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ABSTRACT High-power wireless power transfer (WPT) is an attractive option for fast charging of electric
vehicles (EVs), but the power capability of the WPT system is limited by power devices and resonant
elements. This paper presents a scalable modular four-channel WPT system for fast EV charging. Owing to
the modular design, the four-channel system achieves 50 kW output power with low-power Silicon devices,
and the reliability and robustness of the system are significantly improved. Through the coil structure
and placement design, the four-channel magnetic coupler achieves inter-channel decoupling, eliminating
interference between channels, simplifying control logic, and enabling scalable modular design. The four-
channel magnetic coupler also has rotational symmetry, making the system have a balanced tolerance to
misalignment in both lateral and vertical directions. The proposed magnetic coupler is verified by 3-D finite
element method (FEM) simulation. A modular four-channel WPT prototype is built and tested. Experiments
show that the prototype can deliver 50.8 kW to load with 97% dc-to-dc efficiency over a 200-mm airgap in
aligned case, and has a balanced tolerance to misalignment in both the lateral and vertical directions.

INDEX TERMS Wireless electric vehicle (EV) charging, high-power, modular, decoupled coil design,
misalignment tolerance.

I. INTRODUCTION
Nowadays, under the pressure of energy shortage and envi-
ronmental pollution, the electric vehicle (EV) industry has
achieved global expansion. However, there are still some
significant challenges in EVs, e.g., EV batteries take a long
time to charge compared with fueling a gasoline car [1],
and traditional conductive charging of EV requires heavy
gauge cables, which are difficult to handle and unsafe. As a
substitute for conductive charging, wireless power transfer
(WPT), mainly referring to inductive power transfer (IPT),
has attracted a lot of attention in recent years due to the advan-
tages of aesthetics, safety, convenience, and fully automated
charging process [2]. However, WPT still faces the problem
of long charging times especially in some practical applica-
tions, e.g., charging for public transport systems (buses and
electric locomotives) [3]. High-power charging is the key to
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reducing long charging times [4]. Therefore, the demand for
high-power WPT is on the rise [3], [5], [6].

Due to the voltage and current limitations of power elec-
tronic devices, it is a big challenge to increase the power
capability of WPT systems. Some commercial and academic
institutions have proposed high-power WPT systems with a
power level of 50 kW or higher [7]–[9], at the expense of
using wide-bandgap devices such as Silicon-Carbide (SiC).
But the further improvement of system power capability
will still be limited by devices. In addition, in the case of
the limited internal volume of EVs in practical application,
the voltage stress and insulation of resonant elements are
also the bottlenecks in the application of high-power wireless
charging.

To address the above problem, various approaches have
been proposed to circumvent the device and resonant ele-
ment limitations to improve the power capability of WPT
system. A cascaded multilevel inverter is proposed for the
WPT system to improve the power level [10]–[13]. However,
the cascaded structure of the multilevel converter suffers
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FIGURE 1. Block diagram of modular four-channel WPT system.

low reliability due to the series connection of the inverters.
Multiple inverters with low-current semiconductor devices
connected in parallel are proposed to increase the transmitter
current and improve the reliability ofWPT system [14]. How-
ever, the high transmitter current results in high voltage stress
of the resonant elements, whichmakes insulation designmore
difficult. Both of the cascade and parallel connectionmethods
mentioned above only adopt one transmitting coil, which
results in only one power transfer channel in the system. They
all face the problem of low reliability and malfunction when
the fault occurs.

The WPT systems with multiple power transfer channels
that consist of multiple transmitters and receivers are pro-
posed in [15]–[19]. The system power capability is increased
while the current stress of power devices and voltage stress
of resonant elements are reduced. However, there is non-
negligible cross-coupling between multiple power trans-
fer channels, which causes unbalance power sharing and
power circulation among channels, dramatically decreases
the power transfer capability and efficiency [15]. In [17],
the decoupling of two magnetic couplers is realized by the
combination of polarized coils and nonpolarized coils. How-
ever, only 4.73 kW is transmitted in the two-channel system,
and the method is not extendable so the transmission power
capability cannot be further improved through modulariza-
tion. In [18] and [19], altering the relative position of the
two magnetic couplers made of polarized coils is utilized to
eliminate the magnetic coupling between couplers. The two-
channel systems are built with a transmission power of 44 kW
and 7 kW respectively. The method is scalable, but further
increases of modules will face the problem of low space
utilization. In addition, due to the characteristics of polarized
coils, the above-mentioned multi-channel systems suffer the
imbalance of system misalignment tolerance in lateral and
vertical directions, which increases the complexity of EVs
parking in practical application.

