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Abstract—To satisfy independent and controllable power sup-
ply requirements for loads with different frequencies and power
levels, a multifrequency and multiload (MFML) magnetic cou-
pling resonant wireless power transfer (MCR-WPT) system us-
ing hybrid modulation waves sinusoidal pulsewidth modulation
(HMW-SPWM) control method is proposed in this article. Based on
SPWM, loading a hybrid modulation wave formed by superimpos-
ing multifrequency modulation waves to drive the inverter, so the
multifrequency hybrid current on the primary side can be obtained.
According to the principle of mutual inductance coupling, inductive
power with different frequencies is obtained and then separated
by multiresonant networks on the secondary side for loads with
different frequencies. First, the structure and working principle
of a MFML MCR-WPT system controlled by HMW-SPWM are
introduced. Then, taking a dual-frequency and dual-load MCR-
WPT system as an example, the system is mathematically modeled.
Besides, parameters design criteria for reducing interfrequency
interference is studied. After that, load characteristics and power
factor are analyzed to select appropriate parameters. Furthermore,
dynamic characteristics are analyzed. Finally, theoretical results
are validated by experiments. The experimental results show that
the MFML MCR-WPT system controlled by HMW-SPWM real-
izes independent and controllable wireless power supply for loads
with different frequencies and power levels.

Index Terms—Hybrid modulation wave, multifrequency,
multiload, SPWM control, wireless power transfer (WPT).

I. INTRODUCTION

AGNETIC coupling resonant wireless power transfer
(MCR-WPT) is a new technology which realizes the
wireless and flexible power transfer [1]-[3]. It is regarded as
an important way to achieve clean, flexible, and efficient use
of energy, which has been widely used in electric vehicles [4],
aerospace and navigation [5], smart grid [6], new energy power

Manuscript received November 18, 2020; revised January 19,2021 and March
18, 2021; accepted April 28, 2021. Date of publication May 14, 2021; date of
current version July 30, 2021. This work was supported in part by the National
Natural Science Foundation of China under Grant 51777210, and in part by
the Six Talent Peaks Project in Jiangsu Province under Grant XNYQC-012.
Recommended for publication by Associate Editor J. Acero. (Corresponding
author: Chenyang Xia.)

The authors are with the Jiangsu Province Laboratory of Mining Electric and
Automation, China University of Mining and Technology, Xuzhou 221008,
China  (e-mail:  bluesky198210@163.com; wn18852279016@163.com;
3465281940@qq.com; 1171954566 @qq.com; 772004992 @qq.com;
zjliao@cumt.edu.cn).

Color versions of one or more figures in this article are available at https:
//doi.org/10.1109/TPEL.2021.3079229.

Digital Object Identifier 10.1109/TPEL.2021.3079229

, Hongtai Zhang

, Shuze Zhao ", Zhuang Li"¥, and Zhijuan Liao

generation [7], medical instruments [8], portable communica-
tion equipment [9], etc.

In recent years, with the development, application, and pop-
ularization of MCR-WPT technology, the research and applica-
tion have gradually expanded from the initial single-load wire-
less power supply mode to the multiload synchronous wireless
power supply mode. For a multiload MCR-WPT system, a lot of
research has been done in different areas. According to whether
the resonance frequency of each load is the same or not, the
multiload MCR-WPT system can be classified into two types of
working modes, one is the multiload MCR-WPT system with
a same frequency, and the other one is the multifrequency and
multiload (MFML) MCR-WPT system.

1) For the multiload MCR-WPT system with a same fre-
quency, since the working frequency of each load is the
same, it is only necessary to add a power conversion
device to each load to realize independent power con-
trol [10]-[16]. However, although this type of multiload
MCR-WPT system has been widely used, only the loads
working at the single frequency can be powered since the
natural frequencies of the primary and secondary circuits
are consistent, which is not suitable for the loads working
at other frequencies.

2) For the MFML MCR-WPT system, the different design
targets, application environments, the working frequen-
cies of various wireless charging products are not same,
which severely reduces the products compatibility and
increases system design and operating cost. To realize
independent and controllable wireless power supply for
the loads with different frequencies, the commonly used
methods include multiprimary inverters parallel operation
mode [17]-[19], multiresonant frequencies operation con-
trol mode [20], and power supply mode of different time
periods [21]. In [17], a multifrequency circuit topology
based on multiple inverters is proposed to achieve the
multifrequency excitation of the system. On the basis of
achieving high system efficiency, a new idea for power
distribution of multiload is introduced. In [18], two dif-
ferent inverters are utilized to design a WPT transmitter
that can work at 200 kHz and 6.78 MHz simultaneously,
so as to supply power to two receivers of different fre-
quency standards. Zhang et al. [19] present a circuit
with the multitransmitting and multireceiving structure,
and a multiphase multifrequency system with multiple
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loads is proposed to realize targeted power distribution
among loads. In [20], the multitransmitting and multire-
ceiving structure is also adopted, based on multifrequency
programmed pulsewidth modulation, each pair of trans-
mitting and receiving coils are adapted to the designed
working frequency, and the power transfer of the target fre-
quency is realized, respectively. In [21], according to the
maximum quality factor Q of the coils and the minimum
frequency interference, three optimal working frequencies
are determined. Power supply of different frequencies
provides power to three loads in time intervals to achieve
load isolation and power distribution.

Nevertheless, in order to meet the independent and con-
trollable wireless power supply requirements for the MFML
MCR-WPT system, there are several deficiencies in the methods
mentioned above as follows.

