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ABSTRACT: This article proposes a multi-tiered fault detection system for series-connected lithium-ion battery
modules. Improper use of batteries can lead to electrolyte decomposition, resulting in the formation of lithium
dendrites. These dendrites may pierce the separator, leading to the failure of the insulation layer between electrodes
and causing micro short circuits. When a micro short circuit occurs, the electrolyte typically undergoes exothermic
reactions, leading to thermal runaway and posing a safety risk to users. Relying solely on temperature-based judgment
mechanisms within the battery management system often results in delayed intervention. To address this issue, the
article develops a multi-tiered fault detection algorithm for series-connected lithium-ion batteries. This algorithm can
effectively diagnose micro short circuits, aging, and normal batteries using minimal battery data, thereby improving
diagnostic accuracy and enhancing the flexibility of fault detection. Simulations and experiments conducted under
various levels of micro short circuits validate the effectiveness of the algorithm, demonstrating its ability to distinguish
between short-circuited, aged, and normal batteries under different conditions. This technology can be applied to
electric vehicles and energy storage systems, enabling early warnings to ensure safety and prevent thermal runaway.

KEYWORDS: Multi-tiered fault detection; micro short circuits (MSC); battery management system (BMS); lithium-
ion batteries; electric vehicles (EV); energy storage systems (ESS)

1 Introduction

Due to the high energy and power density, long cycle life, and other advantages, lithium-ion batteries are
favored by various energy storage devices. Currently, mainstream electric vehicle manufacturers are using
lithium-ion batteries with even higher energy and power density as a crucial driving force for expanding
the electric vehicle market [1,2]. However, the battery pack of electric vehicles is very large and aims to
achieve high energy and power density. As a result, the safety of lithium-ion batteries has become a significant
concern, requiring improvement from multiple aspects, such as the use of safe positive electrode materials,
improved flame retardant colloidal electrolytes, and solid electrolytes. Despite these efforts, lithium-ion
batteries still have safety issues.

In 2016, a well-known smartphone (Samsung Note 7) was recalled and banned only a few months
after being released [3]. This was due to design and manufacturing defects in batteries from two different
suppliers, which caused the electrodes in the upper right corner of the battery to bend, weakening the
separation between the positive and negative electrodes and leading to gradual micro short circuits [4-7].
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To address manufacturing defects, insulation tape should be used to cover any battery insulation losses.
Thin separators and protrusions inside the battery can cause the positive and negative poles to gradually
connect, resulting in battery fires upon electrode contact. Unfortunately, in recent years, there have also
been some spontaneous combustion accidents related to electric energy storage equipment worldwide, with
most of these accidents attributed to thermal runaway [8,9]. The occurrence of battery micro short circuits
within the battery pack is considered the root cause of such thermal runaway [10]. Therefore, to ensure
the safety, reliability, and lifespan of the battery, it is essential to prevent micro short circuits. This can be
achieved by implementing appropriate design and manufacturing measures, strengthening quality control,
and implementing an effective monitoring and safety control system to minimize the occurrence of micro
short circuits and ensure the safe operation of batteries.

Currently, the diagnostic method used in electric vehicle battery management systems is the threshold
comparative law method with delay time [11-13]. If the battery parameters sensed within the delay time fall
within the set fault threshold, a fault can be detected. However, the diagnostic parameters are mostly fixed
values, and this presents a challenge in calibrating the threshold comparative law. For instance, setting a long
delay time may result in delayed detection of faults, such as load short circuits with a large parameter change
slope. Conversely, setting a short delay time may lead to overly sensitive detection of minor abnormalities,
affecting the battery’s stability. Additionally, as the number of cycles of the power battery increases, the
battery’s characteristics change, and relying on a constant fault diagnosis threshold may lead to untimely
diagnosis after battery aging.

Additionally, many studies have proposed methods for detecting battery micro short circuits. For
instance, the density-based spatial clustering of applications with noise (DBSCAN) algorithm is a density-
based clustering algorithm that offers advantages such as low computational complexity and low judgment
quantity, effectively improving diagnostic efficiency [14-17]. The local-outlier detection method identifies
faulty batteries by evaluating the resultant force between current data points [18]. The remaining charge
capacity (RCC) detection method estimates internal short-circuited batteries based on their remaining
charge time, though it is not applicable when the internal short circuit is too severe [19,20]. The mean
difference model (MDM) algorithm calculates the difference between battery parameters and average battery
parameters to estimate the battery identification parameters and detect internal short-circuited batteries
based on equivalent impedance differences [21,22]. The standard score (Z-score) algorithm diagnoses abnor-
malities by comparing the internal resistance of aging batteries with that of other batteries [23]. The battery
capacity difference (ASOC) detection method calculates the current internal short-circuit resistance value by
assessing the capacity difference and open-circuit voltage (OCV) between batteries [24,25]. However, these
algorithms are limited to specific diagnoses within a battery module. For example, the DBSCAN algorithm
can only identify faulty batteries; the MDM algorithm can only detect internal short-circuited batteries;
the Z-score algorithm can only identify aging batteries; and the ASOC detection method requires complete
charge-discharge data for calculation and analysis.

