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ABSTRACT

This study proposes a new pulsed charging current technique to reduce aging
and capacity losses in lithium-ion battery cells. The charging techniques
developed to minimize aging and capacity losses are critical for battery cells
with longer life cycles and higher energy efficiency. Continuous Current —
Continuous Voltage charging (CC-CV), Positive Pulsed Current (PPC), and
proposed Alternating Half Wave Pulsed Current (AHWPC) techniques were
tested on a 12.8V — 40Ah Li-ion battery. In PPC and AHWPC techniques,
the pulse frequency of the charging current is chosen as f; , = 1 Hz. The
average value of the charging current for PPC and AHWPC techniques is
calculated based on the CC-CV technique. The aging and capacity losses
caused by the three charging techniques in the battery were measured in five
different scenarios: at various temperatures, different discharge currents, and
different depths of discharge (DoD). Using the AHWPC technique,
improvements of 45.93%, 46.57% and 46.29% were achieved in cell aging
compared to the CC-CV technique at temperatures of 20°C, 30°C and 40°C,
respectively. According to the results, the proposed AHWPC technique
performed better than the PPC and CC-CV techniques in all test conditions.

1. Introduction

expected to exceed 370.05 Billion USD by 2032 [2].
LIBs are considered to be one of the most promising

Research Article

Due to the increasing need for mobile devices around
the world, the demand for high-performance
rechargeable batteries is increasing day by day. The
market share of Lithium-ion batteries (LIBs) is
rapidly growing, expanding their application areas
[1]. According to the report published by Precedence
Research, the size of the global LIBs market will be
worth 70 Billion USD in the 2020s, and this value is

power sources for mobile -electronic products,
portable power devices, and vehicles [3]. This is
because they have advantages such as high energy
density, highly efficient charge/discharge rates, and
high cycle life. LIBs, which have been preferred
especially in vehicle technology in recent years, pose
a disadvantage in terms of charging time. This
situation causes rapid aging and capacity loss
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problems in cells if efficient charging techniques are
not provided. While chemical research focuses on
material design [4,5] engineering studies aim to
develop charging techniques that enhance cycle life,
efficiency, and capacity retention [6-8]. In general,
the expected performance of a battery cell is a short
charge time, long discharge time, and sufficiently
long service life. It is insufficient that a particular
charging technique proposed by the researchers
solves only one of these two problems. A
commercialized battery cell has a limited charge and
discharge current, and these values are provided by
the manufacturer. During the charging and
discharging processes, the reaction between the
negative electrode and the electrolyte produces a
passive layer called the solid electrolyte interphase
(SEI). The growth of this layer causes the loss of
active lithium ions, resulting in capacity loss [9,10]
Reducing the capacity loss and extending the service
life of a commercialized LIB is only possible with the
development of efficient charging techniques. These
techniques will prevent capacity loss at certain rates
and contribute to the extension of the cycle life of
LIBs. In the literature and industry, the Constant
Current (CC) - Constant Voltage (CV) technique is a
common approach for charging LIBs [11]. However,
in a LIB cell charged by the CC-CV technique, the
CV phase contributes about a quarter of the discharge
capacity and accounts for about half of the charging
time. In addition, the cell exposed to continuous
charging current heats up more, leading to increased
thermal losses. To solve these problems, pulsed
charging current techniques have been proposed [12]
in different techniques including Positive Pulsed
Current (PPC) mode [13], Pulsed Current-Constant
Current (PCCC) mode [14], Negative Pulsed Current
(NPC) mode [15], Alternating Pulsed Current (APC)
mode [14] Sinusoidal Ripple Current (SRC) mode
[10] and Alternating Sinusoidal Ripple Current
(ASRC) mode [16].

The SRC strategy is proposed to determine the
optimal pulsed charging current frequency (f Z;,ip,) of
a LIBs. It is argued that this technique improves the
charging time by about 17%, charging efficiency by
1.9%, maximum temperature rise by 45.8%, and
cycle life by 16.1% compared to the CC-CV
technique [16]. The NPC technique is discussed in
[17], which provides the battery cell with higher
discharge capacity and longer cycle life by improving
active material utilization with short relaxation times
and short discharge pulses during charging. As a
result of XRD (X-Ray Diffraction) and SEM
(Scanning Electron Microscope) studies obtained
from this technique, it was observed that pulsed
charging maintains the stability of the cathode better

