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Abstract: For the fully resonant wireless power transfer (WPT) system, the high coupling of the
converter and the resonant network introduced many problems, such as frequency splitting, the
power curve peak limit, and the strict switch strategy. To solve these problems, this paper proposed a
new six-switch topology based on the full—bridge converter. With the unique structures containing
two capacitor-isolated switches and a source-isolated diode, the system decouples the converter and
the resonant network, and its modes have been decoupled, called the independent power injection
and free resonance WPT (IPIFR-WPT) system. The capacitor-isolated switches and the source-isolated
diode make the converter operate only when the voltage on the primary capacitor is equal to the
source voltage, and the source will be isolated by the diode when the capacitor voltage is great than
the source, which provides a wide time margin for the switches of the converter to turn on in advance.
In this margin, the operation point is self-determined the same whenever the switches turn on so
that the system’s performance is consistent. Based on this characteristic, the system can self-adapt a
dynamic change in system parameters, with at least 15% tolerance for the coupling coefficient and
14% for the load resistance.

Keywords: wireless power transfer; power injection; soft switching; parameter change; decouple

1. Introduction

Wireless power transfer (WPT) technology uses electromagnetic fields for contactless
power transfer [1]. Because there is no direct physical connection, it has higher security
and better flexibility than traditional wired power transfer [2]. Therefore, WPT technology
has developed very fast in recent years, especially on movable and rotatable devices, such
as robots, electric vehicles, underwater devices, portable applications and implantable
medical equipment [3-7].

The fully resonant wireless power transfer (FR-WPT) system has attracted the widest
research in recent decades [8]. Due to the high coupling of the converter and the com-
pensation network, FR-WPT systems really require the converter’s switching frequency
to be equal to the fixed frequency of the resonant network to achieve stable and efficient
operation. Since the converter is fully coupled with the resonant network, the FR-WPT
system has faced some issues, such as the power peak limit, the parameter change sen-
sitivity, frequency splitting, and so on [9-11]. To solve these issues, some closed-loop
strategies including impedance matching and frequency tracking are proposed to improve
the dynamic performance and ensure the system'’s stable operation [12-15]. However, due
to the limitation of the system’s structure, the closed-loop strategy is limited by the power
peak limit. Furthermore, because of the frequency splitting phenomenon, it is easy to fall
into local solutions and even make the system unstable, causing irreversible damage to the
device [16].
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The independent power injection and free resonance wireless power transfer (IPIFR-
WPT) system uses a novel and unique topology structure that separates the switching
converters from the resonant tanks [17,18]. The characteristic of this circuit structure is
that the power injection process and the free resonance process are independent so that
the converter and the resonance network are completely decoupled. In the IPIFR-WPT
system, the power injection process is completely controlled independently, and the free
resonance is also completely independent. This control strategy’s advantage is isolating
the converter from the system and making the resonant network conduct passive-free
resonance. Therefore, the frequencies of the converter and the resonant network are
different, decoupling the resonant network and the converter, and simplifying the power
control strategy [19]. At the same time, the operating frequency of the resonant network
is also free to adapt to the influence of the change in the working parameters because it
does not have to be affected by the operation of the converter, which solves the issues of
frequency splitting and frequency tracking in the system.

Article [20] proposes a pulsed power injection IPIFR-WPT system. The principle is
mainly to control the power injected into the coil inductance by controlling the turn-on
time of the switch S;. However, the system requires precise control for switch S,, and its
switching times must be strictly aligned with the zero crossing point of the resonant current.
Otherwise, the soft switching condition will not be satisfied. This shortcoming causes
strong adhesion between the converter and the resonance network, fails to achieve complete
decoupling, has high requirements for the accuracy of the control system, is sensitive to
parameter changes, and needs better dynamic performance. Article [21] proposes a full-
bridge IPIFR-WPT system with six switches. The switches are used to periodically connect
or isolate the resonant capacitor and the DC power supply into or out of the system to
achieve power injection and free resonant mode switching. The single-switch IPIFR-WPT
system uses only one switch to control mode switching, greatly reducing system switching
losses and improving system efficiency [22,23]. The energy of the injection system can be
adjusted by controlling the turn-on time of the switch to achieve the regulation of power,
but the injection time cannot be too large. Furthermore, it is necessary to ensure that the
current flowing through the primary inductor can be less than zero during the resonance
process. Therefore, there is a theoretical power peak for the single-switch IPIFR-WPT
system, which means the system cannot achieve wide-range power regulation.

Furthermore, a comparison of the technologies to improve the dynamic performance
of the WPT system is summarized in Table 1. Normally, for the impedance matching
method, a lot of components are used to adjust the equivalent input impedance [14]. Hence,
the impedance matching method leads to the higher cost and larger size of the system.
Moreover, the actual dynamic performance is discrete and approximate. Articles [15,16]
use different frequency tracking methods to improve dynamic performance and eliminate
frequency splitting. However, the high sensibility to the parameters needs precise design.
Article [20] changes the structure of the converters to achieve the decoupling between the
converter and the compensation network. However, the decoupling is incomplete, and the
system is sensitive to the parameters.

