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AHHOTAIIUA

JluccepTallmOHHOE MCCIIEOBAHNUE MOCBALICHO PEHICHUI0 aKTyaJbHOW MpoOIeMbl
UHTETpalMi  OBICTPOPACTYILETO  MapKa dSJIEKTPOMOOHWIIEH B  CYHIECTBYIOIIYIO
sHeprocucteMy. OCHOBHOM BBI30B 3aKJIIOYAETCs B HEOOXOJUMOCTH CYIIECTBEHHOM
MOJIEpHHU3AIMU CETEeBOI MH(MPACTPYKTYPHI AJIs YIOBIETBOPEHUS PE3KO BO3PACTAIOIIETO
CIIpoca Ha DBJEKTPOIHEPIHI0 CO CTOPOHBI 3apANHBIX CTAaHLMU. B 3TOM KOHTEKCTE
3apAIHOE YCTPOMCTBO JIIEKTPOMOOWIII pPACCMATPUBACTCA KaK KPUTHUUYECKH BaXKHBIM
HOBBIM 3JIEMEHT JHEPTrOCUCTEMBI, BBHITIOJHSIONINN CIOXKHYI0 (DYHKIIUIO CHIIOBOTO
AJIIEKTPOHHOI0 HHTep(deiica Mex Ay aKKyMYyJISITOPHOM OaTapeel TpPaHCIIOPTHOTO CPEICTBA
Y DJIEKTPUYECKOM CETBIO.

Oco0oe BHUMaHUE ynemnsercs MpoOjeMe BBICOKOMOIIHBIX OBICTPBIX 3apsiAHBIX
YCTPOUCTB, KOTOPBIE CO3AI0T IKCTPEMAIbHBIE HATPY3KHU HA CETh B MUKOBBIE NEPHUOIbIL. B
KaueCTBE MHHOBALMOHHOI'O PEIICHMs MNpeaIaraercs KOHLENIUS IHEPreTHYeCcKOoro
y31a", NOpeAnoJiararolias HWHTErpalui0 B 3apAJHYH0 CTaHLUHUIO JOMOJHUTEIBHBIX
KOMIIOHEHTOB - CHCTEM HAKOIUICHHS JHEPrMd H JIOKAJIbHBIX TeHepaTtopoB. Jlns
peanu3alyy 3TOH KOHIIETITNH pa3padbaThiBa€TCsI MHOTOMIOPTOBBIN CUIIOBOM AJIEKTPOHHBII
UHTEp(ENC, BKIIOYAIOMIMUNA  CINEUUATU3UPOBAHHBIE TMOPTHI  JUISL  MOJKIIOYEHUS
aKKyMYJIATOpPa 3JIEKTPOMOOMIIA, SJIEKTPUUECKON CEeTH, JIOKATbHON OaTapen-HaKOMUTeNs
¥ MECTHOTO T€HEPATOPaA DHEPTUHU.

B pabotre mnoapoOHO wuccienyroTcs TpU KIIOYEBBIX Hampasienus. [lepsoe
HAIpPaBJIEHUE TOCBALICHO MHOTOMOPTOBBIM IMPE0O0pa3oBaTeNsiM 3HEPTUHU, rAe 0coboe
BHMMAaHUE  YAEJSETCAd  TONOJOTMA  MHOTOAakKTMBHOTO  Mocrta. IIpennaraercs
VHHOBAIlMOHHBIM IIOAXOJ K MOJEIMPOBAHUIO TAKUX CHUCTEM C HCIIOJIb30BAHUEM
BpAIAIOIIENCS CUCTEMBI KOOPANHAT, CUHXPOHU3UPOBAHHOM C YaACTOTOW NEPEKIIOUECHUS
npeoOpa3oBaTesi, YTO 3HAYUTEIBbHO YNPOIIAET CUCTEMBbI yIpaBieHus. TeopeTnyeckue
BBIKJIQJIKU  TOJITBEPKIAOTCA  pe3yiabTaTaMHd  YHUCIECHHOTO  MOJICJIIMPOBAHUS U
AKCIIEPUMEHTAILHBIMU  JaHHBIMM, T[OJIYYEHHBIMU Ha J1a00paTOpHOM MPOTOTHIIE

MoOIIHOCTEIO 1 KBT.
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Bropoe HampaBieHrE 0XBaTBIBACT BOIIPOCH! YIIPABJICHUS CETEBBIMA HHBEPTOPAMHU,
BKJIIOUYasi X pabOTy B pexuMe JByHANpaBiIeHHON nepenaun sHeprur. OcoOblil aKIeHT
JieJIaeTCsl Ha 0COOEHHOCTAX PadOTHI B CAOBIX CETSIX, IJI€ HHBEPTOPHI MOTYT BBHIIIOJHATD
BaXKHbIE (DYHKLIMHU IO CTA0MIIM3ALMK HAMIPSDKEHUSI U 4acTOThl. TakyKe paccMaTpUBarOTCs
METO/IbI 3aIUTHI 000PYAOBAHUS OT MEPEXOAHBIX ITPOLIECCOB.

Tperbe HanpaBiIeHUE NMOCBAILEHO AIbTEPHATUBHBIM apXUTEKTypam sl YACTUYHO
M30JINPOBAHHBIX MHOTONOPTOBBIX CHUCTEM, BKJIIOYAas PE30HAHCHbIE MpeoOpa3zoBaTelu.
IIpennararorcst HOBBIE KOHKPETHBIE TEXHUYECKUE PELICHMS, AHAIM3UPYIOTCS HX
IPEUMYIIECTBA U OTPAHUYECHUS.

Pe3ynbTaTel nccneq0BaHus UMEIOT 3HAYUTEIBHBIN MPAKTUYECKUM TOTEHINAAIT IS
CO3/1aHUS HOBOT'O MOKOJIEHMSI 3apsAHON HHPPACTPYKTYPbI, CIOCOOHOH MUHUMHU3UPOBAThH
BO3/€iicTBE Ha »Heprocuctemy. Pa3paboTaHHblE NOAXOAbBl TaK)Ke€ MOIYT HalWTH
NpPUMEHEHHE B CHUCTEMax YIPaBICHUS SHEPromnoTpeOJeHHEM «YMHBIX» 3IaHUA U

IMPOMBIINIJICHHBIX KCTOYHHUKAX 6CCHCpC60ﬁHOFO ITUTaHHA.
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ABSTRACT

This doctoral thesis addresses the critical challenge of integrating the rapidly
growing electric vehicle (EV) fleet into existing power grids. The core issue lies in the
substantial infrastructure upgrades required to meet the sharply increasing electricity
demand from charging stations. In this context, the EV charger emerges as a pivotal new
grid component, serving as a sophisticated power electronic interface between vehicle
batteries and the electrical network.

The research focuses particularly on high-power fast-charging systems that create
extreme grid loads during peak periods. As an innovative solution, the study proposes an
"energy hub" concept that incorporates additional energy storage systems and local
generators into charging stations. This approach requires developing a multi-port power
electronic interface with dedicated connections for EV batteries, grid supply, local storage
batteries, and distributed generation units.

The work comprehensively examines three key research areas. The first
investigates multi-port power converters, with special emphasis on the Multiple Active
Bridge (MAB) topology. The study introduces a novel modeling approach using a
rotational reference frame synchronized with the converter’s switching frequency, which
significantly simplifies control systems. Theoretical findings are validated through
simulation results and experimental data from a 1 kW MAB converter prototype tested in
the laboratory.

The second research area covers grid-tied inverter control systems, including
vehicle-to-grid bidirectional power transfer capabilities for both weak and strong grids.
Particular attention is given to weak grids where the inverters can provide crucial voltage
and frequency control. Weak grids are those where the inverter power capability is in the
same order of magnitude than the main generators.The study also examines protection

methods during the connection transient of inverters.
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The third area is dedicated to alternative architectures for partially isolated multi-
port systems, including resonant-link converters. The research proposes new specific
technical solutions while analyzing their advantages and limitations.

The results of the research have significant practical potential for developing next-
generation charging infrastructure capable of minimizing grid impact. The developed
methodologies could also find applications in smart building energy management systems

and industrial uninterruptible power supplies.



