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This dissertatioontributes to the modeling and canttof photovoltaic (PV) systemsder
uniform illumination and partial shading contins. Analytical models and equations are
introduced that are accurate and easy to use, while new control techniques for the converter of
the system are proposétht guaranteeptimal operation under partial shading girdvide
active power reserves cdplity.

A complete model for a PV system operating under uniform illuminatipresentedbased
on the singlediode PV model. The currembltagerelationis explicitly formulated using the
newly introduced Lambel/ function, whileexpressionso extract the five model parameters
in a straightforward manneare derived Furthermore, simple equations to determine the
voltage and currerdatthe short circuit, open circuit and maximum power point are proposed,
which are explicit functions of eith¢he five parameters or the irradiance and temperature.

The electrical response of a PV system operating under partial shading conditions is
thoroughly investigatedror this reason, an analytical model is construatetiused to simulate
several shadingcenarios, in order tmvestigatethe way that thé-V andP-V characteristics
are modified. This analysideadsto characterization ofhe local maximm power points
(MPPs) presented and derivation of simple mathematical formulae to determine thge volta
and current. These expressions permit calculation ofettergy yield at partial shading
conditions in a direct and easy way, avoiding laborious simulatfdhproposed models and
equations are experimentally validated in actual PV systems.

Thereafter the results ofhe theoretical investigation are used to develop efficient control
algorithms for the converter @t PV system at partial shading conditions. A simple and
generally applicable shading detection technique is proposed, while two maximempoomg
algorithms (MPPThare introduced that guarantee optimal operation under partial shading.

Finally, the possibilities for a PV system to maintain active power resaredsvestigated,
in order to provide auxiliary services to the electric grichedwcontrol strategys developed
that permits operation at the entire power range from 0% to 100% of the maximum available
power, employing a single power Pl controller and continuously estimating the MPP in real
time. The proposedontrol schemés expemmentally evaluated in a 2 k\Wwototype

KEYWORDS

Active power reserves, analytical expressions, Lambert W, maximum power point (MPP),
MPPT algorithm,partial shadingphotovoltaic (PV) system, simple formulae, sindlede
model.



| wairecttcat

U0 edUaU 30U UgeUysaUely ~jJvUalGUrxd Ues U sbay
290 Ud GUesecUgeysd oaUdeueoddd g €86(g Uy Uaec U
ioaUU; sbed aUs 95U Usd o931 00sd "6gd 8HstgstUpawil
GgUyoUtaU "e6g UaecUeU UgUyY UU UyGaU; U 63 hH3sU eU
A atdd, dU edUaU 30 UgecUjstaUeliy dUjey Uss3 o
Gga3UyoUtaU e€Ud U Uy UgsdUseafh “~ 3 hoyUeel Usg Uy
UGceoaddiy UsWeyeYWUU gfocdBaddld)s hedyGWlyy ¢ "y U slci 6
U o201 300d "6eiUsed Ue Usyal o250 Ud U0y UsUU

j afhe U, dyrg#s3 U388 UoYesl Ueegly BUAEULY &Us oo .
GU¥yj)o09aYoad 25U Uds g es0GUey a3d =&ydl vwielhs ,” W sla cUlbsg
"8 dUjeyd Ugec Uy stwsliafadd gljolig Wed TGdis se @OH ~yv3 UU
Uds " Ujegalidd Udd s eavyeUUsosed ea6g Uy oUGald ¢
U dU 3U0cYO0r bUBUar@sUgwg & UlAeppildbede JBddao.

e  eaegd Heos eh3e GgaUyoUGUealel ¥YysoU U U Uoo
stcpehUaldd, dyoer 30U UgeUystUetr Uds e6osacoy3U
"6g eU GUeys30 U Uss Uyfh 6 Usgd UgUyY UU UyaaU
gyaoasd, BW elbliabray Usd Usassaj;sslad ee6g Uge Uy
3 egUjyacilol 3, Gds UyheddiagBdhid 7z Youy U, 2950 Ud 6y d:¢
UolUaUgyosaed e€6g uUsUU)sbd cdlymriallgg Uy gdUyYwdd:
e U000 UgecosUstl 3 OYmly o iEkpeds Aajory ad Uds e6so063a
Usgilid Usg st} ieU00@ddelBadUBdalWe dgO0sa Hadidq UgUe

