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Abstract—With the improvement of wireless power transfer
technology has been widely used. The scheme of realizing wire-
less battery charging based on Class-E converter has gradually
attracted attention. In this article, a detailed analysis is carried
out for high-frequency system impedance compression technol-
ogy, input voltage adaptability, compensation network structure,
circuit stress, and sensitivity. The difficulties in realizing constant
current/constant voltage adaptive charging with traditional design
methods are summarized. To this end, a dual-channel system design
method based on power synthesis technology is proposed, with a
highly sensitive 6.78 MHz system assisted by a robust 500 kilohertz
(kHz) subsystem. Combined with the traditional high-frequency
passive constant-voltage impedance compression technology, the
kHz subsystem provides active state locking, active load com-
pression, and power adaptive compensation to achieve smooth
impedance connection during mode switching, thereby completing
safe and efficient battery charging. In order to verify the feasibility
of the proposed method, a 170 W experimental prototype was built
to simulate the charging process of the battery at 45-72V/2.4 A and
72V/2.4-0.3 A. The system maximum efficiency reaches 92%. The
soft switching characteristics of the power amplifier and system
efficiency are still guaranteed under a wide range of load variation,
and an approximately ideal battery charging curve is output.

Index Terms—Active state locking, constant current/constant
voltage adaptive charging, impedance compression, power
synthesis, smooth impedance connection, wireless power transfer.

1. INTRODUCTION

N RECENT years, research on wireless power transfer
(WPT) technology has become a hot spot. Resonant design
approach was adopted to improve the system power conversion
efficiency [1], [2], [3], [4]. WPT technology is widely used in
various fields [5], [6], [7], [8], [9], such as underwater loads,
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electric vehicles, and biomedicine. Among them, battery charg-
ing is one of the main applications [10]. Considering battery
life and safe operation, most traditional charging process of
batteries is mainly divided into two stages, namely constant
current mode (CCM) and constant voltage mode (CVM). Be-
sides, a multilevel constant current (MSCC) charging mode was
proposed to utilize multihigh harmonic for power transfer [11].
The inherent load-independent constant current output and zero
phase angle (ZPA) input characteristics were maintained. By
setting the combined mode of switching frequency and phase
relationship of the bridge arm, the current can be converted to
different levels for different stages of CC charging.

At present, most wireless power transfer systems can only
achieve one of the CC or CV outputs without using additional
means, especially high-frequency systems. Therefore, most re-
search on battery charging mainly revolve around the realization
of CC/CV output. To this end, methods have been proposed to
tune the resonant circuit by increasing the number of passive
components, switches, or relays [12], [13], [14], [15], [16]. A
multicoil structure was employed and constituted a reconfig-
urable intermediate resonant circuit with additional switches for
mode switching [12]. ZPA can be implemented in both CCM
and CVM. However, the mutual inductance of the coil seriously
affects the accuracy of the charging current and voltage, and
has higher requirements on the coupling state. Meanwhile,
due to the mode switching in the resonant cavity, the switch
often needs higher withstand voltage stress and faces certain
operational risks. Two intermediate coils were added to form a
four-coil structure, which increases the effective magnetization
impedance between the coils and improves the transmission
efficiency [13]. The resonant tank was designed to achieve CCM
and CVM charging at two different frequencies, respectively.
However, frequency regulation is often accompanied by system
stability issues.

In [14], a fixed operating frequency was adopted, and a relay
was used to switch between three-coil and two-coil structures
to realize CC and CV output. In [15], the LCC-S topology
was reconfigured into an S-S topology by using three reso-
nant circuits, and only relays were used to achieve CC/CV
output, while the system also worked at a single frequency. In
[16], a new compensation method with an inductor array was
proposed to ensure that the input impedance of the system is
inductive and reduces switching losses. Taking advantage of the
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load-independent characteristics, the mathematical relationship
between the passive components was derived, thereby reducing
component count.

