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ABSTRACT

Single-Sensor DCM PFC Based Onboard Chargers for Low Voltage Electric Vehicles

Karan Pande

Grid-connected plug-in electric vehicles (PEVs) are considered as one of the most
sustainable solutions to substantially reduce both the oil consumption and greenhouse gas
emissions. Electric vehicles (EVs) are broadly categorized into low power EVs (48/72 V
battery) and high power EVs (450/650 V battery). Low power EVs comprise two-wheelers,
three-wheelers (rickshaws), golf carts, intra-logistics equipment and short-range EVs whereas
high power EVs consist of passenger cars, trucks and electric buses. Charger, which is a power
electronic converter, is an important component of EV infrastructures. These chargers consist
of power converters to convert AC voltage (grid) to constant DC voltage (battery). The
existing chargers are bulky, have high components’ count, complex control system and poor
input power quality. Henceforth, to overcome these drawbacks, this thesis focuses on the
onboard charging solutions (two-stage isolated and single-stage non-isolated) for the low
voltage battery EVs. Power factor correction (PFC) is the fundamental component in the EV
charger. Considering the specific boundaries of the continuous conduction mode (CCM)
operation for AC-DC power conversion and their complexity, the proposed chargers are
designed to operate in discontinuous conduction mode (DCM) and benefiting from the
characteristics like built-in PFC, single sensor, simple control, easy implementation, inherent
zero-current turn-on of the switches, and inherent zero diode reverse recovery losses.
Proposed converters can operate for the wide input voltage range and the output voltage is
controlled by a single sensor-based single voltage control loop making the control simple and

easy to implement, and improves the system reliability and robustness.

This thesis studies and designs both single-stage non-isolated and two-stage isolated
onboard battery chargers to charge a 48 V lead-acid battery pack. At first, a non-isolated
single-stage single-cell buck-boost PFC AC-DC converter is studied and analyzed that offers
reduced components’ count and is cost-effective, compact in size and illustrates high

efficiency. While the DCM operation ensures unity power factor (UPF) operation at AC mains



without the use of input voltage and current sensors. However, they employ high current rated
semiconductor devices and the use of diode bridge rectifier suffers from higher conduction
losses. To overcome these issues, a new front-end bridgeless AC-DC PFC topology is
proposed and analyzed. With this new bridgeless front-end topology, the conduction losses
are significantly reduced resulting in improved efficiency. The low voltage stress on the
semiconductor devices are observed because of the voltage doubler configuration. Later, an
isolated two-stage topology is proposed. The previously proposed bridgeless buck-boost
derived PFC converter is employed followed by an isolated half-bridge LLC resonant
converter. Loss analysis is done to determine optimal DC-link voltage for the efficient
operation of the proposed conversion. The converters' steady-state operation, DCM condition,
and design equations are reported in detail. The small-signal models for all the proposed
topologies using the average current injected equivalent circuit approach are developed, and
detailed closed-loop controller design is illustrated. The simulation results from PSIM 11.1
software and the experimental results from proof-of-concept laboratory hardware prototypes

are provided in order to validate the reported analysis, design, and performance.



Acknowledgment

I would like to express my special appreciation, gratitude, and regards to my erudite
supervisor, Prof. Akshay Kumar Rathore for his supervision, guidance, and support. I am
thankful for his priceless suggestions and assistance not only in academics but also in my
research work. I would base my success on all the valuable learnings from his scientific

knowledge, critical thinking, simplicity, and punctuality.

The completion of this thesis also includes scholarly inputs and help from my colleagues
in the Power Electronics and Energy Research (PEER) Group. I would like to express my
gratitude to Dr. Sivanagaraju and Abhinandan not only for their support in building
experimental set-up but also for their kind assistance and elaborative discussions. My special
thanks to Swati, Gayathri, Koyelia, Ronak, Akhilraj, Dwaipayan, Venkata, and Dr. Amit for

their friendship and constant moral support.

I would like to thank my parents (Mr. Mahendra Pande and Mrs. Savitri Pande) and my
family members Mahadeo, Surendra, Sonal, Nirmala, Kunal, Dhani, Heena, and Ishwari for
their continuous love and support. I am especially grateful to my sister Saloni for being my

persistent support and inspiration throughout my life. To them, I dedicate this thesis.

In the end, I would also like to acknowledge my friends who made my Masters (MASc.)

life colourful and enjoyable.



Table of Contents

LSt Of TaDIES ..ot IX
LSt OF FRGUIES ..ottt ettt e e st e et e e eabeesaeees X
List of ADDreviations ..............cooiiiiiiiiiiiie e XIIT
List of Nomenclature ..............oooiiiiiiiiiie e X1V
CHAPTER 1: INTRODUCTION .....ooiiiiiiiiiiiiiieteneee ettt sttt st 1
L1 TNEEOAUCHION ...ttt ettt et b et et e st e b ennes 1
1.2 LAterature REVIEW .......iiiuiiiiiiiiieiie ettt ettt e st e 2
1.2.1 Classification of Plug-in Chargers ..........ccoceevuerieniriienieniiieeeerieeeneeseeee e 2
1.3 Conventional OBC ArchiteCture..........cooueiiieiiiiiiieiieeiieie e 4
1.3.1 Single Stage Isolated TOPOLIOZIES ......cccuerueerueriiriiiiirierieeeeeece e 4
1.3.2 Two-Stage Isolated TOPOIOZIES. .......eeruierrieriieeiieiieeieeeite et esiee e esieeereeseneesaesaeeens 5
1.4 ReSEAICh ODJECTIVES ...eeuviieiiiiiiieiiieeiie et ete et e eiveeteeste et e esaeesteesabeessaeesseensaesnsaessseenseensns 7
1.5 THESTIS OULIIE ....eeuveiieiieieeieseee ettt ettt ettt et b et et e st enaeenees 8
1.6 CONCIUSION ...ttt sttt ettt sttt et e et et et e s et enaeenees 9
CHAPTER 2: DCM CONCEPT STUDY OF TRADITIONAL BUCK-BOOST
CONVERTER FOR PFC AC CHARGER APPLICATION .......cccocoiiiiiniiieieeee 10
2.1 INEEOAUCTION ..ttt ettt ettt et e st e et e s st e enbeesseeenbeesnseenseesnneens 10
2.2 Review of Non-Isolated PEV Charger Topologies.........ccccceeieniriieniineeiienieneeieneene 11
2.2.1 A Two-Stage Interleaved Buck Topology ........ccccevverieniriiiniiniiiiniceeieneeenen 11
2.2.2 Non-Inverting Buck-Boost TOPOIOZY .......coouieriieiiiiiiiiiieceeeee e 12
2.2.3 SEPIC CONVEILET ...uvieeuiieeeiiieeeiieeeteeeeteeesteeeseteeeneaeeentaeeesseesnseeesnsaeessseeessseesssseessnnes 13
2.2.4 CUK CONVETTET ..vvvrverereereeesseesseeessssesssesesseesssseesssessssesssseessssssssesesssessssessssssssens 13
2.3 Proposed Converter and Control SCheme ..........cccoeeiiieiiiieniiienieeeieecee e 15
2.4 Converter Steady-State analysis Over One Switching Cycle .........ccccvvvvevvevvciiriniennnnee. 17
2.5 Proposed Converter DESIZN.......ccuueiuierieriieiieeit ettt ettt ettt et ee b e sineeteesaeeens 19
2.5.1 Average Output CUITENL .....coouiiiiiiieiie ettt ettt sbee e eesreeeaees 19
2.5.2 INPUL CUITENE ....eeiiiieiiieeeiie ettt et e ettt e et e e et e e st eesabteesabeeesabeeesnneeenanes 20
2.5.3 DCM Operation and Critical Conduction Parameters.........c..cccceevvereerervieneennennne. 20
2.5.4 Design Of INAUCTOT .......oiiiiiiieiie ettt et eree e e e e s 21
2.5.5 Design of Output Capacitor.......cccueieriieeiiieeriieerieeeseeeesreeessreessreesseeesseeesseeensnes 21
2.5.6 Design of INput Filter ......c.cooviiiiiiiiieie et 22



2.6 Proposed Converter Small-Signal Model............ccoeeiiiiiiiiiniieeeeece e 22

2.7 ReSult and DISCUSSION ....eeutiiiiiiiiieiiiieiiee ettt ettt ettt ettt et esiee e b e seeesneasaeeens 24
2.7.1 Simulation RESUILS......cc.eiiiiiiiiiiieee e 24
2.7.2 Experimental RESUILS........ccoociiiiiiiiiiiiieeiceiieee et 26

2.8 CONCIUSION ..ottt ettt et be ettt sa e et et e sbtesbeentesaeens 30

CHAPTER 3: SINGLE-PHASE SWITCHED MODE BRIDGELESS AC-DC BUCK-
BOOST DERIVED CONVERTER...........cccooiiiiiiiiiieeeestee et 32

3.1 INETOAUCTION ...ttt ettt st bt et sbe e 32

3.2 Review of Front End Bridgeless AC-DC PFC Topologies.........ccceeveeeeueeercvieenreeennneen. 32
3.2.1 Bridgeless Boost PFC CONVEITET........cccevuiriiriiiiniiiieeicrtcieeieeeese e 33
3.2.2 Semi-Bridgeless Boost PFC CONVerter.........cccooeeienienieriinienieieneeieneneeeeeene 34
3.2.3 Bridgeless Interleaved Boost PFC Converter............ccoeoieiieiiienieniieieeieesee e 34
3.2.4 Bridgeless Buck-Boost PFC CONVEILET ..........ccueeiierieeiieiieeiieriie e 35
3.2.5 Bridgeless Sepic and Cuk PFC CONVEIter..........cccverieriierieeiienieeieeniee e seve e 35

3.3 Proposed Converter and Control SCheme ............ccoevviviiieiiiiiiieniececeeeee e 38

3.4 Steady-State Analysis of Proposed CONVErter ...........cceecvveriieiiieniieiiienieeieesve e 39

3.5 Proposed Converter DESIZN........c.cecuiiiiieriieeieeiieeieeeee et esieeereeseeeeseesseeeseessnesseessneans 42
3.5.1 Average Output CUITENT ......cc.coviiiiiiiiiiiiierieee et 42
43 3.5.2 INPUL CUITENL ...ttt snees 43
3.5.3 DCM operation and Critical Conduction Parameters ............c.cocceevveenieeiienneenen. 44
45 3.5.4 IndUCLOr DESIZN ..cuviiiiiieiiiriiiieeteeit ettt ettt 45
3.5.5 Design of Output CapacCitor.......cuueeeevieeriieeniiieeriieerieeerieeesreeesieeeeseeeesneesseeesanees 45
3.5.6 Input FIlter DESIZN .....covouviiiiiiieiiie ettt e s 45

3.6 Proposed Converter Small-Signal Model...........ccoooiiiiiiiiiiiiiiiieeeeeeee e 46

3.7 Result and DISCUSSION ....cc.eeiiiiiiiiiieiieeite ettt ettt e 47
3.7.1 Simulation RESUILS........c.cooiiiiiiiiiiiieeeee e 48
3.7.2 Experimental RESUILS........c.cooiiiiiiiiiiiiieiieeeeee e 50

3.8 COMNCIUSION ..ottt sttt ettt et sat e bt et e b enee 54
CHAPTER 4: AN ON-BOARD EV CHARGER USING BRIDGELESS PFC AND
LLC RESONANT CONVERTER ........cccoooiiiiieee e 55

4.1 INEEOAUCTION ...ttt ettt et e sttt e s bt e et e saeeebeesaeeens 55

4.2 Review of Second Stage Isolated DC-DC Topologies ..........ccceevveeriieniienieenieenieeeieans 55
4.2.1 Full-Bridge Isolated PWM Buck CONVerter...........coccueeviieriieniienieeiiesieeieesee e 56

Vii



4.2.2 Full bridge Phase-Shift PWM CONVEIter ..........cccuveeiiieeiiieeiiee e 57

4.2.3 Full Bridge Series Resonant CONVEIter.........ccccecvveeerieeeiiieeiieeeiieeeieeeeveeesvee e 57
4.2.4 Full Bridge LLC Resonant CONVEITET ........cccveeeriieerieeeieieeeieeeeieeeeveeesreeessee e 58
4.3 Proposed Converter and Design SCheme ..........c.cocieiiiiiiieniieiienieeiiee e 59
4.4 1L0SS ANALYSIS c..vveiiieiieeiie ettt et e et et e et e st e e bt e s aeebeeetaeesbeessaeebeentbeebeeenneeseennbeans 62
4.4.1 Front End LSS ANALYSIS ....ccciieiiiiiiieiieiieeiieeieeite et eee et seveeseesiaeeveeseneensees 62
4.4.2 Back End LoSS ANALYSIS.....cccciiiiiiiiiieiieiiieiieeie ettt eeeevee e sseesaeeeseeseneennees 64
4.5 Proposed Converter Small-Signal Model...........cccoeviiiiiiiiieiieeeeeee e 67
4.6 ReSult and DISCUSSION .....eeutiiiiiiiiieiieeiee ettt ettt et ettt et et esaeeebeesseeebeesaeeens 68
4.6.1 Simulation RESUILS.......cc.eiiiiiiiiiiiiii et 68
4.6.2 Experimental RESUILS..........cooiuiiiiiiiiiiie et 71
4.7 CONCIUSION ...ttt ettt s h et et sae et e st e s bt e bt eatesbeenbeeneesaeenee 75
CHAPTER 5: CONCLUSIONS AND FUTURE WORK .........ccccooviiiiiieieeeeee 76
5.1 Contributions Of TRESIS .....eeivieruiiiiieiie ettt 76
5.1.1 Analysis and Design of Single-Stage DCM Operated Buck-Boost PFC AC
(O] 1F:1 ) SO RRRP 77
5.1.2 Single-Phase Switched Mode Bridgeless AC-DC Buck-Boost Derived Converter
......................................................................................................................................... 77
5.1.3 An On-Board EV Charger Using Bridgeless PFC and LLC Resonant Converter.78
5.2 Scope Of FULUIE WOTK .....viiiiiiiiiie ettt e s 79
5.2.1 DCM Based Interleaved Bridgeless Buck-Boost Converter...........ccccecveeeveeennen. 79
5.2.2 A High Power On-Board Bidirectional EV Charger Using Interleaved Bridgeless
PFC and Full-Bridge LLC Resonant CONVETter.........cccveeriieerieeeiieeeiieesireesieeesvee e 80
REFERENCES ..ottt et sttt ettt ettt e saeenee 82
LIST OF PUBLICATIONS ...ttt ettt st sttt e ee e 90

viii



Table 1.
Table 2.

Table 2.

Table 2.
Table 2.

Table 3.

Table 3.
Table 3.

Table 3.

Table 4.

Table 4.
Table 4.
Table 4.
Table 4.
Table 4.

AN A

List of Tables

Types of EVs and Charging Time................ccovviiiiiniinnn....
Specification of E-Rickshaw..................coooiiiiii,

Comparison of the proposed converter with the state-of-the art
(o0 N 1<) ¢

Converter design specifications.............oovviiiiiiiieininneenn.n.

Converter hardware specifications................cooevvvviiiieenn...

Comparison of the proposed converter with the state-of-the art
(o0 N 1<) ¢

Converter design specifications............oovveviiiiiiieiiinneenn.n.

Converter hardware specifications................cooevviiiniieenn.n.

Converter measured input current THD (%) and power factor at
different OUtPUL POWETS......viieiiii i e,
Comparison of the proposed converter with the state-of-the art
L0703 ) ) N

Design parameters of the front end converter........................
Actual parameters and for loss analysis...................cooeeen.
Converter design specifications.............cooeviiiiiiiininenn...
Converter hardware specifications...............cooceiiviinin...

Efficiency of Two-Stage Converter for Various Power Levels....

02
14

17
24

26

39
49

49

52

60
61

66
69
74
75



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

—
[98)

—
o

MR DbD DD bR
® =N xR

2.10.

2. 11.

2.12.

2.13.

2.14.

2.15.

List of Figures

Classification 0Of EVS ..ooiiiiiiii e,

Classification of plug-in chargers................cooiiiiiiiiiiiinnn.

Single Stage (a) Isolated flyback converter; (b) half bridge isolated
DC/DC 1esonant CONVETTET. . ......uuutueeneeteaneaeeeaaieaneaaanan

Block diagram of two-stage PFC technique............................
Two-stage interleaved buck converter....................ooeeeennn..
Non-inverting buck-boost converter....................ooeviiiinn.n.
SEPIC CONMVETLRT . ...t ettt ettt ettt et e e e eaeenss
(O8] Q0] 15 4 1<)
Proposed Non-isolated single-cell buck-boost converter............
The control circuit for the proposed converter.........................

Waveforms for one switching cycle.................oooiiiiiiinn..

