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Abstract. This article examines the potential for integrating asynchronous generators in microhydroelectric power plants and wind turbines with the power grid, specifically the parallel operation of wound-rotor asynchronous generators with the existing grid under varying wind and water speeds. Extensive research is currently underway in developed countries on the use of asynchronous generators in renewable energy sources and the automatic control of electromechanical systems. The advantages of wound-rotor asynchronous generators are also discussed. Low harmonic distortion, which characterizes the quantitative presence of higher harmonics in the generator output voltage, is discussed, as well as how higher harmonics lead to uneven rotation and excessive heating of electrical machines. It is noted that in synchronous generators, these harmonic distortions are observed up to 15%, while in asynchronous generators, they do not exceed 2%. Experimental studies were conducted on the integration of an asynchronous generator with a phased rotor of the type 4МТН 012-6 У1, into the power supply system of microhydroelectric power plants and wind power plants with a voltage of 144 V, a current of 11,5 A, a power factor of 0,76 with a “delta/star” stator winding, a three-phase, a frequency of 50 Hz, an active power of 2,2 kW, an IP 54 protection rating, a rated rotation speed of 908 rpm, a voltage of 220/380 V, a stator current of 10,6/6,1 A, and a “star” rotor winding connection, and the obtained results were analyzed. An analysis of the mechanical characteristics of an asynchronous generator with a phased rotor of the type 4МТН 012-6 У1 was also carried out when additional resistances of various ratings were connected to the rotor winding using the MATLAB program.
INTRODUCTION
Over the last decade, electricity generation from wind farms has gained enormous importance worldwide and has In the world, special attention is paid to the rational use of existing natural energy resources, increasing the energy efficiency of generators at power plants through renewable energy sources, and creating energy-efficient operating modes of electromechanical systems at hydroelectric power plants. Currently, large-scale research is being conducted in developed countries on the use of asynchronous generators from renewable energy sources and automatic control of electromechanical systems. The installed capacity of wind power plants worldwide is increasing by 93,6 GW per year, and the total installed capacity has reached 950 GW[1-3]. Also, the installed capacity of small hydroelectric power plants up to 10 MW worldwide has reached 79 GW. In this regard, special attention is paid to improving generators at wind and hydroelectric power plants, improving their energy performance, and increasing the energy efficiency of the electromechanical system. The rotor of a phase rotor asynchronous generator (FRAG) is rotated in the same direction as the magnetic field by the speed of the wind or water flow. In this case, the rotor slip is negative, and a braking torque appears on the rotor of the asynchronous machine. The generator transmits energy to the network. The driving force in the output windings of the generator is created due to the residual magnetic field. Capacitors are used for this. Asynchronous generators are not sensitive to short circuits. The FRAG has a simpler structure and operating process than a synchronous generator. Synchronous generators have inductors in the rotor, which provide a constant current to the excitation system and create a magnetic field[4-8].
FRAG has the following advantages. The output voltage of the generator includes small harmonic distortions, which characterize the quantitative presence of higher harmonics. Higher harmonics lead to uneven rotation and excessive heating of electrical machines. In synchronous generators, harmonic distortions of up to 15% are observed, while in asynchronous generators they do not exceed 2%. Thus, asynchronous generators practically produce only useful energy. Phase rotor asynchronous generators have an alternating current of 220 / 380 V at the generator output, which can be connected directly to the consumer, as well as for parallel operation with the existing network. In addition, FRAG does not require the use of various converters for parallel operation with the existing network. Another advantage of using phase rotor asynchronous generators in wind power plants and microhydroelectric power plants is that they allow maintaining the power and voltage values at the generator output unchanged by controlling the resistances in the rotor circuit at different speeds of wind and water flow[9-12]. AGs are distinguished by their simplicity and convenience in operation and maintenance, and their integration into the power supply system is relatively easy. The mass of an AG with a capacity of 5-100 kW is approximately 1,2-1,3 times less than the mass of a SG with the same capacity. Unlike SGs, asynchronous generators do not face the risk of losing synchronism. At the same time, the main advantage of AGs over SGs is that their output voltage has a constant frequency when the rotor speed changes within certain limits, and in addition, it is characterized by stability in its integration with the network. It is precisely because of this last advantage that the use of AGs in wind power plants is increasingly developing[13].
The map is based on data from an altitude of 84 meters above the ground. According to the data on this map, areas with wind speeds of 5,0 m/s to 6,5 m/s and above occupy 70-75 percent of the total area of our country, areas with wind speeds of 3,0 m/s to 5,0 m/s occupy 20-25 percent, and areas with wind speeds of less than 2,5 m/s occupy about 5 percent. These figures indicate that wind energy can be used in 95 percent of the territory of the republic [14-17].
EXPERIMENTAL RESEARCH
According to experts, the potential of renewable energy sources in Uzbekistan is equal to 51 billion tons of oil equivalent, and the technical capabilities are 182,32 million tons of oil equivalent. This figure is three times higher than the current volume of primary energy reserves extracted annually in the country [18-21].
If we look at world experience in this regard, we see the creation of a separate International Renewable Energy Agency (IRENA) and the adoption of special laws or national goals aimed at developing this type of energy in 164 countries around the world today, and the strategies of these countries include the task of increasing the share of renewable energy sources to 50% by 2030 [22].
When using a phase rotor asynchronous generator instead of a synchronous generator of micro hydropower plants and CHPs, the following advantages of the asynchronous generator are clearly visible:
1. Due to the simple structure of the asynchronous generator, its weight and dimensions are small, and its price is 1,5 ÷ 2,0 times cheaper.
2. Due to the simplicity of connecting the asynchronous generator to the network, it is possible to operate the solar power plant and microhydroelectric power plant simultaneously, both in autonomous and parallel operation modes. It is necessary to connect a capacitor compensator (CC) parallel to the stator winding. When connecting such a power plant to the network, the CC ensures that the power factor of the generator is close to unity (cosφ ≈ 1,0) and that power losses in the power transmission line are minimal[23].
Among the types of electric machines, induction machines are the most common, the simplest in design, and the cheapest in price. The biggest and unique advantage of an induction machine operating in generator mode is its technical simplicity, technological simplicity, and convenience in parallel connection with the network. The slip of asynchronous generators in nominal mode is sN = 3 ÷ 6%, in some cases 10% [24].
Figure 1 shows the mechanical characteristics of the 4MTN 012-6 U1 type, three-phase, frequency 50 Hz, active power 2,2 kW, IP 54, nominal speed 908 rpm, with a delta/star stator winding, voltage 220/380 V, stator current 10,6/6.1 A, and a star rotor winding, voltage 144 V, current 11,5 A, and power factor 0,76, i.e., the graph of the generator torque versus speed, using the MATLAB program. The graph of the torque change for the additional resistance Radd = 0; 0,9; 2,2; 4,7; 7,5 Ohms to the rotor winding of the 4MTN 012-6 U1 is presented. As can be seen from the figure, it can be seen that the range of torque control is extended by adding additional resistance to the rotor circuit [25].
Figure 1 shows the graph of the generator power versus speed of a 4MTN 012-6 U1 type, three-phase, frequency 50 Hz, active power 2,2 kW, IP 54, nominal speed 908 rpm, with a delta/star stator winding, voltage 220/380 V, stator current 10,6/6,1 A, and a star rotor winding, voltage 144 V, current 11.5 A, and power factor 0,76, calculated using the MATLAB program [26]. 
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	FIGURE 1. Torque vs. speed graph for additional resistance R in the rotor winding of a FRAG from 0 to 7,5 Ohm
	FIGURE 2. Power versus speed graph for values of additional resistance R'e introduced into the rotor circuit of the FRAG



