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BUMYWEHO20 OBMEMEHHA, WO MNpu3sodums 00 HeOOBUKOPUC- 1 ;s HallioHanbHMi TexHIMHMWIA yHiBepCUTET
MQaHHA 00CMYNHO20 eHep2emu4yHo20 pecypcy. Y makux yMmoseax cu- YKpaiHu « KUIBCbKUIA NOMTEXHIYHUI iHCTUTYT
CMeMU HAKOMUYeHHs eHepaii po32aa0armsca AK Kawo4yosuli iH- M. Iropsa Cikopcbkoro», m. Kuis, YKpaiHa;
cCmpymeHm nidsuUWEeHHA (haKkmu4Ho20 8i0NycKy enekmpoeHepeaii, > IHCTUTYT BigHOBOBaHOI eHepreTukn HAH
0OHaK icHytoYi MidX0du 00 ix BUKOPUCMAHHSA MepesaxcHo opieHmo- YKPaHK, M. Kuis, YkpaiHa;
8GHI HO EKOHOMIYHY OMUMI3AUII0, O HEe HA MAKCUMI3auito 8upo6- ° 3aXiAHOYECbKMi yHiBepeuTer, Mnseb,
neHHA. Lle 3ymoestoe HeobxiOHicmb nepeocmucsneHHs posi gomoe- Hecora Pec”y6“'Ka’ Heceka ¢°T°e"?KT,quHa

. acouiauia, NnseHb, Yecbka Pecnybnika;

n?KmpuwHux cmaHuyil 3 aKyMynﬂmopﬁumu bamapeamu Ak 3acoby , IHKEHEPHO-TEXHOROFHMH IHCTHTYT FoKa-
niosuweHHA edhekmusHOCMI 2eHepay,ii 8 yMo8ax pUHKY enekmpoe- pagy PaHrapagy, IHajs.
Hepeii. Memoto pobomu € cucmemHull aHAAI3 Cy4acHuUX nioxodie 0o
hyHKUjOHYBAHHSA homoenekmpuYyHUX cucmem 3 6A0KAMU GKYMYAHOB8AHHA eHepeaii 8 pUHKOBUX yMOB8ax 3 no3uyil
ix enauey Ha obcsz ma cmabinsbHicms 8upobneHHA enekmpoeHepeaii. [na docsaeHeHHS nocmaessneHoi memu eupi-
WweHo maki 3a0a4i: y3a2aabHeHOo nioxoou 0o po32asa0y cucmem ¢homoeneKkmpuvHUX cmaHuili 3 6s10Kkom aKymy-
AamopHuUx 6amapeli Ak 6a2amopyHKUIOHAbHO20 PUHKOB020 GKMUBY; MNpoaHanizoeaHo memoou onmumisauii
ma cmpamezii Kepy8aHHA HAKoNu4ysa4amu; 00CniO#eHOo nioxoou 0o MoOento8aHHA 0e2padauil akymynamopie
ma ii enaue Ha 00820CMPOKOBY ePEKMUBHICMb,; PO32/1AHYMO 0bMex eHHs iHeepmopHo20 061a0HAHHA Ma Po3-
nooinb4yux Mepex:; rNpPoaHani308aHo 0cobausocmi PyHKUIOHYBAHHA PUHKY esneKkmpoeHepeii YKpaiHu 8 KOH-
mekxcmi iHmezpauii cucmem Hakonu4yeHHA. MemoOu4YHO 00CAiOHCeHHS IPYHMYEMbCA HA NOPIBHANbHOMY AHAANI3I
CyYaCHUX HAYKoBUX OMcepes1, W0 OXOMAiombs 3a0a4i onmumizayii pexcumie pobomu cucmem ghpomoenekmpuy-
HUX cmaHuyiti 3 610KomM akymynamopHux 6amapeli, MOOeM08AHHS IX MEXHIYHUX XapaKmepucmuK ma yyacmi e
Pi3HUX ceameHmax puHKy esekmpoeHepeaii. Ocobnusy ysazy npudineHo y3200HeHHIO MexXHIYHUX npouyecie eeHe-
pauii ma HAKONUYEeHHSA 3 PUHKOBUMU MEXAHI3MAaMU, a MAKOXC OUiHYi 8rausy cmpamezili Kepy8aHHA Ha ¢hakmu-
yHuli 8idnyck enekmpoeHepeii. ¥ pe3ynomami 8CmaHo8seHo, W0 eheKkmusHicms cucmem homoenekmpuyHUX
cmaHyili 3 6s10KOM aKymynamopHux bamapeli BU3HAYAEMbCA He uwe napamempamu Hakonu4ysaya, ane U su-
bpaHumu pexcumamu (io2o pobomu, AKi 8NAUBAIOMb HA pigeHb 0bMeX(eHHA 2eHepayil, BUKOPUCMAHHA 8CMAHO-
8/1€HOI MomyxHocmi ma 00820cmMpPoKosy docmymnHicms eHepaemu4Ho20 pecypcy. [ToKa3aHo, W0 i2HOpy8aHHA
Oeepadauii akymynsmopie ma mepexesux obMexeHb npu3sooums 00 repeoyiHKU epekmusHocmi cucmem,
modi fK iX ypaxyeaHHA 3MiHIOE ONMUMaAnbHi cmpamezii Kepy8aHHSA. BusesneHo 8i0CymHicmb KOMIAEeKCHUX Mioxo-
dis, AKi 6 00HOYACHO 8PAX08YBASU PUHKOBI YMOBU, MEXHIYHI 0BMeXeHHA ma 3MiHy XapakmepucmuK cucmem y
yaci. OmpumaHi pe3ysnsmamu 0aroms 3moz2y cihopmyn08amu HayKoeo obrpyHmosaHi Hanpamu nodanswux 0o-
CN1i0MHceHb, CrIPAMOBAHUX HA pO3pobrieHHA iHMezposaHux moodesneli Kepy8aHHA cucmem omoeneKmpu4HUX
CMaHyiti 3 6s10KOM aKymynsamopHux bamapeti, 0pieHMOBAHUX HA MAKCUMI3ayito haKmMuUYHo20 8UpobsieHHsA ene-
KmpoeHepezii ma 3MmeHWeHHA if empam y npoueci ekcrnayamauyii.

Knrouosi cnoea: homoenekmpuyHi CmaHyii; cucmemu HAKOMUYEeHHA eHepeaii; supobreHHs eneKkmpoeHepaii;
onmumizauis pexcumie pobomu; 6aa1aHCYBAHHA eHepaocucmemu, obmexeHHsA eeHepayii; iHeepmopHo-opieH-
mosaHi mepexci; 8i0HOB08AHI Oxepena eHepail.
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MNepnik BUKOPUCTAHMX NO3HAYEHb Ta CKOPOUYEHDb
BAE - sigHOBAtOBaHI Axepena eHeprii

®EC - poToeneKTpocTaHLia

AKB - akymynatopHa b6aTtapes

Bctyn. TpaHchopmalis cBiToBOI eHepreTukun B XXI cToNiTTi
AKLLEHTYETbCA Ha HU3bKOBYINELEeBMX TEXHONOTIAX Ta aKTUB-
HOMY BMpPOBAAXKEHHI eHepreTMYHMUX YCTaHOBOK HA OCHOBI
BiAHOB/IIOBAHUX AxKepesn eHeprii. BianosigHoO 40 aKkTyanb-
HUX CTAaTUCTUYHUX AaHux [1-3] coHAYHa poToeHepreTmKa
BUCTYMAE KNOYOBMM UYMHHWUKOM PO3LUMPEHHA reHepawii
eNeKTpoeHeprii, Wo AOKOPIHHO 3MiHIOE apXiTEKTYpY rnoba-
NbHOTrO eHeprobanaHcy. BoaHoyac Taka TpaHcdopmauia
3MIHIOE He nuwe CTPYKTYpY reHepauii, ane n NpUHLUNK
bYHKLiOHYBaHHA €HeprocmMcTem, OCKiNIbKM 3pOCTAE YacTKa
NOTYXKHOCTEN 3i 3MiHHMM BUPOBITKOM, AKUI 3a1eXnUTb Big,
npupoaHMx ymoB. Ha etani po3BuTKy cnovaTKy BYrinbHUX
TEXHOJIOri, a B NOAA/bLIOMY I aTOMHOI eHepreTMkn Tpa-
AMuiiHa Mofenb eNleKTPOeHepreTUKKN FpyHTyBasnaca Ha BU-
KOPWUCTaHHI KEPOBaHWUX eNIeKTPOCTaHLiN, 34aTHWX 3abe3ne-
4yyBaTu cTabinbHe BUPOBAEHHS enekTpoeHeprii BignosigHo
[0 HaBaHTaXKeHHA. B ymoBax, AKi CKNnaJaloTbCA Ha CbOroa-
HiLWHIM AeHb 3 BUCOKOH YAaCTKOK BUPOBITKY efleKTpoeHepril
YCTaHOBKaMM Ha OCHOBi BiAHOB/IIOBAaHWX AXKepes eHeprii
(BAE) ua mogenb TpaHCHOPMYETLCA B CUCTEMY, Y SIKilA KAtO-
4YOBY POJIb BiAirpae rHy4KicTb. 30Kpema, Le NPOABAAETLCA B
PO3BUTKY CErMEHTOBAHUX PUHKIB eneKTpoeHeprii, a came
«Ha noby Hanepen», BHYTPiWHbOA060BUX Ta banaHcyBasib-
HUX MEXaHi3Max, Lo 3abe3neyytoTb y3roasKeHHs BUpobiTKy
Ta CNOXMBAHHA eNeKTPUYHOI eHeprii B ymoBax HeBM3Haye-
HocTi [4, 5]. 3a Takux ymoB epeKTUBHICTb QYHKLiOHYBaHHS
eHeprocMcTem nepeBaXkHO BU3HAYAETbCA 34aTHICTIO afan-
TyBaTH ii po60TY A0 3MiIHHMX 30BHIiLWHIX YyMOB (Hanpuknaa,
3MiHW iHTEHCMBHOCTI COHAYHOMO BUMPOMIHIOBAHHSA), LLLO BU-
3HAYalTb HEPIBHOMIPHMI BiflHOCHO HAaBaHTaXKEHHS Xapak-
Tep BUPODLITKY eneKkTpoeHepril.

[eHepytodi NOTYXKHOCTI COHAYHOT eHepreTMKK, NoNpPu 3HaYHiI
nepesaru 3 NOrnA4y eKo/0r4YHOCTi Ta BUKOPUCTAHHA micLie-
BOr0 eHepreTM4YHOro pPecypcy, XapaKTepusyoTbCA HepiBHO-
MIpHICTIO BMPOBITKY enekTpoeHeprii, Wo 06yMOBAIOETbCA
£060BMMM Ta CE30HHUMM KONMBAHHAMM iIHTEHCUBHOCTI CO-
HAYHOro BMMPOMiHIOBaHHA (BT/M2). ToCTiMHi 3MiHM ULbOro
NOKa3HMKA B Yaci NpU3BOAATb A0 BUHUKHEHHA HEBIANOBIA-
HOCTi MiXK reHepaLi€to Ta CNOXMBAHHAM, @ TAKOX A0 0bme-
YKEHHA BigNyCKy eneKkTpoeHeprii B nepiogy nikosoi reHepau,ii
[2, 6]. BHacnigoK TakMx HeBiAMNOBiAHOCTEM YacTMHA NOTEeH-
LiMHO A,OCTYNHOFO EHEePreTUYHOro Pecypcy 3a/IMLWAETHCA He-
BMKOPWCTAHOO, LLLO 3HUXKYE 3arasibHy edeKTUBHICTb GYHKLL-
OHYBaHHA GOTOENEKTPUUHUX CUCTEM.

OgHMM 3 BapiaHTiB NigBULLEHHA edEKTUBHOCTI BUMKOPUC-
TaHHA BigHOBNOBAHMUX AxKepen eHeprii € iHTerpauia 61okiB
HaKOMMYeHHA Ta 36epiraHHA eHeprii B iCHylO4Yi eHeprocuc-
TeMM 3i 3HAYHOK YacTKol HecTabinbHOi reHepauyii. Cuc-
TEMW aKyMY/OBaHHA Aal0Tb 3MOTY 34iMCHIOBATU YacoBUM
nepeposnoAin enekTpoeHeprii, HAKoNMYy4M ii B nepioam
HaANMLLKOBOro BMPODBITKY Ta BUKOPWUCTOBYHOUM, BifnNoBia-

CEM - cuctema eHepromeHegKMeEHTY
CHE — cuctema HakonuyeHHA eHeprii

PAH — puHoOK Ha foby Hanepep,

HO, y mepioau NiABULLEHOrO eNeKTPOHaBaHTaXeHHA. Lle
CNpuse BMpPiBHIOBaHHIO Npodinto BUPOBITKY enekTpoeHep-
rii Ta 3MeHLWeHHI0 0bMeKeHb reHepalii, a TaKoXK CTBOPIHOE
nepeanymoBsu gnsa epekTUBHILWOI iHTerpay,ii BiAHOBAOBAHMX
OKepen B icHytoui eHeprocuctemm [6-8].

Y LbOMY KOHTEKCTi NOEAHAHHA GOTOENEKTPUYHUX CUCTEM 3
HakonuuyyBadamu eHeprii (PEC + AKB) posrnsgaetbca sk
NPaKTUYHE pilleHHA He nAuwe NiaBULWEeHHA edeKTUBHOCTI
BMKOPUCTaHHA eHeprii COHAYHOro BUNPOMIiHIOBaHHSA, ane i
pO3LWMpPEHHA GYHKLIOHANIbHUX MOX/IMBOCTEN reHepyrUmnx
noTy»KHocTel. Taki KombiHaUil 34aTHIi NoegHyBaTU BUPO6-
NIeHHA eneKkTpoeHeprii 3 il HAKONWMYEHHAM i THYYKUM ynpas-
NiHHAM pexXumamu poboTH, WO [a€E 3mory ajanTysBaTu
npodinb reHepauii 4O YMOB PUHKY Ta noTpeb eHeprocuc-
Temu [4, 7]. BignosigHo, ®EC + AKB cucTemun NoCTynoBo
TpaHCPOPMYIOTbCA 3 NACUBHUX AXKEpe reHepaLlii B aKTUBHI
eHepreTnyHi 06’eKkTn, 34aTHi 6paTh yyacTb y pi3HMX cerme-
HTax PUHKY eneKkTpoeHeprii.

PO3BUTOK THYYKMX PUHKIB eneKkTpoeHeprii CTBOPHOE HOBI
MOX/IMBOCTI AN1A BUKOPUCTAaHHA TaKUX cucTeM. 30Kpema,
HaKONMYyBayi eHeprii MOXKyTb 3aay4aTmCA A0 Ha4aHHA 0-
NOMIiXKHUX MOCAYT, y4acTi B 6anaHCyBaHHiI cuctemu Ta onTu-
Mi3aLii perknmis reHepalii BiANOBIAHO A0 3aNUTIB PUHKY.
JocnifrKeHHA oCTaHHIX POKiB MOKAa3yoTb, WO ePpeKTUBHICTb
BUKopuctaHHA ®EC + AKB 3Ha4yHOI Mipoto BM3HAYaAETLCA
AK TEXHIYHUMM XapaKTePUCTUKAMM CUCTEMM, TaK i 0cobu-
BOCTAMW PUHKOBOI CTPYKTYPU, BKAKOYHO 3 NpPaBUIaMu y4a-
CTi B Pi3HMX CErMEHTax PUHKY Ta MexaHi3mu GopMyBaHHA
LiH [4, 5, 9].

BogHouac, nonpu YMmmany KinbKicTb AOCNigKeHb Yy Uuin
coepi, 3aNUIIAETLCA PAL, HEBUPILLEHUX MUTAHb. 3HAYHA Ya-
CTMHa HAyKOBMX POBIT 30cepesKyeTbC HA EKOHOMIYHMX
acnekTtax ¢yHKuUioHyBaHHA PEC + AKB, To4i AIK NUTaHHSA Ma-
KCMMaNbHOro BUPOOAEHHA enekTpoeHeprii Ta edeKTus-
HOro BUKOPWUCTAHHA BifiHOB/HOBAHOIO EHEpPropecypcy pos-
rnagaoTbcA  dparmeHTapHo. Kpim TOro, HeAoCTaTHbO
BPaxOBYETbCA BMN/IMB PEXMMIB eKcnyaTalii Ta gerpagauii
HaKoOMNWYyBayiB Ha AOBIrOCTPOKOBY eDEKTUBHICTb cUCTEM [8,
9].

TakMM YMHOM, Y Cy4aCHUX YMOBAX BUHUKAE noTpeba B cuc-
TEeMHOMY aHanisi niaxoAis Ao GyHKLUiOHYBaHHA GOTOENEKT-
PUYHUX CUCTEM 3 HAKOMMYyBadYaMM eHEeprii 3 ypaxyBaHHAM
AK TEXHIYHWX, TAK | PUHKOBUX YMHHUKIB. Ocob6MBOI yBaru
notpebye AOCAiANKEHHA TOFO, AK CTPATerii KepyBaHHA Ta on-
TMMI3aL,ii BNANBAOTb Ha BUPOBAEHHA eNeKTpoeHeprii Ta pi-
BEHb BUKOPWUCTAHHA BCTAHOBNEHMUX MOTYKHOCTEWN.

MeTolo Uji€i ornApoBOI CTATTi € y3ara/ibHEHHA Cy4YaCHUX
nigxoais Ao pobotn cuctem PEC 3 AKB y pUHKOBMX YMOBaXx
Ta BM3HAYEHHSs X BNAMBY Ha edeKTMBHe 3abe3neyeHHsn
€/1eKTPOEHEPTiEID MOTOYHOIrO HaBaHTAXeHHA. Y mexkax
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poboTK aHani3ylTbCA iCHylOYi cTpaTerii KepyBaHHSA, Nig-
X0AM A0 ONTUMI3aLLT Ta 0COHBAMBOCTI iHTerpaLii Takmx cuc-
TeM y CTPYKTYPY Cy4aCHUX PUHKIB eNleKTpoeHeprii, a TakoX
BM3HAYalOTbCA HANPAMM MOAANbLUMX AOCAILKEHb Y UK
coepi.

Cuctemu poTOENEKTPUYHUX CTAHLi 3 6B1O0KOM akymyns-
TopHUx 6GaTtapeit AK 6aratodyHKUiOHaNbHUIA PUHKOBUIA
AKTUB. [MOCTIHUN PO3BUTOK CUCTEM aKYMYJIFOBAHHA €/1eKT-
PUYHOI eHeprii po3WKMptoe X GYHKLIOHANbHICTb Y CKAaAi
eHepreTMyHux cuctem, ocobameo npw iHTerpadii 3 dpoTtoe-
NEeKTPUYHMMM cTaHuismm (PEC). B ymoBax BMCOKOI YacCTKu
COHAYHOI reHepaujii cToxacTMyHa Npupoaa BUPOBITKy enek-
TpoOeHeprii CTBOPIOE HEPIBHOMIPHICTb Bi4MNYCKY NOTYXKHOCTI,
O NPU3BOAUTL 40 BUMYLLEHUX OBMEKEHb reHepalii, ne-
peBaHTaXKeHb Yy PO3NOAIAbYMX MEPENKAX Ta SHUKEHHSA ede-
KTMBHOCTI BUKOPUCTaHHA NOTY>KHOCTi PEC. Y LbOMYy KOH-
TeKkcTi ®EC + AKB (akymynsaTopHi 6aTtapei) ciig po3rnagatm
nepeaycim AK iHCTPYMEHT NifBULLEHHS ePEKTUBHOCTI BUKO-
pUCTaHHA enekTpoeHeprii, BupobneHoi ®EC, wnaxom ii
NpPOCTOPOBO-4aCOBOro Nepepo3nosiny.

AKB B KoMbiHauji 3 DEC BUKOHYe dyHKUj0 Bydepa, akuit
[Oa€ 3Mmory:

® HaKoMuuyBaTW HaA/IMLLKOBUI BUPOBITOK enekTpoeHep-
rii B roAnHM NiKOBOT COHAYHOI reHepau,ii;

® 3MillyBaTV BiAMYCK eHeprii Ha roAWHN 3 NiABULLEHUM
nonuTom;

e dopmyBaTu KepoBaHWUi rpadik BiANYCKY NOTYKHOCTI;
® 3MEHLYBATU LWBMAKICTb 3MiHW NOTYKHOCTI;

* MiHIMi3yBaTV BTpaTH reHepaLii yepes obmerKeHHA eKc-
nopTy.

Omxe, yyactb PEC+AKDB y pvHKY eNeKTpUYHOI eHeprii po3-
rNALAETLCA He nuwe AK GiHAHCOBMI MexaHi3Mm, a AK cno-
ci6 TexHonoriyHoi peanisauii NOBHIWOro BMKOPUCTaHHA
$OTOENEKTPUYHOrO EeHepreTMYHOro noTeHUiany Micue-
BOro eHepropecypcy. MuTaHHA Wo[o HaedeKTUBHILIOro
cnocoby iHTerpauii akymynaTopiB y pUHOK 3 6araTbma mo-
KANBOCTAMM AocCi BigkpuTe. Baxanso 3’AcysaTtu, AKi mMo-
Leni ekcnayaTalii 34aTHI MOKPALWMTY THYYKICTb eHeprocu-
CTeEMM Ta AK BaAPIlOBATUMYTbCA MNOKA3HUMKM poboTK
aKyMynAaTopiB 3a/1eXKHO Bif BUBpaHoro cueHapito. Katoyo-
BUM BUKIMKOM MNpU iHTerpauii akymynstopis 3 poTtoenek-
TPUYHUMM CTAHLIAMM € MOLWYK 6anaHcy MiK TEXHIYHUMU
XapaKTepucTMKamm (NOTYKHICTIO Ta EMHICTIO) | BUBpaHoto
cTpaTerieto poboTu, sika 6 3abesneynna HalWBUALY OKY-
MHICTb i MaKcMManbHU NPUOYTOK. Y HayKoBil ChiNbHOTI
NiAKPECAIO0Tb, WO PO3BUTOK PO3MNOAINbYNX MEPEXK 3 BU-
COKO YacCTKOK BUPOBITKY enekTpUYHOI eHepril yCTaHoB-
KaMW Ha OCHOBI BifAHOB/IIOBAHUX [AKepen CynpoBOAXKY-
€TbCA 3POCTAHHAM npobiem 3 AKICTIO enekTpoeHeprii,
CTabiNbHICTIO YacTOTH, peryaoBaHHAM Hanpyru Ta Kepy-
BaHHAM nepeBaHTaxXeHHAM. Po3pobnstoTbes nigxoan Ao
KepyBaHHA AKB y po3noginbynx meperkax, Wo NoeEAHYOTb
AK NOKaNbHi aAroputmm (BUKOPMCTOBYIOTb CTpaTerii Kepy-
BaHHA 33 NpaBUAaMM YM 33 «NpPOCiAaHHAM» poboumnx na-
pameTpiB), TaK i LeHTpani3oBaHi onTUMI3auilHi niaxoau,
AKi BpaxoBYyHOTb MepexeBi obmerkeHHa [10].

