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Abstract: This study aimed to investigate a multimodal modulation scheme that takes into account the
wide range of output characteristics, numerous constraints, and complex working conditions in the
wireless charging of electric vehicles. Key electrical parameters and variables in the secondary stages
of electric vehicle wireless power transfer (EV-WPT) systems were evaluated based on capacitive,
inductive, and resistive impedance working modes. The limiting duty cycle values, D, of the
rectifier were derived by detecting the mutual inductance, M. This multimodal modulation was
adopted, based on the secondary equivalent impedance phase, to control the impedance working
condition and, hence, achieve optimal working performance. The proposed method can modulate
the system performance before and during wireless transmission. The proposed control scheme was
verified using a 10 kW EV-WPT experimental prototype under a capacitive impedance working mode
with 8.5 kW power output. Our proposed method achieved full power output by modulating the
impedance working conditions.

Keywords: electric vehicles (EVs); wireless power transfer (WPT); wireless charging; impedance;
modulation scheme

1. Introduction

In the past decade, many countries have endeavored to develop new energy vehicles
(NEVs) to address the problems of tailpipe emissions, environmental deterioration, and
energy challenges. The NEV industry has experienced explosive growth, particularly
in electric vehicles (EVs). The development of intelligent connected vehicles controlled
by electronics is an inevitable trend in the advancement of EVs. Currently, unmanned
automatic parking systems are available in middle-end and high-end cars, while some of
the models available offer an automated valet parking function. Unmanned and intelligent
charging strategies are critical in improving the degree of automatization during the
charging process because the charging of EVs is carried out when the vehicles are packed.
Wireless power transfer (WPT) technology has matured into an important charging strategy
for EVs since its initial development. Furthermore, wireless charging technology and its
application in EVs is currently the focus of much academic and commercial research [1–5].

The public use of EVs’ wireless charging (EV-WPT) applications requires the imple-
mentation of the ground assembly (GA) charging function for all car models. Several
charging classifications are defined in numerous international standards: IEC 61980 [6],
ISO 19363 [7], SAE J2954 [8], and GB/T 38775 [9], as listed in Table 1.

The EVs’ wireless charging systems are characterized by a wide range of output
characteristics, as shown in Table 1, which apply for all the above standards. For instance,
the transmitting distance is covered under the gap requirement and has three different
Z classifications, covering a minimum of 50 mm (Z1, 150 mm − 50 mm = 50 mm) and
a maximum of 80 mm. For tolerance, 200 mm along the Y-axis and 150 mm along the
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X-axis is required. Moreover, the output voltage ranges between 300 and 450 V when the
system is under full power output. A fixed working frequency is considered acceptable
and is adopted in EV-WPT systems because there is a lack of radio service coexistence
in most countries. Therefore, there is a need for system circuit topology and control
strategies to solve the issues that we described earlier. The Series-Series (SS) topology is
well-tuned here, but is associated with mistuned topologies, whereas the double-sided
LCC compensation network is less sensitive to mistuning and is more suitable for EV-WPT
applications [10]. Previous studies have proposed further research on an integrated coil
design based on LCC compensation topology to improve the tolerance of front-to-rear
and vertical misalignment [11]. In addition, the LCC-S-based discrete fast terminal sliding
mode controller has been proposed to regulate the WPT system output current and power
with optimal efficiency [12]. Furthermore, an optimal frequency-tracking method and
online adjustment of the primary inverter duty ratio are proposed to achieve high efficiency
and a high-power factor for the dynamic wireless power transfer system of EVs [13].
Frequency tracking is also provided to optimize the efficiency by tuning the inverter
voltages [14]. Previous studies have also studied and optimized the output power in
the EV-WPT system [15,16]. In a separate study, an adaptive smart control method for
EV wireless charging has been proposed to shorten the wireless charging time of electric
vehicles (EVs) and achieve stable charging [17]. It has been found that the majority of
studies deal with the design and optimization of the charging process under one or several
constraints. There are only a few studies that have simultaneously considered all the issues
and addressed them in the same study.

Table 1. Charging classifications for EV wireless charging.

