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Abstract: To address the defects in lithium-ion battery lifespan, this paper proposes a composite
waveform generation strategy that offers capacity-recovering effect. Based on digital architecture,
this study exploits direct digital synthesis (DDS) to generate data, which are then processed in an
analog-to-digital converter to produce a predefined voltage waveform signal. In the process, an
arbitrary waveform is converted to digital voltage waveform signal through pulse width
modulation (PWM) technology, thus realizing waveform generation through DDS. Subsequently,
analog-to-digital conversion is accomplished by going through a buck circuit, resulting in a
composite sinusoidal waveform that is used to charge the battery with a recovering effect. This
paper comprises an introduction of effective waveforms for capacity recovering, methods of
generating composite sinusoidal waveforms, and an example of the application of composite
sinusoidal waveform generation. The waveform produced by the circuit may recover the capacity
of an aged 18650 lithium-ion battery by about 8%.

Keywords: composite sinusoidal waveform charging; direct digital synthesis; pulse width
modulation; lithium-ion battery

1. Introduction

With the global rise of environmental awareness, electric vehicles have become the most
important technological-development objective for governments and enterprises. Among them, the
most developed are the electric vehicles with lithium-ion batteries as the power source. The current
technology has been used to design lithium-ion electric vehicles that function as similarly as possible
to petrol vehicles that consumers drive. However, lithium-ion battery electric vehicles have not been
able to replace fuel cars on a large scale thus far, chiefly owing to issues such as limited longevity and
long charging time [1]. Many studies have concluded that the most prominent cause of lithium-ion
battery aging is that during charging, molecules of the electrolyte combine with the lithium atoms to
form a passivation layer of solid electrolyte interface (SEI), which leads to depleted recyclable lithium
ions in the electrolyte and a subsequent decline in battery capacity [2,3]. Constant current/constant
voltage (CC/CV) charging is the most commonly used method for charging lithium-ion batteries
today. The CC/CV charging involves charging a battery at a CC until its voltage reaches the
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predetermined limit, followed by CV charging until the current decreases to a predetermined low
value. However, SEI formation occurs near the end of the CC-charging step during normal CC/CV
charging if the charging current rate reaches or exceeds a certain value. In the condition of high C-
rate charging of electric vehicles, battery capacity is more likely to decline, leading to aging of the
battery, decrease in battery cycle life, and decrease in rated service life [4,5]. It also leads to a high
cost of maintenance and the replacement of battery pack, as well as difficulty in cost reduction,
hindering the wide application of electric vehicles [6]. Therefore, to mitigate the SEI passivation issue
with CC/CV charging, other charging methods have been proposed, such as pulse charging [7],
Motorola charging [8], reflex charging [9], and sinusoidal waveform charging [10].

The recently proposed composite sinusoidal waveform charging has the greatest potential for
further development as it can avoid unnecessary energy wastage and avoid the aging due to SEI
formation. For example, when using ethylene carbonate (EC) as an electrolyte, the reaction started
with chemical reduction reaction that lead to the formation of a LiOCO2C2H4 radical. LiOCO2C2Hs
radicals can extensively react to form solid molecules and stack onto the graphite negative electrode.
The reduction reaction occurs in the succession of electron transfer to the Li-EC during charging. An
improper charging method via constantly pumping electronic energy into the battery may enhance
the reaction. The ceaseless reaction during the charge/discharge cycle is the key significant aging
problems of Li-ion batteries. Therefore, first-principle calculations were applied to evaluate the
positive voltage required for the lithium ions to migrate from the positive electrode to the negative
during charging [11]. Moreover, a small section of negative voltage is incorporated that can reverse
reduction reaction on the negative electrode during charging. Such combination forms a novel
strategy of composite sinusoidal waveform charging. We have utilized the instrument (N6785A,
Keysight Technologies, Inc., Santa Rosa, CA, USA) to generate the composite sinusoidal waveform.
By using a voltage waveform format, we conducted experiments on the 18650 lithium-ion battery
charged via a large current of 3.45 C. Compared with the CC/CV method, we verified that this
charging method can increase the battery capacity of an aged 18650 Li-ion battery by 18.7%, reduce
maximum temperature rise by 9 °C, and reduce charging time by 25 min [12].

