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AHOTALIA

Jlinko JI. O. Cucremu KepyBaHHS aKyMyJASTOPHHUMH OaTapesMu 3 (PyHKII€IO
30UIBIICHHS 1X EKCIUTyarariiHoro pecypcy. — Ksamidikariiina HaykoBa mpars Ha
paBax PyKOIIUCY.

Jlucepratiis Ha 300y TTSI HAYKOBOTO CTYTICHS TIOKTOpa (pistocodii 3a crieriabHICTIO
171 Enexrponika — HamoHnanpHM TexHIYHUN yHiBepcuTeT Ykpainu “KuiBcbkuit
nomitexHiuHui iHCTUTYT iMeHi [ropst Cikopebskoro”, MOH VYkpainu, Kuis, 2025.

VY nuceprarliiiHiii poOOTI BUPIIIEHO AaKTyajJbHY HAyKOBO-TIPAKTUYHY 3aj]laqy
MPOJOBXKEHHS TEPMIHY €KCIUTyaTallli akyMyJISTOPHUX OaTrapei MIITXOM BUKOPUCTAHHS
HOBHUX 3aco0IB CHJIOBOi Ta 1H(GOpPMaLIHOI €NeKTpOHIKKM. OTpUMaHi HOBI HAyKOBO
OOIpYHTOBAH1 pe3yJIbTAaTH B CYKYITHOCTI € CYTTEBUMH JJI1 PO3BUTKY CUCTEM KEpyBaHHS
aKyMyJSITOpDHUMH OaTapesMu 3 aKTHBHUM METOIOM OajaHCyBaHHS, IO MOXYTh
3aCTOCOBYBATHCH B aKyMYJIATOPHUX OaTapesx 3 MOAYIBHOIO CTPYKTYPOIO.

OcTaHHIMM pOKaMHU CYTTEBO 3pOCTAa€ BUPOOHHULTBO EJIEKTPOTPAHCIIOPTY,
CTal[lOHAPHHUX HAKOMMYYBayiB €HEPrii il pI3HOMaHITHUX MOPTATUBHUX NPUCTPOiB. Lle
CIpHsiE TOMY, IO BUPOOHUIITBO JITIH-IOHHUX aKyMYJSTOPHUX Oarapeil OCTaHHIM
4acoM JY>K€ CTPIMKO 301JIbIITY€ThCS.

CucremMu KepyBaHHS aKyMyJISTOPHUMH OaTapesMy 3aCTOCOBYIOTHCS B YCIX
CYYacHUX aKyMYIATOPHHX OaTapesix. IX 0CHOBHOIO 3a/auelo € e(peKTHBHE i TpHBae
BUKOPUCTAHHS aKyMmyJsiTopHOi Oartapei. PoOota cucremu kepyBaHHS 6e3M0CEpEaHbO
BIJTUBAE HA pecypc akKyMylIsaTOpHUX Oarapeil. MopmepHizaiisi HasBHHX CHCTEM
KEPYBaHHS € OJIHUM 31 NUISAXIB 30LIBIICHHS 3arajbHOTO PECypCy aKyMyJISTOPHHX
Oarapeii Ta yNoBUIBHEHHS MPOIECY iX JAerpajarltii.

VY nmnepmiomMy po3aiuil MPOBEAEHO aHali3 THUIIB CyYaCHUX aKyMYJsSTOPHUX
Oarapeil Ha OCHOBI JITIIO Ta JOCTIIHKEHO iX XapaKTepUCTUKU. BHUKOHAHO OIIsA
eKkBiBaJICHTHUX cxeMm 3amimeHHss Ab. IlpoananizoBaHo 0coOauBOCTI OyqoBH Ta
3actocyBaHHs AbB B eneKTpOTpaHCIOPTI Ta CTAIllOHAPHUX HAKOMHMYyBadyax EHEpTii.
Hocnimxeno OynoBy Ta QyHkIii cucrem kepyBaHHs Ab. [IpoBeaeHo kinacudikaiiiro Ta

NOPIBHSAJIbHUH aHalli3 MeToiB OanancyBanHa Ab.
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VY napyromy po3miiii HaBeJIeHO aHaji3 npuuurH Aerpanaiii Ab. I[IpoBeaeHo ananmi3
cepenHb0 J000BOro mpoOiry enekTpoMoOias. Po3MIsSHYTO MOCHIKEHHS Y SKUX
HABOJATHCS €KCIIEPUMEHTAIbHI Ta PO3PaXyHKOBI 3HAYCHHSI 3aJI€KHOCTI pecypcy Ab
B1JI TTIMOMHU PO3PSAY Ta Jlala3oHy PiBHA 3apsiay y SKOMY BiIOyBaeThcsi pobora Ab.
HaBeneno po3paxoBaHi 3Hau€HHS MOXIUBOTO 30UIbIIeHHS pecypcy Ab mmsixom
BUOOpY ONTUMAJIBHOTO YaCTKOBOTO ITMKIY. 3alIPONOHOBAHO MOKJIMBI PILICHHS OO
BIIPOBA/PKEHHS 1HTEJIEKTYaJbHOI CUCTEMH BHOOPY YAaCTKOBOTO IMKIY Ha MPUKIaAl
cucremu kepyBaHHs Ab enexTpomoOiis.

VY TpeThoMy po3/iii pO3IISIHYTO TOMOJIOT1i aKTUBHUX OajaHCUpiB HAa 0cHOBI DC-
DC nepeTtBoproBaua. 3ampornoHOBaHO MOKPAIEHY TOMOJIOTI0 aKTUBHOTO OallaHcupa, 3
MOXJIMBICTIO BUKOPUCTaHHS B Oarato cekiiiinux AbB. [IpoBeaeHo MonentoBaHHS Yacy
OalaHCyBaHHS [IJI1 MOMJIMBUX METOJIB OajaHCYBaHHS Yy TMOKpAIEHIA TOMOJOTIi
akTUBHOTO Oanancupa. [IpoBeaeHo MoAemOBaHH MOXKIMBHUX 0 BUKopucTtanus DC-
DC nepeTBoproBadiB y NOKpPAILEHIHA TOMOIOrT aKTUBHOTO OallaHCHpa, Y IPOrPaMHOMY
cepenoBuili PLECS. Pe3ynbraTti MojentoBaHHs 3a0€3Me4yIoTh TIATPYHTS 711 BUOOPY
neHoro tuny DC-DC nepeTrBoproBaya Jijisi MPAKTUYHOTO 3aCTOCYBAHHS.

VY yeTBepTOMY PO3/ILIIi PO3POOIICHO CXEMY Ta APYKOBAHY IJIATY ISl TPOTOTUITY
aKTUBHOTO OajaHcupa 3 TOKPAIIEHOK TOMOJIOTI€0 JJIsi  3aCTOCYBaHHS B
oararocekuiiiaux Ab. CTBOpeHO MpPOTOTHI, SIKWI BCTaHOBIIEHO B Ab enexTpoMo0iss.
[IpoBeneHo excnepuMeHTaNIbHE TOCITIIKEHHS MOXKJIUBOTO 30ubleHHsa pecypcy Ab
IUISTXOM BUKOPHCTAHHS aKTUBHOTO OalaHCHpa 3 MOKPAIIEHUMH XapaKTePUCTUKAMHU.

KitouoBi cioBa: akymyssitopHa 6arapesi, cucTeMa KepyBaHHS aKyMYJISITOPHOIO
Oarapeeto, epeKTUBHICTh, €IEKTPOMOOLTH, TIOPUIHUN HAKOMYYBad €JIEKTPOEHEPTii,
3apsSAHUA TIPUCTPIN, JKEPeNo CTPyMy, aKTUBHE OalaHCyBaHHS, CHCTEMa KepyBaHHS,
MEPETBOPIOBAY  €JICKTPOEHEPTii, IHBEPTOp, IMIYJIbCH KEPyBaHHSA, JlarHOCTHUKA

HECIPaBHOCTEN, KOMyTallisl TPAH3UCTOPIB, MOTYKHICTh BTPAT.



ABSTRACT

Lipko D. O. Battery Management Systems with Battery Life Extension
Functionality. — Qualification Scientific Work as a Manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 171 Electronics
— National Technical University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute"
MES of Ukraine, Kyiv, 2025.

In the dissertation, the actual scientific and practical problem of extending the
service life of accumulator batteries through the use of new means of power and
information electronics is solved. The obtained new scientifically based results in the
aggregate are significant for the development of battery management systems with an
active balancing method, which can be used in batteries with a modular structure.

In recent years, the production of electric vehicles, stationary energy storage
devices and various portable devices has been growing significantly. This contributes
to the fact that the production of lithium-ion batteries has been increasing very rapidly
recently.

Battery management systems are used in all modern battery packs. Their main
task is the efficient and long-term use of the battery. The operation of the control system
directly affects the resource of batteries. Modernization of existing control systems is
one of the ways to increase the total life of batteries and slow down the process of their
degradation.

The first chapter presents an analysis of modern lithium-based battery types and
their characteristics. An overview of equivalent circuit models of battery packs is
provided. The structural features and applications of battery packs in electric transport
and stationary energy storage systems are analyzed. The design and functions of battery
management systems are examined. A classification and comparative analysis of
battery balancing methods are conducted.

The second chapter analyzes the causes of battery degradation. An evaluation of
the average daily mileage of electric vehicles is provided. Studies presenting

experimental and calculated values of battery lifespan dependence on depth of
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discharge and charge level range are considered. Estimated values of potential battery
lifespan extension through the selection of an optimal partial cycling strategy are
presented. Possible solutions for implementing an intelligent partial cycle selection
system within an electric vehicle battery management system are proposed.

The third chapter discusses the topologies of active balancers based on DC-DC
converters. An improved active balancer topology is proposed, suitable for multicell
battery packs. Modeling of balancing time for various balancing methods in the
improved active balancer topology is performed. Modeling possible DC-DC converters
for use in the improved active balancer topology is conducted, providing justification
for selecting a specific DC-DC converter type in further research.

The fourth chapter presents the design and printed circuit board (PCB) layout for
a prototype of an active balancer with an improved topology for multicell battery packs.
The prototype is assembled and integrated into an electric vehicle battery pack. An
experimental study is conducted to evaluate the potential increase in battery lifespan
due to the use of the improved active balancer.

Keywords: battery, battery management system, efficiency, electric vehicle,
hybrid power storage, charger, current source, active balancing, control system, power

converter, inverter, control pulses, fault diagnosis, transistor switching, power loss.
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HEPEJIK BUKOPUCTAHUX CKOPOYEHD

AB — akymynsTopHa Oatapes;

AIIT — ananoro-uudpoBuii nepeTBoproBay;

MK — MiKpOKOHTpOJIED;

KK]I — xoedimieHT KOPUCHOI il

BMS — cucrema kepyBaHHs akymynstopoM (battery management system);
CAN — npoTtokon KoMyHiKallii Mix npuctposiMu (controller area network);
CCM - pexum Oe3nepepBHOro cTpyMy (continuous conduction mode);

CC — nocriiinuii ctpym 3apsay (Constant Current);

CV — nocriitna Hanpyra 3apsiay (Constant Voltage);

DC — nocriiinuii ctpym (direct current);

DC-DC — nepetBoproBau noctiiinoro ctpymy (direct current to direct current);
DCM - pexkum nepepuBdactoro crpymy (discontinuous conduction mode);
DOD — rmubuna po3psay (Depth of Discharge);

[2C — inTepderic Mix iHTEerpasibHOrO 3B’ 513Ky (Inter-Integrated Circuit);

LFP — mitiii-3amizo-pocdaranii akymynarop (Lithium iron phosphate battery);

LMO — nitiii-mapranueBo-okcuaauid akymysstop (Lithium manganese oxide

battery);

LCO — nitiit-xobansr-okcuaauii akymyssitop (Lithium cobalt oxide battery);
LTO — mitii-turanarauii akymynarop (Lithium titanate battery);
LIN — mporokon komyHikaiii Mmixk npuctposmu (Local Interconnect Network);

MOSFET — nonwoBuii Tpanszucrop 3 MOH (meTan-okcua-HamiBIpOBITHUK)

cTpykTypoto 3arBopa (Metal-Oxide-Semiconductor Field Effect Transistor);

NMC - JliTiii-HiKeJIb-MapTraHeb-KooanpT-okcuaauil  akymynarop (Lithium

nickel manganese cobalt oxides);

NCA — niTiii-Hikeab-koOanbT-amtominieBuil akymyisatop (Lithium nickel cobalt

aluminum oxide battery);

OCV — Hanpyru po3iMKHEHOTO JiaHIfrora (open circuit voltage) ;

OLED - opraniunuii cBitinomion (organic light-emitting diode)



PV — Photovoltaic;

PWM — mupotHo-iMnynscHa Moaysisaiis (Pulse-Width Modulation);

SEPIC — meperBopioBad 3 HECHMMETPHUYHO HABAaHTAXKECHOIO 1HIYKTHBHICTIO
(Single Ended Primary Inductance Converter);

SPS — onunuunwmii 3cyB ¢a3 (Single Phase Shift);

SOC — cran 3apsay (State of Charge);

SOH — cran npane3natHocTi (State of Health);

V2G — tpancnopt y mepexy (Vehicle-to-Grid).
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BCTYII

AKTyajbHiCTb TeMH. B ocTaHHI pOKM aKTHBHO 3pOCTa€ BHUPOOHHUIITBO
aKyMyJISITOpHUX OaTapeil Ha OCHOBI JIITiIO, 4Y€pe3 UIMPOKE 3aCTOCYyBaHHS iX B
noOyTOBHUX Ta MPOMHUCIOBHUX MOPTATUBHUX MPUCTPOSIX, CTAIIIOHAPHUX HAKOITMYYBayax
eHeprii Ta enekTporpaHcnopti. Pecypc akymynaropHux Oatapeld oOMexXeHHit, Ta 3
gacoM notpelye ix 3amiHu. JIOCTYMHOI Ta epeKTUBHOI TEXHOJOT1I mepepoOICHHS Ha
11ell yac He ICHYE€, a YTUJTI3aIlis MUISIXOM 3aX0BaHHSM aKyMYJIITOPHUX Oarapeil B 36 MITIO
HAHOCHTBH J1y>K€ BEJTUKOI IIKOJM HAaBKOJIUIIHBbOMY cepenoBuly. [IponoBxeHHs pecypcy
BKE HAsABHUX aKyMYISTOPHUX Oarapeil € JOCUTh aKTyaJbHOIO 3a7a4yel0, OCKLIBKH
JOJaTKOBUI Yac Ha po3poOKy HOBUX Cy4aCHHUX Ta €()eKTUBHUX METOIB EPEPOOICHHS
aKyMyJIATOPHUX Oarapeil.

CucremMu KepyBaHHA aKyMyJISTOPHUMH OaTapesMd 3aCTOCOBYIOTBCS B YCiX
CYYacHHX aKyMyIATOPHHX GaTapesx. X OCHOBHOIO 3ajaueto € e()eKTUBHE i TpuBale
BUKOPUCTAHHS aKyMmyJsiTopHOi Oatapei. PoOota cuctemu kepyBaHHS 6e3MOCEpEaHbO
BIJIUBAE HA pecypc aKyMylmsITOpHuX Oarapeii. MojepHizailis HasBHUX CHUCTEM
KEPYBaHHS € OIHUM 31 HUISAXIB 30LIBLIEHHS 3arajlbHOrO PECypCy aKyMYJISATOPHHX
Oarapeil Ta yNoBUILHEHHS MPOIIECY iX Aerpajaiiii.

3HaYHUM BHECOK Y JOCIIKEHHS €(PEKTUBHOI pOOOTH aKyMyNIATOpHUX Oarapeit
W BIANOBIJIHUX TEPETBOPIOBAYIB EJIICKTPOCHEPTil [JIsi EJIIEKTPOTPAHCIOPTY Ta
CTaIllOHApHUX HakomuuyBadiB 3pooOunu BueHi IOpuenko O.M., Bonkiscwkuii B.B.,
Tepemenko T.O., SAmuenko FO.C., Bepounpkuii €.B., Blinov A., Vinnikov D., Xu B.,
Oudalov A., Andersson G. Ta 1HIII.

Pecypc akymynstopHux Oarapeil HampsiMy 3aJ€KHUTh B CUCTEMHU KepyBaHHS
HUMU. MojepHizailisi CUCTEMU KepyBaHHS aKyMyJSATOPHMMH OarapesMu, IO
CTIPOMOXKHA MTPOAOBKYBATH IX PECYPC € aKTyallbHOIO 334a4CO.

3B’A30K Ppo0OTH 3 HAYKOBHUMM TMpOrpaMamMu, IJIAHAMH, TeMaMHU.
JlocnipkeHHsT 32 TEMOIO JMcepTaliiHol poOOTH BUKOHyBaiucs B HarioHanbHOMY

TEXHIYHOMY yHIBepCcHUTETI YKpainu « KuiBChKUil MOMITEXHIYHHUM 1HCTUTYT iMeH1 [rops
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Cikxopcbskoro» MOH VYkpainu BiAMOBIAHO 10 TPIOPUTETHOTO HANPSIMY PO3BUTKY HayKU
1 TexHikn Ykpainu “EHepreTMka Ta eHEproeQeKkTUBHICTH 1 IJIaHIB BUKOHAHHS
HAyKOBO-JIOCITHUX poOIT Kaeapu eIeKTPOHHUX MPUCTPOIB Ta CUCTEM 32 TEMAMHU:

- JAb Ne 01200101285 “EneproedeKkTUBHI CHUCTEMHU MIBUAKOIO 3apsty
KOMOIHOBAaHUX €MHICHUX HAKONMYyBadiB €HEPrii THUIy CyNEepKOHIEHCATOP-
aKyMyJsITOpHa Oarapest’;

- Ab Ne 01220001522 “HayxkoBi 3acafiyl CTBOPEHHS TOPTATUBHUX €JIEKTPOHHUX
MIPIJIAJIIB KOHTAKTHOTO 3BapIOBaHHS 010JIOTTYHUX TKAaHUH 3 aBTOHOMHUM >KUBJICHHSM

- JIb Ne 0124U001411 “MonaynpHi nepeTBOpIOBadl sl CUCTEM HAKOMUYCHHS
€Heprii aBTOHOMHUX MIKPO- Ta HAHOMEPEX MOCTIMHOTO CTpyMy .

Y mepepaxoBaHMX HAayKOBO-JOCIITHUX poOOTax aBTOPOM 3alpPOMOHOBAHO
METOAM MpPOAOBXKEHHA pecypcy AbB muisixoMm oOMEXEHHs Mlalma3oHy pO3psIHO-
3apSAHOTO IUKITY; PO3pPOOJIEHO MPOTOTUIl aKTUBHOTO OanaHcupa 3 TOKpaIIeHUMHU
XapaKTEepPUCTUKAMH.

Merta Ta 3aBaaHHA A0CTiIxKeHH. MeToro poOOTH € MPOJAOBKEHHS TEPMIHY
eKCIUTyaTalli akyMyJsITOpHUX OaTapel MIITXOM BUKOPUCTAHHSI HOBUX 3aC001B CHIIOBOT
Ta 1HGOPMAIIHHOT €NeKTPOHIKUA. J[Js YCHIIITHOTO MOCATHEHHS TMOCTAaBJICHOI METH
po0O0TH OyiM po3B’si3aH1 Taki 3aBIAHHS:

1. O Ta aHani3 0COOMMBOCTEN XapaKTEPUCTUK CYYACHUX aKyMYJISTOPHHUX
Oarapeit Ta o0OnacTeil X 3aCTOCyBaHHS;

2. BusHavyeHHS NUIAXiB MPOJOBKEHHS TEPMIHY €KCIUTyaraiii aKyMyJISTOPHHX
Oarapeit;

3. Po3poOka pimens ansg peantizaiii poOOTH aKyMyJISITOpHUX Oarapei y
YaCTKOBOMY LIMKJI1 3apsiny-po3psy;

4. Po3poOka pilieHb i MoOyAOBH CKIIAJOBUX YaCTUH CHUCTEM OallaHCYBaHHS
aKyMyJISITOpHUX OaTtapeii;

5. ExcniepumenTanibHa TMepeBipka Ta aHalli3 €(EeKTUBHOCTI 3alpONOHOBAHUX
pileHs Ta po3poOKa peKOMEHAIIH 3 TX MPAKTUYHOTO BUKOPHUCTAHHS.

00’exkTOM HOCTIIAKEHHS € MPOIEC eKCIUlyarallii akyMyJsaTOpHUX Oartapeil Ta

SIBUIIIE JIETpajiallii, sKke CynmpOBOIKYE IIeH mpoIiec.
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IIpeameTom pocaigeHHs € 3acO0M CUIIOBOT Ta IHPOPMAIIIHHOT €JICKTPOHIKH, K1
JIO3BOJISIFOTH 30IBIITUTH PECYPC aKyMYJIITOPHUX OaTapeil B MpoIieci ix eKCIuTyaTartii.

Metoau aociaimkeHHsi: /[ BUKOHAHHS TIOCTaBJIEHUX y poOOTI 3aBIaHb
BUKOPHUCTAHO TaKi METOIU JOCIHIKCHHS: TEOpis €NEeKTPUYHUX 1 €JNEKTPOHHUX KiJ,
TEOpisl TPAaH3UCTOPHUX MEPETBOPIOBAYIB €ICKTPOCHEPrii, MeTaaHami3. Po3paxyHku Ta
MOJICJIFOBaHHSI TPOBOJUIIUCH 3 BUKOPUCTAHHAM MporpamHoro cepeaosuiia PLECS.
Hns nmporpamyBanHss MK, 110 BHKOPUCTOBYETBCS y MPOTOTHUIMI MOKPAIEHOTO
MPUCTPOIO AKTHUBHOTO OallaHCyBaHHS, BUKOPHUCTAHO CEPEIOBHUINE IPOTPAMyBaHHS
Visual Studio Ta MoBy niporpamyBanHst C++.

HaykoBa HOBH3HA OTpUMaHUX PE3y/IbTATIB MOJISITA€ B HACTYITHOMY:

1. Bnepie Oyno Bu3Ha4eHO 0071aCTh Ha 3apsAHO-PO3PSIHUX XapaKTEPUCTHKAX
aKyMyJISITOpHUX Oarapei nmpu poOOTi B K1 MOXKIIMBHIM MIPUPICT 3aTAIBHOTO PECYpCy
Ha 114%, nutaxoM BUOOPY AUISIHKY Ha SIK1M peali3y€eThCs YACTKOBUM LIUKJI, & CaMe IIPH
mnbuHi po3psany 30-50% B miama3oHi piBHIB 3apsiay 75-25%.

2. Bnepiiie 3amporoHOBaHO TOIOJIOTII0 aKTUBHOTO OajaHcHupa 3 MOKpalleHUMU
BIIACTUBOCTSIMH, a camMe 3 TyONbOBAaHOIO CHUCTEMOIO KOMYTAaTOpiB Ta MOMKJIHMBICTIO
M1KITIOYEHHS JOAATKOBOTO JDKEpesia >KUBIICHHS, 1110 Ja€ 3MOTY MPOBOIUTH AKTHBHE
OaslaHCYBaHHA Ha BCIX 1€papX1UHUX PIBHAX 0araToMOAYJIbHUX aKyMYJIITOPHUX Oarapeil.

3. Bmepme mnokazaHO 1m0 3ampoONMOHOBaHA TOIMOJOTISI OalaHCUpa Mae
B1JIMOBOCTIHMKI BIIACTHBOCTI, 1110 TTPH BUXO/I1 3 JIAy JEKUIHBKOX KOMYTaTopiB 3a0e3meuye
npale3aTHICTh OajdaHCchpa, a TaKoXK BUOIp HAWBUIIOI HIBUIKOCTI OanlaHCyBaHHS
[UIIXOM BHOOPY HAWKpaIIoro i3 JOCTyITHUX METO/IB OalaHCyBaHHS.

IIpakTU4YHe 3HAYEHHS OTPUMAHUX PE3YJILTATIB:

1. 3anporoHoBaHO peKOMEHallli 010 MOJIEPHi3allii OOPTOBUX E€IEKTPOHHUX
CUCTEM EJIEKTPOTPAHCIIOPTY, IIO JO3BOJISIE YTPUMYBATH aKyMYJISTOpHY Oarapero
MaKCUMAaJIbHUI MMPOMIXKOK Yacy B 3apsiIHO-PO3PSIIHIN 00J1acTl, B sIK1H 3a0e31euy€eThes
MPUPICT 3arajibHOrO pecypcy.

2. 3amporoHOBaHAa CXeéMa IOKPAIIeHOTOo aKTHBHOTO OajaHCHUpa MOXKE

BUKOPHCTOBYBAaTUCh Y HAaABHUX aKyMYJSITOPHHUX Oarapesx eJIeKTPOTPaHCIOPTY,
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IUIIXOM 3aMIHM TAaCUBHOI CUCTEMH OallaHCyBaHHS, sIka BUKOPUCTOBYEThCS 3apa3, 0e3
BHECEHB 3MIH B KOHCTPYKIIIO LIUX aKyMYJISITODHUX OaTapei.

3. 3ampomoHOBaHa CXeMa TOKpAaIIEHOTO AaKTUBHOTO OanaHcupa MOXKe
BUKOPHUCTOBYBaTHUCh B CHCTeMax J€ HeOoOXiJHa TiJBHINCHA HAIIHHICTh, fKa
JOCSITAETBCSl IUIAXOM AYONIOBaHHA CHCTEMH KOMYTAaTopiB, IO Ja€ 3MOTY
3a0e3reuyBaTH Mpare3aaTHICTh Py BUXOI 3 Jay MeBHOI KUIBKOCTI KOMYTaTOPiB.

Ocobuctuii BHecok 3100yBaua. [luceprariiina po0OoTa € y3arajibHEHHSIM
pe3ynbTaTiB  IOCHIIKEHb, MPOBEACHUX AaBTOPOM CAaMOCTIHHO. ABTOpPY HajleXaTb
OoOTpyHTYBaHHs 3a/a4i, MPOBEICHHS JOCIIKeHb, aHall3 1 o0poOka pe3ysbraris,
BUCHOBKHM 33 OTPUMaHUMHU pe3yibTaramMu poOoTdu. Y poOoTax, OmyONiKOBaHHUX 3i
CIIBaBTOpaMH, JUCEPTAHTy Hayexatb: [1], [2], [3] — mochiKeHHs BILIMBY YaCTKOBOTO
nukity Ha pecypc AbB; [4] — CTBOpeHHS YHOCKOHAJEHOi TOMOJIOTii aKTUBHOTO
OanaHcupa IJis 3aCTOCYBaHHSI B MONYJIBHUX aKyMYJISTOpHHUX Oarapesx; [S], [6] —
MOJIETIOBaHHs yacy OajaHCyBaHHS MOAYJIBHOTO aKTUBHOTO OanaHcupa 3 MOKPAIIEHOO
TOTOJIOTIEI0 B PI3HUX pexuMax pobdotu; [7] — mpakruuna peamizaiiss DC-DC
nepeTBOpIoBaya JIjisi 3aCTOCYBAHHS B MOJIYJIbHOMY aKTUBHOIO OanaHcupi; [8] — Oyo
3pobsieno anamiz DC-DC mnepeTBoproBauiB JjIsi 3aCTOCYBaHHS B MIKPOMOOLTEHOMY
TpaHcnopTi; [9] — Oylo 3amponOHOBAHO BIOCKOHAJICHUM MPUCTPIA  JJist
JIarHOCTYBaHHSI CTaHy aKyMYJISITOPHUX Oarapei eneKTpoMOO1iB.

Amnpodanis  po6oru. OCHOBHI  TIOJNOXKEHHS  JUCEPTAIHOI  poOOTH
OOrOBOPIOBAIUCh HAa MDKHAPOIHUX HAyKOBO-TeXHIYHMX KoH(pepeHmisax: XXIII
MDKHAPOJHIA HAyKOBO- MpakTu4Hiil koHpepeniii «CydacHi iH(popMarliitHi Ta
enektponHi TexHonorii» (CIET-2022) (M. Oxneca, 2022); XXIV mixHapoaH1H HAyKOBO-
npakThuHiid KoH(pepeHiii «CydacHi iHGopMmaliiiHi Ta enekrpoHHi TexHonorii» (CIET-
2023) (M. Omeca, 2023); XXV MiDKHapOoAHIM HayKOBO-IPAKTHYHIA KoHDepeHIIil
«CyuacHi iHpopmartiitHi Ta enexkTpoHHi TexHosorii»y (CIET-2024) (m. Ogneca, 2024);
2023 IEEE 4th KhPI Week on Advanced Technology (KhPIWeek) (2023, m. XapkiB);
2024 IEEE 7th International Conference on Smart Technologies in Power Engineering

and FElectronics (STEE) (M. Kwuis, 2024); na naykoBux cemiHapax HAH Vkpainu
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«AHaJi3 MpoleciB y Mpuianax, MPUCTPOSX Ta CHUCTEMax EJIEKTPOHIKW», CeKiis 1
«IleperBopeHHs mapameTpiB eNeKTpUUHOI eHeprii» y 2022, 2023 ta 2024 pokax.

Iyoaikanii. OcHOBHMIT 3MiCT poOOTH BimoOpakeHo y 9 myOmikaIisax, 3 HUX: 3
cTarTi y (axoBuX BHAAHHSIX YKpaiHu kareropii b, 1 crarts y BuzmaHHi, sike
MIPOIHJICKCOBaHE B HayKOMETpUUHIN 0a3i Scopus, 5 KoH(epeHIIHHUX myOmiKarii, 3
akux 2 BxomaTh no Oiomiotexku cmibHOTH IEEE Xplore Digital Library Ta
MPOIHJIEKCOBaHI B Scopus.

Crpykrypa Ta o0car podoru. Jlucepraiiisi CKIaJaeThCs 13 BCTYIY, YOTHPHOX
pO3AUTIB, 3arajJibHUX BHCHOBKIB, CIHUCKY BHUKOPHUCTaHUX JDKEpesl Ta JOJaTKiB.
3aranpHuil 00csaT poOoTu ckiagae 164 cropiHku, y Tomy uuciai 120 cTOpiHOK
OCHOBHOTO TEKCTY, 66 pUCYHKIB, 8 TaOJMLb, COUCKY BUKOPUCTAaHUX Jukepen 31 106

HallMEHYyBaHb 1 6 JI0/1aTKiB.
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PO3ILI 1. AHAJIITUYHUM OIJISA] CYYACHUX AKYMVYJISATOPHUX
BATAPEN TA CUAICTEM KEPYBAHHSI HUMH

1.1 XapakTepuCTHKH Ta eKBIBAJIEHTHI CXeMHU AaKYMYJISAITOPHUX OaTrapeil

B cyuacHomy cBiti Ab BifirpaioTh KpUTHYHY POJib, Ta MaIOTh Oarato obmacTei
3actocyBaHHs. AB Manoi €MHOCTI HIMPOKO BHUKOPUCTOBYIOTHCSI B MOOYTOBHUX
NPUCTPOSIX, B TOPTATUBHUX TMEPCOHANBHUX MPUCTPOSAX, EJIEKTPOIHCTPYMEHTI, B
TPAHCIIOPTHUX 3ac00ax MiKpoMoOiTbHOCTI. AB cepenHpoi €MHOCTI 3HAMILIU CBOE
3aCTOCYBaHHSl B €JIEKTPOMOOUISIX, MOOYTOBUX HakonmuuyBadax eHeprii. Ab Bemukoi
€MHOCTI 3aCTOCOBYIOTHCSI B BEJIMKOMY €JIEKTPOTPAHCIIOPTI (BaHTaKIBKH Ta aBTOOYCH)
Ta BEJIMKUX CHEPTeTUYHHMX CHCTEMax 3 BHUKOPUCTAHHSM aJbTEPHATUBHUX JIKEPE
CHeprii.

Knacudikamia akyMynsTOpHUX Oarapeil I'pDYHTYETbCS Ha EJIEKTPOXIMIYHHMX
CUCTEMaxX, II0 BH3HAYAIOThCS MareplajaMu €JEKTPOAIB Ta EJIEKTPOJITIB, a TAKOX
npuHLMNaMu ix ¢yHkiionyBaHHs (puc. 1.1). IctopuuHo, MMpOKe pO3MOBCIOIKEHHS
OTpUMAaJ CBUHUEBO-KUCIOTHI akymyistopu (Pb), 3aBasku cBoill HamiiiHOCTI Ta
HU3bKINA BaprocTi. Hikenb-kaamieBi (Ni-Cd) Ta Hikenb-metan-riapugaai (Ni-MH)
aKyMyJISITOPH 3HAWIIIM CBOE 3aCTOCYBaHHS TaM, /€ KPUTHUYHUMHU IapaMEeTpaMu €
TepMIYHA CTaOUIBHICTh Ta TPUBAIUNA TEPMIH CIYKOM B IUKIAX 3apsIy-po3psiidy.
[HTEHCUBHO MOCTIIKYIOTHCSI TBEPAOTLIBHI aKyMYJISITOPH, SKI MOTEHIIMHO MOXYTh
3a0€3MeUnTH CyTTEBE MIABUIICHHS O€3MEKH eKCIUTyaTtalli Ta eHeproeMHocTi. OqHak
TEXHOJIOT1s TBEPAOTIILHUX aKyMYJISITOPIB Hapasi rnepedyBae Ha eTari JJadopaToOpHUX
JTOCHIPKEHbh Ta MUIOTHUX IMPOEKTaX, a il IMUPOKE KOMEPIIHHE BIPOBAHKECHHS
CTPUMYETHCS BUCOKOIO BapPTICTIO Ta TEXHOJOTTYHUMHU BUKIMKaMU BUPOOHUIITBA.

KoskHa 3 mepeniueHux eIeKTPOXIMIYHIX CUCTEM BOJIOJII€ YHIKATIbHUM HAa0OpOM
XapaKTEepPHUCTHK, 1[0 BU3HAYAE JOIIIBHICTh 11 BUKOPUCTAHHS B KOHKPETHUX TaTy3sX.
Opnak, 3Ba)kaloud Ha CydYacHI BHUMOTH JO E€HEPrOEMHOCTI, EKOJIOT1YHOCTI Ta
eKCIUTyaTallliHUX T[apaMeTpiB, came JITIH-10HHI aKyMyJsSTOpU BBaXKarOThCS
CYJacHHMH, a TaKOXK aKTyaJbHUMH SIK 00'€KT IOCITIKEHh Ta BIPOBAKCHHs. BoHM

3HAXOJSTh IIUPOKE 3aCTOCYBAHHS B MOPTATUBHIN €JIEKTPOHIIIl, €IEKTPOTPAHCIIOPTI Ta
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CTalllOHApDHUX CHUCTEMaX HaKONMW4YeHHs eHeprii. JITIH-10HHI aKyMyJIaTopu Maixke
BCIOIM BUTICHWJIM 13 3aCTOCYBaHHS IHIII THUIHM aKyMyJSTOpiB. Y IbOMY PpO3MIiTI
OCHOBHa YyBara Oyne TPHBEpPHYTa JO IIECTH OCHOBHUX THITIB JITIH-10HHUX
aKyMyJISITOpiB, IO aKTUBHO BHUKOPUCTOBYIOTHCS B JaHW Yac. PosmisHeMo ix
KOHCTPYKIIiIO, MPUHIU Aii, OCHOBHI XapaKTEPUCTUKH, C(Pepu 3aCTOCYBaHHS, a TAKOXK

MCPCICKTUBU PO3BUTKY Ta BAOCKOHAJICHHA CUCTEM KCPYBAHHS HUMU.

—

7
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Pucynok 1.1 — IlopiBHsiHHS mIibHOCTI akymyisitopis [10], [11], [12]

JIiTii-ioHHi aKyMYJISITOPH (Li-10n) €  HalNoLMpEeHIIUMU B
CJICKTPOTPAHCIIOPTI 3aBASKM IXHIM BHCOKMM TIOKa3HHMKAM IIUIBHOCTI €HEprii,
TPUBAJIOMY TEPMIHY CIIY>)KOM Ta MOXJIMBOCTI MIBUAKOI 3apsinku. OCHOBHI IepeBaru
IILOTO TUITY aKyMYJISITOPIB: BUCOKA €HEPreTUYHA MIUTBHICTh, HU3BKUHA CaMOPO3ps Ta
TPUBAIUH KUTTEBUN UK. JIITIH-10HHI aKyMyJsiTOpH 37aTHI 30epiratu OuTbIie eHeprii
Ha OJMHHUIIIO Macu abo o0'eMy, IO J03BOJISE 30UIBIIUTH JATBHICTh TOI3IKH
eJIEKTPOTpPAaHCTIOPTY. Takok BOHM MAalOTh HHU3BKUW PIBEHb CaMOpO3psay, TOOTO
30epiraroTh 3apsii HaBITh MICIS TPUBAJIOrO MPOCTOI0. Li-ion akyMymsiTOpu MOXYTb
BUTPUMYBATH 0OaraTto LMKJIIB 3apsakd 1 po3psaku, 30epiratoun g0 80% cBoel

noyaTkoBoi eMHOCTI HaBiTh micas 1000 muxmiB. OgHak, Li-ion Garapei mMaroTh CBOi
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HEJIOJIIKK, TaKi SK IIJBHUIICHA MOXeKoHeOe3Mmeka 4Yepe3 BUKOPUCTAHHS PIIKOTO
CJICKTPOJIITY Ta YyTJIUBICTh JO €KCTpeMalibHUX Temneparyp [13].

LCO € onxuMm 13 HallcTapiMX TUIMIB JITIH-IOHHUX aKyMYJISTOPIB, 110 3HAWIIUIH
IITUPOKE 3aCTOCYBAHHS B IOPTATUBHIN €JIEKTPOHIIII, TaKiK K cMapTPOHU Ta HOYTOYKH,
ajie piJamie BUKOPUCTOBYIOTHCA B enekTpomoOimsix. KirodoBa ocobmuBicts LCO
aKyMYJSITOPIB TIOJISITAE 'y BHUKOPHUCTaHHI oOkcumy JiTito-ko6anety (LiCo0O2) sk
Mmatepianty karona. OcHoBHOwo mnepeBaroro LCO akymynaTopiB € AyXKe BHCOKa
eHepreTUYHa MIIbHICTH, 10 JO3BOJIsE 3a0e3MeUUTH KOMITAKTHI PO3MIpH Ta HEBEIHUKY
Bary Oarapei mpu 30epekeHHI 3HAYHOTO 3aracy eHeprii. Lle poOuTs ix i1eabHUMH JJIst
MOPTAaTUBHUX TMPUCTPOIB, JI€ MPOCTip 1 Maca kputuuHo BaxiuBi. [Ipore, LCO
aKyMYyJATOPH MAalOTh Psijl CYTTEBUX HEAOJIKIB. BOHM MarOTh BIJHOCHO KOPOTKHIA
TepMiH ciayxou (3a3Buyail 500-1000 nukimiB) 1 € MEHII O€3MeYHUMHU TMOPIBHAHO 3
IHIIMMU TUIaMU JiTiH-10HHUX akymyisTopiB. LCO akymynsaropu OuIbII CXUIIBHI 10
TEPMIYHOTO PO3roHY (MEperpiBy Ta MOTEHIIMHOIO 3aliMaHHs), OCOOJMBO TpHU
nepe3apsigi abo momko/pkeHHi. KpiM Toro, BHCOKMN BMICT KOOandbTy pOOUTH iX
JOPO’KYMMU Ta CTBOPIOE €THYHI MPOOJIEMH, MOB'A3aH1 3 BUJIOOYTKOM LILOTO METAIY.
Came yepe3 npobsieMu 3 6e31exoro Ta ooMexeHuit TepMmin ciyxou LCO akymynsaropu
PIJIKO 3aCTOCOBYIOTHCS B €JIEKTPOMOOLIISX, JI€ TIepeBara HaJaeThCsl OUTbII OE3MEYHUM 1
JIOBFOBIYHHMM XIMIYHHMM cKkiajaM, TakuMm sk NMC a6o LFP.

LMO € pi3HOBHAOM JITIH-IOHHUX aKyMyJsITOPIB, IO XapaKTEPHU3YHOThCS
BUKOPHCTaHHSIM KPHUCTAIIYHOI CTPYKTYpU OKcuAy mitito-mapranuio (LiMn204) sk
MaTepially Karoja. Xoda BOHM i He HacTuibku momupedi, sk NMC uu LFP, LMO
aKyMYJSITOPH 3HAXOJsATh 3aCTOCYBaHHS B JCSKHUX EJIEKTPOMOOLISAX Ta TIOpUAHHMX
TpaHcnopTHUX 3aco0ax. OcHOBHOMWO mepeBaroro LMO akymynsTopiB € iXHS BUCOKa
TEPMOCTAOUIbHICTh Ta Oe3meka. 3aBAsSKH CBOIM CTPYKTypi, IIMIHEIb MapraHIlo
3a0e3neuye Kpally CTIMKICTh O MeperpiBy Ta TEPMIYHOTO po3roHy nopiBHsHO 3 LCO
a6o HaBiTh NMC akymynsaropamu. BoHu Takok 37aTHI 3a0e3leuyBaTd BHCOKY
MOTY)XHICTh, IO POOUTH IX MPUIATHUMHU JUIsI 3aCTOCYBaHb, 1€ MOTPIOHI MIBHUJKI
po3psau. Bapricte LMO akymynstopiB, sik npaBuio, Hk4a, Hixk NMC, oCKUJIbKU

MapraHelb € OUTBII TOCTYITHUM MarepiaioM, Hixk kooaneT. [Ipote, LMO akymynsropu
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MarTh HUKIY €HEPreTUUHY MIIbHICTh, HiK NMC a6o LCO, mo oomexye 3anac xoay
eJeKTpoMOOis Ha OJHOMY 3apsili. IXHilf TepMiH CIykOM TakoX, SIK HPaBHIIO,
kopotmmii, Hik y LFP akymymsaropis, xoua i moxe OyTu mopiBHAHHUM 3 NMC,
3QJIEKHO B yMoOB ekciryararii. Yacro LMO ximito komMOiHyrorh 3 NMC s
OTPUMAaHHS ONTUMAJbHOTO OanaHcy MK O€3MeKOI0, MOTYKHICTIO, €HEPreTHYHOIO
HIUIBHICTIO Ta TEPMIHOM CIIY>KOM, BUKOPHCTOBYIOUH TEepeBaru 000X TUIIIB KaTOTHUX
MatepiaiB.

LFP € onauM 13 pi3HOBUIB JIITIH-I0HHUX aKyMyJsTopiB. KirouoBa BiAMIHHICTD
LFP Bij iHIIMX JiTI-I0HHUX aKyMYJISITOPIB MOJISiTAa€ B MaTepiaii karona. Y TOH yac sk
0araTo 1HIIKX JITIH-I0HHUX aKyMYJISITOPIB BUKOPUCTOBYIOTH OKCHJIA KOOAJIBTY, HIKEITIO
abo mapranuto, LFP akyMynsiTopu BUKOPUCTOBYIOTH JdiTiii-3ami30-pocdar (LiFePO4)
sk karogHui marepiail. OcHoBHI nepeBaru LFP - e 6e3neka ta moBropiudicts. LFP
Oarapei € OUTbII TEPMOCTIMKMMH 1 MEHII CXWJIBHHUMH 1O NEPErpiBy 4M 3aliMaHHA
MOPIBHSHO 3 TPAAULIHHUMH JITii-lOHHUMH OarapesMu. Takox 11 aKyMyJIsITOPH MatOTh
TpuBamimuil Tepmin ciyx0u (m1o 2000 uukiIiB 1 OUIBIIE) 1 BUILY CTAaOUIBHICTDh MPH
TpuBajii excruryaraiii. [IpoTe iXHsa eHepreTuyHa IIIbHICTh HUKYA, HIK Y KIIACHYHUX
TTIR-I0HHUX aKyMYJISITOPIB, TOMY BOHHM HE 3a0€3Ie4yI0Th TaKO1 BEJIMKOI JaTbHOCTI
MO13/IKK HA OJTHOMY 3apsiJii.

