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ɌɈɑɇɈɋɌɖ ȺɅȽɈɊɂɌɆȺ ȼɌɈɊɂɑɇɈɃ ɈȻɊȺȻɈɌɄɂ  
ɇȺȼɂȽȺɐɂɈɇɇɕɏ ɋɂȽɇȺɅɈȼ ȽɅɈȻȺɅɖɇɈɃ ɇȺȼɂȽȺɐɂɈɇ-

ɇɈɃ ɋɉɍɌɇɂɄɈȼɈɃ ɋɂɋɌȿɆɕ ɇȺ ɈɋɇɈȼȿ ȾȺɅɖɇɈɆȿɊɇɈ-ȾɈ-
ɉɅȿɊɈȼɋɄɈȽɈ ɊȺɋɒɂɊȿɇɇɈȽɈ ɎɂɅɖɌɊȺ ɄȺɅɆȺɇȺ 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɩɪɨɜɟɞɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɞɢɧɚɦɢɤɢ ɨɲɢɛɤɢ ɚɥɝɨɪɢɬɦɚ 

ɜɬɨɪɢɱɧɨɣ ɨɛɪɚɛɨɬɤɢ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɢɝɧɚɥɨɜ ɝɥɨɛɚɥɶɧɨɣ ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɫɩɭɬ-

ɧɢɤɨɜɨɣ ɫɢɫɬɟɦɵ ɧɚ ɨɫɧɨɜɟ ɪɚɫɲɢɪɟɧɧɨɝɨ ɮɢɥɶɬɪɚ Ʉɚɥɦɚɧɚ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɧɚ 

ɷɬɚɩɚɯ ɢɧɬɟɧɫɢɜɧɨɝɨ ɦɚɧɟɜɪɢɪɨɜɚɧɢɹ ɩɨɝɪɟɲɧɨɫɬɶ ɨɩɪɟɞɟɥɟɧɢɹ ɦɟɫɬɨɩɨɥɨɠɟ-

ɧɢɹ ɜɵɫɨɤɨɞɢɧɚɦɢɱɧɨɝɨ ɩɨɬɪɟɛɢɬɟɥɹ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɞɨ 1,5 ɪɚɡ. ɉɪɟɞɩɨɥɨɠɢ-

ɬɟɥɶɧɨ ɩɪɢɱɢɧɨɣ ɷɬɨɦɭ ɹɜɥɹɟɬɫɹ ɧɟɫɨɨɬɜɟɬɫɬɜɢɟ ɦɨɞɟɥɢ ɞɢɧɚɦɢɤɢ ɨɛɴɟɤɬɚ, ɡɚ-

ɥɨɠɟɧɧɨɣ ɜ ɨɩɬɢɦɚɥɶɧɨɦ ɥɢɧɟɣɧɨɦ ɮɢɥɶɬɪɟ, ɪɟɚɥɶɧɨɣ ɞɢɧɚɦɢɤɟ ɞɜɢɠɟɧɢɹ ɩɨ-

ɬɪɟɛɢɬɟɥɹ. 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɝɥɨɛɚɥɶɧɚɹ ɧɚɜɢɝɚɰɢɨɧɧɚɹ ɫɩɭɬɧɢɤɨɜɚɹ ɫɢɫɬɟɦɚ, ɜɵɫɨ-

ɤɨɞɢɧɚɦɢɱɧɵɣ ɩɨɬɪɟɛɢɬɟɥɶ, ɪɚɫɲɢɪɟɧɧɵɣ ɮɢɥɶɬɪ Ʉɚɥɦɚɧɚ, ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟ-

ɪɟɧɢɹ ɤɨɨɪɞɢɧɚɬ. 
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PRECISION OF THE SECONDARY PROCESSING ALGORITHM 



OF NAVIGATION SIGNALS OF THE GLOBAL NAVIGATION SATEL-

LITE SYSTEM BASED ON RHO-RHO NAVIGATION-DOPPLER EX-

TENDED KALMAN FILTER 

The authors conduct a research of the error dynamics of the algorithm of the 

secondary processing of navigation signals of the global navigation satellite system 

based on extended Kalman filter. The article shows that at the stages of intense maneu-

vering the accuracy of a certain positioning of a highly dynamic consumer increases to 

1.5 times. Presumably the reason for this is the mismatch of the dynamic model of the 

object, embedded in the optimal linear filter and real dynamics of users’ movements. 

Key words: global navigation satellite system, highly fluid consumer, extended 

Kalman filter, measurement error of coordinates. 

