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Abstract—This work investigates the optimization and design
of a 4-capacitor 4:1 resonant Dickson converter for capacitive
wireless power transfer (WPT). A testbed that allows for the
analysis of parasitic and coupling capacitances within a 4-
capacitor plate setup is presented. A model for analyzing power
transfer and resonance frequencies of the system is presented.
The model is validated using ANSYS and the testbed across
several electrical and mechanical parameters. This work looks
to systematically characterize resonant and coupling capacitances
and create a model to characterize power transfer capabilities,
enabling the design of higher power density capacitive WPT
systems.

Index Terms—capacitive wireless power transfer, resonant
Dickson converter

1. INTRODUCTION

Wireless power transfer (WPT) has shown potential in
highly efficient and power-dense electric vehicle charging,
with potential safety benefits and decreased mechanical wear
and tear [1], [2]. Many wireless charging systems use inductive
WPT methods, but recent research has shown that capacitive
WPT has the potential to achieve high efficiency, be effective
for space-constrained applications, and be more misalignment-
tolerant [3], [4]. Recent advances in capacitive WPT have
focused on quantifying and optimizing around parasitics, en-
abling higher frequency and higher power transfer per unit
area.

Previous work has investigated hybrid switched-capacitor
converters for capacitive WPT [5], demonstrating a modified
resonant Dickson converter [6], as shown in Fig. 1, that
utilizes all of the capacitors for WPT. Moreover, it has been
shown that this converter has the potential to transfer more
power than the conventional two-level resonant converter, also
known as the resonant capacitive coupling (RCC) converter
[7]. Hybrid switched capacitor converters, such as the reso-
nant Dickson converter, benefit from reduced switched stress
resulting in improved thermal spreading and the potential
to utilize lower voltage rated devices, which have improved
figures-of-merit. In contrast to the RCC converter, the resonant
Dickson converter has a conversion ratio of /N, which is
equal to the number of capacitors. The N-capacitor resonant
Dickson converter has the potential to transfer up to %2 times
more power than the conventional approach as a result of a
larger number of power-processing capacitors [S]. While these
converters are theoretically capable of higher power transfer,
in practice, N-capacitor converters can only achieve improved
performance if the increased magnitude and complexity of the
parasitics is addressed.

Fig. 1. Schematic of 4:1 resonant Dickson converter.

Characterizing the parasitics in N-capacitor converters is an
important challenge to address, enabling designers to optimize
the efficiency and determine the feasibility of N-capacitor
WPT. Previous work has looked to minimize parasitic capac-
itances in two-capacitor approaches through symmetry, and
careful capacitor characterization [8]. Several multi-capacitor
topologies have been investigated due their potential for field
cancellation [9], differential power processing [10], and partial
power processing to limit fringing fields [11]. In these topolo-
gies, high parasitic capacitance as a result of the capacitor-
to-capacitor interactions can lead to a significant reduction
in power transfer [11], [12]. Therefore, developing an un-
derstanding of the parasitic capacitance in multi-capacitors
systems is a crucial step in designing multi-capacitor WPT
systems.

As shown in this work, the Dickson converter’s operation
is tightly coupled to the parasitics of its capacitors; therefore,
understanding these parasitics is vital to determining converter
operation. This work addresses these concerns by developing
a model and testbed for N-capacitor WPT systems, enabling
parasitic characterization and allowing designers to optimize
and compare future capacitive WPT systems.

