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Abstract—In order to reduce the reactive power of the existing
hybrid modulation pulsewidth modulation (HM-PWM)-controlled
multifrequency and multiload wireless power transfer (MFML
WPT) system without a resonant network, a design idea of a
variable resonant network is proposed, accordingly, an HM-PWM-
controlled MFML WPT system based on a variable resonant net-
work is studied. According to the variation in load frequency, the
output frequency of the inverter and the frequency of the variable
resonant network can change accordingly. First, the structure and
working principle of the MFML WPT system based on a variable
resonant network are introduced. Second, taking a dual-frequency
variable resonant network as an example, the control method and
range of frequency adjustment are studied by modeling. Third,
the MFML WPT system based on a variable resonant network
is mathematically modeled, the output power and efficiency are
analyzed. Finally, the feasibility of the design idea of the variable
resonant network is proved by experiments. The results show that
in the range of 20–90 kHz, the variable resonant network can realize
stable switching of any two frequencies, and the power factor of
the system can reach 0.99. So, the MFML WPT system can realize
high-efficiency WPT for loads with different frequencies.

Index Terms—Hybrid modulation pulsewidth modulation (HM-
PWM) control, multifrequency, multiload, variable resonant
network, wireless power transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) technology is a new
energy transmission technology based on space soft

media to achieve clean, safe, flexible, and efficient use of
energy [1], [2], [3]. It has been widely used in electric ve-
hicles [4], aerospace [5], smart grid [6], new energy power
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generation [7], medical equipment [8], and communication
equipment [9].

In recent years, with the development and popularization of
WPT technology, the application of WPT system has grad-
ually expanded from single-frequency and single-load power
supply modes to multifrequency and multiload (MFML) power
supply modes. For MFML WPT system, the current research
mainly focuses on the multifrequency power generation mode
and the multifrequency resonant network structure design of a
MFML WPT system.

For the research of the multifrequency power generation mode
of an MFML WPT system, the current methods mainly include
the following.

1) Utilizing multiple inverters with different frequencies con-
nected in parallel to obtain multifrequency power [10].
For example, multiple inverters are connected in parallel
in [10] to realize the output of multifrequency electric
energy.

2) Utilizing the harmonic characteristics of the inverter to
obtain multifrequency power [11], [12]. For example,
Liu et al. [11] proposed a new inverter structure, adding
two diodes to the traditional inverter structure so that the
inverter can output multifrequency power. Qi et al. [12]
used the fundamental wave and harmonics output by the
inverter to transmit multifrequency power.

3) Utilizing a special modulation mode to control the inverter
to obtain multifrequency power [13], [14]. For example,
Han et al. [13] obtained the control signal of the inverter
through calculation, then used the signal to control the
inverter, so as to realize the multifrequency power output
of the inverter. Ye et al. [14] proposed the pulse density
modulation method to control the inverter, so as to realize
the multifrequency power output.

Through the comparison and analysis, it can be found that,
compared with the former two methods, the third method is
gradually studied in depth due to the advantages of adjustable
inverter output frequency.

For the research of an MFML WPT system, the current
research mainly focuses on the following.

1) The design of a multifrequency resonant network with
fixed frequencies [12]. For example, Qi et al. [12] studied
the parameter design method of the base Cole network and
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Fig. 1. Multifrequency and multiload WPT system based on variable resonant network controlled by HM-PWM.

the Foster network, which made the parameter calculation
of a resonant network with multiple different frequencies
easier.

2) Multifrequency resonant network with adjusted frequen-
cies [15], [16]. For example, Abramov and Peretz [15] de-
signed variable inductors based on the transformer model,
so as to form a variable resonant network. The transformer
model controls the variation of the inductance value in the
circuit, so as to change the resonant frequencies of the
resonant network. Saltanovs [16] used a capacitor matrix
and changed the resonant frequencies of the resonant
network by controlling the capacitor value of the capacitor
matrix to access the circuit.

Through the comparison and analysis, it can be found that,
compared with the former method, the second method has been
widely studied and applied in the WPT system because its
resonant frequencies are variable.

In the previous work of the researchers in this article, an
MFML WPT system using hybrid modulation pulsewidth modu-
lation (HM-PWM) control method is proposed [17], it shows that
the MFML WPT system controlled by HM-PWM can realize
independent and controllable wireless power supply for loads
with different frequencies and power levels. However, due to the
zero compensation strategy, the reactive power of the primary
side is abundant, the power factor and the efficiency of the system
are quite low. Therefore, in view of the above shortcomings, this
article proposes a design idea of introducing variable elements
into multifrequency resonant network. In order to verify the
feasibility of this idea, a variable resonant network topology
based on the basic topology is proposed. The topology is verified
using an HM-PWM-controlled MFML WPT system. According
to the requirement of multiload frequency, the output control of
the primary multifrequency composite power supply is realized

by changing the frequency of hybrid modulating wave. Through
the control of the switching device of the variable resonant
network, the frequency of the multiresonant network is changed.
Finally, the flexible and efficient radio energy transmission of
MFML under HM-PWM control mode is realized.

