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Abstract: In recent years, battery fires have become more common owing to the increased use of
lithium-ion batteries. Therefore, monitoring technology is required to detect battery anomalies
because battery fires cause significant damage to systems. We used Mahalanobis distance (MD) and
independent component analysis (ICA) to detect early battery faults in a real-world energy storage
system (ESS). The fault types included historical data of battery overvoltage and humidity anomaly
alarms generated by the system management program. These are typical preliminary symptoms of
thermal runaway, the leading cause of lithium-ion battery fires. The alarms were generated by the
system management program based on thresholds. If a fire occurs in an ESS, the humidity inside
the ESS will increase very quickly, which means that threshold-based alarm generation methods
can be risky. In addition, industrial datasets contain many outliers for various reasons, including
measurement and communication errors in sensors. These outliers can lead to biased training results
for models. Therefore, we used MD to remove outliers and performed fault detection based on ICA.
The proposed method determines confidence limits based on statistics derived from normal samples
with outliers removed, resulting in well-defined thresholds compared to existing fault detection
methods. Moreover, it demonstrated the ability to detect faults earlier than the point at which alarms
were generated by the system management program: 15 min earlier for battery overvoltage and
26 min earlier for humidity anomalies.

Keywords: independent component analysis; Mahalanobis distance; early fault detection; lithium-ion
battery; energy storage system

1. Introduction

In recent years, the need for power plants utilizing renewable energy sources such as
solar and wind power has emerged due to environmental concerns. However, the operation
of a power plant demands a significant amount of energy. Even if the maximum generation
capacity of the power plant decreases, the required power consumption does not decrease
proportionally. For instance, producing sufficient power during periods of high demand
can be challenging due to environmental and operational conditions. Conversely, energy
waste may occur during periods of low demand and high generation. Energy storage
systems (ESSs) have been designed to address these energy management challenges. In
most power plants, batteries are integrated into ESSs to operate efficiently and maintain a
balance between energy demand and supply.

There are four main types of energy storage technologies: mechanical, thermal, chemi-
cal, and electrical [1,2]. A mechanical storage system stores energy in two forms: potential
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and kinetic [3]. Potential energy is stored by pumping water from a lower reservoir to an
elevated reservoir via pumped hydroelectric storage (PHS). Energy storage technology
using the form of kinetic energy includes a flywheel that accelerates a rotating mass around
a fixed axis. Thermal energy storage (TES) is a technology for the efficient management
of thermal energy. TES technologies applied in various fields are comprehensively sum-
marized in [4]. In [5], the authors conducted numerical simulation works related to the
melting of an organic phase change material in a TES system. Chemical energy storage
consists of batteries including lithium-ion, lead—acid, or nickel-metal hydride. Details
about this technology will be covered later. Electrical energy storage (EES) systems are a
crucial component in building sustainable energy technologies. Capacitors and magnets
are the most popular forms of electrical energy storage. A traditional capacitor stores
energy by removing electrons from one metal plate and depositing them onto another
metal plate. A representative example of energy storage technology using magnets is super-
conducting magnetic energy storage (SMES). In SMES, energy is stored in a magnetic field
generated by a direct current flowing through a superconducting coil cooled to ultra-low
temperatures [5].

ESSs mainly consist of a battery for energy storage, battery management system
(BMS), power conversion system (PCS), and energy management system (EMS). A BMS
is an instrument that monitors the battery and controls the charging and discharging of
power. The PCS is a device that converts the electrical characteristics (AC/DC, voltage,
frequency) to store power from a power source within the ESS in the battery or discharge
it to the power grid. The EMS plays a role in monitoring and controlling the status of the
battery and PCS, serving as the operational system for monitoring and controlling the ESS.
The batteries for ESSs are modularized and stacked inside racks. These racks are combined
according to the required capacity and installed in a container. Typically, a single ESS
container has a capacity of 1 to 5 MWh. Due to the modular nature of the batteries, they
can be configured based on the required ESS scale, allowing for easy management down to
the cell level. The configured battery is managed through the BMS.

Lead-acid and nickel-metal hydride batteries have been widely used in the past. Lead—
acid batteries are secondary batteries that utilize the electrochemical reaction between
lead and sulfuric acid, making them more economical than other secondary batteries.
However, they are relatively heavy, given the capacity of the cells, and lead is used to
fabricate the batteries; therefore, they cause environmental issues. Nickel-metal hydride
batteries have the advantage of high capacity owing to their higher energy density per unit
volume compared to lead—acid batteries. Additionally, they are less likely to pollute the
environment than lead-acid batteries. However, nickel-metal hydride batteries suffer from
a memory effect that reduces their capacity when charged without full discharge. Memory
effects directly affect economics and battery performance. Lithium-ion batteries (LIBs) were
developed to address these problems. They have a high energy density and significantly
reduced memory effects. LIBs are widely used in portable electronic devices such as
smartphones because they are less likely to self-discharge when not in use. Moreover, they
are increasingly used in defense, automation, and aerospace industries owing to their high
energy density.

LIBs can develop unexpected internal or external faults that potentially lead to thermal
runaway. Thermal runaway occurs when the abuse or failure of a lithium-ion battery
causes a chain reaction in battery temperature and internal pressure cycling, resulting in
uncontrollably high temperatures inside the cell or pack [6]. If thermal runaway continues,
the battery can explode and cause a fire, damaging the entire system. In recent years, the
continued demand for smaller and lighter electronic devices has led to LIBs being designed
to have higher energy densities, which can potentially lead to more destructive accidents [7].
In particular, the thermal runaway of lithium-ion batteries installed in power plants can
result in large-scale fires. Thus, technologies are required to monitor the status of batteries
in real-time and detect abnormalities (faults) in advance.
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1.1. A Brief Review of Fault Detection Approaches for LIBs

Much effort has been made to prevent and mitigate catastrophic consequences by
mathematically modeling battery failures to diagnose thermal runaway [8-12]. These ef-
forts should be accompanied by specialized knowledge to understand not only the behavior
of the battery but also the complex mechanisms of its failures. In addition, the mathemat-
ical modeling of battery failure has limitations owing to the different specifications and
operating environments of industrial systems. Consequently, many scholars have used
data-driven approaches to detect anomalies (faults) in batteries [13-15].

