7560

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 5, MAY 2025

High-Efficiency Wireless Integrated On-Board
Charger System Using Partial Power Conversion

Muxing Wu

Abstract—This article proposes a wireless integrated on-board
charger (WiOBC) for electric vehicles based on partial power con-
version (PPC), which can simultaneously charge the high-voltage
battery (HVB) and the auxiliary system (AS) with high efficiency.
The proposed PPC-WiOBC can operate in two modes: 1) charg-
ing mode and 2) driving mode. During charging mode, a dual
decoupled four-coil system is utilized to charge the HVB with a
constant-current or constant-voltage charging profile and provide a
constant dc voltage for AS. The surplus power will flow through the
AS to the HVB via an auxiliary dc—dc converter. In driving mode,
the auxiliary dc—dc converter operates backwards and the HVB
supplies power to the AS. To meet high-efficiency and bidirectional
operation requirements, an auxiliary LC-LLC multiresonant de—dc
converter, incorporating an additional inductor is introduced. A
power ratio 6 of the PPC is also introduced to ensure high efficiency.
Finally, a comprehensive system parameter design of the PPC-
WiOBC is proposed. Experimental results from a scale-down 1 kW
experimental platform verify the performance of the proposed
PPC-WiOBC, with output voltage ranges from 264 V to 402 V,
a peak efficiency of 94.1%, and efficiency >87.1% throughout
the whole charging profile, which is superior to the conventional
wireless OBC solutions.

Index Terms—Electric vehicle, integrated on-board charger,
multiresonant dc—dc converter, partial power conversion, wireless
power transfer.

NOMENCLATURE
Abbreviations
OBC On-board charger.
iOBC Integrated on-board charger.

WOBC  Wireless on-board charger.
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WiOBC Wireless integrated on-board charger.

WPT Wireless power transfer.
PPC Partial power conversion.
HVB High-voltage battery.
AS Auxiliary system.
CC/CV  Constant-current or constant-voltage.
EV Electric vehicle.
LDC Low-voltage dc—dc converter.
HV-Rec High-voltage rectifier.
LV-Rec Low-voltage rectifier.
Indices
1) Power ratio.
ny High-voltage side coil ratio.
ng Low-voltage side coil ratio.
fuw Inverter switching frequency.
T4 Inverter switching dead time.
n LC-LLC transformer turns ratio.
fs LC-LLC switching frequency.
Tar LC-LLC switching dead time.
W LC-LLC angular switching frequency.
fr1 First series resonant frequency.
fro Second series resonant frequency.
frs Series-resonant frequency (f;s = 1/(2m(Ls/C) 1))
F, Normalized switching frequency (F; = fs/frs)-
JSrm L1 resonant frequency (fr,, = 1/Qnw((Ls+L1)/Cs)
1/2)).
Fr Normalized L,,; resonant frequency (F ., = frm/frs)-
frp Antiresonant frequency (fy, = 1/2m(L,/C)) 172yy,
Frp Normalized antiresonant frequency (Fyp, = frp/frs)-
Zrs Series-resonant characteristics impedance
(Zys = (LS/CS)]/Z)'
Zrp Antiresonant characteristics impedance
(Zp = (Lp/Cp)1/2)~
my LC-LLC forward inductors ratio (my = L,,1/Ly).
mo LC-LLC backward inductors ratio (mg = L,,2/L).
y LC-LLC series/antiresonant inductors ratio

(v = Ly/Ly).

I. INTRODUCTION

VS have emerged as a crucial mode of transportation for
E consumers [1]. However, the primary impediments to their
advancement are their limited range and extended charging
duration [2], [3]. Addressing these challenges is essential to
accelerate widespread EV adoption.


https://orcid.org/0009-0005-0851-1926
https://orcid.org/0000-0003-3669-6743
mailto:cslam@um.edu.mo
mailto:c.s.lam@ieee.org
https://doi.org/10.1109/TPEL.2025.3528130

WU et al.: HIGH-EFFICIENCY WIRELESS INTEGRATED ON-BOARD CHARGER SYSTEM USING PARTIAL POWER CONVERSION

(
p—— | o
D | Low-voltage
(1 e 2onC
= I\K_/
Charging * — —
Station e e P :
| High-voltage | _y, |
) | RﬁifFZi, _EV Side |
| (integrated |
(F i On-Board Charger, |
L J ! Low-volt Auxiliary iOBC) |
Ch?gmg | Rechﬂzge S{y:gm |
Staton "~————— ~ —— -~~~ oS- T ——————— d
r—_________@ﬁa@e_t_;___
Battery ow-voltage
| | Inverter|— J—+ Rectifier| Cgr?\jgrfer e cgf: g’f;’
(Two-stage)| = (LDC)
I 5
Ground side | '\ EV Side (Wireless On-Board Charger, WOBC) |
( Chargmg Stat/on) ____________________ /
______________ ©_ _________
‘Wireless integrated . ) )
| On-Board Charger i EVSide | ; :
(WioBe) _ ] } z
———————— ligh-voltage| *sesceeamememaaaaaasd! N
\ Rectifer | * i
[ | PPC i
> |inverter| > | Structure | :
| | Auxiliary Auxiliary |
| Low-voltage —> H
~ Ground side Recter [~ Sﬁ'se;m i cgfffrir] il
(Chargmg Statlon) A
________________ »
(d)
Fig. 1. EV on-board charger (OBC) system. (a) Conventional OBC [4].

(b) iOBC [8]. (c) Conventional two-stage WOBC [22]. (d) Proposed PPC-
WiOBC.