NMC € ogHuM 13 HAWMOUIMPEHIIINUX PI3HOBUIB JITIH-I0HHUX aKyMYJISTOPIB,
10 IIMPOKO BUKOPUCTOBYIOTHCS B elleKTpoMoOisax. KimrouoBoro ocobmuBicTio NMC
aKyMyJISITOPIB € CKJIaJHWM Marepiajl Karona, SKUM MICTUTh KOMOIHALIIO HIKEIO,
mapranmo Ta koOaneTy (LiNiIMnCoO2). ChiBBIAHOIIEHHS LHMX METaJB MOXE
BapilOBATHUCA, 1110 JIO3BOJISIE ONTUMI3YBaTH XapaKTEPUCTUKHU aKyMyJsTOpa JJisl pi3HUX
3actocyBaHb. OcHoBHa mnepeBara NMC akymynsTopiB - 1€ BUCOKAa €HEpreTH4Ha
HIUIBHICT. 3aBasgku boMy NMC akymymsiTopu 3a0e3meuyioTh OUIbIINMN 3arac XOmy
eJIEKTPOMOO1JI Ha ogHOMY 3apsiai nopiBHsHO 3 LFP akymynstopamu. Bonu takox
MaloTh JIOCUTh TPUBAIMU TepMiH ciayxou (3a3Buuait 1000-2000 mukmiB), ane
noctynarotbcsi 3a muM nokazHukoMm LFP. Ilpore, NMC akymynstopu € MeHII
tepmocTabuibhuMu Hik LFP, Ta noTpeOyroTh CKIAQIHIIIMX CHCTEM KEpyBAaHHS

Oarapeeto (BMS) nns 3abesmeueHHst Oe3nekw Ta 3amoOiraHHs TMEperpiBy 4u
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nepe3apsay. TakoX, BUKOPUCTAHHS KOOanbTy, SIKUM € JOPOTMM Ta Ma€ ETUYHI
npoOsieMH, MOB'sI3aH1 3 HOro BUIOOYTKOM, € OMHUM 13 HepoikiB NMC akyMynsiTopiB.
NCA - Tun miTiif-i0HHUX aKyMYJSITOPIB, 10 XapaKTEPU3YIOThCS BUKOPUCTAHHSAM
CKJIQHOTO OKCHJly JiTiIo, Hikemo, koOansry Ta amoMmiHito (LiNiCoAlO2) sk
KaTOJAHOTO Martepiaidy. AMIOMIHIA y CKiaal CHOpUsi€ MIABUIICHHIO CTPYKTYPHOI
crabutpHOCTI. NCA aKkyMmynsaTopu BIOpI3HSIOTHCS AYXKE BHCOKOI EHEPIeTUYHOIO
IIIBHICTIO, IO JIO3BOJISIE 30epiraTv 3Ha4HYy KUJIBKICTh €HEprii B OJUHMII MacH Ta
o0'emy. Lle 3abe3neuye BeNUKHiA 3amaC XOMy AJISL PUCTPOIB, IO IX BUKOPHUCTOBYIOTb.
Kpim Bucokoi enepretTnyHoi miibHOCTI, NCA akyMynsTOpU 31aTHI BUJIaBaTH BUCOKY
HOTYXKHICTh, 110 € KPUTUYHO BAXJIMBUM i1 3a0€3MEUYeHHs JAUHAMIUYHUX
XapaKTEPUCTHUK, HANPHUKIAA, MBHIAKOro mpuckopeHHsa. OmHak, NCA akymynstopu
MaloTh TEBHI OOMexeHHS. BOHM JEeMOHCTPYIOTh MEHIIy TEpPMOCTAOUIbHICTD
MOPIBHSHO 3 JIEAKUMH 1HIIMMHU THUIIAMH JITIA-I0HHUX aKyMYJSTOPIB, IO IIJBHILYE
PHU3UK TEPMIYHOTO PO3TOHY MPU HECHPUATIMBHX YMOBAaX, TAKUX SIK TMOIIKOMKEHHS,
nepesapsa abo KOpoTKe 3aMUKaHHS. Tomy i Oe3nedHoi eKcIuTyararii HeoOXimHi
CKJIaAHI Ta HaAIdHI cucTeMHU KepyBaHHs Oarapeero. Tepmin ciuyxOu NCA
aKyMYJISITOPIB, X04a 1 € TOCTaTHBO TPUBAJIMM JIJIs1 OararboX 3aCTOCyBaHb, BCE K MOXKE
OyTM MEHIIMM 3a JedKi 1Hmi XiMiyHi ckiagu. Bapricte NCA akymynaTopiB, siK
MpaBuiO, BUILA, HIX Y aKyMyJsITOPIB, 1[0 HE BUKOPUCTOBYIOTH KOOAIBT. JloAaTkoBO,
ICHYIOTh €TUYHI Ta €KOJIOT1YHI 3aHETIOKOEHHS, TOB's13aH1 3 BUIOOYTKOM KOOAJIBTY.
LTO akymynsTopyu BUKOPUCTOBYIOTh TUTAHOBI HAHOKPUCTAJIU B SKOCTI aHOAY
3aMICTh BYIJICIIEBUX MarepiajiiB. BoHU MaroTh JeKiIbKa BaXJIMBUX IEpPEBar: MIBHIKA
3apsKa, TPUBAIUN KUTTEBUN LMKI, HU3bKA MoxkexxkoHeOesneka. LTO akymynstopu
MOXYTh 3apsiIPKaTUCS 3HAUHO IUBUJIIE, HIX TpagulliiiHi Li-ion akymynasiTopu, IIO
poOUTH TX MPUBAOIMBUMU ISl BUKOPUCTAHHS B €JIEKTPUYHUX aBTOOycax abo 1HIIOMY
TPAHCIIOPTIi 3 BACOKMMH BUMOTaMU 10 IIIBUAKOCTI 3apsAaku. TpuBamuii dKUTTEBUMA ITHKIT:
LTO 6arapei MoxxyTh BuTpumMyBatu 10 10 000 1ukitiB 3apsiAKU-PO3PSAIKH, 1110 3HAUHO
MIEPEBUIIYE MOXIJIMBOCTI IHIIUX THUIIB Oarapeii. Husbka mokexoHeOe3neka: BoHwu
MEHII YyTIMBI O €KCTPEMAalbHUX TEMIEpaTyp Ta MEXaHIYHHX TMOUIKOMKEHb, IO

pobuth ix Oe3meuyHimmMu. OgHAK Yepe3 HUKYY EHEepPreTMdHy UiuibHIicTh, LTO
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aKyMYJIITOPH BUKOPUCTOBYIOTHCSI B MEHIINM KIJIBKOCTI, OCKIJIbKM BOHH IMOTPEOYIOTH
OinpIe MicHs A 30epiraHHs Ti€i X KUIBKOCTI eHeprii. Ha manuit yac, med tum
aKyMyJISITOpPIB MalOTh HABUIIy PUHKOBY 1IHY B MOPIBHSHHI 3 yCiMa 1HIIUMU THUIIaMH,
gepes [0 HabaraTo pijiie BAKOPUCTOBYIOTHCS B €ICKTPOTPAHCIIOPTI.

Bulip KOHKpETHOTO THUITY JITIH-I0HHOTO aKyMYJISITOpa BU3HAYAETHCS OalaHCOM
MDK BUMOTAMH JI0 €HEPTeTUYIHOI MIITHFHOCTI, MMOTYKHOCTI, O€3MeKH, TEPMIHY CITYKOU

Ta BapTOCTI, 3aJICKHO BijJ] KOHKPETHO1 cpepu 3acTocyBaHHs (puc. 1.2).

IIuToma IIutoma IIutoma
€EMHICTh €MHICTH €MHICTH
IInToma IIutoma IIuToma
NMOTYKHICTh NOTYKHICTh _ NOTYKHiCTh
Hina Lina Lina
LCO LFP
JKuTTeBi . Kurresi
Besnexa /KHTTEBI Be3nexa Be3nexa
IMUKJIH NHKTH U KJIH
EdexruBHicTh EdexTuBHicTH EdexTuBHicTh
IIuTtoma IIutoma IInToma
€MHICTD €EMHICTH E€EMHICTH

Lina

KurreBi
IUKJIH

ITuroma IIuroma IIutoma
NOTYKHiCTh NOTYKHICTh NMOTYKHICTh
Hina ina
LTO
' Kurresi :
Besneka Besneka /KHTTeBi Besneka
ITHKIH U KIA
EdexTuBHicTh EdexTuBHicTh EdexTuBHictb

Pucynok 1.2 — I[TopiBHAHHS XapaKTEPUCTUK PI3HUX TUIIB aKyMyJsTOpPIB [ 14]

KoskeH Tvn akyMyssiTOpIB XapaKTepU3YETHCS YHIKAIbHOIO 3aJI€KHICTIO HAIIPYTU
po3zimMkHeHoro sadmora (OCV) Bin SOC. s 3anexHICTh, 110 OMUCYETHCS KPUBOIO
pO3psIy, € KIOYOBOIO EJICKTPOXIMIYHOK XapaKTEPUCTUKOI, SKa BU3HAYAETHCS
MaTepiajlaMd €JIeKTPOJIB Ta EJNEKTPOJITY, a TaKOXK BHYTPIIIHBOI CTPYKTYpPOIO
aKyMYJSITOPHOTO €JIEMEHTa, 1 BijoOpakae TepMoauHaMIuyHUN cTaH cuctemu. Dopma
kpuBoi OCV-SOC cyTT€BO BIUIMBAE HA TOYHICTh OLIIHKU CTaHy 3apsiay Ta JOCTYMHOI

eHeprii akymynaropuoi Oarapei. ®opmm kpuBux OCV-SOC nmns KOXHOTO 3



23

PO3MISIHYTHX paHillle akyMyJaTOpiB Oyju OTpUMaHi 3 TOCiKeHb [15] Ta 00'eqHanH1

B oMH rpadik Ha puc. 1.3.

4,5

4,25
4 |=——LFP NCA LTO

LCO LMO NMC

3,75

3,5 /

3,25
3 /
2,75

2,5
2,25

ocv

0 10 20 30 40 50 60 70 80 90 100
SoC

Pucynok 1.3 — 3anexHiCTh HaNpyru akyMyJIsiTOPIB PI3HUX THUIIIB Bl PIBHS 3apsay

3apa/KaHHs ~ JITIH-IOHHUX ~ aKyMyJISITOpIB ~ 3a3BMYaill  3IIMCHIOETBCS — 3a
JIOTIOMOTOI0 KOMOIHOBAHOTO PEXHUMY MOCTIHHOTO cTpyMy — mnoctiHoi Hanpyru (CC-
CV), sxuit 3abe3nedye ONTUMaIbHY €(QEKTUBHICTh MPOIECY, MPOJOBXKYE TEPMIH
ciyk0u Oarapei Ta MIHIMI3ye PU3UKH Jerpajalli akTMBHUX Mmarepianis, puc. 1.4. Ha
NEPIIOMY €Tarll 3apsJKaHHS MATPUMYEThCS MOCTIMHUM CTPYM, IO TO3BOJISIE IIBUJIKO
HAKOMMYUTHU E€HEPril0 B aKyMyJSTOpi, IPU LOMY HAaNpyra MOCTYNOBO 3pOCTA€ 0
3aJIaHOTO TIOPOTOBOTO 3HAYEHHs. Y Il (a3i mepeBakalouuM MEXaHI3MOM € JIiHiiTHe
30UTBINICHHST PIBHS 3apsay NpPH MaKCUMaJIbHOMY CTPyMi, OOMEKEHOMY 3apsiTHUM
MPUCTPOEM, IO A03BOJISIE 3a0€31eunTH €(hEeKTUBHE 3alIOBHEHHSI EMHOCTI KOMIPOK 0€3
MeperpiBy Ta HAIMIPHOTO HAaBAaHTAKCHHS Ha eJIEeMEHTH akymyssitopa [16], [17], [18].

Konu nanpyra nocsarae BCTaHOBJIEHOTO MOPOTY, PO3NOYMHAETHCS IPYTUM eTam —

NIATpUMaHHS TOCTiiiHOT Hampyru. Ha miit ¢as3i 3apsaHuil CTpyM IOCTYIIOBO
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3HWKY€ETHCS B Mipy HAOMMKEHHS aKyMYyJIsiTOpa /1o TOBHOTO CTaHy 3apsy. Llei mpoiec
€ KPUTUYHO BaXKJIMBHUM JIJI 3a0€3MCUCHHS CTA0IIbHOCTI €IEKTPOXIMIYHHX MPOIECIB Y
KOMIpKax 1 3amoOiraHHs HaaMIipHIM 3apsaii, M0 MOXKE MPU3BECTH JO YTBOPECHHS
MOOIYHUX peakKilii, 30KpeMa BHAUICHHS Ta3iB Ta PO3KIAJaHHS €JICKTPoJiTy. Takum
gyuHoM, pexxuMm CC-CV  posBomsie gocartu maixe 100% emuocTi Oarapei 3
MIHIMI3aIll€10 PU3UKIB 11 Aerpagarii.

A [ocriiinu crpym [locriitna Hanpyru

|
< >l >
| I
| /7
A e AN
Hanpyra
|
| Crpym
|
|
| >

Yac 3apsmpkaHHs

Pucynok 1.4 — CC-CV pexum 3apsiKaHHsl aKyMYJIsTOPIB Ha OCHOBI JITIIO

[19], [20], [21]

Po3yminnst xapakrepuctuk Ab Ta eKBIBaJEHTHUX CXEM € TMPUHIIMIIOBO
BOXJIMBUM JIJIs1 3a0€3MIEUCHHS TOYHOTO MOJCIIOBaHHS, ¢()EKTUBHOTO YIIPaBIiHHS Ta
ormtumisaiii poboTu enekTpoxiMiuaux cucteM. ExBiBajeHTHI cxemu Ab cTaHOBIATH
MOTY>KHHUM 1HCTPYMEHTAPIH TOCTIIHKEHHS eEKTPUIHUX XapaAKTEPUCTHUK, IO TI03BOJISIE
HE JIMIIIE AeTAIbHO IPOTrHO3YBATH MOBEAIHKY HAKOMUYYBAYiB €HEPTii B PI3HOMAaHITHUX
pekuMax eKCIUTyaTallli, aje ¥ BHUpINIyBaTH KIIOYOBl JOCTITHUIBGKI 3aBIaHHS:
BU3HAUaTH TapaMEeTPU BHYTPIIMIHLOI CTpykTypu Ab, TporHO3yBaTH eJICKTPUYHI
XapaKTePUCTUKH, 3IMCHIOBATH OIIHKY JerpajalliiHuX MPOIECiB Ta PO3poOIsSTH

e(eKTHBHI CUCTEMH yTPABIIIHHS OaTapesiMu.
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VY cyuacHiii Hay1ll BUIUISIOTH TPU MPUHITMIIOBO P13H1 KJIaCH €KBIBAJICHTHUX CXEM
3aMIIEHHS aKyMYJISITOPHUX OaTapei, KOXKeH 3 IKMX BIAPI3HIAETHCS PIBHEM CKJIaHOCTI
Ta TTTMOMHOIO MAaTEeMaTUIHOTO OMHUCY IEKTPOXIMIYHUX TPOIIECIB.

CraruuHi MoJIe SIBJISIOTE COOOI0 HAUMPOCTIIIHMHI KJIac €KBIBAJICHTHUX CXEM, 1110
XapaKTePU3YIOThCS MiHIMATBHOKO CKJIATHICTIO EIEKTPUIHOT CXeMH Ta BUKOPUCTAHHSIM
NOCTIMHMX HE3MIHHUX mapaMerpiB. Taki Mozgeni MaioTh OOMEXEHY TOYHICTb
BIJITBOPEHHS] PEANIbHUX XapaKTePUCTUK aKyMYJISTOpPHUX Oarapeil 1 MepeBakHO
OpU3HAYEeH1 [ TEPBUHHOI MPUOMU3HOI OLIHKH MapaMeTpiB EJIEKTPOXiMIUHOTO
JoKepesa CTpyMmy.

JluHamivuH1 MOJACN TPEACTAaBIAIOTh OUIBIN CKIQJHHN PIBEHh MaTeMaTHUYHOTO
OMHUCY aKyMyJIsTOpHUX Oartapeil. Ha BiaMiHy BiJ CTaTUYHUX MOJENEH, BOHHU
BPaxOBYIOTh 4YacCOBI 3aJIEKHOCTI E€JIEKTPOXIMIYHUX MPOIECIB, IO JO3BOJISIE OLIBII
TOYHO ONKMCYBaTH IMEPEXiHI PEKUMU pOOOTHU. XapaKTepHOI OCOOIUBICTIO
JUHAMIYHUX MOJIEJIEl € HasBHICTh JU(EepeHUIAIbHUX pPIBHSIHb, $KI ONHUCYIOTh
HEJTIHINHY MOBEIHKY €JIEKTPOXIMIYHOI CUCTEMH, Ta CYTTEBO CKJIAJHIIIA €IEeKTPUYHA
cXeMa 3aMiIIEeHHS.

HaiiBumuii piBeHb CKIaAHOCTI MalOTh (h13UKO-XIMIYHI MOJIEN, SIKI CTAHOBIISITH
HaWJIeTATBHIIINN KJIAC MAaTEMAaTUYHOTO OMHUCY akymyisitopHux Oarapeit. Lli momeni
0a3yr0ThCsl Ha MIMOOKOMY BpaxyBaHHI BHYTPIIIHIX €JIEKTPOXIMIYHUX MPOLECIB, LIO
Bi/IOYBalOThCS Ha MIKpOpiBHI. DI3UKO-XIMIYHI MOJENI JJIO03BOJSIOTH HE JIUIIIE
BiJITBOPIOBATH €JICKTPUYHI XapaKTEPUCTUKH, aJie i MPOTHO3YyBaTH MPOIICCH eTpaaarii
Oarapei. BogHodac, BUcoKa JieTam3aliis Ta CKIQJIHICTh TAKHMX MOJIEIICH MTPU3BOIUTH J0
3HAYHUX OOUMCITIOBAIBHUX 3aTPaT 1 MOTPEeOy€e MOTYKHOTO MaTEMaTUYHOTO arapary Jjist
peai3ariii.

Koxen 3 mux kiaciB Mozeneil Mae cBOr0 cdepy 3aCTOCyBaHHS Ta OOMEKEHHS,
BUOIp KOHKPETHOI MOJIENl 3aJeXKHUTh Bl TMOCTaBJICHUX TOCTITHUIIBKUX 3aBIaHb,

HasIBHUX OOYMCITIOBAJILHUX PECYPCIB Ta HEOOX1AHOTO PiBHA TOYHOCTI MOJICTIOBAHHS.
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Li-ion Mooeﬂi]
/ / \\

Mooeni na ocnosi Exeieanenmmni
senuKoi Kinokocmi Emnipuuni mooeni Enexmpomexaniuni
cxemu
oanux
n-RC |, Rint
PNGV > Tesenena

Pucynoxk 1.5 — Knacudikarist Mojieneit akyMyasiTOpiB Ha OCHOBI JIITIO

Po3rnsiHeMo oCcHOBHI XapakTepucTuku ADB, 1110 HaBeAEHO HUXKYE.
€mnicth (C) — 11e KUIbKICTh €Heprii, siIKy Oarapes Moke 30epirarv 1 BijaBaTy.
€MHICTh BUMIPIOEThCA B ammep-roguHax (Ar) ado Bar-roguHax (BT:T). €MHICTB

3MEHILYETHCS 3 YACOM YEpE3 CTapiHHS Oarapei Ta KUIbKICTh LUKIIIB 3apsIKH/PO3PSIKH.
C=1-t. (1.1)

EPC axkymynsaropa (E) — ue «¢yHAaMeHTanbHa XapaKTEepUCTHKA, sKa
BU3HAUYAETHCSA MOTO EJIEKTPOXIMIYHOIO CHCTEMOIO: MareplajaMu €JIEeKTPOAIB, TUIIOM
SJIEKTPOXIMIYHOI peaKIlii, a TAKOK KOHIICHTPAIIIEI0 €IEKTPOIITY (B NEIKUX BUTATIKAX )
Ta Temneparyporo. EPC € MakcuMallbHO MOXJIMBOIO HAIlPYTOl0 aKyMyJsiTopa B CTaHi

PO3IMKHYTOTO JIAaHIIIOTA 1 TICHO MOB'sI3aHa 3 HAMIPYTOI po3IMKHYTOTO JaHiora (OCV)
. RT

E=E —Eln(Q), (1.2)

ne: E° — crangaptaa EPC (EPC npu ctangaptaux ymoax: 298 K (25°C), tuck

1 at™M, KOHILIEHTpallli peareHTiB 1 MPOAYKTIB | MOJb/n);

R — yHiBepcasibHa ra3oBa crana (8.314 JIx/(momnb-K));
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T — abcomtoTHa Temneparypa (B KenbBinax);

N — KUJIBKICTb €JIEKTPOHIB, 1110 OEPYTh Y4acTh B €JICKTPOXIMIUHIN peaKIii;

F — crana ®apanes (96485 Kn/monnb);

O — xoedillieHT peakilii, SKui B1j0Opaka€e BITHOIICHHS aKTUBHOCTEN MPOIYKTIB
peaxiiii 0 aKTUBHOCTEH peareHTiB y JaHUH MOMEHT 4acy.

Buytpimniit omip (R,,) Oatapei Bkitodae B cebe Omip SK €IEKTPONITY, TaK 1
MatepiajiB eleKTpoaiB. BucCOKWT BHYTpIIIHIA OIMip NPU3BOAUTH JI0 HArpiBaHHS

Oarapei mia yac po3psy, M0 3HUKYE 11 eEeKTUBHICTb.
— V663_V1'[i11
Ry, = ——, (1.3)

ne: Vge; — HampyTa 0atapei 0e3 HaBaHTaXKCHHS;

Vyin — Hanpyra Oarapei 1| HaBaHTaXKCHHSIM,;

[ — cTpyM HaBaHTAaKECHHS.

Tepmin ciry>x0u: Lle KUTbKICTh HUKJIIB 3apSAKU/PO3PSAKH, SKI AKYMYIIATOP MOXKE
BUTPUMATH 10 3HAYHOI Jerpajanii. buibliicTs MiTii-10HHUX Oarapeid MaroTh TEPMIH
ciy6u B 1000 1o 5000 umkiiiB, 3a71€KHO B1J] YMOB €KCILTyaTarlii.

KK (n) — 11e BiHOIIEHHS €HEPTii, IKa BIAIAE€THCA 1] Yac pO3psLy, 10 €HEprii,
aka Oyna orpuMmana min yac 3apsanku. KKJ[ mitifi-ionHux Oarapeit 3a3Buuai

3HaxoauThca B Mexax 90-95%.

N =222 % 100%. (1.4)

BBOJ,

SOC BinoOpaxae, CKiIIbKA €HEpPrii 3aJIUIIUIOCS B aKyMyJSATOpl IIOJO HOTO
3aranbHO1 eMHOCTI. Bigcotok SOC Bka3ye Ha OTOYHUI CTaH 3apsily aKyMyssTopa, e
100% BiamoBiIa€ MOBHICTIO 3apsikeHil 6atapei, a 0% — MOBHICTIO PO3PSIIKEHI.

SOC moxe OyTd OIIHEHUI 3a PI3HUMH MIIX0IaMH — BiJl TPOCTHX METOJIB HA
OCHOBI 1HTErpalii CTpyMy 10 CKJIQJIHIMIUX aITOPUTMIB, 1110 TTOETHYIOTh BUMIPIOBAHHS

Hanpyru ta crpymy. s cydacHUX akyMyJISATOPHMX CHUCTEM HaWOLIbII TOYHUMH €
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KOMO1HOBaHI METO/IH, SIKI BpaXOBYIOTh JUHAMIUHI MPOIIECH Ta BHYTPIIITHI BIACTUBOCTI
aKyMyJsIToOpa.

Moneas Rint, sk mokazano Ha puc. 1.6 Ta y piBasHHI (1.5), peanizye ineanbHe
mkepeno Hanpyru U,. NI BU3HAYCHHS HANpPyTH XOJOCTOTO XOMy aKyMyJsTopa
[22], [23], [24]. Sk omip R,, Tak 1 Hanpyra xonoctoro xomny U,. € dynkmismu SOC
(ctynens 3apsny), SOH (cTany 310poB'si) Ta Temneparypu. I;, — CTpyM HaBaHTa>KECHHSI
3 IO3UTHUBHUM 3HAUEHHSIM MPHU PO3PSIi Ta HETaTUBHUM 3HAUYEHHSM TIpu 3apsii, U, —
Hampyra Ha KjieMax. BuMiproBaHHSI BHYTPIIITHBOTO OTIOPY R, I CHCTEMH KEPYBaHHS
HaMpsMy 3aJICKHUTHh BiJl TOYHOCTI BUMIPIOBaHHS HANpyTd KOMIpKH, Ta CTPyMy IO

IIPOTIKAE Yepe3 Hel.

Pucynok 1.6 — Cxema moneni Rint [25]

U,=U,, —I,R,. (1.5)

Mopeanr TeBenena minkitouae napanenbHe RC-kojgo MOCIiIOBHO Ha OCHOBI
mojem Rint, onucyroun IUHaAMIYHI XapaKTepPUCTUKUA aKyMyssTopa. SIK moka3zaHo Ha
puc. 1.7, BoHa B OCHOBHOMY CKJIQJA€ThCA 3 TPbOX YACTHH, BKIIIOYAIOUM HANpyTy
xojocTtoro xony U, ., BHYTpIIIHI OMOPHU Ta €KBIBaJEHTHI €MHOCTI. BHyTpilH1 onopu
BKJIIOUAIOTh OMIYHUHN omip R, Ta monspusamiitauii omip. ExBiBanenTHa emHIicTh ()
BUKOPUCTOBYETHCS /ISl OMUCY MEPEeXiTHOI XapaKTepPUCTUKH i Yac 3apspKaHHS Ta
pospsypkanHd. U; — ne Hanpyra Ha C;, a I, — CTpyM BHTOKY 3 aKyMyJsTOpa.

Enextpuuny noBeninky mozeini TeBeHa MOXKHA BUPa3UTH PiBHIHHSM (1.6).
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Pucynok 1.7 — Cxema mozneni TeBenena [26]

U =Uye — U — I, - Ry, (1.6)

ne Ry — ue omip nomspusaiii; C; — eMHICTB mojsipu3ariii; U, — Hanpyra Ha RC-

JIaHII.

PNGV wmonens — exBiBajieHTHa cxema Oarapei (puc. 1.8). €MHICT ommcye
HAKOTIMYCHY 3MiHY HAIPYTH XOJOCTOTO XOAY ITiJl 9Yac CTPyMy HaBaHTaKEHHS 1 HOTO

3HaYeHHs BioOpakae eMHICTh AbB, MaTemMaTH4HO 110 MOieIb onrcye piBHIHHSA (1.7).

R:
R,
C,
+ L A
— C, L
- + U1 - UL
+
— U, Y
O

Pucynok 1.8 — Cxema moneni PNGV
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UL=UOC_UO_U1_IL'RO' (17)

Henonikom MoXHa BBayKaTH HE BpaxyBaHHs e(DeKTy Temrieparypu abo cTapiHHA
Oarapei 0e3 momaTkoBUX Momu(ikaIliid, a TaKoX 3MEHIIEHHS TOYHOCTI MPU BUCOKHUX
JUHAMIYHMX 3MIHAX HaBaHTaKeHHS [27].

Moneas n-RC 6yna po3po6iiena Bimomoro kommaniero SAFT Battery Company
Ta YCIIIIHO 3aCTOCOBYEThCS B IporpaMHoMy 3abe3nedueHHi Advisor. SIk mokasaHo Ha
puc. 1.9, BoHa ckiaaeTbes 3 1BOX KoHeHcaTopiB C; Ta C, Ta Tphox pe3uctopiB (R,
R,, R;). Konnencarop C,, sikuil mMae maiay €MHICTb 1 3€OUIBIIOrO MpEACTaBIsie
MOBEPXHEBI €(EKTH aKyMyJATOpa, Ha3UBAETHCA IMOBEPXHEBUM KOHJIEHCATOPOM.
Konpgencarop C;, kvl Mae ayxe BEIUKY €MHICTh 1 MPECTABIISIE 3HAYHY 3AaTHICTh
aKyMyJsITOpa XiMI4HO 30epiratu 3apsiji, Ha3uBa€eThesl 00'eMHUM KoHieHcatopoM. SOC
MOKHA BU3HAUUTH 3a HANPYyror Ha 00'eMHOMY KoHAeHcaTtopi [25]. Pesucropu Ry Ta
R, Ha3WBarOThCS KJIEMOBHUM pPE3UCTOPOM, KIHIIEBUM PE3UCTOPOM Ta PE3UCTOPOM
KOHJIeHcaTopa BianoBinHo. U; ta U, — e Hanpyru Ha C; ta C, BignoBigHO [27].

EnexTpuuHy NOBENIHKY KOJIa MOKHA BUPA3UTH piBHAHHAMH (1.8)

Pucynox 1.9 — Cxema mozeni n-RC [28]
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U =U,, —U, —1I-R,. (1.8)

Monens moasiitHoi nmomspuzarii (DP Monens), piznoBun n-RC mozaem. Ha ocHoBi
aHaI3y pe3yJabTaTiB TECTYBAHHS XapaKTEPHUCTHK JIITIH-10HHOT Oarapei >KUBIICHHS
MOYKHA CIIOCTEpiraTHl sBHy nossipu3aitito. [lonspusamiitHy XxapakTepucTUKy MOKHA JI0
MEBHOI MIpH 3MOJEIIOBATH 3a JOMOMOTOI0 Mojeni TeBeHiHa, OfHaK PI3HHUIL MK
KOHIICHTPALIMHOIO MOJIAPU3AIIEIO Ta €IEKTPOXIMIYHOIO MOJIIPU3AIIIEIO PU3BOIUTH J10
HETOUYHOIO MOJICTIOBAaHHA B MOMEHTH 3aKiHUCHHS 3apsay abo pospsay [29]. Ha
puc. 1.10 npencraBieHa BAOCKOHAJIEHA CXEMHA MOJEIb, IPU3HAYEHA JUIsl YTOUHEHHS
OIKCY XapaKTEPUCTHUK TMOJIAPU3AIIil Ta OKPEMOT0 MOJICITIOBAHHS KOHIICHTPAIIMHOI Ta

EJIEKTPOXIMIYHOI MOJISIpU3aLlii.

+

Pucynok 1.10 — IIpunmunosa cxema DP mozgemi [30]

DP mogensb cknagaeThes 3 Tppox yactuH: (1) Hampyra po3iMKHYTOTO JTaHIfora
U,c; (2) BuyTpimHi onopu, Taki sk OMiYHUM omip R, Ta mojspu3aliiiiii onopu, siKi
BKIIIOYAIOTh R; [N TpPEACTaBICHHS €(EeKTHMBHOIO OMOpy, IO XapaKTepusye
CJIEKTPOXIMIYHY TOJIApU3allito, 1 R, s npeacTaBieHHs €(EeKTUBHOTO OMopy, IO
XapakTepusye KOHIeHTpalliitny nomspu3saiio; (3) EdbextuBHi emHocTi, Taxi sk C; 1 C, ,

SIK1 BAKOPUCTOBYIOTHCS ISl XapaKTEPUCTUKH TIEPEXITHUX MPOIIECIB Mij Yac mepemadi
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eHeprii 10/BiJ aKyMy/sTOpa 1 JJIsl OKPEMOTO OIUCY €IEKTPOXIMIYHOI MOIsSpHU3allii Ta
KOHIIeHTpaliiHoi nmonspu3aritii. U; ta U, — nie Hanpyru Ha C; ta C, BianoBiaHo. [; Ta
I, — 1e ctpymu, 110 IpoTiKarTh yepes C; Ta C, BianoBigHO. Enexrpuynuii onuc xomna

MoO)ke OyTH mpejcTaBieHui piBHSHHAM (1.9):

—_ 5L U

( Uy = €,  R4Cy
{ Up=—2+-% (1.9)

C2  R2G;

\ U, =Upe— Uy — U, — IR,

XIMIYHU

CHJIBHO BIIJIMBA€ Ha

Otxe, ckiman Li-ion  akymynaTopiB
XapaKTEePUCTUKHU Ta 00J1acTi iX 3acTOCyBaHHS. EKBIBaJICHTHI CXEMU 3aMIIEHHS JIal0Th
3MOT'y MojentoBaTH NoBeniHKy Ab B pi3Hux ymoBax. [IpocTi ekBiBajeHTHI CXeMHU
JAI0Th 3MOTY MOJEIIOBATH CTATU4YHI MapaMeTpu, B TOW Yac SK OUIbII CKJIaaH1
€KBIBaJICHTHI

CXeMH JIal0Th 3MOTY MOJICTIOBAaTH OUIBII TOYHO JWHAMIYHI

XapaKTCPUCTUKH.

1.2 OcoOnuBocTi OynoBH Ta 3aCTOCYBAHHSI AaKyYMYJSAATOPHUX Oarapeid B

€JICKTPOTPAHCIOPTI

AB enexkTpoMoOUIs CKIIAIAa€ThCsl 3 BEIUKOI KUIBKOCTI OKPEMHMX OIWHUYHUX
KOMIPOK, YBIMKHYTHX MOCIIZIOBHO a0o0 mapajienbHo. I[i KOMIpKH CKIamaroThCs y
MOJyJI1, @ MOJYJI1, CBOEIO UEPIOI0, B aKyMYJIsITOpHY Oatapeto (puc. 1.11), kondiryparis
KOl 3aJeXUTh BIJ TOTO, SKUH THUN KOMIpPOK 3actocoByeThes [31]. Komipku
BIJIPI3HSIIOTBCS MDK Cc000t0 3a QopMdakTopoM 1 3a THUIIOM XIMIYHOTO CKJIATy

KOMIIOHEHTIB.
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Kowmipxka Monynb
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AxkyMynaTopHa OaTapes

Pucynok 1.11 — Ab enexrpomo6ins [32]

BuOip akymMynsTOpiB JUIsl €IEKTPOTPAHCIIOPTY € KPUTHUHO BaXKJIIMBUM PIILICHHSM,
K€ BIUIMBa€ HA NPOAYKTUBHICTh, JAJIBHICTh TMOI3AKM, O€3MEeKy Ta BapTICTh
TPAHCIOPTHOIO 3ac00y. OCHOBHUMHM THUIIAMU aKyMYJISTOPIB, 1110 BUKOPUCTOBYIOTHCS B
€JIEKTPOMOOUISIX Ta IHIIUX EJIEKTPUYHUX TPAHCIOPTHHX 3aco0ax, € Li-ion Ta ix moxiaHi.
[IpoTe akTUBHO PO3POOIISIOTHCS Ta BIOCKOHATIOIOTHCSI HOB1 TUTTH aKyMYJISITOPIB, SIKI IIIE
HE JIOCSIIIIM 3aCTOCYBaHHS B CEPIMHUX MOJIENSIX €NEKTPOTPAHCIOPTY.
B enexkTpoMoOuIsIX 3aCTOCOBYIOTHCS TpHU OCHOBHI (OpM@akTOpu KOMIPOK
(tabm. 1.1):
— LWIHAPUYHI: JIUCTA KOMIIOHEHTIB 3TOPHYTO VY PYJOH BCEpEIuHI
METAJIEBOT0 LIJIIHAPUYHOTO KOPIIYCY;
— MPU3MATHUYHI: CKJIAJIEHI KiJbKa Pa3iB JIMCTH PO3MIMIYIOTHCS Y KOPITYCl
OpsIMOKYTHOI (popmu;
— MaKeTH: KOMIPKH (POPMYIOThCSA 3 0a)kaHOI KUIBKOCTI OJHAKOBUX IIIapiB
JUCTIB, HAKJIAJEHUX OJIMH Ha 1HIIMHI, TaKl aKyMyJIsSITOPH € HaWOUIbII
THYYKHUMHU.
i Tpu hopmdpakTopy MOKYTH MaTH Pi3HI PO3MIPH, 1110 i BITTUBAE HA MOYKITUBUH

00’€M HaKOMHUYEHOT €HEPrTii.
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Tabmuus 1.1. Xapakrepuctuku Ab B 3anexHocTi Bix popmpakropy [14]

®dopmdbakrop | Humiaapuanuit [TpuzmaTnunui [Taker
c9 &
¢ 5 A
3 D S f AR
= 8 : - ‘\‘..
300paxeHHs 8 ; e
0
Tun . Pynonumii Pynonuwmii JIuctoBwmii
€JIEKTPO/1B
ngaglqﬂa Bucoka Cepenus Hwusbka
MILHICTh
. Teruto- Huzbka Cepenns Cepenns
B1JIBEICHHS
HI/ITOM& Cepeas Cepenus Bucoka
EHeprid
U_[lJILHlSJTI) Cepenns Bucoka Cepennst
eHeprii

OxpiM po3mipy, Ha TapaMeTpH aKyMyJsiTOpa CHJIBHO BILJTUBA€ XIMIUHUM CKJIAJ
oro komnoHeHTiB. Hapa3i icHye Oararo THINIB aKyMyJsTOPIB 3a BHUJOM XIMIYHOTO
CKJIaJy, OMHAK B CYYaCHUX €JEKTPOMOOUISX 3aCTOCOBYIOTHCS TPH OCHOBHI THIIU
nitieBux akymyisaTopiB [33], [34]: NMC, LFP 1 NCA .

B akymynsaTtopHiii Oarapei enekTpomMoOuIss KUIbKICTh KOMIPOK Ta MOZIYNIB
BIJINOBIJIa€ HAMNpPy31 Ta €MHOCTI, KI XO04€ OTPUMATH BUPOOHHUK EJICKTPOMOOLISI 3
BpaxyBaHHSM IIEBHOTO ITPOCTOPY IS OaTapei BcepeanHi eeKkTpoMo0is. LI KibKIiCTh
3QJICKUTH BiJ PO3MIPY KOMIPOK 1 IXHBOI €HEPreTUYHOi WIIIBHOCTI. Y OUIBIIOCTI
cyuacHux enexkrpomooOimB (Tesla, Nissan [35], Renault) Hanpyra tsiroBoi Ab nexutb
B Mmexax 300 — 400 B, inomi Hampyra Oarapei ckiagae 800 B, ame moxke
nepekomyToByBaTuch y 400 B nmns cradmiii mBuakoi 3apsnku. barapes moxe

ckiagarucs 3 96 mocninoBHo 3’enHannx koMmipok NCA a6o NMC a6o 3 112 LFP.
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KinbkicTh KOMipOK 96 BUKOPHCTOBYETHCSI BAPOOHUKAMU YEPE3 Te€, L0 1€ YUCIO MaE
Oararo BapiaHTIB MApHOTO JIIJICHHs HAIllIo, TOOTO € OaraTto BapiaHTIB KOH}Iryparii
monymiB Ab. 3amouarkyBanma mei miaxiy kommadis Tesla y cBoemy mepriomy
cepiitHomy enekrpomoOLTi Ha NCA-komipkax. B Oarapesx Ha ememenrax LFP
KUTBKICTh KOMIPOK OiIbIlIa Yepe3 Te, 10 HOMIHAJIbHA HampyTa Takoi KOMIPKH HIDKYA,
HiX NCA a6o NMC. Cnig 3a3Ha4nTH, IO OMHCAHI BapiaHTH HE € CTaHAapTOM, B
CICKTPOMOOUISIX MO)XKHA ToOauuTH Oarapero, HampuKiIan, sSK 3 84 MOCTIAOBHO
MIIKITI0YEHUX KOMIpoK, Tak 1 31 198. ¥V Jlogarky A 3BemeHo iH(opmaliiro Mmoo
XapaKTePUCTUK aKyMYJISITOPHUX Oarapeit pi3sHUX CepIiHUX eIEKTPOMOOLITIB, CKIIAJICHY
Ha OCHOBI [36] ¥ TOTIOBHEHY 3 BJIACHUX CIIOCTEPEIKEHb.

Orxe, Id €NeKTPOTPAHCHOPTY BUKOPHUCTOBYIOTHCS PI3HOMAHITHI TUIIHU
aKyMYJISITOPIB, KOXKEH 13 SIKHX Ma€ CBOi mepeBaru Ta Hemomiku. JIiTiii-lonH1 OGarapei
3AJIMIIAIOTECA HAWMOMYISPHIIIMMU 3aBIAKH 1XHII 30a1aHCOBaHI MPOAYKTUBHOCTI,
ajie HOBI TUIW AaKyMYJATOPIB, Takl SIK TBEPAOTLIbHI ab0 IJITIM-CIpYHMCTI, MarOTh
MOTEHINaJI CYTTEBO IMOKPANIUTH XapaKTEPUCTUKH EJIEKTPOMOOUTIB y MailOyTHHOMY.
BuOip KOHKpPETHOrO THUNy aKyMyJsiTOpa 3aJIeXUTh BI TNOTPEOd KOHKPETHOTO
TPAHCIIOPTHOTO 3aco0y, 30KpeMa BiJl BUMOT JIO JAJbHOCTI MOi3IKH, BapTOCTI Ta

O€e3IeKH.

1.3 Oco0auBocTi Oy10BM Ta 3aCTOCYBAHHSI AKYMYJSTOPHMX Oarapeii aisi

CTAlIOHAPHUX HAKONUYYBa4YiB eHeprii

Ab B cramioHapHMX HAKOMHMYyBadiB €HEPrii, K MPHUKIAJ 3aCTOCOBYETHCS Y
Microgrid abo enekTpoCTaHIlis, Ta MalOTh ClIENU(IYHY KOHCTPYKIIIIO Ta BUMOTH, SIKI
BIJIPI3HSIOTBCA Bl akymyiasitopiB  (puc. 1.12), mo BHUKOPHUCTOBYIOTHCS B
CJIEKTPOTPAHCTIOPTI.

CraiioHapH1 CUCTEMH HAKOTIMYEHHS €Heprii 3a3BUuYail MarOTh OUIbIIT €MHOCTI
MOPIBHSHO 3 MOOUIBHUMU PillIeHHSIMU. BOHM MatoTh 30epiraTti Beauki 00'eMu eHeprii
Ta 3a0e3nevyBaTu ii TpuBajie BUKOPUCTAHHSA, IHKOJIHM — MPOTITOM KiTbKoX mi0. lle
BUMAara€ BHUKOPHCTAHHS CIEliaJbHIUX KOHCTPYKIIM 3 BEIMKMMH MOAYJISIMU Oarapei,

K1 MOXKYTh BUTPUMYBATHU MOCTIMHI ITUKIIN 3aPSIAKU/PO3PSIAKU MIPOTIATOM JIOBTUX POKIB.
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Pucynok 1.12 — bynoBa moOyToBoOi cTalioOHapHOi CUCTEM HaKOMWYEHHs eHeprii [37]

CraiioHapHi CUCTEMH YaCTO MAIOTh TPUBAJIIII UKIIW 3apSIKUA/PO3PAIKU, TOMY
BaXXJIMBO, 1100 BoHU Maiu Bucokuil KKJ[ 1 3maTHICTh BUTpUMYyBATH THCSYl ITUKIIIB
3apsiiKy 0€3 3HAYHO1 BTPaTh NPOAYKTUBHOCTI. Y I[bOMY acCleKTi 0COOIMBO MOMYJISpHI
NMC Ta LFP 6Garapei uepe3 iXHIO CTIHKICTh 0 Jerpajailli Ta BUCOKY €HEPreTHUHY
IIbHICTD

JUist cralioHapHUMX HAKOMU4YyBadiB €Heprii Oe3leka € KIIFOYOBUM ACHEKTOM.
OCKIJIBKH 111 CHCTEMHU MOXKYTh 30€epiraT BeJIMue3Hi 00'eMH eHeprii, pU3uK 3aropsiHHS
abo meperpiBy 3aBkiau € BaxJuBUM (axtopom. LFP ADB 3a3Buuaii oOuparorbcs
3aBJIFAKHU 1X BUCOKIM CTAOLIBHOCTI, aJK€ BOHM MEHII CXHMJIbHI JJO IEPETPIBY 1 MOKEK,
MOPIBHSHO 3 THITMMH THIIAMHU.

CraiioHapH1 CHCTEMH HAKOITMYEHHS €HEPrii 4acTO BUKOPUCTOBYIOTh MOJIYJbHY
apxitekrypy. Lle o3Hauae, 1mo O6arapei ckiiagaroThes 3 0araTbox OKPEMUX MOIYIIB, SKi
MOXYTh TIpaIfoBaTH pa3oM a0o OyTu 3aMiHEHI OKpeMo y pa3i Buxomy 3 jaay. Lle
MOJIETTITy€ 00CTYTOBYBaHHS Ta MacCIITa0yBaHHS CUCTEMH.