] GoUlgslwi sldly sbe GU0Ud dGst UU






L I GG Wt ys ha

TAO)] SIIEBAS 0 U0 B, 1
1.1 avyUesbealUUys¥.. .EgoUee LUU. . .oooveeiivieeee, 2
111 j36yd aUsUsg}y 2.0.0d..0d..0la.s.c6.laxs...2
112 oY @apUPUc 3.6.8:.8.9.0. 0.0 e 3
113 0 U8 U308 0o, 6
114 ¢oaUaUp9a¥Y Uy UsaUdy.ab.l0sasY. . 0d.  .2al0ddasg
1.2 A atiy Uadd Udd EFeaUGdd GUds..)..5hies8ld Ushd
121 ¢oasUse Usyj oUsU ala..alxelly.00..08a0a00dd
122 ¢aUsaUysoe U hoystd.lbU.lgadeald. Maalldd
123 tdoabaseoy Ulisee UsUloeh dad UsUpoalUst 3 G
1.3 zUOUUUy e yUd tiOci.ad..oad. Egolee.U0asy
131 Dc/dce UUUy ¢~ yUd Uaz.i.y.x.0.d.d...0¥y.0d.d......19
132 | 820 R 1 MERTB.0 oo 20
14 ¢eydid AGUU) UaUd tOci.ad..U0. . .h..0020d EgaUe
141 K se6gjoeayd g djyUGald GULde..3..0200 U eys
142 ¢Ucs3soayd Ueydadd UGUU.0ald..006.i28d GUd bs
15 Fgebesoae oaUs Yy vUe.lUg. .alU..Udd...pall®4g sbed
1.6 P e e KA. b0 lg e 26
TAKU)s) £B 2 z63UUeas 6adqldq ad EgaUde:
] 9U9 3 B.0.8.30. Ui 27
21 z863Uyas Yys3sUU.BULUey. 04 %3 e, 28
211 tGeuisUese doalUaU)seafh oiVarxe.lU..0Us28cU0; UsalUd}
212 U0UU0eUas1 ldd Uszdivaidd.. . Ui.e.00ae.d............. 29
213 A yaU0U0Gd 00U ..0.0b..00.006.96.0U. ... 30
214 092U ¢ adsdUybeslb alh.c.0.... 0.0.a. U Guecciciiiiiiee e, 30
22 Fcy BUOOFo OMPPiigs U) UetUs Uxs By3.0WB1LYBU; Usy U
221 sUsUesgy)oalU bpdeg.ai.asxiddd. . . (.....31
222 sUsUesgy oaUlU Usach.e.lUs.ai.saxldd.. (.....32
223 sUsUmld ) oy o9l UqMPP)..Us.0ax0.2 g 32
23 "Yyeluseyosltefhd Uvxs.."Hys3lUU.8U0).0e.y 0y vs3
231 dosbaseoy Ulsar.. Uz Uldal  didd. . ... 42
232 UUxj;aU 250 Uds UsUorvoe Uxa...y3.043 ~U; Uey0
233 j3Uorvoe Ux¥y3s “y30U0 "~ Uy Uey0px3...00450gd0ay 00
234 Kz Uorvoe Uo[g’aoa'Cqu Uee )y 00 ssfgdih..U.d.d....0.0.0460 ) ¥ d
235 Jj3UagUsoayd Gcyl Ueg’ Ui .00.dd...Uxa..48y3 00 ~ Uy
236 K obUbUarld eylx...}).6.06.:£.6.9.L.00x3..50
237 YUs ) UsUUsae... L°J..’...9..b.lf1.b..u.a..x.ﬂ..q ............................. 53

24 Fcy B00OFs IMPPG g3 Uy Ueta Us

241

AUi €U0 B UG-t@i@. 8Ll Feremreerieeeeeceeeeee e, 56

Vv

j oUs3a6bhae.atéUd

aUs



242 ¢Y¥0d Useoc0vai.aal0.0.J e, 56

243 AUG B UMPP - Imp.cccccceceeeeeeeeet et vnss e 57
244 @Y 0 0 MBRIWmp..ooo oottt emeee et 58
245 FeoydUsd 0g.0.0030x08.8 e, 58

