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Abstract: State-of-charge (SOC) estimation of lithium-ion battery is a key parameter of the battery
management system (BMS). However, SOC cannot be obtained directly. In order to predict SOC
accurately, we proposed a recurrent neural network called gated recurrent unit network that is based
on genetic algorithm (GA-GRU) in this paper. GA was introduced to optimize the key parameters
of the model, which can improve the performance of the proposed network. Furthermore, batteries
were tested under four dynamic driving conditions at five temperatures to establish training and
testing datasets. Finally, the proposed method was validated on dynamic driving conditions and
compared with other deep learning methods. The results show that the proposed method can achieve
high accuracy and robustness.

Keywords: lithium-ion battery; state-of-charge estimation; battery management system; genetic
algorithm; gated recurrent unit neural network

1. Introduction

Environmental problems caused by fuel vehicles has become an inevitable issue [1].
However, this issue has stimulated the rapid development of new energy vehicle technology.
As a typical representative of new energy vehicles, electric vehicles can effectively reduce
exhaust emissions. Lithium batteries can provide power for electric vehicles and have the
following advantages: small size, high energy density, and long service life [2,3]. In electric
vehicles, battery management system (BMS) plays an important role in ensuring the safety
of the vehicle and monitoring the status of the battery. As a key parameter in the BMS,
accurate state of charge (SOC) can avoid the overcharge and over-discharge of batteries
and can prolong the life of battery [4]. However, it is a challenge to measure SOC directly,
and it can only be estimated through the observable parameters of a battery, such as battery
voltage, current, and temperature [5].

At present, scholars have carried out considerable research on SOC estimation. In
addition, the methods for SOC estimation can be divided into three categories: direct,
model-based, and data-driven approaches [6–8]. The direct methods commonly used
are Coulomb counting method [9] and open circuit voltage method [10]. The Coulomb
counting method integrates current with time to obtain the current SOC. However, errors
will accumulate with time and the accuracy of current depends on the sensor. The open
circuit voltage method obtains SOC through the corresponding relationship between open
circuit voltage (OCV) and SOC. Nevertheless, the battery must be rest for a long time period
to achieve accurate open circuit voltage. All in all, both methods are simple and easy to
implement, but they all have low precision. Moreover, the model-based methods have been
proposed for SOC estimation. The battery models mainly include equivalent circuit model
(ECM) [11] and electrochemical model [12], and the former is mostly used. The battery
models are usually used combined in conjunction with control theory algorithms, such as
Kalman filter (KF, EKF, UKF) [13–15], particle filter (PF) [16], and adaptive observers [17].

Appl. Sci. 2022, 12, 2305. https://doi.org/10.3390/app12052305 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app12052305
https://doi.org/10.3390/app12052305
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-1119-8975
https://doi.org/10.3390/app12052305
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12052305?type=check_update&version=3


Appl. Sci. 2022, 12, 2305 2 of 12

These filtering algorithms can update the SOC on the basis of the state-space equations
of the model and the covariance matrix. However, this requires a lot of expertise, and the
accuracy of SOC estimation is highly dependent on the model. In order to for shortcomings
of traditional and model-based methods to be overcome, data-driven methods are applied
to estimate SOC.

Data-based methods can address the strong nonlinear and time-varying issues of SOC
estimation that can accurately map the observable parameters of batteries to SOC. Wu
et al. [18] proposed a back-propagation neural network (BP) for SOC estimation. In [19], a
support vector machine (SVM) was set up to extract model parameters for SOC, obtaining
a high level of accuracy. Due to the rapid development of computer hardware, such as
graphics processing unit (GPU), deep learning methods are widely used for SOC estimation.
Shen et al. [20] proposed a deep convolutional neural network (DCNN) to achieve good
estimation results. In consideration of the excellent performance of long short-term memory
neural network (LSTM) in time series data, the LSTM-RNN has been introduced to perform
SOC estimation [21]. However, due to the complex structure of LSTM, a new recurrent
neural network called gated recurrent unit neural network (GRU) was applied for SOC
estimation [22]. In [23], a hybrid neural network called convolution gated recurrent unit
network (CNN-GRU) was proposed for SOC estimation.

