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Abstract—The demand for wireless power transfer systems at
different power levels has been increasing for various applications,
and this requires power converters with different capacities. This
article proposes a capacitive power transfer (CPT) system that
can be extended by a modularized approach with multiple elec-
tric field couplers. A dual-input dual-output (DIDO) system with
four pairs of coupling plates is studied in detail, and it is found
that the complicated cross coupling between the plates is a major
barrier affecting the resonance and power transfer performance
of the system. In this article, the effect of mutual capacitances
on the system resonance is analyzed based on a general mutual
coupling model of a multiple-input multiple-output electric field
coupler. A decoupling circuit based on shared inductances and
the corresponding compensation network are proposed and de-
signed. The example system with a DIDO coupler is regarded as
an extension by doubling the single-input single-output (SISO)
couplers via appropriate double-sided compensation. A 1.5-kW
CPT system with a DIDO coupler is built by paralleling two
systems with SISO couplers, and the experimental results show
that the output power doubles that of the system with the SISO
coupler, so the effectiveness of the modular design approach is
validated.

Index Terms—Capacitive power transfer (CPT), dual-input
dual-output (DIDO), modular design, shared decoupling
inductance.

I. INTRODUCTION

CAPACITIVE power transfer (CPT) is a new type of wire-
less power transfer (WPT) technology, which uses metal

plates (foils) as the coupler and a high-frequency electric field
as the power transfer medium [1]–[4]. CPT and inductive power
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transfer (IPT) are the two most popular near-field WPT tech-
nologies at present. The electric field coupler of CPT systems
has the advantages of higher plasticity, reduced volume, and
reduced weight. The potential application scenarios for CPT
systems are gradually increasing, including implanted biomedi-
cal devices [5], mobile phones [6], unmanned aerial vehicles [7],
and motors [8], among others.

There is an increasing need for developing WPT systems at
different power levels. Taking the wireless charging of electric
vehicles (EVs) as an example, a variety of power levels are
required for different EVs, such as e-cars and e-buses. Among
the existing wireless charging standards for EVs, SAE-J2954
defines four power levels of 3.7, 7.7, 11.1, and 22 kVA [9],
and GB/T-38775 provides seven different power levels covering
3.7–66 kW [10]. However, in response to the charging require-
ments of various power levels, converters with different power
capabilities need to be repeatedly designed; hence, the R&D
cost becomes higher. A modularized WPT design approach can
provide an effective solution. It would be desirable to design
standard WPT modular units with an appropriate power capabil-
ity first and then combine the modules to flexibly meet different
levels of power requirements.

In the existing literature, most of the research on modularized
WPT systems for different applications is based on IPT technol-
ogy, which can be divided into three categories: systems with
multilevel converters, parallel converters, and multiple power
transfer channels.

In the WPT system with the multilevel converter, a multilevel
inverter with phase-shifting control is used as an equivalent ac
voltage source of the IPT system [11], [12]. In this method,
the input current of the system is equal to the current of each
inverter, while the input voltage of the system is equally borne
by multiple inverters. Therefore, the power capability of the
multilevel inverter can be increased by increasing the num-
ber of modularized inverter modules. Besides, power transfer
capacity of IPT systems can also be enhanced by paralleling
multiple modularized inverters [13], [14]. The output currents
of inverter modules are superimposed by using a current balance
controller.

The existing multilevel and parallel converters are helpful for
improving the flexibility to meet different power requirements
of IPT systems. However, these two types of converters still
have some shortcomings: the inverter units of the multilevel
converter are connected in series, so a failure of one inverter
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will lead to the whole system failing, and the reliability of the
system is relatively lower [15]. The main problem with parallel
converters is the serious circulating current due to the asymmetry
of the inverter parameters. Although there are some circulating
current suppression methods, these increase the cost and size of
the system [16].

Compared with the two methods above, constructing multiple
power transfer channels by combining several modularized IPT
systems with a single-input single-output (SISO) coupler also
helps to flexibly increase the system power capacity. Hence,
the multiple-input multiple-output (MIMO) coupler is designed
and applied to the IPT systems [17]. However, due to the limited
volume of the coupler, there are same-side couplings between
multiple transmitting coils as well as between the receiving
coils. The mutual inductances between the same-side coils can
cause system detuning, and simply combining multiple mod-
ularized IPT systems with a SISO coupler cannot achieve the
superposition of active power [18]. At present, there are several
methods on the same-side decoupling for IPT systems, such
as additional capacitances [19], shared capacitances [20], and
decoupled coils [21], [22].

Similarly, the MIMO electric field coupler also has the mutual
capacitances between the same-side metal plates, which can
affect the resonance of the CPT system [23]. The existing studies
show that the intermodule interactions in a CPT system with
MIMO electric field couplers can be eliminated by forcing the
voltages at the same-side coupling plates in each module to be
equal in magnitude but opposite in phase [24]. However, an
important premise of this decoupling method is that the circuits
of the two modules need to be symmetrical, which may not be
easy to realize in a practical design.