The rest of this article is organized as follows. Section II
introduces the structure and working principle of HM-PWM-
controlled MFML WPT system based on variable resonant net-
work. In Section III, the variable resonant network is modeled,
then the control method and adjustment range of the variable
resonant network are analyzed. In Section IV, the MFML WPT
system is modeled, then the power and efficiency characteristics
of the system are analyzed. In Section V, experimental verifica-
tion is carried out. Finally, Section VI concludes this article.

II. STRUCTURE AND WORKING PRINCIPLE OF

HM-PWM-CONTROLLED MFML WPT SYSTEM BASED ON

VARIABLE RESONANT NETWORK

The structure of an HM-PWM-controlled MFML WPT sys-
tem based on a variable resonant network is shown in Fig. 1.

In Fig. 1, the HM-PWM-controlled MFML WPT system
based on a variable resonant network includes dc power supply
(Ud), high-frequency inverter circuit (S1-S4, D1-D4), primary
variable resonant network (C1-Cn, L2-Ln, Sc1-Scn, Sl2-Sln),
transmitting coil (L1), MFML power receiving device (Ls1,
Cs1, RL1, Ls2, Cs2, RL2 ... Lsn, Csn, RLn), and PWM control
circuit. Rp is the equivalent internal resistance of the primary
resonant network, and the secondary MFML power-receiving
device comprises n receiving coils and n compensation capac-
itors, which constitute n resonant circuits, respectively. The
natural resonant frequencies of the secondary receiving loop are
f1, f2, ... fn. Among them,Ls1 andCs1 constitute the frequency
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selection network of frequency f1, and Ls2 and Cs2 constitute
the frequency selection network of frequency f2 ... Lsn and Csn

constitute the frequency selection network of frequency fn.
The output terminals of different resonant networks are con-

nected to the loads RL1, RL2 ... RLn. Mps1, Mps2 ... Mpsn

are the mutual inductors between the transmitting coil and each
receiving coil. Ms1s2, Ms1sn, Ms2sn ... are cross-inductance
between different receiving coils.

The primary variable resonant network (C1-Cn, L2-Ln,
Sc1-Scn, Sl2-Sln) can change the equivalent value of each
component(C1-Cn, L2-Ln) by controlling the switch (Sc1-Scn,
Sl2-Sln), so as to change the resonant frequency of the resonant
network.

In order to minimize the impact of cross-inductance, a pa-
rameter design principle was proposed in the previous research
work [17]. In the previous research of the author of this article,
through theoretical analysis and experimental verification, a
parameter design criterion is proposed, which can reduce the
cross-inductance of the secondary sides [17]. The experimental
results show that the cross inductance between the secondary
sides can be ignored when the parameters are designed according
to the criterion. Therefore, cross-inductance is not considered in
the subsequent research of this article. At the same time, the
design principles of frequency selective network parameters are
shown in the following:⎧⎪⎪⎪⎨

⎪⎪⎪⎩
(2πf1)

2 = 1
Ls1Cs1

(2πf2)
2 = 1

Ls2Cs2· · · · · ·
(2πfn)

2 = 1
LsnCsn

. (1)

According to the previous research, the inverter of the MFML
WPT system based on variable resonant network adopts HM-
PWM control mode.

The carrier of the HM-PWM control circuit is the triangular
wave uc, and the modulated wave adopts the hybrid modulated
wave ur which is superimposed by multiple sinusoidal waves
with adjustable frequency. Hybrid modulated wave ur is

ur = ur1 + ur2 + . . .+ urn

= a1 sin 2πf1t+ a2 sin 2πf2t+ . . .+ an sin 2πfnt (2)

where a1, a2, ... an are the modulation amplitudes of each
frequency.

In order to avoid overmodulation, the HM-PWM-controlled
inverter is kept within the effective PWM operating range,
and the amplitude of the hybrid modulated wave does not exceed
the carrier amplitude. In addition, the switching frequency of
the inverter is consistent with the carrier frequency fc, and the
frequency fr of the modulated wave is equal to the ratio of the
carrier frequency fc to the modulation ratio N(fr=fc/N). Based
on the transmission frequencies f1, f2, ... fn, set the carrier
frequency to the least common multiple of the transmission
frequency. Therefore, ensure that the carrier ratio N is an integer
to avoid additional harmonic interference. According to the
requirements of switching frequency and carrier ratio of inverter,
the upper limit of modulating wave frequency can be determined.

Fig. 2. Bidirectional switch structure.

Based on this, the control principle of the HM-PWM-
controlled MFML WPT system inverter is as follows [17]:
according to different loadsRL1,RL2, ...RLn, set the modulated
wave signal of corresponding frequency f1, f2, ... fn. According
to the power requirements of different loads, the amplitudes of
different frequency modulated waves a1, a2, ... an are designed.
The basic modulation method is to superposition the modulated
waves of different frequencies f1, f2, ... fn and amplitudes a1,
a2, ... an to obtain the hybrid modulated wave signal ur, and the
inverse signal is -ur.

The signal modulated by hybrid modulated wave ur and uc

triangular carrier is used as the driving signal of the front axle
arm, while the signal modulated by composite modulated wave
-ur and triangular carrier uc is used as the driving signal of
the rear axle arm. Accordingly, the high-frequency inverter will
output high-frequency hybrid pulse waves containing different
load frequencies.

