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A Double-Receiver Compact SCC-WPT System With
CV/CC Output for Mobile Devices Charging/Supply
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Fengwei Chen , and Pengqi Deng

Abstract—The single capacitance coupled wireless power
transfer (SCC-WPT) technology facilitates improving the spatial
freedom of the system to offer charging/supply services in 2-D
planar. This article proposes a double-receiver SCC-WPT system
with three-plate compact coupler to achieve free-position charging
and superior system performance. The system consists of two
independent receivers: one receiver adopts the LCLC-S topology
to achieve constant-voltage (CV) output, while the other adopts the
LCLC-M topology to achieve constant-current (CC) output and
did not affect each other. By circuit analysis, a simplified equivalent
circuit of the three-plate coupler is established and, on this basis,
the CV and CC characteristics are theoretically analyzed. The
effectiveness of the proposed system is verified by building a
prototype system, where the coupler and parameters are designed
and optimized. The experimental results show that the two
receivers can realize CV output and CC output, respectively. The
output characteristic of each receiver is almost unchanged when
another receiver is removed or moved in. The receiver can obtain
stable output power at any position within the transmitting plate.

Index Terms—Compact coupler, constant output characteristic,
double-receiver, receiver independent, single capacitance coupled
wireless power transfer (SCC-WPT).

I. INTRODUCTION

CAPACITIVE power transfer (CPT) technology is a kind
of wireless power transfer (WPT) technology with metal

plates as a coupler and a high-frequency electric field as the
power carrier. Due to the coupler having the advantages of
being lightweight, thin, low-cost, and low eddy-current losses in
the surrounding metallic objects, CPT technology has attracted
much attention [1], [2], [3].

CPT technology has been well studied and developed in
several research fields, including compensation networks, cou-
pling structure, parameter design and optimization, modeling,
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and dynamic analysis [4], [5], [6], [7], [8]. Most previous
studies focus on conventional CPT systems, which need two
pairs of metal plates to form the circuit loop. However, the
flexibility of the coupling structure could be restricted due to
the cross-capacitance between each pair of metal plates, es-
pecially for applied in 2-D plane dynamic mobile devices [9],
[10], [11].

In recent years, especially for mobile device applications, the
system is required to have the capability of spatial degree of free-
dom, powering multiple independent devices, different constant
output characteristics, etc. [12], [13], [14] Some studies have
achieved free-positioning feature by designing coupled struc-
tures or using switching controls, but they struggle to maintain
stable performance under rotational offset [15], [16]. Supplied
power to multiple devices in mobile devices has always been
urgent. Compared with the IPT technology, CPT systems use a
metal plate as the coupling structure, which is less expensive
and avoids the problem of heat generation [17], [18], [19].
However, due to the influence of cross-coupling capacitance
between the misaligned transmitting plate and receiving plate,
the single transmitter and multiple receivers (STMRs) system
with conventional CPT topology can only work in well-aligned
conditions or in cases where the receiver only moves freely in
one dimension [20], [21]. In contrast, the single capacitance
coupled wireless power transfer (SCC-WPT) technology could
overcome this problem and has a higher degree of mobility,
which is more suitable for the STMR system.

The SCC-WPT technology forms a complete electrical loop
with the ground by using the stray capacitance of the components
on the secondary side and the self-capacitance of the metal
plate [22], [23]. This technology has many advantages, such
as reducing the number of coupling plates, improving space uti-
lization, and avoiding cross-coupling of the metal plates. Thus,
the technology facilitates improving the spatial freedom of the
system to offer power supply services in two-dimensional (2-D).
In [24], two metallic balls through a virtual self-capacitance
route are used to enhance the system, and the transfer distance
of the system is greater than the size of the coupler. In [25],
with the help of the stray capacitance between the chassis of
the electric vehicles and the ground as the current return route,
the system will still work effectively. Meanwhile, reducing the
number of plates also could be achieved when applied in some
special applications. For example, in railway EVs and power
transmission line monitoring, the primary side of the system
can connect or equivalently short-connect the secondary side
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Fig. 1. Wireless charging desktop with the compact coupler of the SCC-WPT
system.

[26], [27]. However, the previous study about the SCC-WPT
technology focuses on the single transmits and single receiver
system, and the STMR system with SCC-WPT technology has
not been studied.

To fill the blank of the research in this area, this article
proposes an SCC-WPT system with double receivers, where
the power transfer to each receiver is independent of the other
receiver. Besides, the two receivers can realize constant-voltage
(CV) output and constant-current (CC) output, respectively.
Fig. 1 shows a wireless charging desktop with the compact
coupler of the SCC-WPT system. The transmitting plate only
needs one metal plate by adopting SCC-WPT technology, and
the receiver could be moved freely within the range of the
transmitting plate. The secondary side of the mobile device
usually needs integration, the stray capacitance of the secondary
side being small and thus resulting in deterioration of trans-
mission performance of the SCC-WPT system [23]. Therefore,
a three-plate compact coupler is proposed to increase cou-
pling capacitance and improve the system’s performance. The
double-receiver SCC-WPT has five metal plates in total, and
the three-plate compact coupler is aimed at one receiver. Then
the capacitive model of the system is analyzed based on the
multiport network method. The simplified equivalent model of
the double-receiver SCC-WPT system is established. According
to the simplified equivalent model, the compensation network
with different constant output characteristics is proposed, and the
resonance relationship of the system is analyzed. In addition, the
compact coupler is analyzed by using the finite element simula-
tion software. At last, the experiments verify the correctness of
the theory.

