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A Novel Capacitive Coupler Array With Free-Positioning
Feature for Mobile Tablet Applications

Jia-Qi Zhu, Yong-Ling Ban
Zhengchao Yan

Abstract—This letter proposes a novel capacitive coupler array
with free-positioning feature for mobile tablet applications. The
capacitive coupler consists of three printed circuit boards, two of
which constitute the transmitter and the third one is the receiver.
The coupler is vertically arranged to make the charging system
compact and feasible for mobile tablet applications. By applying a
repetitive structure on the transmitter side and properly designing
the receiver, free-positioning capacitive charging is realized and
the coil-to-coil charging efficiency is not affected by the variation
of the receiver position. Only two series inductances are utilized
for compensation purposes, which makes the system more com-
pact and easy to be fabricated. This proposed capacitive coupler is
studied via finite-element analysis and verified by the experimental
results at 1, 2.17, and 3.45 MHz.

Index Terms—Capacitive coupler array, capacitive power trans-
fer (CPT), free-positioning, mobile tablet application.

I. INTRODUCTION

APACITIVE power transfer (CPT) utilizes electric field
C as media for wireless power transfer (WPT) [1]. It has
three main advantages. First, proximity metallic elements do
not cause significant performance degradation on CPT [2].
Second, CPT usually employs four metal plates to achieve
WPT, which is very cost effective. Third, it is compact with
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the vertical arrangement [3]. With these three features, CPT
is a potential candidate for consumer electronics, for example,
tablets wireless charging [4], [5].

Conventionally, the primary and secondary capacitive cou-
plers need to be fully aligned during the charging process, named
fixed-positioning charging [6], [7]. It is less user-friendly. In ad-
dition, it needs guided positioning elements to keep the receiver
plates at the right location, which occupy extra space in both
transmitter and receiver sides. In contrast, the free positioning
CPT is more user-friendly and compact, which is suitable for
tablets charging.

Several techniques to achieve free positioning CPT have been
investigated recently [8], [9]. As reported in [8], a dynamic
CPT system for railway application was proposed. However,
the train can only move in one axis, which is critically not a free
positioning CPT system. A capacitive charging platform with a
soft switched transformer was investigated [9]. It achieved free-
positioning on a charging pad but specific individual primary
plates need to be energized with the location variation of the
receiver plates. Also, the values of the compensation inductances
need to be changed with the change of the receiver location,
making the charging system complex and bulky.

In this letter, a novel capacitive coupler array with a free-
positioning feature for mobile tablet applications is proposed.
The four plates are arranged vertically to save space [3]. Only
two different series-inductors are adopted at the transmitter and
receiver sides, respectively. Furthermore, the charging efficiency
can be maintained during the movement of the receiver. Also,
the compensation inductors remain unchanged with the location
variation of the receiver.

II. CAPACITIVE COUPLER DESIGN
A. Coupler Structures

In this section, the structures and detailed dimensions of the
proposed free-positioning CPT coupler are studied. Fig. 1 shows
the breakdown diagram and side view of the coupler. This cou-
pler is composed of three printed circuit boards (PCB). At the
very bottom of the stack is PCB 1, consisting of a copper plate Py
and an FR-4 dielectric layer of 1.5 mm thickness (with relative
permittivity of €, = 4.4). PCB2 is fabricated by a 1.5 mm thick
FR-4 dielectric layer and a copper matrix Ps. It is embedded
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Fig. 1. (a) Breakdown diagram. (b) Side view of the proposed capacitive
coupler.
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Fig. 2. Plan view of the proposed capacitive coupler.

on the top of PCB1, with an air layer gap of 3 mm. On top of
the coupler is PCB3. In PCB3, the F4B dielectric layer (2 mm
thickness, with relative permittivity of €, = 2.6) is sandwiched
between copper plates P; and Py. It is worth mentioning that
PCBI1 together with the air layer and the copper matrix P, form
the transmitter. The PCB3 serves as the receiver of the sys-
tem, which is supposed to be embedded inside the tablet. The
FR-4 dielectric layer in PCB2 acts as the media between the
transmitter and the receiver.

The plan view of the capacitive coupler is indicated in Fig. 2.
Based on the dimension of an actual small desk and the IPAD
PRO, the planar sizes of the transmitter and receiver are set
as 480 mm x 290 mm, and 195 mm X 195 mm, respectively.
At the transmitter side, the copper matrix P, is made up by
8 small square copper plates (P21, Poo, ... and Pyg) of size
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Fig. 3. (a) Circuit model of the proposed capacitive coupler. (b) Equivalent

six capacitor model of the capacitive coupler. (c) Simplified 7 model of the
capacitive coupler.

