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JlucepTarMOHHUAT TPy € 00ChAEH U HACOUEH 3a 3amura oT Karenpenus cbBeT
Ha Karenpa ,,EleKTpoHHKa U TEXHOIOIn4HO oOydeHue  KkbM TexHuuecku dakynrer
Ha Oro3ananen yuusepcuter ,,Heodut Puncku Ha peoBHO 3acenanue, IpoBeICHO
Ha 20.04.2026 rox.

ITyGnmynaTa 3ammra Ha JUCEPTALMOHHMS TPYX e ce ¢beTod Ha 23.06.2026
rog. oT 13:00 gaca B 3ama 1339, yueGen xoprnyc 1 Ha IOrosamanen yHuBepcUTET
,»Heopur Puncku® Ha OTKpUTO 3aceqaHHe Ha HAyYHOTO KYPH, OIPEACICHO ChC
3anoBeq Nel1102/24.04.2026 ron. na Pexropa Ha FOrosananen yuusepcuret ,,Heoput
Puncku‘ B cberaB:

1. nmou. n-p umx. MBan UBanoB Hepsmko — O3V ,,Heodut Prmcku™

2. npo¢. a-p l'amunus Msanosa IlerpoBa-CrniacoBa — TeXHHUECKH YHUBEPCUTET
— Coust

3. npoo. a.1.1H. Tomop Atanacos Crounos — UMKT — BAH — Codus

4. pou. n-p umx. Kamenus I'eoprueBa Pyckosa — TexHHUECKH YHUBEPCUTET —
Codus

5. mpoo. a.1.1H. Kpacumupa IlerpoBa Cromnoa — MUKT — BAH — Codus

Penenzentu:

no1. a-p unk. MiBan MiBanoB HensiiikoB — BbTpeILIeH wieH
npod. A.T.H. Tonop AtanacoB CTOWJIOB — BRHILIEH WICH

N =

MarepuanuTe 1Mo 3amuTaTa ca Ha Pa3loJOKEHHE Ha MHTEPECyBalUTe Ce B
KaHnenapuara Ha Texumdecku (akynrer Ha IOrozamamen ynusepcuret ,,Heodut
Punckxn, yae6en kopmyc 1, kabuaer Ne 1604.

JlucepTaHThT € MOKTOpaHT B pefoBHa (opma Ha oOydeHHe B Karenpa
.EiekTporexnnka, EnexkTponnka u aBromaruka™ Ha TexHumueckusi akynrer Ha
IOro3ananen ynusepcurer ,,Heodpur Puacku®.

ABtop: mar. Anekcauasp EBrenues ['anes

3arnaBue: W3cnenBane Ha HMHTEJIMICHTHH METOIM 3a ONTHMM3ALMs Ha
e(i)eKTPIBHOCTTa Ha (bOTOBOHTaI/I‘{HI/I CHUCTEMU B JTUHAMUYHU CpEAN



OBIIMA XAPAKTEPHCTHUKA HA JMCEPTAITMOHHWA
TPY I

Axmyananocm Ha I’ZDO6JZ€MG

AKTyaqHOCTTa Ha HACTOSIIHS JUCEPTAIMOHEH TPYyHd Ce
ompenens OT HEOOXOAMMOCTTa OT  CHCTEMaTU3HpaHe,
TEOPETUYHO 0000IIaBaHe W KOHLENTYAJTHO MOJEIUpaHe Ha
METOAMWTE 3a YNpPaBJICHHWE HA CIBHYEBOTO MPOCICIsSBaHE WU
yIpaBjeHHE Ha MpeoOpazyBaTeuTe Ha T00UTaTa eJIeKTPUIECKa
eHeprusi oT (OTOBOJITAUYHUTE CUCTeMH. [lodydeHnTe HayIHU
pe3ysTaTd uMaT TMOTEHIWaN Ja AOMpPHHECaT 3a IMO-AbIO0KO
pazbupane Ha TPOIECHTE, ONPENCNSIId CHepruiiHara
e(eKTUBHOCT, W Ja TMOCITy>KaT KaTo OCHOBa 3a ObJeIH
W3CleABaHUs U Pa3pabOTKM B 00JACTTa HAa HHTEIUTCHTHUTE

(hOTOBOJITANYHU CUCTEMH.

Len u 3a0auu na oucepmayuoHHUs Mpyo

Ilenta Ha [OuUcepTalMOHHUSA TPYHL € Ja CE€ H3BBPIIU
3aIBJI0O0YEH TEOPETHYCH aHAIM3 U OICHKAa Ha METOJUTE 3a
npocicaAsABaHC Ha CII'bHUYCBATA TPACKTOPHA U aJITOPUTMHUTC 34
MakCUMaJgHO u3BnMuuaHe Ha MomHoct (MPPT) mpm
dboTOoBONTANYHU  CHUCTEMH, C 1ea  ¢GopMmyiupaHe Ha
YHH(DHUIMPAHN KOHIICTITYaTHU MOJEIHA 3a ONTHMHU3alUs Ha

eHepruiiHaTta e(eKTUBHOCT Ha (POTOBOJATAMYHU UHCTAJIAIUH.

3a mocturaHe Ha TIOCTaBeHara Ienl ce (opMyTupaT

CIIEAHUTE OCHOBHU 3aJa4H:



1. AHaiiu3 Ha (QU3MYHUTE W TEOMETPUYHUTE MPUHIUIIH,
ONpelesAI CIbHUEBATA TPACKTOPUS W OpPUEHTALUATAa Ha
(OTOBONTANYHUTE MTAHEIH.

2. CucreMaru3aiys Ha CHCTEMUTE 3a CIBbHYEBO MPOCIIC/ISIBAHE
Crope]l KOHCTPYKIUS U YIPABJICHHE.

3. Knacugpukanust ¥ TEOpeTHUEH aHaiu3 Ha METOJIUTe 3a
yIpasieHue Ha conapHu Tpakepu 1 MPPT anropurmu.

4. TeopeTHueH aHAIN3 HA B3aUMOJICHCTBUETO MEX/TY CIITbHUEBO
npocneassane 1 MPPT npu ontumuzanuus Ha €HEpruiHHS
IOOMB.

5. Pa3zpaborBane Ha yHU(UIMPAHU TEOPETHYHH MOJCIH 3a
OlICHKa Ha eHepruiiHata e€(peKTUBHOCT, BKIIOYBAILU KAaKTO
OpUEHTALMsITA HA TAHEIUTEe, Taka W EJIEKTPUUYECKUTE
pabOTHU PEKUMHU.

6. Unentuduurpane Ha HAyYHU OPOMYCKU U (HOpMyJIHpaHe Ha
KOHLIENITYaJH! HACOKM 3a MHTETPUPAHU CHUCTEMH 3a

yIpaBlieHUE.

Cmpyxkmypa Ha Oucepmauwzma

JlucepTallMOHHUAT TpyA € HamucaH Ha 119 cranmaptHH
MAIIMHONIMCHH CTPAHUIM, oHarjieneH ¢ 21 ¢urypu, 6 Tabnumwy,
172 ¢opmynu, KaKTO U CHUCHK ¢ 62 dyXAECTPAaHHH U3TOYHHKA.
TekcTsT € CTpyKTypUpaH B TpH IVIaBH, 3aKJIIOYEHHE, CITUCHK C
W3no3BaHa  JMTeparypa W 12 mpunoxenus.  Kbm

JTUCEPTAMOHHUAT TPYJ ca IPECTaBEeHU 4 CTaTHH.



KPATKO CbAbPKAHUE HA JUCEPTAIIMOHHWSA TPY /I

YBoa

[IpexonbT KBM 3€JI€Ha HMKOHOMHKA W HEMPEKbCHATO
HapacTBAIUTE CHEPTHIHU HYK/IU Ha CbBPEMEHHOTO OOIIIECTBO,
MopakJaT  HEoOXOAMMOCT OT M3rpaXJaHe Ha  HOBH,
BHUCOKOC(EKTUBHI EHEPIUHHU MOIIHOCTH OT BB30OHOBSIEMH
M3TOYHUIIM, HO CBIIIO TaKa M OT Mo00psiBaHe HA e()eKTUBHOCTTA
Ha  ChIIECTBYBalIUTEe (OTOBONTAMYHM  MHCTANAllMM  3a
TeHEpUpaHEe Ha CIEKTPOCHEeprus, KakTo U IO0-I100poTo
NPOCKTHpAaHEe HAa HOBH TaKWBa. BBIPEKH 3HAYUTEITHHSA
HarpeIbK B TEXHOJIIOTHHTE 32 IIPOU3BOJICTBO HA (POTOBONTANYHH
MOAyJH, €(pEeKTUBHOCTTa TPH J0OMBa W TpeoOpa3yBaHe Ha
CIIbHUEBaTa €HEeprus B eJEKTpUYecKa, OCTaBa OTPaHUYCHA OT
MHOXECTBO (DaKTOpH, KaTO OKOJHA CpPe/ia, JOKALUSI U CUCTEMH
3a mpeoOpaszyBaHe M yIpaBiieHHe. ToBa Hajara ThPCEHETO Ha
Pa3NUYHM TOJXOIM 332 ONTHMH3AlMs, HACOYCHU HE CaMO KbM
caMuTe (POTOBOJITANYHU EIEMEHTH, HO U KbM CUCTEMHTE, KOUTO
T'H YOpaBISABAT, KOWTO YHPABISABAT TSAXHATa OPUCHTAIMA U
KOWTO YNpaBIsBaT MpeoOpa3yBaHETO Ha TeHepHpaHaTa

eJIeKTpUYecKa eHEepIUs.

Cucremure 3a mpociesiBaHe Ha CIbHUEBATa TPACKTOPUS
npescTaBiIsiBaT €(QEKTUBHO CpPEICTBO 3a YyBeJIWYaBaHE Ha
CHeprUiHUS J00MB, Ype3 OCUTYypsBaHE Ha ONTHMaJHa
OpHeHTaIMs Ha (POTOBOJTANYHUTE TTAHEIH CIPSMO CITbHYEBOTO
nosio>keHue. IlapanenHo ¢ ToBa aJrOpUTMHUTE 3a CIIEJEHE Ha

MakcuMajgHaTa To4dka Ha Mmomuoctta (MPPT), ocurypssar
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pabota B onTUMajeH PEXHUM MNpU JUHAMHYHU YCJIOBHS Ha
YCIIOBUSI Ha OCBETEHOCT U TeMIleparypa. Bwrnpeku aokazaHus
MOTEHIIMaJ Ha JBaTa IOJAX0Ja MOOTAENHO, B ChbBpEeMEHHaTa
HayyHa JHTepaTypa Te€ YeCTO C€ pasriexgaT Karo

CaMOCTOATCIIHA U HCCUHXPOHU3UPAHU IMOJACUCTCMHU.

HapactBamata  cioxHOCT Ha  (DOTOBOJTAUYHHTE
WHCTAJlalliM, KakTo0 W  JAMHAMUYHUSAT  XapakTep  Ha
eKcIUIoaTallMOHHAaTa Cpela, IOCTaBAT HAa TNpeleH IulaH
HEOOXOIUMOCTTa OT IBUIOCTEH W WHTETPUPAH TEOPETUUCH
aHallu3 Ha CHCTEMHUTE 3a CIBbHYEBO mpocieasBane u MPPT
anroputMmute. Jluncara Ha yHUDHUIIMPAHU TEOPETUIHU MOJICITH
u o0000meHn kimacudUKaAIMK 3aTpPyIHSBA CpaBHUTEIHATA
OLIEHKA Ha Pa3IMYHUTE MOAXO0/IM U OTpaHHYaBa Bb3MOKHOCTHUTE

3a LIeJICHACOYEHO Pa3BUTHE HA MO-e(DEKTUBHU PEIICHHUS.

