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Abstract. Worldwide, great importance is being given to the use of solar energy sources, which are classified as renewable energy sources, in order to ensure continuous and high-quality supply of electrical energy to consumers. It is well known that in industry and production sectors, 60–70% of the consumers of generated electrical energy are asynchronous motors; in asynchronous motors, active power is consumed for useful work, while reactive power is consumed during the starting process to generate the magnetic field flux. Monitoring and controlling the consumption of reactive power, as well as improving existing current converters and developing new types using digital technologies and implementing them in practice, are considered relevant issues. In this research work, the results of studies are presented on supplying electrical energy generated by solar panels to asynchronous motors widely used in production and the national economy, generating reactive power for asynchronous motors, measuring, monitoring, and evaluating the asymmetry indicators of consumed reactive power, as well as the structural principles of a new type of electromagnetic current converter, its further improvement in terms of compactness, reliability, response speed, compliance with economic affordability requirements, and the application of digital technologies in dynamic operating modes
INTRODUCTION
At present, the gradual depletion of oil, gas, coal, and other primary energy sources worldwide requires the step-by-step implementation of solar, wind, and bioenergy resources in practice. In this regard, scientists in the energy sector of our country are also conducting a number of scientific, pedagogical, and practical studies on the use of solar energy sources, which have already become widely popular; however, the issues of further development of the sector, improving the quality indicators of electrical energy generated by solar panels and implementing them in practice, as well as re-servicing existing solar energy installations, have not been sufficiently studied [1].
Asynchronous motors, which are considered among the main consumers of electrical energy, when supplied with electrical energy generated by solar panels, require the generation, measurement, monitoring, and control of reactive power in them 4AA63A4Y3 An asynchronous motor of the type was selected [2]. The technical data are as follows: , , , ,  , , , , , , , being equal, and the stator windings of the asynchronous motor are connected in a star configuration to the single-phase solar electrical energy network. The number of stator windings is W₁ = 110[3]
Therefore, in order to supply a three-phase asynchronous motor from a single-phase solar electrical energy transmission network, capacitor banks are selected [4].
In this case, the capacitance of the capacitor banks, which are connected to supply reactive power to the single-phase electrical transmission network of the solar energy source and serve to reduce losses in the electrical network, is determined based on the following analytical expression [5].
     [mkF] 					(1)
Here: Uₙ is the nominal voltage, Iₙ is the nominal current. As is known from analyses and research, when connecting three-phase asynchronous motors to a single-phase source, the starting capacitor bank is selected to be larger than the operating capacitor, with Cstart = (2.5–3)·C. The reason for this is that during the starting period the operating capacitor cannot supply sufficient electric current [6]. After the asynchronous motor starts and develops rotational torque, it is necessary to disconnect the starting capacitor by means of a controlled contact. Otherwise, the starting capacitor also becomes a capacitive load and turns into a consumer of the solar energy source network [7].  An asynchronous motor supplied from a single-phase electrical energy source based on solar panels ensures power characteristics corresponding to three-phase motors in order to provide normal operation and stability under various operating modes [8]. In this case, the operating capacitor bank, phase-shifting inductance, and starting capacitors make it possible for a three-phase squirrel-cage rotor asynchronous motor to operate in the corresponding operating modes [9].   Currently, in our country, current transformers and electromagnetic current converters with Rogowski coil sensors are used for monitoring and controlling consumed electrical energy [10]. 
Current transformers are measuring transformers, manufactured with rated currents of 1 A to 5 A; they have large dimensions, high energy consumption, and become saturated after the nineteenth harmonic [11]. When measuring consumed electrical energy, they transmit data in a generalized form to the secondary winding.  Another electromagnetic current converter is the Rogowski coil current converter [12]. In this type of converter, the magnetic field generated around the measured current cuts through the Rogowski coil. This produces a voltage proportional to the rate of change of the current and to the mutual inductance between the conductors. The value of the measured electric current is proportional to the voltage generated in the Rogowski coil, and this type of current converter is suitable for single-phase consumers [13]. However, a Rogowski coil-based flexible converter does not provide the capability to measure the reactive power of an asynchronous motor with high accuracy [14].
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FIGURE 1: a) schematic diagram of the general view of a current transformer. In this case, the primary winding w₁ of the transformer has terminals Ip and Is, which are connected in series to the monitored alternating current circuit. 
b) in the figure, 1 is the magnetic core, is the measured electric conductor, and the output voltage terminal is obtained through an integrator by measuring via the generated magnetic flux.
EXPERIMENTAL RESEARCH
The electromagnetic current converter investigated in this study, intended for an asynchronous motor supplied from a single-phase electrical energy source generated by solar panels, has advantages over existing electromagnetic current converters in that, since it is located between the stator slots and the insulation wedge of the asynchronous motor, it converts the current supplied to the stator of the asynchronous motor into a signal in the form of secondary voltage with high accuracy without external influences. The magnetic core does not become saturated, it has compact dimensions, and it is suitable for both three-phase and single-phase asynchronous motors.
The electromagnetic current converter used in the study has the capability of star and delta connection of its outputs, and they are placed in the gap between the stator slots and the insulation wedge in accordance with the stator windings.
In order to ensure stable and high-efficiency operating modes of an asynchronous motor supplied from a single-phase electrical transmission network of a solar energy source, research work was carried out on an asynchronous motor equipped with operating and starting capacitor banks as well as phase-shifting inductive elements. The research work was conducted to provide continuous and high-quality electrical energy to a three-phase asynchronous motor with stator windings connected in a star configuration from a single-phase solar electrical energy transmission network. For this purpose, solar panels manufactured by the Growatt company, which are widely used in our country due to their economic affordability, long service life, availability of service support, resistance to external temperature variations, ability to generate alternating current frequency, and other advantages, were selected.
[image: ]
FIGURE 2. Schematic diagram of an electromagnetic current converter for monitoring and controlling the reactive power of an asynchronous motor supplied from a single-phase electrical network of a solar energy source. Elements 1, 2, and 3 are paired-order measuring sensitive elements; W1.1, W1.2, W2.1, W2.2, W3.1, and W3.2 are the primary windings of the asynchronous motor stator windings, and the current converter secondary output terminals.

