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ABSTRACT The equivalent resistance of the battery will change during charging in practical applications,
so it is difficult to design a wireless power transfer (WPT) system with accurate constant current (CC)
and constant voltage (CV) output characteristics. In addition, the WPT system efficiency is also affected
by the change of equivalent resistance. Therefore, this paper studies the charging control and efficiency
optimization strategy for the WPT system with dynamic loads. The WPT system with a structure of double-
sided LCC compensation topology and containing controllable rectifier circuit at the secondary side is
established, and the working process of full-bridge controllable rectifier circuit is analyzed. Then the output
characteristics of the WPT system are analyzed. The expressions of the optimal transmission efficiency
and the optimal equivalent impedance of the full-bridge rectifier are derived. The relationships between
the equivalent impedance of the capacitor-filtered full-bridge controllable rectifier circuit and the phase
shift angle, the charging current and the phase shift angle are also obtained. In this paper, the CC and CV
charging strategies based on phase shift control of controllable rectifier circuit and efficiency optimization
strategy based on dynamic equivalent impedance matching are proposed, which can improve the WPT system
transmission efficiency while realizing CC and CV charging. Finally, the effectiveness of the proposed
control strategy is verified by simulation and experiment. The WPT system realizes CC charging mode
and CV charging mode in turn when the load resistance changes from 5 €2 to 30 €2, and the overall efficiency
is up to 90.71% at the transmission distance of 15cm.

INDEX TERMS Wireless power transfer, constant current/voltage charging, efficiency optimization, phase

shift control, dynamic impedance matching.

I. INTRODUCTION

The WPT technology can effectively help the electrical equip-
ment to get rid of the shackles of cables and improve the
flexibility and safety of electricity [1], [2]. At present, it has
been applied in electric vehicles, portable electronic devices,
medical implant, drones, inspection robots, etc. References
[3]-[6]. In recent years, electric vehicles have developed
rapidly, and the wireless charging technology for electric
vehicles based on the principle of WPT has emerged at the
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historic moment in order to solve several problems existing
in wired electric energy supplement [7].

In practical applications, the lithium batteries are widely
used in electric vehicles. In order to extend the life cycle of
batteries, two modes of CC and CV are generally adopted
during the charging process. However, the equivalent resis-
tance of the battery gradually increases during the charg-
ing process which will have a certain impact on the output
characteristics of the WPT system. For example, the actual
charging current or charging voltage may deviate from the
battery demand value and the overall efficiency may be lower,
which is a big challenge for the design and control of the
WPT system [8]-[10]. In order to solve the above problems,
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the charging control method of the WPT system has been
studied by many scholars. The main methods include phase-
shifting modulation (PSM) control or frequency conversion
control (FCC) of the primary side high-frequency inverter
(HFT), resonant compensation circuit design and control, and
addition of a DC-DC converter, etc. [11]-[17].

