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Abstract

Because of its excellent flexibility, security, reliability and convenience, wireless power transfer(WPT) has become a research
hotspot at home and abroad. Currently available WPT technology has the broadest application prospects and can be used in
consumer electronics, household appliances, medical equipment, electric vehicles and many other fields. In low-power wireless
charging systems such as electric bicycles, volume and cost of the receiving side are required to be minimized. However, in
traditional receiving side circuit, compensation network, sampling circuit and wireless communication circuit make it difficult to
reduce the device size and limit further reduction of cost. Aiming at the above problems, a single-switch LC inverter S-S wireless
charging circuit with adaptive constant current (CC) and constant voltage (CV) control by transmitting side sensing load changes
of receiving side is proposed. In this paper, load-independent CC and CV characteristics and relationship between auxiliary coil
voltage and load voltage are derived. The simplest equivalent model of the proposed circuit is developed, the expression for
equivalent input voltage is derived, and the constraints of zero-voltage switching (ZVS) are analyzed. Based on the constraint, an
iterative method of variable duty cycle is proposed, which can accurately find the duty cycle range in which the ZVS can be
realized as well as the peak resonant current in this range, which provides a reference for parametric design of single-switching
circuit. Finally, a 5A/54.6V experimental prototype is built to verify the correctness of the proposed theory.
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1. Introduction

Wireless power transfer (WPT) is currently receiving more At present, the high-frequency inverter circuit of WPT
and more attention and is widely used in various industries  mostly adopts full-bridge inverter circuit, half-bridge inverter
[1-3], such as new energy electric vehicles [4-8], aerospace [9],  circuit and single-switch resonant inverter circuit. For the
wearable device [10], automatic guided vehicles (AGV) [11],  full-bridge inverter circuit, the circuit scheme is mature
autonomous underwater vehicles (AUV) [12] and other fields. [13-16], but there are problems such as complex circuit, high
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cost, complex controlling, low reliability and straight-through
problem between the upper and lower bridge arms of the
circuit. For the half-bridge inverter circuit, this circuit has
been widely used and researched in enterprises and universi-
ties [17, 18]. It has many advantages, such as high gain, high
efficiency and all switches can realize ZVS, but there is also
the risk of straight-through between the upper and lower
bridge arms. And the parameter design is complicated and the
cost is high. The single-switch inverter circuit does not have
the problem of bridge arm straight-through [19]. It has the
advantages of high reliability, low cost and simple structure. It
is very suitable for low power charging occasions, such as
electric toothbrushes, facial cleansing devices, household
lawn mowers and electric bicycles.

In low-power charging applications such as electric bicy-
cles, the coil, circuit and battery package on the receiving side
are relatively compact. At the same time, in consideration of
the cruising range of the electric bicycle, the circuit volume on
the receiving side should be as small as possible [20]. How-
ever, there is currently a lack of research on the simplified
design of the receiving side of the single-switch circuit. Pre-
viously, the receiving side of single-switch circuits used
structures such as LCC [21], CLC [22], and CLCL [23]. This
leads to an increase in components and the size of the circuit
on the receiving side [24]. Based on the LC single-switch
circuit, this paper uses S-S compensation topology to achieve
constant current and constant voltage output, which not only
simplifies the compensation device on the transmitting side,
but also achieves lightweight design on the receiving side.

At present, there are six main methods of switching from
CC to CV. The first is to carry out precise phase-shift control
on the full-bridge circuit through load detection, and realize
the switching from CC to CV by changing the inverter output
voltage [20, 25]. The second is to use relays to switch the
compensation network [21, 25-28]. The third is by changing
the switching frequency [22, 23, 29]. The fourth is to use
variable inductors/capacitors to achieve CC and CV output by
changing the compensation network parameters in real time
[30, 31]. The fifth is through the clamp coil, the inherent CC
and CV output can be realized without wireless communica-
tion [32-34]. The sixth is to control the output voltage by
controlled rectifier [35, 36]. For a single-switch circuit, the
inverter voltage is independent of duty cycle and is only with
the frequency and circuit parameters. There is no way to
achieve phase-shift control like a full-bridge circuit. At pre-
sent, the conversion from CC to CV of a single-switch circuit
is realized by topology switching [21] or frequency switching
[22, 23]. Topology switching and frequency switching both
require wireless communication and battery state-of-charge
(SOC) detection on the transmitting and receiving sides [32].
Wireless communication has problems of delay and infor-
mation loss, and SOC detection will increase the number of
receiving side devices and complicate control. To solve this
problem, it is proposed to add a small auxiliary coil on the
transmitting side to realize the identification and detection of
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the load voltage, and control the action of the transmitting side
relay to realize the switching from CC to CV when the battery
is charged to the rated voltage.

