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ABSTRACT In many applications of wireless power transfer (WPT) systems, there are situations where
the transmitter needs to supply power to receivers of different frequencies or powers. Therefore, it is very
important to improve its compatibility and adaptability. In this paper, a dual-frequency compatible WPT
system with a single transmitter and multiple receivers is proposed. The transmitter current contains two
main frequency components obtained by current modulation and resonance compensation. The receivers of
different frequencies pick up the corresponding components by frequency selective resonance. Therefore,
decoupled transfer and independent control can be achieved. In this paper, a dual-frequency compensation
topology is constructed and an adjustment method for receiver power decoupling control is proposed.
Through theoretical and experimental analysis, the efficacy characteristics of the system have been evaluated,
and its dual-frequency compatibility and power decoupling control capability have been verified. Compared
with the single-frequency multiple-receiver system, this system can avoid the problems of mutual coupling:
induced output power and system efficiency reduction, transmitter detuning, reactive power increase and
inverter output capacity reduction.

INDEX TERMS Wireless power transfer (WPT), single transmitter and multiple receivers, dual-frequency
resonance, current modulation, power decoupling.

I. INTRODUCTION
Wireless power transfer (WPT) systems allow for non-

is recommended for static wireless power transfer (SWPT)
systems in SAE J2954 for WPT1~WPT3. However, there

contact, fully isolated power supply. It has higher reli-
ability and greater environmental adaptability than wired
power supplies. Therefore, it has received extensive atten-
tion and research [1], [2]. WPT systems have been applied
in many fields such as electric vehicles, rail transportation,
aerospace, mobile communication devices, home appliances,
and biomedicine.

Based on the principle of minimum transmission
impedance in resonant state, magnetically coupled resonant
WPT systems are constructed. Different systems have differ-
ent optimal operating frequencies [3]. In the case of electric
vehicles, for example, the operating frequency of 85 kHz
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is no unified standard for dynamic wireless power trans-
fer (DWPT) systems. Currently, experimental systems use
frequencies such as 20 kHz, 40 kHz, and 85 kHz. As a result,
a single transmitter may need to power receivers of different
frequencies. A similar situation exists in other fields.

Therefore, it is necessary to improve the frequency and
load compatibility of WPT systems with a single transmitter
and multiple receivers. The specific issues are as follows.

1) Frequency compatibility: receivers with different res-
onant frequencies can be charged separately or simultane-
ously at the same transmitter. As an example, static and
dynamic WPT systems for electric vehicles are shown in
Fig. 1. Typical operating frequencies for DWPT and SWPT
systems are f] (typically 20 kHz) and f> (typically 85 kHz),
respectively [4], [5]. In systems equipped with SWPT or
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FIGURE 1. Schematic diagram of frequency compatibility.
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FIGURE 2. Schematic diagram of loads compatibility.

DWPT dual-frequency transmitters @ fi & f>, the DWPT EV
@ f1/ f> can also be charged at the SWPT transmitter, and
similarly, the SWPT EV @ fi / f> can be charged at the DWPT
transmitter. Compared with the traditional solution, receivers
with two resonant frequencies are compatible in this trans-
mitter, and they can be charged simultaneously. The energy
decoupling control can be achieved through the allocation
strategy. Therefore, the proposed solution can improve the
compatibility and convenience of WPT systems for electric
vehicles. Of course, this may require a complex system or
lead to a reduction in power and efficiency, which needs to
be addressed through proper design and control.

2) Load compatibility: multiple receivers can be decou-
pled and the output power can be adjusted independently.
Take kitchen appliances as an example, as shown in Fig. 2.
Due to the limited space and proximity of receivers, mutual
inductance is inevitable, resulting in receiver power coupling
and reducing the total output power and efficiency of the
system. Therefore, decoupling and independent adjustment
of the receiver output power, independent of arrangement and
location, need to be achieved. This helps to reduce the size of
the system and increase the power density of the system.

To solve the above problems, a dual-frequency resonant
system is proposed in this paper. A single transmitter provides
dual-frequency current and magnetic field, and receivers res-
onate in split frequencies to couple the energy.

At present, the research of multi-frequency WPT technol-
ogy mainly includes wireless power transfer of multiple loads
and synchronous transfer of power and information.

