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Power transfer capability of the capacitive power transfer (CPT) system is
dependent on the dimensions of capacitive coupler, which should be
correctly designed to meet the required amount of output power. This paper
presents a guideline to design the conductive plates used in CPT system to
achieve a targeted output power. For a given operating frequency, resonant
inductance, DC input voltage, load resistance, and the air gap between
plates, the required cross-sectional area of conductive plates is obtained
using this guideline. It has been guided through the design procedure which
is explained in detail. A step-by-step guide to design a 5-watts CPT system
is demonstrated as a design example. The proposed design guideline is
verified by the experiment which shows the closeness between measured and
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targeted output power. Design error is obtained as low as 3.6 percent.
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1. INTRODUCTION

Wireless power transfer (WPT) is a technique to transmit electric power without any electrical
wiring between source and load, which was first presented by Nikola Tesla in the 1907. After that, it has been
extensively studied by many researchers. Its inherent galvanic isolation drives this technique to become
popular nowadays. It is widely used in different wireless charging applications [1]-[7]. Recent development
in this technology is the ability to transfer power and data simultaneously [8]-[10].

The WPT technique can be categorized by its working principle as inductive power transfer (IPT)
and capacitive power transfer (CPT). In IPT, the electric power is wirelessly transferred through the magnetic
field, while the electric field is used as the transfer medium in CPT. The power losses, weight, and
electromagnetic interference (EMI) of the CPT system are lower compared to the IPT system. Therefore, it
has gained much attention in recent years [11]-[13]. The CPT technique has been found in various
applications, especially in biomedical implants [14]-[19]. Its further applications are electric
vehicles [20]-[22], unmanned aerial vehicles (UAVs) [23]-[25], autonomous underwater vehicles (AUVS)
[26], portable devices [27], and rotary applications [28].

To enhance the performance of CPT system, the analysis and design of this system has been
presented in previous research. For example, the optimum design algorithm to achieve desired power transfer
efficiency (PTE) of CPT system for biomedical implants is proposed in [29]. The analysis and design of CPT
system with multiple-input multiple-output (MIMO) capacitive couplers is introduced in [30] to increase the
power transfer capability of single-input single-output (SISO) couplers. Design and analysis of a flexible
capacitive coupler using thin copper foil is proposed to serve the applications with flexible
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requirement in [31]. The analysis and design of multiple-output CPT system for low-power portable devices
is presented in [32] where the independence of power transfer to different receivers with reduced plate
voltage is achieved. The double-side LCLC-compensated CPT converter is designed in [33] to meet the
predesigned voltage stress across the coupler plates. Design of the CPT system with multiple receivers is
presented [34] to obtain a constant voltage output against load variation and pickups removal. The resonant
inverter used in CPT system is designed in [35] to maintain efficiency during the misalignment between
coupler plates. For underwater applications, the four-plate CPT system is analyzed and designed in [36] to
obtain a stable output voltage and power.

However, the aforementioned research uses the already provided capacitive coupler where the detail
of capacitive plate design is absent. Moreover, the design of plate area has never been reported in the
literature. Therefore, this paper presents the design guideline of capacitive couplers used in CPT system. The
cross-sectional area of conductive plates required to achieve a targeted output power is designed according to
a given operating frequency, resonant inductance, DC input voltage, load resistance, and the air gap between
plates. The design procedure is presented and explained in detail. An example of desighing a 5 W CPT
system is also introduced, which is verified by the experiment.

