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IMPROVEMENT OF CURRENT PROTECTION OF ELECTROLYSIS INSTALLATIONS
The thesis research is devoted to the improvement of the current protection of electrolysis installations.
The relevance of the research. The characteristic feature of power supply for electrolysis method production is that it uses high-power regulating transformers and transformer rectifier units of two transformers, which form a twelve-phase voltage and are connected to silicon rectifiers through twelve-phase busduct line with large cross-section busbars. 
The worldwide practice of transformers operation shows that electrical faults of high-power transformers account for up to 52% of their total number. The major part of these electrical faults is caused by inter-winding faults. In multiphase busduct lines, electrical faults are reduced to short-circuits and phase breaks.
When applying electrolysis, to protect the transformers of the transformer rectifier unit and the multiphase busduct line from short-circuits there used the overcurrent protection and current cutoff performed in current transformers (CT), as well as gas protection.
However, overcurrent protection and current cutoff are not sensitive to inter-winding faults in transformers, and the current cutoff is not sensitive to electrical faults of busduct line. Differential current protection is not used to protect the transformer rectifier unit and the multiphase busduct due to the fact that it is rarely possible to implement it in multiphase installations, where, as a rule, there is a limitation on the number and size of the current transformers meant for heavy current.
The basic protection against inter-winding faults in transformers is gas protection. It has good inter-winding faults sensitivity However, the time of its triggering depends on the oil temperature at the time of the inter-winding fault and in wintertime may reach a few seconds.
Therefore, in most cases, the transformer rectifier unit with the busduct line does not trip out when a fault occurs, but when its size causes triggering of current cutoff, overcurrent protection or gas protection. When organizing such protection, the cost of repairing a high-power transformer and its busduct line is about 60-65% of their wholesale cost.
A major part of these shortcomings does not apply to the protection of the transformer with a busduct line implemented on magnetic current transformers. V.E. Kazansky, A.S. Zasypkin, A.F. Gaghen, G.A. Chechushkov, A.A. Piastolov, A.N. Novozhilov and many of their colleagues made a significant contribution to the research and development of such protections. However, some of these protections have a zone of insensitivity to short circuits in the middle part of the transformer, while others are not able to respond to short circuits and phase breaks in multiphase busduct lines. At the same time, the installation and operation of some types of magnetic current transformers are fraught with significant technical difficulties.
Thus, the relevance is caused by the improvement of current protection of electrolysis installations, which will allow developing the protection sensitive to inter-winding faults and electrical faults in the twelve-phase busduct line with sensitivity independent of the location of the closed windings in the transformer.
This thesis research aims to improve the current protection of the transformer rectifier units and multiphase busduct lines when applying electrolysis methods.
The following tasks were set and fulfilled to achieve the goal:
- to identify the main types of electrical faults of the transformer rectifier units and multiphase busduct lines when applying electrolysis methods, as well as shortcomings of their means of protection against these faults.
- to analyze the known methods and devices for measurements of an alternating current in a conductor for the purpose of revealing those technical solutions which are most suitable for needs of relay protection.
- to develop new mathematical models of the three-phase three-winding transformer, which, with acceptable for relay protection accuracy, allow to simulate currents in transient and steady-state modes of operation at unbalanced load and asymmetry of supply voltage when, there are inter-winding faults in the random winding, as well as currents in windings of such transformer when there is a short circuit behind the transformer.
- to suggest practical realization of simulation of transformer windings inrush current which will allow to eliminate time-consuming graphical simulation of this process, and to take into account not only the magnetization curve but also the residual magnetization of the core of a transformer and to simulate the currents in the transformer windings with acceptable accuracy when the transformer is connected to the grid.
- to develop a method to simulate the magnetic field of a busbar and a twelve-phase busduct line, which allows simulating these magnetic fields with an accuracy acceptable for relay protection.
- to develop a method of a mathematical model that allows simulating the magnetic field of the turn and coil on a round ferromagnetic rod with an accuracy acceptable for relay protection, as well as to form the leakage magnetic field of windings of three-phase transformers in different operating modes.
- to suggest magnetic current transformers design for current protection of installations with a voltage of 3-10 kV and a method for its parameters simulation.
- to develop overcurrent protection in a magnetic current transformer which can be used where there is a restriction on current transformers installation.
