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Abstract: The usage of Lithium-ion (Li-ion) batteries has increased significantly in recent years
due to their long lifespan, high energy density, high power density, and environmental benefits.
However, various internal and external faults can occur during the battery operation, leading to
performance issues and potentially serious consequences, such as thermal runaway, fires, or explosion.
Fault diagnosis, hence, is an important function in the battery management system (BMS) and
is responsible for detecting faults early and providing control actions to minimize fault effects,
to ensure the safe and reliable operation of the battery system. This paper provides a comprehensive
review of various fault diagnostic algorithms, including model-based and non-model-based methods.
The advantages and disadvantages of the reviewed algorithms, as well as some future challenges for
Li-ion battery fault diagnosis, are also discussed in this paper.
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1. Introduction

Lithium-ion (Li-ion) batteries play a significant role in daily applications due to their important
advantages over other energy storage technologies, such as high energy and power density, long lifespan,
and low self-discharge performance factors under improper temperatures [1]. Li-ion batteries have
gained a significant amount of attention in recent years, showing promise as an energy storage source
in electric vehicles (EVs) due to the aforementioned advantages [2]. They are also widely used in many
electronics and stationary applications. Although Li-ion batteries have had reported accidents causing
public concern, the advent of safety features over time has decreased the associated risk factors and
improved battery operation [3,4]. Li-ion batteries have gone through many modifications to improve
their safety, and system management is required to guarantee the performance and reliability of these
batteries [1]. A key component in monitoring the battery health and safety is the battery management
system (BMS). Some of its main functions are data acquisition, state of charge (SOC) and state of
health (SOH) estimation, cell balancing, charge management, and thermal management. An important
function of the BMS is the diagnosis of faults which can come from extreme operating conditions,
manufacturing flaws, or battery aging [5].

Many factors affect the Li-ion battery operation, such as collision and shock, vibration, deformation,
metallic lithium plating, formation of a solid electrolyte interphase (SEI) layer, formation of lithium
dendrite, etc. [1,6]. Some common external battery faults are sensor faults, including temperature,
voltage and current sensor faults, as well as cell connection and cooling system faults. There are also
internal battery faults that are caused by the above factors and external battery faults. Some common
internal battery faults are overcharge, overdischarge, internal and external short circuit, overheating,
accelerated degradation, and thermal runaway. These battery faults lead to potentially hazardous
consequences, such as an increase in temperature and pressure, which could increase the risk of
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combustion and explosion [7]. The consequences of Li-ion battery faults can be minimized or eliminated
by the BMS, as it prevents the battery from functioning outside its safe operational range, and also
detects faults using various fault diagnostic methods [8]. It is an indispensable component in the
Li-ion battery system since it can handle failures safely by going into failure mode, providing a safer
environment for the users of Li-ion battery applications.

Since fault diagnosis is a crucial part of Li-ion battery advancements, various methods for fault
diagnosis have been studied and developed. Many fault diagnostic algorithms have been proposed, which
can be categorized into model-based and non-model-based methods. Model-based methods include
parameter estimation, state estimation, parity space, and structural analysis. Non-model-based methods
include signal processing and knowledge-based methods [1,9]. Fault diagnosis research in other fields
has shown that the most effective approach is often a combination of more than one method [9].

Lu et al. [8] briefly presented fault diagnosis as one of the key issues for Li-ion battery management
in electric vehicles. In [10], a review of sensor fault diagnosis for Li-ion battery systems was provided,
but other types of faults were not discussed. Wu et al. [1] conducted a review on fault mechanism
and diagnosis for Li-ion battery, but there have been many new developments in the field since then.
Researchers have made significant progress in understanding the mechanism and operation of Li-ion
batteries, and with that, many innovations in battery fault diagnosis have emerged. Therefore, there is
a need to identify the current progress and future direction of Li-ion battery fault diagnosis research.
The contribution of this paper is the comprehensive review of recent developments in Li-ion battery
fault diagnosis, as well as the discussion of some future challenges that need to be addressed.

The rest of this paper is organized as follows. Section 2 introduces different types of faults in
Li-ion battery, and their causes, mechanisms, and consequences. The role of BMS in fault diagnosis
is presented in Section 3. Section 4 provides a review of various fault diagnostic algorithms for the
faults discussed in Section 2 and discusses the current status and future challenges of this subject.
Finally, concluding remarks are given in Section 5.

2. Types of Fault in the Li-Ion Battery System

This paper categorizes Li-ion battery faults into internal and external faults. Lyu et al. [11] presented
a detailed review of failure modes and mechanisms for rechargeable Li-based batteries. This section only
briefly presents some causes and mechanisms of the faults. It is crucial to understand the mechanisms of
these faults, as it helps establish appropriate fault diagnostic methods to ensure the safety of Li-ion battery
applications. Figure 1 shows a summary of various faults in a Li-ion battery system.

2.1. Internal Battery Faults

Internal battery faults are difficult to detect since the operation within a Li-ion cell is still not fully
understood [11]. Some examples of internal battery faults are overcharge, overdischarge, internal and
external short circuit, overheating, accelerated degradation, and thermal runaway. All these faults affect
the battery operation, but accelerated degradation and thermal runaway are the most dangerous since
they can significantly affect the Li-ion battery application or directly harm the users [12]. Internal faults
are often identified from abnormal responses from the battery operation, which include voltage drop,
SOC drop, temperature rise, increase in internal resistance, and physical transformation, such as
swelling. These responses are discussed further throughout this section.

2.1.1. Overcharge

Overcharge is a fault that can lead to more severe faults, such as accelerated degradation
and thermal runaway. It may occur in Li-ion cells due to the capacity variation of cells in the
pack, incorrect voltage and current measurement, or inaccurate SOC estimation from the BMS [13].
A normal battery pack can also get overcharged when the charger breaks down. Overcharging of
Li-ion batteries leads to electrochemical reactions between battery components and the loss of active
materials [14]. Additionally, in sealed batteries, the buildup of gases could cause the battery to
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burst [15]. Furthermore, the surface temperature of the battery increases significantly before it starts
overcharging. This results in a thick SEI layer and also causes an internal short circuit inside the
battery. The overcharged cathode suffers from electrolyte decomposition, metal dissolution, and phase
transition, which could ultimately lead to thermal runaway and fires [16].

Possible causes

e Collision and shock
Vibration
Deformation

e Metallic lithium plating
e Formation of SEl layer and lithium dendrite
e Etc.
External Battery Faults Internal Battery Faults

e Overcharge
e Overdischarge

e Sensor faults
o Temperature

o Voltage e Internal short circuit
o Current e External short circuit
e Cell connection fault e Overheating
e Cooling system fault e Accelerated degradation

e Thermal runaway

Figure 1. Internal and external Lithium-ion (Li-ion) battery faults and their causes.
2.1.2. Overdischarge

Overdischarge, similar to overcharge, can be caused by incorrect voltage and current measurements
as well as inaccurate SOC estimation [13]. In [17], scanning electron microscopy and X-ray diffraction
showed that overdischarge might be caused by copper deposition on the electrodes of the battery.
Electrochemical impedance spectroscopy (EIS) studies also indicate that during battery overdischarge,
the impedance of the anode is much smaller than that of the cathode, which means that the SEI
change on the anode is much larger than the cathode, leading to capacity loss and current collection
corrosion [14]. Overdischarge can impact the lifespan and thermal stability of a Li-ion cell, and result
in considerable swelling of the cell [16]. The anode potential also increases abnormally during
overdischarge, which can cause the Cu in the cell to oxidize to Cu?* ions. The dissolved Cu?* ions
may result in migration through the separator and, ultimately, an internal short circuit [18].

2.1.3. Internal Short Circuit

A short circuit in Li-ion batteries can occur both externally and internally. An internal short
circuit occurs when the insulating separator layer between the electrodes fails. This failure of the
separator can be attributed to melting due to high temperature, cell deformation, the formation of
dendrite, or compressive shock [7,19,20]. All of these can cause penetration through the separator layer,
or cause the lithium ions and electrons to be released at the anode and travel across the electrolyte
toward the cathode, which triggers contact between the anode and the cathode, leading to internal
short-circuiting. When this phenomenon happens, the electrolyte tends to decompose by an exothermic
reaction, causing thermal runaway [21]. Thermal runaway is mainly caused by heat build-up from the
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short circuit. In general, high capacity cells are at a higher risk of thermal runaway from internal short
circuits than normal capacity cells [11].

