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Capacitive Power Transfer System With Integrated
Wide Bandwidth Communication
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Abstract—This letter proposed a novel method for compensation
network design used in capacitive power transfer (CPT) systems
to achieve simultaneous power and data delivery. The proposed
method combines both ladder filter and resonant circuit designs,
allowing the existing double-sided CL compensation topology to
exhibit different characteristics under the power channel and the
communication channel. The proposed system significantly reduces
the design complexity and increases the bandwidth for data trans-
fer while maintaining the circuit resonance at the wireless power
transfer frequency. The system is compatible with both amplitude
shift keying (ASK) and frequency shift keying (FSK) modulation
methods, passing the high-frequency data carrier with an approx-
imately unity gain. Detailed circuit parameter design and system
performance analysis are presented, and a new metric power to
signal is introduced to analyze the effect of the data communication
on the power transfer. A prototype CPT system rated at 10 W
is built, which demonstrates a 81.2% dc-ac efficiency and a data
transfer rate of 10 kbps by using either ASK or FSK modulation
techniques.

Index Terms—Capacitive power transfer (CPT), communi-
cation, wireless power transfer (WPT).

1. INTRODUCTION

APACITIVE power transfer (CPT) technology emerges as
C acheaper and lighter alternative solution to wireless power
transfer technology in recent years. It uses two pairs of metal
plates to form the capacitors, allowing power transferred through
alternating electric fields. Compared to inductive power transfer
technology, the CPT technology also has a better performance
in electromagnetic interference containment and misalignment,
etc. [1], [2].
Most CPT researchers focus on improving power transfer
capability and power density [3], [4]; however, little attention is
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paid to data transfer for CPT systems, especially in-band com-
munication using the same electric field couplers. The main chal-
lenges to integrate wireless communication into a CPT system
are from its high system sensitivity and the components restric-
tions under the high operating frequency. The disturbance caused
by the data signal modulation leads to drops in power trans-
fer efficiency and power transfer capability. Works in [5]-[7]
are designed for low-power applications like sensors and bio-
implants and have poor power transfer efficiency. In [8], it
achieved a full-duplex communication CPT system rated at
100 W, but the data channel must be carefully designed to main-
tain a desired signal-to-noise ratio (SNR). To summarize, the
existing in-band communication solutions are complex, and their
communication bandwidth is limited at a specific frequency.

Motivated by the aforementioned drawbacks, this letter pro-
poses anovel compensation parameter design method to achieve
simultaneous power and data transfer based on the existing
double-sided CL topology. Besides meeting resonance require-
ments for power transfer as presented in [9], the CL components
also need to satisfy the high-pass conditions for communication
signal. In such a way, the CPT system behaves as an amplifier
under the power channel frequency. Meanwhile, it presents the
properties of a high-pass filter under the communication channel
frequency. Instead of transmitting data at a specific frequency,
the proposed method provides an extended frequency region for
communication, compatible with amplitude shift keying (ASK)
or frequency shift keying (FSK) modulations. Multiple strings
of data can be transferred under different frequencies at the same
time, which maximizes the data transfer capacity.

II. SYSTEM STRUCTURE AND DATA CHANNEL DESIGN
A. System Operating Principle

The system diagram is presented in Fig. 1. A dc source is
connected with a high-frequency dc/ac inverter to power the
entire CPT system. A double-sided CL topology is used to form
resonant compensation networks at both sides of the capacitive
couplers Cs; and Cyo. The data stream is modulated with a
carrier signal at a frequency fy and injected into the main power
loop through the series modulator on the primary side. The data
are then retrieved by the demodulation circuit on the secondary
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Fig. 1. Proposed system structure with wireless communication.

side, in which multi-stage filtering circuits inside recover the
original data signals.
Assume a half-bridge inverter is used, V), can be yielded as

o]

Vp=Z

sm (kwt)Vbe

2Vbe

V Vv V Vv
(p1+3p1+5p1+ kpl)(l)

where w is the CPT system operating frequency, and V)1 is
the fundamental voltage component. The dc bias from the half-
bridge is ignored due to dc blocking capacitor C;. The system
input voltage Vj, is defined as the sum of the two sources: Vi, =
Vp +Vs. As V), and V, are independent sources, and of two
frequencies, superposition theorem can be applied to analyze
the systems.