7

CONTENTS

INTRODUCTION.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0 11
CHAPTER 1. UNDERSTANDING THE NEED FOR FAST CHARGERS AND THE IMPACT ON

THE GRID..ceeeeeeeeeeeeccceceeesessssssssssccccsssssssssssssssscsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassans 25
1.1. IMPACT OF EV CHARGERS ON THE GRID ....cccceeteeeeneeeeeccccceccesssssssssssecccssssssssssssssssenne 25
1.1.1. PENETRATION OF RENEWABLE ENERGY SOURCE (RES) IN THE GRID.................. 25
1.1.2. GRID STABILITY evtuuuoeieieiiieiieiiiieeeeeeeeeeeeetessssaeeesseseeesssssnnnesesseessssssmnsessseseesenes 26
1.1.3. POWER BALANCE IN THE GRID ....uuiiiiiiiiiiiiiiiieeeeeeeeeeeeeeaiieeeeeeeeeeeessssannneeeeeeeeeeenes 26
1.1.4. GRID LOSSES AND LIFETIME ON COMPONENTS .......ccetttuuutiieeeeeeeeeerereineeeeeeeeeeeenns 26
1.1.5. GRID VOLTAGE AND CURRENT HARMONICS .......cuuuuurururrrrurererreersneessssnesesesesnnennnee 27
1.1.6. ADVANCED EV CHARGERS......uuuuuutuuuutuitturetesesasseesessesssereeessesssesseseeneeeeee————.. 28
1.2. TYPES OF EV CHARGERS ...cccceceerescscsssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse 2O
1.2.1. CHARGING LEVELS ACCORDING TO IEC .......cuvuiiiiiiiiiiiiiiiieiiiiiiiiieveevevvvavnaaans 29
1.2.2. AC CHARGERS VS DC CHARGERS......uuuuuuuuuuuuerueeereerresssssssssssssssssnsssnssneseessnsanenn... 29
1.2.3. MULTI-SOURCE EV CHARGERS.........uuuuuutuuuuuuueuuereererreresssssssrssssesssmeessnresnessnsa... 30
1.3. OTHER APPLICATIONS USING MULTI-SOURCE SYSTEMS ...cceeeeeeeeeeeecccecceesassssseseeneens 31
CHAPTER 2. THE MULTIPLE ACTIVE BRIDGE AS A SOLUTION FOR A MULTI-PORT
SYSTEM ..cceeeeereeeeeeeeccceccessssssssssssssccssssssssssssssssscssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssans 34
2.1. EXISTING SOLUTIONS FOR A MULTIPLE PORT SYSTEM....ccceeeeeecceceeceeeeesesssseccccssassens 34
2.2. DQ-FRAME MODELING METHOD AND CONTROL ALGORITHMS FOR LARGE NUMBER
OF PORTS IN MULTIPLE ACTIVE BRIDGE CONVERTERS ..cceeeteeeeeeeeeceeeeeeeeeeeseessasesssasssasaaes 37
2.2.1. MATHEMATICAL MODELING OF A MAB CONVERTER USING DQ-FRAME
1282030 T 2RY D3 NG 1 (0] N 37
2.2.2. CONTROL ALGORITHMS FOR MAB CONVERTERS USING DQ-FRAME
REPRESENTATION ....uiiieieeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeseseseeeseseseeesesesesssesesssesssssssssssssssesssssesenens 44
2.2.3. COMPUTER SIMULATIONS: THE QUADRUPLE ACTIVE BRIDGE (QAB): ................. 50
2.2.4. EXPERIMENTAL RESULTS: THE TRIPLE ACTIVE BRIDGE (TAB):......ccoevvenriennnnn 55
2.2.5. COMPARISON WITH OTHER METHODS FOR MULTIPLE ACTIVE BRIDGE................ 58
A T 611 1Y VN 2 TP 59
2.3. EFFECTS OF MEASUREMENT UNITS IN DECOUPLING BLOCKS ...ccceeeeeeeenaneesecccccceseens 60
2.3.1. FILTERS IN THE CURRENT-CONTROL AND POWER-CONTROL LOOPS ...........c....uu.... 60
2.3.2. EFFECTS OF THE FEEDBACK DELAYS....uuuuueiettteiiettetiieeeeeeeeereeeermneeeeeeseeeessnnnnnns 64
2.3.3. SIMULATION EXAMPLE .....uuuuieeiieiiiiieiiiiiieeeeeeeeeeeeesaasneeseseeesesassannnseesseseessssnnnnnns 65
2.3.4. PROPOSED COMPENSATION ......iiiiiiiiiiititeeeeeeeeeeteetaaaaeeeeeeeesesassannneeeseseeressnannnns 67
AR T TINY 1Y/ 18] 072N 1 (0) N 3210 6 5 1S 71
R T TN 011 1LY 7N 2 73

2.4. IMPROVEMENTS IN EFFICIENCY IN MAB CONVERTERS: THE “DUAL-DUTY”
MODULATION0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0 73

2.4.1. EXISTING SOLUTIONS FOR IMPROVING MAB EFFICIENCY ..cvunteieeeeieeeeeeeeeeeeeeeeeenns 74
2.4.2. NEW MODULATION TECHNIQUE — DUAL-DUTY ...covvtuuieeeeeieeeieeieeeeeeeeeeeeeeeeeaannnnns 76
2.3, LLOSS MODEL...c.ueeeeee et e e e e e e e e e e eeeeea e e e et e s eaaeeeanaaeaeneeeaneeeanaeeanaeeanas 82

244, SIMULATIONS ..ottt et e e e e e e e e e e e e e e e e et e e e e e e e e e e e eneeeaaaeeenaeeenns 84



2.4.5. EXPERIMENTAL RESULTS ..euuuueiiiiiiiiieittiiieeeeeeeeeeteesansnseeseseeessssssmnnneessesssssssmmnnnns 90

B ST 61\ 1LY 7N 2 TP 95
CHAPTER 3. GRID-CONNECTED INVERTER AS THE INTEGRATION BLOCK TO THE GRID
AND THE MAB CONVERTER ...ccccceeeeeeeeeeeesesesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasans 31
3.1. GRID-CONNECTED INVERTER — DESCRIPTION OF MAIN OPERATIONAL MODES ..... 97
3.2. GRID-CONNECTED INVERTER — SPACE-PHASOR MODELING ....cceeeeereeeeneeveecccceccsesees 98

3.2.1. INVERTER AVERAGED MODELING ......cuuuuuuuuuuuuuerureeussssessesssesnnsessesssesensenesesen.. 98
3.2.2. SPACE-PHASOR REPRESENTATION ......cuuuuuuuuuueueereeeresrsrsssssssssnnssssssssnssnsnsssnnsnnnne 101
3.2.3. MODELING THE INVERTER USING THE SPACE-PHASOR REPRESENTATION........... 102
3.2.4. MODELING USING ALPHA-BETA FRAME REPRESENTATION..........ccuuvuueeeeeeeeenennns 104
3.2.5. MODELING USING DQ-FRAME REPRESENTATION .....ccuuutiitiiieeeerenneeeeerenneeeeennnns 105
3.2.6. MODELING THE INVERTER USING THE DQ-FRAME REPRESENTATION.................. 106
3. 2.7 SUMMARY ..ottt oottt e e e e e e ettt e e e e e e e et e e aaa e eeeseeeeesaaranneeeeeeeeenees 107
3.3. CONTROL ALGORITHM FOR GRID-CONNECTED INVERTERS USING ALPHA-BETA
FRAME INCLUDING HARMONIC COMPENSATION ..ccceeeceeeeceeeeesessssescccccssssssssssssssssccssssssns 108
3.3.1. DESCRIPTION OF THE CONTROL ALGORITHM AND DESIGN PROCEDURE............... 108
3.3.2. MULTI-RESONANT CONTROL ALGORITHM ......cuuuuuuueerrrrureernrersssessesssnsnesesssnnnnnnnes 112
3.3.3. SIMULATION EXAMPLE — DESCRIPTION OF THE CONTROLLER DESIGN................. 113
3.3.4. SIMULATION EXAMPLE — DESIGN OF COMPONENTS (OUTPUT FILTER) ................ 118
3.3.5. SIMULATION EXAMPLE — DESIGN OF COMPONENTS (PR CONTROLLER).............. 119
3.3.6. SIMULATION EXAMPLE —RESULTS.....cuuuuuuuuuuuuuuuuerreesersssersssemessmsensesssesensennne... 121
3.3.7. SUMMARY ...ovutituuuuueruueeueeesesesessssssesssssseeeseseseeeeeeeeee........—————————.———....sm...—.———————— 126
3.4. ADAPTIVE GAINS IN CONTROL ALGORITHM FOR GRID-CONNECTED USING ALPHA-
BETA FRAME AND HARMONIC COMPENSATORS ..cceeeeeeccceeceeeeesssssssscccccssssssssssssssssccsssssans 126
3.4.1. DESCRIPTION OF THE PROBLEM — VARIABLE GRID IMPEDANCE .......coeeeeeeeeennnn. 126
3.4.2. PROPOSED SOLUTION — AUTOMATIC GAIN SELECTION .....ueviiiiiiiiiiiiiiieeeeeeeeeeennns 129
3.4.3. SIMULATION EXAMPLE — AUTOMATIC GAIN SELECTION .......ccoovviviirniieeeeeeeeeenns 130
3.4.4. EXPERIMENTAL VALIDATION — AUTOMATIC GAIN SELECTION........uuuveeeeeeeeennnns 135
3.4.5. SUMMARY ...ovuvuuuuuuuuuuueeseeesesessssssssesssssseseesseeeee.e.......——————————————...............—————————— 137

