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ABSTRACT Wireless power transfer (WPT) technology has been given more and more attentions in
lithium-ion batteries charging. To ensure the charging reliability and improve the charging efficiency,
the load-independent current and voltage output with inductive input impedance to realize zero voltage
switching (ZVS) condition are usually necessary in WPT system. However, too many power switches and
passive components in the existing methods bring the whole system inefficient, bulky and uneconomical.
In this paper, the switched-controlled-capacitance (SCC) structure is investigated. Then a hybrid topology,
where the SCC is employed to adjust the secondary resonant capacitor, is proposed to achieve the desired
load-independent current and voltage output under two different operation frequencies. Simultaneously, the
soft switching of all power devices can also be realized during the whole charging period. Besides, the
transformation between two operation modes by SSC and operation frequency adjustment is very convenient
and smooth, which enhances the switching safety. Finally, an experimental prototype with 60V and 3A is
built to validate the proposed wireless battery charger system.

INDEX TERMS Wireless power transfer (WPT), constant current (CC), constant voltage (CV), zero voltage

switching (ZVS), switched-controlled-capacitance (SCC).

I. INTRODUCTION
Wireless power transfer (WPT) technology, which can realize
the transmission of electric energy from the power side to
the load side through magnetic field without twisted elec-
trical wires, has the advantages of convenience, safety, high
flexibility and strong environmental adaptability. With the
launch of a lot of related work, this technology has grad-
ually made great progress in transmission distance, con-
version efficiency, security, etc. Furthermore, it has been
widely applied to various applications, including low-power
biomedical implants [1], [2], consumer electronics [3], [4],
equipment in harsh environment [5], [6], high-power electric
vehicles (EV) [7], [8] and other industrial areas.

Among the above applications, batteries are usually used
as energy storage units. In order to prolong the service life of
battery, the battery charging mode is important. The typical
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charging profile for Li-ion batteries includes a constant cur-
rent (CC) charging mode and a constant voltage (CV) charg-
ing mode [9]. At the beginning, the CC charging mode with
the preset charging current Ip is executed. Simultaneously,
the battery voltage rises quickly to preset charging voltage
VB, and then the charging mode turns into CV mode with the
constant output voltage VB immediately. In CV mode, the
charging current drops exponentially. Finally, the charging
process is terminated until the charging current is equal to
the one-tenth of preset charge current [10]. In addition, it is
clearly that the equivalent resistance of the battery Rp (calcu-
lated by the output current and voltage) changes considerably
during the charging process. As a result, the load-independent
CC and CV charging characteristics with ZVS conditions are
significant for WPT systems for batteries charging.

To obtain the required constant output current or volt-
age efficiently, a lot of studies on control methodologies
have been carried out. Even the variation range of mutual
inductance is very wide, the proposed converter can obtain a
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stable charging voltage by regulating the operation frequency
to be a proper value rapidly. Moreover, the power factor
and efficiency can be adjusted during the charging process
as well [11], however, due to the existence of frequency
splitting, wide range of frequency variation corresponding
with the wide range of load change is unacceptable, which
will affect the reliability and stability of whole WPT sys-
tem [12]. In order to reduce the range of frequency regulation,
an implementation method of the three-loop control strategy
is proposed, then the system can operate at a demanded
condition, including the preset input impedance angle and
the required voltage output, by adjusting the frequency and
phase shift angle [13], nevertheless, the frequency-duty-cycle
hybrid adjustment makes the implementation of control pro-
cess more complicated. An additional BUCK-BOOST con-
verter is added in the transmitter side or receiving side to
realize the constant charging current or the charging volt-
age [14]. However, too many components used on the DC-DC
converter will increase the system size and the device cost.
Other common shortcomings including too many variables
to be measured. By comparison, the realization of load-
independent constant output by compensation network struc-
ture not only saves space and cost, but also avoids complex
control circuits [15], [16].