 

ȼ ɧɚɫɬɨɹɳɟɣ ɪɚɛɨɬɟ ɢɫɫɥɟɞɨɜɚɧɚ ɞɢɧɚɦɢɤɚ ɨɲɢɛɤɢ ɢ ɩɭɬɢ ɩɨɜɵɲɟɧɢɹ ɬɨɱ-

ɧɨɫɬɢ ɨɰɟɧɤɢ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ɜɵɫɨɤɨɦɚɧɟɜɪɟɧɧɨɝɨ ɜɨɡɞɭɲɧɨɝɨ ɫɭɞɧɚ (ȼɋ), 

ɩɨɥɭɱɚɟɦɨɣ ɧɚ ɜɵɯɨɞɟ ɞɜɭɯɷɬɚɩɧɨɝɨ ɚɥɝɨɪɢɬɦɚ ɨɛɪɚɛɨɬɤɢ ɫɢɝɧɚɥɨɜ ɝɥɨɛɚɥɶɧɨɣ 

ɧɚɜɢɝɚɰɢɨɧɧɨɣ ɫɩɭɬɧɢɤɨɜɨɣ ɫɢɫɬɟɦɵ (Ƚɇɋɋ), ɢɫɩɨɥɶɡɭɸɳɟɝɨ ɜ ɤɚɱɟɫɬɜɟ ɫɝɥɚ-

ɠɢɜɚɸɳɟɝɨ ɮɢɥɶɬɪɚ ɜɬɨɪɢɱɧɨɣ ɨɛɪɚɛɨɬɤɢ ɪɚɫɲɢɪɟɧɧɵɣ ɮɢɥɶɬɪ Ʉɚɥɦɚɧɚ, ɪɟɚɥɢ-

ɡɭɸɳɢɣ ɦɨɞɟɥɶ Ɂɢɧɝɟɪɚ ɬɪɟɬɶɟɝɨ ɩɨɪɹɞɤɚ [Singer, 1970; Аɛɞɚɥɥɚ, 2013; Brown, 

1997] ɢ ɟɟ ɦɨɞɢɮɢɤɚɰɢɢ [Li , 2004]. 

Ɇɨɞɟɥɶ ɞɢɧɚɦɢɤɢ ȼɋ 

ȼ ɤɚɱɟɫɬɜɟ ɦɨɞɟɥɢ ɞɢɧɚɦɢɤɢ ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ ɪɚɡɥɢɱɧɵɟ ɥɢɧɟɣ-

ɧɵɟ ɦɨɞɟɥɢ [Li , 2003; Li , 2004; Helpferty, 1996]. ɋɨɝɥɚɫɧɨ ɦɨɞɟɥɢ Ɂɢɧɝɟɪɚ ɬɪɟɬɶ-

ɟɝɨ ɩɨɪɹɞɤɚ [Singer, 1970], ɭɪɚɜɧɟɧɢɟ ɞɜɢɠɟɧɢɹ ȼɋ ɜ ɞɢɫɤɪɟɬɧɨɦ ɜɢɞɟ ɫ ɲɚɝɨɦ 

ɞɢɫɤɪɟɬɢɡɚɰɢɢ Ɍ ɞɥɹ j-ɝɨ ɦɨɦɟɧɬɚ ɜɪɟɦɟɧɢ ɢɦɟɟɬ ɜɢɞ 

                                              
 ,   1Tj j j  q Φ q u

,                                          (1) 

ɝɞɟ [ , , , , , , , , ]T
j x y z x y zx y z v v v a a aq

 − ɜɟɤɬɨɪ ɫɨɫɬɨɹɧɢɹ ȼɋ (ɤɨɨɪɞɢɧɚɬɵ, ɩɪɨɟɤɰɢɢ 

ɫɤɨɪɨɫɬɢ ɢ ɩɪɨɟɤɰɢɢ ɭɫɤɨɪɟɧɢɹ) ɜ j-ɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ ɜ ɩɪɹɦɨɭɝɨɥɶɧɨɣ ɝɟɨɰɟɧ-

ɬɪɢɱɟɫɤɨɣ ɫɢɫɬɟɦɟ ɤɨɨɪɞɢɧɚɬ 0XYZ;  



 ,T Φ
 − ɩɟɪɟɯɨɞɧɚɹ ɦɚɬɪɢɰɚ ɫɨɫɬɨɹɧɢɹ ȼɋ, ɞɥɹ ɨɞɧɨɣ ɤɨɨɪɞɢɧɚɬɵ ɢɦɟɸ-

ɳɚɹ ɜɢɞ: 
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ɝɞɟ   − ɜɟɥɢɱɢɧɚ, ɨɛɪɚɬɧɚɹ ɩɨɫɬɨɹɧɧɨɣ ɜɪɟɦɟɧɢ ɦɚɧɟɜɪɚ (ɲɢɪɢɧɚ ɫɩɟɤɬɪɚ ɬɪɚ-

ɟɤɬɨɪɧɵɯ ɮɥɭɤɬɭɚɰɢɣ) ɩɨ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɣ ɤɨɨɪɞɢɧɚɬɟ;  

ju
 − ɚɞɞɢɬɢɜɧɵɣ ɞɢɫɤɪɟɬɧɵɣ ɛɟɥɵɣ ɝɚɭɫɫɨɜɫɤɢɣ ɲɭɦ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ɫ 

ɤɨɜɚɪɢɚɰɢɨɧɧɨɣ ɦɚɬɪɢɰɟɣ 
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ɝɞɟ 
2
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Ɇɨɞɟɥɶ ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɢɡɦɟɪɟɧɢɣ 



ɍɪɚɜɧɟɧɢɟ i-ɝɨ ɤɚɧɚɥɚ ɢɡɦɟɪɟɧɢɹ ɞɚɥɶɧɨɫɬɢ ɢ ɪɚɞɢɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɜ ɚɩɩɚɪɚ-

