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ɊȿɎȿɊȺɌ 

ȼɵɩɭɫɤɧɚɹ ɤɜɚɥɢɮɢɤɚɰɢɨɧɧɚɹ ɪɚɛɨɬɚ «Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ȺȾ ɜ ɩɨɥɹɪɧɵɯ 
ɤɨɨɪɞɢɧɚɬɚɯ» ɫɨɞɟɪɠɢɬ 95 ɫɬɪɚɧɢɰ ɬɟɤɫɬɨɜɨɝɨ ɞɨɤɭɦɟɧɬɚ, 62 ɢɥɥɸɫɬɪɚɰɢɣ, 
11 ɬɚɛɥɢɰ, 27 ɢɫɩɨɥɶɡɨɜɚɧɧɵɯ ɢɫɬɨɱɧɢɤɨɜ. 

ɉɈɅəɊɇȺə ɋɂɋɌȿɆȺ ɄɈɈɊȾɂɇȺɌ, ȺȾ 4Ⱥ160Ɇ4ɍɁ, ȺȾ 4Ⱥ250S4ɍɁ, 
ɋɊȿȾɋɌȼɈ ȼɂɁɍȺɅɖɇɈȽɈ ɆɈȾȿɅɂɊɈȼȺɇɂə SIMULINK, ɆɈȾȿɅɖ. 

ɐɟɥɢ ɦɨɞɟɥɢɪɨɜɚɧɢɹ: 

– ɦɚɬɟɦɚɬɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ ɩɨɥɹɪɧɨɣ
ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ; 

– ɩɨɫɬɪɨɟɧɢɟ ɫɬɪɭɤɬɭɪɧɵɯ ɫɯɟɦ ɦɨɞɟɥɟɣ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ
ɩɨɥɹɪɧɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ; 

Ɉɛɴɟɤɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ – ɚɫɢɧɯɪɨɧɧɵɟ ɞɜɢɝɚɬɟɥɢ 4Ⱥ160Ɇ4ɍɁ ɢ 
4Ⱥ250S4ɍɁ. Ɉɫɧɨɜɧɨɣ ɡɚɞɚɱɟɣ ɩɪɨɟɤɬɚ ɹɜɥɹɟɬɫɹ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɚɫɢɧɯɪɨɧɧɨɝɨ 
ɞɜɢɝɚɬɟɥɹ ɜ ɩɨɥɹɪɧɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ. 

ȼ ɪɟɡɭɥɶɬɚɬɟ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɛɵɥɢ ɩɨɫɬɪɨɟɧɵ ɫɬɪɭɤɬɭɪɧɵɟ ɫɯɟɦɵ 
ɚɫɢɧɯɪɨɧɧɵɯ ɞɜɢɝɚɬɟɥɟɣ 4Ⱥ160Ɇ4ɍɁ ɢ 4Ⱥ250S4ɍɁ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ 
ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ ɢ ɜ ɩɟɪɟɦɟɧɧɵɯ 𝑖ݏ − 𝜓ݎ ɢ 𝜓ݏ − 𝜓ݎ. 

ȼ ɢɬɨɝɟ ɛɵɥɢ ɩɨɥɭɱɟɧɵ ɫɬɚɬɢɱɟɫɤɢɟ ɢ ɞɢɧɚɦɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ 
ɚɫɢɧɯɪɨɧɧɵɯ ɞɜɢɝɚɬɟɥɟɣ 4Ⱥ160Ɇ4ɍɁ ɢ 4Ⱥ250S4ɍɁ ɜ ɩɨɥɹɪɧɨɣ ɫɢɫɬɟɦɚɯ 
ɤɨɨɪɞɢɧɚɬ. 
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ȼȼȿȾȿɇɂȿ 

ɉɪɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɢ ɫɢɫɬɟɦ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚ ɜɨɡɧɢɤɚɟɬ ɩɪɨɛɥɟɦɚ 

ɩɪɨɜɟɪɤɢ ɩɪɚɜɢɥɶɧɨɫɬɢ ɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɪɢɧɹɬɵɯ ɪɟɲɟɧɢɣ. ɇɚɢɛɨɥɟɟ 

ɞɨɫɬɨɜɟɪɧɵɦ ɫɩɨɫɨɛɨɦ ɬɚɤɨɣ ɩɪɨɜɟɪɤɢ ɹɜɥɹɟɬɫɹ ɮɢɡɢɱɟɫɤɢɣ ɷɤɫɩɟɪɢɦɟɧɬ: 

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.  ɇɚɩɪɢɦɟɪ, ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚ ɷɤɫɤɚɜɚɬɨɪɚ 

ɦɨɠɟɬ ɛɵɬɶ ɢɡɝɨɬɨɜɥɟɧɚ ɟɝɨ ɭɦɟɧɶɲɟɧɧɚɹ ɦɨɞɟɥɶ. Ɏɢɡɢɱɟɫɤɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ 

ɦɨɠɧɨ ɫɱɢɬɚɬɶ ɭɩɪɨɳёɧɧɵɦ ɜɚɪɢɚɧɬɨɦ ɮɢɡɢɱɟɫɤɨɝɨ ɷɤɫɩɟɪɢɦɟɧɬɚ - ɦɚɤɟɬ 

ɢɦɢɬɢɪɭɟɬ ɨɫɧɨɜɧɵɟ ɨɫɨɛɟɧɧɨɫɬɢ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɵ, ɧɨ ɢɦɟɟɬ ɡɧɚɱɢɬɟɥɶɧɨ 

ɦɟɧɶɲɢɟ ɝɚɛɚɪɢɬɵ ɢ 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 
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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 ɤɚɤ ɛɵ 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. 

Ⱦɚɧɧɵɣ ɞɢɩɥɨɦɧɵɣ ɩɪɨɟɤɬ ɜɵɩɨɥɧɟɧ ɫ ɲɢɪɨɤɢɦ ɩɪɢɦɟɧɟɧɢɟɦ ɫɪɟɞɫɬɜɚ 

ɜɢɡɭɚɥɶɧɨɝɨ ɩɪɨɝɪɚɦɦɢɪɨɜɚɧɢɹ Simulink. ȼ ɧёɦ ɩɨɞɪɨɛɧɨ ɪɚɫɫɦɨɬɪɟɧɨ ɩɨɧɹɬɢɟ 

ɨɛɨɛɳёɧɧɨɝɨ ɜɟɤɬɨɪɚ, ɟɝɨ ɫɜɹɡɶ ɫ ɬɪёɯɦɟɪɧɨɣ ɢ ɩɥɨɫɤɨɣ ɫɢɫɬɟɦɨɣ ɤɨɨɪɞɢɧɚɬ. 

ɇɚ ɨɫɧɨɜɚɧɢɢ ɩɨɧɹɬɢɹ ɨɛɨɛɳёɧɧɨɝɨ ɜɟɤɬɨɪɚ ɫɦɨɞɟɥɢɪɨɜɚɧ ɪɟɚɥɶɧɵɣ 

ɚɫɢɧɯɪɨɧɧɵɣ ɞɜɢɝɚɬɟɥɶ.  
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1. Ɉɛɨɛɳɟɧɧɵɣ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ ɷɧɟɪɝɢɢ

1.1. ɉɪɨɫɬɪɚɧɫɬɜɟɧɧɵɣ (ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ) ɜɟɤɬɨɪ ɥɢɧɟɣɧɨ 

ɧɟɡɚɜɢɫɢɦɨɣ  ɬɪɟɯɮɚɡɧɨɣ ɩɥɨɫɤɨɣ ɫɢɫɬɟɦɵ ɫɢɝɧɚɥɨɜ 

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- 6]. 

ȼ ɷɥɟɤɬɪɨɬɟɯɧɢɤɟ ɬɪɟɯɮɚɡɧɭɸ ɫɢɫɬɟɦɭ ɫɢɝɧɚɥɨɜ ɩɪɢɧɹɬɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɜ 

ɩɥɨɫɤɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ, ɯɚɪɚɤɬɟɪɢɡɭɟɦɨɣ ɬɪɟɦɹ ɫɞɜɢɧɭɬɵɦɢ ɧɚ ɩɥɨɫɤɨɫɬɢ 

ɩɨɞ ɭɝɥɨɦ 120° ( 2π 3⁄ ) ɨɫɹɦɢ a, b, c (ɪɢɫɭɧɨɤ 1.1, ɚ). ɉɪɢ ɦɚɬɟɦɚɬɢɱɟɫɤɨɦ 

ɨɩɢɫɚɧɢɢ ɢ ɚɧɚɥɢɡɟ ɩɪɨɰɟɫɫɨɜ ɜ ɦɧɨɝɨɮɚɡɧɵɯ ɷɥɟɤɬɪɢɱɟɫɤɢɯ, 

ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɢ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɫɢɫɬɟɦɚɯ ɲɢɪɨɤɨɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ 

ɩɨɥɭɱɢɥɨ ɩɨɧɹɬɢɟ ɨɛɨɛɳɟɧɧɨɝɨ (ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ) ɜɟɤɬɨɪɚ ɦɧɨɝɨɮɚɡɧɨɣ 

ɫɢɫɬɟɦɵ ɫɢɝɧɚɥɨɜ. ɉɪɢ ɷɬɨɦ ɦɝɧɨɜɟɧɧɵɟ ɡɧɚɱɟɧɢɹ ɮɚɡɧɵɯ ɜɟɥɢɱɢɧ 

ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɤɚɤ ɩɪɨɟɤɰɢɢ ɷɬɨɝɨ ɜɟɤɬɨɪɚ ɧɚ ɨɫɢ ɩɥɨɫɤɨɣ ɫɢɫɬɟɦɵ 

ɤɨɨɪɞɢɧɚɬ [3; 4; 7; 8]. 

ɂɡ ɦɚɬɟɦɚɬɢɤɢ ɢɡɜɟɫɬɧɨ, ɱɬɨ ɩɨɥɨɠɟɧɢɟ ɜɟɤɬɨɪɚ ɧɚ ɩɥɨɫɤɨɫɬɢ ɨɞɧɨɡɧɚɱɧɨ 

ɨɩɪɟɞɟɥɹɟɬɫɹ ɞɜɭɦɹ ɟɝɨ ɤɨɨɪɞɢɧɚɬɚɦɢ, ɧɚɩɪɢɦɟɪ ɞɟɤɚɪɬɨɜɵɦɢ. Ɍɪɟɯɮɚɡɧɚɹ 

ɫɢɫɬɟɦɚ ɤɨɨɪɞɢɧɚɬ ɦɨɠɟɬ ɯɚɪɚɤɬɟɪɢɡɨɜɚɬɶ ɩɨɥɨɠɟɧɢɟ ɜɟɤɬɨɪɚ ɧɚ ɩɥɨɫɤɨɫɬɢ 

ɬɨɥɶɤɨ ɜ ɬɨɦ ɫɥɭɱɚɟ, ɟɫɥɢ ɮɚɡɧɵɟ ɜɟɥɢɱɢɧɵ ɥɢɧɟɣɧɨ ɡɚɜɢɫɢɦɵ, ɬɨ ɟɫɬɶ 

ɫɭɳɟɫɬɜɭɟɬ ɧɟɧɭɥɟɜɨɟ ɪɟɲɟɧɢɟ ɭɪɚɜɧɟɧɢɹ: 

ua+ub+uc=0.  ሺ1.1.1ሻ 

ɂɡ ɭɫɥɨɜɢɹ (1.1.1) ɫɥɟɞɭɟɬ, ɱɬɨ ɨɞɧɚ ɜɟɥɢɱɢɧɚ ɨɞɧɨɡɧɚɱɧɨ ɨɩɪɟɞɟɥɹɟɬɫɹ 

ɡɧɚɱɟɧɢɹɦɢ ɞɜɭɯ ɞɪɭɝɢɯ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ ɜɟɤɬɨɪ ɦɨɠɧɨ 
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ɫɨɫɬɚɜɢɬɶ ɢɡ ɬɪɟɯ ɧɟɨɪɬɨɝɨɧɚɥɶɧɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ, ɧɚɩɪɚɜɥɟɧɢɹ ɤɨɬɨɪɵɯ 

ɫɨɜɩɚɞɚɸɬ ɫ ɧɚɩɪɚɜɥɟɧɢɹɦɢ ɦɚɝɧɢɬɧɵɯ ɨɫɟɣ ɮɚɡɧɵɯ ɨɛɦɨɬɨɤ. ɂɦɟɧɧɨ ɬɚɤɨɣ 

ɩɨɞɯɨɞ ɤ ɪɚɫɫɦɨɬɪɟɧɢɸ ɩɨɧɹɬɢɹ ɨɛɨɛɳɟɧɧɨɝɨ ɜɟɤɬɨɪɚ ɩɨɥɭɱɢɥ ɜ ɧɚɫɬɨɹɳɟɟ 

ɜɪɟɦɹ ɧɚɢɛɨɥɶɲɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɜ ɥɢɬɟɪɚɬɭɪɟ. ɉɪɢ ɷɬɨɦ ɚɜɬɨɪɵ ɥɢɛɨ 

ɢɡɧɚɱɚɥɶɧɨ ɫɱɢɬɚɸɬ ɩɟɪɟɦɟɧɧɵɟ ɬɪɟɯɮɚɡɧɨɣ ɫɢɫɬɟɦɵ ɥɢɧɟɣɧɨ ɡɚɜɢɫɢɦɵɦɢ, 

ɥɢɛɨ ɢɫɤɭɫɫɬɜɟɧɧɨ ɨɛɟɫɩɟɱɢɜɚɸɬ ɷɬɭ ɡɚɜɢɫɢɦɨɫɬɶ ɪɚɡɥɢɱɧɵɦɢ ɫɩɨɫɨɛɚɦɢ 

(ɨɬɫɭɬɫɬɜɢɟ ɧɭɥɟɜɨɝɨ ɩɪɨɜɨɞɚ, ɭɫɬɚɧɨɜɤɚ ɫɩɟɰɢɚɥɶɧɵɯ ɪɟɝɭɥɹɬɨɪɨɜ ɢ ɬ.ɞ.). 

Ɉɞɧɚɤɨ, ɜ ɨɛɳɟɦ ɫɥɭɱɚɟ, ɞɥɹ ɫɢɫɬɟɦɵ ɥɢɧɟɣɧɨ ɧɟɡɚɜɢɫɢɦɵɯ ɬɪɟɯɮɚɡɧɵɯ 

ɩɟɪɟɦɟɧɧɵɯ, ɫ ɩɨɡɢɰɢɢ ɜɟɤɬɨɪɧɨɣ ɚɥɝɟɛɪɵ, ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ ɜɟɤɬɨɪ 

ɧɟɨɛɯɨɞɢɦɨ ɢɡɧɚɱɚɥɶɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ ɜɟɤɬɨɪ, ɨɩɪɟɞɟɥɹɟɦɵɣ ɬɪɟɦɹ 

ɧɟɡɚɜɢɫɢɦɵɦɢ ɤɨɨɪɞɢɧɚɬɚɦɢ, ɬɨ ɟɫɬɶ, ɤɚɤ ɜɟɤɬɨɪ ɬɪɟɯɦɟɪɧɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ.  

Ɍɚɤɨɣ ɩɨɞɯɨɞ ɩɪɟɞɥɨɠɟɧ Ɋ. Ɍ. ɒɪɟɣɧɟɪɨɦ ɜ ɪɚɛɨɬɚɯ [6, 9], ɝɞɟ ɜ ɤɚɱɟɫɬɜɟ 

ɛɚɡɢɫɚ ɬɪɟɯɦɟɪɧɨɝɨ ɜɟɤɬɨɪɧɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɚ ɢɫɩɨɥɶɡɭɟɬɫɹ ɥɢɧɟɣɧɨ 

ɧɟɡɚɜɢɫɢɦɚɹ ɫɢɫɬɟɦɚ ɜɟɤɬɨɪɨɜ. Ɉɛɨɛɳɟɧɧɵɣ ɜɟɤɬɨɪ, ɜ ɷɬɨɦ ɫɥɭɱɚɟ, 

ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɩɪɨɟɤɰɢɹɦɢ ɧɚ ɨɫɢ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ (ɬɪɟɯɦɟɪɧɨɣ) ɞɟɤɚɪɬɨɜɨɣ 

ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ, ɪɚɜɧɵɦɢ ɦɝɧɨɜɟɧɧɵɦ ɡɧɚɱɟɧɢɹɦ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɮɚɡɧɵɯ 

ɜɟɥɢɱɢɧ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɟɞɩɨɥɚɝɚɟɬɫɹ ɨɬɤɚɡ ɨɬ ɩɥɨɫɤɢɯ ɬɪɟɯɮɚɡɧɵɯ ɫɢɫɬɟɦ 

ɫɢɝɧɚɥɨɜ ɜ ɩɨɥɶɡɭ ɬɪɟɯɦɟɪɧɵɯ ɞɟɤɚɪɬɨɜɵɯ. Ⱦɚɧɧɵɣ ɩɨɞɯɨɞ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ 

ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɫɬɪɨɝɨɫɬɶɸ ɢ ɱɟɬɤɢɦ ɨɛɨɫɧɨɜɚɧɢɟɦ ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ 

ɚɧɚɥɢɬɢɱɟɫɤɨɣ ɝɟɨɦɟɬɪɢɢ ɢ ɜɟɤɬɨɪɧɨɣ ɚɥɝɟɛɪɵ. Ɉɞɧɚɤɨ ɩɪɢ ɷɬɨɦ ɬɟɪɹɟɬɫɹ ɫɜɹɡɶ 

ɫ ɬɪɚɞɢɰɢɨɧɧɵɦɢ, ɫ ɬɨɱɤɢ ɡɪɟɧɢɹ ɷɥɟɤɬɪɨɬɟɯɧɢɤɢ, ɩɥɨɫɤɢɦɢ ɬɪɟɯɮɚɡɧɵɦɢ 

ɤɨɨɪɞɢɧɚɬɧɵɦɢ ɫɢɫɬɟɦɚɦɢ, ɢɦɟɸɳɢɦɢ ɨɱɟɧɶ ɹɫɧɭɸ ɮɢɡɢɱɟɫɤɭɸ 

ɢɧɬɟɪɩɪɟɬɚɰɢɸ. 

ȼ ɫɥɨɠɢɜɲɟɣɫɹ ɫɢɬɭɚɰɢɢ ɧɚɢɛɨɥɟɟ ɭɞɨɛɧɵɦ ɜɢɞɢɬɫɹ ɩɭɬɶ, 

ɩɪɟɞɥɨɠɟɧɧɵɣ Ⱥ. Ⱥ. Ɏɟɞɨɪɟɧɤɨ ɢ ɗ. ɇ. Ʌɚɡɨɜɫɤɢɦ ɜ ɪɚɛɨɬɟ [8]. ɗɬɨɬ ɩɭɬɶ 

ɩɪɟɞɩɨɥɚɝɚɟɬ ɫɨɜɦɟɳɟɧɢɟ ɨɩɢɫɚɧɧɵɯ ɜɵɲɟ ɩɨɞɯɨɞɨɜ, ɜ ɱɚɫɬɧɨɫɬɢ ɜɜɟɞɟɧɢɟ ɜ 

ɫɨɨɬɜɟɬɫɬɜɢɟ ɩɥɨɫɤɨɣ ɬɪɟɯɮɚɡɧɨɣ ɫɢɫɬɟɦɟ ɫɢɝɧɚɥɨɜ ua,ub,uc (ɪɢɫɭɧɨɤ 1.1, ɚ) 

ɧɟɤɨɬɨɪɨɝɨ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɝɨ ɜɟɤɬɨɪɚ U⃗⃗ , ɯɚɪɚɤɬɟɪɢɡɭɟɦɨɝɨ ɤɨɨɪɞɢɧɚɬɚɦɢ 

uα1,uȕ1,uȖ1 (ɪɢɫɭɧɨɤ 1.1, ɛ). 
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a

b c

0

ua

ub uc

α1

ȕ1

Ȗ10

uα1

uȕ1

uȖ1

U

     ɚ)       ɛ) 

Ɋɢɫɭɧɨɤ 1.1 – ɚ) ɉɥɨɫɤɚɹ ɬɪɟɯɮɚɡɧɚɹ ɫɢɫɬɟɦɚ ɫɢɝɧɚɥɨɜ; ɛ) ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɣ 

ɜɟɤɬɨɪ U⃗⃗  ɜ ɞɟɤɚɪɬɨɜɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ 

Ⱦɥɹ ɬɨɝɨ ɱɬɨɛɵ ɜɟɤɬɨɪ U⃗⃗  ɨɞɧɨɡɧɚɱɧɨ ɨɩɪɟɞɟɥɹɥɫɹ ɦɝɧɨɜɟɧɧɵɦɢ 

ɡɧɚɱɟɧɢɹɦɢ ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ, ɧɟɨɛɯɨɞɢɦɨ ɭɫɬɚɧɨɜɢɬɶ ɚɧɚɥɢɬɢɱɟɫɤɭɸ ɫɜɹɡɶ 

ɦɟɠɞɭ ɧɢɦɢ ɢ ɤɨɨɪɞɢɧɚɬɚɦɢ ɜɟɤɬɨɪɚ U⃗⃗  , ɞɥɹ ɱɟɝɨ ɧɟɨɛɯɨɞɢɦɨ ɡɚɞɚɬɶ ɜɡɚɢɦɧɨɟ 

ɪɚɫɩɨɥɨɠɟɧɢɟ ɩɥɨɫɤɨɫɬɢ ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ ɢ ɬɪɟɯɦɟɪɧɨɣ ɫɢɫɬɟɦɵ 

ɤɨɨɪɞɢɧɚɬ. ɋɨɜɦɟɫɬɢɦ ɧɚɱɚɥɨ ɤɨɨɪɞɢɧɚɬ ɬɪɟɯɦɟɪɧɨɣ ɫɢɫɬɟɦɵ ɫ ɬɨɱɤɨɣ O 

ɩɥɨɫɤɨɫɬɢ, ɚ ɫɚɦɭ ɩɥɨɫɤɨɫɬɶ ɫɨɪɢɟɧɬɢɪɭɟɦ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, 

ɱɬɨɛɵ ɧɨɪɦɚɥɶ ɤ ɧɟɣ ɢɡ ɬɨɱɤɢ O ɨɛɪɚɡɨɜɵɜɚɥɚ ɫ ɨɫɹɦɢ α1,ȕ1,Ȗ1 ɪɚɜɧɵɟ ɭɝɥɵ

(ɪɢɫɭɧɨɤ 1.2). ɉɪɢ ɷɬɨɦ ɧɚɩɪɚɜɥɹɸɳɢɟ ɤɨɫɢɧɭɫɵ ɧɨɪɦɚɥɢ ON  ɫɨɝɥɚɫɧɨ [10, 

11]: 

cos φ1 = cos φ2 = cos φ3 =
1√3

.  ሺ1.1.2ሻ 
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α1

ȕ1

Ȗ10

uα1

uȕ1

uȖ1

a

b

c

N
ua

ub

uc

φ1

φ3

φ2

Ɋɢɫɭɧɨɤ 1.2 – ɋɨɜɦɟɳɟɧɢɟ ɬɪɟɯɦɟɪɧɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ ɫ ɩɥɨɫɤɨɫɬɶɸ 

ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ 

ɉɪɢ ɬɚɤɨɦ ɩɨɥɨɠɟɧɢɢ ɩɥɨɫɤɨɫɬɢ ɨɬɨɛɪɚɠɟɧɢɹ ɧɚ ɧɟɟ ɨɫɟɣ α1,ȕ1,Ȗ1 ɢɡ

ɥɸɛɨɣ ɬɨɱɤɢ, ɩɪɢɧɚɞɥɟɠɚɳɟɣ ɧɨɪɦɚɥɢ ON, ɞɚɸɬ ɫɢɫɬɟɦɭ ɬɪɟɯ ɫɦɟɳɟɧɧɵɯ 

ɨɬɧɨɫɢɬɟɥɶɧɨ ɞɪɭɝ ɞɪɭɝɚ ɧɚ ɭɝɨɥ 120° ɢ ɩɟɪɟɫɟɤɚɸɳɢɯɫɹ ɜ ɬɨɱɤɟ O ɨɫɟɣ, ɬ.ɟ. 

