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Abstract—Wireless power transfer (WPT) technology is 

a convenient charging method for AGVs without manual 

operation. To satisfy the low voltage and high current re-

quirement for charging AGVs, the dual-receiver WPT sys-

tem is used to improve the current capacity and to decrease 

the current stress in coils and devices. However, the dual-

receiver system suffers from current imbalance or even 

current clamping issues when the coupler misalignment oc-

curs with different mutual inductance on each receiver 

channel. The current imbalance defeats the original pur-

pose of the design and causes receiver overload and device 

overstress. Therefore, this paper presents an accurate 

model to describe the dual receiver currents under coupler 

misalignment. The key factors and reason of the current 

imbalance are studied accordingly and then guide the de-

sign of the coupler and the circuit of the dual-receiver sys-

tem. Moreover, according to the practical demand, a com-

prehensive control strategy is proposed to achieve current 

balance and constant voltage output simultaneously. Fi-

nally, an experimental prototype of 48V/30A is built to val-

idate the proposed method. The experimental results show 

that with the control strategy, the current difference can be 

decreased from 29.31A to 0.26A under various misalign-

ment conditions, while the efficiency increases by 1.8%. 
 

Index Terms—Wireless power transfer (WPT), dual-receiver, 

current balance, hardware PQ decomposition. 

I. INTRODUCTION 

ireless power transfer (WPT) systems have been 

widely used in various fields, such as electric vehicles 

(EVs), automated guided vehicles (AGVs), unmanned aerial 

vehicles (UAVs) [1]-[4], due to their safety, reliability, and 

convenience. In the applications of AGVs, the WPT systems 

can charge the battery of the AGV wirelessly and avoid the risk 

of spark and mechanical fault of the chargers, which is suitable 

for the industrial field. In order to achieve fast charging of 

AGVs, the charging power is relatively large. However, 

because the voltage of the batteries in AGVs is commonly 24V 

or 48V, the receiver current of the WPT charging system is at 

least tens of amperes, which is also called the low-voltage and 

high-current system [5]-[7].  

For the low-voltage and high-current WPT systems, the 

main challenges are the high rating requirement of the switches 

in the rectifier, higher coil losses, and lower system efficiency. 

Besides, the volume of the heat sink in a high-current system 

is also larger. In general, the high-current WPT system requires 

higher cost and volume of components, which is not suitable 

for massive lightweight AGVs. 

In order to decrease the current stress, two kinds of methods 

have been proposed including:1) current-doubler rectifier, and 

2) multi-receiver. In the current-doubler rectifier, the DC out-

put current is twice larger than the receiver coil current, thus 

reducing the AC current stress of the coil and rectifier and re-

sulting in lower losses and higher efficiency [8], [9]. However, 

the current doubler rectifier has a significant increase in weight 

because two independent inductors are used for storing energy. 

Besides, the output characteristics of the current doubler recti-

fier are not suitable for the simplest series-series (S-S) com-

pensated WPT systems. In order to solve this problem, an in-

verse coupled current doubler is proposed to be compatible 

with the S-S WPT system in [10] and [11]. However, the leak-

age inductance of the inverse coupled current doubler causes a 

high voltage ringing of the diode and reduces the stability of 

the system.  

Alternatively, the multi-receiver system is another approach 

to achieve high output current, which has been used for various 

purposes, such as offset immunity, multi-output, and power ca-

pacity enhancement[12]-[18]. For the high-current system, the 

parallel multi-receiver structure has the following advantages. 

Firstly, advanced but expensive components for the single-re-

ceiver system can be replaced by common and cheaper com-

ponents. Secondly, the cost and volume of heat dissipation can 

be decreased. Thirdly, it is easy to combine several receiver 

modules flexibly for specific current/power requirements.  

