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Abstract

This article examines the use of thermal imaging diagnostics for the maintenance of electrical centralization
devices in railway automation. It analyzes traditional diagnostic methods, their limitations, and the risks associated
with the late detection of faults (overheating). The effectiveness of thermal imaging control in detecting overheating
of relay contact groups, conductor joints, transformers, and other crucial elements of electrical centralization has been
proven. Mathematical models for analyzing thermal deviations are proposed, which allow predicting failures before
the equipment malfunctions. The economic effectiveness of implementing thermal imagers in railway infrastructure is
substantiated. The use of this technology enhances safety, reduces maintenance costs, minimizes emergency
situations, shortens repair time, and improves overall equipment condition control.

Keywords: thermal imaging diagnostics; railway automation; electrical centralization; fault prediction;
maintenance.

1. Definition of the scientific problem chosen for research

Railway transport is a key element of infrastructure in Ukraine and many other countries, and its uninterrupted
operation depends on the reliability of electrical centralization (EC) systems. Failure of these systems may lead to
train delays, disruptions to transport schedules, and, in some cases, to serious emergency situations [1], [2].

The main problem with checking the technical condition of elements is that most modern EC system diagnostic
methods are based on regular inspections and reactive repairs, which do not allow for timely detection of hidden
faults [3]. For example, overheating of contact groups or insulation damage in transformers may remain undetected
during standard checks and lead to emergency situations [17].

Therefore, more attention is being paid to predicting faults in EC system elements using thermal imaging
diagnostics. Thermal imagers allow for the quick and non-contact identification of overheating elements, which is a
critical indicator of insulation wear or defects in relay contact surfaces [4].

This article analyzes classic methods of monitoring the condition of EC devices and modern trends in technical
diagnostics, as well as the prospects for further research.

2. Analysis of recent publications and studies related to the problem

An analysis of recent publications and studies in the field of diagnostics and maintenance of railway automation
devices indicates insufficient development of the general theoretical foundations for implementing EC control
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methods. Some aspects, such as improving reliability and efficiency in maintenance, have been studied in the context
of specific operating conditions [1], [2].

The paper [1] discusses the issue of improving maintenance for electrical signaling and centralization
devices through comprehensive monitoring of their technical condition. The author emphasizes the lack of
sufficient theoretical justification for methods to determine the timing of maintenance tasks based on the actual
state of EC devices, as well as the need to adjust their operating modes considering specific operating
conditions.

The study [2] proposes a new approach to evaluating the effectiveness of the railway automation maintenance
system. A criterion is proposed that is an integrated indicator considering both the labor intensity of maintenance and
the effect achieved from its implementation. This approach can be used to select the most effective option for
organizing maintenance.

Particular attention is drawn to the use of thermal imaging diagnostics in the maintenance of railway automation
devices. For example, research [3] discusses the development of an automated thermal imaging system for monitoring
the condition of underground heat networks [18].

The proposed system combines the use of thermal cameras and automatic data processing algorithms to detect
temperature anomalies, indicating potential damage or heat leaks. Although this system was developed for heat
networks, its methods can be adapted for monitoring EC devices [19].

Publication [4] describes a study of the technical diagnostics of electrical installations using a thermal imager.
Special attention is paid to monitoring contact connections and transformer radiators, allowing timely detection of
defects and preventing emergency situations. The author demonstrates the effectiveness of thermal imaging control in
the technical diagnostics of electrical equipment.

Studies from the 1990s show that thermal imaging systems were first used to detect areas of elevated heat in
electrical power supply devices [5]. However, the results indicated that the proposed thermal imaging systems had
limited application for diagnosing electrical devices due to low resolution and other technical limitations. The authors
argue that with further development and improvement of thermal imaging technologies, defects in contact
connections, uneven loads, and other anomalies that may lead to emergency situations will be detected.

The use of thermal imaging diagnostics in the maintenance of electrical equipment and railway automation
began to develop in the 1990s [9]. At early stages, the method had limitations, such as low resolution and dependence
on external factors. However, modern thermal imaging systems have significantly improved, which has allowed for
their wider use in various industries, including railway transport.