The authors of [18] developed a control strategy based on
dual-phase-shift control with an active rectifier to maintain
a constant output voltage or current. The PSM technology
based on HFI can guarantee constant current output or con-
stant voltage output. However, it must be built on the premise
that the primary side and the secondary side have reliable
communication. The feasibility of this method is not high
when the load resistance value changes significantly. This
method may not be feasible when the load resistance changes
significantly. The authors of [19] analyzed the frequency
characteristics of the double-sided LCC compensation tank
to achieve both of load-independent current and voltage char-
acteristics with the ZPA condition at two different resonant
frequencies. The FCC technology can realize the CC/CV
charging mode independent of the load theoretically. The
adjustable range of frequency is limited in the WPT sys-
tem, resulting in the method being not flexible and versatile.
In Ref. [20], a mixed high-order compensation networks is
proposed to achieve multiple independent outputs with con-
stant currents. A LC/S compensation topology is proposed
in Ref. [21] to provide excellent CC out characteristic. The
authors of [22] analyzed and summarized the individual pas-
sive resonant networks used to achieve CC or CV output
characteristics against the time-varying load. In Ref. [23],
the three-coil structure WPT system is proposed to achieve
stable CC and CV charging output characteristics for battery
charging applications. An LCL-network-based SS compen-
sated in Ref. [24] is proposed to achieve adjustable output
current and wide ZVS range. In Ref. [25], integrated control
method of load estimation and power tracking are proposed
to achieve CC/CV charging of LCC compensation WPT sys-
tem. In the paper of [26], a general modeling methods for
the high-order resonant circuit is proposed to investigate the
load-independent voltage and current transfer characteristics.
These studies can realize the control of CC or CV output
on the design of different resonant compensation structures.
However, this method may be less compatible with different
types of loads. In addition, the extra loss caused by the large
number of components will reduce the overall efficiency of
the WPT system to some extent. The authors of [27] propose a
series-series compensated WPT system based on parity-time
symmetry with front-end DC-DC converter and a primary-
side-only control strategy in order to attain stable output
power with high transfer efficiency under various coupling
condition and load. For the method of adding DC-DC con-
verter, the charging control of CC or CV can be realized, and
the flexibility is higher. However, this method will increase
the weight and volume of the system, and the overall effi-
ciency will be reduced due to the loss of the DC-DC converter
itself.
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In order to overcome the disadvantages of the above control
methods such as inflexibility, poor compatibility, increased
weight and volume and influence on efficiency, this paper
proposes the control method of CV/CC charging and the
optimization strategy of efficiency for the change of equiv-
alent load resistance. The WPT system with a structure of
double-sided LCC compensation topology and containing
controllable rectifier circuit at the secondary side are studied.
By analyzing the output characteristics of the WPT system
and deriving the relationship between the charging current
and phase shift angle, a CC/CV charging model control strat-
egy based on the controllable rectifier circuit through the
phase-shifting control is proposed. The open loop control
is adopted for the CC charging model on the premise of
satisfying the precision in order to respond the load demand
quickly. The CV charging model adopts closed-loop control,
and the whole charging process does not require commu-
nication between the secondary side and the primary side.
Then, an efficiency optimization strategy based on dynamic
equivalent impedance matching is proposed by deducing the
relationship between equivalent impedance of rectifier cir-
cuit and transmission efficiency. This paper consists of six
sections. The arrangement of the remaining sections is as
follows: section II describes the structure of the WPT system,
analyzes the working process and obtains the output charac-
teristics through theoretical analysis. Section III proposes the
CC/CV control method and efficiency optimization strategy.
Section IV verifies the effectiveness and reliability of the
proposed charging control strategy through simulation and
experiment. In the last section, the conclusions drawn from
the research are summarized.

Il. THE WPT SYSTEM STRUCTURE AND
THEORETICAL ANALYSIS
A. THE WPT SYSTEM STRUCTURE AND
WORKING PROCESS
In this paper, a structure of double-sided LCC compensation
topology is taken as an example to analyze the WPT system.
The WPT system with a structure of double-sided LCC com-
pensation topology and containing full-bridge controllable
rectifier circuit at the secondary side is shown in Figure 1. The
input voltage U; of the system is a high frequency sinusoidal
wave, and the operating frequency of the system is f, (The
angular frequency w = 2nf;, the working period 7 = 1/ f;).
The transmitter coil and receiver coil are L; and L, respec-
tively, and the internal resistances are R; and R; respectively.
M represents mutual inductance between transmitter coil and
receiver coil. The primary side LCC resonance compensation
topology consists of Lj-C1-Cy, and the secondary side LCC
resonance compensation topology consists of Lr-C»-C;. The
secondary side controllable rectifier circuit is composed of
four Power MOSFETs (V-V4). Ct is the filter capacitance,
and the load equivalent resistance Ry is composed of a battery
and a resistor.
The AC side voltage and current of the rectifier circuit are
U, and I, (effective values are U,y and Iy) respectively,
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FIGURE 1. The WPT system with a structure of double-sided LCC
compensation topology and containing controllable rectifier circuit at the
secondary side.

Zy

the current before capacitor filtering is Ip, and the DC side
voltage and current are Up, and I, respectively. Suppose
the equivalent impedance of the capacitive filter type full-
bridge controllable rectifier circuit is Zeq. In a system working
period, the full-bridge controllable rectifier circuit will have
four working states:

State 1: The current flowing through U,-V-V3 loop, and
the working time is O~t;, as shown in Figure 2(a).

