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TAKING INTO CONSIDERATION THE REQUIREMENTS 

OF THE FLIGHT CONTROL SYSTEM IN THE ANALYSIS  

OF CONSTRUCTIVE VARIANTS FOR SWIVEL  

CONTROL NOZZLE 

The design of solid propellant rocket engine includes the swivel control nozzle to generate the 

control moments for rocket. The nozzle is being deflected by the steering actuator according to com-

mands of the flight control system. Mass-dimensional and dynamic characteristics of constructive reali-

zation of the system “nozzle – actuator“ substantially influence both perfection of design of the engine 

and the rocket, and on dynamic quality of flight control processes. Thus, the designer of a swivel control 

nozzle is to take into consideration both mass-dimensional characteristics of the system “nozzle – ac-

tuator“ in structure of the engine, and its dynamic properties in aspect of requirements of the flight con-
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trol system in the comparative analysis of constructive variants. The feature of this situation is that 

mass-dimensional parameters of the steering actuator are being determined by the magnitudes of the 

moment and power is necessary for deflections of the nozzle. These magnitudes can be determined 

only by laws and parameters of the nozzle movements, which are being determined by commands of 

the flight control system. The article is devoted to research of possible approaches to taking into con-

sideration requirements of the flight control system in conditions of the usual practice for an initial stage 

of the analysis of constructive efficiency of alternative variants of system “nozzle – actuator“. 

Keywords: swivel control nozzle, analysis of constructive variants, requirements of flight control 

system, steering actuator of nozzle, dynamic quality of control, loading mechanical characteristic. 

 

Ⱦɥɹ ɭɩɪɚɜɥɟɧɢɹ ɞɜɢɠɟɧɢɟɦ ɬɜɟɪɞɨɬɨɩɥɢɜɧɵɯ ɪɚɤɟɬ ɩɨ ɬɚɧɝɚɠɭ 

ɢ ɪɵɫɤɚɧɢɸ ɲɢɪɨɤɨ ɩɪɢɦɟɧɹɸɬɫɹ ɩɨɜɨɪɨɬɧɵɟ ɭɩɪɚɜɥɹɸɳɢɟ ɫɨɩɥɚ ɤɚɤ 
ɨɪɝɚɧɵ ɭɩɪɚɜɥɟɧɢɹ ɜɟɤɬɨɪɨɦ ɬɹɝɢ ɪɚɤɟɬɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɧɚ ɬɜɟɪɞɨɦ ɬɨɩ-

ɥɢɜɟ (ɊȾɌɌ) ɩɨ ɧɚɩɪɚɜɥɟɧɢɸ. Ⱦɥɹ ɨɬɤɥɨɧɟɧɢɹ ɉɍɋ ɢɫɩɨɥɶɡɭɸɬɫɹ ɪɭ-

ɥɟɜɵɟ ɩɪɢɜɨɞɵ, ɜɤɥɸɱɚɸɳɢɟ ɜ ɤɚɱɟɫɬɜɟ ɢɫɩɨɥɧɢɬɟɥɶɧɵɯ ɫɢɥɨɜɵɯ 
ɷɥɟɦɟɧɬɨɜ ɷɥɟɤɬɪɨɝɢɞɪɚɜɥɢɱɟɫɤɢɟ ɪɭɥɟɜɵɟ ɦɚɲɢɧɵ (ɊɆ) ɫ ɚɜɬɨɧɨɦ-

ɧɵɦ ɢɥɢ ɰɟɧɬɪɚɥɢɡɨɜɚɧɧɵɦ ɝɢɞɪɨɩɢɬɚɧɢɟɦ [1]. ɋɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɩɪɨ-
ɟɤɬɚɧɬɭ ɊȾɌɌ ɩɪɢɯɨɞɢɬɫɹ ɪɟɲɚɬɶ ɡɚɞɚɱɭ ɧɚɯɨɠɞɟɧɢɹ ɬɚɤɢɯ ɤɨɧɫɬɪɭɤ-
ɬɢɜɧɵɯ ɜɚɪɢɚɧɬɨɜ ɫɢɫɬɟɦɵ ɉɍɋ – Ɋɉ, ɤɨɬɨɪɵɟ ɭɞɨɜɥɟɬɜɨɪɹɥɢ ɛɵ ɬɪɟ-
ɛɨɜɚɧɢɹɦ ɫɨ ɫɬɨɪɨɧɵ ɊȾɌɌ, ɤɚɤ ɤ ɱɚɫɬɢ ɟɝɨ ɤɨɧɫɬɪɭɤɰɢɢ, ɢ ɫɨ ɫɬɨɪɨɧɵ 

ɫɢɫɬɟɦɵ ɭɩɪɚɜɥɟɧɢɹ (ɋɍ) ɩɨɥɟɬɨɦ, ɤɚɤ ɤ ɟɟ ɢɫɩɨɥɧɢɬɟɥɶɧɨɦɭ ɭɫɬɪɨɣ-

ɫɬɜɭ (ɞɢɧɚɦɢɱɟɫɤɨɦɭ ɡɜɟɧɭ). 

Ɉɫɧɨɜɧɵɦ ɬɪɟɛɨɜɚɧɢɟɦ ɞɜɢɝɚɬɟɥɹ ɤ ɫɢɫɬɟɦɟ ɉɍɋ – Ɋɉ ɹɜɥɹɸɬɫɹ 
ɟɟ ɦɢɧɢɦɚɥɶɧɵɟ ɦɚɫɫɨɝɚɛɚɪɢɬɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ, ɬɚɤ ɤɚɤ ɦɚɫɫɚ ɫɢɫ-
ɬɟɦɵ ɉɍɋ – Ɋɉ ɦɨɠɟɬ ɞɨɫɬɢɝɚɬɶ ɜ ɦɚɫɫɟ ɞɜɢɝɚɬɟɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ ɨɬ 
15 % ɞɥɹ ɩɟɪɜɵɯ ɞɨ 25 % ɞɥɹ ɜɟɪɯɧɢɯ ɫɬɭɩɟɧɟɣ ɪɚɤɟɬɵ [1]. ɉɨɫɤɨɥɶɤɭ 

ɨɩɪɟɞɟɥɹɸɳɟɣ ɮɭɧɤɰɢɟɣ ɫɨɩɥɚ ɹɜɥɹɟɬɫɹ ɮɨɪɦɢɪɨɜɧɢɟ ɫɢɥɵ ɬɹɝɢ ɞɜɢ-

ɝɚɬɟɥɹ, ɬɨ ɡɚɞɚɱɚ ɦɢɧɢɦɢɡɚɰɢɢ ɦɚɫɫɨɝɚɛɚɪɢɬɧɵɯ ɩɨɤɚɡɚɬɟɥɟɣ ɨɬɧɨɫɢɬ-
ɫɹ ɤ ɤɨɧɫɬɪɭɤɰɢɢ ɭɡɥɚ ɩɨɞɜɟɫɚ ɉɍɋ ɢ ɤɨɦɩɨɧɨɜɤɟ ɷɥɟɦɟɧɬɨɜ ɪɭɥɟɜɨɝɨ 
ɩɪɢɜɨɞɚ. 

