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Abstract: An LCC/SP self-tuning wireless charging system is proposed herein for use in a wireless
charging test bench. With different dislocations in addition to changes in the coil self-inductance
and mutual inductance caused by different secondary magnetic shielding materials, the system can
ensure that the high power factor of the primary side remains unchanged without changing the
circuit topology. Based on this normalized detuning LCC/SP circuit model, a switch-controlled
capacitor (SCC) self-tuning method based on PI control is proposed. The control scheme employs
only two MOSFETs and capacitors, without WIFI communication or parameter identification. A
2 kW experimental device was set up in the laboratory, and experimental verification was carried out
with large-scale dislocations and different secondary magnetic shielding materials. The experimental
results confirm that the system can maintain a high power factor (>0.9) under a system mutual
inductance variation of 47.7% and secondary coil self-inductance variation of 12%, and that it can be
applied in electric vehicle wireless chargers or high-power wireless charger test benches.

Keywords: wireless energy transmission; switched capacitor; LCC/SP compensation; electric vehicle

1. Introduction

In recent years, the use of wireless charging technology in electric vehicles has attracted
increased academic and business attention due to its safety and convenience as well as the
fact that it does not require electrical contact and involves low maintenance costs [1-3].
Thanks to the development of power electronics technology, wireless energy transmission
technology has entered the realm of commercial promotion. However, coil dislocation
caused by parking during the wireless charging of electric vehicles is ubiquitous and
unavoidable, whereas this is not the case in consumer electronics applications, such as
mobile phones. In addition, this system suffers from the influence of temperature on
magnetic coupling structure parameters and the fragmentation of magnetic shielding
materials caused by vehicle bumps, resulting from the presence of coil magnetic shielding
materials. In the above cases, the self-inductance and mutual inductance parameters of the
coil group will deviate from the initial value. The system will enter a non-resonant state, as
the compensation parameters are no longer matched, thus affecting the regular operation
of the wireless energy transmission system.

Electromagnetic induction wireless energy transmission systems have a typical loose-
coupling structure, and their coupling coefficient is generally less than 0.3, so the con-
siderable leakage of inductance that occurs within the transmitting and receiving coil
does not result in energy transfer; the reactive power induced will instead reduce sys-
tem transmission efficiency and increase device stress. This suggests that the resonant
compensation topology used to compensate for the leakage inductance of the coil and
improve the efficiency of the system is necessary during regular operation. According to
the mode of connection between the compensation capacitor and the compensated coil,
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typical resonant compensation topologies are divided into four basic types: SS, SP, PP, and
PS. Victor Shevchenko [4] conducted extensive analysis and comparison of the transmission
characteristics and application scenarios of the four basic compensation topologies. The
extended types include LCC/S, LCC/P, LCC/SP, and LCC/SP. In general, the ultimate
purpose of the compensation topology of the primary side is to minimize the reactive
power of the inverter output, and that of the secondary side’s compensation topology is to
maximize the output capacity of the system.

In Table 1, the performance of resonant topology circuits commonly used for wireless
energy transmission in electric vehicles is compared and analyzed. The simplest topolo-
gies are SS [5,6] and PP [7], wherein the primary and secondary sides of the system are
connected in series and parallel with the coil via a compensation capacitor, respectively.
These two topologies are low-cost, but their design freedom is low, and their transmission
characteristics are sensitive to changes in the self-inductance of the coil. In PP compen-
sation, the input impedance angle of the system is affected by the mutual inductance
of the system, which necessitates the online adjustment of the impedance angle under
different coil dislocations. In [8], the two simplest topologies are compared, and it is con-
cluded that topology PP has the lowest efficiency. The impedance characteristics of various
compensation topologies are also analyzed.

In [9], the resonant compensation topology of LCC/LCC is adopted, which has a high
degree of freedom in its design. Its transmission performance is insensitive to fluctuations
in the coil parameters and it has a robust anti-offset ability. However, the primary and
secondary sides of the scheme require three additional compensation elements, respectively,
which increase the design cost and the overall volume of the circuit.

LCC/S[10] and LCC/P [11,12] are relatively simplified resonant compensation topolo-
gies. Their primary sides employ the LCC compensation method, while their secondary
sides employ series or parallel methods to compensate for the secondary side coil. Yafei
Chen [13] compares the simplest SS topology with the LCC/S topology. It is pointed out
that LCC/S topology is more suitable in the low power range, SS topology is more suitable
in the high power range, and SS topology is more sensitive to load. Under rated resonance,
the input-side impedance angle of LCC/S does not change with the mutual inductance
of the coil, which means it can be applied in the wireless energy transmission of electric
vehicles. However, its secondary side employs only one compensation element, so the
voltage stress on this element is high. In addition, the topology involves a constant output
of voltage on the secondary output side, which makes the direct connection of the battery
load unsuitable. Compared with the LCC/S, the LCC/P compensation topology has a
constant current output on the secondary side, implying that it can directly charge the
battery load. However, its secondary side still employs a resonant parallel compensation
element; therefore, current stress on this element is relatively large.

In [14], Yiming Zhang proposed an LCC/N topology in which there are no resonant
components on the second side, which greatly reduces the cost, and no fixed output
characteristics. The CC/CV characteristics of the output are realized by adjusting the input
voltage, which is suitable for wireless charging systems with high power.

Therefore, a resonant topology circuit of LCC/SP is proposed in [15,16]. Two com-
pensation elements are used on the secondary side of the circuit, allowing the voltage and
current stress on the element to be effectively shared. At the same time, the resonant topol-
ogy circuit has a good harmonic suppression ability and enables a constant current output,
which simplifies the design of the secondary circuit to a certain extent. Therefore, this
work focuses on the LCC/SP resonant compensation circuit. The LCC/SP topology’s input
impedance angle is closely related to the mutual inductance of the coil, so an additional
impedance angle adjustment device is required.
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Table 1. Performance comparison of typical topologies.

Topology LCC/S LCC/LCC LCC/P LCC/SP LCL/N

Items SSIs6l PPl ho131  p9az1s) i [15,16] [14]

Number of compensatl(?n 1 1 1 3 1 5 0
elements on secondary side

Cost and size Low Low Medium High Medium Medium Low
Degree of design freedom 0 0 1 2 1 2 0
Harmonic suppression capability Weak Weak Weak Strong Strong Strong /
Output characteristic CvVO/CCO CCoO Cvo Ccco CCO CCO /

