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A Switchable Dual-Frequency LCC-S-S
Compensated Three-Coil WPT System for Mobile

Desktop Charging With Constant Current and
Constant Voltage Outputs
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Abstract—Wireless power transfer (WPT) system with three-coil
has potential application prospect in mobile desktop charging, since
it can effectively increase the transmission distance. In practical
applications, the typical constant current (CC) and constant voltage
(CV) two-stage charging mode for batteries is widely utilized. How-
ever, the batteries’ equivalent resistance remarkably varies during
the charging process, to realize both CC and CV outputs with
different load conditions is a confronting problem for WPT system.
To address the issue, a hybrid LCC-S-S compensation topology
with an ac switch is proposed in this article. The CC/CV output
characteristics can be fulfilled through the alternation of two fixed
system operation frequencies and the switching of an ac switch at
the receiver side. Besides, the zero phase angle (ZPA) conditions
are also been met at the same time. A 50 W output experimental
prototype is implemented to validate relevant theoretical analysis.
The experimental results show that the CC/CV output characteris-
tics are well maintained while the load resistance undergoes widely
variation. Moreover, the ZPA operation can be achieved when
receiver coil is misaligned. During the whole charging procedure,
the peak power transfer efficiency can reach 91.9%.

Index Terms—Constant current (CC), constant voltage (CV),
LCC-S-S compensation topology, wireless power transfer (WPT),
zero phase angle (ZPA).
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I. INTRODUCTION

A S A contactless power supply approach, wireless power
transfer (WPT) technology eliminates the complicated

wire connections, thus the security and freedom of power trans-
mission procedure are effectively enhanced. At present, it has
been broadly utilized in numerous applications, such as electric
vehicles, drones, underwater robots, automated guided vehicles,
implantable electronic medical devices [1], [2], [3], [4], [5],
etc. The application of WPT technology in mobile desktop
charging could supply power to office equipment, such as tablet
computer, projector and smartphone, while working, as shown
in Fig. 1. It can enhance the office efficiency and user experi-
ence. Furthermore, the expenditure on built-in battery for mo-
bile desktop consumer electronics can be reduced. In addition,
the WPT system in mobile desktop charging is prone to in-
stall and hide under the table, complicated charging wires are
eliminated, thus the cleanliness and aesthetic of workspace
are significantly improved. Last but not least, the mismatch-
ing among desktop electronics equipment, power adapters and
sockets of different manufacturers is expected to be effec-
tively solved by the utilization of universal wireless charging
system.

At present, Qi standard [6] is widely adopted in wireless
charging system for portable consumer electronic equipment.
However, the power transmission distance (the distance between
transmitter coils and receiver coils) is a restriction that limit the
application of WPT technology for mobile desktop electronics
equipment. For the time being, the maximum coil-to-coil dis-
tance is up to 20 mm for existing Qi certified wireless charging
devices. Whereas, the thickness of tabletop is as much as 50 mm,
especially for some high-grade office furniture. In order to install
transmitter coil, making a cavity in the tabletop is inevitable.
Unfortunately, the destructive assembly process is unallowed for
office furniture manufactures. WPT system with intermediate
coil is an effective approach to enlarge the power transmission
distance while mitigate the reduction of power transfer efficiency
[7], [8]. In order to supply power to consumer electronics in mo-
bile desktop charging scenarios, a WPT system with three-coil
configuration is introduced in this article.
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Fig. 1. WPT system for mobile desktop consumer electronics.

Currently, lithium-ion batteries, which have the advantages of
high-performance and low-cost, are selected as power source for
most consumer electronics. To improve the durability, safety and
efficiency of batteries, the typical two-stage charging process are
widely employed [9]. That is, in the initial charging procedure,
the constant current (CC) phase is adopted, then the constant
voltage (CV) charging stage begins as the upper voltage limit
reaches, and the charging process ends when the current drops
to the lower limit. The batteries’ equivalent resistance varies
noticeably during the whole charging process, that means it
is essential to provide CC and CV output characteristics for the
WPT system independent of load resistance. Besides, as the key
to keep the efficient operation of system, zero phase angle (ZPA)
characteristic should be preserved during the whole charging
process.

