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AHomayifa. EdpekmusHa iHmezpayia HecmabinbHUX 8i0HO8-
II0BAHUX OMcepesn eHepeii 8 eeKmpomepexti 3HAYHO Miporo
3071e3UMb 8i0 cucmem HAKOMUYEHHS, 0e 8XUBAHI AKYMYS-
mopu sidizparoms 0edasi saxcausiuly poss. ¥ cmammi po3se-
AHYMO 0cobau8oCMi Kepy8aHHS MPouecamu 3apsaOHCaHHSA
8HCUBAHUX NIMIli-IOHHUX aKyMynamopis, 048 AKUX MPaouyiliHi
memoodu 3apsady 3 nocmiliHuM cmpymom ma nocmiliHow Ha-
npyeoro (CC-CV) € HeeghekmusHUMU Ma NMPUCKOPHOOMb ix Oe-
epadauito. lMpedcmasneHo po3pobKy ma 3anporoHO8aHo ada-
nmusHuli anzopumm 3apa0HaHHA Ha 6a3i HevimKoi noziku.
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12,345 |ycTutyT enektpogmHamikm HAH
YKpaiHu, m. Kuis, YKkpaiHa

8 lHcTuTyT BigHOBNIOBaHOI eHepreTkn HAH
YKpaiHu, m. Kuis, YKpaiHa

Takuli nioxio 00380a5€ onMUMI3y8amu npouec 3apPAOHCAHHA WAAXOM Yypaxy8aHHA OUHAMIYHUX 3MiH Xapakme-
PUCMUK aKyMyAamopa, AK-om Hanpyaa, cmpym, memnepamypad, cmaH 3apaody (SoC), cmaH 30opoe’s 6amapei
(SoH) ma cmaH ¢yHKYioHy8aHHs (SoF). [okazaHo, wo 3arnponoHosaHuli aan20pUMm, rnopieHAHO 3 mpaduyiliHumu
mMemodamu, nidsuwye ecpekmueHicme, be3reky ma 3Ha4yHo 36inbwye mepmiH cayucbu akymynamopie adanmy-

HoYUCb 00 iXHbO20 CMAHY 8 PeasibHOMY Ydci.

Knarouoei cnoea: nimili-ioHHi akymyasamopu, 3apAOHAHHA aGKyMyasmopie, adanmueHi an2opummu, Hevim-Ka
7102iKa, 8#CUBAHI AKyMYynamopu, 0e2padayisa akymysaamopis, cucmemu KepyeaHHS.

Bcryn. BignosigHo Ao gaHux MiKHapoaHOro eHepreTuy-
Horo areHTcTBa [1] 3a nepiog 3 2021 go 2023 poKy YacTKa
enekTpomobinie Ha CBITOBOMY aBTOMOOIILHOMY PUHKY
3pocna 6inblw Hix y 2 pasu (3 4 ao 10 %). Y nepwiomy KBap-
Tani 2024 poKy npopaxi enekrpomobinie 36inblwmaMca
Npn6n3HO Ha 25 % NOpPIBHAHO 3 NepLIMm KBapTanom 2023
poky. 3rigHo 3i 38iTom Bloomberg NEF, rnobanbHi iHBeCTH-
uii B eHepreTMYHuUi cekTop y 2024 poui Bneplue nepesu-
WMAM 2 TPAH Aonapis [2]. 3HaYHa YacTMHa UMX iHBECTUL,N
CNPAMOBAHa Ha PO3BUTOK aKYMYNATOPHUX CUCTEM HaKOMMU-
YeHHA eHepril, AKi € KIYOBMM enieMeHToM Ans cTabinisauii
MmepeKi Ta epeKTUBHOI iHTerpaLii BigHOBAOBaHMX Axepen
eHeprii. MapanenbHO 3HAYHI KOLWTK BKNAAAIOTLCA B €/1IeKT-
pudikaLito TpaHCNOPTY, O TaKOX € YacTUHO rnobanbHoI
TpaHcdpopmalii eHepreTuyHoro cektopy. Li gaHi csigyaTtb
npo Te, WO MONUT Ha eNIeKTPOTPAHCNOPT Y CBIiTi NOCTIMHO
3pOCTaE, WO NPU3BOAUTL A0 3POCTAHHA KiIbKOCTi BUKOPUC-
TaHUX AKYMYIATOPIB. YTUANI3aLia aKyMYNATOPIB € BUCOKOBaA-
PTICHUM | CKNAQHUM TEXHONOTYHMM MPOLLECOM, WO MAE
3HAYHMI BMJIMB Ha [OBKINNA NPOTATOM YCbOrO KUTTEBOTO
umKkny. Mo-nepuwe, BUA06YTOK CUPOBUHM (NiTito, KOBanbTy,
HiKe/l0) NoB'A3aHUM i3 BUCHAXKEHHAM NPUPOAHMX pecypcis
Ta 3abpyaHeHHam. MNo-apyre, 3a HENPaBUAbHOI yTUAI3aL;i
BiANPaLbOBAHMX aKYMYNATOPIB IXHi KOMMOHEHTU YyTBOPHO-
IOTb TOKCMYHI CMOAYKM, AKI MIrpytoTb y FPYHT Ta BOAY,

CTBOPIOKOYM [AOBroTpMBany 3arposy Ansa AoBkinnaa. binb-
WicTb CBITOBUX BMPOOHUKIB €N1eKTPoMOobinis pekomeHay-
HOTb 3aMiHIOBATM aKyMYAATOPU, KO iXHA EMHICTb CTaHO-
BUTb mMeHwe 80 %. MMpu LbOMYy aKymynaTopHi 6aTapei
3a/IMWAOTLCA NPUAATHUMM A0 NMOBTOPHOrO BUKOPUCTAHHA
B CUCTEMAX HaKoMWYeHHs Ta 36epiraHHA eHeprii AK y npo-
MMWCNOBOCTI, TaK i B nobyTi. [lOBTOpHE BUKOPUCTAHHA aKy-
MYNATOPIB A03BOJIAE 3HNU3UTM KaniTanbHi BUTPATU Ha CTBO-
PEeHHA Ta OHOB/IEHHA CUCTEM HAKOMWYEHHA eNeKTpoeHeprii
M BogHo4ac 3abe3neyntTn HeobxigHy MOTYXKHICTb i TpuBa-
NicTb aBTOHOMHOI poboTK.

BpaxoBytoumn NOCTiMHe 3pOCTaHHA NONUTY Ha eNIeKTPOTPaH-
CNopT Ta, K HACNiAoK, 36iNblIEHHA KiNbKOCTI BUKOPUCTa-
HUX aKYMYAATOPIB, AKI NpMAaTHI AN1A MOBTOPHOIO BUKOPUC-
TaHHA Yy cuctemax 36epiraHHA eHeprii, Ba)KAMBOI i
AKTyaNbHOI € TEMa PO3POOKM MeTogiB, WO AatoTb 3MOry
edpeKTnBHO Ta 6e3neyHo ix 3apagxaTv. TpaguuiiHun npo-
TOKON 3apsagaskaHHA CC-CV (Constant Current-Constant
Voltage) He € ONTUMaNbHUM 4719 BKUBAHUX aKYMYATOPIB i
MO’Ke MPUCKOpPIOBATH iX Aerpagadito. Tomy akTyanbHUM 3a-
BAAHHAM € CTBOPEHHA aAaNTMBHOI CUCTEMMU KepyBaHHA
NpoLEecoM 3apAdMKaHHA NiTiN-IOHHUX aKyMynATOpiB, fAKa
BPaxX0OBYE ANHAMIYHI 3MIHW X XapaKTEPUCTUK Ta ONTUMI3YE
napameTpu 3apALKaHHA B PeXXMMIi peasibHOro yacy, wob
36iNbWKTN TEPMIH CNYKOW, NigBUWLMTK Ge3neKy eKcnay-
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aTauii Ta NOKpaWmTN ePpeKTUBHICTb BUKOPUCTAHHA BXKUBA-
HUX NiTIN-IOHHUX aKymynAaTopis.

Mertoto poboTn € 0brpyHTYBaHHA Ta po3pobKa aganTme-
HOro aNropmUTMy KepyBaHHA CUCTEMOIO 3aPALMKAHHA BXKU-
BaHUX NiTiA-iIOHHUX aKyMYATOPIB 3 BUKOPUCTAHHAM HeYiT-
KOi NOTiKuN.

[nAa NnoBTOPHOrO BMKOPUCTaHHA BiANPaLbOBaHi aKyMyna-
TopHi 6aTapei po3bupatoTbca Ha okpemi 610kun abo eneme-
HTWU. Micns giarHocTUKKM BigbupatoTbeca pobodi enemeHTH,
62113bKi 32 CBOTMM XapaKTepPUCTUKAMMU, FPYNyOTbCA Ta 36U-
paloTbCa y HOBi akyMynsaTopHi baTapei. 3a3Bnyain nepesipsa-
FOTbCA TaKi KHOYOBI XapaKTEPUCTUKMN: EMHICTb, BHYTPILLHIN
onip, Hanpyra, camopo3paa. Mpu 36upaHHi cekwin 3 eneme-
HTiB BXXMBAHOI0 aKyMy/aATOPa BaXK/IMBO 3rpynysBaT eneme-
HTW, HANBIMKYI 338 EMHICTIO Ta BHYTpILLIHIM onopom. Hagitb
He3Ha4yHa Pi3HMLA BENMYMH LUX NAapaMeTpiB NpU3BOAUTb
[0 TOro, Wo nig, Yac poboTn Hanpyra OKPEMMUX eNemMeHTiB
byae BigpisHATMCA | cucTema KepyBaHHa BMS (Battery
Management System) BigKkAOuUUTbL rpyny enemeHTis abo
BCIO aKyMyATOpHY 6aTtapeto.

Po3rnAHemo xapaKTepUCTUKM aKyMyNATOpPIB, 32 AKMMU MO-
YKHa OL,iHIOBATW MOTOYHMI CTaH Ta MOXK/AMBICTb iIX NOBTOP-
HOro BMKOpPUCTaHHA. OAHMM 3 TaKMUX NOKas3HMKiB € SoH
(State of Health) akymynsaTtopa, AKuIA BUparKaeTbCa y Biaco-
TKax Ta Big06parka€ MOTOYHUM CTaH aKyMynATOpPa BiAHOCHO
Moro no4yaTkoBOro cTtaHy. HactynHuMm nokasHukom € SoC
(State of Charge), KMt BUpasKaeTbCA Y BiCOTKAX Ta NOKa-
3YE€, CKi/IbKWN eHeprii 3aIMWnI0ca B aKkyMynATOPHil batapei
BiAHOCHO ii MOBHOT NOYaTKOBOI EMHOCTI. [TpoTe oujiHIOBaTH
SoH i SoC HegoCTaTHLO AN1A BXUBAHUX aKYMYIATOPIB, OCKi-
/IbKM NOTPibHa KOMNIeKCHA OLiHKa cTaHy QYHKLiOHYBaHHA
SoF (State of Function), Wwo6 nepekoHaTUCA, WO aKymMyns-
TOP NPUAATHWUIN AN1A NOBTOPHOIO BUKOPUCTAHHA | MOXe BU-
KOHYBaTu cBOi PpyHKLii 6e3neyHo Ta HaajiiHo. MoKka3HMK SoF
He € YiTKO BU3HAYEHWM MOHATTAM, ane3aebinbloro BU3Ha-
YaeTbCA AK 34aTHicTb 6aTapei nigTpumyBaTh cBoi GyHKUT
LN KOHKPETHOro 3acTtocyBaHHA. SOF moxe BpaxoByBaTu
iHWi NOKa3HMKK, TaKi AK SOC Ta SoH, a TakoX pobouy Tem-
neparypy, ictopito 3apaay/po3paay, HasBHICTb HeCnpaBHO-
cTent (nepeHanpyra, nepeBaHTa*KeHHA, pi3Ke 36iNbeHHsA
TemnepaTypu), KOHLEHTPaL,ito roptoumnx rasis Touo [3].

ICHYe AeKinbKka MeToAiB OLUiHKM NoKasHMKa SoF [4]. OuiHKa
cTaHy GyHKLiOHYBaHHA (SOF) akymynaTopa moe npoBoan-
TUCA MEeTOAOM, LO BPAXOBYE CMNOXWUBAHY MOTYXKHICTb
(Power Demand Based). Lieit meToa aHanisye 3aaTHicTb 6a-
Tapei npauyloBatM Nig, NOTOYHUM HaBaHTaXeHHAM. [na
LbOro CNo4YaTKy BU3HAYatoTb Hanpyry xonoctoro xoay VoC
(Voltage open Circuit), BAKOPUCTOBYHOUYM 3aNEKHICTb MiXK
Hanpyroto Ta piBHem 3apaay (Kpmuea VoC—SoC). 3Hatoum ma-
KCMMaNbHY 3MiHY Hanpyru Ta NOTOYHY EMHiCcTb HaTapei B
3343aHNN MOMEHT Yacy, MOXKHA po3paxyBaT MUTTEBY NOTY-
YKHiCTb 6aTapei, AKy BOHa 34aTHa BigaaTu. 3a pesy/ibTaTom
LbOro po3paxyHKy 6aTapei NPUCBOIETLCA CTAaTyC npaue-
3paTHocTi: SoF = 1 (npuagaTtHa) abo SoF = 0 (HenpuaaTtHa).

Y [3] SoF Bu3HauyaeTbcA Ha ocHoBi dpopmynan: SoF = (P —
Pdemands) / (Pmax — Pdemands), ae P — noTyHicTb, AKy

MoKe 3abe3sneuntn 6atapes, Pdemands — noTyKHicTb Ha-
BaHTaXKEHHA, PMax — MaKCMManbHa MOMKNUBA MOTYXKHICTb
6aTapei.