In work [5], the authors studied the possibilities of using thermal imaging control for diagnosing electrical
networks. They note that infrared diagnostics not only allows evaluating the condition of equipment without
interrupting operations but also predicts the need for repairs, which improves system reliability.

Another important research area is the development of methods for automated analysis of thermal images. Paper
[6] discusses algorithms for processing thermograms to detect potential defects in electrical installations. The use of
such methods combined with machine learning allows for reducing human error in diagnostic accuracy.

Based on the analysis, it can be concluded that thermal imaging diagnostics is an effective method for
monitoring the condition of EC devices. However, its application in railway automation requires further research,
particularly regarding the adaptation of existing technologies to specific operating conditions.

3. Aim and objectives of the research

The aim of this research is to analyze the possibilities of using thermal imaging diagnostics for the maintenance
of EC devices. To achieve this, the following tasks must be solved:

o Investigate the existing methods of equipment condition monitoring and their limitations [7];

o Evaluate the effectiveness of thermal imaging control in comparison to traditional approaches [8];
® Develop mathematical models for analyzing temperature changes in EC devices [9];

e Analyze the economic efficiency of implementing thermal imagers in railway infrastructure [10].
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4. Analysis of previous research and modern diagnostic methods

4.1. Traditional methods of monitoring the condition of EC devices

The maintenance of EC devices is traditionally based on the following approaches [11]:

1) Preventive maintenance — regular inspections and component replacements regardless of their actual condition;
2) Functional control — testing devices under load, assessing operation based on signals and relay conditions;

3) Electrical measurement methods — checking voltage, insulation resistance, and current levels in the electrical
circuits of EC systems.

The methods mentioned above have significant disadvantages:

o They do not allow the detection of early defects (e.g., contact degradation or metal fatigue) [12];
o They require system downtime for testing, which may affect train operations [13];
o There is a considerable human factor influence, which can lead to errors during inspections [14].

4.2. Modern trends in technical diagnostics

To improve the effectiveness of diagnosing the technical condition of EC elements, automated monitoring
systems are being considered, with thermal imaging diagnostics playing an important role here.

Thermal imaging control is based on the analysis of infrared radiation from heated facilities. Temperature
changes in facilities are the key indicators for detecting such malfunctions [15]:

o Overheating of contacts indicates increased resistance or mechanical problems;
e Temperature anomalies in relay cabinets suggest possible short circuits;
o Increased temperature in transformer windings signals overload or insulation degradation.

Modern railway automation systems use smart algorithms to analyze thermal images to predict malfunctions and prevent
accidents [16]. A comparative analysis of traditional and thermal imaging diagnostic methods is presented in Table 1.

Table 1. Comparative analysis of traditional and thermal imaging diagnostic methods.

Parameter Traditional methods Thermal imaging diagnostics
Diagnostic Method Contact-based Non-contact

Diagnostic Time Long Fast (up to 10 minutes)

Detection of Hidden Defects Limited High accuracy

Human Factor Influence Significant Minimal

Implementation Cost Low Relatively high, but cost-effective

The comparative analysis in Table 1 shows that the use of thermal imaging control allows reducing the number
of emergency situations and improving the effectiveness of EC device maintenance.

5. Methods of thermal imaging diagnostics research
5.1. General principles of thermal imaging analysis

Thermal imaging control is based on the analysis of infrared radiation from the facilities, which enables
determining their temperature without contact [17].

The main stages of studying the condition of EC devices using a thermal imager include:

1) Preliminary thermography — capturing thermal images in normal operating conditions;

2) Analysis of thermal deviations — comparing the obtained temperatures with reference values;

3) Recording anomalous zones — detecting overheating of contacts, connections, or power supply units;

4) Predicting possible malfunctions — assessing the temperature change dynamics using mathematical models.
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Compared to traditional methods, thermal imaging analysis has several advantages:

o [t does not require system shutdown for inspection;
o [t allows for rapid evaluation of the condition of all components;
o [t detects overheating before equipment failure.