In Fig. 1, the HM-PWM-controlled MFML WPT system
adopts a variable resonant network with n switch controlled
capacitor (SCC) components (Sc1-Scn, C1-Cn) and n-1 switch
controlled inductance (SCI) (Sl2-Sln, L2-Ln). In Fig. 2, each
SCC consists of a tuned capacitor and a bidirectional switch in
parallel. Each SCI consists of a tuned inductor and a bidirectional
switch in series. The bidirectional switch is composed of two
MOSFETs in series in reverse.

In order to reduce reactive power and improve transmission
efficiency of HM-PWM controlled MFML WPT system, the
working mode of the variable resonant network is as follows.
1) For single-frequency and single-load working mode, Sl2-Sln

and Sc2-Scn are disconnected. Only Sc1 is connected to the
circuit. The resonant network has only one resonant frequency.
By changing the control angle of Sc1, the equivalent capacitor
value of C1 can be changed, and the resonant frequency of the
resonant network can be changed, so that the resonant frequency
follows the load frequency. 2) For dual-frequency and dual-load
working mode, Sl3-Sln and Sc3-Scn are disconnected. Sc1, Sc2,
Sl1 are connected to the circuit. The resonant network has two
resonant frequencies. By changing the control angles of Sc1,
Sc2, and Sl1, respectively, the equivalent values of C1, C2, and
L2 can be changed, thus, changing the resonant frequency of the
resonant network and making the resonant frequency follow the
load frequency.

Similarly, for MFML working mode, Sc1-Scn, Sl2-Sln are
connected to the circuit. The resonant network has n resonant
frequencies. By changing the control angle of Sc1-Scn, Sl2-Sln

separately, can change the equivalent values of C1-Cn, L2-Ln,
thus, changing the resonant frequency of the resonant network.
Therefore, the dynamic transformation of the resonant network
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Fig. 3. Schematic diagram of SCC.

Fig. 4. Control angle of SCC.

is realized to ensure the efficient wireless power supply of
MFML.

III. VARIABLE RESONANT NETWORK MODELING AND

CONTROL METHOD OF MFML WPT SYSTEM BASED ON

HM-PWM CONTROL

According to the analysis in Section II, when the load fre-
quency changes, the dynamic change of the resonant frequency
can be realized by controlling the change of the resonant network
topology. And the output frequency of the inverter can follow
the change. The key is to control the equivalent value of SCC
and SCI accurately. The SCC and SCI equivalent circuits are
analyzed below.

A. Equivalent Calculation of Switching Capacitor

The power electronic MOSFET switches S1 and S2 are con-
nected in parallel at both ends of the capacitor Ct in reverse
series, thus, forming a basic unit of SCC in Fig. 3 [18].
S1 and D2 constitute a forward transmission channel, while

S2 and D1 constitute a reverse transmission channel. Among
them, both D1 and D2 need to meet the requirements of high
current and high frequency. Schottky diode with a low turn-ON

voltage drop and high current needs to be selected. Since MOSFET

and diode are connected in parallel across the capacitor, its
voltage is resonance voltage, which is much larger than the input
voltage of the system. Therefore, there is a high requirement for
the withstand voltage level of MOSFET and diode. By controlling
the control angle αc of the two switching devices S1 and S2, the
equivalent capacitor value of the SCC can be changed, and the
specific control method is shown in Fig. 4.

In each period T = 2π, S1 is switched ON in a positive half
period, starting from time t= 0, and the switching time isαc/2π.

Fig. 5. Proportional relationship between the equivalent capacitor Cd and the
actual capacitor Ct varies with the curve of αc.

Fig. 6. Schematic diagram of SCI.

S2 is switched ON in a negative half period, starting from time
t = T/2, and the switching time is αc/2π, where αc ∈ [π/2,π).

In this working mode, the equivalent capacitorCd at both ends
of A and B is [18]

Cd =
Ct

2− (2αc − sin 2αc) /π
. (3)

According to (3), whenCd/Ct is determined, the control angle
αc of the switching device can be solved.

In order to analyze the relationship between the equivalent
capacitor Cd and αc, based on (3), the relationship between
the equivalent capacitor Cd, the actual capacitor Ct and αc are
analyzed and obtained in Fig. 5.

In Fig. 5, Cd/Ct increases with the increase of αc and the
slope of the curve gradually increases. When Cd/Ct <10, the
curve rises gently, and the equivalent capacitor of the SCC in
this section is less affected by the control error, also, the control
difficulty is low. Therefore, it is selected to adjust the SCC within
this range.

B. Equivalent Calculation of Switching Inductance

The power electronic MOSFET switchesS1 andS2 are in series
in reverse, and then in series with the inductor Lt to form a
switching inductor basic unit in Fig. 6.

S1 and D2 constitute a forward channel, while S2 and D1

constitute a reverse channel. The equivalent inductance value
of the switching inductance can be changed by controlling the
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Fig. 7. Control angle of SCI.

Fig. 8. Proportional relationship between the equivalent inductance Ld and
the actual inductance Lt varies with αl.

control angle αl of the two switching devices S1 and S2. The
specific control method is shown in Fig. 7.

In each period T = 2π, S1 is switched ON in a positive half
period, starting from time t = αl/2π, and the switching time is
π − αl/2π. S2 is switched ON in a negative half period, starting
from time t=T/2 +αl/2π, and the switching time isπ − αl/2π,
where αl ∈ [π/2, π).

