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Abstract—Wireless power transfer (WPT) is an essential
technology enabling automated charging of electric vehicles with
safety, convenience, and flexibility while having high efficiencies.
High-power wireless charging systems will be one of the
dominating charging technologies for electric vehicles (EVs) in an
effort to eliminate range anxiety and reduce charging times similar
to that of gas station refueling practice. Polyphase electromagnetic
coupler with rotating fields is a new bipolar wireless charging pad
technology that can significantly increase the surface power
density (kW/m2) of wireless charging coils. This study proposes a
100-kW wireless power transfer system with a compact vehicle-
side (receiver) coupler that reaches to about 0.905 MW/m2 surface
power density with a transmitter rated for up to 300 kW with 0.68
MW/m2. High-frequency power electronics including the inverter
and rectifier designs are included in this digest along with the
hardware prototype developments and preliminary experimental
results.

Keywords— polyphase coupler, wireless power transfer, electric
vehicle, wireless charging.

I. INTRODUCTION

High-power charging systems are required in order to reduce
the charging times of EVs to reasonable durations that can
enable convenient interstate road trips without needing to wait
for 8-14 hours for recharging which would be the case with
Level-1 and 2 charging stations. The similar expectation exists
in city driving as well for vehicle fleets providing ride-
hailing/ride-sharing services as it would be impractical for those
vehicles to wait for recharging in the middle of the day for
multiple hours. High-power wireless charging is an attractive
solution for fast charging for all types of vehicles that can
automate the charging process without requiring users to handle
high-power and heavy-duty cables and plugs or connectors.
Similar to DC fast charging systems, WPT systems also have
majority of the charging equipment oftboard, which makes them
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more suitable for high-power applications compared to the on-
board chargers.

Most of the existing WPT systems, including the high-power
wireless chargers, are single-phase systems [1]-[3]. Although the
use silicon carbide (SiC) -based power devices in WPT systems
[4], [5] enabled higher power operations, the single-phase
systems were still limited in their maximum power capabilities
that is heavily restricted by the size and mass of the primary and
secondary side coils. Some of those earlier developments of
relatively high-power but single-phase systems include a 20-kW
wireless charging system for a Toyota RAV4 EV [6] with 31.25
kW/m2 surface power density and ~95% dc-to-dc power transfer
efficiency and benchtop demonstrated 100-kW system [7], [8]
with about 200kW/m? with a de-to-dc efficiency of >97% with
a coil weight of about 50 kg. Other notable developments
include a modular 65 kW IPT design with 600 mm x 600 mm
transmitter and receiver pads (180 kW/m?) [9] and the 50 kW
power electronics integrated circular and DD type developments
with both coil types having the same power level and dimensions
with the surface power density of 160 kW/m? [10]. These studies
are the clear indications that existing coupler geometries and
designs reached out to their maximum potential in terms of the
mass and size and more advanced designs must be explored.

This study proposes a polyphase wireless power transfer
system with rotating magnetic fields that can achieve a more
uniform magnetic field distribution allowing significantly higher
space-time field utilization since there are no null points on the
surface generating the magnetic field. Circular, square,
rectangular, and DD type couplers have large areas on their
surfaces with no contribution to the magnetic field generation.
Moreover, in single-phase couplers, instantaneous power is
pulsed across the airgap. With low space-time utilization, fields
oscillate between zero and peak values. In polyphase design used
in this study, phase windings are spatially phase shifted while
the electrical excitation is also phase-shifted. As a result, each
phase transfers some amount of power at a given instant while
the sum of the phase powers always remains constant.
Additionally, polyphase systems inherently have lower current
ripples, and they allow using much smaller dc bus bar capacitors
at the inverter input and rectifier output.

There have been some earlier developments of polyphase
couplers for wireless charging systems. The major difference



between the proposed system and in existing studies is that
previous literature either did not use rotating fields and used
independently exited phase windings [11], [12] or they omitted
[13] or tried to eliminate the mutual inductances between the
same side phase windings since non-zero interphase mutual
inductance was earlier identified as a problem in those studies
[14], [15]. However, this study takes the advantage of cross-
couplings between the same side phase windings. Since the
phases are spatially and electrically phase shifted by 120°, that
is >90°, the mutual inductances between the same side windings
are negative which implies that the magnetic field from these
phases add up together instead of cancelling each other.
Therefore, this approach significantly increases the utilization of
the coupler surface area, resulting in a higher surface power
density in kW/m?.