246 KA obUbUaxi0d eyd.x.. . ).6.046...6.9.L.0.0%x3..59
TKo] s)£tB 3 J3Yagld oUs z83UUas @8adfC

Fg3adeoaUd .Bo.0 Ul d oo 63
31 ze3UUas sadtd GU..Fgadealld.. .FaalUBé4dd
311 Yeey Ud e63Uyac O agyyadd..oslU..ddidlUsse oaUs
312 O GUB 9 GLAB.0.00 4 oo 67
TR T o o T S W o N =Y < OO 70
314 0 " 8U9 0.9.8. 0008 0. X oo 71
315 0 00 U0.J8.5.6.0. et 72

316 EFgooe)osUsee UsyvYagud Udd °g8bUClaa794g’ aUs Ud
32 iy Ulissae j3Yagld oaUs j Uy.Ualdy.n08%d Udd F

G 322 AV o o B TR0 Y20 - S o 78

322 0 GUB 9 GLAB.0. U0 J. N 78

I T VI o T S W o i =Y < OO 80

324 0 " 2U9 0.9.8.0.U8 1. X e, 82

325 0 009 0.0.8.9.6.0. Ui 86

33 BUyso) Ulisayd Fcy O UMPHsI & & WUs é.pafitiey Ygvy s

3.31 Aau;YuUeg’ 99U Ui 6.0/ . 0..'...13 A...Us.U0s.39bcaald
332 UsasUgéegabody U a L. aUsaabeQﬂaug

;Guea%el g0x¥3

u.0
333 ) "eUasesdud Ue;obUsUg’ sy&
aU.a. 9.a8.0.0a.5.97d

34 dUaUav MEPEGya Ury3 0 Hdal

341 TgoeoaveUUsar.. U3 Xo.g.0ul e, 97
342 dUoa Us WPRBAWIU.L.0.F. oo 101
343 KFioeaysild Ue;obf’JsUg y.0.%.....}.6.0.68..d@8L GdUx3
3.5 HUg),eUusayg’ Eeoy G Us g’MPBs,ua{bu g dUs.@s1@50 gU ¥ 3
351 A39 0t 0 UMEPAS.9.U....0 U oo 105
352 K390l 0 UMBPBO.9.U...U. 8o 110
353 UUjeeoay UlsUse l"J’oU;.'.&.q.....a.Da ..... O0adHYyd GeoyaU
354 ) "eUaedid UsjabUsUd..exlx. . .Ja0ed®sl G§U0Ys3
36 BUsj UesUUsoe .. A .9bUbUax0.d e 114
TKa] s) £tB 4 Ocfbee®gUUpg yU GU EgasdeaU
Yo LU B 0s N T 121

41 pgltecsgaald GUes3s OaUoce Usg DC/ D2 OUUU; 6
411 K atjyUad Udd GeaaUuddd GUds MRPT.e.1.d225 8 hUqUU
412 EgebUUsay.d...oi0.08. 0o 123

42 ¢Uc3osoe | 3U03..4.0.040.4d.. .Eaallddd..... 125
421 J aohyoadeasad UszUos3t j.0.044d..e0)0aed.1fbaalldd

Vi



422 K osbUbUarld eylx...}).6.06.£.6.9.L.0.0x3.127
43 | " afd | oMPPT®ald clg3 de a.ld...Ea.a.Ul.dipo
431 Y3 60093 e U3 GNPPI.2.2.H.0.8.0.8.68.ceveeeeceecrnnnn, 130
432 KA obUbUa~vld eydx...}).6.0468.5.6.9.L.0.07x.3.133
44 | oo h) MERTe gU EgsdeaUd Ko cCurledigngA133)) ¢ Ao e 3 U
441 z83U0U0a68 6adlid ad ~aUslsoss.0Us4.¥d.1360 Ggsdea

