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Abstract: Condition-based monitoring (CBM) has emerged as a critical instrument for lowering
the cost of unplanned operations while also improving the efficacy, execution, and dependability
of tools. Thermal abnormalities can be thoroughly examined using thermography for condition
monitoring. Thanks to the advent of high-resolution infrared cameras, researchers are paying more
attention to thermography as a non-contact approach for monitoring the temperature rise of objects
and as a technique in great experiments to analyze processes thermally. It also allows for the
early identification of weaknesses and failures in equipment while it is in use, decreasing system
downtime, catastrophic failure, and maintenance expenses. In many applications, the usage of
IRT as a condition monitoring approach has steadily increased during the previous three decades.
Infrared cameras are steadily finding use in research and development, in addition to their routine
use in condition monitoring and preventative maintenance. This study focuses on infrared crucial
thermographic theoretical stages, experimental methodologies, relative and absolute temperature
requirements, and infrared essential thermographic theoretical processes for electrical and electronics
energy applications. Furthermore, this article addresses the major concerns and obstacles and makes
some specific recommendations for future development. With developments in artificial intelligence,
particularly computer fiction, depending on the present deep learning algorithm, IRT can boost
CBM analysis.

Keywords: condition-based monitoring; diagnosis; fault detection; infrared thermography;
non-destructive

1. Introduction

Condition-based maintenance (CBM) is described as the process of seeing and doc-
umenting significant changes in tool variables, including machine noises, temperature,
and soil conditions that might indicate a future failure. Maintenance or other preventative
measures can be arranged to resolve the issue(s) before it develops into more catastrophic
shortcomings [1] by continuously monitoring equipment status and noting any abnormali-
ties that would ordinarily limit an asset’s lifespan. Figure 1 shows how CBM differs from
prognosis and diagnosis, even though recognizing defects is an essential aspect of all three.
The definitions listed below are all viable options.
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phasing. Overcurrent and negative phase sequence relays are used in smaller motors. 
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Figure 1 [2] shows the fault prediction, diagnosis, and CBM systems. The fault
incidence is to blame for the rise in health levels. The prediction issue may be divided
into two types. The first form of forecast may only have a limited time horizon—is the
component fit to fly the next mission? The second kind is to estimate how much time we
have before a certain issue occurs, and hence how much time we have until we should
replace it. Diagnosis analyses the fundamental cause of a malfunction after it has happened;
prognosis evaluates a component’s present health state. CBM evaluates the status of an
element in real-time so that it may take appropriate action if it wanders away from its
healthy state [3]. It forecasts the component’s health at some point in the future.

Because it provides adequate infrared images of a device component with no phys-
ical attachments (non-intrusive), needs little arrangement, and provides data in a short
period, IRT is an advanced system in CBM to evaluate anomalous thermal behavior in
machinery [4]. IRT has played a significant role in predictive and preventive mainte-
nance programs, particularly for electronic components, because of its benefits of being
non-contact, independent of electromagnetic interference, secure, and able to give a compre-
hensive assessment scope [5–7]. By monitoring the quantity of infrared radiation emitted
by the device, IRT is often utilized to assess the thermophysical properties of electrical
items (temperature). Although the electrical equipment inspection technique is relatively
simple, there are a few factors to consider, such as environmental influences and the state of
the equipment, which will generally influence the study’s outcomes, particularly outdoor
inspections, such as in power distribution systems. The IRT device, the electrical equipment
to be checked, and data interpretation skills are hurdles for a skilled electrical system ther-
mographer [8]. According to [9], bearing (41%) and winding (37%) failures account for most
induction motor faults. Because it may cause an increase in motor surface temperature,
the inter-turn issue is the more serious of the two. This may result in a complete loss of
phase and lethal short circuits in the worst-case situation. Any three-phase induction motor
must be linked to a three-phase alternating current (ac) power source of rated voltage and
load for optimal operation. Even if one of the three-phase supply cables is unplugged
once these three-phase motors are started, they will continue to operate. Single phasing
is the loss of electricity via one of these phase supplies. Special protective relays that can
identify and isolate the linked loads may detect single phasing. Overcurrent and negative
phase sequence relays are used in smaller motors. Protection against single phasing is
standard on motor protection relays for bigger motors [10]. Furthermore, a short circuit
relay protects against excessive currents or currents that exceed the equipment’s permitted
current rating, and it works fast. The gadget trips and breaks the circuit as soon as an
overcurrent is detected [11]. On the other hand, the cooling system’s failure might be to
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blame for the induction motor’s temperature increase. Infrared thermography can be used
to identify this condition, although there is relatively little literature on the subject [12,13].

The theoretical phases of thermography and thermal imaging were mainly explored in
Section 2 of this article, which concentrated on thermal radiation’s underlying concepts and
functioning. The evaluation criteria for infrared thermography in condition monitoring are
divided into two sections: relative temperature criteria and absolute temperature criteria,
introduced in Section 3. Section 4 thoroughly presents the state-of-the-art Algorithms and
Methods of IRT. IRT has been effectively used in Section 5 for various condition monitoring
applications, including electrical and electronic motor equipment inspection. Despite the
ongoing study, several existing and future concerns and challenges connected to the IRT in
CBM must be addressed. Sections 5 and 6 explain the results and suggestions, respectively.

2. Theoretical on Thermography and Thermal Imaging

The cornerstone for IRT is the physical phenomenon that anybody with a tempera-
ture over absolute zero (−273.15 ◦C) emits electromagnetic radiation. The strength and
spectrum composition of emitted radiation from a body is inextricably linked to its surface.
Calculating the radiation intensity of an object may be used to determine its temperature in
a non-contact method [14]. Figures 2 and 3 demonstrate the electromagnetic spectrum and
emissive power distribution as a function of wavelength, respectively.
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Amongst the most significant benefits of IRT-based condition monitoring is the mini-
mal amount of equipment needed. The equipment includes a thermal camera, a tripod or
camera platform, and video output devices to show the gathered infrared thermal pictures
for such applications. Infrared cameras have progressed through three generations since
their inception [17]. Zhang et al. [18] and Wan [19] go into considerable detail about the
creation and basic concepts of various infrared sensors. The first cameras employed a
single element sensor and two scanning mirrors to create pictures. They were apprehensive
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about the possibility of whiteout (i.e., saturation owing to high intensity). The second-
generation cameras used two scanning mirrors, a significant linear array or a tiny 2-D array
as detectors, and a time delay integration system for picture improvement. The lack of
mirrors in third-generation cameras and the use of large focal plane array (FPA) sensors and
on-chip image processing leads to higher system dependability and sensitivity [17]. The
two kinds of thermal detectors are cooled and uncooled. Modern solid-state advancements
have cleared the road for developing novel sensors that are more precise and have better
resolutions. Uncooled cameras have a thermal sensitivity of about 0.05 degrees Celsius (◦C),
while cooled cameras have a thermal sensitivity of 0.01 ◦C [20]. These cameras provide
excellent spatial and temperature solutions, compactness, and mobility to mention a few
benefits. Furthermore, these cameras are lighter, use silicon wafer technology, and are
less costly than cooled infrared cameras [21,22]. As a result, current IRT technology will
aid electrical utilities for CBM analysis since all advancements will provide accurate data
analysis using recent AI algorithms in computer vision.

A standard experimental setup for IRT-based condition monitoring research can be
seen in Figure 4. The produced thermal pictures are exhibited on a computer, enabling the
specific temperature of the object to be calculated without touching it. The obtained thermal
pictures are often pseudo-color-coded, making interpretation more straightforward and
faster. The source snapshot and a typical infrared thermal picture of a structural element
are shown in [20].
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Before selecting an infrared camera, many factors must be examined since the ability
to create a clear and accurate thermal picture is highly dependent on these performance
criteria [23]. A few key factors are covered further down.

2.1. Spectral Range

The spectral range is the region of the infrared spectrum where the infrared camera
will work. The thermal radiation that an item generates gets more concentrated in shorter
wavelength bands as its temperature increases. For observing objects at ambient temper-
ature, a long-wavelength band (7.5–14 µm) is preferable. This is due to two factors: first,
bodies at room temperature emit mainly at these wavelengths; second, measurements
taken at some of these wavelength ranges are unaffected by solar radiation (accurate for
outdoor measurements) since solar radiation is primarily in the relatively short wavelength
bands. The use of short wave (2–5 m) technology is recommended [8].

2.2. Spatial Resolution

Temperature resolution refers to the minor temperature fluctuation seen by the in-
frared camera in view. Object temperature, ambient room temperature, object to camera
distance, filters, and other experimental factors all affect temperature resolution. Noise
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equivalent temperature difference (NETD), minimal resolvable temperature difference
(MRTD), and minimum detectable temperature difference (MDTD) are the most often
utilized temperature resolution criteria. NETD readings for Stirling cycle cooled cameras at
room temperature are usually smaller than 0.025 Kelvin (K) [20].

2.3. Spatial Resolution Laser Pointer and Interchangeable Lens

To see where the camera’s lens is aimed and prevent coming into close contact with
hot regions, laser pointers may be utilized. You may change lenses based on your require-
ments using interchangeable lenses. Flexibility with external equipment and measuring
equipment, as well as speedy data transfer through cable, Wi-Fi, and Bluetooth, and the
inclusion of text and voice feedback, are all benefits [24]. The thermal camera has become a
more helpful instrument.

2.4. Temperature Range

The temperature range specifies the temperature values that an infrared camera can
detect at the highest and lowest levels. Temperatures typically range from 20 degrees
Celsius (◦C) to 500 ◦C. Different filters may be used to extend the content up to 1700 ◦C [20].

2.5. Frame Rate

The number of frames acquired every second by an infrared camera is the frame
rate. Higher frame rate cameras are often preferred for monitoring motion informa-
tion or dynamic events like the propagation of heat fronts. The standard frame rate
is 50 Hertz (Hz) [20].

2.6. Accuracy

The precision with which the thermal camera measures the temperature is reflected in
its accuracy. The advanced thermal camera is accurate to within 1 percent (%) [25].

3. Experimental Methodologies

It is advised that severity criteria be established when employing infrared thermog-
raphy for condition monitoring in electrical equipment. There are two types of severity
criteria: generic categories that specify temperature levels, and particular sorts of equip-
ment or components. With the collection of data, severity criteria evolve. Based on the
equipment’s design, operation, installation, maintenance characteristics, criticality, and
failure causes, it is essential to create severe standards for each kind of material. The
relevance of the device or component to the overall strategy, protection, and so on are all
considerations that go into setting severity criteria for specific devices or components. Ther-
mographers use temperature increases to detect temperature intensity or structural faults
in essential equipment, mechanical parts, bearings, electrical supply, and more [26,27].

• Relative temperature criteria: A collection of safety requirements depending on the
temperature increases separated into groups is referred to as “relative temperature
criteria”. We can have advisory, intermediate, severe, and critical kinds in electri-
cal machines. You may have a rule that says if a machine’s temperature climbs
10 degrees over a baseline temperature, it is considered advisory. It is deemed to be
critical when a device’s temperature rises beyond 104 degrees above a connection or
baseline temperature.

• Absolute temperature criteria: To determine the maximum permissible temperature, a
thermographer may utilize material or design parameters obtained from previously
published data. When the emphasis of the monitoring is on the machine’s material,
material criteria are employed, whereas design criteria are utilized when the attention
is on the machine’s design. Despite the fact that the criteria are segregated into
these two groups, the material element is often included in the method, making it an
adequate criterion for monitoring dependability. The component material with the
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lowest temperature specification should be utilized as “alert criteria” if you are using
material criteria to assess the heating of many surrounding components.

• Profile Assessment Criteria: A profile assessment procedure is used to examine temper-
ature differences and trends over any surface. To do a profile evaluation in thermogra-
phy, you must first establish the absolute and differential temperatures by performing
a severity assessment. The state of the machine or component will be classified into
two parts: “as new” and “failed.” According to Hitchcock, temperature profile, histori-
cal trends, regional variations, absolute temperatures, and the region of anomalies are
all essential aspects of a profile investigation.

