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AHomayisa. [JocnidxceHo pobomy mepexcesoi pomoenekmpu-
YHOI cMaHUujii 8 ymosax nepioOu4HuUX 8iOKOHYEHb eneKmpome-
pexci, Koau CMaHyia npaytoe SK pe3epeHe OHepesio Hues-
neHHAa.  CrnpomodKHicme 3 NiIOMPUMKU  HABAHMAXEHHSA
3an1exums 8i0 eenudyuHU 00608020 Oegiyumy eHepeii, AKuli
BU3HAYAEMbLCA CriBBIOHOWEHHAM 2eHepauil, CoXueaHHs ma
eHepaii po3pAOHAHHA aKyMynamopHo2o baoka (AKB). Lleli de-
iyum noKpuBaEMbCA eHepaiero 3 enekmpomepei, ae ii mo-
HAUBOCMI OOMEHCYIOMbCA NMepepuUBaHHAM eHep2onocmadvaHHa npomsazom 0obu, AKi 8U3HAYAIOMbLCA napamem-
pPOoM wWinnbHocmi GiokmoyeHs (LLB). Ha ocHosi MOHIMOpPUH208UX OAHUX BU3HAYEHA AIHIHA 3a1eM(HICMb Mix
deqpiyumom eHepeii, AKUl MOXe NoKpUBAMU Mepex(a, ma WisnbHicmio 8ioknouYeHb. Ha ocHosi pieHAHb 00608020
b6anaHcy 0bmiHy eHepeieto Mix KomnoHeHmamu cucmemu (PEM, AKB, HasaHmaxceHHAM) | mepexcero 3HalioeHa
3anexcHicme HeobxioHoi HomiHanbHoi eHepeil AKB 8i0 LLIB 3a pi3Hoi nomyxcHocmi 3apsadxcaHHA AKb. lokasaHo,
wo 3i 36inbweHHAM LB HeobxioHa emHicmb AKB mae 3pocmamu 3a 3anexHicmio, HabauxceHo 00 eKCrOHeH-
uitiHoi. [lns onmumasnbHo20 subopy emHocmi AKb Hamu 3arponoHo8aHaA nNpoyedypa HanawmysaHHA HadiliHo2o
eHepao3abesneveHHs CroXUsa4ad 8 Pi3HUX PEXCUMAX 8iOK/HOYEeHb Mepexti pe2ynto8aHHAM pouecy 3apA0HaHHA
AKE. OmpumaHo cimelicmeo pezyatosasnbHUX XAPAKMepucmuk y euensadi 3anexHocmi nomyxcHocmi 3aps-
O0xcaHHA 8i0 LLIB 005 AKB 3 pi3HUMU HOMIHA/IbHUMU eHepzisamu.
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12,34 HauioHanbHMM TEXHIYHWIA YHiBEPCUTET VK-
paiHN «KMIBCbKMI NONITEXHIYHMIA IHCTUTYT im.
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Knroyoesi cnoea: pesepsHa hpomoeneKkmpu4yHa cmary,is, 8i0KA0YeHHS 8i0 mepeci, WinbHicmeo 8i0K04YeHs, 6a-
AIGHC eHepeii, TOMOoKU NomyxHocmi, Macus homomoodyis, akymynamopHuli 650K, cmaH 3apaody, HOMIHAAbHA
EMHICMb, MOMYHCHICMb 3aPAOHAHHS.

Mepenik ckopoyeHb

AC — alternate current Al - ansenb-reHepaTop
BMS — battery monitoring system KK, — KoediLLieHT KOpUCHOIT Aii
CAN — controller area network P®EC — pe3epBHa poTOENEKTPUYHA CTaHLLIA
DC —direct current PEM — PpoTOENEKTPUYHMIA MOLY b
MA - moving average ®P - dyHKUis po3noginy

SOC - state of charge OLLP — ¢yHKUia winbHOCTI po3noginy

AKB — akymynaTopHa baTtapes (610k)

BcTyn Ta nocraHoBKa 3apadi

BiaKNOYEHHA eNeKTpoeHeprii Big, eIeKTPOMeEpPEK € cepiios-
HOO i NowKnpeHoto npobaemoto Ana HaraTbox CEKTOpIB Cy-
YaCHOro CyCninbCTBa: BEAMKOI NPOMMCIOBOCTI, Manux nign-
PUEMCTB, [OMOrocnofapcts, 06'eKTiB KpUTUYHOI iHdpa-
CTPYKTYPU, B TOMY YMC/i, KNiHIK, TPAHCNOPTY Ta KOMYyHiKau,i
[1-4]. NnhaHoBI Ta NO3anaaHOBI perynApHi BiAKAOYEHHA CMo-
YKMBAYiB Bif, MEPEK CUCTEMATUYHO BigbyBatoTbCA B YKPaAiHi B

LB — wWinbHicTb BigKAOYEHDb

YMOBax BOEHHOTO Yacy, KoK BiiCbKOBI aTakM CnpAMOBaHi Ha
KPUTUYHO BaXKAMBY eHepreTuyHy iHdpacTpykTypy. Tomy
BKpail HeobxigHa po3pobKa Ta BNPOBALAMKEHHS pPE3epPBHUX
reHepytuYnx CUCTEM Ha OCHOBI BiLHOB/IIOBAH WX [XKepes eHe-
prii 4NA eNneKkTponocTayaHHA B nepiogm BiakaoyeHb. Mepc-
NEKTMBHUM HAMNPAMOM € CTBOPEHHSA pe3epBHUX GOTOENEKT-
pUYHMX cTaHuin (PPEC) ans eHepronocTtayaHHsA MicLEBMX
CMoKMBaYiB Ha AOCTaTHbOMY PiBHI HaZiNHOCTI.

146



BigHosnoBaHa eHepreTuka. Ne 4/2025 | CoHAYHa eHepreTuka

Ha AaHuit Yac npoBefeHO AOCANIAXKEHHA Pi3HMX achekTis
uboro Hanpamy. OCHOBHOIO OBCTAaBUHOM, WO YCKAALHIOE
3HAXOAXKEHHA ONTUManbHUX piweHb ana POEC, e ctoxactu-
YHICTb YaCOBMX BapiaLii BXigHMX AaHWUX: COHSAYHOI pagiaLii,
npo¢inie cnoXKMBaHHA eHeprii Ta BigKAtOUYeHb Mepexi. Mpo-
FHO3YBaHHIO COHAYHOI OCBIT/NIEHOCTi Ta NpodiniB HaBaHTa-
YKEHHSA, a TaKOXK onTumisaLii PPEC B ymoBax BigK/t04YEHHA
eneKTpoeHeprii npucesyeHa poboTa [5]. Bu3HaueHHA pos-
Mmipie POEC BMKOHAHO B Ui poboTi meTogom onTuMmizauii
poto YyacTMHOK (PSO) Ha ocHoBi H6anaHcyBaHHA reHepalii,
aKYMY/IIOBAHHA Ta CMOXKMBAHHA eHeprii 3 ypaxyBaHHAM Te-
XHiKO-EKOHOMIYHMX 06MeKEHD.

Y pocnigxeHHi [6] npeacTtaBaeHnit niaxia 4o ontumisauii
po3mipis poToenekTpuuHmnx (PE) i akymynaTopHUX cucTem
36epiraHHA eHeprii B MiKpomepeKi NocTinHoro ctpymy. na
NPOrHo3yBaHHA NpodiniB HaBaHTaXKEHHA HA OCHOBI icTopwK-
YHUX OaHUX BMKOPUCTOBYETbCA MOZAENb FMMOBOKOro Has-
YaHHA 3 [JOBrOTPMBANIO KOPOTKOYACHOK MaM'ATTiO
(LSTM). Y poborTi [7] Ha ocHOBI piBHAHbL BanaHcy reHepaLii,
aKYMY/NIOBAHHA Ta CMOMKMBAHHA B HaMbinbl HecnpuaTau-
BMW KaneHZapHUIM Nepios, 3anponoHOBaHO METOZ, PO3paxy-
HKy po3mipis POEC npu nepiognYHMX BiAKIOYEHHAX CNO-
YKMBauYa Bifg, MepeKi, a TaKOXK HaBeAeHi OLiHKM napameTpa
HaginHocTi LOLP B 3an1€KHOCTI Bif, WiNbHOCTI BiAK1OUYEHb.

3acTocyBaHHA POEC ans HagjiiHoro 3abesneyeHHs AOMO-
rocrnofapcTB €Heprielo Ta rapavolo BOAOK PO3rAAHYTO B
pob6orTi [4], B AKili 3aBAAHHA NPOrHO3yBaHHSA, KOHTPO/IO MO-
TOKiB MOTYXHOCTi Ta TeMnepaTypu rapayvoi BOAU Npu Hesa-
NAaHOBaHMWX BiAKNOYEHHA MepeXki BMpillyBanmca 3a A0mno-
MOFOt0 iIHTENEKTYa/IbHOTrO KOHTpONepa.

Benuky yBary npu mozentoBaHHi Ta cteopeHHi POEC npuai-
NAETLCA EKOHOMIYHUM acnekTam. Tak y [8] 3anponoHoBaHO
MEeTOo, ONTMMI3aL,ii, Lo BpaxoBYye HanaHC MiXK 3arasbHOMO
BAPTICTIO CUCTEMMU Ta CTIMKICTIO PEXKUMY BiAKNIOYEHHA Me-
pexi. Y gocniaskeHHi [9] po3BuHeHUI meToa onTUMisaLil
KOMMOHEHTHOIO CKAaAay pe3epBHOiI GOTOENEKTPUYHOI CUC-
TEMM 3 TOUYKM 30pY KaniTaNbHMX BUTPAT Ta MiHiMi3aL,ii paxy-
HKIiB 3a esieKTpoeHeprito. Mpy LbOMY BUKOPUCTOBYHOTHCA
cbopmoBaHi Npodini xapakTePHUX BiAKNIOYEHD Ta CNOXMK-
BaHHA, @ TAaKOX CTUMYOIOYI Tapudu Ta LIHOYTBOPEHHS Y
peanbHOMY Yaci. MowyK ONTUMaNbHOTO PillEHHA 34iMCHIO-
€TbCA 3MilIAHO-LiN0YNCENbHUM-NTIHIMHUM NporpamyBaH-
HAam (MILP). Y poborTi [10] gocnigxeHa 3agaya miHimisauji
3arasbHOI BapTOCTi CUCTEMM Mif, Hac eKCnayaTauii npoTArom
20 pOKiB Ha OCHOBI peasibHUX NOroAHUX AAHUX, peanicTny-
HUX NPodiniB HaBaHTAXKEHHA Y XKUTNOBUX BYAMHKAX Ta rpa-
oikiB BigkntoueHb enekTpoeHeprii.

3HaYHy YacCTKy Y 3aranbHili BApTOCTi ycTaTKyBaHHA PPEC cTa-
HoBUTb AKB, AKa KOMNEHCYE HEBIAMNOBIAHOCTI MiXK piBHEM
BMPOBHMLTBA Ta CNOXKMBAHHA eHeprii 3 ypaxyBaHHAM KOHK-
PETHUX POBOUMX XaPAKTEPUCTUK OxKepen xusneHHa (PPEC
Ta MepeKi) Ta XxapaKTepy HaBaHTa*KeHHSA CNoXKueauis [3, 6, 5,
8, 11]. OnTMMmi3aLin 3araibHOT BAPTOCTi MOXKe BUKOHYBaTUCA
33 YMOBM 33aHOi HaAiMHOCTI eHepronocTayaHHa [12,13].
[JeTanbHuii ornag, pisHMx CTPYKTYp onTumisauii AKB, wo Bpa-
XOBYIOTb CTOXaCTUUHICTb, 06uYMCNtoBasibHY ePEKTUBHICTL Ta
PO3MipHiICTb LiNbOBIM dYHKLi AaHO B poboTi [14].