I'nasa 1 - JIuteparypen 0030p
1.1. TeopeTu4HM OCHOBY HA CIBbHYEBOTO MPOCIeAsIBaAHE

EdextuBHOTO ynaBsHEe Ha  CIbHYEBATa EHEPrus
mpeJroiara M3MOJI3BAaHETO Ha CUCTEMa, KOSITO MpociensBa
CIbHYEBaTa TPAEKTOpUs U OpHEeHTHpa (OTOBOJITAUYHHUTE
MaHeNu TEpPHeHAUKYJSPHO Ha cibHYeBUTE Nbud. [lo TO3M
HAYMH c€ J00MBa MAaKCHMAIHOTO BB3MOXHO KOJIHYECTBO
CIbHYEBa pagualys. B mbpBa TOYKa ca U3CICABAHU W
aHAIM3MpAaHU U OLEHEHM CHUCTEMHTE 3a MpOCieIsBaHE Ha

CIIbHYEBaTa TPACKTOPUSI.



CucTeMu 3a npocneasBaHe Ha ClibHYeBaTa TpaekTopus
Cnopeg cTenexuTe Ha cBo60Aa Cnopep ynpasneH1eTo
MHoroocHu 1
EfHOOCHM [iByocHn MacuBHu
XnBpuaHU AKTUBHYM CUCTEMMU
cucTeMm cucTemmn cucTemmn
cHUCTEMM

Cucremu cbe
3aTBOpeHa
ynpaensBatla
Bepura

Cucremu ¢
xnbpuaHa

Cuctemn c

Cuctemn c

oTBOpPEHa
ynpaenssalia
Bepura

MHTENUTEHTHO
ynpasnexve

ynpasnaBalla
Bepura

Que. 2. Knacugpuxayus na CIICT

1.2. TeopeTHYHH OCHOBM Ha TMPOCJeASIBAHETO HAa
MaKCHMAaJHATAa TOUYKa Ha MomHocTtTa — MPPT

KakTo moBedeTo ecTecCTBEHW WM3TOYHUIIM Ha EHEpIHs,
CIbHYEBaTa € HEMOCTOSHHA C OCHOBHATa pa3iihKa, 4e
WHTEH3UTETHT U C€ U3MEHSI MHOTO IMHAMUYHO — 3aBUCUMA € OT
atMochepHuTe ycinoBus. akTopu KaTo TeMIEparypa, ONTHYHA
IUTBTHOCT M 3aCEHYBAHHWS OT OONamM, MoraT Ja TPOMEHST
KOJIMYECTBO HA CIIbHYEBA €HEPTHUs MOMAAAII0 BEPXY MaHEIUTE
Obp30 W KpPAaTKOBPEMEHHO. Te3n W3MEHEHHs BOJAAT [0
MOMEHTHH MPOMEHH Ha P-V xapaKkTepUCTUKUTE HA TAHEJIUTE. 3a
Ja C€ HaMaJlld JI0 MUHHUMYM HETaTUBHUS €(eKT OoT Te3u
¢daykroaruu, GOTOBONTAUYHUAT MOIYJ TPsIOBA J1a IpeoOpa3yBa
B TOYKa HAa MaKCHMallHaTa MOIIHOCT, KOSTO CE€ W3MEHS
JUHAMHYHO, B 3aBHCHUMOCT OT n30poeHute dakropu. BB BTOpa
TOYKA ca U3CJICIBAHU U aHAJIM3UPAHU U OLICHEHU aJlTOPUTMH 32

MpocIieIIBaHe Ha TOYKaTa Ha MakcuMaiHa MmottHocT (MPPT).
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1.3. DC-DC npeoopasyBaresu 3a MPPT cucremn

Tabauya 4. Cpasnenue na sudogeme npeodpasysament

IMonnxaBain IIpeo6pa3
IHoBnmaga
Mapamersp | [ToHmkaBamg o- SEPIC | yBaren
B MoBumapamy Ha Ubk
O0xBaT Ha Orpannyen | OrpaHuueH
[Ibnen IIbnen IIbnen
MPPT (va> Vout) (va< Vout)
eKTHa e O6bpHara
HMoasiproct | dupexrha (+) Jlupercr O0bpHara (-) Jlupex ppHat
() Ha (1) )
Hempexbcu Hemnpex | Hempexnbc
Bxogen Tok | Ilyncupamg ITyncupam
ar BCHAT HaT
EdexTuBHoC Bucoxka Bucoka Cpenna Cpenna | Cpenna
T (>95%) (>95%) (~90%) (~90%) | (~90%)
Ci0KHOCT Hucka Hucka Cpenna Bucoka | Bucoka




3a peanuzupanero Ha MPPT ctparerusita, DC-DC
peoOpa3yBaTeNsaT Urpae possiTa Ha U3IMTbIHUTENICH MEXaHU3bM,
KOWTO Ype3 MpomsiHa Ha KoeduimeHTa Ha 3ambiBaHe (D)
TpaHcGopMHUpa MBJIHOTO CHIPOTHBICHHWE HAa TOBapa, 3a Ja
CBhBIAJHE C ONTUMAJIHOTO MBJIHO CBIPOTHBIECHUE Ha
¢doroBonaTanyHMA naHen. B Tpera Touka ca aHanM3MpaHHU Haii-

YeCTO M3IOJI3BAHUTE NpeodpasyBarenu nmpu cucremu ¢ MPPT.

I'naBa 2 - TeoperudyeH aHaau3 Ha eQeKTUBHOCTTA NPH

(0oTOBOITANYHH CHCTEMH CbC CIBHYEBO INPOC/ICAABaHEe U
MPPT

2.1. EdpekTBHOCT HA (DOTOBOJITANYHHU CHCTEMH

TeopeTnyHusiT aHamu3 T1OKa3Ba, Y€ ChIIECTBYBA
ONTHMANTHA 30HA HAa KOMIUIEKCHAa €(EKTUBHOCT, MPH KOSTO
JOI'bJIHUTENIHATA €HEPTUsl, TEHEpUpAHa Ype3 MPOCIEAsiBaHE U
MPPT, npeBumiaBa eHeprusita, U3pa3xoJBaHa 3a ynpaBiIeHUE U
3aaBWkBaHe. Ta3u 30Ha € PYHKIUS OT KIMMATHIHUTE YCIOBHS,
reorpadckara ImUpWHA, TpodwIa HA HATOBApBaHE U
HAACKIHOCTTA HAa CHUCTEMHHTE KOMIIOHEHTH. CleIoBaTelIHO
edexruBHOCTTa HA DB cucTemMuTe Che CITBHYEBO MPOCIIEIIBAHE
u MPPT He moxe na ce pasriiex/ia yHUBEPCAIHO, a clie/iBa J1a
Ce OLICHsSBAa B KOHTEKCTa HAa KOHKpPETHATa EeKCIUIoaTalMOHHa

cpena.

doToBOJITAUYHATA CUCTEMA MOXKE Ja 6’bI[€ OIIMCaHa KaTo

eHepruitHo-nmpeodpasyBalia cucTtemMa, MpU KOSTO BXOIHHSIT



MMOTOK OT chbHYeBa paauanus G(t) ce Tpanchopmupa B
EIEKTPUIECKa MOIIHOCT Pou/(?) Upe3 HETMHEEH PeoOpa3yBaTe
C MHOXECTBO MEXIUHHH 3aryOon. MOMeHTHaTa e(peKTHBHOCT Ha
cucrtemara ce aepunupa BsB popmyna 2.2[60]:

Poyt(t)

G().Aery(t) (22)

Nsys (t) =

3a 1enMTe Ha TEOPETHYHUS aHAIIU3 o01aTa e)eKTUBHOCT MOXKE
na ObIoe TpeacTaBeHa KaTo TMPOW3BEIEHHE OT YacTHHU
e(EKTHBHOCTH, BCSKa OT KOUTO CHOTBETCTBA HA OIPEICIICH

¢bu3uveH win QyHKIMOHAJIEH CJIoW Ha cucteMara (¢-ma 2.6):

nsys(t) = Ngeo ®) -npv(t) -nel(t) -nmppt(t) (2.6)

KBJIETO:

Hgeo — FEOMETPUYHA €(PEKTUBHOCT (OpUEHTAIHS U
HaKJIOH),

Npv — BbTpeniHa edexkruBHocT Ha OB Moxyna,

Nel — €(PEKTUBHOCT HA CUJIOBATa €JIEKTPOHHUKA,
Hmppt — €PEKTUBHOCT Ha MPOCIE/SIBAHETO HA

MaKCUMajaHaTa MOIIHOCT.
2.2.TeopeTUYHH OCHOBH HA CJIBbHYEBOTO MPOCJeAsIBAHE

CpHUYEBOTO NpOCIIEsIBaHE NPEICTABIsIBA MEXAHU3bM 32
MOAABPKAHE Ha ONTUMAJeH BI'bI MEXAY HOpMajlara Ha
¢doToBOATANYHHMA MOIYJ M BEKTOpa Ha MaJalloTO CIBHYEBO
apueHne. OT TreoMeTpuyHa TIJIeJHA TOYKa, e(eKTuBHATA

OCBCTCHOCT Ha MOBBPXHOCTTA € MPOMOPIHUOHATIHA HA KOCUHYCA
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Ha bBI'bJla Ha HDaJaHE, KOCTO O3HadaBa, 4€ OJO0pU YMCPCHU
OTKJIOHCHHA OT ONTUMalIHaTa OpHUCHTAlHuA  BOAAT OO

CBIIIECTBEHH 3aryOu Ha IOJIe3Ha PaUaIIHsl.

2.3.HesqiuHeeH eJIEeKTPUYECKH MOAeJ HAa (POTOBOJITAUYHMS
reHepaTop

E.HGKTpI/I‘-IeCKOTO IMOBCACHUC Ha (I)OTOBO.HTaI/I‘-IHaTa KIJICTKa

MOXe J1a Ob/I€ ONMCAHO YPe3 €THOINOICH HeJTMHEECH MOJICIT:

(2.28)

aV+IRs V+IR
I=Iph—10(e nkT —1)——5

Rsh

KbJIETO:

Ipp — oToTOK,

[, — TOK Ha HaCHIIIAHE,

Rg, Rgj, — CepUiHO U IIYHTOBO CBIIPOTUBIICHUE,

g — 3apsi/ Ha eJIEeKTPOHa,

n — UJAEATHOCTEH (pakTop,

k — xoncranTa Ha boimas,

T — abGcomoTHa TeMIeparypa.

To3sm Momen ommcBa Bpb3KaTa MEXKIy TOKa U
HAMPEKEHUETO HA KJIEMHUTE Ha ()OTOBOJITAUYHHS €IEMEHT MPHU

3alaICHU YCJIOBUSA HA OCBCTCHOCT U TCMIICpATypa.

2.3.2.YcJI10BHE 32 MAKCHMAJIHA MOIITHOCT
MorHocTTa Ha POTOBONTAMYHUS TEHEPATOp Ce 3ajaBa C
OTHOILIEHHUETO BBB ¢-na 2.29:

P(V)=V.I(V) (2.29)
11



MaxkcumanHaTa MOIIHOCT C€ JIOCTHTa MPH YCIOBUETO BHB
dbopmyna 2.30:

dP

dl
T =0=1+Vo=0 (2.30)

ToBa ycnoBue nepuHHMpa HENTUHEHHO ypaBHEHHE 3a

pa60THaTa TOYKa C MaKCUMaJIHA MOIITHOCT.

