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4. ɉɥɚɧ ɪɚɛɨɬɵ ɧɚɞ ɦɚɝɢɫɬɟɪɫɤɨɣ ɞɢɫɫɟɪɬɚɰɢɟɣ 

№ 

ɩ\ɩ 

ɋɨɞɟɪɠɚɧɢɟ ɪɚɡɞɟɥɨɜ ɋɪɨɤ 

ɜɵɩɨɥ- 

ɧɟɧɢɹ 

Ɍɪɭɞɨёɦ- 

ɤɨɫɬɶ 

ɜ % 

I. Ɍɟɨɪɟɬɢɱɟɫɤɚɹ ɱɚɫɬɶ  30 

 Ɉɛɡɨɪ ɥɢɬɟɪɚɬɭɪɵ ɧɚ ɬɟɦɭ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɹ 
ɍɇȺɉ ɢ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

 10 

 ɋɢɧɬɟɡ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɧɨɝɨ ɚɥɝɨɪɢɬɦɚ ɍɇȺɉ ɢ   
ɝɢɪɨɫɤɨɩɨɜ 

 20 

II. ɗɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚɹ ɱɚɫɬɶ  30 

 ɉɨɥɭɱɟɧɢɟ ɞɚɧɧɵɯ ɨɬ ɆɗɆɋ ɢɧɟɪɰɢɚɥɶɧɵɯ 
ɞɚɬɱɢɤɨɜ 

 10 

 Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɍɇȺɉ ɛɟɡ ɩɨɞɞɟɪɠɤɢ ɨɬ 
ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

 10 

 Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɍɇȺɉ ɫ ɩɨɞɞɟɪɠɤɨɣ ɨɬ 
ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

 10 

III. ɉɭɛɥɢɤɚɰɢɢ  10 

 Ɍɟɡɢɫɵ ɞɨɤɥɚɞɚ ɧɚ ɫɬɭɞɟɧɱɟɫɤɨɣ ɇɌɄ 03.2015 5 

 Ɍɟɡɢɫɵ ɞɨɤɥɚɞɚ ɧɚ ɫɬɭɞɟɧɱɟɫɤɨɣ ɇɌɄ 03.2016 5 

IV. Ɉɮɨɪɦɥɟɧɢɟ ɞɢɫɫɟɪɬɚɰɢɢ  30 

 ɉɨɞɝɨɬɨɜɤɚ ɜɜɟɞɟɧɢɹ, ɨɛɡɨɪɚ ɥɢɬɟɪɚɬɭɪɵ 11.2014 5 

 Ɉɩɢɫɚɧɢɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɫ IMU 06.2014 5 

 Ɉɩɢɫɚɧɢɟ ɫɢɧɬɟɡɚ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɧɨɝɨ ɚɥɝɨɪɢɬɦɚ 11.2015 5 

 Ɉɩɢɫɚɧɢɟ ɦɨɞɟɥɢ ɢ ɢɡɥɨɠɟɧɢɟ ɪɟɡɭɥɶɬɚɬɨɜ 
ɦɨɞɟɥɢɪɨɜɚɧɢɹ 

03.2016 5 

 ɉɨɞɝɨɬɨɜɤɚ ɩɪɟɡɟɧɬɚɰɢɢ ɢ ɩɪɟɞɡɚɳɢɬɚ 06.2016 10 

5. Ɋɟɤɨɦɟɧɞɭɟɦɚɹ ɥɢɬɟɪɚɬɭɪɚ 

5.1 Global Positioning Systems, Inertial Navigation, and Integration,                 

аТЭС MATLAB. ― NВ: JШСЧ АТХОв & SШЧs, 2001. CШ-authors M.S.Grewal,     

L.R. Weill and A.P. Andrews                                                                                                            

5.2 ȽɅɈɇȺɋɋ. ɉɪɢɧɰɢɩɵ ɩɨɫɬɪɨɟɧɢɹ ɢ ɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢɹ/ ɉɨɞ ɪɟɞ.       
Ⱥ.ɂ. ɉɟɪɨɜɚ, ȼ.ɇ. ɏɚɪɢɫɨɜɚ. ɂɡɞ. 4-ɟ ɩɟɪɟɪɚɛɨɬɚɧɧɨɟ ɢ ɞɨɩɨɥɧɟɧɧɨɟ. ―   
Ɇ.:  Ɋɚɞɢɨɬɟɯɧɢɤɚ, 2010, 800 ɫ                                                                           

5.3 Applied Inertial Navigation: Problems and Solutions. – M.: BMSTU Press, 

2004. – 304 p.                                                                                                        

_______________________________________________________________ 

_______________________________________________________________ 
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6. Ʉɪɚɬɤɢɟ ɫɜɟɞɟɧɢɹ ɨ ɫɬɭɞɟɧɬɟ: 

Ⱦɨɦɚɲɧɢɣ ɚɞɪɟɫ ИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИИ 

_______________________________________________________________ 

Ɍɟɥɟɮɨɧ ɫɥɭɠɟɛɧɵɣИИИИИИИИИИИИИИИИИИИИ ɞɨɦɚɲɧɢɣ ИИИИИИИИИИИИИИИ 

 

Пɪɢɦɟчаɧɢɟ: ɡɚɞɚɧɢɟ ɛɪɨɲɸɪɭɟɬɫɹ ɜɦɟɫɬɟ ɫ ɞɢɫɫɟɪɬɚɰɢɟɣ ɢ ɫ ɨɬɡɵɜɚɦɢ 

ɪɭɤɨɜɨɞɢɬɟɥɹ ɢ ɪɟɰɟɧɡɟɧɬɨɜ. 
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Ⱥɧɧɨɬɚɰɢɹ 

ɉɪɨɜɟɞɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɨɞɞɟɪɠɤɢ ɭɝɥɨɦɟɪɧɨɣ 

ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɵ ɩɨɬɪɟɛɢɬɟɥɟɣ ɨɬ ɦɢɤɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɢɧɟɪɰɢɚɥɶɧɵɯ 

ɞɚɬɱɢɤɨɜ – ɬɪɟɯɨɫɧɵɯ ɝɢɪɨɫɤɨɩɨɜ ɢ ɚɤɫɟɥɟɪɨɦɟɬɪɨɜ. 

Ɋɚɫɫɦɨɬɪɟɧɵ ɞɜɚ ɫɰɟɧɚɪɢɹ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɭɝɥɨɦɟɪɧɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɣ 

ɚɩɩɚɪɚɬɭɪɵ: 

1. Ɋɟɲɟɧɢɟ ɡɚɞɚɱɢ ɩɨɡɢɰɢɨɧɢɪɨɜɚɧɢɹ ɢ ɨɩɪɟɞɟɥɟɧɢɹ ɭɝɥɨɜɨɣ ɨɪɢɟɧɬɚɰɢɢ 

ɧɨɫɢɬɟɥɹ ɧɚ ɨɫɧɨɜɟ ɞɚɧɧɵɯ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ ɫɪɚɡɭ ɩɨɫɥɟ ɩɪɨɩɚɞɚɧɢɹ ɫɢɝɧɚɥɨɜ 

ɫɩɭɬɧɢɤɨɜɵɯ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɢɫɬɟɦ. ɇɚɩɪɢɦɟɪ, ɩɪɢ ɜɯɨɞɟ ɜ ɡɞɚɧɢɟ, ɜɴɟɡɞɟ ɜ 

ɬɭɧɧɟɥɶ, ɧɚɱɚɥɟ ɨɛɥɭɱɟɧɢɹ ɩɨɦɟɯɚɦɢ. ɉɪɢ ɷɬɨɦ ɫɱɢɬɚɟɬɫɹ, ɱɬɨ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɧɵɣ 

ɧɚɜɢɝɚɰɢɨɧɧɵɣ ɩɪɢɟɦɧɢɤ ɭɫɩɟɥ ɞɨɫɬɚɬɨɱɧɨɟ ɤɨɥɢɱɟɫɬɜɨ ɜɪɟɦɟɧɢ ɨɬɪɚɛɨɬɚɬɶ ɜ 

ɧɨɪɦɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ ɩɪɢɟɦɚ ɫɢɝɧɚɥɨɜ. 

2. Ɉɩɪɟɞɟɥɟɧɢɟ ɨɪɢɟɧɬɚɰɢɢ ɜ ɭɝɥɨɦɟɪɧɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɟ 

ɩɨɬɪɟɛɢɬɟɥɟɣ, ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɧɨɣ ɫ ɦɢɤɪɨɦɟɯɚɧɢɱɟɫɤɢɦɢ ɢɧɟɪɰɢɚɥɶɧɵɦɢ 

ɞɚɬɱɢɤɚɦɢ ɢ ɪɚɫɩɨɥɨɠɟɧɧɨɣ ɧɚ ɨɛɴɟɤɬɟ, ɢɧɬɟɧɫɢɜɧɨ ɢɡɦɟɧɹɸɳɟɦ ɫɜɨɸ ɨɪɢɟɧɬɚɰɢɸ 

ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ.  

Ⱦɥɹ ɩɟɪɜɨɝɨ ɫɰɟɧɚɪɢɹ ɩɪɨɜɟɞɟɧɨ ɢɦɢɬɚɰɢɨɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɫ ɰɟɥɶɸ 

ɫɪɚɜɧɟɧɢɹ ɩɹɬɢ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ (Analog Devices ADIS16405, InvenSence 

MPU9250, InvenSence MPU6050, Pololu MinIMU-9, Bosch BMX055) ɪɚɡɥɢɱɧɵɯ 

ɰɟɧɨɜɵɯ ɞɢɚɩɚɡɨɧɨɜ ɩɨ ɤɪɢɬɟɪɢɸ ɬɨɱɧɨɫɬɢ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɢɧɟɪɰɢɚɥɶɧɨɣ ɧɚɜɢɝɚɰɢɢ 

ɧɚ ɢɯ ɨɫɧɨɜɟ. ɉɪɢ ɷɬɨɦ ɪɟɲɟɧ ɪɹɞ ɨɛɪɚɡɨɜɚɬɟɥɶɧɵɯ ɩɨɞɡɚɞɚɱ ɢ ɪɚɡɪɚɛɨɬɚɧɵ 

ɮɭɧɤɰɢɨɧɚɥɶɧɵɟ ɛɥɨɤɢ ɦɨɞɟɥɟɣ ɞɥɹ ɩɨɫɥɟɞɭɸɳɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ: ɫɮɨɪɦɢɪɨɜɚɧɵ 

ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɨ ɯɚɪɚɤɬɟɪɟ ɨɲɢɛɨɤ ɞɚɬɱɢɤɨɜ, ɫɨɡɞɚɧɵ ɢɯ ɤɨɦɩɶɸɬɟɪɧɵɟ ɦɨɞɟɥɢ; 

ɫɨɡɞɚɧɵ ɦɨɞɟɥɢ ɞɜɢɠɟɧɢɹ ɨɛɴɟɤɬɚ, ɜɤɥɸɱɚɹ ɜɪɚɳɚɬɟɥɶɧɨɟ ɞɜɢɠɟɧɢɟ, ɛɥɨɤ ɪɟɲɟɧɢɹ 

ɡɚɞɚɱɢ ɢɧɟɪɰɢɚɥɶɧɨɣ ɧɚɜɢɝɚɰɢɢ. 

Ⱦɥɹ ɜɬɨɪɨɝɨ ɫɰɟɧɚɪɢɹ – ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɧɨɣ ɭɝɥɨɦɟɪɧɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɣ 

ɚɩɩɚɪɚɬɭɪɵ ɞɢɧɚɦɢɱɧɨ ɜɪɚɳɚɸɳɟɝɨɫɹ ɨɛɴɟɤɬɚ – ɫɨɡɞɚɧɚ ɢɦɢɬɚɰɢɨɧɧɚɹ ɦɨɞɟɥɶ 

ɭɝɥɨɦɟɪɧɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɵ ɩɨɬɪɟɛɢɬɟɥɟɣ ɜ ɞɜɭɯ ɜɚɪɢɚɧɬɚɯ – ɫ 

ɩɨɞɞɟɪɠɤɨɣ ɨɬ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ ɢ ɛɟɡ ɩɨɞɞɟɪɠɤɢ.  
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ɍɤɚɡɚɧɧɚɹ ɦɨɞɟɥɶ ɢɫɩɨɥɶɡɭɟɬ ɞɥɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɨɲɢɛɨɤ ɢɧɟɪɰɢɚɥɶɧɵɯ 

ɞɚɬɱɢɤɨɜ ɜɵɛɨɪɤɢ ɩɪɨɰɟɫɫɨɜ, ɩɨɥɭɱɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ ɩɭɬɟɦ ɞɥɹ 

ɦɢɤɪɨɦɟɯɚɧɢɱɟɫɤɨɝɨ ɢɧɟɪɰɢɚɥɶɧɨɝɨ ɛɥɨɤɚ STMicroelectronics L3G4200D. Ⱦɥɹ 

ɩɨɥɭɱɟɧɢɹ ɜɵɛɨɪɨɤ ɫɨɡɞɚɧ ɦɚɤɟɬ, ɜɤɥɸɱɚɸɳɢɣ ɜ ɫɜɨɣ ɫɨɫɬɚɜ ɢɧɟɪɰɢɚɥɶɧɵɣ ɛɥɨɤ ɢ 

ɦɢɤɪɨɤɨɧɬɪɨɥɥɟɪ.  

ɉɪɨɜɟɞɟɧ ɚɧɚɥɢɡ ɩɨɥɭɱɟɧɧɵɯ ɪɟɚɥɢɡɚɰɢɣ. Ⱦɥɹ ɩɪɨɰɟɫɫɨɜ ɨɲɢɛɨɤ ɝɢɪɨɫɤɨɩɨɜ 

ɩɨɫɬɪɨɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɜɚɪɢɚɰɢɢ Ⱥɥɥɚɧɚ ɜ ɞɢɚɩɚɡɨɧɟ ɞɥɢɧ ɜɵɛɨɪɨɤ ɨɬ ɟɞɢɧɢɰ 

ɦɢɥɥɢɫɟɤɭɧɞ ɞɨ ɧɟɫɤɨɥɶɤɢɯ ɱɚɫɨɜ.  

ɋ ɩɨɦɨɳɶɸ ɢɦɢɬɚɰɢɨɧɧɨɣ ɦɨɞɟɥɢ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɫɤɨɪɨɫɬɟɣ ɜɪɚɳɟɧɢɹ ɨɛɴɟɤɬɚ 

ɧɚɣɞɟɧɵ ɨɩɬɢɦɚɥɶɧɵɟ, ɩɨ ɤɪɢɬɟɪɢɸ ɬɨɱɧɨɫɬɢ ɫɥɟɠɟɧɢɹ, ɩɨɥɨɫɵ ɫɢɫɬɟɦ ɫɥɟɠɟɧɢɹ ɡɚ 

ɪɚɡɧɨɫɬɶɸ ɮɚɡ ɞɥɹ ɞɜɭɯ ɫɥɭɱɚɟɜ: ɫ ɩɨɞɞɟɪɠɤɨɣ ɨɬ ɢɧɟɪɰɢɚɥɶɧɵɯ ɛɥɨɤɨɜ ɢ ɛɟɡ 

ɩɨɞɞɟɪɠɤɢ. Ɉɩɪɟɞɟɥɟɧɵ ɫɪɟɞɧɟɤɜɚɞɪɚɬɢɱɟɫɤɢɟ ɨɲɢɛɤɢ ɨɰɟɧɨɤ ɪɚɡɧɨɫɬɟɣ ɮɚɡ ɢ 

ɜɟɥɢɱɢɧɚ ɜɵɢɝɪɵɲɚ ɜ ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɢ ɡɚ ɫɱɟɬ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɹ.  

ɋɞɟɥɚɧ ɜɵɜɨɞ, ɱɬɨ ɩɪɢ ɪɚɡɦɟɳɟɧɢɢ ɧɚ ɨɛɴɟɤɬɟ, ɛɵɫɬɪɨ ɢɡɦɟɧɹɸɳɟɦ 

ɨɪɢɟɧɬɚɰɢɸ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ, ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɟ ɦɢɤɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɢɧɟɪɰɢɚɥɶɧɵɯ 

ɞɚɬɱɢɤɨɜ ɫ ɭɝɥɨɦɟɪɧɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɨɣ ɩɨɡɜɨɥɹɟɬ ɫɭɳɟɫɬɜɟɧɧɨ ɩɨɜɵɫɢɬɶ 

ɟё ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɶ ɢ ɬɨɱɧɨɫɬɶ. 
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ɈȽɅȺȼɅȿɇɂȿ 

ɋɩɢɫɨɤ ɢɫɩɨɥɶɡɨɜɚɧɧɵɯ ɫɨɤɪɚɳɟɧɢɣ ............................................................................. 10 

ȼɜɟɞɟɧɢɟ ............................................................................................................................. 11 

1 Ɉɰɟɧɢɜɚɧɢɟ ɦɟɫɬɨɩɨɥɨɠɟɧɢɹ ɨɛɴɟɤɬɚ ɩɨ ɞɚɧɧɵɦ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ ...... 15 

 ɉɪɢɱɢɧɵ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɢɧɟɪɰɢɚɥɶɧɵɯ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɢɫɬɟɦ ................ 15 
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ɋɉɂɋɈɄ ɂɋɉɈɅɖɁɈȼȺɇɇɕɏ ɋɈɄɊȺɓȿɇɂɃ 

ȺɄɎ  - ɚɜɬɨɤɨɪɪɟɥɹɰɢɨɧɧɚɹ ɮɭɧɤɰɢɹ 

Ⱥɉ  - ɚɩɩɚɪɚɬɭɪɚ ɩɨɬɪɟɛɢɬɟɥɹ 

Ⱥɉȼ  - ɚɩɨɫɬɟɪɢɨɪɧɚɹ ɩɥɨɬɧɨɫɬɶ ɜɟɪɨɹɬɧɨɫɬɢ 

Ⱥɐɉ  - ɚɧɚɥɨɝɨ-ɰɢɮɪɨɜɨɟ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ 

ȻȽɒ  - ɛɟɥɵɣ ɝɚɭɫɫɨɜɫɤɢɣ ɲɭɦ 

ȽȾɄ   - ɝɟɧɟɪɚɬɨɪ ɞɚɥɶɧɨɦɟɪɧɨɝɨ ɤɨɞɚ 

Ƚɇɋɋ  - ɝɥɨɛɚɥɶɧɚɹ ɧɚɜɢɝɚɰɢɨɧɧɚɹ ɫɩɭɬɧɢɤɨɜɚɹ ɫɢɫɬɟɦɚ 

ȽɐɋɄ - ɝɟɨɰɟɧɬɪɢɱɟɫɤɚɹ ɫɢɫɬɟɦɚ ɤɨɨɪɞɢɧɚɬ 

ɂɂȻ  - ɢɧɟɪɰɢɚɥɶɧɵɣ ɢɡɦɟɪɢɬɟɥɶɧɵɣ ɛɥɨɤ 

ɂɇɋ  - ɢɧɟɪɰɢɚɥɶɧɚɹ ɧɚɜɢɝɚɰɢɨɧɧɚɹ ɫɢɫɬɟɦɚ 

ɄȺ  - ɤɨɫɦɢɱɟɫɤɢɣ ɚɩɩɚɪɚɬ 

ɅɋɄ  - ɥɨɤɚɥɶɧɚɹ ɫɢɫɬɟɦɚ ɤɨɨɪɞɢɧɚɬ 

ɆɗɆɋ - ɦɢɤɪɨɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɟ ɫɢɫɬɟɦɵ 

ɇȺɉ  - ɧɚɜɢɝɚɰɢɨɧɧɚɹ ɚɩɩɚɪɚɬɭɪɚ ɩɨɬɪɟɛɢɬɟɥɹ 

ɇɄȺ  - ɧɚɜɢɝɚɰɢɨɧɧɵɣ ɤɨɫɦɢɱɟɫɤɢɣ ɚɩɩɚɪɚɬ 

ɇɋ  - ɧɚɜɢɝɚɰɢɨɧɧɵɣ ɫɩɭɬɧɢɤ 

ɈȽ  - ɨɩɨɪɧɵɣ ɝɟɧɟɪɚɬɨɪ 

ɉɋɉ  - ɩɫɟɜɞɨɫɥɭɱɚɣɧɚɹ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ 

ɋɄ  - ɫɢɫɬɟɦɚ ɤɨɨɪɞɢɧɚɬ 

ɋɉɆɈ - ɫɩɟɰɢɚɥɶɧɨɟ ɩɪɨɝɪɚɦɦɧɨ-ɦɚɬɟɦɚɬɢɱɟɫɤɨɟ ɨɛɟɫɩɟɱɟɧɢɟ 

ɋɊɇɋ - ɫɩɭɬɧɢɤɨɜɵɟ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɵɟ ɫɢɫɬɟɦɵ 

ɋɋɁ  - ɫɢɫɬɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɡɚɞɟɪɠɤɨɣ 

ɋɋɄ  - ɫɜɹɡɚɧɧɚɹ ɫɢɫɬɟɦɚ ɤɨɨɪɞɢɧɚɬ 

ɋɋɊɎ - ɫɢɫɬɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɪɚɡɧɨɫɬɶɸ ɮɚɡ 

ɋɋɎ  - ɫɢɫɬɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɮɚɡɨɣ 

ɋɋɑ  - ɫɢɫɬɟɦɚ ɫɥɟɠɟɧɢɹ ɡɚ ɱɚɫɬɨɬɨɣ 

ɋɌ  - ɫɬɚɧɞɚɪɬɧɚɹ ɬɨɱɧɨɫɬɶ 

ɎȺɉ  - ɮɚɡɨɜɚɹ ɚɜɬɨɩɨɞɫɬɪɨɣɤɚ 

ɍɇȺɉ - ɭɝɥɨɦɟɪɧɚɹ ɧɚɜɢɝɚɰɢɨɧɧɚɹ ɚɩɩɚɪɚɬɭɪɚ ɩɨɬɪɟɛɢɬɟɥɟɣ 

GPS  - Global Positioning System 

IMU  - Inertial Measurement Unit 

RMSE - Root Mean Square Error (ɫɪɟɞɧɟɤɜɚɞɪɚɬɢɱɟɫɤɚɹ ɨɲɢɛɤɚ) 

SNR   - Signal to Noise Ratio (ɨɬɧɨɲɟɧɢɟ ɫɢɝɧɚɥ/ɲɭɦ) 
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ȼȼȿȾȿɇɂȿ 

ɋɩɭɬɧɢɤɨɜɵɟ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɵɟ ɫɢɫɬɟɦɵ (ɋɊɇɋ) ɩɨɡɜɨɥɹɸɬ ɞɨɫɬɢɱɶ 

ɧɟɩɪɟɜɡɨɣɞɟɧɧɨɣ ɬɨɱɧɨɫɬɢ ɨɩɪɟɞɟɥɟɧɢɣ ɚɛɫɨɥɸɬɧɨɝɨ ɦɟɫɬɨɩɨɥɨɠɟɧɢɹ. ɗɬɨ 

ɫɜɨɣɫɬɜɨ, ɜɦɟɫɬɟ ɫ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɢɡɤɨɣ ɫɬɨɢɦɨɫɬɶɸ ɩɨɥɶɡɨɜɚɬɟɥɶɫɤɨɝɨ 

ɨɛɨɪɭɞɨɜɚɧɢɹ, ɦɚɥɵɦɢ ɝɚɛɚɪɢɬɚɦɢ ɢ ɩɨɬɪɟɛɥɟɧɢɟɦ, ɩɪɨɫɬɨɬɨɣ ɢɫɩɨɥɶɡɨɜɚɧɢɹ, 

ɨɛɭɫɥɨɜɢɥɨ ɲɢɪɨɤɨɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɋɊɇɋ.  

ɇɨ ɫɩɭɬɧɢɤɨɜɚɹ ɧɚɜɢɝɚɰɢɹ ɩɨɡɜɨɥɹɟɬ ɧɟ ɬɨɥɶɤɨ ɨɩɪɟɞɟɥɹɬɶ ɩɨɥɨɠɟɧɢɟ ɨɛɴɟɤɬɚ 

ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ ɢ ɜɪɟɦɟɧɢ – ɷɬɢ ɩɪɢɥɨɠɟɧɢɹ ɜɫɟɦ ɩɪɢɜɵɱɧɵ ɢ ɢɡɜɟɫɬɧɵ – ɧɨ ɢ 

ɨɰɟɧɢɜɚɬɶ ɨɪɢɟɧɬɚɰɢɸ ɧɨɫɢɬɟɥɹ ɨɬɧɨɫɢɬɟɥɶɧɨ ɝɥɨɛɚɥɶɧɨɣ ɢɥɢ ɥɨɤɚɥɶɧɨɣ ɫɢɫɬɟɦɵ 

ɤɨɨɪɞɢɧɚɬ. 

Ⱦɥɹ ɨɩɪɟɞɟɥɟɧɢɹ ɨɪɢɟɧɬɚɰɢɢ ɨɛɴɟɤɬɚ ɢɫɩɨɥɶɡɭɟɬɫɹ ɭɝɥɨɦɟɪɧɚɹ ɧɚɜɢɝɚɰɢɨɧɧɚɹ 

ɚɩɩɚɪɚɬɭɪɚ ɩɨɬɪɟɛɢɬɟɥɟɣ (ɍɇȺɉ). ɍɇȺɉ ɨɬɥɢɱɚɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɧɟɫɤɨɥɶɤɢɯ 

ɪɚɡɧɟɫɟɧɧɵɯ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ ɚɧɬɟɧɧ.  

ȼ ɍɇȺɉ ɩɪɨɢɡɜɨɞɢɬɫɹ ɨɰɟɧɢɜɚɧɢɟ ɪɚɡɧɨɫɬɢ ɮɚɡɨɜɵɯ ɧɚɛɟɝɨɜ ɫɢɝɧɚɥɨɜ 

ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɩɭɬɧɢɤɨɜ (ɇɋ) ɞɥɹ ɪɚɡɧɵɯ ɚɧɬɟɧɧ. ɉɨ ɷɬɢɦ ɨɰɟɧɤɚɦ, ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɟɪɟɞɚɜɚɟɦɨɣ ɜ ɧɚɜɢɝɚɰɢɨɧɧɨɦ ɫɨɨɛɳɟɧɢɢ ɢɧɮɨɪɦɚɰɢɢ ɨ 

ɩɨɥɨɠɟɧɢɢ ɇɋ, ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɜɡɚɢɦɧɨɟ ɩɨɥɨɠɟɧɢɟ ɚɧɬɟɧɧ ɫ ɬɨɱɧɨɫɬɶɸ ɜ ɧɟɫɤɨɥɶɤɨ 

ɦɢɥɥɢɦɟɬɪɨɜ. ɉɪɢ ɪɚɡɧɟɫɟɧɢɢ ɚɧɬɟɧɧ ɧɚ 1-2 ɦɟɬɪɚ ɷɬɨ ɩɨɡɜɨɥɹɟɬ ɨɩɪɟɞɟɥɢɬɶ ɭɝɥɨɜɭɸ 

ɨɪɢɟɧɬɚɰɢɸ ɧɨɫɢɬɟɥɹ ɫ ɬɨɱɧɨɫɬɶɸ ɩɨɪɹɞɤɚ ɞɟɫɹɬɨɣ ɞɨɥɢ ɝɪɚɞɭɫɚ. 

ɉɨɦɢɦɨ ɜɵɫɨɤɨɣ ɬɨɱɧɨɫɬɢ ɨɩɪɟɞɟɥɟɧɢɹ ɨɪɢɟɧɬɚɰɢɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɝɥɨɛɚɥɶɧɨɣ 

ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ, ɤ ɩɪɟɢɦɭɳɟɫɬɜɚɦ ɍɇȺɉ ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɦɚɥɨɟ ɜɪɟɦɹ ɩɨɞɝɨɬɨɜɤɢ 

ɤ ɪɚɛɨɬɟ (ɤɚɤ ɢ ɭ ɬɪɚɞɢɰɢɨɧɧɨɝɨ ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɩɪɢɟɦɧɢɤɚ – ɨɤɨɥɨ 30 ɫɟɤɭɧɞ ɜ 

ɪɟɠɢɦɟ ɯɨɥɨɞɧɨɝɨ ɫɬɚɪɬɚ), ɨɬɫɭɬɫɬɜɢɟ ɫɩɟɰɢɚɥɶɧɵɯ ɩɨɞɝɨɬɨɜɢɬɟɥɶɧɵɯ ɩɪɨɰɟɞɭɪ ɢ 

ɨɝɪɚɧɢɱɟɧɢɣ ɧɚ ɦɚɧɟɜɪɵ ɨɛɴɟɤɬɚ (ɤɚɤ ɜ ɫɥɭɱɚɟ ɝɢɪɨɤɨɦɩɨɫɢɪɨɜɚɧɢɹ ɂɇɋ). Ɉɲɢɛɤɢ 

ɍɇȺɉ ɧɟ ɧɚɪɚɫɬɚɸɬ ɫɨ ɜɪɟɦɟɧɟɦ, ɜ ɨɬɥɢɱɢɟ ɨɬ ɢɧɟɪɰɢɚɥɶɧɵɯ ɫɢɫɬɟɦ [1].  

Ʉ ɧɟɞɨɫɬɚɬɤɚɦ ɍɇȺɉ ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɪɚɡɦɟɳɟɧɢɹ ɧɟɫɤɨɥɶɤɢɯ 

ɚɧɬɟɧɧ ɧɚ ɧɨɫɢɬɟɥɟ, ɱɬɨ ɡɚɱɚɫɬɭɸ ɹɜɥɹɟɬɫɹ ɫɟɪɶɟɡɧɵɦ ɨɪɝɚɧɢɡɚɰɢɨɧɧɵɦ ɢ 

ɬɟɯɧɢɱɟɫɤɢɦ ɩɪɟɩɹɬɫɬɜɢɟɦ. ɉɪɢ ɷɬɨɦ, ɜɜɢɞɭ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɮɚɡɨɜɵɯ ɢɡɦɟɪɟɧɢɣ ɢ 
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ɢɧɬɟɪɮɟɪɟɦɟɬɪɢɱɟɫɤɨɝɨ ɦɟɬɨɞɚ, ɬɨɱɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɨɪɢɟɧɬɚɰɢɢ ɫɢɥɶɧɨ ɡɚɜɢɫɢɬ ɨɬ 

ɫɩɨɫɨɛɚ ɭɫɬɚɧɨɜɤɢ ɚɧɬɟɧɧ.  

ɋɬɨɢɦɨɫɬɶ ɍɇȺɉ ɨɬɧɨɫɢɬɟɥɶɧɨ ɜɵɫɨɤɚ, ɱɬɨ ɜɵɡɜɚɧɨ ɧɟɨɛɯɨɞɢɦɨɫɬɶɸ 

ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɧɟɫɤɨɥɶɤɢɯ ɚɧɬɟɧɧ ɝɟɨɞɟɡɢɱɟɫɤɨɝɨ ɤɥɚɫɫɚ ɢ ɫɤɪɨɦɧɵɦɢ ɨɛɴɟɦɚɦɢ 

ɫɟɪɢɣɧɨɝɨ ɜɵɩɭɫɤɚ.  

Ʉɪɨɦɟ ɫɩɟɰɢɮɢɱɟɫɤɢɯ, ɭ ɍɇȺɉ ɟɫɬɶ ɧɟɞɨɫɬɚɬɤɢ, ɩɪɢɫɭɳɢɟ ɩɪɨɱɟɣ 

ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɟ ɩɨɬɪɟɛɢɬɟɥɟɣ (ɇȺɉ) ɋɊɇɋ. ȼɜɢɞɭ ɫɥɚɛɨɫɬɢ 

ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɢɝɧɚɥɨɜ ɇɋ, ɍɇȺɉ ɩɨɞɜɟɪɠɟɧɵ ɜɨɡɞɟɣɫɬɜɢɸ ɩɨɦɟɯ. ɉɪɢ ɷɬɨɦ 

ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɶ ɍɇȺɉ ɫɭɳɟɫɬɜɟɧɧɨ ɡɚɜɢɫɢɬ ɨɬ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢɡɦɟɧɟɧɢɹ 

ɭɝɥɨɜɨɣ ɨɪɢɟɧɬɚɰɢɢ ɧɨɫɢɬɟɥɹ. ɋɜɹɡɚɧɨ ɷɬɨ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜ ɍɇȺɉ ɫɢɫɬɟɦ 

ɫɥɟɠɟɧɢɹ ɡɚ ɪɚɡɧɨɫɬɶɸ ɮɚɡ (ɋɋɊɎ). 

