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Single-Stage Isolated Electrolytic Capacitor-Less
EV Onboard Charger With Power Decoupling

Ali Tausif, Hoyoung Jung, and Sewan Choi

Abstract—In this paper, a new single-stage single-phase isolated
AC-DC converter derived from a differential boost AC-DC
converter is proposed. This converter eliminates the need to
use the bulky electrolytic capacitor from the system and at the
same time provides DC charging by employing the AC Power
Decoupling waveform control method, effectively addressing the
power density and reliability related issues commonly associated
with the bulky electrolytic capacitor. As half of the switches of
this converter act as synchronous rectifier during half grid cycle
they are inherently ZVS Turned On while the remaining switches
achieve ZVS Turn On as they act as synchronous rectifier during
other half grid cycle. However, all diodes at the secondary side
achieve ZCS Turn Off during the entire line cycle. A conventional
controller is implemented for output voltage regulation and
PFC control whereas a power decoupling controller is added
to compensate second harmonic ripple power. Besides, an
interleaving technique is applied to provide high-frequency links
for transformers’ connection while at the same time increasing
the power range and effectively reducing the size of the input
filter. Finally, the operating principle of the converter is validated
through simulation, and the experimental results are provided.

Index Terms—Current-fed isolated AC-DC, differential con-
verter, electrolytic capacitor-less, onboard battery charger, power

decoupling, single-stage system.

I. INTRODUCTION

HE onboard battery chargers (OBCs) are crucial power

electronic components in plug-in hybrid electric vehicles
(PHEV) and battery electric vehicles (BEV) as they receive
power from the grid, convert it to suitable DC voltage, and
charges vehicle’s battery. Introduction to wideband gap devices
such as SiC and GaN in the automotive sector has already
revolutionized the electric vehicles power electronics as these
devices can operate at high switching frequency with minimal
switching and conduction losses which have greatly enhanced
the efficiency and power density requirement of the system
[1]-[3]. Since OBCs are installed inside vehicles, therefore it is
mandatory to develop a charger that should be compact, highly
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efficient and reliable. According to DOE technical targets 2022,
OBC should have an efficiency above 94% and a power density
higher than 0.943 kW/L [4]. Much research is going on in
developing new topologies that are reliable and can address the
issues of the existing topologies cost-effectively.

A conventional approach for EV OBC is a two-stage structure
which consists of a front end AC-DC boost PFC converter
followed by an isolated DC-DC converter for output regulation
[5]. The main advantage of this OBC is its simple structure
and control implementation whereas the downside of this is its
low efficiency because of its hard switched front end AC-DC
converter and due to the existence of diode bridge at grid side it
experiences high conduction loss. Besides, a large electrolytic
capacitor is used as the DC link capacitor to smooth out the DC
voltage which reduces the power density and lifetime of the
converter.

Another variation of this topology is to use interleaved
boost PFC as an AC-DC converter and full-bridge phase
shift converter as a DC-DC converter [6]. The significant
improvement is the reduction of switch current rating as the
current is divided into half due to interleaving.

It must be noted that in the two-stage topologies explained
above, the conduction loss due to slow diode bridge is very
significant. To minimize this loss, a bridgeless AC-DC converter
is employed as a front end PFC stage followed by DC-DC full-
bridge converter [7]. This converter significantly minimizes the
conduction losses associated with the diode bridge. However,
this bridgeless AC-DC converter is hard switched in nature
which limits the increase in switching frequency. Moreover, the
capacitance requirement for DC link capacitor is usually high
as 2nd harmonic ripple associated with the single-phase system
needs to be absorbed to get smooth DC current. So, a bulky
electrolytic capacitor is a must which affects the lifetime and
power density of the converter.

A reasonable method is also proposed in [7] which solves
this constraint of using electrolytic capacitor by replacing it
with a film capacitor and allowing 2nd harmonic voltage swing
in the DC link capacitor voltage. However, due to this voltage
swing, the voltage rating of the switches is increased. Moreover,
switching loss associated with AC-DC bridgeless converter still
poses restriction in using high frequency and affects efficiency.

Currently, single-stage EV chargers are quite attractive and hot
topic for the research. The advantages of single-stage topologies
are low components count, high efficiency and compactness.

