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Multi-objective optimization for multi-stage constant current charging for 
Li-ion batteries 
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A B S T R A C T   

Fast charging is a key challenge for the widespread adoption of electric vehicles (EVs), as it can make EVs more 
convenient and appealing to consumers. Therefore, different charging methods are proposed to enhance the 
performance of lithium-ion batteries (LIBs). Multi-stage constant current (MSCC) charging can improve LIB's 
performance in several aspects, including charging time, charged capacity, temperature rise, average tempera-
ture rise, and charging energy efficiency. However, achieving a multi-objective performance during LIB charging 
is challenging. In this paper, the Taguchi method is used to determine the multi-objective optimal (MOO) 
charging profile for the MSCC charging strategy. The Orthogonal experiments are designed and conducted to find 
the optimal solutions for each performance parameter for a five-stage constant current (5SCC) charging profile. A 
comparison is conducted among the performance-based selective charging profiles to validate the optimal 
charging profile. Furthermore, a comparison is made between the obtained MOO charging profile and the 
classical equivalent constant current constant voltage (CCCV) method. Experimental results demonstrated that 
the MOO charging profile reduces the charging time with comparable temperature rise to the CCCV, making it 
promising for the future alternative efficient EV charging. These findings highlight the effectiveness of the MSCC 
approach in improving LIB performance.   

1. Introduction 

The increasing penetration of electric vehicles (EVs) and renewable 
energy has increased the demand for energy storage technologies. The 
lithium-ion battery (LIB) is the dominant energy storage solution due to 
its high power and energy density, minimal self-discharge rate, and long 
lifespan [1,2]. However, one of the main concerns of LIB operation in 
EVs is the fast and safe charging. Many fire accidents have been reported 
during the charging process of EVs in recent years, which are mainly 
caused by battery overcharging [3,4]. Overcharging the batteries ac-
celerates internal side reactions, including lithium metal plating at the 
negative electrode [5], composition altering in active material [4], 
oxidative and reductive decomposition of the electrolyte components 
[6], and an irreversible degradation of the positive and negative elec-
trode materials due to electrolyte decomposition residues [7]. There-
fore, overcharging increases the possibility of thermal runaway. In 
addition, high-power batteries' substantial magnitude and aggregation 
amplify the potential for thermal runaway and cascading runaway 
events [3]. To solve this problem, a new paradigm for an advanced 

battery management system has emerged: charging optimization for 
LIBs. 

Constant current constant voltage (CCCV) is the traditional strategy 
for charging commercial LIBs. This strategy comprises two stages: the 
constant current (CC) stage and the constant voltage (CV) stage. During 
the CC stage, the charging current (Ichg) is kept constant, e.g., at a level 
that the manufacturer recommends, until the battery voltage reaches a 
pre-determined limit (Vmax). In the CV stage, the voltage is maintained at 
a constant value of Vmax. At the same time, the charging current is 
gradually decreased to 5 % of the C-rate. Here, the C-rate refers to the 
ratio of the charge/discharge current to the nominal rated capacity of 
the LIB. However, using a high charging current in the CCCV charging 
method can result in lithium plating, especially when the battery is at a 
high state of charge (SOC). Lithium plating occurs when the rate at 
which lithium-ion (Li+) gets embedded in the anode surface is faster 
than the rate at which it diffuses within the materials [8,9]. This leads to 
the creation of lithium metal on the anode electrode. This phenomenon 
can potentially negatively impact the cycle life and the overall perfor-
mance of LIBs [10]. In literature, several charging strategies have been 
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proposed to tackle these challenges and enhance the lifespan and per-
formance of LIBs. Some examples of different charging methods are 
pulse charging [11], current-varying charging [12], constant power 
charging [13], boost charging [14], multi-stage constant current (MSCC) 
charging [15], and temperature-controlled charging [16]. Among these 
methods, MSCC charging provides flexibility within the CCCV frame-
work without increasing burdens on battery charger's requirements 
[17]. The MSCC approach offers several advantages by precisely con-
trolling the charging current in multiple stages. These benefits include 
enhanced charging efficiency, reduce the risk of lithium plating occur-
rence [18], and improved battery management overall. To effectively 
implement the MSCC charging strategy for LIBs [19], three key pa-
rameters should be determined: 1) number of stages: the optimal num-
ber of stages has been investigated in previous research. It has been 
observed that the performance of LIBs tends to improve as the number of 
stages increases from one to five stages, and there may be marginal 
improvements beyond five stages. 2) Stage transition criteria: various 
criteria can be used to determine when to do transition between stages 
during the charging process. The commonly employed transition criteria 
include: time-based transition, SOC-based transition, cut-off voltage- 
based transition, and threshold voltage-based transition. The choice of 
transition criteria depends on the specific requirements and objectives of 
the charging process. 3) Charging current for each stage: determining 
the charging current level for each stage can be done through empirical 
or experimental methods. Typically, high C-rates are selected for the 
initial stages to expedite charging. Once the predetermined conditions 
for stage transition are met, the MSCC charging strategy is to switch to a 
successive stage with lower C-rates. It is important to note that the se-
lection of these factors may vary depending on the specific application, 
battery chemistry, and desired performance objectives. Researchers 
often employ empirical or experimental approaches rather than sys-
tematic methods to determine the optimal C-rates and transition criteria 
for each stage of MSCC charging [19,20]. 

The MSCC charging strategy aims to improve the performance pa-
rameters of the LIBs. However, performance parameters, such as 
charging time and surface temperature rise, may counteract each other 
when optimizing their performance. In other words, it is not straight-
forward to optimize all the parameters simultaneously. Therefore, the 
design of the MSCC charging strategy is, in fact, an optimization prob-
lem. Various methods are used in the literature to optimize the MSCC 
charging current, and previous research has used the Taguchi method 
and meta-heuristic optimization like particle swarm optimization (PSO) 
[21], ant colony system [22], genetic algorithm [23], grey golf optimi-
zation [24], and numerical optimization [25]. Meta-heuristic optimi-
zation tools, known for their stochastic nature and complexity, offer a 
versatile approach to problem-solving. However, implementing these 
meta-heuristic approaches requires careful consideration of various 
problem parameters (i.e., constraints), and their effectiveness may be 
restricted by high model accuracy [26]. 