In addition to changing the circuit structure, the CCM/CVM
of the battery can also be realized by adjusting the control
strategy. In the case of introducing a resonant converter, a wide
range of frequency variation is unavoidable. Variable frequency
phase-shift control was proposed [17], and a new three-loop
control strategy was adopted to make the system run at any
point in the optimal operating frequency range. In [18], a
full-bridge inverter controlled by a phase-synchronous method
was used as a negative resistor to achieve power regulation
without an additional dc—dc converter. The transmitting side
controls the ON-OFF of the switch by measuring the operating
frequency and the effective value of the input current, and does
not require double-sided communication for real-time output
current/voltage regulation. The robustness to load resistance and
coupling coefficient variation has been improved.

Various load parameter identification methods are also an
option, so as to obtain the equivalent load resistance, simplify the
model, and realize CC/CV output. In [19], the input impedance
characteristics of the nonpure resistance of the rectifier was con-
sidered. Output current, output voltage, and system equivalent
resistance were identified. Combined with the output charac-
teristics of the LCC-N structure, the relationship between the
input and the output was simplified through the linear super-
position of the fundamental wave and the third harmonic. The
load output independent characteristic was realized through the
linear control of the primary side. In [20], a load identification
method realized by an orthogonal transformation algorithm and
reflection impedance theory was proposed. The equivalent load
resistance is obtained by using the active power and current of the
primary side. The CCM/CVM is realized through the phase-shift
control of the full-bridge inverter.

In this article, a novel battery charging design method is
proposed to solve the difficulties encountered in traditional
high-frequency WPT design methods (Nonuniform impedance
compression direction, nonuniform network structure, nonuni-
form input voltage, and high voltage stress). Specifically, Sec-
tion II gives the design methods of the traditional 6.78 M system
to achieve CC and CV output, respectively, and analyzes the
difficulties of simultaneous CC/CV implementation detailly.
Section III gives the operating principles and advantages of
the proposed design method. Sensitivity analysis is given in
Section IV. Experimental verification is placed in Sections V.
Finally, Section VI concludes this article.

II. ANALYSIS OF TRADITIONAL 6.78 MHZ WPT SYSTEM
DESIGN METHOD

A. Traditional 2.4A Constant Current Output System Design

Fig. 1(a) is the traditional 6.78 MHz WPT constant current
output system. It usually consists of four parts, followed by
Class-E power amplifier (PA), impedance compression network,
coupling coil, and Class-E rectifier. Here, Z,, is the total load
impedance that the PA drives, Z..; is the reflection impedance
of the primary side (Total system impedance as seen to the right
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of the T-type compression network), and Z,. corresponds to the
input impedance of the rectifier.

Simulation was performed using advanced design system
software. With the help of load-pull model analysis, the char-
acteristic curves of PA under different load impedances are
obtained. As shown in Fig. 1(d), the red curve is the PA efficiency
contour, and the purple curve is the PA output power contour.
The specific simulation parameters of the constant current out-
put system are also given. The ideal load impedance curve of
the PA that satisfies the constant current output index can be
obtained through simulation [see Fig. 1(d) blue curve]. Here,
the high-efficiency operation of the constant-current PA needs
to meet three requirements as follows.

1) Sufficient power output: The PA output impedance Z,
corresponding to the maximum power load point should
coincide with the preset PA maximum power output curve
[see Fig. 1(d) yellow power contour line].

2) Impedance compression direction: For a constant cur-
rent output system, the impedance compression direction
should keep the output current constant. That is, the output
power Py is proportional to the load Ry

CCM : Py x Ry. (1)

3) Target high-efficiency area: The PA output impedance
point Z,, generated within the load variation range falls
into the target high-efficiency area as much as possible
[see Fig. 1(d) yellow target area].

For high-frequency WPT systems, impedance analysis is usu-
ally performed sequentially from the output stage to the input
stage. The input impedance X,... [see Fig. 1(b) or (c)] of a high
frequency system rectifier tends to exhibit nonlinear capacitive
characteristics, different from low frequency rectifiers. In the
case of load variation range of 18.75Q-30(, it is necessary to
design the secondary series capacitor Csyy, taking into account
the inductance of the secondary coil and the input impedance
of the rectifier to achieve full compensation at the maximum
power point, thereby improving system efficiency. The —48)
rectifier input reactance X, is compensated to 02 at the 302
load point, as shown by the red arrow in Fig. 1(b).

