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Abstract— The multi-stage constant current (MSCC)
charging strategy is intended to enhance the performance of
lithium-ion batteries (LIBs). Therefore, this paper investigates
the MSCC charging effect on LIB's performance parameters,
including charging time, charged/discharged capacity, charging
energy efficiency, and maximum/average temperature rise. A
2.6 Ah lithium-iron-phosphate (LFP)-based Li-ion battery is
subjected to a five-stage MSCC charging at different current
rates, with SOC-based transition. The impact of the MSCC
charging method on the LIB performance parameters is
evaluated against the traditional CCCV charging method. The
experimental findings demonstrate that the MSCC technique
can reduce the charging time by 13.3% while keeping similar
charged/discharged capacity and charging energy efficiency as
the CCCV method, with a 1.4% reduction in maximum
temperature rise at a 3.5 C charging rate. The MSCC charging
technique can be useful for fast-charging LIBs in EV
applications and other applications that require high charging
rates while maintaining safety.

Keywords— Li-ion battery, Charging Strategies, Multi-stage
Constant Current (MSCC), Constant Current — Constant Voltage
(CCCV), Charging Time, Temperature Rise.

I. INTRODUCTION

As electric transportation has been recognized as an
essential factor in enhancing urban air quality and decreasing
reliance on fossil fuels, various efforts and works are being
undertaken in academia and industry to facilitate the global
development of electric vehicles (EVs). By the end of the year
2021, there were approximately 16.5 million EVs on roads all
over the world [1]. The lithium-ion battery (LIB) is the core
technology to power EVs. LIBs are distinguished from lead-
acid batteries by their high energy/power density, low self-
discharge rate, and long cycle life [2, 3]. In the past decade,
range anxiety has been recognized as one of the major
impediments to the widespread adoption of EVs. However,
nowadays, the primary challenge that needs to be overcome is
the charge duration. Charging time at home is substantially
longer (8-10 hours) than commercial (2-6 hours) and fast
chargers (15 to 60 minutes); the charging time depends on the
charger manufacturer and the power rating of the charger.
However, the primary risk of fast charging is the rising battery
temperature during charging. Due to the high current in fast
chargers, the temperature rises, which is detrimental to the
battery's health. Moreover, thermal runaways and battery
explosions also have significant concerns about safety issues.
Therefore, this paper focuses on assessing the fast-charging
technique considering the charging time and thermal behavior
of LIBs.

During charging, either the battery’s power, current, or
voltage are regulated depending on the charging method. The
constant current constant voltage (CCCV) charging method is
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widely applied for all LIBs [4]. The CCCV charging has two
modes: constant current (CC) mode and constant voltage (CV)
mode. First, LIB is charged with constant current (/c4,) in CC
mode until the LIB voltage reaches the cut-off voltage (Vuax),
and in the second mode, the voltage is kept constant at (Vax)
until the current drops below 5% of the current (lenq)
corresponding to the nominal battery capacity. The charging
time is mainly related to the charging current (C-rate) of CC
mode, while the CV mode facilitates the LIB to obtain a higher
charged capacity, but it increases the charging time. The
manufacturer usually defines the /., rating, which depends on
the LIB's chemistry. Furthermore, high C-rates have a
negative effect on LIB’s health. On the other hand, CV mode
generally takes a longer charging time and only has a limited
contribution to the amount of charged capacity [4].

Several charging techniques were proposed and
investigated in the literature to improve LIB's charging
performance. Boost charging (BC) was developed to reduce
the charging time while retaining the available capacity and
cycle life of LIBs [5]. In [6], the sinusoidal ripple current
(SRC) is proposed and tested to improve the charging
efficiency, shorten the charging time, reduce maximum rising
temperature, and improve LIB's lifetime by about 1.9%, 17%,
45.8%, and 16.1%, respectively. In [7], the effect of the
positive pulse current (PPC) on the performance of LIBs is
investigated, and the result demonstrates that PPC can extend
the LIB lifetime by 60% at low frequency (0.05 Hz) and by
105% at high frequency (2 kHz). The Taguchi orthogonal
arrays technique was used in [8] to find the optimal pulse
charging parameters that improve LIB charge and energy
efficiency while reducing charging time. It was discovered
that operating a PPC with ideal parameters reduced charge
time by 47.6 % and enhanced LIB charge and energy
efficiency by 1.5% and 11.3%, respectively. The multi-stage
constant current (MSCC) charging strategy has been proposed
to shorter the charging time, improve the charging and
discharging capacity, reduce the temperature rise, and prolong
the lifetime of LIBs [9-15]. There are three important
parameters when implementing the MSCC: 1) the number of
stages, 2) transition criteria from one stage to another 3) the
charging current (C-rate) for each stage. In [16], the effect of
the number of stages on the MSCC charging strategy has been
analyzed. It concluded that as the number of stages increases
from one to five, the charging time is reduced. However, only
marginal improvements can be achieved above the five stages.

