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Abstract—This paper proposes a six-plate capacitive coupler for
large air-gap capacitive power transfer to reduce electric field emis-
sions to the surrounding environment. Compared to the conven-
tional four-plate horizontal structure, the six-plate coupler contains
two additional plates above and below the inner four-plate coupler
to provide a shielding effect. Since there is a capacitive coupling
between every two plates, the six-plate coupler results in a circuit
model consisting of 15 coupling capacitors. This complex model is
first simplified to an equivalent three-port circuit model, and then
to a two-port circuit model which is used in circuit analysis and
parameter design. This six-plate coupler can eliminate the external
parallel capacitor in the previous LCLC topology, which results in
the LCL compensation and reduces the system cost. Due to the
symmetry of the coupler structure, the voltage between shield-
ing plates is limited, which reduces electric field emissions. Finite
element analysis by Maxwell is used to simulate the coupling ca-
pacitors and electric field distribution. Compared to the four-plate
horizontal and vertical structures, the six-plate coupler can signif-
icantly reduce electric field emissions and expand the safety area
from 0.9 to 0.1 m away from the coupler in the well-aligned case. A
1.97 kW prototype is implemented to validate the six-plate coupler,
which achieves a power density of 1.95 kW/m2 and a dc–dc effi-
ciency of 91.6% at an air-gap of 150 mm. Experiments also show
that the output power maintains 65% of the well-aligned value at
300 mm X misalignment, and 49% at 300 mm Y misalignment.

Index Terms—Capacitive power transfer (CPT), electric field
emission, equivalent circuit model, six-plate coupler.
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I. INTRODUCTION

CAPACITIVE power transfer (CPT) utilizes electric fields,
instead of magnetic fields, to transfer power without gal-

vanic contact [1], [2]. Despite parasitic displacement currents,
electric fields do not generate significant eddy current loss in
nearby metals, so the CPT system can be an attractive alternative
to the traditional inductive power transfer (IPT) system [3], [4].
Furthermore, the CPT system uses metal plates as the capacitive
coupler and eliminates ferrites, which reduces the system cost
and weight.

However, application of CPT systems is currently limited
by transfer distance and electric field emissions [5]. The cou-
pling capacitance is determined by the plate area and dis-
tance. Since the power storage in a capacitor is calculated as
P = 0.5fswCV 2 , when the coupling capacitance is in the pF
range, it requires either a high switching frequency or a high
voltage to achieve high power transfer, which is difficult to re-
alize in practice. Therefore, the short-distance CPT technology
is mostly studied in previous research works [6]–[9].

One solution to increasing the transfer power and distance is
to increase the voltage between the metal plates to establish a
stronger electric field. Therefore, various compensation circuit
topologies have been proposed to resonate with the capacitive
coupler and produce high voltage. The double-sided LCLC [10],
[11] compensation topology can increase the plate voltage to
several kV, which resulted in a transfer power of 2.4 kW across a
150 mm air-gap for electric vehicle charging applications. It also
has some variations, such as CLLC [12], LCL [13], [14], and LC
[15] compensation. Moreover, Z-impedance compensation [16]
and class-E amplifiers [17]–[20] can also help increase the plate
voltage and achieve a high-efficiency CPT system. However,
increasing the voltage may exceed the breakdown field of air
between the plates, which can result in arcing. Also, the electric
field emissions in the surrounding environment can exceed the
safety requirements of the human body [21], which limits the
maximum voltage for given gap distances.

One solution to reducing electric field emissions without re-
ducing the plate voltage is to optimize the structure of the ca-
pacitive coupler. The external field cancellation method, which
drives the adjacent metal plates with 180° phase difference to
limit field emissions, is a good candidate, but it has special
requirements on the control algorithm [22], [23]. Another can-
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Fig. 1. Structure and dimensions of a six-plate coupler.

didate is the combination of a four-plate horizontal [10] and
vertical [13] structure, which results in a six-plate capacitive
coupler topology [24]. The two extra plates are large enough to
cover the internal four plates. The external plates can provide
coupling capacitors to simplify the compensation circuit. More
importantly, they can also be used as electric field shields to
reduce field emissions.