[ns BUpilIeHHA NOCTaBNeHMX 3a4a4 y NpoekTi M5BAT [11]
NOEAHAHO 3aCTOCYBAaHHA OAHOYACHO TPbOX Pi3HMX TUNIB
€/IEKTPOXIMIYHUX aKYMYNATOPHUX cUCTEM (NiTil-iOHHMX,
CBUHLLEBO-KUC/IOTHUX Ta  HATPiN-HIKENb-XNOPUAHUX)  3i
CKNIaJHOI0 iEPaAPXIYHOI0 apXiTEKTYPOI KepyBaHHA, WO Aa-
BaJs1la 3mory epeKTMBHO BUKOPUCTOBYBATU NepeBarm KOXKHOI
AKB. NiTili-ioHHI aKymynsaTopwm, 3 iX WiNbHICTIO NOTYKHOCTI
Ta MOM/IMBOCTAMM LIBUAKOIO pearyBaHHA, MepeBaXKHo BU-
KOPUCTOBYBANCA ANA PETYNOBAaHHA YacTOTU M MiATPUMKM
nepexigHUX NpPoueciB 3 AOCATHEHHAM Yacy BioryKy meHuue
OAHI€l cekyHaM. HaTpili-Hikenb-xno0pugHi akymynatopu, 3
iIXHbOI LWNBbHICTIO eHeprii Ta MOXAMBOCTAMU TPWUBANOTO
Yyacy poboTu, cnpasBaannca 3 BeIMKUMU obcaramm eHeprii,
3anobiratoun YOTUPUTrogMHHOMY CKOPOUYEHHIO MIKOBUX Ha-
BAHTA)KeHb Ta 3CyBY 4Yacy poboTu BiAHOBNOBAHOI eHepril.
CBMHLEBO-KUCNOTHI akymynatopu 3abesnevyBanu npo-
MiXKHY NiATPUMKY, 0COBIMBO ANA PEXUMIB, AKI BUMaraloTb
YyacToro, ase HernMboKoro UMKAy po3pagy. 3anponoHo-
BaHa cuctema eHepromeHegKmeHTy (CEM) AnHamiyHo po-
3M0AiNANa NOTOKU NOTYXHOCTI, BPAaXOBYHOUYM YMOBU MEpPEXKi
B PEXWMi peasibHOro 4Yacy, 3 BUKOPUCTAHHAM anroputmis
NporHo3oBaHoro KepyeaHHsA (MPC) gna onTumanbHOro po-
3noainy poboTu KOXKHOro TUNY aKymynsaTopis. PeanisoBaHa
cucTema cTabinisyBana ancbanaHc Hanpyrm 3 2.9 o 1.6 %
Y NIOKanbHi Mmepexi pos3noginy 1a epeKTUBHO 3riafxKy-
Basia NOTY)KHOCTI CyCigHiX BiTporeHepaTopis, AocAratoum
3MEHLUEHHA WBWUAKOCTI NPUPOCTY NOTYXKHOCTI Ha 70 %y ne-
pioan BWMCOKOI MIHAMBOCTI, Ta peanisoByBasa YoTUPUro-
OVHHUI 3cyB reHepadii. NMpoTe B uboMy A0CNiAKeHHi Heao-
CTaTHbO BUCBIT/IEHE MNMTaHHA MaKCUMi3aLil BUPOBITKY
eHeprii Bi4HOBMOBAaHUMM AXKepeiaMn eHeprii B NOEAHAHHI
3 CMCTEMOI0 YNpaBAiHHA Ta He BKa3aHWI BNMB nepepo3no-
Ainy eHeprii MixK pi3HUMM CUCTEMAMM HAKOMUYEHHSA Ha 06-
CAr aKYMy/IbOBAHOI Ta 3aHOBO BigNyL,eHOI eHeprii.

Ha cborofHi akTyaibHUM € NUTAHHA ONTMMAJIbHOrO anro-
PUTMY BUKOPUCTAHHA aKyMyIATOPHUX BaTapel ansa pisHUx
cTpaTerii poboTH Ha PUHKY eIeKTPUYHOT eHeprii. Tak, y po-
60Ti [12] po3rnAgaeTbcA ONTMMaabHE AMCNETYEPYBAHHS
cMCTeMM HakonuueHHaA eHeprii (CHE) Ha puHKy Ha 006y Ha-
nepeg 3 Nobya0Bo0 MaTeMaTUYHO ObrPyHTOBaHOI CTpaTe-
rif, AKa nepenbavyae MakcMManbHUI NPUBYTOK Big eHepre-
TUYHOrO apbiTpaky, BPaxoBYHOUYM MpPU LbOMY AMHAMIKY
cTaHy 3apsaay AKB Ta ix TexHiyHi obmerkeHHsA. Llel nigxig,
po3rnAaae NocTaBAeHy 3aayy fAK rnobanbHy onTumisauio
Ha rOpPU3OHTI NAaHYBaHHA, A€ BMKOPWUCTAHHA CUCTEMW B
O4Hi NPOMIXKKM Yacy BNAMBAE Ha AOCTYMHICTb pecypcy B
iHWi. Tox cTpaTeria po60TM BU3HAYAETHCA B3AEMO3B’A3SKOM
MiXK LiHamMmM BNPoaoBK BCi€l 4obKn, a onTMManbHUi rpadik
BMKOPUCTAHHA CUCTEMM aKyMY1t0BAHHA POPMYETLCA 3 ypa-
XyBaHHAM MalibyTHixX NiKoBMX nepioais.

Y cBoto Yepry aBTopu B [13] gocnigyoTe 3aaa4y BUKOPUC-
TaHHA aKyMYNATOPHOT CUCTEMM Pa3OM 3 GOTOENEKTPUYHOIO
CTaHL,i€l0 32 YMOB O4HOYACHOIO HaZ@HHA NOCAYT ANA KiNb-
KOX CepBiCiB, a Came nepeHanpaB/IeHHA HAL/IULWIKIB COHAY-
HOT eHeprii B akymy/ATOp Ta pob0Ta Ha PUHKY AOMOMIXKHUX
nocnyr. Mpu LbOMY OAMH 3 KAKOYOBMX ACMEKTIB iX [0CAi-
OXKEeHHA NoaAras B OLUiHLi BNAMBY Aerpajalii akymynatopa
Ha XapaKTep MOro BMKOPWUCTAHHA. 3 TeXHIYHOro noraagy
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BaXK/IMBUM € Te, LLLO CUCTEMA AAE 3MOTY 3MEHLUUTN 0bme-
YKEHHA COHAYHOI reHepaLlii 33 paxyHOK BHYTPILUHbOro nepe-
po3noainy eHeprii Mixk yacoBumu iHTepBasamu. BogHouac
yyacTb Yy AOMOMIXKHUX CepBicax 3MIHIOE peXnUm BUKOPUC-
TaHHA aKYMy/AATOpa: YaCTMHA EMHOCTI pe3epBYETbCA ANA
LWBMAKOrO pearyBaHHA, LLO MOXe OOMEXKyBaTU MOXKAU-
BiCTb HAKONMYEHHA HAaA/IMWKOBOI COHAYHOI eHeprii. OTXKe,
BMHUKAE KOHMNIKT MiXK MaKCMMaNbHUM KOPUCHUM Bignyc-
KOM eneKTpoeHeprii Big ¢oToenekTpocTaHuii Ta nigTpu-
MaHHAM roTOBHOCTI 0 peryntoBaHHA. Lle gocnigKeHHs ak-
LEeHTOBaHe came Ha peanisauii nepeposnodiny Mmix
pisHMMMK cepBicamm, AKi moxKe Hagasath CHE, i He po3Kpu-
BA€E NMUTaHHA 36inblleHHA BUpPObHMUTBA eHeprii PEC npu
uboMy. TaKOX OOCNIAXKEHHA HE NOKa3YeE, AK pe3epByBaHHA
€MHOCTI A1A NigTPUMYBAHHA MepeXKi BNJNBAE Ha reHepa-
uito PEC — 6inbW NO3UTUBHO YM HEFATUBHO — B YMOBaAxX A0-
BrOoTPMBANOi MEPCNeKTUBN BUKOPUCTAHHA CUCTEMM HAaKOMNU-
YeHHA eHeprii, Ta il peaku,ii Ha Taky poboTy.

Ha 6a3i MinaHcbKoro TexHiyHoro yHisepcutety 6yno gocni-
[OKeHOo BMNIMB po3mipy KombiHosaHoi cuctemm PEC Ta CHE
Ha PUHKY Ha foby Hanepes Ta BHYTPiWHbOAO6OBOMY pU-
HKY ITanii 4na gBox TMNiB CTaHLUilA: NPOMKUCAOBOI Ta PoO3Mo-
nineHoi. ABTopu QOKYCYOTbCA Ha BM3HAYEHHI ONTUMab-
HOro CniBBIAHOWEHHA MOTYXHOCTI Ta EMHOCTI cUcTeMMU
aKyMY/IIOBAHHS 418 OTPUMAHHA MaKCMManbHOro npuby-
TKy. byno cpopmoBaHo onTumisaLiitHy moaens BUKOpUC-
TaHHA ®EC Ta CHE Ha pUHKY eneKkTpoeHeprii, Wo BPaxoBYE
NOroAMHHI LiHM Ha enekTpoeHeprito, Npodinb reHepalii co-
HAYHOI CTaHUji Ta 06MeXKeHHN akyMynaTopa 3 OLiHKOO na-
pameTpis Moro KoHoirypauii. NpoBeaeHo cepito po3paxyH-
KiB 3 BapitOBAHHAM EMHOCTI Ta HOMIHANbHOI MOTYXHOCTI
ONA TPbOX XapaKTepiB NOroay B YOTUPbOX CE30HaX POKY,
WO A3ano 3mory nobauntv 3anexKHicTb eKOHOMIYHUX pe-
3y/bTaTiB Bif, PO3Mipy Hakonu4yyBaya. Pe3ysbTaTu noKasy-
H0Tb, L0 HEAOCTAaTHA EMHICTb MPU3BOAUTL A0 BTPAT COHAY-
HOi reHepauii B rogMHyu MiKOBOro BMPOBAEHHA, ToAi AK
HaZMipHa EMHICTb He 3abe3neyye A04aTKOBOro NpPUpoOCTy
KOPUCHO peani3oBaHoi eflekTpoeHeprii yepes obmeKeHHnA
npodinto reHepadii PEC. TakKum YMHOM, iCHYE ONTUMANb-
HWI Aiana3oH NapameTpiB, Y AKOMY aKyMyAATOP MaKcMma-
NbHO nigguuye KoedilieHT BUKOPUCTAHHA BCTaHOBAEHOT
noTy»KHocTi ®EC [14]. ABTOpY BUKOPUCTOBYIOTb LLiHU PUHKY
Ha poby Hanepea (PAH) Sk ocHOBHMIA iHAWKaTOp edeKTus-
HOCTi CBOET CMCTEMM Ta 3HAYHO MEHLUE OLiHI0ITb eheKTMB-
HicTb BUpo6HMUTBA eHeprii PEC 3a TUX UM iHWKMX cNiBBiAHO-
LWeHb, BiACYTHI aHaNi3 BUMyLLEHOro 06MeXeHH:A COHAYHOT
reHepauii Ta MOXAMBOCTI nepeposnoainy B yaci Bupobne-
Hoi ®EC eHeprii cuctemamm HakonNMYeHHs.

Y pob6oTi [15] aBTOpM iHTErpytoTb Moaenb aerpagauii AKBy
33424y ONTUMA/IbHOIO NAAHYBAHHSA Y4acTi B PUHKY 4acToT-
HOro peryntoBaHHA. MoKasaHo, Wwo 6e3 ypaxyBaHHA CTa-
piHHA AKB eKcnayaTyeTbca B perKnMmax 4acTux rnmbokumx um-
KNiB, WO NPUCKOPIOE BTPATy EMHOCTI. 3any4YeHHs moaeni
aerpagauii AKb 3miHIOE cTpaTerito KepyBaHHA Ha Momip-
Hiwy, wo 3abe3nevye TpmBaniwnit nepiog pobotn AKE npu
HOPMOBAHMX NapameTpax, 3aaBNEHUX BUPOBHMKOM, Ta CTa-
GinbHiWKNI | OOBrocTPOKOBMI BiANycK eHeprii. Y gochi-
OXeHHi [16] 6yn0 3anponoHOBAaHO MeTo4, SIKUI BPaxoBYyeE

BapPTiCTb CTAPiHHA aKyMyATOPa B MeXKax LMKy MOro BUKO-
PUCTaHHA, 33aBAAKW OLIHIOBAHHIO €KBiBaNE€HTHOI BapTOCTI
LMKy 33/1€KHO Big rnbuHM ioro pospsay. ABTopu f0BO-
AATb, WO rMBOKI LMKAM MAtoTb 3HAYHO BiNblUKi BNAMB HA
Aerpajalito akymynatTopa NOpiBHAHO 3 MEHLW FNH6OKUMMU
LMKNaMM  po3pAady. 3Barkaloum Ha pesynbTatv  A0CAi-
[OXKEeHHA, AOUiNIbHiLle BUKOPUCTOBYBATU CUCTEMY aKyMY/HO-
BaHHA B PEXXMMax YaCTKOBOro po3pAgy — 3apady, Lo 3a-
6e3neyye MeHL arpecMBHe BUKOPUCTAHHA EMHOCTI, pobuTtb
CTabiNbHILWMM aKyMYOBAHHA HAL/IMLWKOBOI COHAYHOI re-
Hepauii NPOTArom ycboro XUTTEBOrO UUKNY cuctemm 36epi-
raHHA eHeprii. ArpecuBHi cTpaTerii, OPiEHTOBAHI HAa MaKCK-
MasibHe BMKOPUCTaHHA 6aTtapei npu KOPOTKOCTPOKOBOMY
NaaHyBaHHi NPU3BOAATb A0 LWBUAKOrO 3MEHLEHHA A0CTYN-
HOi EMHOCTI Ta, BigNOBIAHO, A0 3HWMMKEHHA edeKTUBHOCTI
3rnafyKyBaHHA reHepauii B HacTyNHi poKKM ekcnayaTadii. 3a-
Ny4eHHA mogeni aerpagauii 4o pospaxyHky pobotn AKB
Aa€ 3mory chopmyBaT Binbll 36aN1aHCOBAHUI PEXKMM PO-
607K, WO NiaTPUMYE CTabiNbHWUIA piBEHb KOPUCHOFO BMKO-
pUCTaHHA eHeprii B A0BroTpuBaniin nepcnektusi. Taki pe-
3ynbTaTu oTpumanu astopu B [17] nig dac posrnagy
onTMmanbHoro KepyesaHHa CHE B mikpomepexi, ge 6yno
BPax0OBaHO UUK/IYHE CTapiHHA aKymynAaTopa. 3a3HadveHi po-
60TM pocniaKylOTb Aerpajauilo AK BHYTPILWHIO CKAaL0BY
aKyMy/nATOpPiB, ane HeAoCTaTHbO BUCBIT/NIEHO, AK BOHA
BN/JMBAE Ha PobOTy B CKAAL cMCTEMM 3 BiZHOBNIOBAHUMMU
AxKepenamum eHeprii, Ha 3MeHLEeHHA AO0CTYNHOI NOTY*KHOCTI
AKB Ta BuMyLLeHi obmexKeHHA reHepauji. He poskpuBa-
€TbCA, AK 3MiHa emHocTi AKB 3 yacom BnmMBae Ha ob6car aky-
MY/IbOBaHOI Ta peanizoBaHoi eHeprii PEC.

MpoaHanisoBaHi gocnigxeHHs [10-17] nepeBa*kHO 30ce-
peasKeHi Ha po3pobieHHI Moaenel onTUMmisaLii KepyBaHHA
cMCTeMaMM HaKonuyeHHa eHeprii abo KombBiHOBaHUMM cH-
ctemamu PEC 3 aKyMynATOpPamMM B PiSHUX CEFMEHTAX PUHKY
E€NeKTPUYHOI eHeprii; OCHOBHA yBara npuaineHa anropur-
MaM gucneTyepyBaHHs, BpaxyBaHHIO TEXHIYHUX OBMeXKeHb
aKyMY/IATOPIB Ta 3a/ly4EHHIO MOZenen ix CTapiHHA 40 po3-
paxyHKiB. 3HayHa YacTMHA POobIT aKLEHTYE yBary Ha O4HO-
YaCHOMY HaZaHHi KinbKox nocayr, BMbopi onTMManbHoI no-
TYKHOCTi Ta €EMHOCTI HAKOMWYyBaya, a TaAKOX BM/AUBI
LIMKNIYHOrO CTapiHHA HA peXknMmu ekcnayartay,ii. BogHovacy
binbwocti gocnigKeHb KombiHoBaHa cuctema PEC 3 aky-
MYNIATOPOM PO3rNafaeTbca abo 3 No3uLii KOPOTKOCTPOKO-
BOI ONTMMI3aL,ii, abo 3 nornsay eKOHOMIYHOro pesynbTaTy,
6€e3 KOMMN/IeKCHOro aHanisy A0BroTpMBanoi AUHAMIKM BU-
pobneHHA enekTpoeHeprii COHAYHMMM cTaHuiamu. Hepo-
CTAaTHbO BPAX0OBaHO NMUTAHHA 3MiHW piYHOro obcary Bupobi-
TKYy ®EC npu nocTynoBomy 3MeHLUEHHi EMHOCTI HaTapei,
BM/INBY PEXUMIB HaAaHHA KiNbKOX Mocayr Ha KoediuieHT
BUKOPMUCTAHHA BCTAHOBAEHOI NOTYXHOCTi PEC, a TaKoX
B33aEMO3B’A3KY MiX MepexeBUMM O0OMEKeHHAMK Ta daK-
TUYHUM PiBHEM BUMYLLEHOTO 0OMeKeHHs reHepal,ii. Mpak-
TWUYHO BiZCYTHI y3roZKeHi nigxoau, siki 6 ogHoYacHo Noea-
HYBa/IM PUHKOBE AMCNeT4YepyBaHHA, MPOLLECU CTapiHHA
aKYMyNAToOpa Ta MOKA3HUKU eHepreTMyHoi ePpeKTUBHOCTI
BUPOBNeHHA npu BaraTopiyHin ekcnayaTauii cuctem. Y no-
AaNnbIOMY A0UiIbHO PO3POOUTU KOMMNEKCHY MOoAeNb Po-
6ot  OEC 3 akKymynATOPHUMM 6nokamu  AK
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6araTodyHKLIOHaNbHOIO PUHKOBOrO aKTUBY, OPIEHTOBAHY
nepeAycim Ha MakcuMmisaLito Ta ctabinisauito 4OBroCTPOKO-
BOrO BifgNYyCKy efleKTpoeHeprii Big, COHAYHOI CTaHLji 3 ypa-
XyBaHHAM i3UUYHUX 0BMeXKeHb CUCTEeMM Ta MOCTYnoBoi
3MiHM TT  TeXHIYHMX XapaKTepPUCTUK. TaKMM YMHOM,

noganblli AOCNIAXKEHHA MatoTb BYyTM cnpsamoBaHi Ha ¢op-
MYBaHHA Y3ro[)KeHoro nigxoay, Ae PWHKOBI MeXaHi3mu
cnif, po3rnAaaTM AK iIHCTPYMEHTU NiABULLEHHA edeKTUBHO-
CTi BUPOBHMLTBA €/1EKTPOEHEPTIi, @ HE CaMOLLi/Ib ONTMMI3a-
uii (puc. 1).

[o ontnmisauii

Big ontumisauii npmubyTKy

Bin, KOPOTKOCTPOKOBMX

\ 4

€HeproBnpobHNLTBA

[lo AOBrocTpoKoBOro

mozaenemn

v

aHanisy

[o iHTerpoBaHmx

Big, i3onboBaHMX 3a4au

moaenen

[o agantusHoro

Big, pikcoBaHUx pexxmmis

Big, nokanbHUX

v

KepyBaHHA

[o cnctemHmnx

MOKa3HMUKiIB

CNCEN N Y
NANPANS AN AN

v

eHepreTUYHUX Kputepiis

RYRYRYEIR
GNCNUAE

Puc. 1. Hanpam po3sumky cucmem ®EC + CHE 8 cmpykmypi
6a2amogyHKYioOHAAbHO20 PUHKOB020 aKMUBY

3apaui onTumisauii Ta crparerii KoHTpoaio ®EC B noep-
HaHHi 3i CHE. EQeKTMBHICTb BUKOPUCTaHHA eHeprii BigHOB-
NIIOBAHUX AyKepen 3HAYHOM MIPOI 3aNeXUTb Bif, KimaTo-
METEeOoPOIONiYHMUX YMOB, @ BUPOBITOK eNeKTPOoCTaHLii Ha ix
OCHOBi Ma€ HepPiBHOMIPHMI Ta CTOXAaCTUYHMI XapakTep.
[nAa COHAYHUX i BITPOBUX €NEKTPOCTAHLiN TUMNOBMMU € 3Ha-
YHi KOIMBAHHA MOTYXHOCTI fIK NpoTArom Aobwu, TaKk i B me-
»KaxX PoKy. JoCKTb 4acTo TakKi 3MiHM BUAAYi MNOTYXKHOCTI Ta,
BiAANOBIAHO, eHeprii NepeBULLYIOTb MOXKIMBOCTI €NEeKTPUY-
HOT MepeXKi. 3a TaKMX YMOB CUCTEMU HAKOMUUYEHHA eHeprii
PO3rNAAATLCA AK IHCTPYMEHT MiaBULWEeHHA edeKTUBHOCTI
BMKOPUCTAHHA MaKCMManbHOro BUPOBITKY eneKkTpoeHeprii
Bif, YCTAaHOBOK Ha OCHOBI BigHOBAtOBaHUX gxKepen. MNpoTe
peanbHUI pe3ynbTaT iX 3aCTOCYBAHHA BEJIMKOKO Mipoto 3a-
NIEXUTb Bif, aNTOPUTMIB KEPYBAHHSA, WO BM3HAYaKOTb, Y AKi
MOMEHTM Yacy HaKOMMYyBay NOBMHEH aKYMy/l0BaTU eHep-
rito, AAIKY He MOMKe CNPUNHATU MepeXka, a B AKi — BigaaBaTu
i B mepexky. Came ToMy 3HaYHY yBary npuainsaoTb po3pob-
NIEHHIO MeToAiB onTMMI3alil Ta cTpaTerii KepyBaHHA Ta-
KUMU CUCTEMAMM.

