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ABSTRACT

This thesis is focused on the development of an accuracy of the power output from
solar PV power output prediction model in order to improve the management of electric-
ity generated from PV system for optimal energy use and maximum efficiency. This thesis
presents @ method to improve the accuracy of the PV power output prediction model
with a precision function learning model. Due to the discrepancies of an electricity gener-
ated by prediction model compared with the power output from real PV system. A
method to improve the accuracy was developed by generating an estimation equation
which suitable for the distribution of the actual power output from the automatic selec-
tion of the equation. After that, the developed equation was divided by the actual power
output value in order to obtain the correction factor and multiply that value with the
power output of simulation result. Therefore, the model is more accurate in simulating
power output compared to actual power output values. This improved method auto-
mates the determination of the correction factor to reduce the processing time from man-
ual correction of the correction factor. As the number of actual power generation data
increases and the distribution pattern of the data changes. In order to obtain the accuracy
of the model, the database of this process should be at least one year. Therefore, if the
data of actual power output increased, the accuracy also increased accordingly. By com-
paring the output results between the developed model and data measured from a 12
MWp PV system installed in Thailand. It was found that, the power output has an average
deviation of 1.26%.
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RN
\ = 1 PE DD D oy
sawnw—mu«[ auw‘lﬂﬂﬂ‘ : é)'@ @Oe e Load (@ Baauay
) v @ faauuan
® Lo
® ® X
P-type @@ ] nszudlvivh

UM 2.1 nszvaumsiinnseualafirdungluwaduasending [27]

2.1.2 welulagwaduasoingnfieyldlulagiu

(3 a

waduatefindarunsaswunesnuininagfassbiduandszianlng vlavouvad

waveningnfieyldlutagiu annsoutannuianily laun

[V ' v
a 6 a a % (Y

\waaLaIe17ind Monocrystalline Silicon fidnwazigadidulaviadmasusinyuidyy waz

faa o
WNAN LLASEYRAUARA NN



\waaLase9ing Polycrystalline Silicon dnwauziwadiduduidu Jareidunsy 9

\waduase19ing Amorphous Silicon Wulwaduasefindfauuns waalldmaiu

4+

1
|
+
|
%
|
T

-

Monocrystalline Polycrystalline Amorphous

g |

Ui 2.2 fredramealulativaduasoriingfiealiludagiiu [27-29]
Towmeluladwaduaseniingfitenldfuoshwunsvansludagiiu wasiineandendsil
Monocrystalline silicon [27-29] \umaluladiwaduasofingiaiunian Jagudae
wieluladdvilisaduatenfingfuszaviaimnisvinguitgends 250 Tuan1iznisvineud
weeUfuins wiluannzmsiheenluldnueds Ussdniamuewwaduaserindszanananiios
Tnefiruinty 15-22% usgfulasiaiiueusaduaseiing

Polycrystalline siticon [27-29] WJuBawmaluladnisitinannudndaney Tuadnladnig
naaoulueal iEn1s waztuiinarWssansamldninir 15% wiinlutlaqiuesivszansam
fla 22.3% TuaangnsinuiesUf iR widmsulszavinnmsnanlnihaiseglurae 14
- 20% wifsyfuUsEavBAIMazANIn widuuNSNERLAYNSgY AR sHEnTanouRldnuutes
11 dlofeuiumalulad Monoerystalline silicon

HIT (Heterostructure with intrinsic thin layer) [27-29] t§wiwadnanddaaialuazsiy
Farouuuundniuddeouillildndn lwadmanisudefvomwdndaneu wu UssAvsnmauas
ANLETESEe Lazdafvas amorphous silicon 13U anunsavauldfniuneeiindu o
guvgiige Aefuleadinarifafiussansamgandt 23.7% Selfuunaead HIT Jsaunsondn
sl ldunnnimeluladdu o

a

198LLDIANIUNATAVDUNA LU AT LN ILRALAIDIANIALANANAULEAS LA AISUN (2.3)

U



Module | Total " >
Power Power Energy GA r
Technology Manufacturer Model (uant, Un. (Wp) | total (kWp) |k“'h;.:ﬁml :i:;l' :i:;i (kWIVArea) | (KWIKWp) PR (%)
Monocrystalline Canadian CSeU-330M_1500V 7 330 80,1 1 30104,00 194 | 325,00 782 1460,20 80.40°%
Monocrystalline Perlight PLM-330M-72 270 330 §90.1 127346,00 1940 | 52390 24308 1429.25 T8.T0%
Polycrystalline Canadian CS6U-330P 1500V 370 330 80,1 300700 | 199 | 53500 24937 147045 B0.907%
Polycrysialline Tinko JRME30P-T2 i} 330 0,1 13023900 | 1940 | 323300 245,60 1461,71 S04% |
Polycrystalline JA Solar JAPTIS01-33008C 0 330 80.1 12977600 1942 | 5144 24746 1456,52 80,1%
Polyerystalline Perlight PLM-330P-72 ] 330 80,1 136492.00 1940 | 52380 pITRT) 1419.66 18.1%
Half-Cell Canadian CS30-330P 1500V 243 330 30,19 11835300 | 1984 | 48211 24549 1475.90 81.20%
Half-Cell JA Solar JAPT2503-33008C 3 330 80,19 11T798.00 1982 | 481,63 244,58 1468.99 80.80%
Double Glass Canadian CS6N-330P-FG 270 330 0.0 3078400 | 1952 | 327,01 RITHE] 1467,83 80.70%
Dotible Glass JA Solar JAPTIDO0-33005C i 330 89.1 120631.00 1952 | 527,11 24593 1454.80 H0,10%
Bifacal | Jinko Eagle T2 370Wp 43 30 89.91 13248600 1962 | 476,81 271.86 147354 T9.60%
Bifacial | Longi LR6-T26P 370M 216 370 70097 TO371.00 | 1969 | 43532 RLINE 1496.13 090% |
PERC | Eagle HC6OM 320Wp 97 320 93,04 1 J9384.00 1,632 | 490,53 284,14 1406,58 80,80%
PERC | CSIU-360MS 1500V 03 360 ELEDS 12899400 | 1984 | 48201 267,56 1474.35 S1LI0%
HIT | VBINT308147 385 3 [T 14473100 1063 | 30599 EYENTH 152295 B3, T0%
CdTe 1 Fanst Solar oAl 193] (b bl ~ildb | 1096300 | 0720 | #4938 | 24030 | 19MST | 8280% |
-Si | NexPower NT-160AG 336 160 53.76 7167300 1540 [ 5174 150,11 1444.85 79.50%
CIGS | Gilobal Solar | PowerFLEX-IBTM-300 [EX] K] FE B040RI | TR | H0681 148,70 A3z | A |

U 2.3 wadwsvasnalulaBnuandeiuveswunteaduaeing [33-35]

2.2 299519 InAvewadLaeaving

autAnsliihvesraduaterindasdinszanniasauyaniilalonvesgaduaoniing

195U (2.4) azulainrsasnsliiiveswadiasonindiulsznauluiie knaaanenseianei

Y

nNIzuATaNwaaLaIeITRgNAnIINLES SoaseT-ourelalen AMIRILINUBYNSUNELAZA Y

ANUNIUVUIUN S TRA LA TR

A
Ip"l‘

Current
Source

A Vo

Diode

Vi

Load

UM 2.4 199sauyavilslalonvedaduateriing [27-29]

dienszualiiuaninduaglvanulalen wazanuduniveunsunigly udiFaruunds

Tuan nszuabiiiluadiuanudiuniveynsunazlinan Tidandunssualiivesyad

waIo19ing azlen



[ =Iph—1Iq4 (2.1)

Lflla RSZO; Id — IO [exp( qVO )_ 1] (22)

wnuaNnsi (2.2) asluaunisi (2.1) agledn

qVo ) ] (2.3)
= Iy —1 -1 :
Ph ot [exp (nk oy
nszualilihganveuvadiaoind Tunsdllvandaisas avlai

o V,=0; lse =1 = Ipp (2.4)

Tunsditinszualniinas Aenssualiihasgaveswaduasernadlunsailvandnieas a7

wiriunszualihmfnunanuasdunalagnseniisenudusidnicendiod nanfie Aiiinase
nszudliihasanvesraduasofinglunsailnaningens Aensuualiiuas azdannudun
Audussdnasening unalinssualniigegavesaaduasoinglunsailnandnisasiian

P Y woa A oA & % a
ANAN LUDAIIULVNINANINDINAYENNYU LLa@Q@I\TE‘U‘V‘ (2.5)

i) P . .
: Maodule Temperatre=25C 2 Muodule Temperature=25°(

Solar Irradiance= 1000 Wi’ Solar Irradiance=1000 Wi’

A0

G

4000

200

—

Fivi

v
i Fiky

sala 1

JUN 2.5 wansgnuvesrnuiduiidaneiindniidenmautinidiihvesvaduacending

q

4

Ausatulnihgeanvesraduaseniing lunsdilvaninies aglain [27-29]



e 1=0; _ v 25
bl es
bn _ Y% . (2.6)
. Iy nk T,
W9 Vo=Vyg V. = nk Ty, <lnIIp_h+ 1) (2.7)
q 0

Weefiinaderusrulninasanvesgaduasaniing Tunsallvanniegs fensewaluih
ludadusadeundu Favsdianiindunugaumall Dunaldauswuliihgeaavesvaduwaseniing

TunsallvanUnevsiAnanad WeguuilinuIu Landfssun (2.6)

Ifd P
lid Solar frradianee=1 000 Wi / Solar Mradiance= 100 Win

Muodule Temperatre=1PC Madule Temperature=11rC

_l, -1

d

51

4 Y, V(v

Ul 2.6 wansznuvesenmgiminennaAmdlihueseaduasefing [27-29]
1INV (2.0) Marudumusunsndunasiueessanudunuiidatuludoasis
i1 Uinaisesdudaleviuila Laziduaaninidldseluaas Aenadunusunududiang
FunuaAnvuumelusesdefi-du fauysal
LA IRENINgANAR HA1TIAUIUNILYEILTUTIUR tazA1AUATUVNUYNTY
sgdandugud Ansylwihveawaduateniind uansanuaunsi (2.2) uiluauduadudn
waduasenfingazdiinnuiumunnuligadustiug wavaianuiumusynsulivindugud

LssRunnAsausessie neluinsauyaniislalonvadsaduatofing uanaiaaunisn (2.8)

flo Vo=Vi+Ry | _ 1 AV + IR\ | (i+IR) 2.8)
ph R0 [ X\ T Rop



ISC

VOC

o nszualiiwaduaseinduanla (A)

Ao nszualiilasananutusd@niefing (A)
fio nszualnihiiluadulalen (A)

fio nszualniilusadusmdoundu (A)

Ao wsanulnAwadtaseindndnls (V)

o))

8 A1ANNmUNIUeYnsy (Q)

8 A1ANNsIuIuLU (Q)

o))

2 AnanuARYadtalannumAluladveaaLateNing

9

o))}

a 12

8 AUUNILNIYAARAIDING (Kelvin)

Y

o))y

a o

8 UsgdianmsouliA1ivianu 1.602x10%% C

'
1 =

Ao ATMINUBY Boltzmann JA Ny 1.380x102% J/Kelvin

o))

3

Ao nszsalwiivnednieas (A)

A9 usspulnivzan9s (V)

sala v

wanwaind Nl unIueaynsugs seliAnssualuiilunsallnandnisasiosas

unalivimdanunadaldainwaduateiindaniosadluiamuiu uanifssud (2.7)

fid)

F(W)

0.2

Rs=] Q

1

Vac Fivy 0 Voo Vi)

JUN 2.7 wansgnuvesrAnuiuniueunsuninenuattanaliivesaduasending [27]

q
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[ a 4

2.3 syuuLgaalaiaInng
ASNANNTELALNAP TS UURRLAIDIRNS F1u1TakUIN1sVINueanlamlu 3 syuu A9
STUULARLAIRnguLuUdase (PV Standalone system) SEUULGARLAIRIINGLUULTDUABNAU

a1edsliln (PV Grid connected system) LagssuULYaaLaI ingLUUNANNEIY (PV Hybrid

a

system) wanslagasu? (2.8) Inglunmagsyuvaiusaesuialansd

Y

’H:l[ m Z 5
Stand-alone |; DS f:) G ’! S Q E]E ﬁl
b Applications

Inverter

PV System t

Charge Controller ,,; Q—b@ Battery packs
— ((E))
{3} | Utility
pc AC m =

Applications

Grid-connected

Inverter

= ([
Generator
[GD]

d—F] Utility =
| & | = BEs 0

Applications

Hybrid

Inverter

PV System

/_‘ ~™
v < ‘—’[E Battery packs

AL

Charge Controller

JUN 2.8 nsudnnszualiivieszuuwaduaseingluguiuusng q (28]

STUUARLAIDITRELUUDAsY (PV Standalone system) [28] @uszuundnluihiilgsunis
ponuuud s ldenluiuilifssuuavdsnin Tnefndundundlwihfindeldasunne’