This paper will provide an equivalent circuit model of the six-
plate coupler topology, which is then used to analyze the CPT
system working principle and provide design circuit parame-
ters. Similar to the four-plate vertical structure, the double-sided
LCL compensation circuit is used to resonate with the six-plate
coupler. Finite element analysis (FEA) by Maxwell compares
the electric field emissions of the six-plate coupler to the four-
plate horizontal and vertical couplers, and shows that the six-
plate coupler achieves electric field shielding and therefore ex-
pands the safety area. Finally, a 1.97 kW CPT prototype is
designed and implemented to validate the proposed six-plate
coupler.

II. SIX-PLATE CAPACITIVE COUPLER AND ITS CIRCUIT MODEL

A. Plate Structure

The six-plate capacitive coupler structure is shown in Fig. 1.
Plates P1 , P2 , and P5 are placed at the primary (transmitter)
side, and P3 , P4 , and P6 are at the secondary (receiver) side.
P1 , P2 , P3 , and P4 work as the power transfer plates. P5 and
P6 work as the shielding plates, and they are larger than the
other plates to provide better shielding of the electric fields. The
dimensions of the six-plate coupler are also shown in Fig. 1.
The definitions of the dimensions are described in Table I.

B. Full-Capacitor Model of Six-Plate Coupler

In the six-plate coupler, every two plates are capacitively
coupled, which results in 15 coupling capacitors in total. Fig. 2
shows all the coupling capacitances between plates.

The capacitors C15 and C25 dominate the self-capacitance
of the primary side, and the capacitors C36 and C46 domi-
nate the self-capacitance of the secondary side. Since the two

TABLE I
PARAMETERS DESCRIBING SIX-PLATE STRUCTURE

Parameter Description Parameter Description

l1 Primary plate length l2 Secondary plate length
ls 1 Primary plate separation ls 2 Secondary plate separation
le 1 Primary shielding edge le 2 Secondary shielding edge
d1 Primary gap distance d2 Secondary gap distance
d Primary–secondary gap tp Plate thickness

Fig. 2. Coupling capacitors between plates.

Fig. 3. Full-capacitor model of a six-plate coupler.

pairs of plates, P1−− P3 and P2−− P4 , are the main power
transfer plates, the capacitors C13 and C24 dominate the mutual
capacitance between the primary and secondary sides. Other ca-
pacitors, such as C14 , C23 , etc., also affect the self and mutual
capacitances.

Considering the all the couplings, the full-capacitor model
of the coupler is shown in Fig. 3, in which V1 and V2 are the
voltages at the primary and secondary sides, respectively. The
voltage V3 and current I3 are imaginary external excitations
between plates P5 aand P6 , which are used to simplfy the circuit
analysis. In real application I3 = 0. Compared to the 4-plate
model in [13], the 6-plate model is very complex. It is, therefore,
useful to acquire an equivalent but simplified circuit model to
help design the corresponding resonant circuit. In this paper, the
full-capacitor model is first simplified as a three-port equivalent
model and then a two-port model.

C. Three-Port Model of Six-Plate Coupler

A three-port network can be used to represent the equivalent
circuit model of the six-plate coupler as shown in Fig. 4. Plates
P1 and P2 are connected to the primary side circuit, and form
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Fig. 4. Three-port behavior source model of a six-plate coupler.

the first port. Plates P3 and P4 are connected to the secondary
side circuit and form the second port. Plates P5 and P6 form
the third port, which is used to simplify analysis. The termi-
nal voltages and currents of the three ports are represented as
V1 , I1 , V2 , I2 , V3 , and I3 . The relationships between the vari-
ables are expressed as follows:

⎧
⎪⎨

⎪⎩

I1 = jωC1V1 − jωCM 12V2 − jωCM 13V3

I2 = −jωCM 21V1 + jωC2V2 − jωCM 23V3

I3 = −jωCM 31V1 − jωCM 32V2 + jωC3V3

(1)

where C1 , C2 , and C3 are the self-capacitances at each of the
three ports, CM 12 , CM 13 , CM 21 , CM 23 , CM 31 , and CM 32 are
the mutual capacitances, and ω = 2πfsw , where fsw is the
switching frequency. Using energy arguments, it can be shown
that CM 12 = CM 21 , CM 13 = CM 31 , and CM 23 = CM 32 .