Cnif 3a3HaunTK, WO NiAKAOYEHa A0 Mepexi poToeneKkTpu-
YHa CUCTEMA, KON BOHA TAKOM BMKOPUCTOBYETbCA AK

pe3epBHE AXKepeno XKUBNEHHA, BUMAra€e peTesibHOro aHa-
KOMMNOHeHTIB. Lle Biapi3HAE ii Bifg NpOCTilIMX pe3epBHUX pi-
WeHb, TaKMUX AK AM3enb-reHepaTopHi ycTaHoBKK (AN), AKi
NpaLolTe B OAHOMY peXuMi — aKTuBauia nig yYac aeodi-
UMTy noTy»KHocTi. fonoBHoto nepesaroto PEC-Al y Takumx
BMMAAKaxX € BIACYTHICTb BUTPAT Ha NasIMBO, OCKi/IbKM COHA-
YHa eHepria € 6€3KOLTOBHMM BifHOBNIOBAHUM PECYPCOM,
TOAi AK LiiHa Ha AM3enbHe NanvMBO Ta OTPUMaHa efieKTpoe-
Hepris € BigHOCHO BMcoKot. Llelt dakTop cTae ocobanso
3HaYyLWMMm nig Yyac TpuBannx nepebois y nogadi enektpoe-
Heprii B mepey. Kpim Toro, cuctemun Ha ocHoBi poToenek-
TPUYHMX YCTAHOBOK BiANoBifaloTb €KONOTYHUM CcTaHaap-
TaM Ta noTpebyloTb MiHiManbHOro obcayroByBaHHA
nopisHAHO 3 . OgHaK, HE3BaXKatoumM Ha HEAONIKMN CUCTEM
AT, ix Bce We 4acTo iHTerpytoTb y ribpnaHi KoHoirypauii
QEC-AI gna 3abe3neyeHHA eneKTpomnocTadaHHA nig 4ac
TpuBanux nepebois (0cobAMBO Nig vac BiAKAHOUEHb €1eKT-
poeHeprii), Konu AKB BUCHaxeHui, a reHepalii poToenek-
TPUYHMX YCTAHOBOK HEAOCTaTHbO A/1A 3340BOJIEHHA HaBa-
HTa)KeHHA [15, 16]. A 3MeHLEeHHS BUKUAIB BYT/IEKUCIOTO
rasy (CO;) ribpugHi poToeNneKkTpuYHi Ta PO3MOoAiNbYi cuc-
TEMM YAaCTO BMKOPWUCTOBYIOTb CTpaTerii ynpasBaiHHA eHep-
ri€to, TaKi AK BiACTEXKEHHA HAaBAHTAXEHHA Ta UMKAIYHE 3a-
PALMKAHHA aKYMyNATOPa, LLO TAKOX 3HWUMKYE HOPMOBAHY
BapTiCTb enekTpoeHeprii [17].

Y uii poboTi ekcnepMmeHTanbHO AO0CNiAKY€eTbCA poboTa ni-
OKNOYeHOI Ao mepexi PPEC B ymoBax NpMmMycoBuMX, nepio-
OMYHUX BIOKNIOYEHb Bif, pO3noAinbvoi mepeKi 3a 3asgane-
riab BU3HauyeHUMm rpadikom. Lia yctaHoBKa mogentoe 360i B
MepEKi Mif Yac NN1aHOBMX BiAKAIOYEHD, AKI 3a3BMYall BU3Ha-
YaKTbCA pPerioHaIbHUM ornepaTopomM MepesKi. [locnigxKeHHs
NpoBOANIOCS ANA Pi3HMX WinbHOCTel BigKtoveHb (LLB) Ta
piBHIB COHAYHOI pagiaui. HaBaHTa)keHHA cuctemu Byno pe-
3UCTUBHMM Ta MNOCTIMHMM MPOTATOM YCiX E€KCMEepPUMEHTIB,
06 NONEerwnTM YiTKILLMI aHaNi3 B3aEMO3B'3KY MiXK TpbOMa
BUXiAHUMM 3MIHHUMMU: LLOAEHHUM HaAXOAMKEHHAM COHAY-
HOi eHeprii, HeobXxiaHOW emHicTio AKB Ta AOMYCTUMOLO LLLiNb-
HiCTHO BiZKNtOYEHb, WO 3abe3neyye 3a3aanerigb BU3HaUYeHMUM
piBEHb HAAIMHOCTI €N1eKTPONOCTaYaHHA.

CTpyKTypa pe3epBHOi ¢pOTOENEKTPUYHOI CUCTEMU

3aranbHa cxema A0CNigKyBaHOI CUCTEMUM PE3EPBHOTO KNUB-
NleHHA npeacTasaeHa Ha puc. 1. 3okpema, 40 i CKnagy BXo-
OATb:

YoTnpu ABOCTOPOHHIX poToeneKkTpuuHmnx moayni (PEM) JA
Solar JAM72D30-555/GB 555 Wp noTy»Hictio 555 BT, aki
reHEepyTb E/IEKTPOEHEPTit0 AK 3 PPOHTA/NIbHOT CTOPOHM,
TaK i 3 TUNbHOI. TaKa iHHOBALLMHA KOHCTPYKLiA A03BONAE
NiaBULLATY 3aranbHy ePpeKTUBHICTb POTOENEKTPUYHOrO ne-
petBopeHHA Ha 10-20 % NOpPIBHAHO 3 OA4HOCTOPOHHIMMU
®EM 3anekHo Big cneundikm BCTaHOBNEHHSA Ta BigOMBHOI
34aTHOCTI NigCTMAAOYOT NOBEPXHI.

Ontumisatopm Huawei SUN2000-450W-P gns ®EM, skKi Biac-
TEXYIOTb TOYKY MAKCMMANbHOI MOTYXKHOCTI KOXHOro Moayna
ANA NigBuLLEeHHA edeKTUBHOCTI BCboro macusy. OnTumisa-
TOPW TaKoX 3axmLatoTe PEB y pasi BUHMKHEHHA aBapii Ta ne-
penaoTb akTyaNbHy iHGOPMALLitO 40 CUCTEMM MOHITOPUHTY.

147



BigHosnoBaHa eHepreTuka. Ne 4/2025 | CoHAYHa eHepreTuka

l6puaHunit ogHodasHui iHBepTop Huawei SUN2000-5KTL-
L1 3 HOMiHAaNbHOI NOTYXHIiCTIO 5 KBT, 4,0 CKNagy AKOro BXo-
nAatb 6n0km DC-DC i DC-AC nepeTtBoptoBauis, pinbTp BUCO-
KOYaACTOTHMX LIYMIB Ta €eKTPOMArHiTHUX iHTepdepeHLii,
BUXiaHUN LCL-inbTp, po3psaaHUKM 3aXUCTY Big, iMNybCHOI
nepeHanpyrn. Cucrema BHYTPIWHLOIO MOHITOPUHIY B
CKnagi iHBepTOpa BiACNIAKOBYE Ta aHANI3ye B peanbHOMY
Yyaci poboTy BCiX KOMMOHEHTIB CTaHLji, iX NOTOYHMIA CTaH,
NMOTOKM MOTY}KHOCTI MiX By31aMW CUCTEMMU, KYMYNATUBHI
NOKA3HWKM reHepaLlii, CNOXMBaHHA, CTaH 3apaarkeHHsa AKB.
IHBEPTOP MA€E 3axXWUCT Bif, 3BOPOTHOI MONIAPHOCTI, BUHUK-
HEHHA Ayru, NepeHanpyru, KOPOTKOro 3aMMKaHHA TOLLO.

[Ba 610kn AKB Ha ocHOBI 3ani3o-¢pochaTHOI enlekTpoximiy-
Hoi cuctemun Huawei LUNA2000-10-S0O, 34aTHUX HaKonu4y-
BATW eHeprito 3 mepexki abo HaANULLIKOBUIA BUPOBITOK enek-
TpoeHeprii macusom @PEM. 3aranbHa €MHICTb akymynsa-
TOPHOI CMCTEMM, LLO BUKOPUCTOBYBANACb Mig, 4ac npose-
AeHHA gocnigis ctaHosuna 10 KBT-roa,. baoku akymynaTopis
€ BMCOKOBO/IbTHUMM 3 HOMiIHA/IbHOR Hanpyroto 450 B. BoHu
CKNAZaloTbCA 3 aKyMynATOpHUX LiFePos-enemeHTiB, 34aTHMX
npautoBaTi B LMPOKOMY Aiana3oHi Temnepatypu sig —200
[0 +550°C, matoTb CTabiNbHy eNeKTPOXiMiUHY CTPYKTypy
€/1EeKTPOAIB Ta e/IEKTPONITY | HU3bKWMIA piBEHb AerpasaLii (su-
TpumytoTb A0 6000 UmKAis 3apas / po3paa).

Bnokn AKB OCHalleHi MOHITOPUHIOBOK cucTemoro Battery
Monitoring System (BMS), enemeHT (4) Ha cxemi puc. 1), AKka
BiAMNOBiAA€E 3a KepyBaHHA NpoLecamun 3apafKaHHA-po3pA-
[O)KaHHA Ta nepeaae gaHi Ha iHBepTop yepe3 CAN-iHTepdeitc.

IHTenekTyanbHUM WMt Huawei SmartGuard-63A-S0 Backup
Box, AKni1 3abe3neyye CNoxKMBaYiB pe3epBHUM XKUBNEHHAM
nif Yac BigKNtoYeHHA mepesKi. BOygoBaHUIA Y WMT aCUCTEHT

ynpaBAiHHA eHeprieto 34aTHUM aBTOMATUYHO NepeMUKaTH
XUBNEHHA 3 MepeXi Ha aKkyMynaTopHy H6aTapeto Ta 3abes-
MeyvyBaTh }XMBJIEHHAM TiIbKM NPiOpUTETHE enekTpoobnasa-
HaHHA, AKe BU6paB cnoxmeay. LLLMT 36upae aaHi 3 Bumipto-
BaJIbHOTO obnagHaHHA (niynnbHUKMK, OaTYUKK,
TpaHcdopmaTopu cTpymy Towo) Ta dopmye iHdopmaLito
AN MOHITOPUHIoBOI 6a3u, AKy Yepe3 RS485 nepeaac A0 iH-
BepTopa. Y pasi BigkntoyeHHA Mepexi BiabyBaeTbeA
WBMAKE NepeMmUKaHHA Ha pe3epBHE AXKepeno (MeHLle Hix
3a 20 mc), Yepes Lo CNOXKMBaY He Bigyysae nepebois eHe-
prii Ta NPaLOE y WTAaTHOMY PeXMMiI.

7, 8. 3axucHi WwmTK, a came DC wuT (7) — py4yHnin KomyTau,in-
HUW NPUCTPIN oA Po3pMBY Koaa MixK iHBepTopom Ta PEB.
AC wuT (8) anna nig’eaHaHHA Ta 3axmcTy obnagHaHHA POEC
no AC niHii. Ha ubomy WKTi pO3TaLLOBYOTbCA BUMMUKAYi 1, 2
BXOZY B MepeKy Ta BUXOAY [0 HaBaHTaXKEHHSA, BigNOBIAHO.
BoHW npu3HayeHi gna pyyHoro abo aBToMaTUYHOrO 3’ €AHY-
BaHHA / po3’egHyBaHHA, 3axMcTy obnafHaHHA B pasi nepe-
HanpyrM 4 KOPOTKOro 3aMMKaHHSA, CTPUOKIB Hanpyru, sKi
MOXYTb BUHMKATKU Yepes pi3Hi KoMyTauii Ta NPUPOAHI YNH-
HWKMW, HanpuKnag, rposy.

Wi-Fi — poseTka gna AMCTaHUIMHOIO KepyBaHHA MigKato-
YeHHAM HaBaHTaXKEHHA 40 CUCTEMMU.

Pe3ncTBHe HaBaHTaXKEHHA, AKe Nif Yac eKcnepuMMeHTIB Ni-
ATPUMYBaNoCb Ha NocTinHomy piBHi 0,955 KBT.

PosymHuin ogHodasHui asTomatnuumin Wi-Fi BMMMKay
TOMZN TOB9-VAP 1-63A 1P 3 MOHITOPMHIOM NOTYXHOCTI,
Hanpyry 1a CUAM CTPyMmy, AKMIN J03BONAE OUCTAHLINHO Ke-
pyBaTV MiAKNIOYEHHAM 00 MepeKi yepes [0AaToK Smart
Life.

