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Abstract—Plasma science and technology are considered an
important source of applications for various industrial processes
and scientific research. The scope of plasma sources is applied in
various areas of science and engineering disciplines to leverage
new applications with better efficiency and productivity. This
article presents various techniques developed for monitoring
plasma processes and discusses methods applied to diagnosing
fault events during operation. It reviews the application of
sensors, probes, and invasive as well as non-invasive diagnostic
techniques for fault detection and mitigation of challenges in
plasma systems. In this article, the role of signal and image
processing techniques in fault event diagnosis is highlighted.
The study also highlights the application of machine learning
and optimization methods for fault classification and the opti-
mization of plasma processes. Schematic representations of key
experimental setups incorporating various sensing techniques are
presented to facilitate better understanding, and the associated
application-specific techniques are also explained. This article
presents a comprehensive review of implemented techniques for
identifying fault events in plasma processes, optimizing overall
process efficiency, and enhancing system performance.

Index Terms—Fault monitoring, plasma diagnostics, process
optimization, signal processing, image processing.

I. INTRODUCTION

Plasma is commonly regarded as the fourth state of matter,
following the solid, liquid, and gaseous states. It is formed
when sufficient energy is supplied to a gas, causing the atoms
or molecules to ionize into a mixture of ions, electrons, and
neutral species [1]. Based on the physicochemical properties
of the dissociated species, plasma processes are broadly clas-
sified into two categories: thermal and non-thermal plasmas,
also referred to as equilibrium and non-equilibrium plasmas,
respectively. Plasma science and technologies are widely em-
ployed across various industrial sectors and scientific research
domains. Plasma-based processes are applied in areas such as
waste treatment [2], mineral processing [3], pyrolysis [4], ther-
mal barrier coating [5], biomedical treatment [6], ezc. Plasma-
treated processes are applied in materials science, agriculture,
and water treatment to improve the quality, efficiency, and
durability of the process and applications.

Plasma processes extend beyond laboratory research and
microscopic analysis and are widely adopted in industrial
sectors to meet societal demands and promote economic
sustainability. Frequently reported events in industrial plasma
processes reduce the attractiveness and user-friendliness of
plasma-based systems. Several commonly reported fault events
in industrial plasma processes, such as arc extinction [7] and
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thermal plasma instabilities, result in electrical energy losses
and inefficient material processing [8]. Additionally, events
such as improper plasma jet length [9], arcing in dielectric
barrier discharge systems [10], and other critical phenom-
ena observed in non-thermal plasma processes contribute to
operational inefficiencies and energy losses. Therefore, real-
time monitoring and fault detection of plasma processes are
essential to ensure uninterrupted operation.

This article presents essential monitoring and fault diagnosis
techniques applied to identify fault events in industrial plasma
processes, as depicted in Fig. 1. It also reports the methods to
reduce the occurrence of uncertain events while improving the
efficiency of plasma-assisted technologies. The article begins
by discussing the role of sensors, probes, and invasive and
non-invasive diagnostic methods in detecting fault events,
whose occurrences are subsequently inferred through signal
and image processing techniques. Additionally, the article
explores advanced algorithms and artificial intelligence—based
machine learning techniques for optimizing plasma processes.

The paper is structured in seven sections. Section II provides
an overview of the types of industrial plasma processes.
Section III presents the sensor techniques used for the fault
event detection in plasma processes. Sections IV and V discuss
the signal and image processing methods applied to diagnose
fault events of industrial plasma processes, respectively. Per-
spectives and future directions are discussed in section VI
Section VII concludes the paper.

II. TYPES OF INDUSTRIAL PLASMA PROCESSES

The following section provides a brief overview of various
industrial plasma processes. These processes are employed in a
wide range of applications under both thermal and non-thermal
operating conditions.
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Fig. 1. Schematic representation of monitoring and fault diagnosis techniques
for industrial plasma processes discussed in this study.
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A. Electric Arc Plasma

Arc plasma technology was the earliest plasma-based tech-
nique developed in the early nineteenth century [11], [12],
[13]. Arc plasma systems are capable of generating high-
temperature, high-energy-density plasmas through an electric
arc established between electrodes. Owing to this capability,
they are preferred over conventional methods for applications
such as mineral ore smelting, industrial scrap melting, slag
processing, fertilizer and biochar production, and nanoparticle
synthesis. These systems typically operate using either an
alternating current (AC) or a direct current (DC) under atmo-
spheric conditions and commonly employ graphite or tungsten
electrodes for smelting operations.

B. Arc Plasma Welding

Arc plasma welding is one of the sophisticated welding
techniques currently preferred over other conventional welding
techniques [14]. Plasma arc welding utilizes optimal electrical
energy and features sophisticated control measures for welding
metals without introducing impurities on the surface. Plasma
arc welding utilizes different atmospheric gases to clear impu-
rities and prevent the creation of porosity during welding. It
is widely used in aircraft manufacturing, avionics, high-speed
vehicles, etc.

C. Arc Plasma Cutting

Arc plasma cutting technology is widely employed in in-
dustrial applications such as cutting metal sheets and drilling
metal surfaces. Recognized as a highly precise machining tool
[15], it enables accurate machining of metals, steels, and alloy
components. The arc plasma cutter provides excellent control
over arc length and injection, in addition to being user-friendly
and easy to handle.

D. Thermal Plasma Torch

A thermal plasma torch generates a high-temperature, elon-
gated arc using fixed electrodes and typically operates with
AC. This configuration, also known as a non-transferred
thermal arc plasma, has fixed electrodes from where the
arc is generated. It employs tungsten electrodes to withstand
extreme temperatures. Characterized by its elongated arc,
the high-temperature plasma torch is an advanced industrial
plasma technology used in pyrolysis processes [16], nuclear
waste treatment, and the decomposition of highly hazardous
industrial wastes.

