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 Wireless power transfer (WPT) can be used to charge the battery 

conveniently and efficiently. In this paper, the investigation of high-

efficiency S/S resonant magnetic topology in inductive wireless battery 

charging of electric vehicles (EVs) is analyzed, designed, and controlled. To 

regulate the output power efficiently rather than controlling the supply 

voltage, novel bidirectional switches are introduced to control the output 

power by using the duty cycle control method. The output power of the 

secondary side is derived and discussed based on the fundamental harmonic 

approximation (FHA) approach. A 1.5 kW, 120 mm distance, and 85 kHz 

resonance frequency are verified in MATLAB/Simulink. 
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1. INTRODUCTION 

In the current generation, greenhouse gas emissions and fossil pollution have become big issues [1]–

[3]; these can be overcome by using renewable energy sources as the best solution, plug-in hybrid electric 

vehicles (PHEVs) and electric vehicles (EVs). So the usage of PHEVs and battery-operated electric vehicles 

EVs has dramatically increased [4]–[7]. The traditional plug-in charging path is not convenient and 

sometimes unsafe; also this is the main reason for promoting and applying plug-in hybrid EVs and EVs. 

Wireless power transfer (WPT) system has many advantages like high reliability, flexibility, and security [8], 

[9]. It is accepted as a preferred technology for the charging of EVs in tailless TV; wireless flat-panel 

chargers designed for suitable electronic products, biomedical devices, and academia. The research in WPT 

systems is concentrated on coil design, compensation circuits, battery management systems, power transfer 

efficiency (PTE), and control techniques. 

Figure 1 depicts the typical wireless EV charging system, this tells about several stages for charging 

an EV without any contact. The transmitter side will be on the ground and the receiver’s side will be in the 

vehicle. To get supply to the transmitter side, the utility grid of alternating current (AC) supply is converted 

https://creativecommons.org/licenses/by-sa/4.0/
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to direct current (DC), such that constant DC voltage is given to the high-frequency DC to the AC basic  

H-bridge inverter [10], [11]. The sending and receiver coil in the WPT system has weak coupling because of 

the distance between vehicle ground clearances. For this reason, the reactive power input requirement 

increases. This has a direct effect on decreasing power transfer capability as well as increasing of rating of 

the converter circuit. But in the literature, as time passes several compensation topologies have developed to 

achieve near zero input reactive power. A capacitor is added on both sides of the WPT system in different 

combinations such as series-series (S-S), series-parallel (S-P), parallel-parallel (P-P), and parallel- series (P-

S) in that S-S, S-P [12]–[14] are voltage-fed compensators. P-P and P-S are current-fed compensators. 

Therefore to achieve the zero input reactive power, the input impedance will be almost resistive which results 

in zero phase angle (ZPA) [15] between input current and voltage. So power transfer capability (PTC) and 

efficiency of the WPT system will increase. Figure 1 represents the basic structure of the EV charger that has 

parts: i) the contactless primary and secondary coils, ii) the resonance network, iii) the power electronics 

components, and iv) filter circuits. 

 

 

 
 

Figure 1. WPT system with S-S compensation 

 

 

In a wireless system, the basic parameter is the distance between the ground and the vehicle and the 

alignment of the coils. So, the typical coupling coefficient is 20% to 30%, it is directly affected by the 

transferred power and efficiency. So it requires compensation on both sides of the coils. Among these four 

basic compensation circuits, only the S/S compensation circuit, which was analyzed in detail in [16]–[20], is 

reliable, flexible, and has fewer components compared to other topology costs. 

To transfer the maximum power and increase the performance, the four compensation circuits and 

control methods like phase shift control strategy (PSC) [21], [22], pulse width modulation (PWM) strategy 

[23], frequency control (FC) strategy [24], [25], and DC/DC converters have been discussed [26]. However, 

in the S-S compensation method, the DC/DC converter is placed on the primary side. In that connection the 

load side parameters vary, so to avoid this complexity the closed loop method is required, but again cost and 

smooth operation constraints, proposed novel bidirectional switches connected in the secondary side before 

the rectifier. It can be operated by using the duty cycle control methods in the S-S compensated wireless 

power transfer system and is discussed purely on the fundamental harmonic approximation (FHA) method. 

The rest of the paper is categorized as follows. The model and basic S/S resonance circuit are 

analyzed in section 2, the proposed S/S resonance circuit operation and design are presented in section 3, the 

simulated results of an S/S resonance WPT are presented in section 4, experimental verification in section 5, 

and last, the conclusions section 6. 