SEUULgAALAID TS U U auR o fuasdsliila (PV Grid connected system) [28] 1u
sruuranliihiignesnuuudmiunsnanliiiiiugunsalivdeussuulnihnszuanss Wl
nszuaadu Weudediufussuuaedslnih

SEUULIARLEID RS UUUNENHETY (PV Hybrid system) [28] L‘ﬁﬂ'ﬁ%UUNamiWﬁ”}ﬁgﬂ

P8NWUUAMIUTINIUTWAUQUATaINEALWANDY 9 W SEUUTaARAIRITINOTaNADIEUUKER

Irlflhanwaanuay wazieseseudfwa Wudiu lngguuuuresssuuiastuegiuniseaniuuniy

Y

[

noUsTaAvRIBaNkUY
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Tutagtunishnasseuugaduatofinglagnesnuuulvidinndalniianigaduasenfingd
UseAnSnmunndstu lngageniiegesgunuunsinns wazilsgazidenmall

AnRsEUUaTLaIInguLRIUI (Floating solar system) MIARRILHITARLAIDIRGUY
lassasrefiaesegwilonn Wnevaluidusraiivunionziaaiu malulagiinisiiulnedis

< v a I 1, Y a a & L o 1Y 14
smslunaiandanunyulsuRaust w.a. 2560 Yefveinisindssvuuludnuaeiiie lidedld
a v a gj dy -dll d % a gj Y LY [ N aa
78U lngdunuresnisiastidleiisuiunisnauuiauiulndifssiy wazlidesangdeniulag
Wadselewd Anunnveat1agivy annssenglans 80% [31-32] NS 1ggnunagaduatenfing
Unaqulilassaiauuuasedwinlinalnssutsausowieudivy anunsadiinussansnmlunig
Hannasulnihveseaauaeindlang 8-10 % [31-32] uavanunsoUSulnuwaauasenfingdie

Sunasenfingladiy wanaiagui (2.9)

JUT 2.9 fpgsruuAaRataIind ULl (Floating solar system) [28]

sruunanlnwaauanduuuRanuasefing (Solar Tracking System) a1nnsAnen
wudlugiusraaLaseindausandalnilsiiuiosas 85 [31-32] agluyisUseunas 11.00

YR D9 16.00 UIRNT TINUIWAIUILNILYARLEIDINAGIETUTEANS A INAR LALAET 5 F2Ta

[

aoTuinuu andaymiludisdudsladnisAnisnisiag i ldunswadiatorfindarunsonda
maalninlaunnTunanadaguil (2.10) Inessuumsinmuniee1ing witesnlansil

Passive Trackers 84A1UDILHULYAALAIDIANY talRssuvatunsandnndsuludlaunn

=

7ian i Fraavile weldlduewesiieswazimuanlunisvinau whaglihasnnilininusou

9 9

flut Audsengludnne auvihliuneadiaeniing nyuauieuedniefing

v

Active Trackers AaN15199UnIalNT39TUAMUTUTIANI901TAE LazUDLABINTOAI

JULARDU INBYINNISUSUNANILAL DIFUDILHITAAWEIBNNRNE LD LATZUUANNITONAAN U
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Lndinlaunniige s Fraaamils nanaRendnnisveInsinauty i lvikndgaduwatofinglasu

v

WERENNANT (Haaniuaisefing) Active Trackers aunsauwtsesniduaesussnvlngle fadl
N1SARANUKUULNUGET (Single Axis Trackers) SEUURARNINANDITINEAZAINNTOLEON YU

loupfirvnaie (WuaueuvseuuIn) lnenisvyusuuiuiveuazmaneiunisidluluglivsena

1 a1 4

1ANUTNSIFEM TN YINA1 T WAT9BUAETIAITDY WANITMLULUURUIRMISIMANEU

&) =D

Tusgwaneudusidnefindliwesunn willssesiaivesrnaisiuienuiu
N13AAMILLUUABILAY (Dual Axis Tracker) agiN1T9HUABININTUABLUIUDULAZUUING
lngsruumuaNazilusunsy ieigmuatliuneaadivase 1 indaunsasuiinvesiaiuaniay

YTUNTLI LA

W avtig

noon
posdion posinen

Ul 2,10 szuusanbifigaduasefinduuuinsnuniending (Solar Tracking System) [26]

2.4 Jadeiinasonsgadendsauluinvesszuuivaduasaning

nsgadeluszuuiaduasenindiduiiedod Ay idwmanenisuanliiveassuuivad
wasoiing ulteonidu 2 Jedendneg Inelisneazidenseluil

2.4.1 nmsaydelugaduaioniinddunaunandaduatsuen Ao gamgll wazAudused
AenTing

2.42 nsgadendsnumanas whaeendu 2 wade laun

Uadeuenmilon1saaunu Lok N1sasyiouuuusRINEIT0LsaaLa0Nng Laghiang
qu’tumsﬁm&u’mmwaé NI IANIUATIUTIUH T VBN

Tadeianunsoniuauls Ae duazessiinisusnamiiunaead aunsatiseansesnta
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2.5 N15USSUUSEANSAINSTUULaaLEIaIing

ipsguildlumsUssiiulssaninmusssyuuwaduasefinglulseinelne Ao IEC61724
TageBuneiy TN1TATIVINAIFN 9 AINTEVUAALAIDINNY LaZNIZUIUNTILATISRALTIOUS
Yo35zuUNanbiiinanwaduasefing odunisildouiiovanssausszninessuuead
LAse17ngneues Lardulun1snTI9ae Ul IS AUANTIAULVDISTUUAALAIR1TInEDNeE
TnenN1TIAs1eazUsaandu 2 d1ufe

2.5.1 oyaaN1TININANTFUUTAALAD NG

aunnsgIudeyann1snsIninazuuteandu 2 Ussin fe Jeyadnimuindey laun
ANULTLTIER9NINEG gaunalanIniinnex gangiuagaduataIing waztayanialnii
Toun usssiulnih nszudlndih ddsliity 9nsyuuwaduasofinduaziisnsluslvan

2.5.2 ToyaannnIsAIuIN

nsmwntiielinsuiwlsiivivendsanssausessuugas aeiing Tngldadilaan
M1 iRas RSy UUadLatenTing TnailsuazBennisauanissl

WANIULAIDINAE E; o WAAIFIENNITN (2.9)

prel] Z B (2.9)
T

AN LA IRNOADNTINULNUT Ep UAAIFIENNITN (2.10)
Erc=EirAc (2.10)

WA U NBAAUAIDITNE By ¢ baRIRI@UNITN (2.11)
EA,‘E = Tr.z PDC (211)
T

WAMUINANOWAINATIUE Egprip ¢ HAAIRIAUNITN (2.12)

EGrip,r = Tr-z Pac (2.12)
T

(%
[ Y

WA UNAIINTAALEIRITANGADAIRINITAART Y WARIFIANNITA (2.13)

E
Vo = o (2.13)
o
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WA NWAAREIDITNIN NG Y Yyr WARIAIEUNITN (2.14)

Ei T (2 14)
Yoo = —t :
" Gsre

WU G5 TINAR N TAAUAIDTING Y, LANIRIANNTITN (2.15)

EGRID,
Yf,‘t — P_T (2.15)
o

AUTIOULVDITLUULLAAWEID17AE PR wansnsaunsi (2.16)

Y
PR =— (2.16)
Yr
P AB AINNB99IU (KW)

Ytr o ferasiuviauanaenszeznatunsiiutoya
T A9 szeznaluntsdunsIIteyas (Hours)

< v
9 szgzhialumsiuteoya (Hours)

—
o))

[

A A ¢ a ¢
D NUNVBILYAALLTIBIN AL

>
15}
o))}

b

I o v

Poc - A9 Anmadlninananainiwaanaseniing (Kw)

b

gp_F ey

Poo A AW Andsgeanvesnduateing (KWp)

3

Gere | f9 AIPINUENLAIDTRET STC = 1 KW/m?

Ei; A0 WasuLaseind (kwh/m?)

E.. _F9 WESLIE e NS AanTleme iU (kwh)

Ear A8 WUl Iniwaduainiiag (kwh)

Egripc A9 Waaulwinnowdlagsyae (kwh)

Yo P9 wassulnihannwaduateindseiidnisanga (KWh/kwp)
Y.  fe wdsnulwihainwaduaieningvniagud (kwh/kwp)

Yo Ao ndanulninldeseindnannieaduasending (Kwh/kwp)

PR AD AUTTOULVDITTUULLARLATRINEG (KWh/KW,)
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uni 3

A5N1SALUUINUIVY

MAIe iy seaniuUkALITMLNIENTUTUUTIANMINE 1B IMULTIaINSAIANT S0l

nsuanlihvessruwadLaseindmenuuInaaisseudilenduauuiug (PFL Model)

Tnefisneazdunn1sadunITwkarnsEUILNNTIIeana T

3.1 a1AunN1sAiuNI15I8

1.
2.
3.
a.

AnwLuudiaesnismanisainisiaalnihvesseuuwaduatening
Anw3I5nsUSUUTIANNRIug1veIHaE NI lFa Nk ULIIReS
ATIUNITAT AL NIAGOURUUTIABINITAIANITRINISHER [T YR ST U LR AUaRN Ing

asnuuuaeImsteuileiduainuuaiugl (PFL Model) iieUuysemnuuaiuguuuinasd

AsAIANITAINTSHER lTNve IsvUULad LI Ting

5.

NAFDURUUTIARINNTAIANTISaINISHER INThvasseUuad keI ind NlasunsUSul Ay

) = = Y a a & A
LLUUYN L‘UiEJ‘ULWﬂUﬂUﬂqﬂqﬁma@‘LWﬁTﬂiﬂﬂlaﬁwuwLﬂ']'ﬂll’]‘ﬂ

nasauuazUTuUTIANULLuE

3

fAnwuuudnaenisaransainig Anw1dsn1auTulseanusiuel
nan W vessTuLIwadLEeing UYBINAANSAINUUUTIGDS
NadeunaziUSeuiigy
y v
wuudiassms e Moi s wuuaasmsizeusiletuanny nswantA g3 svasitumihuune
Iyifhvasszuuwaduasaning wiiug (PFL Model) l

UsTunanauazAsIzinsIve

JUN 3.1 uunmEndunsaAiiunsiy

.22 BUUINaBINISAIANISAINISHAR WAV IS UULTAR KEIDTIRNE

afauuuInaeinsaansainseaaliivesssuuwaduatIindN TN AL UUNI

laleavesiwaduasoriing wanafagui (3.2) Arensilsulsunsuesnuilujuuuuves
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=) [ o v o Y o @ | = [y} 6
AYTNTEANSE (C++) Inad1akuudansiinn1suseulanNanon JuaesdIuAe LanINaansnIs
NARINANNT LN LAR LAY wazhanINaaNSNSHARLNANYDITEUUAALEIDN NS dUNIT
wazdwUaanauantinisbiirveweaduasorindaildlunisasisuuuitaslisuaziden

[

ramalUll

R_
s
- [ l ' l 'a | |
RI
Vo XZ R, A -
Load
Current Diode
Source \
v = i
0 ———————— d4

JUN 3.2 1asauyavilslalonveduaduatering [27-29]

AUNTIAIR UYWL UUTa0 410 TAIIENIINNATAUL anilalalonvosiwadueataniing aanun
Jugunsuanspaandinienseualiisazusduliitegadudeonfingluguilsidudnd

Tnuudea (Exponential equation) feaunisfl (3.1)

G q(Vy + IR,) (V, + IR,) (3.1)
[=1Ipn=1o [exp( nk T, —-1{- Ra

aunsUszneumemaaLUsvan taun Anssualuilueas () Anssualiinduideundu
(Io) AngnuafvetlalonntunAlagvesaduase fing (n) AudunIuaUNsY (R) kavAIY

FUNIUIEIY (Ry,)

Anszualiiinatinainadusdnieindnssqurinltminnssualinnelugad

WaseNRe [19-22] LaELUARUATINUAMNLUNSIEN 901 7RO LaL D URATVD LKA LE819nE

9 Y

ag13lsAnuaziinisiasundategsunniletinsiUasunladeasnnudusidiasenindagann

WU F9aUNISN (3.2)

G
Iph = Grof [Isc, ref T P—sc((Tm - Tref)] (3.2)
re
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UNNTUD KRR LAIDNNN AN LAENTIR DN TS WA N AN BUAETDUNTUVD YRR WEID1TINE

9 Y

[19-22] Keaunsi (3.3)<3.5)

Lo (T_m>3 o q_Eg( 1 _i) (3.3)
07 oref Tref P nk Tref Tm

q(=Voc) 34
I0,1ref = Igc exp< nkTOC ) (3.4)
m

= oo (S e oo | -2

ANPNUATUNIUYUIUN S URAREID1RE [19-22] @1UNT0AIUIN A9aUN1SN (3.6)

Vin + (ImRs) (36)

Rgh =

D) Db DD Db Db
© ® © © ©

mo))s

?

o))

3

o))

?

o))

?

o))

8

o))}

3]

o))

2

o))

3

o))}

3]

o))

?

o))

3

o))}
©

q(Vin + ImRs = Vi, a(—Voe, P
Isc,ref_lsc,ref{exp[ ( = rl:lk'ls‘m ocref) +Isc,ref exXp (nk—orf*:r:af) _ﬁ

nsvualwiwaauaserfindnanta (A)
nszualniniaInAuLSIdn19979ne (A)
nszualiiludadumdaundu (A)

wssulngediasendndnle (V)

AIPLEUINELNTY (Q)

AANNATUENIE (Q)
Aeauaiveslalonnaimaluladypaeaduaseiing wanwsnsnad (3.1)
UMNILHIYAAUAIDINRE (Kelvin)

Uszqdianpseudianiniiu 1.602x10Y C

ANAINUDS Boltzmann SRy 1.380x107 J/Kelvin

ANHLULS IEA901ARNY (W/m?)