ɨɛɪɚɡɭɸɬ ɩɥɨɫɤɭɸ ɫɢɫɬɟɦɭ ɤɨɨɪɞɢɧɚɬ a,b,c ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ ua,ub,uc. 

ɋɱɢɬɚɹ ɤɨɨɪɞɢɧɚɬɵ ɜɟɤɬɨɪɚ U⃗⃗  ɩɪɨɟɤɰɢɹɦɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɮɚɡɧɵɯ ɜɟɥɢɱɢɧ 

ɧɚ ɨɫɢ α1,ȕ1,Ȗ1 ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɭɪɚɜɧɟɧɢɹ, ɧɚɝɥɹɞɧɨ ɩɨɤɚɡɵɜɚɸɳɢɟ ɮɢɡɢɱɟɫɤɭɸ

ɫɭɳɧɨɫɬɶ ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɬɪɟɯɮɚɡɧɨɣ ɩɥɨɫɤɨɣ ɫɢɫɬɟɦɵ ɫɢɝɧɚɥɨɜ ɨɛɨɛɳɟɧɧɵɦ 

(ɪɟɡɭɥɶɬɢɪɭɸɳɢɦ) ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɦ ɜɟɤɬɨɪɨɦ: 

{
uα1=ua∙ sin φ1 =

√2√3
∙ua,

uȕ1=ub∙ sin φ2 =
√2√3

∙ub,

uȖ1=uc∙ sin φ3 =
√2√3

∙uc.

 ሺ1.1.3ሻ 
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ɋɢɫɬɟɦɚ ɭɪɚɜɧɟɧɢɣ (1.1.3) ɜ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɨɣ ɮɨɪɦɟ ɢɦɟɟɬ ɜɢɞ: 

U⃗⃗= [uα1

uȕ1

uȖ1

] =
√2√3

∙E∙ [ua

ub

uc

] ,  ሺ1.1.4ሻ 

ɝɞɟ uα1,uȕ1,uȖ1 − ɤɨɨɪɞɢɧɚɬɵ ɨɛɨɛɳɟɧɧɨɝɨ ɜɟɤɬɨɪɚ U⃗⃗ ;
ua,ub,uc − ɦɝɧɨɜɟɧɧɵɟ ɡɧɚɱɟɧɢɹ ɮɚɡɧɵɯ ɜɟɥɢɱɢɧ;√2 √3⁄ − ɦɧɨɠɢɬɟɥɶ, ɨɩɪɟɞɟɥɹɟɦɵɣ ɫɨɨɬɧɨɲɟɧɢɟɦ:

sin φi =√1- cos2 φi .    (1.1.5) 

E − ɟɞɢɧɢɱɧɚɹ ɤɜɚɞɪɚɬɧɚɹ ɦɚɬɪɢɰɚ, ɤɚɠɞɚɹ ɫɬɪɨɤɚ ɤɨɬɨɪɨɣ ɷɬɨ 

ɤɨɨɪɞɢɧɚɬɵ ɟɞɢɧɢɱɧɵɯ ɧɚɩɪɚɜɥɹɸɳɢɯ ɜɟɤɬɨɪɨɜ ɨɫɟɣ α1,ȕ1,Ȗ1 ɬɪɟɯɦɟɪɧɨɝɨ

ɩɪɨɫɬɪɚɧɫɬɜɚ: 

E= [1 0 0
0 1 0
0 0 1

] .    (1.1.6) 

ɇɚ ɩɪɚɤɬɢɤɟ ɭɞɨɛɧɟɟ ɩɨɥɶɡɨɜɚɬɶɫɹ ɫɢɫɬɟɦɚɦɢ ɤɨɨɪɞɢɧɚɬ, ɨɫɢ ɤɨɬɨɪɵɯ 

ɨɩɪɟɞɟɥɟɧɧɵɦ ɨɛɪɚɡɨɦ ɫɨɨɬɧɟɫɟɧɵ ɫ ɦɚɝɧɢɬɧɵɦɢ ɢ ɝɟɨɦɟɬɪɢɱɟɫɤɢɦɢ ɨɫɹɦɢ 

ɢɧɞɭɤɰɢɨɧɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɢ ɩɨɬɪɟɛɢɬɟɥɟɣ ɷɧɟɪɝɢɢ. ɉɨɷɬɨɦɭ ɜ ɤɚɱɟɫɬɜɟ 

ɛɚɡɨɜɨɣ ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɨɨɪɞɢɧɚɬɧɭɸ ɫɢɫɬɟɦɭ α,ȕ,Ȗ, ɨɫɶ α 

ɤɨɬɨɪɨɣ ɫɨɜɦɟɳɟɧɚ ɫ ɨɫɶɸ ɮɚɡɵ a, ɚ ɨɫɶ Ȗ − ɫ ɧɨɪɦɚɥɶɸ ON. Ɍɨɝɞɚ ɨɫɶ ȕ ɛɭɞɟɬ 

ɪɚɫɩɨɥɨɠɟɧɚ ɜ ɩɥɨɫɤɨɫɬɢ ɬɪɟɯɮɚɡɧɨɣ ɫɢɫɬɟɦɵ ɫɢɝɧɚɥɨɜ ɩɨɞ ɭɝɥɨɦ π 2⁄  

ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɢ α ɩɨ ɧɚɩɪɚɜɥɟɧɢɸ ɱɟɪɟɞɨɜɚɧɢɹ ɮɚɡ (ɪɢɫɭɧɨɤ 1.3). Ɍɚɤɢɦ 

ɨɛɪɚɡɨɦ, ɨɫɢ α,ȕ ɛɭɞɭɬ ɪɚɫɩɨɥɨɠɟɧɵ ɜ ɩɥɨɫɤɨɫɬɢ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ (ɜ 
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ɩɥɨɫɤɨɫɬɢ ɦɚɝɧɢɬɧɵɯ ɨɫɟɣ) ɢɧɞɭɤɰɢɨɧɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ ɷɧɟɪɝɢɢ, ɚ ɨɫɶ Ȗ - 

ɜɞɨɥɶ ɨɫɢ ɜɚɥɚ ɢɯ ɪɨɬɨɪɚ. 

α1

ȕ1

Ȗ10

uα1

uȕ1

uȖ N
uα

uȕ

Ȗ

a(α)

ȕ

uȖ1

Ɋɢɫɭɧɨɤ 1.3 – Ɉɪɢɟɧɬɚɰɢɹ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ 

ɉɭɬɟɦ ɧɟɫɥɨɠɧɵɯ ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ ɩɨɫɬɪɨɟɧɢɣ ɦɨɠɧɨ ɞɨɤɚɡɚɬɶ, ɱɬɨ 

ɤɨɨɪɞɢɧɚɬɵ ɜɟɤɬɨɪɚ U⃗⃗  ɜ ɫɢɫɬɟɦɟ α,ȕ,Ȗ ɫɜɹɡɚɧɵ ɫ ɤɨɨɪɞɢɧɚɬɚɦɢ ɷɬɨɝɨ ɜɟɤɬɨɪɚ ɜ 

ɫɢɫɬɟɦɟ α1,ȕ1,Ȗ1 ɫɥɟɞɭɸɳɢɦɢ ɫɨɨɬɧɨɲɟɧɢɹɦɢ:

uα=
√2√3

∙uα1-
1√6

∙uȕ1-
1√6

∙uȖ1,

uȕ=0+
1√2

∙uȕ1-
1√2

∙uȖ1,

uȖ=
1√3

∙uα1+
1√3

∙uȕ1+
1√3

∙uȖ1.

 ሺ1.1.7ሻ 

ȼ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɨɣ ɮɨɪɦɟ ɫɢɫɬɟɦɚ (1.1.7) ɢɦɟɟɬ ɜɢɞ: 

U⃗⃗ሺα,ȕ,Ȗሻ=A1∙U⃗⃗(α1,ȕ1,Ȗ1),  ሺ1.1.8ሻ 
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ɝɞɟ A1 − ɦɚɬɪɢɰɚ ɤɨɨɪɞɢɧɚɬɧɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɜɟɤɬɨɪɚ U⃗⃗ ɢɡ ɢɫɯɨɞɧɨɣ ɜ 

ɧɨɜɭɸ ɬɪɟɯɦɟɪɧɭɸ ɫɢɫɬɟɦɭ ɤɨɨɪɞɢɧɚɬ: 

A1=

[  
   
 √2√3

-
1√6

-
1√6

0
1√2

-
1√2

1√3
1√3

1√3 ]
.    ሺ1.1.9ሻ 

ɉɨɞɫɬɚɜɢɜ ɭɪɚɜɧɟɧɢɹ (1.1.3) ɜ ɭɪɚɜɧɟɧɢɹ (1.1.7) ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ 

ɮɨɪɦɭɥɵ ɩɪɹɦɨɝɨ ɜɵɱɢɫɥɟɧɢɹ ɤɨɨɪɞɢɧɚɬ ɜɟɤɬɨɪɚ U⃗⃗ ɜ ɫɢɫɬɟɦɟ α,ȕ,Ȗ 

ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɩɨ ɡɧɚɱɟɧɢɹɦ ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ: 

uα=
2
3

∙ua-
1
3

∙ub-
1
3

∙uc,

uȕ=0∙ua+
1√3

∙ub-
1√3

∙uc,

uȖ=
√2
3

∙ua+
√2
3

∙ub+
√2
3

∙uc.

     ሺ1.1.10ሻ 

ȼ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɨɣ ɮɨɪɦɟ ɫɢɫɬɟɦɚ (1.2.10) ɢɦɟɟɬ ɜɢɞ: 

U⃗⃗ሺα,ȕ,Ȗሻ=A∙ [ua

ub

uc

] ,        ሺ1.1.11ሻ 

ɝɞɟ A − ɦɚɬɪɢɰɚ ɩɪɹɦɨɝɨ ɤɨɨɪɞɢɧɚɬɧɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɫɢɫɬɟɦɵ 

ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ ɜ ɩɪɨɟɤɰɢɢ ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ ɜɟɤɬɨɪɚ U⃗⃗ ɧɚ ɨɫɢ 

ɞɟɤɚɪɬɨɜɨɣ ɬɪɟɯɦɟɪɧɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ α,ȕ,Ȗ: 
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࡭ =
[

2
3

-
1
3

-
1
3

0
1√3

-
1√3√2

3
√2
3

√2
3 ]

.  ሺ1.1.12ሻ 

Ɉɩɢɫɚɧɢɟ ɩɪɨɰɟɫɫɨɜ ɜ ɢɧɞɭɤɰɢɨɧɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹɯ ɷɧɟɪɝɢɢ ɞɥɹ 

ɫɥɭɱɚɹ ɥɢɧɟɣɧɨ ɡɚɜɢɫɢɦɨɣ ɬɪɟɯɮɚɡɧɨɣ ɫɢɫɬɟɦɵ ɫɢɝɧɚɥɨɜ ɤɪɨɦɟ ɞɟɤɚɪɬɨɜɵɯ 

ɜɨɡɦɨɠɧɨ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ. ɉɪɢɦɟɧɢɬɟɥɶɧɨ ɤ ɫɢɫɬɟɦɟ ɥɢɧɟɣɧɨ 

ɧɟɡɚɜɢɫɢɦɵɯ ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ ɧɟɨɛɯɨɞɢɦɨ ɜɟɫɬɢ ɪɟɱɶ ɨ ɰɢɥɢɧɞɪɢɱɟɫɤɨɣ 

ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ ɜɟɤɬɨɪ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ 

ɩɨɥɹɪɧɵɦɢ ɤɨɨɪɞɢɧɚɬɚɦɢ: ɦɨɞɭɥɟɦ |U⃗⃗ αȕ| ɢ ɭɝɥɨɦ ɫɞɜɢɝɚ 𝜑 ɨɬɧɨɫɢɬɟɥɶɧɨ

ɩɨɥɹɪɧɨɣ ɨɫɢ ɩɪɨɟɤɰɢɢ U⃗⃗ αȕ ɜɟɤɬɨɪɚ U⃗⃗ ɧɚ ɩɥɨɫɤɨɫɬɶ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ 

ɢɧɞɭɤɰɢɨɧɧɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ, ɢ ɟɝɨ ɩɪɨɟɤɰɢɟɣ uȖ ɧɚ ɨɫɶ Ȗ, 

ɩɟɪɩɟɧɞɢɤɭɥɹɪɧɭɸ ɷɬɨɣ ɩɥɨɫɤɨɫɬɢ. 

ɉɟɪɟɯɨɞ ɨɬ ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬ ɤ ɰɢɥɢɧɞɪɢɱɟɫɤɢɦ ɢ ɧɚɨɛɨɪɨɬ, ɩɪɢ 

ɫɨɜɦɟɳɟɧɢɢ ɩɨɥɹɪɧɨɣ ɨɫɢ ɫ ɨɫɶɸ ɮɚɡɵ a, ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɩɨ ɮɨɪɦɭɥɚɦ: 

 |U⃗⃗ αȕ|=√uα
2+uȕ

2,

𝜑=arctg ቆuα

uȕ
ቇ ,  ሺ1.1.13ሻ 

uȖ=uȖ.
ɋɨɜɦɟɳɚɹ ɭɪɚɜɧɟɧɢɹ (1.1.10) ɫ ɭɪɚɜɧɟɧɢɹɦɢ (1.1.13) ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ 

ɫɜɹɡɶ ɰɢɥɢɧɞɪɢɱɟɫɤɢɯ ɤɨɨɪɞɢɧɚɬ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɫ ɦɝɧɨɜɟɧɧɵɦɢ ɡɧɚɱɟɧɢɹɦɢ 

ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ: 
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|U⃗⃗ αȕ|= 2
3

∙√ua
2+ub

2+uc
2-ua∙ub-ua∙uc-ub∙uc, 

𝜑=arctg (√3∙ ( ub-uc

2∙ua-ub-uc
)),  ሺ1.1.14ሻ 

uȖ=
√2
3

∙ሺua+ub+ucሻ.
ɂɡ ɫɪɚɜɧɟɧɢɹ ɬɪɟɬɶɢɯ ɭɪɚɜɧɟɧɢɣ ɫɢɫɬɟɦ (1.1.10) ɢ (1.1.14) ɫɥɟɞɭɟɬ, ɱɬɨ 

ɤɨɨɪɞɢɧɚɬɚ uȖ ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɜɢɞɚ ɢɫɩɨɥɶɡɭɟɦɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ. Ɉɧɚ ɧɟ 

ɢɡɦɟɧɢɬɫɹ ɢ ɧɟ ɨɬɪɚɡɢɬɫɹ ɧɚ ɞɪɭɝɢɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜɟɤɬɨɪɚ U⃗⃗ , ɟɫɥɢ ɤɨɨɪɞɢɧɚɬɧɵɦ 

ɫɢɫɬɟɦɚɦ ɩɪɢɞɚɬɶ ɜɪɚɳɟɧɢɟ ɜɨɤɪɭɝ ɨɫɢ Ȗ. Ʉɪɨɦɟ ɬɨɝɨ, ɤɨɨɪɞɢɧɚɬɚ uȖ, ɤɚɤ 

ɩɨɤɚɡɚɧɨ ɜ [7, 9], ɧɟ ɭɱɚɫɬɜɭɟɬ ɜ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɨɦ ɩɪɟɨɛɪɚɡɨɜɚɧɢɢ ɷɧɟɪɝɢɢ. 

ɉɨɷɬɨɦɭ ɩɪɢ ɚɧɚɥɢɡɟ ɩɟɪɟɯɨɞɧɵɯ ɩɪɨɰɟɫɫɨɜ ɜ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɫɢɫɬɟɦɚɯ 

ɷɬɚ ɫɨɫɬɚɜɥɹɸɳɚɹ ɦɨɠɟɬ ɪɚɫɫɦɚɬɪɢɜɚɬɶɫɹ ɨɬɞɟɥɶɧɨ, ɥɢɛɨ ɧɟ ɪɚɫɫɦɚɬɪɢɜɚɬɶɫɹ 

ɜɨɜɫɟ. 

ɉɪɟɞɫɬɚɜɥɟɧɧɵɟ ɜɵɲɟ ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ ɩɨɫɬɪɨɟɧɢɹ ɩɪɟɨɛɪɚɡɭɸɬ ɩɥɨɫɤɭɸ 

ɥɢɧɟɣɧɨ ɧɟɡɚɜɢɫɢɦɭɸ ɬɪɟɯɮɚɡɧɭɸ ɫɢɫɬɟɦɭ ɫɢɝɧɚɥɨɜ ɜ ɞɜɟ ɩɨɞɫɢɫɬɟɦɵ ɥɢɧɟɣɧɨ 

ɡɚɜɢɫɢɦɵɯ ɫɢɝɧɚɥɨɜ [12]. ɉɟɪɜɚɹ ɩɨɞɫɢɫɬɟɦɚ ɨɞɧɨɦɟɪɧɚɹ ɢ ɨɩɪɟɞɟɥɹɟɬɫɹ 

ɫɢɝɧɚɥɨɦ uȖ, ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɵɦ ɫɨɫɬɚɜɥɹɸɳɟɣ ɧɭɥɟɜɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ: 

uȖ=
1√2

∙u0.    ሺ1.1.15ሻ 

ȼɬɨɪɚɹ ɩɨɞɫɢɫɬɟɦɚ ɞɜɭɯɦɟɪɧɚɹ ɢ ɡɚɞɚɟɬɫɹ ɤɨɨɪɞɢɧɚɬɚɦɢ uα ɢ uȕ, ɤɨɬɨɪɵɟ 

ɯɚɪɚɤɬɟɪɢɡɭɸɬ ɬɪɟɯɮɚɡɧɭɸ ɫɢɫɬɟɦɭ ɫɢɝɧɚɥɨɜ ɧɟɧɭɥɟɜɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ 

ua1,ub1,uc1. ɗɬɢ ɫɢɝɧɚɥɵ ɦɨɝɭɬ ɛɵɬɶ ɨɩɪɟɞɟɥɟɧɵ ɩɨ ɞɜɭɦ ɩɟɪɜɵɦ ɭɪɚɜɧɟɧɢɹɦ 

ɫɢɫɬɟɦɵ (1.1.10) ɩɨɫɥɟ ɡɚɦɟɧɵ ɜ ɧɢɯ ɩɟɪɟɦɟɧɧɵɯ ua,ub,uc ɧɚ ua1,ub1,uc1 ɫ ɭɱɟɬɨɦ 

ɭɫɥɨɜɢɹ (1.1.1). 
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ȼ ɢɬɨɝɟ, ɩɪɨɟɤɰɢɸ U⃗⃗ αȕ ɨɛɨɛɳɟɧɧɨɝɨ (ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ) ɜɟɤɬɨɪɚ U⃗⃗  ɧɚ 

ɩɥɨɫɤɨɫɬɶ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢɹ ɢɧɞɭɤɰɢɨɧɧɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɷɧɟɪɝɢɢ 

ɩɪɚɜɢɥɶɧɟɟ ɧɚɡɵɜɚɬɶ ɨɛɨɛɳɟɧɧɵɦ (ɪɟɡɭɥɶɬɢɪɭɸɳɢɦ) ɜɟɤɬɨɪɨɦ ɫɨɫɬɚɜɥɹɸɳɢɯ 

ɧɟɧɭɥɟɜɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ ɬɪɟɯɮɚɡɧɨɣ ɫɢɫɬɟɦɵ ɫɢɝɧɚɥɨɜ. ɗɬɨ ɩɨɧɹɬɢɟ 

ɫɨɜɩɚɞɚɟɬ ɫ ɨɛɳɢɦ ɩɨɧɹɬɢɟɦ ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ ɜɟɤɬɨɪɚ ɜ ɱɚɫɬɧɨɦ ɫɥɭɱɚɟ, ɩɪɢ 

uȖ=0. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɚɧɧɵɣ ɩɨɞɯɨɞ ɩɨɡɜɨɥɹɟɬ ɪɚɫɩɪɨɫɬɪɚɧɢɬɶ ɩɨɧɹɬɢɟ 

ɨɛɨɛɳɟɧɧɨɝɨ ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ ɜɟɤɬɨɪɚ ɧɚ ɬɪɟɯɮɚɡɧɭɸ ɩɥɨɫɤɭɸ ɥɢɧɟɣɧɨ 

ɧɟɡɚɜɢɫɢɦɭɸ ɫɢɫɬɟɦɭ ɫɢɝɧɚɥɨɜ. ɉɪɢ ɷɬɨɦ ɯɨɪɨɲɨ ɩɪɨɫɥɟɠɢɜɚɟɬɫɹ ɫɜɹɡɶ ɫ 

ɩɨɧɹɬɢɹɦɢ ɤɥɚɫɫɢɱɟɫɤɨɣ ɷɥɟɤɬɪɨɬɟɯɧɢɤɢ [12]. ɉɪɢ ɷɬɨɦ ɬɚɤɠɟ ɧɚɛɥɸɞɚɟɬɫɹ 

ɨɬɫɭɬɫɬɜɢɟ ɩɪɨɬɢɜɨɪɟɱɢɣ ɫ ɩɪɢɧɰɢɩɚɦɢ, ɩɪɟɞɥɨɠɟɧɧɵɦɢ ɜ ɪɚɛɨɬɚɯ [6, 9] ɩɪɢ 

ɛɨɥɟɟ ɩɪɨɫɬɨɣ ɢ ɧɚɝɥɹɞɧɨɣ ɫɜɹɡɢ ɪɚɡɥɢɱɧɵɯ ɫɢɫɬɟɦ ɤɨɨɪɞɢɧɚɬ ɫ ɬɪɟɯɮɚɡɧɨɣ 

ɩɥɨɫɤɨɣ ɫɢɫɬɟɦɨɣ ɫɢɝɧɚɥɨɜ. Ʉɪɨɦɟ ɬɨɝɨ, ɜ ɪɟɡɭɥɶɬɚɬɟ ɝɟɨɦɟɬɪɢɱɟɫɤɢɯ 

ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ, ɚɜɬɨɦɚɬɢɱɟɫɤɢ ɩɨɹɜɥɹɟɬɫɹ ɦɚɫɲɬɚɛɢɪɭɸɳɢɣ ɤɨɷɮɮɢɰɢɟɧɬ 

2 3⁄  (ɞɚɧɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɫɨɝɥɚɫɭɟɬ ɜɟɥɢɱɢɧɭ ɦɨɞɭɥɹ ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ 

ɜɟɤɬɨɪɚ ɫ ɚɦɩɥɢɬɭɞɧɵɦɢ ɡɧɚɱɟɧɢɹɦɢ ɮɚɡɧɵɯ ɜɟɥɢɱɢɧ), ɤɨɬɨɪɵɣ ɜ ɪɚɛɨɬɚɯ [6, 7, 

9] ɜɜɨɞɢɬɫɹ ɢɫɤɭɫɫɬɜɟɧɧɨ.  