TABLE 1. Designed index of modular four-channel WPT system.

In this paper, a modular four-channel WPT system with
decoupled coil design is proposed for fast EV charging.
The modular system contains four identical parallel power
transfer channels, each of which is a complete WPT mod-
ule, consisting of a primary PFC rectifier, an inverter,
a pair of transmitter coil and receiver coil, and a sec-
ondary rectifier. Each module has the same power capa-
bility and the total transferred power is the sum of four
modules. The contributions of this paper are summarized as
follows.

1) Through the modular design, a 50-kW high-power
WPT system is implemented using low-power silicon-
based devices, and the voltage stress of the resonant
elements is reduced. The four channels are identical
and independent of each other, significantly enhancing
the reliability and robustness of the system. Moreover,
the modular design is scalable, the transmission power
capability can be increased further by paralleling more
modules.

2) A structure of an inter-channel decoupled four-channel
magnetic coupler is proposed, which eliminates the
interference between channels, simplifies control logic
and allows for scalable modular design. Because the
magnetic coupler also has rotational symmetry, the sys-
tem has a balanced tolerance to misalignment in both
the lateral and vertical directions.

3) The structure of the combination of Vienna PFC rec-
tifier and cascaded dual full-bridge inverters is pro-
posed to power the transmission coils, which further
reduces the voltage stress of the power devices, for
the voltage stress of the power device is only half of
the DC bus voltage. When compared to the existing
methods of using cascade inverters to achieve high
power [1], [10], [11], [20], the output of the Vienna
rectifier has a natural midpoint, and balanced input
voltage of each inverter can be achieved.

This paper is organized as follows. In Section II, the struc-
ture of the modular four-channel WPT system is illustrated,
and the input and output characteristics of the system are
derived. In Section III, the four-channel decoupled mag-
netic coupler is designed, and its performance is analysed.
In Section IV, the modular circuit is designed. In Section V,
the experimental results for the verification of the proposed
system are presented. In Section VI, the conclusions are
given.
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FIGURE 2. Equivalent circuit model of modular multi-channel WPT
system.

II. MODULAR FOUR-CHANNEL WPT SYSTEM
The block diagram of the proposed modular four-channel
WPT system is shown in Fig. 1, and the system parameters are
shown in Table 1. The proposed system adopts input-parallel
output-parallel (IPOP) topology, which consists of four iden-
tical WPT channels in parallel. Each channel is a complete
WPTmodule that includes a grid side PFC rectifier, a primary
side high-frequency inverter, compensation networks, and a
secondary side high-frequency rectifier. More modules can
be integrated to achieve higher power capability because the
modular design is scalable. Following that, a generalized
modular model with N channels will be developed (N is an
arbitrary number).

The SS topology [21], [22] is adopted for compensation.
Corresponding resonant conditions are given by

ω0 = 2π f0 =
1√
LpiCpi

=
1

√
LsiCsi

(i = 1, 2, . . . ,N ), (1)

where ω0 is the system frequency in rad/s. In accordance
with SAE J2954 standard [23], the proposed system operating
frequency f0 is 85 kHz. The compensation networks can be
compactly represented by matrixes given by

Lp = diag[Lp1Lp2. . .LpN ]

Ls = diag[Ls1Ls2. . .LsN ]

Cp = diag[Cp1Cp2. . .CpN ]

Cs = diag[Cs1Cs2. . .CsN ], (2)

