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

I. INTRODUCTION16

Wireless power transfer (WPT) systems allow for non-17

contact, fully isolated power supply. It has higher reli-18

ability and greater environmental adaptability than wired19

power supplies. Therefore, it has received extensive atten-20

tion and research [1], [2]. WPT systems have been applied21

in many fields such as electric vehicles, rail transportation,22

aerospace, mobile communication devices, home appliances,23

and biomedicine.24

Based on the principle of minimum transmission25

impedance in resonant state, magnetically coupled resonant26

WPT systems are constructed. Different systems have differ-27

ent optimal operating frequencies [3]. In the case of electric28

vehicles, for example, the operating frequency of 85 kHz29

The associate editor coordinating the review of this manuscript and

approving it for publication was Diego Masotti .

is recommended for static wireless power transfer (SWPT) 30

systems in SAE J2954 for WPT1∼WPT3. However, there 31

is no unified standard for dynamic wireless power trans- 32

fer (DWPT) systems. Currently, experimental systems use 33

frequencies such as 20 kHz, 40 kHz, and 85 kHz. As a result, 34

a single transmitter may need to power receivers of different 35

frequencies. A similar situation exists in other fields. 36

Therefore, it is necessary to improve the frequency and 37

load compatibility of WPT systems with a single transmitter 38

and multiple receivers. The specific issues are as follows. 39

1) Frequency compatibility: receivers with different res- 40

onant frequencies can be charged separately or simultane- 41

ously at the same transmitter. As an example, static and 42

dynamic WPT systems for electric vehicles are shown in 43

Fig. 1. Typical operating frequencies for DWPT and SWPT 44

systems are f1 (typically 20 kHz) and f2 (typically 85 kHz), 45

respectively [4], [5]. In systems equipped with SWPT or 46
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FIGURE 1. Schematic diagram of frequency compatibility.

FIGURE 2. Schematic diagram of loads compatibility.

