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Abstract—This paper introduces a high-performance kilowatt-
scale large air-gap multi-modular capacitive wireless power
transfer (WPT) system for electric vehicle (EV) charging. This
multi-modular system achieves high power transfer while
maintaining fringing electric fields within prescribed safety limits.
The fringing fields are reduced using near-field phased-array
field-focusing techniques, wherein the adjacent modules of the
multi-modular system are out-phased with respect to one another.
The inter-module interactions in this multi-modular system are
modeled, and an approach to eliminate these interactions in a
practical EV charging environment is proposed. A prototype 1.2-
kW 6.78-MHz 12-cm air-gap multi-modular capacitive WPT
system comprising two 600-W modules is designed, built and
tested. This prototype system achieves 21.2 KW/m? power transfer
density and a peak efficiency of 89.8%. This multi-modular system
also achieves a fringing field reduction of 50% compared to its
individual modules.

Keywords—wireless power transfer; capacitive wireless power
transfer; large air-gap; electric vehicle; high efficiency; high power
transfer density; matching networks; high frequency; near-field
Pphased array field focusing

L INTRODUCTION

Market penetration of electric vehicles (EVs) remains low,
with EV sales in the US accounting for under 1% of total vehicle
sales [1]. Major challenges in widespread EV adoption are high
cost, limited range and long charging times, due to limitations in
battery technology. An effective approach to overcome these
challenges is to substantially reduce on-board energy storage
and instead utilize dynamic (in-motion) wireless power transfer
(WPT) to deliver energy to the vehicle from the roadway. WPT
for EVs can be achieved either using magnetic fields between
inductively coupled coils, or using electric fields between
capacitively coupled plates. Inductive WPT systems require
ferrites for magnetic flux guidance; these ferrites are expensive,
heavy, fragile, and necessitate a low operating frequency to limit
core losses [2], resulting in relatively large system size. In
contrast, capacitive WPT systems do not require ferrites and can
operate at high frequencies, allowing these systems to be less
expensive, more efficient, lighter, more compact and easier to
embed in the roadway. Large air-gap capacitive WPT for EV
charging applications has been recently examined in [3]-[16].
Owing to the large air-gap and the limited area available under
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the vehicle chassis (which together result in a very small
coupling capacitance), designing high-power high-efficiency
capacitive WPT systems for EV charging is very challenging.
Furthermore, in practical implementations of these systems, it is
imperative to maintain fringing electric fields below the
prescribed safety limits [17].

This paper introduces a high-performance large air-gap
multi-modular capacitive WPT system suitable for EV charging.
This system achieves high power transfer at high efficiency
using an innovative design approach that involves the modeling
and mitigation of inter-module interactions, and maintains
fringing electric fields within safety limits using near-field
phased-array field-focusing techniques [3]. A prototype 1.2-kW
6.78-MHz 12-cm air-gap multi-modular capacitive WPT system
comprising two 600-W modules, each utilizing 12.25-cm X
12.25-cm capacitive coupling plates has been designed, built
and tested. The prototype system transfers up to 1275 W,
achieving a power transfer density of 21.2 kW/m? and a peak
efficiency of 89.8%. The two modules of the prototype system
are phased relative to one another by 180°, resulting in a 50%
reduction in the measured fringing electric fields compared to a
single 600-W module.

The remainder of this paper is organized as follows: Section
II introduces the architecture of the multi-modular capacitive
WPT system. Section III presents an approach to model and
mitigate the inter-module interactions in this system.
Experimental results from the prototype multi-modular
capacitive WPT system are presented in Section IV. Finally,
Section V summarizes and concludes the paper.

II. MULTI-MODULAR CAPACITIVE WPT ARCHITECTURE

The architecture of a large air-gap multi-modular capacitive
WPT system for EV charging is shown in Fig. 1. Wireless power
transfer in the individual modules of this system is accomplished
using two pairs of conducting plates, one pair embedded in the
vehicle chassis, and the other embedded in the road. Each
module comprises a high-frequency inverter and rectifier, and
two matching networks that enable effective power transfer by
providing voltage and/or current gain and reactive
compensation. The inverter converts the dc voltage at the input
of the module to a high-frequency ac voltage. This ac voltage is
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Fig. 1: Architecture of a multi-modular capacitive WPT system. Each
module comprises two pairs of coupling plates, a high-frequency inverter
and rectifier, and matching networks that provide gain and reactive
compensation.

stepped up by the matching network, creating a high voltage at
the road side of the coupling plates. On the vehicle side of the
coupling plates, the second matching network steps the current
up (and the voltage down) to the level required to charge the
vehicle battery, and a rectifier then converts the ac current (and
voltage) to dc. Additionally, the two matching networks together
compensate for the capacitive reactance of the coupling plates.
The inverters of the adjacent modules of this multi-modular
system are operated with a phase-shift relative to one another.
By appropriately selecting this phase-shift, the fringing electric
fields generated by adjacent modules can be canceled, ensuring
that the field strengths in areas of concern, such as the regions
beyond the vehicle chassis, are maintained below prescribed
safety limits.

