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Abstract

In this paper, possible coupling configurations of a four-plate capacitive power transfer system
are studied by varying the combinations of its input and output ports. A voltage source is
applied between two of the four plates, and a load is connected to the other two to form dif-
ferent circuit topologies. A mathematical model based on a 4 x 4 mutual capacitance matrix is
established for equidistantly placed four identical metal plates. Based on the proposed model,
four separate circuit topologies are identified and analysed in detail and described in a general
form. The electric field distributions of the coupling configurations are simulated by ANSYS
Maxwell. The theoretical modeling and analysis are then verified by a practical system, in
which four aluminum plates of 300 mm x 300 mm are used and placed with a gap of
10 mm between adjacent plates. The experimental results show that the measured output volt-
age and power under the four coupling configurations are in good agreement with the theor-
etical results. It has found that the voltage gain is the highest when the two inner plates are
connected to the source, and this coupling configuration also has the lowest leakage electric
field.

1. Introduction

Capacitive power transfer (CPT) is an emerging solution to wirelessly transfer power based on
electric field coupling. It has the advantages over inductive power transfer (IPT), such as the
ability to transfer power through metal barriers, low electromagnetic interference, and low
power losses [1, 2]. The CPT technology has been widely used in short distance and low
power applications, such as integrated circuits [3], biomedical devices [4, 5], and mobile
devices [6, 7]. Moreover, it can transfer power up to kilowatt-level and be used in high
power applications, such as synchronous machines [8-10] and electric vehicles [11-14].

For low-power CPT systems, Liu et al., [15-19] studied the coupling mechanism [15],
steady-state analysis [16], power flow control [17], two-dimensional alignment analysis [18],
and generalized coupling modeling [19] of the CPT system. Huang et al., [20-23] studied
some compensation networks for improving the performance of the CPT system [20 21],
the accurate steady-state modeling for the CPT system with cross-coupling [22], and the def-
inition of the mutual coupling of CPT [23]. Huang et al., [24 25] also compared two types of
high-frequency converters for CPT and made an overview of CPT.

For high-power CPT systems, Lu et al., [11] proposed a double-sided LCLC compensated
CPT system to transfer 2.4 kW with 90.8% efficiency through an air gap distance of 150 mm.
They proposed a stacked structure of four plates to save space in the electric vehicle charging
application, and the system achieved 1.88 kW output power with an efficiency of 85.87%
through a 150 mm air gap [12]. In [14], vehicle chassis and the earth ground are used to
replace two plates in a conventional four-plate CPT system, and only two external plates
are required for electric vehicle charging. The team also proposed a double-sided LC compen-
sated CPT system with both constant-voltage and constant-current modes, which is similar to
the IPT series—series-compensated system [26].

All the aforementioned CPT systems require four metal plates to form electric coupling and
to provide a power flow path. Two plates are used in the primary side as a power transmitter
and the other two plates are used in the secondary as a power receiver. Theoretically, any two
of four plates can be chosen as the primary power transmitters, and the other two would
become the secondary power receivers. Hence, different physical connections of the transmit-
ter and receiver plates will lead to different coupling configurations. The current research stud-
ies focus on increasing CPT power density by improving compensation topologies and inverter
designs. However, more fundamental studies need to be conducted to gain a better under-
standing of the mechanism of CPT power delivery and their corresponding characteristics.
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Fig. 1. Block diagram of four parallelly and equidistantly placed identical metal
plates.

Motivated by that, this paper investigates possible coupling
configurations of a four-plate CPT system and their system char-
acteristics. Two of these four plates will serve as the primary
power transmitter and the other two will be the secondary
power receivers. The plates will be placed in parallel to each
other with an equal distance. For instance, in Fig. 1, Plate 1 and
Plate 2 can be used in the transmitting side, while Plate 3 and
Plate 4 are on the receiving side. A mathematical model is estab-
lished to describe the relationship among the plates in a 4 x4
mutual capacitance matrix form. Each coupling configuration
will be identified and analysed in detail and described in a general
form. The electric field distributions of the coupling configura-
tions will be simulated in ANSYS Maxwell. A practical CPT sys-
tem will be built to verify theoretical modeling and analysis. To
eliminate other factors (e.g. plate size, plate material, etc.) that
may affect the results, four identical plates are used.

