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Abstract—The full-bridge can further improve the output power  inverter, and single-switch LC-resonant circuit, have emerged.
through parallel inverters. The inverter output voltage of single-  The topology of single-switch LC-resonant circuit is shown in
switch LC-resonant circuit is a combination of trapezoidal wave Fig. 1. Compared with the full-bridge circuit and half-bridge

and half-sine wave; there is no relevant research on parallel con- euit [221-12 he sinel ich .. d
nection of single-switch LC-resonant circuit. Therefore, this article circuit [22]-[25], the single-switch LC-resonant circuit avoids

presents a novel input-parallel single-switch LC-resonant circuit; shoot-through of power switches, and the reliability of the WPT
this topology adopts switchable secondary networks for constant-  system is improved.

current (CC) and constant-voltage (CV) output, and prevents In order to provide high and extendable power levels for
shoot-through of power switches. The decoupling between trans- WPT system, the inverters can be in parallel [26]-[28] or in

mitters simplifies the analysis and calculation. The input-parallel . . .
structure avoids the unbalanced input voltage of each inverter S¢T1€S [29]. Each inverter structure has the same input dc voltage

and improves the stability of the wireless power transfer system. throughparallel connection, and the output power is increased by
CC and CV output modes can be achieved by controlling one increasing the output current of inverters. For the series inverters
relay without adding dc—dc converters or changing the switching  s¢ructure in [29], the output power can be increased by increasing
frequency. This article includes decoupling equivalent analysis of the input voltage, in order to achieve input voltage sharing, the

coils, topologies analysis of CC mode and CV mode, calculation dividi : . dd le adi
of equivalent input ac voltage source, design of magnetic coupler, 1viding capacitor suppression, and duty cycle adjustment are

and circuit parameters. Finally, a 1-kW experimental prototype is adopted. However, the unbalanced input voltage of each inverter
built to verify the theoretical analysis; the maximum efficiency can  module increases the complexity of system analysis. At present,

reach up to 92.5%. the parallel or series structure of inverters is mostly based on

Index Terms—Constant-current (CC), constant-voltage (CV), full-bridge; the full-bridge circuit has the risk of shoot-through
input-parallel, single-switch, wireless power transfer (WPT). problem, which reduces the stability of the WPT system.

Increasing output power by parallel cascading single-switch

L. INTRODUCTION LC circuits is proposed in this article. In addition, according to

) the coils structure in the WPT system, the circuits with multiple
ITH THE. development. of wireless power transfer transmitting coils [30], [31] or multiple receiving coils [32]-[34]
v (.WPT)’ this technology is gradually coming into peo- ¢4 be divided into two types, one is decoupling among coils,
ple' § Vision. The WPT.technology has th.e advantages of §afer, the other is coupling among coils. The multiple transmitters
reliability, z'lnd'convemence (1], [2], which can be used in Q1f- corresponding to a single receiver have higher efficiency than
ferent appllcatl(?ns. For example, there are w1reless. charging  (he single transmitter corresponding to a single receiver [35],
for electric vehicles [3]-[8], drones [9], [10], and implanted [36]. In [31], a method of data-driven modeling for a class of
biomedical devices [11]-[13]. In the WPT system, the topolo-  yyjtiple-transmitter single-receiver WPT system is proposed;
gles are mam'ly d“’ld?d 1nto full—brldge inverter, half—br1dge M- the cross-couplings among the transmitting coils make the analy-
verter, apd bridgeless inverter topologl'es. The bridgelessinverter g and design more complex. The mutual decoupling of the coils
topologies [14]-[21], such as Class-E inverter, Class EF (or E/F) .1 reduce the complexity of analysis [37]-[39]. The double-D
quadrature pad or bipolar pad (BP) can realize the magnetic
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Fig.2. CC and CV charging curves of a lithium-ion battery.

This article proposes an input-parallel structure based on the
single-switch LC-resonant circuit, which can improve the output
power, and avoid shoot-through of power switches in this topol-
ogy. In addition, the battery charging generally adopts constant-
current (CC) charging and constant-voltage (CV) charging [44],
[45]. In order to achieve CC output and CV output, there are
generally three methods. The first method is to add dc/dc con-
verter behind the secondary-side rectifier; the CC output and CV
output are controlled [46], [47]. The second method is to change
the switching frequency of MOSFETS in the inverter bridge; the
double-sided LCC compensation network is proposed in [48];
the CV/CC output can be realized by changing the switching
frequency without changing the circuit parameters; and this
topology is suitable for wireless charging of batteries. In the
single-switch circuit, P-CLCL compensation network and fre-
quency modulation control are used to achieve high-precision
CC output and CV output [49]. The third method is to control
the working state of MOSFETS or relays; such switching hybrid
topologies were studied to achieve CC output and CV output
[50]-[52]. In order to reduce the cost of the circuit and keep the
resonant frequency unchanged, this article proposes a method
to realize CC and CV output by switching the compensation
network only at the secondary side in the proposed input-parallel
topology based on single-switch LC-resonant circuit.