In this paper, based on the traditional bridge circuit, a six-switch IPIFR-WPT system
is proposed. Its unique capacitor-isolated switches and power-source-isolated diode mean
the power supply and parallel resonant capacitor can be periodically connected or isolated
from the system. When the power supply is connected to the system and the resonant
capacitor is isolated, it is in the power injection mode. The longer the power injection
mode duration, the more power is injected into the system. When the resonant capacitor is
connected to the system and the power supply is isolated, the resonant network will use
the energy stored in the inductance and capacitor to conduct free resonance. The resonant
frequency is the fixed frequency of the resonant network and does not need to be controlled
by the switches. Therefore, the six-switch IPIFR-WPT system realizes the mode decoupling
of power injection and free resonance and the decoupling of the converter and resonant
network. In addition, due to the source-isolated diode, the power supply can only inject
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energy into the system in one direction. Thus, the switches have been turned on in advance
to ensure that the power supply will not be connected to the system in advance, only when
the voltage on the primary resonant capacitor drops to equal the power supply voltage,
and the leading time range is relatively wide, which is called the soft switching margin.
At the same time, the parasitic diode on the switch can ensure the zero voltage switching
(ZVS) condition.

Table 1. Comparison of the technologies to improve dynamic performance.

Dynamic Performance Induc.tors/Capaators/ Have Any Volt- Control Achieve Sensibility
Ref. Improvine Strate Switches on the age/Current Strate Decoupline? to the

P 8 8y Converter Sensors? 8y ping’ Parameters
[14] Impedance m atchmg /M > N)/(M x N Yes Close loop No Low

with a capacitor matrix +1)

[15] Frequency tuning 1/1/4 Yes Close loop No High
[16] Maximum power point 1/1/4 Yes Close loop No High
[20] Switch-mode adjusting 2/3/2 No Open loop Partially High
Proposed Power injecting 1/1/6 No Open loop Yes Low

2. Circuit Structure and Mode Analysis
2.1. Circuit Structure and Mode Analysis

The prototype of the six-switch IPIFR-WPT system is shown in Figure 1. In Figure 1, a
unidirectional power supply comprises an isolation diode Dy and a DC power supply Ej..
The purpose of a one-way power supply is to ensure that energy entering the system does
not return to the power supply. Switches S1—-S4 form a full-bridge converter to connect
power Eq4. to the system and inject energy into the system. Switches S5 and Sg let the
primary compensation capacitor C, be isolated from or connected to the system. Diodes
D1-Dg are the bypass diodes of switches 51-56, wherein bypass diodes D;—D4 do not
function during the entire working process due to their different directions from isolation
diode Dy; the bypass diodes D5 and Dy are used for continuous current conduction during
the resonance process and can isolate C, from the system. The self-inductances of the
primary and secondary coils are L, and Ls, while M is the mutual inductance of the coils.
Rp and R; are the parasitic resistance of the primary and secondary coils, respectively. The
load Ry consumes the energy received by the secondary circuit after being rectified by the
back-end rectifying circuit of the secondary circuit. Supposing the inductive characteristics
and the voltage drop of the back-end rectifier circuit are ignored, in that case, the equivalent
load R}, can be used to convert the load resistance R to the input terminal of the rectifier
circuit, and the conversion relationship is as follows:

8R,

)

Figure 2 is the schematic diagrams of the operation modes of the six-switch IPIFR-
WPT system. When the system operates, there are eight operating modes. Mode 1 connects
the power supply E to the system in a forward direction, a forward power injection mode.
Modes 2—4 are resonant modes, also called free resonance processes, due to the isolation of
the power supply E;. from the system. Note that Modes 2 and 4 are transitional modes,
both of which are unidirectional resonance processes. According to the symmetry of the
full-bridge converter operation, Mode 5 reversely connects the power supply E;. to the
system as a reverse power injection mode. Furthermore, Modes 6-8 are resonant processes
opposite to the working processes of Modes 2—4.
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Figure 1. The topology of the six-switch IPIFR system.

Figure 3 shows the waveform diagram of the source current ij, the primary capacitor
voltage uy,, and the primary inductor current i, of the six-switch IPIFR-WPT system under
steady-state operation. According to Figures 2 and 3, the operation modes of the six-switch
IPIFR-WPT system can be analyzed as follows:

Mode 1 [ty, t1]: This is a forward power injection mode with a duration of {1 = t;—t.
Before the time f, the switches 51 and S4 have been turned on in advance, and the switches
S; and S3 remain turned off. At this time, the primary capacitor voltage u), is greater than
E;., forcing Dy to be turned off, isolating the power supply E;. from the system, thereby
preventing the energy from being injected into the system. Until the time ¢j, the voltage
uy, drops to equal to Eg4., causing diode Dy to turn on, and the current i, flows from the
branch D—C,~Ss to the switches S; and Sy that have been turned on in advance. During
the period [t, t1], while the primary capacitor C,, is isolated from the system, the DC power
supply E,. directly injects energy into the primary inductor L,.

Mode 2 [t1, tp]: This is a transitional mode of the first free resonance process. At
the moment t;, the switches S; and S; turn off, and at the same time, the current i,
will continuously conduct through the bypass diode Dg. At this time, the turning off of
switches S; and S4 meets the ZVS condition. In Mode 2, the primary inductor L, and
the primary compensation capacitor C, form a resonant cavity and begin passive free
resonance. The duration of Mode 2 is very short and can generally be taken as 1-2 ps, even
a few hundred nanoseconds.