Therefore, more effective methods are needed to assist the battery management system in avoiding
micro short circuits in batteries. As a solution, this article proposes a multi-tiered fault detection algorithm
for detecting faulty batteries, making the diagnosis system more efficient, convenient, and accurate, thus
assisting the battery management system effectively. This article utilizes the improved recursive least square
(RLS) algorithm [26-29] to compute the parameters of the battery model [30-33] in real-time, integrating the
MDM algorithm and the Z-score algorithm to enhance detection limitations. The improved recursive least
square_mean difference model (Improved RLS_MDM) is the MDM algorithm based on RLS; the battery
capacity difference (U,._ASOC) is the difference in battery capacity fitted with the open circuit voltage
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curve ASOC detection method; and the improved recursive least square_standard score (Improved RLS_Z-
Score) is an RLS-based Z-score algorithm. These algorithms and battery models will be introduced in the
following sections.

2 Introduction to Battery Short Circuits

Lithium-ion batteries may face security risks in both external and internal short circuits. External
short circuits may be caused by flooding, collision deformation, or leakage and balance failure of voltage
measurement connections, which can lead to direct short circuits between electrodes, thereby jeopardizing
the safety of the battery. Internal short circuits are caused by impurities in the metal, the penetration of clay
crystal membranes, and problems in the manufacturing process. These internal failures can lead to battery
overheating, accelerated degradation, and heat out of control, posing a threat to user safety [4,5].

Micro short circuits in batteries are discussed in this article. Internal short circuits can lead to additional
current leakage, causing more power to be released during discharge and less to be absorbed during charging.
As shown in Fig. 1a, in batteries with internal short circuits, the state of charge rises more slowly during
charging and decreases faster during discharge. A more noticeable difference in state of charge (SOC) is
observed during multiple charge-discharge cycles. These features help us understand and respond to the
impact of internal short circuits on battery module safety. Depending on the characteristics of the internal
short circuit, the positive and negative ends of the battery are validated through simulation and experimental
verification, as shown in Fig. 1a,b. To simulate the internal short circuits of batteries, the severity is based on
the size of the linked impedance.
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Figure 1: (a) The SOC of series-connected batteries at charging and discharging, (b) Internal short circuit battery
diagram

In practical applications, individual cells within a battery module may be affected by non-uniform
temperature fields, and there may be internal resistance differences between cells. These factors can lead
to changes in the electrochemical parameters of the batteries, thereby affecting overall charging voltage
behavior. Therefore, when designing battery management systems, in addition to considering internal battery
short circuits, it is also necessary to consider the challenges posed by these coupling factors. The experiments
in this study were conducted in a temperature-controlled chamber, with the ambient temperature maintained
under constant conditions to minimize the impact of temperature variations. Furthermore, the battery
module used was composed of batteries from the same batch, and the alternating current (AC) impedance
differences between individual batteries were minimal. The data collected under these conditions provided
a baseline for model construction and was suitable for algorithm verification under ideal conditions.
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Temperature and internal resistance differences affect electrochemical parameters such as battery reaction
rates, and changes in these parameters directly influence voltage behavior during charging.

3 Battery Model of Improved-RLS

The 3R2C battery model at Fig. 2a is constructed using improved recursive least square (RLS) in this
article [30-33]. U, represents the open circuit voltage of the battery, Ry represents the ohmic internal
resistance of the battery, R, and R, represent the electrochemical polarization resistances of the battery, and
C; and G, represent the electrochemical polarization capacitances of the battery. U; and U, are the terminal
voltages of capacitors C; and C,, respectively. I represents the load current, and U} represents the terminal
voltage of the battery. The battery used in this article is the INR21700M50LT, manufactured by LG, with
specifications as shown in Table 1 [34]. The RLS algorithm uses a recursive approach to find approximate
solutions in systems. When equations contain numerous unknowns, the least squares method can be used
to easily determine unknown data. The resulting data will have a minimal sum of squared errors compared
to actual data [26-29]. RLS parameter recognition algorithm contains the Eqs. (1) to (3).

A+ ¢TP (k1) ¢ (k) M
6 (k)=6(k-1)+K (k) [y (k) - ¢" (k) 6 (k-1)] ®)
P(k) = 5 [1-K (K97 (0] P (k-1) ®

where k is the sampling time and also represents the estimated number of vector parameters that the RLS
algorithm currently needs to process. At the k sampling moment, K (k) is the vector of the advanced matrix,
¢ (k), the information vector, and 6 (k) is the estimate parameter vector; T represents the retreat of the
matrix; P (k) is the auxiliary differential matrix; y (k) is the actual observation value of the system; A
represents the forgotten factor.