However, the current imbalance is a common and critical 

issue for the multi-receiver system, which will lead to the cur-

rent increase of one receiver significantly. For example, to ob-

tain a total output power of 2kW, the capacity of each receiver 

will ideally be designed to be 1kW. Considering a margin of 

50%, each receiver can only provide a maximum power of 

1.5kW. If the current imbalance or current clamping occurs, it 

means that one receiver has to provide 1.8kW power or even 

the whole 2kW power, therefore causing significant tempera-

ture rising or even component breakdown. On the other hand, 

because the series resonant topology is used on the receiver 

side, when the current imbalance occurs, the voltage of the res-

onant capacitor also increases which can lead to the 
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overvoltage breakdown of the resonant capacitor. If the current 

imbalance or current clamping is not addressed, the dual-re-

ceiver WPT system will not be able to be applied in practice. 

 In order to address the current imbalance issue of dual-re-

ceiver systems, several methods are proposed to model the im-

balanced receiver circuit and to mitigate the imbalanced cur-

rents [19]-[21]. The most typical current clamping phenome-

non is analyzed in [19] by modeling the clamped rectifier as a 

totally turned-off device, and a method that utilizes the cross-

coupling and detuned receivers is proposed to avoid the current 

clamping. Because only the current clamping condition is 

modeled, the current imbalance is decreased by 55.8% but still 

exists. To further analyze the current imbalance, the rectifier 

and the load of each receiver are modeled as AC resistors with 

equal values in [20]- [21]. This method is applicable only when 

the output current of each receiver is the same and shows the 

trend of current change inaccurately. In general, an accurate 

model for analyzing the current imbalance of multi-receiver 

WPT systems has not been reported yet. 

Moreover, although it is roughly known that the mutual in-

ductance difference is the main reason for the current imbal-

ance in multi-receiver systems, the detailed influence factors 

and the boundary that causes current clamping are not clear yet. 

The variation of the current imbalance with various mutual in-

ductance conditions is also unknown, which makes it difficult 

to design and control the multi-receiver systems for the pur-

pose of totally mitigating the current imbalance.  

Therefore, in this paper, an accurate model to describe the 

current imbalance of a dual-receiver WPT is derived by equat-

ing two receiver circuits with two DC voltages in series with 

equivalent resistors. The key factors that cause the current im-

balance, including the mutual inductance ratio and the equiva-

lent DC voltages, are investigated in detail. According to the 

influence factors derived from the current imbalance model, 

both the system and the control strategy are well-designed to 

mitigate the current imbalance. In order to suppress the mutual 

inductance difference, a coupler with a double-D and quadru-

ple-D pad (DD-QDP) structure is designed. Meanwhile, a cir-

cuit with active rectifiers as well as a comprehensive control 

strategy is proposed to adjust the equivalent DC voltages of the 

two receivers. Finally, a 48V/30A experimental prototype was 

built to validate this method, in which the current difference is 

decreased from 29.31A to 0.26A, while the efficiency is im-

proved by 1.8%. 

The accurate model to describe the current imbalance of the 

dual receiver system is given in Section II. Based on the key 

influence factors of the current imbalance, the coil structure 

and the circuit with active rectifiers are designed in Section III, 

and the corresponding control strategy to achieve accurate cur-

rent balance is proposed in Section IV. Finally, the experi-

ments are carried out in Section V to validate the proposed 

method. 

II. CURRENT IMBALANCE MODEL OF DUAL-RECEIVER 

WPT SYSTEMS WITH TWO PASSIVE RECTIFIERS 
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Fig. 1. Circuit scheme of the dual-receiver WPT system on the secondary side. 

The dual-receiver WPT system with two passive rectifiers is 

shown in Fig. 1. In this system, the receivers are connected in 

parallel to the load. Vdc is the DC input voltage, Vout and Iout are 

the DC output voltage and current, respectively, and RL is the 

resistive load of the system. M1 and M2 are the mutual induct-

ances between the primary and secondary coils, respectively. 

The cross-coupling between the two secondary coils is ne-

glected. LP, LS1, and LS2 are the self-inductances, and RP, RS1, 

and RS2 are the equivalent series resistances (ESRs) of the coils. 

CP, CS1, and CS2 denote the series-resonant capacitors. To com-

pensate the self-inductance of the coils on the primary and sec-

ondary sides, CP, CS1, and CS2 should satisfy: 

 
P P S1 S1 S2 S2

1 1 1

L C L C L C
= = =   (1) 

where  denotes the system angular frequency, and f is 

the operating frequency. In this paper, the fundamental har-

monic approximation (FHA) method is used to analyze the cir-

cuit. 