3.5. CONTROL ALGORITHM FOR GRID-CONNECTED INVERTER USING DQ-FRAME...... 138
3.5.1. MAIN DIFFERENCES BETWEEN  -FRAME AND DQ-FRAME CONTROL METHODS 138

3.5.2. SYNCHRONIZATION METHODS ....uuoiiiiiiiiiiiiiiieeeeeeeeeeeeeaaiseeeseeseeeeessssnnneeseseseeenes 138
3.5.3. MODELING OF A PHASE-LOCKED LOOP (PLL).....ccccoviiiiiiiiiieieeeeeeee e, 141
3.5.4. MODELING OF A PLL: IMPACT OF THE LINE IMPEDANCE...........ccccuuuuieeeeeeeeenennns 145
3.5.5. MODELING OF NEGATIVE FEEDBACK PHASE-LOCKED LOOP (NFPLL)............... 150
3.5.6. MODELING OF THE CURRENT CONTROL LOOP IN DQ-FRAME .....cccvvveeeriinreennnnn. 152
3.5.7. EFFECT OF PLL PHASE MISALIGNMENT IN THE CURRENT CONTROL LOOP IN DQ-
130 2N 155
3.5.8. SUMMARY ...ouuuuuuuuuuutuueeueeeeeseeetesessessseseeeeeaeeeeee......——————————————————.—..—.———....———————————— 156
3.6. VOLTAGE CONTROL LOOP AND POWER SHARING METHODS......cccceeeeeeeeeeeeeeeeeeeeees 150
3.6.1. VOLTAGE CONTROL LOOPS......uuuuuuuuuuuuuuerureruensssssssssessssssssssssssmssesesssmmsn.... 156
3.6.2. POWER CONTROL METHODS: TRADITIONAL DROOP CONTROL .......cuvvvvvvvvrrnvnnennns 161
3.6.3. INTRODUCTION OF VIRTUAL IMPEDANCE .......cuuuuuuuuuerrereeeererenssssnessssnsnnsnnnsnnsnnnne 164

3.6.4. SIMULATION OF AN INVERTER USING A POWER SHARING TECHNIQUE WITH
VIRTUAL IMPEDANCE ... et ettt eteeeeee e e e eeeeeeae et eeeeaaeeaesenasessssnasesnssenasessssnasesssenasenaseennees 164



9

3.6.5. EXPERIMENTAL VALIDATION — POWER SHARING ...c.uttuteieeeeeeeeeeeeeeeeeeeneeennaeens 168
30,0, SUMMARY eetieeiee et e e e e e e e e e e e e e e e e eaaeeaasaaaseaasenseenasensssnasenassanesesasesnaeenneeens 170
3.7. NEW ADVANCED POWER SHARING METHODS «ecceeeeceseccssccossccsssccsssssssssssssssssssssssssses 171

3.7.1. THE REASON FOR A PHASE LIMITER IN DROOP MODE POWER SHARING METHODS 171
3.7.2. MATHEMATICAL MODEL FOR ANALYSIS OF INVERTER CONNECTION PROCESS... 174

3.7.3. INTRODUCTION OF PHASE LIMITER ......uuuuuuuuuuuuuuerueueerressnesssssssmssssssssesensnnssnnsnnnes 192
3.7.4. SIMULATIONS A GRID OF TWO INVERTERS WITH PHASE LIMITERS ..........cuvvvvvenn. 195
3.7.5. EXPERIMENTAL VALIDATION.......uuuuuuuuuuuurureuuesssesssssssssesessessssssmssesssssnsensenssnnsnnn. 198
3.7.6. SUMMARY ...ouuvutuuuuuenuuenseuesssessssssssesesssseseseseeeeeeaeesese.e......—...—————————.—..n.......————————. 205
3.8. LOW-BANDWIDTH COMMUNICATION BETWEEN INVERTERS....cccceeeeeeeneeeeccccecceesens 206
3.8.1. MOTIVATION ON COMMUNICATION THROUGH POWER LINES TO ENHANCE THE
POWER SHARING METHODS ......cuuuuuuieeiiieieiitiieiieeeeeeeeeeeeassnnaeesesseeeeessmmnneeeesesesessssnnnnns 206
3.8.2. DROOP CONTROL METHOD IN NON-INDUCTIVE POWER LINES..........cooeeeeeeereerenns 210
3.8.3. VIRTUAL IMPEDANCE AS AN ADAPTIVE CONTROLLER.......cccceeeviiiiiiiiineeeeeeeeeennns 212
3.8.4. VIRTUAL IMPEDANCE AS AN ADAPTIVE CONTROLLER.......cccceeeeiiiiiiiiineeeeeeeeeennns 215
3.8.5. ANALYSIS OF THE STABILITY OF THE PROPOSED CONTROL TECHNIQUE ............. 219
3.8.6. EXPERIMENTAL VALIDATION.......uuuuuuuuuuueeuseruenssesrsssssssssesesssssssmssesesssnssesenssnnsnn. 225
3.8.7. SUMMARY ...ouuuuuuuuuuuruueeueuesesesesssssssssssssesesseeseeeeeee.ee....—.—.——————————————.—.srmrn..—.————————. 233

CHAPTER 4. PARTIAL ISOLATION: ALTERNATIVE TOPOLOGIES FOR MULTI-PORT

4.1. NON-ISOLATED MULTI-PORT CONVERTERS «eeecceeseecessecccssscscsssesssssessssssssssssssassessass 234

4.1.1. EXISTING SOLUTIONS ...uuieiiieeeieeeieeeeeeeeeeeeeeeeeeeeeeeseeeeeeeeeseeeseseseeesssssssssesessssessseens 235
4.1.2. MULTI-PORT HIGH-GAIN CONVERTER: STEADY-STATE ANALYSIS ...eeevvviivvinnnnnn. 237
4.1.3. MULTI-PORT HIGH-GAIN CONVERTER: SMALL-SIGNAL ANALYSIS AND ITS
(0[0) N 200) 5 51 23 X RO 244
4.1.4. COMPARISON ANALYSIS ottuuueeeieeieiieiitiiieeeeeeeeeeeesssnieeeesseeeerssrnnneeeseeesesssnnnnnns 249
4.1.5. SIMULATIONS AND EXPERIMENTAL RESULTS ....ccuvutuuiieeeeeeeieieriiinieeeeeeeeeeeeeennnnnns 251
4.1.60. SUMMARY ..ooovttiieeeeeeeeeeeeetee e e e e e e e et eetaeeeeeeeeeeeeeaaaaeeseseeeeeessaaannaeeeseseeesssannnnns 257
4.2. ISOLATED SERIES RESONANT DC/DC CONVERTERS — DISCONTINUOUS MODE .. 257
4.2.1. SERIES RESONANT CONVERTER FOR BIDIRECTIONAL APPLICATIONS................... 258
4.2.2. DISCONTINUOUS MODE — DISCRETE STATES ...oeiiiiiiiiiieeieeeieeeeeeeeeeeeeeeeeeeeeeeeeeeens 261
4.2.3. STEP-DOWN MODE ......ciiiiiiiiiieieeieieieieeeeeeeeeeeeeeeeeeeseeeeeeeeeseeeeeseeeeeseseessesesesessessseens 265
T BN 1 21 2 0 Y (0] ) S 268
4.2.5. DESIGN GUIDELINES ....uiiieiiiiiiiiieieeeieeeeeeeeeeeeeeeeeeeseseeeeeseseeesesesssesssssssssesessssessseens 271
4.2.6. SIMULATIONS AND EXPERIMENTAL VALIDATION .....cooiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeenns 272

