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ABSTRACT

The increment of transportation needs along with a rise in pollution and depletion of fossil fuels
divert world researcher’s & original equipment manufacturers (OEMs) interest towards other
energy sources, especially sustainable developments. In this manner, electrified way of
transportation is most popular and old concept before internal combustion engine era. The
wide-spread or equivalent deployment of electric or battery powered automobiles (both
personal and commercial vehicles) require different Ampere-hour capacity of battery packs
with a wide range of battery voltage segments. A variety of battery chemistries are adopted to
serve multiple transportation requirements like improved energy density, fast/ultra-fast
charging, longer charging/discharging cycles, higher thermal stability, and different cell voltage
requirements. These prominent diverse technology development of battery packs for wide
segment of electric automobiles simultaneously raise diverse charging requirements. In respect
to these charging needs, a set of charging protocols & standards are proposed in the literature.
These are especially defined based on type of charging (AC or DC), battery terminal voltage
and power processing. All three ways of charging (portable, on-board and off-board charger)
technologies are quite challenging due to wide battery voltage adaptation requirements,
portability of reduced volumetric form-factor of complete design, higher efficiency, and higher
durability requirements for grid connection along with bidirectional power transfer with vehicle
to grid, vehicle to grid, and vehicle to home/vehicle/auxiliary loads.

In this manner, a commonly adopted power electronics design is inspired by multiple (2 or
3) isolated DC/DC stages and a common active power factor correction stage to facilitate wide
battery voltage adaptability, which is not a good solution for portable design due to higher
form-factor design. Moreover, there is no further modifications are introduced in conventional
isolated DC/DC stages to facilitate higher conversion efficiency over wide variation range in

battery terminal voltage and power. Since, conventionally similar half and full bridge isolated



DC/DC converters are proposed either for constant voltage or constant power applications (like
LED drivers, energy routers, telecom/server power supplies, and other auxiliary power supply).
In this manner, this research work is aimed to address all these aforementioned inadequacies
and challenges by considering universal design concept for portable EV charger development.

It is started by incorporating the beauty of magnetizing inductance into conventional
hardware architecture of dual active bridge (DAB) DC/DC converter. Based on this,
conventional dual phase shift modulation is modified with an optimization law. It facilitate
complete zero voltage switching (ZVS) of both full bridges over wide range of voltage
conversion ratio and power transfer. On the active front end converter side, a modified pre-
filtering stage is presented for consistent operation of charger over any grid anomalies as per
IEEE 1547-2019. For low cost & high voltage charging needs, a three level DAB based DC/DC
power conversion concept is presented and it is validated by scaled hardware prototype
development. The concept facilitate utilization of low cost, lower break over voltage silicon
MOSFETs instead of higher voltage breaking capacity silicon-carbide MOSFETs. It is achieved
by identifying safe operating region of converter with half voltage stress across each MOSFETs
of corresponding DC link voltage. An optimization law also applied to restrict converter
operation within minimal current/voltage stress region over wide deviation in voltage
conversion ratio for different EV segments.

A multi-parametric coordinated hybrid control techniques are proposed for the operation of
LLC resonating converters. Based on the maximum possible degree of freedoms in either half
or full bridge resonating network with active consideration of battery voltage profile variation,
control maintains its operation within ZVS region. By considering different EV portfolios like
light electric vehicles, PVs and CVs, different portable charger designs are proposed. All these
are proposed by taking individual or multiple segment EV owners into consideration. Some of
the designs possess portable DC fast charging of a wide segment of PVs and CVs using a single

charger, which reduces customer’s dependency to invest into different EV chargers. On the
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other hand, it simultaneously helps OEMs to eliminate dependency on the incorporation of on-
board charger into vehicle, which reduce total vehicle cost.

All these proposed design modifications in either control, hardware or both architectures are
modelled, simulated (MATLAB/Simulink) and tested on experimental prototype. All
validations are implemented over multiple possible grid and battery side scenarios. Moreover,
a discrete time domain approach also presented to implement proposed control architectures
into TI’s C2000 microcontroller versions e.g. THDSDOCK28335 and TMS320F28379D
boards. The presented work is aimed to increase electrified transportation trend by reducing
cost, and impressive compact/reliable/durable mobile designs of different EV charger segments

to meet the needs of all types of customers.
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Iuesur Fafarsit (SNSTh) &) 3T B 3 Fuif G, faRy =u ¥ fears; g @ 3R Aie fear 1 9
ThR, TRaeT BT faggdipd didl, 3idRk® g S0 I J Ugd Yo AT 3R RHT SFeRT |
gafdes a1 9t =ferd SfeHieRd (@fdrTd SR aiftifue arg- g Bt aTgd a1 A dHdl & forg
ot dieesl WSl o1 T FAgd Saa & 1Y ot U b SeT-3eT TRfER-H &idT & ATaRghdl gl & |
TGS AT oI} T URTE SMaLIH 13T Bl IR HRA & forg fafda R &t dedt Tura= fagm & sro=man
ST | Safdeed eSS & e TS & ford el 0 & I v fafay denfiet faemg ues ary fafay
TAMSHT SHTARIB TS BT TGN § | 37 AT SIS TS & Haiey T, g H ATl Uieiopiet SR D! Pl
TP e TAIAd g1 36 fARY =Y J 1ol & TR (TH a1 SR, et fifa dieest ik Utk Ui &
YR R URHIG fooar mar B 1 =St & Tt 9 adtes (dideq, 3-8 3R ip-as amek) Wenfifear
S Sed} dleest 3G aRadmarst, guf fEsga & &1 aleghifes Bid-thdex ! UIefaferct, = e,
IR s HriRM & fon 3= v & wry fgfaxita fosre sxaiaro g § frs, ae= 3 s, sk ag ¥
TR/ATE/ETIH HR B SATaLTH T3 & DRU BB A 8 |

T I8P , IR TR 3{UTET S aTel UTeR Sadel ey fSug e dedt diees SGa-Riiadr &I
gfaer & forw &3 (2 a1 3) Yy SIY/SRA TR IR U W Tfehd UTaR thaex YUR TR0 Y IRG BT €,
S OIdTd fEuga & ot Ter 3T HIYM T8l 81 STR TU-HRP. 3P 3ddl, 9edl efiad dieest 3R
TR H A0S =T ¥ IR I SUIaRUT G4 1 GiaeT & oy IR g SRSt wRol & 318 3iR
TN U= 781 fopam T B | ifeh, IRURS =0 THM S SR i i gues SR/t g a1 al fFReR
e 7 FRAR faoTeft Sy (G Tasal SIRaR, ol 3T, GRUTAR/AaR farera 3afd, $iR 31 Ygras
faoTeft emyfe) & fo URafad €1 59 USR, 39 WY ST &1 3= UIead 391 IToR [Adb & fod AraHifires
fESg SraHRUT R faaR B 37 Gt IR Suafearstt 3iR TAfaa! o7 THILH AT R |

TP YT god Ufdea ot (Shueh) SHi/Seft Hadk & RS FTEamR sfdbeaer # fRersfom
SSHRM B YexdT I MAA FRb B TS g1 TP SMUR W, TRURS Glex aR0T RIve ATegaxH & U