5.2. Use of thermal maps to assess the condition of devices

Thermal maps are color images that show the temperature distribution on the surface of equipment. In the case
of EC devices, the most critical areas are as follows:

o Contact groups — increased resistance causes local heating;
¢ Relay blocks — contact wear can lead to overheating beyond normal levels;
e Power supply units — voltage stabilization issues lead to overheating of components.

Identifying such anomalies enables the timely planning of maintenance work and helps avoid emergency
shutdowns.

6. Mathematical models for analyzing temperature anomalies
6.1. Calculation of normal temperature regime

To effectively analyze the technical condition of a component, it is necessary to know the optimal operating
temperature of each system component. The contact temperature under normal operating conditions is determined by
the heat balance equation:

PR
Tnorm = Taverage + T» (1)

where Thomm 1s expected element temperature under normal conditions; Tuverqge 1S average ambient temperature; P is
electrical power at the contacts; R is contact resistance; k is heat transfer coefficient.

If the actual temperature exceeds the calculated value by 5-10%, it may indicate a potential malfunction.

Using formula (1) with the following parameters at an ambient temperature of Tuyerage = 25 °C, contact electrical
power P = 50 W, contact resistance R = 0.02 Ohm and heat transfer coefficient £ = 0.8, the normal contact
temperature will be as follows:

50:0.02
0.8

Trorm = 25 + = 26.25°C.

If a temperature of 30°C is recorded during diagnostics, which exceeds the norm by =15 %, this indicates the
potential development of a malfunction.

6.2. Determining critical temperature deviations

The critical temperature deviation, which indicates a potential failure, is determined by the following equation:
ATeriticat = Tmax — Tnorms (2)

where Tyq is maximum recorded temperature on the component.
If Thax > 15 °C, an urgent technical inspection is required.

During the analysis of the transformer thermogram, 7y = 72 °C was recorded. The maximum permissible value
according to the method is 15 °C above the norm. Provided that the normal temperature 7,0 = 50 °C, an excess of
22 °C indicates the need for urgent technical inspection of the transformer.
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6.3. Fault prediction based on thermal deviations

For long-term analysis, it is advisable to use a thermal degradation model for contacts, which is expressed by the
equation:

T()=To+a-eft, 3)

where 7(¢) is temperature of the element at time #; Ty is initial temperature of the element; a is initial thermal
deviation; f is degradation rate coefficient; ¢ is operating time.

If the temperature exceeds the acceptable values faster than predicted, it signals the need for contact or relay
node replacement.

The initial temperature of the contact group is set to 7o = 30 °C, the degradation coefficient f = 0.02 °C/h,
and the initial thermal deviation a = 2 °C. The temperature forecast after 100 hours of operation is made using
formula (3): 7(100) = 44.78 °C.

If the actual thermogram readings show a temperature of 50 °C, this indicates accelerated contact aging.

6.4. Use of machine learning algorithms for analyzing temperature trends

Modern thermal imaging systems can use artificial intelligence for automatic detection of problem areas. This is
possible through the analysis of temperature graphs over time.

Main algorithms used:

o Linear regression — for predicting temperature growth;
o Neural networks — for detecting abnormal temperature values;
o Principal Component Analysis — for identifying the most at-risk areas in the system.

Such approaches allow for the automatic determination of the likelihood of equipment failure before the
problem becomes critical.

7. Discussion of thermal imaging diagnostics results

Traditional methods of diagnosing devices (EC) often do not allow for early detection of malfunctions due to
their limited accuracy. For example, electrical measurement methods can only detect anomalies after significant wear
of the contacts, while thermal imaging allows for the identification of early stages of degradation through temperature
change analysis.

Research results show that thermal imaging diagnostics reduce the number of emergency failures by 35-50%,
significantly improving the safety of railway automation.

The main advantages of thermal imaging control include:

o Detection of hidden faults — contact groups, relays, and wiring may overheat long before mechanical failure occurs;

¢ Automation of the diagnostic process — the ability to connect thermal imagers to remote monitoring systems;

e Speed of inspection — studies show that a single thermal imaging inspection takes on average 5-10 minutes,
whereas traditional methods take 2-4 hours.