IHWMM MeTooOoM € TexXHiKa OLHKM Ha OCHOBI Hanpyru
(Terminal Voltage Based Technique). OuiHka SoF BUKOHY-
€TbCA Ha OCHOBI icTOpUYHOI iHPOpMmaLii Ta BUMIpOBAHUX
NOTOY-HUX AaHuMX (Hanpyra, SoH, makcumanbHa Hanpyra).
TakMM METOA0M MOXKHa BM3HAUYUTK 34aTHICTb HaTapei 3a-
6e3neyyBat poboOTy nig HEobXiAHMM HaBaHTAXKEHHAM.
SoH € Bax/MBMM MOKA3HUKOM MpU BUKOPUCTAHHI TaKoro
MeTOoAY, OCKIZIbKM BiH BU3HAYa€E LWBUAKICTb Cnagy Hanpyru
6aTapei.

Crapgii 3apaa)XaHHA aKymynatopa. 3apagxKaHHA NiTin-ioH-
HOro akymynsTopa HaluacTiwe BiabyBa€eTbCA y TPU CTagil:
noyatkoBa Pre-charge / Trickle Charge, ocHoBHa CC
(Constant Current) Ta ¢piHanbHa CV (Constant Voltage). Ta-
KMM YMHOM, 3abe3nedyeTbca epeKTMBHe Ta be3neyHe 3aps-
J)KaHHA aKyMynATopa B 3ara/ibHOMY BMNAAKy TpaguLint-
HOro BUKOPUCTaHHA HOBUX aKyMyNATOPIB.

Cragis nonepegHboro 3apaaxaHHa (Pre-charge) Bukopuc-
TOBYETbCA A/1A aKYMYNATOPIB, WO nepebyBatoTb y CTaHi rau-
60KOro po3psaay, KoNM Hampyra Ha iXHiX Knemax onycka-
€TbCA HWMXKYE AO0MNYCTMMOTO PiBHA. KNOYOBMM 3aBAaHHAM
uiei pa3m € nocTynose BifHOBAEHHA HAaNPyru 40 PiBHA, LLO
po3sonse 6e3neyHo nepenTM 40 OCHOBHOrO eTany 3apa-
AxKaHHA nocTiiHum ctpymom (CC). AnA uboro Ha akymyns-
TOP NOAAETHCA HEBENMKUIM MOCTIMHUIA CTpyM (Hanpukaag,
Lo cTaHOBUTb 1/10 YacTUHY Big, HOMiIHaNbHOTO CTPYMY CTa-
Aii CC). Takuii niaxig, € 3anobixkHNUM 3aX0A0M, LLLO YHEMOXK-
JNINBNIOE MOLWKOAMEHHA BHYTPILLIHbOI CTPYKTYPU aKymyna-
TOpa, AKe Morno 6 ctaTucA B pasi Nnofadi 3HaYHOro CTpymy
Ha efleMeHTU 3 IIMBOKUM PO3PALOM.

CTapis 3apsagsKaHHA nocTitHum ctpymom CC € OCHOBHOLO 1
HalTpuBaniwoto. LA cTasis [03BONAE 3apAAUTU aKyMYAA-
Top NpmnbansHo ao 80-90 % Moro HOMiHaNbHOI EMHOCTI.
Cragpia CC 3aBepLUYETbCA, KOAM Hanpyra akymynsatopa Ao-
CAra€e MeXi, BCTaHOB/1eHOi BUpoBbHMKOoM (Hanpuknag, 4.2 B
ANs 6iNbLWOCTI TUNIB NITIN-IOHHUX aKyMynATOpIB).

Ha ¢iHanbHii cTagii 3aCTOCOBYETLCA PEXUM NOCTIMHOT Ha-
npyru (CV), AKWIA 0,03BONAE YHUKHYTU HEGE3NeYyHoro nepe-
3apAfy 1 BogHOYacC NOBHICTIO 3apAaMTM akymynaTop. Ha
Lt cTagii Hanpyra Ha 6aTapei NigTPMMYETbCA HAa MaKcUMma-
NIbHO AONYCTUMOMY PiBHi, 3a3Ha4YeHOMY BUPOOHMKOM, To4,i
AK CTPYM 3apAfKaHHA MOCTYNOBO 3MeHLyeTbea. LLoiHo
CcTpym cnage npmbamnsHo ao 3-5 % Toro, wo 6ys Ha cTagii
CC, npouec 3apAafrKaHHA 3aBEpPLUYETLCA aBTOMATUYHO.

MpoTtoKon 3apagxKaHHa CC-CV (Constant Current-Constant
Voltage) € epeKTMBHUM AN 3apsALKaHHA HOBUX aKymyns-
TOpIB, OAHAK ANA BXUBAHWUX aKyMYIATOPIB Lieit MeTos, € He-
ONTUMANbHUM i MOXe NPUCKOPIOBaTN NoAanblly Aerpaja-
uito. Lle noB's3aHO 3 KifIbkOMa XapaKTepHUMM 3MiHAMU, WO
BiOYBalOTbCA B aKyMyNATOPI 3 Yacom:

1. 3pOoCTaHHA BHYTPIWHLOrO OMOPY. 3 YaCOM BHYTPILUHIN
onip akymynatopa 36iNblWYETbCA, WO € HACNIAKOM ABOX
npoLeciB: MOTOBLLEHHA Lapy TBEpAOro eNneKTPoniTy Ha
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aHoAi Ta gerpagauinHux 3MmiH y CTPYKTYpPi CaMUX eNeKTpo-
Ais.

2. MepeayacHui nepexig oo pexumy CV. Yepes nigsuie-
HUI onip, Hanpyra Ha Knemax 6aTapei cArae BepPXHbOT Me i
3HAYHO paHiwe nig Yyac 3apAAXKaHHA NOCTIKHUM CTPYMOM
(CC). Ue npu3BoauTb A0 TOro, WO OCHOBHAa ¢as3a 3aps-
[KaHHA CKOPOYYETHCA | CUCTEMA MEPEMMUKAETHCA B PEXUM
nocTiiHoi Hanpyrn (CV), KOAK akymynaTop e He gocar
Toro piBHA 3apaay (SoC), akoro 6 4oCArHyB HOBUN.

3. MponoHrauia crtagii CV. Ockinbkn ¢asa nocTiliHoro
cTpymy (CC) cTae KopoTwoto, 6inblua YacTMHa 3apasy HaKo-
NUYyEeTbCA Ha eTani nocTilHoi Hanpyrn (CV), wo 3HauHo 36i-
NIbLWYE MOro TpMBanicTb. Liei TpMBannin BNAMB MaKCUManb-
HOi HampyrM € cepihosHMM CTpecoBMm aKTopom Ans
akymynaTopa. BiH He TibKM NPUCKOPIOE PYyMHYBAHHA Ka-
TOoAa, ane ¥ CTUMY/IIOE NoJanblue 3POCTaHHA LWapy TBep-
[,0r0 eNIEKTPOAIITY HA aHOA, WO 0cobIMBO WKOAUTL BXKMBa-

HUM aKyMynaTopam.

4. MNigBuweHe TennoBUAiNEeHHA. BULLi 3HaYeHHA BHYTPILW-
HbOro onopy NpusBoAATb A0 6iNbWOro BUAiNEHHA Tenna
nif, Yac NPOXOAMKEHHA CTPyMY 3apaay, 0Co6AMBO B OCHOB-
Hin ¢asi CC. AK HacnigoK, BiAbyBaeTbCA NiABULLEHHA TEM-
nepaTypu, WO € NPUUYNHOK NOYaTKy BaraTbox Npouecis ge-
rpagauii [5].

MeTog 3apsagkaHHa Constant Current-Constant Voltage 3
NAMHOM Yacy eKcnyaTauii akymynsTopa He 34aTHUMM agan-
TyBaTUCA A0 OMHAMIYHUX 3MiH XapaKTEPUCTUK aKyMyns-
Topa [6]. Tomy ANA 3apAAKAHHA BXKMBAHUX aKYMyNATOPIB
[0LiNIbHO 3aCTOCOBYBATK alanTUBHI aITOPUTMU, AKi BPaxo-
BYIOTb TaKi 0cO6MBOCTI Ta 34aTHi ONTUMI3yBaTM BUKOPUC-
TAHHA akKyMynATopa. Taki aAropuTMu 3apasKaHHA MOXKYTb
3MiHIOBATU MapaMeTpu 3apAAKaHHA B PEXMMI peanbHoro
Yyacy Ha OCHOBI BUMipIOBaHHA NOTOYHMUX MAapaMeTpPiB aKymy-
NATOpA Ta BMKOPUCTAHHA iCTOPUYHUX AAHWX, WO A0MOMa-
ra€ 36iNbWUTN TEPMIH CNyXKOM akymynaTopa Ta NigBULLNTK
6e3neKy oro ekcnayatauii [7].

AZanTUBHI anropuTMM MOXKHA KnacudikyBaTM 3a MeTo-
AaMM, SKi BUKOPUCTOBYIOTLCS AR NPUMAHATTA pilleHb Npo
afanTaLito: anroputMu, Wwo 6asyoTbea Ha NpaBuaax Ta no-
porosux 3HadeHHAX (Rule-Based / Threshold-Based); aHa-
nisi npodinis Hanpyrmn / ctpymy (Profile Analysis-Based);
mogentoBaHHi (Model-Based Algorithms); pavux / ma-
WMHHe HaByaHHA (Data-Driven / Machine Learning - ML);
imnynbcHe apgantuBHe 3apagaHHsa (Adaptive Pulsed
Charging).

ANropuTM#, WO Ait0Tb 33 NPUHLMNOM NOPOrOBUX 3HAYEHb
(Threshold-Based), npautotoTb Ha OCHOBI 3a3aaneriab BuU-
3HaYeHUX Npaswus. IXHA Norika nonArae 8 TOMy, WO cucTema
BiZICTEXKYE KNOYOBI NapameTpu (Hanpyry, CTpym, Temnepa-
TypY TOLLO) i 3MiHIOE YMOBM 3apaKaHHSA, WOWHO 0aANH abo
rpyna napameTpiB 40CAraloTb NeBHOI meXi. Tunosum npa-
BMIOM €, HaNpPUKNag, obMexKeHHA 3apAAHOro CTpymy uu
Hanpyrn B pasi neperpisy abo nNoBHa 3ynunHKa npoLecy B
pa3i gocAarHeHHA HebesneyHoi Temnepatypu [8, 9]. Takox
aNropUTM MOKe BTV afanToBaHUM 4,0 0OMEKEHHA MaKCK-
MaNbHOrO CTPYMy 3apAarKaHHA 3a/e)KHO Bif, EMHOCTI

akymynatopa abo 1oro BHYTPILHBbOrO onopy. AKLWO em-
HicTb 3meHLlWwKnAaca abo onip 3pic, MaKCMManbHUI CTPYM 3a-
pAAMKAHHA MOXKe ByTU 3meHLWeHWI AnA 3anobiraHHA nepe-
rpisy akymynatopa [10]. [lo Takmx anropMtmiB MOMKHa
BiLLHECTN CUCTEMM HA OCHOBI HEYITKOI NI0TiKM.

ANropuTMM, AKi aHaNi3ylTb AMHAMIKY 3MiHW 3HAYeHb Ha-
npyr1 Ta CTpymy, NpaLiooTh, iAeHTUDIKYHOUM KNOYOoBi 0CO-
6mBoci Ha rpadikax Uyx NapameTpis, 3 BUKOPUCTAHHAM 3a-
3pganerigb Bigomux npodoinie. Lli xapakTepHi Touyku abo
03HaKM NoB'A3aHi 3 NOTOYHUM CTaHOM aKyMyaAaTopa B Npo-
Leci 3apagKaHHa. BignosigHo 40 pe3ynbTaTiB TaKoro aHa-
Ni3y cMcTema BHOCUTb KOPEKTUBM B MapaMeTpu 3apsaay, Ha-
NPUKNag BUKOPUCTAHHA LWBMAKOCTI 3MiHM Hanpyru (dU/dt)
abo npuckopeHHa 3miHu Hanpyrm (d2U/dt?), gna BusHa-
YeHHA TOYOK Nepexoay MiX cTagismu 3apsagsKaHHa [11]. Ui
TOYKM MOXKYTb 3MiHIOBATUCA 3a/1eXKHO Bif SOH. TakoX icHy-
HOTb a/IFOPUTMMU, Y AKMUX 3aCTOCOBYHOTb BIOMIPHOBAHHA BHYT-
PiLIHBbOro ONOPY MifZ Yac 3apPsAAXKaHHA, i uA iHbopmauio BU-
KOPUCTOBYOTb 414 aganTaLii npouecy 3apagKaHHA.

ANropuTmu, Wo 6a3yoTbcs Ha MOLEN0BAHHI BUKOPUCTOBY-
I0Tb MaTeMaTUYHY MoZe b aKyMyAaTOpHOI 6aTtapel, Wwob
nepeabavatm noBeAiHKY aKymynsaTopa nig 4ac 3aps-
AxKaHHA. OuiHka ctaHy 6aTapei (SoC, SoH, TemnepaTypa
TOLLLO) MOMKe BUKOHYBATUCSA 3a JONOMOroto GifibTpiB CTa-Hy,
Takux K ¢inbTp KanmaHa. Mogenb morke aganTyBaTuca 40
CTapiHHA H6aTapei Wwaaxom nepioAnYHOI KopekLuii napameT-
pis.

Anroputmu, opieHToBaHi Ha AaHi (Data-driven anroputmu),
BK/IIOYHO 3 METOAAaMM MALUMHHOIO HaBYaHHA, BUKOPUCTO-
BYIOTb HaKonuueHy iHGOpMaLilo NPo LMKAW 3apAaaKaHHA
ONA AMHAMIYHOFO KOPUTyBaHHA MapaMeTpiB, Hanpuknag,
OonNTMMI3aLia NnapameTpiB 3apAgKaHHA NPOBOAUTLCA 33 A0-
NMOMOrot0 HEMPOHHMX Mepex abo iHWKX Mmogenen Ha oc-
HOBI MOTOYHWX BUMIPIOBAHb CTaHy b6aTapei [12].

