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Abstract — In recent years, the energy crisis has become more and more serious. Li-ion batteries are used
in grids because of their benefits such as contributing to the intermittent generation of renewable energy
sources and stabilizing the grid. In addition, li-ion batteries are widely used in electric vehicles due to their
long cycle life and high energy density. Li-ion battery state of charge (SoC) is an important indicator for
safety. Therefore, the SoC estimation of li-ion batteries is important. Today, there are different methods to
determine the state of the SoC in many applications. The traditional estimation method, the ampere-hour
integration method and the coulomb counting method, has a cumulative error and cannot achieve good
results in a working environment with Gaussian noise. For this purpose, in this study, firstly, the Thevenin
equivalent model was created for battery SOC estimation, and then the Kalman filter algorithm was applied.
Thus, the estimation error caused by Gaussian noise is eliminated. SoC estimation was simulated for the
battery model created in the MATLAB/Simulink program using this method. Using these simulation
results, the charge/discharge characteristics of the battery were obtained. However, the SoC estimation has
been made for the charging and discharging processes of the battery. In the simulation, the charge value
was recorded for 6 hours. The data recorded every 10 minutes gave results very close to the true value.
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I. INTRODUCTION
The world is threatened by the emission of

vehicles [4]. In addition to electric vehicles,
batteries have recently been used worldwide to store

greenhouse gases from the use of fossil fuels [1].
One of the main causes of these pollutants is the
widespread use of automobiles with internal
combustion engines. The use of electric vehicles is
seen as a method to reduce these environmental
impacts [2-3]. For this solution to be effectively
implemented, electric vehicle prices must be
competitive with conventional vehicle prices. The
battery has the largest share in the costs of electric

electrical energy for reasons such as grid stability
and energy crisis [5-7].

Since electrical energy cannot be stored directly,
batteries store electrical energy by converting it into
chemical energy. With the development of
technology, interest in battery systems is increasing
day by day [8]. Battery types have also started to be
produced in different types to meet the needs of
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these sectors. However, lithium ion batteries have a
wider range of applications due to their advantages
such as high energy density, low variation in
operating voltage levels, long cycle life and light
weight [9]. In recent years, lithium ion batteries
have gained a significant place as an energy storage
technology for electric vehicles, mobile electronic
devices and grid stability [10].

Lithium ion batteries need to be monitored and
managed by battery management systems for
reliable operation. The success of an efficient and
effective battery management system depends on
the accurate estimation of the battery state of charge
[11-12]. Battery estimation methods have become a
subject of academic study for the safe operation of
batteries. SoC estimation is not only an important
topic but also difficult and complex to estimate
accurately [13]. This is due to the parametric
uncertainties between batteries. In response to this,
different SoC estimation methods are available
today [14].

In the literature review, it is seen that the studies
are categorized under three main headings.
Experiment-based, state space model-based and
smart algorithm-based methods were identified
[15]. In this study, simulations were performed in
MATLAB/Simulink environment with the Kalman
filter, which is a subheading of the state space model
method.

Il. TECHNICAL BACKGROUND

A. Equivalent Circuit Model

Due to the difficulty of the chemical structure of
batteries, modelling them as equivalent circuits to
make them more understandable gives very
successful results [16]. Battery modeling can be
mainly divided into four groups: physical, electrical,
analytical, and statistical. In the electrical model, the
battery is modeled using an equivalent circuit. In
this type of modeling, unknown parameters can be
easily estimated by using mathematical equations
for circuit parameters on the model. Thus, it is
possible to make mathematical calculations on the
model. For this reason, the electrical equivalent
circuit is modeled for the charge-discharge curves.
Battery runtime and SoC estimation can be easily
done using the battery circuit model. Fig.1 shows
the Thevenin equivalent battery model.
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Fig 1. The common Thevenin's equivalent circuit of batteries
[17]

Although in some of the electrical equivalent
circuit models the circuit parameters are assumed to
be constant, in reality these values are not constant
but depend on the internal dynamics of the battery
such as battery state of charge, temperature, battery
current, capacity and battery life. Egs.1 and 2 show
how to calculate these dynamics-dependent values.
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B. Kalman Filter