ɋɋɊɎ ɨɬɫɥɟɠɢɜɚɸɬ ɢɡɦɟɧɟɧɢɹ ɪɚɡɧɨɫɬɢ ɮɚɡ ɫɢɝɧɚɥɨɜ ɩɚɪɵ ɚɧɬɟɧɧ, ɱɬɨ ɜ 

ɨɬɥɢɱɢɟ ɨɬ ɬɪɚɞɢɰɢɨɧɧɵɯ ɫɢɫɬɟɦ ɫɥɟɠɟɧɢɹ ɡɚ ɮɚɡɨɣ (ɋɋɎ, ɫɢɫɬɟɦɵ ɎȺɉ – ɮɚɡɨɜɨɣ 

ɚɜɬɨɩɨɞɫɬɪɨɣɤɢ), ɢɫɤɥɸɱɚɟɬ ɜɥɢɹɧɢɟ ɧɚ ɫɢɫɬɟɦɭ ɧɟɫɬɚɛɢɥɶɧɨɫɬɢ ɨɩɨɪɧɨɝɨ 

ɝɟɧɟɪɚɬɨɪɚ ɢ ɞɢɧɚɦɢɤɢ ɩɨɫɬɭɩɚɬɟɥɶɧɨɝɨ ɞɜɢɠɟɧɢɹ ɧɨɫɢɬɟɥɹ. ȼ ɢɬɨɝɟ, ɞɢɧɚɦɢɱɟɫɤɢɟ 

ɨɲɢɛɤɢ ɜ ɋɋɊɎ ɨɩɪɟɞɟɥɹɸɬɫɹ ɢɧɬɟɧɫɢɜɧɨɫɬɶɸ ɢɡɦɟɧɟɧɢɹ ɭɝɥɨɜɨɣ ɨɪɢɟɧɬɚɰɢɢ 

ɧɨɫɢɬɟɥɹ, ɤɨɬɨɪɚɹ ɦɨɠɟɬ ɛɵɬɶ ɨɱɟɧɶ ɦɚɥɚ. Ⱦɥɹ ɨɛɴɟɤɬɨɜ ɫ ɧɢɡɤɨɣ ɞɢɧɚɦɢɤɨɣ 

ɜɪɚɳɟɧɢɣ ɩɨɥɨɫɚ ɋɋɊɎ ɡɚɬɹɝɢɜɚɟɬɫɹ ɞɨ ɡɧɚɱɟɧɢɣ ɜ ɞɨɥɢ Ƚɰ, ɱɬɨ ɩɨɡɜɨɥɹɟɬ ɞɨɫɬɢɱɶ 

ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɢ ɨɤɨɥɨ 40-50 ɞȻ ɞɥɹ ɫɢɝɧɚɥɨɜ ȽɅɈɇȺɋɋ ɋɌ. 

Ⱦɥɹ ɨɛɴɟɤɬɨɜ ɢɧɬɟɧɫɢɜɧɨ ɦɟɧɹɸɳɢɯ ɨɪɢɟɧɬɚɰɢɸ ɲɭɦɨɜɭɸ ɩɨɥɨɫɭ ɩɪɢɯɨɞɢɬɫɹ 

ɪɚɫɲɢɪɹɬɶ ɞɨ 10-20 Ƚɰ, ɱɬɨ ɫɧɢɠɚɟɬ ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɶ ɞɨ ɜɟɥɢɱɢɧ ɨɤɨɥɨ 30-35 ɞȻ. 

ɗɮɮɟɤɬ ɭɫɭɝɭɛɥɹɟɬɫɹ ɬɟɦ, ɱɬɨ ɩɪɢ ɜɪɚɳɚɬɟɥɶɧɵɯ ɞɜɢɠɟɧɢɹɯ ɨɛɴɟɤɬɚ ɢɡɦɟɧɟɧɢɟ 

ɪɚɡɧɨɫɬɟɣ ɮɚɡ ɩɪɢɧɢɦɚɟɬ ɯɚɪɚɤɬɟɪ ɮɭɧɤɰɢɢ ɫɢɧɭɫɚ. Ⱦɥɹ ɫɥɟɠɟɧɢɹ ɡɚ ɫɢɧɭɫɨɢɞɨɣ, 

ɢɦɟɸɳɟɣ ɛɟɫɤɨɧɟɱɧɨɟ ɱɢɫɥɨ ɩɪɨɢɡɜɨɞɧɵɯ, ɧɟ ɯɜɚɬɚɟɬ ɚɫɬɚɬɢɡɦɚ ɢɫɩɨɥɶɡɭɟɦɨɝɨ ɜ 

ɋɋɊɎ ɮɢɥɶɬɪɚ ɬɪɟɬɶɟɝɨ ɩɨɪɹɞɤɚ. 

ɗɮɮɟɤɬɢɜɧɨ ɫɧɢɠɚɬɶ ɞɢɧɚɦɢɱɟɫɤɢɟ ɨɲɢɛɤɢ ɜ ɫɥɟɞɹɳɢɯ ɫɢɫɬɟɦɚɯ ɇȺɉ 

ɩɨɡɜɨɥɹɟɬ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɟ ɫ ɧɟɪɚɞɢɨɬɟɯɧɢɱɟɫɤɢɦɢ, ɧɚɩɪɢɦɟɪ ɢɧɟɪɰɢɚɥɶɧɵɦɢ, 

ɞɚɬɱɢɤɚɦɢ. Ɉɬɫɸɞɚ ɢɧɬɟɪɟɫɧɨɣ ɩɪɟɞɫɬɚɜɥɹɟɬɫɹ ɢɞɟɹ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɹ ɍɇȺɉ ɫ 

ɢɧɟɪɰɢɚɥɶɧɵɦɢ ɞɚɬɱɢɤɚɦɢ, ɤɨɬɨɪɨɟ ɦɨɠɟɬ ɩɨɡɜɨɥɢɬɶ ɫɧɢɡɢɬɶ ɜɥɢɹɧɢɟ ɞɢɧɚɦɢɱɧɵɯ 

ɢɡɦɟɧɟɧɢɣ ɨɪɢɟɧɬɚɰɢɢ ɧɚ ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɶ ɍɇȺɉ. Ɍɟɦ ɫɚɦɵɦ ɞɥɹ ɭɤɚɡɚɧɧɨɝɨ 
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ɤɥɚɫɫɚ ɨɛɴɟɤɬɨɜ ɪɚɡɦɟɳɟɧɢɹ ɦɨɠɧɨ ɨɠɢɞɚɬɶ ɭɜɟɥɢɱɟɧɢɹ ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɢ ɍɇȺɉ 

ɧɚ 10-15 ɞȻ. 

ɂɡ ɫɤɚɡɚɧɧɨɝɨ ɫɥɟɞɭɟɬ ɰɟɥɶ ɪɚɛɨɬɵ – ɢɫɫɥɟɞɨɜɚɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɨɞɞɟɪɠɤɢ 

ɭɝɥɨɦɟɪɧɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɵ ɩɨɬɪɟɛɢɬɟɥɟɣ ɨɬ ɦɢɤɪɨɦɟɯɚɧɢɱɟɫɤɢɯ 

ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ. 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɨɝɪɚɧɢɱɟɧɨ ɩɪɢɦɟɧɟɧɢɟɦ ɢɦɟɧɧɨ ɦɢɤɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɞɚɬɱɢɤɨɜ 

(ɆɗɆɋ-ɞɚɬɱɢɤɢ, ɝɞɟ ɆɗɆɋ - ɦɢɤɪɨɷɥɟɤɬɪɨɦɟɯɚɧɢɱɟɫɤɢɟ ɫɢɫɬɟɦɵ) ɩɨ ɪɹɞɭ ɩɪɢɱɢɧ: 

1. Ⱦɨɫɬɭɩɧɨɫɬɶ, ɧɢɡɤɚɹ ɫɬɨɢɦɨɫɬɶ, ɦɚɥɵɣ ɜɟɫ ɢ ɝɚɛɚɪɢɬɧɵɟ ɪɚɡɦɟɪɵ, ɧɢɡɤɨɟ 

ɷɧɟɪɝɨɩɨɬɪɟɛɥɟɧɢɟ ɫɨɜɪɟɦɟɧɧɵɯ ɆɗɆɋ ɞɚɬɱɢɤɨɜ ɩɨɡɜɨɥɹɸɬ ɥɟɝɤɨ ɞɨɛɚɜɢɬɶ ɢɯ ɜ 

ɫɨɫɬɚɜ ɍɇȺɉ.  

2. ɆɗɆɋ ɩɥɨɯɨ ɩɨɞɯɨɞɹɬ ɞɥɹ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɩɨɡɢɰɢɨɧɢɪɨɜɚɧɢɹ, ɧɨ ɩɪɢ ɷɬɨɦ 

ɝɢɪɨɫɤɨɩɵ ɷɬɢɯ ɫɢɫɬɟɦ ɮɨɪɦɢɪɭɸɬ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɬɚɛɢɥɶɧɵɟ ɢ ɬɨɱɧɵɟ ɢɡɦɟɪɟɧɢɹ 

ɭɝɥɨɜɵɯ ɫɤɨɪɨɫɬɟɣ ɜɪɚɳɟɧɢɹ, ɜɨɫɬɪɟɛɨɜɚɧɧɵɯ ɩɪɢ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɢ ɫ ɍɇȺɉ. ȼ ɬɨ 

ɜɪɟɦɹ ɤɚɤ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɟ ɆɗɆɋ ɫ ɤɥɚɫɫɢɱɟɫɤɢɦɢ ɇȺɉ ɦɚɥɨɷɮɮɟɤɬɢɜɧɨ, ɩɪɢ 

ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɢ ɫ ɍɇȺɉ ɦɨɠɧɨ ɨɠɢɞɚɬɶ ɡɧɚɱɢɬɟɥɶɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ. 

Ⱦɥɹ ɞɨɫɬɢɠɟɧɢɹ ɩɨɫɬɚɜɥɟɧɧɨɣ ɰɟɥɢ ɜ ɪɚɛɨɬɟ ɪɟɲɚɟɬɫɹ ɪɹɞ ɡɚɞɚɱ: 

1. ɋ ɩɨɦɨɳɶɸ ɢɦɢɬɚɰɢɨɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɫɪɚɜɧɢɬɶ ɧɟɫɤɨɥɶɤɢɯ ɆɗɆɋ-

ɞɚɬɱɢɤɨɜ ɪɚɡɥɢɱɧɵɯ ɰɟɧɨɜɵɯ ɞɢɚɩɚɡɨɧɨɜ ɩɨ ɤɪɢɬɟɪɢɸ ɬɨɱɧɨɫɬɢ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ 

ɢɧɟɪɰɢɚɥɶɧɨɣ ɧɚɜɢɝɚɰɢɢ ɧɚ ɢɯ ɨɫɧɨɜɟ. ɉɪɢ ɷɬɨɦ ɪɟɲɚɟɬɫɹ ɪɹɞ ɨɛɪɚɡɨɜɚɬɟɥɶɧɵɯ 

ɩɨɞɡɚɞɚɱ: ɬɪɟɛɭɟɬɫɹ ɫɮɨɪɦɢɪɨɜɚɬɶ ɩɪɟɞɫɬɚɜɥɟɧɢɟ ɨ ɯɚɪɚɤɬɟɪɟ ɨɲɢɛɨɤ ɞɚɬɱɢɤɨɜ, 

ɧɚɭɱɢɬɶɫɹ ɢɯ ɦɨɞɟɥɢɪɨɜɚɬɶ; ɧɚɭɱɢɬɶɫɹ ɦɨɞɟɥɢɪɨɜɚɬɶ ɞɜɢɠɟɧɢɟ ɨɛɴɟɤɬɚ, ɜɤɥɸɱɚɹ 

ɜɪɚɳɚɬɟɥɶɧɨɟ; ɧɚɭɱɢɬɶɫɹ ɪɟɲɚɬɶ ɡɚɞɚɱɭ ɢɧɟɪɰɢɚɥɶɧɨɣ ɧɚɜɢɝɚɰɢɢ.   

2. ɉɨɥɭɱɢɬɶ ɜɵɛɨɪɤɭ ɢɡɦɟɪɟɧɢɣ ɝɢɪɨɫɤɨɩɨɜ ɢ ɚɤɫɟɥɟɪɨɦɟɬɪɨɜ ɧɟɩɨɞɜɢɠɧɨɝɨ 

ɆɗɆɋ-ɞɚɬɱɢɤɚ.  

3. ɉɪɨɜɟɫɬɢ ɚɧɚɥɢɡ ɩɨɥɭɱɟɧɧɵɯ ɪɟɚɥɢɡɚɰɢɣ ɢɡɦɟɪɟɧɢɣ ɢɧɟɪɰɢɚɥɶɧɵɯ 

ɞɚɬɱɢɤɨɜ. 

4. Ɋɚɡɪɚɛɨɬɚɬɶ ɢɦɢɬɚɰɢɨɧɧɭɸ ɦɨɞɟɥɶ ɋɋɊɎ ɫ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɟɦ ɢ ɛɟɡ 

ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɹ ɫ ɢɧɟɪɰɢɚɥɶɧɵɦɢ ɞɚɬɱɢɤɚɦɢ. ȼ ɤɚɱɟɫɬɜɟ ɨɲɢɛɨɤ ɢɧɟɪɰɢɚɥɶɧɵɯ 

ɞɚɬɱɢɤɨɜ ɢɫɩɨɥɶɡɨɜɚɬɶ ɜɵɛɨɪɤɢ ɩɪɨɰɟɫɫɨɜ, ɩɨɥɭɱɟɧɧɵɟ ɨɬ ɆɗɆɋ-ɞɚɬɱɢɤɚ ɧɚ 

ɩɪɟɞɵɞɭɳɢɯ ɷɬɚɩɚɯ. 
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5. ɇɚɣɬɢ ɨɩɬɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɲɭɦɨɜɨɣ ɩɨɥɨɫɵ ɋɋɊɎ ɩɪɢ ɪɚɡɥɢɱɧɨɣ 

ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜɪɚɳɚɬɟɥɶɧɵɯ ɞɜɢɠɟɧɢɣ ɧɨɫɢɬɟɥɹ ɤɚɤ ɜ ɫɥɭɱɚɟ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɹ 

ɍɇȺɉ ɫ ɢɧɟɪɰɢɚɥɶɧɵɦɢ ɞɚɬɱɢɤɚɦɢ, ɬɚɤ ɢ ɛɟɡ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɹ. ɉɨ ɨɬɧɨɲɟɧɢɸ 

ɨɩɬɢɦɚɥɶɧɵɯ ɲɭɦɨɜɵɯ ɩɨɥɨɫ ɪɚɫɫɱɢɬɚɬɶ ɢɡɦɟɧɟɧɢɟ ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɢ ɍɇȺɉ. 

ȼ ɤɚɱɟɫɬɜɟ ɨɫɧɨɜɧɨɝɨ ɦɟɬɨɞɚ ɞɥɹ ɪɟɲɟɧɢɹ ɩɨɫɬɚɜɥɟɧɧɵɯ ɡɚɞɚɱ ɜ ɪɚɛɨɬɟ 

ɢɫɩɨɥɶɡɭɟɬɫɹ ɦɟɬɨɞ ɢɦɢɬɚɰɢɨɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ.  
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1 ɈɐȿɇɂȼȺɇɂȿ ɆȿɋɌɈɉɈɅɈɀȿɇɂə ɈȻɔȿɄɌȺ ɉɈ ȾȺɇɇɕɆ 
ɂɇȿɊɐɂȺɅɖɇɕɏ ȾȺɌɑɂɄɈȼ 

 ɉɪɢɱɢɧɵ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɢɧɟɪɰɢɚɥɶɧɵɯ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɢɫɬɟɦ 

ȼ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɫɩɭɬɧɢɤɨɜɵɯ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɢɫɬɟɦ (ɋɊɇɋ) 

ɧɚ ɩɨɞɜɢɠɧɵɯ ɨɛɴɟɤɬɚɯ ɩɨɡɜɨɥɹɟɬ ɪɟɲɚɬɶ ɪɚɡɥɢɱɧɵɟ ɡɚɞɚɱɢ, ɬɚɤɢɟ ɤɚɤ ɧɚɜɢɝɚɰɢɹ, 

ɨɪɢɟɧɬɚɰɢɹ ɢ ɭɩɪɚɜɥɟɧɢɟ. ɇɨ ɛɵɜɚɸɬ ɫɢɬɭɚɰɢɢ, ɤɨɝɞɚ ɞɨɫɬɭɩ ɤ ɫɢɝɧɚɥɚɦ ɋɊɇɋ 

ɡɚɬɪɭɞɧɟɧ. Ɍɚɤɢɟ ɫɢɬɭɚɰɢɢ ɦɨɝɭɬ ɜɨɡɧɢɤɧɭɬɶ ɩɪɢ ɭɦɟɧɶɲɟɧɢɢ ɱɢɫɥɚ ɜɢɞɢɦɵɯ 

ɫɩɭɬɧɢɤɨɜ, ɜɨɡɞɟɣɫɬɜɢɢ ɩɨɦɟɯ ɢ ɬ.ɞ. 

ȼ ɨɬɥɢɱɢɟ ɨɬ ɋɊɇɋ ɢɧɟɪɰɢɚɥɶɧɵɟ ɧɚɜɢɝɚɰɢɨɧɧɵɟ ɫɢɫɬɟɦɵ (ɂɇɋ) ɦɨɝɭɬ 

ɪɚɛɨɬɚɬɶ ɜ ɚɜɬɨɧɨɦɧɨɦ ɪɟɠɢɦɟ. ɇɨ ɛɟɡ ɩɨɞɞɟɪɠɤɢ ɨɬ ɋɊɇɋ ɚɜɬɨɧɨɦɧɵɟ ɂɇɋ 

ɞɨɜɨɥɶɧɨ ɛɵɫɬɪɨ ɧɚɤɚɩɥɢɜɚɸɬ ɨɲɢɛɤɭ ɜ ɨɩɪɟɞɟɥɟɧɢɢ ɦɟɫɬɨɩɨɥɨɠɟɧɢɹ ɢ ɨɪɢɟɧɬɚɰɢɢ. 

ȼɟɥɢɱɢɧɚ ɨɲɢɛɤɢ ɡɚɜɢɫɢɬ ɨɬ ɦɧɨɝɢɯ ɮɚɤɬɨɪɨɜ ɢ ɛɭɞɟɬ ɨɬɥɢɱɚɬɶɫɹ ɞɥɹ ɪɚɡɥɢɱɧɵɯ 

ɦɨɞɟɥɟɣ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ. 

ɐɟɥɶɸ ɞɚɧɧɨɣ ɝɥɚɜɵ ɹɜɥɹɟɬɫɹ ɨɰɟɧɢɜɚɧɢɟ ɨɲɢɛɤɢ ɂɇɋ ɜ ɨɩɪɟɞɟɥɟɧɢɢ 

ɦɟɫɬɨɩɨɥɨɠɟɧɢɹ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ. Ⱦɥɹ ɞɨɫɬɢɠɟɧɢɹ ɷɬɨɣ ɰɟɥɢ ɧɟɨɛɯɨɞɢɦɨ: 

1) Ɉɩɪɟɞɟɥɢɬɶ ɫɩɨɫɨɛ ɡɚɞɚɧɢɹ ɦɟɫɬɨɩɨɥɨɠɟɧɢɹ ɢ ɨɪɢɟɧɬɚɰɢɢ ɨɛɴɟɤɬɚ ɢ 

ɢɡɭɱɢɬɶ ɫɩɨɫɨɛɵ ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɜɪɚɳɟɧɢɣ; 

2) Ɉɩɢɫɚɬɶ ɞɚɧɧɵɟ ɧɚ ɜɵɯɨɞɟ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ; 

3) Ɂɚɞɚɬɶ ɭɞɨɛɧɭɸ ɞɥɹ ɩɪɨɜɟɪɤɢ ɬɪɚɟɤɬɨɪɢɸ ɞɜɢɠɟɧɢɹ ɨɛɴɟɤɬɚ; 

4) ɋɨɡɞɚɬɶ ɧɚ ɹɡɵɤɟ Matlab ɦɚɬɟɦɚɬɢɱɟɫɤɭɸ ɦɨɞɟɥɶ (ɆɆ) ɂɇɋ ɢ ɩɪɨɜɟɬɢ ɫ 

ɷɬɨɣ ɦɨɞɟɥɶɸ ɪɹɞ ɨɩɵɬɨɜ. 

 Ɂɚɞɚɧɢɟ ɦɟɫɬɨɩɨɥɨɠɟɧɢɹ ɢ ɨɪɢɟɧɬɚɰɢɢ ɨɛɴɟɤɬɚ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ 

ɉɨɞ ɦɟɫɬɨɩɨɥɨɠɟɧɢɟɦ ɨɛɴɟɤɬɚ ɛɭɞɟɬ ɩɨɧɢɦɚɬɶɫɹ ɩɨɥɨɠɟɧɢɟ ɰɟɧɬɪɚ ɦɚɫɫ 

ɨɛɴɟɤɬɚ ɜ ɞɟɤɚɪɬɨɜɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ North-East-Down (NED). NED – ɷɬɨ 

ɥɨɤɚɥɶɧɚɹ ɫɢɫɬɟɦɚ ɤɨɨɪɞɢɧɚɬ (ɅɋɄ), ɧɚɱɚɥɨ ɨɬɫɱɟɬɚ ɤɨɬɨɪɨɣ ɪɚɫɩɨɥɨɠɟɧɨ ɧɚ 

ɩɨɜɟɪɯɧɨɫɬɢ Ɂɟɦɥɢ ɜ ɩɪɨɢɡɜɨɥɶɧɨ ɜɵɛɪɚɧɧɨɣ ɬɨɱɤɟ NED
O  ɬɚɤ, ɱɬɨ ɧɚɩɪɚɜɥɟɧɢɟ ɨɫɢ 

NED
O D  (Down) ɫɨɜɩɚɞɚɟɬ ɫ ɧɚɩɪɚɜɥɟɧɢɟɦ ɜɟɤɬɨɪɚ ɬɹɠɟɫɬɢ. Ɉɫɢ NED

O N  (North) ɢ 

NED
O E  (East) ɭɤɚɡɵɜɚɸɬ ɧɚɩɪɚɜɥɟɧɢɹ ɧɚ ɫɟɜɟɪ ɢ ɜɨɫɬɨɤ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 
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D

E

NNED
O

 

Ɋɢɫɭɧɨɤ 1.1 – ɅɋɄ NED 

Ɉɪɢɟɧɬɚɰɢɟɣ ɨɛɴɟɤɬɚ ɛɭɞɟɦ ɧɚɡɵɜɚɬɶ ɧɚɩɪɚɜɥɟɧɢɟ ɨɫɟɣ ɫɢɫɬɟɦɵ ɤɨɨɪɞɢɧɚɬ 

Roll-Pitch-Yaw (RPY), ɠɟɫɬɤɨ ɫɜɹɡɚɧɧɨɣ ɫ ɨɛɴɟɤɬɨɦ. Ɍɚɤɚɹ ɫɢɫɬɟɦɚ ɤɨɨɪɞɢɧɚɬ 

ɧɚɡɵɜɚɟɬɫɹ ɫɜɹɡɚɧɧɨɣ ɫɢɫɬɟɦɨɣ ɤɨɨɪɞɢɧɚɬ (ɋɋɄ). ȿɟ ɰɟɧɬɪ ɫɨɜɩɚɞɚɟɬ ɫ ɰɟɧɬɪɨɦ ɦɚɫɫ 

ɨɛɴɟɤɬɚ. Ɉɫɶ Roll ɫɨɜɩɚɞɚɟɬ ɫ ɩɪɨɞɨɥɶɧɨɣ ɨɫɶɸ ɨɛɴɟɤɬɚ, ɨɫɶ Pitch – ɫ ɩɨɩɟɪɟɱɧɨɣ ɨɫɶɸ 

ɨɛɴɟɤɬɚ, ɚ ɨɫɶ Yaw ɨɪɬɨɝɨɧɚɥɶɧɚ ɩɥɨɫɤɨɫɬɢ, ɨɛɪɚɡɭɟɦɨɣ ɨɫɹɦɢ Roll ɢ Pitch.  

Yaw

Pitch

RollRPY
O

 

Ɋɢɫɭɧɨɤ 1.2 – ɋɋɄ RPВ 

Ɉɪɢɟɧɬɚɰɢɹ ɨɛɴɟɤɬɚ ɡɚɞɚɟɬɫɹ ɫ ɩɨɦɨɳɶɸ ɭɝɥɨɜ ɗɣɥɟɪɚ ɋɋɄ: ɭɝɨɥ ɤɪɟɧɚ (roll), 

ɭɝɨɥ ɬɚɧɝɚɠɚ (pitch) ɢ ɭɝɨɥ ɪɵɫɤɚɧɢɹ(yaw). ɂɡɦɟɧɟɧɢɟ ɷɬɢɯ ɭɝɥɨɜ ɫɨɨɬɜɟɬɫɬɜɭɟɬ 

ɢɡɦɟɧɟɧɢɸ ɧɚɩɪɚɜɥɟɧɢɹ ɨɫɟɣ ɋɋɄ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɫɟɣ ɅɋɄ. ɍɜɟɥɢɱɟɧɢɟ ɭɝɥɚ ɤɪɟɧɚ 

ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɜɪɚɳɟɧɢɸ ɨɛɴɟɤɬɚ ɩɪɨɬɢɜ ɱɚɫɨɜɨɣ ɫɬɪɟɥɤɢ ɜɨɤɪɭɝ ɩɪɨɞɨɥɶɧɨɣ ɨɫɢ 

Roll. Ⱥɧɚɥɨɝɢɱɧɨ ɢɡɦɟɧɟɧɢɟ ɭɝɥɨɜ ɬɚɧɝɚɠɚ ɢ ɪɵɫɤɚɧɢɹ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɜɪɚɳɟɧɢɸ 

ɨɛɴɟɤɬɚ ɜɨɤɪɭɝ ɨɫɟɣ Pitch ɢ Yaw ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. ɇɚ ɪɢɫɭɧɤɟ 1.3 ɢɡɨɛɪɚɠɟɧɵ ɭɝɥɵ 

ɗɣɥɟɪɚ ɞɥɹ ɫɚɦɨɥɟɬɚ. 
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Ɋɢɫɭɧɨɤ 1.3 – ɇɚɝɥɹɞɧɚɹ ɞɟɦɨɧɫɬɪɚɰɢɹ ɭɝɥɨɜ ɗɣɥɟɪɚ 

 ɋɩɨɫɨɛɵ ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɜɪɚɳɟɧɢɣ ɢ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɤɨɨɪɞɢɧɚɬ 

ɋɭɳɟɫɬɜɭɸɬ ɪɚɡɥɢɱɧɵɟ ɫɩɨɫɨɛɵ ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɨɪɢɟɧɬɚɰɢɢ ɨɛɴɟɤɬɚ: 

1) Ɇɚɬɪɢɰɚ ɧɚɩɪɚɜɥɹɸɳɢɯ ɤɨɫɢɧɭɫɨɜ (ɦɚɬɪɢɰɚ ɩɨɜɨɪɨɬɚ); 

2) ɍɝɥɵ ɗɣɥɟɪɚ (ɗɣɥɟɪɚ-Ʉɪɵɥɨɜɚ); 

3) Ʉɜɚɬɟɪɧɢɨɧ ɜɪɚɳɟɧɢɹ; 

4) ȼɟɤɬɨɪ ɜɪɚɳɟɧɢɹ. 

ɇɚɢɛɨɥɟɟ ɭɞɨɛɧɵɦɢ ɢ ɧɚɝɥɹɞɧɵɦ ɫɩɨɫɨɛɨɦ ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɨɪɢɟɧɬɚɰɢɢ 

ɹɜɥɹɸɬɫɹ ɭɝɥɵ ɗɣɥɟɪɚ. Ⱦɥɹ ɡɚɞɚɧɢɹ ɨɪɢɟɧɬɚɰɢɢ ɧɟɨɛɯɨɞɢɦɨ ɢ ɨɞɧɨɡɧɚɱɧɨɟ 

ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ ɤɨɨɪɞɢɧɚɬ ɢɡ ɋɋɄ ɜ ɅɋɄ ɢ ɧɚɨɛɨɪɨɬ. 

ɉɨ ɭɝɥɚɦ RШХХ, PТЭМС, ВКа (R, P, В) ɦɨɠɧɨ ɧɚɣɬɢ ɦɚɬɪɢɰɭ ɩɨɜɨɪɨɬɚ ɨɫɟɣ ɋɋɄ ɤ 

ɨɫɹɦ ɅɋɄ: 

 
ɅСɄ
ССɄ

cy cp cr sy sr cy sp sr sy cr cy sp

U sy cp cr cy sr sy sp sr cy cr sy sp

sp sr cp cr cp

          
            
    

, (1.1) 

ɝɞɟ  cos , sin , cos , sin , cos , sincR R sr R cp P sp P cy Y sy Y      .  

Ɍɚɤɠɟ ɦɨɠɧɨ ɧɚɣɬɢ ɢ ɤɜɚɬɟɪɧɢɨɧ ɜɪɚɳɟɧɢɹ, ɩɪɟɨɛɪɚɡɭɸɳɢɣ ɤɨɨɪɞɢɧɚɬɵ ɢɡ 

ɅɋɄ ɜ ɋɋɄ: 
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 ɅСɄ
ССɄ

cR cP cY sR sP sY

sR cP cY cR sP sY

cR sP cY sR cP sY

cR cP sY sR sP cY

     
      
     
      

q , (1.2) 

ɝɞɟ cos , sin , cos , sin , cos , sin
2 2 2 2 2 2

R R P P Y Y
cR sR cP sP cY sY       . 

ȿɫɥɢ ɡɚɞɚɧɚ ɦɚɬɪɢɰɚ ɜɪɚɳɟɧɢɹ 

1,1 1,2 1,3

2,1 2,2 2,3

3,1 3,2 3,3

ɅСɄ
ССɄ

U U U

U U U

U U U

 
 

  
 
 

U , 

 ɬɨ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɭɝɥɵ ɤɪɟɧɚ, ɬɚɧɝɚɠɚ,  ɪɵɫɤɚɧɢɹ: 

 

 

   

 

3,2 3,3

2 2

1,1 2,1 3,1

2,1 1,1

atan 2 , ,

atan 2 , ,
2

Y atan 2 , ,

R U U

P U U U

U U





    
 



   (1.3) 

ɝɞɟ  atan2 ,y x  – ɮɭɧɤɰɢɹ ɜɵɱɢɫɥɟɧɢɹ ɩɨɥɧɨɝɨ ɭɝɥɚ ɚɪɤɬɚɧɝɟɧɫɚ. 

ȼ ɫɥɭɱɚɟ, ɟɫɥɢ ɡɚɞɚɧ ɤɜɚɬɟɪɧɢɨɧ  T

1 2 3 4 , 1ɅСɄ ɅСɄ
ССɄ ССɄq q q q q q , ɬɨ ɭɝɥɵ ɗɣɥɟɪɚ 

ɦɨɠɧɨ ɧɚɣɬɢ ɤɚɤ:  

 

     
  
     

2 2

1 2 3 4 2 3

1 3 2 4

2 2

1 4 2 3 3 4

atan 2 2 , 1 2 ,

arcsin 2 ,

atan 2 2 , 1 2 .

R q q q q q q

Y q q q q

Y q q q q q q

   

 

   

  (1.4) 

Ⱥ ɦɚɬɪɢɰɭ ɩɨɜɨɪɨɬɚ ɦɨɠɧɨ ɪɚɫɫɱɢɬɚɬɶ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 

 

   
   
   

2 2 2 2

1 2 3 4 2 3 1 4 1 3 2 4

2 2 2 2

2 3 1 4 1 2 3 4 3 4 1 2

2 2 2 2

2 4 1 3 1 2 3 4 1 2 3 4

2 2

2 2

2 2

ɅСɄ
ССɄ

q q q q q q q q q q q q

q q q q q q q q q q q q

q q q q q q q q q q q q

     
 
      
 
      

U  . (1.5) 
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ȿɫɥɢ ɠɟ ɡɚɞɚɧ ɜɟɤɬɨɪ ɩɨɜɨɪɨɬɚ ɨɫɟɣ ɅɋɄ ɤ ɨɫɹɦ ɋɋɄ  T

1 2 3

ɅСɄ
ССɄ   ρ , ɬɨ 

ɤɜɚɬɟɪɧɢɨɧ ɜɪɚɳɟɧɢɹ ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ: 

 

1

2

3

cos
2

sin
2

,

sin
2

sin
2

ɅСɄ
ССɄ

ɅСɄ
ССɄ

ɅСɄ
ССɄɅСɄ

ССɄ ɅСɄ
ССɄ

ɅСɄ
ССɄ

ɅСɄ
ССɄ

ɅСɄ
ССɄ







  
  

    
  

  
     
  
     

 
  
      

ρ

ρ
ρ

q
ρ

ρ

ρ
ρ

  (1.6) 

ɝɞɟ 2 2 2

1 2 3

ɅСɄ
ССɄ     ρ  – ɚɛɫɨɥɸɬɧɚɹ ɜɟɥɢɱɢɧɚ ɭɝɥɚ ɩɨɜɨɪɨɬɚ. 
ɇɚɢɛɨɥɟɟ ɲɢɪɨɤɨ ɞɥɹ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ ɤɨɨɪɞɢɧɚɬ ɢɫɩɨɥɶɡɭɸɬɫɹ ɤɜɚɬɟɪɧɢɨɧɵ. 