The technical data of the inverter devices that convert the electrical energy generated by the Growatt company’s solar panels into alternating current are presented. The given solar panel inverters are capable of operating for a long time at high efficiency values when installed in a special room temperature environment with the panels mounted perpendicular to solar radiation at 90°.
Table 1.  Technical data of an inverter device that converts direct current into alternating current
	№
	Technical data

	1.
	Model type
	Growat 15T L3-X

	2.
	Temperature range
	-300C….….+550C

	3.
	DC-input
	12 DC 13A

	4.
	AC- output
	230 VAC 50/60 Hz, 13A 1phase



The principal schematic diagram for the 4AA63A4Y3 asynchronous motor supplied from a single-phase alternating current electrical transmission network generated by the inverter presented in Table 1.1 is as follows.
RESEARCH RESULTS
When an asynchronous motor is supplied from a single-phase electrical network of a solar energy source, in the monitoring and control of reactive power, the dynamic characteristic of the electromagnetic current converter of an asynchronous motor equipped only with a starting capacitor bank is first considered. In the research work, when supplied from a single-phase electrical power supply system of a solar energy source, the dynamic characteristic of the electromagnetic current converter during the starting of an asynchronous motor using a starting capacitor bank is considered.
From the analysis of the dynamic characteristic, it is known that for an asynchronous motor supplied from a single-phase solar electrical network and equipped with a starting capacitor bank, the measured output voltage of the electromagnetic current converter was 3.5 V
 (V) 						(2)
We consider the dynamic characteristic of the electromagnetic current converter of an asynchronous motor supplied from a single-phase electrical power supply system of a solar energy source and connected to the network using starting and operating capacitor banks as well as a phase-shifting inductive winding.
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FIGURE 3. Dynamic characteristic of the electromagnetic current converter of an asynchronous motor equipped with starting and operating capacitor banks
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FIGURE 4. Dynamic characteristic of the electromagnetic current converter of an asynchronous motor equipped with starting and operating capacitor banks.

From the analysis of the dynamic characteristic, it is known that when measuring the output voltage of the electromagnetic current converter of an asynchronous motor supplied from a single-phase solar electrical energy transmission network and equipped with starting and operating capacitor banks as well as a phase-shifting inductive winding, the output voltage was 5 V. Based on the signal data obtained from this output voltage, the value of reactive power is calculated.
     [VAR]						(3)

Thus, U is the nominal voltage, I is the nominal current consumed by the asynchronous motor, and  is the reactive power coefficient, .

= 2200,800,58=102,8 [VAR].


CONCLUSIONS
By means of the electromagnetic current converter rings of the asynchronous motor placed between the stator slots and the insulated wedge, the assessment of the consumed reactive power using the output voltages of the current converter rings makes it possible to investigate the distribution of magnetic quantities and parameters formed in the electromagnetic current converter elements that convert current into a signal. The dynamic characteristics of the measuring sensitive rings, including the times to reach steady-state and stability, when the asynchronous motor is connected to the network using a phase-shifting inductive winding together with starting and operating capacitors, amount to t = 0.02 s. Compared to the cases where the asynchronous motor is connected only with a starting capacitor or with a starting and operating capacitor scheme, when connected to the network according to a scheme with a phase-shifting inductive winding and starting and operating capacitors, the reactive power consumption is lower, and the asynchronous motor operates in steady and stable operating modes.
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