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Abstract–Since the Society of Automobile Engineers (SAE) 

launched the guideline J2954 for wireless battery charging of 

electric vehicles (EVs), research activities on inductive power 

transfer (IPT) or wireless power transfer (WPT) in EVs are 

intensified over the last few years. The guideline J2954 calls 

for an operating frequency around 85 kHz and power at four 

levels. In this paper, both frequency and phase shift control, 

are designed by controlling the front-end inverters to achieve 

constant current (CC) and constant voltage (CV) control of Li-

ion battery loads in a power-scaled-down (i.e., 200 W) IPT 

system. Simulation results using PSIM9.0 have verified the 

effectiveness of both control strategies. 

 
Keywords-Inductive power transfer (IPT), efficiency, 

frequency control, phase shift control. 

 

I.  INTRODUCTION 

Due to the convenience and safety, inductive power 

transfer (IPT) technology is gaining increasing attentions in 

recent years and has been widely used for portable 

electronics, electric vehicles (EVs), and implantable 

biomedical devices [1]-[3]. Thereinto, the Li-ion batteries 

are most widely adopted energy storages for IPT systems. 

Generally, the charging strategy for the Li-ion batteries 

comprise a constant current (CC) charging first and then a 

constant voltage (CV) second to prevent the degradation of 

the lifespans. Specifically, the Li-ion batteries are 

recommended to be charged in the CC mode when the state-

of-charge (SoC) or the output voltage is below a threshold 

(e.g., 90% or 4.2 V). However, when the SoC or the output 

voltage is above the threshold, the Li-ion batteries are 

required to be charged in the CV mode. By far, various 

efforts have been made to achieve the CC and CV charging 

[4]-[15]. In [4]-[6], DC-DC converters are used at the 

receiver sides to implement the CC and CV charging. 

However, extra power losses are inevitable, which result in 

reduced efficiencies and large volumes. In [7]-[15], front-

end control methods based on the communication-free 

observers at the primary sides are proposed. The front-end 

controllers can accurately control the output currents and 

the output voltages at the nominal conditions, while the 

robustness of the proposed controllers is quite low. To 

address these issues, two feedback control, i.e., frequency 

and phase shift control, are the most reliable and efficient 

control strategies for the CC and CV charging of battery 

loads in IPT systems [4], [7]. 

Frequency control is achieved by regulating the 

switching frequency of the primary-side inverter based on 

the feedbacks of the charging current and the charging 

voltage of the battery load. By changing the switching 

frequency, the impedances of both the transmitting and the 

receiving resonators can be altered. As a result, the charging 

current and the charging voltage can be regulated. Phase 

shift control is implemented by delaying an angle between 

the two bridge arms. By changing the phase shift angle, the 

fundamental component of the input voltage of the 

transmitter can be altered. Consequently, the charging 

current and the charging voltage can be regulated. The 

prominent advantage of the phase shift control is that the 

IPT system can always be operated at the resonant 

frequency. 

This paper aims to implement both frequency and phase 

shift control for series-series (SS)-compensated IPT 

systems. Based on comprehensive analysis of the systems 

with different mutual inductances and load conditions, 

simulations are carried out in PSIM9.0 to exhibit the 

applications of both control strategies for an 85kHz IPT 

system with the power rating about 200 W. Nevertheless, 

the control designs are also validated for general IPT 

systems. 

 

II.  ANALYSIS OF THE FREQUENCY AND PHASE SHIFT 

CONTROL 

The circuit diagram of an SS-compensated IPT system 

with feedback control is depicted in Fig. 1. The input DC 

voltage is Vdc. A full-bridge inverter is adopted to drive the 

transmitter resonator. Both Cp and Cs are designed in 

resonances with Lp and Ls as 

𝜔2 =
1

𝐿p𝐶p
=

1

𝐿s𝐶s
                            (1) 

where ω is the switching angular frequency. At the receiver 

side, a diode-bridge rectifier and a filter capacitor Cf are 

adopted to feed DC current and voltage for the battery load. 

Without using a DC regulator at the user-end, the power 

density, reliability and cost of the receiver circuit can be 

improved. However, to regulate the charging current in the 

CC mode and the charging voltage in the CV mode, wired 

or wireless communications are required between the 

transmitter and receiver. As shown in Fig. 1, the measured 

output current (i.e., Io) and output voltage (i.e., Vo) are fed 

back to the primary-side controller to regulate the front-end 

inverter.
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Fig. 1: An SS-compensated IPT system with direct feedback control. 

Generally, two types of controllers (i.e., frequency and 

phase shift control) are most widely adopted for the 

inverters of IPT systems. Based on the circuit diagram in 

Fig. 1, the equivalent circuit at the fundamental frequency 

of the system can be plotted, as shown in Fig. 2. Due to the 

filtering by the resonators, only the fundamental 

components vp1, ip1, vs1 and is1 are considered in the 

equivalent circuit. Based on the Kirchhoff’s circuit laws,  

𝑣p1 = 𝑍p𝑖p1 − 𝑗𝜔𝑀𝑖s1                 (2.1) 

𝑗𝜔𝑀𝑖p1 = (𝑍s + 𝑅𝐿
′ )𝑖s1                (2.2) 

where 𝑍p = 𝑗𝜔𝐿p +
1

𝑗𝜔𝐶p
+ 𝑅p and 𝑍s = 𝑗𝜔𝐿s +

1

𝑗𝜔𝐶s
+ 𝑅s. 

Rp and Rs are the equivalent-series-resistances (ESRs). M is 

the mutual inductance. 𝑅𝐿
′  is the equivalent resistance of the 

rectifier, filter (i.e., Cf), and the battery. During the charging 

process, the battery load can be modelled as a resistive load 

RL. Based on the Fourier analysis, 

𝑅𝐿
′ =

8

𝜋2
𝑅L                               (3) 

By substituting (3) into (2.2) and eliminating ip1 in both (2.1) 

and (2.2), the charging current and charging voltage of the 

equivalent circuit, i.e., is1 and vs1, can be derived as 

𝑖s1 =
𝜋2𝜔𝑀

𝜋2(𝑍p𝑍s+𝜔
2𝑀2)+8𝑍p𝑅L

𝑣p1𝑗         (4.1) 

𝑣s1 =
8𝜔𝑀𝑅L

𝜋2(𝑍p𝑍s+𝜔
2𝑀2)+8𝑍p𝑅L

𝑣p1𝑗         (4.2) 

Rp ip1 is1 Rs

vp1 vs1

jωLp

jωMis1 jωMip1

jωLsjωCp

1
jωCs

1

RL' 

 
Fig. 2: Equivalent circuit at fundamental frequency. 

 

A. Frequency Control 

For the frequency control, the switching signals S1 and S2, 

S3 and S4 are complimentary and the switching signals S1 

and S4, S2 and S3 are in phase. The timing diagrams of the 

four gate signals are depicted in Fig. 3. 

ωt0 π 2π 

S1

3π 4π 5π 

ωt0 π 2π 

S2

3π 4π 5π 

ωt0 π 2π 3π 4π 5π 

S3

ωt0 π 2π 

S4

3π 4π 5π  
Fig. 3: Timing diagrams of the gate signals of the frequency 

control. 
Therefore, based on the Fourier analysis, 

𝐼p1 =
𝜋

2
𝐼dc                             (5.1) 

𝑉p1 =
4

𝜋
𝑉dc                             (5.2) 

where Vp1 and Ip1 are the peak values of 𝑣p1  and 𝑖p1 , 

respectively. Similarly, the charging current and charging 

voltage can be derived as 

𝐼s1 =
𝜋

2
𝐼o                             (6.1) 

𝑉s1 =
4

𝜋
𝑉o                            (6.2) 

By substituting (5.2), (6.1) and (6.2) into (4.1) and (4.2), 

respectively, 

𝐼o = |
8𝜔𝑀𝑉dc

𝜋2(𝑍p𝑍s+𝜔
2𝑀2)+8𝑍p𝑅L

|               (7.1) 

𝑉o = |
8𝜔𝑀𝑅L𝑉dc

𝜋2(𝑍p𝑍s+𝜔
2𝑀2)+8𝑍p𝑅L

|               (7.2) 

Apparently, the output charging current and the output 

charging voltage can be regulated by the switching angular 

frequency ω. 
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Fig. 4: Schematic diagram of the frequency control. 

