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Abstract: Lithium-ion batteries are essential for the development of consumer electronics and electric
vehicles due to their high energy density, low self-discharge rate, and easy maintenance. To optimize
the performance of lithium-ion batteries and meet the battery requirements of devices, it is necessary
to charge the batteries at a faster rate. Therefore, this paper proposes a five-stage constant current
charging method based on Lamb wave depolarization to enhance the charging efficiency. Specifically,
the orthogonal experimental method is first used to determine the near-optimal value of the charging
current in each stage of the five-stage constant current charging process. Subsequently, Lamb waves
are introduced during the charging process of each constant current charging stage. Compared with
the traditional five-stage constant current charging method, the five-stage constant current charging
method based on Lamb wave depolarization improves the charging efficiency. The charging efficiency
of the five-stage constant current charging method based on Lamb wave depolarization with an
excitation voltage peak-to-peak amplitude Vpp of 120 and an excitation duration of 6 min is 20%
higher than that of the traditional five-stage constant current charging method. The weakening of
the polarization effect is positively correlated with the Lamb wave excitation voltage. In addition,
the five-stage constant current charging method based on Lamb wave depolarization is superior to
the five-stage constant current shelving depolarization charging method and the five-stage constant
current negative pulse depolarization charging method in improving the charging efficiency.

Keywords: multi-stage constant current charging; Lamb waves; lithium-ion battery; orthogonal
experiment method; polarization effect

1. Introduction

Lithium-ion batteries have become the most popular energy storage solution in mod-
ern society due to their high energy density, low self-discharge rate, long cycle life, and
high charge/discharge multiplier [1-3]. Electric vehicles have a significant impact on
the environment and people’s behavior, contributing to the advancement of sustainable
transportation [4,5]. Lithium-ion batteries are one of the most commonly used energy
storage devices in electric vehicles. In order to accelerate the popularity of electric ve-
hicles and maximize the performance of lithium-ion batteries, optimizing the charging
speed of lithium-ion batteries is essential. Standard charging strategies for lithium-ion
batteries include the constant current charging method and the constant current constant
voltage charging method [6]. However, the constant current constant voltage charging
method is unsuitable for fast charging because the constant voltage charging stage signifi-
cantly prolongs the charging time and reduces the battery’s cycle life [7-9]. A significant
amount of literature has been published on investigating charging strategies for lithium-ion
batteries to reduce charging time. One such method is the multi-stage constant current
charging method, known for its high charging/discharging energy efficiency and long
cycle life [10-13]. Zhang proposed a multi-stage charging method and found that it can
improve the charging efficiency of batteries [14]. Ref. [15] reports that an integer linear
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programming algorithm was utilized to determine that there is no significant enhancement
in charging efficiency when the number of multi-stage charging segments exceeds 5. Hsieh
et al. utilized the Taguchi experimental design method to identify the optimal combination
of charging currents for the five-stage constant current charging method [16]. The lithium
battery was then charged using the acquired combination. Compared to the traditional
charging method, this approach enhances the battery’s cycle life and reduces charging
time. The charging efficiency, time, and cycle life of the battery are significantly affected
by the polarization effect during the charging process, even though the five-stage constant
current charging method greatly increases the speed of lithium-ion battery charging [17].
Therefore, optimizing the polarization voltage has become a prominent issue to address,
considering the presence of the polarization phenomenon and its impact on the battery’s
charging capacity. In Ref. [18], a pulse charging method was employed to alleviate the
polarization effect, and the impact of pulse charging frequency on this phenomenon was
investigated. Lu et al. proposed an intermittent alternating current charging method based
on the optimal current charging curve [19]. They added shelving to the charging process to
alleviate the polarization phenomenon. However, the use of the depolarization method
reduces the charging efficiency of lithium-ion batteries. Negative pulse depolarization
presents some issues, such as complex implementation and high operating costs. Therefore,
researchers aim to identify a depolarization method that is low-cost, easy to implement,
and does not affect charging efficiency.

