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Abstract. Aiming at improving the operating range of the wireless charging sys-
tem with misalignment tolerance, a design method based on parameter optimiza-
tion of wireless charging with wide range misalignment and constant-voltage
output was proposed. The mathematical model of the proposed six-coils hybrid
compensation network were established, and the output characteristics between
load and mutual inductances were analyzed. The DD2Q (Double-D Quadrature)
padwas proposed, which is beneficial to eliminate cross coupling and realize inde-
pendent output of each channel. The results show that the system output current
deviation is less than 5% when the coupling pads vary from 20 mm to 140 mm,
and the efficiency is up to 94%.

Keywords: Wireless charging ·Misalignment tolerance · Constant voltage
output

1 Introduction

Inductive Power Transfer (IPT) is a method of energy transmission through high-
frequency alternating magnetic field coupling, which has the advantages of safety, reli-
ability, environmental friendliness and convenient operation. At present, it has been
successfully applied to electronic products, medical electronic equipment and electric
vehicles. Coupling coil is an important element of wireless charging system. The mis-
alignment between the coupling coil will decrease the output power and efficiency.
Therefore, wide range anti-offset output capability has become an important indicator
of wireless charging system [1–5].

Aiming at improving the anti-offset ability, the optimization design is mainly from
closed-loop control, magnetic coupling structure and high-order compensation network
[6, 7]. The anti-offset output system based on closed-loop control usually requires
additional wireless communication devices, but the wireless communication delay will
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reduce the dynamic response of the system. DDQ coil structure, DD coil structure,
I-type transmitting coil structure and 3D orthogonal coil structure were proposed in
[8–11] to provide misalignment tolerance against coupling fluctuations. For example, a
I-type transmitting coil is proposed in [9] to realize the fluctuation range of output voltage
within 30%when themaximum offset in x direction is within 50%. A 3D orthogonal coil
structure was presented in [11] to realize all-directional wireless charging, but the over-
all efficiency of the system is only 60%. Meanwhile, hybrid compensation network can
also be used to provide better misalignment tolerance. A hybrid compensation network
combining with LCC-LCC and S-S compensation network [12], could realize stable the
power output when the system coupling coefficient varied from 0.2 to 0.3. However, this
hybrid topology cannot operatewithout the secondary side.A series hybrid topologywith
the integrating compensating inductor into coupling coil was proposed in [13] to over-
come the above mentioned issues. The operating principle of the hybrid compensation
network was summarized in [14], and set up an experimental platform, which could limit
the fluctuation range, when the coupling coefficient is 0.08–0.16. To sum up, the existing
methods can achieve anti-offset wireless charging, but the range of coupling coefficient
is relatively narrow. Considering different EVs, such as family cars, SUVs or trucks,
the vertical height of the coupling coil is different, and the coupling coefficient varies
widely, resulting in transmission power fluctuation and efficiency decline. Therefore, it
is necessary to improve the operating range of vertical misalignment tolerance.

The six-coil hybrid topology is presented in this paper. Firstly, the output charac-
teristics of the topological circuit are analyzed. Secondly, the magnetic coupling coil
structure of DD2Q is proposed to realize the mutual inductance decoupling between the
same side coils. Finally, the experimental results show that the six-coil hybrid topol-
ogy can achieve a wide range of anti-offset constant-current output, and the maximum
efficiency of the system can reach 94%.

2 The Proposed Hybrid IPT System

Figure 1 illustrates the six-coil hybrid topology circuit. Aiming at minimizing the VA
rating, all resonant components should be tuned to the same angle frequencyω, therefore,
we can get{

ω2L0C0 = ω2L1
C0C1
C0+C1

= 1, ω2L7C7 = ω2L4
C4C7
C4+C7

= 1

ω2L2C2 = ω2L3C3 = ω2L6C6 = 1, ω2L8C8 = ω2L5
C5C8
C5+C8

= 1
(1)

Then, the KVL equations can be obtained as⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Z00 Z01 Z02 0 Z04 0 0
Z10 Z11 Z12 0 Z14 0 Z16
Z20 Z21 Z22 0 0 Z25 Z26
0 0 0 Z33 0 Z35 0
Z40 Z41 0 0 Z44 0 Z46
0 0 Z52 Z53 0 Z55 Z56
0 Z61 Z62 0 Z64 Z65 Z66
0 0 Z72 0 0 0 Z75

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

İ0
İ1
İ2
İ3
İ4
İ5
İ7

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

U̇out

0
0
U̇out

0
0
0
U̇AC

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(2)
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Fig. 1. Proposed six-coil hybrid IPT system.

where Z00 = jωL0 + (jωC0)
−1 + jωL3 + (jωC3)

−1, Z01 = Z10 = −(jωC0)
−1,

Z02 = Z20 = −jωM23, Z04 = Z40 = −jωM34, Z11 = jωL1 + (jωC0)
−1 + (jωC1)

