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High-Power Capacitive Power Transfer System With
Integrated Multichannel Coupler

Gang Yang ", Pan Sun"”, Enguo Rong

and Siqi Li

Abstract—The demand for high-power wireless power transfer
systems has been gradually increasing in recent years. In this
article, a high-power capacitive power transfer (CPT) system with
an integrated multichannel coupler (IMCC) is proposed, which
first realizes an output power of more than 10 kW, and the IMCC
offers the advantages of reduced compensation inductors, reduced
cross-coupling effects, and extendable performance. Since there is
a cross-coupling between every two plates, the IMCC results in a
circuit model of 15n + 16C2 coupling capacitors (n represents
the number of channels). The induced current source model and
induced voltage source model are used to model the IMCC, and
the effects of cross-coupling mutual capacitances on the system
are analyzed. Compared to the four-plate multichannel coupler,
the IMCC can reduce the cross-coupling effects in both aligned
and misaligned cases. An M-M compensated three-channel CPT
prototype with the IMCC is built, achieving an impressive output
power of 10.35-kW and dc-dc efficiency of 94.2% with a 50-mm
airgap. Experimental results show that the proposed CPT system
with the IMCC is suitable for high-power applications and can
effectively minimize the cross-coupling effects.

Index Terms—Cross-coupling, high-power capacitive power
transfer (CPT), integrated multichannel coupler.

NOMENCLATURE
Ti1—T;4 Primary-side MOSFETSs of channel i.
D;j1—Dyy Secondary-side rectifier diodes of channel i.
Vbe Total dc input voltage.
Iin Total dc input current.
V, Total dc output voltage.
1, Total dc output current.
Vini DC input voltage of channel i.
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Lini DC input current of channel i.

Vi DC output voltage of channel i.

I, DC output current channel i.

Uini Inverter output voltage of channel i.

Uyi Rectifier input voltage of channel i.

Ry, Load resistance.

P;1—Pia Transmission plates of channel i.

Py,PrL Shielding plates.

Cfgy Coupling capacitors between transmission plates
of channel i.

;fU s Coupling capacitors between transmission plates
of channel i and shielding plates.

C’;’Z Coupling capacitors between transmission plates
of channel i and channel k.

Ci1,Ci2 Primary and secondary side self-capacitances of
channel i in ICS model.

Cia,Cip Self-capacitances of port a and port b of channel i
in ICS model.

CMiakb Mutual capacitances between port a of channel i
and port b of channel k in ICS model.

CMia0s Mutual capacitances between port a of channel i
and port s of channel O (shielding plates) in ICS
model.

Cv;1,Cviz  Primary and secondary side self-capacitances of
channel i in IVS model.

Cv i Mutual capacitances of channel i in IVS model.
ci Mutual capacitances between port a of channel i
and port b of channel k in IVS model.

Xcvma Impedance of the same-side cross-coupling mutual
capacitance.

Xevmp Impedance of the different-side cross-coupling

mutual capacitance.

I. INTRODUCTION

ITH the application of wireless power transfer (WPT)
Wtechnology in electric vehicles [1], [2], electric ships
[3], and underwater vehicles [4], [5], research on high-power
and high-efficiency WPT systems is becoming more and more
popular. Compared to an inductive power transfer (IPT) system,
the capacitive power transfer (CPT) system is widely used due
to its advantages, such as simple structure, lightweight, and low
cost [6], [7], [8], [9]. A 2.4-kW CPT system is designed with an
airgap of 150 mm and dc—dc efficiency of 90.8%, demonstrating
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the capabilities for kW-class power transfer with a distance
around 100 mm and efficiency exceeding 90% [10].

Through years of development, the transmission capability
of CPT systems has increased dramatically. In [11], a 6.06-
kW CPT system with 60-mm airgap and 92.3% dc—dc effi-
ciency is built, which is the maximum transmission power
ever realized. In [12], a 5-kW CPT system with a 100-mm
airgap is constructed, achieving a dc—dc efficiency of 96.5%,
which stands for the maximum dc—dc efficiency. However,
the demand for high-power CPT systems has been increasing
for various applications. Taking the railway transportation as
an example, the wireless power requirements have exceeded
10 kW [13].

To obtain high-power output with the existing low-power and
low-cost semiconductors, multiphase inverters, parallel multi-
inverters, multitransmitters, and multichannel topologies are
used in WPT systems. For a multiphase inverter topology, the
number of bridge arms is not easy to adjust flexibly according
to the power due to the fixed structure, which is not suitable
for extendable applications [14], [15]. Parallel multi-inverter
topology solves the problem of extending, but the loop currents
caused by coupling at the output ac side will affect the system
performance [16], [17]. Multitransmitter topology utilizes mul-
tiple transmitters to simultaneously transmit energy to the re-
ceiver to achieve superposition of power, but the single-receiver
structure still has limitations of voltage-ampere stress [18], [19].
For a multichannel topology, the transmitted power is increased
due to the increased number of transmission paths. It solves the
problem of circulating currents due to the connection at the dc
side, and the high-voltage and high-power transmission capabil-
ity can be realized at both the input and output sides. In addition,
multichannel topology reduces single-channel capacity require-
ments, simplifies design, and facilitates modularization to reduce
system costs [20], [21], [22]. However, up to now, most of the
research works have been focused on IPT systems.

To fulfill the research gap, a dual-input dual-output CPT
system with a four-plate dual-channel coupler is proposed
for various-power applications [23]. Due to the small self-
capacitance value, extra shunt capacitors are connected with the
four-plate coupler to increase the self-capacitance and decrease
the resonant inductors [10]. However, CPT systems usually have
very high voltage stresses among coupler plates, especially for
high-power output applications [24]. High voltages across shunt
capacitors make them expensive and hard to select. Six-plate
coupler is designed to solve this issue and achieve high-power
output [11], [25], [26].