ɉɨɞɜɨɞɹ ɢɬɨɝ ɦɨɠɧɨ ɫɤɚɡɚɬɶ, ɱɬɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɨɛɨɛɳɟɧɧɨɝɨ 

(ɪɟɡɭɥɶɬɢɪɭɸɳɟɝɨ) ɜɟɤɬɨɪɚ ɡɧɚɱɢɬɟɥɶɧɨ ɭɩɪɨɳɚɟɬ ɚɧɚɥɢɡ ɩɟɪɟɯɨɞɧɵɯ 

ɩɪɨɰɟɫɫɨɜ ɜ ɬɪɟɯɮɚɡɧɵɯ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɫɢɫɬɟɦɚɯ, ɫɨɤɪɚɳɚɹ ɱɢɫɥɨ 

ɭɪɚɜɧɟɧɢɣ ɢ ɩɨɡɜɨɥɹɹ ɢɫɩɨɥɶɡɨɜɚɬɶ ɤɨɦɩɚɤɬɧɵɟ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɵɟ 

ɩɪɟɞɫɬɚɜɥɟɧɢɹ. Ʉɪɨɦɟ ɬɨɝɨ, ɜ ɞɨɫɬɭɩɧɨɣ ɮɨɪɦɟ ɨɬɤɪɵɜɚɟɬɫɹ ɜɨɡɦɨɠɧɨɫɬɶ 

ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɦɨɞɟɥɟɣ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ ɷɧɟɪɝɢɢ ɜ 

ɪɚɡɥɢɱɧɵɯ ɫɢɫɬɟɦɚɯ ɤɨɨɪɞɢɧɚɬ. ȼ ɫɨɜɨɤɭɩɧɨɫɬɢ ɜɫɟ ɷɬɨ ɨɛɴɹɫɧɹɟɬ ɲɢɪɨɤɨɟ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɚɩɩɚɪɚɬɚ ɨɛɨɛɳɟɧɧɨɝɨ ɜɟɤɬɨɪɚ ɜ ɫɨɜɪɟɦɟɧɧɨɣ ɷɥɟɤɬɪɨɬɟɯɧɢɤɟ. 
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1.2. ȼɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɵɟ ɭɪɚɜɧɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɤɨɧɬɭɪɨɜ 

ɨɛɨɛɳɟɧɧɨɣ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɚɲɢɧɵ. ɐɟɥɟɫɨɨɛɪɚɡɧɨɫɬɶ ɢɫɩɨɥɶɡɨɜɚɧɢɹ 
ɦɚɬɟɦɚɬɢɱɟɫɤɨɝɨ ɚɩɩɚɪɚɬɚ ɤɨɦɩɥɟɤɫɧɵɯ ɮɭɧɤɰɢɣ 

ɋ ɭɱɟɬɨɦ ɪɟɡɭɥɶɬɚɬɨɜ, ɩɨɥɭɱɟɧɧɵɯ ɜ ɪɚɡɞɟɥɟ 1.1, ɞɥɹ ɧɚɢɛɨɥɟɟ ɨɛɳɟɝɨ 

ɫɥɭɱɚɹ ɥɢɧɟɣɧɨ ɧɟɡɚɜɢɫɢɦɨɣ ɫɢɫɬɟɦɵ ɬɪɟɯɮɚɡɧɵɯ ɫɢɝɧɚɥɨɜ, ɨɛɨɛɳɟɧɧɚɹ 

ɦɚɲɢɧɚ ɧɟ ɦɨɠɟɬ ɪɚɫɫɦɚɬɪɢɜɚɬɶɫɹ ɤɚɤ ɞɜɭɦɟɪɧɚɹ ɦɨɞɟɥɶ, ɬɚɤ ɤɚɤ 

ɪɟɡɭɥɶɬɢɪɭɸɳɢɣ ɜɟɤɬɨɪ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɬɪɟɦɹ ɤɨɨɪɞɢɧɚɬɚɦɢ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ, 

ɨɛɨɛɳɟɧɧɨɣ ɦɚɲɢɧɟ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɦɨɞɟɥɶ, ɩɪɢɜɟɞɟɧɧɚɹ ɧɚ ɪɢɫɭɧɤɟ 1.4. 

wsαusα

α

usȕ

wsȕ

wrȖ

urȖ

ȕ

Ȗ

wrα
urα

urȕ

wrȕ

wsȖ

usȖ

Ȧr

Ɋɢɫɭɧɨɤ 1.4 – Ɍɪɟɯɦɟɪɧɚɹ ɦɨɞɟɥɶ ɨɛɨɛɳɟɧɧɨɣ ɬɪɟɯɮɚɡɧɨɣ ɦɚɲɢɧɵ 

Ⱦɥɹ ɦɨɞɟɥɢ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɧɚ ɪɢɫɭɧɤɟ 1.4, ɭɪɚɜɧɟɧɢɹ 

ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɤɨɧɬɭɪɨɜ ɢ ɭɪɚɜɧɟɧɢɹ ɫɜɹɡɢ ɜ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɨɣ ɮɨɪɦɟ 

ɛɭɞɭɬ ɢɦɟɬɶ ɜɢɞ: 

Us=Rs∙Is+
dΨs

dt
,  (1.2.1) 

Ur=Rr∙Ir+
dΨr

dt
+Ȧr∙B∙Ψr,  (1.2.2) 
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Ψs=Lm∙Ir+Ls∙Is,  (1.2.3) 

Ψr=Lm∙Is+Lr∙Ir,  (1.2.4) 

ɝɞɟ Us, Ur, Is, Ir, Ψs, Ψr  −ɚɥɝɟɛɪɚɢɱɟɫɤɢɟ ɜɟɤɬɨɪɵ-ɫɬɨɥɛɰɵ, ɫɨɫɬɚɜɥɟɧɧɵɟ ɢɡ

ɦɝɧɨɜɟɧɧɵɯ ɡɧɚɱɟɧɢɣ ɩɪɨɟɤɰɢɣ ɨɛɨɛɳɟɧɧɵɯ ɜɟɤɬɨɪɨɜ ɧɚɩɪɹɠɟɧɢɣ, ɬɨɤɨɜ ɢ 

ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɣ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ ɧɚ ɨɫɢ ɤɨɨɪɞɢɧɚɬɧɨɣ ɫɢɫɬɟɦɵ α,ȕ,Ȗ: 

Us= [usα

usȕ

usȖ

] ; Is= [isα

isȕ

isȖ

] ; Ψs= [ȥsα

ȥsȕ

ȥsȖ

] ,  (1.2.5) 

Ur= [urα

urȕ

urȖ

] ; Ir= [irα

irȕ

irȖ

] ; Ψr= [ȥrα

ȥrȕ

ȥrȖ

] .  (1.2.6) 

Rs, Rr − ɦɚɬɪɢɰɵ ɚɤɬɢɜɧɵɯ ɫɨɩɪɨɬɢɜɥɟɧɢɣ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ:

Rs= [rs 0 0

0 rs 0

0 0 rs

] ;  Rr= [rr 0 0

0 rr 0

0 0 rr

] .  (1.2.7) 

Ls, Lr, Lm  − ɦɚɬɪɢɰɵ ɫɨɛɫɬɜɟɧɧɵɯ ɢɧɞɭɤɬɢɜɧɨɫɬɟɣ ɫɬɚɬɨɪɚ, ɪɨɬɨɪɚ ɢ

ɜɡɚɢɦɧɨɣ ɢɧɞɭɤɬɢɜɧɨɫɬɢ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ: 

Ls= [ls 0 0

0 ls 0

0 0 ls

] ;  Lr= [lr 0 0

0 lr 0

0 0 lr

] ; Lm= [lm 0 0

0 lm 0

0 0 lm

] .    (1.2.8) 

B – ɩɨɫɬɨɹɧɧɵɣ ɦɚɬɪɢɱɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ: 
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=࡮ [0 -1 0

1 0 0

0 0 0

] .  (1.2.9) 

ɋɤɚɥɹɪɧɚɹ ɡɚɩɢɫɶ ɭɪɚɜɧɟɧɢɣ (1.2.1) – (1.2.4) ɢɦɟɟɬ ɜɢɞ: 

{
usα=rs∙isα+

dȥsα
dt

,

usȕ=rs∙isȕ+
dȥsȕ

dt
,

usȖ=rs∙isȖ+
dȥsȖ

dt
,

 (1.2.10) 

{
urα=rr∙irα+

dȥrα
dt

+Ȧr∙ȥrȕ,

urȕ=rr∙irȕ+
dȥrȕ

dt
-Ȧr∙ȥrα

urȖ=rr∙irȖ+
dȥrȖ

dt
, 

 ሺ1.2.11ሻ 

{
ȥsα=ls∙isα+lm∙irα,

ȥsȕ=lȕ∙isȕ+lm∙irȕ,

ȥsȖ=ls∙isȖ+lm∙irȖ,
 (1.2.12) 

{
ȥrα=lr∙irα+lm∙isα,

ȥrȕ=lr∙irȕ+lm∙isȕ,
ȥrȖ=lr∙irȖ+lm∙isȖ.  (1.2.13) 

Ʉɚɤ ɨɬɦɟɱɟɧɨ ɜ [8, 9, 13] 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 
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ɭɱɢɬɵɜɚɬɶ ɨɬɞɟɥɶɧɨ, ɥɢɛɨ ɧɟ ɭɱɢɬɵɜɚɬɶ ɜɨɜɫɟ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ ɜɫɟ 

ɪɚɫɫɦɨɬɪɟɧɧɵɟ ɜɵɲɟ ɜɧɟɲɧɢɟ ɜɨɡɞɟɣɫɬɜɢɹ ɢ ɩɟɪɟɦɟɧɧɵɟ ɫɨɫɬɨɹɧɢɹ 

ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɤɨɧɬɭɪɨɜ ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ, ɜ ɫɭɳɧɨɫɬɢ, ɧɟ ɬɪɟɯɦɟɪɧɵɟ, ɚ 

ɞɜɭɯɦɟɪɧɵɟ ɜɟɤɬɨɪɵ. ɍɞɨɛɧɵɦ ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɦɨɞɟɥɟɣ ɜ ɬɚɤɨɦ ɫɥɭɱɚɟ 

ɹɜɥɹɟɬɫɹ ɦɚɬɟɦɚɬɢɱɟɫɤɢɣ ɚɩɩɚɪɚɬ ɤɨɦɩɥɟɤɫɧɵɯ ɱɢɫɟɥ [4, 6, 9, 14]. 

ȼɜɟɞɟɦ ɜɡɚɦɟɧ ɞɜɭɯɦɟɪɧɵɯ ɜɟɤɬɨɪɨɜ ɧɚɩɪɹɠɟɧɢɣ, ɬɨɤɨɜ ɢ 

ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɣ ɤɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ: 

{
u=uα+j∙uȕ, 
i=iα+j∙iȕ,    
ȥ=ȥα+j∙ȥȕ.

 ሺ1.2.14ሻ 

ɋ ɭɱɟɬɨɦ (1.2.14) ɜ ɫɨɨɬɜɟɬɫɬɜɢɟ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɵɦ ɭɪɚɜɧɟɧɢɹɦ (1.2.1) 

– (1.2.4), ɦɨɠɧɨ ɩɨɫɬɚɜɢɬɶ ɫɢɫɬɟɦɭ ɤɨɦɩɥɟɤɫɧɵɯ ɭɪɚɜɧɟɧɢɣ:

{
us=rs∙is+pȥs,         
ur=rr∙ir-j∙Ȧr∙ȥr+pȥr,

ȥs=lm∙ir+ls∙is
ȥr=lm∙is+lr∙ir,

 ሺ1.2.15ሻ 

ɝɞɟ p – ɫɢɦɜɨɥ ɞɢɮɮɟɪɟɧɰɢɪɨɜɚɧɢɹ. 

ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɫɢɫɬɟɦɚ (1.2.15) 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 Ȧk [4,6,9]. Ɉɛɨɡɧɚɱɢɦ ɭɝɨɥ, ɭɤɚɡɵɜɚɸɳɢɣ ɩɨɥɨɠɟɧɢɟ 

ɜɪɚɳɚɸɳɟɣɫɹ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɩɨɞɜɢɠɧɨɣ, ɱɟɪɟɡ șk 

(ɪɢɫɭɧɨɤ 1.5).  
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α

ȕ

x

y

d

q

is φisk

φis

șk

ș

Ȧk Ȧ

Ɋɢɫɭɧɨɤ 1.5 – ɉɪɟɨɛɪɚɡɨɜɚɧɢɟ ɤɨɨɪɞɢɧɚɬ ɜɟɤɬɨɪɚ is 

Ʉɚɤ ɢɡɜɟɫɬɧɨ ɢɡ ɦɚɬɟɦɚɬɢɤɢ, ɜɟɤɬɨɪ ɧɚ ɤɨɦɩɥɟɤɫɧɨɣ ɩɥɨɫɤɨɫɬɢ 

ɯɚɪɚɤɬɟɪɢɡɭɟɬɫɹ ɦɨɞɭɥɟɦ ɢ ɭɝɥɨɦ (ɚɪɝɭɦɟɧɬɨɦ) ɨɬɧɨɫɢɬɟɥɶɧɨ ɞɟɣɫɬɜɢɬɟɥɶɧɨɣ 

ɨɫɢ (ɪɚɡɞɟɥ 1.1). Ɋɚɫɫɦɨɬɪɢɦ ɜɟɤɬɨɪ is, ɩɨɥɨɠɟɧɢɟ ɤɨɬɨɪɨɝɨ ɜ ɧɟɩɨɞɜɢɠɧɨɣ 

ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ ɨɩɪɟɞɟɥɹɟɬɫɹ ɭɝɥɨɦ φis:

is=is∙ejφis.  (1.2.16) 

ɉɨɥɨɠɟɧɢɟ ɷɬɨɝɨ ɠɟ ɜɟɤɬɨɪɚ ɜɨ ɜɪɚɳɚɸɳɟɣɫɹ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ 

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

isk=is∙ej(φis-șk)=is∙ejφis∙e-jșk.  (1.2.17) 

ɋɪɚɜɧɢɜ (1.2.16) ɢ (1.2.17) ɩɨɥɭɱɢɦ ɜɵɪɚɠɟɧɢɹ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɜɟɤɬɨɪɨɜ 

ɢɡ ɧɟɩɨɞɜɢɠɧɨɣ ɜɨ ɜɪɚɳɚɸɳɭɸɫɹ ɫɢɫɬɟɦɭ ɤɨɨɪɞɢɧɚɬ ɢ ɨɛɪɚɬɧɨ: 

isk=is∙e-jșk,  ሺ1.2.18ሻ 
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is=isk∙ejșk.  ሺ1.2.19ሻ 

ɉɪɢɜɟɞɟɦ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (1.2.14) ɤ ɜɪɚɳɚɸɳɟɣɫɹ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ, 

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

ɩɨɥɭɱɢɦ: 

us∙e-jșk=rs∙is∙e-jșk+e-jșk∙
dȥs
dt

,  (1.2.20) 

ur∙e-jșk=rr∙ir∙e-jșk-j∙Ȧr∙ȥr∙e
-jșk+e-jșk∙

dȥr
dt

.  ሺ1.2.21ሻ 

ɉɪɟɨɛɪɚɡɭɟɦ ɜɵɪɚɠɟɧɢɹ (1.2.20) – (1.2.21) ɜɡɹɜ ɧɟɨɛɯɨɞɢɦɵɟ 

ɩɪɨɢɡɜɨɞɧɵɟ, ɫ ɭɱɟɬɨɦ: 

ȥs=ȥsk∙ejșk,  ȥr=ȥrk∙ejșk; us∙e-jșk=usk,  ur∙e-jșk=urk;  (1.2.22) 

is∙e-jșk=isk,  ir∙e-jșk=irk;
dșk

dt
=Ȧk.     (1.2.23) 

ȼ ɢɬɨɝɟ ɩɨɥɭɱɢɦ: 

usk=isk∙rs+j∙Ȧk∙ȥsk+
dȥsk
dt

,  (1.2.24) 

urk=irk∙rr+j∙ሺȦk-Ȧሻ∙ȥrk+
dȥrk

dt
.  ሺ1.2.25ሻ 

ɍɪɚɜɧɟɧɢɹ ɫɜɹɡɢ, ɩɨɫɥɟ ɚɧɚɥɨɝɢɱɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ, ɩɪɢɨɛɪɟɬɚɸɬ ɜɢɞ: 

ȥsk=lm∙irk+ls∙isk,  (1.2.26) 

ȥrk=lm∙isk+lr∙irk,  ሺ1.2.27ሻ 
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Ʉɨɦɩɥɟɤɫɧɵɟ ɭɪɚɜɧɟɧɢɹ (1.2.24) – (1.2.27) ɨɩɢɫɵɜɚɸɬ ɨɛɨɛɳɟɧɧɭɸ 

ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɦɚɲɢɧɭ ɜɨ ɜɪɚɳɚɸɳɟɣɫɹ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ. ȼ ɞɚɥɶɧɟɣɲɟɦ, 

ɢɧɞɟɤɫ k ɩɪɢ ɤɨɦɩɥɟɤɫɧɵɯ ɩɟɪɟɦɟɧɧɵɯ ɛɭɞɟɦ ɨɩɭɫɤɚɬɶ, ɚɩɪɢɨɪɢ ɩɨɥɚɝɚɹ, ɱɬɨ 

ɜɫɟ ɦɨɞɟɥɢ ɪɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɜɨ ɜɪɚɳɚɸɳɟɣɫɹ ɫ ɩɪɨɢɡɜɨɥɶɧɨɣ ɫɤɨɪɨɫɬɶɸ 

ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ. ɂɫɩɨɥɶɡɭɹ ɪɚɡɥɢɱɧɵɟ ɮɨɪɦɵ ɡɚɩɢɫɢ ɤɨɦɩɥɟɤɫɧɵɯ ɱɢɫɟɥ 

(ɚɥɝɟɛɪɚɢɱɟɫɤɭɸ, ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɭɸ, ɩɨɤɚɡɚɬɟɥɶɧɭɸ), ɦɨɠɧɨ ɥɟɝɤɨ 

ɩɟɪɟɯɨɞɢɬɶ ɢɡ ɞɟɤɚɪɬɨɜɨɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ ɤ ɩɨɥɹɪɧɨɣ ɢ ɨɛɪɚɬɧɨ, ɬɚɤ ɤɚɤ ɨɛɟ 

ɷɬɢ ɫɢɫɬɟɦɵ ɯɨɪɨɲɨ ɫɨɱɟɬɚɸɬɫɹ ɫ ɤɨɦɩɥɟɤɫɧɵɦ ɩɪɟɞɫɬɚɜɥɟɧɢɟɦ ɩɟɪɟɦɟɧɧɵɯ. 

ɉɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɫ 

ɤɨɪɨɬɤɨɡɚɦɤɧɭɬɵɦ ɪɨɬɨɪɨɦ, ɩɪɢɧɢɦɚɟɬɫɹ ur=0. Ⱦɥɹ ɷɬɨɝɨ ɫɥɭɱɚɹ ɫɢɫɬɟɦɚ 

ɭɪɚɜɧɟɧɢɣ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɤɨɧɬɭɪɨɜ ɩɪɢɦɟɬ ɜɢɞ: 

{
us=is∙rs+j∙Ȧk∙ȥs+

dȥs
dt

,       
0=ir∙rr+j∙ሺȦk-Ȧሻ∙ȥr+

dȥr
dt

,

ȥs=lm∙ir+ls∙is,         
ȥr=lm∙is+lr∙ir.       

 (1.2.28) 

ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (1.2.28) ɫɩɪɚɜɟɞɥɢɜɵ ɤɚɤ ɩɪɢ 

ɞɨɩɭɳɟɧɢɢ ɩɨɫɬɨɹɧɫɬɜɚ ɩɚɪɚɦɟɬɪɨɜ ɦɚɲɢɧɵ, ɬɚɤ ɢ ɩɪɢ ɭɱɟɬɟ ɪɚɡɥɢɱɧɵɯ 

ɷɮɮɟɤɬɨɜ (ɧɚɫɵɳɟɧɢɟ ɝɥɚɜɧɨɣ ɦɚɝɧɢɬɧɨɣ ɰɟɩɢ, ɜɵɬɟɫɧɟɧɢɟ ɬɨɤɚ ɪɨɬɨɪɚ ɢ 

ɩɪɨɱɟɟ), ɩɪɢɜɨɞɹɳɢɯ ɤ ɢɡɦɟɧɟɧɢɹɦ ɷɬɢɯ ɩɚɪɚɦɟɬɪɨɜ. 

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

(1.2.1) – (1.2.4) ɤ ɫɢɫɬɟɦɟ (1.2.28). ɉɪɢ ɷɬɨɦ ɤɨɨɪɞɢɧɚɬɧɵɟ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ 

ɢɦɟɸɬ ɝɨɪɚɡɞɨ ɦɟɧɟɟ ɝɪɨɦɨɡɞɤɢɣ ɜɢɞ, ɛɨɥɶɲɭɸ ɮɢɡɢɱɟɫɤɭɸ ɧɚɝɥɹɞɧɨɫɬɶ ɢ 

ɥɟɝɤɨɫɬɶ ɝɟɨɦɟɬɪɢɱɟɫɤɨɣ ɢɧɬɟɪɩɪɟɬɚɰɢɢ, ɱɟɦ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɩɪɢɜɟɞɟɧɧɵɟ ɜ 

[6, 9]. Ⱦɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ ɭɪɚɜɧɟɧɢɹ ɬɚɤɠɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɛɨɥɟɟ ɩɪɨɫɬɨɦ 

ɜɢɞɟ, ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɜɟɤɬɨɪɧɨ-ɦɚɬɪɢɱɧɵɦɢ ɭɪɚɜɧɟɧɢɹɦɢ, ɩɪɢɜɟɞɟɧɧɵɦɢ ɜ [6, 

9]. Ʉɪɨɦɟ ɷɬɨɝɨ, ɤɨɦɩɥɟɤɫɧɨɟ ɩɪɟɞɫɬɚɜɥɟɧɢɟ ɩɟɪɟɦɟɧɧɵɯ ɨɛɟɫɩɟɱɢɜɚɟɬ ɩɪɨɫɬɨɣ 
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ɩɟɪɟɯɨɞ ɨɬ ɞɟɤɚɪɬɨɜɵɯ ɤɨɨɪɞɢɧɚɬ ɤ ɩɨɥɹɪɧɵɦ (ɰɢɥɢɧɞɪɢɱɟɫɤɢɦ) ɢ ɧɚɨɛɨɪɨɬ, ɡɚ 

ɫɱɟɬ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɪɚɡɥɢɱɧɵɯ ɜɢɞɨɜ ɡɚɩɢɫɢ ɤɨɦɩɥɟɤɫɧɵɯ ɱɢɫɟɥ [4]. Ɍɚɤɢɦ 

ɨɛɪɚɡɨɦ, ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɚɩɩɚɪɚɬɚ ɤɨɦɩɥɟɤɫɧɵɯ ɮɭɧɤɰɢɣ ɡɧɚɱɢɬɟɥɶɧɨ ɭɩɪɨɳɚɟɬ 

ɜɢɞ ɦɨɞɟɥɟɣ ɢ ɢɯ ɚɧɚɥɢɡ. 

