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Abstract: As the preferred technology in the current energy storage field, lithium-ion batteries
cannot completely eliminate the occurrence of thermal runaway (TR) accidents. It is of significant
importance to employ real-time monitoring and warning methods to perceive the battery’s safety
status promptly and address potential safety hazards. Currently, the monitoring and warning of
lithium-ion battery TR heavily rely on the judgment of single parameters, leading to a high false
alarm rate. The application of multi-parameter early warning methods based on data fusion remains
underutilized. To address this issue, the evaluation of lithium-ion battery safety status was conducted
using the cloud model to characterize fuzziness and Dempster-Shafer (DS) evidence theory for
evidence fusion, comprehensively assessing the TR risk level. The research determined warning
threshold ranges and risk levels by monitoring voltage, temperature, and gas indicators during
lithium-ion battery overcharge TR experiments. Subsequently, a multi-parameter fusion approach
combining cloud model and DS evidence theory was utilized to confirm the risk status of the battery
at any given moment. This method takes into account the fuzziness and uncertainty among multiple
parameters, enabling an objective assessment of the TR risk level of lithium-ion batteries.

Keywords: lithium-ion battery; thermal runaway; early warning; multi-source data fusion

1. Introduction

The lithium-ion battery (LIB), prized for its high energy density, lightweight design,
and eco-friendly attributes, stands as the preferred technology in the realm of energy
storage. Its applications span across various domains, including mobile electronic devices,
medical equipment, electric vehicles, and energy storage systems. Yet, amidst this broad
range of utilization, safety concerns must not be underestimated. Between 2017 and 2022,
over 14 incidents of fire and explosion accidents occurred in energy storage stations. Present
warning methodologies for LIBs hinge on distinct threshold models for diverse param-
eters like voltage, temperature, and gas production. Based on the evolution of internal
reaction, thermal runaway (TR) can be categorized into different stages. Randolph et al. [1]
segmented the TR of LIB into four stages based on internal reactions. At present, there
are several methods for monitoring and warning based on multiple parameters, with the
conventional single-parameter threshold determination being a prevalent approach.

1.1. Early Warning Technology Based on External Parameters

Sensors enable monitoring of parameters such as voltage and temperature during
battery use, which allows for thermal runaway warning based on anomalies detected
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in these monitored parameters. Xia et al. [2] utilized multi-voltage sensors and algo-
rithms to monitor the operational status of each battery in a battery pack. Jia et al. [3]
employed K-type thermocouples and fiber Bragg grating (FBG) sensors to monitor temper-
ature variations at three different positions of LIB, enabling temperature warnings for TR.
Nascimento et al. [4,5] proposed a network comprising 37 FBG sensors to prevent severe
consequences of TR incidents and enhance battery safety. However, accurately assessing
internal chain reactions remains difficult due to the challenge of measuring the difference
between internal and surface temperatures. Current monitoring of battery voltage and
surface temperature is insufficient to effectively prevent battery failure [6].

1.2. Early Warning Technology Based on Surface Strain of the Battery

Peng et al. [7] developed a high-precision strain sensor with 11.5 times greater sen-
sitivity compared to FBG sensors. Chen et al. [8] used strain gauges to detect surface
strain changes in batteries under thermal abuse, finding earlier detection compared to
conventional electrical signals. However, due to the closed nature of lithium-ion batteries,
external parameters cannot accurately reflect internal electrochemical reactions or assess
thermal runaway risks precisely.

1.3. Early Warning Technology Based on Internal Temperature, Pressure, and Impedance

Raghavan et al. [9] showed that embedded FBG temperature sensors can accurately
measure internal battery temperatures. Lyu et al. [10] identified a shift in impedance
spectrum from negative to positive within the 30 Hz to 90 Hz frequency range and used
this change to develop an early warning system for thermal runaway based on impedance
frequency slope variations. Mei et al. [11] developed a fiber optic sensor tailored for
insertion into commercial 18650 batteries, which enables continuous monitoring of internal
temperature and pressure during TR, issuing warnings before safety valves are triggered.

