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IMPROVING THE PROTECTION OF THREE-PHASE THREE-WINDING TRANSFORMERS
The given thesis work is devoted to the improvement of the protection of three-phase three-winding transformers and corresponds to the priority area of the development of the science “Energy and Mechanic Engineering”.
The relevance of the issue. In power systems, power voltage transformers are used in order to convert one voltage class into another. Due to higher technical and economic features, three-phase three-winding asymmetric core-type transformers have gained higher widespread use at electric power stations and electric power systems.
As it is known, a large portion of transformer damage of the total number is due to electrical damage, which includes inter-winding and interphase short circuits, single-phase faults to the transformer body and excessive overheating of the core.
In order to protect transformers, overcurrent, differential and gas protections are used. Current protections have insufficient sensitivity to inter-winding faults and are unable to de-energize the transformer at the initial moment of damage. Gas protection cannot be used on dry-type transformers, and its operate time at an inter-winding circuit strongly depends on the oil temperature at the time of the accident and the number of closed turns, and can be 0.1-1s. In this regard, the amount of damage to the transformer reaches a serious scale, when the cost of its repair is comparable to the cost of a new transformer.
The protection built on magnetic current transformers (MCT) has advantages over classical protections. Chechushkov G.A., Siniche Kudze, Zasypkin A.S., Gagen A.F., Pyastolov A.A., Novozhilov A.N., and many of their colleagues have made a significant contribution to the development of protections on the MCT. However, their developed protections have disadvantages due to the presence of switching blank to winding damage.
In this regard, the improvement of the protections of three-phase three-winding transformers, which enable to develop protections sensitive to inter-winding, inter-phase and single-phase short circuits on the transformer body without switching blanks, is relevant.

The aim of the work is to improve the protection of three-phase three-winding transformers.
To achieve the aim, the following scientific tasks were set and solved:

1. To develop a new mathematical model of a three-phase three-winding transformer, which allows modeling currents in windings in steady-state and transient modes of normal, abnormal and emergency types with the accuracy supplying the needs of relay protection.
2. To develop a new mathematical model of a three-phase three-winding transformer, which allows modelling currents in windings during an inter-winding fault in the primary or secondary winding with the accuracy supplying the needs of relay protection.

3. To develop a method for mathematical modeling of currents during a single-phase fault onto the transformer body in the windings of a transformer connected to the mains with an insulated neutral. To make recommendations on application.
4. To develop a method of mathematical modeling of overvoltage at the lead terminals of a three-phase three-winding transformer during commutative switches using general-circuit simulation. To give recommendations on their application.
5. To develop a method of modeling stray magnetic fields windings of the transformer on a core rod for the requirements of relay protection with sufficient accuracy for it.
6. To develop a method of modeling stray magnetic fields of transformer windings between core rods for the requirements of relay protection with sufficient accuracy for it.
7. To develop a method of modeling the influence of the transformer tank wall on the distribution of magnetic currents of windings with the accuracy meeting the requirements of relay protection.
8. To develop the protection on the MCT against electrical damages of windings of a three-phase three-winding symmetrical transformer.
9. To develop the protection on the MCT against electrical damages of windings of a three-phase three-winding asymmetric transformer.
10. To develop an experimental plant to conduct practical research in the development of protection devices on the MCT against electrical damage of a three-phase three-winding transformer.
The object of the study is protections on the MCT for a three-phase three-winding transformer.
The subject of the study is the improvement of the protections of a three-phase three-winding transformer using MCT-based protections.

A tool in obtaining research materials are:

- fundamental premise of theoretical foundations of mathematics, electrical engineering;

- theory of relay protection construction;

- mathematical modeling of currents and magnetic fields in electrical machines and using Turbo BASIC and MATLAB, Electronics Workbench circuit simulation;

- a full-scale experiment.

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

1. A new mathematical model of a three-phase three-winding transformer has been developed. It is compiled according to mesh currents method in a differential form for inter-phase voltages, which allows modeling currents in windings in steady-state and transient modes of normal, abnormal and emergency types.
2. A new mathematical model of a three-phase three-winding transformer has been developed during an inter-winding fault in the primary or secondary winding, the equations of which are compiled according to the mesh current method in the differential form for mesh voltages.

3. There has been developed a method of mathematical modeling of currents during a single-phase fault onto the transformer body in the windings of a transformer connected to a mains with an insulated neutral.

4. A method of mathematical modeling of switching transient processes of the electrical network with an insulated neutral has been developed.

5. A method of modeling stray magnetic fields of windings of the transformer on a core rod based on the Bio-Savart-Laplace law has been developed.
6. A method of modeling stray magnetic fields of transformer windings between core rods based on the Bio-Savart-Laplace law has been developed.

7. A method of modeling the influence of the transformer tank wall on the distribution of magnetic currents of windings based on the Bio-Savart-Laplace law has been developed.

8. The protection on one MCT against electrical damages of windings of a three-phase three-winding symmetrical transformer has been developed
9. The protection on two MCTs against electrical damages of windings of a three-phase three-winding asymmetric transformer has been developed.
10. An experimental plant to conduct practical research and to develop protections on the MCT has been developed in the laboratory in the department of Electric Power Engineering, “Toraighyrov University” NJSC.

The practical value of the work is that:

1. The developed mathematical model of a three-phase three-winding transformer allows simulating processes in it to a precision of not more than 8-10% at asymmetry of the supply voltage in transient and steady-state modes of operation, as well as during short-circuits at the lead terminals.

