
Ɏɟɞɟɪɚɥɶɧɨɟ ɝɨɫɭɞɚɪɫɬɜɟɧɧɨɟ ɚɜɬɨɧɨɦɧɨɟ 
ɨɛɪɚɡɨɜɚɬɟɥɶɧɨɟ ɭɱɪɟɠɞɟɧɢɟ 

ɜɵɫɲɟɝɨ ɨɛɪɚɡɨɜɚɧɢɹ 
«ɋɂȻɂɊɋɄɂɃ ɎȿȾȿɊȺɅɖɇɕɃ ɍɇɂȼȿɊɋɂɌȿɌ» 

ɉɨɥɢɬɟɯɧɢɱɟɫɤɢɣ ɢɧɫɬɢɬɭɬ 
Ʉɚɮɟɞɪɚ «ɗɥɟɤɬɪɨɬɟɯɧɢɱɟɫɤɢɟ ɤɨɦɩɥɟɤɫɵ ɢ ɫɢɫɬɟɦɵ»

ɍɌȼȿɊɀȾȺɘ      
Ɂɚɜɟɞɭɸɳɢɣ ɤɚɮɟɞɪɨɣ 
______      ȼ. ɂ. ɉɚɧɬɟɥɟɟɜ 
 ɩɨɞɩɢɫɶ     ɢɧɢɰɢɚɥɵ, ɮɚɦɢɥɢɹ 
« _____»   ________  2018 ɝ. 

ȻȺɄȺɅȺȼɊɋɄȺЯ ɊȺȻОɌȺ 

13.03.02 – ɗɥɟɤɬɪɨɷɧɟɪɝɟɬɢɤɚ ɢ ɷɥɟɤɬɪɨɬɟɯɧɢɤɚ 

Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ȺȾ ɜ ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ 

Ɋɭɤɨɜɨɞɢɬɟɥɶ     ________  ɞɨɰɟɧɬ, ɤɚɧɞ. ɬɟɯɧ. ɧɚɭɤ  Ⱥ. Ⱥ. Ɏɟɞɨɪɟɧɤɨ 
 ɩɨɞɩɢɫɶ, ɞɚɬɚ         ɞɨɥɠɧɨɫɬɶ, ɭɱɟɧɚɹ ɫɬɟɩɟɧɶ   ɢɧɢɰɢɚɥɵ, ɮɚɦɢɥɢɹ 

ȼɵɩɭɫɤɧɢɤ      ________     ȼ. Ɇ. Ⱦɚɜɵɞɨɜɚ 
ɩɨɞɩɢɫɶ, ɞɚɬɚ  ɢɧɢɰɢɚɥɵ, ɮɚɦɢɥɢɹ 

Нормоконтролер    ________  ɞɨɰɟɧɬ, ɤɚɧɞ. ɬɟɯɧ. ɧɚɭɤ  Ⱥ. Ⱥ. Ɏɟɞɨɪɟɧɤɨ 
 ɩɨɞɩɢɫɶ, ɞɚɬɚ         ɞɨɥɠɧɨɫɬɶ, ɭɱɟɧɚɹ ɫɬɟɩɟɧɶ   ɢɧɢɰɢɚɥɵ, ɮɚɦɢɥɢɹ 

Ʉɪɚɫɧɨɹɪɫɤ 2018 
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ВВȿȾȿɇɂȿ 

 

ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɞɨɦɢɧɢɪɭɸɳɟɟ ɩɨɥɨɠɟɧɢɟ ɜɨ ɜɫɟɯ ɨɬɪɚɫɥɹɯ 

ɩɪɨɢɡɜɨɞɫɬɜɟɧɧɨɣ ɞɟɹɬɟɥɶɧɨɫɬɢ ɡɚɧɢɦɚɸɬ ɷɥɟɤɬɪɨɩɪɢɜɨɞɵ ɧɚ ɨɫɧɨɜɟ 

ɬɪɟɯɮɚɡɧɵɯ ɚɫɢɧɯɪɨɧɧɵɯ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɦɚɲɢɧ. Ɍɚɤɨɟ ɩɨɥɨɠɟɧɢɟ 

ɨɩɪɟɞɟɥɹɟɬɫɹ ɩɪɨɫɬɨɬɨɣ ɢɡɝɨɬɨɜɥɟɧɢɹ ɢ ɷɤɫɩɥɭɚɬɚɰɢɢ ɷɬɢɯ ɞɜɢɝɚɬɟɥɟɣ, ɢɯ 

ɦɟɧɶɲɢɦɢ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɞɜɢɝɚɬɟɥɹɦɢ ɩɨɫɬɨɹɧɧɨɝɨ ɬɨɤɚ ɦɚɫɫɨɣ, ɝɚɛɚɪɢɬɧɵɦɢ 

ɪɚɡɦɟɪɚɦɢ ɢ ɫɬɨɢɦɨɫɬɶɸ, ɚ ɬɚɤɠɟ ɧɚɞɟɠɧɨɫɬɶɸ ɜ ɪɚɛɨɬɟ. 

ɉɪɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɢ ɫɢɫɬɟɦ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚ ɜɨɡɧɢɤɚɟɬ ɩɪɨɛɥɟɦɚ 

ɩɪɨɜɟɪɤɢ ɩɪɚɜɢɥɶɧɨɫɬɢ ɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɪɢɧɹɬɵɯ ɪɟɲɟɧɢɣ. ɇɚɢɛɨɥɟɟ 

ɞɨɫɬɨɜɟɪɧɵɦ ɫɩɨɫɨɛɨɦ ɬɚɤɨɣ ɩɪɨɜɟɪɤɢ ɹɜɥɹɟɬɫɹ ɮɢɡɢɱɟɫɤɢɣ ɷɤɫɩɟɪɢɦɟɧɬ, ɬɨ 

ɟɫɬɶ ɢɡɝɨɬɨɜɥɟɧɢɟ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɨɥɧɨɰɟɧɧɨɝɨ 

ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɝɨ ɚɝɪɟɝɚɬɚ. əɫɧɨ, ɱɬɨ ɨɫɭɳɟɫɬɜɥɟɧɢɟ ɮɢɡɢɱɟɫɤɨɝɨ 

ɷɤɫɩɟɪɢɦɟɧɬɚ – ɷɬɨ ɬɪɭɞɨёɦɤɚɹ, ɞɥɢɬɟɥɶɧɚɹ ɢ ɞɨɪɨɝɨɫɬɨɹɳɚɹ ɩɪɨɰɟɞɭɪɚ. 

ɉɪɨɛɥɟɦɚ ɭɫɭɝɭɛɥɹɟɬɫɹ ɧɟɨɛɯɨɞɢɦɨɫɬɶɸ  ɫɪɚɜɧɢɬɶ ɧɟɫɤɨɥɶɤɨ ɜɚɪɢɚɧɬɨɜ 

ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ. ȼɨ ɦɧɨɝɢɯ ɫɥɭɱɚɹɯ ɨɪɢɟɧɬɚɰɢɹ ɧɚ ɩɨɥɧɨɰɟɧɧɵɣ ɮɢɡɢɱɟɫɤɢɣ 

ɷɤɫɩɟɪɢɦɟɧɬ ɨɤɚɡɵɜɚɟɬɫɹ ɫɨɜɟɪɲɟɧɧɨ ɧɟɩɪɢɟɦɥɟɦɨɣ. 

ȼɵɯɨɞɨɦ ɢɡ ɩɨɥɨɠɟɧɢɹ ɦɨɠɟɬ ɛɵɬɶ ɡɚɦɟɧɚ ɮɢɡɢɱɟɫɤɨɝɨ ɷɤɫɩɟɪɢɦɟɧɬɚ 

ɦɨɞɟɥɢɪɨɜɚɧɢɟɦ ɛɭɞɭɳɟɣ ɫɢɫɬɟɦɵ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚ. ɉɨɞ ɦɨɞɟɥɢɪɨɜɚɧɢɟɦ 

ɩɨɧɢɦɚɟɬɫɹ ɡɚɦɟɳɟɧɢɟ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɵ ɟɟ ɭɫɥɨɜɧɵɦ ɨɛɪɚɡɨɦ ɢɥɢ ɞɪɭɝɨɣ 

ɫɢɫɬɟɦɨɣ ɢ ɢɡɭɱɟɧɢɟ ɫɜɨɣɫɬɜ ɨɪɢɝɢɧɚɥɚ ɩɭɬёɦ ɢɡɭɱɟɧɢɹ ɫɜɨɣɫɬɜ ɦɨɞɟɥɢ. ȼ 

ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɫɩɨɫɨɛɚ ɪɟɚɥɢɡɚɰɢɢ ɜɫɟ ɦɨɞɟɥɢ ɩɨɞɪɚɡɞɟɥɹɸɬɫɹ ɧɚ ɞɜɚ ɛɨɥɶɲɢɯ 

ɤɥɚɫɫɚ: ɮɢɡɢɱɟɫɤɢɟ ɢ ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ. 

Ɏɢɡɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɩɪɟɞɩɨɥɚɝɚɟɬ ɢɡɝɨɬɨɜɥɟɧɢɟ ɭɩɪɨɳёɧɧɨɝɨ 

ɦɚɤɟɬɚ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɵ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚ. ɍɩɪɨɳɟɧɢɟ ɤɚɫɚɟɬɫɹ, ɩɪɟɠɞɟ 

ɜɫɟɝɨ, ɦɚɫɲɬɚɛɚ. Ɏɢɡɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɦɨɠɧɨ ɫɱɢɬɚɬɶ ɭɩɪɨɳёɧɧɵɦ 

ɜɚɪɢɚɧɬɨɦ ɮɢɡɢɱɟɫɤɨɝɨ ɷɤɫɩɟɪɢɦɟɧɬɚ – ɦɚɤɟɬ ɢɦɢɬɢɪɭɟɬ ɨɫɧɨɜɧɵɟ 

ɨɫɨɛɟɧɧɨɫɬɢ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɵ, ɧɨ ɢɦɟɟɬ ɡɧɚɱɢɬɟɥɶɧɨ ɦɟɧɶɲɢɟ ɝɚɛɚɪɢɬɵ ɢ 
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ɦɨɳɧɨɫɬɶ. Ɍɟɦ ɧɟ ɦɟɧɟɟ, ɢɡɝɨɬɨɜɥɟɧɢɟ ɮɢɡɢɱɟɫɤɨɝɨ ɦɚɤɟɬɚ ɦɨɠɟɬ ɡɚɧɢɦɚɬɶ 

ɡɧɚɱɢɬɟɥɶɧɨɟ ɜɪɟɦɹ ɢ ɬɪɟɛɨɜɚɬɶ ɫɭɳɟɫɬɜɟɧɧɵɯ ɤɚɩɢɬɚɥɨɜɥɨɠɟɧɢɣ. 

Ɇɚɬɟɦɚɬɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɩɪɟɞɩɨɥɚɝɚɟɬ ɧɚɥɢɱɢɟ ɮɨɪɦɚɥɢɡɨɜɚɧɧɨɝɨ 

ɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨ ɨɩɢɫɚɧɢɹ ɨɪɢɝɢɧɚɥɚ – ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ – ɢ 

ɢɫɫɥɟɞɨɜɚɧɢɟ ɟɝɨ ɫɜɨɣɫɬɜ ɜɦɟɫɬɨ ɫɜɨɣɫɬɜ ɫɚɦɨɝɨ ɨɪɢɝɢɧɚɥɚ. ȼ ɫɜɹɡɢ ɫ ɷɬɢɦ 

ɦɚɬɟɦɚɬɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɧɚɡɵɜɚɸɬ ɟɳё ɜɵɱɢɫɥɢɬɟɥɶɧɵɦ 

ɷɤɫɩɟɪɢɦɟɧɬɨɦ. 

ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɫɭɳɟɫɬɜɭɟɬ ɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ɞɨɫɬɭɩɧɵɯ ɲɢɪɨɤɨɦɭ 

ɤɪɭɝɭ ɩɨɥɶɡɨɜɚɬɟɥɟɣ ɦɨɳɧɵɯ ɩɚɤɟɬɨɜ ɩɪɢɤɥɚɞɧɵɯ ɩɪɨɝɪɚɦɦ, ɡɧɚɱɢɬɟɥɶɧɨ 

ɨɛɥɟɝɱɚɸɳɢɯ ɩɪɨɰɟɞɭɪɭ ɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ. Ɉɞɧɨɣ ɢɡ ɬɚɤɢɯ 

ɩɪɨɝɪɚɦɦ ɹɜɥɹɟɬɫɹ MatLab. 

MatLab ɫɨɫɬɨɢɬ  ɢɡ ɦɧɨɠɟɫɬɜɚ ɩɨɞɩɪɨɝɪɚɦɦ ɬɚɤɢɯ, ɤɚɤ Control System 

Toolbox (ɞɥɹ ɪɚɫɱёɬɚ ɫɢɫɬɟɦ ɭɩɪɚɜɥɟɧɢɹ), Signal Processing Toolbox (ɞɥɹ 

ɨɛɪɚɛɨɬɤɢ ɫɢɝɧɚɥɨɜ),  Image Processing Toolbox (ɞɥɹ ɨɛɪɚɛɨɬɤɢ ɢɡɨɛɪɚɠɟɧɢɣ) ɢ 

ɞɪɭɝɢɟ. ɋɢɫɬɟɦɚ MatLab ɫɨɞɟɪɠɢɬ ɬɚɤ ɠɟ ɦɨɳɧɨɟ ɫɪɟɞɫɬɜɨ ɜɢɡɭɚɥɶɧɨɝɨ 

ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɞɢɧɚɦɢɱɟɫɤɢɯ ɫɢɫɬɟɦ Simulink. 

ɐɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɪɨɰɟɫɫɨɜ ɜ ȺȾ ɫ ɩɨɦɨɳɶɸ 

ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɜ ɞɟɤɚɪɬɨɜɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ.  

ɉɪɢ ɷɬɨɦ ɪɟɲɟɧɵ ɫɥɟɞɭɸɳɢɟ ɡɚɞɚɱɢ: 

- ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɨɧɹɬɢɹ ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ ɜɟɤɬɨɪɚ ɩɥɨɫɤɨɣ ɥɢɧɟɣɧɨ 

ɧɟɡɚɜɢɫɢɦɨɣ ɫɢɫɬɟɦɵ ɫɢɝɧɚɥɨɜ ɢ ɭɬɨɱɧɟɧɧɨɝɨ ɩɨɧɹɬɢɹ ɨɛɨɛɳɟɧɧɨɣ 

ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɚɲɢɧɵ ɪɚɡɪɚɛɨɬɚɧɵ ɭɪɚɜɧɟɧɢɹ ɢ ɫɬɪɭɤɬɭɪɧɵɟ ɫɯɟɦɵ ȺȾ ɜ 

ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɤɨɦɛɢɧɚɰɢɣ ɜɟɤɬɨɪɧɵɯ ɩɟɪɟɦɟɧɧɵɯ; 

- ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɪɨɰɟɫɫɨɜ ȺȾ ɫ ɩɨɦɨɳɶɸ ɫɪɟɞɫɬɜɚ ɜɢɡɭɚɥɶɧɨɝɨ 

ɦɨɞɟɥɢɪɨɜɚɧɢɹ SIMULINK, ɩɨɥɭɱɟɧɢɟ ɫɬɚɬɢɱɟɫɤɢɯ ɢ ɞɢɧɚɦɢɱɟɫɤɢɯ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤ ȺȾ ɜ ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɢ ɢɯ ɫɪɚɜɧɟɧɢɟ. 
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1. Ɉɛɨɛɳɟɧɧɵɣ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ ɷɧɟɪɝɢɢ 

 

1.1 Ɉɛɨɛɳɟɧɧɵɣ (ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ) ɜɟɤɬɨɪ 

 

ɋɨɜɪɟɦɟɧɧɚɹ ɬɟɨɪɢɹ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɦɚɲɢɧ ɢ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚ ɫɬɪɨɢɬɫɹ ɧɚ 

ɨɫɧɨɜɟ ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɬɪɟɯɮɚɡɧɵɯ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɜɟɥɢɱɢɧ ɨɛɨɛɳɟɧɧɵɦɢ 

ɜɟɤɬɨɪɚɦɢ. ɗɬɨ ɩɨɡɜɨɥɹɟɬ ɧɟ ɬɨɥɶɤɨ ɩɨɥɭɱɢɬɶ ɤɨɦɩɚɤɬɧɭɸ ɡɚɩɢɫɶ ɭɪɚɜɧɟɧɢɣ, 

ɧɨ ɬɚɤɠɟ ɫɬɪɨɢɬɶ ɜɵɫɨɤɨɷɮɮɟɤɬɢɜɧɵɟ ɫɢɫɬɟɦɵ ɭɩɪɚɜɥɟɧɢɹ, ɛɚɡɢɪɭɸɳɢɟɫɹ ɧɚ 

ɜɟɤɬɨɪɧɵɯ ɩɨɧɹɬɢɹɯ [1, 2, 3, 4]. 