 

 

2. FUNDAMENTAL HARMONIC APPROXIMATION ANALYSIS OF EXISTING S/S 

COMPENSATION CIRCUIT 

Figure 2 shows the S/S compensation electrical circuit, Figure 2(a) represents the primary and 

secondary coils network with their respective compensation, and Figure 2(b), using Kirchhoff's voltage law 

(KVL) and by considering the coil resistance R1 and R2, I1 and I2 can be written as (1) and (2). 

 

𝑉𝐴𝐵 = (𝑅1 + 𝑗𝑤𝐿1 +
1

𝑗𝑤𝐶1
) 𝑙1 − 𝑗𝑤𝑀𝑙2 (1) 
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𝑗𝑤𝑀𝑙1 = (𝑅2 + 𝑗𝑤𝐿2 +
1

𝑗𝑤𝐶2
) 𝑙2 + 𝑅𝑎𝑐𝑙2 (2) 

 

Where 𝑍1 = 𝑅1 + 𝑗𝑤𝐿1 +
1

𝑗𝑤𝐶1
 𝑎𝑛𝑑 𝑍2 = 𝑅2 + 𝑗𝑤𝐿2 +

1

𝑗𝑤𝐶2
 

 

From (1) and (2) we can get (3) and (4). 

 

𝑉𝐴𝐵 = 𝑍1𝐼1 − 𝑗𝑤𝑀𝐼2 (3) 

 

𝑗𝑤𝑀𝐼2 = 𝑍2𝐼2 + 𝐼2𝑅𝑎𝑐 = (𝑍2 + 𝑅𝑎𝑐)𝐼2 (4) 

 

 

 
(a) 

 

 

 
(b) 

 

Figure 2. S/S compensation electrical circuit (a) equivalent circuit (b) voltage-dependent circuit 

 

 

From (4), the receiver's current I2 can be written as (5). 

 

𝐼2 =  
𝑗𝑤𝑀𝐼1

𝑍2+𝑅𝐴𝐶
 (5) 

 

Sub (5) in (3), we get transmitter current I1 

 

𝑉𝐴𝐵 =  𝑍1𝐼1 − 𝑗𝑤𝑀𝐼 (
𝑗𝑤𝑀𝐼1

𝑍2 + 𝑅𝑎𝑐
) 𝐼1 

𝑉𝐴𝐵 =  (𝑍1 +
𝑤2𝑀2

𝑍2+𝑅𝑎𝑐
)  𝐼1 ⟹ (

𝑍1𝑍2+𝑍1𝑅𝑎𝑐+𝑤2𝑀2 

𝑍2+𝑅𝑎𝑐
) 𝐼1 (6) 

𝐼1 =  
𝑉𝐴𝐵  (𝑍2 + 𝑅𝑎𝑐)

𝑍1(𝑍2 + 𝑅𝑎𝑐) + (𝑤𝑀)2
 

 

Sub (6) in (5), we get the current I2 

 

𝐼2 =
𝑗𝑤𝑀

(𝑍2+𝑅𝑎𝑐)
(

𝑉𝐴𝐵(𝑍2+𝑅𝑎𝑐) 

𝑍1(𝑍2+𝑅𝑎𝑐)+(𝑤𝑀)2)  (7) 

𝐼2 =  
𝑗𝑤𝑀𝑉𝐴𝐵

𝑍1(𝑍2 + 𝑅𝑎𝑐) + (𝑤𝑀)2
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In the above equation, Z1 and Z2 are the impedance of the transmitter and receiver side, VAB is the inverter 

output voltage, equivalent load resistance 𝑅𝑎𝑐 =
8

𝜋2 𝑅𝐿 The M is calculated through the coupling factor k and 

the self-inductances L1 and L2 as in (8) and compensating capacitors C1 and C2 as in (9). In Figure 3 the 

receiver output voltage between points C and D is supplied to the full bridge rectifier, the rectified supply is 

filtered by using a suitable filter circuit connected to the battery, and the battery gets charged. By KVL and 

the VAB taken as the reference and at resonance, XL = XC, the neglected coil resistance in Figure 3 can be 

drawn as Figure 4. 

