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AHomayina. Y pobomi npogedeHO aHAi3 pexcumie yHKYiOHY-
BAHHSA ABMOHOMHOI 2ib6pUdHOI cucmemu eHepao3abe3neveHHs,
wo 6a3yembcsa Ha KOMBIHOBAHOMY BUKOPUCMAHHI eHepeaii 8i-
mpy 3 CUHXPOHHUM 2eHepamopom HA nocmiliHux mazHimax,
dusesb-eeHepamopHoOi yCMAaHOBKU ma cucmemMu HaKOMUYeHHs
3 aKymynsmopHumu b6amapesmu. ObrpyHmMoeaHo aKmyass-
Hicmb 8NpPoBadHEHHA MAKUX cucmem 05 NpusamHux 0omoao-
crnodapcme 3 8UCOKUM MiKOBUM HABAHMAMEHHAM (0o 20 KBm) 8
ymMoeax eidcymHocmi UueHmpanizoeaHo2o esneKkmpornocma-
YaHHA. Po3pobrieHo 4YucesnbHy imimayiliHy moodens, aKa 0de
3Mo2y oyiHuUmMu QUHAMIKy po3nodiny nomyxcHocmel Mixc 0xce-
pPenamu 3a1exHo 8i0 weudKocmi 8impy ma cmaHy 3apsaoy aKy-
myaamopHux 6amaped. MNobydosaHo 3anexcHocmi po3noodiny
nomyxHocmi 3a pi3Hoi wWeudKocmi 8impy ma pi3Ho20 pieHsA 3a-
pAady akymynamopis. llokasaHo, w0, 3acmocosyro4u 2ibpud-
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123,45 HauioHanbHMIN TEXHIYHMI yHiIBEPCK-
TeT YKpaiHM «KMIiBCbKUI NONITEXHIYHWUMA iH-
cTUTYT imeHi Iropa CikopcbKkoro», m. Kuis,
YKpaiHa

2 |HcTUTYT BiAHOBAOBaHOI eHepreTukn HAH
YKpaiHn, m. Kuis, YKpaiHa

Huli iHeepmop 3 MPPT y noedHaHHI 3 Hakonuyysayamu LiFePO4, moxHa miHimizysamu yac pobomu nanus-
HO20 2eHepamopa, sUKopucmosyrovu (io2o auwe 8 pasi 0ocazcHeHHA Kpumu4yHo20 rnopozy po3psady AKb
(meHwe 20 %). BcmaHosneHo, wjo poboma ArY e pexcumi ¢popcosaHo2o 3apaody aKymMyaamopie Ha nomyc-
Hocmi 70—-80 % 8i0 HOMiHA/bHOI 3a6e3re4Yye 3Ha4YHe 3HUXEHHA MUMOMOI 8UMPaAMU naau8a ma NoO08HeHHs
MIiXPEMOHMHO20 pecypcy 0sueyHa. BnposadieHHA 8impozeHepamopa 3 iHmesnekmyanbHUM Kepy8aHHAM
3apady 0ae 3mozy docaemu eKoOHOMIT NanusHO-MacmusabHUX Mamepianie Ha pieHi 45—65 % nopieHAHO 3 mpa-
OuyiliHumu cxemamu xuesaeHHs. 3anpornoHo8aHa Moodesnb Moxe bymu 8UKOPUCMAHA OAA MPOEKMYBAHHSA
BUCOKOEhEeKMUBHUX ABMOHOMHUX cUCMeM eHepa03abe3neyeHHA.

Knruosi cnoea: 2ibpudHa eHepaocucmema, g8impozeHepamop, Ousesb-eeHepamop, imimauiliHe modesnto-
8aHHS, Oxcepesno besnepebiliHo2o HusneHHs, akymyaamopHa bamapes.

Mepenik BUKOPUCTAHUX NO3HAUYEHb Ta CKOPOYEHb
BAE — BigHOBAIOBaHI Axepena eHeprii

ArY — an3enb-reHepaTtopHa yCTaHOBKA

OBX — pxepeno 6e3nepebiltHOro *KMBNEHHA

Bcryn. TpaHchopmaLis rnobanbHOro eHepreTMYHOro pos-
BUTKY Ta npouecis B b6iK geueHTpanisauii 3ymoBtoe cTpi-
MKe BMPOBaZKEHHA CUCTEM €/1EKTPOMNOCTa4aHHA Ha OCHOBI
BAE. Ocobnmse micue B LbOMYy npoueci nocigatoTb ribpu-
OHi aBTOHOMHI KOMNIEKCK, WO NOEAHYIOTb Pi3Hi TUNM re-
Hepau,ii 34e6inblIoro eNekTpo- Ta TenI0Boi eHeprii, AN 3a-
6e3neyeHHA BigNOBiAHOroO pPiBHA HaZiiHOCTI eHepronocTa-
YaHHA BigaaneHunx ob’ekTiB, 0co61MBO BPaxoByOUn perio-
Ha/NIbHUI KOHTEKCT YKpaiHu.

MoHATTA ribpnaHOI cMCTEMWN eHEeProXUBAEHHA ANA aBTOHO-
MHUX O6’€EKTIB FPYHTYETbCA Ha CNiNbHIN Pob6OTI pi3HMX

BEY — BiTpOeHepreTuyHi yCTaHOBKM
CEC — coHAYHa eneKkTpoCTaHLuif
AKBE — akymynsatopHa 6aTapes

KK/, — KoeodiuieHT KopucHoi aii

J)Kepen eHeprii: BiTPOYCTaHOBOK, COHAYHUX €1eKTPOCTaH-
Ui, reniokonekTopis, aBTOHOMHUX An3e/b-6€H3MHOBUX
€HEepProycTaHOBOK, CUCTEM HAKOMWYyBaHHA eHeprii ToLwwo.
3aMicTb BUKOPUCTaHHA ogHoro axkepena (Hanpuknag, CEC,
edeKTUBHICTb AKOI MiHiManbHa BHOYiI Ta CYTTEBO 3a/1EKUTb
Big, Mopu poky Ta norogHux ymos [1] abo Tinbkun ArY, po-
60Ta AKOro NoB’sA3aHa i3 CyTTEBUMM eKcnayaTaLinHUMm BU-
Tpatamu [2]) ribpugHa cuctema o6’eaHye B cobi aekinbKa
CUCTEM EHEProXKMUB/IEHHA Ta HaKonuyeHHs [3]. 3a3Buuail
Lue KombiHalina BiAHOBNOBaHUX AxKepen (coHAYHa eHepris
Ta eHepria BiTPy) i TpaguuiliHOro pesepsBHOro arperarty
(Ary) abo notyxHoro 610Ky aKymynaTopi..
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[onoBHOI nepeBaroto Takoi cuctemun € besnepepsHe 3a-
6e3neyeHHs eHepronocTayaHHa ob’ekTiB (NobyTOBMX, NPO-
MMUCNIOBMX) Ta BUCOKA HaZiMHicTb. Hanpuknag, y BiTpsHy,
ane xmapHy norogy AediunT COHAYHOI reHepau,ii NokpumBa-
€TbcA BEY, a HagAMLWKKN eHeprii HAKONWYYOTHCA B aKyMyANA-
TOopHWX BaTapenx [4]. KepyBaHHAM npouecy po3noginy, Bu-
pobaeHHA Ta CMOMWBAHHA eHeprii Takoi cucTemm
3abe3neuye [BX nig KepyBaHHAM KOHTPO/EPa, AKUI Y pe-
a/IbHOMY Yaci po3noAifiA€ NOTOKM eHeprii.

BMKOpUCTaHHA ribpuaHUX CUCTEM A8 KUBEHHA aBTOHOM-
HUX 06’€KTIB, NPUBATHUX BYAMHKIB Ta Pi3HMX BiagaNeHUX
CMOXMBAYiB € MPAKTUYHO €EAMHUM crnocobom 3abesne-
YeHHA eHeproXKuBieHHA. Lle aae 3mory He nulie eKoHo-
MWTW MANIMBO Ta Pecypc aBTOHOMHOIO reHepaTopa, ane
CTBOPIOE THYYKY MepeXKyY, AKa afanTyeTbCA A0 3MiHM NOro-
AHUX ymoB. TobTo ribpmaHa cuctemMa € aBTOHOMHOI «MiHi-
eHeprocucTemoto» [5], AKa € eKOIOTYHO YMCTOH, MaoLy-
MHOIO Ta NMOBHICTHO HE3A/IEXKHOIO Bif, LEHTPAIbHOI Mepesxi.