II. CONVERTER OPERATION AND MODELING

1) Converter Operation: The isolated variant of the res-
onant Dickson converter is shown in Fig. 1. While other
capacitively-isolated hybrid switched -capacitor converters
have been demonstrated [13]-[15], the resonant Dickson con-
verter iS unique as an isolation barrier can be implemented
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Fig. 2.
coupling and parasitic capacitances between diagonally opposite capacitors.

between all of the capacitors, instead of only two. As a result,
capacitive WPT is possible across all of the power processing
capacitors. For initial analysis purposes, the capacitor and
inductor values are assumed to be perfectly matched, e.g C
=Cy=-=Cy2Cand Litr = Lir = Lor = Lg =
coo=Lnr = Lng 2 L and parasitics are ignored; therefore,
the theoretical resonance frequency can be determined using
fresideal = m When the capacitors are balanced, the ca-
pacitors experience a mid-range voltage of V¢; = (N — )L
and the maximum switch voltage is 2V.. When employed as
a WPT topology, the resonant Dickson converter’s operation
changes as a function of design and capacitor parasitics.

C
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Fig. 3. Schematic of simplified converter model.

2) Simplified Converter Model: Once the converter is uti-
lized for WPT applications, the capacitance dictating the reso-
nant frequency is no longer C. Instead, higher-order parasitic
capacitances start to dominate the resonant capacitance. Note,
this effect is also observed in conventional capacitive WPT
systems [8]. Since the converter’s operation is significantly
impacted by these parasitics, a simplified model is developed
to take parasitic capacitances into account.

In this work, a 4-capacitor model is explored as it represents
the simplest case, where [V is the smallest even number greater
than two. Even numbers are chosen here for symmetric plate
layout. Figure 2 shows all of the relevant parasitics in a 4-
capacitor design. In this work a greatly simplified model is
employed, as shown in Fig. 3, in which Ci is a lumped
capacitance. This model is shown for one pair of coupling
capacitors; however, the other coupling capacitors can be
modeled similarly. The resonant capacitance, Cls, is related to

0

end gnd

(a) Capacitor plate orientations and relevant dimensions. (b) Various coupling and parasitic capacitances between adjacent capacitors. (c) Various

all of the parasitic capacitances for each capacitor, shown in
Fig. 2, and dictates the resonant frequency. The inductors, C|,
and C, are the identically labeled components in Fig. 1. The
input to this WPT cell, vx, represents the sinusoidal voltage
across the input of the cell. As the switch S4 is at the input
of the cell containing the capacitors C and (3, the sinusoidal
voltage vx can be approximated as the fundamental component
of the switch voltage.

In this work, as demonstrated in Section IV, the coupling ca-
pacitance is significantly smaller than the resonant capacitance.
Therefore, to simplify the model, the resonant capacitance
Cres can be assumed to be much larger than C} = C, and
Lir = Lyr = Lir = Ly = L. Moreover, to simplify
the model even further, it is assumed the effective parasitic
capacitance seen by each plate is effectively equal. Using this
simplified model, the transfer function of (1) can be derived
for the topology of Fig. 3.

Ry

S
2L : (1)

1) = 2
0. 2 R
R S5y Al rom

Therefore, the modeled resonant frequency is shown in (2).
1
27/ LCes

While the value of the resonant capacitor is responsible
for setting the resonant frequency, the electric fields in the
coupling capacitors are still the mode of WPT in the system.
The follow sections will validate this model as well as discuss
its limitations.

fres,m = (2)

III. TESTBED DESIGN

The testbed was designed to allow for the investigation of
various parasitics by allowing the variation of both electrical
and mechanical parameters. The testbed is used to vary differ-
ent mechanical setups, load resistance, inductance, distance
from plate to shield, horizontal and vertical gap distances
between capacitors and the effective Cys of the switch.
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Fig. 4. (a) Schematic of a 4:1 resonant Dickson converter with the transmit (TX) circuit highlighted in red and receive (RX) circuit highlighted in blue. (b)

Transmit board. (c) Receive board.

A. Electrical Setup

1) Board Design: To further validate and characterize the
parasitic capacitance, a 4:1 resonant Dickson converter was
designed. Components selected for the converter are listed
in Table I. The transmit and receive boards are shown in
Fig. 4b and Fig. 4c, respectively. To minimize the commu-
tation loop and thereby the parasitic inductance, the switching
loop is shaped like a U. Future implementation may employ
decoupling capacitors to further decrease the commutation
loop. The boards were designed to allow for the addition
of capacitance in parallel with the switches to increase the
effective Cys. Switches were selected with increased voltage
headroom as a result of expected increase in switch stresses
when capacitances are imbalanced, and when the converter is
operated significantly far from resonance.

