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ABSTRACT: 
 
This paper presents the analysis of rectifier load used for electric vehicle (EV) wireless charging system, as 

well as its applications on compensation network design and system load estimation. Firstly, a rectifier 

load model is established to get its equivalent input impedance, which contains both resistance and 

inductance components, and can be independently calculated through the parameters of the rectifier 

circuit. Then, a compensation network design method is proposed, based on the rectifier load analysis. 

Furthermore, a secondary side load estimation method and a primary side load estimation method are 

put forward, which adopt only measured voltages and consider the influence of the rectifier load. Finally, 

an EV wireless charging prototype is developed, and experimental results have proved that the rectifier 

equivalent load can be correctly calculated on conditions of different system load resistances, rectifier 

input inductances, DC voltages, and mutual-inductances.  The experiments also show that rectifier load 

equivalent inductance will impact system performances, and the proposed methods have good accuracy 

and robustness in the cases of system parameter variations. 
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1. Introduction 

Electric vehicles (EVs) are considered to be an 

attractive alternative to conventional vehicles 

that are mainly based on an internal combustion 

engine (ICE), especially for reducing greenhouse 

emissions. In recent years, the 

commercialization of electric vehicles has 

significantly grown thanks to recent advances in 

battery technologies, power electronics  

 

interfaces (i.e., inverters, DC/DC converters, 

on/off-board charging systems), electric motors, 

and power management control [1]. Nowadays, 

the number of EVs in circulation increases more 

and more every year. According to data from the 

European Automobile Manufacturers’ 

Association (ACEA), during the first nine months 

of 2015, more than 190,000 plug-in electric and 

hybrid cars were sold in Europe, with a growth of 
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approximately 95% in comparison with 2014 [2]. 

However, EVs have some major issues (such as 

battery cost, battery lifetime, slow charging 

speed, efficient charging systems, limited energy 

density, weight, reliability, etc.) that need to be 

solved. One of the main challenges for EV growth 

is represented by the lack of adequate 

infrastructures, such as charging stations [3]. The 

most frequented areas where vehicles are 

parked for relatively long times are certainly 

better suited for the installation of charging 

stations, e.g., garages, restaurants, hotels, 

cottages, public parking areas, camping sites, 

shopping centers, business parks, sports centers, 

or other business activities with parking [4,5]. 

Furthermore, the optimization of EV drivetrains 

and their management systems towards 

optimized energy efficiency and minimized total 

cost of ownership (TCO) are the most important 

challenges in EVs. In 2010, according to a survey 

conducted by Ernst & Young and presented in 

[6], one of the most important issues regarding 

the public acceptance of EVs is the problem of 

accessing a charging station. Therefore, one of 

the key constraints for the mass market 

penetration of EVs is the inconvenience and 

safety concerns associated with charging 

systems and their availability. Currently, fast-

charging systems and safety issues associated 

with light-duty EVs are some of the main areas of 

interest in many studies. Plug-in charging of 

electric vehicles (PHEVs) and EVs are still the 

premier choice since conductive charging is the 

traditional method for power transfer. 

Conductive charging systems use metal-to-metal 

contact as in most appliances and electronic 

devices. However, environmental issues (such as 

rain, ice, snow, and extreme heat and cold) 

present some challenges with plugs and cables. 

Meanwhile, there is another disadvantage of this 

conductive system: the connection has to be 

manually made between the EVs and charging 

stations. It is not convenient for users to charge 

their EVs when parking the EV at public charging 

stations. With the development of wireless 

power transfer (WPT) technology in recent 

years, it has become possible to charge electric 

vehicles without a physical connection [7–9]. 

