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ABSTRACT: During the vehicle parking process, the misalignment between transmitting and receiving coils caused by different parking
positions results in variations in the system’s mutual inductance. These variations compromise system performance and stability. To
address this challenge, this study proposes a control strategy for a wireless power transfer system utilizing switched inductors. First,
an efficiency optimization method based on tunable inductors is introduced in detail. This method eliminates the need for bilateral
communication or additional hardware. By dynamically adjusting the switched inductor values, the system maintains optimal load
conditions across various topologies. Furthermore, switched capacitors are employed to achieve system resonance tuning. Second, a
phase-shift control strategy is implemented to ensure efficient system operation while maintaining constant voltage output. Finally, an
experimental prototype is constructed to validate the proposed approach. Experimental results demonstrate that the proposed control
method achieves a constant output voltage of 24V with system efficiency exceeding 81%.

1. INTRODUCTION

In recent decades, wireless power transfer (WPT) technology
has garnered significant attention and adoption across diverse

applications owing to its high reliability, safety, and elimina-
tion of physical connectors. It has been extensively employed
in areas such as biomedical implants [1], wireless charging for
mobile devices [2], electric vehicle (EV) charging systems [3],
unmanned aerial vehicles [4], and autonomous underwater ve-
hicles (AUVs) [5].
Particularly in EV charging applications, variations in park-

ing position often lead to the misalignment between transmit-
ting and receiving coils. This misalignment results in fluctua-
tions in mutual inductance, which in turn adversely affects the
power transfer efficiency and output voltage stability of the sys-
tem. Consequently, enhancing the misalignment tolerance of
WPT systems has become a critical research focus, aiming to
maintain consistent performance under realistic operating con-
ditions.
In order to maintain the efficient operation of the system, the

current methods can be divided into the following three cate-
gories [6, 7]. 1) power converter [8, 9]; 2) frequency switch-
ing [10, 11]; 3) Parameter adjustment [12, 13].
1) Power converter. Maximum efficiency tracking (MET)

of the system is accomplished via a DC/DC converter or an ac-
tive rectifier. The authors of [8] adjust the duty cycle of the
DC/DC converter to tune the system load to its optimal equiv-
alent load; notably, the system efficiency remains above 75 %
even when the coil offset reaches 200mm. In [9], researchers
realize pulse-density modulation through a delta-sigma modu-
lator to further regulate the active rectifier, enabling the system
to maintain both constant-voltage (CV) output and overall ef-
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ficiency above 70% under a wide range of offset conditions.
However, the aforementioned methods necessitate the integra-
tion of additional hardware components, thereby occupying ex-
tra space. Consequently, their applicability becomes limited in
scenarios requiring extended driving ranges for vehicles.
2) Frequency switching. The authors of [10] utilize

frequency-modulated phase-shift keying communication tech-
nology to integrate electrical information from transmitting
and receiving sides, deriving the system’s optimal operating
frequency. Subsequently, by adjusting the frequency, they
maintain the system efficiency above 93% even under signif-
icant offset conditions. The work in [11] demonstrates that
the primary side employs spread-spectrum technology to vary
the inverter’s operating frequency, whereas the secondary side
uses synchronous current control (SCC) to rapidly track the
system’s operating frequency, thereby enhancing the system
efficiency by 7–13%.
3) Parameter adjustment. The authors of [12] derive the ca-

pacitance value required to achieve maximum efficiency via
mathematical analysis. They then reduce the system’s reac-
tive power by adjusting the conduction angle of the bilateral
switched capacitor in real time, thereby maintaining the system
efficiency above 87%. In [13], researchers demonstrate that
bilateral independent control can be used to tune the switching
capacitor size, allowing the system to remain in a resonant state
consistently — without the need for communication— and re-
sulting in a 3% improvement in system efficiency. Notably, the
aforementionedmethods rely either on bilateral communication
or bilateral independent control. On the one hand, communi-
cation introduces additional costs; on the other hand, bilateral
control increases the overall control complexity of the system.
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On the one hand, the above three methods require bilateral
communication or independent control, which increases the dif-
ficulty of system control. On the other hand, the additional cir-
cuit needs to occupy more system volume, which is not con-
ducive to the long-range operation of car [14]. Therefore, an ef-
ficient maximum efficiency tracking control method is needed.
At the same time, the above method only analyzes the effi-
ciency caused by offset and does not take into account the fluc-
tuation of the system output voltage with offset.
CV control strategies can be categorized into transmitter-