The charging profile of the MSCC strategy can be optimized using a 
design of experiments (DOE) approach. This approach reduces the 
reliance on algorithms and models, leading to significant improvements. 
However, in some previous studies, certain optimization aspects were 
not fully explored and validated. In [27], the authors utilized the 
Taguchi method to optimize the charging current for lithium-polymer 
batteries in four stages with equal SOC-based transitions. However, 
this study did not perform experiments for unequal SOC intervals and 
higher levels of C-rate. In [28], the authors employed four four-stage 
MSCC strategy with the cut-off voltage-based transition. The charging 
profile is optimized through Taguchi-based PSO to minimize charging 
time and maximize charged capacity. However, the optimization 
objective did not consider temperature variation, and different charging 
profiles were not validated. In [26], the authors optimized the five 
stages with a cut-off voltage-based transition charging profile. However, 
the capacity of the complete charged/discharged cycle was not consid-
ered. In [29], the authors optimized the charging current for the five 

stages with cut-off voltage criterion, considering the charging time, 
charged capacity, and charging energy efficiency as to be optimized. 
However, temperature variation was not included as an objective 
parameter. In [30], the authors examined the five stages using unequal 
SOC-based transition criterion where the experiments were conducted at 
a maximum of 3C rate. Their analysis did not consider the potential 
impact of the higher C-rate on the performance parameters and 
customized optimization. In the above studies, a comparison was made 
between the optimized results and the CCCV method. However, accu-
rately determining the impact of different C-rates on performance pa-
rameters that reflect the physics-based parameters and models for 
generalizing characteristics of LIBs can be challenging. Overall, while 
previous studies have made progress in optimizing MSCC charging 
profiles, there is still a need for further exploration and validation, 
considering factors such as unequal SOC intervals, temperature varia-
tion, and comprehensive evaluation of performance parameters and 
their customized optimal solutions. 

This study investigates the effect of the MSCC charging strategy with 
unequal SOC levels for lithium‑iron-phosphate (LFP) battery cells. The 
study also investigates the impact of higher C-rates on charging per-
formance. To address this multi-level and multi-factor optimization 
problem, an optimization algorithm based on the Taguchi technique is 
employed to find the optimal charging pattern. Using the orthogonal 
experiment approach significantly reduces the experimental expendi-
ture compared to comprehensive testing methods. The selection of the 
suitable orthogonal array and updating orthogonal experiments are 
determined based on the specific parameters. Based on the empirical 
analysis, the Taguchi method evades the need for complex modeling of 
LIBs. For analysis, charging efficiency, charging time, charged capacity, 
surface temperature rise, and average surface temperature rise are 
considered simultaneous optimal objectives. These objectives are con-
verted into a single optimization problem through weighting factors. 
Additionally, subjective factors are considered when choosing the 
optimal solution for a specific optimal profile, not just relying on the 
objective function. This approach allows for the examination of the in-
fluences of the current at each stage on each objective. Moreover, the 
obtained factor effects can be effectively applied to various charging 
scenarios, providing flexibility and inspiration for optimal decision- 
making. Therefore, this approach is well-suited for optimizing the 
MSCC charging strategy for LIBs, offering valuable insights and practical 
guidance for achieving improved performance parameters. The effect of 
the MSCC charging strategy on the battery's lifetime will be evaluated in 
future publications, considering the optimized charging profiles ac-
quired during the experimental phase. 

This paper is structured into five sections. Section 2 introduces the 
experimental setup and initial performance tests of LIBs. Section 3 looks 
into the Taguchi method and test procedure in greater detail. It 
comprehensively describes the methodology and technique employed to 
collect experimental data for the analysis and optimization procedure. 
Section 4 presents the results of the experiments and discusses their 
implications. The findings and insights obtained from the experiments 
are thoroughly examined and analyzed, shedding light on the relation-
ship between performance parameters and optimal charge patterns. 
Finally, in Section 5, the paper concludes by summarizing the key 
findings and contributions of the study. It highlights the significance of 
the proposed optimal charging pattern and its potential impact on 
improving the performance of LIBs. Additionally, it suggests potential 
areas for further investigation in this field. 

2. Experimental setup and initial performance tests 

2.1. Experimental setup 

The experimental setup consists of a host computer (HC), a Neware 
battery test system (CT-4008-5 V-50 A, ±0.1 % of FS), an auxiliary tester 
with thermocouple (accuracy: ±0.1 ◦C), and Memmert temperature 
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chamber (IF 110, 0.1 ◦C) as shown in Fig. 1. An LiFePO4 (LFP) battery 
with a 2.6 Ah rated capacity is used in this work, and Table 1 lists the 
relevant characteristics of this cell. 

2.2. Initial performance test 

The initial performance test includes a preconditioning test and an 
open circuit voltage (OCV) test. The preconditioning test removes any 
passivation to which the LIB was subjected between manufacturing and 
the first test. The OCV test is performed to find the equilibrium voltage 
levels at different SOC points. 

2.2.1. Preconditioning test 
The preconditioning test aims to ensure that the battery shows a 

stable thermo-dynamic behavior. It involves five charge-discharge cy-
cles at a 1C rate and 25 ◦C. The measured capacity of the LFP battery 
remained consistent throughout the five cycles, showing a marginal 
increase of approximately 0.1 %. The test ensures that the battery's ca-
pacity remains consistent and does not undergo significant variation 
exceeding 3 % during two successive discharge cycles [31]. 

2.2.2. Open circuit voltage (OCV) test 
The OCV is the voltage measurement at LIB terminals after a rest 

period, which depends on operating conditions like SOC, temperature, 
and materials. LIBs exhibit hysteresis behavior, which may not always 
correspond to their SOC. This test measures the relationship between 
OCV and SOC through a constant current (CC) of 0.25C-rate with three 

Fig. 1. Experimental setup for implementing multi-stage constant current (MSCC) charging strategy.  

Table 1 
Lithium-iron-phosphate cell electrical parameters.  