Ⱦɥɹ ɩɨɥɧɨɝɨ ɨɩɢɫɚɧɢɹ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ ɜ ɦɚɲɢɧɟ, 

ɫɢɫɬɟɦɭ (1.2.28) ɧɟɨɛɯɨɞɢɦɨ ɞɨɩɨɥɧɢɬɶ ɭɪɚɜɧɟɧɢɹɦɢ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ 

ɦɨɦɟɧɬɚ ɢ ɞɜɢɠɟɧɢɹ ɷɥɟɤɬɪɨɩɪɢɜɨɞɚ. 

1.3. Ɉɛɳɚɹ ɮɨɪɦɭɥɚ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ. ɍɪɚɜɧɟɧɢɟ 

ɞɜɢɠɟɧɢɹ 

Ɉɞɧɨɣ ɢɡ ɜɚɠɧɟɣɲɢɯ ɜɟɥɢɱɢɧ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɯ ɩɪɨɰɟɫɫ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ 

ɷɧɟɪɝɢɢ, ɹɜɥɹɟɬɫɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ ɦɚɲɢɧɵ. ɇɚɢɛɨɥɟɟ ɮɢɡɢɱɟɫɤɢ 

ɧɚɝɥɹɞɧɵɣ ɩɭɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɛɚɡɢɪɭɟɬɫɹ ɧɚ 

ɚɧɚɥɢɡɟ ɫɢɥ, ɜɨɡɞɟɣɫɬɜɭɸɳɢɯ ɧɚ ɩɪɨɜɨɞɧɢɤ ɫ ɬɨɤɨɦ ɜ ɦɚɝɧɢɬɧɨɦ ɩɨɥɟ. ȼɦɟɫɬɟ 

ɫ ɬɟɦ ɫɭɳɟɫɬɜɭɟɬ ɢ ɞɪɭɝɨɣ ɩɭɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 

ɦɚɲɢɧɵ, ɛɚɡɢɪɭɸɳɢɣɫɹ ɧɚ ɚɧɚɥɢɡɟ ɭɪɚɜɧɟɧɢɹ ɟɟ ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɛɚɥɚɧɫɚ [6, 

9]. 

ȼ ɥɸɛɨɟ ɦɝɧɨɜɟɧɢɟ ɜɪɟɦɟɧɢ ɫɭɦɦɚɪɧɚɹ ɦɨɳɧɨɫɬɶ pΣ, ɩɨɬɪɟɛɥɹɟɦɚɹ

ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ ɢɞɟɚɥɢɡɢɪɨɜɚɧɧɨɣ ɦɚɲɢɧɨɣ ɨɬ ɢɫɬɨɱɧɢɤɨɜ ɩɢɬɚɧɢɹ, ɪɚɜɧɚ 

ɫɭɦɦɟ ɦɟɯɚɧɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɢ pɦɟɯ, ɦɨɳɧɨɫɬɢ ɩɨɬɟɪɶ ɜ ɨɛɦɨɬɤɚɯ ɫɬɚɬɨɪɚ ∆ps.эɥ

ɢ ɪɨɬɨɪɚ ∆pr.эɥ ɢ ɩɪɨɢɡɜɨɞɧɨɣ ɷɧɟɪɝɢɢ ɦɚɝɧɢɬɧɵɯ ɩɨɥɟɣ ɦɚɲɢɧɵ wɩ ɩɨ ɜɪɟɦɟɧɢ

pɩ=dwɩ/dĲ. ɍɱɢɬɵɜɚɹ, ɱɬɨ ɜ ɨɛɳɟɦ ɫɥɭɱɚɟ ɦɨɳɧɨɫɬɶ pΣ ɪɚɜɧɚ ɫɭɦɦɟ

ɦɨɳɧɨɫɬɟɣ, ɩɨɬɪɟɛɥɹɟɦɵɯ ɨɬ ɢɫɬɨɱɧɢɤɨɜ ɩɢɬɚɧɢɹ ɨɛɦɨɬɨɤ ɫɬɚɬɨɪɚ (ps) ɢ

ɪɨɬɨɪɚ (pr), ɡɚɩɢɲɟɦ ɭɪɚɜɧɟɧɢɟ ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɛɚɥɚɧɫɚ ɦɚɲɢɧɵ ɜ ɜɢɞɟ:

ps+pr=pɩ+pɦɟɯ+∆ps.эɥ+∆pr.эɥ.  ሺ1.3.1ሻ 
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ɉɨɞɪɨɛɧɵɣ ɚɧɚɥɢɡ ɫɨɫɬɚɜɥɹɸɳɢɯ ɜɵɪɚɠɟɧɢɹ (1.3.1), ɨɩɢɫɚɧɧɵɣ ɜ [6, 9], 

ɩɨɡɜɨɥɹɟɬ ɩɨɥɭɱɢɬɶ ɨɤɨɧɱɚɬɟɥɶɧɨɟ ɜɵɪɚɠɟɧɢɟ ɞɥɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 

ɨɛɨɛɳɟɧɧɨɣ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɚɲɢɧɵ: 

mЭ=Ψr∙B∙Ir=ȥry∙irx-ȥrx∙iry.  (1.3.2) 

Ⱥɧɚɥɨɝɢɱɧɨ ɮɨɪɦɭɥɟ (1.3.2) ɦɨɠɧɨ ɩɪɢɜɟɫɬɢ ɷɤɜɢɜɚɥɟɧɬɧɵɟ ɜɚɪɢɚɧɬɵ 

ɜɵɪɚɠɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɜ ɜɢɞɟ ɫɤɚɥɹɪɧɵɯ ɩɪɨɢɡɜɟɞɟɧɢɣ 

ɜɟɤɬɨɪɨɜ. ɗɬɢ ɮɨɪɦɭɥɵ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɫ ɭɱɟɬɨɜ ɭɪɚɜɧɟɧɢɣ ɫɜɹɡɢ ɬɨɤɨɜ ɢ 

ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɣ [6, 9]: 

{

mЭ=Ψr∙B∙Ir=ȥry∙irx-ȥrx∙iry;

mЭ=B∙Ψs∙Is=ȥsx∙isy-ȥsy∙isx;

mЭ=B∙Ψm∙Is=ȥmx∙isy-ȥmy∙isx;  
mЭ=Ψm∙B∙Ir=ȥmy∙irx-ȥmx∙iry;

mЭ=ks∙ሺΨs∙B∙Irሻ=ks∙ ቀȥsy∙irx-ȥsx∙iryቁ ;

mЭ=kr∙ሺB∙Ψr∙Isሻ=kr∙ ቀȥrx∙isy-ȥry∙isxቁ ;

mЭ=lsı
-1∙ሺB∙Ψm∙Ψsሻ=lsı

-1∙ ቀȥmx∙ȥsy-ȥmy∙ȥsxቁ ;

mЭ=lrı
-1∙ሺΨm∙B∙Ψrሻ=lrı

-1∙ ቀȥmy∙ȥrx-ȥmx∙ȥryቁ  ;

mЭ=lıэ
-1 ∙ሺΨs∙B∙Ψrሻ=lıэ

-1 ∙ ቀȥsy∙ȥrx-ȥsx∙ȥryቁ ;

mЭ=lm∙ሺIs∙B∙Irሻ=lm∙(isy∙irx-isx∙iry),

 ሺ1.3.3ሻ 

ɝɞɟ Ψm  − ɜɟɤɬɨɪ-ɫɬɨɥɛɟɰ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɧɚɦɚɝɧɢɱɢɜɚɧɢɹ [6, 9];

ks, kr,lsı, lrı, lıэ − ɤɨɷɮɮɢɰɢɟɧɬɵ, ɫɨɝɥɚɫɧɨ ɩɪɢɥɨɠɟɧɢɹɦ ȼ, Ƚ.

ɋɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɮɨɪɦɭɥɚɦ (1.3.3) ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ 

ɦɨɦɟɧɬɚ ɱɟɪɟɡ ɤɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɢɦɟɸɬ ɜɢɞ [6, 9]: 
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{

mЭ=Im [ȥr∙i̇r] ; mЭ=Im[krȥ̇r∙is];
mЭ=Im[ȥ̇s∙is]; mЭ=Im[lsı

-1ȥ̇m∙ȥs];
mЭ=Im[ȥ̇m∙is];  mЭ=Im[lrı

-1ȥm∙ȥ̇r];
mЭ=Im [ȥm∙i̇r] ;      mЭ=Im[lsı

-1ȥs∙ȥ̇r]; 
mЭ=Im [ksȥs∙i̇r] ;    mЭ=Im [lmis∙i̇r] .

 ሺ1.3.4ሻ 

ȼ ɜɵɪɚɠɟɧɢɹɯ (1.3.4) ɬɨɱɤɚ ɧɚɞ ɤɨɦɩɥɟɤɫɧɵɦ ɱɢɫɥɨɦ ɨɡɧɚɱɚɟɬ, ɱɬɨ ɱɢɫɥɨ 

ɤɨɦɩɥɟɤɫɧɨ-ɫɨɩɪɹɠɟɧɧɨɟ. ɉɪɢɜɟɞɟɧɧɵɟ ɮɨɪɦɭɥɵ ɩɨɡɜɨɥɹɸɬ ɜ ɤɚɠɞɨɦ 

ɤɨɧɤɪɟɬɧɨɦ ɫɥɭɱɚɟ ɜɵɛɪɚɬɶ ɧɚɢɛɨɥɟɟ ɩɪɢɟɦɥɟɦɵɣ ɜɚɪɢɚɧɬ ɜɵɪɚɠɟɧɢɹ 

ɦɨɦɟɧɬɚ. 

Ⱦɥɹ ɩɨɫɬɪɨɟɧɢɹ ɩɨɥɧɨɣ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɦɚɲɢɧɵ ɤɚɤ 

ɭɩɪɚɜɥɹɟɦɨɝɨ ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ ɷɧɟɪɝɢɢ ɧɟɨɛɯɨɞɢɦɨ 

ɫɢɫɬɟɦɭ ɭɪɚɜɧɟɧɢɣ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɯ ɤɨɧɬɭɪɨɜ ɢ ɭɪɚɜɧɟɧɢɣ 

ɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɷɧɟɪɝɢɢ ɞɨɩɨɥɧɢɬɶ ɭɪɚɜɧɟɧɢɹɦɢ 

ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɞɜɢɠɟɧɢɹ ɪɨɬɨɪɚ. Ⱦɥɹ ɫɥɭɱɚɹ J=const: 

dȦ
dt

=J-1∙ሺmЭ-mcሻ,  ሺ1.3.5ሻ 

dș
dt

=Ȧ,  ሺ1.3.6ሻ 

ɝɞɟ J ɢ mc − ɩɪɢɜɟɞɟɧɧɵɟ ɤ ɜɚɥɭ ɞɜɢɝɚɬɟɥɹ ɨɬɧɨɫɢɬɟɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɦɨɦɟɧɬɚ

ɢɧɟɪɰɢɢ ɦɟɯɚɧɢɱɟɫɤɨɣ ɫɢɫɬɟɦɵ ɢ ɦɨɦɟɧɬɚ ɫɬɚɬɢɱɟɫɤɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ. 

ȼ ɢɬɨɝɟ, ɞɨɩɨɥɧɢɜ ɫɢɫɬɟɦɭ (1.2.28) ɧɚɢɛɨɥɟɟ ɭɞɨɛɧɵɦ ɜɵɪɚɠɟɧɢɟɦ 

ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɢ ɭɪɚɜɧɟɧɢɟɦ ɞɜɢɠɟɧɢɹ, ɦɵ ɩɨɥɭɱɢɦ ɩɨɥɧɭɸ 

ɦɚɬɟɦɚɬɢɱɟɫɤɭɸ ɦɨɞɟɥɶ ɚɫɢɧɯɪɨɧɧɨɣ ɬɪɟɯɮɚɡɧɨɣ ɦɚɲɢɧɵ ɫ ɤɨɪɨɬɤɨɡɚɦɤɧɭɬɵɦ 

ɪɨɬɨɪɨɦ ɜɨ ɜɪɚɳɚɸɳɟɣɫɹ ɫ ɩɪɨɢɡɜɨɥɶɧɨɣ ɫɤɨɪɨɫɬɶɸ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ. ȼɜɨɞɹ 

ɪɚɡɥɢɱɧɵɟ ɭɬɨɱɧɟɧɢɹ ɢ ɞɨɩɭɳɟɧɢɹ, ɦɵ ɦɨɠɟɦ ɩɨɥɭɱɢɬɶ ɢɡ ɢɫɯɨɞɧɨɣ ɨɛɳɟɣ 

ɫɢɫɬɟɦɵ ɥɸɛɵɟ ɭɞɨɛɧɵɟ ɧɚɦ ɦɨɞɟɥɢ.   
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2. Ɇɚɬɟɦɚɬɢɱɟɫɤɢɟ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɜ ɩɨɥɹɪɧɵɯ

ɤɨɨɪɞɢɧɚɬɚɯ ɩɪɢ ɞɨɩɭɳɟɧɢɢ ɩɨɫɬɨɹɧɫɬɜɚ ɟɟ ɩɚɪɚɦɟɬɪɨɜ 

2.1. Ɋɚɡɪɚɛɨɬɤɚ ɭɪɚɜɧɟɧɢɣ ɢ ɫɬɪɭɤɬɭɪɧɵɯ ɫɯɟɦ ɚɫɢɧɯɪɨɧɧɨɣ 

ɦɚɲɢɧɵ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ  

2.1.1 Ɍɟɨɪɟɬɢɱɟɫɤɢɟ ɩɪɟɞɩɨɫɵɥɤɢ ɞɥɹ ɫɨɡɞɚɧɢɹ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ 

ɦɨɞɟɥɟɣ ɚɫɢɧɯɪɨɧɧɵɯ ɦɚɲɢɧ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ 

ȼ ɨɫɧɨɜɟ ɞɚɥɶɧɟɣɲɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɥɟɠɢɬ ɩɪɟɞɥɨɠɟɧɧɚɹ ɜɵɲɟ ɫɢɫɬɟɦɚ 

ɭɪɚɜɧɟɧɢɣ (1.2.28). ȼ ɞɚɧɧɨɣ ɝɥɚɜɟ ɩɚɪɚɦɟɬɪɵ ɦɚɲɢɧɵ ɛɭɞɭɬ ɫɱɢɬɚɬɶɫɹ 

ɩɨɫɬɨɹɧɧɵɦɢ. ɉɪɢɜɟɞɟɦ ɢɫɯɨɞɧɭɸ ɫɢɫɬɟɦɭ ɤɨɦɩɥɟɤɫɧɵɯ ɭɪɚɜɧɟɧɢɣ ɫ 

ɩɨɹɫɧɟɧɢɹɦɢ: 

{
us=rs∙is+j∙Ȧk∙ȥs+pȥs;

0=rr∙ir+j∙ሺȦk-Ȧሻ∙ȥr+pȥr;

ȥs=ls∙is+lm∙ir;

ȥr=lm∙is+lr∙ir,

 (2.1.1) 

ɝɞɟ ls − ɩɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɫɬɚɬɨɪɚ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ;

lr − ɩɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɪɨɬɨɪɚ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ;

lm − ɜɡɚɢɦɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ;

p − ɫɢɦɜɨɥ ɞɢɮɮɟɪɟɧɰɢɪɨɜɚɧɢɹ. 

ls=lıs+lm,  ሺ2.1.2ሻ 
lr=lır+lm,  ሺ2.1.3ሻ 

ɝɞɟ lıs ɢ lır- ɢɧɞɭɤɬɢɜɧɨɫɬɢ ɪɚɫɫɟɹɧɢɹ ɨɛɦɨɬɨɤ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ. 
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Ɏɨɪɦɭɥɵ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɜ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ ɞɥɹ 

ɦɚɲɢɧɵ ɫ ɤɨɪɨɬɤɨɡɚɦɤɧɭɬɵɦ ɪɨɬɨɪɨɦ ɢ ɩɨɫɬɨɹɧɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɱɟɪɟɡ 

ɤɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɢɦɟɸɬ ɜɢɞ: 

{
mЭ=lm∙Im [is∙i̇r] ; mЭ=Im[is∙ȥ̇s];
mЭ=

kr

l's
∙Im[ȥs∙ȥ̇r]; mЭ=kr∙Im[is∙ȥ̇r];

mЭ=Im [i̇r∙ȥr] ; mЭ=ks∙Im [i̇r∙ȥs] .

ሺ2.1.4ሻ 
ɝɞɟ i̇r,ȥ̇s, ȥ̇r- ɟɫɬɶ ɤɨɦɩɥɟɤɫɧɨ-ɫɨɩɪɹɠɟɧɧɵɟ ɫ ir, ȥs,  ȥr  ɩɟɪɟɦɟɧɧɵɦɢ

ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɤɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɦɨɝɭɬ ɛɵɬɶ 

ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɪɟɯ ɪɚɡɥɢɱɧɵɯ ɮɨɪɦɚɯ: ɩɨɤɚɡɚɬɟɥɶɧɨɣ, ɚɥɝɟɛɪɚɢɱɟɫɤɨɣ ɢ 

ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɨɣ. Ⱥɥɝɟɛɪɚɢɱɟɫɤɚɹ ɮɨɪɦɚ ɭɞɨɛɧɚ ɩɪɢ ɩɨɥɭɱɟɧɢɢ ɦɨɞɟɥɟɣ ɜ 

ɞɟɤɚɪɬɨɜɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ. ɉɨɤɚɡɚɬɟɥɶɧɚɹ ɢ ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɚɹ ɮɨɪɦɵ 

ɭɞɨɛɧɵ ɩɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ ɦɨɞɟɥɟɣ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ, ɱɬɨ ɛɭɞɟɬ 

ɩɨɞɪɨɛɧɨ ɨɬɪɚɠɟɧɨ ɜ ɞɚɧɧɨɣ ɝɥɚɜɟ. 

2.1.2 ɍɪɚɜɧɟɧɢɹ ɢ ɫɬɪɭɤɬɭɪɧɵɟ ɫɯɟɦɵ ɜ ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ 

ɉɟɪɟɩɢɲɟɦ ɩɟɪɜɵɟ ɞɜɚ ɭɪɚɜɧɟɧɢɹ (2.1.1), ɩɪɟɞɫɬɚɜɢɜ ɤɨɦɩɥɟɤɫɧɵɟ 

ɩɟɪɟɦɟɧɧɵɟ ɦɚɲɢɧɵ ɜ ɩɨɤɚɡɚɬɟɥɶɧɨɣ ɮɨɪɦɟ: 

us∙ejφus=rs∙is∙ejφis+ j∙Ȧk∙ȥs∙e
jφȥs+p(ȥs∙e

jφȥs),   (2.1.5) 

0=rr∙ir∙ejφir+j∙ሺȦk-Ȧሻ∙ȥr∙e
jφȥr+p(ȥr∙e

jφȥr).  (2.1.6) 

ɉɨɥɶɡɭɹɫɶ ɩɪɚɜɢɥɚɦɢ ɞɢɮɮɟɪɟɧɰɢɪɨɜɚɧɢɹ, ɩɨɫɥɟɞɧɢɟ ɫɥɚɝɚɟɦɵɟ 

ɭɪɚɜɧɟɧɢɣ (2.1.5), (2.1.6) ɩɪɟɞɫɬɚɜɢɦ ɜ ɜɢɞɟ: 
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p(ȥs∙e
jφȥs)=pȥs∙e

jφȥs+j∙ȥs∙e
jφȥs∙pφȥs  (2.1.7) 

p(ȥr∙e
jφȥr)=pȥr∙e

jφȥr+j∙ȥr∙e
jφȥr∙pφȥr  (2.1.8) 

ɉɟɪɟɩɢɲɟɦ ɭɪɚɜɧɟɧɢɹ (2.1.5), (2.1.6), ɩɨɞɫɬɚɜɢɜ ɜ ɧɢɯ ɭɪɚɜɧɟɧɢɹ (2.1.7), (2.1.8) 

ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ: 

us∙ejφus=rs∙is∙ejφis+ j∙Ȧk∙ȥs∙e
jφȥs+pȥs∙e

jφȥs+j∙ȥs∙e
jφȥs∙pφȥs,  (2.1.9) 

0=rr∙ir∙ejφir+j∙ሺȦk-Ȧሻ∙ȥr∙e
jφȥr+pȥr∙e

jφȥr+j∙ȥr∙e
jφȥr∙pφȥr.  (2.1.10) 

Ɋɚɡɞɟɥɢɦ ɨɛɟ ɱɚɫɬɢ ɜɵɪɚɠɟɧɢɹ (2.1.9) ɧɚ ejφȥs, ɚ ɨɛɟ ɱɚɫɬɢ ɜɵɪɚɠɟɧɢɹ

(2.1.10) ɧɚ ejφȥr, ɢ ɩɨɥɭɱɢɦ:

us∙e
jሺφus−φȥsሻ=rs∙is∙e

jሺφis−φȥsሻ+ j∙Ȧk∙ȥs+pȥs+j∙ȥs∙pφȥs,     (2.1.11) 

0=rr∙ir∙e
jሺφir−φȥrሻ+j∙ሺȦk-Ȧሻ∙ȥr+pȥr+j∙ȥr∙pφȥr.  (2.1.12) 

ɉɟɪɟɩɢɲɟɦ ɭɪɚɜɧɟɧɢɟ (2.1.11) ɢ (2.1.12), ɩɪɟɞɫɬɚɜɢɜ ɤɨɦɩɥɟɤɫɧɵɟ 

ɩɟɪɟɦɟɧɧɵɟ ɜ ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɨɣ ɮɨɪɦɟ: 

us∙ ቀcos ቀφus-φȥsቁ +j∙ sin ቀφus-φȥsቁቁ =rs∙is∙ ቀcos ቀφis-φȥsቁ +j∙ sin ቀφis-φȥsቁቁ ++pȥs+j∙ȥs∙pφȥs+ j∙Ȧk∙ȥs,  (2.1.13) 

0=rr∙ir∙ ቀcos ቀφir-φȥrቁ +j∙ sin ቀφ௜௥-φȥrቁቁ +

+j∙ሺȦk-Ȧሻ∙ȥr+pȥr+j∙ȥr∙pφȥr.  (2.1.14) 

ɉɪɟɨɛɪɚɡɭɟɦ ɭɪɚɜɧɟɧɢɹ (2.1.13) , (2.1.14), ɪɚɫɤɪɵɜ ɫɤɨɛɤɢ, ɢ ɪɚɡɞɟɥɢɦ ɨɛɚ 

ɜɵɪɚɠɟɧɢɹ ɧɚ ɞɟɣɫɬɜɢɬɟɥɶɧɵɟ ɢ ɦɧɢɦɵɟ ɱɚɫɬɢ: 
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us∙ cos ቀφus-φȥsቁ =rs∙is∙ cos ቀφȥr-φȥsቁ +pȥs,  (2.1.15) 

0=rr∙ir∙ cos ቀφȥs-φȥrቁ +pȥr,  (2.1.16) 

us∙ sin ቀφus-φȥsቁ =rs∙is∙ sin ቀφȥr-φȥsቁ + Ȧk∙ȥs+ȥs∙pφȥs,     (2.1.17)

0=rr∙ir∙ sin ቀφȥs-φȥrቁ +ሺȦk-Ȧሻ∙ȥr+ȥr∙pφȥr.                         (2.1.18)

ȼ ɜɵɪɚɠɟɧɢɹɯ (2.1.15) – (2.1.18) ɧɚɛɥɸɞɚɟɬɫɹ ɨɩɪɟɞɟɥɟɧɧɚɹ 

ɡɚɤɨɧɨɦɟɪɧɨɫɬɶ: ɜɵɪɚɠɟɧɢɹ ɞɟɣɫɬɜɢɬɟɥɶɧɵɯ ɱɚɫɬɟɣ ɫɨɞɟɪɠɚɬ ɬɨɥɶɤɨ 

ɩɪɨɢɡɜɨɞɧɵɟ ɦɨɞɭɥɟɣ ɤɨɦɩɥɟɤɫɧɵɯ ɩɟɪɟɦɟɧɧɵɯ, ɢ ɧɟ ɫɨɞɟɪɠɚɬ ɩɪɨɢɡɜɨɞɧɵɯ 

ɚɪɝɭɦɟɧɬɨɜ. Ɋɚɜɧɨ ɢ ɧɚɨɛɨɪɨɬ: ɜɵɪɚɠɟɧɢɹ ɦɧɢɦɵɯ ɱɚɫɬɟɣ ɫɨɞɟɪɠɚɬ ɬɨɥɶɤɨ 

ɩɪɨɢɡɜɨɞɧɵɟ ɚɪɝɭɦɟɧɬɨɜ, ɢ ɧɟ ɫɨɞɟɪɠɚɬ ɩɪɨɢɡɜɨɞɧɵɯ ɦɨɞɭɥɟɣ.  

