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Abstract-. In dynamic wireless charging application for electric 

vehicles, multi-receiver inductive power transfer (IPT) systems 

hold enormous potential. However, the couplings and the 

charging rates are significantly different between vehicles and 

varies randomly, which causes the systems’ efficiency deviate 

from their optimal state. This paper presents an analytical model 

for solving the optimal control variables, which considers 

arbitrary loads and couplings. Based on the proposed model, 

with further considering coupling and load restriction, the 

feasible  regulation trajectories of primary inverter and 

secondary active rectifier phases are derived. Besides, a 

maximum efficiency point tracking (MEPT) control strategy are 

designed for achieving selective power distribution and constant 

current output characteristics simultaneously. Finally, an IPT 

experiment with dual loads is designed and carried out. The 

experimental results show that the ideal power distribution can 

be maintained for each receiver under load voltage, demand 

current and coupling variations, furthermore, the efficiency of 

the proposed system can be improved by 3% to a maximum of 

89.13% compared to the system without MEPT. 

 

Index Terms- Inductive power transfer, multiple receivers, 

power distribution, maximum efficiency point tracking. 

 

I.  INTRODUCTION 

Inductive Power Transfer (IPT) has made great strides in 

the last decade and is receiving widely increased attention in 

both industry and academia[1]. By transferring energy from 

the transmitter (TX) to the receiver (RX) via electromagnetic 

fields without the need for electrical contact, IPT offers the 

advantages of safety, convenience and flexibility. Due to its 

superior characteristics, it has been successfully applied in 

medical devices[2], consumer electronics[3], drones[4], 

wireless motors[5], wireless lighting[6], electric vehicles [7-

8]and so on. 

Charging multiple RXs at the same time using one TX is 

another unique advantage of IPT systems and, with the 

development of IPT technology, the demand for single-TX 

coupled with multiple-RXs (TX-RXs) IPT systems is growing 

rapidly[9-10]. In this regard, the need for differentiated IPT 

output is increasingly prominent, as devices in the TX-RXs 

IPT system often operate with different load characteristics 

and power levels. For example, to W-class consumer 

electronics, the charging board needs to cover devices such as 

mobile phones, computers and watches, whereas there are 

variations in the power consumption of individual appliances 

that require different charging power allocations[11]. For kW-

class electric vehicles (EV), a section of the charging coil can 

simultaneously charge multiple vehicles as shown in Fig. 1, 

which has potential for applications in static charging[12,13], 

semi-dynamic charging at intersections[14, 15], and dynamic 

charging[16]. While using IPT to charge EVs, there are two 

key points to consider: 1) Due to driving or parking tolerances, 

the coupling of each vehicle may vary, which impacts the 

stability of the charging power[17,18,19] 2) As the battery and 

charging requirements of vehicles are differentiated, it is 

essential that the system can satisfy power distribution 

requirements[20,21]. Therefore, for the purpose of improving 

the power stability and suitability of the TX-RXs system in 

EVs charging scenarios, the coupling variation and power 

distribution should to be considered simultaneously. 

In order to achieve differentiated output requirements, 

abundant research have been carried out, focusing on couplers, 

compensation topology and control strategies. A comparative 

study of the power transfer characteristics between coupled 

coils is carried out by[22], revealing the principle of magnetic 

field transfer between rectangular coils and DD coils, whereby 

the differentiated output of the system can be achieved by 

combining coils of different configurations[23]. In terms of 

compensation topology, the main objective is to achieve load-

independent output and non-interference of the individual RXs 

outputs. SS topology provides a load-independent constant 

current output in single TX to single RX scenario, but it fails 

to decouple the current between individual loads in multi RXs 

application, mainly due to the fact that for SS topology the 

current in the TX coil is subject to load variations[24]. In 

 
Fig. 1. Application of IPT system to charge multiple EVs. 
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contrast, the LCC topology is known for its clamped TX coil 

currents, moreover, the LCC-LCC compensation network with 

both sides LCC not only guarantees load-independent rectifier 

input currents, but also provides a higher degree of design 

freedom, making it suitable for TX-RXs applications[25].  