A. Traditional Model 

M1

M2

CP

LPVP
Channel #1
Channel #2

VS1

CS1

VS2

CS2

RS2

RS1

RP

IP

IS1

IS2

R2

R1LS1

LS2

 
Fig. 2 Phase model of the dual-receiver WPT system 

Fig. 2 shows the traditional phasor model of the dual-re-

ceiver system, in which two equivalent AC resistors are used 

to model the paralleled rectifier and the actual load. According 

to Kirchhoff’s voltage law (KVL), the phasor model can be 

expressed as: 
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The relationship between the load resistor RL and the equiv-

alent ac load resistors R1 and R2 in the two receiver circuits is 

expressed as: 

 
2

1 2 L

1 1

8R R R


+ =  (3) 

However, in order to solve R1 and R2 respectively, the power 

distribution or the mutual inductance between the two receiv-

ers needs to be known first. In the previous literature [19], it is 

assumed that M1=M2. Then R1 and R2 are solved as: 

 1 2 L2

16
R R R


= =  (4) 

And the receiver coil currents are expressed as: 
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According to (5), it can be easily obtained that the output 

current ratio S1 S2/I I  is proportional to the mutual inductance 

ratio 1 2/M M . But this is inconsistent with the actual phenom-

enon under various conditions except for M1≈M2. Thus, it can’t 
explain the current imbalance and current clamping issues, 

which brings complexity and confusion in designing and con-

trolling the dual-receiver system. 

B. Proposed Model 

In order to represent the characters of the dual-receiver sys-

tem more clearly, the current relationship of the two receivers 

is analyzed from the view of DC analysis. Ideally, the reso-

nance frequency in each coil loop and the switching frequency 

should be the same in a WPT system in order to decrease the 

reactive power. Indeed, due to the component error, the differ-

ence among these frequencies may exist. But, the resonant fre-

quency difference between the two resonant tanks is quite 

small which has little effect on current distribution. So, the fre-

quency difference can be ignored here and the receiving cir-

cuits are in resonant condition. It can be easily found that  

is in phase with  and 90 degrees ahead of . Therefore, (2) 

can be simplified by the RMS value as: 

 
( )

P P P 1 S1 2 S2

S P S S     1,2i i i i

V I R M I M I

V M I I R i

= − −
 = − =

 


 (6) 

Based on (6), the DC output voltage of each rectifier can be 

obtained as: 

 ( )2

P f S

eqeq

( 2 )      1,2i i i i i i

R iV i

V M I V R I i  = − − =  (7) 

where Vf is the forward voltage drop of diodes, and 

(2 2)i =  is the voltage gain of the passive rectifier from 

the AC side to the DC side. 

According to (7), a single receiver channel can be equivalent 

to a voltage source Veqi and a series equivalent resistance Reqi 

on the DC side as shown in Fig. 3 (a). Then, the DC equivalent 

circuit of the dual-receiver in parallel is illustrated in Fig. 3 (b). 

The equivalent voltage and internal resistance are expressed as: 
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Fig. 3. (a)Equivalent circuit model of a single receiver; (b) Equivalent circuit 

model of dual-receiver in parallel.  
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By using KVL, the equations of the equivalent DC circuit in 

Fig. 3 (b) can be derived as: 

 
1 L L 11
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 (9) 

 S
2 2

i iI I


=   (10) 

The relationship between the DC output current and the AC 

coil current is shown in (10). By substituting (10) into (9), the 

two-channel receiver coil currents IS1 and IS2 can be solved as: 
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 (11) 

