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An Electric Vehicle Wireless Charging System With 400-V and 800-V Battery
Tolerance and Strong Offset Resistance
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and Yiming Zhang , Senior Member, IEEE

Abstract—Electric vehicle charging platforms in the market are
usually rated as 400 or 800 V, so the wireless charging system
of electric vehicles must effectively supply power for these two
voltage platforms. It is also an urgent problem to keep the output
stable in the case of misalignment. The antioffset wireless charging
system based on the reconfigurable coupling coupler is proposed.
A coupling structure is reconfigured by a switch to charge a 400- or
800-V charging platform at the same power level. Simultaneously,
an additional set of quadrupole receiving coils is connected in
series to compensate for the reduced mutual inductance when offset
occurs. To verify the proposed wireless power transfer system, a
scaled-down experimental prototype was built. The results show
that the highest dc–dc efficiency of the system is 93.66% and 94.27%
at the voltage level of 200 and 400 V, respectively, and has good
misalignment tolerance in two perpendicular directions.

Index Terms—Battery voltage, electric vehicles (EVs), misalign-
ment tolerance, wide output voltage range, wireless power transfer
(WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) has become a new
charging method developed rapidly in recent years be-

cause of its advantages of safety and convenience without physi-
cal contact [1]. WPT has been widely used in many fields, includ-
ing electric vehicles (EVs) [2], [3], underwater applications [4],
[5], and multiport charging [6]. As the rise of EVs, it is necessary
to consider compatibility with different charging platforms. As
shown in Table I, the majority of EVs in the market are charging
voltage platforms of 400 and 800 V, and the charging voltages
usually provided are [390 V, 480 V] and [550 V, 915 V] [7]. To
power an EV with two battery levels, its solutions include adding
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TABLE I
BATTERY PARAMETERS OF COMMON EVS

dc–dc converter, reconstructing coupling coupler or phase-shift
control to adapt to different voltage levels [8].

To adapt to the battery grade of two kinds of EVs, a volt-
age/current multiplier (V/I-D) converter is proposed [9], which
is connected to a special H-bridge converter through two series
compensation coupling coils, and the H-bridge converter can be
controlled to switch to series or parallel output to adapt to the
battery voltages of two kinds of EVs. Liu et al. [10] propose
a WPT system based on the series–parallel transformer, which
uses a switch on the output side to control the switching between
the series and parallel output voltages of two channels, so that
the primary and secondary sides of the transformer relate to
different turns ratios to achieve the required voltage gain.

The aforementioned research needs frequency conversion or
changing the input voltage, which undoubtedly increases the
complexity and affects the overall efficiency of the system
[11], [12]. Meanwhile, the stability of output in the case of
misalignment needs to be considered [13], [14], [15]. There are
few discussions about the methods to realize stable charging
when two levels of voltage platforms are misaligned [16], [17].

In this letter, a reconfigurable antioffset wireless charging
system tolerating 400- and 800-V batteries is proposed. The
coils can be reconfigured to adapt to different battery voltages.
The receiving (Rx) coil is composed of two groups of coils, one
of which is a unipolar coil and the other is a quadrupole coil, to
compensate the decreasing mutual inductance when misaligned.
The two groups of Rx coils are connected in series through a
diode rectifier, so that the total equivalent mutual inductance
is the sum of the absolute values of each mutual inductance.
To verify the effectiveness of the proposed WPT system, a
scaled-down experimental prototype has been built, which can
realize stable charging of two levels of voltage platforms under
the condition of vertical offset.
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Fig. 1. Proposed WPT system for 400- and 800-V batteries. (a) Topology. (b)
Equivalent circuit.

II. PROPOSED VOLTAGE DOUBLING SOLUTION

A. System Topology

The proposed WPT system for 400- and 800-V batteries is
shown in Fig. 1(a). VINV and VREC are the inverter and rectifier
dc voltages, respectively. RL is the load resistance. LF is the
compensating inductance. LT1 and LT2 are a set of transmitting
(Tx) coils that can be reconfigured to adapt to different voltage
levels. By adding single-pole double-throw switch Q1 to the
circuit, the proposed system can realize two different output
voltage states. LR1 is the main Rx coil. LR2 is another set of
Rx coils used to compensate for the mutual inductance falling
during offset. MT1R1, MT1R2, MT2R1, MT2R2, MT1T2, and
MR1R2 are mutual inductances. CF, CT1, CT2, CR1, and CR2

are compensation capacitors. The equivalent circuit is shown in
Fig. 1(b). UT (USi) and IFi (IT) (i = 1, 2, indicating the power
supply for 400- or 800-V batteries) are the equivalent ac voltage
and current, respectively. REQi is the equivalent load resistance.
RF, RT1, RT2, and RS are equivalent parasitic resistances. MSi

is the total equivalent mutual inductance. UT, USi, and REQi are
expressed as follows:

UT =
2
√
2VINV

π
, USi =

√
2VREC

π
, REQi =

2RLi

π2
. (1)

RR1 and RR2 are equivalent parasitic resistances. Thus, LS,
CS, and RS can be expressed as

LS = LR1 + LR2, CS =
CR1CR2

CR1 + CR2
, RS = RR1 +RR2.