In addition, there is cross-coupling between different plates
for the multichannel coupler, which is demonstrated to affect the
zero phase angle (ZPA) and cause output imbalance between
channels [27], [28], [29], [30]. Existing studies show that the
cross-coupling in a multichannel coupler can be eliminated by
forcing the voltages at the same-side coupling plates in each
channel to be equal in modulus but opposite in phase [31], but the
symmetrical condition is not easy to realize. Shared inductors
are used to achieve same-side decoupling [23], whereas extra
elements increase the complexity of the system and affect the
extendable performance.
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Fig. 1. Topology of proposed multichannel CPT system with the IMCC.

As mentioned above, to achieve high-power output, a CPT
system with a multichannel topology is a possible way, and the
cross-coupling issues need to be solved. Hence, a CPT system
with the integrated multichannel coupler (IMCC) is proposed
in this article. The main contributions of this article can be
summarized as follows.

1) An integrated multichannel coupler is designed with the
advantages of reduced compensation inductors, reduced
cross-coupling effects, and extendable performance. A
10.35-kW CPT system with 94.2% dc—dc efficiency is
achieved based on the IMCC.

2) The general equivalent circuit model of the IMCC is de-
veloped with the induced current source (ICS) model and
the induced voltage source (IVS) model. The CPT system
with the IMCC is clarified as outer channels and inner
channels based on quantitative analysis of cross-coupling
mutual capacitances. Further, the cross-coupling effects
on an M-M compensated CPT system are analyzed in
detail.

3) The capability of reducing cross-coupling effects for the
IMCC is analyzed compared with the four-plate multi-
channel coupler (FMCC) under well-aligned and mis-
aligned conditions.

The remainder of this article is organized as follows: Section IT
describes the topology of the proposed CPT system and the
structure of the IMCC, a general model of the IMCC consid-
ering cross-coupling, is developed. In Section III, the influence
on the system caused by cross-coupling mutual capacitances
is analyzed. Then, the comparison of reducing cross-coupling
effects between the IMCC and the FMCC is conducted. An M-M
compensated three-channel CPT prototype with the IMCC is
built to validate the theoretical analysis in Section IV. Finally,
conclusions are summarized in Section V.

II. MODELING OF THE IMCC
A. Topology of the Proposed CPT System With the IMCC

The topology of the proposed CPT system with the IMCC is
shown in Fig. 1, which consists of n single-channel CPT systems.
The inverters of each channel are connected in parallel at the dc
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Fig. 2. Structure of the FMCC. (a) Trimetric view. (b) Front view.

input side, and the rectifiers are connected in parallel at the dc
output side.

The working principle of the system is as follows: an input
dc voltage source Vpc is supplied to each channel through
the voltage regulator capacitor Cy, and the high-frequency ac
voltage U,y; is generated by a high-frequency inverter, which
is transmitted to the secondary side through the primary com-
pensation network and the coupler. On the secondary side, the
high-frequency ac voltage is transmitted through a compensation
network, an uncontrolled rectifier, and the filtering capacitor Cy,
which finally provides a stable dc voltage to the load Ry. I;,
represents total dc input current, V,,,; and [;,,; represent dc input
voltage and current of channel i. /,; represents the dc output
current of channel i. V,, and I, represent load voltage and current.
Due to the connection relationship of the primary side in parallel
and the secondary side in parallel. The relationships of input
and output dc voltage and dc current between channels can be
expressed as follows:

Voe = Vint = Vina =+ = Vips = - = Vinn
Imzzn:]im‘
VeV = Vip = oo = Vyg = oo = Vi (1)
L=>1I,

1=1

Under ideal conditions, assuming that the parameters of each
channel are consistent, the inputs and outputs of each channel
are automatically equalized. The output power of the system can
be calculated as follows:

Pow =Y Voiloi = nVoiloi = nPyi. )

i=1

It can be seen from (2) that the output power of the multi-
channel system is n times greater than that of the single-channel
system under the condition of the same input source.

Fig. 2 shows the structure of the FMCC, which is composed
of n pairs of transmitting plates and n pairs of receiving plates.
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Fig. 4. Size of the IMCC. (a) Front view. (b) Left view.

Compared to the FMCC, the IMCC consists of transmission
plates (P;; and P;o are for transmitting side, P;3 and P,4 are
for receiving side) and shielding plates (P and Py, represent
the upper and the lower shielding plates). Plates P;, and all
the transmitting plates are integrated together in a protective
box, as well as the plates Py and all the receiving plates, as
shown in Fig. 3. The influence of the protective box on the
couplings can be neglected as the thickness is small. All of
the transmitting, receiving, and shielding plates are rectangular
aluminum plates, the thickness of which is 7. The sizes of
transmitting and receiving plates are /5 X I, and the size of
shielding plates is /; x lo, where /1, I3 and I2, I4 are the length
and width. d; is the transmission distance, ds is the shielding
distance between transmission plates and shielding plates, ds
is the separation distance between adjacent channels, and dy is
the separation distance between transmitting/receiving plates, as
shown in Fig. 4.

