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Abstract: Three-phase thyristor switches are designed for pulsed formation of inrush currents of 

electrical equipment with their subsequent shunting in steady state operation. In transformer 

substations, they perform a bumpless turning on of a power transformer by connecting its primary 

winding first to two phases of the network at the moment of zero crossing by the phase voltage of 

the network third phase, and then to the network third phase at the moment of zero crossing by the 

line voltage of the other two network phases. In this case, the starting currents of the transformer 

almost immediately enter the steady state without the appearance of constant components in the 

magnetization currents and voltage drop. To expand the functionality of thyristor switches, it is 

proposed, in addition to bumpless turning on of a power transformer, to disconnect it without 

arcing between the contacts of electrical equipment, as well as to carry out continuous voltage 

regulation for consumers when voltage in the network changes. The proposed method and 

structure for its implementation on the basis of two three-phase thyristor reactor keys and a 

capacitor bank make it possible while changing the network voltage to stabilize the generated 

reactive power at the input of the substation without creating the current distortions in the power 

transformer and power transmission simultaneously with stabilizing the substation output voltage. 

Modeling and research of the start-regulating device as part of a transformer substation was 

carried out in the MatLab environment. The results of numerical experiments in stationary and 

dynamic modes of the substation operation showed the feasibility of using the developed technical 

solutions for the industrial power supply system. 

 

Keywords: three-phase network, transformer substation, dual-band regulation, thyristor-reactor 

regulator, capacitor bank, control method, control operations, consumer voltage stabilization, 

reactive power compensation of the network, mathematical model. 

 

For citation: Klimash VS, Tabarov BD. Method for control of the start-up regulating devicefor 

power transformers of the power supply system. Power engineering: research, equipment, 

technology.2019; 21(3):135-145. (In Russ). doi:10.30724/1998-9903-2019-21-3-135-145. 

 

 

СПОСОБ УПРАВЛЕНИЯ ПУСКОРЕГУЛИРУЮЩИМ УСТРОЙСТВОМ  

ДЛЯ СИЛОВЫХ ТРАНСФОРМАТОРОВ СИСТЕМЫ ЭЛЕКТРОСНАБЖЕНИЯ 

 

В.С. Климаш, Б.Д. Табаров
 

 

Комсомольский-на-Амуре государственный университет, г. Комсомольск-на-Амуре, 

Россия 

 

ELECTRICAL ENGINEERING 

 



Проблемы энергетики, 2019, том 21, № 5-6 

136 

Резюме: Трехфазные тиристорные ключи предназначены для импульсного формирования 

пусковых токов электрооборудования с последующим их шунтированием в 

установившемся режиме работы.  Применительно к трансформаторным подстанциям 

они выполняют безударное включения силового трансформатора за счет подключения его 

первичной обмотки сначала к двум фазам сети в моменте перехода фазного напряжения 

третьей фаза сети через ноль, а затем к третьей фазе сети в момент перехода линейного 

напряжения двух других фаз сети через ноль. При этом пусковые токи трансформатора 

практически сразу входит в установившиеся режим без возникновения постоянных 

составляющих в токах намагничивания и спада напряжения. Для расширения 

функциональных возможностей тиристорных ключей предлагается, кроме безударного 

подключения силового трансформатора, осуществлять его отключение без образования 

дуги между контактами электроаппаратуры, а также осуществлять непрерывное 

регулирование напряжения у потребителей при изменении напряжения в сети. 

Предложенный способ и структура его реализации на основе двух трехфазных реакторно-

тиристорных ключей и конденсаторной батареи позволяют при изменении напряжения 

сети одновременно со стабилизацией выходного напряжения подстанции 

стабилизировать генерируемую реактивную мощность на входе подстанции без создания 

искажений тока в силовом трансформаторе и электропередаче. Моделирование и 

исследование пускорегулирующего устройства в составе трансформаторной подстанции 

проводилось в среде MatLab. Результаты численных экспериментов в стационарных и 

динамических режимах работы подстанции показали целесообразность применения 

разработанных технических решений для системы промышленного электроснабжения. 

 

Ключевые слова: трѐхфазная сеть, трансформаторная подстанция, двухподдиапазонное 

регулирование, реакторно-тиристорный регулятор, конденсаторная батарея, способ 

управление, операции управления, стабилизация напряжения потребителей, компенсация 

реактивной мощности сети, математическая модель. 

 

 

Introduction 

The commercially available thyristor AC voltage regulators with natural switching (TRVN) 

have relatively small overall dimensions, high speed and operational reliability. They are used to 

start asynchronous motor, at the input of diode rectifiers, in heating installations, lighting systems 

and in other electrical technologies. According to individual projects, they are manufactured for a 

voltage of 35 kV and a current of 2 kA for static compensators of reactive power of electric 

steelmaking plants [1]. 