Anti-offset performance Weak Weak Medium Strong Medium Medium  Medium

The method of impedance angle adjustment for the system has been studied in many
places. In the research of Weihan Li [10,19], a SCC was used in the parameter identification
of the LCC/S topology, which enabled the adjustment of the primary and secondary
impedance. Firstly, the reflection impedance was adjusted to pure resistance through the
SCC, and then through bilateral low-speed communication; the natural frequency and
switching frequency of the system were the same, but bilateral communication via Bluetooth
was still required. The complexity of this system was relatively high. In another article, a
SCC was used in a Smurs system. In bilateral low-speed communication, pure resistance
was realized in the reflected impedance by tuning the secondary side, and then the original
secondary switch frequency was tuned via the climbing algorithm. Kimberley [20] adopted
a discrete capacitance matrix to match the power factors of the multi-coil system under
different dislocation conditions, which meant the multi-coil system could maintain a power
factor of more than 0.9 in the transverse dislocation range of 0~200 mm. However, a
discrete capacitance matrix cannot be continuously adjustable, and additional switching
devices need to be introduced to increase the system’s complexity. Hongsheng Hu [21]
focused on the LCC/S system. Based on primary phase shift control, an optimal phase shift
frequency conversion control method was constructed; this can maintain the zero-voltage
turn-off of the system within a wide power range and effectively reduce the zero-voltage
spike inverter. However, this method requires frequency conversion control, and the
harmonic suppression ability of the LCC/S system here was relatively weak. Siqi Li [18]
proposed an LCC/LCC system working at a constant switching frequency, and built a
7.7 kW experimental platform. Xiaoming Zhang [17] approached an LCC/LCC control
system that can transmit power in both directions. The system employed a three-phase
phase shift control method, which enabled load matching and zero voltage turn-off (ZVS)
for all switches. Zhichao Luo [9] incorporated SCCs into an LCC/LCC system to control
the phase and power of the primary and secondary sides, respectively, which ensured a
high power factor and constant power output within a wide range of dislocations. Meng
Xiong [15] contributed a set of new compensation topology schemes that reduce the number
of components, enable better harmonic suppression than the LCC/LCC system, and put
forward a set of resonant parameter design methods to reduce coil loss. However, the
power factor decreased significantly under the condition of dislocation, and the relative
position of the coil was necessary.

Our major contributions can be summarized as follows:

(1) A normalized detuned LCC/SP circuit model is proposed, which provides a theoreti-
cal basis for the self-tuning LCC/SP WPT system;

(2) The system can maintain a high power factor despite significant changes in self-
inductance/mutual inductance, without additional parameter identification (the
change in the value of mutual inductance was 47.7%, from 19.12 uH to 10 uH, and the
change in self-inductance was 10%, from 54.10 uH to 48.5 uH). In addition, the loss of
inverter can be effectively reduced when the system is consistently working at a high
power factor (above 0.9). When it consistently works in a weak inductive range, ZVS
can be achieved in the inverter, which reduces the voltage stress of the input DC bus.
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The proposed power factor self-tuning LCC/SP wireless charging system can be used
as a wireless charging system for electric vehicles, as well as in a wireless charging test
bench. Put simply, it can test the transmission performances of different coil structures or
magnetic shielding materials on the test bench without changing the circuit’s parameters.
The organization of this article is as follows. In the second chapter, the normalized detuned
LCC/SP circuit model is described, and the effect on the circuit power factor is studied
when the system’s self- and mutual inductance deviates from the rated value. In the third
chapter, the influence of placing the SCC in a different resonant tank on the system is
analyzed, the resonant parameters of the system are designed, and a control method for the
primary-side power factor is proposed. In the fourth chapter, a test bench of 2 kW is built,
and two different magnetic shielding materials are used in the secondary coil, veriffying
the proposed method’s capacity to control the power factor when the self-inductance and
mutual inductance of the coil change.

2. Characteristic Analysis of the LCC/SP Compensation Topology

As shown in Figure 1, the primary side of the power factor self-tuning LCC/SP
wireless charging system is composed of a DC source Uy, connected through a DC bus
capacitor Cq._jink, and a full-bridge inverter is formed through Q;~ Q,4, which is used
as an AC excitation source. L; and L, are used for the self-inductance of the primary-
and secondary-side coils, respectively, and M is the mutual inductance of the coil. The
secondary side uses two diodes, D; and D, and two freewheeling inductors, L3 and Ly,
to form a current-doubling rectifier circuit in parallel with a filter capacitor C,, which is
transmitted to the load, where Ry is a resistive load.

ali L
. M D®
EL il /‘\\L C(J DRU
Lo i
Ceq TIECJ'I L ! L, =C,
PR
|
Cl ! CS Dz GD i4 Ldi
b

Figure 1. LCC/SP topology.

2.1. Basic Characteristics of the Well-Tuned LCC/SP Compensation Topology

For the sake of simplicity, First Harmonic Approximation (FHA) was used to analyze
the impedance characteristics. We mainly focused on LCC/SP topology, so the power
supply, inverter, and DC bus capacitor are equivalent to an AC voltage source at the
receiving end. The load, output capacitor, current-doubler rectifier circuit, and output DC
capacitor yield an equivalent resistance of Rg [15]. We suppose the inverter and input DC
voltage are equivalent to the primary input voltage U 4p, shown in Equation (1) below. The
equivalent resistance value R is shown in Equation (2) below; the parasitic resistance in
the circuit is ignored, and the circuit is simplified, as shown in Figure 2.

2/2U;
Upp = Tl 1)
2
Re =2 Ry @)
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To facilitate our analysis, the primary equivalent inductor Lj, and the secondary
equivalent inductor Ly, are defined as shown in (3), where w is the operating frequency of
the system:

Lie=1L11— 21
_ “p ®)
LZE - LZ - w2Cg

The primary compensation resonant conditions of the LCC/SP topology are shown in
Equation (4), where wy is the resonant operating frequency of the system:

LpeCpCs _ 1

Cp+Cs — w%
2
L Crr = (L1e — ILVITE)Cﬂ = wig

(4)

When the system operates at the resonant frequency, the input impedance Zs . at the
receiving end is as shown in Eq. Z;;;, and the input impedance Z;,, . at the transmitting
end is as shown in Equation (6). When the system meets the resonance conditions, the
impedance Z;,, input into the resonant working condition can be obtained by introducing
the resonant condition (4) into (6), as shown in Equation (7):

1
Zs yef = jwoloe + ——— ©)
e 0T jwoCp + 7=
Z; = jwoLs + ! 6)
in_ref = JWoLf1 ijCf1—|- 1( M)z
jwoLy+ 52
s_ref
_ wiln’La® ”
in MZRE
Jh L
Ll T v L
JoM, & oM, ¢, Q&
\
|
\ |
\
- C

Figure 2. Simplified LCC/SP topology.

2.2. Basic Characteristics of the Mistuned LCC/SP Compensation Topology

The input transmitter impedance defining the system consists of the real part R;, and
the imaginary part X;,:
Zin = Rin + ] Xin 8

When the coil group parameters change and the system enters a non-resonant state,
the initially calculated compensation parameters will no longer match, and the input
impedance will also change from pure resistance. In order to describe the influence of the
change in impedance, Z;;,, input into the transmitter on the active and reactive power of
the system, the active power coefficient & and reactive power coefficient  are defined as:

R;

o in
Rinz+Xi112 (9)

‘B — in
Ri112+Xin2
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The Power Factor PF is defined as the ratio of the active output power to the input
apparent power, which is used to describe the functional output conversion capability of

the system.

PF= % _ (10)

When the resonant PF is one, all the apparent input power is converted into active
power output. In the case of non-resonance, one part of the input impedance is imaginary,
which necessitates the input of additional reactive power into the resonant tank, and the
PF will be less than one. The smaller the PF, the more significant the proportion of reactive
power, which will affect the active output power of the system and increase the heat loss of
parasitic resistors in the circuit. If the system is adjusted to work in the high power factor
range, its efficiency will be improved. The low power factor will significantly increase
the stress on the device’s topology, necessitating a study of how to improve the system’s
power factor.

In wireless charging systems in electric vehicles, the horizontal dislocation caused
by manual parking is unavoidable. However, the horizontal dislocation between the
transmitting and receiving coils will cause the L1, L, and M to deviate from their initial
values. In the wireless energy transmission test bench, when testing the transmission
performances of different coil structures or magnetic shielding materials, the self-inductance
and mutual inductance of the coil will obviously change. Therefore, in order to study the
influence of a change in coil self-inductance and mutual inductance on the resonant state
of the system, the self-inductance changes and mutual inductance changes, AL, ALy, and
AM, of the transmitting and receiving coils are defined as follows, in which Lj, Ly, and M
represent the initially designed resonant values, and L,1r Lé, and M’ represent the actual
self-inductance and mutual inductance values after the resonant parameters of the system
are changed.

