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Abstract: In the era of big data, using big data to realize the online estimation of battery SOH
has become possible. Traditional solutions based on theoretical models cannot take into account
driving behavior and complicated environmental factors. In this paper, an approximate SOH degra-
dation model based on real operating data and environmental temperature data of electric vehicles
(EVs) collected with a big data platform is proposed. Firstly, the health indicators are extracted
from the historical operating data, and the equivalent capacity at 25 ◦C is obtained based on the
capacity–temperature empirical formula and the capacity offset. Then, the attenuation rate during
each charging and discharging process is calculated by combining the operating data and the envi-
ronmental temperature. Finally, the long short-term memory (LSTM) neural network is used to learn
the degradation trend of the battery and predict the future decline trend. The test results show that
the proposed method has better performance.

Keywords: lithium-ion battery; real-world data; state of health; SOH degradation model

1. Introduction

With the intensification of the global greenhouse effect, all countries are committed to
the development of new energy vehicles. Electric vehicles can greatly reduce greenhouse
gas emissions, and ownership is increasing rapidly [1]. Coupled with stricter emissions
policies and more investment in electric vehicle industries around the world, ownership
of electric vehicles is likely to maintain a trend of rapid growth [2]. Lithium-ion power
batteries are widely used in electric vehicles due to their high energy density, low self-
discharge rate, and long cycle life. The driving range and dynamic performance of an EV
are largely dependent on the performance of the battery system [3]. With the continuous
improvement of lithium-ion battery manufacturing technology, electric vehicles can have
longer driving ranges [4]. Power batteries are equivalent to the “heart” of electric vehicles.
Therefore, in order to make better use of electric vehicles, some parameters of power
batteries need to be monitored and estimated. Battery management systems (BMSs) are
basic devices that control the charging and discharging process of the power battery in an
electric vehicle. They can also monitor and estimate some parameters of the battery, such
as current, voltage, temperature, state of charge (SOC), and state of health [5]. With the
increased usage of power batteries their capacity and power will gradually degrade. The
capacity fading indicates that the energy that the battery can store decreases with age, and
the power degradation indicates that the internal resistance of the battery increases [6]. The
above two phenomena indicate that the power battery has a limited service life and the
performance will decrease in the process of use, which is one of the main problems that
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lithium-ion batteries are still facing [7]. It is very important to accurately estimate the state
of health, and this is still an open area in the field of batteries.

There are many methods for estimating SOH. Xiong et al. [8] divided them into two
categories: experiment-based methods and model-based methods. Experiment-based
methods are simple, but a large number of experiments are needed to obtain the aging
parameters. Model-based methods need to obtain parameters such as capacity through
identification methods. In order to study the variation law of battery capacity, Patrick
Wesskamp et al. [9] conducted a long-term aging study on 120 lithium-ion batteries, ana-
lyzed the correlation between battery state, temperature and battery capacity during the
entire battery life, and established a dynamic-state space model. However, this model
only covers some typical working conditions of vehicle operation, and there may be large
errors in the prediction of other working conditions in reality, and the realization of this
dynamic-state space model requires an accurate battery model as a basis. Zheng et al. [10]
proposed a method for vehicle battery capacity estimation based on incremental capacity
analysis (ICA) and differential voltage analysis (DVA). Izaro Laresgoiti et al. [11] explained
the aging mechanism of the battery based on the complex parameters calculated by the
electrochemical model of the battery. However, this required long-term experiments to
obtain the parameters, which is not easy to implement in practical applications.

With the arrival of the information age, big data technology has brought opportunities
and challenges to the estimation of battery health. Many cities have begun to use big data
and monitoring platforms to collect and analyze real-time operating data of new energy
vehicles [12]. Estimating SOH through big data is not only conducive to the supervision
of the power batteries being used, but also conducive to the disposal of electric vehicle
batteries after scrapping. The big data acquisition system will store massive amounts of
data. How to filter out effective data is a key issue in estimating SOH. Moreover, the data
collected by big data platforms is different from that collected in laboratory experiments.
In the process of real vehicle operation, the working conditions of power batteries will also
change greatly due to the changes in driver and driving environments. Many dynamic
factors will be increased; however, the performance degradation of the battery is more
complicated [13].

