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Lifetime Extension of Lithium-ion Batteries with
Low-Frequency Pulsed Current Charging

Xinrong Huang, Student Member, IEEE, Wenijie Liu, Student Member, IEEE, Jinhao Meng, Member, IEEE,
Yuanyuan Li, Siyu Jin, Remus Teodorescu, Fellow, IEEE, and Daniel-loan Stroe, Member, IEEE

Abstract—The pulsed current has been proposed to
achieve fast charging and extend the lifetime of Lithium-
ion (Li-ion) batteries. However, the optimal condition of
the pulsed current is still inconclusive in previous studies.
This paper experimentally investigated the effect of the low-
frequency Positive Pulsed Current (PPC) charging on the
lifetime and charging performance of Li-ion batteries. A
two-stage degradation model of Li-ion batteries is devel-
oped to determine the inhibitory effect of the PPC on degra-
dation mechanisms at different aging stages. Moreover, the
changes in the Internal Resistance (IR) and the Incremental
Capacity (IC) curve are provided to thoroughly explore the
effects of the PPC on the degradation of Li-ion batteries.
Compared with the traditional Constant Current (CC) charg-
ing, the lifetime, maximum rising temperature, and energy
efficiency of the Li-ion batteries that were cycled by the
PPC charging are improved by 81.6%, 60.5%, and 9.1%, re-
spectively, after 1000 cycles. Therefore, low-frequency PPC
charging should be considered as a promising charging
strategy for Li-ion batteries.

Index Terms—Lifetime extension, Lithium-ion (Li-ion)
battery, pulsed current charging, frequency

[. INTRODUCTION

O establish a friendly ecological environment, the ma-

jor economies worldwide have provided a strong sup-
port policy on the electrification o fr oad t raffic [1]. Many
countries have formulated a series of policies to encourage
EV development, e.g., increasing investment in infrastructure
and implementing tax exemptions for manufacturers [2], [3].
Lithium-ion (Li-ion) batteries play an important role among
the energy storage technologies due to their high energy and
power density, long lifetime, and low self-discharge rate [4],
[5], which makes them suitable for EV applications. However,
nowadays, EVs take more time to replenish energy when
compared with the time that traditional internal combustion
engine vehicles need for fueling (i.e., few minutes). Therefore,
it is essential to develop fast charging technology for Li-ion
batteries in EVs. Constant Current-Constant Voltage (CC-CV)
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charging method is used to determine the battery capacity [6],
[7]. According to the experimental result in [8], the CV phase
of the CC-CV charging contributes to 22% of the discharging
capacity but accounts for 48% of the charging time. Therefore,
the Constant Current (CC) charging is regarded as a practical
method to charge the batteries, especially pursuing a balance
between the charging time and discharging capacity [9]. To
further improve the charging speed, a simple method is to
increase the current rate of the CC charging; however, this will,
in turn, reduce the available discharging capacity and increase
the battery temperature, which shortens the battery lifetime
[10]. Therefore, achieving a trade-off between the charging
speed and lifetime has been a significant target of numerous
studies investigating advanced charging strategies.

To optimize the charging process, various Multi-Stage Con-
stant Current (MSCC) charging methods have been proposed
to achieve different charging targets, e.g., fast charging and cell
temperature control [11]-[13]. However, the MSCC charging
method needs a complex controller to decide the turning
point of adjacent stages during the charging process, which
usually requires accurate SOC and SOH estimation. In recent
years, SOC and SOH estimations based on machine learning
have developed rapidly, and most of them were developed
based on data analysis [14]-[17]. Even though, few of them
further investigated the effect of the proposed MSCC charging
methods on the battery lifetime. The Sinusoidal-Ripple Current
(SRC) charging method was proposed to improve the charg-
ing performance for Li-ion batteries in [18]. Moreover, the
SRC charging with optimal frequency can extend the battery
lifetime by 16.1% compared with the CC-CV charging [18].
However, compared with the CC charging, the SRC charging
shows no significant effect on the battery lifetime when the
current frequency is between 1 Hz and 1 kHz [19]. The pulsed
current charging technique has been proposed to improve the
battery lifetime and charging performance [20]-[23]. However,
the optimal condition of those pulsed current charging for Li-
ion battery lifetime extension still needs to be investigated
due to the inconclusive aging effect reported in the avaliable
literature. Therefore, this work will focus on one of the pulse
current charging methods, i.e., Positive Pulsed Current (PPC)
charging, to obtain its effect on the lifetime of Li-ion batteries.