OaHUM 3 6a30BMX HaNPAMIB AOCAIAXKEHb € BUKOPUCTAHHS
LeTepMiHOBaHMX METOAIB ONTUMI3aLLi, Y AKUX PeXMM po-
60TM HaKoMnWuyBaya BM3HAYAETbCA Ha OCHOBI 3asfaneriap
BigOMMX abo MPOrHo3oBaHUX MapameTpis cuctemu. Y po-
60T1i [18] 3anponoHoOBaHO ONTUMI3aLiliHY MoAeNb Kepy-
BaHHA cucTeMolo GOTOENEKTPUYHOI CTaHLii 3 aKymynsTo-
POM y CKNaai NoKanbHOi eHepreTuyHoi cuctemun. OCHOBHOO
METOI0 a/IFOPUTMY € MaKCMMaibHE BUKOPUCTAHHA eHeprii,
BMPOO/IEHOi YyCTAaHOBKaMM Ha OCHOBI BifHOBNIOBAHUX AxKe-
pen, WAAXOM ONTMMAJIbHOTO PO3MNOoAiNny NOTOKIB eHeprii
MiXK reHepauji€lo, HaBaHTaXKEHHAM, aKyMy/IATOPOM Ta ene-
KTpUUHOI meperketo. OnTumisaLiiiHa 3aaadva BpaxoBye ba-
NlaHC NOTYXHOCTI B KOXXHOMY 4acoBOMY iHTepBani, gonyc-
TUMiI MeXi CTaHy 3apagy akKymynaTopa Ta obMeXKeHHs Ha
WBKUAKICTb MOro 3apsagKaHHA i po3paaKaHHa. OTpuMaHi
pe3ynbTaT NOKa3yHoTb, L0 3aCTOCYBAHHA ONTUMI3aLLIAHMX
aNropuUTMIB Aa€ 3MOTY 3HAYHO NiABULWMNTY YACTKy BUKOPUC-
TaHHA enekTpoeHeprii Big PEC Ta 3meHWUTM obCAar BUMY-
LeHMX obmexKeHb No reHepadii.
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MopaibHui nigxig BUKOPMUCTAHO TakoXK y poborTi [19], ae po-
3rNAHYTO 33434y ONTUMAbHOIO NAaHyBaHHA poboTu poTo-
€/IeKTPUYHOI CTaHLUji 3 aKyMyJAATOPHMM HaKoMuyyBayem
Ana 06’€KTIB 3 BUCOKMM PIBHEM CMOXKMBAHHA €NEKTPOEHE-
prii. Y uin poboTi onTumisauinHa moaens BU3HaYae rpadik
3apAgyKaHHA Ta po3pALKaHHA aKyMyIATOPa Ha OCHOBI NPo-
rHO30BaHOro NpPodinto reHepaLii COHAYHOI eNleKTpoCcTaHLi
Ta XapaKTepy CNoXMBaHHA. ABTOPWM MOKasyloTb, WO 3a-
BAAKM NMPABUAbHOMY MaHYBaHHIO pexXumy poboTu HaKko-
nMyyBaya MOXKHa iCTOTHO 36inbWKTN 06CAT enekTpoeHeprii
Big, PEC, AKa BUKOPUCTOBYETbCA HesnocepeiHbO B EHEPro-
CUCTEMI, Ta 3MEHLUUTM 3aNEXKHICTb Bif 30BHILLHIX Axepen
eneKkTpoeHeprii.

OpHaK y peanbHUX yMOBaxX BUPOBITOK enekTpoeHeprii ycra-
HOBKaMW Ha OCHOBI BiiHOB/IIOBAHMX OXKEPEN XapaKTepusy-
€TbCA ICTOTHOK HEBU3HAYEHICTHO. IHTEHCUBHICTb COHAYHOTO
BUMNPOMIHIOBAHHA Ta LWBMAKICTb BITPY MOXYTb 3MiHIOBa-
TUCA NPOTATOM KOPOTKUX MPOMIXKIB Yacy, WO Npu3BoauTb
00 BigxnneHb $aKTMYHOI reHepauii Big, NMPOrHo30BaHWUX
3HaYeHb. [nA BpaxyBaHHA TaKUX YUHHUKIB Y AOCAIAXKEHHAX
3aCTOCOBYHOTbCA METOAM CTOXACTUYHOI ONTMMI3aLii. Y po-
60Ti [20] 3anponoHoBaHO MoAe b NaaHyBaHHA poboTu cu-
CTEeMM reHepauii Ha OCHOBI BiAHOBNOBAHUX AXKEpPen 3 Ha-
KoMnuyyBayeMm, y fKil HeBU3HaueHicTb BUPOBITKY Big PEC
onucyetbca Habopom MOXKAMBUX cLeHapiiB. 1A KOXHOro
CLEeHapito BCTAHOB/IIOETLCA ONTUMAJIBHUIN PEXUM BUKOPU-
CTQHHA aKyMy/IATOPA, NicnA 4oro popMyeTbCA y3arasbHeHe
pileHHn, ake 3abe3nevyye MaKCMManbHWUI OYiKyBaHUI pi-
BEHb BWKOPUCTaHHA BUpPo6eHOT enekTpoeHeprii. Takui
niaxia oae 3amory chopmyBaTh CTiMKiWy CTpaTerilo Kepy-
BaHHA, L0 3MeHLUYE BTPATU reHepauii B pasi pisknx 3miH
NOroAHUX yMOB.

Po3BUTKOM UbOro Hanpsamy € pobacTHi meTogM onTUMI3a-
Ui, MeToto AKMX € 3abe3neyeHHa NPUAHATHOrO pesyabTaTy
HaBiTb Y HallHecnpuATAMBIWKNX ymoBax. Y pobori [21] 3a-
NPOMNOHOBAHO ribpMAaHy Mmoaenb ONTUMI3aLLii, WO NOeAHYE
€/1eMEeHTU CTOXaCTMYHOro Ta pobacTHoro niaxogis. Y me-
Kax Ujiei moaeni HeBU3HaAYEHiICTb BUPOBIEHHA eleKTpoeHe-
prii Bifl COHAYHWUX Ta iHLIMX YCTAHOBOK Ha OCHOBI BigHOB/O-
BaHUX [XKepesn BPaxOBYETbCA yepe3 Habip CTaTUCTUUHMX
CUeHapiiB, Toai AK iHWI napameTpu CUCTEMU pPO3rnaaa-
IOTbCA Y BUTNAAj iIHTepPBaniB MOXKANBUX 3HAYeHb. Takui Nig-
Xig fae 3mory cdopmyBaTh pexknum poboTn HakonuyyBsaya,
AKMI 3abe3neyye cTabifibHUI piBEHb BUKOPUCTAHHS BUPO-
61eHoi eneKkTpoeHeprii HaBiTb 3@ 3HaYHWX BiAXWU/IeHb pea-
JNIbHUX YMOB Bif, NPOrHO30BaHMX.

Okpemy rpyny meToAiB CTaHOBAATb a/IFOPUTMN KEPYBaHHA,
O BMKOPUCTOBYIOTb NMPOrHO3YBAHHA MaNbYyTHbOro CTaHy
cuctemu. Y poboTi [22] po3rnaHyTo MeToA KepyBaHHA eHe-
PreTMYHO CUCTEMOLO 3 YCTAHOBKAaMM HA OCHOBI BiiHOB/O-
BaHUX [)Kepes Ta HaKonuuyBayem, y AKOMY ONTMMIi3auina
BMKOHYETbCA Ha OCHOBi NPOrHO3y ManbyTHbOro BMPOOL-
JIeHHA Ta HaBaHTa)KeHHA. Ha KoXHOMY Kpoui poboTu cuc-
Tema GopMYE NPOrHO3 3MiHW reHepadyii Ha NeBHUI YacoBuit
FrOPU3OHT Ta BM3HAYAE ONTUMA/IbHUIA PEXKMM BUKOPUC-
TAHHA akymynaTopa. [Jani po3paxyHOK NOBTOPHETbCA 3
ypaxyBaHHAM OHOBJ/IEHUX JaHUX, LLLO AAE€ 3MOTY afilanTyBaTu

poboTy cuctemun Ao pakTUYHMX YMOB eKcnyaTaLii. ABTopu
NOKa3sytoTb, WO, BUMKOPUCTOBYIOUM TaKMM Niaxif, MOXKHa
epeKTMBHILWe 3r1agKyBaTM KONMBAHHA MOTYXKHOCTI BigHO-
B/IIOBAHMX [Kepen Ta NigsuwmMTn cTabinbHicTb BUPOO6-
NIeHHA eNneKkTpoeHepril.

OcTaHHIMW pOKaMW 3HAYHO PO3BUHYAINCA METOAMU Kepy-
BaHHA, WO 6as3yloTbCA HA aHani3i AaHUX Ta BUKOPUCTAHHI
aNropuUTMIiB HaB4YaHHA. Y poboTi [23] 3anponoHoBaHO me-
TOZ, KEePYyBaHHA HaKoMWYyyBayemM eHeprii, AKMi BUKOPUCTO-
BYE a/JITOPUTM HaBYaHHA 3 NigKpinaeHHAM. Y npoueci po-
601K cncTtema noctynoso Gopmye cTpaTerito KepyBaHHA Ha
OCHOBI aHani3y pe3ynbTaTiB NonepegHix pileHb WoAo0 3a-
pPALKAHHA Ta PO3PAAMNKAHHA aKymynaTopa. Takui niaxig,
A€ cucTemi 3Mory afanTyBaTmcA 40 3MiH yMoB poboTu Ta
3HAXOAUTU PEXUMU BUKOPUCTAHHA HAaKOMMUUyBaya, AKi 3a-
6e3neyytoTb epeKTUBHIlLE BUKOPUCTAHHA €/IeKTPOeHeprii
BifZl YCTAHOBOK Ha OCHOBI BiAHOBMIOBAHMX AxKepes.

B iHWomy pgocnigsKeHHi [24] po3rnaHyTO BMKOPUCTaHHA
OBOCTYMeHeBOl CTOXaCTUYHOI Mmoaeni NnaHyBaHHA poboTu
eHepreTMyHOi CUCTEMU 3 HAKOMUYYBaAYaMK. Y MeXKax Lboro
niaxony Ha nNepwomy eTani BU3HAYaETLCA NnonepegHin pe-
UM pobOTM CUCTEMM Ha OCHOBI MPOTrHO30BAHWX AAHMUX, a
Ha ApYromy — 34iNCHIOETbCA KOPEKLiA PexXuMy 3 ypaxyBaH-
HAM aKTUYHOrO CTaHy reHepauii. Taka CTPYKTypa Aa€
3MOry NOEAHATM AOBrOCTPOKOBE MAAaHYBaHHA 3 onepaTus-
HUM KepyBaHHAM, WO NiasuLLye ePpeKTUBHICTb BUKOPUC-
TaHHA BUPOBITKY Bif, YCTAHOBOK Ha OCHOBI BiIHOBMOBAaHNX
Oxepen.

Y poboTi [25] aocniaskeHo 3actocyBaHHA baraTokpuTtepia-
JIbHOI ONTMMIi3aLii ANA KepyBaHHA eHepreTMYHMMM cucTe-
MamMu 3 BiJHOBIOBAaHUMM ArKepesiiamu Ta HaKonuyysa-
Yamu. 3anponoHOBAHWA MigXxig Aae 3mory oAHOYacHO
BPaxoBYyBaTU AeKinbKa KpuTepiiB epeKTUBHOCTI, 30Kpema
0b6cAr BUKOPUCTaHOI reHepalil 3 BigHOBAOBAHUX AXKepen,
CTabiNbHICTb BUPOONEHHA Ta piBeHb HABAaHTAXKEHHA Ha ene-
KTPUYHY Mmepexky. ABTOPM NOKa3yIoTb, LLLO 3aBAAKN BUKOPU-
CTaHHI0 H6araTokpuTepianbHOI ONTUMI3aLLT MOXKHA chopmy-
BaTM binblw 36anaHcoBaHy CTpaTerito KepyBaHHA, AKa
3abe3neyvye niaBueHHA edeKTUBHOCTI poboTH cUcTEMU Y
Pi3HUX perrnmax ekcnayaTtau,ii.

e ogHMM HanpAMOM AOCAIAKEHb € BPAaXyBaHHA PU3MKIB
nig Yac nnaHyBaHHA pPoboTM HakonuyyBadiB eHeprii. Y po-
60Ti [26] 3anponoHOBaHO MeTOZ CTOXAaCTUYHOro MnaaHy-
BaHHA POHOTU CMCTEM HAKOMUWUYEHHA eHeprii, AKWIN Bpaxo-
BYE PM3MK 3HAYHMX BiAXMUNIeHb reHepauii ycTaHOBKaMM Ha
ocHoBi BJJE Bia nporHo3oBaHuMx 3HavyeHb. Takuii Nigxia, Aae
3mory popmyBaTh pexnum poboTu HaKonNuuyBaya, AKUN Mi-
HiMi3y€e BTpaTW eHeprii B pasi HECNPUATIMBUX MOroAHUX
YMOB Ta NiABULLYE HAAIMHICTb eHepronocTayaHHs.

Po3rnaHyTi AocnigxKeHHA 30cepes)KYETbCA NepeBaXKHO Ha
OnNTMMI3aLii KOPOTKOCTPOKOBUX PEXMMIB poboTU cucTem
Ha ocHoBi BJJE abo Ha MiHimi3aLii BUTpaT enekTpoeHeprii B
MeKax OKpeMMX YacoBUX iHTepBaniB. 3HAa4YHO MeHLLe yBaru
NPUAINAETHCA BNIMBY aATOPUTMIB KEPYBaHHA Ha AOBroTpU-
Bany ePeKTUBHICTb BUPOOAEHHSA eNlekTpoeHeprii. Y b6inbLo-
CTi pobiT He pPo3rnAfaETbCs B3aEMO3B’A30K MiXK BMBOpOM
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CTpaTerii KepyBaHHA HaKonuyyBayem, obcsrom BUMyLLe-
HOro 06MeXKeHHs reHepavl,ii COHAYHUX | BITDOBUX E/1eKTPO-
CTaHLiM Ta 3MiHOI GaKTUYHOrO piYHOro BUpobneHHA enek-
TpoeHeprii. TAKOX HeAO0CTaTHbO AOCAIAMKEHO BNAMB Pi3HUX
ANrOPUTMIB ONTMMI3aLLIT HA LOBrOCTPOKOBY AMHAMIKY BUKO-
PUCTAHHA BCTAHOBAEHOI MOTYXHOCTI €/1EeKTPOCTaHUi Ta
edeKTUBHICTb POHOTN HaKOMMYYBaYiB NPOTATOM YCbOro ne-
pioay ix ekcrnayaTauii.

OTKe, noganblli AOCAIAKEHHA AOLIABHO CNPAMYBATU Ha
bopMyBaHHA KOMMNIEKCHUX MiAX0A4iB A0 KepyBaHHA cUC-

(tabn. 1), sKi 6 ogHOYACHO BPaxoBYBaM CTOXaCTUYHUI Xa-
pakTep BUPOBLITKY eNeKTpoeHepr il Bif, COHAYHUX Ta BiTPO-
BMX EHEProyCTaHOBOK, TEXHIYHI OOMEKEHHA HaKoMNn4yBa-
YiB Ta AOBroTPUBaANY 3MiHy iX xapakTepuctuk. Ocobamso
Ba*K/IMBUM € AOCNIAXKEHHA BNANBY Pi3HMX CTpaTerii Kepy-
BaHHA Ha GaKTUYHMI 06CAr BUKOPUCTAHOI eHeprii Ta MOX-
NINBOCTI NigBULLEHHA KoedillieHTa BUKOPUCTAHHA BCTAHO-
B/IEHOT MNOTYXXHOCTi eNeKTPOoCTaHLuii. Peanisauia Takux
nigxonis AacTb 3MOry NigBULNTU ePEKTUBHICTb iHTErpauii
YCTaHOBOK Ha ocHoBi BAE B eHepreTuyHi cuctemu Ta 3a-
6e3neynTn ctabinbHe 3pocTaHHA 06CAriB BUPOHAEHHA YM-

TeMaMW Ha OCHOBI

BAE 3 HakonuyyBayamwu eHeprii

CTOi eneKkTpoeHeprii.

Tabauusa 1. Y3aranbHeHa CTPYKTypa po3BUTKY NiaxoAais KepyBaHHA cuctem CHE + ®EC

. . . Ob6MmerKeHHsA iCHytouUnx Noaanblmii Hanpam
PiBeHb 3apaui Lo aocnipkeHo B poboTax R .
nigxopais PO3BUTKY
3agaui LeTtepmiHoBaHi mogeni OpieHTayia Ha Mepexia 40 onTMMiI3aLLl,
onTumisauii ONTUMANbHOTO NNAHYBAHHA KOPOTKOCTPOKOBUI FOPU30HT; OpIiEHTOBAHOI Ha
po6oTn ®EC + CHE; cTOXacTUYHi aKUEHT Ha BMTpaTax abo MaKCUMi3aLito
cueHapHi niaxoan; pobactHa 6anaHci eHeprii; obmexkeHe $aKTUYHOTO BUPOBAEHHSA
onTUMmi3aLif; 6araToKpuTepianbHi | BpaxyBaHHA peanbHOro obcary | Ta BAKOPUCTAHHA eHepril
MOZeNi; PU3NK-OPIEHTOBaHI BMKOPMWCTAHOI reHepaui BAE y posrotpusanii
niaxoam nepcnekTmsi
Crparerii OnTMMmi3auinHi anropuTMu BiacyTHICTb 3B’A3KY MixK Po3pobKka aganTuBHUX
KepyBaHHA KepyBaHHA NOTOKaMW eHeprii; CTpaTeri€lo KepyBaHHA Ta CTpaTeriii KepyBaHHA, AKi
CLeHapHi cTpaTerii; aAanTuBHi PiYHMM BUPOBNEHHAM; BPaxoBYIOTb 3MiHY
niaxoan; KepyBaHHA HA OCHOBI HeAO0CTaTHE BPpaxXyBaHHA XapaKTEPUCTUK CUCTEMMU
[AHUX T HaBYAHHA Lerpajauii akymynaropa y Ta 3abe3neyyoTb
[0Bromy nepiogi CTabiNbHiCTb BUPOBAEHHA
EHepreTuuHuit 3MeHLWeHHA NiKoBUX BigcyTHiM KomnnekcHWM aHaniz | Mepexia A0 OUiHKK
pesynbTar HAaBAHTAXEHb; 3rNaAyKyBaHHA BMNBY Ha pivyHMI obCar O0BroTpMBanoi ANHAMIKK
reHepaLii; 4YacTKOBEe 3MeHLUEHHSA reHepaLii; He OUHIOETbCA 3MiHa | BUPODBIEHHSA
obmekeHb BUPOOAEHHA KoedilieHTa BUKOPUCTaHHA eneKTpoeHeprii
BCTAHOB/IEHOT MOTYKHOCTI
CueHapii Okpemi gocniaxeHHsa BNANBY BigcyTHicTb iHTerpoBaHux ®dopmyBaHHA
noaanblioro HeBM3Ha4eHoCTi abo pexunmis mogenen, Wwo NoeHYOTb YCi KOMM/IEKCHUX MoAenei
PO3BUTKY poboTu dakTopu ®EC+CHE sk
6aratodyHKUioHanbHOroO
aKTMBY, OPIEHTOBAHMX Ha
BUPOObIeHHA eHeprii

MogaentoBaHHsA gerpagauii akymynatopHux 6atapeii y pm-
HKOBO-OpPiEHTOBaHMUX onepauiax. EdbexkTnBHa poboTa cuc-
TEM HaKOMWYEHHA eHeprii 3 yCTAaHOBKaMK Ha OCHOBI BiAHOB-
NOBaHUX pOyKepen eHeprii  (COHAYHOI, BITPOBOI TOLLO)
6e3nocepeHbO 3aN1E€XUTb Bif, ypaxyBaHHA NpoLieciB aerpa-
bauii arkymynatopis. Y KOHTEKCTi PUHKOBO-OPIEHTOBAHMUX
onepaLii ue nMTaHHA HabyBae 0cob6aMBOI BaXKNMBOCTI, OCKi-
NIbKM BUBIp CTpaTerii KepyBaHHA 3apAgOM i po3psaoM BU-
3HaAYa€ He SnLle eKOHOMIYHI MOKA3HUKK, ane M [OBrocTpo-
KOBY 34aTHicTb cuctemu 3abesnevyBaty  cTabinbHe
BMPOOSEHHA eneKkTpoeHeprii. IrHopyBaHHA AerpagauifiHux
npouecis AKb npn3BognTb A0 NepeoLiHKM AOCTYNHOI NOTy-
YKHOCTI HaKonuuyBaYa i, AK HaCNiAoK, [0 3HUKEHHA GaKTUY-
HOro pecypcy poboTn BNPOA0BK XKUTTEBOFO LIUKAY CUCTEMW.