State 2: The current flowing through U,-V-Ry-V4 loop,
and the working time is #; ~ 7/2, as shown in Figure 2(b).

State 3: The current flowing through U,-V4-V> loop, and
the working time is T/2 ~ t,, as shown in Figure 2(c).

State 4: The current flowing through U,-V3-Ry -V, loop,
and the working time is #, ~ T, as shown in Figure 2 (d).

B. ANALYSIS OF OUTPUT CHARACTERISTICS
FOR THE WPT SYSTEM
For the WPT system with a structure of double-sided LCC
compensation topology, the equivalent impedance Z»; of the
secondary side circuit can be deduced when the system is in
resonance state [28], [29].

a)ng +R €]

Zeq '

Iy =
The reflected impedance Zr from the secondary side to
the primary side is:
(M)*  M?Zy
Zy L2 + RiZeg/w?

Lt = (@)

Then, the input impedance Z; and input current I; of
the WPT system can be obtained respectively, as shown in
(3) and (4).

w? 'L12

zi= —L 3)
Ry + Zref
ClUiRi+ Z

I = 1 1(Ltl+ ref) (4)

Equation (5) and (6) are the current flowing through the
transmitter coil and receiver, respectively.
U;

I, = — 5
CT el Q)
MU;

I, =—
! Li(0*L2/Zeq + Ry)

(6)
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FIGURE 2. The working states of the full-bridge controllable rectifier
circuit in one cycle. (a) 0~t;: Ua-V;-V3 loop. (b) t; ~T/2: Ua-V;-R -V,
loop. (c) T/2~ty: Ua-V4-V, loop. (d) t,~T: Ua-V3-R -V, loop.

Furthermore, the current I, on the AC side of the rectifier
circuit is derived as:
7 — MU;
"7 joLi(Ly + CoRiZeg)

Equation (7) can be simplified as (8) if the internal resis-
tance R; of the receiver coil is ignored.

MU;

a joL1Ly

It can be seen from (8) that the phase difference between
I, and U; is 90 degrees and the WPT system with the double-
side LCC resonance compensation topology has the constant
current output characteristic in the resonant state. So the
phase of the primary side electrical parameter can be obtained
indirectly by detecting the secondary side electrical parame-

ter. The expression for mutual inductance M from (8) is:
M= oL L Ihm 9)

Uim

Suppose #; in Figure 2 satisfy (10), then the conduction
angle is 2. According to the characteristics of the full-bridge

N

®)
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rectifier circuit of the capacitor filter (voltage source drive)
type, the relationship between the AC side current I, and the
DC side current Iy is show in (11):

. T «oT (10)
= 2 T
| (1 — cos 2
L= — 2y sin(wt)d () = Mlam
T Jr—2a T
(11)

The charging voltage UL and charging power Pr, can be
obtained from (11), as shown in (12) and (13) respectively.

V2(1 = cos 2a)[ym

UL = RL (12)
T
2M2U2 (1 — cos2a)?
P = im R 13
L 21212 L (13)

It can be known from (13) that the charging power is
positively related to the equivalent resistance of the load.
Without neglecting the internal resistance of the transmitter
coil and the receiver coil, the transmission efficiency n; of
the WPT system can be deduced as:

M2

Nt =

R 2
Riy 4 (RCIR2+ Y LC;Rr )Zeq + 2LoCaR (R, + M2

(14)
When the equivalent impedance Zq satisfies (15), the

maximum transmission efficiency of the system is np,
as shown in (16).

Zeq m = Rlew (15
= RA(RiR./w? + M?)
1
_— (16)
5 <\/R2R2L2 + R,R,LZCZ + RtR[(/ILzCz> 41

When the conduction angle of the rectifier circuit is
unchanged, the curves of charging power Pr, and transmission
efficiency 7, as a function of the equivalent impedance Zgq
can be obtained as shown in Figure 3.