Equivalent circuits during positive halfcycle; (a) Mode-1; (b)
Mode-2; () Mode-3......oiiiiii i
(a) Equivalent circuit for small signal modelling. (b) Control
Diagram.........ccoiiiiii
Simulation results (a) input voltage and input current at 250W; (b)
input voltage and input current at 1kW (c) output voltage and
output current; (d) inductor current; (e) output diode current; (f)
load change from 100% to 10%; (g) input voltage change from
110 V to 80 V. (h) input voltage change from 110 Vto 130 V........
Experimental prototype of single stage single cell converter (a) top
VIEW. (D) SIde VIEW. ...t
Experimental results (a) PFC operation at 1.0 kW. (b) Efficiency
of single-cell converter (c) Single cell diode and switch voltage
stresses (d) Zoomed in version for single-cell voltage stresses on
diode and switch. (e) Switch voltage and inductor current
waveform. (f) Zoomed in version for switch voltage and inductor
current waveform. (g) Inductor current waveform. (h) Zoomed in
inductor current waveformat 1.OKkW...............o
(a) FFT analysis of input current for single-cell converter, (b) THD
and Efficiency of converter................coooiiiiiiiiiiiii i,
Converter response (a) load change from 500W to 1.0 kW, (b) load
change from 1.0 kW to 500 W, (¢) input voltage swell, (d) Power
loss distribution of converterat .OKW................oo

Battery Equivalent circuit when connected to battery charger......

12
12
13
14
15
17
18

18

23

25

27

28

29

30



Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.
Fig.

W oW W W W
A

. 10.

1.

12,

. 13.

. 14.

. 15.
. 16.

Bridgeless boost PFC converter.............covvviiiiiiiiininenn...
Semi-bridgeless boost PFC converter...............ccovvvveneennnn..
Bridgeless Interleaved Boost PFC converter.........................

Single phase bridgeless buck-boost PFC converter.................
Converter configuration (a) Bridgeless Sepic, (b) Bridgeless

Proposed single-phase switched-mode bridgeless AC-DC buck-
boost derived PFC converter............cooovvviiiiiiiiiiininninn.n.

The control circuit for the proposed converter.......................

Proposed converter configurations during (a) positive half cycle,
(b) negative halfcycle........coooviiiiiiiiiie,

Waveforms for one switching cycle.................oooeiiiiiin..n.

Equivalent circuits during positive halfcycle; (a) Mode-1; (b)
Mode-2; () Mode-3... ... e
(a) Equivalent circuit for small signal modelling. (b) Control
DIagram. ... ..ooueii e
Simulation results (a) input voltage and input current; (b) output
voltage and output current; (c) output diode Dol current; (d)
output capacitors voltages; (e) inductor current; (f) converter
response for load change 50 % t0 100 %......ccceevvvevirevieenieiiiennes
Experimental prototype of bridgeless converter (a) top view. (b)
SIAE VIBW . .ttt e e e
Experimental results (a) PFC operation at 1.0 kW. (b) PFC
operation at 500W. (c) PFC operation at 250W. (d) Input current
THD at 1.0 kW. (d) THD and power factor at various power
levels. (e) Switch voltage waveform along with PFC. (f) zoomed
in version for switch voltage waveform. (g) Switch voltage and
inductor current (g) ZCS turn-on of switch. (h) Diode voltage
waveform. (j) Output capacitor voltage. (k) Zoomed in Inductor
waveform at 1.0 kW. (I) Efficiency curve for various power
JeVEIS. ..

THD and power factor at various power levels......................

Converter response (a) load change from 500W to 1.0 kW; (b)
load change from 1.0 kW to 500 W; (c) input voltage swell. (d)
Input voltage dip.......ccoovviiiiii

Full-bridge isolated buck converter...................oceeiiiiinnn.

Full bridge phase-shift PWM converter..................c.ccovuen..

Xi

33
33
34
35

36

38
39

40
41

41

46

48

50

51
52

53
56
56



Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.3.
4.4.

4.5.
4.6.

4.7.

4.8.

4.9.

4. 11.

5. 1.

5.2.

Full Bridge Series Resonant (FB-SRC) converter...................
Full Bridge LLC Resonant Converter.............c..cooevueeenennnnn.
Proposed two-stage isolated EV charger configuration............

Calculated Losses according to various DC-Link Voltages........

(a) Equivalent circuit for small signal modelling. (b) Control
Diagram........c.oiiii e
Simulation results (a) input voltage and current. (b) output voltage
and current. (¢) input voltage change from 110 V to 80 V. (d) input
voltage change from 110 V to 130 V. (e) inductor current. (f) load
change from 50% to 100% . (g) ZVS turn-on of half-bridge switch.
(h) DC-link voltage variation during load

Experimental prototype of bridgeless converter (a) top view. (b)
S T4 (S )t
Experimental results (a) PFC operation at 1.0 kW b) input PFC
and DC link voltage. (c¢) Switch voltage and inductor current (d)
ZCS turn-on of switch. (e) Switch voltage, gate and resonant
current. (f) Transformer primary voltage and current. (g)
Resonance operation at a low load. (h) Synchronous rectification
0] 053 ¢ 1510 1 D
Converter response (a) Input voltage swell (b) input voltage dip
(c) Load change from 100% to 20% (d) input current FFT at 1.0

Schematic of interleaved bridgeless buck-boost derived PFC
(070 807 N
Schematic of Interleaved Bridgeless PFC and Full-Bridge LLC
Resonant converter..........o.oviiiiiiiiiiii

xii

57
58
59
66

67

70

71

72

73

80

81



List of Abbreviations

EVs Electric Vehicles

PHEV Plug-in Hybrid Electric Vehicle

OBCs On-board Battery Charger

BMS Battery Management System

PFC Power Factor Correction (or Corrected)
THD Total Harmonic Distortion

EMI Electromagnetic Interference

CCM Continuous Conduction Mode

DCM Discontinuous Conduction Mode

AC Alternating Current

DC Direct Current

LLC Inductor-Inductor-Capacitor

ZVS Zero Voltage Switching

ZCS Zero Current Switching

UPF Unity Power Factor

kW Kilo-Watt

CC Constant Current

Ccv Constant Voltage

MOSFET Metal Oxide Semiconductor Field-Effect Transistor
CIECA Current Injected Equivalent Circuit Approach
RMS Root Mean Square

ms Millisecond

PF Power Factor

FFT Fast Fourier Transform

G2v Grid to Vehicle

V2G Vehicle to Grid

xiii



Io,avg
Iip and I
M
Kcona
Keric
Voripple
Co,Co1,Co2
Ly
Cr
fs

Lo,avg

R, and R

pk
lL,pk

Lpi

fe

Zin

fo
Vaciink

1:n:n

List of Symbols

Input Voltage

Output Voltage

Rectified Input Voltage
Buck-Boost Inductor

Switch On-Time

Duty Cycle

Output Average Current

Input Current

Buck-Boost Converter Gain
Conduction Parameter of Converter
Critical Conduction Parameter
Output Voltage Ripple

Output Capacitors

Input Filter Inductor

Input Filter Capacitor

Switching Frequency

Switching cycle average output current

Load Resistance
Converter Output Power
Peak Input Voltage
Peak Inductor Current
Peak Input Current
Cut-Off Frequency
Input Impedance
Resonant Frequency
DC-link voltage

Transformer turns ratio

Xiv



ISW,T‘mS
RDS,on,FE
Pe 1imit

ICdc,link'rmS

RCdc,linkESR

le

G, =Gy,

1
Vin,pkSin (wt)
COSS

Io,BB

Iswk,rms;k=BE,SR

T.

SWkB,k=BE

Switch rms current

Switch drain-to-source on resistance (front end)

Inductor core loss limit, mW/cm?
Effective core volume, cm?®
Buck-boost diode forward voltage
Buck-boost diode resistance
DC-link capacitor rms current
DC-link capacitor ESR

Load resistance

Transformer magnetizing inductance
Applied gate voltage

Dead-time for back-end switches

Resonant inductor

Transformer leakage inductance
Resonant capacitor

Line input voltage

Switch output capacitance
Buck-boost average output current

Back-end switch current

Switching time period of buck-boost or half-
bridge converter

XV



CHAPTER 1: INTRODUCTION
1.1 Introduction

The automotive industry globally is witnessing a major transformation due to research and
development on transportation electrification. Growing concerns for the environment and
energy security clubbed with rapid advancements in technologies for the powertrain
electrification are transforming the automotive business. One of the key facets of such a
change is the rapid development in the field of electric mobility which might transform the
automotive industry like never before. Electric vehicles (EVs) for the road transport enhances
the energy efficiency, require no direct fuel combustion and rely on electricity — the most
diversified energy carrier, thereby contributing to a wide range of transport policy goals.
Global EV sales figures have been growing rapidly and according to an analysts, the global
feet of EV sales could rise to 120 million in 2030 [1]. At the end of 2019, the global fleet of
plug-ins was 7.5 million counting the light vehicles [2]. Medium and heavy commercial
vehicles add another 700,000 units to the global stock of plug-in vehicles [3]. EVs comprise
a broad spectrum of vehicles right from two-wheelers, three-wheelers (rickshaws), golf carts,
intra-logistics equipment, passenger cars, trucks and electric buses. Fig. 1.1 illustrates the
classification of EVs depending upon their battery capacity whereas, Table 1. 1 shows EV
charging type

Electric Vehicles

1
v v

Low Power EVs High Power EVs
(48/72'V) (400/600V)
Battery Battery
—» Two-Wheelers (Bikes) Passenger Cars
—» Three-Wheelers (Trio) Electric Buses

—» Golf Carts, E-rickshaw

—» Intra Logistics Equipment

—» Short Range Mobility Vehicles

Fig. 1. 1. Classification of EVs



Table 1.1: Types of EVs and Charging Time

EV Battery Type Charger Power  Charging Time

Two Wheeler/ E-rikshaw/

Intra Logistics Equipment SLI-48V 0.5-TkW 6-8 Hrs
Trio/Golf Carts Li-Ion / AGM 48V 1-3kW 3-4 Hrs
Short Range Mobility Li-on 120V 33-7TkW 4 Hrs
Vehicle
Passenger cars/ Buses Li-Ion 400-600V 62 - 500 kW 30 mins

Three-wheelers are the intrinsic part of the local transportation in the south East Asian
countries. E-rickshaw has gained popularity in the Asian market post-2010 as a result of their
symbolic resemblance with traditional auto-rickshaw, they are also exhausting as they don’t
require all-day peddling unlike cycle rickshaws resulting into more rides in a day proving
more profitability. E-rickshaw is hauled by an electric motor ranging from 850W-1400W,
which is supplied from the lead-acid battery pack of 100-120 Ah [4]. An article published by
Bloomberg claims that the south Asian countries combined have 1.5 million electric three-
wheeled rickshaws, which are more than the total number of electric passenger cars sold in
China since 2011 [5]. India and China are the two biggest manufacturers of E-Rickshaw [5].
According to an analyst it is estimated that about 60 million Indians hop on an e-rickshaw
every day [6]. Research and Markets, a market research company in Ireland claims that the
Asia Pacific e-rickshaw market is estimated to hit $11,935.1 million by 2023 [7]. The fast
growth of the market is principally pushed by the low ownership cost of electric three-
wheelers, falling battery prices, and favorable government policies and support [8]. P&S
Intelligence another market research company claims that the Indian and Chinese market to
reach double the current scenario by 2024 [9]. An OBC is used to transfer power from the grid
to charge the battery pack of the e-rickshaw. The OBC has to be compact and light since it is
housed inside the vehicle. In addition, the OBC is also required to limit the input current

harmonics to meet regulatory standards, such as IEC 61000-3-2 [10].
1.2 Literature Review

In this section, a detailed review of conventional OBCs along with their architectures is

provided.



Plug-in Chargers
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(Slow Charging) (Fast Charging)
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Ch argers Chargers e Charge under 30 Mins
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e BMS is managed by on board rectifier e The higher the energy transfer rate

e Less concern about battery heating

e Adds weight to vehicle

Fig. 1. 2. Classification of plug-in chargers
1.2.1 Classification of Plug-in Chargers

Fig. 1.2 shows the classification of plug-in battery chargers. The plug-in chargers for the
EVs are classified into two type’s namely on-board chargers and off-board chargers. An off-
board charger is generally designed to transfer higher kilowatts of power and requires a more
sophisticated battery management system (BMS) on the plug-in hybrid electric vehicles
(PHEV) and EVs. A high power off-board charger (>100 kW) can charge the EV battery
within 30 minutes. In addition, it removes significant weight from the PHEVs and EVs, which
can increase the vehicle’s overall efficiency. The demerits of the fast off-board charger are
high current is injected in the battery, resulting in the rise of temperature and frequent
maintenance and replacement of the batteries. On the contrary, an onboard charger is generally
designed for lower kilowatts of power transfer usually 3.3 kW, and is further classified into
isolated and non-isolated chargers. The non-isolated topologies do not implement galvanic
isolation as the output voltage is low. Therefore, the non-isolated topologies are more compact
in weight and have high efficiency [11]. On the other hand, the isolated topologies end up
bulky in overall weight since it uses galvanic isolation (usually achieved using an isolation
transformer) and possess a complex control structure which reduces overall reliability of OBC

[13]. The isolated topologies are again further classified into two types namely single-stage
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and two-stage topologies. Based on the on-board charger power level, they charge the battery
in 4 to 7 hours [12]. Due to low current charging, it supports the specified lifetime of the
battery and demands for reduced maintenance. Most common E-Rickshaw battery is the lead-
acid, SLI type as it is cheap to manufacture. Also, It can provide high currents (400-400 A)

for turning the starter motor for short periods..
1.3 Conventional OBC Architecture
1.3.1 Single Stage Isolated Topologies
Fig. 1.3 (a) and (b) show the block diagram of the conventional isolated single-stage
converter topologies. These isolated topologies consist of a diode bridge rectifier followed by

an isolated flyback converter [14] or a half-bridge isolated DC/DC resonant converter [15].

The isolated flyback converter is a very simple and effective solution for battery charging
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Fig. 1. 3. Single Stage (a) Isolated flyback converter; (b) half bridge isolated DC/DC resonate

converter
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applications. It has a low components count making it an inexpensive solution to provide a
DC voltage from an AC source. This converter also does not require a complex control. The
isolated flyback converter topologies suffer from the effect of leakage inductance resulting
into high stress on switch voltage [15]. It is observed that when the switch is turn-off the
leakage inductance of the transformer is discharged and a huge voltage spike across the switch
appears. To clamp this voltage spike across the switch external RCD snubbers are connected
[16]. In addition hard-switching operation of the switch also leads to high power losses in the

converter.

Single-stage AC-DC converters based on the resonant half-bridge converter provide ZVS
operation of the PWM switches and does not face the voltage spike across the switch due to
the presence of series resonant tank [15]. However, the majority of these developments have
been focused only on reducing the switching power losses. But this configuration also poses
losses because of the presence of diode bridge rectifier at the output side. Especially for low
voltage battery charging application, the full-bridge diode rectifier causes high conduction

and turn-on losses, resulting in additional thermal management requirements [17].

The converters in Fig. 1.3(a) and (b) employ an uncontrolled diode bridge rectifier to
converter the AC grid voltage into DC voltage. This uncontrolled diode rectification draws a
peaky input current. In both the single-stage isolated converter configurations there is no
dedicated PFC converter in the front end resulting into the injection of odd harmonics in the
grid leading to poor power quality and higher input current THD [18]. Both the configurations
require a bulky passive filter in order to filter out these harmonics consequently leading to
increased weight and size of the battery chargers. As per IEC-6000-3-2, the input current THD
limit should be less 5% for automobile battery chargers but these chargers fail to meet the

standards.
1.3.2 Two-Stage Isolated Topologies

Fig. 1.4 illustrates a simplified block diagram of a universal input two-stage PFC
technique. The first stage AC/DC PFC converter typically consists of an EMI filter, rectifier,
PFC converter, as well as a DC link capacitor. The PFC stage rectifies the input AC voltage

and transfers it into a regulated intermediate DC link bus. The converter is controlled by a
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Fig. 1. 4. Block diagram of two-stage PFC technique

high-frequency signal to shape the input current to follow the AC line voltage for near-unity
power factor operation. Such converters are operated in continuous conduction mode (CCM)
and typically require three sensors in order to achieve PFC [19], [20]. Such systems require
high sampling frequency in order to shape input current. A typical second stage of an isolated
DC/DC converter consists of a switching network, high-frequency transformer, rectifier, and
a low pass filter. This DC-DC stage converts the intermediate DC link voltage into a regulated
output voltage, which is required to meet the battery charging specifications. For achieving
high efficiency and reduced switching losses, an additional resonant tank between switching
network and high-frequency transformer is required. Two of the most common DC-DC
converter topologies are phase-shifted full-bridge (PSFB) [19] and LLC resonant converter
[20]. The phase-shifted full-bridge converters are able to achieve ZVS turn-on of primary
switches by controlling the gating signals. Such converters fails to achieve soft-switching at
light load, thus reducing the efficiency of the overall system [21]-[24]. On the other hand,
LLC converters achieve ZVS over entire load range, thus overcoming the limitations posed
for PSFB. But such converters use complex frequency modulation to control the output

voltage and current thus reducing the reliability of the LLC converter [25]-[28].