OZHUM 3 KNKOYOBUX MEXaHi3MiB CTapiHHA aKyMynAaTopiB €
UMKANiYHa gerpajalis, Aska BUHMKaEe BHacnigok 6aratopaso-
BMX MpoueciB 3apaay Ta po3pagy. JocnigrKeHHA nokasy-
t0Tb, WO rMbUHa po3paay, piBeHb 3apAay Ta iIHTEHCUBHICTb
HaBaHTAXXEHHA iCTOTHO BMN/MBAIOTb Ha LBWMAKICTb BTPATH
EMHOCTI akymynsaTopa [27]. 3okpema, 3i 36inblUeHHAM rn-
GMHW UMKNIB NPUCKOPIOETLCA 3MEHLLEHHA A0CTYMNHOI eHep-
rii, wo 6e3nocepegHbO0 OOMENKYE MOMKAMBICTb HAaKOMUYY-
Baya 3abe3neyvyBaTtu nigTPUMKY BUPOBNEHHA
eNeKTpoeHeprii Big COHAYHUX i BITPOBMX YCTAHOBOK. Y po-
60Ti [28] 3anponoHOBaHO y3aranbHeHy MOAE/Nb CTapiHHSA,
fIKa BPaXOBYE KOMMJIEKCHWUI BMNAUB eKCNyaTaLiMnHUX YMH-
HUKIB i AA€ 3MOry TOYHilIe OUiHIOBATU 3MiHY TEXHIYHOro
CTaHy akymynaTopa B yaci. BogHouac y gocnigxeHHi [13]
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NMOKa3aHo, LLLO, BPax0BYOUM Aerpazalito B aAropnutmax on-
TUMI3aLii pexumis poboTU HaKoMMUyBaya, MOXKHA 3MEH-
WNTKM HagMipHe BMKOpUCTaHHA GaTapei Ta 3abe3neuntu
6inbl cTabinbHM piBEHb BiaAavi eHeprii NpoTarom Tpuea-
7I0ro nepioay ekcnayartawii.

MornnbneHe po3ymiHHA npoueciB gerpagauii 3abesneyy-
€TbcA Bi3NYHO-IHPOPMOBaAHMMM MOAENAMM, AKI ONUCYIOTb
BHYTPILUHI MexaHi3MM CTapiHHA akymynaTopiB. Y poboTtax
[29, 30] getanbHO PO3rAAHYTO OCHOBHI $i3nyHi npouecw,
O NPM3BOAATbL A0 3HUXKEHHA EMHOCTI, 30Kpema A0 YTBO-
peHHA ONOKyBaNbHWX LUAPIB Ha MOBEPXHi €NeKTPOoAiB i
BTPaTU aKTUBHMX maTepianis. LI npouecu 3anexarb Big pe-
KUMiB pobOTM HaKonuM4vyBaya, TOMy BUBIp cTpaTerin kepy-
BaHHA 6e3nocepeaHbO BNAMBAE Ha AOBrOCTPOKOBY Npoay-
KTUBHICTb cuctemmn. Hanpuknag, y [31] nokasaHo, wo nesHi
PEXUMU 3apALY MOXKYTb BUKIMKATU HE3BOPOTHI 3MiHM B
CTPYKTYpi eneKkTpoAiB aKymysATopa, WO Npu3BOAMTb A0
LWBMAKOrO 3MEHLEHHA MOro eHepreTMYHOI EMHOCTI. 3 nor-
naay BUPobNeHHA eNleKTPOeHepTii Lie 03HAYaE, Lo arpecu-
BHi PEKMMM BUKOPUCTAHHA HAaKONU4YyBaya, AKi MaKCUMi3y-
I0Tb KOPOTKOCTPOKOBY BigAayy eHeprii, MOXyTb CYTTEBO
3HM3UTU CymapHe BUPOOeHHA eHeprii B LOBrocTpoKOBil
nepcnekTmBsi.

MNopAag 3 geTanbHUMU Nigxo4amu, y 3afadax onTumisaui
LUIMPOKO 3aCTOCOBYIOTLCA CNPOLLEHI Mogeni Aerpagauii Ha
OCHOBI NPOMNYCKHOI 34aTHOCTI. Y TakKMX MOAENAx 3HOC aKy-
MY/IATOPA OLHIOETbCA Yepes CymapHuit obcar nepesaHoi
eHeprii, Wo Aa€ 3Mory iHTerpysaTu AerpagauiiHi BuTpaTm
Po3srnaHyTi pocnigkeHHA 3aknafatoTb TEOPETUYHY OCHOBY
LN BPaxyBaHHA Aerpajalii akyMynaTopis y 3a4ayax Kepy-
BaHHA Ta ONTMMI3aLii, NpoTe HeAOCTAaTHbO PO3KPUBALOTL
B33aEMO3B’A30K MiX pemmamu poboTu HakonuyyBaya Ta
[O0BrOCTPOKOBUM BUMPOBIEHHAM eneKkTpoeHeprii ycTaHoB-
KaMM Ha OCHOBI BiIHOBNIOBaHMX AxKepes. 30Kkpema, noTpe-
6ye NoAaNbLIOro fOCNIAKEHHA BNMB CTPATEriN KepyBaHHA
Ha cyMapHuii obcar BUpobneHoi eHeprii NPOTArOM KUTTE-
BOTIO LMK/Y CUCTEMM, @ TAKOXK PO3PO6KA MeToAIB, AKi 0AHO-
YaCHO BpaxoByoTb i3MyHi Npouecu aerpagadii Ta ix snavs
Ha eHepreTUYHi XapaKTEePUCTUKU cUCTeMU. BupiweHHA umx
3afay (puc. 2) po3BoAnTb chopmyBaTH NiAXOAUN AO Kepy-
BaHHA, CNPAMOBaHi He nLIe Ha KOPOTKOCTPOKOBY edeKTn-
BHICTb, asie 1 Ha MaKCMMI3aL,ito 4OBrocTPOKOBOro BMPO6-
NIEHHA eNeKTpoeHeprii.

IHBEPTOPHO-OPIEHTOBAHICTE Ta OOMEXKEHHA HU3bKOBONLT-
HUX MepeK. IHBepTOp € KNIOYOBUM enleMeHToOM poToenek-
TPUYHUX cUCTEM 3 BNIOKAMM HAKOMUYEHHA eHeprii, AKWI BU-
3HAYa€ He J/vwe MpoLecu nepeTBOPEHHA eNeKTPUYHOI
eHeprii, ane n 6esnocepeaHbLO BNAMBAE Ha obcar il pakTnu-
HOro BUPO6AEHHA Ta Nepesayi B meperKy. Y cydacHUX yMmo-
BaxX 3pPOCTAHHA YaCTKM BigHOBNOBAHUX AXKepen eHeprii, 30-
KPemMa COHAYHOI Ta BITPOBOI reHepaLii, came anroputmmu
KepyBaHHA iIHBEPTOPOM Ta Oro B3aEMOSIA 3 MEPENKEID CTa-
I0Tb BU3HAYaNbHUMK 1A eDEKTUBHOTO BUKOPUCTAHHA BU-
pobaeHOol enekTpoeHeprii.

OpHielo 3 6a30BUX XapPaKTEPUCTUK IHBEPTOPIB € pexxum ix
pob0TK BiAHOCHO Mepexi, AKUI NOAINAETLCA HA pPeXUMU
CNigKyBaHHA 3a mepexelo Ta GopmyBaHHA mepexi. Y

6e3 3HaYHOro ycKNagHeHHs po3paxyHKis [32]. Llei niaxia €
0cob6/1MBO KOPUCHWUM NPU MOAENIOBAHHI y4acTi cuctem Ha-
KOMUYEHHA B PUHKaX eneKkTpoeHeprii, Ae HeobxigHo WwBeu-
OKO OLHIOBATU HaCNiAKMU Pi3HMX cTpaTerin KepyBaHHA. Y
poboTax [33, 34] noKa3aHo, LLLO BUKOPUCTaHHA TaKUX Moge-
NeWi pae 3mory BpaxoByBaTW BN/MB iIHTEHCMBHOCTI eKcnaya-
Tauji Ha 4OBroBiYHICTb HaKoMMYyBaya Ta GpopMyBaTH HinbL
36a1aHCcOBaHI pexumn pobotu. Mpu LboMy ONTUMI3aLLA,
WO OBMENKYE HaZMIpHI LMKAW 3apaay — po3pAay, Crpuse
36epeKeHHI0 EMHOCTI baTapei Ta MiATPUMaHHIO CTabinb-
HOro piBHA BMPOBAEHHS eNeKTPOEeHeprii yCTaHOBKaMM Ha
ocHosi BAE.

IHTerpauia mosenen perpagauii B pUHKOBI cTpaTerii Kepy-
BaHHA € BaXK/IMBUM eTanom niasuuieHHA ebeKTUBHOCTI po-
60TH cMCTEeM UM YCTAaHOBOK Ha ocHosi BAE 3 AKB. Y aocni-
OXKEeHHi [12] pPO3rAAHYTO  ONTMMI3auito  poboTtu
HaKoNMuyyBaya 3 ypaxyBaHHAM OOMeKeHb, MOB’A3aHMX 3i
CTaHOM baTapei, 419 YHUKHEHHS PeXUMIB, AKi NPUCKopto-
t0Tb ii 3HOC. AHanorivHo, y poboTi [14] nokasaHo, wo Bubip
napameTpiB HaKomuyyBaya Ta CTpaTerii MOro BUMKOPUC-
TaHHA BMJIMBAE He /iMLIE Ha €KOHOMIYHI MOKa3HUKMK, ane i
Ha Npodinb BUpobAEHHA eneKkTpoeHeprii cuctemoro. Baxk-
JIMBUM € TAKOXK Miaxig, 3anponoHoBaHuii y [35], ae aerpa-
Jauia po3rnafaeTbCa AK A04aTKOBA CKA3f0Ba BUTPAT, WO
BN/IMBAE Ha NPUMAHATTA PillEHb WOAO0 PeXnmis poboTn Ha-
Konuyysaya. Lle nae amory obmexRunTn BUKOPUCTaHHS baTa-
pei y meHwWw edeKTUBHUX pexKMmax i cnpamyBaTu ii poboTy
Ha NiATPMMKY cTabinbHOro BUpobIeHHs eNekTpoeHeprii.

pPeXMMI CNiAKYBAHHA 32 MepeXKer iHBepPTOp OPIEHTYETbLCA
Ha NapameTpu Hanpyru M 4acToTH, 3aaHi 30BHILIHbOK Me-
pexetlo, i He 34aTHUIA CaMOCTIHO NiaTpUMmyBaTW ii CTil-
KicTb. Y Takomy pasi obcar BupobneHoi PEC enekTpoeHeprii
3HAYHOIO MIPOID OBMEXKYETbCA CTAHOM Mepei, 30Kpema
piBHeM Hanpyru Ta it KonnBaHHAMM. MpyU BUCOKIN reHepau,ii
e MOXe CMPUYUHUTU NPUMYCOBE 3HMMKEHHA MOTYXKHOCTI
abo NoBHe BiAKAOYEHHA YCTAHOBKM, WO MPU3BOSUTL A0
HeedeKTUBHOIO BMKOPUCTaHHA ycTaTKyBaHHA ®EC Ta, Bia-
noBsigHoO, 3meHLYe ii BUpobiToK [36, 37].

Ha BiamiHy Big uporo, y pexumi bopmyBaHHA mepexi iH-
BEPTOP 34aTHUIM CaMOCTIMHO 334aBaTh NapameTpu Hanpyru
M 4acTOTKU, BUKOHYOUM YHKUiT, NodibHi A0 TpaauuinHMX
Oxxepen reHepadii. Lle gae 3mory 3Ha4HO NiABULLNTK CTil-
KiCTb JJIOKaNbHUX eHepreTMYHUX cuctem i 3abesneumT nos-
Hille BUKOPUCTAHHA eHeprii BiagHOBAtOBaHMX axxepen. Oco-
6n1MBO edeKTMBHO € TakKa poboTa B MNOEAHAHHI 3
aKYMyNAaTOpHUMM BaTapesmn, AKI KOMMEHCYTb KOAW-
BaHHSA reHepaLiii Ta HaBaHTaXKeHHs. fIK NoKasaHo y [36, 38],
3aCTOCYBaHHA BiANOBIAHUX CTpATErin KepyBaHHA 3MEHLLYE
obmexkeHHA reHepauii Ta nigsmuye KoedilieHT BUKOpUC-
TaHHA BCTAHOBNEHOI MOTYKHOCTI (GOTOENEKTPUYHUX CUC-
Tem.

BaxkAMBMM acneKTOM € TaKOX 34aTHICTb CMCTeM npavto-
BaTM AK Y MEPEKEBOMY, TaK i B OCTPiBHOMY pexumax. Y me-
perKeBOMYy peXUMi iHBEPTOP B3AEMOJIE 3 e/IeKTPUYHOL
meperketo, 3abesneyyroun nepeaady eHeprii Ta y4acTb y pe-
ry/1t0BaHHi napameTpiB cucremu. Mpun LboMy OCHOBHUM 06-
MEeXYBalbHUM YMHHMKOM € CTaH MepeKi HU3bKOI Hanpyru,
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Mepexig, Big aHanisy
Aerpajauii 4o KepyBaHHA
BUPOHAEHHAM eHeprii

06rpyHTOBaHUX Moaenen y

IHTerpauisa ¢pisnyHo
3a4a4i onTuMmisauii

Y

dopmyBaHHA cTpaTerin
KepyBaHHSA, OPIEHTOBAHMX
Ha JOBrocTpoKoBe
BUPOBAEHHSA

Y3roaxKeHHA pUHKOBUX
. . KomnaeKkcHe mogentoBaHHA
CUTHANIB i TEXHIYHMNX
cuctem Tuny OEC + CHE
obmerkeHb gerpagalii

Puc. 2. Y3a2asbHeHi Hanpamu noodansuiux 0ocnioreHb 0e2padauii akymynamopie

AIKa YacTo He PO3paxoBaHa Ha 3HauyHi 0bcarn aeueHTpani-
30BaHOI reHepalii. Y pobotax [39, 40] nokasaHo, Wwo npwu
nepexoai 40 OCTPIBHOIO peXXMMy iHBEPTOP Pa3oMm i3 cucre-
MO HaKOMUYeHHA Moxe 3abesneuyBatn ctabinbHe XuB-
JIEHHSA JIOKAJIbHOTO HaBaHTAXXEHHA HaBiTb 3a BiACYTHOCTI
30BHILWHbOI Mepexi. Lle BiAKPMBAE MOK/IMBICTb MOBHILIOTO
BMKOPWUCTAHHA eHeprii, AKa B iHWOMY pasi morna 6 6ytu
BTPayeHa yepes 0bMeXKeHHA Mepexi.

BogHo4Yac HM3bKOBONBLTHI MepexKi CTBOPIOKOTb CYTTEBI TeX-
HiYHi obmexkeHHAa AnA iHTerpaujii GOTOeNeKTPUUYHUX CUC-
Tem. OfHMM 3 HAMKPUTUYHILLMX TaKUX OOMENKEHb € NiaBU-
LLLeHHA Hanpyru y By3/siax Mepesi Npu BUCOKI reHepauii. AK
nokasaHo y [41], HagnvwkoBa reHepauis PEC npussoguTb
[0 NepeBULLEHHA AONYCTUMMUX PIBHIB HAMPYry, O 3MYLIYE
iHBEPTOPU 3MEHLLYBATM aKTUBHY NOTYXHiCTb ab0 NOBHICTIO
NPUNUHATU reHepaLito. Lle ABuuLe € OAHIED 3 OCHOBHUX
NPUYMH HELOBUKOPUCTAHHA NOTEHLiany BiAHOBNOBAHMUX
LyKepen eHeprii B po3noibunx MepexKax.

Kpim obmeKkeHb 3a Hanpyrot, Ba*KAMBY poJb BiAirpatoTb
TaKOX OBMeXKeHHA 33 CTPYMOM, NOB’A3aHi 3 MPONYCKHO
34aTHICTIO NiHIl eneKkTponepeadi Ta TpaHcopmaTopis. Y
poboTax [41, 42] 3a3HauYeHO, WO NepeBaHTaXXeHHA eneme-
HTiB MepeXi MOXKe BUHMKATWU HaBiTb NPU BiAHOCHO HEBENN-
KMX 0bcArax reHepal,ii, AKLWO BOHa 30cepeayKeHa y NeBHUX
TOYKax Mepexi. Lle npusBoantb A0 HeobxigHoCTi obme-
YKEeHHS reHepauyii abo nepeposnoainy NoTokiB eHeprii, Wo
TAKOX 3HUKYE GAKTUUHUIN BUPOBITOK enekTpoeHeprii.

[nA 3meHLWeHHA BNAUBY LMX 06MeXeHb 3aCTOCOBYHOTHCA
pi3Hi cTpaTerii KepyBaHHA iHBEpPTOpPamM. 30Kpema, perynio-
BaHHA PEaKTUBHOI NMOTYXXHOCTI Aa€ 3MOry 3HWXYBATU pi-
BEHb HAMpPyru B MepeKi, a oTKe, 36inbwKTN 06CAr Nepesa-
HOT aKTMBHOI eHeprii. Kpim TOro, 3aBaAKM BUKOPUCTAHHIO
aKYMyNAaTOpHUX GaTapeit MOXHa aKymyatoBaTW Hag uL-
KOBY eHeprito B nepioau NikoBOi reHepauii Ta BigaaBatn iy
MepeXy NisHilwe, KoM 0B6MeXEHHA € MEHLL XOPCTKMMMU. AK
noKasaHo y [42], Taki niaxoan gatoTb 3Mory 3Ha4yHo nigsu-
WNTM edeKTUBHICTb BUKopUCTaHHA PEC Ta 3meHWUTH
BTPaTW eHeprii.

OKpemy yBary cnig npuainntv BUMOram MepexeBux CTaH-
[apTiB Ao iHBepTopiB. Y poboTi [43] 3a3HaYeHO, WO cyyacHi

HOPMAaTMBHI AOKYMEHTU BCTAaHOBIOIOTb XOPCTKI BUMOrM
WoA0 NiATPMMAHHA HaNPYru, YacToTU Ta AKOCTI eNeKTPUY-
HoOi eHeprii. IHBepTOpM NOBUHHI 3abe3neuyBaTn GyHKLii 06-
MEXEHHSA NOTYXHOCTI, PeryatoBaHHA PEeaKTUBHOI CKNaao-
BOi Ta 3axucty Mepexi. BogHoyac ui BumormM uvacto
npv3BOAATb A0 A0AATKOBUX OBMexkeHb reHepauii, OCKi-
JIbKW B pasi BigxnneHHA napameTpiB mepeKi iHBepTop 30-
608B’A3aHMIN 3MEHLIYBATU MNOTYXKHICTb abo BigKAtOYaTUCA.
Takum YMHOM, BigNOBIAHICTb CTaHAApPTam, Xxoua i 3abesne-
Yy€e HagiMHICTb POBOTU Mepeski, MoXKe HeraTMBHO BNIMBaTH
Ha obcar BupobneHHA eHeprii.

IHBEpPTOp Yy CKNadi cuctem 3 ycTaHOBKaMM Ha ocHoBi BAE
BMKOHYE He nmwe QyHKLio NepeTBOpeHHA eHeprii, ane i
BUCTYMNAE aKTUBHUM e/leMEHTOM KepyBaHHA, AKUA BU3HA-
YA€ MOXJ/INBICTb MAaKCMMaNbHO NOBHOIO BUKOPUCTaHHA [0-
CTyNnHOI reHepauii. 3actocyBaHHA pexumis GopmMyBaHHA
MepeXKi, BAKOPUCTaHHA aKyYMYAATOPHMUX CUCTEM Ta BMPOBa-
OsKEeHHA aflanTUBHUX CTPATErili KepyBaHHA AA€E 3MOTy 3Me-
HLWMWTN BNAUB OOMeXKeHb HU3bKOBOIbTHUX MepEeXK i Niasu-
WMt obcAar BUpobaeHoT eHeprii.

BinblWicTb AOCNiAMKEHb PO3rNAAAI0TL PEXUMU POBOTH iH-
BEPTOpiB Ta OBMEKEHHA Mmepexki okpemo, 6e3 Komnaekc-
HOro BpaxyBaHHA iX B3aEMOAIi B peasibHUX YMOBaX €Kc-
nayaTtauii. HepocTtaTHbO AOCAIOXKEHUM  3aNMLIAETLCA
MUTAHHA ONTUMANbHOrO NOEAHAHHA CTPATErili KepyBaHHA
iHBEPTOPOM Ta aKYMYNATOPHO BaTapeeto 3 ypaxyBaHHAM
ANHAMIYHUX 0BMeXeHb Mepei HU3bKOT Hanpyru. Takox
obMmeXKeHO pOo3raAHYTO BMAMB NPOCTOPOBOrO Po3nofiny
reHepauii Ha piBeHb 06MeXeHb Ta MOX/IMBOCTI iX 3HATTA.

