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ABSTRACT

This dissertation investigated the maximum power control of a rooftop
photovoltaic system using the perturbation and observation technique in order to
increase the efficiency of the grid-connected inverter. The goal was to improve the
traditional perturbation and observation algorithm to track the maximum power point
faster. The maximum power point was able to be tracked when the sun suddenly
changed and the proposed algorithm was able to reduce the oscillations around the
maximum power point. A predictive algorithm was used to control the electricity
supplied to the grid.

The traditional maximum power tracking algorithm was found to have
a disadvantage: it was slow to track the maximum power point when the sun suddenly
changed as well as when there were the high oscillations around the maximum power
point. The traditional method used a duty cycle control of the DC to DC converter to
control the voltage for tracking the maximum power point. The proposed method,
meanwhile, used a current control based on perturbation and observation algorithms in
combination with fuzzy logic algorithms. It also used the variable step sizes of current
adjustments so that the system was able to faster track the maximum power point when
the sun changed suddenly. The proposed method was also able to reduce the
oscillations around the maximum power point. The results of the proposed modified
algorithm were compared with the traditional methods. The experiment was divided into
two cases: with resistive load and with the grid-connected inverter.

The results showed that the proposed modified algorithm was able to track
the maximum power point faster than the traditional algorithm. The total harmonic
distortion was less than the traditional algorithm and a higher maximum power point

tracking efficiency was achieved.

Keywords: maximum power point control, perturbation and observation, predictive,

fuzzy logic
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dwmaliflFnufienudeitowariulalunisldnussuundinuuaseindinntu udegslsfin
Faidedrfnvessruundinunatonfing Avialdnisudandanulnildldfiuuseansam
wiimssullanuguiain anmgfionnia nsuadvesiue gamgl wazUIIuARad
Tnsamzmsinssuuvdeatiy fwdsmdnlusemalnedundsmuuunssiunen ilhin
AsuadanIniandeanes Muusinarddemanenisnaandsaulnfinvedselnfingany
UIN9ng

uATeilduauleRnuiimsuddaymsiinauwdiiedaeniniesnlunis
WasgdndamuazanaranugardefiAatulitunisanlnihndsnuuaseinddindauu
nastulasnsmimaiaislunismandremdsliingsga (MPPT) ileliszuuiingganns
Peidsgeanlisiniuiieannisgadeidsliilugunsaididnnsedindidalnsldaunsal
lulpsreulnsaaesiidsnia Sndadudunuuldiunsnaniniihanndsnuuaieingd
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Tunsfiemugandsnugantugaduatonfindnatowad dndudedinnnudilain
wankaefinduwiasadinnueddls ssuufnanugadteidiaanudasssuulunissiuiy
YoswaRLAIDTINgs19Y MdeusionuUoynsuvIevUL [2] fuUasiu (DC-DC) JUT 2.1 uans
UAoNlAOZINTUYBITTUUNSAAANLYATIEMAIEaEn

2.1 \waaussaniing

2.1.1 wnmisleadihnuressaduaseriing waduaseniindussnoumegunsalied
noufnnesiigadunasuazuvandundsaulyiii g L%aawwuuawamﬂa pﬂﬁ]dﬂ‘ﬁu%aﬂa‘u 7l
fiuszavisningsdia 17 % uiaziwaduszneusegiuiiede p LL@JU‘LJU‘L!?WVILR]@@UEJ n \legn
waslimeudifindsnumnnimdsnusavainveasiineudninofazgngadu deiuisads
fidnnseuleaiionitnalnlanlianidn JUf 2.2 uannsasauyadmivivaduasefing 1993
Usgneudigunasnssia lalen Mfunuluuaunsy LagMIFUNILLUYIWIL 58868 p-n gn
wnusglalen

sh pv

\J
O_

gﬂ 1 2.2 WUUTIADLYARLAIDTNE
nszualnvreanvauwad PV aiuisanivuatduiedduronsesulneisenveuead
PV lamsaunsi 1

P

I=1,-1,[ exp(q(V+R,)/KTA) - 1] - (V+IR,) /R

Ioh = nazualiifiidesmnuasan
4 = nazualiiihdusivedlelen
| = nszualnihiiluarnulvan
wseulnihiinnadeulvan
Rs = AMuEumMunigluaynsy

<
1l
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Ro = AMAUMIUNe v
q = Uszadiéinasau (1.6x10™ )
k = A1AINYBY Boltzmann (1.38x10-23 J/K)

& o 1 1Y) v a ed I3 a M vy 13

nszwalnily () Wudadiudunisatesednisefindwaduaseniinglasu wad

WA N SLYUABLUUBUNTULAL VU IUAULNDAT 1A AYAT LA TINSMURUUTIABIINITAE
WRE ANUENTUSTE NS IR ULAL N TELATRIMNITAT kAR TInda U sawanalaRsluauns 2

I=N I

p ph

N, I, [ exp(q(V/N +IR /N, KT A-1]-(N, V/N +IR )R, (2.2)

il N wag N, Ao31UIUEaa ka0 find Ny uAokUUaYNTLAs YUIUAUTUMES LEu
lAsdnuae P-V uag -V veduraadiasofindvialuuandusui 2.3 dren1saneed 0.2 kw/m?
f9 1.0 kw/m? daguiignmasgeaniligniuniiagauudulas PV dmsuusiasseaunmsanesed

T T
r ) ]
2 10 1 kW/m
TE' 2 T
§ 5 O05kwm - i
£ . = Y .
5] 0.2 KW/m —
0 1 } 1 Il — Il
0 50 100 150 200 250 300
Voltage (V)
T T T
L 2 4
__ 2000 o 1KW/m
s '_’,,_74-"(7,7 T
¢ 1000 - S\ =" - Oo5kwm |
& QY= ([ y2RSGES P ) N\ =CN 0.2 kW/m
0 e = \ |
0 50 100 150 200 250 300

Voltage (V)

JUM 2.3 idulAsdnuaisianzyed 1V uag P-V vasunigaduataniindnielaseiunisanesedn
IRII RN

2.1.2 3llnv0uwaduaseing wasuaseinduiinulasiasiinisndndudeinquie
Thin-film wag Crystalline Silicon LLamﬁﬂgUﬁI 2.4
vilavewaduaseiinodiaunsoutsmaianiilindnlddu 3 vdemdn (4] léun
1. waduasefindfndnanddroudedidnuaruntazudannudeeenldduassiiafe ¥ia
GOIGEE (Single Crystalline Silicon Solar Cell) Fusundndede Monocrystalline Silicon
Solar Cell wagaiinnansau (Polycrystalline Silicon Solar Cell)

2. waduaeindAinananevuefladaneuildnvaniduiiduuididwinuiuddszansnm
AoutnerUsyaas 5-10 %
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3. l[aaLase iR ANannasneflnduEy AsUiles dulden lawgialua (CIS: Copper
Indium Diselenide) unaldeu 8135talun (GaAs: Gallium Arsenide) waniile walaslse (CdTe:
Cadmium Telluride) fiUsgan3nings 20-25 %

PV Cell
Thin layer cells Crystalline Silicon cells
CdTe cells| |Amorphous| | CIS cells| |[Monocrystalling [Polycrystalline
silicon cells silicon cells cells
Efficiency | | Efficiency | | Efficiency Efficiency Efficiency
25% 6 %-8% | (1.5 %-9.5%| | 15 %-18 %| | 12 %-15 %

3UN 2.4 ¥llavesgaduataliing

a o ¢ a G4
2.2 AUUINITVBIISUULYaaLLaID 1NN e
WAL L UUNSIULAIDINNILA TRILINIT A NINUN L ASLR NL T UYI9EINAITT BN
AU SruusunuamduluusmaudAuandlugun 2.5

I

v pa.\&.

AT

o
&
Q.%'\QLK
PV Panel p \' =
<ef2h nﬁ\ |
I |
I I
PV Panel PV Panel
I

JUN 2.5 spuuwaduasenindwuusiueug
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nsroldeudnvazidiinisléfuvamdsnuandunatafewiafiomsounis
muAuMsARnILgaligean wnslvanflwaduaseniindsuniadenseuuueynsunazyuiy
fufioatsliiiussgeuaznszualigs nsdonuunugudussninunisldaululsdlundh
Wé’fwuuaqmﬁms?uazuu%gummﬁwﬁagjmﬁa (5] TneUnfudausdulnaooniianun (V) bhae
nszualiivieensionun (I,,) MnuHLsadLAteindLuUTIguSazgna T uIlonsATUANYA
Peidagean defvesaninonssudinanfomnuiBsudouazdunua esindududed
AkUasmasnulsgdnsangaiiseinfedlunisaivnuyedngindagean dmsussuueas
wasefindianun daidevessruuTinguiie winaninnsvheuresusaiedonatousnslsl
nsafuvdesgmelditeulunsgndsusdiusnmunuaaineidsgaanaglianunsaaiuaunns
yhauigeaneidsgaanvesusazunsld viliuszansamnnsinnugedieiidsgeaniingd
AILTUAS

ilesansansynuresanneilinssiuainnisgnisunsdry seuuiiBeninssuvania
Fauandluguil 2.6 lFunsiauniieuidgmigndeidageaaiefulamdsudiunans
Winsfien mavalwaduateniindszuull unawaduaseniindasdanguiduanss (uamaneuns
Beusefuuyn) uaraniudaraeidoudefufulamasdsiidunismuaugainemda
geandviuusazanss usanulnihanse (V) wagnszualansa (Iy) nanseunagad
waenfindusiazaneldilumuysn1snsiadugndiemMasgedn JefvedssuuanssfominIuANge
Poidageaniiseduanis fadulszansamnisfanugnineidageangenituuusiugus
aelateulailinssfusewinanis ognslsinuusazaniafanainisgadendanudiniuing
aelfanneilinsaiuneluaniafoaiu manaiaolaevhluideunawaduaiorind douse
Wuanselalanuigmaainiso1evuiuivunssaduasefindunaz el nInunaeas
wasafindniaunsgniiunsdruunsia gndraluifiednussfunszualaiivesunsend
wasofindiilifinsthunsdinluaniadiontu fafussuuanse ieunswaduasanfindveu
aeldaneilinsaiu Adslihvsaunasaduasendingfgnuismaszgadely mnlsidnng
T¥lalonunemaluudazuss unsfigndsursdruniaunsluanieazilugnsgadondsauly
andviuilesanunsiignisudnagirianszualuariuosnnsidenseuuuaynsy
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JUN 2.6 S2UUWAALAIRTINGLUUARTS

\loUSuUssUsEAnB AR ugnTneAdageanvesszuuiaduasenfindaneld
anngilinssiutazannznnsgniaunsdiu Jsdinsiaunszuunisdenuunandausas el
FuUasuNd s uLALFIAIUANIATIEAAIZNEN STUUNANLUUTLIUNLANIIIUT 2.7 uay
TEUU HANLUUBLNINYNUARIAITUT 2.8 TorvessyuuuuuNaNAoiinsinamgnitefindsgegn
dmiuunawaduasefindusiazunststisannansznuanmsilinseiunasnsgndsutsdiy
ﬁ’qﬁ#’uﬂwﬁmﬁmwmsaﬂmmqmﬁwsJﬁwé’qqqqﬂﬁaﬁ%u wU‘Uquwauﬁu’aLLwaqﬂimLazLLuwmu
Fruaugnteidsgsanazdesnmaduussiuliiuaznszualinveudazusnaionszat
msaﬂmu'«qmwﬁﬁé’aqaqmﬁﬁw%’uLLmL%aa‘LLaamﬁméLLm'axLLNQ%qﬁwlﬁﬁunuLLasmuﬁﬂﬁLﬁwﬁu
WY U SEANSAMEIN T UUARTIMAZLUUTINAUE

JUN 2.7 ssuuwaduaseniinduuulugaTiuseruu
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3UN 2.8 szuuwaduasefinduuulunasiusisaunsy

foidoedrmilsvesszuvasasudasiuluganufedivaduismadlumegndaunsdiu
sruviildanunsovssmwansenuiilinsstunielussadontuld Fdinmsuiuugaiudie
vdanansenuilinssiuluszduunslagldsyduimadniossiumadiinngusonislinsasulas
FulinasI) (module integrated converter: MIC) fauandlugudl 2.9 wnAandnAonisideuse
\wadlwaduasenfindiwadiisivienarsiwadsisdiudosvesluganudifiuszdnsamgaiie
dflunsaiugugndneindgean lovinaveslugadesdeidusynsundevuuiuiiiesns
waslviunia
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DC-DC
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Sub-MIC 1

o<

MPPT
Controller
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| |
[ |
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pv2 pvz

Y

DC-DC
Converter
Sub-MIC 1
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e e e

MPPT
Controller

v
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2.3 HANTENUIINNITYNUIUNEAIUVIITTUUIYARUAIDTTINE

aeldsziunsunssduasofindfiasinase Weunuvaduaeriindnnundunisidese
quauﬂﬁuﬁLLaqa'mwi']ﬁ’uLLazauua”jwLLmﬁu’wmﬁé’ﬂwmzmﬁauﬁ’u ANYULLANITUD
ussiulwnszuansauuulaiidadu (V) vesunawaduasenfindaziiganisinuiimunzaniian
uienaanadestugadneidsgean (MPP) Alsidrfuuumduldsusadulnih (P-v) lumaufda
\osanszuuiwaduainindusznoufisunradiaserfinduauuniideonseuuuoynsy
V30 UUIUAU MINUHIUIURIONTIUIEIN (1AR1NB1ATIALTOU LAIUUYTBIHN) UNAYaE
wasoindagvinunglaanienisgniaviedin wansenuannnisgniavisdiuguundleans
wadldsuaniifiuasainades [6-7] aggadundsaudiuuuiniiinanwadfidsefunisdes
aiafigedunarasuamdsnuduanufouilugnon fainaiiorailileariiwadidens
16 iileannansznuannsgndaudu madeusiolalenuiemiatiumuauisuidymi
nyuiud agnlstanulunsdlfenanazdunanugagaaanasgauunsm 1V uaz PV Asuans
Tuguil 2.10 uazAgagauUUNYAAIMANLazanUsE AN A MBI 18 MAIgIAATEIUHILEAS
waweding 1osnaziigemdsnugeannansgauunmidnvazianzyes P-V wadanisiamy
seidsgagaiinlenaduivad [8-10] lunisinnugandasugaaniuiaa 1ieaninlyl
ansnuenuezsErigaeageEeuudulfdnvaziamsdvh lindsnuodediliozei
ni1Auluase