The Kalman Filter tries to predict the next state of
a dynamic system based on its previous states. To
do this, a mathematical model of the system is
created. When estimating the battery state of charge
with filtering algorithms, the state-space model of
the system is used. The battery state of charge is
estimated by appropriate filtering or observer
algorithms [18]. The state-space model is usually
obtained from the equivalent circuit model of the
battery. Since the accuracy of the equivalent circuit
model directly affects the state space model, it
directly affects the accuracy of the charge state
estimation [19]. Therefore, it is important to
improve the equivalent circuit model to realize high
accuracy predictions. Figure 2 shows the state of
charge estimation diagram for the state space model.
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Fig 2. The state of charge estimation diagram for the state

space model
The real system cannot be fully reflected as a
mathematical model. We try to create a

mathematical model that is closest to the real
system. Because the data obtained consists of noisy
and imprecise data. In real life, there may be many
factors affecting our system. Modeling all of these
factors will bring difficulty and complexity. In this
context, many experts and scientists have used
various filtering methods based on the Kalman filter
to estimate the battery load status and various
models are still being developed to reduce the
computational burden. Figure 3 shows the algorithm
of the Kalman filter.
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Fig 3. Kalman filter diagram

The Kalman filter is used in dynamic systems
when you have uncertain and imprecise information
[20]. Thus, it is preferred in forecasting
applications. By evaluating the inputs and outputs of
your system, the Kalman filter helps you understand
what is actually happening in the system. By
obtaining data that you cannot directly measure or
whose accuracy is not accurate, it tries to make a
prediction close to the actual state of the system
[21]. If the data you obtain contains various noises,
the Kalman filter allows you to estimate the value
closest to reality.

The Kalman filter is used in SoC estimation
applications because it can detect even the smallest
variations. The equations used in the battery
mathematical models are given in Eqg. 3 and Eq. 4.
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ey = f(Xk1uk)+Wk (3)

yk+1:g(xk’uk)+vk (4)

In Eq.3 and EQ.4, uk contains the inputs of the
system such as current, temperature and internal
resistance and yk+1 contains the output of the system
such as open circuit voltage. The state variable xx
defines the estimated SoC value. The functions f and
g represent the nonlinear equations in the battery
model. These values need to be linearized in the
calculation process [22].

The Kalman filter algorithm should be expressed
by an electrical equivalent model. In this study, the
PNGV model and the Kalman filter algorithm are
used to extract the battery state equations. Eq.5 and
Eq.6 give the state equations of the battery.

170 0 1
ljb u, Cb
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In the equations, uy is the voltage at capacity cy; Uz
is the voltage across the RC tank; R1 is the internal
resistance and uqc i the open circuit voltage.

1. MATERIAL METHOD

Battery health State of Health (SoH) is the term
used to describe the battery's ability to energize the
load. The capacity of the battery gradually decreases
as the battery is used (aged). For this reason, a
battery that has been used for a long time can store
approximately 70%-80% of the energy stored at full
capacity when new, although the charge status
shows 100% when fully charged. This operating
range may vary depending on the place of use of the
battery and the frequency of charging/discharging.
However, in many applications, this operating range
is defined as 20<SoC<80.

This study shows how to estimate the SoC of the
battery using a Kalman filter. The initial SoC of the
battery is equal to 20%. The estimator uses an initial
condition for the SoC equal to 50%. The battery is
charged and discharged for 6 hours in
MATLAB/Simulink. The Kalman filter estimator
converges to the actual value of SoC in less than 10
minutes and then follows the actual SoC value. At
these values, the accuracy is estimated by
comparing battery data that has been previously
charged and discharged with similar parameters.
This study was simulated on an Intel® 3.2 GHz i7
multi-core CPU computer using
MATLAB/Simulink software. The model of the
study is given in Fig. 4.
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Fig 4. Kalman filter MATLAB/Simulink model

A comparison of the performance of the different
proposed methods used to estimate the SOC is
performed through experimental data. For this

purpose, the comparison is based on the 18650
cylindrical battery model used in electric vehicles.
In this study, real driving conditions were simulated



such that the battery has a charge between 20% and
80%. These batteries contain LiFePO 4 cathodes
and provide a nominal voltage of 3.8 V.