 

The schematic diagram of the frequency control is 

depicted in Fig. 4. Here, Voref and Ioref are the output voltage 

and output current references. The controller1 and 

controller2 are used to track the voltage and current 

references, respectively. The outputs of the controller1 and 

controller2 are ∆ωV and ∆ωI, respectively. The output of the 

frequency control is the addition of ∆ωV, ∆ωI and ω0, where 

ω0 is the nominal angular frequency. When Vo is below the 

threshold (i.e. Voval), the controller2 operates at the CC 

charging mode, such that the output of the comparator is 

null. Thus, the output of the frequency control only 

comprises ∆ωI and ω0. Similarly, when the battery voltage 

(i.e., Vo) is above the threshold (i.e. Voval), the controller1 

operates at the CV charging mode, such that the output of 

the comparator is one. Therefore, the output of the 

frequency control only comprises ∆ωV and ω0. 

 

B. Phase Shift Control 

For the phase shift control, the output current and the 

output voltage are controlled by changing the phase shift 

angle between the switching signals S1 and S4, S2 and S3, 

while S1 and S2, S3 and S4 are complimentary. The timing 

diagrams of the four gate signals are depicted in Fig. 5. 
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Fig. 5: Timing diagrams of the gate signals of the phase shift 

control. 
Based on the Fourier analysis, 

𝑉p1 =
4

𝜋
𝑉dc cos (

𝛼

2
)                        (8) 

By substituting (6.1), (6.2) and (8) into (4.1) and (4.2), 

respectively, 

𝐼o = |
8𝜔𝑀𝑉dc cos(

𝛼

2
)

𝜋2(𝑍p𝑍s+𝜔
2𝑀2)+8𝑍p𝑅L

|               (9.1) 

𝑉o = |
8𝜔𝑀𝑅L𝑉dc cos(

𝛼

2
)

𝜋2(𝑍p𝑍s+𝜔
2𝑀2)+8𝑍p𝑅L

|               (9.2) 

Apparently, the output current and the output voltage can 

be regulated by the phase shift angle α. 
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Fig. 6: Schematic diagram of the phase shift control. 

 

The schematic diagram of the phase shift control is 

depicted in Fig. 6. The outputs of the controller3 and 

controller4 are αV and αI, respectively. The output of the 

phase control is the addition of αV and αI. When the battery 

voltage (i.e., Vo) is below the threshold (i.e. Voval), the 

controller4 operates at the CC charging mode, such that the 

output of the comparator is null. Thus, the output of the 

phase shift control is αI. Similarly, when the battery voltage 

(i.e., Vo) is above the threshold (i.e. Voval), the controller3 

operates at the CV charging mode, such that the output of 

the comparator is one. Thus, the output only comprises αV 

and αI. 

 

III.  SIMULATION RESULTS 

The parameters of the IPT system in simulation 

(PSIM9.0) are listed in Table I. The current control and 

voltage control of both control strategies (i.e., Controller1, 

Controller2, Controller3, and Controller4) in Figs. 4 and 6 

are implemented by proportional-integral (PI) control. The 

control parameters are given in Table II. The nominal 

charging current and charging voltage are 12 A and 60 V, 

respectively. 

 
Table 1: Specifications of the IPT system in simulation 

Parameter Symbol Value 

Nominal frequency f0 85 kHz 

DC voltage source Vdc 132 V 

Parasitic capacitances of 

the inverter switches 

Cs1, Cs2, 

Cs3, Cs4 
315 pF 

Transmitter coil 

inductance 
Lp 91.78 μH 

Receiver coil inductance Ls 92.05 μH 

Transmitter compensated 

capacitance 
Cp 49 nF 

Receiver compensated 

capacitance 
Cs 49 nF 
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ESR of the transmitter Rp 0.7 Ω 

ESR of the Receiver Rs 0.8 Ω 

Forward voltage of the 

diode in the rectifier 
VD 0.5 V 

Filter capacitance Cf 100 μF 

Nominal battery load 

equivalent resistance 
RL 5 Ω 

Nominal mutual 

inductance 
M 19.34 μH 

 
Table 2: Parameters of the controllers 

Parameter Symbol Value 

Proportional gain of 

Controller1 
Kp1 -40 

Integral gain of 

Controller1 
Ki1 -800000 

Proportional gain of 

Controller2 
Kp2 -28.5 

Integral gain of 

Controller2 
Ki2 -233128.8 

Proportional gain of 

Controller3 
Kp3 -4.5 

Integral gain of 

Controller3 
Ki3 -6923.1 

Proportional gain of 

Controller4 
Kp4 -16 

Integral gain of 

Controller4 
Ki4 -38095.2 

 

For the frequency current control, the output current 

reference is changed from 12 A to 15 A at 0.015 s and 

changed from 15 A to 10 A at 0.025 s. Fig. 7 shows the 

waveforms of the output charging current and the switching 

frequency. Besides, for the frequency voltage control, the 

reference of the output charging voltage is changed from 60 

V to 55 V at 0.015 s and changed from 55 V to 65 V at 0.025 

s. Fig. 8 shows the waveforms of the output charging 

voltage and the switching frequency. Apparently, by 

changing the operating frequency to be 87.08 kHz, 85.82 

kHz and 87.83 kHz at steady states for the current control 

and 87.14 kHz, 87.55 kHz and 86.72 kHz at steady states 

for the voltage control, the output charging current and the 

output charging voltage are well-regulated to track the 

references. However, the frequency control may suffer from 

small oscillations at steady state. 

 
Fig. 7: Output current and switching frequency of the IPT system 

controlled by the frequency current control. 

 

 
Fig. 8: Output voltage and switching frequency of the IPT system 

controlled by the frequency voltage control. 

 

For the phase shift current control, the output current 

reference is also changed from 12 A to 15 A at 0.015 s and 

changed from 15 A to 10 A at 0.025 s. Fig. 9 shows the 

waveforms of the output charging current and the 

corresponding phase shift angle. Besides, for the phase shift 

voltage control, the reference of output charging voltage is 

also changed from 60 V to 55 V at 0.015 s and changed 

from 55 V to 65 V at 0.025 s. The waveforms of the output 

charging voltage and the corresponding switching 

frequency are shown in Fig. 10. Obviously, the output 

charging current and the output charging voltage are well-

regulated to track the references by changing the phase shift 

angle to be -264.7°, -294.9° and -248.8° at steady states for 

the current control and -265.1°, -256.6° and -273.5° at steady 

states for the voltage control. 

 
Fig. 9: Output current and shifted angle of the IPT system 

controlled by the phase shift current control. 

 

 
Fig. 10: Output voltage and shifted angle of the IPT system 

controlled by the phase shift voltage control. 

 

IV. CONCLUSIONS 

In this paper, both frequency and phase shift control are 

deigned to charge the Li-ion battery loads of SS-

compensated IPT systems in the CC and CV modes. 

Simulations are carried out in PSIM9.0 to validate that both 

control strategies can effectively regulate the output 

charging current and the output charging voltage of a 85 

kHz and 200 W IPT system with different charging current 

and charging voltage references. 
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Abstract–In conventional inductive power transfer (IPT) 

systems, the output voltages are regulated by either the user-

end DC regulators or the front-end inverters via wireless 

communications. However, the bulky sizes of the DC 

regulators and the communication devices may deteriorate the 

power densities of the receivers. To this end, a communication-

free voltage regulation scheme is proposed for an LCL-S 

compensated IPT system by controlling the switched LCL 

compensator at the primary side. By measuring the front-end 

AC current of the transmitter resonator at the nominal 

condition, the output voltage of the IPT system can be 

estimated without any communication feedbacks. Based on 

the estimated output voltage, the primary-side controller can 

automatically switch on the desired compensated inductors, 

such that the output voltage can track the reference. The 

proposed scheme is validated by the simulation results in 

PSIM9.0. 

 

Keywords–Inductive power transfer (IPT), LCL-S 

compensation, communication-free 

 

I.  INTRODUCTION 

The electric vehicle (EV) industry has provided a wide 

range of possibilities for the future transportation [1]–[8]. 

This occurrence has led researchers to investigate this 

technology, such as the Wireless Power Transfer (WPT) 

systems, especially to the Inductive Power Transfer (IPT) 

systems [3]–[8]. Nonetheless, the EV sector is not the only 

one focused on this particular technology of the IPT 

technology [9]–[11]: wearables, medicines, applications 

where the possibility to introduce the human hand is not 

available, etc. It is due primarily to overly advantage of the 

total isolation between the primary/transmitter (typically a 

full-bridge controlled inverter) from the secondary/receiver 

(typically a full bridge diode rectifier). This fact makes this 

technology an excellent option for the future of the battery 

charger systems when the separation between the power 

source and the load is a priority. 