Current (A)

Power (W)

0 I I 1 1 I
0 5 10 15 20 25 30 35 40

Voltage (V)

5UN 2.10 wansgnuamnmsgniausd

2.4 wailansAnaugnInendelWingegn
USunaundsnunannainuaeleatfisasiaoingiduienduresusesunaznseialui

sa o )

YDILNWYAALAIDNNNIN1ELATEAUNITHHSIALAIDN NN INALNAUD ANYULLANITVDILTIAY
a wa a

nszualnlaiadu (-V) vesunsgadatofingaziigaufuAn1snvansauianyafelaonad og
frugafdsgsan (MPP) Aldgriuuudulasssulii (P-v)
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wAlANSAAAUYANGSUgEn (MPPT) finldifleAamuanmnsvhauvesaseing
LAZAINEINLGIENNUHITARLATeNTINg FaAuAuNNIARRINgATneidsgegaldifiofum
usasuliihiigadneindagegn (VWMPP) wienszualwiniigninedidegeqaiMPp) funaad
wavorfindlagaulaesalufAiielvlindanueidnagean (PMPP) [11-15] neldsedunis
aefadfuvuey fimsausimaiauazdaneisunismuaunisinaugamasgeaaiinainans
wazeAuselwssunssuluteafiium Sane3suuazimaianisiamugninefdsgeanidy
dano3Funissunltuagzdeing(Perturb and Observe (PRO)) Fano3funisiiuaa1uiin
(Incremental Conductance (InCond)) 8ana353 Ripple Correlation Control (RCC) danediy
Fractional Open Circuit Voltage (FOCC) 8anaa#ia Fractional Short Circuit Current (FSCC)
uazdanediinlassiieuszanmiivn(Neural-Network (NN)) I¢5umsimunitofeiidsgeanann
WHILYAAAND IR

2.4.1 Fassumuuazdana Bnssuniusazdangldiuegsunivateiiesaina
Bouheuazanuaznnlunislinuduandusuil 2.11 defivesisifelimilousuitoenlad
V193Bu 33nsRnmunssdulndinaedl (constant voltage tracking) Lidndudemsudeya
WRnesurLgaduateinduInauagelsnnu n13RnMINRTIeiaIgIEaIedana3tunis
sumuwazdangaziliiAnanufuniuseunanateiidsgaan [16-20] Falugeusiugly
nsfnnufianasuarnsnszaendanudiainfitusefuruindunaunissunau Bnnsiid
#ean13nsnsaduiudsassiiuazfosnisnisganitelildardidsliii laezunsuisnng
sumunazdannfaguil 2.12

PV Panal
Vpv DC/DC
Converter
[ ]
A
Ipv
Digital Signal

Array current Processor
dP Calculation

Array Voltage dP=P(k)-p(k-1)

UM 2.11 Fnssuniuazdans
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Start

Initialize
Diru'l:- D:nax E D:nin- AD

[Measu:e Ve (k) and I, ( &)

)

ng (k) =V, (k)*L,, [kﬂ

YES

Py (k)P (1) =0

YES

k)P, (k1) >0

YES YES

V(K )- Ve (k-1) > 0 Vo K )- Vi (1) > 0

D(k)=D(k-1)-AD @tk}=ﬂ{k-1}+aﬂj [D{k}=m:k-n-an] D(k)=D(k-1)+D

RETUERN

UM 2.12 lpegunsudsmssuniuiasduns

FnsfsrvuasinrinsussiukesnsruaveunssadLate indnntuagyinn
AamAmasnihuaziuSsuiisuiumasinihneuntmningadnemasiiiey
AudneresgaTeinaiaanssuunasysuantssulihasnngadtemaslniegaiuvinves
ﬁ;ﬂﬁhEJﬁﬂé’ngqmzwﬁ%ﬂ%’uﬁmwaﬁulmlﬂw%u

2.4.2 Fmaiinaui Bansifiuanuihansaiidadoideveditnissuniutes
Funmlasidnnisduseuaasneidsgsgasauandugud 2.13 eghslsAnmiilesaindanesy
MsiuAnhideInsmsAunLiuTe T NE I ULRAwadLaseinduuuSEalnsl N3
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Tgudsgugaunindlais unudanasiun1ssunIuwazaans [21-22] lnoswnsuisnisiiualng
Wagun 2.14
laeNgnTemMasgeanee

dP
- =0 (2.3)
dv
Aatiuazlan
d(Iv
dp _d(V) oy dl g (2.0)
dv dv dv
a_ 1 AL IEER (2.5)
dv \'% N
dI 1 Y o Lo
— > — Hlegneue9gnneiaagean (2.6)
dv \Y% h
dI 1 : L e o
— <-—= Ha911U999A18N 18988 (2.7)
dV V 9 Y 9
PV Panal
Vpv
®
Ipv
Digital Signal
Array current Processor
dP/dV Calculation
Array Voltage

3UN 2.13 Fnsiiiuadnii
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Stert

Y
Initialize
D_..D, . .D

dinit *

AD

min 2

Y
Measure:V (k).I . ()

Yes
(No Change)

Yes
{(No Change)

5UN 2.14 lpegunsudsmaiiiuaimi

2.4.3 35n15 RCC MPPT 38115 RCC MPPT Tdouiiusvausadulnivesiimieitives
AwladdundsnukarTEanAauYRINsE LA T LI MNUARILTUIIYEIIANTITVINTUYDILKA
\waduasaniing [23-26] TaiduegimilivadislAeiinnudaintivesiiwUatliiiuansiaiu
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dudeseenuuusasnsesrudgainulng ldielildoyiusinaiveussiulasnsziaung
CRRIIENRRITK]

244735 Avdrunssaulni1/nsyua (Fractional voltage/current) ABLAwdIU
wsaulnil/nszuarzmamuswunssuadndaiunzanduavdiurewswulnlunnndaves
wslgansiwaavzonsekalningniees deuddifinnugnaneindegeqnasease widnisleed
Usgansamnsanmudisensuldneldanzasiusdesliamsasudiugndrefiidsgegn

9 U9
Tndlannglaaniiztingi [27-28]

2.4.5 Fmslassiglszamiiien MmuaugndtemaEeaaLuulassigUssamiiey
HrefinUszansnmnsiamuvaiszuulagldlaseasnanisaunuuuunaiet [29-31] egnalsh
ANAFUAITRITUNTAIUIUTIALLLNITENITAUINTBIABUINTALEDS TBNSAANINYATY
A189gagAInuANng1289919 U NI uADlIN150 599 TURTIAURAZN T UAVDILKILYA]
waveinduazaesllilendunisnasielvlammdsnuunsgaduaserinddainvuinuaznigly
NASUVBIFIATUAL

2.4.6 TN15ANAINA1DITINE TaNTUBIRENANNITAIVALLNLgAARAIRTndlAR RN
fupaeingnasniial axvililagndieidegean F935nstidedddndanuuisdinanums
wanuaseindlututewmasiiefnnuniteindaandusui 2.15

sUT 2.15 F5n1sinmunieeing

31



v A v

2.5 NUNIUITIUNTTUNUITeNNLIRIRUNITIIgRTIenalWAngegn
1NNISANYINUINIWITETAEITeItuNSAnauIaTeidsgeaalayatuluiissuy
Tyaysedng assnAansiazuuunaunauienndymaesssuuwuuafunlianusafnaiy

A7)

o w

wieidanlfidedimsudsuulamosnuminazuansnniinaonauinainnisduas
U19EU §991nnsseuiisuasdiuldineudseadelmiannsauidamdinanlastwile
Lﬁauﬁ’ﬁ%uwé’@LﬁaﬂlﬂsJLawwﬁ%ﬂf;gfg']ﬂ33%ﬁﬁuﬁﬂﬁazwmmmammﬂmdq@jvﬁﬂﬁﬁﬁu
widaiidedrfnlududifeddsemuauiifiauainsngstsiinnududouvesszuuaunuuin
Jurtlidunugemuiulyfededaiunaldunzanlunsiegdunldauluiagiud s
mumwnsansssfistostumsinnugediesdiliihaanvessruueaduaseingded
Hadjer Bounechba wagamy [32] Y1ta1on193180990N8351UN15ANAAINIATY

[

maslnigegauuuissalnddmsussuundsnuasaniing lnedingUssasalunsidseuiiiey
9

| [

ATEMAsgIERvawaateing lagldseuuaiunuluu FSCC and CPA WoannN1sWNIaale
Ainn1sUasulUawesding 19910157 nausIngIdanadsy FSCC ann1sunaeiingl CPA

9

Houria Boumaaraf WazAnz[33lnausduiesinesmieudetuninarumaiie
wiasnedueaduatenfindlaglddanediulaseieusvamifien (neural network: NN) lunns
AnsugadnemaalniiaanlaenismaaealSsuiisuiuluunssneAauese (Fuzzy Logic: FL)
Tnenaaeau @ swuUfu1995 two-level inverter ua three-level Neutral Point Clamped
(NPC) Voltage Source Inverter (VSI) dlewSeuidisuranisnevauesonsUdsunUaueua
seninensaualagldlaseineUseamiisuiuwuunsINE ARULATE NAN1INAFRUYIING 31T
nodflasatgUszamiioniinanmsnevaue s InILuURTINEAqUIATE

A.S. Oshaba wagaz [34] ULaueN150NRUUAIAUANKUVEREIL-USHUS (PI) Iagld
gane3ou Artificial Bee Colony algorithm (ABC) wag Genetic algorithm (GA) Tun1seenuwuu
f Pl itelilsundagainidalnihgeaavesssuuwaduaseriindillesinisiuasuntasesuas
warlnan Inelvandunemesduinlaelduomesininssuanssinounsuuasinsnsutasiy
Lufnszuanss (DC-DO) n1sAruAulaelddanadfiuwuy ABC 98iin19M0UANBIADNIS
Wasuwaseuaasnanlisinid

Mahdi Rajabi Vincheh wazang [35] daueisnmsauauuwuulausadmsunisinaiy
daliihgsgaluszuunssdaliidhowadiasofing uddeldniausnsnunugaing
Adslnfgegaves PV illeanimuandenuarinaninisiudsuntased1asiniia lagldnnsg
AIUANWUY Hybrid wagld MATLAB/Simulink lunsinassiagly FL- NN wag GA Tunisaiuny
N13AIVAN NANI5I1ABIUTINGITanedfin NN ilissuvaiunsafaniuandtenidsasgale
ogumnaailefimadsunlamesasiuiivila

;Y

Guan-Chyun Hsien Waganie [36] Wiauenisinaugadteiasiningegamedaned

9
a o

AUNITIANAILLN (Increment conductance: INC) AIEAIAAAINLUUABLIE UITBTUNLEUE
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N15USEUMIBUNSANMINATEANEIEeEn VR LYaLEID TNgTENINe PIINC AU INC HanN1S
NAdeay vanearid P-INC Anmny MPPT lasninsanadiiy INC

Ahmed A.S. Mohamed wagang [37] YLEUaN1590ALUULAEASIEUENSALITVBY
n1sAuANgndeiaslilingeanmedanadiunssngrguinsevesstuUwadkaseingdlagld
GA Warmsiasgdyaniuuinidn (Small-Signal Analysis) Tnefnguszasdliiofnwininm

Undefiovesnisinaiugniieidelniingsanvosdanodiin FL-MPPT Tnold GA waznns
Basrndygrauaaniuniseaniuy Fuzzy rules Nan1sAN®ISEUUAINITORARINYATE
QUGSEAGEIGTES

Muamer M. Shebani uagaay [38] dnauen1sinnunieiasininaansiedansd
fiu FSCC unzdanediia FOCC vuideitauonisisuiisuauusiudilunisiamugadie
fdslifingegasening FSCC fu FOCC Sananisvageu FSCC Tanmusiugigandn FOCC

Farhad Khosrojerdi wazaaug [39] Wnauedanadfiunisnivnugndnemdslniiigean
WUUBINNUTEUUNITBLUIU Neuro-Fuzzy wuuUsuladmsuwaduaseniing lneliingussas
ilenaaounmsinnmgaineidsiingsgalelildmamnadunszuauazussiliindedaned
a1 INFIS-MPPT wan1snaaeuszuuanisafamuandteddslnigeanla

Marco Balato wagaue [40] dnausnisinniugndteiidslniigeaniuunszane
(DMPPT) fignu3uusaiionniugaidteidsliiiigegalasnisitasziidmguiuaznisg
as19asUnIMaasdlianiiziunagnisuisdru laedinguszasdlumsuAtamnisgnis
Ududman maaeuUIng N sruvansasnwiatesnmenlilddounasaduaseniindgn
Jauneaiu

Yaogiang WANG uaganiy [41] dauanisinniugndieriaslniigeanisdanaai
Practical Step-variation (PSV) fi¥nguszasdiiiefnnugadieddslniingeaaiiiolnaniiu
SunefineiMideudetunia nanmedouuansiiiufisaussougvosdanodfiuiianansodanu
nemddlnihgeanlaognssamsy

Ruben B. Godoy Wazamug [42] Unlduedanaany Artificial Neural Networks (ANN)
welyimssfumsnevaussuuulauiinlunsinnugasiemdalniaeaamelulasdunesines
finauAude Droop-Controlled lasilfnguszasdiiioannisnseiilonvosusadulniinvae
\Jousiorunin nansvaaevaLIsaanmMInsiloNvuzderetunials

Manel Hammami hazang [43] dduesana3ou Ripple Correlation Control (RCC)
Tunisiamugadneidalniigeaauuulovialdunsusulgsdmivdunesinesfidouse
funnszuuaialaouvassedueaduasoning lnelingusrasdlunisannisnsziiies
vesussiuLaznsralwivazdoudefunia nanismaaeusanedfiufiilaueaiansnanng
nszilesmazionsoriuninldiflouasiinisuiountasiuiivile

