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Abstract: With the development of wireless power transfer (WPT), the wireless charging has become
a research hotspot. This paper proposes a novel single-switch hybrid compensation topology, which
can change the compensation network to realize the constant-current (CC) and constant-voltage (CV)
output. The zero voltage switching (ZVS) margin can be designed to increase the stability of the
system. In addition, the magnetic coupler adopts a composite shielding structure composed of ferrite,
nanocrystalline, and aluminium foil. The composite shielding structure has a better shielding effect
on magnetic flux leakage, and its weight is lighter. The composite shielding structure is expected to
be used in the wireless charging system of electric vehicles (EVs). Finally, an experimental prototype
is built to verify the theoretical analysis, and the maximum efficiency can reach 91.4%.
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1. Introduction

With the development of wireless power transfer (WPT), some WPT products have
gradually come into people’s vision and received great attention. There are mainly
two types of WPT systems: Near-field (non-radiative) and far-field (radiative) WPT sys-
tems [1,2]. The characteristic of far-field transmission is that the microwave radiation can
exceed RF safety limits, making it less than ideal for applications. Near-field WPT can
provide a high-efficiency system and has a stringent requirement on the RF limits. The
near-field technique is more suitable for consumer electronic devices. The near-field WPT
technology has the advantages of safety, reliability, and convenience [3,4], which can be
used in different applications. For example, there are wireless charging solutions for electric
vehicles (EVs) [5-7], drones [8,9], and implanted biomedical devices [10-12].

In the WPT system, the topologies are mainly divided into full-bridge inverters, half-
bridge inverters, and single-switch inverters [13-15]. The topology of the single-switch
circuit is shown in Figure 1. Compared with the full-bridge and half-bridge circuit [16-19],
the single-switch circuit avoids the shoot-through of power switches in this topology, and
the reliability of the WPT system is improved.

In addition, the battery charging generally adopts constant-current (CC) and constant-
voltage (CV) charging [20,21]. In order to achieve the CC and CV output, three methods
are used. The first method is to add the dc/dc converter behind the secondary-side rectifier,
where the CC and CV output are controlled [22,23]. The second method is to change the
switching frequency of MOSFETs in the inverter bridge. The authors in [24] proposed
the double-sided LCC compensation network. The CV or CC output can be realized by
changing the switching frequency without changing the circuit parameters. This topology
is suitable for the wireless charging of batteries. In the single-switch circuit, the P-CLCL
compensation network and frequency modulation control are used to achieve the high
precision CC and CV output [25]. The third method is to control the working state of
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MOSEFETs or relays. The switching of hybrid topologies was studied to achieve the CC and
CV output [26-28]. In order to reduce the cost of the circuit and keep the resonant frequency
unchanged, this paper proposes a method to realize the CC and CV output by switching
the compensation network only at the secondary-side in the proposed topology, based on
the single-switch circuit. In addition, with the increasing number of WPT products in the
market, the problem of electromagnetic interference has gradually attracted the attention
of users. In addition, this paper discussed the composite shielding structure, which is
composed of ferrite, nanocrystalline, and aluminium foil.

The constant-current and constant-voltage charging curves of a lithium-ion battery
are shown in Figure 2. Here, the Icc is the charging current in CC mode, the Vcy is the
charging voltage in CV mode, and the I;,i, is the cut-off charging current. Moreover, Iy is
the variation trend of the battery current, and Vg is the variation trend of the battery voltage.
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Figure 1. The topology of the single-switch circuit.
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Figure 2. Constant-current and constant-voltage charging curves of a lithium-ion battery.

