
 

 

Analysis and Cross-Coupling Elimination of Input-Series 
Output-Parallel (ISOP) Multi-Channel IPT System  

 
Pan Sun, Leyu Wang, Yan Liang, Xusheng Wu, Qijun Deng 

 
Abstract：To meet the low-voltage and high-power demand of fast charging of electric vehicles, an ISOP multi-channel inductive power transfer 
(IPT) system based on LCC-S compensation network is analyzed in this paper. Firstly, the system's improvement of transmission capability is 
analyzed without considering the cross-coupling. After that, to clarify the cross-coupling impression, the equivalent impedance formula for the 
inverter output terminals of each channel is calculated. Then, combined with the harmonic characteristics of high order topology, the zero voltage 
switching (ZVS) condition of each channel is analyzed. Found out that the cross-coupling may lead to a decrease in the instantaneous current 
value when the inverter is turned on, thereby increasing the risk of losing the ZVS operating state. To eliminate the influence of cross-coupling, 
a parameter design method is proposed without additional devices and control. Finally, a 3-channel ISOP-IPT system prototype is built. The 
system achieves an energy transmission of 17.06 kW with an efficiency of 93.22%. Compared with single-channel systems, the power capacity 
is increased while keeping the input current level unchanged. After compensation, the system achieves equivalent decoupling in the case of cross-
coupling, each channel works independently and maintains the input voltage balance. 
 
Index Terms – Input-series output-parallel (ISOP), Inductive power transfer (IPT), Parameter compensation, Cross coupling. 
 

NOMENCLATURE 

𝐺1~𝐺4       Primary-side MOSFETs. 𝐷1~𝐷4      Secondary-side rectifier diodes. 𝑈𝑠𝑖𝑛𝑔𝑙𝑒, 𝑈𝑖𝑛   DC input voltage. 𝑈𝑜_𝑠𝑖𝑛𝑔𝑙𝑒, 𝑈𝑜   DC output voltage. 𝐼𝑠𝑖𝑛𝑔𝑙𝑒, 𝐼𝑖𝑛    DC input current. 𝑈𝑖𝑛, 𝑈𝑖𝑛𝑖      Inverter output voltage. 𝑖𝑙, 𝑖𝑙𝑖         Inverter output current. 𝑖𝑝, 𝑖𝑝𝑖        Primary-side coil current. 𝑖𝑠, 𝑖𝑠𝑖        Secondary-side coil current. 𝑅𝑒𝑞,𝑅𝑒𝑞𝑖    Secondary-side equivalent impedance 𝐿,𝐿𝑖         Primary-side compensation inductance. 𝐶,𝐶𝑖        Primary-side parallel compensation capacitor. 𝐶𝑝,𝐶𝑝𝑖       Primary-side series compensation capacitor. 𝐿𝑝, 𝐿𝑝𝑖       Self-inductance of the transmitting coil. 𝐿𝑠, 𝐿𝑠𝑖       Self-inductance of the receiving coil. 𝐶𝑠,𝐶𝑠𝑖      Secondary-side series compensation capacitor. 𝑀,𝑀𝑖       Mutual inductance between the transmitting 
and receiving coils. 𝑀𝑎          Same-side mutual inductance. 𝑀𝑏          Cross-side mutual inductance. 𝑘𝑈𝑖          Voltage gain coefficient. 𝐾𝑖±          Proportional coefficient of input voltage 
between channels. 

𝑖𝑏𝑖 The fundamental part of the inverter output 
current. 𝑖ℎ𝑘𝑖         The high-order harmonic part of the inverter 
output current. 𝐶𝑒𝑞𝑝𝑖_𝑖𝑛 Primary-side series equivalent capacitance. 𝐶𝑒𝑞𝑠𝑖_𝑖𝑛 Secondary-side series equivalent capacitance. 𝜔           The working angular frequency. 𝑍𝑖𝑛, 𝑍𝑖      Equivalent impedance of inverter output. 𝑍𝑝𝑖          Equivalent impedance of transmitting coil 
branch. 

I.  INTRODUCTION 

nductive power transfer (IPT) technology can realize non-
contact power transmission. This non-contact characteristic 

makes it excellent for electrical isolation. Moreover, compared 
with the traditional wired transmission method, IPT 
technology has the advantages of safer, more reliable and 
easier construction, so it has a broader space for development 
and application. It has been widely used in electric vehicles 
[1]-[2], implantable medical devices [3], underwater 
autonomous vehicles [4]-[5] and smart electronic devices [6], 
etc. 

Taking the electric vehicle application scenario as an 
example, the power transmission capacity of the IPT system 
needs to be increased. In [7]-[8], three power levels of electric 
vehicle charging are given. Among them, Level 3 corresponds 
to the fast charging mode, the maximum power is 100kW, and 
the voltage level is 204-600V DC. Due to the limitations of 
rated voltage and current of power devices, single-channel IPT 
systems are difficult to meet the power requirements.  

To solve the above problems, many scholars have studied 
the transmission power improvement of IPT system in low-
voltage and high-power output scenarios. Existing methods 
include the following: cascade multi-level inverters [9], multi-
inverter parallel [10], multi-coil transmission [11] and multi-
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channel system [12]-[15].  
In [9]-[11], the research ideas adopted are to improve the 

input power capacity of the transmitting side of the system, 
while there is no improvement on the receiving side. Because, 
the overall transmission power of the system is still limited by 
the rated voltage and current of the power device on the 
receiving side, and the rated output power is difficult to 
achieve a significant improvement. Moreover, considering the 
thermal stress of the current, the energy transmission of a 
single receiving channel is difficult to meet the long-term 
operation of the high-power system [16]. 

In the existing research on multi-channel system, four kinds 
of circuit structures are analyzed respectively: input-series 
output-series (ISOS) [12], input-parallel output-series (IPOS) 
[13], input-series output-parallel (ISOP) [14], input-parallel 
output-parallel (IPOP) [15]. Table I shows the circuit structure 
of the DC side and its application scenarios. For EVs fast 
charging, the ISOP circuit structure avoids the current loss 
caused by excessive bus current. And the output parallel 
structure is more suitable for low voltage, high current and 
high power requirements. Therefore, this paper focuses on the 
analysis of ISOP multi-channel system based on LCC-S 
compensation network. 

In practical multi-channel systems, the system volume is 
often reduced by the close arrangement of coils, so it is 
inevitable to consider the influence of cross-inductance. The 
existing methods to eliminate cross-coupling include coupler 
design [15]-[17], control strategy [18]-[19] and parameter 
design [20]. In [15][17], the equivalent decoupling between 
couplers is realized through the structural design of couplers. 
In [18], an active reactance compensator is added to eliminate 
cross interference of multiple receiving channels. In [19], a 
combination of frequency control, duty cycle control and 
switching control capacitor (SCC) is used to achieve cross-
coupled dynamic compensation of dual-load IPT systems. In 
[20], The optimal load reactance of the multi-receiver system 
is optimized to eliminate the cross-coupling effect. Some of 
these methods to eliminate cross-coupling fix the arrangement 
of coupling coils, and some only consider the decoupling of 
multi-coupling coils on the receiving side, which cannot be 
directly applied to ISOP-IPT system. 

Based on the analysis of the above problems, this paper 
focuses on improving the transmission power of IPT system 
and eliminating the cross-coupling effect of multi-channel 
system. The main research contents of this paper are as follows: 

1) The power raising capability of ISOP-IPT system is 
analyzed. The theoretical equation for the equivalent 
impedance at the output of each inverter channel is derived 
when cross-coupling exists. Additionally, the variation trend 
of the fundamental impedance angle under different loads is 
analyzed. 

2) Considering the harmonic characteristics of LCC-S high 
order topology, the influence of cross-coupling on the 
instantaneous current of each channel and the influence on the 
zero voltage switch (ZVS) are analyzed. 

3) Without changing the circuit structure, the parameter 

design method is used to eliminate the inconsistency of 
inverter working state caused by the same-side mutual 
inductance, and to solve the input voltage imbalance caused by 
cross mutual inductance. 

This paper is organized as follows: In section II, the 
transmission characteristics of ISOP-IPT system without 
considering cross-coupling are analyzed. In section III, the 
influence of cross-coupling on the operating state of each 
channel inverter is analyzed. In section IV, the parameter 
design method is given to eliminate the influence of mutual 
inductance on the transmission characteristics of the system. 
Finally, in section V, a three-channel ISOP-IPT experimental 
system is built to verify the correctness of the theoretical 
analysis. And the conclusion is drawn in section VI.  