It is necessary to determine the relationships between the
parameters in the full-capacitor model and the three-port model.
The self-capacitances are calculated first, followed by the mutual
capacitances. The self-capacitance C1 is used as an example.
According to (1), C1 is determined as follows:

C1 =
I1

jωV1

∣
∣
∣
∣
V2 =V3 =0

. (2)

Fig. 5 shows the process to simplify the circuit to get the
equivalent model. When V2 and V3 are short-circuited, the full-
capacitor model is shown in Fig. 5(a). I1 , I2 , and I3 represent
the currents induced by V1 at the three ports. Since P5 and P6
are short-circuited, the capacitors can be combined together as
shown in Fig. 5(b). It needs to be emphasized that the simpli-
fication from Fig. 5(a) to (b) does not affect the current I2 . To
calculate the self-capacitance, the circuit is further simplified,
as shown in Fig. 5(c). All the capacitors related to P3 , P4 , P5 ,
and P6 are then combined together, as follows:

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Ca1 = C13 + C14

Cb1 = C23 + C24

Cc1 = C15 + C16

Cd1 = C25 + C26
Ce1 = C35 + C36 + C45 + C 46

. (3)

The plate nodal voltages are defined as VP 1 , VP 2 , VP 3 , and
VP 5 . P2 is defined as the reference node, which means VP 2 = 0.
The Kirchhoff’s current equations of the four nodes in Fig. 5(c)

Fig. 5. Simplification process of capacitor model when V2 = V3 = 0. (a)
Full-capacitor model, (b) combine parallel capacitors, and (c) further combine
capacitors.

are expressed as

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(C12 + Ca1 + Cc1) · VP 1 − Ca1VP 3 − Cc1VP 5 = I1/(jω)

C12VP 1 + Cb1VP 3 + Cd1VP 5 = I1/(jω)

(Ca1 + Cb1 + Ce1) · VP 3 − Ca1VP 1 − Ce1VP 5 = 0

(Cc1 + Cd1 + Ce1) · VP 3 − Cc1VP 1 − Ce1VP 3 = 0

.

(4)
According to (4), VP 3 and VP 5 are expressed as

VP 3 = VP 4 =

[Ce1(Ca1 + Cc1) + Ca1(Cc1 + Cd1)] · V1

Ce1(Ca1 + Cb1 + Cc1 + Cd1) + (Ca1 + Cb1)(Cc1 + Cd1)

VP 5 = VP 6 =

[Ce1(Ca1 + Cc1) + Cc1(Ca1 + Cb1)] · V1

Ce1(Ca1 + Cb1 + Cc1 + Cd1) + (Ca1 + Cb1)(Cc1 + Cd1)
.

(5)
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To simplify analysis, capacitors C01 and CT are defined as

C01 =
Ce1(Ca1 + Cc1)(Cb1 + Cd1)

CT 1

+
Ca1Cb1(Cc1 + Cd1) + Cc1Cd1(Ca1 + Cb1)

CT 1

CT 1 = Ce1(Ca1 + Cb1 + Cc1 + Cd1)

+ (Ca1 + Cb1) · (Cc1 + Cd1). (6)

The self-capacitance C1 is then determined to be

C1 = C12 + C01 . (7)

After the self-capacitance C1 is determined, the mutual ca-
pacitance CM 12 can also be acquired with V2 = V3 = 0. From
the second equation of (1), CM 12 can be calculated as

CM 12 =
I2

−jωV1

∣
∣
∣
∣
V2 =V3 =0

. (8)

Fig. 5(b) can be used to calculate CM 12 . At node P4 , the
current I2 can be expressed as