The rest of this article is organized as follows. A novel single-switch hybrid compen-
sation topology is proposed, and the compensation networks of the CC and CV modes
are analyzed in Section 2. In Section 3, the equivalent input AC voltage is calculated
theoretically, then the zero voltage switching (ZVS) margin is designed, and thereafter, the
CC and CV gain curves and the sensitivity of circuit parameters are analyzed. In Section 4,
the magnetic coupler and circuit parameters are designed. An experimental prototype
is built to verify the theoretical analysis in Section 5. The output current is 4A in CC
mode, and the output voltage is 48V in CV mode. In addition, the output characteristics of
constant-current and constant-voltage modes are analyzed, respectively. Finally, Section 6
concludes this article.
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2. Analysis Compensation Network

As shown in Figure 1, Cp, is the resonant capacitance at the primary-side. The primary
side can be regarded as the P compensation network, where Uy, is the input DC voltage, Q
is MOSFET, and Lp and L are the self-inductances of the transmitting coil and receiving
coil, respectively. In addition, M is the mutual inductance between the two coils, D; — Dy
are four diodes to form the rectifier bridge, C, is the output filter capacitor, and Ry, is the
DC output load. The secondary-side compensation network can be designed according to
the requirements of the output.

When the compensation network of single-switch circuit is analyzed, Figure 1 can be

simplified as Figure 3. Here, l.lin is the equivalent AC voltage input to the compensation
network, which is determined by the voltage waveform of Cp,. By applying Thévenin’s
and Norton’s theorems, Figure 3a can be simplified as Figure 3b, and Lt = Ly — M?/L;,
is defined.
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Figure 3. Analysis of equivalent circuit. (a) Equivalent circuit model; (b) simplified circuit model.

To realize the constant-current and constant-voltage output in the single-switch circuit,
the hybrid P-LC and P-S compensation network can be designed as shown in Figure 4a.
When S, is connected to Cg, the circuit can be regarded as the P-LC compensation with
constant-current output characteristics. However, the design freedom of the loosely cou-
pled transformer (LCT) is not high. When S, is connected to Csp, the circuit can be regarded
as the P-S compensation with constant-voltage output characteristics. In order to improve
the design freedom of the loosely coupled transformer, as shown in Figure 4b, the hybrid
P-LCC and P-S compensation network is proposed. Cg; and Cg can be used to adjust
the output current in constant-current mode. The secondary side compensation network
is changed by two switches 51 and S;. When both switches are turned on, the circuit is
in constant-current mode, and the circuit can be regarded as the P-LCC compensation
network. When both switches are turned off, and the circuit is in constant-voltage mode,
the circuit can be regarded as the P-S compensation network.
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Figure 4. Hybrid topology of single-switch circuit. (a) The hybrid P-LC or P-S compensation network;
(b) the proposed hybrid P-LCC or P-S compensation network.
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The equivalent circuit in constant-current mode is shown in Figure 5. Here, }0 is the
output current of the compensation network. As shown in Figure 5a, when switches S;
and S; are turned on, Cq; and Cg; are connected in parallel, and the equivalent capacitance
is defined as Ct. As shown in Figure 5b, Lt; and capacitor Ct are inductive after they are
connected in series, and the equivalent inductance is defined as Lt;. In order to achieve the
constant-current output, the equivalent inductance Lt; and Cg3 resonate at frequency f. In
this case, Figure 5b can be simplified as Figure 5c.
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Figure 5. Equivalent model in CC mode. (@) Equiva-
lent compensation network; (b) Simplified compensation network;
(c) Equivalent current source model.

The equivalent model in constant-voltage mode is shown in Figure 6. Here, U, is the
output voltage of the compensation network. In this mode, switches S; and S, are turned
off, similarly, when the equivalent inductance Lt, L1, and Cg; resonate at frequency f. In
this case, Figure 6a can be simplified as Figure 6b.

e N I " +

@ l:ImM/Lp

(a)

(b)

Figure 6. Equivalent model in CV mode. (a) Equivalent compensation network; (b) Equivalent

voltage source model.

From Figure 5, the following conditions should be satisfied in CC mode.

