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Abstract. The article presents a mathematical model of an autonomous station based on an asynchronous generator (AG) with a short-circuited rotor. The model is built on the Park-Gorev system of equations, which describes electromagnetic and electromechanical processes when the load and parameters of the external circuit change. A linear approximation of the system of equations was carried out, the characteristic equation of the autonomous station was obtained, and its stability conditions were determined based on the Hurwitz criterion. It has been shown that the change in output voltage and frequency of the asynchronous generator during load fluctuations can be stabilized by automatically adjusting the capacitance of the capacitor cell, which maintains the constancy of the main magnetic flux. It has been established that the choice of optimal capacitance is a key factor in ensuring the stable operating mode of the autonomous generator.
INTRODUCTION
Short-circuited rotor asynchronous generators are widely used in autonomous power sources due to their simple design, high reliability, and affordability. In autonomous mode, the asynchronous generator provides stable output parameters (voltage and frequency) with varying load. However, due to the nonlinear nature of electromagnetic processes, as well as the dependence of generation on reactive power, precise mathematical description is required for stability analysis and regulation.
For asynchronous generators operating on self-excitation from a capacitor battery, it is especially important to determine the conditions under which the system remains stable and is able to maintain the required voltage level. This work presents a mathematical model, its linearization, and an analysis of the stability of the considered autonomous station.
The work serves as a theoretical basis for developing control systems for autonomous generators used in wind power plants, mini-hydroelectric power plants, and mobile power plants [1, 2].
EXPERIMENTAL RESEARCH
The Park-Gorev system of equations, which represents the equation of nonlinear motion of electromagnetic and electromechanical moments, reflecting the dependence of the state parameters of the asynchronous generator on external disturbances, has the following form:
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The following notations are introduced in the above equations:
Ud, Uq, Ѱd, Ѱq – components of the asynchronous stator voltage generator and the flow clutches on the longitudinal and transverse axes; rs, rr, rrd – active resistances of the stator, rotor, and generator damper windings; 
x1d, x1q, xm – components and mutual inductive resistances on the longitudinal and transverse axes of the damper winding's inductive resistance; id, iq, idr, iqr, ir1d, ir1q - longitudinal and transverse components of the generator stator, rotor, and damper windings currents;
Electromagnetic moment of AG: MА = Xm [iqidr–idiqr] (1+Sк);	
MТ – rotational torque of the primary motor (pipe);
– AG sliding; ωr=ω0(1+SA) – rotor rotation speed; 
ω0 – synchronous speed; SK – sliding relative to the coordinate axes.
Let's assume that due to a slight push (turtle) in the system, there is a slight change in the power and sliding of the blood pressure: РА=РА0±ΔР, SА=SА0±ΔS. 
The AG slip consists of two components: the slip associated with the change in voltage in the bus and the slip associated with the rotational speed of the primary motor. SA=SAf + SAT; expression in another form:  δδA= δf + δr.
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FIGURE 1. Slippage in AG

To linearize the given system of nonlinear equations for small oscillations with Taylor series decomposition, the following equation of characteristics of an autonomous operating system consisting of one generator was obtained [3, 4].
λ3 + (–С1 – Р1 – D2)λ2 + (P1C1 + С1D2 + Р1D2 – С2D1)λ +(С2P1D1 – С1P1D1) = 0           		 (2)
where:


j – constant of inertia, reduced to the angular frequency ω; 
E, U – EMF and generator voltage; х1 – inductive resistance of the generator;
δ – internal angle of the machine (angle between the voltage and EMF vectors); хЮ, хҚ.С, хС – respectively, the inductive resistance of the load, the excitation resistance, and the variable capacitance of the capacitor.
According to the Hurwitz criterion, the stability of such a system is ensured under the following conditions: 
а1 = (–С1 –Р1 – D2) > 0;
а1а2 – а0а3 = С1P1D1 + (С1 + Р1)(D1D2 + С1P1 + С2D1) – С2D12+ D2(С1 + Р1)2 + +Р1(С2D1 – С1D2) > 0. 	 (3)
C2P1D1- C1P1D2 = 0 stability reserve: 
  					(4)
where:  and it becomes clear that to increase stability, it is necessary to reduce the capacitive resistance. The value of the capacitive resistance is determined based on the parameters of the AG and the load values. The measures for ensuring stability, determined by solving the equations, correspond to the analysis based on the "T" form of the equivalent substitution scheme for AG, presented in Figure 2 [5, 6].