DWPT dual-frequency transmitters @ f1& f2, the DWPT EV47

@ f1/ f2 can also be charged at the SWPT transmitter, and48

similarly, the SWPTEV@ f1 / f2 can be charged at the DWPT49

transmitter. Compared with the traditional solution, receivers50

with two resonant frequencies are compatible in this trans-51

mitter, and they can be charged simultaneously. The energy52

decoupling control can be achieved through the allocation53

strategy. Therefore, the proposed solution can improve the54

compatibility and convenience of WPT systems for electric55

vehicles. Of course, this may require a complex system or56

lead to a reduction in power and efficiency, which needs to57

be addressed through proper design and control.58

2) Load compatibility: multiple receivers can be decou-59

pled and the output power can be adjusted independently.60

Take kitchen appliances as an example, as shown in Fig. 2.61

Due to the limited space and proximity of receivers, mutual62

inductance is inevitable, resulting in receiver power coupling63

and reducing the total output power and efficiency of the64

system. Therefore, decoupling and independent adjustment65

of the receiver output power, independent of arrangement and66

location, need to be achieved. This helps to reduce the size of67

the system and increase the power density of the system.68

To solve the above problems, a dual-frequency resonant69

system is proposed in this paper. A single transmitter provides70

dual-frequency current and magnetic field, and receivers res-71

onate in split frequencies to couple the energy.72

At present, the research of multi-frequency WPT technol-73

ogymainly includes wireless power transfer of multiple loads74

and synchronous transfer of power and information.75

The research work on multi-frequency multi-load WPT76

systems includes both circuit topologies and control methods.77

In terms of control methods, [6]–[8] use the fundamental78

and the third harmonic of the current to transmit power79

together. It can avoid the output power reduction caused by80

mutual coupling and improve the system efficiency, but the81

frequency and power of the third harmonic are limited by 82

the fundamental and the adjustment is not flexible. In terms 83

of circuit topologies, multiple inverters coupled through a 84

transformer are used to obtain multi-frequency primary cur- 85

rents to achieve separate regulation and control [9], but the 86

power supply topology is more complex. In addition, high- 87

order compensation topologies are used to provide multiple 88

resonant points. It can guarantee the system resonant at each 89

frequency point, but the independent regulation and power 90

decoupling control needs further study. Some works use the 91

frequency bifurcation phenomenon under the over-coupling 92

condition and set the resonant frequencies of receivers to 93

two bifurcated frequency points to achieve selective power 94

transfer. But the two receivers cannot work simultaneously. 95

Also, a hybrid modulation wave sinusoidal pulse-width mod- 96

ulation control method is used to generate multi-frequency 97

hybrid currents. It simplifies the power supply topology and 98

improves the control flexibility, but does not guarantee reso- 99

nant at each frequency point. 100

In addition, the WPT system for simultaneous transfer of 101

power and information is a special kind of dual-frequency 102

system. Low-frequency and high-frequency components are 103

used to transmit power and information separately. There are 104

two ways to achieve this. The first method for transmitting 105

information is to use the higher harmonic components or 106

to inject high frequency signals [10]. However, due to the 107

bandpass characteristics of the resonant compensation topol- 108

ogy, the high-frequency component will be greatly attenu- 109

ated. Therefore, it leads to limited information transmission 110

frequency and communication rate. The second method is to 111

modulate the voltage or current with the information con- 112

tained in its amplitude or frequency [11]. It is effective, but 113

the power will be significantly affected. 114

The above work separately verifies that a single inverter 115

modulates multiple frequency components andmultiple com- 116

ponents are transmitted through a single coupling path. How- 117

ever, how to achieve simultaneousmulti-frequency decoupled 118

power transfer and independent control using a single inverter 119

and a single transmitter remains to be investigated. It mainly 120

involves the simultaneous resonant and decoupled control of 121

multiple frequency components. 122

In this paper, a dual-frequency compatible WPT sys- 123

tem with a single transmitter and multiple receivers is pro- 124

posed. The system constructs a dual-frequency compensation 125

topology to form two natural resonance points, which can 126

achieve frequency compatibility of transmitters. The coupled 127

receivers are configured with different resonant frequencies 128

so that power decoupling can be achieved according to the 129

frequency selective characteristics of the compensation topol- 130

ogy. The output power of the receivers is independently con- 131

trolled by a primary current modulation method to achieve 132

load compatibility. The dual-frequency and multi-load com- 133

patibility performance of the system has been verified by 134

theoretical analysis and experimental study. 135

This paper is organized as follows. Section II analyzes 136

the principle of dual-frequency compatible WPT system 137
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and proposes a dual-frequency compensation topology and138