442 | 200 ) CEVPRTY . ..ooovieieieere e 137
443 Y} 808 € B0l L8 .G e, 140
TAOG) s £tB 5 xbes@dUPegyU o090 ¢gey diud
oV I c I S c 3 o RSSO 143
51 ¢ Uc390e ARREY) Aod) a MEPE ¢ IChoseFitting........... 144
5.2 EGRE U Koy .0.6.8.0 i eeeeeeeieeieiieeeressemeseestessessaesseanen, 144
521 ze63YUU oag) aviaig cottrelmad@es.g.....(.ccooioreerreeveeennnn. 145
522 z63YUU Us UMPP@EREegtimalicnmoduld...............ccuee....... 147
5.2.3 z 6 3 YuiUd ¢ apple/ (RRipple control module)..........c.ccoeeveeeeveieenes. 148
53 | 20y oade e dMPROUaedUlagUUs.ah..j.}.h3l60
531 283 U0§ P8 UN] Ut ¥ h X8 150
5.3.2  LSQ CUMNE fItING.....uviiiiiiiiieeiiiiiiiieee e renai e e e 150
533 AzUovoe Uxys “~y300 ...0.0ey0).xs..049306) Yd
54 B} 6 06¢c a9 IMATLARYSIMULNE..............c..cocoveveeeeeeceeens 154
55 gUsj UeUUsoe .. A .9b0bU0ax0.d e 156

551 0d ~ aUs G alelidbalyy e b.0.s.3.8.0.6.2.0.U..........157
552 0d ~aUalsse 80U e0UUb.Uaah.eUs.d..Ua 53 ebsaal

TAKU) s)] £B 6 FKFge Uy yYOeUUU..aUs..®#81; UsUyy
61 Fis3eyd | 6UUaDAe Y UXa i, 162
611 FeoyuaUsd g oMPRODeaIBjele s Uvs ...y31620 ~ Uj Uey

612 | 3UagUseayd UszsliL GUsd Ui..00dd. 0t "~ y30U0
6.1.3 Fcy B00Fs IMPPiigs Uy UetaUs DaUesebeaxﬁﬂg alUs dU
614 TgoeoreUUsoafh e83U0Uyasa..05.0..0g3deslée Gdoalldd

6.15 0G) Ulisse UsYoaqpidlislyg ....ﬁ.ﬁLgJ..Uf..dJ.Q’ .............. 163
616 YUy 903 Ulsayd GeylWprsd U &dgai . epldgji&SlmaouUng’

617 | oh) ade e o dddeeyblelBlUy sUeygy 29 U..0.g32aUd Gaal
618 ¢ Uc3soeARRYedydce  UUU; 6" y U o9 U..0efedld VGO
62 8y eUyaUsd YUy Us.ly.y.x..ps.lly). Ui 3.4.0.d164
6.21 dUaUaxwsd d W s MPRiGeayali Uy 3 0 ob....0.g.0.0.6.468a0 Ud
622 Yjyelilissystehd Uxs Ggsddwpss.. . led.¥8sddd Uvs
adUs

623 KGUjecgoe Urs oaUaUdeysys aUd..hlaass “ead
624 dUaUarvlid UrMPRIao B Gda.dd.d ..o 165
625 Bacooady vyeyse aGB8BE0 dowyld.cadysci.c.d..165

B A ] NG € i 167

Vi



B AN] A@C Zoded e 173
B A A@C Zodle e 189
OE DS £ B O A lb o 195

VIiI



¥ycttpbycet ymh

|cel|s
Lo
Is

I sbk
|sbp
Isc
Imp
I mpi

MPR
MPPA]
MPPB
MPR

Na

N
NCS
N

Ns

lepi

Rcurve

Dutycycle” Uae ¢ U fydiidedtiyU Uy ¢ "y U sl G
A3 U)oUsUoah U Ex=1piey=198264%0p c g
A3U) ags@basoaal
Jaﬂssebeadéoeﬁwﬁﬁ@SJYg
AUieU “@6g tUsUy)yUs wwewmwwmuw$QWg

g1 6 e6bdsWbegilUed lUoshlieg Usg e63
g1 8 6 8odeysaead Gga3UUaUGUed UlUshileg
g1 68 68 85deysead OgsUUalUGUed Ushlsg
FgsUUaUOGUed tUoshydyaddd Usg ea63Uyac
i ed.
(

AUieU “6g tUsUyyUs Usd sagyyaUd aU
avyURhy Uge U Usg seszaeg Uys “~y300

AUi eU o263 Ulegi UshUua Usg e63Uyaas
AUi e U a6y Uleagi Ushﬁ%g Gy Uoed (Ug~
AUi e U o263 Ulecgi Ushumy uUusUlGgoed (U
AUi U b;DG@Qi@@Y@Q@Q@sG;uug dgsde
AUi e U ¢yo9i UMPP wuﬂmwmQMSdJUUQ dg
AUisUWH@@ GdgsdealUd GoaUGdJ.

