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Abstract. Wireless Power Transfer (WPT) eliminates the need for physical electri-
cal connections, enabling the transmission of electrical energy from the power source to
the load. The control of output voltage in WPT systems has been a major research fo-
cus. This paper investigates the Inductor-Capacitor-Capacitor-Series (LCC-S) wireless
charging topology in combination with a synchronous BUCK converter, and proposes
a Sliding Mode Control (SMC) strategy to regulate the output voltage in this scenario.
First, the overall structure of the WPT system is analyzed, and the mathematical charac-
teristics of the LCC-S topology are derived. The mathematical model of the synchronous
BUCK converter is then developed, and the sliding mode surface along with the SMC
law is designed based on this model. The stability of the SMC system is verified using
the Lyapunov function. Finally, simulations are performed under four different operat-
ing conditions, with the results demonstrating that the proposed SMC system outperforms
traditional PI control in terms of faster response speed, stronger disturbance immunity,
smaller overshoot, and higher steady-state accuracy.
Keywords: Wireless power transfer, Synchronous BUCK converter, Sliding mode con-
trol, PI control, LCC-S topology

1. Introduction. WPT represents a novel technology that facilitates the transmission
of electrical energy from the power source to the load via magnetic field coupling [1].
In contrast to conventional wired charging methods, WPT offers several advantages, in-
cluding enhanced safety, increased reliability, extended operational lifespan, and greater
convenience [2-4]. These benefits have facilitated its widespread adoption in applications
like Electric Vehicles (EVs), Autonomous Underwater Vehicles (AUVs), and Automated
Guided Vehicles (AGVs) [5,6].

The stability and accuracy of the output voltage in a WPT system are crucial factors
influencing the system’s efficient operation. Throughout the charging process, variations
in coil calibration, transmission distance, and load fluctuations can impact the extent
of electromagnetic coupling, resulting in output voltage fluctuations. Inadequate control
of the output voltage may lead to a range of adverse effects on the system’s operation,
including reduced charging efficiency, decreased equipment lifespan, and, in severe cases,
potential safety risks such as personal injury. Therefore, the ability to maintain precise
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regulation of the output voltage is directly correlated with the effectiveness of WPT
system and the overall user experience [7-9].
To regulate the output voltage in a WPT system, a commonly employed approach is to

incorporate a DC/DC converter between the receiver coil and the load, followed by closed-
loop control of the output voltage. Cai et al. [10] achieve voltage regulation by monitoring
the output equivalent impedance in real time and adjusting the duty cycle of a BUCK
converter using PID control. In [11,12], constant voltage or constant current charging is
maintained under load variations by cascading a DC/DC converter at the output side and
employing PI control. In [13], a BUCK-BOOST converter is cascaded after a diode recti-
fier on the secondary side to achieve a controllable output voltage, thus enabling voltage
regulation across a broader range of mutual inductance variations and input resistance. In
[14], voltage control is realized by inserting a Battery Management Converter (BMC) in
series on the secondary side. This approach is straightforward to implement and does not
require a communication link, although it increases system size, and the BMC essentially
functions as a DC/DC converter. In [15], output voltage regulation is achieved through
load-independent Pulse Density Modulation (PDM). During constant voltage operation,
the system maintains stable output by dynamically adjusting switching duty cycles in re-
sponse to real-time load variations. In [16], an adaptive feed-forward control is introduced
in the user-side buck converter for voltage regulation. By systematically analyzing sys-
tem disturbances and dynamically adjusting the feed-forward gain, this method achieves
rapid output voltage control while maintaining system stability. [17] presents a Model
Predictive Control (MPC) approach for receiver-side DC-DC converters in wireless power
transfer systems. The MPC algorithm, based on an accurate system model incorporating
input voltage, output current, and parameter variations, outperforms traditional double
closed-loop PID control in dynamic tracking performance, while requiring consideration of
sampling delay effects on output accuracy. In [18], output voltage regulation is achieved
through precise control of switching device conduction times. During constant voltage
operation, the system dynamically adjusts the switching conduction angle based on pow-
er factor correction calculations and feedback signals, while maintaining stability despite
measurement challenges in critical parameters such as inductance and capacitance. How-
ever, this is not easily achievable. Similarly, [19] proposes a variable inductance control
method stabilizes output voltage/current through DC bias current adjustment, achieving
near-zero phase angle impedance and constant current/voltage charging across wide cou-
pling variations without auxiliary circuits. In [20], a hybrid control strategy combining
modified asynchronous voltage cancellation and half-bridge modes enables zero-voltage
switching across wide load ranges. This approach achieves constant current and constant
voltage outputs through fixed frequency phase-shift control, eliminating the need for com-
plex control algorithms or additional auxiliary circuits.
In addition to secondary-side control, primary-side control has gained significant at-

