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Abstract: For the bidirectional wireless power transfer system of electric vehicles, the topology
proposed in this paper includes a direct three-phase AC-AC matrix converter as the pre-stage main
circuit, a bilateral inductor—capacitor—capacitor-inductor (LCCL) as the resonance compensation
network, and a full-bridge converter as the latter stage circuit. According to the characteristics
of the system topology, a new control strategy is proposed based on the de-re-coupling method.
The control principle of the coordination work of the scheme is expounded, and the corresponding
switch combination logic is designed. According to the three-phase voltage amplitude relationship at
different stages, combined with the resonant frequency, the switch arms of the matrix converter are
alternately controlled separately. The number of switching operations is reduced, the system efficiency
and safety are improved, and the full range of soft switching operations of the converter is realized.
The theoretical analysis of the bilateral LCCL resonance compensation network is carried out, and its
constant voltage/current output characteristic and high power factor transmission characteristic are
obtained. Finally, the effectiveness and feasibility of the bidirectional wireless power transfer system
for electric vehicles proposed in this paper are verified by simulation analysis.

Keywords: AC-AC converter; bidirectional wireless power transfer; soft switching; bilateral
LCCL compensation

1. Introduction

With the exhaustion of energy and the growing environmental problems, the demand for
energy-saving and environmentally-friendly new vehicles has increased significantly. Electric vehicles
are the products that emerged under this trend. The emergence of the electric vehicles has made
great contributions to promoting the development of modern society and the progress of civilization.
The power used for electric vehicles is rich in resources, easy to transmit, and environmentally friendly,
which can effectively cope with energy and environmental problems [1]. The charging methods of
electric vehicles are divided into wired charging and wireless charging. In most cases, the charging
mode of electric vehicles is wired charging. However, in this way, there are safety hazards such as bare
wires and plugs in the charging process. In some special circumstances, such as chemical exposure,
mining, and other inflammable and explosive situations, the resulting electric spark is enough to cause
a huge safety accident. In recent years, wireless charging, as a technology for transmitting power, could
be done without any physical contact, and it has attracted people’s attention. Compared to traditional
wired power transmission, it has many advantages, such as high current isolation, high flexibility, and
high reliability [2].
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Inductive power transfer (IPT) technology is used for wireless power transfer of electric vehicles.
In a loosely coupled IPT system, the inductive link needs to generate a strong magnetic field so that
energy can be transmitted from the outside of the vehicle to the vehicle receiving end through the air
gap [3]; this requires the power frequency AC to be raised to high-frequency AC. The conversion of
electric energy necessarily requires the addition of power electronic converters. At present, the most
common converter structure is a two-stage conversion structure; that is, an AC-DC-AC type structure,
which generally involves a low-frequency ac-to-dc power conversion as well as a dc-to-high-frequency
ac power conversion, requiring two or more power electronic converters in conjunction with a large
and expensive dc-link capacitor and a bulky low-frequency input inductor [4,5].

In order to solve the above situation, matrix converters have been used in recent years to replace
two-stage converters for inductive power transfer (IPT) systems. As a direct AC-AC converter, the
matrix converter has a simple and compact topology, bidirectional power flow capability, a high
quality input current waveform, and an adjustable input power factor compared with conventional
converters [6-11]. In [12], a single-phase matrix converter is used to alternately control the opening
and closing of the switching tube by a phase shift of a certain angle. The method is simple. However,
the switch cannot be turned on or off at zero voltage or zero current, and the switching loss is large.
The study in [13] used a three-phase matrix converter, which can only realize the soft-switching start of
the switching tube. When the circuit is turned off, the current is not zero, and the switching loss is
large. The space vector pulse width modulation (SVPWM) control strategy is used in [14,15] to make
the converter have good input and output characteristics, but the strategy control is more complicated
and cannot achieve full range of soft switching operation. In [16], based on energy injection and
free oscillation technology, the soft switching operation and high efficiency of the converter can be
realized. However, this method requires precise control of the energy injection time and the direction
of the detected current, the control is complicated, and the converter has only the ability to flow in
one direction.

