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Abstract—In this paper, a near-field phased-array cancellation
technique for a modular and scalable capacitive wireless transfer
system is presented. The application is for kW power transfer
to static electric vehicles and vehicles in motion. The goal of the
distributed array approach is to increase maximum transferable
power while decreasing the external electric field produced by
the WPT system, accomplished by field focusing through phase
control. Full-wave simulations show that high power transfer
efficiency with an accompanied 40% reduction in maximum
external field can be accomplished with an 8-element array with
180◦ alternating phase difference between adjacent elements. A
comparison is made for allocated bands at 6.78, 13.56 and 27.12
MHz showing improved focusing with increasing frequency. A
system prototype at a scaled power level is currently being
designed, taking account tradeoffs in circuit element loss and
focusing loss.

Keywords—Capacitive, Wireless Power, Electric field cancella-
tion.

I. INTRODUCTION

Despite the progress in development of electric vehicles
over the past decade, their penetration remains under 0.1 % and
this is mainly due to high cost, limited range, and long charging
times. Limited range and long charging times can both be
traced to limitations in battery technology. One way to mitigate
both problems is to reduce the on-board energy storage and
deliver power wirelessly to the car. Inductive wireless power
transfer (WPT) has been the main focus of research, and the
majority of high-power WPT systems currently operating are
inductive [1]. However, inductive powering is limited by the
requirement of expensive and heavy ferrites required for cores
and for external field reduction [2]. State-of-the-art inductive
WPT systems achieve power densities of up to 27 kW/m2 and
efficiencies of approximately 80 % [3].

On the other hand, limited work has been done in capac-
itive power transfer, mostly at lower power levels and short
distances, e.g. [1],[4], [5]. In [6], a capacitive wireless transfer
system through the wheels of a vehicle is proposed. The system
achieved a maximum power transfer of 50 W at ≈ 50 MHz. In
[7], a high power density of 1.1 W/mm2 is achieved at 2.6 W
by WPT at 100 MHz across a 1-pF capacitance. Recently in
[8], a 2.4-kW prototype was demonstrated with four 61 x
61-cm copper plates. The system achieves 90 % efficiency at
1 MHz and an air gap distance of 15 cm. In this paper, we
present an array approach to capacitive wireless power transfer
(CWPT) aimed at a modular and scalable system for charging
electric vehicles. The work in this paper builds upon the idea

presented in [9], where a new (CWPT) approach for large air-
gap applications is introduced. The goal of the distributed array
approach is to increase maximum transferable power while
decreasing the external electric field produced by the WPT
system, accomplished by field focusing through phase control.
A block diagram of the array configuration is shown in Fig. 1,
in which multiple conducting plates located at the bottom of
the vehicle couple capacitively to multiple plates located in
the road. A full-wave simulation study is carried out and the
focusing effects at different frequencies and for several array
configurations and relative phasing between the modules are
quantified. The primary frequencies of interest are the 6.78,
13.56 and 27.12 MHz bands.

Fig. 1. (a) Block diagram of the capacitive array wireless power transfer
system for a stationary vehicle. N pairs of plates are placed in the road, with
inverters (dc-ac converters) connected between each pair. N identical pairs
of plates are placed on the bottom of the vehicle, with rectifiers connected
between the plates, closing the current loop with the plates in the ground.
(b) Equivalent circuit of an individual WPT module, consisting of 4 plates, a
resonant inverter and a rectifier.
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II. CAPACITIVE WPT ARRAY CONFIGURATION

Referring to Fig. 1 (a), the architecture of the system is
modular, with N pairs of plates placed in the road fed by
resonant inverters (dc-ac converters) connected between each
pair and N identical pairs of plates placed on the bottom of the
vehicle, with rectifiers connected between the plates, closing
the current loop with the plates in the ground. The simplified
equivalent circuit for a single module is shown in Fig. 1(b). The
number of modules N is scalable and in this work is varied
between 2 and 8 to demonstrate the effect on electric field
for a constant total power of approximately 1 kW transferred
between road and vehicle.

The distance between the plates is another variable, and
for the results presented in this paper it is fixed at 12 cm.
The operating frequency is determined by the required power
transfer through the small equivalent capacitance with a limited
voltage level. Three different industrial, scientific, and medical
(ISM) frequencies are considered in the initial design of the
prototype: 6.78, 13.56 and 27.12 MHz. In a single plate-pair
capacitive system, the maximum allowable power transfer
density is limited by the fringing electric fields, which need
to remain below the safety limits for human exposure to
electromagnetic fields [10], [11]. We show that the modular
approach with field focusing through a near-field phased array
approach can substantially reduce the fringing electric fields.
A full-wave electromagnetic model of the capacitive system
is created in Ansys HFSS in order to determine the optimum
parameters for electric field cancellation, for varying number
of modules and frequency.