ALy =L1L'1-1L
AL, =L1L»— L, (11)
AM=M —M

When the parameters of the coil group are considered, the expressions of the equivalent
impedance of the receiver and the equivalent input impedance of the transmitter at the
resonant operating frequency are as follows:

Zs = jwo(Lye + ALp) + !

]'wocp+é
1

(12)

1

Zin = jwoLs1 +

ol + (woM')*

jwg(L1+ALy)+ Zd

For normalization, we define the ratios 61, and é;, between the self-inductance change
and the initial value; the ratio of the mutual inductance change and the initial value
Op; the ratio of the operating frequency to the resonant frequency wy; the equivalent
impedance mode of the transmitting coil Zy; the ratio of the equivalent impedance mode of
the transmitting coil to the equivalent load resistance Rj; the ratio of the self-inductance
of the secondary side to the primary coil A; the ratio of the primary series’ compensation
inductance to the self-inductance of the same side coil A}, ¥ the ratio of the secondary side’s
equivalent series compensation inductance to the self-inductance of the same side coil A1, ;
and the ratio of the self-inductance of the primary coil Ay, which is

_ AL _w = In
5L1 - E Wn = wo ALJ(I - Ll
(5L2 ALI%I 7 /\O L2 O 1, ALZE _IV%ZL (13)
‘M=% T D Am =10

By substituting the resonance condition (4) and the normalized Equation (13) into the
input impedance Equation (12), the equivalent normalized receiver impedance Z{ and
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transmitter impedance qu, which take into account the variation in coil parameters, can

be obtained:
Zl =% = jwuA(Ay, +01,)+—m—
s = 7y — J9nM AL, L) Jon
g, T
2
202 (5412 =Py - 7AAMA) AL
WnAp M : Loe f1
— + jwn(1+61;) + T Tom (14)
n _ Zin _ ,
Zin - Zy 1 ’\%/I : /\ + ]wn/\Lﬂ
2.2 2 A TAR
wiAy Oy + 1) . 1 Ly Lfl
7%" + ](47;1(1 + §L1) -+ 7 a— S + Toon

To simplify our analysis of the system’s properties, the real part of the normalized
input impedance (which takes into account the variation in coil parameters) is defined

as R , and the imaginary part is defined as X}, ; then, the equivalent normalized input

impedance that takes into account the variation in coil parameters can be expressed as:
Ziy = Riy + ] Xy (15)
The real part R}, and imaginary part X! can be expressed as Equations (16) and (17):

N 2
R,,AM‘{ZEA%ﬂ A2(0m + 1)

Rin = LA
i=1
A1 = RE 0, A7, A An = AR AYAL, A2 Ay = 54, A4 02
Ay = 2R202 61,A3 A4 Agp = —2R26%,61,A%,A3 A2 2T OMEM Ly,
nYL1 L2V, n“M%L2"*M"* Ly, A :4(53 A4 )2
Az = R307 A§ At Az = 4R3E3AYAT, A2 e 2N(152A§ 3\23 N
— _9R2 2 2 34 33 _ _4R2 4 33 32 28 = TEOMOL MMM,
Ay = —2R201,6%,61,AAT A Ay = —4R%001,A AT A Asy = 603, AN (16)
As = —2R76;, 63 A3 AT, A3 A5 = RR6F AYAT A2 e ifs 1‘; [;\Zfl N
Ag = —4R25, 5301,A3 A8 A3 Aye = 0% 62 A2 )2 B M M L
6 nLiCMCLy P M/ Ly, 16 L1°Ly " Ly, Ang = 40 A% A2
A7 = 74R%L5L1 5M)\%VIA%2(/\3 Ay = _25L16%/15L2)‘%/I/\%23A Ay = 52 )L4M b
Ag = 2R261, 67 A34AT A3 Asg = —461, 6mb1,A 34T, A g — _Lé 5LMA4 N
Ag = 2R301, 01,A3AT, A® Arg = 201,07 A3 A PRy I MLy,
Agg = R25}AY AT, A2 Agy = =261, 61,A34A3, A M Lo
14
Ax( L By)
Xy = B
Y. G
j=1
— 2 — R252 52 14 4
A= _/\Lze)‘Lﬂ/\ G = Rn5L§5L2/\L2P)L Cre = 82 52 A2 22
— _R2s2 2 13 )2 Co =2R262 61 A2 A4 16 = L 7Ly Lae
B1 = RndMéLz)\M I n“ LY L2 Ly, Cir = —26 52 5 /\2 )\2 A
252 22 14 2% Ca = R252 A6 74 17 = =200, 00Ol A,
B2 = _RW(SM/\MAL e)\ 3 nYL1" Lo, C18 — _45L 5M(SL /\2 )LZ A
Ba = —2R284,8 )LE A3 A2 Cy = —2R%01 02,61, A%, AF A3 L 27"M Lo
3 nOMOLAMAL, wR M M L, Cio =201,62 A2 A, A
By — —OR25 A2 \4 22 Cs = —2R26;,62,A2,A3_ A 190, MM
4 nOMAMAL, g L MM L Cap = —201,01,A3;A2 A
Br — R252 A2.02 A2 Co = —4R25; Spb1, A2 A% A3 19 M L,
5 nYLy"*M”" Ly, g 1 22 ]})/I Lz Co = 5% A% 22 (17)
B — o7 R252 A3 23 Cy = —4R2%6; S A3 A3 A MM Ly,
6 = 0L RnOL, M, i M Lo Cpy = 463 A% A
By = R25; A2, A3 A2 Cg = 2R26; 62 A2, A3 A3 MAMAL,
7 n9Ly MM Loe n“L1% Ly "M Ly, C23 — 7252 5L A4 A
Bg = 2R2%6; .62 A% A3 Co = 2R26; 61, A2, A% A3 MOLAMAL,,
8 n°L1%L, My, no Y ML Cpy = 602,14 A2
By =61, R2A3 A3 Cio = R2SYAYAL A? MAMAL,
o LT Lo, nZNé Ni L%f 2 Cos = _45M‘SL2)‘%/I/\L2
Big = —0301, A} AL, Cn= 4R”§§VI ?MALZE/\ 3 22 Cas = 40mA AL
Bi1 = —20p01,A%4A L, Ci2 = =2Ry 0001, AL, A Co—2 A4
Bix = 0% A3 Ci3 = 4R36%,A4AE A2 27 M
12 = 91,\m 13 = *Rn oMM Ly, Cog = =201, A%, * A
Bis = 61,07 Ap,A Cia = —4R%6001,A AT A2 4,3 M7
2 € 2e C29 = AMALZe

By = —5L2)\%\/{/\L23 Ci5 = R%5%2)L%4)\%26/\2
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The equivalent normalized input impedance Equation (14), which considers the varia-
tion in the coil parameters, is substituted into the power factor Equation (10) to obtain the
equivalent normalized power factor F;}, which considers the variation in the coil parameters,
as shown in Equation (18):

2 13 2
PRI _ (Rur} A}, A(om + 1))
n

(<,-1§41 B + RiAdAE, A2 (0m + 1H /2
Ey = 6; Ay

Ey = =67 A3 AL

Es = Rjop, A7, A

Ey = —20p01,A3A L,

Es = 61,62 Ay, A

_ 2
Fo = ooty 18)
Ey = R26% A34A3 A
Es = —R}OAMAL, A

Eg = 2R%5L15L2)\‘£2€)\3

Ey = R%léLl 5%2)\%2/\3

Eqp = —2R%6,,A%A} EAZ
Ei2 = R3O, A5A7, A

Eiy = —2R36,,01,A5A A2
Eiy = —R36301,A A1, A2

This expression is relatively complex; in the simplified form, we derive PFj[; _ when
)=
the self-inductance of the secondary coil is constant, and PFy|;, _ when the self-inductance
=
of the primary coil is constant, as shown in Equations (19) and (20), respectively.