AHanis gepen nitepatypu nokasye [6], WO NepcnekTus-
HUM 018 BUKOPUCTAHHA Y CKAaAi ribpuaHux cuctem eHep-
roxkmsneHHs € BEY, nobyaosaHi Ha 6a3i CUHXPOHHUX reHe-
paTopiB 3 MNOCTiMHMMM marHiTamu [7]. Taka BEY moxe
npautoBaTH Linofo608o, WO AAE 3MOTY CYTTEBO 3MEHLINTU
eMHicTb AKB (a oTXe, i BapTicTb), OCKiNIbKK eHeprif Haaxo-
OUTb piBHOMipHiWwe npoTtarom aobwu [8]. Y nomipHux wmpo-
Tax CNocTepiraeTbes ifeanbHNI NPUPOAHNIK BanaHc Mix Bi-
TPOBOIO Ta COHAYHOK EHEePriel: B3MMKY, KON COHAYHA
iHconAuiAa MiHiManbHa (KOPOTKUIA CBITNOBUIA AeHb, XMap-
HiCTb, CHIilr Ha NaHensx), akTMBHICTb NOBITPAHUX Mac 3a3BU-
Yall MakcMmanbHa, Npu upomy BEY nepekpwusae pediumt
eHeprii B3UMKY, SIKUI € aKTya/IbHUM A/19 aBTOHOMHUX CUC-
TeM OnaJieHHA Ta OCBITIEHHA B XON04HY Nopy poky. OTxe,
came HasBHicTb BEY 3abe3neuye cTtabinbHicTb 6a30Boi re-
Hepau,ii, 3anobiratoun pospsagxaHHio AKB 40 KpUTUYHOro
piBHA.

OfHaK NPOEKTYBaHHA ribPUAHUX CUCTEM CYNPOBOAKYETHCA
3HAYHMMU TPYAHOLAMM Yepes3 CKAAAHICTb BHYTPILLHIX ¢i-
3MYHMX Npouecis: Big 6araToGakTOPHUX eNeKTPOMEXaHIY-
HUX NepeTBOPEHb A0 CKIAAHUX NepexigHUX PeXMMIB Y Ch-
NOBUX  €NIeKTPOHHMX nepeTBoptoBayax. Lle pobutb
HEMONNBMM TOYHE MPOrHO3yBaHHA poboTn cuctemn 6e3
BUKOPUCTAHHA iMiTaLiiHOro MoAentoBaHHA Ta Cy4yacHOro
nporpamHoro 3abesneyeHHs, AKe Ja€ 3MOry BU3HAYUTU NO-
Be/liHKy aBTOHOMHOI MepesKi B pi3HMX eKcnayaTauinHux pe-
XKUMaX.

BnpoBagKeHHA aBTOHOMHUX FibpuAHWUX cucTtem Ha Hasi
BEY, CEC, AAT'Y ToWwo ANnAa NnpMBaTHOrO CEKTOPY € npioputeT-
HUM 3aBAAKM BiACYTHOCTI noTpebu B gopatkoBomy 36y-
OXeHHi, Bucokomy KK Ta moxKamsocTi peanisauii 6es-
MyAbTUMAIKaTopHoro (npamoro) npusogy [9]. OaHak
rO/I0OBHUM BUK/IMKOM 3a/IMLIAETHCA CTOXAaCTUYHA Npupoaa
BiTpOBOro notoKy. OCKiNbKM eHepris BiTPY NOCTilHO 3MiHI0-
€TbCA, BUHMKAE  noTpeba B AMHAMIYHI ONTUMI3aL,i WBK-
OKOCTi 0b6epTaHHA TypbiHW. [1N1A KOXKHOI MUTTEBOI LIBUAKO-
CTi NOBITPAHOrO MNOTOKY ICHYE /MWe OAHA TOYKa
onTUMasbHoOro Biabopy noTyxHocTi [10].

[Ona BupilweHHs uiei npobaemn B cydacHUX ribpngHux cuc-
TEMax 3aCTOCOBYIOTbCA iHTENIeKTyaNbHi afirOpUTMU Kepy-
BaHHA, 30KPEMA KOHTPOJIePU NOLLYKY TOYKN MaKCUMAJIbHOI
noTyxHocrti [11]. i npucTpoi B peasbHOMY Yaci aganTyoTb
eIeKTPUYHE HaBaHTaXXEHHA reHepaTopa A0 MeXaHi4YHoro
MOMeHTY TypbiHuM, 3abe3neuytoum MmakcumasabHy eHeproe-
dEKTUBHICTb cUCTeMU 3a Byab-AKMX MeTeoymos [12].

OKpim TeXHIYHMX NepeBar, PO3BUTOK BITDOEHEPTETUKN CTU-
MYJIIOE /IOKa/IbHUIA EKOHOMIYHUIA PO3BUTOK, CTBOPHOHOUM
HOBI poboui MicuA B iHXeHepHOMY Ta CEPBICHOMY CEKTO-
pax. BUKOPUCTAHHA YUCTOT eHeprii BiTpY A03BONAE NOBHi-
CTIO YCYHYTWU BUKMAW BYFIEKMCOrO rasy nifg, Yac ekcnayara-
uji, wo Bignosigae cTparerii ctasoro po3suTky [13].

HeBia’eMHMM enleMeHTOM Cy4yacHOi ribpuAaHOI cuctemm €
nigcuctema akymyntoBaHHA 3 AKB. BMKOpUCTaHHA cy4ac-
HWX niTin-3anizo-pocdaTtHMx Hakonuuysauis (LiFePO4) nae
3MOTy 3rnafKyBaTW MiKWM reHepauii Ta CNOXuMBaHHA. Taki
AKB maloTb BUCOKMIA pecypc (noHag 3000-5000 umknie 3a-
paay / po3paay) Ta TepMidHy cTabinbHICTb, WO rapaHTYe Ha-
AiHY pob0Ty aBTOHOMHOT CUCTEMU MPOTATOM AECATUNITD,
3BO4AYM A0 MiHIMYMy €KONOriYHi Hacnigku [14].

AHani3 cyyacHux ribpngHux cuctem [15] xapaktepusyetbea
nepexogoM Bif, aHanNi3y OKPeMMUX CKNaJO0BMX TaKoi cuc-
TeMU [0 AOCNIAXKEHHA NPOLLeCy iX B3aEMOZii Ta B3AEMHOIO
BnAnBy. PyHAaMeHTabHi NpaLi BITYN3HAHWUX Ta 3aKOPAOH-
HUX ydeHux [16, 17] npMcBaAYeHi NMTaHHAM iHTerpauii BiT-
POBMX T COHAYHMX YCTAHOBOK Y JIOKa/IbHi e1eKTPOMeEpEXKi.
OcHoBHa yBara A0CNIAHUMKIB 30cepearKeHa Ha TONOAOriAX
CMNOBUX NepeTBoploBaYiB Ta MeTodax cTabinizauii Hanpyrm
M 4acTOTW 33 3MIHHOrO HaBAHTAXKEHHS, CTabiNbHICTb UMX
napameTpiB € aKTya/bHOI A/19 aBTOHOMHMX CMOXKMBaYiB.

TaKoX Ba*K/JMBUM aCNeKTOM, LLLO BM3HAYaE HagiMHicTb po-
60TM Ta BUCOKi eHepreTUYHi NOKa3HUKK, € BUKOPUCTAHHA K
AxKepena eNeKkTpoeHeprii eNeKTPoOMEXaHIYHUX NepeTBOpO-
BayiB 3 NOCTINHMMM MarHiTamu. beamynbTunaikatopHe Bu-
KOHAHHA Nig Yac peanisaLii TeXHIYHUX piweHb BEY gna as-
TOHOMHWX EHEPTrOCUCTEM A A€ 3MOTY 3MEHLUNTW BTPATU Ha
30yArKEeHHA Ta NigBUWMTU HaginHicTb [18]. OaHaK cknag-
HICTb KepyBaHHA TaKMMW cucTeMamMu noTpebye BhpoBa-
OXKEHHA iHTeNneKkTyanbHUx anroputmis [19]. AHanis axxepen
CBiAYMTb NPO Te, WO BUKOPUCTAHHA aATOPUTMIB KepyBaHHA
€ KntoyoBum dpaktopom nigsuweHHs KK cuctemn 3a Hu-
3bKMX LWBKAKOCTEN BiTpy [20].