At the same time, experimental studies on the use of TRVN as start-regulating devices for 

power transformers (PT) of substations 6 (10)/0.4 kV did not find practical application. This is due 

to the fact that with an increase in the control angle of the thyristors, TRVN consumes additional 

reactive power and introduces distortions in the output voltage and input current of the substation 

[2-11]. 

Analytical study of appropriate literature, patents study, and survey of testing experience in 

industrial operation allowed creating new technical solutions for transformer substations (TS). 

This is a reactor-thyristor AC voltage regulator with natural switching (R-TRVN) [12, 13] 

specially designed for PT and its control method [14]. 

The proposed R-TRVN device is installed on the high side of the PT in the same manner as 

the mechanical on-load tap-changer, and under continuous regulation it provides stable voltage for 

consumers with voltage deviations from the nominal by ± 10%. At the same time, it provides a 

sinusoidal voltage at the input and output of PT for three values of voltage in the network (nominal 

value, increased and decreased relative to the nominal value by 10%). Between these sinusoidal 

levels, a continuous narrow-range regulation is carried out in two sub-bands: in the upper one it is 
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with lowered network voltage, and in the lower one with increased network voltage. Regulation is 

performed with a harmonic composition of voltage, meeting the Russian State Standard 

requirements, and without distorting the shape and phase shift of the current network. 

The R-TRVN control method, in addition to dual-band regulation, provides bumpless 

turning on PT under load, in which there are no shock electrodynamic forces on the transformer 

windings and voltage reduction, and shutdown is performed without arcing on the mechanical 

contacts of the high voltage switch [15]. 

The purpose and objectives of research 

The purpose of this work is to study the adjusting properties and energy parameters of the 

substation according to the P-TRVN - PT scheme using a mathematical model. 

To achieve this purpose, the following tasks were set and solved in the work. 

1. Development of a software package for substation research according to the P-TRVN - 

PT scheme. 

2. Study of voltage at the PT input and at consumers when the voltage deviation in the 

network is ± 10% of the nominal. 

3. Study of current shape in the network, reactor, thyristor switches and at the PT input 

during the process of voltage stabilization at consumers. 

4. Study of the current network phase when voltage deviates from the input of the 

substation, which includes P-TRVN and a block of capacitors. 

Development of a specialized device for a transformer substation 

Two schemes are proposed for connecting the P-TRVN device to the primary circuit of the 

PT substation. They are shown in fig. 1. In the first circuit (Fig. 1, a), the device is connected 

between the network and the primary PT winding connected in a star, and its pulse-phase control 

system (PPCS) is synchronized with the voltage of the secondary PT winding. In the second 

scheme (Fig. 1, b), the device is included in the cut of the star of the primary PT winding, and its 

pulse-phase control system is synchronized with the network. Both circuits perform regulation 

with identical physical processes and have their own advantages and disadvantages in the 

reconstruction of existing and newly designed TSs, taking into account the use of dry or oil PTs in 

them. At the same time, the advantage of the second circuit is that when a three-phase short circuit 

occurs in the primary winding of the PT, the thyristors are not exposed to emergency current. 

 

a) 

 

b) 

Fig. 1. Schemes of a transformer substation with a reactor-thyristor voltage regulator 
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The circuits (Fig. 1) contain a three-phase network G, a power line W, an input high-

voltage switch Q1, a high-voltage switch Q2 in the CB capacitor bank circuit, modules of the main 

VS-1 and additional VS-2 thyristor switches with a pulse-phase control system PPCS-1 and PPCS-

2, AC contactor, main L1 and additional L2 reactors, power transformer PT and active-inductive 

load Z. 

The device operates as follows. 

The power transformer PT is turned on when the additional thyristor switches VS-2 are 

completely turned off. In this case, firstly two main thyristor switches VS-1 using an additional 

reactor L2 connect two phases of its primary winding to the corresponding phases of the network 

G at the moment of zero crossing by the phase voltage of the network third phase G, then the third 

main thyristor switch VS-1 connects the third phase of the primary winding of the power 

transformer PT to the network third phase at the moment the line voltage of the other two phases 

of the network is crossing zero. At the end of the process of turning on the PT power transformer 

while preparing the substation for voltage regulation, parallel to the fully open main thyristor 

switches VS-1, the main reactor L1 is connected via a three-phase contactor AC. Further, when the 

conductive state of the thyristors changes, the process of voltage regulation starts both up and 

down as relating to the network voltage. The upper limit is set by the transformation ratio of the 

power transformer, and the lower limit is set by the resistance of the reactor. 

