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Abstract: In order to solve the demand for efficient and stable low-voltage, high-power energy
transmission capacity of electric vehicle (EV) fast charging, an ISOP-IPT system based on inductor-
capacitor-capacitor series (LCC-S) compensation network is proposed. Firstly, the influence of
compensation parameter inconsistency on the system is analyzed. On this basis, considering the
resistance of coupler coils, the overall transmission efficiency of the system is analyzed. It is found
that the voltage imbalance of the system will affect the working state of inverters, and then affect the
stability of the system. The system transmission efficiency increases with the increase in mutual induc-
tance. Moreover, the voltage imbalance caused by the inconsistency of compensation parameters and
mutual inductance will reduce the transmission efficiency of the system. Finally, it is concluded that
in the parameter design of the ISOP-IPT system, mutual inductance should be improved on the basis
of ensuring the input voltage equalization of each channel so as to improve the transmission efficiency
and working stability of the system. The experimental platform of a two-channel ISOP-IPT system is
built and the maximum efficiency is 94.03%, which verifies the correctness of theoretical analysis.

Keywords: input-series; output-parallel; inductive power transfer; transmission efficiency; voltage

imbalance

1. Introduction

Compared to traditional wired charging methods, inductive power transfer (IPT)
technology achieves physical electrical isolation through couplers, thus offering higher
safety, flexibility, and convenience, making it a hot research topic [1,2]. IPT technology has
been widely used in various fields, such as electric vehicles (EVs) [3,4], implantable medical
treatment [5], underwater vehicles [6,7], mobile electronic equipment [8], and so on. At the
same time, because the process of connecting the charging line is eliminated, the automatic
charging of unmanned devices also provides favorable realization conditions [9].

At present, the promotion of EVs is mainly affected by the problem of driving range.
Due to the limitation of battery materials, it is difficult to achieve significant improvement
in battery capacity. Therefore, it is necessary to study the problem of low-voltage and
high-power demand for fast charging of EVs. In order to improve the transmission power
of an IPT system, many scholars have made contributions in related fields and proposed
circuit structures such as multi-inverter parallel [10], multi-transmit channel parallel [11],
multi-inverter multi-rectifier [12], and so on. In Ref. [10], a multi-inverter parallel struc-
ture based on a resonant inductor integrated transformer is proposed, which effectively
improves the transmission power on the transmitting side. In Ref. [11], an input parallel
structure based on a single switching circuit is proposed, which improves power while
reducing switching loss compared with traditional inverters. In Ref. [12], a DC parallel
AC series structure with multi-inverter multi-rectifier is proposed to realize power sharing
among multiple converters. The circuit structure in the above study not only increases the
transmission power of the IPT system but also significantly increases the DC bus current
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on the transmitting side and increases the current loss of the system. In addition, when
using a single coupling coil for high-power energy transmission in the AC part, it will also
challenge the heat dissipation capacity of the system, which is not conducive to long-term
continuous demands.

For the input-series, output-parallel (ISOP) multichannel IPT system, the power trans-
mission capacity of the system can be improved by increasing the input voltage level
while keeping the current of the DC bus unchanged. The system transmission power is
distributed to each channel, reducing the rated power demand of a single-channel device,
thereby reducing the system cost and heat dissipation pressure. Some scholars have ana-
lyzed the IPT system with ISOP circuit structure [13,14]. In Ref. [13], a closed-loop control
strategy of input voltage equalization and output constant voltage (CV) for an ISOP-IPT
system was proposed. However, the paper did not provide an analysis of transmission
characteristics when the system voltage is imbalanced. In Ref. [14], a hybrid IPT topology
is proposed and the ISOP structure on the AC side is analyzed. The tolerance of coil
misalignment in the IPT system is improved. However, the above studies are aimed at
improving the stability of the IPT system. The characteristics of an ISOP multichannel IPT
system have not been analyzed.

During the design process of an ISOP-IPT system, component parameters are affected
by factors such as manufacturing error or element aging, which inevitably cause parameter
deviation. The equivalent input impedance of each channel will change with the change in
compensation element parameters, mutual inductance, and load resistance. Because the
DC input side of the multichannel system adopts a series circuit structure, the equivalent
input impedance of each channel will directly affect the distribution of the input voltage.
There are relatively few studies on the influence of parameter inconsistency in multichannel
ISOP-IPT systems. Therefore, in this paper, the influence of parameter offset and voltage
imbalance of an ISOP-IPT system based on an inductor—capacitor-capacitor series (LCC-S)
compensation network is analyzed, and the theoretical equation of the overall transmission
efficiency of the system is given. Theoretical support for the parameter design of the
ISOP-IPT system is provided.