2.3.5.Teopetnuuen mogea Ha MPPT kaTto uMnexaHcHo
chIJIacyBaHe

BxomHOTO cChIOpoTHBIEHHE Ha mpeoOpa3yBaTens €
NpeJCTaBeHO BBB opmyna 2.35:

R, = 2~ (2.35)

Ipy

YcinoBre 3a ONTUMATHO ChHIVIACYBAHE € H3BEIEHO C
dbopmyia 2.36:

Rin ) = Rmpp () (2.36)
MPPT rpemikata e mpencraBeHa BsB ¢popmyna 2.37:

Pmpp(&)—Preai(t)
Prpp(t)

gmppt(t) = (2.37)

EdextuBnoctra Ha MPPT e nanena BB opmymna 2.38:
1T
Nmppt = 1- Ffo gmppt(t)dt (2.38)
2.4. AHAJIM3 HA ChbBPEMEHHHUTE CUCTEMH

B Touka 2.4 ce aHanmu3upar W ONEHSBAT METOAUTE U

QITOPUTMUTE 3a NPOCIEIIBAaHE HAa TOYKATa HAa MaKCHMalHa
12



momHoct (MPPT). Pasrnenann ca kimacuueckute P&O wu
IncCond, xouTo octraBaT HAM-IMIUPOKO MPUIOKUMHTE METOIU
OmarojapeHne Ha HHCKaTa CH CJIOXHOCT U HW3YUCIUTEIHH
HY)KJIU, TEXHUTE aJalTUpPaHU HACIECTHUIIM, UHTEIUTCHTHUTE
MeTonu, yrpasienue ¢ pasmura joruka (FLC) u rimobamuu
ONITUMH3AIMOHHM MeToau, Kato Particle Swarm Optimization
(PSO) u npyru wMeraeBpuctuku. IlociegHure ca MIHUPOKO
W3MOI3BaHU 3a HamupaHe Ha riobanen MPP mon uwactudno

3aceHYBaHEe (HIKOJIKO JIOKAJTHU MaKCUMyMa).

2.5.CuHepru4yeH MojeJ]l Ha B3aNMOJCHCTBHETO MeEKIY
ciabpH4YeBo npociaeaasane 1 MPPT ynpasienue

KoMOuHMpaHeTo Ha MEXaHHUYHO CI'FHYEBO MPOCIEIIBaHE
u enexktpoHHo MPPT ympasnenue cb3naBa CHHEPrU4eH €QeKT
BbpXy edextuBHocTTa Ha OB cucremara. CapHYEBOTO
MPOCIIEIBAHE  MAaKCUMHU3HMpAa BXOJHATa €HEpPrus  4pe3
reoMeTpuyHa ontumusanus, aokaro MPPT wmunumusupa
€JIEKTpUYECKUTEe 3aryOu upe3 ONTHMAaJHO YIpaBJiCHHE Ha
pabotHata Touka. OT TeopeTHUYHA TJEAHA TOYKA TE3W JBa
MeXaHu3Ma JIeUCTBaT B Pa3IMuHU, HO B3aUMHO JOITBJIBAILU CE€

JIOMEWHHU — IPOCTPAHCTBEHO-T€OMETPUUEH U EIEKTPUUECKHU.

CucteMHUAT ePeKT OT Ta3u KOMOWHAIMS MOXKe /1a ObJe
OIMCaH Ype3 pa3lIMpeH eHeprueH OajaHc, MpU KOWTO obuara
NPOM3BEJICHA CHEPrusl ce pasriexkaa KaTo (QYHKIUS OT
NPOU3BEICHUETO Ha KOS(UIMEHTa Ha TEOMETPUYHO YCBOSBAaHE

1 KoehUIIMEeHTa Ha €JIEKTPUYECKO M3BJIIMYAaHE Ha MOIIHOCT. B
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TO3M MOJIEN 3aryOuTe OT HEUJCATHO NpOCIeAsiBaHe U
HenaeatHo MPPT He ce cymupar JMHENHHO, a B3aUMOICHCTBAT
HEJTMHEWHO, KOETO O3HauaBa, Y€ IMOJAOOPEHUETO B EAUHUS
JIOMEH yBeln4YaBa OTHOCHUTENHHUA e(EeKT Ha JIpyrus.
CJIGI[OBaTeJIHO KOM6HHHpaHaTa OIITUMU3AIMA UMA ITOTCHIIMAJI

3a CBPBXaJUTHBEH €(EKT BbPXY 'OJHUIIHUS €HEPTrHEeH JOOHB.

100 A

80

m \

—— ®ukcupaHa (CpeaHo: 33.4W)

®ukcupaHa+MPPT (CpeaHo: 50.9W)
—— CnepeHe (CpeaHo: 70.2W)
40 —— CnepeHe+MPPT (CpeaHo: 91.7W)

20 w
o]
8 10 12

[ 2 4 6
Bpeme (yacose)

MowwHocT (W)

Que. 18. Cpasnumenen ananus Ha enepeutinus 00OU8 npu paziudHume

cucmemu

Ha d¢urypa 18 ca wu3obOpazeHum pe3yaTaTuTe OT
cUMyJalUsTa Ha €HEepruiHu AOOMBM Ha 4 pa3ivyHU MO BU]
cucteMu — cucrema ¢ ¢ukcupan @B momyn ¢ onTumanaHa
opuenranusi 6e3 MPPT (6a3oBa), cucrema ¢ ¢uxcupan OB
MoayJ ¢ ontumansa opueHtrauus u MPPT, cucrema cbe CIICT,
6e3 MPPT u cucrema cbe CIICT u MPPT. @B moaynute ca ot
€IHM W ChIIM BUA W UMAT EJHAKBU XapPAKTEPUCTUKU

(TexHonorusi, pa3mMep, MOIIHOCT, HalpeXeHHe, TOK), KaKTO U
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ycioBusita  (OCBETEHOCT, Temrepatypa). [padukara e
reHepupaHa upe3 cumyianusara B cpeaa ['yrea Komad ¢ kox Ha

e3uka [laiTeH (mpunoxxenue 12).

B cneactBMe Ha  CHHEPrMYHO  B3aMMO/ICHCTBUE,
koMmOuHupanara cucrema - CIICT u MPPT (3enenara xpuBa)
moAabpkKa pabota 0130 10 TCOPETUIHHUS MAKCHUMAJICH JTUMUT

Ha cucteMara (Pmax) TIpe3 1ienus aeH.

2.5.2.EHepruen 0ajiaHc HAa KOMOMHMpPaHATAa cUCTEMA

3a oTmpaBHa TOYKa IPHU CpPaBHEHHWE HA JOOMBHTE IIPH
pa3NIUYHUTE CHCTEMH C€ U3I0JI3Ba BENIMYMHATA 0a30B CHEPTUEH
nobus. ToBa e mpousBeneHaTa eleKTpuyecka eHeprusi £y rnpu
0a30B pexuM Ha paboTa Ha (OTOBOJTAUYHATA CHCTEMA, HPHU
KoiiTo Monynute ca ¢Qukcupanu, a paOoTHaTa TOYKa Ce
ompesneass OT XapaKTepUCTUKUTEe Ha ToBapa 0e3 MPPT

yIpaBlieHUE.

EnepruiiHusT 100MB NpU U3MOJI3BAHE CaAMO Ha CIIbHYEBO

MpociieiiBaHe ce onpenens oT ¢popmyna 2.53:

Etrk = fOT G(t)A Ccos Htrk (t)npv(t)nel(t)dt (2-53)

I[Ipu w3nom3Bane camo Ha MPPT  ynpaBnenue
SHeprUIHMAT T0OUB ce onpeaens ot hopmyna 2.54:

Emppt = fOT G(t)A cos Hfix(t)npv(t)nmppt(t)nel(t)dt (2~54)

I[Ipu  xKOMOMHMpAHO  M3MOJ3BaHE HAa  CI'BHUEBO
npocneassane u MPPT ympasnenue ce monydaBa ¢opmyia

2.55:
15



Ecomp = fOT G(t)Acos Htrk(t)npv(t)nmppt(t)nel(t)dt (2.55)

To3u u3pa3z mokaszBa, ye ePeKThT OT KOMOMHHUpaHaTa
ONITUMU3AIIMSA € PE3yJITaT OT IPOU3BEJCHUETO Ha TEOMETPUYHHUS

U eNIEKTPUYECKUSI KOS(UIIMEHT Ha €(heKTUBHOCT.

2.5.3.CuHepruyveH Koe(pMuMeHT HA CHCTEMATA

3a KOMMYECTBEHA OLIEHKA Ha B3aUMOJICHCTBUETO MEXKITY
JIBaTa MEXaHW3Ma Ce BbBEXKIa CHHEpPruueH Koedurrent. Topa e
OTHOILICHUETO MEXIy EHEprueH [00MB Ha KOMOHMHHpaHa
cuctema (CIICT m MPPT) u cymara Ha 0a3zoBus J0OWUB M
nosumeHusTa or CIICT m MPPT, ako aBere cucremMu ce
M3MOJ3BAT 1Mo oTAeIHO(dopmyna 2.56):

K,,, = ——comb (2.56)

n =
Y Etrk"'Emppt_EO

KomOunupanusar edekr oT cucremara € aJuTHBEH TpH

cuHepruueH koedurmuent 1 (2.57):
Keyn =1 (2.57)

[Ipu cuHepruueH koepUIMEHT mo-rojsiM oT | ce
HaOmromaBa  CUHEpruYeH eQeKT, KOeTo O3HayaBa, 4e
B3aMMOJCHCTBHETO MEXAy JBaTa MeEXaHH3Ma BOIU JIO
JTOIBIHATEITHO yBEJIMYaBaHe Ha IpOU3BE/ICHATA

eneprus(popmyna 2.58).

Keyn > 1 (2.58)
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2.6. TeopeTuuen aHaau3 Ha cradémaHoctra Ha MPPT
cucreMara

B peannu ycinoBust ToukaTa Ha MaKCHUMaJIHa MOIIHOCT C€
M3MEHSI BbB BPEMETO B PE3yJITAaT Ha IPOMEHU B OCBETEHOCTTA U
temmneparypara. CienoBarensno MPPT anroputsmbT TpsiOBa na

CJI€ABa INOABMXXHA paBHOBCCHA TOYKaA.

['pemkara Ha mpociensBaHe MOXeE Ja ce JeUHHUpa BHB
dbopmyna 2.72:

e(t) = va(t) - Vmpp(t) (2.72)

YcnoBue 3a cTaOWITHO MPOCTIEIsIBaHEe € MPEICTABEHO BB
dbopmyna 2.73:

%im e(t)=0 (2.73)

IIpru OrpaHud4€Ha CKOPOCT Ha HU3MCHCHHUC Ha BBHIIHUTC

BB31€HCTBHUA.

2.7.AHaJIMTHYEeH MOJeJ] HAa eHepruiiHuTe 3aryoM BbB

(l)OTOBOJITal(I‘IHI/ITe CUCTEMH

Enepruitausat Oanmanc Ha (QoToBoNTaMYHATa CHCTEMA
BKJIIOYBA peAMLa 3ary0u, KOMTO HaMalsBaT KOJHMYECTBOTO
IIPOM3BEACHA €IIEKTpUYecKa eHepruss. (OCHOBHUTE BHJIOBE
3aryOu ca TeOMETPUYHM, ONTHYHH, €IEKTPUUYECKH, TEPMHUUHH,
B CHJIOBAaTa EJIEKTPOHMKAa M JUHAMU4HU 3aryou ot MPPT

yIIpaBJICHUE.
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OO6miara mpou3BeleHAa MOIMHOCT MOXe Ja Objae
MpeJIcCTaBeHa KaTo pa3linKaTa OT BXOJHATa MOIIHOCT M cymaTa
ot 3aryoute (¢p-na 2.76):

Pout = Pin — > Pioss (2.76)

2.7.5. Cumyaumnu Ha eHePpruiiHUTe 3aryou

Ha ®wurypa 20 e cumymupan mnepuon Ha OBp30
MpoOMEHsIIa ce 00JaYHOCT WJIM IIapeHa csHka. I'paduxara e
reHepupana upe3 cumynanusaTa B cpeaa ['yren Konab ¢ ko Ha
e3uka [laiiTeH (puioxenue 10).