The output voltage regulations of practical IPT systems 

are implemented by user-end DC regulators or the front-end 

inverters with the output feedback signals via wireless 

communications [12]–[18]. A schematic diagram of using a 

user-end DC regulator to control the output voltage of an 

IPT systems is shown in Fig. 1(a). Obviously, the existence 

of the DC regulator will increase the receiver size and may 

require additional power supply for the DC regulator. A 

schematic diagram of using a wireless communication 

device to feedback output voltage to the front-end inverter 

is shown in Fig. 1(b). The wireless communication devices 

will not only enhance the volume of both the transmitter and 

the receiver, but also brings additional high cost. Therefore, 

it is necessary to develop a cost-effective scheme to regulate 

output voltages of IPT systems without using DC regulators 

and wireless communication devices. 

DC 

Source
Inverter Transmitter Receiver Rectifier

DC 

Regulator
Load

Output Voltage  
(a) 

DC 

Source
Inverter Transmitter Receiver Rectifier

Wireless 

Communication

Load

Output Voltage

Wireless 

Communication
 

(b) 

Fig. 1: Timing diagrams of the gate signals for the inverter. 
 

This paper bridges the research gap by introducing a new 

switched LCL-compensation scheme at the front-end to 

regulate the output voltage without any communication 

between the transmitter and the receiver. The LCL-S 

compensation gains the merits of (i) null reflected reactance, 

(ii) continuous or discontinuous current operation, (iii) high 

efficiency at low-quality factor, (iv) variable frequency 

control to close to unity power factor, and (v) elimination 

of VAR loading for high power applications, as compared 

to the four basic compensation schemes, i.e., series-series 

(SS), series-parallel (SP), parallel-series (PS), and parallel-

parallel (PP) compensation schemes [19]. Inherited from 

the conventional LCL-S compensation scheme, the 

proposed switched LCL-S compensation scheme possesses 

these aforementioned advantages, whereas extends the 

controllability by changing the fixed compensated inductor 

at the primary side to switched compensated inductors in 

multiple strings. The combinations of these inductor strings 

render the equivalent impedance of the IPT system alters, 

such that the output voltage can be regulated. 

This paper is organized as following: (1) in Section II, 

the conventional LCL-S compensated IPT systems is 

briefly reviewed; (2) in Section III, the IPT system with the 

proposed switched LCL-S compensator is analyzed; (3) in 

Section IV, simulation results are exhibited to validate the 

effectiveness of the proposed scheme to regulate the output 

voltage of the IPT system; and (4) in Section V, conclusions 

are drawn. 

 

II.  A BRIEF REVIEW OF THE CONVENTIONAL LCL-S 

COMPENSATED IPT SYSTEMS 

The circuit diagram of a typical LCL-S compensated IPT 

system is shown in Fig. 2. Here, both the compensated 

capacitors (i.e., Cp and Cs) are in resonances with the coil 

inductances (i.e., Lp and Ls), respectively, as 
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Fig. 2. Circuit diagram of a typical LCL-S compensated IPT system. 

 

 

𝜔2 =
1

𝐿p𝐶p
=

1

𝐿s𝐶s
                              (1) 

where ω is the switching angular frequency of the IPT 

system. The compensated inductance L1 equals to the self-

inductance of the primary coil (i.e., 𝐿1 = 𝐿p ). The 

switching signals S1 and S2, S3 and S4 are controlled to be 

complimentary and the switching signals S1 and S4, S2 and 

S3 are in phase. The timing diagrams of the four gate signals 

are depicted in Fig. 3. 

ωt0 π 2π 

S1

3π 4π 5π 

ωt0 π 2π 

S2

3π 4π 5π 

ωt0 π 2π 3π 4π 5π 

S3

ωt0 π 2π 

S4

3π 4π 5π  
Fig. 3: Timing diagrams of the gate signals for the inverter. 
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jωLs

jωCp

1

jωCs

1

RL' 

jωLp

i21

v21

ip1

 
Fig. 4. Equivalent circuit of the conventional LCL-S 

compensated IPT system. 

 

Based on the circuit diagram in Fig. 2, an equivalent 

circuit of the conventional LCL-S compensated IPT system 

can be depicted, as shown in Fig. 4. Here, the parameters 

v11, i11, i21, v21, ip1, is1, and v31 are the fundamental 

components of v1, i1, i2, v2, ip, is, and v3, respectively. 

According to the Fourier analysis, the peak values of the v11, 

i11, v31, and is1, i.e., V11, I11, V31, and Is1 satisfy 

𝑉11 =
4

𝜋
𝑉dc                             (2.1) 

𝐼11 =
𝜋

2
𝐼dc                             (2.2) 

𝑉31 =
4

𝜋
𝑉o                              (2.3) 

𝐼s1 =
𝜋

2
𝐼o                              (2.4) 

Besides, the equivalent load resistance 𝑅𝐿
′  satisfies 

𝑅𝐿
′ =

8

𝜋2 𝑅L                            (2.5) 

Based on the equivalent circuit and the Kirchhoff’s laws,  

𝑣11 = 𝑗𝜔𝐿1𝑖11 + (𝑖11 − 𝑖p1)
1

𝑗𝜔𝐶p
         (3.1) 

𝑗𝜔𝑀𝑖p1 = (𝑗𝜔𝐿s +
1

𝑗𝜔𝐶s
+ 𝑅𝐿

′ ) 𝑖s1        (3.2) 

Due to the compensated inductance L1 is designed to 

equalize the primary coil (i.e., 𝐿1 = 𝐿p), by substituting (1) 

into (3.1) and (3.2), respectively, 

𝑣11 = −
𝑖p1

𝑗𝜔𝐶p
                          (4.1) 

𝑗𝜔𝑀𝑖p1 = 𝑅𝐿
′ 𝑖s1                       (4.2) 

By substituting (4.1) into (4.2) to eliminate ip1,  

𝑖s1 =
𝑀

𝐿p𝑅𝐿
′ 𝑣11                        (5.1) 

and 

𝑣31 =
𝑀

𝐿p
𝑣11                          (5.2) 

Based on (5.1) and (5.2), the amplitudes of the parameters 

hold  

𝐼s1 =
𝑀

𝐿p𝑅𝐿
′ 𝑉11                        (6.1) 

𝑉31 =
𝑀

𝐿p
𝑉11                          (6.2) 

By substituting (2.1), (2.3), (2.4) and (2.5) into (6.1) and 

(6.2), 

𝐼o =
𝑀

𝐿p𝑅L
𝑉dc                        (7.1) 

𝑉o =
𝑀

𝐿p
𝑉dc                          (7.2) 

Apparently, the output voltage of the conventional LCL-S 

compensated IPT system are dependent on the self-

inductance of the primary coil (i.e., Lp), mutual inductance 

between the primary and secondary coils (i.e., M), and the 

input DC voltage (i.e., Vdc). The output current of the 

conventional LCL-S compensated IPT system also depends 

on the load resistance (i.e., RL). 

 

III.  IPT SYSTEMS WITH THE PROPOSED SWITCHED LCL-S 

COMPENSATORS 

By changing the fixed compensated inductor L1 in Fig. 2 

to switched compensated inductors (as shown in Fig. 5), the 

equivalent impedance of the IPT system can be regulated 

by controlling the switches in series with the compensated 

inductors (i.e., SL1, SL2,…,SLn). By assuming the switched 

compensated inductors as an equivalent compensated 

inductor Lx, an equivalent circuit of the IPT system with the 

switched LCL-S compensator can be plotted, as shown in 

Fig. 6.
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Fig. 5. Circuit diagram of the IPT system with the proposed switched LCL-S compensator. 
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Fig. 6. Equivalent circuit of the IPT system with the switched 

LCL-S compensator. 