Almas Shintemirov kagane [44] diauenisfnniugadieidslniiasgasisseuy
Tundouunaraduasefindiiiofnnuaiseriinduuulilimingadu (sensorless) fe3dnsg
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ANIUMALMIANETIRGa 19N NaNIAaRUITUUAINSaRanunseindlausilvelde
Fofunuiladunargydondnuunadnlumsduindouunagaduasofing

Ping Yang wagamy [45] Ynausisnisinniugndiemaslniigeanvesssuuiead
uasoinenuulunaeisnis Region Partition Uuﬁug’lu%ﬁaﬂaaﬁu Variable Step-size INC
Tneflfnquszasdifioudqadosvossanadfiunissuniuazdaunn (INC) lufunisunisseudym
P1eidalniingege nansmaasudanedfinfignuivussanunsnandedosvesdanedfiunsg
FUMUAEARNALUURULG

Ammar Ghalib Al-Gizi ua¥ Sarab Jwaid Al-Chlihawi [46] YniauenisAnwidanediiu
mMsfamugndteidliihgeged miussuugaduasafindme danedfiunsingAauiae (FLC)
TngilFeuifisuiudanedfiunissumuuazdunn (PRO) uazdanediiunsiiualnuil (INC) wa
mMaveaeuUsINgIdanediiunssnsaquaseRnamgaineidslningeanldisiian

2.6 29asulasiunassulninssuansadunssuanse (DC-DC Converter)
TrgUszaanverasiuasiunsziansalunszuansafofsan1sAIuALLILLEFNA
YessTUUITAd LAt indiileansafnaugnsieindsgeaaunrianasgumiiudsuutas
suiividla dealiszuuivsyansamaeandsnugean 2ssulasiuiidemianlflunuided
fAorsasuiasiuluiinnssuansesdainuseiulnily (DC-DC Boost converter) [47] fauandly
U7l 2.16
DC Powerl— _________________________ I

Boost Converter I
Supply  Load

1

<+
[

T
I
I
I
I
I
I
I
I
I
I

3UN 2.16 vswdasiulniinszuanssyianusedullin

anuAIaskUasuiaululnuansswalvaseldesluvaznnsewaluariusimiein
Lmeanlungud Msidunisarglowvenisasuiasiuaunsafinnsananmsvinuluaniigas
i wssnulndndsvesiuieltnsaansluaunisi 2.8

1+t
1

Vigon (V=7 [ Vi(t)a (2.8)
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ANNALNUSTEn I SsRuENRLazLs IR uBUNan e lalruanseualiilva
wuusieLllasiaunisi 2.9

Vv 1
- = — (2.9)
V. 1-D

1

gl D ApsaUN15¥1191U (Duty Cycle) ¥09a3NE MNTBUNMSYINUINAUANES UIedu
wINRresIsulasiuasiiaaawazazdngsrezotiudilioseunsvinauldsulunds
#a15uvswlasiunsallinisandeintulugees daandduaunisi 2.10
I 1

- =— (2.10)
I 1-D

&}

S¥aRNAAUYBINTELATENA1LITaMlRaINaNN1S 2.11 Tneksssulninnagey
mllgnihsenindaindgnin

o (2.11)
dt
AUURLA I, S adusiy
L(I =N\
V= ( o o) _ LtAIL (2.12)

Toed Al Aenseuannseifinuyainsehdnieltinve9aswlasiulney

VD
~-

SW

Al, = (2.13)

nMsnseiilonveusfulnvisanvesiasLlasiuinann sz vIuMSAuUTEquaTAY
Uszquasifivysey Welnainddunioningdufiundsnuiagiifvlszgazdenszualu
Tirulvan TwvngiiaindUaegndsnuiiivlilusmienihagdeleuludsfufvlssquas
lvan

nsfunszaonusstulieenvesasiasiufanduaunsi 2.14

AV, = — [T dt= = [dt= o (2.14)
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AV, = =° (2.15)

SwW

nszsawiteraannazigagnivualagldriniouarnsiudsuiUasanseud

V. VDT
+

Imax = IL+ - = 12 (216)
2 (I-D)’)R 2L

1, =1-20 - Vi VDI (2.17)
2 (I-D)’R 2L

- = o [ [J ! - v &
asulannszualiiviernduviniasulasivagyaluluuedeiiies duluveuiun
semianseuawmiienivelisaaylidollognivualagaunisn 2.18

Imin =0= Viz _\IIDT (218)
(I-D)’R 2L
Tnglunsdli
P/
(1-D)’ DR
> — (2.19)
2f

SW

[

siudszgmsivualngwenazdrinnisnsziienvaanssdulivisen nsAuInga
WAiudszgnIeefaunisi 2.20

AV ID D
VRN Tl (2.20)
V. VU C RfC
ety
a2 20 (2.21)
Rf_V,

2.7 dw395Aa3 (Inverter)
iisliszuuimaduaseniindinnugaineidsgeaadoadoudefumudasiunszuanse
\Junszuanss (DC-DC Converter) 38 (DC-AC Converter) Ingldsane3findafinaniuiudy
Tredufiefnniunagaiuaugadneiidsgean dauduqvesszuuliinlearfivadlaun
dunefned Mmuntuazdues Jalunumddylunmsmueumdanulwiludnia feitu
flugrudmsusunesinesiidensotuniavianun Tiun Suiesines (nverter) nasuaa
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Anuiteusuedind (Total Harmonic Didtortion: THD) mssunuveskssiuliilulasse s
wUsHuveswsedulnlulasedne [48] n15AnnAT18A1§9g98A (Maximum Power Point
Tracking: MPPT) 6a¥n15A5298UN15451U9d71 n15991uiidausznoufidslniiadidy
onam (p.f=1) auitdmuslaginnsgiu Msnmadulssiulinadiagnsmsaduanudi
330457 mai’mmmﬂmLﬁsuamaﬁﬂégmﬁ’ﬁmLLazﬁmumImsmmgm NIAANILANYAE
gsgadeaiiuszaniaimgunnluannzasii Msfnameg1snniIszninensiasuuUans
aefidediiniaarmsvinuiiaississdunisatefedfidiun JaqUuszuuiead
waverfindanunsoutseaniduaesussinmmdnfeszuuiuvawaudeylaunarsyuuideudeiun
30 Wnehluszuunuvawnudelauagldluszuundsnusigu msldouluiiinends fufuis
Fudufesdivummotiftoiundsnuindalasusaraduaioring ssuuiideusefuniamng
0819BsdmIUNIEANEsnugeaniinsenainszuumaduasefindludaniauiingumgiuaz
sefumMsuHSdavlasuly Sunefnedideudefundauleendudunouiion (Single-State)
LAzApITuUmMBL (Two-State) [49] szuvamaABLToudolnenTsTeniaduLIduAZA1Y
Sunpfinesfuandlusuil 2.17 szuuassdunoudoslédiutas DC-DC iitoidoudoisad
wasofindidnfusudunesine sfauanslugui 2.18

Grid
PV array

Transformer

DC-AC
inverter

3UN 2.17 Buesinesvlintunaiiien

PV array Grid
Filter

Transformer
DC-DC

L Jconverter] _1_ | pc-ac
and inverter

T = LT

C. C

1 o

3UN 2.18 duesineivlinaastunou

(% (3

29AUSENBUNANAQVDISLUULIAALAIDNAIADTEUUTLYAUADNAUNSA SEUUTLYDUMD

o

(% a

fun3awved ndsdmsunsaandanulilaunianneadiae1indludinia Ina1e3slu
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N13ATUANNTEHAVDIBULIDIN BTN uRBAUNIAUFIAIUANAREIL-BUINTa (PI) daatuay
dndu-slowund (PR) nsmvaunssualiuuy P Aldluddlastdamsuinldlunsuiesinosay
wia Tudiuvesduneiimesivaiiviniiuaiuisavesnsulnsaaeswuudndiu-suiindans

ammuﬂﬁﬁaﬁgmé’wéqfugﬂﬁwﬁmLL@z@hmuaué’mehu—t,ﬂsnLLuusz?mmaaiﬁUizﬁm%gUﬁﬁéﬁu
2.8 n33NLARNLATD (Fuzzy logic)

nysngAauLATe (Fuzzy logic: FL) Aemsdanedfiufieanuuuinlineufiumesarnnsald
wiapaiindefuisnsldimmraresuyed [50-52) Fehstumsdndulaingnudedia Fslasund
poufnpsazsiadulaignudefindiuuywdfisutudnoudninaindugnuiefia udunands
Snoufionaavedluguvesaseduidy o Yiunans wn defudfefiunvesmsingaguiaied
ToRvaInTINEAaNIATeRe a1unTalddnnisiumuliuiuen (Uncertainly) as1safiansani
sefuvesmduaie (Degree of truth) wazanunsafiansandiunisvesaudniiogluies
(Patial membership) #dnN1509NkUUTEUUAIUANAIEATINEAgUIATaleNldndnn15U09
flafduaundn (Membership function) iielidlalseilsdduandnazegluguvesaunmnis
adlnmansTauansluguvosnsm 2 T3
Taofi

unu X wursuiwaiisravlawy oy Urunata 110

Wy wnusgauAaduaundn
wazgUnuunAindldsumudondauanduzuil 2.19 fe

1. Bafiadu (Singleton)

2. gnudey (Triangular)

3. ?im?{smmamg (Trapezoidal)

4. \mddeu (Gaussian)
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3UM 2.19 JULUUY0IMTINEARILAT (N) Baias (V) asmdes (R) @ndeunany (1) imdigeu
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Mog1avensiilnduaunnaauanslugun 2.20
Tnen
1. ADIASINANNNTVRININTUAUNTN

2. ARINIIVVUIA LAY (X)
3. wnuawne (X) Tu (1)

4. Angadinldunuszauvasnuduaun

1 slow medium fast

0.5

20 35 50

sUT 2.20 fMegravesmsldflenduaunn

2.9 msfnadunsdunmsfnusaeasuaseniing

fundslunsinsaunagadiacorfindidudeddlumsiiudssansamlunisene
wasuliivesurradLateingmndeensiwaduasenfinddramaslnigeandosl i
Fuidmaasefinduazyign 90° fuasenfingnasainandsisnisisnudesissuuuiy
funisvesunsdaidunuiigiunasdesgaydoidswihdunidumsduiadouuns feduns
Sunumsuidlunsfndaunsdsaunsd 2,17 Fanaunmshlsldsumsdunsingasagy
i 2.21 iglldndanulniniedeigiign
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cosO = sin o sin L cos 3 - sin 6 cos L sin B cos y

+ cos 6 cos L cos B cos o + cos o sin L sin B cos y cos ® 217)

+ cos 0 sin 3 sin y sin ®

sun _
Zenith

A

-+— normal to horizontal surface

Earth-Sun line

weiical surface

W acg N _tiltangle ( 2)
f ——
solgrattffude L~
e —— I/ horizontal surface
solar azimuth (¢)—" o = anale dence
o angle cnf‘mct_&iu.c.(g]

S - / , -~

JU# 2.21 shundslunisinnsunseaduaseingainnisaiuin
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uni 3
A5ALUUNSIY

Adeanfiunsidelaeutseendudesdiufiessuumunuyndtemasasgalnglnandu
anuFumuLayivandudunesinedidondedunia lngludruusnlilusunsuuunuay
Fa3yA96 (MATLAB-Simulink) Tunsnaaeuidesiu Tneriondanedfiuivenuuuanivdsuiiiey
fudaneaiuuuusais luduiaesmaaesusanedfiunuguynieidgeaniudunesines
wuusiweaamii newisuifisunanissiaesfudanedfiuuuusaduiowandlifiuds
UsyAvsnmaesdanedfiuiiiaundudeiniuuuiada

3.1 Fupounadiiivauiie
3.1.1 Anwndeyadaneifiuuuuinaglilunismuaugasieidagean
3.1.2 Anwdeyaduesinesuuuihuieaimih
3.1.3 thdfeyaildanmsanwaimsnaaeulagldlusunsuuumuayBuyded
3.1.4 dhdaneifufivunzaufigaunuiuussuaznaaeulnsldlusunsuuumudy

=)
i
2
D)
Zo
Do

< A o

3.1.5 idanesiiunusvululdnudvlulasaeulnsaiaesiiaaiunuynangings

e
Zo
o\
~

3.1.6 @3UNaNIINNaDY

3.2 ¥ANNTSATUANIATILANAIEIEHA

NaNNI5VRINITANAINTAT18AIGlNAgean (Maximum Power Point Tracking :
MPPT) Aonsfandsnuainuaseniinglifidngeganasananilouas gumgiuazivaniinig
Waguudas IBnsamdanuainuaseiindlifidgsgeiinateisee fulussuuinniy
wavofinddefiaeiidefufonisinnegunsainmaduuaseninddisdunuaserinddnng
Wasuwdasiuiviularuiiuadefiagilissuuliausafiaaunsefindlduazdnisaenis
AMuasniumisesmsefindaisthszuuasAamuiumisidualismihusideidede
dnnanlulusunsuiteuliiuszuuamuaudinisiawainsduvafazianaiamulfonas
faildunuiigednidafendendanudiunddlufunisiundeuunaiiofnnuniseniing da
sruviagmunilfunaeauasenfindsaniuniseniindunniian ndnnisiugiuresnisaiy
MuANnInefidsgegareligaviuegnsgalAsiut (MPP) mugufi 3.1



45
Maximum
40 Power Point

Qutput power (W)

5 10 15 20 25

Output Voltage (V)

Tutatuismsnlasuanulisusnniianliuin1snsaadundneddsaeqa(MPPT) &9
Ny aa = A A o9 vy s Y o v oA @ =
fifefmelidunadeunvilyiruuitasnas g dotosiandsuanslugui 3.2

PV Panal
Vpv
DC/DC
Converter Load
()
i
Ipv
Array current
Array Voltage

3UN 3.2 MI95237UnEMAsgeEn
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o (% (3 1

winflszuunsiadunanasilimauevinmegassgalavinginunisiuasunlaes

al

waveindogdianasiaiansluui 3.3

I I
2000

1000

Powwer (W)