3.1. Classifying of Thermographic Techniques

There are two types of experimental approaches to thermographic methods: active
and passive.

3.1.1. Active Thermography

When the temperature difference is difficult to see and external stimulation is ex-
posed on the surfaces of the objects, active thermography, also known as adaptive, non-
equilibrium, and non-steady-state thermography, is often utilized [28]. Active thermog-
raphy needs an external heat source to activate the materials under test. A heat gun, hot
water jets, hot air jets, or a hot water bag might be used as the initial heat source. Optical
heat sources include high-power cinematographic lamps, quartz line IR lamps, high-power
photography flash, and laser beams [29].

3.1.2. Passive Thermography

The item’s temperature under inquiry is recorded without any external heat stimu-
lation since the material alone functions as a source of heat in passive thermography. It is
feasible to assess the condition of structural components, such as rotor blades, from the
earth’s surface without halting their operations using passive thermography. Periodic
pressures during blade rotation generate heat, and defective locations may be diagnosed
using accurate heat flow dynamics [30]. In mechanical testing, passive thermography
may also be utilized to detect the degradation and thermomechanical behavior of the
composite [31].

3.2. Image Acquisition for Thermographic Images

The following thermal images were taken using a thermal infrared camera from the
main switchboards of numerous buildings. An FPA detector with a pixel size of (160 × 120),
spectral coverage of 7.5 millimeters (mm)–14 mm, and thermal sensitivity of 0.1 at 30 ◦C
was used in this camera. In the 368 images, there are 500 hot components, each with
its own priority level. Each piece of equipment has one or more hot ingredients as well
as a reference or standard feature. The thermal imager was directed firmly at the target
electrical equipment to acquire a precise measurement while collecting the imaging. The
distance between the infrared camera and the target electrical equipment was 0.5–1.0 m.
As recommended for essential electrical equipment, the emissivity was tuned to 0.95 [32].
The ambient temperature of the equipment was about 30–33 ◦C throughout the inspection.
Manual condition classification of electrical equipment is performed in this research using a
qualitative classification approach known as the ∆T (temperature difference) criterion [33].
The ∆T criterion is determined by calculating the temperature difference between the
hotspot and the reference site. The temperature of a malfunctioning component that
is higher than the reference location is known as the hotspot temperature, where the
reference location is the same kind, load, or repetitive component of the equipment with
the lowest temperature. According to the priority level, the circumstances are categorized
into two classes, normal and faulty, which are shown in Table 1 with their accompanying
suggested measures.
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Table 1. ∆T values and necessary steps regarding component thermal condition.

Thermal Condition Priority Level ∆T (◦C) Recommended Actions

Overheated I ∆T ≥ 15 Significant disparity; must
correct it immediately

II 5 < ∆T < 15 Repair as soon as possible if
there is a potential defect

Normal III ∆T ≤ 15 Overheating of a minor kind
demands further study

Figure 5 shows a thermal picture of equipment in the following states: (a) overheated
(priority 1), (b) overheated (priority 2), and (c) standard. Area B is hotter than regions A and
C, as shown in Figure 5a. Figure 5b depicts A as being overheated in comparison to B and
C, while Figure 5c illustrates B and C as being overheated in contrast to A. Consequently,
the reference components in Figure 5a–c are, respectively, areas A, B, and C. An automated
solution is necessary since the existing approach relies significantly on human segmentation
of key regions for CBM analysis on electrical equipment using classic image processing
methods [34]. Figure 5 shows how high-resolution thermal imaging expert information may
be utilized as prior knowledge in AI modeling to measure the ∆T (temperature difference),
which is among the most crucial metrics in the CBM analysis of electrical instruments.
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3.3. Image Processing and Feature Extraction

The thermal picture is turned into a greyscale image at the image processing step,
which contains the image’s intensity information. The malfunctioning zone in the greyscale
picture is brighter than the typical recurring region in the equipment. The thresholding
approach is widely used to identify faults in thermal images [35,36]. Manual thresholding
takes a long time and requires more human effort to notice a defect. To identify flaws in
electrical equipment, a modified maximum entropy-based Kapur thresholding approach
was developed [37]. On the other hand, the suggested method can only deliver the crucial
feature with specific user-defined threshold values. Three sets of characteristics are taken
from the areas of interest once the target regions have been detected. Figure 6 displays
multiple thermal grey pictures and their associated images after thresholding.
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3.4. IRTs Typical Condition Monitoring for Electrical Equipment

The temperature comparison between hot and reference regions is used for manual
component condition monitoring [34]. Qualitative ∆T factor analysis is the name given
to this procedure. Once the thermal images have been acquired, and a color map has
been evaluated, the hotspot and reference areas are visually identified. The hotspot allows
complicated components to reach their maximum temperature. However, the reference
region supports the lowest temperature of the same sort, load, or recurring element in
the equipment. The ∆T factor, utilized as decision-making criteria for the overheated
component’s state, is calculated using the ratio between the hotspot and reference spot
temperatures. The ∆T factor may be calculated just with RGB data. The International
Electrical Testing Association (NETA) [8], the American Society for Testing and Materials
(ASTM): E 1934-99a [38], the National Fire Protection Association (NFPA), the military
standard: MIL-STD2194 [39], and the Allen-Bradley motor control center standard [39]
are just a few of the most commonly used standards. Because of its simplicity and low
emissivity impact, it is often employed in electrical thermography. The most significant
disadvantage of this method is that it will not function in a three-phase system since all
phases would overheat simultaneously. The flowchart of an IRT evaluation of a three-phase
electrical system [40] is shown in Figure 7.

The following are the infrared thermographic examination methods exhibited in
Figure 7:

• Temperature trends are compared between stages. The temperature is uniform with a
balanced load and under typical operating circumstances.

• For each phase, the conductor route is traced. There are no hot patches or temperature
gradients on the conductor.

• If the metal enclosure blocks the current-carrying elements of the switchgear and
electrical junction during scanning, the camera will show the heat pattern generated
by the sheet metal. Between stages, the picture is compared to the internal components
and the heat pattern. The heat pattern associated with load currents is linked to
switchgear trended data.
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Figure 7. Infrared thermographic examination flowchart [41].

4. The State-of-the-Art Algorithms and Methods

Statistical characteristics are retrieved using the K-means algorithm, and a support
vector machine (SVM) is used as a classifier in our method. A coarse-to-fine parameter
optimization strategy is used to improve the classification performance of SVM.

4.1. K-Means Algorithm

K-means [42], sometimes known as K-average, is a clustering technique. The represen-
tative point of each cluster subset is the mean of all data in that cluster. The main concept
behind the K-means method is to partition a dataset into distinct categories via an iterative
process, with the goal of optimizing the criteria function for assessing clustering perfor-
mance. Distance (e.g., Euclidean distance, Manhattan distance, or Minkowski distance),
error sum of squares, or cluster mean are all regularly used criteria functions.

An infrared picture without a temperature scale is first transformed into a greyscale
image, which contains the image’s intensity information. In a greyscale picture, the prob-
lematic areas in equipment seem brighter than the usual parts [34]. The K-means algorithm
is then used to cluster this greyscale picture into k sections. The lowest, mean, median, and
maximum grey values, as well as the area (total number of pixels) in each cluster, are all
easily determined.

Figure 8 depicts the flow chart for extracting statistical characteristics using the
K-means algorithm. The following is a description of the procedure:

• Convert a thermal picture to a greyscale image and set up cluster centers for each of
the k groups.

• All points in the picture should be clustered into k groups based on their minimal distance.
• Calculate each cluster’s mean value and use it as the new cluster center.
• Steps (2) and (3) should be repeated until the cluster centers do not change.
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• Each picture is divided into k areas, with grey values ranging from tiny to big being
colored differently.

• Obtain the minimum, mean, median, and maximum grey value and area information
for each cluster, and then the temperature information for each cluster.
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4.2. SVM Parameter Optimization

The support vector machine (SVM) is used as a classifier, which is a learning system
that estimates decision surfaces directly rather than modeling a probability distribution
across training data using a hypothesis space of linear function in a high dimensional
feature space, and the Gauss function is usually used as the radial basis function (RBF)
kernel. SVM is extensively used because it has several appealing qualities, including good
overfitting avoidance, the capacity to handle vast feature spaces, and data condensing [43].
The choice of punishment parameter C and kernel function g has an impact on SVM classi-
fication performance [44]. Gradient descent, simulated annealing, ant colony optimization,
genetic optimization, particle swarm optimization, and more SVM parameter optimization
techniques are available [45].
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A parameter optimization strategy from coarse to fine is described to enhance the
classification performance of SVM. To begin, the punishment parameter C’s and the kernel
function g’s scope and step length are both initialized. The most accurate parameters are
then discovered by exploring the mesh parameter grid using cross-validation. Finally, by
doing a chaotic search of logistic sequences around the parameters acquired in the first step,
the global approximation optimum parameters are produced. The parameters obtained
in the preceding two processes are used to train and test individually, with the best result
being utilized as the final result. Our technique has the benefit of being able to rapidly
determine global approximate optimum values.

The stages in the SVM parameter optimization process are described in Figure 9.
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5. IRT Applications in Condition Monitoring for Electrical Energy

Component failure is mainly caused by excessive heat and resistance. Figure 10
shows how infrared cameras monitor this heat, which may be employed in several
applications. An infrared camera detects the IR energy of an object, converts it to tem-
perature, and displays the temperature distribution for structural health monitoring and
non-destructive examination [46]. Thermography is a valuable diagnostic technique
in the electrical sector that is crucial to assessing problems across various assets such
as switchboards, transformers, cables, and other electrical components with electrical
defects and high resistance connections. Non-contact temperature monitoring systems
have grown in popularity as online condition monitoring technology has become an
unavoidable aspect of today’s maintenance plan. As online condition monitoring tech-
nology has become an inevitable part of maintenance strategies in today’s scenario,
with loss of insulation materials (e.g., refractory) in high or low-temperature process
equipment, damage to rotating equipment, electrical and cooling issues that are not
visible to the naked eye, non-contact type monitoring strategies have become more
popular. Non-contact temperature monitoring systems have grown in popularity as
online condition monitoring technology has become an unavoidable aspect of today’s
maintenance plan. Infrared thermography [47] is a non-contact method of obtaining a
precise, reproducible surface temperature profile. The applications for which infrared
thermography may be used are shown in Figure 11.
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5.1. Results in the Electrical and Electronics Applications

According to numerous assessments, IRT thermography is widely employed in the
electrical and electronics engineering field [8,39,50]. Many of the applications in this field
are connected to industry, but they also include tertiary sectors, transportation, and power
plants, to name a few. The maintenance of electrical systems is an essential application of
IRT. Experts have used the IRT camera for years to inspect panel boards, bus bars, electric
cables, and other critical elements of these installations like transformers, power meters,
or capacitor banks for reactive power compensation [39,51–57], where experts use the IRT
camera to observe the correct operation of the equipment based on established limits. For
electrical and electronic applications in condition monitoring, Bellow identified numerous
criteria, examples, and methodologies.