To address that research gap, this article proposes a CPT
system that can be extended by a modularized approach with
multiple pairs of electric field couplers to meet different levels
of power requirements. A mathematical model and an equiva-
lent circuit of the MIMO electric field coupler are established
in Section II, and a dual-input dual-output (DIDO) electric
field coupler composed of eight plates selected as an exam-
ple. The influence of the same-side mutual capacitances on
the system resonance is analyzed, and a decoupling method
based on a shared inductance and an LCLCL compensation
network is proposed and analyzed in Section III. In Section IV,
the parametric design method of the system is given, and a
comparison analysis is made between the proposed system
and a CPT system with the SISO coupler. An experimental
setup is constructed in Section V to verify the effectiveness
of the modular design approach. Finally, Section VI concludes
this article.

II. MODEL OF ELECTRIC FIELD COUPLER WITH MULTIPORTS

A. Overview of the Proposed CPT System

Fig. 1 shows the structure of a CPT system with a DIDO
electric field coupler. The electric field coupler is composed of
two pairs of transmitting plates and two pairs of receiving plates.

Fig. 1. Circuit diagram of the CPT system with a DIDO electric field coupler.

Fig. 2. Capacitances between the metal plates of the MIMO electric field
coupler with M input ports and N output ports.

At the primary side, the dc voltage Edc is converted to a high-
frequency ac voltage by two full-bridge inverters, and the input
ports of the inverters are connected with Edc in parallel. At the
secondary side, two full-bridge rectifiers are used to convert the
high-frequency ac voltage into a dc output voltage to drive the
load RL. Similar to most CPT systems with a SISO coupler,
each electric field coupler presents a large capacitive reactance,
so the system needs compensation to ease the power flow. The
LC compensation networks before and after the electric field
coupler shown in Fig. 1 can be regarded as having two separate
input and output ports.

B. Voltage and Current Relationship of the DIDO Coupler

In [23], a general mutual coupling model of the MIMO electric
field coupler with an arbitrary number of ports was proposed.
The capacitances between all the plates of the MIMO system
are considered in this model. In addition, environmental factors,
such as surrounding metal foreign objects and the earth, can
also be considered as additional metal plates if their effects
cannot be ignored. To generalize, a MIMO electric field coupler
network with M input ports and N output ports is illustrated
in Fig. 2.

According to the superposition theorem, the relationship be-
tween the port voltages and port currents of the MIMO electric
field coupler can be expressed as a matrix equation

U = Z · I (1)
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Fig. 3. Capacitance network circuit of the DIDO electric field coupler.

where

U =
[
U1 · · · Ui · · · UM+N

]T

I =
[
I1 · · · Ij · · · IM+N

]T

Z =
1

jω
·

⎡
⎢⎢⎢⎢⎢⎢⎣

C∗−1
11 · · · C∗−1

1j · · · C∗−1
1,M+N

...
. . .

...
. . .

...
C∗−1

i1 · · · C∗−1
ij · · · C∗−1

i,M+N
...

. . .
...

. . .
...

C∗−1
M+N,1 · · · C∗−1

M+N,j · · · C∗−1
M+N,M+N

⎤
⎥⎥⎥⎥⎥⎥⎦

and ω represents the angular frequency. All the elements C∗
ij

can be calculated using this model. When i = j, C∗
ij is defined

as the self-capacitance of the port i or j, and C∗
ij is rewritten as

Ci. When i �= j, C∗
ij is defined as the mutual capacitance of the

port i and j, and C∗
ij is rewritten as Cmij .

For a DIDO system with eight coupling plates, as shown in
Fig. 1, its electric field coupling can be represented by a circuit
diagram shown in Fig. 3, which is consistent with the general
MIMO model (see Fig. 2) when both the input and output port
numbers are two. In the modeling process of the electric field
coupler, there are two points that should be noted.

1) Due to the extremely small value of the permittivity ε0,
the self-capacitance of the coupler is also small. The
values of compensation inductance become large, which
result in a larger volume and internal resistance. Therefore,
similar to most CPT systems with a SISO coupler, external
capacitorsCe1–Ce4 are connected in parallel with the ports
to increase the self-capacitances. Because the external
capacitors are connected with the capacitances shown in
Fig. 3,Ce1–Ce4 should be considered as part of the coupler
for unified analysis in coupler modeling and equivalent
circuit construction.

2) In Fig. 3, the primary plates 2 and 3 are connected directly,
as are the secondary plates 6 and 7. In the process of
modeling the coupler, the branch admittances between
these plates are all set to infinity, instead of relying on
the capacitances between the plates.

Fig. 4. Equivalent circuit of the DIDO electric field coupler.

