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Abstract: Lithium-ion (Li-ion) batteries have been competitive in Electric Vehicles (EVs) due to their
high energy density and long lifetime. However, there are still issues, which have to be solved,
related to the fast-charging capability of EVs. The pulsed current charging technique is expected to
improve the lifetime, charging speed, charging /discharging capacity, and the temperature rising of
Li-ion batteries. However, the impact of the pulsed current parameters (i.e., frequency, duty cycle,
and magnitude) on characteristics of Li-ion batteries has not been fully understood yet. This paper
summarizes the existing pulsed current modes, which are positive Pulsed Current Mode (PPC) and
its five extended modes, and Negative Pulsed Current (NPC) mode and its three extended modes.
An overview of the impact of pulsed current techniques on the performance of Li-ion batteries is
presented. Then the main impact factors of the PPC strategy and the NPC strategy are analyzed and
discussed. The weight of these impact factors on lifetime, charging speed, charging/discharging
capacity, and the temperature rising of batteries is presented, which provides guidance to design
advanced charging/discharging strategies as well as to determine future research gaps.

Keywords: lithium-ion (Li-ion) battery; pulsed current; positive pulsed current (PPC); negative pulsed
current (NPC); battery lifetime; battery capacity

1. Introduction

Electric Vehicles (EVs) have been an important part of the automotive industry due to their
benefits in energy and environmental issues by decreasing the dependence on oil and reducing air
pollution. Lithium-ion (Li-ion) batteries have become one of the most popular battery technologies
with the development of EVs due to their higher energy density and longer lifetime compared
to lead-acid batteries [1,2]. For consumers, the issues with EVs they are most concerned about
are the total driving mileage, charging time, driving mileage after each charge, and the safety
during battery charging/discharging processes, which are related to battery lifetime, charging speed,
charging/discharging capacity, and the temperature rising, respectively [3]. To improve these
characteristics of Li-ion batteries, the research on advanced charging strategies is a critical issue [4].

The schematic of a Li-ion battery cell during the charging process is presented in Figure 1 [5].
The Lit ions are extracted from the positive electrode and intercalated to the negative electrode.
The Constant Current (CC) charging strategy and Constant Voltage (CV) charging strategy are the
two simple charging modes [6]. With the combination of the CC mode and CV mode, the Constant
Current-Constant Voltage (CC-CV) charging strategy was proposed and regarded as a practical method
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to charge batteries due to the simple implementation [7]. There are two charging stages for the CC-CV
charging strategy, as shown in Figure 2 [8]. At the first stage, the battery is charged using a constant
current I ;,,. When the voltage reaches the switch voltage Vs, which is a predefined voltage that is
very close to the full charge voltage Vy,;, the CV stage starts. The current decreases until the end
of charge current Iroc to prevent damage to the battery. The CC charging is more suitable for slow
charging with a 0.5 C-rate (C) and a typical charging time of 2 h [9]. However, if the constant charging
current is below 0.5 C, the charging time can be increased significantly [10]. In EVs, there are three
charging levels [11,12]. Level 1 is the lowest power level where the charging time is normally above
10 h. Level 2 is applied with a higher input power and the corresponding charging time is 2-6 h.
Level 3 is for fast charging where high currents, up to 10 C, are applied [13]. The charging time of
Level 3 is only about 15-30 minutes, while the temperature rises higher than that of Level 1 and Level 2.
Thus, the safety during the charging process needs to be carefully considered due to the potential for
thermal runaway and explosion caused by high-temperature operation [14,15]. Moreover, the cycle
life is affected negatively by the rising high temperature [10]. The CV mode that normally follows the
CC mode can limit the overvoltage stress on the battery cells and can improve the charging capacity
while resulting in a longer charging time [16]. Therefore, the balance between the charging speed and
temperature rising still needs to be investigated and optimized. The cycle life and safety issues also
need to be considered when the temperature rises to a higher level.
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Figure 1. Schematic illustration of the charging process in a Lithium-ion (Li-ion) battery cell [5].
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Figure 2. CC-CV (Constant Current-Constant Voltage) charging strategy.

The CC-CV strategy is usually a reference to evaluate the proposed novel charging strategy.
A Multi-Stage Constant Current (MCC) charging strategy was designed to improve the charging speed
and efficiency [17,18]. In [19], the author developed a Multi-Stage Constant Current-Constant Voltage
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(MCC-CV) charging mode to reduce the capacity fading. To improve the charging speed, a MCC-CV
based on an Integer Linear Programming (ILP) algorithm charging strategy was proposed, which can
seek for the optimal charging current profile for Li-ion batteries [20]. A Sinusoidal Ripple Current
(SRC) charging strategy was proposed to improve the overall performances for Li-ion batteries [21,22].
Compared to the CC-CV strategy, the lifetime, charging speed, charging capacity were improved by
16.1%, 17%, and 1.3%, and the rising temperature also dropped by 2 °C [21]. This method was further
studied and proved to reduce the charging time, maximum temperature rising [23], and prolong the
cycle life [24].