AMuduSiEaefindil STC (W/m?)

fulsyavdgumndvesnszudlnih (Kelvin/a)
oumgilunaLwadLATInd? STC (Kelvin)
Aszualnivaedniesii STC (A)
wsesulnhaasdansasii STC (V)

ANTDIINILAUND I UV DNLAAWEIDNNRE (eV)
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Pn Ao Mddlihggeiiwaduaseniindudnla (W)

Ve, fie usssiulnihasaniieaduaserindundale (V)

o Ao nszwaliihasaniwaduaerindudnle (A)

M19199 3.1 Agauaivadlalenmunaluladvessaduateniing [19-22]

walulagiwaauasaniing Aaedi
Monocrystalline 1.2
Polycrystalline 1.3
CdTe 1.5
clis L%
GaAs 1.3
Amorphous silicon single junction 1.8
Amorphous silicon double junction 5%
Amorphous silicon triple junction 5.0

sifunsadauuiiaesiianinsuszananasensunisuasliihvemiunavadivad
waseingainaumsi (3.1-(3.6) frensudasuazdouseninlfedlusuuesnmdndanda
(C++) nadwsveanuuTasndugusuunsmauantanidiirvewsaduateniing (-V curve)
LanIfaguT (3.3) Wedudumsmeiiidsudnliiigsgavesunasaduasorfindainuagagsiian
vaayavayanseualniiavhssiulni 1 NHaT NS SUTEIaNAYRIMUUTIABINITAIANITINTS

NAR TNV DL TAR L 17TiR e

1) PW)

Vmax Voc

JUN 3.3 Aauandinlniweagaduaseiing (-V curve) annanuduiusnszualuih

q

wsanulndln wazsagludn
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JupaunslUAIUNITASINENN15VRITEUUAA LAt IndvasiuTl U nunga1N NSRS
LHAALANDTINIU N YOUADA NN YBNADITIVDITEU UG AIRINE Inge1fanannisilot i

3 a oA ! < a [ d" ' v &
wadwatefindeusonuuaynuazilumMiuwsaiulii uaznisweuseanuuvuuiudung
diunselih sreazdenauaysuaunisvesvesiunmuneinwioludl

seuuaauateindlunuindmiauasugy Inessuuiivwn 12 MWp Usenaumigunaad

A ~ i ° 1 o
WERITINGTUTIR 245 Wp \WBNABLUUBUNTUTINIU 24 LHI 3935AINYARBUUVBLUNTUIUIUAY 2
gn 10U 1 @nse Buewme 1 1A383 Ussnaunie 8 @n3d 91U 2 915158 10 an3e 31u9u 7
915158 UaTITEUULYAALAIRINNGUTENRUMILBUIBMEITINEY 12 1AT99 AMuIMLazLUaanIT

Keannsh (3.7)

... K1
o W Wismmasanil) )
PV Power System
12ZMWp ©Q
iy
(KE¥
1149536 Modules/System
245 Wp/Module
g‘d'ﬁ 3.4 1317039299 TUR9T L UUARLAID IR TUIR 12 MWp
Psystems =12- [86 = (2 : Imax ' (24 ' Vmax))] (3.7)

33’1ﬂﬂ’ﬁ"jLﬂi’?%ﬁLLagﬁ’]LﬁUﬂ’Wiﬁ%’]\‘iﬁﬂJﬂ’]i‘U’eJQLL‘U‘UGS’]aENﬂ’]iﬂ']@ﬂ’]iﬂjﬂ’ﬁﬁdam‘lWﬂ’T‘U@\iLLNﬂ

LHAALAIDN NN I UAUDILUUTIABINITAIANITAINISHAN WA VD ITL VUL AR WAIDI AR VD INUT

'
a

Wmsnenavun @1ansauansafuTunauveInszuIuns (flowchart) kansRaguil (3.5)
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==

Parameter of PV Panel

from Datasheet at STC.

!

Input: Solar irradiance, Module temp.

v

V=0
No
Yes

Cal. | from eq. (3.1) V.=V, + 0.1

A
No
Il <=0
Yes

Collect |, V array from I-V curve

v

Fine P.,.x from IV in array

¥

Cal. P

systems

>
B

JUN 3.5 ULHUNMEIRUNITUTEIIaNATRUUTIRRINTIATNNITAINT SRR LN

SEUULARLEID AN

3.3 uuudnaeenisieuiieiduainuusiugn

a o A

wuudaeandiauefelsn1sUTuUTIALKtug1vetayalaga ez IuloyATILAn S
NOANTTUVRIEWMAIAN Y I1uuveIgIudeyaIzuNvIe o YuagiuNgAnTsUILAYeIEN
o W = o £ A a ! " o a k4 & v 1 °
Masdnwr wuudrassldnszuiun1smsendt "wuudiaeanisiseudledduaiiuusuga” (PFL

Model) nszuaunistiandenannisnidulasiuansaufianiiodudiunuresgutoyaluusiay
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d‘ =~ 1 ¥ A o 1 o v
‘q@‘ﬂﬁiﬂﬂL‘W@Ui%ll’]mﬂ']‘ﬂ@ﬂﬁ']u%@%ﬁ@@ﬂm’ﬂuzﬂﬁmﬂ'ﬁL‘W@‘UiUUE\‘iﬂ'ﬂﬂJLL%JTJEJ'W‘U@Q“U@%&Q

1A59A319KAETINIATIUNTVRINTEUIUNT Asanslugu (3.6)

Preciseness Function Learning Model (PFL Model)

f]‘lk : Eipt Eopt

Database,
Dhdvim

~ Feedback data,
Eopt == Dm

JUN 3.6 1338390090 UUANaeInsiseuilanduadamivdl (PFL Model)

IUaLIUAkarIdNITUAaZIURBUE NS00 UL AenelUll
Jupoui 1: MuuazUaun1svesuuinagsIIndnaidiny Ussnaumesunaiiiolila
v s & ¢ > ¢ & @ a o a o ¢ o o
waansiluevinn wasldiodwaninludunnvesiuuinasenisieusianduaiiuutdug (PRL

Model) 1iveU5ulsannuwivddeya aunsadewdu dvaunisi (3.8)

(3.8)

? S Nipt pt

£(Ay Az Agps Ay, ) = B = E;
W AL A A At g BUNAVBIUUUTIABIANFMANGIAN Y
B AiD NEANSYBINTEUIUNITATLIYBILUUIIABINAINNIAIANY

o

Eoe A0 Bunsvedwuudnaamsseuiianduainuuiugi (PFL Model)

JuURoUN 2: Afun1TAUNIAT factor Litotnluamiudeayanfain1susulTanLLLuE

LaRaIaNNST (3.9)(3.11)

fnk >(‘Eipt = Eopt = Bimp (3.9)
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Bimp = fnk * Eipt (3.10)
Y(x)
fnk = B ;X = Anipt (311)
ipt Nab

= 1

We  f, Ao e factor MlglumsuTuseanuwivgtoya
Eopt  AB HAGNSVRIMUUTIRRsidaueilasunsusulsaanuiueg

anlesun1sUsuUImNLILE

o))

9 VB

Bimp

W)

nge A9 IudeyaresgIuleya

4
Y
& v (% v 6 %
f

UANUANTLEUBIBUNAUAZLDINAVBITIUTBYE Ny, INFTMAFAN W

=e Qe

o))

[N

IR

iiodumilaidunuduiusuesdunauasiondnpvesuuuiiasimasine Tngdinsgn
WOANIIUNITNIEAEAIvegIutoyarenunluzuiantu Tnanseuaunisusuidulas (curve-
fitting) laiun wuudraendndlniumdes (Exponential models) wuusiaeseunsunise (Fourier
series models) HUUINBBIUNNETEU (Gaussian models) Luvdraodlualuwioa (Polynomial

models) Way kuUTRBINATINVELle JUTINTULAAIGINI9T (3.2)

M1319%1 3.2 sUnuuiliduiesunsAuMIA factor [19-22]

vilavaaiendu sUnuuvasHsridy
Exponential Vexp() = agels®
I'le
Fourier Yr(X) = ag, + Z ag, cos(iwgx) + by, sin(iwgx)
i=1
N, _<x—b5i)2
Gaussian P () = ) agel \
g Si
Linear Py = agx+ bg
n5p+1
Polynomial Pp(X) = Z po x5t
]'11: 1
Sum of sine Psi(x) = Z ag; sin(bsix + Csi)
i=1

SUNATUINA5197 (3.2) 118 Apipe € Ejpe WARRIFUT (3.7)
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= Database /

~— Exponential Wy

~— Fourier 2
Gaussian

— Linear

~—Polynomial

—Sum of sine

R-square
Exponential 0.9029
Fourier 0.9996
Gaussian ~ 0.9829
Linear 0.9987
Polynomial 0.9993
Sum of sine 0.9987

F(Auipd)

Aru'pt € Eipt ’ B=Eipr

A

nipt

JUN 3.7 Medrguilsiduvasgiuteyaveswuudtaaduguiuuiuaneiaiu

5UN (3.7) uwansiduuualduainnisussaruaivesgiuteyalusuileddusdng q dae

nszuIUn1TUSULAUlAY (curve-fitting) veegIutaya ludagfladduiiidunuildununnsiaiy

() I

TuegiuUTuauaAIINIEgveIgILteys IBidenilaituenIsUTUUsiugteafons

Y

A s a t:(' A @ o %] v o v Y a 1 o a
La@ﬂ‘ﬂflﬂsﬁumLcVill"lgagJ‘V]q@LW@LUUW?LLWUT@QE']U?J@%@ I@Ul%ﬂigﬁU’JUﬂqiﬂiuLaUIﬂQVlLLiJUEJ']V]?j@

o Ao

FedonINHNTUNLAT R-square TnatPgsny 1 Winfian feasuilunisisn (3.3)

M131991 3.3 F9EAN R-square oegUTlantuINNTEUIUNSUTULEULAY (curvefitting)

Curve Fitting Types R-Square
Exponential 0.9029
Fourier 0.9996
Gaussian 0.9829
Linear 0.9987
Polynomial 0.9993
Sum of Sine 0.9987

° A o = 'z o v Y v Aa Y Y]
LLUUQW@@QWUWLau@QSLaE]ﬂ'ﬂﬂﬂsU‘Uﬂ'ﬁUTULauj;ﬂﬂsﬂaﬂﬁqusﬂ@mavmﬂ'] R—square IﬂaLﬂENﬂ‘U

Y

1 1nAaANA597 (3.3) Tayantnsun1suTuUTnuwiug) uansisaun1si (3.12)
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Wy (Anipt) E (3.12)

Bimp = E. * Bipt
ipt
Ndp

anlesun1sUSuUImNLuE

il Bimp Ao Yoy
W (Aipt) e Weiduanuduiusvedunnuazie1innvesgIudoya ny, 91nF
AAIANY
Eiot fio AndunmvesuuuSaesithiausiilelidmiunsuiuussmnuusiugy

Ypua
u

[
v

TURDUN 3: huvdiaesMiauelzdlinndayanlnsun1sUTulTIAuLlugILa a9
FuteyalElenNATIEINITUTENIANS TuRsLUUTaesiae IS BT TotangAnTsulnlves

a ado o = A o 4 A a a 1o Y
awmamnmmwaaﬂugmmayja Wealiindsydnsainanuidugilunisussuianansinly

n3zUIUNslAsasIsnseuvetuuTIaesaupuanililusun (3.8)

Learning Method of Process @

Database

) %&
TR
WA
‘; :

P

\
%
)

N

{

I
P‘\\
b

\
)

I S — — —_—
Feedback D,

5UN 3.8 1a59a31935n1958u3 Ve UUdIaRINTss e Uil duauwiugn (PFL Model)

UaziByauarIsNIsuiaztuneuaInTaesuglugUauns Awieluil

Database = D, (3.13)
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Yo x; (3.14)

Go Dy e grudeyalumsuiudssamuuiugiadausn
ne Ao uudeyavesgudeyalunisuudssanuusiugindiusn
X Ao Futeyalugiudeya
%n,, A9 Anadsvesteyaluguioya

