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Abstract: The improvement of battery management systems (BMSs) requires the incorporation of
advanced battery status detection technologies to facilitate early warnings of abnormal conditions.
In this study, acoustic data from batteries under two discharge rates, 0.5 C and 3 C, were collected
using a specially designed battery acoustic test system. By analyzing selected acoustic parameters in
the time domain, the acoustic signals exhibited noticeable differences with the change in discharge
current, highlighting the potential of acoustic signals for current anomaly detection. In the frequency
domain analysis, distinct variations in the frequency domain parameters of the acoustic response
signal were observed at different discharge currents. The identification of acoustic characteristic
parameters demonstrates a robust capability to detect short-term high-current discharges, which
reflects the sensitivity of the battery’s internal structure to varying operational stresses. Acoustic
emission (AE) technology, coupled with electrode measurements, effectively tracks unusually high
discharge currents. The acoustic signals show a clear correlation with discharge currents, indicating
that selecting key acoustic parameters can reveal the battery structure’s response to high currents.
This approach could serve as a crucial diagnostic tool for identifying battery abnormalities.

Keywords: lithium-ion battery; acoustic emission; discharge current; battery failures; acoustic
parameters

1. Introduction

Energy storage systems are integral to global energy strategies, particularly as the
world grapples with increasing energy demands and the push for sustainable solutions.
Lithium-ion batteries (LIBs) are especially notable for their role in this sector due to their
efficiency, high energy density, and versatility, making them pivotal in the shift towards
renewable energy utilization. These batteries are increasingly used in electric vehicles
(EVs), providing essential attributes like high energy density, low self-discharge rates, and
extensive recharge cycles, positioning them as a practical and environmentally friendly
alternative to conventional energy sources. The development and widespread adoption
of lithium-ion batteries in EVs are closely linked to advancements in battery technology,
marked by a balance of cost-efficiency and safety [1,2]. This progress necessitates a sophis-
ticated BMS to ensure optimal performance, longevity, and safety. Current BMS practices
include monitoring electrode data and temperatures and utilizing advanced algorithms
for real-time analysis [3]. However, the growing number of battery cells in EVs introduces
challenges in state detection and failure prediction, emphasizing the need for innovative
monitoring solutions.
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Acoustic monitoring has emerged as a critical technology within this framework,
providing a non-invasive yet sensitive approach to early fault detection. This technique
analyzes acoustic signals from batteries, offering insights into their condition and enabling
early identification of potential failures, thus enhancing the safety and reliability of EVs [4,5].
Integrating acoustic monitoring into BMS not only improves diagnostic accuracy but also
supports the development of more effective safety management strategies. Future research
is poised to refine acoustic signal analysis algorithms, enhance sensor technology, and
integrate acoustic data with other diagnostic inputs to create a comprehensive battery
health assessment framework. This integrated approach promises to advance battery
diagnostics significantly, leading to safer and more reliable energy storage solutions in the
rapidly evolving EV industry. These advancements are crucial for sustaining the transition
from fossil fuels to more sustainable energy alternatives, supporting a broad range of
technologies and reducing the ecological footprint of our transportation systems.

1.1. Current Research Status

In recent years, some scholars have applied acoustic detection methods to batteries
due to the characteristics of less damage, convenient use, strong adaptability, and high
detection. Common acoustic detection techniques include ultrasonic testing (UT) and AE
research. UT is renowned for its proficiency in non-destructive testing (NDT), utilizing
ultrasonic waves to inspect internal defects in diverse fields such as materials science,
medicine, and structural engineering [6,7]. In the realm of battery technology, Sood et al. [8]
pioneered the adaptation of UT for LIBs, demonstrating its effectiveness in identifying
structural changes that reflect the battery’s health status. Their research indicated that UT
could detect variances within the battery structure, thereby offering a method to monitor
the health and integrity of batteries in a non-invasive manner.

Acoustic measurement is an innovative method for assessing electric currents that is
particularly effective in detecting arcing faults within EV batteries, and it offers distinct
advantages over traditional methods like Hall Effect sensors, shunt resistors, and Rogowski
coils. Unlike Hall Effect sensors, which detect magnetic fields and can be susceptible to
magnetic interference, acoustic sensors detect sound waves generated by electrical dis-
charges, offering a unique advantage in environments with high electromagnetic noise [9].
Shunt resistors, while cost-effective and direct in measuring current through voltage drop,
inherently generate heat and can suffer from power loss; these are issues not encountered
with acoustic methods, which are non-contact and non-invasive [10]. Rogowski coils,
suitable for high-frequency AC currents, require complex integration and calibration to
accurately measure current, whereas acoustic sensors can directly identify rapid changes in
current associated with fault conditions without the need for electrical contact or complex
circuit integration [11]. However, acoustic measurement’s effectiveness can be limited
by ambient noise and requires sophisticated signal processing algorithms to distinguish
relevant acoustic signals from background noise, which is less of a concern with more direct
electrical measurement techniques. Moreover, the rapid response of acoustic methods
to high-current scenarios provides crucial advantages in operational settings, enabling
real-time monitoring and immediate detection of structural changes within batteries, a
capability that is vital for the safety and efficiency of electric vehicle operations.