- to develop a protection system for the twelve-phase busduct line for three magnetic current transformers which reliably protects this busduct line from short circuits or breaks in any of its phases.
- to develop a protection device for the transformer rectifier unit and its twelve-phase busduct line, which is capable of not only protecting the unit from inter-winding faults, and to protect the busduct lines from electrical damage, but also to determine in which of these devices the damage occurred.
- to develop experimental installations for experimental verification of operability of all developed protection systems for magnetic current transformers.
The object of this thesis research is protection systems in magnetic current transformers of the transformer rectifier unit with multiphase busduct line.
The subject of this thesis research is the improvement of the current protection of electrolysis installations using magnetic current transformers.
The tools for obtaining research materials are:
- theoretical fundamentals of mathematics, electrical engineering and electrical machines
- the theory of relay protection
- mathematical model of currents and magnetic fields in electrical machines using Turbo BASIC and MATLAB, and circuit simulation systems Electronics Workbench
- natural experiment.
The scientific novelty of the thesis research is explained by the following facts.
1. It was found that the main types of electrical faults in the busduct lines are line-to-line short-circuits and single phase-to-earth faults, while in transformers they are inter-winding faults and single-phase short circuits, for protection against which the current protection in the form of overcurrent protection, current cutoff and differential current protection are used in current transformers. At the same time, overcurrent protection and current cutoff are not able to protect the transformer against inter-winding faults and some electrical faults in multiphase busduct lines, and differential current protection has a low sensitivity to inter-winding faults in transformers and can not be implemented in multiphase installations, where, as a rule, there is a limitation on the number and location of the current transformers meant for heavy current.
2. The analysis of known methods of measurement of alternating current in a conductor has shown that for the needs of relay protection the most suitable ones are those on the basis of which current transformers and magnetic current transformers are built.
3. There has been developed a mathematical model of three-phase three-winding transformer in which the process of energy transformation is described by differential equations composed by the mesh current method for line-to-line voltages.
4. There has been developed a mathematical model of three-phase three-winding transformer in which the process of energy transformation when there are inter-winding faults in primary and secondary windings is described by equations composed by the mesh current method for line-to-line voltages. 
5. There has been suggested practical realization of simulation of transformer windings inrush current which allows to eliminate time-consuming graphical simulation of this process, and to take into account not only the magnetization curve but also the residual magnetization of the core of a transformer and to simulate the current when the transformer is connected to the grid.
6. There has been developed a method to simulate the magnetic field of a busbar and a twelve-phase busduct line when applying electrolysis method based on the Bio-Savara-Laplace law.
7. There has been developed a method to simulate the leakage magnetic field of the turn and winding on a ferromagnetic rod of the core of a transformer based on the methods of mirror reflections and Bio-Savara-Laplace law.
8. There has been developed an overcurrent protection in a magnetic current transformer with the insulating frame, the winding of which is reliably protected from mechanical damages and electrical faults.
9. There has been developed the protection system on three magnetic current transformers based on the analysis of the distribution of the components of the magnetic field of the twelve-phase busduct line.
10. There has been developed a protection device for the transformer rectifier unit and its twelve-phase busduct line against inter-winding faults in transformers and against electrical faults in busduct lines.
11. In the laboratory at the Department of Electric Power Engineering of Toraighyrov University, there have been designed and assembled experimental installations for experimental research in the field of relay protection in magnetic current transformers.
The practical significance of the thesis research includes the following aspects.
1. The analysis of known methods of measurement of alternating current in a conductor and imperfections of protection systems against electrical faults in transformers and multiphase busduct lines when applying electrolysis methods allows to determine the ways to improve these protection systems.
2. The developed mathematical model of three-phase three-winding transformer allows to a precision of 8-10% to simulate currents in their windings in transient and steady-state modes of operation at unbalanced load and asymmetry of the supply voltage.
3. The developed mathematical model of three-phase three-winding transformer allows to a precision of 8-10% to simulate currents in their windings when closing a small number of turns in the primary and secondary windings.
4. The suggested practical realization of simulation of transformer windings inrush current allows to a precision of no more than 5% to simulate the current when the transformer is connected to the grid.
5. The developed method for simulation of the magnetic field of a busbar and a twelve-phase busduct line when applying electrolysis methods allows to a precision of no more than 5-7% to simulate these magnetic fields.
