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Abstract: Battery system diagnosis and prognosis are essential for ensuring the safe operation of
electric vehicles (EVs). This paper proposes a diagnosis method of thermal runaway for ternary
lithium-ion battery systems based on the Density-Based Spatial Clustering of Applications with
Noise (DBSCAN) clustering. Two-dimensional fault characteristics are first extracted according to
battery voltage, and DBSCAN clustering is used to diagnose the potential thermal runaway cells
(PTRC). The periodic risk assessing strategy is put forward to evaluate the fault risk of battery cells.
The feasibility, reliability, stability, necessity, and robustness of the proposed algorithm are analyzed,
and its effectiveness is verified based on datasets collected from real-world operating electric vehicles.
The results show that the proposed method can accurately predict the locations of PTRC in the battery
pack a few days before the thermal runaway occurrence.

Keywords: thermal runaway; lithium-ion batteries; electric vehicles; DBSCAN clustering; fault
diagnosis; National Monitoring and Management Center for New Energy Vehicles

1. Introduction

In order to cope with the issues of fossil oil depletion and environmental pollution, electric vehicles
(EVs) are being actively developed and incrementally deployed worldwide [1]. Battery systems play a
vital role in determining the driving performance and cost-effectiveness of EVs [2]. There are several
battery types available; lithium-ion batteries dominate the use in EVs due to their merits of highly
specific energy and power, no memory effect and long service life [3]. Despite the fact that substantial
improvements have been achieved in past decades regarding energy density and service life, the safety
issue still remains unsolved and has been the focus of intensive research [4,5]. There have been a
considerable number of fatal fire accidents occurring worldwide, and thermal runaway has been
identified as the main culprit. Accurate and timely thermal runaway event diagnosis is essential for
preventing thermal runaway occurrence and ensuring the safety of passengers.

Tremendous efforts have been directed to exploring the internal reaction mechanisms and external
characteristics of batteries during thermal runaway process as well as to developing models and
enabling methods for thermal runaway mitigation. In order to understand the process and to ascertain
the cause of thermal runaway, the evolutions of temperature, voltage and gas composition during
thermal runaway are analyzed. For example, Melcher et al. [6] gained a better understanding of
the temperature increase process within the battery cell considering different heat sources under
specified working conditions and found out the triggering condition of thermal runaway. Similarly,
Koch et al. [7] analyzed the composition and amount of gases generated during thermal runaway.
Abada et al. [8] studied the evolution of voltage and temperature during the thermal runaway process
by combining experiments and models. Other researchers explored the thermal runaway phenomenon
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under the conditions of overcharging and over-discharging. For instance, Ouyang et al. [9] studied
the thermal behavior of lithium-ion batteries during overcharge and over-discharge, and found a peak
voltage of 5.4 V before thermal runaway occurrence [10]. However, these studies invariably focused
on finding out the external characteristics of thermal runaway yet failed to reveal the underlying
mechanisms. To cope with this issue, the heat generation mechanism of batteries is investigated,
and accordingly, electrochemical-thermal models are often synthesized for thermal runaway behavior
prediction. For instance, Ren et al. [11] established an electrochemical-thermal coupled model
for overcharge-induced thermal runaway prediction. Analogously, Qi et al. [12] established a
mathematical model to depict the voltage and temperature evolutions of lithium-ion batteries during
overcharging. Chen et al. [13] developed a coupled electro-thermal runaway model using finite
element methods. Seo et al. [14] proposed a model-based switching model method (SMM) to detect
the short circuit in lithium-ion batteries. These models could reveal the details of the thermal runaway
process, but were insufficient to predict the thermal runaway occurrence. In order to predict thermal
runaway occurrence, Feng et al. [15] explored the correlation between the measured voltage, current,
temperature and internal short-circuit (ISC) status using a 3D electrochemical-thermal-ISC coupled
model, and proposed a scheme for on-line detection of internal short-circuit. In general, the above
mentioned methods can diagnose abnormal battery states through measuring voltage, temperature
and other characteristic parameters in the laboratory environment. However, during the real-world
operation of EVs, the characteristics of battery systems are affected by various factors such as driving
conditions, driver’s behaviors, and battery aging levels. These may significantly curtail the performance
of laboratory-synthesized approaches for thermal runaway prediction [16].