One promising approach to mitigate these issues is to develop
high-efficiency chargers for the mainstream 400 V and 800 V
battery voltage configuration employed in EVs. Conventional
OBC systems, as illustrated in Fig. 1(a), use an isolated dc—
dc converter (comprising of inverter, transformer, and rectifier)
to supply power to the HVB, and then employ another LDC
to supply power to the AS [4], [5], [6]. While this approach
ensures efficient HVB charging and AS operation, it necessitates
isolation among the HVB, AS, and charging stations to mitigate
potential leakage current issues [7]. Consequently, these systems
tend to have larger volumes and higher component costs due to
the isolated nature of the OBC and LDC. To improve power
density, iOBC structures have been proposed, as depicted in
Fig. 1(b). This approach employs a multiwinding transformer
to simultaneously transfer power to the HVB and AS during
the charging mode [8], [9], [10]. However, during the driving
mode, the HVB supplies power to the AS through the backward
operation of the HV-Rec circuit and LV-Rec circuit. This shared
transformer structure results in circulating current loops during
driving mode, leading to additional power losses and reduced
efficiency.

WPT technology necessitates only a receiving coil in the
EV, thereby obviating power losses attributable to the circu-
lating current loop during driving mode. Furthermore, owing
to complete isolation, it mitigates potential hazards associated
with electrical damage and shock resulting from physical cords
between the charging station and the EV [11], [12], [13]. The
CC/CV charging profile commonly used in EV battery charg-
ing requires the wireless on-board charger (WOBC) to operate
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Fig. 2. PPC topology type including (a) single-source and (b) double-source.

within a wide output voltage range [14]. In the WPT systems, two
types of control methods exist for a single-stage OBC, including
transmitter control and receiver control. The transmitter control
utilizes the conventional control mode, enabling wide output
range modulation to be achieved [15], [16], [17], [18]. How-
ever, these methods rely on feedback wireless communication,
which increases the risk of instability during charging [19]. The
regulation capability of receiver control is relatively limited,
which may result in hard switching [20] or alter the resonance
state [21]. Hence, a two-stage regulation structure incorporating
an additional dc—dc converter (two-stage) is often employed
to address the limited regulation capability issue, as illustrated
in Fig. 1(c) [22]. Due to the extra power stage, significantly
degrades the system’s efficiency and increases the system’s
complexity and cost.

To mitigate the efficiency losses associated with two-stage
structures, the PPC technique has been proposed in [23], the
structure is depicted in Fig. 2(a). The PPC technique involves
processing only a fraction of the total power through an auxiliary
dc—dc converter, allowing the majority of the power to flow
directly to the load without regulation. The reduction in the
power requiring regulation leads to an enhancement in over-
all efficiency. Recently, the PPC topology concept has been
implemented into OBC system applications for EVs. In [24],
a cascade output design based on PPC technology has been
proposed, incorporating a buck postregulator to meet the battery
charging requirements, the structure is depicted in Fig. 2(b). This
approach demonstrates improved charging efficiency compared
with a conventional charging structure. The work in [25] fur-
ther expanded the output range by implementing a multistage
parallel connection based on the cascade as an OBC for EV.
The double-source PPC is also introduced in wireless charging,
such as a current-split double-source PPC proposed in [26], in
which the main path adopts voltage-type compensation, while
the auxiliary path adopts current-type compensation. The power
is split by a double D quadrature (DDQ) coil. A magnetic
integrated transformer is utilized to provide two power paths,
with only a single coil at the receiver, increasing the compactness
of the charging system [27]. Nevertheless, it is noteworthy that in
[26] and [27], neither the low-voltage output side of the PPC nor
the EV auxiliary system was analyzed. Furthermore, although
the PPC technique was employed to improve charging efficiency,
the lack of a systematic design approach considering power ratio
constraints and converter parameters has limited its practical
application.

To address the aforementioned drawbacks of the existing
solutions, this article proposes a WiOBC based on a partial
power conversion (PPC-WiOBC) system for EVs, as illustrated
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in Fig. 1(d). By employing a multiport wireless coil and forming
a double-source PPC structure, the PPC-WiOBC system can
simultaneously charge the HVB and provide a constant dc volt-
age for the AS with high efficiency through the whole charging
profile compared to the conventional approaches. Moreover, the
driving mode can be achieved through the backward operation
of the auxiliary dc—dc converter. The main contributions of the
proposed PPC-WiOBC system are summarized as follows.

1) Incharging mode, a dual decoupled four-coil for the PPC-
WiOBC system is designed to simultaneously charge the
HVB and provide a constant dc voltage for the AS with
less regulation power stage than the conventional wireless
OBC, thus reducing power losses.

2) In driving mode, the auxiliary dc—dc converter operates
backwards and the HVB supplies power to the AS.

3) A maximum power ratio J constraint between the low-
voltage side and high-voltage side is designed for the
PPC, facilitating subsequent parameter design for high-
efficiency operation.

4) A bidirectional LC-LLC multiresonant dc—dc converter
with an antiresonance symmetrical resonant tank is in-
troduced for the PPC-WiOBC, supporting an extremely
wide output voltage range, and both charging and driving
modes.

5) To further improve the overall system efficiency, a com-
prehensive system parameter design approach is proposed
based on the high-efficiency region.

The rest of this article is organized as follows. Section II
analyzes the proposed PPC-WiOBC system architecture and its
operation modes, and the high-efficiency constraint region for
the PPC operation is also derived. In Section III, the circuit struc-
ture and control schemes are analyzed in detail. Additionally, a
comprehensive system parameter design process incorporating
the PPC high-efficiency constraints is proposed to determine
the system parameters. Section IV presents the experimental
validation and an efficiency comparison between the proposed
PPC-WiOBC system and the conventional two-stage WOBC
system. Finally, Section V concludes this article.