The structure of this paper is as follows. In Section 2, the influence of parameter
deviation of the ISOP-IPT system on input voltage balancing state is analyzed. In Section 3,
the influence of voltage imbalance on the transmission efficiency of the ISOP-IPT system is
analyzed. In Section 4, the correctness of the theoretical analysis is verified by experiments.
Finally, Section 5 concludes this paper.

2. Influence Analysis of Parameter Offset on Input Voltage Equalization State in ISOP
Multichannel IPT System

For the IPT system, four basic compensation networks (S-S, S-P, P-S, P-P), have the
advantages of simple structure and low cost [15]. However, because the circuit structure is
relatively simple, the system is sensitive to the change in compensation parameters. When
the ZVS working state of the inverter is adjusted, the compensation parameter will deviate
from the resonant point and affect the transmission efficiency of the system. In order to
improve the design freedom of the system, a high-order compensation network is proposed
and studied. LCC-S and double-sided LCC (DLCC) compensation networks have received
more attention and research due to the constant current characteristics of transmitting
coil branches independent of load and mutual inductance [16,17]. However, because the
receiving side of the DLCC compensation network contains compensating inductors, the
receiving-side volume will increase in the case of multichannel operation, which is not
conducive to the lightweight design of the system. Therefore, an LCC-S compensation
network is more suitable for an ISOP multichannel IPT system.

Considering that the parameter offset of the system compensation element will in-
evitably occur in the process of machining and installation, its influence is analyzed.
Figure 1 shows the basic circuit structure of the ISOP multichannel IPT system. U;, and
Iin are the DC input voltage and current. The system realizes current conversion through
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full-bridge inverters (G1—-G4) and rectifiers (D1-Dy). Lp; and Ly; are the coupling coils’
self-inductance. M; is the mutual inductance of each channel. Cj,; and C,; are DC filter
capacitors. Ry, is the load resistance.
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Figure 1. Multi-channel ISOP-IPT system circuit structure diagram.

The ISOP-IPT system satisfies the circuit structure relation in Equation (1):

Lini = Linj

Ucoi = nuCOj

Uin = ¥ Ug; 1)
7::1

I, = Z Ioi
i=1

where [;;,; and I,; are the input and output currents of each channel. Uc¢; and Uc,,; are the
input and output voltages of each channel.

Combined with Equation (1) and the voltage conservation law, it can be concluded that
the proportional relationship between voltage and current of each channel in the ISOP-IPT
system is:

Uo _lo LMy Reg o
Ucj Loj  LiM;  Regi

In order to improve the transmission efficiency of the IPT system, the condition of
full resonance is usually satisfied when the parameters of the compensation network are
designed. On this basis, the offset coefficients ki ;, kc;, kcpi and kcs; of component parameters
are added to analyze the influence of component parameter offset on the system.

Figure 2 shows the equivalent circuit diagram of each channel based on the LCC-S
compensation network, where L;, C; and Cy,; constitute the transmitting side compensation
network and Cg; is the receiving side compensation capacitor. The self-inductance and
transmission mutual inductance of the coupling coils are L,;, Ls; and M;, respectively.

i, L o (1\4:w G
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+O — I I +
L] L]
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-0 . -
ll’f lsi

Figure 2. Equivalent circuit diagram of each channel based on LCC-S compensation network.
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According to the equivalent circuit of the LCC-S compensation network shown in Fig-
ure 2, the steady-state circuit equation of each channel can be obtained based on Kirchhoff’s
law: .

JWkLzL I + ]wk < (I — 1 pi) = Uini
]wkc C; (I Ill) (]wkc C +](UL ) pi _jWMiIsi =0 (3)

(]wkCS,C + jwLsi +Reqz) si — JwM; I =0

By simplifying Equation (3), the receiving circuit impedance of each channel can be ob-
tained under the condition of non-resonance when the influence of migration is considered:

si —

4 jwLy+ Reg )
jwkcsiCsi J0Esi T Reqi

The RMS value of rectifier input voltage for each channel is calculated as:

[jwM;Zy;|R

e Jp— ! eqigy. .
Uy, eqi — [ZsiZxi] Uin o
kciCi jw” Mikc;C;
ZXi =1—w kClC Lpl + k Cl 1 ] ZISiCz i (5)
ZYi — ](UkQ i

17w2kCiCikLiLi 72;1»1

By combining Equations (1), (2) and (5), the parameter proportional relationship of
each channel in the ISOP-IPT system can be obtained:

|ZSJZX] ‘ |]“7M ZYz‘

7_ZRL1

1=
(6)