The methods mentioned above all need to manually set network parameters. In
order for the optimal network parameters for improving network performance to be
automatically found, the genetic algorithm (GA) was proposed. In this paper, GA was
used to optimize the parameters of gated recurrent unit network (GRU). Moreover, the
optimized parameters included the number of GRU layers and the fully connected layers
(FCL), as well as the number of neurons of the corresponding layer. The rest of this
paper is organized as follows. The proposed SOC estimation method is introduced in
Section 2. Then, Section 3 establishes the experimental bench for acquiring the dataset.
Next, validation of the proposed model and analysis of results are carried out in Section 4.
Finally, Section 5 contains the conclusions.

2. Method for SOC Estimation
2.1. Gated Recurrent Unit Neural Network

Like long short-term memory neural network (LSTM) [24], GRU is also a variant of
recurrent neural network (RNN) [25,26], which is mainly proposed to solve problems such
as long-term memory and gradients in backpropagation. However, compared to LSTM,
GRU has a simpler structure due to one less gate. As shown in Figure 1, it is obvious that
GRU has only two gates: a reset gate and an update gate, which makes the model less
parameterized, less computationally expensive, and faster to train. The role of the reset
gate is to control the retention of historical information. The larger the value of the reset
gate, the less historical information is ignored. The update gate is used to control the effect
of the previous cell state and the current new input on the current new cell state. The
mathematical calculation process of GRU is as follows:

gr = σ(Wr·[st−1, xt] + br) (1)

gz = σ(Wz·[st−1, xt] + bz) (2)

ŝt = tanh(Wh·[gr ∗ st−1, xt] + bs) (3)

st = (1− gz) ∗ st−1 + gz ∗ ŝt (4)

where gr, gz, ŝt, st are the reset gate, the update gate, the candidate cell state, and the
current new cell state, respectively; xt = [Vt, It, Tt] is the input; W is the weight; b is the
bias; σ(·) is the sigmoid function shown in Equation (5); and tanh(·) is the tanh function
shown in Equation (6).

σ(x) =
1

1 + e−x (5)
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tanh(x) =
e2x − 1
e2x + 1

(6)
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The GRU architecture performed well in processing long time series data, and can
share the same parameters at different time steps. The battery data, such as battery voltage,
current, and temperature, are all one-dimensional time series data. It is reasonable to use
GRU to estimate SOC [27]. In this paper, the dataset {(x1, y1), {(x2, y2), · · · , {(xt, yt)}
was fed into the GRU network for training, wherein the input vector of the GRU was
xt = [Vt, It, Tt] and the output value of the GRU was yt = SOCt.

2.2. Genetic Optimization Algorithm

Genetic algorithm (GA) is a computational model of the biological evolution process
that simulates the natural selection and genetic mechanism of Darwin’s theory of biological
evolution. It is a method to search for optimal solutions by simulating the natural evolu-
tion process [28]. GA does not require functions to be derivable and continuous, and it
adopts a probabilistic optimization method. The five elements of parameter coding, initial
population setting, fitness function design, genetic operation design, and control parameter
setting constitute the core content of genetic algorithm.