The paper is structured as follows. The background of the
pulsed current charging and the degradation mechanism of the
Li-ion batteries are introduced in section II. The experimental
methods are presented in section III. The experimental results
and analysis are provided in section IV. The conclusions are
given in section V.
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[l. BACKGROUND

A. Pulsed Current Charging

There are four basic pulsed current charging modes, i.e.,
Negative Pulsed Current (NPC), Alternating Pulsed Current
(APC), Pulsed Current-Constant Current (PCCC), and PPC,
respectively [24]. The NPC mode is the constant current
with periodic negative pulses and relaxation time, which
can eliminate the concentration polarization and improve the
battery lifetime by 128.6% compared to the CC-CV charging
[20]. In [21], multiple sets of experiments were designed to
investigate the effect on the Li-ion battery lifetime of the NPC-
CV charging with different amplitude and number of negative
pulses, which reveals that the NPC-CV charging with a low
amplitude and few negative pulses has a positive impact on the
battery lifetime [21]. In [25], the NPC-CV charging at 0.023
Hz and 0.046 Hz can improve the battery lifetime by around
17.1% when compared to the CC-CV charging. However,
the charging rate of the NPC-CV is lower than that of the
CC-CV charging due to the discharging pulses during the
charging process [21]. The APC mode is the constant current
with periodic negative pulses [24]. The APC-CV charging
has no significant e ffect o n b attery c harging p erformance in
terms of charging and discharging capacity and energy [26].
Moreover, similar to the NPC charging, the charging rate of the
APC is affected by the discharging pulses during the charging
process. The PPC mode is the constant current with periodic
relaxation time. In [27], the PPC-CV charging at a frequency
of 1 kHz has no significant impact on b attery lifetime, while
at 50 Hz and 100 Hz can result in a faster capacity fade
compared with the CC-CV charging during cycling. In [22],
it was shown that the PPC charging at a frequency of 12
kHz can extend the battery lifetime by 100 cycles compared
with the CC-CV charging. The PCCC mode is the positive
pulsed current followed by a constant current. The difference
between the PCCC and the PPC is that the current during
the relaxation time is not zero but a constant current. In [28],
the effect of PCCC on battery lifetime was investigated at
frequencies of 1 Hz and 25 Hz. The PCCC charging has
a similar rate of capacity fade compared with the CC-CV
charging, but the capacity utilization using PPC charging is
the only 80% of CC-CV charging [28]. In our previous work,
various pulsed current modes, i.e., PPC, PCCC, APC, NPC,
and SRC, were considered to study their effects on battery
charging performance [29]. The results show that the pulsed
current can not impact the charging speed but result in an
increase in the maximum rising temperature of the battery
cell compared with the CC charging [29]. In [8], [30], similar
conclusions as [29] have been reported, i.e., the PPC and
SRC charging can not affect the charging speed but results
in a higher rising temperature when compared with the CC
charging.

Table I summarized the effect of various pulsed current
on Li-ion batteries’ lifetime in previous studies. According to
the aforementioned studies, the NPC charging can extend the
battery lifetime but lower the charging rate; the PPC charging
is a possible way to improve the battery lifetime without
affecting the charging rate, but the effect of the frequency

TABLE |
EXISTING STUDIES ON THE PULSED CURRENT CHARGING
TECHNIQUES AND THEIR EFFECT ON LIFETIME OF LITHIUM-ION
BATTERIES. (X: NOT GIVEN; +: POSITIVE EFFECT; 0: NO SIGNIFICANT
EFFECT; -: NEGATIVE EFFECT.)

Ref. Current Compared frequency Lifetime Evaluation
mode to [Hz] extension
[22] PPC CC-CV 12k +100 cycles +
[18] SRC CC-CV 1k +16.1% +
[19] SRC CcC 1k, 100, 1 +1.5% 0
1k -0.5% 0
[27] PPC-CV CC-CV 100 -12%

50 -7.6% -
[28] PCCC CcCc-cv 2 0% 0
1 2% 0
cc 0.01 -1.6% 0
[21] NPC-CV 0.005 -0.3% 0
cce.cy 0.01 +0.2% 0
0.005 +1.1% 0
[25] NPC-CV CC-cv 0.046, 0.023 +17.1% +
[20] NPC CC-CV X +128.6% +

