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Abstract- This paper proposes a modular single-stage electrolytic
capacitor-less EV charger with single and three-phase grid
compatibility. The proposed single-stage structure inherently
maintains DC charging current for three-phase grid. For single-
phase grid, a phase module is reconfigured to operate as a power
decoupling circuit, making battery current to be DC. Furthermore,
the proposed single-stage OBC is able to achieve zero voltage
switching (ZVS) under wide grid and battery voltage ranges with
only one control variable of phase shift angle. A balancing control
method is proposed to ensure pure DC battery charging under
unbalanced grid conditions. An optimized design of the planar
core with Litz wire for achieving low profile is presented. Finally,
a 11 kW prototype of the proposed charger achieved a power
density of 5.25 kW/L and demonstrated 97.01% peak efficiency.

Index Terms —-On-board charger, three-phase charger, universal
charger, electrolytic capacitor-less, power decoupling circuit, single-
stage, planar core, high power density, 800V battery.

|. INTRODUCTION

In the past two decades, electric vehicles (EVs) have
emerged as a viable alternative to internal combustion engine
vehicles to reduce greenhouse gas emissions. Despite being
environment friendly, limited driving range and long battery
charging time are two major obstacles to increase customer
acceptance for EV. Therefore, a high capacity battery is
required to reduce the range anxiety. However, high capacity
battery implies a long charging time. Accordingly, the power
level of the on-board charger (OBC) is required to increase for
shortening the charging time. While increasing the charging
power, some requirements need to be considered in the design
of OBCs as set by the U.S. Department of Energy (DoE) [1].
As illustrated in Table I, the power density of the OBC is of
great importance due to the limited space in the EV.
Additionally, the efficiency of OBC has significant impact on
the charging time and the battery recharging fee. Notably,
owing to lower operating cost, EVs will be widely used in
Mobility-as-a-Service (MaaS) applications such as car-share
and connected-taxi where long operating time (50,000 to
80,000 miles a year) and high reliability are required [1].
Therefore, in 2025 the OBC reliability has to reach 300,000
miles [1]. It is worthy to mention that the presence of
electrolytic capacitors in OBC threatens system reliability [2].
In addition, the electrolytic capacitor increases overall volume
of the OBC due to high profile.

Up to now, the single-phase OBC has been commonly used
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Fig. 1. Electrical specifications of on-board charging in major countries.

TABLE |
U.S. DOE TARGETS FOR ON-BOARD CHARGER [1]

Target Power density Efficiency Reliability Cost
year [kwiL] [%] [mile] [$/kW]
2020 35 97 150k (5 years) 50
2025 4.6 98 300k (5 years) 35

due to the availability of single-phase grid worldwide. The
single-phase grid enables the overnight charging of EV at
private facilities where only single-phase outlets are available
[3]. As another option, the three-phase grid offers higher
charging power, and therefore reduces the charging time. Thus,
EVs equipped with three-phase OBCs are increasing especially
in the European market since the charging infrastructure is
dominated by three-phase grid in many European countries [4],
[5]. Hence, it is commercially valuable to design universal
OBCs that are compatible with both single- and three-phase
grid for worldwide use [6]. The universal OBCs can be used at
both public points and home [5]. Fig. 1 shows the electrical
specifications of on-board charging in major countries.

The commercially available OBCs are the two-stage
structure that consists of a power factor correction (PFC) stage
and an isolated DC-DC stage with DC-link electrolytic
capacitors [7]-[16]. This topology can be easily modular for
single- and three-phase compatibility. However, there are
limitations in improving efficiency due to double power
conversion and increasing power density because of high
component count. Moreover, DC-link electrolytic capacitors
decrease the system reliability due to their short life-time.

The non-modular two-stage structure was considered for
three-phase grid [17]-[19]. This structure has a lower
component count compared to the aforementioned modular
two-stage structure. However, in order to be compatible with
single- and three-phase grid, a significant number of electrolytic
capacitors should be used for this structure due to simultaneous
requirement of large capacitance with voltage rating of 400 V
for single-phase grid and small capacitance with high voltage
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rating of 800 V for three-phase grid [6]. In this case, the
required DC-link capacitor is realized with series and parallel
connection of 400 V electrolytic capacitors, resulting in four
times larger volume compared to its modular counterpart [6].