8. Examples of using thermal imagers in EC device diagnostics

In our study, we analyzed the condition of contact relay cabinets at railway stations using infrared cameras. It
was found that:

® 10% of relays had elevated temperatures (>70 °C), indicating contact wear;
® 15% of connections had excessive heating (>50 °C) due to loosening of connections;
e Cases of early-stage insulation burning not detected by traditional inspection methods were identified.

This allowed for timely problem resolution and helped avoid system failure.
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As a result of implementing thermal imaging control of switch point electric drives on mainline railways, it was
found that in 8% of cases, the heating elements of electric drives were operating with reduced efficiency, leading to
the formation of frost on the automatic switch contacts and further deterioration of electrical contact during the winter

period.

Thanks to thermal imagers, heating heterogeneity was identified, and defective heaters were promptly replaced,
reducing train delays during the winter period.

The condition of power supply units and transformers at electric centralization stations was also studied. It was
found that:

® 30% of devices had localized overheating zones due to the loss of insulation properties;

® 20% of transformers were operating in overload mode, which could lead to emergency shutdown.

The use of thermal imaging monitoring enabled the implementation of an automated control system that alerted
maintenance personnel in real-time about overheating risks [20], [21].

The heat map of the overheated wire connection is shown in Fig.1. The image of transformer overheating due to

overload is shown in Fig.2.

Fig.1. Thermal map of wire connections with excessive heating.

Fig.2. Transformer overheating due to overload.
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9. Analysis of the economic efficiency of implementing thermal imaging diagnostics
To assess the feasibility of implementing thermal imaging control, it is necessary to compare the operating costs
of traditional diagnostic methods and the costs of introducing infrared monitoring.

According to studies, the costs of traditional control of EC devices include:

e Personnel: each electromechanic engineer performs approximately 4 inspections per day, requiring labor costs
and significant personnel expenses;

¢ Diagnostic time: one inspection takes about 3 hours, while thermal imaging inspection takes 10-20 minutes;

e Repair costs: due to late detection of faults, the number of emergency repairs increases, which are 2-3 times
more expensive than planned work.

Table 2 below compares the costs of traditional methods and thermal imaging diagnostics as of 2020.

Table 2. Comparison of costs for traditional and thermal imaging control.

Parameter Traditional methods Thermal imaging diagnostics
Inspection time (1 facility) ~3 hours 10-20 minutes

Average inspection cost UAH 2,000 UAH 700

Detection of hidden defects Limited High accuracy

Frequency of failures due to late diagnosis High Reduced by 35-50%

Repair costs (per facility) ~ UAH 50,000 ~ UAH 20,000

The results show that the use of thermal imagers allows reducing diagnostic and repair costs by more than half.

To evaluate the economic feasibility of implementing thermal imaging control, we use the payback period formula:

Cimplementation (4)

>

Tpayback = o
savings

where Tpappack 18 payback period (in years); Cimpiementation 1S total costs for purchasing thermal imagers and training
personnel; Ciavings 1s annual savings due to reduced diagnostic and emergency repair costs.

According to [11], the average total cost of implementing a thermal imaging control system for 10 facilities
is ® UAH 500,000. The annual savings from reduced emergency repairs and quick diagnostics amount to
~ UAH 250,000. Accordingly, the payback period of the thermal imaging monitoring system will be 7j,4pqck = 2 years.

In addition to cost savings, thermal imaging diagnostics has several additional advantages:
e Reduction of operational risks — early detection of overheating of various elements helps prevent accidents;
o Improved safety of operations — reducing the number of unexpected system failures in centralization systems;

e Reduced energy consumption — eliminating problematic contacts helps optimize energy usage;
o Automation of the diagnostic process — integrating thermal imaging systems with digital service platforms.

