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ABSTRACT

The objective of this work is the design and development of improved power quality based
converters with improved efficiency and high power density for power factor correction at the
front end of the conventional charger of light EVs. These converters are designed for low cost
EVs such as E-rickshaw battery, either in two stage or single stage configurations. A diode
bridge rectifier (DBR) is the basic circuit to convert available AC mains voltage into DC voltage
for charging, which leaves behind many harmonics in the input side current owing to its
nonlinear behavior resulting in poor power quality indices e.g. voltage distortion, high THD in
source current, low PF, low DPF (Displacement Factor) and high CF (Crest Factor). For the
conventional EV chargers with DBR and capacitor filter, the line current has high current THD
in the order of 50-60% at rated battery current and a poor power factor (PF) in the range of 0.8-
0.85. Hence, single phase PFC converters are used to improve the power quality of EV battery
charger at AC mains.

Several topologies of single phase EV chargers with front-end PFC are reported in the literature,
which are divided into five classes namely non-isolated PFC converters based charger, bridgeless
non-isolated PFC converters based charger, isolated PFC converters based charger, bridgeless
isolated PFC converters based charger and interleaved PFC converters based chargers. All these
configuration has different advantages such as high efficiency, high power density, reduced
semiconductor stress, low charge current ripple and low cost. The size and cost of the charger,
are significantly affected by the control technique used for PFC converter. This work aims at the
design of PFC converter in discontinuous conduction mode (DCM), which employs the voltage
feedback based control with single voltage sensor to be used for inherent PFC and output voltage

regulation. However, a constant current-constant voltage based charging method is used to



control the battery current at rated line and loading conditions. For two stage battery charger
configuration, a flyback converter is used to regulate the charge current through the battery.
Many charger configurations with front-end single phase buck-boost PFC converters are
designed and developed in this work to exhibit the improved PQ based operation in two stage EV
chargers. Some overlooked features of bridged and bridgeless PFC converters, such as Cuk,
Zeta, SEPIC, CSC and Landsman converter, with or without isolation, are discussed for single
phase EV chargers. Moreover, many new and improved versions of bridged or bridgeless
configuration such as Cuk, SEPIC, Luo and Zeta converters are presented along with interleaved
configuration of PFC Cuk, Luo and Landsman converters.

The improved circuit performance and unity PF based charging performance of these EV battery
chargers are assessed in MATLAB/Simulink based environment using a developed model. The
obtained results are seen to be corroborated with the experimental validation of the hardware
prototype, for all the configurations. The performance of PFC converters based chargers is
evaluated at steady state as well as during dynamic condition for rated line voltage and loading
conditions. Various input and output side quantities, device stresses as well as the voltage and
current through different components are recorded as per the design and selection parameter. The
improved power quality indices are observed as per the international regulations such as the IEC

61000-3-2 standard throughout the charging duration.

Vi
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Improved power quality performance of the non-isolated CSC
PFC converter based charger with supply voltage 172.8V (a)
Source voltage and unity power factor current (b) Power profile
of the charger with improved power quality indices (c) Source
current THD

Improved power quality performance of the non-isolated CSC
PFC converter based charger with supply voltage 258.6V (a)
Source voltage and unity power factor current (b) Power profile
of the charger with improved power quality indices (c) Source
current THD

Simulated performance of non-isolated PFC Cuk converter
based EV battery charger at steady state

Experimental performance of non-isolated PFC Cuk Converter
at Steady State (a) input and output side waveforms of the
Charger (b) DC-link voltage and current of PFC converter

Experimental steady state performance of non-isolated PFC
buck-boost converter based EV charger at rated input voltage
with (a) Test waveforms of inductor current in DCM with
diode voltage and current (b) Switch Voltage and Current
Waveforms (vswand isw)

Simulated performance of non-isolated Cuk PFC converter
based EV charger at dynamics in supply voltage

Experimental performance of non-isolated PFC Cuk converter
based charger at dynamics in supply voltage (a) change in
supply voltage from 220V to 160V (b) change in supply
voltage from 220V to 260V

Simulated line current THD profile of non-isolated Cuk PFC
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.35

5.36

5.37

5.38

5.39

5.40

541

5.42

5.43

converter based EV charger with line voltage (a) at rated 220V
(b) at 160V (c) at 260V

Improved power quality performance of the non-isolated PFC
Cuk converter based charger with supply voltage of 220V (a)
Source voltage and unity power factor current (b) Power profile
of the charger with improved power quality indices (c) Source
current THD

Improved power quality performance of the non-isolated PFC
Cuk converter based charger with supply voltage 160V (a)
Source voltage and unity power factor current (b) Power profile
of the charger with improved power quality indices (c) Source
current THD

Improved power quality performance of the non-isolated PFC
Cuk converter based charger with supply voltage 260V (a)
Source voltage and unity power factor current (b) Power profile
of the charger with improved power quality indices (c) Source
current THD

Simulated performance of non-isolated PFC Improved SEPIC
converter based EV battery charger at steady state

Experimental performance of non-isolated PFC Improved
SEPIC Converter at Steady State (a) input and output side
waveforms of the Charger (b) DC-link voltage and current of
PFC converter

Experimental steady state performance of non-isolated PFC
Improved SEPIC converter based EV charger at rated input
voltage with (a) Switch Voltage and Current Waveforms (Vs1,2
and is12) (b) output inductor in DCM with diode voltage (c)
current in inductors L1 and voltage across the energy transfer
capacitances in CCM

Simulated performance of non-isolated Improved SEPIC PFC
converter based EV charger at dynamics in supply voltage

Experimental performance of non-isolated PFC Improved
SEPIC converter based charger at dynamics in supply voltage
(a) change in supply voltage from 70.7V to 55V (b) change in
supply voltage from 70.7V to 95V

Simulated line current THD profile of non-isolated Improved
SEPIC PFC converter based EV charger with line voltage (a) at
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Fig.

