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ABSTRACT

In this paper, we describea surveillanceprocedurefor grid connectedphotovoltaic (PV) systems.Thesite
specificsolar irradiationdatawill be derived from satelliteimagesratherthan from groundbasedmeasure-
ments. No additionalhardwareinstallationwill be necessaryon site. On the basisof hourly irradiancetime
series,monthlyvaluesof PV systemyield will becalculatedanddistributedautomaticallytowardsthesystem
operators.He or shemaythencomparetheestimatedpower productionto the realproductionmeterreading.
First testsrevealanoverall accuracy of about10% for thatperiodof a yearoffering 90% of theannualsolar
irradiation.

1 INTRODUCTION

Photovoltaic (PV) Systemsgenerateelectricity from sunlight. In grid- connectedsystems,a fraction (or all)
of the generatedpower is fed to the local utility network. A large numberthesesystemsis in operationin
Europetoday, anda strongincreaseis expectedfor the nearfuture. Today, the installedPV power of small
systemsincreaseswith remarkableratesin somecountries,e.g. with some10 MW p per year in Germany.
Generally, thesePV systemsin apowerrangefrom 1 to some10kWp donotincludeany longtermsurveillance
mechanism.As mostsystemoperatorsareno PV specialists,systemfaults(componentfailures)or decreasing
performance(e.g. due to increasingshadingby growing vegetation)will not be recognized. At leasttwo
negativeeffectswouldberelatedto abadperformanceof numerousPV systems:theoverallenergy production
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(andthusthesaving of CO2 emissions)would bereduced,andthe individual plantoperatorwill seefinancial
losses.Regardingthe increasingpay-backratesfor PV energy (0.99DM/kWh in Germany from spring2000
onwards,similar initiativesareforeseenin otherEuropeancountries),the lastpoint becomesmoreandmore
importantbothfor theplantoperatoraswell asfor thePV industry.

Therefore,thereis a needfor methodswhich allow for a cheapandreliablecheckof thepower production
of grid connectedPV systems.Thesechecksaredoneby calculatingthe estimatedoutputof the PV system
with a simulation-model. The model needsinformation aboutthe installedcomponentsand a site specific
irradiation time seriesas model input. While suitablesimulationtools are available, the generationof site
specificirradiancetimeseriesis crucial,especiallyasthis is themostimportantfactordeterminingtheaccuracy
of a yield check. Hardwaresolutions(small irradiancesensors,intelligent monitoringdevices)areavailable,
nevertheless,extradeviceswill causeextracostsandrequireadditionalmaintenanceeffort.

TheEU JOULEIII projectPVSAT will setuparemoteperformancecheckfor grid connectedPV systems.
No additionalhardware installationwill be necessaryon site. The site specificsolar irradiationdatawill be
derived from satelliteimagesratherthanfrom groundbasedmeasurements.A target yield will be estimated
for eachindividual PV systemon a monthly basis. It will be reportedto thesystemoperatorsto allow for a
comparisonof targetedandrealyield values.

2 HOW DOES PVSAT WORK?

ThePVSAT procedureis basedon threemaincomponents:
� A databaseof PV systemconfigurationdata
� A satelliteimageprocessor
� A genericPV systemmodel

Theinteractionbetweenthesecomponentsis depictedin figure1 andwill beexplainedin thefollowing.
A PC databasecontainsgeographical,componentandoperatorrelateddatafor eachindividual system.

Theentriesin thedatabasecover thefollowing details:
� Addressesof PV systemsiteandof operator
� Geographiccoordinatesof thesite
� Orientationandtilt angleof PV system
� Horizonobstructionat thesite
� Manufacturerandtypeof PV modules
� Sizeandwiring schemeof PV generator
� Mountingtechniqueof PV generator
� Manufacturerandtypeof inverter

Thesedataareto becollectedoncefor eachparticipatingsystem.For new systems,thesystemsuppliermight
aid thedataacquisitionprocess,ashewill beacquaintedwith all technicaldetailsof thesystemat themoment
of its installation.Nevertheless,alsosystemsalreadyrunningfor a long timemayparticipatein PVSAT.

