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Y pobomi 3anpornoHO8AHO an20pUMM ONMMUMAAbHO20 Kepy-
BUHHA efeKmpoeHep2emu4HO CUCMEeMOI0 MPOMUCI08020 CI1Oo-
Husaya 3 homoesneKMpUYHOIO 2eHepayieo ma HaKkonuyysayem
enekmpoeHepeil Ha 6a3i HeniHiliHo2zo Model Predictive Control.
An20pumm 8paxo8ye 3MiHHI UiHU HA en1eKMPOoEeHepP2ito PUHKY «Ha
006y Haneped» (PAIH), obmexceHHA eKcriopmy 8 Mepexcy ma He-
AiHiliHy OuHamiky Hakonu4yyea4ya. Modento8aHHA MOKA3as0, Wo
30 YyMOBU NMOBHO20 BUKOPUCMAHHA HAOAUWKO80I 2eHepayii PEC
HaKonu4yea4 3abe3nevye nepeHeceHHs eHepaii 8 nepioou deci-
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1.2,3,5 HaujioHanbHUI yHIBEPCUTET XapHOBUX
TexHosorin, m. Kuis, YkpaiHa

4 HauioHanbHWI TeXHiYHMIA yHiBEpCUTET
YKpaiHu "KUiBCbKUIA NONITEXHIYHUIA IHCTUTYT
imeHi Irops Cikopcbkoro", m. KuiB, YKpaiHa

uumy ma 8UCOKUX UiH, Wo 0a€e 3Mo2y 3MeHWUmMuU 8apmicms iMmnopmosaHoi enekmpoeHepeaii Ha 15,3 % nopis-
HAHO 3i cyeHapiem 6e3 Hakonuuysaya. lMapamempuyHe 00CiIOHEHHA Nidmeepouso, Wo 8U3HAYAAbHUM YUH-
HUKOM eKOHOMIYHO20 epeKmy € eHep20EMHICMb HAKonu4yyea4d, mooi AK 6rnsaus 8iOHOWEHHA MOMYyHHOCMI
3apAOHAHHA / PO3PAOHAHHA 00 HOMIHAMNLHOI eHepaomicmrkocmi (C-rate) y 0ocnioxcysaHomy diana3oHi € Opy-
20pA0HUM. OMpPUMaHi pe3yasmamu Moxcymes bymu sukopucmaHri 0na o6rpyHmosaHoz2o subopy napamempis
HaKonu4ysauyis y cucmemax KepysaHHA eHepaoCroHUBAHHAM MPOMUC/08UX NiONPUEMCMS.

Kniouosi cnoBa: eHepeoegpekmusHicms, cucmema HAKOMU4YeHHA esekmpu4Hoi eHepeii (CHEE), onmumizayis,
modesnb npo2Ho3Ho20 KepysaHHA (MPC), mapugu Ha enekmpoeHepairo.

MNepenik BAKOPUCTAHUX NO3HAYEHDb Ta CKOPOUYEHb

®EC — poToeNeKTpUYHA CTaHLinA

CHEE — cucTtemun HaKoONMYEeHHA eNIeKTPUYHOT eHepril

POH — puHOK «Ha noby Hanepea»

C-rate — BigHOLLEHHA MOTYXHOCTI 3apAasKaHHA / po3psa-
[OXaHHA 40 HOMIHANbHOI eHepromicTKocTi

MPC — moaenb NpOrHO3HOro KepyBaHHA

Bctyn. NMpobaema ckopoyeHHs Bukuais COz, 3abesneyeHHs
HaAiMHOCTi eNeKTPONoCTa4aHHA Ta HOPMATUBHMX NMOKA3HU-
KiB AKOCTI €NeKTPUYHOI eHeprii, 3MeHLIEHHA CNOXXMBAHHA
E€NEeKTPUYHOI eHeprii € aKTyaNIbHOK 418 CNOXKMBaYiB, OCKi-
NbKU Aae 3mory NigBuWUTN ePeKTUBHICTb BUKOPUCTaHHA
reHepyBasibHUX MOTYXKHOCTEW, 3MEHLUMTU BUTPATU Ha on-
NaTy eNekTpu4YHoi eHeprii. AnA 3ab6e3neyeHHss CKOPOUYEHHA
BuKMAis CO2 Ta CNOXMBAHHA €N1EeKTPUYHOI eHeprii 3 mepexi
B CUCTEMIi eNIeKTPOoNOoCTa4yaHHsA, MOBUHHI BUKOPUCTOBYBATU
doToenekTpuyHi craHuii (PEC) Ta cMcTeMM HaKOMUYEHHS
eneKkTpuuHoi eHeprii (CHEE) [1, 2]

PEYTt — 06cAr 06MexeHHSA NOTYKHOCTI
SOC - piBeHb 3apaay b6atapei
P,f‘” — NOTYKHicTb baTapei

P,fV — NPOrHO30BaHa NOTY}KHiCTb GOTOENEKTPUYHOI reHe-
pauii

load
Py

grid
Pk

— MNPOrH030BaHe HaBaHTaXXeHHA

— iMMNOPT NOTYXXHOCTI 3 €NEKTPUYHOT Mepexi

CHEE — ue cuctema, AKa MOXKe HaKonu4yyBaTW eHeprito Ta
nocrayaTv ii 4NA BUKOPUCTAHHA CMOXWBAYaMM MPOTATrOM
NeBHOro nepioay Yacy Ha NPUUHATHOMY piBHi. B enekTpuu-
Hi mepexesit cuctemi CHEE 3abesnevye peryntoBaHHA
CMOXXMBAHHA Ta HAKOMUYEHHA eNIeKTPOEHeprii: 3apAaKa Bi-
AOYBaETbCA 33 HU3bKOTO HABAHTAXKEHHSA, a POo3pAaKa — 3a
BMCOKOro. HakonuuyBauyi eHeprii 34aTHi 3abe3nevysBatyu
3rnafKyBaHHA MiKiB HaBaHTaXeHHs [3, 4], peryntoBaHHA
4acToTu 1 Hanpyru [5, 6], a TaKoXK 6paTK  y4acTb y PUHKaX
eHepreTMYHUX NOCAYr, Wo pobuTb iX BaXXANBUM eNeMeH-
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TOM CYY4aCHOFO eNeKTPonocTayYaHHA. BoaHo4yac ekoHoMi-
YHa edEeKTUBHICTb i ONepaTMBHI PilLEHHA WOAO0 BUKOPUC-
TaHHA CHEE 3HayHOW Mipoto BM3HaAYatoTbCs TapudHOLO
CTPYKTYPOIO PUHKY eneKkTpoeHeprii: piBHem Tapudis anAa
CNOXMBaYiB, TapnPamm Ha eKCNOPT eNeKTPoeHeprii Ta me-
XaHi3MamM LIHOBOro CUrHasy Ha ONTOBWMX PUHKax. [OnA
LbOro 3aCTOCOBYIOTb €HepreTuYHuit apbitpaxk abo nepe-
pPO3M0Ai/N HAaBaHTAXKEHHA, LLO Nepeabayac 3apaaKaHHA cu-
CTEeM HAKOMUYEHHA eHeprii B Nepioan HU3bKMKX LiiH Ha ene-
KTPOEHEpPrito Ta pPO3pAANKAHHA B 4acu, KOAM LiHKU
niasuuytoTeea [7, 8].

Ocob6mBoro 3Ha4YeHHsA HabyBae po3pobKa meToais Kepy-
BaHHA 3apagKkoto CHEE y po3noaineHnx eHeprocmuctemax 3
ypaxyBaHHAM AuHaMikn PEC, pMHKOBUX LiH Ta NPOrHo3y-
BaHHSA HaBaHTa)XeHHA 1 reHepauii PEC. KepyBaHHA enekT-
po3abesneyeHHAM 3 BMKopucTaHHAM PEC Ta CHEE pae
3Mory 3abesnevyBaTn eHeproepeKTUBHI PEXUMMU, SHUKY-
BaTW HAaBAHTAXEHHA Ha MepeXy Ta BapTiCTb eNeKTpoeHep-
rii, a TaKOX NiaBuULLYBaTN ePEKTUBHICTb BUKOPUCTAHHA Bia-
HOBJ/IIOBAHUX AXKepen i cMcTem HakonuyeHHs [9].

AHani3 ocTaHHiX gocnig:KeHb Ta nybnikaui. AHanis rpyH-
TYETbCA Ha HAyKOBMX Nyb6AiKaLifX OCTaHHIX POKiB, Y AKUX
6e3nocepeHbo po3rnagaoTbca metToam KepysaHHA CHEE
3 ypaxyBaHHAM TapUPHOT CTPYKTYpU Ta NPOrHO3yBaHHA Ha-
BaHTa)KeHHA W reHepauii ®EC. BignosigHo, noganbwni
aHani3 30cepeayKyeTbCA Ha TAKUX acneKTax: 3Ha4YeHHA Npo-
rHO3yBaHHA HaBaHTakeHHA W reHepauii PEC ana CHEE;
aHani3 PMHKOBMX MexaHi3miB i Tapudis yHKLIOHYBaAHHA
CHEE; a TakOX AocnigrKeHHA MeToAiB KepyBaHHA HaKoNu-
YyyBayamM 3 ypaxyBaHHAM Tapudis i NPOrHO3yBaHHS HaBaH-
TaXKeHHA 1 reHepauii PEC.

AHani3 Npo2HO3y8AHHA HOBAHMAX(EHHA ma 2eHepayiil PEC
0n1a CHEE. NMporHo3yBaHHA HaBaHTaXeHHA Ta reHepauii
®EC Bigirpae Baxknmey ponb y nNigsULLEHHI epeKTUBHOCTI
eKkcnayaTauii CHEE. 3actocyBaHHA KOPOTKOCTPOKOBMUX i ce-
peAHbOCTPOKOBMX MPOrHO3iB 3HAYHO MOKPALLYE EKOHOMiI-
YHY epeKTUBHICTb PYHKLIOHYBaHHA TaKMX cuctem, 3abesne-
YyyruM NOMITHO binbluy ¢iHaHCOBY BUrody MOPIBHAHO 3
KepyBaHHAM, fike 3aiNcHoeTbea 6e3 nporHosis. 34e6inb-
LIOro came AKiCHe NPOrHO3yBaHHA HaBaHTaXKeHHA Ta reHe-
pavuii eHeprii PEC € BU3HAYaNbHUM YMHHUKOM ONA OOCAr-
HEeHHA oNTMManbHOro BMKopuctaHHa CHEE [10, 11].

MeToam nporHo3yBaHHA HaBaHTaXeHHs Ta reHepauii PEC3a-
3BMYal NOAINAOTLCA Ha: 1) meToam, 3acHOBaHI Ha cTaTuc-
™ML, Ta 2) MmeToaM, Wo 6a3yroTbCA Ha iIHTENEKTYaNIbHUX CUC-
TEMAxX KepyBaHHA, 30Kpema LWTy4YyHoMy iHTenekTi. [Jo
HaMMNOLWWMPEHIWMX CTaTUCTUHHUX METOAIB HaNexKaTb moaeni
Yyacosux pagis bokca — [xeHKiHca (AR, MA, ARMA, ARIMA,
ARMAX, ARIMAX), a Takox moaudikaLii umx moaenei, ak-ot
SARIMA, SARMAX i SARIMAX. OKpim TOro, LWMPOKO 3aCTOCO-
BY€ETbCA Moaenb ARX. MeToau WTy4HOro iHTeNeKTy NpeAacTa-
BNEHI WTYYHUMMN HEeNpOHHUMU Mepexkammu (ANN), Helpo-
HeviTkKnmm cuctemamu (ANFIS), reHeTUYHUMUK anropUTMamm
(GA), eKcnepTHUMM CUCTEMAaMM Ha OCHOBI 3HaHb Ta LUTYY-
HUMW HEUPOHHUMKU Mepexkamu Long Short-Term Memory
[0BroTpUBasoi KopoTKkovacHoi nam’aTi (LSTM) [12, 13].

OnTumanbHe KepyBaHHA CHEE rpyHTY€eTbCA Ha NporHo3osa-
Hil gHamiui cTaHy 3apagy (SOC), Aka BU3HAYAETLCA OYiKY-
BaHUMM NPodiNAMM CnokMBaHHA Ta reHepaduii PEC. TouHi
NPOrHo3n gatotb 3mory nigrpmmysatv SOC Ha onTMmanb-
HOMY PiBHi A1A Pi3HUX CTpaTeriih KepyBaHHSA, TOAi AK NOMM-
JIKW NPOrHO3y NpuU3BOAATb A0 HeedEeKTUBHOro BUMKOPUC-
TaHHA HAaKOMWYyBa4a, 30Kpema A0 nepeayvyacHoOro NOBHOroO
3apAAay 3a HAABHOCTI HAANMLWKOBOT eHeprii. Bnive noxnbok
NPOrHO3yBaHHA € BAXK/IMBUM YMHHUKOM MNPUOYTKOBOCTI
CHEE, nopAag, 3 LiHaMun Ha efleKTPOEHePrilo, XapaKTepucTu-
KaMM HaBaHTaXKeHHA Ta MapameTpamu cuctemu. MNigsm-
LLLeHHA TOYHOCTi MPOrHO3iB Aa€ 3MOry BAOCKOHANTK anro-
PUTMU KepyBaHHS, 36inblUNTM E€KOHOMIYHY AOUiNbHICTb
CHEE i cnpmati ix wupwomy BNpoBaaXKeHHIO, WO CBOEKD
yeproto 3abesneyye Hinbly rHY4YKiCTb eHeprocucTemu Ta
3POCTaHHA BNACHOrO CMOXMBAHHA BiJHOB/IIOBAHOI €NeKT-
poeHeprii [14, 15].