BUKopuWCTaHHA B ribpUAHUX cUCTEMAX NiTi-3ani30-pocdaT-
HUX HAKOMWYyBayiB CNPUAE NiABULLEHHIO TEPMIHY eKCnay-
aTaLii 061afHaHHA Ta 3POCTAHHIO LWBWAKOCTI peaku,ii B pasi
NOABM MIKOBUX HaBaHTa)KeHb. [1poTe NMTaHHA AUHAMIYHOI
B3aEMOZIT MiXK PISHUMM TUNAMK AKepPeN Ta HAKONMYYBaYiB
y nepexigHuX pexmmax Bce we notpebye ranboro su-
BYEHHSA Yyepes imiTauiliHe moaentoBaHHA.

AKTyanbHiCTb poboTH 3ymoB/aeHa HeobxigHicTio 3abesne-
YeHHA eHepreTUYHOI CTiMKOCTI 06’eKTiB B ymoBax HecTabi-
JNIbHOCTi LLeHTPani3oBaHMX Mepex Ta 3POCTaHHA BapTOCTI
TPAAMLiIMHNX eHEProHOCIiB. BNpoBaAKeHHA ribpuaHuUX cu-
cTem 3 KombiHoBaHUMK axkepenamu (BEC, cuctemu Hako-
nuyeHHs 3 AKB i TpaguUiliHi enekTpomexaHiyHi yCTaHOBKM
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3 [ATY) nae 3mory MmiHimisyBaTu BN/IMB CTOXaCTUYHOIO Xapa-
KTepy Bi4HOB/OBAHOI eHeprii Ha cnoXmBava. Tomy Aocni-
OXKEHHA peXKMMiB pobOTM TaKUX CUCTEM € aKTyalbHUM Ha-
YKOBO-NPaKTUYHMUM 3aBAAHHAM.

MeTa po6oTu. [locniaKeHHA pexxnmis poboTM aBTOHOMHOI
€eKTPOEeHePreTUYHOI CUCTEMM 3 KOMBIHOBAHUMM ArKepe-
NlaMU eHepril WAAXOM YNCEeNbHOTO imiTauiiHOro moaento-
BaHHA, WO AA€ 3MOTy OLiHWUTU B3AEMOLI0 MiX PiSHUMM
L)Xepenamu reHepauii Ta HakonMyyBavyamm eHeprii B pis-
HUX eKcnyaTauinHux pexkmmax. Lle cnpuatume 3abesne-
YeHHIO  CTabifIbHOrO  EHEProXKMBAEHHA  aBTOHOMHMX
06’€eKTiB 3 ypaxyBaHHAM CTOXaCTUYHOTO XapaKTepy BigHOB-
JIIOBAHUX OyKepen eHeprii.

Ha puc. 1 HaBegeHO KoHirypauito NnponoHoBaHoi ribpua-
HOi CMCTEMM eNIeKTPOXMBAEHHA Ha Npuknaai 3abesne-
YeHHA NoTpeb NPUBATHOIO BYAMHKY.

/{ﬁ.
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Puc. 1. li6bpudHa cucmema enekmpoxcusneHHa: Ary — ou-
3enb-2eHepamopHa ycmaHoska,; A6 3 MPPT — 2ibpuo-
Huli HanienposidHuUKosuli iHeepmop 3 cucmemoto MPPT;

LLE — enekmpuyHuli KomymauyitiHul wum

KoKeH 3 e/leMeHTIB CUCTEMU KUBIEHHA BUKOHYE CBOIO Y-
HKUito. Y BUKOHYE pPOb pe3epBHOro axepena abo BUKo-
PUCTOBYETLCA 32 3HAYHWMX MIKOBUX HaBaHTaXeHb CMOXMW-
Baya. BoHa BMKOpucCTOBYETbCA B TOMYy pasi, Konu
AKYMyNATOPU PO3PAAKEHI, @ CUAU BITPY HEAOCTAaTHBLO ANA
noKputta notpeb cnokmsada. Kpim Toro, ArY rapaHTye
100 % aBTOHOMHOCTI cucTemMM B Byab-AKY Heroay.

BiTpoycTaHOBKa B MPOMNOHOBaHIN CUCTEMi € TONOBHUM Bia-
HOBJ/IIOBaHUM [XKepesiom enekTpoeHeprii. Y Ui poboTi po-
3r1A43a€TbcA 6e3MyNbTUNAIKaTOpHA BEY i3 CUHXPOHHUM re-
HepaToOpPOM Ha MOCTIMHMUX MarHiTax, Lo reHepyre 3MiHHUM
CTPYM 3MiHHOI YaCTOTH, AKUIN NOAAETLCA Ha BXig MPPT Ko-
HTponepa AbX. 3a 4OCTaTHLOI CMAK BITPY HAANAMNLLIOK NOTY-
YKHOCTi BUKOPUCTOBYETBLCA AN1A 3apagxaHHa AKB. 3a niko-
BMX HaBaHTaXeHb UM 33 Cnabkoro BIiTPY HeaocTaya
NOTY*KHOCTI MOKPUBAETLCA 3a paxyHOK eHeprii AKB.

OBX 3 MPPT (ribpuaHuin iHBepTOp) € rONOBHUM e/leMeH-
TOM UBET cUcTEMM: 3a6e3neyye MakCMMaibHO MOK/INBY NO-
TYXHiCTb BiTpOreHeparTopa 3a MOTOYHOI WBUAKOCTI BiTPY;
nepeTBOPOE NOCTiMHY Hanpyry AKB Ha 3MiHHY; Kepye 3aps-
aom / pospagom AKB Big BiTpy U AM3enb-reHepartopa Bia-
MOBIAHO A0 pPeXMMYy PobOTU UM HaBaHTAXKEHHA; 3abe3ne-
UYYE KOHTPOAb, MOHITOPUHF Ta 3axucT obnagHaHHA,
CUCTEMMW 1 HABAHTAXKEHHS.

AKB y Uil cuctemi BUKOHYE BaxkAmBy OYHKLIIO eHepreTuy-
Horo 6ydepa. BoHa HakoNMYye HaAMLWIKKW eHeprii 33 gocTa-
THbOI WBWAKOCTI BITPY i Biagae ii Konn € HeobxiaHicTb. Lie
NiABULLYE NAaBHICTb Po6OTU cUCTEMM — BiACYTHI CTPUOKM
HaNpyru Ta CyTTEBI AMHAMIYHI Npouecn. B enekTpuyHOMy
LWMTI BCTAHOB/IEHO 3aXMCHi KOMYyTaLilMHi anapaTwu, AKi pos-
NoAiNATb €NEeKTPOEHEPrito MO Pi3HMX NiHIAX HaBaHTa-
YKEHHS Ta 3aXMLWatoTb 061agHAHHA.

Mepenik KOMMNOHEHTIB Ta CKNAA0BUX AOCNIAXKYBAHOI ribpu-
[HOT CUCTEMW EeHEPTrOXKMBEHHA HaBeLeHO y Tabn. 1.

Tabauuya 1. Knoyosi KOMNOHEHTU A0CNIAXKYBAHOI CUC-
Temu
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F6puaHuin inBepTop
1 Deye SUN-20K- I\?IFC"BTZ'?pl;?(ngM 2500
SGO1HP3-EU-AM2
. 10 kBT, 3-nona-
BiTporeHepaTop 2
2 PVMARS 10kW Tf;:g A 2200
Cuctema AKB .
LiFePO4,
3 PV'O”tA‘ng;;rﬁi'Hz (4 | 57 kBr-rop, 384 | 20000
14,2 KkBT-roz) B, >6000 yuknis
20 KBT, TpUdas-
ary HUIA, wymo3a-
4 Cummins RS20ACE X;‘g;‘zgs"a°H";§X' 8800
(Silent) ATS (aBTO3a-
nyck)
ABTOMaTHMKa ce-
ms pii Acti9/Volta,
5 Schneider Electric / nizlpzaHx:ncgyBrlp' 1200
Hager (Custom) (SPD), KpOC-MoO-
ayni
6 Bcboro 37700

MapameTpu OCHOBHMX KOMMOHEHTIB FBPUAHOI cucTemu,
HaBeeHi B Taba. 1, BUKOPUCTOBYHOTLCS A1 PO3POOKKM Umn-
cenbHOi imiTauiHOi Mmoaeni AocnigKyBaHoi aBTOHOMHOI
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eNeKTpoeHepreTUYHoi cuctemm. Bubip KOHKPETHMX KOMMNOo-
HEHTIB 3A4iMCHEHUI ANA aBTOHOMHOTO EHEpProXKMBJIEHHA
NPUBATHOIO 3aMiCbKOro 6yAWHKY 33 YMOBW OZHOYACHOMO
BBIMKHEHHS BCbOrO NOTYXHOro 06a1aaHaHHA (npacka, ene-
KTPWYHa niy, 6olinep, MMNOCMOK i T. iH.). Bubip iHWoro o6-
NaiHaHHA NPUHLMNOBO HA BN/IMBAE Ha pe3ynbTaT poboTu
cUcTeMm.