ɗɬɨ ɨɛɴɹɫɧɹɟɬɫɹ ɬɟɦ, ɱɬɨ ɤɜɚɬɟɪɧɢɨɧɵ ɜɪɚɳɟɧɢɹ ɥɢɲɟɧɵ ɧɟɞɨɫɬɚɬɤɨɜ ɞɪɭɝɢɯ 

ɦɟɬɨɞɨɜ[1],[2]. ɇɟɞɨɫɬɚɬɨɤ ɦɚɬɪɢɰɵ ɩɪɟɨɛɪɚɡɨɜɚɧɢɹ – ɛɨɥɶɲɟɟ ɱɢɫɥɨ ɩɚɪɚɦɟɬɪɨɜ, 

ɱɟɦ ɭ ɤɜɚɬɟɪɧɢɨɧɚ (ɞɟɜɹɬɶ ɩɪɨɬɢɜ ɱɟɬɵɪɟɯ). Ʉɜɚɬɟɪɧɢɨɧ ɜɪɚɳɟɧɢɹ ɧɟ ɩɨɞɜɟɪɠɟɧ 

ɬɚɤɨɦɭ ɹɜɥɟɧɢɸ ɤɚɤ «ɫɤɥɚɞɵɜɚɧɢɟ ɪɚɦɨɤ» (ɚɧɝɥ. «Gimbal lock»), ɜ ɨɬɥɢɱɢɟ ɨɬ ɭɝɥɨɜ 

ɗɣɥɟɪɚ. ɗɬɨ ɹɜɥɟɧɢɟ ɩɪɨɢɫɯɨɞɢɬ ɩɨ ɩɪɢɱɢɧɟ ɬɨɝɨ, ɱɬɨ ɭɝɥɵ ɗɣɥɟɪɚ ɩɨ ɫɜɨɟɣ ɩɪɢɪɨɞɟ 

ɪɚɡɪɵɜɧɵ: ɩɪɢ ɭɝɥɟ ɬɚɧɝɚɠɚ ɪɚɜɧɨɦ 90  ɩɪɨɢɫɯɨɞɢɬ ɫɤɚɱɨɤ ɡɧɚɱɟɧɢɣ ɭɝɥɨɜ ɤɪɟɧɚ ɢ 

ɪɵɫɤɚɧɢɹ ɧɚ 180 . əɜɥɟɧɢɟ «ɫɤɥɚɞɵɜɚɧɢɟ ɪɚɦɨɤ» ɢɡɨɛɪɚɠɟɧɨ ɧɚ ɪɢɫɭɧɤɟ 1.4. 
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Ɋɢɫɭɧɨɤ 1.4 – ɋɤɥɚɞɵɜɚɧɢɟ ɪɚɦɨɤ 

ɂ ɯɨɬɹ ɜɟɤɬɨɪ ɜɪɚɳɟɧɢɹ ɢɦɟɟɬ ɜɫɟɝɨ ɬɪɢ ɩɚɪɚɦɟɬɪɚ ɢ ɬɚɤɠɟ ɧɟ ɩɨɞɜɟɪɠɟɧ 

ɫɤɥɚɞɵɜɚɧɢɸ ɪɚɦɨɤ[2], ɧɨ ɪɟɡɭɥɶɬɚɬ ρ  ɫɟɪɢɢ ɜɪɚɳɟɧɢɣ 1 2 3, , , ,
n

ρ ρ ρ ρ   – ɷɬɨ 

ɫɥɨɠɧɚɹ ɮɭɧɤɰɢɹ ɨɬ 1 2 3, , , ,
n

ρ ρ ρ ρ . Ⱦɥɹ ɤɜɚɬɟɪɧɢɨɧɨɜ ɠɟ ɪɟɡɭɥɶɬɚɬ ɫɟɪɢɢ ɜɪɚɳɟɧɢɣ 

1 2 3, , , ,
n

ρ ρ ρ ρ  – ɷɬɨ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɟ ɩɟɪɟɦɧɨɠɟɧɢɟ ɤɜɚɬɟɪɧɢɨɧɨɜ, ɬ.ɟ. 

     1 1n n    q q ρ q ρ q ρ  , ɝɞɟ   – ɨɩɟɪɚɰɢɹ ɤɜɚɬɟɪɧɢɨɧɧɨɝɨ ɩɪɨɢɡɜɟɞɟɧɢɹ. 

 ȼɵɯɨɞɧɵɟ ɞɚɧɧɵɟ ɢɧɟɪɰɢɚɥɶɧɨɝɨ ɛɥɨɤɚ  

ɂɧɟɪɰɢɚɥɶɧɵɣ ɛɥɨɤ ɧɚ ɧɨɫɢɬɟɥɟ ɦɨɠɟɬ ɜɤɥɸɱɚɬɶ ɜ ɫɟɛɹ ɦɧɨɠɟɫɬɜɨ ɞɚɬɱɢɤɨɜ. 

ȼ ɧɚɱɚɥɶɧɨɦ ɩɪɢɛɥɢɠɟɧɢɢ ɢɦɟɟɬ ɫɦɵɫɥ ɨɝɪɚɧɢɱɢɬɶɫɹ ɦɨɞɟɥɢɪɨɜɚɧɢɟɦ ɢɡɦɟɪɟɧɢɣ 

ɚɤɫɟɥɟɪɨɦɟɬɪɨɜ ɢ ɝɨɪɨɫɤɨɩɨɜ. 

Ⱦɚɧɧɵɟ ɨɬ ɞɚɬɱɢɤɨɜ ɩɨɫɬɭɩɚɸɬ ɫ ɨɩɪɟɞɟɥɟɧɧɵɦ ɩɟɪɢɨɞɨɦ – ɩɟɪɢɨɞɨɦ ɜɵɞɚɱɢ 

ɞɚɧɧɵɯ, ɩɪɟɞɟɥɵ ɜɵɛɨɪɚ ɤɨɬɨɪɨɝɨ ɭɤɚɡɚɧɵ ɜ ɞɨɤɭɦɟɧɬɚɰɢɢ ɤ ɢɧɟɪɰɢɚɥɶɧɨɦɭ ɛɥɨɤɭ. 

ȼɵɯɨɞɵ ɚɤɫɟɥɟɪɨɦɟɬɪɨɜ ɜ ɫɨɛɫɬɜɟɧɧɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ ɨɛɴɟɤɬɚ (ɋɋɄ) ɦɨɝɭɬ 

ɛɵɬɶ ɨɩɢɫɚɧɵ ɤɚɤ[3]: 

  , , , , ,rpy k a k rpy k a k a k
   a I m A b n , (1.7) 

ɝɞɟ k  – ɧɨɦɟɪ ɨɬɫɱɟɬɚ, ,rpy k
A  – ɜɟɤɬɨɪ ɢɫɬɢɧɧɵɯ ɭɫɤɨɪɟɧɢɣ ɜ ɋɋɄ, ,a k

m  – ɦɚɬɪɢɰɚ 
ɩɟɪɟɤɨɫɚ ɨɫɟɣ ɢ ɩɨɝɪɟɲɧɨɫɬɟɣ ɦɚɫɲɬɚɛɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ, ,a k

b  – ɜɟɤɬɨɪ ɫɦɟɳɟɧɢɹ 
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ɧɭɥɟɣ ɚɤɫɟɥɟɪɨɦɟɬɪɨɜ, ,a k
n  – ɜɟɤɬɨɪ ɧɟɡɚɜɢɫɢɦɵɯ ɛɟɥɵɯ ɝɚɭɫɫɨɜɫɤɢɯ ɲɭɦɨɜ ɫ ɋɄɈ 

a
 , I  – ɞɢɚɝɨɧɚɥɶɧɚɹ ɟɞɢɧɢɱɧɚɹ ɦɚɬɪɢɰɚ3 3 . 

Ɇɚɬɪɢɰɚ 
a

m  ɜ ɨɛɳɟɦ ɫɥɭɱɚɟ ɢɦɟɟɬ ɜɢɞ: 

 

11 12 13

21 22 23

31 32 33

a a a

a a a a

a a a

m m m

m m m

m m m

 
   
 
 

m   (1.8) 

Ⱦɥɹ ɭɫɬɪɚɧɟɧɢɹ ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɢ ɨɩɪɟɞɟɥɟɧɢɹ ɭɝɥɨɜɨɣ ɨɪɢɟɧɬɚɰɢɢ 

ɧɟɨɛɯɨɞɢɦɨ, ɱɬɨɛɵ ɤɚɤ ɦɢɧɢɦɭɦ ɨɞɧɚ ɢɡ ɨɫɟɣ ɚɤɫɟɥɟɪɨɦɟɬɪɨɜ ɜ ɬɨɱɧɨɫɬɢ ɫɨɜɩɚɞɚɥɚ 

ɫ ɨɫɶɸ ɋɋɄ[3]. ȿɫɥɢ ɷɬɨ ɛɭɞɟɬ ɨɫɶ «ɪɵɫɤɚɧɢɹ», ɬɨ ɦɚɬɪɢɰɚ 
a

m  ɛɭɞɟɬ ɢɦɟɬɶ ɜɢɞ: 

 

11

21 22 23

31 32 33

0 0
a

a a a a

a a a

m

m m m

m m m

 
   
 
 

m   (1.9) 

ɉɪɢ ɷɮɮɟɤɬɢɜɧɨɣ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɤɨɦɩɟɧɫɚɰɢɢ, ɩɚɪɚɦɟɬɪɵ ,a k
m  ɢ ,a k

b  ɦɨɝɭɬ 

ɛɵɬɶ ɩɪɢɧɹɬɵ ɩɨɫɬɨɹɧɧɵɦɢ. Ɉɞɧɚɤɨ ɧɟɛɨɥɶɲɨɣ ɭɯɨɞ ɷɬɢɯ ɩɚɪɚɦɟɬɪɨɜ ɜɩɨɥɧɟ 

ɜɨɡɦɨɠɟɧ. Ⱦɥɹ ɭɱɟɬɚ ɷɬɨɝɨ ɷɮɮɟɤɬɚ ɛɭɞɟɦ ɫɱɢɬɚɬɶ ɷɬɢ ɩɪɨɰɟɫɫɵ ɜɢɧɟɪɨɜɫɤɢɦɢ: 

 
, , 1 ,

, , 1 ,

,

,

a k a k ba ba k

a k a k ma ma k








  

  

b b n

m m n
  (1.10) 

ɝɞɟ ,ba k
n  ɢ ,ma k

n  – ɦɚɬɪɢɰɵ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɪɚɡɦɟɪɨɜ ɫ ɝɚɭɫɫɨɜɫɤɢɦɢ ɲɭɦɚɦɢ ɫ 

ɧɭɥɟɜɵɦɢ ɦɚɬɟɦɚɬɢɱɟɫɤɢɦɢ ɨɠɢɞɚɧɢɹɦɢ ɢ ɟɞɢɧɢɱɧɵɦɢ ɋɄɈ. 

Ⱥɧɚɥɨɝɢɱɧɨ ɨɩɢɫɵɜɚɸɬɫɹ ɢ ɜɵɯɨɞɵ ɝɢɪɨɫɤɨɩɢɱɟɫɤɢɯ ɞɚɬɱɢɤɨɜ ɜ ɋɋɄ: 

  , , , , ,rpy k g k rpy k g k g k
   ω I m ȍ b n   (1.11) 

ɝɞɟ k  – ɧɨɦɟɪ ɨɬɫɱɟɬɚ, ,rpy k
ȍ  – ɜɟɤɬɨɪ ɢɫɬɢɧɧɵɯ ɭɝɥɨɜɵɯ ɫɤɨɪɨɫɬɟɣ ɜ ɋɋɄ, ,g k

m  – 

ɦɚɬɪɢɰɚ ɩɟɪɟɤɨɫɚ ɨɫɟɣ ɢ ɩɨɝɪɟɲɧɨɫɬɟɣ ɦɚɫɲɬɚɛɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ, ,g k
b  – ɜɟɤɬɨɪ 

ɫɦɟɳɟɧɢɹ ɧɭɥɟɣ ɝɢɪɨɫɤɨɩɨɜ, ,g k
n  – ɜɟɤɬɨɪ ɧɟɡɚɜɢɫɢɦɵɯ ɛɟɥɵɯ ɝɚɭɫɫɨɜɫɤɢɯ ɲɭɦɨɜ ɫ 

ɋɄɈ g
 , I  – ɞɢɚɝɨɧɚɥɶɧɚɹ ɟɞɢɧɢɱɧɚɹ ɦɚɬɪɢɰɚ3 3 . 
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Ʉɚɤ ɢ ɞɥɹ ɚɤɫɟɥɟɪɨɦɟɬɪɨɜ, ɞɥɹ ɝɢɪɨɫɤɨɩɨɜ ɦɚɬɪɢɰɚ ,g k
m  ɞɥɹ ɭɫɬɪɚɧɟɧɢɹ 

ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɢ ɜ ɨɩɪɟɞɟɥɟɧɢɢ ɭɝɥɨɜɨɣ ɨɪɢɟɧɬɚɰɢɢ ɩɪɢɦɟɬ ɜɢɞ: 

 

11

21 22 23

31 32 33

0 0
g

g g g g

g g g

m

m m m

m m m

 
   
 
 

m  , (1.12) 

ɚ ɩɚɪɚɦɟɬɪɵ ,g k
m  ɢ ,g k

b  ɛɭɞɟɦ ɫɱɢɬɚɬɶ ɜɢɧɟɪɨɜɫɤɢɦɢ ɩɪɨɰɟɫɫɚɦɢ: 

 
, , 1 ,

, , 1 ,

,

,

g k g k bg bg k

g k g k mg mg k








  

  

b b n

m m n
  (1.13) 

ɝɞɟ ,bg k
n  ɢ ,mg k

n  – ɦɚɬɪɢɰɵ ɫɨɨɬɜɟɬɜɟɬɫɬɜɭɸɳɢɯ ɪɚɡɦɟɪɨɜ ɫ ɝɚɭɫɫɨɜɫɤɢɦɢ ɲɭɦɚɦɢ ɫ 

ɧɭɥɟɜɵɦɢ ɦɚɬɟɦɚɬɢɱɟɫɤɢɦɢ ɨɠɢɞɚɧɢɹɦɢ ɢ ɟɞɢɧɢɱɧɵɦɢ ɋɄɈ. 

 Ɍɪɚɟɤɬɨɪɢɹ ɞɜɢɠɟɧɢɹ ɨɛɴɟɤɬɚ 

Ɍɪɚɟɤɬɨɪɢɹ ɞɜɢɠɟɧɢɹ ɨɛɴɟɤɬɚ (ɧɨɫɢɬɟɥɹ) ɞɨɥɠɧɚ ɛɵɬɶ ɬɚɤɨɣ, ɱɬɨɛɵ ɜ ɥɸɛɨɣ 

ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ ɛɵɥɨ ɥɟɝɤɨ ɧɚɣɬɢ ɜɬɨɪɭɸ ɩɪɨɢɡɜɨɞɧɭɸ ɨɬ ɤɨɨɪɞɢɧɚɬ, ɬ.ɟ. ɢɫɬɢɧɧɨɟ 

ɭɫɤɨɪɟɧɢɟ. ɉɨɷɬɨɦɭ ɛɵɥɚ ɜɵɛɪɚɧɚ ɜɢɧɬɨɜɚɹ ɬɪɚɟɤɬɨɪɢɹ. Ⱦɜɢɠɟɧɢɟ ɧɨɫɢɬɟɥɹ 

ɩɪɨɢɫɯɨɞɢɬ ɪɚɜɧɨɦɟɪɧɨ ɩɨ ɨɫɢ DШаЧ ɫɨ ɫɤɨɪɨɫɬɶɸ d
V , ɢ ɩɨ ɡɚɤɨɧɚɦ  R cos ɨɛt  ɢ 

 R sin ɨɛt  ɞɥɹ ɨɫɟɣ NШrЭС ɢ EКsЭ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɝɞɟ R – ɪɚɞɢɭɫ ɨɤɪɭɠɧɨɫɬɢ, ɨɛ  – 

ɱɚɫɬɨɬɚ ɨɛɨɪɨɬɨɜ. Ɍ.ɟ. ɬɪɚɟɤɬɨɪɢɸ ɨɛɴɟɤɬɚ ɦɨɠɧɨ ɨɩɢɫɚɬɶ ɫɢɫɬɟɦɨɣ ɭɪɚɜɧɟɧɢɣ: 

 

 
 

north R cos

east R sin

down

ɨɛ

ɨɛ

d

t

t

V t




  
  
 

  (1.14) 

Ⱦɥɹ ɬɚɤɨɣ ɬɪɚɟɤɬɨɪɢɢ ɫɤɨɪɨɫɬɶ d
V  ɧɨɫɢɬɟɥɹ ɦɨɠɧɨ ɧɚɣɬɢ ɩɨ ɮɨɪɦɭɥɟ: 

  
.

2
d

ɨɛɨɪ

RV tg P
T

  , (1.15) 

ɝɞɟ .ɨɛɨɪT  – ɜɪɟɦɹ ɨɛɨɪɨɬɚ, P  – ɭɝɨɥ ɬɚɧɝɚɠɚ. 

ɉɪɨɣɞɟɧɧɵɣ ɨɛɴɟɤɬɨɦ ɩɭɬɶ ɧɚɣɞɟɦ ɤɚɤ: 
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  22 2L N h   , (1.16) 

ɝɞɟ N  – ɤɨɥɢɱɟɫɬɜɨ ɨɛɨɪɨɬɨɜ, ɪɚɜɧɨɟ .

.

ɦɨɞ

ɨɛɨɪ

T
N

T
 ; h  – ɜɟɥɢɱɢɧɚ ɢɡɦɟɧɟɧɢɹ 

ɤɨɨɪɞɢɧɚɬɵ ɩɨ ɨɫɢ Down, ɪɚɜɧɚɹ .d ɦɨɞh V T  , .ɦɨɞT  – ɜɪɟɦɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ. 

Ɍɨɝɞɚ ɫɤɨɪɨɫɬɶ ɧɨɫɢɬɟɥɹ ɪɚɜɧɚ: 

 
.ɦɨɞ

LV
T

   (1.17) 

ɉɪɢɦɟɪ ɬɚɤɨɣ ɬɪɚɟɤɬɨɪɢɢ ɫ ɩɚɪɚɦɟɬɪɚɦɢ . 60 cɦɨɞT  , .
. 20 c

3
ɦɨɞ

ɨɛɨɪ
T

T   , 

500 ɦR  , 10P    ɢɡɨɛɪɚɠɟɧ ɧɚ ɪɢɫɭɧɤɟ 1.5. 

 

Ɋɢɫɭɧɨɤ 1.5 – ɉɪɢɦɟɪ ɬɪɚɟɤɬɨɪɢɢ 
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 ɋɨɡɞɚɧɢɟ ɆɆ ɂɇɋ 

ɇɟɨɛɯɨɞɢɦɨ ɫɨɡɞɚɬɶ ɬɚɤɭɸ ɆɆ ɂɇɋ, ɤɨɬɨɪɚɹ ɩɨɡɜɨɥɹɥɚ ɛɵ ɩɨɥɭɱɚɬɶ ɧɚ 

ɜɵɯɨɞɟ ɞɚɧɧɵɟ ɨɛ ɨɪɢɟɧɬɚɰɢɢ ɧɨɫɢɬɟɥɹ, ɤɨɨɪɞɢɧɚɬɵ ɢ ɜɟɤɬɨɪ ɫɤɨɪɨɫɬɢ ɧɨɫɢɬɟɥɹ ɜ 

ɥɸɛɨɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ ɜ ɅɋɄ. 

ɇɚ ɜɯɨɞ ɆɆ ɦɨɞɟɥɢ ɞɨɥɠɧɵ ɩɨɫɬɭɩɚɬɶ ɫɢɝɧɚɥɵ ɫ ɦɨɞɟɥɢ ɢɧɟɪɰɢɚɥɶɧɨɝɨ ɛɥɨɤɚ 

ɢ ɫɜɟɞɟɧɢɹ ɨ ɟɝɨ ɨɪɢɟɧɬɚɰɢɢ. 

Ȼɭɞɟɦ ɫɱɢɬɚɬɶ, ɱɬɨ ɜɟɤɬɨɪ ɬɹɠɟɫɬɢ ɢɡɜɟɫɬɟɧ ɜ ɤɚɠɞɵɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ, ɚ 

ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɩɪɨɢɡɜɨɞɢɬɫɹ ɩɪɢ ɧɚɥɢɱɢɢ ɨɰɟɧɨɤ ɩɟɪɜɨɧɚɱɚɥɶɧɨɣ ɨɲɢɛɤɢ 

ɩɨɥɨɠɟɧɢɹ, ɫɦɟɳɟɧɢɹ ɢ ɩɟɪɟɤɨɫɚ ɨɫɟɣ. Ɍɚɤɢɟ ɧɚɱɚɥɶɧɵɟ ɭɫɥɨɜɢɹ ɨɛɭɫɥɨɜɥɟɧɵ ɬɟɦ, 

ɱɬɨ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫɹ ɪɚɛɨɬɚ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɵ ɩɨɬɪɟɛɢɬɟɥɹ (ɇȺɉ) ɫɪɚɡɭ 

ɩɨɫɥɟ ɨɬɤɥɸɱɟɧɢɹ ɫɢɝɧɚɥɨɜ ɋɊɇɋ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɡɚɞɚɱɭ ɫɨɡɞɚɧɢɹ ɆɆ ɂɇɋ ɦɨɠɧɨ ɪɚɡɛɢɬɶ ɧɚ 3 ɩɨɞɡɚɞɚɱɢ: 

1) Ɏɨɪɦɢɪɨɜɚɧɢɟ ɬɪɚɟɤɬɨɪɢɢ ɢ ɢɫɬɢɧɧɵɯ ɡɧɚɱɟɧɢɣ ɭɫɤɨɪɟɧɢɣ ɢ ɭɝɥɨɜɵɯ 

ɫɤɨɪɨɫɬɟɣ; 

2) Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɩɨɤɚɡɚɧɢɣ ɞɚɬɱɢɤɨɜ; 

3) Ɋɟɚɥɢɡɚɰɢɹ ɚɥɝɨɪɢɬɦɚ ɛɟɫɩɥɚɬɮɨɪɦɟɧɧɨɣ ɂɇɋ (Ȼɂɇɋ). 

Ɏɨɪɦɢɪɨɜɚɧɢɟ ɬɪɚɟɤɬɨɪɢɢ ɩɪɨɢɫɯɨɞɢɬ ɫɨɝɥɚɫɧɨ ɫɢɫɬɟɦɟ ɭɪɚɜɧɟɧɢɣ (1.14). 

ɉɨɷɬɨɦɭ ɢɫɬɢɧɧɵɟ ɡɧɚɱɟɧɢɹ ɭɫɤɨɪɟɧɢɣ ɧɚɯɨɞɹɬɫɹ ɤɚɤ ɜɬɨɪɚɹ ɩɪɨɢɡɜɨɞɧɚɹ ɨɬ 

ɬɪɚɟɤɬɨɪɢɢ: 

 

 
 

2

2

R cos

R sin

0

north ɨɛ ɨɛ

east ɨɛ ɨɛ

down

a t

a t

a

 
 

    
    
 

  (1.18) 

ɉɨɫɤɨɥɶɤɭ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɩɪɨɢɫɯɨɞɢɬ ɜ ɞɢɫɤɪɟɬɧɵɟ ɦɨɦɟɧɬɵ ɜɪɟɦɟɧɢ, ɬɨ 

ɭɫɤɨɪɟɧɢɹ ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɜɢɞɟ: 

 

 
 

2

2

,

R cos

R sin

0

ɨɛ ɨɛ k

ned k ɨɛ ɨɛ k

t

t

 

 

   
 
    
 
 
 

A   (1.19) 

ȼɟɤɬɨɪ ɭɝɥɨɜɵɯ ɫɤɨɪɨɫɬɟɣ ɩɪɟɞɫɬɚɜɢɦ ɜ ɜɢɞɟ: 
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,

, ,

,

r k

rpy k p k

y k

 
 

  
  

ȍ   (1.20) 

Ɏɨɪɦɢɪɨɜɚɧɢɟ ɜɵɯɨɞɧɵɯ ɞɚɧɧɵɯ ɆɆ ɢɧɟɪɰɢɚɥɶɧɨɝɨ ɢɡɦɟɪɢɬɟɥɶɧɨɝɨ ɛɥɨɤɚ 

(ɂɂȻ) ɩɪɨɢɫɯɨɞɢɬ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: ɧɚ ɜɯɨɞ ɆɆ ɂɂȻ ɩɨɫɬɭɩɚɸɬ ɢɫɬɢɧɧɵɟ 

ɡɧɚɱɟɧɢɹ ɭɫɤɨɪɟɧɢɹ ɜ ɅɋɄ ɢ ɢɫɬɢɧɧɵɟ ɡɧɚɱɟɧɢɹ ɭɝɥɨɜɵɯ ɫɤɨɪɨɫɬɟɣ ɜ ɋɋɄ.  

ɂɫɬɢɧɧɵɟ ɡɧɚɱɟɧɢɹ ɭɫɤɨɪɟɧɢɹ ɜ ɅɋɄ ɩɟɪɟɫɱɢɬɵɜɚɸɬɫɹ ɜ ɭɫɤɨɪɟɧɢɹ ɋɋɄ ɩɨ 

ɮɨɪɦɭɥɟ: 

 , ,rpy k ned k

  a q A q , (1.21) 

ɝɞɟ q  – ɤɜɚɬɟɪɧɢɨɧ ɜɪɚɳɟɧɢɹ, ɪɚɫɫɱɢɬɚɧɧɵɣ ɞɥɹ ɭɝɥɨɜ ɤɪɟɧɚ, ɬɚɧɝɚɠɚ ɢ ɪɵɫɤɚɧɢɹ ɧɚ 

k-ɨɦ ɲɚɝɟ, q  – ɫɨɩɪɹɠɟɧɧɵɣ ɟɦɭ ɤɜɚɬɟɪɧɢɨɧ. 

Ⱦɚɥɟɟ ɡɧɚɱɟɧɢɹ ɭɫɤɨɪɟɧɢɣ ɩɪɟɨɛɪɚɡɭɸɬɫɹ ɫɨɝɥɚɫɧɨ ɮɨɪɦɭɥɟ (1.7), ɚ ɡɧɚɱɟɧɢɹ 

ɭɝɥɨɜɵɯ ɫɤɨɪɨɫɬɟɣ – ɫɨɝɥɚɫɧɨ ɮɨɪɦɭɥɟ (1.11).  

ɇɚ ɪɢɫɭɧɤɟ 1.6 ɢɡɨɛɪɚɠɟɧɚ ɫɯɟɦɚ ɪɚɛɨɬɵ ɆɆ ɂɂȻ. 

ɆɆ ɂɂȻ
, ,,

ned k rpy k
A ȍ

, ,rpy k ned k

  A q A q

 , , , , ,rpy k a k rpy k a k a k
   a I m A b n

 , , , , ,rpy k g k rpy k g k g k
   ω I m ȍ b n

,rpy k
a

,rpy k
ω

 

Ɋɢɫɭɧɨɤ 1.6 – ɋɯɟɦɚ ɪɚɛɨɬɵ ɆɆ ɂɂȻ 

ɋ ɜɵɯɨɞɚ ɂɂȻ ɞɚɧɧɵɟ ɨɛ ɭɫɤɨɪɟɧɢɢ ɢ ɭɝɥɨɜɨɣ ɫɤɨɪɨɫɬɢ ɩɨɩɚɞɚɸɬ ɧɚ ɜɯɨɞ 

Ȼɂɇɋ. ɇɚ ɜɵɯɨɞɟ Ȼɂɇɋ ɞɚɟɬ ɜɟɤɬɨɪɚ ɬɟɤɭɳɢɯ ɤɨɨɪɞɢɧɚɬ ɢ ɨɪɢɟɧɬɚɰɢɢ. 

ɋɧɚɱɚɥɚ Ȼɂɇɋ ɩɟɪɟɫɱɢɬɵɜɚɟɬ ɡɧɚɱɟɧɢɹ ɭɫɤɨɪɟɧɢɣ ɢɡ ɋɋɄ ɜ ɅɋɄ: 

 , ,ned k rpy k

  a q a q , (1.22) 
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ɚ ɡɚɬɟɦ ɪɚɫɫɱɢɬɵɜɚɟɬ ɜɟɤɬɨɪ ɫɤɨɪɨɫɬɢ 
,ned k

v  ɜ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ k: 

 , , 1 ,ned k ned k ned k
dtv v a   (1.23) 

ɝɞɟ dt  – ɲɚɝ ɜɵɞɚɱɢ ɞɚɧɧɵɯ. ɉɨ ɜɟɤɬɨɪɭ ɫɤɨɪɨɫɬɢ ɜɨɫɫɬɚɧɚɜɥɢɜɚɟɬɫɹ ɬɪɚɟɤɬɨɪɢɹ: 

 , , 1 ,ned k ned k ned k
dts s v   (1.24) 

ɝɞɟ ,ned k
s  – ɜɨɫɫɬɚɧɨɜɥɟɧɧɵɣ ɜɟɤɬɨɪ ɤɨɨɪɞɢɧɚɬ ɧɚ k-ɨɦ ɲɚɝɟ. 

ɉɨɫɥɟ ɷɬɨɝɨ ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɬɟɤɭɳɚɹ ɨɪɢɟɧɬɚɰɢɹ ɨɛɴɟɤɬɚ: 

 1 ,2 ( )
k rpy k

k

r

p q rpy dt

y



 
     
 
 

q ω ,  (1.25) 

ɝɞɟ  T

k
r p y  – ɜɟɤɬɨɪ ɭɝɥɨɜ ɤɪɟɧɚ, ɬɚɧɝɚɠɚ ɢ ɪɵɫɤɚɧɢɹ ɜ k-ɵɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ, ɚ 

2 ( )q rpy q  – ɮɭɧɤɰɢɹ, ɪɟɚɥɢɡɭɸɳɚɹ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ (1.4). 

ɇɚ ɪɢɫɭɧɤɟ 1.7 – ɋɯɟɦɚ Ȼɂɇɋ ɢɡɨɛɪɚɠɟɧɚ ɫɯɟɦɚ, ɪɟɚɥɢɡɭɸɳɚɹ ɚɥɝɨɪɢɬɦ 

Ȼɂɇɋ. 

Ȼɂɇɋ
,rpy k

a

,rpy k
ω

 T

k
r p y

,ned k
v

,ned k
s

, ,ned k rpy k

  a q a q

, , 1 ,ned k ned k ned k
dtv v a

, , 1 ,ned k ned k ned k
dts s v

1 ,2 ( )
k rpy k

k

r

p q rpy dt

y



 
     
 
 

q ω

 

Ɋɢɫɭɧɨɤ 1.7 – ɋɯɟɦɚ Ȼɂɇɋ 
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 ɍɫɥɨɜɢɹ ɢ ɪɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ  

Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɩɪɨɜɨɞɢɥɨɫɶ ɩɪɢ ɫɥɟɞɭɸɳɢɯ ɩɚɪɚɦɟɬɪɚɯ: ɪɚɞɢɭɫ ɬɪɚɟɤɬɨɪɢɢ 

500 ɦR  ; ɜɪɟɦɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ . 60 cɦɨɞT  ; ɜɪɟɦɹ ɨɞɧɨɝɨ ɨɛɨɪɨɬɚ . 30 cɨɛɨɪT  ; ɭɝɨɥ 

ɬɚɧɝɚɠɚ 10P   .  

ɇɨɫɢɬɟɥɶ ɜɪɚɳɚɟɬɫɹ ɜɨɤɪɭɝ ɩɪɨɞɨɥɶɧɨɣ ɨɫɢ ɫɨ ɫɤɨɪɨɫɬɶɸ 10 ɝɪɚɞɭɫɨɜ ɜ 

ɫɟɤɭɧɞɭ. 

ɉɨ ɮɨɪɦɭɥɟ (1.15) ɨɩɪɟɞɟɥɹɟɦ ɫɤɨɪɨɫɬɶ ɞɜɢɠɟɧɢɹ ɜɞɨɥɶ ɨɫɢ Down 

18,45 66.42
d

ɦ ɤɦV ɫ ɱ . Ɍɨɝɞɚ . 1107 ɦ
d ɦɨɞh V T . ɉɨɞɫɬɚɜɢɜ (1.16) ɜ (1.17) 

ɧɚɯɨɞɢɦ ɫɤɨɪɨɫɬɶ ɨɛɴɟɤɬɚ 
22

.