Fig. 1(c) shows the whole process of impedance transforma-
tion when the traditional high-frequency WPT system realizes
constant current output. In total, 18.750-30) represents the
load Ry change of the battery in the 45-72V/2.4 A constant
current stage, and the specific impedance transformation value
is shown in Fig. 1(b). At this time, the input impedance Z..
(red diamond) of the rectifier and the reflected impedance Z.j
(purple diamond) of the coil seriously deviate from the PA
high-efficiency range [see Fig. 1(d) yellow ideal target area]. To
solve this problem, the T-LCL impedance compression network
is adopted to compress the reflection impedance Z..; to the
ideal PA output impedance Z,,. It is worth noting that the Z,,
direction at this time is the direction in which the output power
of the PA decreases, i.e., the direction in which the load Ry
decreases. Under the condition of input voltage Viyig = 81V,
it can realize 2.4 A constant current output in the load range of
18.75Q-30€). Fig. 1(b) also shows the state stress peaks of each
part of the system at this time.
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value and working performance of each part of the system. (c) Impedance compression process. (d) PA output performance.

B. Traditional 72V Constant Voltage Output System Design

Fig. 2(a) is a traditional 6.78 MHz WPT constant voltage
output system. Similarly, the secondary side achieves full com-
pensation at the point of maximum power load, as indicated by
the red arrow in Fig. 2(b).

In total, 30 2-240 2 represents the equivalent load Ry change
of the battery in the 72V/2.4 A-0.3 A constant voltage stage.
As the load Ry increases, the imaginary part X..; of the coil’s
reflected impedance [see pink curve in Fig. 2(b)] first increases
and then stabilizes, while the real part R..; (blue curve) shows
a trend of gradually decreasing. Correspondingly, the reflected
impedance angle of the coil increases continuously, which in
turn leads to an increase in reactive power and a decrease in
efficiency.

In addition, compared with the constant current stage,
the constant voltage stage faces a wider range of reflection
impedance variation, which increases the difficulty of designing
the impedance compression network. In this case, considering
the change of reflection impedance in the whole range, the
output impedance Z,, of PA is more likely to deviate from the
high-efficiency region and enter the sub-high efficiency region
[see Fig. 2(d)].

Fig. 2(c) shows the whole process of impedance transforma-
tion in the constant voltage stage. At this time, the PA output
power Py is inversely proportional to the load Ry, i.e.,

1

CVM : P —_—
HCXRH

@)

The Z,, direction in Fig. 2(d) represents the direction in
which the PA output power increases, i.e., the direction in which
the load Ry decreases (opposite to the impedance compression
direction in the constant current stage), and the system obtains
the maximum power at 30€). For other load points, the coil
reflection impedance presents nonlinear inductive characteris-
tics [the pink load point of Z..; in Fig. 2(c)], different from
the nonlinear capacitive characteristics of the constant current
system at nonmaximum power load points. Therefore, a T-LCC
type compensation network is adopted for inductive compres-
sion and capacitive compensation, replacing the T-LCL network
in the constant voltage system.

Fig. 2(a) shows the simulation parameters of the 72 V constant
voltage system, Fig. 2(b) shows the stress and impedance trans-
formation values of each part of the system, and the input voltage
is 74V at this time. It can be seen that the stress of the PA inverter
tube is about 300V at this time, and the stress of the rectifier
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value and working performance of each part of the system. (c) Impedance compression process. (d) PA output performance.

diode is also close to 200 V (the voltage tolerance of high-speed
Schottky diodes is generally low), which causes difficulties in
the selection of components. After all, using gallium nitride as
a rectifier device requires synchronous rectification control (It
is actually not easy for a 6.78 M system). Using silicon carbide
means a high forward voltage drop.

So far, based on the analysis of the characteristics of the above-
mentioned two traditional systems, the difficulties in system de-
sign for simultaneous CC/CV mode switching are summarized
as follows.

1) Unidirectionality of impedance compression: In the de-
sign of constant voltage and constant current systems, the
direction of impedance compression needs to follow the
corresponding relationship between power and load, and
there is a problem of opposite design direction.
Structural differences in the impedance compression net-
work: Due to the different properties of the coil’s reflected
impedance at the nonmaximum power point, different
compensation methods are required to achieve capaci-
tive/inductive compression.

