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

Pedepar:

1. lnceprauist NpUCBsAY€HA MiABULEHHIO €(PEeKTUBHOCTI ABOHANPABJIEHNX HAMiBIPOBiIHUKOBUX I1€PETBOPIOBAYIB
IJIS CUCTEM HaKOIMYEHHs eHeprii. AKTyasbHICTh pO60TH 00YMOBJIEHA PO3BUTKOM TE€XHOJIOTIN HAKONIMYEeHHS
€Heprii, 3poCcTaHHsIM POJIi BiIHOBJIIOBAaHUX JXKEPeJI Ta MOTPEOO0I0 B ONITUMI3allii IpolieciB IepeTBOPEHHS.
JIBOHampaBJieHi IEPETBOPIOBAYi 3a0€31€4yI0Th CTabIbHICTh HAIIPYTU Ta €HEeprodajaHC y MepeXkax 3 BUCOKOIO
yacTtkoio BIIE. Kio4oBi 3aBIaHHS Ipy po3po61ii JBOHAIIPABIEHNX [1ePETBOPIOBAYiB — MiHiMi3allis eHepreTUYHuX
BTPAT, IOKPAIlEHH IKOCTi €JIEKTPUYHUX [TAPAMETPIB, & TAKOK IIPUCKOPEHHS Ta 3[ELIEBIEHHS BIIPOBAJIKEHHS
HOBUX pillleHb. Y pOOOTi yIOCKOHAJIEHUH IPUHLIMI 10OYI0BU JBOHAIPABJIEHOTO IEPETBOPIOBAYA 3 BUKOPUCTAHHSIM
TOTIOJIOTii aCUMETPUYHOTO iHBEpTOpa 3 MarHiTO3B 13aHUMU JPOCEJISIMY, SIKWI, HAa BiTMIiHY Bin icHyI04MX,

nepenbayae BBeI€HHS JOJATKOBOTO IpOCeis, 0 J03BOJIsI€ 3HAYHO 3MEHIINTH LMPKYJISILiNHHI CTPyMHU i IOB'sI3aHi 3