Lp and Ls are multi-channel inductance matrixes, Cp and
Cs are multi-channel capacitance matrixes. ZLp = jωLp,
ZLs = jωLs, ZCp = (jωCp)−1 and ZCs = (jωCs)−1

are the impedance matrixes associated with the inductance
and capacitance matrixes. The fundamental approximation
is used to analyze the basic characteristics of the pro-
posed modular topology. Ignoring high order harmonics,
the multi-channel primary and secondary coil currents are
given by the current vectors Ip = [Ip1 Ip2. . .IpN ]T and
Is = [Is1Is2. . .IsN ]T respectively. The multi-channel out-
put current and voltage are given by vectors Io = [Io1
Io2. . .IoN ]T and Vo = [Vo1Vo2. . .VoN ]T respectively. The
input and output voltage of multi-channel inverters and the
input voltage of the secondary rectifiers are given by vec-
tors Vin = [Vin1Vin2. . .VinN ]T , Vp = [Vp1Vp2. . .VpN ]T ,
and Vs = [Vs1Vs2. . .VsN ]T respectively. Consider the cross-
coupling between channels, the mutual inductance matrixM

FIGURE 3. (a) Magnetic field generated by nonpolarized coil. (b) Magnetic
field generated by polarized coil.

between multi-channel primary and secondary coils, and the
equivalent load matrix Rac seen before secondary rectifiers
are given by

Mp−s =


Mp1−s1 Mp1−s2
Mp2−s1 Mp2−s2

· · · Mp1−sN
· · · Mp2−sN

...
...

MpN−s1 MpN−s2

. . .
...

· · · MpN−sN

 (3)

Mp−p =


0 Mp1−p2

Mp2−p1 0
· · · Mp1−pN
· · · Mp2−pN

...
...

MpN−p1 MpN−p2

. . .
...

· · · 0

 (4)

Ms−s =


0 Ms1−s2

Ms2−s1 0
· · · Ms1−sN
· · · Ms2−sN

...
...

MsN−s1 MsN−s2

. . .
...

· · · 0

 (5)

Rac = diag[Rac1Rac2. . .RacN ]. (6)

Using the fundamental approximation, define

Vp =
4
π
Vin, Vs =

4
π
Vo. (7)

From Fig. 1, Kirchhoff’s voltage law gives

Vp = (ZLp + ZCp)Ip + jω0Mp−sIs + jω0Mp−pIp (8)

jω0Mp−sIp + jω0Ms−sIs = −(ZLs + ZCs)Is − RacIs. (9)

Substituting (1) into (8) and (9), then

Vp = jω0Mp−sIs + jω0Mp−pIp (10)

jω0Mp−sIp + jω0Ms−sIs = −RacIs. (11)

The multi-channel secondary coil current vector can be
calculated as

Is =
Mp−sVp

jω0M2
p−s − (jω0Mp−pMs−s+Mp−pRac)

. (12)

In consideration of the rectifier bridge, the output dc cur-
rent vector can be estimated as

Io =
2
√
2

π
Is. (13)

Combining (7)(12) and (13), the output current of each
channel can be expressed as

Io =
8
√
2Vin

jπ2ω0Mp−s−(jπ2ω0
Mp−pMs−s

Mp−s
+

Mp−p

Mp−s
Rac)
= GVin,

(14)
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FIGURE 4. Orthogonal placement of two DD coils.

where G is the input to output gain matrix of multiple chan-
nels. From (14), when the cross-coupling between channels
exists, the output of each channel is not independent but
influenced by other channels, which affects the power transfer
capacity and ZVS operation, and complicates the control
logic. However, when the multi-channel system is inter-
channel decoupling, G becomes a diagonal matrix, and each
channel output operates as an independent current source.
Therefore, the output of the multiple channels can be paral-
leled, and Vo1 = Vo2. . . = VoN = Vo. Further, the proposed
multi-channel WPT system can be expressed by the equiva-
lent circuit model shown in Fig. 2. When each channel output
is balanced as Io1 = Io2. . . = IoN , the output power of the
multi-channel system is

Po = VoIo = Vo (Io1+Io2. . .+Io4) , (15)

and the equivalent DC load relationship of each channel is

RL1 = RL2. . .= RLN =
Vo
Io
/
N
= NRL. (16)

RL is the actual load connected to the multi-channel sys-
tem, and RL1 ∼ RLN is the equivalent DC load of each
channel.