The research work on multi-frequency multi-load WPT
systems includes both circuit topologies and control methods.
In terms of control methods, [6]-[8] use the fundamental
and the third harmonic of the current to transmit power
together. It can avoid the output power reduction caused by
mutual coupling and improve the system efficiency, but the
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frequency and power of the third harmonic are limited by
the fundamental and the adjustment is not flexible. In terms
of circuit topologies, multiple inverters coupled through a
transformer are used to obtain multi-frequency primary cur-
rents to achieve separate regulation and control [9], but the
power supply topology is more complex. In addition, high-
order compensation topologies are used to provide multiple
resonant points. It can guarantee the system resonant at each
frequency point, but the independent regulation and power
decoupling control needs further study. Some works use the
frequency bifurcation phenomenon under the over-coupling
condition and set the resonant frequencies of receivers to
two bifurcated frequency points to achieve selective power
transfer. But the two receivers cannot work simultaneously.
Also, a hybrid modulation wave sinusoidal pulse-width mod-
ulation control method is used to generate multi-frequency
hybrid currents. It simplifies the power supply topology and
improves the control flexibility, but does not guarantee reso-
nant at each frequency point.

In addition, the WPT system for simultaneous transfer of
power and information is a special kind of dual-frequency
system. Low-frequency and high-frequency components are
used to transmit power and information separately. There are
two ways to achieve this. The first method for transmitting
information is to use the higher harmonic components or
to inject high frequency signals [10]. However, due to the
bandpass characteristics of the resonant compensation topol-
ogy, the high-frequency component will be greatly attenu-
ated. Therefore, it leads to limited information transmission
frequency and communication rate. The second method is to
modulate the voltage or current with the information con-
tained in its amplitude or frequency [11]. It is effective, but
the power will be significantly affected.

The above work separately verifies that a single inverter
modulates multiple frequency components and multiple com-
ponents are transmitted through a single coupling path. How-
ever, how to achieve simultaneous multi-frequency decoupled
power transfer and independent control using a single inverter
and a single transmitter remains to be investigated. It mainly
involves the simultaneous resonant and decoupled control of
multiple frequency components.

In this paper, a dual-frequency compatible WPT sys-
tem with a single transmitter and multiple receivers is pro-
posed. The system constructs a dual-frequency compensation
topology to form two natural resonance points, which can
achieve frequency compatibility of transmitters. The coupled
receivers are configured with different resonant frequencies
so that power decoupling can be achieved according to the
frequency selective characteristics of the compensation topol-
ogy. The output power of the receivers is independently con-
trolled by a primary current modulation method to achieve
load compatibility. The dual-frequency and multi-load com-
patibility performance of the system has been verified by
theoretical analysis and experimental study.

This paper is organized as follows. Section II analyzes
the principle of dual-frequency compatible WPT system
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and proposes a dual-frequency compensation topology and
decoupling modulation method. Section III investigates the
decoupling conditions of the system, and analyzes the effects
of mutual coupling and the efficacy characteristics of the
system. A prototype is developed and experimental verifi-
cation is completed in Section I'V. Finally, Section V draws
conclusions.

Il. PROPOSED DUAL-FREQUENCY COMPATIBLE WPT
SYSTEM

A. SYSTEM COMPOSITION AND PRINCIPLES

The schematic diagram of the proposed dual-frequency com-
patible WPT system is shown in Fig. 3. Its primary equip-
ment consists of a high frequency inverter, a dual-frequency
compensation topology and a transmitter. The system can
be configured with multiple secondary devices, each of
which consists of a receiver, compensation topology, high-
frequency rectifier, DC/DC converter, and load. The working
principle of the system is as follows.

Dual-frequency operation principle: The high frequency
inverter modulates the output voltage containing two main
frequency (f1 and f>) components, corresponding to the two
resonance points of the dual-frequency compensation topol-
ogy. Through the frequency selection and filtering effect of
the compensation topology, a dual-frequency current flows
through the transmitter and a dual-frequency alternating mag-
netic field is generated in space. The receivers of the corre-
sponding resonant frequencies can receive power indepen-
dently or simultaneously. Thus, frequency compatibility of
the system can be achieved.