Mode 3 [15, t3]: This is a bidirectional free resonant mode. Since the switch Sg turns
on at fp, the primary current ip can achieve bidirectional free resonance in the resonant
network L,~Cp,. During Mode 3, after the value of the current i, resonates to less than zero,
the flow direction of i, in the branch is S5-C,—Ss. After that, at time t3, the switch S5 turns
off, and the current i, can still continuously conduct through the bypass diode Ds. The
switch S5 turns off to meet the ZVS condition. At the same time, at t3, the switches S, and
S3 turn on. Due to the capacitance voltage u, being less than —E. at this time, the isolation
diode cannot be turned on, and the current cannot be exchanged from the branch D5—C,~S¢
to the switches S, and S3. That is, before and after the turn-on of S, and S3, the current
flowing through them is zero, satisfying the zero current switching (ZCS) condition.

Mode 4 [t3, t4]: In this mode, the system remains in a state of free resonance. In
addition, the current i, continuously conducts through the branch D5-C,~S¢ during the
time span until the time of ¢4, when the value of u), rises to equal to —E, through resonance.
At time t4, because the switches S and S3 have turned on in advance at t3, the current i,
can be naturally switched from the branch D5—C,~Sg to the switches S and S3, thereby
switching to Mode 5.

Mode 5 [t4, t5]: This is a reverse power injection mode, which is reversed with Mode 1.
Due to the natural commutation of the current i, from the branch D5-C,,—S¢ to the switches
Sy and S3 that have turned on before 4, the power supply E is reversely connected to the
system and injects energy into the primary inductor L.
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Figure 2. The operation mode diagram of the six-switch IPIFR-WPT system: (a) Mode 1, (b) Mode 2,
(c) Mode 3, (d) Mode 4, (e) Mode 5, (f) Mode 6, (g) Mode 7, and (h) Mode 8.
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Figure 3. The steady-state operation waves of the six-switch IPIFR-WPT system.
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Mode 6 [t5, t5]: This is a transitional mode of the second free resonance process, which
is symmetric to Mode 2 and has a short duration. At time fs, the switches Sy and S3 turn off.
Since the current i, will be continuously conducted through the bypass diode Ds, turning
off switches S, and S3 meets the ZVS condition. In Mode 6, the primary inductor L, and
the primary compensation capacitor C, form a resonant network and begin free resonance.

Mode 7 [t¢, t7]: This is a bidirectional free resonant mode symmetric to Mode 3. At
te, the switch S5 turns on. Due to the capacitance voltage 1, greater than E;, the current
ip continuously conduct through the bypass diode D5 without commutation to S; and S4.
Therefore, the turn-on of switch Ss satisfies the ZVS condition. Then the primary current i,
can achieve bidirectional free resonance in the resonant network L,~C, during [ts, t7].

Mode 8 [t7, tg]: This is a transitional mode symmetric to Mode 4. At ty, switch Sg
turns off while turning on switches S; and S;. Because of the voltage 1, being greater
than Ej, Dy is turned off, and the current i, continuously conducts through Dg without
commutation to S; and S4. Therefore, Sg meets the ZVS condition, while the opening of
S1 and S4 satisfies the ZCS condition. The resonant network maintains resonance during
[t7, tg]. Until tg, the voltage up is equal to E4, and the current iy naturally commutates from
the resonant network to S; and S4. Meanwhile, the system operates into Mode 1.

2.2. Calculation of System Soft Switching Operating Point

Based on the mode analysis of the six-switch IPIFR-WPT system in the previous
section, the switching conditions for its eight operation modes are shown in Figure 4. The
eight operation modes of a six-switch IPIFR-WPT circuit can be classified as four cyclic
operating processes, namely, the forward power injection process, the first free resonance
process, the reverse power injection process, and the second free resonance process. Among
them, Mode 1 and Mode 5 are forward and reverse power injection processes, respectively.
Modes 2, 3, and 4 jointly constitute the first free resonance process, and Modes 6, 7, and 8
jointly constitute the second free resonance process.

,..

2.
4
n
=g
S
5

R A 2R H ﬁ PR A
: L 1
: Mode 2—#>(Mode 35 ———QModes |
' s 5= i iReverse power |}
i Free resonance S, = i linjection :

Figure 4. The diagram of mode switching boundaries.

Figure 4 shows no switch operates when the free resonance process switches to the
power injection process. The switching condition is to rely on the voltage u, to form a
voltage clamp with the power supply voltage E;. through the diode Dy. In Mode 8, the
switch groups S1 and S4 have turned on, but at this time, the voltage 1, is greater than E;,
and the system remains in the free resonance process. Meanwhile, i, > 0, that is, u, will
continue to decrease until 1, drops to equal to E;, and the diode Dy reaches the critical
conduction condition. At the same time, the current is commutated from branch S¢-C,~Ss
to branch S4—E;.—Do—S1. The system switches from a free resonance process to a forward
power injection process, and the voltage 1, on the primary capacitor C, will maintain the
voltage clamp at E;.. Similarly, when switching from Mode 4 to Mode 5, it is necessary to
clamp the voltage u;, on the primary capacitor C, to —Ej ., and the free resonance process
completes the switching to the reverse power injection process.