Although a two-stage topology with galvanic isolation has been a common topology with

an additional safety margin, isolation is not an essential requirement for the OBCs, according



to standards such as SAE J1772 [29], [30]. Hence, researchers have studied the applicability
of non-isolated chargers for PEVs. Non-isolated topologies have upper hand as compared to
the single-stage and two-stage isolated topologies. High-frequency transformer is absent in
non-isolated topologies thus, eliminating the problems introduced by the leakage inductance
on switch voltage and improve efficiency. In addition a non-isolated OBC possesses less
volume and losses. Yet again, these non-isolated topologies deal with the problem of an

increased number of semiconductor count and sensors, which increases the cost [11].
1.4 Research Objectives

The objective of this thesis is to investigate on the high-performance single-phase
solutions for the AC-DC PFC converter for low voltage EV battery chargers. The thesis
investigates both isolated and non-isolated PFC battery charging topologies offering simple
and practical solution to achieve high efficiency and PFC with low THD standards defined by
IEEE. The active AC-DC PFC converters are studied and analyzed with a focus on minimizing
the total number of components, improving power quality, and improving the overall
operating efficiency and power density along with reduced cost. The proposed converters are
designed for DCM operation in order to simplify the control circuit and to reduce the number
of sensors, which consequently increases the converter reliability and robustness. Further, the
design and performance of the converter are tested for a supply voltage change, load

perturbations, and single-phase operation.
The objectives of this thesis are listed below:

1. High switching frequency operation to reduce the volume, cost, and weight.

2. Sinusoidal input current with low THD (<5%) and UPF operation over a range of input
voltage.

3. Stiff and regulated DC output voltage.

4. High efficiency with load current and source voltage variation.

5. Simple and easy control.

To accomplish these objectives, and to replace the conventional diode-based rectifier with
active PFC rectification, the thesis proposes three active PFC converter topologies described

briefly in the next section, and in detail in various Chapters 2 to 4.



1.5 Thesis Outline

The major research contributions of this thesis are as follows:

In Chapter 2, a non-isolated single-stage single-cell buck-boost AC-DC converter based
battery charger configuration with the inductor operating in DCM has been reported. DCM
operation is used in order to achieve UPF operation at AC mains without the use of input
voltage and current sensors. The converter output is controlled by only one control loop and
a single sensor. The proposed topology is cost-effective, compact size and illustrates high
efficiency. The steady-state operation, design, DCM condition, small-signal model, and
closed-loop controller design have been presented in detail. The operation and performance
of the converter are demonstrated using the simulation results obtained from PSIM 11.1

software and the experimental results from a 1.0 kW laboratory hardware prototype testing.

In Chapter 3, to reduce the diode bridge losses, a new front-end bridgeless AC-DC PFC
topology is proposed and studied. The proposed converter shows low conduction loss due to
bridgeless operation and low voltage stress on the semiconductor devices because of voltage
doubler configuration. Low switching losses are achieved due to ZCS turn-on of the
MOSFETs. The converter output is controlled by only one control loop and a single sensor.
The steady-state operation, design, DCM condition, small-signal model, and closed-loop
controller design have been analyzed in detail. The operation and performance of the front
end converter are demonstrated with the simulation results using PSIM 11.1 software, and the

experimental results from a 1.0 kW laboratory hardware prototype testing.

In Chapter 4, an isolated two-stage onboard battery charger is proposed. Bridgeless DCM
topology studied in Chapter 3 is adopted as the first stage for PFC and THD reduction while
reducing the number of semiconductors, sensors and the magnetic components. In the second
stage, a half-bridge LLC resonant converter is employed to achieve high conversion efficiency
over the wide voltage range. The loss analysis is done to determine optimal DC-link voltage
for the efficient operation of the converter. The suitability and advantages of the proposed
charger are discussed and design guidelines are provided. The analysis and design are
validated with simulation results from PSIMI11.1 software and further verified with the

experimental results from a 1.0 kW laboratory hardware prototype testing.



1.6 Conclusion

This Chapter discusses the progress and ongoing developments in EVs and its promises
for the world’s shift to sustainable energy and particularly towards reduced emission. EVs
provide low-cost ownership, low maintenance, higher efficiency, higher fuel economy and
high reliability leading to a rapid increase in the EV annual sales. Emerging innovations in the
smart charging for high voltage EVs such as passenger cars and buses have seen an
astronomical growth whereas low voltage vehicles (e-rickshaws for local e-mobility) are still

less explored in terms of battery charging.

The Chapter investigates and provides a comprehensive overview of the presently used
AC-DC converters for EV charging applications. The literature survey provides the
advantages and disadvantages along with their limitations to meet power quality standards.
The Chapter provides a through overview of both the isolated and non-isolated topologies
along with single-stage and two-stage PFC circuits. The limitations of the flyback and half-
bridge resonant topologies are shown including high voltage stress and larger transformer size
along with increased conduction losses. Also, these topologies suffer from poor efficiency and
increased components’ count. The disadvantages of the front end diode-bridge rectifier were
explained, showing the desirability of PFC operation. Finally, an investigation on the existing
two-stage isolated AC-DC PFC configuration was presented. The CCM operated converter
requires at least three sensors and two control loops, which increase the burden on
microcontrollers. Henceforth, a DCM based battery charger configurations (isolated, non-
isolated and front end-bridgeless) are studied in order to reduce cost, volume and achieve high

efficiency.

The next chapter deals with a non-isolated single-stage single-cell buck-boost AC-DC
converter, operating in DCM is presented for low power EVs (e-rickshaw) battery charging

application.



CHAPTER 2: DCM CONCEPT STUDY AND ANALYSIS
OF BUCK-BOOST PFC RECTIFIER FOR AC
CHARGING

2.1 Introduction

Owing to the research on enabling technologies for transportation electrification
worldwide, a tremendous increase in the use of electric vehicles (EVs) has been witnessed due
to the increased awareness of environmental issues and fossil fuel depletion threat. Road EVs
comprise a broad spectrum of vehicles right from two-wheelers, three-wheelers
(rickshaws/Auto/Trio), cars, trucks and electric buses. Three-wheeler has signaled a new era
in the field of transport consequently becoming an intrinsic part of local transportation in
South East Asian countries. E-Rickshaw has gained popularity in the Asian market post-2010
because of its symbolic resemblance with traditional auto-rickshaw. E-Rickshaw is hauled by
electric motor ranging from 850W-1400W power, which is supplied from the lead-acid battery
pack of 100-120 Ah [31]. Due to the safety limitations and the lack of charging infrastructure,
most E-Rickshaws are equipped with an on-board charger (OBC) that allows us to charge
battery packs from standard single-phase power supply sockets.

It has been observed that most of the plug-in battery chargers are based on the two stages
power conversion. These chargers have increased semiconductor devices leading to increased
system weight and reduced reliability. On the other hand, single stage chargers have reduced
number of components thus utilizing minimum number active and passive components [11].
Conventional single-stage isolated AC-DC e-rickshaw chargers available in market utilizes
diode-bridge along with a flyback converter topology to control the charging process. These
e-rickshaw chargers use a simple charging method by just pushing current equal to the
maximum current limit of the lead-acid battery. As the battery voltage increases gradually this
current decreases and charging is turned off. Even though such topology is simple to
implement, these chargers fail to achieve unity power factor and draw non-sinusoidal current
which increases input current THD. Moreover, the present grid-tied e-rickshaw battery
chargers do not implement CC-CV mode of charging in order to reduce cost and complexity

[32], [33]. On the other hand, single stage PFC chargers have high sensor count, leading to
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increase cost and converter complexity [11]. DCM based single-stage chargers reported in
[12]-[14] utilizes increased semiconductor count and have bulky transformer leading to poor

low load efficiency.

Although a two-stage and single-stage structure with galvanic isolation has been a
common topology with an additional safety margin, isolation is not a requirement for OBCs,
according to standards such as SAE J1772 [34]. Moreover, the battery ground is always in
floating with the vehicle body ground, hence it is not mandatory to have an isolation feature
from AC input. EVs are inherently equipped with relays and isolation breakers, which can
deactivate auxiliary modules during charging or in any malfunctioning conditions. Therefore,
the researchers have studied the applicability of non-isolated chargers for low voltage EV

battery charging applications.
2.2 Review of Non-Isolated PEV Charger Topologies

In order to select optimum non-isolated topology for battery charging, two-stage
interleaved buck topology, non-inverting buck-boost PFC topology, Sepic PFC topology, as
well as Cuk PFC topology are reviewed for low voltage EV charging application.

2.2.1 A Two-Stage Interleaved Buck Topology

Fig. 2.1. illustrates the schematic of a two-stage interleaved buck converter topology. An
AC-DC boost PFC converter is used to convert the universal grid input to a fixed dc-link
voltage, which is higher than the maximum battery voltage. An interleaved buck converter is
employed to step down the dc-link voltage to the required battery voltage. With this
interleaving configuration, output current ripples are mostly compensated as they cancel each
other out. In addition, the current stress on each leg is reduced to half so that a higher power
level can be achieved. While this is one of the simplest topologies for battery charging
application, it exhibits higher component count, high power loss, and complex control. The
topology also suffers from high voltage stress, PFCs have high switching and conduction

losses [35].
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Fig. 2. 1. Two-stage interleaved buck converter
2.2.2 Non-Inverting Buck-Boost Topology

Fig. 2.2 shows the schematic of the non-inverting buck-boost converter. Non-inverting
buck-boost topologies are appropriate solutions for the battery-powered power supplies, fuel-
cell systems, telecommunication systems, and PFC applications due to their ability to provide
wide operating range of input and output voltage [36]. These applications require both buck
and boost operation depending on the input and output voltage magnitudes. When the input
voltage is greater than the output voltage, a buck operation is used. Boost operation is
performed when the input voltage is less than the output voltage. This topology benefits from
low voltage stresses across MOSFET and the input ground polarity is the same as that of the
output side [35]. One of the key difficulties in non-inverting buck-boost topology is the

smooth transition from buck to boost operation or boost to buck operation that requires fast
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Fig. 2. 2. Non-inverting buck-boost converter
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and precise voltage sensors for the input and output voltages. The sensor delay, coupled with
the unaccounted voltage drops in the converter components, leads to a discontinuity in the
input current during the transition between the modes. Additionally, hard-switching between
the two modes leads to high and unstable output voltage transients. Hence, this topology
requires a complex control and a large EMI filter resulting in a bulky converter and complex

system operation [37], [38].
2.2.3 Sepic Converter

A typical Sepic converter with PFC stage is shown in Fig. 2.3. The converter is gaining
popularity in the field of battery charging because of the reduction in input current ripple along
with non- inverting buck-boost characteristics. It also provides a high power factor despite the
output voltage because of the step-up and step-down functions [35]. Though there are these
added advantages, still it does not overcome the traditional problem of buck-boost derived
converter of higher voltage stress i.e. (VintVou). It also increases the number of passive
components (L and C) and requires a more robust and bulky LC filter to overcome the input

current ripple [39].
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Fig. 2. 3. Sepic converter

2.2.4 Cuk Converter

Fig. 2.4 shows the schematic of Cuk converter. The primary advantage of the converter is
that it has continuous input as well as the output current. Moreover, the output voltage can be

either higher or lower than the input voltage depending upon the requirement. In addition, the
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input and output filter size is considerably smaller than buck-boost derived converters.
However, on the other hand, the converter has both high voltage and current stress across the
switching devices resulting in a high number of passive components and large inductors [40].

Phenomena similar to the buck-boost converter of reversed ground polarity between the input

Fig. 2.4. Cuk converter

side and the output side can also be observed [35].

Therefore, from the above review, it is clear that the present non-isolated power converter
topologies also struggle with a higher component counts’, higher losses along with the control
complexity henceforth, ending up using more additional sensors along with the
implementation of PLL. Table 2.1. describes the present operating conditions of an e-

rickshaw. Hence the topology should satisfy the following requirements for the OBC system.

1. The output voltage should be stably controlled for a wide input-voltage range.

2. The input current should comply with the standards of the UPF.

Table 2.1: Specification of E-Rickshaw

Parameter Specifications
Speed 0-25 km/hr in Power Mode
Range 120 km/Charge
Loading Capacity Up to 4-5 Passengers
Battery Rating 4*12V (48V) of 100-120Ah Capacity
Motor Rating 48V, 850-1400 W BLDCM
Charger output voltage 63-65V
Output charging current 10-12A
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3. High-frequency switching control for compact and lightweight charger.

4. Simple, reliable and stable control.

Considering the limitations of the above-mentioned topologies and the present operating
conditions of an e-rickshaw, a traditional non-isolated single-cell buck-boost converter for e-
rickshaw battery charging operated in discontinuous conduction mode (DCM) in order to
reduce sensor count and control complexity has been studied and analyzed. The topology is
not only cost-effective but also reduces the number of semiconductor devices as compared to
[11]. Due to the DCM operation, as inductor current is zero in every switching cycle,
semiconductor switches realize zero current switching (ZCS) turn-on and the diodes have zero
reverse-recovery losses. A DCM buck-boost becomes meritorious as the inductor is either
connected to the input or to the output, thus harmonics from the output are not transferred to
the input side thus achieving a good THD and UPF operation. Moreover, it has less passive
component count as compared to the conventional Sepic or Cuk converter making it a cost-
effective option for this application. The additional advantage of the converter is the reduced

input filter size thus diminishing the overall weight of the system.
2.3 Studied converter and control scheme

Fig. 2.5 shows the DCM operated non-isolated single-cell buck-boost converter. The
studied converter is derived from the classical buck-boost converter. The converter is a

combination of a full-bridge diode rectifier and a single switch buck-boost converter. When
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Fig. 2. 5. Non-isolated single-cell buck-boost converter
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switch is closed, the inductor current increases and stores energy while the capacitor supplies
the load. The inductor supplies the current to the load through the diode when the switch is
opened. The control objectives of the PFC converters are to achieve the sinusoidal input
current in-phase with the input voltage and to have uniform output voltage regardless of the
variation to the input voltage and load. The converter operates in DCM thereby achieving the
first control objective. It is acclaimed that in the DCM mode, the buck-boost converter acts as
a resistor which is the unique property of the converter [39]. The duty cycle of the converter
is always fixed for a given power and input voltage. The duty cycle of the single switch PFC
buck-boost converter operating in DCM does not change with sinusoidal change in input
voltage, unlike traditional PFC converters. However, the duty cycle changes only if there is a
change in output voltage reference or any disturbances. This feature is mathematically derived

in [39] for a single buck-boost converter operating in DCM.

The discontinuous current in the output inductor is defined by the current discontinuity in
the output diode. Therefore, once the current discontinuity in the output diode is ensured, the
converter emulates a resistor behavior at AC mains and provides a sinusoidal input current in-
phase with the input voltage. Subsequently, it eliminates the inner current loop and requires
only one simple voltage control loop to regulate the system output voltage. Fig. 2.6 illustrates
the control circuit for the studied converter. The converter output is controlled by only one

control loop and a single sensor. Thus achieving the second objective of the converter.

A comparative evaluation with the state-of-the-art non-isolated topologies is provided in
Table 2.2. In all the above state-of-the art converters, it is observed that at all the converters
have a higher components’ count, complex control system which makes the system bulky and

costly.

The studied converter is also meritorious over the other non-isolated topologies as it has
less volume, cost, and losses. Moreover, it possesses the capability of maintaining high power
quality for a wide input voltage range and a fixed output voltage and achieves zero current
switching (ZCS) as inductor energy is zero reset to every switching cycle. The studied buck-

boost OBCs draw power from the input grid supply and fulfill the output requirements
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Table 2.2: Comparison of the studied converter with the state-of-the art converters

maintaining, the harmonics of the input current drawn from the grid as per the IEC and EN
6100-3-2 class D standard [41]. The converter achieves a high input PF and low harmonic
distortion, PFC. The studied converter achieves PFC over a range of input voltage while
maintaining a low THD of less than 5%. It also maintains a stiff regulated DC output voltage.
Due to the DCM operation, the sensor requirement is reduced to one voltage sensor and avoids

the sensing of the input current, input voltage sensing and output current. It allows simple and

effective control.

Fig. 2.6. The control circuit for the studied converter.

Two-Stage | Non- Sepic Cuk Studied
Parameters Interleaved | inverting
Converter Converter Converter
Buck buck-boost
No. of
Semiconductor 6 4 2 2 2
Devices
No. of Passive 5 ’ 4 4 ’
Components
Control Technique Complex Complex Moderate Moderate Simple
Cost High Medium Medium Medium Low
Size Bulky Moderate Moderate Moderate Small
K
PI N + Juul
V_I'ef _’+ » SW
Limiter [+ |-
Controller

2.4 Converter Steady-State Analysis Over One Switching Cycle

The converter has unidirectional operation and operates in buck mode. The converter is

designed to be operated in DCM to achieve natural PFC at AC input.
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Fig. 2. 7. Waveforms for one switching cycle cycle; (a) Mode-1; (b) Mode-2; (c) Mode-3.