The development of artificial intelligence (Al) provides enormous opportunities for uncovering the
underlying mechanisms of battery failures and abnormal states [17,18]. Some scholars have researched
the battery temperature data and proposed some algorithms for battery fault diagnosis. For example,
Panchal et al. [19] collected real-world driving cycle data under different modes and temperatures to
predict battery capacity fade level. Data-driven-based state of health (SOH) prognostics methods have
also been documented in the literature. For example, You et al. [20] presented a data-driven approach
to trace battery SOH evolution based on the historical datasets of current, voltage and temperature.
Sun et al. [21] developed a health auxiliary diagnosis method based on the Sample Entropy for a
lead-acid battery module. Nevertheless, the existence of the short pulse time rendered it incapable of
directly estimating the residual capacity of batteries. Widodo et al. [22] utilized the support vector
machine (SVM) and relevance vector machine (RVM) to predict battery SOH. Although the battery
capacity value can be estimated, the computational efficiency is rather low. In order to discover the
long-term potential failures of batteries, some scholars presented some voltage-based battery fault
prognosis methods. For instance, Yao et al. [23] conducted an experiment to get battery voltage and
used the ensemble Shannon entropy to predict the connection failure between battery modules within
a battery pack. Zhao et al. [24] proposed a fault diagnosis method for electric vehicle battery system
based on the statistics method. Abnormal changes in the battery terminal voltage are detected and
calculated in the form of a probability. However, cell voltages in the battery pack may not strictly follow
the normal distribution, which would markedly compromise the effectiveness of the presented method.
Wang et al. [25] proposed a Shannon entropy-based fault diagnosis method. However, the Shannon
entropy of battery cells may not strictly follow the normal distribution and the Z score is less than the
threshold most of the time, which would obviously reduce the accuracy of the method.

In order to address the above mentioned issues, this article proposes a diagnosis method of
thermal runaway for lithium-ion batteries based on Density-Based Spatial Clustering of Applications
with Noise (DBSCAN) clustering. Two-dimensional fault characteristics are first extracted according to
battery voltage, and the DBSCAN clustering is used to diagnose the potential thermal runaway cells
(PTRC). The periodic risk assessing strategy is put forward to evaluate the fault risk of battery cells.
The effectiveness of the proposed algorithm is verified based on datasets collected from real-world
operating electric vehicles. The innovations and contributions are as follows:
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(1) The sudden and progressive deterioration features of battery are extracted to identify PTRC.
Voltage deviation increment (VDI) is used to quantitatively represent the sudden deterioration
of battery properties, and cumulative number of deviations (CND) is used to quantitatively
represent the long-term accumulative deterioration of battery properties. The two features VDI
and CND can achieve accurate fault diagnosis together.

(2) This paper analyzes a large number of real-world vehicles’” operation data and establishes a novel
method for preventing thermal runaway. The fault frequency is set to quantitatively assess the
risk of each battery cell.

(3) This paper applies DBSCAN to battery cell fault diagnosis, and the accuracy of the method is
verified by the real-world vehicles” operation data. The diagnosis method can do well in locating
PTRCs in the battery pack a few days before the thermal runaway occurrence.

The remainder of the paper is organized as follows: Section 2 gives a brief introduction of the
National Monitoring and Management Center for New Energy Vehicle (NMMCNEYV) and acquisition
of data. Section 3 introduces the diagnosis method and periodic risk assessing strategy. Section 4
makes the discussion of the fault diagnosis method which contains physical basis, feasibility, stability,
reliability, and necessity analysis. Section 5 presents the results of the diagnosis method, followed by
conclusions in Section 6.

2. Data Acquisition

The NMMCNEYV is responsible for administrative supervision and management of new energy
vehicles in China. In order to ensure the reliability and security of data collection and storage, a big
data platform was established, which is also able to provide personalized services with advanced data
mining techniques. It currently has the service capability for more than 2 million electric vehicles.
A schematic illustrating the functionalities of the center is shown in Figure 1.
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Figure 1. NMMCNEV’s role in the management of electric vehicles.