Requirements Classifications Values

Gap Z1 100–150 (mm)
Gap Z2 140–210 (mm)
Gap Z3 170–250 (mm)

Input power level WPT1 3.7 (kW)
Input power level WPT2 7.7 (kW)
Input power level WPT3 11.1 (kW)

Tolerance X-axis (EV moving direction) ±75 (mm)
Tolerance Y-axis (vertical direction of X-axis) ±100 (mm)

System efficiency Aligned ≥85%
System efficiency Misalignment ≥80%

This current study first analyzed the background and problems associated with EV
charging systems. The optimum performance of the LCC-LCC EV-WPT system under three
different impedance working modes was then analyzed. Moreover, this study also dis-
cussed the system performances and different key electrical characteristics under different
impedance working modes. It was evident that the resistive working mode attained the
maximum D range among the three different impedance working modes, whereas the D
range under the capacitive working mode achieved the minimum values. Furthermore,
D was calculated using the constraints Ie, Ip, Iin, and Uin, and the range values of D were
different. In addition, a multi-modulation scheme was proposed in the current study, based
on M detection and the phase angle of the secondary side. The duty cycle D of the rectifier
was the criterion used to control the impedance working mode. Finally, this study ends
with our conclusions.

2. Circuit Analysis
2.1. Circuit Working Principle

The present study used the previously described LCC-LCC resonant compensation
network described [18]. This compensation topology is characterized by constant primary
current, flexible parameter configuration, and optimal filtering effects. The characteristics
hence make the LCC-LCC resonant compensation network suitable for use in the wireless
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charging system for EVs. An equivalent electrical circuit of the LCC-LCC EV-WPT system
is presented in Figure 1.
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Figure 2. Schematic illustration of the rectifier’s working principle: (a) rectification working status; 

(b) short-circuited working status. 

Rectification working status: The current ie flows through diode D1 and the power 

supply to the load, R0, then flows back to the LCC resonant compensation network. The 

output capacitor, C0, is charged in the process. Therefore, when the amplitude of voltage, 

ue, is equal to the output voltage V0, the RMS values of ue and ie can be calculated by: 
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Figure 1. Electrical configuration for LCC-LCC EV-WPT system.

The primary side of the electrical circuit of the LCC-LCC EV-WPT system shown in
Figure 1 consists of an AC power source, tertiary structure power conversion modules,
LCC compensation network, and transmitting coil. The power conversion modules include
the PFC, DC-DC, and inverter. On the other side, the secondary side of the system con-
sists of AC-induced current flows through the LCC compensation network, rectifier, and
filtering capacitor, and then loads sequentially. In the secondary side, there are usually
three full-bridge rectifier topologies; the basic one comprises the four diodes of the uncon-
trollable full-bridge circuit. These diodes have then been replaced by four switches with
paralleled inverse diodes. Furthermore, only half the diodes are replaced by two switches
with paralleled inverse diodes, which may be the best candidate to realize controllable
regulation performance with relatively low cost and complexity. This study employed a
fully controlled bridge rectifier, which is a novel control strategy that achieves full power
output with high efficiency. The working principles of the secondary rectifier are illustrated
in Figure 2.
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Figure 2. Schematic illustration of the rectifier’s working principle: (a) rectification working status;
(b) short-circuited working status.

Rectification working status: The current ie flows through diode D1 and the power
supply to the load, R0, then flows back to the LCC resonant compensation network. The
output capacitor, C0, is charged in the process. Therefore, when the amplitude of voltage,
ue, is equal to the output voltage V0, the RMS values of ue and ie can be calculated by:

Ue =
2
√

2
π

Uout (1)

Ie =
π

2
√

2
Iout =

jωMIp

jωL2
(2)

Since the ue and ie phases are approximately equal, the equivalent impedance, Re, can
be derived by:

Re =
Ue

Ie
=

8
π2 R0 (3)

Short-circuited working status: The current ie flows through S3 and S4, then returns to
the compensation network when switches S3 and S4 are on. The load, R0, is powered by the
discharging capacitor C0. In this circuit, when the amplitude of voltage, ue, is 0 and Re is 0.
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In this working setup, the EV-WPT system does not supply power to the load. However,
when the direction of the current, ie, is reversed, the working principle is similar but was
not further discussed in the current study. The power between the whole WPT system and
the load is separate in this working status, which guarantees the safety of the load when
emergencies occur. A control strategy can be developed by analyzing the two working
statuses to realize the resonant compensation and optimization of output performance.

2.2. Control Principle and Analysis of the Rectifier Circuit

Control can be achieved through either the regulation of the duty cycle or phase
shifting [19–23]. However, this study used the duty cycle regulation strategy. The different
impedance characteristics of the equivalent impedance, Re, correspond to the ON moment
of short-circuited working status during each working cycle, T. The three impedance
properties analyzed in this study included capacitive impedance, inductive impedance,
and resistive impedance.

