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Abstract—Polyphase wireless power transfer (WPT) systems
can achieve much higher surface power densities (kW/m?) and
specific power levels (kW/kg) compared to the conventional
circular single phase WPT systems. Therefore, polyphase WPT
systems can reduce the size, weight, volume, and cost of the WPT
systems and can simplify the electric vehicle integration with less
demand for space. This study presents the high-performance and
compact 100-kW  WPT development using polyphase
electromagnetic coupling coils with rotating magnetic fields.
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I. INTRODUCTION

Polyphase WPT system can be an enabling technology to
achieve high-power levels for wireless charging systems with
reasonable size and volume, even suitable for light-duty
passenger vehicles. Currently, Society of Automotive Engineers
(SAE) J2954 Standard is limited to 11-kW power level with
receiver coil size of 420-by-420 mm [1] which is possibly the
maximum size that can be integrated into light duty passenger
vehicles. At the same time, there are efforts to standardize higher
power levels (i.e., 22-, 50-, and 75-kW power levels) as the
automotive Original Equipment Manufacturers (OEMs) and
customers demand higher power levels. Achieving higher power
levels in smaller sizes necessitates advanced coil geometries and
designs, offering substantially higher power densities that the
conventional single-phase circular/square geometries cannot
offer. However, most of the existing WPT systems are
predominantly single-phase configurations [2]-[9]. While the
adoption of the Silicon Carbide (SiC)-based power devices in
WPT systems have facilitated higher power and higher
frequency operation, single-phase architectures remain
constrained in their maximum power capabilities. These
limitations are primarily dictated by the size and mass of the
primary and secondary coils, which restrict scalability.
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Several notable high-power single-phase WPT developments
illustrate these constraints. For instance, a 20-kW wireless
charging system designed for the Toyota RAV4 EV [10]
achieved a surface pSower density of 31.25 kW/m? with
approximately 95 % dc-to-dc efficiency. Similarly, a benchtop
demonstration of a 100-kW system [11], [12] demonstrated an
impressive surface power density of ~200 kW/m?, exceeding 97
% dc-to-dc efficiency, albeit with a substantial coil weight of
around 50 kg. Other significant advancements include a modular
65-kW Inductive Power Transfer (IPT) design featuring 600 mm
x 600 mm transmitter and receiver pads, yielding a power
density of 180 kW/m? [8]. Additionally, the development of 50-
kW power electronics-integrated circular and Double-D (DD)-
type coil configurations achieved a surface power density of 160
kW/m?, with both coil types maintaining the same power level
and dimensions [13].

These advancements clearly indicate that current coupler
geometries and designs have reached their practical limits in
terms of size and mass. To push beyond these constraints, more
advanced and innovative designs must be explored to enhance
power density, efficiency, and scalability in next-generation
WPT systems that are polyphase designs [14]-[22]. This study
presents the design and development of a 100-kW polyphase
wireless power transfer system with a 750-mm diameter
transmitter coil and a 375-mm diameter receiver coil along with
their power electronic converters. MATLAB/Simulink circuit
simulation results are provided for the LCC-LCC tuned primary
and secondary sides, along with the experimental results closely
matching the 100-kW polyphase WPT simulation results.

II. SYSTEM DESCRIPTION

The proposed system is composed of an open-ended winding
inverter on the primary side, LCC-LCC resonant tuning
network, primary and secondary (transmitter and receiver) coils,
an open-ended rectifier on the vehicle side, and the load (battery
pack) at the output of the system. Compared to the conventional
three-phase architectures utilizing three half-bridges, open-
ended winding design uses two half-bridges or three full-
bridges, driving each phase with a dedicated full-bridge inverter
with the main advantage of reducing the output phase current by
half while doubling the effective output voltage at the inverter
output. In this system, each phase winding is powered by an H-
bridge inverter, with each inverter phase-shifted by 120° to
generate a rotating magnetic field.
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Fig. 1. Polyphase wireless power transfer system design with open-ended winding inverter and rectifier.
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This configuration enhances power capability compared to a 0Cy 0Cy '
conventional three-phase inverter with either a delta (A) or star , 1 1
(Y) connected load. Both the primary and secondary side oLy- ——=——=0wly %)