E. Plasma Spray Coating

Plasma spray coating is a high-temperature coating tech-
nology [17] that uses powder material (metal powder or alloy
powder) to coat metal or ceramic surfaces. The metal powder
is fed at the top of the nozzle flame in the plasma setup,
and the molten powder particles (splats) strike the target to
coat its surface. It is highly recommended for thermal barrier
coating, high-temperature coating, heat-resistant coating, and
corrosion-free coating. Thermal plasma spray technologies are
widely used in nuclear power plants, the aerospace industry,
and other sectors for coating components and spare parts.
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Fig. 2. Optical emission spectroscopy (OES) was used for in-situ monitoring
of reactive species during smelting operations in a transferred arc plasma
(TAP) setup, while current and voltage measurements were obtained to track
arc fluctuations [19].

F. PECVD

Plasma-enhanced chemical vapor deposition (PECVD) is a
material fabrication technique employed for surface coating
[18]. It utilizes various precursor gases to deposit a thin coating
layer on the substrate surface. PECVD is particularly valuable
for the fabrication of thin films, substrate wafers, and other
materials, and finds extensive applications in the glass, optical,
and ceramic industries.

G. Microwave Sputtering

The microwave sputtering technique is employed for mate-
rial deposition on substrates [21]. In this process, sputtering
occurs under the excitation of a microwave source, causing
metal vapor to deposit on the substrate and form a thin coating
layer. This technique is widely used for fabricating advanced
materials, producing insulating glass and fiber components,
and supporting material fabrication applications.

H. Dielectric barrier discharge

Dielectric barrier discharge (DBD) plasma [22] is a non-
thermal plasma generated by an electrical discharge be-
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Fig. 3. The plasma torch is equipped with multiple sensing techniques to
monitor arc fluctuations resulting from variations in operating parameters. A
microphone is used to capture acoustic signals associated with arc fluctuations,
an optical sensor records variations in plasma glow intensity, and a voltage
sensor is installed around the high-temperature plasma torch [20].



This article has been accepted for publication in IEEE Transactions on Plasma Science. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TPS.2026.3662493

IEEE TRANSACTIONS ON PLASMA SCIENCE

tween two insulated electrodes. The discharge dissociates air
molecules into ions, neutrals, radicals, and ozone, which can
further react with substances placed between the electrodes to
induce ionization. DBD plasma technology is widely applied
in crop bacterial treatment, material characterization, water
purification, and various biomedical applications.

1. Atmospheric Plasma Jet

This technology is also referred to as cold plasma, as
the temperatures of the dissociated ions and electrons differ,
producing an optimum-temperature plasma jet suitable for
sensitive applications. Unlike thermal plasma, the plasma jet
does not exert a significant thermal impingement effect upon
contact [23], making it safe for direct interaction with bio-
logical tissues and delicate materials. Cold plasma has found
extensive applications in wound healing, bacterial disinfection,
water purification, and other biomedical treatments.

J. Non-thermal Plasma Etching

Plasma etching can be broadly classified into thermal and
non-thermal plasma etching techniques. Non-thermal plasma
etching is primarily used to clean the substrate surface prior
to material deposition [24], ensuring improved adhesion and
surface uniformity. This technique plays a crucial role in
defining the morphology and structure of materials during fab-
rication. In addition to substrate preparation, plasma etching is
extensively employed in the glass coating industry to produce
impurity-free and smooth surfaces. Beyond glass processing,
non-thermal plasma etching is also applied in semiconductor
manufacturing, thin film fabrication, and the production of
advanced electronic devices due to its precision and ability
to selectively remove surface contaminants without damaging
the underlying substrate.

K. Atmospheric Plasma Corona Discharge

Corona discharge occurs when atmospheric gas undergoes
electrical breakdown at room temperature under ambient
conditions [25]. This phenomenon generates a non-thermal
plasma rich in ions, electrons, and reactive species, which
interact with surface materials to modify their chemical and
physical properties. Corona discharge is widely applied in the
treatment of paperboard, metalized surfaces, and polymer films
to enhance surface wettability, adhesion, and printability.

L. Dielectric Barrier Discharge Micro-plasma

Micro-plasma is a form of dielectric barrier discharge
(DBD) [26]. It is generated when two thin films are placed in
close proximity, separated by a gap of a few millimeters, and
plasma-forming gas is introduced between them. The resulting
micro-plasma produces highly reactive species in a confined
region, enabling precise surface modification. Its applications
are widespread in device fabrication, plasma displays, particle
removal, and surface cleaning.
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Fig. 4. A multi-sensor arrangement comprising acoustic, current, and voltage
sensors is around a transferred arc plasma reactor to monitor arc fluctuations
during mineral ore smelting [7], [3].

M. Plasma-activated Water

When a non-thermal atmospheric plasma is applied just
above a water surface, the plasma generates reactive ions
by dissociating gas molecules in the surrounding air and
producing ozone. These ions interact with the water molecules
to produce plasma-activated water (PAW) [27]. PAW contains
reactive oxygen and nitrogen species that confer antimicrobial
properties and stimulate biochemical activity. This technology
is increasingly utilized in seed germination, agricultural ap-
plications, and antibacterial treatments in the food processing
industries.

N. Plasma Deodorization System

Another emerging non-thermal plasma process is employed
to trap moisture particles from the air, called plasma deodor-
ization. This technique is widely used for air purification,
odor removal, and contaminant mitigation [28]. A summary
of industrial plasma processes, categorized based on thermal
and non-thermal types, is presented in Table I, highlighting
their operating principles, typical applications, and advantages
in various industrial sectors.

ITII. EVENT DETECTION THROUGH SENSORS

Fault monitoring and detection in plasma processes are
performed using various sensors and non-invasive diagnostic
techniques. The responses obtained from these embedded
methods provide critical information on plasma process opera-
tion and enable accurate interpretation of event characteristics.
For instance, real-time events such as arc fluctuations, arc
instability, and electrode erosion are commonly reported faults
in arc plasma systems, and these events are identified through
analysis of current and voltage signals [43].