B. Full-Capacitor Model of the IMCC Considering
Cross-Coupling

According to the generation mechanism of a capacitor, cou-
pling capacitors exist between any two plates in the IMCC.
Define the coupling capacitors between transmission plates in

(111 ] [ Cn —Curitiz —Cuiizr —Curiioe —Critnt —Cumiine —Chriios | [Vai]
1o —Cumi211 Cia —Chi221 —Churi222 —Curiznt —Criznz —Chrizos | | Viz
I —Crr2111 —Cu2112 Ca —Chr2122 —Crr2int —Cum2in2 —Cur210s | | Vor
I —Char2211 —Cu2212 —Clhar2eo1 Ca —Char22nt —Cu2on2 —Char220s | | Voo
| =aw ) : : 3)
I —Crnitn —Cuniiz —Cunizr —Cuni2e Cn1 —Crninz —Cunios | | Vil
In2 _CMnQII _CMn212 _CMnQQI _OMTL222 _CMnin On2 _CMnQOS Vn2
REN | —Crmos11 —Cumosiz —Cuos2r —Chros22 —Crmosnt —Crosn2 Cs | [ V3]
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channel i as Ciwy, where i denotes the channel serial number
(i=12,...,n), x and y denote the plate serial number (x,y = 1,
2, 3, 4). Define the coupling capacitors between transmission
plates of channel i and shielding plates as C*,; and C*,r,
and the coupling capacitors between upper and lower shielding
plates as C°yr, as shown in Fig. 5(a). In addition, there are
also cross-coupling capacitors between transmission plates of
different channels, which are defined as Cikxy. It devotes the
coupling capacitors between plate x of channel i and plate y of
channel k, as shown in Fig. 5(b), and itis clearly that C" ,, is equal
to C'yy. It can be seen from Fig. 5 that there are 15n + 16C2
coupling capacitors in the IMCC due to the cross-coupling
between channels, which makes modeling of the coupler very
complex.

C. ICS Model of the IMCC Considering Cross-Coupling

The widely used ICS model is adopted to represent the equiv-
alent circuit of the IMCC, as shown in Fig. 6. Plates P;; and P;
are connected to the transmitting side circuit and form the port
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Coupling capacitors between plates. (a) Coupling capacitors in channel i. (b) Cross-coupling capacitors between channel i and channel k.

il, plates P,;3 and P,4 are connected to the receiving side circuit
and form the porti2 (i = 1, 2, ..., n). Plates Py and Py, form the
port s. Terminal voltages and currents of ports are defined as V1,
1;1,Vio, 1,2, Vs, and I5. C;1, Cy2, and Cs are the self-capacitances
of portil, i2, and s. Cpy;qxp indicates the cross-coupling mutual
capacitances between port a of channel i and port b of channel
k. To demonstrate the simplification process, Py and Py, are
defined to form port s of channel 0. C ;40 s represents the mutual
capacitances between port a of channel i and port s of channel
0(@=1,2,b=1,2).

The relationships between variables are expressed as (3). The
voltage-controlled current sources of each port are defined as

I, Is;, and Iy, which can be calculated as (4).

Ipi = jwCiins Vs + jwChrinizViz
n 2
+iw > > CumitkaVias
k=1a=1
Ly = jwCiriosVa + jwChrizin Vi

n 2
+jw > > CrmizkaVias
k=1a=1

n 2
Ivr =jw Y > CuskaVia
k=1a=1

ki

: “4)
ki

In (3) and (4), w = 27f, where fis the switching frequency.

According to energy arguments, it can be achieved that
Cumiakb = Cumrbia and Chriaos = Crrosia- To calculate the
self-capacitances and cross-coupling mutual capacitances of any
two ports, the relationships between the full-capacitor model and
the ICS model need to be determined. Take C;; as an example,
it can be calculated as follows:

JWVitlyi, £0, Va=Vig ==V =0

Cin (5)

Fig. 7 shows the simplification process of the full-capacitor
model of the IMCC. According to (5), since the voltage of every
port is zero except for port i1, P;3 and P;4 of channel i, P;; and
Pyo, Pr3 and Pyy of channel k, and Py and Py, are all short-
circuited.

Fig. 7(a) shows the full-capacitor model between any two
channels (channel i and channel k) in the IMCC, when P;3 and
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Fig. 7. Simplification of the capacitor model. (a) Full-capacitor model of the
IMCC. (b) Combine parallel capacitors.

P;4, Px1 and Pys, and Pg3 and P4 are short-circuited. Full-
capacitor model can be simplified to Fig. 7(b) by combining all
the parallel capacitors shown as follows:

Ci3 =Ciz3+C1y;Ci3 = Ciz + Cyy
CHl = Cfi + C5; O = Cif + C3f
Ck = ik + Cik + Cik 4+ Cik . (6)
Ch = Cik + Cik; CF = Cék + C

™ T

Ci? = C35 + C3i + O + Cif

When k = 0, the combined capacitors related to Py and Py,
are as follows:

0 18 is (7)
CY = C8 + 35, + Ciyy + Ol

{091 = Oy + Ci: O = O3y +Cf

Define Vp;1, Vpio, Vpis, and Vp;y as the nodal voltages of
P;1, P2, P;3, and Py, Vpj1 as the nodal voltages of Py; and
P12, Vpio as the nodal voltages of Py3 and Pyy, and Vpg as the
nodal voltages of P;yand Py. P;5 is set as the reference node, the
voltage of which is zero. According to Kirchhoff’s current law,
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the equations of nodes in Fig. 7(b) can be expressed as follows:
<c{2 RS ijf) Voi — Ci2Viis
k=0
n
= > CffVpra = Iin/jw
k=0

Ci'QVpil + 012VPl3 + Z C SVpPka = zl/]w

k=0
(Ci?+0i%+ > Cf&) VPi3_CﬁVPi1_ Z CtkaVPka =0
Z (Ck + CEg 4 CF*) Vpra — Vpa Z Crf

k=0

—Vpis Z Cf* =0
k=0

®)

It is important to note that the fourth equation in (8) is a
summation of the voltage equations of Py, Pxo, Pr3, Pra, Py,
and P;. In (6) and (8), k = 0, 1, 2, ..., n and k=i. The nodal
voltages can be calculated as

CrVpi + CFVps
(Ckr + Cks + CF2)”

€))

VPka =
Substitute (9) into the third equation in (8), Vp;3 can be
calculated as:

. Ckacr:f:a
O+ Lheo ety vor)

Vpis = Vpir. (10)

ka ka ka
(C5+CB) + iy ittt

Combining (8), (9), and (10), the self-capacitance C;; is
further determined to be (11) shown at the bottom of the next
page. When the IMCC is well aligned, the transmitting and
receiving plates are symmetric. This means C'13 = Cloy, C'1y =
Clag, C*11 = Cyo, Chyg = Ckyy, C* 15 = Cyy, and C*yy =
C*y5. Then, C;; can be simplified as (12) shown at the bottom
of the next page.