AK 3a3HayeHo B Tabn. 2, gnA Makcumisauii BUpobieHHA
eHeprii Bi4HOBNOBaHUX AXepen AOLiNbHO Nojanblue A0c-
NifXKEeHHA KOMMNIEKCHUX NigXoAaiB, AKi MOEQHYIOTb PEXNUMMU
bopMyBaHHA Mepexi, afanTUBHe PeryitoBaHHA MNOTYXKHO-
CTi Ta BUKOPUCTAHHA HAaKONMYyBayiB eHeprii 3 ypaxyBaHHAM
peanbHUX XapaKTEPUCTUK PO3nogifbyunx mepex. Ocob-
JIMBO aKTyaNbHUM € pO3pobJEHHA MEeTOAiB KePYBAHHSA, 3a
[0MOMOro0 IKMX MOXKHA MiHIMI3yBaTM 0bMmeXKeHHA reHe-
pauii 6e3 nopyleHHA BUMOT A0 HaAiMHOCTI Ta AKOCTI efiek-
TPOMNOCTa4YaHHA.
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Ta6nuua 2. Hanpamu po3BUTKY AOCNIAKEHb IHBEPTOPHO-OPiEHTOBAHUX 06MeXKeHb

3apaui onTumisauii

Crparerii KOHTpOANIO

CueHapii noganbLIoro po3BUTKY

MiHimizaLis obmerKeHHA reHepauii
yepes nepeHanpyry

KepyBaHHA peakTMBHOO
NOTY}KHICTIO iHBEpTOpa

Mepexig 40 aganTMBHOro
peryntoBaHHA HaNpyru 3
NPOrHO3yBaHHAM reHepauii

Y3roayKeHHs reHepau,ii 3
NPOMYCKHO 34aTHICTIO MepeXKi

ObmerKeHHA aKTUBHOT NOTYXKHOCTI

3amiHa *KOpCcTKOro obmerkeHHa Ha
ONTUMI30BaHe Nepepo3noaiieHHs
eHeprii

3MeHLeHHA BTpaT eHeprii npu

nikoBii reHepauii 6aTapei

BMKOpUCTaHHA aKyMYNATOPHMX

IHTeNneKTyanbHe KepyBaHHA
3apagom / po3psagom 3
ypaxyBaHHAM CTaHy mepexi

MNiaBuLWEHHs CTIMKOCTI cucTemm
mepexKi

Mepexig 4o pexxumy GopmyBaHHA

MacoBe BnpoBaAKeHHs iHBEPTOPIB,
wo dopmytoTb MepeKy, K 6a3zoBoro
pexumy

3abe3neyeHHsA BigNOBIAHOCTI
CTaHZApTam

dyHKUjT 3aX1CTy Ta 0BMENKEHHSA

lHy4YKa aganTauia cTaHgapTiB nig
BMCOKIi YaCTKM BigHOBMOBAHNX
nxepen

KOHTEKCT YKPaiHCbKOro pMHKY eneKkTpoeHeprii Ta A0NOMiK-
HUx nocayr. Cy4acHuiM pUHOK enekTpoeHeprii YKpaiHu coop-
MOBAHO BHaCAiAOK NoeTanHoi pebopmu, CNPAMOBAHOI Ha Bi-
LOKpeMeHHA BMAiB AiANbHOCTI Ta CTBOPEHHA
KOHKYpPEHTHOro cepefoBuwa. Y Moro cTpyktypi nepeaba-
YEeHO CEerMeHTU ABOCTOPOHHIX AOrOBOPIB, PUHKY «Ha [06y
Hanepeay, BHYTPiWHbOL060BOro Ta 6anaHCyBabHOIO PUH-
KiB, @ TaKOX OKPEeMWI CermeHT AOMOMIXKHMX nocayr. Taka
MoZeNb A€ 3MOTY Y3roAKyBaTu BUPOOHWLITBO Ta CMOXKMK-
BaHHA e/1eKTPOoeHeprii B yMOBax 3pOCTalo4v0i YaCTKM BiiHOB-
JIIOBaHUX AXKepen eHeprii, 30Kpema COHAYHOI Ta BiTPOBOI re-
Hepauii [44-46]. BogHo4yac 0OCOBAMBICTIO YKPAIHCbKOrO
PWHKY € 3Ha4YyHa POJIb CUCTEMHOrO onepaTopa B 3abesne-
YeHHi 6anaHcy MOTYXKHOCTI, WO 0ByMOBAEHO OBMENKEHO
FHYYKICTIO reHepalii Ta BUCOKOK HepiBHOMIpPHICTIO BUMPO6-
JNIeHHA eHeprii yCTaHOBKaMM Ha OCHOBI BiHOB/IIOBAHUX AKe-
pen [47, 48].

3 nornagy BUMPOGHMLTBA enleKTpoeHeprii BNPOBaAKeHHSA
PUHKOBUX MeXaHi3MiB CTBOPMIO NepeaymoBu ana epektu-
BHILLOro BMKOPWUCTAHHA FeHepyrumnx NoTy»KHocTel. MNpoTte
3HAYHe 3PpOCTaHHA BCTAHOB/IEHOT NOTYKHOCTI COHAYHMX i Bi-
TPOBWX €/1eKTPOCTAHLLiA NPM3BENO A0 NOABM HOBUX BUKU-
KiB, NOB’A3aHUX 3 HecTabinbHicTio reHepauii Ta HeobxigHi-
CcTio il 6anaHcyBaHHn [48, 49]. Y poboTax Big3HaAYa€ETbCA, WO
6e3 HafeXHMX CTpaTeriii ynpaBaiHHA Ta ONTUMI3aL,ii pexu-
MiB pob0oTU cucTemM BigOYBAETLCA BUMYLLEHE OOMEXKEHHSA
BUPO6HMUTBA 06’€EKTamM BigHOBNOBAHOI eHEPreTUKN, LWo

6e3nocepenHbO 3HUKYE 3aranbHUIA 0bcar Ti BianycKy B me-
pexy [48, 50].

BanaHcylounii PUHOK Bifirpae KAw4oBy posnb y 3abesne-
YeHHi BigNoOBIAHOCTI MK GAKTUYHUM i 3aNIAHOBAHUM BU-
pOBHULTBOM efiekTpoeHeprii. Moro dyHKLjioHyBaHHs basy-
€TbCA Ha BUKOPWUCTAHHI MaHEBPOBWUX MOTYXKHOCTEW,
34aTHUX WBMAKO 3MiHIOBATU piBeHb reHepadii. IMiTauinHi
[OCNiAXKEHHA NOKa3yloTb, Wo ebeKTUBHICTb LbOro cerme-
HTa 3HAYHOIO MiPOIO 3aN1EXKUTb Bif, YPAaXyBaHHA CUCTEMHUX
obmeKeHb Ta NpPaBMAbHOIO BMOOPY CTpaTeriit KepyBaHHA
pexumamum pobotn 06’eaHaHOI eHepreTMyHoi cucTemu
[47]. 3a ymoB BMCOKOT YaCTKM BiHOB/IOBAHUX OKEPEN eHe-
prii notpeba B TakMX MexaHi3amax 3pOCTa€, OCKiNIbKM came
BOHW BM3HA4YaloTb MOXKAMBICTb iHTerpauii 4oaaTKoBux 06-
CAriB COHAYHOI Ta BITPOBOI reHepauyii 6e3 3HUXKEeHHs Haajin-
HOCTI cuctemu [48].

JonomixHi nocnyrn € HeBig eMHOIO CKagoBOtO 3abesne-
YeHHA CTiKoi poboTn eHeprocuctemn Ta b6esnocepefHbo
BMN/IMBAOTb Ha 06CArM BUPOBHULTBa enekTpoeHeprii. Jo Hux
Hane)aTb pPe3epBM YacTOTH, MNOTYXKHOCTI Ta iHWI IHCTpyMe-
HTU NIATPUMKU pexnmy poboTn mepexi. B ymosax YKpaiHu
X PO3BUTOK CTPUMYETHCA 0OMENKEHOLO KiNIbKICTHO NoCcTavanb-
HUKIB (Tab. 3) i BUCOKOI KOHLLEHTPALLIEID PUHKY, LLLO 3HUMKYE
KOHKYpeHLito Ta edeKTUBHICTb BUKOPUCTAHHA pecypcis [46].
AIK HacnigoK, YacTMHa MOTeHUiHOI reHepauii, oco6i1Bo
yCTaHOBKaMM Ha ocHoBi BAE, He moKe byTu peanisoBaHa ye-
pes BiACYTHICTb AOCTATHIX pe3epBiB AnA 6afaHCyBaHHA.

Tabauysa 3. YacTKM pUHKY B KOHKYpeHTHOMY cermeHTi (10 Hainbinbmx nocravyanbHUKiB 3a 06csarom), 2020 pik [46]

KomnaHis Yactka
TOB «A. Tpenainr» (rpyna ATEK) 26.7 %
TOB «EHepro 36yT TpaHc» 6.4 %
TOB «KuiBcbKi eHepreTnyHi nocayru» (rpyna ATEK) 52%
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TOB «HiNpoBCbKi eHepreTUyHi nocayrm» (rpyna ATEK) 4.0%
TOB «KuiBcbka 0bnacHa eHepronoctayasibHa KOMMaHiA» 31%
TOB «Opecbka obnacHa eHepronocTayasibHa KOMNaHiA» 3.0%
TOB «ToproBa efleKTPUYHa KOMMaHiA» 28%
TOB «J1bBiBEHEPTrO36YT» 26%
MpAT «XapkiBeHeprosoyT» 25%
TOB «MNonTtaBaeHeprosoyT» 2.1%
3aranom 58.4 %

®aKTUYHWUI CTaH 3aKyniBeb AOMOMIXKHUX NOCAYT CBIAYUTD
Npo NOCTYMNOBE PO3LIMPEHHA LbOro cermeHTa. 3a AaHumm
CMUCTEMHOrO onepaTopa, OCTAHHIMM pOKamu cnocrtepira-
€TbCA 3POCTaHHA 0bcAriB 3aKkynisenb pe3epsiB, 30Kpema 3a
PaxyHOK 3a/y4eHHA HOBMX reHepytoumnx o6’ekTis [51]. Boa-
HOYaC PeryiATOpHi 3BiTM BKa3yloTb Ha HasBHICTb ¢iHAHCO-
BMX AncbanaHcis Ta 3aboprosaHocTi Ha 6anaHcyoYomy pu-
HKY, WO YCKNaAHIOE Noro edekTUBHE PYHKLIOHYBaHHA [46,
52]. Lle cBOEIO 4eprot HeraTMBHO BMN/IMBAE HAa MOK/IMBOCTI
ONTMMaNbHOrO MJ/IAaHYBaHHA BUPOBHULTBA enekTpoeHeprii
Ta 3HWXKYE CTUMYAN ANA BNPOBALAKEHHA HOBUX FHYYKMX MO-
TY}KHOCTEM.

OcobnvMBy yBary B Cy4aCHWX AOCAIAMKEHHAX NpuaineHo
BN/IMBY HaKoMM4YyBayiB eHeprii Ha GYHKLIOHYBAHHA PUHKY
Ta 36inblUeHHA 0bcAriB BUPOOHMLTBA 06’ €EKTaMK BigHOB/IO-
BaHOi eHepreTuKW. 30Kpema, 3a3HAYaEeTbCA, WO BMNPOBaA-
OXKEHHA aKYMYNATOPHUX CUCTEM CMPUAE 3MEHLLEHHO 06-
MEXKEHHSA reHepaLii COHAYHMX | BITPOBUX €N1eKTPOCTaHLIN,
NiABULWEHHIO ebeKTUBHOCTI BUKOPUCTAHHA BCTAaHOBIEHUX
NOTY)KHOCTEN Ta 3abe3neyeHHO PiBHOMIpPHIWOro nocta-
YaHHA eneKkTpoeHeprii B mepexy [50]. OTKe, onTumiszaLis
pexumis poboTun 3 ypaxyBaHHAM HAaKOMUYEHHA eHeprii cTae
KNHOYOBUM YNHHUKOM MaKCMMI3aLii BUpobaeHHs.

MepcneKkTnBM PO3BUTKY YKPATHCbKOrO PUHKY eNeKkTpoeHep-
rii NoB’A3aHi 3 NOAANbLIOK iHTErpaLielo 3 EBPONENCbKOLD
€HepreTMYHO CUCTEMOLD, MiABULLEHHAM THYYKOCTI reHe-
pauii Ta pO3WMPEHHAM BWKOPWUCTaHHA BiAHOBIOBAHUX
nxxepen eHeprii [45, 53]. OYiKy€eTbCA, LLLO PO3BUTOK A0MOMI-
YKHUX MOCAYF | BNPOBaAMKEHHA Cy4aCHWUX CTpaTerin Kepy-
BaHHA NpuBeae A0 3MEHLIEHHA BTPAT Bif 06MeKeHHA re-
Hepauii Ta 3abe3neyeHHs MOBHIWOro0 BWMKOPUCTAHHSA
NOTEeHLiaNy COHAYHOI Ta BiTPOBOI eHeprii. Kpim Toro, Bax-
NIMBUM HanpamMOM € AeueHTpanisauia BMpobHMUTBA, AKa
CNpVAE NiABULLEHHIO CTIMKOCTI €HeprocucTeMu Ta 3MeH-
LUEHHIO HaBaHTaXeHHA Ha MaricTpanbHi mepexi [49, 54].

MpoTe aHani3 po3rnsHyTUX AKepen Nokasye, Wo binbLictb
JOCNiAXKeHb 30ceperKeHa Ha 3araibHUX MUTAHHAX QYHKL,-
OHYBaHHA PUHKY, banaHCyBaHHA Ta iHTerpaL,ii ycTaHoBOK Ha
OCHOBI BiAHOBNOBAHUX AKepen eHeprii, To4i AK NUTAHHA
MaKCUMi3aLil BUPOOHMLUTBA eneKTpoeHeprii 3aanLwatoTbea
HeJOoCTaTHbO PO3KPUTUMUK. 30Kpema, Mano AO0CAiAXKeHO
BM/IMB KOMMJIEKCHOI ONTUMI3aLii pobOTU COHAYHUX eNeKT-
POCTaHLUiM Y NOEQHAHHI 3 HAaKOMMYyBaYaMM eHeprii Ha yu-
acTb Y Pi3HUX CErMeHTax PUHKY Ta HaJaHHA SOMNOMIXKHUX

nocayr. Takox NnoTpebyroTb NOAANbLIOIO BUBYEHHA CTpaTe-
rii KepyBaHHA, AKi 4alOTb 3MOry 04HOYACHO NiABULLNTU BU-
pobaeHHA «3eneHoi» enekTpoeHeprii Ta 3abesneunTu cta-
6iNbHiCTb EHeprocucTemu.

Hosi Hanpamun gocnigeHb. MpoBeaeHU aHaNi3 iCHYOUMX
niaxoAais fo pob6oTn GOTOENEKTPUYHUX CTaHLM 3 610KaMu
AKYMYIOBAHHA eHeprii NoOKa3a., W0 Cy4yacCHi AOCNiAXKEeHHA
nepeBaKHO 30ceperKeHi Ha MUTAHHAX ONTUMI3aLLii eKOHO-
Mi4YHOi edpeKTMBHOCTI, 0CO6IMBO MaKcumisalii NpubyTKo-
BOCTi y4acTi B PUHKY eNeKTPMYHOI eHeprii, MiHimi3au,ji Bu-
TpaT abo BWM3HAYEHHA ONTMMAJIbHUX CTpPaTeriin ToprigAi.
BogHouac NMTaHHA MaKCUMMI3aL,ii BUKOPUCTaHHA BUpobae-
HOi eneKTpoeHeprii, 0co6MBO B yMOBax ObMeXKeHb Mme-
pexi Ta HepiBHOMIPHOCTI reHepaLiii, po3rnaHyTi HegocTaT-
HbO. 30Kpema, BUABMEHO HU3KY HEPO3KPUTUX abo YacTKoBO
PO3KPUTUX NUTAHb, AKI MalOTb CYTTEBE 3HAUYEHHA AN1A Npak-
TUYHOI eKcnnyaTauii GOTOeNeKTPUYHMX CUCTEM 3 YCTAHOB-
Kamu 36epiraHHA eHeprii.

Mo-nepuwe, y 6inblOCTi 4OCNiAKeHb He NPUAINAETLCA Ha-
JIEXKHOI yBarn BTpaTam reHepauii, WO BMHUKAOTb BHACAi-
[OK ObMeXKeHb iHBepTOpHOro ob6sagHaHHA, NPOMYCKHOT
3[aTHOCTI mepexi abo HeBignosigHOCTI MixK npodinem re-
HepaLii Ta peXxMmamm CNOXMBAHHA YM BiANYCKY eneKkTpoe-
Heprii. 3a TaKNX YMOB YacTMHA BUPOHIEHOT eneKkTpoeHeprii
He MorKe B6yTW BUKOpUCTaHa abo nepegaHa B Mepexy, Wo
6e3nocepeHbO 3HUKYE edeKTUBHICTL poboTn cuctemu.
HassHi nigxoam po3rnagatoTb Ui BTpaTH NepeBarkHO onoce-
peaKoBaHO abo B KOHTEKCTI EKOHOMIYHMX NOKA3HUKiIB, be3
OeTanbHOoro aHanisy ix ¢isMyHoi npupoan Ta 3aNeXKHOCTI
BiZ peXumiB poboTH ycTaHOBKM 36epiraHHA eHeprii.

Mo-apyre, y HayKoBin niTepaTypi BiACYTHIA CUCTEMHUIA NO-
PiBHANBHWUI aHani3 Pi3HUX peXMmiB poboTM YCTaHOBOK
36epiraHHA eHeprii y cknagi GpoToenekTpuyHmUxX cuctem. lc-
Hyto4i po60TK 34e6inbLIOrO 30cepeKy0TbCA Ha OKPEMMX
CTpaTeriAx KepyBaHHA abo ONTUMI3aLiMHUX anropuTmax,
6e3 po3rnagy ix y EANHIN MeToa0N0riYHIl NAoWMHI Ta 6e3
OLLiHKM X BN/IMBY Ha 06CAr BUKOPUCTaHOT reHepaLii. BHacni-
[OOK LbOrO BifICYTHE YiTKE PO3YMIHHA TOTO, AKi PEXMMU po-
60TU € HalledEKTUBHILLMMM 33 Pi3HUX YMOB eKcnyaTaLii.

Mo-TpeTe, cnoctepiraeTbea AediunT 4OCNIAKEHD, Y AKUX pe-
3yNbTaT MOAENOBAHHA 3iCTaBAAOTLCA 3 peasibHUMKU Aa-
HUMK eKcnayaTauii GoToeNeKTPUUHMX cucTeM 3 BaoKamu
aKyMy/It0BaHHS eHepril. BigcyTHICTb TaKoro NopiBHAHHA 06-
MEXKYE AOCTOBIPHICTb OTPUMAHMX BUCHOBKIB | HE JA€ 3MOTU
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NMOBHOI MipOI OLIHUTU edEeKTMBHICTb 3anpOnoHOBaHMX
NiaAX0A4iB Y NPaKTUYHUX YMOBAX.

3 ypaxyBaHHAM BUABIEHUX 0OMeEXKeHb y nodanblii poborTi
NPOMOHYETLCA 30CepeanTn yBary Ha AOCAiAXKEeHHI BBy
perKmMmiB poboTHN YCTaHOBOK 36epiraHHA eHeprii Ha edekTn-
BHICTb BUKOPUCTAHHSA BUPODB1eHOT eNeKkTpoeHeprii y cknaai
bOTOENEKTPUYHUX CUCTEM, L0 GYHKLIOHYIOTL B YMOBAaX pu-
HKY eNeKTPUYHOI eHeprii.

OCHOBHUM HaNpPAMOM AOCNigXKeHHA nepeabavaeTbca cuc-
TemaTu3auifa Ta NOPIBHANBHWUIA aHani3 TUMNOBUX PEXKUMIB
pob60TM yCTaHOBOK 36epiraHHA eHeprii, cnpAMOBaHMX Ha
niasuLLeHHA eDEeKTUBHOCTI BUKOPUCTAHHA GOTOENEKTPUY-
HOT reHepaLii B yMOBax peanbHUX TEXHIYHWUX | PUHKOBUX 06-
MeKEeHb. ¥ MeKax Lboro nigxoay naaHyeTbCa AOCNIaNTH, ¥
AKMI cNocib pi3Hi NPUHLUNKW KepyBaHHA aKyMyASTOPHUMM
cucTEMaMM BMNJ/IMBAKOTb Ha 34aTHICTb GOTOENEKTPUYHOI CTa-
HUii peanizoByBaTM BUPOOEHY eNeKTPOeHeprito Ta MiHiMi-
3yBaTu ii BTpaTw.

OuiKyeTbCA, WO npoBefeHe AOCAIAKEHHA [acTb 3mMory
BCTAHOBWTU 3aN1EXKHOCTI MiXK peXXMMammn pob0TH yCTaHOBOK
36epiraHHa eHeprii Ta obcaramu GakTUYHO BUKOpPMUCTaHOI
reHepauii 33 O4HAKOBWUX TEXHIYHMX MapameTpiB cucTeMM.
OcobnuBy yBary byae npuaineHo BUABNEHHIO CUTyaLii, y
AKUX Hey3rogyKeHi abo HeedeKTUBHI pexumm poboTu

AOCNiAXKeHUX niaxoais

JocnigeHHsa BNAMBY pexmnmis poboTtu
CTaHLUii, CTaHy 06naaHaHHA Ta MepeXKi Ha

MogaentoBaHHA CTaHL,ii Ta BUBYEHHSA BMJIMBY NiAXOAiB KEPYBaHHA
Y EOMHIN MeToA0N0TiYHIN NAOWMHI Ha obcar reHepau,ii

Cuctematmsauia oTpMMaHUX pe3ynbTaTiB Ta CTPYKTYpM3aLia

AKYMYNATOPHUX CUCTEM MPU3BOAATL A0 BTPATU YaCTUHMU
BMpObIeHOT eHeprii, 30Kpema, Yepes HeAOCTYyMNHICTb EMHO-
CTi 4NA NpUMOMY HaA/IMLWIKOBOI reHepaLii abo HepauioHa-
JIbHUI PO3NOAin eHepreTUYHMUX Pecypcis y Yaci.

MeToanYHO [OCNIAMKEHHA FPYHTYBAaTUMETbCA Ha MOEA-
HaHHI aHani3y y3arasbHEHUX Mogenel Ta aHUX peanbHol
eKcnayaTauii, Wo AacTb 3MOry OLHUTU BNIMB PEXKUMIB PO-
60TU AK Y TEOPETUYHMX, TAK i B MPAKTUYHUX YMOBaAX. Takui
niaxifa, [a€ MOXAMUBICTb He NMLWe BM3HAYUTU NOTEHLIMHO
edeKTuBHI pexxumn GyHKLIOHYBaHHA cUCTEM, ane W BCTa-
HOBUTK CTYNiHb iX Bi4NOBIAHOCTI peasbHUM yMOBam po-
60TH, a TaKOXK BUABUTU NPUYUHU BiaXMNEHb MiXK OYiKyBa-
HUMM Ta GAaKTUYHUMMK pe3yibTaTamu.

Y niacymKy pesynbTaTh JOCNigKeHHA MatoTb 3abe3neunTu
bopmyBaHHA 06r'PyHTOBAHMX peKoMeHaaLil Wwoao sBubopy
pemmiB poboTn ycTaHOBOK 36epiraHHA eHeprii, cnpamo-
BaHMX Ha MigBULLEHHSA ePeKTUBHOCTI BUKOPUCTAHHA BUPO-
6neHoi enekTpoeHeprii GOTOENEKTPUYHUMM CUCTEMAMM
npu ix poboTi Ha PUHKY eNeKTpu4Hoi eHeprii (puc. 3). 3a-
NPONOHOBAHMI NigXif AA€ 3MOry NEPenTH Bif NepeBarKHO
TEOPETUYHMX | EKOHOMIYHO OpIEHTOBAHMX Moaenen Ao
NPaKTUYHOrO aHani3y, WO BPaxXOBYE peasibHi YMOBU eKc-
nayaTauii Ta 06MeXKeHHA eHeprocucTemu.

obmexkeHHs reHepadi eHeprii

MNobyaoBa TeCTOBOI CTaHLii Ta

BiANpaLoBaHHA pe3ynbTaTiB MOAEN0BaHHA

Ha peasibHili ycTaHOBL,i

Puc. 3. bs10K-cxema naaHy po3s8umeky 00CAiOMHEeHHS
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BUCHOBKM. Y Ll pob0oTi NnpoBeeHO CUCTEMHUIA aHani3 cy-
YacHUX niaxopais A0 OYHKUiOHYBAaHHA GOTOENEKTPUYHUX
CTaHUi 3 6N10KaMM aKyMyIlOBAaHHA eHeprii B yMOBax pUHKY
€NIeKTPOoeHeprii 3 aKUEHTOM Ha iX BNAWB Ha BMPOBNEHHSA
eneKkTpoeHeprii Ta ePpeKTUBHICTb BUKOPUCTAHHA BigHOBAIO-
BaHOro pecypcy.