Microgrid — 11e JoKanbHA €HEpreTUYHa CHUCTEeMa, SKa MOXKE IpaIfoBaTH SK
aBTOHOMHO, TaK 1 OyTH MiJAKIIOYEHOIO O OCHOBHOI enekTpuuHoi Mepexi (On-Grid).
Microgrid mo3Bossie TeHepyBaTH, 30epiraTi 1 CIOKMBATH EJICKTPOSHEPTiI0 Ha PIBHI

JIOKaJIbHOI TPOMAIY, MiANPUEMCTBA a00 HaBiTh OyAiBiil. Taki cucTeMH BITITPAIOThH
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BOXJIMBY poOJb Yy 3a0e3NedyeHHl EHEepPreTUYHOI He3aJeXHOCTI, IiJBHUIICHHI

€(hEeKTUBHOCTI BUKOPUCTAHHSI BITHOBIIOBAHUX JIKEPEN CHEPrii, a TAKOXK y MiABUIICHHI

HaJIHHOCTI eHepromnocTadanus [38], .

OcHoBHUMU KOMITIOHEHTaMHu Microgrid cucremu €:

BignoBmtoBaHi akepena eHeprii: coHs4YHI Oarapei, BiTpoBi TypOiHH Ta
1HII JpKepesia BIJHOBIIOBAHOI eHeprii. BUKopuCTaHHS LHX JKEepen €
OCHOBHOIO TI€PEBAarol0 MIKPOMEPEXK, OCKIIBKHM BOHHU JO3BOJISIIOThH
BUPOOJIATH YHCTY €HEPTiI0 3 MiHIMaIbHUMH BUKUAAMHU BYTIICIIIO.
Tpaguiiiini reHeparopu: pe3epBHI T'€HEpATOPH HA OCHOBI BHUKOITHOTO
HajuBa MOXXYTh BUKOPUCTOBYBATHUCH K PE3EPBHE JKEPEIO €HEprii JJIs
3a0e3MneueHHs CTablIbHOCTI B MEPIOAU MIKOBUX HABAHTAXKEHb a00 KON
BIJTHOBJIIOBaHI JiXKepesia €Heprii HeJOCTYIIHI.

Mani eHepreTu4Hi yCTaHOBKH: MIKPOTplJ TaKoK MOXKE BKJIIOYATH
reHepalilo 3 MaluxX KOMOIHOBAaHHMX TEIUIOEIEKTPOCTAHIIM, IO
3a0€3MeuyI0Th SIK €JIEKTPOEHEPIit0, TaK 1 TEIUIO.

HakonuuyBaui eHeprii: AKyMYJSTOpPHI CHUCTEMH: JIITIM-IOHHI Ta I1HIII
OarapeiiHi cucteMu Jisi 30epiraHHs €Heprii € BaXKJIMBUM €JIEMEHTOM
microgrid. Bonu 3abe3nedyroTb CTaOUIBHICTH E€HEPronocTayaHHs,
JTIO3BOJISIFOUM 30€epiratv HaJIMIIOK €HEpTii, 3Tr€HEepOBaHOi BITPOM abo
COHIIEM, 1 BUKOPMCTOBYBATH MOTO B MEPIOIM BUCOKOTO MOMUTY 200 KOJIU
reHepailis HeJIoCTyITHa.

[H111 TexHomorii 30epiraHHs — KpiM aKyMyJsiTOpiB, Y microgrid MOXyTh
BUKOPHUCTOBYBAaTUCh CHCTEMH 30€piraHHS Ha OCHOBI BOJHEBUX
TEXHOJIOT1H a00 TiIPOaKyMyTIOIOUNX CTAHITIH.

Cucremu ynOpaBmiHHS Ta KOHTPOIKO — CHCTEMa  YIpaBIiHHS
eneprocnoxkuBanusM (EMS): kmrodoBuid enemeHT microgrid, 110
KOHTPOJIIOE BUPOOHHUIITBO, 30€piraHHs Ta CIOXHUBaHHSA eHeprii. EMS
ONTHUMI3ye POOOTY JDKEpen eHeprii Ta HaKONMUYyBadiB, OanaHCYyrO4Yu

HOMUT Ta MPOTO3UIII0 B PEXKUMI PEATBHOTO Yacy.
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— CucteMu MOHITOPUHTY — BIJICT€XKYIOTh NMOTOKU €HEprii, CTaH 3apsiKu
aKyMyJIATOPiB, TEHEPAIIil0 BITHOBIIOBAHOT €HEPrii Ta CTaH IMAKIOYCHHS
70 OCHOBHOI enekTpomepexi. LI cuctemu T03BONSAIOTH MIKPOTPIT
IpaioBaTd aBTOHOMHO, NIPH I[bOMY 3a0€3Ieuyrour CTaOUIBHICTD
€JIEKTPOTIOCTaYaHHS.

— HaBanTaxeHHs — ®UTI0B1 Oy/IiBii, KOMEPIIiiiHI Ta MPOMHCIOB]I 00’ €KTH,
microgrid 3abe3reuye eIeKTPOCHEPri€l0 pi3Hl THUIH  CIOXKHBaYiB.
Baxx1Bo10 XapakTepUCTUKOI TaKHX CHCTEM € MOXJIMBICTh KEpPyBaHHS
HABAaHTAKEHHSM, IO JI03BOJISIE 3HU3UTH CIIOKMBAHHS €HEPrii y MIKOBI
MOMEHTH.

Microgrid Mmoxe mpairoBaTi B JBOX OCHOBHUX pexumax On-Grid ta Off-Grid.
VY On-Grid pexumi MikpoMepexka IMiIKII0UeHa 10 OCHOBHOI €JIEKTPUYHOT MEpPEexi 1
Ipaltoe B KOOpAMHaLIi 3 Hero. Haumiiok 3reHepoBaHo1 eHeprii MoKe OyTH MepeaaHmii
B OCHOBHY MEPEXY, a B pa3l Je]iluTy — MIKpOMEpEeKa MOKE OTPUMYBATH E€HEPTIIO 3
OCHOBHOI Mepexi. Lle 103Bosie MakcuManbHO €(PeKTUBHO BUKOPUCTOBYBATHU JIOCTYIIHI
pecypceu.

B Off-Grid pexxumi Microgrid mpairoe aBTOHOMHO, HE MiAKJIIOYAOYUCh J10
OCHOBHOI Mepexi. Llei pexxum 0coOIMBO KOPUCHUM JIJIs BIJIaJICHUX a00 1301bOBAaHUX
CIUJIBHOT, SIK1 HE MaIOTh JIOCTYITY JI0 LIEHTPaJII30BaHOT MEPEXK1, A00 B pa3l BIKIIFOUCHHS
JKUBJICHHSI B OCHOBHIN Mepexi. B Takomy BHITaJIKy cUCTEMa CaMOCTIHHO 3a0e3reuye
CTa0lIbHICTh €Hepronocradanus [39].

[TepeBaramu Microgrid cucreM € He3alexkHICT, Ta HaailHICTh. Microgrid
3a0e31euy€e SHEePreTHYHY HE3aJCKHICTh BiJl OCHOBHOI MEpPEXi, IO € BAXKIHUBUM Y
BUIIAJIKaX aBapii, NpUPOIHUX KaTacTpod abo BiIKIIOUEHb elekTpoeHeprii. Microgrid
MOJKE aBTOMATHYHO MEPEMUKATUCS HAa AaBTOHOMHUH PEXKUM 1 TIPOTOBKYBATH TOCTAYaTH
eHeprito 10 crnoxkupayi [40].

BitpoBi Ta PV mxepena MOXyTh HpalfoBaTH HECTAOUIBHO 4Yepe3 3MIHHICTh
MOTO/IM. 3aBMISIKK CMCTEMaM 30epiraHHs Ta ynpaBiiHHS microgrid 10o3Bossie 30epiratu

HAJUIMILIKOBY €HEPT1i0 JJI1 BAKOPUCTAHHS B ME€P10/IM 3MEHILIEHHS TeHeparlii.
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3aBAsSKM  cUCTEMaM yIpaBlaiHHS microgrid  103BOJISIE  ONTHUMI3yBaTH
BUKOPDHUCTaHHS €HEprii, 10 MOXE TMPU3BECTH JO 3MEHIIEHHS BUTpAaT Ha
CHEepronocTayaHHs JJisi  KOpucTyBauiB. Hampukmaz, MokHA  3MEHIIYyBaTd
HABAHTAXKEHHS y MIKOBI rOJUHU a00 BUKOPHCTOBYBaTH HAKOMUYEHY €HEPIii0, KOJIH
Tapu(H Ha EJIEKTPOSHEPT1I0 BUCOKI.

Microgrid MoxHa agantyBaTu Ui Pi3HUX MOTped — BiA OKpemoi OymiBmi 10
BEIIMKUX rpomaja abo miampueMctB. Lle poOuTh iX 0COOIMBO NPUBAOIMBUMHM IS
MaiiOyTHIX €eHEPTeTUYHUX CTPATET1i, 1€ THYUYKICTh Ta CTIHKICTD A0 3MIH € BaKIIMBUMHU
dbakropamu.

[nTerpamist 3 OCHOBHOIO Mepexer: 3abe3neueHHs eQEeKTUBHOI polOoTu
Mikpomepexi B On-Grid pexumi notpeOye TOUHOTO HaJalITyBaHHS JJIsl YHUKHEHHS
KOH(IIKTIB 3 OCHOBHOIO €JIEKTPUYHOI0 MEPEKEIO.

VY cdepi anpTepHATUBHOI €EHEPTETUKH JIITIEB] OaTapei BUKOHYIOTh KIIOUOBY POJIb.
BoHU BHUKOPHCTOBYIOTBCS ISl 30€piraHHSl €JIEKTPOCHEPrii, BUPOOJIICHOI COHSYHUMHU
HaHEJIIMU BJIEHb, 1 ii MOAAJIBIIOT0 BUKOPUCTAHHS BHOU1 a00 MiJ] Yac HECIPHUATIUBUX
NoroAHuX yMoB. Lle 103Boisie MiHIMI3yBaTH 3aJI€XKHICTh BiJl HECTAOIHLHOCTI TeHepallil
BIJIHOBJIIOBAHUX JIPKEPEJI EHEPTii Ta 3a0e3MeunTH Ha/liiHe MOCTaYaHHs eJIEKTPOeHEePTii
y Oynb-sikuii 4vac. 30Kpema, y BHUIIQJIKy 3 BITPOBUMHU €JIEKTpOCTaHIisiMu, Ab
JO3BOJISIFOTh HAKOMMYYBaTH HAAJMUIKOBY €HEPTIiI0 Mij 4ac MEepiofiB CUIBLHOTO BITPY,
sKa Moxe OyTH BUKOPUCTaHA y MOMEHTH, KOJIU BITPOBA TeHEpaIlisi HeJOCTaTHS.

KitouoBUM acreKkToM BUKOPHUCTAHHS CTAl[lOHAPHUX HAKOIMYYyBadiB HA OCHOBI
JiTiEBUX Oarapeil € iXHe 3aCTOCYBaHHS B eHepreTHuHuX cuctemax tumy On-Grid, Off-
Grid Ta riopuaaux cucremax. Cucremu On-Grid — 11e Taki cCUCTEMHU, SIKI TT1IKJTFOUCHI
JI0 3arajbHO1 €JIEKTPOMEPEX1 1 MPAIllOI0Th CHIJIBHO 3 HEH. BOHM BUKOPHCTOBYIOTH
JiTieBi Oarapei mys 30epiraHHs HaJJTUIIKOBOI €Heprii, BUPOOICHOI COHSYHUMH a0o
BITPOBMMH CTaHIISIMHU, 1 IEPENAIOTH ii Ha3aJ B MEepexKy ad0 CIOXKUBAIOTh Y MOMEHTH
nigsuineHoro mnonuty (puc. 1.13). Lle no3Bonsie onTUMI3yBaTH BUTPATU Ha
CJICKTPOCHEPTit0, 3MEHIYIOUM 3aJIeKHICTh BiJl IEHTPATI30BaHUX IMOCTA4YaIbHUKIB
enexktpoeHeprii. KpiMm Toro, Taki CUCTeMH A03BOJISIIOTH BUKOPUCTOBYBAaTH MOJCIb

poOOTH TMOCTAYaIbHHUKIB €JIEKTPOEHEPrii, /¢ KOPUCTyBadl MOXYTh BIJJaBaTH
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HAJJTMIIIKA €HEPTii, 10 BUPOOJAIOTHCA IXHIMU BIJHOBIIOBAHUMHU JDKEpelaMu, B
3arajibHy MEpEexXy, OTPUMYIOUM KOMIIEHCallil0 ab0 3HIKYIOYM BJIACHI PaxyHKH 3a
enekTpoeneprito [41].

OcoOnUBICTIO BEIMKUX CTalllOHAPHUX CHUCTEM HAKOMUYEHHS EHEeprii €
MOJKJTUBICTb I AKITIOYCHHS €JICKTPOTPAHCIIOPTY A0 Mepexki. V2G TEXHOIIOT1S J03BOJISIE
HIAKITIOUaTH €JIEKTPOMOOLT 10 Mepexi, mo poouth Ab enekTpoMobisis THMYacOBO
HaKONMMYyBadeM €Heprii cTaiioHapHoi cuctemu. IlinkiaroueHHsT BiaOyBaeTbcs depe3
IITATHAN TTOPT MIBUIKOT 3apsIIKH €IEKTPOoMOOLIIs. ENeKTpoMo0iib MOXKe 3apsIKaTHCh
y 4Yac KOJM HAaBaHTKEHHsS Ha MEPEXy HU3bKE, a B 4Yac MIKOBOTO HABAHTAKEHHS
BIJIJTaBaTH CBOIO €HEPT1i B MEPEKY, TAM CAMHUM 3MEHIIIYIOUH HaBaHTAXXEHHS Ha Hel [42],
[43], [44], [45].

Ha Bigminy Bim On-Grid, cucremu Off-Grid mpairoroTh He3ajaekHO BiJl
3arajbHOI Mepexl. BoHM € aBTOHOMHUMU 1 MOXYTh 3a0€311€UUTH TOBHY HE3aJI€KHICTh
B1Jl 30BHIIIHBOTO €HEProOMOCTa4aHHs, 10 OCOOJIMBO BaXKJIMBO JJISl BiJJIaJIeHHX a0o0
130JJbOBAaHUX pPaiOHIB, J€ MIAKIIOUEHHS JO0 eJIEKTPOMEepekKi HEeMOXIHUBE ado
€KOHOMIYHO HEBUTIIHE. Y TakuX CHCTeMax JITIeBI Oarapei HAKONMHYYIOTh
CJIEKTPOCHEPTit0, BUPOOJIICHY COHSYHMMH a00 BITPOBUMHU YCTaHOBKaMH, s ii

MOJIAJILIIOT0 BUKOPUCTAHHS MPOTATOM HOY1 200 B MEPIOIM BIICYTHOCTI T'eHepali.
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Pucynok 1.13 — BynoBa mpomMuciioBoi CTaiiioHapHOi CUCTEM HAKOITUYEHHS €HEePTii
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[NOpuaHi cuctemMu noenHyooTh B cob1 nepeBaru sk On-Grid, tak 1 Off-Grid
pimieHb. BoHn MOXyTh OyTH MiJKIIOYEHI JO 3arajbHOi MEpexi, aje MpU IbOMY
3a0€3MeuyloTh ~ aBTOHOMHICTh I 4Yac  BIAKIOYEHb ab0  HECTaOLIbHOIO
eJIEKTPOTOCTa4YaHHs. Y TaKMX CHCTEMax JiTieBi Oarapei 30epiratoTh €1eKTPOSHEPTII0
JUTSI BIACHOTO CTIOKMBAHHS, & HAJUIUIIKK MOXKYTh OyTH TIepeIaHi B 3arajibHy MEPExKy.
Ile 3abe3neuye THYUYKICTh Y BUKOPHUCTAHHI €HEprii Ta MakKCUMaJIbHY €()EKTHUBHICTh
poboTu cuctemu. ['IOpuIHI CHCTEMH € ieaTbHUM BHOOPOM IJIsi CHCTEM, JI€ MOXKHA
MaTH PE3EPBHY EHEPrOCHCTEMY, ajieé 3aJMIIATUCh MIAKIOYEHUM JI0 3arajibHOi

CJIIEKTPOMEPEIKI.

1.4 Cucrema KepyBaHHSI AKYMYJISITOPHUMH OaTapesiMmu

Cucrema kepyBaHHs aKyMyiasTopHumu Oatapesmu (Battery Management
System, BMS) € k/t040OBUM KOMIIOHEHTOM Yy OyIb-AKiii aKyMyJISTOPHIA CHUCTEMI,
OCOOJIMBO Y BHUCOKOTIPOYKTUBHUX CHUCTEMaX, TAKUX SIK €JIEKTPOMOOLTI, CTalllOHapHI1
€HEpreTUYH1 HaKOMU4yBadl Ta pi3H1 NPOMUCHOBI npucTpoi. OcHOBHE 3aBnaHHss BMS
noysirae B TOMy, 1100 3a0e3meunTH Oe3NeuHy, HaAiliHy Ta e(peKkTHuBHYy poOoTy
OarapeitHoro 0JIOKY, 3armo0iratoyr MOXJIMBUM HECIIPABHOCTSAM, TAKUM SIK Iepe3apsiaKa,
HaJMipHa po3psnaka abo meperpiB (puc. 1.14). BMS KoHTpostoe 1 Kepye pi3HUMH
acrieKTaMd poOOTH aKyMYJISTOpIB, MO0 3a0e3MeYruTH iXHIO JOBIOBIYHICTH Ta

MaKCUMAaJIbHY IPOAYKTUBHICTH [46].

. . R - - -
. . Crpym \ e SOC
4 / ° ° SOH
& b . /
Hanpyra ¢ TepmoperyaroBaHHs
/ ° S e KepyBanns
.mpa ¢ MOTY KHICTIO

AxymynsTOpHA Y 3mox AN —e 0
Oatapes BuBix

1HbopMmarti

Pucynok 1.14 — Crpykrypa Ta ¢pyskuii BMS [47]
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OcHoBHi ¢Qynknii BMS. Onna 3 HaiiBaxnuimux ¢yHkmii BMS — e
MOHITOPHHT apaMeTpiB 0aTapei B peskuMi peaslbHOTO 4acy, TAKUX SK:
— Hampyra Ha KOXKHiil KoMipili abo rpyIii KOMIPOK;
— CTPYyM 3apsKu Ta PO3PSIKH;
— Temrmeparypa 6arapeiHOTo 010Ky a00 OKpEMUX KOMIPOK;
— SOC;
— SOH;
— OIip 1301111 BiTHOCHO Kopirycy Ab.
SOC Ab Bu3Ha4aeThbcs SIK BIJIHOIIEHHS MOTOYHOI e€MHICTh Ab ( C,y,) 10

3anUIIKOBOI MakcuMaabHOI eMHICTh AB (Cyaxc):

SOC = 1T . 100%. (1.10)

MaKC

Meton inTerpamii crpymy 0a3yeThcsi Ha OOYMCIICHHI KUIBKOCTI 3apsiiy, IO

BXOJIUTH a00 BUXOJUTH 3 aKymyisiTopa. BiH nependauae iHTerpyBaHHS CTPyMY:
SOC(t) = SOC(t,) — CLftt 1(t)dt, (1.11)
nom -0

ne: SOC(t) — crau 3apsity Ha MOMCHT 4Yacy t;

SOC(t,) - moYaTKOBHi CTaH 3apsay Ha MOMEHT 4acy t;

Crom— HOMIHAJTBHA €MHICTH AB;

I(t) — cTpymM Ha MOMEHT Yacy t (MO3UTHBHUN TPHU 3apsi/ii Ta HETATUBHHUI MPH
po3psi);

tp — MOYaTKOBUU Yac;

t — NOTOYHUH Yac.

Ile#t MmeTom Mae miepeBary y BUIIISIII MPOCTOI peaizarlii, Ta MBUAKOI peakilii Ha
3MiHy HaBaHTaxeHHs. [IpoTe naHuii MeTon Mae HEAONIKM y BUIVISIAI MOXUOKH IO

30UTBLIY€ETHCS 3 YACOM, Yepe3 MOXUOKY BUMIPIOBAHHS CTPYMY. TakoX TOUHICTh JAHOTO
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METO/Ia CWJIBHO 3aJIeXHUTh BiJl TOUHOCTI BuMiproBaHHs SOC(t,), 110 TaKOXX MOXHA
BB)KaTH HEIOIIKOM.
HanpyroBuii MeToa € onHUM 13 HalmpocTimux miaxoaiB A0 BusHadeHHs SOC.

OCHOBOIO ITLOTO METOMY € B3a€MO3B’ 130K MK Hanpyroto Ab Ta SOC:

SOC = f(Vap), (1.12)

ne f(Vag) — ne dyukuis 3amexnocti SOC Big Hanpyru Ab [48]. Uepes
HeNHINHICTh 3anexHocTi Hanpyrd Bi SOC, ocobOnuBo B neskux gianazoHax SOC,
TOUYHICTh METOY 3HAYHO BapitoeThes. JJIsl MOKPIEHHS] TOUHOCTI BU3HAYEHHS V) f miz
yac pobotu Ab, MmoxxHa ckopucrtatuck popmyioro (1.13), mo BpaxoBye BHYTPIlIHII

omip (Ry,) Ta ctpyM (1), mo npotikae uyepe3 Ab.

Vap = VBHMipHHe + 1 Ry, (113)

®ineTp Kasmana 3acTocoBye MareMaTWyHl aJTOPUTMU Ui OLIIHKU CTaHy
Oarapei 3a HasIBHOCTI IIYMIB Ta HEBU3HAYEHOCTEH y BUMIPIOBaHHIX. BukopucTanus
¢binerpa Kanmana no3Bossie oTpumyBatu O1ibIn TouHi 3HaueHH SOC, OCKUIbKY BiH
KOPUTYE MOXUOKH Ta 3TIIAJKY€E BUMAAKOBI BIIXUJICHHS.

IITy4yHuUil iHTeJIeKT, 30KpeMa, HEHPOHHI MEpeX1 1atl0Th 3MOTY MPOTHO3YBaTH
SOC, BUKOPUCTOBYIOYM JaHI TOMEPEAHIX MHUKIIB 3apany-po3psany. Lli amropurvu
CaMOHABYAIOTHCS 1 3 YAacOM IIJIBUILYIOTH TOYHICTh OLIHIOBAHHA, IO POOUTH iX
NEPCTIeKTUBHUMH  JUIsl BUKOPUCTaHHS B Cy4YaCHHUX CHCTEMax YIpaBIiHHS
aKyMyJIITOpaMHU.

Enexrpoximiuna imnenancHa cnekrpockomis (EIS). YV mpomy wmetomi
3aCTOCOBYETHCS 3MIHHUN CTPYM MaJIOi aMIUTITYIH, a aHaIi3 peakiiii 6arapei 103Boiste
3 BUCOKOIO TouHicTIO0 BUu3Hayatu SOC. Xoua 11eil miaxig mupoKo BUKOPUCTOBYETHCS Y
HAyKOBUX JOCIHIIPKEHHSX, HOT0 CKJIAJHICTh 1 BapTICTh OOMEXKYIOTh 3aCTOCYBaHHS Y

CIIO’)KUBYHNX CHUCTCMaX.
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ITIpouec BuzHaueHHsi SOC yCKIAIHIOETbCS THUM, IO XapakTepucThuku Ab 3
yacoM 3MIHIOIOThCS 4epe3 BTpaTy 3arajibHoro pecypcy. JlomaTkoBi TpymaHOIII
CIPHYMHSIOTh BIUIUB TEMIIEpaTypud Ta CTPYMOBUX HaBaHTAXEHb, IO 3MIHIOIOThH
MOBEIHKY aKyMYJISITOpa 1 BUMararoTh aJallTUBHUX aJTOPUTMIB JIJI1 KOPEKIIii TOYHOCTI
Bu3HadeHHs1 SOC.

SOH moka3HWK 3arajJbHOTO CTaHy Oarapei BiJ TMOYaTKOBOTO, IO BPaxOBYE
nerpanaiito Ab, Ta Bu3HayaeTbes K BiMHOIMIECHHS (Cyqxc) 0 HOMIHAIBHOI €MHOCTI

Oarapei ipu 1i BurotoBieHH1 (Cyypy ):

SOH = 2w 1000, (1.14)

HOM

MowitopuHr napamerpiB Ab 103BosIsIE CUCTEM1 KOHTPOIIOBATH CTaH Oarapei Ta
IIBUJIKO pearyBaTh Ha MOXKJIMBI HeOe3MeuH1 CUTYallli, Taki sSIK MEPEBUILICHHS HAPyTU
abo cTpyMy, 1110 MOXKYTbh MPU3BECTH JI0 MOIIKO/KEHb a00 aBapii.

Monyni Ab  cknmagaroThesi 3 TIEBHOI  KIIBKOCTI  OKPEMHUX  ITOCIITOBHO
NIJKITI0OYEHUX KOMIPOK, BaXJIMBO MIATPUMYBATH PIBHOMIPHHUM 3apsii MK HHUMH.
HepiBHOMIpHMIT 3aps1 MOXKe TPU3BOIUTH JI0 TIepeadacHoi BTpatu pecypey Ab a Takox
3HIKEHHS 11 MPOIYKTUBHOCTI, OCKUTBKA OOMEXKYETHCS JOCTYITHA JJISI BUKOPUCTAHHS
emHicTh Ab. BMS mMoe BUKOpUCTOBYE ABa METOAM OalaHCyBaHHS, TakKl fK:

— IlacuBHe OanaHCyBaHHS, SIK€ PO3CIIOE€ HAJIUIIKOBY €HEPTil0 3 OUIbII
3apsIIKEHUX KOMIPOK.

— AKTUBHE OaJlaHCyBaHHS, SIKE€ MEPEPO3MOILISE SHEPril0 MIXK KOMIpKaMu
JUIS BUPIBHIOBAHHS IXHBOTO CTaHy 3apsy.

banancyBaHHs BaXITUBE JIsI MAKCUMAJIBHOTO BUKOPUCTAHHS EMHOCTI Oarapei Ta
MPOJIOBKEHHS i1 TEPMIHY CITyKOH.

BMS Buxonye ¢yHkuii 3axucty 6arapei Bi HEOE3MEUYHUX YMOB €KCIUTyaTalii,
K1l MOXYTh BUKJIMKATH MOLIKOHPKEHHS a00 CKOPOTUTH TepMiH ciayxOu Oarapei. Lli
(bYHKITIT BKITIOYAIOTh:

3axuct BiJ mepe3apsaku: KMo Hampyra Ha KOMIpLI NepeBUIILye Oe3MeyHHi

piBeHb, BMS aBTroMaTnuHO mpunuHse 3apsaaKy adbo 3HWXKYE ii CTpyM.
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3axucT BiJ HaaMipHOi po3psnaku: Komw Hampyra Ha KOMIpI Maja€ HMKYE
MIHIMaJBHOTO JOMyCTUMOro piBHSA, BMS Moke BIAKIIOUMTH HaBaHTAKECHHS, 1100
3armo0IrTH MOMIKOIKEHHIO KOMIPKH.

3axucT BijJl KOPOTKOTro 3aMuKaHHs: BMS MUTTEBO pearye Ha KOPOTKE 3aMUKAHHS,
BIJIKJTFOUAI0YH OaTapero BiJl 30BHINTHLOTO KOJIa, 00 YHUKHYTH TIEPETPiBy a00 MOXKEKi.

[Ipn HamMipHOMY HarpiBaHHI KOMIpPOK (4Yepe3 BHCOKE HaBaHTaKEHHS abo
HecripaBHOCTI) BMS Moke 3HU3UTH TOTYXKHICTH a00 BIAKIIOUATH Oarapero s
OXOJIOJIKCHHS.

SOC 1 SOH € KpUTHYHO BaXJIUBHMH ITOKa3HUKAMHU I OIIHKH ITOTOYHOI
e(heKTUBHOCTI Ta TpuBasiocTi poboTtu 6arapei. SOC BU3HAUYA€ MOTOYHUMN PIBEHDb 3apsiTy
Oarapei, a SOH noka3sye, HACKUIbKU CUJIBHO JeTpaayBaja oarapes 3 4acoM.

BMS BuUKOpHUCTOBY€E pi3HI QJITOPUTMHU, TaKi SIK KYJIOHIBCHKUN MiIpaxyHOK
(BIJICTEKEHHSI CTPYMY, 110 BXOJAUTH Ta BUXOJUTH 3 OaTapei) Ta MOJAEIbHI MiAX0AU IJIs
tounoro BuzHadeHHs1 SOC ta SOH. 11 napamerpu aonomMararoTh KOpUCTyBaueBl abo
CUCTEM1 YIpaBIIHHS BH3HAUYUTHU, KOJIM Oarapero MOTpiOHO 3apsa/kaTh abo KoM ii
€()EKTHBHICTh TOYMHAE CYTTEBO 3HUKYBATHUCS.

Temneparypuuii KOHTPOJIb € OJIHIEI0 3 OCHOBHHX (yHKIIH BMS, ockiibku
TeMIlepaTypa Ma€e BUPIIIAIbHUI BIUIMB HA TPOAYKTUBHICTh Ta Oe3neky Oarapei. BMS
BIICTEXXY€ TeMIlepaTypy OarapelHOro OJIOKy Ta aKTHUBY€E CHCTEMHU OXOJOJKEHHS
(pimuHHI 200 TOBITPSAHI) MPU HEOOXIMHOCTI. Y BHUMAAKY HAJIMIPHOTO HAarpisy,
HanpuKiIaA, MiJ yac IIBHJKOI 3apsiakd a00 BHCOKMX HaBaHTakeHb, BMS moxe
3HIDKYBaTH TOTYXKHICTh Oarapei juisi ctabumizalili temreparypu abo BIAKIIOYATH ii
MOBHICTIO, SIKIIO TEMIIEPATYPHI MEX1 BUXOISATh 3a IOMYCTUMI MEXI.

BMS Ttakox BiJOBia€e 3a KOMYHIKAIIIO 3 1HIIUMU CUCTEMaMH, HaNPUKIAI, 3
1HBepTOpOM ab0 3apsSaHUM TPHUCTPOEM Yy enekTpoMmoOuIsix. B cydacaux BMS
3aCTOCOBYIOThCS Taki komyHikariiHi cranaaptu: CAN, LIN, UART, RS-485, WI-FI.
BMS nepenae gani npo cran 6arapei, SOC, SOH, temneparypy Ta iHIIIl napameTpHu.
Lle no3Bossie e(heKTUBHO IHTETPyBaTH OaTapero y CUCTEMY TPaHCIOPTHOTO 3acoly abo

IHIIWI NPUCTPIN Ta KEPYyBATH ii pOOOTOIO BIAMNOBIIHO O MOTOYHUX MOTPEOD.
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CAN — cranjapt, Ipu3Ha4eHUM J1sl OpraHizallli BACOKOHAIMHUX Ta HEIOPOTUX
KaHaJliB 3B'SI3Ky y po3nofiuieHux cucremax kepyBaHHs. Cranmapt CAN Biairpae
KITFOYOBY posib Yy BMS, 1110 BUKOPUCTOBYIOTHCS B €JIEKTPOTPAHCIIOPTI Ta CHUCTEMax
HAKOIWYEHHS €Heprii, OCKUIbKA € HaWOUIBII MOMMPEHUM IMPOTOKOJIOM KOMYHIKaIlii
MDK TIPUCTPOSIMU B TAaKMX CHCTEMaX.

CAN ctBopennii komnaniero Robert Bosch GmbH B cepeanni 1980-x 1 3Haiios
IIMPOKE 3aCTOCYBaHHA y IIPOMHUCIOBIA aBTOMAaTH3allii, TEXHOJIOTISIX PO3YMHOTO
OyIuHKY, aBTOMOOUTBHIA MPOMHUCIOBOCTI Ta 1HmMX ramy3sx. Haitgactime CAN-
iHTepdeiic BUKOPUCTOBYETHCS SK 3B'A3HA JaHKA MK TOJOBHOIO MAariCTpajuIlo Ta
OaratbMa JOMOMDKHUMH JaTYMKaMH, MEXaHI3MaMu 1 T. J., HIAKIIOYEHHS SKUX J0
HEHTPAJIbHOI MaricTpalii He 3aBXK1Iu JoiibHe [49].

CAN € mocniJoBHOIO MIMHOIO, IO MIATPUMYE OJHOYACHY POOOTY Oararbox
Beqyunx npuctpoiB. Ile o3Hauae, mo Bei By3inu CAN-Mepexi MalOTh MOKJIMBICTh
nepenaBaTy JlaHl 1 AEKUJIbKa By3JIIB OJHOYACHO MOXKYTh JJaBaTH 3amuT Ha muHy. Ha
punky CAN mnipucyTHiii y n1Box Bepcisx: Bepcis 2.0A 3amae 11-6iToBy ineHTH(IKALIIO
NoB1IoMJIEHb (TOOTO B cuctemi Moxke Oyt 2048 yuacHukiB), Bepcis 2.0B — 29-61ToBy
(536 muH. yvacHukiB). Cmig Big3HauuTH, mo Bepcis 2.0B, sKy dacto Ha3HBaIOTh
FullCAN, noctynoBo BuricHsie Bepcito 2.0A, Ky Ha3uBaroTh, Takox, BasicCAN [50].

[una pganux CAN BHUKOpPHUCTOBYE BHUTYy Mapy MPOBIIHUKIB 1 Mpalioe 3
MaKCUMAaJIbHOIO MIBUAKICTIO TpaHcuamii 1 MOit/c Ha poexkuni g0 40 M. I3
30UIBIIICHHSIM ~ BIACTAaHI 3MEHIIYEThCS MAaKCUMaJlbHAa IIBUIKICTH  TPaHCIALIL
(manp. 250 x6it/c no 250 m) [51], [52].

VY Oynp-skiii peamizaiii mepesxka CAN — ¢izuuHe cepenoBulle nepemaadi J1aHux
IHTEPHIPETYEThCS K eip, B IKOMY KOHTPOJIEPH, MPALIOIOTh SIK pHUiiMayi-nepeiaBayi.
[Tpu 11boMy, po3MOUaBIIU MIEpeaady, KOHTPOJIEP HE IePEPUBAE IPOCTYXOBYBaHHS e(ipy,
30KpeMa BiH BIJICTEXKYE 1 KOHTPOJIIOE MPOLIeC Nepeiadi MoToyHuX AaHux. Lle o3navae,
10 YC1 BY3JM MEPEXKI OJHOYACHO MPUMMAIOTh CUTHAIM, 10 MEPEIAt0ThCs MO IIHMHI.
HemoxnuBo mocnaTu MOBIAOMIJIEHHS SIKOMYCh KOHKpeTHOMY By3iny. IIpote, CAN-

KOHTPOJIEPU HAAAIOTh anapatHy MOAJIMBICTh (ubTpaiii CAN-1M0B11OMIIEHb.
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CAN wMepeka mpu3Ha4YeHa JUIsi KOMYHIKAIii Tak 3BaHUX By3miB. KokeH By301
CKiamaeThcs 3 NMBOX ckiamoBux. lle BmacHe CAN-koHTposep, skuii 3abesmeuye
B3aEMOJIII0 3 MEPEKEIO 1 peaizye MpoTokod, 1 mikpomporiecop (CPU).

PexuM 3HI)KEHOTO EHEProCIOXMBAHHS, B SKOMY TNpUAMadi MpPOIOBXKYIOTh
MOBIJOMJIATA KOHTPOJIEp TIPO CTaH IIWHU IS TOTO, OO MpH BUSBICHHI HA IWHI
1H(pOpMAIIHHUX CUTHAJIB BiH MITI BUBECTH MpHUiIMadl B HOPMAJIbHUN PEXUM POOOTH.

[Mpuknan kanpy 3 ID:0x95 DLC: 3 MHani: 0x03 OxFF 0x55 moxHa moGauyutu Ha

puc. 1.15.
: - Kaop
! ID Joexcuna~—— Hani s Koumpoavna cyma —» |~ Kineup
|g £ & xaopy
;g § § =
2 3 | Eoa-glr223239z2228528858833858 0 Clevrpare
38ssnissasssafye33333555555555888000RRR0REERE ysRERE EEee
[l i et el e = | | / e
CAN bitstream | o]o|o[1[o]1| [6]o]o] J_]O o[o]1 | R 1 [ [o[1[1[1]o[1]o[1[ofo[1[1T1 {01 A A A[A A A1 1] ]
. : 2 : . .
CAN RX
CAN H I\ L

Pucynok 1.15 — Crpykrypa cranmaptHoro kaapy CAN [51]

[Iuna CAN-FD € nactynHuMm etanom po3BUTKy kinacuyHol muHu CAN. CAN-

FD 3a0e3neuye migBUIlleHy MBUAKICTh NIEpeIadl JaHUX Ta 30UIbIICHHUN 00CIT TaHuX,

o nepenarTbes B onHomy Kaapi. Jis mmuan CAN-FD HeoOXiTHO BUKOPUCTOBYBATH

CIeliali30BaHl MIKPOCXEMHU-TPAHCUBEPU 3 TIJBUIINCHOK MIBHAKOAIED. OCHOBHI
BigmiaHOCTI CAN-FD Bixg knacuunoi mmau CAN [53]:

— JIBomBuakicamii pexxum podotu: CAN-FD ¢yHKIIOHYE 0JHOYACHO HA

nBOX MBHUAKOCTSIX. [lone apOiTpaxky (3aroJoBOK Kajpy) NMEpemacThes 3

TaKOIO K MBUAKICTIO, SIK 1 B KJIACHYHOMY BapiaHTi, Hanpukiaa, S00 k6it/c.

Opmnak moJie TaHUX MEePeNacThCsl 31 MIBUIAKICTIO, 10 B pa3u MEPEBUIILYE

IIBUJIKICTH MEepe/iadi 3arojoBKa, 1 Moxe aocsraru 12 Moit/c.
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— 30umbmena aowxkuHa kaapy: CAN-FD moxe nepemaBatu o 64 Oait
JAHUX B OTHOMY TakeT1, To/1 sk kinacuuHuii CAN oOMexeHu MakKCUMyM
8 OaiiTaMu.

— CymicHictb: Kontponep CAN-FD 3natauii npuitmaru knacuuai CAN-
naketu, ayne kiaacudanii CAN-KOHTposiep HE MOXKe OOpOONISTH TaKeTH
dopmary CAN-FD.

BMS 3abe3neuye niarHocTUYHI (PyHKINIT, JO3BOJISIOYM BUSIBISTH MPOOJIEMU B
poOoTi Oartapei Ha paHHIX cramisx. lle Moke BriIrOUaTH BHSBICHHS e()EKTHUX
KOMIPOK, TEPEBIPKY EJIEKTPUYHHUX JIAHIIOTIB Ta MOHITOPUHI 3arajibHOro CTaHy
OarapeitHoro OJIOKY.

Kpim Toro, neski cyyacHi BMS BUKOPHCTOBYIOTh alrOpUTMHU MPOTHO3YBaHHS,
100 OLIIHIOBAaTH 3aJMIIKOBUNA TepMiH ciaykO0u Oatapei (RUL) Ha ocHOBI mOTOYHUX
JaHUX TIpo ii ekcrutyaranito. [{e 103Bossie MPOrHO3yBaTH, KOJIM Oarapero moTpiOHO
Oyze 3aMIHUTH a00 MPOBECTU TEXHIYHE 0OCITyTOBYBAaHHS.

Ockinbku Ab Moke MaTH CKJIaJHY MOIYJIbHY CTpPyKTYpy, BMS wmoxe
CKJIaIaTUCh 3 OTHOTO MOy 00 3K MaTH MOIYJIbHY CTPYKTYPY, /1€ € TOJTOBHUN MOYIb

1 ApyTOPsIIHI, SKUMU BiH Kepye (puc. 1.16).

['onoBHMH
BMS
Tonosuuii BMS [MTignopsiakosanuii| |Ilinnopsakosanmii| |ITignopsakoBanuii
BMS 1 BMS 2 BMS 3
1l Il Il il | il
| | I 1| 1| 1|
Monyis 1 Monyis 2 Monyis 3 Monyins 1 Monyis 2 Moy 3
a) 0)

Pucynok 1.16 — CtpykTypHa cxema, [ieHTpaJii3o0BaHoi cucreMu BMS (a)

Ta MOAyJIbHOI cuctemMu BMS (0)
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JlucbanaHc MiX eJIeMEeHTaMH HETaTHBHO BIUTMBAE HA 3arajibHY MPOTyKTHBHICTb,
TepMiH ciryk0u Ta OGesneky Oarapei. 3okpema, eIeMEHT 3 HAMHMKYOI0 €EMHICTIO 200
HAaWBHUIMM CTYyIIEHEM pO3psAy cTae '"CIaOKo JaHKOKW'", OOMEXYIYH 3arajibHy
JTOCTYIIHY €MHICTh Oarapei (puc. 1.17). bubiie Toro, nucbananc Moxke IPU3BECTH 10
nepe3apsny abo mepepo3psly OKpeMHUX €JIEMEHTIB IiJl Yac IUKIIB 3apsay-po3psiLy.
[lepeszapsi mpUCKOPIOE Nerpajalliio elaeMeHTa, CKOPOUYIOYH HOTO TEPMiH CITY:KOHM Ta
i ABUIIYIOYH PU3HK TIEpErpiBy 1 HaBiTh 3aiiMaHHs. [lepepo3psia, y cBOIO 4epry, MOXKe
MIPU3BECTH O HE3BOPOTHOTO MOIIKOKEHHS €JICMEHTA Ta BTPATH HOTO Mpare3qaTHOCTI
[54]. bamancyBanHs 3amo0bira€ I[MM HETaTUBHUM SBUIIAM, 3a0e3Meuyiouu

PIBHOMIPHUHM PO3MOALI 3apsly MK €JIEeMEHTaMH Ta ONTUMI3YI0UH poOOTy OaTtapei.

_________________________ — i 100%
3aranbHa i SOC
€MHICTB
Ab -
0%
SOC
Ilepepo3psakena Ilepe3apsizxena
KOMipKa KOMipKa

Pucynok 1.17 — Cxema BIIMBy nucOaiaHCcy Ha 3arajibHy eMHICTh Ab [2], [55]

[TacuBHe OGalaHCyBaHHS € OHUM 13 KJIFOUOBUX METO/IIB BUPIBHIOBAHHS 3apsi/iiB
MIK KOMIpKaMu aKyMYJISITOPHUX Oarapei, 0COOIMBO Y BEIMKUX OaTapeiHUX CUCTEMAX,
AKI ~ BUKOPUCTOBYIOTbCSI B  €JEKTPOMOOUISIX.  BpaxoByrouum  CKJIQJHICTh
0araTOKOMIOHEHTHUX aKyMYJISITODHUX CHUCTEM, BAXKJIMBO 3a0€3MEUUTH PIBHOMIPHHIA
3aps]l yCciX KOMIPOK JJIsl ONTUMI3allli TPOAYKTUBHOCTI, MPOJOBKEHHS TEPMIHY CIYKOU
aKyMyJsITOpa Ta 3armo0iraHHs meperpiBy abo aerpanailii OKpeMux KOMipokK. Y IIboMy
pO3ILIl  JETadbHO PO3IISTHEMO TMPUHIMON POOOTH TACHBHOrO OallaHCyBaHHS,
MaTeMaTH4HI aCMIEKTH MPOIIECy Ta MOro 3aCTOCYBaHHS B €IEKTPOMOOLIAX.

ABb enexkTpoMoOiIsa CKIIaIaeThes 3 0araTboX KOMIPOK, SK1 3'€THaHI MTOCIITOBHO
Ta mapajenabHO s (GopMyBaHHS HEOOX1gHOT Hampyru Ta eMHocTi. Ilim dac

eKCIUTyaTaIlli KOMIpKA HE 3aBKIU MPAIIOIOTh 1I€JIbHO PIBHOMIPHO Yepe3 BHYTPIITHI
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dbakTopH, Taki SK PI3HUI Y BHYTPIIIHBOMY OIOPI a00 €MHOCTI KOMIPOK, III0 MOXKE
MIPU3BOJIUTH 0 HEPIBHOMIPHOTO PiBHSA 3apsay. SKIO HE BPIBHOBAKUTH 3apsijl, JCSIKi
KOMIPKH MOXKYTh TIepe3apsKaTrucs ado po3psKaTHCs 3aHAATO MIBUAKO, 1110 TPU3BEC
710 TXHBOT Jerpajartii.