According to (1), the relationship between the port voltages
and currents of the DIDO electric field coupler is given as⎡

⎢⎢⎣
U1

U2

U3

U4

⎤
⎥⎥⎦

︸ ︷︷ ︸
U

=
1

jω
·

⎡
⎢⎢⎣

C−1
1 C−1

m12 C−1
m13 C−1

m14

C−1
m12 C−1

2 C−1
m23 C−1

m24

C−1
m13 C−1

m23 C−1
3 C−1

m34

C−1
m14 C−1

m24 C−1
m34 C−1

4

⎤
⎥⎥⎦

︸ ︷︷ ︸
Z

⎡
⎢⎢⎣
I1
I2
I3
I4

⎤
⎥⎥⎦

︸ ︷︷ ︸
I

. (2)

C. Equivalent Circuit of the DIDO Electric Field Coupler

According to (2), the expression of any port voltage can be
deduced as follows:

Ui =
1

jωCi
· Ii +

∑
j∈[1,4],j �=i

1

jωCmij
· Ij (3)

where the port voltage Ui is composed of two parts. The first
part refers to the voltage on the self-capacitor Ci and the second
indicates the induced voltage stimulated by the cross coupling.
The expression of the induced voltage on port i excited by the
current in port j can be expressed as

Ui,j =
1

jωCmij
· Ij . (4)

Substituting (4) into (3), the expression of any port voltage
can be rewritten as

Ui =
1

jωCi
· Ii +

∑
j∈[1,4],j �=i

Ui,j . (5)

According to (5), the DIDO electric field coupler in Fig. 3 can
be transformed into the equivalent circuit in Fig. 4.

In Fig. 4, the complicated capacitance network circuit of
the DIDO electric field coupler in Fig. 3 is equivalent to four
simple series circuits, and each series circuit comprises a self-
capacitance Ci and three current-controlled voltage sources
(CCVS). This is an important basis for the design of same-side
decoupling and compensation circuit in the following sections.

III. SAME-SIDE DECOUPLING AND COMPENSATION NETWORK

Similar to the CPT system with a SISO electric field coupler,
the voltage and current of inverters in the proposed system
should be in-phase through a proper compensation network
design, so as to reduce the reactive power and realize the soft
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Fig. 5. Equivalent circuit of the CPT system with a DIDO electric field coupler
without considering the decoupling inductances.

switching. In addition, it is necessary to eliminate the mutual
capacitances on both sides of the system, since the mutual
capacitances between the ports on the same side of coupler affect
the voltage and current phase of the inverter.

A. Influence of Same-Side Mutual Capacitance on Resonance

Four LC circuits (Le1, Ce1), (Le2, Ce2), (Le3, Ce3), and
(Le4, Ce4) compensate the DIDO electric field coupler, as shown
in Fig. 1. Assuming the decoupling inductances Lpm and Lsm

are not added, the equivalent circuit of the proposed system can
be given in Fig. 5 according to (2). In Fig. 5, Uin1 and Uin2 are
the voltage sources of the two inverters, and R3 and R4 are the
equivalent resistances of the two rectifiers.

In Fig. 5, when the self-capacitances Ce1–Ce4 are fully tuned
with compensation inductances Le1–Le4, the circuit can be
described by Kirchhoff’s voltage law (KVL) equation as

1

jω
·

⎡
⎢⎢⎢⎢⎣

0 C−1
m12 C−1

m13 C−1
m14

C−1
m12 0 C−1

m23 C−1
m24

C−1
m13 C−1

m23 jωR3 C−1
m34

C−1
m14 C−1

m24 C−1
m34 jωR4

⎤
⎥⎥⎥⎥⎦ ·

⎡
⎢⎢⎢⎢⎣

I1

I2

I3

I4

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

Uin1

Uin2

0

0

⎤
⎥⎥⎥⎥⎦ . (6)

The impedance of each input port can be derived as⎧⎪⎨
⎪⎩

Zin1 =
Uin1

I1
=

A1 + jB1

C1 + jD1

Zin2 =
Uin2

I2
=

A2 + jB2

C2 + jD2

(7)

where the imaginary components are expressed as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

jB1=
2jC−1

m12

ω3

(
R4C

−1
m13C

−1
m23 +R3C

−1
m14C

−1
m24

)
jD1=

1
jωR3R4C

−1
m12 +

1
jω3C

−1
m12C

−2
m34

+
jC−1

m34

ω3

(
C−1

m13C
−1
m24+C−1

m14C
−1
m23−2C−1

m23C
−1
m24

)
jB2=

2jC−1
m12

ω3

(
R4C

−1
m13C

−1
m23 +R3C

−1
m14C

−1
m24

)
jD2=

1
jωR3R4C

−1
m12 +

1
jω3C

−1
m12C

−2
m34

+
jC−1

m34

ω3

(
C−1

m13C
−1
m24 + C−1

m14C
−1
m23 − 2C−1

m13C
−1
m14

)
.

(8)
Based on (7) and (8), it is proved that the imaginary compo-

nent of the input impedance is caused by the existence of mutual
capacitancesCm12 andCm34. When the impedance 1

jωCm12
and

Fig. 6. Decoupling circuit of the same-side ports.

Fig. 7. Circuit transformation of the shared decoupling inductances.
(a) Original circuit. (b) Equivalent circuit.

1
jωCm34

are both 0, the same-side ports of the DIDO coupler
are decoupled, and the voltage and current of the inverters can
be in-phase only by compensating the self-capacitances of the
coupler.

B. Decoupling of Same-Side Ports

In order to decouple the same-side coupler ports, two de-
coupling inductances Lpm and Lsm are added in Fig. 1. The
equivalent circuit of the DIDO coupler with the decoupling
inductances is illustrated in Fig. 6. In this circuit, the CCVSs
U1,2, U2,1, U3,4, and U4,3 are generated due to the existence
of 1

jωCm12
and 1

jωCm34
. Hence, the same-side ports can be

decoupled by cancelling the CCVSs above, which is realized
by the shared inductors Lpm and Lsm.