A well-performing IPT system not only relies on an 

excellent passive circuit design, but also depends on the 

control strategy to meet the power distribution requirements. 

In this regards, multi-frequency modulation, time-division 

multiplexing and impedance matching are mainly adapted to 

realize the power distribution of RXs. By setting different 

resonant frequencies for the RXs, power distribution can be 

achieved by selectively transferring power to the target load 

through frequency regulation[26,27]. However, in the case of 

multi-frequency modulation, the impedances between multiple 

RXs may interact with each other. This undesirable 

phenomena can be severe, leading to uncontrollable power 

distribution [10]. Time-division multiplexing, on the other 

hand, refers to splitting the power supply to different loads 

over several times, thus allowing the system to be simplified 

to a single-to-single control system. Optimal efficiency and 

power distribution can then be achieved using single-to-single 

control strategy[28], but time-division multiplexing increases 

the power transmission delay and requires additional control 

circuitry to select the operational RX[29]. In addition, the 

power distribution between RXs can be effectively adjusted by 

impedance matching, specifically by adding DC-DC 

converters[30] or capacitor arrays[31], obviously, adding 

additional components increases the circuit complexity and 

cause large volume. Similarly, in [32] power distribution and 

efficiency optimization are simultaneously achieved by 

cascade DC-DC converter both in transmitter and receivers. 

However, it still increases complexity and size in receiver 

which is not attractive in EV charging, an optimal control 

scheme should take proper account of the available system 

components. In contrast, the use of controlled rectifier for 

impedance matching and power distribution is a more 

attractive choice. The power distribution between the 

individual loads has been achieved by modifying the rectifier 

at the RXs side[33,34]. Besides, by replacing the uncontrolled 

rectifier on the receiver with an active bridge, the power 

distribution can also be achieved[35]. However, the 

aforementioned works neglect the coupling and load voltage 

differences, and ignoring these differences can lead to 

misallocation in power distribution.  

Furthermore, in the case of the TX-RXs charging 

environment, the MEPT method is essential to improve the 

efficiency of the overall system. The basic principle of the 

regulation methods is to optimize the current in the resonant 

cavity by adjusting the control parameters, therefore to 

attenuate the losses in the system[36-39]. Accordingly, MEPT 

is usually implemented in TX-RXs systems by setting the 

optimum load value[40], adjusting the system operating 

frequency[26] and regulating the system input voltage[41]. 

However, currently implemented MEPTs are mainly focus on 

specific coupling or identical load states, whereas in real  

scenarios such as EVs charging the coupling and load of RXs 

tend to vary randomly, hence it is necessary to carry out 

further analysis and research on MEPTs for multiple RXs 

systems. 

Briefly, in TX-RXs systems with varying charging 

requirements and different coupling states, there is an urgent 

need to address the issues of selective power allocation, load-

independent output characteristics and MEPT. The scenario 

for this paper is derived from a mini-EV project which 

required the supply of power to two separate loads with 

varying output characteristics. Firstly, a modular equivalent 

circuit for a TX to dual RXs is derived and output 

characteristics of the circuit are analyzed, followed by a 

system loss model revealing the correlation between AC input 

voltage and maximum efficiency. Finally, a detailed 

experimental test of the MEPT method is carried out, the main 

contributions of this paper are summarized as follows. 

1) For multi-RX IPT systems, an analysis model based on 

dual active bridge is presented, which can realize 

differentiated constant current output and efficiency 

optimization simultaneously under varying loads and coupling.  

2) Based on the proposed model, the transmitter regulation 

trajectory for maximizing system efficiency is further 

addressed by considering the coupling of AC input voltages 

and load state constraints. Moreover, a dual-side charging 

MEPT strategy based on the perturbation observation method 

is introduced, where the phase of the active rectifier is 

adjusted independently to achieve output regulation, and the 

phase of the inverter is adjusted with the objective of 

minimizing the input DC current to achieve MEPT.  