(2)
The system resonant frequency can be expressed as

ω =
1√

LFCF

=
1√

LR1CR1

=
1√

LR2CR2

=

√
CF + CT1

LT1CFCT1
=

√
1

(LT2 + 2MT1T2)CT2
. (3)

B. 400-V Output

When Q1 is on Contact 1, the Rx coil is provided with
transmission mutual inductance by LT1 with an output voltage
of 400 V, as shown in Fig. 2. As two half-bridge rectifiers are

Fig. 2. Proposed WPT system for 400-V batteries. (a) Topology. (b) Equivalent
circuit.

connected in series, MTS1 is the sum of absolute values of MT1R1

and MT1R2. To reduce the influence of cross coupling, the two Rx
coils are decoupled in the design of magnetic coupling couplers,
namely, MR1R2 = 0. MS1 can be expressed as

MS1 = MTS1 = |MT1R1|+ |MT1R2| . (4)

At ω, ignoring RF, RT1, and RS yields{
IF1 =

M2
S1UT

REQ1L2
F
, IS1 = MS1UT

REQ1LF

IT = UT

ωLF
, US1 = MS1UT

LF
− 2UDiode

. (5)

where UDiode is the ON-state diode voltage drop in the rectifier.
VREC-400 V can be expressed as

VREC−400V =
π√
2

(
MS1UT

LF
− 2UDiode

)
. (6)

CT is designed to be slightly larger than the resonant ca-
pacitance so that the input impedance is inductive, facilitating
achieving zero-voltage switching (ZVS).

The output power and system efficiency can be expressed as

POUT =
U2
S1

REQ1
, η =

POUT

POUT + I2F1RF + I2TRT1 + I2S1RS
.

(7)

C. 800-V Output

When Q1 is on Contact 2, the Rx coils are provided with
transmission mutual inductance by LT1 and LT2 with an output
voltage of 800 V, as shown in Fig. 3. MTS2 is the sum of absolute
values of MT2R1 and MT2R2, and MS2 is the sum of absolute
values of MT1R1, MT1R2, MT2R1, and MT2R2. MTS2 and MS2

can be expressed as

MTS2 = |MT2R1|+ |MT2R2| . (8)

MS2 = |MT1R1|+ |MT1R2|+ |MT2R1|+ |MT2R2| . (9)

At ω, ignoring RF, RT1, RT2, and RS yields{
IF2 =

M2
S2UT

REQ2L2
F
, IS2 = MS2UT

REQ2LF

IT = UT

ωLF
, US2 = MS2UT

LF
− 2UDiode

. (10)
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Fig. 3. Proposed WPT system for 800-V batteries. (a) Topology. (b) Equivalent
circuit.

The output power and system efficiency can be expressed as

POUT =
U2
S2

REQ2
, η=

POUT

POUT+I2F2RF+I2T (RT1+RT2)+I2S2RS
.

(11)
MTS1 and MTS2 are designed to be equal; thus, MS2 = 2MS1.

VREC-800 V can be expressed as

VREC−800V =
π√
2

(
2MS1UT

LF
− 2UDiode

)
. (12)

Compared with the voltage output of 400- and 800-V plat-
forms, the influence of UDiode can be ignored. Therefore,
VREC-800 V can be regarded as twice VREC-400 V, that is

VREC−800V = 2VREC−400V. (13)

III. MAGNETIC DESIGN

The proposed magnetic coupler and the change of mutual
inductance under offset are shown in Fig. 4. The air gap is 75 mm,
so that the appropriate coupling coefficient can be obtained with
the selected coil size. The larger the air gap, the larger the coil
size can be selected. Tx coils LT1 and LT2 are unipolar coils, and
Rx coil group consists of a unipolar coil LR1 and a quadrupole
coil LR2 composed of four triangular coils with alternating
magnetic directions. The two groups of Rx coils are decoupled
from each other. The design dimensions of the coils are all 300
× 300 mm. Considering the transmission distance, the turns of
LT1 and LT2 are slightly adjusted to 19 and 20, respectively,
and the turns of LR1 and LR2 are 5 and 13, respectively. Due to
symmetry, the X- and Y-axis offsets are the same. The number
of turns should be selected to keep MTS1 and MTS2 stable and
ensure the mutual inductance required for charging 400- and
800-V batteries.