ɉɟɪɟɩɢɲɟɦ ɜɵɪɚɠɟɧɢɹ (2.1.15) – (2.1.18) ɜ ɛɨɥɟɟ ɭɞɨɛɧɨɦ ɜɢɞɟ, ɜɵɪɚɡɢɜ 

ɩɪɨɢɡɜɨɞɧɵɟ ɩɟɪɟɦɟɧɧɵɯ: 

pȥs=rs∙is∙ cos ቀφis-φȥsቁ +us∙ cos ቀφus-φȥsቁ ,   (2.1.19) 

pφȥs=-
rs∙is
ȥs

∙ sin ቀφis-φȥsቁ - Ȧk+
us

ȥs
∙ sin ቀφus-φȥsቁ ,   (2.1.20) 

pȥr==rr∙ir∙ cos ቀφ௜௥-φȥrቁ ,  (2.1.21) 

pφȥr=- rr∙ir
ȥr

∙ sin ቀφir-φȥrቁ -Ȧk+Ȧ.  (2.1.22) 

Ⱦɚɥɟɟ ɩɪɟɨɛɪɚɡɭɟɦ ɭɪɚɜɧɟɧɢɹ ɫɜɹɡɢ. Ⱦɥɹ ɷɬɨɝɨ, ɢɡ ɬɪɟɬɶɟɝɨ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ 

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

ɪɨɬɨɪɚ:  

is=
1
ls

∙ȥs-
lm
ls

∙ir,  ሺ2.1.23ሻ 
ir=

1
lr

∙ȥr-
lm
lr

∙is.  ሺ2.1.24ሻ 
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Ⱦɚɥɟɟ ɭɪɚɜɧɟɧɢɟ (2.1.23) ɩɨɞɫɬɚɜɢɦ ɜ ɭɪɚɜɧɟɧɢɟ (2.1.24): 

ir=
1
lr

∙ȥr-
lm
lr

∙ (1
ls

∙ȥs-
lm
ls

∙ir) ,  ሺ2.1.25ሻ 
Ɋɚɫɤɪɨɟɦ ɫɤɨɛɤɢ ɢ ɩɟɪɟɧɟɫɟɦ ɱɥɟɧɵ, ɫɨɞɟɪɠɚɳɢɟ ir ɜ ɥɟɜɭɸ ɱɚɫɬɶ 

ɜɵɪɚɠɟɧɢɹ, ɚ ɨɫɬɚɜɲɢɟɫɹ ɜ ɩɪɚɜɭɸ: 

ir-
lm
2

lr∙ls
∙ir=

1
lr

∙ȥr-
lm

lr∙ls
∙ȥs,  (2.1.26) 

ir ቆ1-
lm
2

lr∙ls
ቇ =

1
lr

∙ȥr-
lm

lr∙ls
∙ȥs.  ሺ2.1.27ሻ 

ȼɜɟɞɟɦ ɨɛɨɡɧɚɱɟɧɢɟ ı=1- lm
2 ls∙lr⁄ – ɩɨɥɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɪɚɫɫɟɹɧɢɹ

ɦɚɲɢɧɵ (ɩɪɢɥɨɠɟɧɢɟ ȼ, Ƚ). ɉɪɟɨɛɪɚɡɭɟɦ ɜɵɪɚɠɟɧɢɟ (2.1.27): 

ı∙ir=
1
lr

∙ȥr-
lm

lr∙ls
∙ȥs,  ሺ2.1.28ሻ 

ir=
1

ı∙lr
∙ȥr-

lm
ı∙lr∙ls

∙ȥs.  ሺ2.1.29ሻ 
Ⱥɧɚɥɨɝɢɱɧɨ ɩɪɟɨɛɪɚɡɭɟɦ ɜɵɪɚɠɟɧɢɟ (2.1.23) ɩɨɞɫɬɚɜɢɜ ɜ ɧɟɝɨ ɜɵɪɚɠɟɧɢɟ 

(2.1.24): 

is=
1
ls

∙ȥs-
lm
ls

∙ (1
lr

∙ȥr-
lm
lr

∙is) .  ሺ2.1.30ሻ 
Ɋɚɫɤɪɨɟɦ ɫɤɨɛɤɢ ɢ ɩɟɪɟɧɟɫɟɦ ɱɥɟɧɵ, ɫɨɞɟɪɠɚɳɢɟ is ɜ ɥɟɜɭɸ ɱɚɫɬɶ 

ɜɵɪɚɠɟɧɢɹ, ɚ ɨɫɬɚɜɲɢɟɫɹ ɜ ɩɪɚɜɭɸ: 
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is-
lm
2

lr∙ls
∙is=

1
ls

∙ȥs-
lm

lr∙ls
∙ȥr,  (2.1.31) 

is ቆ1-
lm
2

lr∙ls
ቇ =

1
ls

∙ȥs-
lm

lr∙ls
∙ȥr.  ሺ2.1.32ሻ 

ɉɪɟɨɛɪɚɡɭɟɦ ɜɵɪɚɠɟɧɢɟ (2.1.32): 

ı∙is=
1
ls

∙ȥs-
lm

lr∙ls
∙ȥr,  ሺ2.1.33ሻ 

is=
1

ı∙ls
∙ȥs-

lm
ı∙lr∙ls

∙ȥr.  ሺ2.1.34ሻ 
ɉɟɪɟɩɢɲɟɦ ɜɵɪɚɠɟɧɢɹ (2.1.29) ɢ (2.1.34), ɢɫɩɨɥɶɡɭɹ ɨɛɨɡɧɚɱɟɧɢɹ, 

ɩɪɢɧɹɬɵɟ ɜ ɩɪɢɥɨɠɟɧɢɹɯ ȼ, Ƚ. Ɍɨɝɞɚ: 

is=
1
l`s

∙ȥs-
kr

l`s
∙ȥr,  ሺ2.1.35ሻ 

ir=-
ks

l`r
∙ȥs+

1
l`r

∙ȥr.  ሺ2.1.36ሻ 
ɉɟɪɟɩɢɲɟɦ ɭɪɚɜɧɟɧɢɹ (2.1.35), (2.1.36), ɩɪɟɞɫɬɚɜɢɜ ɤɨɦɩɥɟɤɫɧɵɟ 

ɩɟɪɟɦɟɧɧɵɟ ɜ ɩɨɤɚɡɚɬɟɥɶɧɨɣ ɮɨɪɦɟ: 

is∙𝑒௝𝜑𝑖ೞ= 1
l`s

∙ȥs∙𝑒௝𝜑𝜓ೞ- kr

l`s
∙ȥr∙𝑒௝𝜑𝜓ೝ,  ሺ2.1.37ሻ 

ir ∙ 𝑒௝𝜑𝑖ೝ=-
ks

l`r
∙ȥs∙𝑒௝𝜑𝜓ೞ+ 1

l`r
∙ȥr∙𝑒௝𝜑𝜓ೝ .  ሺ2.1.38ሻ 

ɉɪɟɞɫɬɚɜɢɦ ɤɨɦɩɥɟɤɫɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɭɪɚɜɧɟɧɢɣ (2.1.37), (2.1.38) ɜ 

ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɨɣ ɮɨɪɦɟ:  
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is∙(cos φis +j∙ sin φis)=
1
l`s

∙ȥs∙ ቀcos φ𝜓s +j∙ sin φ𝜓sቁ −
-- kr

l`s
∙ȥr∙ ቀcos φ𝜓௥ +j∙ sin φ𝜓௥ቁ ,  ሺ2.1.39ሻ 

ir∙(cos φir +j∙ sin φir)=-
ks

l`r
∙ȥs∙ ቀcos φ𝜓s +j∙ sin φ𝜓sቁ +

+
1
l`r

∙ȥr∙ ቀcos φ𝜓௥ +j∙ sin φ𝜓௥ቁ .  ሺ2.1.40ሻ 
ɉɪɟɨɛɪɚɡɭɟɦ ɭɪɚɜɧɟɧɢɹ (2.1.39),(2.1.40), ɪɚɫɤɪɵɜ ɫɤɨɛɤɢ, ɢ ɪɚɡɞɟɥɢɦ ɨɛɚ 

ɜɵɪɚɠɟɧɢɹ ɧɚ ɞɟɣɫɬɜɢɬɟɥɶɧɵɟ ɢ ɦɧɢɦɵɟ ɱɚɫɬɢ: 𝑖s∙ cos φis =
1
l`s

∙𝜓s∙ cos φ𝜓s − kr

l`s
∙𝜓r∙ cos φ𝜓௥ ,                       ሺ2.1.41ሻ

𝑖s∙ sin φis =
1
l`s

∙𝜓s∙ sin φ𝜓s − kr

l`s
∙𝜓r∙ sin φ𝜓௥ ,                       ሺ2.1.42ሻ

𝑖r∙ cos φir = − kr

l`s
∙𝜓s∙ cos φ𝜓s + 1

l`s
∙𝜓r∙ cos φ𝜓௥ ,   ሺ2.1.43ሻ 

𝑖r∙ cos φis = − kr

l`s
∙𝜓s∙ sin φ𝜓s + 1

l`s
∙𝜓r∙ sin φ𝜓௥ ,   ሺ2.1.44ሻ 

Ɉɫɬɚɟɬɫɹ ɥɢɲɶ ɞɨɩɨɥɧɢɬɶ ɩɨɥɭɱɟɧɧɭɸ ɫɢɫɬɟɦɭ ɭɪɚɜɧɟɧɢɹɦ 

ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɢ ɭɪɚɜɧɟɧɢɟɦ ɞɜɢɠɟɧɢɹ: 
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{

pȥs=rs∙is∙ cos ቀφis-φȥsቁ +us∙ cos ቀφus-φȥsቁ,
pφȥs=-

rs∙is
ȥs

∙ sin ቀφis-φȥsቁ - Ȧk+
us

ȥs
∙ sin ቀφus-φȥsቁ ,

pȥr=rr∙ir∙ cos ቀφ௜௥-φȥrቁ ,

pφȥr=-
rr∙ir
ȥr

∙ sin ቀφir-φȥrቁ -Ȧk+Ȧ,

𝑖s∙ cos φis =
1
l`s

∙𝜓s∙ cos φ𝜓s − kr

l`s
∙𝜓r∙ cos φ𝜓௥𝑖s∙ sin φis =

1
l`s

∙𝜓s∙ sin φ𝜓s − kr

l`s
∙𝜓r∙ sin φ𝜓௥𝑖r∙ cos φir = − kr

l`s
∙𝜓s∙ cos φ𝜓s + 1

l`s
∙𝜓r∙ cos φ𝜓௥𝑖r∙ cos φis = − kr

l`s
∙𝜓s∙ sin φ𝜓s + 1

l`s
∙𝜓r∙ sin φ𝜓௥

mЭ = 𝜓௦ ∙ 𝑖௦ sin(𝜑௜ೞ − 𝜑𝜓ೞ)
JpȦ=mЭ-mɋ.      

 ሺ2.1.45ሻ 

ɇɚ ɨɫɧɨɜɚɧɢɢ ɫɢɫɬɟɦɵ (2.1.45) ɫɨɫɬɚɜɥɹɟɬɫɹ ɫɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ 

ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ, 

ɩɪɟɞɫɬɚɜɥɟɧɧɚɹ ɧɚ ɪɢɫɭɧɤɟ 2.1. 

2.1.3 ɍɪɚɜɧɟɧɢɹ ɢ ɫɬɪɭɤɬɭɪɧɵɟ ɫɯɟɦɵ ɜ ɩɟɪɟɦɟɧɧɵɯ ψs, ψr

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

ɤɚɱɟɫɬɜɟ ɧɟɢɡɜɟɫɬɧɵɯ ɮɢɝɭɪɢɪɨɜɚɥɢ ɬɨɥɶɤɨ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ. Ⱦɥɹ ɷɬɨɝɨ, 

ɩɨɞɫɬɚɜɢɦ ɜ ɧɢɯ, ɭɠɟ ɩɪɟɨɛɪɚɡɨɜɚɧɧɵɟ ɧɚɦɢ ɜ ɩɭɧɤɬɟ 2.1.2, ɭɪɚɜɧɟɧɢɹ (2.1.35), 

(2.1.36), ɢ ɩɨɥɭɱɢɦ: 

us=
rs

l`s
∙ȥs-

kr∙rs

l`s
∙ȥr+ j∙Ȧk∙ȥs+pȥs,  ሺ2.1.46ሻ 

0=
rr

l`r
∙ȥr-

ks∙rr

l`r
∙ȥs+j∙ሺȦk-Ȧሻ∙ȥr+pȥr,  (2.1.47) 
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ɉɟɪɟɩɢɲɟɦ ɭɪɚɜɧɟɧɢɹ (2.1.46) ɢ (2.1.47), ɩɪɟɞɫɬɚɜɢɜ ɤɨɦɩɥɟɤɫɧɵɟ 

ɩɟɪɟɦɟɧɧɵɟ ɦɚɲɢɧɵ ɜ ɩɨɤɚɡɚɬɟɥɶɧɨɣ ɮɨɪɦɟ: 

us∙ejφus=
rs

l`s
∙ȥs∙e

jφȥs-
kr∙rs

l`s
∙ȥr∙e

jφȥr+ j∙Ȧk∙ȥs∙e
jφȥs+p(ȥs∙e

jφȥs),  (2.1.48) 

0=
rr

l`r
∙ȥr∙e

jφȥr-
ks∙rr

l`r
∙ȥs∙e

jφȥs+j∙ሺȦk-Ȧሻ∙ȥr∙e
jφȥr+p(ȥr∙e

jφȥr).  (2.1.49) 

ɉɨɥɶɡɭɹɫɶ ɩɪɚɜɢɥɚɦɢ ɞɢɮɮɟɪɟɧɰɢɪɨɜɚɧɢɹ, ɩɨɫɥɟɞɧɢɟ ɫɥɚɝɚɟɦɵɟ 

ɭɪɚɜɧɟɧɢɣ (2.1.48), (2.1.49) ɩɪɟɞɫɬɚɜɢɦ ɜ ɜɢɞɟ: 

p(ȥs∙e
jφȥs)=pȥs∙e

jφȥs+j∙ȥs∙e
jφȥs∙pφȥs  (2.1.50) 

p(ȥr∙e
jφȥr)=pȥr∙e

jφȥr+j∙ȥr∙e
jφȥr∙pφȥr  (2.1.51) 

ɉɟɪɟɩɢɲɟɦ ɭɪɚɜɧɟɧɢɹ (2.1.48), (2.1.49), ɩɨɞɫɬɚɜɢɜ ɜ ɧɢɯ ɭɪɚɜɧɟɧɢɹ 

(2.1.50), (2.1.51) ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ: 

us∙ejφus= rs

l s̀
∙ȥs∙e

jφȥs-
kr∙rs

l`s
∙ȥr∙e

jφȥr+ j∙Ȧk∙ȥs∙e
jφȥs+pȥs∙e

jφȥs+j∙ȥs∙e
jφȥs∙pφȥs,  (2.1.52)

0= rr

l`r
∙ȥr∙e

jφȥr-
ks∙rr

l r̀
∙ȥs∙e

jφȥs+j∙ሺȦk-Ȧሻ∙ȥr∙e
jφȥr+pȥr∙e

jφȥr+j∙ȥr∙e
jφȥr∙pφȥr.  (2.1.53)

Ɋɚɡɞɟɥɢɦ ɨɛɟ ɱɚɫɬɢ ɜɵɪɚɠɟɧɢɹ (2.1.52) ɧɚ ejφȥs, ɚ ɨɛɟ ɱɚɫɬɢ ɜɵɪɚɠɟɧɢɹ

(2.1.53) ɧɚ ejφȥr, ɢ ɩɨɥɭɱɢɦ:

us∙e
j(φus-φȥs)= rs

l s̀
∙ȥs-

kr∙rs

l s̀
∙ȥr∙e

j(φȥr-φȥs)+ j∙Ȧk∙ȥs+pȥs+j∙ȥs∙pφȥs,      (2.1.54) 

0= rr

l`r
∙ȥr-

ks∙rr

l r̀
∙ȥs∙e

j(φȥs-φȥr)+j∙ሺȦk-Ȧሻ∙ȥr+pȥr+j∙ȥr∙pφȥr.  (2.1.55) 
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Ɋɢɫɭɧɨɤ 2.1 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ȺɆ ɜ ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ. 
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ɉɟɪɟɩɢɲɟɦ ɭɪɚɜɧɟɧɢɹ (2.1.54) ɢ (2.1.55), ɩɪɟɞɫɬɚɜɢɜ ɤɨɦɩɥɟɤɫɧɵɟ 

ɩɟɪɟɦɟɧɧɵɟ ɜ ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɨɣ ɮɨɪɦɟ: 

us∙ ቀcos ቀφus-φȥsቁ +j∙ sin ቀφus-φȥsቁቁ =
rs

l`s
∙ȥs+pȥs+j∙ȥs∙pφȥs-

-
kr∙rs

l`s
∙ȥr∙ ቀcos ቀφȥr-φȥsቁ +j∙ sin ቀφȥr-φȥsቁቁ + j∙Ȧk∙ȥs,  (2.1.56) 

0=
rr

l`r
∙ȥr-

ks∙rr

l`r
∙ȥs∙ ቀcos ቀφȥs-φȥrቁ +j∙ sin ቀφȥs-φȥrቁቁ +

+j∙ሺȦk-Ȧሻ∙ȥr+pȥr+j∙ȥr∙pφȥr.  (2.1.57) 

ɉɪɟɨɛɪɚɡɭɟɦ ɭɪɚɜɧɟɧɢɹ (2.1.56) – (2.1.57), ɪɚɫɤɪɵɜ ɫɤɨɛɤɢ, ɢ ɪɚɡɞɟɥɢɦ 

ɨɛɚ ɜɵɪɚɠɟɧɢɹ ɧɚ ɞɟɣɫɬɜɢɬɟɥɶɧɵɟ ɢ ɦɧɢɦɵɟ ɱɚɫɬɢ: 

us∙ cos ቀφus-φȥsቁ =
rs

l`s
∙ȥs-

kr∙rs

l`s
∙ȥr∙ cos ቀφȥr-φȥsቁ +pȥs,  (2.1.58) 

0=
rr

l`r
∙ȥr-

ks∙rr

l`r
∙ȥs∙ cos ቀφȥs-φȥrቁ +pȥr,  (2.1.59) 

us∙ sin ቀφus-φȥsቁ =-
kr∙rs

l`s
∙ȥr∙ sin ቀφȥr-φȥsቁ + Ȧk∙ȥs+ȥs∙pφȥs,  (2.1.60) 

0=-
ks∙rr

l`r
∙ȥs∙ sin ቀφȥs-φȥrቁ +ሺȦk-Ȧሻ∙ȥr+ȥr∙pφȥr.  (2.1.61) 

ȼ ɜɵɪɚɠɟɧɢɹɯ (2.1.58) – (2.1.61) ɧɚɛɥɸɞɚɟɬɫɹ ɨɩɪɟɞɟɥɟɧɧɚɹ 

ɡɚɤɨɧɨɦɟɪɧɨɫɬɶ: ɜɵɪɚɠɟɧɢɹ ɞɟɣɫɬɜɢɬɟɥɶɧɵɯ ɱɚɫɬɟɣ ɫɨɞɟɪɠɚɬ ɬɨɥɶɤɨ 

ɩɪɨɢɡɜɨɞɧɵɟ ɦɨɞɭɥɟɣ ɤɨɦɩɥɟɤɫɧɵɯ ɩɟɪɟɦɟɧɧɵɯ, ɢ ɧɟ ɫɨɞɟɪɠɚɬ ɩɪɨɢɡɜɨɞɧɵɯ 

ɚɪɝɭɦɟɧɬɨɜ. Ɋɚɜɧɨ ɢ ɧɚɨɛɨɪɨɬ: ɜɵɪɚɠɟɧɢɹ ɦɧɢɦɵɯ ɱɚɫɬɟɣ ɫɨɞɟɪɠɚɬ ɬɨɥɶɤɨ 

ɩɪɨɢɡɜɨɞɧɵɟ ɚɪɝɭɦɟɧɬɨɜ, ɢ ɧɟ ɫɨɞɟɪɠɚɬ ɩɪɨɢɡɜɨɞɧɵɯ ɦɨɞɭɥɟɣ.  