1) Multiple inverters or multiple transmitting coils at the
transmitting end will seriously affect the power transfer
capacity and efficiency of the system and increase the cost
of system.

2) Multifrequency power transfer is realized based on the
parallel work of multiple inverters. However, due to the
limited number of resonant frequencies, and for a specific
system, its multiple resonant frequencies are fixed, so only
the loads working at the same frequencies can gain power.

3) The system supplies power to loads with different fre-
quencies in time intervals, but it is impossible to supply
power to multiload with different working frequencies at
the same time.

Therefore, the existing MFML wireless power supply meth-
ods cannot effectively meet the MFML wireless power supply
requirements of MCR-WPT system.

In order to overcome the disadvantages mentioned above and
meet the compatibility of different frequency loads, such as in-
telligent terminals charging [9], double-sided wireless charging
[22], etc., an MFML MCR-WPT system using hybrid modula-
tion waves sinusoidal pulsewidth modulation (HMW-SPWM)
control method is proposed in this article, which can quickly
and accurately realize multifrequency power output and meet
the wireless power supply requirements of different power levels
from several watts to kilowatts. Under the premise of ensuring
the independent and reliable power transfer of different frequen-
cies, the corresponding modulation wave signal frequencies are
adjusted to the resonant frequencies of the loads on the secondary
side, and the corresponding modulation wave signal amplitudes
are adjusted to meet the power supply requirements for different
loads, thereby achieving MFML independent power transfer and
efficient power transfer control.

This article is organized as follows. The structure and work-
ing principle of the MFML MCR-WPT system controlled by
HMW-SPWM are introduced in Section II. In Section I11, system
modeling is carried out, and the mathematical expressions of
current response, output power, and efficiency of the loads
with different frequencies are derived. The system parameters
design criteria is discussed to reduce the interference of different
frequencies in Section IV. The load characteristic and power
factor of the system are analyzed to select the appropriate system
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Fig. 1. Structure diagram of the multifrequency and multiload MCR-WPT
system using HMW-SPWM control method.

parameters and optimize the output power of receiving circuits
in Section V. In Section VI, the MFML MCR-WPT system using
HMW-SPWM control method is verified by the simulation and
experiment. Finally, Section VII concludes the article.

II. STRUCTURE AND WORKING PRINCIPLE OF
MULTIFREQUENCY AND MULTILOAD MCR-WPT SYSTEM
USING HMW-SPWM CONTROL METHOD

Fig. 1 shows the structure diagram of the MFML MCR-WPT
system using HMW-SPWM control method.

In Fig. 1, the MFML MCR-WPT system using HMW-SPWM
control method contains a dc source, a high-frequency inverter,
a primary power transmitting coil, an MFML power receiving
device, and an HMW-SPWM control circuit. The primary side
of the system adopts a zero compensation strategy, that is, there
is only a single transmitting coil L,,. The MFML power receiving
device on the secondary side includes n power receiving coils
and n resonance compensation capacitors, which constitute n
resonance compensation circuits, respectively. The natural res-
onant frequencies of the secondary side pick-up circuits are
fi, fo, ..., fn, respectively. Among them, Ly, Cs1 constitute a
frequency f; selection network, Lo, Cso constitute a frequency
f2 selection network, L, Cs, constitute a frequency f,, selection
network, and the output ends of different resonant networks are,
respectively, connected to the loads Ry,1, Rp2, ..., Ry My,
and Mg i = 1,2, ...,n,j =12, ..., n, i <) are the mutual
inductances between the transmitter and receivers and the cross
mutual inductances between the secondary coils. Rp, Rs1, Rs2,
..., Rsy, are the equivalent series resistances.

The relationship between the parameters of the MFML power
receiving device on the secondary side is

(27rf1)2leCsl = 1 Power receiving circuit 1
(271’f2)2L52052 = 1 Power receiving circuit 2

ey

(27rf7,)2Lansn = 1 Power receiving circuit n.

The carrier wave of the HMW-SPWM control circuit is a
triangular wave u., and the modulation wave adopts a hybrid
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Fig.2.  Schematic diagram of the unipolar frequency doubling HMW-SPWM
control circuit. (a) HMW-SPWM principle. (b) Comparison of carrier and
modulation wave.

modulation wave u,- superimposed by multiple sine waves with
adjustable amplitude and frequency. The hybrid modulation
wave signal u, is

Up = Uyl + Up2 + oo + Upp

= a1 8in 27 f1t + as sin 27 fot + . .. )

+ ay, sin 27 f,,t
where a1, as, ..., a, are the amplitudes of the modulation wave
signals and ay, as ...a, €(0, 1).

In order to avoid overmodulation and remain within the valid
PWM working range, the amplitude of the hybrid modulation
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 modulation wave is
equal to the ratio of the carrier frequency f, to the carrier ratio N
(fr = f</N). According to the transmission frequencies fi, fa ...,
the carrier frequency is set to be consistent with the least common
multiple of transmission frequencies. Thus, the carrier ratio N
is guaranteed to be an integer to avoid additional harmonic
interference. According to the requirements of the switching
frequency of the inverter and the carrier ratio, the upper limit of
the frequency of the modulation wave can be determined.

To reduce the output harmonics, the control circuit adopts the
unipolar frequency doubling SPWM control, and the schematic
diagram of the HMW-SPWM control circuit is shown in Fig. 2.

Based on the structure diagram of the MFML MCR-WPT
system using HMW-SPWM control method in Fig. 1 and the
schematic diagram of the HMW-SPWM control circuit in Fig. 2,
the working principles of the MFML MCR-WPT system con-
trolled by HMW-SPWM are as follows.