Datajeyw = Bimp = Eopt = Dp (3.15)

_ 20X (3.16)

m =
Xm

We D, o Jeyanlasunisusuuseainuualugn

S
o)

9 T1UIUT0LABUNAVBIUUUTIABINUNEUD

P

[

A MIUeYaaINNITUTUUTIAUUAILEN

% AB ALRAEYRIUBLAINNTUTUUTIATHUIUED

WoUEUNISN (3.14) + @UN157 (3.16) WATHANS AL WERIAIALNITN (3.17)

Ndp m
R Nk icoXi Uit 0¥ (3.17)
indb + m
W Ngpem Ao IuIUTeYATesg TRy Al
Rngy+m Ao Amagvestayalugiudeyabnd
Databasenew = Dngy+m (3.18)
~ a 9] 1A o = Ao 1% W
W8 Dagosm Ao J1utoyalyiNSUWMATEITILIUTEYAITY Ny i

Men15UTUUTIANNRINgIIINLULTIaeIN TS s usHeAduAIuwtiug) (PFL Model) Nl

ALunsmunsEUILNSindeyaflasunsuTulanuuiugadugudeya Weliluuinaes
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dl o = a a dy gj ! a o dl o
Adnausiiusyansnmunndulunisuszuiananssoly E‘Uﬁuﬂ’]iq%ﬁ%@ﬂLLUU‘\]']@EN“V]‘L!']LGU@

LARIAIANNNSN (3.19)

U (Angye) (3.19)
Bimp = E— * Eipt
ipt
Ngb+m
W B Ao Yeyaiilasunisusuusnuwiug

W, (A0 A TlandunuATUS YRR UNALAZIBIANAYBIFIUTBYA Ny, NN

MAsANY

= I a o dl o d‘ ¥ o U U 1 o
Eipt Ao ABUNAYDILUUITRBIIaNeINeldd T uN sUTUUTeALLIUEN

Joya

Y

Nebarm Ao Junuloyavesgiuteyali

3.4 M3AHEN15UTUYIIAIALINEIMUUIIABIN1IAIANITAINITNER IN A VD <

STUULRALENMngABLULTIAIN SR UIH s duALsuEn

fnk > Eipt Eopl Eimp
Qe

A, =Solar Irradiance

A, =Module Temperature
B =PV Power (Sim.)
Bimp =PV Power (Improve)

—_————e— e

JUT 3.9 lassasweiuuiaesnisaiansalnswinlniivesssuuiwaduaseniindaiey

WUUTIARINTSSEulanduAIwiugn (PFL Model)
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TupaUNIALEIUNTUTUU A LWILERUUTIaeINITAIANI SN sHER T YessTUULEaA

=

Laveingalsuuuinasin1iseuiieidunltuusugn (PFL Model) wanssagui (3.9) lngil
a o a 1 < ! v 1 &
JwazBennsaiiunisuaznszuIunswlieenitu 2 du Awieludl
diufl 1 wuudiaeanisaianisainsuanlniivesssuuwaLaefindgusenaunisdune
aoadune lawn AnuduTduateing waraun)ivodunawaduase fing wazUsenauniy
¢ = ¢ = o w a
1nAntaeng Ao Maanisuaaluin
daui 2: AHUNITUTUU AN UGNV INATNEVD I UUT AN IANYIMEUUUTIAY
nsseuFHanduauwiugl (PFL Model)
wignalun1suuUslilug1aya AonaansaniuuIaeen1sAIAn1sainsuanlniives
I3 a ¢ Y a A & -, I3 a v
sruuwaduae e dunadnslunisgauad esnnlupnuluasudissuuigaduiaiondiingla
= = Y a i = I3 oAl
fin1sgeysdendsnulunseantninlususuusiig 9 wagssuuiiasrusenaunaigeg 19a1u1se
danansgnusontsudalni Fuluiuivesnuided prudeyavesuvudiassfidnaadinuil fe
TayasruuradkateinglulssmalveduIu. 15U IUTaYATDMARE ST UUAITHTINI
v ' v A A A a =
Toyang1atoentdsl Weaswnnnginssulagsiuvesnisnaalniinvesssuuludsvinalnedinaniy
nswWisuilasanmeinienuggnia lnedsemelnediauggnianisvulunied
v =2

FULUUTNTUIasUUTIR 0 IMa@ing Askuudiassnismensainisuantniivesssuy

LARLAIINAIANNANNITN (3.1) Tarrnualaseaunisy (3.20)

f(A;,A;) = B = Eipt (3.20)
We A AB AMUNSIELAIDINAE (G, W/m?)
A, Ao aUNNNTRMNLYAAUARIRE (T, °C)
B, Eit Aa ANIsHAR TN vesTEUUWAaLE R TIRg (Pmax, MW)

il G € Pmax hanemuduiusaaguy (3.10)
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18 :
e PV Power (Sim.)
= PV Power Database
15 Fourier
~——Exponential
Gaussian
~——Linear
12 —Polynomial

—Sum of sine

R-square
Exponential 09119
Fourier 0.9996
Gaussian ~ 0.9861
Lincar 0.9946
Polynomial 0.9993
Sum of sine 0.9994

PV Power (MW)
= )

A, = Solar Irradiance (W/m?)

Ey =PV Power (Sim.)

0 200

400

600

800 1000 1200

Solar Irradiance (W/m?)

JUT 3.10 N15USuUTARmiNguUTIaeINsAIRnT sl INaa i ve ssE uuIwaR LAt NG

o a 14 [ = 6 v a . e [ P
wuuiaesauelausyulanatayyiinsidienilanduiise (Fourier function) fAaunis

(3.21) fidlAn R-square lnalAesiunilainyian lngdanvianu 0.9996 M1um15199 (3.4)

nsf

U (A1) = a5, + Z ag, cos(iwgA;) + b, sin(iwsA;)

i=1

(3.21)

M13197 3.4 A1 R-square YaaUlsnduaInnseUILMIsUTUEulae (curvefitting)

Curve Fitting Types R-Square
Exponential 09119
Fourier 0.9996
Gaussian 0.9861
Linear 0.9946
Polynomial 0.9993
Sum of Sine 0.9994

Toyailasunisusulssanuudugndunadnsanaunisi (3.22) naanwsainnisusuuss

AU YT UUTIARINTANANTIN SNEN INTvesTEUUWaT LA TIng Lansiagy

(3.11)

=
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i * E:ipt
ipt n4gp+m

B Pr(Aq) (3.22)
imp E

We B, Ae AnskAaliivesssuuwaduatefingnaansuTuuseanuwiug (MwW)

15
o PV Power (Sim.)
° PV Power Database OB
° PV Power (Improve) 4
12
p—
g 9. mgh-*m
N’ 9
=
@
g
& 6
>
=%
3 B.. =E;, =PV Power (Sim.)
Dygpsm = PV Power Database
Biyp = Eiwp = PV Power (Improve)
0

0 200 400 600 800 1000 1200
Solar Irradiance (W/m?)

JUH 3.11 WHaangINNLUUIIReIN HTuN1sUSTuUTIAI MM uE

3.5 N1SNAFDULUUINAINITAIANISAINISHARN LWN1VD95sUULsaa a1 Ing A28

wuuIIaReNsiusHantuAuLsiugn
Tnesuadeildmddnnudisysesenuuiugmasteya nszdoyaainnsaianisa
msndalnaiiusiugranansadulsduvilunmsnssgeunnuinnanaressrulivaduaseiing
wagsudenITuRulunsUsmsdanisdaantsaa i luldluauens  vinlmanussluesd
GG
nsnaaeuresiieiivadouieliunsBudunugnios wasuiiug dufunisuulse
AULLUEILUUTIa9IN1TAINNIsaln THAR I 1909Ts VUL YRR LA 1IN A8 UUT1809N1S

Seuiilanduainuutiug (PFL Model) Ingnszuiunisusuugesanuudugidwinisidendlandy

q o )

wuudmludfainiladduniian R-square TndlAsstundsunndian Tunisuaunduan factor il

(%
a v A

YFuussanuusiugdeya seazideansnaaeuilsiail
1. eaauNan1sAIANIsain1suan i SeufisuiuaIn1sanlWinese s1efu vesszuuwad
WAIDNME 291281 06.00 B9 18.00 WIHINT IeewuinisiUSeuisusanidu 2 Wauly As Tun

an oA IUIY LaikUsusiu daanudunainieefingseiugs iintu-anasuwuunsioans
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TusUnuusedisad wag Juidianmenniaudsusiu AranandussdansenfindiudsuuUasuy

AUNaU

2. naaaunani1saIan1saintsuaaliIeuisuiuansudaliingse sebeu veesyuy

wadwawenduun 12 MWp Jswrinuasusy Tdveualul w.m.2562

3. egeuNan1sAIAN1sainsHaa S suWisuiuanseanliiase s1eg9na vesssuy

wankaefinguun 12 MWp Janinuasugy Tideyalul w.a.2562
nanaaevillilensirasunuusiaesilélunisufulseanuudugivesnadniiile

Wisuifisy Audeyaannisingsa laeldAade nRMSE (normalized RMSE) [26] faaunnsi

(3.23)

2 (3.23)

nRMSE = ) X 100

i Z <51mulate1 measured;
it measured

3.6 519a298AVDINUNUINUIYFINSUNSNAGDU

(%
a v A=

nATelidnwiuuitasinisaansansuanlnivesssuuwaduaeindalsuuuaes
nst3udiledtuninumwaiugt (PFL Model) titorfunisnaaoy wazduduittuuiaesanunsa
aansainananlnildgionafivarnvare lasseaziBoanasiuiiivmme fe svuuiwad
WADIAIREILIA 12 MWp Usnaufneunawaduatenfinduuin 245 Wp 5188z dunsannsad

(3.5) S1uau 49,536 uis luiuidaninuasuss

1 M '

JUN 3.12 szuuwaduasfinduuin 12 Mwp



M15197 3.5 Aantinsliihvewnseaduatonfing [4]

31

Parameters of PV panel Value and Units
Rated Power of PV Panel, P, 245 Wp
Open Circuit Voltage of PV Panel, V. 371V
Short Circuit Current of PV Panel, I 8.8 A
Maximum Power Voltage of PV Panel, V, 30.1V
Maximum Power Current of PV Panel, |, 8.14 A
Ideality factor of PV Panel (n) 1.3
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UNN 4

NAaN15398 aganusigna

nan1sNAdauLlUSsUiBuAINISHaR TN SErINRUUIIaRIn1sATAnIsain1sHan bl v
srUUwaRLaIIngmeLuUTaasseuIanduauusiug (PFL Model) LarAiinasann
sruuwaaLaseiing ludsuindlve TnoAaunainedsu nRMSE (normalized RMSE) [26] 71
paufuld ouansinnisudsluivetssuuwadiasendindliiiintam vieddefinnata fie

[

WINAU +5 % 1Ag91999910AINULLUENVDILUUIIADINNITUITINNIUNINLANYINY 3-5 % [5]

a v

NYALLDYANANISNAFRUTAIL

4.1 wanagaunIsAIANISAINIsHaRlNT YRS UIUIwadLEIaings18TY
nhFeULUUSIaesTidauelneSeUTsunadwsInnTIaeInaswan llilve sy uLIad

wavonindmenuudiasensiseuiileituaiiuuaiuga (PFL Model) AUA1939910N1590 wuy

sty iiiedunisnadeuiuusassfitiaueauisaainnisainisraslnin o nsUAsuudas

Y99ANUTUSIF901 TN lnaeawiuegT Tnedinan1snagaussll

10
9 —Proposed Model
. ~—Measured Data
C
g 7
s
E.6
5
—
C 4
1
v 3
3
= 2
1
0
SeMmMUToEMNMNETOoOOMETOOMBETSOMXEXTOoOEM
kA A A A R A R e e S e e
S o eFRNEESST S D mm e e TGS D~
I E E R E e e e e T P rm e e e e e e e e e e e
Time

JUN 4.1 waansiSeuiisunmsndnlninaSessninuuudiaesiiauswasAiinle

Tuanmenawaula Jweuiung
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U7 (4.1) Tunsdlanwenniaudsla Swuiune wuimginssunsnaalnivesssuy

s a o« v Ao & ) a = o 1% =i

wanuaseniing s1etu ddnvazilugusedindn nsedaliihdauadtatenuanuduua

a é{ ! = v 5 L= ! I (% ! a Ao v !
WNTulazanated1enn Lagnadnsni1siuTeuiisuiuaasandala awnsouansdl nRMSE
(normalized RMSE) Wiy 1.79 % uanasanns199 (4.1)

= = = v g a ] ° A o U 1Ay U a

WalUSeuiieunainsnsnanlnihsenirsuuiaesiiaueduailaannisingsaves

I3 a ¢ = Y o o a ¢ o ) ' a =

szuuwaniasfing Tunsdlanuduiidnieadiudsuivatiuudunduy wudt nsuaalniid

nsidsuudasluluiiamaiieniu uansisgui (4.2) uagA1uInA nRMSE (normalized RMSE)

Wiy 3.19 % Lanafanisei (@.1)

12
—Proposed Model
==Measured Data

=

=]

Power Output (MW)
N

=3 - - oL =) = - -~ b ol "L PRI T
SRSl C SNETEE B S e Ao RN N e T

UM 4.2 wadnsilIeuiiunisanlnihassseniiuuudiaesntduaueiasAiinla

Tuan neiniawlsusin JuaudsunUaakuudunay
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(MW) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Avg.

