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Ɋɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɡɚɞɚɱɚ ɭɩɪɚɜɥɟɧɢɹ ɞɜɭɯɡɜɟɧɧɵɦ ɪɨɛɨɬɨɦ-ɦɚɧɢɩɭɥɹɬɨɪɨɦ ɜ ɭɫɥɨɜɢɹɯ ɜɨɡɦɭɳɚɸɳɢɯ ɜɨɡɞɟɣɫɬɜɢɣ ɢ 

ɧɟɬɨɱɧɨ ɢɡɜɟɫɬɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɫɢɫɬɟɦɵ. ɇɚ ɨɫɧɨɜɟ ɦɟɬɨɞɚ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɝɨ ɤɨɦɩɟɧɫɚɬɨɪɚ ɩɪɟɞɥɨɠɟɧ ɦɟɬɨɞ ɚɞɚɩ-

ɬɢɜɧɨɝɨ ɧɟɡɚɜɢɫɢɦɨɝɨ ɭɩɪɚɜɥɟɧɢɹ ɞɜɭɯɡɜɟɧɧɵɦ ɪɨɛɨɬɨɦ-ɦɚɧɢɩɭɥɹɬɨɪɨɦ. Дɚɧɧɵɣ ɦɟɬɨɞ ɩɪɟɞɩɨɥɚɝɚɟɬ ɚɞɚɩɬɢɜɧɭɸ 

ɧɚɫɬɪɨɣɤɭ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɝɨ ɤɨɦɩɟɧɫɚɬɨɪɚ, ɚ ɟɝɨ ɧɟɡɚɜɢɫɢɦɨɫɬɶ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɭɩɪɚɜɥɟɧɢɢ ɤɚɠɞɵɦ 

ɡɜɟɧɨɦ ɦɚɧɢɩɭɥɹɬɨɪɚ ɨɬɞɟɥɶɧɨ ɨɬ ɞɪɭɝɢɯ. ɉɪɢ ɷɬɨɦ ɧɟɥɢɧɟɣɧɨɟ ɜɥɢɹɧɢɟ ɞɪɭɝɢɯ ɡɜɟɧɶɟɜ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɤɚɤ ɧɟɤɨɬɨ-
ɪɨɟ ɨɝɪɚɧɢɱɟɧɧɨɟ ɜɧɟɲɧɟɟ ɜɨɡɦɭɳɟɧɢɟ ɜ ɤɚɧɚɥɟ ɭɩɪɚɜɥɟɧɢɹ. ɍɪɚɜɧɟɧɢɟ ɞɢɧɚɦɢɤɢ ɦɚɧɢɩɭɥɹɬɨɪɚ ɩɨɥɭɱɟɧɨ ɩɪɢ ɩɨ-
ɦɨɳɢ ɦɟɬɨɞɚ Эɣɥɟɪɚ–Ʌɚɝɪɚɧɠɚ, ɩɪɢ ɷɬɨɦ ɬɚɤɠɟ ɭɱɢɬɵɜɚɥɨɫɶ ɜɥɢɹɧɢɟ ɞɢɧɚɦɢɤɢ ɫɚɦɢɯ ɞɜɢɝɚɬɟɥɟɣ ɦɚɧɢɩɭɥɹɬɨɪɚ. 
ɉɨɫɤɨɥɶɤɭ ɩɪɟɞɥɨɠɟɧɧɵɣ ɦɟɬɨɞ ɨɛɥɚɞɚɟɬ ɩɪɨɫɬɨɬɨɣ ɢɧɠɟɧɟɪɧɨɣ ɪɟɚɥɢɡɚɰɢɢ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɞɪɭɝɢɦɢ ɚɞɚɩɬɢɜɧɵɦɢ 

ɦɟɬɨɞɚɦɢ ɭɩɪɚɜɥɟɧɢɹ ɦɚɧɢɩɭɥɹɬɨɪɚɦɢ, ɬɨ ɟɝɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɧɚ ɪɟɚɥɶɧɵɯ ɨɛɴɟɤɬɚɯ ɜ ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ ɩɪɟɞɫɬɚɜɥɹ-
ɟɬɫɹ ɩɪɢɜɥɟɤɚɬɟɥɶɧɵɦ. ȼ ɯɨɞɟ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɦɟɬɨɞɚ ɛɵɥɨ ɞɨɩɭɳɟɧɨ, ɱɬɨ ɜɨɡɦɭɳɚɸɳɢɟ ɜɨɡɞɟɣ-

ɫɬɜɢɹ ɢɦɟɸɬ ɜɢɞ ɫɦɟɳɟɧɧɨɝɨ ɝɚɪɦɨɧɢɱɟɫɤɨɝɨ ɫɢɝɧɚɥɚ. ɉɪɨɜɟɞɟɧɨ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɞɥɹ ɫɢɫɬɟɦɵ ɞɜɭɯɡɜɟɧɧɨɝɨ ɦɚɧɢ-

ɩɭɥɹɬɨɪɚ ɫ ɩɪɟɞɥɨɠɟɧɧɵɦ ɪɟɝɭɥɹɬɨɪɨɦ. Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɨɞɬɜɟɪɠɞɚɸɬ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɦɟɬɨɞɚ ɜ ɭɫɥɨɜɢɹɯ 
ɜɧɟɲɧɢɯ ɢ ɜɧɭɬɪɟɧɧɢɯ ɜɨɡɦɭɳɟɧɢɣ. ɉɪɨɜɟɞɟɧɨ ɫɪɚɜɧɟɧɢɟ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɦɟɬɨɞɚ ɫ ɭɩɪɚɜɥɟɧɢɟɦ ɉД-ɪɟɝɭɥɹɬɨɪɨɦ. 

ȼ ɯɨɞɟ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɛɵɥɨ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɨ, ɱɬɨ ɩɪɟɞɥɨɠɟɧɧɵɣ ɩɨɞɯɨɞ ɨɛɟɫɩɟɱɢɜɚɟɬ ɛɨɥɟɟ ɧɢɡɤɨɟ ɡɧɚɱɟɧɢɟ 
ɨɲɢɛɤɢ ɜɵɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ, ɱɟɦ ɭɩɪɚɜɥɟɧɢɟ ɦɚɧɢɩɭɥɹɬɨɪɨɦ ɫ ɩɨɦɨɳɶɸ ɉД-ɪɟɝɭɥɹɬɨɪɚ. 
Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɦɚɧɢɩɭɥɹɬɨɪ, ɚɞɚɩɬɢɜɧɨɟ ɭɩɪɚɜɥɟɧɢɟ, ɭɩɪɚɜɥɟɧɢɟ ɩɨ ɜɵɯɨɞɭ. 
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The paper deals with the issue of control for a two-link robot manipulator under disturbances and inaccurately known param-

eters of the system. A method for adaptive independent control of the two-link robot manipulator based on the method of 

consecutive compensator is proposed. Adaptability is provided by adaptive adjustment coefficients of the consecutive com-

pensator, and its independence consists in independent control of each link of the manipulator separately from the others. 

Meanwhile, non-linear effect of other links is considered as a limited external disturbance in the control channel. Dynamic 

equation of the manipulator was received by the Euler-Lagrange method, taking into account the effect of dynamics of ma-

nipulator engines. Since the proposed method has the simplicity of engineering implementation as compared to other adap-

tive methods of controlling manipulators, its usage on real objects in industry seems to be attractive. During the method 

simulation it was assumed that disturbances have the form of shifted harmonic signal. A series of simulations for a two-link 

manipulator system was conducted with the proposed controller. Simulation results confirm the effectiveness of this method 

in terms of external and internal disturbances. Comparison of this method with the PD controller was made. During the simu-

lations, it was demonstrated that the proposed approach provides lower output error value than manipulator control using PD 

controller. 