The advancement of battery technology for electric vehicles and energy storage sys-
tems has necessitated the development of sophisticated diagnostic methods to ensure
safety and efficiency. Among these, acoustic detection methods, such as UT and AE,
have emerged as promising non-invasive techniques due to their minimal damage risk,
convenience, adaptability, and high detection capabilities.

Expanding on this foundation, subsequent studies have focused on the specificity
of UT in relation to the battery’s state of charge (SOC). Hsieh et al. [12] applied UT to
various commercial batteries, observing changes in the time of flight (TOF) and sound
intensity as the SOC increased. These acoustic parameters have proven to be reliable
indicators of battery status, enhancing the understanding of how acoustic properties
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correlate with battery chemistry and charge levels. Moreover, Chang et al. [13] advanced
UT application by introducing a non-contact, air-coupled method that established a linear
relationship between signal amplitude and SOC, significantly improving the accuracy of
SOC predictions. These innovations underscore the versatility of UT in battery diagnostics
and its potential to evolve into a standard tool for battery management systems.

Studies by Sun have examined the use of ultrasonic nondestructive diagnosis at multi-
ple frequencies to identify the optimal conditions for assessing the health of lithium-ion
batteries, indicating significant progress in understanding the complex interactions within
battery cells [14,15]. Gold et al. have further developed the application of ultrasonic trans-
mission to probe lithium-ion batteries’ state of charge, offering a novel approach that en-
hances the precision of battery monitoring systems [16,17]. Additionally, Wu et al. focused
on the health monitoring of lithium-ion batteries using ultrasonic sensing techniques, em-
phasizing the need for improved access to the battery cells for effective diagnostics [18,19].
These advancements suggest that ultrasonic testing could play a critical role in future bat-
tery management systems, particularly in ensuring the longevity and reliability of batteries
in high-demand applications such as electric vehicles.

AE detection distinguishes itself by capturing stress waves generated from structural
or compositional changes within the battery without the need for external stimulation.
This technique has been instrumental in identifying the health status of lithium-ion bat-
teries, where the amplitude and pattern of AE signals correlate with battery aging and
degradation processes. For instance, Zhang et al. [20] demonstrated that continuous and
pulsed AE signals could effectively characterize lithium-ion battery health, with signal
amplitude (SA) variations indicating the degree of degradation. Further investigations
into AE have focused on detecting the formation and evolution of the solid electrolyte
interphase (SEI) [21–23], as well as changes in electrode morphology due to electrochemical
processes [24,25]. These studies illustrate AE’s capability to monitor intricate battery behav-
iors, offering insights into failure mechanisms and the effects of aging [26,27]. Specifically,
in short-circuit detection, acoustic measurements can characterize cell anomalies across
various SOCs, complementing conventional electrode assessments [28,29]. Additionally,
for aging-related failures, these methods offer a swift and reliable means to detect defect
accumulation, outperforming standard inspection techniques [16,30].

Acoustic detection technologies present innovative solutions to the limitations of
current BMS by offering additional non-invasive means of monitoring lithium-ion batteries’
internal states. These methods complement traditional voltage, current, and temperature
measurements, promising to enhance the accuracy and robustness of BMS through the
provision of detailed acoustic data on battery operation and health. Despite their potential,
the deployment of UT and AE faces challenges, including high costs and the need for
adaptation to various production environments. Future research is directed towards
developing cost-effective sensor technologies and refining algorithms for data analysis
to overcome these barriers. Ultimately, the continued evolution of acoustic diagnostic
methods is expected to significantly contribute to the development of safer and more
reliable battery systems, marking a crucial advancement in automotive battery diagnostics.