Machine learning is an artificial intelligence algorithm that can effectively analyze
big data and discover its value [14]. In recent years, a lot of research has focused on
using data-driven methods to improve the accuracy of SOH estimation [15]. The data-
driven method can avoid the dependence on the battery aging mechanism and the battery
model. Phattara Khumprom et al. [16] presented the preliminary development of data-
driven prognostics and used deep neural networks (DNNs) and the NASA (PCoE) battery
dataset to predict the SoH and the RUL of a lithium-ion battery. Daniel Vieira et al. [17]
proposed a general data-driven method for estimating battery SOH. Through continuous
experiments on lithium-iron phosphate batteries in the laboratory, the original dataset was
obtained, and then a NARX (nonlinear auto-regressive network with exogenous inputs)
neural network was explored. However, the data obtained in the experiment were all
collected at a temperature of 25 ◦C, and this method did not take into account the influence
of temperature on SOH. The essence of data-driven methods to estimate SOH is using
machine learning algorithms to build a map from features to SOH. Wu et al. [18] used
the speed and arc length curvature of the battery terminal voltage curve during battery
charging as a characteristic variable and combined this with the group method of data
handling (GMDH) for the polynomial neural network to estimate the battery SOH. This
method can estimate the SOH of different types of lithium-ion batteries. However, this
method relies heavily on the accuracy of voltage acquisition and is easily affected by
measurement noise during practical applications. There are many characteristics that can
indicate battery degradation, such as capacity, internal resistance, surface temperature,
etc. The reasonable selection of health characteristics is of great significance to machine
learning models. Zhang et.al [19] used LSTM with an attention mechanism (ALSTM) to
estimate battery SOH online. The model used the current, voltage and temperature in the
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battery historical data, and the model was a better fit for the battery degradation trend.
However, the historical data used to build the model were high-quality data collected in
the laboratory, and were obtained from constant-current charging–discharging experiments
at room temperature, which is quite different from battery working conditions in the real
environment. Lin et al. [20] proposed a method to estimate SOH using ohmic internal
resistance by studying the linear relationship between ohmic internal resistance and battery
capacity degradation. Feng et al. [21] used the battery surface temperature as a health
feature to estimate the battery SOH. Yang et al. [22] established the relationship between
long-term coulombic efficiency and battery degradation rate based on the data collected
from the cycle life test. Wei et al. [23] used support vector machines to estimate SOH.

The above methods can accurately estimate SOH, but most of the batteries worked
under laboratory conditions and were verified under specific working conditions. In the
actual operation of electric vehicles, the working conditions of the battery were much
more complicated than those in the laboratory. In order to estimate the SOH of an electric
vehicle operating in a real environment, Xiong et al. [24] proposed a battery SOH prediction
method based on a moving window using data collected by a real battery management
system in an electric vehicle. The error of capacity estimation of this method was less than
1.5%. However, the algorithm did not consider low-temperature conditions and changes in
discharge rate enough. Liang et al. [25] proposed a new method for estimating the ohmic
resistance based on the circuit model and data-driven algorithm, and then estimated the
state of health based on the relationship between the ohmic resistance and the battery
SOH. However, the correlation or regression relationship between internal resistance (IR)
aging and many other vehicle parameters, such as battery temperature, vehicle speed, etc.,
has not been explored. She et al. [26] estimated the actual power battery SOH based on
the ICA method and verified it on the real vehicle, which had a good estimation effect.
However, to obtain effective IC values, full charging and discharging tests and a high
sampling frequency were required. This is not easy to obtain for actual vehicles, because
there is rarely a complete charging or discharging process in the use of real vehicles.
Lewis Driscoll et al. [27] extracted features observed from patterns in the voltage, current
and temperature profiles during the charging process. Then, they proposed a simple, yet
effective, state of health estimation model and used artificial neural networks for estimation.
Compared with the above methods, the method proposed in this paper has the advantages
shown in Table 1.

Table 1. The advantages of the proposed method.

Index Advantage

[24] Low-temperature ambient conditions are considered.
[25] No need to consider complex circuit models.

[26] Feature extraction with only partial charge curves and lower data
sampling frequency.

[27] Features are extracted from real-world data with relatively poor quality, and verified
with real-world data

In summary, most of the existing methods for estimating SOH are based on laboratory
data. The proposed methods rely on the stability of the laboratory environment and have
not been verified with actual vehicles. It is still difficult to accurately estimate the battery
SOH of EVs in the real environment. On the one hand, a power battery in an actual vehicle
cannot be measured in the same way as a battery in a laboratory. On the other hand, the
actual vehicle estimation increases the influence of dynamic factors such as the driver.
Therefore, we need to study a more accurate capacity measurement method that can be
used in real vehicles, and then analyze how the increased dynamic factors affect the change
in SOH.
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When using big data for real-time SOH estimation, we need to consider both time
and accuracy. In order to reduce the training time of the prediction model, it is necessary
to extract features highly related to SOH. Therefore, this paper develops an approximate
SOH degradation model in the preprocessing stage, which can provide simple and effective
training data for the prediction model, and can predict the changing trends of SOH with a
simple neural network configuration.

This paper proposes a SOH estimation method that can be directly used in real vehicles.
The main contributions can be summarized as follows: (1) Improving a battery capacity cal-
culation method suitable for low-frequency data that can extract aging characteristics from
each charging process of EVs. (2) Proposing a method for establishing a SOH approximate
attenuation model considering dynamic factors such as driver and ambient temperature.
(3) Proposing a method that can predict the remaining service life of the battery by using
the LSTM network and the established model. The model is verified by predicting data for
4 months, and the predicted effect of the model is good.

The rest of this paper is arranged as follows: Section 2 demonstrates the data de-
scription and preprocessing process. Section 3 describes the calculation of the aging
characteristics and the influence of temperature on aging indicators. Section 4 demonstrates
the construction method of the SOH approximate degradation model. Section 5 describes
the use of the LSTM neural network to predict remaining useful life (RUL), and shows the
predicted results, followed by the conclusions in Section 6.

