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Abstract: Recently, the increased adoption of electric vehicles (EVs) has significantly demanded
new energy storage systems (ESS) technologies. In this way, Lithium-ion batteries (LIB) are the
mainstream technology for this application. Lithium presents several advantages compared with
other chemicals because it can provide delivery energy for a long time, a long lifetime, and high
density and capacity. The LIB comprises several cells connected in different configurations, such
as parallel, series, or combinations. This variety of designs makes the monitoring control process
more complex, complicating diagnosing and prognosis of abuses and failures. To observe these
difficulties, this paper presents sixteen experiments of a mini-packing of four cells under the main
abuses found in the LIB. The time series data were collected during the abuses and saved in a CSV
file. The results indicated that the current, temperature, and voltage should be used to identify the
external short-circuit (ESC) failures in the packing of batteries. On the other side, only the voltage
signature is able to determine the Over-Charging (OC), and finally, the combination of temperature
and voltage should be used to identify and locate the Over-Discharging (OD) failures in different
arrangements of packing. This study also provides ways to build mechanisms to protect the cells and
avoid loss of performance and safety issues.

Keywords: battery abuse; lithium-ion batteries; external short-circuit; overcharge; over-discharge;
electric vehicles; energy storage systems

1. Introduction

The application of Electric Vehicles (EVs) has been growing significantly worldwide
in the last few years. This growth happens for several reasons, such as local government
tax breaks and credit lines, decreased battery costs, and the current appeal for fossil fuel
consumption reduction [1,2].

This increase accelerated the demand for energy storage systems (ESS) for vehicles
and trucks [3,4]. Lithium-ion batteries (LIBs) present several advantages compared to
other proposals (such as lead acid batteries) [5-7]. Therefore, this technology has been
applied with different chemicals. LIBs present remarkable characteristics such as low
self-discharging, long storage time, long lifetime, high density, and capacity, making this
technology the state-of-art for ESS [8,9]. However, it is more sensible if compared with other
chemicals. Thus, the operation of this battery must be controlled, respecting maximum
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thresholds of current, temperature, and voltage to reduce the chances of performance and
safety issues and prolong the device’s lifetime [9].

In this way, the operation of LIBs requires a battery management system (BMS). This
device controls the heart of the battery and monitors and controls the entire operation of
the battery according to the demand of the vehicle. Generally, BMS processes several tasks
simultaneously: monitoring, equalizing, and control [10,11]. By monitoring, the device
observes online the main parameters of the cells, such as voltage, current, and temperature.
These parameters are helpful for the equalizing process and the control [12-14].

The equalizing process demands maintaining the energy level of the cells in similar
behavior during the charging and discharging steps. In this scenario, it is possible to find
two different methods: passive and active. The passive process removes the energy of the
cells with the higher energy level to maintain every cell at the same voltage level by using
passive elements such as resistors. On the other side, active equalizers transfer energy from
cell to cell by active elements such as capacitors and inductors. This process reuses the
energy and reduces energy elimination [10,12].

Moreover, some BMS present thermal control and failures to diagnose. This process
depends on the data collection to operate and maintain the battery in safe conditions.
The efficacy of this control depends on several characteristics, such as fault sensors, cell
connection faults, and others [14]. In addition to that, the complete packing of the battery
is composed of several cells connected in different configurations (string, parallel, or a
combination of both), which makes the control more complex. In the case of inaccurate
measurement, issues can appear in the BMS control, especially in finding and locating
failures in the cells, state of charge (SOC), and state of health (SOH) estimations [14-16].

Additionally, the cells’ manufacturing process and own characteristics, such as impedance,
density, and others, result in packing containing cells with different features. Consequently,
the packing produces imbalanced cells and different degradation rates [17]. These unbal-
ancing cells may force the BMS to work on the cells with the lowest voltage level threshold,
making the process inefficient and sensible to failures [18,19].

This scenario happens especially in configurations where string arrangements are
found. In this situation, the cells’ voltage and temperature are usually monitored, but
there is only one current sensor at the entry or exit of the packing. In addition to that, the
behavior and signature of the different types in LIB are very similar. This similarity makes
it difficult the diagnostic faults in LIB packing [20].