The driving signal of switches S3 and S4, as well as the waveforms of the current, ie,
and voltage, ue, were as shown in Figure 3. The phase difference between the two switches
was set to 180 degrees. Furthermore, for the positive half-period of ie, we let the working
duration of the short-circuited working status to be T, and the working duration of the
rectification’s working status to be (0.5-D) T.
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According to the phase difference between ie and ue, it was concluded that switch S3
and S4 are ON at the zero point (positive or negative) of the ie waveform (Figure 3a). This
means that the switches turn the zero current ON, not the zero current OFF; meanwhile, the
zero voltage switch (ZVS) working conditions can also be employed. In Figure 3b, switches
S3 and S4 are OFF at the zero point (positive or negative) of the ie waveform. The switches
turn the zero current OFF, not the zero current ON, and the working conditions of the zero
current switch (ZCS) can also be employed. In Figure 3c, the ON and OFF moment of
switches S3 and S4 are controlled to realize the same phase between ie and ue, the imaginary
part of Re is zero, and the hard switching is performed.

Only a fundamental harmonic is considered in our EV-WPT system. The current-
voltage relationship for output voltage U0 and the RMS value of ue can be obtained by:

Ue =
2
√

2U0

π
cos(πD) (4)

The current relationships of the output current, I0, and the RMS value of current ie,
which flows through the rectifier, is constructed as:

Ie =


π

2
√

2 cos2(πD)
I0 capacitive/inductive impedance

π
2
√

2 cos(πD)
I0 resistive impedance

. (5)

If the current phase of ie is the reference phase, from (4) and (5), the output equivalent
impedance of the secondary LCC resonant compensation network can be expressed as:

Re =


ue
ie = 8

π2 R0 cos3(πD)ej(−πD) capacitive impedance
ue
ie = 8

π2 R0 cos3(πD)ej(πD) inductive impedance

cos2(πD) 8
π2 R0 resistive impedance

(6)

The real and imaginary part of Re, Re(Re), and Im(Re) can be further obtained:
Re(Re) =


8R0
π2 kRe resistive

8R0
π2 kRe_C/L capacitive/inductive

Im(Re) =


8R0
π2 kIm_C capacitive

8R0
π2 kIm_L inductive

(7)

where: 
kRe_R = cos2(πD)

kRe_C/L = cos4(πD)

kIm_C = sin(−πD) cos3(πD)

kIm_L = sin(πD) cos3(πD)

(8)

From the above formula, when our adopted circuit is under capacitive or inductive
impedance compared with the uncontrollable rectifier circuit, the kIm coefficient is added to
the imaginary part of Re, whereas the kRe_L/C coefficient is included in its real part. The kRe_L/C
ranges from 0 to 1. When the imaginary coefficient value is negative, the capacitive impedance
is achieved, and inductive impedance is achieved. Moreover, only the kRe coefficient is
included in the Re when our adopted circuit is under resistive impedance as compared with
the uncontrollable rectifier circuit. Furthermore, it is evident that the coefficient values of the
real and imaginary parts are correlated with D as depicted in Figure 4.

Figure 4 shows that the coefficients of the real part under the three different impedance
characteristics decrease with the increase in D. The dashed blue curve and dashed green
curve represent the imaginary part of the inductive and capacitive impedance, and these
absolute values initially increase and then decrease. The figure illustrates that the equivalent
impedance can be modulated using the D values.
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2.3. System Performance and Parameters Analysis

Figure 1 can further be modified into Figure 5, which illustrates the equivalent circuit
model, based on the LCC-LCC resonant compensation network. Re, Z1, Z2, Z3, Z4, and
Z5 are the equivalent impedances of each part. The Re(Re) and Im(Re) are defined in
Equation (7) and can be optimized as controllable variables. For EV applications, when
the gap or misalignment changes, the mutual inductance M, self-inductance Lp and Ls
are variable terms. Furthermore, we define (1 + Γ)Lp and (1 + Λ)Ls as the self-inductance
of transmitting and receiving the coil, respectively. The Γ and Λ represent the change in
magnitude of self-inductance caused by variations in gap or tolerance.
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When the system works on the resonant frequencyω0 in both primary and secondary
sides, the following formula can be derived as: ω0

2 = 1
L1C1

= 1
L2C2

ω0
2 = 1

Cp(Lp−L1)
= 1

Cs(Ls−L2)