2.1.4. External Short Circuit

An external short circuit generally occurs when the tabs are connected by a low resistance path [11].
Another cause is electrolyte leakage from cell swelling due to gas generation from side reactions during
overcharge [22]. It can also occur due to water immersion and collision deformation. An external
short circuit specifically transpires when an external heat-conducting element makes contact with the
positive and negative terminals simultaneously, causing an electrical connection between the electrodes
to occur [23]. A study [22] concluded that due to external short circuit, the Li-ion diffusion in the
negative electrode leads to limited current, and the heat generated by the electrolyte decomposition in
the positive electrode is responsible for thermal runaway occurrence. An external short circuit also
leads to excessive discharge of the energy that is being stored in a cell [11].

2.1.5. Overheating

A Li-ion battery can overheat if an alternator’s voltage regulator fails, sending a high amount of
voltage back to the battery and causing overheating [24]. Overheating can also be caused by external
and internal short circuits [25]. Overheating of the battery accelerates the degradation of the cathode
and leads to SEI growth at the anode. As a result of overheating, there is a significant capacity loss.
Overheating of Li-ion battery can lead to the materials inside the battery to break down and produce
bubbles of gas, and, in most cases, the pressure build-up causes the battery to swell and possibly
explode [26]. Another consequence of overheating is thermal runaway, which occurs because, at a
critical temperature, a runaway reaction takes place as the heat cannot escape as rapidly as it is
formed [15].

2.1.6. Accelerated Degradation

Cell degradation is a common characteristic in most batteries and occurs due to a variety of reasons,
such as aging and self-discharging mechanisms. However, accelerated degradation is abnormal and
can cause severe problems in Li-ion battery applications. The degradation process is accelerated
during storage at elevated temperatures [27]. External degradation is also accelerated due to factors,
such as impedance increase, higher frequency of cycle, change in SOC, and voltage rates [28,29].
Some mechanisms of accelerated degradation are corrosion of current collectors, changes in the
electrode material, and reactions between electrodes and electrolyte. Accelerated degradation can
cause the battery to have a shorter lifespan, which can be a major issue in applications such as
EVs. It can also cause surface layer formation and contact deterioration, which results in electrode
disintegration, material disintegration, and loss of lithium. These phenomena can lead to transport
barriers, which result in penetration of the separator and cause an internal short circuit and, ultimately,
a thermal runaway [30].

2.1.7. Thermal Runaway

All the above internal battery faults can cause thermal runaway. It can also occur during the
charging of the battery under extreme charging currents and high temperatures. When the temperature
reaches the melting point of the metallic lithium, it can cause a violent reaction [31]. Restricted air
circulation is another cause of thermal runaway [32]. A study by Galushkin et al. [33] concluded that
the probability of thermal runaway increases with the number of charge/discharge cycles. The study
also found that thermal runaway is related to a variety of exothermic reactions in batteries. The first
exothermic reaction to occur is SEI decomposition, and it considerably increases the heat release at
the beginning of thermal runaway. During thermal runaway, the cathode releases oxygen by a phase
transition, and the oxygen is consumed by the lithiated anode. A consequence of thermal runaway is a
substantial increase in pressure and temperature of the Li-ion cell, which can lead to the destruction of
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the container and the release of a large amount of flammable and toxic gas [33]. Often in the case of a
thermal runaway occurrence, the battery heats up and explodes. Hence, it is the most severe fault that
can materialize in a Li-ion battery system.

2.2. External Battery Faults

External battery faults can have a significant effect on the other functions of the BMS and cause
internal battery faults to occur. There are several types of external faults, which are temperature,
voltage and current sensor faults, cell connection fault, and cooling system fault. The cooling system
fault can be considered the most severe fault because it leads to a direct thermal failure, specifically
thermal runaway, as the system fails to provide adequate cooling [34].

2.2.1. Sensor Fault

It is crucial to have a reliable sensor fault diagnostic scheme to ensure battery safety and
performance. It also helps to prevent internal faults, such as overcharge, overdischarge, overheat,
external and internal short circuit, and, most importantly, thermal runaway. Sensor faults include
failure of temperature, voltage, and current sensors. Sensor faults are caused by vibration, collision
electrolyte leakage, and other physical factors [35]. They can also be attributed to the loose battery
terminals or corrosion around the battery sensor. A sensor fault can accelerate the degradation process
of a battery, hinder the BMS functions due to incorrect state estimation, and cause other internal battery
faults [10].

The temperature sensor is a key component in the Li-ion battery system, as it helps provide critical
temperature data for the BMS to manage the battery operation effectively. A temperature sensor fault
can cause it to send incorrect measurements to the BMS, which can cause further problems due to
ineffective thermal management [36]. Inaccuracy in the BMS thermal management function can result
in a significant decrease in battery life. Temperature sensor fault can also lead to short-circuiting,
overheating, aging under high temperatures, capacity fade due to high temperature, and ultimately
thermal runaway [33].

The voltage sensor is used to monitor the voltage of cells in the battery pack. A voltage sensor
fault can cause the cell or the entire pack to exceed the upper and lower voltage limits that are specified
by the manufacturers, which can result in overcharge and overdischarge [13]. A fault in the voltage
sensor also leads to inaccurate SOC and SOH estimation, which can result in an internal fault as the
battery suffers from overcharge and overdischarge [37].

The current sensor monitors the current that enters and exits the battery and sends the data to the
BMS. It is important to detect a faulty current sensor as it can lead to further problems. The current
can bypass the sensor, and the readings will be inaccurate [37]. A current sensor fault also leads to
inaccurate estimation of SOC and other parameters, which impacts the control actions in the BMS,
and causes the cell to overcharge, overdischarge, or overheat.

2.2.2. Cooling System Fault

The cooling system helps manage the thermal aspect of the battery. It transfers the heat away from
the battery pack and ensures that the battery remains in the optimal temperature range. Cooling system
faults occur when the cooling motor or fan fails to operate due to outdated fan wiring, faulty temperature
sensor, or a broken fuse [2,38]. The temperature sensor and cooling system fault cannot be separated
from each other as they both depend on a temperature range [34]. A cooling system fault is one of
the more severe faults as it leads to a direct failure of the battery due to overheating, and ultimately
thermal runaway. Therefore, it is important to diagnose it as early as possible.

2.2.3. Cell Connection Fault

Battery or cell connection fault is caused by the poor electrical connection between the cell
terminals, as the terminals may become loose from vibration or corroded by impurities over time [39].
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When this fault occurs, the cell resistance can increase drastically, leading to cell imbalance due to
uneven current, or overheating of the faulty cell [40]. This type of fault is simple to detect with voltage
and temperature sensors, but if left unresolved, it could lead to more severe consequences, such as
external short circuit or thermal runaway.

3. The Role of BMS in Fault Diagnosis

One of the main functions of the BMS is to minimize the risks associated with the operation of a
lithium-ion battery pack to protect both the battery and the users. Hazardous conditions are mostly
caused by faults, and the safety functions of the BMS should minimize the likelihood of occurrence
and the severity of these faults. Sensors, contactors, and insulation are common features added to
the battery system to ensure its safety [13]. There are also operational limits for voltage, current,
and temperature, which are monitored with sensors connected to the cells [41]. However, as the
hardware and software implementation of the BMS becomes increasingly complex, battery faults
can be more complicated, and these safety measures are often not adequate [42,43]. Fault diagnostic
algorithms are, hence, a requirement for BMS. These algorithms serve the purpose of detecting faults
early and providing appropriate and immediate control actions for the battery and the users [8].
Figure 2 illustrates the mechanism of fault diagnosis in the BMS.

Li-ion battery
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Figure 2. A schematic of fault diagnosis in the battery management system (BMS).