The CC and CV charging curves of a lithium-ion battery are
shown in Fig. 2, the Ic¢ is the charging current in CC mode,
the Vv is the charging voltage in CV mode, and the /.., is the
cut-off charging current. I is the variation trend of the battery
current, and Vg is the variation trend of the battery voltage.

As shown in Fig. 3, itis the proposed input-parallel topology
based on single-switch LC-resonant circuit. Compared with the
traditional single-switch LC-resonant circuit, the novel topology
can make the output power larger. In this article, the BP pad
is selected as the transmitters and the rectangular coil is used
as the receiver. The BP pad consists of two identical partially
overlapped coils that are mutually decoupled; the cross-coupling
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circuit.

Proposed input-parallel topology based on single-switch LC-resonant

between the transmitters would be small enough to be ignored.
Besides, the analysis and calculation of the WPT system are
simplified. The compensation networks can be switched through
the relay to achieve CC output or CV output, and the control
method of CC and CV is simpler than the method of changing
the switching frequency of MOSFETS.

The rest of this article is organized as follows. The decoupling
equivalent model of primary coils and secondary coil is ana-
lyzed, and the compensation networks of CC mode and CV mode
are analyzed in Section II. In Section III, the equivalent input ac
voltage is calculated theoretically, zero-voltage switching (ZVS)
margin is designed, and then the CC and CV gain curves and the
sensitivity of circuit parameters are analyzed. In Section IV, the
magnetic coupler and circuit parameters are designed. A 1-kW
experimental prototype is built to verify the theoretical analysis
in Section V. The output current is 6.5 A in CC mode, and the
output voltage is 155 V in CV mode; the output characteristics
of CC mode and CV mode are analyzed, respectively. Finally,
Section VI concludes this article.

II. ANALYSIS PRINCIPLE AND COMPENSATION NETWORK

The proposed input-parallel topology based on single-switch
LC-resonant circuit is shown in Fig. 3. The primary side can be
regarded as two identical traditional single-switch LC-resonant
circuits in parallel. Q; and Qs are power MOSFETs in their
respective single-switch LC-resonant circuit. Cp; and Cpy are
the capacitances of the compensated capacitors. LCT is loosely
coupled transformer, and Lp; and Lps are the self-inductance
of the transmitting coils, which are partially overlapped to form
the BP coil. Lg is the self-inductance of the receiving coil, the
secondary side is LCL/S compensation networks, Cs; and Cgs
are capacitances of the compensated capacitors, and L, is the
inductance of the Sendust core inductor. K is the single-pole
double-throw (SPDT) relay, and K is used to switch different
compensation networks for CC and CV output. Logic control
of SPDT relay is shown in Fig. 4; “a” and “b” are normally
closed contact and open contact of SPDT relay. When the relay
K and capacitor Cg; are connected, the secondary side can be
regarded as LCL compensation network, and the circuit works
in CC mode. When the relay K and capacitor Cgz are connected,
the secondary side can be regarded as S-compensation network,
and the circuit works in CV mode.
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Fig. 6. Equivalent analysis between the transmitters and the receiver.

A. Decoupling Equivalent Analysis of Coils

For the proposed input-parallel topology based on single-
switch LC-resonant circuit, in order to get the accurate resonance
relationship among the components, it is necessary to analyze
the decoupling equivalent model between the transmitting coils
and the receiving coil. The coil structure is shown in Fig. 5.

The equivalent analysis between the transmitting coils and
the receiving coil is shown in Fig. 6. As shown in Fig. 6(a),
Mg is the mutual inductance between Lp; and Lg (i = 1, 2);
the mutual inductance between the transmitting coils would be
small enough to be ignored (M1 = 0). Since the primary-side
circuits are in parallel structure, when the switching frequencies
of two MOSFETs are the same, the input voltages of the two
compensation networks would be equal. The BP pad consists
of two identical and partially overlapped coils, when the mutual
inductances between the transmitters and receiver are assumed
to be identical, M = Mg = Msg; Fig. 6(a) can be simplified as
shown in Fig. 6(b). In Fig. 6(b), the variables u;, us, and us are
the coils voltages of Lpy, Lpo, and Lg. i1, i2, and i3 are the coils
currents of Lpy, Lpo, and Lg, respectively.
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Fig. 7. T-type equivalent network.