(RuA3A} A (O +1)%)

PF" |{5L2:0 — 2 (19)

2
((—R281, A3, A3 + R203, A3 AE A2+ 2R26yA3AE A2)" + R2ALAS A2(6y +1)%)

2
(Rur%iAd, Mo +1)%)

PF|5L1:0 T 172)
((i)::l F)? + RIA}AD) A% (M + 1)4>

F = —5%2)\%4

F = (stA%\AAL%

F3 = —R307 AyAL, A2

Fy = —R}6; AjyAL, A2 (20)
F5 = 630, AN L,

Fs = 20007, AfyA L,

F7 = 2R730m0;, AjyAL, A2

Fs = R363,0,,A3A L, A2

Fy = RiSyAA LA

Fio = 2R%5M/\%A/\‘i2€)\2

According to the above Equations (19) and (20), taking the circuit system in this paper
as an example (the design parameters of which are shown in Table 2), the change in power
factor on the input side of the system can be analyzed, considering coil self-inductance and
mutual inductance changes of +15% and £50%, respectively.

When the self-inductance of the secondary coil L, is 6;, = 0.15 (shown in Figure 3a)
and the mutual inductance increases, the system changes to become inductive, and with
an enhancement in the mutual inductance, the influence of this mutual inductance on the
system’s properties gradually becomes less than that of the primary coil’s self-inductance.
When the system enters the capacitive interval, the power factor clearly decreases with
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the change in 5L1. When the mutual inductance of the system is reduced, the system
becomes capacitive, but the mutual inductance maintains a significant influence on the
power factor of the system. When §; = —0.15 (shown in Figure 3b), the whole system
resides in the capacitive interval, and when the mutual inductance is £50%, it does not
affect the capacitive properties of the system. Therefore, when designing the resonant
parameters of the coil and the system, the self-inductance of the secondary coil should not
be allowed to fall into this range; however, the system still becomes increasingly capacitive
with increases in the mutual inductance, and with an increase in J;,, the power factor
clearly decreases. When ¢ L= 0 (as shown in Figure 3c) and the mutual inductance of the
system increases, the system enters the inductive region. When the mutual inductance is
reduced, the system becomes capacitive, and with increases in the self-inductance of the
primary coil, the system becomes more capacitive.

05 0.5
5 0.9 5 0.9
= =
k<t o
& 0.8 5 0.8
> x5 S
3 07 2 8 07 3
< -
§ 0o = § o =
© 06 = G 0.6 =
3 g S -
2 05 3 2 05 2
=% p— 1=
£ 0.4 2 04 ™
b= 5
= 03 = 03
05 05
0.15 01 005 0 005 01 0.5 0.15 01 005 0 005 01 0.15
5L1 6L2
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Figure 3. The effect of coil parameter changes on the system’s power factor. (a) When the secondary
side’s self-inductance value increases by 15%; (b) when the secondary side’s self-inductance value
decreases by 15%; (c) when the secondary side’s self-inductance value remains unchanged; (d) when
the primary side’s self-inductance value increases by 15%; (e) when the primary side’s self-inductance
value decreases by 15%; and (f) when the secondary side’s self-inductance value remains unchanged.
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In summary, when the 6 L, is constant, the increase in mutual inductance enables the
system to work in the inductive range, and a reduction in the self-inductance L; of the
primary coil will lead to a reduction in the power factor of the system, which will cause it
to operate in the capacitive range.

When the change in the self-inductance of the primary coil Ly is §; = 0.15 (shown
in Figure 3d) and the mutual inductance is increasing, the influence of the change in
secondary self-inductance on the properties of the system is greater than that of the mutual
inductance. At this time, with the increase in its secondary self-inductance, the system
tends to become inductive, and when the secondary self-inductance decreases, the system
tends to become capacitive, with no apparent change in mutual inductance. When the
system’s mutual inductance decreases, its influence gradually becomes dominant, and the
secondary self-inductance decreases gradually. When the mutual inductance increases,
the system tends to become inductive, and when the mutual inductance decreases, the
system tends to become capacitive, with the influence of secondary self-inductance being
relatively very small. When §; = 0 (shown in Figure 3f), it shows the same change trend as
Figure 3d. When 6; = —0.15 (shown in Figure 3e), the mutual inductance does not affect
the properties of the system when it is within the +50% interval. At this time, the nature of
the system tends to become sensitive to an increase in the secondary coil’s self-inductance,
while it tends to become capacitive when the secondary coil’s self-inductance decreases.

In conclusion, when the mutual inductance of the system increases, the equivalent
input impedance of the detuned LCC/SP topology shifts into the inductive interval, but
the degree of change will be affected by the change in the self-inductance of the secondary
coil. When the self-inductance of the secondary coil begins to decrease, the influence of
the mutual inductance will be weakened, and the self-inductance of the secondary coil
will come to occupy the dominant. When the self-inductance of the secondary coil begins
to increase, the influence of mutual inductance will gradually increase, and the effect of
the change in the self-inductance of the primary coil will be almost the same as that of
mutual inductance. When the inductance of the primary coil increases, the system becomes
capacitive, while when the primary coil enters a decreasing state, the system becomes
inductive. According to a comparison between Figure 3¢, f, when the mutual inductance of
the system is low, it is more likely to fall into the capacitive range, resulting in the induction
of poor working conditions for the switch tube. When the mutual inductance is near the
desired value or higher, a change in the self-inductance L, of the secondary coil will more
readily affect the power factor of the system, causing the system to fall into the capacitive
range. This suggests that in terms of coil design, in order to ensure dislocation, a change in
the secondary’s coil self-inductance will be more effective; the primary design will be more
accessible, but the secondary design requirements will be more stringent.

According to our analysis of the LCC/SP detuning circuit model, changes in the
self-inductance and mutual inductance of the coil will have a significant impact on the
power factor of the system, so it is considered necessary to introduce variable resonant
matching components to ensure that the system will still work in the high power factor
range during dislocation or when magnetic shielding materials are present.

3. Self-Tuning LCC/SP System Analysis and the Control Scheme
3.1. The Working Principle of the SCC

Using novel PWM SCC technology, the capacitance of the capacitor can be changed
via PWM modulation. Then, the system can continue to work in the high power factor
range by adjusting the inductance/capacitance of a resonant matching component when
the resonant state of the system changes. The equivalent circuit diagram of the SCC is
shown in Figure 4.

Here, Cj is the thin film capacitor and M; and M; are two MOSFETs, which are
connected in parallel at both ends of the capacitor C after their connection in a reverse series.
The two diodes D3 and D4 are connected in a reverse parallel layout at the two ends of
M; and M), respectively. Within a specific working time sequence, the external equivalent
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capacitance can be controlled. I;;, is the input current of the entire SCC module, and the
current flowing through the capacitor Cy is I¢; the voltage across the capacitor is the same
as that across the entire module, denoted as Uc,.