II. ANALYSIS OF PROPOSED PPC-WIOBC SYSTEM

A. Operating Modes of the Proposed PPC-WiOBC System

From the proposed PPC-WiOBC system, as shown in
Fig. 1(d), during charging mode, the auxiliary dc—dc operates in
forward mode, facilitating two power paths: Pathl Pz and PathlII
Py, to realize the PPC function, as depicted in Fig. 3(a). The
outputs of the high-voltage side and low-voltage side rectifiers
HV-Rec and LV-Rec at the receiver side are designed as CV
sources. HV-Rec is directly connected to the HVB, while LV-Rec
is connected to the EV’s AS and the input of the auxiliary dc—dc
converter. V., and V, 4 is the output voltage of HV-Rec and
LV-Rec. V,, is the output voltage of auxiliary dc—dc converter.
V,p is the output voltage of system. I, is the charging current.
The auxiliary dc—dc converter handles all output regulation
functions.

During the driving mode, the HVB provides power to the
AS through HV-Rec, in which the auxiliary de—dc is operating
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(a) Charging mode and (b) driving mode of the proposed PPC-WiOBC

in backward mode. In this case, HV-Rec requires two active
switches to enable the power Path III P 4. [, p is the discharge
current of HVB.

B. Circuit Architecture of Proposed PPC-WiOBC System

The circuit architecture of the proposed PPC-WiOBC is
shown in Fig. 4(a), where Lp; and Lp, are the transmitter coils
and Lg; and Lgs are the receiver coils of the dual decoupled
four-coil system, the mutual inductances are denoted as M p; 51
and M ps g9, which will be discussed in Section III-A. Cpq,
Cps, Cgs1, and Cgy are the compensation capacitors of two
series/series (S/S) compensation structures.

The transmitter side consists of an inverter circuit formed by
switches S1—S4. On the receiver side, a rectifier circuit for the
HV-Rec is formed by diodes D; and D,, and switches S5 and
Sg. Another rectifier circuit for the LV-Rec is formed by diodes
D3 and D, and switches S5 and Si4. C,y and C,4 are the
filter capacitor of HV-Rec and LV-Rec sides, respectively. The
regulation stage of the PPC-WiOBC employs a bidirectional
LC-LLC multiresonant isolated dc—dc converter. This converter
comprises switches S7—S14, series resonant component Lg and
Cj, antiresonant component L,, and C),, an additional inductance
L2, and filter capacitor C,r. The design and operation of this
dc—dc converter will be discussed in Section III-C.

During the charging mode operation, S5 and Sg function as
diodes to perform rectification in the circuit. The auxiliary de—dc
converter operates in forward mode, with S7—S7( operating as
an inverter and S11—S14 operating as a rectifier.

During the driving mode operation, S5 and Sg remain turn-
ON, forming a path for discharging the HVB. The magnetizing
inductance L,,,» becomes active, and the roles of the switches are
reversed. S7—S1o operates as a rectifier, while S71—514 functions
as an inverter, enabling bidirectional power flow.

C. High-Efficiency Constraints for PPC Structure

The PPC technique is based on the principle of power division,
comprising direct power Pathl Pz and regulate power PathIl P,
as shown in Fig. 5(a). The majority of the power flows through
Pathl directly to the load, while a small portion of the power is
regulated by the auxiliary dc—dc in Pathll. By reducing the reg-
ulated power in Pathll, the power losses Pr,0ss Of the system can
be significantly decreased, thereby improving the system effi-
ciency. Furthermore, the power rating requirement for the auxil-
iary de—dc converter is reduced due to the lower regulated power.
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To compare the efficiency of the proposed PPC-WiOBC
system with the conventional two-stage WOBC, the transfer
efficiency of inverter to HV-Rec is defined as # g, the transfer effi-
ciency of inverter to LV-Rec is defined as 7 4, and the efficiency
of the auxiliary dc—dc converter is defined as #q.. Since the
HV-Rec output voltage V, g, the auxiliary dc—dc output V,, 1, and
the HVB voltage V, 5 are connected in series, their relationship
can be described as

Vor +Vor = VoB. (1)

The power ratio § between the output power of the auxiliary
dc—dc converter P,, and the output power of the HV-Rec P,y
is defined as

P, oL VoL
0= = <1 (2)
P, oH ‘/oH
The overall system efficiency # of the PPC-WiOBC system
can be calculated as

__Maenuna(l+6+4)
Ndena + N0 + Anachu
where X is the power ratio between the output power of the AS

and the HV-Rec.
Since A< <1, (3) can be simplified as

3)

- naenana(l +9)

NdeNA + NHO
The #y and 574 are assumed to be 0.92 for analyzing the
PPC high-efficiency constraint. According to (4), the system
efficiency # contour versus 74, and § can be plotted, as shown in
Fig. 5(b). As 54, increases, 7 increases as well. Therefore, a low

“)

pled four-coil structure of the proposed PPC-WiOBC system.

0 during the charging mode can significantly improve the effec-
tiveness and efficiency of PPC, thereby enhancing the overall
system efficiency. Even under the worst-case scenarios depicted
in Fig. 5(b), where ¢ falls below 0.7 and an auxiliary dc—dc
converter operates at a relatively low efficiency of only 60%,
the PPC-WiOBC system still achieves an impressive efficiency
exceeding 75%. Consequently, to ensure high system efficiency,
ahigh-efficiency constraint design rule is established by defining
the maximum power ratio dmax < 0.7 as the high-efficiency
constraint region. Within this range, the proposed system can
operate with high efficiency.