1) According to the natural resonant frequencies fi, fo, ...,

[ of the secondary circuits where the different loads R,
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Rro, ..., Ry, are located, the modulation wave signals
with the corresponding frequencies fi, f2, ..., f, are set.
The amplitudes a1, as, ..., a, of the modulation waves
with different frequencies are designed according to power
requirements of different loads.

2) In order to reduce the switching loss of inverter and
avoid waveform distortion, the unipolar frequency dou-
bling SPWM control [23], [24] is adopted in this article,
that is, two modulation waves with the same amplitudes
and opposite polarities are modulated with the carrier to
generate drive signals.

The inverter output harmonics are concentrated in the high-
frequency range of 2xmxf, (m =1, 2, 3, ...), where f, is the
carrier frequency. The PWM waves contain very few low-order
harmonics, and the harmonics are mainly concentrated near
twice and more carrier frequency. The effect of these high-order
harmonics is small, which does not cause strong EMI/EMC
problems to the receivers.

The basic modulation method: the power modulation waves
with different frequencies f1, fo, ..., f,, and different amplitudes
ai, as, ..., a, are summed to obtain a hybrid modulation wave
signal u, and the inverse is —u,. The signals modulated by
the hybrid modulation wave u, and the triangular carrier u,
are used as the driving signals of the front bridge arm, and
the signals modulated by the hybrid modulation wave —u,
and the triangular carrier u. are used as the driving signals
of the rear bridge arm. Thus, the high-frequency hybrid pulse
waves containing different frequencies are generated after the
high-frequency inverter.

1) Based on the electromagnetic induction coupling princi-
ple, each load obtains power of corresponding frequencies
through resonant networks on the secondary side, so as to
realize wireless power transfer to the loads with different
frequencies in the system.

2) According to different frequencies and power require-
ments, the frequency and amplitude of each modulation
wave of the HMW-SPWM controller are adjusted, that is,
the carrier ratio and modulation degree of each modulation
wave of the HMW-SPWM controller are correspondingly
altered, and then directional power transfer and indepen-
dent power control can be realized in the MFML MCR-
WPT system.

III. MODELING OF THE MULTIFREQUENCY AND MULTILOAD
MCR-WPT SYSTEM USING HMW-SPWM CONTROL METHOD

A. System Modeling

In order to simplify the analysis, the structure diagram of a
dual-frequency and dual-load MCR-WPT system using HMW-
SPWM control method shown in Fig. 3 is studied, and its analysis
method can be extended to other MFML MCR-WPT systems
controlled by HMW-SPWM.

According to the frequency requirements of two loads, the
hybrid modulation wave of the HMW-SPWM controller is set
as

3

Uy = Uyl + Urp=aq sin 27 f1t + ag sin 27 fot.
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Fig. 3. Structure diagram of a dual-frequency and dual-load MCR-WPT
system using HMW-SPWM control method.
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Fig. 4. Equivalent circuit of the dual-frequency and dual-load

MCR-WPT system.

According to the working principle and harmonic analysis of
the HMW-SPWM control system in Section II, the harmonic
effect of the dual-frequency and dual-load MCR-WPT system
is very small. Therefore, the equivalent circuit of the dual-
frequency and dual-load MCR-WPT system is shown in Fig. 4.

where U(1) in and U(2) in are the rms values of the voltage
with frequencies of f; and f; output by the inverter, as shown
in the following:

U(l) _ a1.Vin
U(2) ”2;7‘5/}1) (4)
in 2

Based on the principle of power superposition, the circuit
shown in Fig. 4 can be equivalent to the circuit model shown in
Fig. 5.

Based on Kirchhoft’s voltage law, combined with Fig. 5, the
voltage—current relationship matrix can be expressed as

07 [ A et g[8
0 | =|—jwiMya 2% JwiMsisa | - ﬁ)
0 _jwiMpSQ jwiMSISQ ZSQ) Ii;)

S

Among them, i = 1, 2, which, respectively, represent two
frequencies f1, f» or two receiving loops or loads. w;, Zp"”, Z;, @
Z" are, respectively, the angular frequency of the receiver i,
the input impedance of the transmitter and receiver, which can
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Fig.5. Simplified circuit model of a dual-frequency and dual-load MCR-WPT
system using superposition method. (a) U(1) in acting alone. (b) U(2) in acting
alone.

be expressed as

Z = R, + jwiL,
Zi? - Rsl + RLI +] (wz sl —
Zs(;) - R82 + RLQ + j (Wz s2 —

1/&)1 sl) (6)
1/(4)1 52)

where

w; = 27Tfi. (7)

B. Analysis for Power and Efficiency

According to the study in part A, Section III, the power and
efficiency characteristics of the dual-frequency and dual-load
system are analyzed. Solving (5), the current /,'” of the transmit-
ting circuit and the currents 7, and 7,5 of the two receiving
circuits in the system can be calculated as follows:

(i) _ Uy
Ip - (’L)
1571) — Wi MPS2A{51b2+]wL pblZSQ I(l) (8)

Z< )Z< )+(w11\45152)
_ wiMya Mgysotjw; M, pS‘ZZ‘il (7)
Z(Z)Z(1)+(w1]\43152) L

Then, the input impedance of the system can be expressed as

i Uin ()
Zin( )= I:(i)
7.6 % (Mpsfzi%Mpsz?Z(”)fj2w31\4p91Mp521v15152
=7, .

28 78 4 (wi Ma162)?