Furthermore, four different transition criteria can be
applied to move from one stage to another: time-based
transition [14], cut-off voltage-based transition [10], SOC-
based transition [9], and threshold voltage-based transition
[15]. In the literature, most researchers used the cut-off
voltage-based transition and SOC-based transition. In [17],
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TABLE 1. THE EXISTING RESEARCH PAPERS ON THE MULTI-STAGE CONSTANT CURRENT (MSCC) WITH SOC-BASED TRANSITION
AND ITS IMPACT ON THE PERFORMANCE PARAMETERS

Studied Performance Parameters

No. of Max. . . . Max Average
Reference stages C-rate Chtzin:‘ngemg g:arg.ed Dlscharged Chargmg/Energy Temperature Temperagture
pacity Capacity Efficiency Rise Rise

[9] 2,34 2 v v v x v x
[17] 4 1.5 v v v v x x
[16] 4,5,10,20 1 v x x v x x
[18] 8 5 v x x x v *
This work 5 3.5 f v v v v v

the effect of the four-stage charging with SOC-based
transition on the LIB charging time, charged and discharged
capacity, and charging efficiency was analyzed. The results
showed that the four-stage charging with SOC-based
transition charged the LIB 30 minutes faster than the 0.7 C-
rate of CCCV charging. In [18], the SOC-based transition is
used for eight-stage MSCC to balance the charging time and
temperature rise during the charging. However, the impact of
the MSCC on the entire range of C-rates is not investigated
yet. Table I presents the existing research articles based on
SOC transition and their impact on the performance
parameters. Therefore, the impact of the MSCC in a broader
spectrum of C-rates with SOC transition should be explored
and compared with the corresponding CCCV technique in
order to find performance parameters. Additionally, the
previous research did not consider the impact of MSCC on the
average temperature rise, which is a crucial parameter for the
safety and performance-degradation behavior of LIBs.

This paper investigates the effect of the MSCC charging
on the charging and discharging capacity, charging energy
efficiency, charging time, and thermal behavior (including
average temperature rise and maximum temperature rise) of
the lithium iron phosphate (LFP) battery. The LFP battery cell
was tested considering different C-rates at 25°C and compared
with the equivalent CCCV method. The remaining sections of
the paper are organized as follows. Section II considered the
experimental setup with an introduction of MSCC and
performance parameters and their definitions. Section III
discussed the MSCC effect on the performance parameters
and compared it with the CCCV method. Section IV
represents the quantitative analysis based on the fitted
equations. Section V concludes the key findings of the paper.

II. EXPERIMENTAL SETUP
A. MSCC Charging Strategy

I
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Fig. 1. An example of a Multi-Stage Constant Current (MSCC)
charging waveforms with SOC-based transition (blue: current, red:
voltage)
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Fig. 2. LFP Cell in temperature chamber during testing

TABLE II. KEY CHARACTERISTICS OF THE TESTED LFP

_ : ) BATTERY CELL
This paper investigates the five-stage constant current
charging technique with SOC-based transition. Fig. 1 shows a Characteristic Value
generalized MSCC waveform with a SOC-based transition. - -
The charging current is shown as I, I, ... I,, while the Nomlr?al capacity (Ah) 2.6
associated SOC stages are shown as SOC;, SOC,, ... SOC,. Nominal voltage (V) 33
Cut-off voltage (V) 3.6
B. LPF Cell o Minimum discharge voltage (V) 2
The . key. characteristics of the used LEP ce11. are Maximum charge current (A) 10.4
summarized in Table II. The Neware battery testing station is Operati o
. . . perating temperature (°C) -30-55
used for all experiments. The cell is placed in the Memmert i
Internal Impedance (1 kHz typical) 6 mQ

temperature chamber to maintain a constant and reliable
temperature during experimentation, as illustrated in Fig. 2.