Ɇɚɫɫɨɝɚɛɚɪɢɬɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ Ɋɉ ɨɩɪɟɞɟɥɹɸɬɫɹ ɧɚɝɪɭɡɨɱɧɵɦ 

ɦɨɦɟɧɬɨɦ ɢ ɦɨɳɧɨɫɬɶɸ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɫɨɡɞɚɜɚɟɦɵɦ ɢ ɩɨɬɪɟɛɥɹɟɦɨɣ 

ɉɍɋ ɩɪɢ ɞɜɢɠɟɧɢɢ ɩɨ ɡɚɤɨɧɭ ɢ ɫ ɩɚɪɚɦɟɬɪɚɦɢ, ɨɛɟɫɩɟɱɢɜɚɸɳɢɦɢ ɧɟ-
ɨɛɯɨɞɢɦɨɟ ɞɢɧɚɦɢɱɟɫɤɨɟ ɤɚɱɟɫɬɜɨ ɩɪɨɰɟɫɫɨɜ ɭɩɪɚɜɥɟɧɢɹ ɩɨɥɟɬɨɦ [2]. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɢ ɩɪɨɟɤɬɧɨɦ ɚɧɚɥɢɡɟ ɚɥɶɬɟɪɧɚɬɢɜɧɵɯ ɤɨɧɫɬ-
ɪɭɤɬɢɜɧɵɯ ɜɚɪɢɚɧɬɨɜ ɉɍɋ ɩɪɨɟɤɬɚɧɬ ɞɨɥɠɟɧ ɨɰɟɧɢɜɚɬɶ ɢɯ ɤɨɧɫɬɪɭɤ-
ɬɢɜɧɨɟ ɫɨɜɟɪɲɟɧɫɬɜɨ ɫ ɭɱɟɬɨɦ ɦɚɫɫɨɝɚɛɚɪɢɬɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɪɭɥɟ-
ɜɨɝɨ ɩɪɢɜɨɞɚ. Ɉɫɨɛɟɧɧɨɫɬɶ ɪɟɲɟɧɢɹ ɬɚɤɨɣ ɡɚɞɚɱɢ ɜ ɬɨɦ, ɱɬɨ ɞɥɹ ɤɚɠ-

ɞɨɝɨ ɤɨɧɫɬɪɭɤɬɢɜɧɨɝɨ ɜɚɪɢɚɧɬɚ ɉɍɋ ɩɨ ɟɝɨ ɧɚɝɪɭɡɨɱɧɨɦɭ ɦɨɦɟɧɬɭ ɢ 

ɩɨɬɪɟɛɥɹɟɦɨɣ ɦɨɳɧɨɫɬɢ ɥɢɛɨ ɩɨɞɛɢɪɚɟɬɫɹ ɩɪɢɜɨɞ ɢɡ ɫɭɳɟɫɬɜɭɸɳɟɣ 
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ɧɨɦɟɧɤɥɚɬɭɪɵ Ɋɉ ɫ ɢɡɜɟɫɬɧɵɦɢ ɦɚɫɫɨɝɚɛɚɪɢɬɧɵɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ 

[1], ɥɢɛɨ ɷɬɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɪɨɝɧɨɡɢɪɭɸɬɫɹ, ɚ ɜ ɞɚɥɶɧɟɣɲɟɦ ɡɚɤɥɚ-
ɞɵɜɚɸɬɫɹ ɜ ɬɟɯɧɢɱɟɫɤɨɟ ɡɚɞɚɧɢɟ ɧɚ ɩɪɨɟɤɬɢɪɨɜɚɧɢɟ Ɋɉ [3]. 

ȼ ɥɸɛɨɦ ɢɡ ɷɬɢɯ ɫɥɭɱɚɟɜ ɜɨɡɧɢɤɚɟɬ ɡɚɞɚɱɚ ɨɛɨɫɧɨɜɚɧɧɨɝɨ ɩɪɨ-
ɟɤɬɧɨɝɨ ɚɧɚɥɢɡɚ ɧɚɝɪɭɡɨɱɧɨɝɨ ɦɨɦɟɧɬɚ ɢ ɩɨɬɪɟɛɥɹɟɦɨɣ ɦɨɳɧɨɫɬɢ 

ɉɍɋ, ɱɬɨ ɦɨɠɟɬ ɛɵɬɶ ɜɵɩɨɥɧɟɧɨ ɬɨɥɶɤɨ ɩɪɢ ɭɱɟɬɟ ɬɪɟɛɨɜɚɧɢɣ ɋɍ ɩɨ-
ɥɟɬɨɦ ɤ ɞɢɧɚɦɢɱɟɫɤɢɦ ɢ ɷɧɟɪɝɟɬɢɱɟɫɤɢɦ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ ɫɢɫɬɟɦɵ 

ɉɍɋ – Ɋɉ ɤɚɤ ɤ ɫɜɨɟɦɭ ɢɫɩɨɥɧɢɬɟɥɶɧɨɦɭ ɞɢɧɚɦɢɱɟɫɤɨɦɭ ɡɜɟɧɭ. Ⱦɥɹ 
ɪɟɲɟɧɢɹ ɷɬɨɣ ɡɚɞɚɱɢ ɞɨɥɠɧɵ ɛɵɬɶ ɨɩɪɟɞɟɥɟɧɵ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɞɢ-

ɧɚɦɢɤɟ ɩɟɪɟɯɨɞɧɵɯ ɪɟɠɢɦɨɜ ɋɍ ɩɨɥɟɬɨɦ ɡɚɤɨɧ ɢ ɩɚɪɚɦɟɬɪɵ ɞɜɢɠɟɧɢɹ 
ɉɍɋ, ɚ ɬɚɤɠɟ ɦɚɬɟɦɚɬɢɱɟɫɤɚɹ ɦɨɞɟɥɶ ɲɚɪɧɢɪɧɨɝɨ ɦɨɦɟɧɬɚ ɉɍɋ [4]. 

ȼ ɚɫɩɟɤɬɟ ɭɩɪɚɜɥɟɧɢɹ ɩɨɥɟɬɨɦ ɪɚɤɟɬɵ ɫ ɬɪɟɛɭɟɦɵɦ ɞɢɧɚɦɢɱɟ-
ɫɤɢɦ ɤɚɱɟɫɬɜɨɦ ɫɢɫɬɟɦɚ ɉɍɋ – Ɋɉ ɞɨɥɠɧɚ ɨɛɥɚɞɚɬɶ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ 

ɛɵɫɬɪɨɞɟɣɫɬɜɢɟɦ, ɤɨɬɨɪɨɟ ɩɪɢɧɹɬɨ ɯɚɪɚɤɬɟɪɢɡɨɜɚɬɶ ɲɢɪɢɧɨɣ ɩɨɥɨɫɵ 

ɩɪɨɩɭɫɤɚɟɦɵɯ ɛɟɡ ɫɭɳɟɫɬɜɟɧɧɵɯ ɢɫɤɚɠɟɧɢɣ ɩɨ ɚɦɩɥɢɬɭɞɟ ɢ ɮɚɡɟ ɨɫ-
ɧɨɜɧɵɯ ɱɚɫɬɨɬ ɤɨɦɚɧɞɧɵɯ ɫɢɝɧɚɥɨɜ ɋɍ. Ȼɵɫɬɪɨɞɟɣɫɬɜɢɟ ɫɢɫɬɟɦɵ 

ɉɍɋ – Ɋɉ ɨɩɪɟɞɟɥɹɸɬ ɟɟ ɤɨɧɫɬɪɭɤɬɢɜɧɵɟ ɩɚɪɚɦɟɬɪɵ, ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ 

ɜɥɢɹɸɳɢɟ ɧɚ ɜɢɞ ɢ ɞɢɧɚɦɢɤɭ ɩɟɪɟɯɨɞɧɵɯ ɪɟɠɢɦɨɜ ɜ ɫɢɫɬɟɦɟ. ɗɬɢ ɪɟ-
ɠɢɦɵ ɞɨɥɠɧɵ ɛɵɬɶ ɷɧɟɪɝɟɬɢɱɟɫɤɢ ɨɛɟɫɩɟɱɟɧɵ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɣ ɦɨɳ-

ɧɨɫɬɶɸ ɩɪɢɜɨɞɚ, ɭɜɟɥɢɱɟɧɢɟ ɤɨɬɨɪɨɣ ɜɟɞɟɬ ɤ ɪɨɫɬɭ ɝɚɛɚɪɢɬɧɵɯ ɪɚɡɦɟ-
ɪɨɜ ɢ ɦɚɫɫɵ ɢɫɬɨɱɧɢɤɨɜ ɷɧɟɪɝɢɢ. 