III. COUPLER, CONTROL, AND PARAMETERS DESIGN OF
PROPOSED PPC-WIOBC SYSTEM

A. Magnetic Coupler With Decoupled Four Coil Structure

The magnetic coupler with a decupled four-coil structure is
illustrated in Fig. 6, utilizing unipolar coils Lp; and Lg;, and
bipolar coils Lps and Lgo. This coil structure ensures negligible
coupling between same side coils [28]. Specifically, Lg; is
powered solely by L p1, while Lgs is only powered exclusively by
L po, which forms two mutually uncoupled power transmission
paths to achieve CV output on both the HV-Rec and LV-Rec
sides. To facilitate more efficient power transfer on Pathl, Lp;
and Lg; are positioned closer together, resulting in a relatively
higher coupling coefficient.
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B. Decoupled Four Coil Output Characteristics

In this article, a dual S/S compensation structure is applied
to realize the CV output of both HV-Rec and LV-Rec sides.
The coupling coefficient between Lp; and Lg; is given by k1 =
Mpis1/(Lpi-Ls1)"?, and the coupling coefficient between L po
and Ly is given by ko = M ps g2/(Lpy-Lg2)"?. The four coils of
the magnetic coupler are compensated by series capacitors Cp1,
Cpa, Cg1, and Cgo with resonant angular frequency w

1 1
B \/LP:E . CPa: B \/LSa: . C'Sgc7

The coils at the transmitter are connected in parallel. Since
the two paths have no mutual inductance, the equation for
their output voltages can be obtained from the loosely coupled
transformer leakage inductance model as

[ Ls1 [ Ls2
VO = VEH ) Vo = Vin . 6
H Tor A T oo (©)

To improve the system efficiency, the zero-voltage switching
(ZVS) turn-ON of the inverter at the transmitter side should be
achieved, and the minimum Lp; and Lp, that satisfy the ZVS
condition can be obtained by

w

r=1,2. (5

v, v, Vi
il A > 4Cou 2 (7)

+
dfwki/Lpi/Lsi  4fwkar/Lp2/Ls2 Ty

where C,gs is the body capacitance of the MOSFET power switch.

The parameters of the dual S/S compensation structure that
satisfy the ZVS condition can be determined by (5)—(7) to
achieve a CV output, ensuring that there is no cross-interference
between the HV-Rec and LV-Rec sides.

C. Operation of Bidirectional LC-LLC Multiresonant Isolated
DC-DC Converter

The minimum output voltage of the auxiliary dc—dc converter
must be as low as possible to meet the requirement for lower &
(better efficiency of PPC) and accommodate the wide voltage
variation range of the HVB [29]. Consequently, the auxiliary
dc—dc converter requires a wider voltage gain range compared
to the dc—dc converter in the conventional WOBC.

The LC-LLC multiresonant dc—dc converter generates multi-
ple resonance points through the effect of an antiresonant tank
[30], and can even achieve zero voltage gain through slight fre-
quency modulation. This feature significantly expands the output
voltage gain range based on the LLC resonant dc—dc converter. In
addition, the MOSFET switches of the converter can achieve ZVS
turn-ON over the entire output voltage range by employing pulse
frequency modulation (PFM), ensuring conversion efficiency.

Fig. 7(a) shows the bidirectional LC-LLC multiresonant dc—dc
converter employed in this work. Ly and Cs form the series
resonant tank, while L, and C, form the antiresonant tank.
When the PPC-WiOBC system operates in charging mode, the
multiresonant dc—dc converter operates in forward mode. When
the PPC-WiOBC system operates in driving mode, an additional
inductor L,,,2 is added as the magnetizing inductance, so that the
dc—dc converter operates in the backward mode based on [29].
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Fig. 7. (a) Bidirectional LC-LLC multiresonant DC-DC converter with an
inductor L,,2 and (b) its simplified equivalent circuit.

This additional L, creates a symmetric resonant tank, enabling
bidirectional power transfer, as illustrated in Fig. 7(b).

The LC-LLC multiresonant dc—dc converter exhibits two
series resonant frequencies, including the first series resonant
frequency f,1 and the second series resonant frequency f o,
which can be expressed as

€1 — \/612_4 7"25 Ep

frlz 9 , €1 = 7«23 +)\;g1fr9frp+ 7"2p
3)

€2 — \/522_4 7“2m Ep
f?”2: 2 ;€2 = 1"2m+)‘;7bf7“m‘f7"l)+ Ep

€))

The series and antiresonant tank impedances Z; and Z,, are
defined, respectively, as

. . 1
Zs - ‘Zs = ‘] <wsLs - (A)sag)‘ (10)
5 jwst
Ly =2y = | ———F1. 11
P P 1-w?L,C, (1n

The theoretical forward and backward voltage gain Gr and
G p can be derived from the fundamental harmonic approxima-
tion, given as

V. 1
Gp = ”VZL = = (12
o 2
\/(1 + stnLl ) + (Rfcl>
1
Gy = oA _ (13)

nVor 2 2
\/(1 + ws[£1m2) + (Rfc2)

e=2 (Foe ) -z, (Fy— - B (14)
— 4rs T F:p rp rp F'rp

where Roc1 = 812 Vo /o112, Raco = 2Vou/loa>.

Based on (12) and (13), the theoretical curves of the forward
and backward voltage gain Gy and Gp versus the normalized
switching frequency F, are shown in Fig. 8.