Voltage (V)

3UN 3.3 Indnemasgegaiilenasiinisiuiuulas

=1

3.3 NNSNAEaUANaANUNANNAIUINUINAAANUAITUNIUY

Y
| o

3.3.1 3AIUANYANYATIFEAMETTNITNITAIVANNTEULAUUTUFIUITIUNIULALANT
dunasuutunsunisasuudaslineisiuiunssnekuuaguinia (Current control best on
variable step size Perturbation and Observation plus Fuzzy logic control: CCVP&O-FLC)

45 N X I:‘ |x

w| ——  VARIABLE  Maximum

Power Point

Output power (W)

0 5 10 15 20 25

Qutput Voltage (V)
UM 3.4 msmupumsTuasunseualiihmednsilined
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1
ad A

Flazrinwduaiuial lagldniswieuiisuidsliiliveseauateindluiia
Hagtfusumunaideuntidy neddnsmaudsuasmestdsininiduuin svuuazusu
nszualwiluluiiamaduuddidnsniswasuutasvesidsluinduau srvufezuiu
nszualiilvlufianismsadutaludnsmsibinefidaanslusud 3.4 wagnssnzuuy
quindevimihiimuauliligndiefidsgegaunisuinaseuninoidsgean vdenlnozunsy
FauaugniteiidigegadieisnisnismugunszLauuiiuguAssumusaENSELNALUY

(%
1Y

Tunsunsilasuulatlinmsiuiuassneuuuaquiafenuansuguil 3.5

Initialize
I I I VAL M

sefman = “rafmin 7 “refinit raf

I=
Y

Measure V. (k) and L. (k)

Y
Polk) =V (k)*T, (k)
AV (k) =V, (k) -V, (k1)
AP, (k) =P, (k)P (k1)

M =abs(AP,, (k))

YES YES

Le(k)= [e(k) = L= L:(l)=
e (kD)= MFAL (k)| [Tae Ge D+ (M=AL, (k)| | Le GeD)-(MAL (i) | | Lue GeD+{M*AL; (k)

{ : ! y

\
Update
Iref [k-]'J > ]ref (k]

Vi (k1) =V, (k)

UM 3.5 Ufealaerunsanisuniulasnsdunaignitamn

Y
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3.3.2 nsmuaunszuadelimafivamhuuutuneumsasuudasiaeisiui
miﬂzLLU‘Uﬂqmﬂﬁa (Current control variable step size best on Incremental Conductance
plus Fuzzy logic control: CCVINC-FLC) 3%51/?115%%15@31%%LLiqﬁULLasﬂszLLaLmtﬁwmm
uHgadLAseTnd MnduriinssuiamdannnUisuulameshinfisufuussiuain
auns dP/dv = IV+dI/dV Taedt 1V Aedianuihweawauaiending uay di/dv Aodnsinis
WasuuUasaanh danduuinuansiissuuiaududisvesgaineidsgeandissuuios
Usunseualilfinduiy WA AT UAURANTINYATIINIUBENNATUYINVBIYATIBANAIEIER

guufazusunszualnfianasanas uidnasiuwiAuguduansinszuuiauiigadieids
gsan svuuAzasdaduaindilvinszualnihaadiuly vealnozunsugnuansfagui 3.6

]
Initialize
Idmaxaldmjn::[d.ini[:AIdJM
.
Measure:V,, (k).L, (k)
!
B, (k)=v,, (k)*1 (k)
AL =T (k) (k-1)
AV, =V, (k)-V,, (k1)
AP, =P, (k)-P, (k-1)
M=abs(AB,, |
Yes
Yes Yes
(No Change) (No Change)
No Yes
f,_lk'|=f‘-lk*1"*[-\f*-\f‘_1| I(k)=T(k-1)+(M*Al, ‘|| ‘{_[H=Iﬂ[k71|fl,\f*ﬂl__|‘ \ I(k)=T (k—1)+(7M*AT,)
' [] ¥ ¥ ¥ Y
y
Upelat
If(?cﬁlff(?d
v, (k=1)=V, (k)
I (k-1)=1,(k)
P, (k-1)=F,(k)
FLC

3UN 3.6 Ufealaevunsaiimaiiuauhuuuiigniamn
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AIINEARULATENINNIT 3.1 S M WAz L Aevunnvesseunisinau (Duty cycle) 1y
ALY YWIAEN IUIANANUALIUIAMAAINEIGU N Z waz P Aon1suiuvessaunisvinuly
imn1sau (Negative) AumleLAL (Zero) WagiiAn19uan (positive) AMUAIAU Err uag dErr Ao
AAaIALAABLIBINTEUASIIB AT SMIINIUAULAIRIAIAAALARB UTBINTE LA 5B
AUEIRY

M1319% 3.1 NYVDINTINTARLULATO

Err N z P
dErr
N Z Z Z
z Z Z S
P S M L

AENITIIN VRN TINEAGUIATE NIATUANITNBUNALALLOIANAVDIABINATING
AguaToazuansluzufl 3.7 3.8 uag 3.9 MudFUlRgYaUIIAYDINTELADNBY () §HTINS
WanuuasmesnsEuasnada (dle) wagseunsviien (Duty cycle) gnimuailu -20 83 20, -1
09 1 uag 0 fis 100 AUy
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3.3.3 Fn1amuaugniefdigaandaeisnanismuaunssuauLiiug Wit sunuLay
NSEUNALUUIINAUNITUTEUIUAT (Estimate current control best on Perturbation and
Observation) Fmstlfiduiwesiuasefindifiousvanmanssuagnsdadudulunsmunuga
Puidsgean Seildefreanseunminulutiaiuduilissuuinnugedeidsgegalsi
U

[ Start |

v
Initialize
Linar Laman -Aly

I,.=I__*(I_/1000)

dinit ~ mpp

A

Measure V,, (k). L, (k). I,
RBEA TN

(k) =1, (k-1)-AL (k) || 1. (k)=T. (k1) AL (k)| L (k )=1, (k-1)-AI, (k)| 1, (k) =T, (k-1)+AL (k)

Y v v v

+
Update

I (k-1)=1, (k)

\f?p-v (k_l):\? ; (k)

v

P, (k-1)=P, (k)

5U# 3.10 vdenlaozunuissumukaznsdunaTINiumAliAn SUTEINMAIgN AL
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Tagil

lhefmax AONTEUAD9BIE9ER

lefmin AONTZLAS1SBIAER

et AONTEUABB NS LAY

Al Aoshsinmsdsuulasuoinseuasnids

e (k) MBNTELADINDY o L3anTagliu

et (k-1) ADNTEUADIIDY Q4 LIAINOUNN

M Femduysalvesdnsimaidsundasmesihdsinihveseaduaseniing a natagiu
Voy (k) Powsssiuliihvaawaduatonding o taanlaqiu

Voy (k-1) Aaussnulniinvessadiaeiiing o raineuntn
AV, Shrmadsuulamossiuliiveuvaduasenfing
lov (k) Aanszualvihveawaduaserind o adaguu

Iy (k-1) Aonszualviinvosiwaduasoiing a vainaunt
Pov (k) Pfdslniiveawaduasorfing a 1iadagiu

Pov (k-1) fafaslnihvsdwaduasonding a Lainounii
AP, fesmsnsiasunlassesidslnivessaduaseiing

FLC ABnsIsneAquLATe
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3.3.4 MavaaeuUsEAnnmussdanediiuignifmuiiielsunsuuunuaudydsd
lpezunsunismaaoufuandusud 3.11 Gwszneuse unasaduasending (PV panel) 2593
wdasifulwihnssuansadulwihnssuansauuuiiinusediu (Boost converter) 4aAIUANTANTS
ANR11AT8A1T9d9aA (Maximum power point tracking: MPPT) kaglnanninua1uniu

(Resistive load)

) v

3.3.5 NMsneaeuUssAnsanvesdanedniunignimuiluviesliinig lassunsunis
naaoudauandlusuil 3.12 mavaasuiifienandfifiugnusyansnmvssdanedfiufigniiaun
deRamugaineidagegaiiouasenfindinsasuslasiviviila fafunismaaouidden
9109 WHUYAAUAIRNIAE (Emulated PV source) hagynniuAuIndref1dgeanly
lulasmeulnsameslunsuszinanalasnisianszualuiuazuseduliiianyadiassie

ALIUMAIAA N VD I AR LEID R

_________ | (.
: : | Boost Converter || Load :

i | | | | |
: Slt/B-OO 10D i | Y YN N [ |
1| PV simulator : v, : 10 L]’j/] : : :
: and | : = oW : : |

| 0 aSW — '
: SM300-20 | I _ Cm = CO T~ | | |
|| Programming : : : : :
| - v
Powersuppl P | I
: pply _:__ o ; — :
| | | | | |
| I : | : |
| Emulated | | (L S
| PV source | ==\ r =) NI
L )
o1
pv |
ccMp&o I M
12 — PWM
- FLC

i

MPPT
STM32F4VGA Microcontroller

S S

JUN 3.12 lnegunsummaaeun1sinmugndnefasgesgn

3.4 MIMAFRUTINAUBUNBIINBTLUUYINUNEI W
3.4.1 NMINAABUINTIMIGEATINAUTZUUATUANBULIBSIMBIATENATIANITYITUNY
Anszualnirarmiideansugui 3.13 Usgnounly wHewgaduateniing (PV Panel)
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duesmasaluwla (Three phase Inverter) n3aanuwa (Three phase AC Grid) ¥nAIUAY
wazlfuwes (Controller and Sensor)

1. PV Panel 2. Three phase Inverter 3. Three phase AC Grid
=TT T T T T i |mT T 1
| | Rg Lg | i
.—i JH » ANN—N + E !
: —AN— . 9T
I
i A — —s %
vl | 1
L& A A L __ !
Coslsts] N :
' |
Cost function a ABC i
|
|
- . |
Tl (k1) (k) :
Model Predictivele— [ |
1 {TIE i
Control dq I
CLB :
|
K
| i (d) i
MPPT :
i
|
|
|
|

4. Controller and Sensor

" ——————————— o —— — ———— ot o o o o

UM 3.13 syuumiuanBunesweimemalaianisnisiugansewaln

wadiansiiuenszualiiiiarmignussgndldlunisaivaudunefinesduiy
waBaguilunisuszendldfudunesinesidourefunin [53-55] dauandlugud 3.14
wadansvihuneanseualihamihanunsoaguldsed

1. daenilariFudunuannis

2. aauuudnaesdueinesuarnisoentuutugunsalaing

3. asnuwuunaesdmsumsiueg
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1*(t+1)
_—
i(t+1)| Cost function |— Converter gnd

—

v(t)

Predictive current je——
i(t)
control model |4

5U# 3.14 vdealaezunsumeliaisnisnisviuneanseualni

Taguszashvasmsiuenseualiliharmiifenisdnindelianainseninanseianin
Iafunssuaeda[s6] fendudunuaiunsadeulalugvveaununsmin Msiaainnuianain
59198 Az tauansl luaunis 3.1

g=i (k+1)-i§(k+1)‘+

i (k- (k+1) (3.1)
Taofi

iP (k+1) ADAATS

ip (k+1) ARAIFUAAIN

i? (k+1) PeFvaslvannnnes

in (k+1) ARANRTIVDINTELEADID

iy (k+1) FBANTUANINYDINTLUAD 1B

Aveslnaannnesgnldiveivuanmesiswiu nszuaaian1salilddmivluna
lyan nann1sviuignszuavesduiesinesiuauIsafimualalasusidunnAsoNLay
wseaulniihvesnia KasauyaveINTtenseduesinesiwwandlugun 3.15

55



JUN 3.15 2995aU1a109N 5L ¥0ura B UesIneS

nsvinunenszualranluluudiassnlisneilewwesuuudiassdainisaesuiglalay
dun1g 3.2

V= Ri+L%+e (3.2)

t

g v ADLINADTLIIRULBIANAYRIBULIDSNES | ABLINmBiNTekalranuas e A9
nnwaskssulniihdoundu T, Aevandudiede uandluaunis 3.3
(ke 1)-i(K)

d,
SA- . T N (3.3)
d, Ts

TR8WNUANNITN 3.3 astuaun1si 3.2 leauni1si 3.4 wazaun1si 3.5

i(k+1)-i (k)

v, =Ri(k)+L s

+e(k) (3.4)

i(kt1) = %(v(k)—e(k)ﬂ(k)(l—R}j (3.5)

watanmsviugaamii (Model Predictive Control: MPC) isngdwiussuuitlaiidu
WU @13150AUANNNTINENIERE Nlaan 3 TRAINTERAIINTEUULATANLIMAINTELE I
Yoeszuviinanaamin (t+1) Mnifulszanueannneesussiuliihunsentesdunesines
3 wla 2 3zé’ULL3qﬁmuﬂiunﬂnﬂLma%uaza%ffmé’zgf;g'1msﬂ‘uf?)una%ma%ﬁﬁmmaamé’aqLLaz
gndeanssmuanuzvesnsinuiandlugui 3.16
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(o)

h 4
»| Measurei(k)

Y

e(c+1) =v(k-1}-%i(k}-[R-E]i(k-l}

Wait for next

S b S BT B
sampling instant g ‘lu_lu + lﬁ_lﬁ
I .