Ultrasonic waves have been utilized to induce acoustic streaming-driven fluid stirring
and enhance the uniformity of ion distribution in traditional chemical vapor deposition
processes [20]. Surface acoustic wave devices offer exceptional power density in fingernail-
sized devices and can be utilized for droplet processing, cell manipulation, and particle
collection in microfluidics [21,22]. Lamb waves are elastic waves that propagate in solid
sheets or thin film materials, and their propagation characteristics depend on the relation-
ship between the thickness of the sheet and the wavelength [23]. Lamb waves include
symmetric and antisymmetric modes and propagate throughout the thickness of the sheet.
When Lamb waves propagate to the boundary between solid and liquid, leakage acoustic
Lamb waves are generated [24]. The acoustic energy generated by this leakage acoustic
Lamb wave propagates into the liquid in the form of longitudinal waves and decays within
a certain distance, thereby creating an effective body force in the liquid [25]. The generated
body force can induce significant acoustic streaming in the liquid, enhancing liquid mixing,
stirring, vibration, pumping, spraying, and atomization [26]. When the acoustic energy gen-
erated by the leaking Lamb wave propagates into the electrolyte in the form of longitudinal
waves, it can induce an acoustic field effect in the electrolyte. This acoustic field effect can
influence the movement of ions in the electrolyte. During the charging process of lithium-
ion batteries, lithium ions diffuse from the positive electrode to the negative electrode.
As the charging process progresses, the concentration of lithium ions inside the battery
becomes unbalanced [20], creating a concentration gradient between the two electrodes [27].
This gradient may cause a potential deviation from the equilibrium between the two elec-
trodes. The acoustic streaming force generated by the propagation of Lamb waves into the
electrolyte accelerates the mass transfer of lithium ions, disrupts the concentration gradient
between the electrodes, homogenizes the concentration of lithium ions in the electrolyte,
and mitigates the polarization effect. Therefore, an increasing number of researchers are
exploring the potential of utilizing Lamb waves in the field of electrochemistry. Tietze et al.
utilized Lamb waves to disrupt the boundary layer near the anode of a lithium battery in
order to improve the mass transfer of ions, consequently achieving acoustically enhanced
current [28]. Ref. [20] reported that in an experiment using Lamb waves to drive the flow
of electrolytes, it was found that surface acoustic waves reduced the polarization effect in
lithium metal batteries.

In this paper, a five-stage constant current charging method based on Lamb wave
depolarization is proposed to enhance the charging efficiency. Compared to the tradi-
tional five-stage constant current charging method, the five-stage constant current charging
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method based on Lamb wave depolarization shortens the charging time and enhances
the charging efficiency. In addition, the study analyzes the impact of two variables, Lamb
wave excitation duration and excitation voltage, on the five-stage constant current charg-
ing method based on Lamb wave depolarization. The rest of this paper is organized as
follows: Section 2 introduces the research methods. The orthogonal experimental method
is utilized to determine the near-optimal charging current value for the five-stage constant
current charging process. The polarization voltage is explained using the second-order
RC equivalent circuit model of the battery. Section 3 outlines the experimental equipment
and procedures. Section 4 compares and analyzes the experimental results. Section 5
summarizes the entire paper.

2. Research Methodology
2.1. Determination of Parameters for Five-Stage Fast Charging

This article determines the current values of each stage in the five-stage constant
current charging method through charge and discharge experiments. The orthogonal
experimental method is utilized to minimize the number of experiments and promptly
identify the optimal current value and combination at each stage.

The steps of the orthogonal experimental method are as follows:

Step 1: Identify the experimental subjects. This article utilizes the LIR1220 rechargeable
lithium-ion battery manufactured by Shenzhen Xinlego Electronic Technology Co., Ltd. in
Shenzhen, China, and its parameters are presented in Table 1. The charge and discharge
current of the battery is expressed by the corresponding charge and discharge multiple C.
The charging current is 1 C, indicating that the battery is charged with a current of 10 mA.

Table 1. Parameters of LIR1220.

