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Abstract: This study implements a multifunctional charger based on a dual-switching, bidirec-
tional flyback converter (DSBFC). The proposed charger adopts seven charging methods, including
the incremental-current charging, constant-voltage (CV) charging, constant-current (CC) charging,
pulse-current (PC) charging, triangular-current (TC) charging, sinusoidal-current (SC) charging, and
positive/negative pulse-current (Reflex) charging methods. The charging process of a lithium-ion
battery is divided into three stages: an initial term, a mid-term, and a final term. In the initial term,
the incremental-current charging method is used in the initial term of charging for a soft start and to
inhibit an increase in temperature. In the mid-term, five charging methods, including CC, PC, TC, SC,
and Reflex-current charging, are used for charging. The CV charging method prevents overcharging

lcll;%la(tfgsr the lithium-ion battery in the final term. Based on our experimental results, this study compares
Citation: Lee, Y-L.; Lin, C.-H.; the four charging methods (PC, TC, SC, and Reflex-current) with the CC charging method to verify
Tsai, P-H.; Liu, H.-D.; Lu, S.-D. A their improvement of the charging speed and increase in temperature in the mid-term. The charging
Multifunctional, Non-Constant speeds increased by 14.38%, 14.04%, 16.36%, and 27.27%, respectively, and the rise in temperature
Current Charger Based on a decreased by 37.8%, 40.5%, 48.6%, and 13.51%, respectively; all performed better than the CC charging
Dual-Switching, Bidirectional method. Finally, users can adjust the charging method of the proposed DSBFC according to the needs

Flyback Converter. Processes 2022, 10,
1522. https://doi.org/10.3390/

of batteries so as to achieve excellent performance.

prioos1522 Keywords: lithium-ion battery; battery charging; non-CC charging method; dual-switching; bidirectional
Academic Editors: Jiagiang E ﬂyback converter
and Luigi Piga

Received: 27 May 2022
Accepted: 1 August 2022

Published: 2 August 2022 L Introduction

Lithium-ion batteries have been widely discussed in many pieces of literature in recent
years [1-3]. Compared to other rechargeable batteries, their high energy-density, high oper-
ating voltage, low self-discharge rate, and broader operating temperature make lithium-ion
batteries ideal for many applications, such as electric vehicles, mobile electronic equip-
ment, energy-storage systems, and other applications. Due to cost considerations, common
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©) lithium-ion battery chargers do not often adopt complex charging-control strategies. How-
ever, the charging method of a lithium-ion battery is critical to its lifetime, charging speed,
Copyright: © 2022 by the authors. ~temperature-rise effect, and other aspects.
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Jeewandara et al. investigated the machine-learning and Kalman-filter method for battery-
charger control [7]. Zhang et al. explained that the time-sharing method could reduce
the current ripple in the driving- and parking-charging modes for car battery chargers [8].
Alhaider et al. presented a temperature-adjusted, multistep, CC-control, applied battery-
charger system [9]. Seth et al. proposed a second-order ripple-compensation control via
the pre-compensation of the reference current of the battery-charger system for electric
vehicles [10]. Jeon et al. studied the best constant-power-charging control strategy based
on vehicle-battery charging systems [11]. Chuang et al. demonstrated the integration of the
fuzzy, CC, and CV methods to regulate the charging current applied to the battery-charging
system [12]. Arshadi et al. presented the phase-shedding control strategy to enhance
battery-charger performance [13].

In addition to the traditional CC—CV charging method, many references have dis-
cussed other non-constant-current charging methods [14-16]. As mentioned in refer-
ences [14,15], the pulse-current (PC) and sinusoidal-current (SC) charging methods for
lithium batteries have better performance in terms of charging speed and temperature
increase; in addition, the triangular-current (TC) charging method [15] is also of excellent
research value. In reference [16], the positive/negative pulse-current (Reflex) current charg-
ing method was introduced as a charging system for lithium-ion batteries. The Reflex
charging method is also known as the positive/negative pulse charging method. Like the
PC charging method, its charging-current waveform adds a reverse current of short dura-
tion to each cycle to accelerate the ions’ balance inside the battery, thereby improving the
charging efficiency. Most studies on this topic usually only compare the CC—CV charging
method with a single one instead of with multiple non-constant-current charging methods
under the same test conditions.