TeopeTnuno Cnenewe (Waeanen MPPT) —— PeanHa Dukcupana ([uHamuuen MPPT)
—— PeanHo Cnenee (QuHamusen MPPT) 30Ha ¢ "LUapeHa CAHKa"
100 TeopeTuuna GuKcupana (Uneanen MPPT)

P

BLp3n MPPT yKTyaumin

(TecT 3a cTabunmocT)
80 M
fl {l
\“
“ I Tt
I A | |

“ ‘ 1}111rﬁ

MowocT (W)

6 8 10 12 14 16
Yac ot pens

Q@ue. 20. MPPT epewika npu OUHAMUYHU AMMOCHeEPHU YCI08Us

[Ipu OBp30 mpoMeHsAmEAa ce 00JIAYHOCT C€ TEeHEepHupar
roJieMu 3ary0u OT AMHaMU4YHA Tpemka. KoikoTo mo-dyecto ce

MpoMsiHa O00JIAYHOCTTa, TOJIKOBA TO-TOJIEMH 3aryoW ce
18



reHepupar. Tyk cbIo 3a0ens3Bame MmaoBeTe OT 3a0aBSHETO Ha
MPPT anroputsma. [Ipu Bcsika mpomsiHa Ha OCBETEHOCTTA, TOM
CKaHUpa HOBaTa KpUBa 3a J]a OTKpUE TOYKAaTa HAa MaKCHMajHa
MOIIHOCT. TOoBa € CUMYJIMpPaHO Ype3 TPaiueHTHUS KOEDUIIUEHT
B KOJIa.

MouocT (W)

1. Teopws: Uneanen Tpakep + aeanen MPPT 3ary6a oT Mexanuuro Cheaene 3ary6a oT MPPT ANropuTLM
== 2. Mexanmuna rpewKa (NIowo Hacousane) —— 3. PEANEH JIOBVB (Mexanmuna + MPPT rpewxa)

6 8 10 12 14 16 18
Hac ot neHs

Que. 21. Cucmemnu epewiku — mexanuunu u MPPT

Ha ¢urypa 21 ca npencraBeHHM CHCTEMHHTE T'PEIIKH Ha
CIICT u MPPT. I'padukara e reHepupaHa 4pe3 CUMyJIalusITa B

cpena ['yren Konab ¢ xox Ha e3uka [laliTeH (punokenue 11).

AHanu3bT Ha 3aryOuTe MOPOJCHH OT TPELIKH ITOKa3Ba, ue
MEXaHWYHaTa Tpelika (3eleHara 30Ha) € mo-miaBHa. Koraro
CIICT ,u3mycHe* COBHIIETO C HAKOJIKO I'pajayca, MOIIHOCTTa
ajia no KOCUHYCcOBa KpuBa. Tst € OTHOCUTENIHO MaJIKa MPHU SICHO

BpeMe, HO ce TIpeBpbIna B cuctemMeH mpobiem, ako CIICT uma
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MOCTOSTHHO M3MECTBaHe. B TO3M MoJeI TS MpeicTaBIsiBa OKOJIO
0.5% - 2% ot o0mmusa 100uB.

UepBeHaTa TWHUS TTOKa3Ba PeaTHUST n1006uB. Beuuko Hax
Ta3M JIMHKS € HHTETpaHaTa 3ary0a, KOsiTo € B pe3yJTaT OT

HATPYIBaHETO Ha JABaTa BUJA HEE(PEKTUBHOCT.

2.8.TeopeTuyen MoJes 3a NPOrHO3MpPaHe HA TOAUIIHHSA

eHeprveH 100uB

I[Ipuy  xKOMOMHMpAaHO  M3MOJ3BaHE HAa  CI'BHUEBO
npocnenssane 1 MPPT ynpaBineHne TOAMIIHUAT €HEPrUeH

no0uB Moke fa ObJe IpencTaBeH BbB hopmyda 2.86:

Eyear = Ebasektrkkmppthyn (2~86)

KBCTO:

K¢y — KOS(DUIIMEHT HA YBEIHMYEHUE OT CIILHYEBO
MpocieIsBaHe,

kmppt — Koepuument Ha ysenuuenue or MPPT,

Kgyn — cuHEprUYeH KOSHUIMEHT HAa B3aUMOJIEHCTBHETO.

2.9. U3Boau

OT TeopermyHa TIyeqHa TOYKa €(QEKTUBHOCTTA Ha
(OTOBOJATAUYHUTE CHUCTEMH CbC CIBHUYEBO INPOCIENsSBAaHE U
MPPT npencrasisiBa pe3yTaT OT MHOTOCJIIOMHA ONITUMHU3ALUS,

BKJIFOYBallla TCOMCTPUYHO MAKCUMHU3HWPAHC Ha BXOJHATA
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EHEpPTruss W EJEKTPUYECKO MAaKCMMU3UpPAaHE Ha H3BJIeYeHATa
MomHocT. CapHYeBOTO mpociensBane 1 MPPT morar na ce
WHTEPIpETHpAT KAaTO JBa OPTOTOHAJIHM MEXaHW3Ma 3a
peaylHMpaHe Ha pa3IMdHU KJIacoBe 3aryOM — CHOTBETHO
FGOMCTpI/I‘IHI/I nu GHCKTpI/I‘-ICCKI/I. Taxuara I/IHTCI‘paI_II/IH BOAU 0
CUCTeMEH e(eKT, KOWTO HaIXBBpJsSI MPOCTOTO CyMHpaHE Ha
I/IHI[I/IBI/II[yaJIHI/ITe HOILOGpCHI/I}I U Cbhb34aBa Hpe,[IHOCTaBKI/I 3a
3HAYUTCJIIHO ITOBUIIIABAHC HA T'OAUIITHUSA eHCpI‘I/ICH I[06I/IB HpI/I

MIPABWJIHO MPOEKTUPAHE U YIIPaBJICHHUE.

TeopeTnuHuAT aHanM3 MOKa3Ba, ue €(PEKTHBHOCTTA Ha
(OTOBOJATAUYHUTE CHUCTEMH CbhC CIBHUYEBO NPOCIENsSBAHE U
MPPT npencrasisiBa pe3yaraT OT HEJIMHEWHO B3aUMOJICHCTBHE
MEXIY TE€OMETPHUYHHU, TEPMOIWHAMHYHH, EJICKTPHUUECKU W
KOHTPOJHH (akTopu. BbBekIaHEeTO HAa aKTHBHH CHCTEMH 3a
OpHEHTAlMsl M  aJalTUBHO  CJEKTPOHHO  YIIpaBlICHHE
TpaHchopMHupa KiacuyeckaTa (pOTOBONTaUYHA MHCTAJALUSA OT
CTaTUYHA €HepruiiHa cHcTeMa B IMHAMUYHO ONTUMU3UpAIIa ce
kubep-pu3ndHa cucTtemMa, MPU KOSATO MAaKCHUMH3aIUsATa Ha
SHepruiHUs TOOMB ce TOCTHra 4pe3 HempeKbCcHaTa

ONTHMHU3ALNS 110 TPAEKTOPUS U MO pabOTHA TOUKA.

Pa3pa60TeH1/1Te MOJCJINU TIO3BOJJIABAT CHCTEMATHUUYCH
aHaJlu3 Ha TpoIecUTe Ha MpeolOpa3dyBaHe Ha CIIbHYEBAaTa
eHeprusi BbB (OTOBOITAUYHM CHUCTEMH CBbC CIIBHYEBO
npocneassane u  MPPT  ynpaBnenue. IlpencraBenure
AQHAJIMTUYHU 3aBHCHUMOCTH ONKCBAT B3aMMOBPbB3KATa MEXKIY

rCOMCTPHUYHUTC XapaKTCPUCTHUKU Ha cucremara,
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€JIEKTpUYECKUTE MapamMeTpu Ha (POTOBOJITAMYHUS T€HEPATOp U

AWHAMHKaTa Ha YIIPaBJIsIBAIIUTEC aJITOPUTMHU.

CDOpMyHI/IpaHI/ITe MATEMAaTH4YCCKN MOJICIIM  Cbh3JaBaT
TEOpETUYHa OCHOBa 3a OITUMH3alWsA Ha (bOTOBOJ'ITaI/ILIHI/ITe
CUCTCMHU W IIO3BOJISIBAT OICHKA Ha BJIWAHHUCTO HaA pPas3IMdHU

(hakTOpU BHPXY EHEPTHIHMS TOOUB.

I'maBa 3 - MaremaTnyeckn MojesJ Ha e(eKTHBHOCTTA HA
(poToBONTANYHM CHCTEMH CBC CIBHYEBO IPOC/IeIsiBaHEe H
MPPT ynpasJienue

3.1. MaremaTu4eckd MoJeJHM HAa e(EeKTHUBHOCTTA HA
cucreMara

3a KOMIUIEKCHa OII€HKa Ha €(QEeKTHMBHOCTTa Ha
¢doToBOATaNYHA CHCTEMA ChC CITBHYEBO MpocieasBane 1 MPPT

YOpaBJCHUC CC NTpCjiara CJICIHUAT UHTCTIPAJICH MOACII:

Nsys(£) = cos 0N,y (T(2), G(E)Ner (1), V() Ninppe (£)
(3.1)
KBCTO:
Npy — €PEKTUBHOCT Ha (POTOBONTAMYHMSA MOJTY L,

Ner — €PEKTUBHOCT HA CUIJIOBATA €IIEKTPOHHUKA,

Nmppt — €PEKTUBHOCT Ha anropuTbma 3a MPPT.

Moaes Ha CMHEPIrMYHO B3aMMO/eiicTBHE MEXIAY TPakKep H
MPPT
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[Mpemiara ce crnemHata (QyHKIMOHATHA 3aBUCUMOCT 3a

KOMOWHUpaHus e(eKT:

Ecomb = Ebase(l + Airk + amppt + .Batrkamppt) (3-2)

KbJIETO:
Oty — OTHOCUTEITHO yBEIMUEHHE OT TpaKepa,

Amppe — yBemuuenue or MPPT,

[ — xoehUIMeHT Ha CHHEPTUYHO B3aUMOJICHCTBHE.
CunepruueH edekt ce HaOm01aBa, KOraTo € U3IBJIHEHO

ycioBueTo BbB hopmyma 3.3:
g >0 (3.3)

Mopaen Ha qMHaMHu4YHa rpemka Ha MPPT

[Ipemtara ce aHaTMTHYECH MOJIEN HA TPEIIKaTa;

1

Emppt (£) = T_L_dd_ct; (3.4)

KbJIETO:
7 — BpEM€ Ha peaKilis Ha aJIrTOPUTHMA.
To3m ™Momen moka3Ba, 4e TpH Obp3M TPOMEHH Ha
panuanusta rpemkara Ha MPPT ce yBennuasa.

Mopen Ha KOMOMHMPAHU eHePIrUiiHYU 3aryou

OOmuTe 3aryomn Morar Ja ce u3passr Karo:

Pioss = Rgeo + Ptemp + P + Pmppt (3.5)
KBACTO:

Pyeo = GA(1 — cos 8) (3.6)

Peemp =Y(T — Tref) Brpyp (3.7)
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MopeJ 3a NIpOrHo3MpaHe Ha TOAUIIHUS J00UB

[Ipennara ce cnegnara 06001eHa popmyna:

Eyear = GyearAnpvktrkkmppthyn (3-8)

KBJIETO:
k¢ — xoedunment na CIICT,
kmppe — Koepuuuent na MPPT,

Kgyn — CHHEPTHYEH KOC(DUILIMEHT.

