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A General Mutual Coupling Model of MIMO Capacitive Coupling Interface
With Arbitrary Number of Ports
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Ruikun Mai
and Aiguo Patrick Hu

Abstract—A general mutual coupling model of multiple input
and/or multiple output (MIMO) capacitive coupling interface with
an arbitrary number of ports is proposed. In the model proposed
in this letter, all the capacitances between the metal plates are
taken into account. The self-capacitance of each port and mutual
capacitances between the two ports are defined, and a simple equiv-
alent circuit composed of self capacitances and current-controlled
voltage sources is obtained. The proposed model helps to reduce the
complexity of the MIMO capacitive coupling interface and can be
used to simplify the analysis of the power transfer performance of
MIMO capacitive power transfer systems. An example capacitive
coupling interface setup with two input ports and two output ports
is built and tested. The measured and model-based theoretical
results of the self and mutual capacitances of the capacitive coupling
interface are compared and found to be in good consistency, which
verifies the correctness of the proposed model.

Index Terms—Capacitive coupling interface, mutual coupling
model, multi-input and/or multi-output (MIMO).

1. INTRODUCTION

NRECENT years, the applications of wireless power transfer
(WPT) are gradually increasing in high-power, dynamic, and
multiload WPT scenarios, as follows.

1) For high-power WPT systems, due to the limitation of
voltage—ampere (V-A) rating and cost of power electronic
components, multiple pairs of coupling interfaces can be
used to transfer power in parallel to reduce the V-A stress
on components [1], [2].
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Fig. 1. Structure of MIMO capacitive coupling interfaces for applications: (a)
high-power, (b) dynamic charging, and (c) multiload CPT system.

2) For dynamic WPT systems, multiple segmented coupling
interfaces can be adopted at the transmitting 7x side to
reduce the electromagnetic interference and standby loss
(31, [4].

3) For multiload WPT systems, more than one coupling
interfaces are often needed to supply power to individual
receiving Rx modules [5], [6].

Up to now, most of the research works on the multiple input
and/or multiple output (MIMO) coupling interfaces of WPT
systems are focused on inductive power transfer systems. An
alternative WPT technology named capacitive power transfer
(CPT) was proposed with the advantages of reduced volume
and weight of coupling interfaces as well as lower eddy current
losses and effects on the surroundings, etc. [7]. As atype of WPT
technology, the MIMO capacitive coupling interface, as shown
in Fig. 1, has been proposed for applying the CPT technology
to high-power, dynamic charging, or multiloads applications
[8]1-[10].

The capacitive coupling interface is composed of metal plates,
which form a complicated capacitance network. The modeling
of a capacitive coupling interface is an important step to simplify
the system and determine the key parameters, such as self and
mutual capacitances. The single-input and single-output (SISO)
capacitive coupling interface was approximately modeled as two
capacitors connected in series when the air gap is very small [11].
When the coupling condition becomes more complicated with
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Fig. 2. Capacitances between the metal plates of the MIMO capacitive cou-

pling interface with M Tx ports and N Rx ports.
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Fig. 3. Directed network of capacitive coupling interface linked by coupling

plates as nodes.

larger coupling distances from millimeters to centimeters, the
simple series model is not valid anymore. Huang and Hu [12]
proposed a modeling method and defined a coupling coefficient
to present the coupling degree by considering all the capaci-
tances between the metal plates of a SISO capacitive coupling
interface. This modeling method is adopted by Zhang et al. [13],
[14]torealize the parametric design of a high-order compensated
SISO-CPT system with a 15-cm coupling distance.

More metal plates are needed in the MIMO-CPT system
with multiple coupling interfaces, which would lead to a more
complicated capacitance network of the coupling interface. In
addition, environmental factors, such as metal foreign objects,
may couple with the coupling plates, which affect the parameters
of the coupling interface. These metal foreign objects can also
be treated as additional metal plates, which should be considered
in the MIMO capacitive coupling interface. No research work
has been reported in the literature on the modeling of MIMO
capacitive coupling interfaces. The existing modeling and cal-
culation method of the mutual capacitance and self-capacitance
parameters for SISO coupling interfaces is not applicable for
MIMO systems. This brings great inconvenience to the de-
sign of compensation networks and analysis of power transfer
characteristics of CPT systems with MIMO capacitive coupling
interfaces.