decoupling modulation method. Section III investigates the139

decoupling conditions of the system, and analyzes the effects140

of mutual coupling and the efficacy characteristics of the141

system. A prototype is developed and experimental verifi-142

cation is completed in Section IV. Finally, Section V draws143

conclusions.144

II. PROPOSED DUAL-FREQUENCY COMPATIBLE WPT145

SYSTEM146

A. SYSTEM COMPOSITION AND PRINCIPLES147

The schematic diagram of the proposed dual-frequency com-148

patible WPT system is shown in Fig. 3. Its primary equip-149

ment consists of a high frequency inverter, a dual-frequency150

compensation topology and a transmitter. The system can151

be configured with multiple secondary devices, each of152

which consists of a receiver, compensation topology, high-153

frequency rectifier, DC/DC converter, and load. The working154

principle of the system is as follows.155

Dual-frequency operation principle: The high frequency156

inverter modulates the output voltage containing two main157

frequency (f1 and f2) components, corresponding to the two158

resonance points of the dual-frequency compensation topol-159

ogy. Through the frequency selection and filtering effect of160

the compensation topology, a dual-frequency current flows161

through the transmitter and a dual-frequency alternatingmag-162

netic field is generated in space. The receivers of the corre-163

sponding resonant frequencies can receive power indepen-164

dently or simultaneously. Thus, frequency compatibility of165

the system can be achieved.166

Power independent control principle: For receivers of the167

same frequency, the dual-frequency compensation topology168

is required to maintain a constant current characteristic at169

both resonance points in order to obtain independent induced170

voltages. In other words, the transmitter current is indepen-171

dent of the number of receivers, the degree of mutual cou-172

pling, and the output power level. Therefore, the output power173

of each receiver depends only on its equivalent impedance,174

which can be adjusted by a DC/DC converter. For receivers175

of different frequencies, the output power can be adjusted176

independently by modulating the two frequency components177

of the transmitter current.178

Receiver decoupling principle: For two mutually cou-179

pled receivers, the resonant frequencies can be configured180

as f1 and f2 respectively. Due to the frequency selection181

characteristics of the compensation topology, the impedance182

is very high at non-resonant frequencies and essentially183

no current is generated. Therefore, the coupling of the184

receivers can be greatly reduced and the output power can be185

decoupled.186

Based on the above principles, the proposed WPT system187

has dual-frequency and multi-load compatibility.188

The circuit topology of the proposed system is shown189

in Fig. 4. The high-frequency inverter uses a single-phase190

full-bridge topology. The transmitter is compensated using191

TABLE 1. Parameters and definitions of the system circuit topology.

a dual-frequency compensation topology detailed in the 192

next section. In addition, the S topology is used to com- 193

pensate the receiver. The high-frequency rectifier, DC/DC 194

converter and load are equivalent to the load resistor. 195

The relevant parameters and their definitions are shown in 196

Table 1. 197

B. DUAL-FREQUENCY COMPENSATION TOPOLOGY 198

According to the principle analysis, the compensation topol- 199

ogy of the transmitter requires two natural resonance points, 200

each of whichmaintains a constant current characteristic. The 201

circuit diagrams of some common compensation topologies 202

are shown in Fig. 5. Their resonant angular frequencies, 203

output characteristics, load-independent voltages or currents, 204

and zero impedance angle (ZPA) additional conditions are 205

analyzed and listed in Table 2. 206

It can be seen that the conventional S, P, SP, and PS 207

topologies have only one resonance point and constant volt- 208

age characteristics [12]. Moreover, the LC, LCC, CLC, 209

and LLC topologies also have only one resonance point, 210

despite their constant current characteristics [13]. There- 211

fore, these topologies cannot meet the requirements of 212

the system. 213

In this paper, a dual-frequency compensation topology is 214

proposed, as shown in Fig. 6. And it is improved on the 215

basis of the LC topology. By adding a parallel LC branch, 216

the compensation topology is upgraded to IV order, and an 217

additional resonance point is introduced. Its two resonant 218

angular frequencies are represented by Equation (1), where 219
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FIGURE 3. Schematic diagram of the proposed dual-frequency compatible WPT system.

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.

CP1 = CP2 = CP.220 
ω1 =

√
(2LS + LP −

√
L2P + 4L2S)

/
(2LSLPCP)

ω2 =

√
(2LS + LP +

√
L2P + 4L2S)

/
(2LSLPCP)

(1)221

In addition, the topology has constant current character-222

istics at the two resonant frequencies mentioned above, and223

the corresponding load independent current components are224

expressed in Equation (2). The additional ZPA condition is225

consistent with the LC topology.226 {
iT_ω1 = uiv_ω1

/
(jω1LS)

iT_ω2 = uiv_ω2
/
(jω2LS)

(2)227

C. DUAL-FREQUENCY DECOUPLING MODULATION228

METHOD229

According to Equation (2), the two frequency components230

of the transmitter current, iT_ω1 and iT_ω2 , can be inde-231

pendently regulated by adjusting the output voltage of the232

inverter. In this paper, a dual-frequency decoupling mod- 233

ulation method based on sinusoidal pulse width modula- 234

tion (SPWM) is proposed, as shown in Fig. 7. 235

In Fig. 7, the angular frequencies of the modulated wave 236

um and the carrier wave uc are configured as ω1 and ω2, 237

respectively, corresponding to the two resonant angular fre- 238

quencies of the dual-frequency compensation topology. Their 239

amplitudes are Vm and Vc respectively, and the modulation 240

ratio KA is defined as Equation (3). 241

KA =
Vm
Vc

(3) 242

The inverter output voltage then contains two main fre- 243

quency components, uiv_ω1 and uiv_ω2 . The result of its 244

Fourier decomposition can be expressed as Equation (4), 245

where J0 is the Bessel function. 246uiv_ω1 = KAEd cos(ω1t + θ1)

uiv_ω2 =
4Ed
π

J0(
KAπ

2
) cos(ω2t + θ2)

(4) 247
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TABLE 2. Characteristics comparison of compensation topologies.