1

1 _
jwCr — jw(Csl +C52)

jwLy = jw(Ls — M?/Lp) + -

_ 1
(ULTl = 7wCs3

jw CT

)

where w = 27f, f =1/T, f is the working frequency of the system, T is the working period
of the system. In constant-current mode, the output current can be expressed as:

jw CT uin M

Io

B Lp [—wZCT (Ls - Af—:) + 1}

@

It can be obtained from (2) that the output current in CC mode is independent of L,,
and the value of Ct can be adjusted to change the output current. In order to make the
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input impedance Zr resistive in Figure 5b, the relationship between L; and Cg3 can be
expressed as:

1
L= 3
wlyq wCo 3)

From Figure 6, the following condition should be satisfied in CV mode:

— (M2 —
w[Ls = (M/Lp) + 1] = S @
The output voltage in CV mode can be expressed as:
° Ml:lin
Uo = L ®)
p

A full-bridge diode rectifier and capacitor filter are used to rectify the AC output
current and filter the ripple voltage. The relationship between the output DC load current
I1, and the peak AC current i, before rectification is as follows:

I 2i, 2jwCTEIM
L = — =
M2
nlp [~w2Cr (Ls — 1) +1]

(6)

where E; is the fundamental peak value of the equivalent input voltage source. The
relationship between the output DC load voltage Vi, and the peak AC voltage v, before

rectification is as follows:
T,  TME;

— = 7
VL= i, @)
The relationship between Ry, and Req is as follows:
8
Req = ?RL (8)

3. Calculation of Equivalent Input AC Voltage Source

For the single-switch circuit, the value of the AC voltage input to the compensation
network is the voltage on the capacitor Cp. However, the voltage waveform of C, is not
a complete square wave. Here, the voltage waveform of C;, is composed of a rectangular
wave and half sine wave. It is necessary to calculate the equivalent AC voltage input to
the compensation network. The relevant voltage and current waveforms are shown in
Figure 7. Here, ugs is the driving signal of Q, i1 p is the current of the transmitter, and ucy, is
the voltage of the capacitor Cp,. In addition, ugs is the voltage stress on the switch Q. The
voltage waveform of Cp, in one operating period can be divided into three stages. During 0
to ty, it is the conduction time of Q, and ucyp is equal to the input DC voltage Ug.. During
t to tg, it is the blocking period of Q, and ucyp is determined by the compensation network.
As shown in Figure 8a, the waveform of ucp, can be regarded as the sine wave. During
t to ty, there is a current flowing through the anti-parallel diode of Q, which provides
conditions for Q to realize ZVS. Moreover, ucp is equal to the input DC voltage Ug., and
the margin of ZVS is defined as D;.

Since Cp, and the primary coil L, are in parallel, ucp = upp, urp is the voltage of the
primary coil L, and the average voltage of inductor is zero in one operating period. As
shown in Figure 8, it is the waveform of uy,, where E is the maximum resonant voltage of
Cp, and the expression of u] , in one operating period can be written as follows:

Uqgc (0<t<t)
up(t) = § Uge — (E+Uge) sinwy (t —t2)  (t2 <t < tg) ©)
Uge (te <t <ty)
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where w1 is the angular frequency of the sinusoidal half wave, and w; can be expressed

as follows:
s s
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Figure 7. Relevant voltage and current operating waveforms.
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Figure 8. The  waveform  of  upp. (a) The  waveform  of
Urp in normal operation; (b) the waveform of Urp in one

operating period.

Assuming At = t3 — t, = fg — t5, At can be expressed as follows:

. 3 udc
7T - arcsin ( EJFudc)

At = 5 (11)
180" - wy
As shown in Figure 8a, the symbols 3, f5, and f4 can be expressed as follows:
t3 = DT + At
ts = (1 — Dzvs)T — At (12)
te = (1 —Dzvs)T

As shown in Figure 8b, 51 represents the yellow area, and S, represents the blue area,
using the principle of volt-second balance, S1 = Sp, S1 and S, can be expressed as follows:

{ S1 = Uac(D + Dzys) T +2 ;27 Uye — (E + Ugc) sinwn (£ — to)dt 13)

Sy = ‘ft(;r_A?ZVS)T_At Uge — (E + lldc) sin a)l(t — tg)dl’

In order to realize ZVS of Q and improve the stability of the WPT system, setting
the ZVS margin Dzyg = 5%, the duty cycle D is fixed at 0.5. This paper sets the input DC
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voltage as Ug. = 96 V, f = 85 kHz. Through the Mathcad software, the intersection of S;
and S, can be obtained using Formula (12). As shown in Figure 9, the intersection of S;
and S; is 240 V, in other words, E = 240 V. The above analysis provides a theoretical basis
for the value of Cp. According to the value of E, the coefficients of At, t3, and t5 can also
be obtained.