of the PPC charging still needs to be explored. The optimal
charging frequency is firstly proposed in [18]. The authors of
[18] believe that the optimal frequency point f,,;, is where
the battery cell can return the minimum impedance, which can
be obtained by the electrochemical impedance spectroscopy
(EIS) test. This opinion is supported by [22] and [23], who
experimentally verified the PPC charging at the frequency of
fmin can extend the lifetime and reduce the charging time
of Li-ion batteries when compared with the CC-CV charging.
However, both studies have not considered the CV phase for
the SRC and the PPC charging when compared to the CC-CV
charging. This is why some other studies that consider the CV
phase into the SRC or PPC charging strategies came to the
opposite conclusions [27]. Therefore, it is worth noticing that
the pulsed current charging with the CV phase and without the
CV phase will have different evaluation results when it was
compared with the CC-CV charging. Therefore, the fair way to
evaluate the pulsed current charging is to compare it with the
CV phase to the CC-CV charging or compare it without the
CV phase to the CC charging. If only look into the literature
that evaluated the PPC charging in the aforementioned way,
most of them have the same conclusions, i.e., the pulsed
current has no significant effect on the charging rate and
the lifetime of Li-ion batteries [8], [19], [30]. Therefore,
the optimal condition of the PPC charging is needed to be
investigated.

B. Degradation Mechanisms

Li-ion batteries are affected by capacity and power fade
during cycling. The performance degradation of Li-ion bat-
teries is related to the loss of lithium inventory (LLI), loss
of active material (LAM), and the change in reaction kinetics
that indicated an increase of internal resistance (IR) [31]. The
formation and growth of solid electrolyte interface (SEI) film
are one of the important factors of side reactions, which result
in the LLI [32]. The decrease of power capability is caused by
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the IR evolution. Generally, a Li-ion battery reached its end
of life (EOL) when there is a capacity loss of 20% respected
to the initial capacity [33].

The disassembly-based post-mortem analysis, the model-
based analysis, and the curve-based analysis are the three
methods using to diagnose the aging of Li-ion batteries [34].
The disassembly-based analysis can determine the degrada-
tion mechanism by disassembling the aged cell in a special
operating environment, and using professional equipment to
observe the structure of the electrodes (e.g., atomic force
microscopy (AFM) and scanning electron microscopy (SEM)
techniques) and analyze the chemical composition changes
(e.g., energy dispersive X-ray spectroscopy (SEM-EDX) and
X-ray photoelectron spectroscopy (XPS) techniques) of the
aging cells [35]. However, this is a destructive method due
to the requirement of disassembling the cell and thus ending
the cycling aging test. Therefore, the disassembly-based post-
mortem analysis is suitable for cross-validation after complet-
ing the cycling aging test [34]. The model-based method is
using the EIS technique to measure the cell impedance and
to obtain the electrochemical model parameters based on the
EIS data. The aging process of the cells can be analyzed
according to the model parameter evolution [36]. This method
is a non-destructive method but needs the equipment which
can perform the EIS measurement [34].

The curve-based analysis consists of Incremental Capacity
(IC) analysis and differential voltage (DV) analysis, which
show how the capacity increment changes with the voltage
of the cell. The incremental capacity is determined by the
differentiating the change in capacity d() to the change in
terminal voltage dV/, i.e., %. The conclusions obtained by
the IC curve and DV curve are overall consistent when
analyzing the aging process of batteries because the DV curve
is inversely related to the IC curve [34], [37]. The obtaining
of the IC curve only needs to perform a charging/discharging
cycle by a constant current for batteries and monitor the
changes in voltage and current; thus, this method is more
suitable for practical applications due to the advantages of
non-destructivity and simple implementation [37]. In [38],
Dubarry et al. proposed that the degradation of lithium-ion
batteries includes two stages by analyzing the evolution of
IC curves. The contributions of the three degradation mecha-
nisms, i.e., LLI, LAM, and the change in reaction kinetics,
which is indicated as the increase in the IR, are different
in the two stages. The first stage of the capacity fade is
dominated by LLI, which occurs as a result of parasitic
reactions to form the SEI layer on the electrode surfaces.
The degradation due to the LLI continues in the second
stage. Moreover, as the SEI layer continues to evolve on the
electrode surfaces, it hinders interfacial kinetics and induces
LAM in both electrodes. Moreover, when the SEI layer grows
too thick, some grains will be isolated and become inactive,
resulting in LAM [31]. Therefore, the three main degradation
mechanisms occur together and accelerate the capacity fade
in the second stage [38]. However, 20% capacity fade is not
the sign which indicates that the battery reached the second
stage. The typical characteristic of the battery in the second
stage is an accelerated capacity degradation compared to that

TABLE Il
SPECIFICATIONS OF THE TESTED CELLS.