For convenience, the switching conditions B1, B2, B3, and 4 between the four operation
processes are shown in Figure 4 and written in parallel:
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B2: up = —E4. and i, < 0;
B3: So =0and S3 =0;
Ba: up = Ege and i, > 0.

Ll o

Figure 5 shows the equivalent circuit diagram of the main operation process of the six-
switch IPIFR-WPT system. Since the state space model of the system during the forward
power injection process and the reverse power injection process are entirely consistent,
the equivalent circuit model is shown in Figure 5a. However, the bus voltages during
the forward power injection and reverse power injection processes are different due to
the conduction switch sets of the full-bridge converters, and their input voltages are E,
and —E,, respectively. At the same time, the system models for the first and second free
resonance processes are also entirely consistent, with their equivalent circuit models shown
in Figure 5b, and there is no power input in the free resonance process.

i \(M\,is .

(a) (b)

Figure 5. The equivalent circuits of the operation processes of the six-switch IPIFR-WPT system:
(a) power injection process and (b) self-resonance process.

During the power injection process in Figure 5a, the primary compensation capacitor
Cp is isolated from the system by the switches S5 and Sg being turned off. The DC power
supply directly charges the primary inductance L, through full-bridge forward conduction
(switches S1 and S4) or reverse conduction (switches Sy and S3), with input voltages of
E;. or —E;, respectively. At the same time, due to the isolation diode D, the current 7;
only flows in one direction, 7; > 0, and energy can only be injected into the system from the
power source and cannot be returned to the power source. In the free resonance process
shown in Figure 5b, the DC power source is isolated from the system, while the inductance
L, and capacitance C, in the primary circuit are directly connected to form a resonance
circuit. Hence, through mutual inductance coupling, electrical power is transferred from
the primary circuit to the secondary circuit.

According to Figure 5, set the state variable as the voltage u;, on the primary capacitor
Cp, the current iy on the primary coil inductance Ly, the current is on the secondary coil
inductance Ls, and the voltage u, on the secondary capacitor Cs, that is, x = [up, iy, is,
1,]T. Because the secondary capacitance Cs and the equivalent load resistance R are in
parallel, the voltage u, can also be considered as the equivalent output voltage. Assuming
the system input is u = [E ], differential equations can be listed as follows for each state
variable according to Kirchhoff’s voltage law and current law:

Forward power injection process:

x = A1x + Byu, )

First free resonance process:
x = Ayx, ®)

Reverse power injection process:
x = Azx + Bsu, 4)

Second free resonance process:
X = A4x, (5)



Electronics 2023, 12, 2314 8 of 20
where
0 0 0 0
0 LsRy  MRs M
A A A
Ay = Az = 0 MRy LR L |/ (6)
A ) A
1 1
0 0 T “cm
Bi=-B;=0 = M of, (7)
0o —-& o0 0
—L; LRy MR M
A A A A
Ay=As= | _y MR, LR L, |- ®)
A TA A
1 1
O 0 C o CsRL
A=M?—L,L, ©)
M =ky/LyLs. (10)

For a linear time-invariant system X: (A, B, C, D), if the system matrix A is invertible,
and when the initial time is f(, the corresponding time domain solution can be expressed as
follows [24]:

x(t) = x5 (t) + x4 (t) = D(t — to)xg + A H[D(t — to) — ]Bu, (11)

where ®(t) = exp{At}, I is the identity matrix, x.;(t) is the zero input response, x(t) is the
zero state response, and x is the initial state of the system at the initial time £.

Since the system matrices A; and A3 of the power injection process are irreversible,
it is impossible to bring them into Equation (11) directly. Furthermore, the voltage 1, on
the primary capacitor C, is clamped at E;. during the power injection process. Hence, the
differential equation of u, can be rewritten as follows:

duy —
Note that Equations (2) and (3) only hold during the power injection process. The
system matrices A, A3 and input matrices B, B3 of the power injection process will be
rewritten to be reversible as follows:

-1 0 0 0
0 Lst MRs M
A A A
Ay = Az = MR, LR L, |/ (13)
U Y
1 1
0 0 T “cm
. T
Bi=-Bs=[1 & =M of. (14)

According to Equation (11), if the initial state of the four linear time-invariant systems
at their respective initial time ¢#; is xp, the time domain solutions of the subsystems can be
expressed as follows:

Forward power injection process:

x(t) = ®1(t— to)xg + Ay @1 (t — to) — I]B1Eyge, (15)
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First free resonance process:
x(t) = P (t — to)xo, (16)
Reverse power injection process:
x(t) = @3(t — to)xg + A3 ' [@3(t — to) — I|B3Eq., (17)
Second free resonance process:
x(t) = Dy(t — to)xo. (18)

Due to the symmetry of the two energy resonance processes and the two free resonance
processes, the time interval experienced by their subsystems is the same, so the time interval
between the two power injection processes is assumed to be ;. Set the time interval
between two power injection processes as ¢y. Let the initial value of the system in the
nth cycle be x;,, and the terminal values of the four subsystems be x1, X2, X3, and x;,41,
respectively, where x;.1 is the terminal value of the system in the nth cycle and also the
initial value of the system in the (n + 1) cycle. The expressions for the terminal values x;1,
Xn2, Xu3, and x,, 41 of each subsystem are as follows:

Xyt = Py (&1)xn + A7 [P1(81) — [1B1Ege, (19)

X2 = P2(2)xn1, (20)

Xnz = @3(81)xn2 + A3 [@3(1) — I1B3Ege, (21)

Xpi1 = Pa(82)xn3. (22)

According to the modal analysis and the symmetry of the full-bridge system, when

the system’s operating state reaches a steady state, there is x, = —x;2 = x5141. Generally,
Xn = X4 is called a fixed point, and the mapping relationship between x, and x,,1 becomes
a fixed point mapping. To simplify the iterative process, take x, = —x,; for fixed point

mapping calculations, and the following equation can be obtained:

Xp = —Xpp = —D2(&2) @1 (&1)xn — P2(82) Ay [@1(81) — I]B1 Eye. (23)

After transforming and bringing ¢, = 1/2T — {1 for Equation (23), we can obtain the
following equation:

-1
Xy = —[I+ q’z(%T —¢1)®1(81)] ‘Dz(%T — 1) A7 [@1(&1) — By Ege. (24)

According to the modal analysis and subsystem switching conditions, the initial value
of the system needs to meet the boundary f4.u, = E4c and iy > 0. Namely, the element up in
the fixed point x;, is constant, and the following equation can be expressed:

1
—Ci[I+ <D2(%T —G1)®1(81)] <1>2(%T —&)AT®1(&) — [1BiEge = Ege. (25)

Therefore, the soft switching operation point of the six-switch IPIFR-WPT system is
the solution of Equation (25), and we can construct the following function g(¢1) to solve
Equation (25):

1

g(¢1) =1+ C1[1+¢2(%T - él)cpl(‘:l)f CDz(%T — &) AT [@1(&1) — I)By. (26)
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The parameters of the six-switch IPIFR-WPT system are shown in Table 2. The curve
of the function g(¢1) with T = 110 us is shown in Figure 6. There are two results of g(¢1) =0,
that is, 1, = 11.11 ps and ¢1;, = 36.02 us. Then, we bring ¢y, and &y; into (20) to solve the
corresponding fixed point x;, listed in Table 3.

Table 2. The main parameters of the six-switch IPIFR-WPT system.

Parameter Value Parameter Value
Ly 660 uH Eg. 100V
Lg 585 uH k 0.5
Ry, Rs 020 Rp 10 Q)
Gy, Cs 0.4 uF T 110 ps

1
% 11.11ps  36.02us
60
o--—--¥— — - —
1k _
_2 1 1 1 1 1
0 10 20 30 40 50 60

&, (ps)

Figure 6. The curve of the function g(¢;) with respect to ;.

Table 3. The calculated result of the fixed point x;, and the intermediate variable x;1.

Operation Xn Xn1
Point 1y (V) iy (A) is (A) 1o (A) 1y (V) iy (A) is (A) 1o (A)
11.11 ps 100.0 9.812 5.986 56.594 100.0 11.305 5.657 57.483
36.02 us 100.0 —3.273 —1.260 —17.146 100.0 3.850 2.287 20.212

The fixed point x;, is both the initial and final values of the steady-state period. More-
over, the fixed point x;, must satisfy the boundary condition 4 (1) = E; and i, > 0). In
Table 3, when taking {1, = 11.11 ps, the value of fixed point x; satisfies the boundary con-
dition B4., and when taking &1y, = 36.02 ps, i, = —3.272 A < 0 does not meet the boundary
condition B4. Therefore, the root 1, = 36.02 us could be abandoned (x; = —xup = Xp41)-

After calculating the fixed point x,, and the transition state quantity x;,; of the six-
switch IPIFR-WPT system, according to the proposed symmetry of the full-bridge converter,
there are x;, = —x;2 = X441, Xn1 = —Xu3. Then, in order to more intuitively represent the
trade-off between the two results mentioned above, by substituting x,, and x,1 obtained in
Table 3 into Equations (19)—(22), the curves of state variables in the complete steady-state
cycle can be obtained, and the curves of current i,, and voltage Up in them can be plotted in

Figure 7.
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Figure 7. The waves of system state variables under the calculated steady-state operation points: (a)
¢1=11.11 ps and (b) ¢; = 36.02 ps.

As can be seen from Figure 7, taking {1, = 11.11 us, the simulation waveform is
consistent with the mode analysis, and all boundary conditions can be satisfied within a
steady-state cycle. However, taking {1y, = 36.02 ps, the calculated operating waveform is
inconsistent with the expected, and the boundary conditions B, (1, = —E4. and i, < 0) and
B4 (up = E4c and ip > 0) cannot be satisfied, so that 11, can be abandoned.

