Research on Contactless Switching of Control Systems for Reactive Power Compensation Devices in Power Supply
to Improve Power Quality
Eldar Usmanov1, Raxmatillo Karimov1,4, Almukhan Nuraliyev1,2, Absaid Sulliev3, Oksana Popkova5, Dilmurod Xushvaktov1,a), Nigora Tairova1,
Mokhira Idriskhodjaeva1
1 Tashkent state technical university named after Islam Karimov, Tashkent, Uzbekistan
2 "Tashkent Institute of Irrigation and Agricultural Mechanization Engineers" NRU, Tashkent, Uzbekistan
3 Tashkent State Transport University, Tashkent, Uzbekistan
4 Almalyk State Technical Institute, Almalyk, Uzbekistan 
5 Kazan State Power Engineering University, Kazan, Russian Federation
a) Corresponding author: dilmurodxushvaktov5@gmal.com 
Abstract. This article analyzes modern methods of automatic reactive power compensation in power supply system networks with the aim of reducing power quality and energy losses. The type, capacity, and installation location of compensating devices for optimal balancing of reactive power at industrial enterprises have been determined. Non-contact switching auxiliary devices and the automatic control system, phase coordination of reactive power, and control in accordance with daily or load schedules have been analyzed. At the same time, the effectiveness of step-by-step control of capacitor banks using contactless switching devices is substantiated to improve the power factor in the electrical network, prevent overloads, and reduce temperature rise. The article scientifically substantiates the structural schemes of automatic control and contactless switching methods, and also demonstrates the possibilities of their practical application.
INTRODUCTION
At present, one of the pressing tasks is to increase the efficiency and reliability of the power supply system, as well as to improve the quality of electrical energy. The quality indicators of electrical energy are primarily influenced by factors such as voltage stability in the network, symmetric and asymmetric loads, higher harmonics, and reactive power. In particular, reactive power can disrupt the power balance in the network and increase losses. Therefore, the issue of effective reactive power compensation in modern power supply systems is relevant [1-5].
The main purpose of reactive power compensation is to reduce network losses, increase the efficiency of power supply, and extend the service life of electrical equipment. In the power supply system, the amount of reactive power and its transmission vary for different reasons. For example, the type of load in the network, their phase characteristics, and the inductive nature of existing transformers and lines lead to changes in reactive currents. If reactive power compensation is insufficient, the network experiences an overload of inductive reactive current. In this case, there is a possibility of an increase in the network voltage reaching its maximum value. Therefore, effective management and compensation of reactive power, as well as optimization of the operation of network devices, are considered one of the important directions [1-6].
Traditionally, capacitor banks and synchronous compensating devices are used to compensate reactive power. Capacitor banks are usually divided into sections, each of which is connected or disconnected according to the reactive power demand. This method allows monitoring the power balance in the network and achieving high efficiency. At the same time, manual control of reactive power limits the operation of the devices used in the system, whereas the use of automated control systems significantly increases efficiency [1-5, 7].
In modern power supply systems, technologies for automatic reactive power control are widely used. These technologies ensure automatic regulation of reactive power based on various parameters, and also optimize reactive power in the network according to the loads through capacitor bank sections or synchronous compensating devices. Automatic control is usually carried out based on daily variations in power, load currents, network voltage, and other electrical parameters. This method provides practical assistance in eliminating undesirable situations such as overcompensation or deficiency of reactive power in the networ [1-5, 8].
Non-contact switching devices are widely used as modern technology in the electric power supply system. They allow reactive power to be controlled automatically, more quickly and efficiently compared to contact-based devices. The use of contactless switching devices is of particular importance in the following areas: rapid interruption and connection of currents in low- and high-voltage alternating current networks, power optimization, stabilization of reactive power in transmission lines and transformers, and improving the efficiency of electrical energy in industrial processes. At the same time, they play an important role in reducing the overload on electrical equipment, preventing emergency situations, and stabilizing the energy system [1-5, 9].