In this working mode, the equivalent inductance Ld at both
ends of A and B is [18]

Ld =
Lt

2− (2αl − sin 2αl) /π
. (4)

According to (4), whenLd/Lt is determined, the control angle
αl of the switching device can be solved.

In order to analyze the relationship between the equivalent
inductance Ld and αl, based on (4), the relationship between
the equivalent inductance Ld, the actual inductance Lt and αl is
analyzed and obtained in Fig. 8.

As can be seen from Fig. 8, Ld/Lt increases with the increase
ofαl and the slope of the curve gradually increases. WhenLd/Lt

<10, the curve rises gently, and the equivalent inductance value
of the SCI in this section is less affected by the control error,
also, the control difficulty is low. Therefore, the SCI is adjusted
in this range.

Fig. 9. Dual-frequency variable resonance network schematic diagram.

In Figs. 5 and 8, the curve in the figure can be roughly divided
into two segments, one with a smaller slope and the other with a
larger slope. Through the analysis in this article, it is known that
when the slope is small, the error caused by the control has little
influence on the equivalent value of the capacitor and inductance.
Therefore, we choose to control section with a small slope of the
curve. 10 ofCd/Ct <10 andLd/Lt <10 is not unique and should
be set according to the conditions of practical application. When
the selected value is too large, although the adjustment range can
be increased, the control precision will be higher. Therefore, this
article chooses to study under the conditions ofCd/Ct andLd/Lt

<10.

C. Parameter Design of Multifrequency Resonant Network

The parameters of dual-frequency resonant network are an-
alyzed. Based on the system shown in Fig. 1, a typical dual-
frequency resonant network is designed in Fig. 9.

Based on Fig. 9, the equivalent impedance Zs of the network
can be obtained as follows:

Z(s) = sL1 +
1

sC1 +
1

sL2+
1

sC2

. (5)

Let ω= 2πf, s= jω and Z(s)= 0 [1], [2], under the conditions
of knownL1,f1,f2, the expression ofC1,L2,C2 can be obtained
as follows: ⎧⎪⎪⎪⎨

⎪⎪⎪⎩
C1 = 1

4π2L1(f2
1−f1f2+f2

2 )

L2 =
L1(f2

1−f1f2+f2
2 )

2

f1(f1−f2)f2

C2 = (f1−f2)
2

4π2L1f1f2(f2
1−f1f2+f2

2 )
.

(6)

The purpose of an input impedance of 0 is to reduce the
reactive power of the system. The efficiency of the system is
improved by adding the compensation capacitor to offset the
inductive reactive power generated by the inductance of the coil.

D. Modeling of Variable Resonant Network

Controlled by the HM-PWM and based on a variable resonant
network, the MFML WPT system is shown in Fig. 1. Combined
with the analysis of SCC, SCI, and the basic dual-frequency
resonant network in Section III-A–C, the mathematical model
of the dual-frequency resonant network is established. The actual
circuit of the dual-frequency variable resonant network consists
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Fig. 10. Equivalent circuit diagram of dual-frequency resonant network.

Fig. 11. Equivalent circuit diagram of variable resonant network operating in
single-frequency mode.

of capacitors C1 and C2, inductor L2, transmitting coil L1, and
switching devices S1-S6 in Fig. 10. The network can work in
both single-frequency mode and dual-frequency mode.

According to the analysis in Section III-A–III-B, the control
angle of the switching device can be determined when the ratio of
the target value of the SCC and inductance to the initial value is
determined. Therefore, the single-frequency and dual-frequency
variable resonant networks are studied separately in order to
determine the control angles of each switching device.

1) Single-Frequency Variable Resonant Network: When Sc2

and Sl2 are disconnected and Sc1 is connected to the circuit, the
variable resonant network works in single-frequency mode in
Fig. 11.

It is assumed that the resonant frequency of the resonant
network before frequency switching is f1, the initial parameter
of the resonant network is C1, and the resonant frequency of the
resonant network after frequency switching isf ′

1. The expression
of C1 before switching is shown in the following [5]:

C1 =
1

4π2f2
1L1

. (7)

After switching, the expression for C ′
1 is shown in the follow-

ing:

C ′
1 =

1

4π2f ′2
1 L1

(8)

Fig. 12. Equivalent circuit diagram of variable resonant network operating in
dual-frequency mode.

where C ′
1 is the equivalent capacitor of the SCC.

Let f ′
1/f1 = a, based on (7) and (8), the relationship between

C ′
1 and C1 is shown in the following:

C ′
1 =

1

a
C1. (9)

By combining (3) and (9), the control angle α′
c1 of Sc1 can be

obtained.
In practical application, when the load frequency changes

from f to f ′, the controller can calculate the change α of the
target capacitor through (9), and then the control angle αc can
be calculated by (3). The corresponding control signal is output
toSc1 so that the value ofC1 is equivalent toC ′

1, thus the resonant
frequency of the resonant network is switched.

2) Dual-Frequency Variable Resonant Network: When Sc1,
Sc2, andSl2 are all connected to the circuit, the variable resonant
network works in dual-frequency mode in Fig. 12.