According to Kirchhoff’s voltage law (KVL), the matrix
equation in Fig. 6(b) can be obtained as follows:

ijpl 0 ]CUM il (751
0 JjwLlpy jwM |- |iz| = |u2 (1)
JwM  jwM  jwls i3 us
us can be expressed as follows:
uz = jw (Ls — M) iz + jwM (i1 + iz +1i3) . ()

Since u1; = us, Lp1i1 = Lpsis, and i1 and is can be expressed
asio = fi; 11014 = é—:ig, the relational expressions between
the current and voltage can be derived as shown in (3) at the
bottom of this page.

According to the relationship among w1, us, and us3 in (3),
T-type equivalent network is shown in Fig. 7. The decoupling
equivalent model is shown in Fig. 7(a). Since the BP pad is
composed of two identical and partially overlapped coils, Lp =
Lpy = Lpo, Fig. 7(a) is equivalent to Fig. 7(b). The equivalent
network in Fig. 7(b) provides the basis for the analysis of the
compensation networks.

B. Analysis of CC Mode and CV Mode

In this article, the relay K in the secondary side is used to
switch the compensation networks for CC output and CV output,
respectively. When the proposed WPT system works in CC
mode, the relay K and resonant capacitor Cg; are connected, and
the resonant capacitor Cgss is in open-circuit state. The equivalent
model in CC mode is shown in Fig. 8; the output ac equivalent re-
sistance is defined as R.q4. By applying Thévenin’s and Norton’s
theorems, the structure of Fig. 8(a) can be simplified as shown
in Fig. 8(c). When the circuit works in the CV mode, the relay
K and resonant capacitor Cgo are connected, and the resonant
capacitor Cg; is in the open-circuit state. The equivalent model
in CV mode is shown in Fig. 9. As shown in Fig. 9(a), when
the value of Cgy is sufficiently large, the parallel connection of
Ly and Cs can be regarded as an equivalent capacitance C'.
Finally, the structure of Fig. 9(a) can be simplified as shown in
Fig. 9(c).

jeo (Lin = M = M) 0
0 jeo (Lpz = M — M2z
0 0

0 GwM i w
12
) 0 jwM|- =] 3)

u3

jw(LS—M)jwM i1+ 19 + 13
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For the convenience of illustration, the equivalent inductance Vas 1!V DzvsT—|
Leq = Ls-2M?/Lp is defined. As shown in Fig. 8, the following 0 DT =
conditions should be satisfied in CC mode: Vos gV ]
2 _ _ _ 0
w (LS —2M /Lp) == wli = wLleq () ]
wlisy [Lpl/A S
where w is the resonant angular frequency of the system, w = 0 e N
27f, and the system’s frequency is set at f = 85 kHz. /A ] —
As shown in Fig. 8, the load-independent output current can 01 N
be expressed as E
p VCpl/VO i \
s o, 5 | N
° " jw(LpLs —2M?2)’ VeV, \\//-
It can be seen from (5) that L; has no relationship to the output
current in CC mode. As shown in Fig. 9, the following conditions 0 hty Gl !
should be satisfied in CV mode: Fi .
ig. 10. Relevant voltage and current operating waveforms.

jwlc’ = jwlcsg / /3wl
w(Lg —2M?/Lp)

(6)

{

where the symbol “//” represents the parallel connection of
impedance.

The load-independent output voltage can be expressed as
follows:

1
oo = whleq

L]
e 2MVin
V = — 7
o In (7
III. CALCULATION OF EQUIVALENT INPUT VOLTAGE SOURCE
AND ANALYSIS OF VOLTAGE GAIN

Due to the unique structure of single-switch LC-resonant cir-
cuit, the waveform of equivalent input voltage source is different
from that of full-bridge circuit. When the MOSFETS or their body
diodes are turned ON, the voltage values of Cp; and Cps will
be clamped in the value of input dc voltage source. When the

MOSFETs work at the blocking state, the voltage waveforms of
Cp1 and Cpy are determined by the resonant network.

A. Calculation of Equivalent Input AC Voltage Source

The relevant voltage and current waveforms are shown in
Fig. 10, Vgs 1 and Vgs g2 are the driving signals of the
switches Qq and Qo, respectively. i7,,1 and iy, o are the currents
of the transmitting coils. Vgp1 and Vo are the voltage values
of Cpy and Cps.

Since the equivalent ac voltage source input to the resonant
networks is determined by the voltage waveforms of Cp; and
Cpo, it is necessary to calculate the value of equivalent input ac
voltage source.