The IPT system needs to reduce the volt-ampere capacity and improve the power transmission
capability through the resonance compensation circuit [17,18]. According to the difference between
the resonant capacitor and the coil connection, it can be divided into four basic compensation circuits;
namely, series-series (SS), series-parallel (SP), parallel-series (PS), and parallel-parallel (PP) [19-21].
It is stated in the literature [17,19-23] that these traditional methods are affected to varying degrees by
the load and coil coupling coefficients. In the SS structure, the resonant capacitance of the transmitting
end does not change with the load or the coupling ratio. In the SP structure, the resonant capacitance
of the transmitting end changes with the coupling rate. In the PS and PP structures, the resonant
capacitance of the transmitting end changes with the load and the coupling ratio. In the IPT system
of the [24,25], the inductor—capacitor-inductor (LCL) resonance compensation circuit is adopted at
the transmitting end. At the resonant frequency, the transmitting end coil exhibits a constant current
characteristic, which does not change with the change of the load and the coupling ratio, and the
transmitting end always works at the maximum excitation state; the receiving end uses a parallel
resonant network. However, when the receiving end adopts the parallel resonant network, the coil
contains reactive components, and the reactive component changes with the load and the lateral
and longitudinal offset, and is fed back to the transmitting end through mutual inductance. For this
reason [26] proposed a bilateral LCL type compensation circuit to solve the shortcomings caused by
the traditional compensation method, so that the system has constant voltage constant current output
characteristics. However, its compensation inductance is large and uneconomical, and the component
loss is large.

In view of the above problems, this paper proposes a new type of electric vehicle wireless charging
and discharging system based on direct three-phase AC-AC matrix converter, which can realize the
conversion of low-frequency alternating voltage to high-frequency alternating voltage without any
intermediate energy storage components. At the same time, for the traditional capacitor-inductor
series/parallel compensation affected by the load and coil coupling coefficient, the structure of the
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bilateral LCCL resonant network is proposed. Combined with the above system structure, a new
control strategy is proposed. The idea of de-re-coupling is adopted to reduce the number of switching
times and make the switch work in the soft switching state at the same time, reducing switching
loss and improving system efficiency, thereby achieving the purpose of charging and discharging
electric vehicles.

The structure of this paper is as follows: the second section introduces the topology of the
proposed system; the third section introduces the control strategy adopted by the proposed system;
the fourth section theoretically analyzes the bilateral LCCL resonant networks; the fifth section gives
simulation analysis; and finally, the sixth section gives the conclusion.

2. System Topology

The IPT system based on direct three-phase AC-AC matrix converter proposed in this paper
is shown in Figure 1. The primary side consists of a three-phase AC-AC matrix converters and
an LCCL resonant tank, and the secondary side consists of a single-phase full-bridge and an LCCL
resonant tank. The proposed topology eliminates input inductor, DC link capacitor, and AC-DC-AC
two-stage power conversion. Therefore, it achieves a direct conversion between low-frequency
AC and high-frequency AC. The matrix converter consists of six bidirectional switches (S1-S¢),
each consisting of two back-to-back connected IGBT switches. In Figure 1, L; and L, respectively
indicate the self-inductance of the primary side coil of the magnetic coupler and the self-inductance of
the secondary side coil, and M is the mutual inductance between the primary and the secondary coils.
The compensation network consists of a magnetic coupler and three other components: the series
inductor Ls and Ly, the shunt capacitor Cs and C,, and the series capacitor C; and C;. In addition,
vs represents the voltage applied by the inverter to the input end of the resonant network, and v,
represents the voltage at the output end of the secondary side compensation network. iy, i, is, and i,
represent the currents flowing through the inductors L1, Ly, Ls, and L, respectively.

Figure 1. Electric vehicle wireless charging system based on direct three-phase AC-AC matrix converter.