Semiconductor devices with contactless switching effectively serve to monitor various electrical loads and to optimally control reactive power automatically. For example, the efficiency of power transmission lines, the heating of electrical equipment, and their uninterrupted operation can be ensured through voltage-regulating devices. Additionally, these technologies are used for automatically connecting and disconnecting capacitor banks by sections, as well as for controlling the startup of synchronous motors and reactive power. As a result, the stability of power in the electrical supply system is maintained, and losses are minimized [1-5, 10].
Nowadays, the development of contactless switching devices and automatic reactive power control systems serves as an important factor in enhancing the competitiveness and reliability of power systems. At the same time, effective management of reactive power in the network allows for saving electrical energy, extending the service life of transformers and power transmission lines, and improving energy efficiency. For this reason, the issue of automatic reactive power compensation in the power supply system and its control with the help of contactless switching devices is considered one of the relevant scientific directions in modern energy engineering [1-5, 11].
Moreover, technologies for automatic reactive power compensation are not limited to maintaining power balance; they are also used to eliminate unbalanced loads in the network, reduce high harmonics, and improve the quality of electrical energy. This is important for ensuring energy efficiency in industrial enterprises, railway and transport networks, and the domestic sector [1-5, 12].
At the same time, automatic compensation of reactive power in the electric power system and its control through contactless switching devices is considered a modern and effective approach to improving power quality, reducing losses, extending the service life of equipment, and increasing efficiency. Moreover, these technologies allow for controlling the reactive power balance in the network, optimizing the phase characteristics of loads, and automating the electricity supply system. Therefore, the research conducted in this article has significant scientific and practical importance for improving the efficiency of the energy system and enhancing the quality of electric power [1-5, 13].
RESEARCH RESULTS
In the power supply system of industrial enterprises, the task of selecting the type and capacity of compensating devices, as well as their installation location, should be solved with minimal costs to optimize the reactive power balance. Reducing losses through reactive power compensation while improving the quality of electric energy and increasing the efficiency of electrical devices is considered one of the pressing issues [1-5, 14-15].
If reactive power compensation is not deep and only partial, then the electrical network will be heavily loaded with reactive current of an inductive nature. If reactive power compensation is fully designed for the maximum reactive load mode and the compensating devices are permanently connected, then during periods of a decrease in reactive load, an overcompensation of reactive power is observed. In this case, the reactive power of the compensating devices is delivered to the electrical network, and it is heavily loaded with reactive current of capacitive nature. The voltage in the network may rise and reach unacceptable levels. To prevent such incidents, compensating devices should be equipped with devices that adjust their reactive power [1-7, 16-17].
In electrical devices where synchronous compensators and synchronous electric motors are used to compensate reactive power, the smooth adjustment of reactive power is carried out by changing their excitation current. In compensating devices, reactive power is adjusted step by step. For this purpose, capacitor banks are divided into sections. The number of sections in a capacitor bank is selected based on the reactive power consumption graph. Usually, 3-4 sections are used. When the electric load graphs are noticeably uneven, 5-6 sections may be used.
The reactive power of compensating devices can be adjusted as follows [1-7, 18-19]:
- Signed by the cashier;
- Automatically under the influence of various electrical parameters and non-electrical sensors.
Depending on the selected adjustment parameters, the automation of controlling the compensator device modes is carried out according to the open or closed control scheme (Fig.1). The elements shown in Fig.1 are described as follows: а - with a chain of optical effects; b - with an open causal chain; TAA - The assigning authority; EB - Executive body; OM - Object of management; х - Alignment parameter; хор - The base magnitude of the control parameter; Δх - The magnitude of change of the control parameter; u - The magnitude of the amplifying effect.


FIGURE 1. Structural diagram of reactive power mode control:
(a) with an open-loop control circuit; (b) with a closed-loop control circuit.
If the power of devices compensating for the leveling parameter does not change significantly or is not dependent on it, then the control structural scheme can be open (Fig.1,a). The control authority (TAA) responds to the input parameter of the setting (x), and when it reaches the reference value (xTK), it acts on the control object (OM) through the executing body (EB), thereby influencing the compensating devices (KD). The control of compensating devices in this mode is used for one- or two-section capacitor banks operating in the “on-off” mode.