Assuming that the power factor of capacitive-filtered full
bridge rectifier circuit is A, and the expression of the power
factor after Fourier analysis is as follows [30].

\/5 (a — % sin 2a>
\/n (a — %sinZo; + 2« cos? oz)

Without considering the loss of rectifier circuit, the active
power on the AC side is equal to the power on the DC side,
which is the relationship shown in (18).

A=

)

U - am -2 = UL - IL (18)
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FIGURE 3. The curves of charging power P and transmission efficiency 5
as a function of the equivalent impedance Zeq.

Then, the equivalent impedance Z.q of capacitive-
filtered type full bridge controllable rectifier can be
obtained as:

2(1 — cos2a)?
Zg="—5 R (19)
Zeq = (0~ 8/7)RL (20)

Therefore, the range of equivalent impedance Zeq is as
shown in (20), which also indicates that t Z is less than the
equivalent resistance of the load.

Ill. THE CHARGING CONTROL AND EFFICIENCY
OPTIMIZATION STRATEGY FOR DYNAMIC LOAD

A. THE CC/CV CONTROL STRATEGY BASED ON
CONTROLLABLE RECTIFIER CIRCUIT PHASE

SHIFT CONTROL

Suppose the phase difference between the drive signals Gy
and G4 of the power MOSFETs is 6, the phase difference
between Gp and G; is w and the phase difference between
Gz and Gy is m, then the phase difference between G
and G3 should be (7-0). In addition, the drive signal G
is in phase with the current I, on the AC side of the rec-
tifier circuit. The waveform of the driving signal is shown
in Figure 4.

0=m—2a 1)

Therefore, there is a relationship between the conduction
angle and the phase shift angle in (21). From (19), the rela-
tionship between the phase shift angle and the equivalent
impedance Zq can be obtained as (22). The relationship of
charging voltage and charging current as a function of phase
shift angle are (23) and (24).

_ 2 (1 4+ cos 9)2 (T —0)(2 — cosh) — 3sinf
T 732 (r — 6 —sin6)

Ry (22
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FIGURE 4. The waveforms of the driving signals.

. V2MUim(1 + cos6)
L =

23
Twlily 23)

_ N2MUin(1 + cos 0)
N nwLiLy

L Ry (24)

According to (23), the relationship between the phase shift
angle and the charging current is:

TwL 1L21L l)
\/EM Uim

The phase shift angle 8 ranges from O to 7. However,
the value of 6 should not be O to ensure the safety of the
system and the value of 6 is 7 at the time of system startup.
From (25), we can see that the charging current is negatively
related to 6.

According to the characteristics of constant current output
of WPT system studied in this paper, it has little influence
on the output current when the load changes within a certain
range. In order to achieve the effect of rapid response, this
paper adopts open-loop control for the CC charging. The
current controller can calculate the phase-shifting angle of
the rectifier circuit according to the charging current /4 of the
load demand. Then, four PWM signals are generated from the
value of the phase shift angle and delivered to the drive circuit
of the four Power MOSFETs, thereby realizing the control of
constant current charging.

The voltage closed-loop control is adopted for the CV
charging. The demand voltage Uy is used as the reference
voltage U} for the closed-loop control. The charging voltage
UL is collected and compared with the reference voltage Uj
in real time. The PI regulator is used for adjustment, and

6 = arccos < (25)
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FIGURE 5. The control block of the CC and CV mode.

then four PWM signals are generated which is sent to the
drive circuit of the Power MOSFETS, thus realizing constant
voltage charging.

The whole control block diagram is shown in Figure5.
It should be noted that in the actual application of the elec-
tric vehicle wireless charging system, the charging mode is
determined by the battery management system (BMS). The
BMS determines which charging mode to adopt based on
the battery SOC, battery voltage and other information. Then
the electric vehicle sends the command to wireless charg-
ing system (CC charging with Iy or CV charging with Uy).
In addition, it is necessary to use a sensor to detect the phase
of the current I, so that the phase of the driving signal Gy is
in phase with it.