In terms of circuit topology, many different types of isolated power converters have
been discussed in battery charging [17-26]. Avila et al. raised a multicell and multiter-
minal, bidirectional flyback for an electric-vehicle-battery charging system [17]. Singh
et al. proposed an isolated SEPIC of a primary non-rectifier for an electric-vehicle-battery
charger [18]. Moury et al. discussed a new isolated converter integrating a quasi-resonant
cuk converter and flyback converter based on a solar charger [19]. Yuan et al. explained
a multimode, step-up LC-resonant flyback converter designed for battery chargers [20].
Kushwaha et al. integrated isolated cuk and SEPIC converters on the primary side for
an electric-vehicle-battery-charger system [21]. Gupta studied a new non-rectifier, light-
electric-vehicle charger, which used an isolated Luo converter on the primary side [22].
Kushwaha et al. introduced a non-rectifier for the electric-vehicle-charging system integrat-
ing Zeta and Luo converters on the primary side [23]. Lin presented a new soft-switching,
direct-current converter with a wide output-voltage range for a battery charger [24]. Wu
et al. proposed a new isolated, multiwinding, coupled-inductor converter applied to the
battery-charging system [25]. Lin investigated a new resonant converter with a wide output-
voltage with two resonant circuits on the primary and secondary sides of the transformer,
respectively, for a battery charger [26].

This study utilizes a dual-switching, bidirectional flyback converter (DSBFC) to realize
seven charging methods, including incremental, CV, CC, PC, TC, SC, and Reflex-current.
The incremental-current charging method is used in the initial term of charging. In the
mid-term of charging, five charging methods (CC, PC, TC, SC, and Reflex-current) are
used for charging, respectively, to analyze their performance for comparison. The CV
charging method takes charge of the charging in the final term until the batteries are fully
charged. Through the experimental results, the performance of the four charging methods
(PC, TC, SC, and Reflex-current) are compared with the CC charging method, where the
four charging methods perform better than the CC charging method in terms of charging
speed and temperature increase in the mid-term.

This study aims to describe the difference between the five charging methods (in
terms of charging speed and the temperature increase). Moreover, this study also im-
plemented a well-known flyback converter and realized seven charging methods with
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the same converter. The proposed charging system can realize the incremental-current
charging, constant-voltage (CV) charging, constant-current (CC) charging, pulse-current
(PC) charging, triangular-current (TC) charging, sinusoidal-current (SC) charging, and
positive/negative pulse-current (Reflex) charging methods with the same converter via a
digital controller. Compared with other charging methods in the mid-term, the SC charging
method is more appropriate. If the application of the battery module places great em-
phasis on charging-speed improvement, the proposed charging system will consider the
Reflex-current charging method.

The remainder of this paper is organized as follows: Section 2 describes the lithium-ion
battery module specifications and the charger’s architecture; the designs of various charging
methods and dual-closed-loop control is presented in detail in Section 3. Section 4 presents
the experimental results, while Section 5 includes conclusions and suggests directions for
future work.

2. Specifications of the Lithium-Ion Battery Module and the Charger’s Architecture
2.1. Specifications of the Lithium-Ion Battery Module

This study considers the specifications of a small/medium-sized, electric hand tools,
3C products, etc., which require 3 18650 lithium-ion cells in a 3S1P battery module. The
proposed charger is responsible for charging the battery module. The cell specifications are
shown in Table 1.

Table 1. Cell specifications used in this study.