3.1.2. YncsieHa cumyjanusi

IlapameTpu Ha npuMepHaTa cucTeMa
®orosoaTtanueH Moyl KMSW550M-144:
MOIIIHOCT Ha MOJyJIa:
Psre =550 W (3.9)

mwion Ha @B moxyna:

A=2,6m? (3.10)
€(heKTUBHOCT:

Npy = 0.21 (3.11)

JlaHHM 3a ciabHYEBAaTa paavanug 3a pailoHa Ha Tp.
bnaroesrpan ot 6aza PVGIS-SARAH3 3a 2020r:

CpCI[HOILHeBHa roAuIlHa CJIBbHYCBA paguanusdga 1pU

¢ukcupan ®B monyi ¢ 35 rpajycoB HaKJIOH:

Gavg = 495 W /m? (3.12)
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CpenHomHEBHA TONWINHA CIBHYCBA paaAMaIUs  TPHU
neyocHa CIICT:

Gapg = 625 W /m? (3.13)
[Tpu 0610 roaumtHo cabHIIecBeTeHe Ty, = 3448 h.
Ba30B rogumies noous

Epase = GavgANpyToun (3.14)

Epgse = 495.2,6.0.21.3448

(3.15)
Epgse = 931890 Wh (3.16)
Epgse = 931.9 kWh (3.17)

JNobus ¢ neyocHa CIICT
Etrp = 625.2,6.0.21.3448 = 1176 kW (3.18)

_ 1176 _

ki = presh 1,26 (3.19)
Jloous ¢ MPPT

kmppe = 1.10 (3.20)

Emppe = 1025 kWh (3.21)

KombOunmMpan 1o6ms
[Tpu cuHEeprUYeH KOCPHUIIHMCHT
Kgyn = 1.05 (3.22)

Ecomp = 932 X 1.26 X 1.10 X 1.05 (3.23)
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Ecomp = 1356 kWh (3.24)

Ot dopmyna 3.24 ce BmKIa, 4e KOMOMHHpPAHATA CHCTEMA
yBEJIN4aBa TOJIUIIHUS €HEPTrUeH A00UB ¢ mpubnuzutenHo 46%
cipsimo 6a3oBara cuctema (opmyna 3.17).

To3u pesynarar MOTBBpXKAaBa TEOPETUYHUS MOJIENT 3a
CHHEPTUYIHO B3aMMOJICHCTBHE MEXTY CIITHYEBOTO
npocneassane 1 MPPT ynpasienuero.

3.1.4. OcHoBeH eHeprueH 0ajanc HA GOTOBOJITAMYHA
cucremMa

[Tpoussenenara eNeKTpUIecKa CHeprust oT
¢doroBoATAaNYHA CHCTEMa 3a BpeMeBH HUHTepBal T Obae

neuHUpaHa ype3 3aBUCUMOCTTa BbB (hopmyna 3.25:

Epy = fOT Ppy(t)dt (3.25)

KbaeTO Ppy(t) € MOMEHTHA €JIeKTpUYECKa MOIIHOCT Ha
(dhoToBONMITANYHATA CUCTEMA.

MormuHocTTa MOKe Aa ObJe MpeacTaBeHa KaTo (PyHKIUsS
Ha BXOJHATa CIIbHYEBA €HEprus W odmara e)eKTUBHOCT Ha

cucremara (¢-na 3.26):

Ppy(t) = G(t) . A -nsys(t) (3.26)

KbJIETO:
G(t) — cirpHYEBA paHALHS,
A — axTHBHa IUTOL] HA (POTOBOJITAUYHKS TE€HEPATOP,

Nsys(t) — o0ma epeKTUBHOCT Ha CHCTEMATA.
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CremoBarenHO o0maTa MpoU3BeIeHa CHEPTHSI MOXKeE Ja Ce
npeacTaBu BsB (-na 3.27.

E = [ G(©)Angs(t)dt (3.27)

ToBa ypaBHeHHE TpEACTaBIsIBA OCHOBHHSI EHEpPIHEH

OaJlaHC Ha cHUCTeMara.

3.1.5. JlekoMIO3MIIUA HA CUCTEMHATA eeKTUBHOCT

Ob6miara e(deKTUBHOCT Ha CHUCTEMara MOXKe Ja Obje
Mpe/cTaBeHa KaTo TMPOU3BEICHHE OT HIKOJIKO OCHOBHHU
KoMroHeHTa ((-na 3.28):

Nsys = Npy (T)-mppr () -Nerack (8)-Neonw (3.28)

KBJIETO:

Npy (T,) — TemMIepaTypHO 3aBUCHMa €(PEKTUBHOCT Ha
(bOTOBOJITaI/IqHI/I}I MOAYyII,

Nmppr — €PEKTUBHOCT HA ANTOPUTHMA 32 MIPOCIIEAABAHE
Ha MaKCHMaJIHaTa MOIHOCT,

Nirack — CPEKTHBHOCT HA CIIBHYEBOTO MPOCIEISIBAHE,

Ncony — €PEKTUBHOCT HA CUJIOBATa €JIEKTPOHUKA.

ToBa paznaraHe mO3BOJISIBA MO-JCTANIEH aHAIU3 Ha

3ary0uTe B cucTeMara.

MaxkcumanHaTa CHUCTEMHa €(heKTUBHOCT e

MPOM3BEJCHUETO OT MaKcUMalHuTe edekTuBHocTh Ha DB
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moxayia, MPPT, CIICT u npeoGpa3yBaHeTo, IpeCTaBEHa € BbB
dbopmyna 3.61.

77sys,max - 77PV,max77MPTT,max77track,maxnconv,max (3-38)

Peannara ehekTUBHOCT € maneHa BB Gpopmyna 3.29:

real max

Nsys = Nsys™ — A77dyn — Ay — A77mppt (3.39)
3.2. 'naBHO ypaBHeHHe 3a eHepruiiHusi 100UB

KomOuHMpaliki  BCHYKM  pasriieaHd  3aBUCUMOCTHU

nojlyyaBaMme TJIaBHOTO ypaBHEHHE Ha cuctemara (¢-ma 3.42):

PPV(t) = A. G(t) Cos(eerr(t))- nref[l - .B(Tc -
Tref)]-nMPPT (t)-nconv (342)

ITpousBenenata eneprus (¢p-na 3.43):

EPV = fOTAG(t) Cos(eerr(t))nref[l - .B(Tc -
Tref)]nMPPT (t)nconvdt (3~43)

ToBa ypaBHeHHE TpeACTaBisiBa OOCIUHEH CHHEPrHYCH

MOACT HA cCUCTEMaAra.

3.2.1. OnTuMH3aIMOHEH MOJEJT
HCHTa Ha OIITUMM3aIATa c MaKCI/IMI/I?)I/IpaHC Ha
npousBefeHaTta eHeprus. ONTUMaJHOTO IIPOEKTHpaHE Ha

cucremara Moxe J1a Obe popmyaupano ¢ popmyna 3.44:
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Max (3.44)
Op(D).V(8)
KBJICTO:
6,(t) — ynpasnenue na CIICT,
V (t)— paboTHO HampexXeHHe Ha TeHepaTopa.
HeoOxoauMoTo yciaoBue 3a TJI00aJeH MaKCHUMYM Ce
nedunupa ot popmyna 3.45 u popmyna 3.46:

aop
—=0 (3.45)
aop
—==0 (3.46)

IIpU OrpaHuveHusITa BB popmynn 3.47, 3.48 u 3.49:

|96TT| S emax (3'47)
T. < Ty (3.49)

OynkiuaTa Ha Jlarpanx MoXke J1a ce 3amuile BbB BUJA

BBB opmyina 3.50

L=E +>\1 (Qmax - werrl) +>\2 (1 - nMPPT) +
x3 (Tmax - Tc) (3~50)

OnTUMaHOTO pELIEHUE Ce MoTydaBa IIPU yCIOBUETO BbB
dopmyna 3.51:
VL=0 (3.51)

3.2.2. Cumysanms 3a CHHEPIrUYHHS ePeKT

[Tpu ¢pukcupan ®B moxyn
Gfix = G(t) cos(Os — Hpanel) (3.56)
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npu CIICT

Gtrack ~ G(t) (3~57)
CiengoBaTeaHo

Gtrack > Gfix (3-58)
MPPT ocurypsisa

Preai = Pypp (3.59)

CrnenoBaterHo KOMOWMHHUpaHaTa CHUCTEMa OCHIypsiBa

r100aneH MaKCUMyM Ha MOIIIHOCTTA.
3.3. U3Boam

Ot aHanu3a e BUJHO, Y€ MaKCUMaJHaTa €(EeKTUBHOCT Ha
(GOTOBOJATAUYHUTE CHUCTEMHM C€ IIOCTUIa MpPU HUHTErpUpaH
oAxoJ, oOenuHsBal] HacouBaHeTo Ha ®PB moxynmu kbpM
CITBHLIETO W MPOCIECASIBAHETO HAa MaKCHUMaJHATa TO4YKa Ha

MOIIHOCTTA.

[IpocnensBaneTo Ha carpHYEBATA TPACKTOPUS € TOKA3aHO
CpPEICTBO 3a YyBEeIMYaBaHE Ha CHEPrHMHHUS JOOWUB Ha
(OTOBONTANYHUTE CUCTEMHU. BBIIPEKH TOBA, CHINECTBYBAIIUTE
pelLleHNs] ca OTPaHUYECHU OT MEXAaHWYHA CIIOKHOCT, BUCOKa

eHeerﬁHa KOHCyMalys 1 JIUIICAa HaA UHTCIIUT'CHTHOCT.

beaemoro pa3BuTHMe cienBa Ja C€  HAcOYM KbM
WHTEJIMTCHTHH, aJallTUBHA U CHEPTHIHO aBTOHOMHH CHCTEMH,
KOWUTO U3MOJI3BAT BrPaJIcCHW HM3YHUCIUTCIIHU YCTPOMCTRa,
CBBP3aHOCT M QITOPUTMH 3a MaImMHHO o0yueHue. IlomobeH
moaxoq OW JOBEI O HOBO TOKOJICHHE caMOOOydJaBalld ce

CIICT, xouTo pearnpatr IMHaMHUYHO Ha yCJIOBUATA HAa OKOJIHATA
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cpelia U OCUTYpsIBaT MO-BUCOKA €()EKTUBHOCT U YCTOMYUBOCT Ha

(bOTOBOJ'ITaI/I‘IHI/ITe HHCTAJIalluu.

Pa3BuTHeTO HAa MHTCIIUTE€HTHUTE MCTOAMN 3a YIIPaBJICHHUC,
3HAUUTENHO MOBUIIaBa Bb3MOKHOCTUTE, MPU ONTUMHU3ALUS HA
dboToBontanunute cuctemu. [IpexonsT ot Tpamuuuonnu [TN]]
perynaTopu KeM anroputmu, 6azupanu Ha U1 kato UHM, FLC
u MPC, no3Bossiea Ha CIICT nga pa®oTsaT ¢ BUCOKA TOYHOCT B

AWHAMHWYHU U HCIIPCABUINUMU CPCIU.

3akiao4yeHue

Hacrosmusar nucepranMoHeH TpyJA € TIOCBETEH Ha
3aabI00YEH  TEOPETHYECH  aHAJIM3 HAa  CHUCTEMHUTE  3a
MpociesBaHe Ha CI'bHUEBATa TPACKTOPUS U AITOPUTMUTE 3a
MakCUMaJgHO wu3BnMuuaHne Ha MomHoct (MPPT) mpm
¢dboToBONTAaNYHN HMHCTaNaMU. B ycnoBuATa Ha HapacTBalld
M3MCKBAHUS 3a MOBUILIABAaHE Ha €HEpruiiHata e()eKTUBHOCT U
YCTOMUMBOCTTAa Ha BBH30OHOBSIEMHUTE CHEPTUHHHM H3TOUYHHUIIH,
u3cienBaHaTa IpobiemMaTuka MpuaoOuBa BCE TO-TOJSMO
HAYYHO M MPAKTHYECKO 3HAUCHUE.