In the battery system, the BMS plays a significant role in fault diagnosis because it houses all
diagnostic subsystems and algorithms. It monitors the battery system through sensors and state
estimation, with the use of modeling or data analysis to detect any abnormalities during the battery
system operation [13]. Since there are many internal and external faults, it is difficult to carry out this
task efficiently. Various fault diagnostic methods need to work in tandem to correctly detect and isolate
a specific fault, to administer the correct control action. However, the fault diagnostic algorithms in
the BMS have limited computing space and time. Because of the large number of cells in the battery
system in some applications, these fault diagnostic algorithms need to have low computational effort,
while maintaining accuracy and reliability [44]. In recent years, there has been extensive effort in the
research and development of efficient fault diagnostic approaches for Li-ion battery, which will be
discussed in the following section.
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4. Fault Diagnostic Algorithms for the Li-Ion Battery System

Fault diagnosis, as discussed, is an important function in the BMS. Fault diagnosis includes fault
detection, isolation, and estimation. There are many fault diagnostic methods in various industries.
For Li-ion battery applications, faults can be internal and interconnected, thus, many common methods
in other fields are not suitable. There are two categories for fault diagnostic methods in Li-ion battery:
model-based and non-model-based [9]. Classification of the fault diagnostic algorithms to be discussed
in this paper can be found in Figure 3. This section presents recent developments for internal and
external Li-ion battery fault diagnosis.

Fault diagnostic

algorithms
Model-based Non-model-based
methods methods
State Parameter Structural Signal Knowledge-
estimation estimation analysis processing based

Parity

space
Entro

Filter Observer oy Wavelet Expert Fuz?y ANN

theory transform system logic

Figure 3. The classification of Li-ion battery fault diagnostic algorithms.

4.1. Internal Battery Fault Diagnosis

4.1.1. Model-Based Methods

The main principle of model-based fault diagnosis is the use of battery models to generate residuals
which are monitored and analyzed to detect faults. There are several types of battery models, including
electrochemical, electrical, thermal, and combinations of interdisciplinary models (electro-thermal,
etc.) [45]. Each model can be used to assist fault diagnosis, depending on the requirements of the Li-ion
battery application. Model-based methods are often used in fault diagnosis for their simplicity and
cost-efficiency. Model-based methods include state estimation, parameter estimation, parity equation,
and structural analysis. A simplified schematic for state estimation fault diagnostic algorithms is
shown in Figure 4.
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Figure 4. A simplified schematic of state estimation fault diagnosis.

In some earlier works, Alavi et al. [46] proposed a two-step state-estimation based algorithm for
Li plating detection, which can lead to degradation and failure of the battery. The algorithm uses an
electrochemical model, with the first step being estimating the insertion and extraction rates of Li
ions using particle filtering, and the second step being the comparison of the estimated data with the
boundary condition to generate alarms at faulty state. This method is effective in detecting Li plating,
but the electrochemical model is complicated and not fully understood; hence, it is not reliable and
impractical in the BMS. Authors in [47] used impedance spectroscopy to identify the parameters in the
equivalent circuit model (ECM) to construct fault models for overcharge and overdischarge conditions.
Kalman filters and the multiple-model adaptive estimation (MMAE) technique were proposed to
generate residuals from the voltage, and the residuals were evaluated in a probability-based approach
to detect overcharge and overdischarge faults. The same authors then proposed the use of extended
Kalman filters with MMAE to detect overcharge and overdischarge faults [48]. This method eliminates
noises effectively, but the use of multiple models makes it too complex and computationally inefficient.
Chen et al. [49] used a bank of Luenberger observers with the ECM to generate residuals from voltage
to locate and isolate faults in a series of three Li-ion cells and a bank of learning observers to estimate
the isolated fault. This method was able to detect faults caused by changed internal resistance in a cell,
but it is not practical for applications with a large number of cells, such as EVs.

In more recent works, the internal short circuit fault has been the main focus. Ouyang et al. [50]
proposed an internal short circuit detection method using recursive least squares (RLS) to estimate
the parameters of the mean-difference model, which is derived from the ECM. The parameters of
all the cells in the pack are statistically analyzed and compared to a set threshold to detect internal
short circuit fault. Authors in [51] used an electrochemical-thermal coupled model to confirm that
an internal short circuit causes abnormal responses in voltage, temperature, and SOC. The ECM and
the energy balance equation (EBE) model were used in the fault diagnostic algorithm instead of the
electrochemical-thermal coupled model to lower the computational cost. RLS was utilized to estimate
the parameters of these two models, and fault detection was achieved by observing changes in these
parameters. The two diagnostic methods above are further developed in [52], where extended Kalman
filters and RLS were implemented for state and parameter estimation, specifically SOC, voltage,
temperature, and internal resistance. The state estimation and parameter estimation are performed on
all the cells, with output data belonging to the mean and worst cells. Different scenarios of deviation
from the estimated data indicate different levels of fault, including extra capacity depletion, abnormal
heat generation, and internal short circuit. In [53], a model-based switching model method was
proposed to improve the accuracy of the internal resistance estimates during an internal short circuit
fault, and RLS was also used for parameter estimation and fault detection. Gao et al. [54] proposed
a fault detection method for the micro-short circuit, using the cell difference model and extended
Kalman filters to estimate the cell SOC differences. The extra depleting current is identified with RLS
to diagnose the short circuit resistance. All the above methods for internal short circuit detection use
RLS for parameter estimation for low computational cost, but they all require information from other
cells in the pack, which can be influenced by online cell balancing leading to unreliable fault detection.
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A string of studies on thermal fault detection using the battery thermal model and the ECM
was introduced by the same group of authors in [55-57]. In [55], the Li-ion battery was modeled
via ECM and a two-state thermal model. A diagnostic scheme based on the Luenberger observer
was proposed to detect and isolate three thermal faults, which were internal thermal resistance fault,
convective cooling resistance fault, and thermal runaway, by generating and filtering two unique
residuals from the models. This work is further developed in [56], where nonlinear observers using
Lyapunov analysis was implemented, and an adaptive threshold generator was developed to deal
with the presence of modeling uncertainties. Most recently, the authors proposed a partial differential
equation model-based scheme with two state observers to improve the accuracy and reliability of
thermal fault detection [57]. The method proposed in these works becomes progressively more precise
and reliable, but the computational effort also increases as the method develops.

4.1.2. Non-Model-Based Methods

Non-model-based methods include signal processing and knowledge-based methods.
These methods primarily rely on battery data collection, although still using battery modeling
to an extent. They can improve fault diagnostic accuracy but might require a large amount of fault
data, which is often not available, or have very high computational cost, which is impractical for usage
in the BMS.

Several recent works implement signal processing for Li-ion battery fault diagnosis. Kong et al. [58]
obtained the remaining charging capacity, which can increase due to extra charge depletion caused by
micro-short circuiting, from charging cell voltage curve transformation. The micro-short circuit fault
was then identified from the remaining charging capacities between adjacent charges, which was used
to obtain the leakage current of the shorted cell. The correlation coefficient was used in [59] to detect
the initial stage of short circuits by capturing the off-trend voltage drop and reflect the drop variation in
the correlation coefficient. Another work [60] proposed the use of an interclass correlation coefficient
to analyze battery short circuit fault also by capturing the off-trend voltage drop. Both methods
using the correlation coefficient employ moving windows to prolong the fault memory and do not
need extra hardware design or model adjustment. However, they can be subject to measurement
noises. Entropy theory fault diagnosis has also been studied recently. Authors in [61] implemented
the Shannon entropy and the Z-score method to detect any abnormality in the battery temperature,
as well as predicting the time and location of the fault, to prevent thermal runaway. Liu et al. [62,63]
proposed the use of a modified Shannon entropy with the Z-score method to capture abnormality
in cell voltage, and predict the time and location of the voltage fault occurrence. The entropy-based
methods are effective in detecting battery faults, but the computational cost increases with the desired
diagnostic precision.