As shown in Fig. 8, the trends of the theoretical forward and
backward voltage gain Gy and Gp curves are well-matched.
In forward mode, when fo < fs < f,1, the secondary-side
current i; will naturally become zero while the primary-side
resonant current i, decreases to irm,1, S11—S14 can be turned
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OFF by zero current switching (ZCS). During this interval, i1,,,1
appears only in the transformer, while S1;—-S14 operates in the
discontinuous conduction mode. Whenf,1 < fs < f, thereis no
such interval, S1;—S14 cannot obtain ZCS turn-OFF. Therefore,
the efficiency of ZVS zone 1 surpasses that of ZVS zone 2. Due
to the antiresonance tank, the voltage gain in the high-frequency
band decreases rapidly. This characteristic enables the dc—dc
converter to output a lower output voltage, effectively enlarging
the output voltage range.

To ensure high efficiency, the MOSFET switches must achieve
ZVS turn-ON over the entire output voltage range. In forward
mode, the MOSFET current equals the sum of the current iy, of
the inductor L,,,; and the current iy,,,,» of the additional inductor
L,,2. The ZVS condition for the forward mode can be obtained
from the energy conservation, and Ty, is the dead time of the
LC-LLC multiresonant dc—dc converter

1 1
§(Lm1 + Lr)Iiml + §Lm2—r%m2 > 2COSSVO2A

(15)
where I1,,; = (ZGFfs'GFfTZ)VoA/4Lm]fsf7‘b Itme = Vou/

4L of s.
Therefore, the ZVS condition for forward mode can be ob-
tained as

ILml + ILm2 Z 2COSS(VOA/TdL)‘ (16)

The ZVS condition for the backward mode is equivalent to
that of the forward mode, with the only distinction lying in the
magnetic inductance value.

D. System Control Strategy

The proposed PPC-WiOBC system has two CV output paths
for high and low-voltage sides, and there is no wireless commu-
nication between the transmitter and receiver sides. As shown
in Fig. 9, the LC-LLC multiresonant dc—dc converter is using
PFM. During charging mode, as illustrated by the blue line in
Fig. 9(a), the output voltage V, g and charging current /, - are
measured by using sensors, and the load R, 5 can be calculated
by using a divider. A simple PI controller corrects the difference
between the feedback V,p and its reference value Vs for the
CV stage and feedback /, ¢ and its reference value I, for the
CC stage, forming the PFM generator for the MOSFET switches
S7—S10. During driving mode, as illustrated in Fig. 9(b), the AS’s
voltage is measured by the sensor and corrects the difference
between the feedback V, 4 and its reference value V, 4,0 by PI
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Fig. 9. Control diagram of the proposed PPC-WiOBC system. (a) Charging
mode. (b) Driving mode.

controller, forming the PFM generator for the MOSFET switches
S11-S14.

By setting the switching frequency of the dc—dc converter
between f;» and f,,, a monotonically decreasing voltage gain
curve can be obtained. The charging stage of the battery can be
determined by comparing the calculated battery internal resis-
tance with the point in the CC/CV curve, thereby the realization
of CC to CV switching control is enabled.

E. Misalignment Tolerance

The topology proposed in this article mainly targets the static
charging scenario of EVs under alignment states. However, in
practical applications, minor misalignments are inevitable. To
address this issue, this article introduces two switches (S15 and
S16) to form a semiactive rectifier (SAR) circuit. The operation
waveforms are shown in Fig. 10. Zero-crossing detection of igo
generates a synchronization signal for the pulsewidth modu-
lation (PWM) generations. Angle 6 is used to produce PWM
driving signals for the SAR. The control block diagram under
the misalignment condition is highlighted in orange, as shown
in Fig. 9(a).

FE. System Parameter Design

The parameters design flowchart of the PPC-WiOBC system
is shown in Fig. 11, in which the design process commences by
specifying the input requirements, including the WPT resonant
angular frequency w, dc input voltage Vi,, HVB voltage V, 5,
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battery power P, 5, and output voltage of the LV-Rec V,, 4. These
parameters serve as the foundation for the subsequent design
stages.

The first stage involves the design of the WPT. The PPC design
rule, as given in (1), is applied to determine the voltage series
relationship of the HV-Rec output voltage V,y and the output
voltage of the auxiliary de—dc converter V, . Then, according
to the constraints of the high-efficiency region, (17) is further
derived by using the maximum battery voltage V,pmax and the
maximum power ratio ¢, which can be used to determine the
CV output value of V,y, given as

VoH + 5max ' VoH = VoBmax- (17)

With the design value of V,p, the compensation parameters
for the dual decoupled four-coil WPT system can be calcu-
lated by using (5), (6), and (7). These parameters include the
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Fig. 13.

Experimental prototype of the proposed PPC-WiOBC system.

primary and secondary inductances Lpi, Lpo, Lg1, Lgo, and
compensation capacitances Cpi, Cpo, Cg1, and Cgo for both
the high-voltage and low-voltage coil pairs.

Moving on to the design of the LC-LLC converter, the first step
involves determining the dc—dc transformer turns ratio n by using
(18) with the designed condition of G = 1. Then, the next step is
to analyze the battery charging profile, which is shown in Fig. 12
fora400 V EV battery with a 2.5 A charging current. During the
charging stage, battery voltage rapidly increases until reaching
almost 330 V, and then gradually rises until the charging process
is completed. The voltage curves in Fig. 12 demonstrate that the
high-power zone of charging lies within the battery voltage range
of 330-402 V, necessitating the design to prioritize efficiency
during this stage. Therefore, we operate V,ps-1 = 330 V at the
frequency point f,.; where forward gain Gr = 1, ensuring that
the high-power zone operates within the ZVS zonel (f2 < fs <
fr1), thus guaranteeing efficient charging. The transformer turns
ratio n of the LC-LLC converter can be calculated as

n = VoA/(VoBfrl -V ) (18)

