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JucepraiiiitHa poOoTa IPUCBSIYEHA PO3BUTKY MPUHIIMIIB MOOYAOBU TOPUIHUX
€MHICHUX HaKONWYYBadiB €Heprii 3 MOJIMIIEHUMH XapaKTEePUCTUKAMHU Ha OCHOBI
MEPETBOPIOBAYIB €JICKTPUYHOIT €HEPTIi B CHCTEMaXx 3 IMITYJIbCHUM HABAHTAKCHHSIM.

[lepeBakHa OUIBILIICTH MOPTATUBHUX MPUCTPOIB Ta CUCTEM Ma€ CKIAJHHM
HEJIIHIMHUN XapakTep eHeprocmoxuBaHHs. [kepena >KMBJIEHHS TakUX MPUCTPOIB, a
TAaKOX CHCTEMM HaKOMUYeHHs eHeprii B Microgrid Ta BITpOBid 1 COHSUHIN reHeparrii
CJICKTpOEHEprii MOBUHHI 3a0e3leuyBaTd CEpeHI0 Ta MIKOBY MOTYXKHICTh
HaBaHTa)XEHHS, a TAaKOX, 3a7aHl Maco-rabapuTHI MOKA3HUKU Ta BUCOKI MOKA3HUKH
eHeproeekTuBHOCTI. [lommMpeHuM € BUKOPUCTAHHS PI3HUX THUIIB aKyMYJATOPHUX
Oatapeii B IKOCT1 HAKOMUYYBadiB €HEPrii Ui TAKUX HKEPEI KUBJICHHS, OCKIJIbKA BOHU
XapaKTEPU3yIOThCS BUCOKOIO MUTOMOIO IIUIbHICTIO eHeprii. [IpoTe 3HauHuil miKOBUiA
CTPYM HaBaHTAKEHHS, AKUI MEpeBHIILye HOMIHAIBHUN cTpyM AbB, MOXXe CIpHUMHUTH
CKOPOUEHHS IXHBOI'O TEpPMIHY €KCIUlyaTallli Ta MOTIpUIEHHS iX EeHepPreTUYHUX
XapakTepucTuK. BukopuctanHs komOiHaIli HAKOMMYyBada 3 BHCOKOKO MLIIIbHICTIO
NOTY>KHOCTI Ta HaKOMMYyBayda, IO XapaKTEPU3YETHCS BUCOKOIO IIUIBHICTIO €HEepTii
MOke OyTH epEeKTUBHUM BUPIIICHHSAM NPOOJIeMHU MOPTATUBHOTO €HEPTOXXHUBJIICHHS Ta
30epiranHs eHeprii B cuctemax Microgrid, COHSIUHOT Ta BITPOBOi €HEPTreTHKH.

TakuM 4MHOM, 3aCTOCYBaHHS T1OpUIHMX €MHICHMX HAKOMHWYyBadiB €HEprii Ha
OCHOBI akymyssiTopHux Oatapeit (AB) Ta cymepkonaencaropiB (CK) mis cuctem
aBTOHOMHOTO €HEPTOKMBJIEHHS Ta MOPTATUBHUX IMPHUCTPOIB, B OCTaHHI POKHU, CTaE
NEPCHEKTUBHUM HampsiMoMm JociijkeHb. Ille oaHi€l0 MepcrneKTHUBHOIO Taily33io
3acTtocyBaHHs HakonmuyBayiB Tuily Ab ta CK € mxepena xuBneHHs oOlagHaHHS AJis