Knowledge-based is another type of non-model-based fault diagnostic method. In some earlier
works, Xiong et al. [64] implemented an expert system, including a rule-based method and a
probabilistic method, to detect an overdischarge fault, where the rules for failure are an unusual
increase in temperature and unusual decrease in voltage. This method is easy to implement, but the
threshold for the rules is very difficult to obtain for different applications and cell chemistries. In [65],
the authors characterized external short circuit faults through three criteria, which are voltage variation,
current variation, and temperature change rate, and constructed thresholds for these criteria to detect
external short circuit faults. This method is simple to implement, but it is unreliable as Li-ion cells vary
in characteristics, and more experiments would need to be conducted to validate the set thresholds.
In [66], the authors used fuzzy logic to analyze temperature, SOC, and voltage residuals from an
electrochemical model to detect overcharge, overdischarge, and accelerated degradation. Later works
explore the application of machine learning in Li-ion battery fault diagnosis. The Random forests
classifier was used in [67] to detect the electrolyte leakage behavior that occurs during an external short
circuit fault. The two root-mean-square-error indicators for an external short circuit fault in this study
are higher maximum temperature rise and lower discharge capacity. The result of the leakage condition
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is obtained through training a large amount of data using the classifier. The normal and faulty cells can
then be classified effectively, and external short circuit fault can be diagnosed accurately. Zhao et al. [68]
established a battery fault diagnostic model through the combination of the 30 multi-level screening
strategy and the machine learning algorithm. The 30 multi-level screening strategy was utilized to
build the criteria for normal operating cell voltage, and a neural network was applied to simulate the
cell fault distribution in a battery pack. This method requires an extended period to collect battery data
to detect battery faults reliably. Djeziri et al. [69] proposed the use of a Wiener process to model and
monitor the drift of voltage to obtain the voltage identification (VID), which determines the voltage
needed for a processor to run continuously and at 100%. This data-driven method can be used to
predict the degradation trajectory of a system and adjust the parameters accordingly. Although it has
not been tested with a Li-ion battery system, its ability to adapt to the degradation process shows its
potential to be effective in Li-ion battery fault diagnosis.

4.2. External Battery Fault Diagnosis

4.2.1. Model-Based Methods

For external battery fault diagnosis, model-based methods are often implemented to detect sensor
faults and cooling system faults. In some earlier works, Marcicki et al. [70] proposed the use of
nonlinear parity equations to generate residuals for voltage, current, and fan setting from the ECM,
thermal, and SOC models. The thresholds for the residuals were selected using the probability density
function. Current and voltage sensor faults, as well as cooling fan fault, were then detected and isolated.
However, this method can only detect faults of large magnitude due to errors from the observer. In [71],
sensor fault detection was achieved using the Kirchhoff circuits’ equations to generate current and
voltage residuals and the temperature diffusion model to generate temperature residuals. This method
has alow computational cost but is sensitive to measurement noises. In more recent works, Xu et al. [72]
used the proportional-integral-observer-based method to accurately detect and estimate current sensor
fault, as a means to improve the state of energy estimation. In [73], a model-based diagnostic scheme
using sliding mode observers designed based on the electrical and thermal dynamics of the battery
was developed. A set of fault detection filter expressions was derived on the sliding surfaces of each
observer. The outputs of these filters were used as residual signals to detect, isolate, and estimate
voltage, current and temperature sensor faults, under the assumption that the faults and their time
derivatives are bounded and finite. Tran et al. [35] proposed a parameter estimation method using
RLS to detect and isolate voltage and current sensor faults. The ECM was used, and the estimated
parameters were put through a weighted moving average filter and a statistical cumulative sum
(CUSUM) test to evaluate the generated residuals for any abnormalities. This method was also able to
detect sensor faults when the battery underwent degradation accurately. The authors in [36] presented
a fault diagnostic method for current and voltage sensor faults using state estimation, specifically SOC
estimation. The residual was generated from the true SOC, calculated by the coulomb counting method,
and the estimated SOC, obtained by the recursive least squares and unscented Kalman filter joint
estimation method. Due to sensor noises in real applications, there are some uncertainties associated
with the threshold selection for the residuals in this method, which require further research.

A group of authors produced a series of studies on sensor fault diagnosis using structural
analysis [2,34,74] and an extended Kalman filter [75-77]. In [34] and [74], structural analysis was
applied to obtain the structurally overdetermined part of the system model by analyzing the structural
model represented by an incidence matrix. Sequential residual generation was then used as a diagnostic
test to detect different faults, including voltage and current sensor faults and cooling system faults,
by calculating the unknown variables in a sequence. The specific fault was isolated with many different
minimal structurally overdetermined sets. This method was improved in [2] by applying an extended
Kalman filter to address the issue of inaccurate initial SOC. In addition, a statistical CUSUM test was
implemented to evaluate the generated residuals from the diagnostic tests to determine the presence
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of a fault. This addition, however, made the proposed method significantly more computationally
complex. Another model-based fault diagnostic method was developed by the same authors using an
extended Kalman filter in [75]. The extended Kalman filter was used to estimate the output voltage
from the ECM to generate residuals between measured and estimated values. The residuals were
then evaluated by a statistical CUSUM test to detect current and voltage sensor faults. This work was
further developed in [76] and [77] by implementing an adaptive extended Kalman filter to update the
process and measurement noise matrices appropriately, which helps eliminate the noises.

4.2.2. Non-Model-Based Methods

For cell connection fault diagnosis, entropy theory and statistical analysis methods have been
proposed. Zheng et al. [78] used demonstration data from 96 cells in series collected over three months
to obtain cell resistances from the ECM. By calculating the Shannon entropy of the cell resistances,
the contact resistance fault was successfully isolated. In [39], the authors proposed a method of fault
detection for the connection of Li-ion cells based on entropy. Cell voltage data was obtained and filtered
using the discrete cosine filter method. Ensemble Shannon entropy, local Shannon entropy, and sample
entropy were applied to predict the time and location of the connection failure occurrence based on
voltage fluctuations. Sample entropy produced the most accurate results but required a large amount of
data, while ensemble Shannon entropy was able to predict the connection fault between cells effectively.
Sun et al. [79] used the wavelet decomposition with three layers developed by Daubechies to smooth
the voltage signal and eliminate noise interference. After the wavelet transformation, the Shannon
entropy of charge and discharge cycles was calculated, and the change in entropy was monitored to
detect real-time cell connection fault. However, this method can be easily affected by the set value
of the interval parameters. Ma et al. [80] proposed the use of a modified Z-score test to analyze the
abnormal voltage coefficients to detect cell connection fault. The temperature rise rate was utilized
as a secondary parameter to determine the severity of the fault. However, using this method, a fault
occurring at a location where there is no cross-voltage test cannot be reliably detected.

Since battery packs are often made up of many cells in series, topology-based fault diagnostic
methods have been proposed by a few studies. Xia et al. [81] proposed a fault-tolerant voltage
measurement method, where the voltage sum of multiple cells was measured instead of the voltage
of individual cells. A matrix interpretation of the sensor topology was developed to isolate sensor
and cell faults by locating abnormal signals. Since this method is sensitive to measurement noises,
the authors further developed an improved measurement topology in [82], where the noise limit and
trend of the interleaved voltage measurement method were derived to improve the noise sensitivity.
In [83], a multi-fault diagnostic strategy based on an interleaved voltage measurement topology
and an improved correlation coefficient method was presented, which can diagnose several types of
faults, such as internal and external short circuits, sensor faults and connection faults. The voltage
measurement method correlated each battery and contact resistance with two different sensors to
accurately identify the location and type of faults. The improved correlation coefficient method was
used to monitor fault signatures to eliminate the effect of battery inconsistencies and measurement
errors. These topology-based methods can isolate various faults accurately, but they are only suitable
for battery packs that have multiple cells in series with interleaved voltage measurements.
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4.3. Current Progress and Future Challenges of Li-Ion Battery Fault Diagnosis

In summary, the fault diagnostic algorithms that were discussed have made certain progress
on improving Li-ion battery safety, but they still have some limitations in real-life applications.
A summary of all the reviewed algorithms is shown in Table 1. Model-based methods can quickly
detect and isolate a fault in real-time but require high modeling accuracy. Therefore, further research
needs to be conducted to reach a better understanding of the internal battery operation to develop
a precise, but not overly complicated, battery model. In addition, the trade-off between robustness
and sensitivity of the diagnostic approach, which depends on the fault thresholds, should also be
considered. Non-model-based methods can avoid the difficult requirements for battery modeling
but still have some drawbacks. Signal processing methods have good dynamic performance but are
sensitive to measurement noises and are not able to detect early faults reliably. Simple knowledge-based
methods, such as expert systems, require effective rules to precisely detect faults, which is challenging
as some battery faults are still not fully understood. Complex knowledge-based methods, such as
machine learning, have high accuracy and compatibility with a nonlinear system, such as the
Li-ion battery, but the training process is time-consuming and requires a large amount of data.
Overall, even though model-based methods are more common, many difficulties still exist in improving
battery model accuracy, especially throughout the entire lifespan of the battery. Non-model-based
methods, particularly data-driven methods, can have a crucial role in predicting battery behavior as it
degrades and aiding the model development process. Therefore, the most effective approach for Li-ion
battery fault diagnosis should be a combination of both model-based and non-model-based methods.