*M. 1368 1436 1880 1793 1315 1550 1489 1647 1668 1350 1071 839 1450
*P. 1348 1470 1934 1827 1316 1549 1468 1640 1674 1334 1040 840 1453
*nR. 146 234 291 191 007 011 141 046 037 117 285 0.13 1.26

*M. A9 Measurement Data, P. A9 Proposed Model with PFL. Model tiag nR. @@ nRMSE (%)

9NAN51991 (4.2) uansrInIsHA NN Sz uUwaduasefindladesaiioudian 1450
MWh wazansaanisainisranlniivesuuudiassadoreioudan 1453 MWh wu3n1SHER
TWihasesiAmumanAdeu nRMSE (normalized RMSE) laaga1nHasnsyesuuusians iy
1.26 %
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Month Year
Data
Summer Rainy Winter Average Summary
Measured Data (MWh) 1606 1589 1157 1450 17406
Proposed Model (MWh) 1637 1583 1141 1453 17440
NRMSE (%) 1.81 0.59 1.40 1.26 0.21
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Abstract — This paper describes the objective of the
model to produce electricity from solar cell applications
MATLAB SIMULINK Compared with the data of
electricity from photoveltaic power systems in Cambodia.
Using models 1D5P (equivalent circuit analysis of one of the
diodes. solar cells based on 5 parameters are the main
factors in the equation that represents the equivalent
circuit). 1 parameters are used to simulate the solar
irradiance and module temperature from the retention of a
calculation to determine the solar farm to generate
electricity. And compared with the actual electricity. By
comparing the results of the simulation with high accuracy.
And display of the RMSE range of 0.01 te 0.15 and with an
average of RMSE is 0.09.

Keywords— PV, 1D5P, RMSE
L INTRODUCTION

This paper presents a model for the production of
electricity from solar cell by Matlab/Simulink program. This
Program can be simulated the production of electricity which
will get the result equivalent to the actual in efficiently. This
modeling has started to study the equivalent circuit in one diode.
The single-diode equivalent circuats (1D) are commonly to study
the model and one diode five parameters (1DSP) consist of a
photo current (I;y). a diede, a parallel resistance (Ra) expressing
a leakage current (J5), and a series resistance (Rs).

The 28 kWp PV subsystem installed in Cambodia were
vsed in this smudy [2]. Technology type is crystalline Si solar
cells. The system consists 112 modules. each module is 245
Wp/module. In this article. it has been tested with only one
module. To observe PV module power output.

In this paper, we described the comparison of PV
simulation model with actual PV module power output. The
parameters were used to verify model 15 PV module power
output.

II. A MODEL OF PV MODULE (1D5P MODEL)

Figure 1 shows the structure of PV power system
simulation model with MATLAB/Simulink software. The model
used two main parameters for calculation which solar irradiance
and module temperature The simulation model was developed
by single-diode equivalent circuits (1DSP model) for simulated
PV module power output and compared with other commercial
software simulations to confirm the modeling which showed the
correct characteristic of PV, as shown in (1):

m

N~ h_fo{mi Q{IEH_RS}W—I'—(I-L +1R;)
P 5
\ == A _I Ry

where Ipn 15 photo current (A). fo is the leakage current of the
diode (A). q 1s electron charge (1.602 x 107 C). k is Boltzmann
constant (1381 x 107 J/K). T is actual cell temperature (K). Rs
15 series resistance (Q). and R 15 shunt resistance (Q) and the
ideal factor according to the PV technology involved.

In this study, the RMSE (Root Mean Square Error)
technique is a frequently used measure of the differences
between values (sample and population values) predicted by a
model or an estimator and the values actually observed. The
parameter was defined by

1N 2
RMSE =, |— P -F =
Vn EEI( Stousiate ~ Eldoarrad ) @

where the measured data 15 PMesswed and the Smmulation data 1s
Pinmiated.
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TWwray

Fig 1 Structure of PV module simulation model (1D3P).
I SIMULATION OF PV MODULE

Compare the electricity between models with electricity
in one year from the power systems in Cambodia.

A Daily PV Module System Output Sumulation.

In case of sunny day, 14® Feb 2015, Comparison
between the actual cost of electricity 1s calculated from the
model with data from the truth. Found that the error 1s very low
(RMSE = 0.037) as shown m Figure 2. and found that the
electricity from the model were lower than the actual electricity.
As shown mn Table 1 and a deviation of 3.38 %.

= Mensmoed (W)

o Sl = 1DSP (W)

RMSE - 0.037

Poiror (W]

Fig2 Simulated-1D5P and measured P power output on 14% Feb 2015.

TABLE 1: Comparisons Si 1D3P with d PV power output on
14%Feb 2015.
Measured data Simulated - Error (%)
1D5P
Energy (EWh) 1250°73 1202.87 383
DC Yield 44.67 4296 3.83
DCPR EET] 6.92 383

274

B. Monthly PV Module Power Output Simulation

In comparison, RMSE of each month, you can see that
very little has changed. Is ranged from 0.1 to 0.18 and 0.09, with
an average of RMSE show that this model can be replicated
effectively. As shown in Figure 3 and Table 2.

When comparing the results of the monthly electricity
production from solar farm in Cambodia for a period of one
year, found that the electricity from the solar farm 1s actually the
average monthly electricity equal to 4.04 kWh and the power
generation of the model with an average of 4.02 kWh per
month, show that model (1D5P) can sumulate the electricity
efficiently. As shown in Figure 4 and Table 3

s .
LA L *
*
LA L) o
£ * e
& e *
| .
5
.
i -
* %
we | g
ALY *
uS  Tebo Mar Apr Bay Rm Jul ug Sep De B D Avg
Manths

Fig 3The efficiencies of Simulated-1D35P.

TABLE 2: The effici of Simulated-1D5P in Cambodia.
Months RMSE
Jan 0.02
Feb 0.04
Mar 0.11
Apr 0.13
May 0.12
T 0.15
Jul 0:17
Ang 0.13
Sep 0.03
Oct 0.03
Nov 0.18
Dec 0.01
Avg 0.09

52



5™nternational Electrical Engineering Congress, Pattaya, Thailand, 8-10 March 2017

Simulated - 11395

W Measured

i
i

Months
B

E

L3

EE' 130 200 am L1 Am am

Energy (KWh)

Fig 4 Comparison of PV power oufput in each month

TABLE 3: C 1 of Simulated-1D5P with d monthly PV module
power output in Cambodia.
Months Measured data Simulated - 1ID5P
(EWh) (EWh)

Jan 347 396
Feb 395 399
Mar 392 402
Apr 416 403
May 416 4.04
Jim 418 4.03
Jul 418 4.01
Aug 413 401
Sep 404 401
Oct 403 4.00
Nov 382 4.00
Dec 396 397
Avg. 404 402
RMSE - D09

IV. CONCLUSIONS

This paper presents a comparison between the models
produced by the solar power program MATLAB / SIMULINK
Created from an analysis of one diode equivalent circuit of a
solar cell by 5 parameters as primary key (1D5P) with real
electricity from solar farm i Cambodia by bringing solar
trradiance and module temperature in the calculation model. To

275

get the electricity and compared with information on electricity
in one year, results showed that the model has high accuracy by
the results of the RMSE of each month in the range of 0.01 to
0.18 and the average RMSE is 0.09.

11
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[31
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Abstract — This paper describes the objective of the
model to produce electricity from solar program. MATLAB
/ SINIULINK. Compared with actual production data from
electricity plants. This information is taken from the
program PVSYST (crawlers electricity from real factories).
The models created from an analysis of the equivalent circuit
model of a diode, solar cell, with 5 parameters are the main
factors used in the calculations were called 1 D3 P. The
comparison fakes into account the impact on solar
irradiance and module temperature. The result of the
comparison. The model has high accuracy and is close to the
actual data to generate electricity.

Keywords — PV,
temperature, RMSE

Solar  irradiance,

I INTRODUCTION

At present. renewable energy has an important role in
meeting the world energy balance. The need for 1

standard test condition (STC) and use information of PV module
on table 1.

TABLE 1: The information of the PV module

energy 1s rapidly mereasing m the world, especially the solar
energy resource such as solar cells due to its properties like
being abundant. clean. pollution-free. and sustamable. The most
important steps after installation of photovoltaic system are
checking and mamtenance. If we can estunate the energy
production of PV system. it will be available to check the system
fault by comparing the real data with estumated data. The models
to estimate the energy production of PV system usually start
from PV module’s modeling.

Many researchers have provided the models of PV
module. The single-diode equivalent circmts (1D) are commonly
to study the model and one diode five parameters (1D5P) consist
of a photo current (Ipx). a diode. a parallel resistance (Ra)
expressing a leakage current (Ip). and a series resistance (R.)

Tlus paper proposed model of energy production in
Photovoltaic module using Matlab/Simulink. This model was
implement base on single diode equivalent circuit. The energy
production of Photovoltaic module that is affected by irradiance
and module temperature are included i model. In addition, the
simulation result was compared to the Photovoltaic with

List Data

Rated Power, Pm (W) 250

Open Circuit Voltage, Vo, ref (V) 37.50

Short Circurt Current, Isc, ref (4) 8.76

Mazximum Power Voltage, Vm (V) 30.50

Maximum Power Current, Im (A) 820
pMoshile Temperature coefficients of Pmax -042 1%

Temperature coefficients of Ve -031 /%°C

Temperature coefficients of Isc 0.04 /%°C

by Temperature reference (To) 25°C

Temperature reference (Tref) 273 Eevin

Electron charge (q) 1602x10™C

Boltzmann constant (k) 1380x10™ J/Kevin

Diode ideality (Si-poly: A) 013

Band gap energy of semiconductor (Eg) 112

R senie (R} 023

II. MODELING

A Swgle diode equivalent circuit of a solar cell.

Figure 1 shows Single diode equivalent circuit (1D) of
a solar cell used in this model. The model consists of a photo
current (fz). a diode. a parallel resistance (%) expressing a
leakage current (Jp). and a series resistance (R;) This is called 5
parameter model (5P) Which makes this model is called 1D5P
model.
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Current Diode
Source H

|

Fig. 1 Single diode equivalent circuit (1D) of a solar cell.

_—— [m[q{v’L 4.3,)]_1]_{}_“15] -

nkT Ry,

where I 15 photo current (A). Iy is the leakage current of the
diode (A). q is electron charge (1.602 x 107%° C), k is Boltzmann
constant (1.381 x 1072 J/K), T is actual cell temperature (K). R+
1s series resistance (), and Rs 1s shunt resistance () and the
ideal factor according to the PV technology involved.

B. Performance of model (Simulated-1D35P)

The RMSE (Root Mean Square Error) technique is a
frequently wsed measure of the differences between values
(sample and population values) predicted by a model or an
estimator and the values actually observed. The parameter was
defined by

@

Ftruine ~ me)z

where the measured data 18 Pygaares and the Sinmmlation data 1s
Primulated.

III. SIMULATION OF PV MODULE
A Vanous Solar Irradiance and Constant Temperature.

The smmulation results of electric power from PV
module were generated and compared to the simulation of
PVSYST programs at the solar irradiance which varies 200, 400,
600, 800, and 1000 W/m® where the temperature of the PV
modules was constant 45 *C.

Testing shows that the companson between del

kL)

B Oher sofrae prograns (W) me HM

B Samilsbed- 1049

Power (W)

E an 0 200 ot

Solar Irradiance (Wim')

o I B LT

* 0 Wt R

. »
] e ez P b
% =
AWy '- B
Pt " -~ oo
L L] » iy
i

Pomer (W)

Vollage (V)

Figure 2: Comparnison of PV power output under difference solar irradiance
(module temperature = 45 *C)

Table 2 shows comparison of the simulation results
from model (1D5P) with PVSYST programs at various solar
wrradiances. It can be seen that RMSE values are very low in
tange 0.002 to 0.062.

TABLE 2: Comparisons Simulated-1D5P with PVSYST programs by varying

(1D5P) with PVSYST programs at various Solar Trradiance by a
constant temperature, which shows that the model is accurate m
predicting the characteristics and the electric power output of
solar cells, compared with the actual data as shown 1n figure 2.

282

the solar iradiance.
Solar Simulated-
irradiance PVSYST (W) 1D5P RMSE
(Wim?)