B pamkuTe Ha aucepTalMOHHUS TPYJ Ca aHAIU3UPaHU
(GUBUYHUTE, TEOMETPUYHUTE H KOHTPOIHHUTE (HaKTOPH,
onpeaensny epeKTUBHOCTTa Ha (DOTOBOJITAUYHUTE CUCTEMH.
W3Bbpmiena e cucremaruszanus U Kiacupukauus —Ha
CBILIECTBYBAILIUTE METOU 3a CIIBHYEBO NpociensaBane u MPPT
AITOPUTMUTE, KOETO TM03BOJIIBA TSIXHOTO CTPYKTYpHUPAHO
pasriexxJaHe M OOCKTHBHO CpaBHEHHeE. PasrnmexgaHero Ha

ABaTa nmoaxoaa KaTo B3aUMOCBBP3aHU MOACUCTCMU NOIIPHUHACA
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3a MO-I'BJIHO pa30upaHe Ha MPOLECHUTE, ONpPEeIAIN KpaiiHus
E€HEPTHUEH JTI0OUB.

Upes mpuitaraHeTo Ha CUCTEMEH M aHAJUTHYEH MOAXO0J €
pa3paboTeH yHH(UIUPAH TEOPETHYECH MOJEN 3a OIleHKAa Ha
eHepruiiHaTa eQEeKTMBHOCT Ha (HOTOBONTAMYHHUTE CHUCTEMH,
KOITO HHTETpHpa reOMETPHUYHUTE aclIeKTH HAa OPUEHTALIMATA Ha
MaHEIUTE U EIEKTPHUECKUTE PEKUMH Ha paboTa, ONpeaAesTHH
ot MPPT ymnpaBnenuero. AHanu3bT Ha CHEPTUHHHUTE 3aryOu u
TEOPETUYHUTE TpaHULIM Ha e(PEeKTHMBHOCTTAa IIOKa3Ba, ue
MaKCUMAJIHHUAT MOTEHIMan Ha (OTOBOJITAUYHUTE CUCTEMHU
Mo)Ke fna Ob/ie peaqu3upaH €AMHCTBEHO IPHU CBITIACYBAaHO U
KOOPAWHUPAHO yhpaBiIeHUE Ha MEXaHUYHUTE u
€JIEKTPUYECKUTE MPOLIECH.

Wnentudunupanure  HaydyHu UM METOJOJOTHYHHU
NPOMYCKH B CBHUICCTBYBAIUTE H3CIEABAHUA IOAYEpTaBAT
HEO0XOIMMOCTTA OT MO-HATATHIIHO Pa3BUTHE HA UHTETPUPAHH
U KOHLENTYaJlHO OOOCHOBAaHM TMOAXOOM 3a YIpaBJICHUE.
®opMmynupaHuTe B Tpyda TEOPETHUYHU HACOKHM OYepTaBar
Bb3MOKHOCTM 32 OBJCIIM H3CIEIBAaHUS, HACOYCHH KbM
pa3paboTBaHE Ha HWHTEIUIEHTHH, aJalTUBHU W EHEPrUiHO
e(eKTHBHHU CUCTEMH 32 (POTOBOJITAUYHO NTPOU3BOICTBO.

B 3akmioueHne Moxe Ja ce OTOENeKH, Y€ MOCTUTHATUTE
HAayYHM pe3yJTaTH JONpPUHACAT 3a paslupsBaHe Ha
TEOpeTUYHATa OCHOBA B 00JacTTa Ha CHCTEMHTE 3a CI'bHUEBO
npocneassane u  MPPT  ynpaBnenumero u  cb3gaBar

IpEaAInoOCTaBKH 3a 6’[:,[[611_[1/1 MMPUIOKHHU M CKCIICPUMCHTAJIHU
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pa3pabOTKH, HACOUYEHU KbM IMOBHINABaHE Ha €PEKTUBHOCTTA U

HaaCKIHOCTTa Ha d)OTOBOHTaI/ILIHI/ITC CHUCTCMH.

IIpuiokHN U HAYYHO — NPUJI0KHU MPUHOCH

1.

I/ISB"prHCH € KOMINICKCEH TCOPETUYCH aHalIUu3 M OLCHKa Ha
CUCTCMUTC 3a MPOCICAABAHC HA CIBHYCBATA TPACKTOPUSA U
AITOPUTMUTEC 3a MAKCUMAJIIHO HU3BJIMYAHC Ha MOIIHOCT,
pasricaaHu KaTo B3aUMOCBBP3aHU MOJACUCTCMU B PAMKUTC

Ha q)OTOBOHTaI/I‘-IHI/ITe HHCTaJIaIluH.

. Pa3paborenu ca yaudummpan TeopeTHIeH U MaTeMaTHIECKU

MOJIeIM 3a OLEHKAa Ha eHepruiHaTa e(eKTUBHOCT Ha
(OTOBOJATAUYHUTE CUCTEMH, MHTETPUpPAL] I'€OMETPHUUYHUTE
aCIIeKTH Ha CI'BHYEBOTO IPOCIEASIBAHE M EICKTPUYECKUTE
pexumu Ha pabota, onpeaenstau or MPPT anropurmure.

. HpennoxceH € MOZCII 3a OLICHKA HAa ITWHAMHWYHATA I'PpCIIKa Ha

MPPT anroputmMure npu IPOMEHALIM CE€ YCIOBHS Ha

OCBCTCHOCT, UPC3 MHOTOIMApaMCTPHUICH aHAJIN3.

. ®opMynupaH €  ONTUMM3AIMOHEH  KpUTEpUd  3a

MaKCHMHU3HUpaHE HA €HEpruitHus J0OMB Ha (OTOBOJITAUYHU

CUCTEMH C KOMOMHHMPAHO yTpaBieHHE.

. Peanusupana e cumynanusi Ha CHHEPIrUYHUAT €PEeKT MEKIY

CUCTCMHUTC 3a MPOCICAABAHC HA CIBHYCBATA TPACKTOPUSA U
AJITOPUTMUTC 3a NPOCICAABAHC HA TOYKAaTa HA MaKCHUMaJIHA

MOIIIHOCT.
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"Investigation of Intelligent Methods for Efficiency
Optimization of Photovoltaic Systems in Dynamic
Environments'"

A Dissertation for the award of the educational and scientific degree

"Doctor"
Author: Aleksandar Evgeniev Ganev
Abstract

The dissertation is dedicated to the theoretical analysis and conceptual
modeling of methods for increasing the energy efficiency of photovoltaic (PV)
systems by integrating solar tracking systems (STS) and maximum power
point tracking (MPPT) algorithms.

Comparative analysis and evaluation of existing mechanical and
electronic optimization methods were performed, treating them as a unified
cyber-physical system.

Unified theoretical model was developed, describing the total efficiency
as a product of partial coefficients (geometric, electrical, thermal, and
conversion). A master equation for energy yield was introduced, integrating

dynamic environmental changes.

Evaluation model for the dynamic error of MPPT algorithms under
rapid cloud cover changes was proposed, and an optimization criterion for
maximizing the energy balance was formulated.

Synergistic interaction coefficient between STS and MPPT was defined
and analyzed. Numerical simulations proved that combined control leads to
a super-additive effect.

The work contributes to the theoretical foundation of renewable energy
by creating a methodology for forecasting and optimizing energy yield. The
results serve as a basis for designing a new generation of intelligent, adaptive

photovoltaic installations.
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GENERAL DESCRIPTION OF THE DISSERTATION

Relevance of the Research Problem

The relevance of the present dissertation is determined by the
necessity for systematization, theoretical generalization, and
conceptual modeling of control methods for solar tracking and
power converter management within photovoltaic systems. The
scientific results obtained have the potential to contribute to a
more profound understanding of the processes governing energy
efficiency and to serve as a foundation for future research and
development in the field of intelligent photovoltaic systems.

Aim and Objectives of the Dissertation

The primary objective of this dissertation is to conduct a
comprehensive theoretical analysis and evaluation of solar
tracking methods and Maximum Power Point Tracking (MPPT)
algorithms in photovoltaic systems. The study aims to formulate
unified conceptual models for the optimization of energy
efficiency within photovoltaic installations.

To achieve the stated objective, the following key tasks are

formulated:

1. Analysis of the physical and geometric principles
determining solar trajectory and the orientation of
photovoltaic panels.

2. Systematization of solar tracking systems based on their
construction and control mechanisms.



3. Classification and theoretical analysis of control methods for
solar trackers and MPPT algorithms.

4. Theoretical analysis of the interaction between solar tracking
and MPPT in the optimization of energy yield.

5. Development of unified theoretical models for energy
efficiency assessment, incorporating both panel orientation
and electrical operating modes.

6. Identification of research gaps and formulation of conceptual
guidelines for integrated control systems.

Dissertation Structure

The dissertation comprises 119 standard typewritten pages and
is illustrated with 21 figures, 6 tables, and 172 equations,
supplemented by a bibliography of 62 foreign sources. The text
is structured into three chapters, a conclusion, a list of cited
literature, and 12 appendices. Accompanying the dissertation are
4 scientific publications.



SUMMARY OF THE DISSERTATION

Introduction

The transition to a green economy and the constantly
growing energy demands of modern society necessitate not only
the construction of new, high-efficiency renewable energy
capacities but also the enhancement of existing photovoltaic
(PV) power generation plants and the improved design of future
installations. Despite significant advancements in PV module
manufacturing technologies, the efficiency of harvesting and
converting solar energy into electricity remains constrained by
various factors, such as environmental conditions, geographic
location, and conversion and control systems. This compels the
search for diverse optimization approaches, focusing not only on
the PV cells themselves but also on the systems governing their
orientation and the conversion of the generated electrical energy.

Solar tracking systems represent an effective means of
increasing energy yield by ensuring the optimal orientation of
PV panels relative to the sun's position. Concurrently, Maximum
Power Point Tracking (MPPT) algorithms ensure operation in an
optimal mode under dynamic irradiance and temperature
conditions. Despite the proven potential of these two approaches
individually, contemporary scientific literature often treats them
as autonomous and unsynchronized subsystems. The increasing
complexity of PV installations, coupled with the dynamic nature
of the operating environment, highlights the need for a holistic
and integrated theoretical analysis of solar tracking systems and
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MPPT algorithms. The lack of unified theoretical models and
generalized classifications hinders the comparative evaluation of
different approaches and limits the opportunities for the targeted
development of more efficient solutions.

Chapter 1: Literature Review
1.1. Theoretical Foundations of Solar Tracking

Effective solar energy harvesting requires the
implementation of a system that tracks the solar trajectory and
orients the photovoltaic panels perpendicularly to the sun's rays.
This approach ensures the acquisition of the maximum possible
amount of solar radiation. The first section investigates,

analyzes, and evaluates various solar tracking systems.

CucTeMu 3a npocneasBaHe Ha CibHYeBaTa TpaekTopus
Cnopep cTeneHuTe Ha cBo6oaa Cnopep ynpasneH1eTo
MHoroocHu n
EgHoocHM [ByocHn MacueHKn
XbpuaHu
cucTeMm cucTeMm cuctemmn
CcUCTEMM

Cuctemn c

AKTUBHM CACTEMU

Cuctemn cbe
3aTBOpeHa
ynpasnsBatla
Bepura

Cuctemu c
xubpugHa
ynpasnaBalla
Bepura

Cuctemn c

oTBOpEHa
ynpaensBaia
Bepura

VHTENUTEHTHO
ynpasnexue

Fig. 2. Classification of Solar Tracking Systems

1.2. Theoretical Foundations of Maximum Power Point
Tracking — MPPT



Like most natural energy sources, solar energy is
intermittent, with the primary difference being that its intensity
changes very dynamically, as it is dependent on atmospheric
conditions. Factors such as temperature, optical density, and
cloud shading can cause rapid and short-term fluctuations in the
amount of solar irradiance reaching the panels. These variations
lead to instantaneous changes in the P-V (power-voltage)
characteristics of the modules. To minimize the negative impact
of these fluctuations, the photovoltaic module must operate at
the maximum power point, which shifts dynamically according
to the aforementioned factors. The second section investigates,
analyzes, and evaluates various Maximum Power Point
Tracking (MPPT) algorithms.
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Fig. 10. I-V and P-V Curves of a PV Module for Maximum Power Point
Analysis



1.3. DC-DC Converters for MPPT Systems

To implement the MPPT strategy, the DC-DC converter
acts as an actuator (final control element) which, by varying the
duty cycle (D), transforms the load impedance to match the
optimal impedance of the photovoltaic panel. The third section

analyzes the most commonly used converters in systems
featuring MPPT.