Control

circuit

8 8»
M M
lé;% iy 2

7 :@%

)
I/mp + IC CO V;”p -
o — | o
 » |
Iin

Figure 4. Equivalent circuit diagram of SCC.

The input current, control signal, and voltage at both ends of the SCC in one cycle are
shown in Figure 5; the working states of the SCC are divided into six types, as shown in
Figure 6. The SCC goes through eight working stages in one cycle.

SRR :
AR T |
JAHAEIHEY e
s T L
SHERIERIERIEE
- NG AN
N N

VIVIT 0 IMIVV VI VIVIT I IIIVV VI

Figure 5. SCC control logic in one cycle.
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Figure 6. Six working states of the SCCs.

In stage I, M1 and M are turned on simultaneously, and the current flow is positive.
At this time, the input current flows through the switch branches M; and M,, the capacitor
Cy is short-circuited, and the voltage at both ends of the capacitor is zero.

In stage II, the M is turned off, the M, remains turned on, and the current flow is
positive. At this time, the input current flows through the capacitor Cy, which is charged,
and the voltage at both ends of the capacitor rises slowly from zero to the maximum.

In stage III, when the M; is turned off and the M, remains on, the input current
is reversed, and the current flow becomes negative. A positive EMF is formed due to
the storage of the capacitive charge. The input current flows preferentially through the
capacitor branch, and the capacitor is discharged in reverse until the voltage at both ends
becomes zero.

In stage IV, in order to preserve the ZVS and prolong the discharge time of the capacitor,
the M; remains off, the M is turned on, and the capacitor is discharged to a voltage of
zero in the reverse direction, ready for reverse charging. However, due to the existence of
the anti-parallel diode D3 in switch Mj, the reverse current will short-circuit the capacitor
again through M; and D3, and so the voltage at both ends of the capacitor will remains at
around zero. Here, the anti-parallel diode D3 plays the role of current continuation and
voltage clamping, which ensures the normal operation of the M; zero voltage switch.

In stage V, the M; is turned on again, while the M, remains on, and the current flow
is negative. This stage is similar to stage I, where all the input current flows through the
switch branch, the capacitor is short-circuited, and the voltage at both ends remains at zero.
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In stage VI, M; remains on, M is turned off, and the current flow is negative, which
is similar to stage II. When all the input current flows through the capacitor, the Cj is
charged in reverse, and the voltage at both ends of the capacitor rises slowly from zero to
the reverse maximum.

In stage VII, M; remains on and M is turned off, which is similar to stage III; when the
input current is reversed again, the current flow is positive, and the capacitor is discharged
in the forward direction until the voltage at both ends is zero.

In stage VII, M; is kept on and M is turned off, which is similar to stage VI. The
current continues to flow through the anti-parallel diode D4, and the voltage at both ends of
the capacitor is clamped, which ensures the regular operation of the M, zero voltage switch.

In a given period of current input, the time at which the current surpasses the zero-
crossing point is defined as the start time of the period, and the delay period t = t; is
defined as the beginning of the cycle to the first falling side of PMM_1. At the same time,
the delay angle ¢ is defined as the angle of the delay time to the 27t period, the equivalent
capacitance value is Ce;, and the original capacitance value is Cy. Refer to [9] for equivalent
capacitance values:

Co

2¢ — sin2¢
2 — #—n%9

Coq = (21)

3.2. Comparison of Optimal Positions for SCCs

Based on the components present in the laboratory, the design parameters of the
LCC/SP circuit with resonance parameters are shown in Table 2:

Table 2. Design value of resonance parameters.

Parameters Value
Primary compensation inductance L 26.85 uH
Primary parallel compensation capacitor Cg; 135.2 nF

Primary series compensation capacitor C; 89.9 nF
Secondary side series compensation capacitor Cg 153.14 nF
Secondary side parallel compensation capacitor Cp 116.4 nF
Transmitting coil self-inductance Ly 78.33 uH
Receiving coil self-inductance L, 53.21 uH

SCC initial value Cy 49 nF

According to the analysis in the previous section, the SCC can be placed in the circuit
to realize a change in the inductance/capacitance of a resonant component. If the SCC
is placed on the secondary side, it is necessary to increase the communication module in
order to realize pure resistance in the input impedance of the system, which will increase
the complexity and lead to stability problems in the system. Thus, the SCC is placed on
the primary side, where there are three resonant components, the series compensation
capacitor Cy, the parallel compensation capacitor Cy, and the series compensation inductor
Ly,. The impact of placement in three different locations needs to be considered.

The influence of placing SCCs in different positions is evaluated via two aspects: the
sensitivity of the power factor to changes in the capacitance/inductance of resonant compo-
nents, and the influence of change in the inductance/capacitance of different components
on the harmonic characteristics of the system.

Firstly, the influence of changes in the inductance/capacitance of different components
on the harmonic characteristics of the system was evaluated, and the Fourier decomposition
method was used to decompose the current of the primary coil, considering that the
secondary coil is made of ferrite and a nanocrystalline material. It is obvious that when the
SCC is connected in series with the series inductor I} 1, the fundamental amplitude of I} 1
will be the highest (15.68 when the secondary side’s magnetic shielding material is ferrite
and 19.73 when the nanocrystalline material is used). At this time, the current waveform is
more sinusoidal, and has the most negligible influence on the system. However, when the
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SCC is connected in series with the series compensation capacitor Cy, the amplitude of the
fundamental wave decreases, and the harmonic effect increases (13.14 when the second
side’s magnetic shielding is ferrite and 9.45 when it is nanocrystalline). At this point, the
current waveform begins to worsen, and the amplitude of the fundamental component will
be lowest when the SCC is connected in series with the parallel compensation capacitor
Cr1 (9.77 when the secondary side’s magnetic shielding is ferrite and 6.69 when it is
nanocrystalline).

For a closed-loop system, it is necessary to determine the phase of the primary coil
current I} 71 and the inverter output voltage phase u4p. Thus, zero-crossing detection is
adopted, and the phase difference is determined by observing the zero-crossing point of
each increase in the current and voltage phases. If I} 71 is seriously distorted, as shown in
Figure 7f, there will be more than two zero-crossing points in one cycle, which will lead to a
malfunction in the SCC. Given the influence on the harmonic characteristics of the system,
the SCC and the series inductor L, should be connected in series.

Considering the sensitivity of the power factor to the capacitance/inductance of
different resonant components, Figure 8 shows the two maximum dislocation points of
Fe (100, 75, 130) and Nano (100, 75, 110), the possible coil magnetic shielding materials
that can be used in the secondary sides. Power factor change curves are presented when
each resonance parameter (Xr1,, Xcf1, X 1) fluctuates. The equivalent primary impedance
value during resonance is defined as the equivalent primary impedance value X11, (Xp1¢_ref
is the nominal value defined in Table 1). As shown in Equation (22), the impedance
value of the equivalent primary parallel compensation capacitor under resonance is Xcf;
(Xcf1_ref is the nominal value), and X} ¢ is the equivalent primary series compensation
inductance impedance value. The relative change rates X}, Variation, Xcs; Variation, and
Xy 1 Variation can be defined as:

wg Cl

Xr1e = Wo (Ll - 1)

.. Xr1,—X
Xi11e Variation :Ll)f(?u;ﬂf o
e_re
.. Xrm—X
Xcp Variation = W
_re
. . X _ X
Xy f1 Variation = LJ}TLJ‘;—”J‘
_re

As regards the actual physical meaning of the SCC, the range is adjustable. The
parallel compensation capacitor is 0 when X Variation < —1 and Cfl is infinite, and
these conditions cannot be realized by the SCC. When X} 1, Variation > 0, an additional
inductor must be added. Similarly, additional inductors need to be introduced when
Xy f1 Variation > 0. Economically speaking, the cost of the device will be relatively low
when the SCC is placed in Cf1.