B. THE EFFICIENCY OPTIMIZATION STRATEGY BASED ON
DYNAMIC EQUIVALENT IMPEDANCE MATCHING

It should be noted that the premise of the efficiency opti-
mization strategy mentioned in this paper is that there is a
certain range of load demand. That is, the actual charging
current or charging voltage of CC mode or CV mode can
fluctuate within a certain range. As long as it is in the required
area, it can be called constant voltage or constant current
charging, which is also reasonable in practical applications.

During the constant current charging process, the required
current value is known as Ij, and the tolerable charging
fluctuation rate is §; %. Namely, the range of charging current
is (1—81%)14 to (1481%)I4. The control flow chart of effi-
ciency optimization is shown in the Figure 6, and the specific
optimization process is as follows:

Step 1: Initialize the system and determine the system
parameters of Ui, fo, L1, Lo, Ig, 81, Ry, R;.

Step 2: Detect the current I, of the inductor L, and obtain
the mutual inductance value M from (9). Then calculate the
optimal equivalent impedance value Zeq 1, from (15). Detect
the charging voltage Uy, and charging current /1, and obtain
the current phase shift angle 6; and the phase shift angle range
are Bpin to Omax according to (25).

Step 3: The current equivalent impedance value Ze4(t) and
equivalent impedance range are Zeq min t0 Zeq max can be
obtained from (22).

Step 4: If Zo(t) is less than Zeq m and Zeq_max iS less than
Zeq_m, the WPT system performs constant current charging
at the phase shift angle Omin. If Zeg(t) is less than Zey m but
Zeq_max 18 greater than Zeq m, then the controller reduces the
phase shift angle by a certain step size A6 until the equivalent

127997



IEEE Access

M. Zhang et al.: Charging Control and Efficiency Optimization Strategy for WPT System

Determine the parameters of U, f;, L1,
Ly, I, 61, Riand R,

N|
v
Detect the charging voltage U the
charging current /; and the current /,

I Calculate M from equation (9) I

|

| Calculate Zq - from equation (15) I

Calculate 6; v Opax ~
to equation (25)

Omin according

Calculate Zeq(t) s Zeg mins  Zeq max
according to equation (22)

Zeq(t) >Zech

FIGURE 6. Flow chart for efficiency optimization of CC charging.

impedance Zq(t+1) at the next moment is equal to the opti-
mal equivalent impedance. Finally, output the phase shift
angle 6yy; and the system charges the load with maximum
transmission efficiency.

Step 5: If Zeq(t) is greater than Zeq m and Zeg_min is greater
than Zq_, the WPT system performs constant current charg-
ing at the phase shift angle Onyax. If Zeg(t) is greater than
Zeq_m but Zeq_min is less than Zeq_n, then the controller system
increases the phase shift angle by a certain step A6 until the
equivalent impedance Zq(t+1) at the next moment is equal
to the optimal equivalent impedance and the system charges
the load with maximum transmission efficiency.

For the efficiency optimization of the CV charging process,
the control idea is similar to CC charging, but the actual
charging voltage will not be lower than the demand voltage.
Suppose the tolerable charging voltage fluctuation rate is
82%, then the range of charging voltage is Ug to (14-62%)Uj.
Since the CV mode adopts closed-loop control, the reference
voltage Uy changes dynamically during the optimization
process. The control flow chart for efficiency optimization of
CV mode is shown in Figure 7, and the specific optimization
process is as follows:
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charging current /; and the current /,

l Calculate M from equation (9) I

I Calculate Zq , from equation (15) I

Calculate 6 v Opax ~
to equation (25)

Omin according

Calculate Zq(t) v Zeg minv  Zeq max
according to equation (22)

Zef()=Zeg m

Calculate U'4(t+1) according
to equation (24)

: vy

Output U'y(t+1)

FIGURE 7. The flow chart for efficiency optimization of CV charging.

Steps 1, Step 2 and Step 3 are consistent with the CC
model, which will not be repeated here.