Meanwhile, WPT technology is used in the fast-

charging systems available on the market, for 

example, city battery buses [10]. It is one of the 

most reliable applications for this alternative 

form of charging. There are several projects 

using inductive charging for buses that have 

been conducted: Scania (Sweden, 2016), 

Flanders DRIVE (Belgium, 2011), City of Den 

Bosch (the Netherlands, 2012), Bombardier 

(Germany, 2013), Dong Won Olev (South Korea, 

2013), and Wrightbus (the UK, 2014), which 

were mentioned in [11]. Compared with the 

conductive charging system, there are many 

advantages in WPT systems for EVs that are 

given as follows, particularly in terms of 

convenience and safety [12,13]:  
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• Convenience: eliminating the need for power 

cables and the effect of the bad weather; 

 • Safety: eliminating the danger of sparking and 

electrical shock risk;  

• Reliability: eliminating the components with 

the greatest possibility of failure in most 

electronic systems, namely, the power cords and 

connectors. 

In this paper, the main objective is to develop a 

new design approach and control system for a 

series-series (SS) topology based on 3.7 kW and 

7.7 kW WPT systems operating at resonant 

frequencies of both 40 kHz and 85 kHz to verify 

their feasibility and performance for light-duty 

EV applications operating in charging grid-to-

vehicle (G2V) mode. The paper is structured as 

follows: In Section 2, the design optimization 

approach for the SS topology of the WPT system 

is presented in detail. In Section 3, this paper 

presents the optimal sizing of the primary and 

secondary coils to achieve the maximum 

coupling coefficient through the proposed 

design methodology. In Section 4, the magnetic 

design of the coils is verified by using the 

COMSOL program. In Section 5, the power 

electronics converter (PEC) topology and its 

control strategies for G2V operating modes is 

presented, which were designed and validated 

using MATLAB/Simulink. In Section 6, the 

experimental results are presented to verify the 

design performance of the WPT system. Section 

7 draws the final conclusion of this paper. 

Design Sizing Methodology for the SS Topology 

of the WPT System 

Resonant Wireless Power Transfer System The 

resonant WPT system consists of magnetically 

coupled primary and secondary coils as well as 

power electronics converters (such as AC/DC 

rectifier, DC/AC inverters) and compensation 

circuits. Figure 1 shows a general block diagram 

of the components and power electronics 

conversion for wireless power transfer from the 

grid to load. The input AC utility grid power is 

converted to DC power, and then an inverter 

converts the DC power into a high-frequency AC 

power. The high-frequency current in the 

primary coil generates an alternating magnetic 

field, which induces an AC voltage on the 

secondary coil. By resonating with the 

compensation circuits, the transfer power and 

efficiency are significantly improved. The 

secondary coil receives this high-frequency AC 

power, and it is rectified to DC power to charge 

the electric vehicle batteries. 

 



SIMHACHALAM R, et al, International Journal of Computers, Electrical and 
Advanced Communication Engineering [IJCEACE]TM. Thomson Reuters Research 
ID: D-1150-2018, Volume 1, Issue 14, PP: 33 - 41, AUG - DEC’ 2018. 
 

NOVE 

 
International Journal of Computers, Electrical and Advanced Communications Engineering 

 

International Journal of Computers, Electrical and Advanced Communications Engineering 

                                               Vol.1 (14), ISSN: 2250-3129, AUG – DEC’ 2018                             PP: 33 - 41                                                                                                                                           

    28 

WPT System Model for SS Topology 

The principle of the design method of the WPT 

system is in a backward calculation, whereas the 

design steps are calculated from the battery side 

to the high-frequency inverter side in the 

primary side. The bidirectional WPT system of 

SS-compensated topology is shown in Figure 2.  

 

 

An equivalent circuit model of a WPT system 

with compensation capacitors arranged in an SS 

topology is shown in Figure 3. For simplification, 

the equivalent source resistance is neglected. 