Figure 8 illustrates the sensitivity analysis of SCC regulation, in which the SCC was
placed in different resonant elements. When the SCC was placed in the C; position, it
changed rapidly near the point of resonance, and the sensitivity was very high. In practical
applications, the capacitance of the SCC may fluctuate. If the SCC is placed in the C;
position, a slight fluctuation in X;1, will cause a significant change in the power factor,
especially under the working condition of nano (100, 75, 110). When the SCC was placed
in the Cy; position, two relatively close resonant points could be identified, resulting
in instability in the SCC controller. When the SCC was placed in the L position, the
rate of change in the power factor was relatively low. With Fe (100, 75, 130), the X} 7 is
less sensitive to the power factor of the system and is more easily stabilized at the point
of resonance.
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Figure 7. The influence on the harmonic characteristics of the system when the inductance

value/capacitance value of different components changes. (a) The effect of series compensation

inductance @Fe; (b) the effect of series compensation inductance @Nano; (c) the effect of parallel

compensation capacitor @Fe; (d) the effect of parallel compensation capacitor @Nano; (e) the effect of

series compensation capacitor @Fe; and (f) the series compensation capacitance effect @Nano.
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Figure 8. Power factor sensitivity analysis. (a) The equivalent inductance value of the primary
side’s effects @Fe; (b) the equivalent inductance value of the primary side’s effects @Nano; (c) the
value of the parallel compensation capacitor’s effects @Fe; (d) the parallel compensation capacitor

value’s effects @Nano; (e) the series compensation inductance value’s effects @Fe; and (f) the series

compensation inductance value’s effects @Nano.

3.3. Self-Tuning LCC/SP System Control Method

According to the above analysis, the SCC is set at the position of the series resonant
inductor L f1to introduce regulated variation ALy f11in the series compensation inductor
L 11- Here, L}l and L}Z represent the actual inductance value before and after adjustment,

respectively, and J; 1 is the relative change value of Lf;.

ALy =L'f1 —Lp

5Lﬂ =

_ ALp
Lfl

(23)
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The normalized impedance Z{ of the emitter after the inductance adjustment is
introduced can be obtained as follows:
%
(1—)\Lf1—@) Ay

202 5y + 1) .
%ﬁ']wn(lﬂ'(sh)ﬂ'

Jjwn JWn
Zi, = > +jewnAp, (1+0L,) (24)
2 (1-A, —xMp) 2 / !
wWFA2 (Sp+1) . Ly~ AL, % L
% + jwn(1461,) + T jwf”]

In order to avoid the problem of system instability due to frequency conversion, the
system is subjected to fixed frequency control and made to work at the resonant frequency.
wy = 11is substituted, and the following can be obtained:

A2

2 2 (A=A, —x M) | A
P i1+ 6,) + — L | 2
sn ] ]
A2 (5 2 . T T A A
P 41+ ay,) + — L 4

The normalized input impedance is expressed in terms of a real part and an imagi-
nary part.
VA =Rj, ., +iX}, (26)

m_wo m_wo m_wo

As regards the equivalent input impedance, a change in the impedance value of
the series compensation inductor Ly will only change the imaginary part of the input
impedance; it will not affect the real part, so the imaginary part of the input impedance can
be expressed as:

Xin_wo = Xin_wy T Ap0Lp (27)

in_wy in_wy

In order to make the imaginary part of the input impedance of the system zero when it
is not resonant, and to ensure the unit power operation of the inverter output and eliminate
the influence of reactive power, it is only necessary to adjust the variation in the series
compensation inductor Ly, as follows.

C

5L — m_wo (28)
f1 }\Lfl

For a set of definite systems, both an_ wo and A, 5 are fixed values. The above equation
has a unique solution, and the above conditions remain satisfied when the parameters of
the system are changed and stabilized. Therefore, for the system studied in this paper, we
used the SCC in series with the series compensation inductor, Lf;.

According to the previous analysis, the imaginary part of the equivalent input impedance
can be offset by changing the size of the series compensation inductor Ly, thus eliminating
the reactive power input into the system. In this case, the value of the imaginary part
of the input impedance has a linear relationship with the L¢; variation, which satisfies
the monotone relationship and means that the PI method can be used for closed-loop
control. The control block diagram is shown below, in which the phase angle is measured
by observing the zero-crossing detection signal of the primary current iy . , and an interrupt
signal at ¢, is generated when the rising zero-crossing point of i, 1 is recorded. The zero-
crossing detection signal of the inverter switch Q; is recorded at ¢;, which indicates the
zero-crossing moment of the input square wave voltage of the inverter. The phase difference
between the voltage and current of the inverter can then be obtained from (29). At the same
time, the phase information of i | can also be used as a reference to determine the switching
control signal of the SCC, and only one current zero-crossing detection hardware unit is
required for phase difference detection and SCC adjustment. For ease of understanding, the
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control process is shown in Figure 9. According to Formula (29), the impedance Angle at
the current sampling time can be calculated, which is compared with 25.5° (corresponding
power factor is 0.9).

27t(t; — tp)

9= (29)

system

\initialization /

Measure the
moment t1 when

the voltage rise

above zero

'

Measure the

moment t2 when

the current

. o rises above zero
Adjust the SCC )

capacity

A

Compute the
value of 8

)

1A

)]
=]

Termination
\_ tuning process /

Figure 9. System control block diagram.

The self-control tuning of the system can then be realized through the above design.
The principle of the power factor self-tuning system is shown in Figure 10. The previous
section shows that the best positioning of the SCC involves using it in series with the series
compensation capacitor L¢;. In order to achieve a broader impedance adjustment range,
the value of Ly; is expanded to twice the resonant value, i.e., 53.7 pH.
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Figure 10. Power factor self-tuning LCC/SP wireless charging system.

4. Experimental Results and Discussion
4.1. Test Prototype Construction

An experimental prototype of the LCC/SP wireless charging system was built in the
laboratory, in which the SCC was connected in series at the primary series compensation
inductor L, as mentioned above, in order to verify the proposed control scheme.

A double D coil consists of two square coils side by side, as shown in Figure 11.
After multi-objective optimization, the magnetic coupling coil group used in the prototype
shown in Figure 12 was an asymmetric double D coil group [22]. The size specifications
of the transmitting coil and the receiving coil used in this design are not the same, and
were obtained via the multi-objective optimization of the structure of the reference coil
group recommended by the SAE]J2954 standard. Maintaining a high coupling coefficient
effectively controls the intensity of magnetic field leakage around the magnetic coupling
coil within the prescribed range of horizontal dislocations, and the parameters of this are
shown in Table 3. The coil self-inductance and mutual inductance values corresponding to
other dislocations and secondary magnetic shielding materials are shown in Tables 4 and 5.
Experimental conditions refer to WPT1Z1 conditions for design (maximum power 3.7 kVA
vertical spacing 100~150 mm).

(b)

Figure 11. Asymmetric double D coil set where (a) is the receiving coil and (b) is the transmitting coil.
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(b)

Figure 12. (a) Ferrite core secondary pad (5 mm thick). (b) Nanocrystalline core secondary pad
(4 mm thick).