Bu3HayeHi HanpAMK ANA PO3BUTKY HOBMX HAayKOBUX MNiAX0-
AiB 0,0 3MiHM GOKYCY AOCNIAXKEHHA 3 EKOHOMIYHOT epeKTU-
BHocTi PEC + AKB Ha ix 3aaTHicTb 3abe3neyyBaTn Makcnma-
NIbHUI  BUPOBITOK  enekTpoeHeprii. Y3arasbHeHO Ta
CMUCTEMATM30BaHO iCHYIOYI MiAX0AW A0 MOZAENOBaHHA Ta-
KMUX CUCTEM Ta KepYBaHHA HUMM 3 YpaxyBaHHAM B3aeEmMOA,i
TEXHIYHUX, PUHKOBUX i AerpafauinHuUX YMHHUKIB. BM3Ha-
YeHO HeobXiAHICTb CTBOPEHHA KOMMIEKCHUX MoAaenewn, AKi
OZLHOYACHO BPAxXOBYBaTUMYTb PEXMMMU POBOTU HaKOMMYy-
BayiB, 0OMEKEHHA MepeKi Ta 3MiHY XapaKTepPUCTUK CUCTEM
Yy yaci.

TeopeTnyHe 3HAYEHHA AOCNIAKEHHA MONATAE B PO3BUTKY
niaxoaie Ao aHanisy ®EC + AKB Ak 6baratodyHKLioOHanbHOro
€HepreTMYHOro akTUBY, LLLO BN/IMBAE HE IMLLIE HA EKOHOMI-
YHi NOKa3HWKMK, a N Ha ¢i3nYHi NapameTpu BUPobNEHHA
enektpoeHeprii. OTpMMaHi pe3yabTaTu PO3LWMPIOOTb YAB-
JIEHHA NPO B3aEMO3B’A30K MiXK CTpaTeriasmMun KepyBaHHs, ae-
rpafaLieto akyMynsaTopiB i LOBroCTPOKOBOK epeKTUBHICTIO
BUKOPWCTAHHA COHAYHOI reHepaLlii.

[MpaKTUYHEe 3HAYeHHA MNOATAE Y MOKAUBOCTI BUKOPUC-
TaHHA OTPMMAHUX Pe3yNbTaTiB ANA BAOCKOHANEHHA cTpaTe-
ri KepyBaHHA GOTOENEKTPUYHUMU CUCTEMAMM 3 HAKOMWU-
yyBayamu eHeprii. 3anponoHoBaHMM nigxig Aae 3mory
NiABUWMNTU KoediLiEHT BUKOPUCTAHHA BCTAaHOB/EHOI NOTY-
YKHOCTI, 3MEHLUWTM BTPATU reHepadii Ta 3abesneunTtu 6inbw
cTabinbHWUI BiANYCK enekTpoeHeprii B yMOBax peanbHUX
PUHKOBUX i TEXHIYHUX OBMEKEHD.

CoujianbHO-eKOHOMIYHUI edeKT Bif4 BNPOBaAMKEHHS pe-
3yNbTaTiB AOCAIAMKEHHSA NOAATAE Y NiABULLEHHI epeKTUBHO-
CTi BUKOPUCTAHHA BiAHOBAKOBAHMX AKepen eHeprii, 3MeH-
LWeHHi BTPAT eNeKkTpoeHeprii Ta NoKpaleHHi cTabinbHOCTI
pob6oTu eHeprocuctem. Lie cnpuse 3HUKEHHIO noTpebu B
pe3epBHMX MOTYXHOCTAX, 3MEHLUEHHIO BUKUAIB Ta NigBu-
LLLeHHIO eHepreTUyHoi 6e3nekun, 30Kpema, B YyMOBaxX PO3BU-
TKY AeLeHTPani3oBaHoi reHepau,ii.

MepcnekTnBM NoAanblLMX A0CNIAMKEHb NOB A3aHI 3 pOo3po-
6neHHAM iHTerpoBaHux mogenent KepysaHHA PEC + AKB,
AKi 04HOYACHO BPAXOBYIOTb PUHKOBI MeEXaHi3MM, TEXHiYHi
0bMeKeHHs, Aerpanallito akyMmynaTopis i AMHaMiKy BUPOO-
NIeHHA e/leKTpoeHeprii B [OBrOCTPOKOBIM NepCnekTusi.
0c06/1MBO aKTyanbHUM € NPOBEAEHHA AOCNIAMKEHb Ha OC-
HOBI peasibHUX eKcnayaTaliiHUX JaHWUX, @ TaKOXK PO3pob-
JIEHHA MeToAiB ONTUMI3aL,ii, CNPAMOBAHUX Ha MAKCMMI3a-
uito GaKTUYHOro BMPODBNEHHA eNleKTpoeHeprii B ymoBax
6araTocepBiCHOI y4acTi CUCTEM Y PUHKY e/IeKTPOEHepTii.

diHaHcyBaHHA. Lle gocnigrKeHHA BUKOHAHO 3a NigTPUMKK
NpoekTy 26-PKVV-UM-002 «MponoBKeHHA 6araToCTOPOH-
HiX AocnigyKeHb eHepreTMYHoi 6e3nekn B yMmoBax BOEHHOI

Ta NiCNABOEHHOT YKpaiHM MiXK 3axiAHOYECbKMM yHiBEpCUTE-
ToM y Mnb3eHi, BHTY y BiHHuu,i, HTY B Kuesi ta CETY B Xap-
KOBI».

MOCUNAHHA

1. International Energy Agency. World Energy Outlook
2025. Paris: IEA, 2025. Available at:
https://www.iea.org/reports/world-energy-outlook-
2025 [in English].

2. Fraunhofer Institute for Solar Energy Systems ISE. Pho-
tovoltaics Report. Freiburg: Fraunhofer ISE, 2025.
Available at: https://www.ise.fraunhofer.de/en/publi-
cations/studies/photovoltaics-report.html [in English].

3. REN21. Renewables Global Status Report 2025: Global
Overview. Paris: REN21 Secretariat, 2025. Available at:
https://www.ren21.net/gsr-2025/global_overview/ [in
English].

4. Naseri N., Ghiassi-Farrokhfal Y., Ketter W., Collins J.
Understanding and managing the participation of bat-
teries in reserve electricity markets. Decision Support
Systems. 2023, Vol. 165, 113895.
https://doi.org/10.1016/j.dss.2022.113895 [in English].

5. Rancilio G., Bovera F., Spiller M., Merlo M., Delfanti M.
BESS and the ancillary services markets: A symbiosis
yet? Impact of market design on performance. Applied
Energy. 2024, Vol. 375, 124153.
https://doi.org/10.1016/j.apenergy.2024.124153 [in
English].

6. LiB., LiuZ,WuY., WangP,, Liu R., Zhang L. Review on
photovoltaic with battery energy storage system for
power supply to buildings: Challenges and opportuni-
ties. Journal of Energy Storage. 2023, Vol. 61, 106763.
https://doi.org/10.1016/j.est.2023.106763 [in English].

7. Chatzigeorgiou N. G., Theocharides S., Makrides G.,
Georghiou G. E. A review on battery energy storage
systems: Applications, developments and research
trends of hybrid installations in the end-user sector.
Journal of Energy Storage. 2024, Vol. 86, 111192.
https://doi.org/10.1016/j.est.2024.111192 [in English].

8. Nazaralizadeh S., Banerjee P., Srivastava A. K.,
Famouri P. Battery energy storage systems: A review of
energy management systems and health metrics. Ener-
gies. 2024, Vol. 17, no. 5, 1250.
https://doi.org/10.3390/en17051250 [in English].

9. Tziovani L., Hadjidemetriou L., Timotheou S. Optimiz-
ing the bidding strategy and assessing profitability of
over-install renewable plants equipped with battery
energy storage systems. Renewable Energy. 2024, Vol.
234, 121247.
https://doi.org/10.1016/j.renene.2024.121247 [in Eng-
lish].

10. Prakash K., Ali M., Siddique M. N. I., Chand A. A.,
Kumar N. M., Dong D., Pota H. R. A review of battery

233



BigHosntoBaHa eHepretuka. Ne 2/2026 | CoHAYHa eHepreTuka

11.

12.

13.

14.

15.

16.

17.

18.

19.

energy storage systems for ancillary services in distri-
bution grids: Current status, challenges and future di-
rections. Frontiers in Energy Research. 2022, Vol. 10,
971704. https://doi.org/10.3389/fenrg.2022.971704
[in English].

Mushid F. C., Khan M. F. Battery energy storage for an-
cillary services in distribution networks: Technologies,
applications, and deployment challenges—A compre-
hensive review. Energies. 2025, Vol. 18, no. 20, 5443.
https://doi.org/10.3390/en18205443 [in English].

Gonzalez-Saenz J., Becerra V. Optimal battery energy
storage dispatch for the day-ahead electricity market.
Batteries. 2024, Vol. 10, no. 7, 228.
https://doi.org/10.3390/batteries10070228 [in Eng-
lish].

Bahloul M., Daoud M., Khadem S. K. Optimal dispatch
of battery energy storage for multi-service provision in
a collocated PV power plant considering battery age-
ing. Energy. 2024, Vol. 293, 130744.
https://doi.org/10.1016/j.energy.2024.130744 [in Eng-
lish].

Scrocca A., Pisani R., Andreotti D., Rancilio G., Delfanti
M., Bovera F. Optimal spot market participation of PV
+ BESS: Impact of BESS sizing in utility-scale and distrib-
uted configurations. Energies. 2025, Vol. 18, no. 14,
3791. https://doi.org/10.3390/en18143791 [in Eng-
lish].

Mirzaei Alavijeh N., Khezri R., Mazidi M., Steen D.,
Tuan L.A. Optimal scheduling of battery storage sys-
tems in the Swedish multi-FCR market incorporating
battery degradation and technical requirements. 2024.
https://doi.org/10.48550/arXiv.2406.07301 [in Eng-
lish].

Xu B., Zhao J., Zheng T., Litvinov E., Kirschen D.S. Fac-
toring the cycle aging cost of batteries participating in
electricity markets. arXiv preprint. 2017.
https://doi.org/10.48550/arXiv.1707.04567 [in Eng-
lish].

Lee Y.-R., Kim H.-J., Kim M.-K. Optimal operation
scheduling considering cycle aging of battery energy
storage systems on stochastic unit commitments in mi-
crogrids. Energies. 2021, Vol. 14, no. 2, 470.
https://doi.org/10.3390/en14020470 [in English].

Panda S., Rout P.K., Sahu B.K., Mbasso W.F., Jangir P.,
Elrashidi A. Optimization-based energy management
for grid-connected photovoltaic-battery systems in
smart grids using demand response and particle swarm
optimization. Engineering Reports. 2025, Vol. 7, no. 7,
e70305. https://doi.org/10.1002/eng2.70305 [in Eng-
lish].

Song H., Liu C., Moradi Amani A., Gu M., Jalili M.,
Meegahapola L., Yu X., Dickeson G. Smart optimization
in battery energy storage systems: An overview. En-
ergy and Al. 2024, Vol. 17, 100378.

20.

21.

22.

23.

24.

25.

26.

27.

28.

https://doi.org/10.1016/j.egyai.2024.100378 [in Eng-
lish].

Dong X.-J., Shen J.-N., Ma Z.-F., He Y.-J. Stochastic opti-
mization of integrated electric vehicle charging sta-
tions under photovoltaic uncertainty and battery
power constraints. Energy. 2025, Vol. 314, 134163.
https://doi.org/10.1016/j.energy.2024.134163 [in Eng-
lish].

Rezaeimozafar M., Barrett E., Monaghan R. F. D.,
Duffy M. A stochastic method for behind-the-meter
PV-battery energy storage systems sizing with degra-
dation minimization by limiting battery cycling. Journal
of Energy Storage. 2024, Vol. 86, Part A, 111199.
https://doi.org/10.1016/j.est.2024.111199 [in English].

Lun Mora Pous A., Garcia-Muioz F., Jorquera-Bravo N.,
Aranguiz R., Buguefio Olivos V. Hybrid adaptive robust
stochastic optimization model for the design of a pho-
tovoltaic battery energy storage system. arXiv preprint.
2025. https://doi.org/10.48550/arXiv.2509.19054 [in
English].

Mary N., Dessaint L.-A. Robust model predictive con-
trol of battery energy storage with neural network
forecasting for peak shaving in university campus.
Journal of Building Engineering. 2025, Vol. 107,
112445, https://doi.org/10.1016/j.jobe.2025.112445
[in English].

Alharbi Y., Darwish A., Ma X. A review of model predic-
tive control for grid-connected PV applications. Elec-
tronics. 2025, Vol. 14, no. 4, 667.
https://doi.org/10.3390/electronics14040667 [in Eng-
lish].

Amar A., Yusupov Z. Real-time capable MPC-based en-
ergy management of hybrid microgrid. Processes.
2025, Vol. 13, no. 9, 2883.
https://doi.org/10.3390/pr13092883 [in English].

Kang H., Jung S., Kim H., Jeoung J., Hong T. Reinforce-
ment learning-based optimal scheduling model of bat-
tery energy storage system at the building level. Re-
newable and Sustainable Energy Reviews. 2024, Vol.
190, Part A, 114054.
https://doi.org/10.1016/j.rser.2023.114054 [in Eng-
lish].

Xu B., Oudalov A., Ulbig A., Andersson G.,

Kirschen D. S. Modeling of lithium-ion battery degrada-
tion for cell life assessment. IEEE Transactions on
Smart Grid. 2018, Vol. 9, no. 2, pp. 1131-1140.
https://doi.org/10.1109/T5G.2016.2578950 [in Eng-
lish].

Schmalstieg J., Kabitz S., Ecker M., Sauer D. U. A holis-
tic aging model for Li(NiMnCo)O, based 18650 lithium-
ion batteries. Journal of Power Sources. 2014, Vol. 257,
pp. 325-334. https://doi.org/10.1016/j.jpow-
sour.2014.02.012 [in English].

234



BigHoBntoBaHa eHepretka. Ne 2/2026 | CoHAYHa eHepreTuka

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Birkl C. R., Roberts M. R., McTurk E., Bruce P. G.,
Howey D.A. Degradation diagnostics for lithium ion
cells. Journal of Power Sources. 2017, Vol. 341, pp.
373-386. https://doi.org/10.1016/j.jpow-
sour.2016.12.011 [in English].

Edge J.S., O’Kane S., Prosser R., Kirkaldy N. D.,

Patel A. N., Hales A., Ghosh A., Ai W., Chen J.,, Yang ).,
Li S., Pang M.-C., Bravo Diaz L., Tomaszewska A.,
Marzook M. W., Radhakrishnan K. N., Wang H.,

Patel Y., Wu B., Offer G.J. Lithium ion battery degrada-
tion: what you need to know. Physical Chemistry Chemi-
cal Physics. 2021, Vol. 23, no. 14, pp. 8200-8221.
https://doi.org/10.1039/D1CP00359C [in English].

Yang X.-G., Leng Y., Zhang G., Ge S., Wang C.-Y. Model-
ing of lithium plating induced aging of lithium-ion bat-
teries: Transition from linear to nonlinear aging. Jour-
nal of Power Sources. 2017, Vol. 360, pp. 28—-40.
https://doi.org/10.1016/j.jpowsour.2017.05.110 [in
English].

He G., Chen Q., Kang C., Xia Q. Optimal bidding strat-
egy of battery storage in power markets considering
performance-based regulation and battery cycle life.
IEEE Transactions on Smart Grid. 2016, Vol. 7, no. 5,
pp. 2359-2367.
https://doi.org/10.1109/75G.2015.2424314 [in Eng-
lish].

Sioshansi R. Increasing the value of wind with energy
storage. The Energy Journal. 2011, Vol. 32, no. 2.
https://doi.org/10.5547/ISSN0195-6574-EJ-Vol32-No2-
1 [in English].

Zakeri B., Syri S. Electrical energy storage systems: A
comparative life cycle cost analysis. Renewable and

Sustainable Energy Reviews. 2015, Vol. 42, pp. 569—
596. https://doi.org/10.1016/j.rser.2014.10.011 [in

English].

Staffell I., Rustomji M. Maximising the value of electric-
ity storage. Journal of Energy Storage. 2016, Vol. 8, pp.
212-225. https://doi.org/10.1016/j.est.2016.08.010 [in
English].

Yin K., Xiao Y., Shen X., Zhu Y., Yang Y. Review of pho-
tovoltaic—battery energy storage systems for grid-
forming operation. Batteries. 2024, Vol. 10, no. 8, 288.
https://doi.org/10.3390/batteries10080288 [in Eng-
lish].

Babu V. V., Roselyn J. P., Nithya C., Sundaravadivel P.
Development of grid-forming and grid-following in-
verter control in microgrid network ensuring grid sta-
bility and frequency response. Electronics. 2024, Vol.
13, no. 10, 1958. https://doi.org/10.3390/electron-
ics13101958 [in English].

CaiY,YulL,WuM,, LvS., FuZ, Tong W., Li W., Shi S.
Grid-forming control for solar generation system with
battery energy storage. Energies. 2024, Vol. 17, no. 15,

39.

40.

41.

42.

43.

44,

45

46.

47.

48.

3642. https://doi.org/10.3390/en17153642 [in Eng-
lish].

Anttila S., Dohler J. S., Oliveira J. G., Bostrom C. Grid
forming inverters: A review of the state of the art of
key elements for microgrid operation. Energies. 2022,
Vol. 15, no. 15, 5517.
https://doi.org/10.3390/en15155517 [in English].

Ward L., Subburaj A., Demir A., Chamana M.,

Bayne S. B. Analysis of grid-forming inverter controls
for grid-connected and islanded microgrid integration.
Sustainability. 2024, Vol. 16, no. 5, 2148.
https://doi.org/10.3390/su16052148 [in English].

Gao X., ZhangJ., Sun H., Liang Y., Wei L., Yan C., Xie Y.
A review of voltage control studies on low voltage dis-
tribution networks containing high penetration distrib-
uted photovoltaics. Energies. 2024, Vol. 17, no. 13,
3058. https://doi.org/10.3390/en17133058 [in Eng-
lish].

Soares L. T. F., Souza A. C., Silva W. W. A. G,,

Pugliese L.F., Alves G.H. Grid-connected photovoltaic
systems with energy storage for ancillary services. En-
ergies. 2023, Vol. 16, no. 21, 7379.
https://doi.org/10.3390/en16217379 [in English].

Chmielowiec K., Topolski t., Dutka M., Piszczek A., Han-
zelka Z., Rodziewicz T. Technical requirements of pho-
tovoltaic inverters for low voltage distribution net-
works. Inventions. 2024, Vol. 9, no. 4, 91.
https://doi.org/10.3390/inventions9040091 [in Eng-
lish].

Kostyrko R., Kosova T., Kostyrko L., Zaitseva L., Melny-
chenko O. Ukrainian market of electrical energy: Re-
forming, financing, innovative investment, efficiency
analysis, and audit. Energies. 2021, Vol. 14, no. 16,
5080. https://doi.org/10.3390/en14165080 [in Eng-
lish].

.International Energy Agency. Ukraine energy profile.

Paris: IEA, 2024. Available at:
https://iea.blob.core.windows.net/assets/ac51678f-
5069-4495-9551-87040cb0c99d/UkraineEnergyPro-
file.pdf [in English].

OECD. Competition market study of Ukraine’s electric-
ity sector. Paris: OECD Publishing, 2023.
https://doi.org/10.1787/f28f98ed-en [in English].

Blinov I., Parus Y. V., lvanov H. A. Imitation modeling of
the balancing electricity market functioning taking into
account system constraints on the parameters of the
IPS of Ukraine mode. Technical Electrodynamics. 2017,
no. 6, pp. 72—79. https://doi.org/10.15407 /tech-
ned2017.06.072 [in English].

Kurbatova T., Sotnyk I., Prokopenko O., Tu Y.-x. Balanc-
ing Ukraine’s energy system: Challenges under high re-
newable energy penetration and the COVID-19 pan-
demic. E3S Web of Conferences. 2021, Vol. 280,
05007.

235



BigHosntoBaHa eHepretuka. Ne 2/2026 | CoHAYHa eHepreTuka

49.

50.

51.

https://doi.org/10.1051/e3sconf/202128005007 [in
English].

Kostenko H., Zaporozhets A., Zaporozhets N.V., Ver-
peta V. O. Aspects of integrating renewable distributed
generation into the energy supply system of Ukraine.
The Problems of Economy. 2024, Vol. 2, no. 60, pp. 83—
93. https://doi.org/10.32983/2222-0712-2024-2-83-93
[in English].

World Bank. Ukraine: Improving power system resili-
ence for European power grid integration project. Pro-
ject appraisal document (P176114). Washington, DC:
World Bank, 2021. Available at: https://docu-
mentsl.worldbank.org/cu-
rated/en/803731625364161631/pdf/Ukraine-Improv-
ing-Power-System-Resilience-for-European-Power-
Grid-Integration-Project.pdf [in English].

NPC Ukrenergo. Reports on ancillary services and bal-
ancing market of Ukraine. Available at: https://ua.en-
ergy/ [in Ukrainian].

52.

53.

54.

National Energy and Utilities Regulatory Commission of
Ukraine. Regulatory reports on the electricity market
(2022-2024). Kyiv: NEURC, 2024. Available at:
https://www.nerc.gov.ua/ [in Ukrainian].

European Bank for Reconstruction and Development.
Ukraine. In: Transition Report 2024-25: Navigating In-
dustrial Policy. London: EBRD, 2024. Available at:
https://www.ebrd.com/content/dam/ebrd_dxp/as-
sets/pdfs/office-of-the-chief-economist/transition-re-
port-archive/transition-report-2024/country-assess-
ments-2023-24/eastern-europe-and-the-
caucasus/Transition-Report-2024-25-Ukraine.pdf [in
English].

