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Abstract. This article analyzes the role and significance of contactless switching devices in the automatic regulation of reactive power for improving the quality of electrical energy and reducing energy consumption. Methods for improving energy efficiency in industrial enterprises through proper reactive power compensation, capacitor bank sections, and automatic regulators have also been analyzed. At the same time, the article examines schemes for stabilizing voltage and reactive loads in power supply systems through step-by-step phase- and current-based reactive power regulation, using thyristor contactless relays and ARKON-type automatic regulators. In addition, methods for automatic regulation and compensation of reactive power in unbalanced and variable-load electrical networks have been studied. The proposed contactless switching devices ensure high reliability, rapid response, and long-term stability in the power supply system.
INTRODUCTION
Effective management of reactive power plays an important role in ensuring the quality of electric energy and reducing energy consumption in industrial enterprises. Various compensating devices are used in the power supply system to balance and optimize reactive power. The type, capacity, and installation location of these devices should be selected with minimal costs [1-5].
In the case of incomplete or partial compensation of reactive power, the electrical network is loaded with inductive reactive current. This, in turn, negatively affects the efficiency of transformers and electrical equipment. Therefore, the issue of efficient reactive power management and its automatic regulation is considered relevant.
Reactive power compensation is also carried out through synchronous compensator generators and synchronous electric motors (mainly at power plants). In the case of compensating devices, capacitor banks are managed in sections, and their connection and disconnection are carried out automatically according to the load schedule. These systems make it possible to maintain stable power and voltage conditions in the electrical network [1-7].
Nowadays, contactless switching devices are widely used. They have several advantages over traditional electromechanical devices in terms of speed, reliability, and resources. Moreover, they can be used for a long time, offer extensive automatic control capabilities, and possess high efficiency. These features are of significant importance for saving electrical energy and effectively distributing power in industrial facilities [1-9].
Based on this, the article examines the analysis of contactless switching devices for automatic reactive power regulation and their application in industrial networks.
RESEARCH RESULTS
As noted above, such a control system is used in cases where the voltage regime in the network is mainly determined by the reactive load conditions. In such cases, it is required to regulate reactive power and voltage simultaneously. The voltage at the connection point of compensating devices depends not only on the load supplied from this point, but also on the loads of other consumers at the power supply node, as well as on the measures for regulating voltage at the main substation of the energy system or the enterprise. When adjusting the power of compensating devices, it should be taken into account that if the reactive load remains unchanged, the active power (KU) increases with an increase in voltage and decreases with a decrease in voltage [1-5, 10-13].
Fig.1 shows the schematic diagram for controlling the reactive power mode of the capacitor device along the voltage in the busbars of the load node. The elements shown in Fig.1 are described as follows: а - Primary connection diagram; b - Control scheme; P, Q - Active-inductive load; QF - Break in the capacitor device circuit; C1, C2 - Sections of compensating devices; KV - Voltage relay; Radd - Additional resistance; K - Contacts; KT1, KT2 - Time relay; SB1, SB2 - Students with disabilities; S - Control key.


FIGURE 1. Automatic reactive power control scheme as a function of voltage: (a) primary connection diagram; (b) control diagram.
A minimal KV voltage relay, connected to the load node through busbars or a voltage transformer, is used as a task-giving body. If necessary, the relay Radd can be connected through an additional resistor. When the voltage in the network drops below the set limit, the KV voltage relay operates (releases), and when the relay is pulled in, it closes its separating KV contact in the KT1 time relay coil circuit. The KT1 time relay, with a given holding time (2-3 minutes), closes the KT1 contact in the K contactor control circuit and automatically connects the S2 auxiliary section of the capacitor device to the network [1-5].
The generated reactive power increases, and the voltage in the network also rises. Even when a reactive load is applied, the voltage increases and may exceed the specified limit. The KV voltage relay operates (is pulled in) and connects its KV contact in the KT2 time relay series circuit; by holding for 2-3 minutes, it separates its isolating contact in the K contactor series and automatically disconnects the additional section of the compensating devices from the network. Maintaining time is necessary to protect against random short-term increases and decreases in voltage. The SB1 and SB2 push-button switches allow manual control of the reactive power mode. The selection of manual or automatic mode is carried out through the S control key [1-5, 14-18].
Reactive power can be regulated stepwise using the automatic regulator of ARKON-type capacitor banks. It operates by adjusting either the voltage function or the current according to voltage and the phase shift angle between them. It consists of another control software block that includes several additional elements, depending on the number of alignment stages and the command block (Fig.2) [1-5, 19-20].