In thermal plasma processing, the transferred arc plasma
(TAP) setup has been widely employed for the extraction or
reduction of minerals from ores, including low-grade ores
[19]. To assess the degree of reduction during the smelting
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TABLE I
INDUSTRIAL PLASMA PROCESSES

Plasma processes Types of plasma Power source

Application

Electric Arc plasma T AC/DC Melting/Smelting of mineral ores, scrap, and slag

Arc plasma welding T AC/DC Efficient welding technique to achieve minimum porosity in
welding and reduce impurities in the surface

Arc cutting T AC/DC High-temperature machining, metal sheet cutting

Thermal Plasma torch T AC/DC/RF/Microwave Pyrolysis and extractive metallurgy

Plasma spray coating T AC/DC Thermal barrier coating

PECVD NT AC/DC/Microwave Material fabrication and coating surface

Microwave sputtering NT AC/DC/Microwave Material fabrication and coating surface

Dielectric barrier discharge NT AC/DC/Microwave Bacterial disinfection, biomedical treatment, and Material
characterization

Cold atmospheric plasma jet NT AC/DC/Microwave Biomedical application, wound healing

Non-thermal plasma etching NT AC/DC/Microwave IC fabrication, Semiconductor device fabrication

Atmospheric plasma Corona discharge NT AC/DC/Microwave Electrostatic Precipitators (ESPs) for removing dust in the flue
gas

Dielectric Barrier Discharge NT AC/DC/Microwave Photo-catalysis applications and material fabrication

Micro-plasma

Plasma-activated water NT AC/DC/Microwave Antimicrobial effectiveness and applications in the food indus-
try

Plasma deodorization system NT AC/DC/Microwave Odor removal, air purifier

*T: Thermal plasma, NT: Non-thermal plasma

process under TAP conditions, it is essential to estimate key
plasma parameters such as plasma temperature and species
density in order to effectively monitor process progression.
To effectively monitor the reduction process, optical emission
spectroscopy (OES) serves as a non-invasive sensing technique
for tracking the reduction process through variations in the
emission intensity of excited species. OES is a useful method
for monitoring the reduction progress of ores, as illustrated
in Fig. 2. In Fig. 2, a collimator lens is employed to focus
on the arc plasma generated inside the furnace, while the
OES system and a personal computer are positioned at a
suitable distance from the reactor to record and analyze the
emission spectra of reactive species. Similarly, a pyrometer
is also used to measure the temperature of the furnace and
the molten bath in electric arc plasma systems. These devices
are capable of measuring plasma and reactor temperatures
even in dusty environments [44]. Likewise, arc instability is
diagnosed using Hall-effect current sensors [33]. To regulate
electrode movement and stabilize arc behavior, fuzzy PID
controllers have been developed [34]. Additionally, enthalpy
probes are used for diagnosing thermal plasma characteris-
tics [45]. Advanced optical diagnostic techniques have also
been proposed for estimating key plasma parameters in arc
plasma systems [32]. In these developments, several optical
parameters such as optical depth, frame rate, and broadband
light sources are considered for estimating plasma parameters
under varying operating conditions. Additionally, a high-power
LC circuit has been developed to generate arc plasma using
argon gas [46]. Producing high-quality, porosity-free welds is
a critical requirement in arc welding; therefore, micro-vision
cameras and high-dynamic-range (HDR) imaging systems
are employed to monitor weld quality, detect porosity, and
evaluate weld joint integrity.

Similarly, a range of non-invasive sensing techniques and

probes are employed to diagnose the presence of fault events
in non-thermal plasma systems. Among these, the Langmuir
probe is one of the most widely used diagnostic tools for non-
equilibrium plasma analysis [34]. The Langmuir probe and
its modified variants are commonly utilized to measure key
plasma parameters, including ion density and ion temperature.
Fault detection instrumentation techniques, such as colorimet-
ric probes and thermopile sensors, are used to measure energy
fluxes in plasma environments [41]. Additionally, OES is used
to diagnose arcing effects and discharge non-uniformity in
DBD plasmas. These real-time issues are further analyzed
using current and voltage sensor measurements, enabling com-
prehensive diagnosis of plasma operating conditions. Plasma
sources are also utilized to characterize various plasma-based
processes, such as DBD plasma, which functions as an actuator
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Fig. 5. The experimental setup is embedded with an OES system to estimate
the gas flow rate from the emission spectra of reactive species and to detect
gas leakage during arc plasma operation [47].
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TABLE I
IDENTIFICATION OF FAULT EVENTS IN PLASMA PROCESSES THROUGH SENSOR AND PROBE MEASUREMENTS
Plasma processes Types of plasma Fault events Sensors and probes Ref.
Arc welding T To monitor the dynamic behavior of the plasma flume A high-thermal-conductivity, three-channel 2025
during arc welding. copper array probe was developed to [29]

capture welding conditions under high
heat-flux environments and to monitor arc
fluctuations.

Metal active gas (MAG) T Weld quality monitoring from porosity and impurities An acoustic sensing system was developed 2024

arc welding deposition for weld quality monitoring, where weld [30]
quality is classified based on the welding
fluctuations sound.

Transferred arc plasma T To understand the arcing sound and intensity variation of Acoustic and optical sensors are utilized, 2023

(TAP) plasma glow during smelting of mineral ores. and the acquired signals are correlated to  [19]
study arc fluctuations arising from arcing
sounds and plasma glow variations.

Arc welding T Real-time quality monitoring of ultra-thin sheet edge MA micro-vision sensing system is 2022

welding deployed for weld quality classification [31]
using machine learning algorithms.