Capacity Nominal Cut-off Charging  Cut-off Discharging Thickness Diameter Weight
(mAh) Voltage (V) Voltage (V) Voltage (V) (mm) (mm) (g)
10 3.6 4.2 2.75 2 12 1.1

Step 2: Determine experimental parameters. In each charging stage of the five-stage
constant current charging method, 10 alternative values for the charging current were
set, with a difference of 0.05 C between each two alternative values. Table 2 displays the
alternative charging current values for each charging stage. Furthermore, the last five
alternating current values in each charging stage were used as the first five alternating
current values in the following charging stage.

Table 2. Alternative charging current values for each charging stage.

No. Alternative Current Value (Unit in C Rate)
1 2.0 1.95 1.9 1.85 1.8
2 1.75 1.7 1.65 1.6 1.55
3 1.5 1.45 14 1.35 1.3
4 1.25 12 1.15 1.1 1.05
5 1 0.95 0.9 0.85 0.8

Step 3: Select the appropriate orthogonal table. The orthogonal table is a collection
of standard design tables denoted by L,(m¥). This notation signifies that each row of the
table contains k factors, with n rows in total, and each factor has m levels. The number
of rows, n, can be determined using the formula n = k - (m — 1) + 1. The experiment
described in this paper aims to determine the specific current value for each stage of a
five-stage constant current charging process. Three alternative values are set for each
iteration. Therefore, a hybrid orthogonal table Lig(2' x 37) is selected for this study.
Removing the number of orthogonal table columns according to the number of factors
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does not affect the experimental results. Thus, by removing the first column of Lig(2! x 37)
and any two other columns, we can obtain the orthogonal table L15(3%) needed for the
experiments designed in this paper, as illustrated in Table 3. The three levels 1, 2, and
3 of the orthogonal table indicate the three alternative values of high, medium, and low
charging currents, respectively.

Table 3. Orthogonal table L1g(3%).

No. Level
1 1 1 1 1 1
2 1 1 2 2 2
3 1 1 3 3 3
4 1 2 1 1 2
5 1 2 2 2 3
6 1 2 3 3 1
7 1 3 1 2 1
8 1 3 2 3 2
9 1 3 3 1 3
10 2 1 1 3 3
11 2 1 2 1 1
12 2 1 3 2 2
13 2 2 1 2 3
14 2 2 2 3 1
15 2 2 3 1 2
16 2 3 1 3 2
17 2 3 2 1 3
18 2 3 3 2 1

The difference between the values of each level is set to 0.1 C according to the orthogo-
nal table above. The alternative values for the three levels of current values at each stage
are shown in Table 4, where Iy, I, I3, 14, and I5 represent the first through fifth stages of the
charging process, respectively.

Table 4. Alternative charging current values at each stage after the first iteration.

Alternative Current Value (Unit in C Rate)

Level
I I, I Iy Is
1 2.0 1.75 1.5 1.25 1
2 1.9 1.65 1.4 1.15 0.9
3 1.8 1.55 1.3 1.05 0.8

Step 4: Settings for charge and discharge experiments. The five-stage constant current
charging experiment is conducted by utilizing different charging current values as specified
in the orthogonal table. When the charging process reaches the cut-off voltage of 4.2V,
proceed to the next stage of charging. Allow the battery to stand for 10 min after charging,
and then discharge it at a constant current of 0.5 C. Discharge ends when the battery voltage
reaches 2.75 V, which is the discharge cut-off voltage. Record the charging efficiency value
of the lithium-ion battery, which is calculated as the ratio of the battery’s charging capacity
to the charging time. Determine the optimal combination of charging current values for
this iteration based on the charging efficiency value.

