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Abstract. This paper describes a software algorithm for detecting defective insulating structures using 
infrared images. The defect detection criteria are based on a joint analysis of the mean and standard value of 
the brightness distribution of a set of insulators. The effectiveness of the developed criteria is substantiated 
by the results of laboratory tests of a significant number of insulators removed from high-voltage lines 
according to the results of thermal imaging diagnostics. Simultaneous analysis of thermograms of the same 
type of insulating structures according to the proposed algorithm is more effective in comparison with the 
subjective assessment of each of them separately, which was used earlier. In addition, this approach allows 
to reduce the time of analysis and decision-making based on the results of diagnostics. 

1 Introduction  
Infrared (IR) devices for detecting defects have become 
one of the main methods for inspecting electrical 
equipment. The growing needs for the reliability of 
electricity supply to the population increase the 
requirements for thermal imaging technology. At the 
present detection of faults largely depends on the 
experience of the personnel and has insufficient 
efficiency [1-12].  

Most power equipment requires a large number of 
inspection personnel, many companies usually appoint 
external contractors to perform IR diagnostics. After 
these contractors have submitted their inspection reports 
with recommendations, the findings are evaluated 
against additional tests to confirm their validity and to 
approve repairs. The utility's own personnel therefore 
still need a lot of time to complete the complex 
evaluation work.  

In recent years, research in this field has been 
focused on the automatic analysis of the thermal state of 
electrical equipment elements. The research is divided 
into various stages. The first step is to detect an element 
within the thermal image. At the second stage, statistical 
characteristics and other data on the thermal state of the 
corresponding element of electrical equipment are 
extracted. At the final stage, the calculated statistical 
characteristics are analyzed for the decision-making 
process [13]. This system uses a combination of artificial 
intelligence and digital image processing techniques. 
The system can receive any number of infrared images 
as input before performing automatic processing. 

Defective elements are usually detects by 
determining which areas in infrared images have higher 
temperatures than these areas in good condition. The test 

results are classified into different categories based on 
the detected temperature levels, which indicates the level 
of severity of each situation [14]. 

Automatic diagnostics of infrared images using an 
intelligent system is still in its early stages. There are no 
problems when you need a bright object that is easily 
identifiable on a thermogram, for example, a contact 
connection of wires. It is much more difficult to 
automatically select an object and find a defect on it 
when its thermal contrast merges with the background 
and drowns into noise. This situation is typical when 
diagnosing insulating structures. They are characterized 
by temperature differences in tenths of a degree, due to 
low currents flowing in insulators.    

If a weak localized hotspot on the insulator is not 
detected in time, the abnormal condition will continually 
deteriorate and eventually lead to breakdown. 
Conventional infrared targeting techniques are usually 
based on grayscale and texture differences [15-17]. 
However, when there is too much noise or weak targets 
in the image, these methods will not be able to 
accurately detect defects [18].  

This paper describes and investigates in practice an 
algorithm for detecting defects on low-contrast thermal 
images of high-voltage insulation structures of overhead 
lines and substations. 

2 Algorithm research 

2.1 Algorithm description 

The most difficult is automatically detect defects in 
suspended and supporting insulating structures installed 
on overhead lines and substations using a thermal image. 
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In the general case, the i-element of the insulating 
structure, for example an insulator in a string or a part of 
an extended insulator, can be represented as a parallel 
connection of the active resistance Ri and the capacitance 
Ci. The expression for the active power Pi released on the 
element when an alternating current I with a frequency ω 
flows through it has the following form [19, 20]: 

 𝑃𝑃𝑖𝑖 = 𝐼𝐼2 𝑅𝑅𝑖𝑖
1+𝜔𝜔2𝐶𝐶𝑖𝑖

2𝑅𝑅𝑖𝑖
2 (1) 

Formula (1) shows that Pi has an ambiguous 
dependence on Ri. The active power has a maximum at 
Ri equal to 1/ωCi. When Ri is greater than 1/ωCi, Ri 
increases with decreasing Ri, and when Ri is less than 1/ 
ωCi, it decreases. For example, for a suspended 
insulation, the intrinsic capacitance of which lies in the 
range of 30–70 pF, the maximum heat release is 
achieved at Ri values from 45 to 100 MΩ, respectively. 
Since the active resistances of insulators can range from 
hundreds of GΩ for serviceable ones to several MΩ for 
"zero" ones, the same heat release power can 
characterize two significantly different insulation states - 
serviceable and defective. 