©)
Since the modulation waves with two different frequencies
are combined to control the high-frequency inverter, the inverter
output voltage is equivalent to the superposition of sinusoidal
voltages with two different frequencies, so the inductive power
of each receiving circuit satisfies the superposition theorem.
Therefore, the output power components P,;) and P,o" of
each receiving circuit and the total output power P,; and P, of
each receiving circuit can be obtained as
UL (2 Mysa Mo 1sa+jws M

in

Po(l) — I(Z)

prONE
Rle psl sz)’ RLI

201720 70 4 (w; Mi142)?)

Ul(n)(w2Mpé1M51gz+Jw ]\/IP"ZZsl) RL
2280 28 +(wiMar2)°] 2
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an
P, =P}y + P

{Pol :P(Ell) +P(§12)
where P, and P, ® represent, respectively, the output power
components corresponding to the working frequencies f1 and f>
in the receiving circuit 1, and P,; represents the total output
power of the receiving circuit 1. P,o" and P,5® represent,
respectively, the output power components corresponding to the
working frequencies f1 and f; in the receiving circuit 2, and P,
represents the total output power of the receiving circuit 2.

The power loss of the transmitter and receivers is mainly the
internal resistance loss of the transmitting and receiving coils.
The power loss component Py, at each frequency and the
power loss P).¢s Of the transmitter and receivers are, respectively,

2 N 2 N2
PO = (Ip) R, + (Ié?) R + (Igg) Ro  (12)

loss

+ P

loss

PIOSS = P(l)

loss

(13)
where Pj,q " and Py, respectively, represent the power loss
components at the working frequencies f; and f5, and Py iS
the power loss of the transmitter and receivers.

Combining (10)—(13), the efficiency of the transmitter and
receivers can be further expressed as

_ Pout _ P01+P02
K Pout+Ploss P01+P02+Ploss.

(14)

IV. MULTIFREQUENCY AND MULTILOAD INTERFREQUENCY
INTERFERENCE SUPPRESSION CRITERIA

In order to supply power to two loads with different frequen-
cies, two receiving coils and compensation capacitors meet the
requirements of (1). From the analysis of (10)—(14) in Section III,
we can see that the output power and efficiency of each receiving
circuit are not only closely related to the parameters of the
system itself, but also affected by other frequency interference.
Therefore, in order to reduce the interfrequency interference of
each receiving circuit and realize the independent power control
of each load, it is necessary to analyze the parameters design
criteria for reducing the interfrequency interference. In addition,
for receiving circuits with different resonant frequencies, the
coupling between the secondary coils has less influence than
that of the primary and secondary coils, and it can usually be
ignored. Therefore, only the coupling between the primary and
secondary coils will be considered in the subsequent analysis,
and the influence of cross-coupling between the secondary coils
will not be considered.

A. Analysis of the Influence of Different Frequency
Interference on the Induced Current of Each Load

Based on the dual-frequency and dual-load MCR-WPT sys-
tem controlled by HMW-SPWM shown in Fig. 3, taking the
influence of power supply UV ;,, at frequency fi on the power
transfer to the load Ryo as an example, the interfrequency
interference of the dual-frequency and dual-load MCR-WPT
system is analyzed.

1) U(1)in =0, U(2) in acting alone
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According to (8), the current Ip(z) of the primary side can be
expressed as

[PAQAi UinA2A (15)
= ) M,.0)° M,.1)?
Ry, +jwa Ly + (W2RLP2/2) 1(;:21%?);?)12)

where R;,1" = Rp1+ Rs1, Rr2” = Rpo+ Rgo.
Since the power supply U® ;,, acts alone, the receiving circuit
2 resonates. The resonance current /0@ of the receiving circuit
2is
Ig):ju&M;jﬂ Ip®.
Ry

(16)
2) U(2)in =0, U(1) in acting alone
In the same way, according to (8), the current 7,V of the
primary side can be expressed as

(1)
U.
IpW= o e 4D
Ry + jwr Ly + S22t RL;+§§§;21)

Since the power supply U(1) in acts alone, the receiving circuit
2 does not resonate, and the interference current /5" of the
receiving circuit 2 is

I(l)_jwlMps2IPAlA (18)
2 7RL2, —|—jX52(1) .

B. Interfrequency Interference Suppression Criterion

In order to analyze the interference of different frequencies
power supply to the loads, the interference current 5" of the
receiving circuit 2 and the resonance current /,5® are compared,
as shown in the following:

aiwi , _ Rps'
(1) asws  Rps'+jXa M ,
132 — Ry,+jwa L +(w2Mp52) (“’2Mp-<1)A2
- v P R’ Ry rix (2
1(2) . X
52 . (@1 Mps1)? | (w1 Mps)?
R L P P
ptiwr Lp+ Ry RL2/+J'X£;)
1 m
=m- . o |~ = (19)
frSe (1)
+‘] RL2/ 1 _|_ X2 .
Rr2
where
: Mpe2)® | (waMpa)®
R, + jws L, + 2Me v
a1wi p T JW2bp Rpo RL1/+J'X:12)
" g Fjwn Ly 4 aMpa)® | (1 Mpea)? (m >0).
P Jwi P Ry RL21+jX§21>
(20)

To reduce the current distortion of the receiving circuit 2,
it is necessary to ensure that the resonance current /,,® of
the receiving circuit 2 remains unchanged and the interference
current 7,5 should be reduced. When it is satisfied that the
proportion of the interference current I,5" in the resonance
current I5® of the receiving circuit 2 does not exceed 5%, that
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m

= — < 5%.

X

14 (—R
According to (21), the inductance of the receiving coil is
increased to improve the frequency selection characteristic of
the receiving circuit and reduce the interfrequency interference
of the system. In this case, the directional transfer requirements
of specific frequency energy to the target load can be met, and the

independent and controllable wireless power supply for multiple
loads can be realized.