Table 4. Comparison of Converter Types

Cuk
Parameter Buck Boost Buck-Boost SEPIC "
Converter
MPPT Limited Limited
Full Full Full
Range ( va> Vout) ( va< Vout)
Polarity Direct (+) | Direct(+) | Inverted (-) | Direct (+) | Inverted (-)
Input . . . . .
Pulsating | Continuous | Pulsating | Continuous | Continuous
Current
. High High Medium Medium Medium
Efficiency
(>95%) (>95%) (~90%) (~90%) (~90%)
Complexity Low Low Medium High High




Chapter 2: Theoretical Analysis of Efficiency in Photovoltaic
Systems with Solar Tracking and MPPT

2.1. Efficiency of Photovoltaic Systems

Theoretical analysis indicates the existence of an optimal
zone of complex efficiency, where the additional energy
generated through tracking and MPPT exceeds the energy
consumed for control and actuation. This zone is a function of
climatic conditions, geographic latitude, load profile, and the
reliability of system components. Consequently, the efficiency
of PV systems with solar tracking and MPPT cannot be
considered universal but must be evaluated within the context of

the specific operating environment.

A photovoltaic system can be described as an energy-
conversion system, where the input solar irradiance flow G(%) is
transformed into electrical power Po.(?) through a non-linear
converter with multiple intermediate losses. The instantaneous
efficiency of the system is defined in Eq. 2.2 [60]:

_ Pout(t)
Nsys() = Gyaes,@ (2.2)

For the purposes of the theoretical analysis, the overall
efficiency can be represented as a product of partial efficiencies,
each corresponding to a specific physical or functional layer of
the system (Eq. 2.6):

nsys(t) = Ngeo ) -npv(t) -nel(t) -nmppt(t) (2.6)
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where:

Ngeo — Geometric Efficiency (Orientation and Tilt),
npv — Internal Efficiency of the PV Module,

ner — Power Electronics Efficiency,

Nmppe — Maximum Power Point Tracking Efficiency.

2.2. Theoretical Foundations of Solar Tracking

Solar tracking represents a mechanism for maintaining an
optimal angle between the normal of the photovoltaic module
and the vector of the incident solar radiation. From a geometric
perspective, the effective surface irradiance is proportional to the
cosine of the angle of incidence, which means that even
moderate deviations from the optimal orientation led to

significant losses of useful radiation.

2.3. Non-linear Electrical Model of the Photovoltaic
Generator

The electrical behavior of a photovoltaic cell can be
described by a single-diode non-linear model:

(2.28)

aV+IRs V+IR
I=Iph—10(e nkT —1)— 2

Rsn
where:
I,, — Photocurrent,

Iy — Saturation Current,

R, Ry, — Series and Shunt Resistance,
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q — Electron charge,

n — Ideality Factor,

k — Boltzmann Constant,

T — Absolute Temperature.

This model describes the relationship between the current
and voltage at the terminals of the photovoltaic element under

given irradiance and temperature conditions.

2.3.2. Maximum Power Condition
The power of the photovoltaic generator is given by the
relationship in Eq. (2.29):

PV)=V.I(V) (2.29)
"The maximum power is reached under the condition
specified in Eq. (2.30):

dpP dl
Z=021+VZ=0 (2.30)

"This condition defines a non-linear equation for the

maximum power point (MPP).

2.3.5. Theoretical Model of MPPT as Impedance Matching
The input resistance of the converter is presented in Eq.
(2.35):

Ry, = 2 (2.35)

Ipy

The condition for optimal matching is derived in Eq.
(2.36):
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Rin(t) = Rmpp (t) (236)
The MPPT error is presented in Eq. (2.37):

Pmpp (t)_Preal(t)

Emppe (t) = P— (2.37)
The MPPT efficiency is given in Eq. (2.38):
1 T
Nmppt = 1- Ffo gmppt(t)dt (2.38)

2.4. Analysis of Modern Systems

Section 2.4 analyzes and evaluates the methods and
algorithms for Maximum Power Point Tracking (MPPT). The
classic P&O and IncCond methods are reviewed, which remain
the most widely applicable due to their low complexity and
computational requirements. Their adapted successors,
intelligent methods, Fuzzy Logic Control (FLC), and global
optimization methods, such as Particle Swarm Optimization
(PSO) and other metaheuristics, are also discussed. The latter are
extensively used for finding the global MPP under partial

shading conditions (multiple local maxima).

2.5. Synergetic Model of the Interaction Between Solar
Tracking and MPPT Control

Combining mechanical solar tracking with electronic
MPPT control creates a synergetic effect on the overall
efficiency of the PV system. Solar tracking maximizes the input
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energy through geometric optimization, while MPPT minimizes
electrical losses through optimal management of the operating
point. From a theoretical perspective, these two mechanisms
operate in distinct yet complementary domains — spatial-
geometric and electrical.

The systemic effect of this combination can be described
through an expanded energy balance, where the total energy
produced is viewed as a function of the product of the geometric
gain coefficient and the electrical power extraction coefficient.
In this model, losses from non-ideal tracking and non-ideal
MPPT do not sum linearly; instead, they interact non-linearly,
meaning that an improvement in one domain enhances the
relative 1impact of the other. Consequently, combined
optimization possesses the potential for a super-additive effect
on the annual energy yield.
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Fig. 18. Comparative Analysis of Energy Yield Across Different Systems
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Figure 18 illustrates the simulation results of energy yields
for four different types of systems: a fixed PV module system
with optimal orientation without MPPT (baseline), a fixed PV
module system with optimal orientation and MPPT, a Dual-Axis
Solar Tracking (DAST) system without MPPT, and a DAST
system with MPPT. The PV modules are of the same type and
possess identical characteristics (technology, size, power,
voltage, current), as do the environmental conditions (irradiance,
temperature). The graph was generated via simulation in the
Google Colab environment using Python code (Appendix 12).
As a result of the synergetic interaction, the combined system —
tracker and MPPT (green curve) — maintains operation close to
the theoretical maximum power limit of the system throughout
the entire day.

2.5.2. Energy Balance of the Combined System

The quantity known as baseline energy yield is used as the
starting point for comparing the yields of different systems. This
represents the electrical energy produced, Epue, during the
baseline operating mode of the photovoltaic system, where the
modules are fixed and the operating point is determined by the
load characteristics without MPPT control. The energy yield
when using only solar tracking is determined by Eq. (2.53):

Etrie = Jyy G(©)Ac0S Bty ()70 (DN ()dE  (2.53)

When using only MPPT control, the energy yield is
determined by Eq. (2.54):
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Emppt = fOT G(t)A Cos Hfix(t)npv(t)nmppt(t)nel(t)dt (2~54)

When solar tracking and MPPT control are used in
combination, Eq. (2.55) is obtained:

Ecomp = fOT G(t)A cos Htrk(t)npv(t)nmppt(t)nel(t)dt (2.55)

This expression demonstrates that the effect of the
combined optimization is the result of the product of the
geometric and electrical efficiency coefficients.

2.5.3. Synergetic System Coefficient
A synergetic coefficient is introduced for the quantitative
assessment of the interaction between the two mechanisms. This
is defined as the ratio between the energy yield of the combined
system (tracker and MPPT) and the sum of the baseline yield
plus the individual increments from tracker and MPPT when the
two systems are used separately (Eq. 2.56):
Koyn = ———comb (2.56)

Etrk+Emppt_E0
The combined effect of the system is additive when the
synergetic coefficient is 1 (Eq. 2.57):
Koy =1 (2.57)

When the synergetic coefficient is greater than 1, a
synergetic effect is observed, meaning that the interaction
between the two mechanisms leads to an additional increase in
the energy produced (Eq. 2.58).
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Kgyn > 1 (2.58)
2.6. Theoretical Stability Analysis of the MPPT System

Under real-world conditions, the maximum power point
varies over time as a result of changes in irradiance and
temperature. Consequently, the MPPT algorithm must track a
moving equilibrium point. The tracking error can be defined by
Eq. (2.72):

e(t) = va ) - Vmpp ) (2.72)
The condition for stable tracking is presented in Eq. (2.73):
%im e(t) =0 (2.73)

under a limited rate of change of external disturbances.

2.7. Analytical Model of Energy Losses in Photovoltaic
Systems

The energy balance of the photovoltaic system includes
several types of losses that reduce the amount of generated
electrical energy. The primary categories of losses are
geometric, optical, electrical, thermal, power electronics losses,
and dynamic losses from MPPT control. The total output power
can be represented as the difference between the input power and
the sum of the losses (Eq. 2.76):

Pout = Pin — Z Pioss (2.76)
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2.7.5. Simulations of Energy Losses

Figure 20 illustrates a simulated period of rapidly
changing cloud cover or partial shading (dappled shade). The
plot was generated via a simulation in the Google Colab
environment using Python code (Appendix 10).
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Fig. 20. MPPT Tracking Error under Dynamic Atmospheric Conditions

Under rapidly changing cloud cover, significant losses
from dynamic tracking errors are generated. The higher the
frequency of cloud fluctuations, the greater the resulting energy
losses. We also observe power drops caused by the MPPT
algorithm's latency. With every change in irradiance, the
algorithm must scan the new characteristic curve to locate the
maximum power point. This behavior is simulated in the code
through the gradient coefficient.
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Fig. 21. Systematic Errors — Mechanical and MPPT

Figure 21 presents the systematic errors of the tracker
and MPPT. The graph was generated via a simulation in the
Google Colab environment using Python code (Appendix 11).

The analysis of error-induced losses shows that the
mechanical error (green zone) is smoother. When the tracker
'loses' the sun by a few degrees, the power drops following a
cosine curve. This loss is relatively small during clear weather
but becomes a systemic problem if the tracker has a constant
offset. In this model, it represents approximately 0.5% to 2% of
the total energy yield.

The red line indicates the actual yield. Everything above
this line represents the integral loss, which results from the
accumulation of both types of inefficiencies.
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2.8. Theoretical Model for Predicting Annual Energy Yield

When solar tracking and MPPT control are used in

combination, the annual energy yield can be represented by Eq.
(2.86):

Eyear = Ebasektrkkmppthyn (2~86)

where:
k¢ri — Solar Tracking Gain Coefficient,
kmppe — MPPT Gain Coefficient,

Kgyn — Synergetic Interaction Coefficient.
2.9. Conclusions to Chapter 2

From a theoretical perspective, the efficiency of PV
systems equipped with solar tracking and MPPT is the result of
multi-layered  optimization, involving the geometric
maximization of input energy and the electrical maximization of
extracted power. Solar tracking and MPPT can be interpreted as
two orthogonal mechanisms for reducing distinct classes of
losses—geometric and electrical, respectively. Their integration
produces a systemic effect that transcends the simple summation
of individual improvements, creating the prerequisites for a
significant increase in annual energy yield through proper design
and control.
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The theoretical analysis demonstrates that the efficiency
of these systems results from a nonlinear interaction between
geometric, thermodynamic, electrical, and control factors. The
introduction of active orientation systems and adaptive
electronic control transforms the classical photovoltaic
installation from a static energy converter into a dynamically
optimizing cyber-physical system. In this framework, the
maximization of energy harvest is achieved through continuous
optimization along both the trajectory (mechanical) and the
operating point (electrical).

