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ABSTRACT The soft-switching characteristics of double-sided LCC wireless power transmission systems
are susceptible to system parameter disturbances. In order to improve the stability of zero voltage switches
in constant-current and constant-voltage charging modes, this paper synthesizes eight resonant conditions
which make the system realize constant-current/constant-voltage and Zero Phase Angle. The influence of
compensating capacitance parameter disturbance on system impedance angle is studied under constant
current/constant voltage operation mode. The parameter configuration methods of compensated capacitance
realized by zero voltage switches under the influence of third-order harmonic in constant current/constant
voltage operationmode are also given. The system’s experimental prototype verifies the theoretical analysis’s
accuracy with capacitive and inductive input impedance.

INDEX TERMS Wireless power transfer, constant current/constant voltage, double-sided LCC, zero-
voltage-switch.

I. INTRODUCTION
Wireless power transfer has been widely used in the military,
transportation, medical, and other fields due to its high safety,
convenience, and flexibility [1], [2], [3], [4], [5]. Lithium
batteries are applied in electric vehicle power batteries due
to their high energy density, high cycle life, and low cost.
During the charging process of lithium batteries, the equiva-
lent load resistance changes from a few ohms to hundreds of
ohms, so it is necessary to realize load-independent constant
current (CC)/constant voltage (CV) charging in a wide range
of loads. It is conducive to the safe and stable operation of
electric vehicle power batteries, improving battery durability
and maintaining stable working performance [6], [7], [8].

Load-independent CC/CV charging can be achieved by
adding DC-DC converters or changing the system’s operating
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frequency. However, adding DC-DC converters will increase
devices, power loss, and cost of use, making it challenging
to implement ZPA(Zero Phase Angle) or ZVS(Zero Voltage
Switch) over the entire charging range [9], [10]. Due to the
frequency bifurcation phenomenon, the frequency conversion
control of the system will be unstable, leading to electromag-
netic compatibility problems [11]. The frequency bifurcation
phenomenon can be effectively avoided by adjusting the duty
cycle, but it is challenging to realize ZVS under light load.
Therefore, it is necessary to design specific resonant condi-
tions for the IPT system and a set of resonant networks to
achieve CC and CV output.

The traditional compensation method is based on SS, SP,
PS, and PP models. The SS compensation network is inde-
pendent of load and coupling coefficient, which can real-
ize CC output independent of load, even if the transformer
is damaged. The SP compensation network varies with the
quadratic variation of the coupling coefficient, which can
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realize load-independent CV output. The coupling coeffi-
cient and load resistance affect the PS and SP compensation
networks [12], [13], [14]. In order to reduce the coil offset
efficiency and power variation and to realize the CC/CV
output and input ZPA characteristics. Adding an LC net-
work to the transmitter or receiver can form the double-sided
LCL, LCC-S, and LCC-P compensation network. LCC-S
compensation network can achieve load-independent CV out-
put and input ZPA characteristics; LCC-P and the double-
sided LCL can achieve load-independent CC output and input
ZPA characteristics. In the double-sided LCL compensation
network, the compensation inductance is the same as the
self-inductance of the coil [15], [16], [17]. Based on the disad-
vantage of low double-sided LCL Freedom, professor Chris
Mi of San Diego State University proposed the double-sided
LCC compensation network [9], [18]. The double-sided LCC
compensation network not only has the advantages of the
double-sided LCL but also reduces the value of compensa-
tion inductance and increases the design freedom of system
parameters by adding additional compensation capacitance.
The double-sided LCC compensation network has the strong
anti-offset ability, can achieve CC output and input ZPA char-
acteristics through parameter design, and can also achieve
CV output and input ZPA characteristics. The IPT system
of the double-sided LCC compensation network is a tan-
gled resonant system, and it is too complicated to analyze
the phase angle of the input port when CC/CV is per-
formed directly on it. Prof. Xiaohui Qu and Van-Bin Vu
analyzed the double-sided LCC compensation network using
a two-port network and proposed a method to achieve load-
independent CC and CV output at two ZPA frequencies [20],
[21]. Nevertheless, there is no comprehensive analysis of all
possible resonance conditions of the double-sided LCC com-
pensation network. Voltage source full bridge inverter can
reduce switching device stress and system loss when ZVS
is realized. The double-sided LCC compensation network is
a high-order resonant network. The difference between the
actual parameters and the calculated matching parameters is
inevitable in the experiment process, which leads to the loss
of soft switching of the system. The existing solution is to
design a larger inductive interval to counteract the loss of soft
switching caused by load changes, but it will also increase
reactive power. Therefore, it is necessary to systematically
analyze the influence of the parameter disturbance of the
compensation network on the system, thus contributing to
the parameter design of the system. As for the series com-
pensation capacitance parameters of the primary/secondary
side are the main part of the resonant compensation for the
primary/secondary side coil, and the parallel compensation
capacitance parameters of the primary/secondary side are the
main part of the resonant compensation for the compensation
inductance parameters. Therefore, the compensation capaci-
tor is also essential to the compensation network. Professor
Wu Xusheng analyzed the disturbance of the double-sided
LCC compensation network’s primary and secondary series
compensation capacitors and obtained the changes in the

system’s equivalent input impedance angle and output effi-
ciency. The output performance is analyzed for the parameter
offset of the series compensation capacitor, and the opti-
mal capacitor configuration method is put forward on this
basis, improving the anti-offset system performance [22]. The
output sensitivity of constant current and constant voltage
in the double-sided LCC compensation network at different
operating frequencies is analyzed, and a parameter optimiza-
tion method for compensation capacitors is proposed [23].
However, the influence of parameter disturbance of parallel
compensation capacitors in double-sided LCC compensation
networks on system characteristics and the acceptable range
of parameter fluctuation of compensation capacitors for ZVS
is not considered. For the double-sided LCC compensation
network, the influence of compensation capacitance parame-
ters on the system under CC/CV conditions and the allowable
fluctuation range of compensation capacitance parameters for
ZVS should be considered, respectively.

In this paper, Section II systematically analyzes the res-
onant conditions of eight double-sided LCC compensation
networks to achieve CC and CV output and input ZPA and
proposes a parameter design method to improve the system’s
anti-offset capability. Section III analyzes the impact of com-
pensation capacitance parameter fluctuations on the system’s
output performance and impedance angle. Section IV estab-
lishes an experimental prototype to verify the experimental
results of capacitive and inductive input impedance.

II. CASCADED EQUIVALENT AND RESONANT
CONDITIONS OF DOUBLE-SIDED LCC COMPENSATION
NETWORK
A. A NINTH-ORDER TWO-PORT MODEL OF
DOUBLE-SIDED LCC
The leakage inductance T-type equivalent model of the
double-sided LCC compensation network is a ninth-order
two-port resonant network. The compensation inductance of
the transmitter L1, the reactance value of the parallel compen-
sation capacitorC1, and the series compensation capacitorCp
are divided into jx1, jx2, jx3. In the Magnetizing inductance
Lm, the receiving end is connected in series with the compen-
sation capacitor C ′

s, and the reactance values of the parallel
compensation capacitor C ′

2 and compensation inductance L ′

2
are divided into jx4, jx5, jx6.

B. CASCADED EQUIVALENT AND RESONANT CONDITIONS
OF DOUBLE-SIDED LCC COMPENSATION NETWORKS
A voltage source feeds the system to realize CC output, and
CV-CC is converted an odd number of times. The last stage
of the T-type resonant network is the cascade of second-order
anti-L-type resonant network and first-order series network.
The nine-order two-port network can be equivalent to the
six-order two-port resonant network to realize the cascade
of CV-CV and CV-CC T-type resonant networks. The third-
order T-type resonant network can be cascaded equivalent
to the first- and second-order resonant networks. Therefore,
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FIGURE 1. Double-sided LCC compensation topology.