2. The developed new mathematical model of a three-phase three-winding transformer allows simulating the processes in it to a precision of not more than 8-10% during an inter-winding fault in the primary or secondary winding with asymmetry of the supply voltage.
3. The developed method of mathematical modeling of currents during single-phase faults in the transformer windings is possible for use for relay protection needs, which has been proved using the Electronics Workbench general-circuit simulation system.  It was revealed that despite the significant differences in magnitude of currents in the transformer windings, which are caused by not taking into account the mutual induction resistances of the windings while using Electronics Workbench, the nature of the current change depending on the point of the one-phase faults on the transformer body is almost the same.
4. The developed method of mathematical modeling of switching transient processes of the electrical network with an insulated neutral allows simulating overvoltage ration and frequency with an accuracy of 18% and 4.6% respectively, which has been proved using general-circuit simulation systems and Micro-CAP.
5. The developed method of modeling stray magnetic fields of windings of the transformer on a core rod allows simulating its components to a precision of 5-10%.

6. The developed method of mathematical modeling allows simulating its axial component between the windings located on adjacent core rods.
7. The developed method of modeling the influence of the transformer tank wall of a three-phase transformer made of magnetic steel allows modelling the distribution of stray magnetic fields of its windings to a precision of 10%.

8. The developed protection of the symmetrical three-phase transformer on the MCT allows you to protect it reliably from faults in the windings.

9. The developed protection of the asymmetric three-phase transformer allows you to protect it reliably from faults in the windings.

10. The developed and manufactured experimental plant allows carrying out necessary studies of the behavior of the developed protection in normal, abnormal and emergency modes of operation of the three-phase transformer.

Testing the results of the study.

The main provisions and scientific results of the dissertation were reported and discussed at the following scientific events:

- 22nd international scientific and practical conference “Technical Sciences: Problems and Solutions” (Moscow, 2019);

- 27th international scientific and practical conference “Technical and physical and mathematical sciences”, collection of scientific articles (Moscow, 2019);

- International scientific and practical conference "XI Toraigyrov readings" (Pavlodar, 2019).

Publications. Following on from the dissertation work, 16 printed works were published, including in journals recommended by the Higher Attestation Commission of the Republic of Kazakhstan - 5 articles and 2 patents for invention in the Republic of Kazakhstan. Five articles have also been indexed in the SCOPUS database and published in the journals: “News of the national academy of Sciences of the Republic of Kazakhstan”, “Series of geology and technology sciences” (№5, 2019), “Russian Electrical Engineering” (№1, 2, 2013, №12, 2020), “Russian Engineering Research” (№9, 2020), “Russian Engineering Research” (№12, 2020).
The structure and scope of the dissertation. The dissertation consists of the introduction, four chapters, and the conclusion. It contains 106 pages of the typewritten text, includes 71 figures and 1 appendix. The list of sources used includes 68 items.
In the first chapter, it was established that three-phase three-winding asymmetric core-type transformers were most widely used in power systems. Moreover, it was revealed that a significant part of all damage in these transformers is due to inter-winding, interphase short circuits or single-phase faults onto the transformer body.
It has been revealed that current protections on current transformers are used to protect three-phase three-winding transformers. However, for various reasons, they are not able to protect them sufficiently from inter-winding and single-phase faults onto the transformer body in the windings of the transformer.
Notably, the main protection against inter-winding faults of three-phase three-winding transformers is gas protection. However, on the one hand, it cannot be used on dry-type transformers, and, on the other hand, the time of its operation greatly depends on the oil temperature at the time of the accident and the number of closed turns.
Sometimes current protections on magnetic current transformers are used to protect these transformers. They are largely devoid of these disadvantages and are highly sensitive to inter-winding faults. However, in some of them, this sensitivity depends on the location of the closed turns, and the installation and operation of others involves serious technical difficulties.

The second chapter is devoted to simulating currents in windings of a three-phase three-winding transformer in normal and abnormal operation modes, as well as during inter-winding and single-phase faults onto the body in windings and at overvoltage in the electrical network.
To do this, mathematical models have been developed that allow simulating processes in it when the supply voltage is unbalanced in transient and steady-state modes of operation, as well as during inter-winding and single-phase faults onto the body at the terminals of secondary windings. There have been developed methods of mathematical simulation of currents during single-phase faults onto the body in the windings of the transformer connected to the electrical network with an insulated neutral and commutative transient processes at the terminals of the transformer connected to the electrical network with an insulated neutral.
The developed mathematical models and methods have been tested for adequacy by comparing the results with experimental data, as well as with the results of simulation with the help of the Micro-Cap, Electronics WorkBench general-circuit simulation systems.
The third chapter is devoted to mathematical modeling of the magnetic field of transformer elements. For this, there has been developed a method of mathematical modeling of the stray magnetic field of turns and windings with the current on a round core rod, which allows modelling its components. There has also been carried out a mathematical modeling of the axial component of the stray magnetic field of windings on a separate core rod of the three-phase transformer and the axial component of stray magnetic field between windings located on adjacent core rods. In addition, a mathematical modeling method has been developed to take into account the influence of the ferromagnetic walls of the oil tank on the distribution of the stray magnetic field of the windings of the three-phase transformer.

The adequacy of the models has been tested by comparing the simulation results of these magnetic fields with the results of the experiment.

The fourth chapter is devoted to the development of current protections on the MCT of symmetrical and asymmetric three-phase three-winding transformers.

For this purpose, the most appropriate MCTs were analyzed and selected. Based on the analysis of the distribution of the axial component of the stray magnetic field of the windings in the symmetrical and asymmetric transformer, the protections which have high sensitivity to inter-winding short circuits and single-phase faults onto the body and do not have switching blanks have been developed.

The diagrams of their electrical connections are presented. The methods of selection of threshold of protection operation, as well as the assessment of their sensitivity are given. To study these protections, an experimental plant has been developed and manufactured.

The proposed current protections are simple, cheap and easy to implement not only on three-phase three-winding transformers, but also on transformers with any number of windings per phase.

