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Abstract:

This thesis aims to increase the charging distance and improve the charging efficiency of electric
vehicles. The wireless charging control strategy of electric vehicles is studied by using the principle of
magneto-fluid mechanics and magnetic resonance coupling wireless power transfer (MRC-WPT) system.
First, the calculation method of coil parameters of four-coil MRC-WPT system is proposed, and the
transmission characteristics of four-coil MRC-WPT system are analyzed, including the output voltage
gain, input current gain, output power and transmission efficiency of traditional Serial-Serial-Serial-Serial
(SSSS) compensating network. Then, Inductor-Capacitor-Capacitor (LCC) compensating network is
introduced into the driving coil side to form a four-coil MRC-WPT structure of Inductor-Capacitor-
Capacitor-Serial-Serial-Serial (LCC-SSS) compensating network. Then, the formed network is analyzed.
The experimental platform is built to collect the input voltage, output voltage and other data of the system
under the SSSS compensating network and LCC-SSS compensating network when the output voltage of
the driving coil is 50V and the inductance coefficient is 0.5. The results reveal that when the inductance
coefficient is 0.5, the maximum output power of LCC-SSS compensating network can reach 85W, while
that of SSSS compensating network is only 10W. This is because there are no energy consuming
components in the wireless charging system based on LCC-SSS compensation network. Through the
combination of passive components, the energy in the system is stored in the resonant element without
input series resistance, which increases the voltage acting on the driving coil, increases the input current
flowing through the system, and improves the output power of the system. Finally, the curve is drawn to
verify that the MRC-WPT system based on LCC-SSS compensating network can effectively improve the
scientificity and feasibility of system transmission efficiency. This thesis has certain reference
significance for the compensating network optimization of electric vehicle wireless charging system.

Keywords: Magneto-fluid mechanics; magnetic coupling resonance; wireless transmission system;
compensating network; electric vehicle.

I. INTRODUCTION

Under the background of global warming, energy crisis and air pollution, traditional motor vehicles
urgently need transformation because of their defects, such as high pollution and high emission, while
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electric vehicles have attracted much attention because of using clean energy. However, at present, the
problem of electric vehicle charging has not been well solved. First, the number of electric vehicle
charging piles in cities is limited, and the charging of electric vehicles is far less convenient than that of
fuel vehicles. Besides, the charging time is long. The DC charging pile charges fast, but the cost is high.
The AC charging pile costs low, but the charging time needs at least 6 hours. Moreover, at present, most
charging piles are limited charging, which is not convenient and flexible enough and there is a risk of
leakage. A few charging piles are wireless charging, but the transmission efficiency is relatively low [1].
People cannot find ideal solutions to the two technical difficulties of charging and energy storage, so
electric vehicles still cannot shake the market position of traditional motor vehicles [2]. With the
deepening of magneto-fluid mechanics research, wireless transmission technology has also been developed
accordingly. This technology has been applied to aerospace, industry, transportation, and other fields with
its safety, reliability, and convenience advantages. Magneto-fluid mechanics is a subject that combines
classical fluid mechanics and electrodynamics to study the interaction between conductive fluid and
magnetic fields. It includes magnetohydrostatics and magnetohydrodynamics. The basic idea is that the
magnetic field can induce current in the moving conductive fluid, and the radio energy transmission
technology is studied through this idea. The common wireless transmission modes mainly include
magnetic induction, magnetic coupling resonance, microwave, and laser. The working frequency of
microwave and laser mode is generally quite high, which is suitable for long-distance wireless
transmission, but it has the problem of difficult control. Therefore, magnetic induction and magnetic
coupling resonance wireless transmission modes are often used in daily life [3, 4].