Parameter Value
Manufacturer Sanyo
Part number UR18650—NSX
Rated voltage 3.6V
Rated capacity 2500 mAh
Rated charging current 1.75 A
Upper/lower cut-off voltage 42V/25V
Operating temperature range —20°C~50°C

2.2. Charger Architecture

The implemented charger employs the DSBFC as the main circuit and an embedded
digital controller, which can realize seven charging methods with the same charger. Figure 1
shows the schematic diagram of the DSBFC. First, the DSBFC utilizes the transformer TR
(magnetic coupling characteristic) to achieve the isolation between the AC input and the
batteries. Second, a digital controller controls the power switch and captures the battery-
module voltage and the charging current. Meanwhile, the controller calculates the PWM
signal for the power switches through the captured signal, depending on the different
charging methods. Finally, the isolated driver transfers the PWM signal to power switches
Q1 and Q,. The DSBEFC has been specially designed for the Reflex-current charging method,
having positive/negative pulse-current waveforms. When using other charging methods
(incremental current, CV, CC, SC, TC, and PC), the Q, can be switched off. Moreover,
its body diode D, operates as a rectifier to transfer the energy from the AC input to the
batteries in the same way as a traditional flyback converter.

Figure 2 shows the schematic diagram and the key waveforms of the DSBFC without
the full-bridge rectifier. As shown in Figure 2a, the architecture includes a transformer TR,
a magnetizing inductor L;;, an input filter capacitor Cy,, a power switch on the primary side
Q1, a power switch on the secondary side Q», a diode on the secondary side D;, an output
capacitor Coyt, and an equivalent resistor Rj,g. L stores the energy and achieves the
isolated energy-transfer function with the help of the TR’s magnetic coupling characteristic.
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Figure 1. Schematic diagram of the DSBFC.
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Figure 2. (a) Schematic diagram of the DSBFC without the full-bridge rectifier; (b) the corresponding
key waveforms.

Figure 2b shows the key waveforms of the DSBFC without the full-bridge rectifier.
During the steady-state operation, a period can be divided into two regions: Mode 1 is the
duration when Q; is on; Mode 2 is the duration when Q; is off; DC is the duty cycle of Q;,
T is the operation period, and f, is the operating frequency.

Mode 1 (Q1 turn on):



Processes 2022, 10, 1522

50f17

Figure 3a shows the operation mode of Mode 1. When Q; turns on, Q; and D; turn
off. Vs charges L;;, and L, stores the energy. The voltage Vs is across Ly,. The current iy,
rises linearly, which is shown in (1). In Mode 1, the TR does not transfer the energy, and the
output capacitor Coyt discharges the energy to the Ryoaq.
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Figure 3. Operation modes of the DSBFC: (a) Mode 1 (Q; turn on), (b) Mode 2 (Q; turn off).

Mode 2 (Q; turn off):

Figure 3b shows the operation mode of Mode 2. When Q; turns off, Q, and D; turn on.
Due to the characteristic of inductors, L, projects the stored energy to the secondary side
of the TR to supply the power to the output capacitor Cout and Ryj,q. The output voltage
V, is across L, through TR, and the current ij ,, decreases linearly. The formula of iy, is
shown in (2), where Nj is the turn ratio of the TR’s primary side, and N} is the turn ratio of
the TR’s secondary side. In Mode 2, the TR does not transfer the energy, and the output
capacitor Coyt discharges the energy to the Rygaq-

. (N
i () g

Integrating the Mode 1 and Mode 2 analyses, Formula (3) can be obtained by using (1)
and (2), and the volt-second balance theory:

VsT(DC) + {—(%1)%} (1-DC)T=0 (©)]
2
Formula (3) can be sorted out to obtain the relationship between the input voltage
and the converter’s output voltage, as shown in (4). From (4), it can be known that the
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flyback converter can achieve the purpose of boosting or bucking voltage by designing the
transformer turn ratio and changing the duty cycle (DC).