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.248 
IT_ω1 =

KAEd
√
2ω1LS

IT_ω2 =
2
√
2 Ed

πω2LS
J0(

KAπ
2 )

(5)249

According to Equation (5), the contour lines of iT_ω1 and250

iT_ω2 varying with Ed and KA are shown in Fig. 8.251

In Fig. 8, for each given set of IT_ω1 and IT_ω2, there is a252

unique set of Ed and KA values corresponding to it, i.e., the253

coordinate values where the two contour lines intersect. Take254

point A as an example. When transmitter currents IT_ω1 =255

10.58 A and IT_ω2 = 4.04 A are required, KA = 0.62 and256

Ed = 300 V should be set. If IT_ω2 needs to be 5.10A with257

a constant IT_ω1, KA = 0.52 and Ed = 360 V can be set to258

point B. Similarly, if IT_ω1 needs to be 14.10Awith a constant259

IT_ω2, KA = 0.72 and Ed = 340 V can be set to point C.260

FIGURE 7. Proposed dual-frequency decoupling modulation method.

Therefore, by adjusting the DC bus voltage Ed and mod- 261

ulation ratio KA, independent regulation of IT_ω1 and IT_ω2 262

can be achieved. Therefore, the dual-frequency decoupling 263
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FIGURE 8. Contour lines of IT_ω1 and IT_ω2 varying with Ed and KA.

FIGURE 9. Equivalent circuit of the receiver.

modulation are realized. Since the compensation topology264

has constant current characteristics, there are various feasible265

methods in practical applications, such as off-line calculation,266

table look-up method, closed-loop control, etc.267

D. EQUIVALENT MODEL OF THE RECEIVER268

The equivalent circuit of receiver m (m= 1, 2) at the angular269

frequency ωn (n = 1, 2) is shown in Fig. 9. The definitions270

and expressions of each parameter are shown in Table 3.271

E. DECOUPLING CONDITIONS AND INFLUENCING272

FACTORS273

Based on the equivalent circuit in Fig. 9, the receiver current is274

derived as Equation (6). As a comparison, the fully decoupled275

current should be expressed as Equation (7).276

İR1 = İR1_ω1 + İR1_ω2277

=
U̇R1_ω1 + U̇S1_ω1

ZR1_ω1 + ZS1_ω1 +
U̇R1_ω2+U̇S1_ω2
ZR1_ω2+ZS1_ω2

(6)278

İR1 = İR1_ω1 =
U̇R1_ω1

ZR1_ω1

=
jω1M1 İT_ω1

ZR1_ω1

(7)279

So the decoupling conditions are that US1_ω1, US1_ω2,280

ZS1_ω1, ZS1_ω2 approximate to zero, and ZR1_ω2 tends to281

infinity.282

According to the above decoupling conditions and the283

parameter expressions in Table 3, the decoupling influence284

factors of receivers can be obtained, including the receivers’285

mutual coupling coefficient kS, frequency separation degree286

kf, and the receivers’ quality factors QR1 and QR2. The287

TABLE 3. Parameters, definitions and expressions of the equivalent
circuit.

TABLE 4. Simulated parameters and values.

definitions are expressed as Equation (8) to Equation (11), 288

respectively. 289

kS = MS

/√
LR1LR2 (8) 290

kf = (f2 − f1)
/
f1 (9) 291

QR1 = ω1LR1
/
(rR1 + RR1) (10) 292

QR2 = ω2LR2
/
(rR2 + RR2) (11) 293

III. SIMULATION ANALYSIS 294

In order to analyze the effect of the above factors on the 295

decoupling effect, simulations were performed. The simu- 296

lated parameters and values are shown in Table 4. 297

A. ANALYSIS OF DECOUPLING CHARACTERISTICS 298

The frequency separation degree kf can be changed by adjust- 299

ing f2. Under the conditions of different kS, QR1, and QR2, 300

the output power of receiver 1 PR1 varies with kf, as shown in 301

Fig. 10. 302
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FIGURE 10. Curves of PR1 varying with kf under different (a) kS, (b) QR1and (c) QR2.