PV+

\ & [e] AC Switch
Inverter 8BS Board Grid
Huawei [1] J
AC -
| oy
l ACN ] I ACN
g | —
Smart g E
Power [Z] WiFi E|
—J ‘j Switch
L JE |
B AC load

Puc. 1. 3aeanbHa cxema 0ocnidncysaHoi mepexcesoi PEC
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Pexxumm pobotu POEC

Yacosuii rpadik nepiogmMyHUx BigKAlOYeHb LeHTpani3oBa-
HOI efleKTpomepeKi byaemo onucysaTtu 3rigHo 3 [7], 3a go-
NMOMOTOH CXiAYaCTOi PYHKLT:

1t
dy=1"" """, (1)
0, ter,

fe Ty, i Ty NO3HAYAKOT IHTEPBA/IV YKUB/IEHHSA Bif, €NEeKT-

pomepexi Ta BigkntoyeHHa POEC Big enektpomepexi, Bia-
nosigHo.

[na onucy paHux, AKi OTPMMYIOTb Nif, Yac NpoBeAEeHHA eKc-
NepuMEeHTY, 3py4Hille BUMKOPUCTOBYBATWU AWMCKPETHI 3Ha-
YeHHA dj, L0 MO3HAYaloTb CTaH e/IeKTPOMEpPEXKi B MOMEHTU
ti 3anucy gaHux. Ui gaHi, saki byaemo HasueaTtu gidsikamu,
cNigytoTb 3 MiHiManbHUM iHTepBanom At = 5 xB, To6TO npo-
TArom go6u Hakonmuyetbea N = 288 Bignikis. MpoHymepy-
€MO Ui N'ATUXBUAUHHI Bignikm iHaekcom i = 1,2,..N, Toai

t =iAt, d =d(t).

MoHiTopuHroea cuctema Fusion Solar aocnigrysaHoi
P®EC perynapHO Haga€ AUCKPETHI BiANIKM — 3HAa4YeHHA no-
TOKiB MOTY}KHOCTI, ycepeAHEeHi Ha NOTOYHOMY iHTepBani At,
Ta nopuyii eHeprii, AKO 06MIHIOIOTLCA KOMMOHEHTU CTaHLjl.
Y nposeaeHnX A0CNIAXKEHHAX eKCNepuMeHTaNbHO NiaTpU-
MYETbCA MPOTArOM A06M He3MiHHa nepiogMyHiCTb Ta TpU-
BaNiCTb MeperKeBUX BiAK/IOYEHb, AKA XapaKTepu3yeTbcA

4acoeoro wWinbHicmio gidKMo4eHs D Ta nepiogom ix cnigy-
_ . ) -
BaHHA T =T, + T« . Lli napameTpu nos’asaHi mix coboro

CNiBBigHOLWEHHAMM:

=%ZN“ _1—Ton, (2)

T

PosrnaHemo pexmmm pobotn POEC B ymoBax BigK/IOYeHb
mepexi. InA BCiX peXKMmIB Y KOXKHUIA MOMEHT poboTK cTa-
HL,ii BUKOHYETbCA PiBHAHHA 6aslaHCy NOTY»KHOCTI:

P +Prld+Pba I:)I

g oad + Pself , (3)

B AKOMY J1iBa YaCcTUHA PIBHAHHA MICTUTb BKIaZ, Y MOTYX-
HicTb eHepro3abesneyyBasibHUX KOMMOHEHT CUCTEMM, A
npaBa —KOMMOHEHT CNOXWBAHHA. Y (3) BBeAeHi TaKi no3Ha-
YeHHA NOTYXHOCTI: poToreHepauii Ppy, 06MiHY 3 Meperketo
Ta 3 AKB Pyrid i Pbat, BIiANOBIAHO, HaBaHTa*KEHHA Plogd i CAMO-
3abe3neyeHHs poboTn BCiei cuctemm Pser. [ani BBaXKaemo,
WO Pgria > 0i Ppat > 0, AKLW,O BigNOBIAHI NOTOKM NOTYXKHOCTI
CNPAMOBAHI Y HaBaHTaXKEHHA, Ta HaBMakKw, Pgrig <0 npu ne-
pepnaBaHHi eHeprii B meperKy i Poat < 0 NpuY 3apaaKaHHI b6a-
Tapei. CtaH 3apagxeHHAa AKB no3HayvaeTbea 3miHHOW SOC
(State of Charge) y BigcoTkax.

Ha pwuc. 2. nokasaHi OCHOBHi QYHKLiOHa/IbHi KOMMNOHEHTH
POEC i3 306paxKeHHAM MOMK/IUBMX MOTOKIB MOTYXKHOCTI Mig,
Yyac HaABHOCTI mepeki. KoKHOMY perkmumy poboTu BianoBi-
[0aloTb NEBHI CMiBBIAHOLWEHHA MiXK 3MIHHUMMW Yy PiBHAHHI (3).

CnoyaTKy PO3rNAHEMO PEXKMMU MPU HAABHOCTI e/IeKTpoMe-
pexi (d =0).

3a BUCOKOro piBHA iHTEHCMBHOCTI COHAYHOIO BUMPOMIHIO-
BaHHA, KONN POTOENEKTPUYHA NOTYXKHICTb Ppy NepeKpuBae
NOTY»KHiCTb CMOXWBAHHA Pload, aie AKB NOBHIicTIO He 3apA-
AxKeHi (SOC < 100 %), 3rigHO 3 BCTAaHOBAEHUM NPIOPUTETOM
BiAOYBa€ETbCA 3apAfKaHHA aKymynaTopa. 3a HasBHOCTI
HaA/MLLKY eneKTpoeHeprii BOHa HanpaBAAETbCA B €/IEKTPO-
Mepexy. Y LbOMy peKMMi BUKOHYIOTbCA TaKi YMOBU:

P > PIoad + Pself ' Pgrid <= 0 Pbat < 0 (4)

AKLLO0 aKyMyIATOPM NOBHICTIO 3apAaaKeHi, HaaAnwok ¢oTo-
€/1eKTPUYHOI MOTYXKHOCTI BUOAETbCA B E€/IEKTPOMEPENKY,

T0670 P

wis <0 Ber =0 y pisHsni (3).

Konu poTtoeneKTpuyHa NOTYKHICTb Ppy MEHLLE NOTYXHOCTI
CNOXWMBAHHA Pjogd, HE[OCTAYA NOTYXKHOCTI NEPEKPUBAETLCA
BiZ, mepexi:

PPV < PIoa Pelf ' P rld O (5)

S 9

Y uboMy pasi MOXIMBE TaKOX 3apAaarkaHHA BaTapei, AKWo
BOHA He MOBHICTIO 3apAAXKeHa, TO6TO MAEMO Phar < 0.

Tenep NpMNycTUMO, LLO eNeKTpOMepeKa BigkntoveHa (d =
1), Toai 6yaemo maTtu Taki pexknmu.

3a BMCOKOI iIHTEHCUMBHOCTI COHAYHOIO BMMPOMIiHIOBaHHA,
KONW MOTYXKHICTb Ppy NepeBMLLYE MNOTYXKHICTb CMOXMWU-
BaHHA Pjogd i AKB He noBHicTIo 3apsaaKeHa (SOC < 100 %),
dOoTOENEKTPUYHA NOTYKHICTb CNPAMOBYETLCA Y HaBaHTa-
KEHHA Ta Ha MIATPUMMKY CUCTEMM, a TaKOXK Ha 3aps-
AxaHHA AKB:

Pov > Boad + Peir s Bt <0, Py =0 (6)

oad at

AKWo doToeNeKTPUUYHA NOTYKHICTb Ppy MEHLUIA 33 MOTYX-
HiCTb HaBaHTAXKeHHA Pload Ta CUCTEMMU Pselr, TO AediunT NnoTy-
YKHOCTi KomneHcyeTbes AKB 3a ymosu, wo SOC 6inbliue mi-

HIManbHO [OMYCTUMOrO 3HavyeHHA. Llbomy pexumy
BiANOBIfAOTb YMOBU:
I:)PV < I:)Ioad + I:)self ' Pbat > 0’ l:)grid = O (6)

Y Bunagky, konu AKB po3pageHa, cnoxKMBaHHA 3abe3ne-
YYETbCA Ti/IbKW Ha PiBHi NOTYXKHOCTI Ppy y AE€HHUI Nepioa,
nobu.

Ha puc. 2 nokasaHuin npuknag 3amiHn GoToenekTpuIHOI no-
TYXKHOCTI Ppy NpoTArom f06u, MOTYKHOCTI 3 eneKTpome-
peXi Pgrid, CyMapHOI NOTYXHOCTi HABaHTaXKeHHA Pload+Pseif Ta
ctaHy AKB 1SOC). Mpadik noTy»kHocTi BUpobiTKy POEC Ppy
(cvHbOrO KONILOPY), HaBaHTaXKEHHA Pload | Camo3abesne-
YeHHsA poboTK BCi€i cucTeMm Pseir (YepBOHMIN KONip) Ta aiar-
paMa NoTyXXHOCTi enekTpomepeKi Pgrid (TOMapaHueBuii Ko-
Nip) BiA06pPaXKalOTb YaCOBI 3aNEXKHOCTI UMX 3MIHHMX OAA
nepeniyeHmx pexxumis poboTu ctaHuii npu SOC < 100 % (3e-
NIeHnI Konip).
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Puc. 2. MpagpiyHa intocmpauis MoHimopuHaosux 0aHux npomszom 0obu pobomu P®EC Ha nocmiliHe HABAHMAMEHHSA
Pioad = 0.955 KBm npu 8i0KaoYeHHAX mepexci 3 nepiodom T = 2 200, d = 0.625: Ppy— nomyxHicme ®M Ha 8x00i 8 iHeep-
mop (cuHsa Kpuea), Pgria— nomyxHicme 3 Mepexi (momapaH4yesi cmosnyuku 015 KOXCHO20 8i0iKY), Pioad+Pself — 302016HA

rnomyxcHicmeo croxueaHHsA (4epeoHa Kpuea), SOC — sidHocHuUli 3apad AKb (3eneHa Kpusa)

EHepretTuuHi cnisBigHOWEHHA

I'pYHTYIOUMCb Ha BanaHci NOTYsKHOCTI (3), MOXHa OTpUMAaTH
piBHAHHA 6anaHcy eHeprii Ha KiHeub Ao06W B TakoMy BU-
rnagi:

N N
Z(EPV,i +AE i +AE,; ) :Z(Eload i + By |) (7)

i=1 i=1

[e BBeAeHi Taki MO3HaYeHHA AnA eHeprii i-x BignikiB: Epy,i —
BUPO6iTOK PDEC 3a i-i iHTepBan yacy, AEgrid— eHepria 06-
MiHy 3 mepexeto (AEgrig; > 0 ANA PEXUMY CNOXKUBAHHA 3
mMmepei), AEpati— €HEpris XWBNEHHA HaBaHTaXKeHHA Bij
AKB (AEpat, > 0) abo eHepria Ha 3apaaskaHHA AKB (AEpats <
0), Eload,i Ta Epati — €eHeprii CnoXKMBaHHA HAaBaHTaXKEHHAM Ta
ob/1laiHaHHAM BignoBigHO.