With the electrochemical reaction inside the lithium-ion battery, the parameters of the battery change.
In the process of RLS algorithm identification of battery parameters, if only one calibration in formula (2)
is performed, the prediction error of the system parameters will be great, thereby affecting the accuracy of
the battery parameter. This article employs an improved RLS algorithm that separately identifies parameters
of the battery’s fast and slow dynamic response impedance to enhance real-time estimation accuracy. The
improved RLS algorithm introduces a multi-timescale RLS scheme to separately process the cost functions
of fast dynamic impedance (FDZ) and slow dynamic impedance (SDZ), enabling independent parameter
identification through distinct regression functions, termed decoupled RLS (DRLS) [29].
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Figure 2: (a) Battery 3R2C diagram, (b) Charge and discharge experiment flowchart, (c) Curve fitting diagram

Table 1: Specification of the battery

LG INR21700M50LT Li-ion battery

Rated capacity 4800 mAh
Rated voltage 3.69V
Cut-off voltage 25V
Standard charging condition CC-CV, 0.3 C(1.44 A),4.2V,4.5h
Charging temperature 0°C~45°C
Discharging temperature -20°C~55°C

To identify the parameters of a lithium-ion battery, it is necessary to know the open-circuit voltage (U,)
and the terminal voltage (U ) of the battery. The terminal voltage can be directly measured, while the open-
circuit voltage typically needs to be obtained through the relationship between the open-circuit voltage and
the SOC, which is nonlinear. The SOC can be calculated using Coulomb counting [35]. In this article, the
battery is charged using constant current-constant voltage (CC-CV) charging. After a one-hour rest period,
a 0.3 C-rate constant current discharge is performed. After each 1% discharge, the battery rests for one hour,
and the open-circuit voltage is recorded. The experimental procedure is shown in Fig. 2b. The recorded data
is fitted using MATLAB’s cftool with a 9th-order polynomial curve fitting. The accuracy of the recorded open-
circuit voltage values and the rest period determination are based on the definition of open-circuit voltage
by Texas Instruments [36,37]. The relationship between the open-circuit voltage and the state of charge can
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be obtained as shown in Eq. (4), and the curve fitting is shown in Fig. 2c.

U, = 0.004139 x SOC’ + 0.0182 x SOC® — 0.002072 x SOC” - 0.08611 x SOC®
—0.03617 x SOC> + 0.1317 x SOC* + 0.02657 x SOC> - 0.07925 x SOC?
+0.2205 x SOC' + 3.878 (4)

According to the above method, the relationship between the OCV and the SOC is obtained and
entered into the MATLAB program. By combining this with the improved RLS equivalent circuit parameter
identification method, the corresponding terminal voltage value can be obtained by updating the state of
charge. This process allows for the identification of the 3R2C parameter model.

4 Multi-Tiered Fault Detection Algorithm

This article to improve the efficiency of detection methods in practical applications, diagnostic methods
can be integrated, taking advantage of each detection method and integrating it into a multi-tiered fault
detection algorithm. This greatly increases the accuracy of the detection method and reduces the computa-
tional complexity during the process. The flowchart of the multi-tiered fault detection algorithm is shown
in Fig. 3.
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Figure 3: Multi-tiered fault detection algorithm flowchart

The steps of each algorithm are as follows:
Stepl. Battery Charging

First, Constant current charge is applied to a series of three batteries. If the terminal voltage of any
one battery reaches the upper limit of 4.2 V, the charging process is paused, and the batteries rest for 1 h.
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During the charging and resting periods, the voltage and current information of each of the three batteries
is recorded.

Step2. DBSCAN Algorithm [14-17]

The second step is the DBSCAN algorithm, which groups the per-second data of the battery during
the charging and discharging process, such as terminal voltage and charging and discharging current data,
using the density algorithm to label the problematic batteries. The problematic batteries include micro-short-
circuit batteries and aged batteries.