1.4. Early Warning Technology Based on Characteristic Gases

Cai et al. [12] suggested CO, as a characteristic gas in TR scenarios, verified and
established thresholds with sensors. Jin et al. [13] demonstrated that H, can serve as an
early safety warning indicator through overcharging experiments with LIB packs. Thresh-
old determination methods involve setting upper and lower limits for various battery
parameters. When parameters collected by on-site sensors exceed the established range, an
alert is triggered.

1.5. Early Warning Technology Based on Neural Networks

Conversely, Al-based monitoring and warning predict potential battery anomalies by
establishing various types of network models. Jiang et al. [14] employed LSTM-RNN and
GRU-RNN to achieve accurate real-time battery temperature estimation, with a maximum
absolute error of about 0.75 °C. Zhang et al. [15] established a data-driven MMTPFNN
model for forecasting TR propagation when battery temperature exceeds 60 °C, while
employing an LSTM model for regular temperature prediction. This method enables more
precise prediction of battery temperature, but still relies on a single parameter for early
warning, which may not avoid errors such as false negatives.

In the realm of monitoring and early warning technologies for lithium-ion battery
thermal runaway, parameters such as voltage, temperature, gas, impedance, and pressure
are typically monitored to facilitate early warning. However, these parameters are often
treated as independent, and effective integration methods for comprehensive analysis
remain lacking. When employing a solitary parameter threshold model for monitoring
and warning of battery TR, there is a lack of adequate description regarding the interplay
of parameters’ fuzziness. Dealing with this fuzziness issue involves subjectivity, posing
challenges in acquiring a thorough and objective understanding of TR. And this undermines
the precision and dependability of TR warning system.
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The cloud model is an evaluation method that transforms qualitative concepts into
quantitative descriptions, addressing the fuzziness and uncertainty between qualitative
concepts and quantitative descriptions. The Dempster-Shafer (DS) evidence theory is a
typical method used to analyze and fuse uncertain information. Xiang et al. [16] proposed a
multi-sensor data fusion method based on the cloud model and improved evidence theory.
By integrating evidence similarity and credibility, this method enhances fusion accuracy.
Validation through early indoor fire detection demonstrates that the approach achieves
higher detection precision and reduced false alarm rates.

To address the issues of ambiguity and randomness in assessment, a novel multi-
parameter warning method based on cloud model and DS evidence theory was proposed
to evaluate the TR risk of LIB in this paper. Based on the empirical model derived from
previous TR experiments, three-level warning thresholds are established to categorize
thermal runaway risk levels. By applying cloud models to illustrate the degree of involve-
ment within each of the three risk levels and employing Dempster’s combination rule for
the fusion of data from various sensors, uncertainty was converted into basic probability
assignment (BPA). This procedure produces the mass function, belief function, and plau-
sibility function for the TR risk level of LIBs. As a result, the TR risk level of LIBs can be
evaluated at any specific moment based on these findings.

Based on the voltage, temperature, gas multi-parameter variations, a multi-level
warning strategy was developed to map thermal runaway risks through different warning
stages. By integrating the cloud model with DS evidence theory, this approach combines
multiple parameters to assess risk levels, reducing subjective influences and enhancing
early warning accuracy. This method offers new insights and techniques for thermal
runaway monitoring and early warning.

2. Thermal Runaway Experiment for Lithium-Ion Batteries
2.1. TR Test Apparatus Setup

In the previous study, a thermal runaway experiment was conducted on LIBs using
20 Ah LFP batteries (with a cutoff current of 2 A and a cutoff voltage of 2.5 V). Figure 1
shows the setup of the overcharge test platform. The entire overcharge test process was
carried out in an explosion-proof box, and a camera positioned in front of the explosion-
proof glass was used to record the experimental phenomena. A battery testing system (BTS,
Neware BTS-50 V/20 A, Shenzhen, China) was employed for the charging and discharging
cycles of the battery, as well as for recording the voltage data during the overcharge
test. During the test, 3 K-type thermocouples (1 mm in diameter) were used to measure
the surface temperature of the battery, with measurement points indicated as Tc1-Tc3 in
Figure 1. A gas analyzer (Shenzhen Qi’an Technology Co., Ltd., Shenzhen, China) was
used, with a gas pipe inserted above the battery’s safety valve. An air pump was used
to draw the gas produced by the battery into H sensor (0-2000 ppm, resolution: 1 ppm),
VOC sensor (0-100 ppm, accuracy: 0.1%), and CO sensor (0-2000 ppm, resolution: 1 ppm)
of the instrument to monitor real-time changes in gas concentration.
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Figure 1. Setup of the overcharge test platform.