Some other earlier developments of multiphase systems
include [16], where authors developed a four-coil WPT system
with a tripolar pad-based transmitter and a single-phase receiver
with non-rotating magnetic fields for up to 3.3 kW power
transfer level. Magnetic modeling and simulations of a three-
phase WPT system was presented in [17] with three circular
unipolar coils for up to 10 kW design target. In [18], a 22-kW
system is presented with a total of 12 coils with primary and
secondary sides having 6 phases each. With 6 coils on each side,
magnetic interference occurred between phases, which degraded
the power transfer efficiency hence the interference had to be
cancelled out with coupling factors that were designed such that
they would result in cancellation in the voltage induced on
secondary side. However, the proposed coil design in our paper
has supportive magnetic fields including voltages on the
secondary side that are added up instead of reduced.

The rest of this paper includes the overall system description
in Section II along with development of the hardware prototypes,

Primary-side open-ended dual-winding
inverter (2 3-phase inverters)

Section III presents the experimental results, and Section IV
outlines the conclusion remarks.

II. SYSTEM DESCRIPTION

The overall system level diagram of the proposed wireless
power transfer system is presented in Fig. 1. In an effort to
increase the power level of the proposed system, polyphase
couplers are used in conjunction with an open-ended winding
dual 3-phase inverter architecture on the primary-side. Similarly,
secondary-side rectifier is also based on an open-ended winding
dual 3-phase rectifier architecture. With this system, each phase
winding is driven by an H-bridge inverter and each H-bridge
inverter is 120° phase shifted from each other in order to achieve
rotating magnetic field generation. This approach increases the
power level as compared to a regular 3-phase inverter with delta
(A) or star (Y) connected load. Both primary and secondary side
couplers are compensated with an LCC resonant tuning network,
similar procedure followed in [19], [20] for determining the
component values. While primary-side LCC tuning provides
load and coupling independent constant current behavior on
primary-side coils at resonant frequency, secondary-side LCC
tuning allows reduction in some of the component voltage and
current stresses. As seen on Figure 1, primary side has three-
phase windings that are phase A, B, and C, and secondary side
also has 3 phase windings that are phase X, Y, and Z. The
inductance matrix with the self-inductances of each phase
windings and all the magnetic couplings between them can be
defined by (1) where Ly, Lp, and Lc are the primary-side phase
self-inductances, Lx, Ly, and Lz are the secondary-side phase
self-inductances, Myp=Mp4, Msc=Mc4, and Mpc=Mcp are the
mutual inductances between primary-side phase windings,
Mxy=Myx, Mxz=Mzx, and My;=Mzy are the secondary-side
mutual inductances between secondary-side phase windings,
and Mx=Mx4, May=Mvya, Maz=Mz4, Mpx=Mxs, Mpy=Mys,
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Fig. 1. System level diagram of the proposed polyphase wireless power transfer system.



M, BZ:M 7B, and MCX:M XC, Mcy:M YC, MCZ:M zc arc the mutual
inductances between all the primary and secondary-side phase
windings. The inductance matrix in (1) is diagonally symmetric
under ideal conditions.

[ Ly Mup Myc Mpx Myy MAZ]
|[Mpa Lp Mpc Mpxy Mpy Mpyz|
[Mca Mcg  Le Mcx Mgy Mg

Ideally, in this inductance matrix, while the mutual inductances
between the phases facing each other are positive, that are My,
Mgy, and Mcz, all the other mutual inductances are negative.
Detailed system modeling derivations, input and output power
expressions, and phase voltage and current equations for an
LCC-LCC tuned polyphase system are provided in [21].

A. High-Frequency Inverter and Rectifier Development

The primary-side inverter hardware is shown in Fig. 2
including the engineering design and the actual hardware
development. The polyphase transmitter is powered with an
open-ended winding 3-phase inverters in order to utilize two 3-
phase inverters while one of the inverters is connected to the
phases, the other 3-phase inverter is connected on the return lines
of the phases. The other way to interpret the inverter design is
that each transmitter phase is driven by an H-bridge inverter.

(b)

Fig. 2. Primary-side open-ended winding dual inverter: 3D engineering design
(a) and completed hardware development (b).

