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Introduction: The rapid development of electric vehicle technology in the field of
renewable energy has brought significant challenges to wireless charging
systems. The efficiency of these systems is crucial for improving availability
and sustainability. The main focus of the research is to develop an intelligent
charging strategy that utilizes fuzzy logic to optimize the efficiency of wireless
charging systems for electric vehicles.

Method: Introduce a model that combines fuzzy logic algorithm with automatic
control system to improve the wireless charging process of electric vehicles. The
model adopts dynamic tracking and adaptive control methods by analyzing the
characteristics of static wireless charging systems. Utilizing primary phase shift
control and secondary controllable rectifier regulation, combined with optimized
fuzzy control algorithm.

Result and discussion: The experimental results show that when the secondary
coil is stable, the model maintains a stable duty cycle of about 75.6% and a stable
current of 5A. It was observed that when themutual inductance valueswere set to
10, 15, and 20 uH, the efficiency of the primary coil before applying control
decreased with increasing resistance.

Conclusion: The proposed system has shown great potential for application in
real-world electric vehicle charging systems, demonstrating good applicability
and feasibility in controlling the charging process and tracking the optimal
efficiency point. The integration of fuzzy logic enhances the system’s ability to
adapt to different operating conditions, which may lead to wider implementation
and improved operational efficiency.
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1 Introduction

New energy vehicles have become a more widely used new type of vehicle. At the same
time, electric vehicles have become the main target for promoting new energy vehicles due
to their mature technology and better maintenance efficiency (Aatabe et al., 2021). One of
the core technologies for electric vehicles is the high-efficiency Permanent Magnet Motors
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(PMMs), of which reduced rare earth PMMs are gradually
becoming the mainstream choice for electric vehicle power
systems due to their high energy efficiency, small size, light
weight and high torque density. With the increasing
performance requirements of new energy vehicles, reduced rare
earth PM motors need to pay more attention to cost reduction,
material substitution and sustainable development while
maintaining high efficiency. The stable supply, cost, and
environmental impact of rare earth materials are the main issues
that the current electric vehicle industry needs to face. As one of the
world’s largest electric vehicle markets, China’s rapid development
in battery technology and electric vehicle manufacturing has not
only led the global market, but also made remarkable achievements
in technical architecture and technological breakthroughs. The
rapid rise of China’s electric vehicle industry is attributed to its
strong manufacturing foundation, huge market demand, and active
policy support from the government. Especially in terms of battery
technology, electric vehicle batteries made in China have occupied
an important position in the international market due to their high
energy density, long life and low cost. In recent years, the promotion
of electric vehicles has become an important initiative for the
development of new energy vehicles in the country, but the
performance and safety of the car has also become an important
issue affecting promotion (Xu et al., 2021). Wireless energy
transmission technology is the core technology of wireless
charging for electric vehicles, which has been applied in many
fields (Nasab et al., 2023). Although most electric vehicles still rely
on wired charging, the loss of charging efficiency and the
inconvenience of frequent unplugging operations are still
important factors limiting its widespread promotion (Nasab
et al., 2024). Therefore, how to optimize the charging control
process of electric vehicles, as well as how to determine the
optimal charging efficiency point, is a key problem to be solved
(Ahin, 2020). Meanwhile, the current wireless charging technology
for electric vehicles mainly focuses on several aspects such as
efficiency optimization, maximum power transmission, and
dynamic charging (Mirza et al., 2021a). In addition, due to the
air gap in the original and secondary coupling mechanisms, it is
difficult to align the original and secondary coils when stopping,
which will affect the power and efficiency of the system. Among
them, the transmission efficiency of the system is one of the key
issues in promoting the wireless charging system for electric
vehicles. Based on this, an optimized scheme for the wireless
charging system of electric vehicles is proposed, which can
automatically control the charging process and accurately
confirm the optimal efficiency point of charging. The new
approach designs a completely new system and uses a fuzzy
control algorithm to enhance the system performance. This not
only focuses on improving charging efficiency, but also aims to
simplify the system circuit design and reduce heat generation
during operation to reduce costs and improve the overall
reliability of the system. It is expected to provide a more
efficient and reliable solution for wireless charging technology of
electric vehicles. This study consists of four parts. The first part
provides a brief overview. The second part is to design the system
scheme and build a system model. The third part verifies the
feasibility of the system through experiments. The fourth part
summarizes the entire study.