To fulfill the identified research gap, this letter proposes a
method for modeling MIMO capacitive coupling interfaces with
an arbitrary number of ports. Based on this model, the self-
capacitance of each individual port and the mutual capacitance
between any two ports can be calculated, and the complicated
MIMO capacitive coupling interface can be represented by a
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set of equivalent subcircuits. Each subcircuit is composed of a
self-capacitance and several current-controlled voltage sources
(CCVSs) in series. It should be noted that the self and mutual
capacitances of the ports, rather than the metal plates, are defined
in this letter. The main contributions of this letter are as follows.

1) The MIMO capacitive coupling interface is generally sim-
plified as several independent subcircuits with a capacitor
and CCVS connected in series.

2) The concepts of self and mutual capacitance of MIMO
capacitive coupling interface are clarified and their calcu-
lation methods proposed, which are useful for the analysis
and design of CPT systems.

3) The relationship between the self/mutual capacitances
and the port voltages/currents is established, so the self
and mutual capacitances of a MIMO capacitive coupling
interface can be indirectly obtained by measuring the
port impedances, voltages, and currents, even considering
additional foreign objects in the environment.

II. MODELING OF MIMO-CAPACITIVE COUPLER

A circuit of the capacitive coupling interface with M Tx ports
and N Rx ports is illustrated in Fig. 2. All the capacitances
between the metal plates are modeled as lump capacitances.
The number of ports, plates, and capacitance branches of the
MIMO capacitive coupling interface are P = M + N, K =
2(M 4+ N),and L = K(K — 1)/2, respectively.

If all the metal plates are regarded as nodes and all the
capacitance branches are considered as directed branches, the
coupling network, as shown in Fig. 2, can be transformed into
a directed network, as shown in Fig. 3. Assume that all the Tx
ports are located on the left side and the Rx ports are on the
right side. The serial number of nodes, branches, and ports in
the network, as well as the direction of each branch, are defined
according to the following rules.

1) The serial number k of nodes increases from top to bottom

and from left to right, where k € [1, K].

2) The serial number p of ports increases from top to bottom
and from left to right, where p € [1, P].

3) The serial number of the branch between node ¢ and j
(i < j)isdefinedasly; = (j — i) + [[5 2 (K —s — 1),
wherei € [1, K —1],j € [2,K],and [;; € [1, L].

4) The positive direction of the branch between node 7 and j
(¢ < j) is from node j to node 1.

According to the superposition theorem, the relationship be-

tween the port voltages and port currents of the MIMO capacitive
coupling interface can be expressed as a matrix equation

U, Zyy - Zip I

T BRI (D
Up Zp1 -+ Zpp Ip
U zZ I

where the impedance matrix Z is determined by the topology
and configuration of the coupling interface. Before calculating
the matrix Z, three matrices A, Y, and R are defined as follows
to simplify the modeling process.
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Incidence matrix A(ay;) contains all the information of the
nodes and branches connection. The row of the matrix indicates
the nodes and the column represents the branches. The element
arp; = 1 (or —1) if node k is a terminal of branch [ and the
direction of branch [ points (or does not point) to node k; ag; = 0
if node £ is not a terminal of branch [. From the element definition
mentioned above, the rank of A (ag;) is K—1. Hence, the first
row of the matrix is removed to ensure the matrix nonsingular.
Then, the incidence matrix A (ay;) can be given as

A= [Ah s Ay e AKfl](Kq)xL @)
Omax{0,k—2}x (K —k) 1.--0
where A= —lg—i)xm—i) I E =[ -
E(x kyx(x—k) 0---1

1.1 0--- 0

L =[- :and0 =[:". ]

1---1 0---0

Admittance matrix Y (y;) is constructed to describe the ad-
mittances of the branches. Define the capacitance of branch b;
as Cj;, the matrix Y (y;) can be given as

Y:jw-CLxL:jw-diag[Cl, Ck, . CK—l} (3)

where C,, = [ Cr k1, Crkt2, --- Crx |, J represents the
imaginary unit, w refers to the angular frequency, and diag[-] is
the diagonal matrix operator.