Keywords: manipulator, adaptive control, output control. 
 

ȼɜɟɞɟɧɢɟ 
 

Ɋɚɡɜɢɬɢɟ ɜɵɫɨɤɢɯ ɬɟɯɧɨɥɨɝɢɣ ɩɪɢɜɟɥɨ ɤ ɩɨɜɫɟɦɟɫɬɧɨɦɭ ɢɫɩɨɥɶɡɨɜɚɧɢɸ ɪɨɛɨɬɨɬɟɯɧɢɤɢ ɜ ɪɚɡɥɢɱ-
ɧɵɯ ɫɮɟɪɚɯ ɱɟɥɨɜɟɱɟɫɤɨɣ ɞɟɹɬɟɥɶɧɨɫɬɢ, ɬɚɤɢɯ ɤɚɤ ɥɟɝɤɚɹ ɢ ɬɹɠɟɥɚɹ ɩɪɨɦɵɲɥɟɧɧɨɫɬɶ, ɥɟɫɨɡɚɝɨɬɨɜɤɢ, 

ɨɫɜɨɟɧɢɟ ɤɨɫɦɨɫɚ, ɦɟɞɢɰɢɧɚ, ɨɛɪɚɡɨɜɚɧɢɟ ɢ ɬ.ɞ. [1–7]. Ɍɚɤɨɟ ɪɚɡɜɢɬɢɟ ɬɪɟɛɭɟɬ ɪɚɡɪɚɛɨɬɤɢ ɜɵɫɨɤɨɷɮɮɟɤ-
ɬɢɜɧɵɯ ɦɟɬɨɞɨɜ ɭɩɪɚɜɥɟɧɢɹ, ɨɛɥɚɞɚɸɳɢɯ ɩɪɨɫɬɨɬɨɣ ɢɧɠɟɧɟɪɧɨɣ ɪɟɚɥɢɡɚɰɢɢ. 

ɍɩɪɚɜɥɟɧɢɟ ɞɜɭɯɡɜɟɧɧɵɦ ɪɨɛɨɬɨɦ-ɦɚɧɢɩɭɥɹɬɨɪɨɦ ɹɜɥɹɟɬɫɹ ɡɚɞɚɱɟɣ ɨɩɪɟɞɟɥɟɧɢɹ ɜɨ ɜɪɟɦɟɧɢ ɜɯɨɞ-

ɧɵɯ ɜɨɡɞɟɣɫɬɜɢɣ, ɩɪɢɜɨɞɹɳɢɯ ɤ ɠɟɥɚɟɦɨɦɭ ɞɜɢɠɟɧɢɸ. ȼ ɤɚɱɟɫɬɜɟ ɜɯɨɞɧɵɯ ɜɨɡɞɟɣɫɬɜɢɣ ɜ ɡɚɜɢɫɢɦɨɫɬɢ 

ɨɬ ɦɨɞɟɥɢ ɫɢɧɬɟɡɚ ɪɟɝɭɥɹɬɨɪɨɜ, ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ ɫɢɥɨɜɨɟ ɜɨɡɞɟɣɫɬɜɢɟ ɢɥɢ ɦɨɦɟɧɬ, ɫɨɡɞɚɜɚɟɦɵɟ 
ɢɫɩɨɥɧɢɬɟɥɶɧɵɦɢ ɦɟɯɚɧɢɡɦɚɦɢ, ɢɥɢ ɠɟ ɜɯɨɞɧɵɟ ɜɨɡɞɟɣɫɬɜɢɹ ɫɚɦɢɯ ɦɟɯɚɧɢɡɦɨɜ, ɧɚɩɪɢɦɟɪ, ɧɚɩɪɹɠɟɧɢɟ, 
ɩɨɞɚɜɚɟɦɨɟ ɧɚ ɷɥɟɤɬɪɨɞɜɢɝɚɬɟɥɶ. ɀɟɥɚɟɦɨɟ ɞɜɢɠɟɧɢɟ ɡɚɞɚɟɬɫɹ ɜ ɜɢɞɟ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɵɯ ɤɨɧɟɱɧɵɯ ɩɨɡɢ-

ɰɢɣ ɫɯɜɚɬɚ ɢɥɢ ɜ ɜɢɞɟ ɧɟɩɪɟɪɵɜɧɨɝɨ ɩɭɬɢ. 

ɇɚ ɫɟɝɨɞɧɹɲɧɢɣ ɞɟɧɶ ɫɭɳɟɫɬɜɭɟɬ ɦɧɨɠɟɫɬɜɨ ɫɩɨɫɨɛɨɜ ɭɩɪɚɜɥɟɧɢɹ ɦɚɧɢɩɭɥɹɬɨɪɚɦɢ. ȼɵɛɨɪ ɤɨɧ-

ɤɪɟɬɧɨɝɨ ɫɩɨɫɨɛɚ ɦɨɠɟɬ ɨɤɚɡɚɬɶ ɫɭɳɟɫɬɜɟɧɧɨɟ ɜɥɢɹɧɢɟ ɧɚ ɤɚɱɟɫɬɜɨ ɩɨɥɭɱɟɧɧɨɣ ɫɢɫɬɟɦɵ ɢ, ɫɥɟɞɨɜɚɬɟɥɶ-
ɧɨ, ɧɚ ɨɛɥɚɫɬɶ ɟɟ ɩɪɢɦɟɧɟɧɢɹ. Ʉɪɨɦɟ ɬɨɝɨ, ɧɚ ɜɵɛɨɪ ɭɩɪɚɜɥɟɧɢɹ ɫɭɳɟɫɬɜɟɧɧɨɟ ɜɥɢɹɧɢɟ ɨɤɚɡɵɜɚɟɬ ɦɟɯɚ-
ɧɢɱɟɫɤɚɹ ɤɨɧɫɬɪɭɤɰɢɹ ɫɚɦɨɝɨ ɪɨɛɨɬɚ. 
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Ɍɟɯɧɨɥɨɝɢɱɟɫɤɨɟ ɪɚɡɜɢɬɢɟ ɤɨɧɫɬɪɭɤɰɢɢ ɪɨɛɨɬɨɜ ɭɜɟɥɢɱɢɜɚɟɬ ɢɯ ɩɪɨɢɡɜɨɞɢɬɟɥɶɧɨɫɬɶ ɢ ɪɚɫɲɢɪɹɟɬ 
ɫɩɟɤɬɪ ɢɯ ɩɪɢɦɟɧɟɧɢɹ, ɧɨ ɩɪɢɜɨɞɢɬ ɤ ɧɟɨɛɯɨɞɢɦɨɫɬɢ ɩɪɢɦɟɧɟɧɢɹ ɛɨɥɟɟ ɫɥɨɠɧɵɯ ɩɨɞɯɨɞɨɜ ɜ ɭɩɪɚɜɥɟɧɢɢ. 