 
Based on the equivalent circuit and the Kirchhoff’s laws,  

𝑣11 = 𝑗𝜔𝐿𝑥𝑖11 + (𝑖11 − 𝑖p1)
1

𝑗𝜔𝐶p
         (8.1) 

(𝑖11 − 𝑖p1)
1

𝑗𝜔𝐶p
= 𝑗𝜔𝐿p𝑖p1 − 𝑗𝜔𝑀𝑖s1       (8.2) 

𝑗𝜔𝑀𝑖p1 = (𝑗𝜔𝐿s +
1

𝑗𝜔𝐶s
+ 𝑅𝐿

′ ) 𝑖s1        (8.3) 

By substituting (8.2) and (8.3) into (8.1) to eliminate i11 and 

ip1, 

𝑖s1 =
1

8𝐿p𝑅L

𝜋2𝑀
+𝜔𝑀(

𝐿x
𝐿p

−1)𝑗
𝑣11              (9.1) 

𝑣31 =
1

𝐿p

𝑀
+

𝜋2𝜔𝑀

8𝑅L
(

𝐿x
𝐿p

−1)𝑗
𝑣11              (9.2) 

Based on (5.1) and (5.2), the amplitudes of the parameters 

hold  

𝐼s1 =
1

√(
8𝐿p𝑅L

𝜋2𝑀
)

2

+𝜔2𝑀2(
𝐿x
𝐿p

−1)
2

𝑉11       (10.1) 

𝑉31 =
1

√(
𝐿p

𝑀
)

2

+(
𝜋2𝜔𝑀

8𝑅L
)

2

(
𝐿x
𝐿p

−1)
2

𝑉11      (10.2) 

By substituting (2.1), (2.3), (2.4) and (2.5) into (10.1) and 

(10.2), 

𝐼o =
8

𝜋2

√(
8𝐿p𝑅L

𝜋2𝑀
)

2

+𝜔2𝑀2(
𝐿x
𝐿p

−1)
2

𝑉dc      (11.1) 

𝑉o  =
1

√(
𝐿p

𝑀
)

2

+(
𝜋2𝜔𝑀

8𝑅L
)

2

(
𝐿x
𝐿p

−1)
2

𝑉dc      (11.2) 

By taking partial derivative of Vo over Lx in (11.2),  

𝜕𝑉o

𝜕𝐿x
 =

𝑉dc
𝐿p

2 (
𝜋2𝜔𝑀

8𝑅L
)

2

(𝐿p−𝐿x)

[(
𝐿p

𝑀
)

2

+(
𝜋2𝜔𝑀

8𝑅L
)

2

(
𝐿x
𝐿p

−1)
2

]

3
2

             (12) 

Based on the derivations in (11.2) and (12), a plot of Vo 

versus Lx can be depicted as shown in Fig. 7. The maximum 

output voltage (i.e., 𝑉omax =
𝑀

𝐿p
𝑉dc ) can be achieved by 

controlling the equivalent compensated inductance 

equaling the inductance of the primary coil (i.e., Lx=Lp). 

When the output voltage is required to be less than the 

maximum output voltage, the equivalent compensated 

inductance is controlled based on (11.2) by switching on 

proper inductor strings. The mutual inductance and the load 

resistance can be preliminarily measured or estimated using 

the identification methods in [17]. 

Lx

Vo

O Lp

Lp

M
Vdc

 
Fig. 7. Plot of Vo versus Lx for the IPT system. 

 
IV.  SIMULATION RESULTS 

Simulations are carried out in PSIM 9.0. The parameters 

of the IPT system are listed in Table 1. Initially, the 

conventional LCL-S compensation is adopted, whereas the 

compensated inductance (i.e., Lx) is changed with different 

parameters. The simulated curves of the output voltage (i.e., 

Vo) versus the compensated inductance (i.e., Lx) for 

different load and mutual inductance conditions are plotted 

in Fig. 8. Apparently, the simulated curves are similar to the 

analytical curve in Fig. 7. 

 
Table 1: Specifications of the IPT system in simulation 

Parameter Symbol Value 

Nominal frequency f0 100 kHz 

DC voltage source Vdc 21 V 

Transmitter coil 

inductance 
Lp 49.2 μH 

Receiver coil inductance Ls 49.2 μH 

Transmitter compensated 

capacitance 
Cp 51.484 nF 

Receiver compensated 

capacitance 
Cs 51.484 nF 

Filter capacitance Cf 100 μF 

Nominal load resistance RL 1 Ω 

Nominal mutual 

inductance 
M 9.84 μH 
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(a) nominal mutual inductance and nominal load resistance 

 
(b) nominal mutual inductance and RL=0.5 Ω 

 
(c) nominal mutual inductance and RL=2 Ω 

 
(d) M=14.76 μH and nominal load resistance 

 
(e) M=24.6 μH and nominal load resistance 

Fig. 8. Simulated curves of Vo versus Lx for different load and 

mutual inductance conditions. 

 

Then, a switched compensator with three compensated 

inductor strings are adopted. The inductances of the three 

strings are L1=38 μH, L2=46 μH and L3=1.2 mH, 

respectively. By controlling the switches SL1, SL2 and SL3, 

the output voltage of the IPT system with the proposed 

switched LCL-S compensator can be regulated. Three cases 

with different mutual inductances and load conditions are 

investigated, as provided in Table 2. In case 1, both the 

mutual inductance and load condition are nominal. The 

output voltage reference is changed from 3 V to 3.5 V. In 

case 2, the mutual inductance is nominal, whereas the load 

resistance is 0.5 Ω. The output voltage reference is changed 

from 3 V to 2 V. In case 3, the load condition is nominal 

while the mutual inductance is 24.6 μH. The output voltage 

reference is changed from 4 V to 8 V. 

 
Table 2: Case studies of the IPT system with three 

compensated inductor strings 

Case 

number 

Mutual 

inductance 

(μH) 

Load 

resistance 

(Ω) 

Output voltage 

reference (V) 

1 9.84 1 Ω 3 V→ 3.5 V 

2 9.84 0.5 Ω 3 V→ 2 V 

3 24.6 1 Ω 4 V→ 8 V 

 

Fig. 9 show the waveforms of the switching signals SL1, 

SL2 and SL3 and the corresponding output voltages of the IPT 

system in the three cases. In case 1, all the switches SL1, SL2 

and SL3 are ON at the beginning. At the time t=0.01 s, the 

switch SL2 is turned OFF while the switches SL1 and SL3 are 

still ON. Accordingly, the output voltage is changed from 3 

V to 3.53 V. Obviously, the output voltage is well-regulated 

to the reference. The corresponding currents of i1, iLp, and 

iLs are shown in Fig. 9(a). In case 2 (as shown in Fig. 9(b)), 

the switch SL1 is ON while the switches SL2 and SL3 are OFF 

initially. At the time t=0.01 s, all the three switches are ON. 

Accordingly, the output voltage is changed from 2.954 V to 

1.995 V. Apparently, the output voltage is also well-

regulated to track the reference in case 2. Similarly, in case 

3 (as shown in Fig. 9(c)), the output voltage is controlled 

from 3.97 V to 8.02 V, which tracks the reference 

accurately.  
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(a) case 1 

 
(b) case 2 

 
(c) case 3 

Fig. 9. Simulated waveforms of the switching signals and the 

output voltages of the IPT system with the three compensated 

inductor strings. 

 

V. CONCLUSION 

In this paper, switched compensated inductor strings are 

proposed to substitute the fixed compensated inductor of 

the classic LCL-S compensation for IPT systems to regulate 

the output voltages at the front-end without using wireless 

communications between the transmitters and the receivers. 

The proposed scheme can improve the power densities of 

the receivers of the IPT systems by eliminating the bulky 

DC regulators and communication devices. Simulation 

results have verified the analysis of the relationships 

between the output voltages and the compensated 

inductances. The output voltages are also validated to track 

the references accurately in different mutual inductance and 

load conditions. 
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Abstract—With ever-increasing demands of smaller size, 

lighter weight for all forms of AC-DC consumer electronics, 

and wire winding transformers have been most used in 

isolated adaptor for over a century.  The most popular 

isolated AC-DC adaptor topology is the flyback, but the 

leakage inductance and switching losses of a traditional 

flyback limit the switching frequency and prevent the ability 

to achieve a small solution size. This paper demonstrates new 

ways to optimize flyback topology with planar 

PCB-embedded transformer to produce much higher 

efficiencies, even while switching at a higher frequency for 

adapter application.  

 
Keywords: Energy storage, Electric Vehicles, Redox flow 

battery, super-capacitor, fuel cell, active suspension, in-wheel 

motor, configurable EV, ABS. 

 

I. INTRODUCTION 

Power converter design is a major industry in the power 

conversion market [1-8].  In particular, the AC/DC power 

converter that is being used substantially for traveling and 

Power delivery (PD) is now a hot topic.   It is expected 

that the market share is very large and is over $9 Billion in 

2019. The users include smartphones, tablets, and a number 

of the mobile electronic appliance.  The cost and size are 

the main driving force for the new generation of 

development.  The operation frequency is usually limited 

to 100kHz because of the conservation design of switching 

loss at high frequency.   