2.2. Experimental Method for TR Test

Before initiating the overcharge tests, the LFP batteries were charged to 100% State of
Charge (SOC) using a constant current-constant voltage (CC-CV) protocol with the BTS.
Following a resting period, the batteries were placed within an explosion-proof chamber.
The BTS was programmed to apply various charge rates for overcharging experiments,
including rates of 0.5 C, 0.75 C, and 1 C, as specified in Table 1. The overcharging was
continued until the battery voltage experienced a sudden drop to 0, at which point the BTS
terminated the overcharging process. During the experiment, the BTS recorded the battery
voltage, data acquisition collected the surface temperature data of battery, and the gas
analyzer monitored changes in gas concentration. After the cessation of gas emission and a
subsequent 4 h stabilization period, data on voltage, temperature, and gas concentrations
were gathered to analyze the variations in characteristic parameters throughout the thermal
runaway process.

Table 1. Experimental conditions of the overcharge thermal runaway tests.

NO. Overcharge C-Rate Repetition Time
1 0.5 3
2 0.75 3
3 1 3

2.3. Experimental Results and Discussion

In the TR experiment concerning the overcharge of LIBs, real-time monitoring of key
parameters in-cluding voltage, temperature, and gas production was conducted [17]. As
shown in Figure 2, the voltage, temperature, and gas concentration trends under three
different overcharge rates (0.5 C, 0.75 C, and 1 C) exhibit similar patterns and the entire
process of the LIBs overcharge experiment was segmented into four stages, delineated by
specific events such as the emergence of the voltage turning point (Vp), the activation of
the safety valve, and the voltage decline.
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Figure 2. The segment of the four stages of overcharge TR and the changes in voltage, temperature,
and gas concentration in various overcharge C-rate: (a) 0.5 C, (b) 0.75C, (¢) 1 C. [17].

During stage 1, the lithium-ion battery begins overcharging, leading to a gradual
voltage increase until reaching a voltage turning point (Vtp). The surface temperature
rises slowly to 50 °C, while the voltage curve shows a brief plateau, indicating active
material loss.
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As overcharging continues in stage 2, the voltage gradually decreases to the minimum
voltage (Vmin). Heat generation accelerates, raising the surface temperature above 80 °C
and reaching the first temperature peak (T). Gas analyzers detect Hy, VOC, and CO due
to gas generation and battery swelling.

In stage 3, the safety valve opens due to excessive electrolyte decomposition, releasing
gas and heat and causing a temporary drop in surface temperature. As internal reactions
intensify, the temperature rises, and the voltage increases to the maximum voltage (Vmax)
associated with thermal runaway. Temperature differences at measurement points indicate
internal instability.

During stage 4, separator damage causes lithium dendrite short-circuiting, leading to
rapid heat release and intensified side reactions. The battery experiences a voltage drop and
thermal runaway, releasing all gases and reaching a second temperature peak (Tmax). The
voltage drop precedes the temperature rise, providing a potential early warning indicator.

3. Warning Method Based on Cloud Model and DS Evidence Theory
3.1. Selection of Evaluation Indicators for TR Risk State
Taking the experimental results under a 0.5 C overcharge rate as an example, Table 2

depicts the voltage, temperature, and gas concentration variations throughout the four
stages of TR. Meanwhile, Table 3 presents the gas concentration values at critical nodes.

Table 2. Changes in voltage, temperature, and gas concentration at each stage.

Stage Voltage Temperature Gas Concentration
I Sl;)/vTvPri:sg;c;\\/]Tp S%?VZ Zi;eléoo? No significant change
End of Stage I V1p appearance
I Slow decrease to Vin Rapid rise to T, Hp, VO(;, CcO
Vinin =455V T, =84.05°C gradually increase
End of Stage I safety valve opening
I Rapid rise to Vimax Brief decrease and rise to T3 continue to increase
Vmax =20.86 V T3 =96.45°C
End of Stage III Vmax appearance
v Rapid drop to 0 Rapid rise to Tmax continue to increase

Tmax = 166.06 °C

Table 3. Gas concentration at nodes where an upward trend occurs and end of stage III.