I2

jω
= −(C14 + C24 + C45 + C46)VP 4

+C14VP 1 + (C45 + C46)VP 6 . (9)

By substituting (5) into (9), the mutual capacitance is ex-
pressed as

CM 12 =

Ce1(C24Cc1 − C14Cd1) + (C45 + C46)(Ca1Cd1 − Cb1Cc1)
CT 1

+
(C13C24 − C14C23)(Cc1 + Cd1 + Ce1)

CT 1
. (10)

Therefore, when V2 and V3 are short-circuited, the self-
capacitance C1 is expressed in (7), and the mutual capacitance
CM 12 is expressed in (10). The parameters C1 and CM 12 are
shown in the first column in Table II.

Following similar procedures, the parameters C2 and CM 23
are determined with V1 and V3 short-circuited, and shown in the
second column in Table II. The parameters C3 and CM 13 are
acquired with V1 and V2 short-circuited, and shown in the third
column in Table II. In conclusion, all the equivalent self- and
mutual-capacitances of the six-plate coupler are summarized
in Table II. It can be further proved that CT 1 = CT 2 = CT 3 ,
so they can be represented by CT . It shows that equivalent
capacitances depend on the couplings between plates.

D. Two-Port Model of Six-Plate Coupler

When the six-plate coupler is connected into a circuit, only
P1 , P2 , P3 , and P4 are directly connected and P5 and P6 are
floating. This means there is no external voltage or current
source connected to P5 and P6 , and hence I3 = 0. The three-
port circuit model is then further simplified into an equivalent
two-port model shown in Fig. 6.

Fig. 6. Two-port equivalent model of six-plate coupler.

The equivalent 2-port parameters are calculated from (1) with
I3 = 0, which results in

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

I1 = jω

(

C1 − C2
M 13

C3

)

· V1

−jω

(

CM 12 +
CM 13CM 23

C3

)

· V2

I2 = −jω

(

CM 12 +
CM 13CM 23

C3

)

· V1

+jω

(

C2 − C2
M 23

C3

)

· V2

. (11)

Therefore, the equivalent 2-port parameters are expressed as
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

C1eq = C1 − C2
M 13

C3

C2eq = C2 − C2
M 23

C3

CM eq = CM 12 +
CM 13CM 23

C3

. (12)

III. EXAMPLE OF LARGE AIR-GAP CPT SYSTEM WITH

SIX-PLATE COUPLER

A. Coupler Dimension Design

To simplify the design process, the transmitter and receiver
plates are symmetric in this case. The primary and secondary
plate lengths are therefore l1 = l2 = 610mm, the plate sepa-
rations are ls1 = ls2 = 100mm, and the shielding plate edge
lengths are le1 = le2 = 50mm. The primary–secondary gap
is 150 mm, aiming at electric vehicle charging applications. The
influence of plate thickness (tp = 2mm) on the couplings can
be neglected. The primary and secondary plate distances are
also the same, which means d1 = d2 . Therefore, d1 is the only
parameter that needs to be designed.

ANSYS Maxwell is used to perform FEA of the six-plate
coupler. It provides the 15 coupling capacitances between every
two plates. Table II is then used to calculate the equivalent
capacitances. Due to the symmetry of the coupler, C1 = C2 .
When the transmitter and receiver are well-aligned and d1 varies,
C1 , C3 , and CM 12 are shown in Fig. 7. Since CM 13 and CM 23
are smaller than 0.1 pF, they are neglected.

The self-capacitances C1 and C3 decrease with increasing
d1 , and the mutual capacitance CM 12 increases slightly with
d1 . A larger CM 12 means higher transfer power; however, a
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TABLE II
EQUIVALENT SELF- AND MUTUAL CAPACITANCES OF SIX-PLATE COUPLER

Fig. 7. Maxwell-simulated equivalent capacitances at different d1 .

low self-capacitance requires a large resonant inductor, which
is difficult to realize. Therefore, d1 is set to be 19 mm in this case,
which results in the Maxwell-simulated original and equivalent
capacitances as shown in Table III. The differences between
C15 , C25 , C36 , and C46 are due to the calculation tolerance of
the Maxwell solver.