ɬɭɪɟ ɩɨɬɪɟɛɢɬɟɥɟɣ (Аɉ) Ƚɇɋɋ ɢɦɟɟɬ ɜɢɞ [ɉɟɪɨɜ, Хɚɪɢɫɨɜ, 2010]: 

                                                 0i i si rir r r     
,                                            (4) 

             

        1
i i ci xci x ci yci y ci zci z

si ri

v vr r x x vv y y v z z v

r  

            
  

,      (5) 

ɝɞɟ      
1/22 2 2

0i ci ci cir x x y y z z         − ɢɫɬɢɧɧɨɟ ɡɧɚɱɟɧɢɟ ɞɚɥɶɧɨɫɬɢ ɨɬ ȼɋ 

ɞɨ i-ɝo ɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɫɩɭɬɧɢɤɚ (ɇɋ);  

, , , , ,x y zx y z v v v
 − ɤɨɨɪɞɢɧɚɬɵ ɢ ɫɨɫɬɚɜɥɹɸɳɢɟ ɫɤɨɪɨɫɬɢ ȼɋ;  

 
, , , , ,ci ci ci xci yci zcix y z v v v

 − ɤɨɨɪɞɢɧɚɬɵ ɢ ɫɨɫɬɚɜɥɹɸɳɢɟ ɫɤɨɪɨɫɬɢ i-ɝɨ ɇɋ;  

r
,

r
 − ɩɨɩɪɚɜɤɚ ɤ ɞɚɥɶɧɨɫɬɢ ɢ ɪɚɞɢɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ ɢɡ-ɡɚ ɪɚɫɯɨɠɞɟɧɢɹ 

ɮɚɡ ɢ ɱɚɫɬɨɬ ɝɟɧɟɪɚɬɨɪɨɜ Аɉ ɢ ɇɋ;  

si , si  − ɫɢɫɬɟɦɚɬɢɱɟɫɤɢɟ ɩɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɢɹ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɨɝɨ 

ɩɚɪɚɦɟɬɪɚ ɞɚɥɶɧɨɫɬɢ  ɢ ɪɚɞɢɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ; 

ri , ri  − ɫɥɭɱɚɣɧɵɟ ɩɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɢɹ ɪɚɞɢɨɧɚɜɢɝɚɰɢɨɧɧɨɝɨ ɩɚɪɚ-

ɦɟɬɪɚ ɞɚɥɶɧɨɫɬɢ  ɢ ɪɚɞɢɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ. 

ɋɱɢɬɚɹ ɲɤɚɥɵ ɜɪɟɦɟɧɢ ɩɪɢɟɦɧɢɤɚ ɢ ɫɩɭɬɧɢɤɨɜ ɫɢɧɯɪɨɧɧɵɦɢ ɢ ɭɱɢɬɵɜɚɹ, 

ɱɬɨ ɜ ɞɢɮɮɟɪɟɧɰɢɚɥɥɶɧɨɦ ɪɟɠɢɦɟ ɪɚɛɨɬɵ ɩɪɢ ɦɚɥɵɯ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɯ ɢ 

ɜɪɟɦɟɧɧɵɯ ɨɬɤɥɨɧɟɧɢɹɯ ɢɡɦɟɪɟɧɢɣ Аɉ ɨɬ ɢɡɦɟɪɟɧɢɣ ɄɄɋ [ɉɟɪɨɜ, Хɚɪɢɫɨɜ, 

2010; Ɋɵɧɞɹɟɜ, 2009] ɫɢɫɬɟɦɚɬɢɱɟɫɤɢɟ ɩɨɝɪɟɲɧɨɫɬɢ ɢɡɦɟɪɟɧɢɣ si , si  

ɫɬɪɟɦɹɬɫɹ ɤ ɧɭɥɸ, ɢɡ (4) ɢ (5) ɨɛɨɛɳɟɧɧɨɟ ɭɪɚɜɧɟɧɢɟ ɧɚɛɥɸɞɟɧɢɹ ɞɥɹ ɜɫɟɯ N 

ɫɩɭɬɧɢɤɨɜ, ɧɚɯɨɞɹɳɢɯɫɹ ɜ ɡɨɧɟ ɪɚɞɢɨɜɢɞɢɦɨɫɬɢ Аɉ, ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɜɢɞɟ 

ɧɟɥɢɧɟɣɧɨɝɨ ɭɪɚɜɧɟɧɢɹ 

                                                ,j j j j R Ψ q Q w
,                                           (6) 

ɝɞɟ jR
 − 2N-ɦɟɪɧɵɣ ɜɟɤɬɨɪ ɢɡɦɟɪɟɧɢɹ;  



jw − 2N-ɦɟɪɧɵɣ ɜɟɤɬɨɪ ɲɭɦɨɜ ɢɡɦɟɪɟɧɢɹ ɫ ɤɨɜɚɪɢɚɰɢɨɧɧɨɣ ɦɚɬɪɢɰɟɣ 
T

j j jE    W w w
; 

[ , , , , , ]Tj ci ci ci xci yci zcix y z v v vQ
 − ɜɟɤɬɨɪ ɫɨɫɬɨɹɧɢɹ ɇɋ ɜ j-ɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ. 