The graph of the generator power change for the additional resistance Radd = 0; 0,9; 2,2; 4,7; 7,5 Ohms to the rotor winding of the FRAG is presented.
At the same time, a graph of the dependence of the power output from the generator on the rotor and wind speed for varying the additional resistance of the FRAG to the rotor circuit from 0 to 7,5 Ohms and for different wind speeds is presented [27-30]. From this relationship, it can be seen that with increasing rotor and wind speed, the active power output from the generator increases.
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FIGURE 3. Torque vs. speed graph for additional resistance and maximum power output limits for different wind speeds.

Figure 3 shows the power versus speed graph for the additional resistance Radd = 0; 0,9; 2,2; 4,7; 7,5 Ohms added to the rotor winding of the FRAG using the MATLAB program and for the values of the maximum power output limits for different wind speeds. This graph makes it possible to determine the maximum power output points.
RESEARCH RESULTS
The graphs of the output voltage, stator current, active, reactive, and apparent power, power factor, rotor current, generator rotor speed, and rotor voltage of an asynchronous generator with a phase rotor when the active resistance of the rotor circuit is changed from 0 to 7,4 Ohm are presented in Table 1.
TABLE 1. Changes in the parameters of a phase rotor asynchronous generator by changing the resistances in the rotor circuit
	R, Om
	U, V
	I, A
	P, W
	Q, VAr
	S, VA
	cosf
	Ir, A
	n, rpm
	f, Hz
	Ur
	Id, А