II. ANALYSIS OF TRANSMISSION CHARACTERISTICS OF ISOP-
IPT SYSTEM WITHOUT CONSIDERING CROSS-INDUCTANCE 

Compared with the four basic low-order compensation 
networks (S-S, S-P, P-S, P-P), the LCC-S high-order topology 
using multiple compensation elements has the advantages of 
higher design freedom, constant current of the original side 
coil, and the load independent output characteristics [21]. At 
the same time, the series compensation structure of the 
receiving side is simple and can reduce the number of 
compensation components, thus reducing the system volume. 
Therefore, the LCC-S compensation network is used as the 
basic structure in the subsequent analysis and research.  

A. Analysis of single channel IPT system 

In order to analyze the circuit structure characteristics of 
multi-channel system, considering the simplified mode of 
traditional IPT system, the resistance of coupling-coil is 
ignored [22]. 

A typical single-channel IPT system based on LCC-S 
compensation network is shown in Fig.1. It can be divided into 
three parts: full-bridge inverter, compensation network and 

TABLE I 
DC CIRCUIT STRUCTURE AND APPLICATION SCENARIO  

OF MULTI-CHANNEL SYSTEM 

Structure Application 
scenario Structure Application 

scenario 

ISOS [12] High voltage input 
and output ISOP [14] High voltage input 

low voltage output 

IPOS [13] Low voltage input 
high voltage output IPOP [15] Low voltage input 

and output 

 
Fig.1. Single-channel IPT system based on LCC-S compensation network. 
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coupling coil, and equivalent load. 𝑈𝑠𝑖𝑛𝑔𝑙𝑒  is the DC input 
voltage, 𝐼𝑠𝑖𝑛𝑔𝑙𝑒 is the DC input current, 𝑢𝑖𝑛 is the inverter 
output voltage, 𝑖𝑙  is the inverter output current, 𝑖𝑝  and 𝑖𝑠 
are the transmitting coil and receiving coil currents, 𝐿, 𝐶 
and 𝐶𝑝  constitute the transmitting side compensation 
network, and 𝐶𝑠 is the receiving side compensation capacitor. 𝐿𝑝, 𝐿𝑠 and 𝑀  are coil self−inductance on the transmitting 
side and receiving side, and mutual inductance between coils, 
respectively. 𝑅𝐿 is load resistance.  

In order to improve the energy transmission efficiency of the 
system, the parameters of the compensation element and coil 
are usually designed to meet the following resonance 
conditions [23]: 

𝜔2 = 1𝐿𝐶 = 1(𝐿𝑝 − 𝐿)𝐶𝑝 = 1𝐿𝑠𝐶𝑠 (1) 
where 𝜔 = 2𝜋𝑓  is the circuit resonance angular frequency, 

f  is the system operating frequency 
Combined with the circuit shown in Fig. 1, when the 

compensation parameters meet (1), the voltage and current 
relationship of the system is as follows: 

⎩{{
{{{
⎨{
{{{
{⎧ 𝑍𝑖𝑛 = 𝐿2𝑅𝑒𝑞𝑀2

𝐼𝑝 = 2√2𝑗𝜋𝜔𝐿𝑈𝑠𝑖𝑛𝑔𝑙𝑒
𝐼𝑠 = 𝜋𝑀𝑈𝑠𝑖𝑛𝑔𝑙𝑒2√2𝐿𝑅𝐿 = 𝜋2√2 𝐼𝑜_𝑠𝑖𝑛𝑔𝑙𝑒

𝑈𝑒𝑞 = 2√2𝑀𝜋𝐿 𝑈𝑠𝑖𝑛𝑔𝑙𝑒 = 2√2𝜋 𝑈𝑜_𝑠𝑖𝑛𝑔𝑙𝑒

(2) 

The theoretical output power 𝑃𝑜𝑢𝑡 of the system： 

𝑃𝑜𝑢𝑡 = 𝐼𝑜𝑠𝑖𝑛𝑔𝑙𝑒
2 𝑅𝐿 = 𝑀2𝑈𝑠𝑖𝑛𝑔𝑙𝑒2

𝐿2𝑅𝐿 (3) 
As can be seen from the (2), the equivalent impedance of the 

output end of the inverter is pure resistance, and the system can 
realize efficient transmission of energy. Moreover, the system 
has the characteristic of constant voltage output, and the output 
voltage is independent of the load.  

B. Characteristic analysis of multi-channel ISOP-IPT system 

This part analyzes the input-series output-parallel (ISOP) 
inductive wireless power transmission system, and its circuit 
structure is shown in Fig.2. In order to improve the stability of 
input and output voltage, parallel filter capacitors 𝐶𝑖𝑛𝑖 and 𝐶𝑜𝑖 are added at the front end of each channel inverter and the 
back end of rectifier. 𝑈𝐶𝑖 is the input voltage of each channel 
inverter, 𝐼𝑖𝑛𝑖 is the input current of each inverter, 𝑈𝑜𝑖 is the 
rectifier output voltage, 𝐼𝑜𝑖 is the rectifier output current, and 𝑅𝐿 is the load resistance.  

According to the series and parallel circuit structure of the 
system, the voltage and current characteristics are as follows: 

⎩{{
{{⎨
{{{
{⎧𝐼𝑖𝑛𝑖 = 𝐼𝑖𝑛𝑗𝑈𝑜𝑖 = 𝑈𝑜𝑗

𝑈𝑖𝑛 = ∑𝑈𝐶𝑖
𝑛

𝑖=1
𝐼𝑖𝑛 = ∑𝐼𝑜𝑖

𝑛
𝑖=1

(4) 

The AC steady-state circuit of each channel is shown in 
Fig.3. Through analysis of (1) and (2) and the circuit shown in 
Fig.2, the transmission characteristic equations of the circuit 
can be obtained as follows:  

⎩{{
{{{
{⎨
{{{
{{{
⎧𝑍𝑖𝑛𝑖 = 𝐿𝑖2𝑅𝑒𝑞𝑖𝑀𝑖2 = 𝑅𝑒𝑞𝑖𝑘𝑈𝑖2

𝐼𝑝𝑖 = 2√2𝑈𝐶𝑖𝑗𝜋𝜔𝐿𝑖
𝐼𝑠𝑖 = 𝜋𝑀𝑖𝑈𝐶𝑖2√2𝐿𝑖𝑅𝐿 = 𝜋2√2 𝐼𝑜𝑖

𝑈𝑒𝑞𝑖 = 2√2𝑀𝑖𝑈𝐶𝑖𝜋𝐿𝑖 = 2√2𝜋 𝑘𝑈𝑖𝑈𝐶𝑖 = 2√2𝜋 𝑈𝑜

(5) 

where 𝑍𝑖𝑛𝑖 is the equivalent impedance at the output of an 
inverter, 𝐼𝑝𝑖  and 𝐼𝑠𝑖  is the RMS value of the transmitting 
and receiving coil current on each side. 𝑈𝑒𝑞𝑖 is the RMS value 
of the input voltage of the rectifier，𝑘𝑈𝑖 is the voltage gain 
coefficient of each channel of the system.  

Eq. (5) shows that, without considering cross mutual 
inductance, the equivalent impedance 𝑍𝑖𝑛𝑖 at the output end 
of each channel inverter is pure resistance, and the system can 
realize efficient energy transmission. Meanwhile, the output 
voltage of each channel of the system is independent of load 
and has the characteristic of constant voltage output. 
According to the analysis of Eq. (4) and Eq. (5), the input-
output relationship among channels of the whole system is as 
follows: 

 
Fig.3. A channel steady-state circuit based on LCC-S compensation 
network in ISOP-IPT system. 
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Fig.2. Circuit structure of multi-channel ISOP-IPT system based on LCC-S 
compensation network. 
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⎩{{
{{⎨
{{{
{⎧𝑈𝐶𝑖𝑈𝐶𝑗 = 𝐼𝑜𝑖𝐼𝑜𝑗 = 𝐿𝑖𝑀𝑗𝐿𝑗𝑀𝑖 = 𝑘𝑈𝑗𝑘𝑈𝑖 = 𝑅𝑒𝑞𝑗𝑅𝑒𝑞𝑖

𝐼𝑜 = 1𝑅𝐿 ∑𝑀𝑖𝑈𝐶𝑖𝐿𝑖
𝑛

𝑖=1
𝑈𝑜 = 𝑘𝑈𝑖𝑈𝐶𝑖 = 𝑘𝑈1 [∑(1 + 𝑘𝑈𝑗𝑘𝑈(𝑗+1))

𝑛−1
𝑗=1

]
−1

𝑈𝑖𝑛

(6) 

It can be seen from the above equation that the input voltage 
ratio and output current ratio of each channel of ISOP-IPT 
system based on LCC-S compensation network are related to 
series compensation inductance and transmission mutual 
inductance. And the input voltage ratio of each channel is 
inversely proportional to the voltage gain ratio. According to 
(5) and (6), when the compensation network parameters and 
mutual inductance of each channel are unchanged, the system 
has a constant-voltage output characteristic independent of 
load.  