The current electric vehicle wireless charging technology is to use magnetic induction to charge the
electric vehicle battery, and its charging efficiency can reach more than 96%. The application of this
technology in charging electric vehicles close to each other is relatively mature [5]. However, if the
charging distance increases, the wireless charging technology of magnetic induction will no longer be
applicable. Seo (2019) analyzed the traditional double coil magnetic resonance coupling wireless power
transfer (MRC-WPT) system. The system parameters such as the quality factor and coupling coefficient of
the resonator lead to the problem of short power transmission distance. Three-coil wireless power transfer
(WPT) system is adopted, and the coupling coefficient between transmitting coil and receiving coil should
be zero as far as possible to improve power transmission efficiency and transmission distance. The
experimental results show that when the coupling coefficient exceeds the critical coupling coefficient, the
double coil WPT system has two splitting frequencies far away from the working frequency. In the three-
coil WPT system, there will be three splitting frequencies far away from the working frequency, and the
splitting frequency in the middle of the three splitting frequencies is not different from the natural resonant
frequency of the system [6]. Liao et al. (2019) analyzed the frequency splitting phenomenon of the four-
coil MRC-WPT system and gave the mathematical and physical explanation of the frequency splitting
phenomenon, and the boundary conditions and frequency division points of frequency splitting. Besides,
the amplitude-frequency and phase-frequency characteristics of input impedance were described, and a
solution that could help improve the transmission efficiency of the system during frequency splitting was
proposed. However, reducing the source resistance in the actual system will also introduce the resistive
load. The resistive load will produce additional loss during operation, resulting in low efficiency of the

878



Forest Chemicals Review

www.forestchemicalsreview.com

ISSN: 1520-0191

March-April 2022 Page No. 877-894

Article History: Received: 08 February 2022, Revised: 10 March 2022, Accepted: 02 April 2022, Publication: 30 April 2022

system [7]. This thesis improves the traditional four-coil MRC-WPT system through the original new
method. By increasing the working frequency of the system and designing an appropriate compensation
network, the long-distance transmission of radio energy can be realized.

The research purpose is to improve the charging distance of electric vehicles. The research object is
electric vehicles' dynamic wireless charging technology based on magnetic coupling resonance. First, the
coil parameter calculation method of the four-coil MRC-WPT system is proposed. The transmission
characteristics of the four-coil MRC-WPT system are analyzed, and the output voltage gain, input current
gain, output power and transmission efficiency of the traditional Serial-Serial-Serial-Serial (SSSS)
compensating network are calculated. Then, the Inductor-Capacitor-Capacitor (LCC) compensating
network is introduced into the driving coil side to form a four-coil MRC-WPT structure of LCC-Serial-
Serial-Serial (LCC-SSS) compensating network. Next, the system is analyzed and calculated. Then, the
system's input voltage and output voltage under the SSSS compensating network and LCC-SSS
compensating network are collected through experiments. Finally, the curve is drawn to prove that the
MRC-WPT system based on the LCC-SSS compensating network can improve system transmission
efficiency significantly.

This thesis is to theoretically analyze the advantages of the compensation network, improve the
system's output power and transmission efficiency, and provide a certain basis for the optimal design of the
compensation network of the four-coil MRC-WPT system. It has certain reference significance for the
optimization of wireless charging control strategy for electric vehicles.

I1. FOUR-COIL MRC-WPT BASED ON LCC-SSS COMPENSATING NETWORK
2.1 Four-coil MRC-WPT

The four-coil MRC-WPT system is composed of a DC power supply, Radio Frequency Power
Amplifier (RFPA), matching circuit, four-coil system and radio frequency load [8]. The four-coil system
consists of the driving coil, transmitting relay coil, receiving relay coil and load coil. The function of an
RFPA is to change the DC power supply into a high-frequency AC power supply for power supply. The
four-coil structure generates high-frequency AC on the load coil through high-frequency magnetic
coupling resonance to realize the power supply function for RF load [9, 10].

When the four-coil MRC-WPT system works, the coil inductance and capacitance resonate, and the
coils are coupled with each other. The driving coil and the load coil are single turn coils wound by copper
wires, and the single turn coil resonates with the compensation capacitance set in the circuit. The
transmitting and receiving relay coils are spiral coils wound by Litz wires. The relay coil has a high-quality
factor Q. Due to stray capacitance between lines, the coil inductance and stray capacitance resonate during
high-frequency operation [11, 12].