1
15

2
15

2L

V. PERFORMANCE ANALYSIS OF MULTIFREQUENCY AND
MULTILOAD MCR-WPT SYSTEM USING HMW-SPWM
CONTROL METHOD

It can be seen from the analysis in Sections III and IV, the
load resistance and the mutual inductance of the primary and
secondary sides have a great influence on the power transfer
characteristics of the MFML MCR-WPT system using HMW-
SPWM control method. Therefore, it is necessary to analyze
them to select the appropriate system parameters to improve
the power transfer capacity and the efficiency of the loads with
different frequencies.

A. Analysis of Load Characteristics

Based on the criterion of interfrequency interference suppres-
sion, the output power of receiving circuit i is approximately

2
Rr;.

: (4)
(.A),jM Sg ® 1
Powi = [l Rai= | =252 (22)

According to (22), if a receiving circuit is misaligned, that
is, the mutual inductance M,; changes, the output power of
the corresponding receiving circuit also changes, but the output
power of other receiving circuits will almost not be affected.

According to (6), (8), and (22), the output power of receiving
circuit i is further written as

2
a;Vin
\/ﬁRL‘/ . ; (wi Mpei)® R
i Ry +jwi Ly + R

i

jOJi Mpsi

Pouti = (23)

According to (23), the output power P,,¢; of the receiving
circuit i is also related to the amplitude a; of the modulation
wave and the load Ry ;. The output power of the receiving circuit
changes with the corresponding modulation amplitude or load,
but it basically has no influence on other receiving circuits.

In order to further analyze the relationship between the output
power P,,t; and the load Ry, in the case that other parameters
remain unchanged, the output power P, of the receiving
circuit 7 has a maximum value when the load Ry; changes.

Making

dPouti

dRp; =0

(24)
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the theoretical optimal load Ry ; corresponding to the maximum
output power of receiving circuit i can be obtained as

2 2
Wy Mpsi

\/ Rp2 + w,‘QLPQ

Under this optimal load Ry,;, the maximum output power of
receiving circuit i can be obtained as

2 2
Qj ‘/in

A(Rp + 1/ Ry +wiLy®)

From (25) and (26), it can be concluded that when the mutual
inductance of the transmitting and receiving coils and the load
resistance meet (25), the maximum output power of the receiving
circuit i can be guaranteed. The maximum output power of the
receiving circuit i is mainly determined by the dc voltage source
Vin, the amplitude a; of the modulation wave, the inductance
L, of the primary coil and its internal resistance R, and the
resonance frequency w; of the receiving circuit i. Under the
premise of ensuring the independent and reliable power transfer
of different frequencies, for a given frequency, increasing the
dc voltage of the primary system, the amplitude of the mod-
ulation wave, and reducing the inductance of the transmitting
coil and its internal resistance can correspondingly increase the
maximum output power of the receiving circuit. Therefore, in
the experimental parameter design of the system, the relevant
parameters of the system can be optimized according to the
above characteristics.

Rp; = (25)

(Pouti)max =

(26)

B. Power Factor and Efficiency Analysis

As shown in Fig. 3, since there is no compensation network
in the primary circuit, there must be a certain amount of reactive
power in the system. For a dual-frequency and dual-load MCR-
WPT system, under the premise of meeting the interfrequency
interference suppression criterion, according to (10)—(13), the
active power of the system is

P = Pout + Ploss

= Po+ Py + B + B 27)
According to (8), the reactive power of the system is
2 2
Q= ’IM wiLy + ’I,(,z)‘ waLy. (28)

So, the power factor of the system can be expressed as (29):
P

NizEaos

Since the mutual inductance M,,; between transmitting and
receiving coils is proportional to the coupling coefficient k;,
when the interfrequency interference suppression criterion is
met, some parameters in Table I are V;, =48 V, fi = 20 kHz,
f2=60kHz, L, =29.1 uH, Ls; = 88.6 uH, Lsx = 89.1 uH, R,
=0.058,Rs;1 =0.08 Q, Rso =0.08 2, C51 = 691.8 nF, Cs0 =
7495 nF, Ry = 18, and Rpo = 5 €. Based on (27)—(29), the
relationship among the power factor, coupling coefficients k;
and ko of the primary and secondary sides is shown in Fig. 6(a).

PF = (29)
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TABLE I
SYSTEM PARAMETERS
Parameter Symbol Value Parameter Symbol Value
Input voltage Vin 48V Case 1 Capacitor of Receiver-2 Cq 74.95nF
Inductance of transmitter L, 29.1uH Case 2 Working frequency fi 20kHz
ESR of L, R, 0.05Q f 80kHz
Inductance of Receiver-1 Lg 88.6uH Capacitor of Receiver-1 Cq 691.8nF
ESR of L Rq 0.08Q2 Capacitor of Receiver-2 Cq 47.5nF
Mutual inductance 1 Mg 17.1uH Carrier frequency fe 600kHz
Inductance of Receiver-2 Lo 89.1uH Transmitt Outer diameter De, 26cm
ESR of L, Ry 0.08Q -ing coil Turns N, 9
Mutual inductance 2 My 16.6uH Receiving Outer diameter Dey, 26cm
Load Receiver-1 Ry 1Q coil-1 Turns Ng 21
Receiver-2 Ri» 5Q Receiving Outer diameter Deg, 26cm
Case 1 Working frequency fi 20kHz coil-2 Turns Ny 21
f 60kHz Distance Transmitter to Receiver-1 dys1 6cm
Capacitor of Receiver-1 Cq 691.8nF Transmitter to Receiver-2 dps2 7em
of A=2OKHz 4055 a=04 ]
5 ! ) o 1
2 i iy o
|11 i
5 Iy | ooz 000 T4 I oot oot ol 24

Efficiency(%)

(b)

Fig.6. Surfaces of power factor and efficiency. (a) Power factor. (b) Efficiency.