In (11), AD1 and AD2 have the opposite signs, and BD1 and BD2 

have the same signs. When the diode voltage drop is neglected, 

BD1 and BD2 are the same as the result derived from the tradi-

tional phasor model. However, additional components AD1 and 

AD2 are new terms obtained from the DC analysis, which ex-

plains the reason for the current imbalance. For example, when 

M1 is greater than M2, AD1 is positive in IS1, but AD2 is negative 

in IS2, resulting in an increase in IS1 and a decrease in IS2. The 

denominator of AD1 and AD2 contains the ESR of coils (RS1, RS2), 

which are relatively small components. Therefore, even a 

small deviation of the mutual inductance will cause a large var-

iation of AD1 and AD2. Then, a large current will be generated 

Si
V

Si
I PI
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in one receiver, leading to current imbalance or current clamp-

ing. 
TABLE I KEY PARAMETERS FOR THEORETICAL ANALYSIS 

Symbol Quantity Value 

RL 
Equivalent load resistance of 

the battery packs 
1.6 Ω 

RS1/RS2 ESR of LS1/LS2 0.1Ω 

To validate the accuracy of the proposed model, the two re-

ceivers’ coil currents that are obtained from the proposed 

model, the traditional phasor model, and the simulation are 

compared in Fig. 4 under the condition where M1 is fixed at 

17μH and M2 varies from 16μH to 18μH. The results from the 

proposed model are in agreement with the results from the sim-

ulation. But the traditional phasor model has significant errors 

when M1≠M2. Therefore, the proposed model can explain the 

receiver current more accurately. 
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Fig. 4 The result value of coil currents in the phasor model, proposed model, 

and simulation. 

To further analyze the effect of system parameters on the 

current imbalance concisely, the difference between M1 and M2 

is described by: 

 1
k

2

M
M

M
=  (12) 

According to (11) and (12), the ratio of IS1 and IS2 can be 

expressed as 

 
( )
( )
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Sk 2
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I

I R M R




− +
= =

− +
 (13) 

With the parameters listed in TABLE I, the ratio of the two 

currents ISk is plotted with RL varying from 1.6 Ω to 4.8 Ω and 
Rs varying from 0.1 Ω to 0.2 Ω. In Fig. 5, the current is bal-

anced when Mk is 1. As the value of Mk deviates from 1 slightly, 

Ik begins to increase even tens or hundreds of times larger. Ac-

cording to the variation of ISk, it can be concluded that the cur-

rent imbalance is mainly caused by Mk and can be diminished 

by larger Req.  

ISk
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Fig. 5 The operation region of the system 

With the increase of the difference between M1 and M2, one 

receiver current will be clamped to zero due to the diode recti-

fier. According to (13), the current unclamped region of Mk 

can be derived as: 

 
2

L L 1 S1
k2

L 2 S2 L

R R R
M

R R R




+
 

+
  (14) 

When Mk is out of the range expressed in (14), one receiver 

will be clamped, while another receiver will suffer the load 

current Iout solely. As a result, the current clamping occurs and 

the components may be damaged. Therefore, the current clamp 

phenomenon should be avoided when designing the system. 

In summary, according to (8), the mutual inductance differ-

ence leads to the difference between Veq1 and Veq2 , and then the 

current imbalance becomes significant as shown in Fig. 5. As 

a result, local overheating or even component damage may oc-

cur. If the Veq can be adjusted, the current imbalance problem 

can be addressed. 

III. PROPOSED DUAL-RECEIVER WPT SYSTEM 

According to the analysis in the previous section, it can be 

found that the key factors to generate the current imbalance are 

the mutual inductance ratio Mk and the equivalent resistance 

Req. Therefore, this section will design the coupler and the cir-

cuit of the dual-receiver system considering the two important 

factors to suppress the current imbalance. 

A. Coil design 

According to (13), in order to keep the currents of the two 

receiving coils identical, Mk should be close to 1 as much as 

possible. Furthermore, for the coil structure used in the AGV 

scenario, the change of two mutual inductances M1 and M2 un-

der both X-axis and Y-axis misalignment should be the same, 

which means Mk≈1. 
Currently, the common dual receiver coil structure includes 

bipolar pad (BP) [22] and [23], double-D quadrature (DDQ) 

[24]. For the DDQ coil structure, it is difficult to realize the 

same coupling coefficient due to the asymmetric structure. For 

the BP coil structure despite having a symmetrical coil struc-

ture, the coupling coefficient varies asynchronously under X-

axis misalignment. Therefore, these two coil structures are not 

available to address the current imbalance problems. 