If the adjustment parameter or the combination of adjustment parameters is significantly related to the operating mode of the compensating devices, then the control structural scheme can be as shown in Fig.1,b (with a closed feedback loop). When the control parameter (xTK), which needs to be taken into account in the process of adjusting the control parameter (x) through feedback with the object (OM), is designated, it is sent to the controlling authority. Such alignment is used for multi-section capacitor batteries of synchronous motors. To restore the monitored parameter, the control action is applied to the commutating apparatus of the capacitor battery sections or to the automatic aligner of the synchronous motor excitation, which acts as the executive body. Changes in the power of compensating devices lead to changes in the magnitude of the alignment parameter (Δx) [1-7, 20-21].
It is advisable to use automatic adjustment of compensating devices to utilize reactive power more efficiently. Automatic adjustment can be carried out as follows [1-7, 22-23]:
- Over a 24-hour period;
- Along the voltage at the load node;
- According to the load;
- According to the magnitude and nature of the reactive power;
- From non-electric sensors.
The task of adjusting reactive power over a certain period of the day is carried out according to a specific program in accordance with the requirements of production technology. The adjustment is based on determining the reactive load graph, and if it is stable (Fig.2). The elements shown in Fig.2 are described as follows: Qm - Maximum reactive load; t1 - The start time of the maximum load; t2 - Time of maximum load completion;        - Excess compensation;          - undercompensation.з
з



FIGURE 2. Reactive load graph used for the daily regulation of reactive power
 reactive load compensation devices can be fully compensated with a reactive power of . Let us assume that the compensating devices have two sections of equal power. One of the sections is permanently connected, while the second is connected only during the hours of maximum load, from t1 to t2. In a single-phase automatic adjustment, an EVChS-24 electric timer is used, which allows a single enterprise to control several compensating devices simultaneously, placed at relatively short distances from each other [1-7, 24-25].
In Fig.3, a schematic diagram for correcting reactive power using an EVChS-24 electric meter with one contact and two intermediate relays is shown. The elements shown in Fig.3 are described as follows: а - Primary connection diagram; b - Control scheme; P, Q - Active-inductive load; QF - A switch in the capacitor device circuit; C1, C2 - Sections of compensating devices; K - Contactor contacts; KV, KО - Methods for connecting and disconnecting a contactor; KL1, KL2 - Intermediate relays; SB1, SB2 - Button-type actuators; DW - Digital watch; ICCS - Impulse contact of the clockwork system.


FIGURE 3. Automatic control scheme of the second section of the capacitor bank according to the time of day: (a) primary connection diagram; (b) control circuit.

The (DW) electronic clock is connected to the synchronization system (ICCS) via a pulse contact. When the contact of the (DW) electronic clock is activated at time (t1) (for example, at 07:00), the (KL1) time-delay relay is energized and, by means of its normally open contact, completes the circuit of the (KV) switching coil. The (K) contactor engages the second section of the (KU) contacts. At the same time, the auxiliary contacts (K) in the circuits of the intermediate relays (KL1) and (KL2) change their state. After the contactor is energized, it becomes latched, and the contactor coil is disconnected from the power supply. Voltage is also taken from the electronic clock winding. After the maximum reactive load (Q) is reached, at time (t2) the (DW) contact is switched on, the intermediate relay (KL2) is energized, and by means of its (KO) switching contact it energizes the tripping coil. The contactor is disconnected and switches off the second section of the capacitor unit. The auxiliary contacts of the contactor (K) also change their state. The circuit provides the possibility of manually connecting and disconnecting the second section of the capacitor unit using the push-button switches (SB1) and (SB2) [1-7, 26-27].
CONTACTLESS SWITCHING DEVICES IN THE ELECTRIC POWER SUPPLY SYSTEM
At present, high-power contactless semiconductor apparatus are widely used, and they have significantly expanded the scope of application of semiconductor technology in several fields of electrical engineering, ensuring the achievement of qualitatively new results [1-7, 28-29].
