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2. Bidirectional semiconductor converters for energy storage systems with enhanced output voltage quality

Pedepar:

1. lucepTaliis mpucBsYeHa IMiBUIEHHIO e(peKTUBHOCTI JBOHAIPABIEHUX HAMIBIIPOBIJHUKOBUX MTEPETBOPIOBAYiB
IJ1 CUCTEM HaKOIUYEHHSI €Heprii. AKTyasIbHICTh pOO0THA 06YMOBJIEHA PO3BUTKOM TE€XHOJIOTIN HAKOIIMYEHHS
€Heprii, 3pOCTaHHSIM POJIi BiIHOBJIIOBAHUX [KEPEJI Ta MOTPEOOIO B ONITUMMIi3allii IPOLeCiB IepeTBOPEHHS.
JIBoHampaBJsieHi IepeTBOPIoBayi 3a6e31e4yloTh CTabiIbHICTh HAIIPYT'U Ta €HeprobaaHc y Mepeskax 3 BUCOKOIO
yacTkoio BJIE. Kto4oBi 3aBgaHHS IIpy po3po0lii JBOHAIIPaBIEHUX [I€PETBOPIOBAYiB — MiHiMi3allis eHepreTUYHuX

BTpPAaT, [IOKpalll€HHSI SIKOCTi €JIEKTPUIHUX napaMGTpiB, d TaKOX IIPUCKOPEHHSA Ta 30C€MEBTICHHS BIIPOBAIPKEHHA



HOBUX pillleHb. Y POOOTi yJOCKOHAIEHN IPUHLIUI TIOOYI0BY IBOHAIIPABJIEHOTO [1€PEeTBOPIOBAYa 3 BUKOPUCTAHHSIM
TOII0JIOTii ACUMETPHUYHOTO iHBEpTOpa 3 MarHiTO3B 1I3aHUMU JPOCEJISIMY, SIKUIA, Ha BIIMIHY Bin icHyI04MX,
nepenoayae BBeIEHHS JOJATKOBOTO Ipocesis, 1o J03B0JIsl€ 3HAYHO 3MEHIIUTY LUPKYJISILiHI CTpyMHU i IOB'3aHi 3
HVMUY BTPaTH NOTYKHOCTI. 3aIIPOIIOHOBAHA TOIOJIOTISI HE IOTpebye nay3 MiX IepeMUKAHHSIMU TPAaH3UCTOPIB, 10
Ijae 3MOTY IpalloBaTU Ha BUCOKIl YaCTOTi 11 36epiraTu sIKiCHi BUXiHi mapameTpu, OGHOYACHO 3MEHIIYIOUN
MacorabapuTHi XapaKTepUCTUKU. PO3po6ieHO HOBI aHAIITUYHI MOZeJsli aCUMeTPUYHOTro iHBepTOpa 3
MAarHiTO3B'sI3aHUMU IPOCEJISIMU [IJ11 CUCTEM HAaKOIIMYEHHS €HEPrii, 110 J03BOJISIIOTH LIe Ha eTalli IPOEKTYBAaHHS
BpaxyBaTU 3aMo6iraHHs UUPKYJSLiMHAM CTPyMaMm, Ha BiIMiHy Bif Bitomux mogesneil. Bnepie po3po61eHo MOAeb
mepeskesoro lIIM-iHBepTOpa 4K HeJiHINHOI iIMITy/IbCHOI CUCTEMU 3 JUCKPETHUM KEPYBaHHSIM, [I€ 3aMiCTb
KJIACUYHUX ITiXOiB 3aCTOCOBAHO YaCTOTHUI KpUTepill cTilikocTi, MogudikoBanuii Haiiksict, nsis inBepropa 3 LC-
(dinbTpOM Ipyroro nopsaxy. Lle o3Bosisie TOUHO BUSHAYUTYU IPAaHNWYHI 3HaUY€HHSs! KoeillieHTHU MiICUJIEHHS Ta
BiJHOCHOI 4aCTOTHU IlepeMUKaHHS 17151 3abe31edyeHHs a6COMIOTHOI CTIMKOCTI, 110 CyTTEBO MiIBUIIYE TOYHICTD
IIPOEKTYBaHHS CUCTeM KepyBaHHs. Po3po6yieHO HOBe aHaJIiTUYHE CIIiBBiTHOIIEHHS, 1110 [10B’S13y€ TTIMOUHY MOIYJIsLi]
Ta BiZIHOCHY I1IOXMOKY Bil MOAYJISLIIHUX CIIOTBOPEHD i3 KoeillieHTOM rapMOHIK y BUXIiJIHi{l HanIpy3i iHBepTopa 3
LC-¢inbTpom i Ha BiAMiHY Bif iCHyIOuMX NigXOiB, SIKi Iepen6ayaloTh CleKTpalbHU po3kiaf [IIM-curuany B psig,
dyp’e, 32 yMOBU Masiux rapMOHIK Ta e(peKTUBHOT0 QibTPyBaHHS, KOJIM BiIHOCHA [10XMOKA PAKTUYHO JAOPIBHIOE
KoediljieHTy rapMoHIK, 1110 103BOJISI€ KiJIbKiCHO OLIIHUTHU CIIEKTPaJIbHi CIIOTBOPEHHS HA OCHOBI napamertpis IIIM 6e3