In the four-coil MRC-WPT system, the function of the transmitting coil is to resonate the high-
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frequency AC power supply output by RFPA and generate a high-frequency magnetic field on the coil.
The relay coil stores and relays the energy in the high-frequency magnetic field of the driving coil, and
then transmits the energy through the coil. The load coil is responsible for receiving the energy on the relay
coil [13]. The relay coil is composed of multiple rings. When the resonant frequencies among the coils are
consistent, it can amplify the high-frequency current generated by the transmitting coil.

The RFPA on the transmitting side is connected to the compensating network of the driving coil, and
its working frequency is basically the same as the resonant frequency of the whole system. When the
driving coil is connected in series with the compensation capacitor, the inductance and capacitor resonate
in series, and the energy stored in the coil is transmitted to the next stage through resonance. Then,
resonance transmission is carried out through the relay coil to transmit energy to the load coil to supply
power to the load [14].

The relay coil consists of a spiral coil. The spiral coil is mainly composed of the plane spiral coil and
solenoid coil. The solenoid coil structure is a non-closed ring with the same outer diameter. Its expression
reads:

L=poN%r [In (%) —lnN-%] 1)

The inductance of solenoid coil winding is relatively large, the mutual inductance between coils is also

relatively large, and the transmission distance is far. In (1), Hois the air permeability and its value is

41*10-7N/A2. N is the number of turns of the coil. r is the coil radius and a is the wire diameter of the coil
conductor [15].

Compared with the solenoid coil structure, the plane solenoid coil structure has a small longitudinal
space, suitable for occasions with certain requirements for the coil spatial structure [16]. The inductance
calculation reads:

. 8r+4Na\ 1
L=2oN?r In (322) 2] )

In (2), r is the average radius of the plane spiral coil. The distance between the lines of the plane spiral
coil is small, and the stray capacitance is relatively large. The expression of its distributed capacitance
reads:

2 T2ege, (DN s+5)

e 3

In (3), w is the diameter of the coil conductor. ¢, is the vacuum dielectric constant, which is 8.85*10-
12F/m. ¢ is the dielectric constant of copper, cosh™(x)=In(x+Vx2-1) - The working environment of the
overall system is at high frequency, and the skin effect causes the current flowing through the conductor to

be only a part of the conductor surface [17]. The relay coil is wound with multi-strand Litz wires to reduce

the adverse effect of skin effect. The expression of parasitic resistance reads:
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Rc= 4pcyN(Dg-N-s+5) (4)

wbey

In (4), &, represents the skin depth of copper and &.,(f)=0.066/f:.2. pc iS the conductivity of copper.

In the wireless transmission system, a resonant circuit with high-quality factor is required to make the
system work effectively, effectively reducing the useless power in the line, reducing the sensitivity of the
system to parameters, and improving the system's stability [18]. Since the inductance of the driving coil
and the load coil is small, an external compensation capacitor is needed to make the relay coil have a high-
quality factor. The expression of quality factor Q reads:

wlL
0= )
L is the inductance on the circuit, R is the resistance, and o is the impressed frequency. Equation (5)
shows that the quality factor Q of the relay coil can be increased by increasing the coil's inductance,
increasing the number of turns of the coil, or reducing the stray capacitance between lines to improve the
system's stability.

2.2 Analysis of traditional SSSS compensating network

The driving coil and the load coil resonate with the compensation capacitance set by the circuit. At
present, the common connection methods are series. Figure 1 shows its equivalent circuit:

RS LI Rl 2 3 L3 F4 L4
cl c2 3 4
- M2 M M 1 K
1 @ AR o
[ SN2 S M3 -

Figure 1: Equivalent circuit diagram of four-coil MRC-WPT system

Figure 1 shows that the voltage of RFPA acting on the driving coil compensating network is Us. The
matching resistance connected in series to the driving coil is Rs, the voltage acting on the driving coil is
Uag, the inductance of the driving coil is L;, the compensation capacitance is C;, and the internal
resistance of the coil is R;. The inductance of the transmitting relay coil is L,, the stray capacitance of the
coil is C,, and the internal resistance of the coil is R,. The inductance of the receiving relay coil is Lz, the
stray capacitance of the coil is C3, and the internal resistance of the coil is R3. The inductance of the load
coil is L4, the compensation capacitance is C4, and the internal resistance of the coil is R4. The driving caoil,
transmitting relay coil, receiving relay coil and load coil are recorded as coils 1, 2, 3 and 4, respectively.
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There is a coupling relationship between each two coils. The coupling coefficients shown in Figure 1 are
K12, K23, Ka4, K13, K24, and k4. Due to the large spacing between coils, the coupling coefficient between coils
will be quite small. In the analysis, to simplify the model's difficulty, the influence of ki3, ko4 and ki4 on
the system is generally not considered, and only the coupling coefficients ki, kos and ks4 between adjacent
coils are considered. Mutual inductance between coils is M1,, M,z and May, respectively. Equation (6) is to
establish the equivalent circuit model of four-coil wireless transmission:

Z]_ j(J.)M12 0 0 |1 UAB

jwMy, Z, -jwMy3 0 L{_| O (6)
0 'j(A)M23 Z3 j(J.)M34 |3 - 0
0 0  jwMs, ReZJlLl Lo

In (6), z, to z, are the equivalent impedance of each coil, Mi=kis/Lil, , May3=k,;3/L,Ls and
Ma4=ks4./LsL,. Therefore, equation (6) is simplified to obtain the voltage Uag expression, as shown in (7):

UAB= (R]ﬁj(.t)l_r*ﬁ) |1+j(.DM12|2 (7)

The transfer function G between the input side voltage Uag and the output side voltage Uy is obtained
from equation (7), as shown in equation (8):

e (®)

Uss  Reails

Reqr 10 Reqs are set as the equivalent resistance from the system input side to each stage coil
respectively. Equation (9) is the value from R.g; t0 Regs:

r&Recu:Zl"”Reqz
&R _jwMily -wMga?
eq2 Iy Zy+Regs (9)
] &R =jUM23|3='w2’\4232
eqd™ ), Z3+Reqs

jWwMaals  WMsg?
&R p=Eoes OF s
\ Req4 I3 Zy

In order to make the resonant system work normally, compensation capacitors C1-C4 need to be set to
meet LyCi=1/wp?, L,Cr=1/wg?, LsCs=1/wy 2, and L,Cs=1/wy 2. Moreover, the stray capacitance of the coil
needs to adjust the shape, size and line spacing of the coil to meet the conditions of system resonance.
Among them, , is the natural resonance frequency of the relay coil. In the case of resonance between
coils, the transfer function equation of the input power supply Us and the load output voltage Ug of the
four-coil MRC-WPT system is as follows.
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-jwM Ma,R
Gisse= ‘J 12Mo3Msg Ry (10)
a3, Wr+a,w?H(Z, 4R 5252,

In (10), R, is the input resistance of the series circuit. a,=M3,m2%, and
a,=M;,25Z,+(Z,+R.)M,3Z,+(Z,+R.)Z,M5,. Equation (11) is to obtain the overall equivalent input resistance on
the input side:

Zin _ssss=R+Req1
_ asw’+ay WP H(Re47,) 75757, (1 1)
W ZoMaatw? Mps 2475737

Equation (12) is the expression of the overall transmission efficiency of the wireless transmission
system under the compensating network:

. WMy, 2Mys3 2y, 2R, (12)
55557 Py [2a (22250 Mas 2 )+ wP Mg 23] (RetRegs)

Equation (13) displays the expression of output power.

Po ssss= =2 (13)

Ry

2.3 Analysis of LCC-SSS compensating network

The traditional SSSS compensating network has matching resistance, so the wireless transmission
system is difficult to meet the power requirements. The traditional low-order compensation has the
problems that the circuit sensitivity of the resonant element is too high and the input-output gain is not
adjustable. Moreover, the SSSS compensating network can reveal that the input equivalent resistance
presents an inductive region, resulting in large input reactive power, affecting system efficiency [19-21].
This exploration is based on the commonly used high-order compensating network to design the input
impedance of the system to solve these problems. Since the compensating network of the relay coil cannot
be changed into a high-order compensating network by increasing the compensation capacitance or
inductance, the compensator can be designed for the driving coil on the input side or the load coil on the
output side. The driving coil compensation topology is set as an LCC compensating network.