. (9)

The impedance and trans-conductance derivation of each part of the circuit (seen in
Figure 5) are given as:

Z1(ω0) = Re−re + jRe−im + jω0L2; Z1(ω0) =
1

Y1(ω0)

Y2(ω0) = Y1(ω0) + jω0C2; Z2(ω0) =
1

Y2(ω0)

Zs(ω0) = Z2(ω0) + jω0((1 + Λ)Ls −M) + 1
jω0Cs

+ Rs; Ys(ω0) =
1

Zs(ω0)

Y3(ω0) = Ys(ω0) +
1

jω0 M ; Z3(ω0) =
1

Y3(ω0)

Z4(ω0) = Z3(ω0) + jω0
(
(1 + Γ)Lp −M

)
+ 1

jωCp
+ Rp; Y4(ω0) =

1
Z4(ω0)

Y5(ω0) = Y4(ω0) + jω0C1; Z5(ω0) =
1

Y5(ω0)

Zin(ω0) = Z5(ω0) + jω0L1

(10)
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The current relationship in the LCC-LCC resonant compensation networks can also
be derived: 

Is = Ie

∣∣∣ Z1(ω0)
Z2(ω0)

∣∣∣
Ip = Is

∣∣∣ Zs(ω0)
Z3(ω0)

∣∣∣
Iin = Ip

∣∣∣ Z4(ω0)
Z5(ω0)

∣∣∣
. (11)

From Equation (11), the input current Iin can be further derived as:

Iin = Ie

∣∣∣∣Z1(ω0)

Z2(ω0)

∣∣∣∣∣∣∣∣Zs(ω0)

Z3(ω0)

∣∣∣∣∣∣∣∣Z4(ω0)

Z5(ω0)

∣∣∣∣ (12)

The power loss relationship is analyzed and the input voltage of the LCC–LCC reso-
nant compensation network is assessed:

Uin =
Ue Ie cos ϕe+I2

pRp+I2
s Rs

Iin cos ϕin

=
Ue Ie cos ϕe+

(
Ie

∣∣∣∣ Z1(ω0)
Z2(ω0)

∣∣∣∣∣∣∣∣ Zs(ω0)
Z3(ω0)

∣∣∣∣)2
Rp+

(
Ie

∣∣∣∣ Z1(ω0)
Z2(ω0)

∣∣∣∣)2
Rs

Iin cos
(

arctan
(

ImYin(ω0)
ReYin(ω0)

)) (13)

where ϕe is the phase angle of input current and voltage. When the power losses in other
electronics are not taken into account, the input power can be expressed as:

Pin = Pe + I2
pRp + I2

s Rs

= Ue Ie cos ϕe +
(

Ie

∣∣∣ Z1(ω0)
Z2(ω0)

∣∣∣∣∣∣ Zs(ω0)
Z3(ω0)

∣∣∣)2
Rp +

(
Ie

∣∣∣ Z1(ω0)
Z2(ω0)

∣∣∣)2
Rs

(14)

When the internal resistance of L1 and L2 are not considered, the efficiency of the
LCC-LCC resonant compensation network is derived as:

ηnet =
Ue Ie cos ϕe

Ue Ie cos ϕe +
(

Ie

∣∣∣ Z1(ω0)
Z2(ω0)

∣∣∣∣∣∣ Zs(ω0)
Z3(ω0)

∣∣∣)2
Rp +

(
Ie

∣∣∣ Z1(ω0)
Z2(ω0)

∣∣∣)2
Rs

. (15)

The list of typical parameters and variables used for the EV-WPT system is provided
in Table 2.

Table 2. EV-WPT system parameters and variables.

Parameters Values Parameters Values Parameters Values Parameters Values

L1 (µH) 22 Cs (nH) 60.349 Ls-kmin (µH) 65.517 kmin 0.093
L2 (µH) 8.1 Uout (V) 300–450 Mmax (µH) 14.53 Iin-max (A) 45
C1 (nH) 157.5 Lp-kmax (µH) 46.795 Mmin (µH) 5.163 Ie-max (A) 45
C2 (nH) 427.783 Lp-kmin (µH) 45.018 Udc (V) 100 F (kHz) 85.5
Cp (nH) 136 Ls-kmax (µH) 67.79 kmax 0.263 R0 (Ω) 10.0