IV. EXPERIMENTAL VALIDATION

A 1.5-kW downscaled experimental prototype is shown in
Fig. 5, and equivalent verification is carried out under the work-
ing conditions of 200 and 400 V. The input voltage is 200 V, and
the working frequency is designed at 85 kHz. LT1, LT2, and LR1

are made of 800-strand Litz wire with a diameter of 0.1 mm, and
LR2 is made of 500-strand Litz wire with a diameter of 0.1 mm.

Fig. 4. Magnetic coupler and mutual inductance changes. (a) Magnetic cou-
pler. (b) Offset characteristics of the designed magnetic couplers.

Fig. 5. Photo of the experimental prototype.

TABLE II
PARAMETERS OF THE EXPERIMENTAL PROTOTYPE

When charging 400- and 800-V batteries at the same power level,
the equivalent working resistance load at this time will be four
times different. Therefore, RL2 = 4RL1. The parameters of the
WPT system are tabulated in Table II.

The experimental results of dc charging current and voltage,
dc–dc efficiency, and output power relative to load resistance
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Fig. 6. Calculated and experimental values of dc–dc efficiency and output
power and output voltage relative to load resistance. (a) 200-V output voltage
mode. (b) 400-V output voltage mode.

Fig. 7. Calculated and experimental values of dc–dc efficiency and output
power and output voltage with respect to offset distance. (a) 200-V output voltage
mode. (b) 400-V output voltage mode.

under the working conditions of 200 and 400 V are shown in
Fig. 6. The constant-voltage charging has been achieved.

Fig. 7 shows the experimental and calculation results of dc
charging current and voltage, dc–dc efficiency, and output power
in the offset range of –150 to 150 mm with respect to the X-axis.
Under the condition of the same output power, the equivalent
working resistance load will be four times different, and the
load resistance of the design system when it outputs 200 and
400 V is 30 and 120 Ω, respectively. Only using LT1 as the
Tx coil, the output voltage of 200 V can be obtained, and the
system can output from 177 to 206 V in the offset range of –150
to 150 mm on the X-axis. Using LT1 in series with LT2 as the
Tx coils, an output voltage of 400 V can be obtained, and the
system can output from 380.7 to 414.8 V in the offset range
of –150 to 150 mm on the X-axis. The equivalent verification
can be considered under the working conditions of 200 and
400 V. The efficiency of the system is always above 90.18%,
and the highest efficiency can reach 93.65% and 94.27% under
the working conditions of 200 and 400 V. Therefore, it shows
that the system has the advantages of high efficiency and good
misalignment tolerance.

Fig. 8. Experimental waveforms. (a) 200-V output voltage in the positive
position. (b) 200-V output voltage in the −50-mm position. (c) 200-V output
voltage in the −150-mm position. (d) 400-V output voltage in the positive
position. (e) 400-V output voltage in the −50-mm position. (f) 400-V output
voltage in the −150-mm position.

Fig. 9. Loss breakdown. (a) 200-V output voltage at 30 Ω. (b) 400-V output
voltage at 120 Ω.

TABLE III
COMPARISONS OF THE EXISTING WORKS AND THE PROPOSED SYSTEM

Fig. 8 shows an experimental waveform with a step size of
50 mm and an offset of 0 to 150 mm. When the coupling coupler
is offset, the proposed system can always achieve ZVS during
the offset process. The breakdown of loss is shown in Fig. 9. As
two sets of transmission coils are used, the coil loss is relatively
large. Total loss of capacitor and switch tube under two charging
platforms is less than 40%.

To reflect the advantages of the system proposed in this letter,
the comparison with the existing work is shown in Table III.
In the case of charging two levels of voltage platforms, the
proposed method has smaller coil size and greater antioffset
performance. Compared with [9], this letter can realize the
antioffset performance in two perpendicular directions; Wu and
Chiu [16] and Liu et al. [17] only discuss the charging conditions
under different magnetic flux or different coupling coefficients
and do not propose a method to realize stable output when the
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system is misaligned. This letter proposes a WPT system with
high efficiency and strong offset resistance.

V. CONCLUSION

In this letter, a voltage-level switching WPT system with
400- and 800-V charging with antioffset capability based on
the reconfiguration of the coupling coupler is proposed. The
coupling coupler is reconfigurable through a switch, and a single
Tx coil or two groups of Tx coils are connected in series to adapt
to different battery voltages. One set of unipolar coils is used as
the main Rx coil in the Rx side, and the other set of quadrupole
Rx coils is connected in series with it through a diode rectifier,
so as to provide reduced mutual inductance during offset and
ensure that the mutual inductance is stable when misaligned. A
scaled experimental prototype was built to verify the proposed
WPT system. The system can provide two charging voltages
at the power level of 1.5 kW. The maximum efficiency of the
system is 93.66% and 94.27% at the voltage levels of 200 and
400 V, respectively, and it has good misalignment tolerance in
two perpendicular directions.
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