It can be seen from Equation (6) that for a multichannel system under non-resonant
conditions, the relationship between the voltage ratio of each channel on the DC input
side and the parameters of the compensation element satisfy a complex implicit function
equation set, which is further complicated by the increase in the number of channels. Com-
pensation network parameters, transmission mutual inductance and load resistance all
affect voltage distribution. For multichannel ISOP-IPT systems, when the compensation
network parameters are determined and the influence of cross-inductance is ignored, the
AC circuits of each channel will not interact with each other, and can be equivalent to mul-
tiple single-channel systems for analysis. The change in the relationship between channels
in the whole system is mainly reflected in the DC side. The minimum multichannel system
with two channels can also reflect the characteristics of voltage proportional relationship.
In order to simplify the analysis process, the two-channel ISOP-IPT system was simulated
and analyzed, and the parameters of resonant compensation elements in each channel are
shown in Table 1.

Table 1. Simulation parameters of 2-channel ISOP-IPT system.

Symbol Value Symbol Value
L;/uH 15 Ci/nF 233.7
L,;/uH 95 Cpi/nF 43.824
Lgi/uH 95 Csi/nF 36.904
M,‘/LLH 20 RL/Q 5
Uin/V 470 f/kHz 85

Based on the above parameters of resonant elements, the relationship curves between
input voltage ratio Ky;; and transmission mutual inductance ratio ky of each channel are
analyzed under different offset coefficients. In addition, the mutual inductance ratio is
increased from 0.5 to 1.5 during simulation analysis.
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(a) Influence analysis of the inductance offset on transmitting side

As can be seen from Figure 3, when the L; deviates from the resonant condition, the
relationship between input voltage ratio and transmission mutual inductance ratio is little
affected, the input voltage imbalance of the system is mainly affected by the inconsistent
transmission mutual inductance, and the two are inversely proportional.
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Figure 3. The relationship curve between Kyj;; and ky when the series compensation inductor Ly of

channel 1 is offset.

(b) Influence analysis of the compensating capacitance offset

Figure 4 shows the effect on the relationship between input voltage ratio and trans-
mission mutual inductance ratio when the compensating capacitance of channel 1 deviates
from the resonant point. It can be seen that when the C,,; is offset, it has little effect on the
voltage imbalance of the system. However, when C; and Cg; are offset, the proportional
coefficient between ky;; and kv will be changed, which will have a great impact on the
voltage imbalance state of the system. When the M; of the system is consistent, the offset of
C; and Cg; will increase the voltage imbalance of the system.
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Figure 4. Curves of Ky;; and ky; when the compensating capacitance of channel 1 is offset. (a) Cy,
(b) Cp1, () Cs1.

Under the condition that the mutual inductance of each channel is consistent, the
influence of C; and Cg; on the input voltage equalization of the system is analyzed. Parame-
ters of each channel component in Table 1 are still used for simulation, and the simulation
results are shown in Figure 5.

According to the analysis in Figure 5, when the mutual inductance of all channels
is consistent, the compensated network parameter offset will affect the input voltage
equalization of the system. In Figure 5a, the offset coefficient of compensation capacitance
on the receiving side of channel 2 is 1, and it can be seen that the overall relation surface
shifts downward as k¢, decreases and upward as kc; increases. The change in the input
voltage ratio between channels is opposite to the offset of shunt compensation capacitance of
channel 1, and the correlation between the two is proportional to the offset of compensation
capacitance of channel 1. In Figure 5b, the offset coefficient of the parallel compensation
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capacitor of channel 2 is 1, and the relationship change curve is translated downward as a
whole with the offset of the compensation capacitor at the receiving side of channel 2. At
this time, the parameter offset of channel 1 and the input voltage ratio between channels
maintain the same change relationship as shown in Figure 5a.
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nee i 1.05
coefficient keq L1 59 0.95

Figure 5. The influence of C; and Cg; simultaneous migration on the system input voltage equalization.
@) k2 =1, (b) kca = 1.

In general, when the mutual inductance of each channel is consistent, the shunt
compensation capacitance offset on the transmitting side is inversely proportional to the
partial voltage of the corresponding channel. At the same time, the greater the offset degree
of the compensation capacitor on the receiving side, the greater the voltage input of the
corresponding channel.