IMnynbcHe afanTuBHe 3apAAXKaHHA BiAOyBa€eTbcA KOPOT-
KUMK iMNyabcaMy CTPYMY, NapameTpu AKUX (amnnityaa,
TPUBaNICTb, YacToTa Ta Naysa) 3MiHIKTbCA BiANOBIAHO A0
CTaHy akymynatopa. Lleii meToa cnpAmoBaHWUM Ha 3HW-
YKEHHA NonApm3aLii — BIiAXMNEHHA HaNpyrn Ha Knemax Big
Hanpyrn xonoctoro xozy (VoC) nia 4ac npoxoasKeHHs
CTPyMY, LLO NOTEHLNHO 3MEHLUYE AerpaaaLito eNemMeHTiB.
Take BiAXWMIEHHA HANPYrM BUHUKAE Yepes3 BHYTPILLHI Npo-
LLeCx B aKyMyNAaTOPI, WO YNOBINIbHIOTb NPOTIKaHHA CTPYMY
Ta NepeTBOPEHHA eHeprii.

Ha npaKTtuui yacTo 3acTocoBytOTb ribpuaHi meToau, AKi BU-
KOPUCTOBYIOTb €1IeMEHTU AeKiNbKoX anroputmis. MeToto
TAaKOro NOEAHAHHA € NiABULLEHHA 3arasibHOI MPOAYKTUBHO-
cTi, HaajiHocTi Ta pobacTHocTi cuctemun. Hanpuknag, mo-
XYTb KOMBiIHYBaTV NIUMABHUK KYNOHIB 3 MeXaHi3MmamMu Ko-
pekKLii 3a Hanpyroto Ta TemnepaTypoto. |HWKI NoWwnpeHni
NpUKNag — BUKOpUCTaHHA ¢inbTpa KanmaHa ans TOYHOI
OLiHKWM cTaHy 6aTapei, 4OMOBHEHOrO anropuUTMamm, Lo
NPUMMatoTb pilleHHs Ha OCHOBI NpaBM/ abo oNTUMI3aLii-
HUX MoAenen.

O6rpyHTYBaHHA BM6OPY afanTUBHOrO anroputmy 3aps-
BAYXaHHA aKymMmynaTopa. HeuiTka norika (Fuzzy Logic) moske
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epeKTMBHO KepYBATU HENIHIMHUMM CUCTEMAMMU, HE BUMAra-
HOUM TOYHOI MmaTemaTMyHoi moaeni [13]. Ons cknagHux cuc-
TEM, TAKUX AK NiTiIN-IOHHI aKyMynaTopw, Ae TOYHE MOoAesto-
BaHHA MOXe OyTM yCKNafHEHWM, 3aCTOCYBaHHA HeuiTKol
Norikn mae nepesarn. BoHa f03BONA€E iHTErpyBaTu B aBTO-
MATU30BaHY CUCTEMY KepyBaHHA NIHIBICTUYHI 3MiHHI Ta He-
YiTKi MHOXWHUW, OTPUMaHi ekcnepumeHTanbHo [14]. dasi-
NIOTiYHi KOHTPO/IepPU 3a3BUYAN CTiMKI 40 3MiH napameTpis
CUCTEMM Ta YMOB eKcrnyaTauii. BukopuctaHHa npasun cu-
MBOJ1IYHOT HEYiTKOT Noriku f03BoNAE bByayBaTU CTPYKTYpPU
HeuiTKOro MiKpOKOHTponepa 3 ntoanHonogibHum npoue-
COM MPUNHATTA piweHb [15]. HaTomicTb BUKOPUCTAHHA MiK-
POKOHTPO/IEpIB i3 1OTiIKOK Ha OCHOBI Y4iTKUX NpaBuUA (Mikpo-
KOHTPO/IepiB i3 })KOPCTKOW N0rikow) [16], us CTpyKTypa Aae
3MOry He TiIbKW JIerKo afanTyBaTh CUCTEMY KepyBaHHA A0
cneumdiyHMX BUMOT, ane i ycniwHo NoeaHyBaTH ii 3 Tpaau-
LiiHMMKM MeTodaMu KepyBaHHA [17, 18].

OCHOBHI NnepeBaru 3acTocyBaHHA HEYITKOI /IOriKK anA 3a-
PAAYKAHHA aKyMYyNATOpiB:

1. NigBuweHa epeKTUBHICTb Ta CKOPOYEHHA vacy 3aps-
OxKaHHA. KoHTpoiep Ha 6a3i HeYiTKOI IOriKM MOKe oNTUMi-
3yBaTh Npodini 3apaarKaHHA, NOTEHLIMHO CKOPOYYHOUM Yac
3apAAKAHHA MOPIBHAHO 3 TPAAULIMHUMKM MeTodamu, nNpu
ubomy 3bepiratoum abo nokpalyounm edpekTMBHicTb. Ha-
npuknag, y [19] 3a3HayaeTbcs, WO KepyBaHHA HA OCHOBI He-
YiTKOI JIOTiKWM MOXe CKOPOTUTW Yac 3apAaaKaHHA 3a BULOIT
e(pEeKTMBHOCTI Ta MEHLLOrO MiABULLEHHI TemnepaTypu.

2. 36inblEeHHA TEPMIHY CNYKOKU akyMmynsTopa. 3aBASAKU Ke-
pYyBaHHIO MapameTpamu 3apAaKaHHA, TaKUMU AK CTPYM i
TemnepaTypa, KOHTponep Ha 6asi HeYiTKOT 1OFiKK MOKe Mi-
HiMIi3yBaTW HaBaHTA*KEHHA Ha aKyMynATop, WO NPUBOAUTL
00 36inblUeHHA LMKAIYHOTO pecypcy.

3. MigBuieHa 6e3neka. Cuctema KepyBaHHSA Ha basi HeviT-
KOT 1OTiKWM MOKe MICTUTU NpaBua, KPUTUYHI ana 6esneku,
Ana 3anobiraHHA nepe3apaarKeHHs, NeperpiBaHHA Ta Haa-
MipHOro ctpymy. MNepe3apagrKaHHA MoxKe nowkoantn o¢i-
3UYHI e1eMeHTH, a nepesapAaaKaHHA HaBiTb NPOTATOM oA-
Hi€Ei XBUIMHM MOXKe BUBECTM aKyMynATop 3 naay.

4. ApanTtueHicTb. CucTemm Ha 6asi HEYiTKOT NOTKK MOXKYTb
6yT1 po3pobaeHi Ans aganTauii 40 3MiH Y CTaHi akymyna-
TOpa Ta YMOB HaBKONIMIIHbOrO cepenosuua. Y [20] 3raay-
€TbCA, WO HEYiTKUI KoHTponep 6aTapei ycnilwHo aocarae
CBOEI MeTU 3apagKaHHA Ta 6aNaHCyBaHHA eNeMeHTIB 3 BU-
COKO aZlanTMBHICTIO LIIAXOM NPOCTOro KOPUTryBaHHA QyH-
KL HaneXHOoCTi.

Bci KnOYOBI NapameTpu aKymynATopa — Hamnpyra, CTpym,
TemnepaTtypa Ta SoC— € B3aemosanexHumu. porarom
¢da3u nocTiiHoro cTpymy, HaNnpuKnaga, Hanpyra 3pocTaEe pa-
30Mm i3 SoC. Kpim Toro, epeKkTUBHICTb MOrIMHAHHA 3apaay
baTapeeto 3MiHIOETbCA 3aNeXKHO Big, 1l TemnepaTypu Ta no-
TOYHOrO piBHA 3apaay. Tomy ana ebeKTUBHOroO KepyBaHHA
cuctema Ha 6asi HeuiTKoi 10riKM NoBMHHA OLiHIOBaTU Napa-
MEeTPU He OKPEMO, a B IX CYKYNHOCTi, BPaXxOBYIOYM BCi iCHY-
tOYi B3aEMO3B'A3KM.

TakMM YMHOM, 3aBAAKM THYYKOCTI Ta BiQHOCHIK npocToTi
PO3YMiHHS, WO 6a3yeTbCA Ha 3BMYAMHI MOBI CNiIKyBaHHA,

HeuiTKa Norika € oAHUM 3 HallepeKTUBHILLMX METOAiB Kepy-
BaHHA NPOLLECOM 3apAANKAHHA BXKMUBAHUX NiTiN-IOHHMX aKy-
MynATopiB. HeuiTKa norika, Ha BiAMiHY Bif BigOMMX Ha Cbo-
rogHi MeToAiB 3apAArKaHHA, [OOMYCKAE BUKOPWUCTaHHA
HEBM3HAYeHMX BXiAHUX JAHWX, MOXe BMPILLYBaTV Ta NOEA-
HyBaTW Cynepeuynusi Mix cobol 3aBAaHHA Ta Uini, npu
LbOMY BPaxoBYE A0CBi4 eKCNepTHUX CUCTEM | 6a3yeTbCs Ha
KNaCUYHUX 3aKOHAX PerytoBaHHA.

KniouoBsi pakTopm, WO BNANBAIOTb HA TEPMIH CNYKO6M aKy-
MyNATOPA NiA Yac 3apAaaKaHHA. TepMiH cyKbu niTin-ioH-
HUX aKyMy/IATOPIB 3HAYHOIO MiPOIO 3aNEXKUTb Bif, YMOB 3a-
pAfKaHHA. Hanpyra, cTpym, TemnepaTypa Ta piBeHb 3apaay
BiZLirpatoTb BMpILLa/ibHY POb Y LUBMAKOCTI Aerpaaaliii.

3apsag)KaHHA akymynaTopa A0 BWCOKOI Hanpyru (Hanpwu-
Knag, 4.2 B Ha eNeMeHT) [,03BOJIAE MAaKCMMalbHO BUKOPU-
CTaTW MO0 EMHICTb, ane BOAHOYAC CTBOPIOE 3HAYHI HaBaH-
Ta¥EHHA Ha KOMMOHEHTU akymynatopa. Ocobaueso
YYTAMBMM A0 BMCOKOI HAaNpyru € maTtepian Katoga, Ae npu-
CKOPIOIOTLCA NpoLecn aerpagadii, Taki AK pO3YMHEHHA Me-
Tanis, CTPYKTYPHi 3MiHW Ta iHWIi nepeTBopeHHA [21]. Bucoka
Hanpyra TakoX CNPUAE OKUCHEHHIO eNeKTPONITY Ha NoBep-
XHi KaTtoga [22]. Came maKcMmasbHa Hanpyra € ogAHUM 3
Knto4oBux GakTopis, WO BU3HAYalOTb WBUAKICTL Aerpaja-
ujii KaToaa. baraTto focnigXKeHb NOKa3yTb NPAMMUIA 3B'A30K
Mi}K MAaKCUMAJIbHO HaNpyrow 3apAarKaHHA Ta LUKAIYHUM
pecypcom. 3HUMKEHHA HANpyru HaBiTb Ha HEBENIMKY BeNu-
YMHY MOXKEe CYTTEBO MOAOBMKMUTU TEepMiH cyxbu. Hanpu-
KNnag, 3HUXKeHHA Hanpyru 3 4.2 o 4.1 B Ha enemeHT moxe
NoABOITU KiNbKICTb UMKAIB, @ noAanblue 3HUKeHHA ao 4.0
B — we noapoitu [23]. JocnigxKeHHs NiaTBEPAKYOTb NpUC-
KOpeHy aerpagaduito npu Hanpyrax suwe 4.0 B ana aeaxkmx
TMNIB XiMii akymynaTopis. ONTMMaNbHOIO 3 NOFAAAY MiHIMi-
3auii cTpecy BBaxaeTbcA Hanpyra 6ausbko 3.90-3.92 B Ha
e/IeMEHT, X0oua Lie 3Ha4YHO 0BMeIKYE AOCTYNHY EMHICTb.

[NA KOXKHOMo TMNY aKyMyaATOpPA iCHYHOTb CBOT KPUTUYHI MO-
poru Hanpyru, i came ix NepeBULLLEHHA € KNHOYOBUM aKTO-
pOM HeniHiMHOro xapakTepy pgerpagauii. TiNbKM-HO Ha-
npyra NepeTMHAE L0 MeXy, PYMHIBHI npouecu, Taki Ak
iHTEHCMBHE PO3YMHEHHA MeTanis Katoga abo npuckopeHe
OKUCHEHHSA e/1IeKTPOANITY, 3HAYHO nocuatooTeea. Lle nos's-
3aHO 3 eNeKTPOXiMiYHMMW BNACTUBOCTAMM MaTepianis.
Konn npvknageHa Hanpyra nepeBuLLY€E MeBHe NOpOrose
3HAYeHHsA, NOYMHalOTb BiAbyBaTUCA HE3BOPOTHI 3MiHM B
AKYMyNATOPi. TOMY YTPUMAHHA HAanpyrn HUXKYe LUX KPUTK-
YHUX 3HAYEHb MOKE NOLOBXKUTU TEPMIH CYXKON akymyna-
Topa.

Bnaus 3apagHoro ctpymy. Xoya BMKOPWUCTAHHA BUCOKMX
CTPYMiB 3HAYHO CKOPOYYE YacC 3apsrKaHHA, TakKWI Niaxig,
Hece B cObi PM3MKM, WO HEraTMBHO NO3HAYAOTLCA Ha A0B-
roBiYHOCTI aKymynaTopa. [Jo OCHOBHMX 0co6MBOCTEN Ha-
nexarb:

1. Ocap)XeHHs niTito. NMpn BUCOKMX CTPYMaXx LIBUAKICTb Ha-
OXOAXKEHHA iOHIB NIiTiIIO A0 aHO4A MOXKe MepeBuLLyBaTH
LWBMAKICTb iXx BOYAOBYBAHHA B CTPYKTYpY aHoAa, 0cobanBso
NpyM HU3bKMX TemnepaTypax, WO MpuM3BOAUTL A0 OCa-
OXeHHA meTaniyHoro niTito [24].
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2. MigsnweHHA Temnepatypu. [pOTiKaHHA Be/INMKOro
CTPYMy 4Yepe3 BHYTPIWHIA onip aKymynaTopa BWKAWUKAE
3HayHe BUAiNEHHA Tenna, Wo MOXKe Npu3BecTu A0 nepe-
rpiBy Ta NPUCKOPEHHS IHWWNX MeXaHi3miB gerpagauii [25].