2 Related works

Fuzzy logic algorithms not only perform well in the automotive
industry, but are also widely used in other industries. Optimal
efficiency tracking is an important application of this algorithm.
Badoud et al. found in their research on solar photovoltaic systems
that traditional algorithms couldn’t track the optimal power in the
system. Therefore, a new fuzzy logic algorithm controller was
proposed to track and control the system. The new controller
could track and find the optimal efficiency point in the system.
The experimental results showed that the stability and robustness of
the new algorithm controller were much higher than those of
traditional algorithm controllers (Badoud et al., 2021). Bhukya
and Nandiraju found that traditional algorithms couldn’t fully
track the optimal power point due to the randomness and
intermittency of photovoltaic systems. Therefore, an optimization
algorithm model based on fuzzy logic algorithm was proposed,
which used the grasshopper optimization algorithm as the
membership function. The experimental results showed that the
new algorithm model could track and optimize the optimal power.
The efficiency far exceeded that of traditional algorithms (Bhukya
and Nandiraju, 2020). Currently, electric vehicles are developing
rapidly. However, the field is facing various problems. Vanitha et al.
believed that achieving automatic charging control for electric
vehicles was a challenge. Therefore, an intelligent charging
system based on the deep learning and machine learning was
proposed. The system could intelligently identify the number of
charging ports in the charging station, reducing the waiting time for
charging. The experimental results showed that this algorithm for
intelligent recognition could shorten the charging time of electric
vehicles and control the vehicle more efficiently (Vanitha et al.,
2020). Han et al. believed that there were many uncertainties when
charging electric vehicles. Therefore, a link prediction model was
proposed to control the charging status of electric vehicles at various
stages. The newmodel could predict the cars in different parking lots
at different time periods, calculate the charging station load, and
control car charging. The experimental results showed that the
predicted car charging state could be well controlled, verifying
the feasibility of the model (Han et al., 2020).

El-Samahy et al. analyzed the charging state of electric vehicles.
Fuzzy logic was used to control deviation signals. The algorithm
was used to improve the frequency stability of the electric vehicle
power grid. The experimental results showed that the fuzzy logic
controller could automatically control the charging status of
electric vehicles (El-Samahy et al., 2020). Kumar and Sharma
believed that electric vehicles could participate in various fields
related to renewable energy. The development and application of
predictive controllers were applied in reality. Therefore, an MPC-
HHO algorithm based on electric vehicles was proposed. This
algorithm could predict the frequency and oscillation of electric
vehicles. The experimental results indicated that the algorithm was
feasible and effective for predicting electric vehicles (Kumar and
Sharma, 2021). Zhang et al. believed that electric vehicles
generated enormous speed and torque when driven by electric
motors. This was extremely difficult for electric vehicle control.
Therefore, a model coupled transmission based on particle swarm
optimization algorithm was proposed for synchronous control.
The experimental results indicated that the new transmission
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could eliminate the impact of the synchronizer on vehicle speed
and torque, and improve the control ability of electric vehicles
(Zhang L. et al., 2020a).

In summary, the research in the field of electric vehicles is
currently in the basic experimental research stage. Many studies still
cannot achieve automatic control during the charging stage of
electric vehicles. At the same time, the research on the optimal
efficiency point of electric vehicles is not yet perfect. Therefore, the
study will focus on the optimal efficiency points of electric vehicles
and integrate fuzzy algorithms to achieve automatic charging
control for electric vehicles.

3 Optimal efficiency point membership
and electric vehicle charging stage
control integrating fuzzy logic

This chapter mainly designs the charging control system of
electric vehicles that incorporates fuzzy logic. Firstly, the design
scheme is explored to achieve the optimal efficiency of the system
control scheme. Then, the charging stage of the electric vehicle is
analyzed to establish an automatic control system for the
charging stage.

3.1 Design of optimal efficiency point system
control scheme for electric vehicles

Wireless Power Transfer (WPT) technology for electric vehicles
is currently the core of wireless charging for electric vehicles. The
MC-WPT system is the main system device of this technology
(Wang et al., 2021a; Li et al., 2021). To improve the efficiency of
the MC-WPT system and achieve the optimal efficiency point of the
vehicle, different power topologies and control methods in electric
vehicles are analyzed. In practical applications, the leakage
inductance of the electromagnetic circuit in the MC-WPT system
is too large, resulting in a lot of reactive power. Therefore, if the coil
is not subjected to resonance compensation, it will result in a
decrease in efficiency and not meet the requirements for use.
There are currently three main types of resonant compensation
for MC-WPT systems, namely, SS type, LCL-S type, and LCL-LCL
type. The secondary edge reflection impedance of SS topology is
shown in Eq. 1 (Kavya and Jayalalitha, 2021).