Ultrasonic testing offers unique insights into the internal health and structural integrity
of batteries, which is essential for enhancing safety and performance in applications like
electric vehicles. For cylindrical cells, ultrasonic testing helps in evaluating the mechanical
and structural properties during the operational stresses and aging processes [31]. Pris-
matic cells benefit from detailed structural assessments that can detect deformations and
failures, which are crucial for maintaining the operational reliability of battery packs in
automotive applications [32]. Pouch cells, which are susceptible to swelling and mechanical
stresses, are monitored using ultrasonic techniques to ensure the stability of the electrode
structures and to prevent catastrophic failures [33]. Furthermore, ongoing research con-
tinues to focus on enhancing the precision of ultrasonic diagnostics to better understand
the degradation mechanisms and to improve the predictive maintenance strategies for
lithium-ion batteries [34].
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AE techniques are finding increasingly practical applications across various battery
types, including cylindrical, prismatic, and pouch configurations. For cylindrical batteries,
AE has been used to analyze the acoustic characteristics under conditions such as external
short circuits, providing insights into potential battery safety and health issues [30]. In
studies on prismatic batteries, AE monitoring has proven effective in exploring mechan-
ical properties and failure mechanisms, which are crucial for predicting battery life and
preventing catastrophic failures [7]. For pouch cells, AE is instrumental in cyclic aging
monitoring, where the emissions are linked with the battery’s declining capacity, offering a
non-destructive tool for assessing battery health over its operational lifespan [35]. These
studies demonstrate the broad application potential of acoustic detection technologies
across different battery configurations, especially highlighting their unique advantages in
battery health monitoring and fault diagnosis.

1.2. Motivation and Original Contribution

The operation of electric vehicle (EV) batteries under varying road conditions necessi-
tates their frequent engagement in high-current charging and discharging activities. Such
conditions impose significant stress on the batteries, leading to degradation of performance,
capacity, and lifespan, thereby increasing the likelihood of thermal runaway events. The
motivation for this study arises from the critical need to enhance battery monitoring ca-
pabilities, particularly under high-current discharge scenarios that traditional electrode
voltage and current measurements fail to accurately capture. Current literature primarily
focuses on conventional diagnostic methods, leaving a significant gap in the understanding
and application of AE for battery state detection under stress conditions. This research
seeks to address this gap by exploring the utilization of AE to detect subtle changes within
the battery’s internal structure that traditional methods might overlook. Theoretical con-
siderations suggest that the microstructural alterations in the anode and cathode during
high-current discharges, which potentially compromise the battery’s charge-discharge cycle
performance and safety, can be effectively captured through acoustic signals.

The introduction of a novel methodological framework for the collection, analysis,
and interpretation of AE data aims to establish a more reliable mapping between acoustic
signals and the battery’s discharge state. Through controlled experiments conducted under
both low (0.5 C) and high (3 C) discharge currents, the study identifies AE acoustic char-
acteristic parameters that accurately reflect the battery’s condition. Such methodological
advancements offer a new avenue for real-time battery monitoring, presenting a significant
contribution to the field. The practical implications of these findings are far-reaching.
Integrating AE-based diagnostics into BMS can potentially achieve more sophisticated,
real-time monitoring of battery health. This integration promises not only to enhance
vehicle safety and battery reliability but also to extend the battery’s operational lifespan.

Furthermore, the study sets the stage for future investigations into additional acous-
tic parameters, their applicability to different battery types and operational conditions,
and the synergistic integration of AE with other diagnostic technologies. Ultimately, the
research provides a foundational step towards the development of more advanced, acoustic-
based diagnostics for EV batteries, addressing the urgent need for improved safety and
performance monitoring in the rapidly evolving electric vehicle sector.

1.3. Configuration of This Paper

The structure of this paper is organized as follows: Section 2 describes the experimental
setup; Section 3 introduces the primary methods employed in this study; Section 4 presents
the results and analysis of the acoustic response of batteries subjected to different discharge
currents, along with pertinent discussions. The paper concludes with a summary of the
findings in the Section 5. Additionally, a Nomenclature section is included to define all
term abbreviations used throughout the study.
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2. Experimental Section

This experiment investigates 18650-type cylindrical lithium nickel manganese cobalt
oxide (NMC) cells. The cylindrical cells used were manufactured by Tianjin Lishen Battery
Joint-Stock Co., Ltd. Tianjin, China, model Lishen LR1865SZ. The study is conducted
within a chamber maintained at an ambient temperature of 25 degrees Celsius. Table 1
details the relevant battery parameters. Throughout the charge and discharge cycle of the
battery, the charge current is maintained at 1 A (0.5 C), while the discharge current is set
to both 1 A (0.5 C) and 6 A (3 C). The experiment does not account for the influence of
temperature variations. Instead, it concentrates on examining the relationship between
the battery’s acoustic signals and the electrical signals of current and voltage during the
discharge process.

Table 1. List of main parameters of the experiment.