than CC-CV and prevents the increase in SEI
formation. Since different Li-ion cells were used in
most of the studies, the same pulsed current profiles
may not provide the same performance for all Li-ion
cells. This is because the electrode and electrolyte
materials, capacity values, maximum charge
(Imax—cn) and maximum discharge (1, 45— discn) rates
are not the same for different cells. In addition, the
maximum discharge currents of the cells are usually
much higher than the maximum charge currents. For
example, these values are Ipgy_cn = 1.74 and
Lnax—discn = 104 for the MOLICELL INR-18650-
35A Li-ion cell while I,40—cn =2.54 and
Imax—disch = 204 for the ORION INR-18650P cell
[18,19]. Therefore, the cycle life and capacity fade for
a Li-ion cell are more affected by high charge currents
than by high discharge currents [20].

In the literature, pulsed charging currents are widely
claimed to increase cycle life and reduce capacity
losses, but some studies claim the opposite. In [21],
PCCC mode is proposed, and it is asserted that the
periodic pulse effect is detrimental to Li-ion battery
performance when compared to a constant current
profile based on the same average current. There are
some reasons why the effects of pulse charging
techniques on capacity loss and aging are favorable
for some studies and unfavorable for others. Among
these reasons, the amplitude, duty cycle, and the
frequency of the pulsed charge profile used to charge
the battery can be shown. In [7], the cycle life and
performance of LIBs were studied by applying the
charging current in PPC technique with different duty
ratio, frequency and amplitude. The simulation
results obtained from the PPC technique showed that
the duty ratio and amplitude of the charging current
are inversely proportional to the charging capacity. In
the application of pulsed charging techniques, it is
important to maintain the discharge capacity, charge
capacity, charge time and cell temperature at nominal
values. In the study carried out to investigate the
effects of dynamic and static charging currents
considering these criteria, it was observed that the
dynamic fast charging profile after 1700 cycles has a
significant role in reducing the charging time and
capacity fade [22]. This study proposes a new pulsed
charging technique to protect the aging and capacity
loss of LIBs. Compared with other studies in the
literature, the main contributions of this study are as
follows:

e CC-CV and PPC techniques are explained in
detail.

e With the proposed AHWPC technique, rest and
charge transitions of the cell are performed
more smoothly.
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e CC-CV, PPC and AHWPC are compared in
five different scenarios, different temperatures,
different discharge currents and different
DoDs.

This paper is organized as follows: in the second
section, extensive information about the used LIBs
charging techniques is given. In the third section, the
implementation of the simulation methodology is
explained in detail. The fourth section is devoted to
the results and discussion, while the last section
contains the conclusions of this study.

2. Battery Model and Charging Techniques

In this study, CC-CV mode, PPC mode and
alternating half-wave current (AHWC) mode, which
is proposed for the first time in this study, are used to
determine aging, cell temperature and capacity losses
in a 12.8V — 40Ah LIB model. The main focus of
the study is to compare the performance of different
charging techniques on the same cell. For this reason,
the charging techniques were carried out on a battery
model whose effectiveness has been proven by many
studies [23,24].

2.1. CC-CV Mode

This charging technique consists of two stages, CC-
mode and CV-mode. The first stage consists of CC-
mode until the charging voltage provided by the
manufacturer is reached. It must be ensured that the
maximum charging current provided by the
manufacturer is not exceeded during charging. The
second phase, CV mode, consists of the time between
the battery terminal voltage reaching the charging
voltage and the charging current reducing to a limit
value.
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Figure 1: Variation of cell variables in CC-CV mode

Figure 1 represents the variation of cell voltage
(Vpat), cell current (Ipqe), and state of charge ratio
(S0Cpqy) of a fully discharged battery cell being fully

charged by using CC-CV mode. In Figure 1, I
represents the battery charging current, V., represents
the battery charging voltage, and V¢ 5 represents
the discharge cut-off voltage. As can be seen, the
battery cell, which was rapidly charging in CC-mode,
shifted to CV-mode when the terminal voltage was
equalized to the charging voltage. While the SoC
curve changes rapidly in CC-mode, it changes very
slowly in CV-mode. One of the biggest disadvantages
of the CC-CV mode is that the CV-mode accounts for
a significant portion of the charging time but a low
portion of the discharge capacity. The relationship
between SoCy,; and I in Figure 1 can be given as
follows:

‘ Icp
S0Cpqr(t) = S0Cpqr(t — 1) +

dt (1)
0 Qbat

In the notations in Equation 1, Qp, is the rated
battery capacity, and t is the time in seconds. Another
disadvantage of using CC-CV mode in the charging
protocol of LIBs is the growth of the SEI layer in the
cell exposed to continuous charging current. This
problem leads to capacity loss and therefore aging.
The main causes of performance degradation in LIBs
are loss of lithium inventory (LLI), loss of active
material (LAM) and internal resistance which
increases with time [25]. Among these reasons, it has
been determined that LLI is the main cause of
performance degradation [26]. Coulomb efficiency
(CE) is usually used to determine the amount of LLI
in a battery cell. CE is defined as follows:

= @)

In Equation 2, 1 represents the Coulomb efficiency,
C, represents the discharge capacity in one cycle, and
C. represents the charge capacity in the same cycle.

22. PPC Mode

Positive Pulsed Current (PPC) mode consists of two
phases within a certain period, namely the charging
region and the relaxation region. In the charging
region, a constant current is applied to the cell for a
certain period of time, while this current is reduced to
zero in the relaxation region. Figure 2a represents the
implementation of the PPC technique. In this
technique, a current source is connected to the battery
via a switching element (S;). By switching S;
periodically, pulsed charging currents are generated
to charge the battery. Figure 2b shows the pulsed
charging current waveforms. In the notations in
Figure 2b, t,, represents the application time of the
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pulse currents, t, the relaxation times of the battery
cell, I, is the amplitude of the applied pulse current,
and T, is the period of the pulse current. The
relationship between the duty ratio (Dp), frequency
(fp), and T}, of the PPC is defined as follows:

fp=m 3
p Tp
t

Dy = T—‘;’ @)

When using the PPC mode, it should be noted that
does not exceed the maximum charging current, and
t, gives the battery cell sufficient relaxion time. In
addition, for an objective comparison between the
techniques, the average charging current in PPC
mode must be equal to that in CC-CV mode. For
example, a battery cell charged with 1C in CC-CV

I bat

Battery

a.)

mode should be charged with 2C in PPC mode if
D, = %50. Research has shown that in addition to
charging current, pulse frequency will also have a
negative role in both fast charging and capacity fade.
Among the pulse currents with the same amplitude
and duty ratio at 50Hz, 100Hz, and 1kHz, pulse
currents at 50Hz and 1kHz showed more favorable
results in terms of both fast charging and capacity
losses compared to CC-CV mode. However, pulse
currents of 100Hz result in both a significant increase
in interfacial resistance and a decrease in interfacial
capacity compared to CC-CV, which leads to an
increase in SEI [27]. In addition, both experimental
and simulation results have confirmed that it is
possible to increase the cycle life of a battery cell by
more than two times by using a suitable pulse current
waveform [28]. Figure 3 shows the current, voltage
and state of charge rate of a battery cell charged by
PPC mode.

Figure 1: PPC mode a.) Equivalent circuit, b.) Pulsed current waveform

Tpar (A)

Vbat (V) S0Cyy (U/I)

0

Figure 2: Variation of cell variables in PPC mode

The charging current ,, in Figure 3 is a pulsed current
with an effective period of 50%. The average value
of the pulsed current should not exceed the maximum
charging current of the battery cell during a period.
The pulse effects of the charging current are similarly

Time

observed on the cell voltage (V;,:) and the state of
charge rate (SoCy,;). For highly efficient charging,
pulse currents must be generated at maximum
charging voltage. Each positive pulse results in a
slight increase of Vp,; and SoCp4. As in CC-CV
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mode, the internal resistance of the cell plays an
important role in all charging processes. If the internal
resistance is high, a lower rise in the cell voltage is
seen when the pulse current is applied, while when
the pulse current is interrupted, the cell voltage will
tend to drop rapidly due to the high internal
resistance. This causes a longer charging time.
Especially in the SoCp4 < %20 and SoCpqe > %80

I bat

—<—>r Ty
+

a.)

ranges where the internal resistance is high [29] for
each LIB cell, pulsed charging currents may be less
effective than CC-CV mode. Another positive effect
of PPC mode is that a certain rest time can be given
to the battery cell in each period. This situation both
reduces the LLI by preventing SEI growth and creates
a natural commutation for the battery cell to cool
down.

t, | t T,

b.)