To compare the system power transmission capacity, 
assume that the series compensation inductor 𝐿𝑖  and 
transmission mutual inductor 𝑀𝑖 of each channel are equal. 
At this time, the multi-channel system output voltage is same 
as the single channel system output voltage (𝑈𝐶𝑖 = 𝑈𝐶𝑗 =𝑈𝑠𝑖𝑛𝑔𝑙𝑒). When the input voltage for each channel is the same 
as the input voltage for a single channel system, the total input 
voltage is n times that of a single channel system. And the 
output current and transmission power of the multi-channel 
system are increased the system's DC input current remains 
essentially the same as that of a single-channel system, 
effectively reducing bus losses. 

A 3-channel system simulation model was established to 
verify (6). Simulation parameters are shown in Table II. The 
input voltage ratio and mutual inductance ratio of each channel 
in the system are as follows:  𝑈𝐶1𝑈𝐶2 = 𝑀2𝑀1 = 0.8, 𝑈𝐶2𝑈𝐶3 = 𝑀3𝑀2 = 0.75 

The simulation result is show in Fig.4. The result shows that 
the relationship between the transmission characteristics of the 
system channels satisfies (6). At the simulation time of 0.025s, 
the system load resistance changes from 5Ω to 10Ω. The input 
voltage of each channel and the output voltage of the system 
maintain the original voltage level after a small amplitude 

fluctuation. The system has constant voltage output 
characteristics.  

From the above analysis, it can be seen that the input voltage 
and output current of the ISOP-IPT system are n times higher 
than that of the single-channel system without replacing the 
device with a higher power rating. The power is increased 
while maintaining a low system cost.  

III ANALYSIS OF THE INFLUENCE OF CROSS-COUPLING ON 

THE TRANSMISSION CHARACTERISTICS 

In Section II, the transmission characteristics of ISOP-IPT 
system without considering cross coupling have been analyzed, 
and can be used as a theoretical reference for system parameter 
design. However, in the actual system design process, due to 
the limitation of system installation size and the requirement 
of high-power density, it is necessary to closely arrange each 
transmitting and receiving coil, which inevitably leads to cross 
coupling between the coils. The existence of cross coupling 
will change the original transmission characteristics of the 
system, making the output impedance angle and input voltage 
of the inverter in each channel of the system unbalanced. 
Therefore, it is very necessary to analyze the impact of cross 
coupling on the system and put forward corresponding 
compensation measures. 
A. Fundamental impedance analysis of inverter output with 
cross-coupling considered 

Before analyzing the influence of cross-coupling on the 
transmission characteristics of each channel, the multi-channel 
ISOP-IPT system divides the channels into outer channels and 
inner channels based on the relative positions of the coils and 
the mutual effects between the channels, as shown in Fig.5: 1) 
Outer channels: Channel 1 and Channel n are only affected by 
the cross-coupling of the adjacent channel. 2) Inner channels: 
All channels except Channel 1 and Channel n are 
simultaneously affected by the cross-coupling of the two 
adjacent channels. Since the distance between non-adjacent 
channels is much greater than the distance between two 
adjacent channels, only the cross-coupling effect between 
adjacent channels is considered in the analysis.  

To simplify the analysis process, let's assume that the 
compensation parameters for each channel of the system, such 
as 𝐿𝑖, 𝐶𝑖,𝐶𝑝𝑖, 𝐶𝑠𝑖  and the transmission mutual 
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Fig.4. Simulation of DC input voltage in 3-channel ISOP-IPT system. 

TABLE II 
SIMULATION PARAMETERS OF EACH CHANNEL IN ISOP SYSTEM 

Symbol Value Symbol Value 

𝐿𝑖/μH 15 𝐶𝑖/nF  233.7 

𝐿𝑝𝑖/μH  95 𝐶𝑝𝑖/nF 43.824 

𝐿𝑠𝑖/μH  95 𝐶𝑠𝑖/nF 36.904 

𝑀1/μH  25 𝑀2/μH  20 

𝑀3/μH  15 𝑓/𝑘Hz  85 

𝑅𝐿/𝛺 5 𝑈𝑖𝑛/V  700 
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inductance𝑀𝑖 , same-side mutual inductance𝑀𝑎  and cross 
mutual inductance 𝑀𝑏 , are all the same.  

According to the circuit structure shown in Fig.5, the voltage 
and current equations for the transmitting coil branch of the 
outer channel and inner channel can be obtained as follows:  𝑼̇𝑖 = 𝑨𝑖𝑰𝑖̇ + 𝑩𝑖𝑰(̇𝑖+1) ⋯ (𝑖 = 1) (7 − 1) 𝑼̇𝑖 = 𝑨𝑖𝑰𝑖̇ + 𝑩𝑖𝑰(̇𝑖−1) ⋯ (𝑖 = 𝑛) (7 − 2) 𝑼̇𝑖 = 𝑨𝑖𝑰𝑖̇ + 𝑩𝑖(𝑰(̇𝑖+1) + 𝑰(̇𝑖−1))⋯ (𝑖 ≠ 1, 𝑛) (7 − 3) 

The matrix definitions in the equations are as follows: 

𝑨𝑖 = ⎣⎢
⎡𝑗𝜔𝐿𝑝𝑖 + 1𝑗𝜔𝐶𝑝𝑖 −𝑗𝜔𝑀𝑖

−𝑗𝜔𝑀𝑖 𝑅𝑒𝑞𝑖 ⎦⎥
⎤ 

𝑼̇𝑖 = [𝑈̇𝑝𝑖0 ] , 𝑰𝑖̇ = [𝐼𝑝̇𝑖𝐼𝑠̇𝑖
] ,𝑩 = [ 𝑗𝜔𝑀𝑎 −𝑗𝜔𝑀𝑏−𝑗𝜔𝑀𝑏 𝑗𝜔𝑀𝑎 ] 

To simplify (7) further in order to obtain the impedance of 
the transmitting coil branch for each channel. Based on 
Kirchhoff's voltage law, the voltage and current equations for 
the series compensating inductor 𝐿𝑖  and parallel 
compensating capacitor 𝐶𝑖  in each channel circuit can be 
obtained as follows: 

𝑈𝑖̇𝑛𝑖 = 𝑗𝜔𝐿𝑖𝐼𝑙̇𝑖 + 1𝑗𝜔𝐶𝑖 (𝐼𝑙̇𝑖 − 𝐼𝑝̇𝑖) (8) 
When the magnitude of 𝐿𝑖 and 𝐶𝑖 satisfies the resonance 

condition of the LCC-S compensating network, Eq. (8) can be 
simplified to express the relationship between the current in 
the transmitting coil branch and the output voltage of the 
inverter: 

𝐼𝑝̇𝑖 = 1𝑗𝜔𝐿𝑖 𝑈𝑖̇𝑛𝑖 (9) 
Furthermore, based on the principle of power conservation, 

it can be understood that the input power of the inverter, the 
output power of the inverter, the input power of the rectifier, 
and the output power of the rectifier are equal: 

𝑈𝐶𝑖𝐼𝑖𝑛𝑖 = 𝑈𝐶𝑜𝑖2
𝑅𝐿𝑖 (10) 

where 𝑅𝐿𝑖  is the equivalent impedance at the output 
terminals of each channel rectifier. 

According to (4), (9), and (10) simultaneous calculation can 
be obtained. 