In this regard, some topologies to eliminate the electrolytic
capacitor have been introduced [20]-[35]. The 22 kW non-
modular two-stage OBC in [20] that is compatible with single-
and three-phase grid has DC charging capability without using
bulky electrolytic capacitors, achieving power density of 2.04
KWI/L. For single-phase, the second harmonic current is
absorbed by an integrated power decoupling circuit (IPDC)
with a small decoupling capacitance of 150 uF. The obtained
peak efficiency is 94% due to double power conversion.

In another way, the single-stage OBC has been considered
to possibly achieve high efficiency and high power density due
to its simple structure and low component count [23]-[35]. In
order to be realizable as a single- and three-phase compatible
OBC, the single-stage topology should be able to deal with the
second-harmonic component efficiently in terms of cost and
volume. Moreover, achieving soft-switching of the single-stage
OBC while maintaining high efficiency under wide voltage
range is challenging. In [23]-[26] single-phase OBCs based on
indirect matrix converter were introduced. High power density
was achieved since bulky electrolytic capacitors are eliminated
while allowing the second-harmonic current to flow in the
battery. Therefore, for DC charging current, additional power
decoupling circuits are required to absorb the second-harmonic
current.

In particular, the modular three-phase single-stage structure
proposed in [32] provides DC charging current. It achieves high
power density of 3.3 kW/L and high efficiency of greater than
97% using GaN devices. However, an external power
decoupling circuit is required to absorb the second-harmonic

Y
Three-phase grid

e A
EV Charger —l—
Module A T

n o—p—_ )

n b b O ( +—e

c EV Charger
Module B

QD
T Kejoy

& S
(. ) N O—
Single-phase grid

EV Charger

ab
n C Relay 2| \odule C

L ) n°—°\’—\

.
Vs

c O—

@

(b)

Fig. 2. Conceptual structure of the proposed single- and three-phase
compatible EV charger with integrated power decoupling circuit. (a) Whole
structure. (b) Three-phase structure. (c) Single-phase structure.

for single-phase grid [25], [26]. Further, in order to achieve
ZVS over wide grid and battery voltage ranges, this method
uses four control variables including three phase-shift angles
and switching frequency, making the implemented controller
complex.

This paper proposes a modular single-stage electrolytic
capacitor-less OBC that is compatible with single and three-
phase grid, where each module is constructed based on the
topology presented in [27], [42], [43]. For three-phase grid, DC
charging current is inherently maintained due to three output
currents with 120-degrees phase shift to each other. Also, in
order to provide DC battery charging current for single-phase
grid, the power decoupling circuit is configured by utilizing a
phase module, which does not necessitate additional circuit
except a relay and a decoupling capacitor. Furthermore, the
proposed single-stage OBC is able to achieve ZVS under wide
grid and battery voltage ranges with only one control variable
of phase shift angle.

Il. PROPOSED SINGLE- AND THREE-PHASE COMPATIBLE EV
CHARGER

Fig. 2 shows the conceptual structure of the proposed single-
and three-phase compatible EV charger for single and three
phase DC charging. The proposed charger is constructed using
three single-stage electrolytic-capacitor-less high frequency
isolated AC-DC converters. For three-phase charging, the three
modules are output parallel-connected. Each module processes
3.7 KW. Therefore, the three-phase charger is capable of
delivering power up to 11 KW. As shown in Fig. 2(a), three
relays are used to switch between three- and single- phase
charging modes. In the three-phase mode, Relay 2 is closed as
depicted in Fig. 2(b). In single-phase mode shown in Fig. 2(c),
Relay 1 is closed to enable the parallel input connection of
Module A and Module B (input current sharing), whereas
Module C is disconnected from the grid by opening Relay 2,
connected to a decoupling capacitor Cyq through Relay 3, and
operates as an integrated power decoupling circuit to absorb the
second-harmonic ripple power in the single-phase mode. Hence,
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Fig. 3. Circuit configuration of the proposed EV charger for three-phase grid.
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Fig. 4. Key waveforms of the proposed EV charger for three-phase grid.

it is possible to provide dc battery charging up to 7.4 kW with
single-phase grid.