Existing compensation network designs focus on improving
the CPT system power transfer efficiency by tuning the CPT sys-
tem at a specific operating frequency [10]. Nonetheless, above
the frequency of interest, the output voltage gain value is fluctuat-
ing, as shown in Fig. 2. This brings design difficulties to integrate
inband communication feature and limits the bandwidth of the
communication channel. In contrast, the CLC structure of the
proposed system (shown in Fig. 1) are designed to obtain an
approximately constant voltage gain curve in a high-frequency
region for communication purpose; and the primary CL network
is then designed to boost the voltage gain at a lower frequency
to maintain resonance for the power transfer. Fig. 2 shows the
overall frequency response of the system voltage gain, as well as
the system input impedance using the proposed tuning method.

Once the data carrier frequency is allocated to that region,
ideally, the carrier signal amplitude will not change. Instead
of transmitting data under a specific frequency, the data can
be transferred in a wide range, which significantly extends the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 8, AUGUST 2022

"""""" -Gy Gls
|— Proposed Method \
& | Existing Metho:
N5 R GR COCEE T e e e e e T >
~ 0.1 Constant Voltage Gain Region
Ny
0.014
Power Communication
0.
0.5MHz 1.OMHz L5MHz  2.0MHz 2.5MHz 3.0MHz  4.0MHz 5.0MHz
— Proposed Method
—  Existing Method
10004
—
=]
=
= oo /
S
N ] U\ /S Eimmrmr i 5
_— Constant Impedance
104
Power Communication
0.5MH7 l.(th7 1.5"4H7 7.0;4H7 7.5;1H7 ?.(IIIGH7 4.("'4“7 5.0MH7
Fig. 2. Frequency response of the output voltage gain and system input

impedance.

bandwidth for the communication channel in the CPT system.
In addition, more frequencies can be used to transfer multiple
threads of data at the same time to improve data transfer capacity.
Data can be transferred alongside the power delivery without
affecting its power transfer capability. The proposed method can
work with ASK and FSK modulations with different modulator
designs.

B. Data Channel Parameter Design

In the conventional design method, the secondary CL section
is designed to step down the voltage and to amplify the cur-
rent [11]. In this letter, the proposed design method preserves
the functionality of the CL section and meanwhile absorbs the
coupling capacitor Cy, serving as a CLC high-pass filter, where
Os = CslcSQ/(Csl + 032)-

The proposed design method begins from choosing the cutoff
frequency w. of the CLC structure and the equivalent load
resistance Ry. As guided in [12], a third-order CLC high-pass
filter could be designed as follows. The parameters g1, g2, and
g3 are the normalized filter coefficients

Cs = 1/(q1wcRo), L2 = Ro/(gawe), Ca = 1/(gawRo). (2)

Note that in most of the CPT applications, the coupling
capacitance C'; is a given value. Therefore, the component values
for Lo and C' can be easily fixed providing the filter coefficients.
In this study, Butterworth filter design is chosen as an example
to ensure maximum flatness of the output voltage gain, and the
filter coefficients are given as

g1=15,90 =4/3,95 = 0.5. 3)

Given the coefficients from the above equation, the transfer
function of voltage gain in the CLC section then can be expressed
as

G2 (8) |w>wC

_ Vo(s) 53

= = ~ 1.
Vin(s)

4
3+ (2we) $2 4 (2we?) s + we? @




IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 8, AUGUST 2022

G
|
Il

(mn;‘ ) L, L, R, CmV,ﬂ )iy ) L, R,

I
[} il
Cya (a) Ce (b)

===
—=

Fig. 3.  Double-sided CL compensation design. (a) Method 1: CL resonance
without couplers. (b) Method 2: CL resonance with couplers.

As the frequency w increases beyond the corner frequency w,.,
the voltage gain ratio GG converges to 1. The input impedance
of the CLC structure Zcy ¢ becomes purely resistive, a constant
of RU .

9R0 w4
%Ei%cc) T 90t +4w2we? + 4wt ~ Ro
(2 )_(—6 Rw.)w*+ (-3 Rw?) w?—6 Rw.® ~0
\yw;ﬂlf B 9wd + (dwe?) w3 + (dwet)w -

)

Based on (5), define the voltage gain of the primary CL section

as (G1, and the overall system voltage gain under communication
channel frequency G, which yields

~ Viul(s) LiC1 Ry s*
G1(8)|w>wu o V;(S) o L101R0 82 + LlS + RO (6)
Gs(8)|wsw, = [Vo(s)/Vi(s)| = G1(s)Ga(s) = Gi(s). (1)

From the above equations, it could be seen that when w > we,
the system voltage gain is mainly governed by the primary CL
section. It needs to obtain the high-pass characteristics as the
cascaded CLC structure does. Detailed conditions and relation-
ships among L1, C', and G; will be discussed together with the
power channel design in the next section.