FIGURE 2. Cascaded equivalence of CC of the two-port resonant network.

there are two ways for the sixth-order two-port resonant
network to realize CV-CV. It is equivalent to the cascade
of the second-order anti-L-type resonant network, first-order
series network, and second-order L-type resonant network.
It is also equivalent to the cascade of two second-order anti-
L-second order and L-type resonant networks, the cascade
of two CV-CV T-type resonant networks [6]. The cascade
equivalence of two ninth-order two-port resonant networks
when realizing CV-CC is shown in Figure 2. The ninth-order
two-port resonant network is equivalent to the network shown
in Figure 2(a). The resonance conditions are in formula (1).

X1 + X2 = 0

X5 + X6 = 0 (1)

The ninth-order two-port resonant network is equivalent
to the network shown in Figure 2(b). And jX ′

3 = jX3 −

ajX4, jX ′

4 = (a − 1)jX4, jX
′′

4 = j(1
/
a − 1)X4, jX ′

5 = jX5 −

jX4
/
a, a is an unknown number. The resonance condition is

in formula (2).

X1X2 + X2X ′

3 + X1X ′

3 = 0

X4X ′

4 + X4X ′′

4 + X ′

4X
′′

4 = 0

X ′

5 + X6 = 0 (2)

jX ′

3 = jX3 − ajX4, jX ′

4 = (a − 1)jX4, jX
′′

4 = j(1
/
a − 1)

X4, jX ′

5 = jX5 − jX4
/
a. The two-port resonant network

is equivalent to the network in Figure 2(b). The resonance
condition is

(X3 + X1X2
/
(X1 + X2))(X5 + X6) = X2

4 (3)

The two-port resonant network realizes ZPA based on
the CV-CC. The first-order T-type resonant network can be
cascaded equivalent to the first-order series network and

FIGURE 3. Cascaded equivalence of CC and ZPA of the two-port resonant
network.

the second-order L-type resonant network to realize CC-CV.
The remaining sixth-order two-port resonant network realizes
CV-CV. There are two equivalents to the cascade of the
sixth-order two-port resonant network. It is equivalent to the
cascade of a second-order inverse L-type resonant network,
a first-order series network, and a second-order L-type res-
onant network. It can also be equivalent to the cascade of
two T-type resonant networks. Figure 3 shows the cascaded
equivalent ways of two two-port resonant networks to achieve
CV-CC and ZPA.

The ninth-order two-port resonant network is equivalent to
the network shown in Figure 3(a). The resonance conditions
are in formula (5).

X2 + X3 = 0

X6 + X7 = 0 (4)

The ninth-order two-port resonant network is equivalent to
the network shown in Figure 3(b). The resonance conditions
are in the formula (4).

X2 + X ′

3 = 0

X4X ′

4 + X4X ′′

4 + X ′

4X
′′

4 = 0

X ′

5X6 + X ′

5X7 + X6X7 = 0 (5)

jX ′

3 = jX3 − ajX4, jX ′

4 = (a− 1)jX4, jX
′′

4 = j(1
/
a− 1)X4,

jX ′

5 = jX5 − jX4
/
a. Combine the three formulas of (4), and

the ninth-order two-port resonant network is equivalent to the
network in Figure 3(b). The resonance condition is

(X5 + X6X7
/
(X6 + X7))(X2 + X3) = X2

4 (6)

The system has two resonance conditions from formulas
(1) and (2) to realize CC output. From equations (3) and (4),
the system has two resonance conditions of ZPA based on CV.
The system has four resonance conditions to achieve CC and
ZPA. The four sets of resonance conditions are in formula (6).

CC1 :


X1 + X2 = 0
X5 + X6 = 0
X2 + X3 = 0
X6 + X7 = 0
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FIGURE 4. Cascaded equivalence of CV and ZPA of the two-port resonant
network.

CC2 :


X1 + X2 = 0
X5 + X6 = 0
(X5 + (X6X7

/
X6 + X7))(X2 + X3) = X2

4

CC3 :


(X3 + (X1X2

/
X1 + X2))(X5 + X6) = X2

4

X2 + X3 = 0
X6 + X7 = 0

CC4 :

{
(X3 + (X1X2

/
X1 + X2))(X5 + X6) = X2

4

(X5 + (X6X7
/
X6 + X7))(X2 + X3) = X2

4
(7)

The equivalent cascade analysis of CV-CV for the ninth-
order two-port network is similar to the cascade equiva-
lent analysis of CV-CV. Three low-level cascade equivalents
realize CV-CV. It is equivalent to three cascades of T-type
resonant networks that realize CV-CV. It is also equivalent to
an anti-L-type resonant network, a series network, an L-type
resonant network, and T-type resonant networks. It also can
be equivalent to the cascade of a T-type resonant network,
an L-type resonant network, a series network, and an L-type
resonant network that realizes the CV-CV. Furthermore, a is
an unknown number, jX ′

3 = jX3 − ajX4, jX ′

4 = (a − 1)jX4,
jX

′′

4 = j(1
/
a− 1)X4, jX ′

5 = jX5 − jX4
/
a.

The ninth-order two-port resonant network realizes ZPA
based on the CV-CV. The T-type resonant network of the
first stage should be CC-CV. The cascade of the first-order
series network, the second-order L-type resonant network,
and the T-type resonant network of the last stage should be
CV-CC. The first-order inverse L-type resonant network is a
cascade of first-order series networks, and the middle-level
T-type resonant network is CV-CV. The ninth-order two-port
network realizes the cascading equivalent of ZPA based on
CV-CV in Figure 4.
The ninth-order two-port resonant network equivalently

cascaded is shown in Figure 4. The resonance conditions are
in formula (7).

X2 + X ′

3 = 0

X4X ′

4 + X4X ′′

4 + X ′

4X
′′

4 = 0

X ′

5 + X6 = 0 (8)

The ninth-order two-port resonant network realizes the
resonant condition of ZPA on the realization of CV-CV con-
version shown in formula (8).

(X2 + X3)(X5 + X6) = X2
4 (9)

Three resonance conditions enable the double-
sided LCC network to achieve CV-CV and ZPA in

TABLE 1. Feasibility of resonance condition of the double-sided LCC
compensation network.

formula (9).

CV1 :


X1X2 + X1X3 + X2X3 = 0
X6 + X7 = 0
(X2 + X3)(X5 + X6) = X2

4

CV2 :


X5X6 + X5X7 + X6X7 = 0
X1 + X2 = 0
(X2 + X3)(X5 + X6) = X2

4

CV3 :

(X3 +
X1X2

X1 + X2
)(X5 +

X6X7
X6 + X7

) = X2
4

(X2 + X3)(X5 + X6) = X2
4

(10)

C. FEASIBILITY ANALYSIS OF PARAMETRIC DESIGN
METHOD
According to the above analysis, 12 resonance conditions
enable the double-sided LCC compensation network to
achieve CC and ZPA at one operating frequency; and achieve
CVoutput and ZPA resonance conditions at another operating
frequency. The feasibility and judgment of 12 resonance
conditions are in Table 1. It can be seen fromTable 1 that there
are eight possible resonance conditions for the double-sided
LCC compensation network. This paper gives the formulas
of the parameter design method and the constraints of the
compensation inductance ratio (the ratio of the compensation
inductance to the self-inductance of the transmitting coil.