A. Operating principles for three-phase grid connection

Fig. 3 shows the circuit configuration of the proposed EV
charger for three-phase grid. The proposed three-phase structure
is composed of three single-phase modules introduced in [27],
[42], [43] where each module is the single-stage interleaved
totem-pole electrolytic capacitor-less AC-DC converter. In the
three-phase charging mode, the three modules are connected to
a three-phase four wire grid, where the common points Y(a b, ¢) of
the modules (A, B, C) are connected to the grid neutral point n.
Hence, the three single-phase modules (A, B, C) operate
independently from each other with their input voltages equal to
the respective phase-to-neutral voltages of the grid. The
inductors Ls are the power transfer element where Ls represents
the total inductance including external inductors and leakage
inductance of the HF transformer, where Ls;=Ls,. Small film
capacitors Capcare used to clamp voltage spikes caused by the
leakage inductances of the transformers.

In the three-phase charging mode, the instantaneous powers
at the grid side and at the DC-side of each module are identical
since the module does not have any energy storage for storing
the second harmonic power. Therefore, the output currents of
each module are 120° out of phase and mainly include dc and
second-harmonic components, as shown in Fig. 4. Since the
operation of the three modules is the same, the sum of the three
output currents results in pure DC battery current ig.

Fig. 5 shows the operating waveforms of a single module
for positive half-line cycle. S; and S, are line-frequency (50
Hz/60 Hz) switches and form a low-frequency synchronous
rectifier bridge. The two interleaving legs consisting of Sz~Se
are 180° out of phase and switched in diagonal manner with a
fixed 50% duty (dp). Hence, the voltage across the clamping
film capacitor is twice the rectified grid voltage (Vc(p,c=2|Vgl).
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Fig. 5. Operating waveforms of a single module for the positive half-line cycle.
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Fig. 6. Control block diagram of the proposed EV charger for balancing phase
power and maintaining pure DC charging current under unbalanced grid voltage
(x=a, b, c).
Note that the voltage vpa across the AC-side of the transformer
having a sinusoidal envelope is low-frequency-component-free.
The two legs of the full-bridge at the battery side are 180°
phase-shifted and modulated using the signal ds(t) =0.5|sin(wgt)|.
As a result, the secondary-side voltage vs, of the transformer has
a three-level waveform. The power delivered by each module
is controlled based on the phase shift between vpa and vs,, as
illustrated in Fig. 5.

Fig. 6 shows the control block diagram of the proposed EV
charger for balancing phase power under unbalanced grid
voltage. The main objective of the control system is to ensure
pure DC battery charging without low frequency component
under unbalanced as well as balanced grid conditions.

The control system comprises an outer-loop DC voltage
controller and inner-loop current controller. The voltage Pl
controller integrates the error between the pure DC feedback
voltage and reference DC voltage to generate the corresponding
reference grid current. The inner Pl current controllers
determine the phase angles of the shifted carriers (Crx) with
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Fig. 7. Battery current under unbalanced voltage sag (Vg2 = 0.85 pu).

respect to reference carrier signal of each phase (Csx). Moreover,
three balancing coefficients are introduced in the control block
to ensure pure DC charging battery current regardless of the
grid conditions (sag/swell) without exceeding component
current ratings.

For the case of balanced three-phase grid voltage as shown
in Fig. 4, the three balancing coefficients are equal to 1.
Therefore, the control is the same as the dual-loop controller,
and identical power is delivered by each phase module (ica(t)=
iob(t)=ioc(t)). Fig.7 (8) shows the case of unbalanced voltage sag
(swell) where phase ‘a’ is dropped (increased) by 15% (10%).
Without the proposed balancing control, phase ‘a’ delivers
lower (higher) power compared to the other two phases,
resulting in battery current with the second-harmonic ripple.