Marepianu i pesynbrati gocnigKeHb. Ona AocniaxKeHHA
pexumis poboTu Ta NapameTpiB aBTOHOMHOI ribpnAHOi cn-
CTeMU NpW 3MiHi NapameTpiB BiTPY po3pobieHo Komniek-
CHY YMCeNbHY iMITaLiMHY Mogenb y NporpamHomy cepeso-
suw,i MATLAB/Simulink.

MapameTpu HaBKOMLIHBOrO CepefoBMLLLA CYTTEBO BMAMBA-
10Tb Ha poboTy ribpuaHoi cucTemu Ta ii BUXiAHI NapameTpu.
Y moaeni peanisoBaHO MOXJ/IMBICTb 3MiHIOBATK LWWBMAKICTb
BITPY M KyTa BCTaHOB/AEHHA fionaTteid. InA ouiHKM aganTme-
HOCTi CMCTEMU A0 3MIHHUX METEOYyMOB PO3rNALAETLCA TPU
BMNAZKW MOZENOBAaHHA 32 YMOBM GiKCOBAHOIO 3HaYEHHA
KyTa nonaTtew, Lo BiANOBIAAE PEXKMUMY MAKCK-

MOMEHT reHepatopa

WBnaKicTs reHepaTo

MaMeHT reHepaTopal

w.g

MaJIbHOro Bigbopy MOTYXKHOCTi 3@ HOMiHa/IbHUX HaBaHTa-
YEHb: PeXXMM HOMIHa/NIbHOI reHepaLii 3a WBMAKOCTI BiTPY
v = 6 Mm/c, gae 3mory ouiHuTK ctany poboTy BITPOyCTaHO-
BKM; PEXMM NiABULLEHOT iIHTEHCUMBHOCTI Npu v = 8 M/c, Lo
XapaKTepu3ye NOBEeAiHKY CUCTEMM B YMOBAX HaANLLIKOBOI
eHeprii; pexum cnaboro BITPOBOro NOTOKy MNpu v = 4 m/c,
wo Bignosigae nepesipui poboTn cucTeMU NPU MiHIMaIb-
HuUx obepTax BiTPoBOI TYP6iHW.

[na cnpoleHHA npoBeseHHA PO3PaxYHKIB, ANA BCIX pPeXu-
MiB pob60oTn BEY, HaBaHTa*KeHHA npuiimaetbcs = 6,0 KBT,
WO BiAMNOBIAAE BBIMKHEHHIO KAKOYOBMX CMOXKUBAYiB Yy ro-
OVHU NiK NpMBaTHOro BYANHKY.

OujiHKa NnoBeAiHKK cMCTEMU 3@ BUNAAKOBOI 3MiHM LWIBUAKO-
CTi BiTPY 1 HaBaHTaXKeHHS, aBapiliHMX pexxnmis poboTu (ne-
peBaHTaXeHHA, KOPOTKe 3aMMUKaHHA i T. iH.) byae npose-
LEHa aBTOpamMM LbOro AOCNIAXKEHHA B NoAanblunX
poboTax.

Ha puc. 2 nokasaHo CTPYKTYpy YMCeNbHOI iMmiTauiiHOT mo-
AeNi aBTOHOMHOI ribpuaHOT CUCTEMU EHEPTOMKMUBIEHHS.

Hanpyra AC
=

N +

0 Pitch angle(deg)

Kyt nonan

LiBMAKICT reHepaTopa,

Lt

Pac

| LBngKiCT: BITRY

V_sitpy

BITPOBA TYPBIHATA TEHEPATOF

HABAHTAEHHA

5

Akymynatop

Puc. 2. Cmpykmypa yucenoHoi imimayitiHoi modeni

Ha puc. 2 nokasaHo: 1 — 650K, Wo Bignosigae 3a BiTpoBY
TypbiHy Ta enekTporeHepaTtop 3 MOCTINHUMU MarHiTamu;
2 — 610K aBTOHOMHOI ArY; 3 — 6nok ABX Ta MPPT; 4 —
610K, Wo Bignosigae 3a napameTtpu BubpaHoi AKB; 5 — Ha-
BaHTa)KeHHA cuctemu; 6 — 610K, Wo imiTye poboty LLUE,
TO6TO BUKOHYE PO/Ib KOMYTALLT Ta 3aXMCTYy HaBaHTAXKEHHS.

MNiacucrema BiTpoBOI TYPOiHM Ta CUHXPOHHOIO reHepaTopa 3
NOCTIMHUMM MarHiTamm ONUCYETLCA BiAOMUMM PIBHAHHAMM
Ta 3anexHoctamum [21]. BiamiHHicTio po3pobaeHoi nigcuc-
TEMMU BITPOYCTAHOBKM € Te, LLLO BOHA AA€E 3MOry AMHAMIYHO
nepepaxoByBaTW peasbHy LWBUAKICTb obepTaHHA BiTPOBOI

Typ6iHM 3a1eXKHO Bif PpaKTUUHOI LWBMAKOCTI 0bepTaHHA Bana
reHepaTopasanerKHo Bif, MOro HaBaHTAXKEHHS.

MNiacuctema ABX 3 MPPT 3ailicHioe 06pobKy BXiaHUX cur-
HanNiB Ta PO3PaXyYHOK BE/MYMHWU MOTYXKHOCTI reHepawii 3a
TakKMM BUpPa3oMm:

R :Vdc(k) ) Idc(k) (1)

Ae: Py — 3HA4YEeHHA NOTYXKHOCTIBY NOTOYHUIA MOMEHT Yacy;
Vic(k) — Hanpyra Ha WunHi noctiiHoro ctpymy ABXK; luck) — Be-
NINYMHA BUNpAamaeHoro ctpymy MPPT KoHTponepa.
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[nAa BM3HAUYEHHA AMHAMIKM CMCTEMMW BUKOPMCTOBYIOTHCA
6710KM 3aTPUMKM HA OAMH TaKT KBaHTYBaHHA. Po3paxyHoK
andepeHLianis NOTYKHOCTI Ta HANPYTMMM MiX Ail0YNMMM Ta
nonepeaHiMM 3HAYEHHAMM BUKOHYETLCA 3ri4HO 3 TAaKMMM
BMpasamu:

AP =Fyy — P,

(2)

AV :Vdc(k) _Vdc(k—l)'
BuxifHa NOTYXKHICTb cucTemMu B 6yab-AKMI MOMEHT yacy t
BMU3HAYAETbCA AK CyMa I'IOTy)KHOCTeﬁ Bi,CI| ycix HaABHUX AXKe-
pen:

Psux 0= [sz (V’t) Mg T Pﬂf (t) +P s (t ):I M s
(3)

ae: Pe — NOTYXKHICTb BIiTPOYCTAHOBKM (BiTpoBOT TypbiHM Ta
reHepartopa); Nueer — KKA, KoHTponepa MPPT; Pgr— noTy»-
HicTb ATY; Paxs = f{SOC, laks) — noTy»KHicTb AKB; Nasx — KK4,
OBX.

3miHa cTaHy 3apagy AKB (SoC) onucyeTbes yepes gude-
peHuianbHe PiBHAHHA, WO AAE 3MOTY aHaNi3yBaTu AnHa-
MiKy npouecy B peanbHoMy 4aci. LLUBMAKiICTb 3MiHW CTaHy

L% I
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D "
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3apag akymynaTopa, %

3apAfy aKymynAaTopa, 33 3MiHW HaBaHTaXKEHHA Y/ WBKA-
KOCTi BiTpY, 3 ypaxyBaHHAM HOMiHa/IbHOI EMHOCTI Ta Ko-
ediuieHTa KOpUCHOT Aii BU3HAYaETLCA B TaKMi cnocib:

dSoC (t) _ ks (t) __ Pixs (t)'UAKE
dt C Vi G

H H

(4)

Aae: SoC(t) — notoyHuit ctaH 3apagy AKB; Cy— HOMiHabHa
EMHICTb aKYMYNATOPA; Paks — MUTTEBA NOTYXHICTb Ha 3aTU-
ckavax AKB; naxs — koediLieHT KopUCHOT Aji uuKny 3apagy /
po3spAagy.