If we consider the insulating structure as a whole, 
then the serviceable and defective state of the element 
can be distinguished by the change in the total heat 
release of the entire insulating structure. If there is a 
decrease in the active resistance of the i-th structural 
element, then at the initial stage of degradation, when Ri 
is significantly greater than 1/ωCi and its insulation is 
still considered to be in good condition, this leads to an 
increase in heat generation only on it, since the stress 
distribution among the elements in the structure 
practically does not change. A further decrease in 
resistance and a transition to a defective state already 
leads to a redistribution of stress in the structure and an 
increase in heat generation on other éléments. Defect 
condition can be distinguished by changing in the spatial 
distribution of the intensity of thermal radiation 
throughout the structure. The values characterizing the 
distribution are the mean and standard deviation. Both of 
these distribution characteristics must be used to 
determine the condition of the insulation. A decrease in 
the active resistance of one of the elements of the 
insulating structure unambiguously leads to a certain 
increase in the average radiation intensity of the 
structure. However, its noticeable increase occurs with a 
decrease in active resistance on several structural 
elements. At the same time, the value of the root-mean-
square deviation characterizing the spread of the 
intensities of the thermal radiation of the elements 
relative to the mean deviation can also be fixed at small 
values of the mean, when the radiation intensity changes 
only on one element, but with a decrease in the active 
resistance on several elements, a situation is possible 
when the standard deviation will be close to zero. The 
described principle was originally developed for the 
diagnosis of suspended and post porcelain insulators. 
However, it can be extrapolated to polymer insulators 
and surface contamination detection. During operation, 
polymer insulators are characterized by a breach of 

tightness and penetration of moisture under the shell 
closer to the end cap, which leads to a redistribution of 
voltage along the insulator and the appearance of local 
partial discharges with a corresponding increase in the 
mean and standard deviation of temperature values. 

In dry conditions, contamination deposited on the 
surface of the insulator does not reduce its insulation 
resistance and does not affect the distribution of stress 
along the entire structure. However, when the deposited 
pollution is moistened (fog, dew, rain), the insulation 
resistance on the surface of the insulator will decrease, 
thereby changes the voltage distribution law on the 
insulators. At this point, contamination on the surface of 
the insulator will increase the leakage current and 
surface temperature of each insulator. The heating power 
Pi and the increase in surface temperature ΔTi of the i-th 
element can be calculated, respectively, by formulas (2) 
and (3): 

 𝑃𝑃𝑖𝑖 = 𝑈𝑈𝑖𝑖𝐼𝐼𝑙𝑙𝑐𝑐 (2) 

 ∆𝑇𝑇𝑖𝑖 = 𝑈𝑈𝑖𝑖𝐼𝐼𝑙𝑙𝑐𝑐 𝑅𝑅𝑡𝑡⁄  (3) 

In the formulas: Ilc is the leakage current through the 
entire insulating structure; Rt - thermal resistance, the 
same for all elements. Due to the uneven fouling of the 
insulators and their internal resistance, Ui and ΔTi will 
also differ along the insulating structure.  

When implementing the algorithm in an automated 
system, the most difficult thing is to choose a threshold 
for the mean and standard deviation values of the 
brightness of insulators on thermograms. Two methods 
are possible. In the first case, an installation of a 
reference (serviceable) insulating structure can be 
identical to the one diagnosed and obtained in similar 
meteorological conditions. For reference isolation, the 
mean and standard deviation values will be the 
minimum. Another option is possible when diagnosing a 
large number of insulating structures under the same 
weather conditions. In this case, the threshold values can 
be set during subsequent computer analysis by taking the 
total mean and root mean square value for all 
thermograms. Determination of threshold values in this 
way is possible provided that the total number of 
defective insulators is significantly less than serviceable 
ones. This method of determining threshold values has 
found the greatest practical application. The above and 
the diagnostic technique were incorporated into the 
algorithms of the developed program. 

2.2 System 

The system contains a procedure for determining the 
mean and standard deviation in the spatial distribution of 
the intensity of self IR radiation of multi-element 
insulating structures. A thermogram is a picture where 
the brightness of each point is determined by its 
temperature. In turn, the temperature of one or other 
element in an insulating structure is uniquely related to 
the electrical power released on it. The algorithm for 
detecting defective structures is as follows:  
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1. Highlighting on the thermogram of all insulators in 
a string or individual rod and support insulators;  

2. Calculation of the mean and standard deviation in 
the distribution of the brightness of the points in the 
selected areas.  