Under steady-state conditions, the LCC network circuit can adjust the current on the transmitting coil
by reasonably selecting the capacitance value in series. Meanwhile, it can isolate the DC component on the
power side and avoid the DC magnetization of the transmission coil. The overall structure of the system is
the compensating network of LCC-SSS. The high-order compensator is used as the resonant network of
the driving coil, which can make the input impedance of the system zero to improve the transmission
efficiency of the system [22-24].

The LCC network consists of Ly, Cp, L; and C; to form a resonant cavity. Ry is the parasitic resistance
of the LCC network. The output current I, of Us matches the impedance of the driving coil through the
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LCC compensating network. Primary side controlled source joMizli2 is equivalent to pure resistance Reqp,
so the LCC network on the primary side of the driving coil can be analyzed. According to the analysis of
the purely resistive second-order resonant network, the primary side compensating inductance L, and its
corresponding compensation capacitance C, should meet iwoLo=m jwols to realize the zero phase angle
(ZPA) input of the system.

Figure 2 reveals the equivalent circuit of LCC-SSS compensating network of four-coil MRC-WPT
wireless transmission system:

rs W I g 2 L2 m L2 R4 L4 F
£l £2 o] o
w2 FL
e M e _
US® TAE s
” -2 BY 0 -1E -

Figure 2: the equivalent circuit of LCC-SSS compensating network of four-coil MRC-WPT wireless
transmission system
The resonance condition of the LCC-SSS compensating network shall meet equation (14) to meet the
working conditions of the system:

&LoCo=1/ug 2
&(L4-15)Cy=1/w, ?
&L,C,=1/w, ?
&L3C3=1/uwy
&L,C,=1/w, ?

(14)

For the LCC network, the transfer function of output voltage Uag and input voltage Us is
Uap Reqi

LCC™ Us ™ (Rotjwko) (14iwCoRegy J+Reqs”

Equation (15) and equation (16) are the transfer function and equivalent input impedance of LCC-SSS
compensated four-coil wireless transmission system respectively:

Groc-sss=G " Giec (15)

—R+i Reg
Zintccsss=Rotiwlgt+y +ij01Re=1 (16)

According to the transfer function G, , the transmission efficiency of the system is obtained as
shown in equation (17):
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Rls?
NT_Lcc-ss5=
(Rotioto s —) (o Reas) (17)
i “jwAMyp M3 My
In (17), the value of /1, is I AT s

a is defined as the inductance coefficient between Ly and L;, and the value range is (0,1). Then,
equation (18) is the expression of the transfer function ¢ .. 0f LCC-SSS system about a:

Grec-sss™ —— (18)

(Ro+iwals) (14iW"CiReqr ) +Rear

Equation (19) is the expression of input impedance Ziniccsss of LCC-SSS system about a:

- = . aRegi
ZinLoc-sss=RoHjwal 1 + a+(1-0)jwC,Reqs (19)

Equation (20) is the expression of transmission efficiency nr.icc-sss of LCC-SSS system about o

Ry 2
NT.Lcc-sss= = : 7 20
(Rt rre) (w5iesRas) @0

The value of system output power Po.ccsss during LCC-SSS compensating network is URLLZ

I1l. EXPERIMENTAL VERIFICATION AND ANALYSIS
3.1 Experimental verification of different compensating networks

For the traditional SSSS compensating network, the series matching resistance usually affects the
transmission gain of the system. The series matching resistance Rs is set to 0 and the output resistance R
is set to 50Q. It is stimulated when the coupling coefficient ko3 is equal to 0.001, 0.01, 0.1 and 0.5,
respectively. Figure 3 and Figure 4 are the obtained curves of the transmission gain and input current gain
of the system with or without input series matching resistance:
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Figure 3: system output voltage gain and input current gain without series matching resistance (a is input
voltage gain and b is input current gain.)
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Figure 4: output voltage gain and input current gain of the system when 50Q matching resistor is connected
in series (a is the input voltage gain and b is the input current gain.)