After C;; is determined, the self-capacitance C;2 and cross-
coupling mutual capacitance Cjy;. b can also be acquired with
Vii=Vig= ... = Vy1 = Vypa = V3 =0, Vio#:0; Vi1 = Vyo
n1 = Vpo = V3 = 0 and V,;,#0, respectively. The
calculation equations are as follows:

Cio =

2
VelVig 20, Va=Vig ==V =0

CMiakt = —

Iy
V2 lVig 0, Va=Vii =+ =Vup =0

13)

According to the symmetry of the IMCC, C;5 and Cjpiarp
can be simplified as shown in (14) and (15) shown at the
bottom of the next page. It is worth noting the importance of
(12), (14), and (15), which reveal that the computation of the
equivalent circuit for a symmetrical coupler with an arbitrary
number of channels and plates does not require the utilization
of all coupling capacitors, thereby significantly simplifying the
modeling process of the coupler.
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D. IVS Model of the IMCC Considering Cross-Coupling

Through the ICS model, the self-capacitances and mutual
capacitances of every channel, and cross-coupling mutual ca-
pacitances between different channels in the IMCC can be
acquired. However, it can be seen from (12) and (14) that the
self-capacitances in the ICS model are coupling dependent,
which means it will change with the misalignment of the coupler.
Hence, based on the ICS model, the IVS model is further used for
the IMCC due to its coupling independent of self-capacitances,
and the equivalent series self-capacitances are convenient for
compensation parameters calculation [32].

For the IMCC, the IVS model is shown in Fig. 8. V;; and
Vo represent the input and output voltage of channel i, and
I;1 and I;> represent the input and output current of channel
i. Cvyi1, Cyio, and Cyyy; represent the transmitting-side self-
capacitance, the receiving-side self-capacitance, and the mutual
capacitance of channel i in the IVS model. The cross-coupling
mutual capacitances between port a of channel i and port b of
channel k are defined as C* ;4 (@ = 1,2, b = 1,2). It is clear that
C1i12 = Cyui. The equivalent capacitances in the IVS model
can be determined as follows based on the calculation results of
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the ICS model:
Ci1Cin—CrpirinCrrits
CVil — Li1Cia A£;112 Mili2
CViQZ 1042 61\'/?1112 Mili2 (16)
C . — Ci1Cin=Cmi1iaCaritiz ’
VM Chritiz

Ok — CiaCrb=CMiantCMiakp
Mab CMiakb

It can be seen from (16) that, for a multichannel coupler, the
IVSs of a given channel are no longer related only to the mutual
capacitance between the transmitting side and receiving side in
the channel. Any transmitting side and receiving side in other
channels may induce voltages related to cross-coupling mutual
capacitances C* v 1ap- In addition, it is important to note that the
cross-coupling mutual capacitances Cy;q1p in the ICS model are
very small, whereas C* p1ap related to Cogiars in the TVS model
is very large, which means a very small induced voltage.

E. Comparison Between the IMCC and the FMCC

An integrated three-channel coupler is composed of plates
P11, P12, P13, and P14 of channel 1, Pgl, P22, P23, and P24 of
channel 2, P31, P32, P33, and P34 of channel 3, and Py and
Pr. According to (12), (14), and (15), the self-capacitances
and mutual capacitances of every channel, and cross-coupling
mutual capacitances between different channels are calculated
as shown in Table I. It can be seen from Table I that, compared
to the FMCC (without Py and Py), the self-capacitances in the
IMCC are larger due to the presence of shielding plates, whereas
the mutual capacitances and cross-coupling mutual capacitances
are basically equivalent.

ANSYS Maxwell is used to perform FEA of three-channel
IMCC and FMCC. Set the dimensions as shown in Table II. The
influence of plate thickness ( = 2 mm) on the couplings can be
neglected. The X, Y, and Z directions are defined in Fig. 3. The
calculated self-capacitances and mutual capacitances in the ICS
model of channel 2 are shown in Fig. 9.

It can be seen from Fig. 9 that the primary and secondary
self-capacitances are equal due to the symmetry of the coupler.
In addition, either in the case of alignment or misalignment, the
self-capacitances of IMCC are significantly larger than those
of FMCC, whereas the mutual capacitances are basically the
same. Therefore, smaller compensation inductors are needed to

