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IMPROVEMENT OF CURRENT PROTECTION OF ELECTRICAL EQUIPMENT OF ORE-THERMAL PRODUCTION WITH SINGLE-PHASE TRANSFORMERS

The proposed dissertation work is devoted to the improvement of current protection of electrical equipment of ore-thermal production and corresponds to the priority direction of the development of science "Power Engineering and mechanical engineering".

The relevance of the problem. A feature of the ore-thermal production is the use of single-phase and three-phase furnace transformers with split secondary winding and a short network, each phase of which consists of parallel lines, the number of which is equal to the number of these splits. Depending on the power of the furnace, the number of splits can range from two to eight.

As many years of experience in the operation of single-phase furnace transformers and a short network of ore-thermal industries of the Republic of Kazakhstan has shown, a significant part of short circuits (short circuits) in these electrical installations account for winding circuits (short circuits) in the primary winding, as well as short circuits and breaks in parallel lines of the short network. At the same time, up to 45% of the short circuits in the windings of a single-phase transformer are VZ.

Traditionally, current cut–off (TO) and maximum current protection (MTZ) are used to protect furnace transformers from short circuit, and gas protection is used to protect against high voltage in the primary winding of the transformer. Differential protection for furnace transformers with split secondary winding is not installed due to the complexity of installation and the high cost of the required number of current transformers (TT) designed for currents of 20-40 kA.

However, current protections are insensitive to high voltage in the primary winding. In turn, the gas protection has a response time, which depends on the oil temperature and the number of closed turns. Therefore, almost always the furnace transformer is switched off at the time of the fault, not at the moment of damage, but when its dimensions cause the operation of current or gas protection. As a result, with this approach to the construction of transformer protection, the cost of its repair can reach about 60-65% of the wholesale cost.

The short network in the ore-thermal production works in conditions of sufficiently high temperatures in the presence of a large amount of abrasive metal and coal dust in the environment. At the same time, individual elements of the short network are mobile and can move during operation. Since current protections are insensitive to short circuits and breaks in parallel lines of a short network, short circuits in parallel lines of a short network are usually protected by electrical insulation. Such insulation under the influence of abrasive dust wears off quite quickly, and the presence of coal dust leads to the creation of conductive bridges. In the event of an arc, complete destruction, for example, of an expensive tire package at currents in the tubes of the order of 20-40 kA occurs in a very short time. At the same time, timely disconnection of this short circuit can significantly reduce the size of the damage and, consequently, the time and cost of repair.

A significant part of these disadvantages are deprived of the protection of a transformer with a current line, the measuring converters of which are made in the form of magnetic current transformers (MTT). Zasypkin A.S., Hagen A.F., Chechushkov G.A., Pyastolov A.A., Novozhilov A.N., Kazansky V.E. and many of their colleagues made a significant contribution to the development of protection at MTT. However, the sensitivity of some of these protections depends on the location of the closed turns in the transformer winding. Others are insensitive to short circuit and phase discontinuities in parallel lines of a short network. The manufacture, installation and operation of MTT third parties is associated with significant technical difficulties.

Thus, the improvement of current protections, for example, a single-phase furnace transformer from the high voltage in the primary winding, as well as a short circuit from short circuit and breaks in parallel lines, is relevant.

The aim of the work is to improve the current protection of a single-phase furnace transformer and a short network in the ore-thermal production.

To achieve this goal, the following main tasks were set and solved:

1. To develop new mathematical models of a single-phase furnace transformer with a split secondary winding, which make it possible to simulate currents in its windings with acceptable accuracy for relay protection in operational operating modes and at high voltage in the primary winding.

2. To propose a method for determining the phase resistance of a short network of ore-thermal production, which will almost completely eliminate the influence of the magnetic field of this phase on the measurement results.

3. To develop a mathematical model of a single-phase furnace transformer with a short network, which will allow simulating currents in its windings and in parallel lines of a short network with short circuit and breaks in these lines.

4. To propose a method of mathematical modeling of the magnetic field of a coil and a coil on a round ferromagnetic rod, which will allow forming the magnetic field of scattering of windings of single-phase transformers in the operational mode of operation and at high voltage with an accuracy acceptable for relay protection.

5. To develop methods of mathematical modeling of the magnetic field of a single tube and a package of tubes of a short network of ore-thermal production, which will allow modeling the components of these magnetic fields with acceptable accuracy for relay protection.