AHQni3 PUHKOBUX MeXaHi3mis (mapudie) dyHKUiOHy8AHHSA
cucmem HaKonu4vyeHHA eHepezii. B YKpaiHi AianbHicTb yyac-
HUKIB PUHKY eneKTpoeHeprii peryntoeTbca 3akoHom YKpa-
THM «MpO PUHOK enekTpUYHOI eHeprii» [16], AKWI BCTaHOB-
noe  OyHKUii  BUPOBHUKIB, chnoxwuBadyiB i Tpenaepis.
MounHatoum 3 2022 poky npasosuit ctatyc CHEE ynopsaako-
BaHO Ha 3aKOHOAABYOMY piBHi BiAMOBIAHO A0 3aKOHY
Ne 2046-IX. Y ubomy 3aKOHi 3aKpinneHo odiuiliHi BU3Ha-
yeHHA CHEE Ta onepartopa CHEE, 3anpoBageHO oKkpemy
NiLEeH3it0 Ha AiANbHICTb 3 HAKONMYEHHA eHeprii, a TAKOX Ha-
AaHo npaBo BUKopUcTaHHA CHEE BMpoBHMKam, cnoxuea-
yam i Tpengepam [17].

CHEE mOyTb PYHKLiOHYBaTM B KNHOUOBUX CErMEHTax pu-
HKY, 30KpeMa Ha PUHKY «Ha foby Hanepea» (PAH) i BHYTpi-
WHboaob6oBoMy pUHKY (BLP) uepes enekTpoHHi Topru one-
paTopa PWHKY i3 3acTOCyBaHHAM TrpaHW4YHOro abo
3aAB/1IEHOrO LiHOYTBOPEHHA, BianosiaHo [18]. BoHM TaKoX
3a/1ly4atoTbCs A0 poboTM Ha HanaHcyodomy puHKY (BP) Ta
PUHKY AonomixHux nocayr (PAMN), cnpustoun 3abesne-
YeHHIo cTabinbHocTi eHeprocuctemu [19, 20]. Kpim Toro,
CHEE BigirpatoTb ponb y TPENAMHIY, Aat04M 3MOTY 34iMc-
HIOBATW eHepreTUYHUI apbiTpak MixK Nnepiofamm HU3bKKX i
nikosux wiH [21]. Y Tabn. 1 HaBeaeHO PUHKOBI MeXaHi3mu
dyHKuioHyBaHHA CHEE B YKpaiHi.

BianoBigHO 40 HaBegeHWUX OAHMX | NPOBELEHOro aHanisy
PUHKY CEFMEHTU PUHKY «Ha 00y Hanepea» (POH) Ta BHYT-
piwHboA060BOrO puHKY (BAP) € HalnepcnepKTUBHILLIMMM
ONA onepaTMBHOIO BNPOBAAKEHHA Ta KOMepPLLiAHOro BUKO-
puctaHHA CHEE B YKpaiHi 3 ornagy Ha HU3KY KAKOUYOBUX YMH-
HUKiB. IX NepcneKTUBHICTb 3yMOB/IEHa BUCOKOW A060B00
BOJIATUNBHICTIO UiH, WO CTBOPIOE ePeKTUBHI yMOBU ANA
eHepreTnyHoro apbitpaxky: CHEE moxKyTb HakonuuyBaTu
e/IeKTPOoeHeprilo B NepiogM HU3bKKUX LiH i BignyckaTtu ii nig
yac nikosoro nonuty. BAP Takox 3abe3neyye BMCOKy one-
PATUBHICTb 3aBAAKN MOMAMBOCTIKOPUIyBaTM TOProBsi pi-
LWEeHHA 33 TOAMHY A0 NOCTa4yaHHA, WO NiABULLYE THYYKICTb
ynpasniHHA CHEE. Kpim Toro, BukopuctaHHa CHEE Ha BAP
3MEHLUYE PU3NKN HebanaHciB, 0cob61MBO ANA BUPOOHMKIB 3
BiAHOBMOBAHWX AXKepen, Aar4n 3MOTY WBUAKO KOMMNEHCY-
BATU BIAXMNEHHA MiXK NPOFrHO3HUM i GaKTUYHUM BUPOOHMU-
LUTBOM. BMCOKNI piBeHb Npo3opocTi Ta undposisaLii Topris
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Ha POH i BAP cTBOptOE YyMOBU 1A 3aCTOCYBAaHHA aBTOMATU-
30BaHMX CUCTEM YNPaBAiHHA EHEPriEL0 Ta NiABULLEHHSA eKO-
HOoMiYHOi edekTnBHoCTi CHEE [22]. Ha Bigminy POH i BAP,
6anaHcyrUMii pPUHOK Ma€ NepeBaXkHo WTpadHUI xapaKTep,
a PUMHOK AOMOMIXKHUX NOCAYT XapaKTepU3YeTbCA obmerke-
HUM MOMUTOM.

Tomy came PAH i BAP € 6a30BMMM cermeHTamu oA MOHe-
Tn3auii CHEE, popmytoum cTabinbHi LLiHOBI cMrHaAN, BUCOKY
NiKBIAHICTb | NepeayMoBM 415 3a/1y4eHHA iIHBECTULM Ta no-
OaNbLOro po3BUTKY CUCTEM 3bepiraHHa eHeprii B YKpaiHi
[23].

Tabauusa 1. PuHKOBI mexaHiamu ¢pyHKuioHyBaHHa CHEE B YKpaiHi

OcHoBHa QYHKLUiA

CermeHT pUHKY CHEE

KniouoBi nepeBary Ta MOXXAMBOCTi MOHeTU3aLii

UiHoBul (eHepreTu-
YHWUI) apbiTpax

PUHOK «Ha o6y
Hanepea» (POH)

KyniBns gewesoi eHeprii B HiYHI roaguHKN Ta NpoAaXx y nepioan paHKosux /
BeYipHiX NiKiB WiHK

Hux nocayr (PAN) | yactoTn Ta Hanpyru

BHVTQ'""H"O‘D‘O' Hiosui o LLiBuAKe pearyBaHHA Ha 3MiHY LiHW BcepeaMHi A06U; MOKIMBICTb YHUK-
Goeuii punok (eHepreTuyHmi) HYTW 36UTKiB Yepe3 HebanaHCH

(8AP) apbitpax

PUHOK AONOMiNK- | PeryniosaHHs OTpumaHHA NNaTK Big onepaTtopa cuctemm nepegadi OCM (YKpeHepro) 3a

3abe3sneyeHHn pe3epB.iB NiATPUMKM YacToTu (PMNY). Hanbinbw BucokoTex-
HOJIOTIYHWUI cermeHT

BperyntoBaHHa
HebanaHciB

BbanaHcyounii
puHOK (BP)

BupiBHIOBaHHA BiAXMNEHb MiXK MPOrHO3HMM Ta GaKTUUHUM CMOKMBAHHAM
/ Bupo6HuuTBOM (0CO06MBO aKTyanbHO ansa BAE)

DOna BUpo6HUKIB | 3rnafKyBaHHA MiKo-

3MeHLLeHHsA obmeKeHb reHepalLii 3 6oKy gucnetTyepa; NepeHeceHHs BU-

BAE (BEC, PEC) BOro HaBaHTa*KeHHA | gadi eHeprii Ha rOAMHU 3 HaBULWUM Tapudom

NA BEIMKUX S 3HUMKEHHA NNATU 33 NOTYXKHICTb; 3abe3ne4yeHHA aBTOHOMHOTO KUBJIEHHA
A . OnTtumisauia Butpar oty ’
cnoXkusauis Ta MOKPALLEHHA AKOCTi eNeKTpoeHeprii

AHaniz memoodie KepyeaHHA CHEE. AHani3 meTofiB Kepy-
BaHHA cMCTeMaMW HakonuueHHa eHeprii (CHEE) 3 ypaxy-
BaHHAM TapudiB, a TaKOX NPOrHO3yBaHHA HAaBAHTAXKEHHA i
reHepauii ®EC € BaKNMBUM acrnekTom. Bubip ontumanbHoi
cTparerii KepyBaHHA CHEE — KntouyoBuiA enemeHT gas 3meH-
LWEHHSA BUTPAT, NiABULLEHHA HAAIMHOCTI cucTemm Ta 3abes-
neyeHHa epektTnBHOI iHTerpauii ®EC i3 CHEE.

Y cTatTi [24] npoAeMOHCTPOBaHO epEKTUBHICTb METOAY Ha-
BYaHHA 3 NigkpinneHHam (Reinforcement Learning, RL), 30-
Kpema anroputmy Soft Actor-Critic (SAC), Akuii nepesep-
wye Proximal Policy Optimization (PPO) Ta Deep
Deterministic Policy Gradient (DDPG) 3a cTabinbHicTio Ta
€KOHOMIYHMMM NOKa3HMKAaMW. 3aCTOCyBaHHA 3MillaHOro
LinoYncenbHoro NiHiMHoro nporpamysaHHs (Mixed-Integer
Linear Programming, MILP) nae 3mory ontumisysatu pe-
*H*numn pobotm CHEE 3 ypaxyBaHHAM TapudiB i NiaTBEPAKYE
iX eKoHOMiYHy pouinbHicte [25]. Migxia ranbokoro Hag-
YaHHA 3 nigkpinneHHam (Deep Reinforcement Learning,
DRL) 3abe3neuyye 3poctaHHA MNpubyTKY A0 23 % i 3meH-
LWEeHHSA BTpaT reHepau;i [26].

Y cTaTTi [27] ineTbea npo Te, wo 3aBasku MILP-mogeni mo-
*KHA 3HM3UTU BUTPATK A0 73 % 3 ypaxyBaHHAM HEBU3Haue-
HoCTel i aerpagauii akymynsaTtopis. Y gocnigKeHHi [28] 3a-
nponoHoBaHo gobose nnaHyBaHHA CHEE 3 ypaxyBaHHAM
NPOrHo3y reHepaLii Ta mepexesnx obmekeHb. KombiHoBa-
HUI Nigxig Ha OCHOBI reHeTMyHoro anroputmy (Genetic
Algorithm, GA) Ta gMHamiyHoro nporpamyBaHHa (Dynamic
Programming, DP) 3abe3neuyye 6anaHc MiX TOYHiCTIO Ta
wenaKogieto [29]. Y cratTi [30] ineTbca npo baraTopiBHeEBE
KepyBaHHA, WO NOEAHYE NPOrHO3yBaHHA, ONTMMI3aLilo Ta
aganTauiio B peasibHoMy Yaci. Y gocnigxeHHi [31] 3acToco-
BaHO NiHiiHe nporpamysaHHA (Linear Programming, LP)

ONA MiHiMmi3auii BUTPAT 3 ypaxyBaHHAM AMHAMIYHUX Tapu-
¢iB. Y poborTi [32] 3anponoHoBaHO MeToA, NPOrHO3HOrOo Ke-
pyBaHHs (Model Predictive Control, MPC) 3 ypaxyBaHHAM
HEeBM3HAYEHOCTi HaBaHTaXeHHA. Y ctatTi [33] moBuUTbCA
npo nNiaBUWEHHA edeKTUBHOCTI BUKOpUCTAaHHA DEC 3a-
BAAKM 3acTocyBaHHO MPC.

Y pocnigrKeHHi [34] nokasaHo, wo nepesarn MPC MOXyYTb
3MEHLYBATUCA NPU AEeTaNbHILLOMY aHanisi, Ae KepyBaHHA
Ha ocHoBi npasun (Rule-Based Control, RBC) € KOHKYpeHT-
HUM. Y poborTi [35] iaeTbcs npo Te,wo MPC 3abe3neyye cTa-
6inbHy poboTy mikpomepexki 3 PEC i CHEE. AganTusHe cTo-
XacTMYyHe nporHosHe KepyBaHHA (Adaptive Stochastic
Model Predictive Control, A-SMPC) 3abe3neuye 3HUKEHHA
BUTPAT Ha 7 % i niasuweHHA BukopuctaHHa CHEE Ha 8 %
[36], a ekoHOMmiYHe nporHosHe KepyBaHHA (Economic
Model Predictive Control, EMPC) 3abe3neuye aoaaTtkose
CKOpOYeHHA BUTPAT Ao 2 %[37].

Y po6oTi [38] po3rnaHyTO aAropuTM eHepreTUYyHoro apbir-
paky B yMOBax MeperkeBoro ob6niky (net metering). 3acto-
cyBaHHA MILP ta DRL y npomncnoBux cuctemax Aa€ 3amory
3MeHLWNTM BUTPATU 0 50 % y npoctux Bunagkax [39]. Po-
6acTHa moaenb 3abesneyye sHUKEHHA BUTPAT A0 53,8% 3
ypaxyBaHHAM TapudiB 33 Yacom BMKopMUCTaHHA (Time-of-
Use, TOU) [40]. Y cTaTTi [41] ineTbca Npo moAe b Ha OCHOBI
3MiLAHOro LiI0YNCENBHOrO KOHIYHOrO nporpamyBaHHA
apyroro nopsaaky (Mixed-Integer Second-Order Cone
Programming, MISOCP), aka Aa€e 3mory 3mMeHLUTN BTPATH
eHeprii Ha 18 % i NiaBUWNTM ePEKTUBHICTb POHOTU Mepei.