According to the typical charging curve, the CC mode
should be smoothly changed to the CV mode when the out-
put voltage increases to preset charging voltage. An enor-
mous amount of researches based on various control methods
have been done in the last decades for WPT systems. And
these methods can be simply divided into two catenaries:
1) multiple additional switches; 2) two different operating
frequencies. Firstly, multiple switches on the receiver side
or transmission side are used to reconfigure the compen-
sation network structure in order to select the CC mode
or CV mode [17]-[22]. However, it needs multiple power
switches and extra passive components on the compensation
network part, which will increase the cost and installation
space. In order to avoid the use of additional switches,
a complex theoretical analysis to realize load-independent
CC and CV charging without additional power switches at
two different switching frequencies are given for the WPT
system [23]-[25]. However, too many components used on
the compensation network part still make the system bulky.
To address above issues, the paper systematically analyzes the
load-independent output and input impedance characteristics
of the simple SS compensation topology. Then, an optimal
hybrid topology, combining SS compensation topology with
SCC, is proposed, which reduces the numbers of passive com-
ponents. Therefore, the system size and cost greatly reduces.
Besides, due to the implementation of SCC structure, the
load-independent voltage and current output characteristics
and soft switching can be maintained when the coils misalign-
ment happens. In addition, the transformation between two
operation modes by SSC and operation frequency adjustment
is very convenient and smooth, which enhances the switching
safety.
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The paper is organized as follows. The proposed SCC
structure and its operation principle are introduced in
Section II. Simultaneously, a hybrid WPT topology is pro-
posed based on proposed SCC structure. Then in Section III,
the output and input characteristics of proposed hybrid WPT
system are analyzed. The Section IV is the corresponding
control strategy. Finally, a WPT charger platform with 3-A
charging current and 60-V charging voltage is built to test the
above analysis in Section V. Then follows the conclusion in
Section VI.

Il. WPT SYSTEM WITH SCC

A. scC

The SCC technology was first introduced in [26] and it had
been used in many resonant converters to obtain required
circuit performance, such as soft switching under coils mis-
alignment [27], [28], constant power output [29] and so on.
The operation principle of SCC is analyzed in this section and
the relationship between the equivalent capacitance of SCC
and the conduction duty cycle is derived.

Fig. 1(a) shows the SCC employed in this paper. The SCC
consists of a switch S, a capacitor C, and an additional capac-
itor Cp. The equivalent capacitance value can be regulated by
changing the turn-on duty cycle of S.

Some typical waveforms in the SCC part are depicted in
Fig.1(b). Assuming the input current i, is sinusoidal, for the
positive part of iy, the S is turned on at the zero-crossing point
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FIGURE 1. SCC. (a) Used SCC structure. (b) Typical waveforms for SCC.
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of iy, then the iy charges the C, and Cj simultaneously, the
iy will be divided into iy and ic, according to the value of
C, and Cp. When the S is turned off under zero voltage at
11, the i, flows only via the C, and the voltage V¢, across
the C, continues to rise until 7. For the negative half cycle
of iy from 7 to 2w, the i, only discharges C, first until 73,
by now the instantaneous value of V¢, will be equal to the
Vep, therefore, the C, and Cj, are both discharged by iy, it is
noted that the current discharges C, via the antiparallel diode
of §. It is noting that the soft switching of § is realized during
the whole operation process.

The expression of the equivalent capacitance Cy. and D
yields according to [29].

_ 2DC,Cy
" Cu+ Cp(1 —2D)

where 0 < D < 0.5.

Furthermore, the capacitance ratio of Cy./C, against the
turn-on duty cycle D is shown in Fig. 2 according to the
equation (1). In Fig.2, there are two important operation
points to be introduced in detail. When S is turned off in the
whole period, C;, does not affect the operation of C, again
and Cj, is equal to C,. On the contrary, when the D is larger
than 0.5, which means the S is always on, the C, and C}, are in
parallel connection during the operation process. Therefore,
the Cy. is the summation of C, and Cp and could not be
regulated again. When the D changes from 0 to 0.5, the value
of C,. changes rapidly with the increasing of D. In theory, the
equivalent capacitance can be regulated from C, + Cp to C,,.
It is noted that the equivalent capacitance is only related to
D, which greatly increases the robustness of proposed SCC
structure.

Csc + Ca (1)

1+g
Cll
J
J
11—
0 0.1 0.2 0.3 0.4 0.5

D
FIGURE 2. The capacitance ratio of Csc/Cq against duty cycle D.