Then, the maximum switching frequency f,,, and series res-
onant frequency f,s are initially determined based on the ex-
perimental conditions. High values for the coefficients m; and
~ are initially chosen since increasing values of m; and ~ will
result in a decrease in resonant current i, that reduces power
losses of the resonant tank [30]. However, low values of resonant
current i, may hinder achieving the ZVS turn-ON condition of
the LC-LLC converter. To address this trade-OFF, an iterative
process is employed. First, as illustrated in (9), combining (12)
and (14), the forward voltage gain G with f, R,.1, and L, can
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be obtained from

1

. 2 c \2 ’
\/(1 + m) + (R)
19)

Then, the inductance L is calculated using (19), which sat-
isfies the maximum forward gain condition, G g(fs, Rac1, Ls) =
1.1G Fax, Where G pmax s the maximum forward gain during
the charging process. The ZVS turn-ON condition, given by
(16), is then evaluated. If the condition is not met, the values
of m; and ~ are iteratively reduced until the ZVS turn-ON
condition is satisfied. Once the optimal values of m1, 7, and L
are determined, the remaining resonant tank parameters, such
as L,, L,, Cp, C,, and L,,; are calculated. The design process
verifies that the complete ZVS condition (16) is realized across
the entire operating range by adjusting parameters as necessary.

The final stage of the design process focuses on the backward
mode operation, which is essential for bidirectional power flow
during driving mode. Initially, a high value of the inductance
ratio ms is chosen to minimize power losses. This value is then
substituted into (13) to verify whether it satisfies the maximum
backward gain constraint Gpmax, and then the ZVS turn-ON
requirement. If the constraint is not met, the value of ms is
iteratively reduced while re-evaluating the backward gain con-
dition and the ZVS turn-ON requirement. Once both conditions
are satisfied, the final value of the backward mode magnetizing
inductance L,,» is determined.

The systematic design process ensures that the WPT and
LC-LLC converter parameters are designed for high efficiency
across the wide output voltage range requirement for EV battery
charging. Moreover, it addresses the constraints for the bidirec-
tional power flow of the LC-LLC converter during driving mode
by considering the backward mode operation requirements.

GF(fS7RaC1)LS) =

IV. EXPERIMENTAL VERIFICATION
A. Experimental Prototype

To verify the output performance and high efficiency of the
proposed PPC-WiOBC system, a scale-down experimental pro-
totype was constructed in the laboratory, as shown in Fig. 13.
The system parameters of the experimental prototype are shown
in Table I. To facilitate a direct comparison between the actual
WOBC based EV (as defined by SAEJ2954 standard) and the
proposed scaled-down experimental prototype, relevant param-
eters are presented in Table II [31], [32]. In this experiment,
an electronic load is used to emulate the HVB. The battery
resistance R, g ranges from 105.6 €2 to 160.8 2 for CC charging
and 160.8 €2 to 1608 €2 for CV charging. Moreover, the maxi-
mum system power reaches 1053 W. The experimental charging
voltage V, 5 and charging current /, versus battery resistance
R, p are shown in Fig. 14.

The system parameters of the PPC-WiOBC experimental
prototype are shown in Table I. The coil in the magnetic coupler
is made of 0.07 mm (diameter), and 714 strands of litz wire. The
coil designis based on Fig. 6, with a rectangular shape of 450 mm
in length and 350 mm in width, and the ferrite core material is
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TABLE I
EXPERIMENTAL SYSTEM PARAMETERS

System Parameters, Symbols Values
Input voltage, Vi, 170 V
Battery voltage, V5 264-402 V
HV-Rec output voltage, V,y 248 V
LV-Rec output voltage, V,, 16-154 V
Auxiliary system voltage, V4 48V
Charging mode DC/DC voltage range, Vo ciarge 16-154 V
Driving mode DC/DC voltage range, V,iaive 264-402 V
Battery rated charging current, 7,cx 25A
Battery minimum charging current, /,cyin 025 A

Auxiliary system current, 7, 1A

LC-LLC DC/DC converter output power range 40-385 W
Inverter and Magnetic Coupler Parameters

Operating frequency, f,, 85 kHz

Self-inductances Lp;, Lpy 205.3 uH, 557.6 uH

Self-inductances Lg, Ls, 532.4 pH, 53.2 pH

Mutual inductances Mpis1, Mpas 47.1 pH, 131.8 uH

Mutual inductances Mp,py, M5 1.6 uH, 3.3 pH
Compensation capacitors Cpi, Cpy 28.4 nF, 8.6 nF
Compensation capacitors Cs;, Csy 11 nF, 90.5 nF

Auxiliary DC/DC Converter Parameters
Operating frequency range, f; 31-200 kHz
Transformer windings turn ratio, n 2:3

Magnetizing inductance, L, 23.7 uH
Additional inductance, L, 20 uH
Series resonant-tank inductance, L; 2.4 pH
Series resonant capacitor, C 1070.1 nF
Anti-resonant inductance, L, 2.4 uH
Anti-resonant capacitor, C, 267.5 nF
First series-resonant frequency, f| 68 kHz
Second series-resonant frequency, £, 31 kHz
Series-resonant frequency, f, 100 kHz
Anti-resonant frequency, f,, 200 kHz

TABLE II
SPECIFICATIONS OF THE ACTUAL WOBC BASED EV AND
THE SCALED-DOWN EXPERIMENTAL PROTOTYPE

Parameters Actual Scaled-down
Battery pack voltage 250-400 V 264-402 V
Charging power 7.7kW 1 kW
Operating frequency 81.38-90 kHz 85 kHz

PC95. In addition, the transmitter and receiver of the proposed
system do not need to communicate, and TI DSP28335 is used
as the microcontroller for the proposed PPC-WiOBC system.