Ʌɢɧɟɚɪɢɡɭɹ ɜɵɪɚɠɟɧɢɟ (6), ɩɨɥɭɱɢɦ ɭɪɚɜɧɟɧɢɟ ɧɚɛɥɸɞɟɧɢɹ ɜ ɜɢɞɟ 

                                      ˆ ˆ, ,j j j j j j j j    R R q Q C q q w
                                      (7) 

ɝɞɟ 
   ˆ/

j j
j ɞ ɞ




q q
C R q I

 − ɦɚɬɪɢɰɚ ɧɚɛɥɸɞɟɧɢɹ; ˆ jq
 − ɨɰɟɧɤɚ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ 

ȼɋ ɜ j-ɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ. 

Ⱥɥɝɨɪɢɬɦ ɪɚɫɲɢɪɟɧɧɨɝɨ ɮɢɥɶɬɪɚ Ʉɚɥɦɚɧɚ 

Ɂɚɩɢɲɟɦ ɭɪɚɜɧɟɧɢɹ ɨɩɬɢɦɚɥɶɧɨɝɨ ɥɢɧɟɣɧɨɝɨ ɮɢɥɶɬɪɚ ɩɟɪɜɨɝɨ ɩɨɪɹɞɤɚ, (ɪɚɫ-

ɲɢɪɟɧɧɨɝɨ ɮɢɥɶɬɪɚ Ʉɚɥɦɚɧɚ) [Bar-Shalom, 2001; Grafarend, 1996] ɧɚ ɨɫɧɨɜɟ ɥɢɧɟ-

ɚɪɢɡɨɜɚɧɧɨɣ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ (1) ɢ (7).  

Ⱦɥɹ ɮɨɪɦɢɪɨɜɚɧɢɹ ɧɚ (j+1)-ɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ ɫɝɥɚɠɟɧɧɨɣ ɨɰɟɧɤɢ ɜɟɤɬɨɪɚ 

ɫɨɫɬɨɹɧɢɹ 1j

q  ɢ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɦɚɬɪɢɰɵ ɩɨɝɪɟɲɧɨɫɬɟɣ  1q jK

 ɮɨɪɦɢɪɭɟɦɨɣ 

ɨɰɟɧɤɢ ɧɚ ɨɫɧɨɜɚɧɢɢ ɨɰɟɧɤɢ j
q  ɢ ɤɨɪɪɟɥɹɰɢɨɧɧɨɣ ɦɚɬɪɢɰɵ ɩɨɝɪɟɲɧɨɫɬɟɣ qjK

, 

ɩɨɥɭɱɟɧɧɵɯ ɧɚ j-ɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ, ɧɟɨɛɯɨɞɢɦɨ ɜɵɩɨɥɧɢɬɶ ɫɥɟɞɭɸɳɢɟ ɨɩɟɪɚɰɢɢ 

[Ⱦɦɢɬɪɢɟɜ, Шɚɛɲɟɟɜɢɱ, 1982; Аɛɞɚɥɥɚ, 2013]: 

- ɧɚ ɨɫɧɨɜɚɧɢɢ ɦɨɞɟɥɢ ɞɜɢɠɟɧɢɹ ȼɋ (2) ɜɵɱɢɫɥɢɬɶ ɷɤɫɬɪɚɩɨɥɢɪɨɜɚɧɧɨɟ ɡɧɚ-

ɱɟɧɢɟ ɜɟɤɬɨɪɚ ɨɰɟɧɢɜɚɟɦɵɯ ɩɚɪɚɦɟɬɪɨɜ 1ˆ
jq

 ɧɚ (j+1)-ɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ: 

                                                    1ˆ ,j jT  
 q Ɏ q

;                                            (8) 

- ɜɵɱɢɫɥɢɬɶ ɤɨɜɚɪɢɚɰɢɨɧɧɭɸ ɦɚɬɪɢɰɭ ɩɨɝɪɟɲɧɨɫɬɟɣ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɭɸ ɬɨɱ-

ɧɨɫɬɶ ɩɪɟɞɫɤɚɡɚɧɢɹ ɜɟɤɬɨɪɚ 1ˆ
jq

: 

                                      1
ˆ , ,

T

qj jq j T T   K Ɏ K Ɏ U
;                                   (9) 

- ɪɚɫɫɱɢɬɚɬɶ ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢɹ ɮɢɥɶɬɪɚ Ʉɚɥɦɚɧɚ 1jS
: 

                                 

1

1 1 1 1 11 1
ˆ ˆT T

j j j j jq j q j



     
   S K C C K C W

,                           (10) 



ɝɞɟ 1 1 1
T

j j jE     W w w
 – ɤɨɜɚɪɢɚɰɢɨɧɧɚɹ ɦɚɬɪɢɰɚ ɲɭɦɨɜ ɢɡɦɟɪɟɧɢɣ; 1jC

  ɦɚɬ-

ɪɢɰɚ ɧɚɛɥɸɞɟɧɢɹ, ɪɚɫɫɱɢɬɚɧɧɚɹ ɢɡ ɬɨɱɤɢ ɷɤɫɬɪɚɩɨɥɢɪɨɜɚɧɧɨɝɨ ɡɧɚɱɟɧɢɹ ɜɟɤɬɨɪɚ 

ɫɨɫɬɨɹɧɢɹ; 