MNepeliaemo 0o 6e3p03MipHUX EHEPFETUYHUX 3MIHHMX, NO-
Ainnewm (7) Ha 4o60Be HaBaHTAMKEHHS, L0 AOPIBHIOE:

N
Eioad :Z Eiadi - (8)
=)

Lle o3Ha4yae macwTtabyBaHHA po3paxyHKy Ha byab-fKi cnis-
BigHOWeEHHA BUPOBITKY [0 CNOMKMBAHHA. Y pesynbTarTi
OTPUMYEMO PiBHAHHA A060BOro HanaHcy y BUrNAL:

AT ({d:}) + Ae,, ({d;}) =1+ey —€5y,(9)

ae

1 & 1 &
€oy = —Z EPV i, Gt = E—Z Eself,i (10 a)

Moy (01 = =D AB, (@)

load =1

Aoy (03) == Y A g, (A).

load i=1

(10 6)

3miHHa €py He 3anexuTb Big pexkumy poboTn mepexi (Ha-

6opy napametpis {d,}). Cknagosy €.eif CNOKMBaHHA B Ne-
BHOMY HabAUMKEHHI MOXKHa BBaKaTW TaKOX He3aneXkHOoo
Bia di. [l8i KomnoHeHTH 8 nigiit yactuui (9), A€, ({di})i
Ae,iq ({d;}) (10 6), cyTTeBo 3anexars Big {d.}. npasa va-
cTMHa (9) popisHIoE 3aranbHomy AediunTy (abo npodiunTy)
eHeprii 3a poby. Konu eHeprisa BupobiTky PPEC He nokpu-
BaE notpebu crnoxusBaHHA (Npasa yactuHa < 1), gediunt
KOMMEHCYETHCA 3 LLeHTPaNi30BaHOI efleKTpomepeKi (aoaa-
HoK Aey;y ({d;}) ). Akwo mepexa «siacyTHa», eHeprito Bu-
nae AKb (goaaHok Aebat ({d,}) ). ¥ KiHui n06u AKB nosep-
TaETbCA 40 TOTO CAMOrO CTaHy, WO i Ha NoYaTKy 406K, AKLLO
Ae,, ({dl}) =0. Takum unHOM, HecTaua eHeprii B cUCTeM

npu €py < 1, AKa MOXE BUHMKHYTM 33 NiLACyMKOM A06u,
Bigb6MpaeTbca 3 mepei ( Aegrid ({d,}) >0). Ane Bennuuna

A€ iy CYTTEBO 3aNEUTb Bifl PEXUMY BiAKNIOUYEHD, TOBTO

Big, Habopy napameTpis {di} i 3a3Buuait Big LLUB: wo 6i-
Nblwe D, To MeHwWwe eHepriA, AKy MoXe 3abe3neuntn me-
pexa.
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YMOBM eKCnepumeHTy

Ha gocnigxkyBaHin POEC BUKOHYBAM BUMIpHOBaHHSA Ta 06-
YUCNEHHA BCIX KOMMOHEHT PIBHAHHA (9) 3a pi3HUX 3HAYeHb
D. KoxHa no6a nounmHanaca 3 iHTepBany BifK/NOUYEHHS, ne-
piogn cnigyBaHHA BigKntoueHb 6ynun Hesennknumu (2 rog),
TOMY BNAMB PO3TallyBaHHA [HTEpPBanNiB BiAK/JOUYEHHA

Aegrid (n, D) =1+ Cseit —Cpv (n) - Aebat (n1 D) = Ceficit (n’ D) .

/NliBa YyacTMHa piBHAHHA OOPIBHIOE eHepril, AKka Biabupa-
€TbCA Bif, Mepexi ana 3abe3sneyeHHs notpeb HasaHTa-

weHna (Ae ; > 0) abo suagaetbea B mepexy (A€, <0).

gri gri
Lia eHepria nokpuBae aediunt yepes HecTady eHeprii poTo-
eNeKTPUYHOI reHepaLii Ta po3paaxaHHa AKB, Tomy nosHa-
yaemMo i K €yeficit (n, D) . Po3B’Aasytoun piBHAHHA (11), mo-

’KHa 3HaAWTW 3anexHictb moxameoi LB Big 3apaHoro
nediunty eHeprii 4na HaBaHTa)KeHHA. Lo 3anexHicTb

(*KOBTUX CTOBMNUUKIB Ha pUC. 2) BiAHOCHO IOKANbHUX MaKCK-
MyMiB NoTyHocTi POEC (cvHA KpuBa) mae byTn HeBenu-
KUM. AHani3 eKcnepMmeHTasIbHUX AaHUX Byaemo 34iicHIo-
BaTM Ha OCHOBi mogeni 6anaHcy, B AKiM MOBHWUI Habip

napametpis {d,} 3amiHUMoO Ha LB D. Tomy piBHAHHS ba-
JIaHCY 3anULWEeMO Ha KiHeub n-i 4obu TakK:

(11)

HaMnpocTile BU3HAYMTU 3a gonomorot rpadika (puc. 3),
AKUIA NOBYLYEMO Ha OCHOBI MOHITOPUHIOBUX AAHUX 3 iH-
BepTopa POEC. KoxHa napa 3HaueHb (D, €4y ) (Touka Ha

rpadiky) Bignosigae o4HOMY eKcnepMmeHTabHOMY AHIO i3
3agaHoto BesnnumHot D. Ha rpadiky TakoX nokasaHa Ji-
HiiHa perpecia (CUHA NiHiA) eKcnepumMeHTaNnbHUX AaHUX.
AKICTb NiHIMHOT anpoKcumauji AnA HaBeAeHUX nap AaHuX
OLLIHIOETbCA CepeaHbOKBaApPaTUYHOK NoxmMbkoo RMSE =
0.057 i koediuieHTom aeTepmiHoBaHocTi 0.814.

0.95 - .

0.9

T

T

0.85

0.8

0.75

T

T

0.7

edeficit

T

0.65
0.6

T

0.55

0.5

T

T

0.45

04 | | | | | |

¢  Ekcnepumenr | |
Perpecis

0.46 0.48 0.5 0.52 0.54 0.56

0.58 0.6

0.62 0.64 0.66 0.68

Puc. 3. 3anexcHicme degiyumy erHepaii dna 3a6e3nedeHHs nompe6 HagaHmaeHHsA Cygq (N, D) 6id winsHocmi eidkmio-

YeHb 0715 Pi3HUX OHi8 CriocmepexeHHs N 3a NomyxHocmi 3apAaoxaHHA AK6 1 kBm

3 HaBegeHoro rpacdika (ams. puc. 3) 6auMmo, Wwo YacTiwi
abo TpuBaniwi BiAKNHOUYEHHA MOXAUBI, KONU MeHLWKnI aedi-
UMT eHeprii y cnoxkmneaya. [incHo, ynm 6inblumii BUpobiTok
P®EC Ta emHictb AKB, Wwo 3abe3neuyyloTb €NeKTPOXKUB-
NIeHHA HaBaHTaXeHHS, TUM MeHLLi NoTpebu enekTpoeHeprii
3 enekTpomepei (guB. cnieBigHoweHHA (11)). Mpadik 3a-
NIEXKHOCTI Ha pUC. 3 MOXKHA IHTEPNPETYBATU TAKOXK Y TaKU
cnoci6. Ynm 6inbwe 3HaveHHA D (MeHLWwa TpuBanicTb NiaK-
JIIOYEHHSA 40 Mepexki), TUM MeHLUa YacTMHa noTpebu Haga-
HTaXKEHHA 3abe3neuyeTbca enekTpomepexketo. OTKe, Ni-
HilHa 3anexHicTb Ha puc. 3, Bigobparkae AK noTpebu B
eHeprii 3 eN1eKTpoMepexKi, Tak | MOXINBOCTI il OTPMMAHHA 3
MepeKi npotarom gobu.

CTaTUCTUYHI XapaKTepucTMKK 2o06080i reHepauii. Jediymt
eneKkTpoeHeprii 3a foby, AKMIA NOTPIGHO NOKPUBATK pesep-
BHOIO CTAHLI€EIO, 3aN1€XMNTb Bif CNiBBIAHOLWEHHA KYMYNATH-
BHOI eHeprii doToeneKTpMUHOI reHepauii Ta gobosoro cno-
uBaHHA. Tomy ana po3paxyHKy POEC notpibHO 3HaTU
CTAaTUCTUYHI XapaKTePUCTUKM NOTyKHOCTi POEC nig vac su-
pobiTKy eneKkTpoeHeprii BNpoaoBK poboyoro nepiogy. Ha-
BeAeMo npuKkaag oyHKuii posnoginy (PP) Ta yHKUIT Wwinb-
HocTi po3noginy (PLLUP) 3miHm noTy>kHocTi POEC npoTtarom
806w nig yac BUpobiTKY enekTpoeHeprii, OTpUMaHUn ana
NiTHBOrO C€30HY Ha OCHOBIi MOHITOPMHIOBUX AaHWUX 3 5-XBU-
JIMHHUMK iHTepBanamm Mix Bignikamu (puc. 4). IHTepBa-
SibHEe  OUiHIOBaHHA  34iACHIOBANIOCb Ha  NPOMiXKKaXx
0,079 kBT.
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Puc. 4. ®yHKuia po3nodiny i pyHKYia wineHocmi po3nodiny gpomoenekmpuyHoi nomyxcHocmi Ppy ynpodosx nepiody
docnidnceHHA 8 AiMHi micaui. TOYKaMu MO3HAYeHi pe3ysabmamu iHmepsaabHO20 OYiHIOBAHHA 5-x8unuHHUX
MOHIMOopPUH208UX OAHUX

3ayBarKMMO, WO BMA GYHKLIiM Ha puc. 4 He 36iraeTbes 3 Big-
noBigHMMM QYHKLIAMM IHTEHCMBHOCTI COHAYHOFO BUMPOMI-
HIOBaHHA, WO NOB’A3aHO 3 anapaTHUM ODMEeXeHHAM MaK-
CMManbHOI MOTY}KHOCTI Ha BuMxoai iHBepTopa 1,74 KBT!
(npaBa vacTMHa rpadikis) Ta LOLATKOBUM 3MEHLLEHHAM BU-
pobneHHn enekTpoeHeprii npu manii Bucoti CoHuA Hag, ro-
PU30OHTOM yHacnigokK 3aTiHeHHA ®EM y paHKoBui nepiog,
CyCiAHIMM NpUMileHHAMM (Y LbOMY pasi cycigHim yHiBep-
CUTETCbKMM Kopnycom (niBa yacTuHa rpadikis)). Ui dak-
TOpY NPUBOAATL A0 TOrO, O BUCOKI 3HaYeHHA PLLUP cnoc-
TepiraloTbCcA 3a ManuxX 3HadeHb MNOTyKHocTi POEC Ta 3a

MA, :Vlvi(epV (i-m)+e,, (i—-m+1)+..+e, (i+m-1) +e,, (i+m))

ne W= 2m+1 - BikHo ycepeLHEeHHA AaHUX.

Ha puc. 5 nokasaHa nosegiHka MA y aocnigyysaHui ne-
pioa 3 BikHom W =3, 5§ 7 gHis. 3i 36inblIeHHAM BiKHa

0.7 T T

BMCOKOI NOTY*KHOCTi POEC nobn3y BepXHbOT MeXKi NOTYK-
HOCTi iHBepTOpa.

EHeprii, AKa 36epiraeTbca B akyMynaTopHilt H6aTapei, mae
6yTM [OCTaTHbO Ans 3abe3neyeHHA NoTpeb cnoXuBaya B
nepiogn noxmypoi noroaun. Tomy nig, 4ac BU3HAYEHHA He-
obxigHoi emHocTi AKB noTpibHO BpaxoByBaTK MPOCiAaHHSA
iHTEHCMBHOCTI COHAYHOrO BUNPOMIHIOBAHHA i, BiANOBIAHO,
BMPOBITOK NPOTArom KiflbKOX AHIB. Y Liin poboTi BpaxoBy-
I0TbCA TeHAeHUIT AoboBoro BUpobIiTKY B mexKax Big 3 AHiB
[0 OAHOrO TUXKHA 33 AOMNOMOroK KOB3HMX cepefHix MA
(Moving Average) i BU3Ha4atoTbCA 3a GOpPMYOoL0:

(12)

3rNafAKytoTbcA Kpui MA, ane ouiHKM BUPOGITKY HA Beau-
KMX iHTepBasax CcTaloTb Biibl CTaTUCTUUYHO NPABUIBHUMM.
OujiHtotoun HeobxigHy emHicTb AKB, byaemo rpyHTyBaTUCA
Ha MA7 3 TUXXHEBMM BiKHOM (Y4epBOHa NiHiA Ha puc. 5).