Step 5: The iterations converge. The following rules are used to calculate the level
value of the factor in the next iteration [17]: If the best value of the alternative charging
current is the maximum or middle value, the horizontal position remains unchanged, and
the level difference is reduced to 0.05 C. If the best value is the minimum, the horizontal
position is moved to the middle, and the level difference remains at 0.1 C. When the level
difference of each factor reaches 0.05 C, the iteration meets the convergence condition,
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the experiment is terminated, and the results are presented in Table 5. The final charging
current values for the five-stage constant current charging process are 2.0 C, 1.65 C, 1.45 C,
1.2 C, and 0.7 C for the first to fifth stages, respectively.

Table 5. Alternative charging current values at each stage after the fourth iteration.

Alternative Current Value (Unit in C Rate)

Level
eve L I, Is I, Is
1 20 17 15 1.25 0.75
2 1.95 1.65 1.45 12 0.7
3 1.9 16 14 1.15 0.65

2.2. Description of Polarization Voltage

Figure 1 illustrates the second-order RC equivalent circuit model of the battery. This
model is used to connect the internal chemical reactions and external output characteristics
of the battery. In Figure 1, V|, represents the battery terminal voltage, I stands for the
charging current, R represents the internal connection impedance of the battery, and
open circuit voltage (OCV) denotes the battery electric potential. R,; represents the charge
transfer impedance, C; stands for the polarization capacitance, Ry, denotes the diffusion
resistance, Cp indicates the charge corresponding to the concentration difference diffusion,
and V), represents the polarization voltage.

|
I I
4\/\/\/_ Cpl Cp: ————O
Fa LA AN *
R R,
pl p2
+
ocv  _— - Vv + vV

Figure 1. Second-order RC equivalent circuit model of lithium battery.

3. Experiment
3.1. Experimental Device

The experimental setup is shown in Figure 2. The charging and discharging instrument
used in this paper is the CT2001A battery tester produced by Wuhan Lander Electronics
Co., Ltd. in Wuhan, China. It has a current range of 100 mA, a voltage range of 5V, and
8 channels. The piezoelectric ceramic (PZT) is bonded to the rechargeable lithium-ion bat-
tery LIR1220 using epoxy resin adhesive. The PZT model used in the experiment is PIC255,
produced by PI Ceramics in California, USA, with dimensions of 6 mm x 4 mm x 1 mm.
A DC power supply (ATTEN APS30055-3D1 model, manufactured by Shenzhen AT-TEN
Technology Co., Ltd., Shenzhen, China), a signal generator (RIGOL DG1022U model, man-
ufactured by RIGOL Technology Co. Ltd., Suzhou, China), and a homemade amplifier
circuit are utilized to produce an alternating voltage and apply it to the PZT, inducing
Lamb waves in the battery bonded to the PZT. An oscilloscope (Tektronix TDS2012C model,
manufactured by Tektronix Technology (China) Co., Ltd., Shanghai, China) is used to detect
the waveform of the alternating voltage.
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DC Power Supply Oscilloscope Blue Electric Tester CT2001A

LIR1220

Figure 2. Schematic diagram of the experimental setup. The black line in the figure represents the
wire connected to the negative pole of the homemade amplifier circuit, while the red line represents
the wire connected to the positive pole of the homemade amplifier circuit.

3.2. Experimental Procedure
3.2.1. Traditional Five-Stage Constant Current Charging Method Experiment

The rechargeable lithium-ion battery LIR1220 is charged using the traditional five-
stage constant current charging method with the blue battery tester CT2001A, as depicted
in Figure 2. The charging currents of each constant current charging stage are 2.0 C,
1.65C,1.45C,1.2C, and 0.7 C, respectively. When the charging voltage reaches the charging
cut-off voltage of 4.2 V, it switches to the next stage of constant current charging. When
the charging voltage in the final charging stage reaches 4.2 V, the experiment concludes
with a constant current discharge of 0.5 C to the discharge cut-off voltage of 2.75 V. The
experiment is repeated 10 times. The charging experiment was set as the control group.