The remainder of this paper is organized as follows. System 

modelling and analysis is developed in Section II, whereas the 

analysis of the MEPT method is discussed in Section III. 

Section IV develops the model and verifies the feasibility of 

the theoretical analysis. Finally, Section V concludes the paper. 

 

II. THEORETICAL ANALYSIS 

A. System structure 

The LCC-LCC compensated IPT system with active 

rectifiers is shown in Fig. 2. Due to the need to maintain a 

Fig. 2. Schematic diagram of a dynamic system with dual receivers 
employing an LCC-LCC compensation 
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safety distance between vehicles, there is no cross-coupling 

between the two RXs. On the transmitter side, V1 is the DC 

input voltage, and a full bridge consist of MOSFETs S1-S4 is 

used to generate AC input voltage. An LCC compensation 

network consists of Lf1, Cf1, C1 are adopt to generate a constant 

current in the transmitter coil L1. On the receiver side, V2 and 

V3 represent the dc output voltage, the structure of the two 

RXs is identical, with the same LCC compensation networks 

(Lf2, Cf2, C2, Lf3, Cf3, C3) and controlled rectifier (Q21-Q24, Q31-

Q34). However, the two RXs are completely decoupled, with 

independent charging current requirements (I2DC, I3DC) and 

different mutual inductance (M12, M13). Moreover, R1, R2, R3 

indicate the Equivalent Series Resistances (ESRs) of each loop, 

Rf1, Rf2, Rf3 represents the sum of the equivalent series 

resistance (ESR) of each circuit and the on-resistance of the 

two MOSFETs.  
For ease of analysis, the fundamental harmonic 

approximation is used because of its sufficient accuracy where 

all the higher harmonics are negligible. The simplified 

equivalent circuit is shown in Fig. 3, where UAB, Uab2 and Uab3 

represent the RMS values of U
 •

AB, U
 •

ab2 and U
 •

ab3, and the 

current is represented in a similar way.  

B. Circuit analysis of the resonant network 

To ensure the system works at a resonance mode, the 

component parameters of the LCC-LCC compensation 

network should satisfy the following principles: 
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On the basis of Kirchhoff's voltage law (KVL) and 

superposition theory applied in [42], while ignoring the 

system’s ESRs, the single-to-dual LCC-LCC compensation 

topology can be mathematically described as 
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where, ω=2πf is the angular frequency of the system. 

According to (2), the current in each loop can be derived as  
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Since U
•

ab2 and U
•

ab3 are passive voltages generated by the 

active rectifier, U
•

ab2 and U
•

ab3 should in phase with I
•

Lf2 and I
•

Lf3. 

Therefore, the output power of the system can be obtained as 
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(4) 

Considering the power loss caused by ESRs in each loop, 

the efficiency of the system can be derived as 
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The coupling and AC voltage of both RXs are independent 

of each other and can be represented by  

                       
2 12
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It can be assumed that both RXs have the same length of 

wire for the inductor and compensating inductor and therefore 

can be treated as having the same internal resistance in their 

circuits, as follows 

                       
2 3 2 3, f fR R R R= =  (7) 

By combining (3), (5), (6) and (7), the system efficiency can 

be simplified as 

 
Fig 3. Equivalent circuit of a dynamic system with dual RXs employing 

an LCC-LCC compensation 

 
Fig 4. Key-waveforms of the inverter and active rectifiers 
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   As evident from (8), when Uab2 is independent of UAB, then 

the system efficiency is dependent on the input voltage UAB 

and there is an optimal voltage value that maximizes the 

system efficiency. By setting the derivative of η with respect 

to U
 

AB  to zero, the optimal input AC voltage UAB can be 

obtained as  
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C. Efficiency optimization with controlled rectifiers 

In this paper, controlled rectifiers are used for output 

regulation due to the effective reduction in system volum. Fig. 