Up to now, the reported approaches to achieve CC and CV
charging modes for WPT system are mainly separated into three
kinds. The most commonly used CC and CV realization means
under unvarying compensation topology were proposed in [10],
[11], and [12], including phase shifting control, dc–dc converter
and frequency tuning control. By means of adapting the phase
shifting angle of power converter, to be specific, regulate the
phase shifting angle of four MOSFETs in the inverter or diodes
in the rectifier through real-time data of the load voltage and
current, the controllable CC and CV outputs could be achieved
[10]. However, the power loss caused by hard ON-OFF switch
is inevitable. Frequency tuning control may bring frequency
splitting phenomenon to the system, thus decrease the output
stability [11]. The dc–dc converter was introduced to adjust
the output voltage and current of the Tx side or Rx side, but
the extra power loss and volume growth brought by passive
components of dc–dc converter are nonnegligible [12]. In ad-
dition, the abovementioned methods are closely dependent on
the real-time communication between the primary side and sec-
ondary side. The interruption or postponement of communica-
tion will significantly influence the output characteristic of WPT
system.

Second, by virtue of the alternation between different com-
pensation topologies, CC and CV output characteristic can be
acquired in three-coil WPT system [13]. One or more switches
are employed to change the CC/CV charging mode, since one
compensation topology has CC output characteristic, and the
other compensation topology exhibits CV output characteristic
under the same operation frequency. A two/three-coil hybrid

configuration WPT system was proposed to realize CC and CV
charging mode by Chen et al. [14]. The CC charging mode
is obtained with two-coil topology, conversely, the CV output
is achieved when the system operates in three-coil topology.
The alternation between different operating modes requires two
ac switches. Li et al. [7] put forward a combination WPT
configuration of S-S-S topology with CV characteristic and
S-S-LCC topology with CC output, two ac switches are utilized
to realize the converting from CC to CV charging mode. The ac
switches must turn at the same time, otherwise it would bring
reactive power loss to the system. In addition, the mentioned
method introduces excessive passive components, increasing
the volume, weight and cost. To avoid this situation, a novel
reconfigurable topology with one ac switch was proposed in
[15]. In the mentioned system, the transmitting coil can be
reconfigured as one winding or two windings, thus the CC
output is achieved with two-coil structure and the CV output
is obtained with three-coil structure. However, in the proposed
transmitting coil, the number of turns of one winding is much
smaller than the other. This special winding method is actually
proposed for traditional WPT system, and it is not applicable
to three-coil WPT system. A dual switchable WPT system
including intermediate coil was proposed in [16], the CC and
CV output characteristics under a constant resonant frequency
are achieved by the introduction of two switches. However, this
method adopted an auxiliary inductor in the transmitter side,
it increased system volume and loss. Xu et al. [17] proposed
an auxiliary circuit to realize automatic seamless CC-to-CV
transition in three-coil WPT system. But four additional diodes
of the auxiliary circuit result in the increment of power loss and
volume.

Third, in three-coil WPT system, CC and CV output charac-
teristics can be realized under two operating frequencies with
the same topology [18]. Yang et al. [19] proposed a CC and
CV outputs WPT system with S-S-S topology, the system works
at two different frequencies, ZPA operation is also obtained.
Nevertheless, the low power transfer efficiency in CV mode
makes it difficult to apply in practice. To solve this problem, a
novel S-S-P topology WPT system was put forward with higher
power transfer efficiency in CV charging mode [20]. However,
the above two topologies could only achieve ZPA characteristic
under constant coupling coefficient between three coils, it is es-
sential to redesign the parameters of the compensation topology
when the misalignments occur between the transmitter coil and
receiver coil. The complexity of the system is increased while
its reliability is reduced.

The WPT system with S-CLCC topology has the ability to
output CC and CV characteristics, it is achieved by the switching
of two fixed frequencies, moreover, the resonant frequencies
are independent of mutual inductance [21]. Unfortunately, this
topology is not applicable to WPT system with intermediate
coil and the parameter design process is complex. Therefore,
to fill this gap, a hybrid LCC-S-S topology is proposed in
this article to address the abovementioned issue for three-coil
WPT system. The CC/CV output characteristics can be achieved
independent of load resistance under two fixed frequencies, and
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Fig. 2. Circuit diagram of the proposed three-coil WPT system.

ZPA operation is not affected by the position variation of Rx coil
in the proposed WPT system.

The rest of this article is organized as follows. The detail
theoretical analysis of proposed three-coil WPT system with
LCC-S-S compensation topology to obtain CC/CV output char-
acteristics, and the parameter design process are presented in
Section II. The magnetic coupling structure and simulation
verification are given in Section III, the results demonstrate
that the CC/CV output characteristics is acquired when the
load resistance undergoes widely variation, moreover, the ZPA
operation is maintained under different coupling coefficients.
In this section, the experimental prototype is demonstrated,
and the output characteristic of proposed WPT system with
intermediate coil is verified by relevant experiments. Finally,
Section V concludes this article.