DBSCAN is a density-based spatial clustering algorithm that accurately identifies clustering points. The
basic process involves giving a set of data points in a certain feature space and setting the main parameters:
eps and minPts, representing the radius and the minimum number of data points required to form the region.
As shown in Fig. 4a, there are nine data points for DBSCAN clustering, where minPts is set to 4.
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Figure 4: (a) DBSCAN illustration diagram, (b) Cluster analysis diagram of normal batteries, micro short circuit
batteries, and aged batteries

It can be seen that the N point is an obvious outlier. There are no other data points in the neighborhood,
and although B and C are located separately in their e-neighborhoods, there are other data points in the
neighborhood, but they do not meet the threshold of minPts 4, so they will not be added to the cluster.
Additionally, although point A itself has an e-neighborhood perspective, it does not meet the threshold of
minPts 4, but in other cases where minPts 4 is met, e-neighborhood has been discovered, so it will also be
added to the clustering. In this article, the DBSCAN algorithm is used to utilize the battery terminal voltage
obtained every second during the battery charging process as the dataset for the verification method. A
DBSCAN calculation program is established using MATLAB, with the input parameter being the terminal
voltage value. After setting two basic parameters, eps, and minPts, the clustering program operates and
classifies multiple clusters, thereby classifying normal voltage groups and outliers.
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Step3. MDM Algorithm Based on the Improved RLS [21,22]

Continuously detect whether the previously marked battery belongs to a micro short circuit battery.
Due to the small number of batteries in this experiment, the battery judged as normal in the second step will
still be included in the detection in the third step. In the third step, this study combines the improved RLS
algorithm to obtain the 3R2C model parameters of the lithium-ion battery. Since the difference model can
distinguish whether the battery has a micro short circuit, it can be compared with the data of the battery that
was previously marked as normal and the data of the battery that has problems. After the average difference
model, two parts can be divided, one is the micro short circuit battery, the other is the aged battery and the
normal battery.

The identification of battery changes and balance are important conditions for the safety and efficiency
of the battery pack. Due to the inconsistent manufacturing technology and uneven operating environment
of the battery, real-time and accurate SOC estimation will determine the accuracy of the equivalent circuit of
the battery module. Therefore, the equivalent circuit model with average difference is used, and the difference
in battery terminal voltage and SOC is estimated by calculating the difference between battery parameters
and average battery parameters to obtain the difference in equivalent impedance.

The battery differences in a battery pack include SOC differences, capacity differences, micro resistance
differences, coulomb efficiency differences, and so on. This article estimates the differences in battery
terminal voltage and open-circuit voltage by calculating the differences between the battery parameters and
the average battery parameters to obtain the differences in equivalent impedance, as shown in Eqs. (5) to (7).

AUi = Ui - Umean (5)
AE'=E' - Epean (6)
ARi = Ri ~ Riean (7)

where U’ is the terminal voltage of the i-th battery and Uyca, is the terminal voltage of the average battery.
E' is the open circuit voltage of the i-th battery and E.,, is the open circuit voltage of the average battery. R’
is the equivalent impedance of the i-th battery and Ry;¢4, is the equivalent impedance of the average battery.

Due to the presence of leakage current when there is a micro short circuit in the battery, it will
continuously deplete the energy stored in the battery, leading to an abnormal decrease in SOC. The reduced
SOC will further lead to a lower open circuit voltage. However, the impact of reduced SOC on micro
resistance is complex, as there is a non-monotonic correlation between micro resistance and SOC. In this
article, the MDM is used in the identification of equivalent circuit parameters based on improved RLS. The
change of battery micro resistance caused by abnormal consumption of SOC due to micro short circuits and
the impact on the abnormal reduction of open circuit voltage are derived by taking the terminal voltage and
charging current of the battery during charging, and the SOC and open circuit voltage values are derived
using the improved RLS algorithm. The average value of these parameters and the difference between the
average value and the average value are calculated, and then the difference between the calculated average
value and the average value is identified using the improved RLS parameters. The equivalent resistance value
of the mean difference based on the average difference model can be obtained. By comparing it with other
normal batteries, observe the difference in the resistance value, and then accurately identify the inconsistency
of the battery SOC and classify whether it is a micro short circuit battery.

Step4. Z-Score Algorithm Based on the Improved RLS [23]

Although the DBSCAN algorithm can identify whether the battery is faulty, if there are aged batteries
and micro short circuit batteries in the battery pack at the same time, the above methods cannot be used for
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detection and analysis in a short time, which may cause safety problems when using the battery. Therefore,
if it is necessary to judge whether it is a normal battery or an aged battery, it can be classified through the
Z-score algorithm.

Cluster analysis was conducted on healthy batteries, micro short circuit batteries, and aged batteries.
Due to the highly abnormal estimated capacity (C;,) and equivalent resistance (Ry,;) of micro short circuit
batteries and aged batteries compared to normal batteries, as shown in Fig. 4b, these two parameters can
be considered outliers. Fault diagnosis mainly focuses on detecting abnormal batteries that are about to
malfunction, such as micro short circuit batteries and aged batteries. This is also more practical in the battery
management system (BMS). The calculation of the Z-score standardization method is shown in Eq. (8).