ȼ ɪɚɛɨɬɟ [5] ɞɥɹ ɫɢɫɬɟɦɵ ɥɢɧɟɣɧɨ ɧɟɡɚɜɢɫɢɦɵɯ ɬɪɟɯɮɚɡɧɵɯ ɩɟɪɟɦɟɧɧɵɯ ɫ 

ɩɨɡɢɰɢɢ ɜɟɤɬɨɪɧɨɣ ɚɥɝɟɛɪɵ ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ ɜɟɤɬɨɪ ɩɪɟɞɥɨɠɟɧɨ ɢɡɧɚɱɚɥɶɧɨ 

ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ ɜɟɤɬɨɪ, ɨɩɪɟɞɟɥɹɟɦɵɣ ɬɪɟɦɹ ɧɟɡɚɜɢɫɢɦɵɦɢ ɤɨɨɪɞɢɧɚɬɚɦɢ, 

ɬ.ɟ. ɤɚɤ ɜɟɤɬɨɪ ɬɪɟɯɦɟɪɧɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ. Ɍɨɝɞɚ ɨɛɨɛɳɟɧɧɵɣ ɜɟɤɬɨɪ 

ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɩɪɨɟɤɰɢɹɦɢ ɧɚ ɨɫɢ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ (ɬɪɟɯɦɟɪɧɨɣ) ɞɟɤɚɪɬɨɜɨɣ 

ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ, ɪɚɜɧɵɦɢ ɦɝɧɨɜɟɧɧɵɦ ɡɧɚɱɟɧɢɹɦ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɮɚɡɧɵɯ 

ɜɟɥɢɱɢɧ. ɉɨ ɫɭɬɢ, ɜɦɟɫɬɨ ɩɥɨɫɤɨɣ ɬɪɟɯɮɚɡɧɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ, ɩɪɢɧɹɬɨɣ ɜ 

ɷɥɟɤɬɪɨɬɟɯɧɢɤɟ, ɢɫɩɨɥɶɡɭɟɬɫɹ ɬɪɟɯɦɟɪɧɚɹ ɞɟɤɚɪɬɨɜɚɹ, ɩɨɫɤɨɥɶɤɭ 

ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɱɟɬɤɢɦ ɨɛɨɫɧɨɜɚɧɢɟɦ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɚɧɚɥɢɬɢɱɟɫɤɨɣ ɝɟɨɦɟɬɪɢɢ 

ɢ ɜɟɤɬɨɪɧɨɣ ɚɥɝɟɛɪɵ ɢ ɨɛɟɫɩɟɱɢɜɚɟɬ ɦɚɬɟɦɚɬɢɱɟɫɤɢ ɫɬɪɨɝɨɟ ɨɩɢɫɚɧɢɟ ɢ ɚɧɚɥɢɡ 

ɩɪɨɰɟɫɫɨɜ ɜ ɦɧɨɝɨɮɚɡɧɵɯ ɰɟɩɹɯ ɧɚ ɨɫɧɨɜɟ ɩɨɧɹɬɢɹ ɪɟɡɭɥɶɬɢɪɭɸɳɢɯ ɜɟɤɬɨɪɨɜ. 

Ɉɞɧɚɤɨ ɩɪɢ ɷɬɨɦ ɬɟɪɹɟɬɫɹ ɫɜɹɡɶ ɫ ɬɪɚɞɢɰɢɨɧɧɨ ɩɪɢɧɹɬɵɦɢ ɜ ɷɥɟɤɬɪɨɬɟɯɧɢɤɟ 

ɩɥɨɫɤɢɦɢ ɤɨɨɪɞɢɧɚɬɧɵɦɢ ɫɢɫɬɟɦɚɦɢ, ɢɦɟɸɳɢɦɢ ɜɟɫɶɦɚ ɩɪɨɡɪɚɱɧɭɸ 

ɮɢɡɢɱɟɫɤɭɸ ɢɧɬɟɪɩɪɟɬɚɰɢɸ. Ɉɫɢ ɬɪɟɯɮɚɡɧɨɣ ɩɥɨɫɤɨɣ ɤɨɨɪɞɢɧɚɬɧɨɣ ɫɢɫɬɟɦɵ – 

ɫɭɬɶ ɩɪɨɟɤɰɢɢ ɦɚɝɧɢɬɧɵɯ ɨɫɟɣ ɨɛɦɨɬɨɤ ɬɪɟɯɮɚɡɧɵɯ ɢɧɞɭɤɰɢɨɧɧɵɯ ɢɫɬɨɱɧɢɤɨɜ 

ɢ ɩɨɬɪɟɛɢɬɟɥɟɣ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɧɚ ɩɥɨɫɤɨɫɬɶ ɢɯ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ. 

ȼ ɪɚɛɨɬɚɯ [7, 8] ɩɪɟɞɥɚɝɚɟɬɫɹ ɫɨɜɦɟɫɬɢɬɶ ɷɬɢ ɞɜɚ ɩɨɞɯɨɞɚ, ɜɜɟɞɹ ɜ 

ɫɨɨɬɜɟɬɫɬɜɢɟ ɩɥɨɫɤɨɣ ɬɪɟɯɮɚɡɧɨɣ ɫɢɫɬɟɦɟ ɫɢɝɧɚɥɨɜ ݑ௔, ݑ௕, ݑ௖ (ɪɢɫ. 1.1, ɚ) 

ɧɟɤɨɬɨɪɵɣ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɣ ɜɟɤɬɨɪ ܷ⃗⃗ , ɯɚɪɚɤɬɟɪɢɡɭɟɦɵɣ ɤɨɨɪɞɢɧɚɬɚɦɢ ݑఈଵ, ݑఉଵ, ݑఊଵ (ɪɢɫ. 1.1, ɛ). 
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       ɚ)       ɛ) 

 

Ɋɢɫɭɧɨɤ 1.1 - ɚ) ɩɥɨɫɤɚɹ ɬɪɟɯɮɚɡɧɚɹ ɫɢɫɬɟɦɚ ɫɢɝɧɚɥɨɜ; 

ɛ) ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɣ ɜɟɤɬɨɪ ܷ⃗⃗  ɜ ɞɟɤɚɪɬɨɜɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ 

 

Ⱦɥɹ ɬɨɝɨ ɱɬɨɛɵ ɜɟɤɬɨɪ ܷ⃗⃗  ɨɞɧɨɡɧɚɱɧɨ ɨɩɪɟɞɟɥɹɥɫɹ ɦɝɧɨɜɟɧɧɵɦɢ 

ɡɧɚɱɟɧɢɹɦɢ ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ, ɧɟɨɛɯɨɞɢɦɨ ɭɫɬɚɧɨɜɢɬɶ ɚɧɚɥɢɬɢɱɟɫɤɭɸ ɫɜɹɡɶ 

ɦɟɠɞɭ ɧɢɦɢ ɢ ɤɨɨɪɞɢɧɚɬɚɦɢ ɜɟɤɬɨɪɚ ܷ⃗⃗ , ɞɥɹ ɱɟɝɨ ɧɟɨɛɯɨɞɢɦɨ ɡɚɞɚɬɶ ɜɡɚɢɦɧɨɟ 

ɪɚɫɩɨɥɨɠɟɧɢɟ ɩɥɨɫɤɨɫɬɢ ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ ɢ ɬɪɟɯɦɟɪɧɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ. 

ɋɨɜɦɟɫɬɢɦ ɧɚɱɚɥɨ ɤɨɨɪɞɢɧɚɬ ɬɪɟɯɦɟɪɧɨɣ ɫɢɫɬɟɦɵ ɫ ɬɨɱɤɨɣ О ɩɥɨɫɤɨɫɬɢ, 

ɚ ɫɚɦɭ ɩɥɨɫɤɨɫɬɶ ɫɨɪɢɟɧɬɢɪɭɟɦ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨɛɵ ɧɨɪɦɚɥɶ ɤ 

ɧɟɣ ɢɡ ɬɨɱɤɢ О ɨɛɪɚɡɨɜɵɜɚɥɚ ɫ ɨɫɹɦɢ ߙଵ, ߚଵ, ߛଵ ɪɚɜɧɵɟ ɭɝɥɵ (ɪɢɫ. 1.5). 

ɇɚɩɪɚɜɥɹɸɳɢɟ ɤɨɫɢɧɭɫɵ ɧɨɪɦɚɥɢ ON ɩɪɢ ɷɬɨɦ ɪɚɜɧɵ [9, 10]: 

 cos𝜑ଵ = cos𝜑ଶ = cos𝜑ଷ = ͳ√͵. (1.1.1) 

 

ɉɪɢ ɬɚɤɨɦ ɩɨɥɨɠɟɧɢɢ ɩɥɨɫɤɨɫɬɢ ɨɬɨɛɪɚɠɟɧɢɹ ɧɚ ɧɟɟ ɨɫɟɣ ߙଵ, ߚଵ, ߛଵ ɢɡ 

ɥɸɛɨɣ ɬɨɱɤɢ, ɩɪɢɧɚɞɥɟɠɚɳɟɣ ɧɨɪɦɚɥɢ ON, ɞɚɸɬ ɫɢɫɬɟɦɭ ɬɪɟɯ ɫɦɟɳɟɧɧɵɯ 



11 

 

ɨɬɧɨɫɢɬɟɥɶɧɨ ɞɪɭɝ ɞɪɭɝɚ ɧɚ ɭɝɨɥ 1200 ɢ ɩɟɪɟɫɟɤɚɸɳɢɯɫɹ ɜ ɬɨɱɤɟ О ɨɫɟɣ, ɬ.ɟ. 

ɨɛɪɚɡɭɸɬ ɩɥɨɫɤɭɸ ɫɢɫɬɟɦɭ ɤɨɨɪɞɢɧɚɬ a, b, c ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ ݑ௔, ݑ௕, ݑ௖. 
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Ɋɢɫɭɧɨɤ 1.2 - ɋɨɜɦɟɳɟɧɢɟ ɬɪɟɯɦɟɪɧɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ ɫ ɩɥɨɫɤɨɫɬɶɸ 

ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ 
 

ɋɱɢɬɚɹ, ɱɬɨ ɤɨɨɪɞɢɧɚɬɵ ɜɟɤɬɨɪɚ ܷ⃗⃗  ɟɫɬɶ ɩɪɨɟɤɰɢɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ 

ɮɚɡɧɵɯ ɜɟɥɢɱɢɧ ɧɚ ɨɫɢ ߙଵ, ߚଵ, ߛଵ (ɫɦ. ɪɢɫ. 1.2), ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ: 

ఈଵݑ  = ௔ݑ ∙ sin𝜑ଵ = √ʹ√͵ ∙ ఉଵݑ,௔ݑ = ௕ݑ ∙ sin𝜑ଶ = √ʹ√͵ ∙ ௕ݑ ఊଵݑ, = ௖ݑ ∙ sin 𝜑ଷ = √ʹ√͵ ∙ ௖ݑ .
 (1.1.2) 

 

ɋɢɫɬɟɦɚ ɭɪɚɜɧɟɧɢɣ (1.1.2) ɜ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɨɣ ɮɨɪɦɟ ɢɦɟɟɬ ɜɢɞ: 

 

ܷ⃗⃗ = |ఊଵݑఉଵݑఈଵݑ| = √ʹ√͵ ∙ 𝑬 ∙ ௖ݑ௕ݑ௔ݑ| |, (1.1.3) 
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ɝɞɟ ݑఈଵ, ݑఉଵ, ݑఊଵ – ɤɨɨɪɞɢɧɚɬɵ ɨɛɨɛɳɟɧɧɨɝɨ ɜɟɤɬɨɪɚ ܷ⃗⃗ ;        ݑ௔, ݑ௕, ݑ௖ – ɦɝɧɨɜɟɧɧɵɟ ɡɧɚɱɟɧɢɹ ɮɚɡɧɵɯ ɜɟɥɢɱɢɧ;        √ଶ√ଷ – ɦɧɨɠɢɬɟɥɶ, ɨɩɪɟɞɟɥɹɟɦɵɣ ɫɨɨɬɧɨɲɟɧɢɟɦ sin𝜑௜ = √ͳ − cosଶ 𝜑௜, ݅ =ͳ, ʹ, ͵;        𝑬 – ɟɞɢɧɢɱɧɚɹ ɤɜɚɞɪɚɬɧɚɹ ɦɚɬɪɢɰɚ, ɤɚɠɞɚɹ ɫɬɪɨɤɚ ɤɨɬɨɪɨɣ ɷɬɨ ɤɨɨɪɞɢɧɚɬɵ 

ɟɞɢɧɢɱɧɵɯ ɧɚɩɪɚɜɥɹɸɳɢɯ ɜɟɤɬɨɪɨɜ ɨɫɟɣ ߙଵ, ߚଵ, ߛଵ ɬɪɟɯɦɟɪɧɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ: 

 𝑬 = |ͳ Ͳ ͲͲ ͳ ͲͲ Ͳ ͳ|. (1.1.4) 

 

Ɋɢɫ. 1.2 ɢ ɭɪɚɜɧɟɧɢɹ (1.1.2), (1.1.3) ɩɨɤɚɡɵɜɚɸɬ ɮɢɡɢɱɟɫɤɭɸ ɫɭɳɧɨɫɬɶ 

ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɬɪɟɯɮɚɡɧɨɣ ɩɥɨɫɤɨɣ ɫɢɫɬɟɦɵ ɫɢɝɧɚɥɨɜ ɨɛɨɛɳɟɧɧɵɦ 

ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɦ ɜɟɤɬɨɪɨɦ. Ɉɞɧɚɤɨ ɜ ɩɪɚɤɬɢɱɟɫɤɢɯ ɰɟɥɹɯ ɭɞɨɛɧɟɟ 

ɩɨɥɶɡɨɜɚɬɶɫɹ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɦɢ ɤɨɨɪɞɢɧɚɬɧɵɦɢ ɫɢɫɬɟɦɚɦɢ, ɨɫɢ ɤɨɬɨɪɵɯ 

ɨɪɢɟɧɬɢɪɨɜɚɧɵ ɨɩɪɟɞɟɥɟɧɧɵɦ ɨɛɪɚɡɨɦ ɨɬɧɨɫɢɬɟɥɶɧɨ ɦɚɝɧɢɬɧɵɯ ɢ 

ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɨɫɟɣ ɢɧɞɭɤɰɢɨɧɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɢ ɩɨɬɪɟɛɢɬɟɥɟɣ ɷɧɟɪɝɢɢ. 

ɉɨɷɬɨɦɭ ɜ ɤɚɱɟɫɬɜɟ ɛɚɡɨɜɨɣ ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɨɨɪɞɢɧɚɬɧɭɸ 

ɫɢɫɬɟɦɭ ߛ ,ߚ ,ߙ, ɨɫɶ ߙ ɤɨɬɨɪɨɣ ɫɨɜɦɟɳɟɧɚ ɫ ɨɫɶɸ ɮɚɡɵ a, ɚ ɨɫɶ ߛ – ɫ ɧɨɪɦɚɥɶɸ 

ON. Ɍɨɝɞɚ ɨɫɶ ߚ ɛɭɞɟɬ ɪɚɫɩɨɥɨɠɟɧɚ ɜ ɩɥɨɫɤɨɫɬɢ ɬɪɟɯɮɚɡɧɨɣ ɫɢɫɬɟɦɵ ɫɢɝɧɚɥɨɜ 

ɩɨɞ ɭɝɥɨɦ 𝜋 ʹ⁄  ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ ߙ ɩɨ ɧɚɩɪɚɜɥɟɧɢɸ ɱɟɪɟɞɨɜɚɧɢɹ ɮɚɡ (ɪɢɫ. 1.3).  

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɨɫɢ ߚ ,ߙ ɛɭɞɭɬ ɪɚɫɩɨɥɨɠɟɧɵ ɜ ɩɥɨɫɤɨɫɬɢ ɩɨɩɟɪɟɱɧɨɝɨ 

ɫɟɱɟɧɢɹ (ɜ ɩɥɨɫɤɨɫɬɢ ɦɚɝɧɢɬɧɵɯ ɨɫɟɣ) ɢɧɞɭɤɰɢɨɧɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ 

ɷɧɟɪɝɢɢ, ɚ ɨɫɶ ߛ – ɜɞɨɥɶ ɨɫɢ ɜɚɥɚ ɪɨɬɨɪɚ. 