A pulsed current charging technique was previously proposed to improve the cycle life of
lead-acid batteries [25-28]. Then, it was extended to the Li-ion battery technique [6,29,30]. The current
pulse and voltage pulse are the two types of pulse modes. The difference between the two pulse modes
is mainly reflected in different control methods during the charging process. Generally, the pulsed
current is implemented by charging the battery cell using a charging protocol defined in advance,
while the voltage pulse mode is implemented by controlling the duty cycle or frequency of the
switching device to achieve the required average current. L. R. Chen proposed several voltage pulse
charging strategies to reduce the charging time, including Variable-Frequency Pulse-Charge System
(VFPCS) and Duty-Varied Voltage Pulse-Charge Strategy (DFVPCS) [31,32]. Based on L. R. Chen’s
work, an Adaptive Pulse Charge System (APCS) was proposed to improve the charging performance
by searching the optimal frequency and duty cycle of pulsed current. This method improved the
charging speed by 13.7% [33,34].

For the pulsed current profile, Positive Pulsed Current (PPC) and Negative Pulse Current (NPC)
are the two basic pulsed current modes. Based on these two modes, some extended pulsed current
modes were studied. The variables of the PPC mode commonly include frequency, duty cycle,
and magnitude. For the NPC mode, the number and amplitude of negative pulsed current, and the
relaxation time are taken into account of the main impacts on the lifetime and charging performances
of Li-ion batteries. However, there is no conclusions about the impact of pulsed current on batteries
due to the different test objects, research goals, and test procedures in different studies [35,36].
Therefore, there is a need to review all works of literature and draw conclusions on the impact
of pulsed current techniques on Li-ion batteries, which is important for guiding research on the
optimal charging/discharging strategy.

This paper presents a comprehensive review of the pulsed current technique. Section 2 introduces
the existing pulsed current modes. The impact of the pulsed current technique on the lifetime,
charging speed, charging/discharging capacity, and the temperature rising of Li-ion batteries are
presented in Section 3. Then, the main impact factors on these characteristics are analyzed and
discussed in Section 4. Conclusions are given in Section 5.

2. Pulsed Current Mode

Standard PPC mode and standard NPC mode are the two basic pulsed current modes.
The standard PPC mode is the constant current with periodic relaxation time. Based on this concept,
some researchers proposed extended PPC modes, which are Pulsed Current with Constant Current
(PCCC) mode, Pulse Modulation (PM) mode, Constant Current-Pulsed Current (CC-PC) mode,
and Pulsed Current-Constant Voltage (PC-CV) mode, respectively. The first part of this section
introduces the existing PPC modes. In the second part, the standard NPC mode and its extended modes
are presented. The NPC mode commonly consists of periodic short discharging pulses and periodic
short relaxation time. The extended NPC mode includes Alternating Current Pulse (ACP) mode,
Constant Current-Constant Voltage with Negative Pulse (CC-CVNP) mode, Multi-Stage Constant
Current-Constant Voltage with Negative Pulse (MCC-CVNP) mode. The main parameters of both PPC
and NPC modes are provided.
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2.1. PPC Mode

2.1.1. Standard PPC Mode

The standard PPC mode is the constant current with periodical rest time, as shown in
Figure 3a [16,37]. The current of the positive pulse is a constant value I,, while the current is 0
at the relaxation time. The positive pulse period is T, and the frequency f is equal to 1/T. In a period,
the width of the pulse current is t,, and the rest time is ,. The duty cycle of the positive pulsed current
D, can be calculated by Equations (1) and (2) [16]:

T=t,+t )
t
D, = ?” @)

The main parameters of the standard PPC mode are the period T, duty cycle D;, and the
magnitude of the pulse current I, the changes in which can have a different impact on the lifetime,
charging/discharging capacity, and charging speed for Li-ion batteries.
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Figure 3. Six Pulsed Current Mode (PPC) modes for Li-ion batteries: (a) Standard PPC mode, (b) Pulsed
Current with Constant Current (PCCC) mode, (c¢) Pulse Width Modulation (PWM) mode, (d) Pulse
Amplitude Modulation (PAM) mode, (e) Constant Current-Pulsed Current (CC-PC) mode, and (f)
Pulsed Current-Constant Voltage (PC-CV) mode.

2.1.2. PCCC Mode

The PCCC mode is the standard PCP mode followed by the CC mode, as shown in
Figure 3b [38,39]. In one period, the PCCC mode starts with a high positive pulsed current, and then a
low constant current followed. The only difference with the standard PPC mode is that the current
is not zero during the rest period. Thus, except for the three parameters mentioned in the standard
PPC mode, the current magnitude during the rest time I, needs to be considered. In [40], the author
proposed that the PCCC mode can be divided into two phases and implemented by two current
sources. The phase one ¢; is the high positive pulse, and the phase two ¢, can be varied to reach the
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final battery voltage. The PCCC mode can accelerate the charging process and also reduce the stress
raising and capacity fade occurring in the standard PPC mode [38]. The mean current of the PCCC
mode I;eqn can be obtained by Equation (3) [38]:

Ip*tp—i—I,*tr

. ©)

Imean =

2.1.3. PM Mode

The current PM mode was proposed to optimize the pulse charging strategy [41,42]. There are
two operation modes: Pulse Width Modulation (PWM) mode and Pulse Amplitude Modulation (PAM)
mode, respectively [43]. Under the operation of PWM mode, the current amplitude A of pulses is
constant, while the pulse width W; is variable, as shown in Figure 3c. In contrast, during the PAM
mode, the current width W of pulses is constant, while the pulse width A; is variable, as shown in
Figure 3d. The period of the pulsed current T for both PM modes is constant and W should be less than
T. The width and amplitude of the pulsed current are equivalent to t, and I, of the standard PPC mode,
but they are varied instead of constant values. The PM mode is an effective way to reduce the impact
on the battery capacity fade and shorten the charging time by controlling the charging/discharging
current profile according to the different states of the battery cells.