side and receiver-side control methods based on the controller’s
placement [15]. For space-constrained electrical systems such
as vehicles, the transmitter-side control strategy is preferable to
its receiver-side counterpart [16]. Transmitter-side CV output
control can be classified into four categories: 1) DC/DC con-
verters [17, 18]; 2) Frequency switching [19, 20]; 3) Phase-shift
control [21, 22].
1) DC/DC converter [17, 18]. With this method, the system

must acquire the current mutual inductance and load values,
then utilize mathematical analysis and related techniques to de-
rive the relationship among the output voltage, these two pa-
rameters, and the input voltage. Subsequently, output voltage
regulation is achieved by adjusting the duty cycle of the DC/DC
converter. However, this approach necessitates additional cir-
cuitry, which increases system cost and volume.
2) Frequency switching [19, 20]. Through systematic param-

eter design, the system exhibits load-independent CV output
characteristics across different frequencies. Furthermore, sys-
tem CV charging control is achieved by adjusting the operating
frequency.
3) Phase shift control [21, 22]. Using the parameter identifi-

cation method, the required system parameters such as mutual
inductance are obtained, and the current output voltage of the
system is further estimated without communication. According
to the function of the conduction angle and output voltage, the
conduction angle is adjusted to realize the CV charging control
of the system.
Compared with [8, 9], the efficiency tracking process in this

paper does not require additional DC/DC converters, which
reduces the system volume and hardware costs. Compared
with [10, 11], this paper does not need to adjust the system op-
erating frequency, which facilitates the stable operation of the
system. Comparedwith [12, 13], this paper requires no bilateral
communication and only needs transmitter-side control. This
not only eliminates the hardware costs of bilateral communi-
cation and avoids the issue of communication susceptibility to
interference, but also results in a higher overall error tolerance
rate and is more conducive to accurate implementation. Com-
pared with [17–22], this paper implements CV charging while
performing MET, which helps maintain efficient constant volt-
age charging of the system. Therefore, the main contributions
of this paper are summarized and explained as follows:
1) A switched inductor-based efficiency control method is

proposed, which does not require additional devices or bilateral
communication, greatly reducing the system cost and control
difficulty.

2) The efficiency control method is applicable to various
topologies. The optimal load of different topologies can be de-
rived from Kirchhoff’s laws, thus it has good universality.
3) Phase-shift control and capacitor adjustment are adopted

to keep the system in a resonant state and enable CV output
with maximum efficiency, which is conducive to the efficient
and stable operation of the system.
The rest of this article is as follows. The second section intro-

duces the working principle of the system and briefly analyzes
the working principle of the current parameter identification.
The third section introduces the MET process and CV output
control method, and analyzes its working principle in detail.
The fourth section verifies the feasibility of the method through
experimental results. Finally, the fifth section summarizes the
full text.

2. WPT SYSTEM AND PARAMETER IDENTIFICATION
In the previous research of AUV CV output and MET con-
trol, the transmitting side control strategy relies on the wire-
less communication module to feed the charging information
back [25]. In order to reduce the cost and complexity of the
system, the wireless communication module can be replaced by
the primary side parameter identification [26]. Therefore, this
paper chooses to carry out non-communication control on the
transmitting side. The LCC-S topology is widely used because
of its load-independent CV output characteristics [27]. There-
fore, the LCC-S topology shown in Fig. 1 is selected in this
paper. It consists of four Metal-Oxide-Semiconductor Field
Effect Transistors (MOSFETs) to form a full-bridge inverter,
which is used to invert the DC power supply voltage Uin into
a high-frequency square wave voltage U1. Further power is
transmitted from transmitting coil Lp to receiving coil Ls, and
finally the DC output voltage Uout is generated by the rectifier
to charge the load.
The research focus of this paper is to realize the system CV