ɇɚɢɛɨɥɟɟ ɷɧɟɪɝɨɟɦɤɢɦ ɩɪɨɰɟɫɫɨɦ ɜ ɫɢɫɬɟɦɟ ɉɍɋ – Ɋɉ ɹɜɥɹɟɬɫɹ 
ɭɝɥɨɜɨɟ ɞɜɢɠɟɧɢɟ ɫɨɩɥɚ [1, 5]. ɋɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɩɨɬɪɟɛɧɵɟ ɦɨɳɧɨɫɬɶ 
ɢ ɦɨɦɟɧɬ Ɋɉ ɨɩɪɟɞɟɥɹɸɬɫɹ ɡɚɤɨɧɚɦɢ ɢ ɩɚɪɚɦɟɬɪɚɦɢ ɞɜɢɠɟɧɢɹ ɉɍɋ, 

ɚ ɬɚɤɠɟ ɫɬɪɭɤɬɭɪɨɣ ɢ ɜɟɥɢɱɢɧɚɦɢ ɫɨɫɬɚɜɥɹɸɳɢɯ ɟɝɨ ɲɚɪɧɢɪɧɨɝɨ ɦɨ-
ɦɟɧɬɚ.  

ɍɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ ɉɍɋ ɜ ɩɥɨɫɤɨɫɬɢ ɤɚɱɚɧɢɹ ɢɦɟɟɬ ɜɢɞ 

 Ɋɉ( ) ( ) ( )i

i

J t M t M tδ = −∑&& , (1) 

ɝɞɟ δ  – ɭɝɨɥ ɨɬɤɥɨɧɟɧɢɹ ɫɨɩɥɚ; Ɋɉ, , iJ M M   – ɩɪɢɜɟɞɟɧɧɵɟ ɤ ɨɫɢ ɤɚ-
ɱɚɧɢɹ ɉɍɋ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɦɨɦɟɧɬ ɢɧɟɪɰɢɢ ɟɝɨ ɩɨɞɜɢɠɧɨɣ ɱɚɫɬɢ ɢ 

ɤɢɧɟɦɚɬɢɱɟɫɤɢ ɫɜɹɡɚɧɧɵɯ ɫ ɧɟɣ ɷɥɟɦɟɧɬɨɜ ɤɨɧɫɬɪɭɤɰɢɢ, ɦɨɦɟɧɬ Ɋɉ 

ɢ ɫɨɫɬɚɜɥɹɸɳɢɟ ɲɚɪɧɢɪɧɨɝɨ ɦɨɦɟɧɬɚ. 
ɇɚ ɫɬɚɞɢɢ ɩɪɨɟɤɬɧɨɝɨ ɚɧɚɥɢɡɚ ɫ ɭɱɟɬɨɦ ɯɚɪɚɤɬɟɧɵɯ ɞɥɹ ɉɍɋ ɧɟ-

ɛɨɥɶɲɢɯ ɭɝɥɨɜ ɤɚɱɚɧɢɹ ɭɪɚɜɧɟɧɢɟ (1) ɦɨɠɟɬ ɛɵɬɶ ɩɪɟɞɫɬɚɜɥɟɧɨ ɜ ɥɢ-

ɧɟɚɪɢɡɨɜɚɧɧɨɦ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɣɬɪɚɥɶɧɨɝɨ ɩɨɥɨɠɟɧɢɹ ɫɨɩɥɚ ɜɢɞɟ 
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 ( ) ( ) ( ) ( )FJ t c t c t c F tδδδ + δ + δ =&
&& & , (2) 

ɝɞɟ F – ɭɫɢɥɢɟ, ɫɨɡɞɚɜɚɟɦɨɟ ɊɆ ɩɪɢɜɨɞɚ ɞɥɹ ɨɬɤɥɨɧɟɧɢɹ ɉɍɋ ɩɨ ɤɨ-
ɦɚɧɞɟ r(t) ɋɍ ɩɨɥɟɬɨɦ, 

 ( ) ( )rF t k r t= ; (3) 

,c cδ δ&  – ɤɨɷɮɮɢɰɢɟɧɬɵ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɩɨɡɢɰɢɨɧɧɵɯ ɢ ɞɟɦɩɮɢɪɭɸɳɢɯ 

ɫɨɫɬɚɜɥɹɸɳɢɯ ɲɚɪɧɢɪɧɨɝɨ ɦɨɦɟɧɬɚ; Fc  – ɤɨɷɮɮɢɰɢɟɧɬ ɦɨɦɟɧɬɚ Ɋɉ, 

ɭɱɢɬɵɜɚɸɳɢɣ ɜ ɬɨɦ ɱɢɫɥɟ ɤɨɥɢɱɟɫɬɜɨ ɢ ɤɨɦɩɨɧɨɜɤɭ ɧɚ ɫɨɩɥɟ ɪɭɥɟɜɵɯ 
ɦɚɲɢɧ, ɢɫɩɨɥɶɡɭɟɦɵɯ ɞɥɹ ɤɚɱɚɧɢɹ ɉɍɋ. 

ȼ ɬɟɨɪɢɢ ɚɜɬɨɦɚɬɢɱɟɫɤɨɝɨ ɭɩɪɚɜɥɟɧɢɹ ɭɪɚɜɧɟɧɢɟ (2) ɤɥɚɫɫɢɮɢ-

ɰɢɪɭɟɬɫɹ ɤɚɤ ɬɢɩɨɜɨɟ ɞɢɧɚɦɢɱɟɫɤɨɟ ɡɜɟɧɨ 2-ɝɨ ɩɨɪɹɞɤɚ (ɤɨɥɟɛɚɬɟɥɶɧɨɟ 
ɡɜɟɧɨ ɩɪɢ 0 1<ξ< ): 

 2 ( ) 2 ( ) ( ) ( )T t T t t Kr tδ + ξ δ +δ =&& & , (4) 

ɝɞɟ J
T

cδ=  – ɩɨɫɬɨɹɧɧɚɹ ɜɪɟɦɟɧɢ; 
1

2

c

Jc

δ
δ

ξ = &
 – ɤɨɷɮɮɢɰɢɟɧɬ ɨɬɧɨɫɢ-

ɬɟɥɶɧɨɝɨ ɞɟɦɩɮɢɪɨɜɚɧɢɹ; F rK c k=  – ɤɨɷɮɮɢɰɢɟɧɬ ɩɟɪɟɞɚɱɢ ɡɜɟɧɚ. 
ɉɟɪɟɯɨɞɧɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɤɨɥɟɛɚɬɟɥɶɧɨɝɨ ɡɜɟɧɚ (ɩɟɪɟɯɨɞɧɵɣ 

ɩɪɨɰɟɫɫ ɩɪɢ ɫɬɭɩɟɧɱɚɬɨɦ ɜɯɨɞɧɨɦ ɫɢɝɧɚɥɟ 0( ) 1( ))r t r t=  ɩɨɤɚɡɚɧɚ ɧɚ 
ɪɢɫ. 1. 

ɉɟɪɟɯɨɞɧɨɦɭ ɩɪɨɰɟɫɫɭ ɧɚ ɪɢɫ. 1 ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɫɥɟɞɭɸɳɢɟ ɦɚ-
ɬɟɦɚɬɢɱɟɫɤɢɟ ɜɵɪɚɠɟɧɢɹ [6, 7]: 

– ɞɥɹ ɭɝɥɚ, ɫɤɨɪɨɫɬɢ ɢ ɭɫɤɨɪɟɧɢɹ  

 



 ψ+ωξ−−δ=δ ξω−

)sin(
1

1
1)( 0

2

* tet
t

; (5) 

tet
t ωω

ωδ=δ ξω−
sin)( 0

2
0*& ; )sincos()( 0

2
0* 0 ttet

t ωξω−ωωω
ωδ=δ ξω−&& ,  (6) 

ɝɞɟ 
21

arctg
−ξΨ = ξ ; 0

1

T
ω =  – ɱɚɫɬɨɬɚ ɫɨɩɪɹɠɟɧɢɹ ɧɢɡɤɨɱɚɫɬɨɬɧɨɣ ɢ 

ɜɵɫɨɤɨɱɚɫɬɨɬɧɨɣ ɨɛɥɚɫɬɟɣ ɧɚ ɝɪɚɮɢɤɟ ɥɨɝɚɪɢɮɦɢɱɟɫɤɨɣ ɚɦɩɥɢɬɭɞɧɨɣ 
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ɱɚɫɬɨɬɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɤɨɥɟɛɚɬɟɥɶɧɨɝɨ ɡɜɟɧɚ; ω – ɱɚɫɬɨɬɚ ɫɨɛɫɬ-
ɜɟɧɧɵɯ ɤɨɥɟɛɚɧɢɣ ɡɜɟɧɚ, 