With the balancing control, coefficients Ky determined by
the equation in Fig. 6 are introduced to maintain identical power
in the three modules, thereby eliminating the second-harmonic
ripple and ensuring a pure DC charging current. For the phase
with the lowest peak voltage among vgx , the balancing
coefficient is equal to 1 while for the other phases with higher
peak voltage the balancing coefficients become smaller than 1.
It is noted that balancing coefficients K are always less than or
equal to 1.

B. Operating principles for single-phase grid connection

The circuit configuration of the proposed EV charger for
single-phase grid is shown in Fig. 9. The single-phase grid can
be connected to a single module or two modules according to
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the battery charging profile (constant current (CC) / constant
voltage (CV) mode); During the CC mode where the power is
usually greater than 3.7 kW, Module A and Module B are
parallel-input parallel-output connected by closing Relay 1.
During the CV mode where the power goes usually under 3.7
kW, by opening Relay 1, only Module A is operated to increase
the system efficiency. Fig. 10 shows the key waveforms of the
proposed EV charger for single-phase grid at the power levels
greater than 3.7 kW.

Since Module A and Module B are connected to the
common grid voltage, they have same voltage waveforms
across the clamping capacitors, and their output current
waveforms are also identical, as shown in Fig. 10. The resulting
output current ieation Mainly includes DC component and large
second-harmonic component. In order to remove the second-
harmonic component in the battery current, Module C is
reconfigured to behave as a power decoupling circuit by
opening Relay 2 and closing Relay 3, which connects
decoupling capacitor Cpq. The primary-side of the transformer
is shorted by turning on the two bottom switches (S4 and Se) in
Module C. Hence, as shown in Fig. 11(a) the impedance seen
from the secondary-side of the transformer is zero, thereby
deactivating the transformer in Module C. Finally, the power
decoupling circuit is nothing but a two-phase interleaved buck
converter, as shown in Fig. 11(b). Since Ls; and Ls, are
significantly small inductances, the interleaved buck
converter operates in discontinuous conduction mode (DCM).
It is noted that Module A and Module B can be seen as a current
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Fig. 9. Circuit configuration of the proposed EV charger for single-phase grid.
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Fig. 10. Key waveforms of the proposed EV charger for a single-phase grid.

source with a value of isa*ion that contains the DC and second-
harmonic components, as shown in Fig. 11.

Fig. 12 shows a control block diagram of the proposed EV
charger for maintaining pure DC charging current under single-
phase grid. Module A and B provide charging power for the
battery and Module C operates as the integrated power
decoupling circuit to absorb low-frequency component. In
power decoupling control, a band pass filter (BPF) that has the
center frequency at 100/120 Hz is employed in order to extract
the double-line-frequency component from the battery current.
The proportional-resonant (PR) controller regulates the
magnitude of the second harmonic component in iga+io, toward
zero. Hence, the two-phase interleaved buck converter is
switched to divert the second-ripple power to the decoupling
capacitor. The interleaved effect with balanced current is
achieved without independent current sensing of each phase
due to DCM operation [36].

S7_]='£} A Sg ioc iB

(b)

Fig. 11. Integrated power decoupling circuit for single-phase DC charging.
(a) Configuration of the power decoupling circuit. (b) Equivalent power
decoupling circuit.
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Fig. 12. Control block diagram of the proposed EV charger for maintaining
pure DC charging current under single-phase grid (x= a, b).

1. OPTIMIZED PLANAR TRANSFORMER DESIGN

To achieve high power density, the design of magnetic
components with low profile is essential. Two types of winding
structures can be implemented: Litz wire and PCB winding. In
OBC applications, limited switching frequency operation leads
to a high applied volt-second across the transformer terminal.
In this case, more winding turns are required to avoid saturation
and minimize the maximum flux density. Implementing many
turns with PCB winding may cause high DC resistance due to
its low fill factor characteristic [37], [38]. Moreover, the high
stray capacitance of PCB winding may cause unwanted
resonance that leads to waveform distortion [39]. On the other
hand, the Litz wire offers a better fill factor and lower winding
stray capacitance compared to the PCB winding structure.
However, the Litz wire structure may not be suitable at higher
frequencies where the eddy current starts to dominate the
overall winding loss.