Zr � ω2M2

Zs
(1)

In Eq. 1, ω � 2πf represents the operating frequency of the
system. f represents the operating frequency. M represents the
mutual induction value between secondary edges. Zr represents the
total impedance of the secondary side. When the secondary coil is
connected in series, the calculation is shown in Eq. 2 (Mirza
et al., 2021b).

Zs � jωLs + 1
jωCs

+ rs + Req (2)

In Eq. 2, Cs represents the resonant compensation capacitor of
the secondary side. Req represents the equivalent load value of the
secondary power. j represents the imaginary factor. When the

working frequency of the vehicle is the resonant frequency of the
secondary side, ωLs + 1

jωCs
� 0. The impedance value at this time is

shown in Eq. 3 (Zhang K. et al., 2020b).

Zr � ω2M2

Zs
� ω2M2

Req + rs
(3)

The parameters in Eq. 3 are consistent with the above
parameters. rs represents the coupling coil resistance of the
original side. The impedance of the original resonant network is
Zp. The impedance change is shown in Eq. 4 (Wang et al., 2021b).

Zp � jωLp + 1
jωCp

+ rp + Zr (4)

All parameters in Eq. 4 are consistent with the above parameters.
rp represents the resistance in the coupling coil of the secondary
side. In the LCC-S topology, since the secondary side of the resonant
network belongs to the series resonance, its reflected impedance is
the same as the impedance in the primary coil. The impedance of the
primary resonant network is shown in Eq. 5 (David et al., 2021).

Zp � jωL1 +
jωLp + 1

jωCp
+ rp + Zr( ) 1

jωC1

1
jωC1

+ jωLp + 1
jωCp

+ rp + Zr
(5)

In Eq. 5, to ensure that the parameters can be reasonably
configured for the coupled structure, the capacitance and
inductance of the original side are resonated, so that the resonance
frequency is the same. ω � ω0 � 1���

L1C1
√ � 1���

LsCs

√ . Therefore, the
network impedance value is shown in Eq. 6 (Fang et al., 2022).

Zp � ω2L1
2

rp + Zr
(6)

In Eq. 6, the value representation of the parameters is the same
as the above equation. The LCC-LCC resonant topology
composition structure is consistent with the LCC-S type, but the
expressions of capacitance and inductance are different. All three
different topologies have advantages and disadvantages. The
topology coil current of LCC-S and LCC-LCC types is stable,
which are independent of the circuit load. However, the circuit
structure is relatively complex. The number of resonant stages and
harmonic frequency will increase the impact. This makes it difficult
to design the system, while increasing the consumption of the system
(Yang, 2022; Zhang X. et al., 2023a). In the wireless charging system
for electric vehicles, the parking of electric vehicles is affected by the
coupling structure, resulting in changes in the parking position.
Therefore, composite resonance will make the structure of the tram
more complex.

Frequency is independent of load in the SS type structural
system. The power and efficiency of trams are higher, and the
established model is simpler. Therefore, in the optimization design
of the tram system, SS type resonance is usually used for system
construction. The structural framework of the electric vehicle
coupling structure system constructed by the SS type resonant
topology is shown in Figure 1.

The topology of the tram MC-WPT system in Figure 1 consists
of two modules, the power change module and the electrical energy
conversionmodule. The ratio of system output to input power at this
time is shown in Eq. 7.
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ηsys � ηdc−acgηcougηac−dc (7)

In Eq. 7, ηsys represents the efficiency of the system. ηdc−ac
represents the efficiency of power transformation in the original
edge of the system. ηac−dc represents the power change efficiency of
the secondary side. The consumption in the coil is ignored. The
optimal efficiency point at this time is shown in Eq. 8 (Zhang
et al., 2022).

ηsys � ηcou �
ω2M2Req

ω2M2 Req + rs( ) + rp Req + rs( ) (8)

In Eq. 8, the parameters are consistent with the above
parameters. The total efficiency is used to calculate the optimal
efficiency point of the load for the secondary resistance, as shown in
Eq. 9 (Shao et al., 2023).

Req−opt−η � rs

��������
1 + ω2M2

rprs

√
(9)

In Eq. 9, parameter calculation can achieve the lowest efficiency
value by changing the impedance of the secondary side. It is also a
commonly used optimal efficiency point tracking method in the
system. In the MC-WPT system, both output and input efficiency
are determined by the efficiency of the primary and secondary edges.
Therefore, in the design of the system, the maximum system
efficiency can be achieved by changing the equivalent efficiency
or resistance of the secondary or primary edges. The optimal
efficiency point of electric vehicles is achieved through changes
in electrical energy and power, as well as mutual cooperation. The
primary edge in the system cannot protect the system through
current and voltage information. Therefore, information mutual
inductance is applied to the primary and secondary edges (Zhang
et al., 2021; Yang et al., 2024; Zhao et al., 2024).