The voltage waveform of Cp; or Cps is shown in Fig. 11.
As shown in Fig. 11(a), 0-#5 is one operating period, V. is
the input dc voltage, and vcpmax 1 the peak resonant voltage
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Fig. 11.  Voltage waveform of Cp1 or Cp2. (a) Continuous voltage waveform.

(b) Equivalent voltage waveform in one operating period. (c¢) Simplified voltage
waveform in one operating period.

of Cpy or Cpy. To reduce the switching loss, it is necessary to
ensure that Q; and Q2 canrealize ZVS. ZVS margin is designed,
Dyyvs represents the ZVS margin, and D is the duty cycle. There
are three stages in one operating period, the Q; and Qs are in
forward-conducting state during O to #;, and the voltage values
of Cpy and Cpo are Vy.. The Q1 and Q- are in blocking state
during the #; to 4, both Cp; and Cpo are in the resonant state,
and the voltage waveform is similar to a sine wave. The Q; and
Q2 are in reverse-conducting state during the #4 to 75, and the
voltage values of Cp; and Cpo are V.

In fact, the proportion of #;—#, and #3—f4 in one operating
period is small. For the convenience of mathematical analysis,
the voltage values of these two periods can be approximately
equal to V.. As shown in Fig. 11(b), it is the equivalent voltage
waveform in one operating period. The voltage waveform of
t3—t5 in Fig. 11(b) is shifted to the left before #». Finally, the
voltage waveform of Cp; or Cps in one operating period can
be simplified as shown in Fig. 11(c). For the convenience of
analysis, V cpmax = E is defined. u ¢y, () in one operating period
can be expressed as follows:

uenlt) = {

 can be expressed as follows:

Vbe
—FEsin (w1t + @)

(0 <t<t,)

ta<t<ty) &

—lawy

p= - 180°. 9)
™

Assuming At = 14-t3 = to-t;, At can be expressed as follows:

T - arcsin (VEC )

At (F) = 10
(E) 180° - wy (19)
The angular frequency w; can be expressed as follows:
m m
wy (B) = (11)

ts—t; (1—D— Dyys)T — 2At(E)

As Cp; and Lp, are in parallel, the average voltage of inductor
is zero in one operating period, which is called volt—second
balance. As shown in Fig. 11(c), the functional equations of
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E can be written as
fl(E) = Vie - [(D -+ Dzvs) T+ 2At(E)} (12)
f2(B) = 5 - [(1 = D — Dzys) T — 2A¢(E)] .
According to (12), the value of E can be calculated as
2Vae (D + D T+ 2AHE

(1 =D — Dzys) T — 2At(E)

In order to obtain the fundamental component of equivalent
input ac voltage source, the voltage waveform in Fig. 11(c) can
be decomposed by Fourier series

a1 = 2 [, Vaesin(wt)dt+2 f
sm(w1t + ) sm(wt)dt
=% fo Ve cos(wt)dt+2 f
sm(wlt + ) cos(wt)dt

Co =7 fO Vdcdt+ f

(14)

) sin(wyt + ¢)dt

where ¢, is the dc voltage component contained in the waveform.
Through Fourier decomposition of u ¢, (¢), the fundamental com-
ponent of u ¢ (7) is defined as Ej.

E1 == \/a%—l—b%.

In this article, the partial voltage waveforms of Cp; and Cp2
are treated as sinusoidal waveforms. To ensure the realization
of ZVS, Dyzvs = 9% is designed in this article, the duty cycle
D = 0.5 remains unchanged, the input dc voltage is 155 V. The
intersection point of function f;(E) and function f>(E) can be
obtained by the Mathcad software, which is the peak resonant
voltage of Cpy or Cps. The diagram of f; (E) and f>(E) is shown
in Fig. 12, and the intersection point is 442V, which means E =
442 V.

Theoretically, the maximum voltage stress on Q; or Q5 should
be the sum of the input dc voltage and E. Therefore, when the
input voltage Vg, is 155 V, to achieve 9% ZVS margin, the
maximum voltage stress on Q7 or Qo should be about 597 V.
Formula (15) is calculated by the Mathcad software, and the
fundamental component E; of equivalent input ac voltage source
is about 253.2 V. The above analysis provides a basis for the
specific values of Cp; and Cpo.

15)
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B. Analysis of Voltage Gain and Current Gain

After the parameters of compensation network are deter-
mined, according to (5) and (7), when the coupling coefficient
k = 0.31, the 3-D diagrams of the output current in CC mode
and the output voltage in CV mode changing with Lp and Lg
can be obtained. From Figs. 13 and 14, the value ranges of Lp
and Lg can be obtained for the required output parameters.