KOHTAaKTHOTO  MIKpPO3BapIOBaHHS, fAKI TaKOX XapaKTEPU3YEThCS  IMITYJIbCHUM



CIOKMBAHHSAM CTPYMY BUCOKOI aMIUTiTYAH. J[>Kepena >KuBiaeHHs moOya0BaHi Ha OCHOBI
TOIOJIOTIi 3 MPOMIXKHUM HAKOTHWYEHHSM €HEprii MoTpeOyroTh HAKOMUYYBayiB, IO
OJTHOYACHO XapaKTEePU3YIOThCS BHCOKOK MIUTHHICTIO MOTYKHOCTI Ta eHeprii. s
pO3MOIiTy eHeprii MK TaKUMHU HaKOMHUYyBadyaMHU 3aCTOCOBYIOTHCS JIOJATKOBI KoJia
NIEPETBOPEHHS eJeKTpoeHeprii. B poOoTi po3risiHyTO nmepeTBOprOBayi eneKTpOeHeprii
riOpUIHNX €MHICHUX HAKOMMYYBaiB, II0 3aCTOCOBYIOTHCS B CUCTEMAX 3 IMITYJIbCHUM
CHEPTOCIIOKMBAHHIM, Ha TPUKIAZl EHEeProCIOKMBaHHS MJIs peajizallii mporecy
KOHTAKTHOT'O MIKPO3BapIOBAHHSL.

Y nmepmiomy po3aii  IMPOBEAEHO aHai3 OCOOJIMBOCTEH XapaKTEPUCTUK
IMITYJTBCHOTO CTPYMY HaBaHTaXEHHS ITi]] 9ac MPOIECy KOHTAKTHOTO MiKpO3BapIOBAHHS.
HaBeneno anamiz eHEpPreTMYHUX  XApaKTEPUCTHK PI3HUX  TUMIB  €MHICHHUX
HAKOMM4YYyBauiB €Heprii, sKui IoKa3zaB, 10 3 IMOMDK IHIIMX HakonmuuyBadiB Ab
XapaKTepU3yIOThCsl BUCOKOIO ILIIJIBHICTIO €Heprii, B Toi uac, sk 11t CK tunosoro €
BHCOKA MIUJIbHICTh TIOTYKHOCTi. BUKOHAHO OTJIsii eKBIBAJICHTHUX cxeM 3amimieHHs: Ab
ta CK, 110 BUKOPHCTOBYIOTHCS ISl MOJICIIOBAaHHS pOOOTH HAaKONMMWYyBadiB B KOJax
CHJIOBO1 €JIEKTPOHIKM, SIKUW TOKa3aB, 10 €KBIBAJCHTHA CXeMa 3aMillIeHHsS MepIIOro
nopsaky Ab ta CK no3Bossie 3MoemoBaTi poOOTYy HAKOMTUYYBAdiB ISl iX aHATI3y B
cuctemMax eHeprokuBieHHs. [IpoBeneHo  MOpPIBHSUIBHUK — aHali3  MAacUBHOI,
HaIlIBaKTUBHOT Ta AKTHUBHOI TOMOJIOTiH TIOpUIHUX €EMHICHMX HAaKOMWYyBayiB Ta
0COOJIMBOCTEN X 3aCTOCYBaHHS.

PesynbraT aHamiTHYHOTO OISy HAYKOBOI JHTepaTypu, IO MPHCBSIYCHA
npobseMi po3poOKHU CUCTEM Ha OCHOBI T1OPHIHUX €MHICHUX HAaKOMHWYYBauiB €HEPTIi,
MoKa3aiu, [0 aKTyaJbHOIO € 3ajlaya po3pOOKU MEPEeTBOPIOBAUIB €IEKTPOCHEPTl IS
riOpuaHMX EMHICHUX HaKOMUYyBadiB. B KiHII miepiioro po3aiiny cpopMoBaHO OCHOBHI
3a7a4i JOCIIPKEHHS.

B apyromy po3nuni  HaBeAGHO ~aHalli3  XapaKTEPUCTUK  IMIYJIbCHOTO
eHeprocroxuBanHs. J{s 3a06e3nedeHns e eKTUBHOT pOOOTH CUCTEM €HEPTOKUBIICHHS,
MIKOBY MOTYKHICTh HABAHTAXKEHHS MMOBUHEH 3a0€3MeuyBaTi HAKOMMUYYBayd 3 BUCOKOIO
HIIJIBHICTIO TOTYXKHOCTI, B TOM 4ac K CEPEeIHIO0 MOTYXKHICTh — HAKOINW4yBady, IO
XapaKTepU3yeThCs BUCOKOIO IIIIBHICTIO eHeprii. Ha ocHOBI merony ycepeaHeHHS y