poskiany B psg Oyp'e i 3abe3nednTy aHaNITUYHE OO PYHTYBAHHSI KPDUTEPIiiB IPU NPOEKTyBaHHI QibTPiB 3rilHO 3
O0OMEXKEHHSIM JIOIIyCTUMOrO KoedillieHTa rapMOHIYHUX CIIOTBOPEHB. Y N1epHIOMY PO3[ili BAKOHAHO aHaJIi3 CTPYKTYp
IIBOHAIMPaBJIEHUX HAaIliBIIPOBiTHUKOBUX IIE€PETBOPIOBAYIB Ta iX MOPiBHSAHHS 32 €(DEKTUBHICTIO, CKIAHICTIO
KEepyBaHH4 M SIKiCTIO BUXigHUX nTapameTpiB. [IokazaHo noTpedy y pillleHHSX, He 0OMEKEHUX 10 YaCTOTi
IIEPEMUKAHHS Yepe3 BifICYTHICTb HACKPI3HUX CTPYMIB, 110 [03BOJIsSI€ PO3MMPUTH Jialla30H PEryyloBaHHS 6e3 rays3
MiX ITIepeMUKaHHSIMU. Y IPyroMy po3ziyi po3po6yieHo Ta AOCiIPKeHO JBOHAIIPaBJIeHNIl TepeTBOPIOBaY 3
BAKOPHMCTAHHSIM TOIIOJIOTii aCMMETPUYHOTO IHBEPTOPA, 30ATHOrO IpauoBaTH sK y pexxumi DC-DC, tak i DC-AC
nepeTrBopeHHs. OCO6IMBICTIO 3aIIPOIIOHOBAHOI CXEMU € BUKOPUCTAHHSI JIMLIE IBOX CUJIOBUX KJIIOUiB 6€3
IIOCJIiJOBHOTO 3'€IHAHHSI TPAH3UCTOPIB y (a3HUX I171€4aX, 110 MOBHICTIO yCyBae HACKPi3Hi CTPyMU, LUPKYII0I0YU
CTPYMHU Ta 3HIKY€E BTPATH Ha 3BOPOTHE BiIHOBJIEHHS 3aBJISKU 3aCTOCYBAHHIO 30BHIIIHIX MBUAKOLIIOUNX Ni0iB.
[To6GymoBaHO aHAITUYHY MOZENb IEPETBOPIOBAYA 3 MAarHiTO3B I3aHUMMU JIPOCEJISIMU, HA OCHOBI SIKOi 3aIIPOIIOHOBAHO
METOJIMKY PO3paxyHKy apaMeTpiB 1715 3a6e3Me4eHHs ePeKTUBHOI POOOTH IIPUCTPOIO B CUCTEMAX HAKOIIMYEHHS
eHeprii. BCcTaHOBJIEHO YMOBH, 32 SIKUX LUPKYJIALiNAHI CTPYMU Y CX€Mi BiiCyTHi. JJOCIIiIPKEHO BIIJIMB JOAATKOBOTO
Ipocesisl Ha OOMEeXXEHHS LUPKYJISILiHUX CTPYMIB, BTpaTH Ta BUBEIEHO 3aJIEXKHICTb MK HaIlpyroo i
ingykTHBHICTIO. TakoX [IOBeEHO, 10 NePEeTBOPIOBAY MOXKE MPALI0BAaTU B PEXKUMI IEPEPUBYACTOI IIPOBITHOCTI
He3aJIeKHO Bifl PiBHS MarHiTHOTO 3B’13KY, 110 3MEHIIye JMHAMIuHi BTpaTy i MifBuUIlye e(peKTUBHICTb Ha BUCOKUX
yacTtoTax. Y TpeTbOMY PO37iJi IpOBeeHO aHasli3 BIIJIMBY IlTapaMeTpiB KepyBaHHs Ta BUxigHoro LC-¢inpTpa Ha
SKIiCTb HaIlpyTHy, o GOPMYEThCS JBOHAINIpaBIeHUM nepeTBopioBayeM DC-AC B pexXuMi iHBEPTOpa, 30KpeMa Ha
piBE€Hb TapMOHIYHUX CIIOTBOPEHD. 3alIPONIOHOBAHO AHAJIITUYHY MOJEJIb J1 OLiHKY Koe@illieHTa rapMOHIK Ha
OCHOBI MOy ISALIIMHOI TOXNOKY, 10 CIIPOLIYE PO3PaxXyHOK (isibTpa Lie Ha eTarli IPoeKTyBaHHs. [HBepTop
POBIJISIHYTO $IK IUCKPETHY iMIIyJIbCHY HEJiHiHY cucTeMy, s 1Koi po3pobsieHo MogudikoBaHMI KpuTepii
HariksicrTa, 110 103BOJISIE BUBHAYUTH YMOBU a0COJIIOTHOI CTIMKOCTI CUCTEMU KEPYBaHHSI 3aJI€XKHO Bif KoedillieHTa
HicUIeHHS Ta YaCTOTH NepeMUKaHHs. BCTaHOBJIEHO iX rPaHUYHI 3HAYEHHS /171 30€PE>KEHHS CTIMIKOCTi IpY 3MiHi
HaBaHTakeHHsI. [IpoBeieHO MOPiBHAIBHUI aHami3 dinbTpallii B pexkumax HerepepBHOi Ta IepepuBYacTol
IIPOBiHOCTI [/ OLiHKY BIJIUBY Ha CIIEKTP CIIOTBOPEHb Ta CTPYKTYPY MOIYJISLIMHUX FapMOHIK. Y Y4ETBEPTOMY
PO37iJi BUKOHAHO €KCIIEPUMEHTA/IbHY IIEPEBipKY PO3PO06JIEHNX CXEMOTEXHIUHUX i TEOPETUYHUX pillleHb HA MaKeTi