[lacuBHe OanmaHCyBaHHS BHUPIBHIOE HAmpyry MDK KOMIpKaMHU IIJISIXOM
PO3CIIOBaHHS HAJUIMIIKOBOI €HEpTrii y THX KOMIpKax, sIKi MaliOTh BUIIHMHA 3apsia. Y
HAaWUMPOCTIIIOMY BHUIVISII 1€ JOCSTAE€ThCS HUISIXOM MIJIKIIOYEHHS PE3UCTOpa
napanenbHO /10 KOKHOI KOoMipku abo rpymu komipok. Komm Hampyra Ha Kowipiii
NEPEBUIILY€E TIEBHUI MOPIT, UEPE3 PE3UCTOP MOUMHAE MPOTIKATH CTPYM, SIKUH PO3CII0E
HAJUIUIIKOBY €HEPTiI0 Y BUVISAI Tema. Lle 3Hnkye Hanpyry Ha KOMIpIll, BUPIBHIOIOUX
il 13 3araJIbHUM PIBHEM.

banancyBaHHs 3 MOCTIMHO MIJKIIOYEHUMHU PE3UCTOPAaMU, a00 CTaTUUHE [TACUBHE
OaJlaHCyBaHHS, € OJTHUM 13 HAHOUIbIII IPOCTUX METO/IIB OAJIaHCYBaHHS aKyMYJISITOPHUX
Oarapeit, 30kpemMa diTii-ioHHUX (puc. 1.18). ¥ npoMy migxomi 10 KOKHOI KOMIpPKU
Oarapei mapajenbHO MiJKIIOYAETHCS PE3UCTOP MOCTIHHOTO OIMOpPY, SKUM MOCTIMHO
PO3CII0€ HAJITUIIIKOBY €HEPTiI0. Xo4a 11ei MeTo/ 0allaHCyBaHHS € MEHII €()eKTUBHUM
MOPIBHSHO 3 aKTUBHUMH IT1IXOJaMH, BIH Ma€ JIedKi crerudivyHi 3acTOCyBaHHS.

VY cratuuHOMY MMacUBHOMY OajlaHCYBaHH1 PE3UCTOPH I IKIIFOUAIOTHCS 10 KOXKHOT
KOMIpKH a00 TpynH KOMIpOK Oarapei, 1 Il pe3ucTOpy MOCTIHHO BIABOIATH HEBEIIUKY
KUIBKICTh €Heprii y BumsAl Teria. Lleit miaxin 103Bossie BUPIBHIOBATH HANpPyTy Ha
PI3HHUX KOMIPKaX, OCKUTbKH OUIBII 3apsKEeH1 KOMIPKH B11J1at0Th OUIbIlIE €Heprii uepes
PE3UCTOPH, HIXK KOMIPKH 3 MEHIITUM 3apsiIOM.

Ry R, Rs R,
I T I H

Cell, Cell, Cell, Cell,

[ | 1 |
O— 2

+

Pucynok 1.18 — Cxema nacuBHoro OanaHcyBaHHs einemMeHTIB Ab, Ha 0cHOBI

(hiKCOBaHMX MIYHTIB [56]
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OcKUJIbKY Hampyra Ha KO>KH1i KOMIPIT 3MIHIOEThCS B 3aiexHOCTI BiJl piBHS SOC,
OUTBII 3aps/IKEHI KOMIPKM MaTUMYTh BUIIHI CTPYyM 4Yepe3 pe3ucTop, 1, BIATIOBITHO,
OibIIa KUIBKICTh €HEPT1i PO3CIIOBATUMETHCS Yepe3 Pe3ucTop y BUILAL Teria. e
IpOIEC JIOTOMarae MOCTYNMOBO 3HM3UTH HANpyry Ha IMEpPEHANOBHEHUX KOMIpKax 1
BUPIBHSATH X 13 MEHII 3aPsI>KEHUMH.

[lepeBarn — mpocrToTa Ta HU3bKA BapTicTh: lle oAMH 13 HAMOUIBII MPOCTUX
METO/IB OallaHCyBaHHS, OCKUIbKH BIH HE MOTPeOy€ CKIAJHUX EICKTPOHHHUX CXEM.
CucreMu 3 MOCTIHHO MIAKIIOYEHUMH PE3UCTOPAMU MOXKYTh OyTH BUTOTOBJIEHI 3
MIHIMYMOM KOMITOHEHTIB, III0 POOUTS iX JCIICBIIUMH Y BUPOOHHUIITBI.

OCKUTBKM 11e METOJl HE 3aJICKUTh BiJ CKJIAJIHUX €JIEMEHTIB yIpaBiiHHSA, BIH
JIOCUTh HAAIMHUHN 1 piko miajnaeTbes 300sM. TloCTiiHO MiAKIIIOUEHI PE3UCTOPU HE
BUMAararoTh akTHBallii a00 CKJIaJHOI JIOT1KA KOHTPOJIIO.

Henoniku - nocrtifina BTpara eHeprii. OCHOBHUM HENOJIIKOM I[bOTO MiAXOIY €
MOCTIWHI €HepreTUYHI BTPATU Yepe3 PE3UCTOPHU, SIKI PO3CIIOIOTh €HEPTII0 y BUIIIAII
tema. [le pobuts cuctemy MeHIl €()EeKTUBHOIO, OCKIJIBKM YaCTHUHA €HEeprii Oarapel
BUTPAYAETHCS HE HA KUBJICHHS HABAaHTAXKEHHS, a TIPOCTO HA HArpiBaHHSI.

[locTiliHe pO3CIIOBaHHS E€HEPrii Yepe3 pPEe3UCTOPU MOXKE CYTTEBO 3HUZUTH
3arajbHy €(EeKTUBHICTh CHCTEMH, OCOOIMBO Yy BEIMKUX OarapeiHux MacuBax. Lle
MOXKe OyTH HETPUWHSATHUM JJISI CyYaCHUX BUCOKOC(PEKTUBHUX €JIEKTPOMOOLIIB abo
IHIIMX MPUCTPOIB, JI€ BAXIUBUM € KOXKEH BIJICOTOK €HEepProe()eKTUBHOCTI.

HemnoBua xopekiisi: CtaTudHe MacuBHE OajaHCyBaHHsS HE 37aTHE TMOBHICTIO
BUPIBHITH HANPyTy Ha BCIX KOMIPKAX y CKJIQJHUX CUCTEMaX, OCKIJIbKH PE3UCTOPHU HE
MOXXYTh QJIalITyBATUCS JI0 PI3HUIIL Y HAMPY31. Y CUCTEMaX 3 BETUKUM PO301’KHOCTIMHU
B 3apsJli MDDK KOMIpKaMH 1€l METOI MOXE BUSIBUTHUCS HETOCTATHHO €(PEKTUBHUM.

TerioBe HaBaHTakeHHs: [locTiliHe BUIIUICHHS TeIUla yepe3 Pe3UCTOPU MOXKE
CIPUYMHATH JIOKAJIbHI 1IBUILIEHHS TEMIIEPATYPU BCEPEIMHI OaTapeitHOro MOy, 1110
BHUMarae JJOAaTKOBUX CUCTEM OXOJIOMKEHHS JJIs 3a0e3MeUeHHs Oe3MEKH.

[TacuBHe OanaHcyBaHHsA, SIKUM kepye BMS, moumHaeThCs, KOJM Hampyra Ha

OKpeMiil KOMIPIIi TocATae BUSHAYEHOTo Topora (3a3Buyait e 6mmssko 4,2 B nuss NMC



52

a6o 3,6 B s LFP). Sk Tumbku neit nmopir nocaruyto, BMS nigkirodae pe3uctop 10

1i€ei komipku (puc. 1.19).

S Sz S3 Sn
Rl R2 R3 |/ Rn
+1'-  +]'-  +]'- e
Cell, Cell, Cell, Cell,

Pucynok 1.19 — Cxema macuBHoro 6anancyBaHHs enemMeHTiB Ab [56], [57], [58]

[Ipouec TpuBae, TOKM Hampyra Ha L1l KOMIpIl HE 3HU3UTHCS 0 PIBHS IHIIUX
KOMIPOK, ITICJISI 4OTO PE3UCTOP BiAKIIOUa€ThCs. Lle Bi10OyBa€eThCS IIUKIIIYHO JIJIsI KOXKHOT
KOMIPKH, TMOKHM BCl He OyayTh 30aiaHcoBaHl. BaXJIMBO BIJI3HAYMTH, 11O NACHUBHE
OaslaHcyBaHHs 3a3BUYail BiJI0yBA€ThCS HA €Talll 3aBEPIICHHS 3apsIIKU, KOJIA OUIBIIICTh
KOMIPOK BXKE Mailke 3apsi>KeH1, a PI3HUI B HAIIPY31 MK HUMH CTa€ 3HAYYIIOIO.

OnHi€r0 3 OCHOBHUX TIEpeBar METOAy MacUBHOTO OaaHCyBaHHS € MPOCTOTa Ta
HajiiHICT. CHCTeMa He BHMarae CKJIQJHHX cXeM a0o ympasiiHHs. Pe3ucropwu, 1mio
BUKOPUCTOBYIOTBCSI IS PO3CIIOBaHHS HAQIMIIKOBOI  €HEprii, € MpOCTHMHU
KOMITOHEHTaMH, SIKi HE 9aCTO BUXOMSTH 3 JIAdYy.

OckiJIbKH cucTeMa He TOTpeOye CKIAIHUX eIEKTPOHHUX CXeM a00 KOHTPOJIEPIB,
nacuBHEe OalaHCyBaHHsS € JEIIEBIIMM Yy peanii3alii MOpPIBHAHO 3 aKTUBHUM
OanancyBanusM. lle poOuTh ¥oro mpuBaOIMBHMM BapiaHTOM IS 3aCTOCYBAaHHS B
OIOKETHUX €JIEKTPOMOOLISIX a00 MEHII CKJIATHUX aKyMYJISITOPHUX CHCTEMaX.

OcCHOBHMIA HETOMIK MTACUBHOTO OaJTaHCYBAaHHS MOJSATAE B TOMY, [0 HAJIMIITIKOBA
EHEPris MPOCTO PO3CIIOETHCA y BUIIIsIAL Teria. [le Moxke mpu3BoAUTH 10 BTpaAT €HEprii
Ta 3HWKEHHS 3araibHoi epexktuBHOCTI AB. V Bunmanky Benmukux Ab abo cucrtem 13

YaCTUM IIMKJIOM 3apSJKH/PO3PAIKH 1i BTPaTH MOXYTb CTaTH 3HAUyIIMMH.
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EnepreTtuyHi BTpaTu Ha OIHOMY €JIEMEHTI Yuepe3 IIyHTYIOUUN Pe3ucTop MOXKYTh OyTH

BUPaXKEHI SIK:

= L _maxs (1.15)

ne Py — mOTyXHICTb, 1110 PO3CIIOETHCS HA IIYHTYIOUOMY PE3UCTOPI;

V; — Hanpyra Ha eJeMeHTI;

Vhax — IOPOTOBE 3HAYEHHSI HAIPYTH;

R — omip pesucropa.

[TacuBHe OanaHCyBaHHS TIpallO€ TMOBUIBHINIE TMOPIBHSHO 3 aKTUBHHUM
OanaHCyBaHHSAM, OCKIJIBKH TIOTYKHICTB, IO PO3CIIOETBHCS YEpe3 PE3UCTOPH, €
oOMexeHot0. [{e Moxke 301IbITyBaTH 3arajJbHUM Yac 3apsaKu aKyMyJsiTopa, 0COOIUBO
y BUIIAJKY, SKILO PI3HULS B 3apsax MK KOMIpKaMH € 3Ha4yHO0. Po3citoBaHHs eHeprii
y BUDJIAJI TEIUIa MOXKE MPU3BOAMTU JO JOKAJIBHOIO IMEPErpiBYy KOMIPOK, OCOOIMBO
AKIIO CHCTeMa OXOJOMKEHHs Oarapel HeloCTaTHhO e(eKThBHA. Lle MoXke HeraTuBHO
BIUTUHYTH Ha TEPMIH CITYKOH aKyMyJIsTOpA.

[TacuBHe OamaHCyBaHHS MIUPOKO 3ACTOCOBYETHCS B €JICKTPOMOOLISIX, 0COOIUBO
B OIO/DKETHUX MOJIEJISIX 200 B €JIEKTPOMOOIISIX 3 HEBEJIMKUM 3armacoM xomay. Lleit metox
JI03BOJISIE TIATPUMYBATU CTA0UTBHICTH AB Mpu MiHIMaJIbHUX BUTpATax Ha peatizalliio.
VY noeaHaHH1 3 THIIMMU CTpATETisIMU YOPABIIHHS OarapesMH, TAKUMH SIK KOHTPOJIb
TEMIIepaTypu Ta MOHITOPUHI CTaHy KOMIPOK, MAacHBHE OajlaHCyBaHHSI 3a0e3neuye
JIOCTATHIO HAAIMHICTB JJ1 0ararboxX MOJeNel eJIeKTPOMOOLTIB.

3a3Buuail macuBHe OallaHCyBaHHS BHKOPUCTOBYETHCS Ha €Tall 3aBEpILECHHS
3apsaku Oarapei. [1ig yac nporo eranmy cuctema OajaHCyBaHHS BiJICNIIKOBY€E Hallpyry
Ha KOXKHIM KOMIpIll Ta aKTUBYE PE3UCTOPU JJIsi BUPIBHIOBAHHS HAMpyTH. Y TaKHX
BUMAKax OajgaHCyBaHHS J03BOJISIE 3aMIO0ITTH MEpe3apsHKEHHIO OKPEMUX KOMIPOK, IO
BKJIMBO JUIS1 JOBTOTPHUBAJIOl HAAIHHOCTI OaTapei.

Bognowac  macuBHe ~— 0OanaHCyBaHHS  pijllle  BUKOPUCTOBYETHCA B

BHUCOKOTIPONYKTUBHUX EJIEKTPOMOOLIISAX, /1€ BaXKJIMBA MaKCUMabHa €()EKTHBHICTH 1
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MIHIMAJIbHI BTPATH €Heprii. Y TakuX MOJENSAX MEePEeBaXKHO 3aCTOCOBYIOTHCS AKTHUBHI
MeTou OallaHCyBaHHS, K1 MEPepPO3MOALISIOTh EHEPTiI0 MK KOMipKaMu 0€3 TEII0BUX
BTpar, a00 KOMOIHOBaHI CHCTEMH, A€ TMACHBHE OaJaHCYBaHHS TMPAIIOE Pa3oM 3
AKTUBHUM.

AKkTHBHE 0aaHCyBaHHS aKyMYJISATOPHUX OaTapeil € OHUM 13 Halle()eKTUBHILINX
HiAXOAIB U1 MIATPUMKH PIBHOTO 3apsiay MDK eneMmeHtamu Oarapei. Lleit meron
JTO3BOJISIE HE JIUIIE PO3CIFOBATH HAJIJTUIIKOBY €HEPTilo, SIK Y TACUBHOMY OajlaHCYBaHHI,
ayie ¥ MEepeHOCHUTH i BiJ OUIBILI 3apsSIKEHUX €JIEMEHTIB 10 MEHII 3apsKCHHX, 110
3abe3neuye Kpaily eHeproedeKTUBHICTh Ta 3MEHIIye BTpatu eHeprii (puc. 1.20).
AxTrBHE OanaHCyBaHHS Ma€ OCOOJMBE 3HAUEHHS AJI1 BEIUKUX aKyMYJISTOPHHUX
CUCTEM, TaKuX SIK €JIEKTPOMOO1JIi, HAKOTIMYYBa4l €HEpPrii Ta 1HIII CUCTEMH, JI€ BaXKJINBA
MakcuMalbHa €(EeKTUBHICTb BHUKOPUCTAaHHS 3apsily KOXKHOTO ejleMeHTa. Mera
aKTUBHOTO OallaHCYBaHHS TOJSTae B Tepenadi eHeprii Mk enementamu Ab 3a
JIOTIOMOTOI0 Pi3HUX €JIEKTPOHHUX CXEM, TAKHX SIK IIEPETBOPIOBAYl HANPYTH, EMHICHI Ta
IHIYKTUBHI cxemu. Lle 103Bossle YHUKHYTH PO3CIIOBaHHS €HEPTii y BUIVISAAL TEIUIa, sIK
e BiOyBa€ThCA B MACUBHHUX CXEMaX, 1 3a0€3MeYUTH PIBHOMIPHUHN 3apsij €lIEeMEHTIB

aKyMYJISITOPHOI CHCTEMH.

100%

IacuBHe AKTHBHE soc
OaJlaHCYBaHHSA 0aJIaHCYBaHHA

Bbe3 6asancyBaHHsA

Pucynox 1.20 — [Ipuniun po6otu akTUBHOTO MeTONy OanancyBaHHs [5], [56]

InnykTHBHE 0alaHCYBaHHSI — METO/I BUKOPUCTOBYE 1HIYKTUBHI KOMIIOHEHTH
I Tepedaul eHeprii MDK eleMeHTamu Oarapei. Haluactimie 1€ KOTYIIKH
IHAYKTUBHOCTI, K1 TMpPAIOIOTh SIK TpaHchopMaTopu abo mepeMuKadi eHeprii Mix

eJIEeMEHTaMU 3 PI3HUMU piBHSIMHU 3apsiay. OCHOBHA IepeBara IbOoro METoly — BUCOKa
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€(EeKTUBHICTh 1 3/aTHICTh NMEPEHOCUTHU BEJIMKI OOCSATH €Heprii 3 MiHIMAJIbHUMU
BTpaTramu.

[Tpunimn poOoTu monsArae y nepeaadi eHeprii BiJ OMHOTO eleMeHTa A0 1HIIOTO
3a JIOMOMOTOI0 1HAYKTUBHOTO 30epiraHHsi eHeprii. Konum 3apsg ogHoOro eneMeHTa
MIEPEBHUIILY€E 3apsi/i 1HIIOTO, PI3HUII B HAMPY3l CIPUUHMHSE CTPYM Yepe3 1HAYKTUBHUN
€JIEMEHT, WI0 TMepelae EHEepriio MEHII 3apsypKeHoMy eneMeHTy. [lepeBaramu
1HIYKTUBHOTO OajaHCyBaHHS € Horo e(eKTHBHICTh Ta 3AaTHICTh MpaIlOBaTH 3
BEJIMKUMU CTPYMaMHU.

€mHicHe OaslaHCyBaHHSl — I TIiepeladl  €Heprii BHKOPHUCTOBYIOTHCS
KOHJIEHCATOPH, SIKI MOXYTh THMYacOBO HAKOIMYYBaTH 3aps] BiJ OJHOTO €JIEMEHTa
Oarapei Ta nepenaBatu Moro iHIoMy. €EMHICHE OallaHCYBaHHS MiJIXOIUTh JJI1 CUCTEM
13 BIJIHOCHO HEBEJIMKUM pPI3HOBUIOM HANpPyrd MK €JEeMEHTaMH, OCKUIbKU
KOHJICHCATOPU MOXKYTh IIBHJKO 3apsiKATHCS 1 PO3PSIKATHUCS, MIEPEAarodl €HEePrito
MIXK €JIEMEHTaMHU.

OcCHOBHMI TMpolLieC MOJIATAE B TOMY, IO KOHJEHCATOp MIJKIIOYAETHCS M0
€JIEMEHTY 3 BUILIOIO HAIIPYTOIO, JIE BiH 3apsKAETHCS, a TOTIM MIIKITIOYAETHCS 10 MEHIII
3apsPKEHOro eJeMeHTa Juisl nepenadi eHeprii. lleil meTtom Mae nemio Hux4y
€(EeKTUBHICTh TMOPIBHAHO 3 IHAYKTUBHUM OajlaHCYBaHHSM, aje MiAXOAUTh s
IIBUKOI Iepeaadl HEBEIMKUX KIJIbKOCTEN eHeprii.

BbanancyBanns 3a gonomororw DC-DC neperBoproBauiB. OquH 3 HAMOUTBIIT
YHIBEpCaJbHUX METOMIB aKTHBHOro OamaHcyBaHHd. Buxopucranus DC-DC
MEePETBOPIOBAYIB J03BOJISIE €PEKTUBHO PETYIIIOBATH MOTOKHU €HEPTIi MiXK eJIeMEeHTaMu
3 pi3HUMHU piBHAMH 3apsay. [lepeTBoproBaui Hanpyrd MOXKYTh IiJIBUIyBaTH abo0
3HIKYBATH HAIpyTy HAa OKPEMHUX €JIEMEHTaX, 3a0e3Meuyour TOUHY Mepeady eHeprii.

DC-DC mneperBoproBaui MOXyTb OyTH 1HTETPOBaHI Yy CHUCTEMU OaslaHCYBaHHS
JUTSI TOYHOTO KOHTPOJTIO HaJ piBHIAMHE 3apsiay. Hanmpukiam, siKio onuH enemMeHT 6arapei
Ma€ BHUIy HampyTy, NEpeTBOPIOBaY MOXKE 3HW)KYBAaTH HANpyTy IBOTO €JIeMEHTa 1
NepeiaBaT SHEPTII0 1HIIOMY €JIEMEHTY, JIe Harpyra Hibk4ya. Takuil miaxig J103BOJIsIE
NIATPUMYBaTh €(QEeKTUBHE OajlaHCYBaHHS HE3AJIEKHO BIJ KUIBKOCTI €JIEMEHTIB Ta

HOTY>KHOCTI CUCTEMHU.
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AxTuBHE OajaHCyBaHHS aKyMYJIATOpHUX OaTapeil Mae CyTTeBI mepeBar, aie i
neBHI Henomiku. Jlo mepeBar BiIHOCUTHCS BHUCOKA €HEProe(eKTHBHICTBH: 3aBISKU
Nepepo3NOALTY EHEpPrii MK KOMiIpKaMU, a HE PO3CIIOBaHHIO HAJIMIIKY Y BUITISAL TETIa,
JOCSITAETHCST MiHIMI3allisl BTpaT. 30UIbIICHHSI TEPMIHY CIIy»)Ou Oarapei € HacliJIKoM
PIBHOMIPHOTO PO3MOAUTY 3apsiy, IO 3HIDKYE JErpajalfilo OKPeMHX EJEMEHTIB.
['HyukicThb Ta MacmTaOOBAaHICTh AO3BOJSIOTH 3aCTOCOBYBAaTH AaKTHUBHI CHCTEMHU Y
BEJIMKOMACIITA0OHNX CHCTEMax, a INBUIKICTh OalaHCyBaHHS 3a0e3Ileuye BHCOKY
IPOAYKTUBHICTh. TakoX MOKpAIIy€eThCS 3arajbHa €MHICTh 32 PAaXyHOK IOBHIIIOTO
BUKOPUCTAHHS 3apsily KOKHOI KOMIpkd. YacTo HasBHa MOMJIMBICTH JI€TaJIbHOIO
MOHITOPHUHTY.

HenonikamMu akTMBHOTO OallaHCYBaHHS € CKJIAJHICTh Ta BHUIA BapTICTh, IIO
3yMOBJIEHO BHMKOPHUCTAaHHSM CKJIQJHMX €JIEKTPOHHMX CXe€M Ta JOAATKOBHUX
KOMIOHEHTIB (1HAyKTUBHOCTEH, koHAeHcaTtopiB, DC-DC neperBoproBauiB). Ile Bene
0 30UIBIIEHHS pPO3MIPY, Baru CHUCTEMH, a 1HOMAl TOTpedye J10AATKOBOTO
TEIUIOBIIBEACHHS. TakoXK TMPUCYTHE BJIACHE EHEPIOCHOXHUBAHHSI  CHUCTEMHU
OaJlaHCyBaHHS.

Po3misiHeMO MaTeMaTH4HYy MOJENIb aKTUBHOTIO OallaHCYBAaHHS aKyMYJISITOPHOI
cucteMu 3 n koMmipkamu. Hexaii Hampyra Ha i-mMy enementi nopiBHioe V;(t), a ctpym
OanancyBanHs Mixk enemenTamu — I;;(t), ne i Ta j — iHIEKCH €EMEHTIB, MK SKUMU
B1JI0YBAETHCS TIepeada eHeprii.

[ToTyXHICTb, SiIKa IEpeAAETHCS BIJ] €JIEMEHTA I 10 €JIEMEHTA j, OOUHMCIIIOETHCS 32

PI3HUIICIO HAMIPYT [UX €JIEMEHTIB, TOMHOXKEHOIO Ha CTPYM, IO MPOTIKAE MK HUMH.

P (t) = V() - I;(¢) = V; () - I; (0, (1.16)

ne: P;; (t) — HOTYXXHICTh, 1[0 MTEPEAAETHCS Bij e1eMeHTa [ 10 eJIEMEHTa J;

Vi (t) Ta V;(t) — Hanpyry Ha BiANOBITHUX KOMipKaXx;

I;(t) Ta I;(t) — cTpyM 110 NpOTiKa€ Yepe3 BiAMOBiNAHI KOMIpKH.

Otrxe, BMS BukonytoTh nyxe BaxiuBl (yHKuUIi 3axucty Ab, mo Hampsmy

BinBae Ha pecypc Ab. Ha panuit wac Oumpmicte BMS mae macuBHuii crocio
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OamaHCyBaHHs, IO Ma€ HU3BKY €(QeKTUBHICTh. Bukopucrtanas BMS 3 akTuBHHM
criocoboM OaaHCyBaHHS, € OUIbII €()EKTUBHUM, Ta MOXKE OyTH HACTyIHHUM €TaroM

po3Butky BMS.

1.5 BucHoBku 10 po3ainy 1

1. Ab Ha OCHOBI JiTiI0O MalOTh HMIMPOKE 3aCTOCYBaHHs, OCHOBHI HANpPSMKH LI€:
MOPTAaTUBHI TPHUCTPOI, CICKTPOTPAHCIOPT Ta CTAIIOHAPHI HAKOMUYyBayl EHEprii.
IcHye micTh OCHOBHHX TUMIB Li-ion akyMynsiTopiB, Ikl MACOBO BUKOPHCTOBYIOTHCS. 3
OISy Ha 3ajadl sIKi Ma€ BUKOHYBAaTH aKyMyJsTopHa Oarapesi, HEOOX1aHO oOuparu
neBHU UM Li-10n akyMyasiTOpiB, BpaxOBYIOUH IEpEBaru 1 HEAOMIKUA KOKHOTO 3 HUX.

2. Ab dopmyeThcsi 3 MOAYIMIB, 5IKl, B CBOIO UEpry, CKJIAJAlOThCs 3 OKPEMHX
KOMIpPOK, 3'€IHaHUX TOCIIIOBHO abo mapanenbHo. KinneBa koHdiryparis 3'€1HaHb
KOMIPOK 1 MOJYJIIB BU3HAYAETHCS HEOOXITHUMHU 3HAYEHHSIMU €MHOCTI Ta HaAIpyrd
Oarapei.

3. BMS € He3aMiHHIM KOMIIOHEHTOM Y Oy/b-sIKii Cy4acHii Oarapeiiniii cuctemi,
30KpeMa y CKJIQJHUX aKyMYJISTOPHUX MOMOYJISIX eleKTpoMoOuliB. BoHa 3abe3neuye
0e3MeKy, 3aXUCT BiJ] HECTIPABHOCTEW, TOYHHN MOHITOPUHT, OalaHCyBaHHS KOMIPOK Ta
ontumizauiro podoru Oarapei. 3aBasku BMS, akymynsaTopu MOXyTh MpalioBaTu
O11b1I €(DEeKTUBHO Ta JIOBIO, IO € KPUTUYHO BAXJIMBUM y CUCTEMAX, /1€ HAIWHICTh Ta
TPUBAJICTh POOOTH MAIOTh KITFOUOBE 3HAYCHHSI.

4. Icnye nBa meroau OajaHCYBaHHS aKyMYJSITOPHHUX Oarapeil: akTMBHUUN Ta
nacuBHUI. He3Baxkaroun Ha HEOMIKY MACUBHOTO METO/LY IIOPIBHSHO 3 aKTUBHUM, CaMe
BIH BHUKOPUCTOBYETHCS B CYYaCHHUX CEpPIMHUX eJEKTPOMOOUISIX. 3acTOCYBaHHS
aKTUBHOTO OajlaHCYyBaHHS MOTEHUIWHO MOXKE MIABUIIUTH €(PEKTUBHICTh Ta pecypc

aKyMyJsITOpHUX Oarapeil.
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PO3ILJI 2. PIINEHHA JJIA 31IJIBHIEHHSA PECYPCY
AKYMYJIATOPHUX BATAPEH

2.1 IIpouec aerpagauii akymyJasiTOpHUX OaTrapei

JIiTif-10HHI ~ aKyMyJasiTOpH  BIITPAlOTh KPUTHYHY pOJb Y  CydacHHUX
CIEKTPOMOOUIAX Ta IHIIMX EJIEKTPOHHUX TMPUCTPOSX 3aBISKMA IXHIA BHCOKIN
€HEPro€EMHOCTI Ta TPUBAJIOMY TepMiHY clIy:kO0u. OfHaK, 5K 1 Oy/b-gKa 1HIIa Oarapes,
BOHU ITiIIAIOTHCS TIOCTYIIOBIN erpanarii mij 9ac BUKOPUCTAHHS, 0 MPU3BOIUTH 10
BTpaTu €MHOCTI, 30UIbIIIEHHS BHYTPIIIHHOTO OMOPY, 3MEHIIECHHSI TEPMIHY CIIY>KOU 1
3HIDKCHHsST ~ 3arajbHOi  edekTuBHOCTI.  Jlerpajamiss — akyMyJasTopiB — 1€
OaratoakTopHUl TpoIeCc, IO BKIOYAE XIMIYHI, MEXaHIYHI, EJICKTPUYHI Ta
TeMmneparypHi YuHHUKHA [59]. YV 1boMy po3aiial po3mISHEMO OCHOBHI MeEXaHi3MHU
Jerpanaiii, BKIIOYAOUU XIMIYHY JIeTpaiallifo, BIUIUB TEMIIEPaTypH, PEKUMHU 3apsIKH

Ta PO3PSIAKH, a TAKOXK 1HII BaXKJIHUBI (PaKTOPH.

Po3uuHeHHst

Po3uuHeHHs Mixi
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Ta yTBOPEHHs PO3UMHHUKOM i _— nepexigHux
AeHApHTIB po3IapyBaHHs : ! MeTauis i
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OCaAKCHHSI

JIeHIpHTIB

Pucynok 2.1 — IIpouecu nerpaaaiii B niTieBUX akymynsitopax [60]
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OnHuM 13 TOJIOBHMX YMHHMKIB Jierpajallii JiTIEBUX aKyMYJATOPIB € XIMIYHUH
po3kian enexTpomiTy. [lin yac 3apaaku Ta po3psalKH aKyMyJsiTopa €JIeKTpodiT oepe
y4acTh y IEPEHECEHHI JIITI-10HIB MK aHOZIOM 1 KatoioM. OHaK, 3 9aCOM €JIEKTPOJIIT
MOCTYTIOBO PO3KJIAJIA€THCS, YTBOPIOIOYH MOOIYHI MPOIYKTH, SIKI MOXKYTh MPU3BOAUTH
710 YTBOPEHHSI TBEpAOTo enekTpoiiTHoro inTepdeiicy (SEI) Ha moBepxHi aHoxa.

[TniBka SEI mo4yatkoBo OpMy€eThCS Ha paHHIX LUKIAX 3apPSAKHU 1 € BaXJIUBOIO
JU1s1 CTaOUIBHOT pOOOTH aKyMYJIsITOpa, OCKUIBKK BOHA 3aro0irae moJajbInii aerpaaarii
enektponity. Ilpore, nHammipue 3poctanHs SEI mnpu3Bomuth 10 301TBIICHHS
BHYTPIIIHKOTO OMNOpy Oarapei, OCKIIbKM IUIIBKA TMOTIPIIyE pPyX JITIH-10HIB MIX
esiekTpoaami. Lle mpu3BoAUTH 10 BTpATH €MHOCTI Ta M1 ABUIIICHHS TETUIOBUIICHHS IT1]1
yac poOoTH.

Kpim Toro, Ha xatoai mMoxke BIIOyBaTHCS OKMCJICHHS METalliB, IO BUKIUKAE
BTpary akTUBHOI'O MaTepially 1 TaKOX CHpusie Aerpaganii akymyistopa. Hanpuknan, y
JTIA-10HHUX OaTtapesix 3 KaroJamMu Ha OCHOBI OKCH/IIB HIKEII0, MapraHipo ado
KOOaNbTy, OKHCJCHHS METaJleBUX KOMIIOHEHTIB CHpHsIiE BTpPaTi CTPYKTYpPHOL
cTabuibHOCTI Katoga. dopmyna sl ONHMCY BTPAaTH €MHOCTI 4epe3 301IbIIECHHS

BHYTPIIIHHOTO OMOPY MOXe OyTH 3amucaHa Tak:

Csa.u = CHO‘{ —1I- R: (2-1)

ne C,,,; — 3aJIMIIKOBA €EMHICTh AKYMYJIATOPA MICIIs IEBHOTO LUKITY;

Cpoy — IOYATKOBA EMHICTh aKyMYJISITOPA;

[ — cTpyM, 1110 IPOTIKAE YEPE3 aKyMYISTOP;

R — BHyTpIlHII omip, 110 3pocTae yepe3 yrBopeHHs SEI.

Temmneparypa € OAHMM 3 HAMBKJIMBIIIMX YWHHUKIB, 110 BIUIMBAIOTH Ha
Jerpajamiio JITIEBUX aKyMyJIATOpPiB. SIK BUCOKI, TaK 1 HU3bKI TEMIIEPATypH MOXKYTh
HEraTUBHO BIUIMHYTHU Ha €()EKTHBHICTH 1 TEPMIH CITy>kKOU Oarapei.

Bucoki Temneparypu NpuCKOPIOIOTh XIMIYHI peakiii BCEpenHl aKyMyJsTopa,
[0 CHpHsSiE€ MBUAIIOMY PO3KIIAaNy eIeKTpodiTy, 30uibieHHI0 SEI-miBku, a Takox

BUJIIJICHHIO Ta3iB, $KI MOXYTh TPHU3BECTH J0 30UIBIIEHHS THUCKY BCEpEIHHI
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akymyssitopa. Kpim Toro, BUCOKI TemMnepaTypy MOXKYTh BUKJIMKATH TEPMIYHUN PO3TiH
(thermal runaway), pu sIKOMy TeMIIeparypa aKyMyJsiTopa HEKOHTPOJIbOBAHO 3POCTAE,
10 MOKE IIPU3BECTHU JI0 3aiiMaHHs ab0 BUOyXy Oarapei.

Husbki TemmepaTypu, HaBHakW, 3HUXKYIOTh IIBUJKICTh XIMIYHHUX pPEakIlii
BCcepenauHi Oarapei, Mo oOMeXye 3MaTHICTh OaTapei BUaaBaTh HEOOXIMHY KITBKICTh
eHeprii. Y XOJOAHHUX yMOBaxX BHYTpIIIHIN omip Oarapei 3pocTae, MO TAaKOXK MOXKE
3HU3UTHU €EMHICTb Oarapei. Lle sBuiie TumM4acoBe, ajie mocTiiiHa poOoTa B TAKMX YMOBaX
MOYKE TIPUCKOPUTH JIETPAAAIII0 €JIEKTPOIIB 1 €IEKTPOIIITY.

[Ipu excruryatanii miTIH-IOHHUX aKyMyJIATOPIB TEMIEpPaTypHi KOJIMBAHHS
CTBOPIOIOTh 3HAauHE MEXaHIYHE HABaHTA)XCHHA Ha eJeKTpoAHi marepianu. Lle
IPU3BOANUTH 10 (POPMYBaHHS MIKPOTPIIIMH B CTPYKTYpI K AHOAHOTO, TaK 1 KATOJTHOTO
marepiany. Excrutyaraniss akyMynsToOpiB NpU HiABUILIEHUX TEMIIEpaTypax CyTTEBO
NPUILIBUALIYE Jerpajanilo. 30KpeMa, IHTEHCUBHINIE BiAOYBAETbCS YTBOPEHHS
NOOIYHUX TPOAYKTIB €JIEKTPOXIMIYHHMX PEakiii, M0 TAKOX HETaTUBHO BIUIMBAE HA
CTaOUIBHICTh MarepiajiB eneKkTpoiB. CrocCTepiraeThCs MPUCKOPEHUN PICT TUIIBKU
(SEI), BHacmiiok 40ro 3HMXKYETbCS JOCTYIHICTh AKTUBHOI MOBEPXHI €JIIEKTPOJIB Ta
1JIBUIIY€THCSI BHYTPIIIHINA OTIP KOMIPKHU.

IIpu  nepeBuiienHi  poOouoi  Temmneparypu  Bume 40°C  3Ha4yHO
MPUIIBUIIYIOTHCS MPOLIECH OKUCIIIOBAILHOT JIeTpaallii eIeKTPOIIiTY, 0 MPU3BOAUTD
JI0 CyTTEBOTO CKOPOUEHHS pecypcy akymyssitopa. OcobanMBO HEOE3MEUHUM € PeXUM
TEPMIYHOTO PO3TOHY, SIKUA MOXE BUHHUKATU MpU TeMmieparypax mnoHaj 60°C mo
CHPUYMHSIE KPUTHUYHI TOLIKOIKEHHS akyMyasiTopy. @opMmyia, sika ONUCY€ AeTPaJaliio
€MHOCTI Oarapei 3a BIUIUBY TeMIIEpaTypH, MoOxKe OyTH HaOIMKEHO BHUpa)XKeHa 3a

JIOTIOMOT OO 3aKOHY AppeHiyca:

Eq

k = Aerr. (2.2)

ne: k — mBUAKICTH Aerpaaarti,
A — nepeieKCIOHEHIIITHUI MHOKHUK (KOHCTaHTa),

E, — eHepris akTuBallii npouecy aerpajauii (B Jx/Mounb).
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Y KoHTEKCTI Oarapeil 1id 3aJeXHICTh IOKazye, IO NpH IiIBHUINCHHI
TEMITepaTypy IIBUAKICTh Jerpajaaiii 3Ha4HO 3pocrae. J[Isg akyMysasSTOpiB dacTo

BUKOPHCTOBYIOTh MOIH(iKOBaHY hOpMY:

C(T) = coe‘%a(%‘%). (2.3)

ne: C(T) — 3anuiikoBa eMHICTB Tipu Temmeparypi T,

C, — MoYaTKoBa EMHICTB Npu pedepeHTHii Temmneparypi Ty.

g ¢opmyna mokasye, 110 3 NIABULIIEHHSAM TEMIIEPAaTypy WIBUIAKICTh PEaKIIH,
K1 TIPU3BOMSATH JO Jerpajallii akyMmyisiTopa, 3pocTae ekcrnoHeHuiHo. Ile Takox
HOSICHIOE, YOMY aKyMYJISITOPH, 1110 MPAIIOIOTh IIPU BUILIUX TEMIEpaTypax, 1erpagytoTh
Habararo MmBU/IIIIE, HIXK Ti, [0 MPAIIO0Th IPU ONTUMAIILHUX TeMiiepaTtypax (20-25°C).

MexaHiuHe HaBaHTAXCHHS Ta CTPYKTYpHI 3MiHU. MexaHIuHe HaBaHTaKCHHS
BCEPENIMHI aKyMYJISITOpa BUHHMKA€E Yepe3 MOBTOPHE 3aps/KaHHs 1 PO3PSAIKAHHSA, SKE
BUKJIMKA€E [UKIIIYHE PO3IIMPEHHS 1 CTUCHEHHS MaTepiajiB eleKTpoaiB. 30Kpema, IpH
3apsAaIl JITIA-I0HM BCTaBIAIOTHCS B rpadiTOBUN aHOM, IO MPU3BOAUTH JI0 HOTO
PO3IIMPEHHS, TOMI SK MiJ 9ac PO3PSAKH BOHU 3QJIUINAIOTH aHOJ, BUKIMKAIOYA HOTO
cTUCHEHHS. [l LMKIM NpPU3BOAATH O YTBOPEHHS MIKPOTPILIMH Yy CTPYKTypax
MaTepialiiB, 10 30UIbIIIY€E BHYTPIIIHIA OMIp 1 3MEHIITY€E EMHICTh aKyMYJISITOPA.

MexaHiuHI ~ TMOMIKOMKEHHS  MaTepiajiB  €JIEKTPOMIB  CIPHUAIOTh  BTpaTi
CIICKTPOIPOBITHOCTI B IMX 30HAX, 110 TPU3BOIUTH JI0 3MCHIIICHHS KIJIbKOCTI aKTUBHUX
TUJISTHOK, SIKI MOXYTh OpaT y4acTh y 3apsui 1 po3psami. OcoOnuBo 1€ CTOCY€EThCs
aHOJIB HA OCHOBI KPEMHIIO, SIKI MarOThb BEJIUKY CXWUJBHICTb JI0 PO3IIMPEHHS 1
CTUCHCHHS TI1]] 9ac ITUKJIIB 3apsIKH.

[TpomoBKyIOYN pO3MISAT MEXaHIYHOTO HABAHTAKEHHS Ta CTPYKTYPHUX 3MiH,
BapTO 3a3HAYUTH, M0 TOCTIAHI IUKIW PO3IIMPEHHS 1 CTUCHEHHS MaTepiaiB
CJICKTPOMIB TMPHU3BOJATH IO TOSBU MIKPOTPIIIUH, $Ki, 3 YacOM, MOXYTh CTaTH
3HAYYIIMMU 1 CYTTEBO BIUIMHYTH Ha poOoty akymynstopa. Ll cTpykrypHi
MOIIKO/DKEHHSI TOPYIIYIOTh LUTICHICTh MarepianiB aHoAa 1 KaToaa, L0 3MEHIIYE

KUIBKICTh IOCTYITHUX aKTUBHHUX 30H JIJIs XIMIYHHMX PEaKIliH.
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AHOIM Ha OCHOBI TpadiTy, IKI BUKOPUCTOBYIOTHCS Y OUIBIIOCTI JITIH-10HHUX
aKyMYJISITOPIB, CXUJIBHI 10 MEHIIIMX MEXaHIYHUX 3MiH, aJie¢ HaBITh Y TaKHX CUCTEMax
MOJKJTUBE HAKOMTWYEHHS MIKPOTPINIUH Micis 0araThoX IUKIIIB 3apSIKH/PO3PSIKA. Y
O1MBII TIEPEOBUX TEXHOJIOTIAX, TAKUX SK KPEMHIEBI aHOAM, IpobsemMa Ime OiIbII
BHpa)Xe€Ha, OCKUIbKH KPEMHIN pO3IIMPIOETHCS Maike B TPU pasu Mija dac MpoIecy
3apsAKY, 110 3HAYHO 301IbIIYE MEXaHIYHUNA THUCK Ha CTPYKTYpy. Xoya KpeMHil mae
BUIIY €MHICTh TOPIBHSHO 3 rpadiToM, HOTr0 CXWJIBHICTh 10 pPyHHYBaHHS depe3
MEXaHI9HI ITUKIIA 3apSIKA 0OMEKye HOTO BUKOPUCTAHHS O€3 TOAaTKOBUX 1H)KEHEPHUX
pileHs A1 cTaliizaiii Marepiaiy.

OxpiM TpIIIMH, MiJT Yac 3apsAKU Ta PO3PSAKU BiIOYBAa€ThCA €IEKTPOXIMIYHA
KOpO3isi CTpyMo3'eMiB, 0COOIMBO Ha Karomax. Lle mMoke Mpu3BOAUTU 10 3HMXKCHHS
CJICKTPOIIPOBIAHOCTI BCEpEIMHI Oarapei Ta MosiBU JOJATKOBOTO BHYTPIIIIHHOTO OIOPY,
10 TAKOX CIIPUsI€ Jerpaiarlii.

Pexxumu 3apsaku Ta po3psaku. HempaBuiabHI peXUMU 3apsiIKH Ta PO3PSIKH,
Takl fK IIBUJKA 3apsjKa, TaKOK MOXYTh CYTTE€BO MPHUIIBUIIIYBATH JErPaJalliio
akymynsTopHux Oarapei. llIBuaka 3apsika TpU3BOAUTH A0 BUCOKUX CTPYMIB, SIKi
BUKJIMKAIOTh 3HAYHE HArpiBaHHs Oarapei 1 mABUIIYIOTh pU3MK meperpiny. Lle, y cBoro
yepry, npuiBuAlIy€e yTBopeHHs SEI-IUIIBKM Ha aHOl Ta MPU3BOAUTH 0 3HAYHOI
BTpaTh EMHOCTI OaTapei.