II. THEORETICAL ANALYSIS

A. Equivalent Circuit Model

The circuit diagram of the proposed WPT system is shown in
Fig. 2. The dc source Uin, the inverter, the resonant network, the
magnetic coupler, the passive rectifier and the battery load are
mainly included. The inverter is made up of four power MOSFETs
(S1-S4). The inductance of Tx coil, intermediate coil and Rx
coil, named as L1, L2, andL3, respectively. M12 represents
the mutual inductance between Tx coil and intermediate coil,
M13 stands for the mutual inductance between Tx coil and
Rx coil, while M23 is the mutual inductance between inter-
mediate coil and Rx coil. Lf1, Cf1, andC1 are the compen-
sation inductance and capacitors in the transmitter side, C2

represents the compensation capacitor in series with interme-
diate coil. The compensation capacitors C3CV andC3CC are
connected in series with Rx coil, S is the ac switch to con-
trol capacitor alternation. Moreover, a passive rectifier with
four Schottky diodes (D1-D4) is employed in the receiver
sssimilar side.

To facilitate the analysis of basic characteristics of the circuit,
all of the high-order harmonics and the parasitic resistance of
all passive components are ignored. Besides, mutual inductance
M13 is negligible and omitted in the following theoretical anal-
ysis, considering the distance between Tx coil and Rx coil [22].
Fig. 3 demonstrates the simplified circuit of WPT system with
intermediate coil.

Fig. 3. Simplified circuit of WPT system with intermediate coil.

In the above-mentioned simplified circuit model, R is the
equivalent resistance considering the whole rectifier and load
stage. It can be defined as [22]

R =
8

π2
RL. (1)

Based on the Kirchhoff’s voltage law, the following equations
can be obtained:⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

U̇1 = XLf1İLf1 +XCf1İ1

0 = XCf1İLf1 +X1İ1 +XM12İ2

0 = XM12İ1 +X2İ2 +XM23İ3

0 = XM23İ2 + (X3 +R)İ3

(2)

where İLf1, İ1, İ2, and İ3 denote the current flowing through
each inductance, respectively. Besides, the reactance in (2) are
defined as following:⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

XLf1 = jωLf1 + 1/(jωCf1)

X1jωL1 + 1/(jωC1) + 1/(jωCf1)

X2jωL2 + 1/(jωC2)

X3jωL3 + 1/(jωC3)

(3)

⎧⎪⎨
⎪⎩
XCf1 = 1/(jωCf1)

XM12 = jωM12

XM23 = jωM23.

(4)

In the above equations, ω stands for system operating angular
frequency. By regulating the system operating frequency, the
abovementioned reactance value can be changed. However, all
reactance in (3) can be equal to 0 (when the operating frequency
is consistent with the resonant frequency), on the contrary, all
reactance in (4) cannot be 0 at any system operating frequencies.
By solving (2), the input current ILf1 and output current I3 can
be deduced as{

İLf1 =
(X1X

2
M23−X2X3+X3X

2
M12)+(X2

M12−X1X2)R

A+BR U̇1

İ3 =
XCf1XM12XM23

A+BR U̇1

(5)

where A and B are expressed as⎧⎪⎨
⎪⎩
A = (X1XLf1−X2

Cf1)X
2
M23+(X2

M12−X1X2)X3XLf1

+X2X3X
2
Cf1

B = XLf1X
2
M12 +X2X

2
Cf1 −X1X2XLf1

.

(6)
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Then, the transconductanceGIU , voltage gainGUU and input
impedance Zin are calculated as follows:

GIU =

∣∣∣∣ I3U1

∣∣∣∣ =
∣∣∣∣XCf1XM12XM23

A+ BR

∣∣∣∣ (7)

GUU =

∣∣∣∣I3RU1

∣∣∣∣ =
∣∣∣∣XCf1XM12XM23

AR−1 + B

∣∣∣∣ (8)

Zin =∣∣∣∣ A+ BR

X3X2
M12 +X1X2

M23 −X1X2X3 + (X2
M12 −X1X2)R

∣∣∣∣ .
(9)

It can be seen from (6) and (7) that the transconductance gain
of the system independent of load resistance can be obtained by
making the coefficient B equal to 0. Similarly, the voltage gain
independent of load resistance can be achieved when A = 0.
However, to maintain the system’s ZPA conditions and guarantee
the above characteristics not be affected by the variation of
mutual inductance, more detailed theoretical analysis will be
discussed in the following. Besides, M12 is considered as fixed
value in the following analysis, because it is not impacted by the
misalignment of Rx coil.