Power independent control principle: For receivers of the
same frequency, the dual-frequency compensation topology
is required to maintain a constant current characteristic at
both resonance points in order to obtain independent induced
voltages. In other words, the transmitter current is indepen-
dent of the number of receivers, the degree of mutual cou-
pling, and the output power level. Therefore, the output power
of each receiver depends only on its equivalent impedance,
which can be adjusted by a DC/DC converter. For receivers
of different frequencies, the output power can be adjusted
independently by modulating the two frequency components
of the transmitter current.

Receiver decoupling principle: For two mutually cou-
pled receivers, the resonant frequencies can be configured
as fi and f> respectively. Due to the frequency selection
characteristics of the compensation topology, the impedance
is very high at non-resonant frequencies and essentially
no current is generated. Therefore, the coupling of the
receivers can be greatly reduced and the output power can be
decoupled.

Based on the above principles, the proposed WPT system
has dual-frequency and multi-load compatibility.

The circuit topology of the proposed system is shown
in Fig. 4. The high-frequency inverter uses a single-phase
full-bridge topology. The transmitter is compensated using
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TABLE 1. Parameters and definitions of the system circuit topology.

Parameters Definitions
Eq Adjustable DC input voltage
S1~S;4 Power electronic switches
D\~D, Anti-parallel diodes
fi.fo Operation frequencies
w1, M Operation angular frequencies
Uiy Inverter output voltage
Uiy )5 Uiv o, Two frequency components of inverter output voltage
Tiv Inverter output current
iivoy liv o, Two frequency components of inverter output current
Ls, Ly The transmitter’s compensation inductors
Cpy, Cpr The transmitter’s compensation capacitors
Lt Transmitter self-inductance
. Trapsmitter resonant cavity equivalent internal
resistance
ir Transmitter current
Ly, Lro Receiver self-inductances
My, M, Mutpal inductances between the transmitter and the two
receivers
Mg Mutual inductance between two receivers
Cri, Cra Compensation capacitors of the receivers
. qui\'/alent internal resistances of the receiver’s resonant
’ cavities
Rri, Rro Equivalent load resistances of the receivers
ir1, IR2 Output currents of the receivers
U1, Ury Output voltages of the receivers
Pri, Pro Output power of the receivers
Pr Total output power of the receivers
7 System efficiency

a dual-frequency compensation topology detailed in the
next section. In addition, the S topology is used to com-
pensate the receiver. The high-frequency rectifier, DC/DC
converter and load are equivalent to the load resistor.
The relevant parameters and their definitions are shown in
Table 1.

B. DUAL-FREQUENCY COMPENSATION TOPOLOGY
According to the principle analysis, the compensation topol-
ogy of the transmitter requires two natural resonance points,
each of which maintains a constant current characteristic. The
circuit diagrams of some common compensation topologies
are shown in Fig. 5. Their resonant angular frequencies,
output characteristics, load-independent voltages or currents,
and zero impedance angle (ZPA) additional conditions are
analyzed and listed in Table 2.

It can be seen that the conventional S, P, SP, and PS
topologies have only one resonance point and constant volt-
age characteristics [12]. Moreover, the LC, LCC, CLC,
and LLC topologies also have only one resonance point,
despite their constant current characteristics [13]. There-
fore, these topologies cannot meet the requirements of
the system.

In this paper, a dual-frequency compensation topology is
proposed, as shown in Fig. 6. And it is improved on the
basis of the LC topology. By adding a parallel LC branch,
the compensation topology is upgraded to IV order, and an
additional resonance point is introduced. Its two resonant
angular frequencies are represented by Equation (1), where
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FIGURE 3. Schematic diagram of the proposed dual-frequency compatible WPT system.
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FIGURE 4. Circuit topology of the proposed WPT system.

FIGURE 5. Circuit diagrams of several common compensation topologies: (a) S, (b) P, (c) SP, (d) PS, (e) LC, (f) LCC, (g) CLC and (h) LLC.