The steady-state waveform of the studied converter for one switching cycle are shown in
Fig. 2.7 with the following assumptions whereas Fig. 2.8 shows equivalent circuits during the

positive half cycle:

a) All components are ideal.
b) Within one switching cycle, input and output voltages are constant
c) The output capacitor is large enough to maintain the output voltage constant.

d) The duty cycle is fixed for one power level.

1) ModeI:- (ty<t<t)
This stage is shown in Fig. 2.8(a) and is defined as ON state of the switch. In this stage,

the inductor charges, capacitor supplies the load and the inductor current is given as,
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Vv,
i,(t) = %t{ (2.1)

2) Modell:- (t; <t<ty)
The switch is turned off and inductor current freewheels through the diode as shown

in Fig 2.8(b) and current i;(t) is defined as,

. . V
i,(t) = lipk — fo (t1) (2.2)
where i, i is the peak inductor current given by
. _ W, DT, 2.3)
ok ==

Where, DT,=switch on-time, L= DCM inductor and V;,- = rectified AC voltage

3) Modelll:- (t; <t<T)

In this stage where the capacitor supplies the load as shown in Fig. 2.8(c). This stage lasts

until the new switching cycle ends. The zero time of switch and diode is given by
ty= Ts — ton — tf 24

Where, t,= zero time period, t,,= on-time of switch ¢¢= fall time of inductor current

2.5 Studied Converter Design

This section presents the expressions for converter average output current, input current,

and derives the DCM condition and the design equations for each passive component.
2.5.1 Average Output Current

The average output current Iy 4,4 is indeed the average diode current that is the area

under the i; curve (Fig 2.7). From (2.2) and (2.3) and substituting t=tz, in (2), we get

Iy Avg = E * Ty * ineak (2.5)
VlzrDsz
I = 2.6
‘ VZD?T, sin?(wt)
loavg = WL (2.7)

And thus the average current for half of the line period is given by
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1 ("
Io avg = ;[ lo,avgdwt (2.8)
0

Vi, * D? * Ty

Ip avg = 4LV, (2.9)

2.5.2 Input Current

Assuming 100% efficiency, the input current expression of the studied converter for one

switching cycle can be defined as

Volo avg = V11 (2.10)
Using Equation (2.7) and (2.10) and noting thatvZ = (V2.), from equation (2.11) sinusoidal

current is drawn at all times

V,D?T,sin(wt
ip = ! SZL (@) = I;sin(wt) (2.11)
V,D2T,
L, = 2.12
1 T (2.12)

Equation (2.12) shows that the filtered input current is sinusoidal and is in phase with the

input voltage, which proves the UPF operation of the converter.

2.5.3 DCM Operation and Critical Conduction Parameters

Following inequalities must hold for DCM operation which is given as

ton + b <Ts
1.
d (1 + Msm{wt}) <1 (2.13)
At ot = 90°, is the worst-case to operate in DCM
M (2.14)
D <
1+M

Where, M = %

1

The average output current is given by,

Vo (2.15)
Iy Avg = ?

From (2.9) and (2.15),
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D =2KM (2.16)

Where K=conduction parameter of the converter

2L 2.17)
Keona = ﬁ (

N

From (2.14) and (2.16) critical conduction parameter K,,;- can be calculated as

1 (2.18)
Keriticat = W

2.5.4 Design of Inductor

To maintain PFC under all conditions, the inductor current needs to be in DCM for worst-
case input voltage. Value of inductor is calculated as,
Vi *D? T,

L<———— 2.19
21y .19)

2.5.5 Design of Output Capacitor

In the PFC rectifier, the output capacitor is designed to filter the harmonic components
occurring at twice the line frequency. Thus, the variation in the power (input and output) is

supported through the output filter capacitor and is expressed as

P, (t) = Py (t) —-F (t) (220)
Vyi, = Vilscos2wt — V, 1, (2.21)

Considering efficiency equal to 100%,
Vsl

ic(t) = %

cos2wt = I,cos2wt (2.22)

The output voltage ripple equation is given by,

1
Vo,rl’pple(t) ~ Ef ic(t)dt (2-23)
By substituting (2.22) into (2.23),
I,sin2wt
Vo,rl’pple(t) == 2(1)C_ (2.24)
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I
Cp=—— (2.25)
2on,ripple

2.5.6 Design of Input Filter

The criteria to design a low-pass LC filter is as follows:
1. Selection of cut-off frequency f. given by

1 1

=— [— 2.26

2. Minimization of filter reactive power consumption for 60 Hz at 1.0 kW. The reactive
power is minimum when filter characteristic impedance Z ., is equal to the converter

impedance Z;, i.e.

Ly
Zen= |- = Zm (2.27)
where Z;,, is given by
Zin = 2L (2.28)
D?Ty

Using (2.26) and (2.27), low-pass filter parameters Ly and Cr can be obtained as
;= ZZ;;C (2.29)
Cr = ! (2.30)

2nZopfe

2.6 Studied Converter Small-Signal Model

The average current injected equivalent circuit approach (CIECA) [42], [43] is used to derive
the control-to-output transfer function. In this approach, the converter non-linear part is
substituted with the switching cycle average value of current generated by it as shown in Fig.

2.9. Introducing the perturbations to (5.9) and ignoring the second-order terms.

1
o.avg = (sc + —) 9, 2.31)
y RL

On applying perturbations to (12) we get
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Fig. 2. 9. (a) Equivalent circuit for small signal modelling. (b) Control Diagram.

VlzrDTs a VerZTS A~ io,avg A~

io,avg = 4LI/O + 4‘LI/O vlT‘ - ‘/O UO (2'32)
On equating (2.31) and (2.32), and substituting ¥;, = 0
Vo (S) _ Vka (2 33)

do (S) B KcondM(SRLC + 2)

Where,C = C, M = ;—" and R; =load resistance.
ir

The converter control to output transfer function is obtained by substituting the design

parameters in (2.33). As the transfer function is a single-pole system, a simple PI controller
(Kp + %) is used to control the output voltage as shown in Fig. 2.9(b). The output voltage is

sensed using a hall-effect based LV-25P sensor. The sensed voltage is compared with the
reference voltage and the error is fed into the PI controller. The PI controller generates the
duty cycle to control the switch SW. A limiter is connected in order to limit the duty cycle

during start-up and overload conditions.
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Table 2.3: Converter design specifications.

Parameter Value
Line voltage, V;,, RMS 110 Vrus nominat
Input frequency, f 60 Hz
Output power, P, 1.0 kW
Output voltage, V,, 65V
Switching frequency, f g 50 kHz
Duty cycle, D 0.213
Buck-Boost Inductance, L 10 uH
Output capacitance, C, 1800 puF
Output voltage ripple, V, ippie 5% of output voltage (V)

2.7 Result and Discussion

This section presents the simulation and experimental results of the studied converter to

validate the converter analysis and design and presents a discussion on converter efficiency.
2.7.1 Simulation Results

The studied converter is simulated in PSIM 11.1 software to confirm the converter analysis
and design. The converter design specifications are given in Table 2.3. The buck-boost
inductance value is calculated from (2.19). The output filter capacitance value is calculated
from (2.25). Using the designed parameters, the converter control-to-output transfer function
is obtained from (2.33) and is given in (2.34). A PI controller transfer is designed for phase
margin of 60° a bandwidth of 314.159 rad/sec. By taking k, = 0.003 and time constant T =

0.012 controller is designed and implemented.

vo(s) _ 1282.584
d(s) 1+0.032s

(2.34)

With the designed parameters and the designed controller, the circuit is simulated, and the
results have been presented for input frequency f = 60 Hz. The simulated input voltage and
input current waveforms for half load (500W) and full load (1.0 kW) are shown in Fig. 2.10(a)
Fig. 2.10(b) respectively. It is observed that input current is in phase with input voltage, thus
validating UPF operation of the converter. The output voltage and output current are shown

in Fig. 2.10(c). It is seen that output voltage has second order line frequency ripple, thus
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Fig. 2. 10. Simulation results (a) input voltage and input current at 250W; (b) input voltage and input current at IkW
(c) output voltage and output current; (d) inductor current; (e) output diode current; (f) load change from 100% to
10%; (g) input voltage change from 110 V to 80 V. (h) input voltage change from 110 V to 130 V.
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Table 2.4: Converter hardware specifications.

Components Specifications
MOSFET IPW60R018CFD7XKSAT1, SiC 600V, 18mohm
Diode 60EPF12,1200V, 60A
Input filter capacitor Cy 0.68 uF*4, 480 VAC, R76QR32204030J)
Input filter inductor Ly 371uH, 42 x 21 x 20, EE Ferrite Cores
Output filter Cap 1800 uF*6, 100 VDC, LGU2A182MELA
Buck-Boost Inductor 10 uH, EE Ferrite Cores
DSP DSP-TMS320F28335
Gate Driver Gate Driver IC, IXYS-IXDN609SI

validating the output capacitor selection criteria. Fig. 2.10(d) and Fig. 2.10(e) shows the
inductor current and diode current respectively, thus confirming DCM operation of inductor
and zero reverse recovery losses of buck-boost diode. The output voltage, output current and
input current waveforms during a load change from 50% to 100% is shown in Fig. 2.10(f).
The controller responds immediately to the load change, and the output voltage is settled at
reference value 65 V within the designed settling time of 10 ms. Fig. 2.10(g) and Fig. 2.10(h)
shows the converter response during input voltage perturbations from 110 V to 80 V and 110
V to 130 V respectively. Output voltage is maintained at constant value of 65 V and the input
current is closely tracking the input voltage both being in phase and shape. The output current
is stable and tracking the reference current with a settling time of 10ms, which confirms the

robustness of the design controller.

2.7.2 Experimental Results

To validate the analysis of the converter and to verify the simulation results, a 1.0 kW
proof-of-concept laboratory hardware prototype has been built for the same specifications
used in the simulation. The hardware details are given in Table 2.4. The DSP TMS20F28335
is employed as a digital control platform to generate the gate signals for the converter. The
hall- effect sensor LV-25P is employed to sense the converter output voltage. Fig. 2.11(a)
and Fig. 2.11(b) show the top and side views of the experimental set-up respectively. The
converter nominal input voltage of 110 V RMS is been selected as per voltage-levels available

in the lab. The input filter parameters Ly and Cr are calculated for a corner frequency of 5

kHz. Fig. 2.12(a) shows that the input current is purely sinusoidal and inphase with the input
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Fig. 2. 11. Experimental prototype of single stage single cell converter (a) top view. (b) Side view.

voltage, thus achieving PFC at 1.0 kW. Fig. 2.12(b) shows the input voltage and current
waveforms, output voltage and current waveforms, which indicate that the input current is
sinusoidal and in phase with the input voltage result in UPF operation. Fig. 2.12(c) shows the
diode and switch stresses for the studied converter. The zoomed version of both is shown in
Fig. 2.12(d) when switch SW is turned on inductor L charges and diode D blocks with a
voltage equal to Vo+Vm. Fig. 2.12(e) and Fig, 2.12(f) shows the switch voltage and inductor
current profile at 1.0 kW. It is observed that switch switches turn on with zero current, thus
validating ZCS turn-on operation of the converter. The inductor current profile is illustrated
in Fig. 2.12(g) and Fig. 2.12(h) respectively. It is observed that inductor current reaches zero

in every switching cycle, thus confirming DCM operation of inductor.
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Fig. 2. 12. Experimental results (a) PFC operation at 1.0 kW. (b) Efficiency of single-cell converter (c) Single-
cell diode and switch voltage stresses (d) Zoomed in version for single-cell voltage stresses on diode and switch.
(e) Switch voltage and inductor current waveform. (f) Zoomed in version for switch voltage and inductor current
waveform. (g) Inductor current waveform. (h) Zoomed in inductor current waveform at 1.0 kW.
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Fig. 2. 13. (a) FFT analysis of input current for single-cell converter, (b) THD and Efficiency of converter

Fig. 2.13(a) shows the input current harmonic spectrum. The measured input PF is 0.999
and the THD is 4.25 % which is as per IEC-61000-3-2. Fig. 2.13(b) shows the variation of
THD and efficiency of the studied single-cell converter for various power levels. It is seen
that the converter maitains a THD of below 5% and an efficiency of above 82% for all power
power levels.

In order to validate the robustness of the controller, two load disturbances are applied. Fig.
2.14(a) and Fig. 2.14(b) show load disturbances from 500W to 1.0 kW and from 1.0kW to
500W respectively. In both cases, it is observed that the output voltage tracks closely the
reference voltage and is settling in the design time of 30ms. To confirm converter UPF
operation for line voltage variation, it is subjected to 25% line voltage dip and swell

conditions. Fig. 2.14(c) shows the converter response for the input voltage variation from
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Fig. 2. 14. Converter response (a) load change from 500W to 1.0 kW, (b) load change from 1.0 kW to 500
W, (¢) input voltage swell, (d) Power loss distribution of converter at 1.0 kW.

110V to 80V RMS. It is observed that during the voltage dip condition, the input current is
increased for maintaining the same power. In these conditions, input current remains
sinusoidal which confirms UPF operation thus validating the design. Fig. 2.14(d) shows the
power loss distribution chart at 1.0 kW. The semiconductor losses contribute to a significant

amount of total losses with diode losses contributing up to 64.4 % of the total losses.
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Fig. 2.15 Battery Equivalent circuit when connected to battery charger.
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Battery equivalent circuit is shown in Fig. 2.15. It consists of a series internal resistance and
parallel capacitor C,,, along with resistor Rp, which defines the battery capacity given by 2.34.
During the charging process, charger pushes in current equal to the maximum battery current
limit in order to charge it. During this period, battery acts as a current sink and absorbs charge
in order charge completely. Thus the charging of a battery can be emulated by a resistive load,
which acts as a current sink, and has been implemented as a load instead of practical battery

for experimental verification.
kWh x 3600 = 1000

p = 2 2
O'S(Vbatt,max - Vbatt,min)

(2.34)
2.8 Conclusion

In this Chapter, a single-phase single-cell non-isolated buck-boost PFC converter is studied
for e-Rickshaw battery charging application. The battery charger is analyzed and designed to
reduce overall size, to bolster up overall efficiency and to offer simpler control. It is operated
in DCM to obtain the PFC at AC mains for a wide range of input voltage. The steady-state
operation and design have been presented in detail in this chapter. A simple voltage control
loop with a single output voltage sensor is used to regulate the output voltage, making the
control simple, reliability and robust. The converter realized zero-current turn-on of the
switches, and zero diode reverse recovery losses due to its DCM operation. The converter
detailed small-signal model using the CIECA approach is presented to support the controller

design.

The converter analysis and design are confirmed with the simulation results using PSIM
11.1 software. It is shown that the input currents are sinusoidal and in-phase with the
corresponding input voltage specification. An experimental laboratory prototype of 1.0 kW is
designed and built to further validate the simulation results. The experimental results are in
good agreement with the simulation results and validating the converter analysis and design.
High efficiency of 93.5 % (> 90 %) and an input current THD of 4.25 % (< 5 %) are
documented at rated output power with the developed laboratory prototype. The converter has

a high power factor of 0.9990 which makes it suitable for battery charging applications.

