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Abstract— Accurate estimation of the state of charge is
important for the rational use of lithium ion batteries and the
development of electric vehicles. In order to solve the problem
that the internal parameters of lithium battery are greatly
affected by the temperature change, which makes the estimation
of state of charge inaccurate, a new method based on different
temperature is proposed. The improved extended Kalman filter
algorithm is applied to estimate and track the state of charge at
different temperatures and working conditions. The
experimental results show that the established estimation model
can better estimate the state of charge of lithium battery with
fast convergence rate, and can estimate the battery state of
different working conditions at different temperatures. The
tracking effect is good and the estimation error is controlled
within 0.03%.

1. INTRODUCTION

Power lithium battery has the advantages of simple
structure, energy saving and cleanness, and has been widely
applied and developed in the field of new energy. Accelerating
the development of the electric vehicle industry has become
the world consensus [1]. As the main battery of electric
vehicles, the health status detection of lithium battery has been
paid more and more attention [2]. Among them, the estimation
of the State of Charge (SOC) of lithium battery is very
important [3]. Accurately estimating the SOC of the battery
can provide the driver with reference to predict the remaining
mileage.

The internal chemical reaction of lithium battery is
complex and variable, and the operating characteristics are
highly nonlinear. Therefore, the SOC of the battery is
estimated indirectly mainly through the external
characteristics. Experts in related fields have conducted
in-depth research on SOC estimation of lithium battery. SOC
dynamic tracking can be realized by Ampere-hour (Ah)
integration, and the operation is simple, but this method is
difficult to measure the initial state of SOC. Open circuit
voltage method can provide initial value for lithium battery,
but it takes a longer time to place. It only applies to the initial
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and final stages of battery charging. Therefore, some
researchers have proposed combining the open circuit voltage
method with the Ah integration method to complete the SOC
initial value estimation and to realize the dynamic prediction
of the SOC. However, with the increase of time, the above
method still inevitably has an SOC cumulative estimation
error. Later, some scholars proposed other intelligent
algorithms, such as Kalman Filter (KF) algorithm, neural
network algorithm and some improved algorithm [4], [5], [6].
Chen et al. [7] estimated SOC of lithium battery through
particle filter. Li et al. [8] used combination methods to
estimate SOC.

The equivalent modeling of lithium battery is the basis of
its state estimation, which has important significance in the
battery management system [9]. Common battery models in
current applications include electrochemical model, neural
network model, and equivalent circuit model [10].
Electrochemical model can be used to investigate the internal
chemical mechanism and chemical reaction of lithium battery
[11]. The estimation accuracy is high but the corresponding
calculation amount is large, which is not suitable for
engineering applications [12]. Based on a significant amount
of experimental data, the neural network model estimates
SOC through input and output relationships [13]. Because it
has a strong dependence on experimental data, the lack of
experimental data will lead to a large estimation error. The
equivalent circuit model uses circuit reactions to simulate the
reaction inside the battery [14]. The equivalent circuit model
is more intuitive and easier to process, and the amount of
calculation is moderate, and the parameters of the model are
easy to identify, which is suitable for simulation experiments
[15]. Common battery equivalent circuit models in current
applications include internal resistance equivalent model, RC
equivalent model, Thevenin equivalent model, and PNGV
equivalent model. There are many improved models in recent
years [16], [17], [18]. De Sutter et al. [19] conducted
extensive parameterization studies on fractional differential
model. Meng et al. [20] proposed a dynamic linear battery
model establishment method. Kim et al. [21] studied an
enhanced hybrid battery model. Drummond et al. [22]
established the Doyle-Fuller-Newman electrochemical
model.