IPOCTOP1 3MIHHUX CTaHy OTPMMAHO MAaTeMaTHUYHY MO/IENb MEPETBOPIOBAYA B PEXKHUMI
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Oe3mepepBHUX Ta MepepuBUACTUX CTPyMiB. OTpUMAaHO CHPOIIEHY MAaTeMaTU4YHY
MOJIeJh TIEPETBOPIOBAYA, sIKa 32 paxyHOK npenctasieHas CK B ycTaneHoMy pexumi, K
eKBIBAJICHTHOTO JDKEpela Hampyrd JI03BOJSIE  3HU3UTU  TMOPSAOK  CHUCTEMH
TUQEepeHIliiHNX PIBHSAHB, II0 ONMUCYIOTHh MEPETBOPIOBAY, 1 THM CaMUM CIPOCTHTH
aHaj i3 OTPUMAHOI CHUCTeMH. MaTeMaTW4Hi MONEeNl BHKOPUCTAHO IS PO3POOKU
ITOPUTMY KEpyBaHHS TMEPETBOPIOBAYEeM TIOPUIHOTO €MHICHOTO HAKOMHYyBada
eHeprii. Ha ocHOBI MaTeMaTWyHUX MOJIeied, B TPETHOMY PO3AUT 3alpONOHOBAHO
JIBOKOHTYPHY CHUCTEMYy KEpyBaHHS, SKka 3a0e3leuye OJHOYACHE pETyIIOBAHHS
pospsgHoro ctpymy Ab ta Hanpyru CK. Ha ocHOBI MeTony XapuTOHOBa MPOBEICHO
aHaJli3 CTIMKOCTI CUCTEMH KepyBaHHS, SKUW MOKa3aB, 110 CUCTEMA € CTIMKOIO MPHU 3MiH1
napamMeTpiB B JOMYCTUMOMY Jiama30Hl 3HA4Y€Hb, M0 BHU3HAYAETHCS JIOMYyCKOM
napamMeTpiB KOMIIOHEHTIB CXEMH.

YeTBepTHii po3AlST MPUCBSIUYEHO aHAI3y €HEproe(eKTHBHOCTI MEpPEeTBOprOBava
riOpuIHOrO0 €MHICHOTO HAaKOMHMYyBaua €Heprii, OTPUMAaHO 3aJeXKHOCTI KoedilieHTy
KOpUCHOI Jii TepeTBOpIoBada BiJ CEPeAHHOTO CTPYMY HABAHTAKEHHS, a TaKOX
3aJI)KHOCTI MOTY)XKHOCTI BTPAaT B KOMIIOHEHTaX CXEMH BiJ YaCTOTH TEPEMHUKAHHS
witouiB. [lpeacraBneHo cucTeMy BHPIBHIOBAHHS HANpPYTH KOMIPOK ITOCIiIOBHO
3'eqaanux CK, sika 103BOJISAE 3 3a/1aHOI0 TOUHICTIO 3a0€3MEYUTH PETYIIOBAaHHS HAIIPYTU
Ha CK He3ane)XHO Bij cTaHy 3aps1y 1HITUX KOMipOK MOJYJTIO.

B n'sTomy po3aini npoBeaeHa Bepudikallis aHATITHIHUX PO3PaXyHKIB HUIIXOM
MOJIETIFOBAHHS Ta PO3POOKH MPOTOTHUITY, IO JO3BOJISE EKCTIEPUMEHTAIBHO TOCITITUTH
pobOTy mepeTBOpIOBava €JIEKTPUYHOI €Heprii Ta MpOLECH PO3MOAULY €Heprii Mix
€MHICHIMH HaKOITMYyBayaMu MPOTITOM CIIOKHBAHHS IMITYJIbCHOI MOTYXHOCTI M1 4ac
MPOIECY KOHTAKTHOTO MiKPO3BapIOBaHHS.