200 4538 42.56 0.062
400 90.72 88.52 0.024
600 13535 13510 0.002
800 18208 181.73 0.002
1000 223.93 228.00 0.018
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B. Various Temperature and Constant Irradiance. irradiances. It can be seen that RMSE values are in the range of
0.007 to 0.029.
The simulation results of electric power from PV
module were compared to the simulation of PVSYST programs TABLE 3. Comparisons Simulated-1D5P with PVSYST programs by varying
at the module temperature which varies 10, 25_ 40, 55_ and 70 °C Hemodule fnpemi:
where the solar irradiance was 1000 W/m®. Nadule e
Testing shows that the comparison between models temperature | PVSYST (W) 1D5P RMSE
(1D5P) with PVSYST programs at various Temperature by a o
constant Irradiance, which shows that the model (1D5P) 1s 10 266.54 226.04 0.015
accurate in predicting the charactenistics and the electric power
output of solar cells, compared with the actual data as shown
figure 3. 40 227.00 233.65 0.029
55 21526 21652 0.006

70 197.46 19881 0.007

25 250.00 250.16 0.001

IV. CONCLUSIONS

This paper describes a proven model to produce
electrnicity from solar program MATLAB / SIMULINK created
from a single diode equivalent circuat analysis of solar electnicity
to simulate accurately. By comparison, the power of solar cells
was calculated from the model aganst actual data to generate
electnicity from the plant This information 1s taken from the
program PVSYST at various Temperature and various Solar
Irradiance found that, compared to vanous Solar Iradiance,
RMSE 1s very low in the range of 0.002 to 0.062 and compared
with various Temperature, RMSE ranges from 0.007 to 0.029.
shows that there is very low. The model has high accuracy and is
Module Temperature ("C) close to the actual data to generate electricity.

Power (W)
3

10 1 w @ »
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The research presents the estimation model of PV power generation formore efficient data management in Thailand. The
estimation data is improved for aceuracy by accuracy process, it ins a statistical database of target areas in which the
amount of data will be on all possible behaviors. The proposed model improves data with functions obtained by optimizing
curves to represent the data at cach point to estimate the diffusion behavior of the statistical databasc of target areas [1]. In
order to verify the aceuracy of the proposed model with actual PV power generation, as shown in Fig. 1. The database ofthe
process should have at leasi I-year because the overall behavior of PV power generation in Thailand depends on the seasonal
weather in which Thailand has three seasons in a period of 1-vear. By festing, comparing PV power g ion the estimation
results with measurement data (PV system installs 12 MW in the central region, Thailand ) can be divided into two conditions
which are comparison on seasons, as shown in Fig 2. The result, the average %RMSE in the summer is 1.81 %o, rainy is 0.59
% and the winter is 1.40 %. From the result is found that the proposed model has the highest accuracy in the rainy season,
it can accurately estimate PV power generation despite the sudden climate change.

PV System Estimation Model

In) = Salar Imadiance
In; = Module Temperasire
(% =PV Power (Sm]
Ot =PV Power (imprive)

Figure 1. PV System Estimation Model [2] with Accuracy Process for Climatic Features of the Target Area.
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Figure 2. Proposed model and measured data of PV power output on daily (a) and seasons (b).
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Abstract: This research presents a method to improve data accuracy for the more efficient data
management of the studied applications. The data accuracy was improved using the preciseness
function learning model (PFL model). It contains a database in which the amount of data is more
or less dependent on all of the possible behavior of the studied application. The proposed model
improves data with funchions obtained by optimizing curves to represent the data at each point,
which estimate the database’s diffusion behavior, and functions can be built around all of the various
forms of databases. The proposed model always updates its database after processing, [t has been
learning to optimize the processing precision. Inorder to verify the precision of the proposed model
through its application to a PV system simulation model, the process’s database should contain at
least one year. This is because the overall behavior of the PV power output in Thailand depends on
the seasonal weather; Thailand has three seasons in a period of one year. The testing was performed
by comparing the PV power output. The simulation results with the actual measurement data
(12 MW PV system) can be divided into two conditions: the daily comparison and the seasonal PV
power output. As a result, the proposed model can accurately simulate the PV power output despite
the sudden daily climate change. The average nRMSE (normalized RMSE) of the proposed model is
very low (1.23%), and ranges from 0.309 to 2.26%. Therefore, it has been proven that this model is
very accurate.

Keywords: preciseness function learning model (PFL model); learning; photovoltaic; solar irradiance;
module temperature

1. Introduction

The application of mathematical models makes process improvement more convenient
because sometimes it is not able to perform experiments and modify the processes. The
model helps us to obtain in-depth information to be used for the benefits of education or
business. The adequacy of the model which is used relies on its accuracy in processing
the results. Suppose the model has low accuracy; it will cause more disadvantages than
benefits. The primary source of this research will be a recognition of the importance of the
model’s accuracy. At present, photovoltaic generators have been installed as a substitute
for various sources of electrical energy, for applications such as home appliances, utilities,
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external battery packs, and generators, etc. The most critical steps after the installation
of the PV system are maintenance and checking. If we estimate the PV system's energy
production, we will be available to check for system faults by comparing the measured
data with the simulation data for energy management, and checking whether it exceeds its
maximum benefit. Data accuracy is a critical factor for effective energy data management.
As such, this research will present a PV system estimation model with a preciseness
function learning model.

Many researchers have conducted studies on the creation of PV models, from one-
panel simulations to systems simulations of solar cells. PV models are mainly affected by
the module temperature and solar irradiance. Most of the modeling research is the analysis
of single-diode equivalent circuits (five parameters model) [1-18]. These models have
five parameters: photocurrent, the ideal factor according to the photovoltaic technology,
parallel resistance, leakage current, and series resistance. In many studies, the data accuracy
has been improved after simulating the data from the model by different methods. For
example, the improvement of the aceuracy of PV models by the use of weight functions
obtained by 1-year measured data has been studied [1]. This method makes the model
more accurate by evaluating the database using a polynomial equation. This equation is a
data evaluation in one form of a curve-fitting process. Other research has shown the linear
weighting method for PV power forecasting models [2]. This method updates the model
data using a linear equation in order to obtain the final result. Based on several studies on
the improvement of the accuracy of the database, each method [3-6] has different strengths
depending on the distribution behavior of the database. Therefore, this research combines
each method’s strengths and develops it as a new data precision improvement method in
order to make the model more efficient for the best data management.

This research aims to improve the processing accuracy of models in order to make the
models more useful. The method used to improve the data accuracy is the incorporation
of the strengths of the creation of a function from a database to solve problems if a high
distribution of information is created. This model can be made more effective by adding
output data into the database to enable the model to be self-learning, and to calculate more
precisely in the next ealculations. The case studies applied to this process were the power
output simulation model of photovoltaic systems, and comparison of the efficiency with the
other methods or processes of accuracy improvement researched earlier. The test used data
from photovoltaic systems in Thailand (14°10'78.1" north latitude and 100°16'94.9" east
longitude). There were two inputs in this model, which are solar irradiance and module
temperature, and the output of the model was the power output value of the photovoltaic
system. The test was to bring the PV power output value from the accuracy improved
model in the different forms, including this research process compared to the actual PV
power output in three seasons: the summer, the rainy season, and the winter. The climate
changes of the target area have a profound effect on the performance of photovoltaic
systems, and also the timing of the installation of the system that causes energy loss in
various fields. For this reason, the research devised a method to optimize the data accuracy
of the PV system simulation model in order to be as accurate as possible in any climate
change. The proposed model detects an abnormality in the power generation of the system
and uses the obtained data to check the system for the most efficient system.

2. Materials and Methods of the PV System Simulation Model
2.1. Propesed Model for Accuracy Improvement (Interactive Curve Fitting)

The model was created from the analysis of the most suitable curve to represent the
data in each point of interest in order to estimate the value of the data, which is called a

‘curve-fitting process’ [19,20], and to select the target function in many forms for analysis,

which is called the ‘optimization process’. The functions used in this model are shown
as follows.
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Exponential models provide a 1-term and a 2-term exponential model given by
Equations (1) and (2).
Yoyt = ae™ m

Yexp2 = ael™ 4 e 2)

Exponential models are often used when the quantity’s rate of change is propor-
tional to the quantity’s initial amount. If the coefficient associated with b and/ord is
negative, § represents exponential decay. If the coefficient is positive, y represents exponen-
tial growth.

The Fourier series models are the summation of the sine and cosine functions that
describe a periodic signal. It represents them in either the trigonometric form or the
exponential form. This fitting curve, shown in Equation (3), provides this trigonometric
Fourier series form:

Yg =g+ E"E'I a;cos(iwx) + bsin(iwx) (3)

where 4, is the model’s a constant (intercept) term in the data, and is associated with
the i =0 cosine term; w is the signal’s fundamental frequency; nfis the number of terms
(harmonics) in the series 1 < ff < 5.

The Gaussian model fits peaks; and is given by
n - - (EY
0 =Lt poe T @
where @ is the amplitude, b is the centroid, ¢ is related to the peak width, and ng is the
number of peaks to fit; this provides a 1-term and a 2-term Gaussian model.

Polynemial models for curves are given by

=Dt ®

where 1y + 1 is the polynomial order, 1, is the polynomial degree, and 1 < ny < 5. The
order gives the number of coefficients to be fitted, and the degree gives the highest power
of the predictor variable.

The sum of sines model fits periodic functions, and is given by

o =Y asin(bx +c) G}

where a is the amplitude, bis the frequency, and ¢ is the phase constant for each sine wave
term. # is the number of terms in the series, and it provides 1-term and a 2-term Sum of
Sines models.

Each of the methods above is estimated to be accurately calculated as a function based
on the studied database’s distributed behavior.

2.2. One Diode Equivalent Circuit

In order to understand solar cells’ electrical properties, the equivalent circuit of solar
cells [7,8]—as shown in Figure 1—was considered. The solar cell consists of a constant
current source, which is the currentof the solar cells caused by the solar irradiance (Iph)r the
p-it junction of a diode, the series resistance in the solar cell (Rs), and the parallel resistance
within the solar cell (Rg).

The photocurrent (1) from solar irradiance will be divided through the diode and R,
and then load (Ry). The current flowing through R; and Ry is I.

Ly =Iz+1 @)
I=1Ipy —1Iy (8)

where Iy, is photocurrent (A), I is the current generated by the diode (A), and I is current
that the solar cells produce (A).
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R Vi L

' Current Diode |
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Figure 1. Ideal single diode equivalent circuit of a photovoltaic eell [7,8].

When R; =0, and I; is given by

TS I [exp(ﬂi‘;?m) ] 11 )

where I is the current generated by the diode (A), [, is the reverse saturation current of
the diode (A), g is the electron charge value (1.602 x 1019 C), k is the Boltzmann constant
(1.381 x 10723]/K), T,y is the actual temperature at the PV module (K), R; is the series
resistance (Q)), Ry, is the shunt or parallel resistance (€2), and # is the ideal factor of a diode
according to the PV technology involved (chosen from Table 1).

Table 1. The ideal factor depends on the PV technology [18,21].

PV Technology Values
Monocrystalline 2
Palycrystalline 13
CdTe 15
cIs 15
GaAs 13
Amarphous silicon single junction 1.8
Amorphous silicon double junciion 33
Amorphous silicon triple junction 5.0

By substituting Equation (9) into Equation (8), we obtain Equation (10):

Ljg> P gVo '\
1 =1y, Ig[e:(p(nkrm) 1] (10)

In the case of a short-circuit, the load to obtain the maximum current value of the solar
cell (I;), ¥, =0, is given by

1= Iph =1y (11)

In this case, the photocurrent (Iy) is L, and is equal to the current generated by the
solar irradiance. The circuit is opened at the load point for the maximum solar cell voltage
(Voekl= 0, and V; = Vi

== qVoc \
In=1y [Mp(nkTm) 1} (12)
1 v,
ph qVoc _
In I = nkTy 1 (13)

1
So: Voo = @(Fnﬂ +1) (14)
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where Iy, is the photocurrent (A), I, is the reverse saturation current of the diode (A), 9 is
the electron charge value (1.602 x 10~19 C), k is the Boltzmann constant (1.381 x 10~ 2 [/K),
T is the actual temperature at the PV module (K), Vs is the open-circuit voltage (V), and n
is the ideal factor of a diode according to the PV technology involved (chosen from Table 1).

In the case of the load having 0 < Ry, < infinitely, the solar cell supplies current (I) and
voltage (V) to the load between 0 <1 < I;c and 0 < V < V.. The values of the current and
voltage that cause both volumes to have the highest value are called the maximum current
and the maximum voltage, respectively. This gives the maximum electric power, as shown
in Figure 2.

POW)

1A,

i Vimax  Foc Vi)

Figure 2. Electrical properties of the solar cells when exposed to solar irradiance.

2.3. Effects of the Series Resistance and Parallel Resistance of Solar Cells

From the equivalent circuit of a solar cell, as shown in Figure 3, while operating, it can
be seen that the current from solar irradiance is represented by a constant current source
(Ipyy ). It emits an electrical current in the opposite direction to the current that flows through
the p— junction in ideal (I3).

