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Abstract—Capacitive power transfer has been investigated as
a constructive and significant alternative to the conventional
inductive power transfer. It utilizes high-frequency electric field to
realize wireless power transfer. However, the capacitive coupler is
usually modeled by six coupling-dependent mutual capacitances.
This model is hard for resonance analysis under the coupling
variation. This paper explores an induced voltage source model
for the capacitive coupler. It uses the two coupling-independent
self-capacitances and a pair of induced voltage sources to
represent the original six coupling-dependent capacitances. Such
kind of modeling can well deal with the coupling variation and
dramatically simplifies the resonance analysis. Both the finite-
element-based simulation by Maxwell and real experiments are
used to verify the proposed model. The results show that the
self-capacitances are coupling-independent.

Index Terms—Capacitive power transfer, Induced voltage
source model

I. INTRODUCTION

Capacitive power transfer (CPT) and inductive power trans-
fer (IPT) are two effective method to transfer power from the
transmitter (TX) to the receiver (RX) without direct contacts,
which can be applied in the charge of portable devices and
electric vehicles [1]-[7]. IPT technology has been investigated
intensively and is a relative mature wireless power transfer
(WPT) technology. However, IPT has an inherent disadvantage
that is sensitive to nearby conductive object, and the system
efficiency may decrease dramatically [8]. Therefore, as an
alternative solution of WPT technology, CPT has drawn wide
attention recently, due to its several unique advantages, such
its low cost, no need of heavy magnetic cores, and the ability
to transfer energy through metal barriers [9]-[11]. Based
on electric field coupling, a CPT system usually needs a
capacitive coupler to build a complete AC current loop. The
capacitive coupler usually has four plates, e.g., two for the
TX and two for the RX. From a physical point of view, there
are totally six mutual capacitors. In most published works,
the couplers are purposely designed to avoid certain mutual
coupling [12]-[18]. For example, [17], [18] use a capacitive
coupler with long distance between the same side plates. It
makes the coupler can be easily modeled as a series capacitor.
In [19], only four mutual capacitances are considered while a
pair of cross mutual capacitances are ignored. However, when
system power density is taken into consideration, the system
needs to be compact, which means the distance between each
plate may not have sufficient freedom for placement. In this
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scenario, it is not acceptable to ignore certain coupling effects
because all the mutual capacitors are comparable to each other.
Therefore, having a general and simple coupling model for
the capacitive coupler is very important for the development
of CPT technology, based on which the circuit analysis and
design can be significantly simplified.

Several research groups addressed the modeling issue [20],
[21]. In these works, a pair of shunt capacitors and induced
current sources, i.e., an induced current source (ICS) model,
are used to represent the six mutual capacitors. This model
simplifies six mutual capacitors and is helpful for system anal-
ysis. However, the shunt capacitance is coupling dependent,
which causes troubles for resonance analysis under coupling
variation [22]. For instance, if the equivalent shunt capacitor is
designed for resonance, the achieved resonance frequency will
naturally shift under coupling variation. In order to well deal
with this issue, the circuit analysis based on the ICS model
has to use superposition law or complicated transfer equation
to derive the required resonance conditions [20], [23].

This paper develops an induced voltage source (IVS) model
for the capacitive coupler. In this model, all the six mutual ca-
pacitive capacitors are represented through a pair of series self-
capacitors and induced voltage sources. The self-capacitances
are only determined by the area of plates and the relative
position between the same-side plates, which are constant
for most applications. A mutual capacitance or a coupling
coefficient can represent all the coupling-dependent factors.
This fascinating feature is exactly the same as that of the
inductive power transfer (IPT) [24]. Based on this modeling
approach, all the resonance analysis method for IPT can be
directly introduced for CPT counterparts, and a uniform circuit
theory can be developed. This paper will be arranged in five
sections. Section two proposed the IVS model for CPT system.
Finite-element analysis by Maxwell is used in section three to
verify the coupling-independent property of the IVS model.
Section four conducts the experiment to measure the self-
capacitance in IVS model to evaluate the coupling-independent
property. The last section gives a conclusion.