𝐾𝑖± = 𝑅𝑒𝑞𝑖𝑅𝑒𝑞(𝑖±1) = 𝐼𝑠̇(𝑖±1)𝐼𝑠̇𝑖 = 𝑈̇𝑖𝑛(𝑖±1)𝑈𝑖̇𝑛𝑖 = 𝐼𝑝̇(𝑖±1)𝐿(𝑖±1)𝐼𝑝̇𝑖𝐿𝑖 (11) 
where 𝐾𝑖±  is the proportional coefficient of equivalent 

loads among the rectifiers in different channels. 
According to (11), the ratio of transmitting coil current and 

receiving coil current between each channel is inversely 
proportional to the equivalent load ratio of each channel 
rectifier. 

Substitute (10) into (6) to simplify： 

TABLE III 
MUTUAL INDUCTANCE MEASUREMENT PARAMETERS OF 3-CHANNEL 

SYSTEM 
Symbol Value Symbol Value 

𝑀1/μH 33.9 𝑀2/μH 29.75 

𝑀3/μH 32.68 𝑀𝑎𝑝12/μH 2.65 

𝑀𝑎𝑝23/μH 2.45 𝑀𝑎𝑠12/μH 2.9 

𝑀𝑎𝑠23/μH  2.42 𝑀𝑏12/μH  1.6 

𝑀𝑏21/μH  1.35 𝑀𝑏23/μH  1.95 

𝑀𝑏32/μH  1.78   

TABLE IV 

SIMULATION PARAMETERS OF EACH CHANNEL IN ISOP SYSTEM 

Symbol Value Symbol Value 

𝐿𝑖/μH 15 𝐶𝑖/nF  233.7 

𝐿𝑝𝑖/μH  95 𝐶𝑝𝑖/nF 43.824 

𝐿𝑠𝑖/μH  95 𝐶𝑠𝑖/nF 36.904 

𝑀𝑖/μH  20 𝑀𝑎/μH  2 

𝑀𝑏/μH  2 𝑓/𝑘Hz  85 

𝑅𝐿/𝛺  5~20 𝑈𝑖𝑛/V  700 
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Fig.5. Multi-channel ISOP-IPT system steady-state circuit diagram. 
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𝑼̇𝑖 = (𝑨𝑖 + 𝑪1)𝑰𝑖̇ ⋯ (𝑖 = 1) (12 − 1) 𝑼̇𝑖 = (𝑨𝑖 + 𝑪2)𝑰𝑖̇ ⋯ (𝑖 = 𝑛) (12 − 2) 𝑼̇𝑖 = (𝑨𝑖 + 𝑪1 + 𝑪2)𝑰𝑖̇ ⋯ (𝑖 ≠ 1, 𝑛) (12 − 3) 
The matrix and coefficient in the (11) are as follows： 

𝑪1 = 𝑩 [𝐾𝐿𝑖+
𝐾𝑖+ ] ,𝑪2 = 𝑩 [𝐾𝐿𝑖−

𝐾𝑖− ] , 𝐾𝐿𝑖± = 𝐾𝑖± 𝐿𝑖𝐿(𝑖±1) 
Based on (12), the equivalent impedance 𝑍𝑝𝑖  of the 

transmitting coil branch at the transmitting side of each 
channel can be obtained, as shown in (13), and then the 
equivalent impedance 𝑍𝑝𝑖  can be divided into the resonant 
part of the compensation network 𝑍𝑙𝑐𝑖 and the part affected 
by cross mutual inductance𝑍𝑀𝑖 ：  

⎩{⎨
{⎧𝑍𝑙𝑐𝑖 = 𝑗𝜔𝐿𝑝𝑖 + 1𝑗𝜔𝐶𝑝𝑖𝑍𝑝𝑖 = 𝑍𝑙𝑐𝑖 + 𝑍𝑀𝑖

(14) 
Combined with (1), (13) and (14), theoretical expression of 

the fundamental impedance 𝑍௜  at the output end of the 
inverter is calculated: 

𝑍𝑖 = 𝐿𝑖𝐶𝑖𝑍𝑀𝑖 (15) 
The circuit simulation models of 3-channel and 5-channel 

ISOP-IPT systems were built, and the accuracy and 
applicability of the transmitter coil branch impedance equation 
of the above (15) were verified. As the actual coil cross-

inductance measurement data are shown in Table III above, the 
cross-inductance is approximately 1/10 to 1/20 of the 
transmission mutual inductance. Therefore, in the verification 
process, the cross-inductance on the same side and cross-
inductance on the different sides of each channel are set to be 
equal and 1/10 of the transmission mutual inductance. In the 
verification process, since the focus is on the accuracy of the 
equation, special consideration is not given to the parameters 
of the compensating components. The parameters of the 
compensating components for each channel are designed to be 
consistent, as shown in Table IV above.  

In calculations where high parameter accuracy is required, 
such as during parameter identification [24], the non-linear 
characteristics of the rectifier make it inappropriate to directly 
equate the rectifier and load resistance to a purely resistive load. 
Considering that the equivalent impedance of the rectifier on 
the receiving side contains inductive components, the 
influence of the weak inductive equivalent impedance of the 
rectifier is not focused on in the process of equation 
verification. Therefore, in order to mitigate the impact caused 
by the inductive components of the equivalent impedance of 
the rectifier, the equivalent impedance value used in the 
calculation process should be based on the AC fundamental 
impedance values of the rectifier's input voltage and current 
obtained from simulations.  

The final comparison between the mode and phase angle of 
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Fig.6. Equivalent impedance for a 3-channel ISOP-IPT system considering cross mutual inductance. 
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Fig.7. Equivalent impedance for a 5-channel ISOP-IPT system considering cross mutual inductance. 

⎩{{
{{⎨
{{{
{⎧𝑍𝑀𝑖 = 𝑗𝜔𝑀𝑎𝐾𝐿𝑖± + 𝜔2(𝑀𝑖 + 𝑀𝑏𝐾𝐿𝑖± )(𝑀𝑖 + 𝑀𝑏𝐾𝑖±)𝑅𝑒𝑞𝑖 + 𝑗𝜔𝑀𝑎𝐾𝑖± ⋯ (𝑖 = 1, 𝑛)

𝑍𝑀𝑖 = 𝑗𝜔𝑀𝑎(𝐾𝐿𝑖+ + 𝐾𝐿𝑖− ) + 𝜔2[𝑀𝑖 + 𝑀𝑏(𝐾𝐿𝑖+ + 𝐾𝐿𝑖− )][𝑀𝑖 + 𝑀𝑏(𝐾𝑖+ + 𝐾𝑖−)]𝑅𝑒𝑞𝑖 + 𝑗𝜔𝑀𝑎(𝐾𝑖+ + 𝐾𝑖−) ⋯ (𝑖 ≠ 1, 𝑛)
𝑍𝑝𝑖 = 𝑗𝜔𝐿𝑝𝑖 + 1𝑗𝜔𝐶𝑝𝑖 + 𝑍𝑀𝑖

(13) 
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the fundamental impedance at the output of each channel's 
inverter, and the simulated values is shown in Fig.6: The 
simulation results of equivalent impedance mode and 
impedance angle of channel 1 and channel 2 inverters in 3 
channel ISOP-IPT system show that the calculation error of 
impedance angle is less than 2%, and the calculation error of 
impedance mode is less than 5%. At the same time, in order to 
verify the multi-channel applicability of the equation, a 5 
channel ISOP-IPT system was simulated and verified, and the 
results were shown in Fig.7. Considering the symmetry of the 
whole system, only the comparison results of channels 1, 2 and 
3 are given here. The calculated results of the equivalent 
impedance mode and phase angle at the output of each 
channel's inverters are generally consistent with the simulation 
results, exhibiting similar trends. Therefore, it can be 
considered that (15) can reflect the influence of cross coupling 
on the branch impedance of the transmitting coil at the 
transmitting side.  

Moreover, according to the simulation results in Fig.6 and 
Fig.7, when cross coupling exists, the fundamental impedance 
angle of the inverter output end of each channel in the 3-
channel ISOP-IPT system decreases with the increase of load 
resistance, and the change amplitude of the inner channel is 
greater than that of the outer channel. This effect will lead to 
the phase difference of the fundamental current at the output 
end of the inverter, which will affect the consistency of the 
working state of the inverter in each channel. In the subsequent 
analysis, the mutual inductance components that affect the 
fundamental impedance angles are mainly analyzed and 
eliminated, so that the fundamental impedance angles of each 
channel in the presence of cross coupling are the same, and the 
inconsistency between the working states of the system 
channels is eliminated.  
B. The analysis of the working state of each channel inverter 
output considering the higher harmonics 

According to the research in [25], the presence of cross 
coupling inductance can affect the equivalent impedance at the 
output of each channel's inverter, leading to a phase difference 
between the inverter's output voltage and current. This 
increases the risk of each channel's inverter losing its ZVS 
operating state. Not only that, in the actual system analysis 
process, because the LCC-S high-order compensation network 
is used in the circuit, the higher harmonics are included in the 
partial circuit branches of the transmitting side of the system, 
which will also affect the working condition of the switching 
device. Therefore, when analyzing the influence of cross 
coupling on multi-channel ISOP-IPT system, the influence of 
higher harmonics should also be analyzed. 