_ Ctot,n - llVg (Ctot)
Std (Ctot)

_ Rtot,n - llVg (Rtot)
Std (Rtot)

(8)

1Ln > 2,n
where Z; and Z, are the standardized parameters of C,,; and Ry, respectively, # is the number of cells (n =1,
.-+, N), where N is the number of cells, avg() is the average value of all cell parameters, std() is the standard
deviation of parameters, and the distance-based outlier detection method applies the Euclidean distance
between two points, effectively extracting outliers. The outlier value O of a battery is defined as the sum of
Euclidean distances between a specific battery n and other batteries (i = 1, - -+, N), as shown in Eq. (9).

{O(ZM) = sum (|Zin— Z1i]), i=1,...,N o)

O(Zyn) =sum (| Zyy — Z14]), i=1,...,N

The larger outliers O(Z;) and O(Z,) indicate that the battery tends to be abnormal compared to other
batteries. If the outliers O(Z;) and O(Z;) of a battery are both large, it will be classified as an abnormal
aged battery, while the micro short circuit battery will only have a large O(Z; ), and the faulty battery will be
classified in this way.

The Z-score algorithm requires complete charge and discharge data to determine the type of battery.
Therefore, this article uses the battery terminal voltage and current results obtained during the charging
process, combined Z-score algorithm based on the improved RLS, to determine the battery parameters U,,
SOC, and Ry,;. This method is used to distinguish between normal and aged batteries.

Step5. Battery Capacity Difference Detection of OCV Curve Fitting (U,._ASOC) [24,25]

In the fifth step, the battery judged to be a micro short circuit can be used to fit the battery capacity
difference with the ASOC detection method, calculates the resistance value corresponding to the micro short
circuit of the battery, and uses the obtained resistance value to determine the severity of the micro short
circuit of the battery.

Due to the leakage of additional electricity caused by micro short circuits in the battery, more electricity
is released during the discharge process, but less is absorbed during the charging process. As a result,
the state of charge of the battery decreases faster during the discharge process, but increases more slowly
during charging. In the case of aged batteries, although they have the same capacity during charging and
discharging, their SOC decreases and increases relatively quickly. During the discharge process, both micro
short circuited batteries and aged batteries exhibit similar abnormal characteristics. The difference in SOC
between faulty batteries and other normal batteries continues to increase. Therefore, when the battery
pack undergoes a complete charging and discharging cycle, MSC batteries and aged batteries will display
different characteristics.

The detection method described in reference [24] requires a complete charging and discharging process,
along with the same SOC interval for calculation and comparison. In this article, modifications have been
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made to this method, where only battery terminal voltage data from one charging process is required for
detection and calculation. The process involves comparing the initial open circuit voltage (U,.) with the
initial state of charge of the battery (SOCj,;). Then, the battery is charged or discharged for a period of time,
followed by a resting period. During this time, the open circuit voltage of the battery is measured to determine
the change in its state of charge during the charging or discharging process. If it is a micro short circuit battery,
there will be a small change in the state of charge due to the leakage current. The R, is then calculated
based on the difference in power between the micro short circuit battery and other normal batteries after
each charge or discharge. The charge difference caused by MSC is shown in Eq. (10), the leakage current is
shown in Eq. (11), and the internal short circuit impedance is shown in Eq. (12).

QMSC = (ASOCnormal - ASOCreal) Cnormul (10)
Q
Ileakage = I;I..SC (11)
Umean
Rmsc = R (12)
Ileakage

Among them, ASOC,,mar represents the change in the state of charge of the normal battery after
charging or discharging, while ASOC,.,; represents the actual state of charge change of the battery after
charging or discharging. C,,rma denotes the capacity of the normal battery, Qusc is the charge difference
value caused by the MSC during charging or discharging, and T is the charging or discharging time. To
obtain the resistance value to the MSC of the battery (R,,;.), divide the average voltage Uy, by the leakage
current ljegkage-

Finally, by employing the multi-tiered fault detection algorithm proposed in this article, batteries can
be classified into three states: normal, aged, and MSC. The corresponding impedance (R;s.) of MSC can also
be determined.

5 Simulation Result

This article uses power simulation (PSIM) software for circuit simulation and algorithm verifica-
tion [38]. The flowchart of the multi-tiered fault detection algorithm is shown in Fig. 3. The simulation steps
of each algorithm are as follows:

Stepl. Battery Charging Simulation Result

First, in the battery charging simulation, three series-connected batteries were established using PSIM,
asshownin Fig. 5a. The batteries in Fig. 5a are the normal battery, MSC battery, and aged battery, respectively.
The MSC battery is connected in parallel with resistors of 2.5 k(Q, 250, and 25 Q, respectively. The battery
specifications are as shown in Table 1. The initial parameters are set as follows: the normal battery has an
SOH of 100% and an SOC of 0%; the MSC battery has an SOH of 100% and an SOC of 0%; and the aged
battery has an SOH of 98% and an SOC of 0%. During the charging process, the current is set to 1.6 A. If
any battery reaches the upper voltage limit of 4.2 V, charging stops and the battery rests. Fig. 5b shows the
voltage and current waveforms during the charging process of the three series-connected batteries.