It is assumed that the resonant frequency of the resonant
network before frequency switching is f1 and f2, and the initial
parameters of the resonant network are C1, C2, and L2. After
switching, the resonant frequency of the resonant network is f ′′

1

and f ′′
2 , and the resonant network parameters are C ′′

1 , C ′′
2 , and

L′′
2. Substituting f ′′

1 /f1 = a, f ′′
2 /f2 = b, f2/f1 = t into (6), it can

be obtained that⎧⎪⎪⎪⎨
⎪⎪⎪⎩
C ′′

1 = 1−t+t2

a2−abt+b2tC1

L′′
2 =

(a2−abt+b2t2)
2

abt(a−bt)2
t(1−t)2

(1−t+t2)2
L2

C ′′
2 = (a−bt)2

abt(a2−ab+b2t2)

t(1−t+t2)
(1−t)2 C2

(10)

where C ′′
1 and C ′′

2 are the equivalent capacitor of the SCC, and
L′′
2 is the equivalent inductance of the SCI.
The control angles α′′

c1, α′′
c2, α′′

l2 of Sc1, Sc2, and Sl2 can be
obtained by combining (3) and (4).

The above is the analysis of a dual-frequency variable res-
onant network, and its analysis method can be extended to a
multifrequency variable resonant network.

3) Multifrequency Variable Resonant Network: When the
number of resonant frequencies is m (m =1.2 ... n) in the
circuit, C1-Cm.L1-Lm is connected to the circuit to adjust the
resonant frequency. At this time, the other n-m capacitors and
n-m inductors are not connected to the circuit.

One of the innovations of this article is to put forward the idea
of introducing variable elements into a multifrequency resonant
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Fig. 13. Variable resonance network parameter design and adjustment flowchart.

network to construct a variable resonant network. In fact, the
multifrequency situation is similar to the dual-frequency case,
except that the number of variable devices is increased, and
the control mode is consistent with the dual-frequency case.
Therefore, the research and analysis methods in this article can
be directly extended to the multifrequency case.

E. Variable Resonant Network Resonant Frequency
Adjustment Method

As can be seen from Fig. 5, when Cd/Ct <10, the curve
rises gently, and the equivalent capacitor in this section is less
affected by the control error, and the control difficulty is also
low. Therefore, the SCC is adjusted within this range.

In Fig. 11, in the case of a single-frequency resonant network,
after the capacitor C1 is connected to the switching device, its
equivalent value varies in the range [C1, 10C1]. According to

(7), when the initial frequency is f1, the adjustment range in the
resonant frequency can be obtained as [0.316f1, f1].

In Fig. 12, in the case of a dual-frequency resonant network,
the resonant frequencies f1 and f2 are determined by L1, L2,
C1, and C2. Since the transmitting coil cannot be changed, the
resonant frequency change in the variable resonant network is
determined by L2, C1, and C2. This problem is transformed
into the range of two ternary functions. It is difficult to solve
this problem directly, so in order to simplify the analysis and
determine the resonant variation range of the dual-frequency
variable resonant network, f ′′

1 /f1 = f ′′
2 /f2 = a, f2/f1 = t, f1

and f2 are the initial values of the resonant frequency of the
resonant network, f ′′

1 and f ′′
2 are the target values of the resonant

frequency, then (10) can be simplified to

⎧⎨
⎩
C ′′

1 = 1
a2C1

L′′
2 = L2

C ′′
2 = 1

a2C2.
(11)
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Fig. 14. Equivalent circuit diagram of the system working in single-frequency
and single-load mode.

After the switch device is connected to the capacitor C1, its
equivalent value changes in the range of [C1, 10C1]; after the
capacitor C2 is connected to the switch device, its equivalent
value changes in the range of [C2, 10C2]; after the inductance
L2 is connected to the switch device, its equivalent value changes
in the range of [L2, 10L2]; according to (11), when the initial
frequency is f1, f2, the two resonant frequency adjustment
ranges are [0.316f1, f1], [0.316f2, f2], respectively.[

Uin 0
]T

=⎡
⎣ Rp + j

(
ωL1 − 1

ωC1

)
−jωMps

−jωMps Rs +RL + j
(
ωLs − 1

ωCs

)
⎤
⎦

[
Ip Is

]T
.

(12)
Combined with the analysis in Section III-A–E, the variable

resonance network parameter design and adjustment mode are
shown in Fig. 13.

As for Fig. 13, the parameters of the resonant network are
initially determined according to the research in Section III-C.
Then, based on the variation of load frequency, the variation
values of each component parameter are determined. Then, the
control angle of each switching device is designed according
to the research in Section III-A–III-B. Finally, the equivalent
values of each component are changed by the controller.

The dual-frequency mode is taken as an example to illus-
trate the adjustment mode of the variable resonant network.
According to the values of the initial frequencies f1, f2 and
the transmitting coil L1 and (6), (7), the initial value of the res-
onant network is calculated. When the load frequency changes,
the controller receives the target frequencies f ′′

1 , f ′′
2 , and the

variation of each variable device can be calculated according to
the changed frequencies f ′′

1 , f ′′
2 and (9) and (11). The controller

calculates the control angle of each variable device according to
the variation sum, (3) and (4), and generates the corresponding
control signal. The control signals control the corresponding
MOSFET, respectively. The resonant frequency of the variable
resonant network becomes the target value.

