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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.

condition-based monitoring diagnosis fault detection infrared thermography

| 1. Theoretical on Thermography and Thermal Imaging

The cornerstone for IRT is the physical phenomenon that anybody with a temperature 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
1. Figure 1 and Figure 2 demonstrate the electromagnetic spectrum and emissive power distribution as a function of
wavelength, respectively.
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Figure 1. The electromagnetic spectrum 2,
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Figure 2. Distribution of emissive power with wavelength &1,

Amongst the most significant benefits of IRT-based condition monitoring is the minimal 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 4.
Zhang et al. 8 and Wan & 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 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 [4. 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
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cameras have a thermal sensitivity of 0.01 °C [, 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 €. As a result, current IRT technology will aid electrical utilities for CBM

analysis since all advancements will provide accurate data analysis using recent Al algorithms in computer vision.

A standard experimental setup for IRT-based condition monitoring research can be seen in Figure 3. 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 [Z.
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Figure 3. Schematic of a typical experimental setup for IRT.

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 (19, A few key factors are covered further down.

1.1. 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 temperature, a long-wavelength band (7.5-14 pm) 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 (1],

1.2. Spatial Resolution

Temperature resolution refers to the minor temperature fluctuation seen by the infrared camera in view. Object temperature,
ambient room temperature, object to camera distance, filters, and other experimental factors all affect temperature resolution.
Noise 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) 2.

1.3. 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 requirements 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 [121. The thermal camera has become a more helpful instrument.

1.4. 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 @,

1.5. 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 information or dynamic events like the propagation of heat fronts. The standard frame rate is
50 Hertz (Hz) [1.
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1.6. 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 (%) 3],

| 2. IRT Applications in Condition Monitoring for Electrical Energy

Component failure is mainly caused by excessive heat and resistance. Figure 4 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
temperature, and displays the temperature distribution for structural health monitoring and non-destructive examination (241,
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 technology 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 (12 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 5.
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Figure 5. Different methods and applications of IRT (121, (SHM: Structural Health Monitoring, CM: Condition Monitoring. NDE:
Non-Destructive Examination, DPA: Destructive Physical Analysis.)

2.1. Results in the Electrical and Electronics Applications

According to numerous assessments, IRT thermography is widely employed in the electrical and electronics engineering field
[LUI8IL9 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 [L81201[21][22][23][24](25][26] \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.

2.2. Hotspot Detection

The easiest approach to find the hotspot inside the IRT picture is to use segmentation. The authors of 20 compare many
picture segmentation approaches and discuss their advantages and disadvantages. Because of its straightforward
implementation, the thresholding 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, transformers, and other electronic components using grey-level
histograms. Support vector machines (SVMs), used to segment color images, have a promising future. In 28, it is shown how
to segment stochastic photos using random walker segmentation based on partial differential equations (PDE). Additionally,
ref. 29 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 B, 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 [28I30I31I3233134]  However, only a handful have been examined in terms of
employing thermal image processing to monitor electrical equipment state [29I3SI36I37I38I3940I41] - 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
[42]43] e g., the implementation of an unsupervised online detection using artificial neural networks (ANNs) has been
described in 4. vazici et al. 43 have reported an adaptive, statistical time-frequency method for the detection of bearing
faults. In 481 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 (7. Power transformers’ fault detection methods and techniques are also discussed in several
articles, e.g., frequency-response analysis (FRA) addressed in 43l is a powerful diagnostic method in detecting winding
deformation, core, and clamping structure for power transformers, the multiple linear regression model is proposed in 48, 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 49, 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 5%
151 In certain circumstances, non-contact thermographic image measurement may be beneficial. As a result, the current
project tries to address these issues. The majority of scholars in this field [28I29BL3740I52] 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 6 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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Figure 6. Identification of a hotspot area picture in grayscale: (a) RGB image, (b) grayscale image, (c) using Prewitt, (d) using
Roberts, (€) using Sobel, (f) using Otsu 53],

2.3. 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 24351, Despite the advantages
of modern IRT camera designs coupled with powerful image processing and display systems, there are still various
considerations to consider while performing an inspection, even if temperatures can be reliably detected. This is crucial
particularly for outside assessments conducted in substations, underground, and aerial distribution 28, Procedural, technical,
and environmental/ambient variables are the main elements that influence the accuracy of IRT measurements B4B7 |
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 characteristics B4E7B8 Results may be misconstrued or inaccurate if all these aspects are ignored. Table
1 highlights all the environmental consequences that must be considered when doing an IRT examination [24I57](58]59][60]
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 2261 Table 1 and Table 2 outline all of the criteria for the inspection tools and the target equipment,

respectively.

Table 1. Consideration of environmental factors during the inspection.

The Aspect of the

Environment The Impact on the IRT Measurement

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 28],

Ambient air temperature

Precipitation/humidity The temperature may drop drastically, causing the data to be misinterpreted. The only
(snow, rain, fog, etc.) moderately heated equipment may be cooled below the abnormal temperature.

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.

Wind or other convection

Minor temperature swings will be hidden by the device’s sun heating, mainly if it absorbs

Sun or solar radiation
much solar light (such as old conductors).