Type of Battery Cell 18650-Type Cylindrical NMC Lithium Cells

Nominal cell capacity (0.3 C) 2.0 Ah

Average battery cell voltage 3.6 V

End of discharge voltage 2.5 V

High voltage protection 4.2 V

Figure 1 shows the established acoustic analysis system for lithium-ion battery dis-
charge. In the experiment, the upper computer is connected to the Motohawk ECM-5554-112
(Woodward, Inc. Woodward County, Oklahoma, United States) through the controller area
network (CAN), and the charging and discharging cycle is completed by controlling the
closing of the relay. The current data are measured by Hall current sensors. Acoustic signal
acquisition uses the ultrasonic needle sensor from ndtXducer (Englewood, Florida United
States) which provides low-cost sensors for industrial and laboratory use in ultrasonic and
acoustic measurements. It has the advantages of flat sensitivity and good directivity. The
vibration signal generated by the structural change inside the battery is received by the nee-
dle sensor and the output as a high-frequency voltage signal. The data acquisition device is
the Nioki MR6000 system (Hioki E.E. Corporation, Hioki, Japan) which simultaneously
records the voltage, current, and acoustic signal of the battery. Vibration isolation materials
are arranged around the battery and the acoustic sensor to reduce the interference of the
external environment during the test; at the same time, Vaseline gel is used in the contact
area between the battery body and the sensor to obtain better acoustic signals and shield
unnecessary interference.

The charging, resting, and discharging phases of the battery are distinctly identifiable
through the collected current signal. To analyze the intrinsic relationship between the
battery’s acoustic signal and its varying discharge currents, the original acoustic data must
be filtered. This preprocessing step isolates the acoustic responses specific to each battery
operational state, allowing for an in-depth analysis of how different discharge currents
affect acoustic signal characteristics.



World Electr. Veh. J. 2024, 15, 229 6 of 20World Electr. Veh. J. 2024, 15, x FOR PEER REVIEW 6 of 21 
 

 
Figure 1. Schematic diagram of the experimental setup based on AE. 

The charging, resting, and discharging phases of the battery are distinctly identifiable 
through the collected current signal. To analyze the intrinsic relationship between the bat-
tery’s acoustic signal and its varying discharge currents, the original acoustic data must 
be filtered. This preprocessing step isolates the acoustic responses specific to each battery 
operational state, allowing for an in-depth analysis of how different discharge currents 
affect acoustic signal characteristics. 

3. Preliminary Analysis of Acoustic Signals 
According to the variation of current during the experiment, the decision to divide 

the acoustic signal into three continuous charge and discharge cycles is based on prelimi-
nary observations indicating distinct acoustic response patterns within these cycles. This 
division aims to ensure a focused analysis of cycles that is most representative of the bat-
tery’s operational behavior. Each discharge segment includes the processes of charging, 
resting, discharging, and resting again. The acoustic signals captured by the sensor, ini-
tially containing significant noise, were processed using a Finite Impulse Response (FIR) 
filter. Specific parameters such as the filter’s order and cutoff frequency were meticulously 
chosen to optimize the signal-to-noise ratio. This processing facilitated the generation of 
a coaxial change curve, illustrating the synchronized variations of acoustic and current 
signals during the battery cycles, as depicted in Figure 2a. In Figure 2b, each of the con-
tinuous three charging and discharging cycles—cycle 1, cycle 2, and cycle 3—was set 
within the same time window. These windows encompassed four distinct phases: charg-
ing, resting, discharging, and resting. This setup allowed for the concurrent recording of 
both current and acoustic changes, aiming to elucidate the patterns and sensitivity of 
acoustic responses to changes in discharge currents. This visualization intuitively demon-
strates the correlation between the acoustic signal and battery operation. For better read-
ability, the normalization of the acoustic signal was conducted using a standard max-min 
scaling technique to align the signal amplitude with a consistent reference frame. 

Figure 1. Schematic diagram of the experimental setup based on AE.

3. Preliminary Analysis of Acoustic Signals

According to the variation of current during the experiment, the decision to divide the
acoustic signal into three continuous charge and discharge cycles is based on preliminary
observations indicating distinct acoustic response patterns within these cycles. This division
aims to ensure a focused analysis of cycles that is most representative of the battery’s
operational behavior. Each discharge segment includes the processes of charging, resting,
discharging, and resting again. The acoustic signals captured by the sensor, initially
containing significant noise, were processed using a Finite Impulse Response (FIR) filter.
Specific parameters such as the filter’s order and cutoff frequency were meticulously chosen
to optimize the signal-to-noise ratio. This processing facilitated the generation of a coaxial
change curve, illustrating the synchronized variations of acoustic and current signals
during the battery cycles, as depicted in Figure 2a. In Figure 2b, each of the continuous
three charging and discharging cycles—cycle 1, cycle 2, and cycle 3—was set within the
same time window. These windows encompassed four distinct phases: charging, resting,
discharging, and resting. This setup allowed for the concurrent recording of both current
and acoustic changes, aiming to elucidate the patterns and sensitivity of acoustic responses
to changes in discharge currents. This visualization intuitively demonstrates the correlation
between the acoustic signal and battery operation. For better readability, the normalization
of the acoustic signal was conducted using a standard max-min scaling technique to align
the signal amplitude with a consistent reference frame.

