IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 3, MARCH 2024

3873

Hybrid Modulation PWM-Controlled Multifrequency
and Multiload WPT System Based on Variable
Resonant Network

, Member, IEEE, Yunhai Liu
Hao Lu

Chenyang Xia

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).

1. INTRODUCTION

IRELESS power transfer (WPT) technology is a new
Wenergy 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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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
MFEFML 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

Multifrequency and multiload WPT system based on variable resonant network controlled by HM-PWM.

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
(Uy), high-frequency inverter circuit (S1-Sy, D1-Dy), primary
variable resonant network (C1-C),, Lo-L,,, Sc1-Sen, Si2-Sin),
transmitting coil (L;), MFML power receiving device (L1,
Cs1, Rr1, Lgo, Cso, Rro ... Ly, Csyy Rry), and PWM control
circuit. R, 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, fo, .. frn. Among them, L; and C; constitute the frequency
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selection network of frequency f1, and Lo and Cy constitute
the frequency selection network of frequency fs ... L, and C,
constitute the frequency selection network of frequency f,,.

The output terminals of different resonant networks are con-
nected to the loads Rp1, Rra ... Rin. Mpys1, Mpsa ... Mgy
are the mutual inductors between the transmitting coil and each
receiving coil. M52, Mgisn, Msosy ... are cross-inductance
between different receiving coils.

The primary variable resonant network (C:-C,,, La-L,,
Sc1-Sens Si2-Sin) can change the equivalent value of each
component(C1-C,,, Lo-L,,) by controlling the switch (S.1-Ser,
S12-S1n), S0 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:

2

@2nfo)’ = 5 _ )

2
(2mfn)” = Lmlcm

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 u., and the modulated wave adopts the hybrid modulated
wave u, which is superimposed by multiple sinusoidal waves
with adjustable frequency. Hybrid modulated wave wu,. is

Up = Upl + Up2 + ... + Upp

= a1 sin 2w f1t + as sin 2w fot + ... 4+ a, sin 27w .t (2)

where a1, as, ...
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 f., and the
frequency f, of the modulated wave is equal to the ratio of the
carrier frequency f. to the modulation ratio N(f,.=f./N). Based
on the transmission frequencies f1, fo, ... 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.

a, are the modulation amplitudes of each
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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 differentloads Ry,1, Ry, ... Ry, set the modulated
wave signal of corresponding frequency f1, fa, ... fr. According
to the power requirements of different loads, the amplitudes of
different frequency modulated waves a1, as, ... a,, are designed.
The basic modulation method is to superposition the modulated
waves of different frequencies fi, fo, ... f, and amplitudes a1,
as, ... Gy to obtain the hybrid modulated wave signal u,., and the
inverse signal is -u,..

The signal modulated by hybrid modulated wave u,- and u,.
triangular carrier is used as the driving signal of the front axle
arm, while the signal modulated by composite modulated wave
-u, and triangular carrier u, 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 (S.1-S¢p,, C1-C,,) and n-1 switch
controlled inductance (SCI) (S;2-Siy, Lao-Ly,). 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, Sj2-5j,,
and S¢2-S., are disconnected. Only S,.; is connected to the
circuit. The resonant network has only one resonant frequency.
By changing the control angle of S.1, the equivalent capacitor
value of C'y 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, S;3-S;,, and S.3-S.,, are disconnected. S.1, S¢2,
S;1 are connected to the circuit. The resonant network has two
resonant frequencies. By changing the control angles of S,
Sco, and S}, respectively, the equivalent values of C, C5, and
L5 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, S¢1-S¢p, Si2-Si, are
connected to the circuit. The resonant network has n resonant
frequencies. By changing the control angle of S.1-S.;,, Si2-Sin
separately, can change the equivalent values of C-C,,, Lo-L,,
thus, changing the resonant frequency of the resonant network.
Therefore, the dynamic transformation of the resonant network
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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 S; and S, are con-
nected in parallel at both ends of the capacitor C; in reverse
series, thus, forming a basic unit of SCC in Fig. 3 [18].

S1 and D» constitute a forward transmission channel, while
So and D; constitute a reverse transmission channel. Among
them, both D and D> 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 «. of the two switching devices 51 and S5, the
equivalent capacitor value of the SCC can be changed, and the
specific control method is shown in Fig. 4.