ɉɭɬɟɦ ɧɟɫɥɨɠɧɵɯ ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɩɨɫɬɪɨɟɧɢɣ ɦɨɠɧɨ ɩɨɤɚɡɚɬɶ, ɱɬɨ 

ɤɨɨɪɞɢɧɚɬɵ ɜɟɤɬɨɪɚ ܷ⃗⃗  ɜ ɫɢɫɬɟɦɟ ߛ ,ߚ ,ߙ ɫɜɹɡɚɧɵ ɫ ɤɨɨɪɞɢɧɚɬɚɦɢ ɷɬɨɝɨ ɜɟɤɬɨɪɚ 

ɜ ɫɢɫɬɟɦɟ ߙଵ, ߚଵ, ߛଵ ɫɥɟɞɭɸɳɢɦɢ ɫɨɨɬɧɨɲɟɧɢɹɦɢ: 
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ఈݑ = √ʹ√͵ ∙ ఈଵݑ − ͳ√͸ ∙ ఉଵݑ − ͳ√͸ ∙ ఉݑ ,ఊଵݑ = Ͳ + ͳ√ʹ ∙ ఉଵݑ − ͳ√ʹ ∙ ఊݑ ఊଵ,                                     ሺͳ.ͳ.ͷሻݑ = ͳ√͵ ∙ ఈଵݑ + ͳ√͵ ∙ ఉଵݑ + ͳ√͵ ∙  .ఊଵݑ
 

 

ȼ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɨɣ ɮɨɪɦɟ ɫɢɫɬɟɦɚ (1.1.5) ɢɦɟɟɬ ɜɢɞ: 

 ܷ⃗⃗ ሺఈ,ఉ,ఊሻ = 𝑨ଵܷ⃗⃗ ሺఈଵ,ఉଵ,ఊଵሻ, (1.1.6) 

 

ɝɞɟ 𝑨ଵ – ɦɚɬɪɢɰɚ ɤɨɨɪɞɢɧɚɬɧɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɜɟɤɬɨɪɚ ܷ⃗⃗  ɢɡ ɢɫɯɨɞɧɨɣ ɜ 

ɧɨɜɭɸ ɬɪɟɯɦɟɪɧɭɸ ɫɢɫɬɟɦɭ ɤɨɨɪɞɢɧɚɬ: 

 

𝑨ଵ = |
|√ʹ√͵ − ͳ√͸ − ͳ√͸Ͳ ͳ√ʹ − ͳ√ʹͳ√͵ ͳ√͵ ͳ√͵ |

|. (1.1.7) 

 

ɉɨɞɫɬɚɜɢɜ ɭɪɚɜɧɟɧɢɹ (1.1.2) ɜ ɭɪɚɜɧɟɧɢɹ (1.1.5) ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɮɨɪɦɭɥɵ 

ɩɪɹɦɨɝɨ ɜɵɱɢɫɥɟɧɢɹ ɤɨɨɪɞɢɧɚɬ ɜɟɤɬɨɪɚ ܷ⃗⃗  ɜ ɫɢɫɬɟɦɟ ߛ ,ߚ ,ߙ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɩɨ 

ɡɧɚɱɟɧɢɹɦ ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ: 

ఈݑ  = ʹ͵ ∙ ௔ݑ − ͳ͵ ∙ ௕ݑ − ͳ͵ ∙ ௖ݑ ఉݑ , = Ͳ ∙ ௔ݑ + ͳ√͵ ∙ ௕ݑ − ͳ√͵ ∙ ௖ݑ ఊݑ , = √ʹ͵ ∙ ௔ݑ + √ʹ͵ ∙ ௕ݑ + √ʹ͵ ∙ ௖ݑ . 
(1.1.8) 
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Ɋɢɫɭɧɨɤ 1.3 - Ɉɪɢɟɧɬɚɰɢɹ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ 

 

ȼ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɨɣ ɮɨɪɦɟ ɫɢɫɬɟɦɚ (1.1.8) ɢɦɟɟɬ ɜɢɞ: 

 ܷ⃗⃗ ሺఈ,ఉ,ఊሻ = 𝑨 ∙ ௖ݑ௕ݑ௔ݑ| |,                                           (1.1.9) 

 

ɝɞɟ 𝑨 - ɦɚɬɪɢɰɚ ɩɪɹɦɨɝɨ ɤɨɨɪɞɢɧɚɬɧɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɫɢɫɬɟɦɵ ɬɪɟɯɮɚɡɧɵɯ 

ɫɢɝɧɚɥɨɜ ɜ ɩɪɨɟɤɰɢɢ ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ ɜɟɤɬɨɪɚ ܷ⃗⃗   ɧɚ ɨɫɢ ɞɟɤɚɪɬɨɜɨɣ 

ɬɪɟɯɦɟɪɧɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ ߛ ,ߚ ,ߙ: 

 

𝑨 = ||
ʹ͵ − ͳ͵ − ͳ͵Ͳ ͳ√͵ − ͳ√͵√ʹ͵ √ʹ͵ √ʹ͵ |

|. (1.1.10) 

 

Ɋɚɫɫɦɨɬɪɟɧɧɵɟ ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ ɩɨɫɬɪɨɟɧɢɹ ɩɪɟɨɛɪɚɡɭɸɬ ɩɥɨɫɤɭɸ 

ɥɢɧɟɣɧɨ ɧɟɡɚɜɢɫɢɦɭɸ ɬɪɟɯɮɚɡɧɭɸ ɫɢɫɬɟɦɭ ɫɢɝɧɚɥɨɜ ɜ ɞɜɟ ɩɨɞɫɢɫɬɟɦɵ ɥɢɧɟɣɧɨ 



62 

 

 

 

Ɋɢɫɭɧɨɤ 3.50 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ݅௫௦ ɬɨɤɚ ɫɬɚɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.51 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ݅௬௦ ɬɨɤɚ ɫɬɚɬɨɪɚ 



15 

 

ɡɚɜɢɫɢɦɵɯ ɫɢɝɧɚɥɨɜ. ɉɟɪɜɚɹ ɩɨɞɫɢɫɬɟɦɚ ɨɞɧɨɦɟɪɧɚɹ ɢ, ɫ ɭɱɟɬɨɦ ɬɪɟɬɶɟɝɨ 

ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (1.1.8), ɨɩɪɟɞɟɥɹɟɬɫɹ ɫɢɝɧɚɥɨɦ ݑఊ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɵɦ, 

ɫɨɝɥɚɫɧɨ ɬɟɪɦɢɧɨɥɨɝɢɢ ɩɪɢɧɹɬɨɣ ɜ ɷɥɟɤɬɪɨɬɟɯɧɢɤɟ [11], ɫɨɫɬɚɜɥɹɸɳɟɣ ɧɭɥɟɜɨɣ 

ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ݑఊ =  ଴. ȼɬɨɪɚɹ ɩɨɞɫɢɫɬɟɦɚ ɞɜɭɯɦɟɪɧɚɹ ɢ ɨɩɪɟɞɟɥɹɟɬɫɹݑʹ√

ɤɨɨɪɞɢɧɚɬɚɦɢ ݑఈ ɢ ݑఉ, ɤɨɬɨɪɵɟ ɯɚɪɚɤɬɟɪɢɡɭɸɬ ɬɪɟɯɮɚɡɧɭɸ ɫɢɫɬɟɦɭ ɫɢɝɧɚɥɨɜ 

ɧɟɧɭɥɟɜɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ݑ௔ଵ, ݑ௕ଵ, ݑ௖ଵ. ɗɬɢ ɫɢɝɧɚɥɵ ɦɨɝɭɬ ɛɵɬɶ 

ɨɩɪɟɞɟɥɟɧɵ ɩɨ ɩɟɪɜɵɦ ɞɜɭɦ ɭɪɚɜɧɟɧɢɹɦ ɫɢɫɬɟɦɵ (1.1.8) ɩɨɫɥɟ ɡɚɦɟɧɵ ɜ ɧɢɯ 

ɩɟɪɟɦɟɧɧɵɯ ݑ௔, ݑ௕, ݑ௖ ɧɚ ݑ௔ଵ, ݑ௕ଵ, ݑ௖ଵ ɫ ɭɱɟɬɨɦ ɭɫɥɨɜɢɹ ݑ௔ଵ + ௕ଵݑ + ௖ଵݑ = Ͳ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɨɟɤɰɢɸ ܷ⃗⃗ ఈఉ ɨɛɨɛɳɟɧɧɨɝɨ (ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ) ɜɟɤɬɨɪɚ ܷ⃗⃗  ɧɚ 

ɩɥɨɫɤɨɫɬɶ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɚɲɢɧɵ ɩɪɚɜɢɥɶɧɟɟ ɧɚɡɵɜɚɬɶ 

ɨɛɨɛɳɟɧɧɵɦ (ɪɟɡɭɥɶɬɢɪɭɸɳɢɦ) ɜɟɤɬɨɪɨɦ ɫɨɫɬɚɜɥɹɸɳɢɯ ɧɟɧɭɥɟɜɨɣ 

ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɬɪɟɯɮɚɡɧɨɣ ɫɢɫɬɟɦɵ ɫɢɝɧɚɥɨɜ. ɗɬɨ ɩɨɧɹɬɢɟ, ɩɨ ɫɭɬɢ, 

ɫɨɜɩɚɞɚɟɬ ɫ ɨɛɳɢɦ ɩɨɧɹɬɢɟɦ «ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ ɜɟɤɬɨɪ ɬɪɟɯɮɚɡɧɨɣ ɫɢɫɬɟɦɵ 

ɫɢɝɧɚɥɨɜ» ɬɨɥɶɤɨ ɜ ɱɚɫɬɧɨɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ݑఊ = ଴ݑʹ√ = Ͳ. 

 

1.2 Вɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɵɟ ɭɪɚɜɧɟɧɢɹ ɨɛɨɛɳɟɧɧɨɣ ɬɪɟɯɮɚɡɧɨɣ 
ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɚɲɢɧɵ. ɉɪɢɦɟɧɟɧɢɟ ɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨ ɚɩɩɚɪɚɬɚ 
ɤɨɦɩɥɟɤɫɧɵɯ ɮɭɧɤɰɢɣ 

 

Ⱦɥɹ ɧɚɢɛɨɥɟɟ ɨɛɳɟɝɨ ɫɥɭɱɚɹ ɥɢɧɟɣɧɨ ɧɟɡɚɜɢɫɢɦɨɣ ɫɢɫɬɟɦɵ ɬɪɟɯɮɚɡɧɵɯ 

ɫɢɝɧɚɥɨɜ, ɨɛɨɛɳɟɧɧɚɹ ɦɚɲɢɧɚ ɧɟ ɦɨɠɟɬ ɪɚɫɫɦɚɬɪɢɜɚɬɶɫɹ ɤɚɤ ɞɜɭɦɟɪɧɚɹ 

ɦɨɞɟɥɶ, ɬɚɤ ɤɚɤ ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ ɜɟɤɬɨɪ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɬɪɟɦɹ ɤɨɨɪɞɢɧɚɬɚɦɢ 

[5, 12]. ȼ ɷɬɨɦ ɫɥɭɱɚɟ, ɨɛɨɛɳɟɧɧɨɣ ɦɚɲɢɧɟ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɦɨɞɟɥɶ, ɩɪɢɜɟɞɟɧɧɚɹ 

ɧɚ ɪɢɫɭɧɤɟ 1.4. 

Ⱦɥɹ ɦɨɞɟɥɢ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɧɚ ɪɢɫɭɧɤɟ 1.4, ɭɪɚɜɧɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ 

ɤɨɧɬɭɪɨɜ ɢ ɭɪɚɜɧɟɧɢɹ ɫɜɹɡɢ ɜ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɨɣ ɮɨɪɦɟ ɛɭɞɭɬ ɢɦɟɬɶ ɜɢɞ: 

 

௦ܷ⃗⃗⃗⃗ = 𝑅௦ ∙ + ௦⃗⃗ܫ ݀𝛹௦⃗⃗⃗⃗ ݀ݐ ,                                         ሺͳ.ʹ.ͳሻ 
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௥ܷ⃗⃗⃗⃗ = 𝑅௥ ∙ ௥⃗⃗⃗ܫ  + ݀𝛹௥⃗⃗⃗⃗ ݀ݐ + ߱௥ ∙ 𝐵 ∙ 𝛹௥⃗⃗⃗⃗ ,                                ሺͳ.ʹ.ʹሻ 𝛹௦⃗⃗⃗⃗ = ௠ܮ ∙ ௥⃗⃗⃗ܫ  + ௦ܮ ∙ = ௦⃗⃗ ,                                        ሺͳ.ʹ.͵ሻ 𝛹௥⃗⃗⃗⃗ܫ ௠ܮ ∙ + ௦⃗⃗ܫ ௥ܮ ∙ ௥⃗⃗⃗ܫ  ,                                        ሺͳ.ʹ.Ͷሻ 
 

ɝɞɟ ௦ܷ⃗⃗⃗⃗ , ௥ܷ⃗⃗⃗⃗  , ,  ௦⃗⃗ܫ ௥⃗⃗⃗ܫ  , 𝛹௦⃗⃗⃗⃗  , 𝛹௥⃗⃗⃗⃗   − ɚɥɝɟɛɪɚɢɱɟɫɤɢɟ ɜɟɤɬɨɪɵ-ɫɬɨɥɛɰɵ, ɫɨɫɬɚɜɥɟɧɧɵɟ ɢɡ 

ɦɝɧɨɜɟɧɧɵɯ ɡɧɚɱɟɧɢɣ ɩɪɨɟɤɰɢɣ ɨɛɨɛɳɟɧɧɵɯ ɜɟɤɬɨɪɨɜ ɧɚɩɪɹɠɟɧɢɣ, ɬɨɤɨɜ ɢ 

ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɣ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ ɧɚ ɨɫɢ ɤɨɨɪɞɢɧɚɬɧɨɣ ɫɢɫɬɟɦɵ ߙ, ,ߚ   :ߛ

 

௦ܷ⃗⃗⃗⃗ = [௦ఊݑ௦ఉݑ௦ఈݑ] = ௦⃗⃗ܫ ; [
݅௦ఈ݅௦ఉ݅௦ఊ] ; 𝛹௦⃗⃗⃗⃗ = [

߰௦ఈ߰௦ఉ߰௦ఊ],                            ሺͳ.ʹ.ͷሻ 
௥ܷ⃗⃗⃗⃗ = [௥ఊݑ௥ఉݑ௥ఈݑ] ௥⃗⃗⃗ܫ ;  = [

݅௥ఈ݅௥ఉ݅௥ఊ] ;  𝛹௥⃗⃗⃗⃗ = [
߰௥ఈ߰௥ఉ߰௥ఊ ].                            ሺͳ.ʹ.͸ሻ 

 

   𝑅௦, 𝑅௥ − ɦɚɬɪɢɰɵ ɚɤɬɢɜɧɵɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ: 

 

𝑅௦ = ௦ݎ] Ͳ ͲͲ ௦ݎ ͲͲ Ͳ [௦ݎ ;   𝑅௥ = [
௥ݎ Ͳ ͲͲ ௥ݎ ͲͲ Ͳ  ௥].                        ሺͳ.ʹ.͹ሻݎ

 

,௦ܮ           ௥ܮ , ௠ܮ  − ɦɚɬɪɢɰɵ ɫɨɛɫɬɜɟɧɧɵɯ ɢɧɞɭɤɬɢɜɧɨɫɬɟɣ ɫɬɚɬɨɪɚ, ɪɨɬɨɪɚ ɢ 

ɜɡɚɢɦɧɨɣ ɢɧɞɭɤɬɢɜɧɨɫɬɢ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ: 

 

௦ܮ = [݈௦ Ͳ ͲͲ ݈௦ ͲͲ Ͳ ݈௦] ௥ܮ  ; = [
݈௥ Ͳ ͲͲ ݈௥ ͲͲ Ͳ ݈௥] ; ௠ܮ  = [݈௠ Ͳ ͲͲ ݈௠ ͲͲ Ͳ ݈௠].          ሺͳ.ʹ.ͺሻ 
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𝐵 – ɩɨɫɬɨɹɧɧɵɣ ɦɚɬɪɢɱɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ: 

 

𝐵 = [Ͳ −ͳ Ͳͳ Ͳ ͲͲ Ͳ Ͳ].                                          ሺͳ.ʹ.ͻሻ 
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Ɋɢɫɭɧɨɤ 1.4 – Ɍɪɟɯɦɟɪɧɚɹ ɦɨɞɟɥɶ ɨɛɨɛɳɟɧɧɨɣ ɬɪɟɯɮɚɡɧɨɣ ɦɚɲɢɧɵ 

 

 Ʉɚɤ ɨɬɦɟɱɟɧɨ ɜ [7, 12, 13], ɫ ɩɨɡɢɰɢɢ ɚɧɚɥɢɡɚ ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɜ 

ɚɫɢɧɯɪɨɧɧɵɯ ɦɚɲɢɧɚɯ ɩɪɨɟɤɰɢɢ ɪɟɡɭɥɶɬɢɪɭɸɳɢɯ ɜɟɤɬɨɪɨɜ ɧɚ ɨɫɶ Ȗ 

(ɩɪɨɞɨɥɶɧɭɸ ɨɫɶ ɜɚɥɚ ɦɚɲɢɧɵ), ɨɩɪɟɞɟɥɹɟɦɵɟ ɫɨɫɬɚɜɥɹɸɳɢɦɢ ɧɭɥɟɜɨɣ 

ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ, ɨɛɪɚɡɭɸɬ ɚɜɬɨɧɨɦɧɭɸ ɫɬɪɭɤɬɭɪɭ. 

ɗɬɚ ɱɚɫɬɶ ɦɨɞɟɥɢ ɧɟ ɫɜɹɡɚɧɚ ɫ ɨɫɬɚɥɶɧɨɣ ɱɚɫɬɶɸ ɩɨɥɧɨɣ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ 

ɦɨɞɟɥɢ ɨɛɨɛɳɟɧɧɨɣ ɦɚɲɢɧɵ ɢ ɧɟ ɡɚɜɢɫɢɬ ɧɢ ɨɬ ɜɢɞɚ, ɧɢ ɨɬ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ 

ɤɨɨɪɞɢɧɚɬɧɨɣ ɫɢɫɬɟɦɵ ɜɨɤɪɭɝ ɨɫɢ Ȗ ɢ ɧɟ ɭɱɚɫɬɜɭɟɬ ɜ ɮɨɪɦɢɪɨɜɚɧɢɢ 

ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɷɬɭ ɱɚɫɬɶ ɦɨɞɟɥɢ ɦɨɠɧɨ 

ɭɱɢɬɵɜɚɬɶ ɨɬɞɟɥɶɧɨ, ɥɢɛɨ ɧɟ ɭɱɢɬɵɜɚɬɶ ɜɨɜɫɟ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɜɫɟ ɜɧɟɲɧɢɟ 

ɜɨɡɞɟɣɫɬɜɢɹ ɢ ɩɟɪɟɦɟɧɧɵɟ ɫɨɫɬɨɹɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɤɨɧɬɭɪɨɜ 

ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ, ɜ ɫɭɳɧɨɫɬɢ, ɧɟ ɬɪɟɯɦɟɪɧɵɟ, ɚ ɞɜɭɯɦɟɪɧɵɟ ɜɟɤɬɨɪɵ. 
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ɍɞɨɛɧɵɦ ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɦɨɞɟɥɟɣ ɜ ɬɚɤɨɦ ɫɥɭɱɚɟ ɹɜɥɹɟɬɫɹ ɦɚɬɟɦɚɬɢɱɟɫɤɢɣ 

ɚɩɩɚɪɚɬ ɤɨɦɩɥɟɤɫɧɵɯ ɮɭɧɤɰɢɣ. 