Data-driven approaches for fault detection aim to identify abnormal patterns by
learning historically observed data from a target system. This requires only a large number
of quality observations and does not require knowledge of the target system. Typical early
warning signs of LIB thermal runaway include increased temperature and pressure inside
and outside the battery owing to extreme charging and discharging and increased humidity
around the battery owing to off-gassing [16]. For the early detection of battery thermal
runaway, ambient environmental data such as the temperature and humidity of the battery
are utilized, and electrical data such as the current and voltage measured during battery
charging and discharging are often used. In many studies utilizing real-world battery
data, researchers have developed experimental environments to obtain observations. Ma
et al. [17] installed a small battery management system (BMS) and analyzed the measured
data using the statistical method PCA-KPCA to detect faults. In [18], the authors proposed
an entropy-based fault detection method for connecting lithium-ion cells. Xiong et al. [19]
developed a probabilistic rule-based method to detect over-discharge faults. An integrative
application of the interleaved voltage measurement topology and improved correlation
coefficient was presented to diagnose various faults [20]. For studies that utilized data
generated through simulations, Ma et al. [21] proposed an improved Z-score test to detect
cell connection faults.

1.2. Preliminary

The models used in data-driven approaches for fault detection are primarily mul-
tivariate statistical, machine learning, and distance-based models. Statistical methods
are the traditional fault detection methods. They perform fault detection by statistically
analyzing the characteristics of multivariate datasets and calculating them into a moni-
toring statistic. Principal component analysis (PCA) is the most traditional and popular
multivariate statistical approach. SPE and Hotelling’s T? are often used as monitoring
statistics [17,22,23] and are considered as monitoring charts to indicate a system'’s status.
Although PCA is a powerful method, it is based on the statistical assumption that latent
variables follow a Gaussian distribution. This assumption can be a limitation of PCA
because the hidden variables in real industrial process data often follow a non-Gaussian
distribution. Several machine learning algorithms have been applied to classify battery cell
imbalance and damage, including logistic regression artificial neural networks (ANNSs) [24]
and kernel support vector machines (SVMs) [25]. Classical regression techniques, such as
Gaussian process regression [26] and deep learning approaches [27,28], have also gained
considerable attention. A convolutional neural network (CNN) capable of extracting image
features can be utilized [29]. Network models require a large amount of training data
for effective learning owing to the characteristics of the model structure. However, in
actual industries, it takes time to acquire adequate data for training. If insufficient data
are used to train a network, the model may perform poorly. The fundamental principle of
distance-based models for fault detection involves employing the difference in the distance
between normal and abnormal samples. Mahalanobis distance (MD) [30] and the local
outlier factor (LOF) [31] are commonly used in distance-based models. These methods may
exhibit low performance when the difference between healthy and faulty data is small.

In this study, some outliers were removed from the dataset by MD and independent
component analysis (ICA) was used to detect battery anomalies in the ESS. In general,
outliers can occur when collecting random samples. In particular, outliers can be contained
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in datasets measured in real-world industrial processes for various reasons, such as mea-
surement and communication errors of the sensors, because a lot of sensors are installed to
monitor the status of a target system. If a model is trained on data containing outliers, it
may be less efficient, leading to poor performance. To reduce outliers, the communication
status of the sensors and each facility should be periodically inspected. Moreover, system
administrators should continuously verify that real-time observations are normal. MD is
a simple, distance-based method that can consider the statistical properties of a dataset,
and it can effectively identify outliers in normal samples with low variation. In other
words, when MD is applied to real-world ESSs, the outliers are automatically identified and
removed. ICA is a multivariate statistical technique used to identify hidden independent
components (ICs) underlying observations, signals, or random variables. As mentioned
above, PCA-based fault detection techniques implicitly assume that the observations at
one time are statistically independent of previous observations and that the latent variables
follow Gaussian distribution. However, these assumptions are invalid for actual industrial
processes owing to their dynamic and nonlinear properties. Therefore, monitoring results
based on PCA tends to result in false alarms and poor detectability [32]. Martin and Mor-
ris [33] used multivariate normality tests on scores and found that the latent variables in
many industrial processes rarely have multivariate Gaussian distributions. On the other
hand, ICA assumes that the latent variables follow a non-Gaussian distribution; it can
decompose multivariate data into statistical ICs with less information loss.

To demonstrate the performance of the proposed method, we utilized the measured
historical fault data from the battery of an ESS connected to a solar power plant. The
fault types were battery overvoltage and humidity anomaly alarms generated by a system
management program. When battery overvoltage occurs, the temperature and pressure
inside the battery increase, which can cause thermal runaway. In the case of humidity
abnormalities, as gases are released before thermal runaway occurs, the humidity around
the battery increases. Therefore, both types of anomalies are closely related to battery fires.