1.2x1073

— 51 S2

910741

SN—

6x107-

3x1074

240

0 125 250 375 500
E(V)

Voltage—Second Product (Vs)

Figure 9. The curves of S and S».

The peak voltage of Q is the sum of the peak voltage of C;, and the input DC voltage
Uge, Ugmax is the peak voltage of Q, which can be expressed as:

uQmax =E+ udc (14)

The waveform of u;(t) can be decomposed by Fourier decomposition to obtain
the fundamental amplitude. The expansion of Fourier series of uyp(t) can be expressed
as follows:

urp(t) = ag+ ajcoswt + by sinwt + ap cos 2wt + by sin 2wt + . ...
=ag+ Y (ay cos nwt + by, sin nwt) (15)
n=1
where a9y, a1, and by can be expressed as:
ap = %fO(DHD”T Udcdt—i—%ftt; Uge — (E + Uge) sinwy (t — tp)dt
n = %fO(D“)l)T Uy cos wtdt+
%ftt; Uge — (E 4 Uge) sinwy (t — ty) cos widt (16)
by = %fO(DHD])T Uy sin wtdt+
%ftt; Uge — (E + Uge) sinwq (t — £) sin wtdt
The expansion of Fourier series of up(t) can also be expressed as:
urp(t) = Eo + Eq cos(wt + @) + Y Ey cos(nwt + ¢n) (17)

n=2

where Ey = ag, E; = \/m?+ b1%, ¢ = arctan(—b;/ay). E; represents the fundamental
amplitude, and Eg represents the DC component.
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For the single-switch circuit, when the duty cycle D is fixed, the values of C, are
mainly used to adjust the ZVS margin. From Figure 7, when the driving signal of Q turns
off at t, the Cp, Le, and Re will have a zero input response, and the range values of Cp, can
be determined from the perspective of energy attenuation. The simplified circuit model is
shown in Figure 10. Here, the reflected impedances from the secondary to the primary can
be expressed as Zt, Zt = jwLe + Re.

inzt)
- Le

+ Re

Equivalent wave

Figure 10. The simplified circuit model.

From Figure 10, it can be seen that i; ,(f1) = 0, and the charging time of L;, is equal to
D4 T. It should be noted that D1 < D. i; x(t) can be expressed as:

iz () = 111;1 (1-e ) (h <1< by) (18)

At time t,, the total energy stored by L,, and Cp, can be expressed as:

1. 1
W = 5 Lpitp(t2)” + 5 Cpllac’ (19)

At time ty, i p = 0, the voltage value of Cp, rises to the maximum. The rate of energy

—Re —D—
attenuation is e Te , the time of energy attenuation is (% )T.

_Re ;1-D-D
e Lee( 5 ZVS)T

1
W= EcpE2 (20)

4. Simulation Verification

The waveforms of ug4s and ucp versus Cp values in Saber simulation are shown in
Figure 11. It can be seen that with the increasing value of Cp, the maximum value of u4s
decreases gradually, and the ZVS margin Dzys decreases until it disappears.

The theoretical calculation in Section 3 provides the basis for the actual value of
Cp. When the input DC voltage is 96 V and the switching frequency f is 85 kHz, in
order to obtain a 5% ZVS margin, the peak voltage of Cp, should be about 240 V. As
shown in Figure 11b, when other circuit parameters are determined, the value of C,, is
changed continuously in Saber simulation until the value of ucp is about 240 V, and
Cp = 64.5 nF. When Cp, = 64.5 nF, the ZVS margin measured in the simulation is about 5.5%,
which is close to the design target of 5%, indicating that the calculation method is reliable
in Section 3.
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As shown in Figure 12, the fundamental amplitude after Fourier decomposition is
156.25 V, when Cp is set as 64.5 nF in Saber simulation. The fundamental amplitude after
Fourier decomposition is 158.3 V by (17). The values of the calculation and the simulation
results can match well, and thus, validate the correctness of the theoretical analysis in
Section 3.