The main contributions of this paper can be summarized as
follows. The paper studies possible configurations and their corre-
sponding system characteristics for a four-plate CPT system. It
helps the researchers to gain a better understanding of the CPT
power delivery mechanism. The findings can be used to predict
the system performance in terms of load power, load voltage,
and input impedance and to guide practical designs.

The rest of this paper is organized as follows: in “Mutual capaci-
tance matrix of four parallely and equidistantly placed metal plates”,
the mutual capacitance matrix is introduced to describe the CPT
system with four parallelly and equidistantly placed metal plates.
In “Coupling configurations under different connections of source
and load”, mathematical expressions are derived in detail for differ-
ent coupling configurations. Then a generalized expression is used
to describe and predict the system performance. In “Electric field
distribution analysis”, the electric field distribution analysis of the
coupling configurations is presented. In “Experimental study”, a
practical CPT system with four parallelly and equidistantly placed
metal plates is established. With the numerical experiment results,
it verifies the modeling of each coupling configuration. Finally,
the conclusion is drawn in “Conclusion”.

2. Mutual capacitance matrix of four parallely and
equidistantly placed metal plates

A four-plate CPT system can be simplified as four metal plates
connecting with an AC voltage source and a load, regardless of
the types of power converters and compensation networks used
in a four-plate CPT system. The four plates can be arbitrarily
placed in space. In this paper, four identical plates are placed
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parallelly to each other with the same spacing to simplify the fol-
lowing analysis and modeling.

In Fig. 1, the plates are labelled from left to right as Plate 1,
Plate 2, Plate 3, and Plate 4. The quantity of electric charge on
each plate is Q;, Q,, Q3, and Q, respectively. The electric poten-
tial of each plate is V7, V5, V3, and V. There would be six mutual
capacitances existing in a four-plate CPT system, which are
defined as C,, 12, C13> Cinia> Cn23> Crn2ar and Cyy, 34, respectively.
For example, C,, 1, indicates how many charges on Plate 1 are
contributed by the potential difference between Plates 1 and
2. The self-capacitance of each plate C,, 11, Cp22 Cinzs and
Cna4 1s ignored in this paper because the distance between any
two plates is much smaller than the distance between one plate
and the reference at infinity.

Hence, the mutual capacitance matrix of these four parallelly
and equidistantly placed identical metal plates can be described
as follows:

Q Cu1  —Cuiz —Cuiz —Cuus Vi

Q| | =Cuiz GCuz —Cu —Cuou v, 1)

Q; —Cmizs —Cuz  Cuz  —Cuz V3

Q4 —Lm,14 —Um,24 —Um,34 Cm,4 V4
where

Cn1=Cni1 + Cui2+ Gz + Cin1a ® Gz + Gz + Cru1a
Cnz2=Cunia+ Cn2+ Cu2s+ Cuoa = Cpiz+ Ch2z + Cuna
Cins = Cn1z + Cuos + Cuss + Cusa ® Cuis + G2z + Cruza
Cina = Cnia+ Cuoa + Crza + Cras X Cpig + Co2a + Criza

The above 4 x4 matrix shows more degrees of freedom and
technical possibilities for a four-plate CPT system. The voltage
source can be applied between any two of the four plates, and
the load can be connected to the other two plates. Accordingly, a
four-plate CPT system will have different coupling configurations
when different connections of voltage source and load are chosen.

It should be noted that this mathematical model is not limited
to identical plates. These four plates can be of different sizes and
be made of different materials. In practice, the plates on the
receiving side can be more compact due to the space limitation.
The mutual capacitance matrix equation is still valid regardless
of the variations of plate sizes and plate materials. As this paper
investigates different coupling configurations of a four-plate
CPT system and their corresponding characteristics, the plates
are assumed to be identical for a fair comparison.

3. Coupling configurations under different connections of
source and load

According to the geometry of four parallelly and equidistantly
placed plates, there exists six different connections of the voltage
source, the load, and four plates including (A) voltage source is con-
nected between Plates 1 and 2, the load is between Plates 3 and 4;
(B) voltage source is connected between Plates 1 and 3, load is
between Plates 2 and 4; (C) voltage source is connected between
Plates 1 and 4, load is between Plates 2 and 3; (D) voltage source
is connected between Plates 2 and 3, load is between Plates 1 and
4; (E) voltage source is connected between Plates 2 and 4, load is
between Plates 1 and 3; and (F) voltage source is connected between
Plates 3 and 4, load is between Plates 1 and 2. Due to the symmetry
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of the mutual capacitance matrix of these four plates, (A) and (B)
are the symmetric connections of (D) and (E). Hence, only (A),
(B), (C), and (D) are analysed below in detail. In Fig. 2, an overview
of these four possible coupling configurations is presented. In the
following analysis, assume that the source voltage, current, and
angular frequency are Vi, Is, and o, respectively, and the voltage
and current of the load R; are V and I, respectively.