RI
=

I + ¥

h 1 | By '

I I & l a T !
T v XZ R, v &
Load

Current Diode
Source !

Figure 3, Equivalent circuit (Single diode) of a photovoltaic cell [7,8].

The series resistance occurred because of the semiconductor’s resistance, the resistance
of the ommic contact area between the metal and the p and 1 parts, the resistance of the
connecting wires, and the sum of all of the series resistance, abbreviated as Rs. Paral-
lel resistance, Ry, is a hypothetical resistance parallel to the boundary in the complete
P junction.

Ideally, the value of Ry, is infinite and, in the ideal solar cell, the value of R; is zero.
However, in practice, the semiconductor crystal has a breakdown. Joints, especially those
with large areas, have defective parts, resulting in an incomplete p—# junction. Therefore,
the Ry value is not infinite, and the result of the R; value is not equal to zero. The effects
of the R; and Ry, values will change the properties of the solar cells. In general, the Ry, is
not high enough to ignore the effect on the solar cell properties, but the R, resistance will
significantly affect the solar cell properties. In designing the structure’s characteristics, the
builders must then consider the effect of the R; value.
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Rs=0and I are given by

I=ly—Io [exp(ni‘? ) _ 1] (15)

If Rs > 0 and Ry, < infinity, Vg = V) + IR is given by

Vi +IR Vi +1IR
I=Iph _jo[gxp(q(ikirms)j _1} _%

where I, is the photocurrent (A), Ip is the reverse saturation current of the diode (A), g is
the electron charge value (1.602 x 1019 C), k is the Boltzmann constant (1.381 x 10-2 [/K),
T,y is the actual temperature at the PV module (K), R, is the series resistance ((), Ry, is the
shunt or parallel resistance (€1), and 1 is the ideal factor of a diode according to the PV
technology involved (chosen from Table 1).

From Equation (16) and Figure 4 showing R.’ effect on solar cells, it can be seen that
solar cells with a high R; value will suffer fewer short-circuit currents. The slope of the
graph was also decreased, resulting in much less energy from the solar cells. Therefore,
when creating solar cells, there should be a way to reduce R; to the minimum possible.

(16)

1) Py

e

Re=d £3

L]

i Tz 0 Yoe "I

Figure 4. Influence of the series resistance on the solar cell putput properties.

2.4, Effect of Solar Irradiance on the Solar Cells

The solar irradiance has a great effect on how the solar cell's electric current and power
change, as shown in Figure 5.

HiAN Fiw)

Maddule Temperature=23C Miduie Temperaure~23°C

Salar frraiance= |0 Wind

Soliar radiaace = 1000 W'

U]
Figure 5. Effect of solar irradiance on the solar cells [7,8].

When V =0, ] is given by
1= Iph = Isc (17)

2.5. Effect of Temperature on the Solar Cells

The temperature of the solar panel has a direct effect on the voltage. When the
temperature is high, the voltage will drop and this will result in decreased power, as shown
in Figure 6.
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Figure 6. Effect of temperature on the solar cells [7,8].
When [ =0, Vo=V, is given by
nkT, Ipi
Voo = —"‘(mi +1 (18)
q Iy

2.6. Equation Using for PV Simulation Mocel

The basic structure of a solar cell consists of a p—# junction of a silicon semiconductor
represented by a diode and current source in an equivalent circuit, as shown in Figure 3.
When the solar irradiance falls onto the solar cell, it creates charges at the p—n junction,
and moves by the electric field that occurs at the p— junction. For this reasen, it causes
the voltage at both poles. When connected to the load, the current flowing into the circuit
is directly proportional to the solar irradiance. Equation (19) shows that the solar cells’
current and voltage properties are in the form of an exponential equation [7,8]:

FA'A'A) GtvL +IRs) Y ] (Vo +1R5)
I_IP,, Iu[exp( KT ) 1 - Ls. B (19)

where I is the photocurrent (A), I is the reverse saturation current of the diede (A), Ty,
is the actual temperature at the PV module (K), R; is the series resistance ((1), Ry, is the
shunt or the parallel resistance (£)), and n is the ideal factor of a diode according to the PV
technology involved (chosen from Table 1).

The PV system simulation model (1D5P) was created from Equation (19). It consists
of a single diode (1D) and five main parameters (5P) [1-3]. The 5P consist of a current
photo, Iph; the ideal factor according to the photovoltaic technology involved, n; a parallel
resistance, Ry, expressing a leakage current, Ip; and a series resistance, Rs [7-9]. The PV
system simulation model was analyzed using Kirchhoff's law, and was used to estimate
the photovoltaic power output.

The photocurrent, Iy, (A) depends on the solar irradiance and module temperature.
However, changes a lot with the solar irradiance. Consequently, this photocurrent can be
expressed as Equation (20):

G
Iph o G_[I:sc,rr'f Ftse((Tn — Tre_,f‘” (20)
ref.
where I is the short circuit current (A), Ty is the module temperature (K), Tn_:f' is the
module temperature at the standard test conditions (STC) (298 K), jis is the temperature
coefficients of I.; (A /°C), G is the solar irradiance (W/m?), and C,-rf is the solar irradiance
at STC (1000 W/m?2).

The module temperature directly affects the reverse saturation current of the diode I,

as shown in Equations (21)}-(23):

3
_ T qES 1 1
lo = lore (r—f) “"PKW Ty T e
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—Voc
Tores = Iscexp (%) (22)

m

3
. o q{_Vﬂf) Tm ﬁ L i
So: Ip= [Iscexp( kT )} (Tref) exp |:( nk (Tmf - Tm))] (23)

where Iy is the short circuit current (A), Ty is the module temperature (K), Tmf is the module
temperature at STC (298 K), Vi is the open-circuit voltage (V), Eg is the band energy gap of
the solar cell, and # is the ideal factor according to the PV technology involved.

It is impossible to ignore the series resistance (R;) and the shunt resistance (Rg,). The
form of the circuit that takes the series resistance (R,) and the shunt resistance (R} is
shown in Figure 3. The solar cell connects in series to increase the voltage, and connects in
parallel to increase the electric current. The voltage and eurrent will vary according to Rs
and Ry,.

The shunt or parallel resistance, Ry, is defined in Equation (24):

Vi + (ImRs]
VLR, o,
b ref Isc,ref{”P[ﬂ—um—fl} } +1.<c,ref{f-’xﬁ[£"rr,fﬂ“ —

where Ry, is the shunt or parallel resistance ((1), R; is the series resistance ({2), P, is the
rated power of the PV panel (W), V,, is the maximum power voltage of the PV panel (V),
Iy is the maximum power current of the PV panel (A), V. ref is the open circuit voltage of
the PV panel (V), Iy s is the short circuit current of the PV panel (A).

Ra= (24)

3. Method of Accuracy Improvement
3.1. Preciseness Function Learning Model (PFL Model)

The proposed model is the data precision improvement pracess method based on a
database that shows the application’s behavior to be studied. The amount of database data
is either large or small, depending on all of the application’s behavior. The proposed model
uses a process called the "Preciseness function learning model” (PFL model). The process
relies on various curve-fitting principles to bring out each format’s strengths to improve the
data accuracy. The structure and method of operation of the process are shown in Figure 7.

[Preciseness Funetion Learning Model (PFL Model) ’

Eipi fik * Eipe E

Database, &
Dmﬂﬂm

M i RIS -
Feedback
Bert = Dim

Figure 7. Structure of the Preciseness Function Learning Model (PFL Model).

The details and methods of each step can be explained as follows.

Step 1: The application’s functional format contains an input to obtain the output, and
takes the output as the input of the model in order to improve the data’s accuracy. This can
be written as Equation (25):
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_f(ALAZ,AS,...,A,,J.P‘) —B=Eip (25)

where Ay, Ay, Az, ..., Ay are the input of the studied application’s computational process,
B is the output of the studied application’s computational process, and Er'pf is the input of
the proposed model and the data that is used to improve the accuracy.

Step 2: The finding of the factors to improve the data’s accuracy can be accomplished
as follows:

Jug % Ejpt = Eopt = By (26)
So: Bjmp = fu, Er’pr (27)
X x
= ? R Ari,-j,, (28)
ipt ng

where fy. is the factor used to adjust the accuracy of the data, Ey is the output of the
proposed model and the data that has improved the accuracy, B,-m.p 15 the data that has been
improved for accuracy, (x) is the relative function of the input and output of the studied
application with 15 databases, and np, is the number of the database.

In order to find the relative function of the input and eutput of the studied application,
we analyzed the database’s value into equations by a curve-fitting process in Table 2
(Exponential models, Fourier series models, Gaussian models, Polynomial models, and
sum of sines models).

Table 2. Curve-fitting functions of the database.

Types Functions
Exponential Wexplx) = ase
n,
i - s | i n
Fourier ) = as, + ¥ agcos(iwsx)+ bs,sin (iwsx)
- =1 é
2 1, xebe 2
i — (gt
Gaussian Py(x) = 'E] ae
iz
T e Py = asx + by
. , Ny +1 J
Polynomial p(x) = & ps, 25 +1-i
=1
R, .
Sum of sine

Pgilx) = }:ﬂl as,sin(bs,x +c5)
I

The Ayipe € Ejpy is shown in Figure 8.

Figure & shows the trendline from the database’s estimation in the form of various
equations with a curve-fitting process. The curve-fitting of the database in various forms
has different curves, depending on the amount of data or the data distribution. A method
of improving the data accuracy is the selection of the equation model using the curve-fitting
process with the most accurate curve adjustment, which is chosen from the equation model
with the R-square closest to 1, as summarized in Table 3.

The proposed model selects a curve-fitting function of the database with an R-square
value closest to 1 from Table 3. The accuracy-improved data is given by

Bimp = qh’(;?f}::m)} ) x Ejpy (29)
db

where Bjyy, is the accuracy improved data; §'x(Ayjp) is the relative function of the input
and output of the studied application with 15, databases, from which the x function form
is selected; E,-p, is the input of the proposed model and the data used for the accuracy
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improvement, and 1; where I; is currently generated by the diode (A), I; is the reverse
saturation current of the jp is the number of the database.

= Database /

— Exponential v/
Fourier exp
Gaussian l'l'lp_

Linear Y
— Polynomial
—Sum of sine

Fourier

Gaussian  0.9829
Linear 09987
Polynomial 09943
Sum of sine 0495

.P(Anipl)

Anipt
Figure 8. Example of a database of the model with curve-fitting in various forms.

Table 3. Example of the R-square values of the curve-fitting types.

Curve Fitting Types R-Square
Exponential 0.9029
Fourier 0.9996
Gaussian 0.9829
Linear 0.9987
Polynonual 0.9993
Sum of Sine 0.9987

Step 3: The proposed model always updates its database after processing. That is, the
proposed model learns to further optimize the processing precision. The Learning Method
Structure process of the proposed model is shown in Figure 9.

I Learning Method of Process | F:E;’“’

Database

Feedback Dy,

Figure 9. Learning method structure of the preciseness function learning model (PFL Model).

The details can be explained in equations, as follows:

Database = Dy, (30)

M .
X,

nap = 20 (31)
Xy
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where Dy is the database at the first precision improvement, #, is the number of the
database at the first precision improvement, x; is the number of databases, and Xy, is the
average amount of databases.

Datapew = Bfmp = Eopt = D (32)
Mmoo
_ L%

m =
Xm

(33)
where Dy, is the accuracy improved data, m is the number of the data, X is the amount
of data from the precision improvement, and Xy, is the average amount of data from the
precision improvement.

When Equation (31) + Equation (33), we obtain Equation (34), as follows:

dh .. m ,
i—oXi +Lj—0%j

Mgy +m = (34)

X gyt
where H gy, is the number of the new database, and X, . is the average amount

new databases.
So: Databasenew = Dr gy m (35)

where Dy 45, is an updated database that contains the number of data 14y,
Through precision improvements from self-learning models, the data adds enhanced
data to the database, in order to be more efficient in the next processing. This is given by

o)

Bimp = E xE
ip

ipt (36)
M i m

where B,-m. is the accuracy improved data; EPI(A"_,;W ) is the relative function of the input and
output of the studied application with 1., databases, and its selected x function form;
Er-m is the input of the proposed model, with the data that is used to improve the accuracy;
and M3y, is the number of the database.

3.2. Photovoltaic System Simulation Model with Preciseness Function Learning Model
(PFL Model)

Figure 10 shows the structure of the photovoltaic simulation model with the pre-
ciseness reciprocation process. The structure describes the system of the model, which is
divided into 2 parts:

Part 1: Photoveltaic simulation model, which has two inputs (solar irradiance and

module temperature) and one output (PV power).

Part 2: Improving the accuracy of the photovoltaic simulation model’s output by the

proposed model (Preciseness Function Learning Model (PFL Model)).