This work presents a collection of experiments carried out in a packing of LIB com-
posed of four cells with different configurations. First, a BMS has been built based on
Arduino Mega to collect the main parameter of the cells (temperature, voltage, and current)
and send it to Edge Computing by serial connection, in which the data were stored in CSV
files. Then, several experiments with external short-circuit (ESC), Over-Charging (OC), and
Over-Discharging (OD) for different arrangements were performed. The main contribution
of this paper is the analysis of the collected data and the indications of insights into the
construction of failure mechanisms.

The remaining sections are arranged as follows: The state-of-the-art is presented in
Section 2. The proposed idea is discussed in Section 3. Finally, the built architecture is
described in Section 4, followed by the conclusion in Section 5.

2. State-of-the-Art

The arrangement of a LIB can be segmented into three parts: cell, module, and packing.
The cell part is the minor component of the packing. After that, the module comprises
several cells connected in a series or parallel. Finally, packing is composed of several
modules. This connection can be in a string arrangement, a similar arrangement, or even
a combination of both, depending on the current and voltage demanded by the electrical
motor [21,22].

Despite that, the different configurations tend to increase the complexity of the BMS
operation. For example, only one current sensor is observed in a stack module. In a regular
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function, the current in a string configuration is the same for every cell [20]. Nevertheless,
in the case of a failure (for example, an external short-circuit (ESC)), more sensors could
help the BMS to identify the abuse and the location.

In the literature, it is possible to find several approaches that mitigated this problem by
developing mechanisms and controls. Zheng et al. [15] developed a hybrid model with an
unscented particle filter to identify fault sensors of voltage and current sensors. In the same
direction, Kang et al. [20] proposed an online mechanism to identify cell failures in packing
by observing the correlation coefficient of the sum of two nearly cells and one connection.
This method could reduce the main difficulty of the similar behavior of the cells, sensor
faults, and problems in the connection between the cells. The authors described that the
mechanism could identify the fault cells by correlating the neighbor’s energy.

Yang et al. [23] presented a mechanism based on the Kalman Filter to diagnose on
board the soft short-circuits in Lithium-ion packing. Xu et al. [16] used a proportional
integral observer to analyze and identify fault failure in the current sensor. The author
describes the importance of the current sensor for estimating energy (SOE). The method
could reduce the error of SOE to a value lesser than 2%.

Li and Wang [24] introduced a method to detect a fault in the correlation coefficient
based on voltage measurement. Xia and Mi et al. [25] described a strategy based on the total
voltage monitored of a packing of cells in a series configuration. According to the authors,
this proposal reduces the number of sensors. In addition to that, the authors presented an
interpretation matrix to differentiate the cells with faults from those with sensor faults. On
the other hand, Hong et al. [26] presented a study using Shannon entropy to predict the
time and location of thermal failures in battery packs with big data.

Some other works presented other mechanisms, such as Xu et al. [27] with several
protection mechanisms, including mechanical and electrical, to prevent failures in LIB and
Cai et al. [28], who proposed the detection of ISC failures in large packs of batteries with
CO;, gases. Finally, Wang et al. [29] presented an application of a neural network to detect
failures in packs of batteries.

The reduction of available current sensors raises the chance of abuses in LIB. These
abuses can be classified into mechanical, electrical, and thermal.

2.1. Mechanical Failures

Mechanical abuses can be found in batteries with assembly problems, high vibration
levels, or even water immersion. These situations can cause the ESC and cause issues in
the LIB regarding capacity fade and even risks of accidents [9].

An ESC provokes the flow of a high current from the cathode to the anode and
significantly increases the internal temperature of the cell. This abuse causes rapid self-
discharging in the cell [9,20].

Some batteries have mandatory internal protections to avoid accidents in the battery.
For 18,650 standard cells, current interrupt device (CID) and top vent are mandatory
mechanical mechanisms that protect the cell during failures. CID comprises a flexible
membrane named the top disk that can move upwards in case of high pressure in the cell
caused by ESC, for example. This irreversible mechanism can avoid critical consequences
such as a thermal runaway (TR). In addition to that, these cells have a top vent used to
eliminate the internal gases of the cell [27]. In case of failed operation of the protection
mechanisms or even in their absence, the ESC can cause electrical and thermal failures.