Ȼɨɥɶɲɢɧɫɬɜɨ ɢɫɩɨɥɶɡɭɟɦɵɯ ɦɟɬɨɞɨɜ ɭɩɪɚɜɥɟɧɢɹ ɛɚɡɢɪɭɟɬɫɹ ɧɚ ɚɩɪɢɨɪɧɨ ɢɡɜɟɫɬɧɨɣ ɬɨɱɧɨɣ ɦɚɬɟɦɚɬɢɱɟ-
ɫɤɨɣ ɦɨɞɟɥɢ [8–11], ɧɨ ɧɚ ɩɪɚɤɬɢɤɟ ɪɨɛɨɬɵ ɢɦɟɸɬ ɨɬɤɥɨɧɟɧɢɹ ɩɚɪɚɦɟɬɪɨɜ ɨɬ ɧɨɦɢɧɚɥɶɧɵɯ, ɧɟɭɱɬɟɧɧɵɟ 
ɜɧɟɲɧɢɟ ɢ ɜɧɭɬɪɟɧɧɢɟ ɜɨɡɦɭɳɟɧɢɹ, ɚ ɬɚɤɠɟ ɧɟɭɱɬɟɧɧɭɸ ɞɢɧɚɦɢɤɭ. ȼ ɫɜɹɡɢ ɫ ɷɬɢɦ ɡɚɱɚɫɬɭɸ ɩɪɟɞɩɨɱɬɟ-
ɧɢɟ ɨɬɞɚɟɬɫɹ ɪɨɛɚɫɬɧɵɦ ɢ ɚɞɚɩɬɢɜɧɵɦ ɦɟɬɨɞɚɦ ɭɩɪɚɜɥɟɧɢɹ [11, 12]. Ɉɞɧɚɤɨ ɦɟɬɨɞɵ ɚɞɚɩɬɢɜɧɨɝɨ ɭɩɪɚɜ-
ɥɟɧɢɹ ɨɛɥɚɞɚɸɬ ɫɥɨɠɧɨɣ ɫɬɪɭɤɬɭɪɨɣ ɢ ɜɵɫɨɤɢɦ ɞɢɧɚɦɢɱɟɫɤɢɦ ɩɨɪɹɞɤɨɦ, ɱɬɨ ɜ ɪɹɞɟ ɩɪɚɤɬɢɱɟɫɤɢɯ ɡɚɞɚɱ 
ɹɜɥɹɟɬɫɹ ɧɟɩɪɢɟɦɥɟɦɵɦ. ȼ ɫɜɹɡɢ ɫ ɷɬɢɦ ɬɚɤɢɟ ɦɟɬɨɞɵ ɧɟ ɩɨɥɭɱɢɥɢ ɲɢɪɨɤɨɝɨ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɹ ɜ ɩɪɨ-
ɦɵɲɥɟɧɧɨɫɬɢ. 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɩɪɟɞɥɚɝɚɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɬɶ ɦɟɬɨɞ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɝɨ ɤɨɦɩɟɧɫɚɬɨɪɚ [12, 13] ɞɥɹ 
ɭɩɪɚɜɥɟɧɢɹ ɦɚɧɢɩɭɥɹɬɨɪɚɦɢ ɜ ɭɫɥɨɜɢɹɯ ɧɟɫɬɚɰɢɨɧɚɪɧɨɫɬɢ ɩɚɪɚɦɟɬɪɨɜ ɢ ɜɧɟɲɧɢɯ ɜɨɡɦɭɳɚɸɳɢɯ ɜɨɡɞɟɣ-

ɫɬɜɢɣ. ɉɪɟɞɥɨɠɟɧɧɵɣ ɦɟɬɨɞ ɨɛɥɚɞɚɟɬ ɩɪɨɫɬɨɬɨɣ ɢɧɠɟɧɟɪɧɨɣ ɪɟɚɥɢɡɚɰɢɢ, ɛɥɚɝɨɞɚɪɹ ɱɟɦɭ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ 
ɩɪɢɜɥɟɤɚɬɟɥɶɧɵɦ ɟɝɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɧɚ ɪɟɚɥɶɧɵɯ ɨɛɴɟɤɬɚɯ. 
 

ɉɨɫɬɚɧɨɜɤɚ ɡɚɞɚɱɢ 
 

ɍɪɚɜɧɟɧɢɟ ɞɢɧɚɦɢɤɢ ɦɚɧɢɩɭɥɹɬɨɪɚ, ɩɨɥɭɱɟɧɧɨɟ ɩɪɢ ɩɨɦɨɳɢ ɦɟɬɨɞɚ Эɣɥɟɪɚ–Ʌɚɝɪɚɧɠɚ, ɢɦɟɟɬ ɫɥɟ-
ɞɭɸɳɢɣ ɜɢɞ [8]: 

( ) ( , ) ( ) ,q q q q q q   D C g    

ɝɞɟ D  – ɦɚɬɪɢɰɚ ɢɧɟɪɰɢɢ; C  – ɦɚɬɪɢɰɚ ɤɨɪɢɨɥɢɫɨɜɵɯ ɢ ɰɟɧɬɪɨɛɟɠɧɵɯ ɫɢɥ; g  – ɦɚɬɪɢɰɚ ɩɨɬɟɧɰɢɚɥɶ-
ɧɵɯ ɫɢɥ;  – ɦɨɦɟɧɬ ɫɢɥ, ɞɟɣɫɬɜɭɸɳɢɣ ɧɚ ɡɜɟɧɨ ɦɚɧɢɩɭɥɹɬɨɪɚ; q  – ɨɛɨɛɳɟɧɧɵɟ ɤɨɨɪɞɢɧɚɬɵ. ȼ ɤɚɱɟɫɬɜɟ 
ɢɫɩɨɥɧɢɬɟɥɶɧɵɯ ɭɫɬɪɨɣɫɬɜ ɛɭɞɟɦ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɞɜɢɝɚɬɟɥɢ ɩɨɫɬɨɹɧɧɨɝɨ ɬɨɤɚ, ɬɚɤ ɤɚɤ ɞɚɧɧɵɣ ɬɢɩ ɩɪɢɜɨ-
ɞɨɜ ɹɜɥɹɟɬɫɹ ɧɚɢɛɨɥɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɧɵɦ ɫɪɟɞɢ ɩɪɨɦɵɲɥɟɧɧɵɯ ɦɚɧɢɩɭɥɹɬɨɪɨɜ. Ɇɨɦɟɧɬ ɫɢɥ, ɫɨɡɞɚɜɚɟ-
ɦɵɣ ɞɜɢɝɚɬɟɥɟɦ, ɨɩɪɟɞɟɥɹɟɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ [8]: 

1φ ,m aK i   

ɝɞɟ m  – ɦɨɦɟɧɬ, ɫɨɡɞɚɜɚɟɦɵɣ ɞɜɢɝɚɬɟɥɟɦ; φ  – ɦɚɝɧɢɬɧɵɣ ɩɨɬɨɤ; ai  – ɬɨɤ, ɩɪɨɯɨɞɹɳɢɣ ɱɟɪɟɡ ɨɛɦɨɬɤɢ 

ɪɨɬɨɪɚ; 1K  – ɧɟɤɨɬɨɪɚɹ ɮɢɡɢɱɟɫɤɚɹ ɤɨɧɫɬɚɧɬɚ. ɉɪɨɬɢɜɨЭДɋ ɨɩɪɟɞɟɥɹɟɬɫɹ ɜɵɪɚɠɟɧɢɟɦ [8] 

2φb mV K  , (1) 

ɝɞɟ m  – ɭɝɥɨɜɚɹ ɫɤɨɪɨɫɬɶ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ; 2K  – ɤɨɷɮɮɢɰɢɟɧɬ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨɫɬɢ. 

ɋɯɟɦɚɬɢɱɧɨ ɩɪɢɧɰɢɩ ɪɚɛɨɬɵ ɞɜɢɝɚɬɟɥɹ ɩɪɟɞɫɬɚɜɥɟɧ ɧɚ ɪɢɫ. 1. 

 
 

Ɋɢɫ. 1. ɋɯɟɦɚ ɞɜɢɝɚɬɟɥя ɩɨɫɬɨяɧɧɨɝɨ ɬɨɤɚ: V – ɧɚɩɪяɠɟɧɢɟ ɧɚ ɨɛɦɨɬɤɚɯ; L – ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɨɛɦɨɬɨɤ;  
R  – ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɨɛɦɨɬɨɤ; М – ɞɜɢɝɚɬɟɥɶ ɩɨɫɬɨяɧɧɨɝɨ ɬɨɤɚ 

 

Ɉɛɨɡɧɚɱɢɦ ɱɟɪɟɡ m ɩɨɡɢɰɢɸ ɪɨɬɨɪɚ, ɫɜɹɡɚɧɧɭɸ ɫ ɨɛɨɛɳɟɧɧɨɣ ɤɨɨɪɞɢɧɚɬɨɣ ɪɨɛɨɬɚ ɱɟɪɟɡ ɩɟɪɟɞɚ-
ɬɨɱɧɨɟ ɱɢɫɥɨ ɪɟɞɭɤɬɨɪɚ, m ir q   , l  – ɦɨɦɟɧɬ ɧɚɝɪɭɡɤɢ. 

Дɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ ɭɪɚɜɧɟɧɢɟ, ɨɩɢɫɵɜɚɸɳɟɟ ɬɨɤ ɜ ɨɛɦɨɬɤɚɯ, ɢɦɟɟɬ ɜɢɞ 

.a

a b

di
L Ri V V

dt
    (2) 

 
 

Ɋɢɫ. 2. Ɇɨɞɟɥɶ ɞɜɢɝɚɬɟɥя ɫ ɪɟɞɭɤɬɨɪɨɦ 
 

Ʉɚɤ ɩɪɚɜɢɥɨ, ɞɥɹ ɭɜɟɥɢɱɟɧɢɹ ɫɨɡɞɚɜɚɟɦɨɝɨ ɦɨɦɟɧɬɚ ɫɢɥ ɞɜɢɝɚɬɟɥɶ ɩɨɞɫɨɟɞɢɧɹɸɬ ɤ ɪɟɞɭɤɬɨɪɭ 
(ɪɢɫ. 2) ɫ ɛɨɥɶɲɢɦ ɩɟɪɟɞɚɬɨɱɧɵɦ ɱɢɫɥɨɦ ( 200)r  . Ɂɚɩɢɲɟɦ ɭɪɚɜɧɟɧɢɟ ɞɢɧɚɦɢɤɢ ɞɜɢɝɚɬɟɥɹ ɫ ɭɱɟɬɨɦ 

ɪɟɞɭɤɬɨɪɚ [6]: 

M
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Ⱥ.Ⱥ. Ɇɚɪɝɭɧ, Ʉ.Ⱥ. Ɂɢɦɟɧɤɨ, Ⱦ.ɇ. Ȼɚɡɵɥɟɜ, Ⱥ.Ⱥ. Ȼɨɛɰɨɜ, Ⱥ.ɋ. Ʉɪɟɦɥɟɜ   
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2

2

m m l l
m m m m a

d d
J B K i

r rdtdt

         . (3) 

Ʉɚɤ ɢ ɜ [8], ɨɛɨɡɧɚɱɢɦ ɱɟɪɟɡ 
m g lJ J J   ɫɭɦɦɭ ɦɨɦɟɧɬɨɜ ɢɧɟɪɰɢɢ ɩɪɢɜɨɞɚ ɢ ɪɟɞɭɤɬɨɪɚ. 

ɉɟɪɟɩɢɲɟɦ ɮɨɪɦɭɥɵ (2), (3) ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ (1): 

1( ) ( ) ( ) ( )a b mLp R I p V p K p p     ,  (4) 

2

2

( )
( ) ( ) ( ) l

m m m i a

p
J p B p p K I p

r


      , (5) 

ɝɞɟ p  – ɨɩɟɪɚɬɨɪ ɞɢɮɮɟɪɟɧɰɢɪɨɜɚɧɢɹ; 1  ɢ 2  – ɧɟɤɨɬɨɪɵɟ ɡɚɬɭɯɚɸɳɢɟ ɫɨɫɬɚɜɥɹɸɳɢɟ, ɩɨɪɨɠɞɟɧɧɵɟ 
ɧɟɧɭɥɟɜɵɦɢ ɧɚɱɚɥɶɧɵɦɢ ɭɫɥɨɜɢɹɦɢ. Ɉɬɫɸɞɚ ɧɚɣɞɟɦ ɩɟɪɟɞɚɬɨɱɧɵɟ ɮɭɧɤɰɢɢ ɞɜɢɝɚɬɟɥɹ ɩɨ ɤɨɨɪɞɢɧɚɬɟ ɢ 

ɩɨ ɫɢɥɟ, ɩɪɟɧɟɛɪɟɝɚɹ ɡɧɚɱɟɧɢɹɦɢ ɦɚɥɵɯ ɜɟɥɢɱɢɧ: 

 

( )

( ) ( / )

m m

m m b m

p K

V p p J p B K K R


 

 
, 

( ) 1

( ) ( / )

m

l m m b m

p

p p J p B K K R


 

  
. 

Ɉɛɴɟɞɢɧɹɹ (4) ɢ (5), ɩɨɥɭɱɢɦ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ ɭɪɚɜɧɟɧɢɟ ɜɬɨɪɨɝɨ ɩɨɪɹɞɤɚ, ɨɩɢɫɵɜɚɸɳɟɟ ɩɪɢ-

ɜɨɞ ɩɨɫɬɨɹɧɧɨɝɨ ɬɨɤɚ: 
( )

( ) ( )b m m l

m m m m

K K K t
J t B V t

R R r

       
 

  . 

ɉɪɟɞɫɬɚɜɢɦ ɭɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ ɤɚɠɞɨɝɨ ɡɜɟɧɚ ɦɚɧɢɩɭɥɹɬɨɪɚ ɫ ɞɜɢɝɚɬɟɥɹɦɢ ɩɨɫɬɨɹɧɧɨɝɨ ɬɨɤɚ ɜ 
ɜɢɞɟ 

1 , 1( ) ( ) ( )n n

j jk j i j ijk i j k kd q q c q q q g q        , (6) 

bk mk mk k

mk mk mk mk

k k k k

K K K
J B

R R V r

  
      

 
  . (7) 

ȼɵɩɨɥɧɢɦ ɡɚɦɟɧɭ ɩɟɪɟɦɟɧɧɵɯ: 

,

1
k j k j i j ijk i j k

k

f q c q q g
r

      . 

Ɂɚɦɟɬɢɦ, ɱɬɨ ɤɨɷɮɮɢɰɢɟɧɬ ɩɪɢ mk  ɹɜɥɹɟɬɫɹ ɧɟɥɢɧɟɣɧɨɣ ɮɭɧɤɰɢɟɣ, ɡɚɜɢɫɹɳɟɣ ɨɬ ɤɨɧɮɢɝɭɪɚɰɢɢ 

ɦɚɧɢɩɭɥɹɬɨɪɚ. Ɍɟɦ ɧɟ ɦɟɧɟɟ, ɪɟɞɭɤɬɨɪ ɫ ɛɨɥɶɲɢɦ ɩɟɪɟɞɚɬɨɱɧɵɦ ɱɢɫɥɨɦ ɫɧɢɠɚɟɬ ɜɥɢɹɧɢɟ ɷɬɨɣ ɜɟɥɢɱɢɧɵ, 

ɜ ɪɟɡɭɥɶɬɚɬɟ ɱɟɝɨ ɟɝɨ ɡɚɦɟɧɹɸɬ ɫɪɟɞɧɟɣ ɜɟɥɢɱɢɧɨɣ, ɩɪɢɛɥɢɠɟɧɧɨɣ ɤ ɜɵɪɚɠɟɧɢɸ 
2

1
( )

mk kk

k

J d q
r

  [8]. 

ɉɨɞɫɬɚɜɢɦ ɭɪɚɜɧɟɧɢɟ (6) ɜ (7): 

2

1
( ) bk mk mk

mk kk mk mk mk k k

k kk

K K K
J d q B V f

R Rr

   
         

  
  . (8) 

ȼ ɩɨɥɭɱɟɧɧɨɣ ɫɢɫɬɟɦɟ ɧɟɥɢɧɟɣɧɵɟ ɫɨɫɬɚɜɥɹɸɳɢɟ ɫɢɫɬɟɦɵ kf  ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɤɚɤ ɧɟɤɨɬɨɪɨɟ ɨɝ-
ɪɚɧɢɱɟɧɧɨɟ ɜɧɟɲɧɟɟ ɜɨɡɦɭɳɟɧɢɟ ɜ ɤɚɧɚɥɟ ɭɩɪɚɜɥɟɧɢɹ. ȼɜɟɞɟɦ ɬɚɤɠɟ ɡɚɦɟɧɭ ɩɟɪɟɦɟɧɧɵɯ: 

,bk mk mk

effk mk k k

k k

K K K
B B u V

R R
   . 