5.2. Hotspot Detection

The easiest approach to find the hotspot inside the IRT picture is to use segmentation.
The authors of [58] compare many picture segmentation approaches and discuss their
advantages and disadvantages. Because of its straightforward implementation, the thresh-
olding approach has become a popular picture segmentation technique. The grey-level
histogram separates the target object from the background at a defined threshold. The
automatic threshold technique of the T. Otsu method is widely used in many applications.
Capacitors, transformers, and other electronic components have been utilized to identify
flaws using the Infrared Thermal Anomaly Detection Algorithm (ITADA). ITADA is based
on Otsu’s statistical threshold selection technique and detects flaws in capacitors, trans-
formers, and other electronic components using grey-level histograms. Support vector
machines (SVMs), used to segment color images, have a promising future. In [59], it is
shown how to segment stochastic photos using random walker segmentation based on par-
tial differential equations (PDE). Additionally, ref. [60] describes the use of thermographic
image processing to identify faults in lightning arresters. To perform fault categorization, it
utilized a collection of neuro-fuzzy networks. The neuron-fuzzy classifier is used to detect
faults. It is also possible to use edge-based segmentation algorithms such as the Robert,
Sobel, Prewitt, and Canny operators [61]. This approach identifies the moment when
grey level intensity levels abruptly shift. Color picture segmentation may be done using
spectrum analysis. However, previous information about the object’s hues is difficult to
come by. The topic of picture segmentation has seen a lot of research [59,61–65]. However,
only a handful have been examined in terms of employing thermal image processing to
monitor electrical equipment state [5,33,60,66–70]. Consequently, in the context of electrical
equipment condition monitoring, this work focuses on picture segmentation methods for
thermographic pictures obtained by IR cameras. The condition of the spinning gear is
monitored using various signal processing techniques [71,72], e.g., the implementation
of an unsupervised online detection using artificial neural networks (ANNs) has been
described in [73]. Yazici et al. [74] have reported an adaptive, statistical time-frequency
method for the detection of bearing faults. In [75], a fuzzy fault detector using Concordia
patterns was used to detect stator unbalance and open-circuit faults. Broken bar faults can
also be detected by time- and frequency-domain analysis of induced voltages in search
coils placed internally around stator tooth tip and yoke and externally on the motor frame.
Stator fault detection using external signal injection is discussed in [76]. Power trans-
formers’ fault detection methods and techniques are also discussed in several articles,
e.g., frequency-response analysis (FRA) addressed in [72] is a powerful diagnostic method
in detecting winding deformation, core, and clamping structure for power transformers, the
multiple linear regression model is proposed in [77], for the early detection of transformers
with accelerated oil aging, the vibroacoustic method (first noticed in aviation technology)
will be applicable, transformers with a rated power of several tens of MVA [78], and a
numerical procedure has been developed using the wavelet transform for processing and
analysis of vibration signatures produced by the operation of tap changers [79,80]. In
certain circumstances, non-contact thermographic image measurement may be beneficial.
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As a result, the current project tries to address these issues. The majority of scholars in
this field [59,60,62,66,69,81] have used grayscale for processing. It has been discovered that
the Sobel operator performs better for thermal pictures based on several image criteria.
Following that, the Otsu approach is used on the identical photos, yielding good results.
Figure 12 depicts hot zone identification using grayscale pictures and image processing
techniques: (a) RGB image, (b) grayscale image, (c) Prewitt, (d) Roberts, (e) Sobel, (f) Otsu.
On the other hand, the offered approaches locate the interest area without classifying
the intensity of the equipment’s condition, necessitating human determination of crucial
parameters, most notably the method’s threshold value.
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5.3. Improving Inspection Techniques

The quality of measurements has increased as new advances in current IRT equipment
have been made. Surface temperature variations of less than 0.1 ◦C may be resolved by most
contemporary IR imagers [83,84]. Despite the advantages of modern IRT camera designs
coupled with powerful image processing and display systems, there are still various con-
siderations to consider while performing an inspection, even if temperatures can be reliably
detected. This is crucial particularly for outside assessments conducted in substations, un-
derground, and aerial distribution [7]. Procedural, technical, and environmental/ambient
variables are the main elements that influence the accuracy of IRT measurements [83,85]. If
certified or competent personnel are used, it may reduce the procedural component. The
essential technical features are the emissivity of the equipment under examination, load
current variation, the distance of the item under inspection, and IRT camera characteris-
tics [83,85,86]. Results may be misconstrued or inaccurate if all these aspects are ignored.
Table 2 highlights all the environmental consequences that must be considered when doing
an IRT examination [6,83,85–87]. Before beginning, any IRT examination should complete
preliminary research. In this case, most thermographers will need some data from the
target site. It is sometimes required to investigate the history of the target place and the
electrical power equipment. To acquire the most essential and most precise measurement,
you need to use a suitable and appropriate tool. IRT devices’ long-wave (usually 8–14 m)
sensing is ideal for prolonged outside inspections, particularly during bright seasons. This
is because thermal detectors in this wave range are more sensitive to ambient temperature
objects and have robust smoke transmission [6,88]. Tables 2 and 3 outline all of the criteria
for the inspection tools and the target equipment, respectively.
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Table 2. Consideration of environmental factors during the inspection.

The Aspect of the
Environment The Impact on the IRT Measurement

Ambient air temperature

When the ambient temperature rises, so does the temperature of
the machinery. The IR system becomes less reliable at very hot or
shallow temperatures. According to the temperature increase of
0–9, 10–20, 21–49, and >50 ◦C, the authors classified the severity

of the flaw-induced overheating into four types: attention,
moderate, severe, and critical [39].

Precipitation/humidity
(snow, rain, fog, etc.)

The temperature may drop drastically, causing the data to be
misinterpreted. The only moderately heated equipment may be

cooled below the abnormal temperature.

Wind or other convection

Wind velocities may drastically cool a high resistance fitting from
speeds as minimal as 1–5 miles per hour (mph). The temperature
differential between the equipment and the ambient space may be

decreased to a few degrees above the ambient space at speeds
greater than 5 mph.

Sun or solar radiation
Minor temperature swings will be hidden by the device’s sun

heating, mainly if it absorbs much solar light (such as
old conductors).

Table 3. The characteristics of factors related to the target equipment and the inspection tool.

Tools and Equipment Characteristic

Electrical Loads

The proper load on the wires must be negotiated with the
customer before the inspection.

- The load on the line should be at least 40% of the nominal
load during the recording.

- Approximately 75% of the load is optimum.
- When the load is more than 90%, the lines get very hot,

making precise identification of overheated spots
impossible [86].

Equipment Emissivity

The emissivity of most conductors is between 0.1 and 0.3. While
emissivity values as high as 0.97 may be found in greasy, dark,
hot, and aging conductors, visual evaluation in the field from a
distance is frequently difficult [83,86]. Moreover, there are several
non-contact and nondestructive inspection tools that have already
been introduced such as the Laser Ultrasound Inspection system,
Study of Flip Chip Solder Joint Cracks [89], Laser-SQUID
Microscopy, monitoring and Analysis of Large Scale Integration
(LSI) -Chip-Defects [90], laser line photoluminescence imaging for
outdoor inspections [91,92], Ultrasonic Suspension for force
measurement [93], and laser ultrasonic signals from particles
suspensions [94].

Thermal Gradient
High-resistance heat is typically generated at the surface on the
inside. Thermal gradients exist between the apparatus’s hottest
point and the surface under investigation [87].

IRT Device (camera)
The observed waveband and the spatial and measurement
resolution are all elements to consider [87]. It is also essential to
consider the sensitivity and signal processing speed [83].

Distance andAngle
As the distance between them widens, the IRT picture’s resolution
drops. An acute angle image has less information than one shot at
a straight angle.
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5.4. Methods of Measurement and Analysis

Electrical equipment’s thermal condition may be measured in two ways. The first
is known as quantitative, and it involves taking the equipment’s precise temperature.
The second form is qualitative, which measures a hotspot’s relative temperature to other
equipment areas under comparable circumstances. Electrical components’ evaluation of-
ten employs qualitative analysis [35,95]. IRT inspection is governed by the International
Electrical Testing Association (NETA), the American Society for Testing and Materials
(ASTM)—E 1934, and the National Fire Protection Association (NFPA)—NFPA 70-B. The
application of methods allows for a quick, reliable, and comprehensive assessment of
the severity of observed issues. The NETA standard is often used in the testing process
for electronic components, employing the delta T criterion as indicated in Table 4 to
establish the degree of severity. Temperature increases over a predefined reference,
such as ambient air temperature, a comparable component under similar circumstances,
or the maximum allowable temperature, determine these delta Ts. Rather than using
current standards, some thermographers create their testing specification tables from
their own experiences. The severity level rating is often based on the highest tempera-
tures for both qualitative and quantitative data. As shown in Figure 13a, the maximum
temperature values may be estimated using any commercial infrared image analysis tool
by choosing an area or specifying a spot on the components or equipment. As shown
in Figure 13b, a single line temperature profile can depict the temperature changes
throughout all stages. In general, automated area of interest selection may improve the
human selection process.

Table 4. NETA and MIL-STD2194 standards for IRT-based electrical equipment inspection
features [8,48,96].

Standards

Temperature Difference (∆T) (◦C)

Actions to Be TakenUnder Equivalent Stress, between
Comparable Components

∆T over Ambient
Temperature (◦C)

NETA

1–3 1–10 A potential shortage needs
further examination.

4–15 11–20 Indicates a potential flaw that has to be
fixed as soon as feasible.

- 22–40 Continuously monitor until a solution
can be found.

>15 >40 There is a significant imbalance that
must be addressed once and for all.

MIL-STD2194

10–20 -

Despite the remote possibility of
component failure, corrective steps must

be conducted at the next scheduled
routine maintenance period.

24–40 - Failure of a component is likely unless it
is repaired.

40–70 - Component failure is almost inevitable
unless something is done.

>70 - A component is on the verge of failing.

Introspection Institute
Standard for Electrical

Components

1–10 -
During the following maintenance

period, corrective action should
be conducted.

>10–20 - Corrective actions are necessary when
time allows.

>20–40 - Immediate corrective action is essential.

>40 - Immediate corrective action is required.
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5.5. Application to Motors

Induction motors with three phases are the most used prime movers in numerous indus-
trial applications. Thermography for motor condition monitoring and problem diagnostics is
necessary and may be justified economically [97]. The stator, rotor, and bearings are the main
components of an induction motor (IM). IMs will fail if any of these components or their sub-
components are damaged. The stator, bearing, rotor, and other mechanical flaws are the most
common IM faults, although the wide categorization of IM faults is presented in Figure 14.

Energies 2022, 15, x FOR PEER REVIEW 19 of 40 
 

 

 
Figure 14. Classification of faults in induction motors [98]. 

 
Figure 15. Study of induction motor faults by IEEE and EPRI [98]. 

Source of 
machines 

faults

External 
faults

Electrical

Reverse 
phase 

sequence

Single 
phasing

Unbalance 
voltage 
current

Earth Fault

Mechanical

Rotor 
winding 
failure

Mass 
unbalance

Stator 
winding 
failure

Misalignment 
of shafts

Environmental

Ambient 
temperature

Humidity 

Internal 
faults

Electrical

Intern turn 
short circuit 

Dielectric 
failure

Crawling

Mechanical

Bearing fault

Rotor broken 

Coil and 
lamination 
movement

Air gap 
eccentricity 

Figure 14. Classification of faults in induction motors [98].