V,  DC (N,
vs‘l—DC<N1) @

Table 2 shows the specifications and the related electrical parameters of the DSBFC,
such as the transformer TR. Its input can be applied to a full AC utility power range, and
its output can convert to the battery modules’ upper and lower cut-off voltages.

Table 2. Specifications and related electrical parameters of the DSBFC.

Parameter Value
Input voltage (V5) 100 V,c~240 Vac
Output voltage (V,) 75V~12.6 V
Rated power (P,) 50 W
Operating frequency (fsw) 100 kHz
TR’s turn ratio (N7 /Np) 146/16
TR’s magnetizing inductance (L;;) 2.7 mH

Through the above analysis, it can be seen that the implemented converter can realize
the energy transfer. The incremental-current charging, constant-voltage (CV) charging,
constant-current (CC) charging, pulse-current (PC) charging, triangular-current (TC) charg-
ing, sinusoidal-current (SC) charging, and positive/negative pulse-current (Reflex) charging
methods can be easily achieved. The chosen converter has a MOSFET paralleled with the
rectifier diode D; so that the converter can extract the energy from the battery module
back to the input capacitor Ci,. This characteristic can help realize the Reflex charging
method. However, while reversing the power flow, the voltage of the C;, will increase, and
a dangerous situation may occur due to overcharging the Cj,. In this study, the proposed
charger is designed for small/ medium-sized, electric hand tools and 3C products, which
require 3 18650 lithium-ion cells in a 3S1P battery module. Moreover, the negative pulse of
the implemented Reflex charging method lasts only a few microseconds, which will not
cause the problem just mentioned. If the specifications of the battery module increase, the
specifications of the Cj, and additional protection should be taken into consideration.

3. Design of Various Charging Methods and Dual-Closed-Loop Control
3.1. Design of Various Charging Methods

According to the battery-module voltage, the charging strategy proposed in this
paper has three stages: an initial term, a mid-term, and a final term. Figure 4 is the
proposed charging strategy’s schematic diagram (voltage vs. time) depending on the cell
specifications. The initial term of charging is set at 7.5 V~10.2 V. During the initial term, the
battery module has a significant voltage variation rate; in the mid-term, the voltage range
is set at 10.2 V~12.6 V. The battery-module voltage rises gently during this stage; when the
battery module reaches the upper cut-off voltage of 12.6 V, the charging strategy enters the
final term (using the CV charging method).

In the initial term of charging, the incremental-current charging method, improved
from the trickle method, is used to prevent the temperature from rising. The charging
current increases gradually with the increase of battery-module voltage. The proposed
charging strategy enters the next stage when the battery-module voltage is higher than
10.2 V. In the mid-term, the CC, SC, PC, TC, and Reflex-current charging methods are
respectively implemented to control the variable for the charging-method comparison
experiment. The charging strategy uses the CV charging method in the final term of
charging, and the duration is decided according to the battery specifications. In this study,
the final term will end when the battery reaches the upper cut-off voltage, and the charging
current is less than 100 mA. The flow chart of the charging strategy is shown in Figure 5.
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—»| CC charging Battery voltage =
26V 2
No
Pulse current Ye
P x Battery voltage
. <126V2
No

Charge
medium term Triangular Ye
waveform —»| wave current Battery voltage
charging 2 <J26V2
No

Sine wave Ye
Incremental > Battery voltage =
current charging Battery voltage o 26V 2
method 2102V?2

E

—

Reflex charging

\ >,
battery voltage
s126V2
No

Figure 5. Flow chart of the charging strategy.