ɉɪɟɢɦɭɳɟɫɬɜɨ ɩɨɥɭɱɟɧɧɨɣ ɦɨɞɟɥɢ ɡɚɤɥɸɱɚɟɬɫɹ ɜ ɥɢɧɟɣɧɨɫɬɢ ɞɢɧɚɦɢɤɢ ɩɪɢɜɨɞɚ. ɂɡ ɭɪɚɜɧɟɧɢɹ (8) 

ɩɨɥɭɱɢɦ 

2

1
( )

eff eff

W p
J p B p




 (9) 

ɢ ɩɨɫɬɪɨɢɦ ɫɯɟɦɭ (ɪɢɫ. 3). 

 
Ɋɢɫ. 3. ɋɯɟɦɚ ɡɜɟɧɚ ɦɚɧɢɩɭɥяɬɨɪɚ 

 

ȼ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɫɬɚɜɢɬɫɹ ɡɚɞɚɱɚ ɚɞɚɩɬɢɜɧɨɝɨ ɭɩɪɚɜɥɟɧɢɹ ɦɚɧɢɩɭɥɹɬɨɪɨɦ ɜ ɭɫɥɨɜɢɹɯ ɧɟɫɬɚɰɢɨ-
ɧɚɪɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɢ ɜɧɟɲɧɢɯ ɜɨɡɦɭɳɚɸɳɢɯ ɜɨɡɞɟɣɫɬɜɢɣ. 
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Ɇɟɬɨɞ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɝɨ ɤɨɦɩɟɧɫɚɬɨɪɚ 
 

Ɋɚɫɫɦɨɬɪɢɦ ɥɢɧɟɣɧɭɸ ɫɢɫɬɟɦɭ ɜ ɮɨɪɦɟ «ɜɯɨɞ–ɜɵɯɨɞ»: 

( )
( ) [ ( ) ( )]

( )
m

b p
t u t w t

a p
   , 

ɝɞɟ /p d dt  – ɨɩɟɪɚɬɨɪ ɞɢɮɮɟɪɟɧɰɢɪɨɜɚɧɢɹ, ( )u t  – ɫɢɝɧɚɥ ɭɩɪɚɜɥɟɧɢɹ, ( )w t  – ɢɡɜɟɫɬɧɨɟ ɜɨɡɦɭɳɟɧɢɟ, 
ɢɡɦɟɪɹɟɬɫɹ ɜɵɯɨɞɧɚɹ ɩɟɪɟɦɟɧɧɚɹ ( )m t , ɧɨ ɧɟ ɟɟ ɩɪɨɢɡɜɨɞɧɵɟ; 

1 0( ) ...m

mb p b p b p b    ;
1

1 1 0( ) ...n n

na p p a p a p a
      – ɩɨɥɢɧɨɦɵ ɫ ɧɟɢɡɜɟɫɬɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ, m 1n  , ɩɟɪɟɞɚɬɨɱɧɚɹ 

ɮɭɧɤɰɢɹ ( )

( )

b p

a p
 ɢɦɟɟɬ ɨɬɧɨɫɢɬɟɥɶɧɭɸ ɫɬɟɩɟɧɶ n m   , ɩɨɥɢɧɨɦ ( )b p  – ɝɭɪɜɢɰɟɜ ɢ ɤɨɷɮɮɢɰɢɟɧɬ 0mb  . 

Ʉɨɦɚɧɞɧɵɣ ɫɢɝɧɚɥ ( )m t , ɞɨɫɬɭɩɧɵɣ ɢɡɦɟɪɟɧɢɸ, ɚ ɬɚɤɠɟ ɟɝɨ ɩɪɨɢɡɜɨɞɧɵɟ ɫ ɩɟɪɜɨɣ ɩɨ  -ɸ ɨɝɪɚ-
ɧɢɱɟɧɵ: 

*

0

θ ( )i

m

i

d t
C

dt
   , 

ɝɞɟ 0,i   . 

ɉɪɢɦɟɧɢɬɟɥɶɧɨ  ɤ  ɜɨɡɦɭɳɟɧɢɸ ɩɨɥɨɠɢɦ, ɱɬɨ ɮɭɧɤɰɢɹ ( )w t  ɜɨɡɪɚɫɬɚɟɬ ɧɟ ɛɨɥɟɟ ɱɟɦ ɷɤɫɩɨɧɟɧɰɢ-

ɚɥɶɧɨ ɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɟ ɡɚɞɚɧɚ ɦɚɠɨɪɚɧɬɚ ( ) ( )t w t  . 

Ɉɫɧɨɜɵɜɚɹɫɶ ɧɚ ɪɟɡɭɥɶɬɚɬɚɯ ɪɚɛɨɬ [12–15], ɜɵɛɟɪɟɦ ɡɚɤɨɧ ɭɩɪɚɜɥɟɧɢɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 

( ) ( )ku p e    
, (10) 

ɝɞɟ   ɢ ɝɭɪɜɢɰɟɜ ɩɨɥɢɧɨɦ ( )p  ɫɬɟɩɟɧɢ 1   ɪɚɫɫɱɢɬɵɜɚɸɬɫɹ ɢɡ ɫɨɨɛɪɚɠɟɧɢɣ ɫɬɪɨɝɨɣ ɜɟɳɟɫɬɜɟɧɧɨɣ 

ɩɨɥɨɠɢɬɟɥɶɧɨɫɬɢ ɩɟɪɟɞɚɬɨɱɧɨɣ ɮɭɧɤɰɢɢ 
( ) ( )

( )
( ) ( ) ( )

b p p
H p

a p b p p




 
, ɮɭɧɤɰɢɹ ( )t    ɩɪɟɞɧɚɡɧɚɱɟɧɚ ɞɥɹ 

ɩɚɪɢɪɨɜɚɧɢɹ ɜɥɢɹɧɢɹ ɜɨɡɦɭɳɟɧɢɹ ɢ ɩɨɜɵɲɟɧɢɹ ɬɨɱɧɨɫɬɢ ɫɥɟɠɟɧɢɹ ɡɚ ɤɨɦɚɧɞɧɵɦ ɫɢɝɧɚɥɨɦ, ɚ ɮɭɧɤɰɢɹ 
e


 ɮɨɪɦɢɪɭɟɬɫɹ ɚɥɝɨɪɢɬɦɨɦ ɜɢɞɚ 

1 2

2 3

1 1 1 2 2 1 1 1

,

,

( ),k k k k e  

  

  


          





 

 (11) 

1e  
, (12) 

ɝɞɟ *e    – ɨɲɢɛɤɚ,     , ɤɨɷɮɮɢɰɢɟɧɬɵ ik  ɪɚɫɫɱɢɬɵɜɚɸɬɫɹ ɢɡ ɬɪɟɛɨɜɚɧɢɣ ɚɫɢɦɩɬɨɬɢɱɟɫɤɨɣ 

ɭɫɬɨɣɱɢɜɨɫɬɢ ɫɢɫɬɟɦɵ (11) ɩɪɢ 0e  . 