III. MODELING AND MITIGATION OF INTER-MODULE

INTERACTIONS

The couplers in each module of the multi-modular capacitive
WPT system of Fig. 1 would ideally be equivalent to two
coupling capacitances. However, several additional parasitic
capacitances exist in a practical EV charging scenario, as shown
for a two-module capacitive WPT system in Fig. 2. Figure 2(a)
shows these capacitances as viewed from the front/rear of the
vehicle, and Fig. 2(b) provides a side view. These parasitic
capacitances create undesirable intra-module and inter-module
interactions, which can severely degrade power transfer and
efficiency, particularly when operating at high (multi-MHz)
frequencies. Therefore, to achieve high power transfer levels
and high efficiencies, it is important to identify ways to decouple
the individual modules from one another, and absorb the
parasitic capacitances within each module. Such an approach is
discussed below.

A circuit schematic of the two-module capacitive WPT
system incorporating the parasitic capacitances, and utilizing L-
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Fig. 2: The various capacitances present in a two-module capacitive WPT
system in a practical EV charging environment: (a) viewed from the
front/rear of the vehicle, and (b) viewed from the side of the vehicle.

section matching networks for gain and compensation, is shown
in Fig. 3(a). The two modules have identical designs, and their
inverters are operated at a relative phase-shift of 180° to
maximize fringing field cancelation. Using phasor analysis
under this 180°-phased condition, it can be shown that the effect
of the inter-module plate-to-plate capacitances (labeled as C,

in Fig. 3(a)) can be modeled using capacitances of the same
magnitude appearing inside the individual modules, as shown in
Fig. 3(b); hence, partially decoupling the two modules. This can
be understood as follows. Since the two modules are phased
apart by 180°, the node P, in the top module is at the same
voltage as the node Pg in the bottom module, both relative to the
inverter ground. Therefore, the current that flows from node P,
in the top module to node Ps in the bottom module through the
inter-module capacitance C,,;," can be equivalently modeled by
the same current flowing between nodes P; and P, of the top
module, through a capacitance of the same value C,,,,". Similarly,
the other inter-module capacitance C,,," between nodes P, and
P can be modeled by a capacitance of the same value between
nodes P; and Py of the bottom module. A similar modeling
approach applies to the vehicle-side inter-module plate-to-plate
capacitances. The two modules in Fig. 3(b) are still coupled to
one another through the plate-to-road capacitances, Cy, and
Cpy', and the plate-to-vehicle capacitances, C,, and Cp,,". The
effect of these capacitances is mitigated by enforcing circuit
symmetry, wherein the inductors of the L-section matching
networks in both modules (L; and L,) are split into two equal
halves, one in the forward and the other in the return path, as
also shown in Fig. 3(b). This ensures that the voltages at the two
same-side coupling plates in each module (for instance, nodes
P; and P, in Fig. 3(b)), relative to the road and vehicle chassis
(nodes R and V in Fig. 3(b), respectively), are equal in
magnitude and opposite in phase. As a result, the current that
flows through one pair of coupling plates in a module is equal to
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Fig. 3: Circuit schematic of a two-module capacitive WPT system: (a) with the inter-module parasitic capacitances shown based on their physical manifestation,

and (b) with the two modules effectively decoupled by: (1) an equivalent model for the inter-module plate-to-plate capacitances (Cy,

", valid when the modules

are operated 180° out of phase, allowing the Cp,,'s to be absorbed within the individual modules, and (2) by eliminating the effect of the other inter-module

capacitances through symmetrically split inductor design.

the return current through the other pair in the same module;
hence, the two modules appear fully decoupled. Furthermore, in
this symmetrically-designed decoupled system, the parasitic
capacitances can be used to fully realize the matching network
capacitors of the individual modules, as shown in Fig. 4, where

Cpr Cpy! _ ’
Cpst (= Cop + Cop’ + 2+ ) and Cpez (= Copp + Gy’ +
Cpy | C . .
%+p77’) are utlllzed as the required matching network

capacitances. This eliminates the need for discrete capacitors
that are prone to dielectric breakdown, and enables the parasitic
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Fig. 4: Circuit schematic of the two-module capacitive WPT system with matching network capacitances realized using parasitic capacitances.
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capacitances to enhance, rather than degrade, power transfer.
Note that this approach to modeling and mitigating inter-module
interactions and absorbing parasitic capacitances into the
matching networks of individual modules can be extended to a
multi-modular system comprising a higher number of modules.