tention in WPT systems. In [21], real-time output voltage monitoring enables constant
voltage regulation through primary-side frequency control, eliminating the need for a
back-end converter. In [22], online load identification is performed by collecting voltage
and current data from the transmitter coil, which is then used to adjust the duty cycle
of the primary-side DC/DC converter and inverter, ensuring voltage regulation. In [23],
mutual inductance is monitored in real time by utilizing the relationship between inverter
output current and mutual inductance, enabling automatic identification and maintaining
a constant output voltage through phase shift control. To mitigate delays caused by high-
speed wireless communication, [24] introduces an online Recursive Least Squares (RLS)
filter for precise mutual inductance estimation, requiring only low-speed communication
and enhancing system robustness. In [25], SMC is applied for output voltage regulation
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in an LCL-S topology WPT system. This method collects load voltage and filter capaci-
tor current at the receiver side, calculates the phase shift angle, and controls the output
voltage, offering superior robustness and dynamic performance over traditional PI con-
trol, though it still relies on a communication link. In [26,27], the output voltage can be
precisely regulated by dynamically adjusting the switching frequency in response to vari-
ations in load resistance. In [28], a control method for submarine wireless power transfer
systems is proposed, integrating frequency tracking with constant voltage/current charg-
ing modes. The frequency tracking regulates DC output through phase offset adjustment,
while the constant voltage/current charging modes maintains stable output despite load
impedance variations. In order to realize the regulation and control of the output voltage,
[29] proposes a primary-side linear control strategy for output voltage regulation using
LCC-N compensation topology. The strategy establishes load parameters, models the
linear voltage-current relationship based on LCC-N characteristics, and achieves voltage
control through fundamental and third harmonic waveform superposition.

Building on previous research, this paper proposes a sliding mode controller for the
LCC-S topology combined with a synchronous BUCK converter to address the challenge
of output voltage regulation in WPT systems. The proposed control strategy effective-
ly suppresses disturbances and mitigates the effects of coils movement, demonstrating
robust performance and accurate output voltage control. The effectiveness of the pro-
posed strategy is validated through simulation and comparative experiments conducted
in MATLAB/Simulink. This work presents the following contributions compared to the
prior studies.

1) SMC is incorporated into the LCC-S topology combined with a synchronous BUCK
converter, with the sliding mode surface and control law designed for the specific appli-
cation scenario. The stability of the SMC system is then verified.

2) The proposed control strategy allows for secondary-side control without requiring
communication between the primary and secondary sides, nor the need for complex algo-
rithms.

3) Compared to conventional PI control, the proposed control strategy demonstrates su-
perior robustness, faster dynamic response, enhanced steady-state accuracy, and stronger
immunity to disturbances.

The paper is organized as follows. Section 2 presents a comprehensive analysis of the
WPT system architecture and the LCC-S topology characteristics. Section 3 derives the
mathematical model of the synchronous BUCK converter and designs the sliding mode
controller. In Section 4, the proposed method is rigorously evaluated through simulations
and compared with conventional PI control under four operating conditions, demonstrat-
ing its superior performance. Finally, Section 5 concludes the paper.