Cpy = Cpy = Cp.

w] = \/ (2Ls + Lp — /L% +4L2) / (2LsLpCp)
wy = \/ (2Ls + Lp + /L3 +4L3) / (2LsLpCp)

In addition, the topology has constant current character-
istics at the two resonant frequencies mentioned above, and
the corresponding load independent current components are
expressed in Equation (2). The additional ZPA condition is
consistent with the LC topology.

ey

iT_wl = Uiv_w /(ia)lLS)
ITw;, = Uiv_a, [ (jLs)

@

C. DUAL-FREQUENCY DECOUPLING MODULATION
METHOD

According to Equation (2), the two frequency components
of the transmitter current, it o, and it 4,, can be inde-
pendently regulated by adjusting the output voltage of the
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inverter. In this paper, a dual-frequency decoupling mod-
ulation method based on sinusoidal pulse width modula-
tion (SPWM) is proposed, as shown in Fig. 7.

In Fig. 7, the angular frequencies of the modulated wave
um and the carrier wave u. are configured as w; and wp,
respectively, corresponding to the two resonant angular fre-
quencies of the dual-frequency compensation topology. Their
amplitudes are Vi, and V, respectively, and the modulation
ratio K is defined as Equation (3).

Ka =
AVC

3

The inverter output voltage then contains two main fre-
quency components, Uiy o, and ujy o,. The result of its
Fourier decomposition can be expressed as Equation (4),
where Jj is the Bessel function.

Uiy_»1 = KAEq cos(wit 4 01)

4E;  Kam 4)
Uiy 02 = 7‘1]0( 3 ) cos(wat + 62)
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TABLE 2. Characteristics comparison of compensation topologies.

Compensation Circuit Resonance angular Output Load-independent ZPA additional
Orders . ) . L ..
topologies diagrams frequencies characteristics voltages or currents conditions
1
S Fig. 5 (a) w= Constant voltage U=, None
LG
I 1 )
i
P Fig. 5 (b) === Constant voltage Up=—"— None
VLG T aC,
sP Fig. 5 (c) w= 1 Constant volt =S
ig. 5 (c B e onstant voltage i -
JL(G+Cy) TGHG,
II PS Fig. 5 (d) GG Constant volt: U= by
ig. — onstant voltage T -
L,CC, JoC,
. 1 L Wy
LC Fig. 5 (e) Wﬁ Constant current L= S, L.=Lg
LcC Fig. 5 o= C f=—i L, - L)Cy1
ig. 5 () .G onstant current T o o’ (L, — Ly)Cg=
. 1 . ,
1 CLC Fig. 5 (g) w= TC Constant current i =jwCyqu,, w°L,Cy,Cy,=Cy, = Cy,
P™S1
. 1 — LPiI\* 2
LLC Fig. 5 (h) w:m Constant current lT*m 'L LC,=L; + L
Ziy
Cq=Cnt — —
e F2 1-(,02LpCp1
Ziy=joLs+ (joLr+Zy) Il —
Jools+ (jolr +Ze) JjCeq 0 ) )

(a)

@
(c)

FIGURE 6. Proposed dual-frequency compensation topology: (a) circuit diagram, (b) equivalent circuit diagram and (c) spectrogram.

Substituting into Equation (2), Equation (5) can be derived.

I KaEq
T = —
-1 \/Ea)lLs (5)
I o = @]O(KA_”)
-®2 Twnlg 2

According to Equation (5), the contour lines of it 41 and
IT 2 varying with Eq and Ka are shown in Fig. 8.

In Fig. 8, for each given set of It o1 and IT .2, there is a
unique set of Eg and Ka values corresponding to it, i.e., the
coordinate values where the two contour lines intersect. Take
point A as an example. When transmitter currents It ,1 =
10.58 A and It 2 = 4.04 A are required, Ko = 0.62 and
E4q = 300 V should be set. If IT_,» needs to be 5.10A with
a constant It 41, Ko = 0.52 and Eg4 = 360 V can be set to
point B. Similarly, if IT .1 needs to be 14.10A with a constant
IT 42, Ko = 0.72 and Eq = 340 V can be set to point C.
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q

Therefore, by adjusting the DC bus voltage Eq and mod-
ulation ratio K, independent regulation of It 1 and IT .
can be achieved. Therefore, the dual-frequency decoupling
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FIGURE 9. Equivalent circuit of the receiver.

modulation are realized. Since the compensation topology
has constant current characteristics, there are various feasible
methods in practical applications, such as off-line calculation,
table look-up method, closed-loop control, etc.