In this study, the used datasets are collected from 14 electric vehicles with a frequency of 0.1 Hz.
Both vehicle 1 and vehicle 2 contain 156 battery cells. Thermal runaway occurred to cell No. 125
in vehicle 1 at 15:20 on 28 August 2018 and to the cells No. 51 and No. 52 in vehicle 2 at 21:00 on
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26 July 2018. Different from vehicle 1 and vehicle 2, vehicle 3 and vehicle 4 contain 84 battery cells.
Thermal runaway occurred to cell No. 68 in vehicle 3 at 11:11 on 19 March 2019 and to cell No. 82 in
vehicle 4 at 13:51 on 30 January 2019. For comparison, the vehicles 5~14 are all in normal operation
without any alarm, each containing 96 battery cells.

The batteries of all the vehicles studied in this paper are ternary lithium-ion batteries. The cell
layout of the battery pack is shown in Figure 2. Generally, a battery pack comprises of several
series-connected battery modules, and each module contains a certain number of series-connected
battery cells. It is can be seen in Figure 2 that four modules and three modules are arranged
longitudinally and laterally, with the former and the latter respectively containing 24 and 20 batteries.
It is worth mentioning that each battery cell is composed of three batteries connected in parallel,
and the voltage measurement is installed at each battery cell.
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1-24 |[25-48||49-72 | 73-96 22118 133 |74
o4| |87| [82| |75
93| |ss| [s1] |76
97-116 i I e el \
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Figure 2. Cell layout within the battery pack.

3. Diagnosis Method and Periodic Risk Assessing Strategy

3.1. Diagnosis Method

The DBSCAN is a density-based clustering algorithm proposed by Sander, J. et al. [26] in
1998, which is widely used in the fields of physics [27], computer science [28,29], medicine [30],
architecture [31], agriculture [32] and so on. Compared to other clustering methods such as K-means
and Gaussian mixtures, the advantages of the DBSCAN method lie in the following aspects: (1) It has
better identification capability for abnormal points. (2) Clusters of arbitrary shapes can be formed.
(3) There is no requirement of knowing clustering categories in advance. (4) There are no bias for
clustering results. Since the DBSCAN clustering method can identify abnormal points in the process of
clustering, it is well-suited for fault diagnosis. In addition, the number of clustering categories of fault
diagnosis is uncertain: battery cells of a normal vehicle should be clustered into one category, that is,
normal category; battery cells of the thermal runaway vehicle should be clustered into two categories,
that is, normal category and fault category. The number of cluster categories can be automatically
determined by the DBSCAN method based on the density of the points.

If the DBSCAN clustering is implemented based on certain features that can reflect battery
performance before thermal runaway occurrence, potential faulty cells can be effectively identified.
This paper establishes a battery fault diagnosis method based on the DBSCAN clustering method.
The calculation process is as follows:

The voltages of different battery cells at different sampling times constitute the voltage matrix Ay

Apn=| - Uy - M
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where 7 is the number of battery cells; k is the number of rows corresponding to different sampling
times; and Ut,]»(t =1,2,...,kj=1,2,...,n) is the voltage of the battery cell j at the sampling time of t.
Extract the sub-calculation interval (SCI) Cyxn € Agscn:

Up - Uipn
Coxn =| - Uy -+ )
um,l e Um,n
Calculate the median matrix M,;;»1:
ul,median
Myx1 = = 3)
um,mediun

where U yedion (t = 1,2,...,m) is the median voltage at the sampling time of t.
Calculate the voltage deviation matrix Byx:

AU1,1 e Aul,n
Ban = Can —MleYD(n = cee Aut,j ce (4)
AUy - Al

where Y1y, = (1,-++,1); Al,lt,j(t =1,2,...,m;j=1,2,...,n) is the voltage deviation of the battery cell
j at the sampling time of ¢.
Define the voltage deviation increment (VDI) matrix Sqy,:

Sixn = (Sm,lr T rSm,j) ®)

m
where s, ;(j = 1,2,...,n) is the VDI of battery cell j at the sampling time of 7. s, j = ¥ |AUt,]-|.
t=1

Define the cumulative number of deviations (CND) matrix Nyxy,:
Nixn = (”m,l/ tee /nm,n) 6)

m
where 1, ;(j = 1,2,...,n) is the CND of the battery cell j at the sampling time of . 1, ; = Zl)Zt'j"
=

If the voltage deviation of the battery cell j exceeds a certain voltage deviation interval (CVDI), z; ; = 1,
otherwise z; j = 0.
Define the joint matrix Voyy:

@)

Cluster all the battery cells in the joint matrix V,yx, with the DBSCAN clustering method to
diagnose the PTRC.

