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ABSTRACT: Constant current (CC) charging and constant voltage (CV) charging are the two main charging stages of lithium-ion batteries
in wireless charging systems. The traditional LCC-LCC topology has a high degree of design freedom. The conversion from CC to CV
output is usually achieved through composite topology or frequency switching, which results in high control complexity and increases
system cost. This paper proposes a wireless power transfer (WPT) system with CC and CV output characteristics based on topology
reconstruction. Based on the LCC-LCC topology, by introducing one MOSFET in the rectifier and one AC switch which consists of
two MOSFETs connected in reverse series to reconfigure the topology, the conversion from CC to CV mode can be achieved without
complicated control methods and additional components. In addition, the proposed system works at a fixed operating frequency point,
which can effectively avoid frequency bifurcation phenomenon. Therefore, the proposed system features a simple structure, easy control,
low cost, and high robustness. In addition, ZPA operation can be realized in both CC andCVmodes, ensuring high transmission efficiency.
An experimental prototype with a rated power of 480W is built, and a maximum efficiency can reach 93.5%, which verifies the feasibility
of the system.

1. INTRODUCTION

Wireless power transfer (WPT) system is an emerging tech-
nology, which provides energy for the load through mag-

netic coupling and realizes physical and electrical isolation [1–
5]. Compared with the traditional plug-in charging, it has
the advantages of convenience, safety, and flexibility, and
has been used in many application fields, such as biomedical
products [6, 7], electric vehicles [8–10], unmanned aerial ve-
hicles [11–13], and other industrial areas [14, 15]. In recent
years, high-performance lithium-ion batteries have been widely
used in various applications. Fig. 1 shows the typical charging
curve of a lithium-ion battery, which includes two main pro-
cesses: constant current (CC) charging and constant voltage
(CV) charging [16]. Charging starts in CC mode, and the bat-
tery voltage gradually increases during CC charging. When the
battery voltage reaches the preset threshold, it switches to CV
mode. Throughout the charging process, the battery equivalent
resistance gradually increases.
To achieve CC and CV outputs, the common closed-loop

control strategies applied inWPT system can be summarized as
follows: phase modulation [17, 18], frequency control [19, 20],
and DC-DC converter [21, 22].
Phase modulation technology ensures the CC or CV output

when the load changes by adjusting the phase shift angle of the
inverter or rectifier. However, the large duty changemakes zero
voltage switching (ZVS) difficult to achieve. Another approach
is frequency control, which achieves CC or CV output charac-
teristics by adjusting the operating frequency. However, this
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FIGURE 1. Typical charging curve of lithium battery.

method forces the WPT system to face a large reactive power
circulation, thereby greatly reducing the system efficiency. In
addition, frequency splitting may also occur, resulting in re-
duced system stability. The above problems can be avoided by
installing a DC-DC converter on the transmitter or receiver to
adjust the output current or voltage, but the additional converter
increases the weight, volume, and cost of the WPT system.
Hybrid topology switching is a popular method at present.

Compensations are normally employed in WPT systems to im-
prove efficiency and achieve target characteristics. At reso-
nant frequencies, S-S and LCC-LCC topologies have CC output
function, while LCC-S and S-LCC have CV output characteris-
tic [23]. By combining CC topology and CV topology, the load
independent CC and CV dual output functions can be achieved,
which is the basic principle of the hybrid topology switching

39doi:10.2528/PIERL24032604 Published by THE ELECTROMAGNETIC ACADEMY

https://doi.org/10.2528/PIERL24032604


Zhou et al.

method [24–26]. However, this method requires excess com-
pensation components and AC switches, which increases sys-
tem development costs. Frequency switching method is an-
other option worth choosing. For a specific topology, through
reasonable parameter design, the system can achieve CC and
CV charging outputs at two fixed frequency points respec-
tively [27–30]. However, this method makes the system pa-
rameter design more complex, and the frequency change span
is large, making it difficult to meet the standard requirements
for frequency operation.
Considering the problems existing in the above methods, a

WPT system based on topology reconfiguration is proposed in
this study. The system only needs to control the working state
of AC switch S and Metal-Oxide-Semiconductor Field Effect
Transistor (MOSFET) Q5 to realize the conversion between
LCC-LCC topology and LCC-S topology without introducing
excessive components and complex control strategies. This so-
lution simplifies the circuit, reduces the control difficulty, saves
the manufacturing cost of the system, and has certain practical
value for battery pack charging applications.
The structure of this paper is as follows. In Section 2, the CC

and CV characteristics are analyzed in detail. Section 3 gives
the detailed parameter design process as well as simulated and
experimental results. Finally, conclusions are drawn in Sec-
tion 4.