[OnAa npakTMYHOro aHanisy pesynbTaTiB YMCENbHOro MmoJae-

/I0BaHHA 3pYYHO BUKOPMCTOBYBATHU iHTErpanbHy popmy 3a
NeBHUIM NPOMIXKOK Yacy [to, t]:

1 t

dSoC (t)=dSoC(t,) - [ 71105 Puses ()t 5)
H Y

MNpoBegemo aHanis poboTu cucTemum 3a LUIBUAKOCTI BITpY

6,0 m/C, BMKOPUCTOBYIOUN PO3POBAEHY YMCeNbHY iMiTa-
LinHy moaenb.

Ha puc. 3 nokasaHo pe3ybTaTh PO3PaXyHKY NOTYXKHOCTEMN
OCHOBHUX e/IeMEeHTIB J0CNiAXKYBAHOI CUCTEMMU.

0.5

MoTyHRHICTE akyMyNATORE, KBT

2 .
0 0.5 1 1.5 2
Yac. ¢
3.2884
328835
3.2883+
3.28825
3.2882 — . .
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Puc. 3. Peaynbmamu po3paxyHKy 3a weudkocmi eimpy 6 m/c

Ha puc. 3 BugHoO, Wo BiTpOycTaHOBKa NpW 3aAaHil Wweua-
KOCTi BiTPy PO3BMBA€E MAaKCMMaJIbHY NOTYKHicTb = 6,0 KBT,
npu LbOMY MOTYMKHICTb CMOXMBa4ya CTaHOBWUTb 4,7 KBT.
HapgnvwoK notyKHocTi =1,3 KBT BUKOPUCTOBYETLCA ONA
3apAagrKaHHA AKB, Wo nigTBepAKyEeTbCA BigNOBIAHUM rpa-
¢dikom Ha puc. 3. Ta 36inbweHHaM piBHA 3apaay AKB y Bia-
COTKax.

3a HM3bKMX BE/IMYMH LWBMAKOCTI BITPY (<4 m/c) HegocTava
NOTYXHOCTi Hacamnepe, KOMNEHCYETbCA 3a PaXyHOK eHep-
rii AKb. ABToHOMHa [AI'Y aBTOMATUYHO 3anyCKAETbCA B pasi
nagiHHi pisHA 3apaay AKB Huxkue 20 %, ons 3anobiraHHsA ix
rMMBbOKOro po3pAay Ta NOLKOAKEHHS.

Pe3ynbTaT po3paxyHKy NOTYKHOCTI CUCTEMM 3a LUBUAKOCTI
BiTPY 4 m/c noKasaHo Ha puc. 4.
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Puc. 4. Peaynbmamu po3paxyHKy 3a weuokocmi eimpy 4 m/c

Ha puc. 4 BMAHO, WO NOTYXKHICTb CNOXMBAYa, Y KOHKpeT-  [oBediHKa cucTemMum Ha 4vacoBomy iHTepsBani o 0,5¢
HWI MOMEHT Yacy, CTaHoBUTb =6,0 KBT. Mpu Lbomy NOTYXK-  (puc. 3, 4) NOACHIOETLCA 0COBANBOCTAMMU PO3PAXYHKOBUX
HiCTb BITPOYCTaHOBKM CTaHOBUTL 3,6 KBT. Hepgoctaya noTy-  npouecis B imiTauinHii mogeni.

JKHOCTi CNOXKMBAYa KOMMEHCYETbCA 3@ PaXyHOK eHepril,
Hakonu4yeHoi B AKB, i ctTaHoBUTbL = 2,4 KBT. Mpun ybomy no
rpadiky Ha puc. 4 BugHo, Wo BiabysaeTbcs po3pag AKB.

Ha puc. 5 nokasaHo pe3yabTaTv MOLENIOBAHHA NPU BUKO-
puUCcTaHHI pe3sepsHoi Y.
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Puc. 5. Peaynbmamu modesnto8aHHA Npu 8UKOpUCMaHHi pesepsHoi Ay
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AK BUAHO Ha puc. 5, y momeHT Yacy t = 0,5 ¢, Koan piBeHb
3apagy AKb nepetnHae KpuTnyHy nosHayky SoCy 20 %, cuc-
TEMA aBTOMATUYHO BMUKAE Au3enb-reHepatop. Poboua no-
TyKHicTb AIY 14 kBT Bignosigae 70 % HOMiIHaNbHOI NOTYXK-
HOCTi reHepaTtopa, WO 3abe3neyye ONTUMANbHI NUTOMI
eHeprosuTpaTth nanamea. MoTykHictb AlY nepesulye noTo-
YHY MOTYXKHICTb cnokmBaya y 6,0 KBT Ta 1oro gediumT y
2,4 KBT, TOX 6inblua YacTUHa eHeprii CNPAMOBYETLCA Ha 3a-
pag akymynaTtopis. Le BigobpaxkeHo Ha rpadiky NOTy»KHOCTI
AKB, ae Kp1Ba nepexoamuTb Yy BiA'eMHy 061aCTb 3i 3HAYEHHAM
-11,6 kBT, Wwo BignoBigae iHTEHCMBHOMY 3apAgy. 3 Uboro

MOMEHTY piBeHb 3apsaay 6atapei (SoC) nounHae cTpiMmKo 3po-
cTati. Takni niaxig 20 BUKOpUCTaHHA eHeprii AY aae amory
NPUCKOPUTM Npouec 3apAagKaHHA AKB Ta niasuwmTn edek-
TUBHICTb BUKOPWCTAHHA eHeprii NasMBa 3a paxyHOK poboTu
reHepatopa B ONTUMa/IbHOMY PEXKMMI HaBaHTaXKEeHHA.

BuKopucTaHHA BEY TaKoxK cnpusie icTOTHIA eKoHoMIi na-
NMBa, pecypcy Ta eKcnayaTauilHMX BMTAT, NOB’A3aHMX 3
po6oToto AIY. Y Tabn. 2 HaBeLeHO NOPIBHAHHA eKcnya-
TALiMHMX MOKA3HMKIB AOCNIAKYBaHOI CUCTEMU EHEProno-
CTayaHHA NpU BUKOPUCTaHHI BEY cymicHo 3 ATY.

Tabnaunua 2. MopiBHAHHA eKcnyaTaLiiiHMX NOKa3HUKIB CUCTEM eHepPronocTayaHHA

Nuwe ArY (6e3 BEY Ta

MapameTp NOpPiBHAHHA AKB)

Fi6pugHa cuctema

(4rY + BEY + AKE) EKOHOMiuHMI edeKT

Pexxum pobotun ArY MocTinHnit (24 rop)

MepiognyHNi

_ 0,
(~5,5 rop/no6y) 77 % vacy poboTun

CepegHe HaBaHTaXXeHHA Ha =6 KBT (30 % Big HOM.),

=14 kBT (70 % Big HOM.), +40 % 10 KKl aguryHa

ary HeepeKTUBHO OnTMMaJIbHO
JoboBa reHepau,is Big, BiTpY 0 kBTrog =86 KBT-rog EKonorNHori:MCTa EHep-
[oboBa BuTpaTta nanmea ~72,0 n ~25,0n ~60,5 % (47,0 n)
Butpatu Ha TO (ym. oz) 100 % 23 % CkopoueHHsa y 4,3 pasa

CymapHa gob6oBa BUTpaTa Nasnea moe 6yTu po3paxoBaHa
npu BM3HaYeHHi rpadiky 3MiHW WBMAKOCTI BITPY NpOTArom
006U (MicAaus, poKky) i BUSHaYaeTbCA B TaKMit cnocib:

Tary

Q= I (qgry ’ Pzzry)'dt (6)
0

ne: Tgry —4ac poboTtu reHepaTtopa 3a oby (roa), AKWA y ri-
6puAHil cucTemi po3paxoByETbCA:

E, —E,
P

Ty

T

ary

(7)

"N axs

Ae: gary — NnMTOoMa BWTpaTa nanuea (n/KBT-roa), wo sane-
KWUTb Big, HaBaHTa)KeHHsA; £/ Ta Ew — l060Ba eHepria Cnoxu-
BaHHA Ta reHepau;ii Big eHeprii BiTPy, BiANoBigHO.