Parameter Value

Model HTCNR18650
Format Cylindrical cell
Chemical system NMC
Nominal capacity, Capn, 2,200 mAh
Nominal voltage, V;, 3.6V
Charging cut-off voltage, Vinaz 42V
Discharging cut-off voltage, Vinin 25V
Maximum (dis)charging current, Irmaq 3C (6.6 A)

of the first stage. Moreover, the battery has started entering
the second stage before showing the accelerated capacity fade
[38]. Therefore, the effect of different charging currents on
battery lifetime can be analyzed through the changes in the
stage of Li-ion batteries.

C. Summary

The effects of various pulsed current charging on the life-
time of Li-ion batteries have been investigated in the literature.
However, the previous work focused on the frequency above
1 Hz and seldom mentioned the frequency below 1 Hz for
the PPC charging. This paper investigated low-frequency PPC
charging and its effects on the lifetime of Li-ion batteries.
Moreover, the effects of the pulsed current on the different
degradation stages are analyzed by a degradation model of
Li-ion batteries. The main contributions of this paper are
summarized as follows:

(1) Through the experimental testing, it is observed that the
PPC charging at low frequencies can extend the lifetime of
Li-ion batteries by 69.2% when compared with the tradi-
tional CC charging, which provides guidance for selecting
the frequency range of the pulsed current charging.

By developing a two-stage degradation model, the effects
of the frequency on the three main degradation mecha-
nisms, i.e., LLI, LAM, and kinetics hindrance, at different
aging stages are determined.

With IR evolution and IC curve analysis, the effects
of pulsed current charging on the degradation of Li-ion
batteries are comprehensively explored.

(@)

3

Moreover, the changes in the maximum rising temperature
and the energy efficiency during the aging process, which are
caused by the CC and PPC charging, are used to investigate
the effects of the pulsed current on the charging performances
of Li-ion batteries.

[ll. EXPERIMENT

The experimental investigations on PPC charging were
performed using a Digatron battery test station. The test error
of the voltage and current using this equipment is smaller than
0.025%. A Memmert temperature chamber is used to maintain
a stable and reliable temperature during all tests, as shown in
Fig. 1(a). The cylindrical NMC-based HTCNR18650 2200-
mAh cells are used for performing these investigations. The



IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS

NMC cell

Power cables
S AT L, AT T, 0 L% O N

@ (©)

Fig. 1. (a) Experimental setup and (b) an NMC cell is placed in the
temperature chamber during the test.
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Fig. 2. Positive pulsed current (PPC).

specifications of the cells are summarized in Table II. Fig. 1(b)
shows a battery cell is during the test.

The waveform of the PPC is presented in Fig. 2, where T’
is the period of the PPC; A, is the amplitude of the pulses; ¢,
and ¢, are the duration of the positive pulsed current and the
relaxation period, respectively. The frequency f and the duty
cycle D of the PPC charging are defined as follows:

1
f=7 (M)
p=7 @)

The CC charging is regarded as the reference to evaluate
the PPC charging. The cells are charged by the PPC or the
CC until the voltage reaches the maximum voltage V.. The
flowchart of the experimental procedures is presented in Fig. 3.

In the cycle aging test, the frequencies of the PPC charging
are 1 Hz, 0.2 Hz, and 0.05 Hz with a duty cycle of 50%. The
average current of the PPC charging is the same as that of the
CC charging. The amplitude of the PPC charging is 2 C, while
the amplitude of the CC charging is 1 C. After completing
every charging process, the cells were discharged by a CC
of 2 C. All cells were performed 1000 cycles. To speed up
the capacity degradation of the cells, the temperature of the
climate chamber was set at 35 °C.

The reference performance tests were performed before the
cycling procedure was started, and then after every 100 cycles
of the aging test. The reference performance tests consist of
the capacity test, IR test, and IC test. The temperature of
the climate chamber was set at 25 °C during the reference
performance tests.

To obtain the cell’s capacity, the cell is fully charged with
1-C CC-CV and relaxed for one hour; then the cell is fully
discharged with 1-C CC. The obtained discharging capacity is
considered as the capacity of the cell.

/ 2200mAh NMC cells /

f Capacity test:
| Reference performance test |---¢ IR test !
I "7 ICtest )
|

- ‘ oo )
| Cycle aging tests: 100 cycles |»: 4‘:1 PPC. 1 Hz i
! | 1 PPC,02Hz |
' : PPC, 0.05 Hz.

| Reference performance test |- --------

Vi

Fig. 4. DC pulse for IR measurement.