 2
0 1ω= ω −ξ ; (7) 

 

Ɋɢɫ. 1. ɉɟɪɟɯɨɞɧɵɣ ɩɪɨɰɟɫɫ ɩɪɢ r(t) = ro1(t): *
0Krδ =  – ɭɫɬɚɧɨɜɢɜɲɟɟɫɹ  

ɡɧɚɱɟɧɢɟ; σ – ɩɟɪɟɪɟɝɭɥɢɪɨɜɚɧɢɟ; tɩ.ɩ – ɜɪɟɦɹ ɩɟɪɟɯɨɞɧɨɝɨ ɩɪɨɰɟɫɫɚ,  
ɨɩɪɟɞɟɥɹɟɦɨɟ ɧɚɱɚɥɶɧɵɦ ɦɨɦɟɧɬɨɦ ɜɵɩɨɥɧɟɧɢɹ ɭɫɥɨɜɢɹ  

*

* *

( )
0,05

t∆ δ −δ= ≤δ δ  ɩɪɢ t ≥ tɩ.ɩ 

– ɞɥɹ ɦɨɦɟɧɬɨɜ ɜɪɟɦɟɧɢ (ɫɦ. ɪɢɫ. 1, 
maxδ&t  – ɦɨɦɟɧɬ ɧɚɛɥɸɞɟɧɢɹ 

ɦɚɤɫɢɦɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ) 

 ;rt
π−ψ= ω  tσ π= ω ; 

max
;tδ

ψ= ω&  (8) 

– ɞɥɹ ɫɨɨɬɧɨɲɟɧɢɹ ɦɟɠɞɭ ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɞɟɦɩ-

ɮɢɪɨɜɚɧɢɹ ɢ ɩɟɪɟɪɟɝɭɥɢɪɨɜɚɧɢɟɦ 

 ( )2

1
.

1 ln
ξ = + π σ  (9) 

ȼ ɫɬɪɭɤɬɭɪɟ ɋɍ ɩɨɥɟɬɨɦ (ɫɢɫɬɟɦɵ ɭɝɥɨɜɨɣ ɫɬɚɛɢɥɢɡɚɰɢɢ ɪɚɤɟɬɵ) 

ɫɢɫɬɟɦɚ ɉɍɋ – Ɋɉ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ ɡɚɦɤɧɭɬɭɸ ɫɥɟɞɹɳɭɸ ɫɢɫɬɟɦɭ 
ɜɨɫɩɪɨɢɡɜɟɞɟɧɢɹ ɩɨ ɤɨɦɚɧɞɧɵɦ ɫɢɝɧɚɥɚɦ ɭɝɥɚ ɨɬɤɥɨɧɟɧɢɹ ɉɍɋ. ȼ ɪɚ-

δmax 

   2∆ 
σ 

tɩ.ɩ t     tr tσ 0 

δ 

δ*  



ɍɱɟɬ ɬɪɟɛɨɜɚɧɢɣ ɫɢɫɬɟɦɵ ɭɩɪɚɜɥɟɧɢɹ ɩɨɥɟɬɨɦ ɩɪɢ ɚɧɚɥɢɡɟ ɜɚɪɢɚɧɬɨɜ ɫɨɩɥɚ 
 

 69

ɡɨɦɤɧɭɬɨɦ ɤɨɧɬɭɪɟ ɫɥɟɞɹɳɟɣ ɫɢɫɬɟɦɵ ɫɨɩɥɨ, ɤɚɤ ɤɨɥɟɛɚɬɟɥɶɧɨɟ ɡɜɟɧɨ, 
ɜɤɥɸɱɟɧɨ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨ ɫ ɞɢɧɚɦɢɱɟɫɤɢɦɢ ɷɥɟɦɟɧɬɚɦɢ ɪɭɥɟɜɨɝɨ 
ɩɪɢɜɨɞɚ. ɑɬɨɛɵ ɞɢɧɚɦɢɱɟɫɤɢɟ ɜɨɡɦɨɠɧɨɫɬɢ ɉɍɋ ɜ ɩɨɥɧɨɣ ɦɟɪɟ ɢɫ-
ɩɨɥɶɡɨɜɚɥɢɫɶ ɋɍ ɩɨɥɟɬɨɦ, ɩɨɫɬɨɹɧɧɵɟ ɜɪɟɦɟɧɢ ɞɢɧɚɦɢɱɟɫɤɢɯ ɷɥɟɦɟɧ-

ɬɨɜ Ɋɉ ɞɨɥɠɧɵ ɛɵɬɶ ɡɧɚɱɢɬɟɥɶɧɨ ɦɟɧɶɲɟ ɩɨɫɬɨɹɧɧɨɣ ɜɪɟɦɟɧɢ ɫɨɩɥɚ. 
ɗɬɨ ɩɨɡɜɨɥɹɟɬ ɧɚ ɫɬɚɞɢɢ ɩɪɨɟɤɬɧɨɝɨ ɚɧɚɥɢɡɚ ɜ ɩɟɪɜɨɦ ɩɪɢɛɥɢɠɟɧɢɢ 

ɚɩɩɪɨɤɫɢɦɢɪɨɜɚɬɶ ɞɢɧɚɦɢɤɭ ɡɚɦɤɧɭɬɨɣ ɫɢɫɬɟɦɵ ɉɍɋ – Ɋɉ ɭɪɚɜɧɟɧɢ-

ɟɦ ɤɨɥɟɛɚɬɟɥɶɧɨɝɨ ɡɜɟɧɚ (4) [5], ɩɚɪɚɦɟɬɪɵ ɤɨɬɨɪɨɝɨ ɛɭɞɭɬ ɨɩɪɟɞɟ-
ɥɹɬɶɫɹ ɤɚɤ ɤɨɧɫɬɪɭɤɬɢɜɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɫɢɫɬɟɦɵ, ɬɚɤ ɢ ɤɨɪɪɟɤɬɢ-

ɪɭɸɳɢɦɢ ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ ɨɛɪɚɬɧɨɣ ɫɜɹɡɢ, ɜɜɨɞɢɦɨɣ ɞɥɹ ɨɛɟɫɩɟɱɟɧɢɹ 
ɬɪɟɛɭɟɦɵɯ ɞɢɧɚɦɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ. 

Ⱦɥɹ ɩɪɨɟɤɬɚɧɬɚ ɉɍɋ ɬɪɟɛɨɜɚɧɢɹ ɋɍ ɩɨɥɟɬɨɦ ɪɟɞɭɰɢɪɭɸɬɫɹ 
ɤ ɨɞɧɨɦɭ ɬɪɟɛɨɜɚɧɢɸ: ɫɢɫɬɟɦɚ ɉɍɋ – Ɋɉ ɞɨɥɠɧɚ ɨɛɟɫɩɟɱɢɜɚɬɶ ɧɚ ɜɫɟɯ 
ɪɟɠɢɦɚɯ ɩɨɥɟɬɚ ɨɬɤɥɨɧɟɧɢɟ ɫɨɩɥɚ ɫ ɩɚɪɚɦɟɬɪɚɦɢ  

 *
mδ , *

mtδ , (10) 

ɝɞɟ *
mδ  ɢ *

mtδ  – ɡɚɞɚɧɧɵɟ ɡɧɚɱɟɧɢɹ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɭɝɥɚ ɨɬɤɥɨɧɟɧɢɹ 
ɉɍɋ ɢɡ ɧɟɣɬɪɚɥɶɧɨɝɨ ɩɨɥɨɠɟɧɢɹ ɢ ɜɪɟɦɟɧɢ ɨɬɤɥɨɧɟɧɢɹ ɧɚ ɷɬɨɬ ɭɝɨɥ. 
ɗɬɨ ɬɪɟɛɨɜɚɧɢɟ ɜ ɞɨɫɬɚɬɨɱɧɨɣ ɫɬɟɩɟɧɢ ɨɩɪɟɞɟɥɹɟɬ ɞɢɧɚɦɢɱɟɫɤɨɟ ɤɚɱɟ-
ɫɬɜɨ ɫɢɫɬɟɦɵ ɉɍɋ – Ɋɉ ɜ ɚɫɩɟɤɬɟ ɭɩɪɚɜɥɹɟɦɨɫɬɢ ɩɨɥɟɬɨɦ, ɤɨɝɞɚ ɧɚɢ-