 

 

 
 

Figure 3. Structure of the WPT system 

 

 

𝑀 = 𝑘√ 𝐿1 𝐿2 (8) 

 

{
𝐶1 =  

1

𝑤𝑜
2𝐿1

𝐶2 =  
1

𝑤𝑜
2𝐿2

 (9) 

 

RL = 𝑉0/𝐼0 (10) 

 
Where V0 is the output voltage, I0 is the output current, RL is the equivalent load resistance. 

 

 

 
 

Figure 4. Resonance voltage-dependent equivalent circuit 

 

 

Apply ohms law on the transmitter and receiver side, 𝑉𝐴𝐵 = 𝑗𝑤0𝑀𝑙2 

 

I2 =  
VAB

−jw0M
=  

VAB

w0M
∠900 (11) 
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𝑗𝑤0𝑀𝑙1 = 𝑅𝑎𝑐𝐼2 = 𝑉𝐶𝐷 (12) 

 

Sub (8) in (9), we get I1 

 

I1 =  
𝑅𝑎𝑐

𝑗𝑤0𝑀
𝐼2 (13) 

 

I1 =  
VCD

jw0M
=  

VCD

jw0M
∠00 (14) 

I1 =  
VAB𝑅𝑎𝑐

(w0M)0 =  
VAB𝑅𝑎𝑐

(w0M)2 < 00  

 

Receiver current I2 can be found in (11), that the RMS value is independent of the output voltage 

(VCD), also it depends on the supply voltage (VAB), and mutual inductance (M). The S/S compensated 

wireless charger is a constant current source and can be controlled by the supply voltage in general [27]–[31]. 

The Pout and Pin real power can be obtained as (15) [32]. 

 

𝑃𝑜𝑢𝑡 =  𝑃𝑖𝑛 = Re(𝑉𝐴𝐵𝐼1
∗) =

1

𝑤0𝑀
𝑉𝐴𝐵𝑉𝐶𝐷 (15) 

 
Measurements of coils' mutual inductance concerning distance are shown in Table 1. When the 

distance between the transmitter and receiver coils varies, accordingly coupling coefficient and mutual 
inductance vary [33]. Figure 5 shows the coupling coefficient (k) decreases fast when the distance rises and 
the mutual inductance decreases as well as the PTC also decreases. 

 

 

Table 1. Distance and coupling coefficient concerning mutual inductance 
Distance (mm) Coupling coefficient (k) Mutual Inductance (μH) 

50 0.6 235.54 

100 0.24 94.21 
120 0.16 62.9 

150 0.10 39.2 

200 0.05 19.6 

 
 

 
 

Figure 5. Coupling coefficient and mutual inductance with the distance between the primary coil and 
secondary coil 

 

 

Figures 6 (a, b, c, d, and e) show the transfer power as a function of the supply voltage for five 

coupling factors and four output voltages. Various coupling factors are studied by adjusting the air gap and 

misalignment between primary and secondary side coils. The output power varies linearly with the supply 

voltage. The same thing will happen in low supply voltage and low coupling situations. 
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(a) (b) 

 

  
(c) (d) 

 

 
(e) 

 

Figure 6. Transferred power for the designed system at (a) k = 0.6, (b) k =0.24, (c) k =0.16, (d) k =0.1,  
and (e) k =0.05 

 

 

3. PROPOSED TOPOLOGY AND ANALYSIS 

According to the waveform of the inverter output voltage (VAB) and rectifier input voltage (VCD). It 

can be obtained by the Fourier series as (16) and (17) [34]–[36]. 

 

𝑉𝐴𝐵 =  ∑
4

(2𝑘+1)𝜋

∞
𝑘=1 𝑉𝐴𝐵sin((2𝑘 + 1)𝑤0𝑡 (16) 

 

𝑉𝐶𝐷 =  ∑ −
4

(2𝑘+1)𝜋

∞
𝑘=1 𝑉𝐶𝐷sin (

2𝑘+1

2
(𝜋 − 𝛼)) cos((2𝑘 + 1)𝑤0𝑡) (17) 

 

By substituting (16) and (17) into (15), the output power Pout can also be derived, where the duty 

cycle D=α/π. 

 

𝑃𝑜𝑢𝑡 =
𝑉𝐴𝐵∗𝑉𝐶𝐷∗8

𝜋2𝑤0𝑀
 ∑

sin((
2𝑘+1

2
)𝜋(1−𝐷))

(2𝑘+1)3
∞
𝑘=0  (18) 
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The basic structure of the S-S compensation model can be modified by adding two bidirectional 

switches S5 and S6 inserted before an uncontrolled rectifier to control the output power by varying the duty 

cycle of the switches as shown in Figure 7. 