One single-stage topology is proposed in [8]. It is a three
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level isolated AC-DC converter. In this topology, a bulky
electrolytic capacitor is employed as a DC link capacitor
which compromises the volume of the circuit. Moreover, the
low-frequency component exists in the transformer winding
voltage that increases the size of the transformer. This issue is
resolved in [9] in which electrolytic capacitor is replaced by
film capacitor; however, it still experiences high conduction loss
due to slow diode bridge and also it charges the battery with the
sinusoidal current which has a detrimental effect of battery’s
lifetime due to the heating issue.

Two similar but bridgeless and electrolytic capacitor-less topol-
ogies are proposed in [10], [11]. These topologies address most
of the issues related to single-stage topologies such as a low-
frequency component in transformer voltage, high conduction
loss in diode bridge and unreliability due to the short life span of
electrolytic capacitors. However, the topology in [11] is superior
to [10] concerning its simple structure, bi-directional ability and
wide range soft switching capability. The disadvantage with
these topologies is the undesirable 2nd harmonic ripple in the
battery current which heats the battery and eventually affects its
lifetime.

To resolve 2nd harmonic ripple problem associated with
single-phase systems many power decoupling techniques have
been reviewed and reported in [12], [13]. These techniques have
been classified into 2 major categories: 1) independent power
decoupling, 2) dependent power decoupling.

In independent power decoupling, the power decoupling
cells operate independently from the main converter. Therefore,
it requires additional switches to carry out power decoupling
which results in increased gate driver losses and circuit
complexity. Few well-known topologies for independent power
decoupling are proposed in [14]-[18].

On the other hand, the dependent power decoupling method
is a convenient way for 2nd harmonic ripple mitigation, as
basic decoupling cell shares power semiconductor devices
with the original converter partially or even fully. Some of the
power decoupling methods in which semiconductor devices
are partially shared between power decoupling cell and original
converter are proposed in [19]-[21]. Decoupling methods
which fully shares the switches with the main converter are also
categorised as AC power decoupling methods. In AC power
decoupling method, 2nd ripple power is diverted from the DC
link and is stored in decoupling capacitors [23]-[25].

One of the suitable AC power decoupling control methods is
proposed for the non-isolated AC-DC converter in [26], [27] and is
applied to the non-isolated AC-DC differential boost converter
[28]. In this approach, power decoupling is successfully
achieved by using autonomous closed loop controller. Hence,
this concept is extended to obtain a new isolated AC-DC
converter which is suitable for EV onboard battery chargers.

The proposed converter has the following features: 1) electrolytic
capacitor-less system, 2) high-frequency isolation, 3) AC Power
Decoupling and 4) interleaving technique: suitable for high
power applications.
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Fig. 1. Single-stage differential boost-type isolated AC-DC converter. (a) Topology.
(b) Transformer winding voltage. (c) FFT of transformer winding voltage.

II. PROPOSED CONVERTER

A. Topology Development

A single stage isolated AC-DC converter based on a differ-
ential converter [26] can be constructed as shown in Fig. 1(a).
A power decoupling method [23] for a differential converter
can be applied to the single stage isolated AC-DC converter.
However, the fundamental frequency component appears in the
transformer winding voltage as shown in Fig. 1(b) and (c). This
fundamental frequency component results in low frequency
component in the magnetizing current. Therefore it increases
the volume requirement of the transformer making the converter
impractical.

In order to have high frequency isolation, the proposed
converter, as shown in Fig. 2, is derived by interleaving each
leg of the differential converter [26] and connecting each inter-
leaved leg to the transformer windings of two isolated AC-DC
converters [29]. Therefore, the two phase interleaved legs have
a 180° phase shift in switching frequency. Since there are two
of such high frequency links, two transformers are fully utilized
and the power is shared between the two converters.

B. Voltage Conversion Ratio

As illustrated in Fig. 3, the proposed converter is composed of
two boost converters in which duty d, is given to converter 1, and
duty d, is given to converter 2. Therefore, the voltage conversion
ratio of each boost converter is as shown below (1) and (2).

g
Ve=Va = Vo 3

Substituting (1) and (2) in (3) yields,
Vo= (= d)v.=(dr~d)n-v, 4
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Fig. 2. Proposed single-stage interleaved isolated AC-DC converter. (a) Concept
of developing the topology. (b) Transformer winding voltage. (c) FFT of
transformer winding voltage.
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Fig. 3. The structure of the proposed converter.