Store optimal

values

Apply optimal

vector V(k)

5UN 3.16 wallansvihunganszali

danediiuviuneanszualiindussdusznoundnildlunisauaunisdanszualii
IMNARLEIMNINUBULIBTNBTUENTA NMTaTiedyyIndudulesnesindnnisvieude
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wuweinaTussiulilihuasnsualuihvosszuulnd 3 wa Suanslusuil 3.17 9andu
wlasanszuuliin 3 wia Jussuu 2 Lmuﬁmamﬂugﬂﬁ 3.18 JuTsuunusiedydnval 1K)
Wieliszuuanunsafinniugaditedidegean (MPPT) Weuasazgauugiifinisidsuudas
deyayraunseualniingn98e (i*ref) gnaruaNlnedanedNuAIUANIATIUANGIFIEARIUNT
muauAnszualiid1deszuy 2 wnu fe iX(d) way M(q) Wislimadluiihdundudugudis
fsusilsk (o) whiugudfuandlugud 3.19

3-phase PLL1

Freq >
B Vabo(pu) wt
Sin_CusW

Goto22
Vabc P abc Alpha-beta 4@
ol
Goto19
Iabc abc to alpha® betha*s
olB a|e
| abc Alpha-beta 4><I
bz Goto20

abc to alpha® betha™6

I

o
Three-Phase * E +
V-1 Measurement2 Vs Vst V6
M
-4

3UN 3.17 nsnadnusenuiaznseualiih

Alpha-beta

abc

Gain Gain1 B
Subtract1
Gain2 Gain4

JUN 3.18 n1suUasainszuulinih 3 wla Wuszuu 2 wnu

58



MPPT Control dqg0_to_abc2

Param deg i_ref
abc — abc Alpha-beta = »|i_ref Sa ) -
sin_cos v
0
Enabled b I hahatd i_means
abc to alpha*, a*.
4 4 =
V1 \% PandO v_grid  fen Goto14
From26 From16
[—]i =
From27 » Goto18

From17 Model Predictive Control

Constant

From21

UM 3.19 MSATUANNTELADN9BY

Mamdnnsvhuneanssualiiihfiosunelud ey WeonsuAnmesusesuliih 3
wla 2 fu vilvanunsaasiedyarududuienssisegigndedduusiazsouvesnisituigan
nszualniiin MTAATIEALIueYINATeBunBsNeT 3 Wa arunTauansuandlanennnes
wssdubiinve B unesinesuinunaitneusaiulniii 3 wa 2 sedu iedeusefunawuy
asaesuazdenszualniidignia dygruduinaveidunedineignunumeaniusinnules
aAnfuuy 2 danug Ae U (on) way Ta (of) (Sit, Si2: i =a, b, 0) 1o a, b, c AedfuLla
vasszuuliin 3 wia dyaaduinavedunomesiiaunisi 3.6

S= %(sa+ aS,+a’s, ) (3.6)

Wie a=e”? mindyaatiuineiiaaiusda Sit gaunuAwe 1 agnin Si2 Tanus
Ungnunuaime 0 aglaaunisievinsluguvesannesussiulnihdeaunisi 3.7

V= %(VN aV,,+a’V, ) (3.7)

W8 Van Vin W8E Ve, Aoussaulniivosusazia nnmeiussiulniivesdunssines
3 wla 2 seaugnimualagaunisin 3.7 nnwasusswulniignuanadesun 3.20 Feduiusiu
NSLTONRDNAUNTA d0UYAQYITUINATDIBUIDIADTLAAIAIEUNITY 3.8

2 j2n Jjan
V(S,.S,.S.) = ngc {sa+ S,e’ +S.e?’ J (3.8)

W19 Vg AD wnaadngliinssuansamnainudunymvesduiesines
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Im

|
v (0,1,0 |
i |
| V. (1,1,0)
|
|
|
Va(o,l,l) |
- >
il Re
|
|
|
i '\.' 4 3
v (0,0,1) | V. 1,0,1)
5 J
|
I

3UN 3.20 nnwesuswiuliihveduiesines

ANNFUNUSTEN TS UL WINRYRIBUeTma Tk azuna e ks ulrinaan saw
meaunsi 3.9

V=V,S (3.9)

nsuvasnssdulniinszuanssinseduluiinszuaadualtgnisldaunisnig
Adinans anunsoagiduaunisnnnesussiulninasdyaiaduinauanidimised 3.2

A13197 3.2 ANUdNTLSIEIE T uInaLazsaulnih

Sy aiuLng
nnees aunsussulifirvieen o

Sa Sp Sc
0 0 0 0 0
1 (2/3) V4c 1 0 0
2 ((1/3)Vg)+(j(sart(3)/3)V ) 1 1 0
3 ((-1/3)Vao)+(j(sqrt(3)/3)V4c) 0 1 0
5 ((1/3)Vao)-(j(sgrt(3)/3)Vgc) 0 0 1
6 ((-1/3)Va)-(j(sqrt(3)/3)V4c) 1 0 1
7 0 1 1 1

3.4.2 Msudasunuuaznisasienseualnilngneds nasudasinmesusaduuag
nszualnianszuulni 3 wa Weglusuuuu 2 wla (abe-op) Usznaulisunuasaay
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WAUAUANINT U9 90 Baa Ml gnihunldiieliiredanisiiasiey 203
Jasgraun1sneininlursasseuulnii 3 wa vesduiesinesvliaoudeiunia Aegui
3.13 WNUAIY ofy LEAIRIENNISA 3.10

.
2 2
* 2 3 3 *s
Bzg 0 E - 5 X, (3.10)
L U S T O
V2 2 2]

Wo X, X, way X Astovinavewssiulniwaznszualinvasssuulnii 3
W uag T, fsaunnsil 3.11

Lo
2 2

0 ﬁ —ﬁ (3.11)
2 2

1 D

2 )

¥

draun1sinmes 3 18 wnueglinnesiugiudeannisi 3.12 lugduuureanis
wlaswnu T,y

1({0]1]0
Ol 1,]0 (3.12)
0110]1

LNUALINLADST LUTZUURNARINAILLINHDTAIAUNITN 3.13
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R Teh
1 0 |32

LB (3.13)
2l 2 "2
(NEENCRRD|

L 2] 2 |L2]

Wraun1si 3.13 unuluaunisn 3.14 Wesvuuldiii 3 waauuins lngd
X, +X,+X, = 0uag X = 0 dufaszuulil 3 wa gnuvasliegluguuuuiinmes 2 waly

SEUU Xa,XBT,mEJﬁ X,=0

1 1
x| 2 2 2|
“l== X (3.14)
[XJ 3y M3 B
0 — -— || x,
2 2
MMIuUaINaUTRLINABS af-abe AANATTA 3.15
1 0
X
" X
%) :g -l ﬁ 8 (3.15)
3] 22 || X,
X
Z L3
L 2 N
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3-phase PLL1

Freq

| Vabc(pu) w

Sin_Cos Sin_Cos|

(gﬁ

Goto22

vabc 1 abc Alpha-beta

]
»
‘%

Goto19

Iabc abc to alpha®,beth

abc Alpha-beta

|

ble Goto20

abc to alpha® betha"6
alC ]

+—

Three-Phase * P *
V-1 Measurement2 V4 Vst Vs6
.
L

|+
> P
’ =N
Subtract
. Alpha-beta
-
Gain1 ~
Subtract1
Gaind

UM 3.21 wuudtaesnsuuaunu abe i af
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zulainniswlasknulussuulniii 3 wa denuaenndesiunsousiedalussuu 2
wa aursawdasndulatunsalfssuulndnauuing asaunisi 3.14 wag @un1s9 3.15
wuUTaeseadamanstaznanisnasinisen abe udyaia af Magui 3.21 wag 3.22

o U
fIuany
400 V T T T T T T T T
L /" Ya Vb V,C' \ \ \ A
< 200 [/ \ \ / |
- /
4%" or /'/ //’ // //
9 \ s / / \ /
=200 \ /N
-400 | | | | | | | 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
400 T T T T T T T T
g v v s 3
S 200 ¢ p : , / \ .
& ol / / / / !
8 / / / / \ /
L 200 F ; \ /|
-400 I | I | | | | |
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (S)

JUN 3.22 wamsinaeensiuaninabe Judganaop

3.43 NN5a519N 52 NHN91999 WUUINADINITAS1INT LA NAND1999UD958 VU anIna

Ul 3.23
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@_.{ sin(wt)
sin_cos cos(wt)

sin(wt) >
cos(wt) >

E} sin(wt-2pi'3)
5 >

sqt(3)2 ll cos(t-2pi13)

Mok 20¥3) Va= Vd*sinwt +Vq*cos(wt) +Vo
sin(wt+2pi3)

Vb= Vd*sin(wt-2pif3) + Vq*cos(wt-2pi/3) + Vo
cos(wt+2pi3)

Vc= Vd*sin(wt+2pi/3) +Vq*cos(wt+2pi/3) + Vo

cos(w+2pii3)

Alpha-beta

UM 3.23 uLuuiiaesnisasnenszualningnads

nszualiiignadsluszuulada 3 wia (abe)dloudadlifegluzuuuy 2 unu(ap)gn
wamagtaguil 3.24

T T T T T T
ST RRAFEA A
A A A7 YO
\ \ // \ ’ 4 \ \ // ‘\\ / /
, Y ( \// r o
4 § > A4 \\__/ N

N

Current (A)
‘ o
T

Current (A)

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Time (S)

UM 3.24 nszualilihosdaaznszualnihannisudasnu

65



3.44 AUNTITHUUIIABINAALAZLSIAULNHNAIUNEU 29990189DUNB5HDS 3 a viin

LaIesInunUsenaulumislunannsanisen 19 ninaIu1sam uInIsUas ULl ad

nseualninvednanialdlunisAiulumAaun1snIsiUasukladnanauaueavalnan bana

aunsi 3.16

U

=
7

_, gi,
d

A +Ri, +e +v

t

di
_ b :
Vin=L 1 +Ri, +e, +v
t

di

v..=L

N +Ri +e +v

t

(3.16)

P A v A \ ~ ° ° P
o R AoA1AUAIUIUYadlan wag L A ArAnundedtivedlvan dnaunisd
3.11 wnuAnseabintvurasluaunsazle

d(i (i,+ ai, + a2ic)

v=L +R(§(ia+ ai, +a’i,))

d

t

2 2
+ g(ea+ ae,+a’e,) + E(VnN+ av  +a’v )

3.25 ANNSYNUNeAINIELa b1 Nwasn T wa LN
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9N3UT 3.25 nmvgnenanshiuiimumisaneefnszualiinlusuuuunisuas
WAUTEILS ioc Usznaulume nszualniignsds (%) 5o i, nzualniiness () vie ik uay
nszualiiindvinneald (°) vde ik+1) nmsviuneganszualslitlududsiianugueanis
yhauvesdyaduinalumuaunsiauesdunedines 3 ma vhauludumdsignses
donndaIiuINmasksssulnii vik)

3.46 WUUTIADIDULIDILADS 3 LA 2 SEAUAIETTUUNIAAAFAIENS gNas1anIe
TUsUn 33 MATLAB/Simulink fagufl 3.26 9namuuudiaessznause wiasdneusssulwii

Bunesmes 3 wla n3n 3 i Wuwesussiuuaznszualni gauvaswnulussuy 3 wialvieg
Tusuuuy 2 wla yanuauendteidsgegauazynyiuieainszualiindsszneudae
nszudliihdrBauaznszudlnihvesszuuitelflunisduanuazyhuneanssudlnihnasnau
afedygrndudunesines lnevinunsvineureInIsAIuANNSIuIgAINseLa i way

muANATIEMAtgeanaglusUwuuves M-File @agui 3.27 uay 3.28 MUy
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function [Sa,Sb,Sc] = fcn(i_ref,i_means,v_grid,Vdc)
ik_ref = i ref(l)+ i*i_ref(2);

ik = i means(l) + i*i means(2);

vg = v_grid(l) + i*v_grid(2);

R =0.5;
L = 15e-3;
g _opt = inf; 5 Goto
0 = 0: ik3 i_means
vl = 2/3*Vdc; 6 ‘ =0
Vg3 v_grid fen Goto11

v2 = 1/3*Vdc + 1j*sqrt(3)/3*Vdc;

v3 = -1/3*Vdc + 1j*sqrt(3)/3*Vdc;
[v3] Vdc se
v4 = -2/3*Vdc; Goto28

Y

. From39
v5 = -1/3*Vdc - 1j*sqrt(3)/3*Vdc; MPC grid-conected

v6 = 1/3*Vdc - 1j*sqrt(3)/3*vdc;
vl = 0;
v = [0 vl v2 v3 v4 v5 v6 v7];
states = [0 0 0;1 0 0;1 1 0;0 1 0;0 1 1;0 0 1;1 0 1;1 1 1];
for j=1:8
vk = v(j);
ikl=(1/(R*Ts+L))* (L*ik+Ts*vk-Ts*vqg) ;
g=abs (real (ik_ref-ikl))+abs (imag (ik_ref-ikl));
if (g < g_opt)
g opt = g;
x_opt = j;
end
end
Sa = states(x_opt,1);
Sb = states(x opt,2);

Sc = states(x_opt,3);

SUN 3.27 N5 08ULUSLNSUNISYINUI8AINTEWE NN

Y
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function Id = ECPandO(Idinit, Enabled, V, I)
Idmax = 13.8 ;
Idmin = 0.1 ;
deltaId = 0.03;
persistent Vold Pold Idold;
dataType = 'double';
if isempty (Vold)
Va0 Id_ref4
ERLR=07 1152 MPPT Control2
Idold=Idinit;
end - X Idinit
— V*T:
ZV VVI' - frr W [1 |——»{Enabled
S Gaind 4 Id
ap= B - Folds Divide2 | [v3] V ECPandO
if dP ~= 0 & Enabled ~
if dP < 0 @—PI
if dv < 0 From11
Id = Idold - deltald;
else
Id = Idold + deltald;
end
else
if dv < 0
Id = Idold + deltald;
else
Id = Idold - deltald;
end
end
else Id=Idold;
end
if Id >= Idmax | Id<= Idmin
Id=Idold;
end
Ul 3.28 MaTeulusunsumsmuaundeindgean
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fumidlumsinseuasorfingdndudesiuanmyslunisiadedsUsamalnefianid
wnzanferulunsfielduasyiuulseain 14 s 83 15 o esanlulsemalneidy
ndspiudnlvgidunssuneniiosnuuuiniieaenadesiuanniionnia damvemiaen
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Abstract: Under the current situation, it is necessary to harness solar energy to generate more elec-
tricity. However, the disadvantage of solar energy is that it takes a lot of space to install solar panels.
An option to optimize PV systems is to improve the maximum power point tracking (MPPT) algo-
rithm based on symmetrical management has the advantage of being easy to use without updating
the devices. The improved algorithm achieves symmetry between the maximum power point (MPP)
and the output of the PV array, resulting in less power loss and increased system efficiency. This paper
presents the MPPT of photovoltaic using the current control modifier perturbation and observation
plus fuzzy logic control (CCMP&O—FLC MPPT). The algorithm of CCMP&O—FLC MPPT is applied
to reduce the setting time and to reduce oscillation around the set-point at a steady state. This concept
was experimented with using a boost converter with MATLAB/Simulink software package and
implemented by STM32F4VGA microcontroller. The simulation and experiment results are obtained
by comparison with traditional P&O under similar operating conditions. The CCMP&O—FLC MPPT
can track MPP faster when the irradiation is rapidly changing and, therefore, can reduce the PV
system losses. In addition, the advantages of this proposed method can also be applied to improve
the performance of existing systems without modifying existing equipment, unlike modern methods
that cannot be applied to older systems. The results showed that the MPPT time and the power
output efficiency of the proposed algorithm were 146 milliseconds and 99.5%, respectively.