- ɜɵɱɢɫɥɢɬɶ ɫɤɨɪɪɟɤɬɢɪɨɜɚɧɧɨɟ ɡɧɚɱɟɧɢɟ (ɫɝɥɚɠɟɧɧɭɸ ɨɰɟɧɤɭ) ɜɟɤɬɨɪɚ ɨɰɟ-

ɧɢɜɚɟɦɵɯ ɩɚɪɚɦɟɬɪɨɜ 1j

q

 ɧɚ (j+1)-ɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ: 

                                 1 1 1 1 11 1
ˆˆ ˆ ,j j j j jj j


     

    q q S R R q Q
,                           (11) 

ɝɞɟ  1jR
 – N-ɦɟɪɧɵɣ ɜɟɤɬɨɪ ɢɡɦɟɪɟɧɢɹ ɩɫɟɜɞɨɞɚɥɶɧɨɫɬɟɣ ɞɨ ɫɩɭɬɧɢɤɨɜ ɧɚ (j+1)-

ɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ; 
       1 1 11
ˆ ˆ ˆ, ,j j j j j j j jj       R q Q R q Q C q q

  N-ɦɟɪɧɵɣ ɜɟɤɬɨɪ ɩɫɟɜɞɨɞɚɥɶɧɨ-

ɫɬɟɣ, ɪɚɫɫɱɢɬɚɧɧɵɣ ɧɚ ɨɫɧɨɜɟ ɦɨɞɟɥɢ ɢɡɦɟɪɟɧɢɹ (7) ɞɥɹ ɷɤɫɬɪɚɩɨɥɢɪɨɜɚɧɧɨɝɨ 

ɡɧɚɱɟɧɢɹ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ȼɋ 1ˆ jq
 ɢ ɢɡɜɟɫɬɧɨɝɨ ɡɧɚɱɟɧɢɹ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ 

ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɩɭɬɧɢɤɨɜ 1jQ ; 

- ɜɵɱɢɫɥɢɬɶ ɤɨɜɚɪɢɚɰɢɨɧɧɭɸ ɦɚɬɪɢɰɭ  1q jK
 ɩɨɝɪɟɲɧɨɫɬɟɣ, ɯɚɪɚɤɬɟɪɢɡɭɸ-

ɳɭɸ ɬɨɱɧɨɫɬɶ ɫɮɨɪɦɢɪɨɜɚɧɧɨɣ ɫɝɥɚɠɟɧɧɨɣ ɨɰɟɧɤɢ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ȼɋ 1ˆ
jq

: 

                  1 1 1 1 1 1 11 1
ˆ T T

j j j j j j jq j q j                K I S C K I S C S W S
.               (12) 

ɉɨɫɥɟ ɤɚɠɞɨɝɨ ɧɨɜɨɝɨ ɢɡɦɟɪɟɧɢɹ ɰɢɤɥ ɜɵɱɢɫɥɟɧɢɣ ɩɨɜɬɨɪɹɟɬɫɹ. 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɬɨɱɧɨɫɬɢ ɚɥɝɨɪɢɬɦɚ ɜɬɨɪɢɱɧɨɣ ɨɛɪɚɛɨɬɤɢ  
ɧɚɜɢɝɚɰɢɨɧɧɵɯ ɫɢɝɧɚɥɨɜ  

ɂɫɫɥɟɞɨɜɚɧɢɟ ɞɢɧɚɦɢɤɢ ɨɲɢɛɤɢ ɨɰɟɧɤɢ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ɛɵɥɨ ɩɪɨɜɟɞɟɧɨ ɧɚ 

ɨɫɧɨɜɟ ɨɛɪɚɛɨɬɤɢ ɞɚɧɧɵɯ ɬɪɚɟɤɬɨɪɢɢ ɢ ɩɚɪɚɦɟɬɪɨɜ ɩɨɥɟɬɚ ɜɵɫɨɤɨɦɚɧɟɜɪɟɧɧɨɝɨ ɫɚ-

ɦɨɥɟɬɚ ɬɢɩɚ ɋɭ-35. ɂɫɬɢɧɧɚɹ ɬɪɚɟɤɬɨɪɢɹ ɢ ɩɚɪɚɦɟɬɪɵ ɩɨɥɟɬɚ ɫɚɦɨɥɟɬɚ, ɫ ɤɨɬɨɪɵɦɢ 

ɜɩɨɫɥɟɞɫɬɜɢɢ ɫɪɚɜɧɢɜɚɥɚɫɶ ɩɨɥɭɱɟɧɧɚɹ ɨɰɟɧɤɚ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ȼɋ, ɛɵɥɢ ɫɮɨɪɦɢ-

ɪɨɜɚɧɵ ɜ ɪɟɡɭɥɶɬɚɬɟ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɜ ɫɪɟɞɟ ɚɜɢɚɫɢɦɭɥɹɬɨɪɚ FlightGear. Ɍɪɚɟɤɬɨɪɢɹ 

ɜɤɥɸɱɚɟɬ ɜ ɫɟɛɹ ɷɬɚɩɵ ɫ ɢɧɬɟɧɫɢɜɧɵɦ ɦɚɧɟɜɪɨɦ (ɪиɫ. 1).  