Figure 3: AHWPC mode a.) Equivalent circuit, b.) Alternating half wave pulsed current

2.3. Proposed AHWPC Mode

Alternating Half Wave Pulsed Current (AHWPC)
mode is similar to PPC mode and consists of two
stages, charging and resting regions. In the charging
region, the charging current is applied to the cell as a
sinusoidal half wave for a certain time (t,). Then the
cell is left to rest for a specific time (t,). Figure 4
represents a battery cell charged by AHWPC mode.
Figure 4a shows the electrical equivalent circuit of the
AHWPC mode, and Figure 4b shows the pulse
current waveform of the corresponding technique.
This pulse current can be generated by using a half-
wave rectifier circuit or a programmable DC power
supply. When pulsed charging currents are applied,
the average values of the applied charging current
during t, must be equal for all charging techniques.
In this case, the average value expression of the
pulsed current in Figure 4b can be written as follows:

1 (T _
1M=;j Ipae sin(wt) d(wi) )
pJ0

In Equation 5, I;. represents the average current
value, and w represents the angular frequency. When
the charging and relaxation regions of the pulse
currents in Figure 4b are taken into account, Equation
5 can be rewritten as follows:

1
ty +tr

t
e f%mﬁmW@dWO ®)
0

Figure 5 compares the continuous CC-CV technique
with the pulsed PPC and AHWPC techniques,
highlighting their differences in current waveforms.
In order to evaluate the charging techniques in terms
of the aging and capacity fade, the areas A; = A, =
Az must be equal. In Figure 5, Acc—cy, Appc, and
Aanpwpc represent the current amplitudes of CC-CV
mode, PPC mode and AHWPC mode, respectively.
For this study, Acc—cy = 0.5C is chosen. Therefore,
the current applied to the battery cell for CC-CV
mode during T;, can be expressed as follows:

Iaccc-cvy = 0.5C T, = Ay (7)

In Equation 7, Igccc-cv) represents the average
current value of the battery cell charged by CC-CV
mode. In case the PPC technique is used, taking into
account the relationship A; = A4,, the amplitude of
the charging current in the PPC technique can be
expressed as follows:

Appc ¥ty = Acc—cy * T, = A3 )]

For D = %50 duty ratio (t, = T,/2) in Equation 8,
Appc = 1C is obtained. With the use of the proposed
AHWPC technique in the battery cell charging
process and with the relationship A; = A3 taken into
account, the amplitude of the charging current can be
expressed as follows:

A
AH:PC =Acc-cv *Tp = A3 ©)
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In Equation 9, Ayywpe = 1,5708C value is obtained.
The electrical properties of the battery cell used in the
study are given in Table 1.

Thus, the amplitude of charging current in CC-CV
technique is Acc—cy = 0,5C = 204, the amplitude of
pulsed charging current in PPC technique is Appc =
1C = 40A and the amplitude of sinusoidal pulsed
charging current in AHWPC technique is Aggwpc =
1,5708C = 62,83A.

Tpat (A)
A
»
l! "P(
ty
Ay | -
> t
Aggwec |
>
tp
Tp
Figure 4: Continuous and pulsed charge current
waveforms
Table 1: Electrical parameters of the battery cell
Parameter Description Value Unit
Rint Internal resistance 0.015 Q
Viom Nominal voltage 128 V
Crated Rated capacity 40 Ah
Veut—ogr  Cut-off voltage 10.5
Fully charged
V,
full voltage 13.8
Nominal discharge
la—nom current 20 A

3. Simulation Methodology

In order to compare the performances of CC-CV, PPC
and the proposed AHWPC techniques described in
detail in the previous section, the battery aging model
available in MATLAB/SIMULINK environment is
adopted as a reference.

In the simulation methodology used in this study, the
battery cell was subjected to charge and discharge
cycles at temperatures of 20°C, 30°C and 40°C and
at different depths of discharge (DoD) and different
discharge rates for 1000 hours. The CC-CV mode
simulation methodology for all temperature values is
as follows:

i.) At t = 0, the battery cell with SoCj,;: = %100
begins discharging with a rate of 0.5C. Here, SoCjp;¢
represents the initial state of charge. The discharge
process continues until SoC = %80 (DoD = %20).
Then battery cell is charged at a rate of 0.5C until
fully charged. This process is repeated for 200h.

ii.) At t = 200h, the battery cell is discharged to
SoC = %20 and then fully charged again. This cycle
is repeated for 200h.

iii.) At t = 400, the methodology given in step one
is applied again.

iv.) Att = 600h, the charge current is kept constant
at 0.5C while the discharge current is increased to 2C.
This means that the battery will be charged with 0.5C
and discharged with 2C in each cycle. These values
are applied in the range %80 < SoC < %100.

v.) At t = 800h, the conditions in the first step are
applied.