A cascaded bootstrap was employed to drive the switches
on the transmit side, minimizing gate drive area and loss [16].
The schematic of the cascaded bootstrap is shown in Fig. 5.

TABLE I
COMPONENTS SELECTED FOR THE HARDWARE PROTOTYPE.

Components Part Number Description
S1- S5 EPC2304 200 V, 102 A
LIT - L4T, L]R - L4R LPS6225 Various Values
Gate Driver SI18271GB-IS 5V, 4A
D1i-Dy MBRADI10200H | 200 V, 10 A, V; = 880 mV
Dgi-Dpy RF071MM2STR 200 V, 700 mA
LDO TS3480CX50 5 V Output

B. Mechanical Setup

Several mechanical setups were fabricated to allow for the
variation of parameters dy, dy, and ds, as shown in Fig. 6. The
mechanical jig was 3D printed with polylactic acid (PLA), and
nylon screws were used to secure the jig together, as shown in
Fig. 7. The capacitor plates are attached to the acrylic plates
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Fig. 5. Schematic of cascaded bootstrap circuit used for the transmit board.

via Kapton tape. An aluminum shield was integrated on both
the transmit and receive side and connected to the respective
grounds to define a dominant capacitance to ground, Cgpg,
and to represent system chassis. The terminal block allowed
for the ease of substitution of different plate orientations and
electrical setups.

C. ANSYS Simulations

The capacitance values captured in Fig. 2 were determined
in simulation using Maxwell 3D. The order of magnitude
of the ground to shield capacitance Cgnq in the ANSYS
simulation was significantly higher than the cross plate ca-
pacitances Cy, Cy, C,, and C}, shown in Fig. 2. Therefore, the

resonant capacitance can be approximated as Creq = —5*, as
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Fig. 6. (a) Visualization of capacitor plates and relevant parameters. (b) Visualization of plate movement horizontally and vertically. (c) Stackup of capacitive

plates, acrylic, and aluminum shields.

Mechanical Jig

Shield

Terminal Block

Fig. 7. Photograph of mechanical jig and shield with terminal block.

Fig. 8. A CAD rendering of mechanical jig. The notches in the jig allow for
the variation of dy.

the two ground capacitors are effectively in series. Note, in
the simulation results there are small deviations between the
measured parasitic capacitance seen by each plate, these values
were averaged for more direct comparison to the experimental
results. The results of the simulation are further used in the
model as a comparison point for the experimental results
shown in the following section.

IV. RESULTS

All setups were tested with Vg = 15 V; therefore, assuming
ideal 4:1 operation, an output voltage of 3.75 V is expected.
This decreased voltage compared to the switch rating is chosen
to allow for effective frequency sweeps without exceeding the
voltage of the switches. Frequency sweeps were conducted
using a Yokagawa WT5000 power analyzer. The microcon-
troller adjusted the frequency of the converter, in a sweep
from 100 kHz to 1 MHz, while the power analyzer measured
the frequency and the output voltage of the system. At each
frequency step, at least 20 data points were collected and
averaged. The baseline measurements were conducted with
the parameters shown in Table II, and the resulting frequency
sweep measurements are shown in Fig. 11a. To determine the
primary resonant frequency of the setups, the maximum output
voltage was used.

TABLE II
BASELINE PARAMETERS

L ds Ro dp dy
0.68mH 1.0mm 560 160 mm 10 mm

COSS
EPC 2304

These parameters were chosen to increase the resolution
of the measured capacitance. The resonance frequency of
600 kHz allows for an advantageous tradeoff between de-
creased gain due to switching losses at higher frequencies, and
lower resolution in capacitance values at lower frequencies.