The composite sinusoidal waveform can avoid unnecessary energy wastage, delay battery
aging, and even recover battery capacity. In our preliminary verifications [11,12], we have used
commercially available chargers to generate the waveforms for charging. However, to meet the
broadening requirements of charging in the future [13-15], it is certainly necessary to develop a
device for the generation of composite waveform. Both analog and digital architects can generate a
voltage waveform signal. However, when an analog architect is applied, oscillator hardware is used
to generate the voltage waveform signal. Although the method is rapid, it has the disadvantages of
limited frequency precision, low stability, low resolution, and parameter settings, rendering it
unfavorable for computer program control. Furthermore, parameters such as amplitude and
frequency should be allowed to be adjusted to adapt to various types of batteries that may require
different shape of waveforms [11]. The utilization of direct digital synthesis (DDS) [16] provides
another suitable method. DDS rapidly reads a series of digital waveform data from the waveform
register through the phase accumulator. The data are then processed in an analog-to-digital converter
to produce a predefined voltage waveform signal. It does not require oscillator hardware
components; further, it possesses advantages such as higher precision, stability, resolution, and
bandwidth, as well as the ability to tune the frequency in continuous phase. Therefore, this study is
based on the digital architecture. We developed a composite waveform circuit with the effects of
reviving and prolonging cell life.

2. Methods

The voltage amplitude and frequency of the charging strategy in this paper follow those from
the theoretical model in [11]. The waveform is shown in Figure 1a. We have already verified and
demonstrated that this composite sinusoidal waveform is effective in prolonging the 18650 lithium-
ion battery life [12]. The waveform has voltage level of 3.6 V. The upper cycle and lower cycle are 0.7
V and 0.2 V, respectively. The frequency is 1 kHz. As the cell voltage reaches the full voltage, the



Energies 2020, 13, 814 3 of 13

lower cycle of the waveform can discharge the battery. The circuit we developed can generate such a
waveform. Figure 1b shows the roadmap that the circuit comprises three parts. The first part is a
pulse width modulation (PWM) for generating a digital signal of the composite sinusoidal waveform.
The second part is to amplify the digital signal to the power level. The third part is a low-pass filter
circuit that converts the digital signal into a voltage waveform for effective battery charging. In
addition, we reserved a signal feedback function in the program [17,18], such that the circuit can
provide the appropriate charging waveform in real time by incorporating databases and artificial
intelligence (Al) decisions in the future. The microchip dsPIC30f4011 digital signal processor (DSP;
Microchip Technology Inc. Chandler, AZ, US.) [19] with high computing speed and low delay time
was selected as the important component of composite waveform generation to allow the frequency
of the output waveform to be above 1 kHz to avoid the impact of resolution on the waveform, and to
reduce slowing down of Microcontroller Unit (MCU) processing by analog-to-digital reading. The
charging circuit design adopts the buck circuit architecture, with TLP250 selected as the inner gate
driver. In addition to driving MOSFET, it also isolates the signal from the power level. Metal-Oxide-
Semiconductor Field-Effect Transistor (MOSFET) adopts the P-type IRF9540N and N-type IRF3705.
Subsequently, restoration of the composite waveform is achieved by an LC low-pass filter.

(a) (b)
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Figure 1. (a) Target waveform to be developed for the composite waveform charger; (b) Schematic of
the investigated architecture.

2.1. Direct Digital Synthesis (DDS) and Buck Converter

In the first part of signal generation, the structure of DDS comprises the phase accumulator,
waveform memory, analog-to-digital converter, and low-pass filter, as shown in Figure 2a. The phase
accumulator, which is the most important in the DDS module, comprises the N-bit adder and N-bit
accumulator register. The principle of its operation is as follows. With an incoming reference
frequency f, the accumulator accumulates the frequency control FW with the output value of the
register (f,,,), the result of which is then input to the register. The accumulator register feeds the data
generated in the previous reference clock into the accumulator by way of feedback. Under the action
of the clock, the frequency control can be constantly accumulated. In the meantime, by using the data
output from the phase accumulator as the address, the amplitude table corresponding to the said
address is found in the waveform memory. The transformation from phase to amplitude is thus
accomplished. The equation for computing the output frequency is as follows:

fout = %FW- 1)

The equation for computing the resolution of output signal frequency (Af) is as follows:

Af = % 0)
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A stable average output voltage is generated as the buck converter adjusts the duty cycle and
switches the ON/OFF status of the circuit, which passes through an LC filter, as shown in Figure 2b.
The working timing of the converter is shown in Figure 2c. When the MOSFET is ON in the working
time, the current is transmitted to the load end through the inductor, which also accumulates energy.
Meanwhile, the diode state is OFF. When the MOSFET is OFF, the energy accumulated in the inductor
is supplied to the load end as a current flow through the diode [20-23].