In PPC and AHWPC modes, DoD and discharge rates
are applied similarly to the test procedure described
above. However, positive and half sinusoidal pulse
currents with 50% duty cycle at a frequency of 1Hz
are applied to charge the battery cell. Figure 6
represents the application of the simulation
methodology on the battery cell. In Figure 6, the
programmable electronic load and the programmable
DC power supply are connected to the battery cell via
switches S; and S,, respectively. Here, the
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programmable electronic load is used in the discharge
process of the battery cell, and the programmable DC
source is used in the charging process. Ratios of
charging and discharging current (icp, igiscn), limit
values of charging and discharging current
(SoCmin, S0Cmax), ambient temperature
(Ambient temp.) are the data that must be provided
externally for this methodology. Throughout the
described methodology, the voltage, current, state of
charge rate, temperature, aging and capacity values of
the cell were measured. Since the charging and
discharging processes will vary depending on the SoC
when SoC < SoCy,in, S1 1s turned on and S, is turned
off to charge the battery cell with the selected
charging rate and charging technique. Similarly,
when SoC = S0Cp4y, S1 is turned off and S, is
turned on to discharge the battery cell with the
selected discharge rate and DoD. For this study,
SoCmin = %20 in the fourth step of the test
procedure and SoC,,;;, = %80 in the other steps. In
all test procedures, S0C 4 = %99. More detailed
information about the battery cell used in this study,
aging and capacity measurements can be found in the
following references [23,24,30]. Figure 7 illustrates
the workflow of the simulation methodology.

ldisch
(Continuousty)

Cycle, SoC, SoCpay: SOCpin, ichs Idisch

Ibat=ldisch

Y

Has the number of cycles been reached?

Figure 5: Flowchart of test methodology

Ambient
remp.

E Ietisch
Programmable e Voltage
electronic load S$0Cnin ; medasire Current
, S0Cmax bat i SoC
S i Ly Cell temp.
Programmable ¢ Liisch Age
DC supply Max. Capacity
12.8V-404h LiFePO4
i —
ch 8,is ON  <—
cc-cn ‘ SoC <=SoC,
(PPC) S] is OFF <—
(HPCW)
EEE—
S;is ON  <—
SoC >=8SoC .«
S, is OFF <«—]
-

Figure 6: Demonstration of simulation methodology

4. Results and Discussion

Since the main framework of this study is to
investigate the effects of pulsed charging currents on
cell aging and capacity loss, the discharge currents are
the same and continuous for all charging techniques.
Five different cases were performed in each cycle as
described in the test procedure. In addition, the effect
of pulsed charging profiles at different temperatures

was also investigated. The current profiles used for all
temperature values are shown in Figure 8. The
regions marked with the numbers i, ii, iii, iv, and v
in Figure 8a represent the steps of the test procedure,
respectively. In each of these regions, the specified
charging and discharging techniques were applied to
the cell for 200h. As can be seen, the discharge
current is the same for all cycles except for region
(igisch = 204 = 0.5C). In order to show the effect of
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cell aging, capacity loss and cell temperature at high
currents, the discharge current was increased to
igisch = 804 = 2C inregion iv. The frequency of the
pulsed charging currents during the whole cycle was
chosen as f; = 1Hz. Although this value is
frequently used in previous studies, further analysis
on frequency optimization can improve the
performance of pulsed charging techniques. Figure 8b
represents a zoom-in view of the charging and

discharging profiles applied to the battery cell over
the whole cycle for a given period. It can be seen that
the charging current, which is 0.5C in the CC-CV
technique, is 1€ and 1.5708C in the PPC and
AHWPC techniques, respectively. As in the current
profiles, it was observed that the cell voltages and
state of charge were similar for all temperature values
throughout the cycle.