90 mm x 90 mm, which locate directly above the 8 square slots
of the copper plate P;. It needs to be pointed out that these 8
small square slots are used to decrease the self-capacitance C;
between P; and P;. While maintaining the same coupling coef-
ficient, self-capacitance C, of the receiver will increase. Thus,
the compensated inductance at the receiver side will decrease,
making the receiver more compact and easy to be implemented
in a tablet. At the receiver side, the copper plate P, covers nearly
half of the copper plate P3. It is noteworthy that the receiver can
be placed at arbitrary location within the transmitter area. Two
misalignment axes are defined in Fig. 2, i.e., Mis_X and Mis_Y.
The original point is set at the top left corner.

B. Circuit Model Analysis

The circuit model of the proposed free-positioning capacitive
coupler is shown in Fig. 3. Coupling capacitances exist between
each pair of the plates. Because eight square plate matrixes
(P21, Pas ... and Pyg) are in parallel to form the entire plate Py,
the coupling capacitances between Ps, and another plate are in
parallel. According to Zhang et al. [3], there are six capacitances
in the proposed vertical four-plate capacitive coupler. Therefore,
among the six capacitances, the capacitances regarding plate Py
are expressed as

Ci2 =C1 4+ Chq + -+ Chgy
Co3 =Co134+ Cya3 4+ Chss
Cos = Co1.a+ Cog g + -+ Cog 4.

ey

Considering (1), Fig. 3(a) can be simplified as Fig. 3(b). Based
on [3], the six-capacitance model can be transformed to the 7
model, as shown in Fig. 3(c). The self-capacitance C;, C2, and
the mutual capacitance C'y; are expressed as

Cl — 012 + (Cl3+cl4)'(c‘23+024)

Ci3+C1a+C23+C2
_ (Ci13+C3)(C1a+Ca4) 2
Cr = Csa + Ci3+Cr14+C3+Cay @)
Cy = C4C13—=C14Cs3

Ci3+C14+Ca3+Chy "
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Fig. 4. (a) Coupling capacitance Ci,_pri- (b) Coupling capacitance Cip_sec. (¢) Coupling coefficient kc at different misalignment.

The coupling coefficient is defined as k. = Cyy /+/C, C5. The
primary and secondary input capacitances are expressed as

o &)
Cy — 2+,

(Cy=Cy )C
Chnpri = C1 — Oy + =000 — ¢ —

Cy )C
Cm%oc—CQ_CA["'%

C. Maxwell Simulation

All of the coupling capacitances were simulated in Maxwell
software from ANSYS. With misalignment X and misalignment
Y defined in Fig. 2, the variation of the coupling capacitances
(Cinpri» Cinsec) and the coupling coefficient kc are depicted in
Fig. 4. Corresponding to the experiment, 16 plexiglass (relative
permittivity of 2.8) were embedded between PCB1 and PCB2
in this Maxwell simulation. It can be seen that the coupling
capacitances and coupling coefficient remain stable in different
misalignment conditions. The variation of Cj, p is within 3.4%
of the nominal value and the variation of Cj, s is within 1.2%.
The coupling coefficient kc is between 4.9% and 6.3%. Note
that the compensated inductances are determined by coupling
capacitances Ciy_pri and Cjy_sec. The stabilization of the coupling
capacitances indicates that the compensated inductances could
remain unchanged with misalignment. Also, the coupling coef-
ficient reflects the efficiency of the coupler, resulting in stable
coil-to-coil efficiency with the variation of misalignment.

The distance between the transmitter and receiver, namely
the thickness of the FR4 material in PCB2, has been studied.
With the increase of the distance, the coupling capacitance Cip i
will not have significant changes and the coupling coefficient
kc will decrease. Besides, the coupling capacitance Ci,_gec Will
decrease with the enhancement of the distance, leading to bigger
series inductance L,. It needs to be emphasized that at a fixed
distance, for example 2.5 mm, the free-positioning feature will
still be achieved. For brevity, the corresponding figures are not
shown here.

With regard to the materials in the receiver case, several com-
mon materials for fabricating the PCB are selected for compar-
ison. The comparisons are all simulated at Mis_X = 40 mm,
Mis_Y = 60 mm and the corresponding simulation results are
presented Table I. With the increase of the material relative
permittivity, the coupling coefficient k¢ will decrease and the
primary input capacitance Cj, p Will remain unchanged.

TABLE I
SIMULATED RESULTS FOR DIFFERENT MATERIALS IN THE RECEIVER CASE
(Mis_X = 40 mm, Mis_Y = 60 mm)

Parameters Material in the receiver case
) Roggers 5880 Proposed Roggers 4350 FR4
Relative 22 26 3.66 44
permittivity
ke 5.46% 4.96% 3.96% 3.41%
Cin_pri 141.6 pF 141.9 pF 144.2 pF 144.8 pF
Cin_sec 244.6 pF 280.0 pF 370.6 pF 432.7 pF
Sy Sy
B
Vin

S,
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Fig. 5. Primary and secondary voltage and current waveforms.