Energies 2022, 15, 6000 18 of 37

Although IMs are quite constant in their functioning, their failure limits the smooth
operation of IMs, which costs the industries a lot of money. The Electric Power Research
Institute (EPRI) and the Institution of Electrical and Electronics Engineers conducted
statistical analyses of IM failures, as shown in Figure 15 (IEEE). In Figure 15, a bar chart
depicts a comparison of several problems that often occur in rotating machinery. Bearing,
stator, rotor, and other defects are the different types of faults. The percentage frequency
of their occurrence is clearly shown in the bar chart. According to [9], the majority of
induction motor defects (41%) and winding (37%) are connected, as indicated in Figure 15’s
bar chart. The inter-turn defect is the more dangerous of the two since it may cause a rise
in motor surface temperature. Due to a short circuit, this might result in a full loss of phase
and potentially deadly accidents. However, a failure of the cooling system might cause a
temperature increase in an induction motor [12,13].
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5.5.1. Failure of Cooling System

The discrepancy between the input electrical power Pi and the output mechanical
power P0 is referred to as Ploss(1). These losses are dissipated in the form of heat. This heat
is evacuated into the environment through convection and radiation processes. Heat is
dispersed into the surroundings in a self-cool motor by forced convection Pf conv radiation
Prad, as defined in (2) [68]. The collection of debris, obstruction of air passages, damage or
loose fans, and poor clearance during installation are all major causes of cooling system
failure [97]. When the cooling system fails, forced convection is disrupted, causing the mo-
tor surface temperature to rise. A thermographic examination can identify this temperature
increase. The International Electrical Testing Association (NETA) suggested a standard
for thermographic testing of electrical systems, as illustrated in Table 4. This is used to
determine the severity of a malfunction and the degree of maintenance priority for electrical
systems and spinning machinery. Early identification of cooling system failure may be
aided by recreating this defect in the laboratory and measuring the temperature of the
motor at the target area of interest in line with NETA standards. Figures 16 and 17 depict a
healthy cooling system and a cooling system failure, respectively, using thermography [97].

Ploss = Pi − P0 (1)

Ploss = Pf conv + Prad (2)

The regions Al and A2 in Figures 16 and 17 indicate the surface temperature of the
motor stator and fan cowing, respectively. The maximum surface temperature of the motor
stator and the cooling section are represented by TA1 and TA2. All these tests were carried
out at a constant temperature of 27 ◦C (Ta).
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5.5.2. Bearing Faults

Bearings are one of the most important components of rotating equipment, and they
are used in a wide range of technical applications such as turbines, heavy machinery, rolling
mills, and ships. Bearings, being the principal component of a rotating machine, provide a
number of tasks, including decreasing friction between relative moving components and
providing support for the spinning shaft [99]. According to IEEE and EPRI, 41 percent and
42 percent of bearing faults occur during operation, respectively, as illustrated in Figure 15.
For the CM of bearings in IMs, acoustic emission and vibration signal analysis were
compared [100]. Figure 18 depicts an autonomous bearing problem detection framework
that uses thermal imaging to identify four distinct bearing states in an induction motor.
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Figure 18. Thermal picture of four bearing states (a) No lubrication (b) Inner race defect (c) Outer
race defect (d) Healthy. In an electrical laboratory at NITTTR, Chandigarh, thermal pictures of an
induction motor were captured using a FLIR E-60 (thermal camera). During the experiment, the
camera was placed 2 feet away from the induction motor. Under laboratory circumstances, thermal
pictures of an induction motor were recorded. Thermal photos of the four bearing states in the
three-phase squirrel-cage induction motor were captured: outer race, inner race, lake of lubrication
problems, and healthy. Each condition included 24 thermal photographs [101].

5.5.3. Stator Fault

One of the most well-known issues in IMs is stator winding failure [102]. If an IM isn’t
working properly, it might slow down production or even shut down the facility, which can lead
to an increase in the frequency of accidents. Early defect identification lowers production time
lost, increases operator safety, and decreases maintenance costs [103]. Stator windings, stator
frames, and winding laminations are some of the most prevalent stator problems, although
stator windings are the most common. Thermal, mechanical, electrical, and environmental
stressors all contribute to stator winding breakdown [104]. Thermal stress is one of the most
important factors in the breakdown of insulation. According to IEEE and EPRI, stator winding
faults occur 28 percent of the time and 36 percent of the time, respectively, as illustrated in
Figure 15. An infrared investigation of winding asymmetry is shown in Figure 19.
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and, most likely, over 100 ◦C within). During the examination, no cooling irregularities were
discovered. The bearings were re-lubricated and repaired at a workshop as a preliminary step, but no
temperature decrease was noted. After that, the motor terminal box was examined, and just a little
temperature differential was discovered between the connections. An ohmmeter was used to test the
winding resistance of each phase, and the findings were rather fascinating; there was a large winding
asymmetry across phases, resulting in a Max Delta R value of about 9%. Internal high resistance
connections, broken twists, or internal shorts might all be the cause of this. This might be the source
of the unusual heat dissipation. Finally, rewinding the motor was advised.

5.5.4. Eccentricity Fault

The situation is known as air-gap eccentricity when the distance between the rotor and
the stator in the airgap is not uniform. The two types of eccentricity defects are static and
dynamic eccentricity, as illustrated in Figure 20. The condition of static eccentricity occurs
when the offset between the center of the shaft and the center of the stator is constant, while
dynamic eccentricity occurs when the offset between the center of the shaft and the center
of the stator is changeable. As indicated in Figure 20, Rr is the rotor’s radius and Rs is the
stator’s radius. Methods such as FFT, wavelet, and Hilbert transform have been utilized to
extract signals for the detection of eccentricity defects in IMs [106].
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5.6. Including and Excluding Criteria

There are some criteria that are assigned to select the manuscripts from the specific
Scopus database. In Table 5, The criteria for exclusion and inclusion of the manuscript for
the selected 76 papers in the condition monitoring of thermography in Electrical, Electronics,
and electrical motors application is as given below:
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Table 5. The research between the years 2002 and 2022 on Condition monitoring of thermography towards Electrical, electronics, and rotating equipment.

Ref. No. Authors DOI Number Keywords Monitor Publisher Year Country of Origin Total Citation

[107] Sangeeetha M.S et al. 10.1007/978-981-16-2422-3_14 Improved active contour modeling;
Multilevel thresholding; Segmentation Electrical equipment Springer 2022 India 0

[108] Li W. et al. 10.1016/j.microrel.2021.114409
Electric inverters; Electric losses; Parameter

estimation; Insulated gate bipolar
transistor inverter

IGBT inverter Elsevier 2021 China 0

[109] Vakrilov N.V. et al. 10.1109/ET52713.2021.9579707 infrared thermography; thermal analysis;
thermal monitoring Electrical machines IEEE 2021 Bulgaria 0

[110] Phuc P.N. et al. 10.1109/TEC.2021.3060478 induction motor; rotor temperature
estimation; validation; virtual sensing Induction Machines IEEE 2021 Belgium 0

[111] Leppänen J. et. al 10.1016/j.microrel.2021.114207
Device technologies; Electrical breakdown;

High-humidity environment; Power
semiconductor module

Semiconductor diodes Elsevier 2021 Finland 0

[112] Das A.K. et al. 10.1109/JSEN.2021.3079570
Convolutional neural network; metal oxide

surge arrester; pollution severity
classification; transfer learning

Surge Arrester IEEE 2021 India 0

[113] Nit Hamirpur et al. 10.1109/ICCES51350.2021.9489095
Hotspot detection; Induction motor; Infrared

thermography (IRT); Remaining life;
Thermal efficiency

Three phase induction
motor IEEE 2021 India 0

[114] Xia C. et al. 10.1049/hve2.12023
Electric fault currents; Electric power

transmission networks; Failure analysis;
Image enhancement

Power equipment John Wiley and Sons Inc. 2021 China 4

[115] Choudhary A. at el. 10.1016/j.measurement.2021.109196 Deep learning; Fault detection; Infrared
thermography; Machine learning Rotating machine Elsevier 2021 India 11

[116] Hassan M.U. et al. 10.1049/gtd2.12106
Cable sheathing; Degradation; Distribution

functions; Insulation;
Nondestructive examination

Aerial bundled cables John Wiley and Sons Inc. 2021 Pakistan 0

[117] Susinni G. et al. 10.3390/electronics10060683 Condition monitoring; Junction temperature;
Power device; Power electronics; Reliability Semiconductor devices MDPI 2021 Italy 4

[118] Kumar P.S. et al. 10.1109/JSEN.2020.3029041
Condition monitoring; hall effect sensors;

induction motor; infra-red sensors;
inter-turn winding fault

Stator End-Winding IEEE 2021 Singapore 2

[119] Vidhya R. et al. 10.1109/ICEES51510.2021.9383639 Condition Monitoring; Image Processing;
Wavelets Transformer breather IEEE 2021 India 1

[120] Shao H. et al. 10.1109/TIM.2021.3111977
Fault diagnosis; infrared thermal images;

rotor-bearing system; two-stage
parameter transfer

Rotor-Bearing IEEE 2021 China 0

[121] Ziuzev, A.M. et.al 10.18799/24131830/2021/1/3002

AC electric motors; Compressor station;
Stator winding insulation; Thermal circuits

with lumped parameters; Thermal insulation
resource; Thermodynamic model

AC electric motors
Tomsk Polytechnic

University,
Publishing House

2021 Russia 0
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Table 5. Cont.

Ref. No. Authors DOI Number Keywords Monitor Publisher Year Country of Origin Total Citation

[122] Najafi M. et al. 10.1109/ICSPIS51611.2020.9349599
Condition Monitoring; Image Processing;

Infrared Thermography; Interpretable
Machine Learning

Electrical Equipment IEEE 2020 Iran 0

[123] Alshorman O. et al. 10.1109/ICDABI51230.2020.9325635
Fault diagnosis and detection; gearboxes;

image; rotating machinery; sensors;
wind turbines

Rotating Machinery IEEE 2020 Saudi Arabia 3

[124] Redon P. et al. 10.1109/IECON43393.2020.9254639
Deep learning; fault diagnosis; image

processing; induction motors;
infrared thermography

Induction motors IEEE 2020 Spain 2

[125] Sahu M. et al. 10.1109/GUCON48875.2020.9231138
Aging Acceleration Factor; Hotspot

Temperature; Per Unit Life; Transformer
Preventive maintenance

Transformer IEEE 2020 India 0

[126] Xu X. et al. 10.1109/ICHVE49031.2020.9280056
Cable accessories; Faster RCNN; infrared

image processing; Mean-Shift; smart
condition diagnosis

Cable Accessories IEEE 2020 China 1

[127] Shahriari Nasab P. et al. 10.1109/TEC.2020.2974789
Computational Fluid Dynamics; Coupled

magneto-thermal model; Switched
Reluctance motor; temperature signature

Reluctance Motor IEEE 2020 Iran 2

[128] Wang B. et al. 10.1109/TIM.2020.2965635
Fault diagnosis; infrared detection; instance
segmentation; insulator images; substation

automation; temperature fitting
Insulator IEEE 2020 China 27

[129] Ni Z. et al. 10.1109/TPEL.2019.2962503
Accelerated lifetime test (ALT); active

thermal control; ageing indicator; condition
monitoring; failure mode

Power converters IEEE 2020 United States 27

[130] Singh R.P. et al. 10.1109/ICESC48915.2020.9155858 Condition Monitoring; Dissolved Gas
Analysis; Thermography; Transformers Transformers IEEE 2020 India 0

[131] Zhang P. et al. 10.1109/JSAC.2020.2968974 Bearing rotating elements; temperature
sensor; thermal monitoring

Bearing Rotating
Elements IEEE 2020 China 4

[132] Al-Musawi A.K. et al. 10.1016/j.infrared.2019.103140
Bearing faults; Edge detection; Image

segmentation; Induction motor; Thermal
condition monitoring

Three-phase
induction motor Elsevier 2020 Iraq 13

[133] Nasiri A. et al. 10.1016/j.applthermaleng.2019.114410
Convolutional neural network; Cooling
radiator; Deep learning; Fault detection;

Thermal image analysis
Radiator Elsevier 2019 Iran 14

[134] Phuc P.N. et al. 10.3390/en13010037
Induction motor; Lumped-parameter

thermal network; Model fitting; Transient
thermal modelling

Induction machine Energies 2019 Belgium 6

[135] Chen J. et al. 10.13334/j.0258-8013.pcsee.190362
High-voltage power electronics; Junction

temperature application; Junction
temperature physical meaning

High Voltage
Power Electronics

Chinese Society for
Electrical Engineering 2019 China 5
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Table 5. Cont.