D. EQUIVALENT MODEL OF THE RECEIVER

The equivalent circuit of receiver m (m = 1, 2) at the angular
frequency wy (n = 1, 2) is shown in Fig. 9. The definitions
and expressions of each parameter are shown in Table 3.

E. DECOUPLING CONDITIONS AND INFLUENCING
FACTORS

Based on the equivalent circuit in Fig. 9, the receiver current is
derived as Equation (6). As a comparison, the fully decoupled
current should be expressed as Equation (7).

IR = iRl_wl + iRl_wz
URl_a)1 + USl_w1

- UR1_wy +Us1 (6)
ZR1_w; + 251w + w
. . Uri JjorMy It
Ri =Ri_w, = =L = = @)

ZRl_a)l ZRI_CUI

So the decoupling conditions are that Usi 41, Usi w2,
Zs1 w1, Zs1 w2 approximate to zero, and Zgrj o2 tends to
infinity.

According to the above decoupling conditions and the
parameter expressions in Table 3, the decoupling influence
factors of receivers can be obtained, including the receivers’
mutual coupling coefficient ks, frequency separation degree
ke, and the receivers’ quality factors Qr; and Qra. The
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TABLE 3. Parameters, definitions and expressions of the equivalent
circuit.

Parameters  Definitions Expressions
Loop
ZRmiw“ ;r;l]t:)}f;iance kaim" = lem T Rp + 7O Ly, + i@, Co
receiver
Reflected
impedance 7 = W, M;
from S .
L o, another -
receiver to Zy, . = ijs
this 7 Zye
receiver -
Induced
& voltage of & - joM &
Rm_o, transmitter Rm_o, nmi o,
current
Induced & oM [ﬁﬁz,m
voltage of Si_a, = JGMs Zws o
ngm,w‘, another & !
receiver : RI_o,
current %0, = JOM; Zai
& Receiver o l&kmimn +8m o
Rm_o, current Rm_o, Zow o, F Zsm
TABLE 4. Simulated parameters and values.
Parameters  Values  Parameters Values
7 20 kHz I3 20~100 kHz
It o, 30A It o, 10A
Lt 100 pH rr 0.1Q
TR 02Q TR2 02Q
RRI 5Q RRZ 10 Q
M, M, 20 pH M 0~50 pH
Ori 1~10 Orz 1~10
ks 0~0.2 ke 0~4

definitions are expressed as Equation (8) to Equation (11),
respectively.

ks = MS/\/LRILR2 (8)

ke = (fr —f) [fi )
Ori = o1Lr1/(rr1 + Rr1) (10)
Or2 = waLra/(rr2 + Rr2) (11)

Ill. SIMULATION ANALYSIS

In order to analyze the effect of the above factors on the
decoupling effect, simulations were performed. The simu-
lated parameters and values are shown in Table 4.

A. ANALYSIS OF DECOUPLING CHARACTERISTICS

The frequency separation degree k¢ can be changed by adjust-
ing f>. Under the conditions of different ks, Or1, and Qro,
the output power of receiver 1 PR varies with k¢, as shown in
Fig. 10.
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Pgy (kW)

(a)

(b)

FIGURE 10. Curves of Pg; varying with k; under different (a) kg, (b) Qg;and (c) Qg,-

From the general trend of the curve in Fig. 10, the output
power of receiver 1 decreases sharply due to mutual coupling
as kr increases, then gradually increases and finally stabilizes.
Therefore, when the frequency separation degree is higher
than a certain value, the output power of receiver 1 is basi-
cally not affected by the frequency of receiver 2, and power
decoupling can be achieved.

In addition, according to Fig. 10, the smaller the coupling
coefficient or the larger the quality factor of the two receivers,
the smaller the power coupling range and the more favorable
the decoupling of the dual-frequency system.

B. ANALYSIS OF EFFICACY CHARACTERISTICS

In order to analyze the efficacy characteristics of the system,
f1 and f> were configured as 20 kHz and 20 kHz in the
single-frequency system, as 20 kHz and 85 kHz in the dual-
frequency system, respectively. The corresponding frequency
separation degree kf were equal to 0 and 3.25, and the quality
factors of the two receivers Qr; and Qr», were taken to
be 6.04 and 13.08, respectively. The other parameters were
consistent with Table 4.