Arc plasma T To estimate ion temperature and ion density. An optical emission spectroscopy (OES) 2021
system is positioned near the reactor to [32]
capture plasma glow characteristics.

Arc plasma T Diagnosis of arc furnace instability control. A Hall-effect current sensor is employed to 2018
analyze arc fluctuations based on current [33]
signal variations.

Electric arc furnace T To control electrode regulation during the smelting A fuzzy PID controller is developed to 2015

process. regulate anode electrode movement. [34]

DC electric arc furnace T To monitor arc fluctuation during the smelting process. ~ An acoustic monitoring system is 2019
embedded near the reactor to record arc [35]
fluctuation sounds for assessing arc
stability conditions.

Industrial semiconductor NT To measure electron-density uniformity during real-time An electrode-embedded flat-cutoff array 2022

plasma processing wafer processing. sensor has been developed for plasma [36]
diagnostics.

Cold Atmospheric Plasma NT Real-time diagnostics of cold atmospheric plasma Optical emission spectroscopy and 2019

sources. electro-acoustic emission methods are [37]
employed for real-time diagnostics of cold
atmospheric plasma sources.

RF discharge NT plasma NT In-situ diagnostics of highly reactive discharges. An RF Sobolewski probe is developed for 2019
ion flux to obtain electron temperature. [38]

Magnetron sputtering Hot NT Diagnosis of thin film properties of sputtering processes. (i) A quartz crystal microbalance. (ii) A 2012
planar Langmuir probe. (iii) A calorimetric [39]
(Gardon) probe.

High-pressure RF NT For measuring the plasma parameters of an RF Resonant near-field microwave probing is 2012

capacitive discharge capacitive discharge in Argon under developed for contactless diagnostics of [40]

plasma atmospheric-pressure conditions. high-pressure plasma.

Low-pressure RF NT To measure energy fluxes of confined plasma. A calorimetric probe and a thermopile 2010

discharge plasma sensor are developed to measure energy [41]
fluxes.

Industrial non-thermal NT Monitoring and control of industrial plasma processes. Quantum cascade lasers are developed for 2009

plasma mid-infrared absorption spectroscopy [42]

applications.

*T: Thermal plasma, NT: Non-thermal plasma

for monitoring and actively controlling vehicle buffeting noise
[49]. Additionally, lasers and fiber-based infrared sensors are
used to monitor industrial plasma processes [42]. Atmospheric
plasma jets are extensively used in wound-healing applica-
tions; however, variations in jet length can adversely affect
treatment uniformity and diagnostic accuracy. As a result,
various control strategies are implemented to maintain a stable
and uniform plasma jet. Therefore, early detection of fault
events using sensor- and probe-based diagnostic techniques is
crucial for ensuring the reliable and continuous operation of

plasma processes. A comprehensive summary of sensors and
probe techniques employed for fault detection in thermal and
non-thermal plasma processes is presented in Table II.

IV. SIGNAL PROCESSING TECHNIQUES ON PLASMA
DIAGNOSTICS

Information acquired from sensors and probes is typically
represented as one-dimensional signals, which are processed
using signal processing techniques to diagnose fault events
in plasma processes. Techniques such as time-series analy-
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sis, sequential data analysis, frequency-domain analysis, and
time—frequency analysis are commonly applied to interpret
sensor signals, along with various signal transformation meth-
ods for effective event characterization. Hall-effect sensors,
current sensors, position sensors, voltage sensors, and gas
sensors are widely employed in plasma reactors, particularly in
arc plasma systems [50]. Initially, Hall-effect current sensors
were extensively used to measure the AC in arc plasma
reactors. However, with the increasing adoption of DC plasma
reactors, arc current in thermal and arc plasma systems is
commonly acquired through 4-20 mA serial communication
at a high sampling rate, allowing for effective monitoring of
arc fluctuations. However, in the recent past, the integration of
acoustic sensors, optical diagnostics, and multi-sensor fusion
strategies has substantially advanced fault monitoring and pro-
cess optimization in plasma-based systems. Signal processing-
based diagnostic frameworks have been effectively employed
to address critical operational challenges, including arc insta-
bility in TAP, welding defect identification in arc welding,
voltage flicker phenomenon in plasma torch, electrode posi-
tion regulation, foaming height estimation during smelting,
electrode erosion, and electrode breakage in TAP. The signals
acquired from embedded sensing units are systematically
decomposed, transformed, and analyzed using time-domain,
frequency-domain, and time-frequency-domain techniques to
detect, classify, and validate fault events in plasma processes.

The schematic illustrated in Fig. 3 depicts a high-
temperature plasma torch reactor integrated with multi-sensing
diagnostic techniques for monitoring arc fluctuation. The sens-
ing configuration comprises an acoustic sensor, an optical
sensor, and a voltage transducer for acquiring voltage signals.
Collectively, these sensors provide critical information for
characterizing arc instability and arc-root fluctuation within
the plasma torch. High-temperature plasma torches are widely
employed in pyrolysis processes; therefore, the integration
of multi-sensing diagnostic frameworks for real-time reactor
health monitoring significantly enhances process stability, op-
erational reliability, and overall productivity.

An arc plasma reactor developed at Mintek, as shown in
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Fig. 6. The Press Reactor, a multipurpose facility developed by SINTEF
(Norway), facilitates observation of plasma processes through optical sensing
and videographic imaging [48].

Fig. 4, is used for extractive metallurgy, such as mineral ore
reduction and the melting of scrap metals. In this setup, the
smelting or melting process occurs inside a graphite crucible
that serves as the anode, while the cathode is formed by the
plasma torch electrode. During operation, arc instability occurs
due to the high slag content in the mineral ore reduction
process, resulting in the complete separation of metal and
slag, which creates a large impedance gradient. To mitigate
such instabilities, arc fluctuation is monitored using sensors
installed around the reactor. For accurate diagnosis of arc
instability, multiple sensors are embedded around the setup
to monitor the smelting operation. Arcing sound is generated
during operation, caused by arc fluctuations. To capture this
sound, a microphone is embedded near the reactor. Similarly,
impedance variation due to slag content is monitored through
voltage measurements, and plasma glow intensity variations
are recorded using an optical sensor.