Recognition matrix R(rp;) is adopted to select port branches
from L branches of the directed network, where the port branch
means the branch terminated by two nodes belonging to the
same port (e.g., branch by, b34, etc.). The row of the matrix
R(ry;) represents ports and the column indicates branches. The
elementr,; = lifbranch/isthe portbranch of port p; otherwise
rpi = 0. Then the recognition matrix R () is expressed as

R:[Rl".Rk 'RKil}PXL (4)

where

Ok—1)x1
Ry — 1
OP><1

Opxo(rx—k-1)

According to (1), when an external current source of 1 A is
connected to port p, where p € [1, P], and the current of other
ports are zero, the port voltage U, is equal to Z,, which is
the pth column of matrix Z. In this case, the KCL and KVL
equations of the MIMO capacitive coupling interface are

AT.U,=U, (KVL)

where I = [y, ... IbL]T represents the current on each
branch. I, indicates the current of external current source
connected with branches, so the elements of I, are all zero,
except the element corresponding to the pth port branch equal
one. Uy = [Up1, ... Upr]T and U, = [Up1, ... Upp]T are
the voltage of each branch and port, respectively. The relation-
ship between the voltage and current on each branch satisfies

I, =Y -U,. (6)
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Fig. 4. Equivalent circuit of MIMO capacitive coupling interface.

Substituting (6) into (5)

U, = (AYA”) AT, 7

Using the recognition matrix Z to select the port voltage from
all branch voltages, the pth column of Z can be found from

Z,—R-U,=RAT(AYA”) 'AL,. (8)

Therefore, by combining the columns of Z matrix, the expres-
sion of Z is obtained as follows:

Z(Z4)=[Z1 - Zp] = RAT(AYAT) A [L; - Lp]
— RA”(AYA”) AR’
=1/jw-RAT(ACAT) 'ART ©)

where the elements of the matrix Z can be expressed as

_ -1
Zy = 1/jwC?, & CF, = [RAT (ACAT) 1ART}
st

(10)

In (10), C%, is the element of the capacitance matrix. When

s = t, C%, is the self-capacitance of port s or ¢; otherwise, C7,

is the mutual capacitance between port s and ¢. Then (1) can be

expanded as
U, 1/jwCiy 1/jwCip I,

| = : : . an
1/jwChy 1/jwChp Ip

Thus, the voltage of any port s (s € [1, P]) can be expressed
by the current of all ports
> Ua

te[1,P]Nt#s

where U = I;/jwC?, and 1/jwC?%, can be defined as the
transfer impedance between the ports s and ¢.

Finally, the complicated coupling circuit in Fig. 2 can be sim-
ply equivalent to the circuit in Fig. 4 according to (11) and (12).
Each port is connected up with an equivalent self-capacitance
and P — 1 CCVSs in series.

Up

U, =1, /jwC’, + (12)

III. EXPERIMENTAL VERIFICATION

An experimental setup of a capacitive coupling interface with
two Tx ports and two Rx ports was constructed, as shown in
Fig. 5, where plates (P1-P3) and (P3-P4) form two Tx ports,
and plates (P5-Pg) and (P7-Pg) form two Rx ports. All the eight



6166

| . e
‘Function Signal

¥l

Oscilloscope

Upper plate: P, :
dower plate: P

Upper plate: P
Lower plate:

v

Upper plate: P,
Lower plate: Pg

Fig. 5.
outputs.

Experimental setup of capacitive coupling with two inputs and two

TABLE I
COMPARISON BETWEEN MEASURED AND THEORETICAL RESULTS

Measured values (pF)

Para-  Theoretical Aver— Error

meters  values (pF)  8(a) 8(b) 8(c) 8(d) age
Cy 20.52 19.77 3.7%
Cs3, 20.61 19.68 4.5%
C3s 20.54 19.71 4.0%
Cia 20.64 19.74 4.6%
Cy, 91.15 96.13  93.23 - - 94.68 3.7%
Cis 24.54 22.94 - 23.12 - 23.03 6.1%
Ciy 92.13 98.85 - - 96.03 9744 5.5%
Cy3 92.09 - 94.46  99.94 - 9720 53%
Csy 24.67 - 23.60 - 2340 2350 4.7%
C34 91.08 - - 9587 9870 9729 6.4%

coupling plates are made of aluminum with the size of 350 mm
x 350 mm x 1 mm. This letter verifies the proposed mutual
coupling model by comparing the practically measured and
model-based theoretical values of self-capacitance and mutual
capacitance of the capacitive coupling interface in Fig. 5.