The contributions of this study are summarized as follows: (1) We analyze the mea-
sured observations from LIBs in an ESS linked to a solar power plant. (2) We propose a
method that can detect faults faster than the alarms generated by the system management
program. (3) The ICA used in this study is a dimensionality reduction technique, which
means that determining how much to reduce the dimensions was a crucial issue. To address
this problem, we conducted experiments comparing it to PCA, a popular dimensionality re-
duction method. (4) By removing outliers from industrial data using MD, the performance
of the proposed method was improved. (5) We prove the effectiveness of the proposed
method for fault detection by comparing its performance with that of various models
commonly used for fault detection in industrial processes.

The remainder of this paper is structured as follows: Section 2 presents a detailed
description of the proposed method. Section 3 introduces the target system and datasets
used in this study. The experimental results and discussion of this study are explained in
Section 4. Lastly, Section 5 describes the conclusions.

2. The Fault Detection of LIBs in an ESS Using MD and ICA

Figure 1 shows the framework of the proposed method for the fault detection of LIBs.
The proposed method includes offline and online processes. In the offline process, the
model parameters are trained and the confidence limit for a fault (abnormal) declaration
is calculated. The offline process is as follows: z-score normalization is applied to set
the mean and variance of the learning vector equally. Subsequently, the outliers in the
training samples are removed using MD. The covariance matrix of the outlier-removed
training samples is computed and used to conduct eigen decomposition and whitening
transformation. To obtain the learning parameters for the ICA, we employed the fastICA
algorithm, which is an efficient and popular algorithm developed by Hyvérinen [34].
Subsequently, detection indices (also called monitoring statistics) are calculated based on
the obtained training parameters. Confidence limits (also known as threshold values or
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control limits) are computed using kernel density estimation (KDE) to distinguish the fault
samples. In the online process, the trained model determines the state of the test sample,
detection indices for the test samples are calculated, and their statuses are distinguished
using a predefined control limit. Further details of the proposed method are presented in
Figure 2.
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Figure 1. Framework of the proposed method for fault detection.
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2.1. Outlier Removal Using Mahlanobis Distance
MD can search for outliers effectively by considering the mean and covariance of the

existing and new samples. Let X = [x!,%?,... ,x"]T € R™™™ be an original data matrix
composed of n observation samples collected from a target system, where each sample
comprises m correlated variables. The training data matrix X containing normal samples is
expressed as follows:

Aol o
2 .2 2
T xl x2 P xm

X = [xl,xz,...,x”] = | . o | e prxm 1)
Aol xn

Each variable was normalized with the z-score to set zero mean and unit variance.
Following normalization, the covariance matrix for the training sample was calculated
as follows:

1 n
Spag =
’ -1

X)), p.9=1,...,m, (2)

z:l

where ¥; is the j-th component of the mean vector x € R™ 1 and Sp,q indicates the compo-
nent of the p-th row and g-th column of the covariance matrix S € R"*™. These components
were used to calculate the MD as follows:

MD(x) =/ (x—%)TS(x - %), ®)

where x represents the normalized training vector and X and S represent the mean vector
and covariance matrix for the normalized training samples, respectively. To remove outliers,
we detected samples with distance values greater than the 99th percentile of MD.

2.2. Fault Detection Based on ICA

Figure 2 shows a detailed schematic diagram of the proposed fault detection method.
The standard ICA-based fault detection procedure does not involve an outlier removal
step using MD. As mentioned previously, the proposed method involves both offline and
online processes. In the offline process, the confidence limits of the detection indices for
the training samples are determined using the KDE. In this study, we employed the I3, I?
and SPE (i.e., Q statistic) as detection indices, Ig and I? are new monitoring statistics for
ICA proposed by Lee [35]. In the online process, the detection indices for the test samples
(query vectors) are compared with a predefined threshold value to distinguish the status of
the test samples. A detailed description of ICA-based fault detection is as follows.

2.2.1. ICA Algorithm

ICA decomposes linearly mixed observed variables into latent variables that are
independent of each other, and it is assumed that m measured variables can be reconstructed
by linear combinations of unknown ICs. The relationship between the observed variables
and the ICs is described by

X=AS+E 4)

where n indicates the number of samples, X = [xq, X, ..., Xm] € R™*" represents the data
matrix with outliers removed, A = [al, aZ,..., ad] e Rmxd represents the unknown mixing
matrix, and S = [s1,8p,...,8,] € Rixn represents the independent component (IC) matrix.
E € R™*" is the residual matrix. If d = m, the residual matrix E becomes a zero matrix.
Therefore, we assume d > m. The fundamental problem with ICA is estimating the mixing
matrix A and ICs S from only the observed data matrix X [35]. That is, the purpose of ICA
is to determine the demixing matrix W to obtain the reconstructed IC matrix S, which is
defined as

S = WX (5)
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Upon estimating A, its inverse gives W when d = m.

Hereafter, we assume that d equals m, and the ICs have unit variance. The first step
is whitening (also called sphering), which removes the cross-correlation between random
variables. Let x(k) be a data vector measured sequentially at time k. Whitening is conducted
to calculate the covariance matrix for the data vector x(k) and eigen decomposition is
performed on the covariance matrix. The covariance matrix Ry for the data vector x(k) and
eigen decomposition are expressed as follows:

Ry = E[x(k)xT (k)] = UAUT (6)

where E is expectation and A represents a diagonal matrix A = diag(A4, ..., Ay) composed
of eigenvalues (A1, Ay, ..., Ay) of the covariance matrix Ry with the diagonal elements
ordered in descending order. Whitening transformation is performed as follows:

z(k) = Qx(k) (7)

where Qis equal to A~/2UT and A~"/2 represents a diagonal matrix A~/2 = diag(A;/?,..., A,,"/?),
which consists of diagonal components (A 172 Ay V2 Ant?). After the whitening
transformation, z(k) and R, can be transformed into

z(k) = Qx(k) = QAs(k) = Bs(k) ®)