C. Test Procedure

The LFP cell was charged at 25°C using a five-stage
MSCC charging strategy, and the traditional CCCV charging
method was used for benchmarking. At a low SOC level, a
high charging rate will not lead to the deterioration of the
cell’s electrode materials [ 14]. Therefore, the SOC interval for
the first stage is set to 0-50% with the highest C-rate level. The
LIB is charged within 50-70% of the SOC in the second stage,
and the remaining 30% of SOC is charged in three stages with
10% of SOC intervals. All experiments are carried out in
accordance with the specified SOC level. The impact of
MSCC on LIB performance is analyzed. The following is the
testing procedure for MSCC:

1. Tempering the LIB at 25°C for 1 hour.

2. Discharge the LIB at 1C current until the discharge

cut-off voltage (2V) is reached.

3. Relaxation of the LIB at 25°C for one hour to stabilize
the open circuit voltage (OCV) and thermal stress

4. Charge the LIB at a particular C-rate for each stage
until the SOC interval or 3.6V is reached.

5. Relaxation of the LIB at 25°C for 1 hour if the average
C-rate is less than 1C; otherwise, 1.5 hours of
relaxation is applied to stabilize the OCV and thermal
stress.

6. Discharge the LIB at 1C current until the discharge
cut-off voltage (2V) is reached.

7. Relaxation of the LIB at 25°C for one hour to stabilize
the OCV and thermal stress

8. Repeat steps 4-7 for all experiments

The same LIB cell is charged using the CCCV method at
0.6C, 1C, 1.5C, 2C, 2.5C, 3C, and 3.5C at a temperature of
25°C for comparison. Every experiment's discharge stage was
conducted at 1C to ensure a fair comparison.

Fig. 3(a) shows an example of the measured current,
voltage, and temperature signals during the five-stage MSCC
charging strategy. Fig. 3(b) shows an example of the measured
current, voltage, and temperature during CCCV charging.

III. MODELING AND DISCUSSION

The LIB is charged and discharged in accordance with the
aforementioned test procedure in order to determine the
impact of the MSCC charging strategy on the performance
parameters. Therefore, several experiments are carried out at
varying average C-rates. Average C-rate means: the sum of all
the current divided by total time as given in (1).

Yo_, I
Cavg = }Tl ’ €Y)

Where C,, represents MSCC's average current. T is the
total charging time, while J denotes the number of stages.

Table III summarizes the experiments and effects of the
MSCC charging strategy on key performance parameters
compared to the CCCV method. Based on the conducted
experiments, the interpolation of the charging time, maximum
temperature rise, and C-rate is shown in Fig. 4 for both MSCC
and CCCV methods. The effect of the MSCC on the
performance parameters is examined in more detail below.

o

EN

Current (A)
N

Iy ——

500 1000 1500 2000 2500

o
o

w 3]

Voltage (V) ,

N
3]

o

500 1000 1500 2000 2500

w
o

N
©

N
(=2}

Temperature (C)

500 1000 1500 2000 2500
Time (Sec)

()

o

Current (A)

0 1000 2000 3000
29 : : :
%)
228-
=
® 27
[«V]
o
E26¢
(]
|_
25 : : :
0 1000 2000 3000
Time (Sec)
(b)

Fig. 3. Examples of the MSCC charging and CCCV charging
strategies a) a five-stage MSCC charging strategy with an
average C-rate of 1.25C b) a CCCV charging voltage, current,
and temperature plots at 1 C-rate

A. Charging Time

The effect of the MSCC on the charging time can be
analyzed in Table III. MSCC charging strategy takes less time
to charge a LIB than the equivalent CCCV method, as shown
in Fig. 5(a). In the SOC-based transition criterion, first and



TABLE I1II. SUMMARY OF THE CONDUCTED EXPERIMENTS AND THEIR IMPACT ON THE PERFORMANCE PARAMETERS

Experiment Charging

Studied Performance Parameters

Number Strategy C-rate . Charged Discharged Energy Max. Average
Charging . K .
Time (s) Capacity Capacity Efficiency Ten'lperature Ten'lperature
(Ah) (Ah) (%) Rise (°C) Rise (°C)