Comput Model Eng Sci. 2025;142(3) 3079

32 — Cell_01 Normal
— Cell_02 MSC-2502

\/ Cell_02 MSC-25082
2.8 — Cell_02 MSC-2.5K82
end2 2.6 . Cell_03 Aged (SOH 98%)

| i
Cell_01 Murma?lP ) % :1_8 ;
& 3 —
0 .| \—q—q

Terminal Voltage (V)
w
=

Cell_02 MSQ‘?“ [ vout1
=1 . @ f“ @ 175
| = Do—wm emg ] [ é 3 ‘;
i | in 1.25
\ﬂﬂ_ﬂ}-@ L count 2 1
Cell_03 Aged (? | "@% E oo
= T Time_hr g = ]

v ki ) > o oS
i | :DD_ o ° 025
o ¢ 173600 o
1 [

_ _ 0 5000 10000 15000

Time (s)
(a) (b)

Figure 5: (a) Simulation circuit diagram of three series-connected batteries, (b) Charging simulation waveforms of
three series-connected batteries

Step2. DBSCAN Simulation Result

The second step uses PSIM simulation data, with the data of three batteries in series per second as
the original data set, and eps and minPts are calculated. A relevant classification program is written using
MATLAB, using the terminal voltage values of three batteries in each second of the charging process as
the input dataset. After sorting the data accordingly, eps and minPts are defined. Once the program runs,
multiple clusters are generated. The classification goal is to make a judgment on the voltage value of each
second. After diagnosing all the data, if one battery consistently has a certain number of outliers, it is classified
as an outlier battery, while the others are classified as normal batteries.

Fig. 6a shows the clustering results of the terminal voltages of three batteries during the charging
simulation when the MSC resistance is 250 Q. It can be seen that the majority of the blue points are
classified as normal batteries, while the red points represent outlier batteries (MSC & Aged). Table 2 shows
the clustering results for the internal short circuit batteries with parallel resistances of 2.5 k(2, 250, and 25 Q,
respectively. From Table 2, it can be seen that Cell_01 can be completely identified as a normal battery. For
Cell_02, the majority of points are outliers, whether it is paralleled with 2.5 kQ, 250, or 25 Q. The same
applies to Cell_03. Therefore, both Cell_02 and Cell_03 are identified as outlier batteries.

Step3. Improved RLS_MDM Simulation Result

The third step uses the PSIM simulation data, including calculating the average parameters of each
battery, subtracting each parameter from its average value, estimating the SOC difference through the
difference between each battery parameter and the average battery parameter, and establishing the equivalent
circuit model of the average difference. The average difference equivalent circuit model is used in improved
RLS-based equivalent circuit parameter identification to achieve real-time and accurate SOC estimation.

After the average difference model algorithm, the equivalent resistance of the mean difference can be
obtained as AReq, as shown in Fig. 6b. For Cell_01 normal and Cell_03 aged batteries, the model differs from
the average value, and the SOC will be updated immediately, fluctuating around 0, such as blue line and green
line in Fig. 6b. In contrast, for Cell_02 MSC battery, AReq will increase over time due to the accumulation
of leakage current and differences in battery state of charge compared to the other batteries. This leads to a
sudden increase in AReq after a period of time. Moreover, as the internal short circuit becomes more severe,
the growing trend of AReq can be detected earlier. From the three curves of MSC batteries, it is evident that
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Cell_02-25Q MSC, represented by the red line, will be the first to show this trend, followed by Cell_02-250Q
MSC, represented by the light blue line, and Cell_02-2.5kQ MSC, represented by the purple line. Therefore,
the Improved RLS_MDM algorithm can effectively detect MSC batteries.
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Figure 6: (a) Clustering simulation results when the MSC resistance is 250 Q, (b) Improved RLS_MDM simulation
result, (c) Improved RLS_Z-Score simulation result

Table 2: Clustering simulation results for three batteries

Cell number Number of red mark points Number of blue mark points
Cell_01_Normal 0 3000
Cell_02_MSC (2.5 kQ) 2999 1
Cell_02_MSC (250 Q) 2996 4
Cell_02_MSC (25 Q) 2999 1
Cell_03_Aged (SOH = 98%) 2996 4
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Step4. Improved RLS_Z-Score Simulation Result

The fourth step involves using PSIM simulation data to obtain the values of R,; and SOC through the
improved RLS algorithm, which serves as an indicator for determining aged batteries. This section utilizes
standard deviation to measure the distance between data points and the mean, as shown in Fig. 6¢c. The
purpose of evaluating Ry, is to identify cases where the micro impedance of aged batteries is greater than that
of other batteries. The Z-score can differentiate the degree of difference between parameters. From Fig. 6¢,
it can be observed that the green line representing the Cell_03 aged battery has a noticeably larger Ry, at
the beginning of charging compared to the blue line representing the Cell_01 normal battery. Therefore, the
Z-score of improved RLS can effectively distinguish between normal and aged batteries.