Operating modes, the input and output voltage waveforms along with the pulses given to the 

bidirectional switches S5 and S6 with pulse width α are shown in Figure 8. One operation period consisting of 

successive modes. The direction of current in a half cycle, having four modes of the fundamental frequency 

of input or output voltage directions is shown in Figure 9. 

 

 

 
 

Figure 7. Secondary side power control WPT system 

 

 

 
 

Figure 8. Bidirectional switches operating waveform 
 

 

 
(a) 

 
(b) 

  

 
(c) 

 
(d) 

 

Figure 9. Current flow direction in the secondary-side control method (a) Mode I (b) Mode II (c) Mode III (d) 

Mode IV 
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According to Figure 9, Mode-I operates from wt = 0 to wt = (π/2)-(α/2). The two control switches S5 

and S6 are turned off. The output current ir enters through diode D5 and leaves through D6. Since the battery 

voltage is fixed, the output voltage VCD is equal to Vout. Mode-II is in between wt = (π/2)-(α/2) to wt = π/2. 

The two control switches S5 and S6 are turned on. The output current ir flows through S5 and S6. It makes the 

voltage VCD zero. In this mode, the battery won’t charge. Mode-III it operates from wt = π/2 to wt = 

(π/2)+(α/2). The two control switches S5 and S6 are still on, the output I2 passes during switches S5 and S6. 

The current direction is opposite to the current direction in mode II. Since the switches are short-circuited on 

the secondary side, the output voltage VCD is zero, as well as the battery is not charged. Mode-IV it operates 

from wt = (π/2)+(α/2) to wt = π. The two control switches S5 and S6 are turned off. In this mode, the current ir 

enters through diode D7 and leaves through diode D8. The battery gets charged and the output voltage VCD is 

equal to Vout.  

From Figure 8, the modes V, VI, VII, and VIII belong to the second cycle of the gate pulses and are 

the same as the first half cycle, the same operation principle will be repeated for the next cycle of the 

operating waveforms. 

 

 

4. RESULTS AND DISCUSSION 

Simulated parameters, as per the wireless standards of SAEJ2954 standards allow, the frequency 

range is 85 kHz, the quality factor (Q) is 6, for bifurcation-free operation [37], [38] coupling coefficient  

k = 0.16 at an air gap of 120 mm, calculate the parameters are L1 = 325μH, L2 = 474.22μH, M = 62.9μH,  

C1 = 10.79nF, C2 = 7.4nF, VAB = 200V, VCD = 280. By using the proposed method, the evaluated parameter is 

inserted in MATLAB simulation, We observed that the duty cycle D increased from d = 0 to 1, as the output 

power Pout decreased. When duty cycle D goes to 1, terminals C and D are short-circuited, and the output 

power is zero. It reduces the controlling complexity and strengthens the control stability. When D is greater 

than 0.5, the output power reduced is fast with the rise of D, which means the Pout is controlled effectively 

and it is easier when D is in between 0 and 0.5. 

Comparison of input voltage and current of the primary side and output voltage and current of the 

secondary side. From the above Figures 10(a) and (b) to 15(a) and (b)comparison, it can be concluded that, 

even after the changing of the duty cycle from d = 0 to d = 1, the receiver side voltage and power can be 

controlled but not the variation of transmitting parameters. Figure 16, shows the simulation results for duty 

cycle D = 0, Figure 16(a) shows output voltage and current, Figure 16(b) shows output power, and Figure 

16(c) shows rectifier output current also studied. 
 

 

 
(a) 

 

 

 
(b) 

 

Figure 10. Comparison of input voltage and current of the primary side and output voltage and current of the 

secondary side, (a) Inverter VAB and I1 and (b) Rectifier VCD and I2 at a duty cycle d =0  
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(a) 

 

 

 
(b) 

 

Figure 11. Comparison of input voltage and current of the primary side and output voltage and current of the 

secondary side, (a) Inverter VAB and I1 and (b) Rectifier VCD and I2 at a duty cycle d=0.2 
 

 

 
(a) 

 

 

 
(b) 

 

Figure 12. Comparison of input voltage and current of the primary side and output voltage and current of the 

secondary side, (a) Inverter VAB and I1 and (b) Rectifier VCD and I2 at a duty cycle d=0.4 
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(a) 