243 Crg o 2y ctecky
e [Cﬂ T 2o W} - [Cﬂ 2o (C’:f+01?§+105““)]
Cin = Ci?"*'z R k. CF (11
k=0 (CH + g + Cf) iz 4 o2 n  CPe(Ch+Chs)
(€3 +C3) + Yoo (G
) Ci: + Ci + Cis + Cis n_ Cik + Cik + Czk + Cik
Cit = Cly + (Cis 14 s U i) 4 > (CH 212 13 14)_ (12)
) Cz 4 Ci + 15 + 1S n_ Cik + Cz‘k + Cik 4 Cz‘k
Cis = Ciy + (C5 32 s 3U 57) n Do (CH ;2 33 55) (14)
C«ik’ _ Cik Czk _ C«zk
ChMiaky = %, a=b  Churiak = %, a#b  Churiaos = 0. (15)
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TABLE I
CAPACITANCES OF A THREE-CHANNEL IMCC WHEN WELL ALIGNED
Channel #1 Channel #2 Channel #3
CL+CL,+C: +Cl CL+CL+CE+CY C+CL +CE+CY
C11 — Cllz + 13 14 U 1L C2] — C122 + 13 14 1U 1L Cj31 — C:z + 13 14 U 1L
2 2 2
12 12 12 12 13 13 13 13 21 21 21 21 23 23 23 23 31 31 31 31 32 32 32 32
+CII+C]2+C]3+C14+CII+C]2+C13+C]4 +C]] +C]2+C13+C14+C11 +C12+C13+C14 +CII+C12+C]3+C14+CII +C12+C13 +C]4
2 2 2 2 2 2
1 1 1s 1s 2 2 2s 25 3 3 3s 3s
C _Cl +C31+C32+C3L’+C3L C _CZ +C31+C32+C3U+C3L C _C3 +C31+C32+C3L’+C3L
12— 34 2 7 V34 32 7 34
2 2 2
12 12 12 12 13 13 13 13 21 21 21 21 23 23 23 23 31 31 31 31 32 32 32 32
+C3] +C32+C33 +C34 +C31 +C32+C33+C34 +C3l +C32+C33 +C34 +C3] +C32 +C33 +C34 +C31 +C32 +C33 +C34 +C3] +C32 +C33 +C34
2 2 2 2 2 2
1 1 2 2
C _ C13 _C14 C _ C13 — C14 C _ C133 — C134
M1112 — 2 M2122 — 2 M3132 2
CIZ _ CIZ C12 _ C12 C23 _ C23 C23 _ C24
— — 11 12 — — 13 14 — — 11 12 — — 13 14
C‘M]lZl - CVM1222 - 2 b CMI]ZZ - CMIZZI - 2 CM2131 - CMZZSZ - 2 ’ CMZ]32 - C‘M2231 - 2
Co_eo_Gi-cr o _ci-al
M1131 = ~M1232 — b M1132 = ~M1231 —
2 2
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(c) Transmission distance change.

TABLE II
SIMULATED PARAMETERS OF THREE-CHANNEL COUPLER

Parameter Value Parameter Value
li/mm (IMCC) 1500 di/mm 50
bh/mm (IMCC) 2000 d>/mm (IMCC) 50

[3/mm 400 d3/mm 50
l4/mm 800 ds/mm 200

resonate with IMCC, and shunt capacitors are unnecessary in the
CPT system. Combined with (16), larger self-capacitances and
the same cross-coupling mutual capacitances also mean that the
cross-coupling mutual capacitances in the IVS model of IMCC
are larger than those of FMCC.

III. REDUCED CROSS-COUPLING EFFECTS OF THE IMCC ON
AN M-M COMPENSATED CPT SYSTEM

A. Simplification of Cross-coupling Effects

The above analysis shows that in a multichannel coupler,
cross-coupling mutual capacitances exist between any two ports
of different channels. To simplify analysis, the ratio of cross-
coupling mutual capacitances to the mutual capacitances is

200
Y misalignment/mm

(b)

0
300 400 50 60 70 80

Transmission distance/mm

(©

Variation curves of self-capacitances and mutual capacitances for FMCC and IMCC in the ICS model. (a) X-axis misalignment. (b) Y-axis misalignment.

calculated by using the FEA results with Table II, as shown
in Fig. 10.

Fig. 10(a) shows the ratio of cross-coupling mutual capac-
itances to the mutual capacitances, where 11121 and ri129 are
the ratio between port 11 of channel 1 and ports 21 and 22 of
channel 2, r1131 and ry139 are for port 11 of channel 1 and ports
31 and 32 of channel 3. It can be seen that as the separation dis-
tance ds increases, cross-coupling mutual capacitances decrease
rapidly. The cross-coupling mutual capacitances between adja-
cent channels are much larger than discrete channels. In addition,
the same-side cross-coupling mutual capacitances are larger than
the different-side cross-coupling mutual capacitances.

Fig. 10(b) and (c) shows that the same-side cross-coupling
mutual capacitances and different-side cross-coupling mutual
capacitances ratios are also related to the transmission distance
di, and the larger the transmission distance, the higher the
ratio, which is mainly due to the rapid decrease of the mutual
capacitances. However, when the separation distance between
channels is greater than 100 mm (25% of the length of trans-
mission plates), the ratio of both same-side and different-side
cross-coupling mutual capacitance is below 5%.

To summarize, both the same-side and different-side cross-
coupling mutual capacitances generated between adjacent chan-
nels need to be considered, whereas the cross-coupling mutual
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Fig. 10.

Ratio of cross-coupling mutual capacitances to mutual capacitances. (a) Cross-coupling mutual capacitance ratio between channel 1 and channels 2

and 3. (b) Same-side cross-coupling mutual capacitance ratio to mutual capacitances Cps1121/C 1. (¢) Different-side cross-coupling mutual capacitances ratio to

mutual capacitances Cpr1122/C 1.
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Fig. 11.  Equivalent AC circuit topology of an M-M compensated multichannel
CPT system considering cross-coupling.

capacitances between discrete channels are very small, which
can be neglected.

B. Effects Caused by Cross-coupling Mutual Capacitances on
the M-M Compensated CPT System

M-M compensation network is adopted in the multichannel
CPT system. Compared to higher-order compensation networks
such as LCL-LCL and CLL-CLL, it offers advantages of high
design freedom, small voltage-current stresses of compensation
elements, and additional isolation [12], [25], [38]. The equiva-
lent ac circuit topology considering cross-coupling of adjacent
channels is shown in Fig. 11. The channels of system can
be distinguished as outer channels (green) and inner channels

are affected by the cross-coupling mutual capacitances of one ad-
jacent channel, and the other channels being the inner channels,
which are affected by the cross-coupling mutual capacitances of
two adjacent channels. U,,; and U; indicate the input and output
voltage of the coupler.

The resonant conditions of the system are designed as (17).