Step5. U,e_ASOC Simulation Result

The fifth step involves using PSIM simulation charge data to fit the battery capacity difference by fitting
the open-circuit voltage curve and calculating the resistance value of the MSC battery, as shown in Eq. (12).
Dividing the average voltage by the leakage current yields the corresponding internal short-circuit resistance
value. Table 3 presents the calculated values of battery capacity difference internal resistance, where the MSC
resistance values for Cell_02 simulation are 2.5 k(Q, 250, and 25 Q, respectively. Finally, by using Eq. (13) to
calculate the relative error (RE) between the actual and calculated values, it is determined that the relative
error of the simulation is within 0.3%.

Rrea -R
Reror = (Rreet =R 00, (13)
|Rreal|

where R, represents the relative error, R, is the actual internal impedance value, Ry, is the calcu-
lated value.

Table 3: Simulation result of internal short-circuit resistance value

Rical (Q) Qusc (%) Ileakage (A) Ryisc (Q) RE (%)
Cell_02_MSC (25) 9.441 0.158 24.995 0.020
Cell_02_MSC (250) 0.947 0.0158 249.943 0.023

Cell_02_MSC (2.5k) 0.095 0.00158 2492.61 0.296

6 Experimental Results and Analysis

The multi-tiered fault detection algorithm is used for judgment in this article. Fig. 7a shows the types of
batteries used during the actual measurement, with specifications as shown in Table 1. In the practical testing
of this article, a total of three INR21700M50LT lithium-ion batteries were used, among which Cell_01 is a
new battery, Cell_02 is a micro short circuit battery with a parallel 250 Q resistor, and Cell_03 is an aged
battery with an SOH of 96%. The experimental steps of each algorithm are as follows:

Stepl. Battery Charging Experimental Result

First, the PFX2512 charging and discharging controller was used for charging experiments on this
battery pack. A constant current of 0.25 C (1.2 A) was used for charging, and the cut-off voltage for charging
was 4.2 V. Fig. 7a is a schematic diagram of the experimental testing process. Through the connection
between a PC and a charging and discharging controller, the series battery pack is subjected to a charging
experiment, where the battery is placed in a chamber and set at 25°C. Fig. 7b shows the measured three
battery terminal voltage and current of the charging and rest process, which corresponds to SOC ranges from
25.5% to 92.1% for Cell_01, from 28.5% to 86.05% for Cell 02, and from 22% to 91% for Cell_03. The three
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battery terminal voltage data obtained during this charging and rest process is used as the diagnostic dataset
for the following detection methods.
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Figure 7: (a) Schematic diagram of the experimental testing process, (b) Charging experimental waveforms of three
series-connected batteries

Step2. DBSCAN Experimental Result

Using the voltage values of the battery terminals in each second of the charging process in Fig. 7b
as the dataset, they can be input into the DBSCAN calculation program to sequentially calculate eps and
minPts. After density clustering, the same cluster is marked with the same color, as shown in Fig. 8a. It can
be observed that the blue part accounts for the majority and is the normal cluster in the classification, while
the red part represents the outlier values. The batteries with outlier values are counted, as shown in Table 4,
which can be summarized as Cell_02 and Cell_03 as the problematic batteries.

Step3. Improved RLS_MDM Experimental Result

The third step uses the average difference model (MDM) algorithm based on improved RLS to determine
the problematic cell identified in the previous step. Using the measured terminal voltage results of the
charging process in Fig. 7b as the dataset, the average parameters of each battery are calculated, and after
computation, the equivalent resistance of the mean difference, AReg, can be obtained, as shown in Fig. 8b.
The red line of Cell_02 at approximately 4010 s suddenly increases, indicating a significant difference in
numerical values compared to other batteries. Therefore, it is determined that Cell_02 is an MSC battery. At
this point, Cell_03 needs to be verified as an aged battery.