The IR was measured using the Direct Current (DC) pulse
technique at different SOCs. The following procedure is re-
peated for IR measurement for 10%, 30%, 50%, 70%, and
90% SOCs [39], [39], [40]:

1) Charge the battery cell to the desired SOC;

2) Relax the battery cell for 15 minutes at 25 °C;

3) Discharge the battery cell by using a 1-C current pulse for
18 seconds;

4) Relax the battery cell for 15 minutes at 25 °C;

5) Charging the battery cell by using a 1-C current pulse for
18 seconds;

6) Repeat steps 1-5 for the other SOCs.

Fig. 4 shows an example of the IR measurement by DC pulse.
The internal resistance I R of the cell can be determined using
Ohm’s law as follows:

W=V, AV
[h= Idc B Idc (3)
where Vj and V] are the voltage before and after the 18-seconds
DC pulse I4.; AV is the voltage change caused by the DC
pulse. The average of positive and negative resistances was
considered as cells’ I R at corresponding SOCs.

A constant current of 0.04 C is suggested for performing the
IC test because this low current rate can avoid the effect of the
polarization resistance of the batteries on IC curves. However,
50 hours are needed for the charging/discharging cycle if 0.04
C is used. This is not suitable for real applications with such
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Fig. 5. Measured and fitted capacity fade of the tested cells that were
cycled with the CC and PPC charging.

a long period. Moreover, the main changes in the behavior of
the IC curve can be observed with a current rate that is higher
than 0.04 C [41]. In [37], it is reported that the current rate
that is lower than 0.5 C can meet the requirement of obtaining
the effective IC curve to analyze the degradation mechanism
of Li-ion batteries by comparing the effect of different current
rates on IC curves. Therefore, the IC test was performed with
a current rate of 0.2 C, i.e., 0.44 A. The other issue needed
to be considered for the IC test is the sampling frequency. In
[37], it illustrated that the sampling rate shouldn’t be lower
than 0.1 Hz; otherwise, it will impact the magnitude and the
position of the peaks of IC curves; however, the IC curve with
a sampling frequency that is higher than 1 Hz will not provide
extra information on IC behavior. Therefore, the sampling
frequency of the IC test is 1 Hz in this work.

V. RESULTS AND DISCUSSION
A. Capacity Fade

Fig. 5 shows the capacity fade of the NMC battery cells that
were cycled by the CC and PPC charging. After 500 cycles, the
capacity fade of the cell that was cycled with the CC charging
is 20.21%, which means the cell reached its EOL. In contrast,
the cells that were cycled with PPC charging at the frequencies
of 1 Hz, 0.2 Hz, and 0.05 Hz reach their EOL after 600 cycles,
900 cycles, and 900 cycles, respectively. Moreover, a lower
frequency of the PPC charging results in a lower capacity fade
within the considered frequency range after 1000 cycles.

Accelerated capacity fade can be observed at specific cycle
numbers, e.g., the 400th cycle of the CC charging. This means
the battery cell is already in the second stage of the aging
process. The exact starting point of the second aging stage
can be determined by disassembling the battery and then using
professional instruments to observe and analyze the aging
mechanism of the battery. This method is a destructive method
for the requirement of disassembling the cell and is not suitable
for this work to analyze the aging mechanism. This work de-
fines the boundary of the two stages by analyzing the changes
in the capacity fade rate of the battery during the cycling
process.

0.09
™ e al
— Fitted al
2, 0.08
8
'(I}
o
= 0.07
8
2
=
8
O 0.06
]

0.05 . . . .

0 0.2 0.4 0.6 0.8 1
Frequency [Hz]
@
0.017 T
L] a2
Fitted a2

Coefficient of stage 2 [-]
(=1 (=] (=} (=]
o o o o
S E2 O o

L

0.011 : : '
0 0.2 0.4 0.6 0.8 1

Frequency [Hz]

Fig. 6. Relationship between the frequency coefficient and the fre-quency: (a)
the frequency coefficient at stage 1 al(f) and (b) the frequency coefficient at
stage 2 a2(f).

The second stage of the battery degradation is earlier than that
the accelerated capacity fade occurs. Therefore, the battery cell
that was aged by the CC charging started the second stage
before 400 cycles, i.e., around the 300th cycle. After 300 cycles,
the capacity fade of the cell using the CC charging is 10%; thus,
the capacity fade of 10% is regarded as the boundary of the
change in the degradation mechanism.