B. Analysis of CC Charging Mode With ZPA Condition

Based on (6), when B = 0, the output current gain of WPT
system is not change with load resistance, and thus it is indicated
that the CC charging mode can be achieved. Therefore, the
realization conditions of CC charging mode are as follows:

B = XLf1X
2
M12 +X2X

2
Cf1 −X1X2XLf1 = 0. (10)

Besides, combined (8), ZPA condition in CC charging mode
can be achieved when X3X

2
M12 +X1X

2
M23 −X1X2X3 = 0

is satisfied. To ensure the above realization conditions are not
affected by M23, X1 = 0 andX3 = 0 should be established.
Then, (10) is rewritten as

B = XLf1X
2
M12 +X2X

2
Cf1 = 0 (11)

X2 = − XLf1X
2
M12

X2
Cf1

. (12)

Combined with above analysis and (3) and (4), the follow-
ing equation can be obtained to achieve CC mode with ZPA
condition:⎧⎪⎪⎪⎨
⎪⎪⎪⎩
jωCCL2 +

1
jωCCC2

=

(
jωCCLf 1+

1
jωCCCf1

)
(jωCCM12)

2

(
1

jωCCCf1

)2

jωCCL1 +
1

jωCCC1
+ 1

jωCCCf1
= 0

jωCCL3 +
1

jωCCC3
= 0

(13)

where ωCC is the system operating angular frequency when
the WPT system works in CC charging mode. There are two
solutions for (12), X2 = XLf1 = 0 and X2 andXLf1 �= 0. For
solution ii, combining (13), when the values of four inductance
and system operating frequency ωCC in CC charging mode are
fixed, the parameter of compensation capacitance is related to

mutual inductance M12, which would increase the complexity
of system design and construction. However, for solution i, the
values of all compensation capacitances are only associated with
four inductance and system operating frequency ωCC, and can
be calculated as ⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Cf1 = 1
ω2

CC
Lf1

C1 = 1
ω2

CC
(L1−Lf1)

C2 = 1
ω2

CC
L2

C3 = 1
ω2

CC
L3

. (14)

Equations (7) and (9) can be rewritten as

GIU (ωCC) =
ωCCCf1M12

M23
(15)

Zin(ωCC) =
M2

23

ω2C2
f1M

2
12R

. (16)

Equations (15) and (16) are the output current gain and system
input impedance in CC charging mode, respectively. From (15)
and above analysis, the output current gain is independent of
load resistance R. Similarly, from (16), ZPA condition in CC
charging mode could maintain independent of M23. Besides,
the current flowing through each inductor in CC charging mode
can be calculated as follows:⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

İLf1(CC) =
ω2

CV
C2

f1
M2

12
M2

23

M2
23

U̇1R

İ1(CC) = jωCCCf1U̇1

İ2(CC) = −j
ωCCCf1M12

M2
23

U̇1R

İ3(CC) = −ωCCCf1M12

M23
U̇1

. (17)

Combined with (17), the power transfer efficiency η(CC) of
the proposed WPT system in CC charging mode is expressed as

η(CC) =

|I3(CC)|2R
|ILf1(CC)|2RLf1 + |I1(CC)|2R1 + |I2(CC)|2R2

+|I3(CC)|2(R3 +R)

. (18)

C. Analysis of CV Charging Mode With ZPA Condition

Similar analysis can also be adopted in CV charging mode.
Based on (8), when A = 0, the output voltage gain will not vary
with the alteration of load resistance, it can be inferred that the
CV output characteristic would be obtained. Besides, combined
(9), ZPA condition can be achieved when X2

M12 −X1X2 = 0.
Substitute the above equation into (6), and simplification, A is
rewritten as

A =
(
X1XLf1 −X2

Cf1

)
X2

M23 +X2X3X
2
Cf1. (19)

From (19), to ensure A = 0 is not affected by the value of
M23, X1XLf1 −X2

Cf1 = 0 and X3 = 0 should be established.
Combined with (3), the following (20) can be obtained to achieve
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CV charging mode with ZPA condition

⎧⎪⎪⎨
⎪⎪⎩
(ωCVM12)

2=
(
ωCVL1− 1

ωCVC1
− 1

ωCVCf1

)(
ωCVL2− 1

ωCVC2

)
(

1
ωCVCf1

)2

=
(
ωCVL1− 1

ωCVC1
− 1

ωCVCf1

)(
ωCVLf 1− 1

ωCVCf1

)
ωCVL3− 1

ωCVC3
=0

(20)
where ωCV is the system operation angular frequency while
the WPT system works in CV charging mode. Then, substitute
(14) into (20) and simplification, the following equations can
be obtained.