2. Comprehensive Analysis of WPT System. In this section, the circuit structure of
the WPT system is examined, and the characteristics of the LCC-S topology are analyzed.

2.1. Architecture of WPT system. The overall circuit structure of the WPT system
is shown in Figure 1, consisting of primary and secondary circuits. The primary side
includes diodes D1-D4 for the industrial frequency mains rectifier, Cin as the Power Factor
Correction (PFC) input capacitance, L1 as the boost inductor, Dg1 as the boost diode,
Dg2 as the protection diode, Qpfc as the switching transistor, and C1 as the PFC output
capacitance, forming the BOOST-type PFC circuit. The primary-side full-bridge inverter
consists of MOSFETs Q1-Q4. The LCC-type resonance compensation circuit includes Lps,
Cpp, and Cps, along with Lp, the transmitter coil inductance. On the secondary side, Ls

is the receiver coil inductance and Cs is the series compensation capacitance, forming
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Figure 1. Overall circuit structure of the WPT system

the S-type resonance circuit. Diodes D5-D8 are high-frequency rectifiers, and MOSFETs
Q5-Q6 are part of the DC/DC converter. L2 is the energy storage inductor, C3 is the
output filter capacitor, and RL is the system load.
On the primary side, 220 V industrial frequency utility power is rectified and pro-

cessed by the PFC circuit to convert AC to DC and correct the grid current. The PFC
circuit outputs a smooth 400 V DC, which is then supplied to the inverter to generate
a high-frequency square wave. This high-frequency square wave is filtered by the reso-
nance compensation circuit on the primary side to produce a high-frequency sinusoidal
waveform, which is fed into the transmitter coil Lp as an excitation signal. Through elec-
tromagnetic induction, a sinusoidal signal of the same frequency is induced in the receiver
coil Ls. This signal is rectified and filtered, then supplied to the DC/DC chopper circuit
to provide a constant voltage output to the load.

2.2. Topological characteristics of LCC-S. The topology of the LCC-S circuit is
shown in Figure 2. In this configuration, Lps, Lp, and Ls represent the series resonant
inductance on the primary side, the equivalent inductance of the transmitter coil, and the
equivalent inductance of the receiver coil, respectively. Rps, Rp, Rs, and RL represent the
parasitic resistances of the series inductor on the primary side, the transmitter coil, the
receiver coil, and the equivalent load on the secondary side output, respectively. Cpp, Cps

and Cs correspond to the parallel resonant capacitance on the primary side, the series
resonant capacitance, and the resonant capacitance on the secondary side. Iin, Ip, and Is
are the input current, the current through the transmitter coil, and the current through
the receiver coil, respectively. Uin and Uo represent the output voltages of the inverter
and the secondary side. M denotes the mutual inductance between the transmitter and
receiver coils. On the primary side, Lps, Cpp, Cps, and Lp form the LCC structure, while
Ls and Cs define the S-type structure on the secondary side.

Figure 2. Structure of LCC-S topology
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An equivalent mutual inductance circuit for the LCC-S topology is shown in Figure 3,
where Zin is the input equivalent impedance on the primary side of the LCC-S; Zr is the
equivalent impedance on the secondary side reflected to the primary side; and Zs is the
equivalent impedance on the secondary side.

Figure 3. Equivalent mutual inductance circuit of LCC-S

Construct the voltage loop equation for the circuit based on Kirchhoff’s voltage law, as
shown in the following equation:

Uin = jωIinLps +

(
jωLp +

1

jωCps

+Rp

)
Ip +RpsIin − jωMIs

0 =

(
jωLs +

1

jωCs

+Rs +RL

)
Is − jωMIp (1)

For the LCC-S topology to maintain resonant operation, the following fundamental
conditions must be satisfied:

jωLps +
1

jωCpp

= 0

jωLp +
1

jωCps

+
1

jωCpp

= 0

jωLs +
1

jωCs

= 0 (2)