State H, (ppm) VOC (ppm) CO (ppm)
Upward trend 1 0.4 1
End of Stage III 74 42 12

Based on the experimental results under different operating conditions, thermal run-
away can be divided into four stages, leading to the proposal of a three-level early warning
strategy for thermal runaway:

1. The first-level warning selects the Vp at the transition between the first and sec-
ond stages as the characteristic parameter, with a value range of (5.2 V, 5.4 V). Considering
a certain margin of error, the voltage threshold is set within the range of (5.1 V, 5.5 V).

2. The second-level warning is determined by the maximum safe temperature of 50 °C
for the battery pack. With an error margin, the temperature range is set between (48 °C,
55 °C). Based on this temperature range and the time-varying curves of temperature and
hydrogen concentration, the hydrogen concentration range is determined to be (2 ppm,

5 ppm).
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3. The third-level warning is based on the critical temperature of 80 °C before the
battery enters the third stage of thermal runaway after the safety valve opens. Considering
an error margin, the temperature range is set between (78 °C, 85 °C). The carbon monoxide
concentration range is then determined to be (2 ppm, 10 ppm) based on this temperature
range and the time-varying curves of temperature and carbon monoxide concentration.

In this study, overcharge TR is defined as an overcharge TR incident. Three key
parameters—voltage, temperature, and gases (H,, CO)—are selected to form the evalu-
ation indicator system, represented by voltage, temperature, H, concentration, and CO
concentration. Based on the three-level warning strategy for TR of LIBs, the risk level
is categorized into three levels: L; for low risk, L, for medium risk, and L3 for high risk.
Figure 3 illustrates the three-level warning strategy for monitoring and warning overcharge
TR of LIBs.

Monitoring of voltage (V),
temperature (T),
gas concentration (C)

4

Non-warning | No Yes
state
A

Level I warning

Failure

48°C<T<55C
pm < Cu: < 5ppm ?

2 Level II warning

Failure

78°C <T<85C

A g Level III warning

Failure

Figure 3. The three-level warning strategy for TR of LIBs.

3.2. Construction of Multi-Parameter Fusion Model Based on Cloud Model and DS
Evidence Theory

In this study, the multi-parameter fusion model was constructed using cloud model
and DS evidence theory. Utilizing cloud model facilitates the transformation of qualitative
concepts into quantitative descriptions, effectively handling the inherent fuzziness and
uncertainty between qualitative and quantitative information. The forward cloud model
adeptly converts qualitative concepts into precise quantitative values, while the reverse
cloud model transforms quantitative values back into qualitative concepts. The forward
cloud model is utilized for safety status of LIB, which is characterized by three characteristic
parameters: Ey, E;,;, and H,.

Ex = (bmax + bmin)/z (1)
En = (bmax - bmin)/6 (2)
H, = E,/10 3)
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where bmax and b, denote the upper and lower critical values of the threshold interval
[bmin,Pmax] for LIB under different warning levels.

The membership degree i of each sensor measurement value (Xj, X», ..., X;;) in the
cloud model can be calculated using Equation (4).

_ (x—Ex)?

p=e 200 4)

The DS evidence theory is a typical approach for fusing and analyzing uncertain infor-
mation in a same identification framework, without relying on conditional probabilities.
® = {61,61,...,0;,...,0,} represent the decision identification framework, consisting of a
finite set of mutually exclusive elements. The basic probabilities  : 20 [0,1], VA C O,

according to Equation (5):
f mo) =0 -

Yacom(A) =1

The variable m represents the basic probability assignment (BPA) function for the
recognition framework ©, also known as the mass function. The mass function is used
to calculate the basic probability for each element in the hypothesis space, as shown in
Equation (6):

Hik
i) Yo (i) ©
where k denotes the risk level of the evaluated LIB; A is the set of risk levels for the evaluated
object; i denotes the sensor index.