Considering the characteristics of Litz wire and PCB
winding, it is necessary to make a comparison so that the most
suitable structure for the planar transformer with the given
specifications can be selected. In this section, a comparison
between PCB winding and Litz wire in terms of winding loss,
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Fig. 13. Planar transformer winding structures. (a) PCB winding structures
and layer arrangement for 4 layers (Structure 1) and 8 layers (Structure 2).
(b) Litz wire winding (Structure 3).
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Fig. 14. Parasitic parameters of candidate winding structures from 3-D FEA
simulation. (a) At f; = 150 kHz. (b) At f, = 300 kHz.

stray capacitance, and leakage inductance are presented. For the
selected winding structure, a customized planar core is designed
while taking losses and volume into account.

A. Winding Structure Comparison

The candidate winding structures are implemented on a
transformer with the specifications presented in Table Il. Fig.

13(a) shows the concept of the proposed PCB winding structure.

Four PCBs are stacked and connected in parallel to utilize the
window area of the core to utilize the whole window area so
that the winding DC resistance can be minimized. The layers in
each PCB are arranged with an interleaving technique to
minimize the AC resistance. In Fig. 13(b), the proposed Litz
wire winding concept is shown. The Litz wire consists of 200

strands with each strand having a diameter of 0.12 mm. The
interleaving arrangement is also implemented in this case to
minimize the AC resistance. All the winding parameters are
obtained by performing 3-D FEA simulations on the candidate
structures using Ansys Maxwell.

Fig. 14(a) shows the comparison of the parasitic parameters
of the three candidate winding structures at f; =150 kHz.
Structure 1 (4 layers PCB) has the highest DC resistance among
the other structures. By increasing the number of PCB layers,
the winding DC resistance can be reduced as observed in
Structure 2 (8 layers PCB), where the DC resistance is half of
that in Structure 1. However, as the number of layers is
increased, the overlapping area between layers is also increased,
which results in high winding stray capacitance (Csy). As an
alternative to the PCB winding structure, the Litz wire

0885-8993 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2021.3127010, IEEE

Transactions on Power Electronics

IEEE POWER ELECTRONICS REGULAR PAPER

TABLE IV
PROTOTYPE SPECIFICATIONS OF THE PROPOSED EV CHARGER

Iltem Values

Rated power 11 kW (3.7 kW x 3EA)

3@: 400 V (50 Hz), 380 V (50 Hz)

Grid voltage 10: 220 V(50 Hz), 230 V (50 Hz), 240 V (60 Hz)

Battery voltage (Vg) 460-800 V

Switching frequency (fs) 150 kHz

Power density 5.25 KWI/L (517 x 225 x18 mm)

TABLE V
SYSTEM PARAMETERS OF THE PROPOSED EV CHARGER
Item Values
Grid inductor (Lgs, Lg2) 30 uH
Series inductor (Lsi, Lsy) 20 uH
Switches (S1-S1o) NVBG020N120SC1

Power decoupling cap. (Cpa) 75.2 pF, [0.47 uF MLCC]x160

Filter cap. (Cy) 20 pF, [10 pF film cap.]x2

Clamping cap. (C¢) 1.6 uF, [0.1 pF MLCC]x16

(Structure 3) can be used. Although the AC to DC resistance
ratio is higher than that of the PCB winding structure, the Litz
wire structure has better DC resistance. Litz wire structure also
has much lower winding stray capacitance since there is a larger
isolation distance between the windings.

As shown in Fig. 14(b), the candidate winding structures
are also simulated at fs = 300 kHz where the number of turns
can be reduced by half of that at f; = 150 kHz to maintain the
same core maximum flux density. Since the number of turns is
reduced, all structures can achieve lower DC resistance. In
terms of winding stray capacitance, Structure 2 remains the
highest among the other structures. Meanwhile, in Structure 3,
the AC resistance dominates the DC resistance due to the
increased frequency. At fs = 300 kHz, it is reasonable to use
Structure 1 since the winding loss can be minimized, although
the stray capacitance remains larger than Structure 3.