3. System Characteristics and Experimental Results
3.1. Experimental Devices

In order to verify the characteristics of the six-switch IPIFR-WPT system, an experi-
mental platform was built, as shown in Figure 8. As shown in Figure 8a, the DC power
supply used in the system consists of three parts: an AC voltage regulator TDGC2-3kVA
(Delixi, China), a single-phase rectifier module MDQ100A 1600V, and a filter capacitor. The
oscilloscope is RTB2004, produced by Rohde & Schwarz Company. The power analyzer
is the WT500, produced by Yokogawa Company. The resonance capacitors Cs and C,, are
MKPH-R 0.4 pE. In Figure 8b, the isolation diode Dy used in the system is FR607 (1000 V,
6 A) and the switches S1-S¢ are IXFN56N90OP (900 V, 56 A).

(a) (b)

Figure 8. Experimental devices of the six-switch IPIFR-WPT system: (a) the whole system and (b) the

converter.

The square coupling coils used in this system use litz wires while using a radial layout
of ferrite to increase their self-inductances and mutual inductance. The size of the square
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coils is 32 cm times 40 cm. The self-inductances L, and Ls of the primary and secondary
coils are 660 uH and 585 uH, respectively. The internal resistances R, and R; are both 0.2 ().
The relationship between the coupling coefficient k and the coil distance d is shown in
Figure 9.

0. 80
0.75 |-
0.70 |-
0.65 [
0.60 [
0.55 [

= 0,50 |
0.45 [
0.40 |-
0.35 [
0.30 |-

0.25 N

0.20 1 1 1 1 1 1 1 1 1
7 8 9
d (cm)

Figure 9. The relationship between the coupling coefficient k and coil distance d of the flat coils.

3.2. Soft Switching Margin Characteristic

The six-switch IPIFR-WPT system has a unique wide soft switching margin charac-
teristic due to its particular structure. In Mode 4 and Mode 8, the last modes of the free
resonance process, the full-bridge converter has been turned on in advance, but the voltage
uy is greater than E . so that the diode Dy is turned off and the power supply is isolated
from the system. Since the free resonance process will maintain until the voltage u), is
equal to E, the switches of the full-bridge converter could turn on before in a very time
margin when the voltage uy, is greater than E;.. Hence, in this time margin, the system itself
will achieve the soft switching condition and determine the operation point without any
switching action. The time margin is called the soft switching margin.

Figure 10 is a schematic diagram of the wide soft switching margin of a six-switch
WPT system. In Figure 10, the black curve is the voltage input of the full-bridge converter,
and the orange and red curves represent the values of the primary capacitor voltage u, and
the primary inductor current iy, respectively.

Figure 10. The diagram of the wide soft switching margin of the six-switch IPIFR-WPT system.

According to the modal analysis above, boundary conditions must be met when
switching from the second free resonance process to the forward power injection process B4
(up = E4c and iy > 0), and switches S; and S4 have been turned on in advance. It can be known
from the waveforms of voltage u, and current iy in Figure 10 that the timing of turn-on of
S1 and S4 must meet the following conditions: u, > E;. and i, > 0. Therefore, the margin



Electronics 2023, 12, 2314

13 of 20

that satisfies the soft switching condition is [t, ¢;]. Namely, the maximum pulse width
for 51 and S4 is Dyyx = tp — tp, and the minimum opening pulse width is D,,;, = tp — t;.
Based on the symmetry of the full-bridge converter, there are Dy, = t5 — t3 =t — fp and
D,in =t5 — tg = t; — t1. The pulse widths of switch groups (S1, S4) and (S, S3) can meet
the conditions by taking any value of [D,;,;, Diax]. Therefore, the time range [D,i;;, Diax]
can be called the wide soft switching margin of a six-switch IPIRF-WPT system, and Mzys
is defined as the wide soft switching margin of the system, and its calculation formula is
as follows:

Dyax — D

Myys = Mt s 100%. (27)

In Figure 11a—c, let the fixed coil spacing be d = 6 cm (k ~ 0.5), the equivalent load
resistance be Ry = 10 (), and the period be T = 110 ps. Then, taking the positive pulse widths
of the switching strategy as (a) D = 15 us, (b) D =20 ps, and (c) D = 26 ps, the system can
self-determine the same operating point, {1 = 10.52 ps, very close to the theoretical value,
¢1 =11.11 us. Meanwhile, the waveform shape and amplitude of the capacitor voltage
up and the inductor current i, are consistent. According to the measurement results in
Figure 11, the soft switching margin under the above static parameters is D,;,, = 10.52 us to
Dipax =29.95 ps. In Figure 11, the three positive pulse widths of (a), (b), and (c) are all within
the range of [D,i,;, Dimax] and can enable the system to operate at the same operating point
and meet soft switching conditions. Therefore, it can be proven that the unique topology of
the six-switch IPIFR-WPT system enables it to have a wide soft switching margin, which
provides a wide tolerance for the control system, improves system stability, and reduces
control difficulty.