AHani3 meToAis KepyBaHHA MOKa3aB HAABHICTb TaKMX Nigxo-
AiB: NiHiMHe nporpamyBaHHA (LP), 3miwaHe uinoumcenbHe
nporpamysaHHs (MILP), mogenb NporHo3HOro KepysaHHA
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(Model Predictive Control, MPC), eBp1UCTUYHI Ta meTaeBpu-
CTMYHi meTogM (30Kpema, reHeTUYHi anroputmu (GA) i me-
Tog, poto YacTok (PSO) Towo), pobacTHa onTuUMisauin, a Ta-

KOX HaB4YaHHA 3 nigkpinaeHHam (RL). Y Tabn. 2 npeacras-

BaHHA CHEE.

Tabnuua 2. NopiBHANbHUI aHaNi3 meToAiB oNTMMaNbHOro KepysaHHa CHEE [42, 43]

JIeHO NOPIBHAMBbHUIA aHaNi3 MeToAiB ONTUMANbHOIO Kepy-

MeTtopg . Tunosi 3acTocyBaHHA MNpuaaTtHicTb ANA cuctemmn
KepyBaHHA Nepesary Heponiku CHEE KepyBaHHA CHEE
NiHinHe - JocAarHeHHa onTu- - 3anexuTb Big T0- | - [NaHyBaHHA 3apa- EdeKTMBHO BUKOPUCTOBY-
nporpamy- | MajsbHOro pesynbTaTy: | YHUX NPOrHO3iB [JsKaHHA npoTArom fobwu €TbCA AIK NOYaTKOBa abo
BaHHA (LP) | - Bucoka ekoHOMiYHa -ObmerkeHa po- - EHepromeHegKmeHTOBA eTa/JIoHHa moaenb Npu Ni-

edpeKTUBHICTb - 60Ta 3 HeniHin- cucTema A KopucTyBa- HIMHUX HabAMKEHHAX

LLIBnaKe Ta pe3yabTa- | HUMMW 3a/I€XKHOC- YiB-CNoXMBayis i BUpob-

TUBHE PO3B'A3aHHA TAMM HUKiB (prosumer)

3aBAaHb - Arperatopu posnogine-

HUX EHEPreTUYHUX pecyp-
ciB (DER)

3miwaHe - [letanbHe mogento- -Bucoki Bumoru -OnTumisauia gobosoro PekomeHnpgoBaHoO ona ao-
uinoynce- BaHHA aKymMynAaTop- 80 obuncneHb rpadika 60BOro NiaHyBaHHA Ta BU-
NbHe npo- HWUX 6aTape -ObmerkeHa edek- | -3acToCyBaHHA B MiIKpOMe- | KOPUCTaHHSA AK OCHOBM CU-
rpamy- -AHani3 i onTMmisauia | TMBHICTb Npu Au- peKax Ta BipTyasibHUX CTEMU KepyBaHHA
BaHHA PEXUMIB 3apALKN TA HaMIYHUX 3MiHaX enektTpoctaHuinax (VPP)
(MILP) po3pAaaKu -AHani3 y nosaonepaTtus-

- 3MeHLWeHHA aerpa- HOMY peXumi

pauii AKb
Mogaenb - THy4Ke pearyBaHHA - YyTamsuii oo To- | -YnpaBniHHA 6aTapeamu B | HalKpauwe nigxoauTs ans
NPOrHo3- Ha 3MiHy TapuiB i BU- | YHOCTI NPOrHO3- peanbHOMY Yaci WBKWAKOT afanTaLiii cuc-
Horo Kepy- | pobiTky PEC HUX AaHUX -KomepuiitHi pilleHHs ana | Temu KepyBaHHA B peasib-
BaHHA - KopekTtHa poboTta B - NoTpebye 6inb- eHeproMeHeaKMeHTy HOMY Yaci
(MPC) MeXKax 3aaHux 06- WX obumcnioBa- -B3aemogpin 3 eHepreTnu-

MeXeHb JIbHUX pecypcis HUMW PUHKaM#M

- EdeKkTmBHe Nnoeg-

HaHHA TOYHOCTI po3-

PaxyHKiB i LUBMAKOCTI

BMKOHaHHA
EBpUCTMUHI | -Pob0Ta 3 HeniHii- -Moe He 3ab6e3- - OnTUMi3aLiliHi po3paxy- EdekTnBHi npu nobyaosi
Ta METaeB- | HUMU MOAeNAaAMMU neyyBaTu oNTMMma- | HKu 6e3 poboTu B peasb- CKNAAHWUX HENiHIMHUX MO-
PUCTUYHI -l'Hy4Ke HanawTy- NbHWI pe3ynbTaTt HOMYy 4aci --lNpoBeaeHHsA nenen
meToam BaHHA 3a4au -HusbKa weuna- NOPiBHANBLHOIO aHanisy
(GA, PSO) KicTb 36iXKHOCTI -AHani3 pi3Hux cueHapiis
PobactHa -3abe3neuye nigsu- -3HayHi obuncnto- | PobacTHi meTtoam onTumi- | [lnA cMCTEM 3 BUCOKMMMU
onTuUMmisa- LeHY HafilMHICTb cuc- | BasibHi pecypcu 3au,ii BpaxoByOTb HEBU- BMMOramm go 6esneku Ta
uis TeMM B yMOBAX HEBU- HeobXifHi o158 Ma- | 3HAYEHICTb Y NPUUAHATTI pi- | HaAiIAHOCTI

3HaYeHOoCTI cwTabHMx 3aga4 weHb EMS Ta

-Cnpusie obrpyHToBa- | -FeHepauin cueHa- | 3abe3nevyoTb ONTUMI3a-

HOMY NPUIHATTIO one- | piiB MmoXe cnpo- Lito A4na Halripworo cue-

pPaLiMHUX pilleHb 3 LLyBAaTM peasbHy | Hapilo B MeXax 3a4aHux

ypaxyBaHHAM PU3UKIB | AMHAMIKY MHOXWH HEBU3HAYeHOC-

-NiaxoanTb AN AOB- -CKnagHictb mo- Ten

rOCTPOKOBOFO N/1aHy- | AeN0BaHHA ChiNb-

BaHHA Ta BigNOBIAHO- | HUX IMOBIPHICHMX

CTi BUMOram Mepexi po3nogainis
HaB4aHHA -3paTHICTb J0 camo- - TpuBanuit npo- -lHTeneKTyanbHi cuctemm ABTOHOMHA cMCTEMa, AKa
3 migKpin- HaBYaHHA Lec HaBYaHHA €HepromeHeKMeHTy camocTiitHO dopmye onTu-
NIEHHAM - Bucoka 3aaTHicTb A0 | - CknagHictb y ne- | (EMS) ManbHi cTpaTerii 3apagkm
(RL) ajanTauii pesipui Ta Baniga- | -AMHaMIiYHi enekTpoeHep- | Ta PO3PALKN, BPaxOBYHOUM

- dyHKUjoHYe 6e3 no- | uji reTUYHI PUHKMK 6e3neKoBi 0OMeXKEHHSs fK

Tpebu B TOYHI Mo- -MoxnuBa HecTa- | -HaykoBo-gocniaHi npoe- YacTUHY BUHaropoam abo

neni BinbHiCcTb CUCTEMM | KTU yepes wrpadm

AHanimuyHe obz2o8opeHHA Memodie KepysaHHA CHEE. Y  rnobanbHO onTMManbHUX piwleHb. OcobamBe 3HaAYeHHA y

BMpilLeHHi 3agay ynpaeniHHAa CHEE niHiliHe nporpamy-
BaHHA (LP) Ta 3miwaHe uinouyncnose JiHiMHe nporpamy-
BaHHA (MILP) 3apekomeHayBanu cebe siK cTaHZApPTHI Nia-
X041 3aBAAKM iX BUCOKIA TOYHOCTI Ta 34aTHOCTI gocAraTu

3aCToCyBaHHI A0 cuctem KepysaHHA CHEE mae MILP, ocki-
JIbKM A0T0 MOXK/IMBOCTI AatoTb 3mory 06pobnsatu 6iHapHi pi-
WEeHHA, AK-OT aKTMBaLia abo AeaKTMBaUiA NpoLecis 3apa-
KW, 3 TaKOXK BCTAHOBNEHHA LiIHOBUX OOMEKEHD.
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MeToau nporHo3osaHoro KepysaHHA (MPC) noegHytoTb y
cobi nepeBarnM onTUMI3aLii 3 MOXKAMBICTIO aganTauii 4o
3MiH y peanbHOMY Yaci. BOHM npautooTb Ha OCHOBI NPOTHO-
3HOrO BiKHA, perynapHO OHOBJIKOIOYM PilleHHA BigNoBIAHO
[0 HAgXOAKEeHHA HOBUX AaHuX. Taki metoan ePpeKTUBHO
CNpPaBAAITLCA 3 HEBU3HAYEHICTIO MPOrHO3iB WIAXOM BUKO-
PUCTaAHHA cueHapiiB i CTOXacTUYHMX po3wmnpeHb. MPC e go-
LiNbHUM Yy BUNAAKAX AMHAMIYHUX 3MiH Tapudis abo B cuTy-
auiax, wo noTtpebytoTb 36anaHcyBaHHA EKOHOMIYHOI
BMrOAM 3 NIATPMMKOLD CTaHy 6aTapei, BKIOYHO 3i 3MeH-
LWEeHHAM ix aerpagaliii.

Po6acTHi MeToAm 4acTo 3aCTOCOBYHOTb Y KOHTEKCTAX 3 Kpu-
TMYHOI HEBW3HAYEHICTIO NporHo3is. MNpoTe BUCOKa 064unc-
OBaJIbHA CKNAAHICTb LUMX NiaxoaiB obmexye ix edpekTms-
HicTb Ana poboTn B peasbHOMYy u4aci, 0cobamBo B
nobyTOBUX CMCTEMAX Ta MIKpOMeEpErKaXx.

EBPUCTMYHI Ta MeTaeBPUCTMYHI MiAXo4M AEMOHCTPYHOTb
3HAYHY FHYYKiCTb, NPOTE iX He34aTHICTb rapaHTyBaTK ONTU-
ManbHICTb pilleHb, a TAKOX CKNALHICTb BNPOBAAMKEHHA CY-
BOPUX 0BMEXKEHb 3HUKYIOTb iX OPEYHICTb ANA CUCTEM, e
3abe3neyeHHA eKOHOMIYHOT eHEeKTUBHOCTI 11 6e3neku € Ba-
KIMBMMU BUMOTAMMU.

MeTogmu HaBYaHHA 3 nigkpinaeHHAm (RL) Big3HauyaloTbes
BMCOKO aZanTMBHICTIO Ta 34aTHICTIO HaByaTucA 6e3 3ane-
YKHOCTI Big, AeTanbHUx mogenei cuctem. e pobuTts ix nep-
CNEKTUBHUM iHCTPYMEHTOM ANA BUPIWEHHA CKNaAHWUX 3a-
a4y CHEE 3a ymOB HEBM3HAYeHOCTI Yy LUiHax Ta
HaBaHTaXeHHAX. OaHaK RL-nigxoan matoTb BUCOKi BUMOTH
0,0 06UnCNOBaIbHUX pecypciB i NOTpebyoTh peTenbHOI po-
3p06KM OYHKUii BUHaropos. Kpim Toro, BOHM MOXKYTb CTU-
Katuca 3 npobnemamum ctabinbHOCTI, Wo pobutb Heobxia-
HUM  BMKOPMUCTAHHA  TribpugHuUx metogosorii  abo
iHTerpauito 3 TpaguuiiHMMK nigxogamu, 3okpema MPC.

AHanis niTepatypHUX AXKepen CBigyYuTb, WO CyyacHi nia-
X04M [0 onTUMI3aLii 3apagKaHHA CHEE i kepyBaHHA eHep-
reTM4HMMM cuctemamm aobpe possuHeHi. OfHAK BiACYTHA
yHiBepcasibHa Mmozesb, AKka 6 0gHOYACHO iHTerpyBaaa Tex-
HiYHi, EKOHOMIYHi Ta NPOTrHO3Hi CKNAA0Bi B O4HOMY a/iIrOpU-
T™i.

HalinepcnekTMBHIWMM METOA0M Y LibOMY KOHTEKCTI € Npo-
rHo3He KepysaHHA mogennto (MPC). Llei nigxig cnpuse ao-
CArHEHHIo onNTMManbHoi pobotn CHEE B ymoBax 3miHHOT re-
HepaLii, HABaHTAXEHHA Ta PUHKOBMX LiH. 30Kpema, MeTo,

3abe3nevye:
e apanTauito A0 3MiH reHepau,ii PEC Ta HaBaHTaXKeHHSA;

ONTMMI3aL,ito NPOLECIB 3apAaKN N po3pAaKK baTapeli 3
ypaxyBaHHAM NPOrHO3iB reHepaw,ii, CNO’KMBaHHSA Ta CU-
cTeMHUX obmeskeHb (SOC, NOTYXKHOCTI);

bYHKUIOHYBaHHA B PeXKMMi peasibHoro 4acy;

ypaxyBaHHA TapudiB Ha eneKkTpoeHeprilo ans pocar-
HEHHS eKOHOMIYHOT epeKTUBHOCTI.