As for the parallel capacitor Cogs of switch S, when § is
turned on, the Cygs is shorted. When S is turned off, the Cogg
is connected with Cy, in series and the equivalent capacitor
can be calculated as

CossC,
Ceql = _—osstb 2)
Coss + Cb

The power switch with a very small Cygs can be chosen as
S, for example, C2M0040120D with 47pF Cyss. Therefore,
the value of C,q1 does not exceed 47pF. Then the equivalent
capacitor Cs. of SCC structure can be seen as C,; + Ceqy1.
Normally, the value of C, is about dozens nF, as a result, the
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switch capacitance Cygs can be ignored when S is turned off.
In summary, the parallel capacitor Cogs of switch S can be
ignored during the normal operation of SCC as long as the S
is chosen properly.

B. PROPOSED WPT SYSTEM WITH SCC

The proposed WPT system with SCC is shown in Fig. 3(a).
The resonant tank in the primary side consists of a transfer-
ring coil L, and its corresponding compensation capacitor Cp.
The SCC is used as the compensation capacitor of receiving
coil L;. The equivalent circuit based on the mutual inductance
theory is shown in Fig. 3(b). And L,, is the magnetizing induc-
tance referred to the primary side, which usually represents
the energy transferred to the secondary side.

Ly,

VLpLs
where k is the coupling coefficient, which is determined by
the horizontal and vertical offsets of coupling coils. It is
noting that the mutual Ly, should be smaller than the self-
inductance of the primary and secondary side coils.

k=

3

C. ANALYSIS OF LOAD-INDEPENDENT OUTPUT AND
INPUT IMPEDANCE CHARACTERISTICS IN CC MODE
The transmission characteristics of proposed WPT system
with SCC structure is analyzed to obtain the desired Cj,
value for CC/CV output. Based on the Kirchhoff Voltage Law
(KVL), the mathematical expression of the proposed WPT
system can be given as
Vp = jX1i1 — jwecLmio (4)
0=(X2 + Req)io — JwecLmii
where, w.. indicates the operating angular frequency in CC
mode, L,, is the magnetizing inductance referred to the pri-
mary side, jX| and jX; is the equivalent impedances of the
corresponding circuit branch. And the related expression can
be obtained as

1
X = a)chp —
weeCp

X L ! )

= W, —_

2 cclas Oee Cxcl

With the condition as follows

X =0 (6)

The output current is load-independent and the condition
for CC output will not be affected by L,,. The corresponding
Ac transfer ratio G, yields in the equation (7). Therefore,
if the input voltage is fixed, the output current will be deter-
mined by the operating angular frequency w,. and L,,,.

Vp ]
Gey = — = —jwecLi @)

lo
Simultaneously, the input impedance is simplified with the
condition (6) as
m qu +X22
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FIGURE 3. Proposed WPT system with SCC (a) Proposed topology. (b) Equivalent circuit based on

mutual inductance theory.

And the input impedance angle can be calculated as

|X>|

) ©))

a. = atan(

eq
In summary, the proposed WPT system can realize load-
independent current output with the condition (6). It is notable
that the input impedance Z;, should be inductive in order to
achieve ZVS turn-on for the primary inverter [30]. However,
the ZPA means zero phase shift between the input voltage and
current, resulting in Z;, of purely resistive. Therefore, ZVS
and ZPA can never be realized simultaneously. As a result,
the realization of ZVS and nearly ZPA becomes the practical
choice to improve the system performance. In addition, the
turn-off power loss is relatively small due to the existence of
Cyss (the output capacitor of power MOSFETS), which can be

ignored in practical application [31].

D. ANALYSIS OF LOAD-INDEPENDENT OUTPUT AND
INPUT IMPEDANCE CHARACTERISTICS IN CV MODE
Similar to the analysis process at CC mode, the KVL equation
can be changed into (10), which is shown as follows

vp = jX1i1 — joeyLmio (10)
Vo = joeyLmit — jX2io
where X and X> is defined as
X| = weyLp — a)cvlc
X2 = weyLs — ! ’ v
Wy Cyc2

To obtain load-independent CV output, follow condition
should be satisfied as

X1 X5 = w2 L2

cvm

(12)
Then the voltage transformation ratio can be expressed as
X

G = -2 =
w = =
WeyLipy

Vo

(13)

From (11) and (12), the load-independent voltage output
can be realized as long as the Cy is regulated to satisfy the
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equation (12). Moreover, the load-independent voltage output
characteristics will not lose even the L, varies. Meanwhile,
the input impedance can also be given as.