2.2. Electrical Failures

In electrical failures, it is possible to find internal short-circuit (ISC), Overcharging (OC),
and Over-discharging (OD). An ESC can provoke an ISC, overheating, and, consequently, an
TR. The ISC happens when there is direct contact between the internal positive and negative
elements. This abuse happens slowly at the beginning and causes several issues in the cell
during its progress. This process significantly increases the internal temperature and can drive
a TR [20]. This failure is irreversible, and the cell is discarded when it happens.
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OC occurs when the cell charges at a high current and its voltage level are above the
safety threshold. It increases the internal temperature and causes an ISC, overheating, and
a TR [9]. OC speed-up the oxidation process and difficult the intercalation of the ions in the
graphite layers. This effect accelerates the transformation of the Lithium-ions into metallic
form. In this way, the resistance increases, reducing the cell’s capacity [30].

Conversely, OD is observed when the cell is discharged at a voltage level below the
safe threshold at a high current. The OD’s criticality depends on the energy depth that the
cell reaches [9]. This abuse speed-up the cooper dissolution and increases the accumulation
of lithium on the cathode [31]. OD can also cause ISC. However, this consequence happens
slower than those caused by OC [9,30].

2.3. Thermal Failures

The thermal failures are classified into overheating and TR. The first is verified when
the temperature is high. The threshold depends on the chemical and the type of cell. If
the overheating is not controlled, a TR can appear. This failure rapidly increases the cell’s
temperature, causes irreversible complications in the battery, and can even cause fire and
other accidents [9].

TR can nearly destroy the cell and contaminate the others by transferring the heat with
direct contact or connectors [32,33]. It is essential to use mechanisms to identify the abuse
previously, find the location and isolate the problematic cell to guarantee the safety of the
packing and the vehicle.

3. Proposed Method

A mini-packing with four cells with different configurations has been built to introduce
our proposal, as observed in Figure 1. In Figure 1A, the experiments were conducted with
packing in a series configuration. In contrast, Figure 1B indicates a packing composed of
two modules in a series, each with two cells in parallel.

—{az] (A)
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M Load
“ 2R
[}

IRF9640

IRF9640 External

@ DC Source
+ 1
™
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i

Figure 1. Configuration of the experiment setup: (A) Pack of four cells in series; (B) Pack of two

stacks in series.
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An Arduino Mega is used as BMS. In this case, BMS was used only to monitor the
cells during the experiments. This way, during the investigations, BMS collected the main
data from the four cells every second. Four NTC10K sensors were used to measure the
temperature on the surface of the cells. The temperature sensor has been fixed on the cell’s
surface near the cathode side. The output of the sensors was a voltage ranging between
0-5 V. A resistor divisor converts the analog to a digital signal collected individually by the
analog channel from Arduino A8, A9, A10, and All.

The voltage of each cell is measured by a resistor divisor and connected to the analog
channel of BMS A4, A5, A6, and A7. Finally, the current signal is measured in different
positions. According to Figure 1A, there is a single current sensor for each cell, and the
extra current sensor C0 is considered from the actual sensor, while the C1, C2, C3, and
C4 are the virtual sensors because they would not appear in a real case. Similarly, for the
Figure 1) configuration, there is also an extra sensor named CO that collects the current
signature of the packing in the entry battery.

Every current signature is measured by a hall effect sensor ACS712 5 A, which delivers
an analog signal between 0 to 5 V in the analog channel A0, Al, A2, and A3, and the
extra sensor C0 delivers the sign to A12. Arduino Mega collects and sends the data to the
Raspberry Pi, which works as Edge Computing and stores the data in a CSV. The Arduino
and the Raspberry communication is performed by serial connection and protocol.

According to Figure 1, IRF9640 channel P operates the charging, and IRF44z channel
N discharging. A PWM signal is sent by the Digital 5 to control the discharging current (the
circuit is named discharging regulator (DR)). The charging regulator (CR) is controlled by
Digital 6 to open or close the IRF44Z to maintain the current constant during the charging
process. An external source of 30 V/5 A was used to charge the cells.