The proposed charging system uses the incremental-current charging method in
the initial term and the CV charging method in the final term to control the variables.
Consequently, the influence of other charging methods can be easily compared in the
mid-term. In addition, according to the lithium-ion battery’s characteristic, the internal
impedance in the initial term is much higher than in the mid-term. In this study, the
incremental-current charging method is one of the methods which can overcome the
thermal issue in the initial term. Moreover, the incremental-current charging method can
also provide a soft start for the proposed charging system, while the Reflex charging method
(one of the charging methods to be compared) has negative pulses, probably causing the
over-discharging of the battery module. Because this study aims to compare the charging
methods (CC, PC, TC, SC, and Reflex-current) in a safe operation, the proposed charging
system chooses the incremental-current charging method in the initial term, and the other
charging methods (CC, PC, TC, SC, and Reflex-current) are applied in the mid-term.

Figure 6 shows the battery-module voltage and current waveforms in the various
charging methods’ initial, middle, and final stages. The incremental-current charging
method is used in the initial term. Then, in the mid-term, Figure 6a shows the adoption
of the CC charging method; Figure 6b shows the adoption of the PC charging method;
Figure 6¢ shows the adoption of the TC charging method; Figure 6d shows the adoption
of the SC charging method; Figure 6e shows the adoption of the Reflex-current charging
method. Finally, all of the charging strategies use the CV charging method in the final
term. The CC charging method will be the comparison benchmark for the other charging
methods. The comparison of the charging methods evaluates their performance, such as
the charging speed and charging-temperature increases in the mid-term.
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Figure 6. Voltage and current waveform of different charging methods used in the mid-term: (a) CC,
(b) PC, (c¢) TC, (d) SC, and (e) Reflex-current.

3.2. Internal Impedance of the Lithium-Ion Cell

Figure 7 shows the frequency’s influence on the lithium-ion cell’s internal impedance [15].
From Figure 7, it can be seen that the minimum internal impedance of the lithium-ion
cell can be obtained at the charging-current frequency fz,,;;, of about 1 kHz, which is the
crucial parameter affecting the charging speed and the temperature increase. Usually, the
frequency of the non-constant current waveform is within the range of 0 Hz to 1 kHz, and
the internal impedance decreases while the frequency increases. Considering the response
speed of the converter hardware and digital control, the frequency setting value of the
non-constant current waveform should meet the maximum when the waveform is not
distorted. After the actual test, the frequency of the non-constant current waveform realized
in this study was set at 4.7 Hz due to the limitations of the hardware and the prevention of
the waveform distortion.

107
1zl [ B S ol
Q) r
B Somin
10—2 1 Ll 1 ol 1 ol 1 | W 1 1111111
107! 100 10! 102 10° 104

Frequency (Hz)

Figure 7. Relationship between the lithium-ion cell’s internal impedance with charging-current frequency.

Considering the CC charging method’s current value (1.75 A) as the standard charg-
ing current, the amplitude variation range of symmetrical waveforms, such as PC, TC,
and SC, is 0~3.5 A. The Reflex-current charging method maintains 3.5 A for 0.6 cycle,
—3.5 A for 0.1 cycle, and 0 A for the remaining 0.3 cycle. This setting ensures that the
average charging current of all charging waveforms is the same and consistent. Under the
same test conditions, the effects of different charging methods can be compared to show
their performance.