III. FULL-WAVE ELECTROMAGNETIC SIMULATION
RESULTS

An equivalent model, representing the CWPT system is
created in Ansys HFSS and is shown in Fig. 2. Initially, the
effects of the road and the the car are not considered and
only the plates and lumped ports representing the inverters
and rectifiers are simulated. The area of each plate depends
on the total number of plates for a fixed power level. Due
to current practical restrictions, the total area occupied by the
plates is limited to 200 cm2, and the plates are modeled as 1 oz
copper (≈ 0.0347 mm thick). The distance between adjacent
modules d1 and the distance between positive (+) and negative
(-) plates d2, are adjusted to minimize fringing electric fields
while keeping a high power transfer efficiency. The magnitude
of the electric field is calculated in the two zones highlighted in
the diagram of the model shown in Fig. 2: the energy-transfer
zone and the safety zone at 25 cm away from the vehicle.

The energy-transfer zone is located 1 cm below the rectifier
plates, where the electric field is expected to be very high and
is used to estimate the transferred power. The safety zone,
where the magnitude of the electric field needs to be below
the safety exposure limit for humans, is located 25 cm in
the x direction from the inverter plates. The electric field is
calculated along the y-axis, which is the orientation along the
vehicle body. The inverters are modeled as lumped ports with
an impedance of 121.8 kΩ, corresponding to inverter modules
with an output voltage of 4010 V and and output power of
132 W. The rectifiers are modeled as lumped ports with and
equivalent impedance of 2.6 kΩ.

Fig. 2. Electromagnetic model used for simulations. The two zones where the
magnitude of the electric field is calculated for the remaining plots in the paper
are labeled as the energy-transfer zone between the plates for (−d2/2 < x <
d/2, z = 1 cm), and the safety zone outside of the vehicle for x = S = 25 cm.

Simulations were performed for N = 2, 4, 5, 8 modules,
with d1 = 30 cm and d2 = 40 cm. The area of the plates
and the power of each inverter module is adjusted to achieve
the maximum total area of 200 cm2 and a total power of
1.12 kW. For example, the two-module simulation contains 4
plates with a 50 cm2 area and two inverter ports fed by 560 W
from 28.7 kΩ impedances.

Fig. 3 shows the simulated magnitude of the electric field
as a function of normalized distance in energy-transfer zone
(a) and the safety zone plane (b) for the two-module case.
The dashed lines correspond to the simulation results when
the inverter modules are in phase, while the solid lines shows
the results for the two modules 180◦ out of phase. It can be
observed that the phase difference between the plates causes
approximately a 83 % field reduction of the fringing field
at the safety zone plane at 6.78 MHz. Higher frequencies
also experience a reduction of the E-field, however the effect
decreases with frequency for a constant d1 = 30 cm.

The addition of more modules further reduces the fringing
E-field in the safety zone plane. Fig. 4 shows the simulated
E-field for a 8-module system in the energy-transfer and safety
zones. The phase alternates 180◦ between adjacent modules.
The field reduction in the safety zone with 8 modules is
approximately 40 %. It is important to note that, as shown
in Fig. 4 (a), the magnitude of the E-field in the energy-
transfer zone also decreases with alternating phase between
adjacent modules, which could impact the overall efficiency
of the CWPT system and needs to be quantified.

In order to determine if the 180 ◦ alternating phase shift
accomplishes the highest field cancellation, the 8-module sys-
tem is simulated with different alternating phases at 6.78 MHz.
Fig. 5 shows the E-field as a function of normalized distance
for alternating 0 ◦, 45 ◦, 90 ◦, 135 ◦, and 180 ◦ phases between
adjacent modules. As expected, the magnitude of the E-
field decreases in both the energy-transfer and safety zones
as the phase difference between adjacent modules increases.
Simulations show that a 180◦ phase difference does indeed
results in maximum E-field cancellation at the safety zone with
an approximately 40 % field reduction.



Fig. 3. Magnitude of the electric field calculated in the energy-transfer
zone (a) and the safety zone (b) for a two-module array at three ISM-band
frequencies under consideration. Dashed lines show the E-field with inverter
modules in phase, while the solid line shows the E-field with modules having
alternating 180◦ phases.

IV. CONCLUSION

The simulation results shown in this paper demonstrate
that capacitive power transfer lends itself to an array approach
which allows for control of fringing fields for a given power
level. A field reduction of approximately 40 % can be achieved
with a 8-module system and a 180◦ alternating phase differ-
ence between adjacent modules. A prototype of the system is
currently under construction, including inverter and rectifier
matching circuits with inductors optimized for efficiency. The
approach is scalable along many variables, and further results
with the presence of the vehicle and the road, as well as varying
the plate shape and separation will be presented in a follow-up
paper.
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Fig. 4. Magnitude of the electric field calculated in the energy-transfer zone
(a) and safety zone (b) for a 8-module array at three frequencies. Dashed lines
show the E-field with inverter modules in phase, while the solid lines show
the E-field with modules having alternating 180◦ phases.
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