In each period T = 27, Sy is switched ON in a positive half
period, starting from time t = 0, and the switching time is o, /27.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 3, MARCH 2024
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Fig. 6. Schematic diagram of SCL

S is switched ON in a negative half period, starting from time
t = T/2, and the switching time is «.. /27, where a, € [7/2,7).

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

— Ct
-~ 2— (20, —sin2a,) /7

Cy (3)

According to (3), when C,/CY is determined, the control angle
o of the switching device can be solved.

In order to analyze the relationship between the equivalent
capacitor Cy and a., based on (3), the relationship between
the equivalent capacitor Cy, the actual capacitor C; and « are
analyzed and obtained in Fig. 5.

In Fig. 5, Cy4/C; increases with the increase of a. and the
slope of the curve gradually increases. When Cy/C; <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 switches .S and .S, are in series
in reverse, and then in series with the inductor L; to form a
switching inductor basic unit in Fig. 6.

S1 and Do constitute a forward channel, while S5 and D,
constitute a reverse channel. The equivalent inductance value
of the switching inductance can be changed by controlling the
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the actual inductance Ly varies with «;.

control angle «; of the two switching devices .S; and S;. The
specific control method is shown in Fig. 7.

In each period T = 27, S; is switched ON in a positive half
period, starting from time t = oy /27, and the switching time is
T — ay/2m. Ss is switched ON in a negative half period, starting
from time t = T/2 + o /27, and the switching time is m — oy /27,
where oy € [m/2, 7).

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

- 2— (20q —sin2qy) /7

Lqg (4)

According to (4), when L /L, is determined, the control angle
ay of the switching device can be solved.

In order to analyze the relationship between the equivalent
inductance L4 and «;, based on (4), the relationship between
the equivalent inductance L, the actual inductance L, and oy is
analyzed and obtained in Fig. 8.

As can be seen from Fig. 8, L4/L; increases with the increase
of a; and the slope of the curve gradually increases. When L4/ L,
<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.
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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 of Cy/Cy <10and Ly4/L; <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 of C3/C} and L4/ L,
<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 Z, of the network
can be obtained as follows:

1
— - (%)
SCl + SLg-il- é
sCy

Z(s) =sLi +

Letw = 27f, s = jw and Z(s) = 0 [1], [2], under the conditions
ofknown L4, f1, f2,the expression of C, Lo, C'5 can be obtained
as follows:

Cy = !
ar2 Lo (f2—f1fa+13)
- Ll(ff*f1f2+f22)2
Ly= Fi(fi=f2)f2 , ©)
Cy (fr—=f2)

- 471'2L1f1f2(f12*f1f2+f22) '

The purpose of an input impedance of O 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.
—>
)
- L
e
Fig. 11.  Equivalent circuit diagram of variable resonant network operating in

single-frequency mode.

of capacitors C; and Cs, inductor Lo, transmitting coil Ly, and
switching devices S1-Sg 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 Sco
and S, are disconnected and S..; 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 C'1, and the resonant frequency of the
resonant network after frequency switching is f1. The expression
of (' before switching is shown in the following [5]:

1

= —
L An i

(N
After switching, the expression for C is shown in the follow-
ing:

1 !

= e 8
VU 4n2 L, ®)
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Fig. 12.  Equivalent circuit diagram of variable resonant network operating in
dual-frequency mode.

where (' is the equivalent capacitor of the SCC.
Let f1/f1 = a, based on (7) and (8), the relationship between
(1 and C is shown in the following:

1
L= 20 )
a

By combining (3) and (9), the control angle o,; of S.; can be
obtained.

In practical application, when the load frequency changes
from fto f’, the controller can calculate the change « of the
target capacitor through (9), and then the control angle o, can
be calculated by (3). The corresponding control signal is output
to S¢1 so that the value of C is equivalent to C7, thus the resonant
frequency of the resonant network is switched.

2) Dual-Frequency Variable Resonant Network: When S.1,
S.2,and Sjs 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 fs, and the initial
parameters of the resonant network are C, Cy, and Lo. After
switching, the resonant frequency of the resonant network is f7
and f4, and the resonant network parameters are C?, C%, and
L%, Substituting f7/f1 = a, fi/fa =b, fol f = tinto (6), it can
be obtained that

Cix __ 1-t4t? c,

a?—abt+b2t

- (a27abt+b2t2)2 t(lit)Q

Ly = e (e L2 (10)
_ (a=bt)?  t(1-t+1?)

Cy = abt(aZ—ab+b2t2)  (1-1)2 Cy

where C{ and C are the equivalent capacitor of the SCC, and
L% is the equivalent inductance of the SCI.