_ Xi(XoReq +jR;,)

eq
; 14
And the input impedance angle can be calculated as
R
a, = atan(—L) (15)

|X>|

According to the (11) and (15), by designing the parameter
properly, the input impedance angle is positive, which means
the ZVS turn-on can be guaranteed.

According to the above analysis, it can be concluded that
the proposed WPT system can achieve load-independent CC
and CV outputs with different Cs. value and operation fre-
quencies. Moreover, the ZVS condition can also be satis-
fied both at CC mode and CV mode, which means that the
proposed WPT system is the simplest topology to realize
load-independent CC/CV with ZVS.

IlIl. EVALUATIONS

From the above analysis, the load-independent CC output and
CV output can be realized with an identical set of resonant
parameters at two different operation frequencies, respec-
tively. However, the load-independent ZVS condition cannot
be achieved in CC and CV mode simultaneously. To solve
this problem, an SCC is employed to change the value
of secondary resonant capacitor Cs.. The proposed hybrid
topology with an extra reconfiguration switch is proposed,

Ly

i M
D1 X NI
L L3
O 0; C, C.. &d, &d,
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v L”%%L v 1 | OTR Ve
xd; &d,

FIGURE 4. The proposed hybrid WPT system with SSC for battery charging.
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as shown in Fig. 4. The proposed hybrid topology consists
of an dc voltage source V., a full-bridge high frequency
inverter (HFI) composed of four power switches (Q1-Q4),
the resonant tank made up of a transmitting coil L, in the
primary side, a receiver coil L in the secondary side, and
their corresponding series compensation capacitances, a full-
bridge rectifier constituted by four diodes (d1-ds), the filter
capacitance Cy, and the battery load Rp. v, and i, are the
phasor forms of input voltage and current of the compensation
network, respectively. Vj, and I, are the preset charging volt-
age and current obtained from the datasheet of Li-battery. The
equivalent series resistances (ESRs) of the resonant inductors
and capacitors are assumed to be zero for the convenience of
theoretical analysis.

A. PARAMETER DESIGN

As mentioned in above analysis, to realize the load-
independent output, special parameters for CC/CV operation
condition should be satisfied if the compensation topology
has been confirmed. The HFI generates a square voltage with
the operation frequency. In order to simplify the parameter
design process of the proposed WPT system, the fundamental
harmonic approximation (FHA) is adopted and the influence
comes from other high-order harmonics are ignored. Then the
relationship between the dc input voltage V4. and ac output
voltage v, with the HFI of D = 0.5 is given as:

_2V2V
- T

v (16)

Besides, the relationship between ac input parameters and
dc output parameters of the full-bridge diode rectifier can be
given by:

_ ZﬁVb

g
ﬂ«/i[b
i, =
4

C Start ) Measured L, and L;

| |

Given Vg, V,, current [, Calculate the C,, Cy.; and

Vo

7)

Y

and Wee Csc?
Calculate L,, by equation Obtain the L; by equation
(13) (15) and determine .,
Design the. coils based on C End )
requirements
FIGURE 5. Design procedure of the comp tion comp ts in the

proposed hybrid WPT system.
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FIGURE 6. The simplified equivalent circuit of the proposed hybrid
resonant network circuit for load-independent CC output analysis.

And the equivalent resistor seen from the input end of the
full-bridge diode rectifier can be calculated as:

8Ry,

Req = ? (18)

The parameters are calculated based on the design proce-
dures in Fig. 5. It is noted that the S should be turned on
when the whole system works in load-independent CV mode,
conversely, in load-independent CC mode, the S should be
turned off to change the Cy. value.