1 0.574 6221 2.58 2.61 96.4 27.4 26.5
2 0.644 5522 2.57 2.61 96.3 27.9 26.8
3 0.725 4911 2.57 2.61 96.2 28.3 27

4 091 3917 2.58 2.61 95.8 28.9 27.5
5 1.25 2734 2.58 2.60 95.1 29.9 28.2
6 MSCC 1.50 2385 2.59 2.60 94.5 31.1 29.1
7 1.93 1837 2.57 2.59 94.1 31.2 29.4
8 2.18 1630 2.57 2.59 93.7 324 30.2
9 2.69 1308 2.55 2.56 93.3 33.6 30.3
10 2.76 1284 2.56 2.58 93.1 34 31.2
11 3.30 1069 2.56 2.56 92.1 35.5 31.9
12 0.6 6060 2.57 2.61 96.9 27.2 26.5
13 0.8 4595 2.58 2.61 96.2 27.7 26.9
14 1.0 3713 2.58 2.61 95.9 28.2 27.2
15 1.5 2537 2.59 2.61 94.9 29.9 28

16 ceev 2.0 1939 2.59 2.61 94.1 31.6 29

17 2.5 1575 2.59 2.61 93.6 33.5 29.8
18 3.0 1330 2.59 2.61 93 35.1 30.8
19 3.5 1153 2.59 2.61 92.4 36.8 31.7

second-stage currents in MSCC have a higher C-rate than the
constant current (/cxg) in the CCCV method. As a result, the
charge time is shorter in the first half of the charging period.
Furthermore, the second half takes longer to charge the same
capacity due to the lower charging C-rate. The overall
charging time in the MSCC is shorter than the equivalent
CCCYV charging time; nevertheless, the obtained difference is
marginal.
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charging

However, the data points of MSCC charging time are not
aligned with the CCCV data points. So, the corresponding
data points can be obtained using interpolation instead of more
experimentation. The MATLAB curve fitting tool application
is used to find the fitted line equation, as shown in Fig. 5(b).
Equation (2) describes the relationship between the charging
time and the average C-rate with R? of 0.9997.

Chgrime = 3545C 101 2)

Where C is the average C-rate of the MSCC charging
strategy, the charging time is reduced with the increase of the
average C-rate as shown in Fig. 5(a).
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Fig. 5. The effect of the C-rate on MSCC and CCCV charging time
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charging time




B. Charged and Discharged Capacity

The MSCC's impact on both charging and discharging
capacity is illustrated in Table I1I. At the higher C-rate (3.3C),
above 98% of the capacity is charged and discharged.
Therefore, the LIB is nearly fully charged utilizing the MSCC
charging technique. The MSCC charging strategy involves a
high C-rate in the initial stages and a gradual decrease in the
C-rate in five stages. On the other hand, the CCCV charging
strategy gradually decreases the C-rate throughout the CV
mode. In most cases, the CCCV method tends to have a
slightly higher charged/discharged capacity compared to
MSCC.

However, below 1.5 C-rate, there is no significant
difference between the charged and discharged capacities of
the LIB using MSCC and CCCV. This is because the charging
rate is low, and the heat generated is minimal, resulting in little
to no impact on the battery's capacity.

C. Charging Energy efficiency

The charging energy efficiency is the ratio of the totally
discharged energy from the LIB to the total charged energy
into the LIB during one whole cycle, as shown in (3).
Dis.Chg.Energy (Wh) fOth-dt

Chg.Energy (Wh) fot Pdt

The impact of the MSCC on the LIB's energy efficiency is
shown in Table III. The charging energy efficiency of the
CCCV method is slightly higher than the MSCC method, as
shown in Fig. 6. The graph demonstrates that the CCCV is
slightly more efficient at higher C rates. The differences in
efficiency between the two methods are small, typically not
exceeding 0.3%.
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D. Thermal Behavior (Max.
temperature)