40 50 60
n

Puc. 5. pogini 00608020 8upobiMKy epy (WMpPUX08A KPUBA) MA KOB3HUX CePEOHIX 3 Pi3HUMU 8IKHaMU: W = 3 (YOpHa
Kpusa); w = 5 (cuHs kpusa); w = 7 (4epeoHa Kpusa)

106mexeHHs NOTYXKHOCTI iHBEPTOPa Ha CTOPOHI MNOCTIMHOrO CTPYMY 3a4aHo AN 6inbll CTabiNbHOTO Y Yaci UBMEHHA HaBaHTaXKEHHSA
33 BUCOKMX PiBHIB COHAYHOrO BMMPOMIHIOBAHHSA, @ TAKOX LL06 YHUKHYTU YacTUX NepemMmnKaHb iHBepTopa 3 Mepexeto.
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Po3paxyHOK napameTpie Ta peXxumy 3apagakaHHa AKb

[Job6oswuit npodine MA7 Aani BUKOPUCTOBYBaBCA A1 MOAe-
NOBAHHA 4060BMX 3HaYeHb BUPODITKY epy,i, Yyepes sike 06-
yncntoBanmcb Aobosi 3miHu eHeprii AKB 3a dopmynoto
Aebat (n1 D) = 1+ eself - ePV (n) - pch (1_ D) : 24; (13)
ae

pch = I?;h / I:)I

oad

=1,V /P

hVbat ! Mload (14)
Pch— NOTYXKHICTb 3apaaaHHA AKB Big, mepeKi (B oguHULAX

0.15 T T

Pioad); Pch — MOTYKHICTb 3apAgKaHHA, KBT; Ich — cTpym 3aps-
OXKaHHA, A; Vet —Hanpyra AKB, B.

CymapHa eHeprisi, L0 OTPUMYETHCA CUCTEMOIO NPOTArOM He-
cnpuaTtansoro nepiogy sia AKB, Aka Ha NoOYaToK LbOro nepi-
oay 6yna NoBHICTIO 3apAaKeHa, He MaE NepeBuLLyBaTH eHe-
prito, LLO BiAMNOBIAAE MAaKCUMANbHO AOMNYCTUMOMY CTyMeHIO
po3paakaHHA. MpadiyHa intocTpauia uiei cuTyalii nokasaHa
Ha puc. 6: Hanbinbwwii Binbip eHeprii 3 AKB BigbysaTtu-
MeTbcA B 06NacTi, NOKasaHil WTpuUXyBaHHAM. MONOKEHHSA
HynboBOI NiHii ( Ae,,, =0) BiaHOCHO rpadika Ae , (n) 3ane-
*uTb Big, LWB D i noTyxHocTi 3apagxaHHa AKB peh.

0.1

T T T

o

o
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A ) L1\ |
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011 .
110 2lo 310 410
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Puc. 6. Kpusa 32n1a0xeHo20 3miHeHHA (MA7) eHepeii AKB npomsazom Yacy 00cnionceHHA. LLImpuxyeaHHAM NoKa3aHul
inmepean Hatibinbwozo pospadmcanHa AKb ( Ae,,, > 0). Hyneosuii piseHb Ae,,, =0 sidnosidae D = 0.4, pcn = 1

NiTin-3anizo-pocdaTHnin akymynaTopHuUii 610K y cknagi ao-
CNiAXKyBaHOI CTaHL,ii Mae HOMiIHanbHi Hanpyry 450 B Ta eHe-
prito 10 KBT-rog, (emHicTb 22,2 A-roa). 3ayBaXKkMMO, LLLO MaK-
CUManbHUN CTPyM 3apagsKkaHHA y uboro Tuny AKB,
peKoMeH0BaHUN BUPOBHWMKOM, HE Ma€E MepeBuLLYyBaTK
0,5 C. TaKum YMHOM, CTPYM 3apALKAHHA MOXKe peryatoBa-
TUCb 3a gonomoro BMS y ayxe WMpoKomMy aianasoHi—
BiZL Mannx 3HadyeHb A0 11 A, W0 BignoBiAaE MaKCMManbHil
NOTYXKHOCTI 3apAdMKaHHA 5 KBT BignoBigHO MmacnopTHMm
naHum AKB.

CymapHa eHepria HalbinbLworo nepiogy po3psaasKaHHA Ao-
3B0JIAE 3HANTU HeobxiaHy emHicTb AKB 3a popmynoto:

1

ebat,nom (D) Al 2 Aebat (n’ D) ,

DoD & (15)

ae DoD - ponyctumuii ctyninb pospagy (Degree of
Discharge), n1, nz— gHi noYaTky i KiHUA HEeCNPUATAMBOrO ne-
pioay (y ubomy nepioag,i Aebat >0 - AKB %WBWUTb HaBaHTa-
’eHHs). Ha ocHoBi (15) po3paxoByeTbea eMHicTb AKB y Ki-
nosat-roanHax Epy nom = €oat nom Eicad - Ha pyC. 7 HasegeHi

pe3ynbTaTu po3paxyHKiB HeobXiaHOi EMHOCTI (15) 3a pi3HUX
WBNAKOCTEN 3apAaXKaHHA BaTapei, WO BMpaXKaloTbeca ye-
pe3 NOoTyXHicTb pen (14).
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Puc. 7. Cimelicmeo Kpusux 3anexHocmi HeobxioHoi HomiHanbHoi eHepaii AKB €, ... (D) 6id LB 3a pizHoi momys#Hocmi
30pAOHaHHA: 1 —pch=1; 2 —pch =1,2; 3—pch =1,4; 4 —pch = 1,6; 5 - peh =1,8; 6 — pch =2,0
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Ak BunnumBae 3 rpadikiB Ha puc. 7, HeobxigHa emHicTb AKB
3pOCTa€ NPMBIM3HO EKCMOHEHLINHO 3i 36iNbLUEHHAM LWiNb-
HOCTi BigKntoyeHb D. Haxun KpmBux Ha puyc. 7 3anexuTb Big,
MOTYXKHOCTI 3apAAMKAHHA pPcp: NPW i 36inbWeHHi KpuBi
€yt nom (D) MatoTh 6inblumii Haxun. Kpim Toro, wo 6inblia

Pch, TO 3a b6inbwoi LB cuctema moke 3abesneyysatu cno-
)KMBaya eneKTpoeHeprieln. AKWO MOTYXKHICTb HaBaHTa-
YKEHHA cTaHOBUTb 62113bKOo 1 KBT, AK B eKcnepumeHTax, no-
TYXKHICTb CTPyMy 3apAdlKaHHA Aana Kpueux 1-6 Tpeba
BUbMpatn Big 1 oo 2 KBT. OTXKe, 3MiHIOUM CTPYyM 3apsa-
[JYKaHHA, MOXKHA 3a6e3neynTn HagiliHe eHepronocTayaHHsA
3a 3MiHeHHA LLB.

Ha 0CHOBI OTPUMAHUX eKCNePUMEHTANbHUX AAHUX Y POBOTI

npoBeAeHa Ki/IbKiCHA OLiHKa 3a/1eXKHOCTI pch(D) , Wo ao-

3BO/IUNO NOBYAYBaATM PeryntoBasibHi XapaKTEPUCTUKU AAs
npouecy 3apagxaHHa AKB (puc. 8). KoxHa KpuBa Ha rpa-
¢diky Bianosigae nesHilt emHocTti AKB (B ogmMHMuAax Aobo-
BOrO HaBaHTa)KEHHSA) i BU3HAYAE, AK NOTPIOHO 3MIHUTK No-

TYXHICTb  3apAgKaHHA B pasi  3MIHEHHA peXxumy
BiAK/IOYEHD.
2 . . . .
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Puc. 8. Cimelicmeo peayntoeasbHUX xapakmepucmu pen(D)
npoyecy 3apA0HaHHA akymyaamopHux bamapeli 3 pi3Hor
HOMIHAMbHOO eHepeieto (8 00uHUYAX 06080i eHepeaii Ha-
8aHMAM(EeHHS)

Po3rnaHemo npuknag: Hexalh HomiHanbHa eHepria AKB go-
PiBHIOE NO/I0BUHI 060BOr0 HaBaHTaXKeHHS (€patnom = 0,5) i
CMCTEeMa HaNAWTOBAHa Ha BiAKNOUYEHHA B pexmumi D = 0,4,
To6TO Ha 3apAaKaHHA 3 pch = 1. Y pasi nepexoay Ha pexmm
D = 0,7 BuHUKHe pediunT eHeprii A eNneKTPOXKMUBAEHHA
HaBaHTAXKEHHA, AKUIA MOXKHa MOKPUTH, 36inbLUyOYM NOTY-
YKHICTb 3apAaKaHHA A0 Pch = 2 3rigHO 3 rpadikom Ha puc. 8
(3eneHa kpuea).

O6roBopeHHsA Ta BUCHOBKM. [poBeaeHO A0CAiAKEHHA PO-
60T mepexkesoi POEC BCTAaHOBEHO MOTYXKHICTHO 2,2 KBT
3 METOI0 OL,IHKM MOX/TIMBOCTi BUKOPUCTAHHA CTaHLi AK pe-
3epPBHOrO A)Kepena XUBJIEHHA B pasi perynapHux BigKato-
YeHb LEHTpani3oBaHOi enekTpomepei. [na ekcnepnme-
HTY 6YNM 3aZaHi Pi3Hi peXMMU NepioAUUYHNX BiAKNOYEHD Y

NiTHI micAaui, aki onucytotbca WB y agianasoHi D = 0.45 +
0.68. EKCNepvmMeHTV NPoBOAMINCE NPWU NOCTIMHOMY B Yaci
Pe3NCTUBHOMY HaBaHTaXKeHHI 0,99 KBT. AHani3 oTpMMaHuX
AaHux 3 nornagy 6anaHcy eHeprii 06MiHY MiXK KOMNOHEH-
TaMM CTaHLii Ha 5-XBUAUHHUKX iHTepBanax fo3sonse chop-
MY/1H0BaTM TaKi NONOXKEHHA Ta BUCHOBKM.

Y pasi gob6osoro BnpobiTky POEC meHwe a060BOro enekr-
pOHaBaHTaXeHHsA, BUHUKAE AediunT eHeprii edefiit(n,D)
(11), AKMIM NOKPMBAETLCA EHEPTIEID 3 e/IeKTpoMepexKi. Ane
MOK/IMBOCTI Meperki obmeKeHi 4acToTol Ta TPUBAJICTIO
BigKNtouYeHb (NapameTpom D). LLio meHWwnin aediunt eHep-
rii, To npu 6inbWoOMy 3HauYeHHi D cTaHUis MOXKe HagiliHo
UBUTU HaBaHTaXKeHHA. Hanpuknag, 3a Aediunty enektpo-
eHeprii 0,9 (y BigHocHUX oauHuMuax) POEC morKe npauto-
BaTh Npu D = 0.46, a 3a 3MEHLIEHHA edeficit YA8idi, A0 0.45,
3'ABNAETBCA MOMNUBICTb 3abe3nedyyBaTV HaBaHTAXKEHHA
npu D = 0.68. XapaKTep Lji€i 3a1e3KHOCTI edeficit(n, D) onucy-
€TbCA NiHINHOIO perpecieto, WO HaBeAeHa Ha puc. 3.

Ona ctabinbHiwoi pob6oTn POEC 32 BUCOKUX PIiBHIB iIHTEHCHU-
BHOCTi COHAYHOrO BUNPOMIHIOBAHHA MaKCMMasibHa MOTYXK-
HicTb iHBepTopa 6yna obmerkeHa Ha piBHi 1,74 KBT. Y
3B’A3KY 3 UMM XapakTep GyHKUii po3noginy AC-noTy»KHOCTi
iHBepTOpa He 36iraeTbcaA 3 PyHKLiEID pPo3noginy iHTEHCUB-
HOCTi pagiaLii. Y poboTi Ha OCHOBI 5-XBUNMHHWX BigAiKiB cK-
CTEeMU MOHITOpUHIY obuncneni P i OLLP Ppy (gus. puc. 4).
[ns nitTHboro nepioay poboTn CTaHLii XxapaKTepHa niasu-
WeHa MMOBIPHICTb MasinX Ta BUCOKMX 3HAYEHb Ppy, TOBTO
no6ausy rpaHnup iHTepsany (0; 1,7).