(ωCVM12)
2 =

(
ωCVL1 −

ω2
CC
(L1 − Lf1)

ωCV
− ω2

CC
Lf1

ωCV

)

×
(
ωCVL2 −

ω2
CC
L2

ωCV

)
(21)

(
ω2

CC
Lf1

ωCV

)2

=

(
ωCVL1 −

ω2
CC
(L1 − Lf1)

ωCV
− ω2

CC
Lf1

ωCV

)

×
(
ωCVLf 1 −

ω2
CC
Lf1

ωCV

)
(22)

ωCVL3 −
ω2

CC
L3

ωCV
= 0. (23)

Equations (21) and (22) have two solutions⎧⎪⎨
⎪⎩

Solution 1 : ωCV1 =
√

1
1+k12

ωCC, Lf1,1 = L1

(
k12

k12+1

)2

Solution 2 : ωCV2 =
√

1
1−k12

ωCC, Lf1,2 = L1

(
k12

k12−1

)2

(24)
where k12 is the coupling coefficient between Tx coil and in-
termediate coil and express as k12 = M12/

√
L1L2. In addition,

(23) cannot be satisfied when ωCC �= ωCV. Therefore, the value
ofC3 in different charging modes can be calculated as following
equations and changing-over through ac switch S, as shown in
Fig. 2 {

C3CC = 1
ω2

CC
L3

C3CV = 1
(ω2

CV
−ω2

CC
)L3

. (25)

Equations (8) and (9) can be rewritten as

GUU =

∣∣∣∣∣ (ω2
CC − ω2

CV)M23

(ωCCωCVCf1)
2M12

∣∣∣∣∣ (26)

Zin =
L2L

2
f1ω

4
CC

L1M2
23ω

4
CV

R. (27)

Equation (26) denotes the output voltage gain under CV
charging mode, while (27) represents the input impedance. (26)
and above analysis indicate that the variation of load resistance
does not influence the output voltage gain under CV operation
mode. Similarly, from (27), ZPA condition in CV operation
could be maintained independent of M23. Besides, the current
flowing through each inductor in CV charging mode can be

Fig. 4. Power transfer efficiency with two solutions.

calculated as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

İLf1(CV) =
ω2

CC
C2

f1
M2

12

M2
23

U̇1R

İ1(CV) =
ω2

CV
M2

23
L2
Cf1

− 1

ω2
CV

C2Cf1

U̇1

R − jωCV Cf1U̇1

İ2(CV) = −j ωCVM12
L2
Cf1

− 1

ω2
CV

C2Cf1

U̇1

İ3(CV) = − ω2
CV

M12M23

L2
Cf1

− 1

ω2
CV

C2Cf1

U̇1

R

. (28)

Combined with (28), the proposed WPT system’s power
transfer efficiency η(CV) under CV charging mode could be
denoted as

η(CV) =

|I3(CV)|2R
|ILf1(CV)|2RLf1 + |I1(CV)|2R1 + |I2(CV)|2R2

+|I3(CV)|2(R3 +R)

. (29)

Under the condition of ignoring skin effects, the efficiency
analysis of the whole system in CV charging pattern with two
cases from (24) is displayed in Fig. 4. When system works in CV
operation pattern, the power transfer efficiency in solution 2 is

better than solution 1. Therefore,ωCV2 =
√

1
1−k12

ωCC, Lf1,2 =

L1

(
k12

k12−1

)2

is selected for CV charging mode.

D. Parameter Design Process and Switching Control
Flowchart

Fig. 5 demonstrates the compensation parameter design
process of the proposed WPT system. First, self-inductance
L1, L2, L3 and mutual inductance M12 should be determined
according to the magnetic coupler structure and preset the oper-
ating frequency ωCC in CC charging phase. Secondly, combing
(14) and (25), calculate the values of compensation capacitance
Cf1, C1, C2 andC3CC. Third, determine the compensation in-
ductance Lf1 and the operating frequency ωCV in CV charging
mode by (24). Lastly, according to (25), the value of compensa-
tion capacitance C3CV is defined. The above process configures
all compensation parameter values in the LCC-S-S topology
and the system’s operating frequencies in CC and CV charging
mode.



WEN et al.: SWITCHABLE DUAL-FREQUENCY LCC-S-S COMPENSATED THREE-COIL WPT SYSTEM FOR MOBILE DESKTOP CHARGING 7591

Fig. 5. Parameter design process of proposed WPT system.

Fig. 6. Switching control flowchart of CC/CV charging stages.

Fig. 7. Proposed WPT system in mobile desktop charging.