Considering these devices and the circuit, sixteen experiments have been carried out
with cells 18,650 with a capacity of 1700 mAh and nominal voltage equal to 3.7 V (see
Table 1). The OC, OD, and ESC experiments were performed with six different packing
configurations, according to Figure 2.

Table 2 presents the experiments, detailing the types of tests. All experiments are
related to the charging and discharging process. The experiments in the charging process
were performed at a constant current equal to 1100 mA (0.5 C). The others regarding the
discharging cycle have been carried out with a continuous current similar to 1100 mA
(0.5 C). The experiments were conducted in a controlled room between 24 °C and 26 °C.

Table 1. Specifications of the Lithium-ion ICR18650-22P battery used in the experiments.

Item Specification
Cathode nickel-cobalt-manganese
Anode Graphite
Nominal capacity 2200 mAh
Used capacity 1700 mAh
Internal Resistance 70 mQ)
Nominal Voltage 3.7V
Upper voltage 425V
Lower Voltage 25V
Max Charging Current 1C
Max Discharge Current 10A
Dimensions J18.25 x 65 mm

Weight 42¢
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Figure 2. Six different configurations of packing and failures were applied. The blue cells are under
normal operation, and the orange cells are under abusive operation.

Table 2. Description of the experiments: sixteen experiments, six configurations, and four types

of abuses.
Experiment Configuration Type of Test
1 I ESC-OC
2 I ESC-OC
3 I ESC-OC
4 v ESC-OC
5 VI ESC-OC
6 I ESC-OD
7 II ESC-OD
8 I ESC-OD
9 v ESC-OD
10 VI ESC-OD
11 I ocC
12 v oC
13 \Y% OoC
14 1 OD
15 v OD
16 \Y% OD

Each ESC abuse took 30 s with a low resistance equal to 150 m() and was conducted
automatically by a relay operated by a created routine running in the Arduino Mega. The
direct contact (with low resistance for the current) forces the high current to flow from
cathode to anode, considerably raising the internal temperature and pressure of the cell.

On the other hand, the OD abuse took time until the voltage was below or equal
to 2.5 V. The time for OD in these experiments depends on several characteristics such
as voltage level, arrangement, and position of the cells to come to the OD abuse. The
pack was discharged at a constant current equal to 0.5 C during discharging. Once the
first cell entered the OD range, each experiment took more than two minutes, and the
investigation ended.
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The OC abuse was conducted during the charging process at 0.5 C. When the voltage
of the first cell was registered above the upper limit (4.25 V), the system experimented for
more than three minutes before the end. The data collected during the experiments are
saved in CSV files. Then, they are uploaded to the Anaconda Environment to be analyzed
graphically with Pandas and Matplotlib tools.

The following section describes the analysis and the discussions of the results.

4. Discussion

As already discussed in item 3, Figure 1 indicates the presence of one current sensor
for each cell. Despite that, there are limited sensors in the packing, particularly when
the packing has a string arrangement in a real case. This work considers C1 for series
arrangement and CO for parallel configuration as the primary current sensors. The other
is considered as virtual measurements. On the other hand, the temperature and voltage
have been measured for each individual cell because it reflects reality. In addition to that, a
reference sensor has been inserted in the data to demonstrate how the signal should be in
case of non-failure found in the packing.

This investigation demonstrates how difficult it is to identify abuses in the packing of
LIB. This section shows the data analysis of the sixteen conducted experiments. The results
are segmented into three types of abuses: ESC, OC, and OD.

4.1. Analyzes of ESC

This subsection shows how to find ESC abuses in packing LIB for several configura-
tions. First, two experiments have been performed for configuration (I): one during the
charging process at 1.1 A and the other under the discharging process at 1.1 A (see Figure 2).
The behavior of the main parameters during the charging process is observed in Figure 3.

Figure 3a shows the voltage of cell #1, suffering a local ESC for 30 s. During the abuse,
the voltage of this cell decayed to close to 1 V, while other cells maintained a voltage close
to 4.2 V. The reference voltage also remains close to 4.2 V in the case of non-failure. The
temperature of cell #1 increased significantly during the experiment due to the high current
discharging the cell with low external resistance and came to close to 30 °C at the end of the
ESC. The other cells maintain their temperature constant at about 25 °C (as the reference).