According to the BPA, the belief function Bel(A) and plausibility function P1(A)
form a trust interval [Bel(A), P1(A)], representing the degree of confirmation for a specific
hypothesis. On the recognition framework ©, the belief function indicates the possibility of
proposition A being true, calculated as the sum of the basic probabilities of all subsets of
hypothesis A by Equation (7). The plausibility function on the recognition framework ©
represents the possibility that proposition A is not false, calculated as the sum of the basic
probabilities of sets with a non-empty intersection with hypothesis A by Equation (8).

Bel(A) = ) m(B) 7)
BCA

PI(A)= ) m(B) (8)
BNA#¢

The relationship diagram between the Bel function, P1 function, and the trust interval
is shown in Figure 4, where the degree of belief represents the lower bound estimate of the
hypothesis credibility, and the degree of plausibility represents the upper bound estimate
of the hypothesis credibility.

Confirmation Confirmation
| interval for truth | Trust interval | Interval for false |
0 Bel(A) P1(A) 1

Figure 4. The distribution of belief function, plausibility function, and the belief interval.

For n pieces of evidence with 1 BPAs, the basic probability distribution (BPD) is calcu-
lated using Dempster’s rule of combination, as shown in Equation (9). The normalization
constant K is calculated by Equation (10).

m(A) = (m &my®...&my,)(A) = ) my(Aq) -mp(Az) - ... -mu(Ay) (9)

A1NAsN..NA=A

Rl
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K= ) mi(Aq) -ma(Ap) ... -my(Ay) =1— Y my (A1) -mp(Ap) ... -my(Ay) (10)
A1NAN..NA,#¢P A1NAN..NA=¢

For the evaluation of TR risk levels of LIBs, three risk levels L1, L, and L3 are defined,
and four evaluation factors, voltage, temperature, Hy and CO concentration, are set for
assessment. The distribution set of mass functions for each evaluation factor is given by
Equation (11).

M = ({¢},{L1},{L2},{Ls},{L1, L2}, {L1, L3}, {L2, L3}, {©}) (11)

where {©} is equivalent to the set {Lj, Ly, L3}, which represents the discernment frame-
work set.

3.3. Decision Procedure for Three-Level TR Early Warning of LIBs

The process for evaluating the TR risk levels of LIBs based on the cloud model and DS
evidence theory is illustrated in Figure 5.

Voltage, temperature,
H: concentration,
Selection of evaluation indicators CO concentration

Division of risk levels

Multi-level |
warning i Risk warning levels L1 Lz Ls i
strategy |

Determination of threshold N [ b b ] 3
intervals for each risk level min > “max ;

i Catakiemet E = bmm + bmm E = bumx _bmin H = & i
| | characteristic parameters x 7 >Tn 6 740 ]
Cloud i l i
model | - |
Determination of _(-E) |
indicator membership u=e 2(L"J ]
1 : y |
i Calculahm:'l of Mass my(A4) = — iy |
i functions Zk:l('u'f" i, J) 3
D-S i m(A)=(m Sm, ®..®m,)(A) §
evidence H !
¢ i . 1 |
theory | | | Multi-parameterfusion -— m(A) () m, (4,)]
i K snaitna=4 )
3 Validation of trust functions Fel(d B PlA ¥ i
i and likelihood functions " el(4) = “; m(B), PI(4) = m‘;z m(B) !
Judgment of LIBs Comparison of warning parameter fusion Mass function values

TR warning level m(L1) m(L2) m(Ls)

Figure 5. The process for three-level TR early warning of LIBs.

The process for determining TR risk level of LIBs, combining the cloud model and DS
evidence theory, follows this concise procedure:

Step 1: Utilizing actual environmental sensor data at any given moment, determine
the cloud characteristic parameters (Ey, E;;, H.) for each evaluation factor under every risk
warning level by Equations (1)—(3). Calculate the respective cloud model membership



Batteries 2024, 10, 325

10 of 14

degree based on the measured values and cloud characteristic parameter values for each
evaluation factor. This process aims to quantify the degree of attribution of each factor
under different conditions, providing foundational data for subsequent risk assessment.