Table 2. The characteristics of factors related to the target equipment and the inspection tool.
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Tools and i
Equipment Characteristic
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.
Electrical - Approximately 75% of the load is optimum.
Loads
- When the load is more than 90%, the lines get very hot, making precise identification of overheated
spots impossible B8],
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
Equi q frequently difficult 541581, Moreover, there are several non-contact and nondestructive inspection tools that
Equ_lprpc?tn have already been introduced such as the Laser Ultrasound Inspection system, Study of Flip Chip Solder
missivity Joint Cracks (82, Laser-SQUID Microscopy, monitoring and Analysis of Large Scale Integration (LSI) -
Chip-Defects [83], |aser line photoluminescence imaging for outdoor inspections 841531, Ultrasonic
Suspension for force measurement (8], and laser ultrasonic signals from particles suspensions 7,
Thermal High-resistance heat is typically generated at the surface on the inside. Thermal gradients exist between

Gradient the apparatus’s hottest point and the surface under investigation 69,

IRT Device  The observed waveband and the spatial and measurement resolution are all elements to consider 89 It is
(camera) also essential to consider the sensitivity and signal processing speed 541,

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

2.4. 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 often employs qualitative
analysis 8159 |RT 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 3 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 temperatures for both qualitative and quantitative data. As
shown in Figure 7a, 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 7b, 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.
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Figure 7. (a) Techniques for extracting temperature values and (b) the temperature profile across Line 1 (1],
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Table 3. NETA and MIL-STD2194 standards for IRT-based electrical equipment inspection features [L1I[16170],

Temperature Difference (AT) (°C)
Under Equivalent

Standards Stress, between AT over Ambient Actions to Be Taken
Comparable Temperature (°C)
Components
13 1-10 A potential shortlagel needs further
examination.
4-15 11-20 Indlcatgs a potential flaw thgt has to be
fixed as soon as feasible.
NETA
. 29_40 Continuously monitor until a solution can
be found.
S15 >40 There is a significant imbalance that must
be addressed once and for all.
Despite the remote possibility of
10-20 . component failure, corrective steps must
be conducted at the next scheduled
routine maintenance period.
MIL-STD2194 24-40 . Failure of a componeht is likely unless it is
repaired.
Component failure is almost inevitable
40-70 - R
unless something is done.
>70 - A component is on the verge of failing.
1-10 . During the following maintenance period,
corrective action should be conducted.
Introspection Institute Corrective actions are necessary when
. >10-20 - .
Standard for Electrical time allows.
Components
>20-40 - Immediate corrective action is essential.
>40 - Immediate corrective action is required.

2.5. Application to Motors

Induction motors with three phases are the most used prime movers in numerous industrial applications. Thermography for
motor condition monitoring and problem diagnostics is necessary and may be justified economically /41, The stator, rotor, and
bearings are the main components of an induction motor (IM). IMs will fail if any of these components or their subcomponents
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 8.
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Figure 8. Classification of faults in induction motors 721,

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 9 (IEEE). In Figure 9, 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 23, the majority of
induction motor defects (41%) and winding (37%) are connected, as indicated in Figure 9'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 (74175,

4

4
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30

P

TEEE (%)

|

EPRI(%)

0 T

‘ Bearing Faul Stator Faults Rotor Faults Otter Faults

Figure 9. Study of induction motor faults by IEEE and EPRI 72,

2.5.1. Failure of Cooling System

The discrepancy between the input electrical power P; and the output mechanical power Py is referred to as Piys(1). These

losses are dissipated in the form of heat. This heat is evacuated into the environment through convection and radiation
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processes. Heat is dispersed into the surroundings in a self-cool motor by forced convection Py, radiation P4, as defined
in (2) B9 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 4. When the cooling system fails, forced convection is disrupted, causing the
motor 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 3. 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. Figure

10 and Figure 11 depict a healthy cooling system and a cooling system failure, respectively, using thermography [,

13/05.5’ = ID/ - PO 1)

Ijlz)s,s- - Pf(fU‘!I/U + R‘ud 2

b)

Figure 10. Thermal image of healthy motor at (a) no load and (b) at 50% load condition Y. Region Al is motor stator and

region A2 is fan cowing.
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Figure 11. Thermal images of faulty motor at (a) no load and (b) 50% load condition (41, Region A1 is motor stator and region

A2 is fan cowing.

The regions Al and A2 in Figure 10 and Figure 11 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).

2.5.2. 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 8. According to IEEE and EPRI, 41 percent and 42 percent of bearing faults occur during operation,
respectively, as illustrated in Figure 9. For the CM of bearings in IMs, acoustic emission and vibration signal analysis were
compared . Figure 12 depicts an autonomous bearing problem detection framework that uses thermal imaging to identify

four distinct bearing states in an induction motor.

(c) )

Figure 12. 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 78,

https://encyclopedia.pub/entry/26773 10/16



Infrared Thermography for Condition-Based Monitoring in Electrical Energy | Encyclopedia.pub

2.5.3. Stator Fault

One of the most well-known issues in IMs is stator winding failure Z2. 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 %, 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 81, 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 9. An infrared investigation of
winding asymmetry is shown in Figure 13.

v, Ehigin of
stter winding
nay ety

Figure 13. Infrared investigation of asymmetry in motor windings 82 The infrared examination of the motor revealed high
heating in the motor frame (85.2 °C on the surface 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.

2.5.4. 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 14. 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 14, 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 3],

Statar

(a) (b) ©

Figure 14. Cross-section of induction motor (a) normal (b) static eccentricity (¢) dynamic eccentricity 3],
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