In Table 2, Lp and Ls are the transmitter and receiver coil self-inductances, and
their specifications, including Lp, Ls, k and M, are referred to China’s global standard
GB/T 38775-6 (electric vehicle wireless power transfer—Part 6: interoperability require-
ments and testing—ground side, and GB/T 38775-7 electric vehicle wireless power
transfer—Part 7: interoperability requirements and testing - vehicle side [9]. The out-
put parameters, such as Uout, include the range of output voltages at the rated output
power, which is designed according to the required voltage of the battery. The inductors
and capacitors in the LCC–LCC compensation network, such as L1, C1, L2, C2, Cp, and Cs,
are derived by Equation (9). Iin-max is the maximum value of the inverter output current,
while Iie-max is the maximum value of the rectifier output current. The value ranges (mini-
mum and maximum) of Lp and Ls are set as Lp-kmax, Lp-kmin, Ls-kmax and Ls-kmin when the
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coupling coefficient k is set to kmax and kmin, respectively. Figure 6 represents the graph of
an efficiency net vs. D, considering kmin and kmax, showing different correlations between
the two parameters.
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Figure 6. Efficiency variations vs. D with kmin and kmax.

In Figure 6, the solid blue curve shows that the efficiency of an LCC–LCC resonant
network initially increases with an increase in D, and then significantly decreases when k
is set to kmin. The red line shows that the efficiency initially increases and then decreases
when k is set to kmax. Figure 6 indicates that D should be designed, considering the larger
efficiency values. Moreover, the correlation between efficiency and D shows a similar trend
for the different k-values, characterized by an initial increase, followed by a decrease. The
turning points of the variation curve are dependent on the k-values; there is a much larger
increase in D in decreasing efficiency with the k-variation.

Moreover, variable D can directly affect the impedances in Figure 5, as well as the
subsequent electric parameters and variables in the whole system. The changing trend
of D can be compared with the secondary impedance characteristic, k. Figure 7 plots
the variations in electric parameters and variables with different D and Uout under the
capacitive impedance condition, with kmin, Uin, Iin, Ip, Ie, and Is. When the output power
was set as 10 kW, the full power output was achieved, with an output voltage ranging
between 320 and 450 V.

Figure 7 illustrates the finding that when the system parameters and variables, in-
cluding D, are designed and the output power is set as 10 kW, the correlation between Uin
and Iin is, therefore, opposite. Moreover, when the value of D exceeds a certain point, the
efficiency rapidly declines, whereas Iin indicates an increasing trend.

Figure 8 plots graphs for when k was set as kmax, whereas the other parameters and
variables remain as shown in Figure 7.

A comparison between Figures 7 and 8 shows that when an arbitrary k-value is
taken, Uin, Ip, and Ie increase with an increase in D, but decreases with the increase in
Uout. Therefore, a large D value results in inappropriately large values of Uin, Ip, and Ie.
Furthermore, it is evident that when an arbitrary k-value is taken, the Is decreases with an
increase in D, but increases with an increase in Uout. This indicates that a very small value
of D results in an inappropriately large Is value. When an arbitrary k-value is taken, an
increase in D is associated with an initial decrease in Iin, followed by an increase. Therefore,
D should be set in a way to avoid the under or oversizing of Iin. The changes in Ie with
D show the opposite trend as Iin, which indicates the range of D is limited while existing
electrical constraints. According to Equations (4)–(6), the secondary electric parameters and
variables, Is and Ie, are mainly dependent on Uout and D and not be related to k. Therefore,
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according to the above description and analysis, it has been concluded that the primary
electric parameters change with increasing k, but secondary variables are independent of k.
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Therefore, the D value range should be optimized to ensure the full power output
under capacitive impedance, as electronic constraints. The initial range of D = (0, 0.4)
was used because of the unacceptable low efficiency with a larger D value. The range
of D values is associated with the k-value. Table 3 displays the ranges of D values with
different electronic constraints under capacitive impedance.
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Table 3. Different D ranges with different electrical constraints.

Parameters Maximum Values k Set D Value Range

Uin (V) 1200 kmin 0–0.21
Uin (V) 1200 kmax 0–0.338
Iin (A) 45 kmin 0–0.4
Iin (A) 45 kmax 0.254–0.4
Ip (A) 70 kmin 0–0.132
Ip (A) 70 kmax 0–0.298
Is (A) 100 arbitrary values 0–0.4
Is (A) 1200 arbitrary values 0–0.235

Similar analyses were done under inductive and resistive impedance. Details including
three impedance working conditions are as shown in Figure 9.
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In Figure 9, the range of D is mainly determined by Ie and Iin constraints. Under
capacitive impedance, there is no D value set that can realize the full power output when k
is kmax. The range of D is (0.225, 0.235) and (0.21, 0.236) when the system works under the
inductive and resistive impedance, respectively.