2 2
400

ɦɨɞ

h R ɤɦV ɱT
. 

Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɩɪɨɜɨɞɢɥɨɫɶ ɞɥɹ ɩɹɬɢ ɦɨɞɟɥɟɣ ɢɧɟɪɰɢɚɥɶɧɵɯ ɛɥɨɤɨɜ: 

ADIS16405, MPU9250, MPU 6050, Pololu MinIMU-9, BOSCH BMБ055. ȼɨ ɜɫɟɯ 

ɫɥɭɱɚɹɯ ɩɟɪɢɨɞ ɜɵɞɚɱɢ ɞɚɧɧɵɯ ɫɨɫɬɚɜɥɹɟɬ 5 ɦɫ. 

ɋɄɈ ɛɟɥɵɯ ɝɚɭɫɫɨɜɫɤɢɯ ɲɭɦɨɜ ɪɚɫɫɱɢɬɵɜɚɸɬɫɹ ɢɫɯɨɞɹ ɢɡ ɞɨɤɭɦɟɧɬɚɰɢɢ 

ɛɥɨɤɨɜ ɞɥɹ ɩɨɥɨɫɵ 40 Ƚɰ. 

ȼɟɥɢɱɢɧɭ ɩɟɪɟɤɨɫɚ ɨɫɟɣ ɢ ɫɞɜɢɝɚ ɧɭɥɟɣ ɬɚɤɠɟ ɛɟɪɟɦ ɢɡ ɞɨɤɭɦɟɧɬɚɰɢɢ. 

Ɍɚɤ ɤɚɤ ɜɟɥɢɱɢɧɚ ɨɬɤɥɨɧɟɧɢɹ ɨɬ ɢɞɟɚɥɶɧɨɣ ɬɪɚɟɤɬɨɪɢɢ – ɜɟɥɢɱɢɧɚ ɫɥɭɱɚɣɧɚɹ, 

ɬɨ ɫɪɚɜɧɟɧɢɟ ɦɨɞɟɥɟɣ ɛɥɨɤɨɜ ɧɭɠɧɨ ɩɪɨɜɨɞɢɬɶ ɩɨ ɪɟɡɭɥɶɬɚɬɚɦ ɛɨɥɶɲɨɝɨ ɤɨɥɢɱɟɫɬɜɚ 

ɨɩɵɬɨɜ. ȼɟɥɢɱɢɧɨɣ, ɩɨ ɤɨɬɨɪɨɣ ɛɭɞɟɬ ɩɪɨɢɡɜɟɞɟɧɨ ɫɪɚɜɧɟɧɢɟ, ɹɜɥɹɟɬɫɹ 

ɫɪɟɞɧɟɤɜɚɞɪɚɬɢɱɟɫɤɚɹ ɨɲɢɛɤɚ (ɋɄɈɲ) RMSE , ɪɚɫɫɱɢɬɵɜɚɟɦɚɹ ɮɨɪɦɭɥɟ: 

  2

1

1 N

i иɞ
i

RMSE
N 

   r r ,  (1.26) 

ɝɞɟ N  – ɤɨɥɢɱɟɫɬɜɨ ɷɤɫɩɟɪɢɦɟɧɬɨɜ, i
r  – ɪɚɞɢɭɫ-ɜɟɤɬɨɪ ɜ ɤɨɧɰɟ i-ɝɨ ɨɩɵɬɚ, иɞr  – 

ɪɚɞɢɭɫ-ɜɟɤɬɨɪ ɢɞɟɚɥɶɧɨɣ ɬɪɚɟɤɬɨɪɢɢ. 

ɇɟ ɞɥɹ ɜɫɟɯ ɞɚɬɱɢɤɨɜ ɜ ɬɟɯɧɢɱɟɫɤɨɣ ɞɨɤɭɦɟɧɬɚɰɢɢ ɩɪɢɜɟɞɟɧɵ ɜɫɟ ɧɟɨɛɯɨɞɢɦɵɟ 

ɫɜɟɞɟɧɢɹ. ɇɨ ɩɪɨɜɟɫɬɢ ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɛɟɡ ɡɧɚɧɢɹ ɡɧɚɱɟɧɢɣ ɨɩɪɟɞɟɥɟɧɧɵɯ 

ɩɚɪɚɦɟɬɪɨɜ ɧɟɜɨɡɦɨɠɧɨ. ɉɨɷɬɨɦɭ ɜ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɛɵɥɨ ɫɞɟɥɚɧɨ ɞɨɩɭɳɟɧɢɟ: 
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ɧɭɠɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɛɵɥɢ ɜɡɹɬɵ ɯɭɠɟ, ɱɟɦ ɭ ɥɭɱɲɟɝɨ ɢɡ ɦɨɞɟɥɢɪɭɟɦɵɯ ɞɚɬɱɢɤɨɜ. 

Ʌɭɱɲɢɣ ɩɨ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ ɞɚɬɱɢɤ – ADIS16405. ȼ ɫɥɭɱɚɟ, ɟɫɥɢ ɞɥɹ ɨɫɬɚɥɶɧɵɯ 

ɞɚɬɱɢɤɨɜ ɧɟ ɛɵɥɨ ɨɩɪɟɞɟɥɟɧɧɨɝɨ ɩɚɪɚɦɟɬɪɚ, ɬɨ ɬɚɤɨɣ ɩɚɪɚɦɟɬɪ ɛɪɚɥɫɹ ɧɚ ɩɨɪɹɞɨɤ 

ɯɭɠɟ, ɱɟɦ ɭ ADIS16405. 

Ʉ ɫɨɠɚɥɟɧɢɸ, ɩɨɥɧɨɫɬɶɸ ɭɫɬɪɚɧɢɬɶ ɨɲɢɛɤɭ ɫɦɟɳɟɧɢɹ ɢ ɩɟɪɟɤɨɫɚ ɨɫɟɣ ɧɟɥɶɡɹ. 

ɇɨ ɧɚ ɩɪɚɤɬɢɤɟ ɭɞɚɟɬɫɹ ɭɦɟɧɶɲɢɬɶ ɟɟ ɧɚ ɩɨɪɹɞɨɤ, ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɩɪɢɜɟɞɟɧɧɵɦ ɜ 

ɬɟɯɧɢɱɟɫɤɨɣ ɞɨɤɭɦɟɧɬɚɰɢɢ [4]. ɂɫɯɨɞɹ ɢɡ ɷɬɨɝɨ ɢ ɜɵɛɢɪɚɥɚɫɶ ɜɟɥɢɱɢɧɚ ɷɬɢɯ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤ.  

Ɉɞɧɚ ɢɡ ɯɚɪɚɤɬɟɪɢɫɬɢɤ, ɡɧɚɱɟɧɢɟ ɤɨɬɨɪɨɣ ɧɟɨɛɯɨɞɢɦɨ ɡɧɚɬɶ ɩɪɢ 

ɦɨɞɟɥɢɪɨɜɚɧɢɢ, – ɞɢɫɩɟɪɫɢɹ ɫɦɟɳɟɧɢɹ ɧɭɥɟɣ, ɧɟ ɩɪɢɜɟɞɟɧɚ ɜ ɬɟɯɧɢɱɟɫɤɨɣ 

ɞɨɤɭɦɟɧɬɚɰɢɢ. Ⱦɢɫɩɟɪɫɢɸ ɫɦɟɳɟɧɢɹ ɧɭɥɟɣ ɦɨɠɧɨ ɩɨɞɨɛɪɚɬɶ, ɦɨɞɟɥɢɪɭɹ 

ɜɢɧɟɪɨɜɫɤɢɣ ɩɪɨɰɟɫɫ (1.10), ɢɫɯɨɞɹ ɢɡ ɩɪɢɜɟɞɟɧɧɵɯ ɝɪɚɮɢɤɨɜ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ. 

ɉɨɞɛɢɪɚɬɶ ɧɭɠɧɨ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨɛɵ ɞɢɫɩɟɪɫɢɹ ɩɪɨɰɟɫɫɚ ɫɬɚɥɚ ɪɚɜɧɚ ɭɪɨɜɧɸ 

ɮɥɢɤɟɪ-ɲɭɦɚ ɧɚ ɝɪɚɮɢɤɟ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ. 

ɇɟ ɞɥɹ ɜɫɟɯ ɞɚɬɱɢɤɨɜ ɦɨɠɧɨ ɧɚɣɬɢ ɝɪɚɮɢɤɢ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ. ȼ ɷɬɨɦ ɫɥɭɱɚɟ 

ɛɵɥɨ ɟɳɟ ɨɞɧɨ ɞɨɩɭɳɟɧɢɟ – ɧɭɠɧɵɣ ɩɚɪɚɦɟɬɪ ɛɪɚɥɫɹ ɛɥɢɡɤɢɦ ɩɨ ɡɧɚɱɟɧɢɸ ɤ 

ɡɧɚɱɟɧɢɸ ɚɧɚɥɨɝɢɱɧɨɝɨ ɩɚɪɚɦɟɬɪɚ ɫɯɨɠɟɝɨ ɩɨ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ ɞɚɬɱɢɤɚ. 

ȼ ɦɨɞɟɥɢ ɧɟ ɭɱɢɬɵɜɚɟɬɫɹ ɜɨɡɦɨɠɧɵɣ ɭɯɨɞ ɷɥɟɦɟɧɬɨɜ ɦɚɬɪɢɰɵ ɩɟɪɟɤɨɫɚ ɨɫɟɣ. 

ȼ ɬɚɛɥɢɰɟ 1.1 ɩɪɢɜɟɞɟɧɵ ɩɚɪɚɦɟɬɪɵ ɦɨɞɟɥɟɣ ɝɢɪɨɫɤɨɩɢɱɟɫɤɢɯ ɞɚɬɱɢɤɨɜ ɫ 

ɭɱɟɬɨɦ ɜɵɲɟɩɪɢɜɟɞɟɧɧɵɯ ɞɨɩɭɳɟɧɢɣ. 
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Ɍɚɛɥɢɰɚ 1.1 – ɉɚɪɚɦɟɬɪɵ ɝɢɪɨɫɤɨɩɢɱɟɫɤɢɯ ɞɚɬɱɢɤɨɜ 

Ɇɨɞɟɥɶ 
,g ii

m  ,g ij
m  ,

g

ɝɪɚɞ
ɫ  ,

bg

ɝɪɚɞ
ɫ  , ,

g i

ɝɪɚɞ
b ɫ  

ADIS16405 30,87 10  
40,87 10  0,32  30,43 10  0,3  

MPU9250 0,02  0,002  0,063 0,004  0,5  

MPU 6050 0,02  0,002  0,032  0,002  2  

Pololu MinIMU-9 0,05  0,005  0,19  0,012  1,5  

BOSCH BMX055 30,87 10  0,001 0,089  0,002  0,1 
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ȼ ɬɚɛɥɢɰɟ 1.2 ɩɪɢɜɟɞɟɧɵ ɩɚɪɚɦɟɬɪɵ ɦɨɞɟɥɟɣ ɚɤɫɟɥɟɪɨɦɟɬɪɨɜ ɫ ɭɱɟɬɨɦ 

ɜɵɲɟɩɪɢɜɟɞɟɧɧɵɯ ɞɨɩɭɳɟɧɢɣ. 

Ɍɚɛɥɢɰɚ 1.2 – ɉɚɪɚɦɟɬɪɵ ɚɤɫɟɥɟɪɨɦɟɬɪɨɜ ɞɚɬɱɢɤɨɜ 

Ɇɨɞɟɥɶ 
,a ii

m  ,a ij
m  ,

a
ɦ

ɫ  ,
ba

ɦ
ɫ  ,

a
ɦ

ɫb  

ADIS16405 30,87 10  
30,35 10  0,031 51,72 10  0,049

0,049

0,049

 
 
 
 
 

 

MPU9250 0,02  0,002  0,017  55,98 10  0,049

0,049

0,078

 
 
 
 
 

 

MPU 6050 0,02  0,002  0,025  57,98 10  0,049

0,049

0,078

 
 
 
 
 

 

Pololu MinIMU-9 0,05  0,005  0,014  53,99 10  0,059

0,059

0,059

 
 
 
 
 

 

BOSCH BMX055 50,87 10  0,001 39,3 10  
57,98 10  0,078

0,078

0,078

 
 
 
 
 

 

 

ȼ ɬɚɛɥɢɰɟ 1.3 ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ. 

Ɍɚɛɥɢɰɚ 1.3 – Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ 

Ɇɨɞɟɥɶ ɛɥɨɤɚ , ɦRMSE  

ADIS16405 53,27 ɦ 

MPU 6050 126,1 ɦ 

MPU 9250 121, 77 ɦ 

Pololu MinIMU-9 214,2 ɦ 

BOSCH BMX055 82,55 ɦ 
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ɇɚ ɪɢɫɭɧɤɟ 1.8 ɢɡɨɛɪɚɠɟɧɚ ɨɞɧɚ ɢɡ ɪɟɚɥɢɡɚɰɢɣ ɜɨɫɫɬɚɧɨɜɥɟɧɢɹ ɬɪɚɟɤɬɨɪɢɢ. 

 

Ɋɢɫɭɧɨɤ 1.8 – Ɋɟɚɥɢɡɚɰɢɹ ɜɨɫɫɬɚɧɨɜɥɟɧɢɹ ɬɪɚɟɤɬɨɪɢɢ 

 

 Ɋɟɡɭɥɶɬɚɬɵ ɝɥɚɜɵ 

Ȼɵɥɚ ɩɨɥɭɱɟɧɚ ɦɨɞɟɥɶ, ɩɨɡɜɨɥɹɸɳɚɹ ɫɪɚɜɧɢɜɚɬɶ ɧɟɫɤɨɥɶɤɨ ɆɗɆɋ-ɞɚɬɱɢɤɨɜ 

ɪɚɡɧɵɯ ɰɟɧɨɜɵɯ ɞɢɚɩɚɡɨɧɨɜ ɩɨ ɤɪɢɬɟɪɢɸ ɬɨɱɧɨɫɬɢ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɢɧɟɪɰɢɚɥɶɧɨɣ 

ɧɚɜɢɝɚɰɢɢ ɩɨ ɤɪɢɬɟɪɢɸ ɬɨɱɧɨɫɬɢ. 

ȼ ɯɨɞɟ ɫɨɡɞɚɧɢɹ ɫɚɦɨɣ ɦɨɞɟɥɢ ɛɵɥɢ ɪɚɡɪɚɛɨɬɚɧɵ ɮɭɧɤɰɢɨɧɚɥɶɧɵɟ ɛɥɨɤɢ 

ɦɨɞɟɥɟɣ ɞɥɹ ɩɨɫɥɟɞɭɸɳɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ. 

ɋ ɩɨɦɨɳɶɸ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ ɫɪɚɜɧɟɧɢɟ ɫɥɟɞɭɸɳɢɯ ɞɚɬɱɢɤɨɜ: 

Analog Devices ADIS16405, InvenSence MPU9250, InvenSence MPU6050, Pololu 

MinIMU-9, Bosch BMX055 ɩɨ ɤɪɢɬɟɪɢɸ ɬɨɱɧɨɫɬɢ. ɂɡ ɷɬɢɯ ɞɚɬɱɢɤɨɜ ɧɚɢɥɭɱɲɢɦ 

ɨɤɚɡɚɥɫɹ Analog Devices ADIS16405 ɫ ɨɲɢɛɤɨɣ ɜ 50 ɦɟɬɪɨɜ, ɚ ɧɚɢɯɭɞɲɢɦ – Pololu 

MinIMU-9 ɫ ɨɲɢɛɤɨɣ ɜ 220 ɦɟɬɪɨɜ. 



32 

 

ɂɡ ɩɨɥɭɱɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɜɢɞɧɨ, ɱɬɨ ɛɨɥɟɟ ɞɟɲɟɜɵɟ ɞɚɬɱɢɤɢ ɞɚɸɬ ɛɨɥɶɲɭɸ 

ɨɲɢɛɤɭ, ɩɨɷɬɨɦɭ ɢɯ ɩɪɢɦɟɧɟɧɢɟ ɜɨɡɦɨɠɧɨ ɬɨɥɶɤɨ ɞɥɹ ɤɪɚɬɤɨɜɪɟɦɟɧɧɨɝɨ 

ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɛɟɡ ɩɨɞɞɟɪɠɤɢ ɋɊɇɋ. 

ȼ ɫɥɭɱɚɟ ɞɨɥɝɨɝɨ ɨɬɫɭɬɫɬɜɢɹ ɫɢɝɧɚɥɚ ɋɊɇɋ ɠɟɥɚɬɟɥɶɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɛɨɥɟɟ 

ɞɨɪɨɝɢɟ ɢ ɤɚɱɟɫɬɜɟɧɧɵɟ ɞɚɬɱɢɤɢ, ɧɨ ɞɚɠɟ ɥɭɱɲɢɟ ɢɡ ɧɢɯ ɨɱɟɧɶ ɩɥɨɯɨ ɩɨɞɯɨɞɹɬ ɞɥɹ 

ɚɜɬɨɧɨɦɧɨɣ ɧɚɜɢɝɚɰɢɢ, ɬɚɤ ɤɚɤ ɨɲɢɛɤɢ ɨɩɪɟɞɟɥɟɧɢɹ ɦɟɫɬɨɩɨɥɨɠɟɧɢɹ ɢ ɨɪɢɟɧɬɚɰɢɢ 

ɜɨɡɪɚɫɬɚɸɬ ɧɟɞɨɩɭɫɬɢɦɨ ɛɵɫɬɪɨ. 

Ɇɨɞɟɥɶ ɭɱɢɬɵɜɚɟɬ ɬɨɥɶɤɨ ɱɚɫɬɶ ɢɡ ɜɥɢɹɸɳɢɯ ɮɚɤɬɨɪɨɜ, ɩɨɷɬɨɦɭ ɪɟɚɥɶɧɵɟ 

ɨɬɤɥɨɧɟɧɢɹ ɦɨɝɭɬ ɛɵɬɶ ɛɨɥɶɲɟ. 
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2 ɈɒɂȻɄɂ ɂɂȻ 

 Ɉɛɡɨɪ ɨɲɢɛɨɤ ɂɂȻ  

ȼ ɤɚɱɟɫɬɜɟ ɂɂȻ ɜ ɪɚɛɨɬɟ ɢɫɩɨɥɶɡɭɸɬɫɹ ɚɤɫɟɥɟɪɨɦɟɬɪɵ ɢ ɝɢɪɨɫɤɨɩɵ 

ɜɵɩɨɥɧɟɧɧɵɟ ɩɨ ɆɗɆɋ ɬɟɯɧɨɥɨɝɢɢ. ȼ ɩɨɫɥɟɞɧɟɟ ɜɪɟɦɹ ɞɚɬɱɢɤɢ, ɜɵɩɨɥɧɟɧɧɵɟ ɩɨ 

ɆɗɆɋ ɬɟɯɧɨɥɨɝɢɢ ɩɨɥɭɱɢɥɢ ɲɢɪɨɤɨɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ. Ɍɚɤɚɹ ɩɨɩɭɥɹɪɧɨɫɬɶ 

ɨɛɭɫɥɨɜɥɟɧɚ ɞɨɫɬɭɩɧɨɫɬɶɸ, ɦɚɥɵɦɢ ɝɚɛɚɪɢɬɚɦɢ, ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɛɨɥɶɲɨɣ 

ɫɬɨɢɦɨɫɬɶɸ, ɭɞɨɛɫɬɜɨɦ ɢ ɩɪɨɫɬɨɬɨɣ ɢɫɩɨɥɶɡɨɜɚɧɢɹ.  

Ɉɞɧɨɣ ɢɡ ɨɫɧɨɜɧɵɯ ɩɪɨɛɥɟɦ ɞɚɬɱɢɤɨɜ ɂɇɋ, ɤɨɬɨɪɵɟ ɩɪɨɞɨɥɠɢɬɟɥɶɧɨɟ ɜɪɟɦɹ 

ɪɚɛɨɬɚɸɬ ɜ ɚɜɬɨɧɨɦɧɨɦ ɪɟɠɢɦɟ, ɹɜɥɹɟɬɫɹ ɨɬɫɭɬɫɬɜɢɟ ɜɨɡɦɨɠɧɨɫɬɢ ɨɩɢɫɚɧɢɹ ɨɲɢɛɨɤ 

ɩɨɤɚɡɚɧɢɣ ɷɬɢɯ ɞɚɬɱɢɤɨɜ ɫ ɩɨɦɨɳɶɸ ɫɬɚɧɞɚɪɬɧɵɯ ɫɬɚɬɢɫɬɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣД5]. ɇɨ ɬɚɤ 

ɤɚɤ ɫɬɪɭɤɬɭɪɚ ɢ ɯɚɪɚɤɬɟɪ ɲɭɦɨɜɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ ɜ ɤɚɧɚɥɟ ɢɡɦɟɪɟɧɢɹ ɨɤɚɡɵɜɚɸɬ 

ɫɭɳɟɫɬɜɟɧɧɨɟ ɜɥɢɹɧɢɟ ɧɚ ɞɨɫɬɨɜɟɪɧɨɫɬɶ ɨɰɟɧɤɢ ɫɚɦɨɣ ɢɡɦɟɪɹɟɦɨɣ ɜɟɥɢɱɢɧɵ, ɬɨ 

ɧɟɨɛɯɨɞɢɦɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɞɪɭɝɨɣ ɩɨɞɯɨɞ ɞɥɹ ɨɩɢɫɚɧɢɹ ɲɭɦɨɜɵɯ ɜɨɡɞɟɣɫɬɜɢɣ. 

Ɍɚɤɢɦɢ ɩɨɞɯɨɞɚɦɢ ɦɨɝɭɬ ɫɬɚɬɶ ɦɟɬɨɞɵ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ ɢ ɫɩɟɤɬɪɚɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ 

ɦɨɳɧɨɫɬɢ.  

Ⱦɥɹ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɞɚɧɧɵɯ, ɩɨɥɭɱɚɟɦɵɯ ɫ ɂɂȻ ɧɭɠɧɨ ɜɵɞɟɥɢɬɶ ɢɡ ɜɵɯɨɞɧɨɝɨ 

ɫɢɝɧɚɥɚ ɢɧɮɨɪɦɚɰɢɨɧɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ. ɂɧɮɨɪɦɚɰɢɨɧɧɚɹ ɫɨɫɬɚɜɥɹɸɳɚɹ ɜ 

ɜɵɯɨɞɧɨɦ ɫɢɝɧɚɥɟ ɞɚɬɱɢɤɚ ɦɨɠɟɬ ɛɵɬɶ ɫɢɥɶɧɨ ɡɚɲɭɦɥɟɧɚ.  

ȼɵɯɨɞɧɨɣ ɫɢɝɧɚɥ y t  ɞɚɬɱɢɤɨɜ ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɜɢɞɟ[5]: 

 , , ,y t u t e t b T N a T t ,  (2.1) 

ɝɞɟ t  – ɜɪɟɦɹ, T  – ɬɟɦɩɟɪɚɬɭɪɚ, ,a  – ɪɟɚɥɶɧɵɟ ɤɢɧɟɦɚɬɢɱɟɫɤɢɟ ɜɟɥɢɱɢɧɵ, ɤɨɬɨɪɵɟ 

ɢɡɦɟɪɹɟɬ ɞɚɬɱɢɤ, y t  – ɜɵɯɨɞɧɵɟ ɞɚɧɧɵɟ ɞɚɬɱɢɤɚ, u t  – ɢɧɮɨɪɦɚɰɢɨɧɧɚɹ 

ɫɨɫɬɚɜɥɹɸɳɚɹ ɫɢɝɧɚɥɚ, b T  – ɭɯɨɞ ɩɨɤɚɡɚɧɢɣ, ɜɵɡɜɚɧɧɵɣ ɢɡɦɟɧɟɧɢɟɦ ɬɟɦɩɟɪɚɬɭɪɵ 

ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ, , , ,N a T t  – ɨɲɢɛɤɢ, ɜɵɡɜɚɧɧɵɟ ɭɫɥɨɜɢɹɦɢ ɫɪɟɞɵ. 

Ɉɬɤɥɨɧɟɧɢɟ b T  ɨɛɵɱɧɨ ɩɨɫɬɨɹɧɧɨ. 

Ɇɟɬɨɞɚɦɢ ɚɩɩɪɨɤɫɢɦɚɰɢɢ ɦɨɠɧɨ ɨɰɟɧɢɬɶ ɬɨɥɶɤɨ ɡɚɜɢɫɹɳɭɸ ɨɬ ɜɪɟɦɟɧɢ 

ɲɭɦɨɜɭɸ ɤɨɦɩɨɧɟɧɬɭ e t . 
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Ɉɩɢɫɚɧɢɹ ɲɭɦɨɜɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ ɞɥɹ ɝɢɪɨɫɤɨɩɨɜ ɢ ɚɤɫɟɥɟɪɨɦɟɬɪɨɜ ɩɨɯɨɠɢ. 

Ɉɬɥɢɱɢɹ ɡɚɤɥɸɱɚɸɬɫɹ ɜ ɪɚɡɦɟɪɧɨɫɬɹɯ ɜɟɥɢɱɢɧ, ɢɡɦɟɪɹɟɦɵɯ ɞɚɬɱɢɤɚɦɢ. ɉɨɷɬɨɦɭ 

ɞɚɥɶɧɟɣɲɟɟ ɨɩɢɫɚɧɢɟ ɛɭɞɟɬ ɩɪɢɜɟɞɟɧɨ ɞɥɹ ɝɢɪɨɫɤɨɩɨɜ. 

Ɉɛɵɱɧɨ ɪɟɚɥɶɧɵɟ ɲɭɦɵ ɱɭɜɫɬɜɢɬɟɥɶɧɵɯ ɷɥɟɦɟɧɬɨɜ ɩɵɬɚɸɬɫɹ ɨɩɢɫɚɬɶ 5 

ɜɢɞɚɦɢ ɢɡɜɟɫɬɧɵɯ ɲɭɦɨɜ. ɇɚ ɪɢɫɭɧɤɟ 2.1 ɩɪɢɜɟɞɟɧɚ ɞɟɦɨɧɫɬɪɚɰɢɹ «ɨɛɵɱɧɨɝɨ 

ɛɚɡɢɫɚ» ɲɭɦɨɜ ɞɥɹ ɨɬɤɥɨɧɟɧɢɹ Ⱥɥɥɚɧɚ. 

 

Ɋɢɫɭɧɨɤ 2.1 – «Ȼɚɡɢɫ» ɲɭɦɨɜ 

ɇɨ ɧɚ ɫɚɦɨɦ ɞɟɥɟ, ɬɢɩɨɜ ɲɭɦɨɜ ɛɨɥɶɲɟ, ɩɨɷɬɨɦɭ ɜ ɪɟɚɥɶɧɨɫɬɢ ɢɧɵɟ ɬɢɩɵ 

ɲɭɦɨɜ ɧɟ ɞɚɸɬ ɬɨɱɧɨ ɨɰɟɧɢɬɶ ɩɚɪɚɦɟɬɪɵ ɩɹɬɢ «ɛɚɡɢɫɧɵɯ» ɲɭɦɨɜ.[6] ɉɨɷɬɨɦɭ ɢɡɭɱɚɹ 

ɲɭɦɵ, ɦɨɠɧɨ ɧɚɣɬɢ ɧɨɜɵɟ ɬɢɩɵ ɢ ɡɚɧɟɫɬɢ ɢɯ ɜ ɛɚɡɢɫ. ɗɬɨ ɩɨɡɜɨɥɢɬ ɛɨɥɟɟ ɬɨɱɧɨ 

ɨɩɢɫɵɜɚɬɶ ɫɥɭɱɚɣɧɭɸ ɫɨɫɬɚɜɥɹɸɳɭɸ ɜɵɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ ɞɚɬɱɢɤɚ. 

Ⱦɚɥɟɟ ɛɭɞɭɬ ɩɪɢɜɟɞɟɧɵ ɫɜɟɞɟɧɢɹ ɨ ɲɟɫɬɢ ɬɢɩɚɯ ɲɭɦɨɜ.  

2.1.1 ɒɭɦ ɤɜɚɧɬɨɜɚɧɢɹ 

ɒɭɦ ɤɜɚɧɬɨɜɚɧɢɹ (Quantization Noise) ɨɛɭɫɥɨɜɥɟɧ ɤɨɧɟɱɧɨɫɬɶɸ ɪɚɡɪɟɲɚɸɳɟɣ 

ɫɩɨɫɨɛɧɨɫɬɢ ɞɚɬɱɢɤɚ ɢ ɱɚɫɬɨɬɵ ɞɢɫɤɪɟɬɢɡɚɰɢɢ ɚɧɚɥɨɝɨ-ɰɢɮɪɨɜɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɹ 

(Ⱥɐɉ), ɬ.ɟ. ɟɝɨ ɞɢɫɤɪɟɬɧɨɣ ɩɪɢɪɨɞɨɣ. Ⱥɐɉ ɥɢɛɨ ɨɤɪɭɝɥɹɟɬ (ɞɨ ɨɩɪɟɞɟɥɟɧɧɨɝɨ 

ɪɚɡɪɹɞɚ), ɥɢɛɨ ɭɫɟɤɚɟɬ ɫɢɝɧɚɥ (ɨɬɛɪɚɫɵɜɚɟɬ ɦɥɚɞɲɢɟ ɪɚɡɪɹɞɵ). Ɍɚɤɢɦ ɨɛɪɚɡɨɦ 

ɜɵɯɨɞɧɨɣ ɫɢɝɧɚɥ ɞɚɬɱɢɤɚ ɧɟɫɤɨɥɶɤɨ ɨɬɥɢɱɚɟɬɫɹ ɨɬ ɢɫɯɨɞɧɨɝɨ ɚɧɚɥɨɝɨɜɨɝɨ ɫɢɝɧɚɥɚ.  
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ɒɭɦ ɤɜɚɧɬɨɜɚɧɢɹ ɨɛɥɚɞɚɟɬ ɦɚɥɵɦ ɜɪɟɦɟɧɟɦ ɤɨɪɪɟɥɹɰɢɢ, ɬ.ɟ. ɛɨɥɶɲɨɣ ɩɨɥɨɫɨɣ. 

ɗɬɨ ɡɧɚɱɢɬ, ɱɬɨ ɲɭɦ ɤɜɚɧɬɨɜɚɧɢɹ ɦɨɠɧɨ ɦɨɞɟɥɢɪɨɜɚɬɶ ɛɟɥɵɦ ɲɭɦɨɦ ɫ ɪɚɜɧɨɦɟɪɧɵɦ 

ɪɚɫɩɪɟɞɟɥɟɧɢɟɦ. 

Ɍɚɤɚɹ ɨɲɢɛɤɚ ɧɟ ɧɚɤɚɩɥɢɜɚɟɬɫɹ ɫɨ ɜɪɟɦɟɧɟɦ. 

2.1.2 ɋɥɭɱɚɣɧɨɟ ɛɥɭɠɞɚɧɢɟ (ɞɪɟɣɮ) ɭɝɥɚ  

ɋɥɭɱɚɣɧɨɟ ɛɥɭɠɞɚɧɢɟ (ɞɪɟɣɮ) ɭɝɥɚ (Angle Random Walk) – ɨɫɧɨɜɧɚɹ ɲɭɦɨɜɚɹ 

ɤɨɦɩɨɧɟɧɬɚ ɜ ɜɵɯɨɞɧɵɯ ɞɚɧɧɵɯ ɆɗɆɋ-ɞɚɬɱɢɤɨɜ [5]. Ⱦɪɟɣɮ ɭɝɥɚ ɦɨɠɧɨ 

ɨɯɚɪɚɤɬɟɪɢɡɨɜɚɬɶ ɤɚɤ ɤɨɦɩɨɧɟɧɬɭ ɚɞɞɢɬɢɜɧɨɝɨ ɛɟɥɨɝɨ ɲɭɦɚ.  

ɉɪɟɞɫɬɚɜɥɟɧɢɟ ɜ ɜɢɞɟ ɤɨɦɩɨɧɟɧɬɵ ɛɟɥɨɝɨ ɲɭɦɚ ɜɵɯɨɞɢɬ ɢɡ ɫɥɟɞɭɸɳɢɯ 

ɫɨɨɛɪɚɠɟɧɢɣ. ȼɵɯɨɞɧɨɣ ɫɢɝɧɚɥ ɝɢɪɨɫɤɨɩɚ ɩɪɢɧɢɦɚɟɬɫɹ ɜ ɞɢɫɤɪɟɬɧɵɟ ɦɨɦɟɧɬɵ 

ɜɪɟɦɟɧɢ ɞɥɢɬɟɥɶɧɨɫɬɶɸ 0T , ɡɧɚɱɢɬ, ɲɭɦ ɝɢɪɨɫɤɨɩɚ ɦɨɠɟɬ ɛɵɬɶ ɨɩɢɫɚɧ ɛɟɥɨɣ 

ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶɸ (ɞɢɫɤɪɟɬɧɵɦ ɛɟɥɵɦ ɲɭɦɨɦ) ɫ ɧɭɥɟɜɵɦ ɦɚɬɟɦɚɬɢɱɟɫɤɢɦ 

ɨɠɢɞɚɧɢɟɦ 0
WN

M     . Ȼɟɥɚɹ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ ɢɦɟɟɬ ɤɨɧɟɱɧɭɸ ɞɢɫɩɟɪɫɢɸ 2

WN
 . 