IV.RESULT AND DISCUSSION

Battery charge/discharge graphs were obtained
using MATLAB/Simulink software for the battery
SoC value taken into the computer. The variation of
the battery with respect to time while charging is
given in Figures 5 and 6. It was observed that the
actual values of the battery charge/discharge status
obtained from the database were very close to the
data obtained by applying the Kalman filter.
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Fig 5. SoC for a charging stage
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Fig 6. SoC for a discharging stage

We tested the implemented Kalman filter
algorithm in charge mode, discharge mode and both
modes together using MATLAB simulation tool. In
Figures 5 and 6, the blue curves represent the actual
SoC values and the red curves represent the
estimated SOC obtained with the Kalman filter
algorithm.

The estimation accuracy of the Kalman filter is
quite high even with noisy signals. The initial state
of charge is not important for estimation. However,

the estimation accuracy varies according to the
electrical model selected. Not suitable for nonlinear
systems. Battery SoC values are nonlinear, so the
extended Kalman filter could have been used
instead of the Kalman filter. In this study, the
extended Kalman filter was not preferred because
estimation errors may occur due to the omission of
some terms in the linearization process.

V. CONCLUSION

In this study, battery models and SoC
determination methods in the literature for the most
widely used batteries in energy storage are
examined in detail. Kalman filter counting method
is preferred for battery state of charge determination
because it is more reliable. An algorithm for SoC
determination was developed using
MATLAB/Simulink software. Graphical results are
plotted for varying charge and discharge values of
the battery. The estimation accuracy of the Kalman
filter estimation method is quite high even with
noisy signals. Therefore, it is highly robust against
sensor-induced noise. The initial state of charge is
not important for estimation. It is the most
successful estimation method under nonlinear and
dynamic changes. However, the estimation
accuracy varies according to the electrical circuit
model selected. In this study, it is seen that the initial
value is not important. The Kalman filter quickly
converged to the true value after a few estimations.

REFERENCES

[1] X. L. Liu, Z. M. Cheng, F. Y. Yiand T. Y. Qiu, “SOC
calculation method based on extended Kalman filter of
power battery for electric wvehicle,” 2017 12th
International Conference on Intelligent Systems and
Knowledge Engineering (ISKE), Nanjing, China, 2017,
pp. 1-4.

[2] J.Wang, H. Chang, H. Mei, Y. Cheng and L. Sun, “SOC
Estimation of Lithium-ion Batteries Based on Extended
Kalman Filter,” 2022 IEEE 4th Eurasia Conference on
I0T, Communication and Engineering (ECICE), Yunlin,
Taiwan, 2022, pp. 170-175.

[3] M. Ozcan, H. Giinay, “Control of diesel engines mounted
on vehicles in mobile cranes via CAN bus,” Turkish
Journal of Electrical Engineering and Computer
Sciences, vol. 21, no. 8, pp. 2181-2190, 2013.

[4] H.Huang, Z. Zhang, C. Guo and L. Ge, “SOC Estimation
of Lithium Battery Based on Extended Kalman Filter
Optimized by Recurrent Neural Network,” 2022 China
International Conference on Electricity Distribution
(CICED), Changsha, China, 2022, pp. 41-46.

[5] H. Aung, K. Soon Low and S. Ting Goh, “State-of-
Charge Estimation of Lithium-lon Battery Using Square



(6]

[7]

(8]

[0l

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Root Spherical Unscented Kalman Filter (Sqrt-UKFST)
in Nanosatellite,” in IEEE Transactions on Power
Electronics, vol. 30, no. 9, pp. 4774-4783, Sept. 2015.
W. Wang, X. Wang, C. Xiang, C. Wei and Y. Zhao,
“Unscented Kalman Filter-Based Battery SOC
Estimation and Peak Power Prediction Method for Power
Distribution of Hybrid Electric Vehicles,” in IEEE
Access, vol. 6, pp. 35957-35965, 2018.

M. Shehab EI Din, A. A. Hussein and M. F. Abdel-Hafez,
“Improved Battery SOC Estimation Accuracy Using a
Modified UKF With an Adaptive Cell Model Under Real
EV Operating Conditions,” in IEEE Transactions on
Transportation Electrification, vol. 4, no. 2, pp. 408-417,
June 2018.