Y pob6oTi NpoBefeHO Po3paxyHOK HeobXiaAHMX NapameTpis
AKB 3aneXHo Bif, WinbHOCTI BigK/NOUYEHb €NEeKTPOMEPEKI.
Mpun ubomy ao6oBuiA BUPOBITOK eHeprii 6yB 3MmoaeNboBa-
HWI 32 LONOMOrO KOB3HOIO yCepPeAHEHHA KYMYNATUBHUX
MOHITOPUHFOBUX AaHWX 3 epv (AMB. puc. 5). OTpMmaHo ci-
MEeCTBO KPUBMX 3a/1E€XKHOCTI HEObXiAHOI HOMIHANbHOI eHe-
prii AKB epat,nom(D) Big, WiNnbHOCTI BigKAOYEHb 32 Pi3HOI No-
TY)KHOCTi 3apAgKaHHA (amBe. puc. 7). MoKasaHo, WO esatnom
€KCNOHEHLMHO 3pocTaE 3i 36inbleHHAM D.

MoKa3aHo, WO iCHYE MOXKAMUBICTb HANALWITYBaHHA HagiNHOI
po60oTn POEC 3an€eXKHO Bif pexumy BigKntoyeHb (napame-
Tpa D) peryntoBaHHAM MOTYyXHOCTi (abo cTpymy) 3aps-
axxaHHA AKB 3a gonomoroto cuctemun BMS. s yboro He-
0bxigHi Taki BUXigHi gaHi: ycepegHeHuii 3a gonomoroto MA
Ha TUXKHEBMX iHTepBanax npodinb Aob6osoro BUPOBLITKY
enekTpoeHeprii, 4o6oBui Npodinb HaBaHTaxeHHs, LB, a
TaKO) 3afaHi HeobxigHi napameTpu AKB (HOMiHanbHa em-
HiCcTb | TMMBUHa po3paarKaHHA). Y poboTi onncaHnin cnoci6
OTPMMAHHA BiAMNOBIAHUX PErytoBasibHUX XapaKTEPUCTUK,
NPUKNaA AKUX NOKasaHWUM Ha puc. 8.
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Abstract. The operation of a grid-connected photovoltaic (PV)
plant under periodic grid outages, when the sys-tem functions
as a backup power source, has been investigated. The
capability to support the load de-pends on the daily energy
deficit determined by the balance between generation,
consumption, and the discharge of the battery energy storage
system (BESS). This deficit is typically compensated by the grid,
but its ability to supply energy is limited by the duration and
frequency of daily power interruptions, char-acterized by the outage density (OD) parameter. Based on monitoring
data, a linear relationship between the energy deficit covered by the grid and the outage density has been
established. Using the daily energy balance equations that describe energy exchange between the system
components (PV modules, BESS, load) and the grid, the dependence of the required BESS capacity on OD was
obtained for various battery charging power levels. It is shown that as OD increases, the required battery capacity
must grow following an approximately exponential dependence. To optimize BESS capacity selection, a procedure
is proposed to configure a reliable power supply for consumers under various outage conditions by adjusting the
bat-tery charging process. A family of control characteristics was obtained, representing the dependence of
charging power on OD for batteries with different nominal energies.
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List of abbreviations

AC —alternating current

BESS - energy storage system
BMS - battery monitoring system
BPVP — backup photovoltaic plant
CAN - controller area network

DC —direct current

Introduction and Problem Statement.

Power outages from electrical grids represent a serious and
widespread problem affecting many sectors of modern so-
ciety — including large-scale industry, small enterprises,
households, and critical infrastructure such as healthcare
facilities, transport systems, and communications networks
[1-4]. Planned and unplanned regular disconnections of
consumers from the grid have become systematic in
Ukraine during wartime conditions, when military attacks
are directed against critical energy infrastructure. Conse-
quently, there is an urgent need for the development and
deployment of backup power generation systems based on
renewable energy sources to ensure electricity supply

DF — distribution function

DG — diesel generator

MA - moving average

OD - outage density

PDF — probability density function
PV — photovoltaic

SOC - state of charge

during outage periods. A promising approach involves the
creation of backup photovoltaic power plants (BPVPs) de-
signed to provide local consumers with energy at a suffi-
ciently reliable level.

To date, various aspects of this topic have been studied.
The main factor complicating the search for optimal solu-
tions for BPVPs is the stochastic nature of temporal varia-
tions in the input parameters — such as solar radiation,
hourly energy consumption profiles, and grid outage pat-
terns. Forecasting solar irradiance and load profiles, as well
as optimizing BPVPs under power outage conditions, was
addressed in [5]. In that study, the dimensions of the BPVP
were determined using the particle swarm optimization
(PSO) method, which balances generation, storage, and
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consumption of energy while accounting for technical and
economic constraints.

The study [6] proposed an approach for optimizing the sizes
of photovoltaic (PV) and battery energy storage systems
(BESS) in a DC microgrid. In this case, load profile forecast-
ing based on historical data employed a deep learning
model with a long short-term memory (LSTM). In [7], a
method for determining the size of a BPVP during periodic
consumer disconnections from the grid was developed us-
ing generation—storage—consumption balance equations
for the most unfavorable calendar period. That study also
provided estimates of the loss-of-load probability (LOLP)
parameter as a function of outage density.

The use of BPVPs for a reliable household energy and hot-
water supply was discussed in [4], where forecasting,
power flow control, and hot-water temperature regulation
under unplanned grid outages were implemented using an
intelligent controller.

A considerable amount of research on BPVPs focuses on
the economic aspects of system design and operation. For
instance, [8] proposed an optimization method considering
the trade-off between total system cost and operational re-
silience under grid outage conditions. In [9], an optimiza-
tion method for the component composition of PV-BESS
backup systems was developed to minimize both capital ex-
penditures and electricity bills. The approach uses charac-
teristic outage and consumption profiles along with time-
of-use tariffs and real-time pricing, with the optimization
performed via mixed-integer linear programming (MILP).
The work [10] investigated the minimization of total system
cost over a 20-year operational period using real meteoro-
logical data, realistic residential load profiles, and grid out-
age schedules.

A significant portion of the total BPVP system cost is asso-
ciated with the battery energy storage system (BESS),
which compensates for mismatches between power gener-
ation and consumption while taking into account the oper-
ating characteristics of power sources (the BPVP and the
grid) and the nature of consumer loads [3, 5, 6, 8, 11]. Op-
timization of the total cost can be performed under the
constraint of maintaining a required level of supply reliabil-
ity [12, 13]. A detailed review of various BESS optimization
frameworks — accounting for stochasticity, computational
efficiency, and the dimensionality of the objective space —
is presented in [14].

It should be noted that a grid-connected PV system, when
also used as a backup power source, requires a thorough
analysis of its operating modes and an optimal configura-
tion of its components. This distinguishes it from simpler
backup solutions such as diesel generator (DG) units, which
operate in a single mode — activation during a power defi-
cit. The main advantage of a BPVP in such cases is the ab-
sence of fuel costs, since solar energy is a free renewable
resource, while the price of diesel fuel and the resulting
electricity is relatively high. This factor becomes especially
significant during prolonged grid outages. In addition, PV-
based systems meet environmental standards and require
minimal maintenance compared to DG units. However, de-
spite the disadvantages of DG systems, they are still

frequently integrated into hybrid PV—DG configurations to
ensure power supply during extended outages (especially
during blackouts) when the BESS is depleted and PV gener-
ation is insufficient to meet the load demand [15, 16]. To
reduce carbon dioxide (CO,) emissions, hybrid PV-DG sys-
tems often employ energy management strategies such as
load-following and cyclic battery charging, which also re-
duce the levelized cost of electricity [17].

In this work, the operation of a grid-connected BPVP is ex-
perimentally studied under conditions of forced, periodic
disconnections from the distribution network according to a
predefined schedule. This setup simulates grid failures under
planned outages, typically determined by the regional grid
operator. The research was conducted for various outage
densities (OD) and solar irradiance levels. The system'’s load
was resistive and constant throughout all experiments to fa-
cilitate a clearer analysis of the relationship between three
output variables: the daily solar energy input, the required
BESS capacity, and the permissible outage density ensuring a
predefined reliability level of power supply.

Structure of the Backup Photovoltaic System

The general configuration of the investigated backup PV
power supply system is shown schematically in Fig. 1. The
system consists of the following major components:

1. Four bifacial photovoltaic modules (JA Solar JAM72D30-
555/GB, 555 Wt each) capable of generating electricity
from both the front and rear surfaces. This innovative de-
sign increases the overall photovoltaic conversion effi-
ciency by 10-20%, depending on installation specifics and
the reflectivity of the underlying surface.

2. Huawei SUN2000-450W-P optimizers for each PV mod-
ule, which track the maximum power point to improve the
efficiency of the entire PV array. The optimizers also pro-
vide protection in case of a malfunction and transmit real-
time performance data to the monitoring system.

3. Hybrid single-phase inverter (Huawei SUN2000-5KTL-L1,
rated at 5 kW) that integrates DC-DC and DC-AC converters,
high-frequency noise and EMI filters, and an output LCL filter.
It also includes surge protection devices against overvoltage.
The inverter’s internal monitoring system continuously ana-
lyzes the performance of all station components, their oper-
ating states, power flow between subsystems, cumulative
energy generation and consumption, and the state of charge
(SOC) of the battery. The inverter is equipped with multiple
protective features, including reverse-polarity, arc-fault,
overvoltage, and short-circuit protection.

4. Battery Monitoring System (BMS), integrated into each
storage unit, controls the charge/discharge processes and
communicates with the inverter via the CAN interface.

5. Two battery energy storage units (BESS) based on the
lithium iron phosphate (LiFePO,) chemistry (Huawei
LUNA2000-10-S0). These batteries accumulate surplus en-
ergy from the grid or the PV ar-ray. The total installed stor-
age capacity used during experiments was 10 kWh, with a
nominal volt-age of 450 V. Each unit consists of LiFePO,
cells capable of operating within a wide temperature range
(=20 °C to +55 °C) and maintaining stable electrochemical
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performance with low degradation (up to 6000 charge/dis-
charge cycles).

6. An intelligent backup switchboard (Huawei Smart-
Guard-63A-S0 Backup Box) supplies priority loads during
grid outages. Its built-in energy management controller au-
tomatically switches power from the grid to the battery and
maintains power to preselected essential equipment. The
switchboard collects data from meters, sensors, and cur-
rent transformers, compiles it into monitoring data, and
transmits it to the inverter via the RS485 interface. During
a grid outage, the transfer to backup power occurs within
20 ms, ensuring uninterrupted power to consumers.

7-8. Protective switchboards. The DC switchboard (7) is
manual switching device used to disconnect the circuit be-
tween the inverter and the PV system. The AC switchboard
(8) is intended for connecting and protecting the BPVP

equipment along the AC line. This switchboard houses the
switches for the grid input (1) and the load output (2), re-
spectively. These switches are designed for manual or au-
tomatic connection/disconnection and provide equipment
protection in cases of overvoltage, short circuits, or voltage
surges that may occur due to various switching operations
or natural factors such as lightning.

9. Wi-Fi socket for remote control of load connection to
the system.

10. Constant resistive load of 0.955 kW maintained
throughout the experiments to ensure stable conditions.

11. Smart single-phase Wi-Fi circuit breaker (TOMZN TOB9-
VAP 1-63A 1P) with real-time monitoring of power, voltage,
and current, enabling remote control of grid connection via
the Smart Life application.