Considering the heat dissipation, power loss, operational lifetime of the switching
electronics, ZCS could not be achieved. Furthermore, the optimal working condition was
zero current ON, then zero current OFF, and the worst was in hard-switching ON and OFF.
Therefore, capacitive impedance was the best, whereas the resistive impedance was the
worst among the three different impedance characteristics. In most charging scenarios, the
capacitive impedance can meet all electrical constraints. A critical value of k is considered
as k1, when the k-value is greater than k1, and there is no D solution. The range of D is larger
under the inductive and resistive impedance condition, compared with the above condition.
Therefore, a control strategy is proposed, based on the impedance characteristics.

3. Proposed Control Strategy
3.1. Range Constraints of System Parameter Values

The range of D narrows with an increase in k, as analyzed in the above section, and
there is no D solution when k is set as kmax under capacitive impedance. This is attributed
to the variations in Iin and Ie values. Moreover, the determination of k1 is the key variable in
the whole strategy under the capacitive impedance model. However, k1 cannot be obtained
in advance because EV charging applications are complex and inconsistent. In addition,
the k1 value is impossible to obtain through online testing. Therefore, a characterization
parameter was proposed in this study as follows:
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The secondary impedance, as illustrated in Figure 5, can be expressed as:

Zs = |Zs|∠β (16)

When β is defined as the phase angle of the secondary impedance, and the phase
angle of Ip is used as the reference, the open circuit voltage of the secondary side voc can be
obtained as:

voc = jωMIp = ωMIp∠90 (17)

The current of the power-receiving coil is also derived as:

is =
voc

Zs
=

ωMIp

|Zs|
∠(90− β) = Is∠(90− β) (18)

where Is is the RMS value of is. The apparent power of the secondary side can be derived as:

Ps = vocis =

(
ωMIp

)2

|Zs|
∠(180− β) = ωMIp Is∠(180− β) (19)

When the phase difference between ip and voc is 90 degrees, the value of ip and is are
90-β. Furthermore, according to Equation (19), the active power can be expressed as:

Ps_p = |vocis| cos β =
∣∣ωMIp Is

∣∣ cos β =
Pout

ηVA
(20)

where Pout is the output power and ηVA is the efficiency of the secondary side, which can
be approximately expressed as:

ηVA =
Pout

Pout − I2
s Rs − PQS_loss

(21)

where PQS_loss is the power loss of the secondary rectifier, which can be expressed as:

PQS_loss = 4I2
e

(
(0.5 + D1)− sin(4πD1)

π

)
RDS(on)

+ 2
√

2Uout Ie sin(2πD1)t f−s f
(22)

where RDS (on), tf_s, and f are parameters for the switching electronics in the rectifier circuit
denoting on-resistance, turn-off time, and working frequency, respectively. According to
the above equations, the secondary impedance phase of β can be expressed as:

β = arccos

(
Pout

ηVA

1∣∣ωMIp Is
∣∣
)

= arccos

Pout

ηVA

1∣∣∣ωMIp
Ue

ωL2

∣∣∣
 (23)

Then, the input current of the primary resonant compensation network can further be
derived as:

iin =
ΓLp
L1

Ip +
MIs∠(90−β)

L1

=
ΓLp
L1

Ip +
Pout

ωL1 IpηVA cos β (sin β + j cos β)
(24)

In Equation (24), Lp is the designed inductance of the primary transmitting coil, with
a fixed working frequency. The Lp-kmin in Table 3 is the minimum value of Lp. Γ is the
variation ratio of Lp with different k-values; the value of Γ in Table 3 is set as 0.0395. Pout
is the desired output power and its value is 10 kW. Here, ω, L1, Lp and Γ are fixed values,
whereas the ηVA varies only in a very small range that can be derived after parameter
setting. Therefore, we can conclude that iin is relevant to Ip and β, whereas the iin constraint
corresponds to β. When the values in Table 3 are adapted and the value of ηVA is set as 0.95,
then the relationship between iin and Ip and β can be presented in Figure 10.
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According to Figure 10, iin showed a positive correlation with β, and not with Ip. To
meet the Iin constraints, the minimal limiting value of Ip and the maximum limiting values
of β are required, which can be calculated using Equation (25). For Table 3, when the Iin
values are less than 45 A, the limiting values of β with different Ip constraints are as listed
in Table 4.