From the general trend of the curve in Fig. 10, the output303

power of receiver 1 decreases sharply due to mutual coupling304

as kf increases, then gradually increases and finally stabilizes.305

Therefore, when the frequency separation degree is higher306

than a certain value, the output power of receiver 1 is basi-307

cally not affected by the frequency of receiver 2, and power308

decoupling can be achieved.309

In addition, according to Fig. 10, the smaller the coupling310

coefficient or the larger the quality factor of the two receivers,311

the smaller the power coupling range and the more favorable312

the decoupling of the dual-frequency system.313

B. ANALYSIS OF EFFICACY CHARACTERISTICS314

In order to analyze the efficacy characteristics of the system,315

f1 and f2 were configured as 20 kHz and 20 kHz in the316

single-frequency system, as 20 kHz and 85 kHz in the dual-317

frequency system, respectively. The corresponding frequency318

separation degree kf were equal to 0 and 3.25, and the quality319

factors of the two receivers QR1 and QR2 were taken to320

be 6.04 and 13.08, respectively. The other parameters were321

consistent with Table 4.322

In single-frequency and dual-frequency systems, the varia-323

tion curves of output power of receiver 1PR1, output power of324

receiver 2 PR2, total output power PR and system efficiency325

η with receiver mutual coupling coefficient kS, are shown in326

Fig. 11.327

In the single-frequency system of Fig. 11(a), the out-328

put power of receiver 1, receiver 2, and the whole sys-329

tem decreases significantly as the receiver mutual coupling330

increases, reaching 54.7%, 19.2%, and 42.5% of the original331

output power, respectively. The system efficiency decreases332

from 91.8% to 88.3%.333

In the dual-frequency system of Fig. 11(b), the output334

power of receiver 1, receiver 2 and the whole system does335

not change significantly as the receiver mutual coupling336

increases, varying by 3.2%, 2.5% and 1.3%, respectively. The337

efficiency is higher than that of the single-frequency system.338

It is proved that the dual-frequency system can effectively339

achieve power decoupling and improve the system efficiency.340

In addition, in the single-frequency system, due to the341

mutual inductance of the receiversMS, additional impedance342

ZTR1 and ZTR2 are reflected back to the transmitter, expressed343

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

as Equation (12). 344

ZTR1 = ZTR2 = −j
ω3M1M2MS

(rR1 + RR1)(rR2 + RR2)
(12) 345

According to Equation (14), the reflected impedance is 346

capacitive and proportional toMS. It affects the resonant state 347

of the transmitter, increases the reactive power of the inverter, 348

and reduces its power output capability. These are the disad- 349

vantages of a single-frequency system. In a dual-frequency 350

system, the equivalent reflected impedance is independent 351
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FIGURE 12. Schematic diagram of the proposed dual-frequency compatible WPT system.

TABLE 5. Parameters of the experimental platform.

of each other because the output power of the two receivers352

is decoupled. Therefore, there is no additional reflected353

impedance and no drawbacks as mentioned above.354

IV. PROTOTYPE AND EXPERIMENTAL VERIFICATION355

An experimental platform was built to verify the proposed356

system, shown in Fig. 12, and its parameters are shown in357

Table 5. The input DC bus voltage Ed is realized by an358

adjustable DC power supply, and the modulation ratio KA is359

adjusted in the control program.360

A. VERIFICATION OF IMPEDANCE CHARACTERISTIC OF361

DUAL-FREQUENCY COMPENSATION TOPOLOGY362

The input impedance characteristic curve of the dual-363

frequency compensation topology measured by the364

impedance analyzer in the absence of receivers is shown in365

Fig. 13. There are two extreme points in the curve correspond-366

ing to the two resonance points of the topology. Themeasured367

resonant frequencies are 20.016 kHz and 85.003 kHz, which368

are consistent with the design values.369

B. VERIFICATION OF CONSTANT CURRENT370

CHARACTERISTICS OF DUAL-FREQUENCY371

COMPENSATION TOPOLOGY372

In the absence of receivers, a power resistor was connected373

in series with the transmitter as an equivalent reflected374

impedance Zeq. The DC bus voltage Ed and modulation375

ratio KA were configured to 150 V and 0.8, respectively.376

At different resistor values, the transmitter current was mea-377

sured and decomposed with an oscilloscope to obtain the378

rms values of its components at 20 kHz and 85 kHz.379

Curves of the transmitter current characteristics are shown380

in Fig. 14.381

According to Fig. 14, IT_ω1 and IT_ω2 remain approxi-382

mately constant when the resistance increases. It is proved383

FIGURE 13. Measured input impedance characteristic curve of the
dual-frequency compensation topology.