Furthermore, the ratio of the transmitter compensation
inductance is ξ1,the ratio of the receiver compensation induc-
tance is ξ2. It is found that the CC3 − CV3 and CC2 −

CV3 parameter designmethods are equivalent to the cascaded
two-port resonant network at the CC operating frequency.
Therefore, the parameter design equation CC3 − CV3 is
similar CC2 − CV3. For the two-parameter design methods
CC3 − CV2 and CC2 − CV1, the cascaded equivalent of
the two-port resonant network at the CC operating frequency.
It is also the cascaded equivalent of the two-port resonant
network at the CV operating frequency. CC4 − CV2 and
CC4 − CV1, the cascaded equivalent dual of a two-port
resonant network at CV operating frequency. Therefore, the
parameter designmethodCC4−CV2 is also similar toCC4−
CV1. From the frequency characteristic curves of the transfer
parameters of each parameter design method, eight parameter
design methods can realize CC/CV output and ZPA. Through
the parameter design equation in Table 3, it is found that
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there are constraints between the compensation inductance
ratio at the receiver and the compensation capacitance ratio
at the transmitter of the eight parameter design methods,
and the IPT system of the double-sided LCC compensation
network can achieve CC/CV output and input ZPA. How-
ever, only the parameter design method CC4 − CV3 has an
additional degree of freedom. The parameter design method
CC4−CV3 can also make the IPT system have the ability to
resist offset under constant current/constant voltage operation
mode, that is, when the coupling coefficient changes, the
power change of the system under the same load is small.

D. SELECTION OF PARAMETER DESIGN METHOD
The parameter design method can promote the double-sided
LCC compensation network and the anti-offset capability in
CC/CV and ZPA. The power change of the system under the
same load is small when the coupling coefficient is changed.
The parametric design method CC4−CV3 can be solved by
giving additional constraints against migration. Parameters A
and B in the transfer parameter matrix of the system leakage
inductance model in formula (11).

A =
X1X2 + X2X3 + X1X3

X2

X5 + X6
X6

1
X4

−
X1 + X2
X2

1
X6
X4

B =
X1X2 + X2X3 + X1X3

X2

X5X6 + X5X7 + X6X7
X6X4

−
X1 + X2
X2

X6 + X7
X6

X4 (11)

The leakage inductance model parameters in formula (13)
and the parameters in the transfer parameter matrix are con-
verted into formula (12).

A = mA
1
k

− nAk

B = mB
1
k

− nBk (12)

The expression ofmA, nA,mB, nB is shown in formula(15).
X represents the reactance value of the self-inductance of the
transmitter coil.

mA =
X1X2 + X2X3 + X1X3

X2

X5 + X6
X6

1
X

nA =
X1 + X2
X2

X

mB =
X1X2 + X2X3 + X1X3

X2

X5X6 + X5X7 + X6X7
X6X4

1
X

nB =
X1 + X2
X2

X6 + X7
X6

X (13)

The load is R, the output power is

Pout =
V 2
in

A2R′
ac +

B2
R′
ac

(14)

Derive the coupling coefficient from formula (13) to get

∂Pout
∂k

=
2V 2

in

(A2R′
ac +

B2
R′
ac
)2
((2n2Ak − 2m2

A
1
k3

)R′
ac

+ (2n2Bk − 2m2
B
1
k3

)/R′
ac) (15)

The system works at the CV operating frequency. Further-
more, the transfer parameter matrix of the leakage inductance
model of the system is B = 0, that is mB = nBk2.

∂Pout
∂k

=
2V 2

in

(A2R′
ac +

B2
R′
ac
)2
(2n2Ak − 2m2

A
1
k3

)R′
ac (16)

Formula (16) is zero. The first derivatives of the left and
right neighborhoods have opposite signs. The derivative of
the system output power and output voltage to the coupling
coefficient and the derivative of the coupling coefficient is
zero at CV operating frequency. The system can resist offset
at CV operating frequency. Similarly, the parameter A = 0 in
the transfer parameter matrix of the system leakage induc-
tance model when the system works at the CC operating
frequency, mA = nAk2, put this formula into formula (13)

∂Pout
∂k

=
2V 2

in

(A2R′
ac +

B2
R′
ac
)2
((2n2Bk − 2m2

B
1
k3

)/R′
ac (17)

Formula (17) is zero, the first-order derivatives of the
left and right neighborhoods have different signs, the output
voltage to the coupling coefficient is zero, and the derivative
of the output voltage to the coupling coefficient is zero. The
system can resist offset under the CC operating frequency.
Moreover, the parameter design method of the double-sided
LCC compensation network that realizes CC/CV and ZPA
under the determined coupling coefficient can be obtained.
However, formula (18) is the double-sided LCC compensa-
tion network using the parameter design method CC4-CV3.

CC



(X3 +
X1X2

X1 + X2
)(X5 + X6) = X2

4

X1X2 + X1X3 + X2X2
X2
2

=
X5X6 + X5X7 + X6X7

X2
6

= −
1
2

CV



(X3 + X2)(X5 + X6) = X2
4

X1X2 + X1X3 + X2X2
X2
2

=
X5X6 + X5X7 + X6X7

X2
6

= −
1
2

(18)

E. PARAMETER DESIGN OF SYMMETRIC DOUBLE-SIDED
LCC COMPENSATION NETWORK
The compensation network at the transmitting and receiving
ends is the same. The transfer parameters AD of the leakage
inductance model of the system are in the formula (19).

A =
X1X2 + X2X3 + X1X3

X2

X2 + X3
X2

1
X4

−
X1 + X2
X2

1
X2
X4

D =
X1X2 + X2X3 + X1X3

X2

X2 + X3
X2

1
X4

−
X1 + X2
X2

1
X2
X4

(19)

It is not difficult to obtain from formula (19) when the
transfer parameter of the leakage inductance model of the

29730 VOLUME 11, 2023



D. Li et al.: Implementation of ZVS

FIGURE 5. Cascaded equivalent T-type resonant network with CV output
of double-sided LCC network.

system is A = 0. The system realizes CC output and ZPA.
Therefore, the system realizes the ZPA at the CV operating
frequency and can realize the CC/CV and ZPA. The system
leakage inductance model’s transfer parameters B,C are in
formula (22).

B = (
X1X2 + X2X3 + X1X3

X2
)2

1
X4

− (
X1 + X2
X2

)2X4

C =
1

X2
2

X4 − (
X2 + X3
X2

)2
1
X4

(20)

From formula (20), the system achieves CV output, and
there are four groups of formulas for ZPA, as shown in
equations (21) (22) (23) (24).

X2 + X3 = X4,X1X2 + X2X3 + X1X3 = (X1 + X2)X4 (21)

X2 + X3 = X4,X1X2 + X2X3 + X1X3 = −(X1 + X2)X4
(22)

X2 + X3 = − X4,X1X2 + X2X3 + X1X3 = −(X1 + X2)X4
(23)

X2 + X3 = − X4,X1X2 + X2X3 + X1X3 = (X1 + X2)X4
(24)

Solving formula (21) can obtain X2
2 = 0. Under the

CV operating frequency, the reactance value of the parallel
compensation capacitor is zero, which is not feasible. Solving
formula (23) b = 0, which is not feasible. Therefore, the
compensation network parameters satisfy equations (22) and
(24), and the ZPA at the CV operating frequency can be
realized. The parameters of the compensation network satisfy
the formula (23), and the T-type two-port cascade equivalent
of the system realizing CV output is shown in Figure 5(a).
The parameters of the compensation network satisfy the for-
mula (24), and the equivalent cascade of the T-type two-port
network for the system to achieve CV output is in Figure 5(a).
Substitute the parameters of the compensation network into

formulas (22) and (24) to obtain formulas (25) and (26).{
2LmL1C1CPω4

cv − (Lm + LP)CPω2
cv + 1 = 0

(LP − Lm)C1Cpω2
cv − (C1 + CP) = 0

(25){
2LmL1C1CPω4

cv − (Lm − Lp)CPω2
cv − 1 = 0

(LP + Lm)C1Cpω2
cv − (C1 + CP) = 0

(26)

The first formula in equations (25) and (26) realizes CV,
and the second formula realizes CV and ZPA. For the IPT
system, the coupling coefficient is determined. In order to
calculate the compensation capacitor parameters, it is only
necessary to determine the operating frequency and the com-
pensation inductance. Substituting the calculated compen-
sation capacitor parameters into formula (19). The transfer
parameters can realize the CC and ZPA.