IV. MODELING AND CHARACTERISTIC ANALYSIS OF MFML
WPT SYSTEM CONTROLLED BY HM-PWM BASED ON

VARIABLE RESONANT NETWORK

In Section III, the variable resonance network is modeled and
analyzed. In order to study the energy efficiency characteristics
of the MFML WPT system controlled by HM-PWM based on the

Fig. 15. Equivalent circuit diagram of the system.

variable resonance network, the system needs to be modeled and
analyzed. In the following, the energy efficiency characteristics
of single-frequency and single-load and dual-frequency and
dual-load WPT systems are researched.

A. Modeling and Characteristic Analysis of Single-Frequency
and Single-Load WPT System

In order to analyze the energy efficiency characteristics, the
model of the WPT system with single-frequency and single-load
is analyzed. When the system works in single-frequency and
single-load mode, the equivalent circuit of the system is shown
in Fig. 14.

According to Kirchhoff’s law, the voltage and current equa-
tions of the primary and secondary sides can be obtained in (12).

Since the system works at the resonant frequency, the param-
eters are satisfied [10] {

ωL1 = 1
ωC1

ωLs =
1

ωCs

. (13)

Therefore, the input impedance of the system can be obtained
as

Zin = Rp +
(ωMps)

2

Rs +RL
. (14)

At this point, the primary and secondary side currents Ip, Is
are

Ip =
Uin

Zin
=

(RL +Rs)U
2
in

Rp (RL +Rs) + ω2M2
ps

(15)

Is =
jωMpsUin

Rp (RL +Rs) + ω2M2
ps

. (16)

Thus, the output power and transmission efficiency of the
system can be solved as

Po u t = I2sRL (17)

ηst =
I2sRL

I2sRL + I2pRp
(18)

[
U

(i)
in 0 0

]T

=

⎡
⎢⎣ Z

(i)
p −jωiMps1 −jωiMps2

−jωiMps1 Z
(i)
s1 0

−jωiMps2 0 Z
(i)
s2

⎤
⎥⎦
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TABLE I
PARAMETER TABLE OF THE SYSTEM OPERATING IN SINGLE-FREQUENCY AND SINGLE-LOAD MODE

Fig. 16. Equivalent circuit diagram simplified by superposition principle. (a) U(1)
in acting alone. (b) U(2)

in acting alone.

[
I
(i)
p I

(i)
s1 I

(i)
s2

]T
. (19)

In the case of single-frequency and single-load, the power
factor of the system cosφ=1, because the primary and secondary
sides are resonant.

B. Modeling and Characteristic Analysis of Dual-Frequency
and Dual-Load WPT System

In order to analyze the energy efficiency characteristics,
the model of the dual-frequency and dual-load WPT system
is analyzed. The equivalent circuit of the system working in
dual-frequency and dual-load mode is shown in Fig. 15.

Based on the superposition principle, the circuit is shown in
Fig. 15 can be equivalent to the circuit model is shown in Fig. 16.

According to Kirchhoff’s voltage law, the voltage and current
equations of the primary and secondary sides can be obtained in
(19).
ωi, Z

(i)
p , Z(i)

s1 , Z(i)
s2 are, respectively, the angular frequency of

the receiving loop, the input impedance of the transmitting and
the receiving ends, which can be expressed as

⎧⎪⎪⎨
⎪⎪⎩
Z

(i)
p = Rp

Z
(i)
s1 = Rs1 +RL1 + j

(
ωiLs1 − 1

ωiCs1

)
Z

(i)
s2 = Rs2 +RL2 + j

(
ωiLs2 − 1

ωiCs2

) (20)

where i = 1, 2 represents the two frequencies f1 and f2, respec-
tively.

Fig. 17. Dual-frequency and dual-load WPT system experimental platform.

By combining (19) and (20), the primary current and sec-
ondary current can be obtained

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

I
(i)
p =

U
(i)
in

Z
(i)
in

I
(i)
s1 =

jωU
(i)
in Mps1

Z
(i)
in Z

(i)
s1

I
(i)
s2 =

jωiU
(i)
in Mps2

Z
(i)
in Z

(i)
s2

. (21)
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Fig. 18. Inverter output voltage and current waveforms at 30 kHz.

Fig. 19. Voltage and current waveforms of the secondary side load at 30 kHz.

Fig. 20. Inverter output voltage and current waveforms at 20 kHz using a
variable resonant network.

Because two modulated waves of different frequencies are
combined to control the high-frequency inverter, the output volt-
age is equivalent to the superposition of the sinusoidal voltage of
two different frequency bands. So, the power of each receiving
circuit satisfies the superposition theorem. The output power
of the two receiving loops are P

(i)
o1 and P

(i)
o2 , the total output

power of the two receiving loops are Po1 and Po2. Based on the

principle of superposition, it can be obtained that⎧⎨
⎩
P

(i)
o1 =

∣∣∣I(i)s1

∣∣∣2 RL1

P
(i)
o2 =

∣∣∣I(i)s2

∣∣∣2 RL2

(22)

{
Po1 = P

(1)
o1 + P

(2)
o1

Po2 = P
(1)
o2 + P

(2)
o2 .