3. MexaHi4Hi Hanpy*KeHHA. Yepes weMaKe NPOHUKHEHHA
NiTit0 B mMaTepian enekTpoAiB BMHWUKAE BHYTPILLHINA TUCK,
AKMIA MOKe X nowKoautM abo 3pobuTM MeHW enactuy-
HUMM.

[na nofoBXKeHHA TePMiHY CNY»KO6M 4acTO PEKOMEHAYETHCA
BMKOPUCTOBYBATW HUXKYI CTPyMM 3apagy [26]. JocnigxeHHs
BM3HaYaloTb CTPYM 3apasy AK oguH i3 pakTopis cTpecy. Oc-
HOBHa LUKOAA BiZ, BUCOKMX CTPYMIB 3apaay morke b6yTu nos'-
A3aHa He CTiNbKM 3 CaMMM NMOTOKOM CTPYMY 3a iZeaNibHUX
YMOB, CKi/IbKM 3 MOro HacnigKamu, a came NiaBuULLLEHHAM Te-
mMnepaTtypu. Tomy NiaTPMMaHHA 6e3neYyHoro AianasoHy Tem-
nepaTtypwv Ta CTpyMmy nif, Yac WBMAKOIO 3apALKaHHA € BaXK-

3apagyKaHHA Npy NigBULLEeHUX TemnepaTypax (suie 30 °C,
i ocobameo Buue 60 °C) € OAHUM 3 HAULWIKIAAMBIWNX daK-
TOpPIB 4N NiTiIN-IOHHMX aKyMynsATOpiB. BUCOKa TemnepaTtypa
Pi3KO MPUCKOPIOE NMPAKTUYHO BCi HebBaxKaHi XiMmiuHi peaKuii
BCcepeauHi enemeHTa: 3poctaHHA SEI (Solid Electrolyte
Interphase), posknaa enekTponity, Aerpagauito KaToga
(BK/IOYHO 3 PO3YMHEHHAM MeTanis) [27].

3apAagKaHHA 33 HU3bKMX TemnepaTyp (HuK4e 0 °C) TaKoXK €
WKIgAMBUM. 33 HU3bKMX TEMMNEPATYpP 3HAaYHO 3POCTAE BHYT-
PiLWHIN onip akymynaTopa, 3HMKYETbCA ePeKTUBHICTb 3apsa-
OXKaHHA | Pi3KO 3pOCTAE PU3NK OCAAKEHHA METAsNIYHOrO Ni-
Tito Ha aHoAi [28, 29].

HalKpalui ymoBu ans 3apagKaHHA — Le TemnepaTypHUit ai-
anasoH, 6113bKKIA A0 KimHaTHOI TemnepaTypu (20-25 °C).
3apagyKaHHA B Mexax npubaumsHo Big 5 ao 35 °C 3a3Buyai
BBAKAETbCA NPUMHATHUM. OCKINIbKM AK BMCOKI, TaK i HU3bKI
TemnepaTypu Nig, 4yac 3apagKaHHA NPUCKOPIOOTL Aerpaga-
Lito, ebeKTUBHE KepyBaHHA TEMMNEPATYPOI0 aKyMyAATOPHOI
6aTapei € KpUTUYHO BaxkAMBUM [30].

[OianasoH SoC. Cnocib BUKOPUCTAHHA EMHOCTI akymyasaTopa
— iCTOTHO BN/IMBAE Ha MOro TepmiH cnyxo6u. MoBToploBaHi

LUMKAN 3 NOBHUM po3pagom (Big 100 go 0 % SoC) € 6inbLu
CTPECOBMMU AN aKYMYIATOPA, HiXK YaCTKOBI LIMKAU B Me-
Kax BY3bKoro gianasoHy SoC, 0co6/11BO AKLLO YHUKATU rpa-
HUYHUX 3HayeHb. [OCNigKeHHA NOKasylTb, WO 3MeH-
WeHHA FAMBUHM  po3pAdy EeKCMOHeHUiHO 36inblye
UMKNiYHKMIA pecypc. Hanpuknaa, sBukopuctaHHa aunwe 30 %
EMHOCTiI MOKe 36inbWNTKU KiNbKicTb UuKAiB y 4 pasu abo 6i-
Nible nopiBHAHO 3i 100 %. O6MeEKEHHA MAKCUMMa/IbHOTO
SoC a0 50 % morKe 36iNbWNTN OYiKyBaHMI TEPMIH CTYKOU
Ha 44-130 %. 3apAasKaHHA B KpaiHix gianasoHax SoC (Ha-
npuknag, 0-20 abo 80-100 %) moxKe NpUCKoptoBaTK crne-
uMdiyHi mexaHismu aerpagalii: 3pocTaHHA imneaaHcy npu
Hu3bKomy SoC Ta BTpaTa emMHOCTi npu Bucokomy SoC (ocob-
nmeo ana NMC ximii — NliTin-Hikenb-MapraHeub-KobanbT-
OKcua) NopiBHAHO i3 3apAAMKaHHAM Yy cepeHboMy Aiana-
30Hi (Hanpuknag, 40-60 % SoC). Bucokuit SoC nos'asaHui
3 BMCOKOIO HaMnpyroo, Lo CTBOPIOE CTpec A/1A KaToaa Ta
NPUCKOPIOE OKUCNEHHA eniekTponity. Tomy MiHimi3auia
Yyacy, NpoBeAEHOro NPU BUCOKMX piBHAX SOC, € KOPUCHOIO
cTpaTerieto. [ly»ke HM3bKM SOC MoXKe NpU3BOAUTU 40 Ha4-
MipHOro po3pAay, WO TAaKOX LWKiAJANMBO ONA eNeKTposis.
PoboTa B cepeaHbomy gianasoHi SOC A03BONAE YHUKHYTU
LUMX eKCTpeManbHUX yMoB. ARymynaTopu tuny LFP (JiTi-
3anizo-®ocoar, LiFePO,) meHw uyyTamsi Ao nepebyBaHHA
npw 100 % 3apsagi. CTpec anAa Katofa Npy NOBHIl 3apaau,i €
HabaraTo meHWwWMm, Hixk y NMC. OgHaK cTpaTeris 3aps-
AxKkaHHA 20—80 % € KOPUCHOK A5 NPOAOBKEHHSA C/YKOU
6yab-AKMX TUNIB NiTiN-IOHHMX aKkymynaTopiB. Takox Ans
LFP akymynATopiB peKoMeHAyeTbCA NepioanyHO 3aps-
AxKaTn ix 8o 100 %. Lle no3BoNsiE cuctemi KepyBaHHA 6aTa-
peeo TOYHO BigKanibpyBaTU MOKAa3HWUKM i NPaBUIbHO BU-
3HayaTu piBeHb 3apaay.

AfanNTUBHUIA anropuTM 3apAAKaHHA aKymyaaTopa. Agan-
TUBHWUI aNTOPUTM 3aPAAMKAHHA aKYMYNATOPA Ha OCHOBI He-
YiTKOI IOTiKM CKNAZaETbCA 3 TAKMX OCHOBHMX KPOKiB: MOCTa-
HOBKa 334a4i; BW3HAYEHHA JIHIBICTUYHUX 3MIiHHMX Ta
HEYITKOT MHOMHW, 30Kpema ii NOBeAiHKWN; BUSHAUYEHHA Mme-
XaHi3My BiANpPaLOBAHHA HEYITKOro BMCHOBKY; MNobyaosa
6e3nocepeaHbO CaMOi CUCTEMW KepyBaHHA Ta Ti nepeBipKa, a
TaKOX NPOLEC HaNAroAKeHHsA Ta BU3HAYEHHA Ai€30aTHOCTI.

Ta6nuua. BxigHi Ta BUXigHi 3MiHHI cucTemu KepyBaHHA 3apAAXKaHHAM aKymMyasaTopa Ha 6asi HediTKoi noriku

Ne (Tun . .. . .
n/n. | sminnol Ha3Ba 3miHHOI AianasoH HeuiTka MHOXWHa
1 Hanpyra enemeTa 2 8-4.2 B Ha E/EMEHT KpUTUYHO HWM3bKA, HU3bKa, HOMiHaNbHa, BU-
’ ’ COKa, KPUTUYHO BMCOKA
. Menwe 0,0, 0-3 mB/c .
2 3miHa Hanpyrm dU/dt BinblLe 3’N\’B/C /e, Bia'emHa, Hynb, poboya, BUCOKa.
MoTo4YHMI cTpym 3apsa- . Hynb, ayxe HU3bKUIN, HU3bKUIA, cepeaHii, BUCO-
3 0 A po C-HomiHan . o’ ! ’
OXKaHHA A Y KM, MaKCUManbHUN
BxiaHa
4 Temnepartypa 0-40 °C (3apamKaHHs) KpUTMYHO X0Nn04Ha, XoN04Ha, ONTUMasibHa, ra-
psYa, KPUTMYHO rapsaya
5 PiseHb 3apaay (SoC) 0-100 % Ly»e HU3bKNIN, HU3bKUIA, cepenHiil, BUCOKUIA,
Oy¥e BUCOKUW
6 CraH 320p08’s (SoH) 0-100 % [Jy»Ke HU3bKUIN, HU3bKUIA, cepenHii, BUCOKWUIA,
LYKe BUCOKUM
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CtaH QYHKUiOHYBaHHA . . . .
7 (SoF)d)y HioHy 0-100 % HU3bKWI, cepeaHiin, BUCOKUMN, Ay*Ke BUCOKMMN
8 Pexxmnm obmexkeHHsa SoC | 0-100 % HuW3bKKUIA, cepegHii, BUCOKMIA
9 Yac Big noyaTky 3apsa- 0-600 x8 [y»e KOpOTKUi1, KOPOTKUN, cepeHili, TouBa-
OXKaHHA NINIA, HaAMIPHO TPMBANUIA
LiFePO, NiTin-3aniso-docoar, NiTin-Hikenb-MapraHeub-
10 Tun akymynaTtopa ’ ’
ymy P NMC KobanbT-OKcng,
11 KiHueBa Hanpyra 3aps- 365-4.2B KpUTUYHO HU3bKa, HM3bKA, HOMiHa/IbHA, BU-
OXKaHHA ’ ’ COKa, KPUTMYHO BMCOKA
12 3apAAHMIA CTPYM 0 A 10 Makc C-rate Hynb, KpanesbHUii, Ay>e HU3bKUM, HU3bKUIA,
. cepeaHil, BACOKMIN, MaKCMMaNAbHUN
BuxiaHa
Pre-charge, CC, CV, naysa, nomu/Ka
Pre-charge, CC, CV, na- N9 L€l 3BMIHHOI HEYiTKa MHOXKWHa NpeacTaBs-
13 Pexxum poboTun ge, LL, LV, (Ana v . . pea
y3a, NOMUIKa NIAIE ANCKPETHI CTaHK, BUBIP SKNX 34iNCHIOETLCA
HEYITKUM KOHTPO/1IepoMm)

Bubip BXigHMX Ta BMXigHMX 3MIHHUX Ta NpeacTaBAeHHA iX
bYHKUiIAMW HaNeXKHOCTI € BaXKIMBUM NOYATKOBUM KPOKOM,
pe3ynbTaT AKOro BM/MBaTUMeE Ha GOPMYyBaHHA HEYIiTKOro
pilweHHA. THYYKICTb Ta afeKBaTHa peakuia cuctemun byae
3a/1eXKaTH Big, 30BHIiWHIX paKTOpiB, AKi BNAMBAtOTL Ha i no-
BeAiHKY, TO6TO Bif, CNiBBiAHOLWEHHA NIHIBICTUYHUX 3MIHHUX
i pisnuHnx 6asoBux napametpis. Y Tabauui HaBeaeHi 3a-
NPONOHOBAHI BXiA4Hi Ta BUXiAHI 3MiHHI CMCTEMN KepyBaHHA
3apAAKAHHAM aKymynaTopa Ha 6asi HeviTKoi foriku.

BxigHi Ta BUXigHi 3MiHHI cMcTeMu KepyBaHHA 3apAapKaH-
HAM aKymyaaTopa Ha 6asi HeuiTKoi noriku:

1. TOKa3HWK CTaHy efemeHTa, KOPUCHUI ANA TOYHOTO Ha-
NaWTyBaHHA NOBAN3Y MEXK Hanpyru.

2. Ha cragii CC Hanpyra nocTitHo 3pocTae, Tomy dU/dt e
no3uTMBHUM. Ha cTagii CV dU/dt pi3ko 3meHLIyeTbCA i Ha-
GAMKAETBCA [0 HYANA, OCKINbKM Hampyra yTPUMYETbCA
MaiKe nocTiiHo. HeBenuKi Bif'eéMHi 3HAYEHHA MOXKYTb
BMHMKATU MPU HOPMa/ZbHUX Nepexodax Mix cragiamu, 6i-
NblWi Bi4'€MHI 3HaYEHHA MOXKYTb CBiAYMTU NPO HECNpaBHO-
CTi.

3. BumiptoBaHHSA € HeObXigHWM 419 3BOPOTHOrO 3B'A3KY Ta
Ons peanisauii pexkumis Pre-charge, CC ta CV.

4. KputuuHa gns 6e3nekun Ta 340poB'A akymynsTopa. 3a-
PAOXKAHHA N03a AONYCTUMUMU MEXKAMU LWKiaAUBE.

5. Bu3Hauag, cKinbKu 3apaay noTpibHO Ta BNAMBAE Ha A0-
NyCTUMWUIA CTPYM.

6. SoH € Bax/NMBOO 3MiHHOIO, 0COBNMBO ANA BXKMBAHUX
AKYMYIATOPIB, AKA NPAMO BKa3ye Ha CTyniHb Aerpagauii.
baTtapes 3 HU3bKMM SOH MOKe BUMaraT HUXKUYMX MaKCUMMa-
JNIBHUX CTPYMIiB, HMXKYOI MaKCcMMaibHOi Hanpyru abo obepe-
YKHILLOro KepyBaHHA TemnepaTyporo Nig, Yac 3apAaKaHHA.
OujiHka SoH moke 6yTv oTpMmaHa 3a 40NOMOrol MeTO|B,
wo 6asylTbCcA Ha BUMIPHOBAHHI EMHOCTI, BHYTPiWHbOIO
onopy, abo cknagHilnx anropmuTmie.