R, = E[z(k)z" (k)] = BE[s(k)s” (k)]BT = BBT =1, 9)

where B represents an orthogonal matrix and R, can be an identity matrix using Equation (9).
In this way, we simplified the problem of discovering an arbitrary matrix A to the more
straightforward problem of finding an orthogonal matrix B. s(k) can be estimated as follows:

5(k) = BTz(k) = BTQx(k) (10)

Using Equations (5) and (10), the relationship between matrices W and B can be expressed
as follows:
W=B"Q (11)

Each column vector b; of matrix B is initialized and updated such that the i-th ICs have
large non-Gaussianity. Two main methods exist for measuring non-Gaussianity: kurtosis
and negentropy. Kurtosis is a simple measure, but it is susceptible to outliers. By contrast,
negentropy is based on the information-theoretic quantity of entropy. Entropy is a measure
of the average uncertainty in random variables [36]. A fastICA is an efficient fixed-point
algorithm based on the non-Gaussianity minimization principle. We employed the fastICA
algorithm to estimate matrices W, B, and Q. After calculating B, we could compute matrix
W using Equation (11).

2.2.2. Determine the Number of ICs

In the ICA, dimensionality reduction is based on the notion that a measured variable
is a mixture of several independent variables [37]. Selecting the dominant ICs is the most
crucial task in ICA-based monitoring methods. When choosing the dominant ICs, other
ICs are discarded (i.e., dimensionality reduction). Many studies have been conducted on
selecting dominant independent variables. In [38], a novel method for selecting dominant
ICs based on non-Gaussianity was reported. Lee et al. [35] proposed a new method to
determine the proper number of ICs by calculating the L?>-norm (e.g., Euclidean distance)
for each column vector of matrix W. In this study, we employed a simple and proven
method using the L?-norm. More details regarding this method are provided in previous
works [32,35].
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2.2.3. Detection Indices

In this study, we used Iﬁ, Iez, and SPE as detection indices to represent the status of the
target system. Igzl and I? are monitoring statistics proposed by Lee et al. [35]. These were
calculated based on the matrix W = [W; W,]. T 5 was computed using the dominant parts
of W (W,) and I? was calculated using the excluded parts of W (W,); SPE is the residual
part of the process variation. The detection indices for a data vector at time k are defined
as follows:

I§<k) = énewd(k)Ténewﬂl (k) (12)
Iez - énewe(k)Ténewe(k) (13)
SPE(k) = e(k)Te(k) = (Xnew (k) — ’A(new(k»T(Xnew(k) — Xnew (k)) (14)

where §,ewd (k) = WiXnew (k) and Snewe (k) = Wexnew (k). Matrix W contains p row vectors
of selected dominant ICs in matrix W, and W, is composed of the remaining row vectors of
excluded ICs in matrix W. The residual vector e(k) for calculating SPE(k) in Equation (14) is
defined as

Znew (k) = Q" Bydnewa (k) = Q7' ByWxnew (k), (15)

where matrix B; comprises the selected p column vectors in matrix B = [B; B.]. In other
words, the number of chosen column and row vectors in matrices B and W is the same.

2.2.4. Confidence Limits

The performance of the fault detection model depends on the confidence limit. There-
fore, the confidence limit must be empirically determined. Percentiles and KDE are popular
methods for setting confidence limits to distinguish between abnormal samples. Percentiles
are a simple method, but they are sensitive to sample size, distribution, and variability.
Note that the latent variable in the ICA follows a non-Gaussian distribution. Thus, the
threshold values for the detection indices in ICA should not be determined from a specific
approximation distribution. Therefore, we used KDE to define the confidence limits of
the monitoring statistics. In KDE, a univariate kernel estimator with kernel function K is
defined as follows:

N 1 ] X — X
Mﬂ—ﬁgK(h ) (16)

j _
mw—?zw(va, (17)
I=

where  is a smoothing parameter, j indicates the number of samples, and W(t) equals
/ im K(u)du. The kernel estimator f,(-) denotes the sum of bumps in each sample. The
shape of bumps is determined by K(-) [35]. There are various kernel functions such as
Gaussian, uniform, and Epanechnikov. Among these kernel functions, we utilized the most
used Gaussian kernel function. The value of the smoothing parameter / directly influences
the accuracy of the estimators [39]. In this study, we employed the ‘ksdensity” function built
into the Statistic and Machine Learning Toolbox in MATLAB to estimate the cumulative
kernel function. More details regarding the KDE and its smoothing parameter can be found
in [40,41].

2.3. Performance Indices

In this study, we used the false alarm rate (FDR) and miss detection rate (MDR) as
performance indices. These indices are based on statistical hypothesis testing to quantify
the performance of the fault detection method, as summarized in Table 1. Therefore, they
are widely used in fault detection research [32,39]. In Table 1, Hy is the null hypothesis that
denotes that the target system is normal; H; is the alternative hypothesis indicating that
the system is abnormal. If the computed MDR is high, that means that a fault has occurred
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in the target system, but the model has not detected the fault. For this reason, MDR is
considered to be much more important than FAR.

Table 1. Performance indices based on statistical hypothesis testing.