There are several challenges that all of these fault diagnostic methods face. First, because some
faults have similar effects on the battery, it is difficult to isolate each fault accurately to provide
appropriate responses. Current methods often assume that the other components in the system are
operating normally to avoid the need to isolate and identify the detected faults. Future research
should focus on the development of fault identification methods after successful fault detection.
Another challenging task is the determination of effective fault thresholds for early and accurate
detection, due to the lack of understanding of fault behavior. Furthermore, a better understanding of
battery fault behavior is needed to develop fault simulation tools, because producing a real physical
fault can be impractical, costly, and unsafe. Therefore, more studies on the behavior of faults need
to be conducted through well-designed experiments to collect data for modeling and simulation
purposes. Finally, the BMS computational capability needs to be enhanced to accommodate more
complex algorithms that can improve fault diagnostic accuracy significantly. This can be achieved by
future hardware development in the BMS, as well as the utilization of cloud-based technologies for
battery condition monitoring.



Algorithms 2020, 13, 62

Table 1. Summary of Lithium-ion (Li-ion) fault diagnostic algorithms.

13 of 18

Algorithm Types Definitions Algorithms References
Particle filter [46]
The system state is estimated from a model Kalman filter [2,36,47,48,52,54,75-77]
State estimation using filters or observers. A fallllt is detected Luenberger observer [49,55]
from the residuals between estimated and
measured values. Lyapunov-analysis-based nonlinear observer [56]
Partial-differential- equation-based observer [57]
Proportional integral observer [72]
Sliding mode observer [73]

Parameter estimation

The model parameter is estimated from the
measurements using filter algorithms. A fault
is detected from the change in the estimated
model parameter.

Recursive least squares

[35,36,50-54]

A fault is detected through generating
residuals from the input and output

Parity space relationship between the model and the Nonlinear parity equations [70,71]
measurements.
The structural overdetermined part of the
Structural analysis system model is analyzed to detect and isolate Structural analysis [2,34,74]
a fault.
Measured signals are transformed into fault Wavelet transform [58]
. . parameters, such as entropy or correlation . . 3
Signal processing coefficient. A fault is detocted from Correlation coefficient [59,60,83]
abnormalities in these fault parameters. Shannon entropy [39,61-63,78-80]
Sensor topology [81-83]
These algorithms use the knowledge obtained Rule-based [64,65]
Knowledge-based from observations or data coming from the Fuzzy logic [66]
system to establish rules or train data to detect
a fault. Random forests classifier [67]

Neural network

[68]
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5. Conclusions

The safety of the Li-ion battery system has attracted a considerable amount of attention from
researchers. Battery faults, including internal and external faults, can hinder the operation of the
battery and lead to many potentially hazardous consequences, including fires or explosion. One main
function of the BMS is fault diagnosis, which is responsible for detecting faults early and providing
control actions to minimize fault effects. Therefore, Li-ion battery fault diagnostic methods have been
extensively developed in recent years. This paper provides a comprehensive review of existing fault
diagnostic methods for the Li-ion battery system.

Fault diagnostic approaches are categorized into model-based and non-model-based methods.
Model-based methods often have low computational cost and fast detection time but are reliant
on the accuracy of battery modeling. A simple and precise battery model has not been fully
developed. Non-model-based methods are less reliant on battery modeling. However, they require a
time-consuming training process that needs a large amount of data. There has not been an effective and
practical solution to detect and isolate all potential faults in the Li-ion battery system. There are several
challenges in Li-ion battery fault diagnosis, including assumption-free fault isolation, fault threshold
selection, fault simulation tools development, and BMS hardware limitations. The summary of the
algorithms provided in this paper serves as a basis for researchers to develop more effective fault
diagnostic methods for Li-ion battery systems in the future to improve battery safety.

Author Contributions: Conceptualization, M.-K.T. and M.F.,; methodology, M.E; investigation, M.-K.T.; resources,
M.E,; writing—original draft preparation, M.-K.T.; writing—review and editing, M.-K.T. and M.E; visualization,
M.-K.T.; supervision, M.F,; project administration, M.-K.T. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work was supported by equipment and manpower from the Department of Chemical
Engineering at the University of Waterloo. Special thanks to Danielle Skeba and Priyanka Jindal for their
contribution in editing the paper.

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

References

1.  Wu, C; Zhuy, C; Ge, Y,; Zhao, Y. A Review on Fault Mechanism and Diagnosis Approach for Li-Ion Batteries.
J. Nanomater. 2015, 2015, 1-9. [CrossRef]

2. Liu, Z.; Ahmed, Q.; Zhang, J.; Rizzoni, G.; He, H. Structural analysis based sensors fault detection and
isolation of cylindrical lithium-ion batteries in automotive applications. Control Eng. Pract. 2016, 52, 46-58.
[CrossRef]

3. Liu, K, Liu, Y,; Lin, D.; Pei, A.; Cui, Y. Materials for lithium-ion battery safety. Sci. Adv. 2018, 4, eaas9820.
[CrossRef] [PubMed]

4. Kong, L.; Li, C,; Jiang, J.; Pecht, M. Li-Ion Battery Fire Hazards and Safety Strategies. Energies 2018, 11, 2191.
[CrossRef]

5. Wei,].; Dong, G.; Chen, Z. Model-based fault diagnosis of Lithium-ion battery using strong tracking Extended
Kalman Filter. Energy Procedia 2019, 158, 2500-2505. [CrossRef]

6. Kim, H.; Shin, K.G. Modeling of externally-induced/common-cause faults in fault-tolerant systems.
In Proceedings of the AIAA/IEEE Digital Avionics Systems Conference. 13th DASC, Phoenix, AZ, USA,
30 October-3 November 1994; pp. 402—407.

7. Doughty, D.; Roth, E.P. A General Discussion of Li Ion Battery Safety. Electrochem. Soc. Interface 2012, 21, 37-44.

8. Lu, L, Han, X;; Li, ].; Hua, J.; Ouyang, M. A review on the key issues for lithium-ion battery management in
electric vehicles. J. Power Sources 2013, 226, 272-288. [CrossRef]

9. Venkatasubramanian, V.; Rengaswamy, R.; Yin, K.; Kavuri, S.N. A review of process fault detection and
diagnosis. Comput. Chem. Eng. 2003, 27, 293-311. [CrossRef]


http://dx.doi.org/10.1155/2015/631263
http://dx.doi.org/10.1016/j.conengprac.2016.03.015
http://dx.doi.org/10.1126/sciadv.aas9820
http://www.ncbi.nlm.nih.gov/pubmed/29942858
http://dx.doi.org/10.3390/en11092191
http://dx.doi.org/10.1016/j.egypro.2019.01.391
http://dx.doi.org/10.1016/j.jpowsour.2012.10.060
http://dx.doi.org/10.1016/S0098-1354(02)00160-6

Algorithms 2020, 13, 62 15 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Xiong, R.; Yu, Q.; Shen, W. Review on sensors fault diagnosis and fault-tolerant techniques for lithium ion
batteries in electric vehicles. In Proceedings of the 2018 13th IEEE Conference on Industrial Electronics and
Applications (ICIEA), Wuhan, China, 31 May-2 June 2018; pp. 406—410.