{W2Liflcif1 =1, w?L;psCipa=1

w?LipCyio = 1. 17

w?LiCyin =1,

The voltage and current equations for the outer and inner

channels can be calculated as (18) shown at the bottom of this

page. X represents the impedance of mutual capacitances. With

equal separation distance between channels, the different-side

cross-coupling mutual capacitances are equal, and the same-side
cross-coupling mutual capacitances are equal too.

ik =(C
{ JVIaa Ma .
Ciliay = Cmp, a#b
In addition, due to the parallel connection at the dc input side

and output side, the rms value of the input voltage of different
channels is equal, as well as the rms value of the output voltage.

Uini = Uin;
Uoi = Uoj
According to the characteristics of the M-M compensation

network under resonant conditions, the input and output currents
of the coupler can be calculated as

19)

(20)

o — JUini
I7,2 — wlM;;
(21)
iy — Uoi
lis = JwM;2

M;; and M, represent the primary and secondary mutual
inductances, which can be calculated as follows:

(blue), with the outer channels being channels 1 and n, which Miy = Miy = kirn/Lip1 Lin = kian/ Lifa Lia (22)
Upi ImXcvm + I(zil)QX i) — I(zil)SX i)
outer channel < - i=1,n
Usi = LnXcy o, — L2113 X i) +I(zi1)2X (i)
. Upi=—Iis Xy +1iio 12X i) +I(7+1)2X i) Iy 13X i) —I(1+1)3X i)
inner channel 1=2,3,...n—1

U-Sl _I 2XCV1\/[L

I(z 1)3X i 1)—I(z+1)3X 1(z+1)—|-f(z I)QX G- 1)+](1+1)2X i)
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where k;; and k; are the coupling coefficients of Lis and L;q,
Lifg, and Lig.

Combining (20) and (21), it is clear that the input current
1,5 of different channels is equal so as the output current /;3 of
different channels.

{112122"' 2= =1In=1I

= n3:Is

(23)

Ly=Is=-=ILz="---

The impedance of same-side and different-side cross-
coupling mutual capacitances is defined as Xcaro and Xcug.
The voltage (18) can be simply expressed as follows:

Upi = __IsXCVMi + IpXCI\/Ia - ISXCZ\/IB

U_Si = II’XCVAM - ISXCMQ + IPXC.YI\lﬁ

Upi = __ISXCVJVM + _2IPXCMO< - _2ISXCJVI/3

Ui = IPXCVMi — 2ISXCMa + QIPXC]WB ’
(24)

outer channel {

inner channel {

Under resonant conditions, the input impedance of outer and
inner channels can be calculated as follows:

2
2 (XCVZMZ+XCV1\4B)
Zinfouter = (WMil) / XCVMQ - - (oM;2)?
k2
L (XCV Mo + Reqi_outer >
2
7 — (WM 2 2X (XCVIVH+2XCV1VIB)
in_inner — (W il) / Cvma — (wM2)?
i
i <2XCVMa + Requnm>

(25)

It can be seen from (25) that the input impedance of both
outer and inner channels is no longer purely resistive due to the
influence of cross-coupling mutual capacitances. This means the
system loses ZPA, and the output power and the efficiency will
be affected. In addition, the impedance of the outer and inner
channels is different, which will lead to the output unbalance
between channels.

Therefore, eliminating or reducing the cross-coupling mutual
capacitances in a multichannel coupler is important to maintain
system output balance and high efficiency. According to (25), if
the ratio of impedance Xcva, and Xcovag to Xovas 1S very
small, the cross-coupling effect can be nearly neglected. As
such, when the ratio of Cyz; to Cyaz and Cypg is very small,
the IVSs will be mainly related only to the mutual capacitance
between the transmitting side and receiving side in the channel.

Fig. 12 shows that when the FMCC and IMCC are aligned,
the ratio of mutual capacitances to cross-coupling mutual ca-
pacitances is below 0.05, which means the IVSs caused by
cross-coupling mutual capacitances are much smaller than the
mutual capacitances. In addition, the effects of different-side
cross-coupling mutual capacitances are weaker than the same
side. When FMCC and IMCC are deviated, the ratios of capac-
itances are both increasing. However, the ratios of capacitances
for IMCC are always lower than for the FMCC. In other words,
the IMCC has well capability to reduce cross-coupling effects.

C. System Parametric Design

When designing the high-power multichannel CPT sys-
tem, the demands of output power are usually determined
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Fig. 12.  Variation curves of the ratio between mutual capacitances and cross-
coupling mutual capacitances for FMCC and IMCC in the IVS model. (a) X-axis
misalignment. (b) Y-axis misalignment. (c) Transmission distance.

according to the application requirements. Then, the channel
number is defined considering the constraint of a single inverter
and rectifier capacity. In addition, the input/output voltage and
the frequency are determined according to practical demands.
The coupler size is designed based on installation space restric-
tions. For high-power output, the optimization strategy should
improve the coupling coefficient k.;. This means increasing
the size of plates and shielding distance while decreasing the
transmission distance. The capacitances between any two plates
can be achieved by FEA, and the self-capacitance, mutual ca-
pacitance, and coupling coefficient can be calculated accord-
ing to (12), (14), and (15). On this basis, all the parameters
of compensation elements can be calculated according to the
resonant conditions and the expression of output power. Finally,
simulations should be conducted using LTspice to verify whether
the output power is satisfied. The design flowchart of the system
parameters is shown in Fig. 13.

IV. EXPERIMENTAL VERIFICATION
A. Experimental Setup

To verify the high-power transfer capability of the multichan-
nel CPT system and the reduced-cross-coupling characteristic
of the IMCC, a 10.35-kW three-channel CPT prototype with the
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Determine output power P,,, according to application
requirement

v

Determine channel number according to constraint of inverter
and rectifier capacity

v

Determine input and output voltage Vpc, V,, operating frequency
faccording to practical demands

v

{ Design coupler size based on installation space restrictions

v

Increase /4, b, I3, 4 and shielding distance d5, decrease
transmission distance d; to improve coupling coefficient k,;

Calculate self-capacitances C;j, Cip, mutual capacitance Cj; and
coupling coefficient k. according to (12), (14), (15)

v

Calculate compensation parameters according to the expression
of output power and resonant conditions

v

‘ Conduct simulation with LTspice ‘

v

Meet output power requirement?