Ref. No. Authors DOI Number Keywords Monitor Publisher Year Country of Origin Total Citation

[136] Olanrewaju O. et al. 10.1109/PEE.2019.8923270
infrared thermography; power modules;

steady state; temperature distribution;
thermal maps; transient

Power Module
Prototype IEEE 2019 United Kingdom 0

[137] Novizon et al. 10.1088/1757-899X/602/1/012007
Metal oxide surge arresters; Surge arresters;

Temperature profiles; Thermal images;
Thermal parameters

Surge arrester IOPscience 2019 Indonesia 0

[138] Dragomir A. et al. 10.1109/UPEC.2019.8893616 Infrared monitoring; thermal fault;
thermographic report Electrical Equipment IEEE 2019 Romania 1

[139] Zhang Q. et al. 10.1109/ICEMS.2019.8922346 Junction temperature; MOSFET; online
condition monitoring; SiC devices

MOSFET On-line Based
on On-state Resistance IEEE 2019 China 5

[140] Doolgindachbaporn A.
et al. 10.1109/EIC43217.2019.9046583

Condition monitoring; time series
decomposition; transformer thermal model;

winding temperature indicator

Cooling Faults in
Power Transformers IEEE 2019 United Kingdom 0

[101] Choudhary A. et al. 10.1109/GUCON.2018.8674889
Condition Monitoring; Preventive

Maintenance; Thermal Camera;
Thermal Imaging

Induction motor IEEE 2018 India 8

[141] Dragomir A. et al. 10.1109/ATEE.2019.8725019 Condition monitoring; infrared; thermal
stress; thermography Electrical Equipment IEEE 2018 Romania 1

[142] Andrade A.F. et al. 10.1109/ICHVE.2018.8642094
Electrical systems; Housing temperature;
Radiation heat; Surge arresters; Thermal

behaviors; ZnO surge arresters
ZnO Surge Arrester IEEE 2018 Brazil 1

[143] Hu Y. et al. 10.1109/ACCESS.2019.2918029
Base-plate solder; health condition

monitoring; multi-chip IGBT module; Wind
power converters

Multi-Chip IGBT
Module IEEE 2019 China 11

[144] Wei K. et al. 0.1109/ACCESS.2019.2909928 Bond wires; Condition monitor; IGBT;
Solder fatigue IGBT Modules IEEE 2019 China 8

[145] Lee S.Y. et al. 10.1007/978-981-13-6447-1_68
Electrical fault detection; Infrared

thermography; Intelligent fault diagnosis;
Thermal imaging

Electrical fault
diagnosis Springer 2018 Malaysia 3

[146] Sangeetha M.S. et al. 10.1109/ICOEI.2018.8553948 Condition monitoring; distance; electrical
equipment; emissivity; Thermographs Electrical Equipment IEEE 2018 India 2

[147] Krishnan S.R. et al. 10.1002/smll.201803192 Epidermal electronics; hydration; NFC;
thermal sensing; wireless electronics Epidermal electronics Wiley-VCH Verlag 2018 United States 43

[148] Mariprasath T. et al. 10.1016/j.infrared.2018.02.009
Condition monitoring technique; Hotspot

temperature; Power quality; Thermal
imager; Transformer

Transformer Elsevier 2018 India 25

[149] Choi U.-M. et al. 10.1109/TPEL.2017.2690500
Failure mechanism; insulated gate bipolar
transistor (IGBT); power cycling (PC) test;

power device module; reliability
Power Device Modules IEEE 2018 Denmark 86



Energies 2022, 15, 6000 25 of 37

Table 5. Cont.

Ref. No. Authors DOI Number Keywords Monitor Publisher Year Country of Origin Total Citation

[150] Resendiz-Ochoa E. et al. 10.1109/ACCESS.2018.2883988
Condition monitoring; failure analysis;
image segmentation; Induction motor;

infrared imaging; thermal analysis

Induction Motor
Failure IEEE 2018 Mexico 10

[151] Lopez-Perez D. et al. 10.1109/IECON.2017.8216652
Fault diagnosis; induction motors; infrared

thermography; isotherm; predictive
maintenance

Industrial electric
motors IEEE 2017 Spain 3

[152] Liu Z. et al. 10.1109/SDPC.2017.35
Convolution neural network; Fault

diagnosis; Infrared (IR) imaging; Rotating
machinery

Rotating machinery IEEE 2017 China 7

[153] Dragomir A. 10.1109/SIELMEN.2017.8123307 HV busbar systems; Infrared thermography;
Thermal stresses Electrical equipment IEEE 2017 Romania 4

[154] Resendiz-Ochoa E. 10.1109/DEMPED.2017.8062412
Condition monitoring; fault diagnosis;
image segmentation; induction motors;

infrared imaging
Induction motors IEEE 2017 Mexico 17

[155] Mechkov E. et al. 10.1109/ELMA.2017.7955462 Evaluation criteria; infrared thermography;
maintenance; transformers

Transformer’s
maintenance IEEE 2017 Bulgaria 5

[156] Munoz-Ornelas O. et al. 10.1109/IECON.2016.7793682
Condition monitoring; Induction motors;
Infrared imaging; Predictive maintenance;

Thermal analysis
Induction motors IEEE 2016 Mexico 9

[99] Ramirez-Nunez J.A. et al. 10.1109/IECON.2016.7793158
Fault detection; Image processing; Infrared

image sensors; Infrared imaging;
Monitoring; Predictive maintenance

Industrial machinery IEEE 2016 Mexico 10

[157] Dragomir A. et al. 10.1109/ICEPE.2016.7781319 Dust thickness; infrared monitoring device;
thermal stresses Electrical equipment IEEE 2016 Romania 50

[158] Khan Q. et al. 10.1109/ICEEOT.2016.7755208
Condition Monitoring; Infrared

Thermography; Motor; Preventive
maintenance; Transformer

Electrical equipment IEEE 2016 India 10

[97] Singh G. et al. 10.1109/ICPES.2016.7584040
Condition monitoring; Failure of cooling
system; Fault diagnosis; Induction motor;

Infrared thermography
Induction motor IEEE 2016 India 9

[159] Singh G. et al. 10.1016/j.infrared.2016.06.010
Condition monitoring; Fault diagnosis;

Induction motor; Inter turn fault;
Thermography

Induction motors inter
turn Elsevier 2016 India 65

[82] Dutta T. et al. 10.1109/CMI.2016.7413761 Edge detection; color model; image
segmentation; thermal monitoring Electrical equipment IEEE 2016 India 22

[160] Zou H. et al. 10.1016/j.infrared.2015.08.019
Feature extraction; Infrared thermography;

Intelligent fault diagnosis; Parameter
optimization; Support vector machine

Electrical equipment Elsevier 2015 China 50
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[161] Janssens O. et al. 10.1016/j.infrared.2015.09.004
Condition monitoring; Fault diagnosis;

Image processing; Infrared imaging;
Machine learning; Rotating machinery

Rotating machinery Elsevier 2015 Belgium 76

[162] Perpiñà X. et al. 10.1109/TPEL.2014.2346543
Light-emitting diodes (LEDs); solid-state
lighting (SSL); thermal modeling; thermal

parameters extraction
LED lamps IEEE 2015 Spain 16

[163] Taheri-Garavand A. et al. 10.1016/j.applthermaleng.2015.05.038
Artificial neural network; Condition

monitoring; Cooling radiator; Discrete
wavelet transform;

Cooling radiator Elsevier 2015 Iran 50

[164] Zou H. et al. 10.1109/ChiCC.2015.7260642
Feature extraction; Infrared image;

Intelligent fault diagnosis; Parameter
optimization; Support vector machine

Electrical equipment IEEE 2015 China 14

[165] Dragomir A. et al. 10.1109/ICEPE.2014.6969915 Diagnosis; infrared thermography;
monitoring; thermal stresses Electrical equipment IEEE 2014 Romania 9

[166] Garcia-Ramirez A.G. et al. 10.1109/ICELMACH.2014.6960449 Induction motors; Infrared imaging;
Temperature; Thermal analysis Induction motor IEEE 2014 Mexico 24

[167] Karvelis P. et al. 10.1109/IECON.2014.7049001 Fault diagnosis; image segmentation;
Induction motor; object matching Induction motor IEEE 2014 Greece 26

[168] Li K. et al. 10.1109/TPEL.2013.2288334
Eddy current pulsed thermography (ECPT);

insulated gate bipolar transistor (IGBT);
nondestructive evaluation

IGBT modules IEEE 2014 United Kingdom 125

[169] Chen H. et al. 10.1109/TDMR.2013.2292547
Circuit topology; monitoring; MOSFET

switches; prognostics and health
management; thermal management

Power MOSFETs IEEE 2014 China 124

[34] Huda A.S.N. et al. 10.1016/j.infrared.2013.04.012
Condition monitoring; Electrical equipment;

Features; Infrared thermography;
Multilayered perceptron network

Electrical equipment Elsevier 2013 Malaysia 47

[170] Huda A.S.N. et al. 10.1016/j.applthermaleng.2013.07.028
Discriminant analysis; Electrical equipment;

Infrared thermography;
Preventive/predictive maintenance

Electrical equipment Elsevier 2013 Malaysia 105

[171] Jadin M.S. et al. 10.1109/SIECPC.2013.6550790 Condition monitoring; image classification;
Infrared image; object recognition; reliability Electrical installations IEEE 2013 Malaysia 12

[172] Cui H. et al. 10.1109/ICEIEC.2013.6835498 Fault diagnosis; image processing; Infrared
thermography; neural network Power equipment IEEE 2013 China 17

[69] Eftekhari M. et al. 10.1016/j.infrared.2013.10.001
Condition monitoring; Feature extraction;
Induction motor; Infrared thermal image;

Inter-turn short circuit fault

Inter-turn fault in
induction motor Elsevier 2013 Iran 35

[33] Jadin M.S. et al. -
Electrical equipment; Image preprocessing;

Image processing; Infrared thermogram;
Thermal anomalies

Electrical equipment Academia 2011 Malaysia 15
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[173] Manana M. et al. 10.1016/j.applthermaleng.2010.11.023 DC motors; Electric machines; Fault
diagnosis; Infrared imaging Field winding fault Elsevier 2011 Spain 36

[174] Younus A.Md. et al. 10.1109/PHM.2010.5414573
Infrared thermography; Machine condition

monitoring; Machine fault diagnosis;
Mechanical systems

Machine fault IEEE 2010 South Korea 12

[175] Feng J.Q. et al. 10.1109/ICPST.2002.1067880 Condition monitoring; genetic algorithms;
Power transformers Power transformer IEEE 2002 United Kingdom 9
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6. Conclusions and Recommendations

IRT has shown to be a successful condition monitoring and fault diagnosis tool for
noncontact and non-invasive real-time temperature monitoring of targets throughout
the years. IRT is especially useful for preventative maintenance programs and online
monitoring of electrical equipment since it delivers accurate and trustworthy data. To
minimize misunderstandings or improper analysis of IRT data, modifications and changes
to the algorithm and analysis techniques should be explored. Recent developments in the
IRT inspection of electrical equipment demonstrate that an intelligent system is in high
demand. IRT is a safe imaging technique aside from its superior temperature sensitivity,
spatial resolution, and noncontact nature. The improved IRT inspection tools may aid CBM
analysis by transferring data to a new and powerful AI for computer vision, which will
provide utility companies with helpful information.