4.2.7. COMPARISON OF THE STEP-UP BIDIRECTIONAL SRC WITH OTHER TOPOLOGIES . 277
4.2.8. EXTENSION OF USE OF DISCONTINUOUS MODE STEP-UP BIDIRECTIONAL SRC WITH

OTHER SEQUENCES OF STATES. ..ttttuueetttttueeeeettueeeetsueeeeesmeneseessnnnessssmmesesssmmnnseessanns 278
4.2.9. ANOMALOUS BEHAVIOR AT LIGHT LOADS .....coottiiiiuiieeeeeeeeeeeeeiiieeeeeeeeeeeeeannnnnns 281
4.2.10. SUMMARY .ootttieeeeeeeieteieteee e e e e e e e et eetaeee e e e e eeeeeeaaaaeesesseeeeesassanneeeseseeeesssnnnnns 282
4.3. ISOLATED SERIES RESONANT DC/DC CONVERTERS — CONTINUOUS MODE........ 284
4.3.1. STEADY-STATE MODELING ....eeieiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeesesesesesessseeens 284
4.3.2. SMALL-SIGNAL MODELING «...uieiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeesesesesssesesseenens 291
4.3.3. SIMULATIONS AND EXPERIMENTAL RESULTS ...ciitiiieieiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeens 294

.34, SUMMARY ..ottt e e et e e e et e e e e e e e e e e e e eaaeeeeeeaaeeeeeanaeseeennnas 301



10

4.4. ISOLATED RESONANT MULTI-PORT INVERTER .....cceeeeeeeeneneeeeccccecsesessssssssssscccssassens 302
4.4.1. RESONANT SOLUTION FOR OBTAINING A MULTIPLE PORT CONVERTER WITH AC
AND DIC PORTS ..ttt ettt e ettt e e e e e e e e et e e eeeeeeeesaaaaneeeeeeesesssnnnnnns 303
4.4.2. MULTIPLE PORT CONVERTER WITH AC AND DC PORTS — BASIC ANALYSIS ....... 304
4.4.3. CONTROL DIAGRAM ...uuiiiiiiieiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseseeeseeeseseseseseseeesseens 319
4.4.4. VOLTAGE CONVERSION RATIO.....ciiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e e e e 320
4.4.5. SOFT-SWITCHING PROCESS ....uieieieieieieeeeeeeeeeeeeeeeeieeeeeeeeeseeeeeeeeeeeeseeeeeeeeeesesesseseens 321
4.4.6. NUMERICAL SIMULATIONS ...uuiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseseeesesesesesseseseens 323
4.4.7. EXPERIMENTAL RESULTS .. .uiiiiiiiieiiieieeeiieeieeeeeeeeeeeeeeeeeeeseeeeeeeeeeeseessesssesesesesseseens 328
Y U1\ 1LY VN 2 TR 333

CONCLUSIONS .ceeeeeececeeeeeasessssssssscccscssssssssssssssssccsssssssssssssssssssssssssssssssssssssssssssssssssnssssssssss 335

PUBLICATIONS OF THE AUTHOR ON THE SUBJECT OF THE DISSERTATION ..ccceeeeeeeeneeee 338

BIBLIOGRAPHY ...ccceeeeeeeenaneeeccccccceesssssssssssssccsssssssssssssssssscsssssssssssssssssssssssssssssssssssssssssssssns 342

LLIST OF FIGURES ...cceeeeeeraneeeecccceceessessssssssssccssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasans 369

LIST OF ACRONYMS AND ABREVIATIONS ..ccceeeeeeeeeeeeccccccccssssssssssssseccesssssssssssssssscsssssans 379

ACKNOWLEDGEMENTS teeeceeecesecccssccsscssssscssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 384



11

INTRODUCTION

The relevance of the research topic is due to the increased demand on the electric
grid associated with the increased number of electric vehicles in Russia and, in general,
in the world. A fraction of fuel-based vehicles will be replaced by electric vehicles (EVs),
which will draw power from the electric grid. This will have an impact on the electric
grid consumption and it will require new infrastructure investments. In order to smooth
this transition, electric vehicles can be partially charged by local generation and storage.
Thus, the grid does not need to supply all the power directly from main power plants.

To implement this idea, local photovoltaic panels and batteries can be installed at
the point of charging and use that energy to charge the vehicle when it is needed. Thus,
multiple sources can simultaneously charge the EV through a power converter or a set of
power converters. These converters must manage power flow from different sources,
including the grid, batteries, and photovoltaic panels.

In case of using a set of two-port converters, the converters will have a common
DC link in one of their ports and the other port will be connected to the sources or loads.
Thus, one converter will be connected to the grid, one converter will be connected to the
internal batteries, one converter will be connected to the photovoltaic panels (PVs) and
another one to the vehicle to be charged. Internally, all of them must be interconnected
via a common DC link as shown in Figure 1(a). In this way, the system will need as many
converters as the number of connected sources or loads. This solution is valid but it
requires the coordination of multiple devices and an excess of components. A multi-port
converter can perform the same functions but in a single circuit which is easier to manage.
Figure 1(b) clarifies the idea of the multi-port converter and compares it with the
alternative solution which consists of a set of two-port converters. Multi-port converters
are a relatively new concept in which energy is delivered to multiple points at different
voltage and current levels.

In addition, multi-port converters can also find other relevant applications such as

uninterruptible power supplies (UPS), power electronic transformers (to connect different
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grids electronically with galvanic isolation), multiple output power supplies, (for example

in aircrafts where many voltages are needed), and hybrid energy storage systems.

Grid of isolated dual active bridge converters
PV panels » DC DClea»{ DC link
P EV
Electric grid P - -
“«—=»| AC pDC le—» |DC DC|-t—<t—DC DC |- » (a)
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Figure 1-Electric charger: (a) using 2-port converters and (b) using a MAB converter (c)
partial isolation solution based on non-isolated converter (d) partial isolated resonant
DC/AC.
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The degree of scientific development of the problem. Researchers worldwide
have been actively studying multi-port converters. These converters are becoming
relevant due to their ability of multidirectional power flow and galvanic isolation [1]. In
general, multi-port converters include converters based on transformers and other
impedance networks, such as resonant converters [2], multi-transformer converters [3],
complex impedance networks [4-6] and single multi-winding transformer-based
converters [7, 8]. Converters based on transformer are attractive because of the implicit
galvanic isolation between ports. High-frequency (kHz range) transformers allow
galvanic isolation between ports, however, they should be carefully designed in order to
keep parameters such as its magnetizing inductance and leakage inductances under design
requirements [9].

Among multi-port converters, multiple active bridge converters or MAB converters
are particularly of interest due to the fact that they require the minimum number of passive
elements and a moderate number of active elements such as electronic switches (bipolar
junction transistors, MOSFETs, IGBTs or others). A general MAB converter is shown in
Figure 2, where each DC port is connected through a DC/AC bridge, which, in general,
can be a half-bridge, a full-bridge, Neutral Point Clamped (NPC) DC/AC, T-type DC/AC
and even three-phase configurations. Each solution for the bridge allows different number
of output levels. A half-bridge allows 2 levels, a full-bridge allows 3 levels and the others
more but require more components. Each type of bridge has its benefits and drawbacks.
This research work is focused on MAB converters based on a single multi-port
transformer connected to several full-bridge DC/AC stages. However, the same proposal
can be applied to any other type of MAB converters. In Figure 2, the version of four ports

is presented, however, the number of ports is arbitrary and depends on the application.
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Figure 2—Example of a MAB converter: QAB (quad-active bridge) power stage

diagram, which can be easily extended to a larger number of ports.