Keywords: maximum power point; modifier perturbation and observation; fuzzy logic control;
boost converter

1. Introduction

Solar energy is an energy that humans can use indefinitely, and in addition, we can
find it easily. It appears and can be received everywhere and has high energy stability [1],
although the problem is that the price for us to convert energy to use in a manner like
fossil energy is still high. However, it is not the main problem because energy can change
depending on market factors. We need to study and develop research to make solar energy
use more stable and cost-effective. For this reason, currently, many countries around the
world are developing and using more and more solar energy [2-4] because solar energy is
clean energy with no fuel costs [5], and it is also very safe compared to fossil and nuclear
power [6]. It is cost-effective, simple, clean, noise-free, and environmentally friendly to
operate and maintain. Solar energy usage patterns are broadly divided into two forms,
depending on the method of capturing light energy, transformation into another form
of energy, and redistribution of that energy. The first form, known as active solar, is
a photovoltaic method, or solar thermal, to capture and convert solar energy directly
into electrical or thermal energy. Another form of passive solar is an indirect method
of utilization included building designs in cold countries to maximize the sunlight or
installing thermal mass-sensitive materials [7]. It can be applied to balance the indoor air,
installing materials with light-diffusing properties, designing a space naturally circulating
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air. Solar photovoltaic is to convert solar energy into electrical energy [8,9]. The use
of solar cells was first produced in 1883 by Charles Fritz and started using selenium
in 1941 [10]. Monomolecular silicon solar panels relatively have high production costs.
The use of solar panels in the early days focused on space applications such as satellites.
After experiencing rising oil prices in 1973 and 1979, the developed countries turned their
attention to solar energy improved more seriously. Photovoltaic (PV) is currently considered
the most popular renewable energy [11-13] due to its many advantages. However, there
are still some disadvantages compared to conventional power sources [14], particularly
the high production costs, low power conversion [15-17], and nonlinear I-V and P-V
characteristics, as shown in Figure 1. The equivalent circuit of photovoltaic cells is shown
in Figure 2. Therefore, it is difficult to harvest energy from solar cells to achieve maximum
efficiency. PV systems are now widely used in battery charging, water pumping, and
grid-connected [18,19]. Various algorithms such as perturbation and observation (P&O) to
optimize the PV system, increment conductance (INC), fuzzy logic (FL), particle swarm
optimization (PSO), and hybrid are used [20].
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Figure 2. Equivalent circuit of photovoltaic cells.

Although these methods are effective in solving the problems of nonlinear I-V curves,
detailed calculations are required, which limits the capabilities of these methods. Although,
these methods are effective in solving the problems of nonlinear I~V curves. Detailed
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calculations are required and limit the capabilities of these methods. Using a fixed iter-
ative step size with conventional perturbation and observation (P&O), the incremental
conductance (INC) method is simple to provide good performance. However, they have
a disadvantage of the slow tracking of the maximum power point when irradiation and
temperature change rapidly. This problem can be solved with a large step size allowing
the fast maximized power tracking but causing PV energy oscillations around the MPP.
The oscillation can be reduced by using a smaller step size. But it slows the speed of the
maximum power point tracking. However, to solve the problem with the fixed step size
method, the obtained maximum power point tracking speed is still slow. To overcome the
drawbacks and fast response of the maximum power point tracking, therefore, an adapted
algorithm with variable step size is proposed. The step size is automatically adjusted
according to the power to voltage derivative of the PV array (dP/dV).

Juber Ahmed and Zainal Salam introduced enhanced adaptive perturbation and
observation (EA-P&O) MPPT for tracking the MPPT under partial shading on PV panel
so that it has a good tracking and high efficiency [9]. The soft-MPPT was introduced by
Shamik Bhattacharyya et al. to track the MPPT under rapid changes in irradiance, which is
fast-tracking [21]. John Macaulay and Zhongfu Zhou proposed a modified perturbation and
observation of MPPT under changes in irradiance, where the algorithm has fast response
and low steady-state oscillation around MPP [22]. Kamarn Ali et al. used a neuro-fuzzy for
high MPPT performance under changing irradiance and temperature [23]. Hegazy Rezk
et al. used adaptive fuzzy logic-based MPPT (AFL-MPPT) with high tracking efficiency
and fast dynamics [24]. A comparison of the maximum power point tracking based on
P&O and fuzzy logic algorithms discussed above is summarized in Table 1. In addition,
many DC/DC boost converters are also used in PV array systems to track the maximum
power point [21,25]. Due to its simple structure, the number of semiconductor switches
can be reduced, resulting in low cost [26].

Table 1. Comparison of the maximum power point tracking based on P&O and FL algorithms.

MPPT Method Converter Equipment Outcomes Ref
EA-P&O b baSE MA’EI;]AlBO/‘}S]iDrgglink Good tracking u:;dff;s:cr}t,ial shading High 1]
SOFT-MPPT boost Arduino mega 2560 microcontroller  Fast-tracking under changing irradiance [21]
MPGORLC b BN A e s
Neuro-Fuzzy  buck-boost MATLAB/Simulink e\ o Jrance under changing 23]
AFL-MPPT boost TMS320F28335 microcontroller ishifdcking efidency [24]

Fast dynamics

In this paper, the CCMP&O—FLC MPPT is proposed. The MATLAB/Simulink pro-
gram is applied to test, validate and compare the results obtained from the proposed P&O
and traditional P&O MPPT methods. An experimental prototype of the MPPT system
using a DC/DC boost converter controlled by the STM32F4VGA microcontroller-based
control circuit was developed. A comparative study between the proposed P&O and the
traditional P&O method under similar operating conditions was presented. Many efficiency
parameters such as PV array output power efficiency, response time, tracking accuracy, and
ripple have been suggested.

2. Maximum Power Point

From the experiment, the understanding of characteristic curves of a solar cell can
be assumed like a curve as opposed to a diode property because of the power caused by
current and voltage.
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Therefore, the transmission curve of the solar cell can be afforded depending on the
level of light received. According to the I~V property curve opposite the diode according
to Figure 1, which has a maximum power called maximum power point (MPP). Even with
a high current value at the short-circuit point, when the voltage is equal to zero. Therefore,
the power value is also zero, where vice versa, at the opening of the circuit, the power at
this point is also zero, while the effect of the combination of current and voltage causes the
value of power to be close to the maximum value. We call the maximum power point (MPP)
that is the point where the solar cells work by receiving the light intensity and transmitting
the maximized power. When considering the I-V curves, the Vinpp and I,,,pp values can be
calculated from V. and I,.

Vinpp ~ (0.75 — 0.9) Vo (1)

Lnpp = (0.85 — 0.95) I, )

The fill factor (FF) is the value considered properties of the solar cell with the following
values.
FF = Vmpp * Impp/Vac * Isc 3)

The fill factor value refers to the value that represents the quality of the solar cell.
Typically, silicon cells are approximately 0.7-0.8, and the output power of the solar cell is
shown in Equation (3).

pmpp = Viupp * Inpp = Vioc * loc % FF 4)

Therefore, the efficiency of the solar cell is the ratio of the output electric energy to the
solar input (Pin), which has the following relationship.

ﬂ:Vac*Isc*FF/Pin )

At present, the maximum efficiency of silicon solar cells at 1000 W/m? from laboratory
tests is approximately 24%, and in general, use is 10-14%, although theoretically, the value
is 26-27%.

From Figure 1, it is observed that when the current is I1, the electric power is P1. The
electric current is 12, the electric power is P2, which is the maximum power. Therefore, we
have to harness the electricity to keep the solar cells at the maximized power all the time.

3. Conventional Perturbation and Observation Algorithm

Today, one of the most popular MPPT methods is the P&O method, which has oper-
ated for a long time. According to the characteristic curve, the perturbation and observation
techniques are applied to adjust the voltage of the photovoltaic system in the direction of
constantly increasing power. When the maximum power is reached, the voltage is con-
stantly changing and fluctuating around the maximized power. This algorithm is suitable
for slow changes in irradiation and temperature. The disadvantage is an output oscillation
on the maximum power. Furthermore, the speed of convergence to a maximized power
point depends on the step size (D: delta of duty cycle). The small step size has low oscil-
lations on maximum power and big tracking time. The big step size has high oscillations
on maximum power point and low tracking time. A diagram of the perturbation and
observation maximized power point tracking (P&O MPPT) method is shown in Figure 3.

The basic equations of P&O method are as follows:

Ppy (k) = Vpy (k) * Ipy (k) (6)
AP = P_PV (k) — P_PV (k—1) @)
AV = Vpy(k) = Vpy(k—1) (®)
AP =0 at MPP 9)
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AP <0 and AV <0 at left of MPP (10)
D(k) = D(k—1) — AD decrease Vit (11)
AP <0 and AV >0 at right of MPP (12)
D(k) = D(k —1) + AD increase Vot (13)
AP >0 and AV <0 at right of MPP (14)
D(k) = D(k—1)+ AD increase Vo (15)
AP >0 and AV >0 at left of MPP (16)
D(k) = D(k—1) — AD decrease Vout (17)

Y

RETURN

Figure 3. Diagram of perturbation and observation MPPT method.

4. Modified Perturbation and Observation Algorithm

The advantages of the traditional perturbation and observation MPPT algorithm are
simple and effective. However, the weakness of this algorithm is that its operation may fail
under rapidly changing irradiation and temperature conditions, leading to MPP tracking
in the wrong direction. Fast-tracking can be performed with larger step sizes. But excessive
steady-state oscillation is inevitable, where the smaller the step size can reduce the slower
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dynamic shaking. Many solutions to these conflicts have been presented using variable
and progressive step sizes that cannot be achieved where the algorithm automatically
changes the step size based on the PV array style. Depending on the individual operating
conditions, the size of the step should provide a satisfying exchange between the dynamics
and oscillation. Therefore, based on the basic principles of MPPT, this article presents a
modifier perturbation and observation MPPT algorithm, which has a more simple character,
faster response time, and less oscillation. The chart of modifier perturbation and observation
algorithm is shown in Figure 4. In solving the perturbation and observation problems, the
CCMP&O—FLC MPPT methods are proposed based on Equation (17), where I, is related
to solar radiation.

I = AL+ (T - Ter)) (18)

where

A is the solar irradiation intensity; kW/ m?,

Iy, is the electric current generated by solar irradiation; A,

I is the shot-circuit current of the cell; A,

K; is the temperature coefficient of the short-circuit current; A/°C,

T is the temperature at the cell junction; °K,

Tyer is the reference temperature of the cell.

The current control modifier perturbation and observation plus fuzzy logic control
maximum power point tracking method proposed is given as follows:

Ppy (k) = Vpy (k) = Ipy (k) (19)

AP = Ppy (k) — Ppy (k- 1) (20)

AV = Vpy (k) — Vpy(k —1) (21)

M = abs(APpy(k)) variable step size (22)

AP =0 at MPP (23)

AP <0 and AV <0 at left of MPP (24)
Lop (k) = Inep(k — 1) = (M * AI,,_,f(k)) decrease Vout (25)
AP <0 and AV >0 at right of MPP (26)
Liep(k) = Ipp(k = 1) + (M * Almf(k)) increase Vout (27)
AP >0 and AV <0 at right of MPP (28)
rop (k) = Liegk =1) + (M % Al () increase Vou (29)
AP >0 and AV >0 at left of MPP (30)
Lep(K) = Treg(k — 1) = (M*Azrff(k)) decrease Vi @31)

where

Pyo(k), Vo(k), and Iy (k) are the PV array output power, voltage, and current at the
instant (k).

Pyo(k — 1), Vpp(k — 1) are the PV array output power and voltage at the instant (k — 1).

M is the absolute value of the APy (k).

Ligs(k) is the initial current at the instant (k).

I,(,f(k — 1) is the initial current at the instant (k — 1).

To control the duty cycle of the boost converter, fuzzy logic control (FLC) is used. The
nine rule of FLC is illustrated in Table 2.
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Figure 4. Diagram of modifier perturbation and observation fuzzy MPPT method.

Table 2. Fuzzy logic control rule.

dErr N z P
Bix
N Z Z V4
z z Z S
P S M L

Where Z, S, M, and L are zero, small, medium, and large size of duty cycle, respectively. N, Z, and P are negative,
zero, and positive, respectively.

By using the symmetry fuzzy rule, the input and output membership function of fuzzy
logic are shown in Figure 5. In order to reduce the oscillations around the MPP, therefore,
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the regions of the I,;, dl,,r and duty cycle are defined as —20 to 20, —1 to 1, and 0 to 100,

respectively.
N Z P
1 d pET—
05 X
A
20 -156 -10B8P5 0 5 10 15 20

0.5

0
-1 -0.8-06 -04 -02 0 02 04 06 08 1

| ref

(b)

0.5

0
0 10 20 30 40 50 60 70 80 90 100
Duty

(9
Figure 5. Input and output membership function of fuzzy logic; (a) Iref, (b) dlref, (c) Duty.
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5. Simulation Results

To illustrate the MPPT, response time, ripple, and efficiency of the CCMP & O—FLC
MPPT method. A comparative study between P&O and CCMP & O—FLC MPPT methods
have been demonstrated. Therefore, MATLAB/Simulink was applied to simulate the
system at the beginning of this research. To track the maximum power, the DC/DC boost
converter was applied to transfer the electrical power from the PV array to the load. The
1Soltech 1ISTH—215P was used in the simulation. The PV module specifications and the
DC/DC boost converter parameter of the simulation system are illustrated in Tables 3
and 4, respectively.