Kpim Toro, mia yac mBUAKOT 3apsIKM MO>KE BUHMKATH JIITIFOBAaHHS aHOJA, KOJIU
JITIA-10HU HE BCTUTAIOTh IHTETPYBaTUCS B TpadiTOBY CTPYKTYpy 1 OCIIalOTh Ha
MOBEPXHI aHOJIa y BUIVIA I MeTalieBoro JiTio. Lle sBuIie € He3BOPOTHUM 1 IPU3BOAUTH
JI0 HEOOOPOTHOI BTpaTH €EMHOCTI. MeTaieBHii JIITIM Ha aHOJ1 TaKOX MOYKE CTBOPIOBATH
PU3HKHU I O€3TEeKH, BKIIFOYAIOYM MOJKJIMBICTH KOPOTKOTO 3aMHUKAaHHS 1 3aropsiHHS
Oarapei.

[muboki UKIM pO3PSAKA TAKOXK HETATMBHO BIUIMBAIOTh HA TEPMIH CIIY>KOU
Oarapei. Skio 6aTapest MOCTIHHO pO3PAIHKAETHCS 10 YK€ HU3bKUX piBHIB (MeHuIe 10%
SOC), 1e cTBOpIOE I0/IaTKOBE MEXaHIYHE Ta CJIICKTPOXIMIYHE HaBaHTa)KCHHS Ha

KOMIpKH, 110 TPUIIBUIIIYE eTpagalliio akTUBHUX MaTepiaiiB. Tomy aiis 30epekeHHs
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TPUBAJIOTO TEPMIHY CIIYKOM JITIH-IOHHMX OaTrapeil pPEeKOMEHIYEThCS YHUKATU
IJIMOOKUX ITUKIIIB PO3PSAAKU Ta 3apsKaTH 1X, KOJIM piBeHb 3apsaay maaae 10 20-30%.

[ocTiitHa ekcruTyaTartis JiTiii-loHHUX OaTtapeil y pe)kuMax BUCOKUX CTPYMIB, SIK
M1]T 9ac MIBHUIKOI 3apsIIKU, TaK 1 IPU IHTEHCUBHIN PO3PSALI, TPU3BOAUTH 10 3HIKCHHS
3arajbHOI €(PEKTUBHOCTI 1 MIBUAIIOL JAerpajaaiii. BUCoki cTpymMH CTBOPIOIOTH 3HAYHE
HAaBaHTA)XECHHS HA EJIEKTPOXIMIUHY CTPYKTypy Oarapei. SIk pe3ynbTat, BiOyBaeTbCs
HEPIBHOMIPHHMI PO3MOAUI JIITIH-I0HIB Yy €JIEeKTpojax, IO CHpHS€e HEPIBHOMIpHIH
nerpajaiii okpeMux koMipok. KpiM Toro, mBHIKI IUKIN 3apSAKHA MOXKYTh BUKITUKATH
HaJMIpHE TEIIO0, 110 MPUCKOPIOE XIMIYHI peakIlii po3naay eJIeKTPOITY.

HeraruBHuii BIUIMB Ma€ TakoX Mepe3apsPkaHHs akyMyJIAaTopiB. SKio 6arapero
3apsKaTH [TOHAJ BCTAHOBJIEHUH piBeHb HanpyTu (mpuOiu3Ho 4,2 B 1u1s miTil-10HHUX
KOMIPOK), 1I€ MOXKE€ CIPUYMHHUTH MPUCKOPEHY JIerpajallilo Karoia 4epe3 CTPyKTYpHY
HeCTaOUIbHICTh, 110 BEJE /10 BTpPaTH aKTUBHUX MarepianiB. lle Takox mnigBuiiye
AMOBIPHICTh YTBOPEHHS MOOIYHUX TMPOIYKTIB, SKI OCIJAIOTh Ha €JIeKTpojax 1
30UTBIIYIOTh BHYTPINIHIA omip. Y KpalHIX BHUIAIKaX TEpe3apsKaHHsI MOXKe
IIPU3BECTH A0 TEPMIYHOI HECTAOLILHOCTI Ta HaBITh BUOYXy Oarapei yepe3 TepMIUHMMA
PO3TiH.

[Ile oaHi€0 MOMMPEHOI MNPUUYMHOIO Jerpajalii € YacTKoBa 3apsjaka Ta
30epiraHHs aKkyMyJsiTOpIB IIPU HU3BKUMX a00 BUCOKHUX pIBHSX 3apsay. Hampukian,
30epiranHs 0arapei Ha MOBHOMY 3aps/i NPH BUCOKIA TeMIlepaTypl NMPHU3BOIUTH [0
npuckopeHoro 3poctaHHs SEI-munBku Ha aHoml, IO CHOpUSE BTpaTi €MHOCTI.
OnTuManbHUM piBEHD 3apsiAy JJIsl TPUBAJIOTO 30€piranHs 3a3BU4ail CTAaHOBUTH OJIM3HKO
50%. 306epiranns Oarapei Ha HU3LKOMY PIBHI 3apsiIy TAKOXK MOXE 3HU3UTH 1i 3arajibHy
€EMHICTh, 0COOJIMBO SKIIO Oarapes nepeOyBae B TAKOMY CTaHi MPOTITOM TPUBAJIOTO
qacy.

Jlns miHIMIzaMil  Aerpajanii peKOMEHIYEThCS 3aCTOCOBYBATH ONTHUMAIbHI
PEXUMH 3apsIKK 1 po3psaku. Hampukiian, BUKOPUCTAHHS TOBUTBHOT 3apsSAKH MOXKE
3HA4YHO MPOJOBKUTH TEPMIH CITy>KOH O6aTapei, OCKUIbKH 3MEHIIY€ThCS KUTbKICTD TEIlIa,
10 TEHEPYETHCS 1] Yac 3apsJIKH, 1 3HUKYETHCSI UMOBIPHICTh YTBOPEHHSI METAJIEBOTO

JITII0O HA aHOAl. BaXImBO Takok MiATpUMYBAaTH Oarapero B MEXax ONTUMAIbHUX
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PIBHIB 3apsy, YHUKAIOUH SIK TTTMOOKUX IUKIIIB PO3PSAIKU, TaK 1 TPUBAJIOTO 30epiraHHs
Ha TOBHOMY 3aps/il.

OxpiM IpaBUIIBHUX PEXKUMIB 3apSAIKU Ta PO3PSAIKU, BAXKIIUBY POJIb y 3HUKECHHI
Jerpaaarii Bijirpae TeMreparypHuil KOHTPOJb. bararo cydacHHX eJleKTpoMOOiiB
MalOTh CHCTEMHU aKTUBHOTO OXOJIO/IXKEHHsI OaTapei, 110 101moMararoTh MiATpUMYyBaTH ii
pobody Temmeparypy B ONTHMalbHUX Mexax. Hampuknazn, enexrpomoOini Tesla
BUKOPHUCTOBYIOTh CHUCTEMY PIJMHHOTO OXOJIOMKEHHS, sika 3abe3rneuye piBHOMIpHHIMA
poO3MoALT TeMieparypu mo Bciil Oarapei. Lle mo3Bonsie MiHIMI3yBaTH MeperpiB i
3HU3UTH PU3UK TEPMIYHOI Jlerpajarii.

Po3nan enekrpomnity mix yac poOboTu 6arapei Moxke MPU3BOJUTH O YTBOPEHHS
rasiB, 110 301JIbIIIY€ BHYTPIIIHIN TUCK Y KOMIpKaX. Lle ssBuIIe mocuimoeThes 3a BUCOKUX
Temrneparyp ado BHACHIAOK IMepe3apsKaHHSA. Y TBOPEHHS Ta3iB MOXE CHPUYUHUTH
30UTbIIEHHS! BHYTPIIIHBOTO THUCKY B KOMIPKaX, IO B E€KCTPEMaJbHUX BHUIAJKaX
MPU3BOAUTH JI0 IXHHOIO MEXAHIYHOTO MOIIKO/IKEHHS 200 HABITh PO3PUBY.

VYTpara enekTpoiiTy yepe3 moOiuHl peakiiii ado BUTIKAHHS 3 KOMIPOK TaKOX
CHpHSIE MIJBUILEHHIO BHYTPIIIHBOTO ONOPY 1 3HM)KEHHIO 3arajibHOI €MHOCTI Oarapei.
[le ocobmuBO HEOE3MEUHO [JIsi TEPMETUYHUX KOMIPOK, SIKI BUKOPHUCTOBYIOTHCS B
OUIBIIOCTI Cy4acHHUX JIITIM-I0HHUX Oarapeil. BTpara enekTpoiiTy 3HMXKY€E 3AaTHICTb
akymynsaropa A0 €(EeKTUBHOIO TMEPEHECEeHHS JITIW-10HIB, IO MPU3BOAUTH J0
3HMKEHHS HOTro e(peKTUBHOCTI Ta MIBUAIIOL Aerpaaarii [61].

Herpanamis JiTIH-IOHHUX aKyMYJATOPIB € CKJIaJAHUM Oararo()akTOpHUM
MPOLIECOM, SIKHH 3aJeXUTh BIJ XIMIYHHX, €JIEKTPOXIMIYHUX, TEMIIEpaTypHUX Ta
MEXaHIYHUX YUHHUKIB. XIMIYHHN PO3KIaa eJIeKTpodiTy, yTBopeHHs SEI-miiBku,
30UTBIIEHHS BHYTPIIIHBOTO  OMOPY, CTPYKTYpPHI MOIIKOMKEHHS  €JIEKTPOIIB,
HEIMPaBUJIbHI PEKUMU 3aPSIKA Ta PO3PSIAKH, a TAKOK TEMIIEpaTypHI BIUIUBU — BCI IIi
YMHHUKN BIUTMBAIOTh HA TMPOAYKTHBHICTH 1 TPHUBAIICTh KUTTS aKyMyJIsSTOpA.
OnTuMasnbHl peXUMH poOOTH, €(DEKTUBHE OXOJOKEHHS Ta KOHTPOJIb 3a CTaHOM
3apsAy MOXYTh 3HAUHO 3MEHIITUTH BIUTMB JETPAAAIlii 1 MPOIOBKUTH TEPMIH CIYKOH

6arapei [60], [62], [63], [64], [65].
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2.2 O0MeskeHMH Tiana30H 3apsay-po3psay K 3aci0 MPOTOBKEHHS pecypcCy

B xomi poGotm, Oyao mpoaHali30BaHO CTATUCTHKY IIpoOIiry aBTOMOOLTIB
3aJIe)KHO B1J] BIKY, BUKOPHMCTOBYIOUH JaHl IHTEPHET-PECYpCy 3 MPOIaXKy aBTOMOO1JIIB B
VYkpaini, OCKiIIbKM O(QiIiiHI CTaTUCTUYHI JaH1 BIJICYTHI. 3 HaBeACHUX Ha puc. 2.2
BUJTHO, 1[0 aBTOMOOUTI BIKOM 2 POKM MalOTh CEpeAHIN MOKa3HUK 3arajbHOTO Mpooiry
30 Tuc. kM, BikoMm 20 pokiB — 300 THC. KM, 3 YOTO MOXKHA 3POOUTH BUCHOBOK, ITIO B
VYkpaini cepeiHb01000BHI TIPOOIT cl1ad0 3aJIeKUTh BiJl BIKy aBTOMOO1JIS i CTAHOBUTD
opieHTOBHO 41 kM. CTaTucTHKa 1HIIMX KpaiH MIATBEP/DKY€E TOM (akT, 1m0 1 TaM
CepeHbOI000BUI MPOOIr aBTOMOOUIA TeX He mnepeBuinye S50 KM, HampuUKIag y
BenukoOpuranii BiH ckianae 25 muib, 10010 40 kM [66]. Y CIIA Bix 19 no 46 muib

B 3aJIeKHOCTI Bij mtary [67].
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Pucynok 2.2 — Craructuka npo6iry aBToMoO11IB B YKpaiHi 3aJ1€KHO BiJ] BIKy [68]

OT1xe, 6aurMo, 1110 3amac Xoay OyJIb-IKOr0 CEpiHOTO eIeKTPOMOO1IS OLTBIINI
3a  cepeaHboa000BUil  MPOOIr  CEePeIHhOCTATUCTUYHOTO  aBTOMOOUIA. Pecypc
aKyMYJISITOpa Ha OCHOBI JIITIIO XapaKTePU3YEThCS KUTHKICTIO IUKIIIB po3psia-3apsia [69],

sKa Moke OyTH OTpHMaHa 32 YMOBHU JOTPMMAaHHSI YMOB €KCIUTyaTallii e1eKTpoMo0is,
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BU3HAYCHUX BHUPOOHMKOM. J[7s1 CydacHUX aKyMyJIATOpIB KUTBKICTh TapaHTOBaHUX
UKIIIB po3psia-3apsi ctaHoBUTh MiHIMyM 2000 mpu Brpati no 30% emHOCTI Bia
HOMIHANbHOI. AJie Ha JAerpajaiiio BIUIMBAIOTh TaKOX 1HIN (akropu, Taki SK
TEeMIIEpaTypa aKyMyJsITopa, CTPyM Ta HampyTra Horo 3apsay Ta po3psary. Yum MeHIe

HaBaHTa)XCHHS HA aKyMYJSTOP, TUM MOBUIbHIIIE BIIOYyBa€ThCA JETpaaallis.

Bepxniii 3axucnuii 0ydep

- A < 100% 3apsia nJist naabHix
MO3A0K
B
«— HopmasabHuii KiHenb
3apsaaKu
RSOC UsoC
BiKHO BIKHO
C
I 0%
D

Hwu:kniii 3axucHuii 0ydep

Pucynok 2.3 — 30HUM po3noaily EMHOCTI aKyMYJISTOPHOI OaTapei

A — pe3epB eMHOCTI OaTapei, 3a0JI0KOBaHU JJIsI KOPUCTYBaya;
B — emHICTB, SIKy KOpHCTYBad MOKE BUKOPHUCTOBYBATH ISl JAIbHIX MOi3/10K;
C — noctynHa KOpUCTyBayeBl “TIOBCSKIACHHA €MHICTb;

D — HKHIM pe3epB eMHOCTI, HEJOCTYITHUIA KOPUCTYBaY€eBI.

TakuM ynHOM, Ha TAHEN1 MPUIIAJIIB KOPUCTYBaya BiI0OpaKae€ThCA PIBEHB 3apsly

USOC (usable state of charge), mo 3HaxoauThcs B Mexkax 30H B ta C, a nificHui piBeHb



67

3apsiny akymynsatopa RSOC (real state of charge) moske 3HaXOAUTHUCH B Jiana3oHi 30H
Bi1 A 5o D, ane He BimoOpakatucs 11l KopuctyBada [70].

Pecypc akymynsiTopiB — 1€ KITBKICTh IUKITIB 3apsAy-pO3psAay aKyMyJsiTopa 10
BTpaTH MEBHOI EMHOCTI, 1110 MOKE€ CHUJIbHO KOJIMBATHUCS B OUIBIILY 200 MEHIILYy CTOPOHY
3aJIe)KHO BiJl YMOB €KcIUTyaTarlii. BUpoOHMKOM aKyMylATOpIB TapaHTye€ThCs TEBHA
KUTBKICTh TOBHHX IHMKIIB 3apsay-po3psanay, To0to pecypc npu DOD = 100%, 3a sikoi
SoH He Bnajie HUKYE BCTAHOBJIEHOTO 3HAYEHHS 32 YMOBU BUKOPUCTAHHS aKyMYJIITOpa
B 33/IaHUX BUPOOHUKOM pexHMax poOOTH, 110 HAAAIOTHCS B TEXHIUHINA TOKyMEHTAIli
70 KOXKHOI Mozeni. BUpoOHHMK Bka3dye MakCHUMallbHY HAmpyry 3apsiay Ta po3psaLy
aKyMyJIsITOpa, 1 py (PYHKIIIOHYBaHHI aKyMyJIsiTOpa B IIbOMY Jiana3oHi Harpyru Oyne
BUKOPUCTAaHa MOTO MOBHA €MHICTh, a 3HAYUTH MUOUHY po3psiay (depth of discharge,
DOD) cnig BBaxkatu 100%. 3aranpHuil pecypc akyMyJasiTOpHOI Oarapei MoXHa
BUMIPIOBATH KUIBKICTIO MOBHUX LUKIIIB 3apsay-pO3psaay, TOOTO IpH NHOUHI pO3psTy
100%. SAxmo DOD < 100%, TO KIIbKICTh YACTKOBUX LIMKJIIB NEPEPAXOBYETHCS IO

BiI[HOIHGHHIO J0 ITOBHHUX.

0 1000 2000 3000 4000 5000
KUIbKICTh UKIIIB 3apsia-po3psi/

Pucynok 2.4 — 3anexuicts SOH akymynsTopHO1 6arapei BiJl KUIBKOCTI HUKIIIB 3apsij-

po3psa npu DOD 100% (1) ta 50% (2) [71]
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Hocmimxennss mokazanu, mo SOH miTieBoro akymyssiTopa 3aleXUTh BiJl
KUIBKOCTI LIUKJIIB 3apsiy Ta po3psany akymynstopa tTa DOD. 3 puc. 2.4 BugHO, 1110 3a
ogHakoBoro piBHsA SoH mpu Menmomy piBHi DOD KiNBKICTh LUKIIB 3apsa-po3psia
akymyistopa € ouibmoro. [lpu dynkuionysanni 3 DOD = 50% noctynHa €MHICTb
aKyMyJsITOpHOI Oarapei, K 1 3amac XoAay, yABIYl MEHIIIa MOPIBHIHO 3 EKCILTyaTalli€lo
npu DOD = 100%, ayie 3a Takux yMOB Yy MOHaJ JABa pa3u 30LIbIIYETHCS KUTBKICTD
IUKIIIB 3apsApo3psill, a OTXe pecypc Oarapei TakoK 30UIbIIyeThbed. K MOXKHA
noOauntu Ha puc. 2.4, micast 1500 mOBHUX LUKIIIB 3apsAay-po3psay BTpaTa €MHOCTI
cknagae 18% Bin HomiHanbHOI (SOH = 82%). [Ipu yacTkoBOMY ITUKJII 3apsI-poO3psl 3
DOD = 50%, To0TO 1npy BUKOPHUCTAHHI TTOJIOBUHU EMHOCTI aKyMyJsiTopa, Brpata 18%
eMHOCT1 Hactae micad 3750 Takux mMkIiB. OCKUIBKH 33 KIJIBKICTIO €HEprii MOBHUN
UKII TOpiBHIOE J1IBOM HenoBHUM 3 DOD = 50%, To HasBHMII npupicT y 750 Takux
HEMOBHUX IUKJIIIB, a00 x 375 nmoBHux. [Ipupict pecypcy akyMynsiTopHoi Oatapei npu

TaKOMYy 4aCTKOBOMY LMKJI ckiiaznae 20%.
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Pucynok 2.5 — 3anexxHiCTh KIJIBKOCTI IIUKJIIB 3apsia-po3psia Ab 10 BTpatu neBHOI

€MHOCTI BiJ TTHOWHU po3psiay [72]
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Pesynbratn mocnimkenHs [72] mokaszaiu, 10 KUIBKICTh MMOBHUX IUKIIIB 3apsii-
pO3psia aKyMyJsITopa 10 BTparu neBHoi eMHOCT1 cTaHOBUTH 2600 (puc. 2.5). 3a Takux
caMUX YMOB eKcIuTyarainii akymynsaropa, aine npu DOD = 60% KiabKiCTh MUKIIB 70
BTpaTH Takoi camoi eMHOCTI AopiBHIOE 6011, To6TO Mpu 0OMekeHH1 poOOU0i EMHOCTI
BennunHoi0 40% Big MOBHOI €éMHOCTI mpHpicT ckiaaae 3411 muxmiB. MakcuMaabHO
edexktuBHOIO € ekcruryatariss mpu DOD = 40%, komm OocsATaeThCcs HANWOLIBINA
KUTBKICTh IIUKJIIB 3apsAa-pO3psi, 10 BIAMOBIIa€ MaKCUMaJIbHOMY pecypcy Oarapei. Ha
OCHOBI TIONEPEHHOTO aHaNli3y MO)XKHAa 3pOOMTH BHCHOBOK, IO 30UIBIIMTH pPecypc
aKyMyJISITOpHOi OaTapei eIeKTpoMOoOUIsI MOXKHA HUISIXOM OOMEKEHHS PIBHS 3apsiTy-
po3psny. B enexrpomo0ii, 3amac Xo/1y SKOTo B JeKiIbKa pa3iB OUIbIINKA 32 HEOOX1THUN
JEHHUM 3amac, MOXXKHa OOMEXYBAaTH pIBEHb 3apsiay ILUIAXOM OOMEXKEHHS 3apsay
Oarapei 1 TaAKMM YMHOM PETYJIOBAaTH JOCTYIHY KOPUCTYBau€Bl €MHICTh 3aJIEKHO BiJ
roro notpeo.

HocmipkenHss [73] BHSBWIM IO UMKIIYHA Jerpajamis 3MEHUIYETbCAd 3
TEeMIIepaTyporo, TOA1 SIK KaJeHAapHa erpaaailis 301biryeTbes. Kpim Toro, pesynbraTu
TOCITIDKEHHST KaJICHJAPHOTO KHUTTS TPOIEMOHCTPYBAIN IPHUCKOPEHY JIeTpaIalliro
koMipok mipu SOC > 60 %. Takum 4MHOM, ONITUMI3Allis YMOB €KCIUTyaTallii HeooxigHa
JIJIS1 MAKCUMAJIbHOTO 30UIBIIICHHS] TEPMIHY CITY>KOU aKyMyJaTopa.

BusHaueHHsT MeX YacCTKOBOTO 3apsTHO-PO3PSIHOTO IUKITY. BuUpOOHHWKH
€JIEKTPOMOO1ITIB 3 BEJIMKUM 3al1aCoOM XOJy 3 CAMOTO MOYaTKy OOMEXYIOTh TPOTrPaMHO
eMHICTB OaTapei, cTBOprorodM 30HU A Ta D (muB. puc. 2.3) s Toro, abu 3 4acom, KOJId
Oarapesi MOYMHAE JETpajlyBaTH, BUKOPUCTOBYBATH 1€ pe3epB MJIs KOMIIEHCAIlli
BTpa4eHOi €MHOCTI. AJie, SIK IMOKa3ajio JOCIIKeHHS [72], 3HWKEHHS JOCTYITHOI IS
BukopuctanHs eMHOcTI Ha 20% (DOD = 80%) He mpU3BOAUTH 10 301IbIIEHHS PECYPCY
akymymsitopa. HaliepekTHBHIIIM BUSBHIIOCS BUKOPUCTAHHS aKyMYJSITOPHOI Oarapei
B Mexax 40 — 80% Bix moBHOI eMHOCTI. OTXKe, SKIIIO y KOPUCTyBaya HEMAE OTpedu y
BUKOPHUCTaHHI BCI€i JOCTYITHOI €EMHOCTI, MO>KHa OOMEXKYyBaTH piBEHb 3apsay Oartapei
BepxHiM piBHeM 30HU C abo HaBiTh HWXk4e. Take oOMEXEHHS, CKOpIII 3a BCE, HE
3aBJlaBaTUMeE MPOOJIEM MepeBaXKH1i OLTBIIOCTI KOpUCTYBayiB. Takox CIliJl BpaxOByBaTH,

M0 I KOXKHOTO THIy aKyMyJisiTopa € pPEKOMEHJIO0BaHa BHUPOOHHMKOM Hampyra
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30epiraHHs, 3a SIKOI aKyMmyJsiTOp HaiimMeHmle jaerpaayBatume y daci. Kanennmapny
Jerpajaiio HeoOXiIHO Opar 10 yBaru NOpd BUOOp1 Jiarma3oHy JOCTYITHOI
KOPUCTYBau€Bl EMHOCTI, ONITUMI3yBaBIIIH ii Tak, MO0 IiJ1 4aC MPOCTOIO EIEKTPOMOO1IIS
PIBEHB 3aps]ly MaKCHUMaJbHO JIOBIO 3HAXOJMBCS Ha PiBHI HaNpyrw 30epiraHHs, ska
3a3BUYall OMM3bKa JI0 MOJIOBUHU PIBHS 3apsny. Take pillIeHHsS CTBOPIOE MEPEIyMOBU
JUTsl 301TTBITICHHST TEPMIiHY €KCIUTyaTallii OaTapei Ha MECATKH POKIB HE3aJeKHO BIJ
KUIBKOCTI IUKIIB 3apsa-po3psia. Bikno RSOC oxorutioe nianazon piBHs 3apsany SoC
Bim 0 1o 100%. Posmip Bikaa USOC, sxe nexuth B Mexxax BikHa RSOC, Haknamae
Jesike 0OMEKEHHsI Ha JJOCTYIIHY /11l KOPUCTYBaHHS €MHICTb. Llel po3mip 3ainexuTs Bijg
0a30BUX HajamTyBaHb BMS, BcTaHOBIIEHMX BUPOOHHMKOM e€JEKTpoTpaHcHopry. B
MOJIaJIbIIIOMY BIH MOXKE 3MiHIOBaTUCS cucteMoro BMS 3 omsigy Ha Taki ¢akropu, siK
temrieparypa Ta SOH 6Garapei. B mexax BikHa USOC 3naxomutbes aianmazon DOD,
KWW 3aJIKUTH B1J] TOTO, SIK CaM€ KOPUCTYBa4 €JIEKTPOMOOLIIS 3apsKae Ta po3psiKae
Oarapero. 31 3MeHIIeHHSM aianazoHa DOD 30uIblIyeThes KUIBKICTh MOMXJIMBUX
BapiaHTiB Horo po3MiiieHHs BiiHOCHO SOC (uB. puc. 2.3). Sk mokasye 10CaiHKeHHS
[72], Ha KuIbKICTh HUKIIB OKpiM DOD BrumBae Takox nianazon SOC, B sSikomy
BUKOPHUCTOBYEThCSI akymyisitop. Ha puc. 2.6 HaBeneHo rpadiky 3aJ€KHOCTI PIBHS
BTpaT EMHOCTI aKyMYJSITOpa BiJ{ KIJTBKOCTI IIUKJIIB 3apsly-pO3psay MPU BUKOPHUCTAHHI
aKyMyJsiTopa B TMEBHUX MeXaxX DIBHS 3apsly 3a OJHAKOBOI TeMIepaTypu. 3 IHX
3aJIeKHOCTEN BUJIHO, 1110 B YMOBaxX OJHAKOBOTO PIBHS JAerpaiarlii 0arapei KiJbKiCTh
LUKIIIB 3apsAay-po3psAy 3aJeXHUTh BIJ J1alla30Hy PIBHA 3apsay, MPUUOMY PI3HUILI
Moxe OyTH CyTTeBOIO. OCKIIBKA OAMH MOBHUN LIMKI PO3PSAY-3apsily aKyMymsiTopa
BIJINOBIJIa€ TIEBHOMY MPONACHOMY MUIAXY €JIEKTPOMOO1IS, KITBKICTh TAaKUX ITUKIIIB
aKyMmyJsiTopa BiAOMBa€ 3arajibHy BEJIMYMHY MPONAEHOrO HUIAXY €JIeKTPOMOOLIs B
KilomeTpax. 3 puc. 2.6 Oyno B34T0 iHGOPMAIIIIO MPO KIIBKICTh MUKIIB aKyMyJISITOpa
1o HactanHd piBHA SOH = 90% npu BUKOpUCTaHHI y PI3HUX J1alla30HAX PIBHS 3apsiay.
Ak MoxHa MoOauUTH 3 HaBeAEHUX y Tabn. 2.1 pe3ynbrariB, 3a OJHAKOBOI MIMOWHU
pO3psIy aKyMyJsITOpa y pI3HHX Jiana3oHax PiBHA 3apsAqy KUIBKICTh ITUKIIIB 3apsi/l-
po3psan Oyne pizHow. Tak, mpu DOD = 60% KUIBKICTh HUKIIB 3apsa-po3psia y

nianaszoH1 piBHs 3apsany 85 — 25% Oyne Ounbiioro, Hik y aianmazoni 100 — 40%, a mpu
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DOD = 50% Bona Oyzae 01sbi0t0 y Aiana3zoni 75 — 25%, nix y aianazouni 100 — 50%.

ToOTO MOXKHA 3pO6I/ITI/I BHCHOBOK, IO HCOO3APAIKAHHA AaKyMYJIATOPpAa ITO3UTHUBHO

BIUIMBAE HA MOTO pecypc.

KUIbKICTh ITUKIIIB 3apsiIy-pO3psiLy
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100250, % 100-40%
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0 2000 4000 6000 8000

Pucynok 2.6 — 3anexHicTh piBHS Aerpaaaiii Ab Big KUIBKOCTI LIMKIIB 3apsTy-

pPO3psAy B PI3HUX Jiana3oHax piBHS 3apsay 3a temmeparypu 20°C [74]

Tabmuug 2.1 — BB yMoB peanizalii 3apsiio-po3psaIHUX [IUKIIIB

aKyMyJISITOpHUX OaTtapeil Ha ixHiil pecypc a0 Brparu 10% emnocri [2],[3],

oup, | M i i e o [ Copnt | pipupc
Y 6arapei, % | emuocti 10% KM , Klvi mpooiry, %
100 100-0 700* 300 210 0
75 100-25 1000 225 225 7,1
50 100-40 1250 180 225 7,1
85-25 2000 180 360 71,4
50 100-50 1500 150 225 7,1
75-25 3000 150 450 114,3
30 75-45 5000 90 450 114,3
10 75-65 9000 30 270 28,6
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OT1xe, 0OMEXXEHHs Jl1alla30Hy PIBHS 3apsiay-po3psiay aKyMyssTopa MO3UTUBHO
BIUITMBAE HA MPOJOBXKEHHS HOro pecypcy, II0 MPU3BOAUTH 10 MPUPOCTY KUIBKOCTI
MOBHMX ITUKJIIB 3apsiTy- po3psay. BiacHuKY e1eKTpoMOOLTIB 3 3a11acoM XOTY, O1TBIITUM
iXHROTO J000BOTO TPOOITY, MOXYTh BHKOPHUCTOBYBaTH HE TIOBHUW IIHKI
aKyMyJSITOpHOi Oarapei, a 4aCTKOBW, 3aJ€KHO Bil MOTped, THM CaMUM 3HAYHO
MPOJIOBXKYIOUH 11 pecypc. HacTKOBHUM ITUKII MOXKE 3HAXOJIUTHUCS B PI3HUX Jlama3oHax
piBHS 3apsiay, 1 BUOIp IbOTO Aiana3oHy TaKOXK BIUIMBAE Ha pecypc akymysstopa. Ha
pecypc aKyMmylsaTOpHOi Oarapei eJeKTpOMOOUIS TaKo MOXE CYTTEBO BIUIMBATH
cuctema BMS, ockinibku quc6ananc Mix BeTUYMHAMHU HAIlPYTH KOMIPOK TIPU3BOIUTH
70 BUKOPUCTAHHS aKyMyJsiTOpa y IIMPIIOMY JI1alla30HI PiBHSA 3apsiiy: KOMIPKH 3
HAIPYrolo, BUIIOIO 32 CEPEIHIO, JOBIIIE IPAIIOIOTH Y O1IbII BUCOKOMY Jiana3oHi piBHs
3apsiy, a 3 MEHIILIOI0 HAIMIPYTOI0 — y OUIBII HU3bKOMY. OTkKe, HE0OX1JHO TyKaTH MUIAXU
MozepHizamii BMS myig nominimeHHs MOKa3HHWKIB TOYHOCTI BUMIPIOBAHHS HAIpyrH
KOMIpOK Ta cTpyMy OasiancyBanHs [1], [3].

Hanmani motrpiOHO po3poOisTH aBTOMaTW4HI CHUCTEMH, SKi 0e3 ydacTi
KOpUCTyBada MPOTHO3YBATUMYTh JAJbHICTh MOI3JKKM ¥ HAa OCHOBI IILOTO PETYIIIOBATH
JTOCTYIIHY JUIsl KOPUCTyBada €MHICTh IIJISIXOM aBTOMATHYHOTO TIPUITHHCHHS

3apsKAHHS €JIEKTPOMOOLIIS.

2.3 AgroputM  BHOOPY ONTHMAJBHOIO PEKUMY BHKOPHCTAHHS

aKymyJISITOPHOI OaTapei

Bulip onTtuManbHOro pexumy 3apsSAHO-PO3PSAHOIO LMKIY MOXKE 3HAYHO
30UIBIIUTH  PECYpC aKyMYJATOpHUX Oarapeii. B enekrpoTpaHCIOpTi MOXKIMBE
OOMEXEHHSI TUTBKH DPIBHS JI0 SKOTO 3aps/KaTH aKyMYJISTOPHY Oarapero, OCKiIbKU
OOMEKEHHS PIBHS PO3PAAY aKyMyJsiTOpa MOXE HETraTMBHO BIUIMHYTH Ha 3pPY4YHICTb
HOro BUKOPUCTaHHA. Y CTalllOHAPHMX HAKOMUYyBadaX €HEpTii, B 3aJE€XKHOCTI Bij
0o0’emy Oarapeii Ta pexumy poOOTH Oinbllla BapiaTHBHICTh i I BUOOPY

ONTUMAJIBHOTO Jlana3oHy 3apsiAHO-PO3PSIHOTO LIUKITY.
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Po3rnsiHeMo MOXKIIMBI HUTSIXW BIPOBAXKEHHS CUCTEMHU 1110 Oy/ie peaii3oByBaTH
ONTUMAJIbHUM YaCTKOBUU LUK B €JIEKTpOTpaHchopTi. EnexTporpaHcnopT MokHa
NOJUIMUTA Ha 2 KaTeropii, MepCOHAJbHUN EJIEKTPOTPAHCIOPT Ta Tpomajchkuil. B
MepITy KaTeropito BXOAATh, €JICKTPOMOOUI Ta MIKPOMOOUIBHHUI €JIEKTPOTPAHCIIOPT.
Jlo TPOMaZICEKOTO €JIEKTPOTPAHCIIOPTY MOYKHA BITHECTH aBTOOYCH Ta TPOJICHOyCH sKi
3IATh TO 3aJaHOMy MapuipyTy ©0e3 TMOCTIHHOTO MIAKIIOYEHHS J0 MEpexi.
3acTocyBaHHs JTaHOT CMCTEMHU TMPOTHO3YBAaHHSA MOXJIIMBE y BUMAJKax, Koiau Ab He
BUKOPUCTOBY€ETHCS Ha TIOBHY €EMHICTB, & OT>KE B MIKPOMOOLIBHOMY €JIEKTPOTPAHCIIOPTI
3aCTOCYBaHHS TaKOi CUCTEMH HEMOXKIIUBO.

Jis poboTu cucteMu BHOOPY ONTUMAJIBHOTO DPEKUMY 3apsIHO-PO3PSIHOTO
IIUKJTY, HEOOX1THO MaTH 3HAYE€HHS MPOTHO30BAaHOIO 3aracy Xo/a B JaHU MOMEHT, Ta
MIPOTHO30BaHUN HEOOX1THHIA

OUIBII TOUYHE MPOTHO3YBAHHS 3alacy XOAy YacTO HE BPaXOBYIOTh CIIOKHWBaHHS
KJIIMaTHYHOI yYCTAaHOBKH, Y HE POOJSATH MOMPABKy HAa CTHJIb BOAIHHS, a 3HAYUTH
IITaTHAa CUCTEMa MPOTHO3YBAHHS 3aI1acy X0y MOXE MaTH JOCUTh BEJIUKY IMOXHOKY.

CyyacHul €JNEeKTPOTPAHCHOPT OCHAIIEHUH OOPTOBUMHU KOMITIOTEpaMU Ta
PI3HOMaHITHUMHU CEHCOPAMH, SIK1 30MParOTh BEJIUKY KUIBKICTh JaHUX PO HOTo poOoTy
Ta B3aEMOJIII0 3 HABKOJUIIHIM cepenoBuieM. 3amac xoxy (D) 3a3Buuail B

eNEKTPOTPAHCTIOPTI PO3PAXOBYETHCA:

C -SoH
D = ——— 2.4
(CCH'KCB)+CKy ( )

ne: C., - cepenHe cnoxuBaHHs eHeprii (KBT-rog/km);

C

ky — CTIO)KMBAHHS KIIIMAaTHYHOI YCTAHOBKH,

K., — KoedilieHT, 1110 BpaXxoBy€ BIUIMB CTHIIIO BOJIHHS Ha 3arac Xouy.

[Ipote B ycCiX €NEKTPUYHUX TPAHCIOPTHUX 3aco0ax MITaTHA CHUCTEMa
IPOTHO3YBAaHHS 3amacy XoJa HE BPaxOBY€ OUIBIIICTb JOCTYHHUX (aKTOpiB, IIO

BIINIMBA€ HaA 3aI1aC XOay.
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Ha 3amac xomy enekTpoMoOiisi BIUIMBaIOTh Oarato (hakTopiB, SKI MOXKHA
MOAUIUTH Ha BHYTPIIIHI Ta 30BHINIHI. JI0 BHYTpINIHIX MOXXHA BIIHECTH BCE, IO
CTocyeTbcs OylnoBM TPaHCIOPTHOTO 3aco0y: €MHICTh aKyMyJsSTOpPHOI Oarapet,
e(DEeKTUBHICTb JIBUTYHA, KIJILKICTh JIBUTYHIB ,Bara TPaHCIIOPTHOTO 3ac00y, KoehilieHT
aCpOJAMHAMIYHOTO OIOpPY, OIMp KOYCHHIO IIIMH, MOMJIHMBICTh PEKYIEePaTHBHOTO
ranpbMyBaHHS. Ha BHyTpimHI (akTopu KOPUCTYBad HE MOXKE BIUIMHYTH, MPOTE
30BHIIITHI ()aKTOPH YACTKOBO 3ajIeXkKaTh BiJ HbOTO, 10 HUX MOXKHA BIIHECTHU: IIIBUJIKICTh
PYXy, CTWJIb BOAIHHS, JOJATKOBA Bara, peibed Ta THI MOKPUTTS JOPOTH, 30BHIIIHS
TeMIieparypa.

i mani € mxepenoM iH(oOpMalli Juisi HaBYAHHS 1 HAJIAIMNTYBaHHS CUCTEMU
BUOOpPY YAaCTKOBOTIO IMKIYy, HA OCHOBI NMPOTHO3YBaHHA HEOOXIJTHOTO KOPUCTYBauyy
3aracy xony. Cuctema rnmoBUHHA 30UpaTH JIaHHI Mpo cTaH O6arapei: SOC, Temneparypy,
Hanpyry, ctpyM, SOH, icTopito nmonepenHix HUKIIB 3apaay-po3pany. Lro inpopmariro
MOkHa oTpuMaTH Bii BMS. Okpim 1bOr0, B €1€KTPOMOO1II € MyJIBTUMEIIIHA CHCTEMA
3 (YHKII€I0 HaBIiraiii, sika TaKo Ma€ JIaHHI PO MICHEIMOJIOKEHHS TPaHCIOPTHOTO
3aco0y, IIBHUIKICTb MEpPECyBaHHSA, MApLIPYT TMOI3IKH, PEIbe] MICIEBOCTI,
3HAXOJKCHHS 3apsTHUX CTaHIiN. Takoxk, B OUIBIIOCTI Cy4acHUX €JIECKTPOMOOLTB, €
GYyHKIIA T0CTYNy 10 M00aTbHOT MEpEX1 IHTEPHET, IO Aa€ 3MOT'Y OTPUMYBATH JIaHHI
MIPOTHO3Y TOTOAM, IO TAKOXK HEOOX1MHO JJIsi CHCTEMHU MPOTHO3YBaHHS 3aracy XOmy.
OTtxe, 30uparoun BCIO 110 1HPOpMAIIiIO cucTeMa BHOOPY ONTUMAIBHOTO YaCTKOBOTO
IIUKJTY, TOBUHHA IMTPOTHO3YBaTH HEOOX1THHUH 3arac Xomy U KOPUCTyBaya OMHPAIOYHCh
Ha 310paHi JaHHI 1 00MpaTH piBEHb 3apsy JOCTaTHIM aJisi kopuctyBada. Cuctema
MOBMHHA OyTHM THYYKOIO, Ta IIBHJKO IJUIAIITOBYBATUCh IiJl KOopucTyBauda. Jljis
BUKOHAHHS I11€1 3a71a41 MOXJIMBE 3aCTOCYBaHHS HEMPOHHOI MEPExKi.

B xoxi po6Gotu po3mIssHYTO MPUKIAJ] MPOCTOI HEHPOHHOT MEpExi, sika MOXKE
MIPOTHO3YBATH 3arac XOAy HEOOXiAHWIA A KOPHCTyBaua B MEBHMA MOMEHT Yacy
(puc. 2.7). 3anponoHOBaHAa HEMPOHHA MEpeXka Mae€ I’ ATh IIapiB BXOY, IKI OTPUMYIOTh
iH(dopMarrito: gaHi PO MOMEPETHIO MOi3AKY, cTaH Ab, morogHi yMOBH, JeHb THXXHS,
penbed micueBocTi. HacTynHum etanom, AaHi nepearoThCs B MPUXOBAHUM 11ap yepe3

BaroBi Koe(irieHTH, 1€ BiIOyBaeTbCs HENIHIMHA TpaHcopmarliss X JaHUX.
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Pe3ynbraTt NpUXOBaHOTO IIapy MEpPEAarOThCs y BUXIIHUNA HEWPOH, SKUU BUIAE

MIPOTHO3 3a1acy XOmy.

IIpuxoBanwuii map
lap Bxoay

/\: R )

IHonepenni nomucn a

Cran \,,,,,/
AKYMYJISITOPH O /,,7,,,\
O0arapei |
N
Moroani ymoBu 3amac xomy
_
Jlenb THXKHA
_
Peabed o
/

MicieBocTi q

Pucynok 2.7 — Ilpukiiag HeHpPOHHOT MEPEXi CUCTEMH MPOTHO3YBAaHHS 3aacy XOmy

JIns  MmiABUINEHHS TOYHOCTI Ta HAMIAHOCTI  3alpONOHOBAHOI  MOJEi
MPOTHO3YBAHHS 3amacy XOAy €JIEKTPOMOOLIsl, MoOylI0oBaHOI HAa OCHOBI HEUPOHHOT
MEpeXi, MOXJIMBUU psAJl yIOCKOHAJICHb B MOAAJLIIOMY. PO3MIMpEHHS KIIBKOCTI
BXIJIHUX JaHUX € OCHOBHUM HanpsMKoM. BxiroueHHs iHdopmariii mpo cTHIb BOIIHHS,
SAKUU XapaKTepU3YEThCS K arpeCUBHUN a00 EKOHOMHMI, J03BOJUTH BpaxyBaTH
IHIUBITyaJIbHI  OCOOJMBOCTI KEpyBaHHS TPAHCIOPTHUM 3acO00M, IO CYTTEBO
BIUTMBAIOTh HA CHEProCHOXWBaHHA. JlaHi Tpo I1HTCHCHBHICTh BUKOPUCTAHHS
KJIIMAaTUYHOI YCTAHOBKH (OXOJIOIPKEHHSI a00 OOIrpiB CajlOHy) TAaKOXK € BaKJIMBHUM
(haKkTOpOM, OCKIJIBKH I CUCTEMH CIIOKUBAIOTh 3HAUYHY KUTBKICTh €Heprii. BpaxyBanHs
TUCKY B LIMHAX, SIKAW BIUIMBA€ HA OMIp KOYEHHIO, Ta 3aBaHTAXXEHOCTI aBTOMOOLIS
(KITBKICTH MacaXkupiB 1 Maca 6araxy), 1o 0e3mocepeIHLO BIUTMBAE HA 3aTaJIbHy Macy

TPAHCIIOPTHOTO 3ac00Y, T03BOJIUTH IMIABUIIIUTH TOUYHICTH POTHO3Y.
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3acTocyBaHHs OUIBII CKJIAQTHUX apXITEKTYp HEMPOHHUX MEPEX BIJIKPUBAE HOBI
MOXJIMBOCTI i1 MojentoBaHHs. PexypenTHi HeviponHi Mmepexi (RNN), 3okpema,
3aBISKM CBOIM 34aTHOCTI OOpOOISATH TMOCHIOBHOCTI JIaHUX, € OCOOJIMBO
MePCIIEKTUBHUMM JIJIS aHAITI3Y 1cTOPii moi310K. Lle 703BosIs€ BUABIATH CKJIaH1 YacOB1
3aJIe)KHOCTI Ta MATepHU y CHOKUBAHHI €HEpTii, 10 HEMOXXJIMBO MPU BUKOPUCTAHHI
TPaAULIHHUX apXITEKTyp MPSMOTO MOIIUPEHHS.