This article proposed a double-receiver SCC-WPT sys-
tem with load-independent characteristics and CV/CC out-
put for the mobile device. The rest of this article is orga-
nized as follows. Section II analyzes the double-receiver full
capacitance model and derives the equivalent circuit model.
Based on the equivalent circuit, the different constant out-
put characteristics with the double-receiver SCC-WPT sys-
tem are introduced in Section III. Section IV studies the
double-receiver’s compact coupler and provides the param-
eter design method of the system. The experimental results
are provided in Section V. Finally, Section VI concludes the
article.

Fig. 2. Structure of double-receiver compact SCC-WPT.

II. CAPACITIVE MODEL AND ITS CIRCUIT MODEL

A. Double-Receiver Coupler

Fig. 2 shows the topology of the proposed double-receiver
compact SCC-WPT. The transmitting side and secondary side
are coupling with each other, and the k1a, k1b, and kab represent
the coupling coefficients of the transmitting plate with receiving
coupler A, the transmitting plate with receiving coupler B, and
receiving coupler A with B, respectively. The transmitting plate
only needs a metal plate P1 on the primary side. The receiving
plate adopts a compact coupler, in which the metal plates are
stacked to save space, thus improving the power density. When
the plate is charged and the distance is far less than the size of the
plates, the charge distribution becomes that of an isolated plate.
The electrostatic potential energy of the two equally charged
plates approaches that of a single plate containing double the
charge. Therefore, the capacitance Cplate between each coupling
plate and the ground approaches half of their self-capacitances
when the distance between the metal plates and the ground is far
greater than the size of the metal plates [28], [29]

Cplate =
1

2
Cplate_self =

2ε0p

3π

(
1 +

√
1 +

12πs

p2

)
(1)

where ε0 = 8.85 × 10–12 F/m is the permittivity of free space,
p and s represent the perimeter of the metal plate and the area of
the metal plate, respectively. In addition, every two plates will
form a capacitance. Thus, the coupler of double receivers has a
total number of 15 equivalent capacitances, including coupling
capacitance, cross capacitance, and self-capacitance, as shown
in Fig. 3. The receiving coupler of receiver A consist of plates P2

and P3, and the receiving coupler of receiver B consist of plates
P4 and P5.

B. Three-Port Circuit Model of Double-Receiver Coupler

According to Fig. 3, the three-port circuit model of the double-
receiver coupler can be established, as shown in Fig. 4(a), in
which U1 is the voltage on the primary side, Ua and Ub are the
voltage on the receiving coupler A and B, respectively. The I1,
Ia, and Ib present the current on the primary side of the coupler,
the current on the receiving coupler A and the current on the
receiving coupler B, respectively. The model can be considered
as a three-port network.

In Fig. 4(b), the Nodal Analysis method is adopted, with the
ground side being defined as the reference node. The relation
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Fig. 3. Full-capacitance of double-receiver coupler.

Fig. 4. Circuit model (a) three-port circuit model of coupler. (b) Nodal
Analysis for model when Ua = Ub = 0.

between the input current and the node voltage can be expressed
as ⎡

⎣C11 +A1 +B1 −A1 −B1

−A1 A1 +D1 + F1 −F1

−B1 −F1 B1 + E1 + F1

⎤
⎦

⎡
⎣up1

uP2

up4

⎤
⎦ =

⎡
⎣I1/jω0

0

⎤
⎦ (2)

and ⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

A1 = C12 + C13

B1 = C14 + C15

D1 = C22 + C33

E1 = C44 + C55

F1 = C24 + C25 + C34 + C35

(3)

where C11, C22, C33, C44, and C55 are the self-capacitance of
each plate; C12, C13, and C23 are the coupling capacitance of
receiver A; C14, C15, and C45 are the coupling capacitance
of receiver B; C24, C25, C34 and C35 are the cross capacitance
between receiver A and receiver B.

According to (2) and (3), the node voltage up2 and up4 are
expressed as

up2=up3=
A1B1+A1E1+A1F1+B1F1

(A1+B1+D1+E1)F1+(A1+D1)(B1+E1)
up1

up4=up5=
A1B1+A1F1+B1D1+B1F1

(A1+B1+D1+E1)F1+(A1+D1)(B1+E1)
up1.

(4)

In addition, the currents Ia and Ib are expressed below ac-
cording to Fig. 4

Ia = jω(C13up1 − (C13 + C33 + C34 + C35)up3

+ (C34 + C35)up5)

Ib = jω(C15up1 + (C25 + C35)up3

− (C15 + C25 + C35 + C55)up5). (5)

The admittance Y represent the ratio of current and voltage,
according to (5), the admittance parameters Y11, Y21, and Y31

are defined as follows:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Y11 = I1
U1

∣∣∣
Ua=Ub=0

= jωC1

Y21 = Ia
U1

∣∣∣
Ua=Ub=0

= −jωCMa1

Y31 = Ib
U1

∣∣∣
Ua=Ub=0

= −jωCMb1

(6)

where C1 is the equivalent capacitance of the primary side,
CMa1, and CMb1 are the mutual capacitances between primary
side and receiving coupler A or B, and the C1, CMa1, and CMb1

are expressed as (7) shown at the bottom of the next page.
Therefore, other Y-parameters could be calculated through

the same light of analysis. The admittance parameters Y12, Y22,
and Y32 can be obtained when the voltage U1 and Ub are set to
zero. Meanwhile, the parameters Y13, Y23, and Y33 are acquired
with U1 and Ua are zero. These parameters and the equations are
given in Table V, as shown in Appendix. It should be emphasized
that some parameters are equal according to the reciprocity
theory, as shown ⎧⎪⎪⎨

⎪⎪⎩
CM1a = CMa1

CM1b = CMb1

CMab = CMba

CX1 = CXa = CXb

. (8)