The effect of MSCC charging on maximum and average
temperature rise is depicted in Fig. 7 (a). According to the
results of the experiments, the impact of the MSCC charging
strategy on the maximum temperature rise at a higher C-rate
(2.5 C) is slightly lower than that of the corresponding CCCV
method. However, at lower C-rates (below 2C), MSCC has a
slightly higher maximum temperature rise than the equivalent
CCCV charging method. The heat generated by the LIBs
generally increases as the C-rate increases during charging.
When the C-rate is high, more energy goes into the battery in
a shorter period of time, which can increase the battery's
internal resistance and cause it to produce more heat. This heat
can cause the battery's temperature to increase, resulting in a
decline in performance and a shorter lifespan. In the case of
MSCC, the charging current is high in the initial stages, which
can cause the internal resistance of the battery to increase and

temperature and average
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Fig. 7. The effect of MSCC on the average temperature rise and max.
temperature rise during charging a) showing the fitted line of Average
temperature rise against C-rate b) showing the fitted line of max.
temperature rise against C-rate

generate more heat. As the charging rate is reduced in later
stages, the temperature rise slows down. On the other hand, in
the CCCV method, the charging current is constant
throughout the charging process, and the heat generated
during charging is gradually increased. Thus, at the higher C-
rate, MSCC has a low-temperature rise compared to the
equivalent CCCV method.

Furthermore, the MSCC charging strategy affects average
temperature rise slightly more than the CCCV method. The
temperature rises faster in the first and second stages of MSCC
than in the CCCV method. Overall, the average temperature
is likely to be higher in MSCC than in the CCCV method.

The average temperature rise and maximum temperature
rise against C-rate are fitted with a suitable polynomial with
R?0f 0.99 to do the quantitative analysis, as illustrated in Figs.
7 (b) and 7 (c). Equations (4-5) depict the equations of the
fitted lines.

Tapg = —0.26C% + 2.98C + 24.93 4)
Tax = 0.25C3 — 1.58C? + 5.76C + 24.78 (5)

IV. QUANTITATIVE ANALYSIS

The effects of the MSCC on the charging capacity,
discharging capacity, and charging energy efficiency are
excluded from the quantitative analysis because of the
insignificance of the variations between MSCC and CCCV



charging methods. However, the charging time and thermal
behavior must be discussed and evaluated using experimental
data. Table IV presents the fitted values for several
performance parameters at the corresponding values of
CCCV. Compared to the equivalent CCCV charging
technique, the charging time is reduced by 9.2% at 2C
charging current, with a maximum temperature drop of 2.9%
and 1.2% in average temperature. As a result of its lower
maximum temperature rise and shorter charging time, MSCC
charging can be used for fast charging of an EV and other
applications where higher charging rates are required. It's
worth noting that the above observations are based on a
specific experimental setup, and the result may change
depending on the battery's design and charging condition.

TABLE IV. QUANTITATIVE ANALYSIS BETWEEN MSCC AND

CCCV CHARGING METHOD
Charging C- Charging Max. Average
Strategy rate Time (s) Temperature Temperature

Rise (°C) Rise (°C)

1 3545 29.21 27.65

2 1760 31.98 29.85

MScC 3 1167 34.59 31.53

35 1000 36.30 32.17

1 3717 28.2 272

1939 31.6 29.0

ceeve g 1330 35.1 30.8

35 1153 36.8 31.7

V. CONCLUSION

This paper investigates the effect of MSCC charging on
LIB performance in terms of charging time,
charged/discharged capacity, charging energy efficiency, and
the maximum/average temperature rise. The SOC-based stage
transition criterion is used for stage transitions from one to
another. On the LFP cell, a five-stage constant current
charging is applied to charge the battery at several average C-
rates ranging from 0.57 C to 3.3 C. In order to compare with
MSCC, the LFP cell is charged by employing the CCCV
charging method at various C-rates. The results indicate that
MSCC has no significant effect on the charged/discharged
capacity and charging energy efficiency compared to CCCV.
However, the primary effects of MSCC can be observed in the
charging time and maximum and average temperature rise
during charging. For quantitative analysis, the modeling of
performance parameters has been done to determine the key
points (charging time, maximum temperature rise, and
average temperature rise) of MSCC against CCCV. The
charging time can be shortened by 13.3% when compared to
the equivalent CCCV, with a 1.4% decrease in maximum
temperature rise at a 3.5 C rate. Generally, the health of LIBs
and safety during operations can be improved by lowering the
maximum temperature rise during charging. The MSCC
charging technique can be used to fast-charge LIBs for EV
applications and other applications that require high charging
rates while maintaining safety.

For future work, the LFP battery will be examined at
varying thermal conditions with a cut-off voltage transition.
Additionally, a variable number of stages will be investigated
by employing the MSCC strategy for a wide range of
experiments for comparison with the CCCV technique.
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