2. SYSTEM ANALYSIS
2.1. System description

The capacitive power transfer system under studied is shown in Figure 1, which consists of DC
voltage source (Vqc), inverter circuit, capacitive coupler, LC resonant tank, and a resistive load (R.). Four
MOSFET switches (S:—S4) form a full-bridge inverter, which is used to convert a smooth DC voltage into a
high frequency square wave voltage (Vin). Four conductive plates (P1, P2, Ps, and P.) are adopted to construct
a capacitive coupler. Plate P; and P, are located on the primary-side (transmitter-side) whereas P3 and P, are
located on secondary-side (receiver-side). The air gap between Pi-P3; and P,-P, creates two parallel-plate
capacitors, which are the main coupling capacitor of this system. Note that, in this studied system, the
position of all conductive plates is fixed throughout the operation where plate P is perfectly aligned with P3
and plate P, is perfectly aligned with Ps. Resonant inductors (Lri and Lg2) and resonant capacitors
(Cr1 and Cgrp) are introduced in both primary and secondary circuits to construct a double-side LC
compensation topology. These LC resonant tanks are used to compensate for the reactive power required by
the capacitive coupler and to enable the resonant operation.
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Figure 1. Capacitive power transfer system under studied

2.2. Capacitive coupler

Construction of the capacitive coupler used in this studied system is based on the parallel-plate
capacitor as illustrated in Figure 2. Its capacitance is dependent on the cross-sectional area of the plate (A),
distance between the plate (d), and the relative permittivity (&,) of material used for a dielectric which can be
expressed as (1),

__ &o&rA
=== 1)

where &, = 8.854 x 10712 (F/m) is the permittivity of free space. From (1), the area of conductive plate
can be derived as:
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The capacitance obtained from (1) is defined as ideal capacitance due to the edge-effect not being
taken into account. However, as discussed in [37], real (practical) capacitance will be comparable to ideal
capacitance if the plate length (7) is much larger than the distance between plates (d). Therefore, the parallel-
plate capacitor with narrow air gap is considered in the studied system. For a square metal plate, the plate

length is equal to square root of plate area (I = VA).

Plate Area (A) |

Conductive Plates

Dielectric

Figure 2. Construction of the parallel-plate capacitor

In this work, four square conducting plates with the arrangement as shown in Figure 1 are adopted
as the capacitive coupler. It creates six capacitors in the practical operation as shown in Figure 3 where Ci3
and Cy4 are main coupling capacitors, C14 and Cay3 are cross-coupling capacitors, Ci» and Css are leakage
capacitors. The value of these capacitors can be obtained by experimental measurement. It is noted that the
main coupling capacitance can also be calculated using (1). Since the cross-sectional area (A) of all
conductive plates are identical and the air gap (d) between P1-P3 and P2-P4 are the same, the main coupling
capacitance of the four-plates capacitive coupler are ideally equal (C13=C.4). From the experimental results of
some previous researches as presented in [38]-[40], the cross-coupling capacitance and leakage capacitance
are much lower than the main coupling capacitance. Therefore, these capacitances can be neglected which
simplifies the analysis and design of CPT system consisting with four-plates capacitive coupler.
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Figure 3. Practical capacitors existed in the four-plates capacitive coupler

2.3. Circuit analysis
The simplified equivalent circuit of capacitive power transfer system under studied is shown in
Figure 4, based on the mutual capacitance coupling model. To simplify the analysis, it is based on the
following assumptions:
— The circuit is considered as high-quality factor (high Q) circuit where the inverter current (I;n) is sinusoid.
Therefore, the first harmonic approximation (FHA) can be applied.
— Equivalent series resistance of all inductors and capacitors are neglected.
— MOSFET switches are ideal.
— The main coupling capacitance between plate P, and P is equal to the main coupling capacitance between
plate P, and P4 (C13=Ca4).
— The cross-coupling capacitances (C14 and Cz3) are neglected.