couplers utilize LCC resonant tuning network, following the
methodology outlined in [14] and [20] for determining
component values. The primary-side LCC tuning ensures a
constant current behavior that is independent of load and
coupling conditions at the resonant frequency. Meanwhile, the
secondary-side resonant tuning network facilitates voltage and
current conversion between the coils and the rectifier input
feeding the load or battery. As illustrated in Figure 1, the
primary side consists of three-phase windings labeled 4, B, and
C, while the secondary side features corresponding three-phase
windings labeled X, Y, and Z.

In this three-phase six winding WPT design, each winding
has a cross coupling (mutual inductance) with each other.
Therefore, a 6-by-6 inductance matrix can be used to describe
the self and mutual inductances as shown in (1).
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Due to the non-zero interphase mutual inductances, the
polyphase WPT system requires using an effective equivalent
inductance for each phase for resonant tuning network design.
As an example, the phase-4 equivalent inductance for the
primary-side and the phase-X equivalent inductance for the
secondary-side can be expressed by:

Ly=Ly-Myp +Mpe-Myc 2

Ly=Ly - Myy + My; - My, 3)

Therefore, the resonant tuning inductors and capacitors for
primary-side can be computed by (4) and for the secondary-side
by (5), respectively.

IITI. SYSTEM PARAMETERS AND SIMULATION RESULTS

The inductance matrix of the proposed polyphase wireless
power transfer system is provided in (6) and the resistance
matrix is given in (7) while the resonant tuning components are
listed in Table 1. The transmitter and receiver coil rendered
drawings are provided in Fig. 2.

[1756 -4.65 -4.60 2.15 -1.87 —064]

|-465 17.12 -4.65 -0.65 2.44 -1.79
4.60 -4.65 17.65 -1.86 -0.76 2.33
L=1315 065 186 1479 412 401 |4 ©
l-1.87 244 -0.76 -4.12 14.87 -4.22J
0.64 -1.79 233 -4.01 -422 15.02
[15 0000 O]
1500 0
|o 0150 0 0| ™
|o 00220 o|
000 22

lO 0000 22J
In this design, a load voltage of 560 V was considered to
represent a vehicle with 800 V battery platform with an almost
fully depleted (state-of-charge < 10 %) battery. At this voltage
and power level, the equivalent resistive load would be:
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TABLE L THE PARAMETERS OF THE WPT SYSTEM

Parameter Value Unit
Lu=Lp=Lc 5.97 pH
Cu=Cp=Csc 0.65 uF
Csa=C=Csc 0.24 uF
Lix=Lyy=Lsz 10.56 pH
Cx=Cn=Csz 0.38 uF

CsX: CsY: CsZ 0.422 }J,F

Rload 3.1 Q

Vdciin 570 A\

Idc_in 183.9 A

Vdc_out 5577 A\

Idc_aut 179.9 A

TX diameter 750 mm

RX diameter 375 mm

TX wire structure 3x4 AWG wires / phase, 3 turns
RX wire structure 1x2 AWG wires / phase, 3 turns

@ =750 mm 0.68 MW/m’

0.4 m?

(a)

@ =375 mm 0.905 MW/m?

(b)

Fig. 2. The design of the transmitter (a) and receiver (b) side polyphase coils.

For the input dc voltage, the boost power factor rectification
0f400 V three-phase system was considered, that would provide
about 570 V dc input at the primary-side inverter. Under these
conditions, the inverter output three-phase voltages and currents
are provided in Fig. 3 (a) while Fig. 3 (b) shows the vehicle-side
rectifier input voltages and currents.