(23)

The loss of this system is mainly the internal resistance loss
of the transmitting coil and the receiving coil. The power loss
P

(i)
loss for each frequency and the total power loss Ploss are

P
(i)
loss =

(
I(i)p

)2

Rp +
(
I
(i)
s1

)2

Rs1 +
(
I
(i)
s2

)2

Rs2 (24)

Ploss = P
(1)
loss + P

(2)
loss . (25)

The transmission efficiency from the transmitting end to the
receiving end can be obtained as follows:

η =
Pout

Pout + Ploss
=

Po1 + Po2

Po1 + Po2 + Ploss
. (26)

In this mode, the system power factor is

PF =
P√

P 2 +Q2
(27)

where P is the total power of the system and Q is the reactive
power of the system.

V. EXPERIMENTAL VERIFICATION

In order to verify the above analysis, the experimental plat-
form of HM-PWM-controlled dual-frequency and dual-load
WPT system based on variable resonant network is built. In
order to ensure that the system can work normally under high-
frequency conditions, GaN HEMT device is used to build the
inverter, and DSPTMS320F28335 is used as the controller. The
DSP generates control signals for the inverter and the SCC. The
experimental platform is shown in Fig. 17.

A. Single-Frequency and Single-Load WPT System Controlled
by HMW-PWM Based on Variable Resonant Network

The frequency switching experiment is carried out in single-
frequency and single-load mode. The parameters of the experi-
mental platform are shown in Table I.

When the resonant frequency of the receiving loop is 30 kHz,
the waveforms of the inverter output voltage and current are
shown in Fig. 18. The voltage and current waveforms of the
secondary load are shown in Fig. 19.

According to Figs. 18 and 19, both the primary and secondary
side currents are sinusoidal waves with a frequency of 30 kHz. It
indicates that the system successfully receives 30 kHz electrical
energy in the receiving loop under the condition of 30 kHz.

The resonant frequency of the receiving loop is adjusted to
20 kHz, one of the primary variable resonant network is changed
to 20 kHz by DSP control, and the output frequency of the
inverter is changed to 20 kHz. The output voltage and current
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Fig. 21. Voltage and current waveforms of the secondary side load at 20 kHz
using a variable resonant network.

TABLE II
EXPERIMENTAL RESULTS UNDER SINGLE-FREQUENCY AND SINGLE-LOAD

MODE

Fig. 22. Inverter output voltage and current waveforms at 20 kHz without
compensation.

waveforms of the inverter are shown in Fig. 20, and the load
voltage and current waveforms are shown in Fig. 21.

According to Figs. 20 and 21, both the primary and secondary
currents are sinusoidal waves with a frequency of 20 kHz. Note
The resonant frequency of the variable resonance network is
switched from 30 to 20 kHz. The distortion caused by the
primary side current is acceptable.

In order to further illustrate the compensation effect of vari-
able resonance network, this article reproduced the experiment
without compensation in [17] under the same circumstances.
Under the condition of 20 kHz without a compensation network,
the output voltage and current waveforms of the inverter are

Fig. 23. Voltage and current waveforms of secondary side load at 20 kHz
without compensation.

shown in Fig. 22, and the load voltage and current waveforms
of the secondary side are shown in Fig. 23.

In order to make the system output power is the same with-
out compensation and with compensation, the input voltage is
increased to 59 V. By comparing Figs. 21 and 23, it can be
seen that the output power of the two experimental systems is
the same. According to Figs. 20 and 22, under the premise of
the same output power, the current on the primary side of the
network without compensation is larger. Meanwhile, the current
on the primary side has a larger reactive power component, thus,
the system has a larger reactive power. The variable resonant
network can compensate the reactive power of the system when
the inverter output frequency and load frequency change.

In addition, the efficiency of the system is

ηsys =
Po u t

Pin
(28)

where Pout is the total output power of the system, Pin is the total
input power of the system.

According to Table II, the transmission efficiency and overall
efficiency of case 1 and case 2 are basically unchanged before
and after the frequency switching. And the power factor remains
unchanged, indicating that the resonant frequency of the reso-
nant network is switched from 30 to 20 kHz, and the output
power is different due to the same experimental load and differ-
ent frequencies, which is related to the impedance matching of
the system. According to the analysis of case 2 and the repetition
experiment, on the premise of the approximately same output
power, although the frequency is flexible and adjustable without
using the resonant network in [17], the system has large reactive
power, low power factor, and low overall efficiency.

B. Dual-Frequency and Dual-Load WPT System Controlled
by HMW-PWM Based on Variable Resonance Network

The frequency switching experiment was carried out under
the condition of dual-frequency and dual-load, the experimental
platform parameters are shown in Table III.

When the frequency of the two receiving loops is 30 and
90 kHz, the output voltage of the inverter is shown in Fig. 24,
and the current of the two receiving loops is shown in Fig. 25
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TABLE III
PARAMETER TABLE OF THE SYSTEM WORKING IN DUAL-FREQUENCY AND DUAL-LOAD MODE

TABLE IV
EXPERIMENTAL RESULTS UNDER DUAL-FREQUENCY AND DUAL-LOAD MODE

Fig. 24. Inverter output voltage and current waveforms at 30 and 90 kHz.