According to the above analysis, the relationship between
current and voltage of the three-port could be obtained as⎧⎨

⎩
I1 = Y11U1 + Y12Ua + Y13Ub

Ia = Y21U1 + Y22Ua + Y23Ub

Ib = Y31U1 + Y32Ua + Y33Ub

. (9)
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Thus, a 3×3 matrix about the terminal voltage and current is
expressed as

I =

⎡
⎣I1Ia
Ib

⎤
⎦ =

⎡
⎣Y11 Y12 Y13

Y21 Y22 Y23

Y31 Y32 Y33

⎤
⎦
⎡
⎣U1

Ua

Ub

⎤
⎦ = YU. (10)

The coupling coefficient of coupler can be defined as⎧⎨
⎩
k1a = CM1a

/√
C1Ca

k1b = CM1b

/√
C1Cb

kab = CMab

/√
CaCb

(11)

where Ca and Cb are the equivalent capacitance of the receiving
coupler A and receiving coupler B.

According to (10), the matrix G-parameters of the three-port
network are calculated to facilitate the analysis. The relation
between the terminal current and voltage is expressed as⎡

⎣I1Ua

Ub

⎤
⎦ =

⎡
⎣G11 G12 G13

G21 G22 G23

G31 G32 G33

⎤
⎦
⎡
⎣U1

Ia
Ib

⎤
⎦ = G

⎡
⎣U1

Ia
Ib

⎤
⎦ (12)

where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

G11 = jωC1CaCbkm/Cx

G22 = −Cb/jωCx

G33 = −Ca/jωCx

G12 = −G21 = (CM1aCb + CM1bCMab)/Cx

G13 = −G31 = (CM1bCa + CM1aCMab)/Cx

G23 = G32 = −CMab/jωCx

km = k21a + k21b + k2ab + 2k1ak1bkab − 1

Cx = C2
Mab − CaCb

. (13)

C. Equivalent Circuit Model When Applied in Mobile Device

The mobile device often needs to move in or be removed
frequently in practical applications. In this regard, the system
needs to have a load-independent characteristic to ensure safe
and reliable device operation, i.e., a device should keep constant
power when the other device is moved in or removed. According
(12), each output depends on the output with the other two
ports. The primary side and secondary sides are coupled with
each other. In practice, the charging air gap of mobile devices
is relatively small, such as mobile phones, laptops, and some
desktop applications.

The capacitance of the square and rectangular capacitors
can be calculated according to [30] when considering the edge
effects{

CS = [1 + 2.343 · (d/l)0.891] · (ε · l2/d)
Cr = [1 + 2.343 · (d · w/L)0.891] · (ε · L · w/d) (14)

Fig. 5. Simplified equivalent model of the double-receiver coupler with con-
trolled source.

where d is the distance between two plates. The l is the length
of the square plate, w and L are the width and length of the
rectangular capacitor, respectively.

From (14), the value of capacitance is determined by the area
of two metal plates. The receiving plate of receivers A and B
are basically on the same plane, and the thickness is just 1mm.
A small positive area leads to a very small capacitance value.
In this situation, the mutual capacitance of the coupler will be
far greater than the cross capacitance between the two receiving
couplers. It should be noted that the cross capacitance refers
the capacitance between one plate of receiving coupler A with
one plate of receiving coupler B. Therefore, the cross capaci-
tance of C24, C25, C34, C35 and CMab could be ignored when
the transmitting distance is small, i.e., Thus, the parameters of
the coupler can be simplified as⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

C1 = C11 +
B1E1

B1+E1
+ A1D1

A1+D1

Ca = C23 +
B2E2

B2+E2

Cb = C45 +
A3D3

A3+D3

CM1a = CMa1 = C12C33−C13C22

B2+E2

CM1b = CMb1 = C14C55−C15C44

A3+D3

. (15)

At this time, the receivers are independent of each other, and
the output characteristics of the devices are only determined by
the primary side output voltage U1. When the device is moved
in or removed, as long as the voltage U1 remains constant, the
output characteristics of the other device can remain unchanged.
Therefore, the equivalent circuit of the double-receiver coupler
can be simplified, as shown in Fig. 5. The terminal voltages and
currents of the three ports are represented as U1, I1, Ua, Ia, Ub,
and Ib. In Fig. 5, the parameters of Ctotal and Itotal are defined
as {

Ctotal = Cex1 + C1(1− k21a − k21b)

Itotal =
CM1a

Ca
Ia +

CM1b

Cb
Ib

. (16)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

CX1 = (A1 +B1 +D1 + E1)F1 + (A1 +D1)(B1 + E1)

C1 = C11 +
A1((B1+F1)(D1+E1)+D1E1)+B1(D1F1+D1E1+E1F1)

CX1

CMa1 = (C12C33−C13C22)(B1+E1+F1)+(C24+C25)(B1C33−E1C13)+(C34+C35)(E1C12−B1C22)
CX1

CMb1 = C55(A1B1+A1F1+B1D1+B1F1)−C15(A1E1+D1E1+D1F1+E1F1)−(C25+C35)(A1E1−B1D1)
CX1

. (7)
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Fig. 6. CV and CC circuit. (a) CV output network and (b) CC output network
with voltage source.

Fig. 7. Topology of double-receiver compact SCC-WPT system.