Table 3. Parameters of asymmetric double D magnetic coupling coil set.

Parameters Value
Equivalent series resistance of transmitting coil Ry 128 mQ)
The number of turns of the transmitting coil 8
Transmitting size 800 mm x 525 mm
Equivalent series resistance of receiving coil Rj 410 mQ)
Primary and secondary coil mutual inductance M 19.6125 uH
Receiving coil turns 7
Magnetic coupling gap 110 mm
Receiving coil size 340 mm x 260 mm
Load resistance R, 13.3 Q)

Table 4. Inductance matrix with ferrite shield on receiver pad.

Secondary Pad Position Ly (uH) L, (uH) M (uH)
(0,0, 100) 77.8 55 21
(25, 25, 110) 77.5 54.5 18.1
(50, 50, 120) 76.2 52.8 14.4
(100, 75, 130) 76.2 53.3 10.8

L1, Ly, and M are defined in Figure 1.

Table 5. Inductance matrix with nanocrystalline shield on receiver pad.

Secondary Pad Position Ly (uH) Ly (uH) M (uH)
(0,0, 100) 78 49.3 16.7
(25, 25, 100) 77.8 49.2 15.9
(50, 50, 110) 76.3 48.7 12.6
(100, 75, 110) 76.1 48.5 10

L1, Ly, and M are defined in Figure 1.

As shown in Figure 13, the power supply of the system was Chroma 62100H-1000,
the output capacity was between 0 and 1000 V, and the maximum output current was 10A.
In order to meet the power level required for the experiment, the two sets were used in
parallel. The resistance load was adopted at the load end, and the resistance value was
13.3 ohms. The power analyzer was a PW6001. In the experiment, the MOS transistors
in the SCC and the inverter were both Infineon IMW120R045M1, and the diode used in
the secondary side’s current doubling rectifier was Semet’s FFSH15120A0S. In order to
generate the PWM signal used to control the operation of the switch tube, this design
used the C2000 series DSP of Texas Instruments as the controller. The specific model was
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TMS320F28335. Two groups of PWM modules were used to generate the drive signal of the
primary inverter, and one group was used for the drive signal of the SCC.

Figure 13. Self-tuning LCC/SP system test prototype.

Two different magnetic shielding materials, nanocrystalline and ferrite, were used
in this experiment, and the coils were placed on the experimental platform built in the
laboratory. The test bench set the relative positions of the primary and secondary coils
using infrared ranging, and these coils could be subjected to different dislocation conditions.
In addition, the secondary magnetic shielding layer material could be easily replaced to
assess the resulting difference in transmission performance.

4.2. Performance Analysis of the System under Different Dislocation Conditions

The experimental results obtained when the coil’s position was changed are shown
in Figure 14, where the coil’s position refers to the movement of the secondary side coil
relative to the primary coil under conditions of alignment, and the output voltage u 45,
primary current if r1, and SCC voltage uc,, of the primary inverter are recorded here. The
phases of the output voltage u4p and the primary current iy ¢ of the primary inverter are
very close; the system is slightly inductive, and the power factor must be above 0.9 to
achieve ZVS.

For the working condition of coil position (0, 0, 110) (wherein the secondary coil is
aligned with the primary coil horizontally and the distance between the vertical coils is 110
mm), the mutual inductance is higher, and an output power of 2 kW can be achieved with
the input voltage of 145 V. At this time, the capacitance of the SCC is the greatest, and the
power factor of the system is 0.918, which enables the operation of a high power factor.

Under different dislocation conditions, with reductions in the mutual inductance,
the system will reorientate in the capacitive direction, and the imaginary part of the
input impedance will change. Therefore, the SCC (Equation (21)) should also be reduced
accordingly. The corresponding delay angle ¢ also increases gradually, and the equivalent
voltages at either end of the SCC decrease gradually; however, the system will maintain
high power factor operation.

Subsequently, the ZVS state of the SCC can be achieved under the working condition
of (0,0, 110). As shown in Figure 15a, the waveform of the voltage Upg at both ends of the
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SCC’s MOS transistor and the gate control signal Ugg are displayed. The MOSFET turns
on after the voltage of the drain—source poles reaches zero, which will be amplified, as
shown in Figure 15b. We can thus confirm that the SCC will be in the ZVS state during the
system’s operation.

(b)
e

u,, (1001 / div)

Figure 14. Tuning waveforms with different degrees of dislocation when the secondary side is a
ferrite magnetic shielding material. (a) Coil position (0, 0, 110) ¢ = 2.168. (b) Coil position (25, 25, 120)
@ =2.230. (c) Coil position (50, 50, 130) ¢ = 2.293. (d) Coil position (100, 75, 130) ¢ = 2.670.

Figure 15. SCC’s ZVS state. (a) Driving signal and drain—source voltage. (b) Enlarged diagram of
driving signal and drain—source voltage.

Considering that the test bench can be used to analyze the transmission performance of
different coil or magnetic shielding materials, the resonant matching circuit should facilitate
the self-adjustment of the power factor via the magnetic shielding material’s structure in
order to ensure the system’s efficient operation. Therefore, in this paper, two different
magnetic shielding materials, ferrite and nanocrystalline, have been used to verify the
power factor adjustment ability of the self-regulating system. After replacing the material
of the magnetic shielding layer of the coil with nanocrystalline, the self-inductance value of
the secondary side and the mutual inductance value of the coil will be changed considerably.
Between the (0, 0, 110) @Fe condition and the (100, 75, 110) @Nano condition, the mutual
inductance value changed by 47.7% (from 19.12 uH to 10 uH), and the secondary side’s
self-inductance value changed by 10% (from 54.10 uH to 48.5 uH).
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4.3. System Closed-Loop Performance Verification

We define the system’s input impedance angle as the phase difference between voltage
uap and current ip s DC efficiency is the ratio between P and P5, as shown in Figure 16.
When the voltage phase is ahead of the current phase, the impedance angle is positive, and
the system is inductive. The impedance angle is negative and the system is capacitive when
the voltage phase lags behind the current phase. Figure 17a,b show the relationship between
the system input impedance angle, the DC efficiency, and the use of different magnetic
shielding layer materials and dislocations. Figure 17c,d show the relationship between
power loss and efficiency in the inverter with different magnetic shielding materials and
dislocations (inverter efficiency is defined as the ratio of P; to P,, as shown in Figure 16),
while Figure 17e,f show the relationship between the input voltage related to a 2 kW output
power and different magnetic shielding materials and dislocations.
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Figure 16. Efficiency measurement.

According to Figure 17, it does not matter whether the secondary magnetic shielding
layer material is nanocrystalline or ferrite. When using an SCC, the impedance angle will
be positive and the system will be weakly inductive, which is conducive to the inverter
achieving ZVS in a better working state and the power factor being more than 0.9, which
is high power factor operation. It is worth noting that with greater dislocation, the total
impedance of the system will increase. At the same output power, the input current I;. will
decrease, and the current on the corresponding branches will also decrease such that the
current loss on the line decreases accordingly. Therefore, when SCC tuning is added to
ensure that the inverter will always work in ZVS (as shown in Figure 17a,b), the efficiency
of the system will increase slightly with the increase in dislocation. When the secondary
magnetic shielding material is ferrite and the dislocation is altered from (50, 50, 130) to
(100, 75, 130), the efficiency will increase when SCC tuning is employed, but it will decrease
when it is not. Furthermore, in Figure 17c, we see that the efficiency of the inverter is as
low as 94%, and the loss of the inverter is 124 W, which are the dominant factors leading to
the reduction in transmission efficiency due to detuning; this implies that the efficiency is
reduced when SCCs are not used.