IRENA. Renewable energy roadmap: Eastern Partner-
ship. Abu Dhabi: International Renewable Energy
Agency, 2025. Available at: https://www.irena.org/-
/media/Files/IRENA/Agency/Publica-
tion/2025/Aug/IRENA_OUT_REmap_Eastern_Partner-
ship_2025.pdf [in English].

236



BigHoBntoBaHa eHepretka. Ne 2/2026 | CoHAYHa eHepreTuka

UDC621.3

https://doi.org/10.36296/1819-8058.2025.4(83).221-251

ANALYSIS OF EXISTING APPROACHES TO THE OPERATION OF PHOTOVOLTAIC POWER PLANTS
WITH BATTERY ENERGY STORAGE SYSTEMS IN ELECTRICITY MARKETS

Received May 06, 2026; accepted Jun. 26, 2026

Available online June. 30, 2026

Budko V.', Lazorko M.2, Milan Belik3,
Bobba Phaneendra Babu?, Budko M.®

Author for correspondence: Lazorko Mykola,
e-mail: lazorko.mykola@Ill.kpi.ua

Abstract. The increasing share of solar generation in the structure
of the electric power sector is accompanied by growing variability in
electricity production and an increase in curtailment volumes, lead-
ing to underutilization of the available energy resource. Under such
conditions, energy storage systems are considered a key tool for en-
hancing the actual electricity output; however, existing approaches
to their application are primarily focused on economic optimisation
rather than maximising generation. This necessitates reconsidering
the role of photovoltaic power plants with battery energy storage
systems as a means of improving generation efficiency under elec-
tricity market conditions. The aim of this study is to provide a sys-
tematic analysis of modern approaches to the operation of photo-
voltaic systems with battery energy storage in market
environments, focusing on their impact on the volume and stability
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of electricity generation. To achieve this objective, the following

tasks are addressed: generalization of approaches to considering photovoltaic systems with battery storage as a
multi-functional market asset; analysis of optimization methods and control strategies for energy storage sys-
tems; investigation of battery degradation modeling approaches and their impact on long-term performance; ex-
amination of inverter and distribution network constraints; and analysis of the specific features of the Ukrainian
electricity market in the context of energy storage integration. Methodologically, the study is based on a compar-
ative analysis of contemporary scientific literature covering optimisation of operating modes for photovoltaic sys-
tems with battery storage, modelling of their technical characteristics, and their participation in various segments
of electricity markets. Particular attention is paid to aligning the technical processes of generation and storage
with market mechanisms, as well as evaluating the impact of control strategies on actual electricity output. The
results show that the efficiency of photovoltaic systems with battery energy storage is determined not only by
storage parameters but also by selected operating modes, which affect generation curtailment levels, utilisation
of installed capacity, and long-term availability of the energy resource. It is demonstrated that neglecting battery
degradation and network constraints leads to overestimation of system performance, while their inclusion signif-
icantly alters optimal control strategies. A lack of integrated approaches that simultaneously consider market
conditions, technical constraints, and temporal changes in system characteristics is identified. The obtained results
provide a basis for defining scientifically grounded directions for further research aimed at developing integrated
control models for photovoltaic systems with battery energy storage, focused on maximising actual electricity
generation and minimising energy losses during operation.

Keywords: photovoltaic power plants; energy storage systems; electricity generation; operating mode

optimisation;, power system balancing; generation curtailment; inverter-dominated networks; renewable
energy sources.

List of terms and abbreviations used
RES — renewable energy sources EMS — energy management system
PVP — photovoltaic power plant ESS — energy storage system

BES — battery energy storage DAM — day-ahead market
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Introduction. The transformation of the global energy sec-
tor in the 21st century is centered on low-carbon technolo-
gies and the active deployment of power plants based on
renewable energy sources. According to current statistical
data [1-3], solar photovoltaics is a key factor in the expan-
sion of electricity generation, which is fundamentally
changing the architecture of the global energy balance. At
the same time, this transformation is changing not only the
structure of generation but also the principles of power sys-
tem operation, as the share of capacity with variable out-
put—which depends on natural conditions—is increasing.
During the development phase of coal-fired technologies
initially, and later nuclear power, the traditional model of
the electric power industry was based on the use of con-
trollable power plants capable of ensuring stable electricity
generation in accordance with the load. Under current con-
ditions, characterized by a high share of electricity genera-
tion from renewable energy sources (RES), this model is
transforming into a system in which flexibility plays a key
role. In particular, this is reflected in the development of
segmented electricity markets, namely “day-ahead,” intra-
day, and balancing mechanisms that ensure the coordina-
tion of electricity generation and consumption under con-
ditions of uncertainty [4,5]. Under such conditions, the
efficiency of power system operation is primarily deter-
mined by the ability to adapt its operation to changing ex-
ternal conditions (e.g., changes in solar radiation intensity),
which result in electricity generation that is uneven relative
to the load.

Solar power generation facilities, despite their significant
advantages in terms of environmental friendliness and the
use of local energy resources, are characterized by uneven
electricity production, which is caused by daily and sea-
sonal fluctuations in solar radiation intensity (W/m?). Con-
stant changes in this indicator over time lead to a mismatch
between generation and consumption, as well as to re-
strictions on electricity supply during periods of peak gen-
eration [2,6]. As a result of such mismatches, a portion of
the potentially available energy resource remains unused,
which reduces the overall efficiency of photovoltaic sys-
tems.

One way to improve the efficiency of renewable energy use
is to integrate energy storage units into existing power sys-
tems with a significant share of intermittent generation.
Storage systems enable the temporal redistribution of elec-
tricity by accumulating it during periods of excess genera-
tion and utilizing it accordingly during periods of increased
electricity demand. This helps to smooth the electricity
generation profile and reduce generation curtailment,
while also creating the conditions for more effective inte-
gration of renewable sources into existing power systems
[6-8].

In this context, the combination of photovoltaic systems
with energy storage systems (PVP+BES) is viewed as a prac-
tical solution not only for improving the efficiency of solar
energy utilization but also for expanding the functional ca-
pabilities of generating capacity. Such combinations can

integrate electricity generation with storage and flexible
operation control, allowing the generation profile to be
adapted to market conditions and the needs of the power
system [4,7]. Accordingly, PV+Battery systems are gradu-
ally transforming from passive generation sources into ac-
tive energy facilities capable of participating in various seg-
ments of the electricity market.

The development of flexible electricity markets creates
new opportunities for the use of such systems. In particu-
lar, energy storage systems can be engaged in providing an-
cillary services, participating in system balancing, and opti-
mizing generation modes in accordance with market
demands. Recent studies show that the efficiency of
PVP+BES systems is largely determined by both the tech-
nical characteristics of the system and the specifics of the
market structure, including rules for participation in various
market segments and price formation mechanisms [4,5,9].

At the same time, despite a significant number of studies in
this field, a number of unresolved issues remain. A signifi-
cant portion of scientific work focuses on the economic as-
pects of PVP+BES operation, while issues of maximizing
electricity generation and the efficient use of renewable
energy resources are not addressed comprehensively
enough. Furthermore, the impact of operating modes and
battery degradation on the long-term efficiency of systems
is given limited consideration [8,9].

Thus, under current conditions, there is a need for a sys-
tematic analysis of approaches to the operation of photo-
voltaic systems with energy storage, taking into account
both technical and market factors. Particular attention
should be paid to studying how control and optimization
strategies affect electricity generation and the utilization
rate of installed capacity.

The purpose of this review article is to summarize current
approaches to the operation of PV systems with batteries
in market conditions and to determine their impact on the
efficient supply of electricity to the current load. This work
analyzes existing control strategies, optimization ap-
proaches, and the specifics of integrating such systems into
the structure of modern electricity markets, and identifies
directions for further research in this field.

Photovoltaic power plant systems with battery storage
units as a multifunctional market asset. The ongoing de-
velopment of electrical energy storage systems is expand-
ing their functionality within power systems, particularly
when integrated with photovoltaic power plants (PVPs).
Given the high share of solar generation, the stochastic na-
ture of electricity production creates irregularities in power
output, leading to forced generation curtailments, over-
loads in distribution networks, and reduced efficiency in
the utilization of PV plant capacity. In this context, PV +
BMS (battery management systems) should be viewed pri-
marily as a tool for improving the efficiency of electricity
generated by PV through its spatial and temporal redistri-
bution.
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Batteries, in combination with solar power plants, serve as
a buffer that allows:

e storing excess electricity during peak solar generation
hours;

e shift energy delivery to hours of increased demand;

e create a controlled power delivery schedule;

e reduce the rate of power change;

® minimize generation losses due to export restrictions.

Thus, the participation of PVP+BES storage systems in the
electricity market is viewed not merely as a financial mech-
anism, but as a means of technologically realizing the full
potential of local photovoltaic energy resources. The ques-
tion of the most effective way to integrate batteries into a
market with many possibilities remains open. It is im-
portant to determine which operating models can improve
the flexibility of the power system and how battery perfor-
mance will vary depending on the chosen scenario. A key
challenge in integrating batteries with photovoltaic power
plantsis finding a balance between technical characteristics
(power and capacity) and the chosen operating strategy,
which would ensure the fastest payback and maximum
profit. The scientific community emphasizes that the devel-
opment of distribution networks with a high share of elec-
tricity generation from renewable energy sources is accom-
panied by increasing challenges related to power quality,
frequency stability, voltage regulation, and overload con-
trol. Approaches to BES management in distribution net-
works are being developed that combine both local algo-
rithms (using control strategies based on rules or on the
“sagging” of operating parameters) and centralized optimi-
zation approaches that account for network constraints
[10].

To address the objectives of the M5BAT project [11], the
simultaneous use of three different types of electrochemi-
cal battery systems (lithium-ion, lead-acid, and sodium-
nickel-chloride) was combined with a complex hierarchical
control architecture, which allowed for the effective utiliza-
tion of the advantages of each BES. Lithium-ion batteries,
with their power density and fast response capabilities,
were primarily used for frequency regulation and support-
ing transient processes, achieving a response time of less
than one second. Sodium-nickel-chloride batteries, with
their energy density and long-duration capabilities, han-
dled large amounts of energy, including four-hour peak
load reduction and shifting the operating time of renewa-
ble energy. Lead-acid batteries provided intermediate sup-
port, particularly for applications requiring frequent but
shallow discharge cycles. The proposed Energy Manage-
ment System (EMS) dynamically allocated power flows, tak-
ing into account real-time grid conditions, using Model Pre-
dictive Control (MPC) algorithms to optimally distribute the
load across each battery type. The implemented system
stabilized voltage imbalance from 2.9% to 1.6% in the local
distribution network and effectively smoothed the power
output of neighboring wind turbines, achieving a 70% re-
duction in the rate of power increase during periods of high
variability, and implemented a four-hour generation shift.

However, this study provides little insight into the issue of
maximizing energy generation from renewable energy
sources in conjunction with a control system, and does not
address the impact of energy redistribution between differ-
ent storage systems on the volume of stored and re-dis-
patched energy.

Currently, the issue of an optimal algorithm for utilizing
storage batteries in various strategies for operating in the
electricity market is of great relevance. Thus, in [12], the
optimal dispatch of an energy storage system (ESS) in the
day-ahead market is considered, with the development of
a mathematically sound strategy that maximizes profits
from energy arbitrage while accounting for the dynamics of
battery charge status and their technical limitations. This
approach treats the problem as a global optimization over
the planning horizon, where the use of the system during
certain time intervals affects the availability of the resource
during others. Thus, the operating strategy is determined
by the interrelationship between prices throughout the
day, and the optimal schedule for using the energy storage
system is formed taking into account future peak periods.

In turn, the authors in [13] investigate the problem of using
a battery system together with a photovoltaic power plant
under conditions of simultaneously providing services for
several purposes, namely redirecting excess solar energy to
the battery and operating in the ancillary services market.
One of the key aspects of their study was assessing the im-
pact of battery degradation on its usage patterns. From a
technical standpoint, it is important that the system allows
for reducing the limitations of solar generation through in-
ternal energy redistribution across time intervals. At the
same time, participation in ancillary services alters the bat-
tery’s usage mode: part of the capacity is reserved for rapid
response, which may limit the ability to store excess solar
energy. Thus, a conflict arises between maximizing the net
electricity output from the solar power plant and maintain-
ing readiness for regulation. This study focuses specifically
on the implementation of redistribution among different
services that the ESS can provide and does not address the
issue of increasing PVP generation in this context. Further-
more, the study does not show whether reserving capacity
to support the grid has a positive or negative impact on PVP
power generation in the long term, given the use of energy
storage systems and their response to such operation.

Researchers at the Polytechnic University of Milan investi-
gated the impact of the size of a combined PVP and ESS on
Italy’s day-ahead and intraday electricity markets for two
types of plants: utility-scale and distributed. The authors fo-
cus on determining the optimal ratio of power to storage
capacity to maximize profits. An optimization model for the
use of PVP and ESS in the electricity market was developed,
taking into account hourly electricity prices, the generation
profile of the solar plant, and battery constraints with an
assessment of its configuration parameters. A series of cal-
culations was performed by varying the capacity and rated
power for three weather scenarios across the four seasons
of the year, which allowed us to observe the dependence
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of economic results on the size of the storage system. The
results show that insufficient capacity leads to losses in so-
lar generation during peak production hours, while exces-
sive capacity does not provide an additional increase in net
electricity sales due to limitations in the PVP generation
profile. Thus, there is an optimal range of parameters
within which the battery maximizes the capacity utilization
factor of the PVP [14]. The authors use day-ahead market
prices (DAP) as the primary indicator of their system’s effi-
ciency and provide significantly less detail on the efficiency
of PV power generation under various conditions; there is
no analysis of forced curtailment of solar generation or of
how the storage system allows for the redistribution of PV-
generated energy over time.

In [15], the authors integrate a BES degradation model into
the problem of optimal planning for participation in the fre-
quency regulation market. It is shown that, without ac-
counting for aging, the BES is operated under conditions of
frequent deep cycles, which accelerates capacity loss. In-
cluding the BES degradation model shifts the control strat-
egy to a more moderate one, ensuring a longer battery ser-
vice life within the manufacturer’s specified parameters
and more stable, long-term energy delivery. In the study
[16], a method was proposed that accounts for the cost of
battery aging over its service life by estimating the equiva-
lent cost of a cycle based on its depth of discharge. The au-
thors argue that deep cycles have a significantly greater im-
pact on battery degradation compared to shallower
discharge cycles. Based on this study, it is more appropriate
to use the storage system in partial discharge-charge
modes, which ensures less aggressive capacity utilization
and makes the storage of excess solar generation more sta-
ble throughout the entire life cycle of the energy storage
system. Aggressive strategies aimed at maximizing BES uti-
lization in short-term planning lead to a rapid decrease in
available capacity and, consequently, to a reduction in the
effectiveness of generation smoothing in subsequent years
of operation. Including a degradation model in battery op-
eration calculations allows for the development of a more
balanced operating mode that maintains a stable level of
energy utilization in the long term. The authors obtained
such results in [17] when considering optimal control of ESS
in a microgrid, where cyclic battery aging was taken into ac-
count. These studies investigate degradation as an internal
component of batteries, with little emphasis on how it af-
fects operation within a system with renewable energy
sources, the reduction in available battery power, and
forced generation limitations. It is not disclosed how
changes in battery capacity over time affect the amount of
energy stored and delivered by the PVP.

The studies analyzed [10—-17] primarily focus on developing
models for optimizing the control of energy storage sys-
tems or combined PVP systems with batteries in various
segments of the electricity market, with a primary empha-
sis on dispatch algorithms, accounting for technical limita-
tions of batteries, and incorporating models of their aging
into calculations. A significant portion of the work focuses
on the simultaneous provision of multiple services, the

selection of optimal power and storage capacity, as well as
the impact of cyclic aging on operating modes. At the same
time, in most studies, the combined PVP-battery system is
considered either from the perspective of short-term opti-
mization or in terms of economic outcomes, without a com-
prehensive analysis of the long-term dynamics of electricity
generation by solar power plants. Insufficient attention has
been paid to the issue of changes in annual PVP generation
as battery capacity gradually decreases, the impact of
multi-service provision modes on the capacity utilization
factor of PVP, and the relationship between grid constraints
and the actual level of forced generation curtailment. There
are virtually no coordinated approaches that simultane-
ously combine market-based dispatch, battery aging pro-
cesses, and energy efficiency indicators of generation over
the long-term operation of the systems. In the future, it is
advisable to develop a comprehensive model of PVP oper-
ation with battery units as a multifunctional market asset,
focused primarily on maximizing and stabilizing long-term
electricity output from the solar plant, taking into account
the system’s physical constraints and the gradual change in
its technical characteristics. Thus, the direction of further
research should be aimed at developing a coordinated ap-
proach, where market mechanisms should be viewed as
tools for improving the efficiency of electricity generation,
rather than as an end in themselves for optimization
(Fig. 1).

Optimization problems and control strategies for PVP in
combination with ESS. The efficiency of renewable energy
utilization depends to a large extent on climatic and mete-
orological conditions, and the output of power plants based
on these sources is irregular and stochastic in nature. For
solar and wind power plants, significant fluctuations in
power output are typical both throughout the day and over
the course of a year. Quite often, such changes in power
output and, consequently, energy exceed the capacity of
the power grid. Under such conditions, energy storage sys-
tems are viewed as a tool for increasing the efficiency of
utilizing the maximum electricity generation from renewa-
ble energy installations. However, the actual results of their
application depend to a large extent on control algorithms
that determine when the storage system should accumu-
late energy that the grid cannot accept and when it should
feed it back into the grid. This is precisely why significant
attention is devoted to developing optimization methods
and control strategies for such systems.

One of the main areas of research involves the use of de-
terministic optimization methods, in which the operating
mode of the storage device is determined based on known
or predicted system parameters. In [18], an optimization
model is proposed for controlling a photovoltaic power
plant with a battery as part of a local power system. The
main objective of the algorithm is to maximize the utiliza-
tion of energy generated by renewable energy sources
through the optimal distribution of energy flows among
generation, load, the battery, and the power grid. The op-
timization problem takes into account the power balance
in each time interval, the permissible limits of the battery’s
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Fig. 1. Development trends for PVP+ESS systems within the structure of a multifunctional
market asset

state of charge, and constraints on the rate of its charging
and discharging. The results show that the use of optimiza-
tion algorithms allows for a significant increase in the share
of electricity from PVP and a reduction in the volume of
forced generation curtailments.

A similar approach is also used in [19], which addresses the
problem of optimal scheduling for a photovoltaic power
plant with a battery storage system for facilities with high
electricity consumption. In this work, the optimization
model determines the battery charging and discharging
schedule based on the predicted generation profile of the
solar power plant and the nature of consumption. The au-
thors demonstrate that proper planning of the storage sys-
tem’s operating mode allows for a significant increase in
the amount of electricity from the PVP that is used directly
in the power system and reduces dependence on external
electricity sources.

However, under real-world conditions, electricity generation
from renewable energy sources is characterized by signifi-
cant uncertainty. Solar irradiance and wind speed can vary
over short time intervals, leading to deviations in actual gen-
eration from forecast values. Stochastic optimization meth-
ods are used in research to account for such factors. In [20],
a model for planning the operation of a renewable energy

generation system with a storage device is proposed, in
which the uncertainty of output from the PVP is described by
a set of possible scenarios. For each scenario, the optimal
battery usage mode is determined, after which a generalized
solution is formed that ensures the maximum expected level
of utilization of the generated electricity. This approach al-
lows for the formation of a more robust control strategy,
which reduces generation losses in the event of sudden
changes in weather conditions.

A further development in this area is robust optimization
methods, which aim to ensure an acceptable result even
under the most unfavorable conditions. In [21], a hybrid op-
timization model is proposed that combines elements of
stochastic and robust approaches. Within this model, the
uncertainty in electricity generation from solar and other
renewable energy installations is accounted for through a
set of statistical scenarios, while other system parameters
are considered as ranges of possible values. This approach
allows for the formation of a storage system operating
mode that ensures a stable level of electricity utilization
even when actual conditions deviate significantly from the
forecast.

Control algorithms that utilize forecasts of the system’s fu-
ture state constitute a separate group of methods. The
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paper [22] examines a method for controlling a power sys-
tem comprising renewable energy generation units and a
storage device, in which optimization is performed based
on forecasts of future generation and load. At each step of
the process, the system generates a forecast of generation
changes over a specific time horizon and determines the
optimal battery usage mode. Subsequently, the calculation
is repeated using updated data, allowing the system to
adapt to actual operating conditions. The authors demon-
strate that using this approach allows for more effective
smoothing of power fluctuations from renewable sources
and improves the stability of electricity generation.

In recent years, control methods based on data analysis and
the use of learning algorithms have seen significant devel-
opment. The paper [23] proposes a method for controlling
an energy storage device that uses a reinforcement learn-
ing algorithm. During operation, the system gradually
forms a control strategy based on the analysis of the results
of previous decisions regarding battery charging and dis-
charging. This approach allows the system to adapt to
changing operating conditions and identify battery usage
modes that ensure more efficient use of electricity from re-
newable energy installations.

Another study [24] examines the use of a two-stage sto-
chastic model for scheduling the operation of a power sys-
tem with storage devices. Under this approach, the prelim-
inary operating mode of the system is determined in the
first stage based on forecast data, and in the second stage,
the mode is adjusted to account for the actual state of gen-
eration. This structure allows for the integration of long-
term planning with operational control, which improves
the efficiency of utilizing output from renewable energy
sources.

The paper [25] investigates the application of multi-criteria
optimization for the control of power systems with renew-
able sources and storage devices. The proposed approach
allows for the simultaneous consideration of several per-
formance criteria, including the share of renewable gener-
ation, generation stability, and the load on the power grid.
The authors demonstrate that the use of multi-criteria op-
timization enables the development of a more balanced
control strategy, which ensures improved system perfor-
mance across various operating modes.

Another area of research involves accounting for risks when
planning the operation of energy storage systems. In [26],
a method for stochastic planning of energy storage systems
is proposed, which accounts for the risk of significant devi-
ations in generation by RES from forecast values. This ap-
proach allows for the development of a storage system op-
erating mode that minimizes energy losses in the event of
adverse weather conditions and improves the reliability of
power supply.