Thecontinuousreceptionandprocessingof METEOSAT images(doneatOldenburg University)allowsfor
theproductionof sitespecifictime seriesof solarirradiancedatafor eachof the locations.Globalhorizontal
irradianceis estimatedfrom the visible channeldatausingthe conceptof the HELIOSAT method[1]. The
HELIOSAT-methodisasemi-empiricalmethodin whichacloudindex iscalculatedfrom satelliteimageswhich
is thencorrelatedto theclearsky index. This methodhasbeenrecentlymodified[2], andtheSATELLIGHT
team[3] madefurtherimprovementsto it. ThePVSAT servercontiniouslyreceivestheMETEOSAT imagesand
convertsthemto cloudindex images.Theseimagesarestoredfor ondemandgenerationof sitespecifichourly
irradiancetimesseries. Hourly valuesaremadeby a weightedaverageof the threeimagesreceived within
thehour. While singleirradiancevalues(in 30-minutessteps)show deviationsup to 25%from corresponding
groundmeasurements,the statisticsof local irradiationclimatesarereproducedwell by the satellitederived
data. In consecutive steps,global horizontalirradianceis convertedto the tilted planeby the Klucher-model
[4]. A localhorizonobstructionis takeninto account,by definingahorizonline in stepsof 30

�
at theplantsite.
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Figure1: Overview on the PVSAT procedure.For eachindividual PV systemparticipatingin PVSAT, geo-
graphical,componentandoperatorrelateddataareenteredin aconfigurationdatabase.Thecontinuousrecep-
tion of METEOSAT imagesallows for theproductionof sitespecifictimeseriesof solarirradiancefor eachof
thelocations.At theendof agivenperiod,individual yield valuesarecalculatedfor all PV systemsusingaPV
systemmodelandtheirradiancetime series.Theresultsaretransferredto theoperatorfor acomparisonof the
estimatedproductionto theenergy acutallyproduced.

At the end of eachmonth, individual yield valuesarecalculatedfor all PV systems.For this purpose,
a genericsystemmodel is fed with the configurationdataandaccordingirradiationtime series. The model
hasbeenset up using the simulationsystemINSEL [5] which hasbeenusedwidely for systemsimulation
andevaluationpurposes[6]. The accuracy of thesimulationtool hasbeentestedwith datafrom the german
1000roofsprogammeusingmeteorologicalinput datameasuredon site. Theresultsindicatetheunderthese
conditionsthemonthlyperformanceratiocanbemodelledwithin anerrorrangeof � 2%rmse.

The interfacebetweenthe database(running on MS-Windows) and the systemmodel (running, as the
satelliteimageprocessor, onLinux machines)is basedone-mail.Therefore,severaldistributeddatabasesmay
accessthePVSAT server without interference.Theresultsof themodelcalculationaretransferredbackto the
database,from wherethey aredistributed(mailed,faxedor e-mailed)to theindividual systemoperator. He or
shemaythencomparetheestimatedproductionto therealproductionmeterreading.

3 ACCURACY OF THE PROCEDURE

A main taskof the projectwork programmehasbeenconcernedwith the assessmentof the accuracy of the
PVSAT routine,bothfor theimageprocessingandfor thesystemmodellingsection.Basisof theinvestigations
arePV systemoperationdataacquiredwithin the German1000-Roofs-Programme[7]. Irradiation dataon
horizontalandtilted planesareavailableaswell assystemperformancedata,bothwith a time resolutionof 5
minutes.