ɉɟɪɟɩɢɲɟɦ ɜɵɪɚɠɟɧɢɹ (2.1.58) – (2.1.61) ɜ ɛɨɥɟɟ ɭɞɨɛɧɨɦ ɜɢɞɟ, ɜɵɪɚɡɢɜ 

ɩɪɨɢɡɜɨɞɧɵɟ ɩɟɪɟɦɟɧɧɵɯ, ɩɪɢ ɷɬɨɦ ɬɚɤɠɟ ɩɪɟɨɛɪɚɡɭɟɦ ɚɪɝɭɦɟɧɬɵ 
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ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɢɯ ɮɭɧɤɰɢɣ (ɩɨɥɭɱɢɦ ɜ ɚɪɝɭɦɟɧɬɚɯ cos ɢ sin ɫɥɟɞɭɸɳɢɟ 

ɪɚɡɧɨɫɬɢ:  φȥs-φȥr ɢ φus-φȥs.):

pȥs=-
rs

l`s
∙ȥs+

kr∙rs

l`s
∙ȥr∙ cos ቀφȥs-φȥrቁ +us∙ cos ቀφus-φȥsቁ ,         (2.1.62) 

pφȥs=-
kr∙rs

l`s
∙
ȥr
ȥs

∙ sin ቀφȥs-φȥrቁ - Ȧk+
us

ȥs
∙ sin ቀφus-φȥsቁ ,   (2.1.63) 

pȥr=-
rr

l`r
∙ȥr+

ks∙rr

l`r
∙ȥs∙ cos ቀφȥs-φȥrቁ ,  (2.1.64) 

pφȥr=
ks∙rr

l`r
∙
ȥs
ȥr

∙ sin ቀφȥs-φȥrቁ -Ȧk+Ȧ.  (2.1.65) 

Ɉɫɬɚɟɬɫɹ ɥɢɲɶ ɞɨɩɨɥɧɢɬɶ ɩɨɥɭɱɟɧɧɭɸ ɫɢɫɬɟɦɭ ɭɪɚɜɧɟɧɢɹɦ 

ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ ɢ ɭɪɚɜɧɟɧɢɟɦ ɞɜɢɠɟɧɢɹ. ȼ ɞɚɧɧɨɦ ɫɥɭɱɚɟ 

ɩɨɥɭɱɢɦ: 

{

pȥs=-
rs

l`s
∙ȥs+

kr∙rs

l`s
∙ȥr∙ cos ቀφȥs-φȥrቁ +us∙ cos ቀφus-φȥsቁ ,

pφȥs=-
kr∙rs

l`s
∙
ȥr
ȥs

∙ sin ቀφȥs-φȥrቁ - Ȧk+
us

ȥs
∙ sin ቀφus-φȥsቁ ,

pȥr=-
rr

l`r
∙ȥr+

ks∙rr

l`r
∙ȥs∙ cos ቀφȥs-φȥrቁ ,

pφȥr=
ks∙rr

l`r
∙
ȥs
ȥr

∙ sin ቀφȥs-φȥrቁ -Ȧk+Ȧ,

mЭ=
kr

l`s
∙ȥs∙ȥr∙ sin ቀφȥs-φȥrቁ ,

JpȦ=mЭ-mɋ. 

 ሺ2.1.66ሻ 

ɇɚ ɨɫɧɨɜɚɧɢɢ ɫɢɫɬɟɦɵ (2.1.66) ɫɨɫɬɚɜɥɹɟɬɫɹ ɫɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ 

ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ, 

ɩɪɟɞɫɬɚɜɥɟɧɧɚɹ ɧɚ ɪɢɫɭɧɤɟ 2.2. 
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us

cos(φus-φȥs) +

+

×

×

×

×

×

×

ȥs

cos(φȥs-φȥr)

×

×

×

-

+

1

×

×

÷

+
-

+

×

×

÷

-

+

1
s

ȥs

ȥr

ȥr

ȥs

ȥr φȥr

sin(φȥs-φȥr)

-

+

-

ȥr

ȥs

sin(φȥs-φȥr)

×

×

÷

us

ȥs

sin(φus-φȥs)

1
s -

+

φȥs

φȥs-φȥr

φus-φȥs

cos

sin

cos

sin

cos(φȥs-φȥr) sin(φȥs-φȥr)

Ȧk

φus

Ȧ

mc

rs((l`s/rs) s+1)

l`s

ks

(l`r/rr)s+1
krrs

l`s

krrs

l`s

ksrr

l`r

kr

l`s

Js

Ɋɢɫɭɧɨɤ 2.2 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ȺɆ ɜ ɩɟɪɟɦɟɧɧɵɯ ȥs, ȥr
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2.1.4 ɍɪɚɜɧɟɧɢɹ ɢ ɫɬɪɭɤɬɭɪɧɵɟ ɫɯɟɦɵ ɜ ɩɟɪɟɦɟɧɧɵɯ is, ψr

ɉɪɟɨɛɪɚɡɨɜɚɧɢɹ ɭɪɚɜɧɟɧɢɣ ɛɭɞɭɬ ɚɧɚɥɨɝɢɱɧɵ ɩɪɢɜɟɞɟɧɧɵɦ ɜ ɩɭɧɤɬɟ 

2.1.3. 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 ɢ 

ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɟ ɪɨɬɨɪɚ. ȼɵɪɚɡɢɦ ɢɡ ɭɪɚɜɧɟɧɢɣ ɫɜɹɡɢ ɬɨɤ ɪɨɬɨɪɚ ɢ 

ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɟ ɫɬɚɬɨɪɚ: 

ir=
1
lr

∙ȥr-kr∙is,  ሺ2.1.67ሻ 

ȥs=kr∙ȥr+l's∙is.  ሺ2.1.68ሻ 

ɉɟɪɟɩɢɲɟɦ ɩɟɪɜɵɟ ɞɜɚ ɭɪɚɜɧɟɧɢɹ ɫɢɫɬɟɦɵ (2.1.1) ɫ ɭɱɟɬɨɦ ɩɨɥɭɱɟɧɧɵɯ 

ɜɵɲɟ ɜɵɪɚɠɟɧɢɣ (2.1.67) ɢ (2.1.68): 

us=rs∙is+ j∙kr∙Ȧk∙ȥr+j∙l`s∙Ȧk∙is+p(kr∙ȥr+l`s∙is),  ሺ2.1.69ሻ 

0=
rr

lr
∙ȥr-kr∙rr∙is+j∙ሺȦk-Ȧሻ∙ȥr+pȥr.    (2.1.70) 

Ⱦɚɥɟɟ ɩɪɟɞɫɬɚɜɢɦ ɩɟɪɟɦɟɧɧɵɟ ɦɚɲɢɧɵ ɜ ɩɨɤɚɡɚɬɟɥɶɧɨɣ ɮɨɪɦɟ ɢ 

ɩɪɨɞɢɮɮɟɪɟɧɰɢɪɭɟɦ ɩɨɫɥɟɞɧɢɣ ɱɥɟɧ ɜ ɜɵɪɚɠɟɧɢɢ (2.1.69). ɉɨɫɥɟ ɷɬɨɝɨ 

ɪɚɡɞɟɥɢɦ ɨɛɟ ɱɚɫɬɢ ɜɵɪɚɠɟɧɢɹ (2.1.69) ɧɚ ejφis, ɚ ɨɛɟ ɱɚɫɬɢ ɜɵɪɚɠɟɧɢɹ (2.1.70) 

ɧɚ 𝑒௝𝜑𝜓ೝ . ȼ ɩɨɥɭɱɟɧɧɵɯ ɜɵɪɚɠɟɧɢɹɯ ɩɪɟɞɫɬɚɜɢɦ ɩɟɪɟɦɟɧɧɵɟ ɜ

ɬɪɢɝɨɧɨɦɟɬɪɢɱɟɫɤɨɣ ɮɨɪɦɟ, ɢ ɩɨɥɭɱɢɦ: 
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us∙(cos(φus-φis) +j∙ sin(φus-φis))=rs∙is+ j∙l`s∙Ȧk∙is+l`s∙pis+j∙l`s∙is∙pφis+

+j∙kr∙Ȧk∙ȥr∙ ቀcos ቀφȥr-φisቁ +j∙ sin ቀφȥr-φisቁቁ +

+kr∙pȥr∙ ቀcos ቀφȥr-φisቁ +j∙ sin ቀφȥr-φisቁቁ +

+j∙kr∙ȥr∙pφȥr∙ ቀcos ቀφȥr-φisቁ +j∙ sin ቀφȥr-φisቁቁ ,  (2.1.71) 

0=
rr

lr
∙ȥr-kr∙rr∙is∙ ቀcos ቀφis-φȥrቁ +j∙ sin ቀφis-φȥrቁቁ +

+j∙ሺȦk-Ȧሻ∙ȥr+pȥr+j∙ȥr∙pφȥr.  (2.1.72) 

ȼ ɜɵɪɚɠɟɧɢɢ (2.1.71) ɤɪɨɦɟ ɩɪɨɢɡɜɨɞɧɨɣ ɦɨɞɭɥɹ ɢ ɚɪɝɭɦɟɧɬɚ ɜɟɤɬɨɪɚ 

ɬɨɤɚ ɫɬɚɬɨɪɚ ɮɢɝɭɪɢɪɭɸɬ ɩɪɨɢɡɜɨɞɧɵɟ ɦɨɞɭɥɹ ɢ ɚɪɝɭɦɟɧɬɚ ɜɟɤɬɨɪɚ 

ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ. ȼ ɜɵɪɚɠɟɧɢɢ (2.1.72) ɩɪɢɫɭɬɫɬɜɭɸɬ ɬɨɥɶɤɨ 

ɩɪɨɢɡɜɨɞɧɵɟ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ. ɍɞɨɛɧɨ, ɜɨɫɩɨɥɶɡɨɜɚɜɲɢɫɶ 

ɨɫɨɛɟɧɧɨɫɬɶɸ ɪɚɡɞɟɥɟɧɢɹ ɜɵɪɚɠɟɧɢɣ ɧɚ ɞɟɣɫɬɜɢɬɟɥɶɧɭɸ ɢ ɦɧɢɦɭɸ ɱɚɫɬɢ, 

ɜɵɪɚɡɢɬɶ ɢɡ ɜɵɪɚɠɟɧɢɹ (2.1.72) ɩɪɨɢɡɜɨɞɧɵɟ ɦɨɞɭɥɹ ɢ ɚɪɝɭɦɟɧɬɚ 

ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ɪɨɬɨɪɚ, ɚ ɡɚɬɟɦ ɩɨɞɫɬɚɜɢɬɶ ɢɯ ɜ ɜɵɪɚɠɟɧɢɹ, ɩɨɥɭɱɟɧɧɵɟ 

ɪɚɡɞɟɥɟɧɢɟɦ (2.1.71) ɧɚ ɞɟɣɫɬɜɢɬɟɥɶɧɭɸ ɢ ɦɧɢɦɭɸ ɱɚɫɬɢ. ȼ ɪɟɡɭɥɶɬɚɬɟ, ɩɨɫɥɟ 

ɨɩɢɫɚɧɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ, ɩɨɥɭɱɢɦ: 

pis=- (rs

l`s
+

ks∙kr∙rr

l`r ) ∙is+
kr∙rr

l`s∙lr
∙ȥr∙ cos ቀφis-φȥrቁ -

ks

l'r
∙Ȧ∙ȥr∙ sin ቀφis-φȥrቁ +

+
1
l`s

∙us∙ cos(φus-φis) ,  (2.1.73) 

pȥr=-
rr

lr
∙ȥr+kr∙rr∙is∙ cos ቀφis-φȥrቁ ,    (2.1.74) 

pφis=-
kr∙rr

l'r∙lr
∙
ȥr
is

∙ sin ቀφis-φȥrቁ - Ȧk-
ks

lr
∙Ȧ∙

ȥr
is

∙ cos ቀφis-φȥrቁ +

+
1
l`s

∙
us

is
∙ sin(φus-φis) ,   (2.1.75) 

pφȥr=kr∙rr∙
is
ȥr

∙ sin ቀφis-φȥrቁ -Ȧk+Ȧ.  (2.1.76) 
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ɍɪɚɜɧɟɧɢɟ ɦɨɦɟɧɬɚ ɞɥɹ ɞɚɧɧɨɝɨ ɫɨɱɟɬɚɧɢɹ ɩɟɪɟɦɟɧɧɵɯ ɢɦɟɟɬ ɜɢɞ [4, 9, 

19]: 

mЭ=kr∙is∙ȥr∙ sin ቀφis-φȥrቁ .  ሺ2.1.77ሻ 

Ⱦɨɩɨɥɧɢɦ ɩɪɢɜɟɞɟɧɧɵɟ ɜɵɲɟ ɜɵɪɚɠɟɧɢɹ ɭɪɚɜɧɟɧɢɟɦ ɞɜɢɠɟɧɢɹ, ɢ 

ɩɨɥɭɱɢɦ ɢɬɨɝɨɜɭɸ ɫɢɫɬɟɦɭ ɭɪɚɜɧɟɧɢɣ: 

{

pis=- (rs

l`s
+

ks∙kr∙rr

l`r
) ∙is+

ks∙rr

l`r∙lr
∙ȥr∙ cos ቀφis-φȥrቁ -

ks

l`r
∙Ȧ∙ȥr∙ sin ቀφis-φȥrቁ +

+
1
l`s

∙us∙ cos(φus-φis) ,

pφis=-
ks∙rr

l`r∙lr
∙
ȥr
is

∙ sin ቀφis-φȥrቁ - Ȧk-
ks

l`r
∙Ȧ∙

ȥr
is

∙ cos ቀφis-φȥrቁ +

+
1
l`s

∙
us

is
∙ sin(φus-φis),

pȥr=-
rr

lr
∙ȥr+kr∙rr∙is∙ cos ቀφis-φȥrቁ ,

pφȥr=kr∙rr∙
is
ȥr

∙ sin ቀφis-φȥrቁ -Ȧk+Ȧ,

mЭ=kr∙is∙ȥr∙ sin ቀφis-φȥrቁ ,

JpȦ=mЭ-mɋ.      

  ሺ2.1.78ሻ 

ɇɚ ɨɫɧɨɜɚɧɢɢ ɫɢɫɬɟɦɵ (2.1.78) ɫɨɫɬɚɜɥɹɟɬɫɹ ɫɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɨɞɟɥɢ, 

ɩɪɟɞɫɬɚɜɥɟɧɧɚɹ ɧɚ ɪɢɫɭɧɤɟ 2.3. 
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sin(φis-φȥr)

sin(φis-φȥr)

sin(φus-φis)

cos(φis-φȥr)

ȥr

×

×

×

ȥr

sin(φis-φȥr)

cos(φus-φis)

1

-

+

1
s

φȥr

1
s -

+

φis

φis-φȥr

φus-φis

cos

sin

cos

sin

Ȧk

φus

Js

l`s

l`r

l`r

l`s

ks

ks

ksrr

ksrr

krrr

krrr

l`rlr

l`rlr

s+(rsl`r+kskrrrl`s)/l`sl`r

s+(rr/lr)

Ɋɢɫɭɧɨɤ 2.3 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɚɬɟɦɚɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ȺɆ ɜ ɩɟɪɟɦɟɧɧɵɯ is, ȥr
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3 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ 

3.1. Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ȺɆ ɜ ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ 

3.1.1 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɞɜɢɝɚɬɟɥɹ  4Ⱥ160Ɇ4ɍ3 

ɐɢɮɪɨɜɨɟ ɜɨɫɩɪɨɢɡɜɟɞɟɧɢɟ ȺɆ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɨɥɧɵɯ 

ɩɟɪɟɦɟɧɧɵɯ   ɩɪɨɢɡɜɨɞɢɬɫɹ ɧɚ ɨɫɧɨɜɚɧɢɢ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (2.1.45). 

ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɨɞɟɥɢ ɜ ɨɛɳɟɦ ɜɢɞɟ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.1. 

ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɰɢɮɪɨɜɨɣ ɦɨɞɟɥɢ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ  3.1. ɇɚ 

ɪɢɫɭɧɤɚɯ 3.2  – 3.9  ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ, ɩɨɥɭɱɟɧɧɵɟ ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ. 

Ɋɢɫɭɧɨɤ 3.2 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.1  – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɰɢɮɪɨɜɨɣ ɦɨɞɟɥɢ ȺɆ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ 
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Ɋɢɫɭɧɨɤ 3.3 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 

Ɋɢɫɭɧɨɤ 3.4  –  ɋɬɚɬɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.5  –  Ⱦɢɧɚɦɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 

Ɋɢɫɭɧɨɤ 3.6 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɦɨɞɭɥɹ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ȥs
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Ɋɢɫɭɧɨɤ 3.7  –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɚɪɝɭɦɟɧɬɚ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ φȥs

Ɋɢɫɭɧɨɤ 3.8 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɦɨɞɭɥɹ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ȥr



52 

Ɋɢɫɭɧɨɤ 3.9  –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɚɪɝɭɦɟɧɬɚ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ φȥr

3.1.2 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɞɜɢɝɚɬɟɥɹ 4Ⱥ250S4ɍ3 

ɐɢɮɪɨɜɨɟ ɜɨɫɩɪɨɢɡɜɟɞɟɧɢɟ ȺɆ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɨɥɧɵɯ 

ɩɟɪɟɦɟɧɧɵɯ   ɩɪɨɢɡɜɨɞɢɬɫɹ ɧɚ ɨɫɧɨɜɚɧɢɢ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (2.1.45). 

ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɦɨɞɟɥɢ ɜ ɨɛɳɟɦ ɜɢɞɟ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.1. 

ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɰɢɮɪɨɜɨɣ ɦɨɞɟɥɢ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ  3.10. ɇɚ 

ɪɢɫɭɧɤɚɯ 3.11– 3.18 ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ, ɩɨɥɭɱɟɧɧɵɟ ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ. 

Ɋɢɫɭɧɨɤ 3.11 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.10  – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɰɢɮɪɨɜɨɣ ɦɨɞɟɥɢ ȺɆ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɨɥɧɵɯ ɩɟɪɟɦɟɧɧɵɯ 
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Ɋɢɫɭɧɨɤ 3.12 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 

Ɋɢɫɭɧɨɤ 3.13  –  ɋɬɚɬɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.14  –  Ⱦɢɧɚɦɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 

Ɋɢɫɭɧɨɤ 3.15 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɦɨɞɭɥɹ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ȥs
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Ɋɢɫɭɧɨɤ 3.16  –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɚɪɝɭɦɟɧɬɚ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ φȥs

Ɋɢɫɭɧɨɤ 3.17 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɦɨɞɭɥɹ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ȥr
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Ɋɢɫɭɧɨɤ 3.18  –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɚɪɝɭɦɟɧɬɚ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ φȥr

3.2 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ȺɆ ɜ ɩɟɪɟɦɟɧɧɵɯ  ψs, ψr

3.3.1. Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɞɜɢɝɚɬɟɥɹ  4Ⱥ160Ɇ4ɍ3 

ɐɢɮɪɨɜɨɟ ɜɨɫɩɪɨɢɡɜɟɞɟɧɢɟ ȺɆ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɟɪɟɦɟɧɧɵɯ 

ȥs, ȥr ɩɪɨɢɡɜɨɞɢɬɫɹ ɧɚ ɨɫɧɨɜɚɧɢɢ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (2.1.66). ɋɬɪɭɤɬɭɪɧɚɹ

ɫɯɟɦɚ ɦɨɞɟɥɢ ɜ ɨɛɳɟɦ ɜɢɞɟ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.2. ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ 

ɰɢɮɪɨɜɨɣ ɦɨɞɟɥɢ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 3.19. ɇɚ ɪɢɫɭɧɤɚɯ 3.20 – 3.27 

ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ, ɩɨɥɭɱɟɧɧɵɟ ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ. 

Ɋɢɫɭɧɨɤ 3.20 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.19 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɰɢɮɪɨɜɨɣ ɦɨɞɟɥɢ ȺɆ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɟɪɟɦɟɧɧɵɯ ȥs, ȥr
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Ɋɢɫɭɧɨɤ 3.21  –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 

Ɋɢɫɭɧɨɤ 3.22  –  ɋɬɚɬɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.23 –  Ⱦɢɧɚɦɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 

Ɋɢɫɭɧɨɤ 3.24 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɦɨɞɭɥɹ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ȥs
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Ɋɢɫɭɧɨɤ 3.25 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɚɪɝɭɦɟɧɬɚ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ φȥs

Ɋɢɫɭɧɨɤ 3.26 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɦɨɞɭɥɹ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ȥr
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Ɋɢɫɭɧɨɤ 3.27 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɚɪɝɭɦɟɧɬɚ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ φȥr

3.2.2 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɞɜɢɝɚɬɟɥɹ 4Ⱥ250S4ɍ3 

ɐɢɮɪɨɜɨɟ ɜɨɫɩɪɨɢɡɜɟɞɟɧɢɟ ȺɆ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɟɪɟɦɟɧɧɵɯ 

ȥs, ȥr ɩɪɨɢɡɜɨɞɢɬɫɹ ɧɚ ɨɫɧɨɜɚɧɢɢ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (2.1.66). ɋɬɪɭɤɬɭɪɧɚɹ

ɫɯɟɦɚ ɦɨɞɟɥɢ ɜ ɨɛɳɟɦ ɜɢɞɟ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.2. ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ 

ɰɢɮɪɨɜɨɣ ɦɨɞɟɥɢ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 3.28. ɇɚ ɪɢɫɭɧɤɚɯ 3.29 – 3.36 

ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ, ɩɨɥɭɱɟɧɧɵɟ ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ. 

Ɋɢɫɭɧɨɤ 3.29 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ 
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Ɋɢɫɭɧɨɤ 3.28 – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɰɢɮɪɨɜɨɣ ɦɨɞɟɥɢ ȺɆ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɟɪɟɦɟɧɧɵɯ ȥs, ȥr
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Ɋɢɫɭɧɨɤ 3.30  –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 

Ɋɢɫɭɧɨɤ 3.31  –  ɋɬɚɬɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.32 –  Ⱦɢɧɚɦɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 

Ɋɢɫɭɧɨɤ 3.33 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɦɨɞɭɥɹ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ȥs
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Ɋɢɫɭɧɨɤ 3.34 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɚɪɝɭɦɟɧɬɚ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ φȥs

Ɋɢɫɭɧɨɤ 3.35 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɦɨɞɭɥɹ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ȥr
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Ɋɢɫɭɧɨɤ 3.36 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɚɪɝɭɦɟɧɬɚ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ φȥr

3.3 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ȺɆ ɜ ɩɟɪɟɦɟɧɧɵɯ  is, ψr

3.3.1 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɞɜɢɝɚɬɟɥɹ  4Ⱥ160Ɇ4ɍ3 

ɐɢɮɪɨɜɨɟ ɜɨɫɩɪɨɢɡɜɟɞɟɧɢɟ ȺɆ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɟɪɟɦɟɧɧɵɯ 

is, ȥr ɩɪɨɢɡɜɨɞɢɬɫɹ ɧɚ ɨɫɧɨɜɚɧɢɢ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (2.1.78). ɋɬɪɭɤɬɭɪɧɚɹ

ɫɯɟɦɚ ɦɨɞɟɥɢ ɜ ɨɛɳɟɦ ɜɢɞɟ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.3. ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ 

ɰɢɮɪɨɜɨɣ ɦɨɞɟɥɢ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 3.37. ɇɚ ɪɢɫɭɧɤɚɯ 3.38 – 3.45 

ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ. 
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Ɋɢɫɭɧɨɤ 3.37  – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɰɢɮɪɨɜɨɣ ɦɨɞɟɥɢ ȺɆ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɟɪɟɦɟɧɧɵɯ is, ȥr
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Ɋɢɫɭɧɨɤ 3.38 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ 

Ɋɢɫɭɧɨɤ 3.39 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.40 –  ɋɬɚɬɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 

Ɋɢɫɭɧɨɤ 3.41 –  Ⱦɢɧɚɦɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.42 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɦɨɞɭɥɹ ɜɟɤɬɨɪɚ ɬɨɤɚ ɫɬɚɬɨɪɚ is 

Ɋɢɫɭɧɨɤ 3.43 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɚɪɝɭɦɟɧɬɚ ɜɟɤɬɨɪɚ ɬɨɤɚ ɫɬɚɬɨɪɚ φis
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Ɋɢɫɭɧɨɤ 3.44 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɦɨɞɭɥɹ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ȥr

Ɋɢɫɭɧɨɤ 3.45 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɚɪɝɭɦɟɧɬɚ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ φψr 
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3.3.2 Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɞɜɢɝɚɬɟɥɹ 4Ⱥ250S4ɍ3 

ɐɢɮɪɨɜɨɟ ɜɨɫɩɪɨɢɡɜɟɞɟɧɢɟ ȺɆ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɟɪɟɦɟɧɧɵɯ 

is, ȥr ɩɪɨɢɡɜɨɞɢɬɫɹ ɧɚ ɨɫɧɨɜɚɧɢɢ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (2.1.78). ɋɬɪɭɤɬɭɪɧɚɹ

ɫɯɟɦɚ ɦɨɞɟɥɢ ɜ ɨɛɳɟɦ ɜɢɞɟ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.3. ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ 

ɰɢɮɪɨɜɨɣ ɦɨɞɟɥɢ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 3.46. ɇɚ ɪɢɫɭɧɤɚɯ 3.47 – 3.54 

ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ. 