Lyu, D.; Ren, B.; Li, S. Failure modes and mechanisms for rechargeable Lithium-based batteries: A
state-of-the-art review. Acta Mech. 2019, 230, 701-727. [CrossRef]

Feng, X.; Sun, J.; Ouyang, M.; Wang, F; He, X,; Lu, L.; Peng, H. Characterization of penetration induced
thermal runaway propagation process within a large format lithium ion battery module. J. Power Sources
2015, 275, 261-273. [CrossRef]

Lelie, M.; Braun, T.; Knips, M.; Nordmann, H.; Ringbeck, F.; Zappen, H.; Sauer, D. Battery Management
System Hardware Concepts: An Overview. Appl. Sci. 2018, 8, 534. [CrossRef]

Liu, Y.; Xie, J. Failure Study of Commercial LiFePO 4 Cells in Overcharge Conditions Using Electrochemical
Impedance Spectroscopy. J. Electrochem. Soc. 2015, 162, A2208-A2217. [CrossRef]

Larsson, F.; Andersson, P.; Blomqvist, P.; Mellander, B.-E. Toxic fluoride gas emissions from lithium-ion
battery fires. Sci. Rep. 2017, 7, 10018. [CrossRef] [PubMed]

Ouyang, D.; Chen, M.; Liu, J.; Wei, R.; Weng, J.; Wang, J. Investigation of a commercial lithium-ion battery
under overcharge/over-discharge failure conditions. RSC Adv. 2018, 8, 33414-33424. [CrossRef]

Guo, R; Lu, L; Ouyang, M., Feng, X. Mechanism of the entire overdischarge process and
overdischarge-induced internal short circuit in lithium-ion batteries. Sci. Rep. 2016, 6, 30248. [CrossRef]
Fear, C.; Juarez-Robles, D.; Jeevarajan, ].A.; Mukherjee, P.P. Elucidating Copper Dissolution Phenomenon in
Li-Ion Cells under Overdischarge Extremes. J. Electrochem. Soc. 2018, 165, A1639-A1647. [CrossRef]

Wang, H.; Simunovic, S.; Maleki, H.; Howard, J.N.; Hallmark, J.A. Internal configuration of prismatic
lithium-ion cells at the onset of mechanically induced short circuit. J. Power Sources 2016, 306, 424—430.
[CrossRef]

Abaza, A.; Ferrari, S.; Wong, H.K,; Lyness, C.; Moore, A.; Weaving, J.; Blanco-Martin, M.; Dashwood, R.;
Bhagat, R. Experimental study of internal and external short circuits of commercial automotive pouch
lithium-ion cells. J. Energy Storage 2018, 16, 211-217. [CrossRef]

Mao, B.; Chen, H.; Cui, Z.; Wu, T.; Wang, Q. Failure mechanism of the lithium ion battery during nail
penetration. Int. |. Heat Mass Transf. 2018, 122, 1103-1115. [CrossRef]

Kriston, A.; Pfrang, A.; Déring, H.; Fritsch, B.; Ruiz, V.; Adanouj, I.; Kosmidou, T.; Ungeheuer, J.; Boon-Brett, L.
External short circuit performance of Graphite-LiNil/3C01/3Mn1/302 and Graphite-LiNi0.8C00.15A10.0502
cells at different external resistances. J. Power Sources 2017, 361, 170-181. [CrossRef]

Rheinfeld, A.; Sturm, ]J.; Frank, A.; Kosch, S.; Erhard, S.V.; Jossen, A. Impact of Cell Size and Format
on External Short Circuit Behavior of Lithium-Ion Cells at Varying Cooling Conditions: Modeling and
Simulation. J. Electrochem. Soc. 2020, 167, 13511. [CrossRef]

Panda, S.; Sahu, B.K.; Mohanty, PK. Design and performance analysis of PID controller for an automatic
voltage regulator system using simplified particle swarm optimization. J. Frankl. Inst. 2012, 349, 2609-2625.
[CrossRef]

Lystianingrum, V.; Hredzak, B.; Agelidis, V.G. Multiple model estimator based detection of abnormal cell
overheating in a Li-ion battery string with minimum number of temperature sensors. ]. Power Sources
2015, 273, 1171-1181. [CrossRef]

Ruiz, V.; Pfrang, A.; Kriston, A.; Omar, N.; van den Bossche, P.; Boon-Brett, L. A review of international abuse
testing standards and regulations for lithium ion batteries in electric and hybrid electric vehicles. Renew.
Sustain. Energy Rev. 2018, 81, 1427-1452. [CrossRef]

Diao, W.; Xing, Y.; Saxena, S.; Pecht, M. Evaluation of Present Accelerated Temperature Testing and Modeling
of Batteries. Appl. Sci. 2018, 8, 1786. [CrossRef]

Xu, B.; Shi, Y.; Kirschen, D.S.; Zhang, B. Optimal regulation response of batteries under cycle aging
mechanisms. In Proceedings of the 2017 IEEE 56th Annual Conference on Decision and Control (CDC),
Melbourne, Australia, 12-15 December 2017; pp. 751-756.

Xu, J.; Deshpande, R.D.; Pan, J.; Cheng, Y.-T.; Battaglia, V.S. Electrode Side Reactions, Capacity Loss and
Mechanical Degradation in Lithium-Ion Batteries. J. Electrochem. Soc. 2015, 162, A2026-A2035. [CrossRef]
Kanevskii, L.S.; Dubasova, V.S. Degradation of Lithium-Ion batteries and how to fight it: A review. Russ. J.
Electrochem. 2005, 41, 1-16. [CrossRef]


http://dx.doi.org/10.1007/s00707-018-2327-8
http://dx.doi.org/10.1016/j.jpowsour.2014.11.017
http://dx.doi.org/10.3390/app8040534
http://dx.doi.org/10.1149/2.0911510jes
http://dx.doi.org/10.1038/s41598-017-09784-z
http://www.ncbi.nlm.nih.gov/pubmed/28855553
http://dx.doi.org/10.1039/C8RA05564E
http://dx.doi.org/10.1038/srep30248
http://dx.doi.org/10.1149/2.0671809jes
http://dx.doi.org/10.1016/j.jpowsour.2015.12.026
http://dx.doi.org/10.1016/j.est.2018.01.015
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2018.02.036
http://dx.doi.org/10.1016/j.jpowsour.2017.06.056
http://dx.doi.org/10.1149/2.0112001JES
http://dx.doi.org/10.1016/j.jfranklin.2012.06.008
http://dx.doi.org/10.1016/j.jpowsour.2014.09.166
http://dx.doi.org/10.1016/j.rser.2017.05.195
http://dx.doi.org/10.3390/app8101786
http://dx.doi.org/10.1149/2.0291510jes
http://dx.doi.org/10.1007/s11175-005-0042-y

Algorithms 2020, 13, 62 16 of 18

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Ma, S.; Jiang, M.; Tao, P; Song, C.; Wu, J.; Wang, J.; Deng, T.; Shang, W. Temperature effect and thermal
impact in lithium-ion batteries: A review. Prog. Nat. Sci. Mater. Int. 2018, 28, 653-666. [CrossRef]

Wilke, S.; Schweitzer, B.; Khateeb, S.; Al-Hallaj, S. Preventing thermal runaway propagation in lithium
ion battery packs using a phase change composite material: An experimental study. ]. Power Sources
2017, 340, 51-59. [CrossRef]

Galushkin, N.E.; Yazvinskaya, N.N.; Galushkin, D.N. Mechanism of Thermal Runaway in Lithium-Ion Cells.
J. Electrochem. Soc. 2018, 165, A1303—-A1308. [CrossRef]

Liu, Z.; Ahmed, Q.; Rizzoni, G.; He, H. Fault Detection and Isolation for Lithium-Ion Battery System Using
Structural Analysis and Sequential Residual Generation. In Proceedings of the ASME 7th annual dynamic
systems and control conference 2014, San Antonio, TX, USA, 22-24 October 2014.