Step 4: If Zeq(t) is less than Zeq m and Zeq max is less
than Zeq m, the WPT system performs (1+8,%)Uq as the
reference voltage for CV charging. If Zeq(t) is less than Zeg m
but Zeq max is greater than Zeq 1, then the controller reduces
the phase shift angle by a certain step size A8 until the equiv-
alent impedance Zq(t+1) at the next moment is equal to the
optimal equivalent impedance. The value of reference voltage
Uj (t+1) is obtained from (12). Finally, output the reference
voltage Uj (t+1) and the system charges and the system
charges the load with maximum transmission efficiency.

Step 5: If Z is greater than Zeq m and Zeq min is greater
than Zeq m, the WPT system performs Uy as the reference
voltage for CV charging. If Zq is greater than Zy m but
Zeq_min 18 less than Zeg 1, then the controller system increases
the phase shift angle by a certain step A6 until the equiv-
alent impedance Zey(t+1) at the next moment is equal to
the optimal equivalent impedance. The value of reference
voltage Uj (t+1) is obtained from (24). Finally, output the
reference voltage U} (t4-1) and the system charges the load
with maximum transmission efficiency.
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TABLE 1. Parameters of the simulation and experiment for the WPT
system.

Parameters Simulation values Experiment values
Unc 167V 167V
fo 85 kHz 86.5 kHz
Mih M=20 pH h=15cm
L 103.5 uH 103.5 pH
L, 92.9 uH 92.9 uH
R 0.168 Q 0.168 Q
R 0.178 Q 0.178 Q
L, 20 uH 2421 uH
G 175.3 nF 175.32 nF
C 41.99 nF 42.02 nF
L, 28 uH 31.67 uH
G 125.21 nF 124.5 nF
C 54.02 nF 54.72 nF
R CCmode50Q~20Q  CCmode 5 Q~20 Q

CV mode 20 Q~60 Q  CV mode 20 Q~30 Q

This paper takes the LCC compensation topology as an
example to analyze and propose the charging control strategy,
but it is also applicable to other compensation topologies.
For the WPT systems with different compensation topologies,
the corresponding charging control strategy can be studied
with reference to the control strategy proposed in this paper.

IV. SIMULATION AND EXPERIMENTAL VALIDATION

The simulation and experiment are carried out in this paper in
order to verify the effectiveness of the proposed control strat-
egy. The parameters of the WPT system are shown in Table 1.
The parameters of simulation and those of experiment in
this paper are basically the same. The input of the system is
the DC voltage source, which becomes the high-frequency
AC square wave after passing through the high-frequency
inverter. In addition, to be equivalent to Uiy, as the input,
the DC voltage needs to meet (26).Set the input voltage
Uim = 150V, then the value of DC voltage Upc = 167V.

b
Upc = ﬁUim ~ 1.11Ujn (26)

A. SIMULATION ANALYSIS

In this paper, the simulation software of MATLAB/Simulink
was used for verification and analysis. The value of mutual
induction M was set as 20 nH. Figure 8 shows the waveform
of the current I; and four-channel PWM signal. It can be seen
that the phases of the current I, and the PWM signals of G
are consistent, and the system operating frequency is 85 kHz.
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FIGURE 8. The simulation waveforms of current I3 and four-channel PWM
signal.
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FIGURE 9. The simulation waveforms of the charging voltage and
charging current during the increase of load resistance in CC mode.

The charging current of CC mode is set to 8A, and the
charging voltage of CV mode is set to 160V. The tolera-
ble fluctuation rate is 10%, then the charging current range
of CC mode is 7.2 A to 8.8 A, and the charging voltage
range of CV mode is 160 V to 176 V. This paper simulates
continuous time-varying resistance as a simulated load in
MATLAB/Simulink using a controlled current source, which
can achieve the effect of rapid change of load resistance.
Figure 9 shows the charging current and charging voltage in
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CC mode during the process of increasing load resistance.
It can be seen from the figure 9 that when the load resis-
tance changes from 12.09 €2 to 18.3 Q, the charging voltage
increases from 97.83 V to 147.5 V and the charging current
is basically unchanged, thus achieving the control of constant
current charging. It also shows that the proposed control
method has strong robustness.