3.2.2. Experiment on Five-Stage Constant Current Charging Method with Lamb
Wave Effect

A five-stage constant current charging experiment with Lamb wave effect was con-
ducted on the same batch of rechargeable lithium-ion batteries LIR1220 using the blue
battery tester CT2001A. Before the experiment, the PZT was bonded to the battery using
epoxy resin glue. The charging current setting for the five-stage constant current charging
experiment with Lamb wave effect is the same as that of the traditional five-stage constant
current charging experiment. In contrast to the traditional five-stage constant current
charging experiment, the five-stage constant current charging experiment with Lamb wave
effect generates Lamb waves that impact the battery by activating the PZT attached to
the battery during the localized charging process. The excitation voltage and excitation
duration of the Lamb wave are used as experimental variables to analyze the impact of
Lamb waves excited at different excitation voltages and durations on five-stage constant
current charging.

First, experiments were conducted with the Lamb wave excitation duration as a
variable. Lamb waves were excited at a frequency of 1 MHz. The peak-to-peak amplitude
Vpp of the Lamb wave excitation voltage is fixed at 80. The Lamb wave is excited after
2 min of charging in the first stage of a five-stage constant current charging process. The
Lamb wave continues to propagate for 4 min and then ceases. At the beginning of each
subsequent constant current charging stage, the Lamb wave is excited and continues
to propagate for 2 min. When the charging voltage of the final charging stage reaches
4.2 'V, the experiment concludes with a constant current discharge of 0.5 C to the discharge
cut-off voltage of 2.75 V. The excitation duration of the Lamb wave, which was initiated two
minutes after the beginning of charging in the initial constant current charging stage, was
altered to 5 min, 6 min, 7 min, and 8 min. During the next four constant current charging
stages, the Lamb wave that was excited at the beginning of charging remains unchanged
for 2 min. Experiments were conducted according to the above settings to study the effect
of Lamb wave excitation duration on battery charging.
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Subsequently, the timing and duration of adding Lamb waves in each constant cur-
rent charging stage during the five-stage constant current charging process were kept
unchanged. The experiment was then conducted with the excitation voltage of the Lamb
wave as a variable. The peak-to-peak amplitude Vpp of the Lamb wave excitation voltage
was set to 80, 100, and 120, respectively, to conduct a five-stage constant current charging ex-
periment with Lamb wave effect. In order to obtain more accurate results, each experiment
was performed 10 times, and then the average value was calculated.

4. Results and Discussion
4.1. Relationship between Charging Efficiency and Excitation Time

The peak-to-peak amplitude Vpp of the Lamb wave excitation voltage is set to 80 and
remains unchanged. The Lamb wave excitation durations after two minutes of charging
in the first constant current charging stage are 4 min, 5 min, 6 min, 7 min, and 8 min,
respectively. The dot-dashed line in Figure 3 represents the PZT on-off switching, while the
length of the solid line portion indicates the duration of Lamb wave excitation. It can be
seen from Figure 3 that after the Lamb wave is excited, the battery terminal voltage drops
significantly. This is due to the accelerated mass transfer of lithium ions in lithium-ion bat-
teries [29], which decreases the concentration gradient of lithium ions in the electrolyte [20]
and alleviates the polarization effect of the battery [30]. Additionally, the polarization
voltage decreases. When the battery terminal voltage drops to a certain value, it stabilizes.
The duration of the Lamb wave stimulation affects the stability of the voltage over time.
Once the Lamb wave stops, the battery terminal voltage gradually rises. In the later stages
of charging, the polarization effect causes the battery voltage to rise sharply, leading to
incomplete battery charging [31,32]. It can be clearly seen from Figure 4 that the charging
capacity of the five-stage constant current charging with Lamb wave effect is greater than
the five-stage constant current charging without Lamb wave effect. The Lamb waves reduce
the polarization effect and enhance the charging capacity of the battery.