FIGURE 2. Structural diagram of the ARKON automatic regulator
The command block gives instructions to turn on and off the sections of compensating devices in the software block depending on the amplitude of the input signal. For example, there are three additional options available for logically selecting turning on and off. Sections of compensating devices with a power ratio of 1:2:4 make it possible to obtain a seven-step adjustment [1-5, 21-22].
In voltage-based reactive power regulation, the voltage of the network section being monitored at the command unit input is provided. When it is necessary to take into account the phase shift angle between current and voltage, the load current monitored at the input of the command block is also provided [1-5, 23-24].
Reactive power compensation along the load current. If the load changes sharply during the day, it is appropriate to adjust the reactive power (KU) according to the function of the consumed current. Step-by-step automatic load adjustment along the load current can be implemented using two KA1 and KA2 electromagnetic current relays installed at the input of the load node busbars (Fig.3). One of them connects when the load increases, and the other disconnects when the load decreases. The elements shown in Fig.3 are described as follows: а - Primary connection diagram; b - Control scheme; P+jQ - Active-inductive load; QF - Breaker in the capacitor device circuit; C1, C2 - Section of compensating devices; KА1, KА2 - Current relay; K - contactor; SB1, SB2 - Switched capacitors. The powers at which the sections of the compensating devices are switched on are proportioned as follows: 1:2:(1+2):4:(1+4):(2+4):(1+2+4) [1-5, 25-27].


FIGURE 3. Automatic reactive power control scheme based on load current: (a) primary connection diagram; (b) control diagram.
The settings of the DC relays are adjusted for different values of the currents. For example, the KA1 current relay is set to 5 amperes, and the KA2 current relay is set to 3 amperes. When the load is small, an additional section is disconnected, even though the KA2 current relay operates and its connecting contacts are closed, the connecting contacts of the K contactor remain open. When the load increases and the current reaches 5 amperes, the KA1 current relay operates. The KL intermediate relay, through its contact, closes the K contactor and the second section of the capacitor compensation devices [1-5, 28-29].
When the current decreases, first the KA1 relay operates and its contacts open, but the KL relay does not open because the KA2 and K contacts remain closed. When the current drops below 3 amperes, the KA2 current relay breaks the KL relay circuit and disconnects the K contactor. The compensation devices allow the circuit to be adjusted manually [1-5, 30-31].
Reactive power compensation according to changes in reactive load. The load in an electrical network is constantly changing, and primarily its reactive component varies. To control the operation of a capacitor device based on the reactive load, the B2201-type automatic reactive power regulator is used (Fig.4). The elements shown in Fig.4 are described as follows: P+jQ Active-inductive load; C1, C2 - Sections of the capacitor battery; QF - change; K - contactor contact; TА - current transformer; I, U - Current from the current transformer and voltage from the line [1-5, 32-35].
The compensator has two input terminals. The first receives the voltage of one phase, while the second receives the line voltage of the other two phases. The reactive power to be controlled is calculated using the following expression:
				(1)
Here,  is the reactive power of the phase;  is the single-phase current;  is the line voltage of the remaining two phases; φ is the phase displacement angle between the current and the line voltage.
It is provided with an indicator of a non-sensitive zone system to prevent the frequent alternating connection of the stages of the capacitor device regulator [1-5, 36-37]. The operation time of the regulator depends on the difference between the actual reactive power and the specified consumption. The greater this difference, the faster the regulator operates, and the more quickly the reactive power mode is maintained.