Takum unHOM, B p0OOTI BUPINICHO aKTyaJIbHY 33J1a4y PO3BUTKY TEOPii po3poOKU
MEePETBOPIOBAYIB TIOPUIHUX EMHICHUX HAKONMWYYyBayiB €HEPrii, IO MpaIolTh B
cucTeMax 3 IMIYJIbCHUM HaBaHTaXeHHsAM. OTpHMaHI HOB1I HAayKOBO OOIPYHTOBaH1
pe3yabTaTH B CYKYIMHOCTI € CYTTEBUMH JUISI PO3BUTKY CHUCTEM EHEPrOXKHUBJICHHS 3
IMITYJTBCHUM CIIO’KMBaHHSIM CTPYMY HaBaHTaXEHHSIM, B SKHX B SIKOCTI HAKOTIMYyBadiB

BukopuctoBytoTbes Ab ta CK.



HaykoBa HOBH3HA 0J1ep>KaHUX PE3YJIbTaTIB:

1. BrockoHaieHO TOMOJIOT 0 T1OpUIHOTO EMHICHOTO HAKOMMYyBaya eHeprii
3a paxyHOK BHKOPHCTAHHS TE€pPETBOPIOBaYa IOCTIMHOTO CTPyMYy, pETryJIOBaJbHI
XapaKTEePUCTUKH SKOTO JO3BOJISIOTH PO3MMUPUTH (PYHKIIOHATBHI MOMJIMBOCTI TaKHX
HAKOMMYYBayiB B CUCTEMaX 3 IMITYJIbCHUM CIIOKUBAHHS CTPYMY HaBaHTAKECHHSI.

2.  Bmepmie 3ampornoHOBaHO MaTeMaTH4HY MOJENb T1OpPUIHOTO €MHICHOTO
HaKOMM4YyBaya €HEpPrii 3 MepeTBoproBayeM, SKUW 3a0e3ledye po3MoAia eHeprii Mix
€MHICHIMH €JIEMEHTaMHM, SIKa BPaxOBY€ Mapa3UTHI MapaMeTpiB KOMIIOHEHTIB CXEMH
NepeTBOpIOBaYa Ta JO3BOJISIE TPOAHANTI3YyBaTH CTIWKICTh CHUCTEMH B BH3HAUYCHOMY
Jiara3oHi JOMyCTUMHUX 3HAYEHb MapaMeTpiB MOJENI.

3.  Bmepie 3anmponoHOBaHO CIPOIIEHY MaTeMaTHUYHY MOJENb Ti0pHIHOTO
€MHICHOTO HAaKOMWYyBaya, SKa 3a pPAaxXyHOK 3MEHIICHHS KIJTBKOCTI PEaKTHBHHUX
KOMIIOHEHTIB TOIIOJIOT1] JO3BOJISI€ 3HU3UTHU MOPSAOK CUCTEMU TUPEPEHLIIHHUX PIBHSHD
1 BLATIOB1IHO CIIPOCTUTH aHaJI13 CUCTEMH.

4.  BHmockoHaneHO METOAMKY CHHTE3Y PETysTopa, ska 0a3yeTbcsi Ha METO/Ii
XapuTOHOBA, 110 BPAXOBYE PO3KU] MapaMeTPiB KOMIIOHEHTIB CXEMHU MEPEeTBOpIOBaya
Ta J03BOJIAE TPOAHATI3YBaTU CTIMKICTh CHCTEMHU B BHU3HAUYCHOMY Jllalia3oHI
JIOITyCTUMHUX 3HAYEHb MTapaMeTpiB MOJIENI.

5. 3ampomoHOBaHO  CHUCTEMY  BUPIBHIOBaHHS  HAmpyrd  KOMIipOK
CYNEPKOHJICHCATOPHOTO MOJYJI0 TIOpHIHOTO €MHICHOTO HaKOMUYyBaya, sKa 3a
JIOTIOMOTOI0 TIEPETBOPIOBaYa IMOCTIMHOTO CTPYyMY J03BOJISIE€ 3a0€3MEYUTH HEOOXiaH1
3HAYEHHS TOYHOCTI BUPIBHIOBaHHS HANpPyT'W HAa KOMIPKax TaKOro MOMAYJIO 332 YMOB
IMIYJIBCHOTO CIIOKMBAHHS CTPYMY HaBaHTAXKEHHSI.