Besides, when the parameters of compensation network are
determined, the expressions of voltage gain and current gain can
be obtained. According to Fig. 8(b), the total impedance Z; and

the total current J; can be expressed as follows:

o Regtjwly
Z1 = jwLeq + jwCs1(Roq+jwL1)+1 (16)
7, = 2MVy,
1 LpZ, °

The output ac equivalent resistance R.q can be expressed as
follows:

R, = 3R
o e (17)
RB - E

where Rp is the load resistance; the output current of the com-
pensation network can be calculated as

1: _ 11
° 14 jwCs1 (Req + jwL1)’

(18)
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The output current /g and current gain G¢c in CC mode can
be expressed as follows:

19)

where i, is the peak value of ac current before the full-bridge
diode rectifier. The output power P,; in CC mode can be
expressed as

P, = Iz’Rg. (20)

Similarly, according to Fig. 9(b), the total impedance Z,
and the output voltage of the compensation network can be
calculated as

ZQ = jWLeq + ﬁ + Req

e 2M‘}inReq
VO - LvZ-

ey

The output voltage Vi and voltage gain Gy in CV mode can
be expressed as follows:

Vi — T
S (22)
GCV - Vfc

where v, is the peak value of ac voltage before the full-bridge
diode rectifier. The output power P,o in CV mode can be
expressed as

Vg2

P02:7

e (23)

In the WPT system, the power losses are mainly concentrated
in the transmitting and receiving coils, inductor, MOSFETs, and
rectifier diodes; the efficiency 7 of the system is expressed as

_ Po
{77 T PeoutIpi?rritras(Iqi®+Iq2?)+2Vala+P, (24)

2 2 2
Pcoil = IPl Tp1 + IP2 T'p2 + IS Ts

where P, represents the output power in CC or CV mode,
and P..; is the total loss of the coils. Ipy, Ips, Ig, and Iy
are the currents of two transmitting coils, the receiving coil,
and inductor Ly, respectively. rp1, 7p2, s, 7ds, and rp; are the
parasitic resistances of the transmitters, the receiver, MOSFETS,
and inductor L, respectively. Iq1, Iq2, and Iy are the currents
of Q1, Qo, and the rectifier diodes, and Vj is the forward voltage
drop of the rectifier diode

: v
Ip1 = o —; z
. M
T1>1+JWLP1+WZ7SIS
. .
_ Vi
Ip2 = = w2 Mag?

(25)

rp2tjwlpa+ 7
o N
_ 2MViy,
Is1 = Ly Zy
2MViy
Lp Zs

Is2 =

where Zg is the total impedance of the secondary-side, and /g1
and /g9 are the currents of the receiving coil in CC mode and
CV mode, respectively.
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The total impedances of secondary side are defined as Zg;
and Zgo in CC mode and CV mode, separately.
. Reoq+jwL
ZSl - ](JJLS + jUJQSlL(IgquFleL’l)JFl
ZSQ = ijS + 41752211032 + Req'

(26)

The currents of the rectifier diodes, the inductor L;, and
MOSFETs can be expressed as

Igr= /1 o i (H)dt =~ Toz

R . 2MVyy
Tar =11 = m (27)
Ta2 = Is2

— Iso
Iri2 = 1-w2L;Cso

where 147 and I35 are the currents of the rectifier diodes in CC
mode and CV mode, I,1; and I,1> are the currents of inductor
L1 in CC mode and CV mode, and iq; (?) is the current on switch
Qi.

According to (19) and (22), the curves of Gcoe and Gy versus
driving frequency can be drawn. As shown in Fig. 15, it can
be seen that the current gain Goc remains unchanged at k =
85 kHz when Rp changes from 10 to 50 €2, the G is 0.042 at
k = 85 kHz, which means when the input dc voltage is 155 V,
the output current will be 6.5 A. The current gain is smaller in
higher harmonics. As shown in Fig. 16, it can be seen that the
voltage gain Gy remains unchanged at k = 85 kHz when Rp
changes from 10 to 50 © and Gy is 1 at k = 85 kHz, which
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in CC mode when Ry is set as 24 Q. (b) Curves in CV mode when Rg is set as
24 Q.
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Fig. 18.  Sizes of the transmitters and the receiver.

means when the input voltage is 155 'V, the output voltage will
be 155 V.

The BP pad is composed of two identical and partially over-
lapped coils. In order to test the influence of compensation
parameters on the output, the sensitivity analysis of the system
is carried out. As shown in Fig. 17, it is the normalized output
with varying normalized parameters when Ry is set as 24 (). As
shown in Fig. 17(a), it can be seen that the variation of L; has
no relationship to the current gain in CC mode. As shown in
Fig. 17(b), it can be seen that the variations of L; and Lg are not
sensitive to the output voltage in CV mode. From Fig. 17, the
circuit parameters can be better designed.