Based on the above analysis of the proposed matching
networks, to achieve the load-independent CC output, the
equivalent circuit is simplified to the Fig. 6, and the equiv-
alent variables in Fig. 6 should meet the following resonant
condition:

1
=T
pp

19)

Then from (7), the magnetizing inductance L,, is deter-
mined by the preset charging current i,, input voltage v, and
load-independent CC operation angle frequency w... And it
is given by:

L, = 2 (20)
Weclp

Furthermore, inductive input impedance is required to
achieve ZVS condition in the proposed topology, besides,
a smaller input impedance angle means a stronger power
transfer capability. Thus, the secondary compensation capac-
itance Cj.1 should satisfy follow condition

weeLs — ! <0 (21)

WeeCyel
Similarly, at CV mode, the equivalent circuit of proposed
hybrid WPT system is shown in Fig. 7. Since the values of C,,,
L,,, and V}, have been determined in the load-independent CC
mode, the operation frequency w,, for load-independent CV

Vﬂ ; Lm Req V()

FIGURE 7. The simplified equivalent circuit of the proposed hybrid
resonant network circuit for load-independent CV output analysis.
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mode and the capacitance C» to realize load-independent
ZVS condition are derived.

Based on the analysis result in Section II, the equivalent
inductance L in the receiving side is decided by the input
voltage v,, output voltage v, and the magnetizing inductance
Ly, and it is given by:

L = Lin(vo — vp) (22)
Yp

Then, according to the parameter resonant condition (11),

the operation frequency w,, for load-independent CV mode

is explicated as

CUZV _ (Ll + Lm) (23)
(CpLiLm + Cp(Ls — L)(L1 + L))

As shown in Fig. 7, the equivalent inductance L; consists of
three parts, including the inductance Ls-L,, and the secondary
series compensation capacitance Cy.p Since the operation
frequency w,y, Lg, L, and L; are all given, the value of ZVS
compensation capacitance Cy. is then calculated as follow

Cor =1/ (wfv(Ls L - Lm)> (24)

B. VERIFICATION OF THE PROPOSED SYSTEM FOR THE
LOAD-INDEPENDENT CC/CV CHARGING

It is crucial to test the load-independent and input impedance
characteristics for the proposed reconfigurable charging WPT
system. Based on the system design parameters in Table 1,
the curves of the voltage gain ratio G,, (the ratio of out-
put voltage to input voltage) and the phase angle of the
related input impedance Z;, as a function of the switching
frequency at different equivalent loads are drawn as shown
in Fig. 8(a) and (b), respectively. As shown in Fig. 8(a), there
are two frequency points (128.58 kHz and 167.49 kHz) that
enable the WPT system to keep the ac voltage gain ratio Gy,
unchanged against load. However, the input impedance angle
is negative at the operating frequency point (128.58 kHz),
meaning the ZVS condition of primary inverter will not be
satisfied at this frequency point (128.58 kHz). Therefore, the
frequency point (167.49 kHz) is selected as the operation
frequency in CV mode. Moreover, the calculation results
of the current transfer ratio G, (the ratio of input voltage
to output current), and input impedance phase angle of the
proposed compensation network versus switching frequency
at the different load conditions are illustrated in Fig. 9. Seen
from Fig. 9, the constant current output with ZVS condition
at different loads is satisfied at the same frequency point
(150 kHz). The calculation results in Fig. 8 and Fig. 9
show that the hybrid system can realize the desired load-
independent CC and CV charging characteristics at two fixed
switching frequency points as well as the associated ZVS
operation with used SCC structure, respectively.

IV. CONTROL AND DISCUSSION FOR THE CC/CV
CHARGING MODES

According to the analysis results in Section III-part A, the
load-independent CC output is realized when the switching
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frequency fs in the proposed hybrid WPT system for CV output.
(a) Gwv- (b) a.

50
540
ISl
.g L
&30
o
Z 201
g1
g10] |
ol E
1.25 1.35 1.45 1.55 1.65 1.75
Frequency f; (Hz) -10°
(a)
801
= [
%)O 601
g 40( :
é 201 v
:
S 0r i
2201 i
~§,407 \ — RI=5Q |
Elp ! —— R2=10Q ||
g-60 150kHz | R3=15Q
T -80E ! —— R4=20Q ]
1.25 135 145 155 1.65 1.75
Frequency f; (Hz) =107

(b)

FIGURE 9. Ac transfer gain G¢y and phase angle a of Z;, against
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frequency is set at f.., moreover, the ZVS of front HFI is
obtained by controlling the SCC as Cy.;. As for the load-
independent CV output, the operation frequency should work
at the frequency point f,, to achieve load-independent CV
output, and the SCC is controlled as Cy» to realize ZVS of
the front HFI. In addition, since the resonant currents are bidi-
rectional, it is noted that SiC power MOSFET is employed as
the switch S due to its small parasitic capacitance.