PV+
PV-
\ ] ] AC Switch
Inverter S Board Grid
Huawei [x1] J
ACL
— WiFi T
: el | | ™
ey —
Sl B
Smart <
Power E] WiFi E
J L Switch
L 5]
B AC load

Fig. 1. General schematic diagram of the investigated grid-connected photovoltaic system

Operating Modes of the Backup Photovoltaic Power Plant

The schedule of periodic grid disconnections can be de-
scribed as a stepwise function according to [7]

1t
d(t)={ < Lot (1)

O,teron'

where each interval 7, ,and T represents either the

availability of grid power supply or the disconnection of the
BPVP from the grid.

To analyze the experimental data, it is more convenient to
use discrete values denoted as di, representing the grid
state at the moment t; of each data record. These

monitoring data points, referred to as samples, were col-
lected at 5-minute intervals At =5, resulting in N=288 data
points per day. Numbering these five-minute samples with
the index i=1,2,...,N, we obtain: t, =iAt, d. =d(t).

The monitoring system FusionSolar of the studied BPVP
provides discrete averaged values of power flows and en-
ergy exchange between system components at each sam-
pling interval. During the experiments, the grid disconnec-
tions were programmed with constant duration and
periodicity throughout the day, characterized by the pa-
rameter OD and the corresponding period between inter-

ruptions T =7, + T . These parameters define the ratio
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between the time the system was disconnected from the
grid and the total observation period

1Nd
D:W; i=

In all operating modes, the power balance of BPVP can be
described by the equality between the total supply and
consumption:

P, +P

gri

Pot _q_Ton, 2)

T T

d+Pbat=P

load

+ Pt - (3)

The supply side includes the PV generation, power ex-
change with the grid, and BESS, while the consumption side
consists of the load and the internal power needs of the
system. The relationship between these components is de-
scribed by the following balance equation:

I:)PV + P + Pbat = P + Pself . (3)

grid load

The left-hand side of this equation represents the energy-sup-
plying components, while the right-hand side corresponds to
the consuming components. In (3) the following notations are
introduced: Ppy is PV power, Pgriaand Peat are power exchange
with the grid and the battery, respectively, Pioas and Pses are
the load power and the system’s self-consumption power, re-
spectively. Furthermore, it is assumed that Pgrig > 0 and Ppat >
0 when the corresponding power flows are directed toward
the load, whereas Pgriq < 0 indicates power delivery to the grid,
and Ppet < O corresponds to battery charging. The battery’s
state of charge is denoted by the variable SOC (State of
Charge), expressed as a percentage.

Let us first consider the operating modes when the grid is
available (d = 0). Two main operating modes are observed:

Surplus generation mode. Under high solar irradiance,
when the PV power Ppyexceeds the load demand Pjoqq but
the batteries are not yet fully charged (SOC < 100%), the
surplus power is used to charge the battery. Any remaining
excess energy is exported to the grid. Under this operating
mode, the following conditions hold:

Poy > PBoag + Peit  Pyia <=0, P, <0 (4)

load self * ' grid

If the battery is fully charged, the surplus photovoltaic
power is supplied to the electrical grid, which corresponds

to By <0, B, =0 inequation (3).

Deficit compensation mode. When Ppy is insufficient to
cover the load Piaq, the power deficit is compensated by
importing electricity from the grid:

F)PV < Pload + P I:)rid > O (5)

self 17 g

In this case, battery charging (Psar < 0) is also possible if it is
not fully charged.

Let us assume that the electrical grid is disconnected (d=1),
then the following modes will occur.

PV-supported charging mode. Under high solar radiation,
when the generated PV power exceeds the consumption of
the load and system electronics, the surplus is used to
charge the batteries if SOC < 100%:

Py > Py + Pes Pt <0, Pq =0. (6)

load self ? g

Battery discharge mode. When photovoltaic power is lower
than the total demand of the load and system, the deficit is
supplied by the BESS, provided the state of charge remains
above the minimum allowable level. Once the battery is
fully discharged, the load can only be supported by real-
time PV generation, which limits the reliability of power
supply during extended outages.

These operating conditions were recorded and analyzed over
a full 24-hour cycle, including alternating periods of grid avail-
ability and disconnection. Fig. 2 illustrates the temporal dy-
namics of the power generation Ppy (blue), the load consump-
tion Piad + Pses (red), the grid exchange Pgria (orange) as well
as the state of charge when SOC < 100% (green).

n T T T T T T 100
2.8 Pisy
26 [ P, +P 90
load  self A
24 H Pee N \
7\ 80
22 H SOC \// \\\
2 P\ \A 70
\
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W | 150 O
o 14 \/ \\ e}
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Fig. 2. Graphical illustration of monitoring data during the operation day of BPVP operation under a constant load (Pload
=0.955 kW) and periodic grid outages with a period T =2 hours, d = 0.625: Ppv — PV power at the inverter input (blue
curve), Pgria — power from the grid (yellow bars for each sample), Pioaa+Pseif — total consumption power (red curve), SOC —
state of charge of the battery (green curve)
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Energy relationships. Based on the power balance (3), the
energy balance equation at the end of the day can be ex-
pressed as follows:

N N

Z(EPV,i +AE 4 +AE,; ) :Z(Eload,i + By ) (7)

i=1 i=1

where the following notations are introduced for the en-
ergy of the i-th samples: Epy,; — the energy generated by
the BPVP during the i-th time interval; AEgriq— the energy
exchanged with the grid (AEgria, > 0 for power consumption
from the grid); AEpet; — the energy supplied to the load
from the battery (AEpat,i> 0) or the energy used for battery
charging (AEpati < 0), Eioadi and Epati — the energies con-
sumed by the load and by the system equipment, respec-
tively.

Let us proceed to the dimensionless energy variables by di-
viding equation (7) by the daily load, which is equal to:

N
E e :z Eoad i. (8)
i1

This implies the scaling of the calculation to any ratio of
generation to consumption. As a result, the daily balance
equation is obtained in the following form:

Aeyig ({di}) +Ae, ({d }) =1+ey,

where

—€y, (9)

1 N
€y = Z EPV,i,
Eload i=1
1 N
Coot == Z Eself ,i(10a)
Eload i=1

Aebat ({dl}) = Ei ZAEbat,i (di ),

load i=1

1

N
ZAEgrid,i (d| ) (10b)

load i=1

Aegrid ({d|}) = E

Aegrid (n1 D) =1+ Cseit —Cpyv (n)

The left-hand term of this balance represents the amount
of energy drawn from the grid to meet the consumer de-

mand (Aeglrid > 0) or, conversely, delivered to the grid
(Aegrid <0). This quantity compensates for the deficit

caused by insufficient photovoltaic generation and bat-
tery discharge and is denoted as the deficit energy

edeficit (n’ D) .

By solving the balance equation (11), the relationship be-

The variable €y, does not depend on the grid operation

mode (the set of parameters {d,}). The consumption com-

ponent ese|f , in a first approximation, can also be consid-
ered independent of di. The two components on the left-
hand side of equation (9), ( A€, ({d;}) i Aeg,id ({d.}),are

significantly dependent on {d,}. The right-hand side of

equation (9) represents the total daily energy deficit (or
surplus). When the energy generated by the BPVP does not
cover the consumption demand (right-hand side < 1), the
deficit is compensated by the centralized electrical grid
(term Aey;, ({d;}) ). If the grid is “absent,” the energy is

supplied by the battery (term Ae,, ({d.}) ). At the end of
the day, the battery returns to the same state as at the be-
ginning of the day, provided that Ae_, ({d,}) =0. Thus,

the lack of energy in the system for €p,, <1, which may oc-
cur over the course of a day, is compensated by the grid (
Aeyis ({di}) > 0). However, the magnitude of A€,
strongly depends on the disconnection mode, i.e., on the
set of parameters{di}, and naturally on the OD: the

greater the value of D, the less energy can be supplied by
the grid.

Experimental Conditions

Measurements and calculations of all components of the
energy balance equation (9) were carried out for the stud-
ied BPVP at various values of the outage density D. Each ex-
perimental day began with a scheduled grid disconnection
interval. The connection-disconnection periods were rela-
tively short (two hours), so the influence of their placement
(yellow bars in Fig. 2) relative to the local maxima of gener-
ated power was considered negligible. The analysis of the
experimental data was performed using an energy balance

model in which the full set of system parameters {di}was

reduced to a single variable — the outage density D. This
allowed the energy balance at the end of the n-th day to be
expressed in a simplified form

— A€, (N, D) =€45: (N, D) . (11)

tween the possible outage density and the given energy
deficit for the load was determined. It is more convenient
to establish this relationship graphically (see Fig. 3), based
on monitoring data obtained from the BPVP inverter. Each

data pair (D,edeﬁcit) corresponds to one experimental day
with a specific value of D. A linear regression (blue line) fit-
ted to the experimental points demonstrates good agree-

ment, characterized by a root mean square error (RMSE) of
0.057 and a coefficient of determination R? = 0.814.
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Fig. 3. Dependence of the energy deficit required to meet the load demand €., (N, D) on the outage density for differ-

ent observation days (n) at a battery charging power of 1 kW

The analysis of the obtained graph (Fig. 3) shows that more
frequent or longer grid outages are acceptable when a
smaller energy deficit is observed at the consumer side. In-
deed, the greater the PV generation and the capacity of the
BESS that supply the load, the less energy is required from
the grid. Therefore, the dependence presented in Fig. 3 can
be interpreted as follows: as D increases (i.e., as the grid
connection time decreases), the portion of the load de-
mand covered by the grid becomes smaller. Thus, the linear
relationship shown in Fig. 3 reflects both the consumer’s
energy demand from the grid and the grid’s ability to satisfy
that demand during the day.

Statistical properties of daily generation

The daily energy deficit that must be compensated by the
backup system depends on the ratio of cumulative PV gen-
eration to daily consumption. Therefore, to model and de-
sign a BPVP, it is essential to know the statistical character-
istics of its power output during the daytime generation
period. As an example, the distribution function (DF) and
the probability density function (PDF) of PV power output
variation during the day were obtained for the summer pe-
riod based on monitoring data recorded at 5-minute inter-
vals (Fig. 4). The interval estimation was carried out over
0.079 kW segments.

It should be noted that the shapes of these functions differ
from those of solar irradiance due to the hardware limita-
tion of the inverter’s maximum output power (1.74 kW2,
right side of the graph) and due to a reduction in power
generation at low solar altitudes caused by partial shading
from nearby buildings (in this case, a neighboring university
facility). The latter effect corresponds to the left-hand side
of the graphs. As a result, higher PDF values occur both at

MA, :Vlvi(epV (i-m)+e,, (i—-m+1)+..+e, (i+m-1) +e,, (i+m))

i=1

low BPVP power outputs and near the upper power limit of
the inverter.

1 T T T T T T
cdf
pdf a
*  Experimental data
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0 0.2 04 0.6 0.8 1 1.2 1.4 1.6

Poy: KW

Fig. 4. Cumulative distribution function (CDF) and probabil-
ity density function (PDF) of PV power (Ppv) during the
summer observation period. Dots represent interval esti-
mates based on 5-minute monitoring data

The energy stored in the battery must be sufficient to meet
consumer needs during periods of low solar irradiance.
Therefore, when determining the required BESS capacity,
one must take into account potential decreases in solar ra-
diation and energy production lasting several days. In this
work, these effects were evaluated using the Moving Aver-
age (MA) to capture the trend in daily energy generation
over periods ranging from three days to one week. So, we
used the expression various data averaging windows:

(12)

2The inverter power limitation is set to ensure more stable consumer supply under high levels of solar irradiance, as well as to pre-

vent frequent switching of the inverter from and to the grid.
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where W=2mM+1 - averaging window.

The moving-average profiles (MAs, MAs, and MA7) are
shown in Fig. 5. As the averaging window increases, the MA

0.7
0.6
0.5 A\

0.4

py

0.3

0.2

0.1

0 1 1

curves become smoother, while the estimates over longer
intervals become statistically more reliable. In capacity as-
sessments, the weekly moving average (MA;) was taken as
the reference (red line in Fig. 5).