The main application areas of contactless switching devices are as follows [1-7, 30-31]:
1. Rapid current interruptions in low-voltage and high-voltage alternating current networks. In medium-voltage networks, using a contactless switching semi-conductor apparatus as an ultra-fast switch allows for high-speed operation, which, in turn, is compatible with the ability to interrupt the alternating current several times during its normal and emergency reclosure. The application area of contactless switching semiconductor devices as fast switches includes power systems, electrochemical processing of metals, and the oil and mining industries. It is easy to improve the selectivity of protection using a contactless commutating semi-conducting apparatus. In high-voltage networks, it ensures the uninterrupted operation of consumers, prevents disruptions in technological processes, excludes severe accidents in networks, limits short-circuit currents, reduces the reactiveness of networks and supply sources, and protects consumers from unauthorized voltage fluctuations. It also accelerates the action of the automatic voltage regulator (AVR) that connects the backup source, ensures simultaneous connection of all phases, and in 50 Hz frequency networks, allows voltage and phase regulation within no more than 0.01 seconds from the moment of connection [1-7, 32-33].
2. Using the windings of power transformers as reconnectable sections in contactless switching semi-conductor apparatus. These allow for smooth regulation of voltage between switching reactors, resistors bypassing, non-polar reconnecting, and busbars. This increases the efficiency factor, improves the power factor, extends the service life, reduces excessive voltage, and, due to the stability of the supplied voltage, enhances the consumer's operational efficiency and enables rapid operation, which in turn facilitates the elimination of emergency modes. Field of application – a process used for metal electrolysis, rolling mills, electrochemistry, electric traction, and others [34].
3. Power factor correction. One of the widespread applications of power factor controllers is controlling the alternating current impedance of electrical networks. Using contactless regulators, it is possible to turn electrical circuits on and off, protect them from short circuits and overloads, and control their heating temperature both manually and automatically. Semiconductor devices with contactless switching operate with a high efficiency coefficient, and it is possible to maintain the operating temperature of the electrical circuit at a specified stability. The use of a contactless power regulator in other fields is considered as a breaker on the alternating current side for automatic contact point welding [1-7, 35-36]:
- Replacing contact control stations with asynchronous short-circuited and linear electric motors for starting, controlling the rotation frequency, electrodynamic braking and reversing, as well as managing the commutation of other three-phase loads. Field of application - machine-tool industry, agriculture, metallurgy, mining, textile industry, and others. Here, strict requirements are imposed on the number of switching devices and their operating conditions;
- Using a contactless switching semiconductor device as a thyristor switch for three-phase welding machines allows increasing the stability of the machines’ operation during the melting stage, eliminating delays at the start of melting, improving the quality of the weld, and increasing the efficiency;
- Limiting voltage with a contactless switching semiconductor device-by restricting the actual voltage value through phase control-allows increasing the service life of active energy consumers;
- Changing and adjusting reactive power allows the automatic maintenance of a given power factor or the rapid compensation of reactive power across the entire required range;
- It limits the idle operation of coupling transformers, automatically switches off the coupling transformers when the coupling circuit is stopped, and allows immediate switching on when there is contact between the coupling sample and the electrode;
- By changing the currents in the direct and reverse sequences, the contactless switching semiconductor device enables rapid polarity reversal during the accelerated charging of accumulator batteries.
4. Contactless switching of a capacitor bank in voltage function. Using the above-mentioned voltage relays, it is possible to create contactless automatic switching devices for various consumers. In this article, we will examine the automatic contactless switching of a capacitor battery in relation to the load current and the supply network voltage, considering the initial phase voltages and their shifting functions [1-7, 37-38].
The schematic of the TR regulating transformer consists of a sensitive part and an executive part. In turn, the sensitive part consists of two sections: I – a contactless relay for maximum voltage without an executive element; II – a contactless relay for minimum voltage with its own executive element III, and a VU3 interrelay with normally closed contacts that coordinates the operation sequence of the contactless relays for minimum and maximum voltage. The executive element, VD3-VD6, is based on a bridge of power diodes, with a VS3 power thyristor connected diagonally. The contactless maximum voltage relay I consists of resistors R1series, R2, and R3, a low-power diode VD1, a low-power thyristor VS1, and a normally open contact of the relay VU1. The contactless minimum voltage relay II consists of four resistors R2 series, R4, R5, and R6, a low-power diode VD2, a low-power thyristor VS2, a normally open contact of the relay VU2, and a capacitor C [1-7, 39-40].