4 illustrates the main waveforms of the IPT system with 

controlled rectifiers applied at the receiver side. Here, the 

Phase Shift (PS) modulation method is used to regulate the 

output current (I2DC, I3DC), and the DC current and voltage of 

the rectifiers can be expressed as 
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By combining (10) and (4), the AC voltage at the two RXs 

can be obtained as 
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It should be noted that Uab2 is correlated with UAB when a 

active rectifier is used to control the output, so solving for the 

efficiency would require reformulating (5). Assuming that the 

ratio of the battery voltage and current requirement at the RX 

side is 
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Incorporating (11) with (12), the AC voltage relationship 

between the two RXs can be rewritten as 
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By combining (3), (5), (6), and (13), the system efficiency 

can be further simplified as 
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By setting the derivative of η with respect to U
2 

AB  to zero, the 

optimal input AC voltage UAB can be derived as  
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 (15) 

In order to make the above analysis more intuitive, an 

example of single-to-dual system is designed based on the 

compensation relation of  (10) with parameters tabulated  in 

Table I. The efficiency of the system for different output 

voltage ratios α, output current ratios γ and mutual inductance 

    
(a)                                                      (b)                                                             (c) 

Fig 5. The trend surface of the efficiency with UAB and α,γ and ε (a) UAB with α (V3=100V,I3DC=10A, M13=28μH, γ=1 and ε=1 ); (b) UAB with γ  (V3=90V,I3DC =9A, 

M13=28μH, α=1 and ε=1 ); (c) UAB with ε  (V3=80V,I3DC =8A, M13=23.3μH, α=1.1 and γ=0.9 ). 

TABLE Ⅰ 

SYSTEM SPECIFICATION AND PARAMETER VALUES 

Symb Val Symb Val Symb Val 
f 85kHz Cf1 116.16 nF R1 1000mΩ 

L1 230µH Cf2 232.33 nF RL2 360mΩ 
L2 106µH Cf3 232.33 nF RL3 360mΩ 

L3 106µH UAB 100-180 V Rf1 102mΩ 

Lf1 30.18µH V2 80-120 V Rf2 72mΩ 

Lf2 15.09µH V3 80-120 V Rf3 72mΩ 

Lf3 15.09µH M12 14-28 µH α 0.67-1.5 

C1 17.54nF M13 14-28 µH γ 0.45-2.2 

C2 38.56 nF I2DC 5-11 A ε 0.5-2 

C3 38.56 nF I3DC 5-11 A   
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ratio ε with different input voltages UAB is shown in Fig. 5.  

It can be clearly observed that the change of input voltage 

has a significant effect on the system efficiency, which is  a 

convex function of the input voltage as described by (14). 

Therefore, there is a corresponding optimal input voltage for 

various α, γ as well as ε , where the system efficiency can be 

maximized.  
 

Ⅲ. The PROPOSED MEPT METHOD WITH DUAL-SIDE 

CONTROL  

In this section, the dual side control scheme of the proposed 

MEPT method is analyzed in detail. A closed loop control 

diagram is depicted in Fig. 6. On the TX side, a maximum 

efficiency point is tracked by measuring the system input DC 

current using a perturbation observation (PO) algorithm. On 

the RX side, the conduction angles (β2, β3) of the active 

rectifiers are altered according to the different charging current 

requirements.  

A. Receiver side control for required output 

The main control goal is to provide the required power 

according to the charging state of the vehicle battery. 

Meanwhile, the output current demand (I2DC-D, I3DC-D), battery 

voltage (V2, V3) and mutual inductance (M12, M13) should all 

be fed back via Bluetooth to the transmitter side to calculate 

the optimum UAB. In addition, the communication rates 

required for the above three signals in the control loop are not 

of primary concern, as the battery voltage, current demand and 

mutual inductance during charging do not suffer from drastic 

variations. 