Ⱦɥɹ ɤɪɚɬɤɨɫɬɢ ɪɚɫɫɦɨɬɪɢɦ ɩɚɪɚɦɟɬɪɵ ɞɜɢɠɟɧɢɹ ȼɋ ɬɨɥɶɤɨ ɩɨ ɨɞɧɨɣ ɤɨɨɪɞɢ-

ɧɚɬɟ Х. ɇɚ ɪиɫ. 2 ɩɨɤɚɡɚɧɚ ɢɫɬɢɧɧɚɹ ɬɪɚɟɤɬɨɪɢɹ ȼɋ ɩɨ ɨɫɢ Х, ɚ ɬɚɤɠɟ ɞɢɧɚɦɢɤɚ 



ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɢ ɭɫɤɨɪɟɧɢɹ ȼɋ ɩɨ ɷɬɨɣ ɨɫɢ. ɇɚ ɪиɫ. 2 ɜɢɞɧɨ, ɱɬɨ ɷɬɚɩɵ ɩɨ-

ɥɟɬɚ ɫ ɧɚɢɛɨɥɶɲɟɣ ɢɧɬɟɧɫɢɜɧɨɫɬɶɸ ɦɚɧɟɜɪɚ ɩɪɢɯɨɞɹɬɫɹ ɧɚ ɢɧɬɟɪɜɚɥɵ ɜɪɟɦɟɧɢ 

160−170 ɫ ɢ 320−340 ɫ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟɫɹ ɧɚɢɛɨɥɶɲɢɦɢ ɡɧɚɱɟɧɢɹɦɢ ɭɫɤɨɪɟɧɢɹ 

ɢ ɢɯ ɪɟɡɤɢɦɢ ɢɡɦɟɧɟɧɢɹɦɢ. 

Ⱦɥɹ ɨɰɟɧɤɢ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ȼɋ ɢɫɩɨɥɶɡɨɜɚɥɫɹ ɨɩɢɫɚɧɵɣ ɜɵɲɟ ɚɥɝɨɪɢɬɦ 

ɪɚɫɲɢɪɟɧɧɨɝɨ ɮɢɥɶɬɪɚ Ʉɚɥɦɚɧɚ, ɩɪɢ ɷɬɨɦ ɩɚɪɚɦɟɬɪɵ ɮɢɥɶɬɪɚ ɛɵɥɢ ɜɵɛɪɚɧɵ 
0,16x   ɫ-1, ɚ 0,9a   ɦ/ɫ2, ɱɬɨ ɯɚɪɚɤɬɟɪɧɨ ɞɥɹ ɷɬɚɩɚ ɩɨɥɟɬɚ ɫ ɦɚɥɨɣ 

ɢɧɬɟɧɫɢɜɧɨɫɬɶɸ ɦɚɧɟɜɪɚ (ɢɧɬɟɪɜɚɥ 50−100 ɫ).  

 

Ɋиɫ. 1. Ɍɪɚɟɤɬɨɪɢɹ ɩɨɥɟɬɚ ɫɚɦɨɥɟɬɚ ɋɭ-35 

ɉɨɫɤɨɥɶɤɭ ɜ ɪɚɛɨɬɟ ɢɫɫɥɟɞɭɟɬɫɹ ɧɟɤɨɝɟɪɟɧɬɧɵɣ ɪɟɠɢɦ, ɬɨ ɋɄɈ ɨɲɢɛɤɢ 

ɢɡɦɟɪɟɧɢɣ ɩɨ ɤɚɠɞɨɦɭ ɤɚɧɚɥɭ ɛɵɥɨ ɜɵɛɪɚɧɨ 10w   ɦ. ɋɱɢɬɚɥɨɫɶ, ɱɬɨ ɲɤɚɥɵ 

ɜɪɟɦɟɧɢ ɩɪɢɟɦɧɢɤɚ ɢ ɫɩɭɬɧɢɤɨɜ ɫɢɧɯɪɨɧɧɵ. 



 

Ɋиɫ. 2. ɂɫɬɢɧɧɚɹ ɬɪɚɟɤɬɨɪɢɹ, ɞɢɧɚɦɢɤɚ ɢɡɦɟɧɟɧɢɹ ɫɤɨɪɨɫɬɢ ɢ ɭɫɤɨɪɟɧɢɹ ȼɋ  

ɩɨ ɨɫɢ Х 

Аɧɚɥɢɡ ɪɟɡɭɥɶɬɚɬɨɜ ɫɪɚɜɧɟɧɢɹ ɨɰɟɧɤɢ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ȼɋ ɩɨ ɨɫɢ Х ɫ 