AJBTepHAaTUBHUM TIIXOJIOM € BUKOPUCTAHHS aHCcaMOmiB Mozenel. O0'eqHaHHS
JEKITTbKOX PI3HUX HEHPOHHUX MEPEK, KOXKHA 3 SIKUX HaBYCHA Ha PI3HUX IMiIMHOKHUHAX
JaHuX 200 3 BUKOPUCTAHHSM PI3HUX apXITEKTYp, J03BOJISIE OTPUMATH OUTBII CTIAKHIA
Ta y3araJlbHeHUH nMporuo3. Takuil miaxiJ 3MeHIIy€e PU3UK MepeHaBYaHHs Ta IM1IBUIIYE
3arajibHy TOYHICTh MOJIEIIL.

Peanmizariss MexaHi3My OHJIAH-HABUYAaHHA € BAXJIUBUM  KPOKOM  JIJIst
3a0e3MneueHHs aIalTUBHOCTI MOJIEN 10 3MIHHUX YMOB. [1oCTiiiHE 10JaTKOBE HABYAHHS
MEpeXi Ha HOBUX JIaHMX, IO HAAXOAATh IiJ Yac eKCIUTyaTallli eJIeKTpoMoOis,
J03BOJISIE i BpaXOBYBAaTH 3MIHM B CTWJI BOJIHHS, CTaHI aKyMyJIsSITOpHOi Oarapei, a
TaKOX 1HII (paKTOPH, 110 MOXKYTh 3MiHIOBaTucs 3 yacoM. Lle 3abe3neuye miaTpumKy

BHUCOKOI TOYHOCTI MPOTHO3YBAHHS MIPOTATOM YChOTO TEPMIHY CITy>KOU aBTOMOO1JIS.

2.4 BuCHOBKH 10 po3aiiy 2

1. Herpanmamiss Ab ckmamgnmii mporec, Ha SIKWW BIUIMBae Oararo (HakTopis.
[Ipouec nerpananii Ab HanpsaMy 3aieXUTh Bl YMOB €KCIUTyaTalli Ta BiJl CTapiHHS 3
yacoM. [[y1s1 MiHIMI3yBaHHS BIUTUBY 4acy, BUpoOHUKH Ab naroTh pekomeHaallii yMoBH
ix 30epiraHHs, 1€ MeBHA TEMIIEpaTypa Ta Hampyra 3apsay, 0 JA0roMarae 3MeHITUTH
nerpajanito BiJ BBy yacy. [Ipore, Outblie BiMBy Ha pecypc Ab MaioTh yMOBH
eKcIUTyatarlii. [HTEHCHBHICTh 3HOCY BHU3HAYAEThCS TakuMH (pakTopamu, SK
TEMITEpaTypHUI PEXUM, IIIMOWHA PO3PSATY, BEIUYHMHA CTPYMIB 3apsay/po3psaay Ta
KUIBKICTh ITUKIIIB poOOTH. HenoTpumaHHS ONTUMalbHUX YMOB TMPHU3BOJIUTH JI0
MIPUCKOPEHOI BTPATH €EMHOCTI Ta MOTy>kHOCTI AB, ckopouytoun ii 3aransHuii pecypc.

OT1xe, onTUMI3allis yMOB ekcrutyaraiii Ab Moxke 30uIbIuTH 1 3arajibHUM pecypc.
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2. barato pocnixeHb MOKa3ylOTh, IO OOMEXeHHs IMuOuHu po3psiay Ab
MO3UTHBHO BIUIMBAE Ha pecypc. AHali3 TaKUX JOCIIKEHb MMOKa3aB, 0 B OLIBIIOCTI
3 HUX HE OepeThCs O yBard Miarma3oH PIiBHS 3apsay B SKOMY BiTOyBaeThCS ITUKI 3
0OMEXXEeHOI0 TTMOMHO0 po3psiay. Ha ocHOBI JOCTIKEHD B IKMX 3a3Ha4aBCsl, Jl1ala3oH
piBHS 3apsiiy B SIKOMY BinOyBanoch IukioBaHHS Ab, Oyno 3po6ieHo BUCHOBKH, IO
IIPU OTHAKOBIM THOWHI PO3PsY, ajle PI3HUX JAlarna3oHax piBHS 3apsy, Ty>Ke CyTTEBO
MOXX€ BIAPI3HATUCH 3aralibHuil pecypc Ab. Byno 3po6neHo anHami3, 3riHOTO SKOTO
BUO1p ONTUMAJILHOTO Jllana3oHy PiBHS 3apsay-po3psaay Ab myske mMO3UTHBHO BILIMBA€E
Ha 11 pecypc, 0 MOXKE MPU3BECTH /10 30UIbIeHHS ii pecypcy Ha 114%. Takox, ciia
3ayBaXXHUTH, IO MOIIYK HAHONTUMAJIbHIIIA TOYKA CEPEIUHU YaCTKOBOTO IUKITY MOXKE
OyTH TIOB’S3aHUM 13 PEKOMEHIOBAHOIO Hampyror 30epiranHs Ab, ska pizHa s
KO>KHOT MOJIEI.

3. PO3mIsIHYTO MOXJIMBI TEXHIYHI PIIIEHHS PO3POOKM Ta BIPOBAIKEHHS B
€JIEKTPOMOO1II aJaTUBHOI CUCTEMU BHUOOpPY ONTHMAJIBHOIO Jiana3oHy B SKOMY
B1JI0YBAa€ThCA YAaCTKOBUU IMKA. {7 MpUBAaTHUX KOPUCTYBAYiB €JIEKTPOMOOLIIB, 3
MOJKJIMBICTIO 3apsIIKU BHOY1, OJTHUM 13 TAKUX PIIIEHb MOXe OyTH po3poOKa HEMPOHHOI
MepexXi sika Ha OCHOBI BX1IHUX JaHUX MPOTHO3YE HEOOXITHUMN JIsI KOPUCTYyBava 3arac
XO/ly Ha JIeHb, Ta 0OMEXY€ piBEHb J0 SKOTO BIIOyBaeThes 3apsaa Ab enekrpomoOiis.

4. OCHOBHI HayKOBI Pe3yJIbTaTy MPEICTABIEHI Y IPYroMy pO3/iJil OIyOIiKOBaHO

y podotax [1], [2], [3].
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PO3/I1J1 3. BUCOKOE®EKTUBHUU ITEPETBOPIOBAU SIK OCHOBA
MOBYIOBU CUCTEMHU BAJIAHCYBAHHS AKYMYJIITOPHUX
BATAPEN

3.1 Tomousorii aKTUBHUX 0AJJAHCHPIB HA OCHOBI NePeTBOPIOBAYIB
VY mpoMy po3maiii Oyme po3DISTHYTO TOTOJOTIi aKTUBHUX OaaHCHPIB Ha OCHOBI
nepeTBOpIoBaviB. AKTHBHI OajaHCHpPH MOXHaA KiIacu(piKyBaTd 3a HaIPSMKOM

NepeTiKaHHs eHeprii, 3arajibHa Kiacudikailis mpeacTaBieHa Ha puc. 3.1.

Mi:k komipkoro Ta Bix komipka 10 cycinHboi
—> KOMIpKOIO KOMipKHU
Mizk komipKolo Ta Hanpsimy Bin komipku 10
AKTHBHE MoIyJIeM —> .
KOMipKHU
OanaHcyBaHHA
Mix monyJiem Ta
KOMIpPKOI0
Mi:x koMipkolo Ta
MOJIyJIeM Ta KOMipKOI0
Komo6inoBani
TOIOJIOTist

Pucynok 3.1 — Metoau aktuBHoTO OanancyBanus [75], [76], [77]

Metoqu mnepenaui eHeprii Mk komipkamu (Cell to cell) mepenocsTh
HAJUIMILIKOBY €HEPTil0, HAKOMUYEHY B HAHOUIbII 3apsAIKEHUX KOMIpKaxX, 0 CyCIIHIX
HaWMeEHII 3apspKeHuX. MeTtoau nepenadi eHeprii Bij komipku 1o 6arapei (Cell to pack)
NepeaoTh CHEPTi0 BiJ KOMIPKU 3 HAMBHUIIOK HAMpPyTOIO J0 BCiel O6arapei. Metoau
nepeaayl eHeprii Big 6arapei q1o0 komipku (Pack to cell) mepenators eHeprito Bij BCiel
Oarapei 10 OKpeMoi KOMIPKH 3a JOTOMOTOI0 TalibBaHIYHO-po3B's3aHux DC/DC
nepeTBoproBauiB. Hapemiri, Meronu nepenavi eHeprii BiJ KOMIpKH 10 Oartapei i 110

xomipkH (Cell to pack to cell) nepenarots eneprito Big 00paHoi KoMipku (200 KOMIPOK)
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110 BCiel Oarapei, Bij Bciei 6arapei 10 1iIboBOi KOMIpKH (200 KoMipoK) abo Bij 00paHoOi
KOMipKH (200 KOMIPOK) JI0 IIIJILOBOT KOMIpKH (200 KOMIPOK).

DC/DC mnepeTrBoproBadi MOIIISIOTECS HA JBAa OCHOBI BHJM, 130JIbOBaHI Ta
Hei30s1boBaHi. [lepeTBoproBadi 13 raIbBaHIYHOIO 130JIA111€10, 3a0€3MeUyI0Th PO3AUICHHS
BXIJTHUX Ta BUXIJHUX JIAHITIOTIB, 3all00ITaf0uy MPOTIKAHHIO CTpyMy MK HuMU. e
JOCSITAETHCS 32 JOTIOMOTOI0 TpaHchopMaropa, onromapu abo 1HIIOTO TalbBaHIYHO-
PO3B'S3yI0M0TO KOMIIOHEHTA, 3arajibHa Kiacuikaris mepeTBOPIOBAYiB MpEICcTaBlIeHA

Ha puc. 3.2.

DC-DC
[lepeTBOproBaui

< [301mp0BaH1 > <He iSOHBOBaHi>
—»( Flyback > —»( Buck >

—>< Push-pull >
—>< Bridge >
—>< Multiport >

ST
- oo
N
e

N

Pucynoxk 3.2 — Knacudikamis DC-DC neperBoproBauiB [8], [78]

B 3anexxHO0CTI Bl METOAY MEpETIKaHHsI €Heprii, B aKTUBHOMY OalaHCHUP1 MOXKYThb
3aCTOCOBYBATUCH PI3HI TUIIU MEepeTBOproBaviB. Hei30ap0BaH1 nepeTBOproOBadl MOXKYTh

3aCTOCOBYBATUCH JJIA NEPETIKAHHS €Heprii MK CyCiIHIMU Komipkamu. [301boBaHi
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MIEPETBOPIOBAYlI MOXKYTh OLIBII IIHPOKO 3aCTOCOBYBATHMCh B aKTHBHHUX OalaHCHPaX,
OCKUIBKH JIO3BOJIAIOTH POOMTH OOMIH €HEPri€l0 MIXK JBOMa OyIb-sIKUMH JHKepeslaMU

e”eprii. Jlani po3mistHEMO PUKIIATU TOMOJIOTiH aKTUBHUX OaaHCHPIB.

1

| . DC/DC- Kowmipxa 1 DC/DC- i—K ipxa 1
Komipia [ nepeTBo- nepeTBo- oMipia
— proBad proBa4d
—
DC/DC-
osar | 4% DC/DC- Komipka 2 DC/DC- Komipxka 2
p ) | [epeTBo- | MEpPETBO-
J | Komipka 2 : proBaq ¥ | ploBay |
e | | o :
DC/DC-
~——————————=g—4 | mepeTBO- H— DC/DC- —ﬁMipKan u— DC/DC- j_KOMipKa n
| proBat | | mepetBo- I |neperso-
| | ] prosa4 * +_ proBaq q-

b —

| Kowmipxa n
Haxonuuypad

eHeprii

a) 0) B)

Pucynok 3.3 — Tonosnorii akTHBHUX OaJIaHCUPIB HA OCHOBI NIEPETBOPIOBAYIB

Ha puc. 3.3 (a) mpoiitocTpOBaHO TOMOJIOTI0 aKTUBHOTO OajlaHCHPa, L0 peaizye
METO/JI ITePETIKaHHs eHeprii "Komipka-cyciaHsa komipka". [Ipuniun podotu nomusrae y
MEePEePO3MOALTL €HEPTii BiJl KOMIPKH 3 BUIIUM PIBHEM 3apsily 10 CyCiAHBOI KOMIPKH 3
HIDKYUM  piBHEM. JlaHa TOMOJOTISI XapaKTEpPU3YEThCS BIAHOCHOIO MPOCTOTOIO
CXEMOTEXHIYHOIO0 peali3alli€l0 Ta MOXJIMBICTIO BUKOPHCTAHHS TajbBaHIYHO-
HEI30JIbOBAaHUX TIepPeTBOPIOBaviB. J[JI1 TOBHOINIHHOI poOOTH Takoro OajaHcHpa,
MIEPETBOPIOBaY MOBUHEH OyTHW JBOHANpaBieHWM. IIpoTre, ciaif 3a3HAYUTH CyTTEBHM
HEeJOoIK: OajaHCyBaHHS HE CyCIIHIX KOMIpOK MOTpelye mepemadi eHeprii depes
MPOMIKHI KOMIPKH, IO MPU3BOAUTH JI0 1X 3alBOro LUKIYBaHHS (3apsia-po3psa) Ta
HEraTUBHO BIUIMBAE HA TEPMIH CIYKOM 1 3araibHy €(heKTUBHICTh OanmaHCyBaHHS. 3i
30UTBIIICHHSIM KUIBKOCTI KOMIPOK y Oarapei CrocTepiraeTbCsi 3HMKEHHS MIBUIKOCTI

OanaHCyBaHHS Ta 3pOCTaHHsA BTpar eHeprii mia 4vac ii mepemaui [79]. KuibkicTh
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MEePEeTBOPIOBAYIB B TaKIM TOMOJOTi 3aJ€XKUTh BiJ KUIBKOCTI KOMIPOK, 1 MOXHa
MIPEACTABUTH SIK 11-1, 1€ 1 KUIBKICTh KOMIPOK.

Ha puc. 3.3 (6) npencraBiaeHO TOMOJOTII0 aKTUBHOTO OajaHCyBaHHS "KOMipKa-
JIOIaTKOBUM ~ HakonmuuyBad-komipka" [80]. Bona mnepenbauyae BUKOpUCTaHHS
JIBOHAMPABIICHOTO 130JIbOBAHOTO IIEPETBOPIOBAYA, IO JO3BOJISIE KOXKHIN KOMIpIIi
Oarapei 3apsmpKaTuch ad0 PO3PSKATUCH B JTOMATKOBOTO HAKOTMYyBada €HEPTii.
[lepeBaroro maHoOi TOMOJOTII € MOMJIMBICTH OOMIHY €HEpri€lo MiXK Oyab-SKUMHU
KOMIpKaMH, a HE€ JHIIE CYCIAHIMH, IO MiABUIIY€ IIBHIKICTb Ta €(EKTUBHICTbH
OanancyBanHs. Takox 3a0e3meuyeThcsi OalaHCyBaHHS BCHOTO aKyMYJISITOPHOTO
MOJIyJISL BIIHOCHO I1HIIMX MOIYMIB, KO AB Mae MOIynbHY CTPyKTypy, HUISIXOM
3apsimy abo po3psay BCIX KOMIPOK MOAYJSI O 3aJlaHOrO PIBHS BiJ JIOaTKOBOTO
HAKOMHM4YyBaya, 10 HEMOXJIMBO JUIs 1HIIMX Tomojorii. IIpore Hampyra 3araibHOL
IIMHU Yepe3 sIKy BiI0yBaeTbcsi OOMIH €HEpPri€r0, HampsMy 3aJIeKUTh Bl HaIpyrd
JI0JIATKOBOTO HAKOMWYYyBava, II0 B JEAKUX BUMAAKaxX Moxke OyTu HemomikoM. Crix
3a3HAUUTH, 1110 CXEMOTEXHIKa II€] TOMOJIOT1i BUPI3HAETHCS MIJABUIIICHOIO CKIJIATHICTIO
Ta BapTICTIO Y NOPIBHSAHHI 3 pO3NISIHYTUMH paHimie [81]. KinpKicTh nepeTBoproBayiB B
JIaHIM TOTIOJIOTIT TOPIBHIOE KIJIBKOCT1 KOMIPOK.

Ha puc. 3.3 (B) 300pa)keHO TOMOJIOTII0 aKTUBHOIO OajaHCYBaHHS 'KOMIpKa-
Moayib-koMipka" [82]. Jlana Tomosiorist nepeadadae BUKOPUCTAHHS JBOHAIPABICHOTO
130JJbOBAHOTO TIEPETBOPIOBaYa, IO 3abe3rnedye 3apspkaHHs a0o po3psHKaHHS
KOMIPKHU B1J1 MOAYJIsI, B IKOMY BOHA 3HaXoAUThCA. [10110HO 10 TOMOJIOTT 3 J0AaTKOBUM
HaKOIMMYyBa4yeM €HEPTii, I cXeMa J03BOJIS€ 3MIMCHIOBATH OOMIH €HEPTi€r0 MK Oy/Ib-
SKUMHU KOMIpKamMu. BiJCyTHICTh MONATKOBOTO HAKOMUYyBa4ya CIHPHSE 3MEHIIECHHIO
BTpar €Heprii, mpore poOUTh MeHIIUM (pyHKIIOHaN. Sk 1 B momepeaHiil TOmoJorti,
KUIBKICTh TIEPETBOPIOBAUIB JOPIBHIOE KITLKOCTI KOMipok. Hemomikom gaHoi Tomosnorii
€ BIJICYTHICTh MOXJIMBOCTI OajJaHCYBaHHS aKyMYJISTOPHOTO MOJYJS BIAHOCHO 1HIIUX
MoaymiB [83].

Ha puc. 3.4 mpencraBieHo TOMOIOTII0 aKTUBHOTO OalaHCcHpa, 10 0a3y€eThesl Ha
BukopuctanHi DC-DC nepetrBoproBaya Ta MaTpuili KiatodiB. Cxema XapakTepu3y€eThCs

OHUM pIBHEM KIIOUIB Ta HAsBHICTIO JBOHampaBieHoro i3onsoBaHoro DC-DC
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NepeTBOpIoBaya. 3alporoOHOBaHA TOMOJOTIA peaizye MeTof "KOMipKa-MOIyib-
KOMipKa", Je KoMipka, 10 NoTpelye OanaHCyBaHHS, KOMYTYEThCS /10 3arajbHOTO

aKymyJsiTopHoro 0ioky 3a gonomororo DC-DC nepeTBoproBaua.

B+ B+
7 SL1 Sl
" Komipka 1 . S1.2 "= Komipxa 1
S2 S8
sl /. o—
—— Komipka 2 S22 " Komipxka 2
+ o S3
S3.1
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Pucynok 3.4 — Tornosnorii aktuBHUX O6anancupiB Ha ocHoBI DC-DC nepeTBoproBaua
a) 3 onHUM piBHeM kirouiB [83], [84], [85], [86], [87];

0) 3 ABOMa piBHAMU KJtouiB [88], [89]

HanpsiMmox moToky eHeprii (3apsypkaHHs a00 pO3psIKaHHA —KOMIPKH)
BU3HAYAE€THCS CTAHOM KJTI04iB. KUTBKICTh KOMYTallIHHUX KIIIOYIB Y JaHii cxemi mpsiMo
MPOTOPIIiiiHA KUTBKOCTI KOMIPOK (7) 1 MOXKe OyTH BUpa)xeHa sik 2n.

Ha puc. 3.4 (0) npencraBieHO TOMOJIOTI0 aKTUBHOIO OanaHcupa 3
nBOHarpaBieHuM 13ompoBaHUM DC-DC  meperBoproBadeM Ta JBOMAa PIBHIMHU
KOMYTYIOUHX KIIOYIB. Y TOpIBHSHHI 3 TOMOJIOTIE€I0 3 OJHHMM PIBHEM KIIIOYIB, JaHa
CXeMa BHUMAara€ MEHIOI KUIBKOCTI KOMYTAllIMHMX €JIEMEHTIB IS ITIKITFOYEHHS

KOMIpKH JI0 TIepeTBoproBada. HemomikoM € HEMOKIIMBICTh OHOYACHOTO ITiIKTIOYCHHS
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JEK1TBKOX CYCIJTHIX KOMIPOK JI0 TIEpETBOPIOBaYa, 110 MOTJIO O MOTEHIIHO 301IbIINUTH
IIBUJIKICTh OanaHcyBaHHS. KigbKiCTh KOMyTaIllMHMX KIIFOYIB JUIS JIAHOI TOMOJIOTIT
Moyke OyTH OmucaHa CITiBBIIHOIICHHAM n+4, 1€ 1 - KUIbKICTh KOMIpOK. BukopucTanus
JTAHOTO TUITy OajaHCHpa € JOIIBHUM JJISI MOAYJIB 3 KIJIBKICTIO MOCIIIOBHO 3'€ THAHUX
KOMIpOK Oinbiie 4oTupboX. I[lpu MeHmIN KITBKOCTI KOMIPOK —palfliOHaJbHIIIe

BHUKOPUCTOBYBATH CXEMY 3 OHUM PiBHEM KJIIOUIB.
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Pucynok 3.5 — Tonosnorist aktuBHOTO 6anancupa Ha ocHoBl DC-DC nepetBopioBaya 3

JIBOMa OJTHOPIBHEBUMH KitouaMu [90]
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Cxema aktuBHOro Oamancupa Ha ocHoBi DC-DC mneperBoproBaua 3 JBoMa
OJTHOPIBHEBUMHU Kirodamu (puc. 3.5) NIEMOHCTpye psja TepeBar y IOPIBHSIHHI 3
PO3MISTHYTHUMH PaHilIe TOMONOTiAMUA. BuKOpuCTaHHS SK JBOHANPABICHOTO, TaK 1
OJHOHANpPABJICHOTO  MEpeTBOpIoBaya  3a0e3nedyye  MiJBUILIEHY  HIBUIKICTDH
OanmaHCYBaHHS 32 paXyHOK MOJIMBOCTI IEPETIKaHHS €Heprii He JIUIE Mi>K KOMIpKaMH,
a ¥ MK KOMIpKOIO Ta MoayheMm. Taka BapiaTHBHICTh METOZIB KOMYTAIlil J03BOJISIE
OanaHcupy oOMpaTH ONTUMAIBLHUN PEXXUM POOOTH 3aJICIKHO BIJl CTaHY 3apsiTy KOMIPOK.
Hanpuknan, npu nucOamanci oOfHI€E] KOMIPKH JOIUIBHO MIAKIIOYUTH 11 70
IEpETBOPIOBaYa, a MEPETBOPIOBAY — JI0 3arajbHOI HANpPYTHd MOAYJS, 10 3a0€3MeUUTh
OJTHOYACHE 3apsJKaHHS/PO3PSHKAHHS BCIX KOMIPOK 1 0amaHCyBaHHS I1JIbOBO1 KOMIPKH.
KiJIbKICTB KIJIIOUIB Y 1aH1i CXeM1 CTAHOBUTH 41, Ji€ 1 - KUIBKICTh KOMIpOK. He3Baxarouu
Ha 30UIBIICHY KUIBKICTh KOMYTAIlIWHUX KIIOYIB, JaHA TOIOJIOTIS BUPI3HAETHCS
M1JIBUIIICHOIO HAIIMHICTIO. Y pa3l BUXOMY 3 JIa/ly OJHIET TapH KIIIOUIB, 10 KOMYTYIOTh
KOMIPKY, MOXJIMBE MIJKIIOYEHHS pPE3EpBHOIO KOMyTaTopa, IO 3a0e3MeUHTh
oesrnepeOiitHy pobOory Oamancupa. Cimig 3a3HaYUTH, IO B JOCHDKEHHI [91]
PO3MIAHYTO MOAIOHY CXeMy, aje 3 JBOPIBHEBOIO CHCTEMOIO0 KOMYTYIOUMX KITIOYIB,
aHajoriyHo 70 Ttomojorii Ha puc. 3.4 (0). 3acrocyBaHHS JBOPIBHEBOI CHCTEMHU
J03BOJISIE 3MEHIIUTH KIJIBKICTh KJIIOYIB IPH poOOTI 3 OUThII HIX 4-Ma KOMipKamu,
npoTe OOMEXKYy€e MOMJIMBICTh OJHOYACHOTO TIIKJIIOUCHHS JCKUIBKOX KOMIPOK J10
NepEeTBOPIOBaYa.

Ha puc. 3.6 npencrabieno Moau(ikoBaHy CXeMy aKTHBHOTO OajlaHcupa, 110
BIJIPI3HIETHCS HASBHICTIO JOJATKOBOI TapW KJIIOWIB JJIS KOMYTallii J0JaTKOBOTO
HakonmuyBada eneprii 1o DC-DC neperBoproBaua. Take cxeMHe pIIIEHHS PO3IIUPIOE
(GyHKITIOHAIBHI MOXJIMBOCTI OallaHCHpa, JO3BOJISIOUN 3I1MCHIOBATU OajaHCyBaHHS
KOMIPOK B MeXaxX MOAYJS, a TaKoX OalaHCyBaTh MOJYJIb BIJHOCHO IHIIMX MOAYJIB
IUIIXOM TEPETIKaHHS €HEprii MK MOAYJIEM 1 JOAATKOBOTO HAKOMM4YyBaua €HEeprii.
KinbKicTh KOMyTalIMHUX KIIIOUIB Yy JlaHId CXeMl BHU3HA4Ya€ThCs K 4n+2, ne n -
KUIBKICTh KOMipok. BaxknuBo 3a3nauntu, mo DC-DC nepeTBoproBad MOBUHEH OyTH

raJlbBaHIYHO-130JIbOBAHUM. X04Ya MOKIIHBE BHUKOPUCTAHHSA AK OAHOHAIIPABJICHOI'0, TaK
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1 JABOHAITPABJICHOI'0 IIEPCTBOPIOBA4Yd, 3aCTOCYBAHHS OCTAHHBOI'O 3HAYHO PO3UIMPIOE

(GbyHKITIOHAIBHI MOXKJIMBOCTI OajaHCcHpa.
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Pucynok 3.6 — Tonosnorist aktuBHOTO O6aancupa Ha ocHoBl DC-DC
MepeTBOpIoBaya 3 JIBOMa OJHOPIBHEBUMU KJIFOUaMH, Ta JOJATKOBUM 30BHIITHIM

HAKOMUYyBaueM eHeprii

Ha puc. 3.7 mpencraBieHa cxemMa akTHBHOTO OanlaHcupa, 10 0a3yeTbesl Ha

BukopuctanHi DC-DC neperBoproBada Ta JABOX OAHOPIBHEBHX KIO4iB. Cxema mae
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JOJAaTKOBY Tapy KIIOUiB, IO JO3BOJSE KOMYTyBaTd OOpTOBUU 12-BOJBTOBHIA
akymyisTop 3 1Box 60kiB DC-DC neperBoproBava. 3arajibHa KUTbKICTh KOMYTaIlTHUX
KJIIOYIB Y CXeMi CTaHOBUTh 4n+4. JlaHa cxema 3abe3mneuye MiJBUIICHY HaA1iHICTD
OanaHcupa 3aBIsSKH MOBHICTIO JyOJIbOBaHIN cUCTeMI KIItouiB. Buxis 3 mamy ogHOTO 3
KOMYTaTopiB HE BIUTUBAE Ha poOOTy OaslaHCUpa, IO JO3BOJSE MPOAOBKYBATH HOTO
¢dyHkionyBaHHs. Taka 0COOIMBICTh CXeMH MOKE 3HANTH 3aCTOCYBaHHS B ray3sX, /€

BUMOTH JI0 HAQJIHHOCTI CUCTEMHU € KPUTHUHUMHU, HAIIPUKJIIAJ, B aBiallii.
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Pucynok 3.7 — Tonosnorist aktuBHOTO 6anancupa Ha ocHoBl DC-DC nepetBopioBaya 3

JIBOMa OJTHOPIBHEBUMH KJIIOYaMH, Ta 30BHIIIHIM HaKonuuyBadem eHeprii [4], [5], [6]
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Posrnsaemo Bapiantu Ab GamancupoM Ha 0a3i TOIMOJOTIi, PEeACTaBIECHOT Ha
puc. 3.7. OnHi€r0 3 TOJOBHHUX IEpeBar Ii€i CXeMHU € MOXJIMBICTH OajaHCYBaHHS
KOMIPOK PI3HUMH criocobamu. 30Kpema, MOKIIMBE TMEPETIKaHHS €Heprii MiX JBOMa
KOMIpKaMH, M’ KOMIPKOIO Ta MOIYJIEM, MI>)K KOMIPKOIO Ta TPYMOI0 KOMipOK, a TaKOX
MDK KOMIPKOIO Ta OOPTOBUM aKyMYJISITOPOM, MiX TPYTIOI0 KOMIPOK Ta aKyMYJISTOPOM,
Ta MK MoayleM Ta OopToBuM akymyistopoM (puc. 3.8). Taka pi3HOMaHITHICTh
NUISAX1B OajlaHCYyBaHHS J03BOJISE 301TBITUTH HOTO MIBUKICTh, OCKIJIBKY 32 OJWH UK
MEepeTiKaHHS €Heprii MOXHA 3apsipKaTh ado Po3psKATH Biapa3y JeKiIbKa KOMipOK.
Kpim Toro, meperikaHHsi eHeprii BiJ OJHIEI a00 NEKUIHLKOX KOMIPOK O OOpPTOBOTO
aKyMyJsITOpa HE BIUTMBA€E Ha OajaHC IHIIUX KOMIPOK, IO TAKOXK MO3UTHUBHO BILUIMBAE
Ha MIBUJKICTH MpOIleCcy. 3BaKalOud Ha BEJIMKY KUIBKICTh BapiaHTIB OajaHCYBaHHS, B
MOJAJIBIIIOMY HEOOXIAHO PO3POOUTH aJITOPUTM, SIKUM OWM aBTOMATMYHO BHU3HAYAB
HAWUIIBUININN IIIAX.

BaxxnuBo 3a3Ha4uTH, 10 JJIs CUCTEM 3 BUCOKMMH BUMOTaMH JI0 HaJIAHOCTI,
HaIpUKJIAJl, JITaJbHUX anapariB, JaHa TOMOoJoris Mae psan nepesar. [lo-nepiie, BoHa
3a0e3neuye MOBHE AyOnmtoBaHHS KomyTartopiB. [lo-mpyre, y pasi Buxomy 3 Jamy
ocHoBHoro DC-DC neperBoproBaya, OamaHcHUp MOXKE B3SITH Ha cebe Horo (pyHkIii,
MEePENIIOBIIN B PEKUM MEPETIKAHHS €Heprii BiJ MOAYJS O OOPTOBOTO aKyMYJISITOPa,
TUM CaMHM MIATPUMYIOYH pOOOTY CUCTEMH B aBapiitHoMy pekumi. HamiiHiCTh Takox
MIJBUILYETHCS 3aBISKH NYyOJIOBAaHHIO KOMYTALIMHMX KIIOYIB: Y pa3l HECHPAaBHOCTI
OJTHOTO 3 HUX, HOTO MOXE 3aMIHUTHU 1HIUHN 06€3 BTpatu (PyHKIIIOHATBEHOCTI [7].

OCHOBHHMM HEJIOTIKOM IT1€1 CXeMH € BeJIMKa KUIbKICTh KOMYTAIlIHHUX KJTIOUiB, 1110

MOXKe OyTH KPUTUYHUM JIJIs1 3aCTOCYBaHb, JI€ 11e CYTTEBO BIIMHE HA COOIBAPTICTD.
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Pucynok 3.8 — Ileperikanns eHeprii B 0amaHcupi

a) MDK KOMIpKaMH, 0) MiX KOMIPKOIO Ta MOJYJe€M, B) MK KOMIPKOIO Ta

JEKUJIbKOMa KOMIpKaMHU, T') M1’ KOMIPKOIO Ta OOPTOBUM aKyMYJIATOPOM, 1) I€KLIbKOMa

KOMipKamM# Ta O0PTOBUM aKyMYJISITOPOM, €) MK MOJTyJIEM Ta OOPTOBUM aKyMYJISITOPOM
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PosrnsiHyTI paHilie cxeMyd aKTUBHHMX OajaHCHPIB Ha OCHOBI IEpPETBOPIOBaYa,
nependayaroTb BUKOPUCTAHHS KJIIOUIB, 1[0 KOMYTYIOTh KOMIPKU 3 MEPETBOPIOBAYEM.
Ha nanuii 4ac icHye psjl KOMIIOHEHTIB, III0 MOXYTb BHUKOHYBaTH If0 (DYHKIIIIO.
OcoOnuBiCTh KOMyTaropa IOJIATa€E, B HEOOXITHOCTI TajJbBaHIYHOT PO3B’S3KH MiX
KOMyTaTOpOM, Ta CHCTEMOIO KepyBaHHs. Haimpoctimmii cmoci6 peamizartii
KOMYTaTOpa, BUKOPUCTAHHS €JIEKTPOMEXaHIYHOTO pejie, MPOTe BUKOPUCTAHHS perie
Ma€ JOCHUTb Baromi Hemomiku. EnekrpoMexaHiuHe perne Mae pyxomi YacTHUHH, IO
MaloTh JIOCUTh OOMEXEHHMH pecypc, B TOpIBHSHHI 3 HaMiBIPOBIIHUKOBUMHU
KoMITOHeHTaMH. [IIBUIIKICTh MepeMUKaHHS, Y €JIEKTPOMEXaHIYHUX peJieé HEBUCOKA, a
TaKOK CTBOPIOIOTHCA E€JIEKTPOMArHITHI 3aBajau mija yac poOoTu. ['abaputHi po3mipu
CJICKTPOMEXAaHIYHUX pelie OUIbII HIK Yy HamiBIPOBITHUKOBUX KOMITOHEHTIB. Jlo
nepeBar 3aCTOCYBaHHS MOXHA BIJTHECTH HEBUCOKY IIIHY.

JUist koMyTallii KOMIpOK 10 MEPETBOPIOBaYa B aKTUBHOMY OajaHCUP1 MOXKIIMBO
BUKOPUCTOBYBAaTH JBOHAIIPABIICHUI HAaMiBIPOBIJHUKOBUN KIIIOY, IO CKJIAJAETHCA 3
IBOX  TpaH3uUCTOpiB.  MOXIMBI  BaplaHTH  peaii3alii  JBOHANPABICHOIO
HAIBIPOBITHUKOBOTO KJIIOU HaBeleHO Ha puc. 3.9. B iioro OymoBi MOXIIHBE
3aCTOCYBaHHS PI3HUX THUINB CHJIOBUX HAMiBIPOBIAHUKOBHUX E€JIEMEHTIB: OINOJISPHUX
tpan3uctopiB, MOSFET TpaH3ucTopiB Ta OINOJSAPHUX TPAH3UCTOPIB 3 130JbOBAHUM

3arBopoM (IGBT).

Cmpym Cmpym
31 32 31 32
— I 1 I
XI5 &IX X18 BTX
C1 C2 C1 Cz
Q; Q; Q; Q;

Pucynok 3.9 — bynoBa qBoHanpaBiaeHOT0 HaIiBIPOBITHUKOBOTO KJIIOYa Ha OCHOBI

MOSFET tpan3zucropis [92]
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B 3anmexxHOCTI BiJl CUTHAJIB KEPYBaHHS, JBOHAIIPABICHUN HAMIBIPOBITHUKOBHI

KJIFOY MOKE€ MaTH YOTUPHU CTAHU MPOBIIHOCTI, 1110 HaBelIeHO B TaoOi. 3.1.

Tabmuis 3.1 — Pexxumu poOOTH TBOHANPABICHOTO HAIMIBIPOBITHUKOBOTO KITFOUYa

Q1 Q2 Pexxum pobotu Hanpsmok
MPOTIKAHHS CTPyMY
BumkneHo BumkneHo PozimkHeHu# kirou | JIBocTOpOHHIM
YBIMKHEHO YBIMKHEHO 3amkHeHui kimod | JIBocTopoHHIN
YBIMKHEHO BumkHEHO Hion OaHOCTOPOHHIM
BumkHeHO VBIMKHEHO Hioxn OmHOCTOPOHHIM

PhotoMOS perie € en1eKTpOHHUM KOMYTAILITHUM MPUCTPOEM, 110 BUKOPUCTOBYE
ONTUYHY 130JIAIIIF0 MIDK BXIJHUM Ta BHUXIJHUM KacKajgaMu, J€ KepyBaHHS
MepEMUKAHHSM 3I1HCHIOETHCS 3a JorioMororo cBitinoaiona Ta MOSFET-Tpan3ucTopis.
di3uKO-MaTeMaTHYHa MOJEIh TAaKOTO peje BKJIOYAE€ JBAa OCHOBHHX TIPOIICCH:
re’epariiro GoToCTpyMy CBITIOI0IOM Ta kKepyBaHHs mpoBiaHuM ctanHoM MOSFET.

CeiTnomion y BximHoMy kackaai PhotoMOS perne € mxepenoM GoTtocTpymy, 110
AKTHBY€ BHXiIHMH Kackaa. Voro BOJbT-aMIIepHA XapaKTEPHUCTHKA OIUCYEThCS

piBHsHHSIM [oKoi:

VLED
Iep = Is (e T — 1), (3.1)

ne: I— 3BOpOTHHUM HACUYEHUN CTPYM;

V), gp — aJIIHHS HAIIPYTH Ha CBITJIOMIO;

n — Koe(IIieHT 171eaIbHOCTI, 10 3a3BHYai Ma€ 3HaYCHHS ONHM3bKO 1.8;

V' — TemioBuii MOTEHITIaN.

Buxignuit kackan pene 3a3Buuaii mictuth ABa MOSFET, 3’€1HaHi B 3BOPOTHOMY

BKJIFOUEHHI, 110 3a0e3euye KOMYTalilo K MOCTIHHOTO, TaK 1 3MIHHOTO CTPYMY.
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Pucynok 3.10 — BayTpimss 6ygosa PhotoMOS perne [93]

3acrocyBanHsi PhotoMOS c perne B IKOCTI KOMyTaropa, 30UIbLIy€e HaJIHHICTh Ta
MPOCTOTY KOHCTPYKIIi aKTUBHOTO OajaHCUpa, OCKUIbKA 00’€AHY€ B COO1 BEIHUKY
KUIBKICTh KOMIOHEHTIB. OJIHOT 13 mepeBar AaHOi TOMOJIOTIi aKTUBHOTO OallaHcupa, €
BHUCOKa HaJIMHICTh. OCKUIBKY MpU BUXOAY 13 JIaJy OJHOTO KOMYyTaropa, Moro MoxKe

3aMIHUTH 1HIIHH, 3 1HIIIOT CTOPOHHU IEPETBOPIOBAYA.

3.2 MoaeawBaHHs IIBUAKOCTI 0ajIaHCYBAHHSI B NOKPAIUEHIN TOIOJIOTII

AKTHUBHOIO 0ajIaHCHUpa

MonentoBaHHd MOpPOBOAMIIOCS JUIsl CEMUM METOMIB OallaHCyBaHHS, AKi
BUKOPHUCTOBYIOTBCSI Y PO3IISAHYTIA BUIIE TOMOJOTIi aKTUBHOTO OaliaHcupa, 3a
MOYaTKOBUX YMOB, HaBeJeHUX y Tabi. 3.2. MojemntoBaHHs Bi0yBaJOCh 32 YMOBH, 110
nepeTBoproBau mpairoe B pexumi CC Ta Mae MakCcUMalbHY MOTYXHICTH 4 BT, a
3HA4YUTh, CTPYM OalaHCyBaHHsI 3MIHIOBABCS 3aJ1€KHO B/l BX1HOI Ta BUX1JHOI HAMIPYTH.
banancyBaHHSI 3YNUHSJIOCh, KOJIM PI3HUI MDK KOMIPKOIO 3 MaKCHUMAJIbHOIO Ta
MIHIMAJILHOIO €MHICTIO nocsaraia 10 MA ron.

Otpumani pe3yabTaTd MOJEIIOBAHHS TPEICTaBICHO Yy BUDIsIAI rpadikiB Ha

puc. 3.2, a yucJI0Bl 3HaYEHHs HaBefeHO B Tabu. 3.3. I3 cemu MeToniB OanaHCyBaHHS
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HaWOLIBIIy MIBUAKICTh IMOKa3aB METOJ BiJ KOMIpKH 10 KoMmipku (puc.3.11,a),
HACTYITHUM 3a IIBHJAKICTIO OyJIM METOAW B MOAYJsS 10 KOMIPKHM 1 HaBIIaKu
(puc. 3.11, 1), Bia 30BHIIIHBOI OaTapei 70 KoMipku 1 HaBnaku (puc. 3.11, e), B iHIIHNX

BOHa Oyia Maiie BTpUYl MEHIIIOKO.

Tabmuus 3.2 - [loyaTkoBi yMOBH 3MOJI€JILOBAHOT CHCTEMHU

. . 1 0
. [ToTyxHicTh €MHicTh SOC komipkH, %o
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Pucynok 3.11 — 3anexxHICTh piBHS 3apsTy IIECTH KOMIPOK Bij yacy OalaHCyBaHHS

JUISL PI3HUX METOAIB OajlaHCyBaHHS:

Bi1 komipku 10 kKoMipku (Bix K no K) (a); Big komipku g0 moayis (Bin K 1o M) (6);

Bi1 MoyJst 10 koMipkH (B M go K) (B); Bix Moaysst 40 KOMIpKH 1 HaBMmaku (Big M

1o K 1 HaBnakm) (T); Bl KOMIPKH J10 30BHIIIHKO1 Oarapei (Big K 1o 3b) (1); Bix

30BHIIIHBOI Oarapei 10 komipku 1 HaBmaku (Big K 10 3b 1 HaBnaku) (€); Big KOMipKH

10 30BHIIHKOI O0arapei (Bia 3b no K) (€)

Otxe, 3a pe3ylbTaTaMu MOJICTIOBAHHS MOXHA 3pOOUTH BHUCHOBOK, IO JJIS

MOJIYJIbHOTO aKTUBHOTO OanaHcupa 3a 06a30Bui Tpeba OpaTu METon BiJ KOMIPKH 10

koMmipku. [lpu 1mboMy y BUIaAKy BHUXOAY 3 JIaJy OIHOTO 3 KIIOUIB, IO POOUTH
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HEMOKJIMBUM BUKOPHCTAHHS METOIy OaJlaHCYBaHHS BiJl KOMIPKH JI0 KOMIpKH, MOJKHA
3aCTOCOBYBATH 1HIII METOAM OajlaHCyBaHHS — TOJll, XO4a IIBHJAKICTh OajlaHCyBaHHSI

OyZie HI>KYOI0, caM Ipouec 0agaHCyBaHHS MPOIOBKYBATUMETHCS.