At present, there are mainly two methods of analysis on the
equivalent voltage source and ZVS margin of single-switch
circuits. The first is to equate the single-switch drain-source
voltage waveform to the superposition of DC and sinusoidal
AC [21, 23]. This method is easy to calculate but this method
cannot judge whether ZVS can be realized and calculate the
ZVS margin. The second is to establish the minimum equiv-
alent model of a single-switch circuit and calculate the
equivalent voltage through the time-domain or complex fre-
guency-domain method [37, 38]. This method can determine
whether ZVS can be realized, but only using a constant duty
cycle method to calculate the ZVS margin and the peak value
of the resonant current, it will cause calculation deviations.
This paper designs a calculation method of variable duty cycle,
which can judge whether ZVS can be realized, and can ac-
curately calculate the realization range of ZVS and the peak
value of resonant current.

The main contributions of this paper are as follows:

1) Propose a single-switch S-S topology adaptive CC and
CV wireless charger which senses load voltage changes
through a small auxiliary coil on the transmitting side.
The proposed topology reduces the receiving side res-
onant components, volume and cost.

2) A calculation method of variable duty cycle is designed,
which can accurately calculate the duty cycle range that
can achieve soft switching and the resonant current peak
within the range. It provides an accurate reference for
circuit parameter design.

The rest of the paper is organized as follows. Section II
analyzes the working process of the proposed topology, de-
duces the CC and CV characteristics of the circuit and the
relationship between the auxiliary coil voltage and the load
voltage. Section Il analyzes the single-switch equivalent
input voltage source, and analyzes the ZVS of the circuit.
Section IV calculates the ZVS and resonant current of this
circuit, and carries on the parameter design. Section V builds a
5A/54.6V, peak power 250W experimental prototype. Section
VI summarizes the full paper.

2. Topology Analysis and Compensation
Network

Figure 1 shows the topology of the proposed circuit. Upc is
a DC voltage source, Cj, is an input filter capacitor, S is a
MOSFET. C, and L, are LC networks that ensure the normal
operation of a single-switch circuit. Cp; and Cp, are transmit-
ting-side resonant capacitors. Lp and Ls are the
self-inductance of the transmitting coil and receiving coil, La
is the self-inductance of the transmitting side auxiliary coil.
Mps is the mutual inductance between the transmitting coil
and the receiving coil, Mp, is the mutual inductance between
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the transmitting coil and the auxiliary coil, and Msa is the
mutual inductance between the receiving coil and the auxil-
iary coil. C; is the output filter capacitor, Ug is the voltage
across the lithium-ion battery of the electric bicycle. D4 is an
auxiliary coil circuit half-wave rectifier diode, Cy is a filter
capacitor, Ra; and Ra; are voltage divider resistors, which are
connected to the Schmitt trigger to control the action of the
transmitting relay K.

' dpl Mps i cs B K
'é TR —— D1 |D; .
Unc [Cin K Coz L CU: T
O =" CF L, Relay Drive + s (A
Circuit s
Schmidt
'I% Trigger stgst4
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'\M/IS/\ Mpa

[ ™~
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Comparator 3 ==C La
2Raz| VA

Vret

Figure 1. The proposed circuit topology.

At the beginning of charging, the control signal of K is low
level, K is in the open state, Cp, is not connected to the circuit,
and the transmitting side resonant capacitor is only Cpy, SO as
to realize constant current charging. As the charging contin-
ues, the load voltage Ug increases continuously, so that the
voltage across the auxiliary coil increases continuously. When
the voltage across the auxiliary coil increases to the set volt-
age value, the relay K is closed, and Cp, is connected in par-
allel to both sides of Cp; to realize a CV output.