(¢) Influence analysis of load resistance change

Take the wireless charging of EVs as an example. During the charging process, the
load impedance of the DC output of the system will change. Make the channel parameters
of the ISOP-IPT system consistent and meet the resonant conditions, as shown in Table 1.
According to Equation (6), when the load impedance changes, the relationship among the
system input voltage ratio, mutual inductance ratio, and parameter offset coefficient is
analyzed. The simulation results are shown in Figure 6.
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Figure 6. Curve of system input voltage ratio affected by mutual inductance ratio and parameter
offset when load resistance changes. (a) 1/ky. (b) kc1, kcs1.

According to the analysis of the simulation results in Figure 6a, when the parameters
of each channel in the ISOP system are consistent and the resonant conditions are met, the
ratio of input voltage is inversely proportional to the ratio of mutual inductance. As can
be seen from Figure 6b, in the case of small load, the system transmission power is higher,
and the ratio of input voltage is more affected by the parameter offset of C; and Cg;. With
the increase in load resistance, the transmission power of the system decreases, and the
influence of parameter offset of C; and Cy; also decreases obviously.
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3. Influence Analysis of Voltage Imbalance in ISOP Multichannel IPT System Based on
LCC-S Compensation Network

From the analysis in the previous section, it can be seen that the compensated network
parameter offset of the ISOP-IPT system will cause the input voltage of the DC side to be
imbalanced. Therefore, it is necessary to analyze the influence of imbalanced input voltage
in the system.

3.1. Influence Analysis of Voltage Imbalance on the ZVS Working State of the System

According to Equation (1), the ISOP-IPT system is based on the DC side series and
parallel circuit structure, which improves the system’s ability to withstand input voltage
and output current, thus improving the system’s power transmission capability.

The compensation network of each channel in an ISOP-IPT system usually satisfies
the condition of full resonance:

2 1 1 1

w- = = = 7
LG Cpi(Lpi—Li)  LsiCsi 7

where w is the system resonance angular frequency.
In the case of resonance, the voltage relationship between the two ends of each channel

inverters of the system is:
22, . (6
Uini = — —Uc;sin (2> (8)

where 0; is the conduction angle of each channel inverter.
Based on Equation (7), the I,; can be obtained:

L. — Uini _ Uini 9)

P jXu jwly

where Xy, is the inductive reactance of the series compensation inductance of each channel.
Equivalent impedance Req; on each channel rectifier input side is:

8 8U,;

R L= — ;=
eqi 2 Li 7-[2101'

(10)

From the above equation, the receiver side reflection impedance Z,; of the transmit-
ting coil branch can be obtained:

((UMZ')2
R

Zreci = (11)

eqi

Due to the filtering effect of the LC resonant loop in the transmitting side, the harmonic
effect of the transmitting coil branch can be ignored, but the Ij; flowing through the L;
contains harmonic components. According to the analysis in [18], combined with the
fundamental harmonic approximation method and harmonic model, the time-domain
expression of the output current at the switching time of the inverter is obtained:

2Uc;

_ Ucibi 4 2UciZreci
7TXL1'

I (o) =

sin(6;) +

(1 —cos(6;)) (12)

where 0, is the conduction angle of the inverter in each channel.

In order to simplify the analysis process, it is assumed that the parameters of compen-
sation network and mutual inductance of each channel in ISOP-IPT system are identical.
Combined with Equation (12), when the DC input voltage of each channel is 300 V and the
load resistance is 10 (), the output current value of the inverter at the switching time varies
with 6;, as shown in Figure 7. In an IPT system, in order to realize ZVS working state, the
equivalent input impedance of the system is usually required to be weakly inductive, and
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the instantaneous current at the switching time of inverter is less than a certain value [19].
Taking 3A as the instantaneous current reference value, it can be seen that the ISOP-IPT
system based on LCC-S compensation network can work in the ZVS state under the condi-
tion of full resonance without external control. Moreover, the instantaneous current value
of the switching time decreases with the increase in the DC input voltage of each channel
in the system.

Instantaneous current value (A)

15 ‘

— U, =300V
101 Non ZVS Region — U, =400V |
5 — U, =500V

O -
3

_5 \
-107 ZVS Region  \)
s ‘ ‘ ‘ ‘ ‘ ‘

40 60 80 100 120 140 160 180

Inverter conduction Angle 6 (degree)
Figure 7. The curves of the instantaneous current value with 6; at the switching time of the inverter.