Based on (14), the relationship among the efficiency, coupling
coefficients k1 and ko of the primary and secondary sides is
shown in Fig. 6(b).

Fig. 6 depicts that the power factor and efficiency improve
gradually when the coupling coefficients of the primary and
secondary sides increase. Therefore, in the process of parameter
design, while other design requirements are met, appropriately
increasing the coupling coefficients of the system can effectively
improve the power factor and efficiency.

C. Analysis of Dynamic Characteristics

For more intuitively describing the independent control per-
formance of the system, the transient response of the output
currents is analyzed. When the modulation amplitude a; changes
and the modulation amplitude as remains constant, the transient
responses of the output currents of the receiving circuits with
different frequencies are shown in Fig. 7.

I I I
0 0.005 0.01 0.015 0.02

t(s)

Fig.7. Transient responses of the output currents of the receiving circuits with
different frequencies.

It can be seen from Fig. 7 that if the modulation amplitude a;
changes while the modulation amplitude a» remains unchanged
during the runtime, the output current of the receiving circuit
1 will change correspondingly, and the output current of the
receiving circuit 2 will be basically unaffected. Therefore, the in-
dependent control of the output power with different frequencies
can be realized in the dual-frequency and dual-load MCR-WPT
system.

In addition, in order to describe the system model in a certain
range of frequency domain, the frequency responses of the
system are analyzed. According to the system parameters design
criteria, system parameters are given in Table I.

Based on the dual-frequency and dual-load MCR-WPT sys-
tem and relevant parameters, the transfer function G; of the
system receiving circuit 1 and the transfer function Gy of the
system receiving circuit 2 are obtained, which are, respectively

— uw(s)
Gi = wo (s)
8449.355%14.82e85%41.27¢15s>
$54+808915%4+1.89943e115%+3.89607e1552+3.13642€215+5.37518e24

(30)

_ u2(s)
Go = uo(s)
_ 40975.55%44.99e8534-6.68e145>
T 59°4808915%4+1.89943e1153+3.89607e1552+3.13642e¢215+5.37518e24

3D
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Fig. 8.  Frequency response of the system circuits. (a) Frequency response of

the system receiving circuit 1 (fi = 20 kHz). (b) Frequency response of the
system receiving circuit 2 (fo = 60 kHz).

where ug(s) is the power supply voltage, u;(s) is the output
voltage of the receiving circuit 1, and us(s) is the output voltage
of the receiving circuit 2.

According to (30) and (31), the frequency responses of the
system receiving circuits are, respectively, drawn. Fig. 8(a) is
the frequency response of the system receiving circuit 1, whose
resonant frequency is 20 kHz. Fig. 8(b) is the frequency response
of the system receiving circuit 2, whose resonant frequency is
60 kHz.

It can be seen from Fig. 8(a) and (b) that when the working
frequency of the system is consistent with the resonant frequency
of the receiving circuit, the amplitude is the maximum. In
addition, when the working frequency corresponding to the
angular frequency of the system is 60 kHz in Fig. 8(a) or 20 kHz
in Fig. 8(b), the amplitude-frequency response of the transfer
function G or G5 increases slightly, and the increase in phase
angle is relatively obvious. In general, it has little effect on the
power transfer of the target frequency.

For the target frequency power transfer, the receiving
circuit has good transmission characteristics, which has good
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Fig. 9. Dual-frequency and dual-load experimental platform.

suppression effect on the interfrequency interference to realize
the directional power transfer to the target load.

VI. SIMULATION AND EXPERIMENTAL VERIFICATION

In order to verify the validity of the theoretical analysis and
the feasibility of the proposed method, a dual-frequency and
dual-load experimental platform is built, as shown in Fig. 9. The
system includes the control circuit board, the full-bridge inverter,
the transmitting coil and the receiving coils, the compensation
capacitors, loads, etc. The receiving coils are placed on both
sides of the transmitting coil to reduce cross-coupling. The
carrier frequency is set to 600 kHz, which is also the switching
frequency of the inverter. Therefore, the gallium nitride inverter
platform is adopted to ensure the generation of high-frequency
power, and its driving pulses are generated by the DSP28335
and amplified by the driving circuit. In addition, the dead time
is set to 60 ns to prevent the transistor straight up and down and
avoid waveform distortion.

Since the carrier frequency of the HMW-SPWM control
circuit is 600 kHz, in order to avoid waveform distortion, the
receiving circuit with working frequency of 20 and 60 kHz or
20 and 80 kHz are chosen for technical verification.

A. Independent Control Verification of the Dual-Frequency
and Dual-Load MCR-WPT System

When the resonant frequencies of the receiving circuits are 20
and 60 kHz, respectively, based on Table I, if the amplitudes a;
and a of the two modulation waves are setto 0.55, the simulation
waveforms of the inverter output voltage and current are shown
in Fig. 10, and their Fast Fourier Transformation (FFT) spec-
trums analysis are demonstrated in Fig. 11. The experimental
waveforms of the inverter output voltage and current are shown
in Fig. 12.