3.1. Coupling configuration A: voltage source between Plates 1
and 2, load between Plates 3 and 4

When the voltage source is applied between Plates 1 and 2 and the
load is connected between Plates 3 and 4, the four-plate system
transfers power by Coupling Configuration A as shown in Fig. 3.

Let V,=0, V,=V;, V=V3—V, According to Kirchhoff’s
current law, (1) can be reduced to the following matrix:
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Because Iy = V;/Ry, the input impedance from the source side
can be derived from the first equation of (5):

1
jw[cm,lz n (Cm13 + Cim1a) (Con2s + Cm,24)]
Cmi13+ Cuia + Cuoz 4+ Cpoa

0)2( Cm,13Cm,24 - Cm,14Cm,23 )2
Cmi13 + Cunia + Cuoz 4+ Cpoa

Zin = ®)

1
Rr

+jw|:Cm et (Cm13 + Cin23) (Cn1a + Cm,24)]

Cin13 + Ciia + Cupos + Coig

The load voltage can be derived from the second equation of (5):

° Cin13Cm,24 — Ci14Cin 23
Cin13+ Cujia + Cunz + Crog
(G134 Cu23)(Ci1a + Cm,24):|

VL =

Vs (7)

1
— +jw|:cm,34 +

Q [ Is/jo Ry Cim13+ Cmra + Cros + Crg
Q| | —Is/jo
Q| | —L/jw Hence, the load power can be expressed as:
Q4 | L/jw 2
[ Cui —Cwmiz —Cumiz —Cuia |[ Vs wz( Con13Cm.24 = Cm14Cm2s > ,
—Cmn1z2 Cuz —Cuaz —Cun 0 @ Pi= Cin13 + Cm1a + G2z + Gt . Vsl
| —Cuizs —Cuaz Cusz  —Cuaa Vs 1 ? +?|C ot (Cin,13 + C23)(Cpr 14 + Ci24) > R
| —Cmia —Cun2e —Cpse Cina Vy Ry 34 Cin13 4+ Cinia + Coz + Cu2a
From the first two lines in (2), the relationship between Vg, I, ®)
and V; can be expressed as:
Vs = Is Cin13 + Cnia + Cuoz + Cua
Jjo Cm,lz(cm,ls + Cnia+ Gz + Cm.24) + (Cn13 + Ci,14)(Ci 23 + Ci24) 3
‘v Cin13Cm24 — Cu14Ci 23
.-
Cm.ll(cm,13 + Cu1a + Gz + Cm,24) + (Cn13 + Cu1)(Ci23 + G 24)
Similarly, from the other two lines in (2), the relationship
between Vi, I, and Vg can be expressed as:
Vi — I Cim,13 + Cnia + G2z + Cpioa
L=———"
jo Cu3a(Cuiz + Cura + G2z + Cin2a) + (C13 + Ci23)(Crn1a + Cr24) @

+ Vs -

Cm, 13Cm,24 - Cm 14 Cm,23

Cin,34(C13 + Ci1a + G2z + Ci24) + (G134 G 23)(Co 14 + Cipi24)

(3) and (4) can be rewritten as:

(Cm 13+ Cn 14) (Cm 23+ Cy 24)
Is = joVs- | C + - . ’ .
sTIONs |: iz Cin13 + Ciia + Croz + G g

Cn,13Cm.24 — Cin14Cin 23
Gz + Cna + Cuos + Ci2a
Cin13Cm24 — G 14Cri 23
Cmi13 + Cunia + Cuoz 4+ Cpoa
(Cm13 + Cin23) (Cn1a + Cm,24)]
Cnis + Cuaa + Cuoz + Co2a

— jwVL .
()
IL = ja)Vs .

— joVr - |:Cm,34 +

3.2. Coupling configuration B: voltage source between Plates 1
and 3, load between Plates 2 and 4

When the voltage source is applied between Plates 1 and 3 and
the load is connected between Plates 2 and 4, the four-plate sys-
tem transfers power by Coupling Configuration B as shown in
Fig. 4.