From (15), the total transmission power capability of the
four-channel system is four times that of the single-channel
system. Therefore, it can be deduced that, under the same
power level, the current stress of power devices of the four-
channel system is one-quarter of that of the traditional single-
channel system.

For high-power WPT applications such as fast EV charg-
ing, the modular design has the following advantages. First,
compared with the single-channel structure, the four-channel
structure at the same power level allows the use of low-
power components, which are typically easier to realize, and
the voltage stress of the resonant elements is relatively low.
Second, increasing power level in a single-channel structure
may necessitate a complete redesign of the power supply.
In contrast, flexible power levels can be realized by par-
alleling different numbers of the module. Third, the four
identical channels of the system can operate independently,
significantly improving the reliability and robustness of the
WPT system. Fourth, the modular structure simplifies the
thermal design of the system, as the heat produced is more
evenly dispersed.

FIGURE 5. (a) Diagonal placement of two DD coils. (b) Simulated
interference coupling coefficient with various rotating angle ϕ.

FIGURE 6. Overall structure of the decoupled four-channel coupler.

FIGURE 7. Top view of the primary coils and structural parameters of a
coil unit.

III. DESIGN OF FOUR-CHANNEL DECOUPLED COILS
A. COIL STRUCTURE SELECTION
In general, there are mainly two categories of coil structure
for IPT systems, i.e., nonpolarized coil and polarized coil.
Nonpolarized coil, such as circular coil and rectangular coil,
generates themagnetic field scattered away from the center of
the coil, as shown in Fig. 3(a). The magnetic field generated
by polarized coils, such as solenoid coil and DD coil, is
distributed along one dimension of the coil only, i.e., either
length or width of the coil, as shown in Fig. 3 (b).

The multi-channel magnetic coupler consists of several
single-channel magnetic couplers in restricted space. If a
nonpolarized coil is utilized as the basic unit to construct a
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TABLE 2. Structural parameters of DD coil unit.

TABLE 3. Simulation results of coupling coefficient between primary coil
Lp1 and other 7 coils in aligned case.

multi-channel magnetic coupler, as the magnetic field gener-
ated by the nonpolarized coil is omnidirectional, no matter
how to adjust the position of each channel coil, the magnetic
field of each channel will inevitably cross-link, the inter-
channel decoupling cannot be realized. Therefore, the design
of the multi-channel decoupling coupler requires the polar-
ized coil as the basic unit. In this paper, the DD coil is selected
as the geometry of the coil unit owing to its higher power
transfer height for a given coil diameter and current [24].

B. PLACEMENT OF FOUR-CHANNEL DECOUPLED COILS
In recent years, many approaches have been reported to elimi-
nate the interference coupling between channels by designing
the placement of two polarized coils. In [19], three types
of relative position between two DD coils are analyzed,
which shows that orthogonal placement has the minimum
cross-coupling compared with lateral placement or vertical
placement, but the diagonal placement of DD coils is not
considered. In [18], the diagonal placement of the two sets of
solenoid coils is proposed to reduce the interference coupling.
The relationship between the rotating angle of the two sets of
coils and interference coupling is simulated, which indicates
that in a certain rotating angle, the interference coupling is
inverted from positive to negative and zero-cross. The diago-
nal placement of DD coils has similar characteristics, which
are verified below.

The diagram of the diagonal placement of two DD coils
is shown in Fig. 5(a). The positions of the two coils are
rotatedwhile keeping the direction of the coils parallel and the
edges close. The rotating angle ϕ is defined in Fig. 5(a). The
coupling coefficient between the two coils is simulated by
3-D finite element method (FEM). The relationship between
various rotating angles ϕ and the simulated interference
coupling coefficient is shown in Fig. 5(b). The interference
coupling between the two coils corresponds to kL1−L2. The
simulation results show that the kL1−L2 is inverted from

positive to negative and zero-cross when the rotating angle ϕ
is between 60 to 70 degrees, and the kL1−L2 is approximately
zero when ϕ is 45 degrees. To utilize the zero point (or the
point close to zero) of the interference coupling, decoupling
between diagonally placed two DD coils can be realized.