Decision
Reject Hy Accept Hy
(Accept Hq) (Reject Hy)
Ho s true FAR Correct decision
Trath (H; is false) (Type I error)
ot Ho is false Correct decision MDR
(H; is true) (Type II error)

3. Data Acquisition

In this section, we introduce the target system and datasets used in this study. Figure 3
shows the battery modules in the ESS. We obtained the datasets from an actual ESS operated
by the Korea Electrotechnology Research Institute (KERI). This system is connected to the
grid of a solar power plant with a generating capacity of 250 to 640 kWh, and the LIBs are
installed with a battery management system (BMS). The power conversion system (PCS)
model installed in the ESS is PLABEX-H250K, which follows the SGSF-025-4 standard.
The LIBs follow the KBIA-10104-02 standard, and their model is M48189P31, which was
developed by LG Chem. The operational historical data of the ESS and information on
the fault alarms are stored in real-time on the server. To obtain the historical data, we
downloaded the dataset stored on the server based on the alarm information. The datasets
are divided into PCS and SENSOR datasets. The PCS is automatically measured and
stored in a system management program to monitor the status of the ESS. It is composed
of 218 electrical variables observed from the PCS and batteries during ESS operation.
SENSOR is a dataset measured by installing additional sensors inside the ESS room to
observe the environment surrounding the battery modules. It contains 22 atmospheric
variables, such as temperature and humidity. All the samples were measured and stored at
various sampling frequencies (1 Hz, 1/60 Hz, 1/9000 Hz, etc.). To consider rapid changes
inside the ESS room, we used samples with a sampling frequency of 1 Hz.
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Figure 3. Battery modules in the ESS room.

In this study, we used the historical data of battery overvoltage and humidity anomaly
alarms generated by the system management program. A battery overvoltage alarm was
declared when electrical observations are consistently measured above permissible levels.
A humidity anomaly alarm was generated when the humidity values inside the ESS room
were higher than a predefined threshold. This study aimed to detect abnormalities earlier
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than when alarms were generated by the system management program. The details of each
type of anomalous datum are described in the following subsections.

3.1. Fault Alarm 1: Battery Overvoltage

Overvoltage is the most dangerous condition because it can lead to thermal run-
away [42]. If overvoltage persists, the temperature and pressure inside the battery increase
rapidly. To prevent overvoltage, the system management program monitors electrical vari-
ables, such as current and voltage, and the status of the battery in real-time. As mentioned
above, the target system used in this study observed 18 electrical variables in real-time and
accumulated them in the PCS dataset. In the system management program, an overvoltage
alarm occurs when the current and voltage values of the battery are higher than predefined
threshold values. From the 218 electrical variables in the PCS, we selected 8 specific vari-
ables relevant to overvoltage alarms based on the advice of the system manager. Selected
variables are listed in Table 2.

Table 2. Selected variables for overvoltage detection.

No. Variables Description Unit
1 PCS_PCS4_BAT_Cmd_DCI Battery DC current A
2 PCS_PCS4_BAT_Cmd_DCV Battery DC voltage \Y
3 PCS_PCS4_BAT_Cmd_SOC Battery state of charge %
4 PCS_PCS4_DCI PCS DC current A
5 PCS_PCS4_DCV PCS DC voltage \Y
6 PCS_PCS4_Gridla Phase current R A
7 PCS_PCS4_GridIb Phase current S A
8 PCS_PCS4_Gridlc Phase current T A

Figure 4 shows the PCS_PCS4_BAT_Cmd_DCI and PCS_PCS4_BAT_Cmd_DCV dur-
ing the overvoltage alarm period. In the figures, the unit of time is second(s) and the red
circles indicate the times when a battery overvoltage alarm was generated. As shown
in Figure 4b, the voltage increased steadily, and an overvoltage occurred at 01:15:25 on
3 January 2020. Following the overvoltage, the system recovery mechanism rapidly re-
duced the current and voltage.

(a) (b)
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Figure 4. Examples of battery current and voltage variables for the period of overvoltage:
(a) PCS_PCS4_BAT_Cmd_DCI; (b) PCS_PCS4_BAT_Cmd_DCV.

3.2. Fault Alarm 2: Humidity Anomaly

Because of the constant charging and discharging of batteries, the temperature inside
the ESS room inevitably increases. Air conditioners operate inside the ESS room to maintain
a constant ambient environment around the battery modules. Despite this, owing to
unexpected factors, if the thermal runaway of a battery occurs, the temperature and
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pressure in the battery will increase rapidly, leading to higher humidity inside the ESS
room. Therefore, to monitor the environment inside the ESS room in real-time, the system
administrator installed 22 additional sensors to observe the temperature and humidity.
Measured data were accumulated using the SENSOR dataset. We determined the variables
used in this study with the support of the system administrator. Table 3 lists the variables
selected for humidity anomaly detection. A humidity alarm was generated when the value
for SENSOR_Sensor04.Temp in Table 3 exceeded 85.

Table 3. Selected variables for humidity anomaly detection.

No. Variables Description Unit
1 SENSOR.Sensor03.Humi BMS humidity in ESS room %
2 SENSOR.Sensor03.Temp BMS temperature in ESS room °C
3 SENSOR.Sensor04.Humi ESS room entrance humidity Y%
4 SENSOR.Sensor04.Temp ESS room entrance temperature °C

Figure 5 represents the SENSOR.Sensor03.Humi and SENSOR.Sensor04.Humi for the
period of humidity anomaly. In the figures, the unit of time is second(s) and the red circles
indicate when the humidity anomaly alarm occurred. As shown in Figure 5, the SENSOR
had many zero values owing to communication errors between the installed sensors; there-
fore, these values were removed during data preprocessing. The humidity values sharply
escalated at approximately t = 1200 and a humidity anomaly alarm occurred at 18:52:10
on 12 July 2020, when the value of SENSOR.Sensor04.Humi reached 85. Following the
humidity anomaly, the humidity values gradually decreased owing to subsequent actions.