Characteristic (units) Value 

Cell type Cylindrical 
Nominal capacity (Ah) 2.6 
Nominal voltage (V) 3.3 
Cut-off voltage (V) 3.6 
Minimum discharge voltage (V) 2 
Maximum charge current (A) 10.4 
Operating temperature (◦C) − 30 to +55 
Internal Impedance (1 kHz typical) 6 mΩ  

Fig. 2. Dynamic behavior of open circuit voltage (OCV) vs. SOC.  

Fig. 3. Typical example of implemented 5SCC charging strategy.  
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hours of rest time. The OCV-SOC characteristic of the tested LIB, 
measured at 25 ◦C with 5 % SOC resolution, is presented in Fig. 2. The 
hysteresis effect is prominent for 10 %–40 % SOC, and it is intrinsic to 
LIBs based on LFP active materials. 

3. Stage current optimization for MSCC charging strategy 

This paper investigates a five-stage constant current (5SCC) charging 
strategy as the optimization objective. Previous studies show that when 
the number of charging stages is greater than five, the performance 
improvements in charging time, energy efficiency, and capacity are 
marginal [19]. Fig. 3 illustrates the implemented 5SCC charging strategy 
with SOC-based stage transition. 

3.1. Objective function and boundary conditions 

A fast-charging strategy can negatively impact the charged/dis-
charged capacity and the maximum/average temperature rise. The en-
ergy efficiency during the charging process may also be adversely 
affected. Therefore, these parameters have been intended as the objec-
tive of charging profile optimization. The LIB's quality function consists 
of five distinct performance parameters: minimizing the charging time 
(tchg), temperature rise (Tr), and average temperature rise (Tavg_r), while 
maximizing the charging capacity (Qchg) and energy efficiency (η). The 
quality function is represented in Eq. (1). 

Quality function = w1 × tchg + w2 × Tr + w3 × Tavg− r + w4 × Qchg + w5 × η
(1) 

Here, w1–5 are the weighting factors for each performance parameter. 
The boundary conditions (i.e., constraint) for the multi-objective 

current optimization for the mentioned quality function are given 
below: 

0.2 C ≤ I5 < I4 < I3 < I2 < I1 ≤ 4 C (2)  

0.4 h ≤ tchg ≤ 0.9 h (3)  

25◦ C ≤ Tr ≤ 45◦C (4)  

25◦ C ≤ Tavgr ≤ 40◦ C (5)  

0 Ah < Qchg ≤ 2.6 Ah (6)  

90% ≤ η ≤ 100% (7)  

2 V ≤ VT ≤ 3.6 V (8) 

The upper charging current rate is set at 4C, and the lower charging 
current limit is 0.2C in this current optimization problem, as also shown 
in Eq. (2). The charging current decreases monotonically from stage one 
to five. The current charging rate is selected based on the performance 
parameters as shown in Eqs. (3)–(7). The charging time constraint is set 
from 0.4 h to 0.9 h. The upper limit of the average and surface tem-
perature rise is set to 40 ◦C and 45 ◦C, respectively. These temperature 
boundaries ensure that LIB charging and discharging tests are performed 
within a controlled thermal environment. The boundary condition for 
the charging capacity (Qchg) is defined as Eq. (6), which means that the 
charging quantity must be >0 Ah, indicating that the battery is being 
charged and should not exceed 2.6 Ah. The upper limit of 2.6 Ah is set to 
prevent overcharging the battery beyond a safe and optimal level. 
Exceeding this limit could lead to expedited degradation, reduced cycle 
life, and safety risks. 

The boundary condition for the charging efficiency (η) is shown in 
Eq. (7). The lower limit of 90 % is set to ensure that the charging and 
discharging processes are reasonably efficient. LIB terminal voltage (VT) 
limits are set during the charging and discharging process to prevent 
under-discharging and overcharging, as shown in Eq. (8). The lower 

limit of 2 V is set to ensure that the battery maintains a minimum voltage 
level for proper operation. Falling below this limit may indicate an over- 
discharged battery, negatively affecting its performance and lifetime 
while at the same time affecting its safe operation. The upper limit of 3.6 
V is established to prevent overvoltage conditions that can potentially 
damage the battery. Exceeding this limit may lead to accelerated aging, 
electrolyte decomposition, or even safety hazards. 

3.2. Experimental design using Taguchi optimization 

The Taguchi method employs a DOE approach to analytically 
investigate the influence of various charging parameters at the perfor-
mance of LIBs. The Taguchi technique aims to identify optimal patterns 
for a specific set of control variables by conducting a limited number of 
experiments. The experimental design intends to achieve a balanced 
outcome by ensuring that different levels of distinct factors are given 
equal opportunities. This approach ensures that each factor is weighted 
equally in the overall design of the experiment. It enables the evaluation 
of how a system's output responds to varying levels of control factors. 
Optimizing the design for robustness is to minimize the impact of the 
performance parameter variations. This method analyzes performance 
data, and the optimal parameters are determined using orthogonal ar-
rays (OAs), signal-to-noise (S/N) ratios, and their mean effect of the 
charging current level on performance parameters [32]. 

The Taguchi method is used to optimize the charging current of the 
MSCC for LIBs. Utilizing this technique, a limited number of experiments 
is needed to evaluate all possible parameter combinations, saving re-
sources and time. The method described in this study allows for the 
simultaneous optimization of multiple charging parameters, considering 
their interactions and how they affect the battery performance. The 
Taguchi method aims to achieve robustness in the charging profile 
design process, ensuring consistent and reliable battery performance. 
This minimizes the potential for under-charging, over-charging, and 
over-heating. 

The key idea is to develop a design with minimal sensitivity that can 
optimize the output variables regardless of random variation in input 
variables within predetermined thresholds. This process includes the 
following steps: 1) system design, 2) parameter design, and 3) tolerance 
design, as shown in Fig. 4 [33]. The system design process includes the 
selection of input and output variables. In this scenario, the C-rate for 
each stage is considered as an input variable, while the LIB performance 
parameters (e.g., charging time, energy efficiency, etc.) are outputs. The 
current levels for each candidate stage are designed during the param-
eter design phase. The tolerance design is the last step of the process. The 
present study focuses on LIB's tolerance design and explicitly examines 

Fig. 4. Optimization steps using Taguchi technique.  
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the 0.05C rate. The objective is to minimize the cost of experimentation 
while simultaneously determining the most efficient multi-objective 
optimal (MOO) solution. 