5.44

5.45

5.46

6.4

6.5

6.6

rated 70.7V (b) at 55V (c) at 95V

Improved power quality performance of the non-isolated
Improved SEPIC converter based charger with supply voltage
of 70.7V (a) Source voltage and unity power factor current (b)
Power profile of the charger with improved power quality
indices (c) Source current THD

Improved power quality performance of the non-isolated
Improved SEPIC converter based charger with supply voltage
55.6V (a) Source voltage and unity power factor current (b)
Power profile of the charger with improved power quality
indices (c) Source current THD

Improved power quality performance of the non-isolated
Improved SEPIC converter based charger with supply voltage
95.8V (a) Source voltage and unity power factor current (b)
Power profile of the charger with improved power quality
indices (c) Source current THD

Configuration of improved power quality bridgeless non-
isolated buck-boost PFC Converter based EV Battery Charger

Different operating modes of bridgeless non-isolated Buck-
Boost PFC converter: Mode-1, Mode-Il and Mode-I1l (a)-(c)
during positive half line (d)-(f) during negative half line

Associated waveforms of bridgeless non-isolated Buck-Boost
PFC converter (a) over complete cycle of supply voltage (b)
over one switching cycle

Configuration of improved power quality bridgeless non-
isolated Cuk PFC Converter (Negative Output) based EV
Battery Charger

Different BL Cuk (Negative Output) Converters (a)
Conventional Cuk Converter (b) Topology-1 [20] (c)
Circuating current Due to interconnection of Ci and C: in
topology-1[198] (d) Topology-2 [20] (e) topology-3 with
return current [198] thorugh body diode (f) topology in [195]
(g) topology in [196]

Different operating modes of bridgeless non-isolated Cuk PFC

converter (Negative Output): Mode-1, Mode-Il and Mode-IlI
(a)-(c) during positive half line (d)-(f) during negative half line
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Fig.
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6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

6.18

Associated waveforms of bridgeless non-isolated Cuk PFC
converter (Negative Output) (a) over complete cycle of supply
voltage (b) over one switching cycle

Operating modes of topology-3 with conventional control
during positive half line (a) Switch ON period (b) switch OFF
period

Operating modes of new bridgeless converter with same driver
signal during positive half line during (a) Switch ON (b) switch
OFF

Configuration of improved power quality bridgeless non-
isolated Cuk PFC Converter (Positive Output) based EV
Battery Charger

Different operating modes of bridgeless non-isolated Cuk PFC
converter (Positive Output): Mode-1, Mode-11 and Mode-III
(a)-(c) during positive half line (d)-(f) during negative half line

Associated waveforms of bridgeless non-isolated Cuk PFC
converter (Positive Output) (a) over complete cycle of supply
voltage (b) over one switching cycle

Configuration of improved power quality bridgeless non-
isolated Cuk PFC Converter (Single Switch) based EV Battery
Charger

Different operating modes of bridgeless non-isolated Cuk PFC
converter (Single Switch): Mode-I, Mode-11 and Mode-IlI (a)-
(c) during positive half line (d)-(f) during negative half line

Associated waveforms of bridgeless non-isolated Cuk PFC
converter (Single Switch) (a) over complete cycle of supply
voltage (b) over one switching cycle

Configuration of improved power quality bridgeless non-
isolated Zeta-SEPIC PFC Converter based EV Battery Charger

Different operating modes of bridgeless non-isolated Zeta-
SEPIC PFC converter: Mode-I, Mode-11 and Mode-I11l (a)-(c)
during positive half line (d)-(f) during negative half line

Associated waveforms of bridgeless non-isolated Zeta-SEPIC

PFC converter (a) over complete cycle of supply voltage (b)
over one switching cycle
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6.19

6.20

6.21

6.22

6.23
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6.25

6.26

6.27

6.28

6.29

6.30

6.31

Configuration of improved power quality bridgeless non-
isolated Luo PFC Converter based EV Battery Charger

Different operating modes of bridgeless non-isolated Luo PFC
converter: Mode-l, Mode-Il and Mode-Ill (a)-(c) during
positive half line (d)-(f) during negative half line

Associated waveforms of bridgeless non-isolated Luo PFC
converter (a) over complete cycle of supply voltage (b) over
one switching cycle

Configuration of improved power quality bridgeless non-
isolated Landsman PFC Converter based EV Battery Charger
Different operating modes of bridgeless non-isolated Landsman
PFC converter: Mode-1, Mode-Il and Mode-I1l (a)-(c) during
positive half line (d)-(f) during negative half line

Associated waveforms of bridgeless non-isolated Landsman
PFC converter (a) over complete cycle of supply voltage (b)
over one switching cycle

Configuration of improved power quality bridgeless non-
isolated SEPIC PFC Converter based EV Battery Charger

Different operating modes of bridgeless non-isolated SEPIC
PFC converter: Mode-1, Mode-1l and Mode-11l (a)-(c) during
positive half line (d)-(f) during negative half line

Associated waveforms of bridgeless non-isolated SEPIC PFC
converter (a) over complete cycle of supply voltage (b) over
one switching cycle

Control diagram of Non-isolated PFC converter based EV
Chargers (a) control of PFC converter (b) Control of flyback
converter

Matlab/Simulnik Model of Bridgeless Non-isolated PFC
converter based EV Battery Chargers

Simulated performance of bridgeless non-isolated PFC Buck-
Boost converter based EV battery charger at steady state

Experimental performance of bridgeless non-isolated PFC

Buck-Boost converter at Steady State (a) input and output side
waveforms of the Charger (b) DC-link voltage of BL PFC
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Fig.