Design guideline of capacitive power transfer system to achieve targeted output power (Supapong Nutwong)
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Figure 4. Simplified equivalent circuit of capacitive power transfer system under studied

From the first harmonic approximation, the square wave voltage (Vii) can be replaced by its
fundamental component (Vin 1), which has the magnitude of;

®)

the primary capacitance (C,), secondary capacitance (Cs), and mutual capacitance (Cn) can be calculated
from the measured capacitance of practical capacitor of four-plates capacitive coupler as:

(C13+C14)(C23+C34)

Cp =Cp, + 13+C14)(Ca3+Co4 (4)
C13+C14+C23+C24
(C13+C23)(C14+C24)

C, = Cyy + 13+C23)(C14+Co4 (5)
C13+C14+C23+C24

C, = C24C13—C14C23 (6)

C13+C14+C23+C24

from (6), by neglecting the cross-coupling capacitances (Ci4 and Cy3), the main coupling capacitances are
approximately equal to:

Ciz = Cp4 = 2Cp ()

the system will be operated at an angular resonant frequency (wo) if the resonant capacitors in both primary
and secondary circuits are tuned to:

_ 1-CpLriw}

Cri=— 7 ®)

2
LR1wg

2 2
_ Lra—CsLR,w3—CsRE

Crp = 2—Rz0 sl 9)

L%, w3+R?
at resonance state, the output power can be obtained by:

16RLV S,
2 2 .4 2 2712
2m? L, Chwg(RE+@5LR,)

(10)

Pout =
from (10), the mutual capacitance can be derived as:

2
. = J LORL G (11)

2 4(p2, 212
2Poutm? Ly, wg(RE+w5Lk,)

3. DESIGN GUIDELINE

The guideline for designing a capacitive power transfer system to achieve targeted output power is
presented in this work. With use of this guideline, a suitable cross-sectional area of conductive plate used for
capacitive coupler can be obtained. It has been guided through the design procedure as shown in Figure 5,
which consists of 8 steps. The first step is to assign the targeted or desired output power (Pou). In the second
step, six design constraints are defined, which are the air gap between conductive plate (d), DC input voltage
(Vuc), resonant frequency (fo), primary resonant inductance (Lri1), secondary resonant inductance (Lr2), and a
load resistance (RL). The third step is to calculate a mutual capacitance (Cm) which is required to achieve the
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targeted output power. This can be done by using (11). In the fourth step, cross-sectional area (A) of
conductive plate is calculated by using (2) and C obtained from the third step. The fifth step is to create a
four-plates capacitive coupler according to the required cross-sectional area obtained in the previous step. In
the sixth step, main coupling capacitance (Ciz and Ca4), cross-coupling capacitance (Ci4 and Cy3), and
leakage capacitance (C12 and Css) of created capacitive coupler are measured. The primary capacitance (Cp),
secondary capacitance (Cs), and mutual capacitance (Cm) are then calculated in the seventh step using (4) to
(6) and the measured capacitances obtained in the sixth step. In the final step, primary resonant capacitance
(Cr1) and secondary resonant capacitance (Crz), which is required for the system to operate at resonance, are
calculated using (8) and (9).

1. Assign: Targeted output power

2. Define: Design constraints

- @

3. Calculate: Required mutual capacitance using (11)

&

4. Calculate: Required cross-sectional area of conductive plate using (2)

&

5. Create: Four-plates capacitive coupler

a

6. Measure: Practical capacitances of created capacitive coupler

&

7. Calculate: Primary, secondary, and mutual capacitance using (4) to (6)

¥

8. Calculate: Resonant capacitance using (8) and (9)

Figure 5. Design procedure of capacitive power transfer system to achieve targeted output power

4. DESIGN EXAMPLE

To demonstrate the proposed procedure to design a capacitive power transfer system referred to
Figure 5, an example of CPT system design to achieve an output power of 5-watts is presented in this section
step by step.
- Step 1: in the first step, the targeted output power is assigned, which is set to 5-watts.
- Step 2: the design constraints are defined in this step, which have been listed in Table 1.