IHT B & 1Y G fam 71 |1 T8 diecs FUIRUT U 3R UTaR RIHR &1 fawgd Y@dl TR

X



a1 gof gt & quf Y dieest Rafi (Sredied) &1 gfaen e &dl 3| 9tk the U8 $ac 9138 W,
IEEE 1547-2019 &% 3R foaft off fire faiiforl o 9o & TR e o forg Ue S=ifad f-fhee
TRUT YR BT T 8 | 1 1T SIR 3o dlees] ol Saadh sl & Ty, T o Tt Siaet senika
SRR/t STl SUTAROT 3RO TR 1 T8 & 3R 3 Wb [T TU SISATR WeleTy b gRI A
a1 T 31 I8 SIGYURUN I dices ST & ATel RITIeH-PTa1sS MOSFETs & Wi HH ARTd, HH
b 3R dlecs RIfAH MOSFETs & JUdNT &1 JfaeT UgH dc ¢ | I8 Jaifdd St o dieest & Udd
TSIl R S dlec ol a1a o AT HIaeR & GRIad AHTRIET &7 &1 Uga o> UIed b Sl 5 |
faftrsr St Wt & o dieest FTUIGRYT U & ATU® faaed WR g gaam/dleest a1d &3 & iR
HAACR AT DI USRI B & o U srggper g f A fbar man g

TAua! yfdwaf d-acy & Iarad & g Ue 9g-IRTHifes Jafad giefas faau ae-ie uwarfad ]|
I Aees M fFaT & Tfthd faaR & a1y 3me) a1 guf fiet SiATet Aead B Tadadt &t sifiidsdd dya
S & anuR W, FE=0r zvs 83 & iR 39T Tarer ST 3T § | §oob Salfaed argd, UidT SR et Sy
fafirs Sdt UiCwiferl R faaR reb, fafte Uidad ameR feosH warfad & | 3wt safaad a1 teTfie @
<1 HITp! P T H TP YA [hU T & | $S (ST § U 51 TR BT JUIRT b Uit 3R At
¥ favga s & fow Uil aa St wre =i g1t B, S faftr Sait =ik o o= A 3 forg e &t fafar
B HH B ¢ 1 g AR, T8 SSTH P a6 § SfH-aS dToR I A B W F1HRell o @ 3 #

Tee 1 ¢, oy a8+ &t $of ArTd HH gl Sl g |

ot wdfad Fgau, ggam @ N onfdheeer femzd IRiedl @l disw, Rmgels
(MATLAB/Simulink), T Ticlersy WR ULier fdar a8 | wvt v o3 SHifad fis sik dedt urgs
uRke=dl R Ar] fu oTd €1 39 SMETdl, TI & C2000 HISHIGEITR TN, THDSDOCK28335 3R
TMS320F28379D &S, H TRATIAd FEAUT SfifdhcaeRr &I AN dHRA & g T fSforea Siaq e @ior o uxqa
forar T B | TR T 1 IR T TBR & ST Bt SRevdl bl R B P fore fafva 34t ol T
& TUTIITC! obreae/faygeita/feehra; HisTsd f$g 3R AN 1 BH B fdqgripd URag ugi @

CEEIE




TABLE OF CONTENTS

Page No
Certificate il
Acknowledgement 1ii-iv
Abstract v-viil
Table of Contents 1X-XiX
List of Figures XX-XXVil
List of Tables xxviil
List of Abbreviations XXIX
List of Symbols XXX-XXX11
CHAPTER- 1 INTRODUCTION
1.1 General 1
1.2 State of Art of Electric Automobile Charging 4
1.3 Detailed Description of Electric Vehicle Charging Standards 8
1.4 Classifications of EV Charging Methods and Technologies 10
1.5 Motivation of Work 12
1.6 Objectives and Scope of Work 14
1.7 Outline of Chapters 16
CHAPTER-2 LITERATURE REVIEW
2.1 General 21
22 Literature Survey 22
2.2.1 Review on Charging Techniques for Li-ion Battery Based Electric Automobile 25
Charging Viewpoints
222 Review on Market Product Portfolio Based on Individual Categories of 26
EV Chargers
2.2.3 Review on Power Stage Interface Based on Different Product Portfolio 28
224  Review on Isolated Unidirectional/Bidirectional DC/DC  Converters for 31
Medium/High Power Applications
225 Review on Single/Three Phase Unidirectional/Bidirectional AC/DC 34
Converter for Active Front-End Rectification Stages
2.2.6 Review on Performance of PFC Stage over Different Grid Anomalies : Issues 35
& Solutions
23 Identification of Research Areas 36
24 Conclusions 38



CHAPTER-3

3.1
32

33

34

3.5

3.6

3.7

DEVELOPMENT OF MAGNETIZING INDUCTNACE
INSPIRED TWO LEVEL DAB BASED PORTABLE EV

CHARGERS
General
Circuit Architecture

3.2.1 Circuit Architecture of Combined Leakage and Magnetizing Inductance
Inspired Modified DAB DC/DC Converter

322 Circuit Architecture of Leakage and Magnetizing Inductance (LL) Inspired
Single-Phase Bidirectional Portable DC Rapid Charger for PVs & CVs

323 Circuit Architecture of LL Modified Three-Phase Grid Resilient Bidirectional
Portable DC Rapid Charger for PVs & CVs
Operating Modes And ZVS Analysis of Modulation Using Different Switching
Patterns

33.1 Modelling Of DPS Control Incorporating Magnetizing Inductance

332 Modelling of Minimum Current Stress Algorithm Based on KKT Method

333 Hybrid DPS Modulation for Securing ZVS Over Wide Load Range
Development of Model Predictive Hybrid Dual Phase Shift Modulation
Strategy Based on LL-Modification in Conventional DAB
Mathematical Analysis of DC Bias Formation with Conventional Phase-Shift
Control Strategies
Designing of System Parameters

3.6.1 Design of Single-Phase Bidirectional EV Charger
3.6.1.1 Design of Interfacing Boost Inductor for Single-Phase VSC
3.6.1.2 Design of RC EMI Filter for Single-Phase VSC
3.6.1.3  Design of Intermediate DC Link Capacitor for Single-Phase VSC
3.6.1.4 Designing of Turn-Ratio of Isolation Transformer
3.6.1.5 Designing of Series or Leakage Inductance

3.6.2  Design of Three-Phase Bidirectional EV Charger

3.6.3 Design of Passive Components of DAB DC/DC Converter
3.6.3.1 Design Procedure of Isolation Transformer
Controller Design

3.7.1 Control for Hybrid Utilization of Conduction Angle in DPS Control for Both
Steady and Transient States

3.7.2 Controller Design for Single-Phase APFC Stage for Consistent Grid Current
THD over Complete Charging Range

3.73 Controller Design for Three-Phase APFC Stage for Grid Resilient Operation

over Possible Anomalies during Peak-Demand Hours

Xii

39
46
46

47

48

49

54
55
56
58

59

63
63
64
64
64
65
65
66
66
67
68
69

70

71



3.8

3.9

3.10
3.11

3.7.4

3.8.1

3.82

3.9.1

392

393

394

3.11.1

3.11.2

Control Architecture of Predictive Regulation of Conduction Angle Based on

Targeted Charging Current Reference Modelling

Performance Evaluation of Proposed Hardware and Control Architecture

Modifications Over Multiple Respective Parameters

Performance Evaluation and Comparative Analysis of the Proposed

Modifications in Conventional DAB Architecture Over Multiple Parameters

Performance Evaluation of Proposed Architecture of Grid Voltage Angle

Estimation Loop towards its Correctness over Possible Grid Anomalies

Performance of Proposed Modification Based on Simulation Modelling in

MATLAB/Simulink

Performance of Proposed Modifications in Both Hardware and Control

Architecture of Conventional DAB and DPSM Technique for Wide Range of

Voltage Conversion Ratio

Performance of Generalized DPSM Technique to Getting Rid of Presence of

DC Offset in High-Frequency Link Quantities over Any Deviation from its

Steady-State Operating Mode

Performance Validation of Grid Voltage Angle Estimation Loop over All

Possible Grid Anomalies

Performance Validation of Three Phase and Single Phase Bidirectional EV

Charging

Experimental Studies

Experimental Validation and Discussion

Experimental Performance of Leakage and Magnetizing Inductance (LL)