2. Data Description and Preprocessing

The flow chart of SOH estimation and prediction based on big data is demonstrated in
Figure 1. The vehicle data were derived from the New Energy Vehicle National Supervision
Platform, and the operating data were collected from May 2019 to September 2020. The
driving range was 4799 km~68,644.9 km. Through vehicle-to-platform communication,
the data sampling interval of the monitored car was 10 s. The vehicle studied in this
paper is a pure electric bus (North BFC6109GBEV5 model), and the power battery pack
was composed of 372 battery cells which had a rated capacity of 404 Ah and a rated pack
voltage of 598.92 V. The structure of this power battery was 186 cells in series and 2 cells in
parallel. The battery pack had 64 temperature probes and 200 voltage probes to monitor
the temperature and voltage of the cells. The accuracy of SOC was 1%, which caused larger
calculation errors when calculating battery capacity using SOC. Therefore, the accuracy of
SOC values needs to be improved. The formula to improve accuracy is based on the current
integration method, as shown in Equation (1). The SOC after accuracy improvement is
shown in Figure 2.

SOCAI(k) = SOCl +
i(k) ∗ dt(k)

∑n
j=1 i(j) ∗ dt(j)

(1)

where SOCl is the initial value when the battery SOC = l, n is the number of sampling
points with SOC = l, i is the total current, dt is the sampling time interval, and SOCAI(k) is
the SOC value after accuracy improvement.

The original data were divided into charging data and discharging data. Some varia-
tion parameters of charging phases and discharging phases are shown in Figures 3 and 4.

The environmental temperature data came from Airwise (hz.zc12369.com, accessed
on 11 July 2021), which is a visual display platform of atmospheric environmental data.
It can provide hourly weather forecast data for key cities across the country, as well as
historical weather data for the past ten years, including temperature, humidity, wind speed,
wind level and so on. The bus ran from 5:00 to 23:00. The temperature data during this
period of time were extracted from the ambient temperature data, and the average value
was calculated to obtain the daily average temperature data from May 2019 to September
2020, as shown in Figure 5.
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3. Aging Indicator Calculation and Temperature Influence Analysis

There are many battery aging characteristics. Through the analysis of data, the current
capacity of the battery and the average voltage of the battery during charging were selected
as the aging characteristics. When calculating the current capacity of the battery, in order
to make the calculation more accurate, the charging data were filtered according to the
following requirements.

(1) The SOC had increased by no less than 10%. If the SOC was too small, the overall
change would not be reflected, and the calculation error would be larger;

(2) The SOC was not less than 25%, because the unstable battery performance would
affect the calculation results if the SOC was too low;

(3) SOC was not higher than 80%; BMS will generally correct SOC when SOC exceeds
80%, resulting in algorithm errors;

(4) The data of the sampling time interval did not exceed 30 s.
Shen et al. [28] proposed that the current capacity can be directly achieved using the

difference of SOC within a period of time. Hu et al. [29] applied this method, and the
current capacity calculation model is shown in Equation (2).

Caged =

∫ t
t0

i(τ)dτ

∆SOC
≈ ∑n

k=1 i(k) ∗ dt(k)
SOCt − SOCt0

(2)
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where t0 is the starting moment, t is the end time, i is totally current, dt is the sampling
time, and Caged is the current capacity. In order to avoid errors caused by SOC correction,
the upper limit of the charging interval is selected as SOC = 80%. By observing the SOC
data when the car is running every day, it was found that more than 90% of the cut-off SOC
was concentrated above 65%, so the lower limit of the charging interval was selected as
SOC = 65%.

In order to make the current capacity calculation more accurate, a variable sliding
window algorithm was adopted, and the lengths of the sliding time windows were selected
according to the charging current. When the charging current was 100 A, the sliding time
window length was 1600 s and the sliding step length was 10 s; when the charging current
was 200 A, the sliding time window length was 800 s and the sliding step length was
5 s. For the capacity value calculated in each process, the box diagram method was used
to eliminate abnormal values, and then the remaining capacity values were averaged as
the current capacity calculated in each charging process. Generally, the lifetime of the
battery was indicated by the number of cycles. However, in the realistic driving of vehicles,
due to the driver’s requirements, the usable range of the battery SOC of electric vehicles
changed, and the cut-off SOC of the data varied widely, between 25% and 70%. Using the
number of equivalent full cycles to represent battery aging is inconvenient and has little
practical significance. The mileage of an electric vehicle is a suitable representation of the
total discharging capacity of the battery, so the accumulated mileage is used to evaluate
the aging degree of the battery [30]. Figure 6 shows the relationship between the present
battery capacity and mileage.
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The SOC range for calculating the current capacity was selected, as above, and then
the average charging voltage within this range was calculated, as shown in Figure 7. It can
be found from Figure 7 that the average charging voltage varied greatly due to temperature.
By screening the average charging voltage at 30 ◦C and 35 ◦C, the data showed a significant
downward trend, which can be used as an indicator for evaluating battery aging. It should
be noted that the charging current also had a great impact on the change in the average
charging voltage of the battery. When calculating the average charging voltage (ACV), the
charging current of the same rate should be selected.