II. INDUCED VOLTAGE SOURCE (IVS) MODEL

A typical CPT system is shown in Fig. 1. Both TX and RX
compensations are indispensable to boost the power transfer
capability. The power is transferred from the TX plates of
capacitive coupler (i.e., P, and P) to the RX plates (i.e., P,
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Fig. 1. The configuration of CPT system.

and P,;). A typical capacitive coupler is shown in Fig. 2(a).
Since coupling exists between any two plates, there are six
mutual capacitors (i.e., Cyp, Coc, Cads Che, Cpa, and Crg) in
total (see Fig. 2(b)). In [20], the original six-capacitor model is
represented by an induced current source model (see Fig. 2(c))
with the following equations:
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Fig. 2. Capacitive coupler and differnt circuit model (a) Typical capacitive
coupler. (b) Six-capacitor model . (c¢) Induced current source model. (d)
Induced voltage source model.
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In this model, Cp; and Cp are the equivalent shunt capaci-
tors; Cy, is the mutual capacitor; & is the coupling coefficient;
tp1 and iy are the induced current sources.

Considering the popularity of IVS model for IPT, it is very
reasonable to accept the ICS model for CPT due to the circuit
duality theory. It will be very engaging if mature IPT tech-
niques [24]-[26] can be directly applied to its CPT counterpart
since IPT technology is well-developed. However, the shunt

capacitor (i.e., Cp,1 and Cj) are coupling-dependent. Under
coupling variation, if Cj,; or Cpo are designed for resonance,
the resonance frequency will naturally shift. Therefore, the
existing topologies using ICS model have to use superposition
law to analyze the resonance condition, and it is not very
straightforward [9], [23].

The IVS model used for IPT coupler has two unique
advantages. Firstly, the IPT coupler is modeled with fixed self-
inductances that have clear physical meaning. Additionally,
all the coupling-dependent factors are represented by a pair
of induced voltage sources. Using this model, the achieved
resonance frequency is naturally coupling-independent if the
self-inductances in the IVS model are used for resonance.
Because of these, the IVS model has been widely used for IPT
coupler. Learning from IPT modeling experience, CPT coupler
should be modeled with fixed self-capacitances and coupling-
dependent induced sources. Apparently, the ICS model does
not meet this requirement.

In this paper, the induced voltage source model is proposed
for the capacitive coupler as shown in Fig. 2.(d). The voltage
on each plate is defined as v,, vy, V., vq respectively and
Plate P, is selected as the reference which means that v, = 0,
Vab = Vg, Ved = Ve — Vq. The input and output current of
capacitive coupler is defined as i;, and i,, respectively. (2)
can be derived from Kirchhoff’s current equations

Itw/(jw) = (Cab+ Cac+ Cad) Vo= Coc Ve —C14-Vy
—Iiz/(jw) =—Cap - Va— Copc - Ve— Cpa - Va
Irw/(]w) = Cac : Va_ (Cac+ Cbc+ Ccd) . ‘/c+ Ccd . Vd

- rw/(jw) =Cad  Vat+Ceq-Ve— (Cad+ Cra+ Ccd)('zyd

The relationship between across voltage of the capacitive
coupler (vgp, Veq) and input and output current (iyy, %ry)
can be derived from the equation (2). For example, the
relationship between vgp, 4, and i,, can be expressed by (3)
by eliminating v, and vg. Similarly, the relationship between
Veds Ut and i,, can be expressed by (4).

From (3) and (4), the self-capacitances (C;,C).), the mu-
tual capacitance (C,),the induced voltage sources (Vi,Vir)
and coupling coefficient (k) in IVS model can be defined
as (5). It is interesting to find that this new define coupling
coefficient k is exactly the same as that of (1).

Based on the two-port network theory, the ICS model and
IVS model for capacitive coupler are interconvertible. For the
ICS model, is has

I, _ jwcpl _jwcpm Vab (6)
Iz jwch jwcpm Ved| "
Similarly, for the IVS model, it has
Vab — jwém jwlC'm I ) 7
Vea o jw}?m jwé'7~x rT

The relationship between CY,, C.,, C), in the IVS model
and Cy1, Cpa, C)y, in the ICS model can be derived from (6)
and (7).