AHani3 gaHux Tabn. 2 NOKa3ye, WO OCHOBHA EKOHOMIA A0-
CAFAETbCA He INLLEe 3@ PaxyYHOK NPAMOro 3aMillleHHA nanu-
BHOI eHeprii eHeprieto BiTPY, ane 1 3aBAAKN 3MILLEHHIO po-
6ouoi Toukn ArY B 30HY makcumanbHoro KK (70-80 %
HOMiHaNbHOT NOTYXKHOCTI). Y cuctemi nvwe 3 ArY reHepa-
TOP NpaLOe NPU HU3bKIN NOTYXKHOCTI ANA NOKPUTTA cepea-
HbOr0 HaBaHTaXeHHA =6 KBT, L0 NpM3BOAUTL A0 NEpPEBUT-
paTu NanvBa Ta NPUCKOPEHOr0 3aKOKCOBYBAHHA ABUTYHA. Y
ribpuaHiv cxemi Y npautoe 3a notykHocTi 14 KBT, wo aae
3MOry 3a KOPOTKKiM Yyac 3apsaantn AKB Ta 3abesneuntn no-
Oanblly poboTy cMcTeMu B He3LYMHOMY PEXUMI.

BUCHOBKM

BHacnigoK BMKOHaHHA Liei poboTM NpoBeaeHO KOMMIEK-
CHe AOCNiAMEHHS PeXMmiB poboTH ribpnaHoi aBTOHOMHOI
CUCTEMU ENEKTPOXKMBAEHHSA, WO NOEAHYE BiTPOEHEPreTUY-

HY YCTaHOBKY Ha 6asi CI'TIM, Y Ta cuctemy HaKonMYeHHA
eHeprii 3 AKB. Pe3ynbTaTu imiTauiliHOro mogentoBaHHA Aa-
HOTb MiACTaBM BBAXKATW, LWLO:

BnpoBagyeHHAa cuctemn OBXK 3 MPPT-koHTponepom pae
3MOry ONTMMi3yBaTH Biabip NOTYKHOCTI Bif, BITPOYCTaHOBKM
B LUMPOKOMY Aiiana3oHi weunakoctei sitpy v =4...10 m/c. Lle
3abe3neyye npiopuTeTHe BUKOPWUCTAHHA BiAHOB/AOBAHOI
eHeprii Ta MiHiMmi3ye UMKAM poboTU NaIMBHOIO reHepaTtopa.

3aBAsAKM KombBiHOBaHOMY pexkumy, 3a skoro ArY Bukopuc-
TOBYETbCA LLE NpU AocATHeHHi nopory po3psaay AKB (SoC
< 20 %), MOX/IMBO He Anwe 3abe3neunTy nNikose HaBaHTa-
eHHA 20 KBT, a 1 3abe3nedyBaTH iHTEHCUBHE 3apAaKaHHA
AKB. Lle ckopouye 3arasibH1IA Yac poboTn ABUTYHA BHYTPI-
LIHbOrO 3ropAHHA Ta AA€ 3MOTYy JOCATTU €KOHOMIi Nanunea
Ha piBHi 45—60 % nopiBHAHO 3 He3nepepBHOIO eKcnyaTa-
Lji€to reHepaTopa.

3actocyBaHHA LiFePO4 AKB sk HakonuyyBauva eHeprii gae
3mory epeKTUBHO 3r1aaKyBaTH CTOXAaCTUYHI KOJIMBAHHA Bi-
TPOBOI reHepauii Ta 3abe3neuyyBaTn 6esnepebiliHe KuB-
JIEHHA CNoXMBaya. Lle 3HaYHO 3HMKYE AMHAMIYHI HaBaHTa-
KEHHA Ha MeXaHiYyHi 4YaCTMHM BITpPOyCcTaHOBKM Ta ArY,
NOA0BXYIOUM iX pecypc.

OKpim eKOHOMIYHMX NepeBar, 3anpPonoHoBaHa KoHoirypa-
Lis CYTTEBO 3MEHLWYE 06CArM WKigNMBUX BUKUAIB NPOAYK-
TiB 3rOpAAHHA Ta KiNbKiCTb BigNpaubOBaHOro Mactuaa, Wo
pobuTb CUCTEMY NPUAATHOK A1A BUKOPUCTAHHA B EKONOTi-
YHO YYTIMBUX ABTOHOMHMX 30HaX.
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Abstract. The paper analyzes the operating modes of an auton-
omous hybrid power supply system based on the combined use
of wind energy with a permanent magnet synchronous genera-
tor, a diesel generator set, and a storage system with bat-teries.
The relevance of implementing such systems for private house-
holds with high peak loads (up to 20 kW) in the absence of cen-
tralized power supply is substantiated. A numerical simulation
model has been developed that allows assessing the dynamics of
power distribution between sources depending on wind speed
and battery charge status. Power distribution dependencies have
been constructed at different wind speeds and different battery
charge levels. It is shown that the use of a hybrid inverter with
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MPPT in combination with LiFePO4 batteries allows minimizing the operating time of the fuel generator, using
it only when the critical battery discharge threshold (less than 20%) is reached. It has been established that the
operation of the diesel generator in the mode of forced battery charging at a power of 70-80% of the nominal
provides a significant reduction in specific fuel consumption and an extension of the engine's service life. The
introduction of a wind generator with intelligent charge control allows achieving fuel and lubricant savings of
45-65% compared to traditional power supply schemes. The proposed model can be used to de-sign highly

efficient autonomous power supply systems.

Keywords: hybrid power system, wind generator, diesel generator, simulation modeling, uninterruptible power

supply, battery.

List of used designations and abbreviations
RES — renewable energy sources diesel generator set
UPS — uninterruptible power supply

wind turbines — wind power plants

Introduction. The transformation of global energy develop-
ment and processes towards decentralization leads to the
rapid introduction of electricity supply systems based on
RES. A special place in this process is occupied by hybrid
autonomous complexes combining different types of gen-
eration, in most cases electric and thermal energy, to en-
sure an appropriate level of reliability of power supply to
remote facilities, especially given the regional context of
Ukraine.

The concept of a hybrid power supply system for autono-
mous facilities is based on the joint operation of various en-
ergy sources: wind turbines, solar power plants, solar col-
lectors, autonomous diesel-gasoline power plants, energy
storage systems, etc. Instead of using a single source (for
example, a solar power plant whose efficiency is minimal at

solar power plant — solar power plant
battery —accumulator battery

efficiency — efficiency factor

night and significantly depends on the time of year and
weather conditions [1] or only a diesel generator, the op-
eration of which is associated with significant operating
costs [2]), a hybrid system combines several power supply
and storage systems [3]. This is usually a combination of re-
newable sources (solar and wind energy) and a traditional
backup unit (DGU) or a powerful battery pack.

The main advantage of such a system is the continuous pro-
vision of power supply to facilities (domestic, industrial) and
high reliability. For example, in windy but cloudy weather,
the deficit of solar generation is covered by wind turbines,
and excess energy accumulates in batteries [4]. The control
of the process of distributing, generating and consuming en-
ergy of such a system is provided by a UPS controlled by a
controller that distributes energy flows in real time.

26



BigHoBntoBaHa eHepretka. Ne 2/2026 | KomnieKcHi npobaemu eHepreTMiHnx cuctem Ha ocHosi HBAE

The use of hybrid systems to power autonomous facilities,
private houses and various kinds of remote consumers is
practically the only way to provide power supply. This al-
lows not only to save fuel and the resource of an autono-
mous generator, but also creates a flexible network that
adapts to changing weather conditions. That is, a hybrid
system is an autonomous "mini-power system" [5], which
is environmentally friendly, low-noise and completely inde-
pendent of the central grid.

The analysis of literature sources shows [6] that wind tur-
bines built on the basis of synchronous generators with
permanent magnets are promising for use as part of hybrid
power supply systems [7]. Such a wind turbine can operate
around the clock, which can significantly reduce the capac-
ity of the battery (and therefore the cost), since the energy
is supplied more evenly throughout the day [8]. In temper-
ate latitudes, there is an ideal natural balance between
wind and solar energy: in winter, when solar insolation is
minimal (short daylight hours, cloudiness, snow on panels),
the activity of air masses is usually maximum, while wind
turbines cover the energy deficit in winter, which is rele-
vant for autonomous heating and lighting systems in the
winter season. Therefore, it is the presence of wind tur-
bines that ensures the stability of the base generation, pre-
venting the battery from being discharged to a critical level.