— T-110s — | S RO — ——
, — I
'V (50V/div) ET ' Vg (50V/div)
/TN | oe /™
A BAY) S ,b ‘ /‘.\ i, 5AVdiv)  /
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WA VAT A
A R A oy e b N VLN Nl
\ N 1 AY X \ ),
»\\ ..—! J/"’ : : K5>: \ —]. \ 4
Dmax I \ ‘;’v \
<, @oovidiv) u, (100V/div)
A P
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(a) (b)
— ST g— — |
'V, (50V/div) T

/N
/\/ i, 6Adiv) .

vu , (100V/div)
" 20ps/div
(c)

Figure 11. The verification waveforms of the wide soft switching margin: (a) D = 15 us, (b) D = 20 ps,
and (c) D = 26 ps.
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3.3. Dynamic Parameter Adaptation Characteristic

The resistance to dynamic parameter changes is a significant dynamic characteristic
of WPT systems. Due to no fixed physical connection for wireless coils, environmental
disturbances will affect the relative position of the wireless coils to a certain extent, resulting
in dynamic changes in the coil coupling coefficient k. On the other hand, a WPT system’s
equivalent resistance R;, will change as the charging process progresses. Therefore, the coil
coupling coefficient k and the equivalent resistance R; are the main dynamic parameters
for research. When the power injection process switches to the free resonance process, the
boundary condition depends on the values of the system state variables instead of the
switches. The wide soft switching margin characteristic analyzed above, that is, any switch-
ing duty D1 € [Dyin, Dinax] allows the system to operate at ¢1 = Dy, the soft switching
operating point. When parameters change dynamically, its soft switching margin has a cer-
tain degree of overlap, which can ensure that the system has the characteristics of resisting
changes in dynamic parameters, called dynamic parameter adaptive characteristics.

In Figure 12, under the same switching strategy, T = 110 ps and D = 110 ps, there
are the curves of Mzys, Dyin, and Dyyex concerning the coupling coefficient k. The system
parameters are taken according to Table 2, and D,,;;, and D,y are measured under different
k. As seen from Figure 12, in the process of gradually increasing the coupling coefficient
k from 0.30 to 0.60, although the soft switching margin has decreased, it has maintained
more than 15%.

40 . . . . . 22.50%

35— hard-switching———— < 21.25%
/-%: 30 faep ZV Dmﬂc X 20.00%
25k N 18.75%3Q
Q§ 20 \\\\§\\§\\\\\\\ \ 17_50%\75

210 \\\\\\\\\\\\\\\ 5000
= s Lo L 13.75%
hard-switching

L L 12.50%

0 1 1 1
0.30 0.35 0.40 0.45 0.50 0.55 0.60

k

Figure 12. The curves of wide soft switching margin concerning the coupling coefficients k.

Due to the unique hardware structure, the six-switch IPIFR-WPT system can have
the ability to dynamically change the coupling coefficient and equivalent load resistance
without changing the switching control strategy in the whole process, that is, in the open-
loop state.

In the experimental waveforms shown in Figure 13, the switching control strategy of
the system is fixed: T =110 ps and D = 25 us. Increasing the coil spacing d (a) 6 cm, (b) 7 cm,
(c) 8 cm, and (d) 9 cm, the corresponding coupling coefficients k are (a) 0.56, (b) 0.49, (c) 0.43,
and (d) 0.38. From the waveforms of the current ij, during the process of changing the
coupling coefficient k, the system can determine its own soft switching operating point,
and its power injection times §; are self-determined as (a) 12.26 ps, (b) 10.52 ps, (c) 9.26 s,
and (d) 7.86 ps. The waveform trends of the capacitor voltage 1, and the inductor current
ip are always consistent, and the soft switching boundary conditions are satisfied at the
boundaries of the free resonance process and the power injection process. In particular,
the capacitor voltage 1, can clamp at E;. and —E,. during the power injection process at
different coupling coefficients k, which indicates the soft switching conditions have been
met. Therefore, this experiment proves that the six-switch IPIFR-WPT system can adapt to
the dynamic change of the coupling coefficient k in a great range.
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Figure 13. The waveforms of i1, i,, and 1, when coil distance d changes in the open-loop state:
(@d=6cm, (b)d=7cm, (c)d=8cm,and (d) d =9 cm.

Similarly, when the equivalent load resistance R; changes dynamically, the six-switch
IPIFR-WPT system can maintain its adaptive characteristics. As shown in Figure 14, there
are curves of the soft switching margin D,,;;, and D, concerning the equivalent resistance
R;p. In Figure 14, when the equivalent load resistance R; increases from 5 () to 20 (),
although the soft switching margin can maintain more than 14%, and when the equivalent
load resistance R changes in the range of 5 () to 20 (), there is a significant overlap range,
which allows the system to resist changes in load resistance over a large range.

40 20%
RERRRARERN
35 - M hard-switching ~19%
Y zys ‘
o 30 N <% q ma. - 18%
%_ \ \% \ ﬂx\s_. _\
L5 \ % X 17% o’\c?
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= \
g 15 § soft-switching X% \ 15%2
QE 10F D 4 14%
min
51 hard-switching 113%
o SUBRSUBA -
5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

R,
Figure 14. The curves of the wide soft switching margin concerning the equivalent load resistance R; .