L1C2
1C

2
P(L

2
P − L2m)ω

6
cc − L1C1CPLP(C1 + CP)ω4

cc

−C1C2
p (L

2
P − L2m)ω

4
cc + (2C1CpL1 + 2C1CpLp

+L1C2
P + L1C2

1 + LPC2
P)ω

2
cc − (C1 + Cp) = 0 (27)

The CC/CV and ZPA parameter design method of the
WPT system that realizes the symmetrical double-sided LCC
compensation network can be obtained by giving the CV
operating frequency and the compensation inductance ratio
A = D = 0 in the formula (27).

III. THE EFFECT OF THE CAPACITANCE PARAMETER
CHANGE
There is a deviation between the capacitance value configured
in the practical and theoretical calculation values. The change
of capacitance parameters will affect the current gain at the
CC operating frequency. At CV operating frequency, it will
affect the input phase angle characteristics of the system. The
cascade equivalent of the CV of the T-type resonant network
is shown in Figure 5(a). The double-sided LCC compensation
network is equivalent to the cascade of three T-type resonant
networks that realize CV-CV. The parameter matrix of the
system is in the formula (28).[

A2 jB2

jC2 D2

]  −1 0
1
jX4

−1

 [
D2 jB2
jC2 A2

]
(28)

The expression ofA2,B2,C2 andD2 shown in formula (29)

[
A2 jB2
jC2 D2

]
=


X1 + X2
X2

j
X1X2 + X1X3 + X2X3

X2
−j

1
X2

X2 + X3
X2

 (29)

X1 represents the reactance value of L1 at CV operating fre-
quency, X2 the reactance value C1 at CV operating frequency,
and the series reactance value of CP,LP,Lm at CV frequency.
According to formula (29), the CV output of the T-type
resonant network can be realized when the parameter B2 = 0.
The resonance condition of the T-type resonant network is
analyzed B1 = 0, and we can get A2 = −X1

/
X3,D2 =

−X3
/
X1. The voltage gain of the symmetrical double-sided

LCC compensation network is consistently one under the CV
operating frequency when the parameters of the compensa-
tion capacitor change.

A. THE EFFECT OF SERIES/PARALLEL COMPENSATION
CAPACITANCE CHANGE ON THE SYSTEM
According to formula (29) B2 = 0, the first T-type reso-
nant network and the third T-type resonant network realize
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CV-CV. According to formula (28), the second T-type reso-
nant network can realize CV-CV at any frequency. Therefore,
the double-sided LCC compensation network composed of
three T-shaped resonant networks can realize the CV-CV. The
formula (28) is expanded to obtain formula (30). −A2D2 0

−j
1
X4
D2
2 − 2jC2D2 −A2D2

 (30)

From the analysis of the resonant network B = 0, the
output impedance of the T-type resonant network is:

Zin =
Rac − jA2C2R′2

ac

D2
2 + C2

2R
′2
ac

(31)

The transfer parameter matrix of the system after the cas-
caded resonant networks is consistent with the single resonant
network. Under the CV operating frequency, the input phase
angle of the WPT system of the double-sided LCC compen-
sation network is determined by equation (32).

angle = arctan(−
1
X4
AD3R′

ac − 2ACD2R′
ac) (32)

The double-sided LCC network realizes CV, and the input
phase angle characteristic is only related to the formula (33).

angle=arctan(
(X2 + X3)2(X1 + X2)(−2X4 + X2 + X3)Rac

X4X4
2

)

(33)

The input impedance angle will increase as the load resis-
tance increases. The square term does not affect the capacitive
and inductive phase angle of the double-sided LCC compen-
sation topology input at the CV output since the X4 is always
positive.

(−2X4 + X2 + X3)(X1 + X2)

= (ωL1 − ω
1
C1

)(−ωLm − ω
1
C1

− ω
1
CP

+ ωLP) (34)

According to the production standard requirements and
regulations of the capacitor device, it is assumed that the
actual compensation capacitance parameter floats between
0.9-1.1 times the theoretical capacitance parameter. The
structural parameters of the double-sided LCC compensation
network are shown in Table 2. The effect of series capacitance
and parallel capacitance changes on the CV operating fre-
quency is analyzed, and the influence of the input phase angle
at the CV operating frequency is quantitatively analyzed.

The selection of CC and CV operating frequency of a
double-sided LCC compensation network is described in
detail in the paper [23] and will not be repeated here. Figure 6
shows the change of the series compensation capacitor to the
CV operating frequency and the input impedance angle when
the series compensation capacitor fluctuates in the range
of 0.9-1.1 times the theoretically calculated value. The CV
operating frequency decreases when the actual series com-
pensation capacitor is larger than the theoretical calculation

TABLE 2. Parameters of double-sided LCC compensation network.

FIGURE 6. (a) Series compensation capacitance influence on CV
frequency (b) Series compensation capacitance influences on input
impedance angle.

FIGURE 7. (a) Parallel compensation capacitance influence on CV
frequency (b) Parallel compensation capacitance influence on input
impedance angle.

value. Figure 6(b) shows that the actual series compensa-
tion capacitance is smaller than the theoretical calculation
value, and the input impedance angle of the double-sided
LCC compensation network at the CV operating frequency
is inductive. Figure 7 shows the CV operating frequency and
input impedance angle change when the parallel compensa-
tion capacitor changes in the range of 0.9-1.1 times the the-
oretically calculated value. The actual parallel capacitance is
larger than the theoretical calculation value, and the CV oper-
ating frequency decreases; the parallel capacitance is smaller
than the theoretical calculation value, and the CV operating
frequency increases. With the increase of the actual parallel
compensation capacitance, the input impedance angle of the
double-sided LCC compensation network at the CVoperating
frequency is inductive. The practical parallel compensation
capacitor is too large; the series compensation capacitor is
too small, and the system is inductive. The practical paral-
lel compensation capacitor is too small, and the system is
capacitive.

Figure 8 shows that the series compensation capacitance
is larger than the theoretical calculation value, and the CC

29732 VOLUME 11, 2023



D. Li et al.: Implementation of ZVS

TABLE 3. Parametric design method analysis.

FIGURE 8. (a)Series compensation capacitance influence on CC frequency
(b)Parallel compensation capacitance influence on CC frequency.

working frequency is reduced. Considering the stability of
current gain and parasitic resistance, the criterion of load
stability of CC operating frequency is that the CC operat-
ing frequency of the selected system decrease. The series
compensation capacitance is smaller than the theoretical
value, and the CC operating frequency selected by the con-
stant current operating frequency selection criterion increase.
As the theoretical calculation value of the parallel compensa-
tion capacitance ratio increases, the CC operating frequency
selected by the CC operating frequency decreases. As the
series compensation capacitance is smaller than the theoret-
ical value, the CC operating frequency selected by the CC
operating frequency criterion increases.