2.1.4. CC-PC Mode

Similar to the CC-CV mode, the CC-PC mode starts with the constant current I, and followed
by the pulsed current, which replaces the CV stage of the CC-CV mode, as shown in Figure 3e.
The battery cell is charged by the CC mode until the voltage of the battery cell reaches Vi, then the
charging process switches to the PC mode. The magnitude of the pulsed current is equal to I, and
the mean current follows the CV profile. The CC-CV mode was proposed used in lead-acid batteries
by L. R. Chen [44], and then it was studied for the Li-ion battery technique [37].

2.1.5. PC-CV Mode

The first stage of the PC-CV mode is a standard PPC mode. The period, duty cycle, and magnitude
of the current pulse in the PC stage are constant. When the battery voltage reaches V;, the battery is
operated in the CV mode. The current profile of PC-CV mode is presented in Figure 3f. This method
can be used in both charging and discharging processes to alleviate the capacity fade [45].

2.1.6. Other Modes

Except for the modes mentioned above, there are some novel modes based on the PPC mode.
A Constant Current-Adaptive Pulsed Current mode (CC-APC) was proposed in [46]. The duty cycle
of the PC stage is dynamic enough to implement fast charging for Li-ion batteries. In [47], a Constant
Current-Pulsed Current-Constant Voltage (CC-PC-CV) charging strategy based on the different initial
state-of-charge (SOC)range was proposed. In the range of 0%-20% initial SOC, CC mode is performed
and between the range of 20%-80% initial SOC, positive pulse with a high current level is applied for
reducing the charging time. To prevent the battery from overvoltage, the CV mode is used to charge
the battery cell at the last range of the initial SOC. The three-stage charging strategy was expected to
be a trade-off between the charging time and the capacity fade.

2.2. NPC Mode

2.2.1. Standard NPC Mode

The standard NPC mode is the constant current with a short discharging pulse and a relaxation
time periodically, as shown in Figure 4a [48]. Compared with the standard PPC mode, the NPC mode
has periodic negative pulses to discharge the cell during the charging process. The period of NPC
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mode is T. The duration of the charging time, discharging time, and relaxation time are tp, tn, and t;,
respectively. The magnitude of the positive current I, and the negative pulsed current I, are constant
values. The standard NPC mode was firstly applied in lead-acid batteries [49], now it is developed
for Li-ion batteries. The short discharging time and relaxation time can increase the utilization of the
active materials to reach a higher charging/discharging capacity and a longer cycle life.
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Figure 4. Four Negative Pulsed Current (NPC) modes for Li-ion batteries: (a) Standard NPC mode,
(b) Alternating Current Pulse (ACP) mode, (c¢) Constant Current-Constant Voltage with Negative
Pulse (CC-CVNP) mode, and (d) Multi-Stage Constant Current-Constant Voltage with Negative Pulse
(MCC-CVNP) mode.

2.2.2. ACP Mode

The ACP mode is operated in a periodic switch between the positive pulse and the negative pulse,
as shown in Figure 4b [41,50]. Due to no relaxation time during the operating process, the ACP mode
can be seen as a special case of the standard NPC mode. In Figure 4b, I, and I, are the corresponding
charging and discharging pulsed current and all of them are constant. This strategy is also used as a

heating method for the Li-ion batteries worked at a low-temperature environment without harm on
battery health [51].

2.2.3. CC-CVNP Mode

The CC-CVNP mode is the conventional CC-CV mode with discharging pulses periodically at the
CC stage, as shown in Figure 4c [52]. The profile of the current mode in the first stage is the same as the
standard NPC mode. When the cell voltage reaches Vs, the cell operates in CV mode. To investigate
the effect of CC-CVNP mode on the batteries’ lifetime and performances, several parameters are
considered as the impact factors, including the number of negative pulses N, the time of the negative
pulses t, and relaxation period ¢,, as well as the magnitude of both the positive current I, and negative
current [,. After the determination of these parameters, the period T and the time of the positive pulse
t, can be calculated by Equations (4) and (5) [52]:

T:(%W )
p

%:%—W+m (5)
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where C,, is the charging capacity of the battery.

2.2.4. MCC-CVNP Mode

The MCC-CVNP mode is a combination of the MCC-CV mode and the CC-CVNP mode, as shown
in Figure 4d [53]. The same numbers of positive constant pulsed current and negative pulsed current
are applied to charge batteries until the cell voltage reaches Vs;. Then the CC mode is performed.
The charging current I, ; and the discharging current I,, ; of the CC stage is gradually decreased, thus it
is called the multi-stage CC-CVNP mode. A suitable profile of the MCC-CVNP mode can reduce the
capacity loss for Li-ion batteries.

