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Research on efficient wireless power
transmission system for EV

ZHAO ZHENYU', GUO WEISHANG', SONG
XUEYING'?

Abstract. Because of the LCL-S wireless power transmission (WPT) system has the char-
acteristics of constant primary current and secondry voltage; it has been widely used in the field
of small power electric vehicle charging system. However, when the system is light loaded, the
output current of the inverter is distorted, which is the inherent shortcoming of the LCL-S WPT
system. To solve this problem, the modified methods is proposed on the basis of not affecting the
original characteristics of the electric vehicle wireless charging system. The working principle of
the improved methods and the rewarding results can be obtained theoretically. Finally, simulation
analysis and experimental results can prove the correctness of the theoretical analysis.
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1. Introduction

WPT system to achieve the power supply and power load without physical con-
tact under the power transmission, with high reliability, good security, low main-
tenance costs and environmental affinity and so on. System have broad applica-
tion prospects under special conditions such as electric vehicles, wearable electronic
equipment, biomedicine and underwater environment [1-2]. Due to the large leakage
inductance of the loosely coupled transformer, in order to reduce the reactive power
in the system and reduce the switching loss and the capacity of the power supply,
reactive compensation circuit should be added in the primary and secondary. The
traditional compensation methods mainly include series compensation and parallel
compensation. Four kinds of compensation methods can be obtained by perform-
ing series or parallel compensation separately in the primary and the secondary.
Reference [3] analyzes the four basic compensation modes from the impedance char-
acteristic, the frequency characteristic and the output characteristic three aspects
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has carried on the detailed analysis respectively, finally has drawn the conclusion
that four kinds of basic compensation methods are suitable for different applications
respectively. The parallel resonant frequency of resonant compensation is related
to the load resistance. Therefore, Compensation is not suitable for secondary com-
pensation of variable load or multi-load WPT systems. In order to meet different
requirements, some new compensation topologies have been put forward at home
and abroad. Among them, the research of LCL-S WPT system is more prominent.
Due to its stable operating frequency of the system resonance, constant primary coil
current and constant system output voltage, it can be used in large scale applications
such as electric vehicle charging and desktop multi-load power supply [4-5].

Figure 1 shows the equivalent circuit model of the LCL-S WPT system, where
Ud is the DC voltage source, S1 to S4 are IGBTs and D1 to D4 are their anti-parallel
diodes respectively. Lp and LS are respectively the primary and secondary windings
Inductance, M mutual inductance; L1 is the primary compensation inductance, C1
is the primary compensation capacitor; C2 is the secondary compensation capacitor;
Uin, linare the inverter output voltage and current; Ip, Is respectively the primary
Coil current, secondary coil current; R is the system equivalent resistance load; Uo,
To respectively the system output voltage and current. The working frequency of
the system is f, among them, {0 is the systematic resonance working frequency.
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Fig. 1. Equivalent circuit model of LCL-S WPT system

Through theoretical analysis, when the system parameters in Figure 1 satisfy the
relation of (1)

wo =27 fo,
wo =1/+/L,C1, (1)
wo =1/vLsCs,
Li=1L,.
The primary winding current I, the system output voltage U, and the inverter
output system total impedance Z;, can be calculated as follows:

Uin
I, = 2

P wOLl ’ ( )
U, = MUin , (3)

Ly
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LR

Lin = T (4)

It can be seen from Eq.(2) and Eq.(3) that the primary coil current I, and
the system output voltage U, are independent of the system equivalent resistance,
indicating that the system has the primary coil constant current characteristics and
the system Output voltage constant characteristics, can be more than one electric
vehicle constant voltage charging. At the same time, it can be seen from Eq. (4)
that the total impedance Z;, of the inverter output system always shows a pure
resistivity. That is, the change of system equivalent resistive load R does not affect
the natural resonant frequency of the system.

The previous analysis is based on the fundamental components of the inverter
output voltage U;,, and does not consider the harmonic components of the inverter
output voltage. The traditional LCL-S type WPT system adopts the voltage type
full-bridge inverter circuit. Under the condition that the drive circuit is controlled
by the 180 ° conduction mode, the expression of the inverter output voltage u;, is

4U, 1 1
U = —2 (sinwt + 3 sin 3wt + £ sin bwt + - - ) . (5)
T

among them, w = 27 f.

In order to analyze the influence of the harmonic component of the inverter
output voltage on the LCL-S type WPT, taking the 3rd and 5th harmonic voltage
as an example, the specific analysis will be carried out as follows.

In the fundamental voltage under the secondary impedance Z5; system

Zgl = ijs + jWCQ + R (6)
Its total reflection to the primary side of the system is Z,1

(wM)® (wM)®
Zy1  jwLs+ jwCr+ R’

Zrl =

After the inverter output level system total impedance Z;,.

. 1
Zin1 = Jjwly + 1 . (8)

JwCh +

jWLp + Zrl

Fundamental component I;,; of inverter output current i;, is:

4Uy4 4Uy
2 2
Iin1 = \Zf‘ﬂ = V2 1 . (9)
nl ijl + T
jwCh + ————
J JwLy + Zp1

Similarly, the third harmonic component and the fifth harmonic component of
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the inverter output current i;, can be obtained as

4U,
Iing = 3v/2m 1 , (10)
j3wly + I
3wC) + ——————
J 33wl + Zrs
AU,
Lins = 5v/2m 1 ; (11)
JdwLy + T
i5wC) + ———
PNt S5 T Zos
(3wM)?
Zs = 12
" j3wLs + j3wCy + R’ (12)
5wM)?
Zis (5 M) (13)

T j5wls + j5wCs + R

This can be obtained from the inverter output current harmonic distortion rate
THD

Iz’n’ 2+ Izn ?
THD. (Lin3)™ + ( 5). 14)

'i‘
o Iinl

The formula (14) can be drawn on the inverter output current harmonic distortion
THD;,, and load R two-dimensional relationship, shown in Figure 2.