output while realizing the system MET when the mutual in-
ductance is known. In our previous work [24], the current
mode equation can be used to realize the mutual inductance
parameter identification without communication. Therefore,
we take it as the basis and briefly introduce it below. If other
non-communication mutual inductance parameter identifica-
tion methods are used, the CV output and MET control of this
paper can still be realized.
In order to facilitate the system analysis, the equivalent cir-

cuit is shown in Fig. 2. The compensation capacitance and in-
ductance of the transmitting side are both variables, so they are
expressed as CP _var and L1_var. C1 and Cs are compensa-
tion capacitors. The mutual inductance between the coils isM ;
RL1,RLp, andRLs are the parasitic resistance of each coil, and
the load isRL. According to [28], the circuit parameters are de-
signed by (1) to achieve efficient operation of the system, where
ω is the resonant frequency. The equivalent voltage source U1

and equivalent load R are shown in (2) and (3), where α is the
conduction angle of the inverter.

ω =
1√
L1C1

=
1√
LsCs

=
1√

(Lp − L1)Cp

(1)
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FIGURE 1. Circuit model of WPT system.

U1 =
2
√
2

π
Uin sin

α

2
(2)

R =
8

π2
RL (3)

FIGURE 2. LCC-S equivalent circuit.

Starting from Fig. 2, the system input current modulus |Iin|
is shown in (4), whereM is the parameter to be identified.

|Iin| = f (M) =
Uin√

X2
in +R2

in

(4)

Based on trigonometric function, the current modulus is
equal to the effective value, so the mutual inductance M can
be identified by bringing the measured current effective value
Iin_mea into (4). Because it has only one solution, the tradi-
tional numerical solution method can be replaced by particle
swarm optimization and other methods to achieve simple pa-
rameter identification. So far, the required M has been ob-
tained. The accuracy of the above identification method has
been discussed and verified in our previous work, and it is no
longer repeated here.
On this basis, according to Kirchhoff’s theorem, the circuit

equation is written as follows:



U1 = (RL1 + jωL1_var) Iinr + (RLp + jωLp

+ 1
jωCP _var

)
Ip + jωMIs(

RLp+jωLp+
1

jωCp_var

)
Ip+jωMIs=

1
jωC1

(Iin−Ip)

−RIs =
(
RLs + jωLs +

1
jωCs

)
Is + jωMIp

(5)

Therefore, the output voltage and efficiency of the equivalent
circuit are as follows:
U2 =

ω2L1_varMU1R

ω2M2RL1+(R+RLs)(ω2L2
1_var+RL1RLp)

A=ω4M4RL1+(R+RLs)
2(ω2L2

1_varRLp+RL1R
2
Lp)

η =
ω4L2

1_varM
2R

(R+RLs)(ω4L2
1_varM

2+2ω2M2RL1RLp)+A

(6)

For the output voltage of the system, since the voltage before
the rectifier bridge is a square wave, the expression is shown
in (7):

Uout =
π
√
2

4
U2 (7)

For system efficiency, when the system reaches the maxi-
mum efficiency, the corresponding R is the optimal equivalent
load Ropt. Therefore, find the derivative of R for (6), and let
its derivative be 0. Ropt is obtained as shown in (8):

B=
(
RLpω

2L2
1 var +RL1ω

2M2 +RL1RLpRLs

)
Ropt=

√
RLp(ω2L2

1 var+RL1RLp) (ω2M2+RLpRLs)B

RLpω2L2
1 var +RL1R2

Lp

(8)

Therefore, it can be seen from (6)–(8) that when the system
parameters are fixed, with the fluctuation of M caused by the
offset, the system output voltage and optimal load value will
also fluctuate, which is not conducive to the efficient and stable
operation of the system. Therefore, in order to solve the above
problems, this paper adopts the control method of switching
inductance and fast calculation of conduction angle to improve
the anti-offset ability of the system.
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FIGURE 3. Control flowchart.

FIGURE 4. Ropt varies withM and L1_var .

