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Pedepar:

1. Ianuyk B.IO. Busnauenns napameTpiB OTOENEKTPUYHUX OaTapel B I0JIbOBUX yMOBax. — KeasigikauiiiHa
HayKOBa ITpallsl Ha IIpaBax pyKonucy. Jlucepraris Ha 3M00yTTsI HAYKOBOTO CTYIEHs AOKTopa dinocodii 3a
crienianpHicTIO 141 ENeKTpOeHePreTHKa, €JIEKTPOTEXHIKA Ta €JIEKTPOMEXaHiKa, ranysb 3HaHb 14 Enekrpudna
imKeHepisa. HanioHanbHUI TeXHIYHUN yHiBepcuTeT YKpaiHu «KUiBCbKUI NOJIITEXHIYHNY IHCTUTYT iMeHi Irops
Cikopcpkoro», Kuis, 2025. [lucepTaliiiHe OOCiI)KEHHS IPUCBsITY€HE BUPILIEHHIO aKTyaJIbHOTO HAyKOBOT'O 3aBAAHHS,
IO TIOJIATAE B OLiHIIi CTaHy IPOMUCIIOBUX (DOTOEJIEKTPUYHUX MOAYJIIB B yMOBaX iX eKCIITyaTalil MIsIxoM
BCTaHOBJIEHHS MOJI€JIi IOBEJiHKY BOJIbT-aMIIEPHUX XapaKTEPUCTHK, 3 ypaXyBaHHSM BILIUBY (Pi3MYHUX IIPOLECIB B
HaMiBIPOBiIHUKOBUX MaTepianax NpU Pi3HUX PiBHSIX COHSAYHOI pafialii Ta HABaHTaKeHHsI. B po6OTi NpoBesieHo
JIiTepaTypHO-TIATEHTHUI TTOIIYK 332 TEMOIO IUCEPTALiIHOTO JOCIIIIKEHH, BAKOHAHO OLIHKY 3arajbHOrO CTaHy Ta

CBITOBUX TEHZEHLIN PO3BUTKY AaHOI rajysi. PO3IJsIHYTO iCHYIOUi METOIY MOZEJIIOBAaHHS (POTOEIEKTPUYHUX



€JIEMEHTIB, BU3HAY€HO HASBHI aHAJIITUYHI Ta METAEBPUCTUAYHI IiAXOAM O €KCTPaKLii iX mapaMmeTpis.
[TpoaHasnizoBaHO OCHOBHI HEJIOJIIKYM Cy4aCHUX METO/IiB MOZEJIIOBaHHS, a CaMe BUCOKI BUMOTH 10 OOUMCIIIOBAJILHUX
pecypciB, CIIPOLIEHHS CKIaAHUX Qi3NYHMX ITpoleciB GOpMYyBaHHS CTPYMY Y POTOEIEKTPUYHUX €JIEMEHTax 10
CYINEePNO3ULITHUX MOZEJEN i, SIK Pe3yJIbTaT, HEJOCTATHS BiJTIOBIIHICT MOJIEJIEN PeaIbHUM €KCIIEPUMEHTAIbHUM
IOCTiIKeHHIM. [JoCTimKeHo posBY Pe3UCTHUBHYX BTPAT Ta peKOMOGiHallii1 HOCIIB Ha BOJIbT-aMIIEpHi
XapaKTepPUCTUKY ITPOMUCIIOBUX KpeMHieBUX GOTOEIEKTPUIHMX MOYyJliB. PO3p06ieHO Ta BUTOTOBJIEHO HA OCHOBI
MiKpoKoMITIoTepa Raspberry Pi aBTomMaTu30BaHy CUCTEMY BUMIPIOBAaHHS BOJIbT-aMII€EPHUX XapaKTEPUCTUK
(poTOENEKTPUYHUX MOLYJIIB B IOJIbOBUX YMOBAaX METONIOM 3apsJyKaHHS €MHOCTI Pa3oM 3 BiATIOBiAHMM NIPOTrPaMHUAM
3a0e3neyeHHsIM. BUKOHaHO eKcliepuMeHTaslbHi HOoCiIKeHHS. POTOeIeKTPUIHMX MOMYJIiB B II0JIbOBUX YMOBAX, B