Дɥɹ ɩɨɥɭɱɟɧɧɨɣ ɜɵɲɟ ɩɟɪɟɞɚɬɨɱɧɨɣ ɮɭɧɤɰɢɢ ɦɚɧɢɩɭɥɹɬɨɪɚ (9) ɪɟɝɭɥɹɬɨɪ (10)–(12) ɩɪɢɦɟɬ ɜɢɞ 
1( ) ( ) ,ku p k       ,  (13) 

1 1 1 1( )k k e      . 

Ⱥɞɚɩɬɢɜɧɨɣ ɧɚɫɬɪɨɣɤɨɣ ɤɨɷɮɮɢɰɢɟɧɬɨɜ  ,  ,   ɹɜɥɹɟɬɫɹ ɢɯ ɭɜɟɥɢɱɟɧɢɟ ɞɨ ɬɟɯ ɩɨɪ, ɩɨɤɚ ɧɟ ɛɭ-
ɞɟɬ ɜɵɩɨɥɧɟɧɨ ɫɥɟɞɭɸɳɟɟ ɰɟɥɟɜɨɟ ɭɫɥɨɜɢɟ [12]: 

( )e t    ɞɥɹ ɧɟɤɨɬɨɪɨɝɨ 1t t , 

ɝɞɟ   – ɧɟɤɨɬɨɪɨɟ ɩɨɥɨɠɢɬɟɥɶɧɨɟ ɱɢɫɥɨ, ɤɨɬɨɪɨɟ ɦɨɠɧɨ ɭɦɟɧɶɲɢɬɶ, ɜɵɛɪɚɜ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ ɡɚɤɨɧ 

ɭɩɪɚɜɥɟɧɢɹ. Дɥɹ ɪɟɚɥɢɡɚɰɢɢ ɷɬɨɣ ɢɞɟɢ ɦɨɠɧɨ ɜɨɫɩɨɥɶɡɨɜɚɬɶɫɹ ɚɥɝɨɪɢɬɦɨɦ ɧɚɫɬɪɨɣɤɢ [12] 

0

( ) ( )

t

t

k t d    , 

ɝɞɟ k   , ɚ ɮɭɧɤɰɢɹ ( )t  ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 

0 , ɩɪɢ ( ) ,
( )

0, ɩɪɢ ( ) ,

e t
t

e t

    
 

 

ɝɞɟ 0 0  . ɍɱɢɬɵɜɚɹ, ɱɬɨ    , ɜɵɛɟɪɟɦ   ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 

2

0k    , 

ɝɞɟ 0 0  . 



Ⱥ.Ⱥ. Ɇɚɪɝɭɧ, Ʉ.Ⱥ. Ɂɢɦɟɧɤɨ, Ⱦ.ɇ. Ȼɚɡɵɥɟɜ, Ⱥ.Ⱥ. Ȼɨɛɰɨɜ, Ⱥ.ɋ. Ʉɪɟɦɥɟɜ   
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Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɭɪɚɜɧɟɧɢɹ (13) ɩɪɟɞɫɬɚɜɥɹɸɬ ɡɚɤɨɧ ɚɞɚɩɬɢɜɧɨɝɨ ɭɩɪɚɜɥɟɧɢɹ ɩɨ ɜɵɯɨɞɭ ɦɚɧɢɩɭɥɹ-
ɬɨɪɨɦ ɜ ɭɫɥɨɜɢɹɯ ɧɟɫɬɚɰɢɨɧɚɪɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɢ ɜɧɟɲɧɢɯ ɜɨɡɦɭɳɚɸɳɢɯ ɜɨɡɞɟɣɫɬɜɢɣ. 
 

Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ 
 

ȼ ɪɚɦɤɚɯ ɪɚɛɨɬɵ ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɞɥɹ ɦɚɧɢɩɭɥɹɬɨɪɚ ɫ ɞɜɭɦɹ ɜɪɚɳɚɬɟɥɶɧɵɦɢ 

ɡɜɟɧɶɹɦɢ, ɮɭɧɤɰɢɨɧɢɪɭɸɳɟɝɨ ɜ ɭɫɥɨɜɢɹɯ ɜɧɟɲɧɢɯ ɢ ɜɧɭɬɪɟɧɧɢɯ ɜɨɡɦɭɳɚɸɳɢɯ ɜɨɡɞɟɣɫɬɜɢɣ. ɉɨɫɤɨɥɶɤɭ 
ɛɨɥɶɲɢɧɫɬɜɨ ɫɨɫɬɚɜɥɹɸɳɢɯ, ɩɪɟɧɟɛɪɟɝɚɟɦɵɯ ɧɚ ɷɬɚɩɟ ɫɨɫɬɚɜɥɟɧɢɹ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣ, ɦɨɠɧɨ 

ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɜɢɞɟ ɤɨɧɫɬɚɧɬ ɢ ɝɚɪɦɨɧɢɤ [8, 9], ɛɵɥɨ ɩɪɢɧɹɬɨ ɞɨɩɭɳɟɧɢɟ, ɱɬɨ ɜɨɡɦɭɳɟɧɢɹ ɩɪɟɞɫɬɚɜɥɹɸɬ 
ɫɨɛɨɣ ɫɦɟɳɟɧɧɵɟ ɝɚɪɦɨɧɢɱɟɫɤɢɟ ɫɢɝɧɚɥɵ. ȼ ɤɚɱɟɫɬɜɟ ɢɥɥɸɫɬɪɚɰɢɢ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɢ ɩɪɟɞɥɨɠɟɧɧɨɝɨ 
ɦɟɬɨɞɚ ɩɪɢɜɟɞɟɦ ɨɞɢɧ ɢɡ ɪɟɡɭɥɶɬɚɬɨɜ ɦɨɞɟɥɢɪɨɜɚɧɢɹ. 

ȼ ɩɨɥɭɱɟɧɧɨɣ ɫɢɫɬɟɦɟ (9) ɩɪɢɦɟɦ 5effJ   ɢ 7effB  . Ʉɨɷɮɮɢɰɢɟɧɬɵ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɝɨ ɤɨɦɩɟɧɫɚ-
ɬɨɪɚ ɜɵɛɟɪɟɦ ɪɚɜɧɵɦɢ 125,   2k k   ɢ 50  , ɚ ɬɚɤɠɟ ɫɪɚɜɧɢɦ ɩɨɥɭɱɟɧɧɵɣ ɪɟɡɭɥɶɬɚɬ ɫ ɲɢɪɨɤɨ ɪɚɫɩɪɨ-

ɫɬɪɚɧɟɧɧɵɦ ɦɟɬɨɞɨɦ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ-ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɝɨ ɪɟɝɭɥɹɬɨɪɚ (ɉД-ɪɟɝɭɥɹɬɨɪɚ) ɜ ɭɫɥɨɜɢɹɯ 
ɜɧɟɲɧɟɝɨ ɫɦɟɳɟɧɧɨɝɨ ɝɚɪɦɨɧɢɱɟɫɤɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ 10 sin(2 0,2) 2sin(4 0,3)t t    . Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨ-
ɜɚɧɢɹ ɩɨɤɚɡɚɧɵ ɧɚ ɪɢɫ. 4, 5. ɇɚ ɪɢɫ. 4 ɩɪɟɞɫɬɚɜɥɟɧɵ ɝɪɚɮɢɤɢ ɨɲɢɛɤɢ ɞɥɹ ɦɟɬɨɞɚ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɝɨ ɤɨɦ-

ɩɟɧɫɚɬɨɪɚ еɫɨɬɪ ɢ ɞɥɹ ɦɟɬɨɞɚ ɉД-ɪɟɝɭɥɹɬɨɪɚ еPD. ɇɚ ɪɢɫ. 5 ɩɪɟɞɫɬɚɜɥɟɧɵ ɝɪɚɮɢɤɢ ɜɵɯɨɞɧɨɣ ɩɟɪɟɦɟɧɧɨɣ 

ɞɥɹ ɦɟɬɨɞɚ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɝɨ ɤɨɦɩɟɧɫɚɬɨɪɚ θɫomp, ɦɟɬɨɞɚ ɉД-ɪɟɝɭɥɹɬɨɪɚ θPD ɢ ɠɟɥɚɟɦɨɝɨ ɡɧɚɱɟɧɢɹ ɜɵ-

ɯɨɞɧɨɣ ɩɟɪɟɦɟɧɧɨɣ θ*. 
 