−1,

Z12 = Z21 = −jωM12 − jωM16, Z14 = Z41 = −jωM14, Z16 = Z61 = −jωM16,

Z22 = jωL2 + (jωC2)
−1 + RAC + jωL6 + (jωC6)

−1,Z25 = Z52 = −jωM25 − jωM56,

Z26 = Z62 = RAC + jωL6 + (jωC6)
−1, Z33 = jωL8 + (jωC8)

−1, Z35 = Z53 =
−(jωC8)

−1,

Z44 = jωL4 + (jωC4)
−1 + (jωC7)

−1, Z46 = Z64 = −(jωC7)
−1,

Z55 = jωL5 + (jωC5)
−1 + (jωC8)

−1, Z56 = Z65 = −jωM56,

Z66 = jωL7 + (jωC7)
−1 + RAC + jωL6 + (jωC6)

−1,Z72 = Z76 = RAC.
In this paper, only the main mutual inductance is considered and the cross mutual

inductance is ignored. Thus, we can get,

U̇AC = L7M12U̇out

L0L7 +M12M34
+M56U̇out

L8
(3)

From (3), the output voltage of the load is related with resonant inductor L0, L7,
L8. If these parameters are well designed, the proposed IPT system can maintain stable
voltage output.

3 Magnetic Coupler

Figure 2 shows the DD2Q pad in this paper, and the Magnetic inductance distribution is
shown in Fig. 3. It is clear that the cross coupling occurs when the lateral misalignment
happens, while there is only main coupling when the vertical misalignment happens.
Therefore, the proposedDD2Qcan be used in these applications, such asmedical implant
and AGVs, which may has wide vertical misalignment.
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280mm

100mm

L2

L5

L4
L6

L3
L1

28
0m

m

Fig. 2. DD2Q magnetic coupler

(a) at centrosymmetric position (b) at lateral offset position

Fig. 3. Magnetic inductance distribution of the DD2Q coil structure

4 Experimental Verification

Figure 4 shows the wireless charging experiment platform, where the electronic load is
used to simulate the changes in battery charging process. And Table 1 is the specific
experimental parameters are shown in Table 1.

Rectifier

DD2Q Coils
Inverter

L0

L8

L7

C0

C1

C8

C5

C3

C2

C4

C7

C6

Fig. 4. Experiment platform

Figure 5(a) shows the output voltage curves with 80� and 160� load when vertical
misalignment changes from 20 mm to 140 mm. It is obvious that the output voltage can
remain relatively constant, The maximum output voltage is 104.5 V when the vertical
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Table 1. The parameters

Parameter Value Parameter Value

f 85 kHz C1 24.9 nF

L1 150.1 μH C2 24.1 nF

L2 149.8 μH C3 22.0 nF

L3 160.1 μH C4 35.9 nF

L4 160.2 μH C5 41.0 nF

L5 160.1 μH C6 22.0 nF

L6 160.1 μH C7 58.6 nF

L7 60.2 μH C8 51.8 nF

L8 70.2 μH Air gap 20 mm–140 mm

C0 388.4 nF E 55 V

(a) output voltage (b) efficiency

Fig. 5. Output voltage and efficiency curves at z-axis misalignment

misalignment reaches 100mm, and theminimumoutput voltage is 95.66Vwhen the ver-
tical misalignment reaches 140 mm. Figure 5(b) shows the system efficiency decreases
when the vertical misalignment increases.

Figure 6 shows the experimental waveforms of different z-axis misalignment when
the load resistance is 80 �. It can be obviously found that the variation of the output
voltage is within 5%.
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Uout (50V/div) Iout (5A/div)

UL=102.29V (50V/div)

IL=1.28A (1A/div)

t (10us/div)

UL=97.55V(50V/div)

IL=1.22A(1A/div)

t (10us/div)

Uout (50V/div) Iout (5A/div)

(a) at 20 mm Z-axis misalignment (b) at 50 mm Z-axis misalignment

UL=101.77V(50V/div)

IL=1.27A(1A/div)

t (10us/div)

Uout (50V/div) Iout (5A/div)

UL=95.66V(50V/div)

IL=1.19A(1A/div)

t (10us/div)

Uout (50V/div) Iout (5A/div)

(c) at 100 mm Z-axis misalignment (d) at 140 mm Z-axis misalignment

Fig. 6. Experimental waveforms at RL = 80 �

5 Conclusion

This paper presents a six-coil hybrid IPT topology. Firstly, the working characteristics of
the systemcircuit are analyzed, and the variation rule of the output current is summarized.
Secondly, DD2Q coupling coil structure is proposed to eliminate cross-coupling mutual
inductance. Finally, the experimental results are consistent with the theoretical analysis.
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Inductively Coupled Power Transfer System
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Charging for Rail Transit System
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Abstract. This paper focus on the constant voltage (CV) and constant current
(CC) charging mode for rail transit energy storage by inductively coupled power
transfer (ICPT) system. Firstly, the mathematical model of ICPT system based
on LCC-S compensation network is established and analyzed, then a method
of switching the parallel compensation capacitor of primary side to realize the
switching of CV and CC charging mode is proposed in this paper, the zero voltage
switching (ZVS) of MOSFETs can be realized in either CV or CC charging mode,
and themethod has the advantages of simple operation and high reliability. Finally,
the simulation results are presented to verify the feasibility of the proposedmethod.