As can be seen from Figure 2, when the load R is large, the inverter output
current harmonic distortion rate is larger, which will lead to larger inverter losses,
lower system efficiency, but also exacerbated the system instability. Aiming at this
problem existed in the light load of the original system, two improved methods are
proposed in this paper, which will be described separately.

50

L I 1
0 40 80 120 160 200
R/Q

Fig. 2. Relationship between harmonic distortion of inverter output current and
load R of LCL-S WPT system
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2. Theoretical analysis of improved LCL-S wireless charging
system

In the branch where the original system L; is added LC series resonant filter, the
improved system circuit shown in Figure 3.
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Fig. 3. Equivalent circuit model of A type improved LCL-S WPT system

Among them, Ly and Cyy satisfy the following relationship:
1

LyCpi
Wiz

At this moment, only when fundamental components u;,, be taken into account,
the total system impedance Zi,r11 at the output of the inverter is

(15)

wo =

. 1 . 1
Zinf11 = JwLyi + ——— + jwL; + (16)
chfl jwCi + 71
JwLy + Zp
Among them, Z,; is the formula (7).
The fundamental component 4;,¢1 of the inverter output current [i,¢11 i
4Uy
2
Ling11 = 1 V2 T . (17)
JWhr1 JwCy + =

JwLy + Zpq

Similarly, the third harmonic component and the fifth harmonic component of
the inverter output current #;,¢1 can be respectively

4Uq

2
Iinf 13 = 3\[71— 1 ) (18)

I
3wl 3wl
JRwlnt e el 1
J3wLly + Zys

j3w01 +
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4Uq
5v2
Tint15 = T Vo T . (19)
JdwLf 4+ ——— + jdwly +
J5wC . 1
GhwCy +
J5wLy + Zrs

Among them, Z,5 and Z,5 are represented by the formulas (12) and (13), respec-
tively.

This can be obtained A type improved LCL-S wireless charging system inverter
output current 4i,¢; harmonic distortion rate THD;, ,,:

\/(Iinf 13)° + (Ting15)°
THD;,,, = . (20)
Iing 11

Contrast system to improve the output current before the inverter harmonic
distortion rate TTHD;, and type A improved inverter output current harmonic dis-
tortion rate THD;, ., with the load R trend, as shown in Figure 4.
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Fig. 4. Comparison of harmonic distortion for inverter output current between A
type improved system and original system

It can be seen from Fig. 4, when the load R is large, the harmonic distortion rate
of the inverter output current of the A-type improvement system at the light load
of the system is obviously decreased compared with that before the improvement,
indicating that the A-type improvement system has achieved better performance

3. System simulation and experiment

In order to verify the correctness of the theoretical analysis above, this paper
identified the simulation parameters as list in Table 1.
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Table 1. Simulation and experimental parameters

parameter numerical parameter numerical
Uy 160/V o 0.15/ u F
fo 20/kHz Cy 0.15/ u F
Ly 105/ p H Ly 158/ 1 H
Ls 105/ n H Cr 01/ uF
M 21/ p H Lo 158/ p H
In 105/ p H Cs 01/ puF

3.1. Simulation analysis

According to the parameters in Table 1 and Figure 1 and Figure 3, corresponding
simulation models were built based on MATLAB/SIMULINK.

When the load resistance R is chosen as 190 €2, the inverter output current of
the original system, improvement system are shown in Figure 7(a), Figure 7(b)
respectively.

. . . . . . 2 . . . . .
0.394 0.3941 0.3942 0.3943 0.394 0.3941 0.3942 0.3943
t/s t/s
(a) original system (b) improvement system

Fig. 5. Simulation waveforms of inverter output current for different systems

It can be seen from Figure 7 that the inverter output current waveforms of the im-
provement system smoother than the original system inverter output current wave-
forms. It can be seen intuitively that the improved systems have achieved good
results. Wherein, the improved system achieved the best improving effect.

All the waveforms in Figure 7 were Fourier analysis of the harmonic histogram
shown in Figure 8.

As can be seen in Figure 8, compared with the original system, the total har-
monic distortion rate of the improved systems decreased by 82.37 % and 55.03%
respectively. As can be seen from the data, the improved systems can achieve better
results.
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Fig. 6. Inverter output current harmonic histogram of different system

3.2. Experimental Analysis

According to the experimental parameters in Table 1 and Figure 1, Figure 3,
corresponding experiment platform were set up, respectively.

When the load resistance is chosen to be 1902, the inverter output current
waveforms of the original system and the improvement system are shown in Figs.
9(a) and 9(b), respectively.
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Fig. 7. Experimental waveforms of inverter output current for different systems

It can be seen from Fig. 9 that the experimental waveforms of the inverter output
current of the improved systems smoother than that of the original system inverter
output current test waveforms, which is in good agreement with the previous theo-
retical analysis and simulation analysis.

4. Conclusion

This paper analyzed the inverter output current distortion problem that exists in
the traditional LCL-S WPT system when system is light loaded. The root cause of
this problem is pointed out. And two improved methods are proposed, which have
been proved to be effective and feasible from three aspects: theoretical analysis,
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simulation and experimental verification. Both of the improved methods can well
solve the problems existing in the traditional LCL-S WPT system, and can achieve
good results for improving the inverter output current waveform and reducing the
inverter switching loss so as to improve the system efficiency. It will be of great
benefit to its application in a wireless charging system for electric vehicles.
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