To satisfy the requirements, a double-D (DD) coil is used as 

the transmitter, while a quadruple-D pad (QDP) [25] is used as 

the receiver, as shown in Fig. 6. Ferrite cores are placed on 

both the transmitter and receivers to improve the coupling abil-

ity. For the QDP, the direction of the adjacent coil current is 

set to be opposite to decouple the two coils. To further illus-

trate the decoupling characteristics, the magnetic flux induced 

by the QDP is plotted specifically in Fig. 7. Since the magnetic 

flux induced by LS1 (LS2) is symmetrical in space, the amount 

of the magnetic flux flowing into LS2 (LS1) equals to that flow-

ing out of it. Therefore, the magnetic flux generated by every 

receiver is zero, and the mutual inductance between them can 

be regarded as zero.  
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Fig. 6. Structure of the proposed DD-QDP coupler. 
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Fig. 7. Variations of mutual inductances under misalignment in (a) x-axis, (b) 

y-axis, (c)rotation. 

The finite element simulation and the experimental meas-

urement are used to validate the variation of the mutual induct-

ance between the transmitter and receiver under misalignment 

conditions as shown in Fig. 7. In Fig. 7 (a) and (b), it is obvious 

that the variation trends of M1 and M2 are nearly the same, 

which indicates that the value of Mk is approximately equal to 

1. Therefore, the current imbalance will be relieved when the 

x-axis or y-axis misalignment occurs. However, when the cou-

pler is rotated, as shown in Fig. 7 (c), it will cause a large mu-

tual inductance difference. The value of Mk can be up to 2 and 

the problem of current imbalance or even current clamping will 

happen. In order to overcome this problem, an average current 

control method that adjusts Veqi to suppress the deviation of Mk 

will be proposed in the next section. 

B. Circuit design 

When the current imbalance is generated by mutual induct-

ance errors, coil rotation, or other problems, active current con-

trol is required. This receiver circuit should be capable of mod-

ifying the equivalent voltage Veq and increasing the equivalent 

resistance Req to suppress the influence of varied Mk. The com-

mon approaches include the use of DC-DC modules or active 

rectifiers. When using DC-DC, it increases the size and weight 

of the receiver due to the extra inductors and devices. On the 

contrary, replacing the passive rectifier with an active rectifier 

has less impact on the overall size which is beneficial for 

AGVs. Therefore, two active rectifier bridges are adopted to 

achieve the current balance in the dual-receiver WPT system 

as shown in Fig. 8. 
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Fig. 8. Proposed circuit scheme of the dual-receiver WPT system 

Fig. 9 shows the operation waveforms of the two active rec-

tifiers. α1 and α2 are the pulse-width of the dual active receivers, 

and γ is the angle between the primary side and secondary side. 

φinv, φrec1, and φrec2 are the phase angles between the voltage 

and current of the inverter and two rectifiers respectively.  It 

should be noted that the angle γ would be generated by ZVS or 

the detuned system. It is considered here to increase the adapt-

ability of this model. 

The analysis method of the active rectifier bridge is similar 

to that of the passive rectifier bridge. But the expressions of 

the equivalent parameters Veq and Req are changed to [30]: 

 

( )

eq P

2
2 2

eq S DS(on)

csc
22 2

csc csc 2
8 2 2

i
i i

i
i i

V M I

R R R

  

  

 =

 = +

 (15) 

where the RDS(on) represents the conductive resistance of the 

MOSFET. 

 

vP, iP
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Fig. 9. Waveforms of primary and secondary voltage and current under phase 

shift control. 

In (15), it can be seen that the pulse-width  can change the 

equivalent voltage Veqi and equivalent resistance Reqi, while γ 

affects the equivalent resistance Reqi. In addition, compared 

with a nearly constant voltage drop of the diode, the resistive 

voltage drop of the MOSFET can increase the Req, contributing 

to suppressing the current imbalance.  