The equivalent impedance Zs on the secondary side is

Zs = jωLs +
1

jωCs

+Rs +RL (3)

The equivalent impedance Zr reflected from the secondary side to the primary side is

Zr =
ω2M2

Rs +RL + jωLs +
1

jωCs

(4)

The input equivalent impedance Zin on the primary side is

Zin = Rps + jωLs +
1

jωCpp

//(
jωLp +

1

jωCps

+Rp + Zr

)
= Rps + jωLs +

1

jωCpp +
1

Zr+Rp+jωLp+
1

jωCps

(5)

When the system operates at resonance, the simplified secondary side equivalent impe-
dance Zs, the secondary side equivalent impedance reflected to the primary side Zr, and
the primary side input equivalent impedance Zin are given by

Zs = Rs +RL
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Zr =
ω2M2

Zs

=
ω2M2

Rs +RL

Zin = Rps +
ω2L2

ps

Zr +Rp

= Rps +
ω2L2

ps(Rs +RL)

ω2M2 +Rp(Rs +RL)
(6)

The primary side input current Iin of LCC-S is obtained as

Iin =
Uin

Zin

=
Uin

Rps +
ω2Lps

Rp+Zr

=
Uin[ω

2M2 +Rp(Rs +RL)]

ω2L2
ps(Rs +RL) +Rps [Rp(Rs +RL) + ω2M2]

(7)

The current Ip flowing into the resonant coil on the primary side is

Ip =

1
jωCpp

× Iin

Zr +Rp + jωLp +
1

jωCps
+ 1

jωCpp

=
−jωLps(Rs +RL)Uin

(Rs +RL)(ω2L2
ps +RpsRp) +Rpsω2M2

(8)

The secondary side output current value Is of the LCC-S is

Is =
jωMIp
Rs +RL

=
ω2MLpsUin

(Rs +RL)(ω2L2
ps +RpsRp) +Rpsω2M2

(9)

The secondary side output voltage value Uo of the LCC-S is

Uo = IsRL =
ω2MLpsUinRL

(Rs +RL)(ω2L2
ps +RpsRp) +Rpsω2M2

(10)

Given that the parasitic resistance is typically of negligible magnitude, it can be rea-
sonably disregarded in the analysis. Then the input current Iin on the primary side, the
current Ip flowing into the resonant coil on the primary side, and the output current value
Is on the secondary side of the LCC-S are approximated as

Iin ≈ UinM
2

L2
psRL

Ip ≈
−jUin

Lpsω

Is ≈
MUin

RLLps

(11)

The output voltage Uo can be approximated as

Uo ≈
MUin

Lps

(12)

From Equations (11) and (12), it can be observed that the LCC-S circuit exhibits
constant current characteristics at the transmitter coil and constant voltage characteristics
at the receiver coil. The output voltage Uo from the receiver coil is then fed into the
subsequent DC/DC chopper circuit, following high-frequency rectification and filtering
on the secondary side. Regarding the high-frequency rectification and filtering circuit, the
following relationship holds between its input voltage Urec and output voltage Udc:

Urec = Uo =
2
√
2

π
Udc (13)

Similarly, Udc is the input to the subsequent DC/DC chopper circuit, with its value
depending on the voltage induced by the receiver coil, which is related to the mutual
inductance and typically in the hundreds of volts or more. The load, usually a battery,
exhibits a voltage magnitude typically within the range of several tens of volts or below.
To meet the voltage requirements, a BUCK converter is used for voltage reduction. A
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synchronous BUCK converter, which replaces the diode with a MOSFET, offers lower
conduction losses and higher efficiency, making it suitable for achieving a constant voltage
output.

3. Design of Sliding Mode Controller. In this section, the mathematical model of the
synchronous BUCK converter is derived and based on this, the SMC system of the syn-
chronous BUCK converter is proposed, respectively. Finally, the stability of the designed
SMC system is verified by proofs.