ȼ ɫɥɭɱɚɟ, ɟɫɥɢ ɝɢɪɨɫɤɨɩ ɧɚɯɨɞɢɬɫɹ ɧɚ ɧɟɩɨɞɜɢɠɧɨɦ ɨɫɧɨɜɚɧɢɢ, ɬɨ ɟɝɨ 

ɜɵɯɨɞɧɨɣ ɫɢɝɧɚɥ ɛɭɞɟɬ ɛɟɥɵɦ ɞɢɫɤɪɟɬɧɵɦ ɲɭɦɨɦ  WN
k , ɝɞɟ 1,2,3,...k   – ɧɨɦɟɪ 

ɨɬɫɱɟɬɚ. Ɇɚɬɟɦɚɬɢɱɟɫɤɨɟ ɨɠɢɞɚɧɢɟ ɢ ɞɢɫɩɟɪɫɢɹ ɷɬɨɝɨ ɲɭɦɚ ɛɭɞɭɬ ɪɚɜɧɵ 

  0
WN WN

M k M          ɢ   2

WN WN WN
D k D           ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

ɍ ɛɟɥɨɝɨ ɞɢɫɤɪɟɬɧɨɝɨ ɲɭɦɚ ɥɸɛɵɟ ɞɜɚ ɡɧɚɱɟɧɢɹ ɧɟɡɚɜɢɫɢɦɵ, ɬ.ɟ.  

    WN WN ik
M i k      ,  (2.2) 

ɝɞɟ ik
  – ɫɢɦɜɨɥ Ʉɪɨɧɟɤɟɪɚ ( 1

ik
  , ɟɫɥɢ i k , ɢ 0

ik
  , ɟɫɥɢ i k ). 

ɉɪɨɢɧɬɟɝɪɢɪɭɟɦ ɜɵɯɨɞɧɭɸ ɛɟɥɭɸ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ, ɢɫɩɨɥɶɡɭɹ ɦɟɬɨɞ 

ɩɪɹɦɨɭɝɨɥɶɧɢɤɨɜ: 

    0

10

t m

WN WN

k

d T k   


  ,  (2.3) 

ɝɞɟ 0t mT  – ɜɪɟɦɹ ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ, m  – ɤɨɥɢɱɟɫɬɜɨ ɨɬɫɱɟɬɨɜ ɧɚ ɢɧɬɟɪɜɚɥɟ 

ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ. 
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ɇɚɣɞɟɦ ɦɚɬɟɦɚɬɢɱɟɫɤɨɟ ɨɠɢɞɚɧɢɟ ɨɬ (2.3): 

    0 0

10

0

t m

WN WN WN

k

M d M T k T mM    


              
   (2.4) 

Ɍɟɩɟɪɶ ɧɚɣɞɟɦ ɞɢɫɩɟɪɫɢɸ ɨɬ (2.3): 

     2 2

0 0 0

10

t m

WN WN WN WN

k

D d D T k T mD T t     


              
   (2.5) 

ɉɪɢ ɢɧɬɟɝɪɢɪɨɜɚɧɢɢ ɲɭɦɚ ɝɢɪɨɫɤɨɩɚ ɬɢɩɚ ɛɟɥɨɣ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ 

ɜɨɡɧɢɤɚɟɬ ɨɲɢɛɤɚ ɜ ɨɩɪɟɞɟɥɟɧɢɢ ɭɝɥɚ ɫ ɧɭɥɟɜɵɦ ɦɚɬɟɦɚɬɢɱɟɫɤɢɦ ɨɠɢɞɚɧɢɟɦ ɢ 

ɫɪɟɞɧɢɦ ɤɜɚɞɪɚɬɢɱɟɫɤɢɦ ɨɬɤɥɨɧɟɧɢɟɦ (ɋɄɈ)  , ɜɨɡɪɚɫɬɚɸɳɢɦ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ 

ɤɜɚɞɪɚɬɧɨɦɭ ɤɨɪɧɸ ɨɬ ɜɪɟɦɟɧɢ [7]: 

   0WNt T t  ,  (2.6) 

ɂɡ ɮɨɪɦɭɥɵ (2.6) ɜɢɞɧɨ, ɱɬɨ ɫɨ ɜɪɟɦɟɧɟɦ ɩɪɨɢɫɯɨɞɢɬ ɪɨɫɬ ɋɄɈ ɨɩɪɟɞɟɥɟɧɢɹ 

ɭɝɥɨɜ. 

Ʉɚɤ ɩɪɚɜɢɥɨ ɜ ɬɟɯɧɢɱɟɫɤɨɣ ɞɨɤɭɦɟɧɬɚɰɢɢ ɞɚɸɬɫɹ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɧɟ ɫɚɦɨɝɨ 

ɛɟɥɨɝɨ ɲɭɦɚ, ɚ ɩɚɪɚɦɟɬɪɵ ɫɥɭɱɚɣɧɨɝɨ ɩɪɨɰɟɫɫɚ, ɩɨɥɭɱɟɧɧɵɟ ɜ ɪɟɡɭɥɶɬɚɬɟ 

ɢɧɬɟɝɪɢɪɨɜɚɧɢɹ ɛɟɥɨɝɨ ɲɭɦɚ. Ɍɚɤɨɣ ɫɥɭɱɚɣɧɵɣ ɩɪɨɰɟɫɫ ɹɜɥɹɟɬɫɹ ɜɢɧɟɪɨɜɫɤɢɦ 

ɫɥɭɱɚɣɧɵɦ ɩɪɨɰɟɫɫɨɦ. ɗɬɨ ɢ ɟɫɬɶ ɫɥɭɱɚɣɧɨɟ ɛɥɭɠɞɚɧɢɟ ɭɝɥɚ. 

ɋɥɭɱɚɣɧɨɟ ɛɥɭɠɞɚɧɢɟ ɭɝɥɚ (Angle Random Walk (ARW)) ɨɩɪɟɞɟɥɹɟɬɫɹ 

ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ [7]: 

 
0WNARW T   (2.7) 

ɫ ɪɚɡɦɟɪɧɨɫɬɶɸ ɱ
  ɢɥɢ ɪɚɞ

ɱ . 

ɍɱɢɬɵɜɚɹ (2.6) ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɫɨɨɬɧɨɲɟɧɢɟ (2.7) ɜ ɜɢɞɟ: 

  t ARW t    (2.8) 
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Ⱦɪɟɣ ɭɝɥɚ ɜ 0,5 ɱ
  ɝɨɜɨɪɢɬ ɨ ɬɨɦ, ɱɬɨ ɫɩɭɫɬɹ ɞɟɫɹɬɶ ɦɢɧɭɬ ɨɲɢɛɤɚ ɫɨɫɬɚɜɢɬ 

0,2 , ɱɟɪɟɡ ɱɚɫ 0,5 , ɚ ɱɟɪɟɡ 2 ɱɚɫɚ – 0,7 . 

Ɇɨɠɧɨ ɨɯɚɪɚɤɬɟɪɢɡɨɜɚɬɶ ɲɭɦ ɢ ɢɧɚɱɟ: ɱɟɪɟɡ ɫɩɟɤɬɪɚɥɶɧɭɸ ɩɥɨɬɧɨɫɬɶ ɲɭɦɚ S  

(Power Spectral Density (PSD)) ɢ ɛɵɫɬɪɨɟ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ Ɏɭɪɶɟ FFT  (Fast Fourier 

Transform(FFT)) [7] [8]. Ɍɨɝɞɚ ɫɥɭɱɚɣɧɨɟ ɛɥɭɠɞɚɧɢɟ ɭɝɥɚ ɦɨɠɧɨ ɜɵɪɚɡɢɬɶ ɱɟɪɟɡ ɷɬɢ 

ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: 

 
 2

1

60

ɱARW S Ƚɰɱ

 
        

  

, (2.9) 

 
1

60
ɱARW FFT

ɱ Ƚɰ

          
  (2.10) 

ɉɪɢ ɢɡɜɟɫɬɧɵɯ ɩɨɥɨɫɟ ɩɪɨɩɭɫɤɚɧɢɹ BW  ɢ ɋɄɈ ɲɭɦɚ WN
  ɫɥɭɱɚɣɧɨɟ 

ɛɥɭɠɞɚɧɢɟ ɭɝɥɚ ɦɨɠɧɨ ɧɚɣɬɢ ɤɚɤ [8]: 

 
 

21 1

60
WN

ARW ɱɱ BW Ƚɰ
        

  (2.11) 

 

2.1.3 Ɏɥɢɤɤɟɪ-ɲɭɦ  

Ɏɥɢɤɤɟɪ-ɲɭɦ (ɇɟɫɬɚɛɢɥɶɧɨɫɬɶ ɫɦɟɳɟɧɢɹ ɧɭɥɹ) (Bias Instability) – ɷɬɨ ɲɭɦ, 

ɜɨɡɧɢɤɚɸɳɢɣ ɜ ɷɥɟɤɬɪɨɧɧɵɯ ɤɨɦɩɨɧɟɧɬɚɯ ɫɴɟɦɚ ɢ ɨɛɪɚɛɨɬɤɢ ɢɧɮɨɪɦɚɰɢɢ, 

ɩɨɞɜɟɪɠɟɧɧɵɯ ɫɥɭɱɚɣɧɨɦɭ «ɦɟɪɰɚɧɢɸ» («flickering»). ɑɚɫɬɨ ɧɚɡɵɜɚɸɬ 1
f

-ɲɭɦɨɦ. 

Ɏɥɢɤɤɟɪ-ɲɭɦ ɢɦɟɟɬ ɫɩɟɤɬɪɚɥɶɧɭɸ ɩɥɨɬɧɨɫɬɶ S , ɪɚɜɧɭɸ [8]: 

  
2

0

0

1
,

2

0,

B

S
 

  
 


 

 

  (2.12) 

ɝɞɟ 0  – ɝɪɚɧɢɱɧɚɹ ɱɚɫɬɨɬɚ; B  – ɤɨɷɮɮɢɰɢɟɧɬ ɧɟɫɬɚɛɢɥɶɧɨɫɬɢ ɧɭɥɹ. 
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ɗɬɨɬ ɲɭɦ ɨɤɚɡɵɜɚɟɬ ɛɨɥɶɲɨɟ ɜɥɢɹɧɢɟ ɧɚ ɧɢɡɤɢɯ ɱɚɫɬɨɬɚɯ, ɚ ɫ ɭɜɟɥɢɱɟɧɢɟɦ 

ɱɚɫɬɨɬɵ ɟɝɨ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɩɚɞɚɟɬ. ɇɚ ɜɵɫɨɤɢɯ ɱɚɫɬɨɬɚɯ ɮɥɢɤɤɟɪ-ɲɭɦ ɩɟɪɟɤɪɵɜɚɟɬɫɹ 

ɛɟɥɵɦ ɲɭɦɨɦ. 

1
f

-ɲɭɦ ɩɪɨɹɜɥɹɟɬɫɹ ɩɪɚɤɬɢɱɟɫɤɢ ɭ ɜɫɟɯ ɦɚɬɟɪɢɚɥɨɜ ɢ ɷɥɟɦɟɧɬɨɜ, 

ɢɫɩɨɥɶɡɭɟɦɵɯ ɜ ɷɥɟɤɬɪɨɧɢɤɟ. Ȼɨɥɟɟ ɬɨɝɨ, ɮɥɢɤɤɟɪ-ɲɭɦ ɹɜɥɹɟɬɫɹ ɭɧɢɜɟɪɫɚɥɶɧɵɦ 

ɬɢɩɨɦ ɮɥɭɤɬɭɚɰɢɣ. Ɉɧ ɩɪɢɫɭɬɫɬɜɭɟɬ ɧɟ ɬɨɥɶɤɨ ɩɪɢ ɢɡɦɟɪɟɧɢɹɯ ɜ ɷɥɟɤɬɪɨɧɢɤɟ, ɧɨ ɢ ɜ 

ɛɨɥɶɲɨɦ ɤɨɥɢɱɟɫɬɜɟ ɧɚɛɥɸɞɟɧɢɣ ɜ ɫɚɦɵɯ ɪɚɡɥɢɱɧɵɯ ɫɮɟɪɚɯ: ɧɚɱɢɧɚɹ ɨɬ ɹɜɥɟɧɢɣ 

ɩɪɢɪɨɞɵ (ɝɪɨɡɵ ɢ ɡɟɦɥɹɬɪɟɫɟɧɢɹ) ɢ ɡɚɤɚɧɱɢɜɚɹ ɮɥɭɤɬɭɚɰɢɹɦɢ ɧɨɪɦɚɥɶɧɨɝɨ ɩɟɪɢɨɞɚ 

ɫɟɪɞɰɟɛɢɟɧɢɹ ɱɟɥɨɜɟɤɚ[9].  

Ɋɚɡɭɦɟɟɬɫɹ ɩɪɢɱɢɧɚ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɮɥɢɤɤɟɪ-ɲɭɦɚ ɜ ɪɚɡɥɢɱɧɵɯ ɫɥɭɱɚɹɯ 

ɫɨɜɟɪɲɟɧɧɨ ɪɚɡɥɢɱɚɟɬɫɹ. 

2.1.4 ɋɥɭɱɚɣɧɨɟ ɛɥɭɠɞɚɧɢɟ ɫɤɨɪɨɫɬɢ 

ɋɥɭɱɚɣɧɨɟ ɛɥɭɠɞɚɧɢɟ (ɞɪɟɣɮ) ɫɤɨɪɨɫɬɢ (Rate Random Walk (RRW)) – ɜɢɞ 

ɲɭɦɚ, ɩɪɟɞɫɬɚɜɥɹɸɳɢɣ ɫɨɛɨɣ ɫɥɭɱɚɣɧɨɟ ɛɥɭɠɞɚɧɢɟ ɪɟɚɥɶɧɨ ɢɡɦɟɪɹɟɦɵɯ ɞɚɬɱɢɤɨɦ 

ɮɢɡɢɱɟɫɤɢɯ ɜɟɥɢɱɢɧ, ɬɚɤɢɯ ɤɚɤ ɭɫɤɨɪɟɧɢɟ ɢ ɭɝɥɨɜɚɹ ɫɤɨɪɨɫɬɶ[5]. ɇɚ ɛɨɥɶɲɢɯ 

ɩɪɨɦɟɠɭɬɤɚɯ ɜɪɟɦɟɧɢ ɧɚɛɥɸɞɚɟɬɫɹ ɦɟɞɥɟɧɧɨɟ ɦɨɧɨɬɨɧɧɨɟ ɨɬɤɥɨɧɟɧɢɟ ɡɧɚɱɟɧɢɣ. 

ɉɪɢɪɨɞɚ ɷɬɨɝɨ ɲɭɦɚ ɧɟɢɡɜɟɫɬɧɚ. ȼɪɟɦɹ ɤɨɪɪɟɥɹɰɢɢ ɨɱɟɧɶ ɜɟɥɢɤɨ, ɩɨɷɬɨɦɭ ɞɥɹ 

ɟɝɨ ɨɰɟɧɤɢ ɧɟɨɛɯɨɞɢɦɨ ɫɧɹɬɶ ɛɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ɞɚɧɧɵɯ ɫ ɞɚɬɱɢɤɨɜ. ɉɪɢ ɷɬɨɦ 

ɧɟɨɛɯɨɞɢɦɨ ɭɱɢɬɵɜɚɬɶ, ɱɬɨ ɧɚ ɞɥɢɬɟɥɶɧɵɯ ɩɪɨɦɟɠɭɬɤɚɯ ɜɪɟɦɟɧɢ ɞɚɬɱɢɤ 

ɩɨɞɜɟɪɝɚɟɬɫɹ ɢɡɦɟɧɟɧɢɹɦ ɭɫɥɨɜɢɣ ɫɪɟɞɵ. ɂɡ-ɡɚ ɷɬɨɝɨ ɞɪɟɣɮ ɫɤɨɪɨɫɬɢ ɦɨɠɟɬ ɬɟɪɹɬɶɫɹ 

ɧɚ ɮɨɧɟ ɜɨɡɞɟɣɫɬɜɢɣ ɧɟɫɬɚɛɢɥɶɧɨɫɬɢ ɫɪɟɞɵ. 

2.1.5 Ɇɭɥɶɬɢɩɥɢɤɚɬɢɜɧɚɹ ɫɢɫɬɟɦɚɬɢɱɟɫɤɚɹ ɩɨɝɪɟɲɧɨɫɬɶ 

Ɇɭɥɶɬɢɩɥɢɤɚɬɢɜɧɚɹ ɫɢɫɬɟɦɚɬɢɱɟɫɤɚɹ ɩɨɝɪɟɲɧɨɫɬɶ ɩɪɟɞɫɬɚɜɥɹɟɬ ɫɨɛɨɣ 

ɞɟɬɟɪɦɢɧɢɪɨɜɚɧɧɨɟ ɨɬɤɥɨɧɟɧɢɟ ɩɨɤɚɡɚɧɢɣ ɞɚɬɱɢɤɚ ɧɚ ɡɧɚɱɢɬɟɥɶɧɵɯ ɩɪɨɦɟɠɭɬɤɚɯ 

ɜɪɟɦɟɧɢ. ȼ ɩɨɞɚɜɥɹɸɳɟɦ ɛɨɥɶɲɢɧɫɬɜɟ ɫɥɭɱɚɟɜ ɬɚɤɨɣ ɲɭɦ ɨɛɭɫɥɨɜɥɟɧ ɭɫɥɨɜɢɹɦɢ 

ɫɪɟɞɵ, ɬɚɤɢɦɢ ɤɚɤ ɫɬɚɛɢɥɶɧɨɫɬɶ ɬɟɦɩɟɪɚɬɭɪɵ, ɫɬɚɛɢɥɶɧɨɫɬɶ ɢɫɬɨɱɧɢɤɚ ɩɢɬɚɧɢɹ, 

ɫɬɚɰɢɨɧɚɪɧɨɫɬɶ ɞɚɬɱɢɤɚ [5]. 
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ɉɪɢ ɫɨɛɥɸɞɟɧɢɢ ɬɪɟɛɨɜɚɧɢɣ ɤ ɭɫɥɨɜɢɹɦ ɷɤɫɩɟɪɢɦɟɧɬɚ ɞɚɧɧɵɣ ɬɢɩ ɲɭɦɚ ɧɟ 

ɞɨɥɠɟɧ ɩɪɨɹɜɥɹɬɶɫɹ. 

2.1.6 ɋɢɧɭɫɨɢɞɚɥɶɧɵɣ ɲɭɦ 

ɋɢɧɭɫɨɢɞɚɥɶɧɵɣ ɲɭɦ – ɷɬɨ ɲɭɦ, ɩɨɪɨɠɞɚɟɦɵɣ ɜɢɛɪɚɰɢɹɦɢ ɜ ɤɨɦɩɨɧɟɧɬɚɯ 

ɞɚɬɱɢɤɚ. ɉɪɢɧɰɢɩ ɪɚɛɨɬɵ ɥɸɛɵɯ ɆɗɆɋ-ɞɚɬɱɢɤɨɜ ɨɫɧɨɜɚɧ ɧɚ ɢɡɦɟɪɟɧɢɢ ɜɢɛɪɚɰɢɣ 

ɢɥɢ ɜɪɚɳɟɧɢɣ ɤɨɦɩɨɧɟɧɬɨɜ ɭɫɬɪɨɣɫɬɜɚ, ɨɫɨɛɟɧɧɨ ɝɢɪɨɫɤɨɩɨɜ, ɤɨɬɨɪɵɟ ɩɨɥɭɱɚɸɬ 

ɞɚɧɧɵɟ ɧɚ ɨɫɧɨɜɟ ɢɡɦɟɪɟɧɢɹ ɤɨɪɢɨɥɢɫɨɜɨɣ ɫɢɥɵ. ɗɬɢɦ ɨɛɭɫɥɨɜɥɟɧɨ ɡɚɲɭɦɥɟɧɢɟ 

ɜɵɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ ɞɚɬɱɢɤɚ ɩɫɟɜɞɨɞɟɬɟɪɦɢɧɢɪɨɜɚɧɧɨɣ ɫɢɧɭɫɨɢɞɚɥɶɧɨɣ 

ɤɨɦɩɨɧɟɧɬɨɣ, ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɫɜɹɡɚɧɧɨɣ ɫ ɪɟɡɨɧɚɧɫɧɨɣ ɱɚɫɬɨɬɨɣ ɟɝɨ ɤɨɦɩɨɧɟɧɬɨɜ. 

ɉɪɢ ɱɚɫɬɨɬɟ ɲɭɦɚ, ɛɥɢɡɤɨɣ ɤ ɱɚɫɬɨɬɟ ɜɵɞɚɱɢ ɞɚɧɧɵɯ ɞɚɬɱɢɤɨɦ, ɩɪɚɤɬɢɱɟɫɤɢ 

ɧɟɡɚɦɟɬɟɧ ɧɚ ɝɪɚɮɢɤɟ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ, ɬɚɤ ɤɚɤ ɨɧ ɬɟɪɹɟɬɫɹ ɧɚ ɮɨɧɟ ɛɟɥɨɝɨ ɲɭɦɚ 

(ɞɪɟɣɮɚ ɭɝɥɚ) ɞɚɬɱɢɤɚ [5]. 

 Ɉɰɟɧɤɚ ɨɲɢɛɨɤ  

Ʉɚɤ ɛɵɥɨ ɫɤɚɡɚɧɨ ɜɵɲɟ, ɫɬɚɧɞɚɪɬɧɵɟ ɦɟɬɨɞɵ ɫɬɚɬɢɫɬɢɱɟɫɤɨɝɨ ɚɧɚɥɢɡɚ 

(ɧɚɯɨɠɞɟɧɢɟ ɫɪɟɞɧɟɝɨ ɢ ɞɢɫɩɟɪɫɢɢ) ɧɟ ɦɨɝɭɬ ɞɚɬɶ ɨɰɟɧɤɢ ɩɟɪɟɱɢɫɥɟɧɧɵɯ ɲɭɦɨɜɵɯ 

ɤɨɦɩɨɧɟɧɬ. ɉɨɷɬɨɦɭ ɧɟɨɛɯɨɞɢɦɨ ɩɪɢɦɟɧɹɬɶ ɞɪɭɝɢɟ ɦɟɬɨɞɵ. 

Ɇɟɬɨɞɚɦɢ ɚɧɚɥɢɡɚ ɱɚɫɬɨɬɧɵɯ ɢɧɬɟɪɜɚɥɨɜ ɦɨɠɧɨ ɜɵɹɜɢɬɶ ɩɪɢɫɭɬɫɬɜɢɟ ɬɨɣ ɢɥɢ 

ɢɧɨɣ ɲɭɦɨɜɨɣ ɤɨɦɩɨɧɟɧɬɵ ɜ ɫɢɝɧɚɥɟ, ɧɨ ɤɨɧɤɪɟɬɧɵɟ ɡɧɚɱɟɧɢɹ ɨɲɢɛɨɤ ɩɨɥɭɱɢɬɶ 

ɧɟɜɨɡɦɨɠɧɨ. 

Ⱦɥɹ ɨɰɟɧɤɢ ɲɭɦɨɜɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ ɩɪɢɧɹɬɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɞɜɚ ɦɟɬɨɞɚ – ɦɟɬɨɞ 

ɫɩɟɤɬɪɚɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɢ ɦɟɬɨɞ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ. 

ɂɫɬɨɱɧɢɤɢ ɨɲɢɛɨɤ ɜ ɜɵɯɨɞɧɨɦ ɫɢɝɧɚɥɟ ɞɚɬɱɢɤɚ ɫɬɚɬɢɫɬɢɱɟɫɤɢ ɧɟɡɚɜɢɫɢɦɵ [5]. 

ɉɨɷɬɨɦɭ ɨɛɳɭɸ ɨɲɢɛɨɱɧɭɸ ɤɨɦɩɨɧɟɧɬɭ ɫɢɝɧɚɥɚ ɞɥɹ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ ɢ ɞɥɹ ɋɉɆ 

ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɜɢɞɟ ɤɨɦɩɨɡɢɰɢɢ ɜɫɟɯ ɲɭɦɨɜɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ.  

Ⱦɥɹ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ  2   ɩɨɥɭɱɢɦ ɫɥɟɞɭɸɳɭɸ ɮɨɪɦɭɥɭ: 

  
2

2 2 2 2 2 2

2

2 1 3
ln 2

2 3
R K B N Q
  

  
       (2.13) 
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Ⱥ ɞɥɹ ɋɉɆ: 

    
 

2 2
2 2 2

0 32

1 1
2

2 2 2

B K R
S f f Q N

f f f
 

  
          
   

  (2.14) 

ɂ ɜ ɬɨɦ ɢ ɜ ɞɪɭɝɨɦ ɫɥɭɱɚɟ ɚɩɩɪɨɤɫɢɦɚɰɢɹ ɩɪɨɢɡɜɨɞɢɬɫɹ ɧɟɥɢɧɟɣɧɵɦ ɦɟɬɨɞɨɦ 

ɧɚɢɦɟɧɶɲɢɯ ɤɜɚɞɪɚɬɨɜ ɬɚɤ, ɱɬɨɛɵ ɝɪɚɮɢɤɢ ɮɭɧɤɰɢɣ ɫ ɩɨɥɭɱɟɧɧɵɦɢ ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ 

ɛɵɥɢ ɧɚɢɛɨɥɟɟ ɛɥɢɡɤɢ ɤ ɝɪɚɮɢɤɚɦ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ. Ɂɧɚɱɟɧɢɹ 

ɤɨɷɮɮɢɰɢɟɧɬɨɜ , , , ,R K B N Q  ɯɚɪɚɤɬɟɪɢɡɭɸɬ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɨɬɞɟɥɶɧɵɯ ɲɭɦɨɜɵɯ 

ɫɨɫɬɚɜɥɹɸɳɢɯ ɜɵɯɨɞɧɨɝɨ ɫɢɝɧɚɥɚ ɢɡɦɟɪɢɬɟɥɹ. 

ȿɫɥɢ ɤɨɷɮɮɢɰɢɟɧɬɵ , , , ,R K B N Q  ɨɩɪɟɞɟɥɟɧɵ ɞɨɫɬɚɬɨɱɧɨ ɬɨɱɧɨ, ɬɨ (2.13) ɢ 

(2.14) ɞɚɸɬ ɞɨɫɬɚɬɨɱɧɨ ɛɥɢɡɤɭɸ ɨɰɟɧɤɭ ɲɭɦɨɜɵɯ ɜɨɡɞɟɣɫɬɜɢɣ [5]. 

2.2.1 ɋɩɟɤɬɪɚɥɶɧɚɹ ɩɥɨɬɧɨɫɬɶ ɦɨɳɧɨɫɬɢ 

ɋɩɟɤɬɪɚɥɶɧɚɹ ɩɥɨɬɧɨɫɬɶ ɦɨɳɧɨɫɬɢ – ɮɭɧɤɰɢɹ, ɨɩɢɫɵɜɚɸɳɚɹ ɪɚɫɩɪɟɞɟɥɟɧɢɟ 

ɦɨɳɧɨɫɬɢ ɫɢɝɧɚɥɚ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɱɚɫɬɨɬɵ, ɬɨ ɟɫɬɶ ɦɨɳɧɨɫɬɶ, ɩɪɢɯɨɞɹɳɭɸɫɹ ɧɚ 

ɟɞɢɧɢɱɧɵɣ ɢɧɬɟɪɜɚɥ ɱɚɫɬɨɬɵ. 

ɋɉɆ  S   ɦɨɠɧɨ ɧɚɣɬɢ ɤɚɤ ɞɜɭɯɫɬɨɪɨɧɧɟɟ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ Ɏɭɪɶɟ ɨɬ 

ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɮɭɧɤɰɢɢ  K  : 

     j
S K e d

  







    (2.15) 

ɇɚ ɪɢɫɭɧɤɟ 2.2 ɢɡɨɛɪɚɠɟɧ ɬɢɩɢɱɧɵɣ ɝɪɚɮɢɤ ɋɉɆ. 
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Ɋɢɫɭɧɨɤ 2.2 – Ɍɢɩɢɱɧɵɣ ɝɪɚɮɢɤ ɋɉɆ 

Ʉɚɠɞɨɦɭ ɭɱɚɫɬɤɭ ɝɪɚɮɢɤɚ ɋɉɆ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɫɜɨɣ ɜɢɞ ɨɲɢɛɨɤ.  

  



42 

 

ȼ ɬɚɛɥɢɰɟ 2.1ɩɪɢɜɟɞɟɧɵ ɫɨɨɬɜɟɬɫɬɜɢɹ ɲɭɦɨɜ ɢ ɫɥɚɝɚɟɦɵɯ ɜ ɮɭɧɤɰɢɢ (2.14). 

Ɍɚɛɥɢɰɚ 2.1 – ɋɨɫɬɚɜɥɹɸɳɢɟ ɲɭɦɚ ɋɉɆ 

Ɍɢɩ ɨɲɢɛɤɢ ɋɉɆ 

ɒɭɦ ɤɜɚɧɬɨɜɚɧɢɹ 2 22
s

f Q T  

Ⱦɪɟɣɮ ɭɝɥɚ 2
N  

ɇɟɫɬɚɛɢɥɶɧɨɫɬɶ ɫɦɟɳɟɧɢɹ ɧɭɥɹ 2

0

1
,

2

B
f f

f
 

Ⱦɪɟɣɮ ɭɝɥɨɜɨɣ ɫɤɨɪɨɫɬɢ 2

2

1

2

K

f
 

Ɇɭɥɶɬɢɩɥɢɤɚɬɢɜɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ 2

3
2

R

f
 

ɋɢɧɭɫɨɢɞɚɥɶɧɵɣ ɲɭɦ 
0

0 0
2

f f f f  

Ɂɞɟɫɶ 0  – ɚɦɩɥɢɬɭɞɚ ɫɢɧɭɫɨɢɞɚɥɶɧɨɝɨ ɲɭɦɚ,  x  ɞɟɥɶɬɚ-ɮɭɧɤɰɢɹ. 

2.2.2 Ⱦɢɫɩɟɪɫɢɹ Ⱥɥɥɚɧɚ 

Ɇɟɬɨɞ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ – ɷɬɨ ɦɟɬɨɞ ɚɧɚɥɢɡɚ ɜɪɟɦɟɧɧɵɯ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɟɣ 

ɞɥɹ ɨɩɪɟɞɟɧɢɹ ɲɭɦɨɜ ɜ ɮɭɧɤɰɢɢ ɭɫɪɟɞɧɟɧɧɨɝɨ ɜɪɟɦɟɧɢ. 

ȿɫɥɢ ɡɚɩɢɫɶ ɩɨɤɚɡɚɧɢɣ ɞɚɬɱɢɤɚ  t , ɜɤɥɸɱɚɸɳɭɸ M  ɨɬɫɱɟɬɨɜ 

ɞɥɢɬɟɥɶɧɨɫɬɶɸ 0T , ɩɪɨɢɧɬɟɝɪɢɪɨɜɚɬɶ ɩɨ ɜɪɟɦɟɧɢ 0mT , ɬɨ ɩɨɥɭɱɢɬɫɹ ɡɧɚɱɟɧɢɟ ɭɝɥɚ, 

ɧɚɤɨɩɥɟɧɧɨɝɨ ɡɚ m  ɨɬɫɱɟɬɨɜ: 

  
0

0

mT

m
t dt     (2.16) 

Ⱦɢɫɩɟɪɫɢɹ Ⱥɥɥɚɧɚ ɪɚɫɫɱɢɬɵɜɚɟɬɫɹ ɩɨ ɫɥɟɞɭɸɳɟɣ ɮɨɪɦɭɥɟ [5]: 
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  
  

 
2

2
2

0 22
1

0

1
2

2 2

M n

m n m n m

m

nT
M n nT

   


 


  


 , (2.17) 

ɝɞɟ  
max

1
1, 2, 3, ,

2
M

n n
    

ɇɚ ɝɪɚɮɢɤɚɯ ɱɚɳɟ ɜɫɟɝɨ ɩɪɢɜɨɞɢɬɫɹ ɧɟ ɞɢɫɩɟɪɫɢɹ Ⱥɥɥɚɧɚ, ɚ ɋɄɈ Ⱥɥɥɚɧɚ 

(ɨɬɤɥɨɧɟɧɢɟ Ⱥɥɥɚɧɚ) ɤɚɤ ɤɨɪɟɧɶ ɢɡ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ. 