A majorproblemwith theproductionof sitespecificirradiationdatais thecorrectestimationof radiation
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Figure2: Comparisonof satellitederivedto groundmeasuredirradiationdatain theplaneof thePV arraysin-
cludinghorizoneffects.Eachdot representsamonthlymeanvalueof daily irradiationsums,theplot comprises
oneyearof datafor 9 PV systemsitesin Germany.

lossesdueto a local horizonobstruction.Satellitederived irradiancescomparequitewell on a monthlybasis
to dataasmeasuredby theGermanWeatherServiceat unobstructedsites.For the individual PV systemsites
individualhorizonlineshavetobetakenintoaccount.Theaccuracy of thecalculatedirradianceontheconverter
planestronglydependson thequality of thesehorizondata. Figure2 givesa comparisonof satellitederived
dataincluding horizoneffectsandtheplane-of-arraydatameasuredat the specificsites. The RMSE for this
sampleof monthlymeanvaluesamountsto 5.7%. Thisfits quitewell to generalstatementsconcerningmonthly
satellitedataRMSEvalues,which rangefrom 5% to 10%.

Thenext quantityneededfor anaccuratesystemmodellingis thePV moduletemperatureduringoperation.
Forarbitrarysystemswithin thePVSAT procedure,neitherthemoduletemperaturenortheambienttemperature
is known. Therefore,aseparatemodelgeneratesambientandmoduletemperaturesfrom monthlymeanvalues
of temperatureand the accordingirradiation data. Using thesevaluesinsteadof measuredvaluesaddsan
inaccuracy of 1 - 2% of themonthlyenergy production.

Any remaininginput parametersmay be derived from the componentdatasheets. Thus, they strongly
dependon thequality of thesedatasheetsand,in somecases,on theapproximationof themanufacturerdata
by thePVSAT simulationmodels.Figure3 shows theoverall resultsfor 9 PV systemsanda testperiodof one
year. For nearlyall monthswith anaveragedaily irradiationof morethan1.5kWh/m2, thedifferencesbetween
estimatedandrealPV productionaresmallerthan10%. About90% of theannualenergy productionis related
to thesemonths.

For theremainingtime(3 or 4monthsduringthewinterperiod),theaccuracy still needssomeimprovement.
Themainreasonsfor thelargedeviationsduringthewinterperiodare:

� Increasingerrorsin the irradiationcalculationfrom satelliteimagesduringwinter (especiallyin caseof
snow coveredground)

� Inaccuratehorizonlineswhichshow astrongereffectat lowersolarelevationangles
� Poorknowledgeof componentbehaviour underlow part-loadconditions

Thefirst item maybeimprovedafter the transitionto MSG in 2001. Thelast item is subjectto furtherefforts
of thePVSAT team,while asolutionfor thesecondproblemis still underdiscussion.
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Figure3: Relative errorof estimatedmonthlyPV power production( [estimation� observation]/ observation)
versusthe meandaily irradiation for eachmonth. The plot comprisesone yearof datafor the same9 PV
systemsasin figure2.

4 TEST PERIOD

A semi-publictestperiodof PVSAT hasbeenstartedin May 2000andwill lastfor oneyear. This testphaseis
supportedby associationsof solarenergy usersandof systemsuppliers.It will provide informationon several
questions:

� Whatis thereal-world accuracy of theprocedureasawhole?
� DoestheautomatedcommunicationbetweenthedatabasesandthePVSAT server work properly?
� Whatkind of informationandaid do thePV systemoperatorsneed?
� How dosystemsuppliersinteractwith PVSAT?
� How would futureservicemodelslook like?
After the testphaseandits evaluation,PVSAT will beavailableto thepublic. Theconceptsof operation(by
systemsuppliers,associationsor neutralinstitutions)is currentlyunderdiscussion.

5 CONCLUSION

Up to now, theresultsof theprototypePVSAT procedureareencouraging.Theprobabilityof calculatingthe
monthlyyield with adeviation lessthan10% is greaterthan90% for all monthswith anaverageirradiationof
morethan1.5kWh/m2d.

Consideringthis accuracy, PVSAT is not directly suitablefor a conceptof “guaranteedresults”, which
couldestablishlegal aspectsbetweenthesystemsupplierandtheowneror operator. Nevertheless,thegoalof
PVSAT is theearlydetectionof partialsystemfaults,andthisgoalwill beachievedfor all standardsystems.

While PVSAT is designedfor the estimationof monthly yield values(in order to supportan early fault
detection),theoverall accuracy on anannualbasisis considerablyhigherandreachesvaluesof about5%.
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