The capacitances between the metal plates of the coupling
interface can be achieved from the finite-element method sim-
ulation software Maxwell, and the theoretical values of the self
and mutual capacitances of ports can be found from (2)—(4) and
(6). The theoretical results are listed in Table I .

Before measuring the self and mutual capacitances of the
capacitive coupling interface, the relationship between these
parameters and port voltage/current needs to be established.
Assuming that an ac current source with amplitude I, and
frequency f is connected to the sth port of the coupling interface,
and the other ports are open circuit, (7) can be rewritten as

U, = 1/jwC, -1,
U, = 1/jwC’, - 1.

From (13), the following two conclusions can be drawn. First,
when all other ports are open, the impedance of port s is equal
to the self-capacitance reactance of this port. Second, (13) can
further be simplified as follows:

st = |Us/ Uil - O

It means the mutual capacitance C', of port s and ¢ can be
obtained by connecting a sinusoidal voltage source at port s and
measuring the voltage amplitude of port ¢.

The self and mutual capacitances of the MIMO capacitive
coupling interface can be obtained by theoretical calculation,

13)

(14)
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Fig. 6.

including finite-element simulation and practical measurement.
The flowchart of the two methods is shown in Fig. 6. For the
theoretical calculation, the capacitances between metal plates
are obtained from a simulation model established in Maxwell.
Then three matrices A, Y, and R can be given from (2)-(4).
Then the impedance matrix Z of the MIMO capacitive coupling
interface can be derived from (9). Finally, the self and mutual
capacitances are found from (10). For the practical measure-
ment, all the capacitances of the ports can be measured by an
LCR meter when all the ports are open and the self-capacitance
equal the measured port capacitances according to (13). Then a
sinusoidal voltage excitation is connected with the port p, where
p € [1, P], and the voltage of all other ports are measured. The
mutual capacitances between any two ports can be derived from
(14). The two traversal processes are implemented by loops in
the flowchart.

In order to measure the self-capacitance of the coupling
interface, accurate LCR meter Agilent E4980A is used. Then, a
sinusoidal ac voltage source with the amplitude of 10 V and fre-
quency of 1 MHz is connected up to the ports 1-4 successively,
as shown in Fig. 7. The open-circuit voltage of other ports is
measured and illustrated in Fig. 8. According to (14), the mutual
capacitance of the coupling interface can be calculated. All the
practically measured values of the self and mutual capacitances
of the coupling interfaces are listed in Table I. It should be noted
that three mutual capacitance values can be obtained from each
of the figures in Fig. 8 and the average value of them is taken as
the practical value to compare with the theoretical result.

In Table I, the corresponding theoretical and measured values
of self and mutual capacitances were compared and found to be
relatively consistent with a maximum error of 6.4%. In Table I,
the errors of C; 3 and Cs4 are slightly larger than the others, which
may be caused by relatively larger positioning errors of P5 and
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Fig. 9. Equivalent circuit of the two Tx ports and two Rx ports capacitive
coupling interface.

Pg in the practical experimental setup. For general discussion,
the errors between the theoretical and measured capacitances
can also be caused by the following reasons: finite-element
simulation error; dimension error of coupler; and measurement
error. Finally, the circuit of the capacitive coupling interface with
two Tx and two Rx ports is simplified as the equivalent circuit
in Fig. 9 according to the proposed mutual coupling model.

IV. CONCLUSION

This letter introduces a general mutual capacitance model
for describing MIMO capacitive coupling interfaces with an
arbitrary number of ports. In this model, the self-capacitance
of each port and mutual capacitances between any two ports
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are defined by taking all the capacitances between metal plates
into account. An equivalent circuit of the coupling interface is
developed, which greatly reduces the complexity of the coupling
interfaces. An example capacitive coupling interface setup with
two input ports and two output ports is built, and all the self and
mutual capacitances of the coupling interface are measured and
compared with model-based theoretical values. It is found that
the maximum difference between the theoretical and measured
values is 6.4%, which is reasonable considering the practical
measurement errors. The proposed model can be used for sim-
plifying the analysis of the MIMO capacitive coupling interface
and the power transfer performance of MIMO-CPT systems.
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