So, voltage conversion ratio of this topology is,

]\4:‘}ﬂ:71 5
v, n(d,-d) )

g

C. Topology Description

The proposed converter is shown in Fig. 3. It consists of 8
switches at primary side namely S,~S;. At input side there are
two capacitors C, and C, followed by input inductors L,, L,
L. and L. Two transformers 7, and 7, are connected between
interleaved legs formed by leg a, leg b, leg ¢, and leg d
respectively. The secondary side consists of two full bridge
diode rectifiers which are connected in parallel and serve as the
output terminal. C, is the clamping capacitor and voltage across
C. is equal to the battery voltage reflected to the primary side,
i.e., if leakage inductance of the transformer is assumed to be
negligible, then V. =n - v,

According to differential converter [26] concept voltage

across C, and C, is given as:

V= % + LZ/"L sin wt (6)
vV, = m;’“" - Izi sin wt @)

It can be seen that grid voltage and current is given as:

Ve =V =V =V, sin ol ®)

i, = I, sin(wt + §) 9)

In the proposed topology C, and C, are connected directly to
the grid. Therefore, leading current will flow through C, and C,
which is given by,

) dv
b = Cyy E& (10)

where C,, =C, || C,and C,, G, =C.

bpud = LZ'V& cos wt (11)
Note that this leading current depends upon the value of C, and
G, and it introduces a slight phase shift (J) in the grid current
deteriorating the power factor. Hence, there will be some
reactive power flow into the circuit. However, this current can
be minimized by adding reactive power compensation in the
controller of the proposed converter.

The instantaneous power flowing across C; and C, is given as:

v, dy,
p.=v.C dtl +v,GC, th (12)
— wCVﬁ o1 2
pP. = 4 sin 2wt (13)

Equation (13) is equivalent to reactive power due to leading current.

D. Principle of Power Decoupling

In single phase, AC-DC systems power pulsation at double
the line frequency occurs and it is unavoidable in the case of
using film capacitors. This 2nd harmonic ripple power appears
at the output in the form of pulsating battery current.

Assuming PF = 1, power at the grid side can be calculated as:

Py =ty (14)

in

VI B V 1 cos 2wt (15)

g

= 8
Pu =73 2

Since, output power is equal to the input power, assuming the
converter to be lossless.

) Vg[ cos 2wt

pOllI: —

5 5 (16)

From (16), the instantaneous output power comprises of
average power and undesirable ripple power. In the proposed
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v, : 1/f,

Fig. 4. Key waveform of operating principle for grid frequency.

converter this ripple power is decoupled from the output and
is stored in the input capacitors C, and C, as 2nd harmonic
voltage component illustrated in Fig. 4. This is accomplished by
shaping the voltage across C, and C, as:

%

v, = ";7' +sinwl+VsinQoi + ) (17)
%

Vo, = 7n‘;’bm - 4@2’ sin wt + Vﬂ sin (zwt + (r’)) (18)

During power decoupling operation, the ripple power com-
ponent in (16) is diverted from output to C, and C,, so the
instantaneous power across C, and C, can be obtained by
substituting (17) and (18) in (12),

2
p, = %&wC sin 2wt + 2nv,,, V, oC cos 2wt + ¢) (19)

+40CV. sin (4ot + 24)

Note that (19) contains 2nd and 4th harmonic component, this
4th harmonic ripple component is usually small and it can be
neglected, so 2nd harmonic component in (19) equates to ripple
power component in (16) given as,

2

—ZiwC sin 2wt + 2nv,, V, @C cos 2wt + ¢)
(20)
V. I cos 2wt
— _gg TP

2

Solving (20) for V. and ¢, we get

Voltage regulation + PFC Control
Vg—{PLL

0 ipgtippytipetipa i2

Fig. 5. Block diagram of the proposed controller.

2 2 2 2
Vo= Vg\/ng C +4l,
o 8y, , Cw

SV wC
qﬁzn—tanl% 22)
g

@n

Substituting ¥, and ¢ in (17) and (18) yields,

nw,. V, . P,
= — 4+ - n wt —
Vet 2 2 7 2nv,,
2 (23)

v,
+ —~&—cos 2wt
nvbuz

cos 2wt

. P
- —£sin wt — 0 cos 2wt

nv[nu

2 24

Vv
+ —~%—cos 2wt
nvhm

It can be seen that for a fixed grid voltage, V. and ¢ are load
dependent parameters and in the proposed converter, ¥, and ¢
are adjusted by closed-loop controller.