Considering all the aspects in the comparison and the given
specifications, Structure 3 (Litz wire structure) is selected in
this paper. At the frequency range where many turns are
required, the Litz wire structure has better performance than the
PCB winding structure in terms of winding DC resistance and
stray capacitance. However, at a higher frequency, say 300 kHz,
Litz wire may suffer from a large eddy current effect that
dominates the overall winding loss. Therefore, in this case, the
PCB winding structure is recommended.

B. Design and Optimization of Planar Transformer

As the transformer contributes to a large portion of the
converter footprint, a proper design methodology to achieve
high efficiency and high power density is important. In this
section, an optimization process for the planar transformer with
Litz wire is presented. The optimization objective is to select a
design point based on the tradeoff between transformer volume
and losses [40].

As shown in Fig 15, the free variables are the geometrical

parameters a and b, whose product is the core cross-section area,

number of primary turns Np, and the wire diameter dii which
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Fig. 18. Experimental waveforms under balanced three-phase grid voltage at
full load.

depends on the selected Litz wire type from a given database.
The variables are swept within a defined range to obtain all the
transformer parameters. The obtained solutions are plotted on
the losses vs volume graph, as shown in Fig 16. From these
solutions, a Pareto front line that minimizes both volume and
total losses can be generated, and a design point can be selected.
The design results of the transformer are shown in Table I1I.
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Fig. 19. Experimental waveforms under unbalanced voltage sag

(vga=0.85 pu). (a) without the proposed output current balancing control. (b)
with the proposed output current balancing control.

IV. EXPERIMENT RESULTS

In order to verify the performance of the proposed single-
and three-phase compatible modular EV charger, a 11 kW
(3.7 KWx3 modules) laboratory prototype was built according to
the specifications and system parameters given in Table IV and
Table V, respectively. The proposed converter shown in Fig. 17
achieved a volumetric power density of 5.25 kW/L.

For a balanced three-phase grid voltage, Fig. 18 shows the
experimental waveforms of the proposed EV charger at full load.
The power factor of the three-phase grid current is close to unity.
The voltage across the clamping capacitors is twice the rectified
grid voltage. Since the voltages across the high frequency
transformers do not include low-frequency components,
lightweight HF transformers are used. The output currents of the
three modules iy@p,) Mainly include DC and second harmonic
components and have the same shape with 120° phase shift.
Therefore, the sum of the three output currents results in DC
battery current. Fig. 19 shows the effectiveness of the proposed
balancing control for maintaining DC charging current. Without
the proposed balancing control, the unbalanced grid of sagged
phase ‘a’ by 15% introduces the low-frequency component in
the battery current due to the unequal power delivered by the
three modules, as shown in Fig. 19(a). With the proposed

balancing control, equal power is delivered by the three modules.

Main = 6.2 M o 10ms/div
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e friiits .lh'\'-ﬂt"“ TR ‘*
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Fig. 20. Experimental waveforms for single-phase grid at 3.7 kW.
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Fig. 21. Experimental waveforms showing input inductor currents and grid
current.

Hence, the second-harmonic is eliminated, and DC charging
current is ensured, as shown in Fig 19(b).

Fig. 20 shows the experimental waveforms of the proposed
EV charger at 3.7 kW for a single-phase grid. While the charging
power is delivered by Module A, Module C operates as the
integrated power decoupling circuit. Output current ic of
Module A pulsates at twice the grid-frequency. The second-
harmonic current i,c drawn by Module C cancels the second-
harmonic components of ie,, thereby charging the battery with
DC current.

Fig. 21 shows experimental waveforms showing input
inductor currents and grid current. The grid current is high
frequency ripple-free due to the fixed 50% duty-cycle of the two
interleaving legs.

During the positive (negative) half-cycle, switch Sz (Sa)
operates as synchronous rectifier and its ZVS turn-on is
inherently achieved. The waveforms drain-source voltage Vvgs
and gating signal vgs of the switches Ss, Ss4, S7 and Sg at grid
voltage phase angles of 50° and 90° in Fig. 22 verify the ZVS
turn-on of Sz and Sa. The switching loss of S; and S; is negligible
in practice since two switches commutate at the grid frequency.