Fig. 6 exhibits the control flowchart of CC/CV two-stage
charging procedure for the proposed WPT system. In the initial
charging procedure, pulsewidth modulation (PWM) signal with
frequency ofωCC is generated to control switch S1-S4, and switch
S to C3CC, the CC charging mode starts. The CV charging stage

Fig. 8. Variations of k12, k23, and k13 with Rx coil misalignment.

Fig. 9. CC charging mode. (a) Transconductance gain and input impedance
angle at k23 = 0.17. (b) Transconductance gain and input impedance angle at
k23 = 0.12.

begins as the load voltage Uout reaches the upper voltage limit
UCV, change the PWM signal frequency to ωCV and switch S to
C3CV, simultaneously. Finally, the whole charging process ends
at the moment that the load current Iout drops to the lower limit
current Ilim.

III. MAGNETIC COUPLING STRUCTURE AND VERIFICATION

A. Magnetic Coupling Structure

The research in this article aims at the WPT system with
intermediate coil over long power transmission distance in mo-
bile desktop charging application and the receiver is designed
as a wireless monitor, as shown in Fig. 7. To simply verify the
feasibility of the proposed WPT system, the dense winding of
circular structure is adopted for three coils, and all are of same
size. Among them, Rx coil is integrated in the circular base of
the wireless monitor (radius r = 110 mm). Tx coil with ferrite
back plate is installed near the bottom of table, and the distance
h between Rx coil and Tx coil is 200 mm. In addition, in order
to balance aesthetics and practicality, the intermediate coil is set
in the drawer mezzanine.
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TABLE I
MAGNETIC COUPLER PARAMETERS

Fig. 8 shows the coupling coefficients between coils vary with
horizontal misalignment of Rx coil. The self-inductance and
internal resistance of three coils are given in Table I. In addition,
magnetic coupler with circular structure has the same mutual
inductance variation trend in all directions [24]. As displayed
in Fig. 8, the misalignment of Rx coil would result in the varia-
tion of k23 between 0.12∼0.17. In contrast, k12 remains stable
when the Rx coil is misaligned. Besides, k13 always maintain at
a low value, coupling between Tx and Rx coil can be ignored at
this distance [22].

B. Verification of CC and CV Charging Mode With ZPA
Characteristic

Considering the electromagnetic leakage problem and the
power loss from skin effect caused by excessive system resonant
frequency, fCC is set to 150 kHz in the CC charging mode.
Besides, under this frequency, the output characteristics of the
system is slightly impacted by the internal resistance of the pas-
sive components. By the parameter design process in Fig. 5, the
system specification and parameters can be determined. When
the system operates under CC mode, the transconductance gain
GIU and input impedance angle vary with operating frequency
under different load resistance are acquired. The results, as Fig. 9
displays, are used to verify the CC output characteristic under
ZPA operation.

It can be inferred from Fig. 9, when the load resistance is
different, the change trend of transconductance gain and input
impedance angle with frequency are distinct. However, the val-
ues of transconductance gain and input impedance angle keep
constant, when the system operating frequency is 150 kHz. At
this frequency under CC charging pattern, the ZPA operation
is achieved. Meanwhile, it is indicated that the change of k23
does not affect input impedance angle, by comparing Fig. 9(a)
and (b).

Similarly, for verifying CV output characteristic with ZPA
operation, Fig. 10 demonstrates the tendency of voltage gain
GUU and input impedance angle vary with load resistance and
frequency. The results show that when the system operating
frequency is 171.1 kHz, the voltage gain and input impedance
angle are fixed. Thus, CV output characteristic is achieved under
this frequency. In addition, the ZPA characteristic has nothing
with coupling coefficient k23 by observing Fig. 10(a) and (b).

C. Stiffness Analysis of Proposed WPT System

The WPT system’s output characteristics are remarkably
impacted by the parameter values of compensation components.

Fig. 10. CV charging mode. (a) Voltage gain and input impedance angle at
k23 = 0.17. (b) Voltage gain and input impedance angle at k23 = 0.12.

Fig. 11. Stiffness analysis in CC charging mode. (a) Deviation of Cf1.
(b) Deviation of C1. (c) Deviation of C2. (d) Deviation of C3. (e) Deviation of
Lf1.

In order to investigate the effects of different compensation
components on system’s output characteristics, the parameters
of Cf1, C1, C2, C3, Lf1 are all normalized. In this article, the
load resistance R varies from 10 to 50 Ω, and normalized values
of compensation components range from 0.9 to 1.1.

When each compensation element deviates from the pre-
set value, the relationship between transconductance gain and
load resistance is shown in Fig. 11. By observing Fig. 11(a)
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Fig. 12. Stiffness analysis in CV charging mode. (a) Deviation of Cf1.
(b) Deviation of C1. (c) Deviation of C2. (d) Deviation of C3. (e) Deviation of
Lf1.

