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Abstract. The article examines the maximum voltage pulses at the output of traction transformers, the degree of harmonic distortion, asymmetry of current and voltage, and the electric field in the insulation as the main factors leading to the disruption of electromagnetic compatibility in the transformer. Mathematical expressions were derived for each factor leading to deterioration of electromagnetic compatibility, taking into account system parameters, and 3D graphs were constructed that allow analyzing the dependence of electromagnetic compatibility on changes in various parameters. Also, a mathematical expression has been developed that allows simultaneously taking into account all the main factors leading to the disruption of electromagnetic compatibility, and based on this expression, an algorithm for ensuring electromagnetic compatibility of traction transformers has been developed, and the possibility of using intelligent control in reducing the electromagnetic effects of systems has been created.
INTRODUCTION
Traction transformers used in railway power supply systems are one of the main components of this system. Electromagnetic influences arising during the operation of these traction transformers in various modes negatively affect not only it itself, but also other electrical installations of the railway power supply system. The main reason for the violation of the state of electromagnetic compatibility in traction transformers can be various overvoltages arising in this system [2,3,4].
It is known that overvoltages arise from internal and external sources, and these overvoltages negatively affect the mechanical and electrical damage of the insulation in the system, as well as the operation of the transformer, leading to its failure. Therefore, in this article, we will consider the theoretical and practical aspects of the effectiveness of using overvoltage limiting and filter compensation devices in reducing electromagnetic effects in traction transformers [1,5,7].
According to the theory of electromagnetic compatibility, any electrical device interacts with external devices. Also, in traction transformers, under the influence of large currents and magnetic fields, electromagnetic waves arise, which affect the operating modes of overhead power lines and other adjacent electrical installations. According to research conducted in this area, relatively high efficiency can be achieved by reducing the electromagnetic interaction of various systems using overvoltage limiting devices [2,6,8].
It is possible to relatively improve the indicators of electromagnetic compatibility of systems using dischargers designed to protect insulation by passing atmospheric or internal overvoltages to the ground to limit overvoltages, devices for limiting overvoltages to effectively limit sudden impulse voltages, filter-compensation devices for filtering harmonic currents and compensating reactive power [9,10,11].
When reducing the electromagnetic effects of traction transformers, we carry out modeling processes, considering the maximum voltage pulses at the output of the traction transformer, the degree of harmonic distortion, asymmetry of current and voltage, and the electric field in the insulation as the main factors. For this, first of all, we propose the following expression for determining the maximum voltage pulses at the output of the traction transformer.
RESEARCH RESULTS
	,					(1)
where  – voltage pulse in the primary winding of the traction transformer;  – internal resistance of the source;  – internal resistance of a traction transformer;  – Transformation factor of a traction transformer. According to the expression for determining the internal resistance of a traction transformer, expression (1) takes the following form:
 .					(2)
Using the resulting expression (2)  and  for different values of  We construct the curves (Figure 1). According to the obtained graphs, the maximum impulse voltage at the output of the traction transformer has an increasing character with increasing source resistance and short-circuit voltage (Figure 1). When the short-circuit voltage changes from 8% to 12%, the maximum pulse voltage at the output of the traction transformer increases from approximately 154 kV to 175 kV, and also with an increase in the source resistance from 200 Ohm to 400 Ohm, the value of the maximum pulse voltage at the output of the traction transformer changes relatively linearly.
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a)   						b)
FIGURE 1.  and  for different values of graphs: a) when  b) when 
As a result of the appearance of higher harmonics in the traction network, electromagnetic influences on the adjacent systems of the traction transformers increase. Harmonic distortions reduce the quality of electrical energy, lead to a violation of the sinusoidality of current and voltage, and as a result, deterioration of electromagnetic compatibility with adjacent systems occurs. In most cases, the degree of harmonic distortion in traction transformers is usually in the range of 5-12%, however, during the operation of a thyristor EMF, an increase in this indicator up to 20-30% can be observed.
For cases of harmonic distortion in traction transformers, the output voltage and current are determined using the following expressions.
				(3)
				(4)
where  – fundamental harmonic amplitude;  – amplitude of an n-th harmonic;  – cyclic frequency;  - phase shift angle in an n-th harmonic;  – Resistance of a traction transformer in an n-th harmonic. The degree of harmonic distortion in traction transformers is determined using the following expressions. 
,   , 				(5)
where  – fundamental harmonic amplitude; m – highest harmonic.
When the active resistance and inductance of traction transformers are known, harmonic current distortions are 
determined as follows.
. 					(6)
Using the resulting expression (6) ,  and  Let us construct curves that allow us to determine harmonic distortions for different values of (Figure 2).
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FIGURE 2. 3D graphs enabling the identification of harmonic distortions for various values of chain parameters: a) harmonic distortion graphs for different values of R and L; b) harmonic distortion graphs for different values of φ and L
According to the analysis of the obtained 3D graphs, it was found that changes in resistance and inductance significantly affect the degree of harmonic distortion in traction transformers, that is, an increase in inductance from 5 mH to 50 mH leads to a decrease in the harmonic distortion coefficient from 8.85% to 8.5%, and an increase in the phase shift angle from 300 to 1800 leads to a sharp increase in the harmonic distortion coefficient from 4.8% to 8.5%.
As a result of the asymmetry of currents and voltages in the traction transformer, a violation of the degree of electromagnetic compatibility is also observed. For a more complete analysis of this process, we will develop an expression for determining the degree of electromagnetic compatibility in the case of asymmetric loading of traction transformers.
The degree of electromagnetic compatibility in traction transformers is a coefficient expressing the degree of symmetry and harmonic distortion, voltage and current compatibility, and is determined using the following expression.
					(7)
where  – amplitude of voltages and currents in the direct sequence;  – amplitude of voltages and currents in reverse order; ,  – phase shift angles.
The degree of electromagnetic compatibility in traction transformers is determined by the degree of asymmetry of currents and voltages as follows. 
					(8)
According to expression (8), if the traction transformer is symmetrically loaded, ,  and in this case , i.e., electromagnetic compatibility is fully ensured.
As the system's asymmetry increases, the degree of electromagnetic compatibility also deteriorates. For a more complete analysis of this situation, we will construct a graph of the dependence  (Figure 3).
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FIGURE 3. Dependence of electromagnetic compatibility in traction transformers on the degree of asymmetry