3. Impact of Pulsed Current Techniques on Li-ion Batteries

The benefits of the pulsed current technique used to charge/discharge Li-ion batteries have been
demonstrated by some researchers. However, the pulsed current charging/discharging strategy does
not always have positive impacts on the lifetime and other performances of batteries [54]. Thus,
the pulsed current charging/discharging strategies need to be investigated with different pulsed
current mode [55]. There are four aspects to evaluate the influence of pulsed current on the lifetime
of battery cells: (1) Cycle life, (2) capacity loss, (3) impedance of the cell, and (4) maximum rising
temperature. For the first point, a reference of the battery capacity C,, is predefined. Then, battery cells
are charged/discharged by a certain pulsed current profile until the capacity reaches Cy,r. Finally,
the number obtained for life cycles at C,f is recorded and commonly compared to the number of the
cycle life of the conventional CC-CV mode. For the second method, the cycle life test is also performed.
The difference for the first method is that the cells are charged/discharged with the same number
of cycles under different current modes, then the capacity of the cells is measured and compared.
The impedance measurement is also a popular method to evaluate the health and predict the cycle
life for battery cells. The impedance of the battery cell is measured by Electrochemical Impedance
Spectroscopy (EIS). This method is usually combined with a cycle-life test and is performed after
certain cycles, which can represent the resistance evolution over time. The impedance of the battery
will increase, while the battery capacity fades. The cycle life of Li-ion batteries depends on the electrode
materials and the interfaces among the anode, cathode, and electrolyte. However, the impedance
obtained by EIS is mainly related to the surface film and interfacial charge-transfer resistance. Therefore,
the impedance of the cell cannot directly reflect the capacity fade. The maximum temperature rising or
the peak temperature is regarded as an auxiliary evaluation criterion as a higher temperature rising
can result in a negative effect on the battery health during both charging and discharging processes.
Thus, the cycle life and the capacity fade are the intuitive ways to evaluate the impact of different
pulsed current modes on the battery lifetime. Furthermore, the charging/discharging capacity and the
charging speed are also objectives to be investigated. The reason why these two battery performances
are analyzed is that the impact of some pulsed current parameters on them is opposite. For example,
a higher magnitude of the PPC mode can greatly improve the charging speed, while the charging
capacity decreases.

The state of the art of the impact of pulsed current techniques on battery cells is introduced in this
section. The first part and the second part are the corresponding impacts of different PPC strategies
and different NPC strategies on the lifetime, charging/discharging capacity, and charging speed of
Li-ion batteries. The temperature was also investigated in some research. The relevant references are
listed in Tables to summarize all research results for readers to review.

3.1. Impact of PPC Strategies

To investigate the impact of pulsed current parameters on the cycle life of Li-ion batteries,
JM Amanor-Boadu used Taguchi orthogonal to evaluate several possible impact factors [16]. The impact
factors chosen were frequency (0.1 kHz, 1 kHz, 6 kHz, 12 kHz (fz,i,,), 50 kHz, and 100 kHz), duty cycle
(20%, 50%, and 80%), and ambient temperature (0 °C, 23 °C, and 45 °C), where f7,,;, is the frequency
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at the minimum impedance point of the battery cell. It was observed that the cycle life at higher
frequencies (fzuin, 50 kHz, and 100 kHz) was higher than the cycle life obtained at lower frequencies
(0.1 kHz, 1 kHz, and 6 kHz), and the best result was obtained at f7,,;,. The impedance parameters
were obtained by EIS. As the number of cycles increased, the impedance increased linearly. At a low
ambient temperature, a smaller duty cycle led to a smaller cell impedance. Conversely, at a high
ambient temperature, a larger duty cycle could obtain a smaller cell impedance. However, in general,
the impedance value of the battery operated in the PPC strategy was slightly higher than the impedance
value obtained by the traditional CC-CV strategy. The optimal set of parameters for the PPC strategy
was the pulsed current with fz,,;, frequency (12 kHz) and 50% duty cycle at 23 °C, which could
improve the cycle life by 100 cycles compared to the CC-CV strategy. In another publication by JM
Amanor-Boadu [56], the frequency and duty cycle were the two factors with the largest impact on
the performance of the battery. The charging speed at fz,,i, frequency and 50% duty cycle could be
improved by 48% compared to the CC-CV charging strategy. The battery energy efficiency and battery
charge efficiency were improved by 12% and 2%, respectively.

The impact of the high frequency on the capacity fade of Li-ion batteries was studied in [57].
The frequencies chosen were 1 Hz, 10 Hz, 0.1 kHz, 1 kHz, 10 kHz, and 100 kHz. To obtain calendar
degradation, float-charging tests were performed and the results were regarded as a reference point to
compare with the capacity fade by the pulsed current. After a 147-day cycle life test, the capacity fade
ratios at 1 Hz and 10 Hz were about 13% and 15%, respectively, while the capacity fade ratios at high
frequency were much lower. The capacity fade ratio at 0.1 kHz, 1 kHz, and 100 kHz was approximately
8%, and at 10 kHz was only 6%, which can be considered as calendar degradation. The temperature
rising was measured for different frequencies at a certain voltage level. It was observed that the
maximum temperature rise was around 1 °C. With the frequency increased, the rising of the battery
temperature had a decreasing trend. Therefore, high-frequency pulses did not cause a significant
increase in battery temperature.

The frequency and the duty cycle were the two variables used to investigate the impact of the
pulsed current strategy on the cycle life for lithium-metal batteries in [58]. The frequencies selected
were 0.17 Hz, 0.03 Hz, and 0.017 Hz. The duty cycles chosen were 66.7%, 50%, 33.3%, 25%, 16.6%,
and 9.1%. As the duty cycle decreased, the cycle life was prolonged and reached the maximum cycle
number at a 16.6% duty cycle. At a duty cycle of 9.1%, the cycle life had a decrease. Higher frequencies
have a more positive effect on battery life. When the duty cycle was 16.6%, the cycle life was improved
by about 55%, 70%, and 130% at the corresponding frequency of 0.017 Hz, 0.03 Hz, and 0.17 Hz
compared to the cycle life obtained by CC-CV strategy.