TABLE III
MAXWELL-SIMULATED AND EQUIVALENT CAPACITANCES WHEN

WELL-ALIGNED AND d1 = 19 MM

With the designed dimensions, the misalignment ability of the
coupler is analyzed in Maxwell, and the simulated capacitances
are shown in Figs. 8 and 9. The X and Y directions are defined
in Fig. 1.

Fig. 8 shows the equivalent capacitances C3 and CM 12 with X-
direction misalignment. Compared to the well-aligned case, the
variations of the other capacitances are too small to be neglected.
This indicates that C3 decreases by 12.2% and CM 12 decreases
by 36.7% when the X misalignment is 300 mm.

Fig. 9 shows the equivalent capacitances C3 , CM 12 , CM 13 ,
and CM 23 with Y-direction misalignment. The variations of the
other capacitances are also neglected. It indicates that C3 de-
creases by 6.7% and CM 12 decreases by 54.4% when the Y
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Fig. 8. Maxwell-simulated capacitances at X misalignment conditions.

Fig. 9. Maxwell-simulated capacitances at Y misalignment conditions.

misalignment is 300 mm. It also shows that the mutual capac-
itances CM 13 = CM 23 in the Y misalignment case, and their
absolute value is 2.4 pF at 300 mm Y misalignment. The nega-
tive value of capacitance indicates that the direction of induced
current is opposite the predefined positive direction.

B. LCL Compensation Topology

The six-plate coupler can eliminate an external parallel ca-
pacitor in the previous LCLC topology [10], which results in an
LCL compensation and reduces system cost. The circuit topol-
ogy is shown in Fig. 10. A full-bridge inverter is used to inject
ac excitation, and a full-bridge rectifier provides dc current to
the load. When the coupler is represented by the 2-port model,
the equivalent circuit of the CPT system is shown in Fig. 11.

The output power of the CPT system [13] is expressed as

Pout =
ω · CM eq · Cf 1Cf 2

(1 − k2
C ) · C1eqC2eq

· |Vin | · |Vout | (13)

where Cf 1 and Cf 2 are the compensation capacitors, Vin and
Vout are rms values of the ac input and output voltages to the
resonant tank, and kC is the capacitive coupling coefficient,

Fig. 10. Circuit topology of an LCL-compensated six-plate CPT system.

Fig. 11. Equivalent circuit of an LCL compensated six-plate CPT system.

TABLE IV
SYSTEM SPECIFICATIONS AND CIRCUIT PARAMETERS

Parameter Design Value Parameter Design Value

Vs 270 V Vb 270 V
l1 (l2 ) 610 mm ls 1 (ls 2 ) 50 mm
le 1 (le 2 ) 50 mm d1 (d2 ) 19 mm
tp 2 mm d 150 mm
fsw 1 MHz CM e q 9.91 pF
Lf 1 9.21 μH Lf 2 9.21 μH
Cf 1 2.75 nF Cf 2 2.75 nF
L1 235.3 μH L2 244.7 μH
C1 e q 112.9 pF C2 e q 112.9 pF

which is defined as follows:

kC =
CM eq

√
C1eq · C2eq

. (14)

The parameters should satisfy the following resonant rela-
tionships:

ω = 2πfsw = 1/
√

Lf 1Cf 1 = 1/
√

Lf 2Cf 2 ,

L1 = 1/(ω2Cf 1) + 1/(ω2C1eq), L2

= 1/(ω2Cf 2) + 1/(ω2C2eq). (15)

C. 2.0 kW CPT System Parameter Design

According to (13)–(15), a 2.0 kW CPT system is designed
with the six-plate coupler. The system specifications and circuit
parameters are shown in Table IV.
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Fig. 12. LTspice-simulated input and output waveforms of the designed sys-
tem.

The input and output dc voltages are both set at 270 V to
achieve a 2.0 kW output. The switching frequency is 1 MHz.
Most of the parameters are symmetric from the primary to sec-
ondary side, except that L2 is slightly larger than L1 to provide
a soft-switching condition to the MOSFETs of the input inverter.