Considering the shared decoupling inductance Lpm as a two-
port network, as shown in Fig. 7(a), the relationship between
port voltage and current can be expressed as[

UL1

UL2

]
=

[
UL1/ I1|I1=0 UL1/ I2|I2=0

UL2/ I1|I1=0 UL2/ I2|I2=0

]
·
[
I1
I2

]

=

[
jωLpm jωLpm

jωLpm jωLpm

]
·
[
I1
I2

]
. (9)

From (9), the circuit in Fig. 7(a) is transformed into the circuit
in Fig. 7(b), where ⎧⎨

⎩
Lm1 = Lm2 = Lpm

Um1 = jωLpm · I2
Um2 = jωLpm · I1.

(10)

The same transformation can also be realized for the induc-
tance Lsm. Then, the circuit in Fig. 6 becomes equivalent to
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Fig. 8. Equivalent circuit of the DIDO electric field coupler with two shared
decoupling inductors at both two sides.

Fig. 9. Equivalent circuit of the compensated CPT system.

Fig. 8, where the parameters are given in (10) and (11)

⎧⎨
⎩

Lm3 = Lm4 = Lsm

Um3 = jωLsm · I4
Um4 = jωLsm · I3.

(11)

To eliminate the CCVSsU1,2,U2,1,U3,4, andU4,3 caused by
1

jωCm12
and 1

jωCm34
, the value of shared decoupling inductances

Lpm andLsm should satisfy (12) so as to decouple the same-side
ports

{
U1,2 +Um1 = 0,U2,1 +Um2 = 0
U3,4 +Um3 = 0,U4,3 +Um4 = 0

⇒
{
ω2LpmCm12 = 1
ω2LsmCm34 = 1.

(12)

C. Double-Sided LC Compensation Circuit

After decoupling the same-side ports of the DIDO coupler,
resonance of the system can be achieved only by compensating
the self-capacitance and decoupling inductance. The equivalent
circuit of the compensated system is shown in Fig. 9. Because
Lm1–Lm4 are not fully tuned with C1–C4, four additional com-
pensation inductances Le1–Le4 are connected in series with the
self-capacitances. The values of Le1–Le4 satisfy the following
equation, where k = {1, 2, 3, 4}:

ω2 (Lek + Lmk)Ck = 1. (13)

Fig. 10. Driving sequence of two full-bridge inverters.

Fig. 11. Equivalent circuit of the CPT system based on the mutual capaci-
tances.

IV. SYSTEM ANALYSIS AND DESIGN

A. Inverter Drive Sequence

As shown in Fig. 1, the input ports of two inverters are
connected in parallel, and the two bridge arms are directly
connected. Therefore, when S13 and S22 or S14 and S21 are
switched ON at the same time, the dc power supply will be
short-circuited and a current spike will be generated. In order to
avoid short circuiting, the phase difference between two inverters
must be 180◦, and a certain dead time needs to be set to avoid
short circuiting caused by coincident rising and falling time of
the switches. The driving sequence of two inverters is shown in
Fig. 10.

B. Power Transfer Capacity

According to the driving sequence in Fig. 10, the inverters
can be equivalent to two ac sources with the same voltage Uin =
Uin1 = Uin2, with the root-mean-square (RMS) value being

|Uin| = 2
√
2Edc

π
. (14)

The input impedance of two rectifiers can be regarded as two
equivalent resistors R3 and R4. Based on the circuit equivalence
from Figs. 6–8, the system circuit in Fig. 1 can be simplified
as the equivalent circuit in Fig. 11. When the circuit is fully
tuned, i.e., (12) and (13) are satisfied, the proposed system can
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be described by the matrix expression of KVL as follows:

1

jω
·

⎡
⎢⎢⎢⎢⎣

0 0 C−1
m13 C−1

m14

0 0 C−1
m23 C−1

m24

C−1
m13 C−1

m23 jωR3 0

C−1
m14 C−1

m24 0 jωR4

⎤
⎥⎥⎥⎥⎦ ·

⎡
⎢⎢⎢⎢⎣

Ip1−DIDO

Ip2−DIDO

Is1−DIDO

Is2−DIDO

⎤
⎥⎥⎥⎥⎦=

⎡
⎢⎢⎢⎢⎣

Uin

Uin

0

0

⎤
⎥⎥⎥⎥⎦ .

(15)
Substituting (14) into (15), the current on the receiving side

can be derived as⎧⎪⎪⎨
⎪⎪⎩

|Is1−DIDO| = 2
√
2Edcω

π
· Cm13Cm23 (Cm24 − Cm14)

Cm13Cm24 − Cm14Cm23

|Is2−DIDO| = 2
√
2Edcω

π
· Cm14Cm24 (Cm13 − Cm23)

Cm13Cm24 − Cm14Cm23
.