3.2.1. Selection of suitable orthogonal array 
The selection of the charging current for each stage is determined by 

the design of the OAs. The OA design consists of factors and levels. The 
five factors considered correspond to the five charging stages, each with 
four distinct levels. This means that the charging current for each stage 
will be optimized based on these four distinct levels. The highest 
charging C-rate permitted by the manufacturer is 4C, which is then 
divided by 20 to distribute the levels evenly, resulting in each level 
having a 0.2C interval. Thus, L16 is selected as the optimal OA for a 
balanced partial factorial design with 16 experiments. The general 
representation of the OA is OAn(sm), where n denotes to the number of 
experiments, and s and m corresponds to the number of levels and fac-
tors, respectively. Table 2 illustrates the factor level table, and Table 3 
shows the implemented OA table. 

The chosen OA design aims to minimize the number of experiments 
required while still capturing the effects of the various parameters on the 
performance characteristic. It follows a balanced partial factorial design 
approach, shown in previous research [33], to yield comparable results 
to those obtained from full factorial designs. Using the OA, the effects of 
different parameters on performance characteristics can be evaluated in 
a more efficient and reduced order of experiments. 

3.2.2. Test procedure 
The LIB cell is charged using the 5SCC charging strategy at 25 ◦C. A 

higher C-rate charging at the lower level of SOC has less effect on the 
degradation of the LIB's electrode material, SEI, and lithium-plating. 
Therefore, the LIB is charged between 0 %–50 % SOC in the first 
stage. During the second stage, the battery is charged between a 50 %– 
70 % SOC level. The remaining 30 % SOC is charged with a 10 % SOC 
interval in the last three stages. All experiments are conducted in 
accordance with the defined SOC levels, as shown in Fig. 3. The test 
procedure for the implemented 5SCC charging strategy is shown in 

Fig. 5. 

3.3. Data analysis 

By analyzing the experimental data, the optimization of each stage 
can be determined through sixteen experiments. Two variations are 
considered: the fluctuation of each factor's level and the weight of each 
effect. The expression for the variation of the five objectives with factor 
level is denoted as xIf ,l , as described in Eq. (9). 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

xIf ,l =
1
4
∑16

n=1

{
xIf ,l (n)

}

f = 1, 2, 3, 4, 5

l = 1, 2, 3, 4

(9) 

The variable x represents the quality function parameters or per-
formance parameters obtained from the experiments. The variable I 
describes the current value based on the associated factor F and factor 

Table 2 
Factor level table for optimizing the respective current candidate level at each 
stage.  

Level Factors (C-rate) 

S1 S2 S3 S4 S5 

L1 I1,1 I2,1 I3,1 I4,1 I5,1 

L2 I1,2 I2,2 I3,2 I4,2 I5,2 

L3 I1,3 I2,3 I3,3 I4,3 I5,3 

L4 I1,4 I2,4 I3,4 I4,4 I5,4  

Table 3 
Implemented orthogonal array for experimental analysis.  

Experiments S1 S2 S3 S4 S5  

1 I1,1 I2,1 I3,1 I4,1 I5,1  

2 I1,1 I2,2 I3,2 I4,2 I5,2  

3 I1,1 I3,2 I3,3 I4,3 I5,3  

4 I1,1 I4,2 I3,4 I4,4 I5,4  

5 I1,2 I2,1 I3,2 I4,3 I5,4  

6 I1,2 I2,2 I3,1 I4,4 I5,3  

7 I1,2 I3,2 I3,4 I4,1 I5,2  

8 I1,2 I4,2 I3,3 I4,2 I5,1  

9 I1,3 I2,1 I3,3 I4,4 I5,2  

10 I1,3 I2,2 I3,4 I4,3 I5,1  

11 I1,3 I3,2 I3,1 I4,2 I5,4  

12 I1,3 I4,2 I3,2 I4,1 I5,3  

13 I1,4 I2,1 I3,4 I4,2 I5,3  

14 I1,4 I2,2 I3,3 I4,1 I5,4  

15 I1,4 I3,2 I3,2 I4,4 I5,1  

16 I1,4 I4,2 I3,1 I4,3 I5,2  

Fig. 5. Experimental procedure for the implemented 5SCC charging strategy 
using L16 orthogonal array. 
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level l. The true value of If ,l is characterized by the average value 
denoted as (xIf ,l ). This average value represents the average performance 
parameter associated with a specific factor and factor level. 

The S/N ratio is employed to analyze the impact of the five current 
stages, each having four candidate levels. Within the context of the 
Taguchi method, this ratio is utilized to assess the influence of individual 
factors and their respective levels on the quality function. In this study, 
the performance parameters are considered as quality parameters, and 
the optimization function is defined as the quality function. The deri-
vation of the S/N ratio is as follows: 

S

/

Nqpfl =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

− 10log

(
1
n
∑n

j=1

(
y2

fl

)
)

, STB

− 10log

(
1
n
∑n

j=1

(
y− 2

fl

)
)

,LTB

(10) 

In the context of the S/N ratio calculation, several variables are 
involved. n represents the total number of samples, j denotes the specific 
sample, and yfl corresponds to the experimental observations associated 
with factors and levels. qp represents the quality parameter (e.g., tchg) 
The Taguchi method employs the concept of mean squared deviation to 
determine the S/N ratio. The calculation of the S/N ratio depends on 
whether the response falls under the category of “smaller the better” 
(STB) or “larger the better” (LTB). STB indicates a response where lower 
values are desirable, while LTB signifies a response where higher values 
are preferred. In this study, the charging time and max/avg. temperature 
rise are classified as STB-type response parameters, while energy effi-
ciency and charged capacity are categorized as LTB-type responses 
within the quality function. 