Based on the [26], when considering higher-order 
harmonics in the LCC-S compensation network, it is possible 
to approximate the effect of higher-order harmonics by 
considering only the series-compensated inductive and shunt-
compensated capacitive circuit loops. During calculations, the 
circuit consisting of the series compensation inductors 𝐿𝑖 and 
the parallel compensation capacitors 𝐶𝑖  is equivalently 

represented as a circuit containing harmonic components, as 
shown in Fig.8.  

When considering higher harmonics, the instantaneous 
output current of each channel inverter at switching time is 
analyzed to reflect the working state of each channel inverter. 
At the same time, the variation trend between load resistance 
and current instantaneous value is analyzed. 

First of all, the Fourier expansion of the output voltage of 
the inverter in each channel of the system is as follows: 

𝑢𝑖𝑛𝑖_𝑘(𝑡) = ∑ 4𝑈𝐶𝑖𝑘𝜋 sin(𝑘𝜔𝑡)𝑛
𝑘=1

(16) 
Then, according to the circuit containing harmonic parts in 

Fig.8, the circuit equation of higher harmonics is listed as 
follows： 

𝑈𝑖̇𝑛𝑖_𝑘 = 𝑗 (𝑘𝜔𝐿𝑖 − 1𝑘𝜔𝐶𝑖) 𝐼𝑙̇𝑖_𝑘 (17) 
Each channel series compensating inductor 𝐿௜ and parallel 

compensating capacitor 𝐶𝑖 satisfy the resonant condition of 
the fundamental frequency of (1). By substituting the resonant 
condition into (17), the circuit equivalent impedance 𝑍ℎ𝑘𝑖 of 
the output higher harmonics of each channel inverter can be 
obtained as follows: 

𝑍ℎ𝑘𝑖 = 𝑘2 − 1𝑘 𝑗𝜔𝐿𝑖 (18) 
where k is the harmonic number 
According to (15) and (18), under the condition of fixed 

parameters for the circuit compensation elements, the 
impedance 𝑍𝑖 is influenced by changes in the load and cross-
coupling inductance. The impedance 𝑍ℎ𝑘𝑖 is purely inductive 
and only depends on the size of the series-compensated 
inductor, without being affected by the load resistance. 

Then, according to Ohm's law, the time domain expression 
of 𝑖ℎ𝑘𝑖 is calculated as follows:  

𝑖ℎ𝑘𝑖(𝑡) = ∣𝑈𝑖̇𝑛𝑖_𝑘∣|𝑍ℎ𝑘𝑖| sin(𝑘𝜔𝑡 − 𝛼ℎ𝑘𝑖) (19) 
where 𝛼ℎ𝑘𝑖 = 𝜋2 is the impedance angle of the higher order 

harmonic circuit. 
According to (15), the time domain expression of the output 

fundamental current 𝑖𝑏𝑖 of each channel inverter is obtained 
as follows: 

𝑖𝑏𝑖(𝑡) = ∣𝑈𝑖̇𝑛𝑖_1∣|𝑍𝑖| sin(𝜔𝑡 − 𝛼𝑖) (20) 
where 𝛼𝑖 = tan−1 Im(𝑍𝑖)Re(𝑍𝑖)  is the fundamental wave 

impedance angle. 

 
Fig.8. A simplified circuit containing higher harmonics on the transmitting 
side. 

+

-

+

-

iL
pii

iniu

lii

iC piZ

iL

iniu

lii

iC

This article has been accepted for publication in IEEE Open Journal of Power Electronics. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/OJPEL.2024.3417177

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



 

 

Combined with (19) and (20), the time domain expression 
of the total output current 𝑖𝑙𝑖 of the inverter can be obtained 
according to the superposition theorem:  

𝑖𝑙𝑖(𝑡) = 𝑖𝑏𝑖(𝑡) + ∑𝑖ℎ𝑘𝑖(𝑡)𝑛
𝑘=1

(21) 
According to the above calculation process and the equation 

in Section III-A, when higher-order harmonics and cross-
coupling inductance are present, they primarily affect the 
equivalent impedance of each channel in an ISOP-IPT system. 
Consequently, this can impact the magnitude of the 
instantaneous current values at the moment of inverter turn-on. 
Meanwhile, according to (19), as the harmonic frequency 
increases, the impedance of the harmonic circuit continuously 
increases. The ratio of the harmonic current at t=0 to the total 
output current gradually decreases as the harmonic order 
increases. This means that higher-frequency harmonics 
contribute less to the overall output current compared to lower-
frequency harmonics. Therefore, the 3rd, 5th, and 7th 
harmonic orders are considered as the major components 
influencing the system due to their significant impact.  

According to the research conclusions in [27], in order to 
reduce the turn-on loss of the inverter, it is desirable for the 
inverter to operate in the ZVS state. Taking the conventional 
silicon carbide device as an example, when the inverter ZVS 
condition is met, the minimum instantaneous current required 
by the inverter is related to the DC input voltage. At the same 
time, considering that the minimum current required by the 
inverter to achieve ZVS under different input voltages is 
different, the subsequent qualitative analysis is only carried out, 
rather than quantitative current analysis. 

The 3-channel ISOP-IPT system is also taken as an example, 
the parameter data in Table IV were substituted into the above 
output current equation for calculation, and the influence of 
cross coupling on the working state of the ZVS of each channel 
inverter was verified.  

As shown in Fig.9, under the influence of cross-coupling 
inductance, as the load resistance increases in a multi-channel 
ISOP-IPT system, the instantaneous current of the outer 
channels exceeds 5A within the range of load variation. 
However, the instantaneous current of the inverter output in the 
inner channels decreases continuously as the load resistance 
increases, approaching 0A when it exceeds 15Ω. This indicates 
an increased risk of the inner channels losing the ZVS 
operating state. To prevent the increased component losses and 
failure risks in the inner channels due to inconsistent operating 
states, it is necessary to compensate for the cross-coupling 
inductance that affects the fundamental impedance at the 
output terminals of the inverters in the system. This 
compensation is essential to eliminate the risk of losing the 
ZVS operating state caused by cross-coupling inductance. 

IV ELIMINATION OF CROSS-INDUCTANCE EFFECTS 
According to the analysis in Section III, when cross-

coupling inductance exists, the fundamental impedance angle 
of each channel in the system decreases as the load resistance 
increases. This means that the instantaneous value of the 
output current of the inner-channel inverter approaches zero 
when it turns on, making it prone to losing the ZVS operating 
state. Besides, the working status of the channels is 
inconsistent, which increases the fault risk of some channels. 
Therefore, in this section, the impact of cross-coupling 
inductance is compensated using a parameter compensation 
method to achieve equivalent decoupling among all channels 
in the system and restore the consistency of transmission 
characteristics.  
A. Parameter compensation method to eliminate the influence 
of same-side mutual inductance 

According to the analysis of (13), (14) and (15), only the 
same side mutual inductance 𝑀𝑎 between each channel has 
an effect on the fundamental impedance angle of the inverter 
output. Therefore, when compensating for the impact of cross-
coupling inductance, it is only necessary to consider 
eliminating the effects of same-side mutual inductance. 
Moreover, for the multi-channel system, the relative position 
between the same-side coils is basically fixed after installation, 
which means that the same-side mutual inductance between 
the channels is relatively fixed and does not change with the 
change of transmission distance [27]. Therefore, after 
eliminating the same-side mutual inductance, the equivalent 
decoupling of each channel of the system can be realized.  

At the same time, the inconsistent input voltage and output 
current between channels due to the influence of cross-
coupling inductance can be equivalently attributed to the 
inconsistency caused by transmission inductance. Therefore, 
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Fig.9. Variation trend of the output current of inverters in each channel in a 
3-channel ISOP-IPT system under different loads. 