Table 3. PV module specifications.

Emulated PV Source Specifications Value
Voltage at MPP (Viypp) 29V

Current at MPP (Inpp) 7.35A

Short circuit current (Is) 784 A

Open circuit voltage (V) 363V

Maximum power at standard temperature condition 213.15W

Parallel strings 1
Series-connected modules per string 8

Table 4. DC/DC Boost converter parameter of the simulation system.

Converter Parameter Value
Switching frequency (fsw) 20 kHz
Input filter capacitor (C;;,) 100 uF

Output filter capacitor (Cy) 280 uF
Input filter inductor (L;,) 420 mH

5.1. Maximum Power Point Tracking

The perturbation and observation maximum power point tracking (P&O MPPT)
method and current control modifier perturbation and observation plus fuzzy logic control
maximized power point tracking (CCMP&O—FLC MPPT) was tested by simulation the
rapid change irradiation levels as follow 600, 1000, and 900 W /m?. The simulation results
showed that the MPPT algorithm mentioned in this article is very accurate. The energy
values determined by both methods converge to the theoretical values corresponding to
the rapid change irradiation level, as shown in Figure 6.

A A< S
184 L

1600 - —pgo
1400 1 | ——COMP&O-FUZZY 1,000 W/m*
/ 900 W/m’

600 W/m’

PV Power (W)

0 02 04 0.6 08 I 1.2
Time (S)

Figure 6. A comparison of the PV array output power between proposed and P&O MPPT methods.
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5.2. Comparison of Response Time

A comparison of the maximum power point tracking between proposed and tradi-
tional P&O MPPT methods is shown in Figure 7. The proposed CCMP&O—FLC MPPT
method can reduce energy loss more than traditional P&O methods due to less maximum
power tracking time.

T i SR | T T T T T S

1800 Fr—

Pmpp |
1600 H-——P&0O |

—CCMP&O-FUZZY |
1400 }

1200 - il

1000

800 -

/1000 wim?

600 - 900 W/m*

PV Power (W)

400 -

200
N"
oM

200 b

4 e e o = = - - . RO ORI S
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time (S)
Figure 7. A comparison of the PV array output power response time between proposed and P&O
MPPT methods.

Figures 8 and 9 show the output power of the PV array due to the sudden rise and fall
of irradiation. It can be noted that the response time with the proposed MPPT algorithm is
significantly better when using the traditional P&O MPPT algorithm, especially around the
MPPT point.

1800 -

1600 1

1400 - 4
o 1200 TN B
B -
= 1000 { |
g | \ 1,000 Win*
2 800 f——————— / 900 Wim® |
4 Pmpp I \ e
£ 600 {~7 P20

— CCMP&O-FUZZY |
400

200
ot < 0 o

ookl e mr— e o o

0.5 0.55 0.65

Time (S)
Figure 8. A comparison of the PV array output power due to sudden increase in irradiation between
proposed and P&O MPPT methods.

5.3. Comparison of Ripple

Figure 10 shows a noticeable decrease in the electrical power ripple of the proposed
system compared to traditional P&O methods.

5.4. Comparison of Efficiency

From Figure 11, it can be observed that the efficiency of the PV output of the proposed
algorithms is greater than the traditional P&O algorithms. Since there is no oscillation
around the maximum power point, the efficiency of the proposed method is higher than
that of the traditional method. The power output efficiency of the proposed algorithm is
99.5%.
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Figure 9. A comparison of the PV array output power due to sudden decrease in irradiation between
proposed and P&O MPPT methods.
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Figure 10. A comparison of the PV array output power ripple between proposed and P&O MPPT

methods.
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Figure 11. A comparison of the PV array output power efficiency between proposed and P&O MPPT
methods.

6. PV MPPT System Experiment Results

The experimental methods are performed to evaluate and verify the effectiveness of the
CCMP&O—FLC MPPT. The prototype circuit used in the experiment and the experiment
diagram of the system is shown in Figures 12 and 13, respectively. The specifications are
listed in Tables 5 and 6, respectively. The STM32F4VGA is used to provide the control
signal for the boost converter, resistance as load, emulated PV source SM300—-10D PV
simulator, and SM300—20 programming power supply have been used as a source instead
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of a PV. The results of the proposed algorithm were then compared with the results of
the traditional P&O algorithm. Figures 14 and 15 show the PV output voltage, PV output
current, and PV output power obtained by traditional P&O methods corresponding to
600 and 1000 W/m2. Figures 16 and 17 show the PV array output performance of the
CCMP&O—FLC method with irradiation 600 and 1000 W/m?. From the experimental
results in Figures 14-17, we can see that the two MPPT algorithms mentioned in this article
are highly accurate. The energy, voltage, and current values obtained by the proposed
methods and traditional P&O methods are consistent with radiation levels and theoretically
correct. Comparison of the response time of the proposed algorithm with the traditional
algorithm showed that the proposed algorithm is approximately 146 milliseconds, the
traditional P&O method is around 216 milliseconds, indicating that the proposed method
tracks maximum power faster than the traditional one. Figures 15 and 17 show the PV
output power of the traditional algorithm and the proposed algorithm at 1000 W/m?. The
PV output power of the traditional algorithm and the proposed algorithm are 606.567 W /m?
and 690.67 W/m?, respectively. Since there is a little bit of oscillation around the maximum
power point, the efficiency of the proposed method is higher than that of the traditional
method. The experimental results of the proposed method are very accurate compared to
the traditional method because it has a faster convergence speed and less response time.
There is no static vibration around the MPP, which is suitable for real-world conditions.

Figure 12. Prototype laboratory experiments of the MPPT system.

Table 5. PV source specifications.

Emulated PV Source Specifications Value
Voltage at MPP (Vi) 230V
Current at MPP (Iypp) 3A

Short circuit current (Isc) 4A
Open circuit voltage (V) 245V
Temperature coefficient (T}) —1000 °C
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Figure 13. Experiment diagram.

Table 6. DC/DC Boost converter parameter of experiment system.

DC/DC Boost Converter Parameter Value
Switching frequency (f;,) 20 kHz
Input filter capacitor (C;;,) 100 uF

Output filter capacitor (Cy) 280 uF
Input filter inductor (L;,) 420 mH

I 1.000s/
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Figure 14. The PV output voltage, current, and power of experiments with traditional P&O methods.
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Figure 16. The PV output voltage, current, and power of experiments with proposed P&O methods.
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Figure 17. The experiments result of the PV MPPT tracking with proposed P&O methods.

7. Conclusions

In this paper, the CCMP&O—FLC is laid out, the proposed schemes are discussed in
detail, and simplified design rules are proposed. Comparative studies have been shown
between the proposed method and traditional method under the same operating and
environmental conditions. The simulation and experimentation results show a signifi-
cant contribution to steady-state performance and dynamic response. The response time
of the maximum power point tracking cannot be reduced by a traditional method. The
CCMP&O~FLC is confirmed, in which the energy loss of the converter is reduced. Ad-
ditionally, the improvements of the traditional MPPT to approach ripple and overload
are undeniable. The experimental results of the proposed MPPT algorithm showed high
accuracy, rapid convergence, a little bit of oscillation around MPP, less noise, and no
difference from MPP points. The proposed algorithm achieves symmetry between the
MPP and the output of the PV array resulting in less power loss and increased system
efficiency. Compared to the other methods, as shown in Table 1, the MPP tracking of the
proposed method is good as others. In comparison, in terms of complexity, the proposed
method is much less complicated. Compared to modern methods such as neuro-fuzzy, it is
clear that the proposed method is applicable to conventional microcontrollers, unlike most
modern methods that are not compatible with conventional microcontrollers. Hence the
CCMP&O—FLC presented as the result of the proposed method is very effective.
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Abstract: Nowadays, the single state inverter for the grid-connected pho-
tovoltaic (PV) systems is becoming more and more popular as they can
reduce circuit complexity resulting in less power losses of the inverter. This
paper focuses on the use of model predictive control (MPC) 1o control a
3-phase and 2-level single-state grid-connected inverter in order to regulate
the PV maximum power point (MPP). The algorithm of MPC scheme was
done to measure the simultancous current signal including predicting the
next sampling current flow. The reference current (Igx) was used to con-
trol the distribution of electrical power from the solar cell to the grid. To
be able to control the maximum power point tracking (MPPT) when the
sunlight suddenly changes, so that a developmg MPPT based on estimation
current perturbation and observation (ECP&O-MPPT) technigue was used
to control the reference current. This concept was experimented by using
MATLAB/Simulink software package. The proposed technique was tested
and compared with the old technique. The simulation results showed that the
developed MPPT techmque can track the MPP faster when the hight changes
rapidly under 1,000 \W/m?, 23°C standard climatic conditions. The MPPT time
wits 0,013 & The total harmonic distortion (THD) was 2,170 and the power
factor was 1.

Keywords: Single-state grid-connected, madel predicuve control; maximum
power paint; estimation perturbation and observation

1 Introduction

Today. renewable energy technologies are developing rapidly. Solar cells arc a rapidly evolving
renewable energy source and play an important role in clean energy use [1-3]. Because the energy that
comes from sunlight alone is endless. It is also environmentally friendly. No carbon dioxide is released
into the atmosphere. This 1s in line with the agreement to reduce carbon dioxide emissions to reduce
global warming [4]. Currently, many countries have tariffs on imported goods based on their carbon
dioxide emission rates [5.6]. For this reason, we focus on cleanliness and the environment to avoid

This work is licensed under a Creative Commons Attribution 4.0 International License,
which permits unrestricted use, distribution, and reproduction in any medium, provided
the original work is properly cited.
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fossils and other sources that are harmful to the environment. Solar energy is one of the most widely
used sources of natural energy [7.8]. Tt stems from the rapid development of photovoltaic technology
in recent years that has improved efficiency and reliability. However, commercial PV panels require a
large area. Therefore, it has an impact on the environment and agricultural areas. So, another solution
is to install it on the rooftop (solar rooftop), on the dam and on the lake (floating solar). The problem
with PV systems is that the rapid change in radiation, temperature and partial shading of the panels.
Another problem is the installation of PV panels on the rooftop in a position that does not correspond
to the sun’s orbit.

Therefore, MPPT is used to solve all the problems mentioned above. It is also used to optimize
photovoltaic systems. There are several ways to track the MPP, such as perturbation and observation
(P&O0), increment conductance (INC), fuzzy logic (FL), particle swarm optimization (PSO) and the
hybrid. The P&O and INC are traditional methods. This method is good at tracking MPP in stable
environments [9-12]. The FL method can reduce oscillations around the MPP. The downside is the
difficult design [13,14]. The PSO is the best suitable algorithm under partial shading. The disadvantage
of this approach is the delay in tracking the MPP [15,16]. The hybrid MPPT technique offers accurate
and efficient tracking under rapidly changing environmental conditions. However, this method is
complex [17].

So that the PV system produces the MPP. It must be connected to a direct current to direct current
(DC-DC) or direct current to alternative current (DC-AC) converter using the aforementioned
algorithm to track and control the MPP. Other parts of the photovoltaic system include inverters,
controllers, and sensors, which play a key role in harnessing electrical power to the grid. The basic
functions for all grid-connected inverters e.g., THD, grid voltage disturbances, grid voltage variations,
MPPT and partial shading detection, operation at unity power factor as required by standards, fast
voltage detection and fast frequency detection. The THD is limited and imposed by the standard. The
MPPT must have very high efficiency in steady-state, fast-tracking during rapid irradiation changes
and stable operation at very low irradiation levels. Currently. PV applications can be divided into
two main categories, stand-alone systems and grid connected systems. The stand-alone systems are
typically used in low power systems such as residential applications. Therefore, battery banks are
needed to store the energy produced by PV panels. Grid-connected systems are ideal for injecting
maximum power drawn from the PV system to the grid, even when temperatures and radiation levels
change. The grid-connected inverter is divided into single-stage and two-stage. The single-stage system
connects directly between the array sides and the inverter side as shown in Fig. la. The two-stage
system requires a DC-DC converter to conneet the PV array into the inverter side as shown in Fig. 1b.
Two systems configuration plays an important role in converting from DC-AC.

Grid

Filter

(a)

Figure 1: Continued
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Figure 1: PV grid-connected system (a) single stage and (b) two stages

An important component of a PV system is the grid-connected system. The grid-connected
systems are ideal for injecting maximum power drawn from the PV system to the grid. There are
several ways to control the current of grid-connected inverters, such as proportional-integral controller
(PI), proportional-resonance controller (PR). PI-based current control implemented in a synchronous
frame is commonly used in three-phase converters [18]. In single-phase converters, the PI controller
capability to track a sinusoidal reference is limited and PR can offer better performances [19].

The basic functions for all grid-connected inverters are THD [20], grid voltage disturbances, grid
voltage variations, maximum power point tracking, partial shading detection, operation at unity power
factor as required by standards, fast voltage detection and fast frequency detection. The THD is limited
and imposed by the standard. The MPPT must have very high efficiency in steady-state, fast-tracking
during rapid irradiation changes and stable operation at very low irradiation levels.

In the literature review, various models are used for designing a controller to control voltage,
current, MPP, THD and power factor (p.f.) to meet standards as shown in Tab. 1.

Table 1: PV grid-connected method

MPPT/Inverter Grid-connected Equipment Outcome Ref
method
Perturb and Single-stage MATLAB/Simulink Good MPPT [21]
observe Unity PF
(P&O)/Proportional Low THD
integral (PT)
Model predictive Single-stage MATLAB/Simulink Reduced switching  [22]
control (MPC) dSpace losses

Reduced THD
Continuous-time Two-stage MATLAB/Simulink Good tracking [23]
model predictive dSpace performance

control (CTMPC)

(Continued)
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Table 1: Continued

MPPT/Inverter Grid-connected Equipment Outcome Ref
method

Perturb and Transformer MATLAB/Simulink High MPPT [24]
observe less/Two-state efficiency

(P&O)/Highly

efficient and
reliable inverter
concept (HERIC)

Perturb and Two-state Simulation Good tracking [25]
observe performance
(P&O)/Adaptive Low voltage

reference fluctuation

proportional

integral (ARPI)

Several papers were proposed on P&O/PI, MPC, CTMPT, P&O/HERIC and P&O/AERPI. The
purpose is to enable the system to rapidly track MPP when irradiation levels and temperatures change
rapidly. The P&O method is still popular for MPPT. However, all of the above methods have been able
to keep track of MPP very well. The THD and voltage fluctuation are low.