According to the efficiency analysis of system best practices,
there are two best practices. One method is direct control, which
changes the impedance of the secondary side by changing the
electrical energy to achieve the optimal impedance and load. The
transmitted data is changed to receive the secondary voltage on the
primary side, thereby achieving target control.

Another method is to indirectly control the electrical energy
system. When the system parameters have been determined, the
electrical energy conversion device of the secondary side is
controlled. The primary side receives the current from the
secondary side for system control. For electric vehicles, the
parking position affects the coefficient of system coupling.

Therefore, the selected impedance value cannot be directly
calculated (Lyu et al., 2024). Therefore, the observation method
is used for calculation to ensure the actual value of the original edge
by controlling the impedance value of the secondary edge. Then the
wireless signal is input to calculate the impedance of the secondary
side. The comparison of system control methods is shown in Table 1.

In Table 1, different power control methods have different
system edges, resulting in different waveforms and data. If the
level in the table is high, the system parameters will be better at
this time. The battery in the tram system will generate impedance to
the charging state parameters of the tram. Therefore, using direct
tracking methods directly is not suitable for system data. When the
conduction ratio of the secondary side switch is β, the power output
is maintained. The equivalent impedance of the secondary side at
this time is shown in Eq. 10 (Wang et al., 2023).

Req � 8 1 − β( )2
π2

Ro (10)

In Eq. 10, β represents the duty cycle. The setting parameter for
the duty cycle is β � ton

ton+toff. ton, toff represent the on/off time of the
system. Ro represents the original resistance of the original edge
topology structure. Req represents the equivalent impedance of the
secondary side. The primary impedance value Zp of the resonance
under the SS type structure is shown in Eq. 11 (Wang et al., 2022).

Zp � ω2M2

Req + rs
+ rp (11)

In Eq. 11, ω � 2πf represents the operating frequency of the
system.M represents the mutual induction value between secondary
edges. rs represents the coupling coil resistance of the original side.
rp represents the resistance in the coupling coil of the secondary
side. Req represents the equivalent load value of the secondary
power. The output voltage value is shown in Eq. 12 (Lu et al., 2023).

Uro � π

2
�
2

√
1 − β( )Urin (12)

In Eq. 12, the parameter expression is consistent with the above
parameter equation expression. After ignoring the loss of system
switches, the result is as shown in Eq. 13 (Shen et al., 2024).

Pin � UinIin �
U2

p

Zp
(13)

In Eq. 13, Pin represents the loss of the switch. UinIin represent
the input voltage and current. Calculating system parameters

FIGURE 1
Schematic diagram of tram coupling structure.
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through equations can determine the most advantageous features in
the MC-WPT system. The MC-WPT system is commonly used for
confirming the best advantages of electric vehicles. However, the
system does not rely on the Bang-Bang algorithm and fuzzy
algorithm of the mathematical model. The Bang-Bang algorithm
is simple to use, which has strong adaptability to parameters, but it is
monotonous for using objects. For the calculation of some
parameters, it is necessary to clarify the goals in advance. When
confirming the advantage of electric vehicles, the relationship
between input power and voltage changes are non monotonic. In
addition, the change in the optimal efficiency point will vary with the
load of the system. Therefore, this algorithm is not suitable for MC-
WPT. Although fuzzy algorithms do not require parameter settings
or control, they can confirm control based on different empirical
parameters. Meanwhile, fuzzy algorithms are simpler and the
algorithm is relatively more mature. Moreover, the control
algorithm can respond to the mutual inductance between the
primary and secondary edges caused by the operation, without
the need for advance load control. Therefore, the fuzzy control
algorithm in the optimal efficiency point confirmation system for
electric vehicles is the most suitable.

3.2 Optimal efficiency point membership
based on fuzzy logic and system
construction for various charging stages of
electric vehicles

Fuzzy control algorithm is currently the main method used to
solve nonlinear surface and control problems. The simple operation

process and strong aluminum rod performance make it the optimal
algorithm for the current electric vehicle optimal efficiency point
confirmation system. The basic algorithm flow is shown in Figure 2.