500 100 T 6onF — 64nF
400 4 i — 66nF 68nF,
uas(V) ucp(V)
300 -
-100q N
100 ~2007 5—243---\J
7251
0 =300 .
10.782m 10.786m 10.790m 12.040m 12.044m 12.048m
t(s) t(s)
(a) (b)

Figure 11. The waveforms of 145 and ucp versus Cp values in Saber simulation. (a) The waveforms
of ugs versus Cp values; (b) the waveforms of ucp versus Cp values.

200 -
150 - T 15625
>
5 100 A
5 79.1
£ 50 -
— 14.2
0_ - I 'l ']

0 100 200 300 400 500 600
f(kHz)

Figure 12. Fourier decomposition diagram of the voltage ucp in Saber simulation.

When all the circuit parameters are determined, the gain curve in the constant-current
and constant-voltage modes can be drawn. As shown in Figure 13, it is the current gain
curve in constant-current mode and the voltage gain curve in constant-voltage mode. In
addition, it can be seen that the current gain value G;(f) at 85 kHz is 0.042, and the voltage
gain value G,(f) at 85 kHz is 0.50. This indicates that when the input DC voltage is 96 V
and the driving frequency is 85 kHz, the output current is about 4A, and the output voltage
is approximately 48 V.

In order to analyze the influence of the components on the output current and voltage,
the sensitivity of the circuit parameters is analyzed. As shown in Figure 14, it is the
normalized output with varying normalized parameters. In addition, it can be seen from
Figure 14a that L; has no effect on the output current in constant-current mode, and the
values of Ct and Cg3 can be used to adjust the output current. Therefore, the design freedom
of the loosely coupled transformer is improved.
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Figure 13. The curves of Gy(f) and G;(f) versus driving frequency.

= 1.2 5 1.2
A —Li —Zi/l & Li—M
= —Cr —1L: 5 —Ca —L
3 s 8 ok
g g
5 10 2 10
- LU B e e ——
10— N
E :
=2 =
[ =]
g S 0.8
08 Z 708 1.0 1.2
Z 0.8 1.0 1.2 .

Normalized Parameter Normalized Parameter

(a) (b)

Figure 14. Normalized output with varying normalized parameters. (a) The curves in CC mode;
(b) the curves in CV mode.

It can be seen from Figure 14b that the variations of L; are not sensitive to the output
voltage in constant-voltage mode.

As shown in Figure 15, it is the composite shielding structure of magnetic coupler.
The first layer of the shielding structure on the receiving coil side of the magnetic coupler
is ferrite, the second layer is nanocrystalline strip, and the third layer is aluminium foil. As
shown in Figure 16, it is the cross-sectional magnetic flux density cloud images of different
shielding structures.

Aluminum foil

Nanocrystalline strip

7

Ferrite Air Receiving coil
\ <— Transmitting coil
Figure 15. Composite shielding structure of magnetic coupler.

The traditional shielding layer structure can be divided into two types, one is a single-
layer shielding structure composed of ferrite, the other is a double-layer shielding structure
composed of ferrite and aluminium plate. Compared with the double-layer shielding
structure, the magnetic flux density in the air of single-layer shielding structure is higher.
The double-layer shielding structure effectively reduces the magnetic field distribution
in the non-working area, but the magnetic field in the working area is also reduced. The
thickness of the iron-based nanocrystalline strip is 26 um, the resistivity is 137 p(3-cm, and
the saturation magnetic induction is as high as 1.6 T.
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(b)

Figure 16. Cross-sectional magnetic flux density cloud images of different shielding structures. (a)

Single-layer shielding structure; (b) double-layer shielding structure; (c) composite shielding structure.