Therefore, the relative permittivity of the material in the re-
ceiver case should not be too large. Besides, the secondary input
capacitance Cj, s Will increase with the enhancement of the ma-
terial permittivity, leading to a decrease of the series inductance
L, inside the tablet. In our experience, the relative permittivity
of the material in PCB3 should be smaller than or equal to that
of the material in PCB2, which can achieve better parameters.

D. Compensation Topology of the Proposed
Capacitive Coupler

Since it is intended to be applied to tablet application, com-
pensation components should be as fewer as possible to save
space and cost. Two inductances are connected in series with
the coupler, resulting in a double-sided L compensation circuit,
as shown in Fig. 5. Similar to [10], the circuit is working at a
constant-current mode and it maintains unity power factor at
both the primary and secondary sides. Here, it needs to be em-
phasized that the external parallel capacitors at both the primary
and secondary sides are removed comparing with [10]. That is
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(b)

Fig. 6. Fabricated prototype and experimental setup of the capacitive coupler
system at (a) 1 MHz and (b) 3.45 MHz.

because the distance between Py and P», P3 and P, are small and
the relative permittivity of F4B is bigger than air, resulting in
enough self capacitances Ci, and Cs4. Two series inductances
Ly and L, at the primary and secondary sides are resonating
with Ciy pri and Cjp_ec, respectively. Thus, the inductances are
calculated as

1 _ Co

Ly = w2Cinpri  w?(C1C2—C3)) 4

Ly— 21 — & @
2 Uzcin.sec w? (Cl Cy 70;2\1 ) '

The load current /5 and the output power are expressed as

w(C1Cy — C3 VA

I =
? Chr

WA(C1Cy — C3) V2
R;r.

Pout = C\[ 9

)

III. EXPERIMENT AND DISCUSSION

The prototype of the free-positioning capacitive coupler was
fabricated and tested, as shown in Fig. 6. With structures and di-
mensions presented in Figs. 1 and 2, three PCBs were fabricated
to integrate the capacitive coupler. Eight short copper strips of
3.5 mm width were used to connect the eight small copper plates
of Py in parallel. Several small plexiglass were applied to fill in
the air layer between PCB1 and PCB2, thus, separating them.
In practical applications, this air gap layer can also be achieved
by cutting small gaps on PVC tubes or wood and then insert the
metal plates into these gaps [2], [3]. Another option is to drill
several small holes on PCB2. Screws and nuts can be utilized to
adjust the distance between PCB1 and PCB2. The ac source at 1
MHz was realized by an H-bridge inverter, consisting of Silicon
carbide (SiC) MOSFETs (C2M0080120D). It is noteworthy that
this SiC MOSFET is not necessary for 5 W output. In practical
applications, it can be replaced by other suitable low voltage
MOSFETs. As for 2.17 and 3.45 MHz resonant frequencies, the
ac sources were provided by an AG 1016 from T&C Power.
The load resistance Ry, is chosen to be 7.25 2. According to
the Maxwell simulation, the coupling coefficient is the lowest
at the curve Mis_Y = 20 mm and Mis_Y = 60 mm. Thus, to ac-
quire an evenly distributed efficiency with misalignment, Cj; pri
of 144.3 pF and Cj, s of 279.4 pF were measured at Mis_X =
40 mm, Mis_Y = 60 mm. Based on (4), compensated L, and
Ly were chosen as 175.5 pH and 90.7 pH, respectively. Since
the skin depth of 1 MHz is 65 pm, the 1500-strand AWG 44
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Litz-wire with a single wire diameter of 50 ;m was selected for
inductors to reduce ac resistance. As for higher frequencies of
2.17 and 3.45 MHz, the 1200-strand AWG 46 Litz-wire with a
single wire diameter of 40 m was selected.