3.2. Periodic Assessment of Fault Risk

In order to achieve online diagnosis of thermal runaway occurrence, the fault matrix Fjy, is
defined to quantitatively describe the faulty battery cells:

A1 o fim
Fom=| - fij - ®)
fer 0 fin

where ft,j(t =1,2,...,kj=1,2,...,n) is the fault value of the battery cell j at the sampling time of
t. At each step, the vehicle generates a new row of data, and the latest 1000 rows of history data are
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extracted as the SCI Ciuxn € Agxy,- If the battery cell j is determined to be a PTRC at the sampling time
of t according to the method in Section 3.1, f; j = 1, otherwise f; ; = 0. The relationship between Cyxx
and Ay, is shown in Figure 3.

Battery cell dimension
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Figure 3. The relationship between Cy;x; and Agxy,.

Define the fault frequency matrix Ry, to quantitatively describe the thermal runaway risk for a
period of time:

kan:(rl rn) )

where 7j(j = 1,2,...,n) is the fault frequency of battery cell j at the time step x to y. r; = 5=, x and
y are the start and the end time step of the selected time interval, respectively.

4. Discussion

4.1. Physical Basis of Diagnosis Method

Voltage indicates the external electrical property of batteries [33-36], so the voltage of the faulty
cell may see abnormality from the normal cells (NC) some time before the thermal runaway occurrence.
Voltage abnormity may have two different patterns: (1) Battery properties suddenly deteriorate:
for example, a voltage jump caused by mechanical abuse. (2) Battery properties progressively
deteriorate: for example, change in battery terminal voltage caused by battery aging.

The accumulation of voltage deviation over a period of time is calculated by VDI, so it can reflect
the battery progressive degradation. In addition, for a battery pack with good performance, the voltage
deviations of all the battery cells should be close to 0 and kept within a certain interval. The CND
is used to indicate the sudden degradation of batteries. Therefore, when the VDI and the CND of a
battery cell are significantly different from other battery cells, its thermal runaway risk is considered to
be large.

4.2. The Feasibility Analysis

In order to study the potential fault of the battery cell, the cell data of vehicle 1 is retrieved from
the NMMCNEDV. The data period covers from 30 July 2018 03:45:53 to 28 August 2018 08:10:49. The data
acquisition frequency is 0.1 Hz. The ignition source is cell No. 125. Figure 4a shows the voltage curves
of battery cells. It can be seen from the figure that the voltage of cell No. 125 is low. At the end of the
discharge, its voltage is lower than 3.3 V multiple times. The terminal voltage can reflect the SOC,
so the battery cell experienced over-discharge sometimes, and the electrochemical properties of cell
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No. 125 gradually deteriorated as charging and discharging cycles increased. Figure 4b shows the
voltage deviation of each battery cell. It can be seen from the figure that the voltage deviations of
normal battery cells are generally kept within a certain interval, while the voltage deviation of cell
No. 125 is significantly larger than the other battery cells. Its voltage deviation even exceeds —0.3 V
and appears to be positive and negative alternately.

4.2 02
4.0 0.1 | I |
& 00 )
3.8 s
E - g-o.l
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Figure 4. (a) The voltage curves of vehicle 1; (b) The voltage deviation curves of vehicle 1.