847



1

Caccad<Cbc+cdeCbchd(Cac+cadHccd(caﬁrcad)(cbdcbd)]

T

(CactChe)(CaatChartCed(CactCqatChetCha

3
1

“

joo] CabCed (CactCadtObet CpaltCod (CactCaa) (Chet Cpalt Cab(Cact Che) (Caat Chatt CacCad (Chct Chalt CbeChd (CactCaal | ra
J CacCbd~CadCbe
-1
Vea = 'w[Cabccd(cac+cad+Cbc+cbd)+ccd<cac+cad>(Cbc+cbd)+cab(cac+cbc>(Cad+cbd)+caccad(cbc+cbd>+Cbccbd(cac+cad)] e
J CacChd—%adCbe
! I
[Cog + Sadbe(CactCha)F+CacChd(Cad+Che)tCap(CactCad)(CpetCha) | e
JwiCed (CactChe)(CadtCha)+Ced(CactCaatChet+Chd)
C. = + CacCad(Crct+Cpa)+CocCd(Cact+Cad)+Ced(CactCad+Cret+Cra)
e ab (CactChe)(Caa+Cha)+Cod(CactCaatCrotChra
C.. = +Cadcbc(Cuc+de)+caccbd(Cad+cbc)+Cab(cac+cad+cbc+cbd)
re cd (CactChe)(Cad+Cra)+Ced(CactCadt+Coet+Cha)
O = CatCed(CactCad+CrctCbd) +Ced(CactCad)(Che+Cba)+Cab(Cac+Che)(Cad+Chd)+CacCad(Coe+Cod) +CbcCtd(Cac+Cad)
=

1
Vim:]w_chrm

1
Wm:_m'Irw
b — Y0l _ _ Com

Cm - 1/ Cpl sz

— Op1C2—CpmCpm
Ctm - Cp2

— Cp1Cp2—CpmCpm
Crz = T : (3)
Cp, = Cp1Cp2—Cpm Cpm

pm

From the mathematical point of view, it is difficult to
determine whether C, and C,, are coupling dependent or
not. Therefore, this problem should be analyzed from a cir-
cuit standpoint. Actually, C, is the input capacitance when
vtz = 0, and this feature is exactly the same with that of
the self-inductance in an IPT system i.e., the self-inductance
of TX side is achieved by opening the RX side coil (having
irx = 0) or removing the RX side coil (having £ = 0). The
physical meaning of the self-capacitor C;, can be obtained
by introducing this IPT modeling experience to CPT and it
is the capacitor between P, and P, when removing the RX
side plates(i.e., P. and P,). This capacitance is only related to
the TX side plates, to be more specific, the relative position
of P, and P, and the area of P, and P,, which are fixed for
CPT applications. It should be noted that the self-capacitor
Ci, is not Cyp in Fig. 2. In the six-capacitor model, Cy;, is
a only part of overall equivalent capacitor between P, and
Py,. As shown in (5), Ct, = Cyp only when the RX plates
are removed. It should be noticed that C';, cannot be directly
measured when the RX plates exist, and its value is shift
under coupling variation. However, Cy, is fixed and has clear
physical meaning. This definition is exactly the same as that of

CacCha—CadChe

®

an IPT system. Based on this modeling approach, most well-
developed IPT techniques can be directly applied to CPT.

III. SIMULATION VERIFICATION

l d, 1
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Fig. 3. Dimensions of the capacitive coupler.

The simulation is conducted by maxwell to verify the
proposed IVS model. Four identical square plates are used
to form a capacitive coupler. Six mutual capacitors in a four-
plate coupler are directly obtained from the simulation and all
the other capacitances (i.e. Cp1, Cp2, Cpp, in ICS model and
Cizy Cry, Cpy in IVS model) are calculated based on (1) and
(5).

Fig. 3 shows the front view and three-dimensional view of
capacitive coupler to illustrate the structure and dimensions
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Fig. 6. Parameters of capacitive coupler at different Y axis misalignment. (a) Cp1, Cp2, Cpm in the ICS model. (b) Cts, Crz, Cmn in the IVS model. (c)

The coupling coefficient k.

of the plates. The plates are symmetric from the TX side to
the RX side. Plates P, and P, are placed at the TX side, at
the same time, plates P, and P, are placed at the RX side.
The length of four plates is [, the distance of P, — P. and
P, — P; is d, the distance of P, — P, and P. — P, is d;. In the
simulation, the default value of [, d, d; is setted as 400mm,
120mm, 260mm respectively.