A dielectric barrier discharge plasma actuator (DBD-PA) is
used to examine the vehicle buffeting noise generated from
wind tunnel test under the influence of various inflow wind
speeds. Different types of actuator layouts are designed using
specific parameter combinations, and an interval optimization
algorithm is also proposed to identify the actuator configura-
tion that achieves the best equalization control performance
under various inflow wind speeds. The experimental results
show that, as wind speed increases, both the buffeting noise
frequency and the peak sound pressure level increase. The
buffeting noise frequency is determined from the fast Fourier
transform (FFT), and a correlation study between wind speeds
and buffeting noise from the wind tunnel test is also verified. In
this examination, a DBD-PA serves as an active flow-control
device to mitigate vehicle buffeting noise generated during
wind tunnel tests at varying inflow wind speeds.

Similarly, to estimate the gas flow rate into an arc plasma
reactor, OES is employed to capture the emission spectra of
reactive species (Fig. 5). The acquired spectral signals are pre-
processed to reduce noise and extract relevant features, which
are subsequently used as inputs to an artificial neural network
(ANN) for accurate flow rate estimation. Therefore, the current
state of the techniques successfully addresses fault diagnosis
in plasma processes and can be further improved with the
integration of machine learning techniques to optimize system
performance and plasma setups.

In plasma jet devices, characteristic features extracted from
signals acquired by embedded sensors provide valuable in-
sights for the design and modification of plasma jet systems
[51]. Signals from sensors installed around the reactor are
also instrumental in the monitoring of the plasma processing
chamber [52]. Furthermore, signal processing techniques facil-
itate the investigation of reaction mechanisms in atmospheric-
pressure plasma processes [53]. However, with the transition
from Industry 4.0 to Industry 5.0, the adoption of advanced
sensing techniques and the development of novel non-invasive
diagnostic systems will become a priority to minimize resource
consumption and enhance process efficiency. Similarly, the ap-
plication of signal processing methods for fault detection and
the optimization of plasma process parameters is summarized
in Table III.
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TABLE III: Signal processing techniques on plasma diagnostics

Plasma processes Investigation Proposed methods Outcomes References
Plasma arc welding  To identify depth of pene- Variable mode decomposition VMD modes effectively 2025 [54]
tration and weld quality (VMD) characterize weld penetration
states and process dynamics,
thereby  improving  weld
quality
Arc plasma Voltage fluctuation due to Voltage signal decomposed Instability in arc classified 2023 [19]
the instability of the arc into time-frequency based on the frequency re-
components using power sponse of the events
spectral density and short-
time  Fourier  Transform
(STFT)
Atmospheric plasma The characteristics of the Plasma discharge characteris- An efficient and uniform 2022 [37]
with a glow dis- plasma discharge are signif- tics are determined from the plasma discharge is achieved
charge icantly influenced by varia- time-domain discharge cur- through optimal control of
tions in the input parameters rent signal and the corre- the input parameters.
sponding charge—voltage Lis-
sajous plot.
Arc welding To identify weld defects Qualitative analysis of emis- Emission spectra of 2022 [55]
during the manufacturing of sion spectra through optical characteristic spectral lines
tankers, trucks via arc weld-  spectroscopy are used to identify quality-
ing related events and the
presence of porosity.
Transferred arc  An unexpected loss of the Voltage and current signals Arc loss events are pre- 2021 [56]
plasma plasma arc in the electric are analyzed using statistical dicted, and corresponding op-
furnace. signal processing techniques erational measures for correc-
along with machine learning tive action are developed.
methods.
Arc welding Welding defects due to im- The arc current signal is pro- Classification algorithms are 2021 [57]
purities and porosity cessed, and a transfer learn- utilized to identify operating
ing-based method is applied zones from extracted feature
to classify welding current representations.
patterns.
Ladle furnace Temperature estimation of A hybrid prediction model is Tapping condition is deter- 2021 [58]
molten steel to avoid tap- used along with the cuckoo mined from molten tempera-
ping issues algorithm and a neural net- ture using proposed method
work to analyze molten tem-
perature data.
Transferred arc  To estimate gas flow-rate, to  Features of the spectral data A soft sensor is proposed to 2020 [47]
plasma accommodate the failure of fed to the neural network estimate the gas flow rate
the mass flow meter model from the emission spectra of
excited species during the
smelting process.
Plasma arc discharge To estimate the electrode A Hall effect-based current The submerged plasma arc 2020 [59]

gap during arcing condition

sensor is used to capture the
current signal, which is sub-
sequently analyzed to under-
stand the arcing condition