Recent advancements in IRT technology are noted as possible future work prospects
leading to scientific CBM analysis. Existing IRT technologies have the potential to become
well-known and competitive fault diagnosis CBM approaches for electrical equipment in
the following years. Aside from the previously reported observations and conclusions,
which are trustworthy and efficient for qualitative and qualitative diagnostics, quantifying
the influence of each thermal fault pattern on the performance of various applications
is an unavoidable issue [176]. When combined with AI as a decision-making tool, the
thermal fault pattern with high resolution from IRT might be a game-changer for CBM
analysis. However, present and near-future research problems include knowing “when”
each defect arises and “how” it propagates during field operations, even after it has been
identified. Resolving such knowledge gaps is critical in pursuing [177] from a variety of
viewpoints. Furthermore, the goal of recent developments, ongoing studies, and future
research challenges is to standardize IRT readings in the field as part of issue diagnostics
and preventive maintenance strategies. In response to these directives and concerns, utility
industries will pursue future IRT-based fault detection systems using thermography in
electrical diagnostic and predictive maintenance. In general, the goal is to build a broad
application in the electrical utility business that is commercially successful. As a result, the
IRT with AI modeling will almost certainly face the following challenges:

• NFPA 70E, Standard for Electrical Safety Requirements for Employee Workplaces,
1995, is one of the numerous publications in the 70 series released by the National Fire
Protection Association (NFPA). One of the essential improvements in thermographers’
work habits is conducting electrical checks. It has to do with avoiding an electrical arc
flash, which may be very dangerous or even deadly at low levels of 400 V. Additionally,
thermographers who are not electricians may be ignorant of the risks of working near
active components. NFPA 70E defines limitations and advises personal protective
equipment (PPE) to reduce the severity of accidents. Another alternative is to utilize an
Infrared Inspection Window, which separates environments with different pressures
or temperatures while still allowing IR radiation to pass through.

• Continuous thermal imaging provides additional advantages over periodic thermal
examination, particularly in electrical equipment reliability. Continuous thermal mon-
itoring is a benefit since defects may occur at any moment. Furthermore, it is not
operator-dependent, and it is not reliant on frequent inspection, particularly under
large loads. In addition, real-time monitoring may trigger signals or alerts if abnormal-
ities arise unexpectedly, allowing necessary action to be performed simultaneously.
Furthermore, integration with existing Supervisory Control and Data Acquisition
(SCADA) systems would allow for real-time remote monitoring without the need for
a separate system or report, which is conceivable but not practicable with regular
thermal inspections.

• Thermocouples, infrared (IR) cameras, and fiber Bragg gratings have all been used to
measure high temperatures (FBGs). Most thermocouples and infrared cameras monitor
temperature on the cutting tool’s rake and flank faces. They are not appropriate for
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temperature readings because of the difficulties of placement between the flank face
and the workpiece surface. Furthermore, FBGs are contact sensors, which have the
drawback of being fragile and difficult to mount near the measurement site. Only a
few solutions give a reasonable solution for temperature readings on the workpiece
surface, but integrated sensors in the cutting tool are difficult to install. A two-color
fiber-optic pyrometer might be used to circumvent these limitations. To circumvent
the emissivity dependency of temperature, it exploits the ratio of optical powers at
two spectral bands to construct a self-referencing mechanism. Using optical fibers,
you can see isolated regions with a spatial resolution limited only by the numerical
aperture and fiber diameters.

• Due to the increased need for preventative maintenance in electrical power equipment,
more reliable and resilient intelligent solutions, such as the automated segmentation
algorithm to determine the region’s interest in detecting the hotspots of electrical
equipment, are urgently required. The majority of existing systems employ manual
segmentation based on standard image processing methods. These methods’ output
will likely capture the artificial hotspot in the region of interest, enabling CBM analysis
to detect the temperature difference. Due to the various properties of the equipment,
the created intelligent systems could only be employed for special electrical equipment
up until now. As a result, a clever, smart system model must be devised and built
to address the picture quality issue. Noises will usually impact the collected picture
when inspections are done outside. As a result, complex image processing methods
and new algorithms have to be investigated to tackle these issues.

Author Contributions: Conceptualization, S.P.K.; methodology, G.K.B., S.P.K. and T.A.; software,
G.K.B. and A.A.R.; validation, G.K.B., S.P.K. and A.A.R.; formal analysis, G.K.B. and S.P.K.; investi-
gation, G.K.B. and S.P.K.; resources, G.K.B., C.T.Y., S.P.K. and T.A.; data curation, G.K.B. and S.P.K.;
writing—original draft preparation, G.K.B., C.T.Y., T.A. and S.P.K.; writing—review and editing,
G.K.B., C.T.Y., T.A., S.P.K., S.K.T. and C.P.C.; visualization, S.P.K., C.T.Y. and S.K.T.; supervision, S.P.K.
and C.T.Y.; project administration, S.P.K.; funding acquisition, S.P.K. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by Universiti Tenaga Nasional with the grant BOLDREFRESH
2025 (J510050002 (IC-6C)) and 202101KETTHA.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the contribution of the facilities of Universiti Tenaga
Nasional Sdn. Bhd, Malaysia (UNITEN), BOLDREFREASH 2025 and AAIBE Chair of Renewable
Energy (ChRe) for providing all out-laboratory support.

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

References
1. Condition Monitoring: An Overview|Reliable Plant. Available online: https://www.reliableplant.com/condition-monitoring-31

760 (accessed on 30 September 2021).
2. Brotherton, T.; Jahns, G.; Jacobs, J.; Wroblewski, D. Prognosis of faults in gas turbine engines. In Proceedings of the IEEE

Aerospace Conference, Big Sky, MT, USA, 25 March 2000; Volume 6, pp. 163–172. [CrossRef]
3. Yang, S.; Xiang, D.; Bryant, A.; Mawby, P.; Ran, L.; Tavner, P. Condition monitoring for device reliability in power electronic

converters: A review. IEEE Trans. Power Electron. 2010, 25, 2734–2752. [CrossRef]
4. Using Thermography to Uncover Hidden Problems. Available online: https://www.reliableplant.com/Read/28638/using-

thermography (accessed on 30 September 2021).
5. Yang, C.; Xiaoming, G.; Qi, J. Infrared technology in the fault diagnosis of substation equipment. In Proceedings of the 2008 China

International Conference on Electricity Distribution, Guangzhou, China, 10–13 December 2008. [CrossRef]
6. Balaras, C.A.; Argiriou, A.A. Infrared thermography for building diagnostics. Energy Build. 2001, 34, 171–183. [CrossRef]
7. Azmat, Z.; Turner, D.J. Infrared thermography and its role in rural utility environment. In Proceedings of the Rural Electric Power

Conference, San Antonio, TX, USA, 8–10 May 2005. [CrossRef]

https://www.reliableplant.com/condition-monitoring-31760
https://www.reliableplant.com/condition-monitoring-31760
http://doi.org/10.1109/AERO.2000.877892
http://doi.org/10.1109/TPEL.2010.2049377
https://www.reliableplant.com/Read/28638/using-thermography
https://www.reliableplant.com/Read/28638/using-thermography
http://doi.org/10.1109/CICED.2008.5211792
http://doi.org/10.1016/S0378-7788(01)00105-0
http://doi.org/10.1109/REPCON.2005.1436306


Energies 2022, 15, 6000 30 of 37

8. Jadin, M.S.; Taib, S. Recent progress in diagnosing the reliability of electrical equipment by using infrared thermography.
Infrared Phys. Technol. 2012, 55, 236–245. [CrossRef]

9. Thomson, W.T.; Fenger, M. Current signature analysis to detect induction motor faults. IEEE Ind. Appl. Mag. 2001, 7, 26–34.
[CrossRef]

10. Protection System of Three Phase Induction Motor Using Relays [Internet]. Available online: http://ir.aiktclibrary.org:8080
/xmlui/handle/123456789/1584 (accessed on 16 June 2022).

11. Short-Circuit or Overload Protection|Motor Control|EECO. Available online: https://eecoonline.com/short-circuit-protection-
or-overload-protection/ (accessed on 27 May 2022).

12. Picazo-Ródenas, M.J.; Antonino-Daviu, J.; Climente-Alarcon, V.; Royo-Pastor, R.; Mota-Villar, A. Combination of noninvasive
approaches for general assessment of induction motors. IEEE Trans. Ind. Appl. 2014, 51, 2172–2180. [CrossRef]

13. Picazo-Ródenas, M.J.; Royo, R.; Antonino-Daviu, J.; Roger-Folch, J. Use of the infrared data for heating curve computation in
induction motors: Application to fault diagnosis. Eng. Fail. Anal. 2013, 35, 178–192. [CrossRef]

14. Thermography Theory—Physical Basics|InfraTec GmbH. Available online: https://www.infratec.eu/thermography/service-
support/glossary/theory/ (accessed on 9 June 2021).

15. Theoretical Principle of Thermography|Infrared Detection|Testo®India. Available online: https://www.testo.com/en-IN/
Theoretical+principles+of+thermography+/services_knowledgebase_thermography_theory (accessed on 9 June 2021).

16. Meola, C. (Ed.) Infrared Thermography Recent Advances and Future Trends—Google Books. Available online: https:
//books.google.com.my/books?hl=en&lr=&id=ngMqDgAAQBAJ&oi=fnd&pg=PA3&dq=infrared+thermography+theory&
ots=K1QjiEeLDF&sig=E1HCbZw3_MhBvzsB7bVKDrorQP4#v=onepage&q&f=false (accessed on 9 June 2021).

17. Lahiri, B.B.; Bagavathiappan, S.; Jayakumar, T.; Philip, J. Medical applications of infrared thermography: A review. Infrared Phys.
Technol. 2012, 55, 221–235. [CrossRef] [PubMed]

18. Radiometric Temperature Measurements: I. Fundamentals—Google Books. Available online: https://books.google.com.
my/books?hl=en&lr=&id=SmL7HOyEn1QC&oi=fnd&pg=PP1&ots=f6icGs68B1&sig=oHZalyBM92Wbgn7KXlRQTKStWkk&
redir_esc=y#v=onepage&q&f=false (accessed on 25 August 2021).

19. Biomedical Sensors—Google Books. Available online: https://books.google.com.my/books?hl=en&lr=&id=7cI83YOIUTkC&oi=
fnd&pg=PR5&ots=mMwZ0Nhpv_&sig=_9MPAsny6-g-v_8oMJO6yPs898o&redir_esc=y#v=onepage&q&f=false (accessed on
25 August 2021).

20. Kylili, A.; Fokaides, P.A.; Christou, P.; Kalogirou, S.A. Infrared thermography (IRT) applications for building diagnostics: A
review. Appl. Energy 2014, 134, 531–549. [CrossRef]

21. Scopus—Document Details—New Developments in Low Cost Infrared Imaging System|Signed in. Available online: https:
//www.scopus.com/record/display.uri?eid=2-s2.0-84862180679&origin=inward&txGid=b18f13a6446695c3ee52b1985c6dbecf
(accessed on 25 August 2021).

22. White, T.; Marshall, C.; Butler, N. Uncooled infrared sensor with digital focal plane array for medical applications. In Pro-
ceedings of the 18th Annual International Conference of the IEEE Engineering in Medicine and Biology Society, Amsterdam,
The Netherlands, 31 October–3 November 1996; Volume 5, pp. 2081–2082. [CrossRef]

23. Venkataraman, S.B.; Raj, B. Performance parameters for thermal imaging systems. Insight Non-Destr. Test. Cond. Monit. 2003, 45,
531–535. [CrossRef]

24. An Informative Guide for the Use of Thermal Imaging Cameras in Industrial Applications Thermal Imaging Guidebook for
Industrial Applications Content [Internet]. Available online: https://www.flirmedia.com/MMC/THG/Brochures/T820264/T8
20264_EN.pdf (accessed on 16 June 2022).

25. Sarawade, A.A.; Charniya, N.N. Infrared Thermography and its Applications: A Review. In Proceedings of the 2018 3rd Inter-
national Conference on Communication and Electronics Systems (ICCES), Coimbatore, India, 15–16 October 2018; pp. 280–285.
[CrossRef]

26. Infrared Thermography Explained|Reliable Plant. Available online: https://www.reliableplant.com/infrared-thermography-31
572 (accessed on 31 August 2021).

27. Thermography Analysis—Arnold Engineering Arnold Engineering. Available online: https://www.arnoldengineering.co.uk/
thermography-analysis/ (accessed on 31 August 2021).