As shown in Figure 15, the switching control strategy of the system is fixed to
T =110 us and D = 20 us. When the equivalent load resistances R; changes, (a) 10 2,
(b) 15 O3, and (c) 20 (), the waveforms of the current i1 indicate that the system can determine
its own soft switching operating point and power injection times ¢; are self-determined as
(a) 10.52 ps, (b) 11.29 us, and (c) 11.94 us. The waveform trends of the capacitive voltage u),
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and the inductive current ip are consistent. The larger the equivalent load resistance Ry, the
smaller the amplitude of u, and iy, indicating that the larger the load resistance, the less
energy the system inputs. At the same time, the boundary conditions for switching between
the free resonance process and the power injection process can be satisfied. Significantly,
the capacitor voltage u;, can be clamped at E;. and —E, during the power injection process
under different equivalent load resistances Ry, which means the soft switching conditions
have been satisfied. Therefore, this experiment proves that the six-switch IPIFR-WPT
system can adapt to the dynamic changes in the equivalent load resistance Ry over a
large range.

M v
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Figure 15. The waveforms of iy, 7, and u, when load resistance R; changes in the open-loop state:
(@) R =100, (b) Ry =15 O, and (c) Ry =20 Q.

In summary, even in open-loop states, the six-switch IPIFR-WPT system has good
adaptability to dynamic changes in parameters such as coupling coefficient k and equivalent
load resistance R; .

3.4. Decoupling Characteristic of Power Injection and Free Resonance

With the changes in T, the curves of the self-determined operating points (1, {2) are
shown in Figure 16. In Figure 16, as the period T increases, the injection time §; rises
significantly, and ¢, remains unchanged, increasing the power injected into the system.
Furthermore, due to ¢, remaining unchanged, the power injection and free resonance
processes exhibit significant decoupling characteristics, which makes the power regulation
strategy of the six-switch IPIRF-WPT system extremely simple, that is, directly adjusting
the length of the period T.
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Figure 16. The curves of the self-determining soft switching operation points concerning the period T.

Under static parameters, adjusting the input and output power of the system by
changing the length of the period T is actually achieved by changing the power injec-
tion time ¢;. As shown in Figure 17, when the periods T of the system are (a) 100 us,
(b) 110 ps, (c) 120 ps, and (d) 130 ps, respectively, the determined power injection times ¢
are (a) 5.94 ps, (b) 10.52 ps, (c) 13.10 ps, and (d) 20.07 ps. Therefore, as the period T grows,
the duration of the power injection time ¢; also increases. Meanwhile, the amplitudes of
up and i, both increase significantly with the rise of T, meaning the input power increases
synchronously.
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Figure 17. The waveforms of i1, i, and u, when T changes in the open-loop state: (a) T = 100 ps,
(b) T =110 ps, (¢) T =120 ps, and (d) T = 130 ps.

The calculation methods of the input power P;,, the output power Py, and the
efficiency # are expressed as follows:

Py, = Egchh, (28)
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B, (W)

Pout - ;)é;ms/ (29)
P
n= 1;{”* x 100%, (30)
m

where I is the average value of i1, and U, rs is the root mean square (RMS) value of u,.

The curves of the output power P, and the operation efficiency of the six-switch
IPIFR-WPT system varying with the period T are shown in Figure 18. It can be seen from
Figure 18 that the output power monotonically increases as the period T increases.
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Figure 18. The experimental curves of the output power and efficiency concerning the period T:
(a) output power and (b) efficiency.

In Figure 18b, under the same coil spacing d, the operation efficiency of the system
remains stable, while with the decrease in coil spacing d, the operation efficiency of the
system increases relatively.

In summary, the converter and the resonant network have been decoupled by the
unique hardware structures of the six-switch IPIFR-WPT system so that the power injection
and the free resonance processes are also decoupled in mode. Under static parameters,
the power injected into the system is only determined by the power injection time ¢, and
increasing T can make ¢; grow, which results in a monotonic relationship between the
output power and the period T. Therefore, compared to the fully resonant WPT system, the
six-switch IPIFR-WPT system eliminates the peak power point, significantly simplifying
power regulation strategies, eliminating system detuning caused by frequency splitting,
and improving system stability.

4. Conclusions

This paper completes the theoretical analysis and experimental verification of the
dynamic parameter adaptive characteristics and the decoupling of power injection and
free resonance in the six-switch IPIFR-WPT system. Firstly, the state space modal is
established based on the modal analysis of the six-switch IPIFR-WPT system. Secondly,
using the stroboscopic mapping method and boundary conditions, a method is proposed
to calculate all possible operating points of the system. Finally, the system characteristics
are verified and explained based on simulations and experiments. Unlike traditional FR—
WPT systems, the unique topology enables the six-switch IPIFR-WPT system to have
adaptive characteristics of dynamic parameters and accomplish decoupling of the power
injection and free resonance in modes. The experimental results were consistent with
theoretical analysis.
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In summary, under open-loop operation states, the unique topology makes the six-
switch IPIFR-WPT system have at least 15% and 14% tolerance to the dynamic changes in
the coil coupling coefficient k and the equivalent resistance R;, respectively. Furthermore,
the power injection and the free resonance processes are decoupled. Namely, the converter
and the resonant network are decoupled. Hence, the power injected into the system is
completely controlled, and the curve of output power is monotonic with the injection time
¢1 or the period T. Moreover, according to the experiments, the power loss is greatest on
the coils instead of the diode Dy. However, in this paper, without precise parameter design,
the system efficiency could still achieve 88%.

Furthermore, a suitable parameter design can decrease the internal resistance of coils
to improve the system efficiency and reduce the voltage stress to promote the output power.
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