Keywords: Constant voltage · Constant current · Rail transit system ·
Inductively coupled power transfer system · Zero voltage switching

1 Introduction

At present, the third rail or overhead line and pantograph are the main power supply
methods for rail transit system. However, these power supply methods have problems
such as friction, electric sparks, electric shock risks and higher maintenance costs [1].
Therefore, the ICPT system has become an alternative to rail transit system power system
power supply.

The LCC-S compensation network has better advantages for ICPT charging system,
such as constant transmitting coil current, high efficiency and low losses [2]. Another
advantage for its application in rail transit system is the reduction of the total weight of
the vehicle, because only one compensation capacitor is needed.

The battery is the most commonly load as the energy storage in the rail transit
system [3]. The battery charging process is mainly divided into two modes: CC charging
mode and CV charging mode as shown in Fig. 1. First, the CC charging mode is used.
When the battery voltage reaches the setting value, then the CV charging mode needs
to be used. When the charging current is reduced to the charging cut-off current, the
battery charging ends. The alternative CC and CV charging mode will prolong the

© Beijing Paike Culture Commu. Co., Ltd. 2023
C. Ma et al. (Eds.): ICWPT 2022, LNEE 1018, pp. 8–17, 2023.
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service life of the battery, and it is also important to the safety of the ICPT system.
Therefore, it is necessary to switch between the CC charging mode and CV charging
mode corresponding to the ICPT system used in the rail transit system.

Current
/A

Voltage
/V

CC CV

t

Fig. 1. Battery charging process.

In order to realize the switching of CV and CC charging mode of the ICPT system, a
method of switching working frequency of the inverter is proposed in [4, 5]. This method
doesn’t require wireless communication, but this method is easy to cause the instability
of the ICPT system with frequency bifurcation. In [6, 7], the closed-loop control method
is adopted to realize the CV or CC charging mode of ICPT system, but closed-loop
control method needs to transmit the voltage or current signal to the primary side, the
data signal may be interfered by the energy signal, which will affect control accuracy.
Meanwhile, the stability of the system using the closed-loop control also needs further
research. In [8–10], a method of changing primary side or secondary side compensation
structure is adopted, but more switching devices and compensation devices are used in
this method, and the switching process between CV and CC charging mode is more
complex.

In this paper, the ICPT system based on LCC-S compensation network is researched.
First, the mathematical model of the system is established, and the conditions for the
system to realize the CV and CC mode are obtained through analysis. Then, the method
of switching parallel compensation capacitor on the primary side is proposed, the ZVS of
the MOSFETs can be realized. Finally, the feasibility of the proposed method is verified
through simulation results.

2 Topology of ICPT System

The topology of ICPT system is shown in Fig. 2. Vdc is the input dc voltage, V ab and V cd
are the input and output voltages of the compensation network, respectively, Vo is the
output dc voltage, I1 is the input current of the compensation network, Ip and Is are the
current of the transmitting coil and receiving coil, respectively. L, C, C1, Cp and Lp are
formed primary side of compensation network while Ls and Cs are formed secondary
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side of the compensation network. rp and rs are the inner resistance, M is the mutual
inductance, Co is the output capacitor, R is the load, S1 ~ S4 are the MOSFETs of the
inverter, D1 ~ D4 are the diodes of the rectifier.

S1

S2

S3

S4

D1

D2

D3

D4

Vdc
Vab Vcd

M

LsLp

Cp Cs
L

C

C1 Vo

Co

I1 Ip Is

R

rp rs

Fig. 2. Topology of ICPT system.

If rp and rs are ignored, the equivalent circuit of the ICPT system is shown in Fig. 3.
Each parameter in Fig. 3 is expressed as (1).

L Cp
Lp

Zm
Vab C1

C

jωMIp Vcd Re

Ls CsIsI1 Ip

Fig. 3. Equivalent circuit of the ICPT system.

⎧
⎪⎪⎨

⎪⎪⎩

Vab = 2
√
2Vdc/π

Zm = (ωM )2/(Re + jωLs + 1/jωCs)

Re = 8R/π2

Vcd = 2
√
2Vo/π

(1)

whereω is the resonant angular frequency of the system, Zm is the reflection impedance,
Re is the ac equivalent resistance.