The proposed R-TRVN control method provides voltage regulation at the input of the 

power transformer relative to the network voltage and among consumers between the specified 

regulation limits: the maximum and minimum divided by the nominal level. 

The maximum limit of voltage regulation at the power transformer load is set by the 

transformation coefficient of the power transformer PT with the main switches VS-1 completely 

turned off and the additional thyristor switches VS-2 fully turned on at a reduced voltage in the 

network G. The additional thyristor switches VS-2 at this moment bypass the main L1 and 

additional L2 reactors in the circuit primary winding of a power transformer PT. 

The rated voltage level at the load is ensured when the main switches VS-1, which bypass 

the main reactor L1, are fully turned on, and the additional thyristor switches VS-2 are completely 

turned off at the rated mains voltage G and the rated load Z. 

The minimum regulation limit on the load is set by the total resistance of the main L1 and 

additional L2 reactor with completely closed main VS-1 and additional VS-2 thyristor switches 

with increased voltage in the network G and rated load Z. 

A change in the network voltage affects the voltage of consumers and leads to a change in 

the reactive power of the capacitor bank and in the network. 

The inductance and voltage drop are regulated using R-TRVN at the TS input. Depending 

on the positive and negative voltage deviations at the substation input, it is necessary to 

individually select the resistance of the primary and secondary reactors. This contributes to the 

achievement of high quality load voltage. 

It should be noted that the reactive power of capacitors depends on the change in the supply 

voltage and that during the process of voltage stabilization for consumers, the conductive state of 

thyristors and inductance of R-TRVN in the PT primary circuit are regulated using a thyristor 

switch. An increase in inductance simultaneously with an increase in the generated reactive power 

of capacitors eliminates the deviation of the reactive power (deviation of the current phase) of the 

network according to the principle of indirect compensation. 

The known devices built on the principle of indirect compensation of reactive power with 

parallel connection to the network and capacitors and a thyristor-reactor device [19] create current 

distortions in the network and can operate either in the mode of reactive power compensation, or in 

the mode of voltage maintenance. 

For the proposed method and device [13, 14], the distinctive feature of the principle of 

indirect compensation of network reactive power with simultaneous compensation of voltage 

deviations at consumers without distorting the PT and network current is that the capacitor is 
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connected to the network in parallel, and the reactor is connected in series between the network 

and TS . 

An increase in the inductance in the PT circuit during the pulse-phase control of the 

alternating voltage at the reactors neutralizes the additional reactive power generated by the 

capacitors, providing a slight deviation of the network phase current from voltage and maintaining 

the maximum cosφ value. This is one of the great features of the proposed device. 

Turning off the substation power transformer PT without the occurrence of an electric arc 

and switching overvoltages is conducted as follows. 

Before turning off the power transformer, pulses are first removed from the additional 

thyristor switches VS-2. Then, the main thyristor switches VS-1 are transferred to the fully open 

state and the current through the contacts of the three-phase contactor AC and the main reactor L1 

is set to zero. After this, the three-phase contactor AC is used to disconnect the de-energized main 

reactor L1 without arcing and overvoltage. At the final operation of the method, control pulses are 

removed from the main thyristor switches VS-1 with natural switching and they are turned off 

without switching losses when phase currents are crossing zero. 

Mathematical modeling of the reactor thyristor device 

To study the regulatory properties and energy parameters of the substation according to the 

R-TRVN - PT scheme and physical processes in static and dynamic modes, a software package 

was developed in the Matlab environment [16]. The substation model is built for the circuit of Fig. 

1b, and is shown in Fig. 2. It contains the following elements and modules: three single-phase 

sources forming a three-phase network (Uа, Ub, Uc); power line W; input high-voltage switch Q1; 

high-voltage switch Q2 in the battery circuit of the capacitor bank CB; contactor AC; modules of 

the main VS-1 and additional VS-2 thyristor switches with a pulse-phase control system PPCS-1 

and PPCS-2; main L1 and additional L2 reactors; power transformer PT; active-inductive load Z 

and other auxiliary elements. 

  
Fig. 2. Block-modular mathematical model of a transformer substation with a dual-band control device 

 

Figure 3 shows detailed schemes of modules that have particular differential equations and, 

when joint, form a common system of differential equations of the object under study. 
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Fig. 3. Detailed schemes of models of the software package: 

  a) - thyristor key; b) - control systems 

Research results of a transformer substation with a start-regulating reactor-thyristor device 

When modeling, the following physical processes of substation according to the R-TRVN - 

PT scheme were studied. 