Based on the analysis above, the control chart of proposed
hybrid WPT system is shown in Fig. 10. At the beginning of
charging process, the whole system works at CC mode with
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Primary Pkaim Secondary
HFI compensation compensation Rectifier
network network

Vs
PWM

FIGURE 10. The control chart of proposed hybrid WPT system.

Bluetooth2

the operation frequency f;., and the SCC is adjusted as Cy,1.
Since the battery can be modeled as a resistor Rj, and its value
increases nonlinearly with the charging process according to
the battery charging profile, the output voltage will increase
in the CC mode. Once the charging voltage V), hits the pre-
determined voltage level, the whole system enters into CV
mode by switching the operation frequency from f,. to f;,.
Simultaneously, the S is given another PWM signal. To avoid
the switch current spike caused by the voltage difference
across the switch S when the switch is turned on suddenly,
a zero crossing comparator can be added to ensure that the
switch S is turned on at the time when the secondary resonant
current i¢cg closes to zero. Therefore, the zero current turn-
on of switch S can be realized. Besides, the communication
between the primary and secondary circuits can be imple-
mented over Bluetooth to realize a real contactless charging.

When the coupling coefficients varies due to the coils
misalignment, the performance of whole system can be intro-
duced as follows.

For the CC mode, if the coupling coefficient varies,
the load-independent current output characteristic and soft
switching will not be affected, however, the output current
value will change at a negative trend.

For the CV mode, the whole system will lose its load-
independent voltage output characteristics soft switching,
however, the load-independent voltage output characteristic
and soft switching can be realized again by changing the
equivalent capacitor value of SCC structure. Similarly, the

Power anal};i@f Oscilloscope

a8

FIGURE 11. Laboratory setup of the proposed hybrid WPT system.
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output voltage value will change as well. The output current
value in CC mode and voltage value in CV mode can be
regulated by adding a DC/DC converter.

V. CONTROL AND DISCUSSION FOR THE CC/CV
CHARGING MODES
A. EXPERIMENTAL PLATFORM
To verify the above analysis, an experimental prototype for
contactless battery charger with 3-A charging current and
60-V charging voltage has been constructed as is shown in
Fig. 11 and the parameters are listed in Table 1. The semi-
conductor switching devices MOSFET (C2M0080120D) is
chosen to form the HFI due to its lower on-resistance and
good performance in high frequency environment. The CC
operation frequency f.. and CV operation frequency f., is
set as 150 kHz and 167.49 kHz, respectively. Polypropylene
film capacitances are selected for the resonant capacitance in
the compensation network part. To keep the error between
the measured and designed capacitance value as small as
possible and decrease the parasitic resistance value of the
capacitance bank, the resonant capacitor is designed by con-
necting multiple standard capacitances in parallel. Schottky
diodes PSM20U200GS with VrF = 0.95V at rated power
are used at the receiving side full-bridge uncontrolled recti-
fier. The rectifier with capacitive output filter is adopted to
rectify the ac output of the compensation topology before
connecting to the battery load. As for the control circuits,
the DSP (TMS320F28335) control unit is adopted to generate
the driving signals required for the switching devices in the
transmitting side.

Planar spiral coil is chosen as the transmitting and receiv-
ing coils of this proposed WPT system due to its strong
coupling coefficient and small size. Simultaneously, to keep

0.4
0.4
0.35
0.3
0.25
0.2
0.15
0.1

0.05
5

Coupling coefficient k

10 15 20
Distance d (cm)

FIGURE 12. The coupling coefficient k against the coils distance d.

TABLE 1. Parameters for the proposed hybrid WPT system.