	0
	402
	3,4
	2298
	909
	2535
	0,95
	8,57
	1092
	21,96
	0
	19,1

	0,9
	402
	2,9
	2210
	-755
	2410
	0,94
	7,8
	1144
	21,96
	16
	15,2

	2,2
	402
	2,1
	2100
	-545
	2260
	0,93
	6,6
	1195
	21,96
	28
	11,5

	4,7
	402
	1,2
	1875
	-321
	2048
	0,9
	4,28
	1245
	21,96
	36
	7,8

	7,5
	402
	0,88
	1680
	-132
	1780
	0,78
	3,14
	1264
	21,96
	40
	6,5



Figure 4(a) shows the graph of the generator rotor speed as the additional active resistances in the rotor circuit are changed from 0 to 7,4 Ohms. As the value of the resistances connected to the rotor circuit increases, the generator rotor speed increases [31-35]. Figure 4(b) shows the graph of the generator output voltage as the additional active resistances in the rotor circuit are changed from 0 to 7,4 Ohms. As the value of the resistances connected to the rotor circuit increases, the generator output voltage remains unchanged.
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FIGURE 4. Variation of generator output parameters at different resistance values.
a) Variation of generator rotor speed as a function of ; b) Dependence of generator output voltage on ;
c) Dependence of generator rotor voltage on ; d) Variation of generator stator current and rotor current as functions of ; e) Dependence of apparent power and active power of the generator on ; f) Dependence of generator power factor on .

Figure 4(c) shows the graph of the generator rotor voltage as the additional active resistances to the rotor circuit are changed from 0 to 7,4 Ohm. As the value of the resistances connected to the rotor circuit increases, the generator rotor voltage increases from 0 V to 40 V. Figure 4(d) shows the graph of the generator stator and rotor currents as the additional active resistances to the rotor circuit are changed from 0 to 7,4 Ohm. As the value of the resistances connected to the rotor circuit increases, the generator stator current decreases from 3,4 A to 0,88 A, and the rotor current decreases from 8,57 A to 3,14 A. Figure 4(e) shows the graph of the generator's apparent and active power as the additional active resistances to the rotor circuit are changed from 0 to 7,4 ohms. As the value of the resistances connected to the rotor circuit increased, the generator apparent power decreased from 2535 VA to 1780 VA, and the active power decreased from 2298 W to 1680 W. Figure 4(f) shows the graph of the generator power factor when the additional active resistances to the rotor circuit were changed from 0 to 7,4 Ohm. As the value of the resistances connected to the rotor circuit increased, the generator power factor decreased from 0,95 to 0,78.
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	FIGURE 5. Variation of the full output power of the FRAG
	FIGURE 6. Variation of reactive power at the output of the FRAG
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	FIGURE 7. Variation of active power at the output 
of the FRAG
	FIGURE 8. Variation of output power of FRAG
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	FIGURE 9. Variation of stator phase currents of the FRAG
	FIGURE 10. Variation of the output current frequency of the FRAG

	
	


It is shown that when operating in parallel with the network, AGs require fewer conditions than SGs. AGs do not have problems with synchronization with the network and desynchronization. They also do not require protection against short circuits, since in this case the AG loses excitation. In addition, when operating in parallel with the network, there is no need for a self-excitation and voltage regulation system, and the quality of the generator output voltage, when compared with AGs, provides the required values. The power factor of the rotor of an asynchronous generator does not depend on the load but depends on the slip coefficient and other parameters. The square components of the primary current (relative to the voltage) at the output terminals are almost unchanged for all voltages and frequencies specified. Thus, the reactive power obtained by this scheme is supplied from an external source through a synchronous generator, capacitor banks, or power compensators, through which the reactive power compensation of the electrical network is carried out.
CONCLUSIONS
The power generated in the rotor at negative slip, or the mechanical power converted into electrical power, is the difference between the power passing through the air gap and the power dissipated in the rotor. It follows that the smaller the load inductance L, the less significant the effect on Cef. However, for large values of the load inductance L, this inductance becomes significant for the output voltage. Since the slope of the capacitive reactance straight line is almost close to the straight part of the excitation curve (the air gap line). It significantly reduces the voltage drop at the output terminals of the generator. The advantage of this system is that if the load resistance is very small, the self-excited capacitor discharges very quickly, which provides natural protection against high currents and short circuits. On the other hand, high values of the self-excited capacity of the capacitor are limited by the saturation of the magnetic core.
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