The control angles o, oy, ajfy of Sc1, Se2, and Sp2 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-C,y,.L1-L,, 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 Cy/C; <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 C; is connected to the switching device, its
equivalent value varies in the range [C7, 10C;]. According to

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

In Fig. 12, in the case of a dual-frequency resonant network,
the resonant frequencies f; and fo are determined by L, Lo,
C1, and Cs. Since the transmitting coil cannot be changed, the
resonant frequency change in the variable resonant network is
determined by Lo, Cy, and Cs. 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, f7/f1 = fl/fs = a, folfi = t, fi
and fo are the initial values of the resonant frequency of the
resonant network, f7" and f3 are the target values of the resonant
frequency, then (10) can be simplified to

Cf = L0
Lf = Ly (11)
Cy = L0,
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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 (1, its
equivalent value changes in the range of [C7, 10C ]; after the
capacitor C'y is connected to the switch device, its equivalent
value changes in the range of [Cy, 10C5]; after the inductance
L5 is connected to the switch device, its equivalent value changes
in the range of [Ly, 10Ls]; according to (11), when the initial
frequency is f1, fo, the two resonant frequency adjustment
ranges are [0.316f1, f1], [0.316f5, f2], respectively.

[ U 0]" =
R,+3j (wL1 - wlcl) —jwM,,
—jwMy, Ry + R+ (L - 5k )
(5, L]"

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 fi, fo and
the transmitting coil L; and (6), (7), the initial value of the res-
onant network is calculated. When the load frequency changes,
the controller receives the target frequencies fi, fI, and the
variation of each variable device can be calculated according to
the changed frequencies f{, f4 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
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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]

13)

_ 1
le =% 101 .
wLs = 0.
Therefore, the input impedance of the system can be obtained
as

(WMPS)Q
Rs + RL .

At this point, the primary and secondary side currents I, I
are

Zin = Ry + (14)

I — Uin _ (RL + RS) Ui2n (15)
P 7 2772

Zin  Rp(Rp + Rg) + w? M2,
Is — jWMpsUin (16)

R, (Rr + Rs) + w?M2,~

ps

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

Pyu = IRy, (17)

I?Ry,

= = 18

Tst

[U},? 0 0] '

ZI()Z) _jwiMpsl _jwiMpSQ
= 7jwiMpsl Zézl) O
_jwiMps2 0 ZEZQ)
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TABLE I
PARAMETER TABLE OF THE SYSTEM OPERATING IN SINGLE-FREQUENCY AND SINGLE-LOAD MODE

Parameter Symbol Value Parameter Symbol Value

Input voltage Ugq 40V Working frequency f 30kHz
Inductance of transmitter L 136 uH Case 1 Capacitor of Transmitter Ch 207.07 nF
ESR of L, R, 0.14 Q) Capacitor of Receiver Cy 120.53 nF

Inductance of receiver L 233.5uH Working frequency f’ 20 kHz
ESR of Ls Rs 0.2 Q Case 2 Capacitor of Transmitter Cq 465.73 nF
Mutual inductance My 33.63uH Capacitor of Receiver Cs 271.05 nF

Load Ry, 1Q Distance of Transmitter to Receiver Dy 16 cm

Fig. 16.  Equivalent circuit diagram simplified by superposition principle. (a) Ui(i) acting alone. (b) Ui(s) acting alone.

) (19

In the case of single-frequency and single-load, the power
factor of the system cos¢=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).

Wi, Z,(,i), Z S(;) .z S(;) are, respectively, the angular frequency of
the receiving loop, the input impedance of the transmitting and
the receiving ends, which can be expressed as By combining (19) and (20), the primary current and sec-

ondary current can be obtained

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

Zz()i) =Ry
Zﬁ? = Ra +Rp1+j (wila — o5 (20) G W
Zs(;) =Reo+ Rro+j (wiLlso — %02 i z;,) o
e I(Z) _ JwU; Mpa (21)
s1 = T L0 50
where i = 1, 2 represents the two frequencies f; and f5, respec- 0 ]wj};(i j\}psz

tively. 52 T T L0 (0
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Fig. 18. Inverter output voltage and current waveforms at 30 kHz.
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ur(5V/div)
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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(Si) and P(E;), the total output
power of the two receiving loops are P,; and P,. Based on the
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principle of superposition, it can be obtained that

4 12
Py = |13)| i
OOl 22
Po2 = ‘152 RL2
1 2
Py :P51)+P(El) (23)
Po= P+ .