ɇɚ ɪɢɫɭɧɤɟ 2.3 ɩɪɢɜɟɞɟɧ ɬɢɩɢɱɧɵɣ ɝɪɚɮɢɤ ɨɬɤɥɨɧɟɧɢɹ Ⱥɥɥɚɧɚ. 

 

Ɋɢɫɭɧɨɤ 2.3 – Ɍɢɩɢɱɧɵɣ ɝɪɚɮɢɤ ɨɬɤɥɨɧɟɧɢɹ Ⱥɥɥɚɧɚ 

Ɍɚɤɠɟ ɤɚɤ ɜ ɫɥɭɱɚɟ ɫ ɋɉɆ, ɤɚɠɞɨɦɭ ɭɱɚɫɬɤɭ ɝɪɚɮɢɤɚ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɫɜɨɣ ɬɢɩ 

ɲɭɦɚ. ȼ ɬɚɛɥɢɰɟ 2.2 ɩɪɢɜɟɞɟɧɵ ɞɚɧɧɵɟ ɫɨɨɬɜɟɬɫɬɜɢɹ ɲɭɦɨɜɵɯ ɤɨɦɩɨɧɟɧɬ ɢ 

ɫɥɚɝɚɟɦɵɯ ɮɨɪɦɭɥɵ (2.13). 
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Ɍɚɛɥɢɰɚ 2.2 – ɋɨɫɬɚɜɥɹɸɳɢɟ ɲɭɦɚ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ 

Ɍɢɩ ɨɲɢɛɤɢ Ⱦɢɫɩɟɪɫɢɹ Ⱥɥɥɚɧɚ ( 2 ) 

ɒɭɦ ɤɜɚɧɬɨɜɚɧɢɹ 2 23Q  

Ⱦɪɟɣɮ ɭɝɥɚ 2
N  

ɇɟɫɬɚɛɢɥɶɧɨɫɬɶ ɫɦɟɳɟɧɢɹ ɧɭɥɹ 32

2

0

sin2
[ln 2 sin 4 cos

2

2 4 ],
i i

xB
x x x

x

C x C x x f

 

Ⱦɪɟɣɮ ɭɝɥɨɜɨɣ ɫɤɨɪɨɫɬɢ 3

3

K
 

Ɇɭɥɶɬɢɩɥɢɤɚɬɢɜɧɚɹ ɩɨɝɪɟɲɧɨɫɬɶ 2 2

2

R
 

ɋɢɧɭɫɨɢɞɚɥɶɧɵɣ ɲɭɦ 2

02

0

0

sin f

f
 

Ɇɟɠɞɭ ɋɉɆ ɢ ɞɢɫɩɟɪɫɢɟɣ Ⱥɥɥɚɧɚ ɟɫɬɶ ɜɡɚɢɦɨɫɜɹɡɶ, ɤɨɬɨɪɭɸ ɩɪɟɞɫɬɚɜɥɹɸɬ 

ɫɥɟɞɭɸɳɢɦ ɜɵɪɚɠɟɧɢɟɦ: 

 

4

2

2

0

sin
4

f
S f df

f
  (2.18) 

 

 Ⱥɥɝɨɪɢɬɦ ɪɚɫɱɟɬɚ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ 

Ɇɟɬɨɞ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ ɩɪɟɞɩɨɥɚɝɚɟɬ ɚɧɚɥɢɡ ɜɪɟɦɟɧɧɵɯ ɨɤɨɧ. ɉɨɬɨɤ ɞɚɧɧɵɯ 

ɪɚɡɛɢɜɚɟɬɫɹ ɧɚ ɜɪɟɦɟɧɧɵɟ ɨɤɧɚ ɮɢɤɫɢɪɨɜɚɧɧɨɣ ɞɥɢɧɵ, ɩɪɨɞɨɥɠɢɬɟɥɶɧɨɫɬɶɸ . 

Ⱦɥɢɧɚ ɜɪɟɦɟɧɧɨɝɨ ɨɤɧɚ ɞɨɥɠɧɚ ɛɵɬɶ ɤɪɚɬɧɚ ɩɟɪɢɨɞɭ ɜɵɛɨɪɤɢ, ɩɨɷɬɨɦɭ  ɫɥɟɞɭɟɬ 



45 

 

ɜɵɛɢɪɚɬɶ ɪɚɜɧɵɦɢ 
0 0 0 0, 2 , 3 , ..., k , ɝɞɟ 

0
 – ɩɟɪɢɨɞ ɜɵɛɨɪɤɢ, k  – ɰɟɥɨɟ ɱɢɫɥɨ 

2
Nk , N  – ɤɨɥɢɱɟɫɬɜɨ ɫɷɦɩɥɨɜ ɫɢɝɧɚɥɚ. 

ɂɫɯɨɞɹ ɢɡ ɬɪɟɛɨɜɚɧɢɣ ɤ ɞɥɢɧɟ ɜɪɟɦɟɧɧɨɝɨ ɨɤɧɚ ɜɵɛɢɪɚɟɦ 

0 0 0 0, 2 , 3 , ..., k , 
2

Nk . Ⱦɥɹ ɤɚɠɞɨɝɨ  : 

1. Ɉɩɪɟɞɟɥɹɟɦ ɤɨɥɢɱɟɫɬɜɨ ɨɬɫɱɟɬɨɜ ɞɚɧɧɵɯ M  ɜɨ ɜɪɟɦɟɧɧɨɦ ɨɤɧɟ: 

 
0

M



   (2.19) 

2. ɂɡ ɜɵɛɨɪɤɢ ɞɥɢɧɨɣ ɜ N  ɨɬɫɱɟɬɨɜ ɮɨɪɦɢɪɭɟɦ NK
M

  ɜɪɟɦɟɧɧɵɯ ɨɤɨɧ. 

3. Ⱦɥɹ ɤɚɠɞɨɝɨ ɜɪɟɦɟɧɧɨɝɨ ɨɤɧɚ ɧɚɯɨɞɢɦ ɫɪɟɞɧɟɟ: 

 
1

1

1 M

k M k i

i

x x
M

,  (2.20) 

ɝɞɟ 1, 2, ...,k K  – ɧɨɦɟɪ ɨɤɧɚ, i
x  – i -ɵɣ ɨɬɫɱɟɬ ɞɚɧɧɵɯ. 

4. ɇɚɯɨɞɢɦ ɞɢɫɩɟɪɫɢɸ Ⱥɥɥɚɧɚ ɞɥɹ ɞɚɧɧɨɝɨ ɪɚɡɦɟɪɚ ɨɤɧɚ 

 
12 2

2

1 1

1

1 1

2 2 1

K

a M k k k k

i

x M x M x M x M
K

,  (2.21) 

ɝɞɟ  – ɭɫɪɟɞɧɟɧɢɟ ɩɨ ɚɧɫɚɦɛɥɸ, 0M
M   – ɞɥɢɧɚ ɜɪɟɦɟɧɧɨɝɨ ɨɤɧɚ (ɜɪɟɦɹ 

ɤɨɪɪɟɥɹɰɢɢ). 

5. ȼɵɱɢɫɥɹɟɦ ɤɨɪɟɧɶ ɢɡ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ, ɩɨɥɭɱɚɹ ɨɬɤɥɨɧɟɧɢɟ Ⱥɥɥɚɧɚ: 

 2

a a   (2.22) 

6. ɉɪɢɜɨɞɢɦ ɨɬɤɥɨɧɟɧɢɟ Ⱥɥɥɚɧɚ ɤ ɪɚɡɦɟɪɧɨɫɬɢ ɱ : 

 3600
a aɱ ɫɟɤ   (2.23) 

Ɍɨɱɧɨɫɬɶ ɨɰɟɧɤɢ ɨɬɤɥɨɧɟɧɢɹ Ⱥɥɥɚɧɚ ɜɨɡɪɚɫɬɚɟɬ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɤɨɥɢɱɟɫɬɜɚ 

ɨɤɨɧ [5]. 
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 ɉɨɥɭɱɟɧɢɟ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ 

ȼ ɯɨɞɟ ɜɵɩɨɥɧɟɧɢɹ ɪɚɛɨɬɵ, ɛɵɥɚ ɩɨɥɭɱɟɧɚ ɞɢɫɩɟɪɫɢɹ Ⱥɥɥɚɧɚ ɞɥɹ ɝɢɪɨɫɤɨɩɚ 

L3G4200D ɨɬ ɩɪɨɢɡɜɨɞɢɬɟɥɹ STMicroelectronics ɫ ɩɨɦɨɳɶɸ ɚɥɝɨɪɢɬɦɚ, ɨɩɢɫɚɧɧɨɝɨ ɜ 

ɪɚɡɞɟɥɟ «Ⱥɥɝɨɪɢɬɦ ɪɚɫɱɟɬɚ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ».  

ɇɨ ɩɟɪɟɞ ɷɬɢɦ ɛɵɥɨ ɧɟɨɛɯɨɞɢɦɨ ɧɚɥɚɞɢɬɶ ɪɚɛɨɬɭ ɫ ɞɚɬɱɢɤɨɦ ɢ ɩɨɥɭɱɢɬɶ 

ɜɵɛɨɪɤɭ ɞɚɧɧɵɯ ɫ ɧɟɝɨ. Ⱦɥɹ ɷɬɨɝɨ ɛɵɥ ɫɨɛɪɚɧ ɦɚɤɟɬ, ɜɤɥɸɱɚɸɳɢɣ ɜ ɫɜɨɣ ɫɨɫɬɚɜ 

ɢɧɟɪɰɢɚɥɶɧɵɣ ɛɥɨɤ ɢ ɦɢɤɪɨɤɨɧɬɪɨɥɥɟɪ. 

2.4.1 ɉɨɞɤɥɸɱɟɧɢɟ ɦɚɤɟɬɚ ɢ ɩɨɥɭɱɟɧɢɟ ɜɵɛɨɪɤɢ 

Ɋɟɚɥɢɡɨɜɚɧɧɵɣ ɦɚɤɟɬ ɜɤɥɸɱɚɟɬ ɫɟɛɹ ɢɧɟɪɰɢɚɥɶɧɵɣ ɛɥɨɤ STMicroelectronics 

L3G4200D (ɜ ɫɨɫɬɚɜɟ IMU-ɞɚɬɱɢɤɚ ɨɬ ɩɪɨɢɡɜɨɞɢɬɟɥɹ Amperka) ɢ ɩɥɚɬɵ Arduino UNO. 

ɇɚ ɪɢɫɭɧɤɟ 2.4ɢɡɨɛɪɚɠɟɧ ɜɧɟɲɧɢɣ ɜɢɞ IMU-ɫɟɧɫɨɪɚ. 

 

Ɋɢɫɭɧɨɤ 2.4 – ȼɧɟɲɧɢɣ ɜɢɞ ɫɟɧɫɨɪɚ 

ɋɛɨɪɤɚ ɦɚɤɟɬɚ ɦɨɠɟɬ ɛɵɬɶ ɪɚɡɛɢɬɚ ɧɚ ɞɜɚ ɷɬɚɩɚ: 

1) ɉɨɞɤɥɸɱɟɧɢɟ ɢɧɟɪɰɢɚɥɶɧɨɝɨ ɛɥɨɤɚ ɤ ɩɥɚɬɟ ɫ ɦɢɤɪɨɤɨɧɬɪɨɥɥɟɪɨɦ; 

2) ɍɫɬɚɧɨɜɤɚ ɧɟɨɛɯɨɞɢɦɵɯ ɞɥɹ ɪɚɛɨɬɵ ɛɢɛɥɢɨɬɟɤ. 

ɋɯɟɦɚ ɩɨɞɤɥɸɱɟɧɢɹ ɨɱɟɧɶ ɩɪɨɫɬɚ. Ʉɨɧɬɚɤɬɵ ɩɢɬɚɧɢɹ ɩɨɞɤɥɸɱɚɸɬɫɹ 

ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: ɡɟɦɥɹ (G) ɫɨɟɞɢɧɹɟɬɫɹ ɫ ɩɢɧɨɦ GND ArНЮТЧШ, ɩɢɬɚɧɢɟ (V) – ɫ 

ɩɢɧɨɦ 5V ArНЮТЧШ. Ʉɨɧɬɚɤɬɵ ɲɢɧɵ 2
I C  ɫɨɟɞɢɧɹɸɬɫɹ ɬɚɤ: ɫɢɝɧɚɥɶɧɵɣ (D) ɤ SDA 

Arduino, ɫɢɝɧɚɥɶɧɵɣ (C) ɤ SCL Arduino. 

ɋɯɟɦɚ ɩɨɞɤɥɸɱɟɧɢɹ ɝɢɪɨɫɤɨɩɚ ɢɡɨɛɪɚɠɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 2.5. 
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Ɋɢɫɭɧɨɤ 2.5 – ɋɯɟɦɚ ɩɨɞɤɥɸɱɟɧɢɹ 

ɇɟɨɛɯɨɞɢɦɵɟ ɞɥɹ ɪɚɛɨɬɵ ɦɚɤɟɬɚ ɛɢɛɥɢɨɬɟɤɢ ɦɨɠɧɨ ɫɤɚɱɚɬɶ ɧɚ ɫɚɣɬɟ 

ɩɪɨɢɡɜɨɞɢɬɟɥɹ IMU-ɦɨɞɭɥɹ. ɇɨ ɜ ɷɬɢɯ ɛɢɛɥɢɨɬɟɤɚɯ ɧɟɬ ɮɭɧɤɰɢɣ ɧɚɫɬɪɨɣɤɢ 

ɩɚɪɚɦɟɬɪɨɜ ɝɢɪɨɫɤɨɩɚ. ɉɨɷɬɨɦɭ ɜ ɯɨɞɟ ɪɚɛɨɬɵ ɛɢɛɥɢɨɬɟɤɢ ɛɵɥɢ ɞɨɩɨɥɧɟɧɵ 

ɧɟɨɛɯɨɞɢɦɵɦɢ ɮɭɧɤɰɢɹɦɢ: ɮɭɧɤɰɢɟɣ ɧɚɫɬɪɨɣɤɢ ɬɟɦɩɚ ɜɵɞɚɱɢ ɞɚɧɧɵɯ, ɮɭɧɤɰɢɟɣ 

ɜɵɛɨɪɚ ɬɢɩɚ ɜɵɞɚɜɚɟɦɵɯ ɞɚɧɧɵɯ ɢ ɞɪɭɝɢɦɢ. 

ɉɨɫɥɟ ɧɚɩɢɫɚɧɢɟ ɧɟɨɛɯɨɞɢɦɵɯ ɮɭɧɤɰɢɣ ɛɵɥ ɡɚɞɚɧ ɬɟɦɩ ɜɵɞɚɱɢ ɞɚɧɧɵɯ ɪɚɜɧɵɣ 

200 Ƚɰ. 

Ⱦɥɹ ɩɨɥɭɱɟɧɢɹ ɜɵɛɨɪɤɢ ɞɚɧɧɵɯ ɢ ɞɚɥɶɧɟɣɲɟɣ ɟɟ ɨɛɪɚɛɨɬɤɢ, ɛɵɥɨ 

ɨɫɭɳɟɫɬɜɥɟɧɨ ɩɨɞɤɥɸɱɟɧɢɟ ɦɚɤɟɬɚ ɤ ɩɟɪɫɨɧɚɥɶɧɨɦɭ ɤɨɦɩɶɸɬɟɪɭ. 

ɋɧɹɬɢɟ ɜɵɛɨɪɤɢ ɩɪɨɢɫɯɨɞɢɥɨ ɩɨɫɪɟɞɫɬɜɨɦ ɡɚɩɢɫɢ ɩɨɤɚɡɚɧɢɣ ɝɢɪɨɫɤɨɩɨɜ ɜ 

ɬɟɤɫɬɨɜɵɣ ɮɚɣɥ ɩɪɨɝɪɚɦɦɨɣ Realterm ɧɚ ɩɪɨɬɹɠɟɧɢɟ ɩɪɢɦɟɪɧɨ 5 ɱɚɫɨɜ 33 ɦɢɧɭɬ. 
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Ɍɚɤɚɹ ɞɥɢɬɟɥɶɧɨɫɬɶ ɧɟɨɛɯɨɞɢɦɚ ɞɥɹ ɩɨɫɬɪɨɟɧɢɹ ɝɪɚɮɢɤɚ ɨɬɤɥɨɧɟɧɢɹ Ⱥɥɥɚɧɚ. ȼɫɟ ɷɬɨ 

ɜɪɟɦɹ ɦɚɤɟɬ, ɚ ɜɦɟɫɬɟ ɫ ɧɢɦ ɢ ɢɧɟɪɰɢɚɥɶɧɵɣ ɛɥɨɤ, ɨɫɬɚɜɚɥɢɫɶ ɧɟɩɨɞɜɢɠɧɵɦɢ, 

ɩɨɷɬɨɦɭ ɩɨɥɭɱɟɧɧɭɸ ɜɵɛɨɪɤɭ ɦɨɠɧɨ ɢɧɬɟɪɩɪɟɬɢɪɨɜɚɬɶ ɤɚɤ ɨɲɢɛɤɢ ɢɧɟɪɰɢɚɥɶɧɨɝɨ 

ɛɥɨɤɚ. 

2.4.2 Ɉɬɤɥɨɧɟɧɢɟ Ⱥɥɥɚɧɚ ɞɥɹ ɝɢɪɨɫɤɨɩɚ L3G4200D 

ɇɚ ɹɡɵɤɟ Matlab ɛɵɥ ɪɟɚɥɢɡɨɜɚɧ ɚɥɝɨɪɢɬɦ ɪɚɫɱɟɬɚ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ, 

ɨɩɢɫɚɧɧɵɣ ɜ ɪɚɡɞɟɥɟ «Ⱥɥɝɨɪɢɬɦ ɪɚɫɱɟɬɚ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ». Ɋɟɡɭɥɶɬɚɬ ɪɚɛɨɬɵ ɷɬɨɝɨ 

ɚɥɝɨɪɢɬɦɚ ɩɪɢɜɟɞɟɧ ɧɚ ɪɢɫɭɧɤɟ 2.6. 

 

Ɋɢɫɭɧɨɤ 2.6 – Ɉɬɤɥɨɧɟɧɢɟ Ⱥɥɥɚɧɚ ɞɥɹ ɝɢɪɨɫɤɨɩɚ L3G4200D 

Ⱥɧɚɥɢɡ ɝɪɚɮɢɤɚ ɨɬɤɥɨɧɟɧɢɹ Ⱥɥɥɚɧɚ ɤɚɠɟɬɫɹ ɞɨɜɨɥɶɧɨ ɩɪɨɫɬɨɣ ɡɚɞɚɱɟɣ ɧɚ 

ɩɟɪɜɵɣ ɜɡɝɥɹɞ. Ⱦɟɣɫɬɜɢɬɟɥɶɧɨ, ɱɬɨ ɦɨɠɟɬ ɛɵɬɶ ɩɪɨɳɟ, ɫɪɚɜɧɢɜɚɬɶ ɝɪɚɮɢɤ ɧɚ ɪɢɫɭɧɤɟ 

2.1ɫ ɝɪɚɮɢɤɨɦ ɧɚ ɪɢɫɭɧɤɟ 2.6 ɢ ɩɨ ɧɚɥɢɱɢɸ ɧɚ «ɧɭɠɧɵɯ» ɨɛɥɚɫɬɹɯ ɛɥɢɡɤɢɯ ɭɝɥɨɜ 

ɧɚɤɥɨɧɚ ɨɰɟɧɢɬɶ ɲɭɦɨɜɵɟ ɫɨɫɬɚɜɥɹɸɳɢɟ? ɇɨ ɡɚɞɚɱɚ ɬɨɥɶɤɨ ɤɚɠɟɬɫɹ ɬɪɢɜɢɚɥɶɧɨɣ [6]. 

ɂɡ ɩɨɥɭɱɟɧɧɨɝɨ ɝɪɚɮɢɤɚ ɦɨɠɧɨ ɥɢɲɶ ɞɨɜɨɥɶɧɨ ɝɪɭɛɨ ɨɰɟɧɢɬɶ ɧɟɤɨɬɨɪɵɟ 

ɲɭɦɨɜɵɟ ɫɨɫɬɚɜɥɹɸɳɢɟ. ɇɚɩɪɢɦɟɪ, ɦɨɠɧɨ ɧɚɣɬɢ ɞɢɫɩɟɪɫɢɸ ɫɦɟɳɟɧɢɹ ɧɭɥɟɣ ɩɨ 

ɦɟɬɨɞɢɤɟ, ɢɡɥɨɠɟɧɧɨɣ ɜ ɪɚɡɞɟɥɟ «ɍɫɥɨɜɢɹ ɢ ɪɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ». 
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Ⱦɥɹ ɛɨɥɟɟ ɬɨɱɧɨɣ ɨɰɟɧɤɢ ɲɭɦɨɜɵɯ ɫɨɫɬɚɜɥɹɸɳɢɯ ɧɟɨɛɯɨɞɢɦɨ ɩɪɨɜɟɫɬɢ 

ɛɨ́ɥɶɲɭɸ ɪɚɛɨɬɭ [6]. 

 Ɋɟɡɭɥɶɬɚɬɵ ɝɥɚɜɵ 

Ȼɵɥ ɫɨɛɪɚɧ ɦɚɤɟɬ, ɜɤɥɸɱɚɸɳɢɣ ɜ ɫɜɨɣ ɫɨɫɬɚɜ ɢɧɟɪɰɢɚɥɶɧɵɣ ɛɥɨɤ ɢ 

ɦɢɤɪɨɤɨɧɬɪɨɥɥɟɪ. Ⱦɥɹ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɫ ɷɬɢɦ ɦɚɤɟɬɨɦ ɛɵɥɢ ɧɚɩɢɫɚɧɵ ɮɭɧɤɰɢɢ, 

ɩɨɡɜɨɥɹɸɳɢɟ ɧɚɫɬɪɚɢɜɚɬɶ ɬɟɦ ɜɵɞɚɱɢ ɞɚɧɧɵɯ, ɬɢɩ ɜɵɞɚɜɚɟɦɵɯ ɞɚɧɧɵɯ, ɫɤɨɪɨɫɬɶ 

ɜɵɞɚɱɢ ɞɚɧɧɵɯ ɢ ɞɪɭɝɢɟ ɮɭɧɤɰɢɢ ɧɚɫɬɪɨɣɤɢ ɪɚɛɨɬɵ ɞɚɬɱɢɤɚ ɢ ɦɢɤɪɨɤɨɧɬɪɨɥɥɟɪɚ. 

ɋ ɩɨɦɨɳɶɸ ɫɨɡɞɚɧɧɨɝɨ ɦɚɤɟɬɚ ɛɵɥɚ ɩɨɥɭɱɟɧɚ ɜɵɛɨɪɤɚ ɞɚɧɧɵɯ, ɹɜɥɹɸɳɢɯɫɹ 

ɨɲɢɛɤɚɦɢ ɢɧɟɪɰɢɚɥɶɧɨɝɨ ɞɚɬɱɢɤɚ. 

Ⱦɥɹ ɚɧɚɥɢɡɚ ɩɨɥɭɱɟɧɧɵɯ ɞɚɧɧɵɯ ɛɵɥ ɪɟɚɥɢɡɨɜɚɧ ɧɚ ɹɡɵɤɟ Matlab ɚɥɝɨɪɢɬɦ 

ɪɚɫɱɟɬɚ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ. 

Ȼɥɚɝɨɞɚɪɹ ɪɟɚɥɢɡɚɰɢɢ ɷɬɨɝɨ ɚɥɝɨɪɢɬɦɚ ɛɵɥ ɩɨɫɬɪɨɟɧ ɝɪɚɮɢɤ ɨɬɤɥɨɧɟɧɢɹ 

Ⱥɥɥɚɧɚ ɜ ɞɢɚɩɚɡɨɧɟ ɞɥɢɧ ɜɵɛɨɪɨɤ ɨɬ ɟɞɢɧɢɰ ɦɢɥɥɢɫɟɤɭɧɞ ɞɨ ɧɟɫɤɨɥɶɤɢɯ ɱɚɫɨɜ. 
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3 ɉɈȾȾȿɊɀɄȺ ɍȽɅɈɆȿɊɇɕɏ ɍɋɌɊɈɃɋɌȼ ɂɇȿɊɐɂȺɅɖɇɕɆɂ 
ȾȺɌɑɂɄȺɆɂ 

 ɂɦɢɬɚɰɢɨɧɧɚɹ ɦɨɞɟɥɶ ɋɋɊɎ ɫ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɟɦ ɢ ɛɟɡ 
ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɹ ɫ ɢɧɟɪɰɢɚɥɶɧɵɦɢ ɞɚɬɱɢɤɚɦɢ 

ɂɞɟɹ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɹ ɍɇȺɉ ɫ ɢɧɟɪɰɢɚɥɶɧɵɦɢ ɞɚɬɱɢɤɚɦɢ ɧɟ ɧɨɜɚ [10][11]. 

ȼ ɪɚɦɤɚɯ ɪɚɛɨɬɵ ɛɭɞɟɬ ɪɟɚɥɢɡɨɜɚɧɚ ɦɨɞɟɥɶ ɋɋɊɎ ɫ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɟɦ ɫ 

ɢɧɟɪɰɢɚɥɶɧɵɦɢ ɞɚɬɱɢɤɚɦɢ, ɩɨɫɬɪɨɟɧɧɚɹ ɧɚ ɚɥɝɨɪɢɬɦɚɯ, ɩɪɢɜɟɞɟɧɧɵɯ ɜ [10].  

ȼɵɯɨɞɵ ɝɢɪɨɫɤɨɩɨɜ ɨɩɢɲɟɦ ɤɚɤ (1.11). ȼ ɤɚɱɟɫɬɜɟ ɨɲɢɛɨɤ ɂɇɋ , ,ɨɲ g k g k ε b n  

ɛɭɞɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫɹ ɜɵɛɨɪɤɚ ɞɚɧɧɵɯ, ɩɨɥɭɱɟɧɧɵɯ ɜ ɪɚɡɞɟɥɟ «ɉɨɞɤɥɸɱɟɧɢɟ ɦɚɤɟɬɚ 

ɢ ɩɨɥɭɱɟɧɢɟ ɜɵɛɨɪɤɢ». 

Ɇɨɞɟɥɢɪɭɟɬɫɹ ɩɪɢɟɦ ɫɢɝɧɚɥɚ ɨɞɧɨɝɨ ɫɩɭɬɧɢɤɚ ɧɚ ɬɪɢ ɚɧɬɟɧɧɵ, ɫ ɪɚɫɫɬɨɹɧɢɟɦ 

ɦɟɠɞɭ ɧɢɦɢ («ɛɚɡɨɣ») ɪɚɜɧɵɦ ɨɞɧɨɦɭ ɦɟɬɪɭ. 

Ɇɨɞɟɥɶ ɋɋɊɎ ɛɭɞɟɬ ɫɬɪɨɢɬɫɹ ɫɨ ɫɥɟɞɭɸɳɢɦ ɞɨɩɭɳɟɧɢɹɦɢ: 

1) ɉɨɝɪɟɲɧɨɫɬɢ ɦɚɫɲɬɚɛɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɢ ɩɟɪɟɤɨɫɵ ɨɫɟɣ ɫɱɢɬɚɟɦ ɭɠɟ 

ɨɰɟɧёɧɧɵɦɢ ɢ ɫɤɨɦɩɟɧɫɢɪɨɜɚɧɧɵɦɢ; 

2) Ʉɨɦɩɟɧɫɢɪɨɜɚɧɢɟ ɭɯɨɞɚ ɧɭɥɟɣ ɩɪɨɢɡɜɨɞɢɬɫɹ ɩɭɬɟɦ ɜɵɱɟɬɚ ɡɧɚɱɟɧɢɹ 

ɫɪɟɞɧɟɝɨ ɚɪɢɮɦɟɬɢɱɟɫɤɨɝɨ ɩɨ ɜɫɟɣ ɜɵɛɨɪɤɟ ɢɡ ɤɚɠɞɨɝɨ ɨɬɫɱɟɬɚ ɜɵɛɨɪɤɢ 

ɨɲɢɛɨɤ. 

ɍɩɪɨɳɟɧɧɚɹ ɫɯɟɦɚ ɦɨɞɟɥɢ ɋɋɊɎ ɢɡɨɛɪɚɠɟɧɚ ɧɚ ɪɢɫɭɧɤɟ 3.1. 

ɇɚ ɪɢɫɭɧɤɟ ɊɑȻ – ɪɚɞɢɨɱɚɫɬɨɬɧɵɣ ɛɥɨɤ, ȽɈɋ – ɝɟɧɟɪɚɬɨɪ ɨɩɨɪɧɨɝɨ ɫɢɝɧɚɥɚ, 

ɉɎ – ɩɨɥɨɫɨɜɨɣ ɮɢɥɶɬɪ, ɍ – ɭɫɢɥɢɬɟɥɶ, Ⱥɐɉ – ɚɧɚɥɨɝɨ-ɰɢɮɪɨɜɨɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ,

 y S n– ɫɦɟɫɶ ɫɢɝɧɚɥɚ ɧɚ ɜɵɯɨɞɟ ɊɑȻ ɢ ɲɭɦɚ, .ɫɦω  – ɭɝɥɨɜɵɟ ɫɤɨɪɨɫɬɢ, ɛɟɡ 

ɤɨɦɩɟɧɫɚɰɢɢ ɧɭɥɟɜɨɝɨ ɫɦɟɳɟɧɢɹ, ω  – ɭɝɥɨɜɵɟ ɫɤɨɪɨɫɬɢ ɫ ɤɨɦɩɟɧɫɚɰɢɟɣ ɧɭɥɟɜɨɝɨ 

ɫɦɟɳɟɧɢɹ, ȾU  – ɩɪɨɰɟɫɫ ɧɚ ɜɵɯɨɞɟ ɞɢɫɤɪɢɦɢɧɚɬɨɪɚ, Ȍ̂  – ɨɰɟɧɤɚ ɪɚɡɧɨɫɬɢ ɮɚɡ, 

 ˆ
ɨɩS Ȍ  – ɨɩɨɪɧɵɣ ɫɢɝɧɚɥ.  
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ɂɂȻ

Ƚɢɪɨɫɤɨɩɵ
Ʉɨɦɩɟɧɫɚɰɢɹ 

ɫɦɟɳɟɧɢɹ ɧɭɥɟɣ

ɊɑȻ Ⱦɢɫɤɪɢɦɢɧɚɬɨɪ

Ʉɨɦɩɥɟɤɫɧɵɣ 
ɮɢɥɶɬɪ

ȽɈɋ

y

.ɫɦω ω

.ȾU

ɍ ɉɎ ȺɐɉȺɐɉȺɐɉɉɎɍ ɍɉɎ

 ˆ
ɨɩS Ȍ

Ȍ̂

 

Ɋɢɫɭɧɨɤ 3.1 – ɍɩɪɨɳɟɧɧɚɹ ɫɯɟɦɚ ɦɨɞɟɥɢ ɋɋɊɎ 

Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɛɭɞɟɬ ɩɪɨɜɨɞɢɬɫɹ ɞɥɹ ɪɚɡɧɵɯ ɫɤɨɪɨɫɬɟɣ ɜɪɚɳɟɧɢɹ, ɥɟɠɚɳɢɯ ɜ 

ɞɢɚɩɚɡɨɧɟ ɨɬ 30 ɝɪɚɞ/ɫ ɞɨ 360 ɝɪɚɞ/ɫ. 

 Ɍɨɱɧɨɫɬɶ ɢ ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɶ ɫɥɟɞɹɳɟɣ ɫɢɫɬɟɦɵ ɛɟɡ ɩɨɞɞɟɪɠɤɢ 
ɢɧɟɪɰɢɚɥɶɧɵɦɢ ɞɚɬɱɢɤɚɦɢ 

ɇɚ ɪɢɫɭɧɤɚɯ 3.2-3.6 ɢɡɨɛɪɚɠɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɜɟɥɢɱɢɧɵ ɋɄɈɲ RMSE  ɨɬ 

ɲɢɪɢɧɵ ɩɨɥɨɫɵ ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ f , ɩɪɢ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ .

.
30ɜɪɚɳ

ɝɪɚɞ
ɫ   

ɛɟɡ ɩɨɞɞɟɪɠɤɢ ɞɚɧɧɵɦɢ ɨɬ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ. 
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Ɋɢɫɭɧɨɤ 3.2 – Ɂɚɜɢɫɢɦɨɫɬɶ ɜɟɥɢɱɢɧɵ ɋɄɈɲ ɨɬ ɲɢɪɢɧɵ ɩɨɥɨɫɵ ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 

f , ɩɪɢ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ .

.
30ɜɪɚɳ

ɝɪɚɞ
ɫ   ɛɟɡ ɩɨɞɞɟɪɠɤɢ ɞɚɧɧɵɦɢ ɨɬ 

ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

ɉɪɢ ɫɤɨɪɨɫɬɢ ɭɝɥɨɜɨɝɨ ɜɪɚɳɟɧɢɹ .

.
30ɜɪɚɳ

ɝɪɚɞ
ɫ   ɲɢɪɢɧɚ ɩɨɥɨɫɵ 

ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 5f Ƚɰ  , ɚ ɜɟɥɢɱɢɧɚ ɋɄɈɲ 11,44 .RMSE ɝɪɚɞ  
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Ɋɢɫɭɧɨɤ 3.3 – Ɂɚɜɢɫɢɦɨɫɬɶ ɜɟɥɢɱɢɧɵ ɋɄɈɲ ɨɬ ɲɢɪɢɧɵ ɩɨɥɨɫɵ ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 

f , ɩɪɢ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ .

.
60ɜɪɚɳ

ɝɪɚɞ
ɫ   ɛɟɡ ɩɨɞɞɟɪɠɤɢ ɞɚɧɧɵɦɢ ɨɬ 

ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

ɉɪɢ ɫɤɨɪɨɫɬɢ ɭɝɥɨɜɨɝɨ ɜɪɚɳɟɧɢɹ .

.
60ɜɪɚɳ

ɝɪɚɞ
ɫ   ɲɢɪɢɧɚ ɩɨɥɨɫɵ 

ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 8,3f Ƚɰ  , ɚ ɜɟɥɢɱɢɧɚ ɋɄɈɲ 15,33 .RMSE ɝɪɚɞ  
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Ɋɢɫɭɧɨɤ 3.4 – Ɂɚɜɢɫɢɦɨɫɬɶ ɜɟɥɢɱɢɧɵ ɋɄɈɲ ɨɬ ɲɢɪɢɧɵ ɩɨɥɨɫɵ ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 

f , ɩɪɢ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ .

.
120ɜɪɚɳ

ɝɪɚɞ
ɫ   ɛɟɡ ɩɨɞɞɟɪɠɤɢ ɞɚɧɧɵɦɢ ɨɬ 

ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

ɉɪɢ ɫɤɨɪɨɫɬɢ ɭɝɥɨɜɨɝɨ ɜɪɚɳɟɧɢɹ .

.
120ɜɪɚɳ

ɝɪɚɞ
ɫ   ɲɢɪɢɧɚ ɩɨɥɨɫɵ 

ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 16f Ƚɰ  , ɚ ɜɟɥɢɱɢɧɚ ɋɄɈɲ 20,96 .RMSE ɝɪɚɞ  
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Ɋɢɫɭɧɨɤ 3.5 – Ɂɚɜɢɫɢɦɨɫɬɶ ɜɟɥɢɱɢɧɵ ɋɄɈɲ ɨɬ ɲɢɪɢɧɵ ɩɨɥɨɫɵ ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 

f , ɩɪɢ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ .

.
180ɜɪɚɳ

ɝɪɚɞ
ɫ   ɛɟɡ ɩɨɞɞɟɪɠɤɢ ɞɚɧɧɵɦɢ ɨɬ 

ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

ɉɪɢ ɫɤɨɪɨɫɬɢ ɭɝɥɨɜɨɝɨ ɜɪɚɳɟɧɢɹ .

.
180ɜɪɚɳ

ɝɪɚɞ
ɫ   ɲɢɪɢɧɚ ɩɨɥɨɫɵ 

ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 19f Ƚɰ  , ɚ ɜɟɥɢɱɢɧɚ ɋɄɈɲ 24,48 .RMSE ɝɪɚɞ  
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Ɋɢɫɭɧɨɤ 3.6 – Ɂɚɜɢɫɢɦɨɫɬɶ ɜɟɥɢɱɢɧɵ ɋɄɈɲ ɨɬ ɲɢɪɢɧɵ ɩɨɥɨɫɵ ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 

f , ɩɪɢ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ .

.
360ɜɪɚɳ

ɝɪɚɞ
ɫ   ɛɟɡ ɩɨɞɞɟɪɠɤɢ ɞɚɧɧɵɦɢ ɨɬ 

ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

ɉɪɢ ɫɤɨɪɨɫɬɢ ɭɝɥɨɜɨɝɨ ɜɪɚɳɟɧɢɹ .

.
360ɜɪɚɳ

ɝɪɚɞ
ɫ   ɲɢɪɢɧɚ ɩɨɥɨɫɵ 

ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 34f Ƚɰ  , ɚ ɜɟɥɢɱɢɧɚ ɋɄɈɲ 31,08 .RMSE ɝɪɚɞ  

  



57 

 

 

Ɍɚɛɥɢɰɚ 3.1 – Ɂɧɚɱɟɧɢɹ ɨɩɬɢɦɚɥɶɧɨɣ ɲɢɪɢɧɵ ɩɨɥɨɫɵ f  ɢ ɋɄɈɲ ɋɋɊɎ ɞɥɹ ɪɚɡɧɵɯ 

ɫɤɨɪɨɫɬɟɣ ɭɝɥɨɜɨɝɨ ɜɪɚɳɟɧɢɹ ɛɟɡ ɩɨɞɞɟɪɠɤɢ ɞɚɧɧɵɦɢ ɨɬ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

ɍɝɥɨɜɚɹ ɫɤɨɪɨɫɬɶ ɜɪɚɳɟɧɢɹ 

.

.
,ɜɪɚɳ
ɝɪɚɞ

ɫ  

30 60 120 180 360 

Ɉɩɬɢɦɚɥɶɧɚɹ ɲɢɪɢɧɚ ɩɨɥɨɫɵ 

,f Ƚɰ  

5 8,3 16 19 34 

Ɂɧɚɱɟɧɢɟ ɋɄɈɲ , .RMSE ɝɪɚɞ  11,44 15,33 20,96 24,48 31,08 

 

 

 Ɍɨɱɧɨɫɬɶ ɢ ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɶ ɫɥɟɞɹɳɟɣ ɫɢɫɬɟɦɵ ɫ ɩɨɞɞɟɪɠɤɨɣ 
ɢɧɟɪɰɢɚɥɶɧɵɦɢ ɞɚɬɱɢɤɚɦɢ 

ɇɚ ɪɢɫɭɧɤɚɯ 3.7-3.11 ɢɡɨɛɪɚɠɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɜɟɥɢɱɢɧɵ ɋɄɈɲ RMSE  ɨɬ 

ɲɢɪɢɧɵ ɩɨɥɨɫɵ ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ f , ɩɪɢ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ .

.
30ɜɪɚɳ

ɝɪɚɞ
ɫ   ɫ 

ɩɨɞɞɟɪɠɤɨɣ ɞɚɧɧɵɦɢ ɨɬ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ. 

 



58 

 

 

Ɋɢɫɭɧɨɤ 3.7 – Ɂɚɜɢɫɢɦɨɫɬɶ ɜɟɥɢɱɢɧɵ ɋɄɈɲ ɨɬ ɲɢɪɢɧɵ ɩɨɥɨɫɵ ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 

f , ɩɪɢ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ .

.
30ɜɪɚɳ

ɝɪɚɞ
ɫ   ɫ ɩɨɞɞɟɪɠɤɨɣ ɞɚɧɧɵɦɢ ɨɬ 

ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

ɉɪɢ ɫɤɨɪɨɫɬɢ ɭɝɥɨɜɨɝɨ ɜɪɚɳɟɧɢɹ .

.
30ɜɪɚɳ

ɝɪɚɞ
ɫ   ɲɢɪɢɧɚ ɩɨɥɨɫɵ 

ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 0,3f Ƚɰ  , ɚ ɜɟɥɢɱɢɧɚ ɋɄɈɲ 2,42 .RMSE ɝɪɚɞ  
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Ɋɢɫɭɧɨɤ 3.8 – Ɂɚɜɢɫɢɦɨɫɬɶ ɜɟɥɢɱɢɧɵ ɋɄɈɲ ɨɬ ɲɢɪɢɧɵ ɩɨɥɨɫɵ ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 

f , ɩɪɢ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ .

.
60ɜɪɚɳ

ɝɪɚɞ
ɫ   ɫ ɩɨɞɞɟɪɠɤɨɣ ɞɚɧɧɵɦɢ ɨɬ 

ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

ɉɪɢ ɫɤɨɪɨɫɬɢ ɭɝɥɨɜɨɝɨ ɜɪɚɳɟɧɢɹ .

.
60ɜɪɚɳ

ɝɪɚɞ
ɫ   ɲɢɪɢɧɚ ɩɨɥɨɫɵ 

ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 1f Ƚɰ  , ɚ ɜɟɥɢɱɢɧɚ ɋɄɈɲ 4,44 .RMSE ɝɪɚɞ  
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Ɋɢɫɭɧɨɤ 3.9 – Ɂɚɜɢɫɢɦɨɫɬɶ ɜɟɥɢɱɢɧɵ ɋɄɈɲ ɨɬ ɲɢɪɢɧɵ ɩɨɥɨɫɵ ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 

f , ɩɪɢ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ .

.
120ɜɪɚɳ

ɝɪɚɞ
ɫ   ɫ ɩɨɞɞɟɪɠɤɨɣ ɞɚɧɧɵɦɢ ɨɬ 

ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

ɉɪɢ ɫɤɨɪɨɫɬɢ ɭɝɥɨɜɨɝɨ ɜɪɚɳɟɧɢɹ .

.
120ɜɪɚɳ

ɝɪɚɞ
ɫ   ɲɢɪɢɧɚ ɩɨɥɨɫɵ 

ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 2,75f Ƚɰ  , ɚ ɜɟɥɢɱɢɧɚ ɋɄɈɲ 7,62 .RMSE ɝɪɚɞ  
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Ɋɢɫɭɧɨɤ 3.10 – Ɂɚɜɢɫɢɦɨɫɬɶ ɜɟɥɢɱɢɧɵ ɋɄɈɲ ɨɬ ɲɢɪɢɧɵ ɩɨɥɨɫɵ ɩɪɨɩɭɫɤɚɧɢɹ 

ɋɋɊɎ f , ɩɪɢ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ .

.
180ɜɪɚɳ

ɝɪɚɞ
ɫ   ɫ ɩɨɞɞɟɪɠɤɨɣ ɞɚɧɧɵɦɢ ɨɬ 

ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

ɉɪɢ ɫɤɨɪɨɫɬɢ ɭɝɥɨɜɨɝɨ ɜɪɚɳɟɧɢɹ .

.
180ɜɪɚɳ

ɝɪɚɞ
ɫ   ɲɢɪɢɧɚ ɩɨɥɨɫɵ 

ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 4f Ƚɰ  , ɚ ɜɟɥɢɱɢɧɚ ɋɄɈɲ 10,38 .RMSE ɝɪɚɞ  
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Ɋɢɫɭɧɨɤ 3.11 – Ɂɚɜɢɫɢɦɨɫɬɶ ɜɟɥɢɱɢɧɵ ɋɄɈɲ ɨɬ ɲɢɪɢɧɵ ɩɨɥɨɫɵ ɩɪɨɩɭɫɤɚɧɢɹ 

ɋɋɊɎ f , ɩɪɢ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ .

.
360ɜɪɚɳ

ɝɪɚɞ
ɫ   ɫ ɩɨɞɞɟɪɠɤɨɣ ɞɚɧɧɵɦɢ ɨɬ 

ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

ɉɪɢ ɫɤɨɪɨɫɬɢ ɭɝɥɨɜɨɝɨ ɜɪɚɳɟɧɢɹ .

.
360ɜɪɚɳ

ɝɪɚɞ
ɫ   ɲɢɪɢɧɚ ɩɨɥɨɫɵ 

ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ 12f Ƚɰ  , ɚ ɜɟɥɢɱɢɧɚ ɋɄɈɲ 16,51 .RMSE ɝɪɚɞ  
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Ɍɚɛɥɢɰɚ 3.2 – Ɂɧɚɱɟɧɢɹ ɨɩɬɢɦɚɥɶɧɨɣ ɲɢɪɢɧɵ ɩɨɥɨɫɵ f  ɢ ɋɄɈɲ ɋɋɊɎ ɞɥɹ ɪɚɡɧɵɯ 

ɫɤɨɪɨɫɬɟɣ ɭɝɥɨɜɨɝɨ ɜɪɚɳɟɧɢɹ ɫ ɩɨɞɞɟɪɠɤɚ ɞɚɧɧɵɦɢ ɨɬ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

ɍɝɥɨɜɚɹ ɫɤɨɪɨɫɬɶ ɜɪɚɳɟɧɢɹ 

.

.
,ɜɪɚɳ
ɝɪɚɞ

ɫ  

30 60 120 180 360 

Ɉɩɬɢɦɚɥɶɧɚɹ ɲɢɪɢɧɚ ɩɨɥɨɫɵ 

,f Ƚɰ  

0,3 1 2,75 4 12 

Ɂɧɚɱɟɧɢɟ ɋɄɈɲ , .RMSE ɝɪɚɞ  2,42 4,44 7,62 10,38 16,51 

 

 ɋɪɚɜɧɟɧɢɟ ɬɨɱɧɨɫɬɢ ɢ ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɢ ɫɥɟɞɹɳɟɣ ɫɢɫɬɟɦɵ ɛɟɡ 
ɩɨɞɞɟɪɠɤɢ ɢɧɟɪɰɢɚɥɶɧɵɦɢ ɞɚɬɱɢɤɚɦɢ ɢ ɫ ɩɨɞɞɟɪɠɤɨɣ ɨɬ ɢɧɟɪɰɢɚɥɶɧɵɯ 
ɞɚɬɱɢɤɨɜ  

 

Ɋɢɫɭɧɨɤ 3.12 – Ɂɚɜɢɫɢɦɨɫɬɶ ɲɢɪɢɧɵ ɩɨɥɨɫɵ ɨɬ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ 
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Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫɭɧɤɚ 3.12 ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɭɝɥɨɜɨɣ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ 

ɧɟɨɛɯɨɞɢɦɨ ɭɜɟɥɢɱɢɜɚɬɶ ɩɨɥɨɫɭ ɩɪɨɩɭɫɤɚɧɢɹ ɋɋɊɎ, ɧɨ ɜ ɫɥɭɱɚɟ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɹ 

ɫ ɢɧɟɪɰɢɚɥɶɧɵɦ ɞɚɬɱɢɤɨɦ, ɩɨɥɨɫɭ ɧɭɠɧɨ ɭɜɟɥɢɱɢɜɚɬɶ ɫɭɳɟɫɬɜɟɧɧɨ ɦɟɧɶɲɟ. 

 

Ɋɢɫɭɧɨɤ 3.13 – Ɂɚɜɢɫɢɦɨɫɬɶ ɬɨɱɧɨɫɬɢ ɨɬ ɞɢɧɚɦɢɤɢ ɜɪɚɳɟɧɢɹ 

Ɉɲɢɛɤɚ ɨɠɢɞɚɟɦɨ ɪɚɫɬɟɬ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɞɢɧɚɦɢɤɢ ɜɪɚɳɟɧɢɹ, ɧɨ ɬɚɤɠɟ 

ɨɠɢɞɚɟɦɨ ɢ ɬɨ, ɱɬɨ ɛɟɡ ɩɨɞɞɟɪɠɤɢ ɞɚɧɧɵɦɢ ɫ ɂɇɋ ɨɲɢɛɤɚ ɛɨɥɶɲɟ. 
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Ɋɢɫɭɧɨɤ 3.14 – ȼɵɢɝɪɵɲ ɜ ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɢ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɞɚɧɧɵɦɢ ɨɬ 

ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ 

ɇɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɛɨɥɶɲɢɯ ɭɝɥɨɜɵɯ ɫɤɨɪɨɫɬɹɯ ɜɵɢɝɪɵɲ ɜ 

ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɢ ɩɨɥɭɱɚɟɬɫɹ ɛɨɥɶɲɢɦ. 
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Ɋɢɫɭɧɨɤ 3.15 – ȼɵɢɝɪɵɲ ɩɨ ɬɨɱɧɨɫɬɢ ɩɪɢ ɩɨɞɞɟɪɠɤɟ ɞɚɧɧɵɦɢ ɨɬ ɢɧɟɪɰɢɚɥɶɧɵɯ 

ɞɚɬɱɢɤɨɜ 

Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫɭɧɤɨɜ 3.14 ɢ 3.15 ɜɵɢɝɪɵɲ ɩɨ ɬɨɱɧɨɫɬɢ ɢ ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɢ 

ɋɋɊɎ ɭɦɟɧɶɲɚɟɬɫɹ ɧɚ ɛɨɥɶɲɢɯ ɫɤɨɪɨɫɬɹɯ ɜɪɚɳɟɧɢɹ. 

 Ɋɟɡɭɥɶɬɚɬɵ ɝɥɚɜɵ 

Ⱦɥɹ ɪɚɡɥɢɱɧɵɯ ɫɤɨɪɨɫɬɟɣ ɜɪɚɳɟɧɢɹ ɨɛɴɟɤɬɚ ɧɚɣɞɟɧɵ ɨɩɬɢɦɚɥɶɧɵɟ, ɩɨ 

ɤɪɢɬɟɪɢɸ ɬɨɱɧɨɫɬɢ ɫɥɟɠɟɧɢɹ, ɩɨɥɨɫɵ ɫɢɫɬɟɦ ɫɥɟɠɟɧɢɹ ɡɚ ɪɚɡɧɨɫɬɶɸ ɮɚɡ ɞɥɹ ɞɜɭɯ 

ɫɥɭɱɚɟɜ: ɫ ɩɨɞɞɟɪɠɤɨɣ ɨɬ ɢɧɟɪɰɢɚɥɶɧɵɯ ɛɥɨɤɨɜ ɢ ɛɟɡ ɩɨɞɞɟɪɠɤɢ.  

ɉɪɢ ɢɡɦɟɧɟɧɢɢ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɨɬ 30 ɞɨ 360 ɝɪɚɞɭɫɨɜ ɜ ɫɟɤɭɧɞɭ 

ɨɩɬɢɦɚɥɶɧɚɹ ɩɨɥɨɫɚ ɫɥɟɞɹɳɟɣ ɫɢɫɬɟɦɵ ɡɚ ɪɚɡɧɨɫɬɶɸ ɮɚɡ ɛɟɡ ɩɨɞɞɟɪɠɤɢ ɨɬ 

ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ ɢɡɦɟɧɹɟɬɫɹ ɨɬ 5 ɞɨ 34 Ƚɰ, ɚ ɬɨɱɧɨɫɬɶ ɫɥɟɠɟɧɢɹ ɡɚ ɪɚɡɧɨɫɬɶɸ 

ɮɚɡ ɨɬ 10 ɞɨ 30 ɝɪɚɞɭɫɨɜ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. Ʉɨɦɩɥɟɤɫɢɪɨɜɚɧɢɟ ɫɢɫɬɟɦɵ ɫ 

ɢɧɟɪɰɢɚɥɶɧɵɦɢ ɞɚɬɱɢɤɚɦɢ ɩɨɡɜɨɥɹɟɬ ɫɭɳɟɫɬɜɟɧɧɨ ɫɭɡɢɬɶ ɲɭɦɨɜɭɸ ɩɨɥɨɫɭ, ɞɥɹ ɬɟɯ 

ɠɟ ɭɝɥɨɜɵɯ ɫɤɨɪɨɫɬɟɣ ɜɪɚɳɟɧɢɹ ɩɨɥɨɫɚ ɫɨɫɬɚɜɥɹɟɬ ɨɬ 0.3 ɞɨ 12 Ƚɰ, ɬɨɱɧɨɫɬɶ ɫɥɟɠɟɧɢɹ 
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– ɨɬ 2.5 ɞɨ 16 ɝɪɚɞɭɫɨɜ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɫɭɠɟɧɢɹ ɩɨɥɨɫɵ ɜɨɡɪɚɫɬɚɟɬ ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɶ 

ɫɥɟɠɟɧɢɹ ɡɚ ɪɚɡɧɨɫɬɶɸ ɮɚɡ ɧɚ 5-10 ɞȻ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɢ ɪɚɡɦɟɳɟɧɢɢ ɧɚ ɨɛɴɟɤɬɟ, ɛɵɫɬɪɨ ɢɡɦɟɧɹɸɳɟɦ ɨɪɢɟɧɬɚɰɢɸ 

ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ, ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɟ ɦɢɤɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ ɫ 

ɭɝɥɨɦɟɪɧɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɨɣ ɩɨɡɜɨɥɹɟɬ ɫɭɳɟɫɬɜɟɧɧɨ ɩɨɜɵɫɢɬɶ ɟё 

ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɶ ɢ ɬɨɱɧɨɫɬɶ. 
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ɁȺɄɅɘɑȿɇɂȿ 

ɉɪɨɜɟɞɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɨɫɨɛɟɧɧɨɫɬɟɣ, ɫɩɨɫɨɛɨɜ ɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɨɞɞɟɪɠɤɢ 

ɭɝɥɨɦɟɪɧɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɵ ɩɨɬɪɟɛɢɬɟɥɟɣ ɨɬ ɦɢɤɪɨɦɟɯɚɧɢɱɟɫɤɢɯ 

ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ – ɬɪɟɯɨɫɧɵɯ ɝɢɪɨɫɤɨɩɨɜ ɢ ɚɤɫɟɥɟɪɨɦɟɬɪɨɜ. 

Ɋɚɫɫɦɨɬɪɟɧɵ ɞɜɚ ɫɰɟɧɚɪɢɹ ɢɫɩɨɥɶɡɨɜɚɧɢɹ ɭɝɥɨɦɟɪɧɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɣ 

ɚɩɩɚɪɚɬɭɪɵ: 

1. Ɋɟɲɟɧɢɟ ɡɚɞɚɱɢ ɩɨɡɢɰɢɨɧɢɪɨɜɚɧɢɹ ɢ ɨɩɪɟɞɟɥɟɧɢɹ ɭɝɥɨɜɨɣ ɨɪɢɟɧɬɚɰɢɢ 

ɧɨɫɢɬɟɥɹ ɧɚ ɨɫɧɨɜɟ ɞɚɧɧɵɯ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ ɫɪɚɡɭ ɩɨɫɥɟ ɩɪɨɩɚɞɚɧɢɹ ɫɢɝɧɚɥɨɜ 

ɫɩɭɬɧɢɤɨɜɵɯ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɢɫɬɟɦ. ɇɚɩɪɢɦɟɪ, ɩɪɢ ɜɯɨɞɟ ɜ ɡɞɚɧɢɟ, ɜɴɟɡɞɟ ɜ 

ɬɭɧɧɟɥɶ, ɧɚɱɚɥɟ ɨɛɥɭɱɟɧɢɹ ɩɨɦɟɯɚɦɢ. ɉɪɢ ɷɬɨɦ ɫɱɢɬɚɟɬɫɹ, ɱɬɨ ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɧɵɣ 

ɧɚɜɢɝɚɰɢɨɧɧɵɣ ɩɪɢɟɦɧɢɤ ɭɫɩɟɥ ɞɨɫɬɚɬɨɱɧɨɟ ɤɨɥɢɱɟɫɬɜɨ ɜɪɟɦɟɧɢ ɨɬɪɚɛɨɬɚɬɶ ɜ 

ɧɨɪɦɚɥɶɧɵɯ ɭɫɥɨɜɢɹɯ ɩɪɢɟɦɚ ɫɢɝɧɚɥɨɜ. 

2. Ɉɩɪɟɞɟɥɟɧɢɟ ɭɝɥɨɜɨɣ ɨɪɢɟɧɬɚɰɢɢ ɜ ɭɝɥɨɦɟɪɧɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɟ 

ɩɨɬɪɟɛɢɬɟɥɟɣ, ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɧɨɣ ɫ ɦɢɤɪɨɦɟɯɚɧɢɱɟɫɤɢɦɢ ɢɧɟɪɰɢɚɥɶɧɵɦɢ 

ɞɚɬɱɢɤɚɦɢ ɢ ɪɚɫɩɨɥɨɠɟɧɧɨɣ ɧɚ ɨɛɴɟɤɬɟ, ɢɧɬɟɧɫɢɜɧɨ ɢɡɦɟɧɹɸɳɟɦ ɫɜɨɸ ɨɪɢɟɧɬɚɰɢɸ 

ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ.  

Ⱦɥɹ ɩɟɪɜɨɝɨ ɫɰɟɧɚɪɢɹ ɩɪɨɜɟɞɟɧɨ ɢɦɢɬɚɰɢɨɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɫ ɰɟɥɶɸ 

ɫɪɚɜɧɟɧɢɹ ɩɹɬɢ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ (Analog Devices ADIS16405, InvenSence 

MPU9250, InvenSence MPU6050, Pololu MinIMU-9, Bosch BMX055) ɪɚɡɥɢɱɧɵɯ 

ɰɟɧɨɜɵɯ ɞɢɚɩɚɡɨɧɨɜ ɩɨ ɤɪɢɬɟɪɢɸ ɬɨɱɧɨɫɬɢ ɪɟɲɟɧɢɹ ɡɚɞɚɱɢ ɢɧɟɪɰɢɚɥɶɧɨɣ ɧɚɜɢɝɚɰɢɢ 

ɧɚ ɢɯ ɨɫɧɨɜɟ. ɉɪɢ ɷɬɨɦ ɪɟɲɟɧ ɪɹɞ ɨɛɪɚɡɨɜɚɬɟɥɶɧɵɯ ɩɨɞɡɚɞɚɱ ɢ ɪɚɡɪɚɛɨɬɚɧɵ 

ɮɭɧɤɰɢɨɧɚɥɶɧɵɟ ɛɥɨɤɢ ɦɨɞɟɥɟɣ ɞɥɹ ɩɨɫɥɟɞɭɸɳɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ: ɫɮɨɪɦɢɪɨɜɚɧɵ 

ɩɪɟɞɫɬɚɜɥɟɧɢɹ ɨ ɯɚɪɚɤɬɟɪɟ ɨɲɢɛɨɤ ɞɚɬɱɢɤɨɜ, ɫɨɡɞɚɧɵ ɢɯ ɤɨɦɩɶɸɬɟɪɧɵɟ ɦɨɞɟɥɢ; 

ɫɨɡɞɚɧɵ ɦɨɞɟɥɢ ɞɜɢɠɟɧɢɹ ɨɛɴɟɤɬɚ, ɜɤɥɸɱɚɹ ɜɪɚɳɚɬɟɥɶɧɨɟ ɞɜɢɠɟɧɢɟ, ɛɥɨɤ ɪɟɲɟɧɢɹ 

ɡɚɞɚɱɢ ɢɧɟɪɰɢɚɥɶɧɨɣ ɧɚɜɢɝɚɰɢɢ. ɇɚ ɬɟɫɬɨɜɨɣ ɬɪɚɟɤɬɨɪɢɢ ɧɚɢɦɟɧɶɲɭɸ ɨɲɢɛɤɭ ɜ 

ɤɨɧɟɱɧɨɣ ɬɨɱɤɟ ɨɛɟɫɩɟɱɢɥ ɫɚɦɵɣ ɞɨɪɨɝɨɣ ɞɚɬɱɢɤ ɢɡ ɪɚɫɫɦɨɬɪɟɧɧɵɯ – Analog Devices 

ADIS16405. Ɉɲɢɛɤɚ ɫɨɫɬɚɜɢɥɚ 50 ɦɟɬɪɨɜ. ɏɭɞɲɢɣ ɪɟɡɭɥɶɬɚɬ ɩɨɤɚɡɚɥ Pololu MinIMU-

9 – ɨɤɨɥɨ 220 ɦɟɬɪɨɜ. ɂɡ ɩɪɨɜɟɞɟɧɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɫɥɟɞɭɟɬ ɜɵɜɨɞ, ɱɬɨ ɤɥɚɫɫ 

ɦɢɤɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɢɧɟɪɰɢɚɥɶɧɵɯ ɛɥɨɤɨɜ ɩɥɨɯɨ ɩɨɞɯɨɞɢɬ ɞɥɹ ɚɜɬɨɧɨɦɧɨɣ 
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ɧɚɜɢɝɚɰɢɢ – ɞɚɠɟ ɞɥɹ ɞɚɬɱɢɤɨɜ ɜɟɪɯɧɟɝɨ ɰɟɧɨɜɨɝɨ ɞɢɚɩɚɡɨɧɚ ɨɲɢɛɤɚ 

ɩɨɡɢɰɢɨɧɢɪɨɜɚɧɢɹ ɧɚɪɚɫɬɚɟɬ ɧɟɞɨɩɭɫɬɢɦɨ ɛɵɫɬɪɨ. 

Ⱦɥɹ ɜɬɨɪɨɝɨ ɫɰɟɧɚɪɢɹ – ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɧɨɣ ɭɝɥɨɦɟɪɧɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɣ 

ɚɩɩɚɪɚɬɭɪɵ ɞɢɧɚɦɢɱɧɨ ɜɪɚɳɚɸɳɟɝɨɫɹ ɨɛɴɟɤɬɚ – ɫɨɡɞɚɧɚ ɢɦɢɬɚɰɢɨɧɧɚɹ ɦɨɞɟɥɶ 

ɭɝɥɨɦɟɪɧɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɵ ɩɨɬɪɟɛɢɬɟɥɟɣ ɜ ɞɜɭɯ ɜɚɪɢɚɧɬɚɯ – ɫ 

ɩɨɞɞɟɪɠɤɨɣ ɨɬ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ ɢ ɛɟɡ ɩɨɞɞɟɪɠɤɢ. Ɇɨɞɟɥɶ ɩɨɡɜɨɥɹɟɬ ɨɰɟɧɢɬɶ 

ɬɨɱɧɨɫɬɶ ɫɥɟɠɟɧɢɹ ɡɚ ɪɚɡɧɨɫɬɶɸ ɮɚɡ, ɩɪɨɜɟɫɬɢ ɨɩɬɢɦɢɡɚɰɢɸ ɲɭɦɨɜɨɣ ɩɨɥɨɫɵ 

ɫɢɫɬɟɦɵ ɫɥɟɠɟɧɢɹ ɡɚ ɪɚɡɧɨɫɬɶɸ ɮɚɡ. 

ɍɤɚɡɚɧɧɚɹ ɦɨɞɟɥɶ ɢɫɩɨɥɶɡɭɟɬ ɞɥɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɨɲɢɛɨɤ ɢɧɟɪɰɢɚɥɶɧɵɯ 

ɞɚɬɱɢɤɨɜ ɜɵɛɨɪɤɢ ɩɪɨɰɟɫɫɨɜ, ɩɨɥɭɱɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ ɩɭɬɟɦ ɞɥɹ 

ɦɢɤɪɨɦɟɯɚɧɢɱɟɫɤɨɝɨ ɢɧɟɪɰɢɚɥɶɧɨɝɨ ɛɥɨɤɚ STMicroelectronics L3G4200D. Ⱦɥɹ 

ɩɨɥɭɱɟɧɢɹ ɜɵɛɨɪɨɤ ɫɨɡɞɚɧ ɦɚɤɟɬ, ɜɤɥɸɱɚɸɳɢɣ ɜ ɫɜɨɣ ɫɨɫɬɚɜ ɢɧɟɪɰɢɚɥɶɧɵɣ ɛɥɨɤ ɢ 

ɦɢɤɪɨɤɨɧɬɪɨɥɥɟɪ. Ɇɢɤɪɨɤɨɧɬɪɨɥɥɟɪ ɨɫɭɳɟɫɬɜɥɹɟɬ ɨɩɪɨɫ ɢɧɟɪɰɢɚɥɶɧɨɝɨ ɛɥɨɤɚ ɢ 

ɩɟɪɟɞɚɱɭ ɞɚɧɧɵɯ ɧɚ ɩɟɪɫɨɧɚɥɶɧɵɣ ɤɨɦɩɶɸɬɟɪ. ɉɪɢ ɷɬɨɦ ɢɧɟɪɰɢɚɥɶɧɵɣ ɛɥɨɤ ɨɫɬɚɟɬɫɹ 

ɧɟɩɨɞɜɢɠɧɵɦ, ɩɨɥɭɱɟɧɧɵɟ ɩɪɨɰɟɫɫɵ ɦɨɠɧɨ ɢɧɬɟɪɩɪɟɬɢɪɨɜɚɬɶ, ɫ ɬɨɱɧɨɫɬɶɸ ɞɨ 

ɩɨɫɬɨɹɧɧɵɯ ɫɥɚɝɚɟɦɵɯ, ɤɚɤ ɨɲɢɛɤɢ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ.  