However, the design of hybrid systems is accompanied by
significant difficulties due to the complexity of internal
physical processes: from multifactor electromechanical
transformations to complex transient modes in power elec-
tronic converters. This makes it impossible to accurately
predict the operation of the system without the use of sim-
ulation modeling and modern software that allows you to
determine the behavior of the autonomous network in dif-
ferent operating modes.

The introduction of autonomous hybrid systems based on
wind turbines, solar power plants, diesel generators, etc.,
is a priority for the private sector due to the absence of the
need for additional excitation, high efficiency and the pos-
sibility of implementing a non-multiplier (direct) drive [9].
However, the main challenge remains the stochastic nature
of the wind flow. Since wind energy is constantly changing,
there is a need to dynamically optimize the turbine rotation
speed. For each instantaneous airflow velocity, there is
only one point of optimal power take-off [10].

To solve this problem, modern hybrid systems use intelli-
gent control algorithms, in particular maximum power
point search controllers [11]. These devices adapt the elec-
trical load of the generator to the mechanical torque of the
turbine in real time, ensuring maximum energy efficiency
of the system in all weather conditions [12].

In addition to technical advantages, the development of
wind energy stimulates local economic development, cre-
ating new jobs in the engineering and service sectors. The
use of clean wind energy allows for the complete elimina-
tion of carbon dioxide emissions during operation, which is
in line with the sustainable development strategy [13].

An integral element of a modern hybrid system is a battery
storage subsystem. The use of modern lithium iron phos-
phate storage (LiFePO4) allows smoothing out generation
and consumption peaks. Such batteries have a high re-
source (more than 3000-5000 charge/discharge cycles) and
thermal stability, which guarantees reliable operation of
the autonomous system for decades, minimizing environ-
mental consequences [14].

The analysis of modern hybrid systems [15] is characterized
by a transition from the analysis of individual components
of such a system to the study of the process of their inter-
action and mutual influence. Fundamental works of do-
mestic and foreign scientists [16, 17] are devoted to the in-
tegration of wind and solar installations into local power
grids. The main attention of researchers is focused on the
topologies of power converters and methods for stabilizing
voltage and frequency under alternating load, the stability
of these parameters is relevant for autonomous consum-
ers.

Also, an important factor that determines the reliability of
operation and high energy performance is the use of elec-
tromechanical converters with permanent magnets as a
source of electricity. When implementing technical solu-
tions of wind turbines for autonomous power systems, the
use of a non-multiplier design allows you to reduce excita-
tion losses and increase reliability [18]. However, the com-
plexity of controlling such systems requires the introduc-
tion of intelligent algorithms [19]. Analysis of sources
indicates that the use of control algorithms is a key factor
in increasing the efficiency of the system at low wind
speeds [20].

The use of lithium iron phosphate drives in hybrid systems
allows you to increase the service life of the equipment and
provide a better reaction speed when peak loads occur.
However, the issue of dynamic interaction between differ-
ent types of sources and drives in transient modes still
needs to be studied more deeply through simulations.

The relevance of the work is due to the need to ensure the
energy stability of facilities in the conditions of instability
of centralized networks and the increase in the cost of tra-
ditional energy carriers. The introduction of hybrid systems
with combined sources (wind farms, battery storage sys-
tems and traditional electromechanical installations with
diesel generators) allows minimizing the impact of the sto-
chastic nature of renewable energy on the consumer.
Therefore, the study of the modes of operation of such sys-
tems is an urgent scientific and practical task.

Purpose of the work. Study of the operating modes of an
autonomous electric power system with combined energy
sources by means of numerical simulation modeling, which
allows assessing the interaction between different sources
of generation and energy storage under different operating
modes. This will ensure a stable power supply to autono-
mous facilities in the conditions of the stochastic nature of
renewable energy sources.

27



BigHoBntoBaHa eHepretuka. Ne 2/2026 | KomnaeKcHi npobaemu eHepreTuuHnx cuctem Ha ocHosi HBAE

Fig. 1 shows the configuration of the proposed hybrid
power supply system on the example of meeting the needs
of a private house.

UPS

Wind turbine

Load

' Battery _

Fig. 1. Hybrid power supply system: DGS — diesel generator
system; UPS with MIPPT — hybrid semiconductor inverter
with MPPT system; EP — electrical panel switchboard

Each element of the power supply system performs its own
function. The diesel generator acts as a backup source or is
used at significant peak loads of the consumer. It is used
when the batteries are discharged, and the wind force is
not enough to cover the needs of the consumer. In addi-
tion, the diesel generator guarantees 100% autonomy of
the system in any bad weather.

The wind turbine in this system is the main renewable
source of electricity. This paper discusses a multiplierless
wind turbine with a synchronous generator on permanent
magnets, generating alternating frequency current, which
is supplied to the MPPT input of the UPS controller. With
sufficient wind strength, excess power is used to charge the
battery. At peak loads or in light winds, the lack of power is
covered by battery energy.

A UPS with MPPT (hybrid inverter) is the main element of
this system: it provides the maximum possible power of the
wind turbine at the current wind speed; converts constant
battery voltage into alternating voltage; controls the
charge/discharge of the battery from the wind or diesel
generator in accordance with the mode of operation or
load; Provides control, monitoring and protection of equip-
ment, systems and loads.

The battery in this system performs an important function
of an energy buffer. It accumulates excess energy, at suffi-
cient wind speed, or gives it away when necessary. This in-
creases the smoothness of the system, without power
surges and significant dynamic processes. Protective
switching devices are installed in the electrical panel, which

distribute electricity along different load lines and protect
equipment.

The list of components of the studied hybrid power supply
system is given in Table 1.

Table 1. Key components of the investigated system
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Hybrid Inverter
1 Deye SUN-20K- higl',%(:r';‘é\’k'ezrs 2500
SGO1HP3-EU-AM2
2 Wind generator 10 kW, 3-blade, 5200
PVMARS 10kW start at 2.5 m/s
Battery system LiFePO4, 57
3 Pylontech Force-H2 (4 kWh, 384V, 20000
x 14.2 kWh modules) >6000 cycles
DSU ohas noee
4 Cummins RS20ACE (Si- hield 'b il 8800
lent) shield, built-in
ATS (autostart)
Automation of
Ep the Acti9/VoIta
5 Schneider Electric / sslfrréis'ercStzz’- 1200
Hager (Custom) tion (SPD),
cross-modules.
6 Total 37700

The parameters of the main components of the hybrid sys-
tem, which are given in Table 1, are used to develop a nu-
merical simulation model of the autonomous electric
power system under study. The choice of specific compo-
nents is carried out for autonomous power supply of a pri-
vate country house, provided that all powerful equipment
(iron, electric stove, boiler, vacuum cleaner, etc.) is turned
on at the same time. The choice of other equipment funda-
mentally affects the results of the system.

Materials and results. To study the operating modes and
parameters of an autonomous hybrid system when wind
parameters change, a complex numerical simulation model
has been developed in the MATLAB/Simulink software en-
vironment.

Environmental parameters significantly affect the opera-
tion of a hybrid system and its initial parameters. The
model implements the ability to change the wind speed
and the angle of installation of the blades. To assess the
adaptability of the system to variable weather conditions,
three simulation cases are considered under the condition
of a fixed value of the blade angle, which corresponds to
the mode of maximum power take-off at nominal loads:
the mode of nominal generation at wind speed v =6 m/s,
allows you to evaluate the stable operation of the wind tur-
bine; the mode of increased intensity at V = 8 m/s, which
characterizes the behavior of the system under conditions
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of excess energy; Low wind flow mode at V =4 m/s, which
corresponds to checking the operation of the system at
minimum wind turbine speeds.

To simplify calculations, for all modes of operation of the
wind turbine, the load is taken = 6.0 kW, which corresponds
to the switching on of key consumers during the peak hours
of a private house.

MomMeHT reqepatopa | I

Assessment of the behavior of the system in case of ran-
dom changes in wind speed and load, emergency operating
modes (overload, short circuit, etc.) will be carried out by
the authors of this study in further work.