Similar to the analysis conducted in Coupling Configuration
A, the input impedance from the source side in Coupling
Configuration B can be expressed as:
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Voltage Source
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Con,34 }

Plate 3

1
Zin =

jw|:cm,13 n (Cmi2 + Cin14) (Cn2s + Cm,34)]
Cin12 + Cmia+ Cpoz + Coina
a)2< Cin,12Cm 38 — Ciy14Cin 23 )2
n Cini12 + Cpia + Cpos + Chiza
| (Cmiz + Cin23) (C1a + Cinza)
— 4 jo| Cp24 +
Ry Cin12+ Coia + Cuos + Coiag

©)
Theload voltage in Coupling Configuration B can be expressed as:

© Cm,lZCm,34 - Cm,l4cm,23
Cim12 + Cia + Cios + Ciizg
(Cnz + Cu23)(Crn1a + Cm,34)]
Cm12 + G + Gz + Criag

V= Vs (10)

|
R +]w|:cm,24 +

The load power in Coupling Configuration B can be expressed as:

2( Cm,lZCm,34 - Cm,14cm,23 )2
Cin12+ Cojia + Gz + Czg

P = 2 )
1 , (Ci12 + Cin23)(Con 14 + Cin34)
— | +&*|Cuoa+
Rr Cin12 + Coia + Gz + Cag
Vsl
Ry

11

m,24

Q4, V4'
-—
Plate 4
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Fig. 4. (a) Physical connection and (b) equivalent
circuit of Coupling Configuration B.

3.3. Coupling configuration C: voltage source between Plates 1
and 4, load between Plates 2 and 3

When the voltage source is applied between Plates 1 and 4 and the
load is connected between Plates 2 and 3, the four-plate system
transfers power by Coupling Configuration C as shown in Fig. 5.
Similar to the analysis conducted in Coupling Configuration
A, the input impedance from the source side in Coupling
Configuration C can be expressed as:
1

jw[cm,l4 n (Cm12 + Cin13) (Cna + Cm,34)]
Cin12+ Cin13 + Cioa + Ci3e

w2< Cin,13Cm24 — G 12C 34 )2
Ciu12 + Ci13 + Cuoa + Crza

Zin =

+

(Cmrz + Cn2a) (Con1s + Cm,34)]
Cini2+ Cuis + Cuoa + Chza
(12)

1
— tiolC,
Ry +]w|: st

The load voltage in Coupling Configuration C can be
expressed as:

) Cm,13Cm,24 - Cm,lZCm,34
Cin12 + Cin13 + Cioa + G 34
1 C C C C
1 +jw[Cm,23 i (Cim12 + C24)(Cpr13 + m,34):|
Ry Cim12 + Cp1s + Croa + Cpy34

vy = Vs (13)
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Voltage Source

Plate 4

Fig. 5. (a) Physical connection and (b) equivalent
circuit of Coupling Configuration C.

The load power in Coupling Configuration C can be expressed as:

w2< Cin,13Cm,24 — Ci,12Cin 34 )2
Cuni2+ Cpiz+ Croa + Crza

P = 2 2
1 (Cn12 + Cr24)(Cii13 + Cri34)
— ) +&* Cpas+
Ry Cui2+ Cpiz+ Croa + Cpza
Vsl
Ry

(14)
3.4. Coupling configuration D: voltage source between Plates 2
and 3, load between Plates 1 and 4

When the voltage source is applied between Plates 2 and 3 and the
load is connected between Plates 1 and 4, the four-plate system
transfers power by Coupling Configuration D as shown in Fig. 6.
Similar to the analysis conducted in Coupling Configuration
A, the input impedance from the source side in Coupling
Configuration D can be expressed as:
1
Zin =
. (Cm,lz + Cm,24) (Cm,la + Cin34)
jo| Cumos +
Cim12 + Co1z + Cr2a + Gz

w2< Cm,lZCm,34 - Cm,13cm,24 )2
Cim12 + Cin13 + Coa + G 34

+

(Cmiz + Cin13) (Con2a + Cm,34)]
Cin12 + Ci13 + Coa + G 34
(15)

1 .
R7L +]w|:cm,14 +

Cm, 24

(b)

The load voltage in Coupling Configuration D can be
expressed as:

© Cin,12Cm38 — Ci13Cin 24
Cp12 + Cin13 + Croa + Cry3a
(Cm12 + Cu13)(Crpa + Cm,34)]
Cini2+ Ciz + Cruos + Cza

V.=

Vs (16)

1
— +iolC,
RL+]CU|: 14t

The load power in Coupling Configuration D can be expressed
as:

wz( Cm,lZCm,34 - Cm,13cm,24 )2
Cinz + Gz + Cuoa + Cuag

P = 2 2
1 5 (G2 + Cin13)(Cn2a + G 34)
— ) +&*| Cuia+
Ry Cin12 + Cn1i3 + Cuos + Coiag
) |Vs|?
Rr

17)

3.5. Generalized description of different coupling
configurations and mutual capacitance calculation

Once four plates have been placed, the mutual capacitances C,,, 1,
Cin13 Ciia Ciss Cipa and C,, 34 are assumed constant. With
the above mathematical analysis, the researchers can easily obtain
the corresponding input impedance, the load voltage, and the
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load power of a four-plate system given any of these four coupling
configurations in “Coupling configuration A: voltage source
between plates 1 and 2, load between plates 3 and 47,
“Coupling configuration B: voltage source between Plates 1 and
3, load between Plates 2 and 4”, “Coupling configuration C: volt-
age source between Plates 1 and 4, load between Plates 2 and 37,
and “Coupling configuration D: voltage source between Plates 2
and 3, load between Plates 1 and 4”. Then a generalized mathem-
atical description is summarized and explains the mechanism of
power delivery in CPT.

Assume that the voltage source is applied between the plates i
and j, and the load is connected to the plates k and /, where 1<j, j,

k, I<4 and they are not equal to each other. Hence, the input
impedance, load voltage, and load power of this four-plate system
can be expressed as follows:

1
Zin = - . 18
JaCr (@ C /(LR + jaCy) (18
Vi=—oF— V. 19
L= (R +jaCy) (19
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Fig. 8. Configuration consisting of four parallelly placed 300 mm x 300 mm square aluminum plates with 10 mm spacing and 1 mm thickness.
C _c (G + GG+ C)
p ‘UZC]ZV[ |VS|2 (20) total,13 y 3C, + G,
L= :
(1/R)* + ?C3) Ry (cxcx - cxcz)2
3C,+ C,
— 22
h o, GHCICTC) 22
where, y 3C, + C.
(Cik + Con,i)(Crnjk + Cor )
C1 = Coj +
Cm,ik + Cm,il + Cm,jk + Cm.jl (Cx + Cy)(cx + Cy)
e +Cp)(C +Cpi) Crotar 14 = C; 2C. + 2C
Cg _ Cm,kl + m,ik m,jk m, il m,jl x Y

Cm.ik + C.it + Cm,jk + Cm,jl
Cm,ikcm,jl - Cm,ilcm,jk
C.ik + Cit + Cm’jk + Cm,jl

Cy =

From (18)-(20), the equivalent circuit of the studied four-plate
system is shown in Fig. 7. Based on (19) and (20), once the source
voltage including amplitude and frequency is determined, power
can be transferred by the mutual capacitance between the trans-
mitter and receiver plates Cy, Cy, Ci, Ci. The transferred power
is also decided by the capacitance between the two receiver plates
Cy; and the load resistance R;.

Due to the symmetry of the placement of four plates, let C, =
Cin12=Cin23=Chi34s Cy =Cm13= Cupa and C, = Cin14- When no
load is connected, the total capacitance between arbitrary two
plates can be express as follows based on (6), (9), (12), and (15).

(G + GG+ )
Cc+2C, + C,
C,C, — CC,

(cx +2C, + cz>

(Cx + Cy)(cy + Cz)
Ci+2C, + C,

Ctutal,lZ = Cx +

2D
Ce+

2
G,C, — CCx
2C, 426,
(C:+ GG+ G
2C, +2G,

(23)
Ce+

(G:+G)C+C)
2C, +2G,
C.C — GG\’
( 2C, +2C, )
(C:+ GG+ C)
2C, +2C,

Ctotul,23 = Cx

24
C, +

where Ciora112> Crotar13> Crotar14» a0d Crora123 mean the total capaci-
tance between the Plates 1 and 2, Plates 1 and 3, Plates 1 and 4,
and Plates 2 and 3, respectively. Once the placement of four plates
is determined, according to (21)-(24), there are four equations for
solving three unknown variables C,, C,, and C..