100 T ’ T : T 1_’,()! T T
i d
< s0r 4
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Figure 7: Continuous and pulsed current profiles used in the test procedure

Figure 9a and Figure 9b show the change in cell
voltage and SoC, respectively. Due to the long cycle
time, zoomed views are also shown at the bottom of
the relevant images for a certain period of time to
observe the changes clearly. The cell voltage in
Figure 9a varies between approximately 13.2V and
15.8V in the first region. In the second region, by
increasing DoD = %80 , the cell voltage begins to
change more slowly between 12.5V and 14.8V. This
is an expected result as the DoD is increased. In the
zoomed image in Figure 9a, the change of the cell
voltage is similar to the change of the current profile.
It can be concluded that this is due to the effect of the
internal resistance (IR) of the cell changing at very
small intervals. A similar result to the first region was
observed in the third and fifth regions. In the fourth
region, the cell voltage changed between 12.3V and
14.7V as the DoD increased to 2C. When the SoC

curves in Figure 9b are examined, it can be observed
that the effect of all pulsed charging techniques on
SoC is similar. Therefore, the similar changes in cell
voltages and SoCs of CC-CV, PPC and the AHWPC
techniques show the applicability of the proposed
technique. Aging, capacity fade and temperature of
the battery charged with the mentioned techniques
when the ambient temperature is 20°C are shown in
Figures 10a, 10b and 10c, respectively. Cell aging in
Figure 10a equivalently corresponds to one cycle.
Therefore, the battery cell charged with the CC-CV
technique completed a full cycle of approximately
16.5145 times at the end of the cycle. It should be
noted that a cycle occurs when a fully charged battery
cell is first fully discharged and then fully charged
again. In the first region (i), all charging techniques
exhibit a similar ageing profile. In this region, the CC-
CV mode aging factor was measured as 2.321. PPC
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and AHWPC techniques have an ageing value
corresponding to 1.343 cycles in the same region. In
the second region (ii), the increase in the aging rate is
clearly seen by increasing the DoD to 80%. The
aging factors at the end of this region are 6.343 in
CC-CV mode and approximately 3.512 in PPC and
AHWPC modes. In the third region (iii), it is seen that
the aging rate decreases in all charging methods by
decreasing the DoD to 20%. At the end of this cycle,
the aging in the battery cell was observed to be
approximately 8.968, 4.858 and 4.928 in CC-CV,

a. )

Cell voltage (V)

= e OC-C)
>
< —— PP(
o 14+ —
oy —— AHWPC Wl » ,
g
=13 T 1
L]
O
12 . : :
1.43 1.435 1.44 1.445 1.45

Time (sec.) %<10%

Figure 8: During the test procedure a.) Cell voltage, b.) SoC

Figure 10b represents the capacity losses in the
battery cells during the test. It is seen that capacity
fade increases rapidly in the regions where aging
accelerates. At the end of the simulation, the capacity
fades in the battery cell charged by CC-CV, PPC, and
AHWPC methods were measured as 0.1826%,
0.1003%, and 0.0987%, respectively. In terms of
capacity loss, it can be said that the PPC technique is
superior to AHWPC in the second and third regions.
In the first region, it can be stated that the capacity
loss for both techniques is similar. However, in the
fourth and fifth regions, the AHWPC technique
outperformed PPC. The AHWPC technique will
increase this superiority further if the charge and
discharge cycles continue. Figure 10c shows the
temperature change of the battery cell as a result of
applying the relevant charging techniques to the
battery cell at 20°C ambient temperature. In the first,
second, and third regions, the cell temperature
increased by approximately 35%. It is seen that the

PPC and AHWPC modes, respectively. In the fourth
region (iv), the aging values were measured as
14.075, 7.741 and 7.576 in CC-CV, PPC and
AHWPC techniques, respectively, as a result of the
increase in the aging rate with increasing the
discharge current to 2C. In the fifth region (v), the
aging rate decreased when the discharge current was
reduced to 0.5C. At the end of this region, the aging
values were observed as 16.514 in CC-CV, 9.063 in
PPC, and 8.929 in AHWPC.
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charging techniques have no significant effect on the
cell temperature. However, by increasing the
discharge current from 0.5C to 2C (region v), the cell
temperature increased from 27°C to 37°C. In
addition, changing the DoD did not cause a
significant change in battery cell temperature. The
aging, capacity loss, and temperature of the battery
charged by the aforementioned techniques at the
ambient temperature of 30°C are shown in Figures
11a, 11b, and 11c, respectively. In the aging curves in
Figure 11a, it is seen that aging is similar for all three
techniques in the first region. In this region, the full
cycle equivalent aging values were measured as
2.836, 1.596, and 1.645 for CC-CV, PPC, and
AHWPC techniques, respectively. In the first region,
the PPC technique outperformed the other two
techniques. At the end of the second region, the aging
effect, which was 8.376 in the CC-CV technique, and
4.539 in the PPC and the AHWPC techniques. At the
end of the third region, similar to the second region,
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the aging rate increased in CC-CV while it was lower
in PPC and AHWPC techniques. The proposed
AHWPC mode is superior to the other two methods
in the fourth and fifth regions. The aging values at the
end of the cycle were 20.244 for CC-CV, 11.175 for
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Figure 9: Simulation results, a.) Age, b.) Capacity fade,
c.) Cell temperature (20 °C)