3.1. Mathematical modeling of synchronous BUCK converter. The synchronous
BUCK converter model is shown in Figure 4, where the pre-stage circuit is replaced by
an equivalent DC source E. From Equation (13), E = Udc, S1 and S2 are the MOSFETs,
L is the energy-storage inductor, C is the output filter capacitance, R is the output load
resistor, iL(t) is the inductor current, and Vo is the capacitor voltage. The system is second
order due to the nonlinearity of the switching tubes and the presence of two energy storage
elements in the circuit [30].

Figure 4. Circuit of synchronous buck converter

Assuming that the inductor current operates in Continuous Conduction Mode (CCM),
when the S1 is on and S2 is off, the equivalent circuit model is shown in Figure 5. At this
stage, the E stores energy for the inductor while simultaneously providing energy to the
capacitor C and the load R, resulting the inductor current to increase, which is obtained
according to Kirchhoff’s voltage law:

diL(t)

dt
=

1

L
(E − Vo)

dVo(t)

dt
=

iL(t)

C
− Vo

RC
(14)

Figure 5. Circuit model when S1 is on, S2 is off
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When the S1 is off and S2 is on, the equivalent circuit model is shown in Figure 6.
At this stage the inductor acts as a power source to provide energy to the load R. The
inductor current decreases and is obtained according to Kirchhoff’s voltage law:

diL(t)

dt
= −Vo

L
dVo(t)

dt
=

iL(t)

C
− Vo

RC
(15)

Figure 6. Circuit model when S1 is off, S2 is on

Assume that u is the input to the system and the output of the sliding mode controller.
u = 1 means that the switch is on, and u = 0 means off. In fact, u is not a continuous
input [31]. Then Equations (14) and (15) can be modified to the following relationship:

diL(t)

dt
=

1

L
(uE − Vo)

dVo(t)

dt
=

iL(t)

C
− Vo

RC
(16)

3.2. Design of sliding mode controller. The block diagram of the designed SMC
system is shown in Figure 7, where E is the DC voltage source, S1 and S2 are the
controlled MOSFETs, which are turned on and off by the PWM, L is the inductor, C is

Figure 7. Block diagram of SMC system for synchronous BUCK converter
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the capacitor, R is the resistor, Vo is the output voltage, iL(t) is the inductor current, and
io(t) is the resistor current.

The difference between the reference voltage Vref and the load voltage Vo, i.e., the
steady-state output voltage error, is chosen as the state variable x1; the differentiation of
the error is defined as the state variable x2; and the integration of the error is defined as
the state variable x3. Then each state variable is denoted as

x1 = Vref − Vo

x2 = ẋ1 = −dVo

dt
=

Vo

RC
− iL(t)

C
=

1

C
(io(t)− iL(t))

x3 =

∫
x1dt (17)

Differentiating Equation (17) with respect to time t yields the required state space
equations for the SMC system:

Ẋ = AX +Bu+D (18)

u means the control law.
Then,

Ẋ =

ẋ1

ẋ2

ẋ3

 =


x2

− 1

LC
x1 −

1

RC
x2 −

E

LC
u+

1

LC
Vref

x1

 A =


0 1 0

− 1

LC
− 1

RC
0

1 0 0


X =

[
x1 x2 x3

]T
B =

[
0 − E

LC
0

]T
D =

[
0

Vref

LC
0

]T
The sliding mode function can be made to be

S = k1x1 + k2x2 + k3x3 (19)

k1, k2, and k3 are the sliding mode coefficients, all of which are positive. The sliding mode
function governs the system’s operating state, and an appropriately designed function
ensures the system stays within the desired state. The next step is to design the control
law u to direct the state variable trajectories toward the sliding mode surface and maintain
their motion along it. The u is defined as follows [32]:

u = ueq + un (20)

where ueq is called the equivalent control law and un is called the switching control law
[33]. ueq serves to maintain the running trajectory of the state variable along the sliding
mode surface to the origin, and un serves to attract the running trajectory of the state
variable to the sliding mode surface. The design of the ueq can be obtained directly by
making the derivative of the sliding mode function zero [34]:

Ṡ = k1ẋ1 + k2ẋ2 + k3ẋ3 = 0 (21)

Substituting Equations (17)-(20) into (21), the expression for the ueq can be obtained
as

ueq =
LC

k2E

(
k1x2 −

k2
LC

x1 −
k2
RC

x2 +
k2
LC

Vref + k3x1

)
(22)

The un is generally a symbolic function and can be set to

un = ηsign(S) (23)
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where η is the positive switching gain and η > 0. Therefore, the control law of the designed
controller is

u = ueq + un =
LC

k2E

(
k1x2 −

k2
LC

x1 −
k2
RC

x2 +
k2
LC

Vref + k3x1

)
+ ηsign(S) (24)

Next, the stability analysis of the designed SMC system is performed using the Lya-
punov function. In general, the Lyapunov function is defined as [35]

V =
1

2
S2 (25)

where V is a positive definite function and for S ̸= 0, there is V > 0 and V(0) = 0. The
stability condition for the system can be expressed as

V̇ = SṠ < 0 (26)

or

lim
s→0+

Ṡ < 0 ∩ lim
s→0−

Ṡ > 0 (27)

Combining Equations (19)-(27) gives

V̇ = SṠ = −S
LC

k2E
ηsign(S) = − |S| LC

k2E
η (28)

For S ̸= 0, Equation (28) less than zero is always valid. Therefore, the designed SMC
system is stable [36].

4. Simulation Results.

4.1. Parameter setting. To verify the effectiveness of the designed SMC system, a
simulation platform is built in Matlab/Simulink as shown in Figure 8. Simulations are
conducted to compare the SMC system with traditional PI control under four operating
conditions: start-up dynamics, reference voltage variation, load changes, and varying
mutual inductance. The relevant circuit parameters are provided in Table 1.

Figure 8. Proposed WPT system based on SMC modeled in Simulink

4.2. Start-up dynamics experiment. The reference voltage Vref is set to 52 V, the
equivalent output load is 10 Ω, and the mutual inductance is 27 µH. As shown in Figure
9, when the system is controlled by sliding mode, the output voltage reaches the reference
value from zero in approximately 2 ms, with a steady-state voltage error of 0.012 V and
no overshoot. In contrast, with PI control, the output voltage takes about 12 ms to reach
the steady state, the steady-state voltage error is approximately 0.36 V, and the system
experiences an overshoot of around 17.3%.
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Table 1. Parameters of the propoesd WPT system with SMC

Parameter Description Value

Lps Series resonant inductor on primary side 65 µH
Cpp Parallel resonant capacitor on primary side 49 nF

Cps Series resonant capacitor on primary side 99 nF

Cs Series resonant capacitor on secondary side 37 nF

Lp Transmitter coil inductance 97.5 µH
Ls Receiver coil inductance 84.5 µH
f Resonant frequency 89 kHz

L2 Synchronous BUCK converter inductor 1 mH

C3 Synchronous BUCK converter capacitor 220 µF

Figure 9. Start-up dynamic waveforms of PI control and SMC

4.3. Reference voltage variation experiment. To verify the performance of the out-
put voltage following the reference voltage in the WPT system under SMC, a simulation
experiment involving reference voltage variation is conducted. The equivalent output load
is set to 10 Ω, the mutual inductance is 27 µH, and the reference voltage is changed from
52 V to 70 V at t = 0.05 s, then back from 70 V to 52 V at t = 0.1 s. Additionally, a
comparison experiment with PI control is conducted under the same conditions.

As shown in Figure 10, the reference voltage changes from 52 V to 70 V at t = 0.05 s.
When the system uses SMC, the output voltage responds from 52 V to 70 V in about
2 ms with no overshoot, and the steady-state voltage error is approximately 0.012 V. In
contrast, with PI control, the output voltage takes about 10 ms to reach 70 V, experiences
a nearly 20 V overshoot, and the steady-state voltage error is about 0.25 V.