2 U U dBblzivanni 1.38066€23 (J/K).

g6 9of eyosl0UciUsdgd & calbaisslblfillesGeYll

¢6 90f eyoostUes Udd Oglfx/lléFi,'sL'bdpg’oUg’aUeeﬁge
¢ G UU&shUU;e Us " saf eyosllUs Udd
EQSUGG aUsUeg)oaUd aUUY Ue 6 caas
stUssse lGgssaUiLaUd Usesg seszaeg (
g3 UUaUOGUed aU0UY) 3} Ugldd Usg €63 Uy

(=X

3 e dly Byegs .U
zyoo0UeMPPsiesdge gt " 6} Ua 3U Ue(GUszsUai
Yaedasd sUGey UUsoat 3 U 9  yi Uoa U
"boeded GUesscUsaejda; v »U

¢

Gl s (JoyY ¥y
Yoeded 0d GUsscUsbealtvdpes aU y3U 0
Hoeded 0d "~ aUslaxys U eaU b "~ aUs
Hoeded 0Od "~ aUslsctUsyi3 G0 eal od
Hoeded 0Od agyUest s GU ealU od GUesac
tlei d syosﬁmwg Gy Bxewedig e GUJ Ggs
tGci PGy GgsdealUd GoealUldd
ey Uaa Qaﬁléowu&d%(ﬁkﬁ g
j 3UatU00Gd Ueg U Ugadeyseg od €830
¢Ua¥3 Ur0d cartkgippie)ladd (
FUs) sUsae UsUaaUUGd Ueg e83Uyaasg U
AKoaYy GsU UsUad addd @§edUscédYwWwaed ) ¥
0dyjesteU UsUssebesasMBPA, ag GcUUasa
UUyesoaj UalU agyyedd.
gyY0d GUU Yoy U galUd uUshlieg G) Uoed.
gv¥0d aU0UY, ) Ugldd Ueg e83Uyasg 0

IX



Ve
VceII
Ves
Vmod

Vinpi
VOC
VSU
Vr

W{x}

almp
aISC
mep
b\/OC
or

GJC(.&
o

ddoe Uvyiddd Uesg U Ugaebgyaefhuadg. csa3
g¢Yidd GUU Yoy U calUd o agyyadd.
gYdd aGUU Yo U eaUd ad GUsscUsaslUs
gvyid aUU ¥a3 U Ushd o "~ aUslaesg.
gy¥0d eyoosdUavpP UOUmBexm®fe@y GUJ Ggs
gyidd MPBEGU GgsdeaUd GoaUldd.
¢Y0w3GSGUGGW}&ﬂ@d@S@ShSG;uug Ogad
gyYdd aUU Yo U es5Ud ad " aUstGsciUsy
00;8999 UvGd Ushliecag.

g3 Yy WadhedWe O fyxo G e U

e d d d Ubyaves b Uigd &V pnoellsgp = W £7°°0304) = Wy gH0+1}

dU; Ye XOPOc § g BTG a. Rge Vow).

UUyesoay UllsUafhd GgwPBUaU0GUed } Ui eUUC
UUyesoay UllslUafhd Gga3UUalGUed j Ui eUUC
UUyesoayj UllslUahd wmBpm UUaU0GUed UYGOdd
UUyesoj UllsUahd GgsUUaUGUed UYGdd
UUjesoy UlioUoe éedEAY U f Uds

UL 0d Uyvyadd GU eaU YoewhU Uasilie U
FUOUdU; ¥ Ueg e83Uyacg Urs ~ y3dwl U
Ke Usypsoe GUUdU; Y "6g s0ei UUs €U
GeylUsd "joeiMPBss) slicei Uxs

Ke Usjpsoae OGUUdUp Y "e8g »oslei UUs €U
GeytGUsd “~jeiMPBse) steagi Uxrs



Yt &pt gyt ¥e hhmh

ANN
APR
CFMPPT

c-Si
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GMPP
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INC

-V

Local MPPs

LSQ
mc-Si
MPP
MPPT

NOCT
NRMSD

oC
P&O

P-v

PWM
RMS error
SC

Si

SNR

STC

Artificial neural networks
Active power reserves

Curve fitting maximum power
point algorithm
Mono-crystallinesilicon
Electromagnetic interference
Global maximum power point
Global maximum power point
tracking algorithm
Incrementatonductance
(MPPT algorithm)