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

loss for each frequency and the total power loss Py are

. O\ 2 N 2 N 2
PO = (1) B+ (1) R+ (1) R 9

_p, p®

ROSS loss loss (25)

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

Pout Pol + Po2
n= = . (26)
Pout + ]Dloss Pol + P02 + Ploss
In this mode, the system power factor is
P
PF = 27)

VP2 +Q?
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
Case 1 Case 2 Replication case
Working frequency 30 kHz 20 kHz 20 kHz
Output power 15.68 W 28.837 W 32.83 W
Transmitter-to-receiver g3 15, g5 569, 81.9%
transmission efficiency
Overall efficiency 71.5% 70.5% 61.36%
Power factor 0.99 0.99 0.432
+

VAVAYAVAVA

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
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A4
3
ur (10V/div)
4»
i(10A/div)
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

o Pout
Tlsys = P1

(28)

where P,y is the total output power of the system, P, 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

Parameter Symbol Value Parameter Symbol Value

Input voltage Uqg 100 V . fi 30 kHz

Inductance of transmitter L 136 uH Working frequency fa 90 kHz
ESR of Lp R, 0.14Q Capacitor of Receiver-1 Cs1 120.52 nF

Inductance of Receiver-1 L1 233.5 uH Case 1 Capacitor of Receiver-2 Cyo 13.39 nF
ESR of L1 Rs1 0.2Q Lo 555.33 uH

Inductance of Receiver-2 Lo 233.28 uH Resonant network Cq 29.57 nF
ESR of Lgo Rso 0.2Q Co 39.419 nF

Mutual inductance 1 Mps1 31.495 uH . Vil 20 kHz

Mutual inductance 2 My 302275 uH Working frequency v 60 kHz

Load of Receiver-1 Ry 1Q Capacitor of Receiver-1 Cs1 271.2 nF

Load of Receiver-2 Ry 28 Case 2 Capacitor of Receiver-2 Cyo 30.16 nF
Distance from transmitting coil to Receiver-1 D1 16 cm LY 55533 uH
. . . . Resonant network 7 66.52 nF
Distance from transmitting coil to Receiver-2 Dyt 16 cm Cg , 88.79 nF

TABLE IV v

EXPERIMENTAL RESULTS UNDER DUAL-FREQUENCY AND DUAL-LOAD MODE

Case 1 Case 2 Replication case
Operating frequenc 30 kHz 20 kHz 20 kHz
perating frequency 90 kHz 60 kHz 60 kHz
Output power 2936 W 537 W 30.16 W
Transmltter—to—regelver transmission o, <o 34.4% 34.77%
efficiency
Overall system efficiency 70.91% 69.1% 62.12%
Power factor 0.99 0.99 0.62
| |
2»
H N\/ \NJK‘ wJ ‘
: i(1A/div)

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

i high-frequency hybrid pulse voltage, and the output current of
2% < the inverter is equivalent to the superposition of 30 and 90 kHz
current. According to Fig. 25, the two receiving loops receive

i (2A/div) 30 and 90 kHz electrical energy, respectively.
AT The frequency of the two receiving loops is adjusted to 20 and
60 kHz, and the resonant frequency of the variable resonant
Fig. 24.  Inverter output voltage and current waveforms at 30 and 90 kHz. 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
ia(5A/div) 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,

f \ ! ‘\ respectively.
» / In order to further illustrate the compensation effect of vari-
J \f \/ able resonant network, this article reproduced the experiment

ix(2A/div) without compensation in [17] under the same circumstances.
Under the condition of 20 and 60 kHz without compensation, the
Fig. 25.  Current waveforms of two receiving loops at 30 and 90 kHz. output voltage and current waveforms of the inverter are shown

+
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TABLE V
PERFORMANCE COMPARISON

Frequency adjustability Transm1§s1on Number of inverters  Efficiency(%)  Power factor
mechanism
[10] No Simultaneous Multiple 73-80 -
[11] No Simultaneous Single 634 -
[17] Yes Simultaneous Single 65-70 0.4-0.5
[19] No Time-sharing Single 24-29 -
This work Yes Simultaneous Single 71-72 0.99
+ +
i1 (10A/div)
) 3’ /\//\/
i 2(2A/div) is1(10A/div)
4

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

ip(2A/div)

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

*J\PJL”\P\Q’\JW’\FJ\//\/‘\/\J

io(5A/div)

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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