(a) BMS humidity (b) ESS entrance humidity
July 12, 2020, 18:52:10 July 12, 2020, 18:52:10
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n 40 © 40
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1%}
20 w20
10 10
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Figure 5. Examples of humidity variables for the period of humidity anomaly: (a) SEN-
SOR.Sensor03.Humi; (b) SENSOR.Sensor04.Humi.

4. Experimental Results and Discussion

In this section, we discuss the results of the early detection of battery abnormalities
using the proposed method. We conducted experiments for the early detection of battery
faults through data analysis using the Statistics and Machine Learning Toolbox in MATLAB.
The proposed method considers three detection indices (I 2 Igz, and SPE statistics); however,
only the results related to the best statistic, Ig, are given in the following subsection. To
confirm the effectiveness of the proposed method, standard MD, LOF, PCA, ICA, and
auto-associative kernel regression (AAKR), which are commonly used for fault detection,
were selected for comparison. The detection indices of the PCA and AAKR were used as
Hottelling’s T? statistic and SPE. Both are popular statistics used for fault detection. To
determine the proper ICs, we compared the results of the PCA and the proposed method.
The detailed experimental results are described below. The unit of time for all figures in the
following subsections is second(s).
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4.1. Battery Overvoltage Alarm

In this subsection, we introduce the results of using historical battery overvoltage
data to verify the performance of the proposed method. We used 7000 samples to train the
model and 5000 samples to test the performance of the proposed method. The training and
test samples were normalized with zero mean and unit variance beforehand and then the
MD was applied to the normalized training samples to remove outliers. Figure 6 shows the
calculated MDs for the training samples. The threshold value for identifying outliers was
defined as the 99th percentile of MDs through trial and error. In other words, if the MD
value was more significant than the predefined threshold value, then the training vector
for the MD value was considered an outlier and removed. The 99th percentile threshold
was calculated to be 16.5931. Among the training samples, 71 samples were deemed to be
outliers and removed, and the remaining samples were used to learn the ICA. In the online
process, outliers for the test samples were removed in the same manner as above.

25 T T T T T T

Mahalonbis distance

0 1000 2000 3000 4000 5000 6000 7000
Time(s)

Figure 6. MD for the normalized training samples (overvoltage).

In this study, we sorted the ICs based on the Euclidean norm, a method proposed by
Lee et al. [35], and determined the appropriate number of ICs by selecting the dominant
parts. The ICs selected in this manner were compared with the principal components (PCs)
determined using the cumulative percentage variance (CPV) in the PCA. The process for
determining the number of principal components using CPV is as follows: The eigenval-
ues of the principal components (PCs) are calculated to obtain the variances of each PC.
After sorting them in descending order, the appropriate number of PCs is determined
using a predefined threshold value. This method is popular for selecting dominant PCs.
Figures 7 and 8 show the results of the CPV in the PCA and the Euclidean norm of the rows
in W, sorted in descending order in the ICA, respectively. In Figure 7a, the variances of
the first and second PCs are more dominant than those of the other PCs (enlarged figure).
Therefore, we defined the threshold value as 90% for CPV. This means that only the top
two PCs were retained and the others were discarded. However, in the process of selecting
the dominant ICs, the norms corresponding to the first IC were extremely dominant, as
shown in Figure 8; therefore, the eight dimensions can be reduced to one by selecting the
first IC. Accordingly, the results of the selection of the dominant components in PCA and
ICA can be different.

Figure 9 indicates the empirical and estimated cumulative distribution functions
(CDFs) and a histogram for I ﬁ calculated from the training samples of the battery overvolt-
age. The blue and dashed red lines represent the empirical CDF and KDE values of the
detection index, respectively. In Figure 9a, an enlarged image shows that the KDE (dashed
red line) was well estimated for the empirical CDF (blue line). We defined the confidence
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limit from the estimated CDFs with significant level &, where a was set at 0.01. We confirm
the control limit with significant level & = 0.01 in Figure 9b.
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Figure 7. The results of selecting the dominant PCs using CPV (overvoltage): (a) eigenvalues; (b) CPV
and threshold values.
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Figure 8. The results of selecting the dominant ICs using L? norm (overvoltage).

(b)

700

=

= = =KDEgq ||

600

a
o
o

CDF

w A
S o
S o

Frequency

0 Mo ammdh o b
6

16 0 2 4
|2
d

Figure 9. Empirical and estimated CDFs and histogram plot of 15 calculated from the training data
(overvoltage): (a) empirical and estimated CDF via KDE; (b) histogram and confidence limit.

Figure 10 presents the monitoring chart and fault alarm signals of the proposed
method. In Figure 10, the black line indicates the I for the test samples, the dashed purple
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line indicates the control limit defined by KDE, and the red dots describe the alarm signals
generated when the detection index exceeded the predefined confidence limit. We recorded
the time at which actual battery overvoltage occurred, and the alarm generated by the
system management program was approximately ¢ = 2400 in the monitoring chart. As de-
picted in Figure 10, the proposed method generates intermittent alarms even before actual
overvoltage occurs. Moreover, the proposed method detects early warning signs of over-
voltage by generating alarms approximately 900 s before overvoltage occurs (f = 1500 in
the graph).
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Figure 10. Monitoring chart and fault alarm signals of the proposed method (overvoltage).

Figure 11 shows the monitoring charts for comparison with the proposed method. In
Figure 11, the black lines indicate the detection indices for each fault detection method, the
dashed purple lines indicate the confidence limits defined by the KDE, and the enlarged
parts show the interval from time 0 to 2500 in each original figure. The length of the
detection index of the proposed method was short because the outliers were removed using
MD. The LOF (Figure 11b) and AAKR (Figure 11e) detection indices represent the trend of
the battery overvoltage phenomenon, but their confidence limits were too low relative to
the corresponding monitoring statistics; the confidence limit values for LOF and SPE were
set to 0.3720 and 0.0026, respectively. Moreover, the control limits for MD (Figure 11a), PCA
(Figure 11c), and ICA (Figure 11d) were smaller than their respective detection indices.
However, in Figure 11f, the threshold value of the proposed method that was determined to
be appropriate is compared with the comparison methods. Therefore, the proposed method
generated proactive warning signals for battery overvoltage, as shown in Figure 10.