Since the DC input side of the ISOP-IPT system is series, the voltage distribution of
each channel will be affected by the equivalent impedance when the total input voltage
is unchanged. The variation coefficient of DC input voltage of channel i is ky;, and the
variation coefficient of the corresponding rectifier input equivalent impedance Reg; is 1/ky;.
At this time, taking the two-channel system as an example, the instantaneous current
value change at the switching time of the inverter in channel 1 is shown in Figure 8. The
amplitude of I}; (fy) decreases with the decrease in the DC input voltage, and the equivalent
input impedance of each channel has weak sensitivity. However, in the channel with
lower transmission power, the inverter may lose the ZVS operating state due to the lower
sensibility of the equivalent impedance.

wn

'
wn

wni

Instantaneous current value (A)

70

n

Coefficient of voltage
variation ky;

Inverter conduction Angle 6,

Figure 8. The instantaneous output current I}; (tg) of the inverter with conduction angle 6; and input
voltage change.

Based on the above analysis, it can be seen that the increase in DC input voltage
imbalance in the ISOP-IPT system will cause the channels with low partial voltage to
gradually lose the ZVS working state. The inverter switching loss increases, affecting the
stability of the system.

3.2. Influence Analysis of Voltage Imbalance on System Transmission Efficiency

The transmission efficiency equation of the ISOP multichannel IPT system is derived
before analyzing the effect of input voltage imbalance on transmission efficiency. For
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a multichannel ISOP-IPT system, in order to improve the transmission efficiency of the
system, it is usually necessary to make the inverters work in ZVS state by parameter design.
Under the resonant condition, the mutual inductance and compensation parameters of each
channel are consistent as much as possible so as to achieve the input voltage equalization
on the DC side. On this basis, the transmission power loss of the system mainly comes from
two sources: one is the resistance of the coupling coils, and the other is the converter loss.

The converter loss of a single channel can be divided into conduction loss and switch-
ing loss. The converter power loss formula is [20]:

Py =2Rpsl3 + @ [2—2cos(5)]
Py = 2r5DI§ + 7‘@?'3[5 2— 2cos<§>}

) (13)
Py = 22U I sin (&) ( Eptlott 4 %)fs

Upplp
Py = 2v/2U, L sin(§ ) (Fgetfet + 22 ) £,

where P and Pg; are the conduction loss and switching loss of the inverter, respectively,
P and Py are the conduction loss and switching loss of the rectifier, respectively, « and
B are the phase shift angles of the inverter and rectifier, respectively, and Uj, and U, are
the input and output voltage on the DC side. The remaining parameters are the inherent
parameters of the converter.

For power semiconductor devices, the conduction resistance and conduction pressure
drop are small compared with high-power multichannel IPT system, so the conduction loss
can be neglected. Moreover, because the LCC-S compensation network is used in the high-
power ISOP-IPT system, the inverters can achieve ZVS working state under the condition
of full parameter resonance and effectively reduce the switching loss of the inverters. In
addition, the full-bridge rectifier circuit usually adopts diode devices on the receiving side,
and the switching loss is close to 0. Therefore, when analyzing the overall efficiency of the
multichannel ISOP-IPT system, the loss caused by power converter is ignored to simplify
the analysis process.

Figure 9 shows the steady-state circuit of each channel considering the resistance of
the coils. Rp; and Rg; are the resistance of the transmitting coil and receiving coil of the
coupler, respectively. The coil loss of each channel meets the following equation:

Pi coil = I3iRpi + I5Rsi (14)

Figure 9. Steady-state circuit diagram of LCC-S compensation network considering coil resistance.
Under the resonant condition, the equation of receiver side circuit is:
jwM;lp; = (Rsi + Reqi) I (15)
According to the above equation, the relationship between I,; and Ij; is:

o Rsi + Reqil )

Ipz' TM si (16)
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By combining Equations (14) and (16), the overall coil loss equation of the ISOP-IPT
system can be obtained:

2
Peoil = 2 e‘“) Rpi + Ry (17)

<RSZ—0—R ]

M;

Based on the above analysis, the energy transfer efficiency equation of the multichannel
ISOP-IPT system can be obtained:

n 2
uoi
P Z Reqi
_ out _ i=1 (18)
Pout + P coil i ugi P..
= Reqi coil
1=

Because the ISOP-IPT system adopts the parallel output structure, the output voltage
of each channel is the same, and the equivalent impedance relationship of each channel is:

n
1
-

i=1 Ry

(19)
When the parameters of each channel in the system are consistent, Equations (6) and
(19) can be substituted into Equation (18) to obtain:

1
Rsi+Reqi 2
[( wM,'CI ) RPi + RSi:|

Assuming that the resistance of the coupling coils of each channel is 0.2 (), the param-
eters of the compensation network are shown in Table 1. At this stage, the variation curve
of the transmission efficiency for different number of channels is shown in Figure 10.

n= (20)

R n
+52 .2
=1 qu

100
_

951

Transmission efficiency (%)

90"
—— 2 channels
— 3 channels
857 —— 4 channels
5 channels
—— 6 channels

80 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
2 4 6 8 10 12 14 16 18 20
Load resistance (Q2)

Figure 10. Efficiency curve of a multichannel ISOP-IPT system when the number of channels changes.