Step 2: Input the membership degrees into DS evidence theory. Construct the BPA
function by Equation (6), obtaining the probability distribution of each evaluation factor
in the corresponding risk zone. This reflects the possibility of each evaluation factor in
different risk areas. Subsequently, use the Dempster combination rule with Equation (9)
to obtain the fusion probabilities of each evaluation factor in each risk zone. Combine the
information of various evaluation factors, use belief and plausibility functions to validate
the credibility of the judgment, improving the accuracy of risk assessment for a more
precise determination of the lithium battery’s risk level.

Step 3: Based on different risk levels, determine the corresponding warning levels and
take appropriate emergency measures. Develop specific response strategies based on risk
assessment to ensure the safe operation of the LIBs system.

4. Empirical Analysis of TR Risk Assessment

To achieve comprehensive monitoring and risk assessment of LIBs during operation,
the characteristic parameters—voltage, temperature, and gas—exhibiting patterns during
the transition from a normal state to TR are defined as evaluation evidence. Four evaluation
factors, including voltage, temperature, H, and CO concentration, are established. The
risk level of thermal runaway is categorized into three levels: L1, Ly, and L.

In Equation (1), the interval represents the evaluation factor threshold range of LIBs
under different warning levels, with specific values detailed in Table 4. The calculation of
Ey, E,, and H, for each evaluation factor under each risk warning level is determined by
Equations (1)—(3), as shown in Table 5.

Table 4. The threshold ranges of four evaluation factor at three risk levels.

Risk Level
Risk Evaluation Factors
Low Risk L Middle Risk L, High Risk L3
Fy Voltage/V (5.1,5.5)
F, Temperature/°C (48, 55) (78, 85)
F3 Hj concentration/ppm (2,5
Fy CO concentration/ppm (2,10)

Table 5. Cloud characteristic parameters of evaluation factors at three risk levels.

Low Risk Lq Middle Risk L, High Risk L3
Evaluation Factors
E, E, H, E, E, H, E, E, H,
Fq 5.3 0.07 0.007
F, 51.5 1.17 0.117 81.5 1.17 0.117
F; 3.5 0.5 0.05
Fy4 6 1.33 0.133

The specific values of battery voltage, temperature, and gas parameters at a certain
moment during the overcharge-induced TR experiment are shown in Table 6, serving as
an example to validate the multi-parameter fusion early warning method for TR of LIB
based on cloud model and DS evidence theory. Subsequently, the membership degrees for
each evaluation factor are calculated by Equation (4) and converted into BPAs, as shown in
Table 7. Figure 6 shows the marking of this moment on the voltage, temperature, and gas
concentration over time curves.
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Table 6. Values of each evaluation factor at a certain moment.
Evaluation Factors Values
B 5.2
F, 50
F3 0
Fy 2
Table 7. The distribution of BPAs for each evaluation factor at the certain moment.
i BPAs
E‘;alutatlon Values Risk Levels
actors my, mp, mr, me
Fq 5.2 0.36 0.00 0.00 0.64 unknown
F; 50 0.00 0.69 0.00 0.31 Middle risk
Fy4 2 0.00 0.00 0.76 0.24 High risk
20.1 Voltagel :
;‘ 1
3, 1347 | v=s2v
o
= 67F :
—
> o0l Stagel A : Stage 1T B Stage ITT C Stage IV
9 150~ :“J i /fﬂi~~
P === Tc, 1 o 4
5 10|, 1 T=50°C o
- —p TCI ] %’ -
g % ! Mm
g e anaili
[} 0 I
h 1 L " 1 1 L 1
L]
720 —H 1
g =
£ 480 .
= 240 | Hx0
1
0
— I
7 450 voC i
e 1
£ 300 . 1
o The certain I
Q 150 moment 1
4 \‘=
! :
165 — CO] |
E 1o :
& 1
o s5 | CO:2ppm
Q 1
0
; : ‘ . . A .
0 500 1000 1500 2500 3000

Time (s)

Figure 6. Voltage, temperature, and gas concentration variation curves with a time marker at the

specific moment.