Table 4 lists the performance indices of the comparison and proposed methods (indi-
cated by ‘MD + ICA’) for battery overvoltage. The performance indices for the proposed
method were computed by averaging 50 independent experiments under the same condi-
tions. This was because the experimental results differed from each other as the parameters
(the matrices W, B, and Q) in ICA were randomly generated by the fastICA algorithm. In
Table 4, the performance indices of the proposed method are expressed in bold, and lower
indices mean better performance. The FAR for LOF and AAKR was close to 100 and the
MDR was zero owing to the exceedingly low thresholds, as seen in Figure 10b,e. In the case
of MD and PCA, their thresholds were determined to be low, resulting in high FARs. In
contrast, the FAR for standard ICA with a properly defined confidence limit was calculated
to be relatively low. However, the proposed method had the best FAR compared to others
owing to its well-defined control limit by removing the outliers.
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Figure 11. Monitoring charts of the proposed and comparison method (overvoltage): (a) MD; (b) LOF;
(c) PCA; (d) ICA; (e) AAKR; (f) MD + ICA (proposed method).

Table 4. Performance indices of the proposed and comparison methods (overvoltage).

MD LOF PCA ICA AAKR MD +ICA
Fault Type Indices 2 2 2
MD LOF T I SPE I
Battery FAR 34.82 100 38.95 244 99.83 1.54
overvoltage MDR 0 0 0 0 0 0

4.2. Humidity Anomaly

The experimental results of the proposed method for humidity anomaly are discussed
in this subsection. As mentioned in Section 3.2, we removed the samples that measured as
zero because of communication errors in the sensors. Data preprocessing was performed
on the SENSOR dataset to remove these values because not banishing them may have led to
biased training results for the model. Figure 12 shows the test data of the selected variables
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from SENSOR with zero-value samples removed. In the figures, the red circles indicate
the time required for the humidity anomaly alarm. We used 14,000 and 2500 samples from
SENSOR to learn and test the models, respectively.
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Figure 12. Test samples for selected variables with zero-value samples removed (humidity anomaly).

Each variable was normalized before applying MD. After normalization, MD was
applied to the normalized training sample, as shown in Figure 13. Outliers were removed
based on the 99th percentile of the MD for the training samples. In this case, the threshold
value was calculated to be 13.531; 138 samples were considered outliers, and the remaining
13,862 samples were used to train the ICA.
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Figure 13. MD for normalized training samples (humidity anomaly).
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Figure 14 illustrates the experimental results for determining the dominant PCs using
CPV in PCA. In Figure 14a, we confirm that the eigenvalues of the top two PCs were
dominant compared to those of the others. Thus, to select the top two PCs, we defined
the threshold value as 90 in the CPV, as depicted in Figure 14b. Figure 15 shows the
L2 norms of the rows in W, sorted in descending order. In contrast to Figure 14a, the
Euclidean norms of the third and fourth ICs were relatively high. Thus, to consider ICs, we
conducted iterative experiments by adjusting the dimensions. After repeated experiments,
the best performance was achieved when only the top two ICs were selected, and the
four dimensions were reduced to two.
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Figure 14. The results of selecting the dominant PCs using CPV (humidity anomaly): (a) eigenvalues;
(b) CPV and threshold values.
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Figure 15. The results of selecting the dominant ICs using L2 norm (humidity anomaly).

Figure 16 shows the empirical and estimated cumulative distribution functions (CDFs)
and a histogram of I3 calculated from the training samples of the humidity anomaly case.
The enlarged image in Figure 16a indicates that the KDE was similar to the empirical CDE.
The same as in the battery overvoltage case, we defined the confidence limits with signifi-
cant level o = 0.01 from estimated CDFs. The threshold values are shown in Figure 16b.

Figure 17 shows the monitoring chart and fault alarm signals of the proposed method.
In Figure 17, the black line, dotted purple line, and red dots indicate the I3 calculated from
the test sample, control limit determined by the KDE, and fault alarm signals generated
by exceeding the detection index of the control limit, respectively. The actual humidity
anomaly alarm from the program management system occurred at time ¢ = 2270, whereas
the detection index of the proposed method continuously violated the confidence limit at
approximately ¢ = 1100. In addition, the proposed method continuously generated early
warning signs (false alarms) for 420 s, starting at approximately t = 680. This means that
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the proposed method conducts early detection of humidity anomalies and can provide
additional time for field managers to solve this problem.
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Figure 16. Empirical and estimated CDFs and histogram plot of 102, calculated from the training data
(humidity anomaly): (a) empirical and estimated CDF via KDE; (b) histogram and confidence limit.
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Figure 17. Monitoring chart and fault alarm signals of the proposed method (humidity anomaly).

Considering the monitoring charts of the comparison and proposed methods in
Figure 18, the enlarged parts in Figure 18 correspond to the period from 0 s to 1200 s
for each monitoring chart. The thresholds for LOF (Figure 18b) and AAKR (Figure 18e)
were defined as extremely low, as in the case of battery overvoltage, whereas the control
limits for MD (Figure 18a), PCA (Figure 18c), and ICA (Figure 18d) were determined
to be relatively high. In contrast, the confidence limit was violated when the detection
index increased rapidly because the threshold of the proposed method (Figure 18f) was
set appropriately. In other words, the proposed method can accurately capture the pos-
sibility of increasing humidity relative to the comparison methods. In other words, the
proposed method captured the possibility of increasing the humidity more accurately than
the comparison method.