The circuit performance is simulated in LTspice, and the
waveforms are shown in Fig. 12. It is seen that the input voltage
and current are almost in phase, which limits the reactive power
circulating in the circuit and therefore increases the system effi-
ciency. The output voltage and current are also in phase on the
rectifier side.

IV. ELECTRIC FIELD SHIELDING OF SIX-PLATE COUPLER

A. Voltage Between Plates

The voltages between the plates determine the electric field
emissions to the surrounding environment. The voltages V1 and
V2 are the external inputs to the six-plate coupler, and are also
the voltage between plates P1 and P2 , and plates P3 and P4
[13]. In Fig. 11, the voltages can be calculated as

V1 =
Cf 1 · Vin

(1 − k2
C ) · C1eq

+
CM eqCf 2 · Vout

(1 − k2
C ) · C1eqC2eq

V2 =
CM eqCf 1 · Vin

(1 − k2
C ) · C1eqC2eq

+
Cf 2 · Vout

(1 − k2
C ) · C2eq

. (16)

According to (1) and I3 = 0, the voltage stress between P5
and P6 is expressed as

V3 =
CM 13

C3
V1 +

CM 23

C3
V2 . (17)

The coupler dimension design in Section III-A shows that
CM 13 and CM 23 are zero in the well-aligned case, which means
the voltage between P5 and P6 is zero. When there is 300 mm X
or Y misalignment, there exist CM 13 � C3 and CM 23 � C3 .
Therefore, V3 is limited, and the electric field emissions are
reduced.

TABLE V
RMS VALUE OF THE VOLTAGE STRESSES BETWEEN PLATES

Parameters Well-aligned 300 mm X misalignment 300 mm Y misalignment

|VP 1−P 2 | 6.51 kV 6.47 kV 6.44 kV
|VP 1−P 3 | 4.18 kV 4.32 kV 4.40 kV
|VP 1−P 5 | 3.25 kV 3.26 kV 3.28 kV
|VP 5−P 6 | 0 0 0.34 kV

The voltage between plates on the same side should be lim-
ited to avoid potential arcing problems. Using (5) and similar
analysis process in Section II-C, the voltage between plates P1
and P5 is calculated as

VP 1−P 5 =
Ce1(Cb1 + Cd1) + Cd1(Ca1 + Cb1)

CT
· V1

+
Ca2Cd2 − Cb2Cc2

CT
· V2

− Ce3(Cb3 + Cd3) + Cb3(Cc3 + Cd3)
CT

· V3 . (18)

Similarly, the voltage between the other plates, such as
VP 2−−P 5 , VP 3−−P 6 , VP 4−−P 6 , VP 1−−P 3 , etc., can also be
calculated [13]. Due to the symmetry of the coupler and
circuit parameters, |VP 1−−P 2 | = |VP 3−−P 4 |, |VP 1−−P 3 | =
|VP 2−−P 4 |, and |VP 1−−P 5 | = |VP 2−−P 5 | = |VP 3−−P 6 | =
|VP 4−−P 6 |. By substituting the values in Table IV, the voltages
between plates are shown in Table V.

This shows that the voltage between plates P5 and P6 is
limited to 0.34 kV in the misalignment case. Therefore, the
electric field emissions are reduced. The voltage between P1
and P5 is 3.25 kV, and the distance between them is 19 mm.
Since the breakdown voltage of dry air is about 3 kV/mm, there
is no significant concern about arcing between plates.

B. Electric Field Shielding

The electric field emissions to the surrounding environment
relate to the safety of the CPT technology in practical applica-
tions. In this design, a 2.0 kW six-plate CPT system has a power
density of 1.95 kW/m2. The electric field should be smaller than
614 V/mm at 1 MHz [21]. Maxwell is used to simulate the
shielding effect of the six-plate coupler, as shown in Fig. 13.