The next chapter proposes a new bridgeless AC-DC front-end converter for EV charging

application for achieving high efficiency.
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CHAPTER 3: SINGLE-PHASE SWITCHED MODE
BRIDGELESS AC-DC BUCK-BOOST DERIVED
CONVERTER

3.1 Introduction

The converter configuration discussed in Chapter 2 is a single-stage configuration which
is easy to develop, and requires minimum number of active and passive devices, However,
such converters require high current rated semiconductor devices, leading to increased thermal
requirement. Moreover, as the application demands high current at the output, output
capacitors are bulky due to second order current ripple leading to increased weight and
reduced reliability. Two-stage converters are highly advantageous in low voltage charging
applications as output current of the first stage is low thus requiring low value dc-link
capacitors. Even though number of active and passive components are more, lower circulating
currents reduce the thermal management issues leading to overall reduction in size. The
conventional front-end converter employs a diode-bridge rectifier along with a boost
converter for PFC. This front-end converter is the most complex and lossy part because of its
high semiconductor count. Reference [44] identifies that the bridge rectifiers are accountable
for a sizable part of conduction losses in any frontend PFC converters. Therefore, to eliminate
the diode bridge rectifiers for improved efficiency and reduced losses, bridgeless topologies
are implemented [45]-[47]. The bridgeless topologies eliminate the use of input diode bridge
and mostly comprises of boost or boost derived topologies to achieve the desired high voltage
output and considered for battery charging applications. In this Chapter, an elaborative
discussion on the limitations of state-of-the-art available bridgeless boost topologies in EV
charging application is reported. Established on this understanding, a new single-phase
switched-mode bridgeless AC-DC buck-boost derived converter topology as a front end

converter is proposed, analyzed, and designed in detail.
3.2 Review of Front End Bridgeless AC-DC PFC Topologies

Bridgeless boost topology, semi-bridgeless, bridgeless interleaved boost PFC topology,
bridgeless buck-boost PFC topology as well as bridgeless Sepic and Cuk PFC topologies are
reviewed for application in ac-dc PFC stage for EV battery charging applications.
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3.2.1 Bridgeless Boost PFC Converter

Fig. 3.1 shows the schematic of the bridgeless boost PFC converter. The bridgeless boost
PFC topology eliminates the requirement of the diode rectifier at the input side however
upholds the traditional boost topology features. Consequently, the loss associated with the
diode rectifier bridge is reduced, making it suitable up to kW where the need for high power
density and efficiency is a major concern. The converter resolves the issues of heat
management at the input side but raises the concern of high EMI [48]. The floating input line
makes it impossible to sense the input voltage without a low-frequency transformer or an
optical coupler. In order to sense the input current, a complex circuit is necessary to sense the
current through the MOSFET and diode separately [49], [50]. The topology also generates

high common-mode noise than other bridgeless topologies.
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Fig. 3. 2. Semi-bridgeless boost PFC converter
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3.2.2 Semi-Bridgeless Boost PFC Converter

Fig. 3.2 shows the schematic of the Semi-bridgeless boost PFC converter. The topology
contains two slow diodes namely D, and D,,. These diodes address the EMI issue at the input
side as the current does not always return on this path and it also resolves the issue of floating
ground. The conduction losses are very low in the converter. However, the converter control
and current sensing are complex and expensive as it requires either three current transformers
or the use of Hall Effect sensors and can also be measured by a differential amplifier. The
efficiency is significantly improved at light load as compared to traditional bridgeless boost
PFC topology. However, this topology does not achieve high full-load efficiency since there
is high power loss in the MOSFETs due to high intrinsic body diode losses [51], [52].

3.2.3 Bridgeless Interleaved Boost PFC Converter

Fig. 3.3 illustrates the schematic of a bridgeless interleaved boost PFC topology. In
comparison to the bridged interleaved boost PFC topology, it introduces two additional
switches and trades bridge diodes with two fast diodes. The gating signals are 180° out of
phase, similar to the interleaved boost PFC topology. The converter demonstrates a high input
power factor, high efficiency, and low input current harmonics. The topology requires a small
EMI filter at the input side and exhibits a low capacitor ripple. Converter consisting of four
diodes, four switches, and four inductors and is used for power level above 3.3kW.Hence, the

topology has the highest number of the components’ count than any other bridgeless PFC
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Fig. 3. 3. Bridgeless Interleaved Boost PFC converter
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topology making it costly and bulky in size for practical usage with complex control strategies

[53], [54].

3.2.4 Bridgeless Buck-Boost PFC Converter

Fig. 3.4. illustrates the schematic of a single-phase bridgeless buck-boost PFC topology
serving as a front end for a two stage EV battery charger. The front end converter uses two
series connected buck-boost converter operating in positive and negative half line cycle to
maintain constant intermediate DC link voltage using the voltage follower mode control. The
converter utilizes discontinuous operation of inductors L, and Lg with voltage follower mode
control to afford a wide variation in line voltage over one complete switching period.
However, the converter consist of two line diodes, two high frequency diodes, two switches,
and two inductors for its operation. This increases the conduction losses, moreover the
converter provides negative voltage at the output. The voltage stress on the switches is V;;, +
n x V,. During one switching cycle, one switch and two diodes are in the current flowing path.

This increases the conduction loss substantially thus raising thermal management issues [55].

3.2.5 Bridgeless Sepic and Cuk PFC Converter

Fig. 3.5 (a) and (b) show the schematic of the bridgeless PFC circuits derived from the
Sepic and Cuk topologies respectively. The topologies are formed by connecting two dc—dc
Sepic or Cuk converters, one for each half-line cycle of the input voltage. The input ac line

voltage is always connected to the output ground through the slow-recovery diodes D,, and
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D,,. Thus, the topologies do not suffer from the high common-mode EMI noise emission
problem. Each topology utilizes two power switches (Q; and Q,), two low-recovery diodes
(Dp and Dy,), and a fast diode (D,). Passive components’ count increases due to the presence
of the intermediate capacitor which leads to reduced power density. Also, there is one switch
and two diodes in the current conduction path; hence, the conduction losses as well as the
thermal stress on the semiconductor devices are further increased. Moreover, the structure of
the proposed topologies utilizes one additional inductor compared to the conventional
topologies which consequently increases the size and cost of the converter. The converter
operation is limited to low-power applications (< 300 W). The bridgeless sepic converter
demonstrates high output and input ripple current. The voltage stress on the switches of both

the converter are V;,, + V,, [56].
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Fig. 3. 5. Converter configuration (a) Bridgeless Sepic, (b) Bridgeless Cuk
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As the present bridgeless topologies are operated in CCM, input voltage and current sensing
are required in order to implement PFC. Moreover, the same topologies can be extended to
DCM, which don’t require input sensing, but have control complications due to the boost

structure. The input current expression i;,(t) for a bridgeless boost can be given as

Vi
Tt 0<t <ty

Iin(t) = 3.1
ln() (Vin_ Vo) ( )
— b ton <t <T,s

Where, V;;,, and V, are the input voltage and output voltage. On performing fast Fourier

transform (FFT) analysis of input current for one switching cycle using (3.2), we get

i (E) = %+ hzl(ahcos (hwgyt) + bpsin(hwgyt)) 3.2)
_ Vo (Dsin(2rhD) = cos(2mhD) (Vin = V) (cos (2mh)
= Znh( L ' 2m )+ haoat ( (2nh)? ) (33
_ Vo (—Dsin(2whD) = cos(2mhD) (Vin — V) (cos (2mh)
br. = 2nh( L T )_ L ( (21h)? ) S

Where D is the duty cycle and L is the converter boost inductance. It is observed that
lower-order odd harmonics are present which leads to high input current THD evident from
(3.3) and (3.4). Therefore, these converters require complex control and a large input filter,

which leads to heavy and low power density converter.

Considering the limitations of the above-mentioned topologies, a new single-phase
switched-mode bridgeless AC-DC buck-boost derived PFC converter topology for a front end
AC-DC conversion of EV charger has been proposed next. The proposed converter doesn’t
exhibit traditional THD issues as the inductor is connected to the supply during the switch
turn-on period and to the load side during the switch turn-off. Thus, any non-linearity of the
output is not transferred to the input, hence a small input filter is enough, which increases the
converter power density. The proposed converter is designed to work in the DCM to achieve
natural PFC for the variable AC input. This operation expels the sensing of input current,
making the converter reliable and cost-effective. The converter control is absolutely simple

with the requirement of only one control loop, and a single sensor.
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Fig. 3. 6. Proposed single-phase switched-mode bridgeless AC-DC buck-boost derived PFC converter

3.3 Proposed converter and control scheme

Fig. 3.6 shows the proposed single-phase switched-mode bridgeless AC-DC buck-boost
derived PFC converter. The proposed converter is derived from the classical buck-boost
converter. The diode rectifier is removed from the front end and integrated on the load side in
the form of a voltage doubler configuration. The converter embodies two back-to-back
connected MOSFETs, two diodes, one inductor, and two electrolytic capacitors. The voltage
across the devices is reduced by the DC-split output configuration in the proposed converter,
which reduces the switching losses. The back-to-back connected MOSFETS are connected in
common source configuration and as they are controlled by the same gate signal, it is
considered as a single switch S in the analysis. The buck-boost inductor is designed for DCM
operation to realize the inherent PFC at the AC power source. In the DCM operation of the
converter, the value of the input voltage determines the amount of energy stored in the buck-
boost inductor. Therefore, the average input current inherently trails the input voltage. Fig. 3.7
illustrates the control circuit for the proposed converter. The converter output is controlled by
only one control loop and a single sensor. As the controlled variable is DC output voltage, the

proposed converter duty cycle is constant for rated output power and input voltage.

The proposed converter demonstrates several advantages likes the reduced number of
components as compared to the conventional boost and bridgeless boost converters.
Moreover, only one semiconductor device conducts current at a time that significantly reduces
the conduction losses benefiting high power conversion efficiency and power density. To

validate the performance of the proposed converter, a comparative evaluation with the state-
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Table 3.1: Comparison of the proposed converter with the state-of-the art converters

. Bridgeless Semi- Bridgeless Bridgeless Bridgeless

Attributes Boost Bridgeless Buck-Boost Sepic Cuk Proposed
Output voltage -ve +ve -ve +ve tve tve
Llne.dlodes _ ) ) ) 2 -
requirement
Switching Devices
in operation over 2sw+2D Isw+2D Isw+2D ISW+1D ISW+1D 2SW or 1D
one switching cycle
HF inductors 1
HF Diode 2 2 2
Interlfledlate No No No Yes Yes No
capacitor
Conduction Loss High Low Medium High Low Low
Switch Voltage . . . . .
Stress High Medium High High High Low

V_ref

w

L
(-] P = S
" Limiter |4

Controller 4

Fig. 3. 7. The control circuit for the proposed converter.
of-the-art front end AC-DC PFC topologies converters is provided in Table 3.1. In all the
above state-of-the art converters it is observed that at a given point of time, more than one

semiconductor are in the path of current conduction.
The proposed converter also illustrates some additional benefits such as reduced voltage

v, . . . .
stress of Vp + ?" across all semiconductor devices as comparison to a traditional buck-boost

converter. The proposed converter achieves PFC over the range of input voltage while
maintaining a low THD below 5%. It also maintains a stiff regulated DC voltage. Due to DCM
operation, the sensor requirement is reduced to one voltage sensor and avoids the sensing of

input current, input voltage and output current sensing.
3.4 Steady-State Analysis of Proposed Converter

The proposed converter only operates in the boost mode in order to reverse bias the output

diodes when the switch S is conducting. The equivalent circuit S of operation during positive
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Fig. 3. 8. Proposed converter configurations during (a) positive half cycle, (b) negative half cycle
and negative half-line cycles are shown in Fig. 3.8 (a) and Fig. 3.8 (b), respectively. It must
also be taken into account that either the switch S or only one diode (D or D>) is in the current
flowing path, which consequently reduces the conduction losses. The converter is designed to
be operated in DCM to achieve natural PFC at AC input. Fig 3.10 shows equivalent circuits

of operation during a positive half cycle of input voltage.

The steady-state waveform of the proposed converter for one switching cycle are shown
in Fig. 3.9 with the following assumptions.
e) All components are ideal and the input voltage and the output voltage are considered
constant within one switching cycle.
f) The output side filter capacitor is large enough to maintain the output voltage constant
in one switching cycle.

g) The output capacitors ‘Cy;’and ‘Cp,’ share half-of the output voltage.

1) Model:- (0 <t<ty)
In mode I, switch S is turned on with the gate signalVj;. Inductor L stores the energy and
capacitors Cy;and Cp, supply power to the load. The expression for the inductor current

i, (t) is given as

i,(t) = % « (AD) (3.5)

where, V;,, = input voltage.
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Fig. 3. 9. Waveforms for one switching cycle Fig. 3. 10. Equivalent circuits during positive half-

cycle; (a) Mode-a; (b) Mode-b; (c) Mode-c.

2) ModelI:- (t; <t < ty)
In this mode, the gate signal is removed and switch S is turned off. The inductor L starts
demagnetizing by delivering the stored energy to the load while the capacitor C,, gets

charged. The expression for the inductor current i; (t) is given as

v,
i1 (0) = iy i = 57 (AD) (3.6)

where i}, is the peak inductor current given by

. Vin 3.7
lppk = T (DTy)
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where, DT;=switch on-time.
This mode ends when the current through the diode D, is zero, that implies

in

Vo

D,T, = DT, (3.8)

where, D; T;=diode conduction time.
3) Modelll:- (t; <t <Ty)

In this mode, all semiconductor devices are in off state and capacitors C,; and C,, supply

power to the load.
3.5 Proposed Converter Design

This section presents the expressions for converter average output current and input

current and derives the DCM condition and the design equations for each passive component.

3.5.1 Average Output Current

The current supplied to the load is nothing but the average diode D;current ip, 4,4 in the

positive half-line cycle. Since the current is triangular in shape, its average can be given as

. iL,kalTs
lp,,avg = Z—TS (3.9)
Substituting (3.7) and (3.8) in (3.9), the average output current for one
switching cycle can be given as
. iDz,avg ViiDsz
i = = (3.10)
oavg 2 2LV,
Where D=duty cycle and V,= output voltage.
Thus the average diode current I, 4,4 for half-line period can be defined as
1 V1
lyavg = Efo Ip,avgdwt (3.11)
V2 DT,
__ 'pk s
lpavg = TVO (3.12)
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3.5.2 Input Current

The input current expression of the proposed converter for one switching cycle can be

defined as

@t 0<t<t

Lin@®)=3yL " = on (3.13)
0, ton <t < T
On performing FFT of (3.16) using (3.2)
V. (3.14)
ap = i?DZQ
V; 1 1

ap = % (Dsin(ZnhD) + %cos(ZnhD) — %) (3.15)

V; (sin(ZrthD)

b, =
"7 2mhf,, L\ 2hm

- Dcos(ZnhD)) (3.16)

On substituting Vi, = Vpisin (wt) in (3.14) the fundamental component of the input
current is obtained (3.15) and (3.16) shows the switching order harmonics, which needs to be
filtered out. Respective comparison of (3.3) and (3.4) with (3.15) and (3.16), it is noted that
unlike conventional boost converter the proposed converter does not inject harmonics in the
input and thus requires a relatively small filter. By designing a low-pass LC filter with a cut-
off frequency much lower than the switching frequency, the harmonic currents can be filtered
out. Therefore, the resulting input current contains only the fundamental current component,

and it can be obtained by applying power balance expression (3.13). The input current can be

found by,
Vinlin = Voio,avg (3.17)
Substituting (3.10) in (3.13)
V2 D?T,
Vinlin = mZL S (3.18)
VinD2Ts  VpiD?Ts .
Iin= == kaL sin(wt) = I sin (wt) (3.19)

Vi D2T.
Where, I, = 22—

oL peak input current.

Equation (3.19) shows that the filtered input current is sinusoidal and is in phase with the

input voltage, which proves the UPF operation of the converter.
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3.5.3 DCM Operation and Critical Conduction Parameters

Following inequalities must hold for DCM operation which is given as
DTs + DT < T (3.20)
On substituting (3.8) in (3.20)

M (3.21)

b< (M + 2sin (wt))

Where, Vi, = Vipisin (wt), M =V, [V

In (3.21), the worst case occurs at wt = 1, thus by substituting wt =§ in (3.21) the

condition to operate the converter in DCM is given as,

M (3.22)

b<m+2

From (3.22), the critical value of voltage conversion ratio M,;. for a given duty cycle

can be defined and is given as,

2D (3.23)
Mcric < m
Output current is given as
2t (3.24)
° R
Substituting (3.12) in (3.24),
D=M 2Kcond (3.25)

where K.,,q=conduction parameter of the converter

2L 3.26
Keona = ﬁ ( )

N

From (3.22) and (3.25), critical conduction parameter K, can be calculated as

1 (3.27)
Keric = 2M+2)2
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3.5.4 Inductor Design

To maintain PFC under all conditions, the inductor current needs to be in DCM for the
worst-case input voltage. The DCM inductor can be computed by using (3.12) and (3.22) and
is given by

Vor Vo' Ty
4P, (V, + 2V,.)°

L< (3.28)

3.5.5 Design of Qutput Capacitor

In a single-phase PFC rectifier, the output capacitors are designed to filter out the second
order supply frequency oscillations present in the output voltage. The output ripple is caused
by the unbalanced instantaneous power between input and output. Therefore, capacitors are
designed to buffer this unbalanced power and filter out oscillations.  Thus, by

considering C,1 = C,, = C,, the low-frequency output voltage ripple V,, ippe 1 given as

1
AVyripple = C—(f ic01dt +fiwzdt) (3.29)
o
1 ] ] 2i,
= C—Of(zm —2i,)dt = oC (3.30)
C, = 2lo 3.31)
? (‘)Vo,ripple ( ’

3.5.6 Input Filter Design

The criteria to design a low-pass LC filter is as follows:

3. Selection of cut-off frequency f, given by

1 1

fi=— |— (3.32)

4. Minimization of filter reactive power consumption for 60 Hz at 1.0 kW. The reactive
power is minimum when filter characteristic impedance is equal to the converter

impedance i.e.
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Ly
Zep = C. =Zin (3.33)
f

where, Z ., is the characteristic impedance and Z;,, is the input impedance at rated load and is

given by
2L
Zip = DT, (3.34)
Using (2.32) and (2.33), low-pass filter parameters Ly and Cy can be obtained as
Zch
Ly = 3.35
= on fc ( )
Cr = ! 3.36
L 2nZ o f, (3:36)

3.6 Proposed Converter Small-Signal Model

Traditional front-end converters of battery chargers use complex control which requires
input voltage and current sensing along with PLL. Such systems pose a higher burden on
microcontroller as more computation speed is required. The proposed converter mitigates
these problems by eliminating the input sensing and just use one sensor to control the output
as shown in Fig. 3.7 (b). The small signal model of the proposed converter is obtained by
using the current injected equivalent circuit approach (CIECA) [42], [43]. This approach is

better than the conventional state-space averaging approach as it becomes cumbersome and

:i@ﬂ xD, C, = iy iy

—- e asa io,a\y

g

)

™~
A%A
A A A

—»-)
o
=
—AAA
vV

Fig. 3. 11. Equivalent circuit for small signal modelling
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complex in DCM. Such complex models are tough to derive even for simple DC-DC based
DCM converters [57]. On the other hand, the CIECA approach is much easier as it only
models the transfer properties of the converter [42]. In CIECA, the entire circuit can be scaled
down as shown in Fig. 3.11. The non-linear parameters of the circuit are linearized by injecting

the average output current produced by the non- linear part. From Fig. 3.11(a)
) Iy
lo,avg = (SC + E) U, (3.37)

On applying perturbations in (3.12) we get

VA DT, . V,.D?T. i
io,avg = 2% d+ pk d ﬁpk -2 A (3.38)
2LV, 2LV, v,

On equating (3.37), (3.38) and substituting ¥, = 0

v,(5) _ VoD
dy,(s) KeonaM(SRC + 2)

(3.39)

CorC % .
Where,C = =222 M = V—°, and R =load resistance.