that this compensation topology has a constant current char- 384

acteristic for the dual-frequency components. It should be 385

noted that the curves decrease slightly as the resistance 386

increases. This is because the output current of the inverter 387

increases, the internal resistance voltage drop of the switches 388

and resonant inductor increases, and the actual input voltage 389

of the resonant topology decreases. 390

C. SYSTEM WAVEFORMS AND DECOUPLING 391

CHARACTERISTICS VERIFICATION 392

The resonant frequencies of the two receivers were config- 393

ured as f1 = 20 kHz and f2 = 85 kHz, the input voltage 394

was configured as Ed = 150 V and the modulation ratio was 395

configured as KA = 0.8. The measured system waveforms 396

are shown in Fig. 15, where channel 1 is the inverter output 397

voltage uiv, channel 3 is the transmitter current iT, channel 2 is 398

the output voltage of receiver 2 uR2 (85 kHz), and channel 4 is 399

the output voltage of receiver 1 uR1 (20 kHz). The waveform 400

of each channel was analyzed with an oscilloscope for fast 401

Fourier transform. And the dual-frequency components of 402

each parameter were measured as Fig. 16. 403

According to the experimental results in Fig. 16 (a), 404

the inverter output voltage uiv contains multiple frequency 405

components through SPWM modulation. By dual-frequency 406

compensation of the proposed topology, the transmitter cur- 407

rent iT contains two main frequency components at 20 kHz 408

and 85 kHz, as shown in Fig. 16 (b). And its other harmonics 409

are largely filtered out. 410

In Fig. 16 (c) and (d), the output voltages of the two 411

receivers change sinusoidally. Each frequency is consistent 412
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FIGURE 14. Curves of the transmitter current characteristics.

FIGURE 15. Waveforms of the dual-frequency WPT system.

FIGURE 16. FFT results of the four channels: (a) uiv(Channel 1),
(b) iT(Channel 3), (c) uR2(Channel 2) and (d) uR1(Channel 4).