IV. PARAMETER DESIGN OF THE PROPOSED CIRCUIT

In this article, the BP pad is selected as the transmitters; the
sizes of the transmitters and the receiver are shown in Fig. 18.

From Fig. 18, the BP pad consists of two identical square
coils, the side length of each square coil is 155 mm, all coils
are made of Litz wires, and the outer diameter of the wire is 3
mm. In practice, the overlap between the two transmitting coils
is adjusted to ensure zero mutual coupling between them. As
shown in Fig. 18(c) and (d), when the overlap reaches 53 mm,
decoupling of overlapped coils can be achieved.

The model of the magnetic coupler is shown in Fig. 19, and
the designed dimensional parameters of magnetic coupler are
shown in Table I.
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Fig. 19.  Model of the magnetic coupler.

TABLE I
DESIGNED DIMENSIONAL PARAMETERS OF MAGNETIC COUPLER

Parameters Values
Turns per coil Np1:10, Npy:10, Ns:8

Air gap distance 30mm
Lp; coil dismensions 155mmx*155mm>*3mm

Lp; coil dismensions 155mmx155mmx3mm

Ls coil dismensions 257mmx155mmx*3mm
Primary ferrite dismensions 257mmx50mmx I mm
Primary shield dismensions 267mmx160mmx0.2mm
Secondary ferrite dismensions 257mmx50mmx I mm

Secondary shield dismensions 267mmx160mmx0.2mm

TABLE II
ESSENTIAL PARAMETERS OF THE WPT SYSTEM

Symbol Definition Value
Upc Input DC voltage 155V
f Operating frequency 85kHz
Iy Output current in constant-current mode 6.5A
Vs Output voltage in constant-voltage mode 155V
Py Output power 250W-1kW

The essential parameters of the WPT system are shown in
Table II. The voltage waveform of Cp; and ZVS conditions are
analyzed in Section III-A. When the input dc voltage is 155 V, if
9% ZVS margin is realized, the maximum voltage stress on Q;
or Qo should be about 597 V. The theoretical analysis provides
a basis for the values of Cp; and Cpo. As shown in Fig. 21, the
SABER software can be used to scan the Vps_q1 waveforms
under different Cp; values. With the increase of Cp; values,
VDS_Q1imax 18 decreasing, and the ZVS margin becomes smaller
until the ZVS margin disappears. From Fig. 20, when Cp; =
57.50F, Vps_Qimax 1s close to 597 V in CC mode, and the ZVS
margin is approximately 8.1%, which is close to the designed
value in Section III-A.

Fourier decomposition diagram of the voltage V ¢y is shown
in Fig. 21; the values of the calculation and the simulation results
match well and thus validate the correctness of the theoretical
analysis in Section ITI-A.

In addition, the influence of Cp, values on the Vpg_q1 wave-
forms can be analyzed qualitatively; the simplified circuit model
is shown in Fig. 22.
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Fig. 21.  Fourier decomposition diagram of the voltage V1 in CC mode.
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Fig. 23.  Waveforms of the operation states.

The total input impedance Zr; in CC mode can be expressed
as

{ZX = (Req —I-_]le) //jwés1 -I-jLU(LS - MlS)
Zr1 = Zx//jwMis + jw(Lp1 — Mis) = Rr1 + jwlry.
(28)
The waveforms of the operation states are shown in Fig. 23. It
can be seen that iz, (t1) = 0, the charging time of Lt equals to
D1 T, and it should be noted that D < D.ir,,(#;) can be expressed
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as follows:
o Vdc
Ry

irp1(t) (1 - e}EEt> (ty <t<ty). (29)

When the driving signal of Q; turns OFF at to, the Cpy, L1,
and Rt; will have zero input response; the state equation of
vps_qi1(#) and iz, (¢) can be expressed as

d .
—Cp1 Uccftl(t) = irp1(t)

vep1 (1) = H(Dy) - e cos [wat + ¢(D1)] (t2 <t < tg)

vps_q1(t) = —vep1 (t) + Ve
(30)
where the coefficients a, wq, H, and ¢ can be written as
_ R
0= 9L
1 Rri2
wWd Lt1Cp1 4qu~112 31)
ipp1(P1T) 2
7+Vdca
H(Dl) = \/Vdc2 + ( Cledz )
H(D1)

o(D71) = — arctan

Vac

From Fig. 23, the switch Q; is in reverse conducting state
during the 76—t7. At time t7, the drive signal of Qq arrives, and
the switch Q; realizes ZVS.