 

This paper targets 65W adaptor applications.  With the 

resonant power technique and the switching loss can be 

reduced and the hence the soft switching version of flyback 

converter circuit should be chosen because of simple and 

low cost.The isolated version of the buck-boost converter 

that is commonly known as flyback converter is the proper 

topology for AC-DC conversion because of the simple 

topology and low component count. For the 

non-soft-switching version, a snubber or RCD clamp circuit 

is usually used to suppress the loss and spike voltage due to 

the leakage components and the design limits its switching 

frequency to 100kHz.  The active clamp flyback (ACF) 

converter can clamp and recycle the voltage of transformer 

leakage energy [1, 2, 3]. Active clamp flyback with 

synchronous rectifier (SR) circuit is shown in Fig. 1. Its 

structure is simple: Certain clamping circuit can generate 

the zero-voltage switching (ZVS) and its leakage energy 

can be recycled to the source.  In general, there are two 

operation modes which is so called the Discontinuous 

Conduction Condition (DCC) and the Continuous 

Conduction Condition (CCC). The DCC with SR method 

works current resonant switching but because of the current 

resonance, its current is therefore with high amplitude and 

the auspicated loss is larger.  On the other hand, the CCC 

operation with less current stress, but its voltage stress is 

high in the secondary SR.  The design is used pre-off 

topology of SR control to fast turn off and reduced SR’s 

reverse-recovery loss in CCC condition. 

 

Transformers are major components used for electrical 

isolation and energy transfer with power supplies 

application.  The transformer consists of copper winding 

and also the magnetic core. No matter it is machine 

wounded or handmade, the tolerance of the turns per layer, 

packaging factor, separation between the winding layers are 

different and hence the tolerance of different transformers 

may vary a lot.  Quality assurance is the major benefit of 

the planar PCB-embedded transformer, because of 

eliminates the manual winding process. Unfortunately, the 

leakage inductance and parasitic capacitance of a planar 

PCB-embedded transformer limit the switching frequency 

and prevent the ability to achieve a small solution size [6, 7]. 

Fortunately, there are new ways to optimize the flyback 
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topology and transformer winding structure to produce 

much higher efficiencies, even while switching at a higher 

frequency with the AC adaptor application. 

The working condition changes due to different input 

voltage in the universal application, challenging both exist 

switching devices tradeoff and transformer designs in 

AC-DC adaptor application. At low line input voltages, the 

on-stat loss of the primary switches components dominates 

due to the higher current. As the high line input voltage, the 

switching loss of the primary switches components due to 

higher dv/dt [5]. As a result, theDCC and CCC mode 

selection is more difficult in the design. The magnetic 

component design including the winding method, coupling, 

and winding ratio are key design information. The 

current-mode PWM controller, HY1801 from HYSEMI, is 

a high-performance Active-Clamp Flyback controller that 

uses proprietary ZVS tracking technology. The HY1801 

uses different operating modes to optimize the conversion 

efficiency under the various lines, including Active-Clamp 

Mode, 140kHz Constant Frequency Mode. The switching 

frequency of the Active clamp Flyback converter using 

HY1801 is optimized to operate up to 250kHz.  

 

The active clamp resonance time can have a wide variation 

depending on the transformer leakage inductance, the 

clamping capacitor values, and other parasitic parameters. 

Although the HY1801 can track the ZVS automatically, it is 

still necessary for the application design to provide the 

resonance time information to allow the algorithm to 

operate more efficiently. To simplify the application, the 

operation schematics and resonance time thesis are used as 

shown in Fig. 2 & 3. 

Fig.1 Active clamp flyback converter with syn. rectifier 

Lm

Lr

Cclamp
Coss2

Cbluk

Coss1

Co

Lms

S2

S1

Coss3

S3
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ii) Clamping region 
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(Coss) discharging 
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V)   Zero voltage region 

Fig. 2 Active Clamp operation circuit diagram 

 

 

Fig. 3 Typical waveforms of ACF of (a) DCC, and (b) CCC 

 

The characteristics between the DCC and CCC are different 

in terms of the control and ripple current.  Researches may 

consider the DCC because of easy design and more linear 

control features, however, the ripple is large and therefore 

the filter capacitor may needs to increase. 
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II. METHODOLOGY 

A. Circuit Operation and Turns Ratio study 

 

Previous section has described the initial study of the ACF 

topology.  It is simple and of high efficiency in high 

frequency operation to optimized size. Fig. 3 illustrates  

the key waveforms of DCC and CCC operation. In fact the 

magnetizing currentaffects and determines the operation in 

continuous and discontinuous mode. It is found that there is 

negative region of operation iLm in DCC whereas iLm is 

always positive when the operation is under CCC.The DCC 

condition is when the ΔILm larger than 2 times of I’Lm: 

 
'

LmLm 2II      (1) 

Vin

nVoVin

n

Io
I Lm


'    (2) 

 

The design criterion is to focus on the reduction of the loss 

of the active components rather than the total loss reduction. 

Proper design of Lr and Lm to ensure which operation mode 

to work on and the associated turns ratio and frequency are 

determined. Because the maximum operating frequency of 

the ACF is up to 250kHz, it is more desired to DCC 

operation in the universal input voltage to safeguard 

operation. Thesimulation results are shown andthe 

typicalwaveform of the active clamp flyback circuit with 

different the input voltage Vin in optimized transformer 

parametersare illustrated in Fig. 6. It shows that the DCCis 

operated with ZVS until full loading condition in the 

universal input voltage. 

 

B. Transformer Design and Optimization 

 

Integration of the magnetic components to the PCB is 

proposed here.  Hence the former for winding is 

eliminated.  The magnetic components can be significantly 

reduced in size because the winding and the magnetic parts 

are highly integrated and the space between the original 

winding is eliminated.  This is now called PCB-embedded 

transformer. 

The core selection is referring to manufactory’s core 

selection guide. The core suggested in table 1 is typical for 

universal input range, 67kHz switching frequency and 

single output application[9]. ATQ25 is selected for the 

65W ACF universal adaptor application. Because of 

65WACF adaptor is operation up to 250kHz, that is much 

higher than 67kHz, a small core can be selected.  

 

Table 1 Core quick selection table 

Output 
Power 
(W) EI core EE Core ERR Core EPC Core 

0-10 

EI12.5 
EI16  
EI19 

EE8  
EE10 
EE13 
EE16   

EPC10 
EPC13 
EPC17 

10-20 EI22 EE19   EPC19 
20-30 EI125 EE22 EER25.5 EPC25 

30-50 EI28  
EI30 

EE25 
EER28 EPC30 

50-70 EI35 EE30 EER28L   
70-100 EI40 EE35 EER35   

100-150 
EI50 EE40 EER40 

EER42   

150-200 
EI60 EE50 

EE60 
EER49 

  

(For universal input voltage range, fs = 67kHz and single 

output) 

 

The transformer turn ratio (n) is depend on voltage of 

switching device and output voltage, the most comment 

used switching device of primary and secondary are 700V 

and 100V respectively. 

 )](max)DS_S1(max) (V21.1 % DeratingV Foin VVn     4) 





  )](max)DS_S3(max) (V2

1
1.1 % DeratingV Foin VV

n
(5) 

The turns ratio of transformer is chosen 7 that between 6.25 

and 7.5 

 

Parasitic capacitance is major challenging of a planar 

PCB-embedded transformer limit the switching frequency. 

The 65W PCB-embedded transformer is used a different 

multilayer structure in the primary & secondary winding to 

optimize the capacitance.  

 

d

A
C





        (6) 

Because of secondary side is small number of turn, the 

parallel structure in 4 layers PCB with via to ensure equal 

potential to each layer. In the primary side, the interleaving 

and sandwich structure in series of 2 pieces 2 layers PCB to 

reduce the dielectric area (A) and increase electric distance 

(d). The PCB-embedded transformer structure and model 

circuit are shown as Fig. 4 and Fig. 5. 
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Fig. 4 Model circuit of high frequency PCB-embedded 

Transformer 

 

a) Transformer winding cross section 

 

b) Primary winding PCB layout 

 

 

c) Secondary winding PCB layout 

Fig. 5 Flyback transformer winding structure & PCB layout 
 
 

III. SIMULATION AND RESULT 

The Multi layer PCB-embedded transformer optimization 
is to maximize power density and operation frequency. 
There are four optimization factors: the primary track width, 
secondary track width, coupling area, coupling distanceand 
the power transfer turn numbern. In the ATQ25 transformer 
core, the frequency response of PCB-embedded 
transformer is Fig. 6. It shows a typical characteristic.  
According the result, the 0.7mm track with interleaving can 
be used in HY1801 ACF application. The optimized 
parameters of PCB-embedded transformer are shown Table 
2: 
 

 

Table 2 Optimized parameters of PCB-embedded 

transformer 

Lm 162 µH 

Llk 4.9 µH 

Rs 0.55 

Lms 4.07 µH 

Rss 0.105 

 

The selected parameters are reasonable for power 

conversion design parameter.  They are all within the 

design range. 

