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Lithium-ion batteries are widely used in electric vehicles. A robust battery management

system is a very important issue for lithium-ion batteries due to the safety of electric vehi-
cles. In this study, simultaneous main influences of charging factors on open circuit poten-
tial were statistically determined by using the Taguchi design. The response table and var-
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iance analysis were performed to determine the significant charging factors on a lithium-
ion battery. The results showed that the battery potential was the most influential charging

factor to the open circuit potential. Furthermore, the statistically significant correlation be-
tween each charging factor and open circuit potential was determined based on a 95%
significance level. The interactions between charging factors were demonstrated by the
non-parallel lines presented on the interaction plots. The findings can guide the battery
management and control methods for lithium-ion batteries used in electric vehicles.

Keywords: Battery Management, Charging Protocol, Lithium-ion Battery, Statistical Analysis

* Corresponding author
Ugur Morall

umorali@ogu.edu.tr

Address: Chemical Engineering Depart-
ment, Eskisehir Osmangazi University,
Eskisehir, Turkey

Tel:+903122028653

1. Introduction

Lithium-ion batteries are one of the most preferred energy storage
materials with their high energy density for numerous applications, in-
cluding electric vehicles, hybrid electric vehicles, mobile phones,
notebooks, battery-powered vehicles [1-4]. Performance of the lith-
ium-ion batteries in the vehicle systems determine the safety, durabil-
ity, reliability, and efficiency [5]. Equivalent circuit models are used
to estimate the performance of lithium-ion cells due to concerning bat-
tery dynamic parameters. To improve the reliability of model-based
battery management systems, equivalent circuit models have been ex-
tensively investigated, as reported in [6-10]. There are generally two
terms that define the state of lithium-ion batteries, namely state-of-
charge and state-of-health [11]. The state-of-charge can be defined as
the quantified value of the usable energy of battery, while the remain-
ing performance is indicated by the state-of-health [12]. In the litera-
ture, the studies have also been performed to determine the state-of-
charge and state-of-health [8, 13]. Battery management systems use
the term state-of-charge to observe the state of the battery and avoid
over-charging or over-discharging [14]. The state-of-charge as a sub-
stantial parameter for a battery management system can be estimated
if the battery’s open circuit potential is known. The open circuit po-
tetial thermodynamically reflects the battery’s equilibrium potential
under zero-current loading. Therefore, the open circuit potential is cru-
cial to design a robust battery management system in real world oper-
ating conditions.

Charging operation is also important for battery-powered vehicles
[15]. The constant current constant potential charging procedure con-
sists of two steps, namely constant current mode, and constant poten-
tial mode [16]. In the constant current step, a constant charging current
is applied to the lithium-ion battery until its potential reaches a cut-off
voltage. The charging current gradually decreases when the battery
potential is reached the cut-off voltage. The battery potential is kept
constant during the constant potential mode while the charging current
is decreased to a cut-off current that still charges the battery [17]. There
are various charging factors influencing the battery characteristics dur-
ing their life cycle. Charging current is one of the most important con-
trollable factor. High charge currents provide a short charging time,
while low charge currents are usually suggested by the battery manu-
facturers considering safety restrictions [18]. Another controllable
charging factor is the relaxation time in which the battery potential is
allowed to relax to its equilibrium potential. The effects of these charg-
ing factors on battery dynamic parameters have been studied in the
literature [18, 19]. Schmidt et al. have charged the lithium-ion battery
with a pulse current of 1 C to different battery potentials [20]. The
charging current was applied during 10 s. They did not observe self-
discharge between 10-60% state-of-charge. The self-discharge was
clearly observed after approximately 60% state-of-charge. They pro-
posed a model to predict the full-cell potential and half-cell potential.
However, they did not statistically determine the influence of charging
factors on the open circuit potential. In a recent work, Shkrob et al.
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have investigated the relaxation dynamics of fast charging of lithium-
ion batteries [21]. They observed that the charging current had a
stronger influence on the potential relaxation behavior than the state-
of-charge. However, the influence of both charging current and state-
of-charge was not present statistically. However, the simultaneous ef-
fects of charging factors on the open circuit potential of lithium-ion
batteries have not been investigated. This is likely due to that the de-
termination of the simultaneous effects of charging factors on the open
circuit potential, which requires both electrochemical and statistical
analyses, is very difficult to interpret. These studies in the open litera-
ture have been done in a classical way in terms of experimental design
terminology. The Taguchi design provide statistical results enabling
an easy interpretation of factor effects. Thus, influence of each factor
can be determined statistically by using the Taguchi design. Further-
more, the significant factors can be determined based on the variance
analysis. This enables a quantitative determination of the association
between the factors and the response variable. Moreover, the interac-
tions between factors can be determined by the interaction plots. These
results obtainable by the Taguchi design make this method preferable.