The PC-CV strategy with 0.02 Hz frequency and 50% duty cycle were compared with the CC-CV
strategy at different current levels (1 C, 2 C, and 3 C). After 100 cycles, the cells tested with the lower
current rate had a higher capacity retention rate for both the pulsed current mode and continuous
current mode. When the pulsed current mode and continuous current mode were compared at the
same current level, the capacity retention rates of the pulsed current mode were improved slightly
(0.26%) compared to the continuous current mode [45].

The CC-CV charging strategy was compared to three pulse charging strategies, which are CC-PC
charging strategy, PCCC with 1 Hz frequency charging strategy, and PCCC with a 25 Hz frequency
charging strategy [37]. The mean current of the charging strategies was the same for both continuous
current mode and pulsed current mode. The cycle life of CC-PC and PCCC with 25 Hz frequency
was similar to the one obtained for the CC-CV method, while 1-Hz PCCC had a faster capacity fade
than the CC-CV method. The capacity utilization and charging speed were also investigated in this
study. The capacity utilization of the three pulse strategies was lower than that of the conventional one.
This results obtained were because the maximum charging voltage was set lower than that of CC-CV
in case of the high overvoltage during the charging process, especially with the high current pulses.
This means that the process of pulse charging ended at a lower SOC that led to a low charging capacity.
For the charging speed, the CC-PC strategy had a longer charging time because there was relaxation
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time after the CC stage, while there was no relaxation time for CC-CV strategy. The charging speed of
PCCC strategies was not impacted because the same mean charging current was used for the CC-CV
charging mode.

The PPC charging mode with four different frequencies (1 Hz, 100 Hz, f7,,;,, and 10 kHz) at
50% duty cycle was investigated and compared with the CC-CV charging mode, where fz,,;, was
998 Hz, 996 Hz, and 1238 Hz for three different batteries obtained by EIS [21]. The pulsed current
at fzin presented the best performance for all batteries. The charging speed, discharging capacity,
and efficiency at fz,,;, were average improved by 16.2%, 2.1%, and 1.6%, respectively. Moreover,
the average rising temperature of the three batteries, which were tested using pulsed current was
2.8 °C, which is lower than the average temperature rising (4.4 °C) obtained by testing the battery
using continuous current. Thus, the high frequency did not lead to a high temperature rising and had
a positive trend compared to the traditional charging strategy.

The current amplitude (0.5 C, 1 C, and 2 C), pulse time (1.2 s, 1.5 s, and 2 s), and relaxation time
(0.3s,0.55s,0.7 s, and 1 s) were selected as variables to investigated the impact of the PPC strategy
on the performance of batteries [59,60]. With the increase of the pulse amplitude from 0.5 Cto 1 C,
the charging time decreased by 82.8%, while the charging capacity decreased significantly (32.9%),
and the maximum temperature increased by 15.3 °C. The increase in the pulse time from 1.2sto2s
could also decrease the charging time by 14.1%. The changes in relaxation time had no significant
impact on the charging capacity and temperature rising. However, the increase in the relaxation time
resulted in a longer charging time. The effect of relaxation time on the recovery capacity for pouch
Lithium-sulfur battery cells was studied in [61]. During the discharging process, a longer rest time led
to a higher discharging capacity. The effect of the capacity recovery rate was more significant with
a higher discharge current and lower ambient temperature. The relaxation period could recover the
battery capacity up to 20%.

The impact of PPC strategies on the lifetime for Li-ion batteries is summarized in Table 1.
Reference [58] is not presented in Table 1 because in that work, lithium-mental batteries were used.
The impact of PPC strategy on the charging speed and charging/discharging capacity for Li-ion
batteries are listed in Table 2. Table 3 is the impact of various frequencies on temperature. Further
analysis and discussion are conducted in Section 4.

Table 1. The impact of PPC strategies on the lifetime of Li-ion batteries.

Ref. Strategy Duty Frequency Compared to Impact on Lifetime
[16] PC 50%  fzmin (12 kHz) cc-cv + 100 life cycles

1Hz —68.8%
10 Hz —87.5%
o 100 Hz . +0.63%
[57] PPC 50% 1 kHz Calendar degradation —0.38%
10 kHz +18.8%
100 kHz +2.5%
PCCC 50% 1Hz —29.6%
[37] PCCC 50% 25Hz CC-cv Similar
CC-PC Similar

[45] PC-CV  50% 0.02 Hz cc-cv Similar
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Table 2. The impact of PPC strategies on the charging speed and charging/discharging capacity of
Li-ion batteries.

Ref. Strategy Duty Frequency Compared to  Charging Speed  (Dis)charging Capacity
[56] PPC 50% fzmin (12 kHz) CC-CV +49% (Not mentioned)
PCCC 50% 1Hz Similar Lower
[371] PCCC 50% 25 Hz cc-cv Similar Lower
CC-PC Lower Lower
PPC 1Hz +16.2% +1.3%
PPC o 100 Hz +16.5% +1.3%
P ppc 0% (about1kHz) — CCCV +16.8% +0.6%
PPC 10 kHz +15.7% +2.0%

Table 3. The impact of PPC strategies on the temperature rising of Li-ion batteries.