ɛɨɥɟɟ ɜɚɠɧɵɦ ɹɜɥɹɟɬɫɹ ɜɪɟɦɹ ɞɨɫɬɢɠɟɧɢɹ ɦɚɤɫɢɦɚɥɶɧɨɣ ɜɟɥɢɱɢɧɵ 

ɭɩɪɚɜɥɹɸɳɟɝɨ ɦɨɦɟɧɬɚ [5]. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɩɚɪɚɦɟɬɪɵ ɤɨɥɟɛɚɬɟɥɶɧɨɝɨ 

ɡɜɟɧɚ (4), ɚɩɩɪɨɤɫɢɦɢɪɭɸɳɟɝɨ ɞɢɧɚɦɢɤɭ ɫɢɫɬɟɦɵ ɉɍɋ – Ɋɉ, ɦɨɝɭɬ 
ɛɵɬɶ ɨɩɪɟɞɟɥɟɧɵ ɢɫɯɨɞɹ ɢɡ ɬɪɟɛɨɜɚɧɢɹ (10) ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨɛɵ ɩɟ-
ɪɟɯɨɞɧɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɡɜɟɧɚ (ɫɦ. ɪɢɫ. 1) ɫɨɨɬɜɟɬɫɬɜɨɜɚɥɚ ɠɟɥɚɟɦɵɦ 

ɡɚɩɚɫɚɦ ɭɫɬɨɣɱɢɜɨɫɬɢ ɢ ɛɵɫɬɪɨɞɟɣɫɬɜɢɸ. ɂɡɜɟɫɬɧɨ, ɱɬɨ ɡɚɩɚɫ ɭɫɬɨɣ-

ɱɢɜɨɫɬɢ ɜɨɡɪɚɫɬɚɟɬ ɫ ɭɦɟɧɶɲɟɧɢɟɦ ɩɟɪɟɪɟɝɭɥɢɪɨɜɚɧɢɹ σ ɢ, ɫɨɨɬɜɟɬɫɬ-
ɜɟɧɧɨ, ɭɜɟɥɢɱɟɧɢɟɦ ɤɨɷɮɮɢɰɢɟɧɬɚ ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɞɟɦɩɮɢɪɨɜɚɧɢɹ ξ 

(9). Ⱦɥɹ ɰɟɥɟɣ ɩɪɨɟɤɬɧɨɝɨ ɚɧɚɥɢɡɚ ɪɟɤɨɦɟɧɞɭɟɬɫɹ  ɩɪɢɧɢɦɚɬɶ ɤɨɷɮɮɢ-

ɰɢɟɧɬ 0,5ξ = , ɨɛɟɫɩɟɱɢɜɚɸɳɢɣ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɵɣ ɩɟɪɟɯɨɞɧɵɣ ɩɪɨ-
ɰɟɫɫ ɫ ɞɨɫɬɚɬɨɱɧɵɦ ɛɵɫɬɪɨɞɟɣɫɬɜɢɟɦ ɢ ɡɚɩɚɫɨɦ ɭɫɬɨɣɱɢɜɨɫɬɢ [5]. 

ȼ ɚɫɩɟɤɬɟ ɞɢɧɚɦɢɤɢ ɋɍ ɩɨɥɟɬɨɦ ɬɪɟɛɨɜɚɧɢɹ (10) ɦɨɠɧɨ ɫɱɢɬɚɬɶ ɜɵ-

ɩɨɥɧɟɧɧɵɦɢ, ɟɫɥɢ ɜ ɩɟɪɟɯɨɞɧɨɦ ɩɪɨɰɟɫɫɟ (ɫɦ. ɪɢɫ. 1) ɡɚ ɜɪɟɦɹ *
r mt tδ=  

ɩɟɪɜɵɣ ɪɚɡ ɛɭɞɟɬ ɞɨɫɬɢɝɧɭɬɨ ɭɫɬɚɧɨɜɢɜɲɟɟɫɹ ɡɧɚɱɟɧɢɟ * *
mδ =δ , ɧɟ-

ɫɦɨɬɪɹ ɧɚ ɟɳɟ ɧɟ ɡɚɤɨɧɱɢɜɲɟɟɫɹ ɜɪɟɦɹ ɩ.ɩt  ɜɫɟɝɨ ɩɟɪɟɯɨɞɧɨɝɨ ɩɪɨɰɟɫ-
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ɫɚ. Ɉɬɫɸɞɚ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɟ ɬɪɟɛɨɜɚɧɢɸ (10) ɡɧɚɱɟɧɢɟ ɩɨɫɬɨɹɧɧɨɣ 

ɜɪɟɦɟɧɢ ɨɩɪɟɞɟɥɢɬɫɹ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜɵɪɚɠɟɧɢɣ (7)–(9) ɩɪɢ ɜɵɛɨɪɟ 
ɡɧɚɱɟɧɢɹ ξ ɜ ɞɢɚɩɚɡɨɧɟ 0 1<ξ< : 

 ( )* 2
*

2

1
.

arctg 1

mt
T δ −ξ= π− −ξ ξ  (11) 

ɋɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɤɨɦɚɧɞɧɵɦ ɫɢɝɧɚɥɚɦ ɋɍ ɩɨɥɟɬɨɦ ɡɚɤɨɧɵ ɞɜɢ-

ɠɟɧɢɹ ɉɍɋ ɦɨɝɭɬ ɛɵɬɶ ɜɨɫɩɪɨɢɡɜɟɞɟɧɵ ɫɢɫɬɟɦɨɣ ɉɍɋ – Ɋɉ ɥɢɲɶ 
ɜ ɬɨɦ ɫɥɭɱɚɟ, ɟɫɥɢ ɨɛɟɫɩɟɱɟɧɵ ɞɨɫɬɚɬɨɱɧɵɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɜɨɡɦɨɠɧɨ-
ɫɬɢ ɫɢɥɨɜɨɝɨ ɷɥɟɦɟɧɬɚ (ɪɭɥɟɜɨɣ ɦɚɲɢɧɵ) ɩɪɢɜɨɞɚ ɫɨɩɥɚ. Ⱦɥɹ ɷɬɨɝɨ ɧɟ-
ɨɛɯɨɞɢɦɨ, ɱɬɨɛɵ ɦɟɯɚɧɢɱɟɫɤɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɊɆ ɛɵɥɚ ɜɧɟɲɧɟɣ ɩɨ 
ɨɬɧɨɲɟɧɢɸ ɤ ɧɚɝɪɭɡɨɱɧɵɦ ɦɟɯɚɧɢɱɟɫɤɢɦ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ ɉɍɋ, ɨɩ-

ɪɟɞɟɥɹɟɦɵɦ ɞɥɹ ɜɫɟɯ ɜɨɡɦɨɠɧɵɯ ɡɚɤɨɧɨɜ ɞɜɢɠɟɧɢɹ ɫɨɩɥɚ ɩɨ ɤɨɦɚɧɞɚɦ 

ɋɍ [2]. ɇɚ ɪɢɫ. 2 ɩɪɢɜɟɞɟɧɚ ɧɚɝɪɭɡɨɱɧɚɹ ɦɟɯɚɧɢɱɟɫɤɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ 
ɉɍɋ (ɤɪɢɜɚɹ 1) ɧ( ),f Mδ =&  ɧ ( ) ( ) ( )i

i

M t J t M t= δ +∑&&  – ɧɚɝɪɭɡɨɱɧɵɣ ɦɨ-

ɦɟɧɬ ɫ ɭɱɟɬɨɦ ɧɟɥɢɧɟɣɧɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ, ɩɨɥɭɱɟɧɧɚɹ ɞɥɹ ɉɍɋ ɫ ɷɥɚ-
ɫɬɢɱɧɵɦ ɨɩɨɪɧɵɦ ɲɚɪɧɢɪɨɦ (ɗɈɒ) [8] ɜ ɩɟɪɟɯɨɞɧɨɦ ɪɟɠɢɦɟ (5) ɫɢɫ-
ɬɟɦɵ ɉɍɋ – Ɋɉ ɫ ɩɚɪɚɦɟɬɪɚɦɢ *,T T=  0,5ξ =  ɢ * *

mδ =δ . Ɂɞɟɫɶ ɠɟ ɩɨ-
ɤɚɡɚɧɚ ɦɟɯɚɧɢɱɟɫɤɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɊɆ (ɥɢɧɢɹ 2), ɚɩɩɪɨɤɫɢɦɢɪɨɜɚɧ-