B. INFLUENCE OF COMPENSATION CAPACITANCE
CHANGE ON SYSTEM AND IMPLEMENTATION OF
SAEJ2954 STANDARD
By adjusting the parameters of the compensation capacitor,
the operating frequency can meet the SAEJ2954 standard.
This paper defines the ratio of the actual series compensation
capacitor to the theoretical calculation value as a(0.9 ≤ a ≤

1.1); the ratio of the actual parallel compensation capacitor
to the theoretical calculation value b(0.9 ≤ b ≤ 1.1). Figures
6(a) and 7(a) show that the sensitivity of CV working fre-
quency to parallel compensation capacitor is greater than that
of CV working frequency to series compensation capacitor.
Figure 8 shows that the CC working frequency is susceptible
to the parallel compensation capacitor. Therefore, the practi-
cal parallel compensation capacitance is greater than the theo-
retical calculation value, while the actual series compensation
capacitance is less than the theoretical calculation value. The
CV working frequency and CC working frequency of the
system can meet the standard SAEJ2954. With the change
of compensation capacitance, the projection of CC working
frequency on the X-Y plane is in Figure 9(a). The standard
that meets SAEJ2954 is yellow, and the standard that does not
meet is blue. With the change of compensation capacitance,
the projection of CV working frequency on the X-Y plane is
in Figure 9(b). Combined with Figure 9, the value of a series
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FIGURE 9. (a)Compensation capacitance variation influence on CC
frequency (b)Compensation capacitance variation influence on CV
frequency.

FIGURE 10. Compensation capacitance variation influences the input
phase angle of the system.

compensation capacitor or parallel compensation capacitor
meeting the SAEJ2954 standard can be obtained. And the
change of input impedance angle of a double-sided LCC
compensation network in Figure 9.

The system is inductive and defined as 1; the system is
capacitive and defined as -1; the system realizes ZPA and
is defined as 0. Figure 10 is the diagram of the influence of
compensation capacitance change on the input phase angle
characteristics of the system. The yellow part indicates that
the input phase angle characteristic of the system is inductive
at CV operating frequency; The blue part indicates capacitive.
The intersection between blue and yellow indicates the ZPA.
The ratio of the parallel compensation capacitance to the the-
oretical calculation value is smaller than the series compen-
sation capacitance, and the input phase angle characteristic
of the system is capacitive. Furthermore, the system must be
inductive when the ratio of parallel compensation capacitance
to theoretical calculation value is greater than that in series.
With the increase of the parallel compensation capacitance
and the theoretical calculation value or the decrease of the
series compensation capacitance and the theoretical calcula-
tion value, the capacitive angle of the input phase angle of the
system is more significant.

C. REALIZATION OF ZVS AT CC OR CV WORKING MODE
In practice, the inverter’s output current is the system’s input
current, and there are many higher-order harmonic compo-
nents whose phase lags behind the fundamental wave. At this
time, only the fundamental wave analysis method is used
to analyze the error. Therefore, it is necessary to analyze
whether the input current of the system still meets the zero
phase angle characteristic or whether ZVS can be opened
when considering the high harmonic current. In this paper,

FIGURE 11. Simplified model of the system considering the third
harmonic.

FIGURE 12. Equivalent of T-type resonant network based on leakage
inductance model.

the impedance of the receiving end under higher harmonics is
converted to the transmitting end, and the system is equivalent
to the simplified model, as shown in Figure 11. The ratio
of higher harmonic voltage to fundamental voltage at both
ends of the parallel compensation capacitor at the transmit-
ter is analyzed. It is found that after the higher harmonics
are greater than three times, the voltage at both ends of
the parallel compensation capacitor at the transmitting end
can be ignored [24]. Through the superposition theorem,
the fundamental wave voltage of the input square wave, the
fundamental wave voltage at both ends of the capacitor, and
the third harmonic voltage are superimposed. Calculate the
current flowing through the compensation inductance at the
transmitter. Figure 11, Uin represents the square wave with
dead band of the input system, UC1 and UC1−3 represent
the fundamental voltage and the third harmonic voltage of
the parallel compensation capacitor at the transmitter, respec-
tively, and Zref represents the value of the impedance at the
receiver converted to the transmitter.

First, the feasibility of this simplified system model con-
sidering higher harmonics is analyzed, and the impedance of
the receiving end converted to the value of the transmitting
end under higher harmonics is analyzed. In order to facilitate
the analysis, the leakage inductance model of the IPT system
of the double-sided LCC compensation network is divided
into three equivalent T-type resonant networks, as shown in
Figure 12.

The T-parameter matrix of the T-type resonant network of
T2 is shown in formula (35). According to the literature [25],
the ratio of the AC equivalent resistance at the receiving end
to the series compensation inductance at the receiving end
is relatively small, but its modeling is relatively complex.
Therefore, to facilitate analysis, the AC equivalent resistance
Rac at the fundamental wave is used to replace the AC equiv-
alent resistance at the higher harmonic.

T2 =

[
0 −jωLm
1

jωLm
0

]
(35)

Let the load impedance of the T-type resonant network T2
be Z , and the input impedance of T2 is ω2L2m/Z according
to formula (34). Moreover, the higher harmonic model of the
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FIGURE 13. T resonant network at the receiving end with high order
harmonics.

receiver is analyzed, and the T-type resonant network of the
receiver is shown in Figure 13. It is very complicated tomodel
the AC equivalent resistance under the high order harmon-
ics; Therefore, to simplify the analysis, the AC equivalent
load under the fundamental wave is used to replace the AC
equivalent load under the higher harmonics. The actual AC
equivalent load under the higher harmonics is minimal.

Assuming that the operating frequency of the system is ω

and the harmonic number is n, the expression of impedance
Z1 at the receiving end is formula (36) and the expression of
impedance Z2 is formula (37) under n-th harmonics

Z1 =
(jnωL1+Rac)(−j 1

nωC1
)

jnωL1−j 1
nωC1

+Rac
(36)

Z2 = jnωccLP − j 1
nωccCP

+ Z1 (37)

Substitute Equation (36) into Equation (37) to get, as in
(38), shown at the bottom of the next page.

Taking the compensation network parameters in Table 2
as an example, the angle of the input impedance angle Z
at the receiving end under the nth harmonic is shown in
Figure 14. The figure only lists the impedance angle from the
third harmonic to the eleventh harmonic because the input
impedance angle of the receiver is almost equal to 90◦ as the
number of harmonics increases.

Under higher harmonics, the real part of Z2 is tiny
compared with the imaginary part. Under the parameters
designed in this paper, the ratio between the imaginary
part and the real part of the receiver is about 749 under
the third harmonic, so the real part can be ignored. The
input impedance angle at the receiving end will only be
larger when the AC resistance at the high-order harmonic is
used. Therefore, under the high-order harmonic, the influ-
ence of the AC equivalent resistance of the system on
the high-order harmonic modeling at the transmitting end
can be ignored. In the same way, it is easy to know that
j(nωL1 − 1

/
nωC1)

/
n2ω2C2

1

[
R2ac + (nωL1 − 1

/
nωC1)2

]
in

formula (38) can also be ignored under higher harmonics.
Under the third harmonic, the ratio of neglected impedance
to total impedance is about 0.0023; Therefore, the impedance
of the receiving end can be expressed by equation (39).

Z2 ≈ jnωLP − j
1

nωCP
− j

1
nωC1

(39)

Figure 15 shows the curve of the ratio of the difference
between the approximate equivalent value and the actual
value of Z2 and the actual value 1Z2 with the load under the
third harmonic.

According to Figure 15, under the third harmonic, when
the equivalent load resistance is 10�, the maximum error is

about 1.9%. Take the impedance of the receiving end into
formula (35), and the impedance Z3 of the receiving end
converted to the transmitting end under higher harmonics is
shown in formula (40). And the T-type resonant network at
the transmitter is shown in Figure 16.