Inspired Single-Phase Bidirectional Portable DC Rapid Charger

3.11.1.1  Performance of Single Phase VSC over Varying Grid and Battery-
Pack Voltage Scenarios

3.11.1.2  Performance of DAB DC-DC Stage over Wide Voltage Conversion
Ratio

Experimental Performance of LL-Assisted Grid Resilient Three-Phase

Bidirectional Portable DC Rapid Charger

3.11.2.1 Charging Performance at Various Grid Scenarios

3.11.2.2  Performance Parameters of AFEC and DC/DC Stage

3.11.2.3  Long Duration Battery Charging with CC and CV Modes

3.11.2.4 DC-DC Converter Performance over Different Charging
Circumstances

3.11.2.5 Loss Modelling & Efficiency Curves over Complete Charging
Profile

Xiii

73

75

76

80

81

82

85

&9

&9

90

95

97

97

97

101

102

102

105

105

105



3.12

3.13

3.14

3.11.3  Thermal Performance of Modified DAB over Complete Charging Range
Clarification & Validation of Proposed Modification over Varying Voltage
Conversion Ratio and Referenced Power
Quantitative Comparative Analysis of Proposed Concept with Reported
Techniques

Conclusion

CHAPTER- 4 DESIGN AND DEVELOPMENT OF THREE PHASE

4.1

42

43

44

4.5

4.6
4.7

4.8

BIDIRECTIONAL PORTABLE EV CHARGER USING THREE
LEVEL DAB

General
System Architecture
Mathematical Analysis of Each Operating Modes in Both Unidirectional and
Bidirectional Power Transfer
Development of Generalized Dual Phase Shift Modulation to Eliminate Need of DC
Blocking Capacitor Based on Volt-Second Balance
System Design of Both Power Conversion Stages
4.5.1 Designing of Major Components of Active Front-End Power Conversion
Stage
4.5.2  Hardware Design of Major Components of Both Power Conversion Stages
Hardware Design of Major Components of Both Power Conversion Stages
Controller Design
4.7.1 Controller Architecture for Front-end VSC
4.7.2 Controller Design for Three Level DAB DC/DC Stage
4.7.2.1 Identification of Operating Boundaries for Half Voltage Stress
Operation during both Charging and Discharging Modes
4.7.2.2 Development of Dual Phase Shift Modulator for Steady and
Transient States
Results and Discussion
4.8.1 Simulation Performance
4.8.1.1 Performance of system with 120 V EV battery
4.8.1.2  Performance of system with 240 V EV battery
4.8.1.3  Performance During Different Power Mutation Instants
4.8.2 Experimental Performance
4.8.2.1 Performance of APFC Stage over Different Grid and Loading

Scenario

Xiv

107
109

110

114

116
118
119

125

126
127

128
129
130
131
132
133

134

136
136
137
138
138
139
139



4.8.2.2 Performance of Proposed DPSM Technique over Different Voltage
Conversion Ratios

4.8.23 PFC Performance and Representation/Validation of Battery
Charging/Discharging Quantities

4.8.3 Clarification/Validation of Operating Points over Feasible
Boundaries
4.8.4 Comparative Study of Reported versus Proposed Technique over
Different Voltage Conversion Ratios
4.7 Conclusions
CHAPTER-5 DESIGN AND DEVELOPMENT OF SINGLE PHASE PORTABLE
CHARGER FOR DIVERSE CATEGORIES OF EVs UTILIZING
VIENNA RECTIFIER
5.1 General
52 System Description
5.2.1 Circuit Architecture of Single Phase Portable Electric Automobile Charger
Using Vienna Derived Cuk Power Factor Correction Stage and Half-Bridge
Resonating LLC DC/DC Stage
522 Circuit Schematic of Single Phase Portable Charger Using Vienna Derived
SEPIC Power Factor Correction Stage and Full-Bridge Resonating LLC
DC/DC Stage
523 Circuit Schematic of Single Phase Common Source Bidirectional FET Based
Vienna Rectifier for Universal Portable Electric Automobile Charger
Development
524 Circuit Schematic of Single Phase Compact Portable Electric Automobile
Charger for High Voltage Battery Packs for Strong/Weak Grid Scenarios
53 Mathematical Modelling and Operating Mode Analysis of AFEC Stage
5.3.1 Mathematical Modelling and Operating Mode Analysis of Cuk Derived Vienna
Rectifier
532 Mathematical Modelling and Operating Mode Analysis of SEPIC Derived
Vienna Rectifier
533 Mathematical Modelling of Two Bidirectional MOSFET Based Vienna
Rectifier
5.3.4  Mathematical Modelling Based on Analysis of Operating Modes of Single
Composite Switch Module Vienna Rectifier
54 Design Considerations
54.1 Design & Selection of Active & Passive Elements of Cuk Derived AFEC Stage

XV

144

145

145

148

150

152
155
156

157

158

159

160
160

162

165

168

169
170



5.5

5.6
5.7

5.8

542

543

544

5.4.5

5.4.6

5.4.7

548

549

5.4.10

54.11
54.12

5.5.1

552

553

554
5.5.5

5.8.1
5.82
5.83
5.84

Design & Selection of Active & Passive Elements of SEPIC Derived AFEC
Stage

Design & Selection of Active & Passive Elements of Common Source Derived
Bidirectional FET Based Vienna Rectifier

Design & Selection of Active & Passive Elements of Single Phase Single
Switch FET Based Vienna Rectifier

Design and Selection of Switching Devices for AFEC Stage

Design and Selection of Diodes for Diode Bridge Rectifier

Components Selection and Design Procedure for Full-Bridge LLC Resonating
Converter

Selection of MOSFETs and Diodes for Full-Bridge LLC Resonating Circuit
Selection of Gate-Driver for Switching of MOSFETSs

Selection of Ferrite Core, Size and Manufacturer Part Number for Isolation
Transformer

Selection of Wire to Wound Primary and Secondary Windings of Transformer
Selection of Capacitors for Tank Circuit

Control Architecture

Control Architecture for Coordinated Operation of Cuk Derived Vienna
Rectifier within Maximum Power Factor Tracking DICM Operating Region
Control Architecture for Coordinated Operation of SEPIC Derived Vienna
Rectifier with CICM Operation

Control Architecture Based on the Hybrid Implementation of CMT and EMT
for Wide Range of Intermediate DC link

Control Architecture of Single Switch Vienna Rectifier

Multi-Loop & Multi-Parametric Adaptive Synergetic Control for Enhanced
ZVS/ZCS Performance of FBLLC Converter

5.5.5.1 Optimal Operation Trajectory Analysis of FBLLC Stage
5.5.5.2 Control Architecture with Hybrid Utilization of SPFM and
SPCAM

Modelling of Designed EV Charger Configurations With MATLAB/Simulink
Hardware Implementation of Segmented Parts of Both EV Charger
Configurations

Experimental Studies

Signal Conditioning Circuit for Hall Effect Voltage and Current Sensors
Circuit Schematic of Optical Isolation Circuit Using TI’s 6N137 IC
Gate-Driver Circuit Schematics for Both Power Conversion Stages

Experimental Configuration of TMDSDOCKF28335 and TMS320F28379D

XVi

171

174

176

177
178
179

179
180
180

180
181
181
182

192

193

193
194

195
208

209
211

211
213
213
214
214



59

5.10

MCUs
Results And Discussion
5.9.1 Simulation Results

59.1.1 Simulation Performance of Portable EV Charger Designed with
Vienna Cuk and HBLLC Power Conversion Stage

5.9.1.2 Simulation Performance of Portable EV Charger Designed with
Vienna SEPIC and FBLLC Power Conversion Stage

59.13 Simulation Performance of Portable EV Charger Designed with
Single Phase Dual-Bidirectional Vienna Rectifier and FBLLC
Power Conversion Stage