6.32

6.33

6.34

6.35

6.36

6.37

6.38

6.39

6.40

converter

Experimental steady state performance bridgeless non-isolated
PFC Buck-Boost converter based charger at rated input voltage
with (a) Test waveforms of input inductor current in DCM (b)
zoomed Switch Voltage and Current Waveforms (vsi12and isi,2)

Simulated performance of bridgeless non-isolated PFC Buck-
Boost converter based EV charger at dynamics in supply
voltage

Experimental performance of bridgeless non-isolated PFC
Buck-Boost converter based charger at dynamics in supply
voltage (a) change in supply voltage from 220V to 160V (b)
change in supply voltage from 220V to 260V

Simulated line current THD profile of bridgeless non-isolated
PFC Buck-Boost converter based EV charger with line voltage
(a) at rated 220V (b) at 160V (c) at 260V

Improved power quality performance of bridgeless non-isolated
Buck-Boost converter based charger with rated 220V (a)
Source voltage and unity PF current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD

Improved power quality performance of bridgeless non-isolated
Buck-Boost converter based charger with reduced supply
voltage (a) Source voltage and unity PF current (b) Power
profile with improved power quality indices (c) Source current
THD

Improved power quality performance of bridgeless non-isolated
Buck-Boost converter based charger with increased supply
voltage (a) Source voltage and unity PF current (b) Power
profile with improved power quality indices (c) Source current
THD

Simulated performance of bridgeless non-isolated PFC Cuk
(Negative Output) converter based EV battery charger at steady
state

Experimental performance of bridgeless non-isolated PFC Cuk
(Negative Output)converter at Steady State (a) input and output
side waveforms of the Charger (b) DC-link voltage of BL PFC
converter
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Fig.

6.41

6.42

6.43

6.44

6.45

6.46

6.47

6.48

6.49

Experimental steady state performance bridgeless isolated PFC
Cuk (Negative Output) converter based charger at rated input
voltage with (a) Test waveforms of output inductor current in
DCM (b) zoomed Switch Voltage and Current Waveforms
(vs1,2 and is12) (c) Capacitor voltages in CCM (no return current
through Li1 and Li2 in +ve and -ve half respectively

Simulated performance of bridgeless non-isolated PFC Cuk
(Negative Output) converter based EV charger at dynamics in
supply voltage

Experimental performance of bridgeless non-isolated PFC Cuk
(Negative Output) converter based charger at dynamics in
supply voltage (a) change in supply voltage from 220V to
160V (b) change in supply voltage from 220V to 260V

Simulated line current THD profile of bridgeless non-isolated
PFC Cuk (Negative Output) converter based EV charger with
line voltage (a) at rated 220V (b) at 160V (c) at 260V

Improved power quality performance of bridgeless non-isolated
PFC Cuk (Negative Output) converter based charger with rated
supply voltage (a) Source voltage and unity power factor
current (b) Power profile of the charger with improved power
quality indices (c) Source current THD

Improved power quality performance of bridgeless non-isolated
PFC Cuk (Negative Output) converter based charger with
reduced supply voltage (a) Source voltage and unity PF current
(b) Power profile of the charger with improved power quality
indices (c) Source current THD

Improved power quality performance of bridgeless non-isolated
PFC Cuk (Negative Output) converter based charger with
increased supply voltage (a) Source voltage and unity PF
current (b) Power profile of the charger with improved power
quality indices (c) Source current THD

Simulated performance of bridgeless non-isolated PFC Cuk
(Positive Output) converter based EV battery charger at steady
state

Experimental performance of bridgeless non-isolated PFC Cuk

(Positive Output)converter at Steady State (a) input and output
side waveforms of the Charger (b) DC-link voltage of BL PFC
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Fig.
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6.51

6.52

6.53

6.54

6.55

6.56

6.57

6.58

converter

Experimental steady state performance bridgeless non-isolated
PFC Cuk (Positive Output) converter based charger at rated
input voltage with (a) Test waveforms of output inductor
current in DCM (b) zoomed Switch Voltage Waveforms (vs1,2)

Experimental steady state performance bridgeless non-isolated
PFC Cuk (Positive Output) converter based charger at rated
input voltage with (a) continuous voltage across the
intermediate capacitors Ci» (b) Test waveforms of input
inductor current in CCM

Simulated performance of bridgeless non-isolated PFC Cuk
(Positive Output) converter based EV charger at dynamics in
supply voltage

Experimental performance of bridgeless non-isolated PFC Cuk
(Positive Output) converter based charger at dynamics in
supply voltage (a) change in supply voltage from 220V to
160V (b) change in supply voltage from 220V to 260V

Simulated line current THD profile of bridgeless non-isolated
PFC Cuk (Positive Output) converter based EV charger with
line voltage (a) at rated 220V (b) at 160V (c) at 260V

Improved power quality performance of bridgeless non-isolated
PFC Cuk (Positive Output) converter based charger with rated
supply voltage (a) Source voltage and unity power factor
current (b) Power profile of the charger with improved power
quality indices (c) Source current THD

Improved power quality performance of bridgeless non-isolated
PFC Cuk (Positive Output) converter based charger with
reduced supply voltage (a) Source voltage and unity PF current
(b) Power profile of the charger with improved power quality
indices (c) Source current THD

Improved power quality performance of bridgeless non-isolated
Cuk (Positive Output) converter based charger with increased
supply voltage (a) Source voltage and unity PF current (b)
Power profile of the charger with improved power quality
indices (c) Source current THD

Simulated performance of bridgeless non-isolated PFC Cuk
(Single Switch) converter based EV battery charger at steady
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6.61

6.62

6.63

6.64

6.65

6.66

6.67

state

Experimental performance of bridgeless non-isolated PFC Cuk
(Single Switch) converter at Steady State (a) input and output
side waveforms of the Charger (b) DC-link voltage of BL PFC
converter

Experimental steady state performance bridgeless non-isolated
PFC Cuk (Single Switch) converter based charger at rated input
voltage with (a) Test waveforms of output inductor current in
DCM (b) zoomed device Voltage and Current Waveforms (vst,
Vpo and is1, ipo)

Simulated performance of bridgeless non-isolated PFC Cuk
(Single Switch) converter based EV charger at dynamics in
supply voltage

Experimental performance of bridgeless non-isolated PFC Cuk
(Single Switch) converter based charger at dynamics in supply
voltage (a) change in supply voltage from 220V to 160V (b)
change in supply voltage from 220V to 260V

Simulated line current THD profile of bridgeless non-isolated
PFC Cuk (Single Switch) converter based EV charger with line
voltage (a) at rated 220V (b) at 160V (c) at 260V