Ɋɢɫɭɧɨɤ 3.47 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ 

Ɋɢɫɭɧɨɤ 3.48 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.46  – ɋɬɪɭɤɬɭɪɧɚɹ ɫɯɟɦɚ ɰɢɮɪɨɜɨɣ ɦɨɞɟɥɢ ȺɆ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɜ ɩɟɪɟɦɟɧɧɵɯ is, ȥr
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Ɋɢɫɭɧɨɤ 3.49 –  ɋɬɚɬɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 

Ɋɢɫɭɧɨɤ 3.50 –  Ⱦɢɧɚɦɢɱɟɫɤɢɣ ɮɚɡɨɜɵɣ ɩɨɪɬɪɟɬ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɨɬ 

ɦɨɦɟɧɬɚ 
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Ɋɢɫɭɧɨɤ 3.51 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɦɨɞɭɥɹ ɜɟɤɬɨɪɚ ɬɨɤɚ ɫɬɚɬɨɪɚ is 

Ɋɢɫɭɧɨɤ 3.52 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɚɪɝɭɦɟɧɬɚ ɜɟɤɬɨɪɚ ɬɨɤɚ ɫɬɚɬɨɪɚ φis
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Ɋɢɫɭɧɨɤ 3.53 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɦɨɞɭɥɹ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ ȥr

Ɋɢɫɭɧɨɤ 3.54 –  Ƚɪɚɮɢɤ ɢɡɦɟɧɟɧɢɹ ɚɪɝɭɦɟɧɬɚ ɜɟɤɬɨɪɚ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɹ φψr 
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ɁȺɄɅɘɑȿɇɂȿ 

Ⱦɚɧɧɚɹ ɞɢɩɥɨɦɧɚɹ ɪɚɛɨɬɚ ɢɦɟɟɬ ɧɚɭɱɧɨ-ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ ɯɚɪɚɤɬɟɪ ɢ 

ɩɨɫɜɹɳɟɧɚ ɪɚɡɪɚɛɨɬɤɟ, ɢɫɫɥɟɞɨɜɚɧɢɸ ɢ ɩɪɢɦɟɧɟɧɢɸ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣ 

ɚɫɢɧɯɪɨɧɧɵɯ ɦɚɲɢɧ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ. ɉɪɢ ɜɵɩɨɥɧɟɧɢɢ ɪɚɛɨɬɵ ɛɵɥɢ 

ɩɨɥɭɱɟɧɵ ɫɥɟɞɭɸɳɢɟ ɪɟɡɭɥɶɬɚɬɵ: 

1) Ɋɚɡɪɚɛɨɬɚɧ ɧɚɛɨɪ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣ ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ, ɜ

ɤɨɬɨɪɵɯ ɜɟɤɬɨɪɧɵɟ ɩɟɪɟɦɟɧɧɵɟ ɫɨɫɬɨɹɧɢɹ ɩɪɟɞɫɬɚɜɥɟɧɵ ɢɯ ɩɨɥɹɪɧɵɦɢ 

ɤɨɨɪɞɢɧɚɬɚɦɢ. Ⱦɥɹ ɷɬɢɯ ɦɨɞɟɥɟɣ ɪɚɡɪɚɛɨɬɚɧɵ ɫɬɪɭɤɬɭɪɵ ɪɟɚɥɢɡɚɰɢɢ ɢɯ ɞɥɹ 

ɞɜɢɝɚɬɟɥɟɣ 4Ⱥ160Ɇ4ɍ3 ɢ 4Ⱥ250S4ɍɁ ɫ ɧɨɦɢɧɚɥɶɧɨɣ ɦɨɳɧɨɫɬɶɸ 18,5 ɤȼɬ ɢ 

75ɤȼɬ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɜ ɩɚɤɟɬɟ ɩɪɢɤɥɚɞɧɵɯ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɩɪɨɝɪɚɦɦ MatLab. 

2) ɍɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɩɪɢ ɧɭɥɟɜɵɯ ɧɚɱɚɥɶɧɵɯ ɡɧɚɱɟɧɢɹɯ ɦɨɞɭɥɟɣ

ɜɟɤɬɨɪɧɵɯ ɩɟɪɟɦɟɧɧɵɯ, ɨɪɝɚɧɢɡɚɰɢɹ ɜɵɱɢɫɥɢɬɟɥɶɧɨɝɨ ɩɪɨɰɟɫɫɚ ɜ ɰɢɮɪɨɜɨɣ 

ɮɨɪɦɟ ɜɵɡɵɜɚɟɬ ɨɩɪɟɞɟɥɟɧɧɵɟ ɡɚɬɪɭɞɧɟɧɢɹ, ɨɛɭɫɥɨɜɥɟɧɧɵɟ ɧɚɥɢɱɢɟɦ 

ɨɩɟɪɚɰɢɣ ɞɟɥɟɧɢɹ ɩɟɪɟɦɟɧɧɵɯ. ɗɬɢ ɡɚɬɪɭɞɧɟɧɢɹ ɥɟɝɤɨ ɭɫɬɪɚɧɹɸɬɫɹ ɜɜɟɞɟɧɢɟɦ 

ɩɪɟɧɟɛɪɟɠɢɦɨ ɦɚɥɵɯ ɩɨ ɜɟɥɢɱɢɧɟ ɧɚɱɚɥɶɧɵɯ ɡɧɚɱɟɧɢɣ ɦɨɞɭɥɟɣ ɜɟɤɬɨɪɧɵɯ 

ɩɟɪɟɦɟɧɧɵɯ (ɭɫɬɪɚɧɹɟɬɫɹ ɞɟɥɟɧɢɟ ɧɚ ɧɨɥɶ). ȼɵɩɨɥɧɟɧɢɟ ɭɤɚɡɚɧɧɨɝɨ ɭɫɥɨɜɢɹ 

ɨɛɟɫɩɟɱɢɜɚɟɬ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɶ ɜɫɟɯ ɜɚɪɢɚɧɬɨɜ ɦɚɬɟɦɚɬɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣ, ɱɬɨ 

ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɩɪɢɧɰɢɩɢɚɥɶɧɭɸ ɜɨɡɦɨɠɧɨɫɬɶ ɢɯ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɜ ɩɪɚɤɬɢɤɟ.  

3) Ɋɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ, ɱɬɨ ɦɚɬɟɦɚɬɢɱɟɫɤɢɟ

ɦɨɞɟɥɢ ȺȾ ɜ ɩɨɥɹɪɧɵɯ ɤɨɨɪɞɢɧɚɬɚɯ ɩɪɢ ɞɨɩɭɳɟɧɢɢ ɩɨɫɬɨɹɧɫɬɜɚ ɟɟ ɩɚɪɚɦɟɬɪɨɜ 

ɢ ɩɪɢ ɨɛɟɫɩɟɱɟɧɢɢ ɭɫɥɨɜɢɣ ɢɯ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɢ  ɩɨɤɚɡɵɜɚɸɬ ɫɯɨɠɢɟ 

ɪɟɡɭɥɶɬɚɬɵ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɤɨɦɛɢɧɚɰɢɣ ɜɟɤɬɨɪɧɵɯ ɩɟɪɟɦɟɧɧɵɯ. ɗɬɢ ɪɟɡɭɥɶɬɚɬɵ 

ɜɟɫɶɦɚ ɬɨɱɧɨ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɪɟɡɭɥɶɬɚɬɚɦ, ɩɨɥɭɱɟɧɧɵɦ ɧɚ ɦɨɞɟɥɹɯ ɜ ɞɟɤɚɪɬɨɜɨɣ 

ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɜ ɪɚɛɨɬɟ Ⱦɚɜɵɞɨɜɨɣ ȼ.Ɇ. 
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ɉɊɂɅɈɀȿɇɂȿ Ⱥ 

ɍɫɥɨɜɧɵɟ ɨɛɨɡɧɚɱɟɧɢɹ ɢ ɢɧɞɟɤɫɵ 

Ɍɚɛɥɢɰɚ Ⱥ.1 – ɍɫɥɨɜɧɵɟ ɨɛɨɡɧɚɱɟɧɢɹ 

ȼɟɥɢɱɢɧɚ 
ȿɞɢɧɢɰɵ Ɋɚɡɦɟɪɧɨ

ɫɬɶ 
ɚɛɫɨɥɸɬɧ
ɵɯ 
ɟɞɢɧɢɰ 

ɨɬɧɨɫɢ
ɬɟɥɶɧɵ
ɟ 

ɚɛɫɨɥɸ
ɬɧɵɟ 

ɇɚɩɪɹɠɟɧɢɟ u U ȼ 
Ɍɨɤ i I А 
ɗɥɟɤɬɪɨɞɜɢɠɭɳɚɹ ɫɢɥɚ, ɗȾɋ e E ȼ 
ɉɨɬɨɤɨɫɰɟɩɥɟɧɢɟ, ɦɚɝɧɢɬɧɵɣ ɩɨɬɨɤ ȥ Ȍ ȼɛ 
Ɇɚɝɧɢɬɧɚɹ ɢɧɞɭɤɰɢɹ ɜ ɜɨɡɞɭɲɧɨɦ ɡɚɡɨɪɟ bm Bm Ɍɥ 
ɉɨɥɧɚɹ ɦɨɳɧɨɫɬɶ s S ʑ ∙ А 
Ⱥɤɬɢɜɧɚɹ ɦɨɳɧɨɫɬɶ p P ʑ˕ 
Ɋɟɚɤɬɢɜɧɚɹ ɦɨɳɧɨɫɬɶ qЭ QЭ ʑа˓ 
ɗɥɟɤɬɪɨɦɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ mЭ MЭ ʜ ∙ ˏ 
Ɇɨɦɟɧɬ ɫɬɚɬɢɱɟɫɤɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ mɋ Mɋ ʜ ∙ ˏ 
ɍɝɥɨɜɚɹ ɱɚɫɬɨɬɚ (ɫɤɨɪɨɫɬɶ ɜɪɚɳɟɧɢɹ) Ȧ ȍ ɫ-1 
ɍɝɨɥ ɩɨɜɨɪɨɬɚ φ Ф ˓ад 

ș Θ ˓ад 
Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ r R ʝˏ 
ɂɧɞɭɤɬɢɜɧɨɫɬɶ l L ʒː 
Ɋɟɚɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ x X ʝˏ 
Ɇɨɦɟɧɬ ɢɧɟɪɰɢɢ J J ɤɝ∙ɦ2 
ȼɪɟɦɹ t t ˔ 
ɉɨɫɬɨɹɧɧɚɹ ɜɪɟɦɟɧɢ T T ˔ 
Ʉɨɷɮɮɢɰɢɟɧɬ ɩɟɪɟɞɚɱɢ (ɭɫɢɥɟɧɢɹ) k K − 
Ɉɩɟɪɚɬɨɪ ɞɢɮɮɟɪɟɧɰɢɪɨɜɚɧɢɹ p − − 

Ɍɚɛɥɢɰɚ Ⱥ.2 – ɂɧɞɟɤɫɵ 

Ɉɛɨɡɧɚɱɟɧɢɟ Ɂɧɚɱɟɧɢɟ 
a Ɏɚɡɵ Ⱥ 
b Ɏɚɡɵ ȼ 
c Ɏɚɡɵ ɋ 
s ɋɬɚɬɨɪɚ 
r Ɋɨɬɨɪɚ 
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ɉɪɨɞɨɥɠɟɧɢɟ ɬɚɛɥɢɰɵ Ⱥ.2 
1 ɉɟɪɜɢɱɧɨɣ ɨɛɦɨɬɤɢ 
2 ȼɬɨɪɢɱɧɨɣ ɨɛɦɨɬɤɢ 
m ɇɚɦɚɝɧɢɱɢɜɚɧɢɹ 

max Ⱥɦɩɥɢɬɭɞɧɨɟ ɡɧɚɱɟɧɢɟ 
ı Ɋɚɫɫɟɹɧɢɹ 

α, ȕ, Ȗ ɇɚ ɨɫɢ ɧɟɩɨɞɜɢɠɧɨɣ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɬɚɬɨɪɚ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ 
x, y, z ɇɚ ɨɫɢ ɩɪɨɢɡɜɨɥɶɧɨ ɜɪɚɳɚɸɳɟɣɫɹ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ 
ɧɨɦ ɇɨɦɢɧɚɥɶɧɚɹ ɜɟɥɢɱɢɧɚ 

ɛ Ȼɚɡɢɫɧɚɹ ɜɟɥɢɱɢɧɚ 
0 ɇɚɱɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ 
k ɋɢɫɬɟɦɚ ɤɨɨɪɞɢɧɚɬ 
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ɉɊɂɅɈɀȿɇɂȿ Ȼ 

 ɋɢɫɬɟɦɚ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰ 

Ɉɛɳɚɹ ɮɨɪɦɭɥɚ ɩɟɪɟɯɨɞɚ ɤ ɨɬɧɨɫɢɬɟɥɶɧɵɦ ɟɞɢɧɢɰɚɦ ɢɦɟɟɬ ɜɢɞ: 

y=
Y
Yɛ

,  (Ȼ.1) 

ɝɞɟ   Y − ɚɛɫɨɥɸɬɧɨɟ ɡɧɚɱɟɧɢɟ ɮɢɡɢɱɟɫɤɨɣ ɜɟɥɢɱɢɧɵ ɜ ɢɫɯɨɞɧɨɣ ɫɢɫɬɟɦɟ 

ɟɞɢɧɢɰ; 

Yɛ − ɛɚɡɢɫɧɨɟ ɡɧɚɱɟɧɢɟ, ɜɵɪɚɠɟɧɧɨɟ ɜ ɬɨɣ ɠɟ ɢɫɯɨɞɧɨɣ ɫɢɫɬɟɦɟ ɟɞɢɧɢɰ;

y − ɡɧɚɱɟɧɢɟ ɜɟɥɢɱɢɧɵ ɜ ɫɢɫɬɟɦɟ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰ. 

Ⱦɥɹ ɨɩɢɫɚɧɢɹ ɦɨɞɟɥɟɣ ɚɫɢɧɯɪɨɧɧɵɯ ɦɚɲɢɧ ɛɭɞɟɦ ɢɫɩɨɥɶɡɨɜɚɬɶ ɫɢɫɬɟɦɭ 

ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰ, ɩɨɞɪɨɛɧɨ ɨɫɜɟɳɟɧɧɭɸ ɜ ɪɚɛɨɬɚɯ [74, 75]. Ⱦɚɧɧɵɣ 

ɜɚɪɢɚɧɬ ɨɛɟɫɩɟɱɢɜɚɟɬ ɭɞɨɛɫɬɜɨ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɛɥɚɝɨɞɚɪɹ ɨɪɢɟɧɬɚɰɢɢ ɧɚ 

ɩɚɫɩɨɪɬɧɵɟ ɞɚɧɧɵɟ ɦɚɲɢɧɵ ɢ ɧɚɢɛɨɥɟɟ ɩɪɨɫɬɨɣ ɜɢɞ ɭɪɚɜɧɟɧɢɣ ɦɨɞɟɥɢ. 

Ɍɚɛɥɢɰɚ Ȼ.1 – Ȼɚɡɢɫɧɵɟ ɜɟɥɢɱɢɧɵ 

Ɉɛɨɡɧɚɱɟɧɢɟ Ɂɧɚɱɟɧɢɟ ɉɨɹɫɧɟɧɢɟ 

Ɉɫɧɨɜɧɵɟ ɛɚɡɢɫɧɵɟ ɜɟɥɢɱɢɧɵ 
Uɛ Us.max.ɧɨɦ Ⱥɦɩɥɢɬɭɞɧɨɟ ɡɧɚɱɟɧɢɟ ɧɨɦɢɧɚɥɶɧɨɝɨ 

ɮɚɡɧɨɝɨ ɧɚɩɪɹɠɟɧɢɹ ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ 
Iɛ Is.max.ɧɨɦ Ⱥɦɩɥɢɬɭɞɧɨɟ ɡɧɚɱɟɧɢɟ ɧɨɦɢɧɚɥɶɧɨɝɨ 

ɮɚɡɧɨɝɨ ɬɨɤɚ ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ 
ȍɛ 2∙π∙fs.ɧɨɦ

* ɇɨɦɢɧɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ ɭɝɥɨɜɨɣ ɱɚɫɬɨɬɵ 
ɧɚɩɪɹɠɟɧɢɹ ɫɬɚɬɨɪɚ 

Θɛ 1 эɥ.ɪɚɞ ȿɞɢɧɢɰɚ ɢɡɦɟɪɟɧɢɹ ɭɝɥɨɜ 
ɉɪɨɢɡɜɨɞɧɵɟ ɛɚɡɢɫɧɵɟ ɜɟɥɢɱɢɧɵ 

Tɛ Θɛ ȍɛ⁄ ȼɪɟɦɹ 
Ȍɛ Uɛ∙Tɛ ɉɨɬɨɤɨɫɰɟɩɥɟɧɢɟ 
Lɛ Ȍɛ Iɛ⁄ ɂɧɞɭɤɬɢɜɧɨɫɬɶ 

Rɛ=Xɛ=Zɛ Uɛ Iɛ⁄ ɋɨɩɪɨɬɢɜɥɟɧɢɟ 
Pɛ 3∙Uɛ∙Iɛ 2⁄ Ɇɨɳɧɨɫɬɶ 
ȍɛr ȍɛ Zp

**⁄ ɍɝɥɨɜɚɹ ɱɚɫɬɨɬɚ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ 
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ɉɪɨɞɨɥɠɟɧɢɟ ɬɚɛɥɢɰɵ Ȼ.1 

Θɛr Θɛ Zp
**⁄ ɍɝɨɥ ɩɨɜɨɪɨɬɚ ɪɨɬɨɪɚ 

Mɛ Pɛ ȍɛr⁄ = Pɛ∙Zp
** ȍɛ⁄ ɗɥɟɤɬɪɨɦɚɝɧɢɬɧɵɣ ɦɨɦɟɧɬ, ɦɨɦɟɧɬ 

ɫɨɩɪɨɬɢɜɥɟɧɢɹ 
Jɛ Mɛ∙Tɛ∙Zp

** ȍɛ⁄ Ɇɨɦɟɧɬ ɢɧɟɪɰɢɢ 

fs.ɧɨɦ
* − ɧɨɦɢɧɚɥɶɧɚɹ ɱɚɫɬɨɬɚ ɧɚɩɪɹɠɟɧɢɹ ɫɬɚɬɨɪɚ;

Zp
** − ɱɢɫɥɨ ɩɚɪ ɩɨɥɸɫɨɜ ɦɚɲɢɧɵ.

Ɋɚɫɫɦɨɬɪɢɦ ɩɪɢɦɟɪ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɤ ɫɢɫɬɟɦɟ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰ 

ɞɜɭɯ ɭɪɚɜɧɟɧɢɣ ɦɨɞɟɥɢ: 

Ui=Ri∙Ii+
dȌi

dt
,  (Ȼ.2) 

Mэ-Mɫ=J∙
dȍ
dt

.  (Ȼ.3) 

Ⱦɥɹ ɩɟɪɟɯɨɞɚ ɤ ɨɬɧɨɫɢɬɟɥɶɧɵɦ ɟɞɢɧɢɰɚɦ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɮɨɪɦɭɥɨɣ 

(Ȼ.1) ɤɚɠɞɵɣ ɱɥɟɧ ɩɟɪɜɨɝɨ ɭɪɚɜɧɟɧɢɹ ɧɟɨɛɯɨɞɢɦɨ ɪɚɡɞɟɥɢɬɶ ɧɚ ɛɚɡɢɫɧɨɟ 

ɧɚɩɪɹɠɟɧɢɟ, ɚ ɜɬɨɪɨɝɨ – ɧɚ ɛɚɡɢɫɧɵɣ ɦɨɦɟɧɬ. Ʉɪɨɦɟ ɬɨɝɨ, ɞɥɹ ɩɟɪɟɜɨɞɚ 

ɡɧɚɱɟɧɢɣ ɬɨɤɨɜ, ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɣ, ɫɨɩɪɨɬɢɜɥɟɧɢɣ, ɜɪɟɦɟɧɢ, ɦɨɦɟɧɬɚ ɢɧɟɪɰɢɣ ɢ 

ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɫɥɟɞɭɟɬ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɱɥɟɧɵ ɭɪɚɜɧɟɧɢɣ ɭɦɧɨɠɢɬɶ ɢ 

ɪɚɡɞɟɥɢɬɶ ɧɚ ɛɚɡɢɫɧɵɟ ɡɧɚɱɟɧɢɹ ɮɢɝɭɪɢɪɭɸɳɢɯ ɜ ɧɢɯ ɜɟɥɢɱɢɧ: 

Ui

Uɛ
=

Ri∙Ii

Uɛ
∙
Rɛ∙Iɛ

Rɛ∙Iɛ
+

1
Uɛ

∙
dȌi

dt
∙
Ȍɛ∙Tɛ

Ȍɛ∙Tɛ
,  (Ȼ.4) 

Mэ-Mɫ

Mɛ
=

1
Mɛ

∙J∙
dȍ
dt

∙
Jɛ∙ȍɛr∙Tɛ

Jɛ∙ȍɛr∙Tɛ
.  ሺȻ.5ሻ 

ɋ ɭɱɟɬɨɦ ɜɵɪɚɠɟɧɢɣ, ɩɪɢɜɟɞɟɧɧɵɯ ɜ ɬɚɛɥɢɰɟ Ȼ.1, ɩɨɥɭɱɢɦ ɫɥɟɞɭɸɳɢɟ 

ɭɪɚɜɧɟɧɢɹ ɜ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ: 

ui=ri∙ii+
dȥi
dĲ

,  (Ȼ.6) 
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mэ-mɫ=J∙
dȦ
dĲ

.  (Ȼ.7) 

Ⱥɧɚɥɨɝɢɱɧɨ ɩɟɪɟɜɨɞɹɬɫɹ ɜ ɫɢɫɬɟɦɭ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰ ɢ ɞɪɭɝɢɟ 

ɭɪɚɜɧɟɧɢɹ ɦɨɞɟɥɟɣ. Ɉɩɢɫɚɧɧɵɣ ɜɚɪɢɚɧɬ ɫɢɫɬɟɦɵ ɛɚɡɢɫɧɵɯ ɟɞɢɧɢɰ 

ɨɛɟɫɩɟɱɢɜɚɟɬ ɧɚɢɛɨɥɟɟ ɩɪɨɫɬɨɣ ɜɢɞ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɭɪɚɜɧɟɧɢɣ ɦɨɞɟɥɟɣ, ɧɟ 

ɫɨɞɟɪɠɚɳɢɯ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ, ɚ ɬɚɤɠɟ ɢ ɧɟɤɨɬɨɪɵɯ 

ɤɨɧɫɬɪɭɤɬɢɜɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɢɫɯɨɞɧɵɯ ɦɨɞɟɥɟɣ. ɗɬɨ ɫɨɡɞɚɟɬ ɡɧɚɱɢɬɟɥɶɧɵɟ 

ɭɞɨɛɫɬɜɚ ɞɥɹ ɢɫɫɥɟɞɨɜɚɧɢɹ ɦɨɞɟɥɟɣ ɢ ɰɢɮɪɨɜɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɪɟɠɢɦɨɜ 

ɪɚɛɨɬɵ ɦɚɲɢɧ, ɨɰɟɧɤɢ ɢ ɨɛɨɛɳɟɧɢɹ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ. 
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ɉɊɂɅɈɀȿɇɂȿ ȼ 

 Ɋɚɫɱɟɬ ɩɚɪɚɦɟɬɪɨɜ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ 4Ⱥ160Ɇ4ɍ3 ɩɨ ɩɚɫɩɨɪɬɧɵɦ 

ɞɚɧɧɵɦ 

ɉɚɫɩɨɪɬɧɵɟ ɞɚɧɧɵɟ ɞɜɢɝɚɬɟɥɹ 4Ⱥ160Ɇ4ɍ3 ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɚɯ ȼ.1 –

ȼ.3 [16]. 