discharge in water is contin-
uously monitored from the
adopted technique.
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Plasma processes Investigation Proposed methods Outcomes References
Cold  atmospheric ~Abnormality diagnostics of  Statistical analysis of optical Rotational and vibrational 2019 [60]
plasma cold atmospheric plasma emission spectra and electro- temperatures, along with
(CAP) sources acoustic emission lines are substrate characteristics, are
performed, and a machine estimated.
learning model is proposed.
Electric arc furnace  Arc instability during smelt-  Signals acquired from the Dynamic optimization soft- 2019 [61]
ing operation current and voltage sensors ware is created to control arc
are diagnosed to identify arc instability
instability conditions
DC Non-transferred Current fluctuations inside Auto-correlation analysis is  Auto-correlation coefficients 2017 [62]
arc plasma the furnace during steel- performed on current and of current and voltage sig-
making voltage signals. nals, along with the fre-
quency responses of the fluc-
tuations, are utilized to opti-
mize operating parameters.
Arc Furnaces and Arc current varies with Current and voltage signals A control system for auto- 2016 [63]
Ladle Furnaces changes in electrode posi- are analyzed using signal pro- matic electrode regulation is
tion. cessing techniques. developed based on operating
current variations.
Arc plasma Monitoring hydrogen The spectral lines obtained Reduction of oxides moni- 2016 [64]
plasma reduction process from optical emission spec- tored through Na and D emis-
troscopy are analyzed. sion lines
Electric arc furnace  To estimate the current and  Statistical features of voltage The proposed model evalu- 2015 [65]
voltage behavior during op- and current signals are used ates stability behavior of arc
eration as input to an Extreme Learn- in an efficient way
ing Machine for analysis
Electric arc furnace  Electric arc furnace (EAF) Electrical signal, temperature Optimized electrode motion 2015 [66]
electrodes motion control rating from thermocouple, control is developed from the
system to react to tapping and emission lines of excited feedback signals
requirement species are analyzed
DC Non-transferred Diagnosis of arc root dy- Voltage waveform of arc is Arc stability and instability 2015 [67]
arc namics and voltage instabil- analyzed to evaluate arc root characteristics are addressed
ity dynamics
Electric arc furnace To control the electrode reg- A fuzzy PID controller was Designed controller reduces 2015 [34]
ulator system of the electric  proposed to minimize errors the nonlinearity effect in the
arc furnace arising from system identifi- system
cation.
Arc welding To determine the quality of The operating parameters se- A neural network algorithm 2013 [68]
a weld joint in arc welding. lected for this study in- is proposed to predict weld
clude welding current, weld- penetration depth and opti-
ing speed, gas flow rate, and mize operating parameters.
welding gun angle.
Plasma spray process To control plasma spray Statistical features of the op- Operating parameters of the 2013 [69]

coating

erating parameters are ex-
tracted and input to an arti-
ficial neural network (ANN)
algorithm proposed for opti-
mizing control parameters.

spray plasma is optimized
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Plasma processes

Investigation

Proposed methods

Outcomes

References

Electric arc furnace

Plasma etch equip-
ment

Dielectric barrier

discharge

Electric arc furnace

Electric arc furnace

Plasma etching

Non-equilibrium
plasma for material
deposition

IC-OES

Arc furnace

To reduce controllable
losses during the melting
operation

Fault detection and classifi-
cation in plasma etch pro-
cessing

Identification of reaction
mechanism of atmospheric
pressure gaseous discharges

Random characteristics of
voltage and current during
smelting operation

Estimation of Slag Foaming
Height during smelting op-
eration

In-situ process monitoring
in the fabrication of semi-
conductor wafers

Diagnosis of plasma pro-
cessing equipment inside
material deposition chamber

Identification of spectral
lines in groups
Monitoring of electrode

breakage

An artificial neural network
(ANN) is proposed, and
a simulated annealing
algorithm is employed to
optimize production losses.

The proposed framework in-
tegrates a modular neural net-
work with Dempster—Shafer
theory to effectively address
uncertainties in the system.

The study is conducted us-
ing spectral signals of OES,
acoustic, and electrical sig-
nals

Adaptive neuro-fuzzy
inference systems are
implemented to facilitate

dynamic reconstruction of the
nonlinear v—i characteristics.

Fast Fourier transform (FFT)
of current and voltage signals
is used with the least mean
square (LMS) algorithm

Sigma matching method is
proposed along with the
spectral response of excited
species captured from OES

Wavelet transform and neural
network algorithm are used

Identification of spectral lines
into soft lines and hard lines
are done using an ANN algo-
rithm

Arc fluctuation and features
of the electrical signal are an-
alyzed

Operation loss is minimized
and energy consumption is
optimized

Classification of etch pro-
cesses into acceptable and
defective categories is per-
formed using features derived
from the operating parame-
ters.

The processing parameters
are optimized to determine
the reaction mechanism dur-
ing discharging condition

An optimized process condi-
tion is developed

Proposed method accurately
estimates forming height dur-
ing smelting

Process faults detected during
real-time diagnosis condition

Both Discrete Wavelet Trans-
form and Continuous Wavelet
Transform are compared to
identify plasma faults during
operation

Useful for the classification
of emission lines to deter-
mine the role of emission
lines in material characteriza-
tion through IC-OES

The statistical analysis of
electrical signals is useful to
determine the degradation of
electrodes inside the furnace.

2013 [68]

2011 [70]

2011 [53]

2011 [71]

2010 [72]

2010 [73]

2009 [52]

2003 [74]

2002 [75]

* T: Thermal plasma, NT: Non-thermal plasma, IC-OES: Inductively Coupled Plasma-Atomic Emission Spectroscopy
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Fig. 7. An OES and an infrared camera are used to monitor plume fluctuations
in a non-thermal plasma torch [23].

V. IMAGE PROCESSING TECHNIQUES FOR PLASMA
DIAGNOSTICS

Image processing techniques play a significant role in diagnosing fault
events in plasma processes and setups, particularly in classifying operational
states, detecting anomalies, and analyzing plasma glow characteristics. Ad-
vances in camera technologies, such as high-dynamic-range (HDR) cameras
and micro-vision cameras with high frame-rate capabilities, have become
instrumental for accurate and real-time fault detection in plasma systems. A
multi-purpose industrial smelting setup equipped with both signal and image
sensors was used to diagnose faults during smelting operations, as illustrated in
Fig. 6. Data captured from video cameras, current sensors, and voltage sensors
are correlated over time to monitor event occurrences in the plasma process.
In this setup, arc fluctuations are tracked using video cameras to capture
variations in operating parameters. Similarly, infrared cameras are utilized to
monitor arc fluctuations in the plasma torch, as depicted in Fig. 7. In Fig. 7,
arc fluctuations are monitored using an infrared camera, an optical emission
spectroscopy (OES) probe, and a high-voltage probe. The OES probe provides
spectral information to track intensity variation of reactive species, while the
high-voltage probe captures high-sample-rate voltage signals. The infrared
camera monitors arc dynamics at the anode and cathode roots, including
phenomena occurring beyond the visible spectral range. Collectively, the infor-
mation obtained from these multi-sensing techniques enables comprehensive
fault diagnosis and analysis of the plasma setup.