III. POWER CHANNEL DESIGN AND COMPARISON

The double-sided CL compensation network also needs to
resonant at a lower system operating frequency w), to accommo-
date the power needs. As analyzed in [13], it has two different
compensation design techniques, as depicted in Fig. 3. One is
to resonate with the local CL loops, which is less sensitive
to coupling variations. The other resonates with the coupling
plates, requiring less input current to achieve the desired out-
put power. To differentiate the design, the angular frequency
under those two design methods is notated as w,; and wpo,
respectively.

A. Method 1: CL Resonance Without Couplers

Method 1 suggests that the following requirements need to be
met:

wi L1Cy = wi LyCy = 1. (8)

The output voltage gain and the input impedance phase angle
under the power channel then can be obtained as

8807

Gp - |V;)ul/vin‘ = Cl/CQ (9)

0y = atan (C S0 Colown (Gt Co))
c, o

Equations (2), (3), and (8) yield the relationship between
cutoff frequency and system operating frequency

wpl/wc = /02093 =~ 0.816. (11)

When the symmetrical design is applied as shown in [9], the
unity gain can be obtained, yet the zero phase angle (ZPA) cannot
be achieved

0, = atan(3C, Rowy1) = 58.518°. (12)

To obtain ZPA condition, as shown in (10), C'; = 1.5C. With
anasymmetrical design of C; = 0.5C', the output voltage is half
of the input voltage.

SCSROwC(ZCl—?)CS)) (13)

Cy
Recall (6) and (7), with the conditions listed in (8) and (11),
(71 can be rewritten as

01,7zpa = atan <

6 52
G = , S trical
1(s) 6s2+3 we$ +4w? ymmered (14)
G1(s) 35 Asymmetrical

- 352 +3wes +4we?’

In either designs, if the frequency is above the corner fre-
quency of the CLC structure w,, then the s? term will be more
dominant, so the voltage gain GG; will approach 1.

B. Method 2: CL Resonance With Couplers

Method 2 suggests that the following requirements need to be
met:
- L1 (CS L2 OJ1272 - 1)
T O Liwl + Oy Lyw?, — 1
L2 {Cg L1 w§2 - ].)
Cy Ly w12)2 + C Lo wf‘)g -1
15)
By solving (2), (3), and (15), we can get the input impedance

wﬁzLeqlCl = 1, L

2 _ —
WPQLquCZ =1, Leq2 =

as
Ve CPLAL,
" L Ry (Cs Ly W%Q + Cs L2 w}%Q - 1)2 '

(16)

The above equation states that the system input impedance
does not have any imaginary part, which implies that the ZPA
condition will always hold. If the symmetrical design is applied,
the inductor value could be designed as

293 — Vg1 +4g35°
L2:91+ 93 g1° +49s3 %0.232/(6'5(,012,2).

205 g1 wly

a7

The relationship between the CLC structure cutoff frequency
and system operating frequency can also be yielded as

Wp2 \/292\/91 +295+ /917 +495°

We 2

~ 0.682

(18)
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Fig. 4. Simulation and experimental waveforms. (a) System simulation results with ASK modulation. (b) System simulation results with FSK modulation.

(c) System experimental results with ASK modulation. (d) System experimental results with FSK modulation.

TABLE I
COMPARISON OF DIFFERENT DESIGN METHODS

AttributesMOde Method 1 Method 1 Method 2
(no ZPA) (ZPA) (ZPA)
Py 0.816 0.816 0.682
0 58.518° 0° 0°
a, T 05 1505
PSR(k =3) | 2.308 1154 10.396
PSR(E=4) | 10 5 5.0
PSR(E=5) | 3.333 1.667 15.017
PSR(k=6) | 10 5 5.0

and the voltage gain under the power channel is calculated as a
constant, G, = 4.505.

Similar to the symmetrical design analysis in (14), the voltage
gain of primary CL section G; will reach 1 as the frequency rises
above w..