 ȼɜɟɞɟɦ ɜɡɚɦɟɧ ɞɜɭɯɦɟɪɧɵɯ ɜɟɤɬɨɪɨɜ ɧɚɩɪɹɠɟɧɢɣ, ɬɨɤɨɜ ɢ 

ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɣ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɢɦ ɤɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ: 

 

{ = ݑ⃗ ఈݑ + ݆ ∙ ఉݑ ,𝑖 = ݅ఈ + ݆ ∙ ݅ఉ ,߰⃗ = ߰ఈ + ݆ ∙ ߰ఉ.                                         ሺ1.2.10ሻ 
 

 ɋ ɭɱɟɬɨɦ (1.2.10) ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɵɟ ɭɪɚɜɧɟɧɢɹ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ 

ɦɨɠɧɨ ɩɨɫɬɚɜɢɬɶ ɜ ɫɨɨɬɜɟɬɫɬɜɢɟ ɫɢɫɬɟɦɟ ɤɨɦɩɥɟɤɫɧɵɯ ɭɪɚɜɧɟɧɢɣ:  

 

{  
= ௦⃗⃗⃗⃗ݑ   ௦ݎ ∙ 𝑖௦⃗⃗ + 𝑝߰௦⃗⃗⃗⃗ ,                       ݑ௥⃗⃗⃗⃗ = ௥ݎ ∙ 𝑖௥⃗⃗  − ݆ ∙ 𝑤௥ ∙ ߰௥⃗⃗ ⃗⃗  + 𝑝߰௥⃗⃗ ⃗⃗  ,߰௦⃗⃗⃗⃗ = ݈௠ ∙ 𝑖௥⃗⃗  + ݈௦ ∙ 𝑖௦⃗⃗ ,                    ߰௥⃗⃗ ⃗⃗  = ݈௠ ∙ 𝑖௦⃗⃗ + ݈௥ ∙ 𝑖௥⃗⃗  ,                                       ሺ1.2.11ሻ 

 

ɝɞɟ p – ɫɢɦɜɨɥ ɞɢɮɮɟɪɟɧɰɢɪɨɜɚɧɢɹ. 

 ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɫɢɫɬɟɦɚ (1.2.11) ɡɚɩɢɫɚɧɚ ɞɥɹ ɡɚɬɨɪɦɨɠɟɧɧɨɣ 

ɦɚɲɢɧɵ ɜ ɧɟɩɨɞɜɢɠɧɨɣ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɬɚɬɨɪɚ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ α,ȕ. ȼ ɷɬɨɦ 

ɫɥɭɱɚɟ ɧɚ ɜɵɜɨɞɵ ɨɛɦɨɬɨɤ ɞɨɥɠɧɵ ɩɨɫɬɭɩɚɬɶ ɫɢɧɭɫɨɢɞɚɥɶɧɵɟ ɫɢɝɧɚɥɵ. Ɉɞɧɚɤɨ 

ɩɪɢ ɚɧɚɥɢɡɟ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɜ ɦɚɲɢɧɚɯ ɩɟɪɟɦɟɧɧɨɝɨ 

ɬɨɤɚ ɝɨɪɚɡɞɨ ɭɞɨɛɧɟɟ ɩɨɥɶɡɨɜɚɬɶɫɹ ɫɢɫɬɟɦɨɣ ɤɨɨɪɞɢɧɚɬ x,y, ɜɪɚɳɚɸɳɟɣɫɹ ɫ 

ɩɪɨɢɡɜɨɥɶɧɨɣ ɫɤɨɪɨɫɬɶɸ ωk [1, 7, 8]. Ɉɛɨɡɧɚɱɢɦ ɭɝɨɥ, ɭɤɚɡɵɜɚɸɳɢɣ ɩɨɥɨɠɟɧɢɟ 

ɜɪɚɳɚɸɳɟɣɫɹ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɩɨɞɜɢɠɧɨɣ, ɱɟɪɟɡ θk 

(ɪɢɫɭɧɨɤ 1.5).  

 Ʉɚɤ ɢɡɜɟɫɬɧɨ ɢɡ ɦɚɬɟɦɚɬɢɤɢ, ɜɟɤɬɨɪ ɧɚ ɤɨɦɩɥɟɤɫɧɨɣ ɩɥɨɫɤɨɫɬɢ 

ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɦɨɞɭɥɟɦ ɢ ɭɝɥɨɦ (ɚɪɝɭɦɟɧɬɨɦ) ɨɬɧɨɫɢɬɟɥɶɧɨ ɞɟɣɫɬɜɢɬɟɥɶɧɨɣ 
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ɨɫɢ [9]. Ɋɚɫɫɦɨɬɪɢɦ ɜɟɤɬɨɪ 𝑖௦⃗⃗ , ɩɨɥɨɠɟɧɢɟ ɤɨɬɨɪɨɝɨ ɜ ɧɟɩɨɞɜɢɠɧɨɣ ɫɢɫɬɟɦɟ 

ɤɨɨɪɞɢɧɚɬ ɨɩɪɟɞɟɥɹɟɬɫɹ ɭɝɥɨɦ φis: 

 𝑖௦⃗⃗ =݅௦∙݁௝𝜑𝑖ೞ .                                               ሺͳ.ʹ.ͳʹሻ 
 

α

ȕ

x

y

d

q

is φisk

φis

θk

θ

ωk ω

 

 

Ɋɢɫɭɧɨɤ 1.5 – ɉɪɟɨɛɪɚɡɨɜɚɧɢɟ ɤɨɨɪɞɢɧɚɬ ɜɟɤɬɨɪɚ 𝑖௦⃗⃗  
 

 ɉɨɥɨɠɟɧɢɟ ɷɬɨɝɨ ɠɟ ɜɟɤɬɨɪɚ ɜɨ ɜɪɚɳɚɸɳɟɣɫɹ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ 

ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɭɝɥɨɦ φisk=φis-θk  (ɪɢɫɭɧɨɤ 1.5). Ɍɨɝɞɚ: 

 𝑖 ௦௞ = ݅௦ ∙ ݁௜ሺ𝜑𝑖ೞ−𝜃𝑘ሻ = ݅௦ ∙ ݁௜ሺ𝜑𝑖ೞሻ ∙ ݅௦ ∙ ݁−௝𝜃𝑘 .                     (1.2.13) 

 

 ɋɪɚɜɧɢɜ ɜɵɪɚɠɟɧɢɹ (1.2.12) ɢ (1.2.13), ɩɨɥɭɱɢɦ ɜɵɪɚɠɟɧɢɹ 

ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɜɟɤɬɨɪɨɜ ɢɡ ɧɟɩɨɞɜɢɠɧɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ ɜɨ ɜɪɚɳɚɸɳɭɸɫɹ 

ɢ ɨɛɪɚɬɧɨ: 

 𝑖 ௦௞ = 𝑖௦⃗⃗ ∙ ݁−௝𝜃𝑘 ,                                           ሺ1.2.14ሻ 
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𝑖௦⃗⃗ = 𝑖 ௦௞ ∙ ݁௝𝜃𝑘 .                                           ሺ1.2.15ሻ 
  

ɉɪɢɜɟɞɟɦ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (1.2.11) ɤ ɜɪɚɳɚɸɳɟɣɫɹ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ, 

ɞɥɹ ɱɟɝɨ ɧɟɨɛɯɨɞɢɦɨ ɭɦɧɨɠɢɬɶ ɢɯ ɩɪɚɜɵɟ ɢ ɥɟɜɵɟ ɱɚɫɬɢ ɧɚ e-jθk. ȼ ɢɬɨɝɟ, 

ɩɨɥɭɱɢɦ: 

∙ ௦⃗⃗⃗⃗ݑ  ݁−௝𝜃𝑘 = ௦ݎ ∙ 𝑖௦⃗⃗ ∙ ݁−௝𝜃𝑘 + ݁௝𝜃𝑘 + ݁−௝𝜃𝑘 ∙ 𝑝߰௦⃗⃗⃗⃗ ,                  ሺ1.2.16ሻ ݑ௥⃗⃗⃗⃗ ∙ ݁−௝𝜃𝑘 = ௥ݎ ∙ 𝑖௥⃗⃗  ∙ ݁−௝𝜃𝑘 − ݆ ∙ 𝑤௥ ∙ ߰௥⃗⃗ ⃗⃗  ∙ ݁−௝𝜃𝑘 + ݁−௝𝜃𝑘 ∙ 𝑝߰௥⃗⃗ ⃗⃗        ሺͳ.ʹ.ͳ͹ሻ 
 

 ɉɪɟɨɛɪɚɡɭɟɦ ɜɵɪɚɠɟɧɢɹ (1.2.16) – (1.2.17) ɜɡɹɜ ɧɟɨɛɯɨɞɢɦɵɟ 

ɩɪɨɢɡɜɨɞɧɵɟ, ɫ ɭɱɟɬɨɦ: 

 ߰௦⃗⃗⃗⃗ = ߰⃗ ௦௞ ∙ ݁௝𝜃𝑘;  ߰௥⃗⃗ ⃗⃗  = ߰⃗ ௥௞ ∙ ݁௝𝜃𝑘; ∙ ௦⃗⃗⃗⃗ݑ ݁−௝𝜃𝑘 = ;௦௞ ݑ⃗ ∙ ௥⃗⃗⃗⃗ݑ  ݁−௝𝜃𝑘 = ௥௞ ݑ⃗ ,   ሺͳ.ʹ.ͳͺሻ 𝑖௦⃗⃗ ∙ ݁−௝𝜃𝑘 = 𝑖 ௦௞ , 𝑖௥⃗⃗  ∙ ݁−௝𝜃𝑘 = 𝑖 ௥௞ , 𝑝ߠ௞ = 𝑤௞ .                   ሺͳ.ʹ.ͳͻሻ 
  

ȼ ɢɬɨɝɟ ɩɨɥɭɱɢɦ: 

௦௞ ݑ⃗  = 𝑖 ௦௞ ∙ ௦ݎ + ݆ ∙ 𝑤௞ ∙ ߰⃗ ௦௞ + 𝑝߰⃗ ௦௞ ,                          ሺͳ.ʹ.ʹͲሻ ⃗ݑ ௥௞ = 𝑖 ௥௞ ∙ ௥ݎ + ݆ ∙ ሺ𝑤௞ −𝑤ሻ ∙ ߰⃗ ௥௞ + 𝑝߰⃗ ௥௞ .                 ሺͳ.ʹ.ʹͲሻ 
  

ɍɪɚɜɧɟɧɢɹ ɫɜɹɡɢ, ɩɨɫɥɟ ɚɧɚɥɨɝɢɱɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ, ɩɪɢɨɛɪɟɬɚɸɬ ɜɢɞ: 

 ߰⃗ ௦௞ = ݈௠ ∙ 𝑖 ௥௞ + ݈௦ ∙ 𝑖 ௦௞,                               (1.2.22) ߰⃗ ௥௞ = ݈௠ ∙ 𝑖 ௦௞ + ݈௥ ∙ 𝑖 ௥௞.                                 ሺ1.2.23ሻ 
 

Ʉɨɦɩɥɟɤɫɧɵɟ ɭɪɚɜɧɟɧɢɹ (1.2.20) – (1.2.23) ɨɩɢɫɵɜɚɸɬ ɨɛɨɛɳɟɧɧɭɸ 

ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɦɚɲɢɧɭ ɜɨ ɜɪɚɳɚɸɳɟɣɫɹ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ. ȼ ɞɚɥɶɧɟɣɲɟɦ, 

ɢɧɞɟɤɫ k ɩɪɢ ɤɨɦɩɥɟɤɫɧɵɯ ɩɟɪɟɦɟɧɧɵɯ ɛɭɞɟɦ ɨɩɭɫɤɚɬɶ, ɚɩɪɢɨɪɢ ɩɨɥɚɝɚɹ, ɱɬɨ 
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ɜɫɟ ɦɨɞɟɥɢ ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɜɨ ɜɪɚɳɚɸɳɟɣɫɹ ɫ ɩɪɨɢɡɜɨɥɶɧɨɣ ɫɤɨɪɨɫɬɶɸ 

ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ.  

ɉɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɫ 

ɤɨɪɨɬɤɨɡɚɦɤɧɭɬɵɦ ɪɨɬɨɪɨɦ, ɩɪɢɧɢɦɚɟɬɫɹ ⃗ݑ ௥ = Ͳ. Ⱦɥɹ ɷɬɨɝɨ ɫɥɭɱɚɹ ɫɢɫɬɟɦɚ 

ɭɪɚɜɧɟɧɢɣ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɤɨɧɬɭɪɨɜ ɩɪɢɦɟɬ ɜɢɞ [3, 5, 6, 13]: 

 

 {  
௦ ݑ⃗   = ௦ݎ ∙ 𝑖 ௦ + ݆ ∙ 𝑤௞ ∙ ߰⃗ ௦ + 𝑝߰⃗ ௦,                       Ͳ = ௥ݎ ∙ 𝑖 ௥ − ݆ ∙ ሺ𝑤௞ − 𝑤ሻ ∙ ߰⃗ ௥ + 𝑝߰⃗ ௥ ,           ߰௦⃗⃗⃗⃗ = ݈௠ ∙ 𝑖 ௥ + ݈௦ ∙ 𝑖 ௦,                                            ߰⃗ ௥ = ݈௠ ∙ 𝑖 ௦ + ݈௥ ∙ 𝑖 ௥ .                                                       ሺͳ.ʹ.ʹͶሻ 

 

ȼ ɢɬɨɝɟ, ɛɟɡ ɩɨɬɟɪɢ ɨɛɳɧɨɫɬɢ ɪɚɫɫɭɠɞɟɧɢɣ, ɦɵ ɩɟɪɟɲɥɢ ɨɬ ɭɪɚɜɧɟɧɢɣ 

(1.2.1) – (1.2.4) ɤ ɫɢɫɬɟɦɟ ɭɪɚɜɧɟɧɢɣ (1.2.24). ɉɪɢ ɷɬɨɦ ɤɨɨɪɞɢɧɚɬɧɵɟ 

ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɢɦɟɸɬ ɝɨɪɚɡɞɨ ɦɟɧɟɟ ɝɪɨɦɨɡɞɤɢɣ ɜɢɞ, ɛɨɥɶɲɭɸ ɮɢɡɢɱɟɫɤɭɸ 

ɧɚɝɥɹɞɧɨɫɬɶ ɢ ɥɟɝɤɨɫɬɶ ɝɟɨɦɟɬɪɢɱɟɫɤɨɣ ɢɧɬɟɪɩɪɟɬɚɰɢɢ. Ⱦɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ 

ɭɪɚɜɧɟɧɢɹ ɬɚɤɠɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɛɨɥɟɟ ɩɪɨɫɬɨɦ ɜɢɞɟ, ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɜɟɤɬɨɪɧɨ-

ɦɚɬɪɢɱɧɵɦɢ ɭɪɚɜɧɟɧɢɹɦɢ, ɩɪɢɜɟɞɟɧɧɵɦɢ ɜ [3, 13]. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, 

ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɚɩɩɚɪɚɬɚ ɤɨɦɩɥɟɤɫɧɵɯ ɮɭɧɤɰɢɣ ɡɧɚɱɢɬɟɥɶɧɨ ɭɩɪɨɳɚɟɬ ɜɢɞ 

ɦɨɞɟɥɟɣ ɢ ɢɯ ɚɧɚɥɢɡ. 

 

1.3 Ɉɛɳɚɹ ɮɨɪɦɭɥɚ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ. ɍɪɚɜɧɟɧɢɟ 
ɞɜɢɠɟɧɢɹ 

 

Ⱦɥɹ ɩɨɥɭɱɟɧɢɹ ɩɨɥɧɨɣ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɚɲɢɧɵ 

ɤɚɤ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɷɧɟɪɝɢɢ ɭɪɚɜɧɟɧɢɹ 

ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɤɨɧɬɭɪɨɜ ɧɟɨɛɯɨɞɢɦɨ ɞɨɩɨɥɧɢɬɶ ɭɪɚɜɧɟɧɢɹɦɢ 

ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɢ ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɞɜɢɠɟɧɢɹ ɪɨɬɨɪɚ. 

ɍɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ, ɭɱɢɬɵɜɚɹ ɨɛɳɢɟ ɡɚɤɨɧɵ ɦɟɯɚɧɢɤɢ, 

ɫɨɝɥɚɫɧɨ ɤɨɬɨɪɵɦ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ ݉э, ɩɟɪɟɞɚɜɚɟɦɵɣ ɧɚ ɜɚɥ, 
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ɭɪɚɜɧɨɜɟɲɢɜɚɟɬɫɹ ɦɨɦɟɧɬɨɦ ɫɬɚɬɢɱɟɫɤɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ݉с ɢ ɦɨɦɟɧɬɨɦ 

ɞɢɧɚɦɢɱɟɫɤɢɦ ݉ˇиː [6, 14]: 

 ݉э = ݉с +݉ˇиː.                                              ሺͳ.͵.ͳሻ 
 

Ɇɨɦɟɧɬ ɞɢɧɚɦɢɱɟɫɤɢɣ ɹɜɥɹɟɬɫɹ, ɜ ɫɜɨɸ ɨɱɟɪɟɞɶ, ɮɭɧɤɰɢɟɣ ɫɤɨɪɨɫɬɢ 𝑤 

ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ ɢ ɩɪɢɜɟɞɟɧɧɨɝɨ ɦɨɦɟɧɬɚ ɢɧɟɪɰɢɢ ܬ ɧɚ ɜɚɥɭ ɞɜɢɝɚɬɟɥɹ: 

 ݉ˇиː =  𝑝𝑤.                                                 ሺͳ.͵.ʹሻܬ
 

Ɇɨɦɟɧɬ ɫɬɚɬɢɱɟɫɤɢɣ ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɚɲɢɧɟ – ɜɧɟɲɧɹɹ 

ɤɨɨɪɞɢɧɚɬɚ, ɤɨɬɨɪɚɹ ɩɪɚɤɬɢɱɟɫɤɢ ɩɨɥɧɨɫɬɶɸ (ɡɚ ɜɵɱɟɬɨɦ ɜɧɭɬɪɟɧɧɢɯ 

ɦɟɯɚɧɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɜ ɞɜɢɝɚɬɟɥɟ) ɨɩɪɟɞɟɥɹɟɬɫɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ 

ɩɪɢɜɨɞɢɦɨɝɨ ɜ ɞɜɢɠɟɧɢɟ ɷɬɨɣ ɦɚɲɢɧɨɣ ɪɚɛɨɱɟɝɨ ɦɟɯɚɧɢɡɦɚ. 