The switching point for CC mode to CV mode in this
paper is determined by the charging voltage value. When
the charging voltage is greater than 160 V, the CC mode is
switched to the CV mode, as shown in Figure 10. It can be
seen from the figure 10 that during the change of the load
resistance from 20.45 © to 40.21 €2, the charging current
gradually decreased from 7.824 A to 3.991 A, while the
charging voltage is basically unchanged, indicating that the
proposed control method has strong robustness in CV mode.

/ X: 0.11 X:0.25
Y: 160.1 Y: 1604

Ry
U b
L

CC mode

CV mode

L)

60

7 40

R(Q)
<

20 X: 0.11 -

0 0.05 0.1 0.15 0.2 0.25 0.3

FIGURE 10. The simulation waveforms of the charging voltage and
charging current waveforms during the increase of load resistance.

This paper also carried out simulation verification on
the proposed efficiency optimization strategy. It should be
noted that the transmission efficiency is generally calculated
by measuring the power of the AC terminal of the high-
frequency inverter and the power of the AC terminal of the
secondary-side rectifier circuit. However, both ends are high-
frequency alternating current, and the measured power is not
very accurate, resulting in inaccurate data on transmission
efficiency. Therefore, this paper measures the power of the
DC input terminal and the load side to calculate the overall
efficiency 7, of the system. In practical applications, peo-
ple are more concerned about the overall efficiency of the
WPT system, so this paper ultimately improves the over-
all efficiency of the system by optimizing the transmission
efficiency.

In the CC mode and the value of load resistance is 5 €2,
the overall efficiency 7, is calculated by measuring the volt-
age and current values on the input and output sides. The
overall efficiency n, is 84.11% without the efficiency opti-
mization strategy. When the efficiency optimization strategy
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FIGURE 11. The simulation waveforms of charging current, charging
voltage and overall efficiency before and after efficiency optimization in
CC mode.

mentioned in this paper is used, the charging current changes
from 8.008A to 8.773A, and the overall efficiency 15,
increases to 86.53%, as shown in Figure 11.

In the CV mode and the load resistance value is 25 €,
the current and voltage values of the input and output are
measured separately to calculate the overall efficiency 7.
The overall efficiency n, is 93.14% without the efficiency
optimization strategy. When the efficiency optimization strat-
egy mentioned in this paper is adopted, the charging voltage
changes from 160.2 V to 175.1 V, and the overall efficiency
1o increases to 93.71%, as shown in Figure 12.

X: 0.06
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FIGURE 12. The simulation waveforms of charging current, charging
voltage and overall efficiency before and after efficiency optimization in
CV mode.

After simulating different load resistance values, the fol-
lowing conclusions are found under the WPT system
structure and parameters studied in this paper:

1) In CC mode, the load resistance value is smaller, and the
optimization effect is more obvious.
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FIGURE 13. The WPT system experimental platform with a structure of
double-sided LCC compensation topology and containing controllable
rectifier circuit at the secondary side.

2) In CV mode, the load resistance value is larger than that
in CC mode, and the efficiency n, will be relatively high
without optimization. There will be a slight increase after
adopting the efficiency optimization strategy in this paper.

3) The system has better stability during dynamic load
changes by using the proposed control strategy.

B. EXPERIMENTAL ANALYSIS

This paper also built the WPT system experimental plat-
form with a structure of double-sided LCC compensation
topology and containing full-bridge controllable rectifier cir-
cuit at the secondary side in order to verify the effectiveness
of the proposed control strategy, as shown in Figure 13.
The input is the DC voltage source (Upc = 167V), which
is converted into high-frequency alternating current through
full-bridge inverter circuits (SiC Power MOSFETs: IXYS
IXFN50N120SiC). Then through the magnetic coupling res-
onators with the transmission distance of 15 cm, full-bridge
rectifiers (SiC Power MOSFETs: IXYS IXFN50N120SiC)
and capacitor filter. Finally, it provides to the DC elec-
tronic load (Chroma 63212A-1200-480). The controllers of
the primary-side full-bridge inverter and the secondary-side
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full-bridge rectifier are both use the DSP (TMS320F28335).
The transmitter coil and the receiver coil are wound by the
Litz wire (¢ 0.1 mm x 1750 strands, outer ¢ 6.3 mm).