Figure 3 reveals that the output voltage gain of the system is large when the series matching resistance
is 0, because there is no matching resistance, resulting in a relatively high voltage acting on the driving
coil. The current gain at the input side of the system is also large, up to 24dB. Due to the surge of input
current, circuit components may be damaged, and the system's normal operation cannot be guaranteed.

Figure 4 shows that the voltage output gain of the system has obvious frequency splitting when adding
50Q matching resistance. The maximum output voltage of the whole system does not exceed -14dB, and
the gain of the input current is also small, resulting in small transmission power and efficiency of the
whole system, which will limit the output power in the actual system.
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For LCC-SSS compensating network, the parameters L, and Cy on the primary side can be changed by
setting o to change the transmission characteristics of the system. In the actual system, Lo and C, are
generally fixed values, so it is necessary to consider the overall transmission characteristics to determine
an optimal a, so that the system can still obtain high output power and transmission efficiency at different
Kos. The values of a are set to 0.2, 0.4, 0.6 and 0.8, respectively for curve drawing and simulation analysis.
Figure 5 shows the transmission characteristics of the LCC compensating network:
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Figure 5: transmission characteristics of LCC compensating network (a is the input voltage gain and b is the
input current gain.)

Figure 5 shows that when a is smaller, the gain of the input current at the resonant frequency is higher,
while when a is larger, the gain at the resonant frequency is smaller. It is equivalent to that the LCC
compensating network controls the overall input current and reduces the voltage acting on the inductance
of the driving coil to control the power of the whole system.

The inductance coefficient determines the output power and transmission efficiency of the actual
system, so the influence of different inductance coefficients on the system characteristics is quite different.

The curve in Figure 6 is drawn according to the equation of output power and transmission efficiency to
select a reasonable inductance coefficient a:
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Figure 6: variation of system output power and transmission efficiency with coupling coefficient k3 under
different inductance coefficients (a is output power, and b is transmission efficiency)

Figure 6a is a curve showing the change of system output power caused by the change of ky3 when
values of a are selected. The output power shows that when a is smaller, the maximum output power is
larger. Moreover, no matter what o is, the corresponding k,3=0.0093 when the output power reaches the
maximum value. It shows that in the LCC-SSS compensating network, the system's output power reaches

the maximum at a fixed coupling coefficient kys, and the corresponding transmission distance at the
maximum power does not change with a.

Figure 6b is a curve showing the change of system transmission efficiency caused by the change of k3
when values of a are selected. It reveals that when a is smaller, the overall transmission efficiency of the
system 1s smaller. The smaller the a is, the greater the current on the input side is. At this time, the greater
the energy loss on the internal resistance and parasitic parameters of each coil is, the smaller the
transmission efficiency of the system is. The curve suggests that when a is smaller, the k3 at the maximum

transmission efficiency of the system is smaller, which shows that the system can achieve more efficient
energy transmission at a longer transmission distance.

Figure 7 is the curve of the output voltage gain and input current gain of the system at different
transmission distances, that is, different coupling coefficients:

888



Forest Chemicals Review
www.forestchemicalsreview.com
ISSN: 1520-0191

March-April 2022 Page No. 877-894

Article History: Received: 08 February 2022, Revised: 10 March 2022, Accepted: 02 April 2022, Publication: 30 April 2022

o
=

—ky=0.001 >0 —— k,,=0.001
ol . - = ky=0.01 - — ky=0.01
m ., 1 i . - - 'k23='ﬂ.1 o 1] !% A 'km=ﬂ.1
= ol S k=05 = kpy=0.5
Eﬂ T */’ & e En 50
& Ll 1 T E \
-100 £ . % 5
g N - / ~ E h"‘k‘,\" i SN
2 Asa-T -4 g 100 AL T
S - - ~ [X] ]
E_-lsu v 5
= _,_.—/
= /L [ 'E.-ISI]
-200
-250 -200
10 11 12 13 14 15 16 17 10 11 12 13 14 15 16 17
fHz *1I]., fHz *1']?
a b

Figure 7: system output voltage gain and input current gain when inductance coefficient o is 0.6 (a is the
input voltage gain and B is the input current gain.)