HVMUY BTPaTH NOTYKHOCTI. 3aIIPOIIOHOBAHA TOIOJIOTIS HE IOTpebye nay3 MK IepEeMUKAHHSIMU TPaH3UCTOPIB, 10
Ila€ 3MOTy IpallloBaTy Ha BUCOKIM 4acTOTi i1 36epiraTy sIKiCHi BUXiZHI IapamMeTpy, OJHOYaCHO 3MEHIIYIOUN
MacorabapuTHi XapakTepuCTUKU. Po3po6sieHO HOBI aHAMITUYHI MOJIeJli aCUMETPUYHOTO iHBEpTOpa 3
MAarHiTo3B'sI3aHUMU APOCEJISIMU J1J11 CUCTEM HaKOIIMYEHHS €Heprii, 110 J03BOJISIOTh 1€ Ha eTarli IPOeKTyBaHHS
BpaxyBaTU 3aMo6iraHHs UUPKYJISLiMHAM CTPyMaMm, Ha BiIMiHy Bif Bitomux mogesneil. Bnepie po3po61eHo MOAeb
Mepexesoro LIIIM-iaBepTopa SIK HesiHINHOI iIMITYJIbCHOI CUCTEMU 3 IUCKPETHUM KEPYBAHHSM, i€ 3aMiCThb
KJIACUYHUX MiJXOMiB 3aCTOCOBAaHO YaCTOTHUI KpUTepill CcTilKoCTi, MopudikoBaHuil HaliksicT, 1715 inBepTOpa 3 LC-
(inbTpOM Ipyroro nopsaxy. Lle no3Bosisie TOUHO BUSHAYUTY IPAaHNYHI 3Ha4€HHS KOeillieHTHU MiICUIEHHS Ta
BiJHOCHOI 4aCTOTH IlepeMUKaHH4 17151 3abe3redyeHHs abCOMIOTHOI CTIMKOCTI, 110 CyTTEBO MifBULIYE TOYHICTD
IIPOEKTYBaHHS CUCTEM KepyBaHHs. PO3p0o06sieHO HOBE aHaJIiTUYHE CIIiBBiJHOIIEHHS, 1110 [10B’S13y€ TTIMOUHY MOIYJIsLi]
Ta BiIHOCHY NIOXUOKY Bil MOAYJISILITHUX CIIOTBOPEHD i3 KoedillieHTOM rapMOHIK y BUXIiJIHi/l HAanIpy3i iHBepTOpa 3
LC-dinbTpom i Ha BinMiHy Bif iCHyIOUMX MiAX0MiB, SIKi IepenbdavaoTs crieKTpanbHuN poskiaz IIM-curnany B psj,
dyp’e, 32 yMOBU Masiix rapMOHIK Ta e(peKTUBHOro QibTPyBaHHS, KOJIM BiIHOCHA [10XMOKa NPAKTUYHO AOPiBHIOE
KoediljieHTy rapMoHiK, 1110 103BOJISI€ KiJIbKiCHO OLIIHUTHU CIIEKTPaJIbHi CIIOTBOPEHHS Ha OCHOBI apameTpis IIIM 6e3
poskiany B psn Oyp'e i 3a6e3neunTy aHaMiTUYHE OOIPYHTYBaHHS KPUTEPIiB ITPU IPOEKTYBaHHi (isIbTPiB 3rifiHO 3
0OME>KEeHHSIM JOIyCTUMOTO KoedillieHTa TapMOHIUHMX CIIOTBOPEHbD. Y IIEPIIOMY PO3iji BAKOHAHO aHali3 CTPYKTYP
IIBOHAIPaBJIEHUX HaIliBIIPOBiIHUKOBUX I€PETBOPIOBAYIB Ta iX MOPiBHSAHHS 32 €(DEKTUBHICTIO, CKIAHICTIO
KEePyBaHH4 U SIKiCTIO BUXigHUX NTapameTpiB. [IokazaHo noTpedy y pillleHHSX, He OOMEKEHUX I10 YaCTOTi
IIEPEMUKAHHS Yepe3 BifICYTHICTb HACKPi3HUX CTPYMIB, 110 03BOJIsSI€ PO3MMPUTH J1ialla30H PEryI0BaHHS 6e3 rays3
MDX NepeMuKaHHSIMU. Y Apyromy po3fiji po3po6JieHo Ta NOCiI>)KeHO ABOHANPaBIeHUI IIepeTBOPIOBaY 3
BAKOPUCTaHHSIM TOIIOJIOTiI aCMMETPUYHOTO IHBEPTOPA, 34ATHOrO IpauoBaTu K y pexxumi DC-DC, tak i DC-AC
nepetrBopeHHs. OCOOIMBICTIO 3aITPOIIOHOBAHOI CXEMU € BUKOPUCTAHHSI JIMLIE IBOX CUJIOBUX KJIIOUiB 6€3
[IOCJIiIOBHOTO 3'€JHAHHS TPAaH3UCTOPIB y (pa3HUX IjIedax, o [IOBHICTIO yCyBae HACKPi3Hi CTPyMHU, LUPKYJIIOIYU
CTPYMHU Ta 3HMKY€E BTPATH Ha 3BOPOTHE BiIHOBJIEHHS 3aBIISKN 3aCTOCYBAHHIO 30BHIIHIX MBUAKOMIIOUNX Ni0iB.
[To6ymoBaHO aHAIITUYHY MOZEJb IEPETBOPIOBAYA 3 MAarHiTO3B I3aHUMU JIPOCEJISIMU, HA OCHOBI SIKOi 3aIIPOIIOHOBAHO
METOJIMKY PO3PaxyHKy apaMeTpiB 17151 3a6e31e4eHHs ePeKTUBHOI POOOTH NIPUCTPOIO B CUCTEMAX HAKOIIMYEHHS
eHeprii. BCTaHOBJIEHO YMOBH, 3a SIKUX LUPKYJISLINAHI CTPYMU Y CXeMi BiiCyTHi. JJOCIIiIPKEHO BIJIMB JOAATKOBOTO
Ipocesisl Ha OOMEXEHHS LUPKYJISIIHUX CTPYMIB, BTpaTH Ta BUBEIEHO 3aJIEXKHICTh MK HaIlpyroo i
iHOYKTUBHICTIO. TakoX JOBEAEHO, 110 IEPETBOPIOBAY MOJKE MPALIOBATH B PEXXMMI II€PEePUBYACTOI IPOBIIHOCTI
HEe3aJIeXHO Bifl piBHS MarHiTHOTO 3B’3Ky, 110 3MEHIIy€e NUHaMidHi BTpaTy U nigsuinye eeKTUBHICTh Ha BUCOKUX
yacTtoTax. Y TpeTbOMY PO37iJi IpOBeIEeHO aHali3 BILJIMBY IlTapaMeTpiB KepyBaHHs Ta BUxigHoro LC-¢inpTpa Ha
SKICTb HaIlpyTH, IO (GOPMYEThCS JBOHANIPaBIeHUM nepeTBopioBayeM DC-AC B pexxuMi iHBEPTOPA, 30KpeMa Ha
piBeHb rapMOHIYHUX CIIOTBOPEHb. 3aIIPOIIOHOBAHO AHAJIITUYHY MOJIEJIb [JIs1 OL[iHKM KoedillieHTa rapMOHiK Ha
OCHOBI MOy ISILIIMHOI TOXKUOKHY, 110 CIIPOLIy€e PO3PaxyHOK (isibTpa e Ha eTarli IPoeKTyBaHHs. [HBepTop
POBIJISIHYTO $IK JUCKPETHY iMIIyJIbCHY HEJiHIMHY CUCTEMY, [J14 IKOi po3po6sieHO MO (iKOBaHMI KpUTEPil
Hariksicra, 0 103BOJISIE BUBHAYUTH YMOBM a0COJIIOTHOI CTIMKOCTI CUCTEMU KEPYBaHHSI 3aJIEXKHO Bif KoedilieHTa
MiJCUJIEHHS Ta YaCTOTU NlepeMUKaHHS. BCTaHOBJIEHO iX rpaHUYHI 3HAYEHHS 171 36epekKeHHsI CTIMKOCTi Mpu 3MiHi
HaBaHTaxkeHHs. [TpoBeieHo MMOPiBHAMBHUI aHami3 dinbTpallii B pexkumax HerepepBHOi Ta IepepuBYacToi
IIPOBiHOCTI [1J151 OLiHKY BIVIUBY Ha CIIEKTP CIIOTBOPEHBb Ta CTPYKTYPY MOIYJISLIMHUX FapMOHIK. Y Y4€TBEPTOMY
PO37iJi BUKOHAHO €KCIIEPUMEHTA/IbHY NIEPEBIPKY PO3POOJIEHNX CXEMOTEXHIUHUX i TEOPETUYHUX PillleHb HA MAKeTi

IBOHAIIPaBJIEHOTO IIEPETBOPIOBAYA 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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