Today, the MPC are widely used such as motor drives and grid-connected inverter. Because it is a
simple method, robustness and fast-dynamic response. Unlike classic linear controls such as PI, PR,
this approach can be used to isolate the dependent control loop and ultimately improve the dynamic
response. The MPC method is a control system that can control the injection of current into the grid.
The grid current is measured to calculate pre-time current. Subsequently, the current at time t+ 1 is
calculated. The values are then estimated from the output voltage vector of the 3-phase and 2-levels
inverter. After cach vector with all different output voltages is computed. The correct gate-drive signal
is then generated. Therefore, the MPC is suitable for use under non-linear system conditions.

This paper proposes a suitable control method for single-state grid-connected inverters. Addi-
tionally, the ECP&O-MPPT algorithm has been optimized to track the MPP faster. The MPP can be
tracked immediately when the irradiation changes suddenly. Where, the ECP&O is used to generate
the PV output current reference corresponding to the MPPT. Then, the MPC is used to maintain the
PV output current corresponding to the referent current and provide the inverter control signal. As a
result, the reliability and efficiency of this system are increased. In addition, this study also included a
contribution to the literatures related to reducing the number of power semiconductors. The developed
system effectively controls the voltage, current, MPPT, THD and power factors.

This paper is organized as follows. Section 2 described the grid-connected inverter modeling and
configuration. Section 3 devoted to maximize power point tracking and inverter design. The simulation
results and conclusion were discussed in Sections 4 and 5, respectively.
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2 Grid-connected Inverter Modeling and Configuration

The SPR-315E-WHT-D PV were used in this simulation.

Eleven series modules and two parallel

strings were used. The parameters of PV panel are illustrated in Tab. 2. The IV and PV characteristics

under various irradiations at 25°C are shown in Fig. 2.

Table 2: PV module data

Parameter Value
Maximum power at standard temperature 315.072
condition (STC) (W)

Cell series modules (Cells) 11

Cell parallel (Cells) 2

Open circuit voltage (V) 64.6
Voltage at MPPT (V) 54,7
Short circuit current (A) 6.14
Current at MPPT (A) 5.76
Temperature coefficient of open circuit voltage —0.27269
(%l C)

Temperature coefficient of short circuit current 0.061694
(aC)
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Figure 2: IV and PV characteristics of PV panel at 25°C and vary irradiations

The simple structure of three phase grid

_connected inverter is shown in Fig. 3. The system consists

of PV panel, 3-phase inverter, grid impedance (R, and L
system are illustrated in Tab. 3.
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PV array | Three phase inverter
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Figure 3: Basic three phase grid-connected inverter schematic diagram

Table 3: Grid-connected system parameters

Subsystem Symbol Value
Grid voltage V, 380V
Grid frequency f, 50Hz
Grid resistance R, 0.5 2
Grid inductance B, 15mH
Input capacitor G 50 uF

3 MPPT and Inverter Design

To track the MPP with a simple and faster than the P&O method, Eq. (1) thus gives rise to a new
method known as the ECP&O method. Tt is shown in Fig. 4. The ECP&O method works as a period.
By compare of photovoltaic power at the current time with the previous period. If the rate of change
in power is positive, the system will adjust the command current in the same direction. If the rate of
change in power is negative, the system will adjust the command current in the opposite direction.
The advantages are simple and uncomplicated. Therefore, ECP&O was used to control the Iy* of the
mverter.

Lyinii=Tmppx(1,,/1000) (1)
where

I, = initial command current

I,,,, = current at maximum power

I,, = measurement of irradiation

The MPC was used in the control of inverter. It was a theoretical approach to apply for grid
connected inverters. The theory was presented by referring to the control of the electric drive system
to study and easy to understand the application as shown in Fig. 5.

Basically, the number is limited by the number of possible states of the constant power supply,
that from the status of the power converter operation, in which the above process allows to predict the
next time status [26]. The predicted values calculated the state of the correct switching action and was
selected by the cost function [27]. The control technique can be summarized as follows:
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1. Set the equation cost function.
2. Create inverter model and switch design of switch equipment.
3. Create models for prediction.

START
Initialize
dmax * ~dmin > d
L=l »(1,/1000)

o
[Measure v, (.1, ). ﬂ

P (k) = V(K)o 1, (k)
DV, (k)= VoK)V, (k1)
DP,, (k) =Py, (K)-R,, (k-1)

|l. (k)=1, (k-l)-nl‘(kJ!ll.(hl=l.(k-ll-f-\-l.{k}“|,(mm{k-n-m, |k)".lk )=1, (k-1)+Al, ﬂ
2 s [] i

k_
Update
(1) =1,(K)
V', (k-1)=V,, (k)
va (k'l) -~ va (k)

Figure 4; ECP&O MPPT algorithm f] lowchart

1%eely

Predietive current
control model

Figure 5: Block diagram of model predictive control

The purpose of MPC is to limit the error between the measured current and the reference current.
A cost function can be written in the form of a perpendicular axis [28]. A measurement of the error
between reference and measured values is shown in Eq. (2).

g =it (k + 1) — ik + DI+ e+ 1 — 5+ DI @
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where
ir(k + 1) = Real part
ih(k + 1) = Imaginary part
i"(k + 1) = Value of the load vector
i(k + 1) = Real part of the reference current
it (k 4 1) = Imaginary part of the reference current

The value of the load vector was used to determine the voltage vector. This predicted current was
used for the load model. The principles of predicting the current of an inverter, it can be determined
by the voltage drop and the grid voltage, as shown in Fig. 6. The filter (L-filter) can be determined by
solving Eqgs. (3) and (6). However, the L-filter can be adjusted. Because the variations in the L-filter
values can affect the performance of MPC in terms of the root mean square of grid-currents. The fast
dynamic response is not affected.

A4S fe

on|

Figure 6: Equivalent circuit of inverter connection
The prediction of the load current in the discrete model of the model can be explained by Eq. (3)-
: d;
v=Ri+ Ld—+e 3)
.

where V is the inverter output voltage vector, i is the load current vector and e is the back-emf voltage
vector.

Eq. (3) can be represented by a discrete-time estimation function. T, is the sampling time. It is
shown in Eq. (4).
d, itk + D=itk)

—Ling 4
d, Ts (4)
By substitute Eq. (4) into Eqg. (3), then Eqs. (5) and (6) are obtained as follow:
i(k 4+ D—ick
V= Ri(k)+LL+—)L+e(k) (35)
Ts
’ fiF \ RT,
itk + l)if(v(k)fe(k)—ﬂ-l(k) (l—T) (6)

Eq. (6) was used to predict the load current that will occur in the next order by comparing
with the reference current i*(k) of the system. To analyzing the output voltage of a 3-phase inverter,
it is a complex method that can be cxpressed by the voltage vector of a 3-phase and 2-level. The
inverters module is represented by the state of the two-state switch: on and off (S;, Sa Sa=a, b, ¢).
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When a, b, ¢ is the phase voltage. The 3-phase system can be used to determine the gate drive signal

by Eq. (7).

S =2/3(S,+aS,+a28S,) )
In order to generate the 3-phase inverter output signal from the control signals S, S, and S.. Tt

can be seen that the conversion of the direct current (DC) to the alternative current (AC) with a simple

mathematical equation. It can be summarized as the Eq. (8). The flowchart of model predictive control
algorithm is shown in Fig. 7. The state of the signal generator is shown in Tab. 4.

Vi=/(2/3) Vel S, +Spe /7 +8.e7/) ()
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Figure 7: Model predictive control algorithm flowchart
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Table 4: Inverter output voltage and gate drive signal

Vector Output voltage equation Gate drive
Si S, S,

0 0 on off off
1 2/3)Vy on off off
2 ((1/3)Vo) + ((3)"13) V) on on off
3 (= 1/3) V) + (G(3)"*3) V) off on off
4 —(213)V, off on on
5 —((113)V) = ((3)"" V) off off on
6 ((1/3)V4 = (G(3)"13)Vy) on off on
7 0 on on on

4 Simulation Results

In order to test the performance of the maximum power point tracking of the proposed algorithms,
the tests were compared with the increment conductance and the traditional perturbation and
observation. The simulation system and controllers schematic diagram of the grid-connected inverter
is shown in Fig. & The system consists of PV panel, 3-phase inverter, 3-phase grid, controller and
SENSOr.

1.PV Panel 2. Three phase Inverter 3. Three phase AC Grid

| !

l .

N

S

|

|

|

b UIT L e R\ LN O 1 U S

Figure 8: Simulation system and controllers schematic diagram of the grid-connected inverter

Fig. 9 shows the simulation diagram of the ECP&0O MPPT and MPC grid-connected. The solar
irradiation sensor converts the light intensity to the referent initial current (Ly;,). The PV voltage (V,.),
PV current (I,) and T, are processed by the MPPT controller. The reference current (I, is forwarded
to the MPC. The MPC grid-connected consists of four signal input sources. The reference current input
and the grid current input are used to calculate and predict the current to generate the S, Sy and S,
gate drive signals. Both of these variables are required to convert from a 3-phase system into a 2-phase
reference (@B). Fig. 10 shows a simulation diagram of a 3-phase system to a 2-phase reference (af5).
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V, and V,, are the reference grid voltage and reference PV voltage. The MPC is in the form of an S-
Function. The principle of MPC is shown in Fig. 11. The diagram shows the position of the current
vector (i,). This consists of reference current (i°) or i, actual current (i) or i, and predictive current
(i,) or i(k + 1), then predicts the current value at the operating state of the gate drive signal to control
the 3-phase inverter. Thus, the MPC operates in the correct position and corresponds to the voltage
vector V(k).

MPPT Conlrol1

Idinit

Enabled 4q0_to_sbe
4 .

Drice! VECPandO

c 1o alpna: bathal
Constant! abcioalpha’ betha

MPC grd-canected

Figure 9: Simulation diagram of the MPPT and MPC grid-connected

Alpha-beta

?

Figure 10: Simulation diagram of a 3-phase system to a 2-phase reference («f)
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Figure 11: Principle of electric current prediction from current vector

Two following operating conditions were used to check the algorithm performances in the grid-
connected system:
1. 1,000 W/m?, 25°C standard climatic conditions,
2. Rapidly changes in solar irradiation.

To demonstrate the performance of the proposed method. The MPPT under standard climate is
tested. Fig. 12 shows the comparison of PV output power. The MPPT time of the proposed is 0.015s.
The proposed method tracks the MPP fastest. Fig. 13 shows the comparison of the I The oscillation
of the proposed method is minimal. Fig. 14 shows the comparison of the grid current waveforms.
Obviously. the proposed method allows the system to track the peak current as quickly as possible.
Fig. 15 shows the comparison of the THD. The comparison shows the performance of the proposed
MPPT. The THD of the proposed is the lowest. In comparison, the proposed method is best suited
for the MPC grid-connected.
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Figure 12: Comparatives of PV array power under standard climatic condition

To verify the performance of the proposed PV grid-connected system. The system was tested under
rapid changes in solar radiation. The comparison result is shown in Fig. 16. By comparison, it is clearly
seen that initially at the 1000 W/m’ radiation level. The proposed algorithm tracks the maximum
power point the fastest. The second is the INC algorithm. The last order is the P&O algorithms. While
the irradiation is rapidly dropped to 200 W/m*. The MPPT of all algorithms was also able to track
the MPP. This demonstrates the performance of the MPC grid-connected algorithm. However, the
proposed algorithm has the least oscillation around the maximum power point. Where the irradiation
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13

is rapidly increased from 200 to 500 W/m’. The most performance MPPT algorithm is the proposed

algorithm.

Idrel (A)
E
\
\

1 L
0.01 0.02 0.03 0.04 0.05 0.06 0.07
Time (S)

P&O
Inc

_EP&O |

0.08

Figure 13: Comparatives of I; under standard climatic condition
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Fig. 17 shows the comparatives of grid current under rapid changes in solar irradiation. The
simulation results show that the proposed algorithm is capable of tracking current at MPPT quickly.
The grid current waveform under the rapid change in solar radiation of the P&QO, INC and ECP&O
algorithms is shown in Fig. 18. It has been shown that under rapid changes in radiation. The ECP&O
algorithm has the best performance due to its most sinusoidal signal characteristics. As a result, the
THD is the lowest as shown in Fig. 19. The THD of ECP&O algorithm is 2.17%. Fig. 20 shows a

comparison between V, and I, of all MPPT algorithms that the system has a unity power factor.
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Figure 18: Grid current waveforms under rapidly changes in solar irradiation
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5 Conclusion

This study examines the efficiency and characteristics of a single-state grid-connected inverter.
The ECP&OMPPT algorithm is proposed to control the current injected into the grid. The efficiency
of the inverter was determined with the ECP&O and MPC algorithms. The simulation results show
that the system efficiency corresponds to injected currents into the grid. The THD was standardized
and unity power factor. This paper attempts to improve the grid-connected inverter to simplify control,
reduce power loss in converters, fast-tracking maximum power point when irradiation changes rapidly,
and maintain THD levels within standards. By comparing all the reference current control algorithms,
it was found that ECP&O is the most suitable for the MPC algorithm as it provides the best tracking
for MPPT. From the simulation results, it can be concluded that the MPC algorithm is suitable for
the PV system grid-connected inverters. As can be seen from the grid currents are usually sinusoidal,
unity power factor and minimal THD. By compassion with the MPC method as shown in Tab. 1, in
comparison, the proposed method has lower total harmonic distortion. It also has a lower oscillation
of the power around the MPP. However, the MPC method is suitable only for a simple MPPT method.
If it was used with complex MPPT methods, the power oscillations around the MPP and the THD
might be too high.
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