III. MODEL OF DOUBLE-RECEIVER SCC-WPT SYSTEM

A. Equivalent Circuit of the Double-Receiver System

Some devices often require constant output characteristics in
practical applications. The system achieving CV output without
affecting the zero-phase angle needs to adopt the fourth-order
compensation network when the voltage-type inverter is used
[19]. Meanwhile, the series-series mutual inductance circuit
could achieve a CC output, and the output current depends on
the mutual inductance M12 [31]. The resonance relationship is
shown in Fig. 6(a) and (b). In Fig. 6(a), Z1, Z2, Z3, and Z4

are the impedance element, and they can only be composed
of two capacitors and two inductors when the constant volt-
age output is required. In Fig.6(b), ZC1 and ZC2 are capaci-
tance impedance; ZL1 and ZL2 are inductance impedance; ZM

is mutual impedance, and ZM = jωM12.
A double-receiver SCC-WPT system with constant output is

proposed based on the above analysis, where CV output and CC
output can be achieved simultaneously in the different receivers.
Fig. 7 shows the proposed double-receiver SCC-WPT system
with the inverter and rectifier.

In Fig. 7, the primary side consists of a dc power source Edc, a
full-bridge inverter composed of four power MOSFETs S1-S4, the
LCLC resonant network, and transmitting plate P1, The LCLC
resonant network includes inductor Lp1 and Lp2, capacitor Cp1,
and Cex1. The system connects to the earth’s ground through
the primary side. Receiver A consists of receiving coupler A,

Fig. 8. Equivalent circuit of the double-receiver SCC-WPT system.

inductor La, and a full-bridge rectifier with diodes D1, D2,
D3, and D4 followed by a resistor RL. Receiver B consists of
receiving coupler B, inductor Lb1, inductor Lb2, capacitor Crb

and full-bridge rectifier with diodes D1, D2, D3, and D4 followed
by a resistor RL; Mb is the mutual inductance of Lb1 and Lb2.
The parameters Uouta, Iouta, Uoutb, and Ioutb are represented as
dc output voltage of receiver A, dc output current of receiver A,
dc output voltage of receiver B, and dc output current of receiver
B, respectively.

The LCLC compensation network could achieve CV output
according to the analysis in Fig. 6. In the compensation of the
secondary side, the S-type compensation network is adopted
to achieve CV mode, and the M-type compensation network
is adopted to achieve CC output. The double-receiver coupler
consists of the transmitting plate P1 and receiving plates P2, P3,
P4, and P5. The equivalent circuit for Fig. 7 is obtained and
shown in Fig. 8. In Fig. 8, the voltage Uin is the equivalent ac
input voltage. The current Iin, I2, Ia, Ib, and Iob are represented
as input current, current of Lp2, output current of receiver A,
current of Lb1, and output current of receiver B, respectively.
Ub21 and Ub12 are the controlled source of voltage. Req is the
effective ac resistance presented by the rectifier and the load
resistance. Ideally, the rectifier input current is sinusoidal and
the diode forward voltage drop is ignored. According to the
principle of power equivalence, the following equation can be
obtained [32]

Req =
8

π2
RL. (17)

In addition, the voltage of Ub12 and Ub21 are as defined as{
Ub12 = −jωMbIb
Ub21 = −jωMbIob

. (18)

B. CV Mode

According to the above analysis, when the receiver is required
to work in the CV mode, the parameters of the system need to
satisfy the following equation:

⎧⎪⎨
⎪⎩
jωLp2 + 1/jωCp1 + 1/jωCtotal = 0

1/jωCp1 +
jωLp1·jωLp2

jωLp1+jωLp2
= 0

jωLa + 1/jωCa = 0

. (19)
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According to (19), the voltage U1 is calculated as below,
which is independent of the load resistance

U1 = −Lp2

Lp1
Uin. (20)

The output voltage of receiver A is derived as

Uoa = −Lp2

Lp1
· CM1a

Ca
Uin. (21)

Thus, the gain of output voltage on receiver A is provided as

Gva =

∣∣∣∣Uoa

Uin

∣∣∣∣ = Lp2

Lp1
· CM1a

Ca
. (22)

From (22), the output voltage is independent of the load resis-
tance RLa, i.e., the system could work in CV mode. Combining
with (19), the output power of the receiver A can be derived as

Pouta =
π2L2

p2C
2
M1a

8L2
p1C

2
aRLa

U2
in. (23)

C. CC Mode

Similarly, the parameters of the system need to satisfy the fol-
lowing equation when the CC output characteristic is achieved

{
jωLb1 + 1/jωCb = 0
jωLb2 + 1/jωCrb = 0

. (24)

Then the voltage relationship can be derived as⎧⎪⎪⎨
⎪⎪⎩

CM1b

Cb
U1 = −

(
1

jωCb
+ jωLb1

)
Ib − jωMbIob

0 =
(

1
jωCrb

+Reqb + jωLb

)
Iob + jωMbIb

Mb = kb
√
Lb1Lb2

(25)

where kb represents the coefficient of mutual induction of Lb1

and Lb2.
Thus, the current of the secondary side with receiver B is

expressed as ⎧⎨
⎩
Iob =

Lp2

Lp1
· CM1bUin

jωMbCb

Ib =
Lp2

Lp1
· ReqbCM1bUin

ω2M2
bCb

. (26)

From (26), the gain of the output current on the receiver B is
obtained as

Gib =

∣∣∣∣ IobUin

∣∣∣∣ = Lp2

Lp1
· CM1b

ωMbCb
. (27)

By combining (17) and (26), the output power of the receiver
B can be derived as

Poutb =
8L2

p2C
2
M1b

π2ω2M2
bC

2
bL

2
p1

RLbU
2
in. (28)

The output power of the system depends on the number of
the receiver. The input power is equal to the sum of the output
power of each receiver when the parasitic resistance is ignored,
and the output power of the double-receiver system is derived

Fig. 9. Coupler of the double-receiver compact system (a) lateral view and
(b) 3-D view.