FIGURE 8. Simulation results of four-channel magnetic coupler
misalignment. (a) (b) Coupling coefficient between primary coil Lp1 and
other 7 coils. (c) Comparison of normalized system output power under
different misalignment conditions between single-channel and
four-channel system (in the case of the same primary coil current).

Comprehensive consideration of the two placement meth-
ods and space utilization, the placement of four-channel
magnetic coupler with inter-channel decoupling is proposed,
which integrates the orthogonal placement and the diagonal
placement. The overall structure of the designed decoupled
four-channel magnetic coupler is shown in Fig. 6, in which
the secondary side coil and ferrite part covered by aluminum
plates are completely the same as the primary side. The top
view of the primary coils is shown in Fig. 7. It can be seen
that the coupling structure uses the DD coil as the basic
unit, and the four DD coils correspond to the four-primary
inductance Lp1 ∼ Lp4 in Fig. 1. Specifically, adjacent coils
are placed orthogonal (such as Lp1 and Lp2). Non-adjacent
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FIGURE 9. Magnetic field distributions of the magnetic coupler under
different misalignment conditions. (a) Definition of the cut surface.
(b) Fully aligned. (c) X/Y-misalignment = 150 mm.
(d) X/Y-misalignment = 300 mm.

coils are placed parallelly and diagonally, with a rotating
angle ϕ of 45 degrees (such as Lp1 and Lp3). Thus, the inter-
channel decoupling of the four-channel magnetic coupler is
realized while space utilization is maximized. The structural
parameters of the DD coil unit are listed in Table 2, and the
corresponding parameters are shown in Fig. 7.

C. SIMULATION OF COUPLING COEFFICIENT AND
MISALIGNMENT
To verify the inter-channel decoupling of the proposed four-
channel magnetic coupler, the simulation is conducted by
3-D FEM. Since there are 8 inductive coils (Lp1 ∼ Lp4 and
Ls1 ∼ Ls4) in the four-channel magnetic coupler, totaling
28 coupling coefficients can be formed, including four cou-
pling coefficients kp1−s1, kp2−s2, kp3−s3, and kp4−s4 for power
transmission, 24 interference coupling coefficients kpi−sj,
kpi−pj, and ksi−sj (i 6= j). When the primary and secondary
sides of the magnetic coupler are horizontally aligned and the
air gapHgap is 200 mm, the simulation results of the coupling
coefficients between the primary coil Lp1 and the other 7 coils
are shown in Table 3. Since the proposed magnetic coupler is

symmetrical about the center, all the 28 coupling coefficients
in the magnetic coupler can be expressed by the 7 coupling
coefficients of the primary coil Lp1.

The simulation results in Table 3 show that when the pri-
mary and secondary sides are horizontally aligned, the cou-
pling coefficient kp1−s1 for power transmission is 0.261,
while the six interference coupling coefficients between the
channels are two orders of magnitude smaller than kp1−s1,
approximately zero. Therefore, the inter-channel decoupling
of the designed four-channel magnetic coupler is realized
under aligned condition.
The misalignment performance of the proposed four-

channel magnetic coupler is analyzed too. The simulation
results in Fig. 8 (a) and (b) show the coupling coefficient
between primary coil Lp1 and other 7 coils under different
misalignment conditions. Due to the structural characteristics
of DD coupler, a zero-coupling point is provided in lateral
direction (X-axis) at an offset of approximately 34% of the
coil dimension [25]. For the single-channel coupler, the anti-
misalignment performance in vertical direction (Y-axis) is
much better than that in lateral direction (X-axis). When the
lateral (X-axis) misalignment reaches 200 mm, the coupling
coefficient for power transmission drops sharply to almost
zero. Under this condition, the traditional single-channel sys-
tem with DD coils is unable to carry out effective power
transmission.
To compare the misalignment performance between