3.3. Dual-Closed-Loop Control Design

During the charging process, the control of the converter can be divided into two parts:
current closed-loop control and voltage closed-loop control. Figure 8a is the block diagram
of a current closed-loop control system. The incremental-current, constant-current, and four
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kinds of non-constant-current charging methods are all implemented using the current-
control system. The output current i, of the converter is converted into a voltage signal
by a current sensor (ACS712ELCTR—05B—T, Allegro MicroSystems, Manchester, NH,
USA), sent to an analog—digital converter (ADC) with a 1023/3.3 time-rate in the digital
controller (dsPIC33F]64GS606, Microchip), and then participates in the current closed-loop
control. The feedback value i4pc is compared with the current command i ;, -, depending
on which charging method is to be realized. This PI controller control signal of current
closed-loop [vj(t)] as Equation (5), the proportional parameter K, = 101 and the integral
parameter K; = 10~°. The limiter range is 0-0.45 Vi pp. The d* is compared with a saw
waveform signal with a frequency fJ, to generate the PWM signal S} and S; for the power
switches of the converter. The corresponding switching signal is generated by the current-
control system result so that the output current can achieve the current waveform to be
realized. Figure 8b is the block diagram of the voltage closed-loop control system. The
CV charging method is implemented using this control system, which operates similarly
to the principle of the current closed-loop control system. The only difference is that the
sampling signal is the output voltage. In order to ensure that the digital controller can
read the output-voltage signal 9, in its limited voltage range, the output voltage 7, of the
converter is bucked through a linear voltage attenuation circuit (51/200 time rate), sent
to an analog—digital converter (ADC) with a 1023/3.3 time-rate in the digital controller
(dsPIC33F]64GS606, Microchip), and then participates in the voltage closed-loop control.
The feedback value v 4pc is compared with the voltage command v’ -, depending on
which charging method is to be realized. This PI controller control signal of voltage closed-
loop [v,(t)] as Equation (6), K, = 10~! and K; = 10~°. The limiter range is 0~0.45 Viripp- The
d* is compared with a saw waveform signal with a frequency f;, to generate the PWM
signal S] and S; for the power switches of the converter.

t
oi(t) = Kyeei(t) + Ki /0 e;(tr)dtr ®)
where e;(t) is i - — i ADC error signal.

v0(t) = Kpeolt) + K; /Ot ey (t1)dtr ©)

where ey(t) is v} p- — vaDC error signal.

With the help of the dual-closed-loop control system and the voltage-closed-loop
control system, the incremental-current charging, constant-voltage (CV) charging, constant-
current (CC) charging, pulse-current (PC) charging, triangular-current (TC) charging,
sinusoidal-current (SC) charging, and positive/negative pulse-current (Reflex) charging
methods can all be realized with the proposed charging system. It also has the potential to
carry out other kind of charging methods.
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Figure 8. Diagram of the dual-closed-loop control system: (a) current closed-loop; (b) voltage closed-loop.

4. Experimental Results

Figure 9 shows the laboratory setup diagram of the battery-charging system in this
study, where Figure 9a shows the overall view of the experiment, Figure 9b is a photograph
of the DSBFC and the 3S1P battery module, including the actual connection. The charger
implemented can use the full range of input AC power supply (100~240 V). A digital
oscilloscope records the battery-module terminal voltage and charging-current waveforms
during the charging process. Meanwhile, an infrared thermometer is used for temperature
monitoring. All of the charging methods have similar parameters: the frequencies are
1 Hz and 4.7 Hz, the average current is 1.75 A, the environment temperature is about
26 °C, and the environmental humidity is about 65%. The duty cycle ranges from 0~45%,
which depends on the battery module’s voltage and the current-charging method. Table 3
shows waveform setups of five charging methods. It is worth mentioning that the TC
charging method has a 3.3 A/100 ms rising slope and a 3.3 A/100 ms decreasing slope. The
experimental results were recorded using an oscilloscope (MDO3024). The AC power came
directly from a plug with utility power (110 V,¢, 60 Hz). The load was the 351P lithium-ion
battery module.

Table 3. Waveform setup of five charging methods.

Charging Method Waveform Form Frequency
Incremental-current 0~1.75 A /
Constant-current 1.75 A /
Pulse-current 0A-35A 1Hz/4.7 Hz
Triangular-current 0A~35A 1Hz/4.7 Hz
Sinusoidal-current 0A~35A 1Hz/4.7 Hz
Reflex-current -35A~35A 1Hz/4.7 Hz

Constant-voltage 126V /
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Figure 9. Laboratory setup diagram of the battery-charging system: (a) overall view of the experiment;
(b) real photograph of the DSBFC and 3S1P battery module.