A. Khalid et al., “Comparison of Kalman Filters for State
Estimation Based on Computational Complexity of Li-
Ion Cells,” Energies, vol. 16, no. 6, p. 2710, Mar. 2023.
H. Chen, F. Zhang, X. Zhao, G. Lei, and C. He,
“ARWLS-AFEKE: SOC Estimation and Capacity
Correction of Lithium Batteries Based on a Fusion
Algorithm,” Processes, vol. 11, no. 3, p. 800, Mar. 2023.
R. Bustos, S. A. Gadsden, M. Al-Shabi, and S. Mahmud,
“Lithium-lon Battery Health Estimation Using an
Adaptive Dual Interacting Model Algorithm for Electric
Vehicles,” Applied Sciences, vol. 13, no. 2, p. 1132, Jan.
2023.

M. Sen, M. Ozcan, “Elektrikli Araglarda Elektriksel
Frenlemenin Bulanik Mantik Tabanli Karar Destek
Sistemleri ile Tasarlanmasi,” 6th  International
Symposium on Innovative Approaches in Smart
Technologies (ISAS WINTER), Turkey, 2022, pp. 12-15.
J. Wang and Z. Zhang, “Lithium-ion Battery SOC
Estimation Based on Weighted Adaptive Recursive
Extended Kalman Filter Joint Algorithm,” 2020 IEEE
8th International Conference on Computer Science and
Network Technology (ICCSNT), Dalian, China, 2020, pp.
11-15.

W. Li, Y. Zhu, X. Guo, X. Zhang, Y. Zhang and Y. Zhou,
“Jointly Estimation Method of the SOC and SOH of
Lithium-ion Battery based on Fractional Order Multi-
Innovation Dual Unscented Kalman Filter,” IECON
2022 — 48th Annual Conference of the IEEE Industrial
Electronics Society, Brussels, Belgium, 2022, pp. 1-6.

J. Xu, D. Wang and M. Jiao, “SOC estimation of lithium
battery with weighted multi-innovation adaptive Kalman
filter algorithm,” 2022 IEEE 5th International Electrical
and Energy Conference (CIEEC), Nangjing, China,
2022, pp. 624-629.

V. Sangwan, R. Kumar and A. K. Rathore, “State-of-
charge estimation for li-ion battery using extended
Kalman filter (EKF) and central difference Kalman filter
(CDKF),” 2017 IEEE Industry Applications Society
Annual Meeting, Cincinnati, OH, USA, 2017, pp. 1-6.
E. I. Tezde, H. I. Okumus “Batarya Modelleri ve Sarj
Durumu (SoC) Belirleme,” EMO Bilimsel Dergi, vol. 8,
no. 15, pp. 33-39, Jun.2018.

M. Hossain, S. Saha, M. E. Haque, M. T. Arif and A. Oo,
“A Parameter Extraction Method for the Thevenin
Equivalent Circuit Model of Li-ion Batteries,” 2019
IEEE Industry Applications Society Annual Meeting,
Baltimore, MD, USA, 2019, pp. 1-7.

[18]

[19]

[20]

[21]

[22]

Y. Fu, B. Zhai, Z. Shi, J. Liang, and Z. Peng, “State of
Charge Estimation of Lithium-lon Batteries Based on an
Adaptive Iterative Extended Kalman Filter for AUVs,”
Sensors, vol. 22, no. 23, p. 9277, Nov. 2022.

X. Zhang, Y. Huang, Z. Zhang, H. Lin, Y. Zeng, and M.
Gao, “A Hybrid Method for State-of-Charge Estimation
for Lithium-lon Batteries Using a Long Short-Term
Memory Network Combined with Attention and a
Kalman Filter,” Energies, vol. 15, no. 18, p. 6745, Sep.
2022.

M. M. Serinbas, M. O. Giilbahge, “Batarya Sarj Durumu
Kestirim Yontemleri Uzerine Inceleme,” Gii¢ Sistemleri
Konferans: (CIGRE), Ankara, Turkey, 2022.

J. Zhang, L. Zhang, Y. Li and H. Liu, “The State-of-
Charge Estimation of Supercapacitor With Kalman
Filtering Algorithm,” 2021 3rd International Conference
on Electrical Engineering and Control Technologies
(CEECT), Macau, Macao, 2021, pp. 208-211.

H. Wang, Y. Chen, J. Luo, C. Liu, P. Gao and G. Chen,
“State of Charge Estimation of Li-lon Battery Based on
Improved Extended Kalman Filter,” 2021 IEEE A4th
Advanced Information Management, Communicates,
Electronic and Automation Control Conference
(IMCEC), Chongging, China, 2021, pp. 950-953.