The working waveform of the circuit is shown in Figure 2.
Vs is the drive signal, Vps is the withstand voltage across the
MOSFET, and V, is the voltage across the capacitor Cy. i, iir
and i are the currents flowing through the transmitting coil,
inductor L, and receiving coil respectively.

— DT—

DZVST

H iLr(max)

: ]
0 t

Figure 2. Working waveform of single-switch circuit.
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2.1. Theoretical Analysis of CC Model

As shown in Figure 3, the IPT system can be equivalent to

the controlled source model. Y? is the voltage across the
capacitor C,, Us is the input voltage of the rectifier on the

receiving side, and Ua is the induced voltage across the
auxiliary coil L. According to Kirchhoff’s voltage and cur-
rent laws, (1) can be obtained

. joly + joC, —joMpg —joMp,
Up I
QS = joMps [ijS+ja)CSj —JjoMg, |- |:s - (1)
Ua . . . Ia
JoMpa —JoMg, —jolL,
In (1), because
Iy <lp,lg ®)
thus (1) can be simplified into (3)
jol, + —joM
. Jobp joC, JoWpg
U, ) i
Ug |= joM -| jols + 1P
Us JoMpg (J‘ULS ijsJ LJ 3)
A joMp, —joMg,
From (3) it follows
. 1 A
Ly + 1, =U
| _(’” P ijJ P @
® joMops .
if
joly +—— =0 (5)
joCs
then a CC output independent of the load can be achieved
: U
Iy =——L—. (6)
JoMpg

2.2. Theoretical Analysis of CV Model

If assume
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. 1
o| L, - =Z
J ( P wch] P
()
jo| L-——|-2
@°Cq s
then get
Us = joMpslp +—UF-) —Zele Ls
PS
®)
z - Z,Z: |-
=—=—.Up + joMpg| 1+ | I,
JoMpg o Mgg
In (8), if let
Z,Zs = (joMys )’ ©9)
then a CV output independent of the load can be achieved
. z .
Ug=—2—.U,.
S oMy (0
According to (10), the voltage gain under CV state is
. 1
wlg + -
. e, (11)
CV — - .
JoMpg

Figure 3. Controlled source equivalent model of the proposed WPT
model.
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2.3. Theoretical Analysis of Transmitting Side
Auxiliary Coil

In CC mode, (12) (13) can be obtained from (3)

U = joMpplp — joMg, | 12)
jooMpslp = Zglg +Us. (13)
Substitute (6) into (13) to get
2SS
i JoMps (14)
p = -
JoMes
Then substitute (14) into (12) to get
: M MpnZ .M .
UA — SA _ . PA 25 'UP+ PA 'US' (15)
Mps  joMeg Mes

And the relationship between the fundamental effective

value Us of Us and the load voltage Ug is

Ug (16)

T
- " u..
YN

From (16), it can be concluded that Ua s only related to
the load voltage Ug when the mutual inductance is constant.
In the electric bicycle charging occasion, the precise align-
ment between the transmitting coil and the receiving coil can
be achieved by means of auxiliary positioning. Therefore, it
can be considered that the mutual inductance does not change
in actual charging situations.

3. Equivalent Input Voltage Source and
Circuit Microscopic Characteristics

3.1. Calculation of Equivalent Input Voltage
Source

Before calculating the analytical expression of the equiva-
lent input voltage source of the proposed topology, it is nec-
essary to establish the simplest equivalent circuit. As shown in
Figure 4(a), [37] and [38] express the simplest equivalent
circuit of a single-switch as a series connection of an inductor
and a resistor, which is defined as the C-RL form. However,
the simplest equivalent circuit in the form of C-RL cannot
correctly reflect the working process of the topology proposed
in this article. Therefore, the simplest equivalent circuit in the
form of LC-RLC is established as shown in Figure 4(b).

Zs in Figure 3 generally exhibits inductive properties,
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therefore define

1

Ls’=Zs=Ls—w2—Cs- 17)

Define Z, is the impedance equivalent to the transmitting
side from the receiving side, and R, is the load resistance

8
R,=—R
eq 72_2 L
_ ®*Ms
& Zs+Ry,

(18)

Decomposing Z., into the form of real and imaginary parts

282 ,
_ OMisRe o, o Masls (19)
“ RL 4oL RZ + 0’ Lg?