The flow chart of genetic algorithm is shown in Figure 2. Moreover, the genetic algo-
rithm is generally implemented according to the following steps: (1) Randomly generating
population. (2) Calculating the fitness of individuals and judging whether the fitness of
the individuals conforms to the optimization criterion. If satisfied, the best individual
and its optimal solution are output, and it is ended. Otherwise, one goes to the next step.
(3) Selecting the individuals with high fitness and eliminating the individuals with low
fitness. (4) Crossing the chromosomes of the selected individuals according to a certain
method. (5) Mutating the chromosomes of the individuals to generate the next generation.
(6) Repeating the above steps until the end condition is met. In this paper, the genetic
algorithm is used to optimize the hyperparameters of GRU model.
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2.3. GA-GRU for SOC Estimation

The gated recurrent unit neural network optimized by genetic algorithm (GA-GRU)
is proposed to estimate battery SOC. GRU network has been widely used in many fields
for its excellent long-term sequence processing capability. At the same time, it can also
solve gradient problems, such as gradient explosion or disappearance. However, it is a
challenge to determine suitable network parameters for GRU. In order to improve the
network performance, we introduced the genetic algorithm to find the optimal parameters
of GRU. The implementation process of GA-GRU is shown in Figure 3. Moreover, the
specific steps of GA-GRU are as follows:

(1) Initializing parameters. The number of generations (G) is set to 40. The population
size (N) is set to 20. The coding length of each chromosome (L) is set to 8. The
crossover probability (p1) is set to 0.5. The mutation probability (p2) is set to 0.01.

(2) Data processing. The specific process about data processing is conducted in Section 3.2.
(3) Training GRU model and calculating fitness. The mean square error (MSE) is chosen as

the loss function of GRU model, and it is also the fitness function of genetic algorithm.
The mean square error (MSE) is defined as follows:

MSE =
1
n

n

∑
1
(ŷi − yi)

2 (7)
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(4) Judging whether the end conditions are met. If satisfied, outputting the optimal result
and end. Otherwise, going to the step (3).

(5) Building GRU model with the optimal parameters from GA.
(6) Validating the GA-GRU model on the test dataset.
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The GA algorithm in this paper was used to optimize the number of GRU layers and
its neurons, as well as the number of fully connected layers (FCL) and its neurons. In
addition, the number of GRU layers and FCL layers were randomly selected from the range
1 to 3, and their neurons were randomly selected from the range 32 to 256. The optimized
parameters of GA-GRU model are shown in Table 1.

Table 1. Optimized of parameters of GA-GRU model.

Layer Each of Layer Number of Neurons

GRU
GRU_1 200
GRU_2 214
GRU_3 152

FCL FCL 106

3. Experiments and Data Processing
3.1. Battery Testing Platform

The test object of this work is a SONY lithium-ion battery called US18650VTC5. Its
nominal capacity and nominal voltage are 2.5 Ah and 3.6 V, respectively. In order to create
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a dataset to validate the proposed algorithm, we established a battery testing platform as
shown in Figure 4. It mainly consists of four parts: a host computer, battery test equipment,
a temperature chamber, and batteries. The host computer is used to control the battery
test equipment and collect the battery data. The battery test equipment is responsible for
charging or discharging batteries under different conditions and sending battery data to
the host computer. The temperature chamber is utilized to control the ambient temperature
for batteries. The hardware configurations of the battery testing platform are shown in
Table 2.
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Table 2. The battery testing platform specification.

Hardware Specification

TECHPOW battery test equipment
Voltage range 0~5 V
Current range −200 A~200 A
Sampling precision 0.001

DGBELL temperature chamber Temperature range −40 ◦C~+150 ◦C
Sampling precision 0.1 ◦C