MAB converters can be seen as an extension of dual active bridge (DAB)
converters [10] in terms of DC/AC bridges, the transformer as the element to transfer the
energy and the modulation techniques. DAB converters are extremely useful in systems
which need to be isolated from the grid, so the isolation can be performed using small-
size high-frequency transformers. The main method to transfer the energy from one port
to the other one is based on a phase shift modulation between the two ports, also known
as single-phase-shift (SPS) [10]. The technique is commonly used for transferring power
in electric grids, where the phase difference between ports is a function of the amount of
transferred power. This modulation works well if the voltages at each port are similar,
however, if the voltage at the ports are able to vary, the efficiency droops drastically due
to the excessive reactive power involved. This happens typically for battery or
supercapacitor charging/discharging processes, where the voltage is a function of the state
of charge [11, 12].

The first MAB converter was the triple active bridge (TAB) converter [13-15]
introduced by Zhao, Kolar in 2004. It provides good efficiency, bidirectional power
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flow and galvanic isolation. The TAB suffers from coupling effects between ports,
meaning that delivering power from port 1 to port 2 might have some power delivery to
port 3. This coupling effect should be minimized by advanced control methods in which
the phase modulation should be accurately selected in order to keep the power flow in the
desired direction cancelling any non-desired direction.

For that reason, Zhao, Kolar have proposed a decoupling method for TAB
which allows to control the power in each port independently based on phase shift
modulation [12]. The method is attractive but it has some limitations: it is difficult to
extend it to a larger number of ports and it does not include the transformer dynamics
[14]. The phase shift modulation to control power transfer [15-16] is simple, but it has
some drawbacks, such as recirculating currents which increase the losses particularly
when DC voltages at the ports should vary. This structure and control method have been
used in certain applications such as solid-state transformers [14, 17], multi-port DC/DC
converters for medium voltage DC grids [18], aircrafts [19] and electric vehicle chargers
[20].

Recently, modern techniques were proposed to extend TAB converter’s control to
a larger number of ports and to minimize the DC current recirculation. The phase shift
methods produce an excess of reactive power in the transformer which results in extra
losses at low power transfer, thus a phase shift with duty cycle modulation were proposed
in [7, 21]. There, the duty cycle is selected for increasing the efficiency [7]. However, this
problem is non-linear and it is difficult for real-time calculations. Therefore, tables for
selecting the proper duty cycles were obtained based on desired DC currents. However,
as the number of ports increases, the table sizes increase dramatically, so this method is
hard to scale for a larger number of ports. Furthermore, this method neither includes the
voltage dependence on DC ports nor the transformer dynamics.

Using Fourier decomposition allows to compute active and reactive power inside
the converter (in the transformer ports) [22, 23] and this can be used to select the proper
duty cycles. Resonant techniques were also explored in [2], however these techniques are

too complex to extend them to a large number of ports.
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Related to transients and dynamic performance of the MAB converter, authors from
[7] claim that the transformer dynamics are always at a frequency close to the switching
frequency, so they can be neglected. However, to have good efficiency and control of the
power flow using phase shift, the reactance-resistance ratio (X/R) in each port should be
large. As the ratio increases, the winding time-constant increases as well. Thus, the
transformer dynamics can affect the plant and must be taken into account, otherwise the
control bandwidth should be limited. This aspect was not explored yet, and it is one of
the novelties of the presented work. The research work will allow the multiple active
bridge converter to work with variable DC sources. This includes bidirectional flow in
every port and an improvement in efficiency.

As the MAB is a DC/DC converter so all of its ports are DC ports. Therefore, for
connecting it to the electric AC grid an inverter must be added, the complete EV charger
is shown in Figure 1(b). There are many inverter topologies that can do that connection
successfully, such as voltage source inverters (VSI) [24], current sources [25] inverters,
multi-level inverters and others [26]. For low voltage AC grids (three-phase 230V-50Hz),
VSI are preferred due to the minimal number of components. It consists of a three-leg
bridge of switches and a passive filter with no isolation.

As the EV charger proposed in Figure 1(b) has an isolated multiple port converter,
the inverter does not require additional galvanic isolation, which makes the VSI a good
choice due to its compactness. The control technique of VSI is an actual topic because it
allows to perform many services to the grid. VSIs can work in any mode by absorbing or
delivering active or reactive power. So, they can be used for controlling the voltage of the
grid at a certain grid node by injecting reactive power, or for example, they can assist the
frequency regulation by transferring active power [27]. They can also emulate variable
passive elements such as capacitors or inductors to improve the grid quality and they can
work as an active filter for reducing the harmonic components in the grid [28]. For the
case of the EV charger, due to the extensive possibilities of the inverter control methods
and the bidirectional power flow feature of the MAB converter, the charger can deliver
or absorb energy to/from the grid, performing grid-to-vehicle (G2V) and vehicle-to-grid
(V2G) modes. In the absorbing mode, it is clear that it will charge the EV battery and it
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will work as a rectifier to provide a DC voltage to the MAB converter. However, in V2G
mode, the inverter can work as a slave by delivering power according to a reference or
can work as a grid-forming inverter.

Grid-forming inverters are one of the current topics in inverter control. Inverters
can control the grid by regulating the voltage delivering the necessary power to the loads.
However, if the consumption is higher than the inverter power capacity, more than one
inverter should be connected and they need to share the load. For this purpose, several
modern techniques have been developed, particularly the droop control method, a
decentralized approach that enables load sharing among inverters. While droop control
facilitates power sharing, transient conditions can lead to power oscillations and voltage
and current spikes [29].

For mitigating such oscillations, this research work includes the modeling of the
paralleling inverter problem and from that guidelines for a proper control were extracted.
In addition, to limit high currents during transients, new protections have been proposed
which includes virtual impedance, phase limiters and power filters.

The solution of a MAB converter with an inverter is not the only alternative to
Figure 1(a). This depends on the characteristics of each DC ports in terms of isolation.
Partial isolated systems can be an alternative to Figure 1(a) and (b). This research work
also suggests new topologies of EV chargers: in Figure 1(c), a combination of a non-
isolated multiple port converter and inverter with an isolation transformer, and, in Figure
1(d), a resonant DC/AC converter which has one isolated DC port. Resonant converters
have been studied for several years. They are attractive due to their high efficiency but
their control becomes complicated for variable loads. Most common resonant converters
are series, parallel and series-parallel or LLC converters [30]. Usually these converters
work in only one power flow direction but they can be extended to bidirectional
applications with some modifications. The author has introduced novel techniques for
obtaining a bidirectional series resonant converter for energy storage applications in [31-
37]. Based on that, in this research work a series resonant inverter with one isolated and

one non-isolated DC ports is proposed as a compact solution for EV charger.
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The goal of the study is to model, simulate and implement a system based on power
electronic converters capable of sharing energy between its multiple ports with high
efficiency and ease of implementation. Most ports are “DC type” such as DC sources
(batteries, supercapacitors, fuel cells, photovoltaic panels) or loads and at least one port
is an “AC type” due to the grid connection possibility. The system or object should be
able to manage a large number of ports with bidirectional power flow; thus, a control
algorithm must be designed.

For achieving this goal, it requires to address the following research problems:

- To identify the main issues by studying the existing control methods.

- To make a mathematical model of a multiple active bridge converter.

- To propose a control method that can consider variable voltage DC sources in the
converter’s DC ports.

- To implement the control method for conducting experiments.

- To evaluate the method by means of computer simulation of mathematical models
and real experiments.
- To compare the different proposed techniques and highlight their benefits and
drawbacks.
- To make a mathematical model of a grid-connected inverter.
- To propose a new control method for parallel inverters in the grid for sharing power
with smooth transients.
- To suggest an alternative to the MAB converter with the inverter considering
partial isolation using non-isolated converters
- To suggest an alternative to the MAB converter with the inverter considering
partial isolation using resonant techniques for having at least one isolated AC port.
The scientific novelties which are also the main results submitted for the
defense are:
1. A new mathematical model for describing the multiple active bridge converter
based on a rotational frame synchronized with the main operational frequency.
2. A decoupling control method that allows the use of any number of ports in a

multiple active bridge converter and allows to transfer energy from any port to any other
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port without sending power to any third port. The proposed decoupling method allows to
control the active power between ports and also the amount of reactive power in each
transformer’s winding.