Then Z, is equivalent to the transmitting side compensa-
tion capacitance and inductance. The RLC series loop is ob-
tained, namely R, C and L.

_ wz M Igs Req
° R4 +o’LY
L=L (20)
oML 1
° RL+e’LP Cp

Establish the complex frequency domain model of the
circuit in Figure 4 as shown in Figure 5. MOSFET S has two
states of off and on, which are defined as state 1 and state 2
respectively. Take the S turn-off time of each cycle as the
starting point of state 1, where U¢,; and Uge; are the initial
voltages of capacitors C; and C,, I, and I, are the initial
currents of inductors L, and Le. 15; and I,; are the loop currents
of state 1.

] W
OUoc G OUnc
i R
S S
ITT E ITT
Ds “.GRL. D
@

Figure 4. The simplest equivalent circuit of single-switch topology.
(a) C-RL form (b) LC-RLC form.

According to the complex frequency domain model estab-

lished in Figure 5, the loop current method is used to obtain
the (21).

1 U
(oo S ()~ sby 1y (9) ==

1
S+Ll

r

1)

1 u
_SLrIal(S)+(SLT +SLE +$+ Re)lbl(s) :_LrILrl + LeILel - (s:el.

e

1 | sL; SLe
sCr |
ol [ ) [ 1
sCe
Re
Ucn C>+ L. CD_ +UCel
S ) =ribn + ~ s -Lelier

Figure 5. LC-RLC complex frequency domain model in state 1.

Then according to the complex frequency domain model
diagram, uc,(s), Uce(S), iL:(s) and i c(s) are obtained. uc(s) and
Uce(s) are the complex frequency domain forms of the in-
stantaneous voltage across C, and C, i_(S) and i ¢(s) are the
complex frequency domain forms of the instantaneous current
flowing through L, and L..

Ue, (8) = —é MO Yen
1 Uey
Uce () = E lp1(S)+ % (22)
i (8) = 11(8) = 1y (8)
iLe (S) = Ibl(s)-

Then convert the complex frequency domain expressions of
Ucr(S), Uce(S), iLr(S) and iLe(S) into time domain expressions.

sL, SLe
la2(S) [ 12(S) 1
+ _
Q)| ()T
Re
- +

I_rILr2<>+ - Ugeszehez

Figure 6. LC-RLC complex frequency domain model in state 2.


http://www.sciencepg.com/journal/epes

American Journal of Electrical Power and Energy Systems

http://www.sciencepg.com/journal/epes

Ue, (1) = Lﬁl[UCr(S)]
Ug (1) = Lfl[UCe ()]

. . (23)
i (1) =L, ()]
ie(t) = Lﬁl[iLe ()]
At t:(l'D'Dzvs)T, let
Uc = U [(1=D—Dyys)T]
Uce =Uge[(1=D —Dyys)T] (24)

Lr = iLr[(l_ D- Dzvs)T]
Le = iLe[(l_ D- Dzvs)T]-

When the MOSFET S enters the ZVS state, the circuit has
actually entered state 2. The complex frequency domain
model of the minimum single-switch loop current method is
shown in the Figure 6.

According to the complex frequency domain model estab-
lished in Figure 6, the loop current method is used to obtain
the (25). Because the voltage across the capacitor and the
current flowing through the inductor cannot change suddenly,
according to (24), Ucr, and Uce, are the initial voltage of
capacitor C, and C, in state 2, I, and I, are the initial cur-
rents of inductors L, and L. in state 2. I, and |, are the loop
currents of state 2.

sL. |a2(5) SLrlbz(s)— +Lr|Lr2

u.. (29)
_SLr|a2(5)+(SLr+SLe+$+Re)lb2(s)=_Lr|Lr2+Le|Lez _%-

Then according to the complex frequency domain model
diagram, uce(s), iL(s) and i_¢(S) are obtained.

Uge () =—lpp (8) +—= Yeer
i (8) = 152 (8) = 12 () (26)
iLe (S) =14, (5).

Then convert the complex frequency domain expressions of
Uce(S), iLr(S) and i ¢(s) into time domain expressions

Uce (t) = Lﬁl[uCe (S)]
i, (£) = L i, ()] 27)
ie (1) = L i (9)].