Ɇɨɦɟɧɬ ɞɢɧɚɦɢɱɟɫɤɢɣ, ɚ ɬɨɱɧɟɟ ɩɪɢɜɟɞɟɧɧɵɣ ɤ ɜɚɥɭ ɞɜɢɝɚɬɟɥɹ 

ɫɭɦɦɚɪɧɵɣ ɦɨɦɟɧɬ ɢɧɟɪɰɢɢ, ɬɚɤ ɠɟ ɜ ɡɧɚɱɢɬɟɥɶɧɨɣ ɦɟɪɟ ɡɚɜɢɫɢɬ ɨɬ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɪɚɛɨɱɟɝɨ ɦɟɯɚɧɢɡɦɚ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɭɪɚɜɧɟɧɢɟ ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɞɜɢɠɟɧɢɹ ɪɨɬɨɪɚ ɦɨɠɟɬ ɛɵɬɶ 

ɨɞɧɨɡɧɚɱɧɨ ɨɩɪɟɞɟɥɟɧɨ ɬɨɥɶɤɨ ɫ ɭɱɟɬɨɦ ɞɢɧɚɦɢɱɟɫɤɢɯ ɢ ɫɬɚɬɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ 

ɤɨɧɤɪɟɬɧɨɝɨ ɦɟɯɚɧɢɡɦɚ ɩɪɢɜɨɞɢɦɨɝɨ ɜ ɞɜɢɠɟɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɚɲɢɧɨɣ. 

ɉɨɷɬɨɦɭ ɜ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ, ɩɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɚɲɢɧɵ 

ɤɚɤ ɨɛɴɟɤɬɚ ɢɫɫɥɟɞɨɜɚɧɢɹ, ɦɨɦɟɧɬ ɫɬɚɬɢɱɟɫɤɢɣ ɫɱɢɬɚɟɬɫɹ ɜɟɥɢɱɢɧɨɣ ɡɚɞɚɧɧɨɣ, 

ɨɩɪɟɞɟɥɹɟɦɨɣ ɭɫɥɨɜɢɹɦɢ ɤɨɧɤɪɟɬɧɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢɹ. ɉɪɢɜɟɞɟɧɧɵɣ ɤ ɜɚɥɭ 

ɫɭɦɦɚɪɧɵɣ ɦɨɦɟɧɬ ɢɧɟɪɰɢɢ ɩɪɢɧɢɦɚɟɬɫɹ ɜɟɥɢɱɢɧɨɣ ɩɨɫɬɨɹɧɧɨɣ, ɪɚɜɧɨɣ ɢɥɢ 

ɤɪɚɬɧɨɣ ɦɨɦɟɧɬɭ ɢɧɟɪɰɢɢ ɪɨɬɨɪɚ. 

Ɍɨɝɞɚ ɭɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ ɩɪɢɨɛɪɟɬɚɟɬ ɜɢɞ: 

𝑝𝑤ܬ  = ݉э −݉с. (1.3.3) 
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2. Ɇɚɬɟɦɚɬɢɱɟɫɤɢɟ ɦɨɞɟɥɢ АȾ ɜ ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɩɪɢ 

ɞɨɩɭɳɟɧɢɢ ɩɨɫɬɨɹɧɫɬɜɚ ɟɟ ɩɚɪɚɦɟɬɪɨɜ 

 

2.1 ɍɪɚɜɧɟɧɢɹ ɜ ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ. ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɨɞɟɥɢ 

 

 Ʉɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɦɨɝɭɬ ɛɵɬɶ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɪɟɯ ɪɚɡɥɢɱɧɵɯ 

ɮɨɪɦɚɯ: ɩɨɤɚɡɚɬɟɥɶɧɨɣ, ɚɥɝɟɛɪɚɢɱɟɫɤɨɣ ɢ ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɨɣ [9]. 

Ⱥɥɝɟɛɪɚɢɱɟɫɤɚɹ ɮɨɪɦɚ ɭɞɨɛɧɚ ɩɪɢ ɩɨɥɭɱɟɧɢɢ ɦɨɞɟɥɟɣ ɜ ɞɟɤɚɪɬɨɜɨɣ ɫɢɫɬɟɦɟ 

ɤɨɨɪɞɢɧɚɬ, ɱɬɨ ɢ ɛɭɞɟɬ ɩɨɞɪɨɛɧɨ ɨɬɪɚɠɟɧɨ ɜ ɞɚɧɧɨɣ ɝɥɚɜɟ. 

ɋɢɫɬɟɦɚ ɤɨɦɩɥɟɤɫɧɵɯ ɭɪɚɜɧɟɧɢɣ ȺȾ ɫ ɤɨɪɨɬɤɨɡɚɦɤɧɭɬɵɦ ɪɨɬɨɪɨɦ ɜ 

ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ ɢɦɟɟɬ ɜɢɞ [3, 5, 13]: 

 

{  
௦ ݑ⃗   = ௦ݎ ∙ 𝑖 ௦ + ݆ ∙ 𝑤௞ ∙ ߰⃗ ௦ + 𝑝߰⃗ ௦,                       Ͳ = ௥ݎ ∙ 𝑖 ௥ − ݆ ∙ ሺ𝑤௞ −𝑤ሻ ∙ ߰⃗ ௥ + 𝑝߰⃗ ௥ ,           ߰௦⃗⃗⃗⃗ = ݈௠ ∙ 𝑖 ௥ + ݈௦ ∙ 𝑖 ௦,                                            ߰⃗ ௥ = ݈௠ ∙ 𝑖 ௦ + ݈௥ ∙ 𝑖 ௥ .                                                   ሺʹ.ͳ.ͳሻ 

 

ɝɞɟ ls − ɩɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɫɬɚɬɨɪɚ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ; 

 lr − ɩɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɪɨɬɨɪɚ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ; 

 lm − ɜɡɚɢɦɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ. 

 ݈௦ = ݈𝜎௦ + ݈௠,                                               ሺʹ.ͳ.ʹሻ ݈௥ = ݈𝜎௥ + ݈௠.                                               ሺʹ.ͳ.͵ሻ 
 

ɝɞɟ lσs ɢ lσr- ɢɧɞɭɤɬɢɜɧɨɫɬɢ ɪɚɫɫɟɹɧɢɹ ɨɛɦɨɬɨɤ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ. 

Ɋɟɡɭɥɶɬɢɪɭɸɳɢɟ ɜɟɤɬɨɪɵ, ɜɯɨɞɹɳɢɟ ɜ ɭɪɚɜɧɟɧɢɟ (2.1.1), ɩɪɟɞɫɬɚɜɢɦ ɜ 

ɜɢɞɟ ɩɪɨɟɤɰɢɣ ɧɚ ɤɨɨɪɞɢɧɚɬɧɵɟ ɨɫɢ x ɢ у ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 
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{   
  
௫௦ݑ    = ௦݅௫௦ݎ −𝑤௞߰௬௦ + 𝑝߰௫௦ ௬௦ݑ       , = ௦݅௬௦ݎ +𝑤௞߰௫௦ + 𝑝߰௬௦ ,        Ͳ = ௥݅௫௥ݎ − ሺ𝑤௞ −𝑤ሻ߰௬௥ + 𝑝߰௫௥ ,Ͳ = ௥݅௬௥ݎ + ሺ𝑤௞ −𝑤ሻ߰௫௥ + 𝑝߰௬௥ ,߰௫௦ = ݈௦݅௫௦ + ݈௠݅௫௥ ,                        ߰௬௦ = ݈௦݅௬௦ + ݈௠݅௬௥ ,                        ߰௫௥ = ݈௠݅௫௦ + ݈௥݅௫௥ ,                         ߰௬௥ = ݈௠݅௬௦ + ݈௥݅௬௥ .                          

                     (2.1.4) 

 

 Ɏɨɪɦɭɥɵ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɜ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ ɞɥɹ 

ɦɚɲɢɧɵ ɫ ɤɨɪɨɬɤɨɡɚɦɤɧɭɬɵɦ ɪɨɬɨɪɨɦ ɢ ɩɨɫɬɨɹɧɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɱɟɪɟɡ 

ɤɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɢɦɟɸɬ ɜɢɞ [3, 5, 6]: 

 

{  
  mЭ=lm∙Im[𝑖 ௦ ∙ 𝑖 ̇௥],                    mЭ=Im [𝑖 ௦ ∙ ߰⃗ ̇௦] ,                   

mЭ=
kr

l’s
∙Im [߰⃗ ௦ ∙ ߰⃗ ̇௥] ,              mЭ=kr∙Im [𝑖 ௦ ∙ ߰⃗ ̇௥] ,               

mЭ=Im [𝑖 ௥ ∙ ߰⃗ ̇௥] ,                    mЭ=ks∙Im [𝑖 ௥ ∙ ߰⃗ ̇௦] ,                   ሺ2.1.4ሻ 

{   
  
   ݉э = ݈௠(݅௬௦݅௫௥ − ݅௫௦݅௬௥),       ݉э = (݅௬௦߰௫௥ − ݅௫௦߰௬௥),         ݉э = ݇௥݈௦′ (߰௬௦߰௫௥ − ߰௫௦߰௬௥),݉э = ݇௥(݅௬௦߰௫௥ − ݅௫௦߰௬௥),    ݉э = (݅௬௥߰௫௥ − ݅௫௥߰௬௥),        ݉э = ݇௥ሺ݅௬௥߰௫௦ − ݅௫௥߰௬௦,      

                                ሺ2.1.5ሻ 
 

ɝɞɟ ɜ ɫɢɫɬɟɦɟ ɭɪɚɜɧɟɧɢɣ (2.1.4) 𝑖 ̇௥ , ߰⃗ ̇௦ , ߰⃗ ̇௥  - ɤɨɦɩɥɟɤɫɧɨ-ɫɨɩɪɹɠɟɧɧɵɟ ɫ 𝑖 ௥ , ߰⃗ ௦ , ߰⃗ ௥  

ɩɟɪɟɦɟɧɧɵɦɢ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

ɍɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ (1.3.3) ɨɫɬɚɟɬɫɹ ɛɟɡ ɢɡɦɟɧɟɧɢɣ: 

𝑝𝑤ܬ  = ݉э −݉с. 
 



25 

 

ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɜ 

ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ ɩɨɤɚɡɚɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.1. 

 

 

 

Ɋɢɫɭɧɨɤ 2.1 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɨɞɟɥɢ ȺȾ ɜ ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ 

ɜ ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ  
 

2.2 ɍɪɚɜɧɟɧɢɹ ɜ ɩɟɪɟɦɟɧɧɵɯ 𝝍࢙⃗⃗⃗⃗  ⃗ − 𝝍࢘⃗⃗⃗⃗  ⃗. ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɨɞɟɥɢ 

 
ɉɪɟɨɛɪɚɡɭɟɦ ɩɟɪɜɵɟ ɞɜɚ ɜɵɪɚɠɟɧɢɹ ɫɢɫɬɟɦɵ (2.1.1) ɬɚɤ, ɱɬɨɛɵ ɜ ɧɢɯ ɜ 

ɤɚɱɟɫɬɜɟ ɧɟɢɡɜɟɫɬɧɵɯ ɮɢɝɭɪɢɪɨɜɚɥɢ ɬɨɥɶɤɨ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ. Ⱦɥɹ ɷɬɨɝɨ, ɢɡ 

ɬɪɟɬɶɟɝɨ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (2.1.1) ɜɵɪɚɡɢɦ ɬɨɤ ɫɬɚɬɨɪɚ, ɚ ɢɡ ɱɟɬɜɟɪɬɨɝɨ 

ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ ɬɨɤ ɪɨɬɨɪɚ [6, 13]:  

 𝑖 ௦= ͳ݈௦ ∙߰⃗ ௦- ݈௠݈௦ ∙𝑖 ௥ ,                                         ሺ2.2.1ሻ 
𝑖 ௥= ͳ݈௥ ∙߰⃗ ௥- ݈௠݈௥ ∙𝑖 ௦.                                         ሺ2.2.2ሻ 



26 

 

Ⱦɚɥɟɟ ɭɪɚɜɧɟɧɢɟ (2.2.1) ɩɨɞɫɬɚɜɢɦ ɜ ɭɪɚɜɧɟɧɢɟ (2.2.2): 

 

 𝑖 ௥= ͳ݈௥ ∙߰⃗ ௥- ݈௠݈௥ ∙𝑖 ௦∙ሺ ͳ݈௦ ∙߰⃗ ௦- ݈௠݈௦ ∙𝑖 ௥ሻ.                               ሺʹ.ʹ.͵ሻ 
 

Ɋɚɫɤɪɨɟɦ ɫɤɨɛɤɢ ɢ ɩɟɪɟɧɟɫɟɦ ɱɥɟɧɵ, ɫɨɞɟɪɠɚɳɢɟ ir ɜ ɥɟɜɭɸ ɱɚɫɬɶ 

ɜɵɪɚɠɟɧɢɹ, ɚ ɨɫɬɚɜɲɢɟɫɹ ɜ ɩɪɚɜɭɸ: 

 

  𝑖 ௥- ݈௠ଶ݈௥ ∙ ݈௦ ∙𝑖 ௥= ͳ݈௥ ∙߰⃗ ௥- ݈௠݈௥ ∙ ݈௦ ∙߰⃗ ௦ .                               (2.2.4) 

  𝑖 ௥ሺͳ- ݈௠ଶ݈௥ ∙ ݈௦ ሻ= ͳ݈௥ ∙߰⃗ ௥- ݈௠݈௥ ∙ ݈௦ ∙߰⃗ ௦ .                               (2.2.5) 

 

ȼɜɟɞɟɦ ɨɛɨɡɧɚɱɟɧɢɟ 𝜎 = ͳ − ݈௠ଶ ݈௦ ∙ ݈௥⁄ – ɩɨɥɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɪɚɫɫɟɹɧɢɹ 

ɦɚɲɢɧɵ. ɉɪɟɨɛɪɚɡɭɟɦ ɜɵɪɚɠɟɧɢɟ (2.2.5): 

 

 σ∙ 𝑖 ௥= ͳ݈௥ ∙߰⃗ ௥ − ݈௠݈௥ ∙ ݈௦ ∙߰⃗ ௦ ,                               (2.2.6) 

 𝑖 ௥= ͳ𝜎 ∙ ݈௥ ∙߰⃗ ௥ − ݈௠𝜎 ∙ ݈௥ ∙ ݈௦ ∙߰⃗ ௦,                            (2.2.7) 

 

Ⱥɧɚɥɨɝɢɱɧɨ ɩɪɟɨɛɪɚɡɭɟɦ ɜɵɪɚɠɟɧɢɟ (2.2.1) ɩɨɞɫɬɚɜɢɜ ɜ ɧɟɝɨ ɜɵɪɚɠɟɧɢɟ 

(2.2.2): 

 𝑖 ௦= ͳ݈௦ ∙߰⃗ ௦- ݈௠݈௦ ∙ሺͳ݈௥ ∙ ߰⃗ ௥ − ݈௠݈௥ 𝑖 ௦ሻ.                          ሺ2.2.8ሻ 
 

Ɋɚɫɤɪɨɟɦ ɫɤɨɛɤɢ ɢ ɩɟɪɟɧɟɫɟɦ ɱɥɟɧɵ, ɫɨɞɟɪɠɚɳɢɟ 𝑖 ௦ ɜ ɥɟɜɭɸ ɱɚɫɬɶ 

ɜɵɪɚɠɟɧɢɹ, ɚ ɨɫɬɚɜɲɢɟɫɹ ɜ ɩɪɚɜɭɸ: 
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 𝑖 ௦- ݈௠ଶ݈௥ ∙ ݈௦ ∙𝑖 ௦= ͳ݈௦ ∙߰⃗ ௦- ݈௠݈௥ ∙ ݈௦ ∙߰⃗ ௥ ,                         ሺʹ.ʹ.ͻሻ 
 

  𝑖 ௦ሺͳ- ݈௠ଶ݈௥ ∙ ݈௦ ሻ= ͳ݈௦ ∙߰⃗ ௦- ݈௠݈௥ ∙ ݈௦ ∙߰⃗ ௥ .                        (2.2.5) 

 

ɉɪɟɨɛɪɚɡɭɟɦ ɜɵɪɚɠɟɧɢɟ (2.2.10): 

 

 σ∙ 𝑖 ௦= ͳ݈௦ ∙߰⃗ ௦ − ݈௠݈௥ ∙ ݈௦ ∙߰⃗ ௥ ,                              (2.2.11) 

 𝑖 ௦= ͳ𝜎 ∙ ݈௦ ∙߰⃗ ௦ − ݈௠𝜎 ∙ ݈௥ ∙ ݈௦ ∙߰⃗ ௥ .                          (2.2.12) 

 

 ɉɟɪɟɩɢɲɟɦ ɜɵɪɚɠɟɧɢɹ (2.2.7) ɢ (2.2.12): 

 𝑖 ௦= ͳ݈௦; ∙߰⃗ ௦ − ݇௥݈௦; ∙߰⃗ ௥ ,                                    (2.2.13) 

𝑖 ௥=- ݇௦݈௥; ∙߰⃗ ௦ + ͳ݈௥; ∙߰⃗ ௥ .                                    (2.2.14) 

 

ɝɞɟ ݈௦′=σ∙ls;  ݈௥′=σ∙lr; 

      ݇௦ = ௟𝑚௟ೞ  – ɤɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɫɬɚɬɨɪɚ;  

      ݇௥ = ௟𝑚௟ೝ  – ɤɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɪɨɬɨɪɚ. 

 Ⱦɚɥɟɟ ɩɨɞɫɬɚɜɢɦ ɩɨɥɭɱɟɧɧɵɟ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɬɨɤɨɜ ɜ ɩɟɪɜɵɟ ɞɜɚ 

ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (2.1.1), ɢ, ɩɪɟɨɛɪɚɡɨɜɚɜ, ɩɨɥɭɱɢɦ: 

௦ ݑ⃗  = ′௦݈௦ݎ ∙ ߰⃗ ௦ − ݇௥ ∙ ′௦݈௦ݎ ∙ ߰⃗ ௥ + ݆ ∙ 𝑤௞ ∙ ߰⃗ ௦ + 𝑝߰⃗ ௦,                     ሺʹ.ʹ.ͳͷሻ 
Ͳ = ′௥݈௥ݎ ∙ ߰⃗ ௥ − ݇௦ ∙ ′௥݈௥ݎ ∙ ߰⃗ ௦ + ݆ ∙ ሺ𝑤௞ −𝑤ሻ ∙ ߰⃗ ௥ + 𝑝߰⃗ ௥ .             ሺʹ.ʹ.ͳ͸ሻ  
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ɍɪɚɜɧɟɧɢɹ (2.2.15 - 2.2.16) ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɜ 

ɚɫɢɧɯɪɨɧɧɵɯ ɦɚɲɢɧɚɯ ɫ ɩɪɢɦɟɧɟɧɢɟɦ ɜɵɱɢɫɥɢɬɟɥɶɧɨɣ ɬɟɯɧɢɤɢ ɧɟɭɞɨɛɧɵ ɢɡ-ɡɚ 

ɬɨɝɨ, ɱɬɨ ɜ ɧɢɯ ɩɪɢɫɭɬɫɬɜɭɟɬ ɨɩɟɪɚɬɨɪ j . Ɉɬ ɧɟɝɨ ɥɟɝɤɨ ɢɡɛɚɜɢɬɶɫɹ, ɟɫɥɢ 

ɪɟɡɭɥɶɬɢɪɭɸɳɢɟ ɜɟɤɬɨɪɵ, ɜɯɨɞɹɳɢɟ ɜ ɭɪɚɜɧɟɧɢɹ, ɩɪɟɞɫɬɚɜɢɬɶ ɱɟɪɟɡ ɩɪɨɟɤɰɢɢ 

ɧɚ ɤɨɨɪɞɢɧɚɬɧɵɟ ɨɫɢ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ:  

 

{  
  
  𝑝߰௫௦ = ′௦݈௦ݎ− ∙ ߰௫௦ + ݇௥ ∙ ′௦݈௦ݎ ∙ ߰௫௥ +𝑤௞ ∙ ߰௬௦ + ௫௦,                              𝑝߰௬௦ݑ = ′௦݈௦ݎ− ∙ ߰௬௦ + ݇௥ ∙ ′௦݈௦ݎ ∙ ߰⃗ ௬௥ −𝑤௞ ∙ ߰௫௦ + ௬௦,              ሺʹ.ʹ.ͳ͹ሻ𝑝߰௫௥ݑ = ′௥݈௦ݎ− ∙ ߰௫௥ + ݇௦ ∙ ′௥݈௥ݎ ∙ ߰௫௦ + ሺ𝑤௞ −𝑤ሻ߰௬௥ ∙,                             𝑝߰௬௥ = ′௥݈௦ݎ− ∙ ߰௬௥ + ݇௦ ∙ ′௥݈௥ݎ ∙ ߰௬௦ − ሺ𝑤௞ −𝑤ሻ ∙ ߰௫௥ .                            

 

 

Ⱦɨɩɨɥɧɢɦ ɩɨɥɭɱɟɧɧɭɸ ɫɢɫɬɟɦɭ ɭɪɚɜɧɟɧɢɟɦ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ. 

ȼ ɞɚɧɧɨɦ ɫɥɭɱɚɟ [3, 5]: 

   mЭ=
kr

l`s
∙[߰⃗ ௦ ∙ ߰⃗ ௥],                                         ሺʹ.ʹ.ͳͺሻ 

݉э = ݇௥݈௦′ ∙ (߰௬௦߰௫௥ − ߰௫௦߰௬௥).                           ሺʹ.ʹ.ͳͻሻ 
 

Ɂɧɚɱɟɧɢɹ ɬɨɤɨɜ 𝑖 ௦ ɢ 𝑖 ௥ ɦɨɠɧɨ ɪɚɫɫɱɢɬɚɬɶ ɩɨ ɮɨɪɦɭɥɚɦ (2.2.13 2.2.14), 
ɩɪɟɞɫɬɚɜɢɜ ɢɯ ɜ ɜɢɞɟ: 

 

{   
  
   ݅௫௦= ͳ݈௦; ∙߰௫௦ − ݇௥݈௦; ∙߰௫௥ ,݅௬௦= ͳ݈௦; ∙߰௬௦ − ݇௥݈௦; ∙߰௬௥ ,݅௫௥=- ݇௦݈௥; ∙߰௫௦ + ͳ݈௥; ∙߰௫௥ ,݅௬௥=-݇௦݈௥; ߰௬௦∙+ ͳ݈௥; ∙߰௬௥ .

                                 ሺʹ.ʹ.ͳ͹ሻ 
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ɍɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ (1.3.3) ɨɫɬɚɟɬɫɹ ɛɟɡ ɢɡɦɟɧɟɧɢɣ. 

Ɍɟɩɟɪɶ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɝɨɬɨɜɭɸ ɫɢɫɬɟɦɭ ɭɪɚɜɧɟɧɢɣ ɜ ɩɟɪɟɦɟɧɧɵɯ ߰௦, ߰௥ 

ɜ ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ:  

 

{  
   
  
    
 𝑝߰௫௦ = ′௦݈௦ݎ− ∙ ߰௫௦ + ݇௥ ∙ ′௦݈௦ݎ ∙ ߰௫௥ +𝑤௞ ∙ ߰௬௦ + ௫௦,                              𝑝߰௬௦ݑ = ′௦݈௦ݎ− ∙ ߰௬௦ + ݇௥ ∙ ′௦݈௦ݎ ∙ ߰⃗ ௬௥ −𝑤௞ ∙ ߰௫௦ + ௬௦,                             𝑝߰௫௥ݑ = ′௥݈௦ݎ− ∙ ߰௫௥ + ݇௦ ∙ ′௥݈௥ݎ ∙ ߰௫௦ + ሺ𝑤௞ −𝑤ሻ߰௬௥ ,               ሺʹ.ʹ.ʹͳሻ 𝑝߰௬௥ = ′௥݈௦ݎ− ∙ ߰௬௥ + ݇௦ ∙ ′௥݈௥ݎ ∙ ߰௬௦ − ሺ𝑤௞ − 𝑤ሻ ∙ ߰௫௥ ,                           ݉э = ݇௥݈௦′ ∙ (߰௬௦߰௫௥ − ߰௫௦߰௬௥),                                                                ܬ𝑝߱ = ݉Э −݉ʠ.                                                                                                                      

 

 

ɉɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ ɞɟɤɚɪɬɨɜɨɣ ɫɢɫɬɟɦɟ 

ɤɨɨɪɞɢɧɚɬ ɢɫɩɨɥɶɡɭɟɬɫɹ ɫɢɦɜɨɥɢɱɟɫɤɢɣ ɫɩɨɫɨɛ ɡɚɩɢɫɢ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ 

ɭɪɚɜɧɟɧɢɣ. ɋɢɫɬɟɦɚ ɭɪɚɜɧɟɧɢɣ (2.2.22) ɩɪɢɦɟɬ ɫɥɟɞɭɸɳɢɣ ɜɢɞ: 

 

{  
  
   
௫௦ݑ  = ௦ܶ′𝑝 + ͳ௦ܶ′ ߰௫௦ − ݇௥ܶ௦′ ߰௫௥ −𝑤௞߰௬௦,                  ݑ௬௦ = ௦ܶ′𝑝 + ͳ௦ܶ′ ߰௬௫ − ݇௥ܶ௦′ ߰௬௥ −𝑤௞߰௫௦,                 Ͳ = ሺ ௥ܶ′𝑝 + ͳሻ߰௫௥ − ݇௦߰௫௦ − ௥ܶ′ሺ𝑤௞ −𝑤ሻ߰௬௥ ,Ͳ = ሺ ௥ܶ′𝑝 + ͳሻ߰௬௥ − ݇௦߰௬௦ − ௥ܶ′ሺ𝑤௞ −𝑤ሻ߰௫௥ ,݉Э = ݇௥݈௦′ (߰௬௦ ∙ ߰௫௥ − ߰௫௦ ∙ ߰௬௥),                          ܬ𝑝߱ = ݉Э −݉ʠ.                                                       

                   ሺʹ.ʹ.ʹʹሻ 

 ˆˇˈ ௦ܶ′ = ௟ೞ′௥ೞ ; ௥ܶ′ = ௟ೝ′௥ೝ. 
 

ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ, 



30 

 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɚɹ ɭɪɚɜɧɟɧɢɹɦ (2.2.22) ɩɨɤɚɡɚɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.1. 

 

 

 

Ɋɢɫɭɧɨɤ 2.1 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɨɞɟɥɢ ȺȾ ɜ ɞɟɤɚɪɬɨɜɨɣ ɫɢɫɬɟɦɟ 

ɤɨɨɪɞɢɧɚɬ ɜ ɩɟɪɟɦɟɧɧɵɯ ߰௦⃗⃗⃗⃗ − ߰௥⃗⃗ ⃗⃗   
 

2.3 ɍɪɚɜɧɟɧɢɹ ɜ ɩɟɪɟɦɟɧɧɵɯ 𝒊࢙⃗⃗⃗  − 𝝍࢘⃗⃗⃗⃗  ⃗. ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɨɞɟɥɢ 

 

ɍɪɚɜɧɟɧɢɹ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ, ɭɫɬɚɧɚɜɥɢɜɚɸɳɢɟ ɫɜɹɡɶ ɧɚɩɪɹɠɟɧɢɹ 

ɫɬɚɬɨɪɚ ɫ ɩɟɪɟɦɟɧɧɵɦɢ 𝑖௦⃗⃗ − ߰௥⃗⃗ ⃗⃗  ,  ɩɨɥɭɱɢɦ ɩɭɬёɦ ɚɧɚɥɨɝɢɱɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ 

ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (2.1.1). ɉɪɟɞɫɬɚɜɢɦ ɥɢɲɶ ɧɟɤɨɬɨɪɵɟ ɨɫɧɨɜɧɵɟ 

ɩɪɨɦɟɠɭɬɨɱɧɵɟ ɜɵɪɚɠɟɧɢɹ ɢ ɪɟɡɭɥɶɬɚɬɵ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ. 

 ɉɟɪɜɵɟ ɞɜɚ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (2.1.1) ɩɪɟɨɛɪɚɡɭɟɦ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨɛɵ 

ɜ ɧɢɯ ɜ ɤɚɱɟɫɬɜɟ ɩɟɪɟɦɟɧɧɵɯ ɮɢɝɭɪɢɪɨɜɚɥɢ ɬɨɥɶɤɨ ɬɨɤ ɫɬɚɬɨɪɚ ݅௦ ɢ 

ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɟ ɪɨɬɨɪɚ ߰௥. ȼɵɪɚɡɢɦ ɢɡ ɭɪɚɜɧɟɧɢɣ ɫɜɹɡɢ ɬɨɤ ɪɨɬɨɪɚ ɢ 
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ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɟ ɫɬɚɬɨɪɚ: 

 𝑖 ௥= ͳ݈௥ ∙߰⃗ ௥-݇௥∙𝑖 ௦,                                         ሺ2.3.1ሻ ߰⃗ ௦=݇௥∙߰⃗ ௥+݈௦; ∙𝑖 ௦.                                         ሺ2.3.2ሻ 
 

 ɉɟɪɟɩɢɲɟɦ ɩɟɪɜɵɟ ɞɜɚ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (2.1.1) ɫ ɭɱɟɬɨɦ ɩɨɥɭɱɟɧɧɵɯ 

ɜɵɲɟ ɜɵɪɚɠɟɧɢɣ (2.3.1) ɢ (2.3.2): 

௦ ݑ⃗  = ௦ݎ ∙ 𝑖 ௦ + ݆ ∙ ݇௥ ∙ 𝑤௞ ∙ 𝑖 ௦ + 𝑝ሺ݇௥ ∙ ߰⃗ ௥ + ݈௦; ∙𝑖 ௦ሻ,              ሺʹ.͵.͵ሻ Ͳ = ;௥݈௥ݎ ∙ ߰⃗ ௥ − ݇௥ ∙ ௥ݎ ∙ 𝑖 ௦ + ݆ ∙ ሺ𝑤௞ −𝑤ሻ ∙ ߰⃗ ௥ + 𝑝߰⃗ ௥ ,           ሺʹ.͵.Ͷሻ  
 

ɝɞɟ lmks ls
=  - ɤɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɫɬɚɬɨɪɚ;  

      
lmkr lr

=  - ɤɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɪɨɬɨɪɚ;  

      
2

1 1
lmk ks r l ls r

 = − = −  - ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ ɤɨɷɮɮɢɰɢɟɧɬ ɪɚɫɫɟɹɧɢɹ. 

Ⱦɚɥɟɟ ɞɥɹ ɬɨɝɨ, ɱɬɨɛɵ ɨɛɥɟɝɱɢɬɶ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɜ 

ɚɫɢɧɯɪɨɧɧɵɯ ɦɚɲɢɧɚɯ, ɢɡɛɚɜɢɦɫɹ ɨɬ ɨɩɟɪɚɬɨɪɚ j . Ɋɟɡɭɥɶɬɢɪɭɸɳɢɟ ɜɟɤɬɨɪɵ, 

ɜɯɨɞɹɳɢɟ ɜ ɭɪɚɜɧɟɧɢɹ (2.3.3 ɢ 2.3.4) ɩɪɟɞɫɬɚɜɢɦ ɱɟɪɟɡ ɩɪɨɟɤɰɢɢ ɧɚ 

ɤɨɨɪɞɢɧɚɬɧɵɟ ɨɫɢ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 

 

{   
  
   𝑝݅௫௦ = ′௦݈௦ݎ− ∙ ݅௫௦ + ݇௥݈௦′ ∙ ߰௫௥ +𝑤௞ ∙ ݇௥݈௦′ ∙ ߰௬௥ + ′௫௦݈௦ݑ ,                              𝑝݅௬௦ = ′௦݈௦ݎ− ∙ ݅௬௦ + ݇௥݈௦′ ∙ ߰௬௥ −𝑤௞ ∙ ݇௥݈௦′ ∙ ߰௫௥ + ′௬௦݈௦ݑ ,                ሺʹ.͵.͸ሻ𝑝߰௫௥ = ௥݈௥ݎ− ∙ ߰௫௥ + ݇௥ ∙ ௥ݎ ∙ ݅௫௦ + ሺ𝑤௞ −𝑤ሻ߰௬௥ ,                               𝑝߰௬௥ = ௥݈௥ݎ− ∙ ߰௬௥ + ݇௥ ∙ ௥ݎ ∙ ݅௬௦ − ሺ𝑤௞ −𝑤ሻ ∙ ߰௫௥ .                            
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ɍɪɚɜɧɟɧɢɹ ɞɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɜ ɞɚɧɧɨɦ ɫɥɭɱɚɟ 

[3, 5]: 

 

mЭ=kr∙[𝑖 ௦ ∙ ߰⃗ ௥],                                       ሺ2.3.7ሻ ݉э = ݇௥ሺ݅௬௦߰௫௥ − ݅௫௦߰௬௥ሻ.                          (2.3.8) 

 

ɍɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ (1.3.3) ɨɫɬɚɟɬɫɹ ɛɟɡ ɢɡɦɟɧɟɧɢɣ. 