Currenti voltage characteristic

Local maximum power points
Least squarechnique
Poly-crystalline silicon
Maximum power point
Maximum power point trackin

Normal operating cell
temperature

g

Normalized root mean square

deviation

Open circuit

Perturb and observe (MPPT
algorithm)

Poweri voltage characteristic
Pulse width modulation
Root mean squarror

Short circuit

Silicon

Signal to noise ratio
Standard test conditions
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DC link

Dc/dc converter

Curve fitting MPPT algorithm
Direct (or beam) irradiance

] 3Usat e¢U03d Ua Us 3 e b (Reflected (or albedo) irradiance

] 3UstUyeiiyUd Inverter

dUdehd 6} dloseas’ 6ad!i Dutycycle

moUsae Usoae oage YU~ Switchingripple
moYegUd Us Us 3 e ba aal Diffuse (or scattered) irradiance

paeled uUsUlgoed Bypass diode

pasltuaed () Uoed Block diode

A3 Useae UGUU) UaUgd Reserve command

A U3 UG BaUwida] Junctionrecombination

A Ufpre P-n junction

TgevyU~xaq Ripple

z63vYuU UMPPWgd O ddaeR MPP estimation module of APR technique
z63YuUU ogy) axrd UaAPR « Main control module of APR technique
z63YuU jrippledis @ d ¢ AWBR Ripple control module of APR technique

z83Uyeae e®Ud yd &R e ( Singlediode model (or five parameters
’U;Usyu;vs) model)

U} Yoe3UUd eUa~v0dd Derating factors
UyetUjecgoe oaUse i ad Curvefiting

Y, v0d 6Uj UsaUdy oG U« Characteristic curve scan

i A0deU deasae’ Uy Us e i Tracker
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gUc3osoae Uz Uosst y s d Shading detection technique
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GUssfhelUse dUj esoaed Hotspoteffect
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id ~aUslsslUsy ¥ PV string
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Cell Types |
Crystalline silicon cells (¢-Si) Thin film cells
| Amorhpous silicon cells
Monocrystalline cells o il (a-51)
(se-Si) i T r =
| Polyerystalline cells Cooper-indium diselenide
- (ms-Si) | (€I18)
{ Rely u;ﬁz‘:l:"c:‘ilzlhho" p Cadmium-teluride cells
| (EFG.String ribbon.APey) | L)
v Microsrystalline and
oL microamorphous cells
Electrochemical photovoltaics (ECPV) . (a-Si/pC-Si)
(DYE, Organic cells)
p-| Crystalline silicon on glass
(CSG)

_ Heterojunction with e
= intrinsic thin layer (HIT) |
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Random from

Evaluation of explicit

Singlediode Cell to . :
[25] e ugi]valent . normal Yes Arra equations + linear Any
q 9 distribution y interpolation
Doublediode Specific values Cellto  Numerical solution of
[26] . Yes . Any
equivalent + neg  assumed Array  system of equations
inde-di M Il
[27] Slnge diode easurements No Cell to Not stated Any
equivalent + neg  + datasheet Array
Singlediode Random from Cellto  Numerical solution of
[28] equivalent normal No Arra system of equations Any
a distribution oo a
29] Singlediode Specific values Yes Cellto  Numerical solutipn of o
equivalent + neg assumed Module  system of equations
Singlediode Specific values Cellto  Alternative iterative
[30] g P No . Any
equivalent No Rs assumed Array algorithm
Singlediode Cellto  Numerical solution of
[31] ingled Not stated No umert L Any
equivalent Array system of equations
Singlediode Specific values Cell to
[32] g P No . Not stated Any
equivalent + neg  assumed String
Singlediode Measurements Cellto  Numerical solution of
[33] . No . Any
equivalent + datasheet Array  system of equations
Singlediode Specific values Moduleto  Numerical solution of
[34] i No . Any
equivalent assumed Array system of equations
Singlediode Specific values Cellto  Circuit simulation in
. Ye An
[35] equivalent + neg  assumed S Module  SIMULINK y
. . Numerical solution of
I Il L .
[36] Slng ediode Datasteet Yes Cell to individual equations + Any
equivalent Array . . .
linear interpolation
Avrtificial Neural Measurements Avrtificial Neural
Y PV pl 2
[37] Network + datashee es plant Network
[38] Doublediode Specific values Yes Cellto  Circuit simulation in An
equivalent + neg  assumed Array PSPICE y
Empirical Empirical Evaluation of empirical
[39] mathematical constants + Yes PV plant . np 2
. explicit expressions
expressions datasheet
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Singlediode Measuremets Module to Numerical solution of
[40] X Yes ) Any
equivalent + datasheet Array system of equations
Doublediode Specific values Cellto  Circuit simulation in
[41] . No Any
equivalent + neg  assumed Array PSPICE
Empirical Evaluation of empirical
[42] mathematical Datasheet Yes PV plant . w 2
. explicit expressions
expressions
Numerical solution of
Doublediode Cellto . .. .
[43] u ! Datasheet Yes individual equations + Any
equivalent Array . . .
linear interpolation
Singlediode Cellto  Circuit simulation in
[44] equivalent Not stated No Module  SIMULINK+PSPICE Any
Singlediode . . .
. Cellstring tc Numerical solution of
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RMS MAX RMS MAX RMS MAX RMS MAX
Aleo s18235 349 761 059 125 134 207 042 097