59.14 Simulation Performance of Portable EV Charger Designed with
Single Phase Single FET Based Vienna Rectifier and FBLLC
Power Conversion Stage

59.2 Experimental Results

59.2.1 Experimental Performance of Portable EV Charger Derived from
Vienna Cuk AFEC Stage and HBLLC Isolated DC/DC Stage

59.22 Experimental Performance of Portable EV Charger Derived from
Vienna SEPIC AFEC Stage and HBLLC Isolated DC/DC Stage

59.23 Experimental Performance of Portable EV Charger Derived from
Single Phase Single FET Based Vienna AFEC Rectification Stage
and HBLLC Isolated DC/DC Stage

59.2.4 Experimental Performance of Portable EV Charger Derived from
Single Phase Dual Bidirectional FET Based Vienna AFEC
Rectification Stage and HBLLC Isolated DC/DC Stage

Conclusions

CHAPTER- 6 DESIGN AND DEVELOPMENT OF THREE PHASE

6.1
6.2

6.3

UNIDICRECTIONAL PORTABLE/OFFBOARD CHARGER FOR
WIDE CATEGORIES OF EVs
General
Circuit Architecture
6.2.1 Circuit Architecture of Common-Source Active Neutral Point Vienna
Rectifier And FBLLC Based Power Module Design
6.2.2 Circuit Architecture of Three Individual Switch Vienna Rectifier And FBLLC
Based Power Module Design
Design & Selection of Active & Passive Elements of Both Power Conversion
Stages
6.3.1 Components Selection and Design Procedure of AFEC Stage

Xvii

215

215

216

216

218

220

223

225

231

237

242

245

247

249

249

250

251

252



6.4

6.5
6.6

6.7

6.3.2

6.4.1

6.4.2

6.4.3

6.6.1

6.7.1

6.3.1.1 Design and Selection of RC EMI Filter

6.3.1.2 Design and Selection of Switching Devices for AFEC Stage

6.3.1.3 Design and Selection of Diodes for Diode Bridge Rectifier

6.3.14 Components Selection and Design Procedure for Full-Bridge
LLC Resonating Converter

6.3.1.5 Design and Selection of Diodes for Diode Bridge Rectifier

Components Selection and Design Procedure for Full-Bridge LLC Resonating

Converter

6.3.2.1 Design of Turn-Ratio of Isolation Transformer

6.3.2.2 Design of Resonating Elements for Full-Bridge LLC
Resonating Converter

6.3.2.3 Design of Output Capacitive Filter

6.3.2.4 Selection of MOSFETs and Diodes for Full-Bridge LLC

Resonating Circuit
Control Architecture
Control Architecture of Common-Source & Three Bidirectional FETs Based
Vienna Rectifier
Control Architecture for Single Individual Phase’s Switch Based Vienna
Rectifier
Multi-Loop & Multi-Parametric Adaptive Synergetic Control for Enhanced
ZVS/ZCS Performance of FBLLC Converter
Modelling of Designed EV Charger Configurations With MATLAB/Simulink
Hardware Implementation Of Segmented Parts of Both EV Charger
Configurations

Experimental Studies

6.6.1.1 Signal Conditioning Circuit for Hall Effect Voltage and Current
Sensors

6.6.1.2 Circuit Schematic of Optical Isolation Circuit Using TI’s
6N137 IC

6.6.1.3 Gate-Driver Circuit Schematics for Both Power Conversion
Stages

6.6.1.4 Experimental Configuration of TMDSDOCKF28335 and
TMS320F28379D MCUs

Results And Discussion

Simulation Results

6.7.1.1 Simulation Performance of EV Charger Designed with Single
FET/Phase Vienna AFEC Stage

Xviii

252
253
253
253

254
254

254
255

255

255

256
257

258

259

260
261

262
263

265

265

265

266

267
267



6.7.1.2

6.7.1.1.1 Simulation Performance of Both Power Conversion
Stages with 360V Nominal Battery Voltage
6.7.1.1.2 Simulation Performance of Both Power Conversion
Stages with 240V Nominal Battery Voltage
Validation of Simulation Modelling of Designed EV Charger
Incorporating Common Source FET Based Three-Phase Vienna
Rectifier as an AFEC Stage
6.7.1.2.1  Validation of Simulation Modelling with 360V
Nominal Battery Voltage
6.7.1.2.2  Validation of Simulation Modelling with 96V
Nominal Battery Voltage
6.7.1.2.3  Simulation Modelling Validation of Grid Voltage
Angle Estimation Loop

6.7.2  Experimental Results

6.7.2.1 Steady and Dynamic State Performance Validation of PFC
Stage over Multiple Source and Loading Scenarios using single
FET/phase Vienna Rectifier
6.7.2.2 Performance Validation of DC/DC Stage over Varying Voltage
Conversion Ratio
6.7.2.3 Charging Performance Validation over Variety of Grid
Anomalies
6.7.2.4 Performance Validation of Internal Signals over Charging
Scenarios
6.7.2.5 Steady and Dynamic State Performance Validation of
Bidirectional Star Connected FET Based Vienna Rectifier Based
EV Charger
6.8 Conclusion
CHAPTER-7 DESIGN AND DEVELOPMENT OF THREE PHASE WEAK
GRID ASSISTED PORTABLE CHARGER FOR EVs
UTILIZING DELTA RECTIFIER
7.1 General
7.2 Circuit Architecture
7.3 Design & Selection of Active & Passive Elements of Both Power Conversion Stages

7.3.1 Components Selection and Design Procedure of AFEC Stage

7.3.1.1

7.3.1.2
7.3.1.3

Designing and Selection of Interfacing/Boost Filter Inductor for
Individual Phases
Designing and Selection of Intermediate DC link capacitor

Design and Selection of RC EMI Filter

XixX

268

268

272

272

272

273

274

275

277

279

280

281

283

285
287
288
289
289

290
290



7.4

7.5

7.6

7.7

73.14
7.3.1.5
7.3.2

7.3.2.1
7.3.2.2

7323
7.3.2.4

Controller Design

Design and Selection of Switching Devices for AFEC Stage
Design and Selection of Diodes for Diode Bridge Rectifier
Components Selection and Design Procedure for Full-Bridge LLC
Resonating Converter

Design of Turn-Ratio of Isolation Transformer

Design of Design of Resonating Elements for Full-Bridge LLC
Resonating Converter

Design of Output Capacitive Filter

Selection of MOSFETs and Diodes for Full-Bridge LLC

Resonating Circuit

7.4.1 MOSFET Channel Enhanced Current Commutation Control Implementation

for Delta Rectifier

7.4.2 Multi-Loop & Multi-Parametric Adaptive Synergetic Control for Enhanced
ZVS/ZCS Performance of FBLLC Converter

Modelling of Designed EV Charger Configurations With
MATLAB/SIMULINK

Hardware Implementation of Segmented Parts of Both EV Charger Configurations

7.6.1  Experimental Studies

7.6.1.1

Auxiliary Elements for Signal Processing, Optical Isolation and

Gating

Results and Discussion

7.7.1 Simulation Performance

7.7.1.1
7.7.1.2
7.7.1.3

7.7.1.4
7.7.1.5

Pre-Charging Mode of PEV/PHEV

CC-Charging Mode of PEV/PHEV

CC-Charging Mode of PEV/PHEV with One Phase Outage of
Three Phase Grid

CV-Charging Mode of PEV/PHEV

Grid Current THD Performance Under Pre-Charging and CC-
Charging Mode

7.7.2  Experimental Performance

7.7.2.1
7.7.2.2

7.7.2.3

7.7.2.4

Validation of Grid Voltage Angle Estimation Loop Design
Validation of PFC Stage Performance over Multiple Source and
Load Side Variation