The above methods do not consider the effect of
temperature on battery state, but the change of temperature
has a great influence on battery capacity and internal
resistance, which will affect the estimation effect of the SOC
[23]. In view of the above situation, based on the SOC
estimation at different temperatures, the influence of
temperature on the parameters of the battery model is
considered, and the influence of high and low temperature on
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Figure 1 The Thevenin model

battery internal parameters is analyzed. On this basis, a
variable gain coefficient is introduced to modify the extended
Kalman filter algorithm to reduce the influence of temperate
on state estimation. Firstly, the Thevenin model is constructed,
and the parameters of the established model are identified by
experiment. Finally, the improved algorithm is implemented
in MATLAB/Simulink and the estimation effect of the
algorithm is analyzed.

II. MATHEMATICAL ANALYSIS

A. Equivalent Circuit Modeling

In order to accurately obtain the current SOC of the battery,
it is necessary to select a suitable equivalent model. Although
the internal resistance equivalent model is simple, it doesn’t
take into account the transient characteristics of the
electrochemical reaction process of the battery, and cannot
accurately characterize the change process. The PNGV model
has a high accuracy due to the consideration of self-discharge
effect. However, the introduction of series capacitance makes
the method prone to cumulative errors in long-term simulation.
Because the Thevenin model has a simple structure,
parameters are easy to identify, and the polarization
phenomenon of the battery is considered, the Thevenin model
is chosen to describe the dynamic characteristics of the battery.
It is shown in Fig. 1.

Among them, Upc indicates the open circuit voltage. R,
indicates the ohmic internal resistance of the battery. Rp and
Cp indicate the polarization internal resistance and capacitance
of the battery. According to the equivalent model, the state
space equation is obtained as shown in Eq. (1).

U,=U, —IR,~U,

v, U,
dt R

P

1(1)=C M

B. Improved Extended Kalman Filter Algorithm

The Extended Kalman Filter (EKF) algorithm is actually a
linearization process of a nonlinear system. The value of the
next moment is estimated by the previous time, and the state
variables are continuously updated by the observation values
of the system input and output, thereby achieving the optimal
estimation. In the estimation process, the Taylor expansion is
used to expand the system equations of the lithium battery,
then the first-order linearization model is obtained after the

Improved EKF algorithm

3

State and variance
calculation process

Time update

4

Kalman gain matrix update(L)

4

Status estimation update

Figure 2 IEKF algorithm flow chart

high-order term is removed. After obtaining the linearized
model, the Kalman filter algorithm with variable gain
coefficient is used to estimate the SOC. The Improved
Extended Kalman Filter (IEKF) algorithm is shown in Fig. 2.

The extended Kalman algorithm is an improvement of the
classical Kalman algorithm. The filtering algorithm is used to
estimate the current state and is suitable for discrete nonlinear
systems. The improved EKF algorithm includes temperature
coefficient and variable gain parameters to consider the effect
of temperature change on battery capacity, and the variable
gain coefficient is used to IEKF.

Since temperature has an impact on capacity, the
temperature coefficient is introduced to correct the error, and
the traditional Ah integration method is improved to make the
calculation of SOC more accurate, as shown in Eq. (2).

cni(t
soc (1) =s0c(1,) - [ (),

! KI N
In the formula, K; is the temperature coefficient, which is
the ratio of capacity at current temperature to that at standard
temperature. Qy is the rated capacity. According to the
Thevenin model, the state space expression is as shown in Eq.

(1), and the discretization is as shown in Eq. (3).
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where, wy and v are mutually independent Gaussian white
noise. For Eq. (3), in order to use Kalman filtering, the
first-order Taylor expansion of the equation is carried out, and
the values of Ax, Bk, and Cy are obtained as shown in Eq. (4).
The Kalman filter with variable gain is applied to the
linearized model, and the iterative process of the improved
extended Kalman filter is as shown in Eq. (5).
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where P is the mean square error and K is the Kalman gain. L

is the variable gain coefficient. 7 is an identity matrix. Q and
R are the variances of w and v.

