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Abstract. This paper presents a comprehensive analysis of the load operating modes of a ferromagnetic current stabilizer
used in the control circuits of magnetic amplifiers. Stable operating regimes for resistive, resistive—inductive, and resistive—
capacitive loads are investigated using mathematical modeling and graphical-analytical methods. The results show that a
resistive—capacitive load is the most favorable option for current stabilization, providing a wider stabilization range. In
addition, the harmonic content of the stabilized current is analyzed, revealing a significant degree of nonlinearity in the
current waveform. The obtained results confirm the feasibility and effectiveness of using ferromagnetic current stabilizers
in low-power control and stabilization systems.

INTRODUCTION

In industrial and power engineering systems, electromagnetic devices based on magnetic amplifiers play a
significant role in automatic control and stabilization applications. In particular, the energy efficiency and reliability
of current stabilization circuits used in the control circuits of such devices are of great relevance in view of modern
technical requirements [1-5]. Although current stabilizers based on ferroresonant circuits exhibit high stabilization
capability, their application in high-power systems is limited due to the fact that the installed capacity of reactive
elements exceeds the load power by several times. Therefore, the use of such circuits is considered most appropriate
in the control circuits of magnetic amplifiers where only low power levels are required [6-10]. When a ferromagnetic
current stabilizer (FCS) is employed in the control circuit of a magnetic amplifier, it represents a unique
electromagnetic device that combines the advantages of a ferroresonant circuit and a magnetic amplifier.

EXPERIMENTAL RESEARCH

Such a dependence qualitatively describes the characteristic of simultaneous magnetization in the operating region
of the magnetic amplifier under stabilization conditions and provides sufficiently simple results for analyzing the load
operating regime of the device (Figure 1). The value of the coefficient depends on the magnitude of the bias current
and can be determined using the method of selected points or the least squares method.
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FIGURE 1. Regulation characteristics for a resistive — capacitive load
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Thus, expressions (1) and (2) differ from each other only in the signs preceding the coefficients y, and y, which
are proportional to the inductive and capacitive impedances of the loads, respectively. Figure 2 illustrates the nature
of variation of the regulation characteristics for different values of complex loads [11-14]. From this, it can be
concluded that a resistive—capacitive load is more favorable for the current stabilization mode, since the voltage
stabilization range is wider compared to the inductive type of load when identical values of 6 and y are assumed.
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FIGURE 2. Dependence X,,=f(Zy).

Let us consider the application of the graphical-analytical method to the analysis of a ferromagnetic current
stabilizer circuit for the case of a complex load. We assume that the characteristic Xm=f(Zm) of the current stabilizer
circuit is known [15-17]. This characteristic can be determined on the basis of the magnetization curve of the
ferromagnetic element and the characteristic of the compensating capacitance.
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After introducing normalized variables and taking into account equation (3), we obtain:
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RESEARCH RESULTS

From this it follows that, for a resistive load, the current of the ferromagnetic current stabilizer and the magnetic
flux are related by an equation of an ellipse whose axes coincide with the axes of the coordinate system. On the other
hand, these quantities are also related through the characteristic of the ferromagnetic current stabilizer circuit. Thus,
by superimposing the ellipse onto the circuit characteristic of the ferroresonant current stabilizer, the operating regime
can be determined [19-22]. The abscissa of the intersection point of the ellipse with the circuit characteristic indicates
the value of the operating current, while the ordinate corresponds to the magnetic flux in the core of the ferromagnetic
element (Fig. 3). If y£0, Zn, Xm the quantities are also related by an ellipse equation whose center coincides with the
origin of the coordinate system [18-22]. In this case, the ellipse axis is inclined at a certain angle with respect to the
coordinate axes (Figure 4). Using the previously discussed methodology, equation (14) can be written in the following
form.
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Here, a is the angle of rotation of the ellipse axes, and Zm, Xm are the new coordinates.

Figure 5 presents ellipses corresponding to different values of the input voltage for an inductive load, along with
the dependence Z,=f(Xm) of the ferromagnetic current stabilizer circuit. In this case, the angle a has a negative sign,
which indicates a clockwise rotation of the coordinate system of the ellipse axes.

When the load has a resistive—capacitive character, the state equation of the circuit takes the following form:
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FIGURE 4. Dependence X,,=f(Z,,) for the case y£0

Further investigation of dependence () has shown that expressions analogous to (6), (7), (8), and (9) are also
obtained in this case, differing only in the signs preceding the coefficients y,and y. The angle of rotation of the ellipse
axes has a positive sign. The advantage of analysis using the graphical-analytical method lies in the possibility of
employing experimentally obtained characteristics of the device.

Harmonic content of the stabilized current. The curve of simultaneous magnetization of the ferromagnetic element
is a strongly nonlinear characteristic; therefore, the waveform of the stabilized current differs from a sinusoidal shape.
To evaluate the harmonic content, dependence (4.3) is used, which was derived for the case where the magnetic
amplifier is connected to a sinusoidal voltage source.
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The stabilization current of the considered circuit is the sum of the currents of the magnetic amplifier and the
capacitance C, (Fig. 4). Therefore
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Based on the latter expression, we calculate the total harmonic distortion (THD) coefficient of the stabilized
bias current. The coefficient of nonlinear distortion is determined by the following formula:
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In Fig. 5 (curve 1), the variation of the nonlinear distortion coefficient as a function of X,, is shown for Zy=1,8 It
can be seen that this indicator is worse compared to the nonlinear distortion coefficient of a ferroresonant current
stabilizer. Therefore, it is recommended to use a ferromagnetic current stabilizer in cases where no strict requirement
is imposed on the current waveform.

As follows from expressions (15), (16), and (17), in order to determine Z,, the value of Xy must be known. For
this purpose, the approximate real roots of the following equation are found:

X;—zl X0 X1+ 353 X X!+ 710 x, X —Z,=0 (19)

First, the interval containing the desired root is determined. It is verified that the left-hand side of equation
(19) takes values of opposite signs at the boundaries of this interval. Subsequently, by applying one of the methods
for refining an approximate root to a specified accuracy, the actual value of Xy is determined. Then, using expressions
(14), (15), (16), (17), and (18), the value of the nonlinear distortion coefficient is calculated as a function of the supply
voltage.

As can be seen from Fig. Ky, the nonlinear distortion coefficient varies from 0 to 62% when X, deviates from
0.5 to 1.2 for Zop=1,8.
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FIGURE 5. Dependence Kni=f(Zm)

CONCLUSION

The conducted research provides a detailed analysis of the operating modes of a ferromagnetic current stabilizer
applied in the control circuits of magnetic amplifiers under various load conditions. The results of mathematical
modeling demonstrate that the energy efficiency of the ferromagnetic current stabilizer is higher than that of
conventional ferroresonant schemes, while the ratio of installed power to load power is significantly reduced. A
comparative analysis of the regulation characteristics shows that a resistive—capacitive load is the most optimal for
current stabilization, as it ensures a wider stabilization range. Overall, the developed mathematical model and
analytical methods are effective tools for the design, optimization, and practical application of ferromagnetic current
stabilizers and possess significant scientific and practical value for applied power engineering systems.
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