Based on the voltage and current stress analysis, the maximum current I;,,,, through the
inductor L is that given by Equation (3), where R, is the load resistance, i, is filter inductance, I,
is the load current, D, is the duty cycle, and T is the switching period.

1.V Ruq
Limax = 1, + = Ai, = 2411 + Z—LL(1 - D,)T,] ©)

The rated voltage Vyr of the switch MOSFET and flyback diode Vi is given by Equation (4),
where Vyr is the rated voltage at the switch MOSFET and Vyp, is the rated voltage at the flyback
diode.

Vyr =Vyp = (2~3)V,, (4)
The rated current I, of the switch MOSFET and flyback diode I, is given by
Iyr = Iyp = (1.5~2)] 0z ®)
The filter inductance i, is computed by Equation (6). When D, = 0.5, L is at its maximum

o ViV Vin(1-D,)
le% y5=%DyTs (6)

B Vin(1 =D, )D, Ty

_ i @

Computing the filter capacitor, where f_ is the switch frequency, the charge of capacitor C in
one switching cycle is

1AL T, A

“222 7 8f ®)
The output ripple voltage AV, is evaluated by
AQ (1-D,)V,
== — 9
Ao =7 8LCf2 ©
The filter capacitance C is
c= =DV (10)

8Lf2AV,
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Figure 2. (a) Direct digital synthesis; (b) Buck converter; (c¢) Working sequence diagram of the buck
converter.

2.2. Waveform Generation

To generate a composite waveform that is effective for capacity recovery, dsPIC30f4011 chips
are first used in conjunction with DDS. Interpolation is used to convert the composite waveform into
program codes. The designed LC low-pass filter is used to verify the waveform. The cycle of
correction, fine tuning, and verification is launched when there is discrepancy between the generated
waveform and the target waveform. The composite waveform development process is completed
only when the generated waveform agrees with the target waveform.

Primary Master Time Base Period Register (PTPER) is defined as the primary parameter for the
development of composite waveform. Its purpose is to set the upper limit of the frequency and
resolution of the composite waveform. The time-base module required to generate a PWM signal in
dsPIC30£4011 chip can be categorized into four working modes: free running mode, single event
mode, continuous up/down counting mode, and continuous up/down mode with interrupts for
double-updates. In this study, all PWM outputs adopt the continuous up/down counting mode. To
strike a balance between frequency and resolution, this study takes a prioritized resolution directive
and sets the maximum output voltage (Vmax) of the chip at 5 V and the register precision (Vacc) at
100 mV per grid. Based on the calculation via the resolution equation, the resolution of the register at
100 mV per grid is obtained when PTPER is 25. In addition to meeting the requirements of the
composite waveform, it also ensures high PWM output frequency, such that the composite waveform
output can be above 1 kHz.

The conversion between the composite waveform generated and the registered value in the
program code is achieved by computing the PWM duty cycle of 0-100% in the established composite
waveform via Equation (11), then comparing with the values read from PDCx register. PDCrx is the
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ratio of duty cycle of the PWM output. PTPER << 1 represents moving the binary value one bit to the
left, corresponding to a multiplication by two in the decimal system.

Duty cycle = PDCx / (PTPER << 1) x 100% (11)

Through the conversion of values in the register, the corresponding values read from the PDCx
register can be known for every width of PWM duty cycle. The following paragraphs explain how
the conversion is achieved from analog voltage signals to digital PWM duty cycle values. Adjustment
is made to the voltage level, the first parameter of the voltage waveform. Then, the second and third
parameters are adjusted, which are the upper/lower half-cycle amplitudes and waveform frequency,
respectively. Finally, the three parameters are fine-tuned into a one-line program instruction to
simplify program complexity and to improve readability. All the above output signals are the PWM
value, which are difficult to read and to verify whether they are consistent with the target. Therefore,
the low-pass filter is designed and implemented to verify whether the various parameter settings
meet the target value.

To verify conformance of the PWM signal to the target voltage waveform, it is necessary to
restore the PWM digital signal to a continuous analog waveform signal through the low-pass filter
to improve the visibility [24]. The lower filter circuit adopts an LC low-pass filter with wide
applicability and good stability [25,26]. The frequency of the target composite waveform is the cut-
off frequency of the low-pass filter that is set to about 1 kHz. The designing method is such that
common L and C levels are substituted into the lower cut-off frequency to carry out theoretical
calculations. The optimal values for filter L and C are found through repeatedly applied verifications.
To verify the design of the PWM low-pass filter circuit, an exemplary sinusoidal PWM value is first
selected as the basis for LC adjustment of the filter. It is found through verification that the best filter
is one with an L of 12.5 mH and C of 1 uF. The cut-off frequency of the low-pass filter is reversely
deduced via the equation to be 1.42 kHz, which is close to the original ideal value of 1 kHz.