ɉɨɫɥɟ ɬɨɝɨ, ɤɚɤ ɩɨ ɭɪɚɜɧɟɧɢɹɦ (2.3.6) ɨɩɪɟɞɟɥɟɧɵ ɬɨɤ ɫɬɚɬɨɪɚ ɢ 
ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɟ ɪɨɬɨɪɚ, ɡɧɚɱɟɧɢɹ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɫɬɚɬɨɪɚ ߰⃗ ௦ ɢ ɬɨɤɚ ɪɨɬɨɪɚ 

ri  ɩɪɟɞɫɬɚɜɢɦ  ɜ ɜɢɞɟ ɩɪɨɟɤɰɢɣ: 
 

{  
  ߰௫௦ = ݇௥ ∙ ߰௫௥ + ݈௦′ ∙ ݅௫௦,߰௬௦ = ݇௥ ∙ ߰௬௥ + ݈௦′ ∙ ݅௬௦,݅௫௥ = ଵ௟ೝ ∙ ߰௫௥ − ݇௥ ∙ ݅௫௦,݅௬௥ = ଵ௟ೝ ∙ ߰௬௥ − ݇௥ ∙ ݅௬௦

                                    (2.3.8) 

 

Ɍɟɩɟɪɶ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɝɨɬɨɜɭɸ ɫɢɫɬɟɦɭ ɭɪɚɜɧɟɧɢɣ ɜ ɩɟɪɟɦɟɧɧɵɯ ݅௦,  ߰௥: 

 

{  
   
    
 𝑝݅௫௦ = ′௦݈௦ݎ− ∙ ݅௫௦ − ݇௥ ∙ ݇௥݈௦′ ∙ ߰௫௥ +𝑤௞ ∙ ݇௥݈௦′ ∙ ߰௬௥ +𝑤௞ ∙ ݅௬௦ + ′௫௦݈௦ݑ ,               𝑝݅௬௦ = ′௦݈௦ݎ− ∙ ݅௬௦ − ݇௥ ∙ ݇௥݈௦′ ∙ ߰௬௥ −𝑤௞ ∙ ݇௥݈௦′ ∙ ߰௫௥ +𝑤௞ ∙ ݅௫௦ + ′௬௦݈௦ݑ ,               𝑝߰௫௥ = ′௥݈௥ݎ− ∙ ߰௫௥ + ݇௥ ∙ ௥ݎ ∙ ݅௫௦ + ሺ𝑤௞ −𝑤ሻ߰௬௦,                                ሺʹ.͵.ͻሻ𝑝߰௬௥ = ′௥݈௦ݎ− ∙ ߰௬௥ + ݇௥ ∙ ௥ݎ ∙ ݅௬௦ − ሺ𝑤௞ − 𝑤ሻ ∙ ߰௫௦ ,                                          ݉э = ݇௥(݅௬௦߰௫௥ − ݅௫௦߰௬௥),                                                                                    ܬ𝑝߱ = ݉Э −݉ʠ.                                                                                                      

 

 

ɉɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ ɞɟɤɚɪɬɨɜɨɣ ɫɢɫɬɟɦɟ 

ɤɨɨɪɞɢɧɚɬ ɢɫɩɨɥɶɡɭɟɬɫɹ ɫɢɦɜɨɥɢɱɟɫɤɢɣ ɫɩɨɫɨɛ ɡɚɩɢɫɢ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ 

ɭɪɚɜɧɟɧɢɣ. ɋɢɫɬɟɦɚ ɭɪɚɜɧɟɧɢɣ (2.3.9) ɩɪɢɦɟɬ ɜɢɞ [6, 13]:  
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{   
  
௫௦ݑ    = Эሺݎ Эܶ𝑝݅௫௦ + ݅௫௦ሻ − Эݎ Эܶ߱௞݅௬௦ − ௞ೝ𝑇ೝ ߰௫௥ − ݇௥߱߰௬௥ ௬௦ݑ, = )Эݎ Эܶ𝑝݅௬௦ + ݅௬௦) + Эݎ Эܶ߱௞݅௫௦ − ௞ೝ𝑇ೝ ߰௬௥ + ݇௥߱߰௫௥ ,݅௫௥ = ଵ௞ೝ௥ೝ𝑇ೝ ሺ ௥ܶ𝑝߰௫௥ + ߰௫௥ሻ − ௥ܶሺ߱௞ −߱ሻ߰௬௥ ,               ݅௬௥ = ଵ௞ೝ௥ೝ𝑇ೝ ( ௥ܶ𝑝߰௬௥ + ߰௬௥) + ௥ܶሺ߱௞ −߱ሻ߰௫௥ ,              ݉Э = ݇௥(߰௫௥ ∙ ݅௬௦ − ߰௬௥ ∙ ݅௫௦),                                              ܬ𝑝߱ = ݉Э −݉ʠ,                                                                       

      (2.3.10) 
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ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ, 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɚɹ ɭɪɚɜɧɟɧɢɹɦ (2.3.10) ɩɨɤɚɡɚɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.2.  
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Ɋɢɫɭɧɨɤ 2.2 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɨɞɟɥɢ ȺȾ ɜ ɞɟɤɚɪɬɨɜɨɣ ɫɢɫɬɟɦɟ 

ɤɨɨɪɞɢɧɚɬ ɜ ɩɟɪɟɦɟɧɧɵɯ ݅௦ − ߰௥ 
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3. Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ 
 

3.1 Вɵɛɨɪ ɞɜɢɝɚɬɟɥɟɣ ɢ ɪɚɫɱɟɬ ɢɯ ɩɚɪɚɦɟɬɪɨɜ  
 
ɋɨɝɥɚɫɧɨ ɡɚɞɚɧɢɸ ɜɵɛɪɚɧɵ ɞɜɢɝɚɬɟɥɢ ɫɟɪɢɢ 4Ⱥ160Ɇ4ɍɁ ɢ 4Ⱥ250S4ɍɁ. 

ɂɯ ɩɚɫɩɨɪɬɧɵɟ ɞɚɧɧɵɟ, ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɪɚɫɱёɬɚ ɩɚɪɚɦɟɬɪɨɜ, ɜɡɹɬɵ ɢɡ 

ɢɫɬɨɱɧɢɤɚ [15] ɢ ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɚɯ 4.1 – 4.3. 

 
Ɍɚɛɥɢɰɚ 4.1 - ɇɨɦɢɧɚɥɶɧɵɟ ɞɚɧɧɵɟ 

ȼɟɥɢɱɢɧɚ 

Ⱦɜɢɝɚɬɟɥɶ 

𝑃ଶːˑˏ, 
ɤȼɬ 

ܷф ːˑˏ, ȼ ZP ݏː, % ߟː, ɨ.ɟ. cos𝜑ː 

4Ⱥ160Ɇ4ɍɁ 18,5 220 2 2,2 0,895 0,88 
4Ⱥ250S4ɍɁ 75 220 2 1,2 0,93 0,9 

 

Ɍɚɛɥɢɰɚ 4.2 - ɉɚɪɚɦɟɬɪɵ ɫɯɟɦɵ ɡɚɦɟɳɟɧɢɹ, ɨ.ɟ. 
ȼɟɥɢɱɢɧɚ 

Ⱦɜɢɝɚɬɟɥɶ 

𝑋௠ 𝑅′ଵ 𝑋′ଵ 𝑅′′ଶ 𝑋′′ଶ 𝑅′′ଶʞ 𝑅Кʞ 𝑋Кʞ 

4Ⱥ160Ɇ4ɍɁ 4,3 0,042 0,085 0,024 0,13 0,037 0,079 0,14 
4Ⱥ250S4ɍɁ 4,4 0,026 0,089 0,014 0,11 0,027 0,052 0,15 

 

Ɍɚɛɥɢɰɚ 4.3 - ɉɭɫɤɨɜɵɟ ɫɜɨɣɫɬɜɚ 

ȼɟɥɢɱɢɧɚ 

Ⱦɜɢɝɚɬɟɥɶ 

mɉ mɆ mɄ sɄ, % JȾɊ, ɤɝ·ɦ2 

4Ⱥ160Ɇ4ɍɁ 1,4 1 2,3 16 0,13 
4Ⱥ250S4ɍɁ 1,2 1 2,3 9,5 1 

 

Ɋɚɫɫɱɢɬɚɟɦ ɧɟɨɛɯɨɞɢɦɵɟ ɛɚɡɢɫɧɵɟ ɜɟɥɢɱɢɧɵ. Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ 

ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ 4.4. 

 

Ɍɚɛɥɢɰɚ 4.4 - Ɋɚɫɱɟɬ ɛɚɡɢɫɧɵɯ ɜɟɥɢɱɢɧ 

ȼɟɥɢɱɢɧɚ Ɉɛɨɡɧɚɱɟ
ɧɢɟ 

Ɋɚɫɱɟɬɧɚɹ 
ɮɨɪɦɭɥɚ 

ɑɢɫɥɟɧɧɨɟ ɡɧɚɱɟɧɢɟ 

4Ⱥ160Ɇ4ɍɁ 4Ⱥ250S4ɍɁ 
Ȼɚɡɢɫɧɨɟ 

ɧɚɩɪɹɠɟɧɢɟ 
бܷ = = ܷф ːˑˏ.௠௔௫ √ʹܷф ːˑˏ 311,127 ȼ 311,127 ȼ 
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ɉɪɨɞɨɥɠɟɧɢɟ ɬɚɛɥɢɰɵ 4.4 

ȼɟɥɢɱɢɧɚ Ɉɛɨɡɧɚɱɟ
ɧɢɟ 

Ɋɚɫɱɟɬɧɚɹ 
ɮɨɪɦɭɥɚ 

ɑɢɫɥɟɧɧɨɟ ɡɧɚɱɟɧɢɟ 

4Ⱥ160Ɇ4ɍɁ 4Ⱥ250S4ɍɁ 
Ȼɚɡɢɫɧɵɣ ɬɨɤ ܫб = = ˏф ːˑˏ.௠௔௫ √ʹ𝑃ଶ ːˑܫ ∙ ͳͲଷ͵ߟː ∙ cos 𝜑ːܷф ːˑˏ 

50,33 Ⱥ 192 Ⱥ 

Ȼɚɡɢɫɧɚɹ ɭɝɥɨɜɚɹ 
ɱɚɫɬɨɬɚ 

Ωб = = Ωс ːˑˏ 
ʹ𝜋݂ː ˑˏ 314,159 ɪɚɞ/ɫ 314,159 ɪɚɞ/ɫ 

Ȼɚɡɢɫɧɵɣ ɭɝɨɥ 
ɩɨɜɨɪɨɬɚ 

 б ___ 1 ɷɥ. ɪɚɞ 1 ɷɥ. ɪɚɞߠ

Ȼɚɡɢɫɧɨɟ ɜɪɟɦɹ бܶ ߠб Ωб⁄  0,0032 ɫ 0,0032 ɫ 
 

Ȼɚɡɢɫɧɨɟ 
ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɟ 

߰б ܷб ∙ бܶ 0,9903 ȼɛ 0,9903 ȼɛ 

Ȼɚɡɢɫɧɚɹ 
ɢɧɞɭɤɬɢɜɧɨɫɬɶ 

б ߰бܮ ⁄бܫ  0,0193 Ƚɧ 0,0052 Ƚɧ 

Ȼɚɡɢɫɧɨɟ 
ɫɨɩɪɨɬɢɜɥɟɧɢɟ 

𝑅б, 𝑧б ܷб ⁄бܫ  6,1816 Ɉɦ 1, 6204 Ɉɦ 

Ȼɚɡɢɫɧɚɹ 
ɦɨɳɧɨɫɬɶ 

𝑃б ͵ܷб ∙ ʹбܫ  
23489,1 ȼɬ 89605,74 ȼɬ 

Ȼɚɡɢɫɧɚɹ ɭɝɥɨɜɚɹ 
ɱɚɫɬɨɬɚ ɜɪɚɳɟɧɢɹ 

ɪɨɬɨɪɚ 

Ωб ௥ Ωб 𝑧𝑝⁄  157,08 ɪɚɞ/ɫ 157,08 ɪɚɞ/ɫ 

Ȼɚɡɢɫɧɵɣ ɭɝɨɥ 
ɩɨɜɨɪɨɬɚ ɪɨɬɨɪɚ 

б ௥ θбߠ 𝑧𝑝⁄  0,5 ɪɚɞ 0,5 ɪɚɞ 

Ȼɚɡɢɫɧɵɣ ɦɨɦɟɧɬ ܯб 𝑃б Ωб ௥⁄  149,536 ɇ·ɦ 570,45 ɇ·ɦ 
Ȼɚɡɢɫɧɵɣ ɦɨɦɟɧɬ 

ɢɧɟɪɰɢɢ 
бܯ бܬ ∙ бܶ ∙ 𝑧𝑝 Ωб⁄  0,003 ɤɝ·ɦ2 0,0116 ɤɝ·ɦ2 

 

ȼɵɱɢɫɥɢɦ ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɦɨɞɟɥɟɣ ɩɚɪɚɦɟɬɪɵ ɚɫɢɧɯɪɨɧɧɨɣ 

ɦɚɲɢɧɵ ɜ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ. Ɋɚɫɱɟɬ ɫɜɟɞɟɦ ɜ ɬɚɛɥɢɰɭ 4.5. ɋɥɟɞɭɟɬ 

ɨɬɦɟɬɢɬɶ, ɱɬɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɛɦɨɬɨɤ ɦɚɲɢɧɵ  ɭɠɟ ɩɪɢɜɟɞɟɧɵ ɜ 

ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ ɢ ɜɟɥɢɱɢɧɵ ɢɧɞɭɤɬɢɜɧɨɫɬɟɣ ɛɭɞɭɬ ɫɨɜɩɚɞɚɬɶ ɫ 

ɢɧɞɭɤɬɢɜɧɵɦɢ ɫɨɩɪɨɬɢɜɥɟɧɢɹɦɢ (ɬɚɛɥɢɰɚ 4.2). ȼɟɥɢɱɢɧɵ ɚɤɬɢɜɧɨɝɨ 

ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢ ɢɧɞɭɤɬɢɜɧɨɫɬɢ ɪɚɫɫɟɹɧɢɹ ɥɨɛɨɜɨɣ ɱɚɫɬɢ ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ 

ɨɩɪɟɞɟɥɹɸɬɫɹ ɫɨɝɥɚɫɧɨ [16, 17], ɢ ɩɪɢɧɹɬɵ ɪɚɜɧɵɦɢ 20% ɢ 10% ɨɬ ɩɨɥɧɵɯ 

ɡɧɚɱɟɧɢɣ ɚɤɬɢɜɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢ ɢɧɞɭɤɬɢɜɧɨɫɬɢ ɪɚɫɫɟɹɧɢɹ ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ 

ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɟ 4.5. 



36 

 

Ɍɚɛɥɢɰɚ 4.5 - Ɋɚɫɱɟɬ ɩɚɪɚɦɟɬɪɨɜ 

ɉɚɪɚɦɟɬɪ Ɉɛɨɡɧɚ
ɱɟɧɢɟ 

Ɋɚɫɱɟɬ
ɧɵɟ 

ɫɨɨɬɧɨ
ɲɟɧɢɹ 

Ɂɧɚɱɟɧɢɟ ɩɚɪɚɦɟɬɪɚ 
4Ⱥ160Ɇ4ɍɁ 4Ⱥ250S4ɍ

Ɂ 

Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ 
ɮɚɡɵ ɫɬɚɬɨɪɧɨɣ ɰɟɩɢ 

 ௦ 𝑅′ଵ 0,042 0,026ݎ

Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ 
ɮɚɡɵ ɪɨɬɨɪɧɨɣ ɰɟɩɢ 

 ௥ 𝑅′′ଶ 0,024 0,014ݎ

ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ 
ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ 

݈௦𝜎 𝑋′ଵ 0,085 0,089 

ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ 
ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ 

݈௥𝜎 𝑋′′ଶ 0,13 0,11 

ȼɡɚɢɦɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ 
ɨɛɦɨɬɨɤ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ 

݈௠ 𝑋௠ 4,3 4,4 

ɉɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ 
ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ 

݈௦ ݈௦𝜎 + ݈௠ 4,385 4,489 

ɉɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ 
ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ 

݈௥ ݈௥𝜎 + ݈௠ 4,43 4,51 

Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ 
ɥɨɛɨɜɨɣ ɱɚɫɬɢ ɨɛɦɨɬɤɢ 

ɪɨɬɨɪɚ 

 ௥.ˎ  0,0048 0,0028ݎ
 

Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ 
ɩɚɡɨɜɨɣ ɱɚɫɬɢ ɨɛɦɨɬɤɢ 

ɪɨɬɨɪɚ ɩɪɢ ɪɚɜɧɨɦɟɪɧɨɦ 
ɪɚɫɩɪɟɞɟɥɟɧɢɢ ɬɨɤɚ ɩɨ 

ɫɟɱɟɧɢɸ ɫɬɟɪɠɧɟɣ 

 ௥.˒  0,0192 0,0112ݎ

ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ 
ɥɨɛɨɜɨɣ ɱɚɫɬɢ ɨɛɦɨɬɤɢ 

ɪɨɬɨɪɚ 

lrσ.л  0,013 0,011 

ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ 
ɩɚɡɨɜɨɣ ɱɚɫɬɢ ɨɛɦɨɬɤɢ 

ɪɨɬɨɪɚ ɩɪɢ ɪɚɜɧɨɦɟɪɧɨɦ 
ɪɚɫɩɪɟɞɟɥɟɧɢɢ ɬɨɤɚ ɩɨ 

ɫɟɱɟɧɢɸ ɫɬɟɪɠɧɟɣ 

݈௥𝜎.˒  0,117 0,099 

Ʉɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɫɬɚɬɨɪɚ ݇௦ ݈௠ ݈௦⁄  0,9806 0,9802 
Ʉɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɪɨɬɨɪɚ ݇௥ ݈௠ ݈௥⁄  0,9707 0,9756 

ɉɨɥɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ 
ɪɚɫɫɟɹɧɢɹ ɦɚɲɢɧɵ 

𝜎 ͳ − ݇௦∙ ݇௥ 
0,0482 0,0437 

ɗɤɜɢɜɚɥɟɧɬɧɚɹ 
ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɫɬɚɬɨɪɚ 

݈′௦ = ݈э 𝜎 ∙  0,1963 0,2112 ݏ݈

ɗɤɜɢɜɚɥɟɧɬɧɚɹ 
ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɪɨɬɨɪɚ 

݈′௥ 𝜎 ∙  0,1972 0,2134 ݎ݈
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ɉɪɨɞɨɥɠɟɧɢɟ ɬɚɛɥɢɰɵ 4.5 

ɉɚɪɚɦɟɬɪ Ɉɛɨɡɧ
ɚɱɟɧɢ

ɟ 

Ɋɚɫɱɟɬɧ
ɵɟ 

ɫɨɨɬɧɨɲ
ɟɧɢɹ 

Ɂɧɚɱɟɧɢɟ ɩɚɪɚɦɟɬɪɚ 
4Ⱥ160Ɇ4ɍ

Ɂ 
4Ⱥ250S4ɍ

Ɂ 

ɗɤɜɢɜɚɥɟɧɬɧɚɹ ɩɨɫɬɨɹɧɧɚɹ 
ɜɪɟɦɟɧɢ 

эܶ ݈э ⁄эݎ  3,2685 4,9921 

ɗɤɜɢɜɚɥɟɧɬɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ 
ɮɚɡɵ ɫɬɚɬɨɪɚ 

௦ݎ эݎ + ݇௥ଶ ∙  ௥ 0,0646 0,0393ݎ

ɉɨɫɬɨɹɧɧɚɹ ɜɪɟɦɟɧɢ ɪɨɬɨɪɧɨɣ 
ɰɟɩɢ 

௥ܶ ݈௥ ⁄௥ݎ  184,5833 322,143 

ɉɨɫɬɨɹɧɧɚɹ ɜɪɟɦɟɧɢ 
ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɫɬɚɬɨɪɧɨɣ ɰɟɩɢ 

௦ܶ′ ݈௦′/ݎ௦ 5,0286 7,55 

ɉɨɫɬɨɹɧɧɚɹ ɜɪɟɦɟɧɢ 
ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɪɨɬɨɪɧɨɣ ɰɟɩɢ 