The L-section matching networks of the capacitive WPT
system of Fig. 4 provide voltage and/or current gain, and
compensate for the reactance of the coupling plates. A
framework for optimally designing the matching networks of a
single-module capacitive WPT system was presented in [7], and
guidelines for ensuring that the inductors of these matching
networks have sufficiently high quality factors and self resonant
frequencies were presented in [8]. The work in [12] leverages
the framework and guidelines of [7] and [8] to develop a
comprehensive design methodology for designing the matching
networks of a single-module capacitive WPT system. Since the
modules of the multi-modular system presented here are
effectively decoupled using the above-described approach, the
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Fig. 6: Measured waveforms of the prototype multi-module capacitive
WPT system operating at 1275 W: (a) inverter switch node voltages and
currents of module 1, (b) inverter switch node voltages and currents of
module 2, and (c¢) system input voltage and current, and the output voltages
of the two modules.
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Fig. 5: Photograph of the prototype multi-modular capacitive WPT syste.

methodology of [12] is utilized to design the matching networks
of each module.

IV. PROTOTYPE DESIGN AND EXPERIMENTAL RESULTS

A prototype 1.2-kW 6.78-MHz 12-cm air-gap multi-
modular capacitive WPT system utilizing 12.25-cm X 12.25-cm
coupling plates is designed, built and tested. This prototype
comprises two identical 600-W modules similar to those shown
in Fig. 3, with the one difference being that the rectifier and
battery are emulated by resistors. A photograph of the prototype
system is shown in Fig. 5. The aluminum sheets visible in Fig.
5 are used to mimic the road and the vehicle chassis, and the
vertical distance between these sheets and the coupling plates is
controlled to realize the desired matching network capacitances.
The matching network inductors are realized as single-layer air-
core solenoids. Values of the coupling capacitance, the matching
network inductances and capacitances, and the load resistance
of the prototype system are provided in Table I. The inverters of
the prototype system are constructed using 650-V 22.5-A GaN
Systems GS66506T enhancement-mode GaN transistors.
Measured waveforms of the prototype multi-modular system
while transferring 1275 W are shown in Fig. 6. It can be seen

TABLE I. SELECT CIRCUIT PARAMETERS OF THE PROTOTYPE
CAPACITIVE WPT SYSTEM

Ly [pH]
53

L, [uH]
53

Rload [Q]
45

Cpsz [pF]
9.58

Cplate [pF]
0.88

Cpsl [pF]
9.58

Efficiency [%]

100 300 500 700 900 1100 1300
Output Power [W]

Fig. 7: Measured efficiency of the multi-modular system as a function of
its output power.
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from Figs. 6(a) and 6(b) that the inverters of both modules
operate with zero-voltage switching (ZVS). The measured
efficiency of the multi-modular system is shown as a function of
its output power in Fig. 7. As can be seen, the prototype system
maintains a flat efficiency across the entire output power range,
and achieves a peak efficiency of 89.8%. The 1.2-kW prototype
achieves a power transfer density of 21.2 kW/m?, which, to the
authors’ best knowledge, is more than five times higher than the
state-of-the-art in capacitive WPT systems, and comparable to
inductive WPT systems for EV charging.

The fringing electric fields of the 1.2-kW multi-modular
system have also been measured. For these measurements, the
system was operated in three configurations: first, with only one
module active and delivering 500 W; second, with both modules
active, delivering a total of 1 kW, and operating at 0° phase
relative to one another; and third, with both modules active, again
delivering 1 kW, but operating at 180° phase relative to one
another. A plot of the measured fringing electric field magnitude
as a function of distance from the edge of the coupling plates for
all three configurations is shown in Fig. 9. As can be seen from
Fig. 8, the fringing fields in the 0°-phased 1-kW multi-modular
configuration (shown in red) are significantly higher than those
in the 500-W single-module configuration (shown in blue).
However, the fringing fields in the 180°-phased 1-kW multi-
modular configuration (shown in green) are substantially lower
than even the 500-W single-module configuration, with an
average reduction of nearly 50%. This reduction in fringing
electric fields enables the 180°-phased 1-kW multi-modular
system to meet the 33.4 V/m ICNIRP electric field safety limit
[17], shown in black in Fig. 9, at a distance of 36 cm away from
the edge of the coupling plates, as compared to a distance of 58
cm for the 500-W single module and 85 c¢m for the 0°-phased 1-
kW system.

V.

This paper introduces a high-performance kilowatt-scale
large air-gap multi-modular capacitive WPT system for EV
charging. This multi-modular system achieves high power
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transfer levels while reducing fringing electric fields using near-
field phased-array field-focusing techniques. The inter-module
interactions in this multi-modular system are modeled, and an
approach to mitigate these interactions in a practical EV
charging environment is introduced. A prototype 1.2-kW 6.78-
MHz 12-cm air-gap multi-modular capacitive WPT system
comprising two 600-W modules is designed, built and tested.
This prototype system achieves a power transfer density of 21.2
kW/m? and a peak efficiency of 89.8%. The prototype multi-
modular system also achieves a fringing field reduction of 50%
compared to its individual modules.
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