80
42 F
470
4.0 F No Lamb waves 460
{=— Excitation Time 4 min
Excitation Time 5 min —_
S l—— Excitation Time 6 min 150 «
Z 3.8 Excitation Time 7 min =)
L f=—— Excitation Time 8 min =
%D C J < hargs 440 =]
s urrent of no Lamb waves charging 5
© 3.6 (— e S E
> f ™1 4130 O
..... (e ¢ e ¢ e 4
i T
L N I o o e
M T » ?
LSmin a1 PZT on-off switching
-
I 6min ! 1.V 11 -4 10
T ™
32 F 7 min ! :
1 8min 4 11y
_— ! ! 0
0 500 1000 1500 2000

Charging Time (s)
Figure 3. Charging time and voltage under different Lamb wave excitation times.

It can be seen from Figure 5 that the charging time of a five-stage constant current
charging process with Lamb wave effect is shorter than that of a five-stage constant current
charging process without Lamb wave effect. The charging time of the five-stage constant
current charging method with Lamb wave excitation duration of 6 min is 1751 s, which
is 8.4% faster than the charging time of 1921 s of the five-stage constant current charging
without Lamb wave effect. The duration of Lamb wave excitation does not show any
obvious relationship with the charging time.
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Figure 4. Charging capacity under different Lamb wave excitation times.
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Figure 5. Charging time values under different Lamb wave excitation times.

Figure 6 displays the charging efficiency values of the five-stage constant current charg-
ing method under various Lamb wave excitation durations. The charging efficiency value
of the five-stage constant current charging without Lamb wave effect is 3.8 x 1073 mAh/s.
When the Lamb wave excitation voltage peak-to-peak amplitude Vpp is 80 and the ex-
citation duration is 4 min, the charging efficiency value is 4.36 x 102 mAh/s, which
is 14.74% higher than the five-stage constant current charging without the Lamb wave
effect. When the Lamb wave excitation lasts for 8 min, the charging efficiency value is
4.43 x 1072 mAh/s, which is 16.58% higher than the five-stage constant current charging
without Lamb wave effect. When the Lamb wave excitation voltage is constant, the charg-
ing efficiency of the five-stage constant current charging method with Lamb wave action
is improved under different Lamb wave excitation durations compared to the traditional
five-stage constant current charging method. However, increasing the duration of Lamb
wave excitation has little effect on the charging efficiency value.
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Figure 6. Charging efficiency values under different Lamb wave excitation times.

4.2. Relationship between Charging Efficiency and Excitation Voltage

Figure 7 illustrates the influence of various excitation voltages on the five-stage con-
stant current charging when the Lamb wave excitation duration is fixed at 6 min and added
to the first constant current charging stage. It can be seen from the figure that when Lamb
waves are excited at different excitation voltages, the terminal voltage of the battery starts
to decrease significantly compared to the five-stage constant current charging without
Lamb wave effect. Furthermore, the decrease in the battery terminal voltage is positively
associated with the peak-to-peak value of the Lamb wave excitation voltage. The greater
the peak-to-peak value of the excitation voltage that excites the Lamb wave, the greater
the drop in the battery terminal voltage. This shows that the reduction of the polarization
effect is positively related to the peak-to-peak value of Lamb wave excitation voltage. The
greater the peak-to-peak value of Lamb wave excitation voltage, the more pronounced the
depolarization effect becomes.

1
wn
(=]

No lamb waves

= Excitation Voltage 80 Vpp
Excitation Voltage 100 Vpp
Excitation Voltage 120 Vpp| .
Current of No Lamb waves

3.6

Voltage (V)
g &
Current (mA)

1 1 1 0
0 500 1000 1500 2000

Charging Time (s)
Figure 7. Charging time and voltage under different Lamb wave excitation voltages.

As shown in Figure 8, the charging capacity of the five-stage constant current charging
with Lamb wave effect, when the peak-to-peak amplitude Vpp of the Lamb wave excitation
voltage is 120, is significantly greater than that of the five-stage constant current charging
without Lamb wave effect. The charging capacity remains almost the same when the
Lamb wave excitation voltage peak-to-peak amplitude Vpp is 80 and 100 compared to the
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five-stage constant current charging without the Lamb wave effect. The larger the Lamb
wave excitation voltage, the more effective it is in reducing the polarization effect. Figure 9
illustrates the total duration of five stages of constant current charging under various Lamb
wave excitation voltages. It is evident from the figure that the total charging time of the
five-stage constant current charging with Lamb wave effect is significantly shorter than
the five-stage constant current charging without Lamb wave effect. The five-stage constant
current charging method with Lamb wave excitation voltage peak-to-peak amplitude Vpp
of 120 has a total charging time that is 11.14% shorter and a capacity that is 6.61% higher
than the five-stage constant current charging method without the Lamb wave effect. As the
Lamb wave excitation voltage increases, the charging time gradually shortens.