According to the analysis of the obtained graph, when the system is symmetrical, the degree of electromagnetic compatibility is ensured at 100%, an increase in the asymmetry of current and voltage in traction transformers reduces the degree of electromagnetic compatibility, and an increase in the coefficients of asymmetry of voltage and current up to 30% worsens the degree of electromagnetic compatibility up to 93-95%.
Disruption of the degree of electromagnetic compatibility in traction transformers also depends on the electric field in the insulation, and in this case, the degree of electromagnetic compatibility disruption is determined as follows.
					(9)
where  – voltage drop in the insulator;  – electric field strength in an insulator;  – insulator length
Using expression (9), we construct its graph to assess the influence of the electric field in the insulator and its length on the degree of electromagnetic compatibility. (Figure 4).
According to the obtained graph, it was found that with an increase in the insulator length, the degree of electromagnetic compatibility of the system improves, and with an increase in the electric field strength, a deterioration in the degree of electromagnetic compatibility is observed.
Taking into account all the factors affecting the electromagnetic compatibility of the traction transformer, i.e., electromagnetic pulse, harmonic distortion, asymmetry, electric field strength, the expression that allows simultaneously taking into account the above expressions will be as follows.
			(10)
where - ideal fitness level; , ,  – coefficients of influence of impulse voltage (about 0.1÷0.5), harmonic distortion (about 0.05÷0.3) and asymmetry (about 0.01÷0.1), respectively;
Using the obtained expression (10), we construct the following graphs to assess the electromagnetic compatibility of traction transformers, taking into account all their effects (Figure 5).
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FIGURE 4. Dependence of the electric field in the insulator and its length on the degree of electromagnetic compatibility

According to the obtained graph, a sharp increase in pulse voltage, an increase in harmonic distortion and asymmetry in the system, and their simultaneous occurrence lead to a decrease in the electromagnetic compatibility of traction transformers by 30-40%, resulting in failures of isolators in traction transformers, increased energy losses, and a decrease in system stability.
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FIGURE 5. Dependence graphs  for different values of the harmonic coefficient

The results obtained using the above-proposed expressions are important in the selection of overvoltage limiting devices for reducing electromagnetic pulses in traction transformers, harmonic distortions in the system, asymmetry of the system, and electric field strength in insulators. Also, the results show that by optimal selection of transformer parameters, it is possible to reduce pulse voltages at the output, which, in turn, serves to reduce electromagnetic influences in the railway power supply system and increase the reliability of electrical equipment.
To ensure electromagnetic compatibility in traction transformers, we will develop an algorithm for ensuring electromagnetic compatibility using the results of the above expressions (Figure 6).
Based on the developed algorithm, it is possible to determine the main factors influencing the electromagnetic compatibility of the traction transformer and the share of each of them, as well as to automatically select an overvoltage limiting device (OPN, RC filter, varistor, etc.) to eliminate this situation if the degree of electromagnetic compatibility is less than a certain threshold condition. With the help of the selected device, the pulse voltage and harmonic distortions are reduced, and the electromagnetic compatibility is brought to the optimal value. Through the control system, the process is controlled, and if necessary, electromagnetic adaptation is carried out again. Based on the application of this algorithm, the reliability of traction transformers in the railway power supply system is increased, the possibility of intelligent control is created to reduce the electromagnetic effects of the systems, and the service life of the insulation system is extended.
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FIGURE 6. Algorithm for ensuring electromagnetic compatibility

According to the developed algorithm, it will be possible to determine the main factors influencing the electromagnetic compatibility of the traction transformer and the share of each of them, and to automatically choose an overvoltage limiting device (OPN, RC filter, varistor, etc.) in order to eliminate this situation if the degree of electromagnetic compatibility is less than some threshold condition. The pulse voltage and harmonic distortions are reduced with the help of a selected device, and electromagnetic compatibility is brought up to the optimal value. The process is controlled by the control system, and if necessary, electromagnetic adaptation is performed again. Increasing the reliability of traction transformers in the railway power supply system becomes possible based on the application of this algorithm, the possibility of intelligent control is created aiming at the reduction of electromagnetic effects of the systems, and the service life of the insulation system is extended.
CONCLUSIONS
According to the results of the calculation of electromagnetic compatibility using the developed expressions, it was established that in traction transformers without the use of protective equipment, voltage pulses increase by 2.5÷3 times, and the value of the electric field in the insulation exceeds the permissible limit. It has been established that when using overvoltage limiting devices, it is possible to reduce pulse voltages by 65÷70%, and when using them in combination with filter-compensation devices, it is possible to reduce the degree of harmonic distortion at the transformer output by 20÷25%.
Also, according to the conducted research, by limiting the electromagnetic compatibility of traction transformers from overvoltage and implementing them using filter-compensation devices, it is possible to extend the service life of the insulation system, increase the reliability of the transformer, and minimize electromagnetic impacts in railway power supply systems. 
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