four-channel magnetic coupler and single-channel coupler,
the system output power in misalignment conditions is ana-
lyzed by simulation. It should be noted that due to the char-
acteristics of the SS topology, when misalignment occurs,
the coupling coefficient decreases, and the power coil cur-
rent will increase, which may exceed the current capacity
of the coil. Therefore, the output power of the system is
measured in the case of the same primary coil current in
aligned condition. Actually, the output power is decreased
under these conditions. It can be deduced from Fig. 6 that
through the design of four-channel coils placement, the mag-
netic coupler has rotational symmetry and the rotation angle
is 90 degrees. Therefore, the proposed four-channel mag-
netic coupler has the same tolerance to misalignment in both
the lateral direction (X-axis) and vertical direction (Y-axis),
as shown in Fig. 8 (c). The simulation results demonstrate
that compared with the traditional single-channel systemwith
DD coils, the proposed modular four-channel system has a
balanced tolerance to misalignment in both the lateral and
vertical directions.
The operating performance of the designed four-channel

magnetic coupler is verified by joint simulation of 3-D FEM
and ANSYS Simplorer. The magnetic field around the four-
channel coils is calculated. Owing to the rotational sym-
metry of the four-channel magnetic coupler, the operating
conditions of each channel can be expressed by the mag-
netic field distribution around the two adjacent channel coils.
A 2-D cut surface is defined in the 3-D model of the four-
channel coils, as shown in Fig. 9(a). Themagnetic field on the
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FIGURE 10. Schematic diagram of the circuit module.

FIGURE 11. Output equivalent model of Vienna rectifier.

cut surface under different misalignment conditions is shown
in Fig. 9(b)(c)(d). It can be seen that with the increase of
misalignment, the delivered power of the channel on the left
is significantly decreased, while the delivered power of the
channel on the right remains high, which agrees well with
the theoretical analysis.

IV. MODULAR CIRCUIT DESIGN
As shown in Fig. 1, each channel of the proposed four-
channel WPT system has a circuit module with the same
specifications. The circuit module includes a grid-side PFC
rectifier, a primary side high-frequency inverter, compensa-
tion networks, and a secondary side high-frequency rectifier.
Taking Channel 1 as an example, the schematic diagram of
the circuit module is shown in Fig. 10.

A. GIRD-SIDE PFC RECTIFIER
The grid-side rectifier is Vienna rectifier. Vienna rectifier has
the characteristics of small passive components scale, high
power density, and high rectification efficiency [26]. The
voltage stress of the rectifier power device is half of its output
DC voltage (Vin1 in Fig. 10), which allows the rectifier to
achieve a higher DC voltage output. For the later stage circuit,
the high-voltage DC bus is beneficial to minimize power coil
current. When the quality factor of the power coil is set, it will
decrease the loss of the power coil and improve the efficiency
of energy transmission.

The discussion on the working principle and control
method of Vienna rectifier is beyond the research scope of
this paper. To facilitate the discussion of the post-stage circuit,
the output of Vienna rectifier can be equivalent to two series
DC voltage sources of equal amplitude, as shown in Fig. 11,
and the voltage relationship follows

Vxy1 = Vyz1 =
1
2
Vin1. (17)

B. PRIMARY SIDE HIGH-FREQUENCY INVERTER
In the proposed modular four-channel system, the current
capacity of power devices in the inverter is one-quarter of
that of the single-channel system at the same power level.
To reduce the voltage stress of the devices at the same time,
a cascaded dual-full bridge inverter is adopted, as shown
in Fig. 10. The input sources of the two full-bridge inverters
are the DC sources Vxy1 and Vyz1 in Fig. 11, which is half
of the DC bus voltage Vin1. The cascaded design reduces the
voltage stress of power devices to half that of the traditional
full-bridge inverter. Therefore, for the 800 V DC bus voltage,
the 650 V withstand voltage silicon-based MOSFET can be
used in both Vienna rectifier and inverter as a cost-effective
option.

Generally, SiC devices are required for a single inverter to
achieve an input and output voltage level of 800 V. In this
paper, the same voltage level can be achieved by Si devices
through the combination of Vienna rectifier and cascaded
inverter. In addition, with the combination of Vienna PFC
rectifier and cascaded dual full-bridge inverters, the balanced
input voltage of each inverter is be achieved because the
output of the Vienna rectifier has a natural midpoint, com-
pared with the existing methods of using cascade inverters
to achieve high power, the problem of device damage caused
by inconsistent voltage stress of the switching devices of the
inverter is avoided.