3. Control Strategy

3.1. Matrix Converter

According to the circuit topology characteristics shown in Figure 1, the matrix converter can
be converted into common converters for analysis by de-re-coupling. Therefore, modulation and
control strategies widely used in conventional single-phase switching converters can be applied to
matrix converters, making the analysis and control of bidirectional switching circuits simpler. In this
paper, based on the de-re-coupling method, a de-re-coupling vector modulation strategy suitable
for direct three-phase AC-AC matrix converter is proposed. The proposed strategy also needs to
be processed by “two-step” de-coupling and re-coupling. Firstly, direct three-phase AC-AC matrix
converter is processed by the “de-coupling” idea, and the original topology is presented as a form of
a positive six-switch converter and a reverse six-switch converter as shown in Figure 2. When the
positive converter is operated, the forward current flows through the anti-parallel diodes of the reverse
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converter switches, and the switch tubes corresponding to the reverse converter are all turned off.
When the reverse converter is operated, the reverse current flows through the anti-parallel diodes of
the positive converter switches, and the switch tubes corresponding to the positive converter are all
turned off.
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Figure 2. De-coupling diagram of direct three-phase AC-AC matrix converter.

Secondly, the “re-coupling” work focuses on generating drive pulses for each switching device in
the “de-coupling” circuit through logical combination and transformation. The research object of this
paper is the voltage type matrix converter. For this reason, the control mode of Figure 3 is selected
in the driving mode of the bidirectional switch (taking a single bridge arm as an example); that is,
two switching tubes are respectively applied with different driving, and are separately controlled.
Samax and Sgpi, are the driving signals of the A-phase arm; and the polarity selection signal V,, and
the polarity selection signal V;, are complementary high-frequency square waves with a duty ratio
of 50%, and the frequency is the same as the switching frequency. In the first half of the polarity
selection’s high-frequency square wave signal, the matrix converter outputs a positive voltage, which
is equivalent to turning off the reverse converter and driving the positive converter. In the latter half
of the period, when the polarity selects the high-frequency square wave signal, the matrix converter
outputs a negative voltage, which is equivalent to turning off the positive converter and driving the
reverse converter. Thereby, the matrix converter output can be realized as a high-frequency alternating
voltage in one high-frequency period.
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Figure 3. The re-coupling logic of the A phase drive signal.

In Figure 4, taking the ab phase voltage as an example, the output voltage vs of the matrix converter
is synthesized by the polarity selection signals v;, vy,.
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Figure 4. Synthesis of vs.

As shown in Table 1, the three-phase AC-AC matrix converter has twelve operating states
throughout the cycle, which are determined based on the polarity selection signal and the relative
order of the three-phase input voltages.

St = Sap Sea* (Sp - S+ Sp - So)

1
Spl:Sah‘sca‘<sp‘sf+sp‘sv) ()

Table 1. Twelve operating states of the matrix converter.

S S Switches
Mode Su ab be Sea Forward Reverse
1 0 1 1 0 Sn1, Sne SpZ/ Sp5
2 0 1 0 0 Su1, Sna Sp2, Sp3
3 0 0 1 0 Su3, Sne Sp4, Sps
4 0 0 1 1 Sn3, Sno Spa, Sp1
5 0 0 0 1 Sus,, Sn2 Spe, Sp1
6 0 1 0 1 Sus, Sna Spe, Sp3
7 1 1 1 0 SpZ/ Sp5 Sn1, Sue
8 1 1 0 0 Sp2, Sp3 Sn1, Sna
9 1 0 1 0 Spa, Sps Sn3, Sne
10 1 0 1 1 Spa, Sp1 Su3, Sno
11 1 0 0 1 Spes Sp1 Sns, Sno
12 1 1 0 1 Spe, Sp3 Sns, Sna

The logic signal of switch S; of the converter can be obtained from Table 1 as shown in Equation (1),
where the variables are defined as Syp,: u; > up, Spe: Up > U, Seat Ue > Ug, Sy: Vi >0, Sf: forward power
transfer mode, S,: reverse power transfer mode. The logic signals of other switches (5,—S¢) are similar
to Equation (1).