Z3 = −j
n4ω4CPC1L2m

n3ω3LPCpC1 − nωCP − nωC1
(40)

As can be seen from Figure 16, the expression of Z4 is
shown in Formula (41)

Z4 = −j
1

nωC1
−

1

n2ω2C2
1

(
jnωLp − j 1

nωCp
− j 1

nωC1
− Z3

)
(41)

Similar to the previous analysis, the second term in equa-
tion (41) is negligible under higher harmonics, so Z4 ≈

−j
/
nωC1. Under higher harmonics, the receiver compensa-

tion inductance and equivalent AC load can be ignored when
converted to the transmitter. Therefore, when the load or the
receiver compensation inductance changes, the impact on the
impedance conversion value can be ignored. The simplified
model of the system under higher harmonics is shown in
Figure 17.

In the figure, Vin−n represents the n-th harmonic compo-
nent of the square wave with dead band in Fourier series
expansion of the system input, and UC1−n represents the
voltage on both sides of the parallel compensation capacitor
at the transmitter under the n-th harmonic. It is not difficult
to see from Figure 17 that the high-order harmonic compo-
nent of the compensation inductance at the transmitting end
lags the fundamental current by 90 ◦, and the expression
of Vin−n,UC1−n is shown in Formula (42) (43). And n =

1, 3, 5 . . . 2m+ 1.

Vin−n =
4VDC

π

sin nωt sin πnk
2

n
(42)

UC1−n =
4VDC

π

sin nωt sin πnk
2

n

−
1

nωC1

jnωL1 −
1

nωC1

(43)

k represents the duty cycle of the square wave, VDC repre-
sents the input DC voltage of the inverter, and defines the ratio
of the voltage U under the higher harmonics at the two ends
of the parallel compensation capacitor C1 at the transmitter
end to the fundamental voltage UC1−n at the two ends of UC1

as δn

δn =
UC1−n

UC1

(44)

Under the constant current/constant voltage operating fre-
quency, as long as the voltage at both ends of C1 under
different higher harmonics is compared with the voltage at
C1 under the fundamental wave, it can be concluded that the
parallel compensation capacitance is small enough to ignore
the number of harmonics above. At this time, the simplified
model of the system is shown in Figure 18 when considering
higher harmonics.
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FIGURE 14. Input impedance angle of receiver end with N-th harmonic.

FIGURE 15. Load variation curve of impedance error value at the
receiving end with the third harmonic.

FIGURE 16. T resonant network at the transmitting end after impedance
conversion at the receiving end.

FIGURE 17. Simplified model of system considering third-order harmonic.

FIGURE 18. Simplified model of system considering third-order harmonic.

In the time domain, the current flowing through the
transmitting end compensation inductor can be obtained by
integrating the voltage at both ends of the transmitting end
compensation inductor. That is, the inverter’s output current

FIGURE 19. Diagram of input voltage.

is as shown in formula (45).

IIN (t) =

T∫
0
[Uin(t)]dt −

T∫
0
[UC1 (t)]dt −

n∑
3

T∫
0
[UC1−n(t)]dt

ωL1
(45)

In the formula, the input square waveUin(t) with dead time
is a piecewise function, which requires piecewise integration
and initial value calculation; The voltageUC1 (t) andUC1−n(t)
at both ends of the parallel compensation capacitor at the
transmitter under the fundamental and higher harmonics are
trigonometric functions with T = 2π/nω as the period,
so UC1 (t) and UC1−n (t) can be directly integrated. First, inte-
grate Uin(t), define the current after Uin(t) integration as
I0(t), and input the square wave with dead time, as shown
in Figure 19. In the figure k represents the duty cycle of the
square wave and VDC represents the input DC voltage of the
inverter.

In the Figure19, t1 = (1−k)π/2ω, t2 = (1+k)π/2ω, t3 =

(3−k)π/2ω, t4 = (3 + k) π/2ω. According to Figure 19, the
current expression after integration is shown in Formula (46).

I0(t) = I0(0) 0 < t < t1

I0(t) = VDC (ωt −
(1 − k) π

2
) + I0(0) t1 < t < t2

I0(t) = VDCkπ + I0(0) t2 < t < t3

I0(t) = −VDC (ωt −
(3 + k) π

2
) + I0(0) t3 < t < t4

I0(t) = I0(0) t4 < t < T
(46)

I0(t) is a function with a period of T , then I0(t = π /ω) =

−I0. Substitute its condition into equation (45) to obtain the
initial value I0(t) of I0(0), as shown in equation (47).

I0(0) = −
VDCkπ

2
(47)

Under different operating frequencies, the reactance value
of the compensation network in the compensation network is
different, resulting in the change of the transmission param-
eter matrix of the system. Under the fundamental wave, the
phase angle characteristics of the input ports of the system

Z2 = jnωLP − j
1

nωCP
− j

1
nωC1

−
−Rac + j(nωL1 −

1
nωC1

)

n2ω2C2
1

[
R2ac + (nωL1 −

1
nωC1

)2
] (38)
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are different. Therefore, for the voltage UC1 (t) and UC1−n(t)
at both ends of the transmitting end compensation capacitor
under the fundamental wave, it is necessary to aim at different
operating frequencies. Considering the phase angle character-
istics of the fundamental wave at different operating frequen-
cies, The voltage at both ends of the transmitter compensation
capacitor is modeled to analyze whether the system me at
different operating frequencies.

1) ZVS OF CC WORKING MODE
In the T parameter matrix of the system, the parameter A is
0, and the CC and ZPA is realized. The parameters BC of the
system are in the formula (48).

(X1 + X2)X2
4 − (X2 + X3)(X1X2 + X1X3 + X2X3) = 0

(48)

B = (X1X2+X2X3+X1X3X2
)2 1
X4

− (X1+X2X2
)2X4

C =
1
X2
2
X4 − (X2+X3X2

)2 1
X4

(49)

The CC operating frequency of the system is ωcc, the input
current of the system under the fundamental wave is, as in
(50), shown at the bottom of the next page.

The voltage across the parallel compensation capacitor at
the transmitting under the fundamental wave is

UC1 = 4
VDC
π

sin
π

2
k − jIinωccL1 (51)

Substitute the compensation network parameters in TAB 2,
and the square wave ratio of the output in the inverter is 0.98.
The current of the LC compensation network at the transmit-
ter end is modeled. It is necessary to consider the voltage of
the parallel compensation capacitor at the transmitting end
under the third harmonic. The output current of the inverter
at the CC operating frequency is calculated as follows:

ωccL1IIN (t) = I0(t) −

T∫
0

[UC1 (t) + UC1−3(t)]dt (52)

The voltage across the parallel compensation capacitor
at the transmitting end and the time domain expression
under the third harmonic are as follows:

UC1−3(t) =
4VDC sin πnk

2

nπ
sin

(
nωcct −

π

2

)
×

∣∣∣∣ 1
(−9ω2

ccL1C1 + 1)

∣∣∣∣
UC1 (t) = 4

VDC
π

sin
π

2
k sinωcct + IinωccL1

×

(
sinωcct −

π

2

)
(53)

Integrate the tertiary voltage and the fundamental voltage
across the parallel compensation capacitor at the transmitting
end to obtain the formula
T∫

0

UC1−3(t)=
−4VDC sin 3πk

2

3π
sin 3ωcct

∣∣∣∣ 1
(−9ω2

ccL1C1+1)

∣∣∣∣

T∫
0

UC1 (t)=
−4VDC

π
sin

π

2
k cosωcct − IinωccL1 sinωcct

(54)
Substitute the design parameters in TAB 2 into the system,

the input current theoretically/simulation values under the CC
operating frequency in Figure 20.

