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ABSTRACT

The aut hor s have nade sur e t hat adequaci es of t he eval uati on of PV systens,
wi th the devel oped sophisticated verification (SV) nmethod by them where
performancerati o, power condi ti oner efficiency, tenperaturefactor, shadi ng
factor, | oad mat chi ng factor and ot her array paraneter. However, originally
proposed nmet hod accepts PVinstallations facing the south only. To i nprove
t he accuracy of eval uation, the SV net hod has been nodi fi ed, taki ng account
of arbitrary orientation and inclination in this paper. Therefore, it is
beingintelligibleshadingeffect of each hour. The eval uati on of PV systens
has been precisely with the result that. The nmean shadi ng | osses i n FY1997
i n Japanese 104 systens were estinmated 4.7 % A maxi num val ue of shadi ng

| osses reached 13.1 %
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1. Introduction

The eval uati on of actual operational PV systens seens to be very i nportant
inorder toattainthediffusionof norereliablethevarious PVtechnol ogi es
for thefuture; adesignandalocationof PVsystens, operational character,
and soon. I nJapanese Fiel d Test (FT) Project, 180 of PVsystens have provi ded
basi c noni tori ngdataat theendof FY1998. Theitens of thedatawerecareful ly
sel ect ed enough to eval uate PV systenis performance. They are as fol |l ows;
horizontal global irradiance, in-plane global irradiance, anbient
tenperature, array output and PV system output etc.. Although in-plane
irradi ance data are essential to estinmate the total input of energy into
PVarrays, soneof t he PVsyst ens have not noni t orednei t her i n-pl anei rradi ance
nor PV cell tenperature because of insufficient funds to install extra
instrunents in addition to a pyranoneter for horizontal gl obal irradiance
measur enent . The aut hor s havei nprovedtheirradi anceesti mati onfor SVnet hod,
t heref ore t he shadi ng ef f ect was becone preci sely. The eval uati on of shadi ng
effect by SV nethod is sinple, this suggestion will be very inportant for

shadi ng effect of PV system

2. lrradi ance estimtion and eval uati on of shading factor for SV nethod
2.1 SV net hod

The aut hors devel oped the SV (sophisticated verification) nethod[1-2].
The actual operational PV systens data are divided into the | oss factors

by SVnet hod; performancerati oK, power condi ti oner efficiencyKg tenperature



fact or Ker, shadi ngfact or Kgs, | oad mat chi ngf act or Kpyand ot her ar r ay par anet er
Kro. SV net hod was i nproved fromOV (Ordi nary Verification) [3-4]. SV nethod
can eval uate fromonly 4 nonitored points (irradiance, tenperature, array
out put and systemoutput) with other externally avail able i nformation. At
present, we have gone forward with estinmati on of PV |oss factor of the SV
nmet hod using PV systens data for years.
2.2 Cear-sky irradiance estinmation

Al nost PVsystens wererecordedi n-pl ane gl obal irradi ance, but fewsystens
wer e recordedonl y hori zontal gl obal irradi ance. As for t hedataonhorizont al
gl obal irradi ance, theesti mati onof i n-pl anegl obal irradi ancecorrespondi ng
tothe inclination and the azinuth of that systembecones necessary. This
pr obl emwas sol ved by advanced SV net hod. Rel ati ons bet ween a cert ai n maxi mrum
i n-pl ane gl obal irradiance in one nonth and tinme are shown in Fig.1l. The
shadi ng ef f ect can be recogni zed from15:00 to 18: 00 as shown i n t he graph.
The envel ope curve of the hourly biggest global irradiance was quoted as
cl ear-day pattern, and st andard array out put Exnwas cal cul at ed by cl ear - day
patternirradi ance Hyn and array rat ed out put (Pas). The di ffusionirradi ance
can be recognized from6:00 to 10: 00 as shown in the graph.
2.3 Eval uation of shading factor

At first, 2stepprocessesidentifytheprincipleof shadi ngeffect detection
as foll ows:

(i) Irradiance pattern on a specific solar day representing a given
nonthi s cal cul at ed f or each hour by atheoretical nodel considering
array orientation and inclination angles, hourly nonitored data
for a certain site are plotted keeping hourly relation. It nakes

a ki nd of scattered plot. Looki ng at a maxi nrumval ue for each hour



asafine-daypatternfor thenonth, thescal eof thegiventheoreti cal
day pattern is adjusted to fit them as an envel ope.