The test process of batteries includes the charging process and the discharging process.
In order to fully charge batteries, we adopted the method of constant current charging (CC)
and then constant voltage charging (CV). During the constant current charging phase, a
current of 2.5 A was applied to the battery until the battery voltage reached 4.2 V. Then,
when we entered the constant voltage charging phase, the battery maintains 4.2 V voltage
and continues to charge until the battery current was less than 0.05 A. In order to simulate
the driving conditions of electric vehicles as realistically as possible, we employed four
dynamic driving cycles in the discharging process. At the same time, five temperatures
(0 ◦C, 10 ◦C, 20 ◦C, 30 ◦C, and 45 ◦C) were used to simulate the low temperature, normal
temperature, and high temperature in real life. These four dynamic driving cycles were
the Beijing Dynamic Stress Test (BJDST), the Federal Urban Driving Schedule (FUDS), the
Dynamic Stress Test (DST), and the US06 Highway Drive Schedule (US06) [29–31]. The
durations of each condition for one cycle were 900 s, 1372 s, 360 s, and 596 s, respectively. In
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this paper, four identical batteries were used for testing. The test conditions for each of the
four batteries were as follows: (1) the first battery was tested under BJDST at five different
temperatures (0 ◦C, 10 ◦C, 20 ◦C, 30 ◦C, and 45 ◦C); (2) the second battery was tested under
FUDS at five different temperatures (0 ◦C, 10 ◦C, 20 ◦C, 30 ◦C, and 45 ◦C); (3) the third
battery was tested under DST at five different temperatures (0 ◦C, 10 ◦C, 20 ◦C, 30 ◦C, and
45 ◦C); (4) the fourth battery was tested under US06 at five different temperatures (0 ◦C,
10 ◦C, 20 ◦C, 30 ◦C, and 45 ◦C). The battery data collected under US06 at 20 ◦C is shown
in Figure 5. Finally, a total of 20 data subsets and 180,000 samples were obtained through
these experiments. The collected data included battery voltage, current, temperature, and
capacity with a sampling interval of 2 s. Five data subsets selected from the 20 datasets
were used as test sets, and the rest were used as training sets. The test data sets were
absolutely different from the training datasets. The test datasets were DST at 0 ◦C, FUDS at
10 ◦C, BJDST at 20 ◦C, DST at 30 ◦C, and US06 at 45 ◦C.
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3.2. Data Processing

Data processing is significant for model training, mainly with regard to data cleaning
and data normalization. The purpose of data cleaning is to fill in missing values and remove
duplicate values. In addition, data normalization is used to limit the raw data to a specific
range, which can speed up model training and average the impact of different dimensional
data on the results. The min–max normalization method is adopted to normalize the raw
data to the interval [0,1]. The min-max normalization formula is as follows:

x∗ =
x− xmin

xmax − xmin
(8)

where x is the raw data; xmax and xmin are the maximum and minimum values of the raw
data, respectively; and x∗ is the normalized value.
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4. Results and Discussion

In this paper, root mean square error (RMSE), mean absolute error (MAE), and max-
imum error (MAX Error) were used to quantitatively evaluate the performance of the
proposed method. Their definitions are as follows:

RMSE =

√
1
n

n

∑
i=1

(ŷi − yi)
2 (9)

MAE =
1
n

n

∑
i=1

ˆ|y i − yi| (10)

MAX Error = max ˆ|y i − yi

∣∣∣ (11)

The number of layers in RNN model was set to three layers—the first two layers were
RNN layers, and the last layer was a fully connected layer. The number of neurons in the
RNN model was set to 98, 156, and 50. The number of layers in the LSTM model was also
set to three layers—the first two layers were LSTM layers, and the last layer was a fully
connected layer. The number of neurons in the LSTM model was set to 86, 198, and 80. The
parameters of GA-GRU is shown in Table 1. In addition, other parameters of RNN, LSTM,
and GA-GRU were the same. For example, Adam was used as optimizer. The learning rate
was equal to 0.0001. The epochs were set to 50. The batch size was set to 128. Mean square
error (MSE) was used as a loss function.

In order to make an assessment of the superiority of the proposed method, we com-
pared the SOC estimation results of RNN, LSTM, and GA-GRU under different dynamic
test conditions and different temperatures, namely, DST at 0 ◦C, FUDS at 10 ◦C, BJDST at
20 ◦C, DST at 30 ◦C, and US06 at 30 ◦C. The comparison results are shown in subfigure (a)
of Figures 6–10. Their SOC errors are compared in subfigure (b) of Figures 6–10. The RMSE,
MAE, and MAX error of RNN, LSTM, and GA-GRU are presented in Table 3.
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Table 3. Comparison of SOC estimation numerical results under different driving conditions.