3. CV OUTPUT AND MET CONTROL BASED ON PA-
RAMETER IDENTIFICATION
In order to make the system work in the case of Ropt to achieve
CV charging control, this paper adopts the CV output and MET
control method based on mutual inductance parameter identifi-
cation, and the control diagram is shown in Fig. 3. The working
principle is as follows. Firstly, the input electrical information
is collected for parameter identification. Secondly, the switch-
ing inductanceL1_var is adjusted according to the identification
results to make the current load of the system becomeRopt, and
the system is in a resonant state by adjusting the capacitance
CP _var. Finally, the CV charging control of the system is real-
ized by using the method of fast calculation of the conduction
angle.

FIGURE 5. Topological structure of switching inductor.

3.1. MET Based on Switching Inductance

When the system parameters are fixed, according to (8), ifM is
known, thenRopt is only related to L1_var, and the relationship
between L1_var and Ropt is shown in Fig. 4.
In Fig. 4, whenM remains constant, asL1_var changes,Ropt

will also change, and the two are one-to-one correspondence.
Therefore, this paper adopts the method of adjusting L1_var to
make the current equivalent load R of the system into Ropt.
The principle of the method is to make the system work un-
derRopt by adjusting the turn-off angle of the switching induc-
tance. That is, if the current load is 30Ω, by adjusting L1_var,
let Ropt be 30Ω. If it is other resistance values, the adjustment
method is similar, and the relationship among the three is shown
in (9):

Ropt = f (L1 var) = R (9)
The switched inductorL1_var topology selected in this paper

is shown in Fig. 5. It consists of inductorL1 connected in series
with switchQ1, which is then connected in parallel with capaci-
torC. Herein, aC is connected in parallel across theL1 branch,
which can effectively reduce the impact of harmonic currents
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FIGURE 6. Control waveforms of the variable inductor.

generated by the switch on the circuit. Furthermore, the equiv-
alent inductance value of L1_var can be expressed as [29]:

L1 var =
πL1

π − sin θ − θ − πω2C0L1
(10)

Therefore, it can be known from (10) that the adjustment of
the equivalent inductance can be achieved by changing the turn-
off angle θ. Furthermore, the flowchart of the variable inductor
is shown in Fig. 6, and its basic working principle is as fol-
lows. By collecting the effective value of the system Iin_mea,
the parameter identification of M is realized. On this basis,
the Proportional Integral (PI) module adjusts the Pulse Width
Modulation (PWM) according to the error between the target
adjustment value of the switched inductor and the current in-
ductance value, thereby realizing the adjustment of θ and ulti-
mately achieving the change of L1_var. It is worth noting that
themethod in this paper can be applied not only in LCC/S topol-
ogy but also in other topologies. The Ropt of other topologies
can be obtained according to Kirchhoff’s laws, so it has high
applicability.

3.2. System Tuning Based on Switched Capacitor
To effectively address system detuning issues caused by
changes in the switched inductor under a fixed frequency,
we adopt a switched capacitor topology to achieve system
tuning [30]. Its topology is shown in Fig. 7, and the equivalent
capacitance value of Cp_var can be expressed as [29]:

CP var =
CP1π(CP1 + CP2)

π(CP1 + CP2)− (θ1 + sin θ1)CP2
(11)

FIGURE 7. Topological structure of switching capacitor.

Therefore, it can be seen from (11) that the adjustment of
Cp_var can be realized by changing the conduction angle θ1.
When the system is in a resonant state, the imaginary part of
the input impedance of the system should be zero, that is, U1

and Iin are in phase [31]. Therefore, based on this, the phase
difference θ2 between U1 and Iin is obtained by using a phase
comparator, and then the PWM is controlled by PI to control
Cp_var, so that the system is in a resonant state. The overall
process is shown in Fig. 8.

3.3. Constant Voltage Output Control
When the system realizes MET and tuning, the CV charging
control is realized by using the fast calculation of the conduc-
tion angle. Combining (2) and (6), (12) can be obtained, which
is the relationship between Uin and U2. Combining (7) and
(12), (13) can be obtained, which is the relationship between α
and output voltage Uout. Here, α is the size of the conduction
angle required for CV output in the case ofM perturbation.