I[IpakTuyHe 3HAaYeHHs. TeopeTWyHI pe3yabTaTH JOBEICHO O piBHS
OPaKTHYHOTO 3acTocyBaHHS. Po3po0ieHo Ta BUIpoOyBaHO MPOTOTHII MIEPETBOPIOBaYA
riOpuHOTO €MHICHOTO HakomudyBada eHeprii. B  pesyapTari  mociikeHb
3alPOIIOHOBAHO CXEMH IMEePETBOPIOBAYIB JUIA PO3MOAUTY €HEprii MiX €MHICHUMH
HAKOMMYyBauaMU EHEprii, II0 J03BOJISIE PO3MMPUTH (YHKLIOHATBHI MOKIUBOCTI
TaKUX HAKOMWYYBadiB TPH IMITyJbCHOMY €HEpPrOCIOKMBAHHI BHUCOKOI MOTYXHOCTI.
Po3po6iieH0 MIKpOMpPOIECOPHY CHCTEMY KEepyBaHHS IMEpPETBOPIOBaYEM TiOpUIHOTO

€MHICHOT'O HAKOTINYYBaua, sKa J03BOJIsA€ 3a0€3MeUnTH MOXUOKY PEryIIOBaHHs HAIPYTH
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CK ue ripme 5% ta ctpymy Ab Ha HOMiHATBPHOMY PiBHI 3 MOXUOKOFO HE Tipie 15% mixa
yac mnpouecy 3apsay CK Ta IMIOyJbCHOMY CIIO)KMBAHHI CTyMY HAaBaHTaXKCHHSI.
Po3pobiieno nporpamMuuii KoA, sIKAA peani3ye 3aporOHOBAHUN alrOPUTM KEPyBaHHS
IEPETBOPIOBAYEM TOPUAHOIO EMHICHOTO HaKOIIMYyBaya.

KurouoBi ciioBa: neperBoproBau enektpoeneprii, SEPIC, ribpuanuii emHicHUIA
HAKOMMYYyBay, aKyMyJIsITOpHA OaTapesi, CylepKOHAEHCATOP, IMITyJIbCHE HABAHTAXEHHSI,

KOHTaKTHE MIKpPO3BapIOBaHHSI.



SUMMARY

Yu. Kozhushko. Power Converters of Hybrid Energy Storage Systems for Pulsed
Load Applications. — Qualifying scientific work, the manuscript.

Thesis for the degree of Philosophy Doctor, in specialty 171 - Electronics. —
National Technical University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute",
Ministry of Education and Science of Ukraine, Kyiv, 2021.

The vast majority of portable devices and systems have complicated and
nonlinear power consumption characteristics. The power supplies of these devices and
systems, as well as the energy storage of the Microgrid and wind or solar power
generation, have to provide average and peak load power, required weight and size, high
energy efficiency. Various battery types are typically utilized in these power supply
systems due to the high energy density of the cell. However, the high peak load current
that is significantly greater than the nominal battery discharge current could lead to
battery life cycle reducing and deteriorating cell characteristics. The hybridization of
high power density storage and high energy density storage could be an effective
solution to the problem of power supply portable devices and energy storage in
Microgrid, solar and wind energy systems.

Thus, the implementation of hybrid energy storage systems based on batteries and
supercapacitors for self-contained power supplies and portable systems is becoming a
new promising research field in recent years. Another perspective area of battery
supercapacitor energy storage application could be power supplies of a micro resistance
welding equipment, that also have pulsed power consumption. Energy storage that is
simultaneously characterized by high power and energy density is required for micro
resistance welding power supplies based on capacitive discharge topology. Auxiliary
DC-DC power converters are used for energy distribution between battery and
supercapacitor. This work focuses on the DC-DC converter of hybrid energy storage
that is used in a system with pulsed current consumption on the example of welding
current for micro resistance welding technology.

The first section presents the analysis of pulse current characteristics during the
welding process. Also, this section briefly reviews the energy characteristics of different

types of energy storage cells, which demonstrates that the batteries are characterized by



high energy density, while high power density is typical for supercapacitors. The
overview of equivalent models of the battery and supercapacitor, that are used for
operation simulation of energy cells in power electronics circuits is presented. The first
order equivalent model of battery and supercapacitor allows simulating cells behavior
for analysis in energy storage systems. The comparative analysis of passive, semi-active
and active topologies of hybrid energy storage systems and application features is
presented in the first section.