Since the two input voltage sources Vxy1 and Vyz1 of
the cascaded dual-full bridge inverter are not two isolated
sources, they have a common point y1, so the output of the
upper and lower inverter cannot be cascaded directly, but
are cascaded by the high-frequency transformers Tx1 and Tz1

VOLUME 9, 2021 136089



H. Chen et al.: Modular Four-Channel 50 kW WPT System With Decoupled Coil Design

(turn ratio 1:1). Otherwise, in certain switching states, the DC
voltage sources Vxy1 and Vyz1 would be short-circuited. The
use of the high-frequency transformers also benefits the elec-
trical isolation between the inverter and the post-stage circuit.

The switch driving signals of the two full-bridge inverters
are set to be consistent. Thus, the output voltage vp1 of the
cascaded dual-full bridge inverter is equal to twice the output
voltage vx1 or vz1 of a single full-bridge inverter.

vp1 = 2vx1 = 2vz1 (18)

ip1 = ix1 = iz1 (19)

IPW65R080CFD 650 V/27 A silicon-based MOSFET
from Infineon is selected for the Vienna rectifier and cascaded
dual-full bridge inverter. For half of the maximum DC bus
voltage of 400 V, the rated 650 V of the device has sufficient
margin. In particular, two parallel-connected devices with
80 m� ON-state resistance in TO-247 housings are used for
each switch of the dual-full bridge inverter in order to achieve
low conduction losses.

V. EXPERIMENTAL VERIFICATION
The prototype of the proposed modular four-channel 50 kW
WPT system is shown in Fig. 12. The prototype of the
Vienna rectifier and the cascaded dual-full bridge inverter is
shown in Fig. 13(a) and Fig. 13 (b). The designed DD coils
with parameters corresponding to Table 2 are assembled and
shown in Fig. 13(c). For the permeability and the Steinmetz
parameters of the cores, the ferrite material PC95 is consid-
ered. A litz wire comprising 1600 × 0.1 mm strands and
outer diameter da = 5 mm is used for the winding of the
coils, the recommended current of the litz wire is 47.2 A
(@50 kHz-100 kHz) [27]. Compensation capacitors should
be chosen based on voltage and current ratings, as well as
dimensions. Because of their good thermal stability, low
impact of humidity on capacitance value, and excellent loss
characteristics up to high frequencies, high-power polypropy-
lene film capacitors of type DTR with custom capacitance
values are used. According to the manufacturer, the dissipa-
tion factor of these devices is 1×10−4 (@100 kHz) [28]. The
prototype parameters are shown in Table 4.

Taking Channel 1 as an example, the experimental wave-
form when Channel 1 is fully loaded is shown in Fig. 14.
vx1 and vz1 are the output voltage of the upper and lower
inverter of the cascaded dual-full bridge inverter respectively,
ix1 is the output current of the upper inverter, Vo1 is the output
voltage of the secondary side. The inverter input voltage Vin1
is 750 V, and the load is the single-channel rated load RL1 =
42 �. It can be seen that the output voltage vx1 of the upper
inverter is the same as the output voltage vz1 of the lower
inverter. The peak value of ix1 is 30 A, and the phase of vx1
(vz1) is slightly ahead of ix1 (iz1), so the ZVS is realized. The
secondary output voltage Vo1 is 736 V and the Channel 1 out-
put power is 12.9 kW. The system dc-to-dc transmission

FIGURE 12. The prototype of modular four-channel 50 kW WPT system.

FIGURE 13. The prototype. (a) Vienna rectifier. (b) Cascaded dual-full
bridge inverter. (c) DD coil.

TABLE 4. The prototype parameters.

efficiency is expressed as

η =
Pout
Pin
=

Vo
∑4

i=1 Ioi∑4
i=1 ViniI ini

. (20)

The measured single-channel efficiency is 97.2%.
The experimental waveform when the four channels are

fully loaded is shown in Fig. 15. ix2, ix3, and ix4 are the upper
inverter output current of Channel 2 ∼ 4 respectively, Vo is
the output voltage of the four-channel system. The input volt-
ageVin1 ∼ Vin4 of the four channels are all 750V, and the load
is four-channel rated load RL = 10.5 �. Due to the limited
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FIGURE 14. Waveform when single channel is fully loaded
(single-channel load RL1 = 42 �).