{inl(t7) <0

vep1 (t7) = Vie. (32)

There are three stages in one operating period: the conduction
time of Q; (0-72), the time of zero input response (t2—fg), and the
time of ZVS margin (f6—t7). When the switching frequency of
Q1 is 85 kHz, the duty cycle D is 0.5, the Dy is 0.09, the time
of zero input response is (tg—t2) = (1-D—Dzyg) T = 4.82 X
107% s. As the value of E has been calculated as 442 V by (13)
in Section III-A, the maximum voltage stress on Q; should be
about 597 V.

To get the exact value of Cp1, the values of i7,,1(D11) and Cp;
can be iterated in the Mathcad software until the two conditions
are met.

1) The value of izp1(D17) in (31) can be changed to make

the peak value of vpg_q1(?) equal to 597 V.
2) The value of Cp; can be changed to make vps 1 (4.82
x 107%) equal to zero.

According to (30), the waveform of vps_q1(#) can be drawn as
Fig. 24; the Cp; can be calculated as 56 nF; and the qualitative
analysis and the simulation results match well.

Based on above analysis, the parameters of the compensa-
tion network are designed; the actual values of the measured
parameters of the compensation network are shown in Table III.

V. EXPERIMENTAL VERIFICATION

In order to verify the previous analysis and designs, a 1-kW
experimental WPT prototype was configured. The major com-
ponents of the prototype are shown in Fig. 25.

From Fig. 25, the prototype consists of the primary circuit,
loosely coupled transformer, the secondary circuit, electronic
load, oscilloscopes and digital multimeters. Q; and Qy are SiC
MOSFETs (CGE1M120080), and the secondary rectifier diodes
are DPG30C300HB. The system is powered by a dc voltage
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Fig. 24.  Waveform of vps_q1(#) obtained by qualitative analysis.
TABLE III
PARAMETERS OF COMPENSATION NETWORK
Symbol Definition Value
Cpi Resonant capacitance at the primary-side 57.54 nF
Cr, Resonant capacitance at the primary-side 57.51 nF
Lp; Inductance of the transmitter coil 30.12 uH
Lpy Inductance of the transmitter coil 30.08 uH
Ls Inductance of the receiving coil 41.2 uH
p1 Parasitic resistance of Lp; 89 mQ
p2 Parasitic resistance of Lp, 87 mQ
T Parasitic resistance of Lg 108 mQ
Cs; Resonant capacitance at the secondary-side 105.8 nF
Csy Resonant capacitance at the secondary-side 211.6 nF
L, Resonant inductance at the secondary-side 33.38 uH
I Parasitic resistance of L, 132 mQ
Mis Mutual inductance between Lp; and Lg 10.87 uH
Mg Mutual inductance between Lp, and Lg 10.85 uH
Dyys ZVS margin 0.09
D Duty cycle 0.5

e

Digital
Multimeters

Fig. 25.

Sampling circui

Exterior appearance of the proposed WPT prototype.
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Fig. 26. Transmitters and the receiver wound with Litz wires.
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Fig.27. Control flowchart of the proposed WPT system for CC and CV modes.

source. Metallized polypropylene film capacitors (CBB) are
used as compensation components. The STM32F103 is used to
generate switching signals for the inverters and the relay K. As
shown in Fig. 26, the transmitters and the receiver were wound
with Litz wires. The mutual inductances, self-inductances, and
parasitic resistances of the transmitters and receiver were mea-
sured by Agilent 4263B LCR meter. The SPDT relay (953-1C-
12DG-1) in the secondary circuit is used to switch the compensa-
tion networks to achieve CC output and CV output. The control
signals (start/stop) are transmitted from the secondary circuit to
the primary circuit via the wireless module (NRF24L01). Due to
the limitation of experimental conditions, the battery is replaced
by the electronic load as the load.

The control flowchart of the proposed WPT system for CC
and CV modes is shown in Fig. 27, u,¢ is the critical reference
voltage at the conversion point between CC and CV modes, I 1in
is the lower limit of the output current. After the WPT system is
initialized and started, the output voltage Vp and current I are
acquired via the sampling circuits; when the sampling voltage
U, is lower than the reference value u,¢f, the switching signals
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Fig. 28.  ZVS waveforms in CC mode. (a) ZVS waveform of Q; when Rp =
6 2. (b) ZVS waveform of Q2 when R = 6 2. (¢) ZVS waveform of Q; when
Rp =24 Q. (d) ZVS waveform of Qo when Rp = 24 Q.

are generated to drive the two MOSFETS (Qq, Q2), the system
is in the CC mode, and the signal is not sent to drive the relay
K. When the sampling value u, is higher than or equal to the
reference value u,¢, the signal is sent to drive the relay K, and
the CV mode is selected. With the load Rp increasing in CV
mode, the output current decreases gradually. When the output
current I is lower than the I,,,;,,, the control signal is transmitted
from the secondary circuit to the primary circuit via the wireless
module, and the driving signals of Q; and Q2 will turn OFF.