3) Nonuniformity of input voltage: In order to meet the
high-efficiency operation and power requirements of the

system, there is a problem of different input voltages in the
constant voltage and constant current stage, which lacks
uniformity. It will increase the difficulty of designing the
bus voltage of the prestage system.

High device stress: The single-stage system completes
high-voltage and high-power battery charging, and has
high requirements for device stress and other aspects. In
order to ensure reliable operation, it is usually necessary to
sacrifice certain efficiency and maintain a sufficient level
of withstand voltage margin.

4)

III. OPERATING PRINCIPLE AND ADVANTAGES OF THE
PROPOSED WIRELESS BATTERY CHARGING SYSTEM

Fig. 3(a) shows the system structure, which also simulates the
batteries charging process of 45-72V/2.4 A and 72V/2.4-0.3 A.
The system consists of two parts: a strong robust kHz system
and a high-sensitivity MHz system. The two subsystems share
the same bus voltage, and the decoupling coil structure is used
to avoid power crosstalk (see Fig. 4), and the output side is
connected to the battery load by means of power synthesis. The
kHz system completes mode switching through the poststage

2)
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Schematic of proposed charging system operation. (a) System structure. (b) Ideal charging curve. (c) Ideal output and equivalent load at CCM.

(d) Comparison between the proposed system and the traditional system in CCM. (e) Ideal output and equivalent load at CVM. (f) Comparison between the

proposed system and the traditional system in CVM.

dc—dc circuit, and the MHz system adopts a constant voltage
design method for impedance compression and provides 36V
output. Fig. 3(b) shows the battery charging curve and the power
distribution of the two subsystems under ideal conditions. P,
P11, and P,p, represent battery charging power, high frequency
(HF) output power, and low frequency (LF) output power,
respectively. In CCM, the MHz system always outputs stable
fixed power, and the rest of the power supplement will be

completed by the kHz system. In CVM, the MHz system and kHz
system will equally share all power variation. Fig. 3(c) shows the
respective voltage, current and equivalent load variation of the
two-channel system under ideal conditions in the CCM. V
and I, represent the battery charging voltage and current,
respectively. Vo and R,y represent the output voltage and
equivalent load of the HF system, respectively. Vo1, and R,
correspond to the LF system. At this time, the kHz system works
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in the current source state, and the MHz system works in the
constant voltage source state, so the high-frequency equivalent
load R,y is compressed into a fixed load point. After entering
CVM [see Fig. 3(e)], the kHz system switches to the voltage
source state to share the wide range of load variation faced by
the MHz system.

Fig. 3(d) and (f) shows the design comparison between the
traditional HF system and the proposed system under CCM and
CVM, respectively. Specifically, the advantages of the proposed
design method are as follows.

1) Realize the unity of impedance compression direction:
During the whole process of battery charging, the HF
system only needs to consider the constant voltage output
design. R,y is compressed to a fixed 15€2 in CCM, and
forms a smooth connection with the load change in CVM.
The problem of impedance compression unidirectionality
caused by mode switching is eliminated.

2) Realize the unity of impedance compression network: In
the proposed design method, the reflected impedance of
the HF system coil is always inductive, the compensation
direction in the compression network is unified, and there
is no T-LCL/T-LCC structure switching problem.

3) Realize the unity of the input voltage: The system input
voltage is always maintained at 50V, and there is no need
to follow the adjustment according to the battery status.

4) Realize the reduction of system stress: The power com-
bination technology effectively solves the problem of
high voltage stress of Class-E converters. Under the same
72V/2.4 A output condition, the stress of the switch tube is
reduced from 320V to 239V, and the stress of the rectifier
tube is reduced from 205V to 121V, which facilitates the
selection of components and the practical application of
the structure.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 11, NOVEMBER 2023

5) Realize the improvement of system efficiency: In CCM,
the HF system always works in a complete resonance
state, without facing the reactive components of other load
points in the traditional design method. In CVM, due to the
active load compression of the LF system, the actual load
variation faced by the HF system is reduced by half, which
greatly reduces the difficulty of impedance compression.
At this time, the output impedance Z,,,, of the PA is easier
to stabilize in the target high-efficiency region, without
sacrificing the efficiency of the maximum power point,
and improving the system efficiency in the most critical
part.