Voltage values are converted to code parameters by taking advantage of the characteristic of
linear interpolation, i.e., any two adjacent tabular points can be connected by a straight line. All the
values of a therein can be correlated to a linear function b(x). Taking advantage of the feature that a
straight line has a constant slope, the following relation can be expressed as Equation (12) [27,28]:

(b-b1) / (a—a1) = (b2=b1) | (az—a). (12)

The target of this study is defined in such a manner that the upper and lower half-cycles are
separate, thus, m and b1 in the equation can be assumed as 0. Consequently, a is assumed to be the
maximum of sine(a), which is 1, and b is assumed to be a varied value of sine(a). Correspondingly, a2
in the equation is the maximum width of the PWM at 100% of the duty cycle. This value is fixed at 50
throughout the present study, half the value of the entire maximum amplitude. This value is also
related to the PTPER value. The variable b2 is the PDC: value to be obtained by this study, whose
value varies with b.

The HIGH of the PWM signal output by MCU is the actual voltage of 5 V. Therefore, based on
Equation (12), 5 can be substituted into a; b is the target amplitude voltage of 3.6 V; a2 is 50, the
maximum value of the matrix; b2 is hence the value of the PDCx register to be obtained. It is assumed
here that a1 and b1 are 0. By calculation, the target composite waveform voltage level of 3.6 V
corresponds to a PDCx value where b2 equals 36. After passing through the filter, the outputis 3.36 V,
which deviates from the target value of 3.6 V. Repeated corrections by experiment yielded a PDCx
value of 38, at which point the output voltage target can be achieved after passing through the filter.

Through the abovementioned interpolation method, the parameters of the sinusoidal wave
matrix with the maximum amplitude can be obtained. The next step is to interpolate the value of
PDC: register and the actual voltage output to find the required amplitude. The HIGH of the PWM
signal output by MCU is the actual voltage of 5 V. Taking the upper half-cycle of 0.7 V as an example,
through Equation (12), substituting 5 into a and the amplitude of the upper half-cycle 0.7 V into b, a2
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is the maximum value of the matrix 50. The converted value to be obtained is b2, which equals 7.
Taking the lower half-cycle of 0.2 V as an example, through Equation (12), substituting -5 into a and
the amplitude of the lower half-cycle 0.2 V into b, a2 is then the maximum value of the matrix at —=50.
The converted value to be obtained is b2 equals -2.

After the abovementioned adjustments to the amplitude and the level, an important variable
count has to be performed for the sequence of values to be concatenated into a continuous waveform
output. In the program, after each output of the PWM waveform, 1 is added to the variable index to
allow the MCU to read the next PWM value of the waveform matrix. As such, a continuous waveform
output can be achieved. Therefore, after each PWM waveform output, when a value larger than 1 is
added to the variable the number of waveforms in the same unit time will increase. However, this
requires a balance between resolution and frequency. Increasing the variable indiscriminately after
each PWM output will lead to the reduction of waveform resolution, which will eventually cause
serious waveform distortion. Therefore, high analytical sampling is used in this study to mitigate the
issue of resolution reduction when the frequency increases. Finally, the upper half-cycle value of
PDCx equal to 7 and the lower half-cycle of PDCx equal to -2 are added to the computed voltage level
PDCx register value of 38, the result of which is added to the program codes. This produces a
waveform matrix that agrees with the target composite charging waveform in this study, as shown
in Figure 1a.

2.3. Design of the Charging Circuit

The charging circuit is designed to adopt the form of a buck synchronous rectifier. A diode is
connected after the switching element to allow the inductor to still be in a loop when the switching
element is turned off to maintain a flowing current. This is to protect the switching element. Based
on the principles of circuit operation, the circuit is set to switch on when the P-MOSFET is at LOW.
The S pole of MOSFET is connected to the input power source. The D pole is connected to the power-
storing inductor. When the LOW state is maintained at the G pole, MOS is open. When MOSFET is
off, the energy in the inductor is released to the output end via the grounded diode. When the MCU
output PWM is LOW, the top Positive Channel Metal Oxide Semiconductor (PMOS) is connected. In
the meantime, the outer Vancouver Community College (VCC) supplies power to charge the inductor
and capacitor. When MCU output PWM signal is HIGH, the top PMOS is disconnected. Then, the
outer power is cut off. However, as a result of the afterflow from the inductor, PWM can filter out
continuous composite waveforms, as shown in Figure 3a.