As can be seen from Figure 10, the ISOP-IPT system with LCC-S compensation net-
work has CV output characteristics, so when the load impedance increases, the system
transmission power decreases. When considering the coil loss, the transmission efficiency
also decreases significantly with the decrease in the system transmission power, and the
efficiency decline rate increases with the increase in the channel numbers and the load
impedance. In the case of high power, the multichannel ISOP-IPT system has higher theo-
retical transmission efficiency, which is suitable for high-power application scenarios with
high-voltage input and low-voltage output.

Based on Equation (20), the influence of imbalanced input voltage on transmission
efficiency is analyzed. For the multichannel IPT system, the input voltage imbalance under
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resonant conditions is mainly caused by two factors: one is mutual inductance inconsistency,
and the other is compensation parameter inconsistency. Based on the simulation model of
the two-channel ISOP-IPT system, the influence of these two factors of voltage imbalance
on the transmission efficiency of the system is analyzed. Parameters of the simulation
model are shown in Table 1, and the resistance of each coil is 0.2 (). The simulation results
are shown in Figure 11.

94
Au=0.62%

<93 - —
S I B T
> L i
5 92 au=0.47%
2
S 91 7
o
.2
é 90F — The influence of mutual
= inductance difference
= 89r _ 1
= | Au=4.14% — The influence of parameter

- ‘ ‘ ‘ ‘ inconsistency ‘

05 06 07 08 09 1 1.1 1.2 13 14 15

Voltage ratio K,

Figure 11. The influence curve of two voltage imbalance factors on the transmission efficiency of the
ISOP-IPT system.

The blue curve in Figure 11 is the influence curve of system compensation parameter
inconsistency on transmission efficiency. When the mutual inductance of the system re-
mains unchanged and the compensation parameters satisfy the condition of full resonance,
the change in the compensation parameters can be equivalent to the ratio change in the
input voltage of the system. Then, combining Equations (2) and (20), it can be seen that the
ratio of input voltage of each channel is inversely proportional to the ratio of equivalent
load of each channel and the system transmission efficiency is affected by the equivalent
load of each channel. Finally, with the increase in voltage imbalance caused by parameter
inconsistency, the transmission efficiency of the system decreases.

Figure 11 shows the influence curve of mutual inductance inconsistency on system
efficiency in red. When the system works in a resonant state, the mutual inductance of
channel 1 is kept constant, and the mutual inductance of channel 2 is increased from 10 uH
to 30 pH. At this time, the ratio of input voltage of each channel is proportional to the ratio
of mutual inductance and satisfies Equation (2). When the mutual inductance of the two
channels is equal, the input voltage can be equalized. The efficiency at Ky, = 1 is used as
the standard. When K5 is less than 1, the decrease in mutual inductance in channel 2 and
the imbalanced input voltage will result in a decrease in system transmission efficiency.
When K1, is greater than 1, the mutual inductance of channel 2 increases, resulting in an
increase in system efficiency. However, due to the voltage imbalance, the efficiency increase
is inhibited. Therefore, the overall transmission efficiency of ISOP-IPT increases with the
increase in mutual inductance of each channel.

In summary, the ISOP-IPT system can achieve higher transmission efficiency in high-
power application scenarios with small load resistance. In addition, in order to improve the
transmission efficiency of the system, the parameter design of each channel of the system
should be designed according to the mutual inductance ratio so as to achieve input voltage
equalization. On the basis of voltage equalization, it should be possible to increase the
transmission mutual inductance of each channel.
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4. Experiments and Discussions
4.1. Construction of Two-Channel ISOP-IPT System Experiment Platform

The experimental platform of the two-channel ISOP-IPT system was built to verify the
correctness of the theoretical analysis. The experimental platform is shown in Figure 12.
The digital signal processing (DSP) module containing a TMS320F28335 processor and
field programmable gate array (FPGA) module for generating driving signals are used in
the control part of the system. The inverter MOSFET model is C2M0025120D. The diode
model of the rectifier is APT30SCD120. The power supply model is IT-6000-800C (ITECH,
Nanjing, China), and the maximum power is 12 kW. The system operating frequency is
85 kHz. The coupling coil size is 650 mm x 650 mm, and the transmission distance is 10 cm.
The compensation network parameters of the system are shown in Table 2.