FIGURE 4. Scheme for controlling the reactive power mode using the B2201 regulator
A reactive power regulator can be used in electrical devices with non-symmetric loads; it first balances the load and then provides reactive power compensation in the electrical device. The reactive power regulator has three pairs of inputs, each of which receives the line current of the corresponding phase and the line voltage of the remaining two phases. It allows monitoring the variation of reactive power in each phase of a non-symmetrical loaded electric network. The capacitor device has two single-phase and up to six three-phase sections in each phase. The regulator includes a block for selecting the phase with the highest reactive power load, to which a single-phase section of the capacitor device is connected. If the load symmetry is not restored, a second single-phase section is connected. When the reactive load decreases, the sections are disconnected. In the three-phase network, as the reactive load increases, the three-phase sections of the capacitor device are connected sequentially. When the reactive load decreases, they are automatically disconnected [1-5, 38-40].
CONTACTLESS SWITCHING DEVICES IN THE POWER SUPPLY SYSTEM
Nowadays, powerful contactless semiconductor devices are widely used, significantly expanding the application of semiconductor technology in several fields of electrical engineering and enabling the achievement of new results in terms of quality [1-5].
The achievements of power semiconductor electronics have made it possible to master a new class of electrotechnical devices - contactless switching semiconductor equipment. The equipment presented, together with traditional electromechanical devices, enables solving numerous problems of supplying industrial facilities with electrical energy. Contactless switching, synchronous control, high speed, and practically unlimited service life open fundamentally new possibilities in power supply [1-5, 41-42].
At the same time, it serves to solve the problem of limiting the rapid current in high-voltage contactless switching semi-conducting apparatus, in particular: creating 6-10 kV reactorless circuits with short-circuit capacity up to 1500 MVA; limiting surge fault currents; reducing thermal and dynamic impacts on the elements of the power supply system; simplifying the connection of electrical receivers subjected to sharply variable surge loads; ensuring the autonomous start-up of large electric machines and transferring synchronous motors to a backup source without de-energizing their fields; controlling reactive elements of the network such as reactors and capacitor banks; rationally utilizing transformer capacity at 0.4, 6, and 10 kV; and improving the quality of electricity in distribution networks, as well as reducing capital costs in building power supply systems [1-5, 43-44].
1. Contactless thyristor voltage relays. Switching devices with a known number of contacts, assembled on the basis of semiconductor elements, are well known. However, in this article, we examine the simple and reliable circuit of a thyristor contactless relay developed at the 'Energy-Saving Technologies' Research Laboratory of the Tashkent State Technical University, Department of Electric Power Supply. Thyristor semiconductor devices have two stable states (on and off). These features provide wide possibilities in creating switching devices, allowing for turning on and off, as well as reconnecting variable current [1-5, 45-46].
When a control signal is received in an alternating current (AC) thyristor switch, the thyristors turn on automatically when the voltage polarity at their anode changes, that is, during each half-cycle of the supply voltage. In direct current (DC) circuits, special firing circuits are required to turn off the thyristors [1-5, 47].
Let us pay attention to the general basic rules for thyristors.
To reliably maintain a locked state for a long period, the correct (anode) voltage on the thyristors should be as follows:
						(2)
Here,  is the maximum direct voltage, which ensures that the device can remain in the open state for a long time (as specified in the manuals).
After a short-term triggering signal is applied, if the forward (anode) current  is greater than the holding current , the thyristor remains in the conducting state. Thus, the condition for maintaining the thyristor in the on state is as follows:
							(3)
The value of the holding current  limits the maximum resistance  of the anode load, allowing the thyristor to be in the open state, that is:

Here,  - The nominal voltage of the supply source.
To trigger the thyristors, the correct current should be briefly reduced to a small value, that is, the following condition must be met:
							(4)
According to expression (4), the  value in the breakdown can be set to zero by briefly interrupting the anode circuit [1-5, 48-49].
2. Voltage relay in a single thyristor. We consider a circuit in which the thyristor is connected to the network in series through an active resistance, while the control circuit receives current from the network through an R active resistance and a VD diode (Fig.5,a). The elements shown in Fig.5 are described as follows: а - single-line diagram; b - voltage graph across the load , i.e., the thyristor conducts a full half-wave of the source voltage [1-5, 50-51].


FIGURE 5. Series connection of a thyristor to the power supply through an active resistance:
(a) single-line diagram; (b) voltage waveform across the load Rnom
In this circuit, the firing angle of the thyristor depends on the amplitude of the control signal. If the input voltage is gradually increased, the thyristor will turn on with a jump at a firing angle of =900 when the input voltage reaches a certain amplitude value  (as shown in Fig.5,b - this phenomenon is called the trigger effect). Any further increase in the input voltage causes a decrease in the firing angle α to zero, providing stable operation. The magnitude of the voltage at which the thyristor jumps on depends on the values of the parameters R and  [1-5].
To reduce ripple under the nominal load , we consider the circuit in which a capacitor 𝐶 is connected in parallel with the load  (Fig.6,a). The elements shown in Fig.6 are described as follows: (a) single-line diagram; (b) voltage waveform across the capacitance C.
We carry out a theoretical analysis of the circuit under the influence of an external sinusoidal voltage. Various methods for analyzing such circuits are known; in this article, the circuit under consideration is analyzed using a numerical solution of the circuit state equation [1-5, 52-53].
In this case, it is necessary to determine an approximate solution of the equation over a certain interval.
						(5)
Let us assume that the supply voltage varies according to a sinusoidal law and that the thyristor has ideal characteristics. As is known, up to the time , the thyristor remains in the blocking (off) state, and the voltage across the capacitor 𝐶 is equal to zero. At the moment , the thyristor switches on abruptly, and voltage is applied to the capacitor 𝐶 [1-5].

Here, 𝑡2 is the moment of time when the current flowing through the thyristor becomes equal to zero.


FIGURE 6. Connecting the capacitance C in parallel to the network:
a – single-line diagram; b – voltage graph across the capacitance C.
We write the expressions of the current flowing through the thyristor.
                     (6)
Here, .
At , the current becomes zero, that is:

At time 𝑡2, the voltage across the capacitor 𝐶 becomes equal to the source voltage, that is . The VS thyristor is in the conducting (on) state; therefore, the capacitor is discharged through the resistance 𝑅nom. To determine the law of variation of the voltage across the capacitor, it is necessary to solve the following state equation of the circuit [1-5]:
							(7)
Using the integration step h, we determine the value of  for various points from 𝑡1 to 𝑡2:
				(8)
Fig.6,b shows the voltage across the capacitance obtained from the numerical solution of equation (7).
3. Alternating current voltage relay. We will examine the circuit of an AC voltage relay with a VS thyristor connected diagonally to a bridge of diodes VD1-VD4 on the side of the rectified current (Fig.7). The AC voltage source is connected in series with the diode bridge and the load  [1-5].
	

	


	FIGURE 7. Diagram of a variable current relay
	FIGURE 8. The waveforms of the control current and voltage in the load