3.2. Full-Bridge Converter

In Figure 1, the full-bridge converter is connected to the resonant tank and the electric vehicle.
Depending on the direction of the power flow, the electric vehicle can be used as a power source or as
an active load. The operation of the full-bridge converter is defined based on the phase modulation
principle similar to that of MC. Hence, the switches S4—Sp of the converter are operated at fr with 50%
duty cycle to produce v,.

In Table 2, the full-bridge converter has two operational states throughout the cycle, and these
two operational states are determined based on the power flow direction.
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Table 2. Two operating states of the full-bridge converter.

Switches
Mode vp >0
Forward Reverse
1 1 5S4, 5D Sp, Sc
2 0 Sg, Sc Sa,Sp

Figure 5 shows the v5 and v,. The transmission power can be changed by changing 6.

A

Vs

11P
|

Vp

Figure 5. vs and vp.

4. Analysis of Bilateral LCCL Resonant Networks

6 of 14

This chapter uses a bilateral LCCL compensation method. The IPT resonant circuit topology using

this compensation method is shown in Figure 1.

For such a high-order system, in order to facilitate the analysis of basic characteristics, the following

two approximations need to be made: (1) ignoring the internal resistance of all passive components
in the circuit; (2) using the fundamental analysis method—i.e., assuming that only the fundamental
component in square wave vs and v, plays a major role in energy transmission. Thus, the bilateral

LCCL-compensated IPT resonant network equivalent circuit of Figure 1 can be represented as shown
in Figure 6. The physical quantity with the superscript in the figure indicates the derivation value of

the secondary side to the primary side.

L, Ci L. L G L,
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Figure 6. The re-coupling logic of the A phase drive signal.

In this circuit topology, the ratio of the magnetic coupler is defined as n = L;/L;. The other

physical quantities in Figure 6 are defined in Equation (2).

Lm = k-I;
Liw = (1-k)-Ly
L/Zm = (1 - k) . I’ZL2
C'z = Cz/?l
C'p = GC/n
L'y = n-L
vy = Vg

In Equation (2), k represents the coupling coefficient of the primary and secondary coils.

@
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Although a high-order system usually has multiple resonant frequencies, the original intent of
this chapter is to find a compensation topology suitable for fixed-frequency control to simplify the
design of the control system. Therefore, the characteristics of the proposed topology over the entire
frequency domain will not be discussed; there will be an analysis of the characteristics of the resonant
frequency point that satisfies Equation (3) only.

wy? = LsCs = LyCp = (L1 = Ls)C1 = (L2~ L) C2 ®)

In Equation (3), wy is the resonant angular frequency.
For ease of analysis, the series of C; and Ly, in Figure 6 can be represented by an equivalent
inductance, which is Equation (4).

1 1
Lis=— |- + jwoLm | = Ly — —— 4
5= 0 (](vocl Jawo 1m) 1m G 4)
Substituting the corresponding expressions of Equations (2) and (3) into Equation (4) is (5).
Lis=L1— —kL; = Ls —kL 5
1s=1L1 20, 1=Ls—kLy &)
Similarly, C’p and L’5,, can also be equivalent to Equation (6).
L'y =Ly KLy (6)

After the above equivalent, according to the superposition theorem, the effects of the input voltage
. -/
Vs and the output voltage V', on the resonant network can be separately analyzed. First, consider the

case where only the input terminal voltage Vs is applied to the resonant network, as shown in Figure 7;
the broken line in the figure indicates that no current flows through the branch.

I I L/ L/
O d VNN Nl v o~ A
+ =
. ]svs ] = Ipvs
r’

Figure 7. Circuit state of a resonant network acted on by V; only.
From Equations (2) and (5), we can get Equation (7).
Lis+Ly=Ls—k-L1+k-L1 = Lg (7)

Obviously, Equation (7) means that the second cell from the left in Figure 5 can also form a
resonance. Then, under the action of VS, since Cs and (Lys + L), L’y and C’y, form a stable parallel
resonance state at the resonant frequency, Equation (8) is inevitably caused.