Table 4. EV-WPT system parameters.

Parameters Constraint Values

Ip 10 20 30 40 42.6

β NaN 0 ≤46.5 ≤58 ≤90

According to the results shown in Table 4, to meet the Iin constraints, the value of Ip
should not be less than 20 A, and when Ip is equal to or greater than 42.6 A, all the β sets
meet the Iin constraint demands. When the load resistance and other system parameters
are determined, the Ip values can be derived by adjusting the input voltage value of the
primary inverter. When Ip ≥ 20 A, measuring the β value can be used to judge whether the
Iin value is beyond its constraints.

3.2. Proposed Control Method Based on Impedance Working Modes

According to Figure 9, the minimal limiting value of D is determined by Iin, while
the maximum value is determined by Ie. When the value of Dmin is less than Dmax,
the capacitive impedance working mode should be adopted. On the other hand, when
Dmin ≥ Dmax, the inductive and resistive impedance working modes should be adopted.
Dmax value can be derived using Equation (5); hence, the working mode is directly decided
by Dmin. β should be detected and measured before the power transfer process.

β can be derived using Equation (24), and the M and ηVA values should be given. In
the current study ηVA was set as 0.95, because ηVA should be greater than 0.9. Considering
system performance, and an error range of <±5%, the calculated error range of β was
around 1 degree. Therefore, before the wireless power transfer process, the value of β could
be determined by measuring M.

Furthermore, the primary current Ip for the WPT system presented in Figure 1 can be
expressed as:

Ip =
Ie · (A1 + Re · A2)

jω ·M (25)
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where:

A1 =
(

1−ω2L2C2

)(
jωLs +

1
jωCs

)
+ jωL2 (26)

A2 = 1−ω2L2C2 +
C2

Cs
(27)

A1 and A2 are constant values, and M can be derived by detecting Ip and Ie when Re
is set at 0. The constraint of resistance impedance working mode can be derived by M and
Dmin. According to Table 4, the M constraints can be calculated when Ip is set to 20 A and
β = 0. Based on Equation (24), M can be further expressed as:

Pout

ηVA

1∣∣∣Ip M Ue
L2

∣∣∣ = 1M ≤ Pout

ηVA

∣∣∣Ip
Ue
L2

∣∣∣ (28)

To ensure that Iin is ≤45 A, Ip should be equal to or greater than 20 A. According to
Equation (4), to meet the requirements of D and the full power output with Uout ≥ 320 V,
the value of Ue should be equal to or greater than 288.2 V. Moreover, the M-limiting value
is 14 µH when the efficiency of the secondary circuit is set as 100%.

The flow diagram in the following Figure 11 illustrates the proposed control method
workflow based on the impedance working modes.
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power transfer process. It was found that the secondary rectifier in the priming stage 

worked in the short-current conditions. Low voltage was provided to Ip ≤ 10A, and M 

was derived by measuring Ip and Ie and using Equation (26). When M ≤ PoutL2/(IpUe), the 

capacitive working mode was chosen, and the second phase was carried out. Otherwise, 

when M ＞ PoutL2/(IpUe), the inductive and resistive impedance working modes were 

Figure 11. Flowchart of proposed control method.

The whole process is divided into two sub-processes—the initiation phase and the
power transfer process. It was found that the secondary rectifier in the priming stage
worked in the short-current conditions. Low voltage was provided to Ip ≤ 10 A, and M
was derived by measuring Ip and Ie and using Equation (26). When M ≤ PoutL2/(IpUe), the
capacitive working mode was chosen, and the second phase was carried out. Otherwise,
when M > PoutL2/(IpUe), the inductive and resistive impedance working modes were chosen
and the second phase was carried out. In the capacitive impedance power transfer process,
the Iin and Ie values were measured, and the ranges were used to make decisions. When
Iin ≥ 45 A or Ie ≥ 45 A, the working mode was switched to the inductive impedance, and if
Iin < 45 A and Ie < 45 A, power transfer continued through the capacitive impedance charging
mode. The described judgment conditions are then discussed again; if correct, they step into
the resistive impedance working mode; otherwise, the charging process is aborted.