Let Zeq = jωL + 1/jωC, ZC = 1/jωC1, Zp = jωLp + 1/jωCp and Zs = jωLs +
1/jωCs, so the impedance of the primary side can be expressed as follows:

Zin = Zeq + ZC/(Zp + Zm) = Zeq(ZC + Zp + Zm) + ZC(Zp + Zm)

ZC + Zp + Zm
(2)

So, I1, Ip, Is and V cd can be expressed as follows,

I1 = Vab

Zin
= ZC + Zp + Zm

Zeq(ZC + Zp + Zm) + ZC(Zp + Zm)
Vab (3)
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Ip = ZC
ZC + Zp + Zm

I1 = ZC
Zeq(ZC + Zp + Zm) + ZC(Zp + Zm)

Vab (4)

Is = jωM

Zs + Re
Ip = jωMZC

(Zs + Re)Zeq(ZC + Zp + Zm) + (Zs + Re)ZC(Zp + Zm)
Vab (5)

Vcd = IsRe = jωMZCRe

(Zs + Re)Zeq(ZC + Zp + Zm) + (Zs + Re)ZC(Zp + Zm)
Vab (6)

3 Analysis of CV and CC Charging Mode

3.1 CV Charging Mode

When the conditions shown in (7) are satisfied by the ICPT system, the CV charging
mode of the ICPT system can be realized.

⎧
⎨

⎩

Zeq + ZC = 0
Zp + ZC = 0
Zs = 0

(7)

So, the impedance of the system in CV charging mode can be expressed as:

Zin_CV = ZCZp
Zm

= Re

(ω2MC)2
(8)

It can be seen from (8), the impedance Z in_CV is resistive. In order to realize ZVS of
MOSFETs, the impedance of the system needs to be designed to be slightly inductive.

In CV charging mode, V cd can be expressed as follows:

Vcd = ωM

ωLp − 1/ωCp
Vab (9)

The curves of V cd with operation frequency f under different load are shown in
Fig. 4, and the ICPT system parameters are shown in Table. 1. As can be seen from
Fig. 4, when the working frequency is 30 kHz, the CV charging mode of the ICPT
system can be realized.

3.2 CC Charging Mode

On the basis of (5), Is can be further derived as follows:

Is = jωMZC
(Zs + Re)[Zeq(ZC + Zp) + ZCZp] + (ωM )2Zeq + (ωM )2ZC

Vab (10)

When the condition shown in (11) is satisfied by the ICPT system, the CC charging
mode of the ICPT system can be realized.

Zeq(ZC + Zp) + ZCZp = 0 (11)
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f / kHz

V c
d /

 V

Fig. 4. Curves of Vcd with f under different load.

Table 1. Parameters of the ICPT system.

Symbol Value Symbol Value

Vdc 100 V L 62 μH

C 0.52 µF C1 3.57 µF

Lp 22.14 µH Cp 1.97 µF

rp 0.033 � Ls 980 µH

Cs 28.71 nF rs 0.495 �

M 15 µH Co 2000 µF

To simplify the structure of the ICPT system, only one part of the system is modified
in this paper, so there are three solutions are shown in (12), (13) and (14), respectively.

ZC = − ZeqZp
Zeq + Zp

(12)

Zp = − ZeqZC
Zeq + ZC

(13)

Zeq = − ZpZC
Zp + ZC

(14)

However, according to (7), in CV charging mode, Zeq + ZC = 0, Zp + ZC = 0,
which will result in no solution to (13) and (14). Therefore, (12) is the only selection for
the ICPT system to realize the CC charging mode in this paper.
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So, on the basis of (7) and (12), in CC charging mode, the capacitance of the parallel
compensation capacitor Ca can be derived as follows:

Ca = C1 (15)

So, the impedance of the system in CC charging mode can be expressed as:

Zin_CC = −ZCZm
2Zm − ZC

= (ωM )2Re + j2ωC1(ωM )4

4(ωC1)2(ωM )4 + R2
e

(16)

It can be seen from (16), the impedance Z in_CC is inductive, so ZVS of MOSFETs
can be realized.

In CC charging mode, Is can be expressed as:

Is = −j
Vab

ωM
(17)

The curves of Is with operation frequency f under different load are shown in Fig. 5.
As can be seen from Fig. 5, when parallel compensation capacitor Ca is added, when
the working frequency is 30 kHz, the CC charging mode of the ICPT system can be
realized.

Therefore, the topology of ICPT system that can switch betweenCVandCCcharging
mode is shown in Fig. 6. When switch Sa is turned off, the CV charging mode can be
realized, when Sa is turned on, the CC charging mode can be realized.

f / kHz

I s 
/ A

Fig. 5. Curves of Is with f under different load.