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The replacement scheme consists of the following branches:
1. The reactive conductivity of the magnetization branch consisting of Xμ, is 1/Xμ=b0;
2. R'2/S - the main branch of reactive conductivity, consisting of the active resistance 1/X'2=b'2;
3. Reactive conductivity of a branch consisting of a capacitor with variable capacitance 1/Xc=bc;
4. The reactive conductivity of the excitation branch, consisting of a capacitor with constant capacitance, is equal to 1/ХC.С=bC.С;
5. Reactive conductance of a branch consisting of a mixed load, 1/ХЮ=bЮ;
Here: I1A - is the active component of the AG current.
I1R – is the reactive component of the AG current.
I'2А – active component of the AG rotor current.
I'2R – is the reactive component of the AG rotor current.
IА.L – active current load.
ICС – Capacitor excitation current.
Iµ – is the reactive current of the magnetizing branch AG.
When the AC load changes, the stability of its initial nominal parameters can be ensured by regulating the rotational speed of the primary motor or by controlling the AC magnetic flux using capacitor banks.
The output voltage of the AG depends on the reactive current Iμ of the magnetization branch in the replacement circuit, where;
 				(5)
IК =U1ω1С – capacitor current.
Output frequency of AG:
						(6)
In this case; E- EMF arising in the stator phase
Ф- The main magnetic flux creating EMF E.
RESEARCH RESULTS
From the above, it follows that the preservation of the output voltage and frequency of the AG during load changes occurs due to ensuring the constancy of the main flow Ф by automatically regulating the capacitance of the capacitor connected to it.
In the classical type of excitation, the source of reactive energy of which is a battery of capacitors, the stored energy of the excitation unit is characterized by the following expression [7, 8]:
  					(7)
where U - operating voltage, V;
q - charge between the capacitor plates, C;
C - capacitance of the capacitor, F.
The most well-known and frequently encountered formula for calculating reactive power is:
 					(8)
The quantities that determine the power are the voltage across the capacitor and its capacitance. By expressing the voltage through the value of the charge on the plates, it is possible to obtain other types of connections. However, the most common and convenient form is the function, which includes a quadratic dependence on the voltage and a linear dependence on the capacitance value [9, 10].
Depending on the rotor speed of the electric machine, it is possible to estimate the required capacitance value of the capacitor. On the one hand, the frequency of generated electrical energy is determined by the phase capacitance and the inductance of the magnetizing circuit of the asynchronous machine.
On the other hand, based on the dependence of the rotor rotation frequency of the asynchronous machine, the frequency of the supply or generated voltage is determined as follows [11,12]:
						 (9)
On the other hand, based on the dependence of the rotor rotation frequency of the asynchronous machine, the frequency of the supply or generated voltage is determined as follows:
 					      (10)
From the proposed formula for calculating the value of the capacitor's phase capacitance, it follows that this value depends not only on the inductive reactance of the magnetizing circuit but also on the number of pole pairs (p) and the rotor rotation speed (n), however, the verification was carried out under the condition that the rotor rotation frequency is close to and slightly higher than the synchronous frequency. The resulting expression gives the same results as the empirically obtained values. Choosing a value exceeding the calculated value allows the AG to operate under an active load not exceeding 10% of the nominal value. The final choice of the condenser battery's phase capacity should be made based on the maximum value and nature of the AG load [13, 14].
The form of capacitance dependence on the value of the power factor at the nominal load has been empirically determined:
					(11)
where .
Maintaining a constant rotational speed at its nominal value allows us to consider the p2n2 product constant with a value of p2n2=9·106 which leads to the following expression (1.15):
 						(12)
The magnetization inductance Lm is higher the lower the load power. This value changes depending on the saturation of the electric machine's steel in working condition [15].
CONCLUSIONS
1. It is established that a change in load causes deviations in output voltage and frequency, but the system can be stabilized by automatically regulating the capacitance of the capacitor bank.
2. The constant magnetic flux Φ is a key condition for the stability of an autonomous asynchronous generator.
3. Based on the Park-Gorev equations, a model was obtained that allows for the analysis of generator stability and the development of automatic control systems.
4. The Hurwitz criterion allows us to establish a range of parameters under which an autonomous station remains stable.
5. Optimal capacitance selection of capacitors should take into account both the parameters of the AG and the type and level of load; excess capacitance leads to instability.
6. The research confirms the need for dynamic control of capacitor capacitances for high-precision autonomous power systems.
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