1. Study of voltages at the PT input and consumers with voltage deviations in the upper and 

lower sub-bands of regulation. 

2. Study of voltages at R-TRVN at the PT input with respect to the network. The obtained 

oscillograms are shown in Fig. 4. 

3. Study of the network current shape at that at the input of PT in the reactor and through 

the thyristors during voltage stabilization at the consumer when working from dual-band R-TRVN. 

Further we analyze the results of TS numerical studies in MatLab using the R-TRVN 

scheme. Figure 4 shows voltage oscillograms at the TS elements using the R-TRVN scheme. They 

are obtained at rated load and network voltage deviations of ± 5% of the nominal level and are 

shown for one phase. It should be noted that when the regulation is shifted from the middle in one 

direction or another, the voltage shape improves and tends to be sinusoidal. 

 
a) 
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b) 

Fig. 4. Oscillograms of voltage drop in the network, transformer and device 

at the upper (a) and lower (b) voltage control sub-bands: 

1, 2, 3 and 4 are the phase voltages in the network, at the PT input, at R-TRVN and phase voltage at the PT 

input at the network rated voltage 

The device employs a narrow-range pulse-phase regulation of alternating voltage with a 

parallel connection of reactor and thyristor switch [17]. This three-phase device is included in the 

primary circuit of the PT connected to a star without a neutral wire. Such an inclusion creates an 

interphase voltage interaction [18], as a result of which the voltage modulation frequency increases 

three times with respect to the switching frequency of the phase thyristor switches (Fig. 4). 

When the network voltage is increased by the deviation +∆U, the device, increasing the 

control angle α, reduces the conductive state of the thyristors and, increasing the inductance on the 

high side of TS, creates a voltage drop -∆U on it, while maintaining the required voltage at 

consumers. With a decrease -∆U, the device reduces the control angle α, increases the thyristors 

conductive state and, reducing the inductive resistance on the high side of TS, creates a voltage 

drop of +∆U on it. 

Thus, during stabilisation of load voltage, the XL of reactor thyristor device is regulated, 

providing the principle of indirect compensation of reactive power [19]. 

The oscillograms in Fig. 5 illustrate voltage regulation in the upper and lower sub-bands. 

 

a) 

 

b) 

Fig. 5. Oscillograms of currents and voltages in the upper (a) and lower (b) sub-bands of 

voltage regulation: 1 and 2 - phase voltages of the network and PT input; 

3, 4 and 5 - phase currents of the network, capacitor and PT input  
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Analysis of these oscillograms shows that the shape of the network current is distorted 

slightly, and its phase coincides with the network voltage, which determines high efficiency of 

electricity consumption of the transformer substation. 

R-TRVN studies have revealed that voltage regulation on the TS high side does not 

adversely affect the shape of the network current. The results of this study are illustrated by the 

following figures. 

 
a) 

 
b) 

 
c) 

Fig. 6. Oscillograms of currents at different angles of thyristor control: 

Ic and Ip are the phase currents of the network and additional reactor; It is the phase current of the main 

thyristor switch 

Oscillogram in Fig. 6b, illustrates the PT operation at its rated mode and characterizes that, 

at rated PT operation, the currents of network, additional reactor, and main thyristor switch are 

equal. It can be seen from the oscillogram (Fig. 6, a and c) that the thyristor and reactor currents 

are distorted, and their sum, being the network current and the current of the power transformer, 

retains a sinusoidal shape at any control angles. This is another remarkable property of the device, 

which does not create additional losses in the power transformer and in the network during 

regulation [20]. 

Conclusions 

Studies of a mathematical model of dynamic and quasi-stationary processes of a dual-band 

reactor-thyristor AC voltage regulator with natural switching as part of a transformer substation 

allowed us to draw the following conclusions: 

1. The use of a reactor-thyristor device of continuous operation allows one to release a 

mechanical switching device with a current-limiting reactor of on-load tap changing type, to 

simplify the PT design and the technology for production of complete transformer substations. 

2. When the voltage deviation in the network is ± 10% of the nominal value, the device 

maintains the voltage at consumers at a given level with an accuracy of not more than ± 1%. 
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3. The device, together with a capacitor bank, simultaneously with voltage stabilization at 

the transformer substation output provides stabilization of the generated reactive power at the 

substation input. 

4. During the process of continuous regulation of voltage at the input of substation under 

load, the reactor-thyristor AC voltage regulator with natural switching does not create current 

distortions in the power transformer and in the network. 

5. When applying a special control that takes into account electromagnetic processes, the 

device produces bumpless turning on the power transformer under load without phase currents 

exceeding their established values and turning it off without arcing at the contacts of high-voltage 

switching devices. 
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