 

In order to study the performance further a simulation using 

PSpice based simulator has been conducted.  The study is 

to examine the operation under different load conditions 

and its effect to its operation against the design criteria. 
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a) 0.6mm track interleaving 

 

b) 0.7mm track interleaving 

Fig. 6 Impedance Response of Transformer with difference 

interleaving levels 
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a) 110Vac 20V 3.25A 
loading 

 

b) 230Vac 20V 3.25A 
loading 

Fig. 7 Simulation waveforms of universal input voltage 

ACF 

 

Fig. 7 shows the simulation results in full load condition at 

universal input voltage. The output voltage, SR current, 

clamping current, clamping voltage, transformer current, 

drain-source voltage of the S1, gate signals of S1 and S2 are 

nomenclated  as Vo, Isec, Iclamp, Vcr, Ipri, Vds1, Vgs1, and Vgs2, 

respectively.ZVS operation of switching devices are 

successes because the Mosfet’s body diode conduct before 

devices turn on under universal input voltage. 

 

VI. SUMMARY AND CONCLUSION 

Leakage inductances and self-parasiticcapacitance of 

PCB-embedded planer magnetic device with various 

geometric factors have been examined. Based on an 

analytical method, the self-parasitic capacitance of 

PCB-embedded planer transformers can be controlled. The 

frequency response results have been confirmed with the 

impedance analysis measurements. The frequency 

response of PCB-embedded planer transformers depends 

on the interleaving area and conduct track width. Variations 

of interleaving area and conduct track width affect all of the 

capacitance parameters. The self-parasitic capacitance of 

planer PCB-embeddedtransformers is a proportion to track 

width and interleaving area. The frequency response of 

PCB-embedded planer transformer is affected by 

self-capacitance. The frequency characteristics of 

PCB-embedded planer transformer is measuredthe testing 

frequency ranges between 50 kHz to 500 kHz. It shows that 

the magnetize impedanceof the transformeragainst 

frequency do not changed significantly. 

 

This paper examines the 65W ACF converter with a 

PCB-embedded planar transformer for the use in low power 

adaptors. The ACF topology is proposed because of its 

advantage in the tradeoff against simplicity, high power 

density and efficiency. SR topology is also selected for 

increasedefficiency to aid small size. The PCB-embedded 

technique improve significantly the power density. A 

simulation is conducted and it achieves a ZVS in a 

universal input range of 110 V to 230 V. Furthermore, the 

ACF adaptor prototype is under building.  
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Abstract – For the application background of electric buses 

being wirelessly charged at the stopping locations on bus route, 

a 100 kW electric bus wireless charging system with 

supercapacitor (SC)-battery hybrid energy storage is designed. 

In addition, a calculating method for hybrid energy storage 

capacity is proposed to select the appropriate capacities of 

system hybrid energy storage devices and thus reduce the 

weight of bus. Firstly, the equivalent circuit model of the 

wireless power transfer (WPT) system with SC and battery 

being loads is analyzed. Then, for the dynamic change of SC 

equivalent resistance, the SC detection, the wireless data 

communication, and the power regulation are adopted in the 

system. Finally, the 100 kW wireless charging system designed 

in this paper is implemented and verified by experiments. 

When the transfer distance is 0.45 m, the output power can be 

80.2 kW with 89.6% transfer efficiency. Moreover, according 

to the experimental results and the bus energy consumption 

survey, the energy storage capacity is calculated by the 

proposed calculating method. 

Keywords – electric bus; wireless power transfer (WPT); 

supercapacitor (SC); hybrid energy storage 

I. INTRODUCTION 

Internal combustion engines will cause environmental 

problems, such as air pollution and global warming, while 

the operation of an electric motor is zero emission [1]. 

Therefore, compared with traditional buses, electric buses 

have more advantages. At present, the inconvenience of   

traditional wired charging mode and the energy storage 

problem limit the development of electric vehicles (EVs) 

including electric buses [2]. 

For the inconvenience of traditional wired charging 

mode, the applications of wireless power transfer (WPT) 

technology to EVs [3] and railway vehicles [4] have been 

studied in recent years. The wireless charging mode is 

convenient and without spark or electric shock danger. 

Therefore, in view of the inconvenience of electric bus 

traditional wired charging mode, wireless charging mode is 

a solution with prospects for development. As shown in Fig. 

1, on bus route, there are some stopping locations such as 

bus stops and traffic lights intersections. The short stopping 

time can be used to charge the bus by wireless charging 

mode. On the premise of guaranteeing the required driving 

mileage, by frequent wireless charging, the capacity of 

energy storage device is reduced and the effective 

utilization of energy is improved. Electric energy can be 

conveniently and efficiently delivered to the bus by the 

wireless charging mode, meanwhile, the storage mode of 

the electric energy also needs to be considered. 

 
Fig. 1: Diagram of the stopping locations on bus route 

For the electric energy storage problem, batteries are 

suitable to support the progress of EVs because of the high 

energy density and mobility of batteries [1]. However, the 

performance and life of batteries are usually rapidly 

degraded due to frequent high current charging and 

discharging. Compared with battery [5]-[6], supercapacitor 

(SC) has higher power density and longer lifetime [6]. Thus, 

SC is suitable for the frequent wireless charging such as the 

3-kW wireless power transfer system for sightseeing car in 

[7]. In summary, for the electric bus being wireless charged 

frequently, there are drawbacks in using battery only. And 

combining the advantages and disadvantages of the above 

two energy storage modes, it is more appropriate to use the 

SC-battery hybrid energy storage mode for electric buses, 

which are heavy duty passenger vehicles [8]. For SC-

battery hybrid energy storage mode, it is important to select 

their appropriate capacities. A calculating method for 

hybrid energy storage capacity is proposed in this paper. 

Moreover, the paper proposes the idea that electric buses 

could be wirelessly charged during the short stopping time 

at the stopping locations on bus route. However, in order to 

meet the demand, which is making electric buses fully 

charged at short notice, it is essential to increase the output 

power level of WPT system. Therefore, a 100kW WPT 

charging system is built in the paper. 

The concept map of the electric bus wireless charging 

system with SC-battery hybrid energy storage in this paper 

is illustrated in Fig. 2. As shown in Fig. 2, after the power 

distribution, the transmitting coil is powered by the AC-

DC-DC-AC power supply. Then the electric energy is 

transmitted to the receiving coil through electromagnetic 

coupling. The electric energy received by the receiving coil 

is used to charge the SC-battery hybrid energy storage 

device after the rectifying filter. The rest sections of this 

paper are organized as follows: Section Ⅱ analyses the 

equivalent circuit model of the WPT system with SC and 

battery load. On the basis of the analysis of Section Ⅱ, the 

electric bus wireless charging system with SC-battery 

hybrid energy storage is designed in Section Ⅲ. The 
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calculating method for hybrid energy storage capacity is 

also elaborated in Section Ⅲ. Section Ⅳ implements the 

electric bus wireless charging system designed in Section 

Ⅲ. By using the calculating method, the hybrid energy 

storage capacity is calculated according to the experimental 

results and the bus energy consumption survey. Finally, the 

conclusion is shown in Section Ⅴ. 

 
Fig. 2: The concept map of electric bus wireless charging system 

with SC-battery hybrid energy storage 

II. EQUIVALENT CIRCUIT MODEL OF THE WPT 

SYSTEM WITH SC-BATTERY LOAD 

As shown in Fig. 3, by replacing the resistance load of 

the mutual inductance circuit model in [9] with the SC’s 

classical equivalent circuit model [10] and the simplified 

battery model [11], the equivalent circuit model of the WPT 

system with SC and battery is obtained. 
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Fig. 3: The equivalent circuit model of the WPT system with 

supercapacitor (SC) and battery loads 

In Fig. 3, u1 is the voltage of high frequency AC power 

supply; Uo is the voltage of the load; i1 and i2 are the currents 

of transmitting and receiving coils, respectively; L1 and L2 

are the inductances of transmitting and receiving coils, 

respectively; R1 and R2 are the equivalent series resistances 

of transmitting and receiving coils, respectively; series 

capacitances C1 and C2 are the resonant capacitances; M is 

the mutual inductance of transfer coils; Rs, Co, Rp and uco 

are the equivalent series resistance, the ideal capacitance 

value, the equivalent parallel resistance and the capacitance 

voltage of SC, respectively; uB and RBin are the ideal battery 

voltage and the battery equivalent internal resistance, 

respectively; RCL is the equivalent resistance of SC; RBL is 

the equivalent resistance of battery; RL is the equivalent 

resistance of SC-battery loads and rectifier circuit; iC is the 

current flowing through the branch of SC; iB is the current 

flowing through the branch of battery.  