2. THEORETICAL ANALYSIS
The architecture diagram of the proposed system is shown in
Fig. 2. A full-bridge high-frequency inverter composed of Q1,
Q2, Q3, and Q4 in the blue block diagram is used to invert the
DC input voltage E and output it to the AC fundamental volt-
age Ui. LP and LS are the self-inductances of the transmitting
and receiving coils, respectively. CP and CS are their respec-
tive compensation capacitors. L1, C1, L2, and C2 are the res-
onant components of the transmitting side and receiving side
compensation topology, respectively. S is an AC switch, used
to assist the system in converting between CC and CV modes.
Q5,D1,D3, andD4 constitute the rectifier part of system. CF

is the filter capacitor; RB is the battery load; RP and RS are
the parasitic resistances of LP and LS , respectively. However,
since parasitic resistance accounts for a small proportion of the
overall loss, for the convenience of analysis, the influence of
parasitic resistance is not considered in the analysis.
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FIGURE 2. Architecture diagram of the proposed system.

According to [28], the input DC voltage source E and the
root mean square (RMS) value of the inverter output AC volt-

age Ui satisfy Equation (1):

Ui =
2
√
2E

π
(1)

IB andUB represent the charging current and voltage of the pro-
posed system, which satisfies Equation (2).

{
IB = (

√
2

π )I4

UB = π√
2
UO

(2)

The resonance condition of the system is set to:


ω2L1C1 = 1, ω2LSC = 1

ω2L2C2 = 1

ω2(LP − L1)CP = 1

ω2(LS − L2)CS = 1

(3)

In Equation (3), capacitor C is the equivalent capacitance of
capacitors CS and C2, and their equivalent relationship is:

C =
CSC2

CS + C2
(4)

2.1. CC Mode
Figure 3 shows the overall structure diagram and equivalent cir-
cuit diagram of the proposed system in CC mode. When the
system works in CC mode, the AC switch S and power MOS-
FET Q5 are in the on state, and the system is equivalent to the
LCC-LCC topology. Simultaneously, Diode D3 and D4 to-
gether form a half-bridge rectifier. RE is the equivalent AC re-
sistance, and its relationship with battery equivalent resistance
RB is:

RE =
2RB

π2
(5)
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FIGURE 3. Overall structure diagram and equivalent circuit diagram of
the proposed system in CC mode. (a) Overall structure diagram. (b)
Equivalent circuit diagram.
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According to Kirchhoff’s voltage law (KVL), the following
equation can be formulated for Fig. 3(b):

(jωL1 +
1

jωC1
)I1 − 1

jωC1
I2 = Ui

− 1
jωC1

I1 + ( 1
jωCP

+ 1
jωC1

+ jωLP )I2 + jωMI3 = 0

jωMI2 + ( 1
jωCS

+ 1
jωC2

+ jωLS)I3 +
1

jωC2
I4 = 0

1
jωC2

I3 + ( 1
jωC2

+ jωL2 +RE)I4 = 0

(6)
Substituting Equation (3) into (6), Equation (7) can be de-

duced as {
I1 = M2UiRE

ω2L2
1L

2
2

I4 = MUi

jωL1L2

(7)

Further, the expression of transconductance gain and input
impedance can be obtained as{

Gui =
I4
Ui

= M
jωL1L2

Zin = Ui

I1
=

ω2L2
1L

2
2

M2RE

(8)

Combining Equations (1), (2), and (8), the expression of
charging current IB can be obtained as

IB =
4

π2

ME

ωL1L2
(9)

Observing Equations (8) and (9), the charging current is not
affected by the load change, and the input impedance is resis-
tive, which means that the system can achieve CC output and
zero phase angle (ZPA) operation.

2.2. CV Mode
In CC charging mode, when the charging voltage reaches the
set threshold voltage, the AC switch S and MOSFET Q5 will
receive the control signal to perform a disconnection operation,
thereby transitioning the system from LCC-LCC CC topology
to LCC-S CV system. MOSFETQ5 can be equivalent to a par-
asitic diode when being turned off. Subsequently, this para-
sitic diode and diodeD1 can form a half-bridge rectifier. Fig. 4
shows the overall structure diagram and equivalent circuit dia-
gram of the proposed system in CV mode.
According to KVL, Equation (10) can be obtained.


( 1
jωC1

+ jωL1)I1 − 1
jωC1

I2 = Ui

− 1
jωC1

I1 + ( 1
jωC1

+ 1
jωCP

+ jωLP )I2 + jωMI3 = 0

jωMI2 + ( 1
jωC + jωLS +RE)I3 = 0

(10)
Substituting Equation (2) into Equation (10), Equation (11)

can be derived as {
I1 = M2Ui

L2
1RE

I4 = MUi
L1RE

(11)
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FIGURE 4. Overall structure diagram and equivalent circuit diagram of
the proposed system in CV mode. (a) Overall structure diagram. (b)
Equivalent circuit diagram.