Improved power quality performance of bridgeless non-isolated
PFC Cuk (Single Switch) converter based charger with rated
supply voltage (a) Source voltage and unity power factor
current (b) Power profile of the charger with improved power
quality indices (c) Source current THD

Improved power quality performance of bridgeless non-isolated
PFC Cuk (Single Switch) converter based charger with reduced
supply voltage (a) Source voltage and unity PF current (b)
Power profile of the charger with improved power quality
indices (c) Source current THD

Improved power quality performance of bridgeless non-isolated
PFC Cuk (Single Switch) converter based charger with
increased supply voltage (a) Source voltage and unity PF
current (b) Power profile of the charger with improved power
quality indices (c) Source current THD

Simulated performance of bridgeless non-isolated PFC Zeta-
SEPIC converter based EV battery charger at steady state
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Fig.
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6.71

6.72

6.73

6.74

6.75

6.76

6.77

Experimental performance of bridgeless non-isolated PFC
Zeta-SEPIC converter at Steady State (a) input and output side
waveforms of the Charger (b) DC-link voltage of BL PFC
converter

Experimental steady state performance bridgeless non-isolated
PFC Zeta-SEPIC converter based charger at rated input voltage
with (a) Test waveforms of output inductor current in DCM (b)
zoomed Switch Voltage and Current Waveforms (vs2 and is2)

Simulated performance of bridgeless non-isolated PFC Zeta-
SEPIC converter based EV charger at dynamics in supply
voltage

Experimental performance of bridgeless non-isolated PFC
Zeta-SEPIC converter based charger at dynamics in supply
voltage (a) change in supply voltage from 220V to 160V (b)
change in supply voltage from 220V to 260V

Simulated line current THD profile of bridgeless non-isolated
PFC Zeta-SEPIC converter based EV charger with line voltage
(a) at rated 220V (b) at 160V (c) at 260V

Improved power quality performance of bridgeless non-isolated
PFC Zeta-SEPIC converter based charger with rated supply
voltage (a) Source voltage and unity power factor current (b)
Power profile of the charger with improved power quality
indices (c) Source current THD

Improved power quality performance of bridgeless non-isolated
PFC Zeta-SEPIC converter based charger with reduced supply
voltage (a) Source voltage and unity PF current (b) Power
profile of the charger with improved power quality indices (c)
Source current THD

Improved power quality performance of bridgeless non-isolated
PFC Zeta-SEPIC converter based charger with increased
supply voltage (a) Source voltage and unity PF current (b)
Power profile of the charger with improved power quality
indices (c) Source current THD

Simulated performance of bridgeless non-isolated PFC Luo
converter based EV battery charger at steady state

Experimental performance of bridgeless non-isolated PFC Luo
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Fig.

Fig.

6.78

6.79

6.80

6.81

6.82

6.83

6.84

6.85

6.86

6.87

converter at Steady State (a) input and output side waveforms
of the Charger (b) DC-link voltage of BL PFC converter

Experimental steady state performance bridgeless non-isolated
PFC Luo converter based charger at rated input voltage with (a)
Test waveforms of output inductor current in DCM (b) zoomed
Switch Voltage and Current Waveforms

Simulated performance of bridgeless non-isolated PFC Luo
converter based EV charger at dynamics in supply voltage

Experimental performance of bridgeless non-isolated PFC Luo
converter based charger at dynamics in supply voltage (a) Step
change in supply voltage from 220V to 160V (b) Step change
in supply voltage from 220V to 260V

Simulated line current THD profile of bridgeless non-isolated
PFC Luo converter based EV charger with line voltage (a) at
rated 220V (b) at 160V (c) at 260V

Improved power quality performance of bridgeless non-isolated
PFC Luo converter based charger with rated supply voltage (a)
Source voltage and unity power factor current (b) Power profile
of the charger with improved power quality indices (c) Source
current THD

Improved power quality performance of bridgeless non-isolated
PFC Luo converter based charger with reduced supply voltage
(a) Source voltage and unity PF current (b) Power profile of the
charger with improved power quality indices(c) Source current
THD

Improved power quality performance of bridgeless non-isolated
PFC Luo converter based charger with increased supply
voltage (a) Source voltage and unity PF current (b) Power
profile of the charger with improved power quality indices (c)
Source current THD

Simulated performance of bridgeless non-isolated PFC
Landsman converter based EV battery charger at steady state

Experimental performance of bridgeless non-isolated PFC
Landsman converter at Steady State (a) input and output side
waveforms of the Charger (b) DC-link voltage of BL PFC
converter

Experimental steady state performance bridgeless non-isolated
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6.90
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6.92

6.93

6.94

6.95

6.96

PFC Landsman converter based charger at rated input voltage
with (a) CCM operation of input inductors (b) CCM Operation
of energy transfer Capacitances

Experimental steady state performance bridgeless non-isolated
PFC Landsman converter based charger at rated input voltage
with (a) Test waveforms of input inductor current in DCM (b)
zoomed Switch Voltage and Current Waveforms

Simulated performance of bridgeless non-isolated PFC
Landsman converter based EV charger at dynamics in supply
voltage

Experimental performance of bridgeless non-isolated PFC
Landsman converter based charger at dynamics in supply
voltage (a) change in supply voltage from 220V to 160V (b)
change in supply voltage from 220V to 260V

Simulated line current THD profile of bridgeless non-isolated
PFC Landsman converter based EV charger with line voltage
(a) at rated 220V (b) at 160V (c) at 260V

Improved power quality performance of bridgeless non-isolated
PFC Landsman converter based charger with rated supply
voltage (a) Source voltage and unity power factor current (b)
Power profile of the charger with improved power quality
indices (c) Source current THD

Improved power quality performance of bridgeless non-isolated
PFC Landsman converter based charger with reduced supply
voltage (a) Source voltage and unity PF current (b) Power
profile of the charger with improved power quality indices (c)
Source current THD

Improved power quality performance of bridgeless non-isolated
PFC Landsman converter based charger with increased supply
voltage (a) Source voltage and unity PF current (b) Power
profile of the charger with improved power quality indices (c)
Source current THD