MeTtoa MPC gae 3mory nepiognu4Ho BupilLlyBaTH 3a4a4i on-
TMMI3aLii Ha 0BbmeKeHOMY YacOBOMY FOPU30OHTI MPOrHO3Yy-

BaHHA, 6epyyn 40 yBaru akTyanbHWUI CTaH CUCTEMM Ta NPO-
FHO3Hi [aHi, 3 NOAANbWIMM BUKOHAHHAM JsiMLlle MepLuioro
KPOKY KepyBaHHA. BaXn1BOKO yMOBOI TaKoro niaxoay €
CTilKiCTb 4,0 NOXMBOK y NPOrHo3yBaHHi reHepauii PEC, Ha-
BaHTa)KeHHA Ta 3MiH puHKoBUX Tapudis. Lle nae amory 3a-
6e3neyyBaTM ONepaTMBHY afanTalilo 4O HOBMX YMOB eKC-
nayaTauii M 3Ha4YHO NiABULLNTA EKOHOMIYHY edEKTUBHICTb
3apAAMKaHHA | po3pALAXKAHHA.

Ha ocHOBi NpoBeAeHOro aHasizy MoXKHa 3pobuTU BUCHO-
BOK, L0 NoAasblli JOCAIAKEHHA MAOTb BYTU CNpAMOBaHI
Ha PO3BUTOK MoZenel, 34aTHUX BPaxoByBaTU peanbHi me-
pexeBi 06MeXKeHHs, BMCOKY BOMATU/bHICTb TapudiB Ha
e/IeKTPOEHEePTilo, a TAKOX TOYHE NPOrHO3yBaHHA reHepau;i
®EC i HaBaHTa)KeHHA. Came TaKa KOMMAEKCHa ONTMMi3a-
LiiHa nnatdopMa CTaHe KAtoYem A0 CTBOPEHHA  BUCOKO-
epeKTMBHOro anroputmy KepysaHHa CHEE.

Merta gocnipykeHHA. MeTa pob0TH NONATAE Y 3HUKEHHI BU-
TpaTt CHEE 3aBasku 3acTocyBaHHIO MPOrHO3HOrO ynpas-
NiHHA (MPC). Y mexax focniasKeHHs 6ynm cdopmynboBaHi
3aBAaHHA PO3pPOOKM MOoAeNi HaKoNMyyBaya Ta anropuTmy
KepyBaHHA 3 ypaxyBaHHAM TapudiB Ha eneKTpoeHeprito,
NPOrHO3yBaHHA HaBaHTaXKeHHsA i reHepauii PEC. Kpim Toro,
DOCNIAXKEHHA cnpAMOBaHe Ha ONTMMI3aLilo napameTpis
ANropuTMy 3 METOK MaKCUMI3auii TeXHIKO-eKOHOMIYHUX
BMroA CUCTEMWN €N1eKTPONOCTaYaHHA.

Martepian i pe3ynbrati gocnigeHb. Y poboTi po3rnaHyTo
3a/a4y ONTUMANbHOrO KepyBaHHA eNeKTPOeHepreTUYHO
cuctemoto Ha boui cnouBayva, A0 CKAaZy AKOI BXOAATb
®EC 3 MOXKNUBICTIO 06MeKeHHs ii reHepauii, CHEE, cnosu-
BalbKe HABAHTA)XEHHA, a TaKOX 30BHILHA eneKkTpome-
pexa. MNepenbavaetbca, WO UiHA HA eNeKTPOEHeprilo €
3MiHHOIO, OTK€e, OCHOBHOIO METOIO € BUPIiLLEHHA 3a4a4i on-
TUMANbHOrO KepyBaHHA 3 MiHiMmi3auielo BapTOCTi imnopTty
e/IeKTpPOeHepTii 3 30BHILHbOT MepeXi 3 AOTPUMAHHAM eHe-
preTMyHoro 6anaHcy B CMCTEMI, @ TAKOXK BPAxyBaHHA Heni-
HiIHMX 0BMeXKeHb POBOTU HaKoMMYyBaYa. TaKOXK METOLO €
yucenbHe MOAENOBAHHA NpoLecy poboTn cuctemum Ta oLi-
HKa XapaKTepuCTUK HakonwuuyBaya EE, AKMi € AocTaTHIm
ANA 3ab6e3neyeHHs NOBHOrO BUKOPUCTAHHA eneKkTpoeHeprii
boToeNneKTpUYHOI reHepaLii Ta ymoBK AnA MiHimisauii Bap-
TOCTi @N1eKTPOeHeprii 3 30BHIiLIHbOT Mepexi.

[na po3s’A3aHHA 3a4adi MiHimi3auii BapTocTi imnopTy ene-
KTPOEHeprii B CMCTEMi KepyBaHHA BUKOPUCTOBYETLCA NiaxXia,
Model Predictive Control (MPC), sknit aae 3mory KomneH-
CyBaTV 0BMEXKeHICTb rOpM30OHTY NPOrHO3yBaHHA HaBaHTa-
EeHHs Ta GOTOeNeKTPUYHOI reHepaLii, a TaKoX BPaxoBy-
BaTW NOTOYHMUI CTaH CUCTEMM.

KepyBaHHA 34iiCHIOETLCA B AMCKPETHOMY Yaci 3 Kpokom At
Ta peanisyeTbCca 3a JOMNOMOro peryaatopa Ha 6asi Heni-
HiHoro MPC 3 ¢iKkcoBaHMM NPOrHO3HMM FOPU30HTOM [,0B-
XUHU H. CTaH cucTeMm onuCyeTbCA piBHEM 3apsaay HaKoMnu-
yyBaya SOCy, AMHAMiKa AKOTO OMUCYETLCA BUPA3OM:

e (1P P20

Pbat
Emax | —K— , P]?at <0
Na

SOCy4q = SOC;, — (1)

’

ae P,?‘” — NOTYKHicTb 6aTapei Ha Kpoui k, Wo € AoaaTHO
nig yac 3apagrKaHHA Ta BiA EMHOIO Mig, Yac po3pALKaAHHA,
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Eax — HOMiHaNIbHa EHEProeMHICTb HaKonMyyBaya, a 1), Ta
Mg — KoediluieHTn KOopUCHOI Aii 3apAagyKaHHA Ta po3pa-
[O)KaHHA, BignoBigHO. PiBeHb 3apsaay HakonuyyBaya obme-
YKYETbCA BEMUYMHAMMI, AKI 3anexaTb Bif, napameTpiB Moro
mozeni:

SOCpin < S0C, < SOCpax- (2)

Kepytounmu 3miHHUMM 334a4i € NOTYKHicTb 6aTtapei P,f‘”

)
iMNOPT MOTYXHOCTI 3 enekTpudHoi mepexi P2 Ta obcar
obmexeHHa P poToenekTpuuHoi reHepali, Heobxia-
HUI ONA BpaxyBaHHA nepeaymosu 33a60poHM eKcnopTy
eNeKTpoeHeprii 40 30BHiWHbOI Mmepei. Lli 3miHHI matoTb
TaKi obmeKeHHs:

(3)

[NA KOMKHOTO KPOKY Yacy NOBMHEH BMKOHYBATUCb HanaHc
NOTYHOCTI, AKMIN ONUCYETLCA PIBHAHHAM:

Pmin < P]?at < Pmax: P’gurt = 01 Pkgnd > 0.

rid
P’fV_ P’gurt_i_ P]?at+ Pkg — P]goad_

(4)

ne P,fV — NPOrHO30BaHa NOTYXHiCTb GOTOENEKTPUYHOI re-
Hepauii, a P,ﬁ"“d — NPOrHO30BaHE HAaBAHTAXEHHA, 3HAYEHHA
AKUX € BXIAHUMW AaHMMUM ANA 334341 MiHIMi3aUii.

FP=y [max ( 0, pbat — zzg’;x(sock))]2 +y [max ( 0, —Ppat — PrggSX(SOCk))]

OCHOBHOIO METOH ONTMMAJIbHOTO KEPYBAHHA € MiHIMi3aLia
CYMapHOT BapTOCTi e/IeKTPOeHeprii, iIMMNOpPTOBaHOI 3 Mepexi
kPP At, ne ¢, — uiHa enekTpoeHeprii 3a ofHy roanHy.
OTKe, 3 ypaxyBaHHAM LbOro Ta 3a YMOBM BBEeAEHHA AoAa-
HKY 3 MeTOI peryaapusadii 3 napameTpom a, OTPUMYEMO
NOKPOKOBY CKNAA0BY LiNb0BOI QYHKLLT:

Fi = cxPI At + aPP* + FY. (9)

Ons 3abesneyeHHA [0BrocTpokoBoi 36anaHCOBAHOCTI
eHepreTMYHOI CUCTeMM B LiNboBY QYHKLLIO BBEAEHO TEPMI-
HaNbHUIN WTpad 3 BAroBMM MapameTpomM W, SKUIN 3MyLLYE
piBeHb 3apAAy HAaKOMMYyBaya HanpuKiHLi FOPU3OHTY ONTH-
Mi3auji HabauxKaTUCA 40 3a4aHOr0 OMNOPHOro 3HaYeHHs
S0C,f:

2
Frerm = w(SOCr — SOC,5)". (10)

Y pesynbTaTi 33 YyMOBM NOYaTKOBOro 3HaueHHA SOC, Hako-

nuyyBaya LjifboBa GyHKLiA 3a4a4i MiHiMi3aLii 32 3MiIHHUMM
rid

PP, P9 1a PETt Burnapae Tak:

F= Zi;é Fi + Frerm- (11)

OT)Ke, oTpMMaHa 3agava ABnAe coboto HeniHiliHy 3agady
onTUMisaL,ii 3 0BMeXKeHHAMM, AKa PO3B'A3YETbCA B MeXKaXx
HesiHinHoro MPC i3 3acToCyBaHHAM CXEMW PYXOMOTO ropu-
30HTY. Ha KOXHOMY 4acoBOMY Kpoui 3ZilACHIOETbCA
poO3B’A3aHHA BiAMNOBIAHOI ONTUMI3aLiMHOT 3agaui, nicas
4YOro A0 CUCTEMM 3aCTOCOBYETbCA NULLIE Neplle OnTUMma-
NIbHE Kepytoye pilleHHs, Wo 3abe3neyye aAanTUBHICTb Ke-
pyBaHHA A0 3MiH MPOrHO3iB reHepauii, HaBaHTaXXeHHA Ta
LiH Ha efleKTpoeHeprito Npu 36eperkeHHi GpisnyHOi KopeKT-
HOCTI Ta EKOHOMIYHOI ePeKTUBHOCTI cUCTEMM.

PosrnaHemo 3agsavy BMOOpPY XapaKTEPUCTUK HaKOMUYy-
Baya, AOCTaTHbOrO A/19 MOBHOIO BUKOPUCTAHHA €/IeKTpO-

Ilg:O PkgndAt = 1k1:0 PlgoadAt - IIg:O Plﬁ’VAt + Emax(SOCmax - SOCmin)-

Y Uit moaeni BpaxoBaHO TaKOXK HENiHIMHICTb pob0oTH HaKo-
nuyysBada Npu HabAMKeHHI Nig Yyac 3apagKaHHA A0 Bepx-
Hboi Mexi SOC Ta A0 HWMXKHbLOI MeXi— nig 4Yac pospsa-
[JsKaHHA, KoM JONYCTUMA NOTYXKHICTb 3apALKEHHA NAAaBHO
3MeHLYETbCA. A Lboro BBOAUTLCA Taka GyHKLiA:

o(x; xp) = %( 1 + tanh (%)), (5)

e Xg Ta € — napameTpw, WO BM3HAYaloTb, BiANOBIAHO, TO-
YKY nepexony Ha pexKMm obMmexeHHA Ta LWMPUHY nepexia-
HOT 30HM SOC. La dyHKLiA BUKOPUCTOBYETLCA ANA KOpPEry-
BaHHA MaKCMManbHO Jonyctumoi NOTYXHOCTI
PO3pAAKAHHA Ta 3apAAKaAHHA A0 TaKUX MEXK:

Prfng(SOCk) = Pmax(1 - O—(SOCk; SOCch))' (6)

Prglésx(sock) = Pmax(a(SOCk; SOCdis))' (7)

BpaxoBytouM HOBi AO0MNYCTUMI MeXi MOTYXHOCTI 3apA-
OXKaHHA | po3pAfKaHHA HaKomuuyyBaya, *KOPCTKI obme-
KeHHA Pin < PP < P, .« 3aMIHIOIOTBCA Ha MAKi LAAXOM
BBEAEHHA WTpadHUX A0AAHKIB 40 LinboBOi GYHKU, F,f ae
Y — HanaroAyBaHW napameTp:

2

(8)

eHeprii poToeNeKTPMUHOI reHepaLii Ta MiHimi3auii BapTocTi
e/IeKTpoeHeprii, iMNoOpPTOBaHOI 3 30BHIWHbLOI Mepexi, 3a
YMOBW 3aCTOCYBaHHA BULLEHAaBEAEHOro aaropuTmy onTtu-
MaNbHOro KepyBaHHsA Ha 6a3i MPC.

MoBHe BWKOpPUCTaHHA GOTOENEKTPUYHOI reHepaLii o3Ha-
Yyae, Wo B 6yab-AKMIN MOMEHT Yacy 0bMeKeHHs BiZCYTHE, a
3HaunTh PSY™ = 0 npum 6yap-akomy k y Mexax 4acoBoro
AianasoHy kepysaHHa (0, H), wo npusoanTb 40 TOro, WO
HaKoMW4yyBay NOBMHEH MaTK 34aTHICTb NPUIAHATA HagAULW-
KOBY MOTY}KHiCTb reHepaujii. 3BigcuM BUMNIMBAE A[OCTATHA
YMOBA Ha NOTYXHICTb 3apAAKaHHA

> (P]fV _ P]ioad)+l

max (12)

Pch
max = pefo,.H}

ae (x), = max(x,0).