Next, the average charging voltage in July 2019 and July 2020 was analyzed. The data
from July 1st and 2nd were selected according to the environmental temperature, charging
current and charging temperature conditions, as shown in Figures 8 and 9. From these two
figures, it can be found that the trend of the cell voltage and the total battery voltage was
consistent. When the battery SOC reached the same value, the charging voltage in July 2020
was lower than the charging voltage in July 2019. The decrease in battery charging voltage
also reflects the increase in battery internal resistance, which is also an important indicator
for evaluating the battery aging. However, the average charging voltage was much more
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affected by temperature than the current capacity, so the current capacity of the battery is
used as the index to evaluate the battery SOH in this paper.
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Hwabhin Kwon et al. [31] have studied the relationship between the current capacity
of lithium iron phosphate batteries and the number of cycles at different temperatures,
and found that temperature is a key factor affecting the performance and durability of
lithium-ion batteries. Figure 10 shows the degradation rate of the lithium iron phosphate
battery at different temperatures calculated based on the extracted data. It can be found
from Figure 10 that: (1) The degradation rate of the battery was different at different
temperatures. (2) When the battery was cycled a certain number of times at the same
temperature, the degradation rate also changed. (3) The SOH degradation rate of the
battery was lower when it was around 20 ◦C. In addition, the battery attenuated faster at a
high temperature (40 ◦C) than at a low temperature (0 ◦C).
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Then, the calculated current capacity data were filtered based on the average charging
temperature. Figures 11–13 show the capacity at the average charging temperatures of
23 ◦C, 25 ◦C and 35 ◦C. In the spring, the average charging temperature of the battery was
23 ◦C, falling into the normal temperature operation section for electric buses. It can be seen
from Figure 14 that the average discharging temperature of the battery was between 18 and
23 ◦C. The data showing the battery charging at 25 ◦C were mainly acquired in winter (the
battery will be heated before charging in winter, so the average charging temperature of
the battery in winter will be higher than that in the spring). This can be used as a low-
temperature operation section, as shown in Figure 15. The average discharging temperature
of the battery was between 14 and 18 ◦C. The data that show the battery charging at 35 ◦C
were mainly acquired in the summer, which is a high-temperature operation section. As
shown in Figure 16, the average discharging temperature of the battery was between 29 and
32 ◦C. According to the previous analysis, the battery had the lowest degradation rate at
about 20 ◦C, and had a lower degradation rate at low temperature than at high temperature.
It can be seen from Figures 12 and 13 that the battery degradation rate was consistent with
the previous analysis.

Figures 14–16 show that the average discharging current of the battery in different
seasons was different. The average discharging current in spring was lower than the
average discharging current in summer and winter, which may be caused by the frequent
use of air conditioning in hot and cold weather. The change in the discharging current can
reflect the operating habits of the driver to a certain extent, and the discharging rate also
has a great impact on the SOH. Therefore, when considering the factors that affect the state
of health, the discharging current needs to be taken into account as a parameter.
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By analyzing the relationship between capacity attenuation and mileage at different
temperatures, it was found that the initial capacity varied at different temperatures. This
reflects the influence of temperature on the change in battery capacity. Based on the acquired
data, the relationship between the capacity change and temperature was analyzed. We
found that the empirical Formula (3) for temperature and battery capacity change could not
fully indicate the capacity change characteristics of the studied vehicle with temperature.
Therefore, an equivalent capacity calculation method based on the combination of empirical
formula and capacity offset is proposed as follows:

Qt2 =
Qt1

1 + K(t1 − t2)
(3)

where K is the temperature coefficient; t1 and t2 are battery temperature; and Qt1 and Qt2
are the corresponding battery capacities.

Through the analysis of the calculated battery capacity and environment temperature,
it can be found that the calculated battery capacity in cold weather was higher than that
in warm weather; this may be caused by battery heating mechanism. This phenomenon
is defined as capacity offset ∆C. At other temperatures, the empirical formula can be
used to calculate the equivalent capacity. The temperature coefficient K was calculated
from the initial capacity at 35 ◦C and 23 ◦C. Then, we used Equation (4) to calculate the
equivalent capacity Ce at 25 ◦C. The variation in equivalent capacity with mileage is shown
in Figure 17.

Ce =

{
Caged − ∆C, Dtemp ≤ 18°C

Caged
1+K(t1−25) , Dtemp > 18°C

(4)

where ∆C is the capacity offset in this paper; ∆C = (410.2 − 405.9534) Ah = 4.2466 Ah; and
Dtemp is the average discharging temperature.
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where ccurrent  is the normalized average charging current, dcurrent  is the normalized 
average discharging current, ctemp  is the normalized battery temperature during charg-
ing, dtemp  is the normalized environmental temperature, ctime  is charging time, dtime  
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4. Approximate SOH Degradation Model

SOH is used to describe the health of a battery. There are many ways to define SOH,
such as battery capacity, the internal resistance of the battery, and cycle times. According to
the literature [32,33], SOH is defined by the ratio of current capacity to initial capacity in
this paper, as shown in Equation (5).

SOH =
Caged

C0
× 100% (5)

where C0 is the initial capacity and Caged is the current capacity.
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When ignoring the influence of environmental temperature on SOH, the relationship
between battery SOH degradation and operating conditions can be expressed as “battery
SOH degradation = battery operating state × battery operating time” [34]. The battery
operating state is divided into the battery charging state and the battery discharging state.
The charging current and the discharging current are used as the characteristic values of
the battery operating state during the driving and charging of the car, respectively, and the
charging time and the discharging time are regarded as the battery operating time. On this
basis, the influence of temperature on SOH is considered. Environmental temperature data
are used in the discharging process. In the charging process, the charging temperature data
are used because the battery has heating measures during low-temperature charging. Based
on the above analysis, an approximate SOH degradation model under the real operating
environment of the battery is obtained, as shown in Equation (6).