Fig. 25. Current waveforms of two receiving loops at 30 and 90 kHz.

Fig. 26. Inverter output voltage and current waveform at 20 and 60 kHz using
a variable resonant network.

According to Fig. 24, the output voltage of the inverter is a
high-frequency hybrid pulse voltage, and the output current of
the inverter is equivalent to the superposition of 30 and 90 kHz
current. According to Fig. 25, the two receiving loops receive
30 and 90 kHz electrical energy, respectively.

The frequency of the two receiving loops is adjusted to 20 and
60 kHz, and the resonant frequency of the variable resonant
network is changed to 20 and 60 kHz by DSP control. The
output voltage and current waveforms of the inverter are shown
in Fig. 26, and the current waveforms of the two receiving loops
are shown in Fig. 27.

According to Fig. 26, the output voltage of the inverter is a
high-frequency hybrid pulse voltage, and the output current of
the inverter is equivalent to the superposition of 20 kHz current
and 60 kHz current. The distortion of inverter output current
due to the use of SCC is acceptable. According to Fig. 27, the
two receiving loops receive 20 and 60 kHz electrical energy,
respectively.

In order to further illustrate the compensation effect of vari-
able resonant network, this article reproduced the experiment
without compensation in [17] under the same circumstances.
Under the condition of 20 and 60 kHz without compensation, the
output voltage and current waveforms of the inverter are shown
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TABLE V
PERFORMANCE COMPARISON

Fig. 27. Current waveforms of two receiving loops at 20 and 60 kHz using a
variable resonant network.

Fig. 28. 20 and 60 kHz inverter output voltage and current waveform without
compensation.

in Fig. 28, and the current waveforms of the two receiving loops
are shown in Fig. 29.

Comparing Figs. 27 and 29, it can be seen that the system
output power is smaller without compensation. According to
Figs. 26 and 28, under the premise of smaller system output
power, the primary side current is larger without compensation,
and there is a large reactive power in the system. The variable res-
onant network can compensate the reactive power of the system
when the inverter output frequency and load frequency change.
As shown in Table IV, the transmission efficiency and system
efficiency of the case 1 and case 2 are basically unchanged
before and after the frequency switching. The power factor also

Fig. 29. 20 and 60 kHz current waveform of two receiving loops without
compensation.

remains unchanged, indicating that the resonant frequency of
the variable resonant network is switched from 30 and 90 kHz
to 20 and 60 kHz. And the output power is different due to the
same experimental load and different frequencies. According to
case 2 and the repetition experiment, under the premise of the
same input voltage, the output power of the system without using
the resonant network in [17] is lower. And the system has larger
reactive power, lower power factor, and lower system efficiency.

To illustrate the superior performance of the proposed vari-
able resonant network in this article, Table V summarizes the
performance of the proposed system in comparison to prior art.

As shown in Table V, the comparison has been carried out
from the perspective of frequency adjustability, system per-
formance, transmission mechanism, number of inverters, etc.
In [10], multiple inverters are adopted to supply power for
multiple loads with different frequencies simultaneously, and
the efficiency reaches more than 70%. However, the cost of this
system is high. In [10], [11], and [19], the frequencies of these
systems are not continuously adjustable. In [19], the system
uses a single inverter to supply power for loads with different
frequencies and realizes independent control of multifrequency
power. However, it cannot supply power for loads with different
frequencies simultaneously and the system efficiency is low.
In [17], although the frequency of the system is continuously
adjustable, there is a problem of low power factor.

In this article, the proposed variable resonant network can
flexibly change its resonant frequency, so that the system can
flexibly supply power to loads with different frequencies. At the
same time, the system keeps a high power factor.
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VI. CONCLUSION

The innovation of this article is to put forward the idea of
introducing variable elements into multifrequency resonant net-
work to construct multifrequency variable resonant network. In
order to verify the feasibility of this idea, an MFML MCR-WPT
system controlled by the HM-PWM method based on variable
resonant network and its control method are proposed. Taking
dual-frequency and dual-load WPT system as an example, first,
the parameter design method and control method of the variable
resonant network are studied and realizing the change of res-
onant frequencies of single frequency and double frequencies
resonant network. Second, the power and efficiency character-
istics of single-frequency and single-load and dual-frequency
and dual-load WPT systems are studied. Third, the power factor
of the system is analyzed, so that the system always maintains
a high power factor under the condition of frequency switch-
ing. Finally, the correctness of the theoretical analysis and the
feasibility of the proposed method are verified by experiments.
Through the analysis of the experimental results, compared
with [17], the power factor of the variable resonant network
proposed in this article has been greatly improved. Compared
with the research of other researchers, this study not only keeps
a high power factor, but also makes the resonant frequency of
the system flexible and adjustable, thus reducing the cost.

However, this article still has the following shortcomings,
which need to be further studied.

1) In order to realize the dynamic tuning of the resonant
frequency of the resonant network, SCC and SCI are used
in this article, so there is a certain loss. In the future,
the structure and control method of switch controlled
capacitor and inductance will be optimized to reduce their
loss.

2) With the HM-PWM control method, the switching fre-
quency of the inverter is high, thus, it is necessary to
further improve the circuit topology or find new switching
devices to reduce waveform distortion and achieve power
transmission of higher frequency.
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