Biz 50 1o 900 Bt/M2. [1711 06pO6KM €KCIIePUMEHTAIbHUX JAHUX PO3PO0JIEHNI KOMIIJIEKCHUI aIali TUBHUI
pobacTHMI1 anroputm QinbTpaliii, o 103B0JIsiE YCYHYTU BIUIMB MOXKJIMBUX PafialliiiHUX Ta TEMIIEPAaTypHUX
daykTyaliii, TpuTaMaHHMX BUMipIOBaHHSM B I10JIbOBUX YMOBAaX HaBiTh Ha iHTepBajax AeKisbka ceKyHnl. OTpuMaHo
aHaJIITU4HI 3aJI€5KHOCTI, SIKi JO3BOJISIIOTh [IPY BU3HAUEHHI IapaMeTpiB (OTOEIEKTPUYHUX MOYJIiB PO3MiINTH BILJIUB
€JIEKTPUYHUX BTPaT (MOCJIiZOBHOTO OIOPY) Ta PEKOMOIHALIIMHUX MTPoLeciB ((PaKTOPy ifeanbHOCTI Ta 3BOPOTHOTO
CTpyMy) Ha GOpPMyBaHHS BOJIbT-aMIIEPHUX XapaKTE€PUCTHK, BUBHAUEHO OLiHKY [1JIsl IIOCJIiIOBHOTO OIIOPY BTpAT.
Po3po6seHO TeOpEeTUYHY MOZEb [JIs1 BU3HAUYEHHS IIapaMeTpiB POTOENEeKTPUYHUX MOJLYJIiB IPU Pi3HUX 30BHILIHIX
YMOBaxX COHSIYHOI pajialii Ta Temneparypu. BusHayeHo aHaniTHYHI 3a1eXHOCTI napameTpis OM Bix Hanpyry, a
came QaKTOpy ifleasbHOCTI Ta 3BOPOTHOTO CTPYMYy HaCHUYEHHS, SIKi JO3BOJISIOTh aHAIi3yBaTH OCOGIMBOCTI IIPOLIECiB
pexkombiHalii HociiB Ta esnekTpuyHuX BTpaT. [TokazaHo, 1110 B 06J1aCTi IPsIMOI HAIPYTY HIDKYE TOYKA MAaKCUMAaJIbHO]
IIOTY>KHOCTI KOeillieHT ifleasbHOCTi MOXKe 3HAUHO II€PEBUIILYBATH 2, IO [10OB’513aHO 3 peKoMbiHalli€lo Ha
MiKPOCTPYKTYPHUX Ta TOBEPXHEBUX Ae(PeKTax TPOMUCTIOBUX POTOETEKTPUYHUX MOAYJISIX, BATOTOBJIEHUX 32
Cy4aCHHMMM TEXHOJIOTiSIMU. B KilacMYHMX MOJieisIx peKoMOiHallil, sIKi He BpaxoBYIOTb IlepestideHi nedexTy, e
KoediljieHT Mae 6yTu B MeXXax Bif, 1 10 2. Po3po6s1€eHO METOAUKY Ta IIpOrpaMHe 3a0€e3I1eYeHHs], 10 JO3BOJIUIIO
BII€pIIE 3aCTOCYBATH 3alIPONIOHOBAHY OJHOAIOLHY MOZE/b (POTOETEKTPUYHOIO €JIEMEHTA 31 3MiHHUMMU
rapameTpaMu Ta iXHIMU 3aJIEXKHOCTSIMU Bifl HAIPYTU 171 ONKCY BOJIbT-aMIIEPHUX XapaKTEPUCTUK
doToeNeKTPUYHNX MOZYJIIB Ha BiIMiHY Bif] 3arajIbHONPUIHSITOIO BUKOPHCTaHHSI IBOX- 200 TPhOXAiONHUX Mozesiei
3 pikcoBaHMMMU NTapameTpamu. OCTaHHi 3aCHOBaHi Ha Cynepno3ulii 1ioAHUX CTPYMIB i He BiloOpaKaloTh CKIaJHOTO
(isM4HOro Xapakrepy (pOpMyBaHHS CTPYMY B (POTOEJIEKTPUYHUX €JIEMEHTaX. BiATBOPEHHS BOJIbT-aMII€PHUX
XapaKTepUCTUK (HPOTOEJIEKTPUYHMX MOAYJIIB 3 BUKOPHUCTAHHIM OJHOTIONHOI CXeMHU 3aMillleHHs 31 BMiHHUMU
IapameTpaMu JEMOHCTPYE 3Ha4€HHS HOPMaJli30BaHOI'O CEPENHbOKBAIPATUYHOrO BiIXUIJIEHHS B[l
€KCIIEPMMEHTAJIbHUX JaHUX Nnopsagky nRMSE ~ 2-1008 i koedinienT kopenduii R? B mexax 0.99994-0.99999, mo
[epeBepILlye Pe3yIbTaTh PO3PaXyHKIB B paMKax OGHOLIOAHOI Mozei 3 pikcoBaHMMY MTapaMeTpaMu
doToeneKTpUYHUX MOy iB. Kito4oBi c10Ba: BiZlHOBJIIOBaHI [KepeJsia eHeprii, poToeseKTpUYHa CTaHLjs,
(OTOENEKTPUYHUNA MOZYJIb, COHSTYHUI €JIEMEHT, BOJIbT-aMII€pPHA XapaKTEPUCTHKA, NePeKT, CUCTEMA BUMipIOBaHHS,
MoJienb, KoedillieHT ifeanbHOCTI iofa, ONOPH eIeKTPUYHUX BTPaT, CTPYM KOPOTKOTrO 3aMUKaHHS, peKOMOiHallis B
HamniBNpoBinHKKax. HaykoBi npati B IKuX omy0J1ikoBaHi OCHOBHI HAyKOBi pe3yJbTaT aucepTalii: PesyipraTn
IYCEepTaLifHOrO AOCJIIPKEHHS BUCBITJIEHI B 7 HAYKOBUX IIPalsiX, B TOMY YMCJIi B 5 CTATTAX y NEPiOJANYHNUX HAYKOBUX
(axoBUX BUAAHHSIX YKpaiHM (HAa MOMEHT OIy6JIiKyBaHHS) 3a ClieliabHiCTIO 141 EeKTpoeHepreTuka,
€JIEKTPOTEeXHiKa Ta eJIeKTPOMexXaHikKa, 5IKi IPOiHIeKCOBaHi y 6a3ax Scopus, a TAaKOX 2 Te3 IONOoBinel Ha