with its natural resonant frequency, and the other fre-413

quency component has a small proportion. Therefore, through414

frequency-selective resonance, the decoupling of the output415

power has been realized.416

D. VERIFICATION OF DUAL-FREQUENCY DECOUPLING417

MODULATION METHOD418

TheDC input voltageEd adjustment range was 0 to 300V and419

the modulation ratio KA was 0 to 1. The experimental wave-420

forms of the transmitter current were measured in the full 421

range and their 20 kHz and 85 kHz components were obtained 422

by Fourier decomposition. In addition, the theoretical results 423

were calculated from Equation (5) and the simulation results 424

were derived from the established simulation model. The 425

transmitter current curves are shown in Fig. 17, where the 426

red dots represent the theoretical calculation results, the black 427

lines represent the simulation results, and the colored lines 428

represent the experimental results. It can be seen that the 429

experimental results are consistent with the theoretical cal- 430

culation and simulation analysis. 431

In Fig. 17, the curves of the transmitter current varyingwith 432

modulation ratio KA and DC bus voltage Ed are obtained by 433

taking the plane Ed = 150 V and KA = 0.8, respectively. 434

It can be seen that there is a monotonic relationship between 435

the two frequency current components and a single variable. 436

Taking control objectives IT_ω1 = 10 A and IT_ω2 = 3 437

A as an example, the objective planes are produced in two 438

diagrams and intersect the 3D surfaces at curves l1 and l2, 439

respectively. the intersection of l1 and l2 is the value that 440

achieves the above objective. Since the target parameters vary 441

monotonically with the variables, the control parametersmust 442

have a set of solutions and be unique. 443

Therefore, by adjusting the DC bus voltage and modula- 444

tion ratio, the two frequency components of the transmitter 445

current can be adjusted independently, thus achieving power 446

decoupling control of the receivers. 447

In practical applications, according to Equation (5) and 448

Fig. 17, the adjustment range of the two transmitter current 449

components can be flexibly configured by the input power 450

supply and resonant cavity parameters, for meeting the output 451

power requirements of the two receivers. 452

E. VERIFICATION OF THE SYSTEM’S EFFICACY 453

CHARACTERISTICS 454

The output power and efficiency of the WPT system were 455

analyzed in single-frequency and dual-frequency modes, 456

respectively. (a) Traditional single-frequency system: the fre- 457

quencies of both receiver 1 and receiver 2 were configured to 458

20 kHz. (b) Proposed dual-frequency system: the frequencies 459

of receiver 1 and receiver 2 were configured to 20 kHz and 460

85 kHz, respectively. 461

Considering the regulation range of the two frequency 462

current components, the rated operating point of the system 463

was set to the DC input voltage Ed = 150 V and modulation 464

ratio KA = 0.8. The transmitter current was always 5.684 A 465

@ 20 kHz and 1.700 A @ 85 kHz according to the constant 466

current characteristic of the dual-frequency compensation 467

topology. The same transmitter current was a prerequisite for 468

comparison. 469

The experiments were conducted under receiver 1 only, 470

receiver 2 only, and receiver 1 and receiver 2 conditions, 471

respectively. The output voltages of both receivers were mea- 472

sured, the frequency components were obtained by Fourier 473

decomposition, and the total output power and efficiency of 474
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FIGURE 17. Curves of the transmitter current components varying with Ed and KA: (a) IT_ω1 and (b) IT_ω2.

TABLE 6. Measured efficacy characteristics of the proposed system.

the system were calculated. Thus, six sets of experimental475

results were obtained from ¬ to ± as shown in Table 6.476

According to the experimental results ¬ ∼ ® in Table 6,477

in traditional single-frequency system, the total output power478

changes from (103.29+61.75) W= 165.04 W working inde-479

pendently to 132.34Wworking together, a decrease of 19.8%.480

The system efficiency also changes from 95.9% and 96.2% to 481

90.0%, a decrease of 5.9%∼6.2%. Therefore, the total output 482

power and system efficiency are significantly reduced due to 483

the mutual coupling between receivers. 484

According to the experimental results ¯ ∼ ± in Table 6, 485

in proposed dual-frequency system, the total output power 486
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changes from (98.73+41.51) W = 140.24 W working inde-487

pendently to 139.36W working together, a decrease of only488

0.6%. The system efficiency also changes from 96.8% and489

95.9% to 95.2%, a decrease of only 1.6%∼0.7%. Therefore,490

despite the mutual coupling, the influence between the two491

receivers is minimal. The proposed dual-frequency system492

achieves the decoupling of the two coupled receivers.493

According to the experimental results ® and ±, the pro-494

posed dual-frequency system can improve the system effi-495

ciency by 5.2%when the total output power is basically equal.496

V. CONCLUSION497

In this paper, a dual-frequency compatible WPT system with498

a single transmitter and multiple receivers is proposed. The499

composition and operating principle of the system are ana-500

lyzed. A dual-frequency compensation topology with two501

resonant frequencies is proposed, and the constant current502

characteristics are satisfied at each resonance point. In addi-503

tion, a SPWM dual-frequency modulation method is pro-504

posed to achieve decoupling control of the two transmitter505

current components by adjusting the DC bus voltage and506

modulation ratio, so the power decoupling and independent507

regulation of the receivers are realized.508

Simulation and experimental results show that the total509

output power decreases by 19.8% and the system efficiency510

decreases by 5.9%∼6.2% in the traditional single-frequency511

system due to the mutual coupling. In the dual-frequency512

system proposed in this paper, the total output power513

decreases only 0.6% and the system efficiency decreases only514

1.6%∼0.7%. And on the premise of basically the same output515

power, the dual-frequency system improves the efficiency by516

5.2%. Therefore, the proposed dual-frequency system can517

achieve decoupling of the receivers to avoid output power518

reduction and improve system efficiency.519

The proposed dual-frequency system, can be used in such520

fields as compatibility of different frequency receivers for521

electric vehicle wireless charging systems, power decoupling522

control for multiple loads in kitchen appliances.523
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