௥ܶ′ ݈௥′  ௥ 8,8917 14,0857ݎ/

Ɇɨɦɟɧɬ ɢɧɟɪɰɢɢ ɪɨɬɨɪɚ ܬ ܬДʟ ⁄бܬ  42,901 86,5075 
 

3.2 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ АȾ ɜ ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ 
 
3.2.1 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ АȾ 4А160Ɇ4ɍɁ 

 

 
 

Ɋɢɫɭɧɨɤ 3.1 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ȺȾ ɜ ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɨɥɧɵɯ 
ɩɟɪɟɦɟɧɧɵɯ 
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Ɋɢɫɭɧɨɤ 3.2  –  ɋɬɚɬɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ ɦɨɦɟɧɬɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.3  –  Ⱦɢɧɚɦɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.4 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.5 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.6 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ݅௫௦ ɬɨɤɚ ɫɬɚɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.7 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ݅௬௦ ɬɨɤɚ ɫɬɚɬɨɪɚ 



41 

 

 

 

Ɋɢɫɭɧɨɤ 3.8 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ݅௫௥ ɬɨɤɚ ɪɨɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.9 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ݅௬௥ ɬɨɤɚ ɪɨɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.10 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௫௦ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ cɬɚɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.11 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௬௦ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ cɬɚɬɨɪɚ 



43 

 

 

 

Ɋɢɫɭɧɨɤ 3.12 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௫௥ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.13 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௬௥ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ 
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3.2.2 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ АȾ 4А250S4ɍ3 
 

 
 
 

Ɋɢɫɭɧɨɤ 3.14 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ȺȾ ɜ ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɨɥɧɵɯ 
ɩɟɪɟɦɟɧɧɵɯ 

 
 

 

 

Ɋɢɫɭɧɨɤ 3.15  –  ɋɬɚɬɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.16 –  Ⱦɢɧɚɦɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.17 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.18 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.19 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ݅௫௦ ɬɨɤɚ ɫɬɚɬɨɪɚ 



47 

 

 

 

Ɋɢɫɭɧɨɤ 3.20 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ݅௬௦ ɬɨɤɚ ɫɬɚɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.21 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ݅௫௥ ɬɨɤɚ ɪɨɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.22 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ݅௬௥ ɬɨɤɚ ɪɨɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.23 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௫௦ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ cɬɚɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.24 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௬௦ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ cɬɚɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.25 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௫௥ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.26 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௬௥ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ 

 

3.3 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ АȾ ɜ ɩɟɪɟɦɟɧɧɵɯ 𝝍࢙⃗⃗⃗⃗  ⃗ − 𝝍࢘⃗⃗⃗⃗  ⃗ 
 
3.3.1 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ АȾ 4А160Ɇ4ɍɁ 
 

 
 

Ɋɢɫɭɧɨɤ 3.27 - ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɨɞɟɥɢ ȺȾ 4Ⱥ160Ɇ4ɍ3 ɜ ɞɟɤɚɪɬɨɜɵɯ 

ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɟɪɟɦɟɧɧɵɯ ߰௦⃗⃗⃗⃗ − ߰௥⃗⃗ ⃗⃗   
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Ɋɢɫɭɧɨɤ 3.28  –  ɋɬɚɬɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.29  –  Ⱦɢɧɚɦɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.30 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.31 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.32- Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௫௦ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɫɬɚɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.33 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௬௦ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɫɬɚɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.34 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௫௥ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.35 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௬௥ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ 
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3.3.2 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ АȾ 4А250S4ɍ3 
 

 
 

Ɋɢɫɭɧɨɤ 3.36 - ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɨɞɟɥɢ ȺȾ 4A250S4ɍ3 ɜ ɞɟɤɚɪɬɨɜɵɯ 

ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɟɪɟɦɟɧɧɵɯ ߰௦⃗⃗⃗⃗ − ߰௥⃗⃗ ⃗⃗   
 

 

 

Ɋɢɫɭɧɨɤ 3.37  –  ɋɬɚɬɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.38 –  Ⱦɢɧɚɦɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.39 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ 



57 

 

 

 

Ɋɢɫɭɧɨɤ 3.40 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.41 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௫௦ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɫɬɚɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.42 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௬௦ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɫɬɚɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.43 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௫௥ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.44 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௬௥ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ 

 

3.4 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ АȾ  ɜ ɩɟɪɟɦɟɧɧɵɯ 𝒊࢙⃗⃗⃗  − 𝝍࢘⃗⃗⃗⃗  ⃗ 
 
3.4.1 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ АȾ 4А160Ɇ4ɍ3 
 

 

 
Ɋɢɫɭɧɨɤ 3.45 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ȺȾ ɜ ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ 

ɩɟɪɟɦɟɧɧɵɯ ݅௦ − ߰௥ 
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Ɋɢɫɭɧɨɤ 3.46  –  ɋɬɚɬɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.47  –  Ⱦɢɧɚɦɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.48 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.49 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 



63 

 

 

 

Ɋɢɫɭɧɨɤ 3.52 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௫௥ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.53 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௬௥ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ 
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3.4.2 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ АȾ 4А250S4ɍ3 
 

 
 

Ɋɢɫɭɧɨɤ 3.54 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ȺȾ ɜ ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɟɪɟɦɟɧɧɵɯ ݅௦ − ߰௥ 

 

 

 

Ɋɢɫɭɧɨɤ 3.55  –  ɋɬɚɬɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.56 –  Ⱦɢɧɚɦɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.57 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.58 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.59 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ݅௫௦ ɬɨɤɚ ɫɬɚɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.60 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ݅௬௦ ɬɨɤɚ ɫɬɚɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.61 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௫௥ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.62 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௬௥ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ 

 

3.5 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ АȾ 4А160Ɇ4ɍ3 ɜ ɩɟɪɟɦɟɧɧɵɯ 𝒊࢙⃗⃗⃗  −  𝝍࢘⃗⃗⃗⃗  ⃗ 
ɩɪɢ ɩɚɪɚɦɟɬɪɚɯ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɪɟɠɢɦɭ ɤɨɪɨɬɤɨɝɨ ɡɚɦɵɤɚɧɢɹ 

 

Ⱦɚɧɧɵɟ ɞɜɢɝɚɬɟɥɹ 4Ⱥ160Ɇ4ɍ3  ɛɟɪɟɦ ɢɡ ɬɚɛɥɢɰ 4.1 – 4.4.  ɇɟɨɛɯɨɞɢɦɵɟ 

ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɦɨɞɟɥɢ ɩɚɪɚɦɟɬɪɵ ȺȾ ɜ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ 

ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥɢɰɟ 4.6. 

 

Ɍɚɛɥɢɰɚ 4.6 – Ɋɚɫɱɟɬ ɩɚɪɚɦɟɬɪɨɜ 

ɉɚɪɚɦɟɬɪ Ɉɛɨɡɧɚɱɟ
ɧɢɟ 

Ɋɚɫɱɟɬɧɵɟ 
ɫɨɨɬɧɨɲɟɧɢɹ 

Ɂɧɚɱɟɧɢɟ 
ɩɚɪɚɦɟɬɪɚ 

Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ 
ɮɚɡɵ ɫɬɚɬɨɪɧɨɣ ɰɟɩɢ 

 ௦ 𝑅′ଵ 0,042ݎ

Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ 
ɮɚɡɵ ɪɨɬɨɪɧɨɣ ɰɟɩɢ 

 ௥ 𝑅′′ଶʞ 0,037ݎ

ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ 
ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ 

݈௦𝜎 𝑋′ଵ 0,085 

ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ 
ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ 

݈௥𝜎 𝑋Кʞ 0,14 

ȼɡɚɢɦɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ 
ɨɛɦɨɬɨɤ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ 

݈௠ 𝑋௠ 4,3 
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ɉɪɨɞɨɥɠɟɧɢɟ ɬɚɛɥɢɰɵ 4.6 

ɉɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ 
ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ 

݈௥ ݈௥𝜎 + ݈௠ 4,44 

Ʉɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɪɨɬɨɪɚ ݇௥ ݈௠ ݈௥⁄  0,9685 
ɉɨɥɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ 

ɪɚɫɫɟɹɧɢɹ ɦɚɲɢɧɵ 
𝜎 ͳ − ݇௦ ∙ ݇௥ 0,0482 

ɗɤɜɢɜɚɥɟɧɬɧɚɹ 
ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɫɬɚɬɨɪɚ 

݈′௦ = ݈э 𝜎 ∙  0,2112 ݏ݈

ɗɤɜɢɜɚɥɟɧɬɧɚɹ ɩɨɫɬɨɹɧɧɚɹ 
ɜɪɟɦɟɧɢ 

эܶ ݈э ⁄эݎ  2,7536 

ɗɤɜɢɜɚɥɟɧɬɧɨɟ 
ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɮɚɡɵ ɫɬɚɬɨɪɚ 

௦ݎ эݎ + ݇௥ଶ ∙  ௥ 0,0767ݎ

ɉɨɫɬɨɹɧɧɚɹ ɜɪɟɦɟɧɢ 
ɪɨɬɨɪɧɨɣ ɰɟɩɢ 

௥ܶ ݈௥ ⁄௥ݎ  120 

Ɇɨɦɟɧɬ ɢɧɟɪɰɢɢ ɪɨɬɨɪɚ ܬ ܬДʟ ⁄бܬ  42,901 
 

ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɰɢɮɪɨɜɨɣ ɦɨɞɟɥɢ ȺȾ ɩɪɢ ɞɚɧɧɵɯ ɩɚɪɚɦɟɬɪɚɯ 
ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 3.57. 

 

 

 
Ɋɢɫɭɧɨɤ 3.63 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ȺȾ ɜ ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ 

ɩɟɪɟɦɟɧɧɵɯ ݅௦ − ߰௥ 
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Ɋɢɫɭɧɨɤ 3.64 –  ɋɬɚɬɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ ɦɨɦɟɧɬɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.65 - Ⱦɢɧɚɦɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.66 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.67 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.68 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ݅௫௦ ɬɨɤɚ ɫɬɚɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.69 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ݅௬௦ ɬɨɤɚ ɫɬɚɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.70 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௫௥ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ 

 

 

 

Ɋɢɫɭɧɨɤ 3.71 - Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɩɪɨɟɤɰɢɢ ߰௬௥ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ 
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ɁАɄɅЮЧȿɇɂȿ 

 

ȼɵɩɭɫɤɧɚɹ ɤɜɚɥɢɮɢɤɚɰɢɨɧɧɚɹ ɪɚɛɨɬɚ ɢɦɟɟɬ ɧɚɭɱɧɨ-ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ 

ɯɚɪɚɤɬɟɪ ɢ ɩɨɫɜɹɳɟɧɚ ɪɚɡɪɚɛɨɬɤɟ ɢ ɢɫɫɥɟɞɨɜɚɧɢɸ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣ ȺȾ 

ɫ ɤɨɪɨɬɤɨɡɚɦɤɧɭɬɵɦ ɪɨɬɨɪɨɦ ɜ ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ. ɉɪɢ ɜɵɩɨɥɧɟɧɢɢ 

ɪɚɛɨɬɵ ɩɨɥɭɱɟɧɵ ɫɥɟɞɭɸɳɢɟ ɪɟɡɭɥɶɬɚɬɵ: 

1) ɋ ɭɱɟɬɨɦ ɩɨɧɹɬɢɹ ɨɛɨɛɳёɧɧɨɝɨ ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ ɜɟɤɬɨɪɚ ɢ 

ɨɛɨɛɳɟɧɧɨɣ ɬɪɟɯɮɚɡɧɨɣ ɦɚɲɢɧɵ ɪɚɡɪɚɛɨɬɚɧɵ ɭɪɚɜɧɟɧɢɹ ɢ  ɫɬɪɭɤɬɭɪɧɵɟ ɫɯɟɦɵ 

ȺȾ ɜ ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɤɨɦɛɢɧɚɰɢɹɯ ɜɟɤɬɨɪɧɵɯ 

ɩɟɪɟɦɟɧɧɵɯ. 

2) ȼɵɩɨɥɧɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɪɨɰɟɫɫɨɜ  ɪɟɚɥɶɧɵɯ ɚɫɢɧɯɪɨɧɧɵɯ 

ɞɜɢɝɚɬɟɥɟɣ 4Ⱥ160Ɇ4ɍ3 ɢ 4Ⱥ250S4ɍɁ ɫ ɧɨɦɢɧɚɥɶɧɵɦɢ ɦɨɳɧɨɫɬɹɦɢ 18,5 ɤȼɬ ɢ 

75ɤȼɬ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɫ ɩɨɦɨɳɶɸ ɫɪɟɞɫɬɜɚ ɜɢɡɭɚɥɶɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ 

SIMULINK, ɩɨɥɭɱɟɧɵ ɫɬɚɬɢɱɟɫɤɢɟ ɢ ɞɢɧɚɦɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ȺȾ ɜ 

ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɢ ɩɪɨɜɟɞɟɧɨ ɢɯ ɫɪɚɜɧɟɧɢɟ.  

3) ȼ ɦɨɞɟɥɹɯ ȺȾ, ɫɨɫɬɚɜɥɟɧɧɵɯ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɤɨɦɛɢɧɚɰɢɣ ɜɟɤɬɨɪɧɵɯ 

ɩɟɪɟɦɟɧɧɵɯ ɜ ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬɚɯ, ɩɪɢ ɞɨɩɭɳɟɧɢɢ ɩɨɫɬɨɹɧɫɬɜɚ ɟɟ 

ɩɚɪɚɦɟɬɪɨɜ ɢ ɩɪɢ ɨɛɟɫɩɟɱɟɧɢɢ ɭɫɥɨɜɢɣ ɢɯ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɢ  ɪɟɡɭɥɶɬɚɬɵ 

ɢɫɫɥɟɞɨɜɚɧɢɹ ɫɨɜɩɚɞɚɸɬ. ɇɚ ɨɫɧɨɜɚɧɢɢ ɷɬɢɯ ɪɟɡɭɥɶɬɚɬɨɜ ɬɚɤɠɟ ɦɨɠɧɨ ɫɤɚɡɚɬɶ, 

ɱɬɨ ɬɚɤɢɟ ɦɨɞɟɥɢ ɧɟ ɭɫɬɭɩɚɸɬ ɜ ɬɨɱɧɨɫɬɢ ɚɧɚɥɨɝɢɱɧɵɦ ɦɨɞɟɥɹɦ ɜ ɩɨɥɹɪɧɵɯ 

ɤɨɨɪɞɢɧɚɬɚɯ ɢ ɦɨɝɭɬ ɫɥɭɠɢɬɶ ɨɫɧɨɜɨɣ ɞɥɹ ɫɪɚɜɧɢɬɟɥɶɧɨɣ ɨɰɟɧɤɢ ɩɪɨɰɟɫɫɨɜ, 

ɪɚɫɫɱɢɬɚɧɧɵɯ ɧɚ ɦɨɞɟɥɹɯ, ɭɱɢɬɵɜɚɸɳɢɯ ɧɚɫɵɳɟɧɢɟ ɢ ɷɮɮɟɤɬ ɜɵɬɟɫɧɟɧɢɹ ɬɨɤɚ 

ɪɨɬɨɪɚ. 

4) Ⱦɨɩɨɥɧɢɬɟɥɶɧɨ ɛɵɥɢ ɪɚɡɪɚɛɨɬɚɧɵ ɢ ɢɫɫɥɟɞɨɜɚɧɵ ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ 

ɦɨɞɟɥɢ ȺȾ 4Ⱥ160Ɇ4ɍ3 ɜ ɩɟɪɟɦɟɧɧɵɯ 𝑖௦⃗⃗ − ߰௥⃗⃗ ⃗⃗   ɩɪɢ ɩɚɪɚɦɟɬɪɚɯ, 

ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɪɟɠɢɦɭ ɤɨɪɨɬɤɨɝɨ ɡɚɦɵɤɚɧɢɹ. Ɋɟɡɭɥɶɬɚɬɵ ɰɢɮɪɨɜɨɝɨ 

ɜɨɫɩɪɨɢɡɜɟɞɟɧɢɹ ɦɨɞɟɥɢ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɬɨɦ,  ɱɬɨ ɫɭɳɟɫɬɜɟɧɧɨ ɭɜɟɥɢɱɢɥɫɹ 

ɩɭɫɤɨɜɨɣ ɦɨɦɟɧɬ, ɭɦɟɧɶɲɢɥɢɫɶ ɤɨɥɟɛɚɧɢɹ, ɚ ɦɚɤɫɢɦɚɥɶɧɵɣ ɦɨɦɟɧɬ ɨɫɬɚɥɫɹ 

ɩɪɟɠɧɢɦ. 
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ɋɉɂɋɈɄ ɂɋɉɈɅɖɁɈВАɇɇɕХ ɂɋɌɈЧɇɂɄɈВ 

1. ɋɨɤɨɥɨɜɫɤɢɣ Ƚ. Ƚ., Ɍɟɨɪɢɹ ɢ ɫɢɫɬɟɦɵ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚ. ɗɥɟɤɬɪɨɩɪɢɜɨɞɵ 
ɩɟɪɟɦɟɧɧɨɝɨ ɬɨɤɚ: ɭɱɟɛ. ɩɨɫɨɛɢɟ. ɋɉɛ.: ɋɉɛȽɗɌɍ «ɅɗɌɂ», 1999. 80 ɫ. 

2. ȼɢɧɨɝɪɚɞɨɜ Ⱥ. Ȼ. ȼɟɤɬɨɪɧɨɟ ɭɩɪɚɜɥɟɧɢɟ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚɦɢ 
ɩɟɪɟɦɟɧɧɨɝɨ ɬɨɤɚ / ɩɨɞ ɪɟɞ. Ⱥ. Ɋ. Ʉɨɥɝɚɧɨɜɚ. ɂɜɚɧɨɜɨ: ȽɈɍ ȼɉɈ «ɂɜɚɧɨɜɫɤɢɣ 
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