ɧɚɹ [9] ɩɪɹɦɨɣ ɯ.ɯ
ɊɆ ɯ.ɯ ɊɆ

ɩ
M

M

δδ = δ − &
& & , ɝɞɟ x.xδ&  ɢ ɩM  – ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ 

ɫɤɨɪɨɫɬɶ ɯɨɥɨɫɬɨɝɨ ɯɨɞɚ ɢ ɩɭɫɤɨɜɨɣ ɦɨɦɟɧɬ ɊɆ, ɩɪɢɜɟɞɟɧɧɵɟ ɤ ɨɫɢ 

ɤɚɱɚɧɢɹ ɫɨɩɥɚ ɫ ɭɱɟɬɨɦ ɩɟɪɟɞɚɬɨɱɧɨɝɨ ɱɢɫɥɚ ɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɥɟɡɧɨ-
ɝɨ ɞɟɣɫɬɜɢɹ ɤɢɧɟɦɚɬɢɱɟɫɤɨɣ ɫɜɹɡɢ.  

ɉɪɢ ɫɬɚɛɢɥɢɡɚɰɢɢ ɪɚɤɟɬɵ ɫɢɫɬɟɦɚ ɉɍɋ – Ɋɉ ɪɚɛɨɬɚɟɬ ɜ ɩɟɪɢɨɞɢ-

ɱɟɫɤɨɦ ɪɟɠɢɦɟ, ɛɥɢɡɤɨɦ ɤ ɝɚɪɦɨɧɢɱɟɫɤɨɦɭ [5, 10]. ɉɨɷɬɨɦɭ ɧɚ ɩɪɚɤɬɢ-

ɤɟ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɧɚɝɪɭɡɨɱɧɨɣ ɦɟɯɚɧɢɱɟɫɤɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɨɛɵɱɧɨ 

ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɝɚɪɦɨɧɢɱɟɫɤɢɣ ɡɚɤɨɧ ɞɜɢɠɟɧɢɹ ɫɨɩɥɚ ɫ ɚɦɩɥɢɬɭɞɨɣ, 

ɨɩɪɟɞɟɥɹɟɦɨɣ ɬɪɟɛɨɜɚɧɢɟɦ (10): 

 *( ) sinmt tδ =δ Ω ; *( ) cosmt tδ = δ Ω Ω& ; * 2( ) sin .mt tδ = −δ Ω Ω&&  (12) 
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Ɋɢɫ. 2. ɇɚɝɪɭɡɨɱɧɚɹ ɦɟɯɚɧɢɱɟɫɤɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɉɍɋ (1) 

ɢ ɦɟɯɚɧɢɱɟɫɤɚɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɊɆ (2) 

ȼ ɷɬɨɦ ɫɥɭɱɚɟ, ɨɞɧɚɤɨ, ɜɨɡɧɢɤɚɟɬ ɡɚɞɚɱɚ ɨɛɨɫɧɨɜɚɧɧɨɝɨ ɜɵɛɨɪɚ 
ɡɧɚɱɟɧɢɹ ɱɚɫɬɨɬɵ Ω, ɨɬ ɤɨɬɨɪɨɝɨ ɫɭɳɟɫɬɜɟɧɧɨ ɡɚɜɢɫɹɬ ɧɚɝɪɭɡɨɱɧɵɣ 

ɦɨɦɟɧɬ ɢ ɩɨɬɪɟɛɥɹɟɦɚɹ ɦɨɳɧɨɫɬɶ ɫɨɩɥɚ. Ⱦɥɹ ɪɟɲɟɧɢɹ ɞɚɧɧɨɣ ɡɚɞɚɱɢ 

ɧɚ ɫɬɚɞɢɢ ɩɪɨɟɤɬɧɨɝɨ ɚɧɚɥɢɡɚ ɤɨɧɫɬɪɭɤɬɢɜɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɜɚɪɢɚɧ-

ɬɨɜ ɉɍɋ ɪɚɫɫɦɚɬɪɢɜɚɥɢɫɶ ɫɥɟɞɭɸɳɢɟ ɩɨɞɯɨɞɵ: 

1. ȿɫɥɢ ɫɱɢɬɚɬɶ, ɱɬɨ ɩɪɢ ɨɬɤɥɨɧɟɧɢɢ ɉɍɋ ɧɚ ɭɝɨɥ *
mδ  ɩɪɨɢɫɯɨɞɢɬ 

ɛɵɫɬɪɨɟ ɧɚɫɵɳɟɧɢɟ Ɋɉ ɩɨ ɫɤɨɪɨɫɬɢ, ɬɨ ɨɬɤɥɨɧɟɧɢɟ ɫɨɩɥɚ ɛɭɞɟɬ ɩɪɨɢɫ-
ɯɨɞɢɬɶ ɫ ɩɨɫɬɨɹɧɧɨɣ, ɦɚɤɫɢɦɚɥɶɧɨɣ ɞɥɹ ɩɪɢɜɨɞɚ ɫɤɨɪɨɫɬɶɸ. Ɍɚɤɚɹ 
ɫɤɨɪɨɫɬɶ Ɋɉ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɚɹ ɬɪɟɛɨɜɚɧɢɹɦ (10), ɨɩɪɟɞɟɥɢɬɫɹ ɤɚɤ 

max * *
Ɋɉ m mtδδ =δ& . ɋɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɟɫɥɢ ɜ ɝɚɪɦɨɧɢɱɟɫɤɨɦ ɡɚɤɨɧɟ (12) ɩɪɢ-

ɧɹɬɶ ɞɥɹ ɚɦɩɥɢɬɭɞɵ ɩɨ ɫɤɨɪɨɫɬɢ * max
Ɋɉmδ Ω = δ& , ɢɫɤɨɦɚɹ ɱɚɫɬɨɬɚ 

max * *
Ɋɉ 1m mtδΩ =δ δ =& . 

2. ɋɨɝɥɚɫɧɨ ɬɟɨɪɢɢ ɚɜɬɨɦɚɬɢɱɟɫɤɨɝɨ ɭɩɪɚɜɥɟɧɢɹ ɫɥɟɞɹɳɚɹ ɫɢɫɬɟ-
ɦɚ ɉɍɋ – Ɋɉ ɜ ɜɢɞɟ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɞɢɧɚɦɢɱɟɫɤɨɝɨ ɤɨɥɟɛɚɬɟɥɶɧɨɝɨ 

ɡɜɟɧɚ ɫ ɩɨɫɬɨɹɧɧɨɣ ɜɪɟɦɟɧɢ *T  ɦɨɠɟɬ ɨɬɪɚɛɚɬɵɜɚɬɶ ɛɟɡ ɚɦɩɥɢɬɭɞɧɵɯ 

ɢɫɤɚɠɟɧɢɣ ɝɚɪɦɨɧɢɱɟɫɤɢɟ ɤɨɦɚɧɞɧɵɟ ɫɢɝɧɚɥɵ ɋɍ ɩɨɥɟɬɨɦ, ɱɚɫɬɨɬɵ 

ɤɨɬɨɪɵɯ ɧɟ ɩɪɟɜɵɲɚɸɬ ɫɨɩɪɹɝɚɟɦɭɸ ɱɚɫɬɨɬɭ * *
0 1 ,Tω =  ɝɞɟ *T  ɨɩɪɟ-

ɞɟɥɟɧɨ ɮɨɪɦɭɥɨɣ (11). ɋɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɠɟɥɚɬɟɥɶɧɨ, ɱɬɨɛɵ Ɋɉ ɢɦɟɥ 