Fig. 13. Influence of cross coupling on system’s output characteristics. (a) CC
mode. (b) CV mode.

Fig. 14. Experimental prototype of the proposed WPT system.

Fig. 15. Proposed Tx coil with ferrite.

and (c), it can be inferred that in CC charging mode, the config-
uration accuracy ofCf1 andC2 has a significant influence on the
transconductance gainGIU, in other words, during compensation
parameter configuration, should pay special attention to the
values of Cf1 andC2. In contrast, the compensation parame-
ters C1 andC3 have less effect on the transconductance gain
GIU. Meanwhile, the influence of the configuration error of
compensation inductance Lf1 on the WPT system’s CC output
characteristics is shown in Fig. 11(e), its influence law is similar
to Cf1 andC2.

Similarly, the stiffness analysis in CV charging mode is
shown in Fig. 12. By surveying Fig. 12(a), (b), and (d), it
can be indicated that the system’s CV output characteristics
are remarkably influenced by the variations in compensation
components Cf1, C1, C3. On the contrary, the change of com-
pensation capacitance C2 rarely affects the voltage gain. Be-
sides, by Fig. 12(e), in the process of configuring compen-
sation inductor Lf1, improper deviation will affect the CV
characteristic.

In summary, improper operation in parameter configuration
process of compensation components will cause the output to
deviate from the preset value, and the accuracy of each compen-
sation component should be guaranteed.

D. Validity Analysis of Ignoring Cross Coupling M13

In the above analysis, the cross coupling M13 is ignored. The
influence of cross coupling M13 on output characteristics of
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Fig. 16. Whole charging process. (a) k23 = 0.17. (b) k23 = 0.12.

proposed WPT system is studied to analyze the validity. The
influence law is exhibited in Fig. 13.

As exhibited in Fig. 13(a), although M13 will not affect the
CC output characteristics, the power transfer efficiency η(CC)
will decrease with the increase of cross coupling M13, espe-
cially when load resistance is small. For system operating in
CV charging mode, excessive cross-coupling M13 will change
the CV output characteristics, significantly. In contrary with
CC mode, M13 will cause power transfer efficiency η(CV) to
decrease rapidly when load resistance is at large value as shown
in Fig. 13(b). However, the proposed system has certain stiffness
when cross coupling exists, system can still maintain efficient
and stable output in the case of proper value ofM13. The analysis
proved that the ignoring of cross coupling M13 is reasonable
when cross coupling keeps at small value. In the proposed system
with magnetic coupler parameters of Table I, the cross coupling
M13 is 6.1 μH, it can be ignored.

IV. EXPERIMENTAL VERIFICATION

To proving the feasibility of above theoretical analysis and
validating the superiority of LCC-S-S compensated three-coil
WPT system, an experimental prototype is implemented and
tested. It is displayed in Fig. 14. The inverter is composed of four
MOSFETs (GS66508B), the rectifier is made up of four diodes
(IV1D12030U3). The variation of load resistance is simulated
by electronics load. Besides, during the winding process of
magnetic coupler, the Litz wires with a diameter of approxi-
mately 4 mm are adopted, thus the skin effect can be relieved.
The size of PC40 ferrite core is introduced to enhance the
magnetic coupling. Fig. 15 shows the Tx coil with ferrite. In
addition, Table II gives the proposed system’s specification and

Fig. 17. Power transfer efficiency of the proposed WPT system during the
whole charging process under different coupling coefficients. (a) k23 = 0.17.
(b) k23 = 0.12.

TABLE II
SYSTEM SPECIFICATION AND DESIGNED PARAMETERS

designed parameters, including the compensation parameters
and operating frequencies.

In the setting of this experiment, when the WPT system
operates under CC charging pattern, the range of load resis-
tance R is between 5 to 25 Ω. Subsequently, the charging
procedure changes to CV mode, while load resistance varies
from 25 to 60 Ω. During the whole charging process, the
measured charging current and voltage are demonstrated in
Fig. 16.