Parameter Designed value Measured value
Self-inductance L, 50.25uH 57.84uH
Self-inductance L 50.25uH 58.04uH

Resonant capacitance C, 19.277nF 19.378nF
Resonant capacitance Cy; 15nF 14.952nF
Resonant capacitance Cs;, 22.559nF 22.421nF
Distance d 10cm 10cm
Self-resistances R,/R; 0.124/0.129 Q 0.124/0.129 @
Coupling coefficient & 0.2454 0.2454
Output parameter Vy/1, 60V/3A 60V/3A
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the consistency of parameters and achieve resonance conve-
niently, the transmitting and the receiving coil are designed
of the same specification. Besides, a larger wire diameter
means more obvious skin effect and larger equivalent series
resistance, therefore, the Litz wire (350 strands and diameter
of 2.5mm) is adopted for coupling coils design in the paper.
Fig. 12 shows the measured coupling coefficient k against the
distance between the transferring and receiving side, which
can be used as a reference standard in the parameter design
process.

B. EXPERIMENTAL RESULTS

Since the charging process starts in CC mode, the load-
independent CC output mode under a constant dc voltage
(50V in the paper) at different loads is discussed firstly.
In Fig. 13, the waveforms of the modulated voltage vp,
input current i,, output current i, and output voltage Vj, at
two different loads 10 2 and 20 Q are collected. And it
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is obviously seen that the charging current ij is kept at the
desired 3A with operation frequency 150 KHz. The dynamic
performance for the proposed WPT system with a load varia-
tion are analyzed, and the transient experimental waveforms
is given in Fig. 13(c). In Fig. 13(c), the WPT system still
operates at 150 kHz, the output current can maintain 3.0A
with a slight fluctuation when the output load changes from
5 Q to 10 €2, simultaneously, the output charging voltage
V), varies from 15.06V to 30.23V. Apparently, this proposed
hybrid WPT system can achieve load-independent CC output
if the parameters are well-designed. In addition, according to
the input impedance analysis, the equivalent value of Cy. is
chosen as 15nF to achieve ZVS by adjusting S conduction
duty cycle properly. In Fig. 13(a) and Fig. 13(b), the input
current lags behind the input voltage, therefore, the Vi is
choked to nearly zero when the Vg is given. In summary,
the load-independent CC output with ZVS turn-on is well
achieved in the proposed WPT system.
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TABLE 2. Comparison with different papers for load-independent CC and CV outputs with ZVS condition.

cots | oot | et [ Al | Mol | S [ v | ey | Qe
[17] 4 4 0 2 Vg No v 92.25% 48V/3.6A
[18] 3 5 1 2 none No ZPA 90.8% 96V/4A
[19] 2 2 1 3 e Viar No N 93% 15V/IA
[22] 2 4 1 2 Vi No v 92.81% 96V/2A
[23] 3 3 0 0 Us, Iy Yes v 93.8% 56V/4.6A
Proposed 2 3 0 1 Viics Yes v 91.51% 60V/3A
Where the “none” means that the measured parameters are not given in the paper and "V"means that the ZVS condition is satisfied.
The output mode will turn into CV mode rapidly when the 2 U K i

output charging voltage increases to 60V. The main wave- B Foss ;,,ﬁ“”#f

forms including the modulated voltage v,, input current iy, F 75

output current i and output voltage Vj, at two different loads 2 [ ComedeJ

20 € and 40 2 are given in Fig. 14. Obviously, the charging T iz e

voltage V), can be kept at about 60 V in the CV operation . RB e - e e

frequency 167.7 KHz. Similarly, the robust performance of (a) (b)

the hybrid WPT system in CV mode are tested in Fig. 14(c)
when load varies. The charging voltage can maintain 60 V
with a small fluctuation when the output load is changed
from 30 ©Q to 60 €2, simultaneously, the output charging
current i, decreases from 1.943 A to 0.9869 A. Generally,
the load-independent output characteristic performs well in
the proposed hybrid WPT system. Besides, to realize ZVS
condition, the S is controlled and the equivalent value of Cj,.
is 22.367nF. As is shown in Fig. 14(a) and Fig. 14(b), the input
current lags behind the input voltage as well. Therefore, the
ZVS turn-on in load-independent CV mode is also realized
in the proposed WPT system. Furthermore, the ZVS condi-
tion is satisfied during the full charging process. It is noted
that the ZVS turn-off is not fully achieved due to relatively
small drain-source parasitic capacitance, however, the turn-
off power loss is relatively small, which can be ignored in
practical application.