ZVS and Limited Turn-Off Loss over Operating Trajectories
Validation

Single-Three-Single Phasing Operation Validation

XX

290
291
291

291
292

292
292

293
293

295

295

296
298
298

300
300
300
301
301

302
303

303

304

305

306

309



7.7.2.5 Performance and Validation of Drain/Channel Enhanced 310
Modulation Strategy for Delta Active Rectification Stage
7.8 Conclusions 311
CHAPTER- 8 DESIGN AND DEVELOPMENT OF SINGLE STAGE ISOLATED
AC/DC LLC RESONANT POWER CONVERSION STAGE BASED
PORTABLE CHARGER EV CHARGER
8.1 General 313
8.2 System Description and Operation 315
8.3 Design & Selection of Active & Passive Elements of Both Power Conversion 317
Stages
8.3.1 Component Design and Selection AFEC Stage 318
8.3.2 Component Design of HBLLC Isolated DC/DC Stage 319
8.3.3 Selection of Switching Devices for AFEC Stage 321
8.4 Controller Design 323
8.5  Modelling of Designed EV Charger Configurations With MatLab/Simulink 323
8.6 Hardware Implementation of Segmented Parts of Both EV Charger 324
Configurations
8.7 Results and Discussion 326
8.7.1 Simulation Performance 327
8.7.2  Experimental Performance 330
8.8 Conclusions 334
CHAPTER-9 CONCLUSION
9.1  General 335
9.2 Main Conclusion 337
9.3  Suggestions for Further Work 341
REFERENCES 344-355
LIST OF PUBLICATIONS 356-358

AUTHORS BIO-DATA

xXX1

359



Xxii



Fig.1.1
Fig.1.2

Fig.1.3

Fig.1.4

Fig.2.1
Fig.2.2
Fig.3.1(a)-(b)

Fig.3.2
Fig.3.3
Fig.3.4
Fig.3.5
Fig.3.6 (a)-(d)
Fig.3.7 (a)-(b)

Fig.3.8 (a)-(b)
Fig.3.9 (a)-(b)
Fig.3.10

Fig.3.11
Fig.3.12 (a)-(d)
Fig.3.13 (a)-(f)
Fig.3.14 (a)-(e)
Fig.3.15 (a)-(c)
Fig.3.16 (a)-(b)
Fig.3.17
Fig.3.18
Fig.3.19
Fig.3.20
Fig.3.21
Fig.3.22
Fig.3.23 (a)-(b)

Fig.3.24 (a)-(c)
Fig.3.25 (a)-(d)

LIST OF FIGURES

Generalized configurable arrangement of power conversion stages in a 120 kW EV charger
Ilustration of auxiliary switch arrangement for isolated DC/DC stage to facilitate wide
battery voltage adaptability for a DC off-board charger.

Connection block diagram of installation of multiple EV chargers (120/ 240/ 360 kW
rating) of an EV charger farm.

Connection block diagram of installation of mega-watt charging EV farm with centralized
front end active rectification stage.

Generalized system architecture of AC type-2 charger

Generalized system architecture of on-board charger

Variation of rupturing voltage and ESR with switching frequency with different category
of capacitors

Voltage gain profile of LLC resonating converter

Circuit schematic of DAB DC-DC control with DPS control

Architecture of single-phase portable plug-in type EV charger

Circuit architecture of 3-¢ on-board EV charger

Operating waveforms of possible cases of DAB with forward conduction angle control
Operating waveforms of possible cases of DAB with bidirectional conduction angle
control

Power transfer curves

Control parameters variation under light loading scenarios

Distorted high frequency link current with classical DPS modulation under light loading
condition.

Operating waveform with inclusion of ‘L,,” in HF isolation transformer

Optimization results with different 4’ values

ZVS operating region of both H-bridges over varying %’

Generalization of HF link current generation w.r.t. phase shifted gate pulses

Possible cases of DC bias appearance

Charging profile with control parameter variation pattern over different %’ values
Control architecture for DAB DC-DC stage

Control architecture for single phase AFEC

Control architecture of AFEC with weak/strong grid assisted feature

Adaptive step variation scheme for conduction angle

Feedforward compensation loop to eliminate model inconstancies

Flow-chart of complete control implementation of DC-DC stage

Representation of searching contour for conduction angle with respect to referenced
power/current

ZVS region contour deviation without any incorporation of L,, and conventional DPSM

ZVS boundaries

Xxiil



Fig.3.26 (a)-(d)
Fig.3.27 (a)-(b)
Fig.3.28 (a)-(b)
Fig.3.29

Fig.3.30 (a)-(b)
Fig.3.31 (a)-(b)
Fig.3.32

Fig.3.33 (a)-(b)
Fig.3.34 (a)-(c)
Fig.3.35 (a)-(c)
Fig.3.36 (a)-(b)
Fig.3.37 (a)-(c)
Fig.3.38 (a)-(c)
Fig.3.39 (a)-(c)
Fig.3.40 (a)-(d)
Fig.3.41 (a)-(d)

Fig.3.42 (a)-(d)
Fig.3.43 (a)-(d)
Fig.3.44 (a)-(c)
Fig.3.45 (a)-(d)
Fig.3.46 (a)-(c)
Fig.3.47
Fig.3.48
Fig.3.49 (a)-(b)
Fig.3.50

Fig3.51
Fig.3.52 (a)-(b)
Fig.3.53

Fig.3.54

Fig.3.55 (a)-(1)
Fig.3.56 (a)-(d)
Fig.3.57 (a)-(c)
Fig.3.58 (a)-(c)
Fig.3.59 (a)-(b)
Fig.3.60 (a)-(b)
Fig.3.61(a)-(b)
Fig.3.62(a)-(b)

ZVS region on three-dimensional power plane

Comparison of peak current stress

Comparative evaluation

Performance comparison of different pre-filtering methods

Frequency response of AFFSOGI under different grid frequencies

Pole-zero mapping to represent the frequency adaptiveness

Dynamic performance of designed system with other methods
MATLAB/Simulink based modelling portray of three and single phase EV charger
Simulated performance with ‘k’=2.85 i.e. Vi;=300V & V=42V

Simulated performance with ‘k’=2 i.e. Vi»=300V & V,=72V

Simulated performance with ‘k’=1.11 i.e. Vi;=300V & V=108V

Simulated performance with V"= 120 V.

Simulated performance with V"= 160 V

Simulated performance with 7, =240V

Performance of system with DPSM when power transfer decrement with change in ‘p’

Performance of system with DPSM when power transfer decrement with change in D’,

«

®

Performance of system with TPSM when power transfer decrement with change in ‘dyp’
Performance of system with TPSM when power transfer decrement with change in ‘D’
Performance of grid angle estimation

Three phase AFEC performance with 260V and 72V nominal battery voltage

Single phase AFEC performance with 320V and 72V nominal battery voltage
Photograph of DAB DC/DC converter

Circuit schematic of developed gate driver unit using TI’s UCC221750 IC

PCB of developed gate driver unit using TI’s UCC221750 IC

Photograph of hardware prototype of 2-level DAB based bidirectional EV charger

A common circuit schematic of signal conditioning circuit for current/voltage sensing
PCB of voltage/current sensors

Circuit schematic of Opto-isolation circuit with level-shifter

PCB illustration of Opto-isolation circuit to isolate power and signal grounds
Performance of Single Phase VSC over Varying Grid and Battery-Pack Voltage Scenarios
Grid current THD variation