Fig. 23 shows ZVS range according to battery voltage range
when Vg =230 V. As shown in Fig. 23(a), the ZVS turn-on of S,
(representing primary-side switches) can always be achieved.
When the battery voltage is 460 VV which is the worst case
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Fig. 22. Experimental waveforms showing ZVS turn on of switches Ss, S4, S7
and Ss. () at grid voltage phase angle of 50°. (b) at grid voltage phase angle of
90°.
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Turn-on instant current of Sg [A]

@ ()

Fig. 23. ZVS range according to battery voltage when V, = 230 V. (a) primary
—side switch S,. (b) secondary-side switch Ss.

operation, ZVS turn-on of Sg (representing secondary-side
switches) is achieved except low grid voltage region, as shown
in Fig. 23(b). However, ZVS turn-on of Sg is always achieved
for battery voltage over 630 V. Therefore, the proposed EV
charger is able to achieve ZVS turn-on under wide grid and
battery voltage ranges during the CC-CV charging profile.

The measured efficiencies of the proposed EV charger for
different battery voltages are shown in Fig. 24. For three-phase
charging a peak efficiency of 97.01% is achieved at battery

Fig. 24. Efficiencies of the proposed EV charger (measured by Yokogawa
WT3000). (a) for three-phase grid. (b) for single-phase grid.

voltage of 700 V as shown in Fig. 22(a). The peak efficiency for
single-phase charging is 95.51% at full load for battery voltage
of 700 V as shown in Fig. 22(b). Compared with the efficiency
of the three-phase charging, that of the single-phase charging is
dropped by 1.5% due to the operation of the power decoupling
circuit.

In Table VI, the proposed EV charger is compared to single-
and three-phase compatible EV chargers introduced in [20], [32],
and [41]. The proposed EV charger and the charger in [32] are
the modular single-stage topology, whereas the topologies in [20]
and [41] are the non-modular two-stage. It is worthy to mention
that integrating power decoupling circuits in the proposed EV
charger and [20] further decreases the circuits complexity and
components count. The proposed EV charger achieves ZVS
turn-on of all switches using simple control method with one
control variable. However, the whole range ZVS of the charger
in [32] is achieved by introducing three control variables with
varying switching frequency (150-500 kHz). In topology
standpoint, the switch count of the proposed EV charger is 30
while the switch-count of the charger in [32] is 36. However, in
[32], for a 22 kW charger, the actual total number of GaN
HEMT is 96 except unfolding bridges since each high-
frequency switch uses four paralleled GaN HEMT. The
proposed EV charger has similar switch utilization factor,
transformer VA rating, and series inductor VA rating compared
to the charger in [32]. However, it seems that the series inductor
of the charger in [32] was integrated into the transformer. The
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TABLE VI
COMPARISON OF THE PROPOSED EV CHARGER WITH OTHER SINGLE- AND THREE-PHASE COMPATIBLE TOPOLGIES.
Proposed EV charger [32]" [20] [41]
Structure Modular Single-stage Modular single-stage Non-modular two-stage Non-modular two-stage
3-phase Six-switch boost PFC + Six-switch boost PFC +
Topolo P Totem-pole based Indirect matrix based Two DCX DC-DC Two DC-DC in series
pology 1-phase current-fed DAB voltage-fed DAB Full-bridge PFC + 3-phase totem-pole PFC +
P Two DCX DC-DC Two DC-DC in parallel
: Film cap. Film cap. Film cap. . .
Second-harmonic storage with integrated PD circuit with additional PD circuit with integrated PD circuit Electrolytic capacitors
Controller Simple Complex Simple Simple
Soft switching ) ) PFC stage: Hard switched PFC stage: Hard switched
characteristic ZVS turn-on ZVS tum-on DC-DC stage: ZVS turn-on DC-DC stage: ZVS turn-on
. 30: 11 kW 30: 22 kW 30: 22 kW 30: 22 kW
Power rating 10: 7.4 KW 10: 2 10: 7.36 kW 10: 19.2 kW
Grid voltage 3@:380/400 V 30:360 V 30:400 V 30: 400 V
9 1d:220/230/240V 10: 208 V 10:230V 1d:230/240 V
Battery voltage 460-800 V 200-450 V 200-450 V ?