It should be emphasized that the executive body is consecutively connected to the supply network with a C2 capacitor bank. 
The circuit operates as follows: when the nominal voltage of the supply network is exceeded, a control current flows through the  circuit to the VS1 thyristor, causing VS1 to turn on, and current flows through the  circuit, that is, through the VU1 and VU3 optocoupler LEDs. In this case, the VU3 optorelay interrupts its normal closed contact, preventing the control current of the VS2 thyristor from passing, and the (KB) capacitor battery remains disconnected. At the same time, VU1 ortorelay closes its normal open contact and shunts the additional resistor R1series, changing the return coefficient of the maximum voltage relay I [1-7, 41-42].
When the supply network voltage drops, the control signal amplitude applied to the VS1 thyristor is not sufficient to keep the VS1 thyristor in the on state, and this thyristor turns off. The VU3 relay closes its normally open contact and connects the control circuit () of the VU2 thyristor. The VS2 thyristor turns on, allowing current to flow through the  circuit and charge the C capacitor. The VS2 thyristor turns on, and the current flows through the dd’ circuit, charging the C capacitor. At the same time, the VU2 optorelay closes its normally open contact and shunts the R4 resistor, which reduces the reset coefficient of the minimal voltage relay. A signal in the form of a constant control current (Fig.4) is supplied from the C capacitor clamps to the VS3 thyristor, causing it to turn on, thereby connecting the (KB) capacitor battery to the network [1-7, 43-44].
This scheme can be used both for compensating reactive power and for reducing phase asymmetry in reactive power or voltage.
In the scheme considered for reactive power compensation in a three-phase network, three sets of voltage relays connected to the secondary windings of three two-winding three-phase matching transformers and the secondary windings of the correspondingly matched transformer are provided [1-7, 45-46].
5. Contactless switching of capacitor banks as a function of the angle. If the signal φ supplied to the capacitor batteries of the switching device depends on the phase shift of the load current and the initial phases of the supply network voltage, it is considered an effective scheme for switching the capacitor batteries [1-7, 47].
Controlling the capacitor battery in this way allows reducing the number of commutations in order to simplify the setup of the automatic capacitor battery control scheme. Because it allows explaining the operation of the scheme using the device that records the φ angle present at the stations and substations [1-7, 48].
Fig.5 shows the single-phase circuit of a secondary voltage source, where the output voltage value depends on the phase shift angle of the load current and the supply network voltage.
	

	


	FIGURE 4. Single-phase diagram of contactless switching of a capacitor battery operating in the voltage function
	FIGURE 5. Single-phase diagram of the secondary voltage source device 


The device consists of a transformer with two secondary windings (TR), two anti-parallel connected thyristors VS1 and VS2, two diodes VD1 and VD2, and two resistors R1 and R2.
To get acquainted with the operation of the device, we first familiarize ourselves with the operation of the transreactor. A transreactor (from the words “transformer” + “reactor” or “transformer reactor”) is a type of device consisting of a transformer with a gapped magnetic core made of non-ferromagnetic material, in which the primary winding of the transreactor is connected in series with the load (similar to a current transformer) [1-7, 49-50].
It has primary and one or several secondary windings installed on a core-type magnetic conductor with slots made of a non-ferromagnetic material (“air-slot” magnetic conductor). Due to such a device, the secondary winding of a transreactor can operate without damage in “no-load” mode and sequentially connected with a load alongside the primary winding, a mode that would be considered exceptional for an electromagnetic current transformer.
The operating principle of a transreactor is based on the law of electromagnetic induction, according to which the secondary current is so small due to the non-magnetic gap that the magnetic flux F in the magnetic conductor can be considered to be produced solely by the primary current (the magnetomotive force of the primary winding) [51].