⎩{{
⎨{
{⎧ 𝑍𝑖 = 𝐿𝑖 [𝐶𝑖 (𝜔2(𝑀𝑖 + 𝑀𝑏𝐾𝐿𝑖± )(𝑀𝑖 + 𝑀𝑏𝐾𝑖±)𝑅𝑒𝑞𝑖 )]−1 ⋯ (𝑖 = 1, 𝑛)

𝑍𝑖 = 𝐿𝑖 [𝐶𝑖 (𝜔2[𝑀𝑖 + 𝑀𝑏(𝐾𝐿𝑖+ + 𝐾𝐿𝑖− )][𝑀𝑖 + 𝑀𝑏(𝐾𝑖+ + 𝐾𝑖−)]𝑅𝑒𝑞𝑖 )]−1 ⋯ (𝑖 ≠ 1, 𝑛)
(22) 
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subsequent analysis can be performed without considering the 
effects of cross-coupling inductance. When mutual inductance 
on the same side of each channel is eliminated (𝑀𝑎 = 0), the 
compensation network parameters of each channel meet the 
condition of full resonance, and the output impedance of each 
channel inverter is shown in (22). At this time, when not 
considering the inductive components of the rectifier's 
equivalent impedance, the equivalent impedance at the output 
terminal of each inverter in the system is purely resistive.  

When the mutual inductance of the same side is eliminated 
through the compensation element, the equivalent load ratio of 
the rectifier between the channels is obtained by combining the 
(11), (15) and (22) as follows:  

𝐾𝑖± = 𝑅𝑒𝑞𝑖𝑅𝑒𝑞(𝑖±1) = 𝑈𝑖̇𝑛(𝑖±1)𝑈𝑖̇𝑛𝑖 = 𝑍𝑖±1𝑍𝑖 (23) 

According to (23), when the influence of mutual inductance 
on the same side is eliminated, 𝐾𝑖± is independent of the load 
resistance, which can be obtained by solving the n-element 
quadratic equations with known system parameters.  

In order to eliminate the mutual inductance on the same side 
of the system, the transmitting coil and the receiving side of 
each channel are compensated in series respectively. After 
adding the compensation element, the voltage equation of the 
transmitting coil branch on the transmitting side of the inner 
channel (24-1) and the voltage circuit equation on the receiving 
side (24-2) are obtained.  

Where the 𝑀𝑎𝑝𝑖(𝑖±1)  and 𝑀𝑎𝑠𝑖(𝑖±1)  is the mutual 
inductance on the same side, and𝑀𝑏𝑖(𝑖+1) is the cross mutual 
inductance between different channels. 

According to (24-1), in order to eliminate the mutual 
inductance on the same side of the transmitting side, the 
compensation impedance element 𝑍𝑎𝑝𝑖_𝑖𝑛 should be equal to: 𝑍𝑎𝑝𝑖_𝑖𝑛 = −𝑗𝜔(𝑀𝑎𝑝𝑖(𝑖+1)𝐾𝐿𝑖+ + 𝑀𝑎𝑝𝑖(𝑖−1)𝐾𝐿𝑖− ) (25) 

Similarly, according to (24-2), the compensation impedance 
element 𝑍𝑎𝑠𝑖_𝑖𝑛 should be equal to: 𝑍𝑎𝑠𝑖_𝑖𝑛 = −𝑗𝜔(𝑀𝑎𝑠𝑖(𝑖+1)𝐾𝑖+ + 𝑀𝑎𝑠𝑖(𝑖−1)𝐾𝑖−) (26) 

Through the above analysis, it can be seen that the series 
capacitor is needed as the series compensation element to 
eliminate the influence of mutual inductance on the same side. 
The parameter calculation equation of the mutual inductance 
compensation capacitance of the inner channel is as follows: 

⎩{{
⎨{
{⎧𝐶𝑎𝑝𝑖_𝑖𝑛 = 1𝜔2(𝑀𝑎𝑝𝑖(𝑖+1)𝐾𝐿𝑖+ + 𝑀𝑎𝑝𝑖(𝑖−1)𝐾𝐿𝑖− )

𝐶𝑎𝑠𝑖_𝑖𝑛 = 1𝜔2(𝑀𝑎𝑠𝑖(𝑖+1)𝐾𝑖+ + 𝑀𝑎𝑠𝑖(𝑖−1)𝐾𝑖−)
(27) 

The equation of mutual inductance compensation 
capacitance required for the outer channels can be obtained by 
repeating the above analysis process again: 

⎩{{
⎨{
{⎧𝐶𝑎𝑝𝑖_𝑜𝑢𝑡 = 1𝜔2𝑀𝑎𝑝𝑖(𝑖±1)𝐾𝐿𝑖±

𝐶𝑎𝑠𝑖_𝑜𝑢𝑡 = 1𝜔2𝑀𝑎𝑠𝑖(𝑖±1)𝐾𝑖±
(28) 

In order not to change the system topology and not to 
increase the number of circuit components, the 𝐶𝑝𝑖, 𝐶𝑠𝑖, 𝐶𝑎𝑝𝑖_𝑖𝑛, 𝐶𝑎𝑠𝑖_𝑖𝑛  can be equivalent to a series 
equivalent capacitor 𝐶𝑒𝑞𝑝𝑖_𝑖𝑛 and𝐶𝑒𝑞𝑠𝑖_𝑖𝑛. 

According to (27) and (28), the series equivalent capacitance 
can be obtained as shown in (29). 

𝑈̇𝑝𝑖 = (𝑍𝑎𝑝𝑖_𝑖𝑛 + 𝑗𝜔𝐿𝑝𝑖 + 1𝑗𝜔𝐶𝑝𝑖 + 𝑗𝜔𝑀𝑎𝑝𝑖(𝑖+1)𝐾𝐿𝑖+ + 𝑗𝜔𝑀𝑎𝑝𝑖(𝑖−1)𝐾𝐿𝑖− )𝐼𝑝̇𝑖
−(𝑗𝜔𝑀𝑖𝐼𝑠̇𝑖 + 𝑗𝜔𝑀𝑏𝑖(𝑖+1)𝐼𝑠̇(𝑖+1) + 𝑗𝜔𝑀𝑏𝑖(𝑖−1)𝐼𝑠̇(𝑖−1)) (24 − 1) 

0 = (𝑅𝑒𝑞𝑖 + 𝑗𝜔𝑀𝑎𝑠𝑖(𝑖+1)𝐾𝑖+ + 𝑗𝜔𝑀𝑎𝑠𝑖(𝑖−1)𝐾𝑖− + 𝑍𝑎𝑠𝑖_𝑖𝑛)𝐼𝑠̇𝑖−(𝑗𝜔𝑀𝑖𝐼𝑝̇𝑖 + 𝑗𝜔𝑀𝑏(𝑖+1)𝑖𝐼𝑝̇(𝑖+1) + 𝑗𝜔𝑀𝑏(𝑖−1)𝑖𝐼𝑝̇(𝑖−1)) (24 − 2) 
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Fig.10. The change of fundamental impedance angle of each channel after 
compensation under different loads (a) before compensation (b) after 
compensation and without consideration of cross-inductance. 
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⎩{{
{{⎨
{{{
{⎧ 𝐶𝑒𝑞𝑝𝑖_𝑖𝑛 = 𝐶𝑝𝑖1+𝐶𝑝𝑖𝜔2(𝑀𝑎𝑝𝑖(𝑖+1)𝐾𝐿𝑖+ +𝑀𝑎𝑝𝑖(𝑖−1)𝐾𝐿𝑖− )

𝐶𝑒𝑞𝑠𝑖_𝑖𝑛 = 𝐶𝑠𝑖1+𝐶𝑠𝑖𝜔2(𝑀𝑎𝑠𝑖(𝑖+1)𝐾𝑖++𝑀𝑎𝑠𝑖(𝑖−1)𝐾𝑖−)
𝐶𝑒𝑞𝑝𝑖_𝑜𝑢𝑡 = 𝐶𝑝𝑖1+𝐶𝑝𝑖𝜔2𝑀𝑎𝑝𝑖(𝑖±1)𝐾𝐿𝑖±

𝐶𝑒𝑞𝑠𝑖_𝑜𝑢𝑡 = 𝐶𝑠𝑖1+𝐶𝑠𝑖𝜔2𝑀𝑎𝑠𝑖(𝑖±1)𝐾𝑖±

(29) 

Combined with the parameters in Table IV, the series 
equivalent capacitance of the 3-channel ISOP-IPT system is 
calculated according to (29).  𝐶𝑒𝑞𝑝𝑖_𝑖𝑛 = 41.490nF,𝐶𝑒𝑞𝑠𝑖_𝑖𝑛 = 35.325nF 𝐶𝑒𝑞𝑝𝑖_𝑜𝑢𝑡 = 42.871nF,𝐶𝑒𝑞𝑠𝑖_𝑜𝑢𝑡 = 36.226nF 

After compensating the mutual inductance on the same side, 
the fundamental impedance angle changes of the inverter 
output in each channel of the system are shown in Fig.10. As 
can be seen from Fig.10, after compensation, the fundamental 
impedance angle at the output terminals of the inverters in each 
channel is unaffected by changes in the load resistance. The 
variation trend remains the same as when cross-coupling 
inductance is not considered, allowing for equivalent presence 
of inductive components in the equivalent impedance of the 
rectifier, the fundamental impedance angle of each channel 
increases with an increase in load resistance.  