Here, the subscripts “1” and “2” refer to the 

“primary” and “secondary” coil values of 

inductor L, resistance R, and capacitance C, 

respectively. V1 is the source voltage of the 

primary circuit. RL is the equivalent load 

resistance. I1 is the source current flowing 

through the primary coil, and I2 is the load 

current flowing through the secondary coil. The 

degree of the coupling between two coils can be 

expressed with the coupling coefficient k, which 

has a value ranging from 0 to 1, and is defined by 

Equation (1). M represents the mutual 

inductance between the primary and secondary 

coils. 

 

The voltage equations in Figure 3 can be written 

using the mutual inductance, M. ω is the 

frequency of V1. 

 

 

Design Optimization for SS Topology of WPT 

System 

In , the authors presented a basic design method 

using an iterative algorithm for the WPT system. 

In this paper, a design optimization approach for 

the SS topology of WPT system was developed 

with coil dimension optimization using an 

iterative algorithm. For the desired SS-

compensated 3.7 kW and 7.7 kW WPT systems, 

the design process initiates with an initial 

geometry, number of turns, cross-sectional area, 

and the current density of the coils and then an 

iterative optimization process is applied to fulfill 

the required power level within the permissible 

maximum frequency and the geometry of coil. 

All of these parameters along with the circuit’s 

electrical states and outputs (system currents 

and voltages) can be iteratively evaluated. In this 

section, we focus on the optimal design of an SS 

topology WPT system using an iterative 

algorithm. From the various results, a WPT 

design is selected based on the required 

operation parameters such as needed power 

and voltage levels and operating (resonance) 

frequency. 

Flow Chart of Coil Sizing Optimization A flow 

chart of the WPT system design process is 

depicted in Figure 4. This design flow process can 

be applied to different power levels of a WPT 

system. According to this flow chart, the design 

process initiates with an initial geometry, 

number of turns, cross-sectional area, and the 

current density of the coils and then an iterative 

process is applied until the fulfillment of the 

required power level with the permissible 

maximum frequency and the geometry of coils. 
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Figure 4. Flowchart of coil size optimization. 

Optimal Parameters and Coil Dimensions 

optimization method for the dimensions of the 

primary and secondary coils. In this paper, the 

design optimization approach for the SS 

topology of the WPT system is presented. For the 

3.7 kW and 7.7 kW WPT systems, the airgap 𝐿𝑔 

is fixed at 100 mm and the spacing between 

consecutive turns is fixed at 1 mm when the 

resonant frequency is at both 40 kHz and 85 kHz. 

However, the number of turns and the inner 

dimensions of the primary and secondary coils 

are variable. The coupling coefficient is 

calculated by the simulation process using an 

iterative algorithm, which is a function of the 

inner dimension of the primary and secondary 

coils [41]. 

For the 3.7 kW WPT system, shown in Table 1, 

the inner dimensions of 250 × 250 mm of the 

primary and secondary coils was chosen to get 

the maximum coupling coefficient at the 

resonant frequency for both 40 kHz and 85 kHz 

and the number of turns 𝑁1  = 23, 𝑁2  = 22 when 

the current density of the coils is 4 A/mm2.  

In [37,39,40], only preliminary simulation results 

were presented. However, there is no 

optimization method for the dimensions of the 

primary and secondary coils. In this paper, the 

design optimization approach for the SS 

topology of the WPT system is presented. For the 

3.7 kW and 7.7 kW WPT systems, the airgap Lg is 

fixed at 100 mm and the spacing between 

consecutive turns is fixed at 1 mm when the 

resonant frequency is at both 40 kHz and 85 kHz. 

However, the number of turns and the inner 

dimensions of the primary and secondary coils 

are variable. The coupling coefficient is 

calculated by the simulation process using an 

iterative algorithm, which is a function of the 

inner dimension of the primary and secondary 

coils [41]. 

For the 3.7 kW WPT system, shown in Table1, the 

inner dimensions of 250  250 mm of the primary 

and secondary coils was chosen to get the 

maximum coupling coefficient at the resonant 

frequency for both 40 kHz and 85 kHz and the 

number of turns N1 = 23, N2 = 22 when the 

current density of the coils is 4 A/mm2. 