3. Determination of defective insulation by exceeding 
the obtained value of the mean or standard deviation of 
brightness over the set threshold values. The values of 
the average Pav and standard deviation D in the 
distribution of the brightness of the insulators on the 
thermograms are calculated by the formulas: 

 𝑃𝑃𝑎𝑎𝑎𝑎 = ∑ 𝑃𝑃𝑖𝑖𝑛𝑛
𝑖𝑖=1

1
𝑛𝑛

 (4) 

 𝐷𝐷 = (∑ 𝑃𝑃𝑖𝑖2𝑛𝑛
𝑖𝑖=1

1
𝑛𝑛
− 𝑃𝑃𝑎𝑎𝑎𝑎2 )0.5 (5) 

where Pi – brightness i-th pixel, n – the total number of 
all pixels on the insulation of the structure. 

2.3 Algorithm description 

The algorithm was tested using the thermograms of the 
garlands of porcelain insulators obtained during the 
diagnostics of the overhead lines of the railway. Since, 
according to the requirements of the developed method, 
when diagnosing a large number of insulating structures, 
it is necessary to observe the uniformity of 
meteorological conditions, the check was carried out on 
a sample of thermograms obtained during the 
examination at one site in one pass. 

It is important to note that in order to obtain reliable 
results when working with a thermal imager, the 
following requirements must be observed.  

1. The distance to the garland and the shooting angle 
are selected in such a way that the insulating structure in 
the image is in profile and all its elements are clearly 
visible.  

2. When shooting, the thermal imager should be set 
to maximum sensitivity. The setting of the thermal 
imager for maximum sensitivity can be seen by the 
presence of characteristic hardware noises in the image 
of the insulating structure.  

3. When shooting insulating structures in conditions 
where the temperature difference between the object and 
the background is large, for example, at night in clear 
weather against the background of the sky, it is 
necessary by adjustments to ensure that the brightness of 
all points in the image of the structure does not go 
beyond the dynamic range.  

4. By adjusting the thermal imager, it is necessary to 
achieve the best visual quality of the image of the 
insulating structure. The thermal imager is adjusted once 
at the beginning of work and does not change 
subsequently, with the exception of adjusting the lens for 
focusing.  

6. After entering the work area, it is necessary to 
measure the ambient temperature using a thermal imager 
or thermometer. Repeated temperature measurements 
should be carried out every hour of operation.  

Before processing, all thermograms were put into 
separate folders on a computer in accordance with the 

areas where the work was performed. The data on the 
section of the overhead line "Shalega" - "Arya" are 
presented in table 1 as an example. The threshold values 
for the mean (113.5) and standard deviation (4.48) in the 
distribution of brightness in the thermal images of the 
garlands were set according to garland No. 8 in the table. 

Separate strings of insulators, identified as defective 
and removed from the supports as a result of IR 
diagnostics, were checked in the laboratory with a 
megohmmeter and high voltage tests on a high-voltage 
installation. The results of laboratory testing of insulators 
are also reflected in Table 1. Of the thirteen strings of 
insulators listed in the table, two were not confirmed as 
defective during laboratory tests (No. 5,7). In these 
strings, all insulators withstood the 50 kV AC test for 
one minute. A total of 105 insulator strings were tested. 
The presence of a defect was confirmed in 85 of them 
(81%). This result is good, considering that when 
selecting defective insulating structures during surveys, 
there is a subjective factor of overestimating the number 
of defects. 
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Table 1. Testing algorithm. 

№ Object Pav D Diagnosis  Tests 
1 

 

138.35 12.46 Defect + 

2 

 

130.32 4.68 Defect + 

3 

 

129.69 9.14 Defect + 

4 

 

152.84 7.08 Defect + 
 

5 

 

158.54 4.47 Defect - 

6 

 

161.33 6.01 Defect + 

7 

 

162.36 6.26 Defect - 

8 

 

113.15 4.48 Normal - 

9 

 

141.13 3.51 Defect + 

10 

 

168.01 6.11 Defect + 

11 

 

123.76 10.4 Defect + 

12 

 

145.99 8.49 Defect + 

13 

 

172.69 17.15 Defect + 

3 Conclusions 
Verification of the algorithm and the system shows the 
possibility of improving the diagnostic accuracy with 
joint computer processing of a set of thermograms of 
insulators structures in comparison with the subjective 
assessment of each of them separately, which was used 
earlier. In addition, this approach allows to reduce the 
time of analysis and decision-making based on the 
results of diagnostics. In addition to automating the 

processing of thermograms with insulators, the 
considered algorithm can be used to develop online 
systems for thermal imaging control of substation 
equipment, which are increasingly being used. 
 
The work was supported by the Ministry of Science and Higher 
Education of the Russian Federation on fundamental scientific 
research «Distributed automated systems for monitoring and 
diagnostic the technical condition of overhead power lines and 
substations based on technology of broadband data 
transmission through power lines and the Industrial Internet of 
Things» (theme number 075-00063-20-02). 
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