This study aims to provide quantification of the simultaneous
influences of charging factors on open circuit potential for a robust
battery management system. The charging factors were the charg-
ing current at constant-current state, battery potential, and relaxa-
tion time. The relative significance of each charging factor was de-
termined based on the signal-to-noise ratio in the response table.
Furthermore, the statistically significant association between the
charging factors and the open circuit potential was demonstrated
by the variance analysis. In addition, the interactions between
charging factors are determined to provide a detailed understand-
ing of the influences of charging current and relaxation time under
certain battery potentials.

2. Experimental Methods

Commercial 2032 lithium-ion coin cell was used to perform the
charging protocols. The specifications of 2032 lithium-ion button
cell are presented in Table 1. The charging protocol was imple-
mented between the available potential ranges of the lithium-ion
cell (LIC). Constant current constant potential (CCCV) charging
protocol was implemented to charge the LIC. The CCCV charging
procedure as a universal method is recommended by the battery
manufacturers [22]. This charging protocol has been widely used
to perform the charging experiments in the literature because of its
high efficiency and sufficient protection [23]. Therefore, the
CCCV charging procedure was preferred to perform the charging
experiments. The LIC was charged up to a cut-off potential at a
constant current. After the potential was reached the cut-off poten-
tial, the charging current at CV mode was gradually decreased to
the cut-off current of 1 mA. Then, the LIC was allowed to reach
the thermodynamic equilibrium potential. During this relaxation
period, the open circuit potential measurement was performed. All
experiments were performed by using Gamry Reference 3000 Po-
tentiostat and its front panel connected to a desktop computer. This
device provides to perform electrochemical testing in energy stor-
age materials such as batteries, fuel cells, supercapacitors and so
on. The Gamry Framework software and Echem Analyst were

used to conduct the charging runs and to collect the data, respec-
tively. The 2032 battery holder was used to obtain reliable results
from the charging experiments. This holder enabled a direct con-
nection of the 2032-coin battery cell to the potentiostat. The exper-
imental setup is shown in Figure 1 schematically.

Table 1. Characteristics of 2032 lithium-ion coin cell

Specification Value
Charging cut-off potential 420V
Discharging cut-off potential| 3.00 V
Diameter 20 mm
Thickness 3.2mm
charging relaxation
I based on =" .
L25 array period
Gamry U
battery — CC charging
holder procedure OCP
{} measurement
V 1]
2032 coin CV charging Gamry
— Reference 3000
Cell procedure Potentiostat
|

Fig. 1. A schematic representation of the experimental setup used to
perform the charging runs

The charging conditions implemented were determined by us-
ing the Taguchi design, in which the charging current at the CC
and CV modes were varying. In addition, different levels of relax-
ation time (tnx) were used during the open circuit potential meas-
urements. The charging protocol are presented as an orthogonal
matrix in Table 2. The capacity of the 2032 battery cell of 31.75
mAh was experimentally determined by using the Coulomb count-
ing method. Thus, the implemented charging current of 31.75 mA
represents 1 C-rate due to the charging process is completed in 1
hour. The orthogonal array L25(5°) enabled to determine the main
effects and interaction influences of control factors [24].

3. Results and Discussion

The LIC was charged up to the cut-off potential and followed
by a constant potential charging mode. The open circuit potential
measurements showed that the applied charging protocols influ-
enced the final potential of LIC. The final potential was the battery
potential at the end of relaxation period. The open circuit potential
difference between the cut-off potential, which is intended to be
the ultimate battery potential, and the final potential is presented in
Figure 2.
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Table 2. Steps of charging protocol based on orthogonal array.

Run | charging current, mA potential, V trix, h
1 63.50 3.7 0.50
2 63.50 3.8 0.75
3 63.50 3.9 1.00
4 63.50 4.0 1.25
5 63.50 4.2 1.50
6 31.75 3.7 0.75
7 31.75 3.8 1.00
8 31.75 3.9 1.25
9 31.75 4.0 1.50
10 31.75 4.2 0.50
11 15.88 3.7 1.00
12 15.88 3.8 1.25
13 15.88 3.9 1.50
14 15.88 4.0 0.50
15 15.88 4.2 0.45
16 3.97 3.7 1.25
17 3.97 3.8 1.50
18 3.97 3.9 0.50
19 3.97 4.0 0.75
20 3.97 4.2 1.00
21 1.98 3.7 1.50
22 1.98 3.8 0.50
23 1.98 3.9 0.75
24 1.98 4.0 1.00
25 1.98 4.2 1.25

Open cireuit potential

5
2 0.010 |

345678

12 9 10111213141516171819202122232425

Experiment number

Fig. 2. Effect of charging factors on open circuit potential difference

The results presented in Figure 2 are difficult to interpret by us-
ing conventional experimental methodologies because the Taguchi
design does not follow one factor at a time approach. Therefore,
the effect of each charging factor on the open circuit potential was
determined and interpreted by using response table and variance
analysis (ANOVA). The response table for signal-to-noise ratios
(S/N) is presented in Table 3. After the implemented charging pro-
tocol, the decrease in the potential of LIC is not intended during
the rest period. Thus, the S/N value of each charging factor was
calculated by using smaller-is-better quality assurance. This qual-
ity assurance indicated the influence of each charging factor to
minimize the decrease in the potential during the rest period. In