It should be noted that equations (21)-(24) are based on the
placement of four identical parallelly placed metal plates with
the same spacing. If the placement of four plates is asymmetrical
or the plates are not identical, six total capacitances Ciyay12,
Ctotul,l.’a) Ctotal,l4> Ctatal,23, Ctotu/,24> and Ctatal,34 can be obtained
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by measuring the total capacitance between any two plates. Based
on these six total capacitances, C,,; 12, Cin23> Cinzas Cinoss Crnzas
and C,, 34 can be respectively solved. The solving process of six
mutual capacitances can be easily realized by mathematical calcu-
lation software.

4. Electric field distribution analysis

This section will analyse the four-plate CPT system from the angle
of the electric field distribution and use the software ANSYS
Maxwell to show the electric field coupling among four plates
when any two of the four plates are excited by a voltage source

105

Fig. 9. Electric field distribution of Coupling
Configuration A at different instants of a period.

and no load is connected to the other two plates. A simulation
model consisting of four vertically placed 300 mm x 300 mm
square aluminum plates with 10 mm spacing and 1 mm thickness
is built as shown in Fig. 8. Four plates are marked red, yellow,
green, and blue, representing Plate 1, Plate 2, Plate 3, and Plate
4, respectively. The source voltage is set to be 50 V,,,s@1 MHz.
Figure 9 shows the electric field distribution of Coupling
Configuration A at different instants of a period, where the source
voltage is connected between Plate 1 and Plate 2, and T = 1 ps.
Figure 10 shows the electric field distribution of Coupling
Configuration B at different instants of a period, where the source
voltage is connected between Plate 1 and Plate 3, and T' = 1 ps.
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Fig. 10. Electric field distribution of Coupling
Configuration B at different instants of a period.

Figure 11 shows the electric field distribution of Coupling
Configuration C at different instants of a period, where the source
voltage is connected between Plate 1 and Plate 4, and T = 1 ps.

Figure 12 shows the electric field distribution of Coupling
Configuration D at different instants of a period, where the source
voltage is connected between Plate 2 and Plate 3, and T = 1 ps.

From Figures 9-12, the results show that complex electric field
couplings always exist among four plates regardless of different
connection methods. Power can be transferred via these complex
electric field couplings. Once the placement of four plates is deter-
mined, the mutual capacitance matrix will be constructed and the
electric field couplings among four plates under the excitation of
the voltage source can be predicted.

Qi Zhu et al.

From the electric field distribution at the instant t = 9 T/20 or
t = 11 T/20 in four coupling configurations, there is a strong elec-
tric coupling between the two source plates even when the voltage
applied between these two plates is almost zero. The maximum
strength of electric coupling or the maximum potential difference
occurs at the instant ¢t = T/4 or t = 3 T/4. The strength of this
electric coupling varies with time, which will cause a time-varying
potential difference between the other two plates.

In this study, it is found that Configuration D has less leakage
electric fields than other configurations at all instants. The leakage
electric fields in Coupling Configurations A and B are asymmetrical
because of the asymmetry of the two source plates. The range of the
leakage electric field in Coupling Configuration A is slightly larger
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than that of Coupling Configuration B. Meanwhile, the leakage
electric fields in Coupling Configurations C and D are dumbbell-
shaped and symmetrical. The range of the leakage electric field
in Coupling Configuration C is obviously larger than that of
Coupling Configuration D. The placement of the two non-source
plates will affect the electric field distribution even when the source
voltage is kept unchanged. This can be useful for designing an elec-
tric coupler with a low-leakage electric field in a CPT system.

5. Experimental study

A four-plate CPT system is shown in Fig. 13. The setup composes
of a signal generator Agilent 33220A for generating a high-
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/ Fig. 11. Electric field distribution of Coupling
4 Configuration C at different instants of a period.

frequency voltage, a wideband power amplifier Agitek
ATA-122D for amplifying the output voltage of the signal gener-
ator, an LCLC compensation network for further boosting the
output voltage of power amplifier, four parallelly placed
300 mm X 300 mm square aluminum plates with 10 mm spacing
and 1 mm thickness, and some different loads. In the experi-
ments, two plates are connected to the output of the LCLC com-
pensation network, and the other two plates are connected to the
resistor. The voltage applied between two plates is set to be
50 V,ms@1 MHz. It should be noted that the signal generator
and the power amplifier are powered by an isolation transformer
to avoid connecting any plate directly to the ground, and a
battery-powered handheld oscilloscope Keysight U1620A is used
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Fig. 12. Electric field distribution of Coupling
Configuration D at different instants of a period.