The phase angle of Va4> is 0° while Vgp' is 120° and Ve is 240°
to generate rotating fields with phase shifted excitation voltages.

This inverter arrangement doubles the effective output voltage
while maintaining dc-line capacitor size reduction compared to

other options; for instance, two 3-phase inverters operated in
parallel, or series cascaded multi-level inverter. This inverter
uses TDK Ceralink capacitor assembly on the custom design
PCB based dc bus bars that interconnects two phase-leg power
modules together on a custom design heatsink fabricated by
Microcool. The phase-leg power modules are 1200V/356A rated
CAS325M12HM?2 SiC MOSFET modules manufactured by
Wolfspeed/CREE with their CGD16HB62LP gate drivers. The
inverter  gate  signals are  generated from a
TMSF320F28335PGFA DSP (in the middle of the inverter in
Fig. 2 (a)) from Texas Instruments with a CAN interface through
a host computer for controls. Also shown in Fig. 2 (a) are the
differential line drivers and receivers that convert the single-
ended ePWM signals to differential signals for the gate drivers.

The rectifier for the secondary-side uses GeneSiC
GB2X100MPS12-227 silicon carbide Schottky diode modules
with 1200V / 200A rating at 117°C case temperature. The
current rating can go up to 278A if the case temperature can be
maintained at 75°C. With zero reverse recovery current and
minimal forward voltage drop, a high-power and high-
performance rectifier assembly is achieved in a compact size.
Two diodes in the package are connected in parallel and two
separate diode modules are used to form a phase-leg rectifier.
One phase-leg is used for the phase winding while the other
phase-leg module is connected on the return which forms open-
ended winding dual rectifier assembly. Engineering drawing and
the hardware development of the rectifier are shown in Fig. 3.

Output DC bus to
the filter

capacitor and
( battery

(@

(b)

Fig. 3. Secondary-side open-ended winding dual rectifier: 3D engineering
design (a) and completed hardware development (b).

B. High-Frequency Inverter and Rectifier Development

The transmitter and receiver coupler hardware developments
are shown in Fig. 4 (pictures are not to the scale but diameters
are indicated) while Table I shows the coil specifications. The
coil geometry and design are similar to the polyphase design



described in [20] which is based on a two-layer design with 180°
spatial phase-shift between the layers and 120° spatial phase-
shift between the phases of each layer. Transmitter is rated for
up to 300 kW (to support higher charge rates for some other
vehicles) and the receiver is capable for 100 kW power level.
With the given diameters, these couplers have surface power
densities of 0.68 MW/m? for the transmitter and 0.905 MW/m?
for the receiver.

TABLE I: COUPLER SPECIFICATIONS

Parameters Ground Assembly 100 KW Vehicle
(Transmitter) Assembly (Receiver)
Diameter 750 mm 375 mm
Litz Wire 3x4 AWG/phase 1x4 AWG/phase
Litz + Ferrite Thickness | 33.6 mm (18.6+15) 28.6 mm (18.6+10)
Litz + Ferrite Mass 42.2 kg (9.9+32.3) 8.8 kg (2.4+6.4)
Worst Case Losses 2362 W (697+1665) 596 (169+311)
Coil-to-Coil Efficiency 97.4%
Nominal airgap 152 mm

€ 375mm —

© (d)
Fig. 4. Engineering drawing (a) and completed hardware prototype (b) of the
300-kW rated transmitter and engineering drawing (c) and completed
hardware prototype (d) of the vehicle-side receiver.

(a) (b)
Fig. 5. Bottom layer of the polyphase transmitter (a), both layers on top of each
other with 180° rotational phase-shift between layers.

These couplers have two-layer structure with each layer having
3 phases and the second layer is 180° rotationally/spatially
phase-shifted compared to the first layer. While Fig. 5 (a) shows
the three phase windings of the first layer with different colors
for each phase, Fig. 5 (b) shows both layers to better visualize
the design concept.

The inductance matrix of the couplers including all the self and
mutual inductances are given in (2). It should be noted that due
to the random rotational positioning of the secondary coupler,
phase B and Z, phase A and Y, and phase C and X are coupled
with each other more effectively.