In Fig. 13, there are charge excitations on P1 , P2 , P3 , and
P4 . The two shielding plates P5 and P6 are floating, and there
is no charge excitation on them. The primary shielding plate
P5 is set as the voltage reference, and the voltages of the other
plates achieve the values listed in Table V. The region that has
an electric field strength higher than 614 V/m is illustrated in
red. The maximum field strength between the transmitter and
receiver plates is 27 kV/m, and the maximum field strength
between the same side power and shielding plates can reach
170 kV/m. Due to the shielding effect of P5 and P6 , the elec-
tric field is dramatically reduced above and below the coupler.
There is only a small field from the air-gap leaking out to the
surroundings, and it decreases quickly with distance. The safety
range is about 0.1 m away from this coupler.
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Fig. 13. Maxwell-simulated shielding effect of a six-plate coupler under well-
aligned condition.

Fig. 14. Maxwell-simulated electric field emission of six-plate coupler at 300
mm misalignment condition (a) X misalignment and (b) Y misalignment.

Fig. 14 shows the electric field emission when there is
300 mm X- and Y-direction misalignment. Since the plates P5
and P6 cannot provide as good of a shielding effect with mis-
alignment, the leakage field is increased. The safety range is
0.4 m from the coupler when there is misalignment.

C. Comparison With Four-Plate Coupler

According to [10] and [13], four plates are sufficient to form
a capacitive coupler, and can be horizontally or vertically ar-
ranged. The four-plate horizontal coupler is very basic. It can
resonate with an LCLC compensation circuit. In a 2.4 kW CPT
system with a power density of 2.29 kW/m2, the safety range
is about 0.6 m away from the right and left of the coupler, and
0.9 m away from the top and bottom of the coupler [10].

Fig. 15. Maxwell-simulated electric vector distribution of different couplers.
(a) Four-plate horizontal coupler, (b) four-plate vertical coupler, and (c) six-plate
coupler.

The four-plate vertical structure is more compact, where two
of the plates are smaller and vertically arranged with the other
two plates. It resonates with an LCL compensation circuit. In a
1.9 kW CPT system with a power density of 2.25 kW/m2, the
safety range is about 1.0 m away from the coupler [13].

Compared to the four-plate structure, the six-plate coupler can
significantly reduce the electric field emissions to the surround-
ings. At similar power levels, the safety range of the six-plate
coupler is increased. This phenomenon can be explained by the
electric field vector (E vector) distribution. The vector direction
is determined by the voltage difference between plates. The E
vectors of the four-plate horizontal, four-plate vertical, and six-
plate systems are shown in Fig. 15(a), (b), and (c), respectively.
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Fig. 16. Experiment prototype of a 2.0 kW CPT system with a six-plate
coupler.

In Fig. 15(a), there is a large voltage difference between ev-
ery pair of plates [10]. Therefore, the E vector indicates that the
electric flux goes from one plate to the other. Since the air-gap
between the plates is large, the leakage flux causes significant
electric field emissions. In Fig. 15(b), there is a voltage differ-
ence between P2 and P4 [13], so the electric flux goes from P2
to P4 , which generates electric field emissions. In Fig. 15(c),
there is no voltage difference between P5 and P6 , so there is no
electric flux going directly between them. Because P6 is floating
and covers P3 and P4 , it limits the electric flux between P3 and
P4 to below P6 . Symmetrically, the leakage flux to the bottom
of P5 is also limited. Therefore, the plates P5 and P6 can act as
electric field shielding.

V. EXPERIMENTAL RESULTS

A. Experimental Setup

Using the designed six-plate coupler and compensation pa-
rameters in Table IV, a 2.0 kW CPT system is implemented as
shown in Fig. 16. The coupler is made with 2 mm thickness alu-
minum plates, and PVC tubes are used to hold the coupler plates
in place. Ceramic spacers are used between the same side plates
to provide insulation. The distance between the transmitter and
receiver is 150 mm.

Since the switching frequency is 1 MHz, silicon carbide (SiC)
MOSFETs (C2M0080120D) are used in the inverter, and SiC
diodes (IDW30G65C) are used in the rectifier. To reduce the
power losses induced by the skin effect, 3000-strands AWG 46
Litz-wire is used in the windings of the compensation inductors.
The inductors have air cores to further eliminate magnetic losses.
Furthermore, high-frequency and low-loss thin-film capacitors
are used for the compensation capacitors.