B. Steady-State Characteristics in Charging Mode and
Driving Mode

The experimental steady-state output waveforms of the pro-
posed system under CC and CV stages are shown in Fig. 15.
The steady-state output waveforms under CC stage at a load of
140 €2 are shown in Fig. 15(a), where § = 0.28. The steady-state
output waveforms under the CV stage at a load of 236 ) are
shown in Fig. 15(b), where § = 0.43. The V, 4 can be kept at
its reference value of 48 V. Due to the power loss in the WPT
section, V,; may exceed the rated value in Table I. However,
precise output can still be achieved through the regulation of the
auxiliary de—dc converter. It can be observed that V, g, V, 1, and
V. conform to the voltage relationship described in (1).

The measured operational waveforms of the proposed system
in charging mode under CC and CV stages are shown in Fig. 16.
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Fig. 15.  Steady-state DC output waveforms in charging mode under. (a) CC
stage. (b) CV stage.
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Fig. 16. Measured operational waveforms of the proposed PPC-WiOBC sys-
tem in charging mode under. (a) CC stage. (b) CV stage.

It can be seen that the inverter voltage V,; leads both currents
ip1 and i ps, indicating an inductive impedance and the MOSFET
switches of the inverter can achieve ZVS turn-ON. The measured
operational waveforms of the bidirectional LC-LLC converter in
charging mode under CC and CV stages are shown in Fig. 17. It
can be observed that the converter MOSFET switches can achieve

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 5, MAY 2025

T 0 66060 o
ng[SV/le]
e T ja— ]
Ves[20V/div]
N
i,[10A/div]
V,,[20V/div]
Avg  :CHA 78.3050¢ Freq :CH1 58.30904kHz [IOMS/diV]
Stopped 219 Edge CHI £ :File
2024/07/30 13:08:38.54974983 Auto 10.50v 2024/07/30 13:08:56
(a)
e 065060 e B
GulSVMiv] Y g
7ZVS
—— | | S —
" [ F—— H
Vg[20V/div]
i [10A/div]
Vou[50V/div]
Avg  :CH4 128.811Y Freq :CHI 41.20313kHz [IOHS/le]
Stopped 335 Edge CHI £ &:File
2024/07/29 18:11:00.75479679 Auto 10.50v 2024/07/29 18:11:20
(b)

Fig. 17. Measured operational waveforms of the bidirectional LC-LLC mul-
tiresonant DC-DC converter in charging mode under. (a) CC stage. (b) CV
stage.
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Fig. 14. Experimental charging voltage V, 5 and charging current /,  versus
battery resistance R, .

ZVS turn-ON due to the resonant current i,, verifying that this
bidirectional LC-LLC multiresonant converter can maintain the
resonance characteristics of the LLC converter.

In driving mode, the proposed system is only used to supply
power to the AS for EV. The steady-state operational waveforms
of the LC-LLC converter in driving mode are shown in Fig. 18. It
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Fig. 18. Steady-state operational waveforms in the driving mode under.
(a) Vop =264 V. (b) V,p =402 V.
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Fig. 19. Transient waveforms for different R,p step changes under. (a) CC
stage. (b) CV stage. (c) CC to CV stage. (d) AS step.

can be seen that the LC-LLC converter with additional inductor
L,,2 can achieve backward power transfer and meet the HVB
voltage variation range from 264 to 402 V. Consequently, it can
supply power to the AS during driving mode while maintaining
the V, 4 at its reference value of 48 V.

C. Transient Response Against Load Change

The transient waveforms for different battery resistance R,
step changes under the CC stage, CV stage, and CC to CV stage
are shown in Fig. 19. The waveforms under the CC stage with
R, p step changes from 128 to 138 2 are shown in Fig. 19(a).
After the R, p step changes, the response time At of the system in
the CC stage is 79 ms. The waveforms under the CV stage with
R, step changes from 236 to 287 2 are described in Fig. 19(b).
It can be seen from Fig. 19(b) that the response time At of the
system in the CV stage is 13 ms. Fig. 19(c) shows the waveform
of the step change of R, g from 152 to 236 2 during the transition
process of the CC to CV stage. It can be seen from Fig. 19(c)
that the response time At of the system is 99 ms. The transition
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Fig. 20. Measured efficiency of the proposed PPC-WiOBC and the con-

ventional two-stage wireless OBC with different R,p. (a) System efficiency
comparison. (b) Efficiency comparison of each part. (c) Maximum efficiency
point. (d) Minimum efficiency point.

of the AS step corresponds to a change in the 7, 4 step from 1 A
to 1.5 A, illustrated in Fig. 19(d). From Fig. 19(d), the response
time At of the system is 5 ms. From Fig. 19, the control strategy
used in the proposed system can achieve steady-state operation
of the CC/CV charging profile and the transition from the CC to
CV stage, which meets the application requirements.

D. System Efficiency Analysis

The system efficiency analysis compares the proposed PPC-
WiOBC system with the conventional two-stage wireless OBC
structure. Fig. 20(a) illustrates the measured efficiency of the
proposed PPC-WiOBC and the conventional two-stage wireless
OBC for CC/CV charging profile versus different R, values.
Compared to the conventional two-stage wireless OBC, the
proposed PPC-WiOBC system achieves a4.1% higher efficiency
at the maximum efficiency point in the CC charging stage. Even
during the CV charging stage, the efficiency of the proposed
system remains consistently high, with a 7% higher minimum
efficiency compared to that of the conventional two-stage struc-
ture.
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TABLE III
COMPARISONS SEMICONDUCTOR NUMBER AT THE EV SIDE, OUTPUT RANGE, AND EFFICIENCY