∆SOH(i) = ((currentc(i) ∗ δ1 + tempc(i) ∗ δ2) ∗ timec(i)
+(currentd(i) ∗ δ3 + tempd(i) ∗ δ4) ∗ timed(i))
/(∑ (currentc(i) ∗ δ1 + tempc(i) ∗ δ2) ∗ timec(i)
+∑ (currentd(i) ∗ δ3 + tempd(i) ∗ δ4) ∗ timed(i))
∗∆SOH

(6)

where currentc is the normalized average charging current, currentd is the normalized
average discharging current, tempc is the normalized battery temperature during charg-
ing, tempd is the normalized environmental temperature, timec is charging time, timed is
discharging time, δi indicates the weight of different factors, and ∆SOH is the degree of
battery degradation over a period of time.

4.1. Weight Analysis

Li Zhe of Tsinghua University once established the durability model of lithium iron
phosphate batteries by studying the effects of different factors on battery SOH, and put
forward the concept of “equivalent stress increment” [35]. The weight is determined
according to the varied range of different influencing factors δi. The changes in each factor
are shown in Figure 18. It can be seen from Figure 18 that the average discharging current
of the car was larger when the environmental temperature was high (in summer) and
when the environmental temperature was low (in winter). In addition, according to the
discharging data mentioned above, it can be seen that the peak discharging current of
the battery was almost within 250 A. It can be seen from Figure 19 and the charging data
provided in the previous article that most battery charging was constant current charging,
the charging current was stable at around 100 A, and a small part of the charging current
was 200 A. Through the above analysis, we found that the battery charging and discharging
current would not exceed 1C, so δ1 and δ3 were set to 1. According to the results of the
literature [35], the degradation rate doubled for every 10 ◦C increase in temperature, so we
set δ2 and δ4 as Equation (7). {

δ2 = 1 + |tempc−20|
10

δ4 = 1 + |tempd−20|
10

(7)
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4.2. MSOH Calculation

In order to avoid the impact of environmental temperature and charging current on
capacity calculation, data with similar environmental temperatures were selected from the
data with an average charging temperature of 25 ◦C and a charging current of 100 A. By
comparing the temperature data in the charging time period, the data from 20 May 2019
were selected as the starting value of model calculation, and the data from 24 May 2020
were selected as the ending value of model calculation. Using the method mentioned above,
the battery capacity at the beginning (SOHstart) was 403.9106 Ah, the starting mileage was
6482 Km, the battery capacity at the ending time (SOHterminal) was 389.2958 Ah, and the
ending mileage was 52,862.1 Km. According to the approximate linear degradation law
of the lithium iron phosphate battery, the actual factory capacity of the battery (SOHinitial)
was calculated to be 405.9534 Ah, and the calculated capacity was very close to the rated
capacity. The result shows that the proposed algorithm for calculating the current capacity
had better accuracy. ∆SOH was calculated by Equation (8), ∆SOH = 0.03601.

∆SOH =
SOHstart−SOHterminal

SOHinitial
(8)

Next, we calculated ∆SOH(i) and the result is shown in Figure 20. It can be seen from
Figures 20 and 21 that the battery degraded faster at high temperature, followed by low
temperature and normal temperature.
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Figure 21. The relationship between discharging time, average charging temperature and mileage.

We conducted a statistical analysis on the measured discharging current data of the No.
361 pure electric bus in Changchun during one year of operation. The data included the
discharging current data of the line in different operation periods (morning peak, evening
peak and normal period). The discharging current was divided into five sections according
to the occurrence frequency, and the results are shown in Figure 22. The frequencies were
2.5%, 14.3%, 71.9%, 10.9%, 0.4%.

According to the environmental temperature and discharging current, the battery
test conditions were divided into five different test environments: a standard test envi-
ronment, a high-rate discharging test environment, a high-temperature test environment,
a normal-temperature test environment, and a low-temperature test environment. The
discharging current and environmental temperature under different test environments
are shown in Figures 23 and 24. The standard current refers to the discharging current
distributed according to the statistical proportion, and the standard temperature was the
average environmental temperature during the operation of the bus over one year. The
calculated SOH degradation rate of the approximate SOH degradation model under five
test environments is shown in Figure 25.
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It can be seen from Figure 25 that the battery had a lower degradation rate in the
normal-temperature test environment, and had a higher degradation rate in the high-
temperature test environment and the high-rate current test environment. In addition, the
degradation rate in the high-temperature test environment was higher than that in the
low-temperature test environment, which is consistent with the previous analysis of the
battery degradation law.

5. RUL Prediction Model Based on LSTM

Due to the advantages of LSTM in time series prediction, LSTM has been widely used
in battery remaining useful life prediction [36,37]. The LSTM neural network is a variant of
the RNN that can solve the problem of gradient disappearance or gradient explosion in
RNNs. The basic structure of LSTM is shown in Figure 26; it mainly includes three units:
input gate, forget gate and output gate.
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The first unit of LSTM is the forget gate ft, and it is able to discard redundant infor-
mation, which is processed by the sigmoid function to a value of 0 to 1. The gates are
calculated as follows:

ft = σ(W f
x xt + W f

h ht−1 + b f ) (9)
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The second gate is the input gate it; it is able to select key information to be stored in
the internal state. The key information includes two parts, one is:

it = σ(Wi
xxt + Wi

hht−1 + bi) (10)

This part can be seen as how much information of the current input needs to be saved
to the unit state. The other part is:

gt = tanh(Wg
x xt + Wg

h ht−1 + bg) (11)