Based on the results from Table 7, the temperature and CO gas concentration indicators
have the highest credibility in the middle and high-risk levels. During the TR monitoring
and warning process of LIB, it is advisable to enhance real-time monitoring and control of
these indicators to improve battery safety management and reduce the probability of TR
accidents of LIB. Utilizing the multi-source fusion method, the fusion of evaluation factors
is performed by Equations (9) and (10). In Equation (11), the assignment results for the set
of mass functions distribution for evaluation factors Fq, Fp, and F4 are shown in Table 8.
The values of K and mass functions for the battery at the three risk levels are derived, as
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shown in Table 9. Finally, the belief functions and plausibility functions for each risk level
are computed by Equations (7) and (8), and the results are displayed in Table 10.

Table 8. Mass function distribution of sets of evaluation factors at the certain moment.

Sets
Mass Function
{9} {L1} {L1} {L1} {Ly,L1}  {LyLi} {L1,L1} {e}
M, 0 0.36 0 0 0 0 0 0.64
M, 0 0 0.69 0 0 0 0 0.31
My 0 0 0 0.76 0 0 0 0.24

Table 9. Values of K and mass function for three risk levels at the certain moment.

BPAs
Values Risk Levels
K m(Ly)  m(Lz)  m(Ls) m(O)
The certain moment 0.3312 0.081 0.320 0.455 0.144 High risk

Table 10. Values of belief and plausibility function for three risk levels at the certain moment.

Functions
Risk Level
Belief Function Bel (Ly) Plausibility Function P1 (Ly)
Ly 0.081 0.225
Lo 0.320 0.464
Ls 0.455 0.599

Figure 6 shows that at this time point, the battery is in the second stage of thermal
runaway. The voltage of 5.0 V falls within the first-level warning threshold (5.1 V to 5.5 V),
the temperature of 50 °C is within the second-level threshold (48 °C to 55 °C), and the CO
concentration of 2 ppm is outside the third-level threshold (2 ppm to 10 ppm). Individually,
these parameters do not clearly indicate the risk level. However, using the multi-parameter
fusion model based on the cloud model and DS evidence theory, the calculated risk levels
indicate m(L3) > m(Lp) > m(®) > m(L,).

Constructing the BPA distribution of different evaluation factors based on actual mea-
surement values, integrating data from multiple sensors, calculating the mass function, and
validating by belief functions and plausibility functions, the results indicate the following:
at the choosing moment, the LIB is at high risk. Therefore, level III warning is required,
and corresponding measures such as cooling the battery, releasing gases, and inspecting
and replacing the LIB should be implemented.

5. Conclusions

Based on experiments of overcharge-induced TR of LIB, three warning levels for TR
have been established:

1.  Level I warning: Voltage threshold (5.1 V, 5.5 V);
2. Levelll warning: Temperature threshold (48 °C, 55 °C) and H, concentration threshold

(2 ppm, 5 ppm);

3. Level Ill warning: Temperature threshold (78 °C, 85 °C) and CO concentration thresh-
old (2 ppm, 10 ppm).

Associating these with low risk (L;), medium risk (L), and high risk (L3), and using
Dempster’s rule of combination along with the voltage, temperature, and gas evaluation
factors’ threshold intervals, evidence fusion was executed. Considering the uncertainty of
each evaluation factor, actual measured values, and cloud model feature parameters were
used to determine the membership degree of each evaluation factor at different risk levels,
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constructing BPA function for each evaluation factor at various risk levels. This allowed for
a comprehensive evaluation of the TR risk level of LIBs.

Using experimental data at a specific moment, including voltage, temperature, and
CO gas concentration, we validated the multi-source data fusion method and determined
the membership degrees for risk levels L1, Ly, and L3 for each evaluation factor. Applying
Dempster’s integration rule, we obtained mass function values, with the highest value
(m(L3) = 0.455) indicating the high risk of LIB at the moment.

The proposed method, combining cloud model and the DS evidence theory, enhances
the accuracy of TR warnings in LIBs. It objectively handles uncertainties in complex
environments and sensor measurements, overcoming the limitations of traditional single-
parameter threshold models in accounting for the fuzziness of multiple parameters. This
approach improves risk evaluation precision and contributes reliable theoretical support
for LIB safety evaluation and management.
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