U2=
2
√
2ω2L1 varMRUin sin α

2

π [ω2M2RL1+(R+RLs)(ω2L2
1 var+RL1RLp)]

(12)

{
D = (R+RLs)(ω

2L2
1 var +RL1RLp)

α = arcsin Uout[ω2M2RL1+D]
ω2L1 varMRUin

(13)

Furthermore, the relationship between Uout and (M , α) is
obtained by (13) as shown in Fig. 9. In Fig. 9(a), the red plane
represents the 24V target output voltage, and the blue surface is
the relationship between Uout and (M , α). The black intersec-
tion line is the intersection line of two surfaces. Further, project
it onto the plane (M , α), and the result is shown in Fig. 9(b).
In Fig. 9(b), when the output voltage is constant, M fluctu-
ates, and α will also change, The two correspond to each other.
Therefore, adjusting α can realize the CV output control of the
system.
In summary, the flowchart of the methods in this paper is

shown in Fig. 10. The workflow of this paper is as follows:

1) The input current Iin is collected to identifyM ;

2) The identification results are brought into (9) and (10), and
the L1_var is adjusted to realize the system MET;

3) The phase difference is collected; the Cp_var is adjusted;
the system tuning is realized; the Cp_var and L1_var are
brought back to the identification process to update the pa-
rameters;
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FIGURE 8. Control flow chart for the variable capacitor.

(a) (b)

FIGURE 9. The relationship between the Uout and (M , α). (a) Three-dimensional graph under 24V constraint. (b) Top view under the constraint of
24V.

FIGURE 10. Control flow chart.

4) Bring M and L1_var into (13), adjust α, and realize CV
output control of the system.

4. EXPERIMENTAL VERIFICATION
Using the experimental parameters listed in Table 1, an ex-
perimental platform (Fig. 11) was constructed to validate the
feasibility of the proposed method. The platform comprises a
DC power supply module, a single-phase bridge inverter con-
sisting of four HL3400 power switches with low on-resistance
(Ron = 0.021Ω), a digital signal processing (DSP) control
unit, a compensation network, a data acquisition module, a
switched inductor, and a switched capacitor (The switching de-
vice used is STP13NM60N, which has the advantages of high
voltage resistance, fast switching speed, and low cost), trans-
mitting and receiving coils, an uncontrolled rectifier bridge
composed of four SBDF4060TCTB Schottky diodes with low
forward voltage drop (VF = 0.52V at a 20A input current), an
electronic load provided by the IT8512A, and other auxiliary
components.

TABLE 1. Electrical parameters of the system.

Symbol Quantity Value
Lp, Ls self-inductance 146µH, 146µH
Cp_var switched capacitor 20–40 nF
C1, Cs resonant capacitor 103 nF, 24 nF
L1_var switched inductor 10–55µH
RL load 30Ω
Uin input voltage 48V
f frequency 85 kHz

In addition, both the transmitting and receiving coils have a
diameter of 120mm and 27 turns. The primary coil is fixed,
while the secondary coil can be horizontally offset relative
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FIGURE 11. Experimental platform.

to the primary coil at various distances. The offset distance
ranges from 0 to 65mm (exceeding the coil radius within this
range), with the corresponding mutual inductance varying from
43.5µH to 22µH. The load fluctuation range is set to 25Ω to
40Ω.

4.1. MET Verification

Prior to system operation, an LCR meter was used to charac-
terize the parameters of the compensation network and coils.
For varying coil offsets, the measured variation curve of the
system’s M is presented in Fig. 12. As clearly illustrated in
Fig. 12, mutual inductance decreases monotonically with in-
creasing coil offset. Furthermore, as established earlier, a re-
duction in mutual inductance leads to decreased efficiency and
output voltage fluctuations. Thus, real-time control is neces-
sary to maintain both system efficiency and CV output.

FIGURE 12. Curve ofM varying with offset distance.

FIGURE 13. The comparison between the identification value and the
reference value under different (M , RL) conditions.