. 4
Isvs =0, Tos=0 (8)

The subscript vs. indicates that the current is generated only by the action of V.
The establishment of Equation (8) means

. . . ./
Vs = VCSUS/ VLmvs = Vprs (9)
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Further, we can easily get

. Vs
Lys = —— 10
lus jCUOLs ( )
) kVSLl
AL N 11
pos jawoLsL'p (11)

-/
Similarly, the second cell from the right in Figure 8 can also form resonance. Then, when only V' ,,
acts, the current phasors of the resonant network can also be obtained in the same way.

. .’
Iy = 0, Ipop=0
0 v,
Loy = —75517, (12)
j _ kV,le
sop — T JjawoLsL'p

Ll
e R o
+

4
Figure 8. Circuit state of a resonant network acted on by V', only.

We assume that the relative phase angle between the voltages vs. and v, is 0. If vs. is used as a
reference voltage, then the two voltage phasors can be expressed as

V, = Vs/0°

v (13)
Vi, = Vp6-90°

Substituting Equation (2) into Equations (10) to (12), we can get the current phasors in the

resonant network.
. k \/L1L2'Up 9
=—/

e (14)
Lh=-%,_90 (15)
a)()LS
. vp
I = T L0 (16)
k \/L1L205
I, = ———/-90° 17
P woLsLy 20 (17)
The power transmitted by the system is
ok kvL,L
P=Vils=-—-"2 00,sin0 (18)

It can be seen from Equation (18) that the transmission power of the system is mainly affected by
vs, Up, and 6. By changing their values, one changes the magnitude and direction of the system power.
Since the system is a high-order circuit, there may be another resonance point near wy, and the
system characteristics will change abruptly. This can significantly affect the performance of the actual
system due to parameter changes. The frequency characteristics of the circuit shown in Figure 6 are
given to check whether there is a sharply varying resonance point near wy. In order to show the load
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effect, the load resistance R = 8/m-Rp, where Ry, is the equivalent resistance of the battery when charging,
when the battery charging power is between 5% and 100%, R ranges from approximately 10 to 200 €).
The frequency characteristics of the input impedance are analyzed at a coupling coefficient of 0.29, as
shown in Figure 9. We can see that there is a constant resonant frequency at about 79 kHz. In addition,
there are some other resonant frequencies. When the load changes, the lowest and highest resonance
points do not change, and they change with the coupling coefficient. It should be noted that near wy
there may be another resonance point under certain conditions. However, the change from wy to the
adjacent resonance point is smoother, which means that a sudden change does not occur when the
operating frequency is slightly shifted from w.

60 T

Magnitude/dB

-20

~.""g mLEMA
L
un D
a
(o)) "‘0‘ s
[<5)
(5]
(72}
¢
s = P o
o L]
N
-
»
Yguus®
1
80 90 100 110
Frequency/kHz

Figure 9. Frequency characteristics of the input impedance.

5. Simulation Analysis

In order to verify the feasibility and effectiveness of the proposed charging system and control
strategy, a simulation was performed in MATLAB/Simulink. Taking into account various factors, the
required parameters are shown in Table 3 below. The grid voltage is a three-phase symmetrical voltage
with an effective value of 220 V, the battery voltage is 220 V, and fr is the converter switching frequency.

Table 3. Experimental parameters.

Parameter Value
Ls, Ly 67 uH
Gs, Cp 95 nF
Cl/ Cz 15 nF
Ll/ L2 370 LLH

k 0.29
fr 79 kHz

Theoretical results of grid voltages and currents over a time frame of 0.08 s are illustrated in
Figure 10. Figure 10a is the waveform in the forward direction, and Figure 10b is the waveform
in the reverse direction. In the charging mode, the currents and the voltages waveforms basically
change in phase, and in the discharging mode, the currents and the voltages waveforms also change
in the opposite phase. As a result, high power factors of 0.93 in the charging mode and 0.92 in the
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discharging mode were measured. The slight deviation of the power factors from the unit power
factor can attributed to the LC low-pass filter and tuning imperfections. In the forward transmission
mode, the power can reach 1.53 kW, and it can reach 1.36 kW in the reverse transmission mode. This is
because the voltage of the electric vehicle battery is relatively low compared to the grid voltage.