The proposed AHWPC technique was outstanding
compared to the other methods in the fourth and fifth
regions. In the fourth region, the maximum capacities
were observed at 43.063 for CC-CV, 43.106 for
PPC, and 43.108 for AHWPC.

a)
20 l=—=Ccc-cv —PpcCc —AHWEC]

x 10

LRI — b.)
Zour —
S43.12f —
S 4t .
é. 3 \\\\
O #08 [——cc-cv —PCC — AHWPC N —

43.06 n 1 1 n L L - ]

0 0.5 1 1.5 2 25 3 35 4

cl.)

w
=)

Temperature (°C)
e
c

w

[——cc-cv —PcC —AHWPC] ]

0 015 ; 1:5 é 25 3 35 4

Time (sec.) x10°

Figure 10: Simulation results, a.) Age, b.) Capacity fade,
c.) Cell temperature (30 °C)

PPC, and 10.816 for AHWPC. The capacity curves
in Figure 11b show that the capacity loss in PPC and
AHWPC techniques in the first, second, and third
regions are similar, and they perform better than the
CC-CV technique.
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Figure 11: Simulation results, a.) Age, b.) Capacity fade,
c.) Cell temperature (40 °C)

The capacity losses at the end of the cycle were
calculated at 0.2238% for CC-CV, 0.1235% for
PPC, and 0.1196% for AHWPC. In the cell
temperature curves in Figure 11c, it is approximately
36°C in the first, second, and third regions. In this
case, cell temperatures have increased by
approximately 20%. However, it can be said that CC-
CV performs better in terms of cell temperature,
although at a low level. The aging, capacity loss, and
temperature of the battery charged with the
abovementioned techniques at 40°C ambient
temperature is shown in Figures 12a, 12b, and 12c,
respectively. When the aging curves in Figure 12a are
examined, PPC and AHWPC exhibited similar results
throughout the test procedure. In CC-CV, the aging
rate increased even more with the increase in
temperature. At the end of the simulation cycle, the
equivalent full-cycle aging values were measured as
24.519 for CC-CV, 13.231 for PPC, and 13.167 for
AHWPC. When the capacity losses in Figure 12b are
evaluated, it is seen that PPC and AHWPC techniques
outperform CC-CV. While the capacity loss in CC-
CV is approximately 0.2711%, this value is
0.1464% in PPC and 0.1457% in AHWPC. In the
cell temperature variations in Figure 12c, it can be
said that the charging techniques yield similar results.
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Table 2 summarizes the aging and maximum capacity
retention of the battery under different charging
techniques and temperatures. The lowest aging and
highest capacity retention values, marked in bold,
indicate the superior performance of AHWPC. As can
be seen, the proposed AHPWC technique exhibited
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L
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Figure 12: The aging effect of the battery cell at different
temperatures a.) CC-CV, b.) PPC, ¢c.) AHWPC

These curves can also be obtained separately from the
previous results. However, to demonstrate the
superiority of the proposed AHWPC technique over
PPC and CC-CV techniques, it is thought that
comparing the performances of the same charging
technique under different temperature values will
emphasize the importance of the study. Figures 13a,
13b, and 13c show the aging performances of CC-
CV, PPC, and AHWPC charging techniques at 20°C,
30°C, and 40°C ambient temperatures, respectively.
As a result of completing the test cycle at 20°C
ambient temperature with the CC-CV technique, the
aging value of the battery cell corresponded to a cycle
number of approximately 16.514.

superior results compared to the other two methods in
both maintaining the maximum capacity and delaying
the aging effect. The aging curves of the charging
techniques for different temperature values used in
the simulation procedure are shown in Figure 13.
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Figure 13: The capacity fades of the battery cell at
different temperatures a.) CC-CV, b.) PPC, c.)
AHWPC

By increasing the ambient temperature to 30°C, this
value increased by 18.425% compared to 20°C. In
the same technique, this rate increased to 32.648%
when increasing the ambient temperature to 40°C.
According to the aging curves of the PPC technique
in Figure 13b, the aging value at 20°C ambient
temperature was measured to be equivalent to 9.063
cycles. By increasing the ambient temperature to
30°C, the aging value increased by 18.899%. In the
same technique, this rate increased to 31.501% when
increasing the ambient temperature to 40°C. When
the aging curves of the AHWPC technique in Figure
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13¢ are evaluated, the aging value at 20°C was
measured as 8.929.