Bosch M60s245

348 739 039 072 139 210 044 098

CanadianSolar CS6P 250 304 687 095 202 127 206 031 0.77
Conergy PowerPlus 190P 313 679 074 159 128 199 034 080

Day4 Energy 60MGI 330 709 094 19 116 167 033 0.75
ET Zerorack 240 390 861 054 112 138 217 050 114
LDK 235 P20 277 625 076 158 131 213 029 071
Perllight PLM-250R-60 214 440 220 410 145 274 033 051
REC 250PE 350 769 132 276 117 206 032 0.75
Renesola Virtus 11250 336 712 067 146 124 188 037 085
SCHOTT Perform 240 309 712 181 362 128 245 0.28 058
Sharp NU-E240 (J5) 330 743 207 420 132 279 032 061
Silcio SE250 384 823 056 121 125 190 046 102

Solea SM 190 333 752 144 298 122 215 030 0.72
Sopray SR 245 257 5.66 108 219 126 194 024 056
Sunmodule SW 240 269 570 040 0.88 159 238 036 0.82
Sunpower E19240 250 5.50 125 245 121 1.85 020 048
Upsolar URM240P 329 685 035 081 153 224 045 0.95
Yingli YGE 250P-29b 369 788 062 134 131 200 045 1.03
Yingli YL-165 405 948 260 518 138 328 044 0.76
E3?Bst7| 326 948 124 518 132 328 037 114
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ConergyPowerPlus190PC mc-Si 48 8.61 29.52 8.09 23.87
Day4 Energy 60MGl mc-Si 60 8.58 37.32 8.08 30.29
Perllight PLM-250R-60 mc-Si 60 8.49 37.58 7.88 31.73
Solea SM 190 C-Si 72 5.73 44.18 5.33 35.65
Yingli YL-165 mc-Si 48 7.90 29.0 7.17 23.00
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Conergy PowerPlus 190PC
917 Winti 57A C 591 1.90 SN 1.15
857 W/n?i 56A C 6.11 1.78 3.00 0.94
465 W/n?i 58A C 1.74 2.60 1.83 1L.79
Day4 Energy 60MGH
906 W/m?i 47A C 7.12 2.10 3.21 1.76
743 W/mti 42A C 5.44 112 243 1.34
518 W/n?i 39A C 3.05 0.80 1.56 1.53
Perllight PLM -250R-60
902 W/n?i 40A C 9.44 222 3.06 0.54
805 W/nti 45A C 851 154 2.58 0.66
500 W/nti 47A C 5.10 323 1.94 1.70
Solea SM 190
930 W/nti 45A C 3.92 0.38 155 0.72
772 WInti 40A C 2.59 1.03 1.27 0.72
544 W/n?i 35A C 2.26 0.49 1.82 1.22
Yingli YL -165
976 W/nti 58A C 4.86 1.65 2.59 091
593 W/n?i 47A C 2.60 227 3.26 0.59
437 Win?i 43A C 4.25 0.64 221 1.07
Bs t TBMS 5.34 1.78 2.45 1.18
Bst7TB zAULFEEB 9.44 3.23 3.26 1.76
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