Common characteristic values for battery acoustic signals include rise time, the length
of time between crossing the set threshold and the signal’s peak amplitude value; signal
duration, the time interval between the beginning and the end of signal fluctuation crossing
the set threshold; and the range of amplitude variation of a signal. These parameters
were selected for their sensitivity to changes in the battery’s operational state, providing
a quantitative framework for detecting abnormalities in discharge behavior. The focus of
this research is on the acoustic characteristics of abnormal current discharge, hence the
definition of specific parameters: ∆t1, the time interval of the first acoustic signal fluctuation
after the onset of current discharge; ∆t2, the time interval after the end of current discharge
until the signal fluctuation returns to baseline; and ∆AE, the maximum range of amplitude
change of the acoustic signal during discharge. These parameters are critical for quantifying
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the acoustic response to different discharge rates and are pivotal for understanding the
structural integrity and operational health of the battery.
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During the charge and discharge process, the evolution of the battery’s structure
inevitably influences the acoustic signal, with its amplitude reflecting the intensity of
acoustic emissions due to structural changes or rearrangements. Moreover, the response
time of acoustic signals is indicative of how different discharge currents affect the cell
structure, aligning with findings from similar studies in the literature [28,29]. Figure 3
graphically defines these parameters against the backdrop of the acoustic signal changes
during the 3 C discharge process.
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For the frequency domain analysis of acoustic signal data, the Fast Fourier Trans-
form (FFT) method is employed to dissect the characteristics of acoustic emission signals.
Through phase spectrum analysis, signal amplitude and phase value information are ex-
tracted, offering insights into the acoustic signal’s frequency domain characteristics. By
identifying the most representative center frequency and observing amplitude changes, the
analysis reveals alterations in the battery’s internal structure and mechanical properties
under different discharge currents.

These methodological choices and the introduction of specific acoustic parameters
enhance the study’s ability to capture and interpret the nuances of battery behavior under
varying operational conditions, thereby contributing to a more robust understanding of
battery diagnostics through acoustic signal analysis.

4. Results and Discussion for Acoustic Characteristics of Battery under Different
Discharge Currents
4.1. Analysis of Acoustic Signal Characteristics in the Time Domain

The analysis of acoustic signal characteristics under different discharge currents reveals
critical insights into battery behavior, particularly highlighting the acoustic diagnostics’
sensitivity to discharge rates and their potential in monitoring battery health.

Observing the acoustic signal fluctuations in Figure 4, it is noted that under a 3 C
discharge, there are more pronounced variations compared to a 0.5 C discharge. This
distinction not only validates the acoustic method’s ability to detect structural changes
within the battery but also emphasizes its capacity to differentiate between operational
states based on the discharge intensity. A key finding from the time domain analysis is
the discernible delayed response of the acoustic signal under both 3 C and 0.5 C discharge
conditions. This delay, established through statistical analysis, demonstrates a significant
correlation with discharge rates, illustrating how the acoustic signal’s behavior is influenced
by current density variations. Despite slight differences within the same discharge current
cycle, the overall delay length suggests a level of dependency on the discharge current,
reinforcing the idea that acoustic diagnostics can provide meaningful insights into the
battery’s structural rearrangement during discharge.
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From the overall observation in Figure 5, the correlation analysis between current
and AE under 3 C discharge conditions reveals distinct acoustic signal behaviors across
different discharge cycles. In the continuous 0.5 C charge to 3 C discharge cycle, for the three
replay segments of cycle 1, cycle 2, and cycle 3, a short time delay ∆t1 is observed before
the acoustic signal response intensifies post-discharge initiation. Interestingly, the rise in
acoustic signal intensity is not uniform across cycles. In the 3 C discharge segment, cycles
1 and 3 exhibit an increase in acoustic signal intensity, while cycle 2 shows a noticeable
drop, suggesting complex internal battery structure responses to high-current discharge
influenced by factors such as the battery’s state of health and internal structural differences
at the cycle’s start.
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Figure 5. (a) Current and acoustic characteristics of 3 C discharge for cycle 1; (b) current and acoustic
characteristics of 3 C discharge for cycle 2; (c) current and acoustic characteristics of 3 C discharge for
cycle 3.
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When the current changes, this study selects the variation range of the battery acoustic
amplitude signal (∆AE) as the characteristic parameter, which better reflects the acoustic
response of the structure while considering the different directions of the acoustic signal
variation. The calculated ∆AE changes of cycle 1, cycle 2, and cycle 3 are 0.72, 0.45, and 0.69,
respectively, with a fluctuation range of about 14~20% of the respective acoustic signals.
This range demonstrates the sensitivity of acoustic diagnostics to internal structural changes
during high-current discharge, showing a clear degree of recognition and correlation with
current changes.