This part is used to add new information generated by the current input to the unit
state. These two parts produce a new memory state. Through the forget gate and input
gate, the cell state can be calculated:

ct = ft ∗ ct−1 + it ∗ gt (12)

The last unit is the output gate ot; it is used to calculate the degree to which the
information is output at the current moment. Similar to the previous steps, the output gate
is calculated as follows:

ot = σ(Wo
x xt + Wo

h ht−1 + bo) (13)

Finally, the hidden state ht is computed by

ht = ot ∗ tanh(ct) (14)

We used the data from 20 May 2019 to 24 May 2020 to establish the model and divided
the training set and test set according to the ratio of 9:1. Through constant parameter
adjustment of the model, it was found that the neural network had two-layer LSTM with
better fitting and prediction effects. The number of hidden neurons in the first layer was
160, and the number of hidden neurons in the second layer was 138. Figures 27 and 28
show the estimated result of the model under this parameter; the root mean square error
(RMSE) was 0.010246%. Then, we used the model to predict the data for the next four
months. The model prediction results and prediction errors are shown in Figures 29 and 30,
respectively. It can be seen from Figure 30 that the absolute value of the model prediction
error did not exceed 3%, and most were within 1%.
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Figure 29 shows that, as the forecast time increases, the model forecast trend tends
to be flat, which will lead to greater and greater forecast errors. Therefore, we set out to
update the LSTM model with observations. The observed values were obtained by the
approximate SOH degradation model, and the network updated with the observed values
was used for prediction. By comparing the prediction un-updated results, it could be found
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that the updated network prediction trend was more in line with the SOH degradation law,
as shown in Figure 31.
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Figure 31. Comparison of prediction results before and after LSTM update.

The LSTM update represented a retrained model after adding new data. Since the
existing battery life was not long enough to cover the entire life cycle, there will be large
errors in the long-term prediction of battery RUL. LSTM adopts an offline update method,
and can choose to run updates at regular intervals, such as once a month, using the
proposed approximate SOH degeneration model to calculate the newly acquired monthly
data. The calculated SOH values were input into the LSTM model as new training data,
and the battery aging model was gradually completed throughout the life cycle.

6. Conclusions and Outlook

This paper has proposed an improved battery capacity calculation method. An ef-
fective health indicator (the current capacity) based on partial charging data curves was
extracted. Since the change in the calculated capacity value was obviously affected by the
temperature, an equivalent capacity based on the temperature capacity empirical formula
and capacity offset was calculated. The capacity value after equivalence showed an obvious
degradation law. Furthermore, an SOH approximate degradation model was established by
analyzing factors such as environmental temperature and charging and discharging current,
and the weights of different influencing factors were analyzed in detail. The approximate
degradation model could obtain an accurate degradation estimation for battery state of
health in each charging and discharging process. Finally, a RUL prediction model based on
LSTM was established. The prediction results of the data for the next 4 months showed
that the proposed model could achieve high accuracy.

We will continue to study how to further improve the accuracy of the approximate
SOH degradation model, considering more relevant factors such as SOC, vehicle speed, etc.
In the next stage, we will develop a generic model that can estimate the battery SOH of
different vehicles online based on a big data platform while predicting the trends of SOH
changes at the same time.

Author Contributions: Conceptualization, N.X. and Y.X.; methodology, Y.X., F.Y., D.Z.; investigation,
Y.X. and Q.L.; writing—original draft preparation, Y.X.; writing—review and editing, Y.X., D.Z. and
N.X.; supervision, N.X. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China under Grant
52172365, Open Research Subject of Vehicle Measurement, Control and Safety of Key Laboratory of
Sichuan Province QCCK2021-003, Exploration Foundation of State Key Laboratory of Automotive
Simulation and Control, and NDANEV OPENLAB.

Institutional Review Board Statement: Not applicable.



Sensors 2022, 22, 5762 21 of 22

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dunn, J.; Slattery, M.; Kendall, A.; Ambrose, H.; Shen, S.H. Circularity of Lithium-Ion Battery Materials in Electric Vehicles.

Environ. Sci. Technol. 2021, 55, 5189–5198. [CrossRef] [PubMed]
2. Zou, Y.; Wei, S.Y.; Sun, F.C.; Hu, X.S.; Shiao, Y.J. Large-scale deployment of electric taxis in Beijing: A real-world analysis. Energy

2016, 100, 25–39. [CrossRef]
3. Hong, J.C.; Wang, Z.P.; Chen, W.; Yao, Y.T. Synchronous multi-parameter prediction of battery systems on electric vehicles using

long short-term memory networks. Appl. Energy. 2019, 254, 113648. [CrossRef]
4. Song, L.J.; Liang, T.Y.; Lu, L.G.; Ouyang, M.G. Lithium-ion battery pack equalization based on charging voltage curves.