According to Figs. 10 and 11, it can be seen that the inverter
output voltage is the high-frequency hybrid pulse voltage, and
the inverter output current is equivalent to the superposition of
20 kHz current and 60 kHz current components. From Fig. 12,
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Fig. 10.  Simulation waveforms of the inverter output voltage and current. (a)
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Fig. 12.  Experimental waveforms of the inverter output voltage and current.

itis verified that the dual-frequency power output of the inverter
can be realized by HMW-SPWM control method.

Based on the original proposed circuit configuration in Fig. 3,
if the amplitudes @, and as of the two modulation waves are
both 0.55, the simulation waveforms of two receiving circuits
with resonant frequencies of f; = 20 kHz and f; = 60 kHz are,
respectively, shown in Fig. 13. In order to verify the effectiveness
of the power transfer with different frequencies, the FFT spec-
trums analysis of two receiving circuits is shown in Fig. 14. The
experimental waveforms of two receiving circuits with resonant
frequencies of f; = 20 kHz and fo = 60 kHz are shown in Fig. 15.

In Figs. 13 and 15, the simulation current waveforms of the
two receiving circuits with resonant frequencies of f; = 20 kHz
and f5 = 60 kHz are basically the same as the experimental
waveforms. The current spectrum analysis in Fig. 14 shows that
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Fig. 13.  Simulation current waveforms of two receiving circuits when f; =

20 kHz and fo = 60 kHz based on the original circuit configuration. (a) Current
spectrum (f; = 20 kHz). (b) Current spectrum (f> = 60 kHz).
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Fig. 14.  Current FFT spectrums analysis of two receiving circuits based on
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Fig. 15. Experimental current waveforms of two receiving circuits when f1 =
20 kHz and fo = 60 kHz based on the original circuit configuration.

the current distortions are acceptable, and the feasibility of the
proposed system is initially verified.

For more intuitively describing the independent and dynamic
control performance of the system, the amplitude a; of the
modulation wave is set to reduce from 0.55 to 0.4 and the
amplitude a5 of the modulation wave remains unchanged at 0.55
during the runtime. Fig. 16(a) shows that the experimental cur-
rent waveforms of two receiving circuits under the modulation
amplitude variation. In addition, it is also necessary to verify
the transient current response of the receiving circuits under the
load variation. The load R, is set to increase from 5 to 8 {2 and
the load Ry ; remains unchanged at 1 2. Fig. 16(b) shows the
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Fig. 16. Experimental transient current waveforms of two receiving circuits.
(a) Modulation amplitude variation. (b) Load variation.

experimental current waveforms of two receiving circuits under
the load variation.

It can be seen from Fig. 16(a) that if the amplitude a; of the
modulation wave is reduced and the amplitude a- of the mod-
ulation wave keeps unchanged during the runtime, the current
value of receiving circuit 1 is correspondingly reduced, and the
current value of receiving circuit 2 remains unchanged.

Similarly, if the load R increases and the load R,; remains
constant during the runtime, the current value of receiving circuit
2 is correspondingly reduced, and the current value of receiving
circuit 1 is almost unaffected, thus verifying that the output
power of the dual-frequency and dual-load MCR-WPT system
is independent and controllable.

The amplitude a; of the modulation wave keeps unchanged at
0.4, and the amplitude ay of the modulation wave is set to vary
from 0.4 to 0.65, and the current values  of the two receiving
circuits with resonant frequencies of fj = 20 kHz and f> = 60
kHz are recorded. According to experimental data of different
receiving circuit currents, Table II shows the output power of
the receiving circuits with different resonant frequencies varying
with the amplitude as of the modulation wave.

The calculations and experiments of the output power of the
receiving circuits with different resonant frequencies changing
with the amplitude a; of the modulation wave are shown in
Fig. 17.
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TABLE IT
OUTPUT POWER OF THE RECEVING CIRCUITS AND A9
a, 0.4 0.45 0.5 0.55 0.6 0.65
Pou(Wy
Pouit 14.8 14.8 14.9 14.9 14.9 14.9
Pow 6 7.5 9 11 13 15.4
20
1
B
<10
l
5
— Calculation
Experiment
(()].4 0.45 0.5 0.55 0.6 0.65
a
(a)
18
15 '
g 12
E
L
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Experiment

0.4 0.45 0.5 0.55 0.6 0.65
ay

(b)

Fig. 17. Calculations and experiments of the output power of the receiving
circuits with different resonant frequencies changing with the amplitude as of
the modulation wave. (a) Poyt1 and az. (b) Poyut2 and as.

It can be seen from Fig. 17(a) and (b) that when the amplitude
as of the modulation wave changes, the output power of the
receiving circuit 1 basically remains unchanged, and the output
power of the receiving circuit 2 gradually improves with the
increase of the amplitude as of the modulation wave. Therefore,
adjusting the amplitude of the modulation wave within a certain
range can meet different power requirements of the target load
without affecting the power transfer at other frequencies, thereby
realizing the independent and controllable wireless power sup-
ply requirements of different power levels and multiple loads.

The efficiency of the system mainly includes two aspects, one
is the efficiency of the inverter and the other is the efficiency
of the transmitter and receivers. Fig. 18 shows calculations
and experiments results of the efficiency of the transmitter and
receivers changing with the amplitude a, of the modulation
wave.

InFig. 18, under the premise of ensuring the reliable operation
of the system, when the amplitude as of the modulation wave
changes, the efficiency of the transmitter and receivers always
remains above 85%.