Table 1. List of design constraints

Parameters Values
Air gap between conductive plate (d) 3 mm
DC input voltage (V) 30V
Resonant frequency (f,) 309 kHz

Primary resonant inductance (Lr:) 631.02 uH
Secondary resonant inductance (Lgr;)  630.54 uH
Load resistance (R.) 40Q

- Step 3: the required mutual capacitance to achieve targeted output power is calculated in this step by
using (11), which is given as:

c = 16RLV,12C

" 2Poutn2L%21wg(Rz + ng%ez)
_ 16 X 40 x (30)2 — 26.290F
T |2x5x%xm?x (631.021)% x (21 x 309k)* x [(40)2 + (2 x 309k)?(630.541)?] = £0.2lp
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- Step 4: in this step, the required cross-sectional area of conductive plate used for capacitive coupler
corresponding to the mutual capacitance obtained in step3 is calculated by using (2), which is given as:

_Cd  2622X 10712 x3x 1073

_ =0.0178 m?
e, 8.854 x 1012 x 1 mn

to ensure that the designed capacitive coupler can transfer sufficient power, the neglected cross-coupling
capacitance should be compensated by increasing the calculated cross-sectional area by 10 percent.
Therefore, a 14x14 cm?=0.0196 m? conductive plate has been selected.

- Step 5: four-plates capacitive coupler is created in this step using the cross-sectional area obtained in
step4 (14x14 cm2), which can be shown in Figure 6.

Figure 6. Four-plates capacitive coupler created in step 5

- Step 6: six practical capacitors existing in created capacitive coupler are measured in this step using the
LCR meter, which can be shown in Table 2.

Table 2. Measured capacitances of created capacitive coupler
Parameters Values
Main coupling capacitance between P; and P; (C13)  59.44 pF
Main coupling capacitance between P, and P, (C4)  60.44 pF
Cross-coupling capacitance between P; and P, (C14) 7.65 pF
Cross-coupling capacitance between P, and P; (Czs) 9.32 pF
Leakage capacitance between P; and P, (C12) 9.13 pF
Leakage capacitance between P; and P4 (Cs4) 9.84 pF

- Step 7: the primary capacitance (Cp), secondary capacitance (Cs), and mutual capacitance (Cm)
corresponding to the measured capacitances obtained in step 6 are calculated by using (4)-(6), which are
given as:

Ci3+C)(Cyz +C 59.44p + 7.65p)(9.32p + 60.44

¢, = Cp, +( 13 14) (Ca3 24) ~913p +( 14 p)( p p) — 4333 pF
Ciz+Cis+Coz +Cyy 59.44p + 7.65p + 9.32p + 60.44p
Ci3+C Cis+C 59.44p + 9.32p)(7.65p + 60.44

C, = Coy + (Ci3 23) (Cia 24) —984p+ ( 14 p)( 14 p) — 44.05 pF
Ci3+ Ciy + Co3 +Cyy 59.44p + 7.65p + 9.32p + 60.44p

oo C34Ci3 — C1aCr3  (60.44p X 59.44 p) — (7.65p X 9.32p)
™ Ci3+ Cla+Cp3+Chy 59.44p+7.65p+9.32p + 6044

= 25.73 pF

- Step 8: in the final step, primary resonant capacitance (CR1) and secondary resonant capacitance (CR2)
are calculated by using (8) and (9), which are given as:

_1-Cylgiw? 1—[4333x 107" x 631.02 X 107° x (2 X 309k)?]
R w2 631.02 x 10-6 x (2m x 309k)?

= 377.09 pF

Lgy — CsLy, w3 — CsR?
L%, w2 + R?