(16)
Hence, the current IL−DIDO on the dc load after rectification

is

IL−DIDO=
2
√
2

π
·(|Is1−DIDO|+|Is2−DIDO|)= 8EdcωΔ1

π2Δ2
(17)

where{
Δ1=Cm13Cm24(Cm14+Cm23)−Cm14Cm23 (Cm13+Cm24)
Δ2 = Cm13Cm24−Cm14Cm23.

Then, the transfer admittance Giu−DIDO of the CPT system
with a DIDO coupler, which is the ratio of the output current
to the input voltage, can be calculated according to the mutual
capacitance Cmij of the coupler. All the mutual capacitances
are affected by the geometric parameters of coupler and the
external capacitances, Ce1–Ce4. Because the size of the coupler
is known, the external capacitances become the only variables
that affect the mutual capacitance and Giu−DIDO. In order to
simplify the analysis, all the external capacitances are set to be
equal. Define Ce = Cek, where k = {1, 2, 3, 4}. Therefore, the
transfer admittance Giu−DIDO can be given as

Giu−DIDO (Ce) =
IL−DIDO

Edc
=

8ω

π2
· Δ1 (Ce)

Δ2 (Ce)
. (18)

According to the current on the dc load RL, the equivalent
ac voltage at the input of rectifiers can be derived. Combined
with the ac current in (16), the equivalent resistive load R3 and
R4 can be obtained as follows:⎧⎪⎪⎨

⎪⎪⎩
R3 =

2
√
2

π
· IL−DIDORL

|Is1−DIDO|
R4 =

2
√
2

π
· IL−DIDORL

|Is2−DIDO| .
(19)

Fig. 12. Relationship between (a) branch current and (b) voltage on the
external capacitors against the external capacitance Ce.

Substituting (19) into (15), the current on the primary side
can be given as

⎧⎪⎪⎨
⎪⎪⎩
|Ip1−DIDO|= 16

√
2Edcω

2RL

π3
·Cm13Cm14(Cm24−Cm23)Δ1

Δ2
2

|Ip2−DIDO|= 16
√
2Edcω

2RL

π3
·Cm23Cm24(Cm13−Cm14)Δ1

Δ2
2

.

(20)
Then, the voltage on the external capacitances of the ca-

pacitive coupler can be derived in (21), where UCe1–UCe4

represent the voltage on the external capacitances Ce1–Ce4. The
relationship curve between the branch current and the voltage
on the external capacitance UCe1–UCe4 against the external
capacitance is shown in Fig. 12. Equation (21) shown at the
bottom of this page.

C. Comparative Analysis of CPT Systems With DIDO and
With SISO Electric Field Coupler

In order to verify the power enhancement of the proposed CPT
system with a DIDO coupler, a comparison analysis between the

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

|UCe1 | =
√

Uin |2 + [ω (Le1 + Lpm) |Ip1−DIDO|+ ωLpm |Ip2−DIDO|]2

|UCe2 | =
√

|Uin |2 +
[
ωLpm |Ip1−DIDO|+ ω (Le2 + Lpm) |Ip2−DIDO|2

|UCe3 | =
√

R2
3 |Is1−DIDO|2 + [ω (Lsm + Le3) |Is1−DIDO|+ ωLsm |Is2−DIDO|]2

|UCe4 | =
√

R2
4 |Is2−DIDO|2 +

[
ωLsm |Is1−DIDO|+ ω (Lsm + Le4)|s2−DIDO |]2

(21)
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Fig. 13. Equivalent circuit of the CPT system with a SISO electric field
coupler.

TABLE I
GEOMETRIC PARAMETERS OF PLATES AND PREDETERMINED CONSTANTS

Fig. 14. DIDO electric field coupler.

proposed system and the CPT system with a SISO coupler, as
shown in Fig. 13, is conducted in this section.

A double-sided LC compensation network is used in Fig. 13.
The transfer admittanceGiu−SISO of the CPT system with a SISO
coupler can be given as

Giu−SISO (Cs)=
IL−SISO

Edc
=

8ω

π2
· C1 (Ce)·C2 (Ce)−C2

m (Cε)

Cm (Ce)
(22)

where ⎧⎪⎨
⎪⎩

C1 (Ce) = Ce + C12 +
(C13+C14)(C23+C24)
C13+C14+C23+C24

C2 (Ce) = Ce + C34 +
(C13+C23)(C14+C24)
C13+C14+C23+C24

Cm = C24C13−C14C23

C13+C14+C23+C24

and IL−SISO denotes the current on the dc load andCij represents
the capacitance between plates Pi and Pj of the SISO electric
field coupler. The current on the primary and secondary sides
can be derived as⎧⎪⎨

⎪⎩
|Ip−SISO| = 16

√
2Edcω

2RL

π3
· C2

m

|Is−SISO| = 2
√
2Edcω

π
· Cm.

(23)

In order to ensure the fairness of comparison, the following
preconditions are set.

1) Two systems have the same input voltageEdc and operating
frequency f (as shown in Table I).

2) The DIDO coupler is composed of two SISO couplers, as
shown in Fig. 14. The metal plates P1, P2, P5, and P6 form a

Fig. 15. Curves of transfer admittance Giu and power ratio α against Ce.

SISO coupler, and P3, P4, P7, and P8 form another one. The
dimensions of the DIDO coupler are shown in Table I.