6. The developed method for simulation of the leakage magnetic field of the turn and winding on a ferromagnetic rod of the core of a transformer allows to a precision of no more than 5-10% to simulate the distribution of the axial component of these magnetic fields along and across the rods of this magnetic core.
7. The developed overcurrent protection for magnetic current transformers with the insulating frame, allows to use it for protection of installations with a voltage of 3-10 kV, in which there are limitations on installation place and a necessary number of current transformers.
8. The developed protection system for the twelve-phase busduct line for three magnetic current transformers reliably protects this busduct line from short circuits or breaks in any of its phases.
9. The developed protection device for the transformer rectifier unit and its busduct line is capable of not only protecting the unit from electrical faults but also determining where the damage occurred.
10. Designed and assembled in the laboratory at the Department of Electric Power Engineering of Toraighyrov University, experimental installations allow to conduct experimental verification of operability of all developed protection systems for magnetic current transformers.
Evaluation of results
The main outlines and scientific results of the thesis were presented and discussed at the following scientific conferences and forums: Collection of materials of the XI International Scientific Conference of Students and Young Scientists "Science and Education-2016" of L.N. Gumilyov Eurasian National University (Astana, 2016); materials of the International Scientific Conference of Young Scientists, Master's students and high school students "XVII Satpayev Readings" (Pavlodar, 2017); materials of the International Scientific Conference of Young Scientists, Master's students and high school students "XVIII Satpayev Readings" (Pavlodar, 2018); materials of the “VII International Research to Practice Conference” (Moscow, 2018); a collection of scientific articles based on the results of the "International Science Forum Science and Innovation - Modern Concepts" (Moscow, 2020).
Publications There are 14published works based on the research, including eight in the magazines recommended by the Higher Attestation Commission of the Republic of Kazakhstan, and two patents for invention - one of them is published in the Republic of Kazakhstan, the other is published in the Russian Federation. There are also two articles in the journals included in the Scopus citation database.
Structure of the thesis. The thesis consists of an introduction, four chapters, a conclusion and an appendix. The work is presented on 121 pages of computer text and includes 75 illustrations. The list of references used includes 77 titles.
The first chapter reveals that a large part of all faults of high-power transformers, which include transformers of the transformer rectifier unit, is caused by inter-winding faults. In multiphase busduct lines, electrical faults are reduced to short-circuits.
To protect these transformers and the multiphase busduct line from short-circuits there used the overcurrent protection and current cutoff performed in current transformers, as well as gas protection. However, overcurrent protection and current cutoff are not sensitive to inter-winding faults in transformers. It is almost impossible to use differential current protection to protect the transformer rectifier unit and the multiphase busduct line due to existing limitations on the number and size of the current transformer installation site.
The basic protection against inter-winding faults in transformers is gas protection. However, its sensitivity to inter-winding faults and the time of triggering depend on the oil temperature at the time of the inter-winding fault and in wintertime may reach a few seconds.
A major part of these shortcomings does not apply to the protection of the transformer and the busduct line implemented on magnetic current transformers. However, most of these protections have a zone of insensitivity, while others are not able to respond to short circuits in multiphase busduct lines.
The second chapter is devoted to simulating currents of the transformers of the transformer rectifier unit in operational mode, as well as when there are inter-winding faults in its windings. To that end, a mathematical model of a three-phase three-winding transformer has been developed, which allows to simulate currents in its windings in operational mode and when there are inter-winding faults, as well as in a twelve-phase busduct line. The adequacy of this model was assessed by comparing the results of the simulation of these currents on the experimental transformer with the results of the experiment.
The third chapter focuses on the mathematical simulation of the magnetic field of the busbar with current, the magnetic field of the busduct line of alternating current when applying electrolysis methods, as well as the simulation of the leakage magnetic fields of the turn and winding of a transformer based on the Bio-Savara-Laplace law and the method of mirror reflections. The adequacy of these models was also assessed by comparing the results of the simulation of these magnetic fields on the experimental transformer with the results of the experiment.
The fourth chapter is devoted to the development of current protection in the magnetic current transformers. On the basis of the magnetic current transformers, there has been developed overcurrent protections of the busbar and the busduct line of alternating current when applying electrolysis methods, as well as the protection device for the transformer rectifier unit with the busduct line, which is able not only to detect faults in a transformer and its busduct line, but also to identify the damaged element. There has been designed and produced experimental installations to verify the operability of the developed protections.