The developed models enable a systematic analysis of the
energy conversion processes within PV systems featuring solar
tracking and MPPT control. The presented analytical
dependencies describe the complex interrelationship between
the system's geometric characteristics, the electrical parameters
of the PV generator, and the dynamics of the control algorithms.
These formulated mathematical models establish a solid
theoretical foundation for system optimization and allow for a
precise evaluation of various factors influencing the net energy
yield.

Chapter 3: Mathematical Modeling of Efficiency in
Photovoltaic Systems with Solar Tracking and MPPT
Control

3.1. Mathematical Models of System Efficiency
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For a comprehensive assessment of the efficiency of a
photovoltaic system with solar tracking and MPPT control, the
following integral model is proposed:

nsys(t) = COs H(t)rlpv (T(t): G(t))nel(l(t)’ V(t))nmppt(t)
3.1
where:
Npv — Photovoltaic Module Efficiency,

ne; — Power Electronics Efficiency,
Nmppt — MPPT Tracking Efficiency.

Model of Synergetic Interaction between Tracker and
MPPT

The following functional dependency is proposed to
represent the combined effect:

Ecomb = Ebase(l + Airk + amppt + .Batrkamppt) (3-2)
where:

a. — Relative Gain from Tracking,
Amppt — MPPT Gain Increment,

[ — Synergetic Interaction Coefficient.
A synergetic effect is observed when the condition
specified in Equation 3.3 is satisfied:
g >0 (3.3)

Dynamic MPPT Error Model

An analytical model of the error is proposed:
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Emppt (£) = —z (3.4)

1+TE

where:

7 — Algorithmic Response Time.

This model demonstrates that under rapid irradiance
fluctuations, the MPPT error increases significantly.

Combined Energy Loss Model

The total losses can be expressed as:

Pioss = Rgeo + Ptemp + P + Pmppt (3.5)
where:

Pjeo = GA(1 — cos 0) (3.6)

Ptemp =y(T - Tref)Pmpp (3.7)

Annual Energy Yield Prediction Model

The following generalized formula is proposed:
Eyear = GyearAnpvktrkkmppthyn (3-8)

where:

k¢ — Tracking Efficiency Coefficient,

kmppt — MPPT Efficiency Factor,

Kyn — Synergetic Interaction Coefficient.

3.1.2. Numerical Simulation
Technical Parameters of the Exemplary System

Photovoltaic Module KMSW550M-144:

Module Power:
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PSTC == SSOW

PV Module Area:
A=26m?
Efficiency:
Npv = 0.21

(3.9)

(3.10)

(3.11)

Solar Radiation Data for the Blagoevgrad Region

(PVGIS-SARAH3 database, 2020):

Average annual daily solar radiation for a fixed PV

module at a 35° tilt;

Gavg = 495 W /m?

(3.12)

Average annual daily solar radiation for a dual-axis Solar

Photovoltaic Tracker System:

Gavg = 625 W /m?

Total annual sunshine duration Tg,,, = 3448 h.

Baseline Annual Yield
Epase = Gangnvasun
Epase = 495.2,6.0.21.3448

Epgse = 931890 Wh
Epgse = 931.9 kWh

Energy Yield with Dual-axis Tracker
23

(3.13)

(3.14)

(3.15)
(3.16)
(3.17)



Ei = 625.2,6.0.21.3448 = 1176 kW  (3.18)

=17 _ 126 (3.19)

trk 932

Energy Yield with MPPT Control

kmppe = 1.10 (3.20)
Emppt = 1025 kWh (3.21)
Combined Energy Yield

For a synergetic interaction coefficient

Kgyn = 1.05 (3.22)
Ecomp = 932 X 1.26 X 1.10 X 1.05 (3.23)
Ecomp = 1356 kWh (3.24)

As evidenced by formula 3.24, the combined system
increases the annual energy yield by approximately 46%
compared to the baseline system (formula 3.17). This result
confirms the theoretical model of synergetic interaction between
solar tracking and MPPT control.

3.1.4. Fundamental Energy Balance of a Photovoltaic
System

The electrical energy produced by the photovoltaic system
over a time interval 7 is defined by the dependence in formula
3.25:

Epy = fOT Ppy (t)dt (3.25)
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where Ppy,(t) is the instantaneous electrical power of the
photovoltaic system.

The power can be represented as a function of the input
solar energy and the overall efficiency of the system (Eq. 3.26):

Ppy(t) = G(2) . A -nsys(t) (3.26)

where:

G(t) — Solar Irradiance,

A — Effective Solar Absorption Area,
Nsys(t) — Overall System Efficiency.

Consequently, the total energy produced can be
represented by formula 3.27:

E = [ G(£)Ansys(t)dt (3.27)

This equation constitutes the primary energy balance of
the system, defining the equilibrium between input solar flux
and net electrical output.

3.1.5. Decomposition of System Efficiency
The overall system efficiency can be represented as a
product of several fundamental components (Eq. 3.28):

77sys =TNpv (Tc)- NmppT (t) Ntrack (t) Neonv (3-28)

where:
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npy (T.) — Temperature-Dependent Efficiency of the PV

Module,

Nuppr — MPPT Tracking Efficiency,

Nerack — Solar Tracking Efficiency,

Neonwy — Power Electronics Efficiency.

This decomposition allows for a more detailed analysis of
the system losses. The maximum system efficiency is the
product of the peak efficiencies of the PV module, the MPPT,
the SPSS, and the power conversion, as presented in formula
3.61.

77sys,max - 77PV,max77MPTT,maxntrack,max77(:onv,max (3~38)

The actual efficiency is given in formula 3.29:

real max

Nsys” = Nsys — Andyn — Mg — Anmppt (3.39)

3.2. Governing Equation for Energy Yield

By combining all analyzed dependencies, we obtain the
governing equation of the system (formula 3.42):

PPV(t) =A.G(1) Cos(eerr(t))- nref[l - IB(TC -
Tref)]- NmppT (t) Neconv (342)

The total energy produced by the system is determined
by equation 3.43.
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EPV = fOTAG(t) COS(Herr (t))nref[l - ﬂ(Tc -
Tref)]nMPPT(t)nconvdt (3-43)

This equation represents a unified synergetic model of the
system.

3.2.1. Optimization Model

The objective of the optimization is to maximize the
energy produced. The optimal design of the system can be
formulated as shown in formula 3.44:

Max (3.44)
0,V (t)

where:

6, (t) — Sun Tracking Control,

V (t)— Generator Operating Voltage.
The necessary condition for a global maximum is defined

by Eq. 3.45 and Eq. 3.46:
P

==0 (3.45)
aop
—==0 (3.46)

subject to the constraints in Egs. 3.47, 3.48, and 3.49:

|96TT| S emax (3'47)
0 <nymppr =1 (3.48)
T, < Ty (3.49)

The Lagrangian function for the constrained optimization

problem is formulated as follows in formula 3.50:
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L=E +>\1 (Qmax - werrl) +>\2 (1 - nMPPT) +
n3 (Tmax - Tc) (3-50)

The optimal solution is obtained under the condition
presented in formula 3.51:
VL=0 (3.51)

3.2.2. Simulation of the Synergetic Effect

The energy yield for a fixed-tilt PV module is
characterized by its dependence on the static incidence angle,
as defined in formula 3.56:

Grix = G(t) cos(bs — Opaner) (3.56)

In contrast, the Solar Tracker dynamically eliminates the
cosine error by maintaining a normal orientation to the solar
vector, as expressed in formula 3.57:

Gtrack ~ G(t) (3~57)

Therefore, the geometric optimization alone leads to a
significant increase in the captured irradiance (Eq. 3.58):

Gtrack > Gfix (3~58)

Complementing this, the MPPT ensures that the electrical
operating point is continuously adjusted to the peak of the 7/ —
characteristic, satisfying the condition in formula 3.59:

Preal ~ PMPP (3~59)

Consequently, the combined synergetic system ensures
the achievement of a global power maximum by simultaneously
optimizing the spatial orientation and the electrical impedance
of the generator.
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3.3. Conclusions to Chapter 3

The analysis demonstrates that maximum efficiency in
photovoltaic systems is achieved through an integrated approach
that combines precise solar orientation of the PV modules with
Maximum Power Point Tracking (MPPT).

Solar trajectory tracking is a proven method for increasing
the energy yield of photovoltaic systems. However, existing
solutions are often constrained by mechanical complexity, high
parasitic energy consumption, and a lack of inherent
intelligence.

Future development should focus on intelligent, adaptive,
and energy-autonomous systems that leverage embedded
computing, connectivity, and machine learning algorithms. Such
an approach would lead to a new generation of self-learning
Solar Tracker Systems that respond dynamically to
environmental conditions, ensuring higher efficiency and
reliability for photovoltaic installations.

The advancement of intelligent control methods
significantly enhances the optimization capabilities of
photovoltaic systems. The transition from traditional PID
regulators to Al-based algorithms, such as Artificial Neural
Networks (ANN), Fuzzy Logic Control (FLC), and Model
Predictive Control (MPC), enables tracking systems to operate
with high precision within dynamic and unpredictable

environments.
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Conclusion

The present dissertation is dedicated to an in-depth
theoretical analysis of solar trajectory tracking systems and
Maximum Power Point Tracking (MPPT) algorithms within
photovoltaic installations. In the context of increasing demands
for higher energy efficiency and the sustainability of renewable
energy sources, the investigated issues are of growing scientific
and practical importance.

Within the scope of this dissertation, the physical,
geometric, and control factors determining the efficiency of
photovoltaic systems have been analyzed. A systematization and
classification of existing solar tracking methods and MPPT
algorithms have been performed, allowing for their structured
review and objective comparison. Treating both approaches as
interconnected subsystems contributes to a more comprehensive
understanding of the processes that determine final energy yield.

Through the application of a systematic and analytical
approach, a unified theoretical model for evaluating the energy
efficiency of photovoltaic systems has been developed. This
model integrates the geometric aspects of panel orientation with
the electrical operating modes dictated by MPPT control. The
analysis of energy losses and theoretical efficiency limits
demonstrates that the maximum potential of photovoltaic
systems can only be realized through the synchronized and
coordinated management of mechanical and electrical
processes.
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The identified scientific and methodological gaps in
existing research underscore the necessity for further
development of integrated and conceptually grounded control
approaches. The theoretical guidelines formulated in this work
outline opportunities for future research aimed at developing
intelligent, adaptive, and energy-efficient systems for
photovoltaic production.

In conclusion, it can be noted that the achieved scientific
results contribute to expanding the theoretical foundation in the
field of solar tracking and MPPT control. Furthermore, they
create the prerequisites for future applied and experimental
developments aimed at increasing the efficiency and reliability
of photovoltaic systems.
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Scientific and Applied Contributions

1. A comprehensive theoretical analysis and evaluation have
been conducted on solar trajectory tracking systems and
Maximum Power Point Tracking (MPPT) algorithms, treated
as interconnected subsystems within  photovoltaic
installations.

2. Unified theoretical and mathematical models have been
developed to assess the energy efficiency of photovoltaic
systems, integrating the geometric aspects of solar tracking
with the electrical operating regimes determined by MPPT
algorithms.

3. An analytical model for evaluating the dynamic error of
MPPT algorithms under varying irradiance conditions has
been proposed, based on multi-parameter analysis.

4. An optimization criterion has been formulated for
maximizing the energy yield of photovoltaic systems
utilizing combined (synergetic) control strategies.

5. A simulation of the synergetic effect between solar trajectory
tracking systems and Maximum Power Point Tracking
algorithms has been successfully implemented.
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