In Figure 2, firstly, the fixed value and the input variable
deviation of the fuzzy controller are inputted. The input
parameters include desired speed, temperature, or other
parameters that need to be maintained by the electric vehicle
system, etc., which are inputted into the fuzzy controller before
executing the algorithm’s mechanism composition. The controller
receives the input data, including error or deviation from the desired
value. Finally, the mechanism composition of the algorithm is fed
into the controlled object. The final output is the value u of the
controlled variables, some of which are reintroduced into the initial
state of the system by the sensors. Sensors measure the actual
performance of controlled objects and provide feedback to the
controller, thereby creating a feedback loop. Variable judgment is
determined by the controlled object of the algorithm. If it can be fully
controlled, the result is output. If it cannot be fully controlled, the
algorithm is input again (Guo and Hu, 2023). The design and use of
the fuzzy controller are determined by the operation and experience
of the controlled object. The input and output data are summarized.
Afterwards, a fuzzy algorithm controller is formed to input and
output variables. Finally, the fuzzy subset and membership function
of the fuzzy controller is selected. The main process is shown
in Figure 3.

In Figure 3, the main process of the fuzzy controller requires
analysis and confirmation of the system. Firstly, the physical
quantities of the inputs and outputs are confirmed. The
confirmation of the physical quantities can help the fuzzy
controller to determine the required parameters and functions.

TABLE 1 Comparison of system control methods.

Electric energy conversion
method

Secondary
control

Frequency conversion
control

Free oscillation
control

Phase shift
control

Apply primary and secondary edges Original edge, secondary
edge

Primary edge Original edge, secondary edge Primary edge

System volume 2 3 1 1

Control the level of complexity 1 2 2 1

Waveform quality 3 2 2 3

FIGURE 2
The basic algorithm process of electric vehicles.
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Secondly, the controller structure is confirmed, which is determined
to improve the understanding of the controller and make it easier
and faster to use the controller. Then, the membership function of
the fuzzy subset is determined. Finally, the controller rules are
established. The controller parameters are simulated to determine
whether they meet the standards. If they meet the standards, the
controller design is completed. If they do not meet the standards, the
parameters are adjusted before simulation judgment.

The membership function in fuzzy control algorithms is an
algorithm function that converts clear variable values into fuzzy
variables. The subset changes of fuzzy algorithms are selected based
on the actual situation of the membership function. The different
values of the membership function have little impact on the current
system parameter changes. Therefore, choosing a membership
function usually consists of some simpler functions (Luo
et al., 2023).

In the design of fuzzy subsets, the loss value of the system switch
is determined by the controller. However, as the sensitivity of the
controller increases, the switch loss value of the system decreases.
When the minimum value appears, a low resolution membership
function can be used to determine it. Therefore, the function
distribution is symmetric. When the minimum input point is
determined, the membership function value appears relatively
steep. The overall shows significant changes (Bo et al., 2023; Liu
et al., 2023). In the optimal efficiency point system of electric
vehicles, the original and secondary side lines are usually buried
underground. The uncertainty of human operation makes it difficult
to accurately discharge the coil, which leads to the uncertainty of coil
coupling and changes in the mutual inductance value M. The
current charging methods for electric vehicles have three stages,
reserved charging, constant current charging, and constant voltage
charging. During the reserved charging stage, the system will
increase the current and voltage of the battery, but the

impedance will increase. Due to the increase in output power of
the charging system, the coil control can only perform constant
current control on the secondary side.

During the constant current charging stage of electric vehicles,
the battery voltage increases. At this point, the system output power
is approximately constant. The system will adjust system efficiency

FIGURE 3
The main process of fuzzy controller and membership subset.

FIGURE 4
Main flow of secondary controller.
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based on the collaboration between the original and secondary
edges. The constant voltage charging stage of electric vehicles is
the stage where the system voltage is controlled to rise. The battery
voltage impedance increases with the increase of output power. In
the Battery Management System (BMS) of the three charging stages,
the primary and secondary signals of the vehicle are transmitted and
controlled through wireless signals. When the charging signal is
emitted throughout the entire system, the system will judge the
current and voltage signals. Signal transmission is achieved by
controlling the primary and secondary circuits of the entire
controller. The secondary controller outputs current and voltage
through the control algorithm. The original edge uses fuzzy
algorithms for power variation and adjustment. The main
process of the secondary controller is shown in Figure 4.

The control process of the secondary side in Figure 4 initializes the
duty cycle first. Then the voltage and current data of the BMS signal are
output, the output data is detected, and the error value is calculated.
Afterwards, the duty cycle is calculated using an algorithm, which adds or
subtracts the calculated duty cycle and the initialized duty cycle. Finally,
the controller value for the duty cycle is output. The current and voltage of
the BMS signal based on the final value are set. The entire process is
controlled in a loop. Automobile in constant voltage or current, fuzzy
algorithm control object is different. The parameters are used to control
these two stages, which may lead to slow or too fast charging during the
adjustment process, and cause damage to the car. Therefore, it is
necessary to use different parameters for control at different stages.