The battery cells that were cycled by the PPC charging at 1 Hz,
0.2 Hz, and 0.05 Hz reach 10% capacity fade after 400 cycles,
500 cycles, and 600 cycles, respectively. To analyze how the PPC
charging affects the battery lifetime at different stages, a
piecewise power function was considered to fit the capacity fade
as follows:

when Q faqge < 10%

{Qfade.sl(N)[%] = ay(f) - NO8,
when Q fade > 10% @

Q fade.s2(N)[%) = az(f) - (N — Ng1)*2+ 10,

where IV is the cycle number; N4 is the cycle number when
the capacity fade reached 10%, i.e., before starting the second
aging stage; @ fqde.s1 and Qfqde.s2 are the capacity fade of
the battery cell at stage 1 and stage 2, respectively; a; and as
are the fitting coefficient of stage 1 and stage 2,
respectively. The accuracy of the fitting results was
quantified by the R?coefficient. The relationship between the
coefficient, i.e., ai(f) and as(f), and the frequency were

found and are given by:

ay(f) =0.04978 - f°% 4+ 0.03167 (5)

as(f) = 0.004746 - f12 +0.01186 (6)
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Fig. 7. Cycle numbers of the tested battery cells when the capacity fade
reached 10% and 20% based on the proposed degradation model.
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Fig. 8. Lifetime extension by the PPC charging with respect to the
standard CC charging.

For the CC charging, the degradation model can also be
expressed as (4). The values of the coefficients a 1 and as
for the CC charging are 0.102 and 0.01998, respectively.

The coefficients a 1 and a o can be used to describe the rate
of the capacity fade. Fig. 6 presents the dependence, on the
frequency of the pulsed current, of the coefficients at stage 1
a1 (f) and stage 2 as(f). The value of the red dashed line
is the coefficient of the C C charging. T he red d ashed line is
used to compare the coefficient of CC charging with the PPC
charging with different frequencies, while the frequency has
no substantial meaning for the CC charging. The PPC charging
at the considered frequency range can slow down the capacity
fade at both stage 1 and stage 2 when compared with the CC
charging. In Fig. 6(a), the changes in the coefficient a1 (f) at
the frequency range between 0.05 Hz and 1 Hz are significant,
which means the degradation of the battery cell at stage 1 is
considerable influenced by the frequency of the pulsed current.
In Fig. 6(b), the coefficient as(f)at0.2 Hzand 0.05 Hz are
almost the same, but they are much lower than that of at 1
Hz. Therefore, the impact on battery degradation at stage 2 is
not significant with the frequency decrease.

According to the proposed degradation model in (4), the
cycle numbers can be obtained when the capacity fade reached
10% and 20%, as shown in Fig. 7. It can be observed that
the PPC charging can inhibit battery degradation during both
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Fig. 9. Percentage increase in the internal resistance (IR) during cycling:
(a) SOC=10% and (b) SOC=50%.

stages. The PPC charging at 1 Hz, 0.2 Hz, and 0.05 Hz
can slow down the rate of the battery degradation by 32.5%,
67.5%, and 98.1% during the first 10% capacity fade; after the
second 10% capacity fade, the PPC charging at the considered
frequencies can slow down the degradation rate of the battery
by 26.8%, 60.4%, and 81.6%, respectively. Therefore, the PPC
charging positively impacts the battery lifetime during the
second 10% capacity fade, but this effect is slightly weaker
than the first 10% capacity fade. A 20% capacity fade is
considered as the EOL of the battery cell. The extension of
each PPC charging case is presented in Fig. 8.

B. Internal Resistance

The IR is quasi-independent on SOC for SOCs between
30% and 90%, independent on the aging state; thus, the IR at
50% is presented in the following part to represent that of this
SOC range. Figs. 9(a) and (b) show the percentage increases in
IR at 10% SOC and 50% SOC. It can be observed that the IR
evolution at 10% SOC is slower than that of 50% SOC for all
cells. However, both of them show the same increasing trend.
During the aging test, the CC charging results in a much faster
IR increase than the PPC charging. Furthermore, the smaller
frequency leads to a slower degradation ratio of the IR, which
is consistent with the results of capacity fade.
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Fig. 10. Incremental capacity (IC) curves before the cycling aging test,
at EOL, and after 1000 cycles: (a) CC, (b)-(d) PPC at 1 Hz, 0.2 Hz, and
0.05 Hz, respectively.

C. Incremental Capacity

Fig. 10 presents the IC curves at different aging states of
the four tested cells. In Figs. 10(a)-(d), the three IC curves of
each figure are obtained when cells were fresh, cells reached
their EOL, and cells have performed 1000 aging cycles,
respectively. There are three peaks, i.e., peak (D), peak (@),
peak 3 on the initial IC curves. The intensity of peak (I
and peak (@) decrease when the cells reached their EOL, and
further decrease after completing 1000 cycles. Moreover, the
position of peak (I) and peak (@ shift to a higher voltage after
1000 cycles when compared with their initial voltage positions.
Besides, the peak ) is disappeared for all cells after the aging
tests.