In the experiments, the output power range is 250—1000 W,
the variation of the load resistance is 6—24 2 in CC mode, and
the variation of the load resistance is 24—96 2 in CV mode.
In order to verify that ZVS can be realized in the experiments,
the ZVS waveforms were measured under the minimum and the
maximum load conditions in CC and CV modes.

The ZVS waveforms in CC mode are shown in Fig. 28. The
ZVS waveforms of Q; and Qy are shown in Fig. 28(a) and
(b); when Ry = 6 2, the ZVS margins (AX-f) of Q; and Qo
can be computed as 9.48% and 9.79%, respectively. The ZVS
waveforms of Q; and Q5 are shown in Fig. 28(c) and (d); when
Rp = 24 Q), the ZVS margins of Q; and Q5 can be computed as
8.08% and 8.31%.

The ZVS waveforms in CV mode are shown in Fig. 29. The
ZVS waveforms of Q; and Qy are shown in Fig. 29(a) and
(b); when R = 24 ), the ZVS margins of Q; and Qs can
be computed as 9.28% and 8.98%, respectively. The variation
of Dzyg after switching from CC mode to CV mode is little.
The ZVS waveforms of Q; and Q2 are shown in Fig. 29(c)
and (d); when Rg = 9 62, the ZVS margins of Q; and Qs can
be computed as 7.13% and 6.97%. The design of ZVS margin
ensures the ZVS of switches Qq and Q5.

As shown in Fig. 30, the performance of the proposed WPT
system is tested when the load is suddenly changed. It can be
found in Fig. 30(a) and (b) that the proposed WPT system can
maintain a constant output current in the CC mode and a constant
output voltage in the CV mode.
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Fig. 31.  Measured output characteristics versus the load.

Fig. 31 gives the measured output currents and voltages versus
the load. As shown in Fig. 32, the input parameters are obtained
by the ac/dc digital power meter (PZ9902U), and the output
parameters are obtained by the electronic load (IT8616); the
maximum efficiency is 92.5% when Rg = 24 {2 in CC mode. The
diagram of efficiency 7 versus the load is shown in Fig. 33. As
the current flowing through the coils increases when switching
from CC mode to CV mode, the loss increases, so the efficiency
sag at the mode transition. The maximum efficiency is 91.3% in
CV mode.

Fig. 34.

(2)

(b)

in CC mode. (b) Power loss distribution in CV mode.

TABLE IV
PERFORMANCE COMPARISON OF SINGLE-SWITCH CIRCUIT

Power loss distribution with Rg = 24 €. (a) Power loss distribution

Reference Input DC Output CcC/CvV Efficiency
Voltage Power

Proposed 155V 1000W CCand CV 92.5%
[14] 150V 60W CCand CV 78.2%
[15] 100V 450W CCand CV 90.3%
[16] 5V 1IW CvV 86.4%
[17] 48V 350W (6% 87.1%
[18] 48V 214W (&Y% 86.7%
[19] 35V 27.8W cC 74.8%

The detailed analysis of circuit power loss in both CC and CV
modes is shown in Fig. 34. It can be seen that the loss distribution
changes little in the two modes, and the main loss distribution
of the system is the coils and rectifier diodes.
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As shown in Table IV, the performance of the work in this ar-
ticle is compared with other existing single-switch circuit-based
WPT. It can be seen that the proposed input-parallel topology
based on single-switch LC-resonant circuit can achieve higher
efficiency.

IV. CONCLUSION

In this article, a novel topology of input-parallel structure
based on single-switch LC-resonant circuit with CC output
and CV output is proposed. The parallel structure avoids input
voltage unbalance and simplifies the equivalent circuit model.
It has been verified the output power of the traditional single-
switch LC-resonant circuit can be further increased through
the parallel structure. Besides, the proposed topology prevents
shoot-through of power switches, which improves the stabil-
ity of the WPT system. By decoupling the transmitters, each
inverter drives an independent primary coil to transfer energy
to the common secondary coil; the analysis and calculation
are simplified. CC and CV output modes can be achieved by
controlling one SPDT relay without adding dc—dc converters
or changing the switching frequency of MOSFETs. Finally, a
1-kW experimental WPT prototype was configured; ZVS can
be realized when the load changes from 6 to 96 €2 in the exper-
iments; and the feasibility of the theoretical analysis is verified
by the simulations and experiments; the maximum efficiency
i5 92.5%.
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