In the thermal plasma domain, image processing techniques have been
employed to detect plasma spray jet instabilities [76] and to perform mi-
crostructural analysis of thermal barrier coatings [77]. High-dynamic-range
(HDR) cameras have also been utilized for weld defect classification in arc
welding applications, leveraging convolutional neural network (CNN) based
transfer learning approaches [57], [54], [29].

Similarly, in non-thermal plasma processes, image processing techniques
and deep learning models have been extensively applied to quantify the erosion
of volumetrically featured aluminum foam under ion bombardment [78].
These techniques are also employed for plasma discharge pattern recognition
[79], identification of irregular plasma structures [80], and analysis of the
influence of input parameters on discharge characteristics [37]. Over the
past decade, event detection using image processing integrated with deep
learning (DL) and machine learning (ML) techniques has gained significant
importance in fault diagnosis, while also enhancing plasma process quality.
Image processing methods such as image segmentation and object detection,
combined with ML and DL algorithms, are widely applied in industrial plasma
processes for fault classification and process optimization. A summary of
image processing applications for detecting and monitoring fault events in
plasma systems is provided in Table IV.

VI. PERSPECTIVES AND FUTURE DIRECTIONS

This review article focuses on monitoring and fault diagnosis techniques
applied to industrial plasma processes. Plasma technologies have versatile
applications across various industrial sectors and societal needs. The rapid
advancement of plasma science and technology has significantly contributed
to improvements in manufacturing, energy production, environmental man-
agement, and overall product quality, ultimately enhancing both industrial

efficiency and human livelihood. Therefore, addressing challenges in plasma
processing is critical not only for resolving operational issues in plasma-based
technologies but also for improving the productivity and efficiency of plasma
systems. This section provides a comprehensive overview of the techniques
developed and applied for fault monitoring and diagnosis in industrial plasma
processes.

1) Sensors and probe-based techniques have played a critical role in
addressing challenges in plasma processing and detecting fault events
in plasma setups. Early diagnostic methods were largely limited to
invasive probes and interferometry techniques. However, with the
rapid advancement of information and sensing technologies, traditional
instrumentation and probes are increasingly being complemented or
replaced by micro-vision imaging cameras, high-frame-rate photogra-
phy, high-resolution spectroscopy, acoustic sensors, and other advanced
diagnostic tools. Therefore, it is essential to integrate advanced sensing
techniques into plasma reactors and setups as a primary step for
capturing process information. Such information may take the form
of signals, images, three-dimensional reconstructions, or other data
modalities.

2) Researchers and industry experts apply signal processing techniques to
monitor plasma processes and diagnose fault events during operation.
Signals acquired from various sensors, probes, and both invasive and
non-invasive diagnostic systems are preprocessed to reduce noise using
filtering and transformation methods such as continuous wavelet trans-
form (CWT), discrete wavelet transform (DWT), and power spectral
density (PSD) analysis. In the reported studies [19], [81], [82], current,
voltage, and acoustic signals were captured at a sampling frequency
of 20 kHz. Due to the presence of high-frequency noise components,
the signals were preprocessed using the tunable-Q wavelet transform
(TQWT). The denoised and preprocessed signals were subsequently
used to train machine learning models, including neural networks
and extreme learning machines, for predicting and classifying fault
events in plasma processes. In addition to applying signal processing
techniques to reduce noise in captured signals, it is equally important to
periodically calibrate sophisticated instrumentation used for monitoring
and fault detection to ensure accurate plasma process measurements.

3) Advanced signal processing methods and algorithms are employed
to distinguish noise from genuine faults in electrical and mechanical
systems, thereby improving fault diagnosis [83], [84], [85], [86], [87],
[88]. Recent advancements in signal processing and computational
capabilities have further enabled fault event detection using machine
learning and deep learning approaches [56], [30].

4) In non-thermal plasma setups, optical emission spectroscopy (OES)
has been used to detect event occurrences by analyzing the spectral
characteristics of reactive species. Similarly, ion energy analyzers
are used to monitor the plasma processing chamber, and computed
tomography (CT) techniques are also applied to investigate variations in
plasma phenomena under changing control parameters by reconstruct-
ing the plasma structure within the confined chamber. However, plasma
processes are inherently complex and dynamic due to the concurrent
physicochemical reactions that occur. Consequently, fault diagnosis
in plasma systems extends beyond signal processing methods and
increasingly relies on image processing techniques for comprehensive
monitoring and analysis.

5) Image processing techniques play a vital role in event detection
during plasma processing. High-speed cameras are used to monitor
electrode erosion in smelting operations. Both high-speed and high-
dynamic-range (HDR) imaging systems have demonstrated significant
potential in thermal plasma setups for detecting arc instabilities and
unexpected arc loss within the furnace. Since electrode erosion can
ultimately lead to electrode breakage and pose operational hazards,
early detection through image-based monitoring is critical to preventing
adverse outcomes during plasma operations. High-speed cameras are
also employed to observe arc instabilities caused by arc fluctuations,
enabling clear differentiation between stable and unstable plasma
operation [76]. Image processing techniques play a significant role
in the microstructural analysis of thermal barrier coating surfaces
[77]. Recently, computed tomography (CT) methods have been applied
to reconstruct three-dimensional (3D) images of inductively coupled
plasma (ICP) modes [89]. Additionally, plasma discharge patterns can
be visualized using high-speed cameras under varying current and
voltage conditions [37]. A summary of reported applications of image
processing methods for fault diagnosis in plasma processes is presented
in Table IV.
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TABLE IV: Image processing techniques for plasma diagnostics