TABLE I
COUPLER PARAMETERS

as

Pout = Pouta + Poutb =
L2
p2U

2
in

L2
p1

(
π2C2

M1a

8RLaC2
a

+
8C2

M1bRLb

π2ω2M2
bC

2
b

)
.

(29)
Therefore, the currents of transmitting side in the system can

be expressed as{
Iin =

L2
p2

L2
p1

(
π2C2

M1a

8RLaC2
a
+

8C2
M1bRLb

π2ω2M2
bC

2
b

)
Uin

I2 =
(
1− ω2Lp1Cp1

)
Iin

. (30)

IV. DESIGN OF DOUBLE-RECEIVER SCC-WPT SYSTEM

A. Design of the Double-Receiver Coupler

According to (23) and (28), when the system works in the
CV mode, the output power Pouta depends on the ratio of
capacitors CM1a and Ca when the input voltage and inductor are
determined. The output power Poutb is related to the capacitor
CM1b when the system works in the CC mode. Therefore, it is
necessary to design the coupler to improve the system output
power.

Fig. 9 shows the coupler of the double-receiver com-
pact system. In order to illustrate the analysis, select a
1000 mm×500 mm aluminum plate as a primary side plate
P1. Select the square aluminum plates as receiving plates, and
Table I gives the size of the coupler. The Ansoft Maxwell is
used to simulate the coupler, and the thickness of each aluminum
plate is 1mm. Therefore, the mutual capacitance between each
plate could be obtained. According to (1) and (15), the mutual
capacitances CM1a and CM1b could be calculated, and then the
capacitances C1, Ca, and Cb can also be obtained. The two
receiving coupler show the same characteristic and results in
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Fig. 10. Simulated parameter CM1a with the l2 and l3, when the distance d1
and d2 with 5 mm distance.

the simulation. Therefore, the simulation results of only one
receiver are given.

The transmission distance d1 is often determined by the
requirements of the application. In this simulation, the distance
is set to 5 mm considering the thickness of the protective case and
the fuselage shell in practical application. When the side length
of the receiving plate varies from 0 to 400 mm with the distance
d2 being 5 mm, the simulated results are shown in Fig. 10. The
mutual capacitance CM1a can achieve maximum value when
the side length of P2 and P3 is equal. By contrast, increasing the
size of P2 is easier to increasing the mutual capacitance CM1a.
When l2 and l3 are set to 400 mm, the mutual capacitance CM1a

is about 7.03 pF.
Meanwhile, the results of capacitance Ca and the ratio

CM1a/Ca are also calculated, as shown in Fig. 11(a) and (b).
From Fig. 11(a), the capacitance Ca increases as the l2 and l3
increase. When the side length of plate l2 and l3 is selected to
400 mm, the Ca is about 318 pF. From Fig. 11(b), the ratio
CM1a/Ca increased as the l2 increased, and the l3 increase will
lead to the decrease of CM1a/Ca. When the l2 is 400 mm, and
the l3 is 300 mm, the ratio is about 0.03. According to (23),
in the CV mode, the output power depends on the ratio CM1a/Ca.
The higher the ratio is, the greater the output power Pouta can
be. Therefore, l2 should be selected as large as possible, and l3
should be minimized when the system works in CV mode. Note
that Ca decreases with the decrease of l3, and this will result in
an increase in the resonant inductor Lb.

The design of the coupler needs to analyze the distance d2.
Fig. 12 shows the simulated parameter CM1a, capacitance Ca,
and ratio CM1a/Ca with the distance d2. The mutual capacitance
CM1a remained almost unchanged when the distance d2 varied.
In addition, the capacitance Ca decreases with the increase
of distance d2. By contrast, the ratio CM1a/Ca increases with
increasing distance d2, and the smaller l3, the faster the ratio
increases.

Fig. 11. Simulated parameters of coupler with the l2 and l3, when the distance
d1 and d2 with 5mm distance. (a) Capacitance Ca (b) ratio of CM1a/Ca.

In conclusion, when the system works in the CV mode, the
side length l2 need to be selected as large as possible, and l3
should be reduced. But, side length l3 too small will cause Ca

decrease, resulting in an increase in the volume and size of the
resonant inductor La. To further increase the ratio CM1a/Ca, the
distance d2 could be increased appropriately.

When the system works in the CC mode, according to (28),
the output power not only depends on the ratio CM1b/Cb, but
also could be adjusted by the mutual inductance M12. Therefore,
the value of capacitance Cb is plays a dominant role for output
power regulation. To increase capacitance Cb, the side lengths
l4, and l5 need to keep consistent and be selected as large as
possible. Meanwhile, reducing the distance d1 could obtain a
large capacitor Cb, and further reduce the volume and size of
the inductor Lb1.

According to the experimental condition in our laboratory,
the size of the transmitting plate P1 is 1000×500×1 mm. Based
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Fig. 12. Simulated parameter CM1a, Ca and ratio CM1a/Ca with the distance
d2, when the distance d1 with 5 mm and l2 with 400 mm.

TABLE II
PARAMETERS OF CAPACITOR

on the above analysis, the sizes of plates P2 and P4 are set to
400 mm×400 mm×1 mm, and the sizes of plates P3 and P5 are
chosen to be 300 mm×300 mm×1 mm and 400 mm×400 mm×
1 mm, respectively. The transfer distance d1 and d3 is set to
5 mm, the distance d2 is 5mm, and the distance d4 is 3mm.
The simulated capacitances and calculated results are given in
Table II.