Step4. Improved RLS_Z-Score Experimental Result

The measured results from the previous two steps successfully classified Cells_01 as a normal battery
and Cell_02 as an MSC battery. Since this article only uses the information of one charging process for
diagnosis, the Z-score algorithm based on improved RLS can only be used to judge the aged battery during
the charging process. The algorithm is employed to determine that Cell_03 is an aged battery. The detection
parameter Ry, values for each battery are obtained using the improved RLS algorithm, as shown in Fig. 8c.
The Ry, resistance standard fraction characteristic curve of the green line of Cell_03 is larger than a normal
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battery, successfully verifying Cell_03 as an aged battery. At this stage, all three types of batteries have been
completely and accurately classified.
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Figure 8: (a) DBSCAN experimental result, (b) Improved RLS_MDM experimental result, (c) Improved RLS_Z-Score
experimental result

Table 4: Clustering experimental results for three batteries

Cell number Number of red mark points Number of blue mark points
Cell_01_Normal 0 8206
Cell_02_MSC (250 Q) 8206 0
Cell_03_Aged (SOH =98%) 2939 5267

Step5. Up_ASOC Experimental Result

Since the third step has already determined that Cell_03 is an MSC battery, in the fifth step, the ASOC
detection method, which uses the U, curve fitting to determine the battery capacity difference, is applied.
Based on the relationship between open-circuit voltage and SOC established in Eq. (4), the result data
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from Fig. 7b is used to identify Cell_02’s initial SOC and its SOC after charging. This allows for determining
the change in Cell_02’s SOC during this charging process. Due to the internal short circuit in Cell_02,
its leakage current causes a smaller SOC change. Using the methods described in Eqs. (10) to (12), the
corresponding internal short-circuit resistance value of Cell_02 is calculated to be 229.71 Q. This value is
then compared with the actual parallel resistance of 250 ), and the relative error is calculated to be 8.11%
according to Eq. (13). The detailed parameters are shown in Table 5.

Table 5: Experimental result of internal short-circuit resistance value

Rical (Q) Qusc (%) Ileakuge (A) Rysc (Q) RE (%)
Cell_02_MSC (250) 0.81 0.0171 229.71 8.11

This article uses the terminal voltage data from a single charging process as the basis for judgment.
The experimental results show that when this method is applied to references [14,21,23,24], it is unable to
completely distinguish battery types and estimate the internal short circuit resistance. However, the multi-
tiered fault algorithm proposed in this article can effectively and accurately classify battery types and calculate
the internal short circuit resistance. The comparison results are shown in Table 6.

Table 6: The detection method comparison results

Detection method Cell_01 Cell 02 Cell 03 Estimate resistance value
Normal MSC Aged
DBSCAN [14-17] \Y% A A X
MDM [21,22] A A% A X
Z-score [23] X X A% X
ASOC [24,25] X X X X
Multi-Tiered fault detection algorithm \% \% Vv Vv

Note: V: successful identification, A: partial identification, and X: failure to identify.

7 Conclusion

This paper presents a multi-layer fault detection algorithm that can effectively classify micro-short
circuits, aging, and normal batteries during the battery module charging process. This algorithm can
quickly and effectively detect micro-short circuits, aging, and normal batteries without requiring extensive
battery charge-discharge data. Under simulated experimental conditions, this method can effectively classify
three different degrees of internal short circuits (2.5 k2, 250, and 25 ), and accurately determine the
corresponding resistance values of micro-short circuits, with relative errors within 0.3%. During actual
measurements, Cell_02 in the module was connected in parallel with a 250 Q) cement resistor, and despite
a relative error of 8.11%, it was still sufficient to effectively determine the severity of micro-short circuits
(kilohm, hundreds of ohms, tens of ohms), enabling the Battery Management System (BMS) to pre-
classify batteries as normal, warning, or dangerous. Other algorithms based solely on voltage data from a
single charging process cannot fully distinguish battery types and estimate internal short-circuit resistance.
Therefore, the multi-layer fault detection algorithm proposed in this paper can effectively assist BMS in
improving overall battery safety. However, it is worth noting that this study still has some limitations, such
as focusing mainly on battery internal micro-short circuit issues while neglecting temperature fields and
internal resistance differences that may exist in practical applications.
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Therefore, in addition to considering internal battery micro-short circuit issues, temperature fields and
internal resistance differences in practical applications also need to be taken into account to further enhance
the safety and reliability of battery management systems. To further improve the applicability of algorithms
and models, future research can focus on the following directions:

« Introduce temperature field modeling and internal resistance variation analysis, incorporating temper-
ature distribution and internal resistance changes into the model to study the effects of temperature and
internal resistance differences on battery behavior.

« Adopt multi-field coupling modeling methods, combining thermal management and electrochemical
models to enhance algorithm applicability under different operating conditions.

+ Include non-uniform temperature condition tests in experiments to simulate system behavior under
different temperature fields and internal resistance difference scenarios, thereby validating model
performance under broader conditions.

Future research can work towards these directions to develop more comprehensive and accurate battery
fault detection systems.
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Nomenclature

BMS Battery management system

MSC Micro short circuits

DBSCAN Density-based spatial clustering of applications with noise
RCC Remaining charge capacity

MDM Mean difference model

Z-score  Standard score

ASOC Battery capacity difference

oCv Open-circuit voltage
RLS Recursive least square
SOC State of charge

SOH State of health
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