In the load circuit, current flows only when the diode bridge is connected in series with a diagonally oriented shorted thyristor. The diode bridge rectifies the alternating voltage and provides a half-sine positive voltage to the anode and the control electrode of the thyristor during each half-cycle of the network. If the signal at the thyristor's control electrode is insufficient, the thyristor remains off, and therefore no current flows through the load. If the control signal at the gate is sufficient, the thyristor will turn on at the beginning of the positive half-cycle and remain in the conducting state throughout the entire half-cycle of the alternating voltage. When the thyristor is on, both half-cycles of the alternating voltage pass through the load. The half-cycle of the voltage (according to the source circuit, the positive upper terminal) passes through the following circuit: VD1 diode, VS thyristor, VD4 diode, and  load; during the second half-wave (the positive lower half according to the source circuit diagram), the current flows along the following path:  load - VD3 diode - VS thyristor - VD2 diode (in Fig.10, in both cases, the current path is shown continuously and with dashed arrows) [1-5, 25-30].
The simplest method of controlling the thyristor state is to transmit a portion of the anode current required to supply the control current through an additional resistance 𝑅add selected appropriately for the control electrode. In the circuit under consideration, this method of controlling the thyristor state is applied. Thus, the additional resistance 𝑅add in the control circuit provides the current necessary for triggering. The thyristor’s turn-on occurs within a few microseconds [1-5, 35-38].
When the network voltage 𝑈1 is lower than the supply voltage, the control signal is not sufficient to turn on the thyristor. In this case, the thyristor turns off at the end of the next half-cycle of the network, when the anode voltage decreases to zero, and the load is disconnected from the power source. In this circuit, the thyristor turns off within one half-cycle after receiving the control signal [1-5, 45-65].
However, the disadvantage of this relay is the non-sinusoidal nature of the current and voltage in the load. The turn-on angle of the thyristor depends on the magnitude of the additional resistance, and similarly, the moment the relay operates is also explained by the magnitude of the additional resistance. Fig.8 shows the forms of the control impulses for the thyristor and the shape of the voltage curve in the load.
4. Voltages in the load of a voltage relay whose characteristic curve is sinusoidal. It is known that by changing the turn-on moment of the thyristor, it is possible to influence the shape of the current waveform in the load. If the initial phase shift φ between the start of the positive half-cycle of the anode voltage and the beginning of the forward current is zero, then the shape of the load current waveform will be sinusoidal. Therefore, to achieve a sinusoidal shape of the voltage and current waveforms in the load, it is necessary to aim for φ=0 [1-5].
Above, the circuit of a thyristor power relay that provides a non-sinusoidal voltage curve was considered, which can represent a quarter of a sinusoidal period. For visible devices, this is not considered the nominal operating mode. To ensure the sinusoidal shape of the current and voltage curves in the load, it is necessary to use the property of the thyristor that switches on with a jump when the thyristor current passes through zero.
Fig.9 shows the schematic diagram of a contactless voltage relay whose current and voltage curves in the load have a sinusoidal shape.