  
 

Ɋɢɫ. 4. Ƚɪɚɮɢɤɢ ɨɲɢɛɤɢ 

 
 

Ɋɢɫ. 5. Ƚɪɚɮɢɤɢ ɜɵɯɨɞɧɨɣ ɩɟɪɟɦɟɧɧɨɣ ɢ ɠɟɥɚɟɦɨɝɨ ɡɧɚɱɟɧɢя ɜɵɯɨɞɧɨɣ ɩɟɪɟɦɟɧɧɨɣ 
 

Ʉɨɷɮɮɢɰɢɟɧɬɵ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɝɨ ɤɨɦɩɟɧɫɚɬɨɪɚ ɢ ɉД-ɪɟɝɭɥɹɬɨɪɚ ɜɵɛɢɪɚɥɢɫɶ ɢɡ ɭɫɥɨɜɢɹ ɨɛɟɫɩɟ-
ɱɟɧɢɹ ɨɞɢɧɚɤɨɜɵɯ ɩɨɪɹɞɤɨɜ ɜɟɥɢɱɢɧ ɭɩɪɚɜɥɹɸɳɢɯ ɫɢɝɧɚɥɨɜ. ɂɡ ɝɪɚɮɢɤɨɜ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɫɥɟɞɭɟɬ, ɱɬɨ 
ɡɧɚɱɟɧɢɟ ɨɲɢɛɤɢ ɜɵɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ ɞɥɹ ɫɢɫɬɟɦɵ ɫ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɵɦ ɤɨɦɩɟɧɫɚɬɨɪɨɦ ɡɧɚɱɢɬɟɥɶɧɨ ɧɢɠɟ, 
ɱɟɦ ɜ ɫɢɫɬɟɦɟ ɫ ɉД-ɪɟɝɭɥɹɬɨɪɨɦ. 
 

Ɂɚɤɥɸɱɟɧɢɟ 
 

ȼ ɪɚɛɨɬɟ ɩɪɟɞɥɨɠɟɧ ɦɟɬɨɞ ɚɞɚɩɬɢɜɧɨɝɨ ɧɟɡɚɜɢɫɢɦɨɝɨ ɭɩɪɚɜɥɟɧɢɹ ɩɨ ɜɵɯɨɞɭ ɦɚɧɢɩɭɥɹɬɨɪɚɦɢ ɧɚ 
ɨɫɧɨɜɚɧɢɢ ɦɟɬɨɞɚ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɝɨ ɤɨɦɩɟɧɫɚɬɨɪɚ. ɉɪɨɜɟɞɟɧɨ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɞɥɹ ɫɢɫɬɟɦɵ ɞɜɭɯɡɜɟɧɧɨ-
ɝɨ ɦɚɧɢɩɭɥɹɬɨɪɚ ɫ ɪɟɝɭɥɹɬɨɪɨɦ, ɜ ɤɨɬɨɪɨɦ ɛɵɥɨ ɩɪɢɧɹɬɨ ɞɨɩɭɳɟɧɢɟ, ɱɬɨ ɜɨɡɦɭɳɚɸɳɢɟ ɜɨɡɞɟɣɫɬɜɢɹ 
ɢɦɟɸɬ ɜɢɞ ɫɦɟɳɟɧɧɨɝɨ ɝɚɪɦɨɧɢɱɟɫɤɨɝɨ ɫɢɝɧɚɥɚ. Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɨɞɬɜɟɪɠɞɚɸɬ ɷɮɮɟɤɬɢɜ-
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ɧɨɫɬɶ ɞɚɧɧɨɝɨ ɦɟɬɨɞɚ ɜ ɭɫɥɨɜɢɹɯ ɜɧɟɲɧɢɯ ɢ ɜɧɭɬɪɟɧɧɢɯ ɜɨɡɦɭɳɟɧɢɣ. Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɩɪɨɞɟɦɨɧɫɬɪɢ-

ɪɨɜɚɧɨ, ɱɬɨ ɩɪɟɞɥɨɠɟɧɧɵɣ ɩɨɞɯɨɞ ɨɛɟɫɩɟɱɢɜɚɟɬ ɛɨɥɟɟ ɧɢɡɤɨɟ ɡɧɚɱɟɧɢɟ ɨɲɢɛɤɢ ɜɵɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ, ɱɟɦ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɬɚɤɢɯ ɤɥɚɫɫɢɱɟɫɤɢɯ ɡɚɤɨɧɨɜ ɭɩɪɚɜɥɟɧɢɹ, ɤɚɤ ɉД-ɪɟɝɭɥɹɬɨɪ. 
 

References 
 

1. Borgul A., Margun A., Zimenko K., Kremlev A., Krasnov A. Intuitive control for robotic rehabilitation devices by hu-

man-machine interface with EMG and EEG signals. 17th IEEE International Conference on Methods and Models in 

Automation and Robotics, MMAR 2012. Miedzyzdroje; Poland, 2012, art. no. 6347901, P. 308-311. doi: 

10.1109/MMAR.2012.6347901 

2. Zimenko K., Margun A., Kremlev A. EMG real-time classification for robotics and HMI. 18th IEEE International Con-

ference on Methods and Models in Automation and Robotics, MMAR 2013. Miedzyzdroje, Poland, 2013, art. no. 

6669930, pp. 340-343.  

3. Bazylev D., Pyrkin A. Stabilization of biped robot standing on nonstationary plane. 18th IEEE International Conference 

on Methods and Models in Automation and Robotics, MMAR 2013. Miedzyzdroje, Poland, 2013, art. no. 6669952, pp. 

459–463.  

4. Borgul A.S., Zimenko K.A., Margun A.A., Kremlev A.S. Mnogofunktsional'nyi aktivnyi protez ruki [Multifunctional 

active artificial arm]. Izv. vuzov. Priborostroenie, 2013, vol. 56, no. 4, pp. 86–89.  

5. Borgul A.S., Bobtsov A.A., Kremlev A.S., Margun A.A., Zimenko K.A. Mnogofunktsional'nyi aktivnyi protez ruki 

[Multifunctional active artificial arm]. Patent RF, no. 127620, 2013. 

6. Bobtsov A.A., Borgul A.S., Zimenko K.A., Margun A.A. Primenenie mekhatronnykh kompleksov v obuchenii 

avtomatizatsii i robototekhnike [Application of mechatronic systems in automation and robotics training]. 

Distantsionnoe i virtual’noe obuchenie, 2013, no. 02, pp. 22–30. 

7. Bobtsov A.A., Kolyubin S.A., Pyrkin A.A. Vnedrenie kompleksov promyshlennykh minipulyatsionnykh robotov v 

obrazovatel’nyi protsess [Implementation of industrial robot-manipulator setups in educational process]. Scientific and 

Technical Journal of Information Technologies, Mechanics and Optics, 2013, no 1, pp. 43–45. 

8. Spong M.W., Hutchinson S., Vidyasagar M. Robot modeling and control. John Wiley & Sons, 2005, 496 p. 

9. Choset H., Lynch K.M., Hutchinson S., Kantor G.A., Burgard W., Kavraki L.E., Thrun S. Principles of robot motion: 

theory, algorithms, and implementations. MIT Press, 2005, 603 p. 

10. LaValle S.M. Planning algorithms. Cambridge University Press, 2006. 842 p. 

11. Bobtsov A.A., Nikiforov V.O. Adaptivnoe upravlenie po vykhodu: problematika, prikladnye zadachi i resheniya [Adap-

tive output control: subject matter, application tasks and solutions]. Scientific and Technical Journal of Information 

Technologies, Mechanics and Optics, 2013, no. 1 (83), pp. 1–14. 