Once the S/N ratio has been calculated, the mean of each quality 
parameter is determined using Eq. (9). This mean value is referred to as 
the average S/N ratio. Considering the mean effect of the S/N ratio, the 
impact of each factor is assessed using a weighting strategy to optimize 
the current level accordingly. The normalized values of each quality 
parameter for each factor and its level are obtained using Eq. (11) to 

assist this process. Normalization allows for a standardized comparison 
and evaluation of the effects of different factors on the overall quality 
parameters. 

W
S
/

NIf ,l

=

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

S
/

NIf ,l

max
(
S
/

NIf ,l

), LTB

max
(
S
/

NIf ,l

)

S
/

NIf ,l

, STB

(11) 

Various approaches can be employed to find the optimal charging 
pattern. The charging pattern can be customized using the Taguchi 
method based on the specific parameter we aim to optimize. A weight 
strategy is also applied to determine the MOO pattern, with equal 
weights or unequal weights assigned to different quality parameters. 
This paper uses the equal weight strategy to identify the MOO charging 
profile, ensuring that each performance parameter is given equal 
importance in the optimization process. 

4. Result and discussion 

4.1. First orthogonal experiment 

The Taguchi orthogonal experiments are conducted according to the 
procedure outlined earlier. The factor level table for the first orthogonal 
experiments is illustrated in Table 4. The experimental observations are 
presented in Table 5. The charging time, charged capacity, surface 
temperature, and average temperature rise are directly measured using 
the battery testing station. However, the charging energy efficiency is 

Table 4 
Factor level table for first orthogonal experiments.  

Level Factors (values are in C-rate) 

S1 S2 S3 S4 S5 

L1  4  3.2  2.4  1.6  0.8 
L2  3.8  3  2.2  1.4  0.6 
L3  3.6  2.8  2  1.2  0.4 
L4  3.4  2.6  1.8  1.0  0.2  

Table 5 
Experimental observations and their S/N ratio.  

Exp. no. Observations (units) S/N ratio (dB) 

Time (s) Capacity (Ah) Efficiency (%) Temp. rise (◦C) Avg. temp. rise (◦C) Time Capacity Efficiency Max_Temp Avg_Temp  

1  1475  2.585  92.42  34.8  31.9  − 63.376  8.250  39.315  − 30.832  − 30.076  
2  1677  2.585  93.05  34.3  31.4  − 64.491  8.249  39.375  − 30.706  − 29.936  
3  2043  2.586  93.29  34.1  30.9  − 66.205  8.252  39.397  − 30.655  − 29.802  
4  3008  2.583  93.64  33.7  29.6  − 69.566  8.242  39.429  − 30.553  − 29.420  
5  2891  2.585  93.56  34.2  29.8  − 69.221  8.249  39.422  − 30.681  − 29.484  
6  2067  2.581  93.51  34.4  30.6  − 66.307  8.236  39.417  − 30.731  − 29.709  
7  1677  2.580  93.33  33.9  31.3  − 64.491  8.232  39.400  − 30.604  − 29.908  
8  1594  2.574  93.36  33.7  31.2  − 64.050  8.212  39.403  − 30.553  − 29.875  
9  1755  2.577  93.40  33.9  30.9  − 64.886  8.222  39.407  − 30.604  − 29.805  
10  1645  2.573  93.42  33.6  31.0  − 64.323  8.209  39.409  − 30.527  − 29.816  
11  2867  2.581  93.77  33.8  29.6  − 69.149  8.236  39.441  − 30.578  − 29.432  
12  2004  2.581  93.63  33.5  30.6  − 66.038  8.236  39.428  − 30.501  − 29.717  
13  2046  2.579  93.73  33.7  30.5  − 66.218  8.229  39.438  − 30.553  − 29.697  
14  2872  2.580  93.87  33.5  29.6  − 69.164  8.232  39.451  − 30.501  − 29.411  
15  1711  2.571  93.58  33.5  30.7  − 64.665  8.202  39.424  − 30.501  − 29.734  
16  1802  2.575  93.63  33.5  30.7  − 65.115  8.216  39.428  − 30.501  − 29.729  

Fig. 6. Temperature variation for the first Orthogonal array experimentation.  

M.U. Tahir et al.                                                                                                                                                                                                                                



Journal of Energy Storage 86 (2024) 111313

7

calculated by determining the ratio of the energy extracted during 
discharge to the charged capacity from the charging process, as shown in 
Eq. (12). This calculation allows for evaluating the energy efficiency of 
the charging process. 

η (%) =
Id × td

∑n

j=1
Ic,j × tc,j

(12) 

In Eq. (12), the variables Id, td, n, Ic, and tc represent the discharging 
current, discharging time, number of stages, charging current, and 
charging time, respectively. The S/N ratios for these variables are 
calculated using Eq. (10), as illustrated in Table 5. 

According to Table 5, experiment number 1 has the shortest charging 
time but the lowest energy efficiency, higher surface temperature, and 
average temperature rise. Conversely, experiment number 4 has the 
longest charging time but the lowest average temperature rise during 
charging. Fig. 6 shows the temperature variations observed in the con-
ducted experiments. The surface temperature rise differs, and the speed 
of temperature rise depends on the currents applied in the first and 
second stages. Higher currents in these stages result in a greater surface 
temperature rise. It can be visible in all tested experiments. The subse-
quent stages have lower current values, leading to a decrease in the 
surface temperature. For example, the temperature rise in test 1 reached 
34.8 ◦C in the second stage; it decreased due to a lower C-rate in the 
following stages. Therefore, optimizing the charging current for each 
stage is crucial to enhance the overall performance of LIBs. The average 
S/N ratio for each current level associated with each current factor is 
calculated using Eq. (9). The mean values of each current level and stage 
for each performance parameter is presented in Fig. 7, where the mean 
values of charging time, charged capacity, charging energy efficiency, 
surface temperature rise, and average temperature rise are shown. It can 
also be seen from Fig. 7 that the fifth stage exhibits the highest variation 
in charging time. This indicates that in Stage 5, level 1 current takes less 
time to charge than level 4 current. Similarly, the mean effects of each 
performance parameter at each current level and stage can be observed. 
Due to the variation in each current level and stage, optimization based 

on user preferences or application requirements becomes crucial. Hence, 
a weighting strategy is implemented to obtain a MOO charging pattern 
that considers all performance parameters trade-offs equally. The 
average S/N ratio is normalized using Eq. (11) to assign weights to each 
performance parameter. The normalized average values for each per-
formance parameter are presented in Table 6. 