It is acknowledgeable that the width of the CVDI has significant influence on the accuracy of the
diagnosis method when calculating the CND, so we studied the effect of this value L on the results,
which is shown in Figure 5. Each dot in the figure represents a battery cell. The blue dots represent the
normal ones, and the black dots represent the PTRCs diagnosed by the DBSCAN clustering method.
If L is too small, some normal battery cells would be misdiagnosed as the PTRCs, as shown in Figure 5a;
If L is too large, the PTRC will be misdiagnosed as a normal battery cell, as shown in Figure 5b. Finally,
L = +0.1V is selected in this study by the trial-and-error method using the data of vehicle 1~2 and 5~12.
In addition, the length of the SCI m also has an effect on the results. If m is too large, the calculating
time will be too long. If m is too small, the volume of history data is insufficient, and the PTRC cannot
be well recognized. Through the analysis of a large amount of data and the trial-and-error method,
the length of the SCI is 1000, and the minimum neighborhood points and the domain radius of the
DBSCAN clustering method are 5 and 10, respectively.

cell 8 5
30 1118
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= / =
2250 cll? g2
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3 | 4 3 I
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Figure 5. The clustering results with different L: (a) L = +0.05V; (b) L = +0.3V.
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Figure 6 shows the DBSCAN clustering results. It can be seen from the figure that the CND of cell
No. 125 is larger than the other battery cells, and it can be well recognized by the DBSCAN clustering
method, which proves the feasibility of the proposed method.

30
& . cell 125
=

g 25
£ 20

=
S |-
217 5
S | .
ganl(l bt
8 il!
= l!!!:
=3 [l

0 10 20 30 40 50 60 70
Cumulative number of deviations

Figure 6. The DBSCAN clustering results of vehicle 1.
4.3. The Stability Analysis

The cell data of vehicle 2 is also retrieved from the big data platform, and the data period
covers from 26 June 2018 17:52:51 to 26 July 2018 18:25:46. The data acquisition frequency is 0.1 Hz.
The ignition battery cells are cells No. 51 and No. 52. Figure 7a shows the voltage curves of the battery
cells. Figure 7b shows the clustering results. It can be seen from Figure 7a that there is under-voltage
fault occurrence to cells No. 51 and No. 52, and the VDI and the CND of these battery cells as shown
in Figure 7b are higher than those of the other battery cells. Thus, these two battery cells are judged as
the PTRCs by the diagnosis method. All the abnormal battery cells can be detected by the DBSCAN
clustering in Figure 7, which verifies the stability of the proposed method.

3.8 70
3.6 g 60 cell 51 cell 52
g
— £ 50
34 g
< E 40
232 g
s 230
3.0 ]
‘ T 20
o I g
2.8 PTRC 51 S0
—— PTRC 52 > I
2.6 0
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Time(10 's) Cumulative number of deviations
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Figure 7. (a) The voltage curves of vehicle 2; (b) The DBSCAN clustering results of vehicle 2.
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4.4. The Reliability Analysis

The cell data of vehicle 5 is retrieved from the NMMCNEYV, and the data period covers from
27 July 2017 20:56:00 to 27 August 2017 17:05:51. The data acquisition frequency is 0.1 Hz. Figure 8a
shows the voltage curves of the battery cells. Figure 8b shows the clustering results. As can be
seen from Figure 8a, there are no abnormities in any of the battery cells. In Figure 8b, all battery
cells are judged as normal battery cells by the diagnosis method. Therefore, this method would not
mis-diagnose abnormal battery cells, which verifies the reliability of the proposed method.
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(a) (b)
Figure 8. (a) The voltage curves of vehicle 5; (b) The DBSCAN clustering results of vehicle 5.

4.5. The Necessity Analysis

The cell data of vehicle 1 vehicle 2 are retrieved from the NMMCNEYV. The data period of vehicle
1 covers from 30 July 2018 03:45:53 to 28 August 2018 08:10:49, and the data period of vehicle 2 covers
from 26 June 2018 17:52:51 to 26 July 2018 18:25:46. The battery cells’ VDI and CND a month before
thermal runaway occurrence are shown in Figure 9. The VDI of vehicle 1 is shown in Figure 9a.
The VDI of the PTRC No. 125 is not always higher than the other cells, so the one-dimensional feature
VDI alone cannot diagnose the fault and must be combined with the CND. The CND of vehicle 2
is shown in Figure 9d. The CND of the PTRC No. 51 is higher than the other cells only for a short
period of time before the thermal runaway occurrence. The one-dimensional feature CND alone
cannot precisely diagnose the fault and must be combined with the VDI. Therefore, one-dimensional
feature VDI or CND alone cannot diagnose the PTRC, which verifies the necessity of extracting the
two features together to diagnose the PTRCs.
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Figure 9. Cont.
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Figure 9. (a) The VDI curves of vehicle 1; (b) The CND curves of vehicle 1; (c) The VDI curves of vehicle
2; (d) The CND curves of vehicle 2.