A. Mutual Inductance Circuit Model of WPT System 

According to Kirchhoff’s Voltage Law (KVL) and Fig. 

3, the mutual inductance circuit relation formula of series 

resonant WPT system can be written into: 

 

1 1 1 1 2
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1 2 2 L 2
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  (1) 

where ω = 2πf with f being the resonant frequency. 

When transmitting coil and receiving coil are identical, 

i.e. L1 = L2 = L, R1 = R2 = R, C1 = C2 = C, and the resonant 

angle frequency ω = 1 / (LC)^(1/2), Equation (1) becomes: 
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According to (2), input power Pin, output power Pout 

and transfer efficiency η can be written into: 
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Unlike the pure resistance load in [16], RL is the 

equivalent resistance of SC-battery load, thus RL needs to 

be analyzed. 

B. SC Load 

The effects of the SC’s equivalent parallel resistance Rp 

can be neglected for transient capacitor discharges on the 

order of a few seconds to a few minutes [10]. In this paper, 

the wireless charging system is designed to make use of the 

short time at each stopping location on bus route to charge 

the electric bus. Therefore, only the equivalent series 

resistance Rs and the ideal capacitance Co are analyzed [7]. 

Assuming that the load voltage Uo is constant and the 

charging time is t, the current and the voltage of SC can be 

denoted by iC(t) and uco(t), respectively. By KVL, it can be 

obtained that: 

 o C s co) ( ) ( )U t i t R u t （   (6) 

The changes during the charging process can be 

expressed as: 

 o C s co

o C s co

(0) (0) (0)

( ) ( ) ( )

U i R u

U t i t R u t
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
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  (7) 

The change of the SC’s voltage during the whole 

charging process (from 0 to t s) is denoted by ΔUc, i.e. ΔUc 

= uco(t) - uco(0). According to (7), iC(t) can be written into: 

 C C
s

( ) (0) ci t =i
R

U

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  (8) 

And another expression of iC(t) is: 
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According to (8) and (9), ΔUc can be written into: 

 s
C

s

(0)c
o

R t
=i

C R t
U


  (10) 

Therefore, according to (8) and (10), the SC’s 

equivalent resistance, i.e. RCL can be written into: 

 o o
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The initial current iC(0) can be written into: 

 o co
C

s
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where uco(0) is the initial voltage of SC. By substituting 

(12) into (11), it can be obtained that: 
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It can be seen from (13) that RCL has a dynamic 

change t/Co. 

C. Battery Load 

In Fig. 3, the current flowing through the battery branch, 

i.e. iB can be written into: 

 o B
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Thus, the equivalent resistance of battery, i.e. RBL can 

be written into: 
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where uB is constant under ideal condition. 

In summary, the equivalent resistance of SC-battery 

loads, i.e. 𝑅𝐿
′  can be written into: 
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As shown in formula (17), the relationship between 𝑅𝐿 

and 𝑅𝐿
′ is remarkable, which is established with 

uncontrolled rectifier circuit. In 𝑅𝐿
′ , there is a dynamic 

change caused by SC. According to (4), when RL is known, 

the output power Pout can be adjusted by changing the value 

of u1. Thus, the dynamic change should be taken into 

account in the subsequent wireless charging system design. 

III. DESIGN OF THE ELECTRIC BUS WIRELESS 

CHARGING SYSTEM WITH SC-BATTERY HYBRID 

ENERGY STORAGE 

A. OVERALL SYSTEM DESIGN 

The design block diagram of the electric bus wireless 

charging system with SC-battery hybrid energy storage is 

illustrated in Fig. 4. The system is divided into two parts: 

the transmitting part and the receiving part. The 

transmitting part is installed at each stopping location on 

bus route. The receiving part is installed on the electric bus. 

As shown in Fig. 4, the DC voltage Ud1 obtained by 

rectifying filter is input into the DC chopper. The inverter 

converts the output DC voltage of the DC chopper into high 

AC frequency voltage. Then the high frequency AC voltage 

is input into the transmitter of magnetically coupled 

resonant circuit. The resonant capacitor C1 and the 

transmitting coil L1 form the resonant circuit of the 

transmitter. Electric energy is sent to the receiver by 

electromagnetic coupling. The resonant capacitor C2 and 

the receiving coil L2 form the resonant circuit of the receiver. 

By the high-frequency rectifying and filtering circuit, the 

electric energy is converted into the DC voltage, which is 

used to charge the SC-battery hybrid energy storage device.  

 
Fig. 4: The design block diagram of electric bus wireless charging system with SC-battery hybrid energy storage 
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Fig. 5: Diagram of electric bus wireless charging system circuit 

As shown in Fig. 4, the parameter detection at 

transmitting side is to detect inverter output voltage and 

current. The detected voltage and current will be used for 

PLL frequency tracking. The parameter detection of 

receiving side is divided into rectifier input voltage and 

current detection and SC detection. SC detection is used to 

obtain the required voltage and current of SC. The detected 

parameters of receiving side are sent to transmitting side by 

wireless communication circuit. 

The system control includes DC chopper circuit control 

and inverter frequency tracking control. 1) DC chopper 

circuit control: In the circuit model analysis of Section 2, RL 

has a dynamic change. Thus, the SC detection circuit is 

added to the system. After the SC detection, the detected 

data is sent to the wireless data receiving circuit by the 

wireless data transmitting circuit, and the received data is 

processed. According to the required voltage and current of 

SC, the output power is regulated by the control of the DC 

chopper circuit. 2) Inverter frequency tracking control: 

When the parameters of the resonant circuit are changed, 

the PLL frequency tracking circuit automatically tracks the 

resonant frequency. 

B. Design of the Electric Bus Wireless Charging System 

Circuit 

The system circuit is designed according to the overall 

system design. The diagram of electric bus wireless 

charging system circuit is illustrated in Fig. 5. The system 

circuit consists of three parts: 1) AC-DC-DC-AC power 

supply; 2) coils and related resonant circuits; 3) output 

circuit. 

1) AC-DC-DC-AC power supply 

The three-phase rectifier bridge (VDR1-VDR6) and the 

filter capacitor Cd1 are used to convert A, B, and C three-

phase AC voltage into the DC voltage Ud1. And Ud1 is input 

into the Buck circuit (VT0, VD0, Cd2). By the inverter 

circuit, the output voltage of Buck circuit, i.e. Ud is 

converted into the high frequency AC voltage, which 

corresponds to u1 in Fig. 3. The power level of the wireless 

charging system in this paper is very large. In order to 

sustain the rated large current, IGBT parallel connection 

needs to be adopted.  

2) Coils and related resonant circuits 

The parameters of the symmetrical square coils used in 

this paper are as follows: the average side lengths of both 

coils are 0.85 m; the turn numbers of both coils are 10; the 

thickness of the magnetic conductor is 5 mm; the side 

length of the square magnetic conductor is 1.2 m. 

To facilitate the design of the related resonant 

capacitors, finite element analysis software is used to 

simulate the coils. The coils simulation model is illustrated 

in Fig. 6. The self-inductance (L1 = L2 = 4.5629 × 10-4 H) 

and the mutual inductance (M = 3.9156 × 10-5 H) are 

obtained by the simulation. 

 
Fig. 6: The coils simulation model 

3) Output circuit 

By the high frequency rectifier (Dr1-Dr4) and the filter 

capacitor (Co1), the high frequency AC output of the 

receiving coil is converted into the DC voltage, which 

corresponds to Uo in Fig. 3. And Uo charges the SC-battery 

hybrid energy storage device.  

According to the above design of the system and the 

circuit, the electric bus wireless charging system can be 

implemented. But for the whole system, the capacity 

selection of hybrid energy storage device is equally 

important. Under the premise of continuous and reliable 

driving, determining the appropriate capacity of hybrid 

energy storage device can greatly reduce the cost of system. 
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C. Calculating Method for Hybrid Energy Storage 

Capacity 

This calculating method is for the pure electric buses 

with SC-battery hybrid energy storage. The long-term 

storage device is battery, and the short-term storage device 

is SC. 