Simulated performance of bridgeless non-isolated PFC SEPIC
converter based EV battery charger at steady state

Experimental performance of bridgeless non-isolated PFC

SEPIC converter at Steady State (a) input and output side
waveforms of the Charger (b) DC-link voltage of BL PFC
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6.98

6.99

6.100

6.101

6.102

6.103

7.1

7.2

7.3

converter

Experimental steady state performance bridgeless non-isolated
PFC SEPIC converter based charger at rated input voltage with
(a) BL operation of Output inductors in DCM (b) voltage and
current stress through switches Si > and zoomed Switch Voltage
and Current Waveforms (c) common input inductor Li and
intermediate capacitors in CCM

Simulated performance of bridgeless non-isolated PFC SEPIC
converter based EV charger at dynamics in supply voltage

Experimental performance of bridgeless non-isolated PFC
SEPIC converter based charger at dynamics in supply voltage
(a) Step change in supply voltage from 220V to 160V (b) Step
change in supply voltage from 220V to 260V

Simulated line current THD profile of bridgeless non-isolated
PFC SEPIC converter based EV charger with line voltage (a) at
rated 220V (b) at 160V (c) at 260V

Improved power quality performance of bridgeless non-isolated
SEPIC converter based charger with rated supply voltage (a)
Source voltage and unity power factor current (b) Power profile
of the charger with improved power quality indices (c) Source
current THD

Improved power quality performance of bridgeless non-isolated
SEPIC converter based charger with reduced supply voltage (a)
Source voltage and unity PF current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD

Improved power quality performance of bridgeless non-isolated
SEPIC converter based charger with increased supply voltage
(a) Source voltage and unity PF current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD

Configuration of improved power quality isolated Zeta PFC
Converter based EV Battery Charger

Different operating modes of isolated Zeta PFC converter (a)
Mode-I (b) Mode-I1 (c) Mode-I11 (d) Switching waveforms

Configuration of improved power quality isolated SEPIC PFC

XXXViii

236

238

238

238

239

239

239

247

248

249



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

7.4

7.5

7.6

1.7

7.8

7.9

7.10

7.11
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7.16

Converter based EV Battery Charger

Different operating modes of isolated SEPIC PFC converter (a)
Mode-1 (b) Mode-1I (c) Mode-I111 (d) Switching waveforms

Configuration of improved power quality isolated Cuk PFC
Converter based EV Battery Charger

Different operating modes of isolated Cuk PFC converter (a)
Mode-1 (b) Mode-1I (c) Mode-111 (d) Switching waveforms

Basic Luo converter (a) Elementary Non-isolated negative
output Luo Converter Circuit (b) Elementary isolated positive
output Luo Converter Circuit

Configuration of improved power quality isolated improved
Luo PFC Converter based EV Battery Charger

Different operating modes of isolated improved Luo PFC
converter (a) Mode-1 (b) Mode-11 (c) Mode-I1l (d) Switching
waveforms

Control diagram of isolated PFC converter based EV Chargers
during CC-CV mode

Matlab/Simulnik Model of Isolated PFC converter based EV
Battery Charger

Simulated performance of isolated PFC Zeta converter based
EV battery charger at steady state

Experimental performance of isolated PFC Zeta converter at
Steady State (a) input and output side waveforms of the
Charger (b) Test waveforms of different components (Vsw, isw,
Vc1, lLo) at nominal value of source voltage

Experimental steady state performance of isolated PFC Zeta
converter based EV charger at rated input voltage with (a)
zoomed Switch Voltage and Current Waveforms (Vsw and isw)
(b) Test waveforms of HFT primary and secondary winding
current (ipri, isec) in DCM

Simulated performance of isolated PFC Zeta converter based
EV charger at dynamics in supply voltage

Experimental performance of isolated PFC Zeta converter
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based charger at dynamics in supply voltage (a) change in
supply voltage from 220V to 160V (b) change in supply
voltage from 220V to 260V

Simulated line current THD profile of isolated PFC Zeta
converter based EV charger with line voltage (a) at rated 220V
(b) at 160V (c) at 260V

Improved power quality performance of the isolated PFC Zeta
converter based charger with rated supply voltage (a) Source
voltage and unity power factor current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD (d) battery charging

Improved power quality performance of the isolated PFC Zeta
converter based charger with reduced supply voltage (a) Source
voltage and unity power factor current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD(d) battery charging

Improved power quality performance of the isolated PFC Zeta
converter based charger with increased supply voltage (a)
Source voltage and unity power factor current (b) Power profile
of the charger with improved power quality indices (c) Source
current THD (d) battery charging

Improved power quality performance of the isolated PFC Zeta
converter based charger with rated supply voltage in CV mode
(@) unity power factor mains current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD (d) battery charging

Simulated performance of isolated PFC Cuk converter based
EV battery charger at steady state

Experimental performance of isolated PFC SEPIC Converter
based charger at Steady State (a) input and output side
waveforms of the Charger (b) waveforms of voltage across Ci
and current through the inductor L,

Experimental steady state performance of isolated PFC SEPIC
Converter based charger at rated input voltage with (a) Test
waveforms of primary and secondary currents (ipri and isec)
through HFT in DCM (b) Switch Voltage and Current
Waveforms (Vswand isw)
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Simulated performance of isolated PFC SEPIC converter based
EV charger at dynamics in supply voltage

Experimental performance of isolated PFC SEPIC converter
based charger at dynamics in supply voltage (a) change in
supply voltage from 220V to 160V (b) change in supply
voltage from 220V to 260V

Simulated line current THD profile of isolated PFC SEPIC
converter based EV charger with line voltage (a) at rated 220V
(b) at 160V (c) at 260V

Improved power quality performance of the isolated PFC
SEPIC converter based charger with rated supply voltage (a)
Source voltage and unity power factor current (b) Power profile
of the charger with improved power quality indices (c) Source
current THD (d) battery charging

Improved power quality performance of the isolated PFC
SEPIC converter based charger with supply voltage 168.5V (a)
Source voltage and unity power factor current (b) Power profile
of the charger with improved power quality indices (c) Source
current THD (d) battery charging