Here, the currents are negative when the inverter is turned
on, indicating zero turn-on losses in the inverter with the Zero-
Voltage-Switching (ZVS) operation while there is a small turn
off current when the inverter is turned off for each phase with
minimal turn off switching losses. On the other hand, rectifier is
inherently running at unity power factor as the rectifier currents
flow only when the voltage exists to forward bias the rectifier
diodes
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Fig. 3. Simulation results of the polyphase WPT system inverter output
voltages and currents on transmitter side (a) and rectifier input voltages and
currents on the receiver side (b).

At the same time, transmitter coil currents are presented in
Fig. 4 (a) while the receiver coil currents are presented in Fig. 4
(b). On the transmitter, each phase carries about 166 Amps Root
Mean Square (RMS) current. With 3 wires in parallel per phase,
each wire on the transmitter carries 55.33 Amps RMS
approximately. On the receiver side, each phase carries about 97
Amps RMS at these conditions at 100 kW power transfer to the
load.
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Fig. 4. Experimental results of the polyphase WPT system inverter output
voltages and currents on transmitter side.
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Fig. 5. Experimental results of the polyphase WPT system rectifier input
voltages and currents on the receiver side.

TABLE II. EXPERIMENTAL RESULTS OF THE POLYPHASE WPT SYSTEM
Primary side Values Secondary side Values
Vdciin 5723V Vdciout 5551V
Idciin 199.03 A Idciout 163.87 A
Vixa 565.5V Vixa 5552V
Iixa 5578 A Irxa 67.19 A
Vixs 560.6 V Vixs 566.2 V
Iixs 78.74 A Irxs 69.24 A
Vixc 556.5V Vixc 564.0 V
Iixc 68.69 A Lixc 69.12 A

Simulation results show that inverter output currents are
approximately 72 Amps RMS while the rectifier input currents
are about 70 Amps RMS. According to the dc input voltages and
currents and dc output voltages and currents shown in Table I.,
the input power is recorded 104.823 kW and output power is
recorded 100.33 kW which corresponds to a dc-to-dc efficiency
of 1, oae = 9571 %.

It should be noted that in the simulation model, 5 mQ
internal resistance was assumed for all the resonant tuning

components, with an additional 1 mQQ resistance at the inverter
and rectifier input and output interconnections while the on-
resistance (Ras on) 0f 3.25 mQ for inverter MOSFETs and 2 V of
forward voltage drop (V) for rectifier and 2 mQ of contact
resistance for each diode were considered.
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Fig. 6. The dc-to-dc efficiency of the polyphase WPT system in experimental
studies at 100 kW output power.

In the experimental results, the current and voltage results at
the output of the inverter on the transmitter side are given in Fig.
4, and the current and voltages at the rectifier input on the
receiver side are given in Fig. 5. In the experimental studies, 100
kW of power was transferred to the receiver side. The dc-to-de
efficiency of the WPT system was measured as 96.336 % and is
given in Fig. 6. Under this power, the dc bus voltage at the WPT
system input (V. in) was measured as 572.3 V and the voltage
at the output (Vac o) was measured as 555.1 V. Table II shows
the dc bus and phase current voltage values for the dc transmitter
and receiver sides.

This study presents a 100-kW polyphase WPT system
design, modeling, and simulations for EV charging applications.
The proposed system’s power electronics architecture uses
open-ended winding inverter and rectifier for the highest
flexibility in the power electronic. The experimental test
photograph is given in Fig. 7.
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Fig. 7. Experimental test setup of the polyphase WPT system.



IV. CONCLUSIONS

This study presents a 100-kW polyphase WPT system
design, modeling, simulations, and experimental validation for
an EV charging application. The proposed system’s power
electronics architecture uses open-ended winding inverter and
rectifier for the highest flexibility in the power electronic
converters while offering simplicity in scaling up the power
capability of the converters. Simulation results indicate 95.7 %
and experimental results measure 96.336 % efficiency at 100
kW power transfer level, considering all the realistic parasitic
and losses in the system components including power
electronics, resonant tuning networks, and the coils.
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