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ɊɈɁɊɈȻɄȺ ɈɋɇɈȼɂ ɆȿɌɈȾɍ ȺȼɌɈɆȺɌɂɑɇɈȽɈ  

ɆɈȾȿɅɘȼȺɇɇə ȾɂɇȺɆȱɄɂ ɌɊȺɇɋɉɈɊɌɇɂɏ ɁȺɋɈȻȱȼ 

 

Ɇ.ȼ. Ⱦɹɱɭɤ, ɞɨɰɟɧɬ, ɤ.ɬ.ɧ.,  

ɉɪɢɞɧɿɩɪɨɜɫɶɤɚ ɞɟɪɠɚɜɧɚ ɚɤɚɞɟɦɿɹ ɛɭɞɿɜɧɢɰɬɜɚ ɬɚ ɚɪɯɿɬɟɤɬɭɪɢ,  

ɦ. Ⱦɧɿɩɪɨɩɟɬɪɨɜɫɶɤ  
 

Ⱥɧɨɬɚɰɿɹ. Ɋɨɡɝɥɹɞɚɸɬɶɫɹ ɮɭɧɞɚɦɟɧɬɚɥɶɧɿ ɨɫɧɨɜɢ ɦɟɬɨɞɭ ɚɜɬɨɦɚɬɢɱɧɨɝɨ ɫɤɥɚɞɚɧɧɹ ɫɢɫɬɟɦ 

ɞɢɮɟɪɟɧɰɿɣɧɢɯ ɪɿɜɧɹɧɶ ɞɥɹ ɞɢɧɚɦɿɱɧɢɯ ɦɨɞɟɥɟɣ ɬɪɚɧɫɩɨɪɬɧɢɯ ɡɚɫɨɛɿɜ. 
 

Ʉɥɸɱɨɜɿ ɫɥɨɜɚ: ɞɢɧɚɦɿɤɚ ɚɜɬɨɦɨɛɿɥɹ, ɿɦɿɬɚɰɿɣɧɟ ɦɨɞɟɥɸɜɚɧɧɹ, ɚɜɬɨɦɚɬɢɱɧɟ ɫɤɥɚɞɚɧɧɹ ȾɊ. 
 

ɊȺɁɊȺȻɈɌɄȺ ɈɋɇɈȼɕ ɆȿɌɈȾȺ ȺȼɌɈɆȺɌɂɑȿɋɄɈȽɈ  

ɆɈȾȿɅɂɊɈȼȺɇɂə ȾɂɇȺɆɂɄɂ ɌɊȺɇɋɉɈɊɌɇɕɏ ɋɊȿȾɋɌȼ 
 

Ɇ.ȼ. Ⱦɹɱɭɤ, ɞɨɰɟɧɬ, ɤ.ɬ.ɧ.,  

ɉɪɢɞɧɟɩɪɨɜɫɤɚɹ ɝɨɫɭɞɚɪɫɬɜɟɧɧɚɹ ɚɤɚɞɟɦɢɹ ɫɬɪɨɢɬɟɥɶɫɬɜɚ ɢ ɚɪɯɢɬɟɤɬɭɪɵ,  

ɝ. Ⱦɧɟɩɪɨɩɟɬɪɨɜɫɤ  
 

Ⱥɧɧɨɬɚɰɢɹ. Ɋɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɟ ɨɫɧɨɜɵ ɦɟɬɨɞɚ ɚɜɬɨɦɚɬɢɱɟɫɤɨɝɨ ɫɨɫɬɚɜ-
ɥɟɧɢɹ ɫɢɫɬɟɦ Ⱦɍ ɞɥɹ ɞɢɧɚɦɢɱɟɫɤɢɯ ɦɨɞɟɥɟɣ ɬɪɚɧɫɩɨɪɬɧɵɯ ɫɪɟɞɫɬɜ. 
 