In the first case, d changes from 30mm to 220mm with
10mm step size and others parameters are fixed. The six
mutual capacitances change with d are shown in Table 1. Cp;,
Cp2, Cpy, in the ICS model, Ct,, Cry, Cpy, in the IVS model
and the capacitive coefficient k at different d are shown in
Fig. 4. It clearly shows that the self-capacitances, C;, and
Ciy, in the IVS model are fixed and the increasing distance d
only leads to a increasing C,,, or decreasing k. But it should

be noted that, the shunt capacitances Cy,; and Cps in the ICS
model are coupling-dependent.

In the second case, there is an X-axis misalignment of the
RX side (P, and P,). The six mutual capacitances change with
x are shown in Table II. C1, Cpa, Cpyy, in the ICS model, Cyy,
Crg, Cpy in the IVS mode and and the coupling coefficient
k are shown in Fig. 5. Similar to case one, the results show
the self-capacitances Cy, and C., is fixed and the coupling-
dependent factors are represented by the coupling coefficient
k, which is the same with case one. The simulation results of
the third case are shown in Table Il and Fig. 6 are similar
with the second case. Therefore, the self-capacitances in the
IVS model are coupling-independent.
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TABLE I

SIX MUTUAL CAPACITORS AT DIFFERENT d.

d Cab Cac Cad Ccd de Cbc

(mm) | (pF) | (pF) | (pF) | (pF) | (PF) | (pF)
30 3.17 | 56.88 | 2.84 | 3.14 | 56.90 | 2.84
40 330 | 4426 | 2.94 | 3.26 | 4421 | 2.94
50 343 | 36.53 | 3.02 | 3.37 | 36.58 | 3.02
60 3.54 | 3136 | 3.09 | 3.47 | 31.39 | 3.09
70 3.62 | 27.54 | 3.15 | 3.55 | 27.55 | 3.14
80 373 | 2473 | 3.20 | 3.64 | 24.72 | 3.20
90 3.82 | 22.49 | 3.24 | 3.73 | 22.50 | 3.26
100 3.93 | 20.74 | 3.30 | 3.80 | 20.75 | 3.31
110 3.99 | 19.17 | 3.34 | 3.88 | 19.17 | 3.34
120 406 | 17.89 | 3.38 | 3.96 | 17.90 | 3.38
130 417 | 16.89 | 3.43 | 4.04 | 16.89 | 3.43
140 424 | 1595 | 347 | 4.11 | 1596 | 3.47
150 433 | 15.15 | 3.51 | 4.18 | 15.15 | 3.50
160 440 | 1442 | 3.54 | 424 | 1441 | 3.53
170 446 | 13.76 | 3.56 | 4.32 | 13.77 | 3.57
180 454 | 13.19 | 3.59 | 4.37 | 13.19 | 3.60
190 4.61 | 12.68 | 3.62 | 443 | 12.67 | 3.63
200 4.66 | 12.19 | 3.65 | 4.51 | 12.19 | 3.66
210 474 | 11.76 | 3.68 | 456 | 11.78 | 3.68
220 480 | 11.37 | 3.70 | 4.62 | 11.38 | 3.70
230 487 | 11.00 | 3.72 | 4.67 | 11.01 | 3.73
240 487 | 10.62 | 3.74 | 473 | 10.62 | 3.73
250 499 | 10.37 | 3.77 | 478 | 10.37 | 3.77

TABLE II

SIX MUTUAL CAPACITORS AT X MISALIGNMENT CONDITIONS.