Int. J. Electr. Power Energy Syst. 2020, 115, 105516. [CrossRef]
5. Salehen, P.M.W.; Su’ait, M.S.; Razali, H.; Sopian, K. Development of battery management systems (BMS) for electric vehicles (EVs)

in Malaysia. In Proceedings of the MATEC Web Conference, Seoul, Korea, 22–25 August 2017; Volume 90, p. 1001. [CrossRef]
6. Stroe, D.I.; Swierczynski, M.; Kær, S.K.; Teodorescu, R. Degradation behavior of lithium-ion batteries during calendar ageing—The

case of the internal resistance increase. IEEE Trans. Ind. Appl. 2017, 54, 517–525. [CrossRef]
7. Chen, Y.P.; Huan, M.H. A Method of Battery State of Health Prediction Based on AR-Particle Filter; SAE Technical Paper; SAE:

Warrendale, PA, USA, 2016.
8. Xiong, R.; Li, L.L.; Li, Z.R.; Yu, Q.Q.; Mu, H. An electrochemical model based degradation state identification method of

Lithium-ion battery for all-climate electric vehicles application. Appl. Energy. 2018, 219, 264–275. [CrossRef]
9. Wesskamp, P.; Reitemeyer, S.; Melbert, J. Online Capacity Estimation for Automotive Lithium-Ion Cells Incorporating Temperature-

Variation and Cell-Aging; SAE Technical Paper; SAE: Warrendale, PA, USA, 2017.
10. Zheng, L.F.; Zhu, J.G.; Lu, D.D.-C.; Wang, G.X.; He, T.T. Incremental capacity analysis and differential voltage analysis based state

of charge and capacity estimation for lithium-ion batteries. Energy 2018, 150, 759–769. [CrossRef]
11. Laresgoiti, I.; Käbitz, S.; Ecker, M.; Sauer, D.U. Modeling mechanical degradation in lithium-ion batteries during cycling: Solid

electrolyte interphase fracture. J. Power Sources. 2015, 300, 112–122. [CrossRef]
12. Arias, M.B.; Bae, S. Electric vehicle charging demand forecasting model based on big data technologies. Appl. Energy. 2016, 183,

327–339. [CrossRef]
13. Barré, A.; Deguilhem, B.; Grolleau, S.; Gérard, M.; Suard, F.; Riu, D. A review on lithium-ion battery ageing mechanisms and

estimations for automotive applications. J. Power Sources 2013, 241, 680–689. [CrossRef]
14. Wang, L.D.; Alexander, C.A. Machine Learning in Big Data. Int. J. Adv. Appl. Sci. 2016, 1, 52–61. [CrossRef]
15. Cao, M.D.; Zhang, T.; Wang, Y.; Zhang, S.H.; Liu, Y.J. A Deep Learning Method with Ensemble Learning for Capacity Estimation

of Lithium-ion Battery. In Proceedings of the 2020 Global Reliability and Prognostics and Health Management (PHM-Shanghai),
Shanghai, China, 16–18 October 2020. [CrossRef]

16. Phattara, K.; Yodo, N. A Data-Driven Predictive Prognostic Model for Lithium-ion Batteries based on a Deep Learning Algorithm.
Energies 2019, 12, 660.

17. Dos Santos, S.R.; Aranha, J.C.M.S.; do Nascimento, T.C.; Vieira, D.; Junior, E.M.O.; Cerri, F. Study of Machine Learning Algorithms to
State of Health Estimation of Iron Phosphate Lithium-Ion Battery Used in Fully Electric Vehicles; SAE Technical Paper; SAE: Warrendale,
PA, USA, 2018.

18. Wu, J.; Wang, Y.; Zhang, X.; Chen, Z.G. A novel state of health estimation method of Li-ion battery using group method of data
handling. J. Power Sources. 2016, 327, 457–464. [CrossRef]

19. Zhang, J.C.; Hou, J.; Zhang, Z.J. Online State-of-Health Estimation for the Lithium-Ion Battery Based on An LSTM Neural
Network with Attention Mechanism. In Proceedings of the 2020 Chinese Control and Decision Conference (CCDC), Hefei, China,
22–24 August 2020; IEEE: Manhatten, NY, USA, 2020.

20. Chen, L.; Lü, Z.Q.; Lin, W.L.; Pan, H.H. A new state-of-health estimation method for lithium-ion batteries through the intrinsic
relationship between ohmic internal resistance and capacity. Measurement 2018, 116, 586–595. [CrossRef]

21. Feng, H.L.; Song, D.D. A health indicator extraction based on surface temperature for lithium-ion batteries remaining useful life
prediction. J. Energy Storage 2021, 34, 102118. [CrossRef]

22. Yang, F.F.; Wang, D.; Zhao, Y.; Tsui, K.L.; Bae, S.J. A study of the relationship between coulombic efficiency and capacity
degradation of commercial lithium-ion batteries. Energy 2018, 145, 486–495. [CrossRef]

23. Wei, J.W.; Dong, G.Z.; Chen, Z.H. Remaining useful life prediction and state of health diagnosis for lithium-ion batteries using
particle filter and support vector regression. IEEE Trans. Ind. Electron. 2018, 65, 5634–5643. [CrossRef]

24. Xiong, R.; Zhang, Y.Z.; Wang, J.; He, H.W.; Peng, S.M.; Pecht, M. Lithium-ion battery health prognosis based on a real battery
management system used in electric vehicles. IEEE Trans. Veh. Technol. 2018, 68, 4110–4121. [CrossRef]