B. Maxwell Simulation of Free-Positioning Feature

For the free-positioning feature of the proposed system, three
misalignment axes are defined in Fig. 9, i.e., Mis_x, Mis_y,
and Mis_θ. The original point is set at the bottom left corner.
The receiving coupler A and receiving coupler B moved in the
range of transmitting plate P1 are simulated by using Ansoft
Maxwell, as shown in Fig. 13. The mutual capacitance CM1a

and coupling coefficient k1a are basically unchanged when the
receiving coupler A at different positions. Only slight changes
occur when moving to the corner of the P1, and the rate of change
is lower than 1%. The mutual capacitance CM1b and coupling
coefficient k1b can also maintain constant, the rate of change
with CM1b is lower than 2%, and the k1b is almost unchanged.

Fig. 13. Simulated results of (a) mutual capacitance CM1a, (b) coupling
coefficient k1b, (c) mutual capacitance CM1b, and (d) coupling coefficient k1b
within range of transmitting plate.

Fig. 14 shows the simulated results of CM1a, CM1b, k1a, and
k1b in the rotational offset cases when the Mis_x = 300 mm and
Mis_y = 50 mm. When the rotation angle θ exceeds 20 degrees,
the receiving plate has exceeded the width of the transmitting
plate P1; even so, the parameters CM1a, CM1b, k1a, and k1b can
still keep stable.

C. Design Method of the System

The parameter design method of the system can be obtained
according to the above results. Fig. 15 shows the associated
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Fig. 14. Simulated results of CM1a, CM1b, k1a, and k1b in the rotational
offset cases when the Mis_x = 300 mm and Mis_y = 50 mm.

Fig. 15. Parameters design method.

flowchart, and the flowchart illustrates the relationship between
all resonant network elements. Generally, the value of operating
frequency f is set according to the mutual capacitance combined
with the requirement of the inductor [10], [26]. The transmission
distance is specified according to the restrictions of application
fields. The input voltage Edc and the resistance load RL are
determined by the requirement of the application.

TABLE III
SYSTEM PARAMETERS

The coupler could be obtained according to the application
requirement, and the coupler could be further optimized ac-
cording to the analysis in Section IV-A. Once the size of the
coupler is determined, the capacitances C1, Ca, Cb, and mutual
capacitances CM1a, CM1b can be calculated using (1) and (15).
The parameter Ctotal can be calculated using (16), and the
primary side compensation should satisfy (19). When the system
works in CV mode, the secondary side compensation only needs
an inductor La, and the parameter La can be calculated using
(19). Similarly, when the system works in CC mode, the M
topology is selected as a secondary side compensation network,
and the parameters Lb1, Lb2 and Crb can be obtained using (24).

V. SIMULATION AND EXPERIMENT

A. Simulation Results

LT-spice is used to simulate the performance of the proposed
double-receiver SCC-WPT system. The circuit in Fig. 7 is used
to model the designed prototype system. The input voltage Edc

is set to 120 V, and the frequency is selected as 1.97 MHz
to consistent with the experiment. According to the parameter
design flowchart in Fig. 15, system parameters are given in
Table III. The parasitic resistance of the inductor is tested by
using the LCR meter (GWINSTEK LCR-8230).

When the RLa is 10Ω and RLb is 750Ω, the simulated results
of the output voltage Uin, current Iin, dc input current Iouta, and
dc output voltage Uoutb are illustrated in Fig. 16. The simulation
results show that the Gva and Gib are 0.19 and 0.0022.

B. Experiment Setup

A double-receiver compact SCC-WPT prototype is built
based on the theoretical analysis and simulation research in the
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Fig. 16. Simulated waveform of the input and output.

Fig. 17. Experimental prototype of the proposed double-receiver compact
SCC-WPT.

following sections. Fig. 17 shows the experimental prototype,
where the coupler adopted the aluminum plate, and the size of
each metal plate is given in Table I. The actual measured capaci-
tance parameters are consistent with the simulation parameters,
as given in Table II. Table III gives the detailed experiment
prototype parameters. In the experiment, the driver chip of
MOSFETs is adopted DSP TMS320, and the dominant frequency
is 150 MHz. So that the accurate frequency of 2 MHz could
not be obtained, and the 1.97 MHz is selected as a resonance
frequency in this article. It should be noted that the capacitances
C12, C23, C14, and C45 are slightly greater than the simulation
values due to the small square with acrylic used to separate the
plate. The actual measurement values of capacitance C12, C23,
C14, and C45 are, respectively, 330, 231, 312, and 520 pF by
testing with the LCR meter.

The distance between the transmitter and receiver plates is 5
mm, the coupling capacitance CM1a is about 5.92 pF, and the
CM1b is about 7.27pF. Current probes (CYBERTEK CP8150A)
and voltage differential probes (DP6150) are adopted to acquire
experimental data. As designing the resonant parameters in
the experiment, tuning the system to the inductance region to

Fig. 18. Experimental waveforms of the inverter and the output of two re-
ceivers when RLa=10 Ω and RLb=750 Ω.