X Cab Cac Cad Ccd de Cbc

(mm) | (pF) | (pF) | (pF) | (PF) | (PF) | (pF)
400 5.55 | 9.64 3.89 | 523 | 9.62 3.89
380 5.46 | 10.16 | 3.88 | 5.15 | 10.13 | 3.86
360 529 | 1055 | 3.82 | 5.06 | 10.57 | 3.83
340 520 | 11.09 | 3.80 | 498 | 11.09 | 3.80
320 5.15 | 11.70 | 3.79 | 491 | 11.65 | 3.77
300 5.12 | 1233 | 3.78 | 4.82 | 12.31 | 3.76
280 5.03 | 12.87 | 3.75 | 4.76 | 1291 | 3.74
260 491 | 1342 | 3.72 | 470 | 1340 | 3.72
240 478 | 13.83 | 3.66 | 458 | 13.83 | 3.68
220 473 | 1441 | 3.65 | 450 | 14.40 | 3.65
200 4.69 | 1495 | 3.63 | 445 | 14.99 | 3.64
180 461 | 1549 | 3.62 | 438 | 15.55 | 3.61
160 4.56 | 16.09 | 3.60 | 4.32 | 16.08 | 3.59
140 439 | 16.28 | 3.53 | 423 | 16.28 | 3.53
120 434 | 16.77 | 3.50 | 4.20 | 16.79 | 3.53
100 435 | 17.26 | 3.50 | 4.13 | 17.29 | 3.52
80 425 | 17.51 | 3.48 | 4.08 | 17.49 | 3.46
60 422 | 17.83 | 3.45 | 4.04 | 17.82 | 3.46
40 413 | 17.89 | 3.42 | 401 | 17.85 | 3.42
20 4.17 | 18.19 | 3.44 | 401 | 18.19 | 3.42
0 416 | 1821 | 3.42 | 399 | 1822 | 3.42

TABLE III
SIX MUTUAL CAPACITORS AT Y MISALIGNMENT CONDITIONS.

Y Cab Cac Cad Ccd de Cbc
(mm) | (pF) | (pF) | ®F) | (®F) | PH | (pFH)

400 426 | 874 | 11.53 | 407 | 873 | 4.13
380 423 1 9.28 10.94 | 4.05 | 9.26 | 4.06
360 420 | 9.85 10.31 | 4.03 | 9.84 | 4.00
340 4.19 | 1043 | 9.73 | 4.01 | 1040 | 3.92
320 4.16 | 11.01 | 9.10 | 3.99 | 11.00 | 3.85
300 4.14 | 11.62 | 852 | 398 | 11.59 | 3.77
280 413 | 1222 | 795 | 3.97 | 12.19 | 3.70
260 4.11 | 12.81 | 7.38 | 3.96 | 12.80 | 3.64
240 4.13 | 13.40 | 690 | 3.94 | 13.38 | 3.57
220 4.09 | 1395 | 640 | 394 | 1391 | 3.48
200 4.13 | 1457 | 6.00 | 3.94 | 14.55 | 3.44
180 4.10 | 15.07 | 5.57 | 3.93 | 15.03 | 3.37
160 4.10 | 15.62 | 520 | 3.94 | 15.58 | 3.32
140 408 | 16.01 | 484 | 3.93 | 16.01 | 3.27
120 4.11 | 16.54 | 457 | 394 | 16.52 | 3.24
100 4.09 | 1691 | 429 | 394 | 16.88 | 3.21
80 4.09 | 17.27 | 404 | 395 | 17.24 | 3.20
60 4.08 | 17.54 | 3.83 | 3.96 | 17.53 | 3.22
40 408 | 17.77 | 3.64 | 3.96 | 17.77 | 3.25
20 4.08 | 17.92 | 3.51 | 3.97 | 17.93 | 3.30
0 4.06 | 17.89 | 3.38 | 3.96 | 17.90 | 3.38

IV. EXPERIMENT

The experiment setup is shown in Fig. 7. The self-
capacitances ,Ci, and C,., in IVS model and the shunt
capacitances, Cp1 and Cpz, in ICS model are measured by a
vector network analyzer (N9915A, Keysight Inc) to verify the
proposed IVS model. Fig. 8 shows that the self-capacitances
,Cir and C,,, in IVS model are fixed, which means the
experiment results are consistent with the simulation results.

Fig. 7. Experimental plates setup.

V. CONCLUSION AND FUTURE WORKS

This paper proposes an induced voltage source model for
the capacitive coupler. In this model, the original six coupling-
dependent capacitors of a four-plate coupler can be equiv-
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alently represented by two self-capacitances and a pair of
induced voltage sources. The attractive point of this model is
that self-capacitances are coupling-independent, which is the
same as that of an IPT coupler. The simulation and experiment
results verify the proposed IVS model for the capacitive
coupler. Future work will focus on the investigation of the
existing topologies and the development of new compensations
based on IVS model.
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