7. CTaH QyHKUiOHYBaHHA Bifobpakae OLiHKY TOro, HacKi-
NbKN pobpe i 6e3neYHO aKymynaTop 34aTeH BUKOHYBATU
CBOI NpM3HaYeHi GyHKLIi B MOTOYHMUIA MOMEHT Yacy.

8. Pexxunm obmexkeHHa SoC aae 3mory BCTAaHOBUTU BEPXHIO
Ta HUKHIO MexXi giana3oHy SoC. Hanpuknag, BUKOPUCTOBY-
BaTM aKyMynaTop B Aiana3oHi 20—80 % 1ioro emHocTi. Takuit
niaxiZ MoXKe 3HaYHO 36iNblUMTU TEPMIH CNYXKOM aKymyna-
Topa.

9. BigcTexkeHHA Yacy Big NOYaTKy 3apAaXKAHHA Ai€ AK 3a-
NOBIXKHMK, WO OBMENKYE MaKCUMaNbHy TPUBaNiCTb MPo-
uecy. TakoXK LLel Yac MOXKe CNyryBaTu pe3epBHUM MeXaHi-
3MOM 419 NEPEMUKAHHA MiXK CTagiaMn 3apaay y BUNaAKY,
AKWO OCHOBHI iHAWKATOpX (HanpuKknag, HanpyrM uu
CTPyMy) NPaLLIOOTb HEKOPEKTHO.

10. Big Tvny Ximii akymynaTopa 3anexartb KAt040Bi XapaKTe-
PUCTUKM 3apagKaHHA: MaKCMMasibHa Hanpyra 3apAgKaHHS
(LFP — 3.6/3.65 B Ha enemeHT, NMC — 4.2 B), cTpym 3apsa-
AxKaHHA (LFP — 0.5-1C, NMC — 0.5-0.7C), onTumanbHui aj-
anasoH SoC (LFP — 10-100 %, NMC — 20-80 %).

11. HeuiTKMI1 KOHTpONEP MOKe afanTyBaTW KiHLEBY Ha-
Npyry 3apAaKaHHA, Wob 3MEHLINTM HaBaHTAXKEHHA Ha aKy-
MYNATOP Ta NPOAOBXKUTU TEPMIH MOro CNyKOU.

12. HediTKMi KOHTpONEep 3MIHIOE MaKCMMANbHUIN CTPYM 3a-
nexHo Big SoH, SoC, SoF, TemnepaTypw, Wob onTumisysaTtu
WBMAKICTb Ta 6e3neKy. TaKOXK BPaxXOBYETbCA MiHiMabHWUI
CTPyM Ha cTagiax pre-charge Ta CV, npu AOCATHEHHI AKOro
BinbyBaeTbca nepexig y cragito CV abo 3aBeplueHHA 3apa-
JyKaHHA.

13. HediTKMin KOHTpO/IEep NPUIMMAE pilLEHHS NPO Nepemu-
KaHHA MiX Pi3BHUMKM CTagiamn 3apagKaHHA 3aneXHOo Big
KOMBiHaLi BXiAHUX 3MiIHHUX.

Onuc po60oTn aAanTUBHOrO aArTOPUTMY 3apAAKaAHHA aKy-
mynaTopa. JnAa KepyBaHHA NPOLECOM 3apAgyKaHHA anro-
PUTM BUKOPUCTOBYE CUCTEMY HEYITKOI NIOTiKM. Ha KoXHOMY
eTani BM3HavatTbcAa 10 BXigHUX napameTpis: Hanpyra aKky-
mynatopa; 3miHa Hanpyru (dU/dt); MoTouHuit ctpym 3apa-
AxKaHHA; Temnepatypa; SoC; SoH; SoF; Pexum obmeKeHHsn
SoC; Yac Big no4vaTKy 3apagKaHHa; Tun akymynAatopa. Ha
OCHOBI UMX AaHUX Ta 633K NPaBUA HEYITKOI JIOFiKM KOHTPO-
Nep BM3HAYAE ONTUMAJIbHI 3HAYEHHA A8 TPbOX BUXiAHUX
Kepyroumx 3miHHMX: KiHueBa Hanpyra 3apAagKaHHA;
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3apagHuii ctpym; Pexkum pobotu (Pre-charge, CC, CV, Ma-
y3a, Momuaka). NMpouec 3apaarKaHHA CKNAAAAETLCA 3 TAKUX

¢das:

®da3a 1. IHiuianizauia. Cuctema akTMBYETLCA NiCNA NiAKAO-
YEeHHA aKymynaTopa A0 3apagHoro npuctpoto. [poso-
ANTbCA NOYATKOBE 34YMTYBAHHA BCiX BXigHWX MapameTpis
ab0 BUKOPUCTOBYHOTLCA OCTaHHI BiJOMi 3HAYEHHS.

MNepeBipKa be3neku:

Temnepatypa: Akwo Temnepatypa «KpUTUYHO XONOAHa»
(Hanpuknag, HMxk4Ye 0 °C) abo «KputnyHo rapada» (Hanpu-
Knag, suie 40 °C) 3apagKaHHA He PO3NOYMHAETLCA A0 HO-
pmanisauii femnepatypu. KOHTponep nepexoanTb B peKnUm
«[Momunnkan.

Hanpyra: AKwo noyaTkoBa Hanpyra akymynatopa «Kputu-
YHO BMCOKa» (HanpuKknag, 4.2 B i BULLE Ha enemeHT), ue
MOXe CBiguMTN NPO NOMUAKY abo Npo Te, WO aKyMyAATop
3apAAKEHUN.

SoH/SoF: AKwo SoH «ye HM3bKuit» abo SOF «HM3bKMit»,
KOHTpOJiIep OOMEKYE MaKCUMANbHUIA CTPYM 3apagyKaHHA
abo BMAAE NOBIAOMNEHHSA NMPO HeobXiAHICTb [04aTKOBOI
AiarHoctuku. [licna iHiyianisauii Ha OCHOBI NOYaTKOBWX
YMOB KOHTPONEP BU3HAYAE PEXKMUM POOOTH.

dasa 2. MNonepegHe 3apagKaHHA (Pre-charge). Ymosu
Bxoady y dasy: 3apAAHUIA NPUCTPIN NepexoanTb Y PeXrum
«Pre-charge», AKLWO Hanpyra akymMynaTopa BM3HAYaETbCA
AK «KPUTUUYHO HM3bKa» (Hanpuknag, Hukde 3.0 B Ha ene-
MeHT). CTpyMm 3apaaKaHHA BCTAHOB/IOETLCA Ha «[yKe Hu-
3bKUI» piBeHb (3 % Big, ctpymy y ¢asi CC). KoHTponep noc-
TINHO BiACTEXKYE Hanpyry efiemeHTiB, TemnepaTtypy, dU/dt.

Ymosu Buxoay 3 ¢pasn: KOHTposep NepeBoamUTb CUCTEMY 3
pexumy «Pre-charge» B pexxum «CC», KON Hanpyra ene-
MEeHTa AocArae piBHA «Hu3bka» (Hanpuknag, 3.0-3.2B), i
npuv LbOMY TEMMEepaTypa 3a/IMLIAETLCA B 6e3neYHUX MexKax
(«OnTMmanbHa» abo «XonogHa»).

®aza 3. 3apagrKaHHa nocTiiHum ctpymom (CC — Constant
Current). Ymosu Bxoay y dasy: Cuctema nepexogutb y pe-
*um «CC» 3 dpasu «Pre-charge» abo ogpasy nicns iHiuianisa-
LT, AKLLO Hanpyra enemeHTa He 6yna « KpUTUYHO HU3LKOOY.

ONTUManbHUI 3apALAHUIN CTPYM € AMHAMIYHOK BeNYK-
HO'0, AKY KOHTpO/1Iep 06UNCAtOE HA OCHOBI KOMBiHaLi napa-
MeTpiB. Jaa HOBUX aKymynaTopis (BMCOKMI SoH) Ta 3a on-
TUMaNbHOI TeMNepaTypu cucTema BUBUPAE BUCOKMUI CTPYM
(0.5C— 1.0C). OaHak BiH 3HUKYETLCA, AKLLO TemnepaTypa
CTa€ 3aHAATO BUCOKOIO UM HU3bKOID, ab0 AKLLO aKyMynaTop
Ma€ 03HaKu 3Hocy (HM3bKuKin SoH). PiseHb 3apaay (SoC) Ta-
KO BMJIMBAE Ha pilleHH:A: Ha novaTKy ¢pasm CC cTpym moxe
6yt BUwMM. Mpu LboMy cTaH QyHKLiOHyBaHHA (SoF) Bu-
CTyNae AK NpiopuTeTHUIN 0bMmeKyBanbHUI GakTop, NpUMy-
COBO 3HM}KYHOUM CTPYM 33 HU3bKMX MOKA3HUKIB. OgHOYaCcHO
KOHTpO/Jiep BWM3HAYaE LiNbOBY KiHLeBYy Hanpyry (Hanpwu-
Knag, 4.2 B), ska moxe 6yTV 3HMMKEHa ONA BXKUBAHUX aKy-
MYANATOpPIB. YBECb Lei Yac cuctema Beae NocTinHUIA MOHI-
TOPUHF Hanpyru, cTpymy, Temnepatypu, SoC, dU/dt Ta
TPWMBANOCTI NpoLecy.

KoHTponep 3asepuiye ¢pasy nocTiriHoro ctpymy (CC) i nepe-
X0AnTb A0 da3m nocTiiHoi Hanpyru (CV), Kony BUKOHYETbCA
Of1Ha 3 KN040BUX YMOB. lMNepLa — e AoCATHEHHA HAanpyroto
efnemeHTa CBOro LifIbOBOro 3HayeHHA («Bucoka», 4.2 B).
[pyra, anbTepHaTMBHa yMOBa — L& 3Ha4YHe CMOBi/IbHEHHA
pocty Hanpyru (dU/dt HabauskaeTbca 40 HyAnsA), WO cBia-
UNTb NPO HacuyeHHA HaTapei. ICHYIOTb TaKoX A04aTKOBI
baKTopu, HanpuKnag HabauKeHHA TemnepaTypu Ao «la-
pAvoro» ctaHy abo nagiHHA SoF po «Hwu3bKoro», sKi Mmo-
KYTb MPUCKOPUTY Liel nepexia,.

daza 4. 3apagKaHHA nocTiliHow Hanpyrowo (CV —
Constant Voltage). Ymosu Bxogy y ¢asy 36iratoTbca 3 ymo-
BaMu Buxoay cuctemun 3 ¢asmn CC. KoHTponep nigTpumye
Hanpyry enemeHTa Ha PiBHi, BU3HAYEHOMY KOHTPO/IEpOM
AK «KiHueBa Hanpyra 3apagKaHHA». 3apagHUi CTpym no-
YMHAE 3MEHLIYBATUCS, OCKIZIbKM BHYTPILLHIN onip akymyna-
Topa 3pocTa€e. [0N0BHe 3aBAAHHA KOHTPOIepa Ha eTani no-
cTiiHoT Hanpyru (CV)— nigTpumyBatTu 3afaHuii piBeHb
Hanpyrv, xo4a 3a NoTpedbu ana 6e3nekn BiH TaKOXK MOXKe
BCTAHOB/IOBATM BEPXHIO MeXY A4 cTpymy. MocTiliHo Biac-
TEXYIOTbCA CTPYM 3apsafKaHHA (3MeHLWYETbCA), Hanpyra
enemeHTa (niaTpumyeTbca Ha 3agaHomy pisHi), dU/dt (Ha-
6anKkaeTbca 00 «Hynb»), Temnepatypa, SoC (Habauka-
€TbCA A0 «[yKe BUCOKUIM®), Yac 3apaasKaHHA. YMOBMU BU-
xopy 3 dasu. KoHTponep nepeBoanTb CUCTEMY 3 PEXUMY
nocTiiHoi Hanpyru (CV) y pexkum «lay3a», Lo 03Havae 3a-
BEPLUEHHSA 3apALKaHHSA, KON BUKOHYETLCA OAHA 3 KiIbKOX
ymos. Llelt nepexia BiabyBa€eTbCA, KONM CTPYM 3apaaKaHHA
nazia€e oo AyKe HU3bKOro piBHA (3a3Buyan 3—5 % Big Homi-
Ha/MIbHOTO), WBMAKICTb 3MiHM Hanpyrm (dU/dt) Habauxa-
€TbCA [0 HyNA, piBeHb 3apaay (SoC) gocarae 95-100 %, abo
Y KOAW Yac 3apagKaHHA CTaE HAAMIPHO AOBIMMM, a iHWI Na-
pamMeTpu BKasyloTb Ha 3aBeplueHHA. Takuin nigxig, [o3so-
NAE YHUKHYTU HECKIHYEHHOrO 3apAaKaHHA, AKe MOXKe BU-
HUKHYTU Yepe3 0cobMBOCTI akymynaTopa, Ta 3abesneuye
edpeKkTnBHe 1 6e3neyHe 3aBepLIEHHA LUKAY.

3aBepLueHHA 3apagKaHHA / naysa. Ymosu sxogy y dasy:
1. Cuctema nepexoanTtb y Len pexxkmum 3 ¢asm «CV» nicna
BMKOHAHHA YMOB 3aBepLUEeHHS. 2. TaKOXK MOXKe nepeinTu 3
6yab-aKoi ¢a3n, AKLWO KOHTPONEep BM3HAYAE HEObXiaHICTb
TMMYACOBOI 3yNNHKU. KOHTpOep BCTAaHOBAIOE «3apAagHui
cTpym» Ha «Hynb», a «Pexunm pobotn» Ha «lay3a» Ta npo-
[OBXKYE BMMiPIOBATU Hanpyry enemeHTa n Temnepartypy B
peXunmi odikyBaHHA. KOHTpoONep TaKOX MOXe 3aCTOCOBY-
BaTW KOPOTKOYACHEe A03apAAKaHHA, AKLWO Hanpyra snage
HUW}KYe NeBHOro piBHA (Hanpuknag, 4.2 B/enemeHT). Ymosu
BuxoAay 3 ¢asu: 1. BigkntoueHHs akymynsaTopa. 2. Kopucry-
BaLbKa KOMaHAa Ha NPOAOBKEHHA / NOYaTOK HOBOTO LM-
Kny. 3. AKwWwo 6yna TMmuyacoBa naysa (Hanpuknag, yepes Te-
MMepaTypy), KOHTpoaep MOXKe aBTOMATUYHO BigHOBUTM
3apAOKaHHA, KONW YMOBM HOPMANI3yroTbCA, MOBEPHYB-
LKMCb A0 BignosigHoi pasu.