149 —422 —407 —-167 103 023
—422 1508 —412 026 -16 1.06

|-407 —412 148 113 03 -152

L=12167 026 113 1582 —-393 —3se|Ml @
103 -16 03 -393 1562 —348
023 1.063 —152 —3.56 —348 15.69

III. EXPERIMENTAL RESULTS

The proposed polyphase wireless charging system is
preliminarily tested for up to 90 kW power level (~100 kW from
input) with a dc-to-dc efficiency (from input dc source to the
output dc load) of 90.83% while the efficiency of the resonant
stage was 97.4%. This resonant stage efficiency takes the coil-
to-coil power transfer losses as well as all the losses on the
primary and secondary LCC type resonant tuning components.
Power analyzer recorded test results are provided in Fig. 6.
Input and output dc voltages, currents, and powers, and the
efficiency are shown in Fig. 6 (a) while Fig. 6 (b) shows the
inverter output and rectifier input voltages, currents, and power
levels for each phase along with the total inverter output power
and total rectifier input power. As shown in Fig. 6 (a) inverter
input voltage and current are 727.55V and 137.11A and the
inverter input power is 99.749 kW while the inverter output
power is 93.52 kW as shown in Fig. 6 (b). This corresponds to
93.76% efficiency on the inverter, which is relatively low. This
is partially due to the slightly imbalanced inverter phase output
currents that are 55.99, 52.81, and 60.98 Amps, respectively.
The other reason is that the inverter input and phase output
voltages are relatively high which reduces the efficiency of SiC
MOSFETs. With slight adjustments on the resonant tuning
inductors of the LCC network, such as adding/removing half a
turn or reducing or increasing the magnetic airgap on the
inductor bobbins, inverter can be moved to a more balanced
condition. At the same time, resonant tuning components on
primary-side can be modified to operate at lower input voltage
for the same output power, to have a “close to unity” resonant
voltage gain to improve the inverter efficiency further. As
provided in Fig. 6 (b), rectifier input power is 91.08 kW while
the rectifier output (dc load) power is 90.6 kW. This result in a
rectifier efficiency of 99.47% which indicates very good
performance on the vehicle-side rectifier.

The inverter output 3-phase measurements (elements 1, 2,
and 3) and the rectifier input 3-phase measurements (elements
4, 5, and 6) are shown in Fig. 7 including the voltage, current,
active, reactive, and apparent power levels, and the power factor
and power angle.
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power recordings (b).
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Fig. 7. Resonant stage (inverter output and rectifier input) measurements.

As shown earlier in Fig. 1, this system has four voltage and
current pairs on the primary-side and four more voltage and
current pairs on the secondary side. Therefore, two different 8-
channel oscilloscopes are used to capture the operating
waveforms of this system with an arbitrary phase-shift (timing
difference) between the primary and secondary side
measurements. The inverter input dc voltage and current and 3-
phase output voltages and currents are shown in Fig. 8 (a)
captured with an 8-channel (4 voltage and 4 current channels)
Yokogawa oscilloscope while another 8-channel Teledyne
Lecroy oscilloscope was used on the secondary side as shown
in Fig. 8 (b). As shown on Fig. 8 (a), RMS readings of the
primary-side voltages and currents are closely matching the
power analyzer results shown in Fig. 6. Slight inverter output
current imbalances are captured on Fig. 8 (a). Compared to the
inverter phase currents, rectifier phase currents are more
balanced, resulting in a higher efficiency rectifier. In addition,
Fig. 8 (b) shows that the rectifier operates at near unity power
factor which contributes to the high efficiency.
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(b)

Fig. 8. Operational waveforms of the proposed system; inverter input dc and
phase A, B, C voltages and currents and the rectifier input X, Y, Z and output
dc voltages and currents.



IV. CONCLUSIONS

This study presents a 100-kW rated wireless power transfer
system using polyphase electromagnetic couplers that have
significantly higher surface and volumetric power densities
compared to existing designs. The prototype development is
validated for up to 90.6 kW as of now with an overall dc-to-dc
efficiency of 90.83% and then inverter output -to- rectifier input
efficiency of 97.4%. Future work will evaluate the inverter
performance improvement with a modified resonant tuning
network for a ‘close to unity’ resonant voltage gain as well as
slight modifications on the resonant tuning inductors of the LCC
network on primary-side to achieve more balanced inverter
output currents.
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