Fig. 11 shows the percentage decrease in the intensity and
the shift in the voltage position of peaks () and @. The
intensity of peaks (I) and (2) decreases with increasing the
number of cycles. Moreover, the cell with a faster capacity
fade shows a higher intensity decrease and a larger voltage
position shift for both peaks (D) and @) during the cycling.

D. Analysis of Degradation Mechanisms

The decrease in intensity of peak (2) and the battery capacity
fade show a similar evolution trend because they are directly
related to each other. Before the capacity fade reaches 10%, the
main degradation mechanism is LLI, which occurs as a result
of parasitic reactions to form the SEI layer on the electrode
surfaces. Therefore, the cell that was cycled with the PPC can
slow down the capacity fade by inhibiting SEI layer growth
during stage 1. Moreover, the PPC with a lower frequency
in the investigated frequency range can further enhance this
inhibiting effect. In Fig. 6(a), the significant difference in coef-
ficient a4 illustrated that both the pulsed current and frequency
can influence the battery degradation mechanism in the first
stage. During stage 2, the three degradation mechanisms, i.e.,
LLI, LAM, and kinetic hindrance, occurred together, thereby
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Fig. 11. Changes in IC curves: (a) and (b) are the decrease in intensity
of peak (M) and @), (c) and (d) are the shift in position of peak (1) and @).

leading to the intensified capacity degradation of the battery
cells. The capacity fade from the LLI still follows the same
increased fashion as stage 1, as the blue dashed line shown in
Fig. 5. The area between the blue dashed line and the x-axis
is the capacity degradation caused by LLI. The area between
the blue dashed line and the corresponding solid line (i.e., the
fitted capacity fade curve) is the capacity fade by the LAM
and the kinetic hindrance. According to the size of the area,
the pulsed current in the second stage can not only continue
to suppress the capacity degradation caused by LLI but also
inhibit the capacity degradation caused by LAM and kinetic
factors. Different from stage 1, the suppression of the LAM
and kinetic factors by the PPC charging will not continue to
be strengthened as the frequency decreases during stage 2. In
Fig. 6(b), the values of as at 0.2 Hz and 0.05 Hz are close
to each other. Thus, the PPC charging at 0.2 Hz and 0.05 Hz
has a similar impact on the LAM and kinetic hindrance during
stage 2.

The shift in the position of peaks (D) and (@) is another
significant change during cycling. The increase in the IR is
the main reason resulting in the peak shift [19], [37], [38],
[42]. The peak shift leads to a less effective charging process
when the cell voltage gradually approaching the charging
cut-off voltage V4. This phenomenon is also called un-
dercharging (UC) since a greater available capacity can be
obtained by setting a higher charging cut-off voltage [42].
However, typically, the charging cut-off voltage in IC tests
as well as in normal charging/discharging cycles is constant,
thus the accelerated capacity fade will be observed as we
aforementioned. According to the results shown in Figs. 11(c)-
(d) and Fig. 9, the increase in the IR and the position shift in
peaks of IC curves have a consistency.

In Fig. 10, the broadening of the peaks on IC curves
can be observed, especially peak (I), which is at the low
voltage position. During cycling, the SEI could be partly
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dissolved, and the graphite would result in an amorphous state
[31], [43]. Therefore, the SEI destabilization and disorder of
graphite surface results in the peak broadening [31]. Peak 3
can be considered as the shoulder of the IC curve, which
is disappeared when the increased IR prevents the phase
transitions from occurring at the initial voltage position [34].
Therefore, the phenomenon of the peak broadening and the
disappearance of the peak is also the aging sign for Li-ion
batteries.

E. Maximum Rising Temperature

The temperatures of the battery cells were measured during
the entire experiment. The maximum rising temperature AT
is the difference between the initial temperature 75,,;;. and the
maximum temperature 7;,,,. of the battery cell during the
charging process:

AT = Tmax. - ,Tmzt (7)

Fig. 12 shows the maximum rising temperature of the cells that
were aged by different current. For example, the three
maximum rising temperatures of the CC case in Fig. 12 were
obtained at the 1%¢, the 501%¢, and the 1000*" cycle numbers.
When cells were fresh, the maximum rising temperature of CC
charging and the PPC charging at 1 Hz, 0.2 Hz, 0.05 Hz are
2.8 °C, 2.9 °C, 3.1 °C, and 3.3 °C, respectively. Therefore,
the PPC charging results in a higher rising temperature at the
begin of lifetime of the cells. Similar thermal performance
of the PPC charging has been reported in our previous work
[44]. With the increasing cycle number, the maximum rising
temperature of all cells gradually increases during cycling due
to the increase in the IR, which results in more heat losses.