When the SCC is not used for automatic tuning, the increase in dislocations will cause
the system to gradually become capacitive (when the secondary magnetic shielding layer
material is nanocrystalline, and in the case of (50, 50, 130) @Fe). Under these circumstances,
the inverter cannot work in the ZVS state, which has a tremendous negative impact on the
life of the components. Under extreme dislocation conditions, the power factor is reduced
to 0.68 with (100, 75, 130) @Fe, and to 0.61 with (100, 75, 110) @Nano, both of which are
capacitive, and the working environment of the inverter is harsh. When using a SCC
for self-tuning under all operating conditions, setting the inverter to work under slightly
inductive conditions will be conducive to the life of the components, and the inverter loss
will be shallow (the inverter efficiency is higher than 98%). Combined with Figure 17ef,
when the output power of 2 kW is reached under the same dislocation conditions, the
input voltage required for regulation of the SCC will be relatively low, the voltage stress on
the DC bus capacitor Cj._ i will be relatively small, and the life of the components can
be prolonged.
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Figure 17. Transmission performance analysis of typical LCC/SP and LCC/SP with SCC when ferrite
and nanocrystalline material are used on the secondary side; (a) comparison of input impedance
angle and transmission efficiency @Fe; (b) comparison of input impedance angle and transmission
efficiency @Nano; (c) inverter loss vs. inverter efficiency @Fe; (d) inverter loss vs. inverter efficiency
@Nano; (e) comparison of input voltage required to reach 2 kW output power @Fe; and (f) comparison
of input voltage required to reach 2 kW output power @Nano.

Figure 18a shows the transition period of SCC tuning under the conditions of (100,
75, 130) @Fe when the input voltage U, of the DC source is 204 V. Obviously, the output
power increases from 1508 W to 1995 W in 3mS, and the power factor increases from 0.68
to 0.91. Figure 18b shows the inverter voltage usp and current waveform iy s before
tuning. Figure 18c shows the inverter voltage 145 and current waveform iy 71 after tuning,
indicating that the system changes from capacitive to weakly inductive when the input
voltage remains unchanged and the output power increases from 1.2 kW to 2 kW.
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Figure 18. Closed-loop test results. (a) Closed-loop 2 kW self-tuning experimental results; (b) inverter
voltage and primary current before tuning; and (c) inverter voltage and primary current after tuning.

5. Conclusions

In this study, a self-tuning LCC/SP WPT system was introduced. When using a SCC,
the WPT system always exhibits a high power factor, which allows it to adapt to the changes
taking in places in the coils under conditions of different degrees of dislocations or different
magnetic shielding materials. The non-resonant circuit model of LCC/SP compensation
was deduced by normalization, the influence of changes in self-inductance/mutual induc-
tance on the power factor was deduced, and it was clarified that the power factor, as well
as the change and relative change value d; ,, of the primary series’ resonant inductance
Ls have a linear functional relationship. The self-tuning of the power factor was realized
using SCC through the PI control method. In addition, a 2-kW output power platform was
built to verify that this system can always run with a high power factor under conditions of
47.7% mutual inductance and 10% secondary self-inductance variations, which significantly
reduce the losses of the inverter and improve its efficiency. This method can be applied to
the wireless power transmission test bench to test the transmission performance of many
new types of magnetic shielding materials without changing the circuit parameters. The
LCC-SP output power self-tuning system can be achieved by adjusting another passive
component in the compensation circuit and working synergistically with the power factor
self-tuning method proposed in this paper. This will be the authors’ future research topic.

Author Contributions: Conceptualization, Z.L. and M.X.; methodology, Y.Z.; software, Y.Z.; val-
idation, Y.Z. and Z.L.; formal analysis, Y.Z.; investigation, X.W.; resources, H.D.; data curation,
Y.Z.; writing—original draft preparation, Y.Z.; writing—review and editing, Z.L.; visualization, Y.Z.;
supervision, X.W.; project administration, H.D.; funding acquisition, X.W. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.



Energies 2022, 15, 3980

26 of 28

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclatures
Symbol Explanation
M mutual inductance between the two coils
Ceq the equivalent capacitance value of SCC
Co thin film capacitors for SCC
Ly series compensation inductor of the primary side.
(&) series compensation capacitor of the primary side.
Cp parallel compensation capacitor of the secondary side.
UAB sine-wave output voltage of the secondary side before rectifier
L, equivalent inductance of the primary side after partial compensation.
w operating frequency of the system
Zs_ref the transmitter input impedance of a system operating at a resonant frequency
Zin the input impedance
Riy the real part of input impedance at the receiving end of the system
o active power coefficient
PF power factor
L, the actual value of L, after changing the resonance parameters of the system
AL, the difference between L} and L,
AM the difference between M’ and M
oM the ratio of the mutual inductance change to the initial value
Zy the equivalent impedance mode of the transmitting coil
A the ratio of the self-inductance of the secondary side to the primary coil
the ratio of the secondary side’s equivalent series compensation inductance to
Al the self-inductance of the same side coil
VA4S the equivalent normalized receiver impedance
R the real part of the normalized input impedance (which takes into account the
mn variation in coil parameters)
PEN equivalent normalized power factor (which takes into account the variation in
" coil parameters)
XL1e_ref nominal equivalent impedance of primary coil
XCf1_ref nominal impedance of primary side shunt compensation capacitor
XLf1_ref nominal impedance value of compensating inductance in series of primary side

X711, Variation
XL f1 Variation
ALpn

¢
in_wy

¢
in_wo

uin
Ly

the relative change rates of X1,

the relative change rates of X r

the difference between L}l and Ly

normalized transmitter variable impedance operating at resonant frequency
the imaginary part of the normalized transmitter variable impedance operating
at resonant frequency

phase difference between inverter voltage and current

system input DC voltage.

self-inductance of the primary coil.

self-inductance of the secondary coil.

parallel compensation capacitor of the primary side.

series compensation capacitor of the secondary side.

phasor of the input voltage u 4p

simplified equivalent output resistance

equivalent inductance of the secondary side after partial compensation

the resonant operating frequency of the system

input impedance of the system operating at resonant frequency
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Zs transmitter input impedance
Xin the imaginary part of input impedance at the receiving end of the system
B reactive power coefficient
L} the actual value of L; after changing the resonance parameters of the system
M the actual value of M after changing the resonance parameters of the system
ALy the difference between L} and Ly
01,91, between the self-inductance change and the initial value
Wy the ratio of the operating frequency to the resonant frequency
R the ratio of the equivalent impedance mode of the transmitting coil to the
" equivalent load resistance
AL the ratio of the primary series’ compensation inductance to the self-inductance
11 of the same side coil
AM the ratio of the self-inductance of the primary coil
zn the equivalent normalized emitter impedance
X the imaginary part of the normalized input impedance (which takes into
m account the variation in coil parameters)
VA4S Normalized transmitter adjustable impedance
XI1e equivalent impedance of primary coil
Xcr impedance of primary side shunt compensation capacitor
Xin impedance value of compensating inductance in series of primary side

Xcyp Variation  the relative change rates of Xc¢s;
after adjusting the actual value of the primary side series compensation

L/
f1 inductance

oLp1 the relative change value of L

Re the real part of the normalized transmitter variable impedance operating at
m_to resonant frequency

T System cycle
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