Ona miHimisauii imnopTy enektpoeHeprii 3 mepexi y ro-
AVHW fediunTy reHepalii HaKonMYyBay NOBUHEH MaTW A0-
CTaTHIO NOTYXKHICTb PO3pAAKAHHA

pdis > ) ma;FH}(P,i"ad (13)

€{0,...

_ PPV .

),
TaKOX MOXHa OTPpUMaTU AOCTAaTHKO YMOBY 3a eHepretuny-
HOK EMHICTIO HaKonun4yyBa4a, AKa CbOpMyETbCH Ha OCHOBI

CYMU HagAMLWKOBOI GOTOENEKTPUUYHOI eHeprii npoTarom
YCbOTO Yacy KepyBaHHA

Em 2 Xi-=o(P{ — PP°%) At. (14)

3 ypaxyBaHHAM Aonyctumoro gianasoHy SOC HeobxigHa
EMHICTb HaKOMMYyBaya NOBUHHA 3a40BOIbHATU YMOBY
Emax 2 Em/(SOCmax - SOCmin)- (15)

3a BeCb Yac npoLecy KepyBaHHA MOXKHA 3anucaTn eHepre-
TUYHUA BanaHc B cuCTeMi 3 ypaxyBaHHAM (4) Ta ymoBwm
Pcurt — 0

curt =

(16)
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LLlo6 3a6e3neynTn miHiManbHUI iIMNOPT 3 MepeXKi, HaKo-
nuyyBay NoBuHeH ByTW 34aTHUIA KOMMNEHCYBATU MaKCUMa-
NIbHE KYMYNATUBHE BiAXWNEHHA MiX reHepaLi€lo Ta HaBaH-

Epmay = Mmax

ke{0,..,.H}
OujiHKa (17) € cunbHO 3aBULLEHOD, TOMY LLLO BOHA nepea-
6avae NoOBHY BiACYTHICTb IMNOPTY €/1EKTPOEHEPTIi 3 30BHiIL-
HbOI Mepexi. LLinaxom yncenbHOro moaentoBaHHA npoLecy
KepyBaHHA L0 OLLIHKY MOXHa CYTTEBO 3MEHLLUTH.

MoodentweaHHa pobomu CHEE. Ona ynicenbHoi peanisauii
3anponoHOBaHOrO anropuTMmy HeniHiHoro MPC BuKopuc-
TaHo po3B’A3yBay IPOPT, wo 6a3yeTbcA Ha MeToAji BHYTPILW-
Hix ToyoK (interior-point method) [36].

YucenbHe MoaeNtOBaHHA BUKOHAHO AN1A eIeKTPOeHepreTn-
YHOT CUCTEMM NMPOMMUC/IOBOrO MiANPUEMCTBA 3 YCTaHOB/E-
Hoto PEC npoTtarom 48 roa. Y npoueci mogentoBaHHA 3a-

| 2Kz

(l)(Pléoad

Ta)KEHHAM, iHaKLIe Ka)Ky4M, «nepeHecTu y yaci» Hanbinb-
LN eHepreTUYHUIA PO3PUB MiXK BUPOOHULITBOM i CNOXKM-
BaHHAM, LWLO NPUBOAUTL 40 YMOBM

— PEV)At| /(SOCpgx — SOCpmin). (17)
CTOCOBAHO MeToAM NPOrHO3yBaHHA €/1eKTPUYHOro HaBaH-
Ta)KeHHA Ta reHepau,ii PEC. NMporHo3yBaHHA HaBaHTaXKEHHA
BMKOHYBas10CcA 3 BUKOpUCTaHHAM moaeni ARIMA [37, 38], a
nporHos reHepauii PEC — i3 3acToCyBaHHAM LUTYYHOI HEN-
poHHOi mepexi NARX [39].

BXigHMMW JaHMMKM MOAENIOBAHHA CAyryBasiv MPOTHO3Hi
3HAUEHHA eJIeKTPUYHOrO HaBaHTAXKEHHA MiANPUEMCTBA,
NOTYXHOCTI POTOENEKTPMYHOI reHepaL,ii Ta LiH Ha eneKkTpo-
eHeprito 3 30BHilIHbOI Mepexi Ha PMHKY «Ha A06y Hane-
pea» (PAH) 3 4acoBMM ropnsoHTOM NPOrHO3yBaHHA 24 roa,
chopmoBaHi Ha 3aranbHuit nepiog 72 rog, (puc. 1).

Ipachikm crnoxxmMBaHHA Ta reHepauii ®EC
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Puc. 1. BxioHi 0aHi 0n5 YucenvbHoi peanizayii anzopummy HeniriliHoezo MPC

3a BUXiAHMMM JaHUMMK, NpeacTaBAeHUMM Ha puc. 1 Ta 3a
BiACYTHOCTI HaKONMYyBaya, BapTiCTb e/leKTPOeHeprii i3 30B-
HiLWHBbOT Mepexi 3a nepwux 2 obu ctaHoBUTb 586 944,46
rpH. HagnMwok eNekTpuYHOT eHeprii 3a Tol camuii nepiog,
3a paxyHoK reHepauyii PEC — 2513,06 kKBT-rog, a KinbKicTb
imnopToBaHoOi enekTpoeHeprii — 76 305,92 KBT-roa.

Po3rnsaHemo Aekinbka cueHapiis, AKi Bigpi3HAOTLCA Napa-
MeTpaMu HaKonuyyBaya. [lna noyaTky npoBegemo moge-
/IIOBaHHA 33 aArOpUTMOM HeniHiliHoro MPC ana Hakonuuy-
Baya, AKUIM € [OCTATHIM ANA 36epekeHHA Ta NepeHeceHHs
Ha iHWMMA nepiog ycbOro HAAAMLIKY efieKTpoeHeprii 3a
ofHY A06y. [InA LbOro NOPaAXyeEMO HAAAMLLOK 3@ KOXKHY 3
ABOX Ai6 Ta 3HaMAeMo  MaKCMMyMm:  BianoBigHo,
409,48 kBT-rog 1a 2103,57 KBT-roa, MakCMmym A0CAraeTbCA
Ha 2- o06i. MakcMmMym HagMLLIKOBOT MOTYXKHOCTI 33 ABi
£o6u — 707,94 kBT. Togi, Akwo SOCp,in = 0,1,a S0C 0y =
0,9, To emHicTb HakonMyyBaya NOBMHHA ByTM binblia 3a
2103,57/(0,9-0,1) = 2629,47 KBT-ro4, a NOTY}KHIiCTb 3apA-

OXaHHA, BignosiaHo, 6inbwa 3a 707,94 kKBT. Moaenb HaKo-
nuyyBaya 3a UMX YMOB MA€E TaKi NMapameTpu: EMHICTb —
2800 KBT-roa, MOTYsKHICTb 3apadsKaHHA / po3pamaMaHHA —
900 KBT. Pe3ynbtatm moaentoBaHHA 3 TaKMM HAKOMW4YyBa-
yem HaBegeHi Ha puc. 2. AK BUAHO Ha PUCYHKY (NiHia «O6-
meskeHHs ®EC»), B ubomy cueHapii PE = 0, npu ubomy
HaKoMMUyBay NPOXOANTb A4Ba NOBHUX LMKAN 3apAaKaHHA [
po3pAaKaHHA 3a foby. BapTicTb iMnNopToBaHOI enekTpoe-
Heprii 497 123,06 rpH., wo Ha 15,3 % meHLwe 3a BapiaHT 6e3
HaKonuuyBaya.

Ha puc. 2 (rpadik «MoTyKHicTb») MOXKHa cnocTepiraTu pisHi
peXnMK 3apaaKaHHA Hakonu4vysaya: npotarom 1-4 ta 25—
28 rop, BiH 3apAAKAETLCA Bif, 30BHILWHbOI MepeXKi, y Npomi-
Ky 36—40 rog — Big Hagauwkis reHepauii PEC, a 3 14 go
16 ron ine KomnnekcHa 3apagka Big 06ox Buwe3sragaHux
axkepen.

Huxkye npepcrasneHe AOCAIOMKEHHA 3aNeXHOCTI BapTOCTi
iMNOPTOBAHOI eneKTpoeHeprii Big, EMHOCTI Ta HOPMOBAHOI
XapaKTEPUCTUKM LUBUAKOCTI 3apagskaHHA / po3psagKaHHsA
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Hakonu4yyBaya C-rate, W0 BU3HAYAETbCA AK BiAHOWEHHA NO-  NiJOBHUM BUKOHAHHAM NPeACTaBAEHOr0O BULLE anropuUTMy
TY)KHOCTI 3apAaXKaHHA / PO3PALMKAHHA 40 MOro HOMIHaNbHOT  HeniHinHoro MPC ans Habopy XapaKTepMCTHK HaKoNu4yBada
eHepromicTkocTi (E_max). [ocniaxkeHHs NpoBoguAoCh Noc- E_max Big 2000 go 30 000 kBT1-roa ta C-rate 0,5; 1,0; 2,0.

State of Charge (SOC)
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Puc. 2. MoOdento8aHHA cueHapito 3 napamempamu HaKonu4yeaya, 0ocmamHimu 0418 AKyMya08aHHA HaOAUWKIe 2eHepa-
yii PEC

Ha puc. 3 306paxkeHa TensoBa KapTa BiACOTKOBOI pi3HMUi  Ha puc. 4 nokasaHo rpadiku BigCOTKOBOI pi3HULI 3 po36uB-

BAPTOCTi CMUCTEMM 3 HaKONUYyBayem Ta 6e3 HbOro 3aneXKHO  Koto 3a C-rate, BOHM Bi3yasibHO He PO3Pi3HAOTLCA, OCKINIbKK

Bif, MOro eHeproeMHOCTI Ta XapaKTepucTnku C-rate. 3HAYEeHHSA B CTOBIML TEN0BOI KapTh € HIM3bKMMM BiZZHOCHO
Pi3HULb MiX CTOBMUAMM.
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Puc. 3. Tennoea kapma pizHuyi y 8i0comkax Mix« eapmicmio iMnopmoeaHoi enekmpoeHepezii 8 cucmemi 6e3 Hakonuvy-
8a4a Ma 3 HaKonu4yysa4yem 3aa1exHO 8i0 EMHOCMI ma xapakmepucmuku C-rate
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Puc. 4. lpagpiku 8idcomKo8soi pizHuUi Mixx sapmicmio imnopmosaHoi enekmpoeHepeii 8 cucmemi 3 Hakonu4yysayem ma
6e3 Hb020 3anexHo 8i0 emHocmi 3a C-rate

MpoBeaeHe NnapameTpuyHe AOCNIAXKEHHA aArTOPUTMY ONTH-
MasbHOr0 KePyBaHHA B LUMPOKOMY [Aiiana3oHi EHEProEMHO-
CTel HaKonu4yyBaya Ta gnAa 3HaveHb C-rate = 0,5; 1,0; 2,0
3aCBiAYMNNO, L0 AOMIHYHOUYMM YUHHUKOM 3HUMKEHHA BapTO-
CTi iIMNOPTOBAHOI e/IeKTPOEHeprii € came eHeproeMHICTb
HakonuyyBaya. Lle Hao4yHO niATBEPAXKYETbCA TEMNJIOBOKO
KapTolo Ha puC. 3, Ae 3a/1eXKHiCTb LLiIbOBOro NOKa3HMKa Big,
EMHOCTI € 3HAQ4YHO bifblie BUPAKEHOI NOPIBHAHO 3 BMAK-
Bom C-rate y gocnigkysaHomy giana3oHi. AHani3 rpagikis
BiACOTKOBOI Pi3HMLi MiX BAPTICTIO IMNOPTOBAHOI eN1eKTPo-
eHeprii B cucTemi 3 HakonnyyBayem i 6e3 Hboro (puc. 4) go-
[ATKOBO JEMOHCTPYE, WO 3i 3pOCTaHHAM EMHOCTI AocAra-
€TbCA ICTOTHE 3MEHLIEeHHA BUTPAT, TOAi AK Bapiauii C-rate
MatoTb ApyropaaHui edekT. Jna AOCTaTHbO BEMKUX 3HA-
YeHb eHepProEMHOCTI CNOCTEPIraeTbCsA HACMYEHHA EKOHO-
MiYHOro edekTy, i noganble 36inbWEHHA NapaMeTpis Ha-
KOnuyyBaya He NpuMBOAMTbL A0 CYTTEBOrO A0AaTKOBOro
CKOPOYEHHA BUTPAT.

BMCHOBKM Ta NnepcnekTMBMU NOAA/IbLUUX AOCAIAXKEHD. Y po-
60Ti 3aNPONOHOBAHO Ta AOCAIAKEHO aATOPUTM ONTUMASb-
HOrO KepyBaHHA eNeKTPOEHEPTETUYHOK CUCTEMOID NPOMMU-
CNIOBOrO CMOXMBavya 3 GOTOENEKTPUYHOI FeHepaLlielo Ta
HaKonuuyyBayem efiekTpoeHeprii Ha 6a3i HeniHiltHoro
Model Predictive Control. Anropntm BpaxoBy€ 3MiHHI LiHK
Ha enekTpoeHeprito 3a PAAH, obmexkeHHA Ha eKcnopT Yy 30B-
HiLWHIO MepeXy, HeNiHIMHY ANHAMiKY HaKonuyyBaya Ta 06-
MeXeHHs Moro pobounx pexxMmis 3a piBHeEM 3apAay.