MDKHapOJHUX HayKOBO-TIPAKTUYHUX KOH(DEPEHIIisX.

2. Ivanchuk V.Y. Determination of the parameters of photovoltaic modules in the field conditions. - Qualifying
scientific work on manuscript rights. Dissertation for obtaining the scientific degree of Doctor of Philosophy in the
specialty 141 Electric power, electrical engineering and electromechanics in the field of knowledge 14 Electrical
engineering. National Technical University of Ukraine “Ihor Sikorsky Kyiv Polytechnic Institute”, Kyiv, 2025. The
dissertation study is devoted to solving an urgent scientific task, which is to assess the condition of industrial
photovoltaic modules in their operating conditions by establishing a model of the behavior of current-voltage
characteristics, taking into account the influence of physical processes in semiconductor materials at different



levels of solar radiation and load. In this work, a literature and patent search was conducted on the topic of the
dissertation research, an assessment of the general state and global trends in the development of this industry was
performed. The main disadvantages of modern modeling methods are analyzed, particularly their high
computational requirements, the simplification of complex physical processes of current generation in
photovoltaic cells into superpositional models, and, as a result, the insufficient correspondence of the models to
real experimental investigations. The manifestations of resistive losses and carrier recombination effects on the
current-voltage characteristics of industrial silicon photovoltaic modules are investigated. An automated system
for measuring the current-voltage characteristics of photovoltaic modules in field conditions was developed and
manufactured based on a Raspberry Pi microcomputer, using the capacitance charging method. Experimental
studies of photovoltaic modules in field conditions were conducted, resulting in more than thousand
measurements under varying environmental conditions. For processing the experimental data, a comprehensive
adaptive robust filtering algorithm has been developed that eliminates the influence of possible radiation and
temperature fluctuations inherent in field measurements, even over intervals of only a few seconds. Analytical
dependencies have been obtained that allow separating the influence of electrical losses (series resistance) and
recombination processes (ideality factor and reverse current) on the formation of current-voltage characteristics
when determining module parameters. An estimation method for series resistance losses was also proposed. A
theoretical model has been developed to determine the parameters of photovoltaic modules under various
external conditions of solar radiation and temperature. The analytical dependences of the photovoltaic module
parameters on the voltage, namely the ideality factor and the reverse saturation current, are determined, which
allow us to analyze the peculiarities of the carrier recombination processes and electrical losses. It is shown that in
the forward voltage region below the maximum power point, the ideality factor can significantly exceed 2, which is
associated with recombination at microstructural and surface defects of industrial photovoltaics manufactured
using modern technologies. In classical recombination models that do not take into account these defects, the
ideality factor is typically assumed to be between 1 and 2. A methodology and software have been developed that
allowed for the first time to apply the proposed single-diode model of photovoltaic cell with variable parameters
and their voltage dependencies to describe the current-voltage characteristics of photovoltaic modules response,
in contrast to the generally accepted use of two- or three-diode models with fixed parameters. The latter are
based on the superposition of diode currents and do not reflect the complex physical nature of current generation
in photovoltaic cells. The reproduction of the current-voltage characteristics of photovoltaic modules using a
single-diode equivalent circuit with variable parameters demonstrates a normalized root mean square error from
the experimental data on the order nRMSE ~ 2-100® and a correlation coefficient R? ranging from 0.99994 to
0.99999, which surpasses the calculation results obtained using a single-diode model with fixed parameters.
Keywords: renewable energy sources, photovoltaic power plant, photovoltaic module, solar cell, current-voltage
characteristic, defect, measurement system, model, diode ideality factor, electrical loss resistances, short-circuit
current, recombination in semiconductors. The results of the dissertation research are highlighted in 7 scientific
papers, including 5 articles in periodicals of scientific professional editions of Ukraine (at the time of publication)
in the specialty 141 Electric power, electrical engineering and electromechanics, which are indexed in Scopus
databases, as well as 2 theses at international scientific and practical conferences.
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65, ’Kos 2023, doi: 10.36296 /1819-8058.2023.3(74).59-65.