End

Fig. 13.  Flowchart of system parametric design.

TABLE III
PARAMETERS OF THE THREE-CHANNEL CPT PROTOTYPE WITH THE IMCC

Parameter Value Parameter Value
Vpc/V 500 VolV 500
Cin,Con,Cin/nF 1 ki,k21,ks1 0.4
Lin,Lop,Lan/uH 26.1 ki2,k22,k32 0.4
Cin,Cop,Cip/nF 1 C11,C21,C31/pF 68.0
Lip,Lop,Lyp/uH 26.1 C12,C22,C30/pF 68.0
L, Lo, L31/uH 462.5 Cum1,Cow2,Cos3/pF 30
Li2,L22,L32/uH 462.5 f/IMHz 1

IMCC is established, as shown in Fig. 14. Experimental param-
eters are designed according to Fig. 13, as shown in Table III.
The prototype mainly consists of the dc source, inverters #1, #2,
and #3, transmitting-side and receiving-side M-M compensation
networks, the IMCC, uncontrolled rectifiers #1, #2, and #3, and
the electronic load.

The compensation air-core inductors are wound with Litz wire
to minimize high-frequency losses. L;s; and L;so utilize 4500
strands of 0.04-mm Litz wire due to higher currents, whereas
L;1 and L;5 utilize 2000 strands of 0.04-mm Litz wire. The
compensation capacitors are formed by multiple film capacitors
in series and parallel to achieve the required capacitance value
and increase their voltage and current tolerance.

The electric field coupler IMCC is composed of fourteen
aluminum plates. Four aluminum plates of size 400 x 800 x
2 mm are served as transmission plates of channels #1, #2,
and #3. Two aluminum plates of size 1500 x 2000 x 2 mm
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et
Oscilloscope

_ Electronic Load ]
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Fig. 14.  Experimental platform. (a) Three-channel prototype. (b) IMCC (back
view). (¢) IMCC (right view).

are the shielding plates for all three channels. The transmission
distance d; is 5 cm, and the shielding distance ds is 5 cm. The
separated distances ds and d4 are set as 10 and 20 cm to en-
hance cross-coupling in the context of security. To conveniently
analyze the characteristics of the IMCC under varying trans-
mission distances, shielding distances, and separation distances,
the transmission and shielding plates were not encapsulated
during experiments. The power analyzer WT1804E is used for
efficiency and power analysis, and the oscilloscope Tektronix
MSO046 is used to measure the voltage and current waveforms.

B. Verification of High-Power Transfer Performance of
Proposed System

To verify the high-power transfer performance of the proposed
multichannel CPT system, the output voltage and current of each
inverter, the output power of each channel, the total output power,
and the efficiency of the system, measured in the case of the
IMCC, are well aligned and have a 5-cm offset at the X-axis.

Fig. 15(a) shows the experimental waveforms of inverter out-
put voltages and currents for each channel under rated operating
conditions. The waveforms demonstrate a well-resonant state,
with I;1, Lin2, and I;, g slightly lagging U1, Ujn2, and Ujy,s,
respectively, which indicates the ZVS is realized. Fig. 15(b)
shows the inverter output voltages and currents when the IMCC
is 5-cm offset on the X-axis. It can be seen that the total output
power is smaller than that of the well-aligned case, because the
mutual capacitances decrease when the coupler is misaligned.
In addition, it is noted that the waveforms of the inverter output
voltage are not standard rectangle. The main reason for this
phenomenon is the large deadtime of switch devices to avoid
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Fig. 15.  Output waveforms of inverters for the M-M compensated three-
channel CPT prototype with the IMCC. (a) Well aligned. (b) AX =5 cm.
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Fig. 16.  Maximum efficiency for the M-M compensated three-channel CPT
prototype with the IMCC. (a) Well aligned. (b) AX =5 cm.

short-circuiting the dc voltage source and to leave a sufficient
margin for ZVS.

Fig. 16(a) shows the input power of the system and the output
power of each channel when the coupler is aligned. The output
power of the system reaches an impressive 10.35 kW, with a
dc—dc efficiency of 94.23%. The output power of the system is
three times that of each channel, demonstrating the high-power
transfer performance of the proposed multichannel CPT system.
Fig. 16(b) shows that when the coupler is misaligned, leading to
inconsistent parameters of each channel, which in turn results
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in output imbalance between channels. The total output power
and efficiency are slightly lower, but the system can still work
stably.

Next, system efficiency is tested under load conditions of
Vo = 500 V and 400 V, as shown in Fig. 17. For each load
condition, Vpc ranged from 250 to 500 V in 50-V increments.
It can be seen that the output power increases with U;, and
U,. The maximum power points under both load conditions
occur at Vpc = 500 V. The output powers reach 10.35 kW and
8.88 kW at V,, of 500 V and 400 V, respectively. However, the
maximum efficiency points are not consistent with the power
points. Efficiency is 94.23% when Vpc = V, = 500 V and
94.00% when Vpc = V, = 400 V, which indicates that the
maximum efficiency is achieved at the condition of Vpc = V,,.

In addition, the output current under different loads is mea-
sured with Vpc fixed at 500 and 400 V, as shown in Fig. 18.
For each input condition, Vo ranged from 300 to 500 V in
50-V increments. It can be seen that as the load changes, the
proposed multichannel CPT system maintains better constant
current output characteristics.