o PFC stage: 36 kHz PFC stage: 48 kHz
Switching freq. 150 kHz 150-500 kHz DC-DC stage: ? DC-DC stage: ?
Switch count in topology 30 SiC Mosfet 24 GaN HEMT PFC stage: 6 Si Mosfet PFC stage:+€23 g:%:\gnget

standpoint 12 Si Mosfet (unfolding bridge)| DC-DC stage: 16 Si Mosfet DC-DC stage: ?
Switch utilization factor 0.0204 0.0216 ? ?
Transformer VA rating 1.15 pu 1.10 pu ? ?
Series inductor VA rating 1.16 pu 1.21pu ? ?
Power densit 4.15 KWI/L (w/ air-cooled heatsink) 3.3 kw/L 2.04 kW/L "
Y 5.25 KWI/L (w/o heatsink) (Heatsink was not specified) (water-cooled heatsink) '
Peak efficiency 97.01% > 97% 94.0% ?

* Company made prototype (Commercialized topology)
? No information is provied in the reference.

Others
f 17.6 W (5.1%)

Lgl, ng
S\
~

+— Switch turn-off
Lsi Lso —a

55.9 W
 (16.5%) 66.3 W

(19.6%)

*— Switch conduction

P

out

Switch utilization factor = —

ZVS peak (i) X 1s peak ()
=

PFC stage in non-modular two-stage EV chargers in [20] and
[41] is operated with limited switching frequency due to the hard
switching characteristic. Therefore, achieving high power
density is a crucial task. The high power density offered by the
proposed EV charger is due to the low profile attributed to the
absence of electrolytic capacitors and the optimization of the
magnetic components. Since the proposed EV charger is a
single-stage bridgeless type achieving wide ZVS range,
conduction and switching losses are significantly reduced,
thereby achieving high efficiency.

Fig. 25 represents the loss breakdown of the proposed EV

@ charger. For three-phase grid, about 55.3% of the total losses
Powier decoupling circuit occur in the semi_conductors, as _shown in Fig. 25_(a). C_ore and
Lo Lo Others winding Ioss_es in the magnetic components mclu_dmg the
14.53‘W(8.4%)‘\ f 121 W (6.9%) transformer, input inductors (Lg1 and Lg), and series inductors
Switch — Switch turn-off (Ls1 and Lsy) account for 39.6%. For single-phase grid, as shown
conduction é%zlc% in Fig. 25(b), semiconductors and magnetic losses are 36.4% and
392W (23%) Sy i 24.3% of the total loss, respectively. Unlike the three-phase grid,
Switch 2ee) (133%) IO Module C operating as a power decoupling circuit incurs

turn-off (112823}:) condugtion additional losses with a potion of 32.3% of the total losses.

V. CONCLUSION
Transformer

Lo, L
o N Ls1 Ls2
(b)

Fig. 25. Loss breakdown of the proposed EV charger. (a) for three-phase
grid (V4 =400 V, Vg = 700 V, and P, = 11 kW). (b) for single-phase grid
(Vg=240V, Vg =700V, and Py, = 3.7 kW).
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In this paper, a modular single-stage electrolytic capacitor-
less OBC that is compatible with single- and three-phase grid is
proposed. The proposed integrated power decoupling method
enables the proposed EV charger to provide DC battery charging
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current under single-phase grid without the use of an additional
circuit. With the proposed balancing control, charging power
was equally distributed among the three modules, thereby
eliminating the second-harmonic ripple at the battery side and
ensuring a pure DC charging current. The low profile of 18 mm
is achieved owing to the optimized Litz-winding planar
magnetic as well as the elimination of the electrolytic capacitors,
resulting in power density of 5.25 KW/L. The ZVS turn-on for
all switching devices is maintained, leading to high efficiency
over wide voltage and load range. The proposed single-stage
electrolytic capacitor-less EV charger could be a viable solution
for high power density and high reliable OBC.
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