3. Efficiency improvements for multiple active bridge converters. The control method
considers the effect of the voltage change in the DC ports which are compensated
internally by the modulation technique. Thus, efficiency is higher in comparison with
other control methods (single phase shift method) in the condition of non-equal voltage
at the DC ports. Also, a new specific modulation called “dual duty” was proposed and
implemented in order to reduce even more the conduction losses and increase efficiency
for delivering power among ports.

4. As a grid-connected inverter is also required to integrate the proposed DC/DC
converter to grid applications, modeling of grid inverters in weak and strong grids was
developed. Based on this modeling, improvements in connection transients of grid-
forming inverters by means of introduction of phase limiters, controllable virtual
impedance and power filters were achieved.

5. The controller of the inverter should tolerate changes in the grid, thus, an adaptive
controller was proposed which controls the output current of the inverter and compensated
the possible harmonics.

6. As an alternative to the MAB converter with inverter, when complete isolation is
not needed (only one of the ports needs to be isolated), the design, modeling, simulation
and testing of two new more compact solutions were performed: a non-isolated high-gain
DC/DC/DC converter with reduced number of components, and a multiple port power
converter with one isolated DC port and other AC and DC ports (DC//DC/AC) avoiding
the inverter.

The theoretical and practical significance of the research. The main conclusions
of the dissertation research can be used for developing real fast electric vehicle chargers
with the possibility to reduce the peak power consumption of the grid. The results of the
research work include new models and control algorithms for multi-port systems which
allow the connection of multiple AC or DC sources in a system where the power flow can

be totally controlled. Many applications can benefit from these new methods. The
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research work proposes a circuit that improves fast EV chargers with local generation and
storage for reducing the grid peak power demand. This has a direct practical application
and can be implemented massively in the electric grid. For that reason, a patent was
published in 2024.

Furthermore, the same system can also be used for other multiple port systems such
as uninterruptible power supplies (UPS), electronic transformers, hybrid energy storage
systems, interconnection with multiple voltage grids such as in aircrafts and other
vehicles, smart houses and others.

The methodology is based on analyzing multi-port systems, particularly multiple
active bridge (MAB) DC/DC converters. The research is based on other traditional
converter analysis such as dual active bridge (DAB) converter and triple active bridge
(TAB) converters proposed by Prof. Kolar and Prof. Zhao The research involved
modeling, control techniques, electronic circuit design, and coding. The research was
validated through numerical simulations and laboratory experiments, including prototype
development and testing with using high-quality measurement instruments and
bidirectional power sources to emulate the different elements of the system and its
applications.

The validity and reliability of the results and conclusions were confirmed by
numerical simulation and experimental validation with accurate electronic instruments
such as digital oscilloscopes, current and differential voltage probes, laboratory power
supplies, impedance analyzers, and prototypes developed in the laboratories of Skolkovo
Institute of Science and Technology. The reproducibility of the results was confirmed by
repeating experiments three times and comparing them with numerical simulations. The
statements and conclusions formulated in the dissertation have been approved by the
committees of experts in international scientific conferences. The credibility is also
confirmed by the publications of research results in peer-reviewed scientific journals.

The personal contribution of the author includes three main parts: inverters,
multi-port DC/DC converters, and resonant converters. In terms of inverters, the
proposition of new control techniques for inverters related to power sharing, protection

and transients, particularly advanced droop control methods, virtual impedance, phase
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limiter and low-bandwidth communication for achieving power sharing and soft
transients. For that, the modeling of inverters and implementation of the techniques in
simulations and real inverters were performed. In multi-port DC/DC converters, the
author has proposed a new modeling of the converter based on a rotational frame
synchronized with the main operational frequency, usually called dq-frame or dg-
reference frame and due to that a novel control algorithm. The author modeled, simulated,
and experimentally validated the system. Finally, in resonant converters, the author also
proposed new ideas to reduce the size of converters in terms of number of switches. For
that, intensive modeling and simulation was performed and finally validated through
experiments.

Approbation of the work. 27 papers reflecting the main provisions of the study
were published on the research topic, including 13 proceedings in international
conferences with a total volume of 5 printers sheet, 14 publications in journals and
collections of scientific papers with a total volume of 11 printers sheet. In addition, 1
patent in the Russian Federation was granted due to the invention in 2024. The list of
papers is in the Section “Publications of the Author” at the end of the dissertation.

The research results were presented at international conferences in: IEEE
PowerTech (Belgrade, Serbia, 2023), IEEE Applied Power Electronics Conference
(APEC, Orlando, USA, 2023), IEEE Annual Conference of Industrial Electronics Society
(IECON , Brussels, Belgium, 2022), IEEE International Conference on Renewable
Energy Research and Applications (ICRERA , Istanbul, Turkey, 2022), IEEE Industry
Applications Society Annual Meeting (Vancouver, Canada, 2021), IEEE PES General
Meeting Washington, DC, USA), IEEE PowerTech (Milan, Italy, 2019), IEEE
International Symposium on Power Electronics for Distributed Generation Systems
(PEDG, Xi'an, China, 2019). The main results of the dissertation research are also
presented in the Electromobility course in the energy system master program of Skolkovo
Institute of Science and Technology.

The structure and content of the work are determined by the conceptual idea,

which reflects the goal and objectives of the research. The dissertation consists of an
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introduction, 4 chapters, conclusion, and a list of 233 references. The main text spans 384
pages, including 23 tables, 171 figures.

Chapter 1 "Understanding the need for fast chargers and the impact on the
grid". This chapter introduces the problem of fast chargers and the impact of them in the
electric grid. This chapter clearly indicates the reason of new solutions for fast chargers
and in general multi-port systems. In addition, it shows other applications where multi-
port converters can be used.

Chapter 2 "The multiple active bridge as a solution for a multi-port system”.
This chapter 1s divided in four sections. The first one, Section 2.1, reviews and studies the
existing mathematical control methods to create a multi-port system for exchanging
energy. It starts with simple integration of two-port systems to obtain a multi-port system
and after that, it introduces the multiple active bridge as a promising solution, mentioning
the main benefits and challenges. Based on that the research gaps are identified and the
solutions are proposed.

Section 2.2 is focused on the multiple active bridge, its modeling and its control
algorithms. It explains in details the novelty of the proposed control method. It describes
the development of new methods and algorithms for interpreting the behavior of a
multiple active bridge converter based on its mathematical model. It explains the
algorithms for inner and outer control loops and their main benefits regarding new degrees
of freedom in control references. The section also includes the development of computer
simulation of the multiple active bridge mathematical model including the dq-frame
control algorithms. In addition, the algorithms were implemented in the form of c-
language program inside a microcontroller which was tested in a real experiment in 1kW
prototype.

Section 2.3 is focused on the impact of signal and measurement delays. The control
loops are affected to that and this section models this effect and proposes a solution to
mitigate that.

Section 2.4 is a comprehensive analysis of the power losses. It is presented based
on mathematical models and computational simulations. Due to that, the section adds a

novel modulation technique, the “dual-duty” modulation, that can reduce the conduction
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losses of the converter and increase efficiency by minimizing the root-mean-square
currents through the winding. The implementation of this special modulation techniques
in the form of pseudo-code for conducting computer simulations and real experiments are
detailed in this section. The section concludes with the benefits and challenges of the
dual-duty modulation.

Chapter 3. "Grid-connected inverter as the integration block to the grid and
AC loads". This chapter is focused on grid connected inverters. Inverters are the
interface between multiple DC port converters and the AC grid. Therefore, if any of these
multiple DC port converters must be connected to the grid, an inverter is required. The
chapter is divided in 7 sections. Section 3.1 describes the main operation modes. Section
3.2 reviews the modeling of the inverter, which is the basis for advanced control methods.
Based on that, Section 3.3 proposed a methodology for designing the control block in a
proportional multi-resonant scheme where the harmonics of the grid can be compensated.
Section 3.4, as a contribution, modifies that control method and makes it adaptive to grid
changes. Section 3.5 is focused on another control method, the dq-frame-based control. It
models the inverter in dq-frame and, particularly, it is focused on the synchronization
method and how the line impedance affects that method. Section 3.6 considers that the
inner (main) control loop is performed and uses the outer control loops to make a voltage
control loop, or in other words, a grid-forming inverter. It describes the model of the
whole inverter including the high-level control blocks: virtual impedance, droop control
and power filter. It provides simulation of a whole system with two connected inverters
based on the introduced model.