(ii) Supposing that the influence of a shadow doesn't change during the
same nonth so nuch, it observed on the extracted maxi num val ues
can be as a dip conpared with the fit fine-day curve.

Therefore, aforenentioned «clear-sky irradiance estimation becones
i nportant.

Supposi ng that the i nfluence of a shadow doesn't change during the sane
nont h so nuch, it observed on the extracted maxi numval ues can be as a di p
conpared with the fit fine-day curve. Figure.2 gives a typical exanpl e of
t he shadi ng ef f ect t hat was observed i nJuly 1997 by Kot ohi ra Wat er Tr eat nent
Plant. This systemfaces 30° wests fromthe south. The shading effect is
cal cul at ed by conpari son of aforenentioned standard array out put Exn and
actual neasured array output Ea. As a preparation for cal cul ation of Kgs,
a top curve Easmax iN Fig.2 is calculated by using a clear-day irradi ance
Han and array rat ed out put Pas. Exni s estimted by applying direct/diffuse
separation[5] totheoretical gl obal, horizontal irradi ance. Then, thescal e
of curve Ean is adjusted so as to fit the array output nmaxi numval ues Eanm
for hourly period. Anenvel ope of Exnfittingis shown as nEasmax. As it deci ded
m Eamnust not exceed an estimated curve (nEasmx) at any poi nts. The shadi ng
factor Kys detected in an actual neasured array out put maxi mum val ues Eanm
for hourlyperiod. If adiffusedconponent of cl ear-day irradi anceis assuned
20 % the shading factor can be cal cul ated by the foll ow ng equation.

Kis = (Eam - 0.2 Ean) / 0. 8Ean

When it is no shading, the shading factor is 1.

The vertical axis of Fig.2 corresponds to hourly array output energy at



standard cell tenperature 25 °C

The hourly shading factor by Kotohira Water Treatnent Plant is shown in
Fig.3 (June 30, 1997). Although shading factor was 1 from6:00 to 11: 00,
itfittedastimeof Fig.1l. Efficacy of shadingfactor invariousinclinations

and azi muths of each PV systemis recognized by Fig.1-2.

3. Pmax M smatch eval uati on by SV net hod
3.1 Load m smat ching factor Kpy
A scatter diagramof array output by in-planeirradi ance shows in Fig.4.
An upper straight line corresponds to theoretical array output Es by array
rat ed out put Pas under in-plane irradiation Ha. Therefore, It is needl ess
tosaythat af orenenti onedcl ear-skyirradi anceesti mati onbeconesi nportant.
Es can be shown by the follow ng equation.
Es = Pas * (Hh/ &)
VWher e:
Es: theoretical array output (kW)
Pas: array rated output (kW
Ha: in-plane irradiation (kWm?)
Gs: reference irradiance (= 1 kWn?
Scattered dots of actual operation array out put Easare all the hourly data
di vi ded by tenperature correction factor Ker. Al ower straight lineis drawn
as t he upper envel ope of scatted points. This | ower strai ght |ine Ew neans
no msmatch (Kew = 1) because the upper envel ope of scatted points is the
nost ef fi ci ent performancei nactual operati on. Therefore, itisMPT(Mxinmm
Power Poi nt Tracking) control lineinthis case. Practically thelower |ine

can be drawn by the follow ng procedure. Wth respect to all the hourly



data, thefirst straight lineisdrawnbythenethodof | east squareregression.
After that, the data that are | ocated above the first line are utilized
for secondregressi on. Secondregressionisprocessingfor fittingtomxinum
val ue of scatted dots. The sim lar processing is repeated three tines to
get an envelope line in the Fig.4. It nmeans Kpw1l and/or partial shading
when the scattered data are | ocated below this line. Shading effect and
Pmax m smat ch remai n bet ween Exyv and Eas. Rel ati on between Eyvand Easi s the
fol | ow ng.
Eas / Ewv = Kem * Kis

| f shading effect was anal yzed by af orenenti oned nethod on referring to
Clause (2.3), |load m snmatching factor Kpy can be cal cul ated easily using
the foll owm ng equati on.