¢ O.I0. TaeBchkuit Ta B.IO. IBanuyk, «MopemoBaHHs BAX poToenekTpuyHOro MonyJis 3i 3SMiHHUMHU (HaKTOPOM

ineanpHOCTI Ta 3BOPOTHUM CTPYMOM HAaCUYEHHS», BiHOB/IIOBaHA €HEpPreTukKa, Buil. 3 (78), c. 54-61, Bep 2024,

doi: 10.36296 /1819-8058.2024.3(78).54-61.

A. Gaevskii and V. Ivanchuk, “Stand-alone system on Raspberry platform for measuring the parameters of

photovoltaic modules in real conditions”, International scientific and technical journal “Modern problems of
electric power engineering and automation”, pp. 279-281, Jan 2024, available:
jour.fea.kpi.ua/article /view /302496.

B.1O. Ianuyk Ta O.10. 'aeBCcbKUil. «BMMipIOBaHHS XapaKTEPUCTUK ABOCTOPOHHIX (OTOEIEKTPUIHUX MOIYJIiB B

pi3HUX pexxuMax poboTH», MbkHapogHMI HAayKOBO-TEXHIYHUI XypHas «Cy4dacHi npobiemu
€JIEKTPOEHEPIrOTEXHIKM Ta aBTOMAaTUKNY, C. 294-296, Ciu 2024, 1OCTYIHO:
jour.fea.kpi.ua/article /view /302501.

HayKOBa (HayKOBO-TeXHi‘{Ha) Ilpo,quuiH: IIPUCTPOI; METOI Y, TEOPIi, rinoTe3u; NporpamHi IPOAYKTH,
MIPOrPaMHO-TEXHOJIOTIYHA JOKyMEHTALlisl
ComiasibHO-€KOHOMIYHA CIPSIMOBAHICTh: €KOHOMisi EHEPrOPECYPCiB

OxopoHHi gokymeHTH Ha OIIIB:

BrnpoBagkeHHS pe3yJIbTaTiB AHCEPTalii: BiposamkeHo

3B's130K 3 HAYKOBUMH TeMaMH: 0118U003385, 0123U100782

VI. BizomocCTi Npo HayKOBOr0 KepiBHHKA /KEPiBHUKIB (KOHCYJIbTaHTA)

Baacwue IlpizBume Im's Ilo-6aTbKOBI:
1. l'aeBcbkuit Onexcannp HOniioBuy

2. Oleksandr Gaevskii

KBasigikanis: g. ¢.-m. 1., npodecop, 01.04.07
ImenTudikarop ORCID ID: 0000-0001-6144-2441
JoparkoBa iHdpopmamist:

IloBHE HaliMEeHYBaHHS IOPUAHYHOL 0C00H: HanioHanbHuii TexHiuHmil yHiBepcuTteT Ykpainu "KuiBchKuit

noJliTexXHiYHMA iHCTUTYT iMeHi Irops Cikopcekoro”
Kog, 3a €IPTIOY: 02070921

Micue3HaxoaKeHHS: npocnekt bepecreiicekuil, 6yg,. 37, Kuis, 03056, Ykpaina



dopma By1acHoCTI:
Cdepa praBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu

InenTudikarop ROR: He zacrocosyerscs

VII. BizomocTi npo odiniliHuX OIIOHEHTIB Ta pELl€eH3€HTIiB
OdiuiiiHi OIOHEHTH
BiacHe IIpi3Buie Im'sa I1o-6aTbKOBI:

1. Cokonoscbkuil Irop Osnerosuy

2. Ihor Sokolovskyi

KBasidikamis: k. ¢.-m. u., crapmmit HayKoBuii criiBpoGiTHuK, 01.04.10
InenTudikarop ORCID ID: 0000-0002-7072-6670