F ! Scope and power analyzer
Load resistance DC Power !
i / el Gy &

Coupling coils

'Rectiﬁers— Y

5 Y Channe12
==/ Cs2

B C.

Cl\'"’

@ ?‘

e ; B \\\\‘f‘.

Figure 12. Experimental platform of 2-channel ISOP-IPT system.

Table 2. Experimental parameters of 2-channel ISOP-IPT system.

Symbol Value Symbol Value
Ly/uH 23.94 Cy/nF 146.65
L,/uH 24.12 Cy/nF 145.3
Lp1/uH 96.11 Cp1/nF 48.37
Lpo/uH 95.07 Cpa/1F 49.23
Le1/nH 96.62 Cs1/nF 36.55
Lo /uH 95.04 Csy/nF 36.58
M; /uH 223 M, /uH 22.48
Rp1/Q 0.2 Rq/Q 0.19
Rpp/ Q) 0.17 Rer/Q 0.22
Rp/Q 5~40 f/kHz 85
Uin/V 470

4.2. Verification of Voltage Imbalance Effect of the System
(A) Working status of the inverter

In order to analyze the inverter output voltage and current variation in each channel
when the system voltage is imbalanced, the mutual inductance of channel 2 is increased
from 22.48 uH to 25.81 pH. At this time, the inverter output of each channel of the system is
shown in Figure 13. It can be seen that due to the increase in mutual inductance in channel
2, the degree of imbalance in DC input voltage of the system increases. For the channel
with low input voltage, the instantaneous value of the output current at the switching
time of the inverter decreases. The correctness of the theoretical analysis in Section 3.1 is
verified. If the mutual inductance and voltage imbalance of the system increase further,
it will eventually cause a channel to lose the ZVS working state, which will reduce the
stability of the overall multichannel ISOP-IPT system.
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Figure 13. Inverter output waveform diagram of each channel when mutual inductance changes.

(B) Transmission efficiency of the system

Firstly, the effect of load resistance change on the efficiency of the system is verified.
Adjust the load resistance from 5 ) to gradually increase to 40 (), and the efficiency change
at this time is shown in Figure 14. Moreover, the system efficiency measurements at 5 () to
20 Q) are given in Figure 15. When the load resistance is 5 (), the system efficiency is low due
to the weak heat dissipation capacity of the rectifier module and the high diode temperature.
When the system load increases from 10 () to 40 (), the overall transmission efficiency of the
system gradually decreases from the highest 94.03% to 89.38%. The experimental results
show that the transmission efficiency of the two-channel ISOP-IPT system decreases with
the decrease in power level, which verifies the correctness of the theoretical analysis.
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Figure 15. System transmission efficiency at different loads.
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Idc3 0.0002 n4 93.19 * Ide3. 0.0002 ~ n4 94.03 Ide3 0.0001 ~ n4 9355 % Ide3 0.0001 né 9297 %
(a)5Q b 10Q (©)15Q (d)20Q

system when load

Then, the effect of voltage imbalance caused by inconsistent network parameters on
the transmission efficiency of multichannel system is proved. Based on the experimental
platform built with the parameters shown in Table 2, the compensation network parameters
of channel 2 were changed. The series compensation inductance of channel 2 is first reduced
to 13.57 pH and then increased to 35.95 uH. The other compensation network elements are
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configured according to the resonant condition. The compensation network parameters
after the change in channel 2 are shown in Table 3, and the load resistance is 10 (.

Table 3. Compensation network parameters of corresponding channel after inductance change.

Symbol Value Symbol Value
L'y/uH 13.57 C’'y/nF 258.5
C'p2/nF 43.2 C'sp/nF 36.58
L"y/uH 35.95 C"y/nF 97.38
C"p2/nF 58.9 C"s/nF 36.6

Figure 16 shows the DC input voltage and transmission efficiency of the system when
the series compensation inductance on the transmitting side of channel 2 is reduced. At
this time, the total input voltage of the system is 470 V, so 235 V is taken as the target
value when the input voltage of each channel is equalized. It can be seen that when the
series compensation inductance of the transmitting side of channel 2 decreases, the DC
input voltage of the corresponding channel also decreases. At this time, the system voltage
imbalance degree before the compensation parameter changes in Figure 13a is 5.11%. In
Figure 16, the voltage imbalance degree after the compensation parameter changes is
25.74%. In Figure 15b, the transmission efficiency of the system before the compensation
parameter changes is 94.03%. In Figure 16, the transmission efficiency of the system after
compensation parameter changes is 93.32%.

in o B o [ g B Udc1 469.49 v Ude2 281.95 v
Uinl =2055V Idc1 17.587 A Idc2 27.329 A
e P1 8256.9 w B2 77054 w
b Uiy =174V m 93.32 % n -0.00 %
Ude3 -0.0004 v n3 0.00 =»

Idc3 0.0001 ~ n4 93.32 %

Figure 16. System input voltage and transmission efficiency when channel 2 series compensating
inductance L', = 13.57 uH.