The absolute value of the theoretically calculated value
is slightly larger than the simulated value at the end of the
dead zone. The influence of parasitic resistance is considered
during the simulation, and the input impedance of the sys-
tem during the simulation is smaller than the input impedance
during the theoretical calculation, resulting in the simulated
value of the input current under the fundamental wave being
more significant than the theoretically calculated value and
all positive. The system load is 35�, and the error is 3.16%.
As the load decreases, the deviation will become smaller. The
system load is 15�, and the deviation is 0.5%. The drain-
source voltage of the MOSFET drops to the on-state voltage
drop at the turn-on, and the system’s input current is less than
zero to achieve ZVS. Therefore, for the system input current
of the double-sided LCC compensation network, the input
current IIN (t1) < 0 and IIN (t3) > 0 can realize the ZVS of
the MOSFET. Due to the symmetry of the input current of
the double-sided LCC compensation network, IIN (t1) < 0 is
required to achieve ZVS. Figure 11 shows IIN (t1) < 0, the
symmetrical double-sided LCC compensation network can
realize ZVS under the CC operating frequency.

2) ZVS OF CV WORKING MODE
The system works at the CC operating frequency under the
fundamental wave and realizes the input ZPA. After consider-
ing the high-order harmonic components of the input current,
the inverter can realize ZVS. The ratio b between the series
compensation capacitor and the theoretical calculation value
is greater than the ratio a between the parallel compensation
capacitor and the theoretical calculation value. The input
impedance of the system is inductive under the fundamental
wave, and the symmetrical double-sided LCC compensation
network can realize ZVS after considering high-order har-
monic.Modeling the input current of the system under the CC
operating frequency, the high-order harmonic components of
the input current lag the fundamental current by 90◦, so the
input phase angle is weak capacitive under the fundamental
wave. This section quantitatively gives the range of variation
of the ZVS of the inverter switch tube that the compensation
capacitor can achieve. The modeling method for the system
input current at the CV operating frequency is similar to the
CC operating frequency.

IIN (t) = Iin sinωcv (t − ϕ) +
I0(t)
ωcvL1

+
4VDC

πωcvL1
sin

π

2
k cosωcvt

+
4VDC sin 3πk

2

3πωcvL1
sin 3ωcvt

∣∣∣∣ 1
(−9ω2

cvL1C1 + 1)

∣∣∣∣
(55)
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FIGURE 20. Input current of the system at CC frequency.

Iin sinωcv (t − ϕ) is the fundamental wave of the input
current in system. The relationship between the input and
output voltage/current under the fundamental wave is in
formula (56).{

V̇in = −ADV̇out
İin = (−j 1X4D

2
− 2jCD)V̇out − ADİout

(56)

The double-sided LCC compensation network has the
same compensation network, the parameterAD = 1, the input
current under the fundamental wave is, as in (57), shown at
the bottom of the next page.

The formula’s input current is the system’s fundamental
current component Iin sinωcv (t − ϕ) (58).

Iinsinωcv (t − ϕ)

=
Vinsinωcvt

Rac

+
(ω2

cvLP + ω2
cvLm −

1
C1

−
1
CP

)

Lm
1
C2
1

· (ω2
cvLP − ω2

cvLm −
1
C1

−
1
CP

)Vincosωcvt (58)

The actual parallel compensation capacitance is 114.4nF,
and the ratio to the theoretical calculation value is about
0.9771; the actual series compensation capacitance is 42.8nF,
and the ratio to the theoretical calculation value is about
1.012. According to the above analysis, the input impedance
of the system is capacitive under the fundamental wave. Bring
the parameters of the compensation capacitor into the formula
(42) to obtain the CV operating frequency and the input
current of the system in Figure 21.

However, the system’s load varies at the CV operating
frequency, and it is more complicated to model the input
current under each load. For the switch tube of the inverter,
ZVS can be realized only by inputting the current IIN (t1) <

0 at the end of the dead time. Therefore, it is only necessary
to calculate the input current at the end of the dead zone. The
positive half-cycle of the voltage is the current at the end of
the dead zone in formula (59), as shown at the bottom of the
next page.

TABLE 4. Compensation parameters.

As the load changes, it only Vin sinωcvt1
/
Rac changes.

And as the load increases,Vin sinωcvt1
/
Rac decreases. There-

fore, IIN (t1) < 0 achieved at the maximum load within the
load range, all loads within the load range can make the
inverter switch Tubes implement ZVS. When the load range
is 35 ∼ 55�, the DC load is 55�, and the compensation
capacitor changes by 0.9 ∼ 1.1 times, the current value when
the switch is turned on in Figure 13. Define the ratio of the
actual series compensation capacitance to the theoretically
calculated value as a(0.9 ≤ a ≤ 1.1) and the ratio of the
actual parallel compensation capacitance to the theoretically
calculated value as b(0.9 ≤ b ≤ 1.1).

The yellow part in the figure represents the variation range
of the compensation capacitance that enables the switch to
achieve the ZVS, and the blue is the variation range of
the compensation capacitor that cannot enable the switch to
achieve the ZVS. It can be obtained from Figure 23 that when
the input impedance of the system under the fundamental
wave is capacitive, the compensation capacitor can make the
switch tube realize the allowable variation range of the ZVS.

IV. EXPERIMENTAL VERIFICATION
The experiment of theWPT system is in Figure 24. The power
supply is Chroma 62150h-600s, which is the input voltage of
the WPT system. The electronic load is Chroma-63804. The
FPGA generates the complementary PWM drive with a dead
zone, and the full-bridge inverter is controlled by an optocou-
pler and drive chip. CREE C3M0065090 with a small trailing
current is selected for the inverter, and the drive chip uses the
MOSFET driver 2EDL23N06PJ produced by Infineon. This
paper designed two groups of experiments to verify that the
inverter realizes ZVS when the input impedance angle of the
system is inductive and capacitive, respectively. The input
voltage is 200V, and the compensation network parameters
are in Table 4 and Table 5. The double-sided LCC com-
pensation network has three constant current operating fre-
quency points and four constant voltage operating frequency
points. The author’s paper analyzed how to select appropriate
CC/CV operating frequency points [23], so this paper will not
repeat it.

The input voltage is 200V, and the input phase angle of
the system is capacitive under the CV working frequency.
The CC working frequency of the system is 81.169 kHz, and
the CV working frequency is 90.580 kHz. The current gain,

Iin =
ω3
ccLpC1CPRacVin

ω3
ccL1C1Cp − ωccCp + ω2

ccL1CP + ω2
ccLPCP + ω2

ccL1C1 − 1 − ω4
ccL1LPC1Cp

(50)
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FIGURE 21. Input current of the system at CV frequency.

FIGURE 22. Influence of the change of compensation capacitance on the
current at the opening time of the switch.

FIGURE 23. Influence of compensation capacitance on ZVS of the switch.

FIGURE 24. WPT system experimental platform.

voltage gain, and input-phase angle under CC/CV operating
frequency are in Figure 16.

FIGURE 25. Output characteristics of the WPT system (a)current gain
(b)voltage gain (c)input impedance angle at the CC frequency (d)input
impedance angle at CV frequency.

TABLE 5. Compensation parameters.

Figure 25(a) shows that the current gain of the system is
almost unchanged with the load change. The system can real-
ize CC output under different loads of CCworking frequency.
Figure 25(b) shows that the voltage gain of the system is
almost constant with the load change. The system can achieve
CV output under different loads at CV working frequency.
It is not difficult to see from figure 25(c) that the input
impedance angle of the system almost reaches ZPA under CC
working frequency and different loads. Figure 25(d) shows
that the input impedance angle of the system is capacitive
under CV operating frequency and different loads. The output
power is 1kW, the maximum capacitance angle of the input
impedance of the system is about, and the inverter realizes
ZVS.