The working sequence is shown in Figure 3b. The charging loop filter is designed to adopt an
LC m filter with low impedance input and output, as shown in Figure 3c. First, capacitor C1 removes
most of the AC components. Then, the L1 and C2 filter are passed through. L1 presents a very high
resistance to the AC component. Thus, the AC voltage drop over L1 is large, and the AC component
supplied to the load is small. As for the DC component, because L1 does not exhibit inductive
resistance, it is equivalent to an open circuit. Simultaneously, the filter inductor adopts a thick wire
diameter with very small DC resistance. Therefore, no drop occurs for the DC voltage, resulting in
relatively high DC output voltage. These are the main advantages of adopting an inductor filter. After
repeated experimental designing as described above, we obtained the values for C1 to be 0.4 uF, L1
to be 192 uH, and C2 to be 101.1 uH. As the desired waveform output is in contrast to the stable DC
output, which is the target of a buck architect, and the fixed duty cycle of the PWM is replaced by a
variable in real-time PWM duty cycle signal. As verified by circuit simulation software, the composite
waveform can be successfully generated.
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Figure 3. (a) Pulse width modulation (PWM) state; (b) Working sequence diagram; (c) i type filter;
(d) Signal conversion between components.

Figure 3d shows the conversion of signals between components and the final output. The PWM
signal of MCU has a fixed output of ca. 0-5 V. To drive the PMOS IRF5305, a higher voltage is needed
to keep the PMOS operating in the saturation and cut-off regions. Driving the MOSFET with the
HIGH output of only 5 V from the MCU presents a problem that needs to be addressed. In addition,
to protect the MCU from being burned, the signal and the power level should be isolated. TLP250 is
adopted for the gate driver to increase the PWM signal to ca. 0-15 V through a 15 V input from an
external power supply, thereby driving MOSFET to operate in the saturation and cut-off regions. The
output end is a battery which attenuates the input charging voltage waveform. Therefore, the VCC
of PMOS is set to be larger than the composite waveform voltage. We adopt a 12 V power supply that
is widely used in the market. Finally, PWM is restored to the composite waveform by LC low-pass
filter in the buck circuit.

3. Result and Discussion

3.1. Verification of the Integrated Amplitude and Level Functions

The adjustments to the parameters of amplitude and level can be integrated into a series of
equations to simplify the program coding. All composite waveforms can be generated by the four
modes as follows. A represents the variable name of the waveform matrix. B is the matrix counting
variable. C is the amplitude size adjustment variable. D is the adjustment variable of the level. Figure
4a below shows the verification of the developed composite waveform with 2.5+ 0.5 V. Assume C to
be equal to 2 and D to be equal to 10. The results of the verification are as follows. (i) With increased
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amplitude and level, PDCx = A[B] x C + D. The doubled amplitude Vp_p =2 V and the level is
increased by 0.5 V. This leads to the results shown in Figure 4b. (ii) With increased amplitude and
decreased level, PDCx = A[B] x C-D. The doubled amplitude Vp_p = 2 V and the level decreased by
0.5 V. This leads to the results shown in Figure 4c. (iii) With decreased amplitude and increased level,
PDCx = A[B]/C +D. The doubled amplitude Vp_p = 0.5 V and the level increased by 0.5 V. This leads
to the results shown in Figure 4d. (4) With decreased amplitude and level, PDCx = A[B]/C-D. On the
right is the doubled amplitude Vp_p = 0.5 V and level decreased by 0.5 V, resulting in that given by
Figure 4e.

ok

@ T B (d) | |

oy CLn A8 BAEAR

Figure 4. (a) Developed verification waveform with 2.5 + 0.5 V; (b) Amplitude increased to 2 V and
level increased by 0.5 V; (c¢) Amplitude increased to 2 V and level decreased by 0.5 V; (d) Amplitude
decreased to 0.5 V and level increased by 0.5 V; (e) Amplitude decreased to 0.5 V and level decreased
by 0.5 V; (f) The composite waveform output with life-prolonging effects.