Signal
Generator

N m—

Power
Amplifier

T—T

LCLC
Compensation
Network

Fig. 13. A practical CPT system with four parallelly and equidistantly placed metal plates.
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Table 1. Calculated voltage of the load under different load conditions in

different coupling configurations

Load voltage (V)

Load (Q) Config. A Config. B Config. C Config. D
1k 0.34 8.17 10.26 12.68
2k 0.52 14.05 13.91 23.00
4k 0.64 19.65 15.65 35.20
6k 0.67 21.67 16.05 40.61
8k 0.69 22.53 16.20 43.19
10 k 0.69 2297 16.27 44.56
1M 0.71 23.82 16.40 47.36
co 0.71 23.82 16.40 47.36

Table 2. Measured voltage of the load under different load conditions in

different coupling configurations

Load voltage (V)

Load (Q) Config. A Config. B Config. C Config. D
1k 1.918 8.745 9.834 13.712
2k 2.660 13.788 12.915 23.038
4k 2.874 17.667 14.314 34.608
6 k 2.966 18.613 14.506 37.087
8k 3.078 18.954 14.615 38.544
10 k 3.097 19.284 14.647 39.616
1M 3.206 19.684 14.824 41.376

in the experiments to reduce the effect of the ground on the meas-
urement results.

The placement of four plates is shown in Fig. 13, hence, the
mutual capacitance matrix can be expressed as follows:

50 T :
=== Calculated Config. A
Calculated Config. B

45 1 Caleulated Config. C
= Calculated Config. D
40 ® Measured Config. A

o Measured Config. B
®  Measured Config. C
®  Measured Config. D

Load Voltage (V)
=3 T Lo
L = th
T T

b
=
I

15—
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87.12 —84.79 -—-1.04 —1.29
—84.79 170.62 —84.79 —1.04

¢= —1.04 —84.79 170.62 —84.79 pE (25
—-1.29 —-1.04 —84.79 87.12

It should be noticed that it is not easy to directly measure the
mutual capacitance between any two plates when the placement
of four plates is determined. However, the mutual capacitance
can be obtained by two indirect measurement methods. One
method is to set up an identical structure of four plates in the
simulation software and calculate the mutual capacitance matrix
based on the simulation model. The other method is to measure
the total impedance between any two of the four plates by the
RLC meter and solve the value of each mutual capacitance by
equations (21), (22), (23), and (24). In this paper, the second
method is taken to obtain the mutual capacitance between any
two plates. Ciprar12=87.04 pF,  Ciorar13 =44.95 pF,  Cioar14=
30.48 pF, hence, C,=84.79 pF, C,=1.04 pF, and C,=129 pF.
Meanwhile, the placement of these four plates is modeled in
Ansys Maxwell, and C,,;=89.36 pF, C,,,=17392pF, C, ;=
174.45 pF, Cya=91.83 pF, C,.1»=86.17 pF, C,u13=1.36 pF,
Cm,14 =1.83 pF, Cm,23 =85.42 pF, Cm,24 =2.33 pF, and Cm,34 =
87.67 pF. Considering the difference between the actual plates
used in the experiments and the modeled plates in the simulation
software, the results of both methods are in good agreement.

The excitation voltage applied between two source plates is set
to 50 V@1 MHz in simulations and experiments. By substitut-
ing (25) into (7), (10), (13), and (16), the calculated voltage of the
load under different load conditions in Coupling Configurations
A, B, C, and D can be obtained, as shown in Table 1. The experi-
ment values of the load voltages are collected in Table 2. The
curves of the calculated and measured load voltage against load
resistance are then plotted for all configurations in Fig. 14.

Similarly, by substituting (25) into (8), (11), (14), and (17), the
calculated power of the load under different load conditions in
Coupling Configurations A, B, C and D can be obtained, as
shown in Table 3. Table 4 shows the load power obtained by
the measured load voltage under different load conditions. The
curves of the calculated and measured load power against load
resistance in four coupling configurations are shown in Fig. 15.