At the 1000th cycle, the maximum rising temperatures of
the cells charged by the CC, 1-Hz PPC, 0.2-Hz PPC, and
0.05-Hz PPC charging are 8.6 °C, 5.5 °C, 5.1 °C, and 5.2
°C, respectively. This means the PPC charging can reduce the
maximum rising temperature by 60.5% compared to the CC
charging. In Fig. 9, after the entire aging test, the lower IR
evolution of the battery cell is obtained by using the PPC
charging, which can reduce the heat losses, thereby showing
a lower rising temperature compared with the CC charging.
Therefore, as the degree of battery degradation increases, the
increase in IR is the main factor that results in the high rising
temperature during the charging process.

F. Energy Efficiency

The energy efficiency represents the losses during one
charging/discharging cycle. The energy efficiency is obtained
from the life cycle test, where the cells were charged by the
CC or the PPC and discharged by a constant current of 2
C. Due to the same discharging procedure, the difference in
the energy efficiency of the fresh cells can be attributed to
the different charging currents. The energy efficiency ng is
determined as:

_ Energyais

ne x 100% (8)

~ Energycha

where Energycp, and Energyq;s are the charging energy and
discharging energy, respectively.
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Fig. 12. Maximum rising temperature of the battery during the charging
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Fig. 13. Energy efficiency of one cycle of discharging with a constant
current of 2.2 A and charging with the CC charging and the PPC
charging at different frequencies.

The obtained energy efficiency of the four test conditions
is presented in Fig. 13. When cells were fresh, the energy
efficiency for the CC charging is 92.1%, while the energy
efficiency for the PPC charging at 1 Hz, 0.2 Hz, and 0.05
Hz are 89.9%, 89.3%, and 89.5%, respectively. Therefore, the
difference in the energy efficiency for the PPC charging with
different frequencies is within 0.6%, but they are all lower
than the energy efficiency of the CC charging by 2.2% above.
Therefore, the heat losses of the cells charged by the PPC
are higher than that of the CC. After 1000 cycles, the energy
efficiencies for the CC and PPC at 1 Hz, 0.2 Hz, and 0.05 Hz
are 77.5%, 84.4%, 85.1%, and 86.6%, respectively, which are
significantly lower than their initial energy efficiencies. This
means that the heat losses generated during both charging
and discharging processes increases due to the increase in
IR of four cells. Therefore, the lowest energy efficiency and
the highest energy efficiency are obtained from the cells that
were cycled by the CC charging and 0.05-Hz PPC charging,
which are corresponding the highest IR and the lowest IR,
respectively. The energy efficiency resulted from the PPC
charging is higher than that of CC charging by 9.1% after
1000 cycles.
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V. CONCLUSION

The effect of low-frequency PPC charging on the lifetime of
NMC-based battery cells has been investigated in this paper.
A two-stage degradation model is developed to analyze the
effect of the PPC charging on the degradation mechanisms
at different stages. During stage 1, the PPC charging can
reduce the LLI by inhibiting the SEI layer growth. Moreover,
a lower frequency of the PPC charging can further enhance
this inhibiting effect, thereby slowing down the process of the
battery cells entering the second stage. During stage 2, the PPC
charging can slow down the battery degradation by restraining
the LLI, LAM, and kinetic hindrance. The PPC charging at
0.2 Hz and 0.05 Hz have a similar impact on the degradation
mechanisms of LAM and kinetic hindrance. Therefore, the
difference in capacity fades between 0.2-Hz PPC charging and
0.05-Hz PPC charging mainly results from their influence on
the LLI of the battery cells. Based on the experimental results
and the degradation model, the PPC charging at 1 Hz, 0.2
Hz, and 0.05 Hz can extend the battery lifetime by 26.8%,
60.4%, and 81.6%, respectively, when compared with the CC
charging. When battery cells were fresh, no evidence indicated
that the PPC charging has advantages on cell temperature
and energy efficiency. After 1000 cycles, the maximum rising
temperature and energy efficiency o f the Li-ion b attery cells
that were cycled by the PPC charging at 0.05 Hz are improved
by 60.5% and 9.1%, respectively, when compared with the CC
charging. Finally, the PPC charging at 0.05 Hz shows the best
lifetime extension performance for the NMC-based battery
cell within the considered frequency range. Therefore, low-
frequency PPC charging should be considered as a promising
charging strategy to satisfy the future requirements of fast
charging and lifetime extension for Li-ion batteries.
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