The phases of ILf2 and ILf3 are captured by zero crossing 

detection. With the assistance of zero crossing detection, the 

synchronization of the control signals of (Q21-Q24, Q31-Q34) are 

ensured, enabling the control of the conduction angles (β2, β3). 

Moreover, the values of β2, β3 can be adjusted by a PI 

regulator to achieve a specific output current.  

In addition, during the PI progress, the regulated values (β2, 

β3) can be further used to estimate the mutual inductance. 

Combining (3) and (10), the values of M12 and M13 can be 

obtained as 
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B. Transmitter side control for MEPT 

Based on the description in Section Ⅱ, the input voltage UAB 

needs to be regulated in order to achieve the maximum 

efficiency point tracking. In this paper, UAB is modulated by 

phase shift modulation as depicted in Fig.3.  

The relationship between the output voltage UAB and the 

output voltage of the H-bridge, V1 can be expressed as 

                       

1 1

2 2
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Combining (17) and (15), the optimal conduction angle of 

the inverter can be given by 
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Equation (18) provides the proposed theoretical basis for 

the MEPT method. During the charging process, when β1 

reaches β1opt, the minimum I1DC is obtained and the individual 

receiver coil charging current reaches the target value. 

However, it is worth noting that UAB-opt is not available in all 

cases. This is because the coupling at the RX side and the 

requirement current constrains the minimum input voltage. 

Combing (3) and (10), the minimum input voltage required for 

the two RXs (UAB-2min, UAB-3min) respectively can be obtained as:  
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2 min 3min

12 13
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Accordingly, the maximum feasible input voltage for 

maximum efficiency (UAB-fme) can be obtained as shown in the 

followed: 

                       
2min 3minmax( , , )AB fme AB opt AB ABU U U U− − − −=  (20) 

Further, equation (18) can be rewritten as  
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Fig 6. Close loop control diagram. 

  
Fig 7. The trend surface of the efficiency with UAB and ε (V3=80V, 

I3DC=10A, M13=25μH, α=1.1 and γ=1).  
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β1fme represents the feasible conduction angle of the inverter 

to achieve maximum efficiency. 

According to (19), it can be observed that when the current 

demand increases and the mutual inductance decreases, UAB-

2/3min tends to exceed UAB-opt. This can be verified in Fig. 7 

using the same parameters listed in Table Ⅰ.  

Equation (19) defines which combinations fulfill the 

required output power. The combination that achieves the 

required output operation forms the “Valid area”, while the 

combination that does not achieve the required output is 

defined as the “Invalid area”. These two surfaces are divided 

by a boundary curve, as shown in Fig. 7. Furthermore, the 

curve of UAB-opt is plotted according to (15) and is defined as 

“Desirable MEPT curve”. Similarly, the curve of UAB-fme is 

plotted using (20) and is defined as “Feasible MEPT Curve”. 

It can be clearly seen that the UAB-fme of the system changes 

from UAB-opt to UAB-2/3min when one of the coupling coefficients 

decreases (i.e., ε decreases).  

 Based on the above calculation, the MEPT controller is 

designed and its logic flowchart is portrayed in Fig. 8. 

Considering the existence of switching losses in the rectifiers 

and inverter circuits along with the possible deviation of the 

mutual inductance estimation, the actual value of β1fme may 

have a small error with the theoretical result. Therefore, the 

perturbation observation method [43] is used to accurately 

locate the maximum efficiency point by calculating and 

comparing the overall system efficiency. The detailed process 

is described as follows. 

Step 1: The initial conduction angle β1 of the inverter is set to 

an initial value of 90° and the conduction angle β2 and 

β3 of the rectifiers are set to a maximum value of 180°. 

The system is excited accordingly and the associated 

parameters can be further calculated. 

Step 2: The system parameters (mutual inductance, load 

voltage and output current and output current demand) 

of the transmitter and receiver sides are detected, and 

the theoretical optimal phase β1fme is calculated by (21). 