Nomunka. KoHTponep iHiLitoeE aBapiiHy 3ynuHKY 3aps-
JXKaHHA, nepeBogAYn cUCTeMy B pexrum «lomuaKa», 3a
6yAb-AKUX KPUTUYHUX YMOB. [J0 TaKMX YMOB HanexuTb ne-
perpis akymynatopa (Buwe 45-50°C) abo cTpubOK Ha-
npyrv Buwe 6e3neyHoro 3HauyeHHs (Hanpuknag, 4.25—

65



BiaHosntoBaHa eHepreTuka. Ne 4/2025 | KomnsiekcHi npobaemu eHepreTUYHUX cUCTEM Ha ocHosi HBJE

4.3 B). TaKoK aBapiiHU PeXXMM BMUKAETbCA, AKLLO LWBUI-
KicTb 3MmiHM Hanpyru (dU/dt) npoTarom Tpusanoro vacy 3a-
JINWAETBLCA 3HAYHO Bif'EMHOIO, LLO MOE CBiAYNTM NPO ce-
pho3HYy HecnpaBHicTb. Kpim Toro, nomunka oikcyerbes,
AKWO 3apALKaHHA TPUMBAE HaaTo aosro 6e3 HanexHoro
3pocTaHHA piBHA 3apaay (SoC) Ta Hanpyru, WO BKa3sye Ha
nedekTt camoi 6aTapei abo 3apsaAHOro NPUCTPOLO.

Ha KoKHilt ¢asi (ocobamneo CC Ta CV) KOHTposiep NOCTilMHO
OLLIHIOE CTYNEHi HaNEeXHOCTI BCiX BXiAHWUX NapameTpiB A0 iX-
HiX HEYITKUX MHOMMWH (Hanpuknag, TemnepaTypa MoXe

6yTM Ha 60 % «OnTMmanbHa» i Ha 40 % «lapada»). Ha oc-
HOBI LbOro Ta 6a3un NpaBWUA KOHTPONEP FreHEePYE BUXILHI cu-
rHasW cTpymy Ta Hanpyru. Lle ao3sonse 6inblw To4HO pea-
ryBaTW Ha 3MiHM CTaHy aKyMyATOPA, HiXK 33 TPaAULiMHMX
anroputmiB 3apagrKaHHA 3 dikcoBaHMMKM noporamu. Ha-
NPUKNaZA, 3HUKEHHA CTPYMY NpU NiABULLEHHI TeEMMepaTypu
6yae He pi3KMM, a NOCTYNOBUM, BiANOBIAHO 10 TOrO, HACKi-
NIbKM TemnepaTypa HabanKaeTbecA [0 KPUTUYHOI. Ha pucy-
HKyY NpeAacTaBieHa GyHKLiOHaNbHA cxema afanTUBHOTO an-
ropuTMy 3apAagKaHHA aKymyiAaTopa.

MoyaTok poboTn
MigKNtoYeHHA aKymynaTopa

v

IHiyianizayis
3umtyBaHHA 10 BXigHUX
napameTpis

Momwunka
MNeperpis (>45°C)
MNepeHanpyra (>4.25B)
HeraTtmusHuin dU/dt

Tanm-ayT Nomwunka

IHaKwe

Mepesipka 6e3nekn

Bubip nepLuoi pasu

SOH/SOF AfanTauia napametpis
HU3bKUM ObmeKeHHA
MaKCMMa/IbHOTO CTRYMY,
Hanpyrm
Imax, Umax
®asa CV

4.1 B<U=<4.2B

MNiaTPUMKa Hanpyrm
MoHitopuhr U, |, t,

du/dt, uacy

Momunnka

®aza Pre-charge
1=0.03*IH U<38B
MoHitopwuHr U, t, dU/dt,
yacy
l IHaKwe
Momwnnka
Hi Tak

®daza CC
Po3paxyHOK cTpymy
MoHitopuHr U, |, t,
du/dt, uacy

1<0.05*IH
du/dt=0

'

Momunka

Hi

U=4.2 B abo
du/dt=0

T

Mays3a
3apAarKaHHA
3aBepLieHo
1=0

Tak

HoBwuii umkn
abo U<4.2 B

KiHeub

C

PucyHoK. ®yHKUIOHAAbHA CXeMa an20pUMMY 3aPAOHAHHA AKYMYyAamopa
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BUCHOBKMU. [11a 3apAaKaHHA BXMBAHUX aKyMyNATOPIB A0-
LiNIbHO 3aCTOCOBYBAaTW af4anTMUBHI aITOPUTMU, AKi BPaxoBy-
HOTb IXHi 0COBIMBOCTI, ONTUMI3YOTb BUKOPUCTAHHA Ta 36i-
NbWYOTb  TEPMIH cayXbu. Taki anroputmu  MOXyTb
3MIHIOBaTU NapameTpu 3apagKaHHA (CTpym, Hanpyry) y pe-
KMMIi peanbHOro 4Yacy Ha OCHOBI BUMipOBaHb MOTOYHMX Na-
pameTpiB aKymynAaTopa Ta icTopuyHux gaHux. Lle go-noma-
ra€ 36in1bWNTU TEPMiH MOro cy»Kbu. 3acToCcyBaHHA HEYITKOT
NOTiKM gns po3pobKM afanTUBHUX arOPUTMIB KepyBaHHA
3apALAKAHHAM NiTIN-IOHHMX aKYMYNATOPIB € BUCOKoedek-
TMBHUM. KNto4oBMMM NepeBaramu €: nigsulieHa epekTms-
HICTb Ta CKOPOYEHHSA Yacy 3apafrkaHHA, 30iNblIeHHA Tep-
MiHY CAyXbu aKymynaTopa 3a paxyHOK MiHimisauji
HaBaHTaXKeHHA, NiaBuweHa b6e3neka yepe3 3anobiraHHA
nepesapAgKeHHIO Ta NeperpiBaHHI0, BUCOKA afanTUBHICTb
[0 3MiH CTaHy aKyMy/aAaTopa Ta HaBKOJIMWHbLOrO cepepo-
BMLLA.

Po3pobneHunin afanTMBHUIA anroputm 3 BUKOPUCTAHHAM
HEeYiTKOT NoriKK1, AKMI BPaXoBYE CTpaTerito onTMMisau,ii npo-
Lecy 3apagKaHHA A1 BUKOPUCTAHUX NITIN-IOHHMX akymy-
NATOpIB. 3apAaKaHHA 4,0 BMCOKOI HaNpyrn NPUCKOPIOE ae-
rpafauito, a 3HWMKEHHA KiHLEeBOi HanpyrM 3apagrKaHHA
MOXe CYTTEBO MOAOBXMUTU TEPMiH cayxbu akymynaTopa.
BUCOKi CTpyMUM MOXKYTb MPU3BECTU A0 NiABULLEHHA Temne-
paTypu Ta NPUCKOPEHOT gerpaaauii. AK BUCOKI, TaK i HU3bKI
TemnepaTypu 3Ha4YHO NPUCKOPIOIOTL NpoLecu Aerpagadii.
OnTUManbHUA AjanasoH TemnepaTtypu — 20-25 °C. Yacrt-
KOBi LMKAN B cepeHbOMY fiana3oHi € MeHL CTPEeCoBMMMU
Ta 3HAYHO NOAOBXKYIOTb LUKAIYHUI pecypc NOPIBHAHO 3 No-
BHUM po3pAgoM. TOMy KOPUCHOK CTpaTerielo € BUKOPUC-
TaHHA aKyMynaTopa B onTMManbHOMy giana3oHi SoC, 20—
80 %, abo, Hanpuknaa, 40-70 % y cuTyauiax, KOAU NOBHOI
€MHOCTi baTapei He NoTpebyeTbeA.

Po3pobneHunint anroputm 3apagrKaHHA [O3BONAE CYTTEBO
NiaBMWNTM edeKTUBHICTb, Be3neKy Ta AOBroBiYHICTb BXKU-
BaHWX NiTiN-IOHHWX aKYMYNATOPIB, LWLO CNPUAE iX LWNPLIOMY
3aCTOCYBaHHIO B cucTemax 3b6epiraHHa eHeprii, 30kpema y
BiAHOB/NIOBAHI/ eHepreTu,i, Ta 3HUXKEHHIO 3arajibHUX BU-
TpaT i NO3UTMBHOMY BN/IMBY Ha HAaBKOJINLLHE cepefoBuLLe
3aBAAKM 3MEHLUEHHIO KiNIbKOCTI BiANpaLbOBaHUX enemMeH-
TiB.

®diHaHcyBaHHA. [locniaKeHHA BUKOHAHO B MeXKaX MirKHa-
pogHoro npoekty Innovate Ukraine-2024 — supporting
Ukraine’s energy recovery: Mobile Energy’s Torage unit
with swappable second-life battery (METTLE) Ta aep»kaBHoi
HayKOBO-A0CNiAHOT poboTK “Bba3a-MN10" «Po3pobuTtn NpuH-
umnu NobyaoBM cneLianisoBaHMX CUCTEM KepyBaHHA nepe-
TBOPIOBaYaMK Hanpyru, CTpymy Ta 4acToTu AN niasu-
LLeHHA eHeproedeKTUBHOCTI €/1eKTPOTEXHONOTIYHUX
YCTaHOBOKY.
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Abstract. The effective integration of intermittent renewable
energy sources into the power grid largely depends on energy
storage systems, where second-life batteries are playing an
increasingly important role. In this paper, the features of
controlling the charging processes of used lithiumion batteries
are considered, for which traditional constant current and
constant voltage (CC-CV) charging methods are ineffective and
accelerate their degradation. The development and proposal
of an adaptive charging algorithm based on fuzzy logic are
presented. This approach allows optimizing the charging
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process by taking into account dynamic changes in battery characteristics, such as voltage, current, temperature,
state of charge (SoC), battery health (SoH) and state of functioning (SoF). It is shown that the proposed algorithm
increases efficiency, safety and significantly increases the service life of batteries compared to traditional methods,

adapting to their condition in real time.

Keywords: lithium-ion batteries, battery charging, adaptive algorithms, fuzzy logic, used batteries, battery

degradation, control systems.

Introduction. According to data from the International En-
ergy Agency [1], the share of electric vehicles (EVs) in the
global automotive market more than doubled (from 4 % to
10 %) between 2021 and 2023. In the first quarter of 2024,
EV sales increased by approximately 25 % compared to the
first quarter of 2023. A Bloomberg NEF report indicates that
global investments in the energy sector exceeded $2 trillion
for the first time in 2024 [2]. A significant portion of these
investments is directed towards the development of battery
energy storage systems (BESS), which are a key element for
grid stabilization and the effective integration of renewable
energy sources. Concurrently, substantial funds are being in-
vested in the electrification of transport, which is also part of
the global transformation of the energy sector.

These data demonstrate that global demand for electric
transport is steadily increasing, driving an increase in the
number of end-of-life (EOL) batteries. Battery disposal is a
high-cost and technologically complex process that has a
significant impact on the environment throughout its lifecy-
cle. Firstly, the extraction of raw materials (lithium, cobalt,
nickel) is associated with the depletion of natural resources
and pollution. Secondly, if spent batteries are improperly
disposed of, their components form toxic compounds that
migrate into the soil and water, creating a long-term threat
to the environment.

Most global electric vehicle manufacturers recommend re-
placing batteries when their capacity falls below 80 %. How-
ever, these battery packs remain suitable for second-life re-
use in energy storage and accumulation systems, both in
industry and in households. The reuse of batteries allows
for a reduction in the capital costs associated with creating
and updating energy storage systems while simultaneously
providing the necessary power and duration of autono-
mous operation.

Given the constant growth in demand for electric transport
and, consequently, the increasing number of used batteries
suitable for reuse in energy storage systems, the topic of de-
veloping methods that allow for their efficient and safe charg-
ing is crucial and relevant. The traditional CC-CV (Constant Cur-
rent-Constant Voltage) charging protocol is not optimal for
second-hand batteries and can accelerate their degradation.
Therefore, a critical task is the creation of an adaptive control
system for the lithium-ion battery charging process that takes
into account the dynamic changes in their characteristics and
optimizes charging parameters in real-time to increase the ser-
vice life, enhance operational safety, and improve the effi-
ciency of using second-hand lithium-ion batteries.

The objective of this work is to substantiate and develop an
adaptive control algorithm for a charging system of second-
hand lithium-ion batteries using fuzzy logic.
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For reuse, spent battery packs are disassembled into sepa-
rate modules or cells. After diagnostics, operational cells
with similar characteristics are selected, grouped, and as-
sembled into new battery packs. Typically, the following
key characteristics are checked: capacity, internal re-
sistance, voltage, and self-discharge. When assembling sec-
tions from used battery cells, it's crucial to group cells that
are closest in capacity and internal resistance. Even a slight
difference in these parameter values leads to a voltage var-
iation among individual cells during operation, causing the
Battery Management System (BMS) to disconnect the
group of cells or the entire battery pack.

We will examine battery characteristics that can be used to
assess their current state and suitability for reuse. One such
indicator is the battery State of Health (SoH), expressed as
a percentage and reflecting the battery's current condition
relative to its initial state. The next indicator is the State of
Charge (SoC), also expressed as a percentage, which shows
how much energy remains in the battery relative to its full
initial capacity.