Ref.  Strategy I, D, f Tempgr
1Hz 3.3°C

. 100 Hz 32°C

i PPC 1€ 0% (about1KHz)  28°C
10 kHz 3.5°C

1Hz 1.0°C

10 Hz 1.0°C

. 100 Hz 0.8°C

[57] PPC 05C 50% 1 KHy, 0.7 °C
10 kHz 0.7°C

100 kHz 0.5°C

29% 0.59 Hz 7.7°C

75% 0.50 Hz 8.0°C

1C 80% 0.40 Hz 8.4°C

83% 0.56 Hz 87°C

(5] PPC 68% 0.45 Hz 8.0°C
60% 0.40 Hz 7.7°C

2C 75% 0.50 Hz 17.3°C

05C  75% 0.50 Hz 2.0°C

3.2. Impact of NPC Strategies

The effect of the NPC strategy on the life performance of Li-ion batteries was studied and
compared with continuous current charging in [48]. The author claimed that the negative pulse and
the rest time could improve the active material utilization, which would result in a higher discharging
capacity and longer lifetime. C,.r was defined to be used to compare the cycle life of the cells
operated in the NPC strategy and continuous current strategy. The cell charged with the NPC profile
experienced 1600 cycles before the capacity decreased to C,.¢, while the cell charged with continuous
current experienced only 700 cycles before the same capacity was reached.

In [52], CC-CVNP protocols with different amplitudes and a different number of negative pulses
were built to investigate their impacts on the lifetime. The results showed that CC-CVNP with lower
amplitude and fewer number of the negative pulse could reduce the capacity loss. The internal
temperature of the cells was stable, and the surface temperature was not affected significantly since
the temperature rising was around 1 °C. Impedance measurements were performed and the obtained
results demonstrated that the CC-CVNP with the lowest amplitude and the fewest numbers of negative
pulses could reduce the impedance of the battery cell. Compared with other charging algorithms
provided in this study, the CC-CVNP with the lowest amplitude and the fewest numbers of negative
pulses could effectively slow down the aging process.

The lifetime of the MCC-CVNP strategy and of the CC-CVNP with different numbers of negative
pulses strategies were evaluated using a certain procedure in [53]. Compared to the CC-CV strategy,
the capacity retention improvement of the MCC-CVNP was 8%, but it was lower than that of the
MCC-CV strategy and the CC-CVNP strategy, which could improve the capacity retention by 13% and
11%, respectively.
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The negative pulse magnitude I, (0.5 C, 1 C, and 2 C) and negative pulse time t, (0.2's,0.3 s,
and 0.5 s) were considered as the impact factor to evaluate the effect of the NPC strategy on the
performances of Li-ion batteries in [59]. With the increase of the negative pulse time, the charging
capacity increased by about 3.3%, while the battery charging time increased by 36.9%. The rising
temperature was hardly affected. Similarly, the increase of the negative pulse amplitude did not have
a significant positive effect on the charging capacity, but the charging time and battery temperature
increased by 16.4% and 14.2%, respectively. Thus, the increase in the level of amplitude and time for
negative pulse had a negative impact on the performances of batteries.

To investigate the effect of ACP charging strategy on performances of Li-ion batteries, the mean
current (5 C and 20 C), the temperature (-10 °C and 25 °C), the frequency (200 mHz-100 Hz), and duty
cycle of the negative pulse (1%-10%) were considered as factors in [50]. It was observed that the
pulse discharging had no positive impact on battery performance. Moreover, compared to the CC-CV
method when discharging the battery cells using a certain mean current, the pulse strategy had a
negative effect on the battery’s performance.

In [62], the charging time at a different SOC range was investigated considering the NPC strategy.
For the SOC range 0%—40%, the charging time was shortened by 50% compared to the continuous
current charging, while for the SOC range 0%—60%, the charging time was reduced by 43% compared
to the continuous current charging. After 60 cycles, the capacity fade reduced by 23% compared to the
CC-CV strategy. Although the charging time of the NPC at full SOC range was slightly longer than
the CC-CV strategy, the charging time of the NPC was less than the CC-CV after 40 cycles. Moreover,
the capacity fade could be decreased by 23% compared to the CC-CV method after 60 cycles.

The impact of NPC strategy on the lifetime of Li-ion batteries is summarized in Table 4. Table 5
presents the impact of NPC strategy on temperature behavior. Further analysis and discussion are
conducted in Section 4.

Table 4. The impact of NPC strategies on the lifetime of Li-ion batteries.

Ref. Strategy Compared to  Impact on Lifetime

[48] NPC CC +128.6%
CC-CVNP +13 %

B3I mccevwe €Y +8%

Table 5. The impact of NPC strategies on the temperature rising of Li-ion batteries.

Ref. Strategy Ip I, ty Tempgr
[52] CC-CVNP 1C 05C,1C 13s,26s,51s 1.0°C
1C 02s 8.3°C

1C 03s 8.5°C

[59] NPC 1C 1C 055 93°C
2C 0.2s 12.8°C

05C 02s 8.1°C

4. Analysis and Discussion

This section analyzes the effects of the main parameters of different pulse current strategies on
battery lifetime, charging speed, charge/discharge capacity, and the temperature. For the PPC strategy,
the main parameters include pulse frequency f, duty cycle Dy, relaxation time ¢,, and the magnitude
of the positive pulse I,. For the NPC strategy, the main influence parameters are the negative pulse
time t,,, relaxation time t,, the magnitude of the negative pulse I, and the number of the negative
pulse N;,. This section is divided into three parts. The first part and the second part analyze the impact
factors for PPC strategy and NPC strategy, respectively. The last part evaluates the impact of these
factors on the characteristics of Li-ion batteries.
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4.1. Impact Factor for PPC Strategies