As indicated in Fig. 6, we moved the receiver along axis
Mis_X and Mis_Y to verify the free-positioning characteristic.
Mis_X ranges from O to 95 mm with an increment of 20 mm.
Mis_Y ranges from O to 195 mm with an increment of 20 mm.
Since the transmitter of the coupler is a repetitive structure, the
test area has already surpassed one period. The test covered
81.25% area of the whole transmitter and the test points were
66 in total. The input source voltage varied in the test process to
maintain the output power to be 5 W at 1 MHz and 15 W at other
two higher resonant frequencies. The range for the input voltage
Vy1s26.2t040.5Vat1 MHz, 30to 35 V at 2.17 MHz and 27 to
34 V at 3.45 MHz. It is worth noting that at 1 MHz, except for
the red curve Mis_X = 0, most of the input voltages are between
30 and 36 V. Specifically, among the 55 tested points, 48 test
points are between 30 and 36 V. The corresponding measured
coil-to-coil efficiency with the variation of Mis_X and Mis_Y
were shown in Fig. 7. Note that all of the measured efficiencies
were between 52% and 56% at 1 MHz, most of the measured ef-
ficiencies were between 60% and 66% at 2.17 MHz and most of
the measured efficiencies were between 52% and 58% at 3.45
MHz, which indicated that the free-positioning property had
been achieved. Here, it needs to point out that few efficiency
points at Mis_X = 0 mm and Mis_X = 95 mm (the edge of the
capacitive coupler) are beyond these efficiency ranges because
the corresponding coupling coefficients are higher than other
areas in accordance with Fig. 4(c). The experimental waveform
at Mis_X = 0, Mis_Y = 0O for | MHz resonant frequency, wave-
forms at Mis_X = 0, Mis_Y = 160 mm for 2.17 MHz resonant
frequency and waveforms at Mis_X = 95 mm, Mis_Y = 195
mm for 3.45 MHz resonant frequency are shown in Fig. 8 and
the corresponding efficiencies are 52.25%, 67.4%, and 75.12%,
respectively.

For comparison purpose, several existing techniques for con-
sumer electronics with the same output power rating are listed
in Table II. It can be concluded from the table that the efficiency
range of the proposed CPT system is comparable to the existing
WPT techniques regarding consumer electronics. In the pro-
posed free-positioning CPT system, since the dissipation factor
tand of the material F4B is 0.0007 and that of the FR4 mate-
rial is 0.02, the power loss of the system is mainly induced by
FR4 dielectric layer. The planar size of the FR4 dielectric layer
is relatively large and it is supposed to be integrated into the
table or big pad. Therefore, the heat dissipation will not be a
big issue in the proposed system. In future research, a suitable
and cost-effective material is needed to replace FR4, leading to
enhancement of efficiency. Inexpensive glass will be a possible
material to substitute FR4 because the relative permittivity of
glass is 4.6 to 5.75, which is comparable to the FR4 (4.4). Also,
the dissipation factor fand of glass is 0.0006 to 0.0036, which is
much lower than FR4 (0.02) [14].

Until now, few studies on multiple megahertz CPT were pro-
posed. Thus, the experimental results at 1, 2.17, and 3.45 MHz
were all presented in this letter as references. For practical
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Fig. 7.

Measured efficiencies of the proposed capacitive coupler at different misalignment for (a) I MHz resonant frequency with 5 W output power, (b) 2.17 MHz

resonant frequency with 15 W output power, and (c) 3.45 MHz resonant frequency with 15 W output power.
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TABLE II
COMPARISONS OF WIRELESS CHARGING SYSTEMS AT SAME OUTPUT
POWER RATING FOR CONSUMER ELECTRONICS

Scheme Output Power [W] Efficiency [%]

Liu et al. [9] 1.6 54
Choietal. [11] 4 16

Hu et al. [12] 10s 443
Liu et al. [13] 2~8 47~77
Proposed 1 MHz 5 52~56
Proposed 2.17 MHz 15 60~66
Proposed 3.45 MHz 15 52~58

consideration, the compensated inductance L» is supposed to
be integrated into a tablet. Since the compensated inductance at
3.45 MHz is relatively small, the 3.45 MHz resonant frequency is
preferred in practical. In actual industrial applications, the strand
of the Litz-wire for compensated inductances at 3.45 MHz can
be reduced to 400 (sufficient for 15 W output power), leading
to further reduced volume of compensation inductances.

IV. CONCLUSION

In this letter, a novel capacitive coupler array with free-
positioning feature was proposed for mobile tablet applications.
Two repetitive PCBs of 480 mm x 290 mm were designed to

construct the transmitter, which can be integrated into a small
table. Another PCB of 195 mm x 195 mm was proposed to
form the receiver, which can fit into a mobile tablet. Since the
structures were vertically arranged and only two inductances
were applied for compensation, the capacitive coupler became
compact. Maxwell FEA simulation results were presented and
the equivalent model was derived. While maintaining the output
power at 5 W for 1 MHz, 15 W for 2.17 MHz and 3.45 MHz,
all of the measured coil-to-coil efficiencies were between 52%
and 56% at 1 MHz, most of the measured coil-to-coil efficien-
cies were between 60% and 66% at 2.17 MHz and most of the
measured coil-to-coil efficiencies were between 52% and 58%
at 3.45 MHz. In future research, the efficiency of the system
will be increased by replacing the FR4 material.
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