With the control of the active rectifiers, the current ratio of 

the two receivers can be expressed as: 
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  (16) 

According to (16), IS1/IS2 as a function of sin(α1/2) and 

sin(α2/2) are plotted in Fig. 10 when RL=1.6 Ω and Mk varies 

from 1.0 to 1.2. The black lines mean the relationship between 

α1 and α2 when ISk=1. Thus, if the mutual inductance ratio Mk 

changes from 1 to 1.2, the balanced current of the two receivers 

can be achieved by adjusting 1 and 2 properly. When the AC 

currents are identical, the ratio of the DC currents Ik can be 

obtained as:  

 1 1

2 2

sin( 2)

sin( 2)
k

I
I

I




= =  (17) 

Although Ik is related to α1 and α2, the difference between α1 

and α2 is not large when ISk=1 as shown in Fig.10. Thus, the 

difference of the DC currents of the two rectifiers are not sig-

nificant. Besides, the DC side is connected in parallel with con-

ductors whose resistances are very small compared to the coil 

resistances. Therefore, the influence of the DC current imbal-

ance is small. 

Meanwhile, the output voltage with respect to 1 and 2 is 

expressed as: 

 1 2
o S1 L S2 L

2 2 2 2
sin( )sin( ) sin( )sin( )

2 2 2 2
V I R I R

   
 

= +  (18) 

According to (18), there are many combinations of (α1, α2) 

to achieve fixed output voltage. Therefore, the optimal (α1, α2) 

for constant voltage output and balanced currents can be ob-

tained by solving the two equations: 
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 (19) 

IV. CONTROL STRATEGY  

According to (19), the current balance and constant output 

voltage/current can be achieved by controlling α1, and α2. In 

this section, a detailed control strategy will be given, consider-

ing the synchronization and ZVS condition of the active recti-

fier to increase the feasibility and integrity of the system as 

much as possible. 

A. Synchronous control 

In the proposed system, two independent digital signal pro-

cessors (DSP) are used to generate the drive signals to control 

the on-off state of the MOSFETs on the primary side and sec-

ondary side, respectively. Therefore, the two PWM signals 

need to be synchronized to ensure the stability of the system. 

The hardware PQ decomposition method is utilized to achieve 

synchronization, in which the instant active and reactive power 

of the active rectifier is measured [26]-[28]. By controlling the 

reactive component generated by the PQ decomposition 
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Fig. 10. IS1/IS2 as a function of sin(α1/2) and sin(α2/2) when RL=1.6 Ω, (a) with Mk=1.0; (b) with Mk =1.05, (c) with Mk =1.2. 
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Fig. 11. Control strategy diagram of the proposed system. 
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method to be zero or a constant value, the active rectifiers 

achieve synchronization with the induced voltages and the pri-

mary side. 

B. ZVS control 

Because the WPT system operates at high frequency, the 

switching losses are a key factor to affect the efficiency. In this 

paper, the phase difference γ between the primary side and the 

secondary side is adjusted to achieve the ZVS operation of the 

active rectifiers. According to [29] and [30], to achieve ZVS 

operation in the inverter, the phase of iP shown in Fig. 9 should 

lag behind vP. On the secondary side, the current iS should lead 

the voltage vS. Therefore, φinv, φrec1, and φrec2 should satisfy the 

following condition to ensure ZVS operation of the rectifier: 

 1
1

2
2

0

2

2

inv

rec

rec


 


− 

 −




 

 

 (20) 

To ensure the ZVS of all the switches, the phase angle γ 
should be as small as possible. Thus, the value of γ can be cal-

culated by: 

 1 2min ,
2 2

   = − 
 

 (21) 

where δ represents the margin to achieve ZVS and is set to be 

5º in this paper. 

As a result, the value of reactive power component Q0
* for 

synchronization should be: 

 
*

0 S

2
cos( )

2
Q UI =  (22) 

When (22) is satisfied, ZVS is achieved and the phase lock-

ing is realized at the same time. 

C. Three control loops 

The whole control strategy diagram of the proposed dual-

receiver WPT system is shown in Fig. 11. Three control goals 

including the current balance, constant voltage output, and 

ZVS is achieved by controlling α1, α2, and f. This control strat-

egy is composed of three control loops. The combination of α1 

and α2 is generated by the current balance controller and the 

constant voltage controller simultaneously. As analyzed in Fig. 

10, both α1 and α2 have a monotonic effect on the current ratio. 