The quality function for this optimization problem is defined in Eq. 
(1), and a weight of 0.2 is assigned to each performance parameter. The 
level weights are presented in Table 6. The values highlighted in red 
color represent the MOO pattern for the first orthogonal experiments. 
The optimal pattern for the first orthogonal experiments is 3.6C, 2.6C, 
2C, 1.6C, and 0.8C from Stage 1 to Stage 5, respectively. 

4.1.1. Customized optimization for each performance parameter 
The first orthogonal set of experiments permits the customization of 

the charging profile in accordance with particular performance param-
eters. Table 6 illustrates the normalized average S/N ratio for each 
performance parameter. The charging profile can be derived from the 
average S/N ratio for charging time if, for example, an EV user priori-
tizes faster charging without much regard for other parameters. In 
Stages 1 through 5, the first level of current reduces the charging time. 
Therefore, the charging profile that reduces charging time should be 
chosen. Regarding charging time, the optimal charging profile for Stages 
1 through 5 in this scenario would be 4C, 3.2C, 2.4C, 1.6C, and 0.8C, 
respectively. Similarly, it is possible to obtain optimal patterns for other 
performance parameters as well. The optimal charging profile for each 
performance parameter is presented in Table 7. In addition, these opti-
mized performance profiles undergo experimental validation. 

To evaluate the charging profile of the selectively optimized per-
formance parameters, validation experiments were conducted at a 
temperature of 27 ◦C. To maintain consistency with earlier experiments, 
the current experiments utilized the same LFP battery, along with the 
same testing procedures and experimental conditions. Fig. 8 depicts the 
variations in voltage, optimized current patterns, and temperature for 
every performance parameter and MOO. The temperature rise behavior 
is consistent across all experiments, with the capacity charging profile 

Fig. 7. Average S/N values of each current candidate for each performance parameters in the first OA experiments.  
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exhibiting the highest temperature increase. Table 7 shows the 
normalized experimental results based on selective charging profiles. In 
addition, it demonstrates the wide variation in charging time. Due to 
higher C-rates in all stages, the time charging profile has the shortest 
charging time compared to other charging patterns. Furthermore, this 
charging profile exhibits a significant increase in temperature. 

Moreover, the charged capacity of LIB remains approximately the 
same in every case. The maximum difference in charged capacity is 1.2 
%. Further, the charging profile for energy efficiency has the highest 
energy efficiency and the lowest average temperature rise compared to 
other charging profiles because the first and last charging C-rates are the 
lowest. Based on the extensive analysis conducted, it can be concluded 
that the Taguchi method effectively optimizes the charging profile by 
employing a condensed set of experiments that are specifically designed 
to meet individual customization needs. 

4.2. Second orthogonal experiment 

The performance variation in the first set of experiments is relatively 

wide due to the large C-rate step in each stage level. Therefore, the 
second set of orthogonal experiments is designed based on the experi-
mental results and findings from the first OA. Thus, Table 4 is updated. 
The second orthogonal experiment aimed to reduce the C-rate between 
the current candidate levels to further optimize the performance pa-
rameters. In Stage 1, it was determined that the optimal level was 3.6C. 
In the second orthogonal experiment, the difference between two 
consecutive levels was reduced to 0.1C and 0.05C, narrowing down the 
interval from 0.2C. To ensure accuracy, the tolerance design in this 
study was set at 0.05C. Following a similar approach to Stage 1, the 
second orthogonal experiments were designed, and the corresponding 
experimental settings are provided in Table 8. Table 3 remains un-
changed, and the experiments were conducted following the previously 
defined procedure. The results of these experiments are presented in 
Table 9. It can be observed that the variation in performance parameters 
in this set of experiments has been reduced compared to the first 
orthogonal experiments. 

Table 9 shows that experiment no. 1 achieved the shortest charging 
time of 1516 s but with the lowest energy efficiency of 92.80 %. 
Experiment no. 2 recorded the highest surface temperature of 36.4 ◦C 
and the highest average surface temperature of 33.9 ◦C. Experiment no. 
14 demonstrated the highest energy efficiency of 93.42 %. The differ-
ence between the minimum and maximum charging time is approxi-
mately 164 s. Similarly, there is a difference of about 2.2 ◦C in surface 
temperature and around 0.62 % in energy efficiency. Notably, the 
charging capacity remains nearly constant across all experiments. 

Fig. 9 illustrates the average S/N ratio of each current candidate for 
each performance parameter after the computation of the S/N ratio from 
the experimental observation. Fig. 9 shows that Stage 5 has the highest 
variation in charging time compared to other stages. A similar effect of 
different current candidates' levels at each stage can be seen. From 
Fig. 9, the optimal pattern for each performance parameter can be ob-
tained. The customized optimal charging profile is possible using the 
average S/N plots. The details of the customized optimal charging 
pattern are discussed later. 

After normalizing the data using a methodology similar to the first 
orthogonal experiment, it is possible to get an optimal charging profile 
that optimizes all performance parameters equally. Thus, the optimal 
charging profile from the second orthogonal set of experiments is 3.5C, 
2.5C, 1.9C, 1.7C, and 0.9C for Stage 1 to Stage 5, respectively. 