FIGURE 15. Waveform when four channels are fully loaded (four-channel
load RL = 10.5 �).

FIGURE 16. Calculated power loss contributions to the total losses of the
system prototype.

measurement channels of the oscilloscope, the upper inverter
output current ix1 of Channel 1 is not shown in Fig. 15, yet
the waveforms and amplitudes of ix1 and ix2, ix3, ix4 are
almost the same, only the phases are slightly different (the
phases of the four channels are not synchronized). Due to the
tolerance between the components and coils, the four-channel
output voltage is slightly different from that of the single-
channel, which is 730 V, and the output power is 50.8 kW.
The measured dc-to-dc transmission efficiency is 97.0%, and
the calculated power loss distribution is shown in Fig. 16.

The experiments of the four-channel system under mis-
alignment conditions are taken too. The same as the simu-
lation setting, in order to ensure that the coil current does
not exceed the coil current capacity, the output power of the
system here is measured in the case of the same primary
coil current of 30 A (peak) in aligned condition. Therefore,
the output power is decreased under misalignment condi-
tions. The experimental results of each channel output power
under different misalignment conditions are shown in Fig. 17.

FIGURE 17. Normalized system output power under different
misalignment conditions.

FIGURE 18. System output power and efficiency.

To facilitate the display, normalized processing is adopted.
It can be seen that for the single channel, the tolerance to
misalignment in the lateral (X-axis) and vertical direction
(Y-axis) is imbalanced. While for the four-channel system,
the tolerance to misalignment is balanced in the lateral and
vertical directions.

The experimental results of the relationship between sys-
tem output power and efficiency are shown in Fig. 18. It can
be seen that under aligned condition, the efficiency is almost
unchanged during the entire power range. Under the mis-
alignment condition, the maximum power transferability and
the system efficiency are reduced with the misalignment
increase. Under the same misalignment condition, the effi-
ciency is improved with the increase of transfer power. When
a 150 mm lateral or vertical misalignment occurs, the sys-
tem’s maximum output power drops to 23.7 kW with an
efficiency of 94.8%. When a 300 mm lateral or vertical
misalignment occurs, the system’s maximum output power
drops to 10.5 kW with an efficiency of 89.9%.

VI. CONCLUSION
This paper proposes a modular four-channel 50 kW WPT
system with decoupled coil design for fast EV charging.
Owing to the proposed scalable modular design, the sys-
tem achieves 50-kW output power with low-power Silicon
devices, significantly enhancing the reliability and robust-
ness of the system. The transmission power capability can
be further increased by adding more modules. Through the
selection of coil structure and design of four-channel coils
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placement, the magnetic coupler of the four-channel system
achieves inter-channel decoupling, thereby minimizing chan-
nel interference, simplifying control logic, and enabling a
scalable modular design. Additionally, the magnetic coupler
is constructed with rotational symmetry, which provides a
balanced tolerance for misalignment in both the lateral and
vertical directions. The proposed magnetic coupler design is
verified by 3-D FEM simulation. A four-channel WPT proto-
type is built to verify the proposed system. The experimental
results demonstrated that the proposed modular four-channel
WPT system can deliver 50.8 kW to the load with 97%
dc-to-dc efficiency over a 200-mm airgap in the aligned case,
and has a balanced tolerance to misalignment in both the
lateral and vertical directions.

However, when compared to the conventional single chan-
nel WPT, this method reduces the cost of switching devices
but increases the cost of other elements (controllers, coils,
magnetic cores). Additionally, the coil power density is rel-
atively low, with a total transmission capacity of just 50 kW
via four pairs of 600mm ∗ 600mm coils, so the approach is
only suited to large vehicles such as buses. It can be further
investigated to increase coil power density, and reduce EMI
emission via multi-channel synchronous control.
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