Performance of DAB under CC charging mode

58 Performance of DAB under transformation from CC to CV charging mode

Steady state charging effectiveness when battery voltage is 86 V' with CC charging
Steady state charging effectiveness when battery voltage is /35 ¥ with CC charging
Steady state charging effectiveness when voltage is 262 V' with CC charging

CV mode charging performance @ /4 over different battery voltage conditions

XX1V



Fig.3.63 (a)-(c)
Fig.3.64 (a)-(c)
Fig.3.65 (a)-(d)
Fig.3.66

Fig.3.67(a)-(b)
Fig.3.68 (a)-(b)
Fig.3.69 (a)-(i)

Fig.3.70

Fig.3.71 (a)-(b)
Fig.3.72
Fig.3.73 (a)-()
Fig.3.74
Fig.3.75 (a)-(b)
Fig.3.76 (a)-(b)
Fig.3.77 (a)-(b)
Fig.4.1

Fig.4.2 (a)-(b)
Fig.4.3

Fig.4.4 (a)-(k)
Fig.4.5

Fig.4.6 (a)-(c)
Fig.4.7 (a)-(c)
Fig.4.8(a)-(b)
Fig.4.9
Fig.4.10 (a)-(d)

Fig.4.11 (a)-(b)

Fig.4.12
Fig.4.13 (a)-(c)
Fig.4.14 (a)-(d)
Fig.4.15 (a)-(b)
Fig.4.16 (a)-(b)

Fig.4.17

Experimental performance of AFEC stage under distortion and 100V DC offset in v,
Experimental performance under healthy grid

Steady state grid quantities

Steady state grid quantities with discharging

Steady state representation of battery side quantities

Complete charging profile

DC-DC converter performance

Wattage loss breakdown for system under varying battery terminal voltage at full loading
condition

System efficiency graphs

Thermal Performance of Modified DAB over Complete Charging Range

Quantitative representation of operating boundaries with pre-charging, CC- charging
Efficiency plot of system under different battery voltage and current

Comparative efficiency analysis of presented control

Efficiency curve

Charging characteristics curve comparison of commercial charger

Circuit architecture of three-level DC/DC converter incorporated off-board DC charger
INlustration of power transfer and control degree variation pattern with conventional DPSM
Switching pattern of three-level isolated DC/DC converter

Switching transition patterns of three level DAB DC-DC power conversion

Illustration of rising and falling edge patterns for discrete design of DPSM
Generalization of HF link current generation w.r.t. phase shifted gate pulses

Switching quantities over presence of positive and negative DC bias

Control Architecture for AFEC stage

Control architecture of three-level DC/DC converter

Operating region representation

Optimization data points with in low voltage stress region with corresponding current
stress

Flow-chart for selection of ‘d’& ‘p’.

Performance of system with 120 V EV battery

Performance of system with 240 V EV battery

Performance During Different Power Mutation Instants
Discharging profile of battery with multiple step change in load

Experiment Prototype of three-phase off-board DC charger

XXV



Fig.4.18 (a)-(b)
Fig.4.19 (a)-(g)
Fig.4.20 (a)-(f)
Fig.4.21 (a)-(d)
Fig.4.22 (a)-(c)
Fig.4.23 (a)-(b)
Fig.4.24 (a)-(f)
Fig.4.25 (a)-(b)
Fig.4.26 (a)-(b)
Fig.5.1

Fig.5.2

Fig.5.3

Fig.5.4

Fig.5.5 (a)-(c)
Fig.5.6 (a)-(c)
Fig.5.7 (a)-(b)
Fig.5.8 (a)-(c)
Fig.5.9 (a)-(d)
Fig.5.10(a)-(b)
Fig.5.11
Fig.5.12
Fig.5.13
Fig.5.14
Fig.5.15
Fig.5.16 (a)-(b)
Fig.5.17 (a)-(b)
Fig.5.18 (a)-(c)
Fig.5.19 (a)-(c)
Fig.5.20

Fig.5.21

Fig.5.22 (a)-(c)

Performance of internal signals of PLL and (c) PWM control

Front-end converter performance

Minimum peak current stress performance of HF link quantities

Switch voltage stress performance

Dynamic performance

Grid side performance

Battery side charging and discharging performance

Clarifications of optimal operating points with minimized current and voltage stress
Behaviour of current stress multiple voltage conversion ratios

Circuit schematic of Cuk derived Vienna rectifier and HBLLC based EV charger

Circuit schematic of SEPIC derived Vienna rectifier and FBLLC based EV charger

Circuit architecture of Single Phase Common Source Bidirectional FET switched Vienna

rectifier and FBLLC based Portable EV charger

Circuit architecture of single-phase single FET switched Vienna rectifier and FBLLC
based portable EV charger.

Conduction path modes during half fundamental cycle of grid voltage
Operating modes of Vienna derived SEPIC converter

Modulation performance

Switching sequence of single-phase Vienna rectifier with EMT

Possible operating modes of single phase single switch Vienna rectifier

Design plot for LLC resonating converter

Maximum attainable gain curve of FB-LLC converter at different loadings
Designed converter gain curve

Maximum attainable gain curve under different values of normalized inductance
Designed converter (FB-LLC) converter gain plot under different loading conditions
Controller Design for Vienna inspired Cuk converter

[lustration of frequency response of input impedance of LLC network
[lustration of operating waveforms within different operating regions
lustration of PF variation & converter voltage gain (M) with charging modes

[Nlustration of equivalent operating modes of LLC converter

LLC converter operating waveforms when switching frequency reaches to maximum limit

MPFT controller implementation for portable EV charger HB-LLC resonating converter

control

Control architecture for two bidirectional switched FET Vienna rectifier

XXVi



Fig.5.23
Fig.5.24 (a)-(1)
Fig.5.25 (a)-(e)
Fig.5.26
Fig.5.27

Fig.5.28 (a)-(b)

Fig.5.29

Fig.5.30 (a)-(d)
Fig.5.31 (a)-(e)
Fig.5.32 (a)-(c)
Fig.5.33 (a)-(b)
Fig.5.34 (a)-(b)
Fig.5.35 (a)-(b)
Fig.5.36 (a)-(b)
Fig.5.37 (a)-(b)
Fig.5.38 (a)-(b)
Fig.5.39 (a)-(b)
Fig.5.40 (a)-(b)
Fig.5.41 (a)-(b)
Fig.5.42 (a)-(b)
Fig.5.43 (a)-(b)
Fig.5.44

Fig.5.45 (a)-(d)
Fig.5.46 (a)-(d)
Fig.5.46 (a)-(c)
Fig.5.48 (a)-(f)
Fig.5.49 (a)-(b)
Fig.5.50 (a)-(f)
Fig.5.51

Fig.5.52 (a)-(d)
Fig.5.53(a)-(b)

Fig.5.54

Control architecture of singles phase single FET switched Vienna rectifier AFEC stage
Representation of equivalent circuits for possible resonant states

State-space switching quantities over different resonating states

Gain vs Frequency Plot for ‘f;,, < f,” region

Gain vs Frequency Plot for '/, > f,.” region

Representation of voltage-gain and loading profile vs frequency plot of different operating
states

Control architecture of FBLLC DC/DC stage with hybrid utilization of SPFM and SPCAM
control

MATLAB/Simulink based modelling portray

Photograph of experimental set-up

Simulated performance of Vienna inspired Cuk converter based EV charger
HB-LLC converter performance

Charging performance with V, =320V

Charging performance with V, =48V

Grid THD performance under both charging scenarios

Charging performance of dual bidirectional FET based designed PEV charger
Performance of FB-LLC stage

PEV charger performance with constant charging current over different grid anomalies
Grid current THD performance

Step charging performance of single FET based designed EV charger

DC-DC stage performance

EV charger performance over different grid anomalies

EV charger performance under 20% sag and swell in grid voltage

Grid current THD under different charging current and battery terminal voltages
Experimental performance of DC link regulation performance under step change
Experimental performance of Vienna-Cuk converter