Then, the expression of voltage gain and input impedance
can be deduced as {

Guu = Uo

Ui
= M

L1

Zin = Ui

I1
=

L2
1RE

M2

(12)

Combining Equations (1), (2), and (12), the expression of
charging voltage UB can be derived as

UB =
2ME

L1
(13)

Observing Equations (12) and (13), the output voltage UB
is not affected by the battery load, and the input impedance
exhibits purely resistive characteristics, which means that the
system can achieve CV output and ZPA operation.

3. SIMULATION AND EXPERIMENTATION

3.1. Parameter Design
This paper carries a test example with a rated power of 480W
to verify the accuracy of the proposed system. Set its operating
frequency to 100 kHz and the input DC voltage to 50V. The
charging current IB and charging voltage UB of the battery load
are set to 4A and 120V, respectively. The detailed parameter
design process of the proposed system is shown in Fig. 5.
Firstly, confirm the charging current IB and charging volt-

age UB according to the actual charging requirements. Then,
the structure and size of the magnetic coupler are determined,
and the corresponding self-inductance and mutual inductance
are measured. Furthermore, the transconductance gainGui and
voltage gain Guu of the system are calculated to determine
whether they meet the requirements. Finally, the parameters of
compensation elements are calculated based on Equations (3),
(9), and (13). The detailed parameters of the proposed system
are listed in Table 1.

3.2. Simulation
According to the circuit parameters of the above design, the CC
and CV characteristics of the proposed system and its ZPA op-
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FIGURE 5. Parameter design process of the proposed system.

TABLE 1. The detailed parameters of the proposed system.

Parameter Value Parameter Value
LP 100µH LS 100µH
CP 31.25 nF CS 27.78 nF
RP 0.12Ω RS 0.12Ω
f 100 kHz M 25µH
L1 20µH L2 10µH
C1 125 nF C2 250 nF
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FIGURE 6. Verification of the CC and ZPA operation.
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FIGURE 7. Verification of the CV and ZPA operation.

eration can be verified through the simulation software MAT-
LAB. In CC mode, the load changes from 5Ω to 20Ω, and
the output current IB and input impedance angle change curves
with frequency are shown in Fig. 6. It can be seen from Fig. 6
that when the load changes, both CC characteristic and ZPA op-
eration can be achieved at the set frequency of 100 kHz. In CV
mode, the load changes from 20Ω to 80Ω, and the output volt-
age and input impedance angle change curves with frequency
are shown in Fig. 7. It can be seen from Fig. 7 that both CV
characteristic and ZPA operation can be achieved at the set fre-
quency of 100 kHz.

3.3. Experimental Verification
A confirmatory experimental setup with charging current of 4A
in CCmode and charging voltage of 120V in CVmode is built,
as shown in Fig. 8.
For CC output, the experimental waveforms when the load

resistance is 5Ω and 10Ω are shown in Fig. 9. It can be ob-
served from Fig. 9 that the charging current can be stabilized at
4A under different load conditions. For CV output, the exper-
imental waveforms when the load resistance is 50Ω and 100Ω
are presented in Fig. 10. As evident in Fig. 10, the charging
voltage can be stabilized at 120V under different load condi-
tions. The input current I1 and input voltage Ui are basically in
phase in both CC and CV modes, which means that ZPA oper-
ation is achieved.
Figure 11 displays the transient waveforms when the load

resistance suddenly changes in both CC and CV modes. From
Figs. 11(a) and (b), when the load resistance suddenly changes,
the charging current IB in CC mode and charging voltage UB in
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FIGURE 8. Experimental setup.
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FIGURE 9. Experimental waveforms in CC mode. (a)RB = 5Ω and (b)
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FIGURE 10. Experimental waveforms in CV mode. (a) RB = 50Ω and
(b) RB = 100Ω.
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FIGURE 13. The DC-DC experimental efficiency of the proposed sys-
tem.

CV mode do not fluctuate significantly, proving the reliability
of the proposed system.
The switching process from CC to CV is experimentally

tested, as shown in Fig. 12. As can be seen fromFig. 12, the sys-
tem achieves a smooth transition from CC to CV mode, which
verifies the stability of the proposed system.
The DC-DC experimental efficiency of the proposed system

is shown in Fig. 13. From Fig. 13, the maximum efficiency
points of the proposed system in CC mode and CV mode are
92.1% and 93.5%, respectively. In addition, the entire charging
process maintains high efficiency.

4. CONCLUSION
By introducing an AC switch and a MOSFET into a traditional
LCC-LCC structure, transition from CC mode to CV mode can
be achieved by controlling the status of the AC switch and
MOSFET Q5. Compared with existing similar technical struc-
tures, this system introduces fewer switches and passive com-
ponents, simplifying the circuit structure and saving costs. Dur-
ing the entire charging process, the system can implement ZPA
operation and maintain high efficiency. Besides, it works at a
fixed operating frequency to avoid frequency bifurcation and
maintain the stability of the system. Finally, the feasibility of
this system was verified by establishing an experimental proto-
type with a rated power of 480W.
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