Table 5 lists each performance index computed from the comparison and proposed
methods for humidity anomaly. As with battery overvoltage, the thresholds for LOF and
AAKR were set too low, which led to a FAR close to 100 and an MDR of zero. On the other
hand, the performance indices of the comparison methods, except LOF and AAKR, were
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acceptable; PCA and ICA had slightly higher thresholds, resulting in an extremely low
FAR but a relatively high MDEF. The control limit of the MD was determined moderately
compared to PCA and ICA; therefore, its MDR was calculated to be low. In the case of the
proposed method, the MDR was significantly low compared to other comparison methods,
but its FAR was slightly high owing to some false alarms. The false alarms were acceptable
because they provided an early warning of a rapid increase in humidity.
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Figure 18. Monitoring charts of the proposed and comparison methods (humidity anomaly): (a) MD;
(b) LOEF; (c) PCA; (d) standard ICA; (e) AAKR; (f) MD + ICA (proposed method).

Table 5. Performance indices of the proposed and comparison methods (humidity anomaly).

MD LOF PCA ICA AAKR MD +ICA
Fault Type Indices 2 2 2

MD LOF T A SPE A
Humidity FAR 14 100 0 0.7 93.08 1.37

anomaly MDR 3.22 0 49 4.46 0 1.38
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4.3. Discussion

This subsection summarizes the advantages of this study. Its main strength is the
early detection of two types of battery anomalies in a real-world ESS using MD and ICA.
The anomalous data used in this study were battery overvoltage and humidity anomalies,
which are typical antecedents to the thermal runaway of LIBs. The thermal runaway of
LIBs occurs when the pressure inside the battery increases and the temperature grows
rapidly and uncontrollably. This can lead to fire accidents in the overall system; therefore,
monitoring technology for LIBs is required to proactively prevent thermal runaway. In
Tables 4 and 5, the superiority of the proposed method over conventional fault detection
models by removing outliers is demonstrated. Moreover, Figures 10 and 17 show that the
method detected anomalies earlier than when the alarms were generated by the system
management program: 15 min earlier for battery overvoltage and 26 min earlier for hu-
midity anomaly. This means that we can obtain additional time for system managers to
solve problems.

A common antecedent of battery overvoltage is increasing voltage due to continuous
battery charging. In the case of humidity anomaly, the humidity inside the ESS room
gradually increases in the form of drift before the humidity anomaly alarm is triggered.
The proposed method was able to detect anomalies by learning the real-world data with
these properties. Therefore, the proposed method will work effectively in other battery
systems as well.

5. Conclusions

Batteries are used to store and supply power in various industries. In particular, power
grids such as ESSs are essential for efficient energy management. In recent years, LIBs have
been used in industrial fields owing to their high energy density and low memory effect;
however, the frequency of battery fires due to thermal runaway has increased. A fire in a
system such as an electric vehicle or ESS can cause significant damage; therefore, monitoring
methods are needed to detect battery anomalies proactively. In this study, we used the
historical data of battery overvoltage and humidity anomalies related to fire accidents
from LIBs operating in a real-world ESS. The two types of anomalies were indicated
by alarms generated by the system management program. The system management
program declared alarms based on simple thresholds. For example, the humidity anomaly
alarm automatically occurred when the real-time observation of ‘SENSOR.Sensor04.Humi’
reached 85. If a fire occurs in an ESS, the humidity inside the ESS room will increase very
quickly, indicating that threshold-based alarm generation methods can be risky.

We used MD to remove outliers from an industrial dataset and conducted the early
detection of two types of faults using ICA. The ICA used in the proposed method could effi-
ciently learn useful information by removing redundant parts. In other words, determining
how much to reduce the dimensions is a crucial issue in ICA. To address this problem, we
conducted experiments comparing it to PCA, a popular dimensionality reduction method.
In addition, the comparison methods in this study had poor performance due to improperly
determined confidence limits. However, the confidence limits of the proposed method were
well defined because they were computed based on normal samples from which outliers
had been excluded by MD; this allowed for the generation of fault alarms faster than the
system management program. The experimental results show that the proposed method
can successfully detect hazards earlier than the alarms generated by the ESS integrated
monitoring system by 15 min and 26 min for battery overvoltage and humidity abnormal-
ity, respectively. In addition, the proposed method demonstrated superior performance
compared to conventional fault detection methods.

In future research, we will consider the following topics. The first topic is the fault
identification of historical battery fault data. Fault identification is a method for identifying
the failure variables that contribute to the failure of a target system. This study achieved the
early detection of two types of battery anomalies; however, if we can find the fault variables
among the process variables, this could enable us to analyze and respond to failures
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efficiently. The second topic is the study of effective feature extraction methods to improve
fault detection performance. We did not conduct in-depth research on feature extraction
in this study. The presence or absence of effective feature extraction can significantly
alter the performance of machine learning and statistical methods. Therefore, we will
perform a study on feature extraction to improve fault detection performance. The last
topic is the practical validation of the proposed method. In this study, the proposed
method was validated by real-world industrial data using MATLAB. The dataset consisted
of two types of historical battery fault data obtained from an actual operational energy
storage system. The performance of the proposed method was demonstrated through a
comparison with existing fault detection models, such as distance-based methods (LOF,
MD) and multivariate statistical methods (PCA, standard ICA, AAKR). In the future,
we will install this algorithm into the target system (real-world ESS) and proceed with
practical validation.
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