Let t=(D+Dzys)T, get the values of uce(t), ir,(t) and i (t) at
the last moments of state 2. And because the voltage across
the capacitor and the current flowing through the inductor
cannot change suddenly, the following equation can be es-
tablished

Uch =Upc
Uce[(D+Dzys)T1=Uce,
i [(D+Dzyg)T]= 10
ie[(D+Dgys)T]= e

(28)

According to (28), the values of I 1, I e1, Ucer and Ugyy can
be obtained when t = 0. So as to solve the time domain equa-
tion of uc,(t), where k=1, 2, 3...

|_ ug, ()], (K=DT <t < (1— D — D KT

Ue: (1) = Upe, (1— D — D,c)kT<t <KT. (29)

Then Fourier decomposes the formula of uc,(t) to extract
the fundamental wave component.

Ug (t) = A + A cos(at + @) + i A, cos(nat +¢,). (30)

n=2
0.15
0.104 / —=— Rg=5Q
0.1257 Rg=10Q
1\ —— RB=ZOQ
£ 0.101 : —— Rs=30Q
) i —— Rz=40Q
S 0.0751
3 0.051
0.0251
.

0 1 M 1 i 1 i 1 i I i
50 7585 100 125 150 175 200
Driving Frequency/ kHz

Figure 7. Relationship between current gain and driving frequency.

A represents the DC component contained in the waveform,
and A, represents the amplitude of the fundamental wave

{A&: e (31)
Ay =2y.
ap, a; and b; contained in Ay and A, are determined by (32)

1,7
a, :EIO Ug, (t)dt
a == [} uc, () cos(at)a (32)
b = % [ ue, @sin(at)et

3.2. Calculation and Characteristics of Current
and Voltage Gain

From the (3) in Section Il. B, (33) can be obtained:
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[Z.+ 1R — joMo.l, =0
{ss sReq — JOMpslp (33)

I,Z, —Up = joMpgls.

(34) can be deduced from (33)

i = joMps|
Req +Zs

1,2, -U,

- joMps .

(34)
Ig

Combining the two formulas of (34), we can get (35)

_ Req +Zg .
ReqZp +ZpZs + 0* Mg

I Up.  (35)
Substituting (35) into (34), we get

JoMps .
Zp (Reg +2Zs )+ "M

Up. (36)

Is

And the current gain G¢c and the voltage gain G¢y can be
obtained by (37) (38)

| joMpg |

Cec =Ig, :‘zp(Req +Z4)+ 0’ M| &7
iRa| | ioMaRe |
Gev | Up | |2 (Ry+Zs)+ @ M&| (%)

According to the (37) (38), under different load resistances,
the relationship diagram between the current gain G¢c and the
driving frequency, the relationship diagram between the
voltage gain Gy and the driving frequency can be drawn, as
shown in Figure 7 and Figure 8.

15
—— Rg=5Q
- Re=10Q
1.021 —— Rg=20Q
1.0 —o— RB:30 Q
o \/ —— Rg=40Q
@
O i
[<5]
g
5 0.5
>
0 1 1 1 1 1 I &
50 7585 100 125 150 175 200

Driving frequency/ kHz

Figure 8. Relationship between voltage gain and driving frequency.
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©)

Figure 9. ZVS of single-switch circuit (a) normal condition (b) Vps
cannot be reduced to zero (c) Vps secondary oscillation.

=
o]
<
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Figure 10. Relationship between key and Ls and Cs.

Table 1. Essential parameters of the wpt system.

Symbol  Definition Value
Upc Input DC voltage 48V
f Operating frequency 85kHz
Ig Output current in constant-current mode 5.0A
Vg Output voltage in constant-voltage mode 54.6V
Pg Output power 250w

3.3. ZVS Analysis

For a single-switch circuit, the Vps waveform mainly pre-
sents three forms, as shown in Figure 9. Figure 9 (a) shows the
normal operating status of the single-switch circuit with ZVS
function. Figure 9 (b) shows the state where Vps will not
resonate to zero at all. Figure 9 (c) shows a secondary oscil-
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lation phenomenon in Vps. Both Figure 9 (b) and Figure 9 (c)
have no ZVS function.

There are two reasons for the phenomenon in Figure 9 (b).
The first is that the duty cycle D is set over great, causing the
rising edge of Vgs to come prematurely. The second is that the
value of the resonant capacitor C; is set over great.