Figure 10 shows the V, and I, waveforms of the DSBFC (V, = 12.6 V) when the
output current I, changed. The initial current of I, was 0.75 A. The I, suddenly in-
creased (I, increased to 3.5 A; indicated by the red oval), and the I, decreased accord-
ingly (I, dropped to 0.75 A; indicated by the blue oval). As shown in Figure 10, the
DSBFC converter can control V, and I, stably and rapidly, where the response time
(time ~ 10 ms) is able to realize the incremental-current charging, constant-voltage (CV)
charging, constant-current (CC) charging, pulse-current (PC) charging, triangular-current
(TC) charging, sinusoidal-current (SC) charging, and positive/negative pulse-current (Re-
flex) charging methods.

Figure 11 is a schematic diagram of a complete charging process recorded by the digital
oscilloscope, and three periods can be seen according to the time axis: the initial term, the
mid-term, and the final term. The mid-term of this schematic diagram takes Reflex-current
charging methods as an example, and the incremental-current charging method and the
constant-voltage charging method are respectively used in the initial and final terms.
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Figure 10. V, and I, waveforms of the DSBFC (V, = 12.6 V) when the output current changes.
(Vo: 2V /div; Iy: 1.5 A/div; and Hor: 0.1 s/div.)
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Figure 11. Battery-module voltage and charging-current waveforms during the charging process
(Reflex-current charging method used in the mid-term.)

Figure 12 shows the temperature-increase curves of five charging methods. The five
charging methods are the constant-current (CC), pulse-current (PC), triangular-current
(TC), sinusoidal-current, and positive/negative pulse-current (Reflex-current) charging
methods. The effects of these five charging methods on the charging time and the increase
in temperature are recorded and then consolidated in Table 4 and in Figures 13 and 14. The
CC charging method is the comparison benchmark for the other charging methods (PC, TC,
SC, and Reflex-current) to verify the difference in the charging duration and temperature
increase between different charging methods during the charging process.

Table 4. Experiment results of five charging methods.

Mid-Term Duration Temperature Increase
1Hz 4.7 Hz 1Hz 4.7 Hz
Constant-current 3635 s 3630 s 7.6 °C 74°C
Pulse-current 3110s 3108 s 4.7 °C 4.6 °C
Triangular-current 3130s 3120 s 4.6°C 44°C
Sinusoidal-current 3040s 3036 s 39°C 3.8°C

Reflex-current 2646 s 2640 s 6.7 °C 6.4°C




Processes 2022, 10, 1522 14 of 17

3 r

31 f
Temperature

) N

27 b

25 i M i i 2 i M i M i M M M M " i i 2

0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600 3900 4200 4500 4800 5100 5400

e CC e PC e TC SC s Reflex current

Figure 12. Temperature-increase curves of five charging methods.

Reflex current
Sinusoidal current
Triangular current

Pulse current

CcC

[e=]

500 1000 1500 2000 2500 3000 3500 4000
Charging time (seconds)

Figure 13. Charging duration comparison between five charging methods.
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Figure 14. Charging-temperature increase comparison between five charging methods.

According to Table 4, in order to objectively compare the improvement (charging speed
and temperature increase) of various non-constant-current charging methods, the following
defines the improvement of charging speed (IOCS) and the improvement of temperature
increase (IOTI), which both set the CC charging methods as the comparison benchmark
for the other charging methods (PC, TC, SC, Reflex-current). The formulas of IOCS and
IOTI are shown in (7) and (8), respectively, where f. is the charging duration using the
CC charging method, and t, is the charging duration of the other non-constant-current
charging methods to be compared, T, is the temperature increase using the CC charging
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method, and T is the temperature increase of the other non-constant-current charging
methods to be compared. The calculation principles of IOCS and IOTI are similar. The
denominator is the experimental data of the CC charging method, and the numerator is the
difference between the experimental data of the other charging method to be compared
and the CC charging method.