Section 3.7 explains the limitations of the power sharing introduced in the previous
section. The section analyses the effect of the elements introduced in Section 3.6 and
gives a guideline in the selection of the parameters. In addition, the section introduces a
new method for limiting the inverter’s power, particularly in transients, where,
traditionally, the power sharing is not well controlled.

Section 3.8 is focused on the reactive power sharing and proposed a communication

between inverters based on the power lines to adjust such power.
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Chapter 4. '"Partial isolation: Alternative topologies for multi-port system"'.
This chapter suggests new topologies for multiple port converters in the case that not all
of the ports require galvanic isolation. It includes two main parts: a hard-switching
compact non-isolated topology and a resonant technique to allow AC and DC sources to
share power.

Section 4.1 proposes a non-isolated converter to be connected to an isolated inverter
which suits for low voltage, from low to middle power devices to be connected to the grid
at a ~700V port. It suggests a cheap solution for domestic applications.

Sections 4.2 and 4.3 introduces a new series-resonant converter especially designed
for energy storage applications where the port voltages change and the bidirectional
power is required. Both sections analyze two-port converters clarifying in detail the
operation of them by extensive modeling, numerical simulations and experiments.

Section 4.4 proposes a combination of inverter techniques with the resonant
DC/DC converter techniques introduced in Section 4.2 and 4.3, that can reduce the
number of components of the whole system. This converter is the most attractive in terms
of reducing number of components.

Finally, the Conclusions section summarizes the contribution and the impact of the

proposed techniques.
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Chapter 1. UNDERSTANDING THE NEED FOR FAST CHARGERS AND THE IMPACT ON THE

GRID

1.1. Impact of EV chargers on the grid

Many nations, including the Russian Federation, have implemented policies to
promote electric vehicle (EV) adoption through production incentives and usage support
programs. This rapid EV market expansion will drive substantial growth in charging
infrastructure, significantly increasing electricity demand on utility grids. Consequently,
developing technologies to mitigate these grid impacts has become crucial. This section

examines the effects of EV chargers as emerging grid loads.

1.1.1. Penetration of Renewable Energy Source (RES) in the grid

Modern power systems face increasing difficulties in managing the variable nature
of renewable energy sources. The additional load variability introduced by EV chargers
further complicates grid operations. Researchers have explored various approaches to
address these challenges. Some studies focus on adapting wind power to grid demands
[38], while other works have focused on maintaining stable power at connection points
serving both EV chargers and renewable sources [39]. The potential of islanded microgrid
configurations has been demonstrated through case studies [40], and successful
integration of photovoltaic generation with EV charging has been documented [41, 42].
Collectively, these studies indicate that proper coordination between renewable sources

and EV charging can enhance overall grid capacity and renewable energy utilization [43].
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1.1.2. Grid stability

The operational characteristics of EV chargers as either constant-current or
constant-power loads present unique challenges for grid stability. When grids operate near
their stability limits, the introduction of EV charging loads may push systems toward
instability, necessitating thorough pre-installation assessments. Using IEEE 3-bus test
systems, researchers quantified how EV charger loads reduce stability margins [44].
Subsequent studies confirm these findings through constant-power load modeling [45,
46]. However, alternative operational modes such as vehicle-to-grid (V2G) show promise
for enhancing stability margins, particularly when chargers are configured to function as

grid-forming inverters [47, 48, 49].

1.1.3. Power balance in the grid

International research efforts have revealed the potential consequences of
uncoordinated EV charging on grid operations. Studies conducted in Australia and the
United Kingdom have shown that uncontrolled charging can disrupt the critical balance
between supply and demand, potentially leading to blackout conditions [50, 51]. In
response to these findings, researchers have proposed coordinated charging strategies [52,
53] and investigated the benefits of co-locating renewable energy sources with charging

infrastructure to help mitigate demand impacts [54, 55, 56].

1.1.4. Grid losses and lifetime on components

The continuous growth of fast EV chargers introduces significant new demands on

grid infrastructure. The resulting increases in current flow lead to greater energy losses
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through Joule heating effects [51, 52, 53], which in turn elevates operating temperatures
across system components. This thermal stress particularly affects critical infrastructure
elements including transformers, transmission lines, and protective devices [57, 58], with
sustained high temperatures accelerating component aging and reducing operational
lifespan [59, 60, 61]. These effects may ultimately require substantial infrastructure
upgrades to maintain reliable operation [62]. Strategic placement of charging stations
must therefore consider both user demand patterns and available grid capacity to optimize
system performance [63].

To conclude, the unregulated expansion of EV charging infrastructure poses
significant risks to grid reliability and component longevity. Implementing smart
charging protocols that incorporate vehicle-to-grid capabilities offers a promising

solution to maintain system stability while operating within safe operational parameters

[64, 65, 66].

1.1.5. Grid voltage and current harmonics

The rising power demand from electric vehicles significantly affects power quality,
particularly impacting grid voltage characteristics including amplitude and phase balance
[67, 68]. To maintain proper voltage conditions and grid stability, coordinated smart
charging strategies must actively manage both active and reactive power flows.

EV chargers employ switching-mode power electronics that inherently generate
current harmonics. The total harmonic distortion (THD), a key metric for quantifying
harmonic content, varies according to the specific employed power electronic topology
[69]. International standards establish the maximum permissible THD levels based on
power consumption, with lower-power loads typically permitted higher distortion levels
than high-power installations. For kW-range loads, the generally accepted maximum
THD threshold stands at 5%, necessitating the integration of additional filtering
components at AC input ports [70]. Contemporary mitigation approaches encompass both

passive and active power conditioning solutions. All modern EV chargers now
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incorporate power factor correction and low-THD generation capabilities as standard
features [71, 72], effectively eliminating harmonic distortion as a significant concern for

grid-connected charging systems.

1.1.6. Advanced EV chargers

The development of next-generation smart chargers represents a crucial solution
for mitigating EV charging impacts on electrical networks. These advanced systems must
incorporate grid-forming inverter functionality to provide voltage support and optimize
power flow management. Bidirectional power conversion capability forms an essential
requirement for such systems. Furthermore, the integration of local generation and storage
components with charging infrastructure can substantially reduce grid demand, thereby
minimizing transmission losses and extending asset lifespans. This dissertation provides
a detailed examination of the fundamental technologies enabling these advanced EV

charging solutions.

1.2. Types of EV chargers

EV chargers are the devices that connect the EVs to the grid and together they act
as a new type of load. The EV chargers are mainly divided in two big groups: domestic
chargers and public chargers. The first one is exclusively for the use of the vehicle owner
and is often used at night from low to moderate power consumption. Public chargers on
the contrary are installed in shopping malls and different parking places for charging EVs

in a short amount of time at high power.
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1.2.1. Charging levels according to IEC

The international standards (International Electrotechnical Commission, IEC)
defines power levels for slow and fast chargers. Mode 1 chargers are for domestic use,
delivering up to 4 kW in AC single-phase connection and up to 11 kW in AC three-phase
connection. Mode 2 chargers are more powerful, they can still be domestic with extra
infrastructure and they can reach up to 22 kW in its three-phase AC connection. Mode 3
i1s oriented to public places and it can charge up to 43 kW in its three-phase AC
connection. Finally, mode 4 is a DC mode fast charging that can charge up to 80 kW also
for public places.

As an example, a Tesla Model S requires around 5 hours to charge the vehicle for
100 km autonomy in a Mode 1 (AC single-phase 4 kW) charger, while it takes 22 minutes
if a 50 kW Mode 4 DC charger is used. Thus, those fast chargers are attractive from the
point of view of the end-user (driver) but they can increase dramatically the grid
consumption. Therefore, solutions that still allows the end-user high available power
while demanding lower power from the grid are of great relevance. Otherwise, the grid

infrastructure should tolerate those high-power peaks while EVs are being charged.