Step 3: Record β1fme as β1(0) at this point, measure the input 

DC current I1DC and record it as I1DC(0), meanwhile, set 

k = 0. 

Step 4: The duty cycle is adjusted slightly to β1(k+1) = 

β1(k)+Δβ1, and then the corresponding I1DC(k+1) is 

measured and recorded. 

Step 5: The direction of the maximum efficiency search 

(increase or decrease Δβ1) depends on the comparison 

between I1DC(k) and I1DC(k+1). If I1DC(k+1)< I1DC(k), 

which means that the increase in β1 is close to the 

actual β1fme, then β1 continuously increases β1(k+1)= 

β1(k)+Δβ1. On the contrary, if I1DC(k+1) ≥ I1DC(k), 

which means that the increase in β1 deviates from β1fme, 

therefore, β1 needs to be reduced by applying β1(k+1)= 

β1(k)-Δβ1. 

Step 6: To obtain the optimal efficiency, similarly the 

comparison is performed with the combination of 

I1DC(k) and I1DC(k+1). If I1DC(k+1) has been decreasing 

compared to I1DC(k), it indicates that the increasing or 

decreasing of β1 has been improving the system 

efficiency and the value of β1 value is converging to 

realistic β1fme. If I1DC(k+1) is greater than or equal to 

I1DC(k), then it can be concluded that the maximum 

efficiency is reached at this time. Accordingly, β1(k) 

and I1DC(k) can be considered as β1fme and the I1DCmin. 

Step 7: To ensure that the system is always operating at 

maximum efficiency, β1(k) is used as β1(0) for the next 

iteration.  

 

Ⅳ. EXPERIMENTAL VALIDATION 

A. The Prototype Setup 

Fig. 9 depicts a 2kW single TX dual RXs laboratory 

prototype developed to experimentally validate the proposed 

the MEPT method with the same parameters presented in 

Table Ⅰ.  
The feasibility of the proposed method under the 

misalignment between the charging pads is investigated. The 

resultant variation in mutual inductance caused by the 

misalignment of the receiving coils is shown in Fig. 9(b). 

Obviously, the mutual inductance decreases significantly with 

increasing misalignment. Furthermore, [-70mm, 70mm] is set 

as the range of lateral misalignment of the receiving coil. 

Three DSP28335 controllers are used on both sides to 

generate the required PWM signals to drive the inverter and 

controlled rectifiers. Meanwhile, low drain-source on state 

resistance Sic MOSFETs (C3M0016120D) are utilized for 

both the inverter and rectifiers. On the receiver side, ITECH 

electronic loads are used to emulate the battery behavior and 

system efficiency is measured by  YOKOGAWA  WT1800.  

 
Fig 8. Flowchart of the proposed PO-based MEPT method. 
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Furthermore, the band-pass filter and phase shift circuit 

mentioned in [33] are used for zero crossing detection, thus 

ensuring the accuracy of the synchronization.  

B. Experimental waveforms 

In order to experimentally demonstrate the effectiveness of 

the proposed MEPT controller, the input voltage is regulated 

in the form of adjusting the inverter phase shift angle. 

Meanwhile, conventional control experiments without the 

MEPT method are also carried out, where the transmitter input 

voltage is fixed and specific outputs are achieved by only 

adjusting the receiver controlled rectifier bridge.  

1) Case I: operation under identical loads (i.e. V3=V2=100V, 

I3DC =I2DC =10A, M13=M12=27.5μH).  

Fig. 10 illustrates a comparative practical key-waveforms of 

the inverter with different control methods, UAB, ILf1 and IL1 at 

the transmitter side along with Uab2, ILf2, Uab3 and ILf3 at the 

RX side for both loads of 1kW.   

When the system is operating without the MEPT method, it 

is feasible to make the system achieve a given output by 

adjusting the β2, β3 of the controlled rectifier bridge, as shown 

in Fig. 10(a). As can be observed, the circuit currents and β2, β3 

are almost identical for both RXs due to the identical 

parameter settings. At this point the β1 of the transmitter side 

is not adjusted and the measured system efficiency is 85.52%. 