In single-frequency and dual-frequency systems, the varia-
tion curves of output power of receiver 1 Prj, output power of
receiver 2 PRy, total output power Pr and system efficiency
n with receiver mutual coupling coefficient kg, are shown in
Fig. 11.

In the single-frequency system of Fig. 11(a), the out-
put power of receiver 1, receiver 2, and the whole sys-
tem decreases significantly as the receiver mutual coupling
increases, reaching 54.7%, 19.2%, and 42.5% of the original
output power, respectively. The system efficiency decreases
from 91.8% to 88.3%.

In the dual-frequency system of Fig. 11(b), the output
power of receiver 1, receiver 2 and the whole system does
not change significantly as the receiver mutual coupling
increases, varying by 3.2%, 2.5% and 1.3%, respectively. The
efficiency is higher than that of the single-frequency system.
It is proved that the dual-frequency system can effectively
achieve power decoupling and improve the system efficiency.

In addition, in the single-frequency system, due to the
mutual inductance of the receivers Mg, additional impedance
Ztr1 and ZtR» are reflected back to the transmitter, expressed

102570
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FIGURE 11. Curves of efficacy characteristics in (a) single-frequency
system and (b) dual-frequency system.

as Equation (12).

. M MMs
—J

(rr1 + Rr1(rr2 + RRr2)

According to Equation (14), the reflected impedance is
capacitive and proportional to Ms. It affects the resonant state
of the transmitter, increases the reactive power of the inverter,
and reduces its power output capability. These are the disad-
vantages of a single-frequency system. In a dual-frequency
system, the equivalent reflected impedance is independent

Z1R1 = Z1R2 = (12)
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FIGURE 12. Schematic diagram of the proposed dual-frequency compatible WPT system.

TABLE 5. Parameters of the experimental platform.

Parameters Values Parameters Values Parameters Values

E4 0~300 V Cpy 288.56 nF Cri 241.6 nF
Ka 0~1 Lt 102.84 uH 7RI 261.48 mQ
fi 20 kHz T 95.18 mQ Rri 1Q

5 85 kHz M, 2156pH Ly 255.15uH
Ls 102.84 pH M, 19.84 uH Cra 13.74 nF
Lp 2593 pH Ms  2754pH e 249.1mQ
Cp] 288.56 nF LRI 262.12 HH RR2 10Q

of each other because the output power of the two receivers
is decoupled. Therefore, there is no additional reflected
impedance and no drawbacks as mentioned above.

IV. PROTOTYPE AND EXPERIMENTAL VERIFICATION

An experimental platform was built to verify the proposed
system, shown in Fig. 12, and its parameters are shown in
Table 5. The input DC bus voltage Eq is realized by an
adjustable DC power supply, and the modulation ratio Ku is
adjusted in the control program.

A. VERIFICATION OF IMPEDANCE CHARACTERISTIC OF
DUAL-FREQUENCY COMPENSATION TOPOLOGY

The input impedance characteristic curve of the dual-
frequency compensation topology measured by the
impedance analyzer in the absence of receivers is shown in
Fig. 13. There are two extreme points in the curve correspond-
ing to the two resonance points of the topology. The measured
resonant frequencies are 20.016 kHz and 85.003 kHz, which
are consistent with the design values.

B. VERIFICATION OF CONSTANT CURRENT
CHARACTERISTICS OF DUAL-FREQUENCY
COMPENSATION TOPOLOGY
In the absence of receivers, a power resistor was connected
in series with the transmitter as an equivalent reflected
impedance Zeq. The DC bus voltage Eq and modulation
ratio Ko were configured to 150 V and 0.8, respectively.
At different resistor values, the transmitter current was mea-
sured and decomposed with an oscilloscope to obtain the
rms values of its components at 20 kHz and 85 kHz.
Curves of the transmitter current characteristics are shown
in Fig. 14.

According to Fig. 14, IT 1 and IT o> remain approxi-
mately constant when the resistance increases. It is proved
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FIGURE 13. Measured input impedance characteristic curve of the
dual-frequency compensation topology.

that this compensation topology has a constant current char-
acteristic for the dual-frequency components. It should be
noted that the curves decrease slightly as the resistance
increases. This is because the output current of the inverter
increases, the internal resistance voltage drop of the switches
and resonant inductor increases, and the actual input voltage
of the resonant topology decreases.