Tran, M.-K_; Fowler, M. Sensor Fault Detection and Isolation for Degrading Lithium-Ion Batteries in Electric
Vehicles Using Parameter Estimation with Recursive Least Squares. Batteries 2020, 6, 1. [CrossRef]

Xiong, R.; Yu, Q.; Shen, W,; Lin, C.; Sun, E. A Sensor Fault Diagnosis Method for a Lithium-Ion Battery Pack
in Electric Vehicles. IEEE Trans. Power Electron. 2019, 34, 9709-9718. [CrossRef]

Zheng, C.; Chen, Z.; Huang, D. Fault diagnosis of voltage sensor and current sensor for lithium-ion battery
pack using hybrid system modeling and unscented particle filter. Energy 2020, 191, 116504. [CrossRef]

Xia, G.; Cao, L.; Bi, G. A review on battery thermal management in electric vehicle application. J. Power
Sources 2017, 367, 90-105. [CrossRef]

Yao, L.; Wang, Z.; Ma, ]. Fault detection of the connection of lithium-ion power batteries based on entropy
for electric vehicles. J. Power Sources 2015, 293, 548-561. [CrossRef]

Offer, G.J.; Yufit, V.; Howey, D.A.; Wu, B.; Brandon, N.P. Module design and fault diagnosis in electric vehicle
batteries. J. Power Sources 2012, 206, 383-392. [CrossRef]

Rahimi-Eichi, H.; Ojha, U.; Baronti, F.; Chow, M.-Y. Battery Management System: An Overview of Its
Application in the Smart Grid and Electric Vehicles. EEE Ind. Electron. Mag. 2013, 7, 4-16. [CrossRef]
Brand, M.; Glaser, S.; Geder, J.; Menacher, S.; Obpacher, S.; Jossen, A.; Quinger, D. Electrical safety of
commercial Li-ion cells based on NMC and NCA technology compared to LFP technology. In Proceedings of
the 2013 World Electric Vehicle Symposium and Exhibition (EVS27), Barcelona, Spain, 17-20 November 2013;
pp- 1-9.

Hendricks, C.; Williard, N.; Mathew, S.; Pecht, M. A failure modes, mechanisms, and effects analysis
(FMMEA) of lithium-ion batteries. J. Power Sources 2015, 297, 113-120. [CrossRef]

Alavi, SM.M.; Samadi, M.F,; Saif, M. Diagnostics in Lithium-Ion Batteries: Challenging Issues and Recent
Achievements. In Integration of Practice-Oriented Knowledge Technology: Trends and Prospectives; Fathi, M., Ed.;
Springer: Berlin/Heidelberg, Germany, 2013; pp. 277-291.

Tomasov, M.; Kajanova, M.; Bracinik, P.; Motyka, D. Overview of Battery Models for Sustainable Power and
Transport Applications. Transp. Res. Procedia 2019, 40, 548-555. [CrossRef]

Alavi, SM.M.; Samadi, M.F; Saif, M. Plating Mechanism Detection in Lithium-ion batteries, by using a
particle-filtering based estimation technique. In Proceedings of the 2013 American Control Conference,
Washington, DC, USA, 17-19 June 2013; pp. 4356—4361.

Singh, A ; Izadian, A.; Anwar, S. Fault diagnosis of Li-Ion batteries using multiple-model adaptive estimation.
In Proceedings of the IECON 2013, 39th annual conference of the IEEE Industrial Electronics Societ, Vienna,
Austria, 10-13 November 2013.

Sidhu, A.; Izadian, A.; Anwar, S. Adaptive Nonlinear Model-Based Fault Diagnosis of Li-Ion Batteries.
IEEE Trans. Ind. Electron. 2015, 62, 1002-1011. [CrossRef]

Chen, W.; Chen, W.-T.; Saif, M.; Li, M.-E,; Wu, H. Simultaneous Fault Isolation and Estimation of Lithium-Ion
Batteries via Synthesized Design of Luenberger and Learning Observers. IEEE Trans. Contr. Syst. Technol.
2014, 22, 290-298. [CrossRef]

Ouyang, M.; Zhang, M.; Feng, X.; Lu, L,; Li, ].; He, X.; Zheng, Y. Internal short circuit detection for battery
pack using equivalent parameter and consistency method. J. Power Sources 2015, 294, 272-283. [CrossRef]
Feng, X.; Weng, C.; Ouyang, M.; Sun, J. Online internal short circuit detection for a large format lithium ion
battery. Appl. Energy 2016, 161, 168-180. [CrossRef]

Feng, X.; Pan, Y; He, X.; Wang, L.; Ouyang, M. Detecting the internal short circuit in large-format lithium-ion
battery using model-based fault-diagnosis algorithm. J. Energy Storage 2018, 18, 26-39. [CrossRef]


http://dx.doi.org/10.1016/j.pnsc.2018.11.002
http://dx.doi.org/10.1016/j.jpowsour.2016.11.018
http://dx.doi.org/10.1149/2.0611807jes
http://dx.doi.org/10.3390/batteries6010001
http://dx.doi.org/10.1109/TPEL.2019.2893622
http://dx.doi.org/10.1016/j.energy.2019.116504
http://dx.doi.org/10.1016/j.jpowsour.2017.09.046
http://dx.doi.org/10.1016/j.jpowsour.2015.05.090
http://dx.doi.org/10.1016/j.jpowsour.2012.01.087
http://dx.doi.org/10.1109/MIE.2013.2250351
http://dx.doi.org/10.1016/j.jpowsour.2015.07.100
http://dx.doi.org/10.1016/j.trpro.2019.07.079
http://dx.doi.org/10.1109/TIE.2014.2336599
http://dx.doi.org/10.1109/TCST.2013.2239296
http://dx.doi.org/10.1016/j.jpowsour.2015.06.087
http://dx.doi.org/10.1016/j.apenergy.2015.10.019
http://dx.doi.org/10.1016/j.est.2018.04.020

Algorithms 2020, 13, 62 17 of 18

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Seo, M.; Goh, T.; Park, M.; Koo, G.; Kim, S. Detection of Internal Short Circuit in Lithium Ion Battery Using
Model-Based Switching Model Method. Energies 2017, 10, 76. [CrossRef]

Gao, W.; Zheng, Y.; Ouyang, M.; Li, J.; Lai, X.; Hu, X. Micro-Short-Circuit Diagnosis for Series-Connected
Lithium-Ion Battery Packs Using Mean-Difference Model. IEEE Trans. Ind. Electron. 2019, 66, 2132-2142.
[CrossRef]

Dey, S.; Biron, Z.A; Tatipamula, S.; Das, N.; Mohon, S.; Ayalew, B.; Pisu, P. On-board Thermal Fault Diagnosis
of Lithium-ion Batteries For Hybrid Electric Vehicle Application. IFAC PapersOnLine 2015, 48, 389-394.
[CrossRef]

Dey, S.; Biron, Z.A; Tatipamula, S.; Das, N.; Mohon, S.; Ayalew, B.; Pisu, P. Model-based real-time thermal
fault diagnosis of Lithium-ion batteries. Control Eng. Pract. 2016, 56, 37-48. [CrossRef]

Dey, S.; Perez, H.E.; Moura, S.J. Model-Based Battery Thermal Fault Diagnostics: Algorithms, Analysis, and
Experiments. IEEE Trans. Contr. Syst. Technol. 2019, 27, 576-587. [CrossRef]

Kong, X.; Zheng, Y.; Ouyang, M.; Lu, L.; Li, J.; Zhang, Z. Fault diagnosis and quantitative analysis of
micro-short circuits for lithium-ion batteries in battery packs. J. Power Sources 2018, 395, 358-368. [CrossRef]
Xia, B.; Shang, Y.; Nguyen, T.; Mi, C. A correlation based fault detection method for short circuits in battery
packs. J. Power Sources 2017, 337, 1-10. [CrossRef]

Li, X.; Wang, Z. A novel fault diagnosis method for lithium-Ion battery packs of electric vehicles. Measurement
2018, 116, 402-411. [CrossRef]

Hong, J.; Wang, Z.; Liu, P. Big-Data-Based Thermal Runaway Prognosis of Battery Systems for Electric
Vehicles. Energies 2017, 10, 919. [CrossRef]

Wang, Z.; Hong, J.; Liu, P; Zhang, L. Voltage fault diagnosis and prognosis of battery systems based on
entropy and Z -score for electric vehicles. Appl. Energy 2017, 196, 289-302. [CrossRef]

Liu, P; Sun, Z.; Wang, Z.; Zhang, ]. Entropy-Based Voltage Fault Diagnosis of Battery Systems for Electric
Vehicles. Energies 2018, 11, 136. [CrossRef]

Xiong, J.; Banvait, H.; Li, L.; Chen, Y.; Xie, J.; Liu, Y.; Wu, M.; Chen, J. Failure detection for over-discharged
Li-ion batteries. In Proceedings of the 2012 IEEE International Electric Vehicle Conference, Greenville, SC,
USA, 4-8 March 2012.