[33] [8] [34] [35] [36] [37] [26] [27] This work
Reference (OBC+ (i0BC) (i0BC) (WOBC) (WiOBC) (WOBC) (PPC- (PPC- (PPC-
LDC) WOBC) WOBC) WiOBC)
Charging Plug-in Plug-in Plug-in Wireless Wireless Wireless Wireless Wireless Wireless
type ¢ & & (Single-stage) | (Single-stage) | (Two-stage) (PPC) (PPC) (PPC)
1043 12+0 8+0 6+10
Numberof |5, 15 440 448 248 149
Sand D 6+3 8+0 8+0 6+4
i Chargin Chargin Chargin, Chargin,
Operating Charging - g g - g 5 Charging - g g Charging Charging Charging - g g
mode Driving Driving Driving Driving
Need relay No Yes No No Yes No No No No
C;‘:Jgi:g cc/ev cc/ev cc/ey cc/ev cc ce/ev cc/ev cc/ev cc/ey
Regulation . . . . . . . .
capability High Medium High High Low High Medium Medium High
Wireless
feedback — —_— — Yes No Yes No No No
Regulation Full Full Full Full Full Full Partial Partial Partial
power
Output
power 1-6.6 kW 1-6.6 kW 0.5-3.7 kW 28.8-288 W 0.8-1.2 kW 0.4-3.4 kW 216-432 W 54-250 W 0.1-1 kW
range
Output
voltage 250-450 V| 380-710 V | 240-420 V 32-72V 185-296 V 240-410 V 36-72V 60-84 V 264-402 V
range
Powerratio | - ___ —_ —_ —_ —_ —_ 0.11-0.7 0.1-045 | 0.037-0.49
range
Efficiency 90-93.7% 92-97.7% 94-97.8% 60-90.2% 96% 75-89.6% 88-93% 79-89% 87.2-94.14%

Note: S and D denote switches and diodes, the shaded areas mean the desirable performance.
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Fig.21. Measured waveforms with horizontal misalignment. (a) Steady-state
waveforms with a horizontal misalignment of 10 cm. (b) Misalignment photo-
graph.

Fig. 20(b) illustrates the efficiency of each component, in-
cluding system efficiency, high-voltage side efficiency (yx),
auxiliary side efficiency (14), and LC-LLC efficiency (14.). It
is evident that although the LC-LLC efficiency in the light-load
region is significantly lower, even below 50%, the overall system
efficiency remains consistently high. This can be attributed to
the parameter design outlined in this work, which regulates the

power ratio § at a lower level during the CC charging stage,
resulting in minimal power loss from LC-LLC and thereby main-
taining an elevated overall efficiency. During the CV charging
stage, the power ratio is controlled to be less than 0.7 (0.038—
0.49), and the system efficiency is improved by 7% at the end of
the charging process. The high efficiency of the whole charging
process can be maintained as long as the power ratio § of the PPC
is kept within the high-efficiency constraint range (0 max <0.7).

The proposed PPC-WiOBC system achieves a maximum
efficiency of 94.14% and a minimum efficiency of 87.1%, as
illustrated in Fig. 20(c) and (d), respectively. This consistent
high efficiency throughout the charging process, highlights the
significant advantage of the proposed system over the conven-
tional two-stage WOBC.

E. Misalignment Issue

Meanwhile, an experiment on horizontal misalignment has
constructed and presented the experimental waveform under full
load conditions in Fig. 21. As depicted in Fig. 21(a), following
SAR regulation, the AS voltage V,, 4 stabilized at48 V, while V,,
increased to 320 V. Even after regulation by LC-LLC, the output
voltage V, 5 remained at the reference value of 402 V. Fig. 21(b)
shows a photograph of a coil with a horizontal misalignment of
10 cm.

F. Comparison With the State-of-the-Art Designs

Table III presents a brief comparison of the proposed PPC-
WiIOBC and previous works. The key parameters, including
semiconductor number, operating mode, charging profile, reg-
ulation capability, feedback, power regulation mode, output
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range, and efficiency are summarized. It demonstrates clear
benefits in the regulation range (power and voltage) and effi-
ciency in wireless charging applications. Furthermore, despite
the nondominant presence of semiconductors in this work, it
offers two modes of charging and driving without requiring
additional LDC. In comparison to existing WOBCs with PPC
structure, the range of power ratio ¢ is wider, the minimum power
ratio is lower, and efficiency is higher due to the reasonable
parameter design in the proposed PPC-WiOBC system.

V. CONCLUSION

This article proposes a WiOBC system for EVs based on
PPC to handle wide load ranges during the CC/CV charging
profile while maintaining high efficiency. In comparison to the
conventional two-stage WOBC, most power flows directly to the
high-voltage battery, while a small portion undergoes two-stage
regulation, thus improving the system’s overall efficiency and
reducing regulation power rating requirements. Unlike other
PPC-based WOBCs, the proposed system allows the HVB and
AS to be simultaneously powered by the charging station, Fur-
thermore, the auxiliary dc—dc converter can be controlled to
operate in backward mode, enabling the PPC-WiOBC system
to function in driving mode without requiring an additional
LDC. By introducing an LC-LLC multiresonant converter with
a wide load range and setting PPC under high-efficiency con-
straints, an overall system parameter design process provides
high efficiency across the entire load range with a lower ap-
plication threshold. To validate the approach, a 1 kW experi-
mental prototype was designed using the proposed parameter
design flowchart. Experimental results demonstrate a maximum
efficiency of 94.14% and a minimum efficiency of 87.1%, out-
performing the conventional two-stage WOBC schemes. Espe-
cially, the maximum efficiency increased by 4.1%, while the
light-load region with efficiency improved by 7%.
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