Fig. 2 shows the structure of a numerical simulation model
of an autonomous hybrid power supply system.

1 —
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Fig. 2. Structure of the numerical simulation model

Fig. 2 shows: 1 - the unit responsible for the wind turbine
and the electric generator with permanent magnets; 2 —
autonomous diesel generator unit; 3 - UPS and MPPT unit;
4 - the block responsible for the parameters of the selected
battery; 5 — system load; 6 - a block that simulates the op-
eration of SHCHE, that is, it acts as a switching and load pro-
tection.

The subsystem of a wind turbine and a synchronous gener-
ator with permanent magnets is described by known equa-
tions and dependencies [21]. The difference between the
developed wind turbine subsystem is that it allows you to
dynamically recalculate the real rotation speed of the wind
turbine depending on the actual rotation speed of the gen-
erator shaft, depending on its load.

The MPPT UPS subsystem processes input signals and cal-
culates the generation power using the following expres-
sion:

R :Vdc(k) ) Idc(k) (1)

where: Pk is the power value at the current time; Vdcy) is
the voltage on the DC bus of the UPS; Idcy) is the value of
the rectified current MPPT of the controller.

To determine the dynamics of the system, delay blocks per
one quantization cycle are used. The calculation of power
differentials and voltages between the current and previ-
ous values is performed according to the following expres-
sions:

AP =Py =Py

(2)

AV _Vdc(k) _Vdc(k—l)'
The output power of the system at any point in time t is
defined as the sum of the capacities from all available
sources:

Pt (1) =[ Py (V) e + Po (1) + P (1) |- 705
(3)

where: Py — is the power of the wind turbine (wind turbine
and generator); nueer — efficiency of the MPPT controller;
Ppc —diesel generator power; Ps=f(SoC, Is) — battery power;
nues — UPS efficiency.

The change in the state of charge of the battery (SoC) is de-
scribed through a differential equation that allows you to
analyze the dynamics of the process in real time. The rate
of change in the state of charge of the battery, when the
load or wind speed changes, taking into account the rated
capacity and efficiency, is determined as follows:

dSoC(t) _ 15(t) _ Py(t)7
dt C Vy-C,

r

(4)

where: SoC(t) — s the current state of charge of the battery;
C: — rated battery capacity; Ps — instantaneous battery
power; ng— efficiency of the charge/discharge battery cycle.
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For practical analysis of the results of numerical modeling,
it is convenient to use the integral form for a certain period
of time [to, t]:

t
dSoC (t) = dSoC (to)-ci [ R (t)dt 15
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We will analyze the operation of the system at a wind
speed of 6.0 m/s, using the developed numerical simula-
tion model.

Fig. 3 shows the results of calculating the capacities of the
main elements of the study system.

Battery power, KWt

Time, s

0.5 1

Time. s

Fig. 3. Calculation results at a wind speed 6 m/s

According to Fig. 3 shows that the wind turbine at a given wind
speed develops a maximum power of = 6.0 kW, while the con-
sumer power is 4.7 kW. Excess power =1.3 kW is used to charge
the battery, which is confirmed by the corresponding graph in
Fig. 3. And an increase in the battery charge level in %.

At low wind speeds (<4 m/s), the lack of power, first of all,

Wind power, KWt

Time, s

o
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g s
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3
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.
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Time, s

is compensated for by the energy of the battery. The au-
tonomous diesel generator automatically starts when the
battery charge level drops below 20% to prevent deep dis-
charge and damage.

The result of calculating the power of the system at a wind
speed of 4 m/s is shown in Fig. 4.
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Fig. 4. Calculation results at a wind speed 4 m/s
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Fig. 4 shows that the power of the consumer, at a given
time, is =6.0 kW. At the same time, the power of the wind
turbine is 3.6 kW. The lack of consumer power is compen-
sated for by the energy accumulated in the battery and is =
2.4 kW. At the same time, according to the graph in Fig. 4,
it can be seen that the battery is discharged. The behavior

R ICE Power Qutput

w

Power of ICE, kW

100 1.25

Time, 5

0.75

Load Power Consumption

Consumer Power, kW

100 1.23 150 175

Time, s

0.75

Battery SOC, %

2.00

of the system at a time interval of up to 0.5 s (Figs. 3, 4) is
explained by the peculiarities of the calculation processes
in the simulation model.

Fig. 5 shows the results of simulation when using a backup
diesel generator.
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Fig. 5. Simulation results using a backup diesel generator

As can be seen from Fig. 5, at time t = 0.5 s, when the bat-
tery charge level crosses the critical SoC mark of 20%, the
system automatically turns on the diesel generator. The op-
erating power of the 14 kW diesel generator corresponds
to 70% of the rated power of the generator, which provides
optimal specific energy consumption of fuel. The power of
the diesel generator exceeds the current power of the con-
sumer of 6.0 kW and its deficit of 2.4 kW, so most of the
energy is directed to charging the batteries. This is reflected
in the battery power graph, where the curve goes into the
negative region with a value of -11.6 kW, which corre-
sponds to an intense charge. From this point on, the battery

level (SoC) begins to skyrocket. This approach to the use of
diesel generator energy allows you to speed up the process
of charging the battery and increase the efficiency of using
fuel energy, due to the operation of the generator in the
optimal load mode.

The use of wind turbines also allows you to significantly
save fuel, resources and operational costs associated with
the operation of the diesel generator. Table 2 shows a
comparison of the performance indicators of the studied
power supply system when using a wind turbine in conjunc-
tion with a diesel generator.

Table 2. Comparison of operational indicators of power supply systems

Comparison Parameter

Diesel generator only (without
wind turbines and batteries)

Hybrid system (diesel generator +
wind turbine + battery)

Economic effect

Operating mode of the
diesel generator

Constant (24 hours)

Intermittent (~5.5 hours/day)

-77% uptime

Average load on the

=6 kW (30% of nominal),

=14 kW (70% of the nominal),

+40% to engine

(um. units)

diesel generator inefficient optimally efficiency
S . N Environmentally
Daily wind generation 0 kWh ~86 kWh friendly energy
Daily fuel consumption ~72.01 ~25.01 ~60.5% (47.0 L)
Maintenance costs 100% 23% 4.3x reduction
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The total daily fuel consumption can be calculated when
determining the schedule of changes in wind speed during
the day (month, year) and is determined as follows:

Tog

o- |

0

(qDG : PDG ) dt (6)

where: Tps — is the operating time of the generator per day
(hour), which in a hybrid system is calculated:

_El_EW

T
o Poc 77s

(7)

where: gos —is the specific fuel consumption (I/kWh), which
depends on the load; E; and Ew are the daily energy con-
sumption and generation from wind energy, respectively.

Analysis of the data in Table 2 shows that the main savings
are achieved not only due to the direct replacement of fuel
energy with wind energy, but also due to the displacement
of the operating point of the diesel generator unit to the
zone of maximum efficiency (70-80% of the rated power).
In a DGT-only system, the generator operates at low power
to cover an average load of =6 kW, which leads to overcon-
sumption of fuel and accelerated engine coking. In a hybrid
scheme, the diesel generator operates at a power of 14 kW,
which allows you to charge the battery in a short time and
ensure further operation of the system in silent mode.

Conclusions

As a result of this work, a comprehensive study of the op-
erating modes of a hybrid autonomous power supply sys-
tem was carried out, combining a wind power plant based
on SGPM, a diesel generator and an energy storage system
with a battery. The results of simulation modeling allow us
to state the following:

The implementation of a UPS system with an MPPT control-
ler allows you to optimize the power take-off from the wind
turbine in a wide range of wind speeds v =4...10 m/s.

The use of the combined mode, in which the diesel gener-
ator is used only when the battery discharge threshold is
reached (SoC < 20%), allows not only to meet the peak load
of 20 kW but also to provide intensive battery charging.
This reduces the overall operating time of the internal com-
bustion engine and allows you to achieve fuel savings of 45-
60% compared to continuous operation of the generator.

The use of LiFePO4 batteries as an energy storage device
effectively smooths out stochastic fluctuations in wind gen-
eration and provides an uninterrupted power supply to
consumers. This significantly reduces the dynamic loads on
the mechanical parts of the wind turbine and diesel gener-
ators, extending their life.

In addition to economic advantages, the proposed configu-
ration significantly reduces the volume of harmful emis-
sions of combustion products and the amount of used lub-
ricant, making the system suitable for use in environmen-
tally sensitive autonomous zones.
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