At the same time, in the load range above 5Ω, there is an 
inductive component to maintain the ZVS operation of the 
inverters. The inconsistent fundamental phase difference 
between the inner and outer channels in the figure is caused by 
decoupling among all channels in the system. Due to the 
presence of cross coupling inductance 𝑀𝑏𝑖(𝑖±1)  between 
different sides. Meanwhile, the influence of cross coupling 
inductance between different sides in different channels is 
shown in Fig.11. According to (24), the equivalent mutual 

inductance formula can be obtained as shown in (30).  
According to (22), it can be directly equivalent to the 

inconsistency between transmission mutual inductance, so that 
the cross-coupling inductance influence is transformed into the 
inconsistency problem between transmission mutual 
inductance among channels without considering cross 
coupling.  

To sum up, after eliminating the influence of cross coupling 
inductance based on parameter compensation method, this 
section achieves the consistency of working state among 
channels of multi-channel ISOP-IPT system. The system with 
cross-coupling can be equivalent to the case without cross- 
coupling, which is convenient for the subsequent circuit 
analysis and control research of the system on this basis.  
B. Parameter design method of system input voltage equalizat-
ion 

After eliminating the inconsistencies of ISOP-IPT system 
operation caused by same-side mutual inductance, the 
remaining influence of cross-inductance will lead to the 
problem of unbalanced input voltage. To solve this problem, 
the input voltage can be equalized by adjusting the parameter 
ratio of transmitting side compensation network between 
channels. At this time, the equivalent mutual inductance of 
each channel of the system can be calculated according to (30). 

According to (6) and (23), the input voltage ratio between 
ISOP-IPT system channels after same-side mutual inductance 
is eliminated is as follows: 

𝐾𝑖± = 𝑍𝑖±1𝑍𝑖 = 𝑈𝐶(𝑖±1)𝑈𝐶𝑖 = 𝐿(𝑖±1)𝑀𝑒𝑞𝑖𝐿𝑖𝑀𝑒𝑞(𝑖±1) (31) 
Based on (31), the voltage inconsistency caused by cross 

mutual inductance can be eliminated by adjusting the 
proportion of series compensation inductors between channels 
while keeping the resonant state of each channel compensation 

 
Fig.11. The steady-state circuit diagram of each channel after compensation 
of mutual inductance on the same side. 
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⎩{⎨
{⎧ 𝑀𝑒𝑞𝑖 = √(𝑀𝑖 + 𝑀𝑏𝑖(𝑖±1)𝐾𝑖±)(𝑀𝑖 + 𝑀𝑏(𝑖±1)𝑖𝐾𝐿𝑖± )⋯ (𝑖 = 1, 𝑛)

𝑀𝑒𝑞𝑖 = √(𝑀𝑖 + 𝑀𝑏𝑖(𝑖+1)𝐾𝑖+ + 𝑀𝑏𝑖(𝑖−1)𝐾𝑖−)(𝑀𝑖 + 𝑀𝑏(𝑖+1)𝑖𝐾𝐿𝑖+ + 𝑀𝑏(𝑖−1)𝑖𝐾𝐿𝑖− )⋯ (𝑖 ≠ 1, 𝑛)  (30) 

TABLE V 
SIMULATION PARAMETERS OF EACH CHANNEL IN ISOP SYSTEM 

Symbol Value Symbol Value 

𝐿1/μH 15 𝐶1/nF  233.7 

𝐿2/μH 16.873 𝐶2/nF  207.8 

𝐿3/μH 15 𝐶3/nF  233.7 

𝐿𝑝𝑖/μH  95 𝐿𝑠𝑖/μH  95 

𝐶𝑝1/nF 42.755 𝐶𝑠1/nF 36.144 

𝐶𝑝2/nF 42.689 𝐶𝑠2/nF 35.413 

𝐶𝑝3/nF 42.755 𝐶𝑠3/nF 36.144 

𝑀𝑖/μH  20 𝑀𝑎/μH  2 

𝑀𝑏/μH  2 𝑓/𝑘Hz  85 

𝑅𝐿/𝛺  5 𝑈𝑖𝑛/V  700 
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network unchanged. The adjusted compensation capacitance 
values of each channel in the system are substituted into (29), 
and 𝐾𝑖± and 𝐾𝐿𝑖±  are set to 1 to obtain the final equivalent 
series compensation capacitance. 

Taking the compensation parameters in Table IV as an 
example, the above analysis is verified based on the 3-channel 
ISOP-IPT system simulation model. The calculated 
compensation parameters are shown in Table V. The system 
input voltage ratio before compensation is: 

𝑈𝐶1𝑈𝐶2 = 1.125,𝑈𝐶1𝑈𝐶3 = 1 

The DC input voltage waveform of the system after 
compensation is shown in Fig.12. At this time, each channel of 
the system still has the impedance Angle variation trend as 
shown in Fig.10(b), which eliminates the influence of same 
side-mutual inductance and solves the voltage imbalance 
caused by cross inductance. 

V EXPERIMENTAL VERIFICATION 

A. Construction of 3-channel ISOP-IPT experimental system  

In order to prove the correctness of the above theoretical 
analysis and parameter compensation, a 3-channel ISOP-IPT 
system was built, as shown in Fig.13. The system mainly 
includes an adjustable DC voltage source, three high-
frequency inverter modules, three pairs of transmission 
coupling coils and LCC-S compensation network components, 
three uncontrolled rectifier modules and a load resistor. The 
control part of the system adopts DSP control board, which 
integrates the FPGA module of 100MHz operating frequency 
with TMS320F28335 chip and its basic working module. The 
square wave generated by the FPGA module acts as the driver 
signal of the gate driver. To generate a signal that meets the 
system's operating frequency of 85kHz, 588 FPGA clocks 
need to be counted. The MOSFETs model of inverters are 
APT30SCD120 and the diodes model of rectifiers are 
C2M0025120D. The transmission coupling coil specification is 
650mm*650mm, the transmission distance is 75mm, and the 
transmitting and receiving coils are closely arranged. System 
compensation network parameters are shown in Table VI. 

 
Fig.14. Transmission power diagram of a 3-channel ISOP-IPT system. 

 
Fig.15. Transmission power diagram of a single channel IPT system. 

 

 
Fig.12. System input voltage waveform under the influence of cross-
inductance (a) Before compensation (b) After compensation 
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Fig.13. Diagram of 3-channel ISOP-IPT experimental system. 
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B. Verification of system power enhancement capability 

When cross-coupling is not considered, the transmission 
power of the 3-channel ISOP-IPT system is shown in Fig.14. 
Limited by the power of the experimental platform, the DC 
input voltage of the system is 700V, the input efficiency is 
93.22%. The DC input voltage of the three channels of the 
system is 224V, 190.4V, 282.59V respectively. The theoretical 
value of input voltage ratio of each channel is 𝑘12 =1.176, 𝑘13 = 0.784.The actual value of the input voltage ratio 
of each channel is 𝑘12′ = 1.147, 𝑘13′ = 0.76. The feasibility of 
constant voltage compensation network is verified.  

At this time, the single-channel IPT system is shown in 
Fig.15. Keep the DC input current and output voltage the same 
for single-channel and 3-channel system. When the system 
transmission power is increased from 5.35kW in single 
channel to 17.06kW in 3-channel, the system input current is 
24.59A and 26.2A respectively. This avoids input losses 
caused by excessive bus current. At the same input voltage and 
current pressure, the 3-channel ISOP-IPT system achieves a 
significant increase in transmission power compared to the 
single-channel system. The enhancement ability is affected by 
specific system parameters, but basically conforms to the 
theoretical analysis in Section II of this paper.  