FIGURE 9. A contactless voltage relay with sinusoidal voltage and current in the load
This relay consists of two parts: I - a sensitive part that responds to changes in the supply voltage magnitude (made from low-power elements), and II - an actuating part that performs the function of the load commutator, made from power elements. The relay consists of four resistors R1, R2, R3, and Radd, a low-power thyristor VS1, a capacitor C, a normally open contact VU of the intermediate relay, a high-power thyristor VS2, and a bridge with high-power diodes VD1-VD4. In this case, the power thyristor VS2 is connected to the diagonal of the power diode bridge. This relay operates using the trigger connection of the low-power VS1 thyristor. At a certain value of the input voltage, the signal passing through the Radd, R1, and VD resistors is sufficient to turn on the low-power VS1 thyristor. The thyristor fires, allowing a constant current to flow through its circuit, which activates the VU optorelay’s light-emitting diode. This closes its normally open contact and shunts the Radd resistor, thereby reducing the voltage drop across the Radd, R1, and VD circuits. At the same time, it charges the C capacitor, from whose terminals a control signal is supplied to the VS2 power thyristor [1-5].
Thus, a constant control positive signal, which has a rectangular shape, is applied to the control electrode of the VS2 thyristor, which causes the VS2 thyristor to remain continuously on. Since the VS2 power thyristor is connected to the diagonal of the power diode bridge, a variable current flows through the Zload load that corresponds to the current of the supply source. The operating voltage of the relay is increased by adjusting the R1 resistor. It should be noted that the power consumed by the sensitive part is related to the power of the elements of the executive part and does not exceed 10 watts. 
The advantages of this relay are as follows [1-5]:
- Commutation of high-power loads is carried out using low-power elements, which reduces the overall weight and size of the relay, while ensuring that the current and voltage curves in the load have a sinusoidal shape;
- It allows the commutation of the load without using high-contact intermediate relays.
EXPERIMENTAL RESEARCH
At the Scientific Research Laboratory of the Department of 'Electric Power Supply' of Tashkent State Technical University named after Islam Karimov, experimental work was carried out using a LeCroy WaveRunner 64 Xi-A oscilloscope, and all experimental results were recorded based on the amplitude values of the voltage. The WaveRunner 64 Xi-A oscilloscope is a high-precision measuring instrument created by LeCroy, a leading American company in the production of digital oscilloscopes.
The results of the experimental research conducted within the framework of the scientific article showed that the time-delay optoelectronic contactless voltage relay used in the capacitor bank control system switches the capacitor bank clamps in a contactless manner with a 0.32-second delay at an input voltage of 18 V.
Moreover, based on the objectives and tasks defined in the article, a time-delay optoelectronic non-contact voltage relay was developed. Using it, a new electrical circuit was proposed for the capacitor bank control system, designed for non-contact switching of its clamps. As a result, an energy-efficient technology was implemented, achieving a reduction in energy and resource consumption. In this regard, it can be concluded that the experimental model of the proposed non-contact switching control device for capacitor banks fully meets the requirements for localization of electrical equipment and contributes to the improvement of electrical energy quality indicators [1-5].
Fig.10 shows the experimental oscilloscope waveform of the optoelectronic contactless voltage relay obtained using the LeCroy WaveRunner 64 Xi-A, which reflects the time variation of the source voltage and the output voltages of the device during contactless commutation in the capacitor bank control system.
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FIGURE 10. Oscillogram of the variations of the output voltages of the source and the contactless switching device
CONCLUSION
Based on the results of the conducted research, the following conclusions were drawn regarding the article on “Analysis and Investigation of Contactless Switching Devices for Automatic Reactive Power Regulation to Improve Electric Energy Quality”:
1. Regarding the scientific significance of reactive power compensation: It has been established that proper compensation of reactive power in the electrical supply systems of industrial enterprises can improve the quality of electrical energy, increase efficiency, and reduce losses. The possibility of automatic adjustment and control of reactive power using compensating devices has also been analyzed.
2. Regarding the advantages of automatic regulation: it is justified that contactless switching devices and automatic regulators (using devices such as ARKON and B2201) provide practical assistance in quickly and accurately controlling reactive power under various operating modes, thereby preventing its overcompensation and the occurrence of high voltage in the network.
3. Regarding step-by-step adjustment and sectionalization: It was proposed that the capacitor banks be divided into sections and automatically connected or disconnected step by step according to the reactive power demand. This, in turn, provides the basis for effectively managing load conditions and phase imbalances in the network.
4. Regarding non-contact switching: The use of capacitor banks control systems based on non-contact switching devices for automatic reactive power compensation is justified by the fact that these devices, which control direct current, are distinguished by their speed, reliability, and long service life. It has also been studied that they reduce the harmful effects of short-circuit currents and overloads in the network.
5. Regarding practical applications: The effectiveness of implementing automatic reactive power compensation systems in networks with unbalanced and dynamic loads has been justified. It has been studied that these devices play an important role in improving the quality of electrical energy in the power supply system, saving energy, and ensuring the continuity of supply.
6. In terms of scientific and practical significance: the methods and circuits developed based on contactless switching automatic adjustment devices provide the basis for optimal reactive power management in the power supply system, reducing losses and increasing the efficiency of electrical equipment.
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