The results of the literature review that focused on energy storage systems based
on battery and supercapacitor have shown that the designing of a DC-DC converter for
hybrid energy storage is an essential and relevant task nowadays. The first section is
concluded with the list of main objectives of the present research.

The second section presents the characteristics of the systems with pulsed current
consumption. To ensure efficient operation of the power supply of such systems, the
peak power should be provided by storage with a high-power density, while the average
power should be provided by storage that characterized a high energy density. The
mathematical model of the battery supercapacitor hybrid energy storage with DC-DC
converter is obtained, which operates in the continuous and discontinuous current mode
based on state space averaging method. A simplified mathematical model of the
converter is obtained. This model allows reducing differential equations system order
due to the replacing supercapacitor in steady-state mode to an equivalent voltage source.
The obtained mathematical models are used to design the required control system of the
DC-DC converter for the hybrid energy storage. Hence, the third section presents a
cascade control system that provides simultaneous regulation of the battery discharge
current and the supercapacitor terminal voltage. The stability analysis of the proposed
control system is carried out based on Kharitonov's method. The analysis results show
that the presented battery-supercapacitor hybrid energy storage system is stable despite
the variations of the components parameters within the tolerance region and for a wide
range of anticipated loads.

The fourth section is focused on the energy efficiency analysis of the DC-DC
converter for hybrid energy storage. The efficiency plot as a function of the load current

and plot of the entire power loss as a function of the switching frequency are obtained.
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Also, the fourth section presents a voltage equalization system of the supercapacitor
module cells, that allows providing voltage cell regulation with a given accuracy
regardless of the state of charge of other module cells.

In the fifth section, the proposed hybrid energy storage system with a DC-DC
converter is verified by means of simulations and an experimental sample. The designed
prototype allows to experimentally test the operation of the DC-DC converter and
control system during the consumption of pulsed power while the micro resistance
welding process.

Thus, this work focused on the solving actual task of the developing the design
theory of DC-DC converters of the hybrid energy storage, that are used in systems with
pulse current consumption. The obtained scientifically substantiated results are
important for the design of the power supplies based on battery supercapacitor hybrid
energy storage for the systems with pulsed load current.

Novelty of the obtained results:

1. The topology of a battery supercapacitor energy storage has been improved
by means of a DC-DC converter, which allows extending the functionality of such
energy storage in systems with pulsed load current consumption.

2. The mathematical model of a battery supercapacitor hybrid energy storage
with a DC-DC converter that considers the components parasitic parameters and
variations of the component parameters within the tolerance region has been proposed.

3. The simplified mathematical model of the battery supercapacitor energy
storage with DC-DC converter, that due to reducing the number of passive components
of the topology allows reducing differential equations system order and simplifies the
analysis of the system accordingly.

4.  The method of regulator synthesis based on Kharitonov's method, which
considered the tolerance parameters of the components and allows to analyze the
stability of the system in a certain range of allowable values of the model parameters
has been improved.

5. The voltage equalization system of the supercapacitor module cell of

hybrid energy storage, that due to utilizing a DC converter allows providing the
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necessary values of the accuracy of cells voltage equalization of the module during pulse
current consumption has been proposed.

The practical importance. The theoretical results could be practically
applicable. The proposed prototype of the hybrid energy storage system with a DC-DC
converter is experimentally verified. As a result of the work, a schematic of the DC-DC
converter that is applied for energy distribution between battery and supercapacitor is
proposed. The DC-DC converter allows extending the functionality of such hybrid
energy storages, which is used in systems with high current pulse load. A
microprocessor control system of the DC-DC converter for hybrid energy storage is
designed. The proposed control system allows ensuring the uncertainty of the
supercapacitor voltage regulation is not worse than 5% and the battery discharges
current regulation at the nominal value with uncertainty not greater than 15% during the
supercapacitor charging process and consumption the pulse load current.

Keywords: DC-DC converter, SEPIC (Single Ended Primary Inductance
Converter), hybrid energy storage systems, battery, supercapacitor, pulse load, micro

resistance welding.
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