It is worth noting that, here, the kHz system is just one of the
representatives of the robustness system, but not the only one.
Moving a kHz system up to 1 MHz or 1.5 MHz, all operating
criteria and corresponding advantages remain unchanged for the
architecture shown in Fig. 3. The concept of low frequency and
high frequency is only relative. In this article, 500 k is chosen
as the LF system frequency for principle verification.

IV. SYSTEM SENSITIVITY ANALYSIS AND COMPARISON

As mentioned in Section II, the direction of impedance com-
pression determines the output constant capability of the HF
system over the load range. In a theoretically ideal situation,
the impedance compression direction is perpendicular to the PA
output power contour, the distribution of load points is relatively
uniform, and the output is constant. However, in the simulation,
the conversion capability of the impedance compression network
is limited, and it can only ensure that the PA output impedance
Zya (blue circular load line) is close to the theoretical ideal
curve (red arrow curve), as shown in Fig. 5. Figs. 5(a) and
6(a) correspond to the constant current system in Section II.
Figs. 5(b) and 6(b) correspond to the constant voltage system
in Section II. In fact, the system output voltage, current, and
equivalent load variation in Sections II and III are all theoretical
ideal results. Fig. 6(a) and (b), respectively, gives the output
current and voltage (black square curve) of the corresponding
system under simulated ideal conditions. It can be seen that in
CCM, the current is relatively stable at 2.4 A and the fluctuation
is small, which also corresponds to the Z,, curve [see Fig. 5(a)]
close to the theoretical ideal curve. However, in CVM, Z,,
deviates from the theoretical ideal curve. As a result, the output
voltage shows a slow upward trend within the load range of this
stage, and deviates from 72V to 76.8 V at 240().

In addition, there are human factors and industrial man-
ufacturing errors in the actual system operation, which fur-
ther cause differences from the simulation ideal. Considering
that there may be component parameter deviations and coil
misalignment in the actual circuit, the following six simula-
tions were carried out (see Fig. 6): all inductance parameters
in the system increased or decreased by 5%; all capacitance
parameters increased or decreased by 5%; mutual inductance
increased or decreased 20%. It can be found that the current and
voltage will seriously deviate from the charging index of the
battery at 72 V/2.4 A. For the system, the following hazards will
occur.
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3) When the output voltage is lower than the charging voltage
of 72V, the charging is too slow or even impossible to
charge.

4) When the output voltage is too high and exceeds the
battery voltage threshold, it brings destructive risks such k3L
as explosion. @ ] 1 T

So far, it can be found that the traditional HF system is greatly Constant Current Souros

affected by parameter fluctuations, i.e., it has high sensitivity. CCM Ly
Moreover, it is difficult to achieve accurate and constant voltage

CVM Iy
output even in the simulated ideal situation, and the reliability @ EH Vst @ EH Vo
of the system is relatively low. = < o Nl

Fig. 7 shows a simplified diagram of the constant current Static Compressed Output Static Compressed Output
and constant voltage stages of the proposed system. Facing the
same ideal simulation state or actual parameter changes, the
output fluctuations of the HF subsystem still exist (see Fig. 8).

Fig. 6. Comparison of simulated ideals with actual possible situations.
(a) Constant current output system. (b) Constant voltage output system.

@ 5[ 7)
M=+ =z oL
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T3 =
VoL

Fig. 7. Simplified diagram of the CCM and CVM of the proposed system.
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Fig. 9. System experimental parameters.
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However, due to the power combining mechanism, a stable
and safe charging curve can still be guaranteed (Even if the
LF mutual inductance fluctuates, the poststage dc—dc can still
compensate), as shown in the purple curve. With the power
supplement and adjustment of the LF subsystem, the operating
output of the HF subsystem is given sufficient flexibility (yellow
area), which solves the sensitivity problem.