The target waveform takes reference from the optimized battery charging waveform described
in [11], which ranged within 3.6 V. The waveform with an upper half-cycle of 0.7 V and lower half-
cycle of 0.2 V is taken as the waveform for verification. By passing through the LC low-pass filter

with L at 12.5 mH and C at 1 uF, as designed above, a waveform can be output as shown in Figure
4f.

3.2. Verification of the Overvoltage Protection Function

This study predefines an average current less than 0.05 C as the condition of charge cut-off.
When the above condition is met, the composite wave charging of the battery is completed. If the
average current is not less than 0.05 C, then 1 is added to the PWM counter, and the output of the
composite waveform to charge the battery continues. Figure 5 shows the required time in an applied
operation. When the voltage is higher than 4.4 V, the microprocessor will instantly turn off the signal
output with the turn-off time being 640 ps. Charging of the battery is suspended until the battery
voltage returns to the normal criterion.
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Figure 5. Overvoltage protection.

3.3. Verification of the Charging Circuit

The left portion of Figure 6a shows the microchip dsPIC30f4011 module. Through the REO pin,
the PWM signal is sent to the gate driver, which is above the right side of the Printed Circuit Board
(PCB) board. The gate driver drives the Complementary Metal-Oxide-Semiconductor (CMOS)
architecture composed of PMOS and Negative Channel Metal Oxide Semiconductor (NMOS) on the
left side of the PCB board. The output of power level PWM is restored to the composite charging
waveform through the low-pass filter composed of wire-wound toroidal inductors, electrolytic
capacitors, and ceramic capacitors on the right side of the PCB board. Adopting a 1.2 ohm cement
resistor with a power of 20 W as the output load, a circuit load test is performed. The output voltage
level will drop after the resistive load is connected. Therefore, a DC power supply is used for voltage
compensation to increase the voltage from the original 5 to 6.2 V with the output current limited at
4.5 A. On passing through the charging circuit, the composite waveform output is generated. Figure
6b shows the final output of composite voltage and current waveforms, which display no discrepancy
as compared with the desired target voltage waveform.
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Figure 6. (a) Photo of the actual circuit; (b) Waveform of the output voltage.

Effects of the circuit on the charging of the battery were then demonstrated. A LiFePO4 18650
battery (Pihsiang Energy Technology Co., Ltd.) was used. The original capacity of the battery was
1450 mAh. A conventional charging method with constant current—voltage of 5-3.7 V and constant
current discharge of 5 A, with 600 charging—discharging cycles at room temperature, was used to age
the battery. The charging and discharging processes have at least a 15 min rest between cycles, a 12
h rest every day, and a 60 h rest every weekend. The capacity of the aged battery was approximately
1065 mAh. Experiments of capacity recovery were then performed using the circuit to charge the
aged battery. Figure 7 presents the results. After the first cycle involving charging using the
composite waveform, the capacity increased to 1161 mAh, an improvement of approximately 6.7%
from the original rated power was observed. In the following few cycles, the capacity was maintained
at a high level. The maximum of recovery capacity is about 8%. The result is consistent with that of
charge-discharge machine which we have done via commercial charging instrument [12].

1200

1150

1100

Capacity (mAh)

1050
ccev ol 2 3 4 56
Cyecles after composite waveform charging

Figure 7. Verification of the applied charging performance.
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4. Conclusions

The composite waveform generated by the circuit developed in this study can be comparable to
the commercial charging instrument. The waveform voltage and current measured over the battery
are identical in waveform. The major emphasis is on the generation of composite waveforms for
future requirements that different batteries may adapt a variety of waveform parameters. The three
practical contributions are as follows. First, parameters such as amplitude, frequency, voltage level,
and waveform can all be incorporated into this study to generate a composite sinusoidal waveform
on a large scale. Second, the circuit can be applied to charge the battery with a composite sinusoidal
waveform in practical application. Both the voltage and current fall in the same ranges of those in the
control group. Third, through the programed platform developed in this study, analog-to-digital
signal can be predefined to be read as feedback, thereby allowing the future expansion with a
database of waveform parameters. The cost of using such a digital method to generate charging
waveform is quite low. The circuit was made with simple electronic components. It is expected to be
widely used for charging single cell. However, whether it is suitable for the charging of battery packs
remains to be studied. In addition, composite sinusoidal waveform charging is a novel method.
Although some preliminary results have been reported, there are still many questions to be answered.
We will keep report our demonstration data in future. However, if the self-made circuit developed
by this study is adopted, researchers can also get rid of the limitations of commercial instruments and
do more flexible research and development in future.
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