10CS(%) = =

cc

= @ x 100 8)

cc

x 100 )

I0TI(%)

Table 5 shows the improvement in charging speed and temperature increase of the
non-constant-current charging methods under the waveform frequency = 4.7 Hz. From
Table 5, it can be obtained that the waveform frequency does not affect the charging speed
while having influence on the temperature increase due to the internal impedance. What
is more, among these four non-constant-current charging methods, the Reflex-current
charging method has the fastest charging speed, which is 27.27% faster than that of the
CC charging method (IOCSgefiex = 27.27%); on the contrary, the Reflex-current charg-
ing method has the highest temperature-increase performance among the four charging
methods. It only improves by a 13.51% temperature increase less than the CC charg-
ing method (IOTIRefex = 13.51%). By contrast, the SC charging method ranks second in
charging speed, which is slower than the Reflex-current charging method; however, the
temperature-increase performance is the best among the four charging methods, with a
48.6% improvement (I0TLinysoidal = 48.6%), which almost reduces the temperature increase
by half as compared with the CC charging method.

Table 5. Improvement of the four non-constant-current charging methods compared with the CC
charging method under the waveform frequency = 4.7 Hz.

Mid-Term Charging-Speed Temperature-
Improvement Increase Improvement
Pulse-current 14.38% 37.8%
Triangular-current 14.04% 40.5%
Sinusoidal-current 16.36% 48.6%
Reflex-current 27.27% 13.51%

The proposed charging system can realize the incremental-current charging, constant-
voltage (CV) charging, constant-current (CC) charging, pulse-current (PC) charging, triangular-
current (TC) charging, sinusoidal-current (SC) charging, and positive/negative pulse-
current (Reflex) charging methods with the same converter via the digital controller. Com-
pared with other charging methods in the mid-term, the SC charging method was more
appropriate. If the application of the battery module places great emphasis on the improve-
ment of the charging speed, the proposed charging system will consider the Reflex-current
charging method.

5. Conclusions

This study implements a multifunctional charger based on the DSBFC topology with a
dual-closed-loop, which realizes seven charging methods: the incremental-current, CC, PC,
TC, SC, Reflex-current, and CV charging methods. The incremental-current and constant-
voltage charging methods are used in the initial and final terms of charging, respectively.
In the mid-term, the CC, PC, TC, SC, and Reflex-current charging methods are respectively
adopted, and the charging speeds and the temperature increases of the different charging
methods are compared under the same test conditions. In the mid-term, the PC, TC, SC, and
Reflex-current charging methods all perform better than the CC charging method, where
the IOSCs are 14.38%, 14.04%, 16.36%, and 27.27%, respectively; their IOTIs are 37.8%,
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40.5%, 48.6%, and 13.51%, respectively. The proposed multifunctional battery charger can
be used in various charging methods, and the charging method can be adjusted to have
excellent performance according to the user’s needs and the battery-module specifications.

Two conclusions can be obtained from the measured results: First, the Reflex-current
charging method can be chosen to charge batteries if there is a need for fast charging, and
the battery life and heat dissipation issues are not to be considered. The experimental
results in this study show that its charging speed is 27.27% faster than constant-current
charging (IOCSgefiex = 27.27%); second, in order to improve the charging speed while
considering the issue of battery heat-generation, the SC charging method would be a better
choice. The experimental results show that its charging speed is 16.36% faster than the CC
charging method (IOCSginysoidal = 16.36%), while its temperature increase is improved by
48.6% over the CC charging method (IOTIinusoidal = 48.6%).

In future work, the charger realized in this study can be simplified to reduce volume
and cost in pursuit of high-performance and low hardware costs for general-purpose
charger products. Furthermore, follow-up research can increase the rated power of
the charger due to the higher specifications of the battery modules and add a power-
factor corrector (PFC) function to the AC input to meet the application field of higher
capacity batteries.
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