Under varying (M ,RL) conditions, mutual inductance iden-
tification results were obtained using the parameter identifi-
cation method detailed in Section 2. Based on these identi-
fication results, L1_var was computed to achieve equivalent
load adjustment. The relationship among these three param-
eters is depicted in Fig. 13. The surface plot in Fig. 13 repre-
sents the relationship between the actual (M , RL) values and
L1_var. Red dots denoteL1_var values computed from the iden-
tified (M_iden,RL_iden) results, while red numbers indicate the
L1_var identification error. Notably, the error between the two
is within 4.2%. Potential sources of this error include inaccura-
cies in acquired electrical data and self-inductance fluctuations
during coil offset.
Figure 14 presents system efficiency variation under differ-

ent load and mutual inductance conditions. Here, the orange
bars represent the efficiency when both the switched inductor
and switched capacitor are used, while the green bars corre-
spond to the uncontrolled case. As observed in Fig. 14(a), with
a load of 30Ω, the red curve is consistently higher than the
blue curve; this differential becomes more pronounced as M
decreases, reaching a maximum of 18%. Similarly, Fig. 14(b)
demonstrates that with a 40Ω load, the proposed control strat-
egy improves system efficiency by 15%.
Furthermore, Fig. 15 shows the system input voltage and cur-

rent waveforms under tuned and untuned conditions. Notably,
in the absence of switched capacitor control, the system oper-
ates in a detuned state, which results in increased reactive power
and subsequent reduction in system efficiency. With the imple-
mentation of switched capacitor control, the system maintains
a resonant state, facilitating sustained efficient operation.

4.2. CV Output

The proposed method was experimentally validated under hor-
izontal coil offsets ranging from 70mm to 80mm, with re-
sults presented in Fig. 16. Fig. 16 illustrates variations in the
system’s electrical parameters as mutual inductance decreases
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(a) (b)

FIGURE 14. System efficiency comparison: (a) RL = 30Ω; (b) RL = 40Ω.

(a) (b)

FIGURE 15. WhenM = 38µH, L1_var = 27.2µH, the system input voltage and current curves under different capacitances. (a)Cp_var = 29.5 nF;
(b) Cp_var = 30.8 nF.

FIGURE 16. The variation curve of the system’s electrical information
when RL = 30Ω andM changes from 38µH to 30µH.

FIGURE 17. The output voltage of the proposed control strategy is com-
pared with the 24V output voltage.
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from 38µH to 30µH. Here, the purple line represents the load
charging voltage, while the orange and blue curves correspond
to the inverter’s input voltage and current, respectively. As ob-
served, the system voltage changes from 23.7V to 23.3V dur-
ing coil offset, with the overall voltage fluctuation rate within
3%. Additionally, Fig. 15(a) depicts the electrical parameter
variations at a mutual inductance of 38µH; as shown, the sys-
tem achieves constant-voltage output by adjusting the conduc-
tion angle to 120◦.
Furthermore, Fig. 17 presents the system output voltage un-

der various offset conditions. In this figure, red triangles denote
the measured output voltage values; the blue plane represents
the 24V constant-voltage reference plane; and red numbers in-
dicate output voltage errors. Notably, the overall output voltage
fluctuation is controlled within 3%, fully confirming the feasi-
bility of the proposed method.

5. CONCLUSION
To improve the anti-offset performance of WPT systems, this
paper proposes a switched-inductor-based control strategy for
WPT systems. Based on parameter identification results, the
proposed method tunes the switched inductor to achieve MET
and adjusts the switched capacitor to maintain the system in
a resonant state — reducing reactive power and thereby sus-
taining system efficiency above 80%. Additionally, a rapid
conduction angle calculation method is employed to realize
24V CV output control with voltage fluctuations within 3%.
Thus, the proposed method effectively enhances the system’s
anti-offset performance and provides a viable solution for high-
efficiency constant-voltage control inWPT systems. Due to the
limitations of experimental equipment, in the future, we will
further conduct research on higher power, optimize the mag-
netic coupler and cooling mechanism, and adopt wide-bandgap
devices (SiC/GaN) to improve efficiency and reduce thermal
stress.
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