C. Design Comparison

The attribute power to signal ratio (PSR) is introduced to
describe how much impact the communication signal on the
original power signal. A higher PSR value indicates that the
data signal has a very low effect on the original power transfer
system, which helps to avoid the cross-talk between the two
channels. The PSR is defined as

Vp1Gp
(k%2)(1/k)V Gp + VsGy’
k is the ratio of the data carrier frequency over the system
operating frequency. Assume the same sources are applied to

the aforementioned three designs, we normalize |V, and set
|Vp1| = 10|V4|. In Table L, it compares three different designs.

PSR = andk € Z (19)

[Measurement: impedance Adapter

Fig. 5. Experimental setup and measured system input impedance.

It could be seen that with the Method 2 tuning method, coupled
with a data frequency of an even number & ratio, the system has a
higher PSR value. The power signal should have a much higher
amplitude than the data signal. In addition, setting k as an even
number can help avoid the clash between the high-order har-
monic components of the power frequency and the data carrier
frequency. The simulation model has been built and verified with
Method 2, as shown in Fig. 4(a) and (b). A voltage variation of
1 V can be observed using either modulation technique. This
voltage variation can be further filtered and recovered to the
original data signal.

IV. EXPERIMENTAL RESULTS

Fig. 5 shows the experiment setup of the CPT system with the
proposed compensation design method. The system is rated at
10 W, using £ PC'9002 C as the inverter to generate square-wave
ac voltage excitation from the dc supply on the primary side. A
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TABLE II
PARAMETERS OF EXPERIMENTAL SETUPS

Parameter Value Parameter Value
Operating Frequency 1MHz L1,Lo 11.4pH, 11.5p0H
Carrier 1 Frequency AMHz C1,C2 1.51nF,1.48nF
Carrier 2 Frequency 6MHz cT Coilcraft PFD3215

Corner Frequency 1.47TMHz Ro 15082

Data Rate 10kbps Vbco 20V

Coupler (C's1,Cs2) 1.02nF PSR 57.3
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Fig. 6.  Experimental results with the dual-frequency demodulator.

data insertion board is connected in series with the inverter and
the primary CL tuning circuit. A 9-V battery is used to power the
Op-Amps for filtering and retrieving the data signals. From the
VNA measurement results, it can be seen that the system input
impedance curve is flat, which is consistent with the simulation
resultsin Fig. 2. Detailed system parameters are listed in Table II.

Fig. 4(c) and (d) demonstrates the system performance by both
ASK and FSK modulations. To avoid ground wire connections,
all oscilloscope channels use high-frequency differential probes
to conduct measurements. The yellow trace is the input data
signal, while the blue is the recovered signal on the secondary
side. In either case, the data can be demodulated and retrieved
without any missing bits or errors. It should be noted that there
is a delay in the data signal between input and output, which
is caused by multistage filtering processes on the demodulation
board. The initial prototype is estimated to have an SNR of 15 dB,
mainly caused by the 1-MHz high-frequency switching.

The dual-frequency demodulator is designed to decode multi-
ple strings of data at the same time to maximize the data transfer
capacity. As shown in Fig. 6, it can successfully retrieve the data
signals embedded in the 4- and 6-MHz carriers, respectively.

Fig. 7 shows the voltage and current profiles from the inverter
and the voltage across the load. It could be measured that the
phase between the voltage and the current is of a degree of
—3.8deg, which indicates that the ZPA condition is almost
achieved considering practical turning error. In addition, the out-
put voltage stays the same regardless of the data state changes,
proving that the data signal has a minimal impact on the power
transfer. The system has a peak dc—ac efficiency of 8§1.2% with
10-W output power on the load. A detailed loss breakdown is
shown in Fig. 8. The inverter loss is of 1.28 W, which contributes
over 50% of the total loss due to the high-frequency switching.
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V. CONCLUSION

This letter introduces a novel compensation/filtering design
technique of a CPT system for achieving in-band data communi-
cation while maintaining wireless power transfer. The proposed
design significantly extends the communication bandwidth with
minimal effect on the characteristics of the conventional CPT
system. The operating principles and design procedures are
elaborated to provide insights into choosing appropriate oper-
ating modes and data carrier frequencies. The system is fully
implemented and verified by both simulations and experiments
results. A prototype rated at 10 W has been built and a dc—ac
efficiency of about 81.2% is achieved. On the communication
side, both ASK and FSK modulation techniques have been used
to achieve wireless data transfer at a rate of 10 kbps.
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