A. Reproducibility

A significant challenge in multi-capacitor setups is repro-
ducibility. Several tools are employed in this work to ensure
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Fig. 9. Data before and after re-assembling a setup.

repeatability between various mechanical setups, including
decoupling the electrical circuit from the mechanical setup
to prevent the variability that arises with directly soldering
the PCBs to the plates, as shown in Fig. 7. In addition, 3D
printed stencils for plate orientations relative to the shield and
a custom mechanical jig design that minimizes 3D printing
tolerances are implemented, as shown in Fig. 8. Of note,
copper tape is used to connect the copper plates to the terminal
block that interfaces the electrical and mechanical setups, and
relief holes are added in the acrylic to relieve strain placed on
these connections and maximize stability. When the setups are
completely disassembled, tested with other configurations, and
then re-assembled, the results are nearly identical, as shown in
Fig. 9. With two separate setups, built of different mechanical
jigs, and with alternate plates, the tolerance in mechanical
assembly is shown in Fig 10. The small deviation in voltage
gain and frequency is likely due to plate size tolerances and
small alignment mismatch. The discrepancy in Cis between
the two setups was 3 pF, which corresponds to a tolerance of
approximately 1 mm.

B. Validation of Cies

1) Baseline Setup: In this section, Cgpnq is validated as the
dominant resonant capacitance as assumed in the model in
Section III-C for the baseline setup. ANSYS simulations yield
an averaged capacitance to the shield across all capacitors
of 96 pF. The modeled and the experimental frequencies
and capacitances are shown in Table III. From these results,
it can be seen that at this particular inductance value, Cies
is dominated by the system’s capacitance between capacitor
plates and the shield closest to the respective plate, modeled by
Clnd, as shown in Fig. 2. Capacitances to shield were an order
of magnitude larger than the other parasitic capacitances seen
in Fig. 2 in ANSYS simulations. As such, it can be validated
that Cies is dominated by Cgyg for this system.

2.5

Setup A
Setup B

Output Voltage (V)

200 400 600 800 1000
Frequency (kHz)

Fig. 10.
setup.

Results of two separate mechanical setups with the same electrical

TABLE III
EXPERIMENTAL AND THEORETICAL RESONANCE FREQUENCIES AND
CAPACITANCES FOR THE BASELINE SETUP.

L fres,e
0.68 mH 602 kHz

Cres.e
51 pF

fres,m
629 kHz

Cres,m
48 pF

2) Changing inductance (L): As shown in (2), increasing
the inductance results in a decrease in resonance frequency
when Ci is held constant. While keeping gap distances dj,
dy, and dg, as well as R,, constant and varying inductance,
the measured output voltage is shown in Fig. 11b. The ex-
perimental and modeled resonance frequencies are compared
to determine the effects of Cgng on Cre. Table IV compares
the modeled resonant frequencies fsm derived using (1) to
experimentally determine resonance frequencies fres.e.

TABLE IV
EXPERIMENTAL AND MODELED FREQUENCIES AND CAPACITANCES FOR
CHANGING INDUCTANCE

L fres,e Cres,e fres,m Cres,m
0.68 mH 602 kHz 51 pF__ 620 kHz 48 pF
1.5 mH 402 kHz 52 pF 420 kHz 48 pF
4.7 mH 216 kHz 58 pF 239 kHz 48 pF

The resonance frequency of the dominant peak decreases as
inductance increases, as shown in Fig. 11b, which aligns with
the results of the model of the resonant Dickson converter
as demonstrated in Section II-2. Hence, at these inductance
values and at these frequencies, Cgnq continues to constitute
the majority of Cies.

3) Varying the distance from plate to shield (ds): The
distance between the capacitors and the closest shield to each
capacitor was doubled to determine the effects of varying
Clna on the performance of the system. The measured output
voltage is shown in Fig. 11c. The discrepancy between the
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experimental and theoretical resonance frequencies shown in
Table V is due to Cgng no longer dominating Cres as the
resonant frequency increases. This test demonstrates the lim-
itation of the simplified model, as it relies on the capacitance
of the shield to be significantly greater than the coupling
capacitance to calculate the resonant frequency. Future work
may investigate how to derive a simplified model for when
the shield capacitance varies in magnitude with respect to
the coupling capacitor and the effect this has on the resonant
frequency and power transfer capability.