ɢɫɬɢɧɨɣ ɬɪɚɟɤɬɨɪɢɟɣ ɩɨɤɚɡɵɜɚɟɬ ɜɵɫɨɤɭɸ ɫɬɟɩɟɧɶ ɬɨɱɧɨɫɬɢ ɮɨɪɦɢɪɭɟɦɨɣ 

ɨɰɟɧɤɢ. Ɋɟɡɭɥɶɬɚɬɵ ɫɬɚɬɢɫɬɢɱɟɫɤɨɝɨ ɚɧɚɥɢɡɚ ɜɵɯɨɞɚ ɮɢɥɶɬɪɚ ɜ ɜɢɞɟ 

ɤɨɥɢɱɟɫɬɜɟɧɧɨɝɨ ɩɨɤɚɡɚɬɟɥɹ ɬɨɱɧɨɫɬɢ ɮɨɪɦɢɪɭɟɦɨɣ ɨɰɟɧɤɢ ɩɨɤɚɡɚɧ ɧɚ ɪиɫ. 3 ɤɚɤ 

ɜɪɟɦɟɧɧɚɹ ɡɚɜɢɫɢɦɨɫɬɶ ɚɛɫɨɥɸɬɧɨɣ ɩɨɝɪɟɲɧɨɫɬɢ x x x   , ɝɞɟ х – ɢɫɬɢɧɨɟ 

ɡɧɚɱɟɧɢɟ ɤɨɨɪɞɢɧɚɬɵ Х ȼɋ. ɇɚ ɷɬɨɦ ɠɟ ɪɢɫɭɧɤɟ ɩɨɤɚɡɚɧɚ ɞɢɧɚɦɢɤɚ ɢɡɦɟɧɟɧɢɹ 

ɋɄɈ ɮɨɪɦɢɪɭɟɦɨɣ ɨɰɟɧɤɢ ɩɨ ɤɨɨɪɞɢɧɚɬɟ Х 2 x  (ɩɭɧɤɬɢɪɧɚɹ ɥɢɧɢɹ), ɝɞɟ 
2
x   

ɷɥɟɦɟɧɬ ɮɨɪɦɢɪɭɟɦɨɣ ɤɨɜɚɪɢɚɰɢɨɧɧɨɣ ɦɚɬɪɢɰɵ  1q jK   ɩɨɝɪɟɲɧɨɫɬɟɣ. 

Аɧɚɥɢɡ ɪиɫ. 3 ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɬɨɱɧɨɫɬɶ ɮɨɪɦɢɪɭɟɦɨɣ ɨɰɟɧɤɢ ɫɨɨɬɜɟɬɫɬɜɭɟɬ 

ɪɚɫɱɟɬɧɨɦɭ ɭɪɨɜɧɸ: 2 xx   , ɢ ɜ ɨɫɧɨɜɧɨɦ ɧɟ ɩɪɟɜɵɲɚɟɬ 4 ɦ, ɨɞɧɚɤɨ ɧɚ ɷɬɚɩɚɯ 

ɩɨɥɟɬɚ ɫ ɢɧɬɟɧɫɢɜɧɵɦ ɦɚɧɟɜɪɢɪɨɜɚɧɢɟɦ ɤɚɤ ɩɨ ɧɚɩɪɚɜɥɟɧɢɸ, ɬɚɤ ɢ ɩɨ ɫɤɨɪɨɫɬɢ 

ɡɧɚɱɟɧɢɟ ɩɨɝɪɟɲɧɨɫɬɢ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɞɨ 7 ɦ ɢ ɛɨɥɟɟ ɱɟɦ ɜ 1,5 ɪɚɡɚ ɩɪɟɜɨɫɯɨɞɢɬ 

ɭɪɨɜɟɧɶ 2 x .  



 

Ɋиɫ. 3. Ɍɨɱɧɨɫɬɶ ɮɨɪɦɢɪɭɟɦɨɣ ɨɰɟɧɤɢ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ȼɋ ɩɨ ɨɫɢ Х 

Ɉɰɟɧɤɚ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ɩɨ ɫɨɫɬɚɜɥɹɸɳɟɣ ɫɤɨɪɨɫɬɢ xV  (ɪиɫ. 4) ɢ ɪɚɞɢɚɥɶ-

ɧɨɣ ɫɤɨɪɨɫɬɢ 
2 2 2

R x y zV V V V  
 (ɪиɫ. 5) ɨɤɚɡɚɥɚɫɶ ɛɨɥɟɟ ɬɨɱɧɨɣ, ɩɪɢ ɷɬɨɦ ɩɨ-

ɝɪɟɲɧɨɫɬɶ ɜ ɨɫɧɨɜɧɨɦ ɧɟ ɩɪɟɜɵɲɚɟɬ 0.4 ɦ/ɫ. 

 

Ɋиɫ. 4. Ɍɨɱɧɨɫɬɶ ɮɨɪɦɢɪɭɟɦɨɣ ɨɰɟɧɤɢ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ȼɋ  

ɩɨ ɫɨɫɬɚɜɥɹɸɳɟɣ ɫɤɨɪɨɫɬɢ xV   



Ɋɚɞɢɚɥɶɧɨɟ ɨɬɤɥɨɧɟɧɢɟ ɬɨɱɤɢ ɨɰɟɧɤɢ ɦɟɫɬɨɩɨɥɨɠɟɧɢɹ ȼɋ ɨɬ ɟɝɨ ɢɫɬɢɧɧɨɝɨ ɩɨ-

ɥɨɠɟɧɢɹ 
     

1 22 2 2
R x x y y z z             ɧɚ ɷɬɚɩɚɯ ɢɧɬɟɧɫɢɜɧɨɝɨ ɦɚɧɟɜɪɢ-

ɪɨɜɚɧɢɹ ɭɜɟɥɢɱɢɜɚɟɬɫɹ ɜ 1,5 ɪɚɡɚ ɢ ɞɨɫɬɢɝɚɟɬ ɞɟɫɹɬɢ ɦɟɬɪɨɜ (ɪиɫ. 6). 