According to Fig. 16(a), when Rx coil is aligned, i.e.,
k23 = 0.17, the fluctuation of charging current Iout under CC pat-
tern is no more than 5.7% and the variation of charging voltage
Uout is below 2.9% under CV charging stage. It has indicated that
the proposed LCC-S-S compensated three-coil WPT system has
an agreeable CC/CV output characteristic under different load
resistance, which could meet the demand of CC/CV two-stage
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Fig. 18. Waveforms of input current ILf1 and input voltage U1 in the CC
charging mode. (a) k23 = 0.17. (b) k23 = 0.12.

charging for batteries. By comparing Fig. 16(a) and (b), and
combing (15) and (26), it can be demonstrated k23 will affect the
transconductance gain GIU under CC pattern and voltage gain
GUU under CV stage. However, when the Rx coil is misaligned,
i.e., k23 = 0.12, the fluctuation of charging current Iout is under
8%, at the same time, the maximum variation of charging voltage
Uout is 2.1%. It should be noted that under the misaligned
situation, the charging current and voltage are different from
the values when Rx coil is aligned. It could be indicated from
Fig. 16(b) that a sudden change in charging current and voltage
also cause troubles to the battery charging. In order to solve this
problem, in further study, a simple phase-shift control method is
going to be added in the Tx side to adjustU1 under misalignment
situation. Thus, the desired charging current and voltage could
be met according to (17) and (28).

During the whole charging process, the proposed WPT
system’s power transfer efficiency under different coupling co-
efficients is demonstrated in Fig. 17. When Rx coil is aligned,
the power transfer efficiency increases from 83.8% to 91.4% in
the CC charging mode and then gradually arises, the maximum
power transfer efficiency of the proposed system reaches 91.9%,
it slowly drops at the end of CV charging mode, as shown
in Fig. 17(a). When misalignment occurs, the power transfer

Fig. 19. Waveforms of input current ILf1 and input voltage U1 in the CV
charging mode. (a) k23 = 0.17. (b) k23 = 0.12.

Fig. 20. Waveforms of output voltage and current at the moment of load
resistance switching in CC mode.

efficiency climbs up from 78.8% to 85.3% in CC charging
pattern and at the beginning of CV charging stage, the efficiency
of system increases from to 83.5% to 84.6%, after that the power
transfer efficiency decreases gradually during the remaining
charging process. It is manifest that the misalignment of Rx
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TABLE III
COMPARISON STUDY WITH THE RELEVANT WORKS

Fig. 21. Waveforms of output voltage and current at the moment of load
resistance switching in CV mode.

coil will cause the decrease of power transfer efficiency, by
comparing Fig. 17(a) with (b).

The waveforms of input current and input voltage in CC
charging mode with different load resistance under coupling
coefficient k23 = 0.17, 0.12 are show in Fig. 18(a) and (b),
respectively. It can be concluded that the change of load re-
sistance R and coupling coefficient k23 will not affect the phase
angle between input current and input voltage.

Similar analysis can also be obtained in the CV charging mode
from Fig. 19(a) and (b), the ZPA characteristics of the system
have been verified.

In addition, the output voltage Uout and output current Iout

waveforms in CC charging pattern at the moment when the
load resistance is switched from 25 to 50 Ω are demonstrated in
Fig. 20. At the moment of switching, the output current is almost

unchanged, while the output voltage becomes twice as much
as before switching. The above characteristics can be achieved
at k23 = 0.17 and 0.12. Thus, the CC charging mode has been
verified.

Similarly, the output voltage Uout and output current Iout

waveforms in CV charging pattern at the moment when the load
resistance is switched from 25 to 50 Ω are exhibited in Fig. 21.
The instantaneous output voltage remains almost constant at
the moment of switching, while the load current drops by half,
whenk23 = 0.17 and 0.12. Table III gives the comparison results
with the relevant works from eight aspects. It can be concluded
from Table III that the proposed WPT system with LCC-S-
S compensation in this article has the following advantages.
First, the compensation components and ac switches integrated
in proposed WPT system are relatively few, especially at Rx
side. Secondly, the proposed LCC-S-S compensated three-coil
WPT system with CC/CV output characteristics is suitable for
long-distance power transmission. Last but not least, with the
proposed method, ZPA operation could be obtained in CC and
CV charging stages in the event of misalignment between the
magnetic coupler.

V. CONCLUSION

This article proposes a switchable dual-frequency LCC-S-S
topology with CC/CV output characteristic and ZPA conditions
for the application of three-coil WPT system in mobile desktop
charging with long distance. CC and CV output characteristics
are acquired under two constant operation frequencies, and the
charging modes are converted by switching compensation ca-
pacitor connected in series with the Rx coil. The stiffness analysis
of compensation components on the output characteristic is
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presented in this article. Experimental results demonstrate that
the fluctuation of charging current with load resistance change
under CC pattern is no more than 5.7% and the variation of
charging voltage is below 2.9% under CV charging stage, when
the Rx coil is aligned. The maximum and minimum power
transfer efficiencies are 91.9% and 83.8%. Furthermore, the
ZPA conditions can be maintained under different coupling
coefficients.
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