TABLE V
EXPERIMENTAL AND THEORETICAL RESONANCE FREQUENCIES AND
CAPACITANCES FOR VARYING ds.

ds fres,e Cres,e fres,m Cres,m
1.6 mm 602 kHz 51 pF 629 kHz 48 pF
3.2mm 681 kHz 40 pF 863 kHz 25 pF

C. Power Transfer Capability

1) Varying the load resistance (R,): To evaluate the effect
of load on the system, several R, values were tested. As
shown in Fig. 11d, the measured output voltage decreases
as R, decreases. Note, these measurements were taken with
ds = 3.2 mm. As R, decreases, the total current of the
system increases, increasing current-related losses as a result
of various parasitic resistances and negatively affecting the
power transfer of the system. Note, as the load resistance
becomes very large, the measured output voltage exceeds
the expected maximum output voltage, as predicted by the
simplified model. This indicates the increased effect of the
coupling capacitors on the voltage gain. As expected, the
magnitude of the load resistance does not impact the resonant
frequency.

2) Varying the horizontal distance (dj): Horizontal dis-
tances were varied to validate the assumption that Cypg dom-
inates Cres. ANSYS simulations showed that plate-to-plate
capacitances between adjacent plates, shown as Cy, in Fig. 2,
are several orders of magnitudes less than Cgyq and thus should
not have a large effect on the resonant frequency. As shown
in Fig. 11e, power transfer decreases as dj, decreases but free
is not affected. As the horizontal gap distance is increased,
the plate-to-plate capacitance and diagonal capacitance is
significantly reduced. Higher power transfer is thus anticipated
as the horizontal gap distance is increased.

3) Varying the vertical distance (d,): The vertical distances
were varied to validate the assumption that C', or the coupling
capacitance, does not affect the resonance frequency of the
system. As d, increases, C' decreases, but the resonance
frequency should not change as predicted by the model.
Experimentally, as shown in Fig. 11f, as the vertical gap
distance is increased, C' decreases, reducing the power transfer
capability of the system. Note, the experimental resonance
frequency slightly shifts as the vertical distance is varied,
indicating that the coupling capacitance does have a small
effect on the the actual frequency. Interestingly, at a d, of
16 mm, the output voltage increases compared to smaller

distances. This result is not supported by the simplified model
and is likely due to the higher order effects of the coupling
and resonant capacitors, as well as converter loss.

4) Changing the switch output capacitance (C,g): In this
setup the switch output capacitance, Clg, is significantly larger
than the resonant capacitance. Therefore, tests to determine the
effects of switch parasitic capacitance on power transfer and
resonance frequency were conducted by adding a capacitance
in parallel with each switch on the transmit board. As shown
in Fig. 12, power transfer is decreased due to increased switch-
ing losses. However, the resonance frequency also decreases,
indicating that Cyg contributes to Cies, but is not currently
accounted for by the simplified model presented here.

V. CONCLUSION

In this work, a highly reproducible testbed was developed
to evaluate the parasitics in a 4:1 resonant Dickson con-
verter employed for capacitive WPT. The testbed allowed for
varying a range of electrical and mechanical parameters to
validate a simplified model that was developed to determine
the dominant capacitance for resonance frequency and WPT.
Experimental results indicated that Cg,q was the dominant
capacitance in Cy for a gap to shield distance of 1 mm while
varying parameters such as inductance, horizontal gap dis-
tances, and vertical gap distances. The model does not account
for Cyss of the switches in the system or change in operation as
Cies and C approach similar orders of magnitude. This work
indicates that designers should optimize for large horizontal
gap distances given constraints of their given application.
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