JopaTrkoBa inpopmanist:

IloBHe HaliIMeHYBaHHS IOPUAHYHOL 0COOH: [HCTUTYT (PisvKY HaMiBIPOBiTHMKIB iMeHi B. €. JlamKkapboBa

HanjionanpHoi akagemii Hayk Ykpainu

Kopg 3a €IPIIOY: 05416952

MicueSHaxo,vieHHﬂ: npocnekt Hayku, 6ya. 41, Kuis, 03028, Ykpaina
dopma By1acHOCTI:

Cdepa ynpaBiriHHS: Haujonanbna akaziemist HayK Ykpainu

InenTudikarop ROR: He zacrocosyerscs

BiacHe IIpi3Buie Im'sa I1o-6aTbKOBI:
1. BaineB €BreH OsieKCaHIPOBUAY

2. levgen Zaitsev

KBasidikamis: n. 1. u., crapmuii HaykoBuiA CriiBpo6iTHUK, 05.13.05

Imentudikarop ORCID ID: 0000-0003-3303-471X

JoparkoBa indpopmamnis:

IToBHe HafIMeHyBaHHSI lopn,zmquoi ocoou: [HCTHTYT enekTpoauHaMiku HanioHanbpHOI akagemii Hayk
Ykpainu

Kopg 3a €IPIIOY: 05417236

Micue3Haxoo KeHHS: np. Bepecreiicbkuii, 6y, 56, Kuis, 03057, Vkpaina

dopma BiracHOCTI: /lepxasHa

Cdepa ynpaBiiHHS: Haujonanbna akaziemis HayK Ykpainu

InenTudikarop ROR:

Peuensentu



Baacwue IlpizBumie Im's Ilo-6aTbKOBI:
1. Bonotuuit Mukosna Ilerposuy

2. Mykola Bolotnyi

KBasigikamis: . t. u., gouenr, 05.14.02
ImenTudikarop ORCID ID: 0000-0002-7366-2430
JonaTkoBa iHdopmanist:

IloBHE HaliMEeHYBaHHS IOPUAHYHOL 0C00H: HanioHanbHuii TexHiuHuil yHiBepcuTteT Ykpainu "KuiBchKuit

MOJIITEXHIYHMN iIHCTUTYT imMeHi Irops Cikopcpkoro”

Kopg 3a €IPIIOY: 02070921

Micue3HaxoaKeHHS: npocnekt bepecreiicekuil, 6yg. 37, Kuis, 03056, Ykpaina
dopma By1acHoCTI:

Cdepa praBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKH YKpaiHu

InenTudikarop ROR: He zacrocosyerscs

BiacHe IIpisBuie Im'sa ITo-6aThKOBI:
1. Ocramnuyk Onekcanap Bomogumuposuy

2. Oleksandr Ostapchuk

KBasigikamis: x. 1. 1., npodecop, 05.09.03
InenTudikarop ORCID ID: 0000-0003-3397-2423
JonmaTkoBa iHdopmarist:

IloBHE HaliIMEeHYBaHHS IOPUAHYHOL 0C00H: HanjionanbHuii TexHiuHmil yHiBepcuteT Ykpainu "KuiBchKuit

MOJIITEXHIYHUN IHCTUTYT imMeHi Irops Cikopcpkoro”

Kopg 3a €IPIIOY: 02070921

Micue3HaxoaKeHHS: npocnekT bepecreiicbkuil, 6yg. 37, Kuis, 03056, Ykpaina
dopma BiracHoCTI:

Cdepa yIIpaBJIiHHﬂ: MiHicTepcTBO OCBiTH 1 HayKU YKpaiHu

InenTudikarop ROR: He zacrocosyerscs

VIII. 3aKkJII04Hi BiZmoMOCTi
BiiacHe IIpi3Buie Im'sa ITo-6aTbKOBI Bynpko Bacub IBaHoBHY

TOJIOBH pajgu

BaacHe IlpizBume Im's ITo-6aTbKOBI Bynbko Bacuib IBaHoBUY

rOJIOBYIOYOTO Ha 3acCiiaHHi

BiamoBigaibHUH 32 MiZTOTOBKY IBanyyk Brapucnas IOpiiioBuy

00JIIKOBHX JOKYMEHTIB

Peectpartop YkpIHTEI



KepiBHuk Bigginy YKpIHTEI, mpo €
BiZITIOBiZaIBHUM 3a peecTpallilo HayKoBoi IOpuenko TeTsHa AHaTosiiBHA

JisiIbHOCTI