C. SYSTEM WAVEFORMS AND DECOUPLING
CHARACTERISTICS VERIFICATION

The resonant frequencies of the two receivers were config-
ured as fi = 20 kHz and f = 85 kHz, the input voltage
was configured as Eqg = 150 V and the modulation ratio was
configured as Ko = 0.8. The measured system waveforms
are shown in Fig. 15, where channel 1 is the inverter output
voltage ujy, channel 3 is the transmitter current it, channel 2 is
the output voltage of receiver 2 ur» (85 kHz), and channel 4 is
the output voltage of receiver 1 ur; (20 kHz). The waveform
of each channel was analyzed with an oscilloscope for fast
Fourier transform. And the dual-frequency components of
each parameter were measured as Fig. 16.

According to the experimental results in Fig. 16 (a),
the inverter output voltage u;, contains multiple frequency
components through SPWM modulation. By dual-frequency
compensation of the proposed topology, the transmitter cur-
rent iT contains two main frequency components at 20 kHz
and 85 kHz, as shown in Fig. 16 (b). And its other harmonics
are largely filtered out.

In Fig. 16 (c¢) and (d), the output voltages of the two
receivers change sinusoidally. Each frequency is consistent
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FIGURE 14. Curves of the transmitter current characteristics.
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FIGURE 15. Waveforms of the dual-frequency WPT system.
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FIGURE 16. FFT results of the four channels: (a) u;,(Channel 1),
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with its natural resonant frequency, and the other fre-
quency component has a small proportion. Therefore, through
frequency-selective resonance, the decoupling of the output
power has been realized.

D. VERIFICATION OF DUAL-FREQUENCY DECOUPLING
MODULATION METHOD

The DC input voltage E4 adjustment range was 0 to 300 V and
the modulation ratio Ko was O to 1. The experimental wave-
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forms of the transmitter current were measured in the full
range and their 20 kHz and 85 kHz components were obtained
by Fourier decomposition. In addition, the theoretical results
were calculated from Equation (5) and the simulation results
were derived from the established simulation model. The
transmitter current curves are shown in Fig. 17, where the
red dots represent the theoretical calculation results, the black
lines represent the simulation results, and the colored lines
represent the experimental results. It can be seen that the
experimental results are consistent with the theoretical cal-
culation and simulation analysis.

InFig. 17, the curves of the transmitter current varying with
modulation ratio Kp and DC bus voltage Eq4 are obtained by
taking the plane Eg = 150 V and K5 = 0.8, respectively.
It can be seen that there is a monotonic relationship between
the two frequency current components and a single variable.

Taking control objectives It ,1 = 10 A and It 0 = 3
A as an example, the objective planes are produced in two
diagrams and intersect the 3D surfaces at curves /1 and I,
respectively. the intersection of /1 and I, is the value that
achieves the above objective. Since the target parameters vary
monotonically with the variables, the control parameters must
have a set of solutions and be unique.

Therefore, by adjusting the DC bus voltage and modula-
tion ratio, the two frequency components of the transmitter
current can be adjusted independently, thus achieving power
decoupling control of the receivers.

In practical applications, according to Equation (5) and
Fig. 17, the adjustment range of the two transmitter current
components can be flexibly configured by the input power
supply and resonant cavity parameters, for meeting the output
power requirements of the two receivers.

E. VERIFICATION OF THE SYSTEM'S EFFICACY
CHARACTERISTICS

The output power and efficiency of the WPT system were
analyzed in single-frequency and dual-frequency modes,
respectively. (a) Traditional single-frequency system: the fre-
quencies of both receiver 1 and receiver 2 were configured to
20 kHz. (b) Proposed dual-frequency system: the frequencies
of receiver 1 and receiver 2 were configured to 20 kHz and
85 kHz, respectively.

Considering the regulation range of the two frequency
current components, the rated operating point of the system
was set to the DC input voltage Eq4 = 150 V and modulation
ratio Ko = 0.8. The transmitter current was always 5.684 A
@ 20 kHz and 1.700 A @ 85 kHz according to the constant
current characteristic of the dual-frequency compensation
topology. The same transmitter current was a prerequisite for
comparison.