Figure 7 shows that using LCC-SSS compensating network can solve the problem of small output
current gain of SSSS compensating network when Rs=0. Compared with the SSSS network, the LCC-SSS
compensating network can simultaneously meet the maximum output power and transmission efficiency.

3.2 Analysis of experimental verification results

The system cannot work normally when the traditional SSSS compensating network has no series
compensation resistance, so the experiment is only carried out for the SSSS compensating network when
Rs=R.. During the experiment, all coils are on the same line, only the distance between relay coils is
changed, and the input voltage at the DC side is changed to make the voltage at both ends of the driving
coil 50V. Table 1 shows the experimental data of the SSSS compensating network:

TABLE 1: Experimental data of SSSS compensating network

Kos das Ubc Us Uo
0.001 31 51 50.75 0.77
0.005 20 47 50.5 7.9
0.01 14 46 495 17.1

0.1 7 79 49.5 45

The value of the inductance coefficient a for the LCC-SSS compensating network is 0.6. The

experimental data are measured when the LCC compensating network is applied to the driving coil. Table
2 shows the experimental data:

TABLE 2: Experimental data of the LCC-SSS compensating network

Ka3 dos Unbc Us Uo

889



Forest Chemicals Review

www.forestchemicalsreview.com

ISSN: 1520-0191

March-April 2022 Page No. 877-894

Article History: Received: 08 February 2022, Revised: 10 March 2022, Accepted: 02 April 2022, Publication: 30 April 2022

0.001 31 13 48.75 2.3
0.005 20 17 48.5 13.9
0.01 14 41 49.5 28.9
0.1 7 178 49.5 19.9

The measured coil spacing is converted into a coupling coefficient, and the input voltage of the driving
coil and the output voltage of the load coil are recorded. The output power and transmission efficiency are
calculated. Figure 8 is the variation curve when the coupling coefficient is 0-0.3:

130 1 110 - -
—— 5555 Theoretical 100 —— 5555 Theoretical
— — 5555 Truth 7 — — 5555 Truth

t — - — LCC-SSS Theoretical — - — LCC-55S Theoretical
. e LOCC-88S Truth rovnses TAOC-8S8S Truih

Tranamission afficiency/%

0.00 0.0s 0.10 0.1= 0.20 0.25

Ky, ka3
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Figure 8: experimental curves of output power and transmission efficiency of the system in different
compensating networks (a is output power and b is transmission efficiency)

Figure 8a shows that when the distance between the relay coils of the four-coil MRC-WPT system is
from far to near, the coupling coefficient of the system is too small due to the too far distance between the
coils. Hence, the influence component of the coupling coefficient on the system is small, resulting in the
relatively small transmission power of the system. However, as the distance gets closer, the influence of
the coupling coefficient on the system increases. Moreover, when the system approaches the optimal
transmission distance, the system's output power reaches the maximum. With the further reduction of
transmission distance, the frequency splitting of the system caused by too large coupling coefficient
becomes increasingly serious. It makes the system deviate from the optimal resonant frequency, the output
voltage of the system decrease significantly, and the output power also decrease. SSSS compensating
network introduces series matching resistance Rs. The existence of series matching resistance will reduce
the input current of the system and the power acting on the system. Moreover, the existence of Rs makes
the energy dissipated as heat energy, resulting in a significant increase in the unnecessary energy
consumption of the system. For LCC-SSS compensating network, there are no energy-consuming
components in the system. Through the combination of passive components, the energy in the system is
stored in the resonant element without input series resistance, which increases the voltage acting on the
driving coil, increases the input current flowing through the system, and improves the output power of the
system. Under the same conditions, when the inductance coefficient is 0.5, the maximum output power of
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the LCC-SSS compensating network can reach 85W, while that of the SSSS compensating network is only
10W. However, both compensation networks reach the system's maximum power at the same coupling
coefficient.