1.2.2. AC chargers vs DC chargers

Regarding the technology, two types of chargers are mentioned: AC and DC
chargers. An AC charger delivers AC (single- or three-phase connection) to the vehicle
and there is an “on-board” charger which transforms the energy from the grid to the
suitable values for the batteries in terms of voltage, current and waveform. In other words,
there is an AC/DC circuit which controls the charging current inside the vehicle. Thus,
those AC chargers are mainly a protection system with measuring features in order to

understand the amount of energy delivered to the vehicle.



30

DC chargers are much more complex. DC chargers are directly connected to the
EV battery. They do not use any “on-board” charger, the electronic circuits are inside the
DC charger and this is why, it is possible to increase the transferred power. The size of
the DC chargers at high powers is too big to be installed on board and it should be located
at the charging point. The standards suggest up to 80 kW, but companies have reached up
to 300 kW using different improvements such as water-cooled cables and other thermal
technologies.

DC chargers require converting three-phase AC power to the battery DC levels with
galvanic isolation, so the vehicle is not in contact with the grid. For that, different types
of electronic circuits have been proposed (see chapter II). The main issue is that in any
case the energy should be extracted from the grid and delivered to the EV and this
produces high demand in short time intervals which can overload the grid infrastructure.
A possible solution is to have in the charging point and additional energy source which
can contribute to the charging process. This can be an in-site extra battery, photovoltaic
panels or any other source of energy. This new architecture mitigates the high
consumption in the grid, however, it requires a multiple port system which should be able
to share the EV load among different sources. The following chapter will introduce the

mentioned multiple port systems in their current state [43].

1.2.3. Multi-source EV chargers

DC chargers with inner storage system form a multi-source charger. This type of
chargers can reduce the peak power demand in the grid by using internal energy at the
charging point. In [73], an application of this charger is suggested in a parking lot for
shopping malls. The authors suggested how to size the battery for different objectives. A
prototype of an EV charger with storage was installed in Italy [74] for evaluating its
benefits. It shows good performance in the implementation of peak shaving function, in
respect to the main distribution grid. It makes the prototype like a network component

with nearly zero-impact on the system.
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A high level of energy management is needed to minimize the impact in the grid
using EV chargers with renewables and local storage, in [75], the authors suggest several
control strategies for that. Researchers in [76] have optimized the energy management to

minimize the cost of the charging process.

1.3. Other applications using multi-source systems

Multi-port converters can also find other relevant applications such as
uninterruptible power supplies (UPS), power electronic transformers (to connect different
grids electronically and with galvanic isolation), multiple output power supplies, (for
example in aircrafts where many voltages are needed), and hybrid energy storage systems.

Multiple port converters in UPS applications have been discussed in [77] [78] for
isolated topologies, see Figure 1.3.1. They demonstrate that multiple port converters have
improvements in the overall efficiency and size of the UPS. In addition, in [79], the
authors present a cost-effective solution based on three port, five level, single-phase

inverters for non-isolated on-line UPS. The converter has good load protection and high

efficiency.
AC gI‘ld Outpgt:
e—] AC/DC DC/DC DC/AC |—e to critical
loads
|
Energy Storage
Device

Figure 1.3.1-UPS using a tri-port converter [77]

Power electronic transformers are another application of multiple port converters.
Due to the high penetration of various distributed energy resources and DC loads in
modern power system, AC/DC hybrid distributed grid attracts attention due to its
compatibility with those new loads. Aiming for interface of the AC/DC hybrid distributed

grid, a multiple port power electronic transformer (PET) is attractive due to its properties
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to have DC and AC voltages available with isolation. In [80], an example for medium
voltages is presented. Figure 1.3.2 shows the general scheme of a power electronic

transformer. A full review of PET (Power Electronic Transformer) technologies can be

found in [81][82].
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Figure 1.3.2—Power Electronic Transformer using multiple port converters [80]

Regarding applications with renewable energy sources, multiple port converters
can be used for increasing their penetration to the grid [83]. In [84], authors show several
non-isolated topologies for integrating DC renewable sources. In [85], an isolated
multiple port alternative is proposed for applications with renewables.

Aircraft, vehicles, and ships typically feature complex electrical systems including
several DC and AC voltages to power different loads. Figure 1.3.3 shows where a multiple
port converter can be used in an electric grid of a plane [86] [87].

Furthermore, hybrid energy storage system which combines batteries,
supercapacitors and loads are applications of multiple port converters. The author has
research on hybrid system for electric motorcycle using non-isolated multiple port

converters in [88][89] but also isolated are found in the literature [90].
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Chapter 2. THE MULTIPLE ACTIVE BRIDGE AS A SOLUTION FOR A MULTI-PORT SYSTEM

2.1. Existing solutions for a multiple port system

This section examines the modeling and control of the multiple active bridge
(MAB) converter. As was mentioned, a first solution for a multiple port system is a
combination of two-port DC/DC converters with one common DC link. Then, the ports
which need single-phase or three-phase AC connection must be connected through an
additional bidirectional DC/AC converter in order to have the required power signal.

A more compact solution is based on a multiple port converter in which several DC
ports are interconnected [1-8]. A good candidate from these family of converters is the
multiple active bridge (MAB) converter, which provides controllable bidirectional power
flow, electrical isolation and compactness.

MAB converters are becoming important due to their ability to enable
multidirectional power flow and galvanic isolation. In general, MAB converters are part
of a family of converters based on transformers [1] and other impedance networks, such
as resonant converters [2], multi-transformer converters [3], complex impedance
networks [4-6] and single multi-winding transformer based converters [7-8]. One of the
key elements of the MAB converter is the high-frequency (kHz range) transformer, which
allows the isolation between ports, however, it must be carefully designed to maintain
parameters like magnetizing and leakage inductances within specifications [9]. A basic
diagram of a MAB converter is shown in Figure 2.2.1, where each DC port is connected
through a full-bridge (but it can be any other topology).

MAB converters can be seen as an extension of dual active bridge (DAB)
converters in terms of ports. The transformer, its leakage inductances and the modulation
techniques are the key elements to transfer power between the ports. DAB converters are
extremely useful in systems which need to be isolated from the grid, so the isolation can
be performed using small-size high-frequency transformers. The main method to transfer

the energy from one port to the other one is based on a phase-shift modulation between
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the two ports, also known as single-phase-shift (SPS) [10]. This technique is commonly
used to transfer power in electric grids, where the phase difference between ports is a
function of the amount of transferred power. SPS modulation works well if the voltages
of each port are similar, however, if the ports’ voltages vary, the efficiency drops
drastically due to the excessive reactive power involved in the conversion process. This
happens typically for battery or supercapacitor charging/discharging processes, where the
voltage is a function of the state of charge [11, 12].

For that reason, some advanced modulation techniques have appeared for DAB
converters, such as the extended-phase-shift (EPS), double-phase-shift (DPS) and triple-
phase-shift (TPS) modulations, in which the voltages at the transformer’s windings are
controlled through pulse width modulation to build three-level AC signals. In this way,
the converter has more degrees of freedom to guarantee the power transfer with high
efficiency, extending the zero-voltage-switching (ZVS) operation range of the converter,
minimizing the reactive power and, thus, the current stress of the semiconductor devices.
In addition, some authors have implemented a variable frequency modulation scheme to
extend the ZVS operation range of the DAB converter over a wide voltage operation
range.

In the case of MAB converters, the development was similar. In 2004, Prof. Zhao

introduced the first MAB in which the main control consisted of a phase-shift
modulation with some initial ideas of duty modulation [13-15]. In 2007, J. Duarte ,
proposed a phase-shift modulation for controlling hybrid fuel cells [16]. In 2008, Tao

incorporated duty modulation in order to reduce the switching losses.

Unfortunately, the control algorithm is complex because there is a coupling
behavior between ports. This means that delivering power from one port to another one
might affect a third port if the control is not aware of that. For that reason, in 2008, a
decoupling method was developed by Prof. Kolar team [7]. Using this technique, the pulse
width modulation signals for each port were selected in order to minimize the power
losses and to allow power decoupling. Unfortunately, it was difficult to extend this

method to more than three ports due to the increase in the computational burden. In
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