However, assessing SoH and SoC is insufficient for second-
hand batteries, as a comprehensive evaluation of the State
of Function (SoF) is required to ensure the battery is suita-
ble for reuse and can perform its functions safely and relia-
bly. The SoF indicator is not a strictly defined concept but is
generally defined as the battery's ability to maintain its
functions for a specific application. SoF can take into ac-
count other indicators such as SoC and SoH, as well as op-
erating temperature, charge/discharge history, presence of
faults (overvoltage, overload, sharp temperature increase),
concentration of flammable gases, and so on [3].

There are several methods for SoF estimation [4]. The bat-
tery State of Function (SoF) assessment can be performed
using the Power Demand Based method. This method ana-
lyzes the battery's ability to operate under the current load.
To do this, the open-circuit voltage (VOC) is first deter-
mined using the relationship between voltage and charge
level (the VOC-SOC curve). Knowing the maximum voltage
change and the battery's current capacity at a given time,
one can calculate the battery's instantaneous deliverable
power. Based on this calculation, the battery is assigned an
operational status: SoF=1 (suitable) or SoF=0 (unsuitable).

In [3], SoF is defined based on the formula:

SoF=(P-Pdemands)/(Pmax-Pdemands), where P is the
power the battery can provide, P demands is the load
power, and Pmax is the maximum possible battery power.

Another method is the Terminal Voltage-Based Technique.
SoF assessment is performed based on historical infor-
mation and measured current data (voltage, SoH, maxi-
mum voltage). This method can determine the battery's
ability to sustain operation under the required load. SoH is
an important indicator when using this method, as it deter-
mines the rate of battery voltage drop.

Battery Charging Stages. Charging a lithium-ion battery
most often occurs in three stages: the initial Pre-charge /
Trickle Charge, the main CC (Constant Current), and the fi-
nal CV (Constant Voltage). This ensures efficient and safe

charging of the battery, generally in the traditional use case
of new batteries.

The Pre-charge stage is used for batteries that are deeply
discharged, with the voltage across their terminals drop-
ping below the permissible level. The key objective of this
phase is to gradually restore the voltage to a level that al-
lows for a safe transition to the main Constant Current (CC)
charging stage. For this purpose, a small constant current is
applied to the battery (e.g., 1/10%" of the nominal current
of the CC stage). This approach is a precaution that pre-
vents damage to the internal structure of the battery,
which could occur if a significant current were applied to
deeply discharged cells.

The Constant Current (CC) charging stage is the main and
most prolonged stage. This stage allows the battery to be
charged to approximately 80-90 % of its nominal capacity.
The CC stage concludes when the battery voltage reaches
the limit set by the manufacturer (e.g., 4.2 V for most types
of lithium-ion batteries).

The final stage uses the Constant Voltage (CV) mode, which
prevents dangerous overcharging while ensuring the bat-
tery is fully charged. In this stage, the voltage across the
battery is maintained at the maximum permissible level
specified by the manufacturer, while the charging current
gradually decreases. As soon as the current drops to ap-
proximately 3-5 % of the current used in the CC stage, the
charging process automatically terminates.

The CC-CV (Constant Current-Constant Voltage) charging

protocol is effective for charging new batteries; however,
for second-hand batteries, this method is suboptimal and
may accelerate further degradation. This is due to several
characteristic changes that occur in the battery over time:

This is due to several characteristic changes that occur in
the battery over time:

1. Increased Internal Resistance. The internal resistance of
the battery increases over time, which is a consequence of
two processes: the thickening of the Solid Electrolyte Inter-
phase (SEIl) layer on the anode and degradation changes in
the structure of the electrodes themselves.

2. Premature Transition to CV Mode. Due to the elevated
resistance, the voltage at the battery terminals reaches its
upper limit much earlier during Constant Current (CC)
charging. This causes the main charging phase to shorten,
and the system switches to Constant Voltage (CV) mode
when the battery hasn't yet reached the State of Charge
(SoC) level a new one would have.

3. Prolongation of the CV Stage. Since the Constant Current
(CC) phase becomes shorter, a larger portion of the charge
accumulates during the Constant Voltage (CV) stage, signif-
icantly increasing its duration. This prolonged exposure to
maximum voltage is a severe stress factor for the battery.
It not only accelerates cathode degradation but also stimu-
lates the further growth of the SEI layer on the anode,
which is particularly detrimental to second-hand batteries.
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4. Increased Heat Generation. Higher values of internal re-
sistance lead to greater heat dissipation during the flow of
charging current, especially in the main CC phase. Conse-
quently, the temperature rises, which is the starting point
for many degradation processes [5].

The Constant Current-Constant Voltage (CC-CV) charging
method is unable to adapt to the dynamic changes in bat-
tery characteristics over the course of its operational life
[6]. Therefore, it is appropriate to apply adaptive algo-
rithms for charging second-hand batteries, as they account
for these specific features and are capable of optimizing
battery utilization. Such charging algorithms can modify
charging parameters in real-time based on the measure-
ment of current battery parameters and the use of histori-
cal data, which helps to increase battery lifespan and en-
hance operational safety [7].

Adaptive algorithms can be classified according to the
methods used for adaptation decision-making: Rule-
Based/Threshold-Based algorithms; Profile Analysis-Based
(voltage/current profiles); Model-Based Algorithms; Data-
Driven / Machine Learning (ML); and Adaptive Pulsed
Charging.

Algorithms operating on the Threshold-Based principle rely
on predefined rules. Their logic involves the system moni-
toring key parameters (voltage, current, temperature, etc.)
and changing the charging conditions as soon as one or a
group of parameters reach a specific limit. A typical rule is,
for example, limiting the charging current or voltage upon
overheating, or completely stopping the process when a
dangerous temperature is reached [8, 9]. The algorithm can
also be adapted to limit the maximum charging current de-
pending on the battery capacity or its internal resistance. If
the capacity has decreased or the resistance has increased,
the maximum charging current can be reduced to prevent
battery overheating [10]. Fuzzy Logic-based systems can be
categorized under these algorithms.

Algorithms that analyze the dynamics of voltage and cur-
rent values operate by identifying key features on the
graphs of these parameters using pre-known profiles.
These characteristic points or features are associated with
the battery's current state during the charging process.
Based on the results of such analysis, the system intro-
duces corrections to the charge parameters, for example,
using the rate of voltage change (dU/dt) or the accelera-
tion of voltage change (d?U/dt?) to determine the transi-
tion points between charging stages [11]. These points
can shift depending on the SoH. There are also algorithms
that involve measuring internal resistance during charg-
ing, and this information is used to adapt the charging
process.

Model-Based Algorithms utilize a mathematical model of
the battery pack to predict the battery's behavior during
charging. Battery state estimation (SoC, SoH, temperature,
etc.) can be performed using state filters, such as the Kal-
man filter. The model can adapt to battery aging through
periodic parameter correction.

Data-Driven Algorithms, including machine learning meth-
ods, use accumulated information about charging cycles to
dynamically adjust parameters. For instance, charging pa-
rameters are optimized using neural networks or other
models based on current battery state measurements [12].

Adaptive Pulsed Charging involves short current pulses
whose parameters (amplitude, duration, frequency, and
pause) change according to the battery's state. This
method aims to reduce polarization—the deviation of the
terminal voltage from the Open Circuit Voltage (Voc) during
current flow—which potentially lessens cell degradation.
This voltage deviation occurs due to internal processes
within the battery that slow down the current flow and en-
ergy conversion.

In practice, hybrid methods that use elements from several
algorithms are often applied. The goal of such a combina-
tion is to increase the overall performance, reliability, and
robustness of the system. For example, a Coulomb count-
ing mechanism can be combined with voltage and temper-
ature correction mechanisms. Another common example is
the use of a Kalman filter for accurate battery state estima-
tion, complemented by algorithms that make decisions
based on rules or optimization models.

Justification for the Selection of the Adaptive Charging Al-
gorithm. Fuzzy Logic (FL) can effectively manage nonlinear
systems without requiring a precise mathematical model
[13]. For complex systems, such as lithium-ion batteries,
where accurate modeling can be complicated, the applica-
tion of fuzzy logic offers advantages. It allows for the inte-
gration of linguistic variables and fuzzy sets, obtained ex-
perimentally, into the automated control system [14].

Fuzzy logic controllers are generally robust against changes
in system parameters and operating conditions. The use of
symbolic fuzzy logic rules allows for the construction of
fuzzy microcontroller structures with a human-like deci-
sion-making process [15]. Unlike microcontrollers based on
sharp/crisp rules (microcontrollers with hard logic) [16],
this structure makes it easy not only to adapt the control
system to specific requirements but also to successfully
combine it with traditional control methods [17, 18].

The main advantages of using Fuzzy Logic (FL) for battery
charging are:

1. Increased Efficiency and Reduced Charging Time. A fuzzy
logic-based controller can optimize charging profiles, po-
tentially reducing charging time compared to traditional
methods while maintaining or improving efficiency. For ex-
ample, [19] notes that fuzzy logic-based control can
shorten charging time while achieving higher efficiency and
lower temperature rise.

2. Extended Battery Lifespan. By managing charging param-
eters such as current and temperature, a fuzzy logic-based
controller can minimize stress on the battery, leading to an
increase in its cycle life.

3. Enhanced Safety. A fuzzy logic-based control system can
incorporate safety-critical rules to prevent overcharging,
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overheating, and excessive current. Overcharging can dam-
age physical components, and even a single minute of over-
charging can lead to battery failure.

4. Adaptability. Fuzzy logic-based systems can be designed
to adapt to changes in the battery's state and environmen-
tal conditions. [20] mentions that a fuzzy battery controller
successfully achieves its charging and cell-balancing goals
with high adaptability simply by adjusting the membership
functions.

All key battery parameters—voltage, current, temperature,
and SoC—are interdependent. During the constant current
phase, for instance, voltage increases along with SoC. Fur-
thermore, the efficiency of the battery's charge absorption
changes depending on its temperature and current state of
charge. Therefore, for effective control, a fuzzy logic-based
system must evaluate the parameters not individually, but
collectively, considering all existing interrelationships.

Thus, due to its flexibility and relative ease of understand-
ing, which is based on ordinary human language, fuzzy logic
is one of the most effective methods for controlling the
charging process of second-hand lithium-ion batteries. Un-
like currently known charging methods, fuzzy logic allows
for the use of uncertain input data, can solve and combine
contradictory tasks and goals, while also taking into ac-
count the experience of expert systems and being based on
classical control laws.

Key Factors Affecting Battery Lifespan During Charging. The
service life of lithium-ion batteries heavily depends on the
charging conditions. Voltage, current, temperature, and
State of Charge (SoC) play a critical role in the rate of deg-
radation.

Charging a battery to a high voltage (e.g., 4.2 V per cell) al-
lows for maximum capacity utilization, but simultaneously
places significant stress on the battery components. The
cathode material is particularly sensitive to high voltage,
where degradation processes such as metal dissolution,
structural changes, and other transformations accelerate
[21]. High voltage also promotes the oxidation of the elec-
trolyte on the cathode surface [22]. Maximum voltage is, in
fact, one of the key factors determining the rate of cathode
degradation.

Many studies show a direct correlation between maximum
charging voltage and cycle life. Reducing the voltage even
by a small amount can significantly extend the lifespan. For
example, lowering the voltage from 4.2 V to 4.1 V per cell
can double the number of cycles, and a further reduction
to 4.0 V can double it again [23]. Research confirms accel-
erated degradation at voltages above 4.0 V for certain bat-
tery chemistries. The voltage considered optimal from the
perspective of minimizing stress is around 3.90-3.92 V per
cell, although this significantly limits the available capacity.

For every battery type, there are critical voltage thresholds,
and exceeding them is a key factor in the nonlinear nature
of degradation. As soon as the voltage crosses this bound-
ary, destructive processes, such as intensive dissolution of

cathode metals or accelerated electrolyte oxidation, are
significantly amplified. This is related to the electrochemi-
cal properties of the materials. When the applied voltage
exceeds a certain threshold, irreversible changes begin to
occur in the battery. Therefore, maintaining the voltage be-
low these critical values can extend the battery's lifespan.

Influence of Charging Current. Although using high currents
significantly reduces charging time, this approach carries
risks that negatively affect the battery's longevity. Key is-
sues include:

1. Lithium Plating. At high currents, the rate of lithium-ion
influx to the anode can exceed the rate of their intercala-
tion into the anode structure, especially at low tempera-
tures, leading to the deposition of metallic lithium [24].

2. Increased Temperature. The flow of high current through
the battery's internal resistance causes significant heat
generation, which can lead to overheating and the acceler-
ation of other degradation mechanisms [25].

3. Mechanical Stress. Rapid lithium intercalation into the
electrode material creates internal pressure that can dam-
age the electrodes or make them less elastic.

Lower charging currents are often recommended to extend
service life [26]. Studies identify charging current as a stress
factor. The primary damage from high charging currents
may be related not so much to the current flow itself under
ideal conditions, but to its consequences, namely the tem-
perature increase. Therefore, maintaining a safe tempera-
ture and current range during fast charging is important for
minimizing their negative impact.

Influence of Temperature. Charging at elevated tempera-
tures (above 30°C, and especially above 60°C) is one of the
most damaging factors for lithium-ion batteries. High tem-
perature sharply accelerates almost all undesirable chemi-
cal reactions inside the cell: SEI (Solid Electrolyte Inter-
phase) growth, electrolyte decomposition, and cathode
degradation (including metal dissolution) [27].

Charging at low temperatures (below 0°C) is also harmful.
At low temperatures, the battery's internal resistance in-
creases significantly, charging efficiency decreases, and the
risk of metallic lithium plating on the anode sharply rises
[28, 29].

The best charging conditions are a temperature range close
to room temperature (20-25°C). Charging within approxi-
mately 5°C to 35°Cis generally considered acceptable. Since
both high and low temperatures accelerate degradation
during charging, effective battery thermal management is
critically important [30].

Influence of SoC Range. The way the battery's capacity is
used significantly impacts its service life. Repeated cycles
with full discharge (from 100 % to 0 % SoC) are more stress-
ful for the battery than partial cycles within a narrow SoC
range, especially if extreme values are avoided.

Research shows that decreasing the depth of discharge ex-
ponentially increases the cycle life. For example, using only
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30 % of the capacity can increase the number of cycles by
four times or more compared to 100 %. Limiting the maxi-
mum SoC to 50 % can increase the expected lifespan by 44—
130 %.