The reason for the phenomenon in Figure 9 (c) is that be-
fore the arrival of the drive signal, the current I, which could
flow through the parasitic diode of the MOSFET before,
reversed during the resonance process, so that it could not
continue to flow through the MOSFET. And the I, can only
be provided by the discharge of capacitor C,.

Therefore, to determine whether ZVS can be realized, two
conditions need to be met at the same time. The first is that
there is a zero-crossing point in the Vps waveform, and there is
a certain margin around the zero-crossing point. The second is
that when the parasitic diode of the MOSFET is in the state 2,
the current I, not higher than zero before the drive signal
comes. As shown in (39).

(39)

{min[\/DS (t)1<0
<0.

|a2 (t) t=(1-D-Dpys)T

4. The Proposed System Parameter
Design

According to the (9) in the Section Il. C, if the CV condi-
tion is to be realized, Z, and Zs must be inductive or capacitive
at the same time. If both Z, and Zs are capacitive, according to
(11), kev is negative, so Zp and Zs must be inductive at the
same time. Figure 10 reflects the relationship between k¢ and
Cs, Ls. Figure 10 shows the variation trend between voltage
gain and Cs, Ls.

The essential parameters of the proposed WPT system are
shown in Table 1. According to factors such as the voltage
gain and the volume of the receiving coil, it is determined that
Ls=45uH and Cs=116.4nF. Then determine the coupling
coefficient k=0.379 according to the transmission distance
and the current gain. And determine Ly and Cp according to (5)
(9).

The design of L, and C, is related to ZVS margin and
maximum resonant current. This paper proposes a comput-
er-aided method to calculate the ZVS margin and the maxi-
mum resonant current by changing the duty cycle D. Figure
11 shows a flowchart of this calculation method. D, is the
maximum duty cycle that can realize ZVS and D, is the
minimum duty cycle. Dzysmargin iS the duty cycle range which
can achieve ZVS. When uc, crosses zero for the first time, the
i_, value reaches its maximum.

76

[Input L, Ce, Re, Cr, Ly, Upc, T|

Calculated the uc, by
using the method in I11.A

Record Dy Ucr and iy
formulas at this time

o —_———— e ——— ————

_Calculated the |2 by [[Calculate the time of
using the method in I11.A hthe first zero crossing
I of the ug,

! Calculate the i, for

[
|
:
|
\[D,=D,-0.001
l
|
|
|
|
|

I this time
I

: Calculate I Calculatel
l -

\ DZVSmargln ' |Lr(ma><) 7/

e = e

| Record Dzvsmargin @nd iL,|

End

Figure 11. Flow chart of calculating Dzysmargin @nd iprmax) With
variable duty cycle.

20
110 o~
II12 100 C(nF)

@)

D,

0.22
0.21
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76

T8
L(u) 10 110 ¢ (nF)
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Figure 12. Relationship between Dzysmargin @nd Ls and Cs in (a) CC
mode (c) CV mode. Relationship between i (max and Ls and Cs in (b)
CC mode (d) CV mode.
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Table 2. Parameters of the proposed circuit.

Symbol Definition
C, Resonant capacitance at the transmitting-side
Cr1 Resonant capacitance at the transmitting-side
Cr, Resonant capacitance at the transmitting-side
Cs Resonant capacitance at the receiving-side
Ca Aucxiliary circuit voltage stabilizing capacitor
L, Resonant inductance at the transmitting-side
Lp Inductance of the transmitter coil
Ls Inductance of the receiving coil
La Inductance of the auxiliary coil
Nip Turns of Lp
Nis Turns of Lg
Nia Turns of L
Mps Mutual inductance between Lp and Lg
Mpa Mutual inductance between Lp and L
Msa Mutual inductance between Lg and La
Dovs Proportion of ZVS
D Duty cycle
h Transmission distance
DzysT
48
0
Vem
Verloss
-158,5f-+--wmmm2em —— Ves
0 (1-D)T T

Figure 13. Mathematica simulates V¢, waveform.