MpoBeaeHO mofentoBaHHA BUKOPUCTAHHA anroputmy ana
€NeKTPOEHEePreTMYHOI cucTeMmn NPOMMUCIOBOrO 06’ekTa 3
ypaxyBaHHAM HaABHOCTI AK HaAAMWKY, Tak i aediunty do-
TOeNeKTPUYHOI reHepau,i B pisHi roguHmn gobu. na cueHa-
pito 3 HaKONMYyBa4Yem, NapaMeTpm AKOro NigibpaHi 3 ymosu
NOBHOIO BUKOPUCTAHHA HaAAMWKOBOI reHepauii PEC i3 3a-
CTOCYBaHHAM anropuTmy, 3abesneyeHo NOBHY BifACYTHICTb
obmerkeHHs reHepauii PEC npoTarom ycboro nepioay Kepy-
BaHHA. Hakonunuysay npu upboMy 34iMCHIOE A0 ABOX NOBHUX
UMKNIB 3apagsKaHHA / po3paasKaHHA Ha fo6y, edpeKTUBHO
NepeHOCAYN eHeprito 3 Nepioais HaLIMLWKOBOI reHepaLii y
roavHun aediunTy Ta BUCOKUX LiH. Y LbOMY pasi BapTicTb im-
NOpPTOBAHOI eneKTpoeHeprii 3meHLWwyeTbeA Ha 15,3 % nopis-
HAHO 3 6a3oBUM cLeHapiem 6e3 HakonuuyBaya. OTpUma-
HUM pe3ynbTaT NiATBEPANKYE KOPEKTHICTb aHANITUUHMX

OLHOK MiHiMa/IbHO HeobXiAHOI eHeproeMHOCTi HaKoNuuy-
Baya Ta MOKA3YE iX NPAKTUYHY 3aCTOCOBHICTb Y MOEAHAHHI 3
HeniHinHum MPC.

MapameTpuyHe AOCAIAKEHHA aNropuTMy ONTUMANIBHOTO
KepyBaHHSA B LUMPOKOMY Aiana3oHi EHEPrOEMHOCTEN HaKo-
nuyysaya Ta 3HayeHb C-rate = 0,5; 1,0; 2,0 nokasano, wWwo
KNH04YOBUM GAKTOPOM 3HUMKEHHA BApPTOCTi IMMOPTY € came
€HeproeMHiICTb HaKonuyyBaYa, Toai Ak sname C-rate y goc-
NigXKyBaHOMy AianasoHi € gpyropagHum. Ona [OCTATHLO
BE/IMKMUX EMHOCTEN NoAasblue 3pOCTaHHA NMapameTpiB Ha-
KOonuyyBaya NpuM3BOAMTb A0 HACUYEHHA epeKTy N He Aae
CYTTEBOrO A04ATKOBOrO 3MEHLUEHHA BUTpAT.

Taknum YMHOM, 3aNPONOHOBaHMUI NiAXiA Aa€ 3MOry He e
MiHiMi3yBaTW BapPTICTb €/IeKTPOEHeprii, iIMNOpPTOBaHOI 3 me-
pexi, ane i cpopmyBaTh 06rPyHTOBAHI  KinbKicHi pekome-
HAaLT Wo0 BUBOPY XapaKTepPUCTUK HAaKoMMUYyBaYa eneKT-
poeHeprii. e pobuTtb po3pobieHunii anropuTm npuaaTHMm
ONA NPAKTUYHOrO BUKOPUCTAHHA MifJ Yac NPOEKTYBAHHA Ta
ONTMMI3aLii cMcTeM KepyBaHHA €HEeProcroXXmMBaHHAM Npo-
MWCNOBUX NIANPUEMCTB 3 GOTOENEKTPUYHOI FeHepaLLiEto.

YHiKaNbHICTb LbOro AOCNIAXKEHHA MOJIArAaE y KOMMJIEKC-
HOMY 3acToCyBaHHi HeniHitHoro Model Predictive Control
ONA ONTUMAIbHOTO KEPYBAHHA €/1eKTPOEHEPreTUYHOK CU-
CTEMOO NpomucioBoro cnoxxmseada 3 PEC ta CHEE 3 ypaxy-
BaHHAM peanbHUX PUHKOBUX, TEXHIYHMX 0BMEXKeHb Ta Npo-
rHO3yBaHHA HaBaHTaXKeHHA i reHepauii PEC. Ha BigmiHy Big,
6inbluoCTi icHytouMx meToAiB KepyBaHHa CHEE, y poborTi oa-
HOYaCHO BPAx0BaHO 3MiHHi LiiHM eNeKTpoeHeprii Ha PUHKY
«Ha f06by Hanepeay, obMeKEeHHA Ha EKCNOPT eNeKTpoeHe-
prii B 30BHILLHIO MepeKy, a TaKOX HeiHiMHY AMHaMIiKy Ha-
Konu4yyBaya i Moro ekcnayartauinHi obmerkeHHA 3a piBHeM
3apAgy Ta NOTYXKHICT0. 3anNpoONOHOBaHMI anropuTm NoEA-
HYE aHaNITUYHI OLIHKM MiHIManbHO HeobXiaHOT eHeproem-
HOCTi HakonuyyBaya 3 ONTUMI3aLIAHO CTpaTerield Kepy-
BaHHA B pexxmmi MPC, Wwo Aae 3mory He auwe AOCATTU
MiHiMi3aLii BUTPAT Ha iMNOPT eNeKTpoeHeprii, ane i oTpu-
MaTW Ki/IbKiCHO 06rpyHTOBaHi pekomeHaau;i woao subopy
napameTpiB HakonuyyBada. Takui nigxig 3abesneuvye Bu-
COKY NPAKTMYHY LLiHHICTb pe3y/bTaTiB i BiAPi3HAETbCA Big, Bi-
OOMMX pilleHb OPiEHTALLIED came Ha NPOMMCIOBI 06'eKTH 3
peanicTUYHUMM pexxumamm poboTn Ta 0BMeReHHAMM.

42



BigHoBNtoBaHa eHepreTvka. Ne2/2026 | KomnaeKcHi npobnemu eHepreTUYHUX cuctem Ha ocHosi HBJE

Mopganblwi gocnigKeHHA JOUiNbHO CNPAMYBATU Ha Bpaxy-
BaHHA NpoueciB aerpagaLii HAKONMYyBaya enekTpoeHeprii
B a/ITOPUTMIi ONTUMAJIbHOTO KepyBaHHA. 30Kpema, nep-
CNEKTUBHUM € PO3P06/IEHHA PO3LWMPEHOI MAaTEMATUYHOI
mogeni Hakonu4yyBaya, Aka ONUCYe 3MeHLWEHHA AO0CTYNHOI
€HEeproeMHOCTI Ta 3POCTAHHA BHYTPILWHIX BTPAT 3a/e€XKHO
Big, KiNbKOCTI UMKNIB 3apAaKaHHA / po3paaKaHHA, rnbuHm
po3psaay, WBKUAKOCTI 3apsaaxaHHa (C-rate) Ta TemnepaTtyp-
HUX YMOB eKcnyaTauii. IHTerpauia mogenei gerpagauii 8
HeniHinHWI Model Predictive Control gactb 3mory BpaxoBy-
BaTM [OBrOCTPOKOBI HACNiAKN KepyBasbHUX pilleHb Ta Ao-
NIY4UTM [0 UinboBOi GYHKLIT ONTUMI3aLil BapTiCHY OUiHKY
3HOCy HaKonuyyBaya. Lle AacTb 3mory 3HaxoAnTU KOMNpo-
MIC Mi>K MiHIMi3aUi€l0 NOTOYHMX BUTPAT HA iIMMNOPT eNeKT-
poeHeprii Ta NPOLOBKEHHAM TEPMIHY CAYXKOU HaKoNU4y-
Baya, a TaAKOX OLUiHIOBAaTM EKOHOMIYHY [OOLL/IbHICTb
iHTEHCMBHMX PEXMMIB MOTO BUKOPUCTAHHSA.
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The paper proposes an algorithm for optimal control of an in-
dustrial power system with photovoltaic generation and an en-
ergy storage system based on nonlinear model predictive con-
trol (MPC). The algorithm takes into account variable electricity
prices on the day-ahead market (DAM), restrictions on exports
to the grid, and nonlinear dynamics of the storage system. Sim-
ulation results show that, provided that excess photovoltaic
(PV) generation is fully utilized, the storage system enables en-
ergy shifting during periods of shortage and high prices, which
reduces the cost of imported electricity by 15.3% compared to a
scenario without a storage system. A parametric study con-
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firmed that the determining factor of the economic effect is the energy capacity of the storage system, while
the influence of the C-rate within the studied range is of secondary importance. The obtained results can be
used for the rational selection of storage system parameters in energy management systems of industrial en-

terprises.

Keywords: energy efficiency, energy storage system (ESS), optimization, model predictive control (MPC), elec-

tricity pricing.

List of Symbols and Abbreviations

PVPP — photovoltaic power plant (PV plant)
ESS — energy storage systems

DAM — day-ahead market

C-rate — ratio of charging/discharging power to nominal
energy capacity
MPC — model predictive control

Introduction. The problem of reducing CO, emissions, en-
suring the reliability of power supply and compliance with
regulatory power quality standards, as well as decreasing
electricity consumption, is highly relevant for consumers,
as it enables increased efficiency of generating capacity uti-
lization and reduction of electricity costs. To achieve a re-
duction in CO, emissions and electricity consumption from
the grid within power supply systems, photovoltaic power
plants (PVPP) and energy storage systems (ESS) should be
employed [1, 2].

PE*™ — curtailed power amount

SOC - state of charge of the battery

PP — pattery power

PPV — forecasted photovoltaic generation power
Pl _forecasted load

P —imported power from the electrical grid

Energy storage systems (ESS) are systems capable of storing
energy and supplying it for consumption over a certain pe-
riod of time at an acceptable level. In electric power sys-
tems, ESS provide regulation of electricity consumption and
storage: charging occurs during periods of low demand,
while discharging takes place during peak demand periods.
Energy storage systems are capable of peak load shaving [3,
4], frequency and voltage regulation [5, 6], and participa-
tion in energy service markets, making them an important
component of modern power supply systems. At the same
time, the economic efficiency and operational decision-

46


https://orcid.org/0000-0003-0238-2922
https://orcid.org/0000-0003-0238-2922
https://orcid.org/0000-0003-0238-2922
https://orcid.org/0009-0001-1869-3912

BigHoBNtoBaHa eHepreTvka. Ne2/2026 | KomnaeKcHi npobnemu eHepreTUYHUX cuctem Ha ocHosi HBJE

making regarding ESS utilization are largely determined by
the tariff structure of the electricity market, including con-
sumer tariffs, electricity export tariffs, and price signaling
mechanisms in wholesale markets. For this purpose, energy
arbitrage or load shifting is applied, which involves charging
energy storage systems during periods of low electricity
prices and discharging when prices increase [7, 8].

Particular importance is attached to the development of
control methods for ESS charging in distributed energy sys-
tems, taking into account the dynamics of PVPP, market
prices, and the forecasting of load and PVPP generation.
Power supply management using PVPP and ESS enables the
implementation of energy-efficient operating modes, re-
duction of grid load and electricity costs, as well as im-
proved utilization efficiency of renewable energy sources
and energy storage systems [9].

Analysis of recent research and publications. The analysis
is based on scientific publications from recent years that di-
rectly address methods for ESS control, taking into account
tariff structures as well as forecasting of load and PVPP gen-
eration. Accordingly, the subsequent analysis focuses on
the following aspects: the importance of load and PVPP
generation forecasting for ESS; the analysis of market
mechanisms and tariffs governing ESS operation; as well as
the investigation of energy storage control methods con-
sidering tariffs and the forecasting of load and PVPP gener-
ation.

Analysis of load and PVPP generation forecasting for ESS.
Load and PVPP generation forecasting plays a crucial role in
improving the operational efficiency of ESS. The application
of short- and medium-term forecasts significantly enhances
the economic performance of such systems, providing sub-
stantially greater financial benefits compared to control
strategies implemented without forecasting. In most cases,
accurate forecasting of load and PVPP energy generation is
a key factor in achieving optimal utilization of ESS [10, 11].

Methods for load and PVPP generation forecasting are gen-
erally classified into: (1) statistical methods and (2) meth-
ods based on intelligent control systems, in particular arti-
ficial intelligence. Among the most widely used statistical
methods are the Box—Jenkins time series models (AR, MA,
ARMA, ARIMA, ARMAX, ARIMAX), as well as their modifica-
tions such as SARIMA, SARMAX, and SARIMAX. In addition,
the ARX model is also widely applied. Artificial intelligence
methods include artificial neural networks (ANN), adaptive
neuro-fuzzy inference systems (ANFIS), genetic algorithms
(GA), knowledge-based expert systems, and Long Short-
Term Memory (LSTM) neural networks [12, 13].

Optimal control of ESS is based on the forecasted dynamics
of the state of charge (SOC), which is determined by the ex-
pected load and PVPP generation profiles. Accurate fore-
casts allow maintaining the SOC at an optimal level for var-
ious control strategies, whereas forecasting errors lead to
inefficient utilization of the storage system, including prem-
ature full charging in the presence of excess energy. The

impact of forecasting errors is an important factor in ESS
profitability, alongside electricity prices, load characteris-
tics, and system parameters. Improving forecast accuracy
enables the enhancement of control algorithms, increases
the economic feasibility of ESS, and promotes their wider
adoption, which, in turn, provides greater flexibility to
power systems and increases self-consumption of renewa-
ble electricity [14, 15].