Cry =
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_ (630.54 x 107°) — [44.05 x 10712 x (630.54 X 107%)2 X (2 X 309 k)2] — [44.05 x 10712 x (40)?]
- [(630.54 x 10=6)2 x (27 x 309 k)2] + (40)>2

=376.24 pF

5. EXPERIMENTAL RESULTS AND DISCUSSION

To validate the proposed design guideline, the results obtained from the design example in section 4 is
implemented, which can be shown in Figure 7. A laboratory DC power supply is used as the input DC voltage
source. It has been set to constant at 30 V throughout the operation. The full-bridge inverter circuit consists of
four MOSFETS and a gate driver circuit. Gate signals are generated from the microcontroller unit which is the
square wave pulse with 50 percent duty cycle. Their frequency is fixed at 309 kHz. The capacitive coupler is
made of four copper plates with a thickness of 1.5 mm. Each plate has a dimension of 14x14 cm?. The air gap
between the plates is set to 3 mm. Note that the position of all conductive plates is fixed throughout the
operation and there is no misalignment between the main coupling capacitors. The measured capacitance of
capacitive coupler is already shown in Table 2. Both primary and secondary resonant inductors (Lr1 and Lgy)
are built based on the solenoid coil. PVC plastic with a diameter of 20.32 cm is used as a magnetic core. The 40
turns of litz-wire are wound around the core, which results in a coil length of 10 cm. Their measured
inductances are shown in Table 1. Film capacitors are used as the primary and secondary resonant capacitors.
Due to the availability of capacitance value in the market, both resonant capacitors are selected close to the
design value which is 378 pF. The 10 W ceramic resistor is adopted as the load resistor. The experimental
measurements are performed using the digital oscilloscope where the measured waveforms are shown in
Figures 8 and 9. As seen in Figure 8, the waveform of inverter voltage (Vin) and inverter current (lin) are square
wave and sinusoid, respectively. Both waveforms have a frequency of 309 kHz which is the system resonant
frequency. The current Iiy is in phase with the voltage Vi, due to the system is operated at resonance. As seen in
Figure 9, the output voltage (Vou) and output current (lou) are sinusoid and have the same phase angle. Their
RMS values are measured as 13.8 V and 0.349 A, respectively. This gives the output power of 4.82 W, which is
very close to the targeted value of 5 W. A small error is found to be 3.6 percent.

' Resonant Load i
‘apnclmrs Resistor ¢
D

|

Figure 7. The experimental setup

The causes of error can be discussed as follows: i) There are the parasitic resistances in resonant
inductors and capacitors which are not included in the circuit analysis; and ii) The value of resonant
capacitors used in the experimental setup deviates from the design value. Therefore, to obtain better
accuracy, these parasitic resistances should be as low as possible, and the resonant capacitances should be
selected as close as possible to the design values.

The presented design guideline of CPT system can be summarized and discussed as follows: i) This
design guideline is limited to the CPT system that has a small air gap (1-10 mm). Therefore, it is suitable for
low power (5-20 W) applications, such as wireless charging for consumer electronics; ii) The four-plates
capacitive coupler under studied is arranged as shown in Figure 6 with no misalignment between plates that
create the main coupling capacitance. In addition, the position of all plates is fixed throughout the operation.
Thus, static wireless charging applications with single position is preferred; iii) Although the distance
between adjacent plates affects the value of cross-coupling and leakage capacitance, these capacitances can

still be neglected if the ratio between square root of plate area and air gap (g) is kept higher than 10. In this

case, the practical parallel-plate capacitor is almost identical to the ideal capacitor where the presented design
guideline is reserved.

Design guideline of capacitive power transfer system to achieve targeted output power (Supapong Nutwong)
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Figure 8. Experimental waveforms of inverter Figure 9. Experimental waveforms of output voltage
voltage and inverter current and output current

6. CONCLUSION

A guideline to design the capacitive power transfer system to achieve a targeted output power is
presented in this paper. The main objective is to obtain an accurate value of the cross-sectional area of
conductive plates used for the four-plates capacitive coupler, subjected to six design constraints which are the
air gap between conductive plate, DC input voltage, resonant frequency, primary resonant inductance,
secondary resonant inductance, and a load resistance. The presented design procedure consists of 8 steps
where each step is demonstrated through a design example of 5-watts CPT system. The experimental results
indicate that the obtained output power is very close to the targeted value with a small error of 3.6 percent.
This verifies the proposed design guideline.
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