Design of Control System for a Bidirectional SS 

WPT System 
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Starting from the AC supply, an H-Bridge was 

used for the active rectification of the grid 

current, which was operated as a single-phase 

PWM rectifier when performing in the G2V 

mode. The ensuring DC-link was supplied by the 

H-Bridge as single-phase inverter, which 

operated in square-wave mode at a fixed 

switching frequency, exciting the primary 

resonant circuit. The output of the secondary 

resonant circuit was rectified using the reverse 

conducting diodes of the H-Bridge at the 

secondary side. An on-board bidirectional DC-DC 

converter was used to bring the rectified DC-link 

voltage to a lower battery pack voltage. This DC-

DC converter operated as a conventional Buck 

converter in G2V mode. 

At the grid side, a hysteresis current control 

(HCC) was used as a current controller. The 

hysteresis band was set considering Metal-

Oxide-Semiconductor Field-Effect Transistors 

(MOSFETs) as power switches, for which the 

maximum switching frequency lies around 40 

kHz or 85 kHz. The amplitude of the voltage 

reference value was set by DC-link voltage 

control in order to maintain a constant DC 

voltage at 400 V. The H-Bridges exciting the 

primary and secondary resonant circuits were 

operated in square-wave operation at fixed 

switching frequencies. The DC-DC converter was 

controlled by a cascade of an inner inductor 

current control loop and an outer voltage 

battery control loop with DC-link voltage 

stabilization. 

 

 

 

Figure 5. Control method diagram for the WPT 

system: (a) Control strategy for a bidirectional 

WPT charging system; (b) Voltage oriented grid 

current control; (c) Battery current control 

Simulation Results for 3.7 kW at 40 kHz 

A grid-to-vehicle power transfer system was 

simulated for the charging of a 200 V lithium-ion 

battery pack. The charging battery power was 

set to 3700 W, and the operating frequency was 

set at 40 kHz. According to Figure 6a, the average 

battery current of 17.4 A was achieved with a 

ripple of 0.4 A. As can be seen in Figure 6b, a 

battery voltage of 212.51 V was given. 

 

              Figure 6. Grid-to-vehicle (G2V): (a) 

Battery charging current; (b) Battery voltage 

Furthermore, as can be seen in Figure 13a, the 

unity power factor at the grid side was achieved. 

Regarding the resonant circuit, Figure 7b,c show 
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that both the primary side and secondary sides 

of the circuit were in resonance. Energies 2018, 

11, x FOR PEER REVIEW 14 of 22 (a) (b) Figure 7. 

Grid-to-v. 

 

Figure 7. G2V: (a) Grid voltage and current; (b) 

Primary resonant voltage and current; (c) 

Secondary resonant voltage and current 

Simulation Results for 7.7 kW at 85 kHz 

 A grid-to-vehicle power transfer system was 

simulated for a battery with a 150 V lithium-ion 

battery pack. The battery charging power was 

set at 7700 W, but the operating frequency was 

set at 85 kHz. Figure 18a shows a battery 

discharging current of 48 A with a ripple of 6 A. 

At the battery side, a battery voltage of 159.7 V 

is shown in Figure Energies 2018, 11, x FOR PEER 

REVIEW 8b. 

 

Figure 8. G2V: (a) Battery charging current; (b) 

Battery voltage. 

Furthermore, as can be seen in Figure 9a, the 

unity power factor was achieved. Regarding the 

resonant circuit, Figure 9b,c demonstrate that 

both the primary and secondary sides of the 

circuit were in resonance. 

 

Figure 9. G2V: (a) Grid voltage and current; (b) 

Primary resonant voltage and current; (c) 

Secondary resonant voltage and current. 