After implementing fuzzy algorithm and optimal efficiency point
tracking control, a controller is added to the system for system
construction. There are two ways to implement fuzzy algorithms.

One method is to use a hardware fuzzy controller, and another is
software. The hardware controller is more convenient, which has a
faster speed. The disadvantage is that it requires variable processing
(Amir et al., 2023; Zhang G. et al., 2023b; Chobe et al., 2023).
Therefore, for the fuzzy algorithm of optimal efficiency point
system control, the process is shown in Figure 5.

In Figure 5, the system fault is first judged. If there is a fault, the
system is shut down and ends directly. If there is no fault, the system
receives electric vehicle signals normally to determine the charging
status of the electric vehicle. Whether to perform pre charging is
judged. If it is, the phase shift angle in the converter is set to 0. Then
whether it is in a faulty charging state is determined. If not, the
current charging state is determined. If it is in the end state, the
process will terminate directly. If not, the phase shift angle is
initialized to the maximum value, the phase shift angle is
adjusted, and then whether it is in the fault charging state is
determined. The magnitude of the phase shift angle determines
the current charging state, the tram load, and the mutual inductance.
During the charging process of an electric vehicle, either the current
or the voltage is kept constant, and a change in the phase shift angle
will cause a change in the output current on the primary side. To
maintain the stability of the output current or voltage, the secondary
side controller will adjust the duty cycle of the controllable rectifier.
Therefore, although the input power fluctuates, it is possible to wait
until the input and output power is stabilized by means of a timed
interrupt. In this way, based on the sampled values of the stabilized
input currents and voltages, the next phase shift angle adjustment
can be calculated more accurately (Barman et al., 2023; Zhou et al.,
2023). To increase the reliability of the control, the system compares

FIGURE 5
Fuzzy algorithm optimal efficiency point system control process.
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the input power with the preset output power values. If the input
power is found to be less than the preset output power after a period
of waiting, this indicates that the output power has not reached the
desired target. At this time, it is necessary to reduce the phase shift
angle to meet the output requirements of the system. In addition, a
maximum phase shift angle needs to be set to ensure that the phase
shift angle is controlled within an appropriate range (Acharige et al.,
2023; Vladimir and Iurii, 2023).

4 Analysis of automobile optimal
efficiency point affiliation and
automatic control of each
charging stage

The different systems and charging states of electric vehicles in
different forms are compared to obtain a more perfect optimal
efficiency point and control of electric vehicle charging state. The

experimental parameters are shown in Table 2. The simulation
parameters are shown in Table 3.

In Tables 2, 3, all parameters are consistent with the parameter
expressions in the previous chapter. Different types of topology
compensation are compared. The results are shown in Figure 6.

In Figure 6, the LCC-S type topology increased with the increase
of impedance value. The output power decreased with the increase
of impedance value and finally dropped to 0w. The SS topology
increased with the impedance value. The output power gradually
increased and began to decrease at the highest point. The highest
point value at this time was 0.85*105 W. The trend of LCC-LCC
topology and SS topology was consistent. However, the output
power value was higher, with a maximum output power of
1.73*105 W. In Figure 6, all three topologies had optimal
efficiency points. The efficiency change value first increased and
then decreased with the increase of impedance. Among the three
topologies, the SS type and LCC-S type had the highest optimal
efficiency point of 93%. The optimal efficiency point of LCC-LCC
topology was only 89%. Among the three topologies, the SS type was
considered more suitable for system construction. The duty cycle
represents the percentage of charging time in the total power on
time. A higher duty cycle indicates a longer charging time.
Therefore, controlling the duty cycle can effectively control the
charging stage of electric vehicles. The algorithm control and system
parameter calculation are both controlled by the secondary edge
controller. The relationship between the secondary circuit and the
duty cycle is shown in Figure 7.