The reason to improve the data’s accuracy is that the results from the PV power
output of the PV simulation model are the ideal result due to the loss of energy in various
fields. Photovoltaic systems have many components that can affect electricity production,
whigch is the source of this research. The structure’s database is the PV systems data in the
central region, Thailand. The database should contain at least one year because the overall
behavior of photovoltaic power generation in Thailand depends on the seasonal weather.
Thailand has three seasons in a period of one year.

The function format of the application is the 1D5P PV systems simulation model,
according to Equation (19), which is given by

f(A1, A7) =B =E;p (37)
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where Aj is the solar irradiance (G, W/m?), A; is the module temperature (T, °C), and
B = Ejyy is the PV power output from the 1D5P PV systems simulation model (P, MW).
G € Pyyy is shown in Figure 11.
[ PV Simulation Model (ID3P) | p=======—-————mmm— = |
e ---;.'.‘._\ |P‘rucis:n:ss Function Learning Model {PFL Model) l :

ol
LS

| 1

:A:.‘{EI
=

| I
et

INPUT

Eix fix B By Eimp :

Ay =Salar Imadiance

A, =Moduole Temperature|
B =PV Power{8im))
B]mp =PV Power (Improve)

o
== T L. -
R

0 200 400 600 800 1000 1200
Solar Irradiance (W/m?)

Figure T1. Accuracy improvement of the proposed model.

The proposed model selects a Fourier function with an R-square value closest to 1
(0.9996) from Table 4. The accuracy improved data is given by Equation (38). The simulation
result is shown in Figure 12.

Pri(A1)
55: Bimp = [ f]’% x Bipy (38)
pt L]
ns,
Pp (A1) = a5, + ) ageos(iwsAy) + bysin(iwsAq) (39)
i=1

where By, is the accuracy improved PV power output (Prax, MW); a5 is the model and a4
is the intercept constant term in the data, which is associated with the i = 0 cosine term; w;
is the fundamental frequency of the signal; and ﬂsfis the number of harmonics terms in the
series, in which 1 < g < 5,
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Table 4. R-square values of the curve-fitting types.

Curve Fitting Types R-Square
Exponential 0.9119
Fourier 0.9996
Gaussian 0.9861
Linear 0.9946
Polynomial 0.9993
Sum of Sine 0.9904

1
5 o PV Power (Sim.)
PV Pawer Database B
= 12
g I]mzl\.h +m
= "B,
: imp
E
g
x 6
z
3 ‘B = By = PV Power (Sim )
Do = PV Porher Dutahasc
Bay = Egp= PN Power (Improne)
0

0 200 400 600 800 1000 1200
Solar Irradiance (W/m?)

Figure 12. Simulation result of the accuracy improvement.

4. Evaluate Results and Discussions
4.1. Information and Simulation of the PV System

The case study applies the proposed model for the improvement of the PV system
simulation model’s accuracy using 2-year measured data (2018-2019) from the PV system in
the central region of Thailand (14°10'78.1” north latitude and 100°16'94.9" east longitude).
The PV system consists of 48,980 PV panels and 12 inverters; one string consists of 24 PV
panels connected in series, and two series are connected in parallel; seven arrays consisting
of 10 strings are connected in parallel; two arrays consisting of eight strings are connected
in parallel, and nine arrays are connected in one inverter. The experiment of the PV system
is as shown in Table 5. The PV system has monitoring systems for all of the parameters,
which are recorded every 1 min.

Table 5. Information about the PV systems for the experiment.

PV Systems Rate Capacity Panels Number of PV Panel
Thailand (Central region) 12 MW 245 Wp 48,980

The pyranometer uses the KIPP&ZONEN band (CMP series) by installing it on the
same plane as the PV panel, and the thermometer is installed under the PV panel. The PV
panels uses the REC peak energy series band (REC245PE), as shown in Table 6.

In order to verify the accuracy of the proposed model with the application to the PV
system simulation model, the testing and comparison of the simulation results with the
actual measurement data can be divided into two conditions. These are the daily PV power
output in two weather conditions (cloudy day and sunny day) and the effect of climate
change for the electricity production of the photovoltaic systems. In this study, the model
was designed to calculate the PV power output in different weather conditions, which are
divided into seasons. These are in the summer (February—May), the rainy season (June—
September), and the winter (October—January). The division of the seasons in Thailand
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Power Output (MW)

o

was taken from the Thai Meteorological Department. The test uses data from photovoltaic
systems in Thailand (2018-2019). In order to verify the model that was used to improve the
accuracy, the most accurate results to compare the % RMSE [22] values with the measured
data is given by

" i _— - 02
9 RMSE — 1 E (:zmuiah’, mea:ured,) 100 (40)
ni= measured

where simulate; is the simulation data, measured; is the measured data and measured is the
average value of the measured data.

Table 6. Information of the PV panel for the experiment.

Parameters of PV Panel Value and Units
Rated Power of PV Panel, Py, 245 Wp
Open Circuit Voltage of PV Panel, Vo 371V
Short Circuit Current of PV Panel, I, 88 A
Maximum Power Voltage of PV Panel, Vi 301V
Maximum Power Current of PV Panel, Iy 514 A
Ideality factor of PV Panel (n}—Poly Crystalline [14] i}

4.2. Daily PV System Simulation

Figure 13 shows a comparison of the PV power output between the proposed model
and the actual measurement data of two weather conditions. The test results are as follows.

s .
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Figure 13. The proposed model and the measured data of the PV power output on a cloudy day (a) and a sunny day (b).

The PV power output of the proposed model tends to be in the same direction as the
data from the actual measurement data on a cloudy day. This shows that this model can
accurately simulate the PV power output in spite of sudden climate change. The nRMSE
(normalized RMSE) is deficient (3.19%), as shown in Figure 13a.

The proposed model can accurately simulate the PV power output on a sunny day,
and is very useful on days with the right weather conditions. The nRMSE (normalized
RMSE) is lower than the cloudy day (1.79%), as shown in Figure 13b.

The PV power output of the proposed model and the actual measurement data
are summarized in Table 7. The nRMSE (normalized RMSE) shows the accuracy of the
proposed model.
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Table 7. Comparison of the results on a sunny day and a cloudy day.
Case Day Measured Data (MW) Proposed Model (MW) nRMSE (Normalized RMSE)
Sunny Day 7143 7270 179
Cloudy Day 64.57 66.63 3.19

4.3. Seasonal PV System Simulation

In order to compare the electricity generation data of the proposed model and the
actual measurement, the conditions are divided into three seasons: the summer, the rainy
season, and the winter. The climate in each season is different. The climate is an essential
variable for the electricity generation of the PV system, including solar irradiance, ambient
temperature, and module temperature, etc. In this research, the proposed model's accuracy
is checked with the PV system simulation model application that calculates the PV system'’s
electricity generation in all climatic conditions. In the test, this research randomly generated
electricity for one week of the three seasons in 2019.

Figure 14 compares the PV power output between the propesed model and the actual
measurement data for the random week of the different seasons. The simulation results of
the sampling of the photovoltaic system’s electricity production, the simulation results, and
the data from the actual measurements tend to show a similar trend. The daily electricity
generation data for all three seasons have different weather conditions. However, the
proposed model shows that this medel can accurately simulate the electricity production
in the different weather conditions.

PV Pawer Owtpul (MW)
e & & = = BN

PV Pawer Output{ MW}

T

PV Power Outpat (MW)

Figure 14. The proposed model and the measured data of the PV power output in the three seasons.

(a) In the summer; (b) in the rainy season; (c} in the winter.

The accuracy of the proposed model of the monthly PV energy simulation compared
with the actual measurement data in 2018 and 2019. When analyzing the simulation results
of each season, such as in the summer, the rainy season, and the winter in Thailand’s
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tropical climate, the proposed model can simulate the PV energy precisely in all weather

conditions, as shown in Figure 15.
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Figure 15. Comparison of the PV energy of the simulated and measured data of the different seasons.

Table 8 shows the proposed model of the monthly PV energy and the actual mea-
surement data (2018). The proposed model results from 12 months of PV energy in
Thailand, showing that the average PV energy is 1516 MWh/month, and the PV en-
ergy is 18193 MWh/year. The actual measurement data has an average PV energy of
1504 MWh/month, and PV energy of 18053 MWh/ year. The nRMSE (normalized RMSE)
ranges from 0.06% to 4.05%, which is very low. The average nRMSE (normalized RMSE) is
1.19% for 12 months 2018).

Table 8. Comparison of the results of the proposed model and the measured data in 2018-2019.

Data 2018 2019 2018-2019
Summer Rainy  Winter Awerage Summer Rainy Winter Average  Awerage
Measured Data (MW) 1536 1347 1610 1504 1606 1589 1157 1450 1477
Proposed Model (MW) 1591 1342 1615 1516 1637 1583 1141 1453 1485
nRMSE (Normalized RMSE) 243 0.39 0.75 1.19 1.81 059 1.40 126 1.23

The test results of the PV energy of the proposed model and the actual measurement
data on monthly basis (2019) showed that the average PV energy is 1453 MWh/month,
and that the PV energy is 17440 MWh/ year. The average PV energy is 1450 MWh/month,
and the PV energy is 17406 MWh/year in the actual measurement data. The nRMSE
(normalized RMSE) ranges from 0.07% to 2.91%, which shows that this value is deficient.
The average nRMSE (normalized RMSE) is 1.26% for 12 months (in 2019).

In the comparison of the PV energy of the 24 months data of the proposed model
(2018-2019) with the actual measurements for all three seasons, the average nRMSE (nor-
malized RMSE) is 2.12% in the summer, 0.49% in the rainy season, and 1.08% in the winter.
These are the results of the proposed model.

In the rainy season, the model s at its highest accuracy. We found that the solar cells
in this area performed at their best because the dust was washed off the front of the solar
panels by the rain, and because the temperature accumulation of the solar panels is not as
high as it is in the summer. Because of this, it causes relatively little energy loss.

In the winter, the model is less accurate than it is in the rainy season, but more accurate
than it is in the summer because there is a lot of dust on the front of the solar panel, which
is a waste of energy for the solar cells. However, no heat is accumulated on the solar cells;
thus, the models presented can be processed better than those in summer.

In the summer, the model is less accurate than both seasons because the summer
temperature is high. The heat accumulation of the solar panel causes the temperature
to rise.
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In the actual case of a solar farm, the panel cleaning is not performed every day, but
there is a cleaning cycle. Therefore, the accumulated dust affects the solar cell’s electrical
power generation efficiency.

The main factors that affect the PV system'’s electricity production are solar irradiance,
which varies according to the solar cell’s current, and the panel’s temperature, which varies
according to the voltage of the solar cell. The proposed model has a method that uses the
relationship of solar irradiance and electricity generation to help improve the accuracy
process, but the module temperature is not used as a parameter in this model. For this
reason, the accuracy of the model in the summer is lower than it is in the rainy season.

4.4. Comparison with the PV Model with the Weight Function

The precision of the proposed model was verified by the comparison with the PV
Model with the weight function [1] and the actual data from the one-year measured data,
as shown in Figure 16.
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Figure 16. Comparison of the PV energy of the simulated and measured data of the different seasons.

The PV Model with the weight function [1] uses a method to quantify the difference
between the simulated data and the actual measurement data in the polynomial equation
form in order to improve the simulated data’s accuracy. This method is accurate with
a significant increase in the database, but as the database becomes more diffused, the
accuracy of this method is lower.

On the other hand, the proposed model was designed to analyze various database
behaviors diffused as equations in different forms of ‘curve-fitting process’. The pro-
posed model is a learning model that increases in accuracy every time it analyses and
calculates data.

The results show that the proposed medel has very high accuracy. The proposed
model has a lower nRMSE than the PV Model with the weight function in all three seasons,
as shown in Table 9.

Table 9. Comparison of the proposed model and the PV Model with the weight function in 2019,

Tais Proposed Model PV Model with Weight Func.
Summer Rainy Winter Average Summer Rainy Winter  Average
Measured Data (MW) 1606 1589 1157 1450 1606 1589 1157 1450
Simulation Data (MW) 1637 1583 1141 1453 1564 1543 1124 1410
nRMSE (Normalized RMSE) 1.81 0.59 140 1.26 263 2.89 2.88 2.80

5. Conclusions
This research presents a simulation of a method to improve the accuracy of mathemat-
ical models (the Preciseness Function Learning Model (PFL Model)) using a PV simulation
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model of the PV system, a precision test of the model, and a comparison of the 2-year
data of the proposed model with the actual measurements of the PV system. The accuracy
depends on the function selected from the curve-fitting process.

The results show that the proposed model has the highest accuracy in the rainy season.
The average nRMSE (normalized RMSE) of the proposed model is very low (1.23%), and
it ranges from 0.30% to 2.26%. It has been proven that this model is very accurate. The
proposed model is a learning model that can optimize the higher precision with which
the proposed model performs. It can be said that, after the accuracy improvement, the PV
power output will be added to the proposed model database in order to enable the model
to learn and improve the accuracy of the data in the next prediction results. In the future,
we plan to develop models to improve the data accuracy by correlating more than one
input to the outputs, in order to reduce the loss or error from the calculation during the
data precision improvement.
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