Ɉɞɧɨɣ ɢɡ ɩɪɢɱɢɧ ɭɯɭɞɲɟɧɢɹ ɬɨɱɧɨɫɬɢ ɨɰɟɧɤɢ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ [Аɛɞɚɥɥɚ, 

2013, Wang, 2008] ɩɪɢ ɢɧɬɟɧɫɢɜɧɨɦ ɦɚɧɟɜɪɢɪɨɜɚɧɢɢ ȼɋ ɹɜɥɹɟɬɫɹ ɧɟɫɨɨɬɜɟɬ-

ɫɬɜɢɟ ɦɨɞɟɥɢ ɞɢɧɚɦɢɤɢ ɨɛɴɟɤɬɚ [Li , 2004], ɡɚɥɨɠɟɧɧɨɣ ɜ ɨɩɬɢɦɚɥɶɧɨɦ ɥɢɧɟɣɧɨɦ 

ɮɢɥɶɬɪɟ, ɪɟɚɥɶɧɨɣ ɞɢɧɚɦɢɤɟ ɞɜɢɠɟɧɢɹ ȼɋ (ɭɫɥɨɜɢɹɦ ɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢɹ). 

 

Ɋиɫ. 5. Ɍɨɱɧɨɫɬɶ ɮɨɪɦɢɪɭɟɦɨɣ ɨɰɟɧɤɢ ɜɟɤɬɨɪɚ ɫɨɫɬɨɹɧɢɹ ȼɋ  

ɩɨ ɪɚɞɢɚɥɶɧɨɣ ɫɤɨɪɨɫɬɢ RV   

 



Ɋиɫ. 6. Ɋɚɞɢɚɥɶɧɨɟ ɨɬɤɥɨɧɟɧɢɟ ɬɨɱɤɢ ɨɰɟɧɤɢ ɦɟɫɬɨɩɨɥɨɠɟɧɢɹ ȼɋ  

ɨɬ ɟɝɨ ɢɫɬɢɧɧɨɝɨ ɩɨɥɨɠɟɧɢɹ 

Ɇɟɠɞɭ ɬɟɦ ɫɩɟɰɢɮɢɤɨɣ ɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢɹ ɚɜɢɚɰɢɨɧɧɨɣ Аɉ Ƚɇɋɋ ɹɜɥɹɟɬɫɹ 

ɜɵɫɨɤɚɹ ɫɬɟɩɟɧɶ ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɢ ɚɩɪɢɨɪɧɵɯ ɫɜɟɞɟɧɢɣ, ɨɛɭɫɥɨɜɥɟɧɧɵɯ ɢɡɦɟ-

ɧɟɧɢɟɦ ɩɚɪɚɦɟɬɪɨɜ ɞɜɢɠɟɧɢɹ ȼɋ ɜ ɩɪɨɰɟɫɫɟ ɩɨɥɟɬɚ, ɟɝɨ ɦɚɧɟɜɪɢɪɨɜɚɧɢɟɦ. ȼ ɬɚ-

ɤɢɯ ɭɫɥɨɜɢɹɯ ɪɚɫɫɦɨɬɪɟɧɧɵɣ ɚɥɝɨɪɢɬɦ ɨɩɬɢɦɚɥɶɧɨɝɨ ɨɰɟɧɢɜɚɧɢɹ ɥɢɛɨ ɮɭɧɤɰɢ-

ɨɧɢɪɭɟɬ ɫ ɬɨɱɧɨɫɬɶɸ, ɯɭɞɲɟɣ, ɱɟɦ ɷɬɨ ɨɩɪɟɞɟɥɹɟɬɫɹ ɚɩɪɢɨɪɧɵɦɢ ɞɢɫɩɟɪɫɢɹɦɢ 

ɨɲɢɛɨɤ ɮɢɥɶɬɪɚɰɢɢ, ɥɢɛɨ ɜɨɨɛɳɟ ɬɟɪɹɟɬ ɭɫɬɨɣɱɢɜɨɫɬɶ ɜɫɥɟɞɫɬɜɢɟ ɜɨɡɧɢɤɧɨɜɟ-

ɧɢɹ ɪɚɫɯɨɞɢɦɨɫɬɢ ɩɪɨɰɟɫɫɨɜ ɮɢɥɶɬɪɚɰɢɢ [əɪɥɵɤɨɜ, 1985, 2012]. 

ȼ ɫɜɹɡɢ ɫ ɷɬɢɦ ɜɟɫɶɦɚ ɩɟɪɫɩɟɤɬɢɜɧɵɦ ɧɚɩɪɚɜɥɟɧɢɟɦ, ɩɨɡɜɨɥɹɸɳɢɦ ɭɦɟɧɶ-

ɲɢɬɶ ɜɥɢɹɧɢɟ ɨɬɦɟɱɟɧɧɵɯ ɧɟɞɨɫɬɚɬɤɨɜ, ɹɜɥɹɟɬɫɹ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɚɥɝɨɪɢɬɦɨɜ 

ɚɞɚɩɬɢɜɧɨɣ ɮɢɥɶɬɪɚɰɢɢ [əɪɥɵɤɨɜ, 1985, 2012]. 
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