Figure 17 shows the DC input voltage and transmission efficiency of the system when
the series compensation inductance on the transmitting side of channel 2 is increased. It can
be seen that when the series compensation inductance of the transmitting side of channel
2 increases, the DC input voltage of the corresponding channel also increases. At this
time, the voltage imbalance degree of the system increases from 5.11% to 22.34%, and the
transmission efficiency decreases from 94.03% to 93.79%.

i o 05 b - 1" Udet 469.75 v Udc2 175.99 v
U, =287.5V Ido1 6.821 A loc2 17.076 »
p1 32042 w P 30052 w
b U, =182.5V n 93.79 % n2 0.00 %
) 0.0007 v 3 0.00 %
Idc3 0.0002 A n 9379 %

Figure 17. System input voltage and transmission efficiency when channel 2 series compensating
inductance L, = 35.95 puH.
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To sum up, when the parameters of the compensation network of the system change,
the degree of input voltage imbalance increases, and the proportion of change satisfies
Equation (2). Compared with the 94.03% transmission efficiency when the system input
voltage is equalized, the transmission efficiency decreases by 0.71% and 0.24% respectively
when the parameters of the compensation network change. It is proved that the input
voltage imbalance caused by the change in compensation network parameters will lead to
the decrease in system transmission efficiency.

Finally, the effect of voltage imbalance caused by mutual inductance inconsistency
on the transmission efficiency of multichannel system is proved. Since the compensation
network parameters of each channel in Table 2 are basically the same, the parameters in
Table 2 are used as standard parameters. The transmission mutual inductance of channel 2
is gradually increased from 19.3 pH, and the change in transmission efficiency of the system
at this time is shown in Figure 18. It can be seen that the overall transmission efficiency of
the system increases with the increase in mutual inductance in channel 2. When the mutual
inductance of channel 2 deviates from the standard value, it can be seen from Equation (2)
that the imbalance degree of DC input voltage of the system increases. When the mutual
inductance of channel 2 is less than the standard value, the effect of mutual inductance and
voltage imbalance is superimposed on each other, and the system efficiency decreases more.
When the mutual inductance of channel 2 is greater than the standard value, the effects of
mutual inductance and voltage imbalance cancel each other, and the system efficiency is
less improved. The overall experimental results are basically consistent with the trend of
simulation results, which verifies the correctness of the theoretical analysis in Section 3.2.
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Mutual inductance of channel 2 (uH)
Figure 18. Change in system transmission efficiency when mutual inductance of channel 2 changes.

5. Conclusions

In this paper, a multichannel ISOP-IPT system suitable for low-voltage high-power
output is analyzed for the application scenario of EV fast charging, and the following
conclusions are drawn. Firstly, in the ISOP-IPT system based on the LCC-S compensa-
tion network, the parameter deviation of the compensation capacitor in parallel on the
transmitting side and the compensation capacitor in series on the receiving side will cause
input voltage imbalance. In addition, when each channel meets the resonant condition,
the change in compensation parameters and mutual inductance will also lead to voltage
imbalance. The voltage imbalance will reduce the stability of the system and affect the
energy transmission efficiency. When the resistance of the coupler coil is considered, the
transmission efficiency of the system decreases with the increase in load and increases with
the increase in mutual inductance. This is why the circuit structure analyzed in this paper is
suitable for low-voltage and high-power scenarios. In the parameter design of the system,
it is necessary to ensure that the input voltage of each channel is equal and the mutual
inductance of each channel is increased as much as possible so as to improve the energy
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transmission efficiency of the system. Finally, a two-channel experimental platform was
built to verify the correctness of the theoretical analysis on the influence of transmission
efficiency, and the maximum system efficiency was 94.03%.

How to solve the problem of imbalanced input voltage of a multichannel ISOP-IPT sys-
tem and realize the output control of the system can become an important research direction
in the future. Corresponding system control methods can be proposed to achieve transmis-
sion power distribution and improve the operating stability of multichannel systems. In
addition, the influence of rectifier temperature on system transmission efficiency and the
design of corresponding heat dissipation structure can also be a suitable avenue of research.
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