II1. CoNTROL METHOD

The controller for the proposed topology is divided into two
parts: the differential mode controller and the common mode
controller. The differential mode controller is responsible for
PFC control and output voltage regulation. In this controller,
the difference of sensed inductor currents is compared with the
reference to generate an error which is compensated by the inner
current loop PI controller. Due to interleaving and nonlinear
duty, the inductor current imbalance problem may occur, but
it can be resolved by dividing the reference into half and using
two separate controllers for each interleaving legs as shown in
Fig. 5. Apart from this, a reactive power due to leading current
is compensated by adding a feed forward term in the reference
of the differential current. The value of this compensating signal
is fixed for a particular grid voltage and is independent of load
as can be seen from (11).

The reference for differential mode current is given as:

_ (iLu + iLb) - (iLc + iL(l) _

#
Lim = 2 - lg ~ Yead

25)

In addition to this, Common Mode Power Decoupling Con-
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Fig. 6. Key waveforms of the converter for switching period, (a) when v, >0,
(b) when v, <0.

trol is applied in which 2nd harmonic ripple is extracted from
output and is subtracted from 0 reference to generate an error.
This error is minimized by using the PR controller tuned at 120 Hz
and the 2nd harmonic compensated signal is generated.

The reference for common mode current is given as:

ijm =iy, iyt Fiy, = 2657(",‘”1)
_ i Vrl + V(‘Z (26)
=2C dit ( 2 )

=4wCV cos 2wt + ¢)

The compensated signal is the reference signal and it is
compared with the sum of all sensed inductor currents. The
resulted signal is then fed to the proportional controller with
gain K, which is added to the differential mode controller duties
d and d' to obtain final duties d, and d,.

IV. OPERATING PRINCIPLES

The primary side of the converter can be thought of as two
interleaved converters are illustrated in Fig. 2. One converter
in composed of S}, S, S; and S, is operated with duty d, while
the other converter is composed of S, S, S; and S; is operated
with duty d,. During positive half cycle converter | acts as
an interleaved boost converter whereas converter 2 acts as an
interleaved buck converter. Similarly, during negative half cycle
converter 2 acts as interleaved buck converter and converter 1
acts as interleaved boost. The key waveforms of the converter
are shown in Fig. 6.

A. Modes by Mode Operation
During the positive half cycle of the grid, the proposed

converter undergoes five distinct modes of operation based on
its switching status. During Mode 1 switches S,, S;, S; and S
are ON, and switches ), S,, S5 and S, are turned OFF. Inductor
L, charges and L, discharges. However, both L, and L, discharge
as these inductors are associated with converter 2 which acts
as the buck converter during this mode. In this mode v,, = -V,
and the power is transferred to the battery through transformer
T,. The current through the transformer increases with the slope
given as:

di,,, -V, +nV,
=« bat 27
di L, @7)

Mode 2 starts when S, is turned ON and S is turned OFF, as
shown in Fig. 7. The status of the switches of converters is given
as S,, S5, S¢ and S; are ON while all other switches are OFF.
Since S, is turned ON the inductor L, begins to charge in this
mode. During this mode the slopes of other inductor currents
remain same, however v,, = -V, therefore power is transferred
through the transformer 7, as well. The slope of 7, is given as:

diy, =V, +nV

_ ba (28)
di L,

As shown in Fig. 7, during Mode 3, S, S;, S, and S5 are ON
while others are OFF. Inductor L, and L, discharge through
the clamping capacitor C, while L, and L, discharge through
decoupling capacitor C,. During this mode, v, v,, = 0, therefore
no power is transferred in this mode.