III. EXPERIMENTAL ANALYSIS

The parameters of the Thevenin equivalent model are
identified and the characterization effect of the model on the
battery is verified by experiments. Under a variety of initial
SOC conditions, the influence of different initial conditions on
the estimation result is studied, and the convergence of the
initial estimation algorithm is observed. Experimental analysis
is carried out under a variety of simulation conditions. The
influence of the change of working conditions on the
estimation effect of the model, the convergence in the
estimation process and the tracking of the real data are studied.
The reliable verification of the effect of the estimation model
is achieved.

A. Test Equipment and Procedures

The Ternary lithium ion battery is selected for testing. The
battery rated capacity is 50 Ah, and the actual capacity is
calibrated at different temperatures. The instruments used in
the test include the power cell large-rate charge and discharge
tester, a three-layer temperature test chamber (BTT-331C)
and other supporting experiments equipment, as shown in Fig.
3.

The battery is aging due to some reasons such as recycling,
so that the actual capacity and the calibration capacity of the
battery will be greatly deviated. The real discharge capacity is
of great significance to the SOC estimation of the lithium ion
battery, so the capacity calibration of the lithium ion battery
should be carried out first.

The battery is subjected to Hybrid Pulse Power
Characterization (HPPC) at different temperatures, and the
battery model parameters are obtained by analyzing the
operating characteristics of the battery during operation.
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Figure 4 Lithium battery capacity with temperature curve

B. Experimental Result

The experiments are conducted at different temperatures.
First, the capacity of lithium ion battery is calibrated to obtain
the actual capacity at different temperatures. The curve of
capacity changing with temperature is shown in Fig. 4.

According to the curve of capacity changing with
temperature, the low temperature will reduce the available
capacity, while the high temperature will increase the activity
of the battery material, resulting in a large available capacity.
However, the excessive high temperature will damage the
battery. The experiment shows that the change of temperature
will make the lithium ion battery capacity change obviously.
In order to accurately estimate the state of lithium ion battery,
the influence of temperature on its capacity must be
considered.

The lithium ion battery is tested with HPPC at different
temperatures. The voltage curve of one of the HPPC tests is
shown in Fig. 5. It can be seen from the voltage curve in Fig. 5
that the battery voltage at the end of the discharge will
gradually stabilize after a long period of time, which means
that the internal chemical reaction and thermal effect have
basically reached equilibrium. The battery voltage is its open
circuit voltage, so the relationship between the open circuit
voltage and SOC at different temperatures is obtained as
shown in Fig. 6.

In Fig. 6, the open circuit voltage U,. decreases with the
decrease of SOC at different temperatures, and decreases
rapidly when the SOC is large. At the same time, it can be
seen that temperature has little effect on the open-circuit
voltage of lithium battery.

C. Parameter identification

Analysis of Figure 6 shows that at the start and the end of
discharge at ¢/ to #2 and ¢3 to ¢4, the voltage at the battery
terminal drops sharply under the influence of the ohmic
resistance of the battery. During ¢4 to ¢5, the battery voltage
rises slowly. At this time, it is zero input effect of RC circuit
in the circuit model. In other words, the RC circuit returns
energy to the battery circuit after storing energy for a time,
leading to the rise of voltage. The ohmic internal resistance
and the terminal voltage of the battery can be obtained as
shown in Eq. (6).

RZ‘U27U1‘+‘U47U3‘
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In the formula, 7 is the corresponding current value. The
time constant 7;=R,C,.

According to Eq. (6), the change of ohmic internal
resistance at various SOC stages at varying temperatures can
be obtained, as shown in Fig. 7.

In Fig. 7, the ohmic internal resistance decreases with the
increase of temperature, and increases when the discharge
reaches a certain depth at the same temperature. At the high
temperature of 40 degrees, the ohmic resistance is very small.
At a low temperature of -20 degrees, the ohmic resistance is
large and increases rapidly at a low temperature. The analysis
shows that there is no significant change in the ohmic internal
resistance at the same temperature, so the average value can
be taken.