Analysis of market mechanisms (tariffs) for energy storage
system operation. In Ukraine, the activities of electricity
market participants are regulated by the Law of Ukraine
“On Electricity Market” [16], which defines the functions of
producers, consumers, and traders. Since 2022, the legal
status of ESS has been formalized at the legislative level in
accordance with Law No. 2046-IX. This law establishes offi-
cial definitions of ESS and the ESS operator, introduces a
separate license for energy storage activities, and grants
the right to use ESS to producers, consumers, and traders
[17].

ESS can operate in key market segments, including the Day-
Ahead Market (DAM) and the Intraday Market (IDM),
through the market operator’s electronic auctions using
marginal or declared pricing, respectively [18]. They are
also involved in the Balancing Market (BM) and the Ancil-
lary Services Market (ASM), contributing to the stability of
the power system [19, 20]. Additionally, ESS play a role in
trading by enabling energy arbitrage between periods of
low and peak prices [21]. Table 1 presents the market
mechanisms for ESS operation in Ukraine.

According to the presented data and the conducted market
analysis, the Day-Ahead Market (DAM) and the Intraday
Market (IDM) segments are the most promising for the op-
erational implementation and commercial utilization of ESS
in Ukraine, considering a number of key factors. Their at-
tractiveness is due to high daily price volatility, which cre-
ates favorable conditions for energy arbitrage: ESS can
store electricity during periods of low prices and release it
during peak demand. The IDM also provides high opera-
tional flexibility, allowing trading decisions to be adjusted
one hour before delivery, which enhances the manageabil-
ity of ESS. Moreover, the use of ESS in the IDM reduces im-
balance risks, especially for renewable energy producers,
enabling rapid compensation for deviations between fore-
casted and actual generation. The high level of transpar-
ency and digitalization of trading on DAM and IDM creates
conditions for the application of automated energy man-
agement systems and improves the economic efficiency of
ESS [22].

In contrast to DAM and IDM, the Balancing Market (BM) is
predominantly penalty-oriented, while the Ancillary Ser-
vices Market (ASM) is characterized by limited demand.
Therefore, DAM and IDM represent the primary segments
for ESS monetization, providing stable price signals, high li-
quidity, and prerequisites for attracting investments and
further development of energy storage systems in Ukraine
[23].
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Table 1. Market mechanisms for the functioning of ESS in Ukraine

Primary Func-

Market Segment tion of ESS

Key Benefits and Monetization Opportunities

Day-Ahead Market
(DAM)

Price (energy) ar-
bitrage

Purchase of low-cost electricity during nighttime hours and sale during
morning/evening peak price periods.

Intraday Market (IDM) | Price (energy) ar-

bitrage

Rapid response to intra-day price changes; ability to avoid losses due to
imbalances.

Ancillary Services Mar-
ket (ASM)

Frequency and
voltage regula-
tion

Receiving payments from the transmission system operator (TSO)
Ukrenergo for the provision of frequency containment reserves (FCR).
The most technologically advanced segment.

Balancing Market (BM) | Imbalance regu-

Balancing deviations between forecasted and actual consumption/gen-

(WPP), PVPP)

lation eration (especially relevant for renewable energy sources (RES))
For RES producers Peak load Reduction of generation curtailments by the system operator; shifting
(wind power plants smoothing energy delivery to hours with the highest tariffs.

For large consumers Cost optimiza-

tion

Reduction of capacity charges; provision of autonomous power supply
and improvement of electricity quality.

Analysis of ESS control methods. The analysis of control
methods for energy storage systems (ESS), taking into ac-
count tariffs as well as load and PVPP generation forecast-
ing, is an important aspect. The selection of an optimal ESS
control strategy is a key element for reducing costs, improv-
ing system reliability, and ensuring the efficient integration
of PVPP with ESS.

In paper [24], the effectiveness of the reinforcement learn-
ing (RL) method is demonstrated, in particular the Soft Ac-
tor-Critic (SAC) algorithm, which outperforms Proximal Pol-
icy Optimization (PPO) and Deep Deterministic Policy
Gradient (DDPG) in terms of stability and economic perfor-
mance. In study [25], the application of Mixed-Integer Lin-
ear Programming (MILP) enables the optimization of ESS
operating modes considering tariffs and confirms their eco-
nomic feasibility. In work [26], the Deep Reinforcement
Learning (DRL) approach provides up to a 23% increase in
profit and a reduction in generation losses.

In paper [27], an MILP model allows cost reduction of up to
73%, taking into account uncertainties and battery degra-
dation. Study [28] proposes day-ahead scheduling of ESS
considering generation forecasts and network constraints.
In work [29], a combined approach based on a Genetic Al-
gorithm (GA) and Dynamic Programming (DP) ensures a
balance between accuracy and computational efficiency. In
paper [30], a multi-level control approach integrates fore-
casting, optimization, and real-time adaptation. Study [31]
applies Linear Programming (LP) to minimize costs while
considering dynamic tariffs. In work [32], a Model Predic-
tive Control (MPC) method is proposed with consideration
of load uncertainty. In paper [33], MPC improves the effi-
ciency of PVPP utilization.

In study [34], it is shown that the advantages of MPC may
diminish under more detailed analysis, where Rule-Based
Control (RBC) proves to be competitive. In work [35], MPC
ensures the stable operation of a microgrid with a photo-
voltaic power plant (PVPP) and an energy storage system
(ESS). In paper [36], Adaptive Stochastic Model Predictive
Control (A-SMPC) enables a 7% reduction in costs and in-
creases ESS utilization by 8%. In study [37], Economic

Model Predictive Control (EMPC) provides an additional
cost reduction of up to 2%.

In work [38], an energy arbitrage algorithm under net me-
tering conditions is considered. In paper [39], the applica-
tion of MILP and DRL in industrial systems allows cost re-
ductions of up to 50% in simple cases. In study [40], a robust
model ensures cost reduction of up to 53.8%, taking into
account Time-of-Use (TOU) tariffs. In paper [41], a Mixed-
Integer Second-Order Cone Programming (MISOCP) model
enables a reduction in energy losses by 18% and improves
overall network efficiency.

The analysis of control methods revealed the following ap-
proaches: Linear Programming (LP), Mixed-Integer Linear
Programming (MILP), Model Predictive Control (MPC), heu-
ristic and metaheuristic methods (including Genetic Algo-
rithms (GA) and Particle Swarm Optimization (PSO), among
others), robust optimization, and Reinforcement Learning
(RL). Table 2 presents a comparative analysis of optimal
control methods for ESS.

Analytical discussion of ESS control methods. In solving ESS
control problems, Linear Programming (LP) and Mixed-In-
teger Linear Programming (MILP) have established them-
selves as standard approaches due to their high accuracy
and ability to achieve globally optimal solutions. MILP is of
particular importance in ESS control applications, as its ca-
pabilities allow for handling binary decisions, such as the
activation or deactivation of charging processes, as well as
the enforcement of pricing constraints.

Model Predictive Control (MPC) methods combine the ad-
vantages of optimization with the ability to adapt to
changes in real time. They operate based on a prediction
horizon, regularly updating decisions as new data become
available. Such methods effectively handle forecast uncer-
tainty through the use of scenarios and stochastic exten-
sions. MPC is particularly suitable in cases of dynamic tariff
changes or in situations requiring a balance between eco-
nomic benefits and battery health management, including
the reduction of degradation.
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Table 2. Comparative analysis of optimal control methods for ESS [42,43]

Control Method

Advantages

Disadvantages

Typical ESS Applica-
tions

Suitability for ESS Con-
trol Systems

Linear Program-
ming (LP)

- Achievement of an
optimal solution

- High economic effi-
ciency

- Fast and effective
problem solving

- Depends on accu-
rate forecasts

- Limited capability
in handling nonlin-
ear relationships

- Day-ahead charging
scheduling

- Energy management
systems for prosumers
(consumers and pro-
ducers)

- Aggregators of dis-
tributed energy re-
sources (DER)

Effectively used as an ini-
tial or benchmark model
under linear approxima-
tions

Mixed-Integer
Linear Program-

- Detailed modeling
of battery systems

- High computa-
tional requirements

- Day-ahead schedule
optimization

Recommended for day-
ahead planning and as a

- Proper operation
within defined con-
straints

- Effective balance
between computa-
tional accuracy and
execution speed

computational re-
sources

management solutions
- Interaction with elec-
tricity markets

ming (MILP) - Analysis and optimi- | - Limited efficiency | - Applications in mi- foundation for control
zation of charging under dynamic crogrids and virtual system design
and discharging changes power plants (VPP)
modes - Offline (non-real-
- Reduction of bat- time) analysis
tery degradation
Model Predic- - Flexible response to | - Sensitive to fore- - Real-time battery Best suited for rapid real-
tive Control changes in tariffs and | cast accuracy control time adaptation of con-
(MPC) PVPP generation - Requires higher - Commercial energy trol systems

Heuristic and
Metaheuristic
Methods (GA,
PSO)

- Capability to handle
nonlinear models

- Flexible problem
formulation

- May not guaran-
tee an optimal solu-
tion

- Slow convergence
speed

- Optimization tasks
outside real-time oper-
ation

- Comparative analysis
- Scenario analysis

Effective for developing
complex nonlinear mod-
els

Robust Optimi-
zation

- Ensures increased
system reliability un-
der uncertainty

- Supports well-
founded operational
decision-making con-
sidering risks

- Suitable for long-
term planning and
grid compliance

- High computa-
tional burden for
large-scale prob-
lems

- Scenario genera-
tion may oversim-
plify real dynamics
- Complexity in
modeling joint
probability distribu-
tions

- Decision-making in
energy management
systems (EMS) under
uncertainty

- Optimization for
worst-case scenarios
within defined uncer-
tainty sets

Appropriate for systems
with high safety and reli-
ability requirements

Reinforcement
Learning (RL)

- Self-learning capa-
bility

- High adaptability

- Operates without
requiring an accurate
system model

- Long training pro-
cess

- Complexity in ver-
ification and valida-
tion

- Potential system
instability

- Intelligent energy
management systems
(EMS)

- Dynamic electricity
markets

- Research-oriented
projects

An autonomous ap-
proach that inde-
pendently develops opti-
mal charging and
discharging strategies, in-
corporating safety con-
straints as part of the re-
ward function or via
penalty mechanisms

Robust methods are often applied in contexts with critical
forecast uncertainty. However, the high computational
complexity of these approaches limits their effectiveness
for real-time operation, especially in residential systems

and microgrids.

straints,

Heuristic and metaheuristic approaches demonstrate sig-
nificant flexibility; however, their inability to guarantee op-
timality, as well as the difficulty of incorporating strict con-
reduces their suitability for systems where

economic efficiency and safety are critical requirements.
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Reinforcement Learning (RL) methods are characterized by
high adaptability and the ability to learn without reliance
on detailed system models. This makes them a promising
tool for solving complex ESS problems under uncertainty in
prices and loads. However, RL approaches have high com-
putational requirements and require careful design of the
reward function. In addition, they may face stability issues,
necessitating the use of hybrid methodologies or integra-
tion with traditional approaches, particularly Model Predic-
tive Control (MPC).

An analysis of the literature indicates that modern ap-
proaches to ESS charging optimization and energy system
control are well developed. However, there is no universal
model that simultaneously integrates technical, economic,
and forecasting components within a single algorithm.

The most promising method in this context is Model Predic-
tive Control (MPC). This approach enables optimal ESS op-
eration under conditions of variable generation, load, and
market prices. In particular, the method provides:

e adaptation to changes in PVPP generation and

load;

optimization of battery charging and discharging
processes considering forecasts of generation,
consumption, and system constraints (state of
charge (SOC), power limits);

real-time operation;

consideration of electricity tariffs to achieve eco-
nomic efficiency.

The MPC method allows periodic solution of optimization
problems over a finite prediction horizon, taking into ac-
count the current system state and forecast data, followed
by the implementation of only the first control action. An
important requirement of this approach is robustness to
forecasting errors in PVPP generation, load, and changes in
market tariffs. This enables operational adaptation to new
conditions and significantly improves the economic effi-
ciency of charging and discharging processes.

Based on the conducted analysis, it can be concluded that
further research should focus on the development of mod-
els capable of accounting for real network constraints, high
volatility of electricity tariffs, as well as accurate forecasting
of PVPP generation and load. Such a comprehensive opti-
mization framework will be key to developing a highly effi-
cient ESS control algorithm.

Objective of the study. The aim of this work is to reduce
the cost of an energy storage system (ESS) through the ap-
plication of Model Predictive Control (MPC). Within the
scope of the study, tasks were formulated for the develop-
ment of a storage system model and a control algorithm
that accounts for electricity tariffs, load forecasting, and
photovoltaic power plant (PVPP) generation forecasting. In
addition, the study is aimed at optimizing the parameters
of the algorithm in order to maximize the techno-economic
benefits of the power supply system.

Materials and results of the study. The paper considers the
problem of optimal control of an electric power system on
the consumer side, which includes a PVPP with the capabil-
ity of generation curtailment, an ESS, consumer load, as
well as the external power grid. It is assumed that the elec-
tricity price is variable; therefore, the main objective is to
solve an optimal control problem aimed at minimizing the
cost of electricity import from the external grid while main-
taining the energy balance in the system and accounting for
nonlinear constraints of the storage operation. Another ob-
jective is the numerical simulation of the system operation
process and the evaluation of the characteristics of the
electrical energy storage system, which are sufficient to en-
sure full utilization of photovoltaic generation and condi-
tions for minimizing the cost of electricity from the external
grid.