Improved power quality performance of the isolated PFC
SEPIC converter based charger with supply voltage 254.3V (a)
Source voltage and unity power factor current (b) Power profile
of the charger with improved power quality indices (c) Source
current THD (d) battery charging

Improved power quality performance of the isolated SEPIC
converter based charger at rated supply voltage in CV mode (a)
Source voltage and UPF current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD (d) battery charging

Simulated performance of isolated PFC Cuk converter based
EV battery charger at steady state

Experimental performance of isolated PFC Cuk Converter
based charger at Steady State (a) input and output side
waveforms of the Charger (b) waveforms of voltage across Ci
and current through the inductor L,

Experimental steady state performance of isolated PFC Cuk
Converter based charger at rated input voltage with (a) Test
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waveforms of primary and secondary currents (ipri and isec)
through HFT in DCM (b) Switch Voltage and Current
Waveforms (Vswand isw)

Simulated performance of isolated PFC Cuk converter based
EV charger at dynamics in supply voltage

Experimental performance of isolated PFC Cuk converter
based charger at dynamics in supply voltage (a) change in
supply voltage from 220V to 160V (b) change in supply
voltage from 220V to 260V

Simulated line current THD profile of isolated PFC Cuk
converter based EV charger with line voltage (a) at rated 220V
(b) at 160V (c) at 260V

Improved power quality performance of the isolated PFC Cuk
converter based charger with rated supply voltage ( (a) In phase
line current with line voltage (b) charger active power, charger
apparent power, charger reactive power, unity input PF (c)
mains current THD of 3.3% (d) Battery charging in CC mode
depicting lower ripple with isolated Luo converter

Improved power quality performance of the isolated PFC Cuk
converter based charger with supply voltage 165.3V (a) Source
voltage and unity power factor current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD(d) battery charging

Improved power quality performance of the isolated PFC Cuk
converter based charger with supply voltage 258.9V (a) Source
voltage and unity power factor current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD (d) battery charging

Improved power quality performance of the isolated Cuk
converter based charger at rated supply voltage in CV mode (a)
Source voltage and UPF current (b) Power profile of the
charger with improved power quality indices (¢) Source current
THD (d) battery charging

Simulated performance of isolated improved Luo PFC
converter based EV battery charger at steady state

Experimental performance of isolated improved Luo PFC
Converter at Steady State (a) input and output side waveforms
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of the Charger (b) Device Voltage and Current Stress,
Continuous capacitor voltage vci and Current through Lo

Experimental steady state performance of isolated improved
Luo PFC Converter at rated input voltage showing (a) HFT
Voltages and Currents (b) Enlarged waveforms of (a)

Simulated performance of isolated improved Luo PFC
converter based EV charger at dynamics in supply voltage

Experimental performance of isolated improved Luo PFC
converter based charger at dynamics in supply voltage (a)
change in supply voltage from 220V to 160V (b) change in
supply voltage from 220V to 260V

Simulated line current THD profile of isolated improved Luo
PFC converter based EV charger with line voltage (a) at rated
220V (b) at 160V (c) at 260V

Improved power quality performance of the isolated improved
Luo PFC converter based charger with rated supply voltage (
(@) In phase line current with line voltage (b) charger active
power, charger apparent power, charger reactive power, unity
input PF (c¢) mains current THD of 3.3% (d)-(e) Battery
charging in CC mode depicting lower ripple with isolated Luo
converter compared to isolated SEPIC converter

Improved power quality performance of the isolated Luo PFC
converter based charger with supply voltage 167.5V (a) Source
voltage and unity power factor current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD (d) battery charging

Improved power quality performance of the isolated Luo PFC
converter based charger with supply voltage 251.9V (a) Source
voltage and unity power factor current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD (d) battery charging

Improved power quality performance of the isolated Luo
converter based charger at rated supply voltage in CV mode (a)
Source voltage and UPF current (b) Power profile of the
charger with improved power quality indices (¢) Source current
THD (d) battery charging

Configuration of improved power quality bridgeless isolated
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SEPIC PFC Converter based EV Battery Charger

Different operating modes of bridgeless isolated SEPIC PFC
converter: Mode-l, Mode-Il and Mode-Ill (a)-(c) during
positive half line (d)-(f) during negative half line

Associated waveforms of bridgeless SEPIC converter (a) over
complete cycle of supply voltage (b) over one switching cycle

Configuration of improved power quality bridgeless isolated
Cuk-SEPIC PFC Converter based EV Battery Charger

Different operating modes of bridgeless isolated Cuk-SEPIC
PFC converter: Mode-1, Mode-Il and Mode-I1l (a)-(c) during
Cuk mode in positive half line (d)-(f) during SEPIC mode in
negative half line

Associated waveforms of bridgeless isolated Cuk-SEPIC
converter (a) over complete cycle of supply voltage (b) over
one switching cycle

Configuration of improved power quality bridgeless isolated
Zeta-Luo PFC Converter based EV Battery Charger

Different operating modes of bridgeless isolated Zeta-Luo PFC
converter: Mode-1, Mode-Il and Mode-111 (a)-(c) during Cuk
mode in positive half line (d)-(f) during SEPIC mode in
negative half line

Associated waveforms of bridgeless isolated Zeta-Luo
converter (a) over complete cycle of supply voltage (b) over
one switching cycle

Configuration of improved power quality bridgeless isolated
Half Bridge PFC Converter based EV Battery Charger

Associated waveforms of bridgeless isolated Half Bridge
converter (a) over complete cycle of supply voltage (b) over
one switching cycle

Different operating modes of bridgeless isolated Half Bridge
PFC converter: Mode-1, Mode-Il and Mode-I1l (a)-(c) during
positive half line (d)-(f) during negative half line

Control diagram of bridgeless isolated PFC converter based EV
Chargers during CC-CV mode
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Matlab/Simulnik Model of Bridgeless Isolated PFC converter
based EV Battery Charger