The time for a bus going to and fro on its route one or 

more times is recorded as tall. And the related data is 

recorded at a regular time interval Δt. Then the number of 

recording points n is tall/Δt. The related data is recorded as 

follows: 

There is wireless communication between the 

transmitting side and the receiving side of the wireless 

charging system designed in this paper. Therefore, 

historical WPT received power PWPT(ti) can be recorded by 

analyzing the data of the system transmitting side installed 

at each stopping location on bus route. And historical actual 

demand power Pbus(ti) are recorded at each recording point, 

where i=1, 2, 3..., n. Historical supply-demand mismatch 

power PΔ(ti) and historical average supply-demand 

mismatch power PΔavg(t) are obtained by (18) and (19). 
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By PWPT(ti), Pbus(ti), PΔ(ti), and PΔavg(t), the capacity of 

SC-battery hybrid energy storage device is calculated as 

follows: 

1)Battery (long-term) energy storage capacity 

Assuming that the maximum of the sum of any q 

consecutive PΔ(ti) is max(∑PΔ(ti)), then the battery energy 

storage capacity E1 is the time integral of the corresponding 

q consecutive PΔ(ti), where 1 ≤ q ≤ n. Moreover, in order to 

protect the battery from over discharge and ensure the 

stability of power supply, it is necessary to keep E1 larger 

than calculated value. 

2)SC (short-term) energy storage capacity 

Fast Fourier Transform (FFT): By FFT and historical 

supply-demand mismatch power PΔ(ti), historical supply-

demand mismatch power of frequency domain, i.e. PΔ(fi) 

are obtained. Due to the character of FFT, only data within 

half of the sampling frequency are analyzed. Then PΔ(fi) are 

converted into periodic supply-demand mismatch power 

PΔ(Ti), where i =1, 2, 3..., n / 2 and T = 1 / f. 

Standardization: According to (20), total supply-

demand mismatch power PΔall is obtained. Then according 

to (21), periodic supply-demand mismatch power PΔ(Ti) is 

standardized. 
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where i = 1, 2, 3..., n / 2. 

Accumulation: Accumulated value of supply-demand 

mismatch power, i.e. P″Δ(Tk) are calculated as shown in 

(22). 
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where k=1, 2, 3..., n/2. Then a continuous function curve 

of P″Δ(Tk) is obtained. 

Selection of critical percentage: In logarithmic 

coordinates, when the function value decreases from the 

maximum to 20log(1/2)1/2 of the maximum, the function 

value corresponding to the continuous function is the 

critical percentage kp. A corresponding Tk(kp) is obtained by 

finding the P″Δ(Tk) closest to kp. The period length less than 

Tk(kp) can be considered to be buffered by energy storage 

device. 

Capacity calculation: The SC energy storage capacity 

E2 is the product of the corresponding Tk(kp) and historical 

average supply-demand mismatch power PΔavg(t), i.e. E2 = 

PΔavg(t) × Tk(kp).  

IV. IMPLEMENTATION OF THE WIRELESS CHARGING 

SYSTEM 

A. EXPERIMENT RESULTS OF THE WIRELESS CHARGING 

SYSTEM 

In order to facilitate the power design of the wireless 

charging system and the calculation for energy storage 

capacity, the historical actual demand power Pbus(ti) of a bus 

were recorded. The Pbus(ti) is illustrated in Fig. 7. 

 
Fig. 7: Historical actual demand power Pbus(ti) 

As shown in Fig. 7, tall is 8427 s, and the regular time 

interval Δt is 1 s. Then the number of recording points n is 

8427. Within 8427 s, the bus consumes 42 kW·h. If the bus 

is charged at 80 kW when it stops (Pbus(ti) = 0 kW), the 

charging energy of the bus within 8427 s is 45 kW·h, which 

can meet the demand. Therefore, in consideration of system 

transfer efficiency, a wireless charging system with 100 kW 

input power is implemented as shown in Fig. 8. 

 
Fig. 8: Diagram of the wireless charging experiment device with 

100 kW input power 
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In Fig. 8, the frequency tracking range of the 100 kW 

high-frequency AC-DC-DC-AC power supply is 30–60 

kHz. Both the transmitting coil and the receiving coil are 

square planar coils. And the average side lengths of both 

coils are 0.85 m.  

The experimental results are shown in Table 1, where 

U1 is the input voltage; I1 is the input current; P1 is the input 

power; U2 is the output voltage; I2 is the output current; P2 

is the output power; h is the transfer distance; f is the 

frequency of the power supply; η is the transfer efficiency. 

As shown in Table 1, when the transfer distance h is 

0.45 m, the output power P2 can be 80.2 kW, which satisfies 

the power demand, at the efficiency of 89.6%.

Table 1: Experimental Result of the Wireless Charging System 

U1 (V) I1 (A) P1 (kW) U2 (V) I2 (A) P2 (kW) h (m) f (kHz) η (%) 

500.3 125.2 62.63 476.4 120.7 57.5 0.3 46.9 91.8 

507.3 150.0 76.12 523.2 131.6 68.9 0.4 43.5 90.5 

515.7 173.5 89.5 564.7 142.4 80.2 0.45 42.7 89.6 

B. Calculation of the System Hybrid Energy Storage 

Capacity 

According to the recorded Pbus(ti) and the design of 

Section Ⅲ, a 100 kW wireless charging system for electric 

bus is implemented. On the basis of this wireless charging 

system, the SC (short term) and battery (long term) energy 

storage capacities are calculated by the calculating method 

proposed in Section Ⅲ.  

If the wireless charging system in this paper is used, the 

electric bus can be wirelessly charged with power of 80 kW 

at the stopping locations on bus route. In other words, when 

Pbus(ti) = 0 kW, PWPT(ti) = 80 kW. According to Fig. 7, 

PWPT(ti) can be obtained as shown in Fig. 9. 

 
Fig. 9: Historical WPT received power PWPT(ti) 

According to (19), Fig. 7, and Fig. 9, the historical 

supply-demand mismatch power PΔ(ti) can be obtained as 

shown in Fig. 10. And in Fig. 10, the maximum of the sum 

of any q consecutive PΔ(ti), i.e. max(∑PΔ(ti)) is 36601 kW. 

The corresponding recording points n are 1682–5838 with 

q being 4157. 

Therefore, the battery (long term) energy storage 

capacity E1 can be written into: 

 5838

1682
1 ( )

t
it

E P t    (23) 

And E1 is calculated to be 10.14 kW·h. 

Next, the SC (short term) energy storage capacity E2 is 

calculated. By FFT and the historical supply-demand 

mismatch power in Fig. 10, i.e. PΔ(ti), the historical supply-

demand mismatch power of frequency domain, i.e. PΔ(fi) 

are obtained as shown in Fig. 11. In Fig. 11, only the data 

within half of the sampling frequency are analyzed. Then 

PΔ(fi) are converted into the periodic supply-demand 

mismatch power PΔ(Ti) as shown in Fig. 12. In Fig. 12, to 

make the display more intuitive, the horizontal axis is 

transformed to logarithmic coordinates. 

 
Fig. 10: Historical supply-demand mismatch power PΔ(ti) 

 
Fig. 11: Historical supply-demand mismatch power of frequency 

domain PΔ(fi) 

 

Fig. 12: Periodic supply-demand mismatch power PΔ(Ti) 
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According to (20), the total supply-demand mismatch 

power PΔall is obtained. And by PΔall and (21), PΔ(Ti) is 

standardized.  

Then, the accumulated value of supply-demand 

mismatch power P″Δ(Tk) are calculated according to (22). 

The continuous function curve of P″Δ(Tk) is obtained as 

shown in Fig. 13. the critical percentage kp = 0.293 ≈ 0.3. 

Then the corresponding Tk(kp) (Tk(kp) = 61 s) is obtained by 

finding the P″Δ(Tk) closest to 0.3. Therefore, the SC (short 

term) energy storage capacity E2 = PΔavg(t) × Tk(kp) = 0.02 

kW·h.  

 
Fig. 13: Accumulated value of supply-demand mismatch power 

P″Δ(Tk) 

V. CONCLUSION 

In this paper, for the application background of electric 

buses being wirelessly charged during the short stopping 

time at the stopping locations on bus route, a set of 100 kW 

electric bus wireless charging system is designed and 

implemented. When the transfer distance h is 0.45 m, the 

output power P2 can be 80.2 kW, which satisfies the power 

demand, at the efficiency of 89.6%. And the calculating 

method for hybrid energy storage capacity is used to 

calculate the capacity. 

In this paper, considering the present experimental 

condition limit, SC-battery load is replaced by resistances. 

The charging problems of SC-battery, such as the different 

working voltage range and power distribution, will be taken 

into account in the further research using actual SC and 

battery and corresponding converters circuits. In the 

experiment of the further research, the SC and battery with 

the calculated energy storage capacity will be used and the 

system performance will be tested. 
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