In terms of the acoustic response delay compared to the start of current change, i.e.,
the change in ∆t1, the three cycle segments all exhibit faster acoustic response signals after
3 C discharge begins, indicating a significant structural change. The robust acoustic signal
is swiftly transmitted to the battery surface, resulting in a relatively short ∆t1 value. The
calculated parameter changes for ∆t1 of cycle 1, cycle 2, and cycle 3 are 5.8 s, 7 s, and 3.3 s,
respectively. After the discharge concludes, large-scale structural changes inside the battery
cease, but minor structural repairs and rearrangements continue, contributing to ongoing
acoustic feedback. The ∆t2 parameters for cycle 1, cycle 2, and cycle 3 are calculated to be
53 s, 71 s, and 47 s, respectively.

A definitive correlation exists between current changes and acoustic variations across
different discharge cycles, underscoring the potential of acoustic diagnostics as a critical tool
for future battery anomaly state monitoring. The parameters such as ∆AE, ∆t1, and ∆t2 not
only reflect the immediate response to electrical inputs but also demonstrate a consistent
relationship with the magnitude and timing of current fluctuations, emphasizing the
applicability of acoustic diagnostics in real-time battery monitoring and anomaly detection.

The analysis of acoustic signal characteristics during the 0.5 C discharge process, as
depicted in Figure 6, provides insights into the correlation between current discharge
patterns and acoustic emissions. The methodology for correlating current and AE signals
involves both temporal analysis and statistical correlation techniques, offering a robust
framework for identifying significant patterns in acoustic signal behavior in relation to
current discharge activities. This examination elucidates the extended observation window
for acoustic signals due to the longer duration of the 0.5 C discharge process, which
incorporates two phases of equivalent 0.5 C charge and discharge, thereby introducing
interference in observing acoustic discharge characteristics.

In cycle 1, Figure 6a, the resting period with zero current between charge and discharge
cycles marks a distinct point of analysis. The signal change trend exhibits a clear upward
trend after a period (∆t1) from the start of the 0.5 C discharge, indicating more pronounced
acoustic signal fluctuations; this upward trend ceases after a period (∆t2) as the current
returns to zero, underscoring the acoustic signal’s delayed response to the discharge process.
The range of amplitude variation during this entire process, denoted as ∆AE, is significant,
enhancing the discriminability of acoustic signals during different operational states.

In cycle 2, Figure 6b, the acoustic characteristics reflected by the charge and discharge
at 0.5 C show slight differences, with minimal amplitude change during the discharge
process, highlighting the challenges in distinguishing between charge and discharge phases
based solely on acoustic data under low current conditions. This observation underscores
the need for advanced analytical techniques to enhance signal discrimination and accuracy
in battery diagnostics.

In Figure 6c, cycle 3 reveals an evident rise in the acoustic signal following the 0.5 C
discharge, with the rising peak after the discharge end serving as a marker for the acoustic
response to the discharge process. This phase demonstrates a significant amplitude change,
illustrating the acoustic signal’s sensitivity to discharge activities and its potential as a
diagnostic tool for battery health monitoring.
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Figure 6. (a) Current and acoustic characteristics of 0.5 C discharge for cycle 1; (b) current and
acoustic characteristics of 0.5 C discharge for cycle 2; (c) current and acoustic characteristics of 0.5 C
discharge for cycle 3.
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In this study, error bars and box plots are utilized in Figure 7 to visually represent the
variability and central tendencies of acoustic emission data under different discharge con-
ditions. Error bars were computed using confidence intervals based on the standard error
of the mean for each dataset, reflecting the precision and reliability of the measurements
under varied operational stresses. Similarly, box plots were constructed to display the
range of data distribution and central tendency, providing a comprehensive overview of the
acoustic response variability under high and low discharge conditions. This approach not
only highlights the dynamic and sometimes unpredictable behavior of the battery under
stress but also ensures that our analysis adheres to rigorous statistical standards, offering
clear insights into the operational safety and performance of the batteries. This combined
method helps illustrate the extent of variation in parameters such as ∆AE, ∆t1, and ∆t2,
reflecting the differing structural responses and stress levels of the battery at various dis-
charge rates and offering a more comprehensive understanding of battery behavior under
different operational conditions.
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In Figure 7a, error bars for ∆AE at 3 C discharge show significant variations, indicating
a wide range of acoustic responses and suggesting varying stress levels at each cycle due to
rapid load changes. Longer error bars imply inconsistent behaviors, reflecting dynamic
responses to high operational stress. Conversely, at 0.5 C discharge, error bars are shorter,
suggesting more consistent acoustic emissions and stable structural integrity under lower
stress, leading to uniform responses. The box plot for 3 C might display a higher median
and broader interquartile range, highlighting greater fluctuations in acoustic emissions and
possibly impacting battery longevity and safety due to high stress. In contrast, the box plot
at 0.5 C shows a lower median and narrower range, indicating less variability and stress,
promoting controlled battery behavior under these conditions.