Simulated performance of bridgeless isolated PFC SEPIC
converter based EV battery charger at steady state

Experimental performance of bridgeless isolated PFC SEPIC
converter at Steady State (a) input and output side waveforms
of the Charger (b) Test waveforms of input inductor current i.;
with respect to source voltage and current

Experimental steady state performance bridgeless isolated PFC
SEPIC converter based charger at rated input voltage with (a)
zoomed Switch Voltage and Current Waveforms (vsw and isw)
(b) Test waveforms of HFT primary and secondary winding
current (iprit, isect ) in DCM

Simulated performance of bridgeless isolated PFC SEPIC
converter based EV charger at dynamics in supply voltage

Experimental performance of bridgeless isolated PFC SEPIC
converter based charger at dynamics in supply voltage (a) Step
change in supply voltage from 220V to 160V (b) Step change
in supply voltage from 220V to 260V

Simulated line current THD profile of bridgeless isolated PFC
SEPIC converter based EV charger with line voltage (a) at
rated 220V (b) at 160V (c) at 260V

Improved power quality performance of bridgeless isolated
SEPIC converter based charger with rated supply voltage (a)
Source voltage and unity power factor current (b) Power profile
of the charger with improved power quality indices (c) Source
current THD (d) battery charging

Improved power quality performance of bridgeless isolated
SEPIC converter based charger with reduced supply voltage (a)
Source voltage and unity PF current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD(d) battery charging

Improved power quality performance of bridgeless isolated
SEPIC converter based charger with increased supply voltage
(a) Source voltage and unity PF current (b) Power profile of the
charger with improved power quality indices (c) Source current
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THD (d) battery charging

Improved power quality performance of bridgeless isolated
SEPIC converter based charger with rated 220V in CV mode
(@) unity power factor mains current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD (d) battery charging

Simulated performance of bridgeless isolated PFC Cuk-SEPIC
converter based EV battery charger at steady state

Experimental performance of bridgeless isolated PFC Cuk-
SEPIC based charger at Steady State (a) input and output side
waveforms of the Charger (b) waveforms of current through the
inductor L, and voltage across C1in CCM

Experimental performance of bridgeless isolated PFC Cuk-
SEPIC Converter based charger at Steady State (a) Waveforms
of voltage across input side energy transfer capacitors Cil and
Ci2 in CCM (b) Waveforms of currents through input inductors
Liz and L2 in CCM

Experimental steady state performance of bridgeless isolated
PFC Cuk-SEPIC Converter based charger at rated input voltage
with (a) Test waveforms of primary and secondary currents
(iprir2 and isect,2) through HFT in DCM (b) Switch Voltage and
Current (vs1,2and is1,2)

Simulated performance of bridgeless isolated PFC Cuk-SEPIC
converter based EV charger at dynamics in supply voltage

Experimental performance of bridgeless isolated PFC Cuk-
SEPIC converter based charger at dynamics in supply voltage
(a) Step change in supply voltage from 220V to 160V (b) Step
change in supply voltage from 220V to 260V

Simulated line current THD profile of bridgeless isolated PFC
Cuk-SEPIC converter based EV charger with line voltage (a) at
rated 220V (b) at 160V (c) at 260V

Improved power quality performance of bridgeless isolated
Cuk-SEPIC converter based charger with rated supply voltage
(a) Source voltage and unity PF current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD (d) battery charging
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Improved power quality performance of bridgeless isolated
Cuk-SEPIC converter based charger with supply voltage 171V
(a) Source voltage and unity PF current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD (d) battery charging

Improved power quality performance of bridgeless isolated
Cuk-SEPIC converter based charger with supply voltage
251.9V (a) Source voltage and unity PF current (b) Power
profile of the charger with improved power quality indices (c)
Source current THD (d) battery charging

Improved power quality performance of bridgeless isolated
Cuk-SEPIC converter based charger at rated 220V in CV mode
(a) Source voltage and UPF current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD (d) battery charging

Simulated performance of bridgeless isolated PFC Zeta-Luo
converter based EV battery charger at steady state

Experimental performance of bridgeless isolated PFC Zeta-Luo
converter based charger at Steady State (a) input and output
side waveforms of the Charger (b) waveforms of voltage across
Corand Co2in CCM

Experimental steady state performance bridgeless isolated PFC
Zeta-Luo converter based charger at rated input voltage with
(a) Test waveforms of primary and secondary currents (ipriz and
isect) through HFT in DCM (b) Switch Voltage and Current
Waveforms (Vs1,2 and isz,2)

Simulated performance of bridgeless isolated PFC Zeta-Luo
converter based EV charger at dynamics in supply voltage

Experimental performance of bridgeless isolated PFC Zeta-Luo
converter based charger at dynamics in supply voltage (a)
change in supply voltage from 220V to 160V (b) change in
supply voltage from 220V to 260V

Simulated line current THD profile of bridgeless isolated PFC
Zeta-Luo converter based EV charger with line voltage (a) at
rated 220V (b) at 160V (c) at 260V

Improved power quality performance of bridgeless isolated
Zeta-Luo converter based charger with rated supply voltage (

xlvii

325

325

326

326

327

327

328

328

329

329



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

8.43

8.44

8.45

8.46

8.47

8.48

8.49

8.50

8.51

(@) In phase line current with line voltage (b) charger active
power, charger apparent power, charger reactive power, unity
input PF (c) mains current THD of 3.8% (d) Battery charging
in CC mode depicting lower ripple with isolated Luo converter

Improved power quality performance of bridgeless isolated
Zeta-Luo converter based charger with supply voltage 161V (a)
Source voltage and unity PF current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD (d) battery charging

Improved power quality performance of bridgeless isolated
Zeta-Luo converter based charger with supply voltage 259.9V
(a) Source voltage and unity PF current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD (d) battery charging

Improved power quality performance of bridgeless isolated
Zeta-Luo converter based charger at rated 214.5V in CV mode
(a) Source voltage and UPF current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD (d) battery charging

Simulated performance of bridgeless isolated half-bridge
converter based EV battery charger at steady state