V. EXPERIMENTAL VERIFICATION

To verify the feasibility of the proposed method, a 170 W
experimental prototype was built. The parameters of each part of
the system are shown in Fig. 9. For the HF subsystem, impedance
compression design is the focus, which mainly includes two
parts: C, of the full-wave rectifier and T-type compression
network. The value of C, affects the rectifier input impedance
change and the duty cycle D, as shown in (3)—(5) [shown at the
the bottom of previos page] [23]. For the full-wave rectifier, Dy
needs to be less than 0.5 to prevent shoot-through. The reduction
of C; means the increase of the rectifier input impedance real
part, which can be designed to improve the coil’s efficiency
within a certain range [see (6), shown at the bottom of the
previous page]. However, it also means the increase of the
rectifier peak stress and the impedance variation range. For the
maximum power point, a full compensation method is often used
to improve system efficiency.

jLSH+ +Xrec(Pmax) =0. (7)

1
JCsn

As for the impedance compression network, its parameter
design mainly follows the explicit design method [24], i.e.,
the starting point and extension direction of the impedance
trajectory are determined through three degrees of freedom in
the network to adapt to the efficient operation of the PA. In this
process, the adjustment of Cg is also carried out synchronously.
The smaller the Cg is, the larger the efficient range of the PA
is, but the output power capability decreases [25]. In short, the
high-frequency parameter design process is a tradeoff process
with comprehensive consideration, which needs to be adjusted
repeatedly in combination with simulation. As for the LCC/S
subsystem, its parameter design is relatively simple, and the
traditional resonance method and fundamental wave analysis
can be adopted

{JXl = jwr L = JWLLPL + - =1 ®)

jwr CPL jwLCr
iXe = jwrLst + e = 0.

The selection of switching devices and the parasitic parame-
ters of inductors are given in Table I. Fig. 10 depicts the system
control block diagram. The experimental waveform of the MHz
system in the CCM is shown in Fig. 11. At this time, the state
of the HF system is locked by the LF system, so the waveform
of the entire constant current stage is almost unchanged. The
switching voltage of the Class-E inverter drops to O before
the drive signal arrives. The zero-voltage turn-ON of the PA

switch is realized, as shown in Fig. 11(a). Although there is
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Fig. 11. HF subsystem at CCM. (a) PA. (b) Full wave rectification and output current. (c) Coil current.
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Fig. 12.  LF subsystem inverter waveform, rectifier waveform and coil current in CCM. (a) 108 W output. (b) 140 W output. (c) 172'W output.
TABLEI output conditions, respectively. Analyzing Figs. 14(a), 15(a),
SWITCH MODEL AND INDUCTIVE ELEMENT RESISTANCE and 16(a), it can be observed that as the output power de-
roP— Model Resietor creases coqtmuously (that is, the equivalent res1stan'ce of the
0, 0 GS61004B HF system increases), the reverse current condl.lctl(?n time grad-
0s GS-065-008-1-L ually decreases. However, it has always maintained a good
04, Os ISC230N10NM6 soft-switching characteristic and realized the high-efficiency
Di-Dy V10P10 operation of the PA in the full load range. Figs. 14(b), 15(b),
D Da M d 16(b) show the variation of HF sub I
Lo 18.965mQ/S00kHz an (b) show the var.latlon 0 su sy§tem output voltage
LpL 56.234m€/500kHz Von and battery charging voltage V., with output power. It
Lt 49.843m€/500kHz can be seen that V,g is no longer a fixed 36V, and there is
L 389.62m€2/6.78MHz a certain voltage deviation in CVM. However, V,, is always
Lpy 753.26m€/6.78MHz intained at 72 V. which b fits £ h |
Lo 756.34mQ/6. 78MHz malnta}ne at , which benefits from t e power supp ement
Lenokes Lo 15mQ/de and adjustment of the LF subsystem [see Figs. 14(c), 15(c), and

a certain reverse current conduction time, it is for compatibility
with subsequent load variation during CVM. Fig. 11(b) shows
the full-wave rectifier voltage, HF system output voltage, and
charging current waveforms. It can be seen that although there
are certain large and small waveform phenomena, they are not
obvious. The HF system is stable at 36V, and the charging
current is maintained at 2.4 A, which is in line with expectations.
Fig. 11(c) shows the primary and secondary current waveforms
of the coil.

Figs. 12 and 13 show the changes in the working status of
the LF system in CCM. Figs. 12(a) and 13(a) correspond to
the output 45V/2.4 A, Figs. 12(b) and 13(b) correspond to the
output 58.5V/2.4 A, Figs. 12(c) and 13(c) correspond to the
output 72V/2.4 A. V.1, represents the full bridge rectifier input
voltage.