Steady-state experimental performance

Step change experimental performance

Experimental performance of HBLLC DC/DC stage

Ilustration of battery charging characteristics

THD performance under different source voltage and loading condition

THD and efficiency variation with different grid voltage & charging

Loss distribution map of major components

Xxvil



Fig.5.55(a)-(1)

Fig.5.56(a)-(1)
Fig.5.57(a)-(j)

Fig.5.58(a)-(1)

Fig.5.59(a)-(f)
Fig.5.60(a)-(n)
Fig.5.61(a)-(2)
Fig.5.62(a)-(2)

Fig.6.1

Fig.6.2

Fig.6.3

Fig.6.4

Fig.6.5(a)-(b)
Fig.6.6(a)-(b)
Fig.6.7(a)-(d)
Fig.6.8(a)-(b)
Fig.6.9(a)-(b)
Fig.6.10(a)-(b)
Fig.6.11(a)-(b)
Fig.6.12(a)-(b)
Fig.6.13(a)-(b)
Fig.6.14(a)-(b)
Fig.6.15
Fig.6.16(a)-(b)

Fig.6.17(a)-(b)

Fig.6.18(a)-(f)
Fig.6.19(a)-(e)
Fig.6.20(a)-(m)

Fig.6.21(a)-(d)

Experimental validation with charging over multiple charging scenarios using Vienna
derived SEPIC converter and FBLLC based EV charger

Grid current THD performance over various charging sets
DC/DC stage performance

AFEC stage performance with 240V of single FET switched Vienna rectifier and FBLLC
based EV charger

Front end converter performance with Vy =360V

DC/DC converter performance

Performance of front end converter over 96V and 360V charging
DC/DC conversion stage ZVS/ZCS performance

Switching circuit schematic of common-source FET switched Vienna rectifier and FBLLC
based portable EV charger design

Switching circuit schematic of three individual switch Vienna rectifier and FBLLC based
portable EV charger design

Control architecture of single FET/phase Vienna AFEC stage

Control architecture of single individual phase’s switch based Vienna rectification AFEC
Stage

Simulation modelling of portable EV chargers

Experimental schematic

Hardware architecture

Connection portrays of both MCUs for SPI, DAC, ADC, and ePWM units
System performance with V"= 345V and ‘[,"= 254

System performance with V"= 360V and I,"= 1.14

System performance with V= 260V and ‘[,"= 354

System performance with CV mode

Grid current THD performance

Charging performance of common source FET Vienna EV charger with V"= 360V
Charging performance with V"= 96V

Performance validation of grid voltage angle estimation loop

Charging performance with sag/swell over of single FET switched Vienna rectifier based
EV charger

Dynamic performnace
Steady-state performance w.r.t. input/output parameter
Steady-state performance of DC/DC stage

Validation of PC-FFSOGI performance

xXxviii



Fig.6.22(a)-(c)
Fig.6.23(a)-(c)
Fig.6.24(a)-(f)
Fig.7.1
Fig.7.2
Fig.7.3
Fig.7.4

Fig.7.5

Fig.7.6 (a)-(b)
Fig.7.7 (a)-(b)
Fig.7.8 (a)-(b)
Fig.7.9
Fig.7.10
Fig.7.11 (a)-(b)
Fig.7.12 (a)-(b)
Fig.7.13 (a)-(b)
Fig.7.14 (a)-(c)
Fig.7.15 (a)-(f)
Fig.7.16 (a)-(f)
Fig.7.17 (a)-(f)
Fig.7.18 (a)-(b)

Fig.7.19 (a)-(d)
Fig.8.1

Fig.8.2
Fig.8.3(a)-(d)
Fig.8.4

Fig.8.5

Fig.8.6

Fig.8.7

Fig.8.8 (a)-(c)
Fig.8.9 (a)-(b)
Fig.8.10 (a)-(b)
Fig.8.11 (a)-(g)
Fig.8.12 (a)-(n)
Fig.7.5

Fig.7.6 (a)-(b)
Fig.7.7 (a)-(b)

Performance of internal signals over steady-state charging scenario

Performance of internal signals over dynamic or step change in loading scenario

Charging performance of common source FET switched Vienna rectifier based EV charger
Switching architecture portray of three-phase grid resilient isolated EV charger

Sector selection criteria for PWM current control loop

Detailed Control Architecture of Delta AFEC Stage

MATLAB/Simulink based modelling

Circuit schematic of experimental prototype

Experimental prototype photograph

Performance for charging of deep-discharged battery

Performance with CC-charging mode

Performance of charger during outage of one phase

Performance of charger during restoring of one phase from its outage condition
CV-Charging performance of EV charger

Grid current THD performance

FBLLC DC/DC stage performance

Experimental performance of grid angle estimation loop

Experimental performance with different grid and loading scenarios with charging
Steady-state performance for conformity of ZVS, and charging quantities
Dynamic Performance with step change in charging current

Experimental performance of consistent charging over outage and restoring of one grid
phase

Internal modulation signal for delta rectifier operation including voltage and current stress
Circuit architecture of single phase single stage EV charger

Principle operating waveforms of single stage EV charger

Operating trajectories for energy commutation paths for positive half cycle
Control algorithm for CC & CV mode charging with single stage LLC
MATLAB/Simulink modelling representation

Switching network, sensing, conditioning, driving, protection and DSP connection
schematic

Hardware prototype of single-stage HBLLC based portable EV charger
Steady-state charging performance

Soft-switching performance of LLC resonating stage

Grid current THD performance

Experimental steady and dynamic performance of grid side quantities
Experimental steady and dynamic performance of DC/DC stage

Circuit schematic of experimental prototype

Experimental prototype photograph

Performance for charging of deep-discharged battery

XXIX



Fig.7.8 (a)-(b)
Fig.7.9
Fig.7.10
Fig.7.11 (a)-(b)
Fig.7.12 (a)-(b)
Fig.7.13 (a)-(b)
Fig.7.14 (a)-(c)
Fig.7.15 (a)-(f)
Fig.7.16 (a)-(f)
Fig.7.17 (a)-(f)
Fig.7.18 (a)-(b)

Fig.7.19 (a)-(d)
Fig.8.1

Fig.8.2
Fig.8.3(a)-(d)
Fig.8.4

Fig.8.5

Fig.8.6

Fig.8.7

Fig.8.8 (a)-(c)
Fig.8.9 (a)-(b)
Fig.8.10 (a)-(b)
Fig.8.11 (a)-(g)
Fig.8.12 (a)-(n)
Fig.7.5

Fig.7.6 (a)-(b)
Fig.7.7 (a)-(b)
Fig.7.8 (a)-(b)

Performance with CC-charging mode

Performance of charger during outage of one phase

Performance of charger during restoring of one phase from its outage condition
CV-Charging performance of EV charger

Grid current THD performance

FBLLC DC/DC stage performance

Experimental performance of grid angle estimation loop

Experimental performance with different grid and loading scenarios with charging
Steady-state performance for conformity of ZVS, and charging quantities
Dynamic Performance with step change in charging current

Experimental performance of consistent charging over outage and restoring of one grid
phase

Internal modulation signal for delta rectifier operation including voltage and current stress
Circuit architecture of single phase single stage EV charger

Principle operating waveforms of single stage EV charger

Operating trajectories for energy commutation paths for positive half cycle
Control algorithm for CC & CV mode charging with single stage LLC
MATLAB/Simulink modelling representation

Switching network, sensing, conditioning, driving, protection and DSP connection
schematic

Hardware prototype of single-stage HBLLC based portable EV charger
Steady-state charging performance