In the CC mode, the load resistance is adjusted from 5 2 to
20 2 during the experiment. It can be seen from Figure 14 that
the charging voltage increases from 42.5 V to 165V, and the
charging current is basically unchanged which achieving the
effect of constant current charging. In addition, the system
responds quickly and fluctuates less during load changes.
It also shows that the proposed control method still has strong
robustness when the load impedance changes suddenly in
CC mode.
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FIGURE 14. The experimental waveforms of I and U, during the increase
of load resistance in CC mode.
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FIGURE 15. The experimental waveforms of I and U, during the increase
of load resistance in CV mode.

In CV mode, the experiment adjusts the load resistance
from 20 2 to 30 2. As can be seen from Figure 15, the charg-
ing current drops from 8.37 A to 5.42 A while the charging
voltage is basically unchanged. In addition, the small voltage
fluctuation when the load impedance changes suddenly in
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FIGURE 16. The experimental waveforms of Ipc, Upc, I, and Uy in
CC mode.
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FIGURE 17. The experimental waveforms of Ipc, Upc, I, and Uy in
CV mode.

CV mode indicate that the proposed control method has
strong robustness.

The following experiments verify the effectiveness of the
efficiency optimization strategy proposed in this paper. In the
CC mode, the resistance of the electronic load is set to 5 Q.
Detecting the voltage and current of the input and output
terminals after adopting the efficiency optimization strategy
proposed in this paper, the input power Ppc = 457.6 W and
the charging power Pr, = 382.4 W, then the overall efficiency
of the system is 83.57%, as shown in Figure 16. In the CV
mode, the value of the load resistance is 25 2. The voltage
and current of the input and output terminals are detected,
and the input power Ppc = 1351 W and the charging power
P1, = 1218 W can be obtained by calculation, then the system
overall efficiency is 90.15%, as shown in Figure 17. It should
be noted that the simulation data does not take into account
the loss of high-frequency inverter, the rectifier and other
components, so the experimental data is slightly lower than
the simulation data. It should be noted that the power of the
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FIGURE 18. The comparison chart of the system overall efficiency with
optimization and without optimization.

experiment in this paper is kW level, but it is also suitable for
applications that require higher power (wireless charging of
electric vehicles).

The following is the comparison chart of the system over-
all efficiency with optimization and without optimization,
as shown in Figure 18. In the process of load resistance
change, the overall efficiency after using the optimization
strategy proposed in this paper can reach up to 90.71%. The
optimization effect is more obvious in the area with smaller
load resistance. The system can achieve higher efficiency if
the magnetic coupling mechanism is optimized, which will be
the focus of future research. The advantage of this method is
that it can improve the overall efficiency of the WPT system
while achieving CC and CV charging, without the need for
communication between the primary side and the secondary
side. The control method is simple and highly reliable.

V. CONCLUSION

In this paper, the control strategy to realize CC/CV charging
and efficiency optimization is proposed for the WPT system
with a structure of double-sided LCC compensation topology
and containing controllable rectifier circuit at the secondary
side. Based on this, the efficiency optimization strategies are
proposed for CC mode and CV mode. Firstly, the expressions
of the optimal transmission efficiency, the optimal equivalent
impedance, and the equivalent impedance of the capacitor-
filtered full-bridge controllable rectifier are derived through
theoretical analysis. The relationship between the charging
current and the phase shift angle of the secondary-side recti-
fier circuit is also obtained. Then, the CC/CV control strategy
based on the phase-shift control of the controllable recti-
fier circuit and the efficiency optimization strategy based
on dynamic equivalent impedance matching are proposed.
Finally, the correctness and effectiveness of the proposed
control strategy are verified by means of simulation and
experiment. During the changes of the load from 5 €2 to 30 €2,
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the CC mode and the CV mode can be realized respectively.
And when the parameter of load resistance changes, the WPT
system can still maintain stability under the proposed control
strategy. In addition, the WPT system overall efficiency after
using the optimization strategy can reach up to 90.71% at the
transmission distance of 15cm.
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