42 A
4.0 F
—~
>
N
[
an
g 38 F
o
>
36 H
=——No0 lamb waves
= Excitation Voltage 80 Vpp
Excitation Voltage 100 Vpp|
34 F = Excitation Voltage 120 Vpp|
1 1 1 1
0 2 4 6 8

Charging Capacity (mAh)

Figure 8. Charging capacity under different Lamb wave excitation voltages.

1950

1921

1900 [

1850 |

1800 [

Charging Time (s)

1751
1750
1732

1707
1700 |

80 Vpp 100 Vpp 120 Vpp No Lamb waves

Excitation Voltage

Figure 9. Charging time values under different Lamb wave excitation voltages.

The results of the charging efficiency values from the five-stage constant current
charging with Lamb wave effect, and the percentage increase in the charging efficiency
value compared to the five-stage constant current charging without Lamb wave effect
are depicted in Figures 10 and 11. When the duration of Lamb wave excitation remains
unchanged, the charging efficiency value is positively correlated with the Lamb wave
excitation voltage. As the Lamb wave excitation voltage gradually increases, the charging
efficiency value also increases gradually. The charging efficiency value of a five-stage
constant current charging without the Lamb wave effect is 3.8 x 1073 mAh/s. When the
Lamb wave excitation duration is fixed at 6 min, the charging efficiency of a five-stage
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constant current charging with Lamb wave excitation voltage peak-to-peak amplitude Vpp
of 80is 4.24 x 1072 mAh/s. This efficiency is 11.58% higher than that of five-stage constant
current charging without the Lamb wave effect. The charging efficiency when the Lamb
wave excitation voltage peak-to-peak amplitude Vpp is 80 and 100 is 4.43 x 103 mAh/s
and 4.56 x 1073 mAh/s, respectively. Compared with the five-stage constant current
charging without Lamb wave effect, the charging efficiency increased by 16.58% and 20%,
indicating a significant optimization effect.

Il No Lamb waves
6 Excitation Voltage / 80 Vpp
Excitation Voltage / 100 Vpp|
L

Excitation Voltage / 120 Vpp

W

N

Efficiency Value (x 10~ mAh/s)
[38) w

4 min 5 min 6 min 7 min 8 min

Excitation Time (s)

Figure 10. Charging efficiency values under different Lamb wave excitation voltages.
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20
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S5
o
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<
8
=
)
210
5)
=W

4 min 5 min 6 min 7 min 8 min

Excitation Time
Figure 11. Charging efficiency improvement percentage under different Lamb wave excitation voltages.

4.3. Relationship between Lamb Wave Depolarization and Excitation Voltage

Figure 12 displays the battery terminal voltage under various Lamb wave excitation
voltages. It can be seen from the figure that when the Lamb wave effect is added during
the charging process, the battery terminal voltage drops rapidly. Moreover, the greater the
peak value of the Lamb wave excitation voltage, the faster the battery terminal voltage
drops. When the peak-to-peak amplitude Vpp of the Lamb wave excitation voltage is
80, 100, and 120, the battery terminal voltage drops by 0.0298 V, 0.0329 V, and 0.0393 V,
respectively, within 10 s. As the charging process progresses, the battery terminal voltage
of the five-stage constant current charging with Lamb wave effect gradually decreases. In
the five-stage constant current charging without Lamb wave effect, the terminal voltage
gradually increases during the charging process. Figure 13 depicts the curve of the voltage
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drop at the battery terminal during the five-stage constant current charging process with
Lamb wave excitation voltage peak-to-peak amplitude Vpp is 80, 100, and 120, respectively.
As shown in the figure, the voltage drop at the battery terminal gradually increases over
time. Under the influence of various Lamb wave excitation voltages, the battery terminal
voltage decreases by varying amounts. The greater the peak-to-peak amplitude of the Lamb
wave excitation voltage, the greater the drop in the battery terminal voltage. According to
the polarization voltage calculation method, the decrease in terminal voltage corresponds
to the decrease in polarization voltage.