Mode 4 begins when S, is turned ON and S; is turned OFF.
During this mode L, begins to charge while all the other
inductors are still discharging as in the previous mode.
However, during this mode, v,, = V,, therefore power is being
transferred to the load only through the transformer 7, and its
current increases with the slope given as:

diy,, 'V

= ba 29
dt L 9)

Similarly, during Mode 5, S; is turned ON, and S; is turned
OFF. During this mode, L, begins to discharge as a negative
voltage equal to —v,, is applied across it. In this mode, v,,= V,,
therefore the commutation occurs through both the transformers
T, and T, and power is being transferred to the load. The slopes
of current through leakage inductances of transformers 7, is
given as:

di

Lk2 - VC::

dit L

-n Vbut
(30)

k2

Operation during the negative half cycle is similar to the
positive half cycle. The only difference is that during negative
half cycle converter 1 acts as interleaved buck while converter 2
acts as an interleaved boost converter. Operating waveform of the
converter for switching period and v, <0 is presented in Fig. 6(b).
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B. Switching Characteristics

As already explained in the previous section, during the
positive half cycle, the operation of converter 1 is similar to the
interleaved boost converter and that of converter 2 is similar
to the interleaved buck converter. Therefore, the switches S,
and S, associated with converter 1 act as synchronous rectifiers
and are always turned on with ZVS condition. Whereas
switches S, and S, are hard switched as illustrated in Fig. 8(a).
Similarly, switches S; and S; act as synchronous rectifiers of the
interleaved buck converter, i.e., converter 2 and they always
achieve ZVS Turn ON, while S; and S, are hard turned ON.

The operation of converter 1 during the negative half cycle is
similar to that of the positive half cycle with the only difference
that converter 1 acts as the interleaved buck converter and
converter 2 acts as the interleaved boost converter. Therefore
switches S,, S,, S5 and S, turn ON with ZVS condition and
remaining switches are hard turned ON. The waveform of this
phenomenon is presented in Fig. 8(b).

Note that all diodes at the secondary side turn OFF with ZCS,
the currents flowing through the diodes are the leakage inductor
currents #,,;, and i;,, reflected to the secondary side. Since, L,
and L, are always naturally clamped to V., hence all secondary
diodes turn OFF with slopes given as L—’

k

V. SIMULATION AND EXPERIMENTAL RESULTS

The simulation of the proposed converter is performed in
PSIM and circuit components are selected based on 6.6 kW
design. Table I shows the circuit parameters.

The universal input range of 90~250 V,, is considered for
the design. For typical onboard battery chargers, the output
voltage range is from 250~450 V. Input inductor are selected
based on input current 7HD,, which is kept around 5% for the
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TABLE 1
CIRcUIT PARAMETERS

Output power P, 6.6 kW
Switching frequency s 200 kHz
Grid voltage Ve 220 Vims
Output voltage v, 450V
Input inductors L Ly, Lo, Ly 60 uH
Decoupling capacitors C, C 100 pF
Clamping capacitor C. 40 pF
Output capacitor C, 20 pF
Turns ratio N 2
Magnetizing inductance L, 5 mH
Leakage inductance Ly S uH

worst case scenario. So, after considering the aforementioned
specifications, L,, L,, L. and L, = 60 pH is selected.

At Input side, decoupling capacitors C, and C, are chosen
based on the fact that the maximum swing of voltage on C, and
G, should be confined within the range 0 to V. This constraint
exists because the proposed converter is derived from the boost
type differential converter which works on the principle that,

0<Vclnvc2< VCc (31)

As shown in the equations (17) and (18), the peak voltage of
v, and v,, may not only depends upon the peak of grid voltage
but also on the peak of 2nd harmonic voltage that is stored in
the decoupling capacitors C, and C.,.

It is to note that this 2nd harmonic voltage depends upon load
parameters, i.e., output power and voltage, as can be seen in (21).
Hence, C, and G, are selected considering the aforementioned
constraints. Capacitance requirement at different turn ratio over
wide battery voltage range can be determined by satisfying (31)
using (23) or (24). The resulted graph is shown in Fig. 9. For the
worst case battery voltage of 250 V and turns ration =2, C,, C,
lies in the range of 80~100 pF. So, 100 pF is selected.

Simulation waveform is shown in Fig. 10(a), it can be seen
that a high power factor of 0.99 and input current THD,, of
5.2% is achieved. DC battery current is obtained at the output
which means that 2nd harmonic component is successfully
eliminated from the output current and is stored in the form of
2nd harmonic voltage component in the decoupling capacitors
C, and C, as shown in Fig. 10(a).