According to Figure 3a, at the beginning of the ESC, the current C1 rises from 1100 mA
to almost 14,000 mA but decays until 6000 mA at the end of the process. Sensors C0, C2,
C3, and C4 measured the charging current of 1100 mA according to an external source.
In the case of a normal operation, the reference current should be similar as observed
by CO0, C2, C3, and C4 because the external source forces the current to migrate with the
same magnitude.

Assuming that only C0 is present in a real case of string arrangement and there is
a single ESC abuse in the packing, C0 could neither identify an ESC in the packing nor
indicate the location and the cause. Then, the abuse can be found by monitoring the voltage
and the temperature of the cell.

In addition, the curves of an experiment of an ESC in a single cell during the dis-
charging process are observed in Figure 3b. The ESC in cell #1 reduces the availability of
energy to be used for the load during the abuse. Then, only cells #2, #3, and #4 feed the
load. Therefore, the current (C0, C2, C3, and C4) suffers a small fall due to the reduction of
availability energy compared to the reference. However, DR control maintains the current
constant to feed the load resistance. In addition to that, C1 registered a similar signature of
the current in cell #1.
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Figure 3. Behavior of the main parameters of the four cells in series during an ESC in cell #1.

Moreover, the temperature increased significantly in cell #1, and the voltage decreased
below 0V. As in the ESC during charging, the temperature and voltage of the cell are the
parameters to detect a failure and the location of the abuse.

The ESC for configuration II (according to Table 1) is also performed during the
charging and discharging process. Figure 4a shows the parameters measured during the
charging. In this experiment, a complete ESC is performed between the positive pole of cell
#1 and the negative pole of cell #4 for 30 s. In this case, sensors C1, C2, C3, and C4 obtained
a current higher than 11 A, as observed in Figure 4a. During the abuse, the current decayed
until 4 A for all virtual sensors.

Otherwise, CO kept the standard charging current equal to 1100 mA. The CR controls
this behavior. In the case of non-abuse, the reference current should be similar to C0. These
experiments indicate the high difficulty of a BMS with few current sensors to find ESC
located in isolated positions.

According to Figure 4a, the temperature of the four cells increased significantly, es-
pecially in cell #4. This effect can be explained by the voltage signature, in which cell
#4 maintained the highest voltage of all cells during the ESC. A delta of about 7 °C was
registered among the reference and the cell’s temperature, as observed in Figure 4a. The
voltage of the other cells was close to 0 V during the abuse. In this way, if only one current
sensor (C0) exists, verifying each cell’s voltage and temperature is necessary to identify this
type of ESC.
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Figure 4. Behavior of the main parameters of the four cells in series during an ESC in all cells.

The same experiment was carried out during the discharging process. Figure 4b shows
that the voltage drops significantly during the abuse, as observed during the charging
process. The current and temperature also had a similar signature for every cell. Otherwise,
the current of CO was zero during the abuse. This effect occurs because the current of the
packing flow only from cell #1 to cell #4 and cannot deliver energy for the load. In a case
without this type of abuse, the DR should maintain the reference current at 1100 mAh.
Then, for this configuration, the behavior of the current is different (0 A for it) than for the
charging process, where it was equal to 0.5 C during the ESC.

For configuration III, ESC abuse was applied in two series-connected cells. As ob-
served in the last experiment, two tests were used: one during charging and the other
during discharging.

During charging, Figure 5a shows the high current close to 14 A for cells #1 and #2
under abuse at the beginning. As time passed, the current decayed to close 4 A. Cells #3
and #4, registered by C3, C4, and C0, show the standard current of 1100 mA (as observed
in the reference).

During the abuse, the voltage of cells #1 and #2 dropped below 1V for cell #2 and
0 V for cell #1. On the other hand, cells #3 and #4 were charged with 0.5 C, as also
observed in the reference. This effect can also be observed in the temperature signature.
The temperatures of cells #1 and #2 increased by about 7 °C while the others stayed close,
as observed in the reference.
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Figure 5. Behavior of the main parameters of the four cells in series during an ESC in cells #1 and #2
during charging and an ESC in cells #3 and #4 during discharging.