In the composite shielding structure, the magnetic field in the non-working area above
the receiving coil decreases and the magnetic field in the working area increases. For the
double-layer shielding structure, the shielding effect at 240 mm outside of the magnetic
coupler is increased by 14.85%, and the coupling coefficient is increased by 28.64%. When
the composite shielding structure is adopted, the shielding effect at 240 mm outside of
the magnetic coupler is increased by 20.32%, and the coupling coefficient is increased by
37.86%. The parameters of different types of shielding structures for receiving coil, are
shown in Table 1. Moreover, the flow chart of parameter design is shown in Figure 17. As
long as the values of self-inductance and mutual inductance are determined in the single-
switch WPT system, the compensation network parameters can be designed according to

the flow chart, and the method is universal.

Table 1. Parameters of different types of shielding structures for receiving coil.

Magnetic Coupler Parameter Value
single shield magnetic coupler Thickness of ferrite 2.5 mm
. . Thickness of ferrite 2.5 mm
double shield magnetic coupler Thickness of aluminium plate 2 mm
Thickness of ferrite 1 mm
composite shield magnetic coupler Thickness of aluminium foil 0.1 mm
Thickness of nanocrystalline strips 26 um

| Give the values of D, Dy, f, Ri, Ude, UL, I |

v

| Determine E: by formulas (14)-(17) |

| Calculate Cai, Cs2, C, L by formulas (1)(7) |
|

<

Scan the ucp(t) under different Cr values in
simulation

The peak value of
ucp(t) equal to E?

Determine the value of Cp |

End

Figure 17. Flow chart of parameter design.
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5. Experimental Verification

The experimental platform is built through the experimental parameters in Table 2,
due to the variation of self-inductance and mutual inductance in different shielding struc-
tures. The values of compensation capacitances should be different, and the compensation
network parameters given in Table 2 are only designed on the basis of composite shielding
structure. Here, it should be explained that the rated power experiment is only conducted
in the composite shielding structure. Due to the changes of self-inductance and mutual
inductance under other shielding structures, the output power will also change.

As shown in Figure 18, the experimental platform mainly includes the primary circuit,
secondary circuit, magnetic coupler, oscilloscope, and electronic load. The theoretical anal-
ysis can be verified through the experimental platform. Q is SiC MOSFET (CGE1M120080),
and the secondary rectifier diodes are DPG30C300HB. The system is powered by a dc
voltage source. Metallized polypropylene film capacitors (CBB) are used as compensation
components. The STM32F103 is used to generate switching signals for the inverter. The
transmitters and the receiver were wound using Litz wires. The mutual inductance and
self-inductance were measured by the Agilent 4263B LCR meter. The rocker switches
S1 and Sy are used to switch the compensation networks to achieve the constant-current
output or constant-voltage output.

Due to the limitation of the experimental conditions, the battery is replaced by the
electronic load as the load. The electronic load (IT8616) can be used to change the resistance
load to verify the output characteristics of the proposed topology.

Table 2. Experimental parameters.

Symbol Definition Value
Uge Input DC voltage 9% V
Cp Resonant capacitance at the primary-side 64.5 nF
Lp Inductance of the transmitter coil 29.6 uH
Ls Inductance of the receiving coil 29.6 uH
M Mutual inductance between Ly, and Lg 11.53 uH
Cs1 Resonant capacitance at the secondary-side 86.6 nF
Cs2 Resonant capacitance at the secondary-side 363.4 nF
Cs3 Resonant capacitance at the secondary-side 202.4 nF
Ly Resonant inductance at the secondary-side 17.3 uH
f Operating frequency 85 kHz
D Duty cycle 0.5
Dzvys ZVS margin 0.05

Y
W
VA

I\ Electroni

Figure 18. Exterior appearance of the proposed WPT prototype.
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The control flowchart of the proposed WPT system for the CC and CV modes is shown
in Figure 19. Here, 1, is the critical reference voltage at the conversion point between the
CC and CV modes and Iy, is the lower limit of the output current. When the sampling
voltage u, is lower than the reference value u,, the switching signals are generated to
drive the MOSFET (Q), and the system is then in the CC mode.