The PPC mode can be divided into single-stage charging mode and double-stage charging
mode, as shown in Figure 3. The single-stage charging includes standard PPC mode, PPPC mode,
PWM mode, and PAM mode, which only have pulsed current charging stage, as shown in Figure 3a—d.
The two-stage charging includes CC-PC mode and PC-CV mode, which are a continuous constant
current or a pulsed constant current followed by a CV charging stage, as shown in Figure 3e,f. When the
average current is the same at the first charging stage, the two-stage charging mode spends more
charging time due to the CV stage, while the charging capacity is being increased [16]. To increase
the charging speed, the high charging current is applied, which might have a negative impact on the
lifetime of batteries. The PWM mode and PAM mode provide an effective way to avoid the battery
suffering from charging-induced harm to the lifetime without much slow down to the charging speed.
The implementation of PM charging is more complex than that of other PCC modes because the PWM
mode and PAM mode need to regulate the magnitude and width of the pulsed current, respectively.
However, the computational cost of the PM mode is not high and can be implemented in embedded
Battery Management Systems (BMSs) [43]. In the following part, the main impact factors of the PPC
mode on Li-ion batteries’ lifetime and performances are discussed.

4.1.1. Frequency

To investigate the impact of pulse frequency on the lifetime, the results available in the
literature are placed into the same frequency coordinates for comparison, as shown in Figure 5.
Although different studies used different parameters and Li-ion battery chemistries and even had
special research and test procedures, some trends in the impact of frequency on battery lifetime can be
observed in Figure 5. The abscissa is the exponential axis of frequency, and the ordinate is the lifetime.
The lifetime axis does not represent any specific value, only the trend. In the same reference, the higher
the point marked by the ordinate, the more positive impact on the lifetime. Figure 5a—c correspond
to the reference [16,37,57], respectively. The reason for choosing these papers is because all of their
battery tests were performed with different frequencies, which could allow them to be compared.
The impact of different frequencies on the lifetime is marked according to the data or conclusions
provided in the references. In Figure 5, the green plus "+ means that the lifetime at the corresponding
frequency point was improved; the red minus ’'—’ means the lifetime at the corresponding frequency
point was affected negatively (i.e., the lifetime was not improved); and the point marked 'S’ indicates
the lifetime was not impacted at the frequency point. For pulse frequencies between 1 Hz and 25 Hz,
the pulsed current had a negative impact on battery health. When the pulse frequency was between
6 kHz and 100 kHz, the pulsed current could increase the battery lifetime. Due to the lack of data
support, the impact of pulsed currents at frequencies between 25 Hz and 6 kHz on the battery cannot
be fully determined. The impact of frequency on the battery lifetime is summarized in Figure 5d.
Therefore, compared with the low-frequency pulsed current, pulsed current at the high frequency is
more beneficial to the lifetime of batteries. The optimal charging frequency is first proposed in the SRC
charging strategy [21]. The ac-impedance analysis was used to seek optimal charging performance.
It was observed that the SRC with the frequency at the minimum impedance point f7,,;,, could
improve the lifetime by 17% compared with the CC-CV charging strategy. Then, the effect on the
battery lifetime of the pulsed current at different frequencies was investigated in [16]. The pulsed
current with frequency f7,,;, could improve the battery lifetime by 100 extra life cycles compared with
the CC-CV charging method [16]. The frequency f7,,;, was 1 kHz and 12 kHz in [16,21], respectively.
Thus, the high-frequency pulsed current showed a positive impact than low-frequency pulsed current
on the lifetime of Li-ion batteries. The existing studies indicate that whether the pulsed current could
impact the battery lifetime positively is related to the impedance of the battery cell at the operating
frequency point.

The frequency at the minimum impedance could improve the charging speed greatly for the PPC
strategy [56], but it has not been found that pulses with different frequencies have a significant impact
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on the charging speed or on the charging capacity [21]. Table 3 presents the rising of temperatures at
various frequencies. When other impact factors, such as I, and D, are the same, the changes in a large
range of frequency had no significant effect on the temperature of batteries.
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Figure 5. The impact of frequency on the lifetime with 50% duty cycle: (a) [37], (b) [57], (c) [16],
and (d) a summary of the three studies.

4.1.2. Duty Cycle and Relaxation Time

When the period of the pulsed current is constant, D), and ¢, can be calculated from each other by
Equations (1) and (2). There is no evidence that demonstrates that the changes in the duty cycle had
a significant impact on the lifetime and temperature of batteries. Increasing the relaxation time at a
limited frequency level could slightly increase the charging/discharging capacity, while the charging
time increased greatly [60].

4.1.3. Magnitude of Positive Pulse Current

The lifetime is not affected when the mean current is the same as for the constant current mode of
the CC-CV charging strategy [45]. The increase in the magnitude of the pulsed current could improve
the charging speed, while the charging capacity decreased. In addition, a higher pulsed current could
result in high temperature rising. In Table 3, high temperature rises only occurred when I, increased.
This will bring safety issues as well as reduce the battery life [60].
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4.2. Impact Factor for NPC Strategies

The increase of the negative pulse time leads to a very long charging time because the battery not
only stops charging but it is also discharged by the negative pulsed current. In Table 5, the temperature
is not impacted by the changes in negative pulse time. When the magnitude of the negative
current pulse increased, the charging time increased, and the temperature also rose significantly [60].
The charging/discharging capacity was not impacted greatly by the changes of negative pulse time
and magnitude. The lifetime could be improved by the NPC profile with a lesser number and lowest
magnitude of the negative pulse [52].