On the other hand, Figure 5b shows the signatures of the main parameters of the cells
for the experiment in configuration III. In this case, the ESC was applied for cells #3 and #4.
The voltage dropped to close to 0 V for cells #3 and #4 while remaining close to 3.6 V for
the other cells and the reference.

In addition to that, the temperature of cell #4 increased above 32 °C in less than
30 s, and the temperature of cell #3 increased to 30 °C. Both rising are distinct from the
temperature of cells #1 and #2 and the reference that remained close to 25 °C.

Figure 5b shows similar current behavior for the cells under abuse. The current of
the other cells decreased and softened to 500 mA. This dropout happens because the
packing cannot supply energy at the standard current magnitude (0.5 C) with only two
cells available. Thus, CO can be used as an indicator of this type of abuse because, in a
normal condition, the reference current should be equal to 0.5, as observed in the picture.

Then, for configuration III, the voltage and temperature of the cell are essential to
understand the presence and the location of ESC during the charging process. For the
discharging cycle, the current sensor CO can indicate the presence of an ESC in the packing.
Nevertheless, with the addition of the temperature and the voltage, it is possible to find the
location of the abuse.

For configuration IV, a series connection of two modules containing two cells in
parallel was replaced by ESC for 30 s during the charging and discharging. Figure 6a shows
that the voltage of cells #1 and #2 decays close to 1 V, while the other cells remain constantly
(as the reference) supplied for the external source.
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Figure 6. Behavior of the main parameters of the four cells in parallel during an ESC in cells #1
and #2.

Furthermore, the temperature rises significantly above 28 °C for cell #1 and above
29.5 °C for cell #2. As already observed, the temperature of the cells without ESC (cells #3
and #4) maintains its temperature close to 25 °C, as also observed in the reference.

The current of the cells under ESC began the abuse with a magnitude above 8 A for
both cells and decayed to about 4 A, as registered for cells #1 and #2.

Despite that, the current register by CO0 is about 1100 mA and controlled by the CR,
similar to the reference. This current is divided between the cells in the module. As
observed in Figure 6a, the sum of the current of cells #1 and #2 totaled 1100 mA before and
after the abuse. On the other hand, cell #4 receives lesser energy compared with cell #3.
This phenomenon is observed before, during, and after the ESC because although the same
capacity, cell #4 began the experiment with more level of voltage than cell #3.

Similar effects are seen in Figure 6b during discharging. The figure shows that the
voltage also decays to close to 1 V, and the temperature increase in a similar signature
compared to what was observed in Figure 6a. The current registered by CO maintained
equal to 1100 mA before and after the abuse but could not support the current at 0.5 C
(reference current value) during the abuse because the pack had only two available cells
(#3 and #4) during the abuse.

Both experiments show that the voltage and the temperature can indicate the type and
location of abuse in this configuration. As observed in the investigations of configuration
III, the current supplied by the packing cannot maintain the standard demand during the
abuse because only two cells are available.



Sustainability 2023, 15, 11545

12 0f 18

Finally, configuration VI was applied during the charging and discharging process.
According to Figure 7a, all voltage drops are below 1 V during the charging process. All
temperatures rose to around 30 °C, and the current reached close to 12 A at the beginning
of the experiment. Despite that, with time, the current of C1 and C2 dropped out until 4 A,
and C1 and C2 indicated a final current close to 1.1 A.
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Figure 7. Behavior of the main parameters of the four cells in parallel during an ESC in all cells.

The current of C3 and C4 was higher than C1 and C2 at the beginning of the test, but
about 10 s under the ESC, these two currents decayed below C1 and C2. Despite that, the
reference was 1.1 A, equal to the current registered by C0. As already observed, CO was not
able to detect this type of ESC during the charging process.

On the other side, Figure 7b indicates the main behaviors of ESC for configuration VI
during the discharging process. The voltages in a normal experiment should be close to 3.8 V
as observed by the reference. Although, the following voltages were observed: between 1
and 2V for cells #3 and #4 and close to 0 V for cells #1 and #2 during the discharging.