6. Based on the analysis of the magnetic fields of scattering of transformer windings in various operating modes, to develop protection on two MTTs with a winding concentrated in several places, capable of protecting the primary winding of the furnace transformer from high voltage, and the short network from short circuit and breaks in any of its parallel lines.

7. Based on the analysis of the magnetic fields of scattering of a package of short-circuit tubes in various operating modes, to develop protection on one MTT with an insulating housing capable of protecting this short-circuit network from short circuits and breaks in any of its parallel lines.

8. To develop an experimental installation that will allow for a complete experimental verification of the operability of all developed protections.

The object of the research is the protection on MTT of a single-phase furnace transformer and a short network of ore-thermal production.

The subject of the research is the improvement of current protection of electrical installations of ore-thermal production by using measuring transducers in the form of MTT.

A tool in obtaining research materials are:

- fundamental provisions of the theoretical foundations of mathematics, electrical engineering and electrical machines, as well as the theory of the construction of relay protection;

- mathematical modeling of currents and magnetic fields in electric machines using Turbo-BASIC;

- full-scale experiment.

The scientific novelty of the work is determined by the fact that:

1. It has been established that MTZ and TO on TT are not able to protect the furnace transformer winding from high voltage and short circuit and discontinuities in parallel lines of phases of a short network, DTZ cannot be implemented in the presence of a large number of parallel lines per phase of a short network, where there is a limitation on the number and size of the TT installation site designed for high currents, and current protections on MTT have sensitivity depending on the location of closed turns in the winding of this transformer and are not sensitive to short circuit and discontinuities in parallel phase lines of a short network.

2. New mathematical models of a single-phase furnace transformer with a split secondary winding have been developed, which make it possible to simulate currents in its windings in operating modes with an asymmetric load and an asymmetry of the supply voltage, as well as with a high voltage in the primary winding.

3. A method is proposed for graphoanalytic determination of the phase resistance of a short network of rudothermal production, in which the return wire of the circuit for measuring the voltage drop in the phase of a short network is fixed in the geometric center of the bus package.

4. New mathematical models of a single-phase furnace transformer with a split secondary winding have been developed, which allow simulating currents in its windings and in parallel lines of the phase of a short network with short circuit and breaks in these lines.

5. Methods of mathematical modeling of the magnetic field of a single tube and a package of tubes of a short network of ore-thermal production based on the Bio-Savard-Laplace law have been developed.

6. A method has been developed for mathematical modeling of the magnetic field scattering of the coil and winding located on a round ferromagnetic rod of the transformer magnetic core, which is based on the methods of mirror images and Bio-Savard-Laplace.

7. Based on the analysis of magnetic fields of scattering of transformer windings in various operating modes, protection on two MTTs with a winding concentrated in several places has been developed.

8. Based on the analysis of the magnetic fields of scattering of a package of short-circuit tubes in various operating modes, protection on one MTT with an insulating housing has been developed.

9. An experimental installation for experimental studies of protection on MTT has been developed and manufactured.

The practical value of the work lies in the fact that:

1. The analysis of the shortcomings of the relay protection devices of the furnace transformer and the short network allowed us to choose the direction of research aimed at improving the current protection of this electrical equipment.

2. The developed mathematical model of single-phase furnace transformer with a split secondary winding allows us to simulate the currents in the windings in its operating modes with asymmetric load and input voltage unbalance, as well as in OT in the primary coil with an error not exceeding 10-15%.

3. The proposed method graphic used to determine the resistance phase short network of ore-thermal production virtually eliminates the influence of the magnetic field of this phase on the measurement results.
4. The developed mathematical models of a single-phase furnace transformer with a split secondary winding make it possible to simulate currents in its windings and in parallel lines of the phase of a short network at short circuit and breaks in these lines with an error not exceeding 10%.

5. The developed methods of mathematical modeling of the magnetic field of a single truboshina and a package of truboshins of a short network of ore-thermal production make it possible to simulate these magnetic fields with an error not exceeding 10% in various modes of operation of a short network.

6. The developed method of mathematical modeling of the magnetic field of scattering of the coil and winding located on the round ferromagnetic rod of the transformer magnetic core allows forming the magnetic field of scattering of the windings of single-phase transformers in the operational mode of operation and with an error not exceeding 5-10%.