As shown in Figure 11, the reference voltage changes from 70 V to 52 V at t = 0.1 s.
When the system uses SMC, the output voltage responds from 70 V to 52 V in about 1.5
ms with no overshoot, and the steady-state voltage error is approximately 0.017 V. In con-
trast, with PI control, the output voltage takes about 10 ms to change from 70 V to 52 V,
experiences nearly 13 V of overshoot, and the steady-state voltage error is about 0.28 V.
It is evident that the designed controller offers faster response, smaller steady-state error,
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Figure 10. Reference voltage changes from 52 V to 70 V
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Figure 11. Reference voltage changes from 70 V to 52 V

and no overshoot, significantly improving the system’s stability in the case of a sudden
reference voltage change, compared to PI control.

4.4. Load changes experiment. To verify the robustness of the WPT system under
SMC, a simulation experiment with sudden load changes is designed and conducted. The
reference voltage is set to 52 V, the mutual inductance is 27 µH, and the initial load is 5 Ω.
At t = 0.03 s, the load is increased to 15 Ω, and then reduced back to 5 Ω at t = 0.06 s.
Additionally, a comparison experiment with PI control is conducted under the same con-
ditions.
As shown in Figure 12, when the load is switched from 5 Ω to 15 Ω at t = 0.03 s, the

system’s response time is about 1 ms, with an overshoot of approximately 7 V, and the
steady-state voltage error is around 0.02 V when using SMC. In contrast, when using PI
control, the system’s response time is about 10 ms, the overshoot remains around 7 V,
and the steady-state voltage error is about 0.3 V.
When the load is switched from 15 Ω to 5 Ω at t = 0.06 s, the response time of the

system with SMC is about 1 ms, with an overshoot of approximately 3.8 V, and the
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Figure 12. Response waveforms of the WPT system under load variations
for SMC and PI control

steady-state voltage error is around 0.01 V. In contrast, with PI control, the system’s
response time is about 4 ms, the overshoot is about 4.5 V, and the steady-state voltage
error is about 0.15 V. This comparison clearly shows that the designed SMC provides a
faster response to sudden load changes, exhibits better overall robustness, and results in
a smaller steady-state error compared to PI control.

4.5. Varying mutual inductance experiment. To verify the robustness of the WPT
system under SMC when mutual inductance changes, a simulation experiment with sud-
den mutual inductance changes is designed and conducted. The equivalent output load
is set to 10 Ω, and the reference voltage is 52 V. The output voltage is measured after
the system reaches steady state, with data collected for mutual inductance values rang-
ing from 10 µH to 40 µH. Additionally, a comparison experiment is conducted using PI
control under the same conditions.
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Figure 13. Steady-state output voltage vs. mutual inductance variation
for WPT system under SMC and PI control

As shown in Figure 13, when the mutual inductance between the coils varies from
10 µH to 40 µH, the error between the steady-state output voltage and the reference
voltage remains virtually constant at around 0.01 V under SMC, which is negligible. In
contrast, when the system is controlled by PI, the error between the steady-state output
voltage and the reference voltage becomes more noticeable. The error increases as the
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mutual inductance increases, reaching over 0.3 V when the mutual inductance is 40 µH,
demonstrating that the control accuracy is significantly lower than that of the SMC.

5. Conclusions. To address the limitations of traditional PI control, characterized by
slow response and low accuracy, this paper proposes a sliding mode controller based on the
LCC-S and synchronous BUCK converter. This approach offers faster response, improved
accuracy, and greater system robustness. Through analysis of the WPT system’s struc-
ture, derivation of the mathematical model and state equations, definition of the sliding
mode surface, and formulation of the control law, the proposed controller is validated via
simulations. The results demonstrate superior performance in response speed, stability,
and output accuracy compared to the traditional PI controller. In the future work, we
will integrate parameter identification algorithms into sliding mode controller, dynami-
cally optimizing controller parameters to enhance real-time performance and precision in
constant voltage control.
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