This effect is also observed in the temperature signature. While the reference should
be 25 °C, cells #3 and #4 registered higher temperatures (reached 32 °C) than the other cells
(reached 29 °C for cells #3 and #4).

The temperature behavior can be explained by the currents. The current of cells #3
and #4 was higher than #1 and #2 at the beginning of the ESC, which indicates that these
cells (#3 and #4) supplied more energy. In addition to that, an interesting behavior was
observed for cells #3 and #4. C4 indicated the initial peak about 13 A and C3 above 15 A.
Despite that, the current C3 decreased to close to 5 A with about 11 s under ESC, while C4
registered a current above 5 V after 30 s of ESC.

Finally, CO registered 0 A when configuration VI was applied. This behavior is different
from the reference value of the current and can be used to detect ESC abuse in the pack.
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In general, for ESC abuses, the abuses may significantly increase the cell’s temperature
independent of the configuration. The voltage sensor can also suggest a presence of an
ESC in the packing. Nonetheless, the ESC is observed by current sensors if there are
several sensors between the cells. In a real case, sensor CO detects a soft variation during

discharging due to the reduced energy available to supply the load but can not identify it
during the charging process.

4.2. Analyzes of OC

Different from ESC analyses, for OC, three configurations have been implemented.
Configuration I, in which all cells were in series and charged above the safe, high threshold.
Figure 8a shows the main parameters during the abuse. The voltage curve shows that cell
#3 is under OC, while the others were not under failure. The reference used is the threshold
equal to 4.2 V.
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Figure 8. Behavior of the main parameters of the four cells in series during an OC in cell #3 and OD
for cell #2.

Furthermore, the temperatures remained slightly during the OC. This happens because,
according to Gotz et al. [34], a cell needs to take a long time under OC to its temperature
rise. Despite that, the reference temperature is about 25 °C.

On the other hand, all current sensors registered a similar signature equal to the
reference. Then, for this type of abuse, only the voltage should be considered to identify a
single OC in the pack.

When the OC is applied in parallel, like in configuration IV, two cells with similar
voltage are present in each module. According to Figure 9a, the current of each cell in the
packing is different. The internal characteristics of the cell can explain this effect, such as
internal resistance, capacity, and level of voltage. Due to the parallel arrangement, the
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sum of C1 and C2 is equal to the sum of C3 and C4 and consequently equal to CO and the
reference. Despite that, C0 is not able to identify this type of abuse.
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Figure 9. Behavior of the main parameters of the four cells in parallel during an OC in cell #3 and cell
#4 and during an OD for cells #3 and #4.

As observed in the last experiment, the temperature of the cells remained within
the established range, close to the ambient temperature (reference value). Therefore, the
voltage of the cells can be used to understand an OC in this configuration.

Although, the parallel. Despite that, as in a parallel configuration, all cells tend to
maintain the same level of voltage; before the cells go to the abuse, one will charge the
other so both stay at the same level of energy, as observed in Figure 9a,b. In this situation,
in the parallel connection, one cell will discharge or charge more current than the other
until they have the same level of energy.

Finally, OC was applied to configuration V. In this experiment, the different voltages
at the module observing the current signatures are more visible. As observed in Figure 10a,
at the same time, cell #4, with low voltage, receives more current than cell #3, with high
energy. This behavior is observed in cells #1 and #2 (as related in the previous paragraph).
Despite that, CO cannot observe the variation of the input current because it has the same
reference value.
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Figure 10. Behavior of the main parameters of the four cells in parallel during an OC in cells #1 and
#3 and during OD for cells #1 and #3.

Thus, it is possible to state that observing the cell’s voltage is necessary to identify and
locate the cell under OC at different configurations. Under OC, the temperature takes a
long time to increase, as observed by Gotz et al. [34], and the current can not indicate OC
abuse in the cells.

4.3. Analyzes of OD

Finally, the work presents the results of the abuses of OD in packing. As observed in
OC abuses, three configurations have been implemented with OD: I, IV, and V.