Thus, in order to avoid the situation where a certain conduction 

angle is quite small, a main control angle between α1 and α2 

needs to be chosen. The main control angle is determined by 

the value of IS1 and IS2 during the system start-up. For example, 

if IS1>IS2, then α1 is selected to be the variable in the constant-

voltage control loop. Then α2 is varied to control the current 

ratio to be one. After the values of α1 and α2 are determined by 

both the current balance controller and constant voltage con-

troller, the phase angle γ can be calculated according to (21). 

Finally, the reference value *

0Q  for the synchronization and the 

ZVS condition are generated based on (22).  

V. EXPERIMENTAL RESULTS 

A. Prototype Setup 

To validate the proposed modeling method and the control 

strategy, an experimental WPT system based on a dual receiver 

coil was built as shown in Fig. 13. Two DSPs (TMS320F28335) 

are chosen as the controllers on the transmitter and receiver 

sides respectively. The MOSFETs (C2M0080120D, 80mΩ) 

and (IXFX420N10T, 2.6mΩ) are used for high voltage in the 

inverter, and low Rds(on) in the rectifier respectively. Two PQ 

decomposition circuits are used to produce the reference signal 

of the dual receivers. To simulate the scenario of low voltage 

and high current charging, the rated output voltage and current 

of the system are set to be 48 V and 30 A, respectively. The 

experimental parameters are shown in TABLE Ⅱ 

TABLE Ⅱ 

EXPERIMENTAL PARAMETERS 

Symb. Val. Symb. Val. 

Vdc 400V Vout 48V 

Iout 30A RP 776.7mΩ 

LP 597.4uH CP 5.86nF 

RS1 25.71mΩ RS2 25.78mΩ 

LS1 12.57uH CS1 278.9nF 

LS2 12.61uH CS2 278.0nF 

S1-S4 C2M0080120D k 0.19 

S5-S12 IXFX420N10T f 85kHz 

B. Experiment Result 

Fig. 14 shows the waveforms of Q0, Vout, VS1, and IP before 

and after synchronization. When the system is not in the 
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Fig. 12 Waveforms of currents before and after average current control 
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synchronized state, its output shows periodic fluctuations. 

When synchronized, the system has a stable output.  

The AC voltage and current waveforms of the receivers un-

der aligned, axial offset, and plane offset conditions, are shown 

in Fig. 12. TABLE Ⅲ lists the mutual inductance parameters 

and the offset condition in each case. Without control, the cur-

rent difference between the dual receivers is 0.32A, 12.23A, 

and 29.31A respectively. This verifies that the system has a 

large current difference even with a small mutual inductance 

difference. When the system is under plane offset, the current 

clamp happens when IS1 is almost zero and IS2 provides all the 

current to the load. By applying the proposed control method, 

the current differences are 0.16A, 0.26A, and 0.28A, respec-

tively. It proves that the control strategy based on hardware PQ 

decomposition can effectively solve the current imbalance and 

current clamp problem. Fig. 15 shows the result of constant 

voltage control of the system. When the load RL is switched 

from 1.6 Ω to 4.8 Ω, the system can achieve constant voltage 

output, and the dynamic response is 70ms.  

The transient switching waveforms and driving signals of 

the MOSFETs S8 and S12 in the two active rectifiers are shown 

in Fig. 16, which indicates that the ZVS is achieved in both 

rectifiers. 

 
Fig. 13 Experimental setup. 

Q0[1V/ div]

Vout[50A/ div]
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Fig. 14 Waveform of the system before and after synchronization. 

TABLE Ⅲ 

THE VALUE OF MUTUAL INDUCTANCE IN EACH CASE 

Parameters Aligned Axial offset Plane offset 

(X, Y, R) 
(0mm, 0mm, 

0°) 

(30mm, 0mm, 

0°) 

(30mm ,0mm, 

20°) 

M1 18.4uH 17.4uH 17.2uH 

M2 18.4uH 17.0uH 14.8uH 

 In Fig. 17, the current difference and system efficiency with 

and without the proposed control method is summarized and 

compared under three conditions. With the proposed method, 

the current difference can be controlled to be zero while the 

efficiency is always higher than that without the control. When 

the offset and Mk become larger, the system efficiency has 

more significant improvement and is close to the value under 

the aligned condition.  
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Fig. 15 Constant voltage control waveform of RL from 1.6 Ω to 4.8 Ω. 
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Fig. 16 ZVS waveform on the receiving side of S8(S12). 
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Fig. 17 Current difference and efficiency in Aligned, Axial offset, and Plane 

offset. 