Tabmuus 3.3 — [HopiBHSHHS MBUIKOCTI OalaHCYBaHHS METOJIB OalaHCYBaHHS

Merton GataHCyBaHHS
Ilapamerp Bit Kmo | Bix K | Bigx M BIOHI?/Ii Bix K | Bix 36 BISIIEI?
K 1o M o K a no3b | oK .
HaBIAKU HaBIAKU
Yac
OaslaHCYBaHHS 465 1489 1531 929 1535 | 1486 913
Voai, c
[Tpupict Voan
 BUMIOCHO 230,1 | 3,08 | 026 | 652 0 | 329 | 681
HAWTOBUILHIIIIOTO
mertony, %o

3.3 MonenoBaHHS NepPeTBOPHBAYa eJEeKTPOEHepril Ajasi MOAYJbHOI

CHCTEeMU AKTUBHOI0 0AJIAHCYBAHHS

JIiTiii-10HHI aKyMYJISITOPU YACTO MOJIETIOIOTRLCSA SIK 17[ealibHI JKEpena MoCTIHHOT
Hampyr B Takux cxeMmax. OmHaK mij yac 3apspKaHHs Ta PO3psKaHHA aKyMyJsiTopa
CTPYM Ta Hampyra Ha HbOMY 3MiHIOIOThCS. L1 eexkTn He BpaxoByIOThCS y MOJETSAX 3
JOKEPEIIOM MOCTINHOT HanpyTu. [yt onrTuMi3aliii 3arajibHOi MPOTyKTUBHOCTI CHCTEMHU

HEOOX1THO BpPaXOBYBAaTH BOJIBT-aMIIEPH]1 XapaKTEPUCTUKU aKyMYJISTOPA.
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Pucynok 3.12 — Imitamiitna monens Ab B cepenouiti PLECS

WV vs 50C

0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 09 1.0
50C

Pucynok 3.13 — 3anexuicts OCV Big SOC moneni Ab B cepenoBuiii PLECS

Kpim TOrO, 1i Mojem MOXYTh BHUKOPUCTOBYBATHUCS JJI OLIHKH PI3HUX
anropuTMiB 3apspkaHHsa Ta BusHaueHHs SOC Ha piBHI cuctemu. CepenoBuiie st
mojentoBaHHs Oyno oopano PLECS. B nvboMy cnioyatky Oys0 CTBOPEHO IMiTalliiHY
Monens Ab, sky B momanbiiioMy Oyl0 BHUKOPHCTAHO JJII MOJIETIOBAHHS POOOTH
NEepPEeTBOPIOBAYIB.

byno o6pano 5 Tomosoriii mepeTBOpIOBadiB I MOJETIOBAHHS TIPOIECY

OaJlaHCyBaHHS:
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— Forward;
— Flyback;
— Sepic;
— Push-Pull;
— DAB.
3MO/IeThOBAaHUN TIPOIEC POOOTH TMEpPEeTBOPIOBAuUiB BiOyBaBCS B PEXKUMI
NepeTiKaHHsA €Heprii BiJ OJHOI KOMIPKHM JO 1HIIOI KOMIpkH. BXimHa Hampyra
MIEPETBOPIOBAUIB BiANOBIaIa HAMPY31 3apspKeHoT KoMipkH, a came 4.12B. Buxinna
Hampyra neperBoproBaya Oysna oopana 5B, a ctpym B miamazoni 0,5 — 2 A. Yacrora
PWM st kepyBaHHS TpaH3UCTOpaMu MepeTBoproBada Oyna oopana 100x[ 1 amst Beix
NepeTBOpIOBayil. Y 3MOEIbOBAHUX MEPETBOPIOBAUAX paxyBalHUCh BTPAaTH, HA OCHOBI
akux Oyno mnopaxoBaHo KKII koxxkHoro mneperBoproBada. Tpansuctopu Oyio
Bukopuctano CSDI18510Q5B, miomu SS48. Ilapamerpu TpaHcdopmartopiB, Ta
IHAYKTUBHOCTEN MIAOMPATIUCh JUIsl KOXKHOTO MEPETBOPIOBaYa OKPEMO, TaK CaMo fK 1
ckBaxHicTh PWM curnany kepysanss (D).
Forward DC-DC nepeTrBoproBau, TOMOJOTIS IEPETBOPIOBAaYa HAa HABEJIEHO Ha
puc. 3.14. 3anexHicTh BUXIAHOI Hampyru, 3alexuTh Big D , Big KoedirieHTa

tparcdopmariii (N) ta Bxignoi Hanpyru (V;,,), o HaBeaeHHO B piBHSAHHI (3.2).

L,
o o {>|—o—m—o—o
D,
+
+ Ny ° ®
D .
o “ Np Ns DD ==V
Vin C, =/ -
- D, ZS J ®
B Q ¢ *
{ L L

Pucynoxk 3.14 — Cxema Forward DC-DC niepeTBoproBaua 3 raibBaHIYHOIO PO3B’SI3KOI0

Voue =D - N - Vi, (3.2)
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Pucynok 3.15 — 3monenvoBani napamerpu Forward DC-DC nepetrBoproBada

Flyback DC-DC nepeTBoproBay, TOIOJIOTI0 EPETBOPIOBaYa HABEJEHO HA PUC.

3.16, a 3aneXHICTh BX1AHOI HAIIPYTH OMMCAHO B piBHAHHI (3.3).
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Pucynok 3.16 — Cxema Flyback DC-DC neperBoproBaua
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Pucynok 3.17 — Yacosi giarpamu Flyback DC-DC neperoproBaua

30 IJD

SEPIC DC-DC nepeTBoproBau € OMHOTAKTHUM, SIKHI MOXKe 3a0e3MmeuyBaTH K

MIJBUINCHHS, TaK 1 3HWKEHHA BuxigHoi Hampyru. Lle poouts SEPIC ocob6auBo

KOPUCHUM Yy CHCTEMax aKTUBHOrO OaJlaHCyBaHHS aKyMYJsTOPIB, /i€ ICHYE BeJIMKa

BapiaTUBHICTH 3apsny Mk okpemMumu komipkamu [94]. OcaoBHoro nepesaroro SEPIC

€ WOro 37aTHICTh MIATPUMYBATH CTA0UIbHY POOOTY MPHU KOJIUBAHHAX BX1IHOI HAIPYTH.

[le BaxnMBO ISl aKyMYJSITOPHUX CHCTEM, OCKITBKH YMOBH €KCILTyaTallii MOXYTh

3MIHIOBaTHCS, 1 Hampyra B cuctemi Moxe koiuBatucsa [95], [96]. Monens SEPIC

NEepPEeTBOPIOBaYa MOXKJIMBO o0aunTH Ha puc. 3.18.

Vour =

D-N-V;,
1-D

(3.4)
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Pucynok 3.19 — Yacosi giarpamu 3monensoBanoro SEPIC DC-DC neperBoproBada

Push-Pull mneperBoproBau (puc. 3.20) BuKOpucTOoBy€ TpaHchopmarop i3
HEHTPAJIbHUM BIJBOJIOM Ha MEPBUHHIM OOMOTII, IO JO3BOJISE JIBOM KJIIOYaM
(TpaH3UCTOpaM) MOYEProBO MPALFOBATH JJIsl TIEpeiadl eHeprii BiJ BXIIHOTO JKepelia
1o Tpanchopmaropa. Takox BaXKJIUBY pOJIb BIIITPAOTh A10/IH, 1110 BUKOPHUCTOBYIOTHCS
Ha BUXIJIHIM CTOPOHI JUIsl BUNPSAMIIEHHS 3MIHHOTO CTPyMY, SIKUU TEpedaeTbCcsl Bij

BTOPHHHOI 0OMOTKH TpaHchopmaropa [98].
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Pucynox 3.20 — Cxema Push-pull DC-DC nepeTtBoproBaua

Jliist po3paxyHky BuxinHoi Harnpyru B Push-Pull BukopucToByeThCcsi HacTymHa

dbopmymna [99]:

Vour =2-N-D -V, (3.5)

[lepBunHa oOmoTKa TpaHchopMaTopa po3AUIEHa HAa Bl PiBHI YaCTUHU 3
[EHTpaJIbHUM BiJBOgOM. Konu onuH 3 KITHOYiB (TPaH3UCTOPIB) BMHUKAETHCS, CTPYM
IPOXOAUTH dYepe3 TMOJOBUHY TNEPBUHHOI OOMOTKM TpaHChopMaropa, TeHEpyun
Mar”HiTHUH moTik y snapi. Ilig wac poOoTHM mepmoro Kiwoya OJHA YacTHHA
TpaHcopmaropa HaMarHidyeThes, 1 1€ 3a0e3mneuye 3pOCTaHHS MarHiTHOTO MOTOKY B
ocepal. [loTiM mepumuidi K04 BUMHUKAETHCS, a APYTHA KJIHOY BMHKAETHCS, 1 CTPyM
OPOXOAUTH 4Yepe3 IHIIYy IOJOBUHY TEPBUHHOI OOMOTKHM, TeHEpPYIOUd TMOTIK Y
POTHIICKHOMY HampsMKy. Lle 3abe3meuye cumeTpuyHe BUKOPUCTAHHS MarHiTHOTO
MaTepially ocepis, mo poOouTh TpaHchopmaTop OUTBII ePeKTUBHUM. BTopuHHA
oOMOTKa Tpancpopmaropa cipuitMae €HEpriko SK i 4ac poOOTH MEPIIOTro KI4Ya, TaK

1 Ipyroro, i, TAKUM YHMHOM, BIJIOYBa€ThCs O€3MEpEPBHE MOCTAYaHHS €HEPTii JO BUXOILY

[76].
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Pucynok 3.21 — Yacosi niarpamu Push-Pull DC-DC nepetBoproBaua

DAB DC-DC mneperBoproBaueM CKJIAJA€ThCS 3 JABOX ITOBHOMOCTOBHX
1HBEpTOPIB, IO PO3JUICHHI BHUCOKOYACTOTHUM TpaHchopmatopom. Ha puc. 3.22

MMpcaAcCTaBJICHA CTPYKTYpPHaA CXEMa LIbOI'0O IICPCTBOPIOBAYda.

@ o
Q 1 Q — Q. Q-
+ N1:N2 E-. :j- +
C. | o i C,
Vin — —— Vout
%= Qﬂé =
® ®

Pucynok 3.22 Cxema DAB DC-DC neperBoproBaya

JIBa aKTHMBHI MOCTOBI IHBEPTOPHU - OJMH Ha CTOPOHI NMEPBUHHOI OOMOTKH
TpaHcopmaropa, Ipyruid — Ha CTOPOH1 BTOpUHHOI. KoxkeH 3 HUX CKIIafaeTbes 3
YOTUPHOX KIIIOUIB, IO J03BOJISIOTH KEPYBaTH HANPSIMOM 1 PIBHEM IOTOKY €HEprii .
[TepBuHHMIT 1HBEPTOP MEPETBOPIOE MOCTIHHY HAMPYyTy y BUCOKOYACTOTHUI 3MIHHUMN

CUTHAJI, 110 MTO/Ia€ThCS Ha IEPBUHHY 0OMOTKY TpaHc(opmaropa. Bropunnuii iHBepTOp
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B1IHOBJIIOE TIOCTIHHY Hanpyry Ha BUXO1 EPETBOPIOBaYa, sika MOKe OyTH BUIIOIO 200
HIDKYOR0 3a BXiHY Hamnpyry [100], [101], [102], [103].

Icuye nexinbpka pexkuMiB KepyBanHa DAB, mis mozaentoBanHs O0yi0 ob6paHO
pexum 3cyBy ¢a3z (SPS). Bin 06a3yeTbcsi Ha peryitoBaHHI (Pa3oBOro 3CyBY Mix
CUTHAJIaMH KJTIOUIB i1HBEPTOPIB HA MEPBUHHIN 1 BTOPUHHIN CTOPOHI TpaHchopmaTopa
I KepyBaHHs riepenadeto eneprii [104], [105]. B TakoMy pexumi BUXiqHA HAIIpyTa

BU3HAYA€CTHCA SK:

L-P
Vout =N - (Vi - m): (3.6)

ne: L — iIHAyKTUBHICTh pO3CitOBaHHS TpaHc(opMmarop;
P — noTy>XHICTh Iepenadi eHeprii;
f —yacToTra KoMyTallii KJIIOUiB;

¢ - (ha3oBHil 3cyB MK CUTHAJIaMU [TIEPBUHHOTO Ta BTOPUHHOTO 1HBEPTOPA.
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Pucynok 3.23 — Pe3ynwsratu moaentoBanus poootu DAB DC-DC nepeTBoproBaua.
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Pucynok 3.24 — I'padik 3anexxnocti KKJI Big crpymy 3mozaensoBanux DC-DC

NEPETBOPIOBAYIB

3aranpHl XapaKTePUCTHUKU JOCHIDKYBAaHUX I[EPETBOPIOBAYIB 3BEACHO B

Tabn. 3.4.

Tabmuns 3.4 — [TopiBHAHHS XapaKTEPUCTHUK AOCIIIKYBaHUX MIEPETBOPIOBAYIB

Flyback | Forward Sepic Push-pull DAB
CkragHiCTh Hyxe
IIpocra | IIpocra Cepenns Bucoka
KEepyBaHHS BHCOKa
JIBOHaIpaBIEHICTh Hi Hi Hi Hi Tak
KinpkicTh KITFOUiB 1 1 1 2 8
CKJIaIHICTh
Hwusbka Hwu3bka Hwusbka Cepenns Bucoka
CXEMOTEXHIKHU
EdextuBHicTh Husbka Husbka Cepenns Cepenns Bucoka
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[ina Hwusbka Hwu3bka Hwu3bka Cepenus Bucoka
Jl1ama3oH BXigHOT Hyxe
By3bkuii | Byspkuii | [upokuit By3bkuii
HaIpyTu HIUPOKUI

DAB Tomnonoris DC-DC mneperBoproBaya, IOKa3ajga CBOIO IepeBary st
BUKOPUCTAHHS B JaHHIA TOIOJIOTIi aKTUBHOTO OajaHCHpa B IMOPIBHSAHI 3 1HIIUMH
TOTIOJIOT1SIMH TIEPETBOPIOBaYiB. MOXKIMBOCTI pOOOTH B IIMPOKOMY Jiama30Hi BXiTHUX
— BUXIJIHUX Hampyr, BUCOKY €(EeKTUBHICTh, JBOHANpaBieHICTb. CyKYIHICTh ILUX
(dakTopiB J03BOJISIE MAKCUMAJbHO peali3yBaTd (PYHKIIIOHAN JAHOTO AaKTUBHOIO
Oasancupa.

OTxe, pe3yapraTd MOJEIIOBaHHS MOXYTh OyTH OOTpPYHTYBaHHSM BHOOpPY
neBHoi Tonojiorii DC-DC nepeTBoproBaya Jjisi akTUBHOTO OajlaHCHpa 3Ba)KalOuW Ha
nepeBard Ta HEIOJNIKM KOXKHOIO THITy MEepeTBOproBauiB. JlOCHIIKEHHS 1HIINX
TOMOJIOT1H, a00 MOKPAIICHHS YA ONTUMI3aLlsl TONOJIOTIH K1 BXKe OyJI0 JOCIIIKEHHO, B
NOJAJBIIOMY € aKTyaJlbHOIO 33/a4er0, 10 MOXKE 30UIbIINTH €(PEKTUBHICTH CaMOTO

aKTUBHOTO OajaHcupa.

3.4 BucHOBKH 10 po3aiiy 3

1. 3anponoHOBaHO MOKpAIIEHY TOTMOJIOTI0 aKTUBHOTO OajlaHCHpa, L0 MOXKHA
BUKOPHUCTOBYBaTH B AB, 110 Mae OararoMoAyJibHy CTPYKTYpY. 3@ paxyHOK J10/IaBaHHSI
JOJTATKOBUX KOMYTAaTOPiB Ta 30BHINIHHOTO HAKONIMYYBaya €HEeprii, akTUBHUHN OallaHCUP
Ma€ 3MOTy MPOBOJUTH OajJaHCYBaHHS HE TUIbKM Ha PiBHI KOMIPOK B MOJIYJI, 8 TaAKOX
MK MonyasiMu AB.

2. TlpoBeneHO MoOIENIOBaHHS 4Yacy MOXJIMBUX CHOCOOIB OanaHCyBaHHS B
3alpOTNIOHOBAHIM  TOMOJIOTIT aKTUBHOTO OanaHcupa. Pe3ynbTaT MOIETIOBAHHS
noKa3aji, 10 Hallkpamuii yac 6allaHCyBaHHS IPU OJHAKOBOMY IOYATKOBO 33JaHOMY
nvcOananci BCTAHOBUB METOJ BiJl KOMIPKHM 110 KOMipKH. B momanbiiomy 1eid MeTos

HEOOX1/THO BUKOPHUCTOBYBATH SIK 0a30BUH.
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3. Ilpoegeno MopemoBaHHS xapakrepuctuk 1m'std  TumB DC-DC
MEPETBOPIOBAYIB MPU OJIHAKOBUX TOYATKOBO 33JIaHUX MapameTpax, BCTAHOBJIEHO IO

Haiikpanty epektuBHICT Mae DC-DC neperBoproBau Tomnosorii DAB.

4. OCHOBHI HayKOBI Pe3y/IbTaTy MPECTABICH] Y PYrOMY PO3/ILIl OITyOJIIKOBAHO
y pobotax [4], [5], [6].
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PO3/L1 4. OCOBJUBOCTI MPAKTUYHOI PEAJIIBAIIIL CACTEM
BAJTAHCYBAHHS AKYMVYJISATOPHUX BATAPEN

4.1 IloOynoBa aKTHMBHOr0 OajJJaHCHUpa IJs 3aCTOCYBAHHS B MOXYJbHHUX

aKyMYJISITOPHUX DaTapesix

Tomomoris MOAYJIBHOTO aKTUBHHM OajlaHCHpa IO po3rajanach paHimie, Oyna
BUKOpHCTaHA JUISI MPAKTHYHOI pealizaiii Ta TepeBipKd MapaMeTpiB B pealbHUX
yMOBaxX eKCIUTyaTalrii B enekTpomoOini. B xomi pobotu Oyno po3pobiaeHo aBa
npototuny. Ilepmmii mpoTOTHII aKTUBHOTO OanaHcupa IS 3acTOCYBaHHS B
0araToMOAyJIbHUX aKyMYJSITOPDHHX OarapesiXx, Ta MPOTOTHUIl CHCTEMH KEpyBaHS 3

(YHKII1€:0 aKTUBHOTO OajlaHCYBaHHS.
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Pucynok 4.1 — AxktuBHoro 6anancupa aiis Ab 3 Tppox KOMIpPOK, IpyKOBaHA

mara (a) Ta 316panuii mpototun (0)
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Iepumii MPOTOTHI mpejcTaBieHo puc. 4.1. Moro pospaxoBaHo Ha poGOTy 3
TphOMa MOCIIOBHO MIAKIIOYEHUMH KOoMipkaMu. [IpoToTHn CKIagaeThecsi 3 OCHOBHOT
IaTh, Ha SKIA PO3MIMIEHO TpuMad Komipok dopmdakropy 18650, micuem s
BCTAHOBJICHHS JIBOX IJIaT KOMyTaTopa Ha OCHOBI peJjie, Ta MICIEM JIJisi BCTAHOBJICHHS
MEPETBOPIOBAYA, IO 3HAXOAUTHCS HA JOJATKOBIM IIIaTi, sKa MOXE IiIKIIOYaTHCh
npotamu, abo Oe3mocepeHbO BIAIOBATUCh B OCHOBHY IUIaTy. Taka MOTyibHA
KOHCTPYKIIiSl IPOTOTHUITY Ma€ MepeBaru MBHIKOT 3aMIHA MOJIYJIIB y BUMAJIKY X BUXOY
3 maay, a TakoXk J03Bosste mijakiatodatu Moayii 3 DC-DC neperBoproBayaMu pi3HUX
tumiB. KepyBaHHS KoOMyTaropam BiJIOyBa€TbCS 30BHIIIHIM MIKPOKOHTPOJIEPOM.
[lepmmit mpototun O6yB po3pobieHuit s tectyBanHs DC-DC neperBoproBadiB y
poOOTI aKTUBHOTO OaJlaHCYBaHHA KOMIpPOK. BuKopucTaHHS KoMyTaropiB Ha 0asi
CJIEKTPOMEXaHIUHUX peJie, Ma€ MEepeBaru y BUMIIAJIL OUTBIIIOTO CTpyMy OalaHCyBaHHS
Ta HU3bKOi COOIBApTOCTI. Y BUNAAKY HENPABUIBHOI KOMYTallll KOMIPOK MOXIIUBE
KOPOTKE 3aMHUKaHHSI, SIKE MOXE MPU3BECTH 0 MOIIKOPKEHHS KOMYTaTropiB, TOMY Ha

TJIaTi BCTAHOBIICHI 3alTO01KHUKH Ha CTPyM 2A.
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® Made in Ukraine

Pucynok 4.2 — IIpotoTun cuctemu kepyBaHHs 3 (YHKITI€I0 aKTUBHOTO OajlaHCyBaHHS

Jpyruii IpOTOTHIT B)KE MOXKHA BBaYKaTH TOBHOIIIHHOIO CHCTEMOIO KepyBaHHS,
110 Mae (yHKIIiI0 AKTHBHOTO GastancyBaHHs. Moro mo6yI0BaHO Ha OCHOBI KOMYTaTOpiB
3 BukopucTanHsaM PhotoMOS pene Ta miarpumye poOOTy 3 IIICTbOMA IMOCIIIOBHO
MIJKITIOYCHUMH  KOMipKaMu. BiIMIHHICTh BiJi TEPIIOr0 MPOTOTUIIA aKTUBHOTO
Oanancupa, B TOMY IO JOJaHO CXEMH BHMIPIOBaHHS HAIMpPyTH KOMIPOK, iHTepdeiic
oominy ganumu CAN Ta rpadiuanii OLED gucnneit nns BuBomy iHdopmailii, 1o
poOUTH HOTO TTOBHOIIIHHOIO CHCTeMO0 kepyBaHHsI Ab. B mpororumi 3actocoBano 24
PhotoMOS pene AQY211EH, nns xepyBaHHS HHMH BHUKOPHCTAaHO PO3IIMPIOBAY

noptiB PCF8574, mo miakmouenuii 10 mikpokoHTposiepa STM32F103C8T6 uepes
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[2C mmny nanux. [ns iHAMKAIli CUTHANy BKJIIOYEHHS pejie MapajesbHO J0 HUX
BCTAHOBJIEHO CBITJIOMIO/IM.

JlaHu#i MPOTOTUI Ma€ CXeMa BHUMIPIOBAHHS HANpyTH IMECTH KOMIPOK, sKa
peali3oBaHa 3 BUKOPUCTaHHIM JBOX 30BHIMIHIX AIIIT ads1115, nio migkiIroueHH1 10
MIKpOKOHTpoOJIepa uepe3 TanbBaHiuHy po3B’s3ky [SO1050. ALIl mae 4 xanamu
BHUMIPIOBaHHS 3 po3psiaHicTIO 16 OitT, a 3HaunTh 1o ALIl moxke pospizasatu 2716 =
65536 nuckpeTHux piBHIB curHany. Jus xuneHHs ALl BukopucTaHo 10AaTKOBHIA
MOJYJb TajbBaH14YHO-13051b0BaHOr0 DC-DC nepetBoproBaua, 1o poouts. ['anpBaHiuHa
pO3B’sA3Ka HEOOXiJHA, OCKUIbKH KUBJICHHS MIKPOKOHTpoOJiepa BiAOyBa€eThCs BiJl
JIOJJATKOBOTO 30BHIIIHBOTO JDKEpEla, 10 HE MOBUHHO OyTH IOB’A3aHO 3 OCHOBHOIO
aKyMyJSITOpHOIO ~ Oarapeero. Takok, BUKOPUCTAHHS TaJIbBaHIYHOI O3B’ SI3KH

ITIO3UTHUBHO BIIJIMBA€ HA 3MCHIIICHH IHYMIB Ha AHH
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PucyHnok 4.3 — Cxema nIpOTOTUILy CUCTEMHU KEPYBaHHS
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Pucynok 4.4 — Cxema KOMyTaTopiB IPOTOTHUITY CUCTEMH KEPyBaHHS
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st poOoTH mpoTOTUNY, OYyJI0 CTBOPEHO MPOTrpaMHUN KOJ, SKUU BUKOHYE
MikpokoHTposiep STM32F103C8T6. Anroputm poOOTH [1aHOTO MPOTrPaMHOTO

3a0e3neueHHs 300pakeHo Ha puc. 4.5.

Crapt

A 4

Tuimiamizamis

y
. | BumiproBaHHs HAIIPpYTH |

BCIX KOMIpOK

v

CopryBaHHS 3Ha4€Hb
HaIpyTH y TOPSAKY
3pocTaHHS

3Hax0HKEHHS MIHIMAaJIbHOTO,
MaKCHMAJIEHOTO, CePEIHbOTO
3HAYCHHS HAIPYTH KOMIpOK

PizHMDOY MK MiH Ta MakKc
Hanpyroro OinbIna 3a 6MB?

Bubip merona
OanaHcyBaHHS

A 4

VBIMKHEHHS HEOOX1IHUX
KOMYTaTopiB

A

VBimkaenus DC-DC
MEPETBOPIOBAYA

Yekaem 3 cekyHIU

Pucynok 4.5 — Anroputm nporpamMHOro 3ade3rneueHHs poOOTH CUCTEMH KEPYBaHHS B

pexxuMi OalaHCyBaHHS
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B cepenoBumii nporpamyBanns Visual Studio Ta q01aTkoBOMY pO3IIMPEHHIO
PlatformlO Oyno cTBOpeHO KOI Jis MPOTOTHUIY AKTUBHOIO OajlaHcHpa Ha MOBI
nporpamyBanHs C++, 1o peanizye qanuii anroput™. [IporpamMuaunii Ko AJis nepeBipku
KOMITOHEHTIB HaBesieHo B Jlogatky B. 3a nonomoroto nporpamaropa ST-Link V2 6yino
3aBaHTAXKCHO CKOMITUTLOBaHUN KOl B MiKpokoHTposiep STM32F103C8T6.

[licnss Toro sk mporotun Oymo 3i0pano. [lepmuMm eramoM mepeBipKu
MIPAaBWJIBHOCTI POOOTH MPOTOTHUIIA, Oyia mepeBipka poOOTH KoMmyTaropis. s mporo
Oyn0 3po0JeHO OKpeMe MporpaMHE 3a0e3MeueHHs, IO IEePEMUKAIO IapaMu
KOMYTaTOpH, €MITYIOUU MIAKIIOYEHHS KOMIPOK J0 mepeTrBoproBaya. [licis toro, sik
KEepYBaHHS KOMYyTaropamu OyJi0 HaJlallTOBaHO, HACTYIHUM €TaroM Oyia mepeBipka
YaCTUHU MPOTOTHUIA, [0 BUMIPIOIO HANPYTHM KOMIPOK. 3a JOMOMOIOI 30BHIIIHBOIO
JoKepena KUBJICHHS, Oysia 1Mo 4yep3i mojaHa Hampyra Ha KOKHUU BX1J MiAKIIOUCHHS
koMmipok Ab, Ta Oyno 3po0iieHO B MporpaMHOMY 3a0e3MedeHi KOPEKI[Io JIHINHOI
NOXMOKKA BUMIpIOBaHHsS Hampyru. OCTaHHIM €TarnoM HajallTyBaHb Oylo JI0aHO B
nporpamHe 3abe3neueHHs BUB1 iH(OpMAaIlii HaPyTy KOMIpPOK Ta CTaH KOMYTaTopiB Ha
mucruie ta pyomoBaHHs 1€l 1H(Gopmanii B CAN mmuHy, 32 JONOMOIOI YOro
B1J1I0YBaJIOCh 3aMUCYBaHHS JAHUX JTOCIIKCHHS.

Jlns mporoTuna npuctporo 0yso 3pobieHo Flyback DC-DC nepeTBoproBay, 1110
Ma€ TallbBaHIuHY 130iis1lit0. [lonepeaHe MojeatoBaHHsl MOKA3aJIo, IO 1151 TOIMOJOTIS
nepeTBoproBadya MeHI edekTuBHa HixX DAB, mpore mis JaHOTO JOCIHIIKSHHS
napaMeTp e(heKTUBHOCTI HEe Ma€e BaroMoro 3HaYeHHsI, OCKLTPKH OCHOBHA 33/1a4a IaHOTO
JTOCTIDKCHHST TIEpeBIpKa TIpare3/1aTHOCTI 3allpONOHOBAHOI TOMOJIOTIl CHCTEMH
KepyBaHHS 3 (DYHKITIEIO aKTUBHOTO OajlaHCyBaHHS.

[Ticnst Toro, sik mporpamue 3abe3nedeHHs 0yJIo TOBHICTIO TOTOBO Ta MEPEBIPEHO
mpare3 aTHiCTh ~ OKpeMHX  YacTMHM  YacTUH  MpOoToTHMa, Oyno  3i0paHo
EKCIIEpUMEHTAJIbHY JOCIIIIHY YCTaHOBKY (pHuC. 4.6), siKa CKJ1a/1aach:

— IIporoTun AOCIIIKYBaHOTO MPOCTPOIO;

— ABb xoudiryparii 6s1p 3 LFP komipok IRF26650 emuictio 3,4 A*r;
— ABb xoudirypauii 3s1p 3 NCA komipok emHicTiO 2,4 A*T;

— TIK Acer Swift 3;
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— Amnamizarop CAN munu CANable V1;

— Mynsrumerp UNIT UT136CH;

— Ocmmtorpad Siglent SDS1102DLA;

— JlabGoparopuuii 610k sxuBierHss RIDEN DPS5005.

Pucynok 4.6 — ExcniepuMeHTaibHa JOCITHUI[bKA YCTAaHOBKA

ADb xon@irypauii 6s1p Oyna BukopucTana sik ocHoBHa Ab, siky 06ciyroBye nana
cuctema kepyBaHHs, a AB koHdirypamii 3slp Oyna BuUKOpHCTaHA, SK 30BHIIIHE
JOKEPEIIo YKUBJICHHS.

B xomi pocnimkeHHs Oyno MITydHO 3poOsieHo aAucOanaHc HaOMMKEeHU a0
MOYAaTKOBUX YMOB MOJICJIFOBAHHSI yacy OajaHcyBaHHs (Tabm. 3.2).

Ha nporotumi Oyno AOCHIKEHO (PYyHKLIOHAIbHI MOXJIMBOCTI MPHUCTPOIO, a
TaKoX  TMIJITBEP/PKEHO HOro IMpamne3fgarHicTh B yCIX  pekuMax  poOOTH.
ExcriepyumeHnTanbHe AOCHIKCHHS, TAKOX BHSBWIO 1 HEOONIKA B MPOTOTHUII Ta
NOMUJIKM JOMYIIEHl MiJ dYac MPOEKTyBaHHS JApykoBaHOi Iuiatd. /o ocHOBHHX

HEJIO0JIIKIB MOXKHA BIJIHECTH, BIJICYTHICTh BUMIPIOBAHHS Hampyrd 30BHIIIHHOTO
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JOKEpesia JKUBJICHHS, Ta BIJCYTHICTh BHUMIPIOBaHHS CTPYMYy BXIJHOI Ta BHUXITHOT
YaCTUHU TEePETBOpIOBaYa. [3 MOXIMBHX TMOKpAlleHh B TOAAIBIIOMY, OJATH

T IKITI0OYSHHST TEPMOIATYUKIB, 711 BUMIpIOBaHHS Temmeparypu Ab.

4.2 3acToCyBaHHSl aKTMBHOI0 0AJIAHCHPA B eJ1eKTPOMOOiJIi

Jlis TmepeBipkM MOXJIHMBOCTEH MPAKTUYHOTO 3aCTOCYBaHHS IOKPAIIEHOTO
MOJIYILHOTO ~aKTHUBHOTO OajaHcupa B  EJIEKTPOTpaHCHOpTi Oyjao MPOBEIEHO
TOCIIDKEHH Ha cepiiHomy enektpomobim Renault Fluence ZE, 2012 poky
BurotopieHHs. IlepeBaroro maHoi Mopeni [UIsl JOCHIDKEHb € pPO3TallyBaHHS
aKyMyJISITOpHOi OaTapei B 3aJ[H1i YaCTUHI €EKTPOMOOLIIS, Ta MOXKIIUBICTh IOCTYILY J0
Hei 3 OarakHoro BijuieHHs. EnekrpoMoOiis Mae Taky OCOOIMBICTH Uepe3 Te IO,
KOHCTPYKTOpaMH 3aKjiajaiach MOKJIUBICTh IIBUIKOI 3aMiHU Oarapei, Ha crerialbHIuX
craniisix. Takoxk Ab KpimUTbCS [10 €IEKTPOMOOLIS 3a JOMOMOTOK YOTHPHOX

CIielialbHUX KPIIJICHb, 10 J03BOJISE MIBUIKO 1 JEMOHTYBATH, Ta BCTAHOBUTH Ha3al.

Cui0Ba ycTaHOBKA 3apsinuuii nopr ARyMyIITOpHA
O0aTapest

(moTop, inBepTOp,
3apsiAHuUil npucTpiii)

Pucynok 4.7 — Konctpyxkiiis enekrpomo6inis Renault Fluence ZE.

AB 110 Oyna BcTaHOBJIEHa BUPOOHUKOM, Majia HU3BKHUI PECYPC BXKE Uuepes MepIiri

5 pokKiB ekcruryararii, 1 Tomy Oyia JIeMOHTOBaHa. 3aMicTh opuriHanbHOI Ab Oyna
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BcraHoBineHa Ab Ha enementax LG Chem. barapes ckimamaerbcs 3 16TH MomyiB,
KOJKEH 3 SKMX Mae KoH@irypamito 12c3m. 3aranbHa KUIBKICTH KOMIpok 288, a
koH(piryparis Garapei 96s3p. BMS cknagaetbes 3 5 moxmyniB, 1 rojmoBHuii Ta 4
nianopsakoBanux. KokeH MIAMOPSAKOBAaHUNA MOAYJIh OOCIyroBye 4 Momyii, Ta

BUMIPIOE HAMpyry 24X MOCHIOBHO MiJIKIIOYCHUX KOMIPOK Ta BUMIPIOE TEMIIEPaTypy

3a TOTIOMOTOI0 2X TePMOJIaTUHKIB.

Komipxka el e

3'eqHyBayi MiJHI MiX
KOMIpKaMu

ITnactukoBuii
KOPITyC MOZYJIA

NN 661
W GTT

ToBuuHa
7 MM

L -
>N
W
g
g
y Y

Kowmipka

Pucynok 4.8 — bynoBa monyns 12s3p nocnimkyBanoi Ab [106]
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Pucynok 4.9 — CrpykrypHa cxema Ab excriepuMeHTaIbHOTO JTOCIHIIKYBaHOTO

€JIEKTPOMOO1IIS

AD Haj KO0 MPOBOAWIKMCH JOCTIIKEHHS, HA JaHUW yac Mae Hu3bkuit SOH, Ta
BUCOKHMI BHYTPIIIHIN Omip, y 3B’S3KYy 13 KaJIEHOAPHOI AErpajaii€elo Ta KUIbKICTIO
UKIIB 3apsa-po3psay. Ha mouatky mocmimxenHss SOH axymynaropHoi Oartapei
ckiagaB 68%, a 3amac XoJy Ha OTHOMY 3apsiii CTaHOBUB 710 80 KM B TEILTY MOPY POKY
1 55 kM B xonogHO nopy poky. Cmin 3ayBaxkuTu, Ab 3 BUCOKUM BHYTPILIHIM OMIPOM,
BIJAIOTh MEHIIY KUIBKICTh €HEpPTii, MpH eKCIUTyaTallil0 y HU3bKUX TeMIleparypax,
OCKLJIbKM YaCTHHA €HEPrii pO3CIIOETHCS M1J] Yac MPOTIKAHHS CTPYMY Yepe3 KOMIPKH.
Jlanwuii 3anmac xoy, 3HaYHO MEHILUHN, HIXK 3arac XOAy Ha MOoYaTKy eKCIUTyartalli 1aHoi

Ab B 1aHoMy eneKTpoMOoOLII.
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JIJisi BU3HAUEHHSI MapaMeTpiB Mij Yac MOi3I0K B paMKax €KCIIEpUMEHTATbHUX
JOCIIJI>)KEHb, OyJI0 BUKOPUCTAHO JiarHocTHuHe oOnagHanHs ELM327 ta mporpamue
3abe3neuenns CanZE. ELM327 miakmodaeTbes B mTaTHUi giarHoctuaanii OBD-2
po3'eM enekrpomoOLs, Ta yepe3 CAN muHy OTpUMYy€e BCl HEOOXIHI MapaMeTpu s
JOCITIPKEHHS B PEKUMI peabHO Yacy. 3auc IUX JaHUX B1I0yBa€ThCs HA TUTAHIIIECT Ha
0a3l omepauiiHoi cucTeMu AHAPOIA, OTPUMaHI KapTU HAmpyr Ha Komipkax Oarapei
BioOpaxkeHa Ha puc. 4.12 ta 4.14.

CanZE wmae 3pyuyHe BigoOpakeHHs mapameTpiB Oarapei, mpoTe HE MICTHUTH
JIOTYBaHHS JIaHUX, Yepe3 11€ He MiIXOAUTH IS 3alucy MapaMeTpiB mia vac i3au. s
JIOTyBaHHS JaHUX OyIo 310paHo mpUCTpiit s 300py Ta aHammizy nanux CAN muvHU Ha
0a3i miatu ESP32, skuit mpairtoe 3 nporpamMHuM 3ade3neueHHsM SavvyCAN, o mae
BIIKpUTUN mporpamHuii koia. lle gomomorio 30upatu maHi mij 4ac MOI3AKH, Ta
30epiratu ix B MK ESP32.

Mikpokontposniep ESP32 Oyno o00paHo, OCKUIBKM BIH Mae BOyAOBaHUM
koHTpoJiep s podotu 3 CAN mmHoro. Jlo ESP32 migkmoueno CAN TpaHcHBEp
SN65HVD230. Xusurbcss CAN anami3zarop Bifg OOPTOBOiI MEpPEkKl €IEKTPOMOO1IIsA
Hanpyrotro 12 B, dyepe3 mo B MNPUCTPOi MPUCYTHIM TMOHWKYIOUUN JIIHIHHUMA
crabimzarop Hanpyru AMS1117-3.3, mo neperBoproe BXinHy Hanpyry 12 By 3,3 B
it xuBieHHs: ESP32 ta sn65hvd230. Ockinbky B JaHOMY €JIEKTPOMOOLII MPUCYTHS
LIN muna, 8 CAN ananizaropi BctaHoBieHo TpancuBep LIN mmuau ATA6662, sikuit
HEOOXITHUM JIJIT OTPUMAaHHS Ta aHATI3y JaHUX 3 1€l IIUHU JAaHUX, 110 TaKOX MOXKE
JOTIOMOTTH B OCIIKeH1. 3aranbpHa cxema Ta ¢oto CAN ananizaropa npencTaBieHo
Ha puc. 4.10. [Iporpamue 3a6e3nedeHHs OyJ0 BUKOPUCTAHO TOTOBE, 110 MA€E JIIEH3II0

BIIKPUTOTO KOJTY.
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Pucynox 4.10 — Cxema nipuctporo s 3anucy ganux muaa CAN (a) ta 310panuit

npuctpiit ans 3anucy ganux mmau CAN (0)

[MinkmrounBmu CAN anamizatrop a0 CAN muHU enekTpomMoOiis depes

JTIarHOCTUYHUMA pO3'€M, EKCIIEPUMEHTAJIbHUM MLUISIXOM OyJ0 BCTAHOBJIEHO, IO

MBUIKICTH 3 sikoto Tiparfioe CAN mmna 500 xbit/c. [licns goro Oyiio oTpuMaHo 10CTy

JI0 TAHUX SIKUMHU OOMIHIOIOTHCSI MK COOOO Pi3H1 BHYTPIIITHI MO/l €JIEKTPOMOOLIS.

[Ipobnema 0OpOOKM Ta aHAI3Y IUX JaHUX IOJISTaE B TOMY, IO JaHHI 3aKOJ0BaHI Ta

3HAXOMATHCS B IIICTHAIIATKOBIA CHCTeMI1 4YHCIEeHHS, oTpumManHi gaHHi 3 CAN
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aHaji3aTopa MOXHa nmodauntu Ha puc. 4.11. 3a 10MOMOro0 3BOPOTHOI 1HXKEHEPII, Ta
3HaiieHoi 1Hpopmallii y Mepexi 1HTepHET, OyJio 4acTkoBO AekofoBaHo aaHHi CAN
mHY [9]. B momanemomy nist nexkomyBanHs qaHux 3 CAN mmaA y Bi3uyH1 3HAYCHHS,
oyno crBopeno DBC (anrn. Data Base CAN) daiin Ha 0CHOBI peBepCHUBHOI 1HXXEHepii
Ta 1HpOpMaIii 3 BIIKpUTHUX Jpkepen. s Horo cTBOpeHHs, Oyl0 BHKOPHCTAHO
nporpamHe 3abesmeuenns Kvaser. VY 1poMy (aiiini Bu3HavyaeTbes Qopmar i
MPU3HAYCHHSI KOYKHOTO TUITY TTOBIJIOMJIEHb, BKJIIOYAIOUH 11€HTU(IKATOPH MOBIIOMJICHbD,
HA3BUW CUTHAJIB, MacIITaOyBaHHsI, 3CyBU Ta TUIN TaHUX. SIK MpUKIIas, OJIOK KepyBaHHSI
nsuryHom rnepenae B CAN mmHy gaHH1 B i1eHTHd1Karopl 0x19F mis iHmumx mMoaymiB
€JIEKTPOMOO1JISA, PO MIBUJKICT, 00epTaHHS €JIEKTPOABUTYHA HA OCHOBI 4OTO OYJI0
pO3paxoBaHO MIBUAKICTh PyXy elekTpoMoOinsi. BMS mnepenae ganHi B II€CTH
1meHTudikaropax, Hanpukiaaa ineHtudikarop 0x155, nopxkuHa sikoro 8 0alT, MICTUTh
iHpopmanito mpo crpyMm, Hampyry Ta SOC Ab. 3acrocyBanns DBC aiiny
JIEKOTyBaHHS, aBTOMATH3Y€ MPOIIEC ISKOTyBaHH, 110 Ja€ 3MOTy oApa3y O6auntn Ha [TK

daktuuni 3HaueHHs (puc. 4.11).

B Savwy CAN V213 [Built Mar 21 2023] - [m] X

File RE Tools Send Frames Connection

Timestamp 1D Ext RTR Dir Bus Len ASCII Data
44608 71./9098  UXLAL v u KX v R BL LA /A 34 0D 6L BU 2U Total Frames Captured:
44609 71.79985 0x155 0 0 Rx 8 ..T. .. 8287 BC54986002C8 <x155>... 3841437
71.80196 Ox19F 0 0 Rx O 8 .:jP E1E17D01006A50 FE <x19F> Frames Per Second:
RPM: 0 RPM 0
44610 i
Speed_Fluence: 0 Kmh Suspend Capturing
44611 71.80222 0x157 0 0 Rx O 8 .. D5 CB 09 C4 FF E0 00 80 Normalize Frame Timing
44612 71.80370 0x1C7 0 0 Rx 0 AA AO FF CO Clear Frames
71.80981 0x155 0 0 Rx O 8 T .. 82 87 BC54 98 60 02 C8 <x155> O Auto Scroll Window
Max_charge_rate: 65 Amps i
SoC: 97. 592 % P ] Overwrite Mode
power_charge: 130 & Interpret Frames
44614 Current: -5 A s
charger_state: 84 Expand All Rows
Voltage: 386 V Collapse All Rows
44615 7181001 O0x424 0 O Rx 0 8 .@V.>*U@ 114056 C83F5E5540 <x424>... 5 [FLEETET
44616 7181026 0x425 O O Rx O 8 *DB.. 2AD3449C421EFDOE <x425>. | ZOVECTOR It
44617 7181191 0x157 0 O Rx O 8 ... D5 1B 09 C4 FF EO 00 80 Frame Filtering:
44618 7181216 OxI9F 0 0 Rx 0 8 .}jP. E1E17D 06 00 6A50 FE  <x19F>... 0X659 -
.
44619 71.81372 0x1C7 0 0 Rx O 4 .. AA AO FF CO Ox69F
Aa 71 Q1072 NviA1 n n D n Q Ao R1 ~A 7 24 A QC QN JN & & “Y/e{lll'( None‘
Connected to 0 buses Test drive 1.csv loaded (X) Press F1 on any screen for help

Pucynok 4.11 — Jlani CAN munn enekrpomo6inia Renault Fluence ZE B

nporpamHomy 3abe3nedeHdi SavvyCAN
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OTxe, OyJI0 OTpUMaHO 3MOTY 3aMKMCyBaTH Ta JEKOAYBaTH MapaMeTPH MIBUIKOCTI
pyXy eneKkTpoMmoOins, 3apsn Oarapei, Hampyry Oarapei, ctpym Oarapei, SOC,
TeMIepaTypy Oarapei, B peXuMi pealbHO 4Yacy. 3apsAuBIINA EJICKTPOMOOLTH [0
MaKCHUMAaJIbHOTO DPIBHS 3apsay OyJa0 pO3MOdYaTo MepIly TECTOBY MOI3dy 13 3almucOM
naaux CAN mmry Ha [1K 3a qomomororo ESP32. [Tepen moi3nkoro, a Takox Miciis Hel,
Oyso 3adikcoBaHO Maly Hanpyru KoMipok Ab 3a J10MoMororw mporpamMHOro
3abe3neuenHsa CanZE.

[Tix vac neproi moizaku Oyso 310paHo Benukuii MmacuB gaHux 3 CAN muHU sKi
noTiM OyJ10 IEKOJIOBAaHO, Ta HA OCHOBI HUX MOOYJI0BAHO Ipadiky JaHUX IMOI3IKH (PHUC.
4.6). Oxpim Huzpkoro SOH, Ab mae npobnemy 13 nucOanancom komipok. Ha moyarky

JOCIIIKEHHs OyJIo BUMIPSIHO HACTYIHI mapameTpu Ab, Ta HaBeneHo B Tad. 4.1.