No lamb waves
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Figure 12. Battery terminal voltage under different Lamb wave excitation voltages.
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Figure 13. Battery terminal voltage drop values under different Lamb wave excitation voltages.

Table 6 displays the specific values of the battery terminal voltage decrease over time
under various Lamb wave excitation voltage peak-to-peak values. At 90 s, the battery
terminal voltage drop is 0.1169 V in the charging mode with the Lamb wave excitation
voltage peak-to-peak amplitude Vpp of 120, which is 15.63% higher than the battery
terminal voltage of 0.1011 V in the charging mode with the Lamb wave excitation voltage
peak-to-peak amplitude Vpp of 80. Therefore, the greater the peak value of the Lamb
wave excitation voltage and the greater the reduction in polarization voltage, the better the
depolarization effect of the Lamb wave.
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Table 6. Battery terminal voltage drop value (V) under different Lamb wave excitation voltages.

Excttion Voltage Time (s)
(Vpp) 10 20 30 40 50 60 70 80 90
80 0.0298 0.0561 0.0713 0.0821 0.0899 0.0939 0.098 0.0992 0.1011
100 0.0329 0.0602 0.0816 0.0936 0.1014 0.1048 0.1054 0.1069 0.1076
120 0.0393 0.066 0.0818 0.0952 0.1036 0.1098 0.1129 0.116 0.1169

4.4. Comparison with Traditional Five-Stage Constant Current Depolarization Charging Method

Figure 14 displays the charging efficiency values of three five-stage constant current
depolarization charging methods. It is evident that the charging efficiency of the five-stage
constant current charging method utilizing Lamb wave action depolarization is significantly
higher than that of the five-stage constant current shelving depolarization method and the
five-stage constant current negative pulse depolarization method. The charging efficiency
values of the five-stage constant current shelving depolarization method and the five-stage
constant current negative pulse depolarization method are nearly identical. The charging
efficiency of the Lamb wave depolarization five-stage constant current charging method is
23.58% higher than that of the five-stage constant current shelving depolarization charging
method. Similarly, the charging efficiency of the Lamb wave depolarization five-stage
constant current charging method is 23.91% higher than that of the five-stage constant
current negative pulse depolarization method. Therefore, the five-stage constant current
charging method of Lamb wave action depolarization is more efficient than the traditional
five-stage constant current depolarization charging method.
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Figure 14. Percentage improvement of five stage constant current charging efficiency based on
different depolarization methods.

5. Conclusions

This paper proposes a five-stage constant current charging method based on Lamb
wave depolarization to enhance the charging efficiency. The results show that compared
with the traditional five-stage constant current charging method, the five-stage constant
current charging method based on Lamb wave depolarization shortens the charging time
and increases the charging capacity. The effects of Lamb wave excitation duration and exci-
tation voltage on enhancing the battery charging efficiency are then discussed. It is found
that as the Lamb wave excitation voltage gradually increases, the charging efficiency also
gradually increases. At the same time, the weakening of the polarization effect is positively
correlated with the excitation voltage of Lamb waves. In addition, compared to the existing
five-stage constant current shelving depolarization charging method and the five-stage
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constant current negative pulse depolarization charging method, the charging efficiency of
the five-stage constant current charging method based on Lamb wave depolarization is
higher. In future research, we will investigate the application of the proposed five-stage
constant current charging method based on Lamb wave depolarization on larger capacity
batteries and battery packs.
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