200
150
100

50
0,

-50

Voltages (V) / Currents (A)

-100

-150

-200

o
o
o
I
o
o
o
=)
o
@

0.04 0.05 0.06 0.07 0.08
Time ()

Voltages (V) / Currents (A)

Figure 10. Three-phase voltages and currents in (a) the forward direction and (b) the reverse direction.

In Figure 11, the matrix converter outputs a steady-state voltage and current waveform, which
is also the steady-state voltage and current waveform of the resonant tank input. Figure 11a is the
waveform in the forward direction, and Figure 11b is the waveform in the reverse direction. As can be
seen from the figure, the converter realizes the conversion from low frequency to high frequency. At
the same time, it can be seen that the voltage transition is always when the current is 0; that is, the
on/off of the switch is performed when the current is 0, indicating that the matrix converter realizes the
soft switching operation in the full range during steady state operation. It can also be seen from the
figure that the current follows the change of voltage, the frequency and phase are consistent, and the
converter has a high power factor.

Figure 12 shows the steady-state voltage and current waveforms of the resonant loop output,
and those are also the steady-state input voltage and current waveforms of the full-bridge converter.
Figure 12a is the waveform in the forward direction, and Figure 12b is the waveform in the reverse
direction. It can be seen that the wireless power transfer enables high power factor operation through
compensation of the primary and secondary bilateral LCCL resonant tank. Full-bridge converter also
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realizes full range soft switching operation. At the same time, it can be seen that the bilateral LCCL
resonant circuit has the ability to achieve constant voltage and constant current output.
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(a) (b)
Figure 11. v5 and i; in (a) the forward direction and (b) the reverse direction.
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Figure 12. v, and i, in (a) the forward direction and (b) the reverse direction.

Figure 13 shows the current waveforms output by the electric vehicle; Figure 13a is the waveform
in the forward direction, and Figure 13b is the waveform in the reverse direction. In the forward
direction, the current is negative, indicating that the electric car is charging at this time. In the reverse
direction, the current is positive, indicating that the electric vehicle is discharging at this time. It can
prove the feasibility of the system proposed in this paper and realize the wireless charging and
discharging of electric vehicles.

Figure 14 illustrates the THD of the grid current i, up to the 50th harmonic of the prototype for
forward and reverse power operation against the 8, which again ranges from 6/7 to 7/2 in the forward
direction and from —6/7t to —m/2 in the reverse direction. The overall grid current’s harmonic content for
reverse power operation is marginally higher than that of the forward power operation; hence the THD
for forward power operation is slightly lower than that of the reverse power operation, as depicted in
Figure 14. The THD peaks at 4.8% and 5.1% for forward and reverse power operation, respectively,
at |6| = 11/6 and then maintains a steady lower trend with increasing |0] values.

The efficiency of the system, from the grid to the dc battery for electric vehicle, is shown in
Figure 15 for both directions of power flow at different values of 0. As evident from Figure 15, the
efficiency profile of the system for the forward power flow is similar to that of the reverse power flow
in general, with some minor differences. The system exhibits its highest efficiency of 92.6% at 0 = 7/2
for the forward power operation, whereas the highest efficiency for the reverse power operation is
92.3% at 6 = —m/2. Furthermore, it is observed that the efficiency decreases with decreasing |0 values.
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Figure 13. Current of EV in (a) the forward direction and (b) the reverse direction.
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Figure 15. Efficiency of the system.

6. Conclusions

In this paper, a new type of electric vehicle wireless power transfer system based on a direct
three-phase AC-AC matrix converter is proposed, and a new, simple control strategy is proposed
for this system. Compared with the traditional space vector control, the number of switches is
reduced, the soft switching operation is realized in the full operation range, the switching loss is
reduced, and the system power factor is improved. The system does not need any intermediate energy
storage components to realize the conversion of low-frequency alternating current to high-frequency
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alternating current. Combined with the bilateral LCCL resonant compensation loop proposed in this
paper, through theoretical analysis and experimental verification, the system has constant voltage and
current output characteristics, and realizes the wireless charging and discharging of electric vehicles.
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