10. Conclusion
The conducted research confirmed that thermographic diagnostics is an effective method for technical control of
electric signaling and centralization (EC) devices.
The main results of the work are as follows:
1) The advantages of thermographic control compared to traditional diagnostic methods have been established:
e Non-contact detection of faults at early stages;

e 5-10-fold reduction in diagnostic time;
e Reduction in the probability of emergency failures by 35-50 %.

2) Mathematical models for analyzing temperature deviations have been developed, allowing the prediction of
the risks of overheating in contact groups and relay blocks.
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3) The economic feasibility of implementing thermal imagers has been determined, according to which the
payback period is approximately 2 years due to reduced maintenance and repair costs.

4) Real cases of using thermal imagers for the control of relay cabinets, turnout switches, and transformers have
been reviewed, confirming the effectiveness of this method in railway automation.

Further research can be focused on:

e Integrating thermographic monitoring with artificial intelligence systems for automatic analysis of temperature
anomalies;

e Optimizing software for processing thermograms and integrating them with existing digital platforms for
managing railway infrastructure;

® Reducing energy consumption — eliminating problematic contacts helps optimize energy usage;

e Expanding the use of thermal imagers to other types of equipment, including traction substations and high-
voltage power lines.
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3acTocyBaHHS TEIUIOBI3iHHOI JiATHOCTUKH VISl TEXHIYHOT0 00CIyrOBYBaHHA
NMPUCTPOIB eJIEKTPUYHOI IEHTPAJi3allil B CHCTEMAaX 3aJI3HUYHOI ABTOMATHKHU

Maxkcum CinbHuk, Bacwne @enunens

Hayionanvuuii ynigepcumem «Jlvgiecoka nonimexuixay, eyn. C. banoepu, 12, Jlvgis, 79013, Vrpaina

AHoTaNisn

VY cTatrTi pO3TIAHYTO AOCHTIIHKEHHS 3aCTOCYBAaHHS TEIUIOBI3iHHOI JIarHOCTHKY Il TEXHIYHOTO OOCITyTOBYBaHHS
MPUCTPOIB ENEKTPUYHOI IEeHTpaTi3amii 3aMi3HIIHOT aBTOMaTHKH. [Ipoanani3oBaHO TpaAHIiiiHI METOIM JiarHOCTHKH,
iXHI OOMEXEHHS Ta PH3HKH, IIOB’s3aHI 3 HECBOEUACHHM BHSBJICHHSM HECIpaBHOCTEW (meperpiBaHusg). JloBemeHO
e(eKTHBHICTF TEIUIOBI3IHHOTO KOHTPONIO Y BHUSBJICHHI TeperpiBaHHA KOHTAKTHHUX TPyIm pene, 3’ €THaHb
CTPYMONIPOBIIHUX YacTWH, TpaHCHOpMATOpiB Ta IHIIMX BAXKJIMBHUX CIIEMEHTIB EJICKTPUYHOI IIEHTpai3aii.
3anpoNOHOBaHO MaTEMaTHYHI MOJEII aHANi3y TEIUIOBUX BiIXMJICHb, IO JAIOTh 3MOTY MPOTHO3YBAaTH HECIPAaBHOCTI
me a0 BHXoAy oOnamgHaHHA 3 Jangy. OOIpyHTOBaHO €KOHOMIYHY e(EeKTHBHICTh BIPOBAKCHHS TEILUIOBI3ODIB Y
3aJi3HUYHY iH]pacTpykTypy. BukopucranHs wmi€i TexHousorii mifBuInye Oe3leKy pyXy, 3MEHIIye BHUTpaTH Ha
TeXHIYHEe 00CIyroByBaHHs, MiHIMI3y€e aBapiiiHi CHTYyallii, CKOpOUYYy€ 4ac PEMOHTY Ta IOKpaIlly€e 3arajJbHUil KOHTPOJIb
CTaHy 00JaTHAHHS.

Kiar4oBi cioBa: TemioBi3iifiHa [IarHOCTHKA; 3ali3HUYHA aBTOMATHKA, CJICKTPHUYHA I[CHTpasi3allis;
MPOTHO3YBaHHS HECMIPABHOCTEH; TeXHIYHE 0OCIYrOBYBaHHSI.