The experiments were conducted under receiver 1 only,
receiver 2 only, and receiver 1 and receiver 2 conditions,
respectively. The output voltages of both receivers were mea-
sured, the frequency components were obtained by Fourier
decomposition, and the total output power and efficiency of
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TABLE 6. Measured efficacy characteristics of the proposed system.

(a) Traditional single-frequency system: f; = f, =20 kHz

Groups Operating receivers  Output voltages of receiver I ~ Output voltages of receiver 2 Output power of the system  Efficiencies of the system
©) Receiver 1 only 10.16 V @ 20 kHz 0 103.29 W 95.9%
261.6 mV @ 85 kHz
®) Receiver 2 only 0 24.80 V@ 20 kHz 61.75 W 96.2%
1.599 V @ 85 kHz
® Receiver land2 ~ 7-567V @20 kHz 2732V @ 20 kHz (57.34+75.00) W=132.34 W 90.0%
276.6 mV @ 85 kHz 1.919 V @ 85 kHz
(b) Proposed dual-frequency system: f; =20 kHz, f; = 85 kHz
Groups Operating receivers Output voltages of receiver 1 ~ Output voltages of receiver 2 Output power of the system  Efficiencies of the system
@ Receiver 1 only 9.932V @ 20kHz 0 98.73 W 96.8%
284.4 mV @ 85kHz
® Receiver 2 only 0 356.3 mV @ 20 kHz 4151W 95.9%
20.37V @ 85 kHz
® Receiver 1 and2  9:956 V @ 20kHz 817.2 mV @ 20 kHz (99.27+40.09) W=139.36 W 95.2%
383.1 mV @ 85kHz 20.5 V @ 85 kHz

the system were calculated. Thus, six sets of experimental
results were obtained from @ to ® as shown in Table 6.
According to the experimental results @ ~ @ in Table 6,
in traditional single-frequency system, the total output power
changes from (103.294-61.75) W = 165.04 W working inde-
pendently to 132.34W working together, a decrease of 19.8%.
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The system efficiency also changes from 95.9% and 96.2% to
90.0%, a decrease of 5.9%~6.2%. Therefore, the total output
power and system efficiency are significantly reduced due to
the mutual coupling between receivers.

According to the experimental results @ ~ ® in Table 6,
in proposed dual-frequency system, the total output power
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changes from (98.73+41.51) W = 140.24 W working inde-
pendently to 139.36W working together, a decrease of only
0.6%. The system efficiency also changes from 96.8% and
95.9% to 95.2%, a decrease of only 1.6%~0.7%. Therefore,
despite the mutual coupling, the influence between the two
receivers is minimal. The proposed dual-frequency system
achieves the decoupling of the two coupled receivers.
According to the experimental results @ and ©, the pro-
posed dual-frequency system can improve the system effi-
ciency by 5.2% when the total output power is basically equal.

V. CONCLUSION

In this paper, a dual-frequency compatible WPT system with
a single transmitter and multiple receivers is proposed. The
composition and operating principle of the system are ana-
lyzed. A dual-frequency compensation topology with two
resonant frequencies is proposed, and the constant current
characteristics are satisfied at each resonance point. In addi-
tion, a SPWM dual-frequency modulation method is pro-
posed to achieve decoupling control of the two transmitter
current components by adjusting the DC bus voltage and
modulation ratio, so the power decoupling and independent
regulation of the receivers are realized.

Simulation and experimental results show that the total
output power decreases by 19.8% and the system efficiency
decreases by 5.9%~6.2% in the traditional single-frequency
system due to the mutual coupling. In the dual-frequency
system proposed in this paper, the total output power
decreases only 0.6% and the system efficiency decreases only
1.6%~0.7%. And on the premise of basically the same output
power, the dual-frequency system improves the efficiency by
5.2%. Therefore, the proposed dual-frequency system can
achieve decoupling of the receivers to avoid output power
reduction and improve system efficiency.

The proposed dual-frequency system, can be used in such
fields as compatibility of different frequency receivers for
electric vehicle wireless charging systems, power decoupling
control for multiple loads in kitchen appliances.
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