In Figure 7b, error bars at 3 C discharge for ∆t1 are notably short, suggesting a
rapid response to high discharge demands and consistent, quick reactions across cycles,
underlining the effectiveness of acoustic diagnostics in capturing fast structural responses
under stress. At 0.5 C discharge, ∆t1 values are higher and show greater inconsistency,
as reflected by longer and more varied error bars, highlighting slower and more variable
responses under lower stress conditions. The box plot for 3 C would likely show a tightly
grouped distribution, indicating uniformity in rapid responses, while the box plot for 0.5 C
would display a wider spread, reflecting inconsistent response times and less efficient
structural reactions at lower discharge rates.

In Figure 7c, error bars for ∆t2 at 3 C discharge indicate a moderate duration of acoustic
signals, showing some variability but not excessively, suggesting that while the battery
structure undergoes stress, it does not persist too long. At 0.5 C discharge, shorter ∆t2
values with smaller error bars indicate a quicker cessation of acoustic signals, implying
faster recovery or less impactful structural changes. The box plot for 3 C discharge might
show moderate variability in signal duration, with outliers possibly indicating prolonged
stress episodes. Conversely, a tighter box plot at 0.5 C would reflect more consistent and
shorter durations, aligning with quicker recoveries and less severe operational stresses.

The results reveal a heightened sensitivity of acoustic diagnostics to high discharge
rates. Signals at 3 C discharge exhibited more pronounced fluctuations and variations
than those at 0.5 C, demonstrating the method’s ability to detect and quantify the stress
and structural changes occurring within the battery. This makes acoustic diagnostics a
non-invasive, crucial tool for assessing battery health and ensuring operational safety. Fur-
thermore, the analysis shows that acoustic signals under high discharge conditions have a
delayed response to discharge activities, which highlights the method’s capability of captur-
ing the nuances of stress relaxation and microstructural rearrangements within the battery.
This delay, more noticeable under high discharge conditions, provides insights beyond
what traditional electrical measurement techniques can offer. Additionally, the acoustic
signal amplitude (∆AE) under 3 C discharge conditions showed, on average, 1.35 times
greater variation compared to 0.5 C, underscoring the method’s effectiveness in monitoring
structural changes. The duration of these signals (∆t2) was also, on average, 1.3 times
longer during 3 C discharges, indicating more substantial internal structural changes due
to the higher current impact. These findings collectively emphasize the diagnostic precision
of acoustic methods, proving special value for non-invasive assessments and advancing
battery management systems.

4.2. Analysis of Acoustic Signal Characteristics in the Frequency Domain

The frequency domain analysis offers a nuanced perspective on the battery’s acoustic
characteristics under varying discharge currents, complementing the insights gained from
the time-domain analysis. This analysis delves into the structural dynamics and the effects
of operational stresses on the battery, as evidenced by acoustic emissions.