12. Bobtsov A.A. Adaptivnoe i robastnoe upravlenie neopredelennymi sistemami po vykhodu [Adaptive and robust control 

of uncertain systems via output]. St. Petersburg, Nauka Publ., 2011, 174 p. 

13. Bobtsov A.A., Kapitonov A.A., Nikolaev N.A. Control over the output of nonlinear systems with unaccounted-

dynamics. Automation and Remote Control, 2010, vol. 71, no. 12, pp. 2497–2504. doi: 10.1134/S0005117910120015 

14. Bobtsov A.A., Nagovitsina A.G. Adaptive control of linear nonstationary objects output. Automation and Remote Con-

trol, 2006, vol. 67, no. 12, pp. 2010–2020. doi: 10.1134/S0005117906120137 

15. Bobtsov A.A., Nikolaev N.A. Fradkov theorem-based design of the control of nonlinear systems with functional and 

parametric uncertainties. Automation and Remote Control, 2005, vol. 66, no. 1, pp. 108–118.  
 

 

Ɇɚɪɝɭɧ Ⱥɥɟɤɫɟɣ Ⱥɧɚɬɨɥɶɟɜɢɱ – ɥɚɛɨɪɚɧɬ, ɫɬɭɞɟɧɬ, ɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝɫɤɢɣ ɧɚɰɢɨɧɚɥɶɧɵɣ ɢɫɫɥɟɞɨɜɚ-
ɬɟɥɶɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ ɢɧɮɨɪɦɚɰɢɨɧɧɵɯ ɬɟɯɧɨɥɨɝɢɣ, ɦɟɯɚɧɢɤɢ ɢ 

ɨɩɬɢɤɢ (ɍɧɢɜɟɪɫɢɬɟɬ ɂɌɆɈ), ɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝ, Ɋɨɫɫɢɹ, 
alexeimargun@gmail.com 

Зɢɦɟɧɤɨ Кɨɧɫɬɚɧɬɢɧ  

Ⱥɥɟɤɫɚɧɞɪɨɜɢɱ 

– ɢɧɠɟɧɟɪ, ɫɬɭɞɟɧɬ, ɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝɫɤɢɣ ɧɚɰɢɨɧɚɥɶɧɵɣ ɢɫɫɥɟɞɨɜɚ-
ɬɟɥɶɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ ɢɧɮɨɪɦɚɰɢɨɧɧɵɯ ɬɟɯɧɨɥɨɝɢɣ, ɦɟɯɚɧɢɤɢ ɢ 

ɨɩɬɢɤɢ (ɍɧɢɜɟɪɫɢɬɟɬ ɂɌɆɈ), ɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝ, Ɋɨɫɫɢɹ, 
kostyazimenko@gmail.com 

Ȼɚɡɵɥɟɜ Дɦɢɬɪɢɣ ɇɢɤɨɥɚɟɜɢɱ – ɥɚɛɨɪɚɧɬ, ɫɬɭɞɟɧɬ, ɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝɫɤɢɣ ɧɚɰɢɨɧɚɥɶɧɵɣ ɢɫɫɥɟɞɨɜɚ-
ɬɟɥɶɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ ɢɧɮɨɪɦɚɰɢɨɧɧɵɯ ɬɟɯɧɨɥɨɝɢɣ, ɦɟɯɚɧɢɤɢ ɢ 

ɨɩɬɢɤɢ (ɍɧɢɜɟɪɫɢɬɟɬ ɂɌɆɈ), ɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝ, Ɋɨɫɫɢɹ, 
bazylevd@mail.ru 

Ȼɨɛɰɨɜ Ⱥɥɟɤɫɟɣ Ⱥɥɟɤɫɟɟɜɢɱ – ɞɨɤɬɨɪ ɬɟɯɧɢɱɟɫɤɢɯ ɧɚɭɤ, ɩɪɨɮɟɫɫɨɪ, ɞɟɤɚɧ, ɡɚɜɟɞɭɸɳɢɣ ɤɚɮɟɞɪɨɣ, 

ɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝɫɤɢɣ ɧɚɰɢɨɧɚɥɶɧɵɣ ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ 
ɢɧɮɨɪɦɚɰɢɨɧɧɵɯ ɬɟɯɧɨɥɨɝɢɣ, ɦɟɯɚɧɢɤɢ ɢ ɨɩɬɢɤɢ (ɍɧɢɜɟɪɫɢɬɟɬ 
ɂɌɆɈ), ɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝ, Ɋɨɫɫɢɹ, bobtsov@mail.ru 

Кɪɟɦɥɟɜ Ⱥɪɬɟɦ Сɟɪɝɟɟɜɢɱ – ɤɚɧɞɢɞɚɬ ɬɟɯɧɢɱɟɫɤɢɯ ɧɚɭɤ, ɡɚɦ. ɞɟɤɚɧɚ, ɞɨɰɟɧɬ, ɋɚɧɤɬ-
ɉɟɬɟɪɛɭɪɝɫɤɢɣ ɧɚɰɢɨɧɚɥɶɧɵɣ ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ ɭɧɢɜɟɪɫɢɬɟɬ ɢɧ-

ɮɨɪɦɚɰɢɨɧɧɵɯ ɬɟɯɧɨɥɨɝɢɣ, ɦɟɯɚɧɢɤɢ ɢ ɨɩɬɢɤɢ (ɍɧɢɜɟɪɫɢɬɟɬ 
ɂɌɆɈ), ɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝ, Ɋɨɫɫɢɹ, kremlev_artem@mail.ru 

   
   

Alexei A. Margun – Laboratory assistant, student, Saint Petersburg National Research Univer-

sity of Information Technologies, Mechanics and Optics (ITMO Universi-

ty), Saint Petersburg, Russia, alexeimargun@gmail.ru 

Konstantin A. Zimenko – Engineer, student,   Saint Petersburg National Research University of 

Information Technologies, Mechanics and Optics (ITMO University), 

Saint Petersburg, Russia, kostyazimenko@gmail.com 



Ⱥ.Ⱥ. Ɇɚɪɝɭɧ, Ʉ.Ⱥ. Ɂɢɦɟɧɤɨ, Ⱦ.ɇ. Ȼɚɡɵɥɟɜ, Ⱥ.Ⱥ. Ȼɨɛɰɨɜ, Ⱥ.ɋ. Ʉɪɟɦɥɟɜ   
 

ɇɚɭɱɧɨ-ɬɟɯɧɢɱɟɫɤɢɣ ɜɟɫɬɧɢɤ ɢɧɮɨɪɦɚɰɢɨɧɧɵɯ ɬɟɯɧɨɥɨɝɢɣ, ɦɟɯɚɧɢɤɢ ɢ ɨɩɬɢɤɢ 
Scientific and Technical Journal of Information Technologies, Mechanics and Optics 
2014, №2 (90) 

85 

Dmitry N. Bazylev – Laboratory assistant, student, Saint Petersburg National Research Univer-

sity of Information Technologies, Mechanics and Optics (ITMO Universi-

ty), Saint Petersburg, Russia, bazylevd@mail.ru 

Alexei A. Bobtsov – D.Sc., Department head, Dean, Professor, Saint Petersburg National Re-

search University of Information Technologies, Mechanics and Optics 

(ITMO University), Saint Petersburg, Russia, bobtsov@mail.ru 

Artem S. Kremlev – PhD, Deputy Dean, Associate professor, Saint Petersburg National Re-

search University of Information Technologies, Mechanics and Optics 

(ITMO University), Saint Petersburg, Russia, kremlev_artem@mail.ru 
 

Пɪиɧяɬɨ к ɩечаɬи 10.02.14 

Accepted 10.02.14 

 