Advantages: the ability to convert current and current output proportionally to voltage, the presence of galvanic isolation, reduction of the aperiodic component (this can be used to reduce unbalanced current surges during the connection of transformers in differential protection), and the possibility of operation in 'no-load' mode and under high-resistance loads without damage [1-7, 52].
Disadvantages: the relatively low value of the output voltage (due to the presence of slots in the magnetic core, the electromotive force induced in the secondary winding is small), and the increase in the number of higher harmonics in the secondary voltage (the transreactor acts as a differential element that passes high-frequency components) [1-7, 53].
Based on Fig.6, we examine the operation of the single-phase scheme of the secondary voltage source device, where the output voltage value depends on the angle φ.
It is known that the magnitude of the voltage obtained with the help of a thyristor depends on the firing angle of the thyristor.


FIGURE 6. Curves of the input–output and control voltages of the thyristors: (a) dependence of the turn-on signal on the angle φ1; (b) dependence of the turn-on signal on the angle φ2
As can be seen from Fig.6,a, the angle of the signal at the turn-on of the thyristor is equal to φ1, which, as indicated above, corresponds to the phase shift of the load current and the supply voltage initial phases. Thus, the VS1 and VS2 thyristors turn on at this angle, and an average rectified voltage is observed at the output of the device
When the initial phase displacement angle, load current, and supply network voltage increase to the angle φ2, the control signal Uman is applied to the VS1 and VS2 thyristors at an angle equal to φ2 (Fig.6,b). The output voltage of the device, Uave.2, will correspond to the average corrected voltage. Comparing these voltages shows that as the firing angle of the thyristors increases, the output voltage decreases, i.e., Uave.1 > Uave.2 when φ1 < φ2 [1-7, 53-60].
Thus, the device under consideration allows obtaining a voltage that depends on the load current, the initial phase displacement values, and the supply network voltage.
EXPERIMENTAL RESEARCH
Experiments were conducted in the research laboratory of the Department of Electrical Power Supply at Tashkent State Technical University named after Islam Karimov, using a LeCroy WaveRunner 64 Xi-A oscilloscope, and all experimental results were obtained in terms of voltage amplitude.
The WaveRunner 64 Xi-A 64 MXi-A type oscilloscope was developed by LeCroy, a leading American manufacturer of digital oscilloscopes.
The experimental results of the scientific article show that in the control system of the capacitor banks, the time-delay optoelectronic contactless voltage relay switches the capacitor bank clamps contactlessly with a delay time of 0.32 seconds at a voltage of 18 V.
Accordingly, based on the objectives and tasks outlined in the article, a time-delay optoelectronic contactless voltage relay was developed, and using it, a new scheme for contactless switching of capacitor bank clamps in the control system was implemented, introducing an energy-saving technology and achieving a reduction in energy and resource consumption. Thus, it can be said without exaggeration that the experimental version of the proposed capacitor battery control system with a contactless switching device fully meets the requirements for localization of electrical equipment and contributes to the improvement of electric energy quality [1-7].
Fig.7 shows the experimental oscillogram of the optoelectronic contactless voltage relay obtained using a LeCroy WaveRunner 64 Xi-A oscilloscope, illustrating the changes in the source voltage and the device’s output voltages during the contactless switching of the capacitor battery control system.
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FIGURE 7. Oscillogram of the output voltage variations of a source-free and contactless switching device
CONCLUSION
Based on the results of the conducted research, the following conclusions were drawn regarding the article on “Research on Contactless Switching of Control Systems for Reactive Power Compensation Devices in Power Supply to Improve Power Quality”:
- The article discusses the importance and methods of automatic reactive power control for improving the quality of electrical energy;
- The existing and new types of contactless switching devices, as well as their role in reactive power regulation, were studied;
- As a result of the conducted studies, new technological solutions and devices for automatic reactive power control were analyzed;
- The operating principle and performance efficiency of contactless switching devices were studied, which is important for future scientific research and practical developments;
- It has been established that the technologies for compensating reactive power in electrical networks can be further improved, and their overall efficiency can be increased. This, in turn, makes it possible to enhance the quality of electric energy and to manage the operation of the power system consistently and reliably.
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