Figs. 14, 15, and 16 describe the system state changes during
CVM, corresponding to 72V/0.3 A, 72V/0.9A and 72V/2 A

16(c)]. For Figs. 14-16(c), the Vqo.gs noise is caused by the
dual system sharing the same voltage bus (The choke inductance
Lcnhock 18 not large, in order to ensure better operation of the PA),
but this level will not have any impact.

Fig. 17 shows the output results of each part of the proposed
system during the entire simulated charging process. Fig. 17(a)
shows the change curve of charging power and efficiency. In
CCM, the efficiency is higher, rising from 90% to 92%. In
CVM, as the equivalent load increases, the efficiency gradually
decreases. Fig. 17(d) shows the change curve of charging voltage
and current, which is very close to the ideal 72 V/2.4 battery
charging curve. Fig. 17(b) and (c) shows the variation of power
and efficiency for HF system and LF system, respectively. It
can be seen that in CCM, the HF system power is compressed
around 86 W. The LF system performs 22.42 W-86.44 W power
supplement. In CVM, the power of HF and LF systems is not
evenly distributed, and the HF system accounts for relatively
more. Fig. 17(e) and (f) shows the output voltage of the two
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Fig. 13.  LF subsystem synchronous Buck and output current waveform in CCM. (a) 108 W output. (b) 140 W output. (c) 172 W output.
Vo 25V di?) VQ2 bs (25V/div) - VOZ as (3V/div)

VQ3 s (lOOV/d1v) Vos-as (10V/div) P

N /‘ ”\ l A /\\ N ; "«w\ 'wn u ,,m. "
r‘\‘ ‘\'““ \/‘-“ \,":‘:/ \."Q_::‘/' \P——,)/ v ..1,,,_.‘\,,_‘_..,._,\»—- SR e s B fMW\ W 'l‘fn"MF"'J"/WA A

Vo1 (25V/div) Vps (50V/div)

o i VA Vo (25V/div)
[Lp][ (ZA/C[IV) 1]5][ (ZA/le) - a0
4 iff I (2A/iv)
/‘\ I8 /\ \ / o i J
LA WM ‘ '\M \.W/ MAMAMAMAM AN
ln(, (5()\ div) : .
time (100ns/div), time (40ns/div) time (1 ps/div)
|W\- = ) [ \W\ @ 7 oeav |'! ooV @ ® B0V @ o ) oo : W ® 7 oev Hov @ - Toav 1o HW‘ ® 7 5oV
(b) (c)
Fig. 14. Intotal, 21.6 W output at CVM. (a) PA and HF coil current. (b) Full wave rectification and output voltage. (c) LF subsystem.
VQ3 bs (100V/d1v) Vos.as (10V/div) 3 Vou 25V/div) VQZ DS (25 Vidiv) - Vpes GVAIV)
AAINAN AL ; -
\-»- ,.-w..:/ A»-—-/ —u-.-f \ ] Ul i ks —r
(3 \ \ Nann Y X /’d O""/;i F u»»
Vou (25V/di Vps (50V/di
, | ( iv) : ¢D5 ( ( l‘V) Vo (25V/div)
ILp” (2A/le) 11_5” (ZA/le)

A /\\ ¥ ,’/\_ A

\ f\ - \ ,//:.\\“ /*”‘m . /’.\‘\ ‘ i ILrL (2A/div)
g /'/“. 4/\\..........0// \MK.‘,, V,\‘\‘;,_,,_‘_/ - ‘\_..4-_.-5\/\‘ & \‘\v./\’\ \ ‘/\'\ /\
Ve (50V/div) \/v \/ /" \/

time (100ns/div))| time (40ns/div) time (1 ps/div
{ Tr— @i @ ns [0 [[Gac70 || @ 7 oV Soov @ Eov Eov ) [ o v | B ® oy ® v S e ] B
@ (b) (C)

Fig. 15.  In total, 64.8 W output at CVM. (a) PA and HF coil current. (b) Full wave rectification and output voltage. (c) LF subsystem.
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Fig. 16. In total, 144 W output at CVM. (a) PA and HF coil current. (b) Full wave rectification and output voltage. (c) LF subsystem.
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Experimental results vary with battery equivalent resistance. (a) Battery charging power and efficiency. (b) HF subsystem output power and efficiency.