Experimental Validation 

To validate the concept of the proposed 

topology in Figure 20, a prototype of the 3.7 kW 

WPT system was built and tested in our 

laboratory, as illustrated in Figure 21. For the 

experimental testing, the load resistance was 

adjusted to 8.3 Ω, the switching frequency was 

set to 37 kHz, while the input single-phase AC 

voltage from the utility grid was 230 V. Each leg 

of the H-Bridge was connected with a 1.5 uF 

snubber capacitor to reduce the spike voltage of 

SiC MOSFETs.  

Measurement and simulation are given in Table 

4, and Table 5 shows the components used for 

the prototype. The 37 kHz switching frequency, 

which is not the perfect resonance frequency (40 

kHz), was experimentally used to minimize the 

voltage spikes during the SiC MOSFETs switching 

(at on/off states) and to provide satisfied 

waveforms of current and voltage in both sides. 

Meanwhile, it was necessary to consider the 

efficiency of the WPT system. The main focus 
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was on the realization of the WPT concept and 

design. 

 

     Figure 10. Experimental topology in the lab. 

 

Fig 11: Oscilloscope screenshot for waveforms of 

the primary resonant voltage (A, magenta, 100 

V/div), current (B, blue, 10 mV/A), secondary 

resonant voltage (C, black, 100 V/div), and 

current (D, green, 10mV/A) measurements for 1 

kW output power and 150 V DC input. 

The AC input voltage, the current drawn from 

the grid, the DC load current, and the voltage of 

the experimental waveforms are provided in 

Figure 12. The input voltage and current were 

measured in connection with a single-phase 

passive rectifier. The WPT experimental 

efficiency results are shown in Figure 13. It 

shows the plotted efficiency map for the SiC 

MOSFETs switches. The efficiency η was 

calculated by measuring both DC input power 

(the input of the high frequency inverter) and DC 

output power (load power). 

 

 

Figure 13. Oscilloscope screenshot for 

waveforms of the AC input voltage (A, magenta, 

200 V/div), current (B, blue, 10 mV/A), DC load 

voltage (C, black, 100 V/div), and load current (D, 

green, 10mV/A) measurements for 1 kW load 

power. 

 

Figure 14. Efficiency as a function of output 

power for SiC MOSFETs. 

From the results of Figure 14, it can be seen that 

the DC/DC efficiency for the lab WPT system was 

around 91.6% when the output DC power was 

3.1 kW and the inverter was used as SiC 

MOSFETs. 

CONCLUSION: 
This paper presents a systematic analysis of the 

rectifier load used for EV wireless charging 

system. The rectifier load model has been 

established to calculate its equivalent input 

impedance, which contains both resistance and 

inductance components, and can be 
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independently calculated through the 

parameters of the rectifier circuit. Based on the 

rectifier load analysis, a compensation network 

design method is proposed to achieve the 

decoupling design of the primary and secondary 

side compensation capacitors. Furthermore, a 

secondary side load estimation method and a 

primary side load estimation method are put 

forward, considering the influence of the 

rectifier load. They adopt only measured 

voltages to avoid the deviations introduced by 

different phase delays between measured 

voltage and current. Finally, the established 

model, the proposed rectifier load calculation 

method, compensation network design method, 

secondary and primary side load estimation 

methods have been verified, based on the 

developed EV wireless charging prototype. The 

experimental results have shown the  following 

conclusions: the equivalent input impedance of 

rectifier load is mainly affected by system load 

resistance and rectifier input inductance; 

rectifier load equivalent inductance will impact 

system performances, and should be considered 

for compensation network design; the proposed 

load estimation methods have good accuracy, 

but still need to be improved in further research; 

the proposed rectifier load calculation method 

and system load estimation methods all have 

good robustness on conditions of WCS 

parameter variations. Although the works in this 

paper are conducted based on the specific 

system, they can be extended to more 

applications, such as wireless charging systems 

with other rectifier or compensation network 

topologies, etc. They will be helpful for system 

design and control to make EV wireless charging 

systems achieve stable operation and high 

performance. 
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