Calculated according to the method shown in Figure 11, the
numerical relationship between Dzysmargin and Ls, Cs can be
obtained, as shown in Figure 12(a) (c). The numerical
relationship between the resonance current i ymax) and Ls, Cs
can also be obtained, as shown in Figure 12(b) (d). Figure
12(a) and Figure 12(b) are in CC mode, Figure 12(c) and
Figure 12(d) in CV mode. In the blank part of Figure 12(b),
because ZVS is not implemented, the corresponding iy rmax
cannot be calculated according to the flowchart in Figure 11,
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Value

117.04nF
58.44nF
44.92nF
116.51nF
19.96 nF
9.95uH
60.42uH
45.13uH
5.382uH
23

18

8
19.70uH
4.23754H
1.5954H
0.085
0.54

30mm

and the index has no data. Because it is necessary to minimize
the peak value of the resonant current i«max) While ensuring a
certain ZVS margin, according to Figure 12, select L,=10uH
and C,=117nF.

On the basis of the above analysis, the relevant parameters
of the proposed circuit topology have been designed, and the
actual values of these parameters are shown in Table 2.

In order to verify the correctness of Section IlI.A., ac-
cording to the parameters in Table 2 and use the Mathematica
software to calculate the V¢, formula in each period. The result
is shown in Figure 13. In Figure 13, the V¢, waveform calcu-
lated by Mathematica is obtained by adding the V¢, wave-
form on the left side of (1-D-Dzys)T to the Ve, i0ss Waveform.
When V¢, resonance rises to 48V, V¢, is clamped to 48V and
the Ver.0ss Waveform is discarded. The minimum value of the
Ve, waveform in Figure 13 is -158.5V, which is within 0.1V of
the simulated value (-158.4V), the error range is 0.63%, while
the error range of the [37] is 2.01% (the calculated value in
[37] is 295.925V, and the simulated value is 302V).

The structure of the magnetic coupler used in this paper is
shown in Figure 14. The gray part is the nanocrystalline, the
rose red part is the transmitting side auxiliary coil, and the
gold part is the transmitting coil and receiving coil. The rel-
evant parameters of the magnetic coupler have been marked
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in Figure 14. The thickness of the nanocrystalline is 0.2mm.

M Nanocrystalline
W Coil 22mm

Figure 14. Magnetic coupler model. (a) Overall view of magnetic
coupler (b) top view of transmitting side.

DC Input

2
=
Z

Auxiliary 3
Coil Circuithi ===
\ » I&;

Figure 15. Photo of the proposed circuit.

5. Experimental Verification

As shown in Figure 15, in order to verify the correctness of
the above analysis, an IPT charger prototype based on S-S
compensation was built to charge the lithium-ion battery with
a current of 5A and a voltage of 54.6V. Experimental
equipment includes transmitting side circuit, receiving side
circuit, magnetic coupler, control circuit, oscilloscope, digital
multimeter and electronic load. S is a SiC MOSFET
FCHO023N65S3, the receiving rectification diode is
STPS60SM200CW and the transmitting side control chip is
STM32F103. Both the transmitting and receiving coils are
wound with 200 strands of Litz wire. The mutual inductance,
self-inductance and parasitic resistance of the coil are meas-
ured with an Agilent 4263B LCR instrument. The transmit-
ting side relay adopts MPD-S-112-A. And the electronic load
(IT8616) replaces the lithium-ion battery as the load.
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Figure 16. Switching ZVS and voltage stress waveforms in (a) CC
mode, (b) CV mode.
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Figure 17. Variable load experiment (a) CC mode (b) CV mode.
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Figure 18. At rated load Rg=10Q (a) transmitting coil current lp (D)
receiving coil current Ig.

As shown in Figure 16(a), the amplitude of MOSFET
withstand voltage Vps in CC mode is 206V, and the duty cycle
is set to 0.54. The proportion of ZVS in CC mode is 0.085. As
shown in Figure 16(b), the amplitude of Vps in CV mode is
264V and the proportion of ZVS is 0.17.

Figure 17 is an experimental waveform of output current Ig
and output voltage Vg. In CC mode, when Rg changes from
10Q to 7Q, Ig changes from 5.01A to 5.09A. In CV mode,
when Rg changes from 10Q to 20Q, Vg changes from 49.09 V
to 51.83V. Therefore, the circuit has excellent CC and CV
characteristics.