Co1+Co2 pk

The converter control to output transfer function is obtained by substituting the design

parameters in (3.39). As the transfer function is a single-pole system, a simple PI controller
(Kp + %) is used to control the output voltage as shown in Fig. 3.7 (b). As the output capacitor

sees a voltage ripple of twice the line frequency, a PI controller with bandwidth lower than
the 120Hz is selected with a Phase Margin (PM) of 60°. The controller is tuned using sisotool
in Matlab and the controller parameters are computed as K, = 0.00252 and K; = 0.21. The
output voltage is sensed using a hall-effect based LV-25P sensor. The sensed voltage is
compared with the reference voltage and error is fed into the PI controller. The PI controller
generates the duty cycle to control switch S. A limiter is connected in order to limit the duty

during start-up and overload conditions.
3.7 Result and Discussion

This section presents the simulation and experimental results of the proposed converter to

validate the converter analysis and design and demonstrates its performance.
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3.7.1 Simulation Results

The proposed converter is simulated in PSIM 11.1 software to confirm the converter analysis
and the design. The converter design specifications are given in Table 3.2. The buck-boost
inductance value is calculated from (3.28). The output filter capacitances values are calculated
from (3.31). Using the designed parameters, the converter control-to-output transfer function
is obtained from (3.39) and is given in (3.40). A PI-controller transfer function is designed for
Phase Margin of 60° a bandwidth of 628.31 rad/sec. It determines k, = 0.00252 and time
constant 7 = 0.012 controller is designed and implemented.

vo(s)  1282.584
d(s) 1+ 0.032s

(3.40)

t

35§
~2.5™

(a) (b)
.............................................. 240V0C2
B SO RO R 2O~ L

.................................... QQQQQQQQ
"""" I80) - - - i
P wol Vo@ .................................

1.74257 1.74259  Time (s) 1.74262 1.74263

(c) (d)

0.3212 0.3213  Time(s) 03214

(e) (f)

Fig. 3. 12. Simulation results (a) input voltage and input current; (b) output voltage and output current; (c) output

diode Dol current; (d) output capacitors voltages; (e) inductor current; (f) converter response for load change 50
% to 100 %.
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Table 3.2: Converter design specifications.

Parameter Value
Line voltage, V;,, RMS 110 Vrps nominat
Input frequency, f 60 Hz
Output power, P, 1.0 kW
Output voltage, V,, 400 V
Switching frequency, f, 50 kHz
Duty cycle, D 0.638
Buck-Boost Inductance, L 2445 uH
Output capacitance, C,q, Cp2 82.4 uF
Output voltage ripple, V, ippie 5% of output voltage (V)

With the designed parameters and the designed controller, the circuit is simulated, and the
results have been presented for input frequency f = 60 Hz. The simulated input voltage and
input current waveforms are shown in Fig. 3.11(a). The output voltage and output current are
shown in Fig. 3.11(b). The output diode ‘D1’ current waveform is shown in Fig. 3.11(c),
which is discontinuous, and validates the converter design. The voltages across output
capacitors are shown in Fig. 3.11(d). Each output voltage capacitor is sharing half-of the
output voltage, which is in good agreement with the analysis. The inductor current waveform
is shown in Fig. 3.11(e). The output voltage and input current waveforms when the converter
subjected to a load disturbance from 50% to 100% of the rated power are shown in Fig. 3.11(f).
The controller responds immediately to the load change, and the output voltage is settled at

reference value 400 V.

Table 3.3: Converter hardware specifications.

Components Specifications
MOSFET UF3C120040K4S, SIC 1200V, 45mohm
Diode RURGS80100,1000V, 80A
Input filter capacitor Cy 0.22 uF*10, 480 VAC, R76QR32204030J
Input filter inductor L 371uH, 42 x 21 x 20, EE Ferrite Cores
Output filter Cap 82.4 uF*10*2, 450 VDC, UPZ2W820MHD
Buck-Boost Inductor 24.45uH, 42 x 21 x 20, EE Ferrite Cores
DSP DSP-TMS320F28335
Gate Driver Gate Driver IC, IXYS-IXDN609SI
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3.7.2 Experimental Results

To validate the analysis of the proposed converter and to verify the simulation results, a 1.0
kW proof-of-concept laboratory hardware prototype has been built for the same specification
and design parameters used in the simulation. The hardware details are given in Table 3.3.
The DSP TMS20F28335 is employed as a digital control platform to generate the gate signals
for the converter. The hall-effect sensor LV-25P is employed to sense the converter output
voltage. Fig. 3.13(a) and Fig. 3.13(b) show the top and side views of the experimental set-up
respectively. The converter nominal input voltage of 110 V RMS is been selected as per
voltage-levels available in the lab. An approximate variation of 25% in input voltage has been
considered to validate the converter PFC operation. The output voltage of 400 V is selected

by considering the voltage
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Fig. 3. 13. Experimental prototype of bridgeless converter (a) top view. (b) side view.
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Fig. 3. 14. Experimental results (a) PFC operation at 1.0 kW. (b) PFC operation at S00W. (c) PFC operation at 250W. (d) Input
current THD at 1.0 kW. (d) THD and power factor at various power levels. (e) Switch voltage waveform along with PFC. (f)
zoomed in version for switch voltage waveform. (g) Switch voltage and inductor current (g) ZCS turn-on of switch. (h) Diode
voltage waveform. (j) Output capacitor voltage. (k) Zoomed in Inductor waveform at 1.0 kW. (1) Efficiency curve for various

power levels.
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margins for output capacitors [12]. The input filter parameters Ly and Cr are calculated for a
cut-off frequency of 6 kHz. Fig. 3.14(a), Fig. 3.14(b) and Fig. 3.14(c) show that the input
current is purely sinusoidal and in-phase with the input voltage, thus achieving PFC at 1.0
kW, 500W and 250W, respectively. Fig. 3.14(d) shows the input current FFT analysis where
the input current THD of 3.10% (<5%) at 1.0 kW with a power factor of 0.9995. Fig. 3.14(e)
shows the input voltage and input current along with the voltage across back to back connected

switches. Fig. 3.14(f) shows the zoomed version of Fig. 3.14(e) where the maximum switch
voltage stresses are 360V which is approximately equal to Vpy +% thus shows a good

agreement with the analysis. Inductor charging and switch blocking state are shown in Fig.
3.14(g). Fig. 3.14(h) shows the zoomed version of Fig. 3.14(g), the inductor current and switch
waveform at S00W output power where inductor current is zero before turn-on confirming
ZCS turn-on of switch S. Fig. 3.14 (i) shows the diode voltage waveform with maximum
voltage stress of 380V. It is seen that during one-half cycle only one diode conducts whereas
another the diode is completely in the blocking state. Fig. 3.14(j) shows capacitor voltages
Ve,,and Ve, . Itis observed that both capacitors are sharing voltage equally. Fig. 3.14(k) shows

Table 3.4: Converter measured input current THD (%) and power factor at different output powers.

Power THD (%) Power Factor (PF)
250 W 4.13 0.9991
500 W 3.72 0.9993
750 W 3.45 0.9994
1000 W 3.10 0.9995
4.5 0.9996
41 F0.9995
3.5
o 3 -0.9994 t-cg
Ez,s- 0.9993 2
2 | -
=N . 0.9992 =
' — PF F0.9991 S
! S
0.5 -0.9990
0.9989
250 500 750 1000
Power (W)

Fig. 3. 15. THD and power factor at various power levels
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the inductor current waveform at 1.0 kW where the inductor current is discontinuous
confirming the converter DCM operation of the inductor. The measure efficiency curve of
the proposed converter for different output powers is shown in Fig. 3.14(]).

The input current THD (%) and PF for different output power levels at 60 Hz input
frequency is plotted and is shown in Fig. 3.15. It is observed that input PF is almost unity
(0.999) with a THD less than 5% for output powers variation. Table 3.4 describes the
converter measured input current THD (%), and PF at different output power. Fig. 3.16(a) and
Fig. 3.16(b) show two load disturbances from 500W to 1.0 kW and from 1.0kW to 500W
respectively. In both cases, it is observed that the output voltage closely tracks the reference
voltage and is getting settled in the design time of 20 ms. To confirm the UPF operation for
line voltage variation, it is subjected to 25% line voltage dip and swell conditions. Fig. 3.16(c)
and Fig. 3.16(d) show the converter response for input voltage variation from 80V to 110V
and 110V to 80V RMS, respectively. It is observed that during the voltage swell condition,
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Fig. 3. 16. Converter response (a) load change from 500W to 1.0 kW; (b) load change from 1.0 kW to 500 W;
(c) input voltage swell. (d) Input voltage dip
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the input current is decreased for maintaining the same power. Conversely, the input current
is increased for the voltage dip condition at constant power. For both the conditions, input

current remains sinusoidal that confirms UPF operation thus validating the inductor design.

3.8 Conclusion

A new single-phase switched-mode bridgeless AC-DC buck-boost derived converter is
proposed. The proposed converter serves as a feasible front-end converter for the on-board
EV chargers. The proposed converter benefits from a reduced number of components sensors,
which further helps in minimizing the charger cost and volume. The converter is operated in
the DCM in order to achieve PFC for wide input voltage variation. The PFC control requires
one simple voltage control loop to regulate load voltage and a single sensor, which makes the
system cost-effective, reliable, and robust. The steady-state operation of the converter and
detailed design calculations are presented. The small-signal model of the converter is derived
using the CIECA approach. Due to the DCM operation, the converter requires high rated
current switches. However, the merits of the proposed converter such as low voltage stress,
single sensors, soft turn-on of the switches and control simplicity significantly prevail the
disadvantage of high current rated switches. An input current THD of 3.13 % (< 5 %), and a
high efficiency of 96 % are recorded at rated output power from the developed laboratory
prototype. The experimental results from a 1.0 kW hardware prototype have been presented
which validates the converter analysis and design.

The next chapter deals with a two-stage onboard battery charger, including a new bridgeless
buck-boost based converter with a lower number of components and with simple control. The
second stage consist of an unregulated half-bridge series LLC DC-DC resonant converter
which provides isolation as well as soft-switching for primary switches. Synchronous

Rectification (SR) is implimented on transformer secondary to improve overall efficiency.
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CHAPTER 4: AN ON-BOARD EV CHARGER USING
BRIDGELESS PFC AND LLC RESONANT CONVERTER

4.1 Introduction

In previous Chapter, a bridgeless buck-boost derived topology is proposed that can act as
a front-end PFC converter for a two-stage battery charger. Isolated DC-DC converters can
serve as back-end for controlling charging voltage and current. Even though such
configurations are simple to implement, such chargers increases control burden on the
microcontroller leading to reduced overall system reliability [17],[19] [20]. Moreover,
incorporation of in total of two sensors (dc-link voltage and output voltage) can lead to
reduced reliability of the system. Henceforth, a two stage topology should satisfy the

following requirements:

1. Simple and reliable control in front-end PFC converter.

Good voltage regulation at light load condition

Maintain soft-switching over wide load range.

Less diode reverse recovery losses and low voltage stress on the diodes.
Single sensors should be used in order to implement the control.

Modelling of the converter and control should be less complex.

R o

Low input current THD should be maintained at different power levels.

By considering the aforementioned points of a two stage isolated on-board battery charger,
a new two-stage isolated EV Charger integrating a bridgeless PFC and half-bridge LLC
resonant converter has been proposed. In this Chapter, an elaborative discussion on the
limitations of state-of-the-art available isolated dc/dc topologies in EV charging application

is reported in order to select a suitable back-end for the proposed charger configuration.
4.2 Review of Second Stage Isolated DC-DC Topologies

In the sub-section, four different types of isolated full-bridge dc/dc topologies namely full
bridge PWM buck topology, full bridge phase-shift PWM topology, full bridge series resonant
topology and full bridge LLC resonant topology are reviewed, analyzed, and compared for

EV charging application.
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Fig. 4.1. Full-bridge isolated buck converter

4.2.1 Full-Bridge Isolated PWM Buck Converter

M|

Fig. 4.1 shows the schematic of the of full-bridge isolated buck converter. The input and

output voltages relation in CCM operation is given by
Vpar = nDVy, (4.1)

Conferring to (4.1), it is easy to control the output voltage by regulating the duty cycle.
The voltage gain required by the battery charger is achieved by selecting a proper transformer
turns’ ratio. While this is an easy topology to implement it has limited ZVS range with duty
cycle modulation at fixed frequency. This causes considerable switching losses below rated
load that critically constrain the switching frequency. Furthermore, there is also duty cycle
loss, diode rectifier ringing along with secondary snubber requirement are key issues with this

topology [35].

Vgrid
AC/DC PFC
Q

Converter

Fig. 4.2. Full bridge phase-shift PWM converter
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4.2.2 Full bridge Phase-Shift PWM Converter

Fig. 4.2 shows the schematic of the full bridge phase-shift PWM converter. It is one of the
most widely used topologies in medium power range for dc/dc conversion [58]-[62]. In this
topology the primary side MOSFETs are turned-on with ZVS and the body diodes are turned-
off with ZCS. In addition, control of the full-bridge phase-shift topology is easy to implement
in contrast with frequency modulated resonant converter [63]. It offers better ZVS range
compared to duty cycle modulation of full bridge isolated PWM buck converter discussed in
4.2.1. In light load condition, there is limited energy stored in Lr making the MOSFETsS in the
lagging leg lose ZVS features [63]. Moreover, during the time intervals when either both upper
switches are on or both lower switches are on, the circulating current is high and causing
higher conduction losses. Besides, the commutation of the secondary diodes causes high
voltage overshoots and oscillations due to the high voltage of the battery pack. Also, it suffers

from duty cycle loss, diode rectifier ringing along with secondary snubber requirement.
4.2.3 Full Bridge Series Resonant Converter

Fig. 4.3 illustrates the schematic of full bridge series resonant converter (FB-SRC). In this
converter the switching frequency is higher than the resonant frequency of resonant tank L,
and C;. The MOSFETs are turned-on with ZVS, and freewheeling diodes are turned-off with
ZCS. ZVS is irreverent to different load conditions. One of the most attractive features of FB-
SRC is that its circulating losses are relatively low. Moreover, FB-SRC has good short circuit
protection performances; short circuit current could be easily regulated by boost the switching

frequency [64]. However, the critical defect of FB-SRC lies in its unacceptable poor voltage
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T
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Fig. 4. 3. Full Bridge Series Resonant (FB-SRC) converter
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Fig. 4. 4. Full Bridge LLC Resonant Converter

regulation performance at light load condition. Slight perturbation in input voltage causes
large scale of frequency shift in addition, frequency modulation control is required to the
output voltage. This makes it hard to regulate the voltage and increases the switching losses
and conduction losses. Moreover, secondary side diodes are turned off with very high di/dt,
which corresponds to big reverse recovery losses. The converter also suffers from high peak
current but is free from the problems of duty cycle loss and diode ringing hence, there is no

requirement of secondary snubbers.