Experimental performance of bridgeless isolated half-bridge
converter based EV charger at Steady State (a) input and output
side waveforms of the Charger (b) Output Diode currents and
Current through Lmi2in DCM

Experimental steady state performance of bridgeless isolated
half-bridge converter based EV charger at rated input voltage
showing (a) zoomed switch Voltages and Currents during
positive half (b) zoomed switch Voltages and Currents during
negative half

Simulated performance of bridgeless isolated half-bridge
converter based EV charger at dynamics in supply voltage

Experimental performance of bridgeless isolated half-bridge
converter based EV charger at dynamics in supply voltage (a)
change in supply voltage from 220V to 160V (b) change in
supply voltage from 220V to 260V

Simulated line current THD profile of non-isolated CSC PFC
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converter based EV charger with line voltage (a) at rated 220V
(b) at 160V (c) at 260V

Improved power quality performance of bridgeless isolated
half-bridge converter based EV charger with rated supply
voltage ( (a) In phase line current with line voltage (b) charger
active power, charger apparent power, charger reactive power,
unity input PF (c) mains current THD of 3.3% (d)-(e) Battery
charging in CC mode depicting lower ripple

Improved power quality performance of bridgeless isolated
half-bridge converter based EV charger with supply voltage
162.2V (a) Source voltage and unity PF current (b) Power
profile with improved power quality indices (c) Source current
THD (d) battery charging

Improved power quality performance of bridgeless isolated
half-bridge converter based EV charger with supply voltage
259.3V (a) Source voltage and unity PF current (b) Power
profile with improved power quality indices (c) Source current
THD (d) battery charging

Improved power quality performance of bridgeless isolated
half-bridge converter based charger at rated 220V in CV mode
(a) Source voltage and UPF current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD (d) battery charging

Configuration of improved power quality EV charger with IL
Cuk PFC Converter

Operation of IL Cuk PFC Converter during six switching
intervals (a) Mode-I (b) Mode-II (c) Mode-II1 (d) Mode-1V (e)
Mode-V (c) Mode-V

Associated key waveforms of IL Cuk PFC Converter fed EV
Charger

Configuration of improved power quality EV charger with IL
Luo PFC Converter

Operation of IL Luo PFC Converter during six switching
intervals (a)-(c) Mode-I, 11, 11 (upper switch Si1) (d)-(f) Mode-
IV, V, VI (lower switch Sy)

Associated key waveforms of IL Luo PFC Converter fed EV
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Charger

Configuration of improved Power Quality EV charger with IL
Landsman PFC Converter

Operation of IL Landsman Converter during six switching
intervals (a) Mode-I (b) Mode-II (c) Mode-II1 (d) Mode-1V (e)
Mode-V (c) Mode-VI

Associated key waveforms of IL Landsman PFC Converter fed
EV Charger

Control diagram of Interleaved PFC converter based EV
Chargers (a) control of PFC converter (b) Control of flyback
converter

Matlab/Simulnik Model of Non-isolated interleaved PFC
converter based EV Battery Chargers

Simulated performance of non-isolated PFC Cuk converter
based EV battery charger at steady state

Experimental performance of Interleaved PFC Cuk Converter
at Steady State (a) input and output side waveforms of the
Charger (b) DC-link voltage and current of PFC converter

Experimental steady state performance of Interleaved PFC Cuk
converter based EV charger at rated input voltage with (a) Test
waveforms of input inductor current in DCM (b) Switch
Voltage and Current Waveforms (vsw and isw) with interleaved
operation

Simulated performance of interleaved Cuk PFC converter
based EV charger at dynamics in supply voltage

Experimental performance of interleaved PFC Cuk converter
based charger at dynamics in supply voltage (a) change in
supply voltage from 220V to 160V (b) change in supply
voltage from 220V to 260V

Simulated line current THD profile of interleaved Cuk PFC
converter based EV charger with line voltage (a) at rated 220V
(b) at 160V (c) at 260V

Improved power quality performance of interleaved Cuk PFC
converter based charger with supply voltage of 213.5V (a)
Source voltage and unity power factor current (b) Power profile

347

349

350

359

359

361

361

362

362

363

363

364



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

9.19

9.20

9.21

9.22

9.23

9.24

9.25

9.26

9.27

9.28

of the charger with improved power quality indices (c) Source
current THD

Improved power quality performance of interleaved Cuk PFC
converter based charger with supply voltage 168.7V (a) Source
voltage and unity power factor current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD

Improved power quality performance of the interleaved Cuk
PFC converter based charger with supply voltage 255.2V (a)
Source voltage and unity power factor current (b) Power profile
of the charger with improved power quality indices (c) Source
current THD

Simulated performance of interleaved PFC Luo converter based
EV battery charger at steady state

Experimental performance of interleaved PFC Luo Converter at
Steady State (a) input and output side waveforms of the
Charger (b) DC-link voltage and current of PFC converter

Experimental steady state performance of interleaved PFC Luo
converter based EV charger at rated input voltage with (a) Test
waveforms of input inductor current in DCM with energy
transfer capacitor voltage Vci2 (b) Waveforms of interleaved
switch voltage stress (vsi,2)

Simulated performance of interleaved PFC Luo converter based
EV charger at dynamics in supply voltage

Experimental performance of interleaved PFC Luo converter
based charger at dynamics in supply voltage (a) change in
supply voltage from 220V to 160V (b) change in supply
voltage from 220V to 260V

Simulated line current THD profile of interleaved PFC Luo
converter based EV charger with line voltage (a) at rated 220V
(b) at 160V (c) at 260V

Improved power quality performance of interleaved PFC Luo
converter based charger with supply voltage of 218.5V (a)
Source voltage and unity power factor current (b) Power profile
of the charger with improved power quality indices (c) Source
current THD

Improved power quality performance of interleaved PFC Luo
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converter based charger with supply voltage 162.1V (a) Source
voltage and unity power factor current (b) Power profile of the
charger with improved power quality indices (c) Source current
THD

Improved power quality performance of interleaved PFC Luo
converter based charger with supply voltage 256.2V (a) Source
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