4.2.1. Customized optimization of performance parameters 
The second set of orthogonal experiments is conducted to fine-tune 

the charging profile based on specific performance parameters. The 
average S/N values corresponding to individual performance parame-
ters are depicted in Fig. 9. Like the abovementioned procedure, optimal 
patterns for each performance parameter can be derived. Table 10 il-
lustrates the desired charging profile for each performance parameter. 
Furthermore, these refined performance profiles underwent empirical 
validation, which was carried out at a temperature of 27 ◦C to evaluate 
the charging profile with selectively enhanced performance parameters. 
The presented study used the same LFP battery, testing protocols, and 
experimental conditions to ensure methodological consistency with 
prior investigations, as mentioned above. Fig. 10 represents voltage 
variations, optimal current patterns, and temperature variations across 
all performance metrics and MOO charging profiles. The observed 
temperature increase remains consistent across all conducted experi-
ments, with the capacity-focused charging profile exhibiting the highest 
temperature rise. Normalized experimental results based on the chosen 
charging profiles are shown in Table 10, which highlights the substantial 
difference in the required charging times. The time-based charging 
profile leads to minimized charging time due to higher C-rates in all 
stages compared to the other charging patterns. 

Furthermore, the time-based charging profile shows a significant 
temperature rise. The LIB's charged capacity remains constant across all 
scenarios, with a maximum deviation of 0.2 %. Notably, regarding 

Table 6 
Identifying the optimal charge profile (red color) for considering equal weights 
of all performance parameters. 

Response (dB) Levels

Factors

S1 S2 S3 S4 S5

Chg.Time

L1 1.0000 1.0000 1.0000 1.0000 1.0000

L2 0.9984 0.9978 0.9982 0.9968 0.9901

L3 0.9971 0.9969 0.9986 0.9932 0.9684

L4 0.9943 0.9960 0.9975 0.9911 0.9254

Chg.Cap

L1 1.0000 1.0000 1.0000 1.0000 0.9974

L2 0.9981 0.9992 0.9999 0.9992 0.9988

L3 0.9973 0.9991 0.9994 0.9992 0.9998

L4 0.9966 0.9986 0.9993 0.9985 1.0000

Chg.eff

L1 0.9986 0.9993 0.9995 0.9995 0.9988

L2 0.9994 0.9998 0.9998 0.9999 0.9992

L3 0.9997 0.9998 0.9999 0.9999 0.9996

L4 1.0000 1.0000 1.0000 1.0000 1.0000

T.max

L1 0.9944 0.9954 0.9967 0.9994 0.9992

L2 0.9958 0.9971 0.9988 0.9998 0.9992

L3 0.9987 0.9981 0.9994 1.0000 0.9990

L4 1.0000 1.0000 1.0000 0.9998 1.0000

T.avg

L1 0.9944 0.9973 0.9991 0.9963 0.9853

L2 0.9966 0.9989 0.9997 0.9977 0.9863

L3 0.9983 0.9989 0.9996 0.9986 0.9901

L4 1.0000 1.0000 1.0000 1.0000 1.0000

Level weights

L1 0.9975 0.9984 0.9991 0.9990 0.9961

L2 0.9976 0.9986 0.9993 0.9987 0.9947

L3 0.9982 0.9986 0.9994 0.9982 0.9914

L4 0.9982 0.9989 0.9994 0.9979 0.9851
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energy efficiency, the charging profile demonstrates superior efficiency 
and the least average temperature increase compared to other charging 
profiles. This is attributed to utilizing the lowest initial and final 
charging C-rates. Based on the comprehensive research conducted, it can 
be deduced that the Taguchi technique effectively optimizes the 
charging profile through a concise set of experiments tailored to address 
specific customization needs. 

4.3. Comparison with CCCV 

To validate the charging profile obtained from MOO, validation ex-
periments were conducted comparing the MOO charging profile with an 
equivalent CCCV charging profile at temperatures of 25 ◦C and 35 ◦C. In 

the equivalent CCCV charging, the current in the CC mode was set at 5.9 
A, with a cut-off current of 0.13 A in the CV mode. The experimental 
procedure remained consistent with the previously discussed approach. 

The experimental results are summarized in Table 11. The results 

Table 7 
Comparison among selective performance based optimized charging profiles.  

Charge method Charge current (C-rate) Charge time (%) Charged capacity (%) Energy efficiency (%) Avg. temp. rise (%) Max. temp. rise (%) 

Time S1  4 100.0 % 98.8 % 99.0 % 165.3 % 120.0 % 
S2  3.2 
S3  2.4 
S4  1.6 
S5  0.8 

Charged capacity S1  4 193.3 % 100.0 % 99.2 % 118.5 % 121.7 % 
S2  3.2 
S3  2.4 
S4  1.6 
S5  0.2 

Energy efficiency, and avg. temp S1  3.4 214.6 % 99.4 % 100.0 % 100.0 % 103.3 % 
S2  2.6 
S3  1.8 
S4  1 
S5  0.2 

Max. temp S1  3.4 211.5 % 99.5 % 99.3 % 102.6 % 100.0 % 
S2  2.6 
S3  1.8 
S4  1.2 
S5  0.2 

MOO profile S1  3.6 110.5 % 99.4 % 99.5 % 139.3 % 103.3 % 
S2  2.6 
S3  2 
S4  1.6 
S5  0.8  

Fig. 8. Comparison of performance-based selective parameter charging profiles (charging time, capacity, Efficiency, Tavg, Tmax and MOO charging) from first 
orthogonal set of experiments a) waveforms of battery voltage and implemented current levels for each performance parameter, b) demonstrating the optimization 
process's effect on battery temperature dynamics. 

Table 8 
Factor level table for second orthogonal experiments.  

Level Factors (values are in C-rate) 

S1 S2 S3 S4 S5 

L1  3.7  2.7  2.1  1.7  0.9 
L2  3.65  2.65  2.05  1.65  0.85 
L3  3.6  2.6  2  1.6  0.8 
L4  3.5  2.5  1.9  1.5  0.7  

Table 9 
Second orthogonal experiments observations.  

Ex 
no. 