7. The developed protection on two MTTs with a winding concentrated in several places is able to reliably protect the primary winding of the furnace transformer from high voltage, and the phases of the short network from short circuit and breakages in any of their parallel lines.

8. The developed protection on one MTT with an insulating housing is able to reliably protect the phases of a short network from short circuits and breaks in any of their parallel lines.

9. The developed and manufactured experimental setup allowed for a complete experimental verification of the operability of all developed protections on MTT.

Approbation of the results of the study.

The main provisions and scientific results of the dissertation were reported by the doctoral student and discussed at the following scientific conferences and forums: materials of the International Scientific and Practical Conference "XI Toraigyrov Readings" (Pavlodar, 2019); collection of scientific articles on the results of the work of the "International Scientific Forum Science and Innovation - Modern Concepts" (Moscow, 2019); materials of the IX All-Russian Scientific Conference with international participation "AIP Conference Proceedings" (Tomsk, 2021).

Publications. 14 publications have been published on the work, including in journals recommended by the Higher Attestation Commission of the Republic of Kazakhstan – seven, as well as 1 patent for the invention RU2713204 of the Russian Federation in the Russian Federation. Four articles have also been published and indexed in the SCOPUS database: "Russian Electrical Engineering" (No. 6, 2020), "Russian Engineering Research" (No. 9, 2020), "Russian Engineering Research" (No. 12, 2020), "AIP Conference Proceedings" (2021).

The structure and scope of the dissertation. The dissertation consists of an introduction, four sections, a conclusion and an appendix. The work is presented on 112 pages of computer text, includes 62 drawings. The list of sources used includes 61 titles.

In the first chapter, it was revealed that single-phase transformers are most often used in ore-thermal production. The main feature of the design of these transformers is the presence of a split secondary winding, the splitting of which is performed in the form of several identical and isolated from each other windings. The main feature of the short network is that it consists of several pairs of pipes isolated from each other, connecting the splits of the furnace transformer winding and the furnace electrodes. At the same time, the number of these splits is equal to the number of pairs of tubes in the bus packet of the short network.

It was also revealed that a significant part of the electrical damage in different types of production complexes of the type "rudothermic furnace" is due to winding circuits (VZ) in the windings of the furnace transformer, as well as short circuits (short circuit) and breaks in parallel lines of the short network.

At the same time, the protections used to protect the elements of the rudothermic furnace production complex, for various reasons, are not able to sufficiently protect them from short circuit in the transformer windings, as well as from short circuit and breaks in the splits of the short network.

The second chapter is devoted to modeling currents in the windings of a single-phase furnace transformer with any number of splits of the secondary winding in the following operating modes:

- in operational stationary and transient modes of operation;

- in the VZ mode in the primary winding;

- at breaks and short circuits in the lines of a short network.

For this purpose, mathematical models of a single-phase furnace transformer with a split secondary winding have been developed. The adequacy of these models was evaluated on an experimental transformer by comparing the simulation results of these currents with the experimental results.

In addition, a simple graphoanalytic method for determining the phase resistance of a short network is proposed.

The third chapter is devoted to mathematical modeling of magnetic fields:

- scattering of the coil and winding with current in a transformer on a round ferromagnetic rod, which is based on the Bio-Savard-Laplace law and the method of mirror images;

- one truboshina and a package of truboshin of a short network of ore-thermal productions.

For this purpose, methods have been developed for modeling the magnetic field of scattering of the coil and winding of the transformer, as well as one tube and a package of tubes in various operating modes.

The adequacy of these models was evaluated on an experimental transformer by comparing the results of modeling these magnetic fields with the results of the experiment.

In the fourth chapter, current protections on MTT are developed, which allow us to evaluate the distribution of the components of the magnetic field of a single-phase transformer and a short network. Based on the analysis of the distribution of the axial component of the magnetic field of the windings of a single-phase furnace transformer of ore-thermal production, protection on two MTTs with a winding concentrated in several places has been developed.

Based on the analysis of the distribution of the magnetic field components of the bus package of a short network of ore-thermal production, protection has been developed on one MTT with an insulating housing, which is able to reliably protect this short network from short circuits and breaks in any of its elements.

The presented protections not only reveal electrical damage, but also determine the type of this damage. To test the operability of the developed protections, an experimental installation was designed and manufactured at MTT.