The aging value increased by 17.446% in the same
technique at 30°C ambient temperature, and this rate
increased to 32.186% at 40°C ambient temperature.
Figure 14 shows the maximum capacity curves of the
battery cell charged by CC-CV, PPC, and AHWPC
techniques at different ambient temperatures.
According to the results obtained by using the CC-CV
technique in Figure 14a, the maximum capacity
values were measured as 43.081, 43.063, and

Table 2: Numerical test results

43.043 at 20°C, 30°C and 40°C ambient
temperatures, respectively. These values are observed
as 43.116, 43.106, and 43.096 in the curves of the
PPC technique in Figure 14b, respectively. The
results of the AHWPC technique in Figure 14c
showed that the maximum capacities were 43.117 at
20°C,43.108 at 30°C, and 43.097 at 40°C. Since the
numerical results in Table 2 are pretty close,
comparing charging techniques may not be easy.
Figure 15 compares the numerical results obtained
from this study more clearly.

Temperature (°C)
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Age Capacity Capacity Age Capacity
cc—-cv 16.5145  43.0812  20.2448  43.0634  24.5196  43.0430
PPC 9.06535  43.1167 11.1754  43.1067 13.2316  43.0968
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Figure 14: Effects of charging techniques at different temperatures a.) Age, b.) Maximum capacity

Figure 15a compares aging values for all charging
techniques at the temperature values selected for this
study. As seen, aging increases as temperature
increases for all three techniques. However, it can be
said that the CC-CV technique is more sensitive to
temperature, and the aging rate rises more than that of
the other two techniques as the temperature increases.
Figure 15b represents a visualization of the capacity

results obtained by using the relevant charging
techniques at selected ambient temperatures. As the
ambient temperature increases, the capacity loss in
the CC-CV technique increases faster than the other
two techniques. Pulsed charging techniques reduce
heat accumulation compared to CC-CV mode by
preventing continuous high current flow. This
reduction in thermal stress is expected to slow down
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SEI layer growth, potentially extending battery
lifespan. For all three temperature values, the
AHWPC technique performed better than the CC-CV
and PPC techniques. Continuous charging currents in
battery cells cause more thermal runaway. It is also

5. Conclusion

This paper presents a new pulsed charging technique
for reducing aging and capacity losses in LIBs. The
proposed AHWPC technique is compared with the
CC-CV technique, which is widely used in existing
studies, and the PPC technique, which was introduced
in recent years to improve fast charging techniques.
The three charging techniques mentioned above are
compared regarding aging, capacity losses, and cell
temperatures on a 12V — 40Ah lithium-ion battery.
When the results obtained are evaluated together, it is
seen that the CC-CV technique shows superior
performance only at the cell temperature during the
test cycle and is considerably weaker than the other
two techniques in terms of aging and capacity fade.
Also, it was observed that with increasing ambient
temperature, the aging rate and capacity fade in the
CC-CV technique increased more than the other two
techniques. Although the PPC and the AHWPC
techniques had similar aging and capacity fade values
throughout the cycle, the AHWPC technique
outperformed the PPC technique at all temperature
values. At 20°C, aging in PPC was reduced by
approximately 45% compared to CC-CV. AHWPC
technique provided a 2% improvement in aging
compared to PPC. At 30°C, PPC reduced cell aging
by 44.79% compared to CC-CV, while AHWPC
completed the test procedure with 3.21% less aging
than PPC. At 40°C, the PPC technique provided
46.03% superiority over CC-CV, while the AHWPC
technique achieved approximately 0.5% lower aging
performance than PPC. This result is attributed to the
lower LAM and LLI loss in the AHWPC technique
due to the smoother change of charging currents. As
a result, the AHWPC technique is considered to be a
serious competitor to existing charging techniques.
The selection of 1 Hz pulse frequency for pulse
charging techniques is a limitation of this study. In
future studies, the performance of pulse charging
currents with different pulse frequencies and duty
ratios on aging and capacity losses will be evaluated.

known that suddenly changing the charging current
causes more aging. Therefore, the superior
performance of the AHWPC technique can be
attributed to the smoother rise and fall of the charging
current.
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