Fig. 19. Power loss distribution of the proposed system components.

reducing switching loss. Considering the influence of the higher
operating frequency of the system (1.97 MHz) on the loss of the
rectifier and inverter. The full-bridge inverter and rectifier are
adopted silicon carbide (SiC) MOSFETs IMZ120R045M1 and
SiC diodes GHXS030A120S to reduce the junction capacitance
of the device. The inductors Lp1, Lp2, Lra, Lrb1, and Lrb2

have an air core and are made with 0.04 diameter 600-strand
Litz-wire, thereby reducing the magnetic loss, the sectional
area and peak withstand current is mainly considered in the
inductor selection. The inductors Lrb1 and Lrb2 are wind on
two PVC tubes, and the outer diameter of the two PVC tubes is
75 and 85 mm, respectively. Thus, the inductor Lb1 has a total
of 11 turns, and inductance Lb2 has 6 turns. High-frequency
C0G chip capacitors and film capacitance are used as resonant
capacitors. The inductors Lrb1 and Lrb2 are wind on two PVC
tubes, and the outer diameter of the two PVC tubes is 75
and 85 mm, respectively. Thus the inductor Lb1 has a total
of 11 turns, and inductance Lb2 has 6 turns. High-frequency
C0G chip capacitors and film capacitance are used as resonant
capacitors.
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Fig. 20. Proposed system with the different load resistance. (a) RLa=5 Ω and RLb=500 Ω.(b) RLa=15 Ω and RLb=1000 Ω. (c) RLa=20 Ω and RLb=1500 Ω.

Fig. 21. Output characteristic of the proposed system. (a) Receiver A.
(b) Receiver B.

C. CV and CC Performance Against Load Variation

Fig. 17 shows that both bulbs have been lighted at the same
time. The LED lamp bulb is used for photography and display,
and different values of resistances are adopted as the load in
the subsequent measurement. Fig. 18 shows the experimental
waveforms of the inverter and the output of two receivers when
Ra = 10Ω and Rb = 750 Ω. The experiment results are basically
consistent with the simulation results in Fig. 16. The current-
probe and Voltage-probe will influence the SCC-WPT system,
but this system is almost unaffected when the current-probe test
in the load resistance RL [23]. The pointer ammeter is also used
to verify the accuracy of the current probe. In addition, receiver
B adopts the M topology. The resistance RLb is isolated from the
coupler, and the voltage-probe cannot influence the system. The
voltage probe is used to test the receiver B because the current
gain is too small, and the voltage measurement will be more
accurate.

Fig. 22. Measured values of each dc–dc efficiency and the output power Pout

at different load resistance situations.

Fig. 23. Waveforms of the dynamic process.

The experimental waveforms show that receiver A achieved
about 46.2 W output power and receiver B achieved about 45.6W
output power. At this time, the input voltage Edc and input
current Idc are 120 V and 1.36 A, and the dc–dc efficiency of
the proposed system is 56.2%. According to the experimental
results from Fig. 18, the voltage gains of receiver A and the
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Fig. 24. Experimental free-positioning feature.

current gain of receiver B are about 0.18 and 0.0021, respectively.
The experimental results are accordant to simulated results.
According to the measured capacitance, combining the formula
(22) and (27), the voltage gains Gva and current gains Gib are
about 0.24 and 0.0026, respectively. The error of the output gain
among experimental, simulation, and theoretical mainly come
from the system loss, and there is an element of parameter error
that leads to output gain errors.

For the proposed system, the system losses mainly include
converter loss, coupler loss, inductor loss (Ploss_Lp1, Ploss_Lp2,
Ploss_La, Ploss_Lb1, and Ploss_Lb2), and capacitor loss (Ploss_Cp1,
Ploss_Cex1, and Ploss_Crb). The power losses of a converter
consist of conduction losses and switching losses of diodes and
switching devices, such as MOSFETs and IGBTs. The calculations
of converter loss are mainly based on [33]. The inductor loss
could be calculated from each current and parasitic resistance
of the inductor and the capacitor parasitic resistance could be
calculated according to [34]. The remaining losses are assumed
to be in the coupler and the losses of earth resistance. The
loss distribution of the proposed system when RLa = 10 Ω
and RLb = 750 Ω is depicted in Fig. 19. The inductor loss
and coupler loss dissipate approximately 64% of the power
loss. Most of the power loss comes from the converter and
parasitic resistance of the inductors due to the high switching
frequency. In addition, the lower part of the source is directly
connected to the earth’s ground in the power socket on the wall
with a wire in the experiment. In our lab, the floor is made of
concrete containing iron bars, the conductivity of the floor is not
comparable with soil, thus earth resistance is high and resulting
in some losses. At the same time, the constant mode is related to
the system’s efficiency. The efficiency will be further optimized
by using high-quality electronic elements in the future. Future
research will focus on system optimization to minimize losses
and increase efficiency.

Fig. 20 shows the experimental results with different load
resistances. According to Fig. 20, the output current of receiver
A and the output voltage of receiver B is shown in Fig. 21. The
change rate of the output voltage Uouta in receiver A is about
24.6% when the resistance RLa is changed from 5 to 20 Ω,
and the change rate of the output current Ioutb in receiver B

is about 25% when the resistance RLb is changed from 500 to
1500 Ω. To better display the effect and characteristic of the
system, the load resistance RLb is chosen to be 500–1500 Ω to
achieve a larger output power in the experiments, which results
in a larger output voltage. From Fig. 21, the change rate of
voltage in receiver A and current in receiver B are also decreased
gradually when the load resistance is increased. Therefore, re-
ceiver A and receiver B could achieve a better constant effect
at the conditions of light load and heavy load, respectively. The
inductor with a high-quality factor will be adopted and analysis
the loss model of the coupler in the future research, which can
be used to reduce the system loss and improve its constant
range.

According to the experimental results under different load
resistance, Fig. 22 shows the dc–dc efficiency and output power
of two receivers under different load situations. The total output
power is 106.9, 91.8, 86.6, and 95.9 W respectively. The input dc
current is measured to be 1.57, 1.36, 1.39, and 1.6 A. Therefore,
the efficiency of the system is 56.8%, 56.2%, 52%%, and 50%
when supplied power to the two receivers with different load
resistance.