T T I
Approaching to 47.36V

Approaching to 23.82V—

Approaching to 16.40V

5

. - ®  Approaching to 0.71V
6 1 8 9 10 11 12

Load Resistance (kOhm)

Fig. 14. Curves of the calculated and measured load voltage against load resistance in four coupling configurations.
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Table 3. Calculated power of the load under different load conditions in
different coupling configurations

Load power (mW)

Load (Q) Config. A Config. B Config. C Config. D
1k 0.11 66.78 105.28 160.67
2k 0.14 98.70 96.81 264.51
4k 0.10 96.58 61.25 309.83
6k 0.08 78.25 42.95 274.91
8k 0.06 63.47 32.80 233.19
10 k 0.05 52.77 26.47 198.60
1M 0.00 0.57 0.27 2.24

Table 4. Load power obtained by the measured load voltage under different
load conditions in different coupling configurations

Load power (mW)

Load (Q) Config. A Config. B Config. C Config. D
1k 3.679 76.475 96.708 188.019
2k 3.538 95.054 83.399 265.375
4k 2.065 78.031 51.225 299.428
6k 1.466 57.741 35.071 229.241
8k 1.184 44.907 26.700 185.705
10 k 0.959 37.187 21.453 156.943
1M 0.010 0.387 0.220 1.712

From the data obtained above, it could be found that
Configuration D has the highest load voltage as well as the load
power in this setup. However, Configuration A, the most com-
monly used configuration, has the lowest load voltage and load

Qi Zhu et al.

Configuration C has a higher load voltage and load power.
However, the load voltage in Configuration B is larger than that
in Configuration C when the load resistance is larger than 2 kQ.
The discrepancy between theoretical and actual values can be
caused by many factors. As the experiment is conducted under
1 MHz, the results can be easily affected by the surroundings
and experiment equipment. For example, the probes can bring
in external capacitance to the system when conducting measure-
ments. Even with the differential probes, the small capacitance
introduced can change the original capacitance matrix. Other fac-
tors like connection cables, plate misalignment, plate quality, etc.
can also affect accuracy. In the case of Configuration A, the load
voltage and power are inherently small, and the relative error
caused by the mutual capacitance variations is even larger than
them. For example, the voltage across a 1 MQ resistor of
Configuration A increases to 2.5V when the values of C,, 3,
Cin2a and C,, 14 in (25) are just increased by 5 pF. These voltage
variations will be squared and cause higher load power variations.
In practise, Configuration A is most commonly used for its
flexibility and freedom. However, in this study, it could be found
that Configuration A has the lowest power transfer density.
When the application has limited space and fixed plate distance
(e.g. synchronous machines [8-10], rotary CPT system [27, 28]),
Configuration D can be applied to transfer maximum power.

6. Conclusion

In this paper, it studies possible coupling configurations of a four-
plate CPT system. By changing the connections of the source and
load, the four-plate CPT can have different power transfer capabil-
ities and electric field distribution. A mathematical model based on
a 4 x4 mutual capacitance matrix for a simplified placement of
four parallelly and equidistantly placed metal plates has been estab-
lished. Four different coupling configurations have been identified
and analysed in detail and described in a general form. The electric
field distributions of the coupling configurations have been simu-
lated in ANSYS Maxwell. A practical system consisting of four par-
allelly placed 300 mm x 300 mm aluminum plates with 10 mm

power. When the load resistance is smaller than 2kQ, spacing, a 50 V@1 MHz voltage source, and different loads
350 T T
===Calculated Config. A
Calculated Config. B
3 Calculated Config. C
300 - * = Calculated Config. D
® Measured Config. A
2 Measured Config. B
250 - @ Measured Config. C ||
@ Measured Config. D
=
E200f
s L .
-
e
R .
= 150 — -
=
<
R
100 e
| . |
o
50 * o =
o - — ) o |
° —
0 2 8 I A I . & 5 | |
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Fig. 15. Curves of the calculated and measured load power against load resistance in four coupling configurations.
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has been built. The experimental results have shown that the mea-
sured output voltage and power under the four coupling configura-
tions are in good agreement with the theoretical results. It has
found that the voltage gain is the highest when the two inner plates
are chosen as the primary power transmitters, and this coupling
configuration also has the lowest leakage electric field. The findings
from this paper can be used to guide the design of four-plate CPT
systems in some specific scenarios.
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