B. Well-Aligned Experiment

When the transmitter and receiver are well-aligned, the
experimental results of six-plate CPT system are shown in
Fig. 17. In Fig. 17(a), when the input and output dc voltages
are both 270 V, the system output power is 1.97 kW, and the dc–
dc efficiency from the dc source to electronic dc load is 91.6%.
In Fig. 17(b), the input voltage and current are almost in phase

Fig. 17. Experimental results of six-plate CPT system at well-aligned case.
(a) System power and (b) input and output waveforms.

with each other, which limits the reactive power circulating in
the resonant circuit. The cut-off current at the switching tran-
sient is about 6 A, which helps the soft-switching of MOSFETs
in the inverter. The experimental waveforms are extracted from
the oscilloscope, which agree well with the LTspice simulation
in Fig. 12, which validate the proposed CPT system.

In full-power condition, Fig. 17(a) shows that the total power
loss is 179.6 W. Using a power loss model for each component
[25], the power losses can be estimated in inductors, capacitors,
MOSFETs, and diodes. This suggests that the remaining losses are
in the metal plates. Therefore, the loss distribution among the
circuit components is estimated as shown in Fig. 18. It indicates
that the six-plate coupler dissipates 34% of the total loss. Since
the plate area is large, there is not any significant temperature
rise on the plates.

The relationship between output power and dc–dc efficiency
is shown in Fig. 19. The system dc–dc efficiency increases with
the output power. After the output power reaches 400 W, the
dc–dc efficiency is maintained higher than 91%.

C. Misalignment Experiment

The misalignment experiment is performed in the X and Y
directions, and the results are shown in Fig. 20. When the X
misalignment is 300 mm, the output power decreases to 65%
of the well-aligned value, and the dc–dc efficiency drops from



674 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 1, JANUARY 2018

Fig. 18. Estimated power loss distribution in a six-plate CPT system.

Fig. 19. Experimental output power and dc–dc efficiency in well-aligned case.

Fig. 20. Experimental and simulated misalignments of six-plate CPT system.
(a) X misalignment and (b) Y misalignment.

91.6% to 91.0%. When the Y misalignment is 300 mm, the
output power decreases to 49% of the well-aligned value and
the dc–dc efficiency drops to 89.2%. Therefore, the six-plate
coupler has better misalignment ability in the X direction than
the Y direction.

The misalignment ability is also simulated in LTspice, using
the parameters in Figs. 8 and 9. The experiment results agree
well with the simulations, which also proves the effectiveness
of the six-plate coupler and validates the proposed circuit model

of the previous analysis. In future research, the misalignment
performance will be improved by the coupler structure design.

VI. CONCLUSION

This paper proposes a six-plate coupler structure for a large-
air-gap CPT system to reduce electric field emissions to the
surroundings. Two large metal plates cover a four-plate horizon-
tal coupler on top and bottom to provide shielding. Equivalent
three-port and two-port behavior source models of the coupler
are derived. The six-plate coupler can eliminate the external
parallel capacitor in the previous LCLC topology, which re-
sults in the LCL compensation and reduces the system cost. A
2.0 kW CPT system is design and implemented with the six-
plate coupler. It shows that the voltage between the shielding
plates is limited, which contributes to the reduction of electric
field emissions. FEA analysis by Maxwell shows that the safety
range of the six-plate coupler is 0.1 m in the well-aligned case,
and 0.4 m in the 300 mm X or Y misalignment case. Compared
to the four-plate horizontal and vertical coupler, the safety area
is significantly increased. A 2.0 kW CPT prototype with six-
plate coupler is implemented, and experiment results show that
the six-plate coupler achieves 1.97 kW power transfer with a
dc–dc efficiency of 91.6% across an air-gap of 150 mm. In fu-
ture research, the six-plate coupler structure will be studied in
dynamic charging applications.
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