3) Since the two output ports of the CPT system with the
DIDO coupler are connected in parallel, the dc load resistance
of the proposed system is set to be twice that of the CPT system
with the SISO coupler to ensure that the output impedances are
equal.

According to (18) and (22), when the system frequency and
the size of the coupler are determined, the transfer admittance
Giu of the two systems only depends on the external capacitance
Ce; the relationship curves are illustrated in Fig. 15. It shows that
Giu−SISO and Giu−DIDO are both positively correlated with the
capacitance Ce. In order to compare the output power of the
CPT system with DIDO and SISO couplers more intuitively, a
parameter α = PDIDO

PSISO
is defined as the output power ratio of the

two systems, where PDIDO and PSISO denote the output power
of the two compared systems, respectively. It can be seen from
Fig. 15 that the power ratio α decreases with the increase of
Ce, but is always slightly greater than 2. This shows that when
the input voltage Edc and the operating frequency f of the two
systems are the same, the power of the CPT system with the
DIDO coupler is the superposition of the power of the two CPT
systems with the SISO coupler operating independently.

In addition to the output power, the primary and secondary
currents of the two compared systems are also analyzed. The
variables βp1 and βp2 are defined to represent the ratio of the
two primary currents of the CPT system with the DIDO coupler
to the primary current of the CPT system with the SISO coupler.
βs1 and βs2 correspond to the ratio of the secondary currents
of the two systems, respectively. In Fig. 16, the four current
ratios all decrease slightly with the increase of the external
capacitance Ce, but the current ratios are always near to 1.
The slight asymmetry of the β curves of the two channels in
Fig. 16 is mainly caused by the simulation error, especially the
finite-element simulation error for the coupler. However, this
error does not affect the trend and range of β curves. It proves
that although the CPT system with the DIDO coupler realizes
the power superposition of two CPT systems with the SISO
coupler, its currents at primary and secondary sides are basically
consistent with the latter system.
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Fig. 16. Curves of current ratio of two CPT systems against capacitance Ce.

TABLE II
PARAMETERS OF THE COUPLER AND COMPENSATION NETWORK

D. System Parametric Design

When designing a CPT system, the size of the coupler is
usually defined by the size of the installation space, so the
capacitances between metal plates can be achieved using the
finite-element analysis software ANSYS Maxwell. In addition,
the input voltage Edc, output current IL, and the operating fre-
quency ω are also determined in advance according to practical
demands, so the external capacitance Ce can be designed using
the relationship curve between the transfer admittance and the
external capacitance of the proposed system, as shown in Fig. 15.
After the capacitance Ce is determined, all the self-capacitances
and mutual capacitances can be found from (1) and (2). Then, the
shared decoupling inductances Lpm and Lsm can be calculated
as (24) based on (12)

Lpm =
(
ω2Cm12

)−1
, Lsm =

(
ω2Cm34

)−1
. (24)

Then, the four compensation inductances are derived accord-
ing to (13) as

Lc1 =
(
ω2C1

)−1 − (
ω2Cm12

)−1

Lc2 =
(
ω2C2

)−1 − (
ω2Cm12

)−1

Lc3 =
(
ω2C3

)−1 − (
ω2Cm34

)−1

Lc4 =
(
ω2C4

)−1 − (
ω2Cm34

)−1
. (25)

The design flowchart of the system parameters is shown in
Fig. 17. Based on the flowchart, all the main parameters are
designed and listed in Table II. From the table, the following
two points should be noted.

Fig. 17. Flowchart of the system parametric design.

1) The mutual capacitance is a scalar that can have positive
or negative values. The mutual capacitance Cmij can be
measured by injecting a current Ii into Port i and measure
the open-circuit voltage Uj of Port j when other ports are
open. The physical meaning of the positive and negative
mutual capacitance Cmij is related to the plate coupling
relationships, which can be determined by directions of
the open-circuit voltage Uj and the excitation current Ii.
This is similar to the MIMO inductive coupler for IPT
systems. The mutual inductanceM may also have positive
and negative values reflecting the coupling dots/directions
of the coils.

2) The mutual capacitance is not positively correlated with
the coupling strength. According to the model in Sec-
tion II, the coupling strength between the two ports i and
j is described by the mutual capacitive reactance between
the ports, where the impedance isZmij =

1
jωCmij

. Hence,
a stronger coupling gives a smaller mutual capacitance
Cmij .

E. Analysis of Extendable Structure

The previous sections were mainly about the design of a CPT
system with a DIDO coupler. Based on the same principle, a
more general extensible system can be designed. When more
coupling plates are used, the cross coupling between the ports be-
comes more complicated. The finite-element simulation results
show that the mutual capacitances between nonadjacent ports
are much greater than the mutual capacitances between adjacent
ports, which means that the coupling between nonadjacent ports
is extremely weak and negligible. To simplify the coupler model,
only the couplings between adjacent ports need to be considered.