(c) LF subsystem output power and efficiency. (d) Battery charging voltage and current. (e) HF and LF subsystems output voltage. (f) HF and LF subsystems

equivalent resistance.

TABLE II
PERFORMANCE COMPARISON OF THE PROPOSED SYSTEM WITH EXISTING LITERATURES
i CCM CVM
Power Frequency  Topology Couph}l g cc/ev - -
(max) Coefficient Load Efficiency Load Efficiency
S/S 0.21 3A/25.8V 6.7Q-8.6Q2 74.9%-75.1% | 8.6Q-84.5Q  75.1%-17.5%
[20] 77.4W 88.5kHz
S/P 0.21 3A/25.8V 6.7Q-8.6Q2 40.5%-43.5% | 8.6Q-84.5Q  61.1%-43.5%
[12] 172.8W 500kHz RIRC 0.49/0.7 3.6A/48V 10Q-13.3Q 89.5%-92.2% | 13.3Q-247Q  92.25%-77%
[22] 120W IMHz AC/S 0.278 2.5A/48V 10Q-19.2Q 89%-91% 19.2Q-60Q 92.4%-89%
[21] 16.8W  6.78MHz  DCR+S/LC 0.2 1A/16.8V 14Q-16.8Q 78.5%-80% 16.8Q-214Q 85%-75.1%
[24] 40W 6.78MHz IMN/S 0.288 CV:20-22.3V n/a n/a 10Q-50Q 84.1%-78.1%
Proposed  172.8W 653)?)11\?1411{; T+LCC/S 0.4/0.25 2.4A/72V 18.75Q-30Q  90%-92.08% 30Q-242Q 92.08%-76%

RIRC: Reconfigurable Intermediate Resonant Circuit. AC: Active Clamp. DCR: DC Input Voltage Regulation. LC: LC-Type Impedance Compression Networks.

IMN: Impedance Matching Networks. T: T-Type Impedance Compression Networks.

subsystems and the equivalent load changes, respectively. It can
be seen that the output voltage of the HF system is almost stable
at36'V, and the equivalent load is compressed at 15 Q2 in CCM. In
CVM, as analyzed previously, the HF system still has a voltage
rise phenomenon, and the resistance distribution is no longer
uniform. When the battery equivalent resistance increases to
242 (), the HF system equivalent resistance is 1382, while the
LF system corresponds to 104 2. In order to meet the ideal effect,
the LF system performs output follow compensation. The exper-
imental system equipment is shown in Fig. 18. Table II shows the
comparison between the proposed system and other existing lit-
eratures. It can be seen that the proposed system not only realizes
high-frequency system CC/CV switching, but also has certain
advantages in terms of power level, efficiency, and wide load
range. In further research, dual-frequency integration of coupled
coils and converters is expected to improve power density.

Full Wave

Rectifier

Fig. 18.  Experimental prototype.
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VI. CONCLUSION

In this article, the system characteristics of the traditional
6.78 MHz WPT constant current output and constant voltage
output are analyzed in detail. The problems of inconsistent
impedance compression direction, different impedance com-
pression network structure, inconsistent bus voltage, and high
system stress in the CCM and CVM are analyzed. In order to
realize its high-efficiency adaptive CC/CV mode switching, a
power synthesis design method is proposed. At this time, the
high-frequency system only needs to consider the constant volt-
age design during the whole charging process, and the equivalent
load in the constant current stage is locked by the low-frequency
subsystem, thus solving the problem of impedance compression
unidirectionality and improving system efficiency over the full
load range. Furthermore, the high-sensitivity problem of the
traditional high-frequency system is analyzed in detail, and the
harm caused by it is also explained. While in the proposed
method, the output fluctuation of the high-frequency system is
given sufficient flexibility space, and the robust power compen-
sation of the low-frequency subsystem is used to achieve accu-
rate and stable output. Finally, the 72 V/2.4 A battery charging
process is simulated through the construction of the experimen-
tal platform. In the case of 173 W output, the charging efficiency
reaches 92%. The charging voltage and current curves are in line
with ideal expectations.
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