5. Results of Diagnosis Method

5.1. Risk Assessment Result of Vehicles

The cell data of vehicles 1~2 and 5~12 are retrieved from NMMCNEV. The data period of vehicle
1 covers from 30 July 2018 03:45:53 to 28 August 2018 08:10:49. The data period of vehicle 2 covers
from 26 June 2018 17:52:51 to 26 July 2018 18:25:46. The data periods of vehicles 5~12 are a month
approximately. The fault frequencies of battery cells are shown in Figure 10. PTRC No. 125 of vehicle 1
has the highest fault frequency of 0.663 and can be diagnosed well, which verifies the accuracy of the
method. Cell No. 8 has the second highest fault frequency of 0.018, which means that cell No. 8 has
the second highest risk of thermal runaway and should be maintained in time. The fault frequencies of
other normal battery cells in vehicle 1 are 0. PTRC No. 52 of vehicle 2 has the highest fault frequency
of 1, indicating that its properties are already poor a month before thermal runaway. PTRC No. 51 of
vehicle 2 has the second highest fault frequency of 0.530. Using this method, PTRC No. 51 and PTRC
No. 52 can be accurately diagnosed before thermal runaway. The fault frequencies of other normal
battery cells are 0. In addition, the fault frequencies of battery cells in vehicle 5~12 are 0, which verifies
the reliability of the method.
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(52,1)

e (125,0.663) 0.8
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S|= =,0.6 S
= =)
@ @
& &
=04 =
E E 0.4

0.2 0.2

(8,0.018)
0.0 : 0.0
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Cell number Cell number

(a (b)
Figure 10. Fault frequencies of battery cells in: (a) vehicle 1; (b) vehicle 2.
5.2. Risk Assessment Result of More Vehicles

To further verify the robustness of the diagnosis method, the cell data of vehicles 3~4 and 13~14
are retrieved from the NMMCNEV. The data period of vehicle 3 covers from 16 February 2019 17:20:50
to 19 March 2019 11:11:26. The data period of vehicle 4 covers from 19 December 2018 13:51:00
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to 30 January 2019 14:59:31. The data periods of vehicles 13~14 are both a month approximately.
The cluster results and fault frequencies of battery cells in vehicles 3~4 are shown in Figure 11. The
PTRC No. 68 of vehicle 3 has the highest fault frequency of 0.785. The PTRC No. 82 of vehicle 4
has the highest fault frequency of 0.558. Using this method, these two faulty battery cells can be
timely and precisely diagnosed before thermal runaway. Cell No. 49 in vehicle 4 has the second
highest fault frequency of 0.055, which means that it has the second highest risk of thermal runaway
occurrence and should be maintained in time. The fault frequencies of the other normal battery cells
are 0. In addition, the fault frequencies of the battery cells in vehicles 13~14 are 0. All the results
show that the diagnosis method can be used in other vehicles to precisely diagnose the PTRCs, so the
robustness of the diagnosis method and the rationality of parameter selection are verified.

0 1.0
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(c) (d)

Figure 11. (a) Clustering result of vehicle 3; (b) Fault frequencies of battery cells in vehicle 3;
(c) Clustering result of vehicle 4; (d) Fault frequencies of battery cells in vehicle 4.