25. Liang, K.Z.; Zhang, Z.S.; Liu, P.; Jiang, S.F. Data-driven ohmic resistance estimation of battery packs for electric vehicles. Energies
2019, 12, 4772. [CrossRef]

http://doi.org/10.1021/acs.est.0c07030
http://www.ncbi.nlm.nih.gov/pubmed/33764763
http://doi.org/10.1016/j.energy.2016.01.062
http://doi.org/10.1016/j.apenergy.2019.113648
http://doi.org/10.1016/j.ijepes.2019.105516
http://doi.org/10.1051/matecconf/20179001001
http://doi.org/10.1109/TIA.2017.2756026
http://doi.org/10.1016/j.apenergy.2018.03.053
http://doi.org/10.1016/j.energy.2018.03.023
http://doi.org/10.1016/j.jpowsour.2015.09.033
http://doi.org/10.1016/j.apenergy.2016.08.080
http://doi.org/10.1016/j.jpowsour.2013.05.040
http://doi.org/10.33889/IJMEMS.2016.1.2-006
http://doi.org/10.1109/PHM-Shanghai49105.2020.9280981
http://doi.org/10.1016/j.jpowsour.2016.07.065
http://doi.org/10.1016/j.measurement.2017.11.016
http://doi.org/10.1016/j.est.2020.102118
http://doi.org/10.1016/j.energy.2017.12.144
http://doi.org/10.1109/TIE.2017.2782224
http://doi.org/10.1109/TVT.2018.2864688
http://doi.org/10.3390/en12244772


Sensors 2022, 22, 5762 22 of 22

26. She, C.Q.; Zhang, L.; Wang, Z.P.; Sun, F.C.; Liu, P.; Song, C.B. Battery State of Health Estimation Based on Incremental Capacity
Analysis Method: Synthesizing from Cell-Level Test to Real-World Application. IEEE J. Emerg. Sel. Top. Power Electron. 2021.
[CrossRef]

27. Driscoll, L.; de la Torre, S.; Gomez-Ruiz, J.A. Feature-based lithium-ion battery state of health estimation with artificial neural
networks. J. Energy Storage 2022, 50, 104584. [CrossRef]

28. Shen, P.; Ouyang, M.G.; Lu, L.G.; Feng, X.N. The co-estimation of state of charge, state of health, and state of function for
lithium-ion batteries in electric vehicles. IEEE Trans. Veh. Technol. 2017, 67, 92–103. [CrossRef]

29. Hu, X.S.; Jiang, H.F.; Feng, F.; Liu, B. An enhanced multi-state estimation hierarchy for advanced lithium-ion battery management.
Appl. Energy 2020, 257, 114019. [CrossRef]

30. Song, L.J.; Zhang, K.Y.; Liang, T.Y.; Han, X.B.; Zhang, Y.J. Intelligent state of health estimation for lithium-ion battery pack based
on big data analysis. J. Energy Storage 2020, 32, 101836. [CrossRef]

31. Kwon, H.; Park, H. Numerical Simulation of Prismatic Lithium-Ion Battery Life Cycles Under a Wide Range of Temperature.
Int. J. Precis. Eng. Manuf. Green Technol. 2019, 6, 63–73. [CrossRef]

32. Yu, J.B. State of health prediction of lithium-ion batteries: Multiscale logic regression and Gaussian process regression ensemble.
Reliab. Eng. Syst. Saf. 2018, 174, 82–95. [CrossRef]

33. Qu, J.T.; Liu, F.; Ma, Y.X.; Fan, J.M. A neural-network-based method for RUL prediction and SOH monitoring of lithium-ion
battery. IEEE Access. 2019, 7, 87178–87191. [CrossRef]

34. Hong, J.C.; Wang, Z.P.; Chen, W.; Wang, L.Y.; Lin, P. Online accurate state of health estimation for battery systems on real-world
electric vehicles with variable driving conditions considered. J. Clean. Prod. 2021, 294, 125814. [CrossRef]

35. Li, Z. Characterization Research of LiFeO4Batteries for Application on Pure Electric Vehicles. Ph.D. Thesis, Tsinghua University,
Beijing, China, 2011.

36. Zhao, G.Q.; Zhang, G.H.; Liu, Y.F.; Zhang, B.; Hu, C. Lithium-ion battery remaining useful life prediction with deep belief network
and relevance vector machine. In Proceedings of the 2017 IEEE International Conference on Prognostics and Health Management
(ICPHM), Dallas, TX, USA, 19–21 June 2017.

37. Zhang, Y.Z.; Xiong, R.; He, H.W.; Pecht, M.G. Long short-term memory recurrent neural network for remaining useful life
prediction of lithium-ion batteries. IEEE Trans. Veh. Technol. 2018, 67, 5695–5705. [CrossRef]

http://doi.org/10.1109/JESTPE.2021.3112754
http://doi.org/10.1016/j.est.2022.104584
http://doi.org/10.1109/TVT.2017.2751613
http://doi.org/10.1016/j.apenergy.2019.114019
http://doi.org/10.1016/j.est.2020.101836
http://doi.org/10.1007/s40684-019-00034-3
http://doi.org/10.1016/j.ress.2018.02.022
http://doi.org/10.1109/ACCESS.2019.2925468
http://doi.org/10.1016/j.jclepro.2021.125814
http://doi.org/10.1109/TVT.2018.2805189

	Introduction 
	Data Description and Preprocessing 
	Aging Indicator Calculation and Temperature Influence Analysis 
	Approximate SOH Degradation Model 
	Weight Analysis 
	SOH Calculation 

	RUL Prediction Model Based on LSTM 
	Conclusions and Outlook 
	References