4.3. Evaluation of Impact Factors

For PPC strategies, the main impact factors on the characteristic of batteries are the frequency, duty
cycle, relaxation time, and magnitude of the pulsed current. For NPC strategies, negative pulse time,
magnitude, and the number of the negative pulses are the three primary impact factors. Table 6 lists the
weight of impact factors on the four characteristics of Li-ion batteries. The higher score represents the
greater influence of the factors on the corresponding characteristics, and ‘0’ means no impact or very
low impact. Although many studies have begun to focus on pulsed current technologies, their research
objects, test procedures, and analysis methods are not the same and do not completely cover all aspects.
Therefore, the evaluation results in Table 6 are based on the current research level, where '—’ presents
that the impact results of the corresponding factor is uncertain or have not been studied.

Table 6. The weight of impact factors on the lifetime, charging speed, charging/discharging capacity,
and temperature rising of Li-ion batteries. (2: Great impact; 1: Less impact; 0: Almost no impact;
-: Uncertain.)

PPC Strategy

Impact Factor Lifetime Charging Speed (Dis)charging Capacity Temperature Rising
Frequency 2 1 0 0
Duty cycle 0 2 1 0
Magnitude of positive pulsed current 1 2 2 2

NPC Strategy

Impact Factor Lifetime Charging Speed (Dis)charging Capacity Temperature Rising
Negative pulse time - 2 0 0
Magnitude of negative pulsed current 1 2 2 2
Number of the negative pulses 1 - 1 -

According to the discussion and evaluation results above, some conclusions can be obtained:
e PPCMode

- Among all the impact factors, the frequency of positive pulsed current had the highest
impact on the lifetime of Li-ion batteries. In the 1 Hz-100 kHz frequency range, a higher
frequency commonly presented a higher positive impact on the lifetime, and the frequency
at the minimum impedance point could be considered as a priority;

—  The charging speed was influenced by several factors, including the duty cycle, relaxation
time, and the magnitude of the current pulse. For the standard PPC mode, the duty cycle
and relaxation time were interrelated. Increasing the duty cycle was equivalent to having a
longer charging time and a shorter rest time in one period, thus the charging speed increased;

-  The magnitude of the pulsed current had the highest impact on the characteristics of the
battery. The increase of the magnitude could greatly shorten the charging time, while the
capacity utilization decreased significantly and the battery temperature also rose rapidly;
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-  Frequency of the current pulse had no significant impact on temperature rising.
The temperature rise was mainly caused by the increase of pulsed current magnitude.
A higher temperature rising had a negative impact on the safety and lifetime of the battery
system.

e NPC Mode

-  More time and a higher magnitude of negative pulse resulted in a slow charging speed
because the battery discharged during the negative pulse period;

— A higher current rate of the negative pulse could lead to a temperature rising and
subsequently to a reduction of the battery life. Moreover, the charging capacity would be
affected significantly;

—  NPC charging profile with a lesser number of negative pulses and low negative pulsed
current could increase the charging capacity and reduce the capacity fade;

—  The impact of related parameters on Li-ion batteries needs to be further studied because
some impact factors listed in Table 6 on the battery characteristics have not been researched.
The main impact factor for the battery lifetime needs to be investigated.

5. Conclusions

This paper summarizes the existing pulsed current modes, including six PPC modes (standard
PPC mode, PCCC mode, PWM mode, PAM mode, CC-PC mode, and PC-CV mode) and four NPC
modes (standard NPC mode, ACP mode, CC-CVNP mode, and MCC-CVNP mode). Based on
these pulsed current modes, different charging/discharging strategies were proposed and studied by
researches. An overview of pulsed current technique and their impact on Li-ion batteries are presented.
Then the main impact factors are determined, which are analyzed and discussed. The frequency of
PPC strategy had the largest impact on the battery lifetime. Moreover, the higher frequency that at the
range of 6 kHz-100 kHz presented a positive impact compared to the low frequency at 1 Hz-25 Hz.
Duty cycle and relaxation time had a great impact on charging speed. However, the improvement
of charging speed could result in a low charging/discharging capacity, which means a low available
capacity for batteries. Therefore, these two parameters need to be carefully designed to achieve a
balance between the charging speed and available capacity. The magnitude of pulsed current had the
largest impact on the overall characteristics of batteries. A high magnitude current could shorten the
charging time, while the charging capacity had a decrease and the battery temperature rose quickly.
For the NPC strategy, the negative pulse time mainly impacted the charging speed. Short negative
pulse time and low magnitude negative current could implement the fast charging speed, increase the
charging/discharging capacity, and decrease the temperature rising. The NPC with less number and
low magnitude had a positive impact on the lifetime and charging/discharging capacity. However,
there still had some impact on the corresponding characteristic that were uncertain and have not been
researched that could be seen in Table 6. To develop an advanced charging/discharging algorithm,
the impact of different pulsed current modes need to be further studied. In addition, the impact factors
for both PPC strategies and NPC strategies on lifetime, charging speed, charging /discharging capacity,
and temperature of Li-ion batteries also need to be investigated in future work.
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