Ⱥ.ɋ. Ȼɨɧɞɚɪɟɧɤɨ, Ⱦ.ɇ. Ⱦɟɦɟɧɟɜ, ɇ.ɇ. Ɂɚɣɰɟɜ 
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ɷɧɟɪɝɟɬɢɱɟɫɤɭɸ ɜɨɡɦɨɠɧɨɫɬɶ ɨɛɟɫɩɟɱɢɜɚɬɶ ɝɚɪɦɨɧɢɱɟɫɤɢɣ ɡɚɤɨɧ ɞɜɢ-

ɠɟɧɢɹ ɉɍɋ (12) ɫ ɱɚɫɬɨɬɨɣ * *
0 1 .TΩ = ω =  

3. ɂɡ-ɡɚ ɨɝɪɚɧɢɱɟɧɢɹ ɞɥɹ ɯɨɞɚ ɲɬɨɤɚ ɊɆ ɞɜɢɠɟɧɢɟ ɉɍɋ ɜ ɩɟɪɟ-
ɯɨɞɧɨɦ ɪɟɠɢɦɟ (5) ɫɢɫɬɟɦɵ ɉɍɋ – Ɋɉ, ɩɚɪɚɦɟɬɪɵ ɤɨɬɨɪɨɣ ɨɩɪɟɞɟɥɟ-
ɧɵ ɩɨ ɮɨɪɦɭɥɟ (11), ɛɭɞɟɬ ɬɚɤɠɟ ɨɝɪɚɧɢɱɟɧɨ ɧɟɪɚɜɟɧɫɬɜɨɦ *( ) mtδ ≤δ , 

ɬ.ɟ. ɜ ɦɨɦɟɧɬ *
r mt tδ=  (ɫɦ. ɪɢɫ. 1) ɫɨɩɥɨ, ɢɦɟɹ ɫɤɨɪɨɫɬɶ *( ),mtδδ&  ɤɚɤ ɛɵ 

ɫɬɚɧɨɜɢɬɫɹ ɧɚ ɦɟɯɚɧɢɱɟɫɤɢɣ ɭɩɨɪ ɢ ɤɚɤɨɟ-ɬɨ ɜɪɟɦɹ ɧɚɯɨɞɢɬɫɹ ɧɚ ɧɟɦ 

ɧɟɩɨɞɜɢɠɧɨ ( ( ) 0tδ =& ). Ⱦɥɹ ɬɚɤɨɝɨ ɞɜɢɠɟɧɢɹ ɩɪɢɜɨɞɭ ɫɨɩɥɚ ɞɨɫɬɚɬɨɱɧɨ 

ɨɛɟɫɩɟɱɢɜɚɬɶ ɦɚɤɫɢɦɚɥɶɧɭɸ ɫɤɨɪɨɫɬɶ max *
Ɋɉ ( )mtδδ =δ& & , ɝɞɟ *( )mtδδ&  ɨɩɪɟɞɟ-

ɥɹɟɬɫɹ ɩɨ ɩɟɪɜɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɢɡ (6). ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɦɚɤɫɢɦɚɥɶɧɵɟ 
ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɉɍɋ ɦɨɝɭɬ ɛɵɬɶ ɨɩɪɟɞɟɥɟɧɵ ɩɪɢ ɟɝɨ 
ɞɜɢɠɟɧɢɢ ɩɨ ɝɚɪɦɨɧɢɱɟɫɤɨɦɭ ɡɚɤɨɧɭ (12) ɫ ɱɚɫɬɨɬɨɣ 

max * * *
Ɋɉ ( ) .m m mtδΩ = δ δ =δ δ& &  

ɋɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɛɵɥɢ ɪɚɫɫɱɢɬɚɧɵ ɧɚɝɪɭɡɨɱɧɵɟ ɦɟɯɚɧɢɱɟɫɤɢɟ ɯɚ-
ɪɚɤɬɟɪɢɫɬɢɤɢ ɉɍɋ ɫ ɗɈɒ ɩɪɢ ɝɚɪɦɨɧɢɱɟɫɤɨɦ ɡɚɤɨɧɟ ɞɜɢɠɟɧɢɹ ɫɨɩɥɚ 
(12) ɫ ɩɚɪɚɦɟɬɪɚɦɢ ɬɪɟɛɨɜɚɧɢɹ (10): * 6 ɝɪɚɞmδ =  , * 0,1 ɫmtδ =   ɢ ξ = 0,5. 

Ⱦɥɹ ɤɚɠɞɨɝɨ ɢɡ ɬɪɟɯ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɜɚɪɢɚɧɬɨɜ ɡɚɞɚɧɢɹ ɱɚɫɬɨɬɵ Ω 

ɨɩɪɟɞɟɥɢɥɢɫɶ ɟɟ ɡɧɚɱɟɧɢɹ: 1 1,59 ȽɰΩ =  , 2 3,85 ȽɰΩ =  , 3 11,49 ȽɰΩ =  . 

ɇɚ ɪɢɫ. 3 ɩɪɢɜɟɞɟɧɵ ɧɚɝɪɭɡɨɱɧɵɟ ɦɟɯɚɧɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ, 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ Ω1 ɢ Ω2. ȼɚɪɢɚɧɬ ɫ Ω3 ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɡɧɚɱɢɬɟɥɶ-
ɧɵɦ ɭɜɟɥɢɱɟɧɢɟɦ ɩɚɪɚɦɟɬɪɨɜ ɦɟɯɚɧɢɱɟɫɤɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɢ, ɫɨɨɬ-
ɜɟɬɫɬɜɟɧɧɨ, ɜɨɡɪɚɫɬɚɧɢɟɦ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ ɦɨɳɧɨɫɬɢ. ɗɬɨ ɨɬ-
ɪɚɠɟɧɨ ɧɚ ɪɢɫ. 4, ɧɚ ɤɨɬɨɪɨɦ ɩɨɤɚɡɚɧɵ ɢɡɦɟɧɟɧɢɹ ɧɚɛɥɸɞɚɟɦɵɯ ɦɚɤ-
ɫɢɦɚɥɶɧɵɯ ɡɧɚɱɟɧɢɣ ɧɚɝɪɭɡɨɱɧɨɝɨ ɦɨɦɟɧɬɚ ɢ ɦɨɳɧɨɫɬɢ ɩɪɢ ɞɜɢɠɟɧɢɢ 

ɉɍɋ ɩɨ ɝɚɪɦɨɧɢɱɟɫɤɢɦ ɡɚɤɨɧɚɦ ɫ ɪɚɡɥɢɱɧɨɣ ɱɚɫɬɨɬɨɣ. ȼɢɞ ɝɪɚɮɢɤɨɜ ɧɚ 
ɪɢɫ. 4 ɨɬɪɚɠɚɟɬ ɜɡɚɢɦɧɭɸ ɤɨɦɩɟɧɫɚɰɢɸ ɢɧɟɪɰɢɨɧɧɨɣ ɢ ɩɨɡɢɰɢɨɧɧɨɣ ɫɨ-
ɫɬɚɜɥɹɸɳɢɯ ɦɨɦɟɧɬɚ ɩɪɢ ɤɨɥɟɛɚɬɟɥɶɧɨɦ ɞɜɢɠɟɧɢɢ ɉɍɋ ɫ ɗɈɒ. ɉɪɢ 

ɦɚɥɨɦ ɡɧɚɱɟɧɢɢ Ω ɩɪɟɜɚɥɢɪɭɟɬ ɩɨɡɢɰɢɨɧɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ, ɫ ɪɨɫɬɨɦ Ω 

ɨɧɚ ɤɨɦɩɟɧɫɢɪɭɟɬɫɹ ɢɧɟɪɰɢɨɧɧɨɣ, ɢ ɡɚ ɫɱɟɬ ɷɬɨɝɨ ɧɚɝɪɭɡɨɱɧɵɣ ɦɨɦɟɧɬ 
ɩɪɢɛɥɢɠɚɟɬɫɹ ɤ ɫɜɨɟɦɭ ɦɢɧɢɦɭɦɭ. ɉɪɢ 7 ȽɰΩ >   ɢɧɟɪɰɢɨɧɧɵɣ ɦɨɦɟɧɬ 
ɫɬɚɧɨɜɢɬɫɹ ɩɪɟɨɛɥɚɞɚɸɳɢɦ. Ɉɞɧɨɜɪɟɦɟɧɧɨ ɢɡ-ɡɚ ɭɜɟɥɢɱɟɧɢɹ ɫɤɨɪɨɫɬɢ 