Charging in the extreme SoC ranges (e.g., 0-20 % or 80—100
%) can accelerate specific degradation mechanisms: imped-
ance growth at low SoC and capacity loss at high SoC (espe-
cially for NMC (Lithium-Nickel-Manganese-Cobalt-Oxide)
chemistry) compared to charging in the mid-range (e.g.,
40-60 % SoC). High SoC is associated with high voltage,
which stresses the cathode and accelerates electrolyte oxi-
dation. Therefore, minimizing the time spent at high SoC
levels is a beneficial strategy. Very low SoC can lead to over-
discharge, which is also detrimental to the electrodes. Op-
erating in the mid-SoC range avoids these extreme condi-
tions.

LFP (Lithium Iron Phosphate, LiFePO4) batteries are less
sensitive to being at 100 % charge. The stress on the cath-
ode at full charge is much lower than in NMC. However, the
20-80 % charging strategy is useful for prolonging the ser-
vice life of any type of lithium-ion battery. It is also recom-
mended to periodically charge LFP batteries to 100 %. This
allows the Battery Management System (BMS) to accu-
rately calibrate the readings and correctly determine the
state of charge.

Adaptive Battery Charging Algorithm. The adaptive battery
charging algorithm based on fuzzy logic includes the follow-
ing main steps: problem definition; definition of linguistic
variables and the fuzzy set, including its behavior; definition
of the fuzzy inference mechanism; construction of the con-
trol system itself and its verification; as well as the tuning
process and determination of operational capability.

Table. Input and output variables of a fuzzy logic-based battery charging control system

Ne | Variable Variable Name Range Fuzzy Set
Type
1 Cell Voltage 2.8V -4.2V percell Critically Low, Low, ”icl)gr:mal, High, Critically
Less than 0.0, 0-3 mV/s, . . .
2 Voltage Change (dU/dt) more than 3 mV/s Negative, Zero, Operational, High
3 Charging Current 0 Ato C-rate Zero, Very Low, Low, Medium, High, Maximum
4 Temperature 0°C-40 °C (charging) | Critically Cold, Cold, Optimal, Hot, Critically Hot
5 Input State of Charge (SoC) 0% -100% Very Low, Low, Medium, High, Very High
6 State of Health (SoH) 0% -100 % Very Low, Low, Medium, High, Very High
7 State of Function (SoF) 0% -100 % Low, Medium, High, Very High
8 SoC Limitation Mode 0-100% Low, Medium, High
9 Time from §tart of Charg- 0 - 600 min Very Short, Short, Medium, Prolonged, Exces-
ing sively Prolonged
LiFePQO,, Lithium Iron Phosphate, Lithium Nickel-Manga-
10 Battery Type NMC nese-Cobalt Oxide
11 Final Charging Voltage 365-42V Critically Low, Low, Hic;r:mal, High, Critically
12 Charging Current 0 A to Max C-rate Zero, Trickle, Very LOYV’ Low, Medium, High,
Maximum
Output
Pre-charge, CC, CV, Pause, Error (For this varia-
13 Oberating Mode Pre-charge, CC, CV, ble, the fuzzy set represents discrete states, the
P g pause, error selection of which is performed by the fuzzy
controller.)

The selection of input and output variables and their rep-
resentation using membership functions is a crucial ini-
tial step, the result of which will influence the formation
of the fuzzy solution. The flexibility and adequate re-
sponse of the system will depend on the external factors
affecting its behavior, meaning the correlation between
the linguistic variables and the physical base parameters.
The table presents the proposed input and output varia-
bles for the fuzzy logic-based battery charging control
system.

Input and Output Variables for the Fuzzy Logic-Based Bat-
tery Charging Control System:

1. Cell Voltage: Useful for precise adjustment near voltage
limits.

2. Voltage Change (dU/dt): During the CC stage, the volt-
age constantly rises, so dU/dt is positive. In the CV stage,
dU/dt sharply decreases and approaches zero as the volt-
age is held nearly constant. Small negative values may oc-
cur during normal transitions between stages, while larger
negative values may indicate malfunctions.
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3. Current Charging Current: Measurement is necessary
for feedback and for implementing the Pre-charge, CC, and
CV modes.

4. Temperature: Critical for the battery's safety and
health. Charging outside the permissible limits is harmful.

5. State of Charge (SoC): Determines how much charge is
needed and influences the permissible current.

6. State of Health (SoH): SoH is an important variable, es-
pecially for second-hand batteries, directly indicating the
degree of degradation. A battery with low SoH may require
lower maximum currents, a lower maximum voltage, or
more cautious temperature management during charging.
SoH estimation can be obtained using methods based on
capacity measurement, internal resistance, or more com-
plex algorithms.

7. State of Function (SoF): The state of function reflects an
assessment of how well and safely the battery is able to
perform its intended functions at the current time.

8. SoC Limitation Mode: The SoC limitation mode allows
setting the upper and lower bounds of the SoC range. For
example, to use the battery within 20-80 % of its capacity.
This approach can significantly extend the battery's service
life.

9. Time from Start of Charging: Tracking the time from the
start of charging acts as a safeguard that limits the maxi-
mum duration of the process. This time can also serve as a
backup mechanism for switching between charge stages in
case primary indicators (such as voltage or current) are mal-
functioning.

10. Battery Type: Key charging characteristics depend on
the battery chemistry: maximum charging voltage
(LFP-3.6/3.65 V per cell, NMC-4.2 V), charging current
(LFP-0.5-1C, NMC-0.5-0.7C), optimal SoC range (LFP-10-
100 %, NMC-20-80 %).

11. Final Charging Voltage: The fuzzy controller can adapt
the final charging voltage to reduce stress on the battery
and extend its service life.

12. Charging Current: The fuzzy controller modifies the
maximum current depending on SoH, SoC, SoF, and tem-
perature to optimize speed and safety. The minimum cur-
rent in the Pre-charge and CV stages, upon reaching which
the transition to the CV stage or the termination of charging
occurs, is also considered.

13. Operating Mode: The fuzzy controller makes decisions
regarding switching between different charging stages
based on the combination of input variables.

Description of the Adaptive Battery Charging Algorithm.
The algorithm utilizes a Fuzzy Logic system to control the
charging process. At each stage, 10 input parameters are
determined: Battery Voltage; Voltage Change (dU/dt); Cur-
rent Charging Current; Temperature; SoC; SoH; SoF; SoC
Limitation Mode; Time from Start of Charging; and Battery

Type.

Based on this data and the fuzzy logic rule base, the con-
troller determines the optimal values for three output con-
trol variables: Final Charging Voltage; Charging Current;
and Operating Mode (Pre-charge, CC, CV, Pause, Error).

The charging process includes the following phases:

Phase 1: Initialization. The system is activated after the
battery is connected to the charger. An initial reading of all
input parameters is performed, or the last known values
are used.

Safety Check:

Temperature: If the temperature is "Critically Cold" (e.g.,
below 0°C) or "Critically Hot" (e.g., above 40°C), charging
does not start until the temperature normalizes. The con-
troller switches to "Error" mode.

Voltage: If the initial battery voltage is "Critically High" (e.g.,
4.2 V or higher per cell), this may indicate an error or that
the battery is already charged.

SoH/SoF: If the SoH is "Very Low" or the SoF is "Low", the
controller limits the maximum charging current or issues a
message about the need for additional diagnostics.

After initialization, the controller determines the operating
mode based on the initial conditions.

Phase 2: Pre-charge. Phase Entry Condition: The charger
enters the "Pre-charge" mode if the battery voltage is de-
fined as "Critically Low" (e.g., below 3.0 V per cell). The
charging current is set to a "Very Low" level (3 % of the cur-
rent in the CC phase). The controller continuously monitors
cell voltage, temperature, and dU/dt.

Phase Exit Condition: The controller switches the system
from "Pre-charge" to "CC" mode when the cell voltage
reaches the "Low" level (e.g., 3.0-3.2 V), and the tempera-
ture remains within safe limits ("Optimal" or "Cold").

Phase 3: Constant Current Charging (CC - Constant Cur-
rent). Phase Entry Condition: The system transitions to
"CC" mode from the "Pre-charge" phase, orimmediately af-
ter initialization if the cell voltage was not "Critically Low".
The Optimal Charging Current is a dynamic value calculated
by the controller based on a combination of parameters.
For new batteries (High SoH) and under optimal tempera-
ture, the system selects a High Current (0.5C-1.0C). How-
ever, it is reduced if the temperature becomes too high or
too low, or if the battery shows signs of wear (low SoH). The
State of Charge (SoC) also influences the decision: the cur-
rent may be higher at the beginning of the CC phase. Con-
currently, the State of Function (SoF) acts as a priority lim-
iting factor, forcibly reducing the current if indicators are
low. At the same time, the controller determines the Target
Final Voltage (e.g., 4.2 V), which may be lowered for sec-
ond-hand batteries. Throughout this time, the system con-
tinuously monitors voltage, current, temperature, SoC,
du/dt, and process duration.

Phase Exit Condition: The controller concludes the Con-
stant Current (CC) phase and transitions to the Constant
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Voltage (CV) phase when one of the key conditions is met.
The first is the cell voltage reaching its Target Value ("High",
4.2V). The second, alternative condition is a significant
slowing of voltage rise (dU/dt approaches zero), which in-
dicates battery saturation. There are also auxiliary factors,
such as the temperature approaching the "Hot" state or the
SoF dropping to "Low", which may accelerate this transi-
tion.

Phase 4: Constant Voltage Charging (CV - Constant Volt-
age). Phase Entry Condition: The entry conditions for this
phase coincide with the system's exit conditions from the
CC phase. The controller maintains the cell voltage at the
level determined by the controller as the "Final Charging
Voltage". The charging current begins to decrease as the
battery's internal resistance increases. The main task of the
controller in the Constant Voltage (CV) stage is to maintain
the set voltage level, although it can also set an upper cur-
rent limit for safety, if necessary. Continuous monitoring in-
cludes: charging current (decreasing), cell voltage (main-
tained at the set level), dU/dt (approaching "Zero"),
temperature, SoC (approaching "Very High"), and charging
time.

Phase Exit Condition: The controller switches the system
from the Constant Voltage (CV) mode to "Pause" mode, sig-
naling the completion of charging, when one of several con-
ditions is met. This transition occurs when the charging cur-
rent drops to a very low level (usually 3-5 % of the nominal
current), the rate of voltage change (dU/dt) approaches
zero, the State of Charge (SoC) reaches 95-100 %, or when
the charging time becomes excessively long and other pa-
rameters indicate completion. This approach prevents in-
definite charging, which may occur due to battery peculiar-
ities, and ensures an effective and safe cycle completion.

Charging Completion / Pause. Phase Entry Condition: 1.
The system enters this mode from the "CV" phase after the
completion conditions are met. 2. It may also transition
from any phase if the controller determines the need for a
temporary stop. The controller sets the "Charging Current"
to "Zero" and the "Operating Mode" to "Pause" and contin-
ues to measure cell voltage and temperature in standby
mode. The controller may also apply short-term top-up
charging if the voltage drops below a certain level (e.g.,
4.2 V/cell).

Phase Exit Condition: 1. Battery disconnection. 2. User com-
mand to continue/start a new cycle. 3. If the pause was
temporary (e.g., due to temperature), the controller can
automatically resume charging when conditions normalize,
returning to the appropriate phase.

Error. The controller initiates an emergency charging stop,
switching the system to "Error" mode, under any critical
conditions. These conditions include battery overheating
(above 45-50°C) or a voltage spike above a safe value (e.g.,
4.25-4.3 V). The emergency mode is also triggered if the
rate of voltage change (dU/dt) remains significantly nega-
tive for a prolonged period, which may indicate a serious
malfunction. Furthermore, an error is recorded if charging

lasts too long without a proper increase in State of Charge
(SoC) and voltage, indicating a defect in the battery or the
charger itself.

At every phase (especially CC and CV), the controller con-
stantly evaluates the degrees of membership of all input
parameters in their fuzzy sets (e.g., temperature may be 60
% "Optimal" and 40 % "Hot"). Based on this and the rule
base, the controller generates the current and voltage out-
put signals. This allows for a more accurate reaction to
changes in the battery's state than traditional charging al-
gorithms with fixed thresholds. For example, the current
reduction due to a temperature increase will not be sharp
but gradual, corresponding to how close the temperature
is to the critical point.

The figure presents the functional diagram of the adaptive
battery charging algorithm.

Conclusions. It is expedient to apply adaptive algorithms
for charging second-hand batteries, as they take into ac-
count their peculiarities, optimize utilization, and extend
their service life. Such algorithms can modify charging pa-
rameters (current, voltage) in real-time based on current
battery parameter measurements and historical data. This
helps to extend its lifespan.

The application of Fuzzy Logic for developing adaptive con-
trol algorithms for charging lithium-ion batteries is highly
effective. Key advantages include: increased efficiency and
reduced charging time, extended battery lifespan by mini-
mizing stress, enhanced safety through the prevention of
overcharging and overheating, and high adaptability to
changes in battery state and environmental conditions.

The developed adaptive algorithm using fuzzy logic incor-
porates an optimization strategy for the charging process
of used lithium-ion batteries. Charging to a high voltage ac-
celerates degradation, and lowering the final charging volt-
age can significantly extend the battery's service life. High
currents can lead to increased temperature and acceler-
ated degradation. Both high and low temperatures signifi-
cantly accelerate degradation processes. The optimal tem-
perature range is 20—25°C. Partial cycles within the mid-
range are less stressful and significantly prolong the cycle
life compared to a full discharge. Therefore, a useful strat-
egy is to operate the battery within the optimal SoC range,
such as 20-80 %, or, for instance, 40-70 % in situations
where the full battery capacity is not required.

The developed charging algorithm allows for a significant
improvement in the efficiency, safety, and durability of sec-
ond-hand lithium-ion batteries, which promotes their
wider application in energy storage systems, including in re-
newable energy, and contributes to a reduction in overall
costs and a positive impact on the environment by decreas-
ing the number of spent cells.
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