The R, and C, values in different SOC shapes at varying
temperatures are obtained as shown in Fig. 8. As can be seen
from Figure 8 that the polarization resistance decreases with
the increase of temperature, which is similar to the ohmic
internal resistance. When the discharge depth increases, the
polarization resistance will increase. Fig. 8 shows that the
polarization capacitance of lithium ion battery increases with
the temperature rise.

In order to validate the characterization of the battery
voltage in the actual operating conditions of the constructed
equivalent circuit model. The real voltage and current data
under 25°C the cyclic discharge held condition are imported
into the battery equivalent model constructed by
MATLAB/Simulink, and the model is verified by combining
the previous parameter identification results. The estimated
value is compared with the actual terminal voltage value as
shown in Fig. 9.
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Figure 8 Variation of polarization resistance and capacitance with
temperature and SOC

Fig. 9 shows the comparison between the estimated value
and the real value when the battery is discharged under the
experimental condition of cyclic discharge. Where the red
line is the estimated value of the constructed model, while the
solid blue line is the real battery terminal voltage. In the Fig. 9,
the estimated value has a good tracking effect on the real
value, and the estimated error is within 0.07V, which can
basically represent the terminal voltage value of the battery at
work. It can also be seen from the analysis of the comparison
error of the two voltages that the error of the voltage
estimation increases at the end of the battery discharge. This
is because the battery voltage changes dramatically at the end
of the discharge, and the simulation expectation lag behind,
which leads to the increase of the estimation error.

D. Cycle Charging and Discharging Condition Analysis

Considering that the battery is usually in intermittent
discharge state in actual use, and in order to validate the
estimation effect at different temperatures, the estimated
results are further analyzed under the experimental condition
of 35°C cyclic discharge. The estimated result is shown in Fig.
10.

Fig. 10 shows the theoretical calculation value of battery
SOC and the estimation value of improved EKF. It can be
seen from the figure that this algorithm has a good estimation
effect. The estimated deviation is stable within 0.03%, and the
overall performance is excellent. What is noteworthy is that
that when the battery in a suspended state, the SOC estimation
error becomes larger. This is because when the battery is in in
a suspended state, there is a lag in the battery equivalent
circuit model, which leads to the larger deviation of SOC
estimation.
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E. DST Condition Analysis

In order to further verify the response of the model to the
SOC of the lithium battery under more complex application
conditions, the model is validated with custom DST
experimental data at 27°C. The experimental voltage and
current data of the DST working condition is shown in Fig.
11.

The experiment data are imported into the MATLAB
working platform, and the estimation model is analyzed. The
results of comparing the SOC value with the theoretical value
and the estimation error are shown in Fig. 12.

The battery starts discharging at full charge, and its initial
SOC is considered to be 1. As shown in Fig. 12, the overall
SOC estimation shows a fluctuation downward trend, which
is due to the alternating charge-discharge process during the
experiment. Under the condition of DST, IEKF has a good
tracking effect on SOC, and the estimated error is within
0.01%, which can better track the battery SOC under this
condition.

IV. CONCLUSION

Accurate SOC estimation of lithium ion battery is the
focus and difficulty of lithium battery condition monitoring.
In this paper, considering the influence of temperature on the
battery state, based on the improved Thevenin model to
characterize the state and output characteristics of lithium
battery, pulse discharge experiments were conducted at
different temperatures to identify parameters, and the
relationship between circuit model parameters and lithium
battery state and temperature changes was determined. Then
the improved extended Kalman algorithm was used to
estimate the SOC based on the established model. Simulink
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Figure 12 SOC estimation of IEKF under DST condition

model was built on MATLAB, and the experimental data of
different temperature conditions were combined for
simulation analysis. The results show that the established
estimation model can well estimate the SOC of lithium
batteries, and can estimate the SOC under varying
temperatures and working conditions. The estimation error is
controlled within 0.03%, which verifies that the algorithm has
high accuracy in the SOC estimation of lithium batteries.
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