4. Experimental Validation

Figure 12 shows a photograph of an experimental system in which the circuit parame-
ters and variables used in Table 3 were adopted.
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Figure 12. Experimental setup.

Zero-point tests in the ue and ie waveforms were performed to characterize the
impedance working modes in the secondary side. However, the resistive impedance
working mode cannot be judged by the described method. Furthermore, the primary
current ip and voltage of the secondary capacitor Cs have the following relationships:{

uoc = jωMip

uCs =
1

jωCs
is

(29)

where uoc and is are the voltage and current of the secondary coil, respectively, the phase
angle of ip lags by 90 degrees, corresponding to uoc, and the phase angle of the uCs lags
by 90 degrees, corresponding to is. The corresponding phase relationships between the
different impedance working modes are shown in Figure 13.
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mode (b) inductive impedance working mode (c) resistive impedance working mode.

The current and voltage waveforms with an uncontrollable rectifier and three different
impedance working modes are plotted as shown in Figure 14.

As shown in Figure 14a, when D was set to 0.5, the secondary side worked under
uncontrollable conditions, the phase angle of ip and uCs were the same, the phase angle of
ie and ue were the same, and the switching device realized zero-current ON and OFF. In
Figure 14b, the secondary side worked under a capacitive working mode; the switching
device enabled zero-current ON (the short-circuited mode works on the zero-crossing of ie),
and ip was the phase leading with respect to uCs. In Figure 14c, the secondary side worked
under an inductive working mode, the switching device realized the zero-current OFF (the
short-circuited mode works before the zero-crossing of ie), and ip showed phase-lagging
with respect to uCs. In Figure 14d, the secondary side worked under a resistive working
mode, the switching device realized non-zero-current ON and non-zero-current OFF (short-
circuited mode works between two zero-crossings of ie), and the phase was the same for ip
and uCs. However, the peak voltage was relatively large when ON and OFF.
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(b) capacitive impedance working mode; (c) inductive impedance working mode; (d) resistive
impedance working mode.

The above experimental results showed that our three proposed working modes can
be achieved; the phase relationships and electrical characteristics obtained are in agreement
with the theoretical analysis.

For the proposed experimental system, the upper maximum value of M was set at
14.53 µH (when the Tx and Rx coils are aligned and the transmitting gap is minimum), and
the lower maximum value of M is at 5.163 µH (when the Tx and Rx coils are misaligned
with a maximum tolerance and the transmitting gap is maximum) (Figure 12). The system
output voltage was set at 450 V. Figure 15 illustrates the output waveforms and output
power with different M values under three different working modes.

Figure 15b,d,f show that when M was set at Mnin, all three different working modes
realized full-power output (10 kW). Figure 15c,e illustrate that when M was set at Mmax,
the inductive and resistive impedance working modes realized full-power output. How-
ever, the output power only reached 8.5 kW under capacitive impedance working mode
(Figure 15a). This is because the current Iin is limited, and there are no D working values to
realize full-power output under a capacitive impedance working mode. On the contrary,
the current Iin (Iin < 45 A) is not limited, and there are D working values to realize the
full-power output under inductive and resistive impedance working modes.

The above experiments indicate that the M values can reasonably be set to choose
the working mode. Meanwhile, this study has confirmed the correction of the proposed
multi-modulation strategy.
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(e) resistive impedance working mode with Mmax; (f) resistive impedance working mode with Mmin.

5. Conclusions

The conclusions of our paper are as follows:
(1) The wide-ranging output performance can be optimized by controlling the duty

cycle D of the rectifier on the secondary side under a fixed working frequency. The proposed
multi-modulation scheme can be applied in the EVs’ wireless charging systems.

(2) The system performs different key electrical characteristics under different impedance
working modes. The range values of D were different, and D was determined by Ie, Ip, Iin,
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and Uin constraints. The resistive working mode attained the maximum D range among
three different impedance working modes, where the D range under the capacitive working
mode achieved minimum values.

(3) The rectifier in the secondary side performs optimally under the capacitive impedance
working mode and performs worst under the resistive impedance working mode. There-
fore, the capacitive mode should be used as the initial working mode.

(4) Under the capacitive impedance working mode, there are no D values when the
M value is at maximum, and the output voltage reaches the peak value. In this case, the
working mode should be changed to achieve the full power output.

(5) A multi-modulation scheme was proposed, based on the M detection and phase
angle of the secondary side, and the duty cycle of the rectifier D was the criterion used to
control the impedance working mode.
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