 

 

 
(b) 

 

Figure 13. Comparison of input voltage and current of the primary side and output voltage and current of the 

secondary side, (a) Inverter VAB and I1 and (b) Rectifier VCD and I2 at a duty cycle d=0.5 

 

 

 
(a) 

 

 

 
(b) 

 

Figure 14. Comparison of input voltage and current of the primary side and output voltage and current of the 

secondary side, (a) Inverter VAB and I1 and (b) Rectifier VCD and I2 at a duty cycle d=0.6 
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(a) 

 

 

 
(b) 

 

Figure 15. Comparison of input voltage and current of the primary side and output voltage and current of the 

secondary side, (a) Inverter VAB and I1 and (b) Rectifier VCD and I2 at a duty cycle d=0.8 
 

 

 
(a) 

 

 

 
(b) 

 

 

 
(c) 

 

Figure 16. The simulation results for duty cycle D = 0 of (a) DC output voltage and current, (b) DC output 

power, and (c) rectification bridge output current i0 (A) 
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Figure 17 shows the simulation results for duty cycle D = 0.5, Figure 17(a) shows the inverter 

output voltage and transmitter current, Figure 17(b) shows the output voltage and current power, and Figure 

17(c) shows the rectifier output current. 
 
 

 
(a) 

 
 

 
(b) 

 
 

(c) 
 

 
Figure 17. The simulation results for duty cycle D = 0.5 of (a) DC output voltage and current, (b) DC output 

power, and (c) Rectification bridge output current i0(A) 
 
 

Comment: i) When the duty cycle D = 0, in the S/S WPT system, the output current, voltage, power, 

and transmitter currents are the maximum values; ii) When the duty cycle D = 0.5, the output current, output 

voltage, output power, and transmitter current are approximately half; and iii) As the duty cycle increases 

from D = 0 to D = 1, the output power/W decreases. Figure 18 shows the transmitted power and duty cycle 

are also simulated. Table 2 shows the mathematical and simulated output power is the same concerning duty 

cycle variation. 
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Figure 18. Output power versus duty cycle 

 

 

Table 2. The system efficiency, power, and duty cycle D change with S5 and S6 

Duty cycle D 
Output Power/W 

Efficiency 
Conducting angle (α) α= 

D*π (deg) Mathematical Simulated 

0 1353.28 1421 96 0 

0.4 1094.83 1075 95.44 72 
0.5 956.91 869.3 95.26 90 

0.6 795.44 638.7 95.02 108 

0.8 418.188 228 92.28 144 
1 0 0 - 180 

 

 

5. EXPERIMENTAL VERIFICATION 

A 1.5 kW prototype is designed, based on the basic topology as shown in Figure 3. The length of the 

transmitter and receiver coils is 400 mm × 400 mm, and the ground clearance is 120 mm. The transmitter 

side components are the EMI filter, full bridge rectifier, high-frequency inverter, and compensation, also the 

secondary side is compensation, full bridge uncontrol diode rectifier, and filter. The prototype parameters are 

taken from Table 3 and the experiment prototype is shown in Figure 19. 

 

 

Table 3. Structure of coils specification for finite element method (FEM) simulation 
Parameter specification 

Primary coil Turns 32 
Secondary coil Turns 32 

Coil diameter/mm 200 mm 

Primary coil Inductance/μH 325 
Secondary coil Inductance/μH 474.22 

Ground clearance/mm 120 
Mutual inductance/μH 62.8 

 Coil design type Circular 

frequency/kHz 85 

 

 

 
 

Figure 19 Experiment platform of the S-S compensation modulated WPT system 
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6. CONCLUSION 

A novel receiver-side voltage, current, and power regulated by placing two bidirectional switches 

are introduced using an S/S compensation topology for the wireless EV charger to reduce the complexity of 

the power electronic converters. The output power of the secondary side is derived and discussed based on 

the FHA approach. The deviation of output power with the duty cycle controlled by bidirectional switches is 

derived and analyzed using MATLAB/Simulink. The simulation results show that output power is controlled, 

such that with the increase in duty ratio of bidirectional switches the output power is reduced. After 

validating output characteristics are controlled, in the future for battery charging the constant-current (CC) 

and constant-voltage (CV) modes will be implemented and more simulation and experimental results will be 

demonstrated. 
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