For the 0.5 C discharge, observed in Figure 8, the notable amplitude of the center
frequency underscores the acoustic signal’s stability and the mild impact of lower discharge
rates on the battery’s structure. This clear and discernible frequency domain character-
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istic suggests that the structural changes are minimal, with a consistent impact from the
discharge process, making it a reliable indicator of the battery’s operational health.
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Figure 8. (a) Frequency domain characteristics of 0.5 C discharge current for cycle 1; (b) frequency
domain characteristics of 0.5 C discharge current for cycle 2; (c) frequency domain characteristics of
0.5 C discharge current for cycle 3.
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Conversely, the 3 C discharge cycles depicted in Figure 9 show a significant reduction
in the center frequency’s amplitude. This indicates a substantial impact of high-current
discharge on the battery structure despite the shorter duration of the discharge process. The
emergence of multi-peak or peak-shift phenomena suggests complex structural dynamics at
play, with the battery exhibiting varied responses to the intense discharge conditions. These
findings highlight the acoustic signal’s sensitivity to discharge intensity and its diagnostic
potential in identifying structural impacts and changes within the battery.
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Figure 9. (a) Frequency domain characteristics of 3 C discharge current for cycle 1; (b) frequency
domain characteristics of 3 C discharge current for cycle 2; (c) frequency domain characteristics of 3 C
discharge current for cycle 3.
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By comparing the acoustic responses to 0.5 C and 3 C discharge currents through
frequency domain analysis, several key insights are uncovered that underscore the pivotal
role of this approach in acoustic diagnostics. First and foremost, the sensitivity of acoustic
diagnostics to discharge rates is evident, as lower currents like 0.5 C discharge lead to
higher amplitude values of the center frequency, indicating a more focused and consistent
acoustic signal response. This contrasts sharply with the 3 C discharge, where significant
structural impacts manifest through decreased amplitude and the emergence of multi-peak
phenomena, pointing to the differential effects of discharge rates on battery structure.
Moreover, the diagnostic capabilities of frequency domain analysis become apparent,
offering clear and pronounced amplitude information for low-current discharges, which
aids in evaluating long-term battery operation status. In contrast, the distinct multi-
peak characteristics observed during high-current discharges act as crucial indicators for
assessing immediate structural impacts. Integrating insights from both time and frequency
domain analyses facilitates a comprehensive understanding of battery behavior under
varying discharge conditions. This holistic approach not only bolsters our capacity to
monitor and diagnose battery health with precision but also highlights the indispensable
value of acoustic diagnostics as a key tool for advancing battery technology and ensuring
operational safety and reliability.

5. Conclusions and Future Prospects

This study has successfully demonstrated the efficacy of acoustic diagnostics in moni-
toring the health and operational integrity of cylindrical batteries under varying discharge
currents. Through rigorous analysis in both time and frequency domains, the research has
identified distinct acoustic behaviors at different discharge rates, notably at 0.5 C and 3 C.
These findings underscore the sensitivity of acoustic diagnostics to different stress levels
induced by varying discharge rates, offering a non-invasive approach to assessing battery
health comprehensively. The study elucidates several key conclusions that highlight the
unique attributes of acoustic diagnostics and their practical implications:

• Sensitivity to Discharge Conditions: The acoustic signals displayed pronounced differ-
ences in behavior under low (0.5 C) and high (3 C) discharge conditions. Specifically,
lower discharge rates showed more stable acoustic signals, indicating lesser structural
impact, whereas higher rates exhibited significant reductions in center frequency am-
plitude and the emergence of multi-peak phenomena, signaling substantial internal
structural stress.

• Diagnostic Accuracy: the delay in acoustic signal change (∆t1) under 3 C discharge
was found to be four times greater, on average, compared to 0.5 C, indicating height-
ened sensitivity to higher discharge rates. The amplitude of the acoustic signals (∆AE)
showed an average of 1.35 times greater variation under 3 C than under 0.5 C, suggest-
ing a more significant impact on the battery’s internal structure at higher discharge
rates. The duration of the acoustic signals (∆t2) extended by an average of 1.3 times
under 3 C conditions, reflecting the more substantial structural changes and stress
experienced by the battery.

• Implications for Battery Management: The discharge current of electric vehicles fluc-
tuates within a certain range, depending on operating conditions. Under conditions
where temperature variations are not considered, it is generally believed that higher
current charging and discharging put greater stress on the battery structure, causing
more significant structural damage, thus generating more pronounced acoustic sig-
nals. Therefore, one important purpose of acoustic monitoring is to promptly capture
the acoustic characteristics associated with significant structural damage induced by
3 C high currents; on the other hand, capturing acoustic signals at 0.5 C low cur-
rents helps monitor long-term changes in battery structure, which is very helpful for
understanding battery aging.

• Future Prospects: Building on the current findings, future research will focus on refin-
ing the integration of acoustic diagnostics within BMS. This includes enhancing the
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precision of fault detection and increasing the reliability of the diagnostics through
advanced signal processing techniques and the integration of machine learning algo-
rithms. Additionally, exploring the scalability of this technology for different battery
types and operational conditions in EVs will be crucial. The research will also delve
into the development of real-time adaptive monitoring strategies that can dynamically
adjust to changing battery conditions, thereby optimizing battery performance and ex-
tending lifespan. The ultimate goal is to utilize acoustic diagnostics not only for safety
and maintenance but also for the proactive management of battery health, thereby
supporting the broader application of EVs in sustainable transportation.
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Nomenclature

EVs electric vehicles
SOC state of charge
BMS battery management system
SA signal amplitude
LIBs lithium-ion batteries
TOF time of flight
FIR Finite Impulse Response
UT ultrasonic testing
AE acoustic emission
SEI solid electrolyte interface
NDT non-destructive testing
FFT Fast Fourier Transform
CAN controller area network
NMC nickel manganese cobalt oxide
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