The input voltage of the second set of experiments is
100V, and the parameters of compensation inductance and
capacitance are in Table 5. The CC operating frequency of
the system is 82.24kHz, and the CV working frequency is
89.93kHz. The operating frequencies of CC and CV are

V̇in
Rac

+ j
(ω2

cvLP + ω2
cvLm −

1
C1

−
1
CP

)(ω2
cvLP − ω2

cvLm −
1
C1

−
1
CP

)V̇in

Lm 1
C2
1

(57)

IIN (t1) =
I0(t1)
ωcvL1

+
4VDC sin π

2 k cosωcvt1
πωcvL1

+
4VDC sin 3πk

2 sin 3ωcvt1
3πωcvL1

∣∣−9ω2
cvL1C1 + 1

∣∣ +
Vin sinωcvt1

Rac

+
(ω2

cvLP + ω2
cvLm −

1
C1

−
1
CP

)(ω2
cvLP − ω2

cvLm −
1
C1

−
1
CP

)

Lm 1
C2
1

Vin cosωcvt1 (59)
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FIGURE 26. Output characteristics of the WPT system (a)current gain
(b)voltage gain (c)input impedance angle at the CC frequency (d)input
impedance angle at CV frequency.

within the SAEJ2954 standard. The current gain, voltage
gain, and input-phase angle under CC/CV operating fre-
quency are in Figure 17.

From figure 25(a)/26(a), with the change of load, the cur-
rent gain of the system is almost unchanged. The system can
achieve CC output under different loads at the CC operating
frequency. From figure 25(a)/26(b), with the change of load,
the voltage gain of the system is almost unchanged. The
system can achieve CV output under different loads at the CV
operating frequency. It can be seen from figure 25(c)/26(c)
that under the CC operating frequency and different loads, the
input impedance angle of the system almost achieves ZPA.
Since the PWM signal output by the FPGA is challenging to
keep consistent with the actual calculated CC operating fre-
quency, the input impedance angle will have a slight inductive
offset. Figure 26(d) shows that the input impedance angle
is capacitive with different loads. The maximum capacitive
angle of the input impedance is approximately−14.82◦ when
the load is 55�. It is easy for the input current modeling anal-
ysis under the CV operating frequency, and the inverter real-
izes the ZVS. Figure 26(d) shows that the input impedance
angle is capacitive with different loads. The maximum induc-
tive angle of the input impedance is approximately 41.85◦

when the load is 55�. It is easy for the input current modeling
analysis under the CV operating frequency, and the inverter
realizes the ZVS.

A. EXPERIMENTAL RESULTS OF THE INPUT IMPEDANCE
ARE CAPACITIVE
The compensation network parameters are in Table 4.
Figure 27(a) is the input voltage and current waveforms when
the output power is 500W; Figure 27(b) is the input voltage
and current waveform when the output power is 1KW. The
system achieves nearly ZPA at the CC operating frequency
of 1KW and 500W.

FIGURE 27. (a) Voltage and current of the system at CC frequency with
the output power 500W (b)Voltage and current of the system at CC
frequency with the output power 1KW.

FIGURE 28. (a)Input voltage and current of the system at CV frequency
with the output power of 500W (b)Input voltage and current of the
system at CV frequency with the output power of 1KW.

FIGURE 29. (a) Gate source and drain-source voltage of MOS at CC
frequency (b) Gate source and drain-source voltage of MOS at CV
frequency.

Figure 28(a) is the input voltage and current waveforms
when the output power is 500W; Figure 28(b) is the input
voltage and current waveform when the output power is
1KW. The system achieves nearly ZPA at the CV operating
frequency of 1KW and 500W.

It can be seen from figure 27 that at the CC operating
frequency, the input voltage and current are almost in phase,
and the input impedance of the system is purely resistive.
From figure 28, the input current waveform leads to the
input voltage waveform, which is consistent with the previous
analysis in this paper.

Figure 29(a) and (b) show the gate-source Vgs and drain-
source voltage Vds waveforms of MOSFET in the inverter
under the CC/CV operating frequency. The ZVS of the
MOSFET is realized by reducing Vds to the on-state voltage
drop of the MOSFET when Vgs = 0. The WPT system
realizes the ZVS under the CC/CV operating frequency.
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FIGURE 30. Output current and efficiency with power at CC frequency.

With the change of the output power, the output current
of the system under the constant current operating frequency
decreases with the increase of the power, but the change
is not significant, which can be approximated as the con-
stant current output. The main reasons for the change of
the output current are: the deviation between the constant
current operating frequency and the actual calculated value
will affect the constant output characteristics; the existence
of the parasitic resistance of the coil affects the constant
current output; there are errors in the theoretical calculation
and experimental parameters of the compensation network
parameters and coil parameters; rectification Bridge diode
on-state voltage drop and the presence of on-state resistance.
It is found that the system’s efficiency increases with the
increase in output power. With the change in the output
power, the system’s output voltage under the constant voltage
operating frequency decreases with the increase of the output
power and is almost constant. The system efficiency increases
with the output power increase but decreases when the load
is 41 � (the output power is 856W). The system worked too
long in the measurement, and the measurement continued
after about 20 minutes. The capacitor device, the rectifier
bridge, and the output filter capacitor overheat, resulting in a
drop in efficiency. The system’s efficiency at constant voltage
and current operating frequency is not very high. The main
reason for the low efficiency is that the degree of integration
of the system is not enough, and the use of terminal lugs, and
the use of terminal blocks and bolts, result in an extensive line
impedance in the system.

V. EXPERIMENTAL RESULTS OF THE INPUT IMPEDANCE
ARE INDUCTIVE
The compensation network parameters are in Table 5. The
input voltage and current waveforms at CC operating fre-
quency when the output power is 350W is in figure 32(a).
The input voltage and current waveforms at CV operating
frequency when the output power is 250W is in figure 32(b).
It can be seen from figure 32(a) that the input voltage

and current are almost in phase at CC operating frequency.
The input impedance of the system is pure resistance at CC
operating frequency. Figure 32(b) shows that the input current
waveform lags the input voltage waveform. The system is
inductive at CV operating frequency, which is consistent with
the previous analysis in this paper.

FIGURE 31. Output current and efficiency with power at CV frequency.

FIGURE 32. (a) Input voltage and current of the system at CC frequency
with the output power of 350W (b) Input voltage and current of the
system at CV frequency with the output power of 250W.

FIGURE 33. (a) Gate source and drain-source voltage of MOS at CC
frequency (b) Gate source and drain-source voltage of MOS at CV
frequency.

FIGURE 34. Variation curve of output current and efficiency with power at
the CC frequency.

Figures 33(a) and (b) show the waveforms of the gate-
source Vgs and drain-source voltage Vds of the MOSFET
in the inverter under CC/CV operating frequency. It can be
seen from figure 33 that the system can realize the ZVS of
MOSFET under the working frequency of CC/CV.

Under the CC operating frequency, as the system’s output
power increases, the system’s output current decreases; under
the CV operating frequency, as the system’s output power
increases, the system’s output voltage decreases. When the
system works at the CV operating frequency, the system’s
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FIGURE 35. Variation curve of output current and efficiency with power at
CV frequency.

efficiency is low because the input impedance of the system
is inductive, and the reactive power circulating current in the
system is considerable, so the efficiency is low.

VI. CONCLUSION
This paper synthesizes eight conditions that make the double-
sided LCC wireless power transfer System realize CC/CV
and input ZPA, a parameter design method for improving
the anti-offset capability of the double-sided LCC compen-
sation network under CC/CV and input ZPA is proposed.
The influence of the variation of the series/parallel compen-
sation capacitance of the compensation network on the input
phase angle of the system is analyzed under the CC and CV
operating modes, respectively, the allowable range of ZVS
characteristic compensation capacitance under CC/CV oper-
ation mode is given quantitatively. The experimental results
show that the ZVS characteristics of inverter switches can
be achieved in CC/CV operating mode within the range of
compensation capacitance.
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