To solve the problem of minimizing the cost of electricity
import, the control system employs the Model Predictive
Control (MPC) approach, which makes it possible to com-
pensate for the limited forecasting horizon of load and pho-
tovoltaic generation, as well as to account for the current
state of the system.

The control is performed in discrete time with a time step
At and implemented using a controller based on nonlinear
Model Predictive Control (MPC) with a fixed prediction
horizon of length H. The system state is described by the
state of charge of the storage system SOC}, whose dynam-
ics are given by:

nCPI?at' P]?at >0

At
S0Cy.1 = SOC, i~ ﬂ' prat < (1)

Na
where P,f‘” — is the battery power at step k, which is posi-

tive during charging and negative during discharging, E, 4.
is the nominal energy capacity of the storage system, and
N, and n4 are the charging and discharging efficiencies, re-
spectively. The state of charge is constrained by bounds
that depend on the storage model parameters:

SOCpin < SOCy < SOCoax. 2)

The control variables of the optimization problem are the
battery power PP%, the imported power from the electrical
grid P7™, and the curtailed photovoltaic generation P&,
introduced to account for the assumption of no electricity
export to the external grid. These variables are subject to
the following constraints:

Pmin = Plfat = Pmaxt P]gurt = 0: Pkgrid = 0. (3)
At each time step, the power balance condition must be
satisfied, which is described by the following equation:

load

P]fV_ P]gu‘r‘t_i_ P]?at'i' Pkgrid = P} (4)

where P,fV is the forecasted photovoltaic generation power
and P{°% is the forecasted load; these values serve as in-
puts to the minimization problem.
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The model also accounts for the nonlinearity of storage op-
eration when approaching the upper SOC limit during charg-
ing and the lower SOC limit during discharging, where the al-
lowable charging/discharging power is smoothly reduced.
For this purpose, the following function is introduced:

o(x; x) = —( 1 + tanh (x EXO)), (5)

where x, and ¢ are parameters that define the transition
point to the constrained regime and the width of the SOC
transition region, respectively. This function is used to adjust

the maximum allowable charging and discharging power lim-
its as follows:

Prfng(SOCk) = Pmax(1 - O—(SOCk; SOCch))' (6)

PAB(50C) = Pnax(9(SOCy; SOCuis)), (1)

Taking into account the updated admissible limits for charg-
ing and discharging power, the hard constraint Py, <
PP < P, .« is replaced with soft constraints by introducing
penalty terms into the objective function, denoted as F,f
where y is a tunable parameter:

FP =y [max ( 0, pbat — Pnﬁ’;x(sock))]2 +y [max ( 0, —Ppat — Pg;;(sock))]z. (8)

The main objective of the optimal control is to minimize the

total cost of electricity imported from the grid, ¢, PS""*At,

where c;, is the electricity price per hour. Taking this into
account, and introducing a regularization term with param-
eter a, the stage cost function is given by:

Fo = cPY At + aPP* + FP.  (9)

To ensure long-term balance of the energy system, a termi-
nal penalty term with a weighting parameter w is included
in the objective function. This term enforces the state of
charge of the storage system at the end of the optimization
horizon to approach a specified reference value SOC,..¢:

2
Frorm = w(S0Cr — SOC,5)". (10)

As aresult, given the initial state of charge SOC, the overall
objective function of the minimization problem with re-
spect to the variables P2%, P9, and P& takes the fol-
lowing form:

F =%
Thus, the resulting problem is a nonlinear constrained op-
timization problem, which is solved within the nonlinear
MPC framework using a receding horizon scheme. At each
time step, the corresponding optimization problem is
solved, after which only the first optimal control action is
applied to the system. This ensures adaptability of the con-
trol to changes in forecasts of generation, load, and elec-

tricity prices, while maintaining physical consistency and
economic efficiency of the system.

Fk +Fterm- (11)

Let us consider the problem of selecting storage system pa-
rameters sufficient to ensure full utilization of photovoltaic

H grid _
k=0 Pk At =

To ensure minimal import from the grid, the storage system
must be capable of compensating for the maximum cumu-
lative mismatch between generation and load. In other

Emax -

The estimate in (17) is highly conservative, as it assumes a
complete absence of electricity imports from the external

H pload
k=0 P"“ At —

|Z£ é( load

generation and minimization of the cost of electricity im-
ported from the external grid under the application of the
above-described MPC-based optimal control algorithm.

Full utilization of photovoltaic generation implies that cur-
tailment is absent at any time instant, i.e., P{*"* = 0 forany
k within the control time horizon (0, H). This, in turn, re-
quires that the storage system be capable of absorbing ex-
cess generation power. Hence, a sufficient condition for the
charging power is:

P,ﬁ"ad)+, (12)

where (x), = max(x, 0).

To minimize electricity import from the grid during periods
of generation deficit, the storage system must have suffi-
cient discharging power:

Pdis > max Pload
max ke{o,...,H}( g
It is also possible to derive a sufficient condition for the en-
ergy capacity of the storage system, which is formed based
on the total surplus photovoltaic energy over the entire

control horizon:

P, (13)

> Yo (P

Taking into account the allowable SOC range, the required
storage capacity must satisfy the condition:

Emax 2 Em/(SOCmax - SOCmin)‘

- P,ﬁoad)+At. (14)

(15)

Over the entire control horizon, the energy balance in the
system can be expressed, taking into account (4) and the
condition PE*" = 0

Ik1=o P,?VAt + Emax(SOCmax - SOCmin)- (16)
words, it must be able to “shift in time” the largest energy
gap between production and consumption, which leads to
the following condition:

— PEV)At| /(SOCpax — SOCmin). (17)
grid. Through numerical simulation of the control process,
this estimate can be significantly reduced.
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Simulation of ESS operation. For the numerical implemen-
tation of the proposed nonlinear MPC algorithm, the IPOPT
solver, based on the interior-point method [36], was used.

Numerical simulations were performed for the electric
power system of an industrial enterprise equipped with a
PVPP over a 48-hour period. Forecasting methods for both
the electrical load and PVPP generation were applied. Load
forecasting was carried out using an ARIMA model [37, 38],

while PVPP generation forecasting was implemented using
a NARX artificial neural network [39].

The input data for the simulation consisted of forecasted
values of the enterprise’s electrical load, photovoltaic
generation power, and electricity prices from the external
grid in the day-ahead market (DAM) with a 24-hour pre-
diction horizon, prepared for a total period of 72 hours
(Fig. 1).

Electricity Consumption and PVPP Generation Profiles
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Fig. 1. Input data for numerical implementation of the nonlinear MPC algorithm

Based on the input data shown in Fig. 1 and in the absence
of a storage system, the cost of electricity imported from
the external grid over the first two days amounts to UAH
586,944.46. The surplus electricity generated by the PVPP
during the same period is 2,513.06 kWh, while the total im-
ported electricity is 76,305.92 kWh.

Let us consider several scenarios that differ in the parame-
ters of the energy storage system. First, we perform a sim-
ulation using a nonlinear MPC algorithm for a storage sys-
tem that is sufficient to store and shift to another period
the entire surplus of electrical energy over one day. To this
end, we calculate the surplus for each of the two days and
determine the maximum: 409.48 kWh and 2,103.57 kWh,
respectively, with the maximum occurring on the second
day. The maximum surplus power over the two days is
707.94 kW. Then, if SOC,,;, = 0.1 and SOC,,,,, = 0.9, the
storage capacity must exceed 2,103.57/(0.9-0.1) =
2,629.47 kWh, and the charging power must accordingly
exceed 707.94 kW. Under these conditions, the storage
model has the following parameters: capacity of 2,800 kWh
and charge/discharge power of 900 kW. The simulation re-
sults for such a storage system are presented in Fig. 2. As
can be seen from Fig. 2 (the “PVPP Curtailment” curve), in
this scenario P{*" = 0, while the storage system under-
goes two full charge—discharge cycles per day. The cost of

imported electricity is UAH 497,123.06, which is 15.3%
lower than in the case without storage.

In Fig. 2 (the “Power” plot), different charging modes of the
storage system can be observed: during hours 1-4 and 25—
28, it is charged from the external grid; in the interval of
36—-40 hours, it is charged from excess PVPP generation;
and from 14 to 16 hours, combined charging from both of
the aforementioned sources takes place.

Below, a study is presented of the dependence of the cost
of imported electricity on the storage capacity and the nor-
malized charge/discharge rate characteristic (C-rate), de-
fined as the ratio of the charge/discharge power to the
nominal energy capacity (E_max). The study was carried
out by sequential application of the aforementioned non-
linear MPC algorithm for a set of storage characteristics
with E_max ranging from 2,000 to 30,000 kWh and C-rate
values of 0.5, 1.0, and 2.0.

Figure 3 shows a heatmap of the percentage difference in
system costs with and without the storage system, depend-
ing on its energy capacity and C-rate characteristics.

Figure 4 presents graphs of the percentage difference bro-
ken down by C-rate. These graphs appear visually similar
because the values in each column of the heatmap are
close relative to the differences between the columns.
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Fig. 2. Modeling a scenario with storage parameters sufficient to accumulate surplus PV generation
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Fig. 3. Heat map of the percentage difference in the cost of imported electricity between a system without ESS and one

with ESS, depending on capacity and C-rate characteristics
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Fig. 4. Graphs of the percentage difference between the cost of imported electricity in a system with and without ESS,
depending on the capacity at C-rate

The conducted parametric study of the optimal control al-
gorithm over a wide range of storage capacities and for C-
rate values of 0.5, 1.0, and 2.0 demonstrated that the dom-
inant factor in reducing the cost of imported electricity is
the storage capacity. This is clearly confirmed by the
heatmap in Fig. 3, where the dependence of the objective
function on capacity is significantly more pronounced com-
pared to the influence of the C-rate within the studied
range. The analysis of the plots of the percentage differ-
ence between the cost of imported electricity in systems
with and without storage (Fig. 4) further shows that in-
creasing the capacity leads to a substantial reduction in
costs, whereas variations in the C-rate have a secondary ef-
fect. For sufficiently large values of storage capacity, a sat-
uration of the economic effect is observed, and further in-
creases in storage parameters do not result in significant
additional cost reductions.

Conclusions and prospects for further research. The paper
proposes and investigates an algorithm for the optimal con-
trol of an electric power system of an industrial consumer
with photovoltaic generation and an energy storage sys-
tem, based on nonlinear Model Predictive Control. The al-
gorithm accounts for variable electricity prices in the day-
ahead market (DAM), constraints on export to the external
grid, nonlinear storage dynamics, and operating constraints
defined by the state of charge.

The algorithm was simulated for the electric power system
of an industrial facility, considering both surplus and deficit
in photovoltaic generation at different hours of the day. For
the scenario with an energy storage system whose param-
eters were selected to ensure full utilization of excess PVPP
generation, the application of the algorithm resulted in the
complete elimination of PVPP generation curtailment
throughout the entire control horizon. In this case, the stor-
age system performs up to two full charge—discharge cycles
per day, effectively shifting energy from periods of surplus
generation to hours of deficit and high prices. Under these
conditions, the cost of imported electricity is reduced by
15.3% compared to the baseline scenario without storage.
The obtained results confirm the validity of analytical esti-
mates of the minimum required storage capacity and

demonstrate their practical applicability in combination
with nonlinear MPC.

A parametric study of the optimal control algorithm over a
wide range of storage capacities and C-rate values (0.5; 1.0;
2.0) showed that the key factor in reducing import costs is
the storage capacity, while the influence of the C-rate
within the studied range is secondary. For sufficiently large
capacities, further increases in storage parameters lead to
a saturation effect and do not provide significant additional
cost reduction.

Thus, the proposed approach not only enables minimiza-
tion of the cost of electricity imported from the grid, but
also provides well-founded quantitative recommendations
for selecting the characteristics of the energy storage sys-
tem. This makes the developed algorithm suitable for prac-
tical application in the design and optimization of energy
management systems for industrial enterprises with photo-
voltaic generation.

The novelty of this study lies in the comprehensive applica-
tion of nonlinear Model Predictive Control for the optimal
control of an industrial consumer power system with PVPP
and ESS, taking into account real market conditions, tech-
nical constraints, and forecasting of load and PVPP genera-
tion. Unlike most existing ESS control methods, the pro-
posed approach simultaneously considers variable
electricity prices in the day-ahead market, constraints on
electricity export to the external grid, as well as nonlinear
storage dynamics and operational constraints in terms of
state of charge and power limits. The algorithm combines
analytical estimates of the minimum required storage ca-
pacity with an MPC-based optimization control strategy,
enabling not only cost minimization for electricity import
but also the derivation of quantitatively justified recom-
mendations for selecting storage parameters. This ap-
proach ensures high practical value of the results and dis-
tinguishes itself from existing solutions by its focus on
industrial facilities with realistic operating modes and con-
straints.

Further research should focus on incorporating energy
storage degradation processes into the optimal control al-
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gorithm. In particular, it is promising to develop an ex-
tended mathematical model of the storage system that
captures the reduction of available capacity and the in-
crease in internal losses as functions of the number of
charge—discharge cycles, depth of discharge, charging rate
(C-rate), and operating temperature conditions. The inte-
gration of degradation models into nonlinear Model Predic-
tive Control would enable consideration of the long-term
consequences of control decisions and the inclusion of a
cost-based assessment of storage degradation in the opti-
mization objective function. This would make it possible to
find a trade-off between minimizing current electricity im-
port costs and extending the service life of the storage sys-
tem, as well as to evaluate the economic feasibility of in-
tensive operating regimes.
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