Figure 7 shows the changes in output voltage and duty cycle of
the secondary side. When the duty cycle increased, the output
voltage value first rose at the highest point and then decreased.
Finally, when the duty cycle was 100%, the output voltage dropped
to 0 V. The highest voltage point of different resistors varied when
the primary resistance of different secondary edges changed. When
the resistance was 20, the duty cycle at the highest voltage value was
19.2%. When the resistance was 40, the duty cycle at the highest
voltage value was 25.2%. When the resistance was 60, the duty cycle
at the highest voltage value was 29.2%. The variation of mutual
inductance value varied with the variation of voltage. In Figure 7,
when the highest voltage value occurs and the mutual inductance
value is 15 uH, the maximum duty cycle is 31%. The duty cycle for
voltage peaking at a mutual inductance value of 20uH was 25%. The
duty cycle at the highest point of voltage was 21% for a mutual

TABLE 2 Experimental parameters.

Parameter Price Parameter Price

Uin 50 V f 85 KHz

Lp 160 uH Ls 160 uH

Cp 24.14 nF Cs 24.14 nF

rp 0.6 Ω rs 0.6 Ω

R0 50–120 Ω M 10–20 uH

TABLE 3 Experimental simulation parameters.

Parameter Price Parameter Price

Up 380 V Ro 4,092/802

Lp 145 μH Ls 145 μH

Cp 24.179 nF Cs 24.179 nF

p 0.42 rs 0.49

M 20μH/15 μH f 85 KHz

FIGURE 6
Comparison of three types of topology.
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inductance value of 25uH. From the two graphs, high voltage and
lower duty cycle are beneficial for controlling the charging stage of
electric vehicles, but low mutual inductance results in higher duty
cycle. Therefore, the most suitable secondary circuit parameters are
a resistance of 40Ω and a mutual inductance of 20uH. The phase
shift angle of the primary coil is set to 0. The simulation results of the
charging stage model are shown in Figure 8.

In Figure 8, the secondary current is controlled to stabilize the
current. The primary output exercise and voltage waveform are
observed. In Figure 8A, the duty cycle of the secondary controller
was stable at around 75.6%, and the current was stable at 5A. In
Figure 8B, the secondary current had low-frequency fluctuations,
which may be due to the fact that the secondary controller can
control the entire system’s switch. When the secondary impedance
value decreases, the primary impedance value increases. This
reduces the amplitude of the secondary current. When the
input and output voltage value is set to 50V, the mutual
inductance load changes after optimizing the primary coil are
shown in Figure 9.

In Figure 9, when the mutual inductance values were 10uH,
15uH, and 20uH, the efficiency change of the primary coil before
control decreased with the increase of resistance. After controlling
the primary coil, the efficiency changes almost unchanged as the
resistance increases. Because when there is only secondary control,
the change in efficiency is only related to the duty cycle of the
secondary coil. After adding the primary coil, the overall efficiency
change was determined by two parameters. After controlling the
voltage, the parameters remained almost unchanged. Therefore,
efficiency remained almost unchanged at the highest point.
However, as the load increased, the efficiency of the coil
correspondingly increases by 5% for every 5uH increase in load.
The simulation results during the charging phase with a load value of
20uH are shown in Figure 10.

In Figure 10A, the load value of the parameter decreased first
and then briefly increased with time, and finally tended to stabilize,
which may be due to the phase angle tends to a stable state in
Figure 10C. In Figure 10B, the change of current with the increase of
time first appeared a brief increase, and then tended to a relatively

FIGURE 7
Relationship between secondary duty cycle and voltage change. (A) The effect of resistance changes on the duty cycle. (B) The impact of load value
changes on the duty cycle.

FIGURE 8
Simulation results of charging stage. (A) Duty cycle change during pre charging phase. (B) Current and voltage changes during the pre
charging stage.
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stable state, which may be the reason for the sudden increase of
current and then stabilize the input after just plugging in the power
supply in the charging phase. In Figure 10C, the change in phase
angle increased slowly with time and then tended to a relatively
stable state. The short time after stabilization indicates that the phase
angle changes more rapidly during the charging phase. In
Figure 10D, the input power showed a decreasing trend with the
increase of time. Compared with Figure 10C, the value of the power
change began to stabilize after the phase angle was gradually
stabilized. It indicates that the phase angle is able to control the
input power of the car in the charging stage. To compare the effects
of different methods on the charging process of electric vehicles, the

study is compared with the same car environment to test the
efficiency changes of the car during the three stages of constant
current, constant voltage, and charging completion. Then it is
compared with the fuzzy C-means clustering, Genetic Algorithm,
Particle Swarm Optimization and Fuzzy Sliding Mode Control, as
shown in Table 4.

From Table 4, the research method showed high charging
efficiency at different stages of the charging process, and the
charging efficiency of the research method reached 94.80% in the
constant current process, which was close to the optimal efficiency
value of 95% in the constant current state. In the constant voltage
process, the efficiency value of the research method was 88.40%,

FIGURE 9
Mutual inductance and load changes before and after the control of the primary coil. (A) M = 10 uH, (B) M = 15 uH, (C) M = 20 uH.