Ɍɚɛɥɢɰɚ ȼ.1 – ɇɨɦɢɧɚɥɶɧɵɟ ɞɚɧɧɵɟ ɞɜɢɝɚɬɟɥɹ 

P2ɧɨɦ, ɤȼɬ Uɧɨɦ , ȼ ZP Ș, ɨ.ɟ. cos φ 

18,5 220 2 89,5 0,88 

Ɍɚɛɥɢɰɚ ȼ.2 – ɉɚɪɚɦɟɬɪɵ ɫɯɟɦɵ ɡɚɦɟɳɟɧɢɹ, ɨ.ɟ. 

Xm R'1 X'1 R''2 X''2 R''2ɉ RКɉ XКɉ 

4,3 0,042 0,085 0,024 0,13 0,037 0,079 0,14 

Ɍɚɛɥɢɰɚ ȼ.3 – ɉɭɫɤɨɜɵɟ ɫɜɨɣɫɬɜɚ 

mɉ mɆ mК sɧɨɦ,% sК,% JȾɊ,ɤɝ∙ɦ2

1,4 1 2,3 2,2 16 0,13 

Ɋɚɫɫɱɢɬɚɟɦ ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɚɪɚɦɟɬɪɵ ɦɚɲɢɧɵ ɜ 

ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ. Ⱦɥɹ ɷɬɨɝɨ ɫɧɚɱɚɥɚ ɪɚɫɫɱɢɬɚɟɦ ɛɚɡɢɫɧɵɟ ɜɟɥɢɱɢɧɵ, 

ɫɨɝɥɚɫɧɨ ɩɪɢɥɨɠɟɧɢɸ Ȼ.  

Ȼɚɡɢɫɧɨɟ ɧɚɩɪɹɠɟɧɢɟ: 

Uɛ=Us.max.ɧɨɦ=√2∙Uɧɨɦ,  (ȼ.1) 

Uɛ=√2∙220=311,127 ȼ.
Ȼɚɡɢɫɧɵɣ ɬɨɤ: 
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Iɛ=Is.max.ɧɨɦ=√2∙Iɧɨɦ,  ሺȼ.2ሻ 

ɝɞɟ Iɧɨɦ − ɧɨɦɢɧɚɥɶɧɵɣ ɮɚɡɧɵɣ ɬɨɤ ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ, Ⱥ.

Iɧɨɦ=
P2ɧɨɦ∙103

3∙Ș∙ cos φ ∙Uɧɨɦ
,  ሺȼ.3ሻ 

Iɧɨɦ=
18500

3∙0,895∙0,88∙220
=35,59 А, 

Iɛ=√2∙35,59=50,33 А.

Ȼɚɡɢɫɧɚɹ ɭɝɥɨɜɚɹ ɱɚɫɬɨɬɚ: 

ȍɛ=2∙π∙fs.ɧɨɦ,  ሺȼ.4ሻ 

ɝɞɟ fs.ɧɨɦ=50 Ƚɰ − ɧɨɦɢɧɚɥɶɧɚɹ ɱɚɫɬɨɬɚ ɧɚɩɪɹɠɟɧɢɹ ɩɢɬɚɧɢɹ.

ȍɛ=2∙π∙50=314,159 ɪɚɞ ɫ⁄ .
Ȼɚɡɢɫɧɨɟ ɜɪɟɦɹ: 

Tɛ= Θɛ ȍɛ⁄ ,  ሺȼ.5ሻ 

Tɛ= 1 314,159⁄ =0,0032 ɫ.

Ȼɚɡɢɫɧɨɟ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɟ: 

Ȍɛ=Uɛ∙Tɛ,       ሺȼ.6ሻ 

Ȍɛ=311,127∙0,0032=0,9903 ȼɛ. 

Ȼɚɡɢɫɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ: 
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Lɛ= Ȍɛ Iɛ⁄ ,  ሺȼ.7ሻ 

Lɛ= 0,9903 50,33⁄ =0,0197 Ƚɧ.

Ȼɚɡɢɫɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ: 

Zɛ= Uɛ Iɛ⁄ ,  ሺȼ.8ሻ 

Zɛ= 311,127 50,33⁄ =6,1816 Ɉɦ. 

Ȼɚɡɢɫɧɚɹ ɦɨɳɧɨɫɬɶ: 

Pɛ= 3∙Uɛ∙Iɛ 2⁄ ,  ሺȼ.9ሻ 

Pɛ= 3∙311,127∙50,33 2⁄ =23489,1 ȼɬ. 

Ȼɚɡɢɫɧɚɹ ɭɝɥɨɜɚɹ ɱɚɫɬɨɬɚ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ: 

ȍɛr= ȍɛ Zp⁄ ,  ሺȼ.10ሻ 

ȍɛr= 314,159 2⁄ =157,08 ɪɚɞ/ɫ. 

Ȼɚɡɢɫɧɵɣ ɭɝɨɥ ɩɨɜɨɪɨɬɚ ɪɨɬɨɪɚ: 

Θɛr= Θɛ Zp⁄ ,  ሺȼ.11ሻ 

Θɛr= 1 2⁄ =0,5 эɥ.ɪɚɞ. 

Ȼɚɡɢɫɧɵɣ ɦɨɦɟɧɬ: 

Mɛ= Pɛ ȍɛr⁄ ,  ሺȼ.12ሻ 

Mɛ= 23489,1 157,08⁄ =149,536 ɇ∙ɦ.

Ȼɚɡɢɫɧɵɣ ɦɨɦɟɧɬ ɢɧɟɪɰɢɢ: 
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Jɛ= Mɛ∙Tɛ∙Zp ȍɛ⁄ ,  (ȼ.13) 

Jɛ= 149,536∙0,0032∙2 314,159⁄ =0,003 ɤɝ∙ɦ2. 

ȼɵɱɢɫɥɢɦ ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɦɨɞɟɥɟɣ ɩɚɪɚɦɟɬɪɵ ɚɫɢɧɯɪɨɧɧɨɣ 

ɦɚɲɢɧɵ ɜ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ. Ɋɚɫɱɟɬ ɫɜɟɞɟɦ ɜ ɬɚɛɥɢɰɭ ȼ.4. ɋɥɟɞɭɟɬ 

ɨɬɦɟɬɢɬɶ, ɱɬɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɨɛɦɨɬɨɤ ɦɚɲɢɧɵ  ɭɠɟ ɩɪɢɜɟɞɟɧɵ ɜ 

ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ ɢ ɜɟɥɢɱɢɧɵ ɢɧɞɭɤɬɢɜɧɨɫɬɟɣ ɛɭɞɭɬ ɫɨɜɩɚɞɚɬɶ ɫ 

ɢɧɞɭɤɬɢɜɧɵɦɢ ɫɨɩɪɨɬɢɜɥɟɧɢɹɦɢ (ɬɚɛɥɢɰɚ ȼ.2). ȼɟɥɢɱɢɧɵ ɚɤɬɢɜɧɨɝɨ 

ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢ ɢɧɞɭɤɬɢɜɧɨɫɬɢ ɪɚɫɫɟɹɧɢɹ ɥɨɛɨɜɨɣ ɱɚɫɬɢ ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ 

ɨɩɪɟɞɟɥɹɸɬɫɹ ɫɨɝɥɚɫɧɨ [16], ɢ ɜ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɩɪɢɧɹɬɵ ɪɚɜɧɵɦɢ 20% ɢ 10% ɨɬ 

ɩɨɥɧɵɯ ɡɧɚɱɟɧɢɣ ɚɤɬɢɜɧɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢɹ ɢ ɢɧɞɭɤɬɢɜɧɨɫɬɢ ɪɚɫɫɟɹɧɢɹ 

ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

Ɍɚɛɥɢɰɚ ȼ.4 – ɉɚɪɚɦɟɬɪɵ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ ɨ.ɟ. 
ȼɟɥɢɱɢɧɚ Ɉɛɨɡɧɚɱɟ-

ɧɢɟ 
Ɋɚɫɱɟɬ Ɂɧɚɱɟɧɢɟ 

Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɮɚɡɵ ɫɬɚɬɨɪɧɨɣ ɰɟɩɢ rs R'1 0,042 
Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɮɚɡɵ ɪɨɬɨɪɧɨɣ ɰɟɩɢ rr R''2 0,024 
ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ lsı X'1 0,085 
ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ lrı X''2 0,13 
ȼɡɚɢɦɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɨɛɦɨɬɨɤ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ lm Xm 4,3 
ɉɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ ls lsı+lm 4,385 
ɉɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ lr lrı+lm 4,43 
Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɥɨɛɨɜɨɣ ɱɚɫɬɢ ɨɛɦɨɬɤɢ 
ɪɨɬɨɪɚ 

rr.ɥ 0,2∙rr 0,0048 

Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɩɚɡɨɜɨɣ ɱɚɫɬɢ ɨɛɦɨɬɤɢ 
ɪɨɬɨɪɚ ɩɪɢ ɪɚɜɧɨɦɟɪɧɨɦ ɪɚɫɩɪɟɞɟɥɟɧɢɢ ɬɨɤɚ ɩɨ 
ɫɟɱɟɧɢɸ ɫɬɟɪɠɧɟɣ 

rr.ɩ rr-rr.ɥ 0,0192 

ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ ɥɨɛɨɜɨɣ ɱɚɫɬɢ ɨɛɦɨɬɤɢ 
ɪɨɬɨɪɚ 

lrı.ɥ 0,1∙lrı.ɥ 0,013 

ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ ɩɚɡɨɜɨɣ ɱɚɫɬɢ ɨɛɦɨɬɤɢ 
ɪɨɬɨɪɚ ɩɪɢ ɪɚɜɧɨɦɟɪɧɨɦ ɪɚɫɩɪɟɞɟɥɟɧɢɢ ɬɨɤɚ ɩɨ 
ɫɟɱɟɧɢɸ ɫɬɟɪɠɧɟɣ 

lrı.ɩ lrı-lrı.ɩ 0,117 

Ʉɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɫɬɚɬɨɪɚ ks lm ls⁄ 0,9806 
Ʉɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɪɨɬɨɪɚ kr lm lr⁄ 0,9707 
ɉɨɥɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɪɚɫɫɟɹɧɢɹ ɦɚɲɢɧɵ ı 1-ks∙kr 0,0482 
ɗɤɜɢɜɚɥɟɧɬɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɫɬɚɬɨɪɚ l's=lэ ı∙ls 0,2112 
ɗɤɜɢɜɚɥɟɧɬɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɪɨɬɨɪɚ l'r ı∙lr 0,2134 
ɗɤɜɢɜɚɥɟɧɬɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɮɚɡɵ ɫɬɚɬɨɪɚ rэ rs+kr

2∙rr 0,0646 
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Ɉɤɨɧɱɚɧɢɟ ɬɚɛɥɢɰɵ ȼ.4 
ȼɟɥɢɱɢɧɚ Ɉɛɨɡɧɚɱɟ-

ɧɢɟ 
Ɋɚɫɱɟɬ Ɂɧɚɱɟɧɢɟ 

ɗɤɜɢɜɚɥɟɧɬɧɚɹ ɩɨɫɬɨɹɧɧɚɹ ɜɪɟɦɟɧɢ Tэ lэ rэ⁄ 3,2685 
ɉɨɫɬɨɹɧɧɚɹ ɜɪɟɦɟɧɢ ɪɨɬɨɪɧɨɣ ɰɟɩɢ Tr lr rr⁄ 8,8897 
Ɇɨɦɟɧɬ ɢɧɟɪɰɢɢ ɪɨɬɨɪɚ J JȾɊ Jɛ⁄ 42,901 
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ɉɊɂɅɈɀȿɇɂȿ Ƚ 

 Ɋɚɫɱɟɬ ɩɚɪɚɦɟɬɪɨɜ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ 4Ⱥ250S4ɍ3 ɩɨ ɩɚɫɩɨɪɬɧɵɦ 

ɞɚɧɧɵɦ 

ɉɚɫɩɨɪɬɧɵɟ ɞɚɧɧɵɟ ɞɜɢɝɚɬɟɥɹ 4Ⱥ250S4ɍ3 ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥɢɰɚɯ Ƚ.1 – 

Ƚ.3 [16]. 

Ɍɚɛɥɢɰɚ Ƚ.1 – ɇɨɦɢɧɚɥɶɧɵɟ ɞɚɧɧɵɟ ɞɜɢɝɚɬɟɥɹ 

P2ɧɨɦ, ɤȼɬ Uɧɨɦ , ȼ ZP Ș, ɨ.ɟ. cos φ 

75 220 2 0,93 0,9 

Ɍɚɛɥɢɰɚ Ƚ.2 – ɉɚɪɚɦɟɬɪɵ ɫɯɟɦɵ ɡɚɦɟɳɟɧɢɹ, ɨ.ɟ. 

Xm R'1 X'1 R''2 X''2 R''2ɉ RКɉ XКɉ 

4,4 0,026 0,089 0,014 0,11 0,027 0,052 0,15 

Ɍɚɛɥɢɰɚ Ƚ.3 – ɉɭɫɤɨɜɵɟ ɫɜɨɣɫɬɜɚ 

mɉ mɆ mК sɧɨɦ,% sК,% JȾɊ,ɤɝ∙ɦ2

1,2 1 2,3 1,2 9,5 1 

Ɋɚɫɫɱɢɬɚɟɦ ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɩɚɪɚɦɟɬɪɵ ɦɚɲɢɧɵ ɜ 

ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ. Ⱦɥɹ ɷɬɨɝɨ ɫɧɚɱɚɥɚ ɪɚɫɫɱɢɬɚɟɦ ɛɚɡɢɫɧɵɟ ɜɟɥɢɱɢɧɵ, 

ɫɨɝɥɚɫɧɨ ɩɪɢɥɨɠɟɧɢɸ Ȼ. Ȼɚɡɢɫɧɨɟ ɧɚɩɪɹɠɟɧɢɟ: 

Uɛ=Us.max.ɧɨɦ=√2∙Uɧɨɦ,  (Ƚ.1) 

Uɛ=√2∙220=311,127 ȼ.
Ȼɚɡɢɫɧɵɣ ɬɨɤ: 
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Iɛ=Is.max.ɧɨɦ=√2∙Iɧɨɦ,  ሺȽ.2ሻ 

ɝɞɟ Iɧɨɦ − ɧɨɦɢɧɚɥɶɧɵɣ ɮɚɡɧɵɣ ɬɨɤ ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ, Ⱥ.

Iɧɨɦ=
P2ɧɨɦ∙103

3∙Ș∙ cos φ ∙Uɧɨɦ
,  ሺȽ.3ሻ 

Iɧɨɦ=
75000

3∙0,93∙0,9∙220
=135,77 А, 

Iɛ=√2∙135,77=192 А.

Ȼɚɡɢɫɧɚɹ ɭɝɥɨɜɚɹ ɱɚɫɬɨɬɚ: 

ȍɛ=2∙π∙fs.ɧɨɦ,  ሺȽ.4ሻ 

ɝɞɟ fs.ɧɨɦ=50 Ƚɰ − ɧɨɦɢɧɚɥɶɧɚɹ ɱɚɫɬɨɬɚ ɧɚɩɪɹɠɟɧɢɹ ɩɢɬɚɧɢɹ.

ȍɛ=2∙π∙50=314,159 ɪɚɞ ɫ⁄ .
Ȼɚɡɢɫɧɨɟ ɜɪɟɦɹ: 

Tɛ= Θɛ ȍɛ⁄ ,  ሺȽ.5ሻ 

Tɛ= 1 314,159⁄ =0,0032 ɫ.

Ȼɚɡɢɫɧɨɟ ɩɨɬɨɤɨɫɰɟɩɥɟɧɢɟ: 

Ȍɛ=Uɛ∙Tɛ,       ሺȽ.6ሻ 

Ȍɛ=311,127∙0,0032=0,9903 ȼɛ. 

Ȼɚɡɢɫɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ: 
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Lɛ= Ȍɛ Iɛ⁄ ,  ሺȽ.7ሻ 

Lɛ= 0,9903 192⁄ =0,0052 Ƚɧ. 

Ȼɚɡɢɫɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ: 

Zɛ= Uɛ Iɛ⁄ ,  ሺȽ.8ሻ 

Zɛ= 311,127 192⁄ =1,6204 Ɉɦ. 

Ȼɚɡɢɫɧɚɹ ɦɨɳɧɨɫɬɶ: 

Pɛ= 3∙Uɛ∙Iɛ 2⁄ ,  ሺȽ.9ሻ 

Pɛ= 3∙311,127∙192 2⁄ =89605,74 ȼɬ. 

Ȼɚɡɢɫɧɚɹ ɭɝɥɨɜɚɹ ɱɚɫɬɨɬɚ ɜɪɚɳɟɧɢɹ ɪɨɬɨɪɚ: 

ȍɛr= ȍɛ Zp⁄ ,  ሺȽ.10ሻ 

ȍɛr= 314,159 2⁄ =157,08 ɪɚɞ/ɫ. 

Ȼɚɡɢɫɧɵɣ ɭɝɨɥ ɩɨɜɨɪɨɬɚ ɪɨɬɨɪɚ: 

Θɛr= Θɛ Zp⁄ ,  ሺȽ.11ሻ 

Θɛr= 1 2⁄ =0,5 эɥ.ɪɚɞ. 

Ȼɚɡɢɫɧɵɣ ɦɨɦɟɧɬ: 

Mɛ= Pɛ ȍɛr⁄ ,  ሺȽ.12ሻ 

Mɛ= 89605,74 157,08⁄ =570,45 ɇ∙ɦ.

Ȼɚɡɢɫɧɵɣ ɦɨɦɟɧɬ ɢɧɟɪɰɢɢ: 
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Jɛ= Mɛ∙Tɛ∙Zp ȍɛ⁄ ,  (Ƚ.13) 

Jɛ= 570,45∙0,0032∙2 314,159⁄ =0,0116 ɤɝ∙ɦ2. 

Ⱦɚɥɟɟ ɜɵɱɢɫɥɢɦ ɧɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɦɨɞɟɥɟɣ ɩɚɪɚɦɟɬɪɵ 

ɚɫɢɧɯɪɨɧɧɨɣ ɦɚɲɢɧɵ ɜ ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɟɞɢɧɢɰɚɯ. Ɋɚɫɱɟɬ ɫɜɟɞɟɦ ɜ ɬɚɛɥɢɰɭ Ƚ.4. 

Ɍɚɛɥɢɰɚ Ƚ.4 – ɉɚɪɚɦɟɬɪɵ ɚɫɢɧɯɪɨɧɧɨɝɨ ɞɜɢɝɚɬɟɥɹ ɜ ɨ.ɟ. 
ȼɟɥɢɱɢɧɚ Ɉɛɨɡɧɚɱɟ-

ɧɢɟ 

Ɋɚɫɱɟɬ Ɂɧɚɱɟɧɢɟ 

Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɮɚɡɵ ɫɬɚɬɨɪɧɨɣ ɰɟɩɢ rs R'1 0,026 

Ⱥɤɬɢɜɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɮɚɡɵ ɪɨɬɨɪɧɨɣ ɰɟɩɢ rr R''2 0,014 

ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ lsı X'1 0,089 

ɂɧɞɭɤɬɢɜɧɨɫɬɶ ɪɚɫɫɟɹɧɢɹ ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ lrı X''2 0,11 

ȼɡɚɢɦɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɨɛɦɨɬɨɤ ɫɬɚɬɨɪɚ ɢ ɪɨɬɨɪɚ lm Xm 4,4 

ɉɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɨɛɦɨɬɤɢ ɫɬɚɬɨɪɚ ls lsı+lm 4,489 

ɉɨɥɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɨɛɦɨɬɤɢ ɪɨɬɨɪɚ lr lrı+lm 4,51 

Ʉɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɫɬɚɬɨɪɚ ks lm ls⁄ 0,9802 

Ʉɨɷɮɮɢɰɢɟɧɬ ɫɜɹɡɢ ɪɨɬɨɪɚ kr lm lr⁄ 0,9756 

ɉɨɥɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɪɚɫɫɟɹɧɢɹ ɦɚɲɢɧɵ ı 1-ks∙kr 0,0437 

ɗɤɜɢɜɚɥɟɧɬɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɫɬɚɬɨɪɚ l's=lэ ı∙ls 0,1963 

ɗɤɜɢɜɚɥɟɧɬɧɚɹ ɢɧɞɭɤɬɢɜɧɨɫɬɶ ɮɚɡɵ ɪɨɬɨɪɚ l'r ı∙lr 0,1972 

ɗɤɜɢɜɚɥɟɧɬɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɮɚɡɵ ɫɬɚɬɨɪɚ rэ rs+kr
2∙rr 0,0393 

ɗɤɜɢɜɚɥɟɧɬɧɚɹ ɩɨɫɬɨɹɧɧɚɹ ɜɪɟɦɟɧɢ Tэ lэ rэ⁄ 4,9921 

ɉɨɫɬɨɹɧɧɚɹ ɜɪɟɦɟɧɢ ɪɨɬɨɪɧɨɣ ɰɟɩɢ Tr lr rr⁄ 322,143 

Ɇɨɦɟɧɬ ɢɧɟɪɰɢɢ ɪɨɬɨɪɚ J JȾɊ Jɛ⁄ 86,5075 
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