28. Fox, M.; Coley, D.; Goodhew, S.; de Wilde, P. Thermography methodologies for detecting energy related building defects.
Renew. Sustain. Energy Rev. 2014, 40, 296–310. [CrossRef]

29. Yang, R.; He, Y. Optically and non-optically excited thermography for composites: A review. Infrared Phys. Technol. 2016, 75,
26–50. [CrossRef]

30. Melnyk, S.; Tuluzov, I.; Melnyk, A. Method of remote dynamic thermographic testing of wind turbine blades. In Proceedings of
the 12th International Conference on Quantitative InfraRed Thermography, Bordeaux, France, 7–11 July 2014. [CrossRef]

31. Harizi, W.; Chaki, S.; Bourse, G.; Ourak, M. Mechanical damage assessment of Glass Fiber-Reinforced Polymer composites using
passive infrared thermography. Compos. Part B Eng. 2014, 59, 74–79. [CrossRef]

32. Why Thermography Is Good for Your Business. Available online: http://www.fluke.com (accessed on 28 August 2021).
33. Kabir, S.; Jadin, M.S.; Taib, S.; Yusof, M.A.B. Image processing methods for evaluating infrared thermographic image of electrical

equipments. In Proceedings of the Progress in Electromagnetics Research Symposium, Marrakesh, Morocco, 20–23 March 2011.

http://doi.org/10.1016/j.infrared.2012.03.002
http://doi.org/10.1109/2943.930988
http://ir.aiktclibrary.org:8080/xmlui/handle/123456789/1584
http://ir.aiktclibrary.org:8080/xmlui/handle/123456789/1584
https://eecoonline.com/short-circuit-protection-or-overload-protection/
https://eecoonline.com/short-circuit-protection-or-overload-protection/
http://doi.org/10.1109/TIA.2014.2382880
http://doi.org/10.1016/j.engfailanal.2013.01.018
https://www.infratec.eu/thermography/service-support/glossary/theory/
https://www.infratec.eu/thermography/service-support/glossary/theory/
https://www.testo.com/en-IN/Theoretical+principles+of+thermography+/services_knowledgebase_thermography_theory
https://www.testo.com/en-IN/Theoretical+principles+of+thermography+/services_knowledgebase_thermography_theory
https://books.google.com.my/books?hl=en&lr=&id=ngMqDgAAQBAJ&oi=fnd&pg=PA3&dq=infrared+thermography+theory&ots=K1QjiEeLDF&sig=E1HCbZw3_MhBvzsB7bVKDrorQP4#v=onepage&q&f=false
https://books.google.com.my/books?hl=en&lr=&id=ngMqDgAAQBAJ&oi=fnd&pg=PA3&dq=infrared+thermography+theory&ots=K1QjiEeLDF&sig=E1HCbZw3_MhBvzsB7bVKDrorQP4#v=onepage&q&f=false
https://books.google.com.my/books?hl=en&lr=&id=ngMqDgAAQBAJ&oi=fnd&pg=PA3&dq=infrared+thermography+theory&ots=K1QjiEeLDF&sig=E1HCbZw3_MhBvzsB7bVKDrorQP4#v=onepage&q&f=false
http://doi.org/10.1016/j.infrared.2012.03.007
http://www.ncbi.nlm.nih.gov/pubmed/32288544
https://books.google.com.my/books?hl=en&lr=&id=SmL7HOyEn1QC&oi=fnd&pg=PP1&ots=f6icGs68B1&sig=oHZalyBM92Wbgn7KXlRQTKStWkk&redir_esc=y#v=onepage&q&f=false
https://books.google.com.my/books?hl=en&lr=&id=SmL7HOyEn1QC&oi=fnd&pg=PP1&ots=f6icGs68B1&sig=oHZalyBM92Wbgn7KXlRQTKStWkk&redir_esc=y#v=onepage&q&f=false
https://books.google.com.my/books?hl=en&lr=&id=SmL7HOyEn1QC&oi=fnd&pg=PP1&ots=f6icGs68B1&sig=oHZalyBM92Wbgn7KXlRQTKStWkk&redir_esc=y#v=onepage&q&f=false
https://books.google.com.my/books?hl=en&lr=&id=7cI83YOIUTkC&oi=fnd&pg=PR5&ots=mMwZ0Nhpv_&sig=_9MPAsny6-g-v_8oMJO6yPs898o&redir_esc=y#v=onepage&q&f=false
https://books.google.com.my/books?hl=en&lr=&id=7cI83YOIUTkC&oi=fnd&pg=PR5&ots=mMwZ0Nhpv_&sig=_9MPAsny6-g-v_8oMJO6yPs898o&redir_esc=y#v=onepage&q&f=false
http://doi.org/10.1016/j.apenergy.2014.08.005
https://www.scopus.com/record/display.uri?eid=2-s2.0-84862180679&origin=inward&txGid=b18f13a6446695c3ee52b1985c6dbecf
https://www.scopus.com/record/display.uri?eid=2-s2.0-84862180679&origin=inward&txGid=b18f13a6446695c3ee52b1985c6dbecf
http://doi.org/10.1109/IEMBS.1996.646442
http://doi.org/10.1784/insi.45.8.531.52914
https://www.flirmedia.com/MMC/THG/Brochures/T820264/T820264_EN.pdf
https://www.flirmedia.com/MMC/THG/Brochures/T820264/T820264_EN.pdf
http://doi.org/10.1109/CESYS.2018.8723875
https://www.reliableplant.com/infrared-thermography-31572
https://www.reliableplant.com/infrared-thermography-31572
https://www.arnoldengineering.co.uk/thermography-analysis/
https://www.arnoldengineering.co.uk/thermography-analysis/
http://doi.org/10.1016/j.rser.2014.07.188
http://doi.org/10.1016/j.infrared.2015.12.026
http://doi.org/10.21611/qirt.2014.037
http://doi.org/10.1016/j.compositesb.2013.11.021
http://www.fluke.com


Energies 2022, 15, 6000 31 of 37

34. Huda, A.S.N.; Taib, S. Suitable features selection for monitoring thermal condition of electrical equipment using infrared
thermography. Infrared Phys. Technol. 2013, 61, 184–191. [CrossRef]

35. Chou, Y.C.; Yao, L. Automatic diagnosis system of electrical equipment using infrared thermography. In Proceedings of the
2009 International Conference of Soft Computing and Pattern Recognition, Malacca, Malaysia, 4–7 December 2009; pp. 155–160.
[CrossRef]

36. Jadin, M.S.; Kabir, S.; Taib, S. Thermal imaging for qualitative-based measurements of thermal anomalies in electrical components.
In Proceedings of the 2011 Saudi International Electronics, Communications and Photonics Conference (SIECPC), Riyadh,
Saudi Arabia, 24–26 April 2011. [CrossRef]

37. Kapur, J.N.; Sahoo, P.K.; Wong, A.K.C. A new method for gray-level picture thresholding using the entropy of the histogram.
Comput. Vision Graph. Image Process. 1985, 29, 273–285. [CrossRef]

38. INIS Repository Search—Single Result. Available online: https://inis.iaea.org/search/searchsinglerecord.aspx?recordsFor=
SingleRecord&RN=45098330 (accessed on 29 August 2021).

39. Bagavathiappan, S.; Lahiri, B.B.; Saravanan, T.; Philip, J.; Jayakumar, T. Infrared thermography for condition monitoring—A
review. Infrared Phys. Technol. 2013, 60, 35–55. [CrossRef]

40. Ahmed, M.M.; Huda, A.S.N.; Isa, N.A.M. Recursive construction of output-context fuzzy systems for the condition monitoring of
electrical hotspots based on infrared thermography. Eng. Appl. Artif. Intell. 2015, 39, 120–131. [CrossRef]

41. Bakar, A.H.A.; Illias, H.A.; Othman, M.K.; Mokhlis, H. Identification of failure root causes using condition based monitoring data
on a 33 kV switchgear. Int. J. Electr. Power Energy Syst. 2013, 47, 305–312. [CrossRef]

42. Jain, A.K. Data clustering: 50 years beyond K-means. Pattern Recognit. Lett. 2009, 31, 651–666. [CrossRef]
43. Rahmani, A.; Haddadnia, J.; Seryasat, O. Intelligent fault detection of electrical equipment in ground substations using thermo

vision technique. In Proceedings of the 2010 2nd International Conference on Mechanical and Electronics Engineering, Kyoto,
Japan, 1–3 August 2010. [CrossRef]

44. Huang, C.L.; Dun, J.F. A distributed PSO–SVM hybrid system with feature selection and parameter optimization. Appl. Soft
Comput. 2008, 8, 1381–1391. [CrossRef]

45. Wu, C.H.; Tzeng, G.H.; Lin, R.H. A Novel hybrid genetic algorithm for kernel function and parameter optimization in support
vector regression. Expert Syst. Appl. 2008, 36, 4725–4735. [CrossRef]

46. Vinay, C.; Reddy, K.; Ramana, K.V. A review of methods on Condition Monitoring and Fault Diagnosis using IR Thermography-An
Expert System approach. IOP Conf. Ser. Mater. Sci. Eng. 2020, 981, 042027. [CrossRef]

47. The Latest Reliability & Uptime Maintenance News—Reliabilityweb: A Culture of Reliability. Available online: https://
reliabilityweb.com/ (accessed on 31 August 2021).

48. Kandeal, A.; Elkadeem, M.; Thakur, A.K.; Abdelaziz, G.B.; Sathyamurthy, R.; Kabeel, A.; Yang, N.; Sharshir, S.W. IInfrared
thermography-based condition monitoring of solar photovoltaic systems: A mini review of recent advances. Sol. Energy 2021,
223, 33–43. [CrossRef]

49. Doshvarpassand, S.; Wu, C.; Wang, X. An overview of corrosion defect characterization using active infrared thermography.
Infrared Phys. Technol. 2018, 96, 366–389. [CrossRef]

50. Suguna, M.; Roomi, S.M.M.; Sanofer, I. Fault localisation of electrical equipments using thermal imaging technique. In Proceedings
of the 2016 International Conference on Emerging Technological Trends (ICETT), Kollam, India, 21–22 October 2016. [CrossRef]

51. Infrared Thermography—Google Books. Available online: https://books.google.com.my/books?hl=en&lr=&id=thyaDwAAQBAJ&
oi=fnd&pg=PA209&dq=+Thermal+imaging+for+enhancing+inspection+reliability:+Detection+and+characterization&
ots=2tiB1TvZA0&sig=zl2g5htQopKLxNss-SCLtW40h58&redir_esc=y#v=onepage&q=Thermal+imaging+for+enhancing+
inspection+reliability%3A+Detection+and+characterization&f=false (accessed on 2 September 2021).