When the sampling value u, is higher than or equal to the reference value u.¢, the CV
mode is selected. With the load R}, increasing in CV mode, the output current decreases
gradually. Considering the possible problems (high current or high voltage spikes) caused
by the transition point, a switching method is proposed here to avoid the problems. A
short period of time before and after the mode convention point, the PWM signal of Q is
closed. Although it causes a short charging pause, for a few hours of the real charging
process, this effect can be ignored.

In the experiments, the variation of the load resistance is 6-12 () in constant-current
mode, and the variation of the load resistance is 12-24 () in constant-voltage mode. In
order to verify that ZVS can be realized in the experiments, the ZVS waveforms were
measured under the minimum and maximum load conditions. From Figure 20, the ZVS
margin is 6.2% when Ry, is set as 6 (2, and the ZVS margin is 4.76% when Ry, is set as 24 Q).
The design of ZVS margin ensures the ZVS of switch Q.

I >
The circuitis in Obtain the voIta%$ saméoling
constant-current mode value uoon the loa

T

S1 and S2 are turned on

4

S1 and S2 are turned off

»
Lt

A4

The circuit is in constant-
voltage mode

¢

| Qs closed |

A\ 4
End

Figure 19. Control flowchart of the proposed WPT system for the CC and CV modes.

As shown in Figure 21, the performance of the proposed WPT system is tested when
the load is suddenly changed. In Figure 21a,b, it can be found that the proposed WPT
system can maintain a constant output current in the CC mode and a constant output
voltage in the CV mode. Figure 22 gives the measured output currents and voltages versus
the load. As shown in Figure 23, the maximum efficiency is 91.4% in CC mode, and
the maximum efficiency is 90.2% in CV mode. As the current flowing through the coils
increases when switching from the CC mode to the CV mode, the loss increases. Therefore,
the efficiency sags at the mode transition.
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Figure 20. ZVS waveforms under the minimum and maximum load conditions. (a) ZVS waveform
of Q when Ry, = 6 Q); (b) ZVS waveform of Q when R, =24 Q).
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Figure 21. Dynamic performance of the proposed WPT system. (a) In CC mode, when the load
changes from 6 to 12 ); (b) in CV mode, when the load changes from 12 to 24 Q).
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Figure 22. Measured output characteristics versus the load.

As shown in Table 3, the performance of the work in this paper is compared with
other existing single-switch circuit based WPT. It can be seen that the proposed topology
with the composite shielding structure can achieve higher efficiency.
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Figure 23. Diagram of efficiency versus the load.
Table 3. Performance comparison of single-switch.
Reference  Input Voltage Output Power CC/ICV Coupling Maximum
P 8 P Coefficient Efficiency
Proposed 9% V 192 W CCand CV 0.39 91.4%
[13] 150 V 60 W CCand CV N/A 78.2%
[14] 5V 11w cv 0.564 86.4%
[15] 48V 350 W Ccv 0.30 87.1%

6. Conclusions

This paper presents a novel hybrid compensation topology of single-switch circuit
to realize the constant-current and constant-voltage output. The properties of topology
are verified by the experiments. Here, the output current is 4 A in constant-current
mode, the output voltage is 48 V in constant-voltage mode, and the maximum efficiency
is 91.4% in CC mode. It is simple to control the constant-current and constant-voltage
output by changing the compensation network. In addition, soft-switching can be realized
to reduce the switching loss. The proposed topology can be used as a battery charger,
which has a good application value. The magnetic coupler adopts a composite shielding
structure composed of ferrite, nanocrystalline strip, and aluminium foil. The advantages
of the composite shielding structure in reducing the magnetic flux leakage are verified
in simulation. Furthermore, the coupling effect between the coils is no less than the
double-layer shielding structure.
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