4.2.4 Full Bridge LLC Resonant Converter

Fig. 4.4. illustrates the schematic of a full bridge LLC resonant converter. This topology
has been proved to be one of the most suitable candidates for the dc/dc conversion [65]-[68].
When the input impedance is inductive, turning-on of MOSFETs and turning-off of
freewheeling didoes are ZVS and ZCS, respectively. When switching frequency is smaller
than f,, and the input impedance is still inductive, circulating losses of FB-LLC are higher
than FB-SRC, but much smaller than full bridge phase shifted (FB-FS). The short circuit
performance of LLC is not as good as FB-SRC but still acceptable.

Considering the limitations of the aforementioned topologies, a new two-stage isolated
onboard battery charger is presented, utilizing a half-bridge LLC converter with synchronous
rectification as back-end converter and bridgeless buck-boost derived converter proposed and
analyzed in chapter 3 as front-end stage. Such a configuration utilizes minimum number of
semiconductor devices than conventional chargers. Moreover as the second stage is an

unregulated half-bridge LLC resonant converter with the implementation of Synchronous
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Rectification (SR) on transformer secondary thus improving overall efficiency. Furthermore,

loss analysis is done to obtain optimal dc-link voltage and evaluate overall performance.
4.3 Proposed converter and Design scheme

Fig. 4.5 shows the proposed two-stage isolated EV charger topology. In this circuit
configuration, a single-phase bridgeless buck-boost converter is used for the front-end PFC,

followed by an unregulated half-bridge series LLC resonant converter DC-DC converter.

The front end converter is bridgeless converter analyzed in Chapter 3. It is derived from
the traditional buck-boost converter. The converter is operating in DCM mode to achieve
natural PFC at AC mains. The front-end converter consist of one bidirectional switch, two
diodes, one inductor, and two capacitors (voltage doubler). At the input mains, an LC filter is
connected to filter out high frequency switching harmonics and draw pure sine wave current
from the source. As the diode bridge rectifier is eliminated and only one semiconductor device
is in current flowing path for one switching cycle, the overall conduction losses are reduced
significantly. The diode has zero reverse recovery losses along with reduced voltage stress.
This reduced voltage stress and conduction losses helps in reduction of overall weight of the

proposed charger.
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Fig. 4. 5. Proposed two-stage isolated EV charger configuration
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Table 4. 1: Comparison of the proposed converter with the state-of-the art converters

Full Bridge . Full Bridge | Full Bridge
Full Bridge .
Parameters Isolated Phase Shift Series LLC Proposed
Buck Resonant Resonant

Component Count High High High High Low
Active Rectification No No No No Yes
Modulation method PWM PWM PFM PFM -
Additional t:ilter inductor on Yes No No No No
secondary side
Short circuit protection Bad Bad Moderate Good Good
performance
MOSFETs switching losses in ngh, hgrd Low, ZVS Low, ZVS Low, ZVS Low, ZVS
normal load switching
Light load circulating losses Low High Low Moderate Low
Light load switching losses Low High, ZVS Moderate Low Low

feature lost

The second stage is a half-bridge unregulated LLC resonant DC-DC converter to obatin
the desired DC voltage of 65V while offering isolation. Synchronous rectification on
secondary side is implemented to improve the overall efficiency of the converter. A
comparative evaluation with the state-of- the-art back end isolated DC-DC topologies is
provided in Table 4.1. that indicates the merits of this topology over the conventional system.

Additional merits:

1. Less number of semiconductor device count as the application requires
unidirectional flow of high current and low output voltage.

2. LLC resonant tank when reflected to secondary appear as a current source, thus
making it suitable for charging applications, along with the capability to achieve

ZVS at low loads.

The converter utilizes a center tap transformer along with synchronous rectification on
transformer secondary to enhance the overall efficiency and decrease the cost of the charger.
The operation of the second stage with a fixed duty cycle and switching frequency helps in
reduction of control burden on the microcontroller. Moreover, soft-switching of half-bridge
MOSFETs are observed due to resonant tank. Optimal design of resonant tank resulted in
reduced peak and circulating current in the back-end converter. In addition, owing to the

sinusoidal current through the transformer results in improved transformer utilization.
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In the proposed battery charger, the front-end PFC converter concept controls the power
transfer and the second stage is always operated at constant switching frequency and duty
cycle. Henceforth, it is superior to the traditional converters where first stage is for the active
PFC that requires three sensors and second stage to control the charging voltage and current.
In the absence of the feedback control, the DC-DC converter acts as a voltage amplifier with
a fixed gain, thus operating with minimum switching losses. As the stress on all the
semiconductor devices tend to increase or decrease on the basis of dc-link voltage Vack, it
needs to be optimized in order to achieve high overall efficiency. The proposed converter
achieves PFC over the range of input voltage while maintaining a THD below 5%. It also
maintains a stiff regulated DC voltage at the dc-link along with output voltage. Due to DCM
operation, the sensor requirement is reduced to one voltage sensor and avoids the sensing of

input voltage as well as current sensing.

The front-end bridgeless converter can be designed as per the equations listed in Table
4.2. The detailed derivations of each equation is mentioned in Chapter 3, subsection 3.5. Back-
end converter gain equation and passive component can be designed as per procedure given
by [69], [70]. The output-to-input relationship of the proposed configuration is a product of

individual gains of two stages i.e. Front end and back end and can be defined as,

Table 4. 2: Design parameters of the front end converter

Parameters Design Equations
V2 DT,
_ 'pk s
Average Output Current Ioavg = TI/[, 4.2)
Vin,D?T, V. D?T.
Input Current . = -2 S *sin(wt) = 1, sin (wt (4.3)
in 2L 2L ( ) pk ( )
DCM Conditi D < M 4.4
ondition —_— :
(M +2) (+4)
Vi 2V, 2T,
Design of Inductor L< L 2 (4.5)
4P, (V, + 2V
Design of DC Link 2
3 Cob=—— (4.6)
Capacitor WV, ripple
Gain of the Front End D
Converter Grg = 1—=D “.7)

61




-1
2 2

Vdc,link Vout _ D 1 fo 2 n? fo  fsw 4.8

Vin.pk >k‘/'dc,link_ 1_D*n*( <1+E(1_<E> )) +<§Q<E_E)> ( )

As, the LLC converter switching frequency fs,, is selected same as the resonant frequency,

i.e. fow = f, to obtain resonant tank gain as unity and to minimize circulating current losses,

(3.1) can be simplified by

Vout _ Vdc,link* Vout _ D

= * N 49
Vinpk ~ Vinpk  Vaciink 1—D 49)

Where D is the duty cycle of front-end converter and is defined by,

M

D<arv2

(4.10)

4.4 Loss Analysis

With the intention of selecting an optimal dc-link voltage, it is vital to derive a relationship
between entire semiconductor losses and dc-link voltage Vack, in order to diminish losses.
Henceforth, a method for dc-link voltage selection is explained below by conducting a through

loss analysis for the converter.

4.4.1 Front End Loss Analysis

MOSFETs conduction losses can be calculated by the RMS current expression that can be

determined by switch current in a switching cycle and expressed as,

Lswrms = %\/é (4.12)
' * Jsw

2
PSWBB,cond = Z(Isw,rms) X RDS,on,FE (4.13)

As the front-end converter is operating in DCM, the inductor core loss and winding losses are
significant due to the large flux swing and high RMS current through inductor winding, thus

it can be computed by

PL,losses = [Pc,limit X Ve + ILz,rms X RDCR] (4.14)
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Where,

Vi *D |D D (32V; I8
Iyms = o -+ ( L _> (4.15)
’ Lxf,, .6 12rV, V, 2

Diode losses comprise of turn-on losses, conduction losses and reverse recovery losses. Since,
the PFC converter is operated in DCM, reverse recovery losses are the zero as current is zero
in every switching cycle. Turn-on losses can be calculated as the product of average current
la, and forward voltage V¢ whereas the conduction losses can be calculated by estimating

resistance of the diode [70] and is given as

2
Pdiodeloss,FE = 2 [(Id,rms) X Rq + (Id,avg X Vf)] (4.16)
where,

e =P [0 3y i)

d,rms 2\/§L T[‘/O ‘/0 2

Vi%z kaZTsw FE

= 4 d 4.18
Id,avg 2LVO ( )

The RMS current flowing through the dc-link capacitive filter is the difference between the

diode RMS currents and the average output current [20] which can be calculated as

L Vi *D | D (32Winp m VADT, 19)
Cdc,llnk,rms L *f:s- 127_[1/0 I/O 2 ZLI/O °

Thus loss due to capacitor ESR is given as

—J2
PCdc,link = lerms X RCdc,linkESR (4.20)

4.4.2 Back End Loss Analysis

The resonant current of LLC resonant converter i,.(t) can be expressed as

(t) = \/Elpri,rms-gin(wt - (P) (4.21)
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27T

where, ®=
SwW,HB

Since the output voltage clamps the magnetizing inductor in the first half of a PWM cycle and

negative output voltage in the second half, the difference between i, and i, is the current

flowing through the switch and is supplied to the load which is given by [70],

2 [(/TowsE VoTswee _ Vo nV,

2t pmsSin (@t — B f)ar="2 (422

Tsw,BE ./;) ( V2 prirmsSI(©L = @) + inL,, nlL, R, (422)

ovpprms = 0 | R g (423)

SWRE,TmMS — 8RL n4L%nfS%V,BE T .
Thus, both primary switch conduction losses can be given by
2
PgE cona = 2 X (ISWBE,TmS) X Rps,pE (4.24)

As the LLC converter achieves ZVS turn-on, switching losses only comprises of losses due

to turn-off. It is observed that when switch SW, turns off, it experiences linear operation. As

the slope of Vjg, determines the slope of Vpgs3 , the discharge current through drain-source

capacitance can be given as

Ve link
Isws = —Cosse Tc_ln (4.25)
of f,BE
The current during turn-off of switch SW, can be given as
Lsw,orf = L pk + Isw3 (4.26)
— VOTSW,BE -C Vdc,link
4_an 0SS,BE Toff,BE (427)

From (4.28) the switching losses can be calculated. Considering both the switches identical,

the switching losses for primary side switches are given by

V;) Coss.BE Vdc,link)
Tors

Pswpgorr = 0.1667 X fow pe X Vac,ink <4anfsw - Toss

(4.28)
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Large magnetizing current tends to higher conduction losses because of higher circulating
current. On the contrary low magnetizing current could result in loss of soft-switching in the
MOSFETSs. Therefore, proper value of magnetizing inductance L, needed to reduce
circulating current and conduction losses. L,, energy should be high enough to discharge the
output capacitance of primary switches. Too high inductance can cause low currents during
dead-time which leads to bigger core size and loss of soft switching. Thus L, can be

calculated as

V;) * tdead * Tsw

(4.29)

m
8n * Coss * Vdc,link

As the proposed charger is for low-voltage high-current applications, secondary losses
become significant and are accounted for in the loss analysis. Because of the synchronous
rectification the switching losses are zero and losses are mainly dominated by the conduction

losses in the switch secondary side RMS current can be given by

2 _ 272
I _ V3V, 127 + (51% — 48)R{ Ty i (4.30)
SRYmS ™ 24nR, n412,

Thus, secondary switches conduction losses can be given by
Pcond,SR = Z[I.SgR,rms X RDS,SR] (4.31)

The RMS ripple current through output capacitor can be given as the difference between the

secondary resonant current and average output current, which can be given as

Vo 1 (5m% — 48)R£T521/|/,BE
leorms = 2~ \/@ <127T“' + 12 -1 (4.32)
PCO = ICZO,T'mS X RCO,ESR (432)
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Table 4. 3: Actual parameters and for loss analysis.

Parameter Value Parameter Value Parameter Value
Ry switch 45Q Ve 0.8V Vs i 1.6V
Q6p,BB 11nC Rpsus 35 mQ L 150 uH
Qcs,BB 19 nC Q6p HB 11 nC R, Esr 1.76mQ
Rps,on,BB 35 mQ Qgs,HB 19 nC R; 4.225Q

Rpcr 15 mQ Coss,HB 210 pF Vinitier 62V

RegeiinkESR 3.2mQ Coss,sr 640 pF Ry ariver 7.5Q

Rp 98 mQ Rps sk 28 mQ Qgs,sr 18 nC
/A 0.559cm? Py timit 500mW/cm? Rpcr 15mQ
300

' - SR Losses

- Back-end Losses
250

- Front-end Diode Losses
- Total Losses

S
S

Minimum Losses
at Vdc,link= 402.8V

Losses (W)

~
S
S

50¥

0
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Va’c,link(V)

Fig. 4. 6. Calculated Losses according to various DC-Link Voltages.

Based on the loss analysis equations derived from the above sections, and using the
components and parameters listed in Table 4.3, optimal DC-Link is selected as shown in Fig
4.6. At a dc-link voltage of 400 V the total losses are minimum. It is observed that the
bridgeless buck-boost losses tend to increase considerably from the obtained optimal point
due to high voltage stresses on semiconductor devices even though other losses reduce
drastically. A dc-link voltage of 400 V is selected to design the proposed charger and the
passive components are designed accordingly. On the selection of optimum dc-link voltage,

the transformer turns ratio n can be calculated from (4.9).
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Fig. 4.7. (a) Equivalent circuit for small signal modelling. (b) Control Diagram.

4.5 Proposed Converter Small-Signal Model

Traditional two stage converters of battery chargers use complex control, which requires
input voltage and current sensing along with PLL. Such systems pose a higher burden on
microcontroller as more computation speed is required. The proposed converter mitigates
these problems by limiting to sensor in total at the front end to control the output voltage.
Whereas, the second stage acts like a voltage amplifier with a gain proportional to the turns
ratio n, neglecting the dynamics offered by Lr and Cr. Thus the secondary side state variables
can be referred to the primary as shown in Fig. 4.7(b). The small-signal model of the proposed
converter is obtained by using the current injected equivalent circuit approach (CIECA) [42],
[43]. This approach is better than the conventional state-space averaging approach as it
becomes more cumbersome and complex in DCM. On the other hand, the CIECA approach
is easier as it only models the transfer properties of the converter [42]. In CIECA, the entire
circuit can be scaled down as shown in Fig. 4.7(a). The non-linear parameters of the circuit
are linearized by injecting the average output current produced by the non- linear part. From

Fig. 4.7(a)
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1
Po.qvg = (sc + E) 9, (4.33)

On applying perturbations to (4.2) we get

V2.DT. V,xD?T. [
a __'pk 5 pk S A 0,avg A
lo,avg = 2LV, d 2LV, Dpk — 7 D, (4.34)

On equating (4.34), (4.33) and substituting U, = 0

UO(S) — Vka
dy,(s) KeonaM(SRC + 2)

(4.35)

Cacli anC V, Ry,
Where,C = —="=—>=> M =—- and R = =.
Caclinktn“Co Vok n

The converter control to output transfer function is obtained by substituting the design

parameters in (4.35). As the transfer function is a single-pole system, a simple PI controller
(Kp + %) is used to control the output voltage as shown in Fig. 4.7 (b). As the dc-link
capacitor sees a voltage ripple of twice the line frequency, a PI controller with bandwidth
lower than the 120Hz is selected with a phase margin of 60°. The controller is tuned using
sisotool in Matlab and the controller parameters are computed as K, = 0.00252 and 7 =

0.00361. The output voltage is sensed using a hall-effect based LV-25P sensor. The sensed
voltage is compared with the reference voltage and error is fed into the PI controller. The PI
controller generates the duty cycle to control switch SW. A limiter is connected in order to

limit the duty during start-up and overload conditions.
4.6 Result and Discussion

This section presents the simulation and experimental results of the proposed charger

topology to validate the converter analysis and design.
4.6.1 Simulation Results

The proposed converter is simulated using PSIM 11.1 software to confirm the converter
analysis and the design. The converter design specifications are given in Table 4.4. Using the

designed parameters, the converter control-to-output transfer function is obtained from (4.35)
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Table 4. 4: Converter design specifications.