52. Gade, R.; Moeslund, T.B. Thermal cameras and applications: A survey. Mach. Vis. Appl. 2013, 25, 245–262. [CrossRef]
53. Huda, A.S.N.; Taib, S.; Jadin, M.S.; Ishak, D. A semi-automatic approach for thermographic inspection of electrical installations

within buildings. Energy Build. 2012, 55, 585–591. [CrossRef]
54. IEEE Xplore Full-Text PDF. Available online: https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8656979&tag=1

(accessed on 24 February 2021).
55. Utami, N.Y.; Tamsir, Y.; Pharmatrisanti, A.; Gumilang, H.; Cahyono, B.; Siregar, R. Evaluation condition of transformer based on

infrared thermography results. In Proceedings of the 2009 IEEE 9th International Conference on the Properties and Applications
of Dielectric Materials, Harbin, China, 19–23 July 2009; pp. 1055–1058. [CrossRef]

56. Weiping, M.; Fangxiao, C.; Ying, S.; Chungui, X.; Ming, A. Fault diagnosis on power transformers using non-electric method.
IEEE Int. Symp. Ind. Electron. 2006, 3, 1769–1773. [CrossRef]

57. Pearson, J.C.; Pandya, D.A. Utilizing infrared and power quality techniques to diagnose and re-commission 33 old power, lighting
& receptacles panels and distribution transformers at the New Jersey International & Bulk Mail Center. In Proceedings of the 2007
Electrical Insulation Conference and Electrical Manufacturing Expo, Nashville, TN, USA, 22–24 October 2007; pp. 1–4. [CrossRef]

58. Pal, N.R.; Pal, S.K. A review on image segmentation techniques. Pattern Recognit. 1993, 26, 1277–1294. [CrossRef]
59. Pätz, T.; Preusser, T. Segmentation of stochastic images with a stochastic random walker method. IEEE Trans. Image Process. 2012,

21, 2424–2433. [CrossRef] [PubMed]
60. Almeida, C.A.L.; Braga, A.; Nascimento, S.; Paiva, V.; Martins, H.J.A.; Torres, R.; Caminhas, W.M. Intelligent thermographic

diagnostic applied to surge arresters: A new approach. IEEE Trans. Power Deliv. 2009, 24, 751–757. [CrossRef]

http://doi.org/10.1016/j.infrared.2013.04.012
http://doi.org/10.1109/SOCPAR.2009.41
http://doi.org/10.1109/SIECPC.2011.5877011
http://doi.org/10.1016/0734-189X(85)90125-2
https://inis.iaea.org/search/searchsinglerecord.aspx?recordsFor=SingleRecord&RN=45098330
https://inis.iaea.org/search/searchsinglerecord.aspx?recordsFor=SingleRecord&RN=45098330
http://doi.org/10.1016/j.infrared.2013.03.006
http://doi.org/10.1016/j.engappai.2014.11.010
http://doi.org/10.1016/j.ijepes.2012.11.007
http://doi.org/10.1016/j.patrec.2009.09.011
http://doi.org/10.1109/ICMEE.2010.5558469
http://doi.org/10.1016/j.asoc.2007.10.007
http://doi.org/10.1016/j.eswa.2008.06.046
http://doi.org/10.1088/1757-899X/981/4/042027
https://reliabilityweb.com/
https://reliabilityweb.com/
http://doi.org/10.1016/j.solener.2021.05.032
http://doi.org/10.1016/j.infrared.2018.12.006
http://doi.org/10.1109/ICETT.2016.7873778
https://books.google.com.my/books?hl=en&lr=&id=thyaDwAAQBAJ&oi=fnd&pg=PA209&dq=+Thermal+imaging+for+enhancing+inspection+reliability:+Detection+and+characterization&ots=2tiB1TvZA0&sig=zl2g5htQopKLxNss-SCLtW40h58&redir_esc=y#v=onepage&q=Thermal+imaging+for+enhancing+inspection+reliability%3A+Detection+and+characterization&f=false
https://books.google.com.my/books?hl=en&lr=&id=thyaDwAAQBAJ&oi=fnd&pg=PA209&dq=+Thermal+imaging+for+enhancing+inspection+reliability:+Detection+and+characterization&ots=2tiB1TvZA0&sig=zl2g5htQopKLxNss-SCLtW40h58&redir_esc=y#v=onepage&q=Thermal+imaging+for+enhancing+inspection+reliability%3A+Detection+and+characterization&f=false
https://books.google.com.my/books?hl=en&lr=&id=thyaDwAAQBAJ&oi=fnd&pg=PA209&dq=+Thermal+imaging+for+enhancing+inspection+reliability:+Detection+and+characterization&ots=2tiB1TvZA0&sig=zl2g5htQopKLxNss-SCLtW40h58&redir_esc=y#v=onepage&q=Thermal+imaging+for+enhancing+inspection+reliability%3A+Detection+and+characterization&f=false
https://books.google.com.my/books?hl=en&lr=&id=thyaDwAAQBAJ&oi=fnd&pg=PA209&dq=+Thermal+imaging+for+enhancing+inspection+reliability:+Detection+and+characterization&ots=2tiB1TvZA0&sig=zl2g5htQopKLxNss-SCLtW40h58&redir_esc=y#v=onepage&q=Thermal+imaging+for+enhancing+inspection+reliability%3A+Detection+and+characterization&f=false
http://doi.org/10.1007/s00138-013-0570-5
http://doi.org/10.1016/j.enbuild.2012.09.014
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8656979&tag=1
http://doi.org/10.1109/ICPADM.2009.5252449
http://doi.org/10.1109/ISIE.2006.295839
http://doi.org/10.1109/EEIC.2007.4562575
http://doi.org/10.1016/0031-3203(93)90135-J
http://doi.org/10.1109/TIP.2012.2187531
http://www.ncbi.nlm.nih.gov/pubmed/22334006
http://doi.org/10.1109/TPWRD.2009.2013375


Energies 2022, 15, 6000 32 of 37

61. Sergyán, S. Edge detection techniques of thermal images. In Proceedings of the 2012 IEEE 10th Jubilee International Symposium
on Intelligent Systems and Informatics, Subotica, Serbia, 20–22 September 2012; pp. 227–231. [CrossRef]

62. Chacon, M.; Manickavasagan, A.; Flores-Tapia, D.; Thomas, G.; Joyas, D.S. Segmentation of wheat grains in thermal images based
on pulse coupled neural networks. In Proceedings of the 2007 IEEE International Conference on Image Processing, San Antonio,
TX, USA, 16 September–19 October 2007; Volume 2. [CrossRef]

63. Kapoor, P.; Prasad, S.V.A.V. Image processing for early diagnosis of breast cancer using infrared images. In Proceedings of the
2010 the 2nd International Conference on Computer and Automation Engineering (ICCAE), Singapore, 26–28 February 2010;
Volume 3, pp. 564–566. [CrossRef]

64. Gomez-Moreno, H.; Maldonado-Bascon, S.; Gil-Jimenez, P.; Lafuente-Arroyo, S. Goal evaluation of segmentation algorithms for
traffic sign recognition. IEEE Trans. Intell. Transp. Syst. 2010, 11, 917–930. [CrossRef]

65. Meng, F.; Li, H.; Liu, G.; Ngan, K.N. From logo to object segmentation. IEEE Trans. Multimed. 2013, 15, 2186–2197. [CrossRef]
66. Chan, W.L.; So, A.T.P.; Lai, L.L. Three-dimensional thermal imaging for power equipment monitoring. IEE Proc. Gener. Transm.

Distrib. 2000, 147, 355–360. [CrossRef]
67. Fan, S.; Yang, S.; He, P.; Nie, H. Infrared Electric Image Thresholding Using Two-Dimensional Fuzzy Renyi Entropy.

Energy Procedia 2011, 12, 411–419. [CrossRef]
68. Picazo-Rodenas, M.J.; Royo, R.; Antonino-Daviu, J.; Roger-Folch, J. Use of infrared thermography for computation of heating

curves and preliminary failure detection in induction motors. In Proceedings of the 2012 XXth International Conference on
Electrical Machines, Marseille, France, 2–5 September 2012; pp. 525–531. [CrossRef]

69. Eftekhari, M.; Moallem, M.; Sadri, S.; Hsieh, M.F. A novel indicator of stator winding inter-turn fault in induction motor using
infrared thermal imaging. Infrared Phys. Technol. 2013, 61, 330–336. [CrossRef]

70. Amaral, T.G.; Pires, V.F.; Martins, J.F.; Pires, A.J.; Crisóstomo, M.M. Image processing to a neuro-fuzzy classifier for detection and
diagnosis of induction motor stator fault. In Proceedings of the IECON 2007—33rd Annual Conference of the IEEE Industrial
Electronics Society, Taipei, Taiwan, 5–8 November 2007; pp. 2408–2413. [CrossRef]

71. Han, Y.; Song, Y.H. Condition monitoring techniques for electrical equipment—A literature survey. IEEE Trans. Power Deliv. 2003,
18, 4–13. [CrossRef]

72. Abu-Siada, A.; Islam, S. A novel online technique to detect power transformer winding faults. IEEE Trans. Power Deliv. 2012, 27,
849–857. [CrossRef]

73. Farag, S.; Lin, B.K.; Habetler, T.G.; Schlag, J.H. An Unsupervised, On-Line System for Induction Motor Fault Detection Using
Stator Current Monitoring. IEEE Trans. Ind. Appl. 1995, 31, 1280–1286. [CrossRef]

74. Yazici, B.; Kliman, G.B.; Premerlani, W.J.; Koegl, R.A.; Robinson, G.B.; Abdel-Malek, A. Adaptive, on-line, statistical method
for bearing fault detection using stator current. In Proceedings of the IAS ’97. Conference Record of the 1997 IEEE Industry
Applications Conference Thirty-Second IAS Annual Meeting, New Orleans, LA, USA, 5–9 October 1997; Volume 1, pp. 213–220.
[CrossRef]

75. Zidani, F.; Benbouzid, M.E.H.; Diallo, D.; Naït-Saïd, M.S. Induction Motor Stator Faults Diagnosis by a Current Concordia
Pattern-Based Fuzzy Decision System. IEEE Trans. Energy Convers. 2003, 18, 469–475. [CrossRef]

76. Briz, F.; Degner, M.W.; Zamarrón, A.; Guerrero, J.M. Online Stator Winding Fault Diagnosis in Inverter-Fed AC Machines using
High-Frequency Signal Injection. IEEE Trans. Ind. Appl. 2003, 39, 1109–1117. [CrossRef]

77. Shutenko, O.; Ponomarenko, S. Diagnostics of Transformer Oils Using the Multiple Linear Regression Model. In Proceedings of
the 2020 IEEE Problems of Automated Electrodrive. Theory and Practice (PAEP), Kremenchuk, Ukraine, 21–25 September 2020.
[CrossRef]

78. Gielniak, J.; Czerniak, M. Investigation of Distribution Transformers Vibrations in Terms of Core and Winding Condition
Assessment. Energies 2021, 15, 13. [CrossRef]

79. Kang, P.; Kang, P.; Birtwhistle, D. On-Line Condition Assessment of Power Transformer on-Load Tap Changers: Transient
Vibration Analysis Using Wavelet Transform and Self-Organizing Map. 2000. Available online: http://citeseerx.ist.psu.edu/
viewdoc/summary?doi=10.1.1.1006.6343 (accessed on 29 May 2022).

80. Kang, P.; Birtwhistle, D. Condition assessment of power transformer on-load tap-changers using wavelet analysis. IEEE Trans.
Power Deliv. 2001, 16, 394–400. [CrossRef]

81. Chien, C.-L.; Tseng, C. Information and Control ICIC International 2011 ISSN. Int. J. Innov. Comput. 2011, 7, 6691–6710.
82. Dutta, T.; Sil, J.; Chottopadhyay, P. Condition monitoring of electrical equipment using thermal image processing. In Proceedings

of the 2016 IEEE First International Conference on Control, Measurement and Instrumentation (CMI), Kolkata, India, 8–10 January
2016; pp. 311–315. [CrossRef]

83. Hellier, C.J. Handbook of Nondestructive Evaluation, 2nd ed.; McGraw-Hill Education: New York, NY, USA, 2013; p. 720. Available
online: https://www.accessengineeringlibrary.com/content/book/9780071777148 (accessed on 2 September 2021).

84. Griffith, D.A.; Zeybek, A.Y.; O’Brien, M. Knowledge Transfer as a Means for Relationship Development: A Kazakhstan–Foreign
International Joint Venture Illustration. J. Int. Mark. 2018, 9, 1–18. [CrossRef]

85. Santos, L.D.; Bortoni, E.C.; Souza, L.E.; Bastos, G.S.; Craveiro, M.A.C. Infrared thermography applied for outdoor power
substations. In Proceedings of the SPIE Defense and Security Symposium, Orlando, FL, USA, 16–20 March 2008. [CrossRef]
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