The mode transfer performance is validated in Fig. 15.
As the transient waveforms of mode switching from CC
to CV mode in Fig. 15(a), the charging voltage and cur-
rent almost has no fluctuation during the switching process.
Apparently, there is no voltage and current spike during the
transformation. The corresponding driving signal for switch .S
is shown in Fig. 15(c). Similarly, the CC mode can be trans-
ferred smoothly from the CV mode. In short, the switching
process of proposed system is more fluent and acceptable.

The whole charging profile with the charging voltage and
current against 1g(Rp) is shown in Fig. 16(a). Obviously, the
experimental data meets well with the required charging pro-
file. To further evaluate the transfer performance of the pro-
posed hybrid WPT system, the power analyzer PA2000mini is
used to measure the overall DC-DC transmission efficiency.
The charging efficiency curve (from the dc voltage source to
the battery load) of the hybrid WPT system versus 1g(R;) dur-
ing the entire charging process is measured and is shown in
Fig. 16(b). The efficiency rises from 80.8% to the peak point
of 90.38% with the increasing of R, in CC mode and then
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FIGURE 16. Experimental results. (a) Measured charging profile.
(b) Measured efficiency curve.

drops back 80.3% from 91.51% in CV charging mode. It is
noted that the minimum charging efficiency is 80.3% when
Ry is 150€2, which is suitable for battery wireless charging
applications. Besides, the transmission efficiency difference
at the crossing point of two modes is caused by the different
resonant network in the CV and CC mode.

In this paper, the equivalent capacitor value of SCC struc-
ture changes once from C;.1 in CC mode to C» in CV mode.
The another advantage of proposed SCC structure is the main-
tain of load-independent output characteristic at different L,
conditions. As is shown in Fig. 17, with the increasing of L,,,
the required C;» to realize the load-independent CV output
under fixed resonant frequency will increase, furthermore, the
turn-on duty cycle D of SCC structure for Cy; is increasing
accordingly. Besides, from (7) and (13), the output current
value in CC mode and voltage value in CV mode will change
due to the variation of L,,, which meets well with the experi-
mental results. However, the output can be regulated by many
common methods, such as the phase shift control at the active
rectifier, addition of another DC/DC converter and so on.

In order to reflect the superiority in fewer components and
easier control method of the proposed two-coil WPT system,
comparison about the compensation network part with other
papers are listed in Table 2. The high-frequency resonant
inductor occupies a high proportion in the volume of system.
Therefore, the size of WPT system can be evaluated based
on the number of resonant inductors and coils. The cost is
dependent on the component counts. And the complexity of
feedback circuits is related to the detection variables and
corresponding information processing. It can be concluded
from the table that the number of passive components and
additional switches are both relatively less than [17]-[19]
and [22], [23], which means a smaller system size and lower
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FIGURE 17. The equivalent capacitor Cs., and corresponding D to
maintain load-independent output at different L,; conditions.

system cost. And only the output voltage is needed to be
measured, moreover, the requirement for control circuit is
lower, which makes it easy to implement. Besides, compared
with [17], [19] and [22], the addition of zero crossing com-
parator avoids the switches current spike during the mode
switching, which increases the switching safety of proposed
system. In other words, the proposed hybrid WPT system
is superior to other researches in terms of the component
number, system size, system safety and control method for
load-independent output with ZVS condition.

VI. CONCLUSION

This article proposes a WPT system with SCC for wireless
battery charger. The operation principle of the SCC is intro-
duced and the equivalent capacitor of SCC can be regulated
by controlling the turn-on duty cycle of switch. With the assis-
tance of SCC structure, load-independent CC and CV output
can be obtained successfully under two operating frequen-
cies. Moreover, ZVS operation can be realized for the primary
power switches both at CC and CV modes too. Meanwhile,
two operation modes can be transferred smoothly according
a wireless communication. Compared with the counterparts,
the proposed topology has less components, simpler control
strategy and safer transformation process. Finally, an experi-
mental prototype was built and the experimental results agree
with the theoretical analysis well with a maximum efficiency
up to 91.51%.
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