Soft-switching performance of LLC resonating stage

Grid current THD performance

Experimental steady and dynamic performance of grid side quantities
Experimental steady and dynamic performance of DC/DC stage

Circuit schematic of experimental prototype

Experimental prototype photograph

Performance for charging of deep-discharged battery

Performance with CC-charging mode

XXX



LIST OF TABLES

Table 1.1
Table 1.2
Table 1.3
Table 1.4
Table 1.5
Table 1.6
Table 1.7
Table 2.1
Table 2.2
Table 2.3
Table 3.1
Table 3.2
Table 3.3
Table 3.4
Table 3.5
Table 3.6
Table 3.7
Table 3.8
Table 3.9
Table 3.10
Table 4.1
Table 4.2
Table 4.3
Table 5.1
Table 5.2
Table 5.3
Table 7.1
Table 8.1

Specifications of off-board dc fast chargers with different charging protocols

List of different electric mopeds and their specifications with company charger
Specifications of single phase portable EV charger

SAE J1772 ac level 1/2/3 charging standards

Off-board dc charging standards

List of diverse standards used in EV charging

List of different charging methods and their respective performance

Lithium-ion battery voltage range for 48v battery pack development

Market portfolio portable EV charger for 48v battery

Portfolio of PV and CV in Indian market

Instantaneous current expressions of possible operating modes in conventional DPSM
Instantaneous current expressions of bidirectional conduction angle DPSM

ZVS boundaries for different operating mode under unidirectional conduction angle DPSM
ZVS boundaries of bidirectional conduction angle DPS control

Optimized mathematical expressions of ‘d’ & ‘p’ over varying k’ & p,’

Performance comparison to eliminate volt-second imbalance

Specifications of hardware components

Designed parameters of scaled hardware prototype

Features comparison list of off-board EV chargers

Comparative list of revealed literature on three phase on/off-board EV charger architecture
System parameters of both simulation and experimental design

List of converter components

Comparison based on quantitative output of different three phase EV charging topologies
Operating regions of resonating converters

Instantaneous mathematical relations of operating modes

Mathematical representation of state variables of different operating modes

Gating pattern for active channel enhanced current commutation

Design values and specifications of single stage LLC based EV charger

Xxx1



Xxxil



LIST OF ABBREVIATIONS

DAB Dual active bridge

DPSM/TPSM Dual phase shift modulation/ Triple phase shift modulation
ZVS/ZCS Zero voltage switching/ Zero current switching

KKT Karush-Kuhn-Tucker

MCU Microcontroller unit

FET Field effect transistor

CMPx/y Compare register x & y

AFEC Active front end converter

LL Leakage and Magnetizing inductance

SOGI Second order generalized integrator

PLL Phase locked loop

SOSF Second order sequence filter

PC-FFSOGI Phase compensated second order generalized integrator
SHC Selective harmonic compensation

HFT High-frequency terminals

AFFSOGI Adaptive fixed frequency second order generalized integrator
VCR Voltage conversion ratio

DeSAT Desaturation

ccrev Constant current/constant voltage

DICM/CICM Discontinuous inductor current mode/ Continuous inductor current mode
HBLLC Half-bridge inductor-inductor-capacitor

MPFT Maximum power factor tracking

RES Rising edge shift

SPCAM switching pulse conduction angle modulation

SPFM switching pulse frequency modulation

LUT Look-up table

ePWM Enhanced pulse width modulation

FBLLC/HBLLC Full bridge LLC /Half bridge LLC

PFC Power factor correction

APFC Active power factor correction

xxxiii



XXX1V



LIST OF SYMBOLS

Vab Switching voltage of primary H-bridge

Ved Switching voltage of secondary H-bridge

L, Ly Transfer, and magnetizing inductance

ire/ im Current of transfer/magnetizing inductance
d/e Per unit conduction duty and phase shift

D Phase shift between diagonal MOSFETs

Ths Half-switching time

Ipase, Phase Base current and power

korA, N Voltage conversion ratio ‘V4/NV3’ and turn ratio
tot1. 12,13 Switching instants within 7
i(t)/(t)]i(:)/i(t3) Instantaneous switching currents.

01, 02, 03, Q4 Os, Os AFEC stage FETs

Py, Py, Ps3, Py Primary MOSFETs.

S1, 82, 83, S4 Secondary MOSFETs.

Coss Output capacitance of MOSFET

Lpeak Peak value of i,

A, KKT multipliers

L Lagrange’s function

P, P, Actual and reference power transfer

dopt / Popt Optimum values of d / ¢

Vi, Vb, Vae Input, output and intermediate DC link voltage
Vo, Vs Primary and secondary quasi-square voltage
Iy Battery charging current

Ts, Tow, Tr, ts DC bias propagation time, switching time, rise time, settling time
fc Cost function

W, & W Weighting factor

Eacr & Eace Error samples of outer voltage loop

Ear& Eqie1 Error samples of ‘d’ axis current control loop
Egk & Eqke Error samples of ‘g’ axis current control loop
o & Ao Fundamental frequency and its deviation

Vau & Vep s Filtered a, § quantities

KorK; Damping constant (SOGI gain)

K'&w’ Adaptive deviation in k & ®

q Adaptive fractional deviation in system order
Oy Estimated grid voltage angle

ib, ripple Ripples content in charging current

ibk Tb -1 Samples of charging current

ip -1, p s’ Predictive samples

XXXV



in i, ip e’
i€

Aip

c

Astep
Jsw/felock Mcu
Rp1, Rp3
Fpi, Fps

Rsi1, Rs3

Fsi, Fss

ts

Vs, Is

L R, Ciy
Lot Loz, C1, C
izo1, izo2, Ver, Vez
Co], CDZ

Dy, Dp,

L, C.Ly

iLr, Visq

I/CV'

Jor Jo 0, @p
ta

Cy, Ly, w0,
My

Evies Evie-1
n

V¥, Vaes
Ze

Wyw, Tsw

Cy

Je (@), 1

P,

Vdc,nom; Vb,nom
@p,r

Rac, RL, RD

Swit, Swiz, Sw2i, Sw2z,

Dy, Dy

N

S
Suffix b’
Suffix ‘n’

Sensed samples

Compensated samples

Deviation from reference and sensed samples
Coefficient for transition performance

Adaptive step change for compensation
Marginal deviation provides by MCU

Rising edge switching instant of P; & P;3
Falling edge switching instant of P; & P;
Rising edge switching instant of S; & S

Falling edge switching instant of S; & S3
Sampling time

Grid voltage, grid current

Input EMI filter elements

Intermediate inductors and capacitors
Intermediate inductor currents and voltages
Split DC link capacitors

Conduction duty of Vienna switch and Diode ‘D;’
Tank circuit elements (inductors and capacitor)
Resonating current and switching voltage
Voltage across resonating capacitor

Resonant and pole frequency in Hz & rad/s
Additional shift in dead duration

Respective normalized quantities

Equivalent voltage gain of PFC stage

Samples of DC link voltage error

Turn-ratio of isolation transformer

Reference and filtered value of DC link voltage
Characteristics impedance

Switching frequency and time of LLC stage
Normalized capacitance

Cut-off frequency in Hz (in rad/s), sampling time
Terminal power

Nominal DC link and battery voltage
Normalized reduced frequency of proposed work
Equivalent AC, load & diode forward resistance

Bidirectional FETs of Vienna Rectifier

Forward and backward conduction diodes of single FET Vienna

Neutral point

Switching function

Boundary conditions except battery side parameters (Vp & I)

Normalized Quantities

XXXV



Swiy Bidirectional FETs of respective node

Vg, Ig Grid voltage and current
Li, Li> Interleaved inductors
Cou, Coz Grid side split capacitors

XXXVil