Xia, B.; Chen, Z; Mi, C.; Robert, B. External short circuit fault diagnosis for lithium-ion batteries.
In Proceedings of the IEEE Transportation Electrification Conference and Expo (ITEC), Dearborn, MI,
USA, 15-18 June 2014.

Muddappa, VK.S.; Anwar, S. Electrochemical Model Based Fault Diagnosis of Li-Ion Battery Using Fuzzy
Logic. In Proceedings of the ASME International Mechanical Engineering Congress and Exposition, Montreal,
QC, Canada, 14-20 November 2014.

Yang, R.; Xiong, R.; He, H.; Chen, Z. A fractional-order model-based battery external short circuit fault
diagnosis approach for all-climate electric vehicles application. J. Clean. Prod. 2018, 187, 950-959. [CrossRef]
Zhao, Y.; Liu, P; Wang, Z.; Zhang, L.; Hong, J. Fault and defect diagnosis of battery for electric vehicles based
on big data analysis methods. Appl. Energy 2017, 207, 354-362. [CrossRef]

Djeziri, M.A.; Benmoussa, S.; Benbouzid, M.E. Data-driven approach augmented in simulation for robust
fault prognosis. Eng. Appl. Artif. Intell. 2019, 86, 154-164. [CrossRef]

Marcicki, J.; Onori, S.; Rizzoni, G. Nonlinear Fault Detection and Isolation for a Lithium-Ion Battery
Management System. In Proceedings of the ASME Dynamic Systems and Control Conference, Cambridge,
MA, USA, 12-15 September 2010.

Lombardi, W.; Zarudniev, M.; Lesecq, S.; Bacquet, S. Sensors fault diagnosis for a BMS. In Proceedings of the
Control Conference (ECC), Strasbourg, France, 24-27 June 2014.

Xu, J.; Wang, J.; Li, S.; Cao, B. A Method to Simultaneously Detect the Current Sensor Fault and Estimate the
State of Energy for Batteries in Electric Vehicles. Sensors 2016, 16, 1328. [CrossRef]

Dey, S.; Mohon, S.; Pisu, P.; Ayalew, B. Sensor Fault Detection, Isolation, and Estimation in Lithium-Ion
Batteries. IEEE Trans. Contr. Syst. Technol. 2016, 24, 2141-2149. [CrossRef]

Liu, Z.; He, H.; Ahmed, Q.; Rizzoni, G. Structural Analysis Based Fault Detection and Isolation Applied for
A Lithium-Ion Battery Pack. IFAC PapersOnLine 2015, 48, 1465-1470. [CrossRef]

Liu, Z.; He, H. Model-based Sensor Fault Diagnosis of a Lithium-ion Battery in Electric Vehicles. Energies
2015, 8, 6509—-6527. [CrossRef]


http://dx.doi.org/10.3390/en10010076
http://dx.doi.org/10.1109/TIE.2018.2838109
http://dx.doi.org/10.1016/j.ifacol.2015.10.056
http://dx.doi.org/10.1016/j.conengprac.2016.08.002
http://dx.doi.org/10.1109/TCST.2017.2776218
http://dx.doi.org/10.1016/j.jpowsour.2018.05.097
http://dx.doi.org/10.1016/j.jpowsour.2016.11.007
http://dx.doi.org/10.1016/j.measurement.2017.11.034
http://dx.doi.org/10.3390/en10070919
http://dx.doi.org/10.1016/j.apenergy.2016.12.143
http://dx.doi.org/10.3390/en11010136
http://dx.doi.org/10.1016/j.jclepro.2018.03.259
http://dx.doi.org/10.1016/j.apenergy.2017.05.139
http://dx.doi.org/10.1016/j.engappai.2019.09.002
http://dx.doi.org/10.3390/s16081328
http://dx.doi.org/10.1109/TCST.2016.2538200
http://dx.doi.org/10.1016/j.ifacol.2015.09.731
http://dx.doi.org/10.3390/en8076509

Algorithms 2020, 13, 62 18 of 18

76.

77.

78.

79.

80.

81.

82.

83.

He, H.; Liu, Z.; Hua, Y. Adaptive Extended Kalman Filter Based Fault Detection and Isolation for a Lithium-Ion
Battery Pack. Energy Procedia 2015, 75, 1950. [CrossRef]

Liu, Z.; He, H. Sensor fault detection and isolation for a lithium-ion battery pack in electric vehicles using
adaptive extended Kalman filter. Appl. Energy 2017, 185, 2033-2044. [CrossRef]

Zheng, Y.; Han, X;; Ly, L.; Li, ].; Ouyang, M. Lithium ion battery pack power fade fault identification based
on Shannon entropy in electric vehicles. . Power Sources 2013, 223, 136-146. [CrossRef]

Sun, Z; Liu, P; Wang, Z. Real-time Fault Diagnosis Method of Battery System Based on Shannon Entropy.
Energy Procedia 2017, 105, 2354-2359. [CrossRef]

Ma, M,; Wang, Y.; Duan, Q.; Wu, T,; Sun, ].; Wang, Q. Fault detection of the connection of lithium-ion power
batteries in series for electric vehicles based on statistical analysis. Energy 2018, 164, 745-756. [CrossRef]
Xia, B.; Mi, C. A fault-tolerant voltage measurement method for series connected battery packs. J. Power
Sources 2016, 308, 83-96. [CrossRef]

Xia, B.; Nguyen, T.; Yang, J.; Mi, C. The improved interleaved voltage measurement method for series
connected battery packs. |. Power Sources 2016, 334, 12-22. [CrossRef]

Kang, Y,; Duan, B.; Zhou, Z.; Shang, Y.; Zhang, C. A multi-fault diagnostic method based on an interleaved
voltage measurement topology for series connected battery packs. ]. Power Sources 2019, 417, 132-144.
[CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.egypro.2015.07.230
http://dx.doi.org/10.1016/j.apenergy.2015.10.168
http://dx.doi.org/10.1016/j.jpowsour.2012.09.015
http://dx.doi.org/10.1016/j.egypro.2017.03.676
http://dx.doi.org/10.1016/j.energy.2018.09.047
http://dx.doi.org/10.1016/j.jpowsour.2016.01.057
http://dx.doi.org/10.1016/j.jpowsour.2016.09.167
http://dx.doi.org/10.1016/j.jpowsour.2019.01.058
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Types of Fault in the Li-Ion Battery System 
	Internal Battery Faults 
	Overcharge 
	Overdischarge 
	Internal Short Circuit 
	External Short Circuit 
	Overheating 
	Accelerated Degradation 
	Thermal Runaway 

	External Battery Faults 
	Sensor Fault 
	Cooling System Fault 
	Cell Connection Fault 


	The Role of BMS in Fault Diagnosis 
	Fault Diagnostic Algorithms for the Li-Ion Battery System 
	Internal Battery Fault Diagnosis 
	Model-Based Methods 
	Non-Model-Based Methods 

	External Battery Fault Diagnosis 
	Model-Based Methods 
	Non-Model-Based Methods 

	Current Progress and Future Challenges of Li-Ion Battery Fault Diagnosis 

	Conclusions 
	References