After ignoring the mutual capacitances between nonadjacent
ports, the CPT system with a general multiport electric field cou-
pler is shown in Fig. 18. Similar to the procedure for establishing
an equivalent circuit in Section III, an equivalent circuit for the
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Fig. 18. Circuit diagram of the CPT system with extendable modules.

extendable system can also be established. The main parameters
of the CPT system with general expandable modules satisfy the
equations as follows:⎧⎪⎪⎨

⎪⎪⎩
ω2 · (L1 + Lm1,2) · C1 = 1
ω2 · (LN + LmN−1,N ) · CN = 1
ω2 · (LN+1 + LmN+1,N+2) · CN+1 = 1
ω2 · (L2˜N + Lm2N−1,2˜N ) · C2˜N = 1

(26)

where Ci represents the self-capacitance of port #i, and

ω2 · (Li + Lmi−1,i + Lmi,i+1) · Ci = 1 (27)

where i ∈ {2, . . . , N − 1} ∪ {N + 2, . . . , 2N − 1}, and

ω2 · Lmi,i+1 · Cmi,i+1 = 1 (28)

where Cmij indicates the mutual capacitance between ports
#i and #j, and i ∈ {2, . . . , N − 1} ∪ {N + 2, . . . , 2N − 1}.
According to the KVL, the system can be described as a matrix
equation similar to (15). Then, the voltage and current on the
component of the system can be derived by solving the matrix
equation. According to the relationship between the dc input
current of the inverter and the RMS value of its ac current, the
curves of the input current and impedance against the number of
extendable modules are obtained in Fig. 19. The curves show that
the input current is almost linearly correlated with the number of
modules, whereas the input impedance is inversely proportional
to the number of modules.

V. EXPERIMENTAL VALIDATION

A. Experimental Setup

Fig. 20 shows the experimental setup of the proposed CPT
system with the DIDO electric field coupler based on the circuit
shown in Fig. 1. SiC MOSFETs are adopted as switches for the
two inverters #1 and #2 because they improve the dynamic

Fig. 19. Relationship curve between the input impedance and the input dc
current of the whole system against the number of couplers N .

Fig. 20. Experimental setup of the proposed CPT system with a DIDO coupler.

performance and reduce the switching and conduction losses
when the system operates at high frequency. Similarly, four SiC
diodes are used to construct rectifiers #1 and #2.

The electric field coupler is composed of eight aluminum
plates, the relative positions of which are fixed by nylon hex
bolts. The compensation inductors are wound on ferrosilicon
toroidal core with Litz wire. Compared with air-core inductors,
this type of inductor has the advantages of small size, low
environmental sensitivity, and minimal electromagnetic inter-
ference. Based on the experimental measurement, the losses of
both types of inductor are similar. The compensation capacitors
are film capacitors; each capacitor module is formed by multiple
capacitor elements in series and parallel to achieve the required
capacitance value and increase its voltage tolerance. The main
parameters of the system are calculated according to (24) and
(25) and are listed in Table II. Two experiments are conducted in
this section: one is to verify the decoupling of the DIDO coupler,
and the other is to demonstrate the power transfer of the whole
CPT system.

B. Experimental Verification of Same-Side Decoupling

According to the finite-element simulation results and an
equivalent circuit model of the electric field coupler, there is
a mutual capacitance between the ports on the same side of
the system, which affects the resonance of the CPT system.
In Section III, a shared decoupling inductor is used to achieve
decoupling between ports on the same side. In order to verify the
effectiveness of the proposed decoupling method, a decoupling
experiment was carried out, as illustrated in Fig. 21.

In Fig. 21(a), the secondary circuit is disconnected. The circuit
is excited by an inverter with the voltage ofUs1. Then, the sum of
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Fig. 21. Experimental verification of same-side decoupling of (a) primary side
and (b) secondary side of the DIDO coupler.

the voltages on the decoupling inductance Lpm and the external
capacitorCe2, defined asUoc1, is measured with a voltage probe.
According to (11), the open-circuit voltage Uoc1 is excited by
the current Is1 and can be found from (29). Based on (12),
Uoc1 = 0would indicate that the two ports of the primary circuit
are decoupled. Similarly, the decoupling of the secondary-side
circuit can be verified, as shown in Fig. 21(b). The inverter shown
in Fig. 21 is to provide excitation currents Is1 and Is2 in the
resonant circuits

Uoc1 = (jωLpm + 1/jωCm12) · Is1 = 0 (29)

Uoc2 = (jωLsm + 1/jωCm34) · Is2 = 0. (30)

The experimental waveforms of the circuit in Fig. 21 are
presented in Fig. 22. In Fig. 22(a), the input dc voltage of the
inverter is 10 V. Since the primary circuit is in resonance, the
primary current Is1 and Us1 are in phase. The fundamental
component of Uoc1 is approximately 0, and there are only some
switching ripples. This verifies the correctness of the decoupling
method of the primary-side port. Similarly, Fig. 22(b) shows the
experimental waveforms of the secondary side, and the results
are consistent with Fig. 22(a).

C. Power Transfer Performance

After the same-side ports are decoupled, the CPT system with
a DIDO coupler can operate in resonance after proper com-
pensation. The final circuit to demonstrate the power transfer
performance of the whole system is the same as what was shown
in Fig. 1. Fig. 23 presents the voltage and current waveforms of
the experimental setup when the load resistance is 40 Ω and the
output power is 1.5 kW. In Fig. 23(a), the inverter output voltage
and current waveform is given. The current ip1−DIDO of inverter
#1 lags behind the voltage uin1 slightly, but the two remain
basically in phase. Inverter #2 also gives the same result. For
the MOSFETs of two inverters, a reasonable phase difference can
make the current flow through the reverse diode when the switch
is turned ON so that the source–drain voltage of the switch is 0 V
and the inverter can work in soft switching status. Fig. 23(b)
shows the output voltage waveform of the system.