IBOHAIIPABJIEHOTO NIEPETBOPIOBAYA 3 TOIOJIOTIEI0 AaCUMETPUYHOTO iHBepTOpA.

2. This dissertation focuses on enhancing the efficiency of bidirectional semiconductor converters for ESS. The
relevance of this research is driven by advancements in energy storage technologies, the growing prominence of
renewable energy sources (RES), and the imperative to optimize energy conversion processes. Bidirectional
converters are crucial for ensuring voltage stability and power balance in grids with a high penetration of RES. Key



challenges in the development of these converters include minimizing energy losses, improving electrical
parameter quality, and accelerating cost-effective implementation of new solutions. This work refines the design
principle of bidirectional converters by employing an asymmetric inverter topology with magnetically coupled
inductors. Unlike existing designs, this approach introduces an additional inductor, which significantly reduces
circulating currents and associated power losses. The proposed topology eliminates the need for dead-time
intervals between transistor switching events, enabling high-frequency operation while maintaining high-quality
output parameters and reducing the overall size and weight. Novel analytical models for the asymmetric inverter
with magnetically coupled inductors in ESS have been developed. These models allow for the prevention of
circulating currents during the design phase, a significant improvement over conventional models. Furthermore, a
grid-tied PWM inverter is modelled for the first time as a nonlinear pulsed system with discrete control. This
model utilizes a modified Nyquist frequency stability criterion for an inverter with a second-order LC filter,
deviating from classical approaches. This innovation enables precise determination of the gain and relative
switching frequency limits to ensure absolute stability, thereby substantially enhancing the accuracy of control
system design. A new analytical relationship is established, linking modulation depth and relative error from
modulation distortions to the harmonic content in the output voltage of an LC-filtered inverter. Unlike existing
methods that rely on Fourier series decomposition of the PWM signal, this approach, assuming low harmonics and
effective filtering (where relative error is practically equal to the harmonic content), allows for the quantitative
assessment of spectral distortions based on PWM parameters without Fourier series expansion. This provides an
analytical basis for designing filters in accordance with permissible harmonic distortion limits. Chapter 1 analyses
bidirectional semiconductor converter structures, comparing efficiency, control complexity, and output parameter
quality. It highlights the need for solutions not limited by switching frequency due to shoot-through current
absence, expanding control range without dead-time. Chapter 2 details the development and investigation of an
asymmetric inverter bidirectional converter, capable of both DC-DC and DC-AC conversion. A key feature is using
only two power switches, eliminating shoot-through /circulating currents and reducing reverse recovery losses via
external fast-recovery diodes. An analytical model with magnetically coupled inductors forms the basis for
parameter calculation for efficient ESS operation. Conditions for absent circulating currents are established. The
additional inductor's influence on limiting circulating currents and losses is investigated; voltage /inductance
relationships are derived. It's also proven the converter can operate in discontinuous conduction mode regardless
of magnetic coupling, reducing dynamic losses and enhancing high-frequency efficiency. Chapter 3 analyses
control parameters and output LC-filter impact on DC-AC converter voltage quality in inverter mode, focusing on
harmonic distortions. An analytical model for harmonic content based on modulation error simplifies filter
calculation. The inverter is treated as a discrete pulsed nonlinear system; a modified Nyquist criterion is developed
to determine absolute stability conditions. Limiting values for stability under varying loads are established. A
comparative analysis of filtering in continuous/discontinuous conduction modes assesses distortion spectrum
impact. Chapter 4 presents experimental validation of the developed circuit and theoretical solutions using an
asymmetric inverter topology prototype.
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