However, when the MEPT is applied by modifying β1, the 

 
(a)  

 
(b) 

Fig 11. Experiment waveforms of UAB,Uab2,Uab3,ILf1,ILf2,ILf3 in differential 

load (V3=100V, I3DC=11A, M13=24.7μH, V2=80V, I2DC=8A, 
M13=20.5μH).(a) Conventional method without MEPT. (b) Proposed 

MEPT method. 
 

 
(a)  

 
(b) 

 Fig 10. Experiment waveforms of UAB,Uab2,Uab3,ILf1,ILf2,ILf3 in identical 
load (V3=V2=100V, I3DC=I2DC=10A, M13=M12=27.5μH).(a) Conventional 

method without MEPT. (b) Proposed MEPT method. 

 
(a) 

 
(b) 

Fig 9. View of the prototype of the proposed WPT system. (a) Overall 

view of the prototype. (b) Mutual inductance of the lateral misalignment. 
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optimum efficiency is achieved. As the original β1 decreases, 

the corresponding β2 and β3 will then increase, which means 

that the losses caused by IL1, ILf2, ILf3 will decrease and the 

losses caused by IL2, IL3, ILf1 will increase. Moreover, when the 

combined losses reach the lowest value, the maximum 

efficiency of system is achieved. At this point the actual UAB-

fme = 127.32V, β1 = 90° and the efficiency is 88.53%, which is 

a 3% improvement compared to not using MEPT. 

2) Case II: operation under unequal loads (i.e. V3=100V, 

I3DC =11A, M13=24.7μH, V2=80V, I2DC =8A, M12=20.5μH).  

A similar comparative study is carried out and the key 

waveforms with and with the proposed method are portrayed 

in Fig. 11. The differentiated output requirements of both 

loads are achieved by the individual regulation of the 

controlled rectifiers on the RX side. Based on (11), in this case, 

the theoretical UAB-fme=129.4V and β1-fme=91.88°. 

Correspondingly, the measured UAB and β1 for achieving 

maximum efficiency are 137.9V and 100° respectively. The 

difference between the actual and ideal values is mainly due to 

the switching losses of the semiconductor devices and the 

magnetic losses of the magnetic couplers, which cause a 

certain shift in the optimal value. However, interestingly, when 

the proposed MEPT algorithm is applied, the optimal 

efficiency of 89.13% still can be attained (i.e. 2.8% 

improvement compared to that without MEPT).  

3) Case III: Dynamic performance of the proposed method 

(V3=100, I3DC=7.5A-10.5A, M13=25μH, V2=100V, I2DC=9A, 

M12=25μH).  

The performance of the proposed MEPT is also verified 

with a step change in load demand current (i.e. from 7.5A to 

10.5A) as demonstrated in Fig. 12. It can be seen, the output 

current on the RX3 can quickly reach the required value 

without impacting the output current of RX2. 

4) Case IV: System efficiency versus different UAB and ε 

(V3=80V, I3DC=10A, M13=22.91μH, V2=88V, I2DC=9A, M12=14-

27.5μH, ε=0.6-1.2).  

Fig. 13(a) illustrates the variation in efficiency of the 

proposed IPT system with different UAB and mutual inductance, 

the theoretical MEPT curve and measured MEPT curve are 

also plotted. The slightly transparent surface located on the 

upper side of the image is the theoretical efficiency trend 

surface, while the surface located on the lower side is the 

measured efficiency trend surface. The system efficiency 

varies with the UAB when the M12 is fixed while ε is fluctuating,  

it can be observed that the measured efficiency falls below the 

theoretical efficiency, the main reason is that the switch losses 

of inverter, rectifier and magnetic losses of the magnetic 

  
(a)   

  
(b) 

Fig 13. The trend surface of the efficiency with UAB and ε (V3=80V, 
I3DC=10A, M13=22.91μH, V2=88V, I2DC=9A, M12=14-27.5μH, ε=0.6-1.2). 