ɉɪɨɜɟɞɟɧ ɚɧɚɥɢɡ ɩɨɥɭɱɟɧɧɵɯ ɪɟɚɥɢɡɚɰɢɣ. Ⱦɥɹ ɩɪɨɰɟɫɫɨɜ ɨɲɢɛɨɤ ɝɢɪɨɫɤɨɩɨɜ 

ɩɨɫɬɪɨɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɜɚɪɢɚɰɢɢ Ⱥɥɥɚɧɚ ɜ ɞɢɚɩɚɡɨɧɟ ɞɥɢɧ ɜɵɛɨɪɨɤ ɨɬ ɟɞɢɧɢɰ 

ɦɢɥɥɢɫɟɤɭɧɞ ɞɨ ɧɟɫɤɨɥɶɤɢɯ ɱɚɫɨɜ.  

Ȼɵɥɨ ɩɪɨɜɟɞɟɧɨ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɪɚɛɨɬɵ ɍɇȺɉ, ɫɨɞɟɪɠɚɳɟɣ ɬɪɢ ɚɧɬɟɧɧɵ ɫ 

ɛɚɡɨɣ ɜ ɨɞɢɧ ɦɟɬɪ, ɜ ɫɥɭɱɚɹɯ ɩɨɞɞɟɪɠɤɢ ɨɬ ɢɧɟɪɰɢɚɥɶɧɵɯ ɛɥɨɤɨɜ ɢ ɨɬɫɭɬɫɬɜɢɹ 

ɩɨɞɞɟɪɠɤɢ.  

Ⱦɥɹ ɨɛɨɢɯ ɫɥɭɱɚɟɜ ɫ ɩɨɦɨɳɶɸ ɢɦɢɬɚɰɢɨɧɧɨɣ ɦɨɞɟɥɢ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɫɤɨɪɨɫɬɟɣ 

ɜɪɚɳɟɧɢɹ ɨɛɴɟɤɬɚ ɧɚɣɞɟɧɵ ɨɩɬɢɦɚɥɶɧɵɟ, ɩɨ ɤɪɢɬɟɪɢɸ ɬɨɱɧɨɫɬɢ ɫɥɟɠɟɧɢɹ, ɩɨɥɨɫɵ 

ɫɢɫɬɟɦ ɫɥɟɠɟɧɢɹ ɡɚ ɪɚɡɧɨɫɬɶɸ ɮɚɡ ɉɪɢ ɢɡɦɟɧɟɧɢɢ ɫɤɨɪɨɫɬɢ ɜɪɚɳɟɧɢɹ ɨɬ 30 ɞɨ 360 

ɝɪɚɞɭɫɨɜ ɜ ɫɟɤɭɧɞɭ ɨɩɬɢɦɚɥɶɧɚɹ ɩɨɥɨɫɚ ɫɥɟɞɹɳɟɣ ɫɢɫɬɟɦɵ ɡɚ ɪɚɡɧɨɫɬɶɸ ɮɚɡ ɛɟɡ 

ɩɨɞɞɟɪɠɤɢ ɨɬ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ ɢɡɦɟɧɹɟɬɫɹ ɨɬ 5 ɞɨ 34 Ƚɰ, ɚ ɬɨɱɧɨɫɬɶ ɫɥɟɠɟɧɢɹ 

ɡɚ ɪɚɡɧɨɫɬɶɸ ɮɚɡ ɨɬ 10 ɞɨ 30 ɝɪɚɞɭɫɨɜ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. Ʉɨɦɩɥɟɤɫɢɪɨɜɚɧɢɟ ɫɢɫɬɟɦɵ ɫ 

ɢɧɟɪɰɢɚɥɶɧɵɦɢ ɞɚɬɱɢɤɚɦɢ ɩɨɡɜɨɥɹɟɬ ɫɭɳɟɫɬɜɟɧɧɨ ɫɭɡɢɬɶ ɲɭɦɨɜɭɸ ɩɨɥɨɫɭ, ɞɥɹ ɬɟɯ 

ɠɟ ɭɝɥɨɜɵɯ ɫɤɨɪɨɫɬɟɣ ɜɪɚɳɟɧɢɹ ɩɨɥɨɫɚ ɫɨɫɬɚɜɥɹɟɬ ɨɬ 0.3 ɞɨ 12 Ƚɰ, ɬɨɱɧɨɫɬɶ ɫɥɟɠɟɧɢɹ 
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– ɨɬ 2.5 ɞɨ 16 ɝɪɚɞɭɫɨɜ. ȼ ɪɟɡɭɥɶɬɚɬɟ ɫɭɠɟɧɢɹ ɩɨɥɨɫɵ ɜɨɡɪɚɫɬɚɟɬ ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɶ 

ɫɥɟɠɟɧɢɹ ɡɚ ɪɚɡɧɨɫɬɶɸ ɮɚɡ ɧɚ 5-10 ɞȻ. 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɢ ɪɚɡɦɟɳɟɧɢɢ ɧɚ ɨɛɴɟɤɬɟ, ɛɵɫɬɪɨ ɢɡɦɟɧɹɸɳɟɦ ɨɪɢɟɧɬɚɰɢɸ 

ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ, ɤɨɦɩɥɟɤɫɢɪɨɜɚɧɢɟ ɦɢɤɪɨɦɟɯɚɧɢɱɟɫɤɢɯ ɢɧɟɪɰɢɚɥɶɧɵɯ ɞɚɬɱɢɤɨɜ ɫ 

ɭɝɥɨɦɟɪɧɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɚɩɩɚɪɚɬɭɪɨɣ ɩɨɡɜɨɥɹɟɬ ɫɭɳɟɫɬɜɟɧɧɨ ɩɨɜɵɫɢɬɶ ɟё 

ɩɨɦɟɯɨɭɫɬɨɣɱɢɜɨɫɬɶ ɢ ɬɨɱɧɨɫɬɶ. 
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ɉɊɂɅɈɀȿɇɂȿ Ⱥ. ɅɂɋɌɂɇȽ ɉɊɈȽɊȺɆɆɕ ȼɈɋɋɌȺɇɈȼɅȿɇɂə 
ɌɊȺȿɄɌɈɊɂɂ 

 ɋɤɪɢɩɬ ɮɨɪɦɢɪɨɜɚɧɢɹ ɬɪɚɟɤɬɨɪɢɢ once.m 

 
clear all; clc; close all; 
  
tic 
%% ȼɪɟɦɹ 
Tmod = 60; % ɜɪɟɦɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɜ ɫɟɤɭɧɞɚɯ 
dt = 0.005; % ɩɟɪɢɨɞ ɞɢɫɤɪɟɬɢɡɚɰɢɢ, ɬ.ɤ. ɱɚɫɬɨɬɚ ɞɢɫɤɪɟɬɢɡɚɰɢɢ ɜ 
ɦɨɞɟɥɢ - 200 Ƚɰ 
t = 0:dt:Tmod; % ɜɪɟɦɹ ɦɨɞɟɥɢɪɨɜɚɧɢɹ 
  
%% Ɍɪɚɟɤɬɨɪɢɹ ɜ ɅɋɄ, ɭɝɥɨɜɵɟ ɫɤɨɪɨɫɬɢ ɜ ɋɋɄ 
Tobor = Tmod/2; % ɜɪɟɦɹ ɨɞɧɨɝɨ ɨɛɨɪɨɬɚ ɩɨ ɜɢɧɬɨɜɨɣ ɬɪɚɟɤɬɨɪɢɢ 
wobor =  1/Tobor*2*pi; % ɱɚɫɬɨɬɚ ɨɛɨɪɨɬɨɜ ɩɨ ɜɢɧɬɨɜɨɣ ɬɪɚɟɤɬɨɪɢɢ 
Radius = 500; % ɦ 
east = Radius*sin(wobor * t); 
north = Radius*cos(wobor * t); 
  
pitchrate = 0; % [ degr/sec ] 
pitch = pitchrate*t - 10; % [ degr ] 
  
Vd = 2*pi*Radius / Tobor * tand(pitch); 
down = cumsum(Vd * dt); 
  
yawrate = 0; % [ degr/sec ] 
yaw = yawrate*t; % [ degr ] 
  
rollrate = 10*dt; % [ degr/sec ] 
roll = rollrate*t ; % [ degr ] 
  
lt = length(t); % ɤɨɥɢɱɟɫɬɜɨ ɷɥɟɦɟɧɬɨɜ ɜ ɦɚɫɫɢɜɟ t 
  
% ɩɪɢɜɨɞɢɦ ɭɝɥɵ ɜ ɧɭɠɧɵɣ ɞɢɚɩɚɡɨɧ 
for i = 1:lt 
    pitch(i) = mod(pitch(i), 360); 
    if pitch(i) > 180  
        pitch(i) = pitch(i) - 180; 
    end 
    if (pitch(i) > 90) 
        pitch(i) = pitch(i) - 180; 
        yaw = yaw + 180; 
    end 
     
%         fprintf('Task 1: %.0f // %.0f\n', i, lt); 
     
end 
  
roll = mod(roll + 180, 360) - 180; 
yaw = mod(yaw + 180, 360) - 180; 
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%% ɍɫɤɨɪɟɧɢɹ ɜ ɤɚɠɞɵɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ (ɩɨɤɚɡɚɧɢɹ ɚɤɫɟɥɟɪɨɦɟɬɪɨɜ) ɜ ɅɋɄ 
An = -wobor^2*Radius*cos(wobor * t); 
Ae = -Radius*wobor^2*sin(wobor * t); 
Ad = Vd*0; 
  
Arpy = [An; Ae; Ad]; 
  
%% Зɚɞɚɧɢɟ ɧɚɱɚɥɶɧɵɯ ɡɧɚɱɟɧɢɣ ɜɟɤɬɨɪɨɜ ɫɤɨɪɨɫɬɢ ɜ ɋɋɄ 
VNgyr = nan(1, lt); VNgyr(1) = - wobor * Radius*sin(wobor * t(1)); 
VEgyr = nan(1, lt); VEgyr(1) = wobor*Radius*cos(wobor * t(1)); 
VDgyr = nan(1, lt); VDgyr(1) = Vd(1); 
  
%% Зɚɞɚɧɢɟ ɧɚɱɚɥɶɧɵɯ ɡɧɚɱɟɧɢɣ ɬɪɚɟɤɬɨɪɢɢ ɜ ɋɋɄ 
Ngyr = nan(1, lt); Ngyr(1) = north(1); 
Egyr = nan(1, lt); Egyr(1) = east(1); 
Dgyr = nan(1, lt); Dgyr(1) = down(1); 
  
%% Зɚɞɚɧɢɟ ɭɝɥɨɜ ɢ ɭɝɥɨɜɵɯ ɫɤɨɪɨɫɬɟɣ ɜ ɋɋɄ 
  
WRgyr = zeros(1, lt); WRgyr(1) = rollrate; 
WPgyr = zeros(1, lt); WPgyr(1) = pitchrate; 
WYgyr = zeros(1, lt); WYgyr(1) = yawrate; 
  
Rgyr = nan(1, lt); Rgyr(1) = roll(1); 
Pgyr = nan(1, lt); Pgyr(1) = pitch(1); 
Ygyr = nan(1, lt); Ygyr(1) = yaw(1); 
  
Wrpy = [WRgyr(1); WPgyr(1); WYgyr(1)]; 
  
  
% In RPY 
R0 = [1; 0; 0]; 
P0 = [0; 1; 0]; 
Y0 = [0; 0; 1]; 
  
save once.mat Tmod dt t lt Tobor wobor Radius east north pitchrate 
pitch Vd... 
    down yawrate yaw rollrate roll An Ae Ad Wrpy Rgyr Pgyr Ygyr R0 P0 
Y0 
        
  
save repeatedly.mat VNgyr VEgyr VDgyr Ngyr Egyr Dgyr 

 

 ɋɤɪɢɩɬ ɞɥɹ ɨɰɟɧɤɢ ɞɢɫɩɟɪɫɢɢ ɫɦɟɳɟɧɢɹ ɧɭɥɹ sigmabias.m 

 
clear all; close all; clc 
  
tic 
  
dt = 0.005; 
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t = 0:dt:100; 
  
lt = length(t); 
  
% sigma = 0.00043; % bg adis 
% sigma = 0.00175; 
% sigma = 0.002; %bg mpu6050 
  
bastat = nan(3,100); 
  
N = 300; 
  
for count = 1:N 
     
    ba = [0; 
    0; 
    0]; 
     
    for i = 1:lt 
         
        ba = ba + sigma*randn(3, 1);       
         
    end 
     
    bastat(:,count) = ba;  
     
end 
  
SKOb(1) = std(bastat(1,:)); 
SKOb(2) = std(bastat(2,:)); 
SKOb(3) = std(bastat(3,:)); 
  
SKOb 
  
figure 
plot(1:N, bastat) 
  
toc 
 

 

 ɋɤɪɢɩɬ ɜɨɫɫɬɚɧɚɜɥɟɧɢɹ ɬɪɚɟɤɬɨɪɢɢ ɞɥɹ ɂɂȻ ADIS16405 adis16405.m 

 
clear all; close all; clc 
  
tic  
  
load once.mat 
  
I = eye(3); 
  
mgii = deg2rad(0.5)/10; 
mgij = deg2rad(0.05)/10; 
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mg = [mgii, mgij, mgij; 
      mgij, mgii, mgij; 
      mgij, mgij, mgii]; 
   
%   mg = [mgii, 0, 0; 
%       mgij, mgii, mgij; 
%       mgij, mgij, mgii]; 
  
bgi = 3/10;  
  
SDg = 0.05*sqrt(40); 
  
maii = deg2rad(0.5)*0.1; 
maij = deg2rad(0.2)*0.1; 
  
ma = [maii, maij, maij; 
      maij, maii, maij; 
      maij, maij, maii]; 
   
%   ma = [maii, 0, 0; 
%       maij, maii, maij; 
%       maij, maij, maii]; 
   
bai = 50*9.8/1000/10;  
  
SDa = 0.5*9.8/1000*sqrt(40); 
  
sigmabg = 0.00043; 
sigmaba = 0.00175*9.8/1000; 
  
for count = 1:1000 
     
    load repeatedly.mat 
     
    ba = [bai; 
          bai; 
          bai]; 
     
    bg = [bgi; 
          bgi; 
          bgi]; 
       
    na = SDa*randn(3, lt); 
    ng = SDg*randn(3, lt); 
  
    nba = sigmaba*randn(3, lt); 
    nbg = sigmabg*randn(3, lt); 
     
    for i = 1:lt 
         
        q = angle2q(-Rgyr(i), -Pgyr(i), -Ygyr(i)); 
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        arpy = qrotvect(q, [An(i); Ae(i); Ad(i)]); 
         
        arpymod = (I + ma)*arpy' + ba + na(:,i); % ɫɱɢɬɚɟɦ, ɱɬɨ mК, 
mg, ЛК ɢ Лg ɹɜɥɹɸɬɫɹ ɩɨɫɬɨɹɧɧɵɦɢ 
         
        ba = ba + nba(:,i); 
         
        wrpy = (I + mg)*Wrpy + bg + ng(:,i); 
         
        bg = bg + nbg(:,i); 
  
        q = quatconj(q); 
        agyrned = qrotvect(q, arpymod); 
         
        if i < length(t) 
            VNgyr(i+1) = VNgyr(i) + agyrned(1) * dt; 
            VEgyr(i+1) = VEgyr(i) + agyrned(2) * dt; 
            VDgyr(i+1) = VDgyr(i) + agyrned(3) * dt; 
             
            Ngyr(i+1) = Ngyr(i) + VNgyr(i)*dt; 
            Egyr(i+1) = Egyr(i) + VEgyr(i)*dt; 
            Dgyr(i+1) = Dgyr(i) + VDgyr(i)*dt; 
             
            % ɬ.ɤ. ɦɨɞɟɥɶ ɧɟ ɭɱɢɬɵɜɚɟɬ ɢɡɦɟɧɟɧɢɟ ɭɝɥɨɜɵɯ ɫɤɨɪɨɫɬɟɣ 
             
            Rgyr(i+1) = Rgyr(i) + wrpy(1) * dt; % ɩɟɪɟɞɟɥɚɬɶ!!! 
            Pgyr(i+1) = Pgyr(i) + wrpy(2) * dt; 
            Ygyr(i+1) = Ygyr(i) + wrpy(3) * dt; 
             
            % 
            Pgyr(i+1) = mod(Pgyr(i+1), 360); 
            if Pgyr(i+1) > 180 
                Pgyr(i+1) = Pgyr(i+1) - 180; 
            end 
            if (Pgyr(i+1) > 90) 
                Pgyr(i+1) = Pgyr(i+1) - 180; 
                Ygyr(i+1) = Ygyr(i+1) + 180; 
            end 
             
            Rgyr(i+1) = mod(Rgyr(i+1) + 180, 360) - 180; 
            Ygyr(i+1) = mod(Ygyr(i+1) + 180, 360) - 180; 
  
        end 
                
    end 
     
%     figure 
%     plot3(east, north, -down, 'k') 
%     hold on 
%     plot3(Egyr, Ngyr, -Dgyr, 'b', 'LineWidth', 3) 
%     xlabel('E'); 
%     ylabel('N'); 
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%     zlabel('-D'); 
%     hold off 
%     axis equal 
  
    result(count).trajectory = [Egyr; Ngyr; Dgyr];     
    result(count).angles = [Rgyr; Pgyr; Ygyr]; 
  
  
  
end 
  
save result.mat result 
toc 
 

 ɋɤɪɢɩɬ ɞɥɹ ɨɛɪɚɛɨɬɤɢ ɪɟɡɭɥɶɬɚɬɨɜ processing.m 

 
clear all; close all; clc 
  
tic 
  
% load resultmpu6050.mat 
load resultmpu9250.mat 
% load resultbmx055.mat 
  
load real.mat 
  
lt = 12001; 
  
N = 1000; 
  
RMSE = 0; 
  
delta = nan(3, N); 
resid2 = nan(1, N); 
  
for i = 1:N 
    
    delta(:,i) = result(i).trajectory(:,lt) - realtr; 
    resid2(i) = delta(i)'*delta(i); 
     
end 
  
RMSE = sqrt(mean(resid2)) 
  
% save ansadis16405.mat RMSE 
% save ansmpu6050.mat RMSE 
% save ansmpu9250.mat RMSE 
% save ansbmx055.mat RMSE 
% save ansimu9.mat RMSE 
  
toc 



78 

 

ɉɊɂɅɈɀȿɇɂȿ Ȼ. ɅɂɋɌɂɇȽ ɉɊɈȽɊȺɆɆɕ ɊȺɋɑȿɌȺ ȾɂɋɉȿɊɋɂɂ ɂ 
ɈɌɄɅɈɇȿɇɂə ȺɅɅȺɇȺ 

 ɋɤɪɢɩɬ ɞɥɹ ɪɚɫɱɟɬɚ ɞɢɫɩɟɪɫɢɢ Ⱥɥɥɚɧɚ allan.m 

 
clear all; close all; clc 
tic 
set(0,'DefaultAxesFontSize', 14, 'DefaultAxesFontName','Times New 
Roman'); 
set(0,'DefaultTextFontSize', 14, 'DefaultTextFontName','Times New 
Roman'); 
  
% fid = fopen('test.txt'); 
% fid = fopen('30sec.txt'); 
% fid = fopen('1000sec.txt'); 
  
% % fid = fopen('20000sec.txt'); 
  
% fid = fopen('4e6.txt'); 
  
  
file = textscan(fid, '%f %f %f'); 
fclose(fid); 
  
r = file{1}; 
p = file{2}; 
y = file{3}; 
  
rpy = [r p y]; 
rpy = rpy'; 
  
num_of_points = length(r); % ɤɨɥɢɱɟɫɬɜɨ ɫɷɦɩɥɨɜ 
  
num_of_tau = fix(num_of_points/2)-1; % ɨɝɪɚɧɢɱɟɧɢɟ ɧɚ ɞɥɢɧɭ ɜɪɟɦɟɧɧɨɝɨ 
ɨɤɧɚ ɜ 
                                     % ɩɨɥɨɜɢɧɭ ɞɥɢɧɵ 
ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɢ 
sigma_al_2 = nan(3, num_of_tau); 
sigma_al = nan(3, num_of_tau); 
sigma_al_hr = nan(3, num_of_tau); 
toc 
tic 
  
flag = 0; 
  
for kk = 1:num_of_tau % ɭɫɬɚɧɨɜɤɚ ɞɥɢɧɵ ɬɚɭ ɜ ɬɚɭ0 
       
   K = fix(num_of_points/kk); % ɤɨɥɢɱɟɫɬɜɨ ɜɪɟɦɟɧɧɵɯ ɨɤɨɧ 
    
   average_for_segment = nan(3, K); 
    
   for jj = 1:K % ɩɨ ɜɪɟɦɟɧɧɵɦ ɨɤɧɚɦ 
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       summa = zeros(3,1);       
       summa = sum( rpy(:, (jj-1)*kk+1:jj*kk),2 ); 
       average_for_segment(:, jj) = summa/kk; % ɫɪɟɞɧɟɟ ɩɨ ɨɬɪɟɡɤɭ 
           
   end 
    
   sigma_al_2(:,kk) = zeros(3,1); 
    
    
   sigma_al_2(:,kk) = sum( diff ( average_for_segment , 1, 2 ).^2, 2); 
    
    
   sigma_al_2(kk) = 1/(2*(K-1)) * sigma_al_2(kk); 
    
    if (~mod(fix(100*kk/num_of_tau), 1)&(fix(100*kk/num_of_tau) ~= 
flag)) 
        fprintf('Progress %.0f%%\n', 100*kk/num_of_tau); 
        flag = fix(100*kk/num_of_tau); 
         
        save sigma_al_2  
    end 
    
end 
  
sigma_al = sqrt(sigma_al_2); 
sigma_al_hr = sigma_al*3600; 
  
% save 4e6.mat sigma_al sigma_al_2 sigma_al_hr rpy num_of_tau 
num_of_points 
% save 1e3.mat sigma_al sigma_al_2 sigma_al_hr rpy num_of_tau 
num_of_points 
  
toc 
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ɉɊɂɅɈɀȿɇɂȿ ȼ. ɅɂɋɌɂɇȽ ɉɊɈȽɊȺɆɆɕ ɆɈȾȿɅɂɊɈȼȺɇɂə ɍɇȺɉ 

 ɋɤɪɢɩɬ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɪɚɛɨɬɵ ɋɋɊɎ main.m 

 
try 
    close(MW.handle); % Close old output form 
end 
  
tic 
  
close all 
clear 
clc 
  
addpath([pwd '/basic-interface']); % Functions of a basic interface 
addpath([pwd '/interface']); % Functions for the specific interface 
addpath([pwd '/core']);  % Model core 
addpath([pwd '/lib']);   % Common functions 
  
MW = CMainWindow('YNAPoINS'); % ɤɥɚɫɫ ɫ ɩɥɨɬɚɦɢ 
if MW.handle == 0 
    clear MW; 
    return; 
end 
  
interface; % ɤɨɧɮɢɝɭɪɚɰɢɹ ɨɤɧɚ ɫ ɩɥɨɬɚɦɢ 
  
arrB = [ 0.3 0.4];%... 
  %  0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.5];  
    
%  arrB = [0.01 0.05 0.1 0.3 0.5 0.7 0.9 1 1.1 1.2 1.3 1.4 1.5... 
%      1.6 1.7 1.8 1.9 2 2.1 2 2.1 2.2 2.3 2.4 2.5 2.7 2.9... 
%       3.1  3.5 4 5 10 15 20]; 
   
%   arrB = [ 2.7 2.75 2.8 2.85 2.9 2.95 3.0 3.05 3.1 3.15 3.2 3.25 3.3 
3.35 ]; 
%   arrB = [ 2.7 2.8 2.9 3.0 3.1 3.2 3.3]; 
  
% arrB = [ 0.01 0.05 0.1 0.2 0.4 0.6 0.8 1 1.25 1.5 2 3 4 5 10 15 20 
25 30 34 35 36 37 38 40]; 
  
% arrB = [0.01 0.05 0.1 0.5 1 ]; 
  
  
  
% mean_dPsi1 = nan(1,length(arrB)); 
% mean_dPsi2 = nan(1,length(arrB)); 
RMSE_psi1 = nan(1,length(arrB)); 
RMSE_psi2 = nan(1,length(arrB)); 
  
load data.mat 
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arrdPsi1 = nan(length(arrB),10000); 
arrdPsi2 = nan(length(arrB),10000); 
% arrdPsi1 = nan(length(arrB),2000); 
% arrdPsi2 = nan(length(arrB),2000); 
  
  
for band_i = 1:length(arrB) 
arrB(band_i) 
  
C = config(); % ɫɬɪɭɤɬɭɪɚ ɫ ɧɚɫɬɪɨɣɤɚɦɢ 
    C.DPLL.B = arrB(band_i); 
  
% ======== Initialization ======= 
  
% est - estimate - ɨɰɟɧɤɚ, extr - extrapolation - ɷɤɫɬɪɚɩɨɥɹɰɢɹ 
Nmod = fix(C.Tmod/C.T); % ɤɨɥɢɱɟɫɬɜɨ ɬɨɱɟɤ 
t = (1:Nmod) * C.T; 
rpy_RPY = {[1; 0; 0], [0; 1; 0], [0; 0; 1]}; 
Psi = nan(Nmod, C.M-1, C.N);    % ɪɚɡɧɢɰɚ ɮɚɡ 
PsiEst = nan(Nmod, C.M-1, C.N); % ɨɰɟɧɤɚ ɪɚɡɧɢɰɵ ɮɚɡ 
dPsi = nan(Nmod, C.M-1, C.N);   % ɩɪɨɢɡɜɨɞɧɚɹ ɪɚɡɧɢɰɵ ɮɚɡ 
dPsiIMU = nan(Nmod, C.M-1, C.N);% ɩɨɤɚɡɚɧɢɹ ɞɚɬɱɢɤɨɜ (ɭɝɥɨɜɚɹ 
ɫɤɨɪɨɫɬɶ, ɬ.ɟ. ɩɪɨɢɡɜɨɞɧɚɹ ɨɬ ɪɚɡɧɢɰɵ ɮɚɡ) 
  
ra_RPY = antSys(C.M, C.Ra, C.yaw0); % ɜɨɡɜɪɚщɚɟɬ ɤɨɨɪɞɢɧɚɬɵ ɜ rpв 
ɚɧɬɟɧɧɵɯ ɷɥɟɦɟɧɬɨɜ 
rp_NED = cell(C.M-1, 1); 
  
  
dPsi1 = nan(1, Nmod); 
dPsi2 = nan(1, Nmod); 
  
[k, ElAz] = satDir(C.N); 
  
DPLL = constrDPLL(C); 
  
qcno_dB = 40; 
qcno = 10^(qcno_dB/10); q = qcno*DPLL.Tf; 
  
Xa{1} = [0;    30;      0]*1; % ɜɟɤɬɨɪ ɫɨɫɬɨɹɧɢɹ ɭɝɥɨɜ Эɣɥɟɪɚ 
Xa{2} = [0;    30;      0]*1; 
Xa{3} = [0;    30;      0]*1; 
Fa =   [1 0 0 
    0 1 C.T; % ɞɥɹ ɩɪɢɛɚɜɥɟɧɢɹ ɜ ɫɥɭɱɚɟ ɧɚɥɢɱɢɹ ɭɝɥɨɜɨɝɨ ɭɫɤɨɪɟɧɢɹ 
    0 0 1 ]; 
  
alpha = [Xa{1}(1); Xa{2}(1);  Xa{3}(1)]; 
Q = rpy2q(deg2rad(alpha)); 
  
% === IMU === 
Mg = zeros(3); 
bg = zeros(3, Nmod); 
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bg(:, 1) = deg2rad(3*randn(3, 1)); 
sqrtNg = 0.03; % deg/sec / sqrt(Hz) = sqrt( (deg/sec)^2 / Hz ) 
dfg = 1 / C.T; 
std_ng = deg2rad(sqrtNg * sqrt(dfg)); 
ng = std_ng * randn(3, Nmod); 
  
t_start = tic(); 
decplot = 50; 
  
     
%     band_i = 12; 
     
     
    for nt = 1:Nmod 
        Omega_RPY = deg2rad([Xa{1}(2); Xa{2}(2);  Xa{3}(2)]); 
        alpha = rad2deg(q2rpy(Q)); 
         
        CQ = q2mat(Q); 
         
        ra_NED = rpy2ned(ra_RPY, alpha); 
        rpy_NED = rpy2ned(rpy_RPY, alpha); 
            buf = q_prod(q_prod(Q, [0; Omega_RPY]), q_conj(Q)); 
Omega_NED = buf(2:4); 
        Omega_NED = CQ * Omega_RPY; 
         
        for m = 2:C.M 
            rp_NED{m-1} = ra_NED{m} - ra_NED{m-1}; 
            for n = 1:C.N 
                dPsi(nt, m-1, n) = k{n}' * cross(Omega_NED, rp_NED{m-
1}); 
            end 
        end 
         
        [psi, Psi(nt, :, :)] = getPsi(ra_NED, k); % Calculate true Psi 
         
        % IMU 
        if nt > 1 
            bg(:, nt) = bg(:, nt-1); 
        end 
%         omega_RPY = (eye(3) + Mg) * Omega_RPY + bg(:, nt) + ng(:, 
nt); 
                omega_RPY = eye(3)  * Omega_RPY + data(:, nt); 
        omega_NED = CQ * omega_RPY; 
        for m = 2:C.M 
            for n = 1:C.N 
                dPsiIMU(nt, m-1, n) = k{n}' * cross(omega_NED, 
rp_NED{m-1}); 
            end 
        end 
         
        % DPLL 
        refreshtime = 1; 
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        for n = 1:C.N 
            for m = 1:C.M-1 
                if refreshtime == 1 
                    Ud = psi{m, n} - DPLL.Ch(m,n).Xextr(1) + 
sqrt(1/q)*randn(1,1); %f(Xextr, Xist);  % Ⱦɢɫɤɪɢɦɢɧɚɬɨɪ 
                    DPLL.Ch(m,n).Xest = DPLL.Ch(m,n).Xextr + 
DPLL.K*Ud;         % ȼɟɤɬɨɪ ɨɰɟɧɨɤ ɧɚ c-ɣ ɢɧɬɟɪɜɚɥ 
                                        DPLL.Ch(m,n).Xest(2) = 
dPsiIMU(nt, m); % ɩɨɞɞɟɪɠɤɚ 
                    %                     НАП 
                    DPLL.Ch(m,n).Xextr = DPLL.F*DPLL.Ch(m,n).Xest;    
% Эɤɫɬɪɚɩɨɥɹɰɢɹ ɧɚ ɢɧɬɟɪɜɚɥ c+1 
                end 
                 
                DPLL.psiEst{m, n} = DPLL.Ch(m,n).Xest(1); 
                PsiEst(nt, m, n) = DPLL.psiEst{m, n}; 
            end 
        end 
         
        % DPLL+IMU 
         
        % Change attitude 
        for i = 1:3 
            Xa{i} = Fa * Xa{i}; % ɞɥɹ ɤɚɠɞɨɝɨ ɜɟɤɬɨɪɚ 
        end 
        Q = q_prod(Q, rotv2q(Omega_RPY * C.T)); 
         
        % Refresh all graphics 
        if nt == 1 || nt == Nmod || mod(nt, decplot) == 0 
            replot; 
        end 
         
    end 
  
    dPsi1 = PsiEst(:,1) - Psi(:,1); 
    dPsi2 = PsiEst(:,2) - Psi(:,2); 
     
    RMSE_psi1(band_i) = sqrt( mean( (dPsi1(2500:end)).^2) ) * 360; 
    RMSE_psi2(band_i) = sqrt( mean( (dPsi2(2500:end)).^2) ) * 360; 
     
%     RMSE_psi1(band_i) = sqrt( mean( (dPsi1(500:end)).^2) ) * 360; 
%     RMSE_psi2(band_i) = sqrt( mean( (dPsi2(500:end)).^2) ) * 360; 
     
     
    arrdPsi1(band_i,:) = dPsi1; 
    arrdPsi2(band_i,:) = dPsi2; 
     
end 
  
  
toc 
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figure 
plot(arrB, RMSE_psi1) 
grid on 
  
figure 
plot(arrB, RMSE_psi2) 
grid on 
  
[C1 I1] = min(RMSE_psi1); 
[ arrB(I1-1) arrB(I1) arrB(I1+1)] 
  
[C2 I2] = min(RMSE_psi2); 
[ arrB(I2-1) arrB(I2) arrB(I2+1)] 
  
  
% figure  
%  
% subplot(7,1,1) 
% plot(1:Nmod, arrdPsi1(1,:)); 
% subplot(7,1,2) 
% plot(1:Nmod, arrdPsi1(2,:)); 
% subplot(7,1,3) 
% plot(1:Nmod, arrdPsi1(3,:)); 
% subplot(7,1,4) 
% plot(1:Nmod, arrdPsi1(4,:)); 
% subplot(7,1,5) 
% plot(1:Nmod, arrdPsi1(5,:)); 
% subplot(7,1,6) 
% plot(1:Nmod, arrdPsi1(6,:)); 
% subplot(7,1,7) 
% plot(1:Nmod, arrdPsi1(7,:)); 
  
 

 