-40

-20
0

20

40 IS1=18.12A

IS2=18.25A
Time (S)

I S
1
/I

S
2
 (

A
)

(f)  

-40

-20
0

20

40

IS2=15.77A

IS1=25.34A

Time (S)

I S
1
/I

S
2
 (

A
)

(e)  

-40

-20
0

20

40
IS1=29.24A

IS2=12.2A
Time (S)

I S
1
/I

S
2
 (

A
)

(d)  

-40

-20
0

20

40 IS1=17.05A

IS2=17.03A

Time (S)

I S
1
/I

S
2
 (

A
)

(c)  

-40

-20
0

20

40

IS2=19.06A

IS1=19.85A

Time (S)

I S
1
/I

S
2
 (

A
)

(b)  

-40

-20
0

20

40 IS1=20.3A

IS2=18.12A

Time (S)

I S
1
/I

S
2
 (

A
)

(a)  

 
Fig. 18 Current waveforms of different current balance methods at different 

offsets. (a) DRT under axial offset, (b) NCL under axial offset, (c) Proposed 

method under axial offset. (d) DRT under plane offset, (e)NCL under plane 

offset, (f) Proposed method under plane offset. 
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C. Methods Comparison 

The main methods for current balancing include adding 

combination of detuned resonant tank (DRT) and cross-cou-

pling [21] and negative coupling inductance (NCL) [19] [20]. 

To compare with these methods, the same mutual inductance 

differences are used for the comparison of the current balance 

effect under axial offset (M1=17.4μH M2=17μH), and plane 

offset (M1=17.2μH, M2=14.8μH) condition. Fig. 18 shows the 

simulation results of these two current balance methods and 

the proposed method.  

In Fig. 18, it can be seen that when the axial offset occurs 

and the mutual inductance difference is small, the maximum 

current difference of all methods is not above 2A. But when 

the mutual inductance difference becomes larger under plane 

offset, the current difference of the proposed method is only 

0.13 A, while the current difference of the other two methods 

is 17.04A and 9.57A respectively. Thus, as the mutual induct-

ance difference increases, the advantage of the proposed 

method is demonstrated. The comparison results are summa-

rized in TABLE Ⅳ. 

TABLE Ⅳ 

COMPARISON OF CURRENT BALANCE METHODS 

Reference 
Year 

Method 
Axial 

offset 

Plane 

offset 

CV 

Output 

[19] 2022 DRT 2.18A 17.04A No 

[20] 2021 NCL 0.79A 9.57A No 

This paper - Active rectifier 0.02A 0.13A Yes 

D. Loss Discussion 

To explore the potential for more substantial efficiency en-

hancements, further analysis is necessary. The system loss dis-

tribution without and with the proposed current balance 

method is shown in Fig.19. When the mutual inductance dif-

ference is large under plane offset, the power losses of the sec-

ondary-side are decreased by 45% from 42.5W to 24.3W. The 

changes of the other losses are not significant after the current 

balance. Therefore, the reason why the system efficiency is im-

proved is that the receivers’ losses are reduced with the current 

balance. To further improve the efficiency, impedance match-

ing, partial power modulation, and other methods can be inves-

tigated in the future. 

VI. CONCLUSION 

In this article, an accurate model for analyzing the current 

imbalance and current clamping of the dual-receiver WPT sys-

tem is presented. The two factors Mk and λ that cause current 

clamping are found accordingly. Then, the QDP coil structure 

is used to reduce Mk under coil misalignment, and two active 

rectifiers are used to adjust λ, thus achieving the effect of 
equalizing the current. A control strategy based on hardware 

PQ decomposition is used to achieve current balance and con-

stant voltage outputs. Finally, a 48V-30A dual-receiver proto-

type was built to validate the control strategy. The experi-

mental results show that the current balancing and constant 

current output can be achieved, and the current difference be-

tween the dual receivers is decreased from 29.31A to 0.26A, 

while the efficiency is improved by 1.8%.  
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