The simulation waveform also shows that half of the switches
of the proposed converter achieves ZVS Turn On during
positive half cycle while other half of the switches achieve ZVS
Turn On during negative half cycle. The extended waveform of
the switches during v, < 0 is depicted in Fig. 10(b) which also
shows that half of the switches are ZVS Turn on and half of the
switches are Hard Turn On. So, during positive half cycle S, S,
S, and S; can achieve ZVS Turn On while S,, S,, S5 and S, are
Hard Turn Off. On the other hand, during negative half cycle

200

180

200

9
S

Capacitance (uF)
>
S
0
o
3

2
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) 60
&
& 40
22 ”
24 26 0 20

Turns ratio (n)

Fig. 9. Capacitance requirement for different turns ratio over wide output
voltage range.

S,, Sy, S5 and S, can achieve ZVS Turn ON while S,, S,, S, and
S; are Hard Turn Off. Note that all diodes at the secondary side
achieve ZCS Turn Off due to clamping of L, with C, during the
non-commutation mode of the transformer.

Two transformers of equal L, and L,, are used for the simu-
lation. For simulation, L, =5 puH and Z,, = 5 mH is chosen and
turn ratio n is selected as 2. The simulation waveform of the
transformer winding voltage for the grid frequency is shown in
Fig. 10(c) and its FFT in Fig. 10(d).

A 6.6 kW experimental prototype is shown in Fig. 11. 1200 V
Silicon Carbide switches are used at primary side of the
converter and 650 V SiC Schottky diodes are used for secondary
side diodes. Two transformers are designed specifically for
200 kHz to keep the size as compact as possible. The practical
values of L,, =4.7 mH and L, = 6.7 pH for transformer 1 and
L,=45mH and L, = 6.3 pH for transformer 2 are obtained with
optimized design.

Fig. 12(a) shows the grid voltage and grid current obtained
at around 2.2 kW power. It can be seen that a very high power
factor of 0.99 with very low THD is achieved. After applying
power decoupling control, pure DC voltage is obtained at
the output and the 2nd harmonic power pulsation is store in
the form of 2nd harmonic voltage component in the input
capacitors C; and C,. The experimental waveform is illustrated
in Fig. 12(b).

L, and L, are interleaved inductors with 180° phase shift in
switching frequency, similarly L, and L, are also interleaved.
This phenomenon is experimentally illustrated in Fig. 12(c).

In this topology, high frequency transformers are utilized.
The extended experimental waveform of transformer winding
voltage and leakage current is presented in Fig. 12(d). It can
be seen that the volt-sec of transformer winding voltage is
balanced, therefore magnetizing current will not have any offset
or low frequency component.

As already explained earlier, half of the switches achieve
ZVS Turn ON during one half cycle and the other half of the
switches achieve ZVS Turn ON during the other half cycle.
The experimental waveform of this phenomenon for one leg
switches is shown in Fig. 13.
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Fig. 10. Simulation waveforms. (a) Key waveforms of converter over line cycle. (b) Switch voltage and current over switching period. (c) Transformer winding

voltage and current. (d) FFT of transformer voltage.

Fig. 11. Experimental prototype of proposed converter.
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Fig. 12. Experimental waveforms. (a) Grid voltage v, and grid current i,.
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Fig. 13. Experimental waveforms of v,, and v, of switch S, and S,.

VI. CoNcLUSION

In this paper, a single-stage isolated AC-DC converter has
been proposed for EV battery charger. The main features of the
proposed converter include high-frequency isolation, and the
AC-DC power conversion is done by a single-stage. AC power
decoupling is successfully applied to obtain DC charging and
the requirement to use bulky electrolytic capacitor is eliminated.
Hence film capacitors with small capacitance can be used to
enhance reliability and power density of the converter. One
good feature of the proposed controller is that it does not
require an on-line calculation based on complicated formulas
to calculate reference voltage for shaping decoupling capacitor
voltage. On the other hand, the switches are turned on with
hard switched/ZVS in CCM which means half of the switches
of this converter achieve ZVS Turn On during half line cycle
and the other half of the switches are Hard Turn On. Moreover,
all secondary diodes are turned Off with ZCS. Finally, a 6.6 kW
prototype has been built and tested to verify the operating
principles of the proposed onboard battery charger.
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