Parameter Value
Line voltage, V;,, RMS 110 Vrps nominat
Input frequency, f 60 Hz
Output power, P, 1.0 kW
Output voltage, V,, 65V
Switching frequency, f, 50 kHz
Duty cycle, D 0.638
Buck-Boost Inductance, L 2445 uH
DC link capacitance, Cpc¢1, Cpc2 82.4 uF
Output voltage ripple, V, ippie 5% of output voltage (V)

and is given in (4.46). A PI-controller transfer function is designed for Phase Margin of 60° a
bandwidth of 628.31 rad/sec. By taking k, =0.0138and time constant 7 =
0.0047 controller is designed and implemented.

vo(s) 870
d(s) 1+ 0.0254s

(4.36)

With the designed parameters and the designed controller, the circuit is simulated, and the
results have been presented for the input frequency f = 60 Hz. The simulated input voltage
and input current waveforms are shown in Fig. 4.8 (a). It is observed that input current is
sinusoidal and in-phase with input voltage confirming the UPF operation of the charger. The
output voltage and output current are shown in Fig. 4.8 (b) and can be observed that the output
voltage settles at the reference voltage of 65V. Fig. 4.8 (c¢) and Fig. 4.8 (d) show the controller
response during input voltage variation from 110 V to 80 V and 110 V to 130 V. The input
current is closely tracking the input voltage both being in phase and shape. The inductor
current waveform is shown in Fig. 4.8 (e) illustrating the DCM operation of the converter.
Fig. 4.8 (f) shows the converter response for 50 to 100% load perturbation from 500 W to 1
kW. The output voltage is stable and tracking the reference voltage with a settling time of 10
ms, which confirms the robustness of the voltage controller. Fig. 4.8 (g) shows the ZVS turn-
on operation of the back-end DC-DC converter. Switch turns on with zero voltage, thus
confirming the soft switching of primary side half-bridge switches. Fig. 4.8 (h) shows the dc-

link voltage variation during the transient condition. DC-link voltage tries to reduce for bigger
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load changes as the duty cycle reduces drastically and dc-link capacitor supplies power to the

load.
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Fig. 4. 8. Simulation results (a) input voltage and current. (b) output voltage and current. (¢) input voltage change

from 110 V to 80 V. (d) input voltage change from 110 V to 130 V. (e) inductor current. (f) load change from
50% to 100% . (g) ZVS turn-on of half-bridge switch. (h) DC-link voltage variation during load change.
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Fig. 4. 9. Experimental prototype of bridgeless converter (a) top view. (b) side view.

4.6.2 Experimental Results

To validate the analysis of the proposed converter and to verify the simulation results proof-
of-concept laboratory hardware prototype rated at 1kW has been built with the same
parameters used in the simulation. The hardware details are given in Table 4.5. The DSP
TMS20F28335 is employed as a digital control platform to generate the gate signals for the
converter. The hall-effect sensor LV-25P is employed to sense the converter output voltage.
Fig. 4.9 (a) and Fig. 4.9 (b) show the top and side views of the experimental setup respectively.

The converter nominal input voltage of 110 V RMS is been selected as per voltage-levels

available in the lab. An approximate variation of 25% in input voltage has been
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considered to validate the converter PFC operation. The output voltage of 65 V is as per

[14]. The input filter parameters Ly and Cy are calculated for a corner frequency of 6 kHz.

Fig. 4.10(a) shows that the input current is purely sinusoidal and in phase with the input
voltage, thus achieving PFC at 1.0 kW. Fig. 4.10(b)shows the input volatge, the output volatge
and the DC link voltage at rated power. The converter achives the PFC while maintaing the
DC link volatge of 400 V and the output voltage of 65 V. Fig. 4.10 (c) shows the voltage stress

that follows the sine envolpe and inductor current profile of the front-end converter having

: . . Vacli
low frequency harmonics. The switch sees maximum voltage stress equal of Vy, + —delink

Fig. 4.10(d) shows the zoomed version of Fig. 4.10 (c), the inductor current and the switch
waveform at S00W output power where the inductor current is zero before turn-on confirming
ZCS turn-on of switch SW. Fig. 4.10(e) shows ZVS turn-on operation of back end (half-
bridge) MOSFETs, which confirms the soft switching of the switches. It is observed that the

X *200/06/12 02000 N ormal Edpa O £ 180 ¥ su‘mmi"“ PRI 0TS 4 s/ oo GHEST16.6 B
KT 100 Vo7 T
-ceEN . 20ms/dv W 1328 20w/
Input Voltage Swell/f \ Vin (100 V/div) Input Voltage Dip
. 5 \ N . H
1 Lin (20 A/div) / L, (20 A/div) Vin (100 V/div)

A

i \
YRV

AR/
AN

i
¥
i

Voo
4 4
t i f -
Vout (50 V/div) Lout (20 A/div) Vour (50 V/div) Lou (20 A/div)
(a) (b)
%’MQ Zﬂ?ﬂ/ﬂﬁﬂ"h 11:3152 o :lgrmls"s :ﬁ CH 4.4 A
E SRl 2000 EGENIKEETR
S Ipem (200 Vidiv) Y|
s Bt B B AR A T T = 3
- "“""‘7'\;':-‘__-__._ A S R .E
! E.Z.S
| £, THD-3.10%
g P.F- 0.9995
215
pY vy Yy =
E 1
Vout (50 V/div
: ) . . 05
|, 1 \ Toue (10 i&/dlv) N I I
|
: \ 0790 2 4 6 8 10 12 14 16
| Harmonic order

(©) (d)

Fig. 4. 11. Converter response (a) Input voltage swell (b) input voltage dip (c) Load change from 100% to 20%
(d) input current FFT at 1.0 kW
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switch current is negative (body diode conduction using voltage across the switch) at the
moment when the gate pulse is given, which confirms the ZVS operation. Fig. 4.10 (f) shows
transformer primary voltage and current which is square and sinusoidal current, respectively
thus posing no duty cycle loss. The DC link volatge remains constant. Fig.4.12 (g) shows the
resonace operation of converter at a low load of 100W. Fig.4.10 (h) shows the syncrounus
rectification on the seconaday side of the converter thus achieving higher efficiency.

In order to validate the robustness of the controller, input voltage perturbations are applied.
Input voltage swell is applied form 110 V to 130 V as shown in Fig. 4.11 (a). It is seen that
the input current remains sinusoidal and in-phase with input voltage thus validating the
robustness of the controller. Similarly, the effect of the input voltage dip is shown in Fig. 4.11
(b). Input current increases in order to maintain the same power and remains in phase with the
input voltage. In order to validate converter performance during load perturbactions, a load
change from rated load to 20% load is applied as shown in Fig. 4.11 (c). It is observed that
output voltage remains stiff at 65 V with and settles within 40ms, thus validating the controller
design. Fig. 4.11 (d) shows the input current FFT at 1 kW. It is observed that input current
THD is 3.10% with a power factor of 0.9995 which meets the [EC6100-3-2 standard.

As shown in Table 4. 6 it is to be noted that the second stage LLC converter poses

comparatively higher efficiency over entire power range than convetional LLC converters.

Table 4. 5: Converter hardware specifications.

Components Specification
DCM inductor L 2445 uH
Resonant inductor L, 78 uH
Resonant Capacitor G, Cp, PHE450XD5100JD15R06L.2,10 nF*8
Transformer turns ratio, n 1:0.33:0.33

DC-link Capacitor, Cyc jink
Output Capacitor, C,

Input capacitor, Cf

Input inductor, Ls
Buck-boost MOSFETs, SW;

Half-bridge MOSFETs, SW5, SW,

SR MOSFETs, SWs, SW
Schottky Diodes, D4, D,

82.4 uF*10*2, 450 VDC, UPZ2W820MHD
UVP2A100MPDITD, 10 pF*18

0.22 uF*10, 480 VAC, R76QR32204030J
371uH, 42 x 21 x 20, EE Ferrite Cores
UF3C120040K4S, SIC 1200V, 45mohm

SCT3080AR, 650 V 30A

STW75NF20, 200 V 75A
RURGS80100
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Table 4.6: Efficiency of Two-Stage Converter for Various Power Levels

Power LLC Converter Bridgeless Buck-Boost
Efficiency (%) Converter Efficiency (%)
100 W 90.2 91.2
250 W 92.4 93.3
500 W 96.6 95.8
750 W 97.2 96.3
1 kW 98.0 96.2

One of the main reason for improved efficiency of the DC-DC converter over entire range is
fixed frequency, fixed duty operation as compared to the convetional LLC converter that

incorporates frequency modulation in order to control charging voltage and current.

4.7 Conclusion

In this Chapter, an onboard battery charger is proposed, analyzed, designed, and tested. A
new single-phase switched-mode bridgeless buck-boost topology is proposed for PFC with
single sensor and reduced component count. In the second stage, a half bridge LLC resonant
converter is employed to achieve high conversion efficiency over the full voltage range of the
battery pack. The merits of the proposed converter are discussed and design guidelines are
provided through theoretical analyses for both stages. A laboratory prototye of 1 kW is
designed for 110 V, 60 Hz AC to of 65 V, 15A conversion. The experiment results are
presented for validation. The first stage bridgeless buck-boost converter demonstrates UPF
operation at the rated power and achieves THD less than 5%. In the second stage half bridge
LLC converter, the switching losses, conduction losses are reduced to achieve good overall
efficiency. Also, synchronus rectification is employed to enchance the efficiency. Loss
analysis of the proposed topology has been presented in order to select an optimal value of
DC-Link voltage to keep the losses minimum. With reduced sensors and high efficiency, the

proposed charging topology is a potential candidate for battery charging application.

The next chapter deals with the the contributions of this research and the thesis. It also,

provides the guidelines for the future scope of research.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK

This chapter discusses the contributions of this research and the thesis in section 5.1 and

provides the guidelines for the future scope of research based on the findings in Section 5.2.
5.1 Contributions of Thesis

Grid connected plug-in electrified vehicles are considered as one of the most sustainable
solutions to profoundly reduce both oil consumption and greenhouse gas emissions. However,
charging the onboard battery pack more efficiently, conveniently, and with a smaller footprint
is one of the most important challenges, which determine the acceptability of EVs among its
consumers. The demand for PEVs battery charging with high-quality input current
necessitates power factor corrected AC-DC converters. Moreover, these EV chargers desire
high power density resulting into requirement of both higher efficiency (to reduce losses and
device temperatures) and higher frequency operation (to reduce passive component sizes).
The traditional battery chargers topologies lack with active power factor correction unit, and
have poor THD along with low efficiency and increased switching and conduction losses.
This thesis desertion focuses on AC-DC PFC (isolated and non-isolated) topologies as well as

anew front end bridgeless topology as a solution to replace the presently employed topologies.

This thesis discretion contributes to the analysis and design of the buck-boost derived AC-
DC PFC converters focusing on the minimizing the total number of components and
improving the overall system efficiency. The proposed topologies not only achieves high
power factor correction (PFC) but also obtain THD less than 5%. The proposed converters are
studied, analyzed, and designed for DCM operation in order to simplify the control circuit and
to reduce the number of sensors, which consequently increases the converter reliability and
robustness. Simple control, high input power quality, improved efficiency, and improved
reliability are the major highlights of the proposed DCM converter topologies as outlined in

the following sub-sections.
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5.1.1 Analysis and Design of Single-Stage DCM Operated Buck-Boost
PFC AC Charger

The first contribution, presented in Chapter 2, is a single-phase single-cell non-isolated
buck-boost PFC converter for the E-Rickshaw battery charging application. The highlights of
the proposed converter are reduced overall size, bolstered up overall efficiency and possess
simpler control with fewer conversion stages. High efficiency of 93.5 % and input current
THD of 4.25 % are recorded from the developed prototype at rated output power along with
a high power factor of 0.9990. The converter comprehends zero-current turn-on of the
switches, and zero diode reverse recovery losses due to its DCM operation. The converter
output is controlled by only one control loop and a single sensor. Experimental results

demonstrated the proposed converter’s inherent in-rush current limiting,

5.1.2 Single-Phase Switched Mode Bridgeless AC-DC Buck-Boost Derived

Converter

In Chapter 3, the second contribution is presented as a new single-phase switched-mode
bridgeless AC-DC buck-boost derived converter. The novelty of the proposed converter is
demonstrated by comparing it with the state-of-the-art converters. The key contribution of the
proposed converter is that only one semiconductor device from each phase is in the current
conduction path throughout the converter operation which reduced the converter conduction
losses, and increased the converter efficiency. The voltage stress is reduced by the DC-split
output configuration in the proposed converter, which reduces the switching losses. The
converter output is controlled by only one control loop and a single sensor making it less
complex. An experimental prototype was built and tested in order to verify the concept. Key
experimental waveforms were provided. The converter power factor and THD measurements
were recorded at an output voltage of 400V and 80 - 130V wide input voltage range. The
power factor exceeds from 0.9993 at half load to 0.9995 at full load. The proposed converter
achieved a peak efficiency of 96% and an input current THD of 3.13 %.
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5.1.3 An On-Board EV Charger Using Bridgeless PFC and LLC Resonant

Converter

The third contribution, presented in Chapter 5, is a new two-stage isolated EV charger
integrating a bridgeless PFC and LLC resonant converter. Bridgeless PFC buck-boost
converter operating in DCM 1is used as a first stage to achieve PFC and high input THD. In
the second stage, a half-bridge LLC converter is used to provide isolation and high efficiency
to the overall power range. The proposed charger is designed for a 48V low voltage lead-acid
battery pack. The proposed configuration uses only one sensor to control the output voltage
by directly controlling the front-end switches. The control burden is reduced on the
microcontroller by operating the second stage with constant duty and constant frequency. An
experimental prototype was built and tested in order to verify the concept. The PFC stage
achieves 3.13% THD and 96% conversion efficiency experimentally. While the dc/dc stage

achieves 98% peak efficiency.

In addition to the above contributions, the following conclusions which are common to

all the proposed topologies are abridged as follow:

» The proposed converters are designed for DCM operation and obtained UPF at AC
mains with less input current distortion for different loads and for a wide range of
supply voltage 80 to 130V.

» All the switches of the proposed converters are operated with zero current switching
turn-on and diodes with zero reverse recovery losses which are characteristic of DCM
operation.

» High current rated semiconductor devices are used because of the high peak current
due to DCM operation.

» The converters' output voltage is regulated with a simple voltage control loop, and
only a single sensor is required for PFC control implementation. This makes the
proposed converters cost-effective, escalates the reliability, robustness to high-
frequency noise, and the system power density.

» The small-signal models for all the converters are established using the CIECA

approach, and a detailed discussion for the closed-loop controller design is provided.
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» Detailed simulation results, as well as experimental results, are provided to validate
the analysis, design, and feasibility.
» All the proposed converters show input current THD less than 5 %, and efficiency

greater than 90 % are rated output power from the developed laboratory prototypes.

5.2 Scope of Future Work

Based on the research done in this thesis, the recommendations for the future research could

focus on the following two aspects:
5.2.1 DCM Based Interleaved Bridgeless Buck-Boost Converter

The Bridgeless buck-boost PFC converter prototype presented in chapter 3 utilizes a single-
phase configuration, which is suitable for low power levels. However, in order to achieve a
higher power charging, the current stress on the circuit components increases. For the power
MOSFETs, we can parallel multiple devices to achieve higher current capability. The
interleaved is formed by two independent bridgeless buck-boost converters which are
connected in parallel. The switching signals for the interleaved bridgeless buck-boost
converter can have the same switching frequency and duty cycles with an artificial shift of the
gate signals among different phases by a certain degree (180° phase shift), which would
contribute to reducing the current ripples. Each converter has two switching stages, diodes D,
and D, are always in the complementary state with the switches SW; and diodes Dzand D,
being complementary to SW, respectively. Moreover, the input current equals the summation
of both inductor current. Since the inductor ripple currents are out of phase, they can cancel
with each other. Thus, the high-frequency input current ripple could be significantly reduced,
so that the size of the input EMI filter could be reduced. Moreover, the input power of the
converter is evenly shared between the two cells, thus the current stress on the semiconductor
components as well as DCM inductor will be reduced by half. The schematic of an interleaved

bridgeless buck-boost derived PFC converter is plotted in Fig. 5.1.
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Fig. 5.1. Schematic of interleaved bridgeless buck-boost derived PFC converter

5.2.2 A High Power On-Board Bidirectional EV Charger Using Interleaved
Bridgeless PFC and Full-Bridge LL.C Resonant Converter

At present, all commercialized onboard EV chargers have unidirectional power flow from
grid to vehicle (G2V). However, since most vehicles are parked an average for 95% of the
time, it is predictable that batteries could be used to let power flow from the vehicle to the
grid (V2G). In this emerging V2G technology, on-board chargers are required to have
bidirectional power flow capability. When the vehicle is idle, the battery can feed power back
to the grid if demand is high. In order to achieve the bidirectional power flow, both the front-
end ac/dc PFC and the second stage isolated dc/dc topologies must be modified to operate in
bidirectional power flow. Fig. 5.2 is a combination of interleaved bridgeless buck-boost
derived converter and a bidirectional dual active bridge LLC converter, which is a derivative
of full-bridge LLC resonant converter. When the energy is transferred from grid to battery,
the active bridge on the secondary side of the transformer functions as a full bridge rectifier.
When the energy is transferred from battery to grid, the secondary side active bridge functions
as an inverter and the primary side active bridge functions as a rectifier. The interleaving on
the front end can help in achieving higher power density along with high power factor and
low THD. A controlled constant voltage (CV) and constant current (CC) charging

methodology can also be implemented to switch between V2G and G2V modes. However, it
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must be taken into account that bidirectional charging has not yet been implemented on any
commercial PEV in the market. The challenges are predominantly are because of the bellow

three conditions:

The additional cost of power electronics components.
b. There is a potential uncertainty of battery degradation due to frequent charging and
discharging cycles, which might affect the overall battery life cycle.

c. Lack of infrastructure for net-metering from the energy utility company.

Future work would pursue accomplishing the bidirectional power flow of the onboard
PEV chargers along with increased power density while exploring possible solutions to deal

with the aforementioned challenges.
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