The above experimental results show that the DC input 
voltage ratio of each channel satisfies (6). The transmission 
characteristics of ISOP-IPT system are verified. The output 
voltage of the system under different loads is shown in Fig.16. 
The system has a constant voltage output characteristic 
independent of load.  

 
 

 
Fig.17. Inverter output waveform diagram in the outer channel (channel 1, 3) under different loads. 

 
Fig.18. Output waveform diagram of inverters in channel 1 and 2 under different loads. 

TABLE VI  
EXPERIMENTAL PARAMETERS OF 3-CHANNEL ISOP-IPT SYSTEM 

Symbol Value Symbol Value 

𝐿1/μH 25.7 𝐶1/nF 135.9 

𝐿2/μH 19.66 𝐶2/nF 180.9 

𝐿3/μH 32.5 𝐶3/nF 108.44 

𝐿𝑝1/μH 96.81 𝐶𝑝1/nF 48.74 

𝐿𝑝2/μH 94.43 𝐶𝑝2/nF 46.4 

𝐿𝑝3/μH 94.58 𝐶𝑝3/nF 56.26 

𝐿𝑠1/μH 97.16 𝐶𝑠1/nF 36.11 

𝐿𝑠2/μH 96.22 𝐶𝑠2/nF 36.49 

𝐿𝑠3/μH 95.98 𝐶𝑠3/nF 35.57 

𝑀1/μH 33.9 𝑀2/μH 29.75 

𝑀3/μH 32.68 𝑀𝑎𝑝12/μH 2.65 

𝑀𝑎𝑝23/μH 2.45 𝑀𝑎𝑠12/μH 2.9 

𝑀𝑎𝑠23/μH  2.42 𝑀𝑏12/μH  1.6 

𝑀𝑏21/μH  1.35 𝑀𝑏23/μH  1.95 

𝑀𝑏32/μH  1.78 𝑓/𝑘Hz  85 

𝑅𝐿/𝛺 5~20 𝑈𝑖𝑛/V  200 

 
Fig.16. output voltage of the system under different loads. 
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C. Experimental verification of the influence of the 
transmission characteristics of each channel in the presence of 
cross-inductance 

Firstly, the correctness of the theoretical analysis in Section 
III is verified by experiment. The output fundamental 
impedance angle of each inverter in 3-channel ISOP-IPT 
system decreases with the increase of load resistance under the 
condition of full resonance. At the same time, channel 2, as the 
inner channel, is affected by the greater mutual inductance on 
the same side of the two adjacent channels, and the 
fundamental wave impedance angle decreases more greatly. 
The instantaneous value of the output current at the moment 
when the inverter is turned on gradually approaches zero, 
which makes it highly susceptible to losing the ZVS operation 
state and affecting the stability of the system. The influence of 
cross inductance is more obvious in low power condition. 
Therefore, considering the safety of the experiment and the 
electromagnetic interference caused by the loss of ZVS in the 
inverter affecting the control signal, the input voltage for the 
experiment is controlled at 200V.  

 The actual measurement parameters of the system are 
shown in Table VI. The load resistance is selected at four 
points: 5Ω, 10Ω, 15Ω, and 20Ω.  

The voltage and current waveforms of the inverter output 
terminals of channels 1 and 3, which are outer channels, under 
different loads are shown in Fig.17. At this point, the output 
current waveforms of the outer channel inverters are generally 
consistent. With the increase of the load resistance, the 
instantaneous value of the current at the turn on time of the 
inverter decreases, but it can still work in the ZVS state with 
high consistency. However, when cross coupling is considered, 
the inverter output between the inner and outer channels are 
inconsistent under different loads.  

The inverter output voltage and current waveform of 
channel 1 and channel 2 is shown in Fig.18. Found that with 

the increase of load resistance, the output current of each 
channel inverter gradually decreases. At the same time, the 
instantaneous current value at the opening time of the inner 
channel is gradually close to 0. Starting from a load resistance 
of 10Ω, there is a noticeable lag phenomenon in the output 
voltage and current of inverter channel 2. The operating states 
of each channel become inconsistent. Moreover, there are 
oscillations and disturbances in the output voltage, leading to 
a decrease in system stability.  

D. Verification of cross-mutual inductance elimination method 
based on parameter compensation 

Eliminating the influence of cross-coupling on the system 
can remove the coupling state between the channels of the 
system, so that the system can work in the independent 
working state of each channel. Finally, the whole multi-
channel system is equivalent to multiple single-channel 
systems working together, simplifying the subsequent analysis 
process of ISOP-IPT system.  

The parameters of the series compensation capacitance of 
each channel are calculated according to (23), (29) and existing 
system parameters, as shown in Table VII.  

 
Fig.19. Output waveform diagram of inverters in channel 1 and 3 under different loads after compensation. 

 
Fig.20. Output waveform diagram of inverters in channel 1 and 2 under different loads after compensation. 

TABLE VII 
COMPENSATING CAPACITANCE PARAMETERS FOR EACH CHANNEL 

Symbol Value Symbol Value 

𝐶𝑝1/nF 47.05 𝐶𝑠1/nF 35.32 

𝐶𝑝2/nF 43.37 𝐶𝑠2/nF 32.82 

𝐶𝑝3/nF 54.21 𝐶𝑠3/nF 36.04 

TABLE VIII 
THEORETICAL AND ACTUAL VALUES OF THE DC INPUT VOLTAGE RATIO 

Ratio Theoretical Value Actual Value 

𝑈𝐶1/𝑈𝐶2 1.329 1.288 

𝑈𝐶1/𝑈𝐶3 0.776 0.774 
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After compensation, the output voltage and current 
waveform of inverters in each channel of the system are shown 
in Fig.19 and Fig.20. At different load resistances, the output 
of each channel inverter remains consistent, eliminating the 
impact of same-side mutual inductance in the cross-coupling 
effect. The transmission characteristics of each channel exhibit 
a high level of consistency.  

Then, the fundamental components of the output voltage and 
current of the compensated inverter are analyzed, and the 
output waveform after filtering is shown in Fig.21. Due to the 
inconsistency of series compensation inductance and 
equivalent transmission mutual inductance of each channel, 
the equivalent impedance of each channel is inconsistent  

As a result, the current waveforms in Fig.21 are not 
completely consistent. Also, when the load resistance is 5Ω, 
the inductive components of the equivalent impedance of each 
channel in the system are not strong enough. Thus, the inverter 
outputs lose ZVS, leading to insufficient output stability. With 
the increase of load resistance, the fundamental impedance 
angle increases, and the inductance of the equivalent 
impedance at the output end of the inverter also increases. 
According to (6) and (30), the theoretical and actual values of 
the DC input voltage ratio after parameter compensation are 
shown in the Table VIII. The theoretical and actual values are 
basically consistent. The transmission characteristics of the 
system are the same as when cross-coupling is not considered. 
And the equivalent decoupling of each channel is realized by 
parameter compensation.  

VI. CONCLUSION 

The multi-channel ISOP-IPT system is analyzed in this 
paper. It is found that the power transmission capacity of the 
system can be improved effectively without the use of higher 
rated power devices. Then, the influence of cross-coupling on 
the transmission characteristics of the system is analyzed. The 
research shows that the existence of the same-side mutual 
inductance will not only lead to the working state 
inconsistency of each channel, but also increase the analysis 
complexity of the system’s transmission characteristics. 
Finally, a parameter design method is given to eliminate the 
working state inconsistency of inverters caused by cross-
coupling and realize the equivalent decoupling between each 
channel. 

In the experimental part, a 3-channel experimental system is 
built. While maintaining the same DC input current and output 
voltage, the power transmission capacity of the system is 

increased from 5.35kW to 17.06kW, which verifies the power 
increase capability of the ISOP-IPT system. When cross-
coupling exists, the instantaneous current value of the inner 
channel switching time decreases with the increase of load 
resistance, and the current difference between channels 
reaches 0.9A. Experimental findings indicate that without 
parameter compensation, there is a significant difference in the 
inverter outputs of the inner and outer channels in the system 
under different load impedances. After parameter 
compensation, the instantaneous current value of each channel 
switch is consistent. And the inductive component of the 
equivalent input impedance of each channel increases with the 
increase of load. As a result, the system's channels achieve 
equivalent decoupling.  
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