5.3. Comparison with Other Diagnosis Methods

In order to compare the effects of different fault diagnosis methods, the fault frequencies of the
cells in vehicles 1~2 and 5~12 are calculated by 3r-MSS fault diagnosis method [28]. Figure 12 shows
the results of vehicles 1~2 and 5~6. The fault frequency of PTRC No. 125 in vehicle 1 is only 0.275
while cells No. 8, No. 13, No. 17, and No. 18 are 0.758, 0.218, 0.305, and 0.381 respectively, but there is
no fault occurrence in them. Therefore, the 3r-MSS method cannot accurately diagnose the PTRCs of
vehicle 1. The reason is that the 3r-MSS fault diagnosis method is based on the current cell voltage,
and the deterioration of the battery properties in the history is not considered. When the properties
of the PTRCs become normal at some time steps, the potential fault cannot be detected. The fault
frequencies of PTRCs No. 51 and No. 52 in vehicle 2 are 0.517 and 0.980, which can be diagnosed well.
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The reason is that 3r-MSS fault diagnosis method is based on the normal distribution. As shown in
Figure 7a, the voltage curves of PTRCs No. 51 and No. 52 are always different from other normal
battery cells, so the majority of the time, before the thermal runaway occurrence, their voltages exceed
the interval of (1 — 30, 4 + 30) and can be diagnosed by the 3r-MSS method. The fault frequencies
of some battery cells in the vehicles 5~12 are high, but these vehicles do not have any faults, so the

accuracy of the 3r-MSS method in normal vehicles is low.
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Figure 12. Fault frequencies by 3r-MSS of battery cells in: (a) vehicle 1; (b) vehicle 2; (c) vehicle 5;
(d) vehicle 6.

In general, when the cell voltages obey the normal distribution or approximate normal distribution,
the 3r-MSS fault diagnosis method is simple and effective, and can well identify the faulty cells outside
of the interval (u —30,u + 30). However, the performance of the battery during the real-world
operation is affected by many factors. The difference between different individuals is not random and
the cell voltages do not obey the normal distribution. If the fault is forcibly checked by the normal
distribution, some normal cells will be misdiagnosed as faulty cells, and the accuracy will be greatly
reduced. At the same time, the 3r-MSS fault diagnosis method cannot judge the severity of the fault,
so it cannot distinguish the PTRCs from the other cells. Compared with the 3r-MSS fault diagnosis
method, the proposed method in this article is based on the DBSCAN clustering to diagnose the
PTRCs and is suitable for the normal distribution and non-normal distribution of battery voltages.
This method combines the current data with the historical data by extracting the SCI and can accurately
diagnose the PTRCs before the thermal runaway occurrence, thereby improving the diagnosis accuracy.

6. Conclusions

This paper proposes an online thermal runaway diagnosis method for lithium-ion battery
systems based on real-world data. The results show that the diagnosis method established by the
DBSCAN clustering can effectively predict the PTRCs. By analyzing a large amount of real-world
data, the feasibility, stability, reliability, necessity, and robustness of the method are discussed and
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verified. In addition, a comparison with another diagnosis method is performed, and the results show
the superiority of the proposed method.

In summary, the proposed diagnosis method in this article can be divided into two parts: real-time
diagnosis and periodic assessment of the fault risk. The DBSCAN clustering diagnosis method is an
online method, which can be used in realistic BMSs. In the meantime, the fault matrix can be saved in
the BMS, and the fault frequency can be calculated based on the fault matrix regularly to assess the
potential fault risk.

It is worth mentioning that the presented method can also be used for fault diagnosis of systems
with time series features, regardless of data type and application area. In addition to the diagnosing
voltage anomalies, temperature anomalies or any other information anomalies can be detected and
predicted by this method.
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Abbreviations

Nomenclature

PTRC Potential thermal runaway cell

NC Normal cell

NMMCNEV  National Monitoring and Management Center for New Energy Vehicles in China
EVs Electric vehicles

SMM Switching model method

ICA Incremental capacity analysis
DNN Deep neural networks

BMS Battery management system
SampEn Sample Entropy

SVM Support vector machine

3r-MSS 3r multi-level screening strategy
SCI Sub-calculation interval

VDI Voltage deviation increment
CND Cumulative number of deviations
CVDI Certain voltage deviation interval
Symbol Description

u The cell voltage

AU The cell voltage deviation

s The voltage deviation increment
n The cumulative number of deviations
f The fault value

r The fault frequency

L The certain voltage deviation interval
Subscript Description

n The total number of battery cells
k The total number of index

t The index number

i The cell number

m The length of the sub-calculation interval
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