Time 
(s) 

Capacity 
(Ah) 

Efficiency 
(%) 

Temp. rise 
(◦C) 

Avg. temp. 
rise (◦C)  

1  1516  2.587  92.80  36.0  33.4  
2  1547  2.583  93.35  36.4  33.9  
3  1586  2.581  93.34  35.8  33.4  
4  1681  2.581  93.39  35.1  32.8  
5  1637  2.58  93.37  35.1  32.6  
6  1587  2.577  93.34  34.9  32.4  
7  1558  2.577  93.27  34.8  32.3  
8  1542  2.576  93.31  34.8  32.5  
9  1572  2.575  93.40  34.9  32.5  
10  1546  2.574  93.36  34.6  32.2  
11  1637  2.577  93.37  34.6  32.1  
12  1583  2.575  93.30  34.3  31.9  
13  1596  2.575  93.38  34.2  31.7  
14  1648  2.577  93.42  34.5  31.9  
15  1564  2.573  93.38  34.4  32.0  
16  1579  2.574  93.38  34.3  31.9  
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indicate that the MOO charging strategy reduces charging time by 
around 10 % at the expense of a 1.4 ◦C higher average temperature rise. 
Interestingly, the maximum rise in surface temperature remains 
approximately the same in both scenarios. The charging energy effi-
ciency is 0.3 % higher in CCCV at 25 ◦C, but at 35 ◦C, it is 0.2 % lower 
than the MOO strategy. Additionally, the charged and discharged ca-
pacity in CCCV is greater, around 0.5 %, than the MOO strategy. Overall, 
there are variations in performance parameters between these two 
charging strategies. 

The effect of a higher C-rate and a higher first-stage SOC interval 

resulted in better results when we compared the findings from our 
previous research [30]. The MSCC charging reduced the charging time 
when compared to CCCV but did not significantly enhance the other 
performance parameters [30]. Using a higher C-rate and higher first- 
stage SOC level has led to noticeable improvements in this case. 
Compared to CCCV charging, we have seen improvements in the 
maximum surface temperature, charging energy efficiency, and reduc-
tion in charging time. 

In summary, the MOO charging profile reduced the charging time 
with comparable temperature rise, making it a promising option for 

Fig. 9. Average S/N values of each current candidate for each performance parameters in second OA experiments.  

Table 10 
Comparison among selective performance based optimized charging profiles.  

Charge method Charge current (C-rate) Charge time (%) Charged capacity (%) Energy efficiency (%) Avg. temp. rise (%) Max. temp. rise (%) 

Time S1  3.65 100.0 % 99.8 % 99.9 % 104.8 % 103.4 % 
S2  2.7 
S3  2.1 
S4  1.7 
S5  0.9 

Charged capacity S1  3.7 108.4 % 100.0 % 99.8 % 113.8 % 110.2 % 
S2  2.7 
S3  2.1 
S4  1.7 
S5  0.7 

Energy efficiency and avg. temp S1  3.5 113.5 % 99.9 % 100.0 % 100.0 % 103.4 % 
S2  2.65 
S3  1.9 
S4  1.5 
S5  0.7 

Max. temp S1  3.5 112.8 % 99.9 % 99.9 % 104.8 % 100.0 % 
S2  2.5 
S3  1.9 
S4  1.7 
S5  0.7 

MOO profile S1  3.5 105.4 % 100.0 % 99.9 % 103.0 % 103.4 % 
S2  2.5 
S3  1.9 
S4  1.7 
S5  0.9  
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efficient EV charging, particularly in scenarios when the fast charging is 
prioritized. 

5. Conclusion 

Several charging methods have been proposed to enhance the per-
formance of LIBs. The MSCC charging strategy has demonstrated po-
tential for improving LIB's performance. However, performance 
parameters, such as charging time and surface temperature rise, may 
counteract each other when optimizing their performance. In other 
words, it is not straightforward to optimize all the parameters simulta-
neously. Therefore, the design of the MSCC charging strategy is, in fact, 
an optimization problem. Thus, the Taguchi method is used to identify 
the MOO charging profile. This method can address the challenges of 
developing complex models for LIB and significantly reduce the need for 
extensive and costly experimental testing. 

This study systematically determines the optimal solutions for each 
performance parameter for the 5SCC charging strategy. To facilitate the 
analysis, a quality function is formulated to capture the relationship 
between the performance parameters and the charging current. The 
average effect of each charging current on the quality function at each 
stage is determined. After that, weighting factors are used to obtain the 
MOO charging profile. In addition, optimal solutions tailored to each 
performance parameter are determined. The customized charging pat-
terns are experimentally validated. A comparison is made between the 
MOO charging profile and the equivalent CCCV method. The 

experimental results show that, at 25 ◦C, the MOO charging profile 
enables the LIB to charge 10.2 % faster than CCCV, although with a 
1.4 ◦C higher average temperature rise and a 0.3 % decrease in energy 
efficiency. Furthermore, at 35 ◦C, the MOO charging profile accelerates 
LIB charging by 7.2 % compared to CCCV, with a 1.2 ◦C higher average 
temperature rise and a 0.2 % enhancement in charging energy effi-
ciency. These findings highlight the effectiveness of the MSCC charging 
strategy, particularly in improving the outcomes at elevated tempera-
tures. The MSCC reduced the charging time with a comparable surface 
maximum temperature rise to CCCV, making it an attractive option for 
efficient EV charging, particularly when fast charging is a priority. In 
addition, the effect of the optimized MSCC charging strategy on the LIB 
lifetime will be investigated in future publications. 
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Table 11 
Comparison between CCCV and 5SCC charging for each performance parameter.  

Charge method Charge 
current 
(C-rate) 

Pre-set temp 
(◦C) 

Nominal charge 
capacity (%) 

Nominal discharge 
capacity (%) 

Charge time 
(s) 

Energy efficiency 
(%) 

Max. temp. rise 
(◦C) 

Avg. temp. rise 
(◦C) 

CCCV 2.262C to 
3.6 V and 
0.05C 
cut-off 
current  

25  100  100  1758  93.4  7.8  4.1 

5SCC (average 
2.262 C) 

S1 3.5  25  99.4  99.4  1578  93.1  7.7  5.5 
S2 2.5 
S3 1.9 
S4 1.7 
S5 0.9 

CCCV 2.262C to 
3.6 V and 
0.05C 
cut-off 
current  

35  100  100  1697  94.0  7.3  4 

5SCC (average 
2.262 C) 

S1 3.5  35  99.5  99.5  1571  94.2  7.4  5.2 
S2 2.5 
S3 1.9 
S4 1.7 
S5 0.9  
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