other words, the effect of the charging factors was quantified by
the response table. The S/N ratios and delta values are presented in
Table 3. Delta can be calculated by the difference between the
highest S/N ratio and the smallest S/N ratio. The highest S/N ratio
and the smallest S/N ratio for the potential were 43.12 and 35.07,
respectively. Thus, the delta value of the potential was 8.06. Con-
cerning the relaxation time, the S/N ratio of level 1 was 39.89. The
lowest S/N ratio of the relaxation time was obtained as 37.26. The
delta value of 2.63 was obtained by the difference between these
S/N ratios of the relaxation time. The delta values of the charging
current was 5.01. The potential showed the highest delta value. The
highest delta value of the potential indicated that the effect of the
potential on the open circuit potential difference was higher than
the other charging factors. The delta value of the charging current
(5.01) was higher than the relaxation time (2.63). This showed that
the influence of the charging current was approximately two orders
of magnitude higher than that of the relaxation time. In other words,
the relaxation time was the least effective charge factor on the open
circuit potential difference compared to other charge factors.

Table 3. Response table for signal-to-noise ratios — smaller is better.

Level | Charging current | Potential | Relaxation time

1 40.17 43.12 39.89

2 38.64 39.83 39.48

3 38.63 37.32 37.26

4 38.69 35.05 37.26

5 35.16 35.97 37.40
Delta 5.01 8.06 2.63
Rank 2 1 3

The ANOVA was used to determine if the association between
the charging factors and open circuit potential difference was sta-
tistically significant based on the significance level of 95%. Prob-
ability (P) value of each charging factor is presented in Table 4.
The lowest P-value of 0.000 was obtained for the potential. On the
other hand, the P-values of the charging current and the relaxation
time were 0.004 and 0.022, respectively. The P-value of each
charging factor less than 0.05 indicated that all of the charging fac-
tors should be carefully controlled during the charging protocol
[25]. In addition, these P-values demonstrated that there was a sta-
tistically significant association between the charging factors and
the open circuit potential difference. The minimum P-value of
0.000 showed that the charging current was the most significant
factor on the open circuit potential difference, as also shown by the
response table. Furthermore, the highest F-value of 15.70 was ob-
tained for the potential. The F-value of 6.74 obtained for the charg-
ing current was between the F-values of the potential and the re-
laxation time. This showed that the effect of the charging current
was lower than that of the potential and higher than that of the re-
laxation time. The results from the response table and the ANOVA
demonstrated that the potential was the most important factor.
However, it is important to emphasize that the influences of the
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charging current and the relaxation time should be monitored dur-
ing the charging process of the lithium-ion battery.

Table 4. Variance analysis for open circuit potential.

Source Seq SS Adj SS Adj MS F P
C:lj‘rrfg:tg 0.0001754 | 0.0001754 | 0.0000438 | 6.74 | 0.004
potential | 0.0004086 | 0.0004086 | 0.0001021 | 15.70 | 0.000
trix 0.0001118 | 0.0001118 | 0.0000279 | 4.29 | 0.022
Error 0.0000781 | 0.0000781 | 0.0000065
Total 0.0007738
A TN S, :
Q' AR b o
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current
l 0.025 |—e— 1984
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e 10010 |—a- 31750
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Fig. 3. Interaction plots of charging factors

Even though it is important to determine the main effect of each
charging factor on open circuit potential difference, a robust bat-
tery management system needs more quantified data such as inter-
actions between the control factors. In this work, the interactions
between the charging factors was determined by using interaction
plots. The interaction between charging factors shows how the re-
lationship between a charging factor and open circuit potential dif-

ference depends on the level of other charging factors. The inter-
action between each charging factors is plotted and presented in
Figure 3. Non-parallel lines on the plots demonstrated that there
were interactions between the charging factors and open circuit po-
tential difference. It was depicted in Figure 3a that the correlation
between the charging current and open circuit potential difference
depended on the level of the potential. Similar intersections be-
tween the lines depicted in Figure 3b and 3c indicated the interac-
tion effects between the charging factors.

Summing up, the main effects and the interaction effects showed
that the charging factors investigated in this work should be closely
monitored during the charging process to achieve the desired bat-
tery potential.

4, Conclusions

The simultaneous influences of the charging factors on the open
circuit potential difference have been determined by the Taguchi
design and statistical analysis. The battery potential was the most
influential charging factor due to its highest delta value of 8.06.
The influence of the charging current was approximately two or-
ders of magnitude higher than that of the relaxation time. The P-
values lower than 0.05 obtained for each charging factor demon-
strated that there was a statistically significant association between
the charging factors and open circuit potential difference. The low-
est P-value of 0.000 obtained for the battery potential indicated the
significance of the potential as a factor to obtain the desired battery
potential during the proposed charging process. The higher F-value
of the charging current than the relaxation time indicated stronger
influence of the charging current. Furthermore, each significant
charging factor influenced the effect of other charging factors on
the open circuit potential difference. As a conclusion, the main in-
fluences of each charging factor and the determined interactions
between these factors should be taken into account to achieve a
robust battery management system.
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