FIGURE 10
Simulation results of a load value of 20uH during the charging phase. (A) t-β, (B) t-I0, (C) t-α, (D) t-Pin.
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which was significantly better than other methods. Its efficiency
value basically reaches 90% of the optimal efficiency value in general.
At the end of the charging stage, the efficiency value of the research
method was 72.30%. It shows that the method is more effective in
charging the car with less energy loss at the end of the charging stage.
The algorithmic criteria and content description of the fuzzy
algorithm are shown in Table 5.

Several control models commonly used in automobiles are
compared with the research method, including PID controller,
genetic algorithm and particle swarm optimization algorithm for
comparative testing. The simulation parameters in different cases
are kept the same, and the test temperature of the car is kept the
same. The charging time is about 9 h, as shown in Table 6.

From Table 6, the fuzzy control method used in the study
showed better performance in car charging control under the
same conditions. The charging efficiency of the car was the
highest among the four methods at 84%, which was a 6%

improvement than the lowest genetic algorithm control. The
charging voltage amplitude change value was also relatively low,
only at 7.5 V. The self-discharge efficiency and charging time are the
least among the several models, which shows that the method used
in the study has the best control effect on car charging.

5 Conclusion

This research is to control the different charging stages of
electric vehicles and control their automatic charging. The
optimal efficiency point of the electric vehicle was firstly designed
as a scheme. Then the fuzzy logic algorithm was integrated to
achieve the optimal efficiency point and charging control during
the charging stage of electric vehicles. From the experimental results,
among the three topology compensation types, the optimal
efficiency point of SS type and LCC-S type were both highest at

TABLE 4 Comparison of the effects of different methods and algorithms.

Algorithm model Constant current stage (%) Constant pressure stage (%) Charging end stage (%)

Fuzzy C-means clustering 92.30 82.30 60.50

Genetic algorithm 87.50 84.60 59.60

Particle swarm optimization 89.20 85.10 58.70

Fuzzy sliding mode control 90.50 86.20 64.80

Research method 94.80 88.40 72.30

TABLE 5 Algorithmic judgment criteria and guidelines.

Component Description Criterion or standard

Input Variables Variables relevant to the charging process (Sobrinho et al., 2023) State of charge (SoC), charging power, battery temperature (Ahmed et al.,
2023)

Membership Functions Define the degree to which inputs belong to each fuzzy set Gaussian, Triangular, Trapezoidal, etc.

Fuzzy Rule Base If-Then rules to define control actions (Mahmud et al., 2023) Rules that describe the charging behavior at different SoCs (Nisha et al.,
2023)

Inference Mechanism Process to deduce the control actions from the rules Mamdani, Sugeno, or Tsukamoto

Output Variable The control output that affects the charging process (Zhao and Liang,
2023)

Charging current, charging voltage (Emodi et al., 2023)

Defuzzification
Method

Converts fuzzy output to a crisp value Centroid, Bisector, Mean of Maximum, Smallest of Maximum

TABLE 6 Comparison of car parameters of different methods.

Index Fuzzy logic control Genetic
algorithm

PID controller Particle swarm optimization
algorithm

Charging efficiency 84% 78% 80% 81%

Voltage fluctuation changes 7.5 V 9.3 V 10.6 V 11.8 V

Frequency fluctuation
variation

0.12 Hz 0.22 Hz 0.34 Hz 0.42 Hz

Battery self-discharge rate 0.12% 1.52% 2.34% 2.14%

Charging time 9.12 h 8.87 h 9.26 h 9.22 h
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93%, while the optimal efficiency point of LCC-LCC type topology
was only 89%, and the highest electric power of SS type was
0.85*105 W, which was considered more suitable for system
construction. The maximum duty cycle of the system was 31% at
a mutual inductance value of 15uH. When the secondary coil
stabilized, the duty cycle stabilized at about 75.6%, and the
current stabilized at 5A. At mutual inductance values of 10, 15,
and 20 uH, respectively, the efficiency change of the coil was
correspondingly increased by 5% for every 5uH load growth.
Many data in the experiment can reflect the changes in the
charging status of electric vehicles, so the control system can
track and control electric vehicles. Although the experiment has
achieved a lot of results, the research still has problems. Since the
experimental data is only for the simulation experiment, the real
data will be explored subsequently. Secondly, the coils in the
research are the secondary side coils. There is less research on
the primary side coils, which will continue to be explored in
the future.
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