Figure 8b shows that when the distance between the relay coils of the four-coil MRC-WPT system is
from far to near, the transmission efficiency of the system is also quite low when the distance is far. This is
because the distance between the coils is too far and the coupling coefficient between the coils is too small,
which will reduce the energy transmitted between the coils, resulting in the low transmission efficiency of
the system. As the distance decreases, the input voltage, input current and output voltage of the system
increase simultaneously, and the coupling coefficient of the system will lead to appropriate resonance
between coils. At this time, the transmission efficiency of the system also increases. However, with the
further reduction of the distance between coils, the transmission efficiency of the system will also decrease
significantly with the frequency splitting phenomenon of the system.

The same method is used for the LCC-SSS compensating network to measure and record the data of
system output power and transmission efficiency under different inductance coefficients. Figure 9 is a
curve drawn when the inductance coefficient is 0.2, 0.5 and 0.8, respectively.
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Figure 9: experimental curves of output power and transmission efficiency of the system at different

kx

inductance coefficients

0.05 0.10 0.15 0.20 0.25

Figure 9 shows that when the inductance coefficient a is changed, the overall transmission efficiency

of the system basically does not change. This is due to the resonant charge and discharge when the passive
device is introduced to work, and the passive device does not lose energy with heat energy. Therefore, the
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introduction of passive devices generally has no impact on the transmission efficiency of the system. When
the actual MRC-WPT system works, the reduction of a will make the overall working current of the
system too large and produce a certain energy loss. However, the losses are acceptable, and the overall
transmission efficiency of the system is much higher than that of the SSSS compensating network.

At present, the research on MRC-WPT with a four-coil structure is more about the analysis and
interpretation of the circuit and how to improve the system's transmission distance and transmission
efficiency. The analysis of the input matching resistance of the system is relatively few. Generally, when
the system works, it often needs input series resistance to realize the impedance matching of the RF power
operational amplifier circuit. Typically, 50Q, 25Q or 75Q are used. In the analysis, the power loss on the
matching resistance is often ignored, and only the coil structure's transmission efficiency and output power
are analyzed. The existence of matching resistance greatly reduces the overall transmission efficiency of
the system, which is relatively less studied at present. In the analysis process, this thesis mainly studies the
influence of system matching resistance and establishes the mathematical model of the relationship
between matching resistance and system transmission efficiency and output power. The analysis results
show that the matching resistance will always have an adverse impact on the system. Therefore, this thesis
is mainly to analyze the processing mode of matching resistance and the selection of matching circuits to
make the system better transmit energy and improve the overall transmission efficiency of the system.

IVV. Conclusion

This thesis is to improve the charging distance and charging efficiency of electric vehicles. Electric
vehicles' wireless charging control strategy based on compensation networks is mainly studied. First, with
the four-coil MRC-WPT system as the research object, the working principle of the circuit is analyzed, and
the influence of the series matching resistance of the traditional SSSS compensation network on the
transmission gain of the system is discussed. Then, an LCC-SSS compensation network applied to a four-
coil MRC-WPT system is proposed and analyzed. Finally, through theoretical analysis and experiments,
the transmission distance and output voltage on the load when the system works in different compensation
networks are measured, and the variation curves of the output power and transmission efficiency of the
system are drawn. The curves of output power and transmission efficiency when the LCC-SSS
compensation network selects different inductance coefficients are analyzed, and the selection range of
inductance coefficients is obtained. The experimental results show that there are no energy-consuming
components in the wireless charging system based on LCC-SSS compensation network. Through the
combination of passive devices, the energy in the system is stored in the resonant element without input
series resistance, which increases the voltage acting on the driving coil, increases the input current flowing
through the system, and improves the output power of the system. It is proved that the proposed LCC-SSS
compensation network effectively improves the system's output power and transmission efficiency. Due to
limited energy, the coupling relationship between non-adjacent coils has not been considered in this
analysis. Further research will be carried out in the future, and more types of compensation networks will
be applied to the wireless transmission system with a four-coil structure. This thesis has certain reference
significance for the compensation network optimization of electric vehicle wireless charging systems.
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