(a) Three-dimensional view. (b) Projected two-dimensional view 

 

 

 
Fig 12. The dynamic response waveforms of proposed method.  (V3=100, 

I3DC=7.5-10.5A, M13=25μH, V2=100V, I2DC=9A, M12=25μH)  

 
Fig 14. Measured power distribution of the system with and without 

MEPT at identical loads (Case Ⅰ) and at differential loads (Case Ⅱ).  
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couplers are not considered in the proposed method. However, 

this does not degrade the performance of the system, as the 

measured and theoretical efficiency trend face have the same 

tendency. Moreover, the measured MEPT curve with the 

proposed tracking method is always close to the theoretical 

MEPT curve in Fig. 13(b). This intuitively proves that the 

proposed method can effectively track the maximum 

efficiency of the system regardless of varying load resistance 

and mutual inductance.  
For completeness, the power loss distribution of the system 

under case I and II are illustrated in Fig. 14 as an example. 

The PESRs represent the conduction losses which incorporate 

the conduction losses in the resonant cavity, inverter and 

rectifiers. PS1-S4, PQ21-Q24, PQ31-Q34 represent the switching 

losses of the inverter, the rectifier bridge of RX2 and the 

rectifier of RX3 respectively. It is clear that MEPT offers a 

significant reduction in PESRs, i.e.  70.6W and 52.6W reduction 

in Case I and Case II, respectively. As for the part on 

switching losses of MOSFETs, it can be seen that with the 

MEPT, the losses of PS1-S4 gradually increase, while the losses 

of PQ21-Q24, PQ31-Q34 gradually decrease. Overall, the total 

switching loss variation of the MOSFETs is 2.9W and 4.7W 

for the Case I and Case II respectively. Compared to the 

fluctuations in PESRs, the variation in MOSFETs switching 

losses is quite small. As a result, the method proposed in this 

paper can effectively locate the optimum voltage value, 

despite neglecting the switching losses, and can effectively 

improve the overall system efficiency. 

C. Discussion and Comparison  

To clearly demonstrate the advantages of this study, a 

comparison of the performance between the proposed dual 

side control scheme with previously published related works is 

presented. Detailed comparison results are provided in Table II. 

The advantages of the proposed dual side control scheme are 

listed below. 

(1) The proposed method can simultaneously achieve power 

distribution between independent RXs and MEPT control 

regardless of variable coupling coefficient and load resistance, 

which is superior to the method listed in Table II. 

(2) This scheme does not require complex and tedious 

algebraic calculations to evaluate the optimal efficiency point 

of the system, which is an improvement compared to the 

scheme proposed in [20,21,27,32,34].  

Moreover, it is worth noting that the proposed system 

design approach is also useful for IPT systems with three or 

more RXs. The number of variable parameters in the case of 

more RXs is high and further consideration of the 

relationships between the individual variables is required. In 

addition, the optimum input voltage of the system can also be 

obtained by simplifying (8). 

 

Ⅴ. CONCLUSION 

A single transmitter to dual receivers IPT system was 

studied with dual side controllable bridges. The focus is on the 

power transfer characteristics and efficiency of the system in 

the presence of load voltage, current and coupling variations. 

A convex optimization model of the system efficiency versus 

input AC voltage is developed, subsequently, considering the 

constraints of power distribution and coupling variations on 

the input AC voltage, the trajectory of the inverter angle 

satisfying the optimal efficiency is solved. Furthermore, a 

perturbation observation method is used to optimize the 

system efficiency in a way that satisfies the minimization of 

the input current. The experimental set-up is established, the 

efficiency of the proposed system has been improved 

compared to the system without MEPT, which can be 

increased by 3% to 89.13%. Moreover, the measured 

trajectory of the system is consistent with the theoretical 

trajectory, which show the feasibility and effectiveness of the 

proposed method. 
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