The studies reviewed focus primarily on optimizing the
short-term operating modes of renewable energy systems
or on minimizing electricity consumption within specific
time intervals. Significantly less attention is paid to the

impact of control algorithms on the long-term efficiency of
electricity generation. Most studies do not consider the re-
lationship between the choice of storage control strategy,
the extent of forced curtailment of solar and wind power
plants, and changes in actual annual electricity generation.
Furthermore, the impact of various optimization algo-
rithms on the long-term dynamics of installed power plant
capacity utilization and the operational efficiency of stor-
age systems throughout their entire service life has not
been sufficiently studied.

Therefore, further research should focus on developing
comprehensive approaches to managing RES with energy
storage devices (Table 1) that simultaneously account for
the stochastic nature of electricity generation from solar
and wind power plants, the technical limitations of storage
devices, and the long-term degradation of their perfor-
mance. Of particular importance is the study of the impact
of various control strategies on the actual amount of en-
ergy consumed and the potential for increasing the capac-
ity utilization factor of power plants. The implementation
of such approaches will improve the efficiency of integrat-
ing RES installations into power systems and ensure a
steady increase in the volume of clean electricity genera-
tion.

Modeling battery degradation in market-oriented opera-
tions. The efficient operation of energy storage systems
with renewable energy installations (solar, wind, etc.) di-
rectly depends on taking battery degradation processes
into account. In the context of market-oriented operations,
this issue takes on particular importance, as the choice of
charge and discharge management strategies determines
not only economic performance but also the system’s long-
term ability to ensure stable electricity generation. Ignoring
battery degradation processes leads to an overestimation
of the available storage capacity and, as a result, to a reduc-
tion in the actual operational lifespan over the system’s
lifecycle.

One of the key mechanisms of battery aging is cyclic degra-
dation, which occurs as a result of repeated charging and
discharging cycles. Studies show that depth of discharge,
state of charge, and load intensity significantly affect the
rate of battery capacity loss [27]. In particular, as cycle
depth increases, the reduction in available energy acceler-
ates, directly limiting the battery’s ability to support power
generation from solar and wind installations. In [28], a gen-
eralized aging model is proposed that accounts for the com-
bined influence of operational factors and allows for a more
accurate assessment of changes in the battery’s technical
condition over time. At the same time, the study [13] shows
that accounting for degradation in algorithms for optimiz-
ing the storage device’s operating modes allows for reduc-
ing excessive battery usage and ensuring a more stable
level of energy output over a long period of operation.

A deeper understanding of degradation processes is pro-
vided by physics-based models that describe the internal
mechanisms of battery aging. In [29, 30], the main physical
processes leading to capacity loss are examined in detail,
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Table 1. Generalized framework for the development of control approaches for ESS + PVP

What was studied in the
papers

Task level

Limitations of existing
approaches

Future direction of
development

Deterministic models for
optimal PVP+ESS
scheduling; stochastic
scenario-based
approaches; robust
optimization; multi-criteria
models; risk-oriented
approaches.

Optimization problems

Focus on the short term;
emphasis on costs or
energy balance; limited
consideration of the actual
amount of electricity
generated

A shift toward optimization
aimed at maximizing the
actual generation and use
of RES in the long term

Management strategies Optimization algorithms
for energy flow control;
scenario-based strategies;
adaptive approaches; data-
driven control and

machine learning.

A lack of alignment
between the management
strategy and annual
production; insufficient
consideration of battery
degradation over the long
term

Development of adaptive
control strategies that
account for changes in
system characteristics and
ensure stable power
generation

Energy performance Reducing peak loads;
smoothing out generation;
partially easing generation

constraints

There is no comprehensive
analysis of the impact on
annual generation volume;
changes in the capacity
utilization factor are not
assessed

A shift toward assessing
long-term trends in
electricity generation

Scenarios for future
development

Specific studies on the
impact of uncertainty or
operating modes

The lack of integrated
models that combine all
factors

Development of integrated
PVP+ESS models as a
multifunctional asset

focused on power
generation

specifically the formation of blocking layers on the elec-
trode surfaces and the loss of active materials. These pro-
cesses depend on the battery’s operating conditions, so the
choice of control strategies directly affects the system’s
long-term performance. For example, [31] shows that cer-
tain charging modes can cause irreversible changes in the
structure of the battery electrodes, leading to a rapid de-
crease in its energy capacity. From the perspective of elec-
tricity generation, this means that aggressive battery usage
modes, which maximize short-term energy output, can sig-
nificantly reduce total energy generation in the long term.

Alongside detailed approaches, simplified capacity-based
degradation models are widely used in optimization prob-
lems. In such models, battery wear is estimated based on
the total amount of energy transferred, which allows for
the integration of degradation costs without significantly
complicating the calculations [32]. This approach is partic-
ularly useful when modeling the participation of storage
systems in electricity markets, where it is necessary to
quickly assess the consequences of various control strate-
gies. Studies [33, 34] have shown that the use of such mod-
els allows for accounting for the impact of operating inten-
sity on the lifespan of the storage device and for
establishing more balanced operating modes. At the same
time, optimization that limits excessive charge-discharge
cycles helps preserve battery capacity and maintain a sta-
ble level of electricity generation by renewable energy in-
stallations.

The integration of degradation models into market-based
control strategies is a crucial step toward improving the ef-
ficiency of RES-based systems or installations with BES. The
study [12] examines the optimization of storage system op-
eration while accounting for constraints related to battery
condition, thereby avoiding operating modes that acceler-
ate battery degradation. Similarly, in [14], it is shown that
the selection of storage parameters and usage strategies
affects not only economic indicators but also the system’s
power generation profile. Also important is the approach
proposed in [35], where degradation is considered an addi-
tional cost component that influences decision-making re-
garding the storage device’s operating modes. This allows
limiting the battery’s use in less efficient modes and direct-
ing its operation toward maintaining stable electricity gen-
eration.

The studies reviewed provide a theoretical foundation for
accounting for battery degradation in control and optimiza-
tion problems; however, they do not sufficiently explore
the relationship between battery operating modes and
long-term electricity generation by renewable energy
plants. In particular, further research is needed on the im-
pact of control strategies on the total amount of energy
generated over the system’s lifecycle, as well as the devel-
opment of methods that simultaneously account for physi-
cal degradation processes and their impact on the system’s
energy performance. Solving these problems (Fig.2) will
enable the development of control approaches aimed not
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Fig. 2. General areas for further research on battery degradation

only at short-term efficiency but also at maximizing long-
term electricity generation.

Inverter-centricity and limitations of low-voltage grids.
The inverter is a key component of photovoltaic systems
with energy storage units, determining not only the pro-
cesses of electrical energy conversion but also directly in-
fluencing the actual amount of energy generated and fed
into the grid. In today’s environment, with the growing
share of renewable energy sources—particularly solar and
wind power—it is the inverter control algorithms and their
interaction with the grid that are becoming critical for the
efficient use of generated electricity.

One of the basic characteristics of inverters is their operat-
ing mode relative to the grid, which is divided into grid-fol-
lowing and grid-forming modes. In grid-following mode, the
inverter relies on the voltage and frequency parameters set
by the external grid and is unable to maintain its stability
independently. In this case, for example, the amount of PVP
electricity generated is significantly limited by the state of
the grid, particularly the voltage level and its fluctuations.
During high generation, this can lead to forced power re-
duction or complete shutdown of the installation, resulting
in inefficient use of the PVP equipment and, consequently,
reduced output [36, 37].

In contrast, in network formation mode, the inverter is ca-
pable of independently setting voltage and frequency pa-
rameters, performing functions similar to those of tradi-
tional power generation sources. This allows for a
significant improvement in the stability of local power sys-
tems and ensures more complete utilization of energy from
renewable sources. This operation is particularly effective
when combined with storage batteries, which compensate
for fluctuations in generation and load. As shown in [36,
38], the application of appropriate control strategies allows
for a reduction in generation constraints and an increase in
the capacity utilization factor of photovoltaic systems.

Another important aspect is the system’s ability to operate
in both grid-connected and off-grid modes. In grid-con-
nected mode, the inverter interacts with the power grid,
ensuring energy transfer and participating in the regulation

of system parameters. In this case, the main limiting factor
is the condition of the low-voltage grid, which is often not
designed to handle significant volumes of decentralized
generation. Studies [39, 40] have shown that when switch-
ing to off-grid mode, the inverter, together with the storage
system, can provide a stable power supply to the local load
even in the absence of an external grid. This opens up the
possibility of more fully utilizing energy that might other-
wise be lost due to grid limitations.

At the same time, low-voltage grids pose significant tech-
nical constraints on the integration of photovoltaic sys-
tems. One of the most critical of these constraints is the rise
in voltage at grid nodes during periods of high generation.
As shown in [41], excess PVP generation leads to voltage
levels exceeding permissible limits, forcing inverters to re-
duce active power or completely cease generation. This
phenomenon is one of the main reasons for the underutili-
zation of renewable energy sources ‘potential in distribu-
tion networks.

In addition to voltage constraints, current constraints re-
lated to the capacity of power lines and transformers also
play an important role. The works [41, 42] indicate that grid
elements can become overloaded even with relatively
small amounts of generation if it is concentrated at specific
points in the grid. This necessitates limiting generation or
redistributing energy flows, which also reduces actual elec-
tricity output.

Various inverter control strategies are employed to miti-
gate the impact of these constraints. In particular, reactive
power control helps reduce the voltage level in the grid,
thereby increasing the amount of active energy that can be
transmitted. In addition, the use of storage batteries allows
excess energy to be stored during periods of peak genera-
tion and fed back into the grid later, when restrictions are
less stringent. As shown in [42], such approaches can signif-
icantly improve the efficiency of PVP utilization and reduce
energy losses. Special attention should be paid to the re-
quirements of grid standards for inverters. Reference [43]
notes that current regulatory documents establish strict re-
quirements for maintaining voltage, frequency, and power
quality. Inverters must provide power limitation, reactive
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power control, and grid protection functions. At the same
time, these requirements often lead to additional genera-
tion constraints, since in the event of deviations in grid pa-
rameters, the inverter is required to reduce power or shut

down. Thus, while compliance with standards ensures grid
reliability, it can negatively impact energy production.

Table 2. Research directions for inverter-oriented constraints

Optimization problems

Control strategies

Scenarios for future development

Minimizing generation curtailment
due to overvoltage

Inverter reactive power control

Transition to adaptive voltage
control with generation forecasting

Matching generation to grid
capacity

Active power limitation

Replacing a strict limit with
optimized energy redistribution

Reducing energy losses during peak
generation

Use of rechargeable batteries

Intelligent charge/discharge control
based on grid conditions

Improving system stability
mode

Switch to network configuration

Widespread adoption of grid-forming
inverters as the default mode

Ensuring compliance with standards

Security features and restrictions

Flexible adaptation of standards to
accommodate a high share of
renewable energy sources

In systems incorporating RES-based installations, the in-
verter not only converts energy but also serves as an active
control element that determines how fully available gener-
ation can be utilized. The use of grid-forming modes, bat-
tery systems, and adaptive control strategies helps mitigate
the impact of low-voltage grid constraints and increase en-
ergy output.

Most studies examine inverter operating modes and grid
constraints separately, without comprehensively account-
ing for their interaction under real-world operating condi-
tions. The issue of the optimal combination of inverter and
battery control strategies, taking into account the dynamic
constraints of the low-voltage grid, remains under-re-
searched. The impact of the spatial distribution of genera-
tion on the level of constraints and the possibilities for their
removal has also been examined only to a limited extent.

As shown in Table 2, to maximize energy generation from
renewable sources, it is advisable to further investigate in-
tegrated approaches that combine grid formation strate-
gies, adaptive power control, and the use of energy storage
systems, taking into account the actual characteristics of
distribution networks. Of particular relevance is the devel-
opment of control methods that minimize generation cur-
tailment without compromising the requirements for the
reliability and quality of the power supply.

The Context of Ukraine’s Electricity and Ancillary Services
Market. Ukraine’s current electricity market has been
shaped by a phased reform aimed at unbundling activities
and creating a competitive environment. Its structure in-
cludes segments for bilateral contracts, the day-ahead mar-
ket, the intraday and balancing markets, as well as a sepa-
rate segment for ancillary services. This model allows for
the coordination of electricity production and consumption
amid the growing share of renewable energy sources,

particularly solar and wind generation [44, 45, 46]. At the
same time, a distinctive feature of the Ukrainian market is
the significant role of the system operator in ensuring
power balance, which is due to the limited flexibility of gen-
eration and the high variability of energy production by re-
newable energy facilities [47, 48].

From the perspective of electricity generation, the intro-
duction of market mechanisms has created the conditions
for a more efficient use of generating capacity. However,
the significant growth in the installed capacity of solar and
wind power plants has led to new challenges related to the
instability of generation and the need to balance it [49, 48].
The studies note that without proper strategies for manag-
ing and optimizing system operating modes, renewable en-
ergy facilities are forced to curtail production, which di-
rectly reduces the total amount of electricity they feed into
the grid [48, 50].

The balancing market plays a key role in ensuring that ac-
tual electricity generation matches planned levels. Its oper-
ation relies on the use of flexible generation capacity capa-
ble of rapidly adjusting output levels. Simulation studies
show that the efficiency of this segment largely depends on
accounting for system constraints and the correct selection
of strategies for managing the operating modes of the inte-
grated power system [47]. Given the high share of renewa-
ble energy sources, the need for such mechanisms is grow-
ing, as they determine the ability to integrate additional
volumes of solar and wind generation without compromis-
ing system reliability [48].

Support services are an integral part of ensuring the stable
operation of the power system and directly influence elec-
tricity generation volumes. These include frequency and ca-
pacity reserves, as well as other tools for maintaining grid
stability. In Ukraine, their development is hampered by a
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limited number of suppliers (Table 3) and high market con-
centration, which reduces competition and the efficient
use of resources [46]. As a result, part of the potential gen-
eration capacity, particularly from RES-based facilities, can-
not be utilized due to the lack of sufficient reserves for bal-
ancing.

The current state of ancillary service procurement indicates
a gradual expansion of this segment. According to the

system operator, there has been an increase in the volume
of reserve procurement in recent years, partly due to the
addition of new generating facilities [51]. At the same time,
regulatory reports point to financial imbalances and debt in
the balancing market, which hinders its effective function-
ing [52, 46]. This, in turn, negatively impacts the ability to
optimally plan electricity generation and reduces the incen-
tive to deploy new flexible capacity.

Table 3. Market Shares in the Competitive Segment (Top 10 Suppliers by Volume), 2020 [46]

Company Share
LLC "D.Trading" (DTEK Group) 26.7%
LLC "Energo Zbut Trans" 6.4%
LLC "Kyiv Energy Services" (DTEK Group) 5.2%
LLC "Dniprovski Energetichni Poslugi" (DTEK Group) 4.0%
LLC "Kyiv Regional Energy Supply Company" (KOEK) 3.1%
LLC "Odesa Regional Energy Supply Company" (ORESC) 3.0%
LLC "Trading Electric Company" 2.8%
LLC "Lvivenerhozbut" 2.6%
PrJSC "Kharkivenergozbut" 2.5%
LLC "Poltavaenergozbut" 2.1%
Total 58.4%

Recent studies have focused particularly on the impact of
energy storage systems on market dynamics and on in-
creasing the output of renewable energy facilities. In par-
ticular, it is noted that the implementation of battery sys-
tems allows for reducing the limitations on generation from
solar and wind power plants, increasing the efficiency of in-
stalled capacity utilization, and ensuring a more consistent
supply of electricity to the grid [50]. Thus, optimizing oper-
ating modes to account for energy storage becomes a key
factor in maximizing production. Modern research pays
particular attention to the impact of energy storage sys-
tems on market functioning and the increase in renewable
electricity production. In particular, it is noted that the im-
plementation of battery systems allows for reducing the
limitations on generation from solar and wind power
plants, increasing the efficiency of installed capacity utiliza-
tion, and ensuring a more even supply of electricity to the
grid [50]. Thus, optimizing operating modes with energy
storage in mind becomes a key factor in maximizing gener-
ation.

The prospects for the development of the Ukrainian elec-
tricity market are linked to further integration with the Eu-
ropean energy system, increased generation flexibility, and
the expanded use of renewable energy sources [45, 53]. It
is expected that the development of ancillary services and
the implementation of modern management strategies will
reduce losses from generation curtailment and ensure
fuller utilization of the potential of solar and wind energy.

In addition, an important direction is the decentralization
of production, which contributes to increasing the resili-
ence of the power system and reducing the load on trans-
mission grids [49, 54].

At the same time, an analysis of the sources reviewed
shows that most studies focus on general issues related to
market functioning, balancing, and the integration of re-
newable energy installations, while the issue of maximizing
electricity generation remains insufficiently explored. In
particular, there has been limited research on the impact of
comprehensive optimization of solar power plants in com-
bination with energy storage systems on participation in
various market segments and the provision of ancillary ser-
vices. Management strategies that simultaneously increase
the generation of “green” electricity and ensure the stabil-
ity of the power system also require further study.

New Research Directions. An analysis of existing ap-
proaches to the operation of photovoltaic power plants
with energy storage units has shown that current research
is primarily focused on optimizing economic efficiency, spe-
cifically on maximizing the profitability of participation in
the electricity market, minimizing costs, or determining op-
timal trading strategies. At the same time, the issue of max-
imizing the utilization of generated electricity, especially
under grid constraints and uneven generation, has not
been sufficiently addressed. In particular, a number of un-
resolved or partially resolved issues have been identified
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that are of significant importance for the practical opera-
tion of photovoltaic systems with energy storage facilities.

Firstly, most studies do not give due attention to genera-
tion losses resulting from limitations in inverter equipment,
grid capacity, or mismatches between the generation pro-
file and consumption or electricity dispatch patterns. Under
such conditions, a portion of the generated electricity can-
not be used or fed into the grid, which directly reduces the
system’s operational efficiency. Existing approaches con-
sider these losses primarily indirectly or in the context of
economic indicators, without a detailed analysis of their
physical nature and dependence on the operating modes
of the energy storage facility.

Secondly, the scientific literature lacks a systematic com-
parative analysis of the various operating modes of energy
storage systems within photovoltaic systems. Existing stud-
ies typically focus on individual control strategies or optimi-
zation algorithms without considering them within a uni-
fied methodological framework and without assessing their
impact on the amount of generated power utilized. As a re-
sult, there is no clear understanding of which operating
modes are most effective under various operating condi-
tions.

Thirdly, there is a lack of studies in which simulation results
are compared with actual operational data from photovol-
taic systems equipped with energy storage units. The ab-
sence of such comparisons limits the reliability of the con-
clusions drawn and prevents a full assessment of the
effectiveness of the proposed approaches under practical
conditions.

Given the identified limitations, it is proposed that future
work focus on investigating the impact of energy storage
system operating modes on the efficiency of electricity uti-
lization within photovoltaic systems operating in the con-
text of the electricity market.

The main focus of the research is to systematize and con-
duct a comparative analysis of typical operating modes of
energy storage systems, with the aim of improving the effi-
ciency of photovoltaic power generation under real-world
technical and market constraints. Within this approach, we
plan to investigate how different battery system control
principles affect a photovoltaic plant’s ability to deliver gen-
erated electricity and minimize losses.

The study is expected to identify the relationship between
the operating modes of energy storage systems and the
amount of generation actually utilized under identical sys-
tem technical parameters. Particular attention will be paid
to identifying situations in which inconsistent or inefficient
operating modes of battery systems lead to the loss of a
portion of the generated energy, particularly due to the
lack of capacity to absorb excess generation or the irra-
tional allocation of energy resources over time.

Methodologically, the study will be based on a combination
of analysis of generalized models and real-world opera-
tional data, which will allow us to assess the impact of

operating modes under both theoretical and practical con-
ditions. This approach makes it possible not only to identify
potentially effective system operating modes but also to
determine the extent to which they correspond to real op-
erating conditions, as well as to identify the causes of devi-
ations between expected and actual results.

Ultimately, the results of this study should provide a basis
for developing well-founded recommendations on the se-
lection of operating modes for energy storage systems,
aimed at improving the efficiency of electricity generated
by photovoltaic systems when they operate in the elec-
tricity market (Fig. 3). The proposed approach allows for a
shift from predominantly theoretical and economically
oriented models to practical analysis that takes into ac-
count real operating conditions and power system con-
straints.

Conclusions. This paper presents a systematic analysis of
current approaches to the operation of photovoltaic power
plants equipped with energy storage systems in the context
of the electricity market, with a focus on their impact on
electricity generation and the efficient use of renewable re-
sources.

Directions have been identified for the development of
new scientific approaches aimed at shifting the focus of re-
search from the economic efficiency of PVP+BES to their
ability to ensure maximum electricity generation. Existing
approaches to modeling and controlling such systems have
been summarized and systematized, taking into account
the interaction of technical, market, and degradation fac-
tors. The need to create comprehensive models that simul-
taneously account for storage device operating modes, grid
constraints, and changes in system characteristics over
time has been identified.

The theoretical significance of this study lies in the devel-
opment of approaches to analyzing PVP+BES as a multi-
functional energy asset that influences not only economic
indicators but also the physical parameters of electricity
generation. The results obtained expand our understanding
of the relationship between management strategies, bat-
tery degradation, and the long-term efficiency of solar
power generation.

The practical significance lies in the ability to use the ob-
tained results to improve control strategies for photovol-
taic systems with energy storage devices. The proposed ap-
proach makes it possible to increase the capacity utilization
factor, reduce generation losses, and ensure a more stable
supply of electricity under real-world market and technical
constraints.

The socioeconomic impact of implementing the research
findings lies in improving the efficiency of renewable en-
ergy use, reducing electricity losses, and enhancing the sta-
bility of power systems. This helps reduce the need for re-
serve capacity, lower emissions, and increase energy
security, particularly in the context of the development of
decentralized generation.
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Future research prospects involve the development of inte-

grated PVP+BES control models that simultaneously ac-

count for market mechanisms, technical constraints, bat-

tery degradation, and long-term electricity generation

dynamics. Of particular relevance is conducting research

based on real-world operational data, as well as developing
optimization methods aimed at maximizing actual electric-
ity generation under conditions of multi-service participa-
tion of systems in the electricity market.

A study of the impact of power plant
operating modes, equipment condition, and

Modeling of the power plant and analysis of the impact of control approaches
ithin a unified methodological framework on generation out

Construction of a test station and validation
of simulation results on an actual installation

approaches studied

Systematization of the results obtained and structuring of the

Fiq. 3. Flowchart of the research development plan
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