Method Condition RMSE (%) MAE (%) MAX Error (%)

RNN

DST 0 ◦C 2.0163 3.4739 10.3584
FUDS 10 ◦C 0.3999 2.0255 11.6486
BJDST 20 ◦C 1.3924 1.5474 7.9190
DST 30 ◦C 0.2129 1.0532 5.6613
US06 45 ◦C 1.1196 1.3768 4.6015

LSTM

DST 0 ◦C 0.6813 2.4416 7.0484
FUDS 10 ◦C 1.5193 1.7937 7.3662
BJDST 20 ◦C 1.5755 1.6566 4.4944
DST 30 ◦C 1.5388 1.5786 5.6996
US06 45 ◦C 0.6822 1.6672 4.5193

GA-GRU

DST 0 ◦C 0.1052 0.1965 0.9892
FUDS 10 ◦C 0.0851 0.1750 0.8451
BJDST 20 ◦C 0.2295 0.2754 2.0662
DST 30 ◦C 0.2017 0.2383 1.3366
US06 45 ◦C 0.0725 0.1960 0.9120

From the subfigure (a) of Figures 6–10, we see that these three prediction curves all
were able to follow the real SOC curve. However, the green curve was the closest to the
real one, which means that the GA-GRU model achieved the best prediction performance
compared to the other two methods. Similarly, the same result can be concluded from
subfigure (b) of Figures 6–10. For example, it can be found from the partial enlarged view
of subfigure (a) in Figure 6 that the curve of GA-GRU and the curve of actual value were
almost coincident, which means GA-GRU is able to estimate SOC well. However, the
curves of LSTM and RNN were farther from the curve of actual value than the curve of
GA-GRU. From subfigure (b) in Figure 6, we see that the SOC error values of GA-GRU
were less than 1% and near to zero, and the SOC error values of LSTM and RNN were less
than 10%. Therefore, compared with LSTM and RNN, GA-GRU performed better.

As shown in Table 3, the statistical estimation results based on RMSE, MAE, and MAX
error were calculated. Due to the similarity of the results of the five test cases, we used the
SOC estimation result under DST at 30 ◦C as an example for discussion and analysis. The
RMSE, MAE, and MAX error of the GA-GRU model under DST at 30 ◦C were 0.2017%,
0.2383%, and 1.3366%, respectively. The RMSE, MAE, and MAX error of the LSTM model
under DST at 30 ◦C were 1.5388%, 1.5786%, and 5.6996%, respectively. The RMSE, MAE,
and MAX error of RNN model under DST at 30 ◦C were 0.2129%, 1.0532%, and 5.6613%,
respectively. Compared with LSTM, the RMSE, MAE, and MAX error of GA-GRU were
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smaller, being reduced by 1.3371%, 1.3403%, and 4.363%, respectively. Compared with
RNN, the RMSE, MAE, and MAX error of GA-GRU were reduced by 0.0112%, 0.8149%,
and 4.3247%, respectively. The SOC estimation results indicate that GA-GRU had good
accuracy and robustness.

5. Conclusions

In this paper, a GA-GRU model is proposed for accurate SOC estimation under
dynamic driving conditions. The main contributions of this work are listed below: Firstly,
the proposed network takes battery voltage, current, and temperature as inputs and SOC
as output without considering the battery model, parameter identification, and complex
control theory formulas. Then, the GRU module is applied to solve the problems of time
long-term dependencies, and gradient disappearance or explosion. Compared with LSTM,
it has a simpler structure and fewer parameters. Next, considering the importance of
network parameters for deep learning methods, we used GA to optimize the number of
GRU layers and fully connected layers, as well as the number of their neurons. Finally,
the experiments were designed to verify the effectiveness and robustness of the proposed
method. The SOC estimation results under different dynamic driving conditions and
the comparison results with RNN and LSTM all showed that the proposed method can
accurately and robustly predict SOC.
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