In Figs. 17 and 18, the reasons for the differences in the
simulations and measurements are mainly due to the loss of the



12410

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 11, NOVEMBER 2021

TABLE III

PERFORMANCE COMPARISON

Power(W) Efficiency(%) Transmission mechanism Number of inverters  Independent power control
[17] 70 75 Simultaneous Multiple No
[18] 7.4 70.6 Simultaneous Multiple No
[21] n/a 24~29 Time-sharing Single Yes
This work 40 65~70 Simultaneous Single Yes
1
0.9
0.8
~ 07
0.6
0.5 —— Calculation t/s %103
Experiment (a)
0.4

0.4 0.45 0.5 0.55 0.6 0.65
a

Fig. 18.  Calculations and experiments results of the efficiency of the trans-
mitter and receivers changing with the amplitude as of modulation wave.
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Fig. 19. Experimental results of the total system efficiency changing with the
amplitude a2 of the modulation wave.

inverter, the measurement error of the components and the loss of
internal resistance. In the following research, the high-frequency
inverter with better performance and more precise measuring
instruments will be sought to reduce errors.

In addition, the loss of high-frequency inverter is also worthy
of attention. In the experiment, the efficiency of the inverter is
measured, and the total system efficiency is

Nsys=T"i = 1] (32)

where 7) is the efficiency of the transmitter and receivers, 7; is
the inverter efficiency, and 7y is the total system efficiency.

The experimental results of the total system efficiency chang-
ing with the amplitude a- of the modulation wave are shown in
Fig. 19.

To illustrate the superior performance of the proposed HMW-
SPWM methodology in this article, Table III summarizes the
performance of the proposed system in comparison to prior art.

i (2A/div)
(b)

Fig. 20. Simulation and experimental current waveforms of two receiving
circuits when fj = 20 kHz and fo = 80 kHz based on the original circuit
configuration. (a) Simulation waveforms. (b) Experimental waveforms.

As shown in Table III, the comparison has been carried out
in the perspective of system performance, transmission mech-
anism, number of inverters, independent power control, etc. In
[17] and [18], multiple inverters are adopted to supply power
for multiple loads with different frequencies simultaneously, and
the efficiency reaches more than 70%. However, the independent
control of multifrequency power cannot be realized in the sys-
tem. In [21], 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 this article, due to only one inverter and one transmitting
coil in the proposed scheme, the topology has a compact size and
low weight; meanwhile, it can also achieve simultaneous power
transfer to loads with different frequencies and independent
power control by adjusting the frequency and amplitude of the
modulation wave appropriately. However, it is worth mentioning
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Fig.21. Misalignment between the transmitter and the receivers. (a) Misalign-
ment between the transmitter and the receiver-1. (b) Misalignment between the
transmitter and the receiver-2.

that the efficiency of the system is not very high. In the future,
the corresponding reactive power compensation network will be
designed to reduce the inverter loss and realize efficient power
transfer of the system.

B. Power Transfer Verification With Frequency Variation

In order to verify power transfer with frequency variation,
the resonant frequencies of the receiving circuit are adjusted to
20 and 80 kHz, respectively, whereas other parameters of the
system remain unchanged. The amplitudes of two modulation
waves are both set to 0.45 and the capacitance of the receiving
circuit 2 are rematched. The simulation and experimental current
waveforms of two receiving circuits with resonant frequencies
of fi = 20 and f> = 80 kHz are shown in Fig. 20.

It can be seen from Fig. 20 that the current waveforms of the
receiving circuits with resonant frequencies of f; = 20 kHz and
fo = 80 kHz are similar to standard sine waves, which realizes
the acquisition of electric energy at target frequencies and can
adapt to the power supply requirements of the loads at different
working frequencies, thereby realizing MFML wireless power
supply compatible.
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C. Power Transfer Verification Under Misalignment

Since misalignment is an important factor to be considered
in the MCR-WPT system, Fig. 21 shows the variation of output
power of two receiving circuits when one of them is misaligned.

According to Fig. 21, when one of the receivers is not aligned
with the transmitter, the output power of the corresponding
receiving circuit changes, but it has little effect on the other
receiving circuit. Therefore, the misalignment between the trans-
mitting coil and the receiving coil in the dual-frequency and
dual-load MCR-WPT system using HMW-SPWM control only
affects the power transfer of corresponding path, and it has no
effect on other paths, ensuring the normal power transfer of other
receiving circuits.

VII. CONCLUSION

To realize independent and controllable wireless power trans-
fer for the MFML MCR-WPT system, the concept of HMW-
SPWM is proposed from a new perspective. The MFML MCR-
WPT system using HMW-SPWM control method is introduced
in this article. Taking a dual-frequency and dual-load MCR-
WPT system as an example, the system is modeled, and the
HMW-SPWM control circuit was designed to realize multifre-
quency independent power control. The parameter design crite-
ria are studied to reduce the interference of different frequencies.
In addition, the load characteristics and power factor of the
system are analyzed to select the appropriate system parameters
and optimize the output power of receiving circuits. Further-
more, the dynamic characteristics of the system are analyzed
to intuitively describe the independent, reliable power transfer.
Finally, experiments are implemented to verify the validity of the
theoretical analysis and the feasibility of the proposed method.

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

1) To achieve multifrequency power transfer, the transmitting
coil adopts a zero compensation strategy, and there is some
reactive power in the system, which increases the system
loss. In the future, the reactive power compensation struc-
ture and the magnetic circuit mechanism of the system will
be further optimized to realize the reliable and efficient
multifrequency wireless power transfer.

2) The switching frequency of the inverter is relatively
high by using HMW-SPWM control method, the circuit
topology should be further improved or new switching
devices suitable for higher frequency should be sought
to reduce waveforms distortion and transmit power at
higher frequencies.
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