Tabmuus 4.1 — PesynpraT nepiioro gociiay Ab mia yac TeCToBOi MOi3AKK

. . Cepenne 3aranbHa Jucbananc BayTtpimnii
[Iporinenuit . . | SOH, )
LUTSX. KM CHOXHWBAHHS, | €MHICTh, | MAKCUMAJILHUU, o omip Ab,
0
’ kBT*r na 100xkm A*r MB MOM

82 16,3 33 220 69 121
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& Voltage heatmap 9 ¢ Voltage heatmap )
Highest cell voltage (V) 4.077  Highest cell voltage (V) 3.633
Lowest cell voltage (V) 3.984  Lowest cell voltage (V) 3.411
Cell voltage difference (mV) 93 Cell voltage difference (mV) 222
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Pucynok 4.12 — Kapta koMipoK /10 BCTAaHOBJICHHSI aKTUBHOTO OajlaHCHpa,
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Pucynok 4.13 — I'padik gaHuX OTpUMaHMX 1] 4ac MEePIIoi TECTOBOI MOI3KU

BcranoBrieHHs akTUBHOTO OanaHcupa BiOysocs Ha 6 3 12 KOMIpOK MOy
M2.1 Ab ne Oysno BUAHO 3 KOMIPKH 3 HWXKYIM PIBHEM 3apsay HIXK 1HII, Ta SIKI MaJH
BENUKUI JucOaianc B MOPIBHSIHHI 3 iHIIMMU KoMipkamu Ab. Opurinaiena BMS 3
MACMBHUM METOJIOM OajlaHCYBaHHS JIMINANach MIAKIIOYEHA TaKkoX. bamaHcyBaHHs
B1JI0YBaJIOCh 3a QJITOPUTMOM 3aps/DKaHHS B IMEpUIy 4Yepry KOMIpOK 3 HaHOUIbIINM
nrcOalaHCOM.

[Ticnst poboTu akTUBHOTO OajlaHCHpa MPOTIToM 24-X TroauH Oysio 3poOJeHO
Jpyry TECTOBY MOI3AKY, MiJ Yac sKOi 310paHo HOoBUM macuB aAaHux 3 CAN mmHH, Ha
OCHOBI SIKOTO OTPUMAHO Mary Halpyrd KOMIpOK JI0 Ta micis moi3aku (puc. 4.14), a
Takok T0OynoBaHO Tpadik pyxy (puc. 4.15). OOpoOieHi maHi Ta pe3yibTaTd

EKCIIEPUMEHTY HaBeJleHO Yy Taou. 4.2.

Tabmuus 4.2 — PesynpraT nepiioro gociiay Ab mija yac TeCToBOi MOi3AKU

. . Cepenne 3aranbHa Hucbananc BayTtpimHii
[Iporinenunu . . | SOH, .
ik, gy | CTIOKMBAHHS, | €MHICTD, | MaKCHMAJIbHHUH, o omip Ab,
0
’ kB1*r Ha 100kM A*r MB MOM

128 16,3 43 112 81 121
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& Voltage heatmap 3 & Voltage heatmap b 9)

Highest cell voltage (V) 4.092  Highest cell voltage (V)
Lowest cell voltage (V) 4. 062 Lowest cell voltage (V)
Cell voltage difference (mV) Cell voltage difference (mV)
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Pucynok 4.14 — Kapra koMipok miciisi BCTaHOBJIEHHSI aKTUBHOTO OanaHcupa,
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Pucynok 4.15 — I'padik qaHux oTpuMaHHX Mij 4yac APYToi TECTOBOI MOI3IKH

3a pe3ynbraramMu JIOCTIJKEHHS, MOXKHA 3pOOMTH BHCHOBOK, IO MICHsS
BCTAHOBJICHHSI CUCTEMHU KEpyBaHHS 3 aKTUBHUM CIIOCOOOM OanaHCyBaHHs MpOOIr Ha
OJTHOMY 3apsii 301IbIIKBCS Ha 46 KM, 1110 Ha 35% Ounbliie Hixk Oyio 1o 3aminu. [Ipote,
JAHUM pe3ysibTaT HE MOXKHA BIJIHECTH JO BCIX EJIEKTPOMOOUIIB, OCKIJIBKH JIyXKe
BIJIMBA€ MoYaTkoBuii ctaH Ab, a TOMy MO3UTUBHUI BIUIMB BijJ Takoi MOJEpHi3allii
MO’KE CUJIbHO BIAPI3HATHUCK.

Otxe, AB 10 BUKOPHUCTOBYETbCS 3 OpUTiHaIbHOI BMS BcTaHOBIEHOIO
BUPOOHMKOM, 1110 MAa€ TACUBHUI METOJl OalaHCYBaHHS, TIPY MEBHOMY PiBHI1 Jerpaaaiii
Ab mnepectae cupaBisaTUCh 3 QyHKIIEO OanaHcyBaHHs. BMS 3 akTMBHUM METOIOM
OallaHCyBaHHS Ma€ Kpallll XapaKTepUCTUKH 32 PaXyHOK OUIBIIOTO CTPyMy
OaslaHCyBaHHs, a TaKOK MOJIMBOCTI OallaHCYBaHHS IIJITXOM 3apsiiP)KaHHS KOMIpPKH,
poOuTh el npouec Habararo mBuamie. [Tokpamenuii akTUBHUN OalaHCHUP, BUKOHYE
dbyskiito OanancyBanHs Ab, mo Mae OararoMonyiabHY CTPYKTYpY, Kpaiie HiX

opuriHasibHa BMS 3 macuBHUM MeTO10M OaJlaHCYBaHHS.

4.3 BucHoBKkHM 10 po3ainy 4
1. ExcriepumeHTallbHa TEpeBipKa MiATBEPAWIA, M0 MPOTOTHI TMOKPAIIEHOTO
aKTUBHOTO OajaHCHpa J03BOJIAE MPOBOAUTH OanmaHcyBaHHSI B OararocekiiitHux Ab.

[TinTBEpAKEHO MPABMIIBHICTH CXEMOTEXHIYHUX PILIEHb.
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2. 3piiicHeHO 3aMiHy IITAaTHOI CHCTeMU KepyBaHHs Ab  cepiiiHoro
eJIEKTpOMOOLIIS, 1m0 Mae (PyHKIIIO OadaHCYBaHHS MAaCUBHMM METOJIOM, Ha MPOTOTHUII
MOKPAIIEHOTO aKTUBHOTO OaaHcupa.

3. ExcnepuMeHTaqhbHO BCTAHOBJICHO, IO BHKOPHUCTAaHHS MOKPAIIEHOTO
aKTUBHOTO OajlaHcHpa Ja€e 30UTbIIEHHS 3amacy Xomy enekTpomoOins Ha 35%, mo B
CBOIO Yepry 30UIbIIIy€e 3araIbHUIN pecypc.

4. OCHOBHI HayKOBI Pe3y/IbTaTH MPECTABICH] Y PYrOMY PO3/LIl OIMyOJIIKOBAHO

y pob6orax [4], [7], [8], [9].
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3ATAJIBHI BUCHOBKH

VY aucepraiiiiHiii poOOTI BHUPIIIEHO aKTyajJbHY HAYKOBO-TIPAKTHYHY 3aJa4dy
MPOJOBKEHHS TEPMIHY €KCIUTyaTallli akyMyJISTOPHUX Oarapei MIITXOM BUKOPUCTAHHS
HOBHX 3aco0iB CHJIOBOi Ta 1HQOpMaliifHOi enekTpoHikh. OTprUMaHi HOBI HayKOBO
OOIPYHTOBaH1 pe3yJbTaTH B CYKYITHOCTI € CYTTEBUMH I PO3BUTKY CHCTEM KepPYBaHHS
aKyMyJSITOpDHUMHU OarapesMu 3 aKTUBHUM METOJOM OallaHCyBaHHS, IO MOXYTb
3aCTOCOBYBATHUCh B aKyMYJIATOPHHUX OaTapesx 3 MOIYIbHOIO CTPYKTYPOIO.

OcCHOBHI pe3yabTaT JUCEPTaIliiHOT pOOOTH:

1. locaiakeHo BILTUB BUOOPY ONTUMAJIBHOIO /1ala30Hy PiBHS 3apsaay-po3psay
aKyMyJATOpHOI Oarapei Mpu 4YacTKOBOMY IMKJIi. MeTaaHalni3 Mokas3aB, IIO BHUOIp
ONTUMAJILHOTO Jllala30Hy pIBHS 3apsay-po3psay akyMylaTopHOi Oartapei mpu
YaCTKOBOMY ITUKJII, III0 MOKE MIPU3BECTHU JI0 30UIbIIECHHS pecypey Ha 114%.

2. JocnimxeHo 0coOIMBOCTI POOOTH CHCTEM KEpyBaHHS aKyMYJISITOPHUMHU
OarapesMd 3 MAaCMBHUM Ta aKTUBHUM MeETOAOM OanaHcyBaHHs. [lacuBHMIT MeTon
OamaHCyBaHHS IIUPOKO 3aCTOCOBYETHCS B EIEKTPOTPAHCIOPTI Ta CTaIllOHAPHHUX
HAKOTM4YyBa4yax €Heprii, mpoTe el MeTon ayxe He edeKTHUBHUN B IMOPIBHAHHI 3
aKTUBHMM MeTooM OanaHcyBaHHs. Ha OCHOB1 pe3ynbTaTiB aHamidy TOMOJOTIN
aKTUBHUX OaJaHCHpPIB 3allPONOHOBAHO BJIACHY IMOKpAIEHY TOMOJIOTII0 aKTUBHOTO
OalaHcupa, 10 Ma€ MOXKJIMBICTh 3aCTOCYBaHHS B aKyMYJISITOPHHX Oarapesx 3
MOJYTHHOIO CTPYKTYPOIO.

3. IlpoBenieHO MOJIEIOBaHHA Yacy OalaHCyBaHHS KOMIPOK JJIsl IEPCTIEKTUBHUX
croco0iB 0alaHCyBaHHS B TIOKPAIIEHOMY MOIYJIbHOMY aKTHBHOMY OajaHCHPI.
Pe3ynbrat MoOJEIIOBaHHS, MOKa3ajdd IO METOI OOMIHY eHeprii BiJi KOMIPKH [0
KOMIpDKM Ma€ HalMEHIMM yac OalaHCyBaHHS, a TaKoX € Hale(EKTHBHIIIUM Ta
HaWIIBUAIINM METOIOM. BCTaHOBJIEHO, 1110 METOA OOMIHY €HEPri€l0 MK MOAYJIEM 1
KOMIPKOIO Ma€ HalOUIbIINKA yac OanaHcyBaHHA Ta € Ha 230% MOBUIBHIMIMK 32 METOA
OOMiIHY €HEpri€l0 MK KOMIPKOIO Ta KOMipkor. Ha OCHOBiI oTpuMaHMX pe3yibTaTiB
MOJICTIOBaHHs MOOYI0BAaHO aJITOPUTM POOOTH CHUCTEMH KEpyBaHHS aKyMYJISTOPHOIO

Oarapero.
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4. Po3po06neHO Ta BUTOTOBJICHO IPYKOBaHY IUIATy JJISl MPOTOTHIIA CHUCTEMH
KepyBaHHS aKyMYJISTOPHOIO Oarapero, 3 QyHKITI€I0 MOAYJILHOTO aKTHBHOTO OalaHChpa.
Ha wmoBi mporpamyBanas C++ po3pobiaeHO TmporpamMHe 3a0e3MeueHHs IS
MmikpokoHTposiepa STM32F103C8T6, mo peanizye BUMIPIOBaHHS HAIIPYTH KOXKHOI 13
IIECTH KOMIPOK aKyMyJsTOpHOI Oarapei, a TakoX KEpyBaHHS KJIIOYaMH Ta
NEPETBOPIOBAaYEM, HAa OCHOBI SIKMX BIIOyBaeThcsa Mpoliec OamaHCyBaHHS KOMIPOK.
CTBOpPEHO eKCIIEpUMEHTAJbHY YCTAHOBKY, Ha sIKid B Ja0OparopHUX yMoOBax Oysio
MepPEeBIPEHO MpaIe31aTHICTh PO3POOICHOT TOMMOMOTIT aKTUBHOTO OaTaHCHpA.

5. Briepiiie Oys1o 3acToCOBaHO PO3pOOJIEHY CUCTEMY KepyBaHHS aKyMYJIATOPHOIO
Oarapero 3 (PyHKII€I0 aKTUBHOTO OallaHCYyBaHHS Ta MOJIYIBHOIO apXITEKTyporO B
eJeKTpoMoOuTl.  JIns  eKCHepUMEHTAJIbHOTO  MIATBEP/UKEHHS  €(EKTUBHOCTI
3alpOTIOHOBAHO1  TOMOJIOTIT  aKTUBHOTO  OallaHCyBaHHS  OyJl0  BUKOPHUCTAHO
€JIEKTPOMOOLIb 3 MPOOJIEMHOI0 aKyMYJISITOPHOIO OaTapeero, a caMme 3 JucOazaHCcoOM
KOMIpOK, M, BIAMOBIJHO, HU3BKHUM 3amac Xoay. 3amiHa OpPUTIHAJIBHOI CHCTEMU
KepYBaHHS 3 MAaCUBHOIO (PyHKIII€I0 OaaHCYBaHHS, SiKa HE 3a0e31euyBasia B MOBHIM Mipi
KOMIIEHCAIIII0 AUCOAIaHCy, Ha PO3POOJICHUI MPOTOTUII CUCTEMH, 301IbIINIIA 3arac
X0y JaHOTO €JEKTPOMOOLIIS, IO CBOEI YEPTOr0 30UIBIINIO PECYPC aKyMYJSTOPHOT

Oarapei HbOro eJIeKTPOMOOLIIS.
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JIOIATOK A MEPEJIK MYBJIKALIIl ABTOPA 3A TEMOIO
JUCEPTALIAHOIO JOCJIJJKEHHS TA BZIOMOCTI ITPO
ATMTPOBAIIIO PE3YJILTATIB TUCEPTAILIIT

[1] Jlinko . O., bormapenko O. ®. BukopucTaHHs YaCTKOBOTO 3apsIHO-
PO3PSTHOTO MUKy aKyMYJISITOpHOI Oarapei i 301abIeHHs ii pecypcey. TexHomoris Ta
KOHCTPYIOBaHHsSI B €JEKTPOHHIM amapatypi, 2023, Ne 3 — 4, ¢. 9 — 15, DOLI:
10.15222/TKEA2023.3-4.09. (®axoBe Bumanus kareropii «b») (OcobucTuii BHECOK
aBTOpa — MPOBEICHO JOCIIIKEHHS BILUTUBY YAaCTKOBOTO IIUKITY Ha pecypc Ab).

[2] Jlinko [I. O., borgapenko O. ®. MoaudikoBaHui aKTUBHUM OajaHCHUP JJIs
3aCTOCYBaHHS B 0araToOMOOylIbHHX aKyMyJSTOpHHX Oartapesx. TexHomoris Ta
KOHCTPYIOBaHHSI B €JIEKTPOHHIN amapatypi, 2024, Ne 1-2, c. 11 23, DOI:10.15222/
TKEA2024.1-2.11. (®axoBe Bunanns kareropii «b») (Ocobuctuii BHECOK aBTOpa —
CTBOPEHHS yAOCKOHAJIEHOI TOIOJIOTII aKTUBHOTO OajaHcWpa JUIsi 3aCTOCYBaHHS B
MonynbHuX ADB).

[3] Jlinko . O., bonaapenko O. ®@. Po3podbka DC-DC neperBoproBaya asis
BUKOPHCTaHHS B CHUCTEMax aKTMBHOTO OallaHCyBaHHS aKyMyJISTOpHUX Oarapeil B
MeXax CTYIEHTCbKUX 3Maranb. MIKpOCUCTEMH, €NIEKTPOHIKa Ta aKycTuka, 2024, Tom
30, Ne 3, C. 1-8, DOI: 10.20535/2523-4455.mea.316127. (daxoBe BuIaHHS KaTeropii
«b») (Ocobuctuii BHECOK aBTOpa — JOCIHIKEHHS mpaktudHoi peamizamiss DC-DC
MepeTBOPIOBaya Jjisl 3aCTOCYBaHHS B MOAY/IbHOMY aKTUBHOTO OaJlaHCHPI).

[4] D. Lipko and O. Bondarenko, "Modified Active Balancer for Multi-Module
Battery Pack," 2024 19th Biennial Baltic Electronics Conference (BEC), Tallinn,
Estonia, 2024, pp. 1-5, DOIL: 10.1109/BEC61458.2024.10737985. (3akopmoHHe
nepiouYHe BHJIAHHS, MO 1HAEKCYeThcst B Scopus) (OcoOucthii BHECOK aBTOpa —
MOJIETIOBaHHS yacy OajaHCyBaHHS MOAYJIbHOTO aKTUBHOTO OanaHCcHpa 3 TOKPAIIEHOO
TOMOJIOTIEI0 B PI3HUX PEXKUMAX POOOTH).

[5] D. Lipko, I. Yamnenko, A. Manzhelii and O. Bondarenko, "Possibilities and
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Resource," 2023 1EEE 4th KhPI Week on Advanced Technology (KhPIWeek), Kharkiv,



151
Ukraine, 2023, pp. 1-5, DOI: 10.1109/KhPIWeek61412.2023.10312983. (Ocobuctuii
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JIarHOCTYBAaHHsSI CTaHy akymymsITopHux Oarapeil. CydacHi 1H@QoOpmamiiiHI Ta
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Opneca, 23-27 tpaBns 2022 p. Oneca, 2022. C. 32-33. (Ocobuctuii BHECOK aBTOpa —
3alpOTIOHOBAHO BIOCKOHAJIEHHS I MPUCTPOIO JlarHOCTyBaHHs craHy Ab
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MOJIETIOBaHHS yacy OajaHCyBaHHS MOAYJIbHOTO aKTUBHOTO OanaHCcHpa 3 TOKPAIIEHOO

TOTMOJIOTIEI0 B PI3HUX pexUMax poOOTH, MoOynoBa rpadikis)
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JTOIATOK B. XAPAKTEPUCTUKU AKYMVYJISITOPHUX BATAPEN CEPIMHUX EJJEKTPOMOBLIIB

Enexkrpomo6ins |E€muicts | Kongirypauis | Kinbkicts Mmoayis | HlinbHicTs |Popm Tun ximii | Bupoonuk
akymy- |Oarapei (xoHpirypauis KOMipoK dakrop
JIATOPA MOYJISA) Wh/kg
Nissan Leaf 24 96s2p 48 (2s2p) 110 [TakeT NMC Envision AESC
Nissan Leaf 40 96s2p 24 (4s2p) 130 [TakeT NMC Envision AESC
Nissan Leaf 62 96s3p 24 (4s2p) 150 [Taket NMC Envision AESC
Renault Zoe 40 96s2p 12 (8s2p) 145 [Taker NMC LG Chem
Renault Zoe 52 96s2p 12 (8s2p) 168 [Taket NMC LG Chem
Tesla Model S 100 96s86p 16 (6s86p) 162 Huminapuunuii | NCA Panasonic
Tesla Model 3 75 96s46p 2 (25s46p) Ta 168 Huminapuunuii | NCA Panasonic
2 (23s46p)
Tesla Model X [100 96s86p 16 (6s86p) 162 Hunmingpuunuii | NCA Panasonic
BMW i3 33 96slp 8(12slp) 132 [Tpuzmarnuauii |NMC Samsung SDI
BMW i3 42 96s1p 8(12slp) 152 [Tpuzmatnunuit | NMC Samsung SDI
VW e-Golf 36 88s3p 16(4s3p) Ta 103 ITaker NMC Samsung SDI
11(2s3p)
Hyundai  Kona|64 98s3p 8(10s3p) Ta 149 [Taket NMC LG Chem
Electric 2(9s3p)
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Hyundai IONIQ|28 96s2p 6(10s2p) Ta 112 [Taker NMC LG Chem
Electric 6(6s2p)

Peugeot e-208 50 108s2p 18(6s2p) 140 [Mpuzmatnunuit | NMC CATL

Jaguar [-PACE (90 108s4p 36(3s4p) 149 [Taket NMC LG Chem
Mercedes-Benz |85 96s4p 4 (36s2p) Ta 130 [TakeT NMC LG Chem a6o
EQC 2 (24s2p) SK Innovation
Audi e-tron 55 |95 108s4p 36(3s4p) 136 [Taket NMC LG Chem
Porsche Taycan|93 198s2p 33(6s2p) 148 [Taket NMC LG Chem

Turbo S
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JOIATOK B. IIOPIBHAHHSA XAPAKTEPUCTUK PIBHUX THUIIIB AKYMVJIATOPHUX BATAPEHN
Li-Po Li-S Teepnortuteri |LFP LCO LMO NMC NCA LTO
I {inbHicTs B’?}{Zﬁ; BII/[IZZ)KI; Bucoka Cepennst Bucoka Cepenus Bucoka Bucoka Husbka (60-
(250-750 (90-160 (140-200 (100-150 (150-220 (200-260 85
cHeprit (70 250 (110 500 Bt'ron/kr) | Brrom/kr) | Br-rom/kr) | Bt roa/kr) Bt ron/kr) BT ron/kr) BT ron/kr)
Brrom/kr) | Brrom/kr)
[MotyxHicts | Bucoka Bucoka Bucoxka Cepenns Bucoxka Cepenns Bucoka Bucoxka Bucoxka
Hanpyra,B | 3.0-4.2 | 1.9-2.6 22-43 2.8-3.6 3.0-42 3.0-42 25-42 25-42 1.8 -2.85
Tepwin Cepenniit Ce([;%l(l)ljll/l ;[{)[}B];I:fﬁ ;[{)[}B];I:fﬁ Husbka Cepenns Cepenns Huseka Bucoka
- (300—§OO 1000 (1000+ (2000+ (500-800 (1000- 1 500 (1000-2_000 (SOO—IQOO (3 OOO—?OOO
LUKJIIB) ) ) ) IIUKITIB) IUKJTIB) IUKJTIB) ITUKITIB) ITUKITIB)
IIUKJTIB) LUKITIB) LUKITIB)
besneka Hwusbka Hwusbka Bucoxka Bucoxka Hwusbka Cepenns Cepenns Hwusbka Bucoxka
Baprictp Bucoka Bucoka BII[/IZg;ea Husbka Bucoxka Cepenns Cepenns Bucoxka Bucoxka
Bara Hyxe Hyxe Jlerka Baxka Jlerka Cepenns Jlerka Jlerka Baxka
JerKa JIeTKa
. . PiznomaniTHI : . . . . . . . . .
Dopwma Ty P13}.10-. P13}.10-. oy HmmH,upm, HI/IJ‘IIHI[pI/IlIHl., HI/IJ‘IIHI[pI/IlIHl., ]_[I/IJIIH,Z[pI/I‘{Hl., ]_[I/IJIIH,Z[pI/I‘{Hl.,
MaHITHI MaHITHI .| TPU3MATHYHI | TPU3MATHYHI | TPU3MATHYHI | MPU3MATUYHI | MPU3MATHYHI
NPHU3MATUYHI)
Enexrpoinctp
Cmapr- Exexrpo- EneKTpp- YMEHTH, Enexrpoincr EneK?pp- EJ‘IeK”l?pF)- Ti6pae
(onm, L Moo, COHSYHI Hoyt0yxu, PYMEHTH, Mo0ii, Mo .
3acTocyBaHHS MO0, . . . . . aBTOMOOITI,
TUIAHIIETH, . MOpPTaTHUBHA Oarapet, cMapThoHH riopuHi eIEKTPOIHCTP BHCOKOI
aBlawis . . . | emexktpobycu
JPOHH eJIEKTPOHIKA €JIEKTPO- aBTOMOOLI YMEHTH TIIOTYKHOCTI

MoO01JTi
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Ke
Ay besmneka, . Bucoxka Bucoxka
BUCOKa N JoBruii ..
. Hyxe JOBTUH . Bucoka I1IJBHICTh Bucoxka Oe3mexka,
IIJIBHICT : TEpPMiH .. Jo6pa .. .
BHCOKa TEpPMiH II1IbHICTh eHeprii, I1JIBHICTD JIOBT UM
eHeprii, .. CITyxO0H, Oe3mexa, :
[TepeBaru IUTBHICTh CITyx0H, eHeprii, BHCOKa eHeprii, TEPMiH
JIeTKa Oe3meka, HH3bKa .
eHeprii, BHCOKA BHCOKA . HOTYKHICTb, BHCOKA CIyx0H,
Bara, .. HM3bKa . BAPTICTh )
JerKa Bara | IIUIBHICTD . MOTYKHICTb no6pa MOTYKHICTh BHCOKa
THy4YKa BAPTICTh )
CHeprii Oe3mneka IIOTYKHICTh
dhopma
Menm Huzpka Ceperns Husbka
Oesmeuni, | [loreHriino Bucoxka Oe3meka, . P . Bucoxka Oe3mexa, Hu3bka
. . : Hwxua IIITBHICT : .
HiX Li- HeOe3TIeyHi, BApTICTh, ———— BHCOKa erenrii BapTICTh, BHCOKa I1JIBHICTD
Henomixu ion, oOMesKeHa TEXHOJIOT1S BAPTICTb, pril, . Jerpajianis BAPTICTb, eHeprii,
. eHeprii, . oOMesKeHui .
OOMEXEHa | KUIbKICTh IIe B HHM3BKHI . TP BUCOKUX HHM3BKHI BHCOKA
.. . . Ba)kKa Bara : TePMiH . .
KIJBKICTh ITMKJTIB po3pobiii TepPMiH . TeMIiepaTypax TEpMiH BAPTICTh
LUKITIB CITyx0u y CITyx0u
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JTIOJIATOK T. TPOT'PAMHMIT KOJ MIKPOKOHTPOJIEPA J1JISI
MEPEBIPKM ®YHKIIOHAJIbLHUX YACTUH CUCTEMHY KEPYBAHHS

#include <SPI.h>

#include <Wire.h>

#include <Adafruit GFX.h>
#include <Adafruit SSD1306.h>

// PCF8575 12C Address
#define PCF8575 ADDRESS 0x20

#define SCREEN WIDTH 128 // lllupuna OLED nucnuies
#define SCREEN HEIGHT 64 // Bucota OLED nucmuest

/' 12C appeca OLED

#define OLED RESET 4

Adafruit SSD1306 display(SCREEN WIDTH, SCREEN HEIGHT, &Wire,
OLED RESET);

unsigned long previousMillis = 0;
const long interval = 2000; // IntepBan nepemMukanus (2 CEKyH/IH)

// MacuB KOMIpOK (1B1 JIiHIi HAa OJIHY KOMIPKY)
const uint8 t cellPairs[][2] = {

{12, 13}, // cell 7

{0, 1}, //cell6

{2,3%, //cell 5

{4, 5}, //cell4

{6,7}, //cell3

{8,9}, //cell 2

{10, 11} //cell 1

¥

const uint8_t numCells = sizeof(cellPairs) / sizeof(cellPairs[0]);
uint8_t currentCell = 0; // [nnekc akTHBHOT KOMIPKH

// @ynkuis 3anucy B PCF8575

void PCF8575 Write(uintl16 t data) {
Wire.beginTransmission(PCF8575 ADDRESS);
Wire.write(lowByte(data));
Wire.write(highByte(data));
Wire.endTransmission();

b
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// ®yHKIis 3unTyBaHHA cTaHy noptiB PCF8575
uintl6_t PCF8575 Read() {

}

uintl6 t data=0;
Wire.requestFrom(PCF8575 ADDRESS, 2);
if (Wire.available() == 2) {

data = Wire.read();

data |= (Wire.read() << 8);
b

return data;

void setup() {

b

Serial.begin(115200);
Wire.begin(); // Inimianizaris 12C

// Tmimiamizaris OLED nucnies

if (!display.begin(SSD1306 SWITCHCAPVCC, 0x3C)) {
Serial.println(F("SSD1306 allocation failed"));
for (;;);

}

display.clearDisplay();

display.setTextSize(1);

display.setTextColor(WHITE);

display.setCursor(0, 0);

display.print("PCF8575 Cell Control");

display.display();

// Bumukaemo Bci Buxoau (Bcranosimoemo HIGH)
PCF8575_ Write(OxFFFF);

void loop() {

unsigned long currentMillis = millis();

if (currentMillis - previousMillis >= interval) {
previousMillis = currentMillis;

// BUMUKaeMO BC1 BUXOIH
uintl16 t portState = OxFFFF;

// BKIIto4UaeMo JIMIle MOTOYHY KOMIPKY (2 BUXO/IH)
portState &= ~(1 << cellPairs[currentCell][0]);
portState &= ~(1 << cellPairs[currentCell][1]);



// 3anmucyemo ctan y PCF8575
PCF8575 Write(portState);

// UuTaeMo cTaH MOPTIB AJIs IEPEBIPKH
uintl6 tread state = PCF8575 Read();

// BUBOOMMO CTaH Ha JUCIUICH
display.clearDisplay();

display.setCursor(0, 0);

display.print("Active Cell: ");

display.print(7 - currentCell); // Hymepamis Bix 7 no 1
display.setCursor(0, 10);

display.print("Ports: P");
display.print(cellPairs[currentCell][0]);
display.print(" & P");
display.print(cellPairs[currentCell][1]);

display.display();

// TlepeMHKa€EMOCS Ha HACTYITHY KOMIPKY
currentCell = (currentCell + 1) % numCells;

158
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JIOIATOK /1. AKTH BITPOBAPKEHHS PE3YJILTATIB
JTUCEPTALIHOTO JOCHIKEHHS

TOBAPHUCTBO 3 OBMEXEHOIO BI/ITTOBIJAJ/IBHICTIO
«TIPOMABTOMATHUKA TPEH/»

By/1. BakuHCbKa, 1, npuM. 264, c. KprokiBuuHa, Byyancbkuit p-H, KuiBcbka 06.1., 08119
Tes. +380 93 4752186 e-mail: 0934752186@ukr.net €ZPIIOY 45563672

«3ATBEPAKYHO»

2025 p.

BIPOBA/>KEHHs pe3y/bTaTiB JucepTalinHoi po6oTu Jlinka imutpa OseroBuya
«CucTeMU KepyBaHHA aKyMYJISATOPHUMHU O6aTapessMU 3 QYHKLIE€ 30i/blIeHHS
ix ekcniyaTaLiiiHoro pecypcy» B po3po6ku TOB «[IpomaBTOMaTHKa Tpeng»

JlaHuM  aKTOM  MHiATBEPJKYETbCS, L0  CUCTEMAa  KepyBaHHHA
aKyMyJIATOPHUMHU OaTapesMu [Jisl eJIeKTPOTPAHCIOPTY Ta CTalliOHApHUX
HaKOMMU4YyBayiB eHeprii, AKy po3pob6/ieHO acnipaHTOM KadeApU eeKTPOHHUX
npuctpoiB Ta cucteM KIII im. Iropsa Cikopcekoro JlinkoMm /Imutpom Osieropuyem
B paMKax BUKOHAaHHfl HHUM /IMCepTaliiHOro [AOCJi/pPKeHHs, BUNpobyBaHa B
CKJaJi CTalioHAapHOro HakKomuyyBaya eHeprii eMHicToo 75 KBt-rog.
3anpornoHoBaHi HUM TeXHIiYHi pilleHHA ¥ OTpUMaHi pe3y/JbTaTH A03BOJHUJIH
no6yayBaTU MPOTOTUIN aKyMyJsTOPHOI 6aTapel 3 MOAYJbHOK CTPYKTYpOlO Ta
CHUCTEMOI aKTUBHOTO 6aJlaHCyBaHHSA KOMIpOK aKyMyJIATOpHOI 6aTapel. AHasi3
M0Ka3ag, 1110 B pe3y/bTaTi 6y/10 36i/blIE€HO AOCTYIIHY EMHICTb aKyMYyJIATOPHUX
6aTapeit Ha 15%, a TakoX 306i/1bLIEHO WBU/KICTb 6aJlaHCYBaHHSA Y CepeHbOMY
Ha 30%. OuikyBaHMM NpPHUPICT pecypcy aKyMyJssiTOPHUX OaTapel CKJajae
osm3bko 12%. Cxoxuil edeKT MOXHa O4YiKyBaTHM W IpU 3aCTOCYBaHHI

/

i Ll % 5
3aBijiyBad slabopaTopii BUMipOBaHb (ﬁﬂ/ / Onexkcanap YEPHINU

3aMPONOHOBAHUX PillleHb B €J1eKTPOTPaHCIOPTI.
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PO BUKOPUCTAHHS pe3yJIbTAaTiB JUCEPTALiitHOT poboTH
acripaHTa Ka)eipu eNeKTPOHHHUX MPUCTPOiB Ta cucteM JImutpa JIITTKA
y HaBYaJIbHOMY Ipoiieci HalioHansHOro TeXHIYHOTO yHiBepCcUTeTY YKpaiHu
«KuiBcbkUii nomiTexHiyHUM iHCTUTYT iMeHi Irops CikopcbKoro»

Mu, mo HuX4e mianucanucs, 1ekan GaKyIbTeTy eJeKTPOHIKH, I-p TeXH. HayK,
npo¢d. Haiina C.A., 3aB. xad. eneKTpOHHUX MPUCTPOIB Ta CUCTEM, A-P TEXH. HAyK,
npod. Bepbuupkuii €.B., kanza. Texn. Hayk, nou. Cadponos I1.C., cknanu ueit AKT
npo Te, WO pe3yabTatd auceptauiinHoi pobortu Jlinka J[.O. «Cuctemu KepyBaHHS
aKyMyJIsiTOpHUMHU OatapesiMu 3 (GyHKUi€0 30i7bIIeHHS iX eKCIUTyaTauiiHOro
pecypcy» BIPOBaKEeHl Yy HaBUaIbHUH INpouec kadeapu eJeKTPOHHUX MPUCTPOIB Ta
CHUCTeM, a came:

1) y nmucuumnnini «IIpuctpoi nepeTBOprOBaIbHOI TEXHIKH —4.1» B Temy
3.2 «ImMnynbcHi mepeTBoproBavi mocTiiHOl Hampyrd (ctpymy)» B 2024/2025
HaBYaJbHOMY poOUi  JOJAaHO THUTAHHA [P0  OCOOJUBOCTI  BHKOPHCTAHHS
HaIlBIPOBIAHMKOBUX  IEPETBOPIOBAYiB B  aKTUBHUX CHCTEMax KepyBaHHS
aKyMyJISTOPHUMHU Oarapesmu;

2) y aucuuraiHi «CwioBi eNeKTpoHHI cuctemMu» B TeMy 4.5 «Cucremu
)KMBJIEHHS! KOCMIYHUX amapatTiB» B 2024/2025 HaBYaJibHOMY pOLli JOAaHO THMTAHHS
noOyI0BY aKTMBHHX CUCTEM KepyBaHHS aKyMyJSATOPHUMH OaTapesiMd 3 (yHKIi€0
301IbIIEHHS X €KCIUTyaTalliifHOTO pecypcy;

3) py po3poOLli KOHKYPCHOTO 3aBJIaHHS JJISl BCEYKPAiHCBKOTO XaKaTOHY
«Hackathon Melexis Future Innovators» (lomarok 1 no Haka3y «IIpo mpoBeneHHSs
BceyKpaiHcbkoro xakatoHy «Hackathon Melexis Future Innovators»» Ne HOJ1/194/25
Big 10.03.2025 p.).

JlexkaH (akylbTeTy eleKTPOHIKH,

I-p TeXH. HayK, Npod. Eepriﬁ HAMJIA
———

3aB. kad. eNeKTPOHHUX MPUCTPOIB Ta CUCTEM, ' .
I-p TeXH. HayK, mpod. o ‘“f}f €sren BEPBULIbKUU

Jlou. kad. eneKTpOHHUX MPHUCTPOIB Ta CHCTeMg/,\ /
KaHJ. TeXH. HayK, JIOLL. 9 £ [Tano CA®POHOB
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HAYKOBO-JIOCJIIJTHUA IHCTUTYT

EJIEKTPOHIKH TA MIKPOCUCTEMHOI TEXHIKH

HAIIIOHAJIBHOT'O TEXHIYHOI'O YHIBEPCUTETY VKPATHH
“KMIBCbKUM MOJITEXHIYHUMA IHCTUTYT IMEHI IFOPSI CIKOPCbKOI'O”

03056, m. Kuis, npocn. Ilepemoru, 37 TeJ1. /akc (044) 236-96-76

2025p.

MIPO NIPAaKTUYHE BIIPOBADKCHHS PE3YJIbTATIB IUCEPTAifHOT poOOTH
Jmutpa JIIITKA «Cucremu kepyBaHHS aKyMyJISTOPHUMH GaTapesiMu 3 QYHKIIE
30UTBIIEHHS 1X eKCIUTyaTaliiHOTO pecypcy» Ha 3100yTTs
HayKOBOTO CTyNeHs JokTopa dinocodii 3a cneniansHicTio 171 EnexTpoHika
B HaykoBo-1ociiaHi po3pobku HJI EMCT KIII im. Irops Cikopcekoro

JloBinka HajaHa B MiATBEPIXKEHHS BUKOPUCTAHHS Pe3y/IbTaTiB JOCIIIKEHb 38 TEMOKO
auceprauiitnoi po6oru JImutpa JIIIIKA B HaykoBo-mocnigaux pospobkax HJII EMCT
KIII im. Irops Cikopcbkoro 3a temamu JIb Ne 01200101285 «EneproedextuBHi cucremu
WIBHIKOTO  3apsaly  KOMOIHOBaHMX  €MHICHHX  HAaKONM4YyBa4iB  CHeprii  Tumy
CYNEpPKOHAEHCATOP-aKyMYJIATOPHA Garapes», Jb Ne 01240001411 «MonynsHi
IEPETBOPIOBaYl /I CHCTEM HAKONMYEHHS €HEprii aBTOHOMHHX MIKpPO- Ta HaHOMEPEX
nocriiaoro ctpymy» Ta JIb Ne 0122U001522 «HaykoBi 3acajy CTBOPEHHS MOPTATHBHHX
€JIEKTPOHHUX MpPHJIA/AiB KOHTAKTHOTO 3BapIOBaHHA Oi0OJIOTIYHHX TKAHHH 3 ABTOHOMHHUM
KHBJICHHAM». B 3a3Hadennx HJ/IP BUKOpUCTaHO HACTYIHI pe3yNabTaTH AOCIIIKEHB: OMUC
obacTi Ha 3apsATHO-PO3PATHHX XapaKTEPUCTHKAX aKyMyJSTOpHHX Garapeil mpH poGoTi B
sAKiH 3a6e3neuyeThes MPUPICT 3arasbHOTO pecypey Ha 114% Ta pekoMeHzaii momo Bubopy
AUIAHKY Ha SKiH peami3ye€TbCsi 4YacTKOBHM LMKI; TOIOJIOTis AKTUBHOrO OajaHcupa 3
MOKPAICHUMH BJIACTHBOCTAMM, a caMme 3 JyO/JIbOBaHOIO CHCTEMOIO KOMYTaTOpiB Ta
MOXJIMBICTIO MIJAKIIOYEHHS 10JaTKOBOrO [UKEpesia )KUBJICHHS, 10 3a0€3MeYrI0 MPOBEICHHS
aKTUBHOTrO OaJaHCyBaHHsS Ha BCIX 1€PapXiYHMX PIBHAX 0araTOMOAYJIBHUX aKyMYJSTOPHHUX
Oarapeii; yMoBH 3a0e3neyeHHs BiIMOBOCTIHKOCTI 3aIpONOHOBAHOI TOMOJIOTIi GasaHcHpa;
pPEeKOMeH Al 1010 MOAEPHi3allil BHYTPIIIHBOI CHCTEMH €JIEKTPOTPAHCIIOPTY, IO J03BOJISE
TPUMaTH aKyMyJISATOpHY OaTaper0 MakCHMMalbHHH NMPOMDKOK 4Yacy B 3apsAHO-PO3pPSIHIN
obnacti, B sAKiH 3abe3medyeTbcs MPHPICT 3arajJbHOTO PECYPCY; CXeMa MOKPAIEHOro
aKTUBHOro OanaHcupa JUldi BHKOPHCTaHHS Y HasBHHX aKyMYJSTOPHHX OaTapesx
€NIEKTPOTPAHCIIOPTY, IMUIAXOM 3aMiHM TAacHBHOI CHCTeMH OalaHCyBaHHs, sKa
BUKOPHCTOBYETBCS 3apa3, 6€3 BHECEHHS 3MiH B KOHCTPYKIIIIO IIHX aKyMYJISTOPHHX OaTapeii;
CXeMa IOKpAaIeHOro aKTUBHOTO OalaHCcupa JUIsS CHCTEM 3 ITiBUIIEHO0 HAAIHHICTIO.

Crapmmii HaykoBH# criiBpoOiTHUK, Ph.D. FOnis KOXVYILIKO
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JOJATOK E. CEPTUDIKATH ITPO YUYACTD
Y MI’KHAPOJHUX HAYKOBO-TEXHIYHUX KOH®EPEHIIAX

XXIII MixkHaposiHa HayKOBO-TIPAaKTUYHA KOH(PEPEHIIis
«CyuacHi iH(opmartiiiai Ta enexrponHi TexHosorii» (CIET-2022),

M. Oneca, 23-27 tpaBus 2022 p.

XXIII Mi>kHapoaHa HayKOBO-IPaKTIMYHA KOH(pepeHIIist
«CyaacHl iHpOpMaIIiNHI Ta €AeKTPOHHI TeXHOAOT1I»
iviodern in Uc,g_:,!,,-qu_,,-, A ElecCt O.Q,,. 1ecnno ,L'A,.,‘

XXIII Intermational Scientific and Practical Conference

CEPTUPIKAT

3acBiguye npeacrasaenss Ha koHdepenrii “CIET-2022” zomosiai

“Bdockonarenuti npucmpiti 0As diazHOCMYy8aHH
cmany akymyaamoprux bamapeir”

(ast. 4. O. Ainko, O. ®. bonaapenko)

Ykpaina, Ogeca
23—27 tpaBusa 2022 p.

Bianosigaabnmii cexperap
Oprkomitety KoHpepenii
O. A. Tuxonosa
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XXIV MixHapoHa HayKOBO-TIPaKTUYHA KOH(PEPEHIIIs
«CyuacHi iH(opmarriiiti Ta enexTponHi TexHosorii» (CIET-2023),

M. Oneca, 29-31 tpaBus 2023 p.

XXIV MiXHAPOAHA HAYKOBO-TNPAKTUYHA KOHPEPEHLLIS
c ) E

(— @» 2T — «Cy4acHi iHdpopMaLilHi Ta eAeKTPOHHI TEXHOAOTIIN

Casc™ “Modern information and electronic technologies”
XXIV International Scientific-Practical Conference

CEPTUPIKAT

3acsiguye, mo AMuTpo Ainko npeacrasus Ha KOH(pepeHriii
“CIET-2023" a0110BiAb
«306irvmenns pecypcy aKkymyasmopnoi bamapei npu 4acmxoeomy

BUKOPUCMAHNHIT 3APAIHO-PO3PAIHOZ0 UUKAY»
(aBT. 4. O. Ainko, O. ®. boHaapeHKo0)

Yxpaina, Ogeca
29—31 tpaBua 2023 p.

BianosigaapHuin cexperap :
Oprkomirtery koudepennii O. A. Tuxonosa
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XXV MixHapo/iHa HayKOBO-TIPaKTUIHA KOH(pEpEHIIis
«CyuacHi iH(opmarliiiti Ta enexkTponHi TexHosorii» (CIET-2024),

M. Oneca, 27-29 tpaBus 2024 p.

XXV MiXHAPOAHA HAYKOBO-MPAKTUMHA KOHPEPEHLLIS
GRS «Cy4acHi iHOPMALWHI TA eAEKTPOHHI TEXHOAOTIN

Casc™ “Modern information and electronic technologies”
XXV International Scientific-Practical Conference

3acsiguye, mo AMuTpo AinKo npeacrasus Ha KOH(epeHLii
“CIET-2024" s0110BiaAb
«Axmuenuil 6arancup 0As 3acmocysanns 6 6azamomodYyAvHUX

aKymyaamoprux 6amapesx»,
iATOTOBAEHY Ha BMCOKOMY HayKOBO-TeXHIYHOMY piBHi

Ykpaina, Ogeca
27—29 tpaBua 2024 p.

Bianosigaabunit cekperap é
Oprkomirtery koudepeniii O. A. Tuxorosa