Firstly, in configuration I, one cell began the test with a lower voltage than the other
three. When a discharging current of 1.1 A was applied in the experiment, the voltage of
cell #2 decreased more than other cells. Despite that, the series arrangement maintained
the current constant equal to 1.1 A, similar to the reference, which could not identify this
type of failure in the packing. The test was carried out for two minutes after one voltage
cell was below 2.5 V.

As observed in Figure 8a, the cell’s temperature under abuse rose significantly com-
pared with the others and achieved about 36 °C. Despite that, the temperature of cells #1
and #3 increased to 32 °C (normal behavior for cells under discharging process as observed
in the study of Gotz et al. [34]). Thus, the combination of voltage and temperature should
be used to identify OD failures in this type of configuration.

Additionally, Figure 9b indicates the experiments with OD for configuration IV. Ac-
cording to the picture, both voltages (cell #3 and #4) suffered from the abuse, and their
voltages achieved values below 2 V (two minutes after the voltage of the first cell was below
2.5 V). During this failure, their temperature rose to about 30 °C, and the temperature of
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the other cells remained close to the controlled ambient (reference value). The study of
Gotz et al. [34] shows that the temperature increases more when the SOC decreases. Thus,
as the voltage of cells #1 and #2 were above 3.5V, their temperature remained close to the
reference. Nothing could be observed in the current signature.

Finally, OD was applied to configuration V. Figure 10b indicates that during the
discharging process, despite the voltage of the two cells in the module having different
voltage levels, the cell with high energy supplies more energy than the others with low
voltage. This effect equalizes the voltage of the cells during the discharging process.
Consequently, both cells (in this case, #3 and #4) come below 2.5.

The temperature signature indicates the OD present in cells. Despite the temperature
increasing naturally during the discharging (especially when the resistance is higher when
the cell has a voltage lower than 3 V [32]), the temperature increased more under OD abuse.
In addition to that, current sensor CO was close to the reference and could not indicate the
presence of abuse.

Therefore, it is possible to state that for finding OD in a LIB packing, it is necessary to
analyze the voltage and temperature of the cell.

Compared to the literature, this study presents the application of several experiments
to find failures in packing LIB with different configurations and arrangements. In general,
this work is more complete because it demonstrated analyses to identify three types of
failures (ESC, OC, and OD) with a limited number of sensors, while the works of Zheng
et al. [15], Xu et al. [16], Kang et al. [20], Li and Wang [24], and Xia and Mi et al. [25]
worked especially with techniques to identify fault sensors and measurement in a packing.
According to the authors, the development has been applied to experimental data and has
100% accuracy. Despite that, our proposed idea is to give insights and correct solutions to
find failures in a pack of batteries with limited sensors.

5. Conclusions

Lithium-ion batteries are state-of-the-art technology for ESS. This type of battery has
been a significant demand in the last years, mainly due to the incentives of the governments
and the necessity of a change to fossil fuel vehicles for EVs.

This technology presents several advantages but must operate under safe and con-
trolled conditions. Despite that, LIB is assembled by cell, module, or packing arrangements.
Therefore, a packing has several cells connected in series or parallel, making the monitoring
system more complex.

Therefore, this work presented a collection of experiments applying abuses in the
cells under different abuses. As observed in the literature, it is difficult to find isolated
failures in a pack of batteries with different configurations and limited sensors. Then,
several experiments were carried out to generate enough data for the analysis. The results
indicated that the voltage and temperature of the cell could identify an ESC during the
charging process. On the other side, during the discharging process, the current packing
reduction can signal the presence of an ESC.

Only the voltage can be used for OC abuses to indicate a failure in the cell. This
situation is observed because the cell under OC takes a long time to increase the temperature.
On the other hand, the cells’ temperature is higher for OD abuses. Then, the combination
of voltage and temperature can be an indicator of the presence of OD in the packing
of batteries.

This investigation demonstrated how isolated failures can be found in packs of bat-
teries even with few available sensors, analyzing the signatures of the main measurement
parameters. The results motivated the automatic investigation of the failures with artificial
intelligence (Al) techniques. The results will be used to build protection and diagnostics
mechanisms with data-driven and machine-learning approaches to automatically find the
failures in packing LIB in future works.
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