Kem = Eas /' (Ew ¢ Kis)
3.2 O her array factor Kpo

The | oss between t he upper and | ower straight lines in the Fig.4 defined
other array losses Apo Apo include soiling on nodule surface Aps,
i nci dent - angl e- dependent optical | osses Ap, array circuit unbal ances | osses
Ape and so on. Ap is mpjority of Apo Exact separation of Ap is devel oping

by inmproved SV net hod.

4. Evaluation result of 104 PV systens in Japan
4.1 Shadi ng Losses for 104 PV systens
Fi gure. 5 shows t he hi stogramof shadi ng | osses Aus on PV systemin FY1997.

The average of shading |l osses in 104 PV systens was 4.7 %in FY1997. For

your Information, the average of Aus was 4.1 %in FY1996 (71 systens). 19

systens (18.3 % were indi cated the shadi ng | osses of 6 to 10 %and 5 syst ens



(4.8 % of 10 to 14 %in the Fig.5 Mst value of Ays was less than 6 % A

maxi mum val ue of shading | osses was estimated 13.1 % The shadi ng | osses
Aus was calculated by “Ass [ = (1- Kus) x 100”. The ratio of shadi ng was
16.5 %in the all |osses.
4.2 Overall Losses and performance for 104 PV systens in FY1997

Overal |l results for SV nethod i nclude af orenenti oned shadi ng | osses. As
accuracy of shadi ng factor was well, accuraci es of other factor were well.
Figures.6 - 8 show the histogramof systemperformance ratio K, inverter
| osses Ac and efficiency decrease by tenperature Apr. These basi c paraneters
wer e cal cul at ed by usi ng defi ned formul a. The average of systemperformance
ratio Kwas 71.5 %in FY1997 (104 systens). The peak distribution of Kis
observedintheclass 70-80 %in Fig.6. AsshowninFig.7, theinverter | osses
Acof 6.8 %i s consi dered excel l ent. Theinverter efficiency can be cal cul at ed
definitely by inverter input and output energy values. In the Fig.8, the
average of array efficiency decrease | osses by tenperature Apr was 2.0 %
I f Apr was negative side, annual average array tenperature of its systemis
smal | er than reference tenperature (25 °C). Load m smat chi ng | osses Apv and
ot her array | osses Appare shown in Fi g. 9 and 10. These paraneters (i ncl usive
of shading | osses Ays: cf. Fig.5) were cal cul ated by using SV nmethod. The
average of |load m smatching | osses Apywas 4.7 %in the Fig.9. 23 %of al
systens are showi ng worse than 6 %and nearly 3 %are worse than 10 % The

average of other array | osses App was 10.2 %in the Fig.10. Overall | osses

result of 104 systens in FY1997 was shown in Fig.11.

5. Concl usi ons

The authors devel oped the SV (Sophisticated Verification) nethod and



eval uat ed actual operating PV systens data in the FT (Field test) Project
by SV nethod. In this study, the algorithmof estimating the shading | oss
was i nproved and certified. It was usedthetine series analysis. Toinprove
t he accuracy of eval uation, the SV net hod has been nodi fi ed, taki ng account
of arbitraryorientationandinclination. Therefore, itisbeingintelligible
shadi ng ef fect of each hour. The SV nethod i s very sinpl e and accuracy. The
met hod of af orementi oned evaluation will be inportant about a design and
a |l ocation of PV systens. The nean shadi ng | osses in FY1997 i n Japanese 104

systens wereesti mated 4. 7% Amaxi mumval ue of shadi ngl ossesreached 13.1%
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Fig.1 Maxi mum i n-pl ane gl obal irradiance - Tine
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June, 30, 1997

#A9, Kotohira water treatment plant (Kotohira T., Kagawa Pref., Japan)
North Latitude [deg.]: 34

East Longitude [deg.] : 133

Inclination [deg.] : 25

Azimuth [deg.] : 30 (South:0, Positive value is taken in the one for the west.)
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[0 Inverter Losses (Ao) 6.8[%
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[1 Eff. Decrease by Temperature (Ap1) 2.0[%
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Fig.11 Overall results for 104 PV systens of the Japanese Field Test (FT)

Project in FY1997