C. Verification of Reducing Cross-Coupling of the IMCC

To verify the capability of reducing cross-coupling effects
for the IMCC, an experiment is carried out referring to the
method in [23], which is shown in Fig. 19. In Fig. 19, channel
#1 is connected with inverter #1 and rectifier #1 at the work
condition. While channel #2 and channel #3 are disconnected
from the inverter and rectifier. The open-circuit voltage Up2
and U,s2 of channel #2, and the open-circuit voltage U,p3 and
U,s3 of channel #3 are measured. According to (16), small
cross-coupling means small mutual capacitance Cpy;qip in the
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TABLE IV

COMPARISON WITH PREVIOUS HIGH-POWER CPT SYSTEMS
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Number of  Compensation  Frequency/ DC-DC Coupling Transfer
Reference@year channels network MHz Power/kW efficiency area/cm? distance/cm

[10]@2015 LCLC-LCLC 1 2.4 90.8% 7442 15
[26]@2018 LCL-LCL 1 1.97 91.7% 7442 15
[36]@2020 LCLC-LCLC 1 1.5 93.6% 7442 15
[37]@2023 1 M-M 2.5 3.55 94.2% 883 0.8
[38]@2022 M-M 1 3 95.7% 7200 10
[11]@2024 LCL-LCL 1 6.06 92.3% 5124 6
[12]@2025 M-M 1 5.13 96.5% 7200 10
[23]@2022 5 LC-LC 0.5 1.51 81.3% 6050

[39]@2025 LCL-S/S-LCL 0.5 1 88.5% 1800

This work 3 M-M 1 10.35 94.2% 6400
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Fig. 19.  Experimental verification of reducing cross-coupling of the IMCC.

ICS model and large mutual capacitance C*yrap in the TVS
model, which further indicates a small induced voltage. Hence,
small values of U2, Uys2,Uops, and U,y,3 can represent a good
capability of reducing cross-coupling for the IMCC. Similarly,
channel #2 is connected, whereas channel #1 and channel #2 are
disconnected.

The experimental waveforms of the circuit in Fig. 19 are
shown in Figs. 20 and 21. Fig. 20(a) shows the inverter output
voltage and current of channel #1 and the open-circuit voltages
of channel #2 and channel #3 when the IMCC is well aligned.
It can be seen that when the input dc voltage of the inverter is
100 V, the maximum rms value of Ugp2, Ugs2,Uops, and Uyes
is about 3 V (with 5% of the input voltage). Fig. 20(b) shows
the inverter output voltage and current of channel #2 and the
open-circuit voltages of channel #1 and channel #3 when IMCC
iswell aligned. When the input dc voltage is 100 V, the rms values
of Uop1, Uops1,Uops, and U,sz are very small as well (about
3 V). This verifies the capability of reducing cross-coupling for
the IMCC. Similar results are measured when the IMCC is 5-cm
offset on the X-axis, as shown in Fig. 21, the maximum rms value
of Upp1, Ups1,Uop3, and Uy,3 is about 6 V.

In conclusion, the proposed IMCC has better performance
of reduced cross-coupling effects when well aligned. Besides,
when the IMCC is misaligned, the influence of cross-coupling

o

ZVS is realized
10V/div

Uppt
N

(b)

Fig. 20.  Waveforms of the measuring circuit for reducing cross-coupling for
the IMCC when well aligned. (a) Channel #1 is at the work condition while
channel #2 and #3 are open-circuit. (b) Channel #2 is at the work condition
while channel #1 and #3 are open-circuit.

increases, which is consistent with the increase in output power
gap between channels. But the effect remains small due to the
small cross-coupling mutual capacitances in the ICS model.

D. Discussion and Comparison

From Fig. 16(a), under rated conditions, the total system loss
is calculated to be 633 W. Losses for the inverters, the rectifiers,
compensation inductors, and capacitors are determined accord-
ing to the models in [33], [34], and [35]. Power losses other than
the above parts are assumed to be the power losses of the coupler.
The loss distribution of the M-M compensated three-channel
CPT prototype with the IMCC is shown in Fig. 22. It can be
seen that the losses of couplers and inverters account for a larger
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Fig. 21. Waveforms of measuring circuit for reducing cross-coupling for the
IMCC when AX = 5 cm. (a) Channel #1 is at the work condition while channel
#2 and #3 are open-circuit. (b) Channel #2 is at the work condition while channel
#1 and #3 are open-circuit.

Coupler
47.9%

Inverter
24.7%

Fig. 22.  Loss distribution of the M-M compensated three-channel CPT pro-
totype with the IMCC.

portion. Future work could focus on improving the efficiency of
MHz-level inverters and optimizing the design of the coupler,
thereby further increasing the overall system efficiency.
Comparison with previous works of high-power CPT systems
is shown in Table IV. To evaluate the implemented system,
the emphasis of the comparison focuses on the output power,
efficiency, and the coupler size. From the perspective of single-
channel power, only [11], [12], and [37] are higher than this
work, whereas the efficiency is lower in [11], the coupler size is
larger in [12], and the transfer distance is too small in [37]. More
importantly, this work first realizes a 10-kW-level CPT system
with excellent scalability, which is meaningful for promoting
CPT system applications in the field of high-power transmission.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 3, MARCH 2026

V. CONCLUSION

A high-power CPT system with the IMCC is proposed in this
article. The general model of the IMCC is developed with an
ICS model and an IVS model. The CPT system with the IMCC
is simply clarified as inner and outer channels. On this basis,
the mechanism of cross-coupling effects between channels on
the system is found to change the phase angle and modulus of
input impedance, leading to ZPA loss, efficiency decline, and
output unbalance. A comparative study of the IMCC and the
FMCC reveals that the IMCC has the advantage of reducing
the cross-coupling effects. A three-channel CPT system with
the IMCC is built, achieving an impressive output power of
10.35 kW with 94.2% dc—dc efficiency. The experimental re-
sults demonstrate that the proposed CPT system is suitable for
high-power applications, and the IMCC can effectively reduce
cross-coupling capacitances. Besides, the IMCC also offers
advantages of reduced compensation inductors and extendable
performance.
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