D. Experiment With Load-Independent and Free-Positioning
Feature

In the experimental of the independence between receivers,
the dc voltage Edc is set to 25 V for safety. Fig. 23 shows the
dynamic process when receiver A is removed and then moved
in. The output voltage of receiver B could be kept constant
basically when the receiver is moved in or removed, and the
system can realize the independence between the two receivers.
It should be explained that the physical movement of the receiver
is carried out manually, and the overcurrent of Iin is caused by
the coupling change during the receiver moving process. Thus,
the experimental results of each operation are slightly different
due to the inconsistence in the manual movement. When receiver
A is removed, the Uoutb is changed from 22.5 to 23.2 V, and the
change rate is about 3.1%. When receiver A is moved in, the
Uoutb is changed from 23.2 to 21.9 V, and the change rate is
about 5.6%.

The transmitting plate P1 of the proposed system is only an
aluminum plate. The coupler has the equivalent mutual capaci-
tances at any position above the P1. Thus, the receiver is able to
receive stable power within the range of P1. Fig. 24 shows the
lighting at the different points of the LED lamp bulb when the
input voltage is set to 40V. Both bulbs A and B could maintain
the same lighting when the receiving plate is placed on a different
point. To better shows the output change trend when the receiver
at different position of plate P1, the experiment waveforms of
the output of receivers when the receivers at different positions
or with rotational offset are added, as shown in Fig. 25. When
receiver A placed at different positions within the range of the
transmitting plate, the output of receiver A could be almost kept
constant and the change rate is about 5.7%. In the same case,
the change rate of receiver B is about 1.6%. In the rotational
offset case, the output of the system can also remain stable.
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Fig. 25. Experimental waveform with free-positioning feature. Only receiver A: (a) Mis_x = 0, Mis_y = 0, Mis_θ = 0. (b) Mis_x = 300 mm, Mis_y = 50 mm,
Mis_θ = 0. (c) Mis_x = 300 mm, Mis_y = 50 mm, Mis_θ = 15°.(d) Mis_x = 300 mm, Mis_y = 50 mm, Mis_θ = 45°. Only reveiver B: (e) Mis_x = 0, Mis_y =
0, Mis_θ = 0. (f) Mis_x = 300 mm, Mis_y = 50 mm, Mis_θ = 0. (g) Mis_x = 300 mm, Mis_y = 50 mm, Mis_θ = 15°. (h) Mis_x = 300 mm, Mis_y = 50 mm,
Mis_θ = 45°.

TABLE IV
COMPARISONS WITH OTHER WORKS

The coupler is over the range of the transmitting plate a little
when the rotation angle is 45°; even so, the change rate is just
4.4% and 4.9% in receiver A and receiver B. Meanwhile, the
output current Iouta and output voltage Uoutb almost remain
unchanged compared with the full receiver state, as shown in
Fig. 18.

E. Comparison With Other Works

Table IV gives the performance indexes of existing systems
and this article. In [15], the proposed novel capacitive coupler
array has a free-positioning feature, the system has a good
performance, and is suitable for mobile devices charging. Yuan
et al. [16] proposed an antioffset interdigital electrode capacitive

coupler for mobile desktop charging with a switching control
method, which can be kept 5 W output power with over 80%
efficiency when the device is moved in the x-direction or y-
direction. However, these systems only keep stable power when
the misalignment happens in the x-direction or y-direction. When
the rotational offset happens, these systems cannot achieve
constant output. Lillholm et al. [21] proposed a multiple-output
CPT system with the load-independent characteristic. But, the
receiver only moves freely in one direction. This article proposed
a double-receiver SCC-WPT system with load-independent, in
which one receiver can achieve CV output while another receiver
can achieve CC output. Compared with existing systems, the
proposed system has a better free-positioning feature, and the
system could transfer power to two devices.
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TABLE V
Y-PARAMETERS OF THE COUPLER

VI. CONCLUSION

In this article, a double-receiver SCC-WPT system with
constant output is proposed for mobile device charging/supply,
which the output of receivers is independent of each other. A
three-plate compact coupler is proposed to increase coupling
capacitance and improve the system’s performance. The full
capacitance model of the coupler with two receivers is analyzed
and simplified, and the equivalent controlled source model of
the coupler is established. Based on the demand of mobile de-
vices for constant output, the LCLC-S and LCLC-M topology is
proposed to achieve CV output and CC output, respectively. The
resonance conditions of the system are analyzed, and the output
gain of the system is derived. Then the coupler is studied to
obtain a high output gain. Finally, a double-receiver SCC-WPT
prototype is built based on the proposed topology and method,
and the experiment has verified the correctness of the theoretical
analysis.

The advantages of the proposed CPT system are listed as
follows.

1) When the load resistance variation, one receiver can
achieve CV output while the other can achieve CC output
in the proposed double-receiver SCC-WPT system.

2) The output characteristic of the receiver could maintain
almost unchanged when another receiver is moved in or
removed.

3) The proposed system could provide free-positioning fea-
ture (x-, y-, and θ-direction) charging/supply within the
range of the transmitting plate.

It should be noted that converter design and parameter opti-
mization is the subject that is worth studying when applied to
the actual product. It can improve the efficiency and CV/CC
characteristics of the system. Meanwhile, the problem of safety
and physical environmental effect also cannot be ignored, which
will lead to whether the product is practical. Future research
will focus on these subjects and improve the performance and
security of the system.

APPENDIX

The admittance parameters Y12, Y22, and Y32 can be obtained
when the voltage U1 and Ub are set to zero. Meanwhile, the
parameters Y13, Y23, and Y33 are acquired with U1 and Ua are
zero. These Y-parameters could be calculated through the same
light of analysis in Section II, as given in Table V.
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