In order to measure the output current, power, and efficiency
of the system more accurately, a power analyzer HIOKI PW6001
was used, and the results are shown in Fig. 24. Udc1, Idc1, and

Fig. 22. Waveforms of measuring circuit for the same-side decoupling effect.
(a) Primary side. (b) Secondary side.

P1 denote the input voltage, current, and power, respectively.
Udc2, Idc2, and P2 indicate the output voltage, current, and
power, respectively. The experimental result shows that the
output power of the system is 1.51 kW, and the efficiency is
81.34%. Each inverter and rectifier carries about half of the total
power.

Fig. 25 shows the experimental waveforms of the CPT system
with the SISO coupler compared with the CPT system with the
DIDO coupler. The parameters of the experimental setup are
consistent with the theoretical analysis, e.g., the input voltage
is 260 V, the dc load resistance is twice that of the proposed
system, and the SISO coupler is composed of P1, P2, P5, and
P6 in Fig. 20. In Fig. 25, the inverter current slightly lags
behind the voltage, and the RMS values of primary current is
4.29 A, which is slightly less than the primary currents of 4.45
and 4.79 A in Fig. 23(a) and is consistent with the theoretical
current relationship between the two systems shown in Fig. 16.
In addition, the output dc voltage of the system in Fig. 25 is
236.1 V, which is slightly lower than the load voltage of 246.8 V
shown in Fig. 23(b) and basically consistent with the transfer
admittance relationship of the two systems shown in Fig. 15.
In summary, comparing Figs. 23 and 25, it can be seen that the
power of the CPT system with the DIDO coupler of 1.5 kW gives
twice the output power of the CPT system with the SISO coupler



ZHOU et al.: DESIGN AND ANALYSIS OF A CPT SYSTEM WITH EXTENDABLE PAIRS OF ELECTRIC FIELD COUPLERS 7453

Fig. 23. Experimental waveforms of the CPT setup with the DIDO electric
field coupler. (a) Output waveforms of two inverters. (b) Output voltage on the
dc load.

Fig. 24. Photograph of the power analyzer.

of 697 W, and the currents of the two systems are basically the
same.

Fig. 26 shows the curves of the output current IL and the
efficiency η against the different load resistance RL. According
to (17), the output current of the system is independent of the
load resistance RL. In Fig. 26, as the load resistance increases
from 15 to 60 Ω, the output current IL remains approximately
constant and slightly decreases from 3.72 to 3.36 A. The dif-
ference from the theoretical and experimental results is caused
by the internal equivalent resistances of the components in the

Fig. 25. Experimental waveforms of the CPT setup with the SISO electric
field coupler.

Fig. 26. Curves of system efficiency and output current against the load
resistance.

experimental prototype. This phenomenon can be reproduced by
adding internal resistance in the theoretical analysis. When the
internal resistance of the circuit is not zero, the output current
will decrease with the increase of load resistance, and it will
become more serious when the internal resistances increase. The
efficiency of the system is also a key factor. The efficiency curve
in Fig. 26 first rises and then falls with the increase of the load
resistance. The optimal efficiency point of 81.3% appears at the
load resistance of 40 Ω.

Fig. 27 shows the power loss distribution of the proposed
CPT system with a DIDO coupler. For all the compensation
inductors, the loss includes core loss and winding loss. The core
loss is calculated from datasheet of core and the current flowing
through the core, and the winding loss is calculated according
to the impedance of coils with the same length measured by the
LCRmeter and the current. For all the compensation capacitors,
the power loss is calculated from the dissipation factor, the
capacitance reactance, and the voltage of the capacitor. For the
inverter and the rectifier, the loss is calculated from the relevant
measured values from the experiment and the relevant parasitic
parameters from the datasheet. Power losses other than the above
parts are assumed to be the power losses on the coupler and other
undefined items.
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Fig. 27. Power loss distribution of the proposed CPT system.

VI. CONCLUSION

This article proposes a CPT system with extendable pairs of
electric field couplers to enhance the power transfer capability
by a modular approach. The complicated coupler is simplified
as a circuit formed by CCVSs and self-capacitances in series
by using a general model of an MIMO electric field coupler.
Based on the simplified coupler circuit, the mutual capacitance
on the same side of the coupler is found to be the cause of
the detuning in the CPT system with an extendable coupler. A
decoupling method based on shared inductances is proposed,
and the analysis shows that when the shared inductance and the
same-side mutual capacitance are fully tuned, the influence of
the cross coupling on the system resonance will be eliminated.
A 1.5-kW system with the DIDO coupler is built, and results
show that the extended system with four pairs of coupling plates
doubles the output power of the system with an SISO coupler by
maintaining the same current ratings in the circuit. As a result,
the effectiveness of the modular design approach is validated.
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