When the load is 10€2, the waveforms of the transmitting
coil current Ip and the receiving coil current Ig are shown in
Figure 18(a) and Figure 18(b) respectively.


http://www.sciencepg.com/journal/epes

American Journal of Electrical Power and Energy Systems

http://www.sciencepg.com/journal/epes

8 - 60 95 :
79 .i.............---.---.---.--.---.--0—--.‘-4'_ 55 91502: """""""""" :
6 s =222z Simulation Value |- 50 . :
54 —,L‘ o o Experimental Value|f- 45 § 85 - :
4 ,ﬁ... P ™a -0 5 |
~ 3 4 S S - 35 2 S 80 i
S = !
2 . e - 30 w :
i i Bl 2> 75 i
11 £C Mode CV Mode »T— 25 oC Mode | CV Mode >
0 N | I ] 1 20 [ ———>'
70 1 1 1 i 1 |
678910 R 0 678 910 20 30 40
_ RU(Q)
Figure 19. System CC and CV output. Figure 20. System efficiency.
Table 3. Performance comparison.
Input DC Output  Number of  Number of second- Wireless Com-
REALICIES \oltage Frequency Power MOSFETs  ary resonant devices  munication (9
Proposed 48V 85kHz 250W 1 1 No CCand CV
[31] 48V 100kHz 130W 4 1 No CCand CV
[32] 48V 200kHz 120w 4 2 No CCand CV
[33] 120V 85kHz 1000W 4 4 No CCand CV
[35] 200V 85kHz 1050W 6 1 No CCand CV
[34] 155V 50kHz 1000W 6 1 No CCand CV
[19] 64V 85kHz 202w 4 1 No CCand CV
[26] 200V 85kHz 1000W 4 4 / CCand CV
[22] 24V 100kHz/67kHz 24W 1 4 Yes CCand CV
[21] 96V 100kHz/86.5kHz ~ 216W 1 3 Yes CCand CV

Figure 19 shows the relationship between the measured
output current and voltage and the load, it can be seen that it
has good constant current and constant voltage characteristics.
It is worth noting that the application scenario of this article is
the 48V lithium-ion battery of an electric bicycle, and the
upper limit of the charging voltage is 54.6V. Since the
minimum voltage of a single lithium-ion battery is 2.5V, the
minimum voltage of the battery pack is 32.5V. Figure 20
shows the system DC-DC efficiency vs load resistance. In CC
mode, when Rg=10Q, the maximum efficiency is 91.72%.
When switching to CV mode, as the current flowing through
the coil increases, the losses increase, so the efficiency drops
at the mode transition.

Table 3 is the comparison between the proposed topology
and other literature topologies. It can be seen that the pro-
posed topology has the least number of MOSFETS and the
least receiving side compensation components, and has ob-
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vious advantages in low-power charging occasions such as
electric bicycles.

6. Conclusion

This paper proposed a single-switch inverter wireless
charger with adaptive constant current and constant voltage
output, which can sense load voltage changes at the transmit-
ting side. The compensation topology of the charger adopts
the S-S structure, which reduces the circuit compensation
components. At the transmitting side, an auxiliary coil is used
to detect load voltage changes. According to the voltage de-
tection result, the transmitting side compensation network is
switched through the relay. The charger has the advantages of
smooth switching, high voltage detection accuracy, short
delay time and low cost. The receiving side circuit has only
one compensation capacitor, and has no sampling circuit,
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communication circuit or relay. Therefore, it can not only
reduce the volume of the receiving side and facilitate the
packaging of the circuit and battery, but also reduce the cost of
the receiving side. The controlled-source equivalent model of
the proposed circuit is established, and the load-independent
constant-current and constant-voltage characteristics are de-
duced. When calculating the ZVS margin and the maximum
resonant current of the single-switch circuit, a calculation
method of variable duty cycle is used to improve the calcula-
tion accuracy. According to the actual lithium-ion battery
charging process, a 250W experimental prototype was built,
and the maximum efficiency reached 91.72%. The charger
can be used in occasions that have strict requirements on the

cost and volume of the receiving side, such as electric bicycles.

In the future, we can optimize the coil and shielding layer to
further reduce the receiving side volume.

Abbreviations

WPT  Wireless Power Transfer Constant Current
CcC Constant Current

Ccv Constant Voltage

Z\VS  Zero-Voltage Switching
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