Plasma processes

Investigation

Proposed methods

Outcomes

References

Plasma arc welding

Gliding arc

Electric arc plasma

Arc welding

Thermal
cess

spray pro-

Thermal plasma spray

Arc welding

Plasma jet

Non-thermal
plasma

pulse

Arc welding

Non-thermal imping-
ing plasma jet

DC Non-Transferred
arc plasma

DC Non-Transferred
arc the plasma

DC Non-Transferred
arc the plasma

To identify depth of penetration
and weld quality

Arc fluctuation

To identify leakage of gas during
operation and interpret failure of
current sensor

Real-time quality monitoring of
ultra-thin sheet edge welding

Instabilities and fluctuations of the
plasma jet during thermal spray
coating

Micro structural analysis of ther-
mal barrier coating

Identification and classification of
weld defects

Plasma jet length classification for
variation of operating parameters

To monitor temperature variation
pulse plasma flows

Depth of penetration detection in
arc welding

To monitor the impinging effect of
the plasma jet

Monitor the dynamical behavior of
the plasma torch

Visualization and mechanisms of
splashing erosion of electrodes in
a DC air arc

To monitor the dynamic behavior
of plasma in a DC non-transferred
plasma torch.

Analysis of weld quality images
is performed using continuous
wavelet transform (CWT).

High frame rate images are cap-
tured to analysis arc fluctuation
Images captured under different
operating conditions are used to
train a deep learning model to iden-
tify the operating conditions

Real-time welding images are
captured using a micro-vision
sensing camera and analyzed
with a support vector machine
(SVM)-based swarm optimization
combined with a computationally
inexpensive  floating  selection
(SOCIFS-SVM) algorithm,
enabling the implementation of an
online monitoring framework.
High-frame rate images of the
plasma jet are acquired and pro-
cessed using the inverse Abel trans-
form.

Image segmentation of splats is
performed, and enhanced sintering
of air plasma-sprayed thermal bar-
rier coatings is analyzed through
the segmented images.
CNN-based transfer learning is
used for automated weld defect de-
tection and classification from ra-
diography images.

Tiny plasma jets are classified us-
ing a classification algorithm from
the visual images of the flume

Pulsed plasma generated in IPU-30
reactors was diagnosed using high-
frame rate visible imaging with a
Phantom VEO710S fast camera.
A deep learning model was pro-
posed using features extracted from
multi-source sensing images

ICCD imaging study was done to
identify plasma discharge patterns

High-frame-rate images are cap-
tured under different operating con-
ditions, and emission spectroscopic
analysis was performed for various
anode materials

A high-definition imaging system
was developed to monitor electrode
erosion during smelting operations.

A high frame rate (fps) camera is
used to monitor arc fluctuation

Weld quality is improved by iden-
tifying penetration states and oper-
ational modes.

Visual information of gliding arc
utilized for processing material
Proposed work act as a soft sen-
sor to classify operating conditions,
can be accommodated when cur-
rent sensor fails or leakage of in-
jected gas into the reactor

A real-time framework was devel-
oped to detect defects in ultra-thin
sheet edge welding, enabling im-
plementation of online closed-loop
quality control

The influence of the particles on
the plasma jet originating from the
cascaded triple arc plasma genera-
tor is identified

2021 [77]

Proposed work efficiently detects
weld defects and is helpful in real-
time monitoring

The applied methodology facili-
tates the advancement of cold at-
mospheric plasma jet technology,
offering substantial opportunities in
biomedical applications.

Helpful for pulse plasma diagnosis

Visual images of the welding arc
are utilized to improve monitoring
of the gas tungsten arc welding
process and detection of penetra-
tion.

Implemented imaging method
helpful to identify  plasma
discharge morphology patterns
Spectral data of reactive species
acquired through optical emission
spectroscopy are used to accurately
estimate plasma parameters.

This study provides insight into
electrode erosion mechanisms and
material splashing behavior during
smelting operations.

Helps to understand arc root dy-
namics

2025 [54]

2024 [90]

2023 [81]

2022 [31]

2022 [76]

2021 [57]

2021 [36]

2020 [91]

2020 [92]

2019 [93]

2019 [94]

2017 [95]

2017 [95], [20]

* T: Thermal plasma, NT: Non-thermal plasma
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In this study, the authors observed that sensors and probes embedded
in plasma setups extensively rely on signal processing techniques to detect
and diagnose fault events during operation. Over the past two decades, the
combined contributions of sensors, probes, and signal processing methods
have played a pivotal role in event diagnosis across various plasma systems.
More recently, advancements in camera technologies, information technology,
and artificial intelligence have collectively enabled significant improvements
in plasma process operations, reducing fault occurrences and enhancing overall
system performance. Despite the advancements, the inherent physicochemical
reactions and dynamic operating conditions in large-scale plasma processes,
such as smelting and thermal barrier coating operations, continue to introduce
real-time uncertainties. Consequently, the adoption of automation, artificial
intelligence, and the integration of multi-sensing systems is essential to
address unresolved operational challenges in industrial plasma setups.

VII. CONCLUSION

This literature review focuses on monitoring and fault diagnosis techniques
implemented in industrial plasma processes. Emphasis is placed on the use
of sensors and probes for detecting fault events during operation, along with
the contribution of signal and image processing techniques for fault diagnosis
and validation. The review encompasses a broad range of techniques and
methodologies employed across various industrial plasma processes to address
real-time operational challenges. The literature survey further emphasizes the
role of machine learning and artificial intelligence approaches in optimizing
plasma processes and improving overall system performance. The diagnostic
techniques discussed, drawn from diverse plasma applications, aim to assist
researchers and industrial practitioners in selecting and implementing appro-
priate diagnostic methods under different operating conditions.
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