1 1 |

10 20 30

40 50 60
n

Fig. 5. Daily generation profiles (epyv, dashed curve) and moving averages with different time windows: w = 3 (black
curve); w =5 (blue curve); w = 7 (red curve)

Calculation of the parameters and charging mode of the
battery

The daily MA7 profile was further used to model the daily
generation values epy,, through which the daily changes in
the battery energy were calculated as follows:

Aebat (n1 D) =1+ Ceir —Cpv (n) — Pen (1_ D) ’ 24: (13)

pch — battery charging power from the grid (in units of
Pioad); Pch — charging power, kW; Icn — charging current, A;
Vet — battery voltage, V.

During unfavorable periods, the total energy supplied by
the BESS — initially fully charged — should not exceed the
energy corresponding to its maximum allowable depth of
discharge. A graphical illustration of this process is
shown in Fig. 6, where the maximum discharge period is

where indicated by shading. The position of the zero-energy
_ _ line (Ae_. =0) depends on the outage density D and the
pch - I:)ch / I:)Ioad - Icthat / I:)Ioad (14) ( . bat ) P & y
charging power pch.
015 T T T T T
(075l o 1
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©
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Fig. 6. Smoothed variation curve (MA;7) of battery energy over the observation period. The shaded area indicates the in-
terval of maximum battery discharge ( Ae,,, > 0). The zero level ( Ae,,, =0) corresponds to D = 0.4, pch = 1

The lithium iron phosphate (LiFePO,4) battery pack used in
the study had a nominal voltage of 450 V and a total en-
ergy capacity of 10 kWh (22.2 Ah). According to the man-
ufacturer’s specifications, the maximum recommended
charging current does not exceed 0.5C. Therefore, the
charging current can be regulated via the battery manage-
ment system (BMS) within a wide range — up to approxi-
mately 11 A, corresponding to a maximum charging power
of 5 kW.

The total energy of the longest discharge period makes it pos-
sible to determine the required battery capacity as follows:

1 &
ebat,nom (D) == ~ Z Aebat (n’ D) ,

DoD & (15)

where D0OD - allowable Degree of Discharge, ni, n» — the
days marking the beginning and the end of the unfavorable

period A€, >0 (during this period, the battery supplies
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the load). Based on equation (15), the battery capacity in
kW-h is calculated as E; jon = €uat.nom Eioag - In Fig. 7, the

1.5

results of the BESS capacity calculations according to (15)
for different charging rates pc» are shown.

1.25
1.0

0.75

0.5

, Logarithmic curves

(=
[N
a

bat,nom

e

0.1 1 1 1

1 1 | |

0.45 0.5

0.55 0.6 0.65 0.7
D

0.75

Fig. 7. Family of curves showing the dependence of the required nominal battery energy on the outage density for differ-
ent charging power levels: 1 = pch=1; 2 = pch =1.2; 3 = pch =1.4; 4 — pch =1.6;
5-pch=1.86-pcnh=2.0

The required battery capacity increases approximately ex-
ponentially with the outage density D. The slope of the
curves in Fig. 7 depends on the charging power pch: with
higher charging power, the curves e, .. (D) become

steeper. Moreover, the higher the charging power, the
greater the outage density at which the system can still sup-
ply the consumer with electricity. For the experimental load
of about 1 kW, the charging power should range from 1 to
2 kW for the curves labeled 1-6. Thus, by adjusting the
charging current, it is possible to ensure a reliable power
supply under varying outage conditions.

Based on the experimental data, a quantitative depend-

ence pch(D) was derived, allowing the construction of

control characteristics for the battery charging process
(Fig. 8). Each curve in the graph corresponds to a specific
battery capacity (expressed in units of daily energy con-
sumption) and indicates how the charging power should be
adjusted depending on the grid outage regime.

For example, suppose the nominal battery energy equals
half of the daily load (esat,nom = 0.5), and the system is con-
figured for an outage mode of D= 0.4, i.e., for charging with
pch = 1. In the case of transitioning to a mode with D =0.7,
an energy deficit for load supply will occur, which can be
compensated by increasing the charging power to pch = 2,
according to the graph in Fig. 8 (green curve).

Discussion and Conclusion

A study was carried out on the operation of a grid-con-
nected backup photovoltaic power plant (BPVP) with an in-
stalled capacity of 2.2 kW in order to assess the feasibility
of using the system as a backup power source during regu-
lar outages of the centralized power grid. The experiments
were conducted under different modes of periodic discon-
nections during the summer months, characterized by the
outage density parameter in the range of D = 0.45 — 0.68.
Throughout the experiments, a constant resistive load of
0.955 kW was maintained. Analysis of the collected data in
terms of the energy exchange balance among the system

components at 5-minute intervals allows the following ob-
servations and conclusions to be made.
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Fig. 8. Family of control characteristics pcx(D) for the bat-

tery-charging process with different nominal battery ca-

pacities (expressed in units of daily energy consumption)
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When the daily energy generation of the BPVP is lower than
the daily electrical load, an energy deficit eqeficit (n, D) oc-
curs, which is compensated by energy supplied from the
grid. However, the grid’s ability to cover this deficit is lim-
ited by the frequency and duration of outages (defined by
the parameter D). The smaller the energy deficit, the higher
the value of D at which the system can reliably support the
load. For example, when the relative energy deficit equals
0.9, the BPVP can operate reliably at D = 0.46; when the
deficit decreases twofold, to 0.45, the load can be sus-
tained even at D = 0.68. This relationship of egeficit (n, D) fol-
lows a linear regression, as illustrated in Fig. 3.

To ensure more stable operation of the BPVP under high lev-
els of solar irradiance, the inverter’s maximum AC output
power was limited to 1.74 kW. Consequently, the distribu-
tion function of inverter power differs from that of solar irra-
diance. Based on 5-minute monitoring data, the cumulative
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distribution function (CDF) and probability density function
(PDF) of photovoltaic power generation (Pev) were deter-
mined (see Fig. 4). During the summer operational period, a
higher probability of both low and high Pey values was ob-
served — near the boundaries of the (0; 1.7) kW interval.

The required parameters of the BESS were calculated as a
function of grid outage density. The daily energy generation
was modeled using a moving-average smoothing of cumu-
lative monitoring data (epv, Fig. 5). A family of curves was
obtained showing the dependence of the required nominal
battery energy ebat, nom(D) on the outage density for differ-
ent battery charging power levels (Fig. 7). It was demon-
strated that esat, nom increases approximately exponentially
with increasing D.

It has been shown that reliable operation of the BPVP under
various outage regimes (parameter D) can be ensured by ad-
justing the charging power (or current) of the BESS through
the BMS. The following input data are required for this ad-
justment: a weekly moving-average profile of daily PV gener-
ation, the daily load profile, the daily outage density, and the
specified BESS parameters (nominal capacity and depth of
discharge). The study also presents a method for deriving the
corresponding control characteristics, illustrated in Fig. 8.

REFERENCES

1. SalmanH.M., Pasupuletil., Sabry A.H. Review on Causes
of Power Outages and Their Occurrence: Mitigation
Strategies. Sustainability. 2023. Vol. 15. Article 15001,
https://doi.org/10.3390/su152015001.

2. Bo Li, Junwei Ma, Femi Omitaomu, Ali Mostafavi. Re-
cent Decade’s Power Outage Data Reveals the Increas-
ing Vulnerability of U.S. Power Infrastructure. August
2024. LicenseCC BY-NC-ND 4.0, doi:
10.48550/arXiv.2408.15882.

3. Gupta Y., Vaidya R., Kumar H.S.V.S.N., Kamalasadan S.,
Doolla S. Optimal PV - Battery Sizing for Residential and
Commercial Loads Considering Grid Outages. IEEE In-
ternational Conference on Power Electronics, Smart
Grid and Renewable Energy, PESGRE. 2020. Article
9070371,
https://doi.org/10.1109/PESGRE45664.2020.9070371.

4. Borujeni M.S., Ofetotse E.L., Nebel J.-C. A solar backup
system to provide reliable energy in presence of un-
planned power outages. Journal of Energy Storage.
2022. Vol. 47. Article 103653,
https://doi.org/10.1016/j.est.2021.103653.

5. Murshed M., Chamana M., Schmitt K., Pol S., Adeyanju
0., Bayne S. Renewable Energy Integration for Power
Outage Mitigation: A Data-Driven Approach in Advanc-
ing Grid Resilience Strategies. Preprints. 31 August
2023. N 2023082119, https://doi.org/10.20944/pre-
prints202308.2119.v1.

6. Eyimaya S.E., Altin N., Nasiri A. Optimization of Pho-
tovol-taic and Battery Storage Sizing in a DC Microgrid
Using LSTM Networks Based on Load Forecasting. Ener-
gies. 2025. Vol. 18. Article 3676,
https://doi.org/10.3390/en18143676.

10.

11.

12.

13.

14.

15.

16.

17.

Gaevsky 0.Yu., Gayevska G.M., Ivanchuk V.Yu. Backup
PV plant under conditions of periodic disconnections of
consumers from the power grid. Vidnovlyuvana Ener-
getica. 2023. No. 1(72). P. 27-36,

https://doi.org/10.36296/1819-8058.2023.1(72)27-36.

Tsianikas S., Jian Zhou J., Dunbar P. Birnie Il D.P., Coit
D.W. Economic trends and comparisons for optimizing
grid-outage resilient photovoltaic and battery systems.
Applied Energy. 2019. Vol. 256(9). Article 113892, doi:
10.1016/j.apenergy.2019.113892.

Tostado-Veliz M., Icaza-Alvarez D., Jurado F. A novel
methodology for optimal sizing photovoltaic-battery
systems in smart homes considering grid outages and
demand response. Renewable Energy. 2021. Vol. 170.
pp. 884—-896,
https://doi.org/10.1016/j.renene.2021.02.006.

Khoury J., Mbayed R., Salloum G., Monmasson E. Opti-
mal sizing of a residential PV-battery backup for an in-
termittent primary energy source under realistic con-
straintsEnergy and Buildings. 2015. Vol. 15. pp.206-216,
https://doi.org/10.1016/j.enbuild.2015.07.045.

Pavlov V., Budko V., Budko M., Karpchuk H. Features of
creation of the charging station network of electric ve-
hicles with the use of renewable energy sources. Vid-
novlyuvana Energetica. 2022. No. 2(69). P. 13-19,
https://doi.org/10.36296/1819-8058.2022.2(69).13-
19.

E. Chatterji E., Bazilian M.D. Battery Storage for Resili-
ent Homes. IEEE Access. 2020. Vol. 8. pp. 184497-
184511, doi: 10.1109/ACCESS.2020.3029989].

Birnie Il D. P. Optimal battery sizing for storm-resilient
photovoltaic power island systems. Solar Energy. 2014.
Vol. 109. pp. 165-173,
https://doi.org/10.1016/j.solener.2014.08.016.

Mendoza-Osorio D. A Review in Bess Optimization for
Power Systems. TecnolLdgicas. 2023. Vol. 26. - N 56. Ar-
ticle 2426,

https://doi.org/10.22430/22565337.2426.

Colle S., Abreu S.L., Ruther R. Economic evaluation and
optimization of hybrid diesel/photovoltaic systems in-
tegrated to utility grids. Solar Energy, — 2004. Vol. 76.
Issues 1-3. P. 295299,
https://doi.org/10.1016/j.solener.2003.08.008.

Mohamed R.G., Hassan A.A., Abdel Al., Shady H. E. A
modified energy management strategy for PV/diesel
hybrid system to reduce diesel consumption based on
artificial protozoa optimizer. Scientific Reports. 2025.
Vol. 15. Article 4440, https://doi.org/10.1038/s41598-
025-87716-y.

Aziz, Ali & Tajuddin, Mohammad Faridun Naim & Adz-
man et al. Energy Management and Optimization of a
PV/Diesel/Battery Hybrid Energy System Using a Com-
bined Dispatch Strategy. Sustainability. 2019. Vol. 11. Is-
sue 3. Article 10.3390/s5u11030683,
https://www.mdpi.com/2071-1050/11/3/683.

164


https://doi.org/10.36296/1819-8058.2023.1(72)27-36
https://doi.org/10.36296/1819-8058.2022.2(69).13-19
https://doi.org/10.36296/1819-8058.2022.2(69).13-19

