureluringoperation.
For arbitrarysystemavithin thePVSAT procedureneitherthemoduletemperatur@ortheambientemperature
is known. Therefore a separatenodelgenerateambientandmoduletemperatureffom monthly meanvalues
of temperatureand the accordingirradiation data. Using thesevaluesinsteadof measuredraluesaddsan
inaccurag of 1 - 2% of themonthlyenegy production.

Any remaininginput parametersnay be derived from the componentdatasheets. Thus, they strongly
dependon the quality of thesedatasheetsand,in somecasespn the approximationof the manufcturerdata
by the PVSAT simulationmodels.Figure3 shavs the overall resultsfor 9 PV systemsandatestperiodof one
year For nearlyall monthswith anaveragedaily irradiationof morethan1.5kWh/n?, thedifferencebetween
estimatedandreal PV productionaresmallerthan10%. About 90% of theannualenegy productionis related
to thesemonths.

Fortheremainingtime (3 or 4 monthsduringthewinterperiod),theaccurag still needssomeimprovement.
Themainreasondor thelarge deviationsduringthewinter periodare:

o Increasingerrorsin theirradiationcalculationfrom satelliteimagesduring winter (especiallyin caseof

snav coveredground)

o Inaccuratehorizonlineswhich shav a strongereffect atlower solarelevationangles

o Poorknowledgeof componenbehaiour underlow part-loadconditions
Thefirst item may be improved afterthe transitionto MSG in 2001. The lastitem is subjectto further efforts
of the PVSAT team,while a solutionfor the secondoroblemis still underdiscussion.
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Figure3: Relative error of estimatednonthly PV power production([estimation— obsenation]/ obseration)
versusthe meandaily irradiation for eachmonth. The plot comprisesone year of datafor the same9 PV
systemsasin figure 2.

4 TEST PERIOD

A semi-publictestperiodof PVSAT hasbeenstartedn May 2000andwill lastfor oneyear Thistestphasds
supportedby associationsf solarenegy usersandof systemsuppliers.It will provide informationon several
guestions:

Whatis thereal-world accurag of the procedureasawhole?
Doestheautomatedcommunicatiorbetweerthe databasesandthe PVSAT senerwork properly?
Whatkind of informationandaid do the PV systemoperatorsieed?

How do systemsuppliersinteractwith PVSAT?

How would future servicemodelslook like?

After the testphaseandits evaluation,PVSAT will be availableto the public. The conceptof operation(by
systensuppliersassociationsr neutralinstitutions)is currentlyunderdiscussion.
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5 CONCLUSION

Up to now, the resultsof the prototypePVSAT procedureareencouraging.The probability of calculatingthe
monthlyyield with a deviation lessthan10% is greateithan90% for all monthswith anaveragerradiationof
morethan1.5kWh/néd.

Consideringthis accurag, PVSAT is not directly suitablefor a conceptof “guaranteedesults”, which
couldestablishlegal aspectdetweerthe systemsupplierandthe owner or operator Neverthelessthe goal of
PVSAT is the early detectionof partial systemfaults,andthis goalwill beachiezedfor all standardsystems.

While PVSAT is designedor the estimationof monthly yield values(in orderto supportan early fault
detection)theoverall accurag on anannualbasisis considerablyhigherandreachewvaluesof about5 %.
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