( )tδ&  ɪɟɡɤɨ ɜɨɡɪɚɫɬɚɟɬ ɦɨɳɧɨɫɬɶ ɧ( ) ( ) ( )N t M t t= δ& . 
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Ɋɢɫ. 3. Ɇɟɯɚɧɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɧ( )f Mδ =& :  

1 ɢ 2 – ɧɚɝɪɭɡɨɱɧɵɟ ɞɥɹ ɉɍɋ ɩɪɢ ɝɚɪɦɨɧɢɱɟɫɤɨɦ  

ɡɚɤɨɧɟ ɞɜɢɠɟɧɢɹ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɫ Ω1 ɢ Ω2;  

3 – ɬɪɟɛɭɟɦɚɹ ɞɥɹ Ɋɉ 

 

 

Ɋɢɫ. 4. Ɇɚɤɫɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɧɚɝɪɭɡɨɱɧɨɝɨ 
ɦɨɦɟɧɬɚ 1 ɢ ɩɨɬɪɟɛɥɹɟɦɨɣ ɦɨɳɧɨɫɬɢ 2 ɩɪɢ 

ɝɚɪɦɨɧɢɱɟɫɤɨɦ ɡɚɤɨɧɟ ɞɜɢɠɟɧɢɹ ɉɍɋ  

ɫ ɪɚɡɥɢɱɧɵɦɢ ɱɚɫɬɨɬɚɦɢ 
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Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɬɪɟɬɢɣ ɜɚɪɢɚɧɬ ɡɚɞɚɧɢɹ ɫɤɨɪɨɫɬɢ Ω ɨɤɚɡɵɜɚɟɬɫɹ 
ɧɟɩɪɢɟɦɥɟɦɵɦ ɢɡ-ɡɚ ɱɪɟɡɦɟɪɧɨ ɜɵɫɨɤɢɯ ɡɧɚɱɟɧɢɣ ɦɨɳɧɨɫɬɢ ɢ ɦɨɦɟɧ-

ɬɚ ɧɚɝɪɭɡɤɢ. Ʉɪɨɦɟ ɬɨɝɨ, ɫɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɜ ɩɟɪɟɯɨɞɧɨɦ ɩɪɨɰɟɫɫɟ 
(ɫɦ. ɪɢɫ. 1) ɞɥɹ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢɹ ɫɤɨɪɨɫɬɢ ɢɦɟɟɬ ɦɟɫɬɨ 

*
max ( )mtδ >δ& &  ɢ ɞɨɫɬɢɝɚɟɬɫɹ ɨɧɨ ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ rtt <δ max& , ɩɪɢ ɤɨɬɨ-
ɪɨɦ ɦɝɧɨɜɟɧɧɚɹ ɦɨɳɧɨɫɬɶ ɢ ɧɚɝɪɭɡɨɱɧɵɣ ɦɨɦɟɧɬ ɧɟ ɞɨɫɬɢɝɚɸɬ ɦɚɤ-
ɫɢɦɚɥɶɧɵɯ ɜɟɥɢɱɢɧ (ɫɦ. ɪɢɫ. 2). 

ɉɨɷɬɨɦɭ ɧɚ ɫɬɚɞɢɢ ɩɪɨɟɤɬɧɨɝɨ ɚɧɚɥɢɡɚ ɤɨɧɫɬɪɭɤɬɢɜɧɵɯ ɜɚɪɢɚɧ-

ɬɨɜ ɫɢɫɬɟɦɵ ɉɍɋ – Ɋɉ ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɩɪɨɢɡɜɨɞɢɬɶ ɨɰɟɧɤɭ ɩɨɬɪɟɛɧɵɯ 
ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɢ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɦɚɫɫɨɝɚɛɚɪɢɬɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ Ɋɉ 

ɩɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ ɞɜɭɯ ɧɚɝɪɭɡɨɱɧɵɯ ɦɟɯɚɧɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɉɍɋ, ɩɨɥɭɱɟɧɧɵɯ ɡɚɞɚɧɢɟɦ ɜ ɝɚɪɦɨɧɢɱɟɫɤɨɦ ɡɚɤɨɧɟ (12) ɟɝɨ ɞɜɢɠɟɧɢɹ 
ɡɧɚɱɟɧɢɣ ɱɚɫɬɨɬɵ Ω1 ɢ Ω2. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɬɪɟɛɭɟɦɚɹ ɦɟɯɚɧɢɱɟɫɤɚɹ ɯɚ-
ɪɚɤɬɟɪɢɫɬɢɤɚ ɊɆ ɩɪɢɜɨɞɚ ɛɭɞɟɬ ɩɪɟɞɫɬɚɜɥɹɬɶ ɫɨɛɨɣ ɩɪɹɦɭɸ, ɤɚɫɚɸ-

ɳɭɸɫɹ ɨɛɟɢɯ ɧɚɝɪɭɡɨɱɧɵɯ ɦɟɯɚɧɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɫɨɩɥɚ (ɫɦ. ɪɢɫ. 3) 

ɜ ɬɨɣ ɱɟɬɜɟɪɬɢ ɤɨɨɪɞɢɧɚɬɧɨɣ ɩɥɨɫɤɨɫɬɢ, ɜ ɤɨɬɨɪɨɣ ɛɭɞɭɬ ɧɚɢɛɨɥɟɟ ɜɵ-

ɫɨɤɢɟ ɬɪɟɛɨɜɚɧɢɹ ɤ ɷɧɟɪɝɟɬɢɱɟɫɤɢɦ ɜɨɡɦɨɠɧɨɫɬɹɦ ɩɪɢɜɨɞɚ.  
ȿɫɥɢ ɰɟɥɶɸ ɩɪɨɟɤɬɧɨɝɨ ɚɧɚɥɢɡɚ ɹɜɥɹɟɬɫɹ ɨɩɪɟɞɟɥɟɧɢɟ ɤɨɧɫɬɪɭɤ-

ɬɢɜɧɨɝɨ ɜɚɪɢɚɧɬɚ ɉɍɋ ɩɪɢ ɡɚɞɚɧɧɵɯ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɯ 
Ɋɉ, ɬɨ ɧɚ ɤɨɨɪɞɢɧɚɬɧɨɣ ɩɥɨɫɤɨɫɬɢ ɥɢɧɢɹɦɢ ɦɟɯɚɧɢɱɟɫɤɨɣ ɯɚɪɚɤɬɟɪɢ-

ɫɬɢɤɢ ɊɆ ɷɬɨɝɨ ɩɪɢɜɨɞɚ ɨɱɟɪɱɢɜɚɟɬɫɹ ɞɨɩɭɫɬɢɦɚɹ ɨɛɥɚɫɬɶ, ɜ ɤɨɬɨɪɨɣ 

ɞɨɥɠɧɵ ɪɚɫɩɨɥɚɝɚɬɶɫɹ ɨɩɪɟɞɟɥɹɟɦɵɟ ɨɩɢɫɚɧɧɵɦ ɜɵɲɟ ɫɩɨɫɨɛɨɦ ɜɫɟ 
ɧɚɝɪɭɡɨɱɧɵɟ ɦɟɯɚɧɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɫɨɩɥɚ. ɉɪɢ ɷɬɨɦ ɧɚɢɥɭɱ-
ɲɢɦ ɜɚɪɢɚɧɬɨɦ ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɦ ɚɫɩɟɤɬɟ ɛɭɞɟɬ ɬɨɬ, ɧɚɝɪɭɡɨɱɧɵɟ ɯɚ-
ɪɚɤɬɟɪɢɫɬɢɤɢ ɤɨɬɨɪɨɝɨ ɤɚɫɚɸɬɫɹ, ɧɨ ɧɟ ɩɟɪɟɫɟɤɚɸɬ ɝɪɚɧɢɰ ɞɨɩɭɫɬɢɦɨɣ 

ɨɛɥɚɫɬɢ. 
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