Ʉɥɸɱɟɜɵɟ ɫɥɨɜɚ: ɞɢɧɚɦɢɤɚ ɚɜɬɨɦɨɛɢɥɹ, ɢɦɢɬɚɰɢɨɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɚɜɬɨɦɚɬɢɱɟɫɤɨɟ ɫɨɫ-
ɬɚɜɥɟɧɢɟ Ⱦɍ. 
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ȼɫɬɭɩ 
 

Ɋɨɡɪɨɛɤɚ ɤɨɧɫɬɪɭɤɰɿʀ ɫɭɱɚɫɧɨɝɨ ɚɜɬɨɦɨɛɿɥɹ 
ɧɟ ɦɨɠɥɢɜɚ ɛɟɡ ɡɚɫɨɛɿɜ ɜɿɪɬɭɚɥɶɧɨɝɨ ɚɧɚɥɿɡɭ, 

ɳɨ, ɩɪɢɪɨɞɧɨ, ɜɢɦɚɝɚɽ ɜɢɫɨɤɨɬɨɱɧɢɯ ɦɚɬɟ-
ɦɚɬɢɱɧɢɯ ɦɨɞɟɥɟɣ ɟɥɟɦɟɧɬɿɜ ɤɨɧɫɬɪɭɤɰɿʀ ɿ 
ɩɪɨɰɟɫɿɜ ʀɯ ɮɭɧɤɰɿɨɧɭɜɚɧɧɹ. Ʉɨɦɩ’ɸɬɟɪɧɟ 
ɦɨɞɟɥɸɜɚɧɧɹ ɞɨɡɜɨɥɹɽ ɜɿɞɬɜɨɪɸɜɚɬɢ ɤɪɢɬɢ-

ɱɧɿ ɫɢɬɭɚɰɿʀ, ɿɦɿɬɭɜɚɬɢ ɪɨɛɨɬɭ ɜɭɡɥɿɜ, ɫɢɫɬɟɦ 

ɭɩɪɚɜɥɿɧɧɹ, ɩɨɜɟɞɿɧɤɭ ɜɨɞɿɹ, ɚ ɬɚɤɨɠ ɪɨɡɪɨɛ-

ɥɹɬɢ ɣ ɨɩɬɢɦɿɡɭɜɚɬɢ ɫɢɫɬɟɦɢ ɚɤɬɢɜɧɨɝɨ ɤɨɧ-

ɬɪɨɥɸ. 
 

Ⱥɧɚɥɿɡ ɩɭɛɥɿɤɚɰɿɣ 
 

əɤ ɧɚɭɤɨɜɢɣ ɧɚɩɪɹɦɨɤ ɩɢɬɚɧɧɹ ɞɢɧɚɦɿɤɢ ɌɁ 

ɪɨɡɜɢɧɭɬɨ ɬɚɤɢɦɢ ɩɪɨɜɿɞɧɢɦɢ ɜɱɟɧɢɦɢ ɹɤ:  

ɑɭɞɚɤɨɜ ȿ.Ⱥ., ɉɟɜɡɧɟɪ ə.Ɇ., Ʌɢɬɜɢɧɨɜ Ⱥ.ɋ., 

Ɏɚɪɨɛɿɧ ə.ȿ., ɏɚɱɚɬɭɪɨɜ Ⱥ.Ⱥ., ȿɥɥɿɫ Ⱦ.Ɋ., 

ɉɚɫɟɣɤɚ ɏ.Ȼ., Ƚɿɥɿɫɩɿ Ɍ., Ⱥɥɶɦɚɞɿ ɍ. [1]. 

 

ɇɚ ɠɚɥɶ, ɪɨɛɨɬɢ ɰɢɯ ɚɜɬɨɪɿɜ ɧɟ ɩɪɨɩɨɧɭɸɬɶ 
ɭɧɿɜɟɪɫɚɥɶɧɨɝɨ ɦɟɬɨɞɭ ɫɤɥɚɞɚɧɧɹ ɦɚɬɟɦɚɬɢ-

ɱɧɢɯ ɦɨɞɟɥɟɣ ɌɁ, ɦɚɤɫɢɦɚɥɶɧɨ ɚɞɚɩɬɨɜɚɧɨɝɨ 

ɞɨ ɩɪɨɝɪɚɦɭɜɚɧɧɹ ɬɚ ɱɢɫɟɥɶɧɨɝɨ ɚɧɚɥɿɡɭ. 

 

Ɇɟɬɚ ɬɚ ɩɨɫɬɚɧɨɜɤɚ ɡɚɞɚɱɿ  
 

Ɇɟɬɨɸ ɪɨɛɨɬɢ ɽ ɪɨɡɪɨɛɤɚ ɬɚ ɚɩɪɨɛɚɰɿɹ ɦɟɬɨ-
ɞɭ ɚɜɬɨɦɚɬɢɡɨɜɚɧɨɝɨ ɦɨɞɟɥɸɜɚɧɧɹ ɩɥɨɫɤɨʀ 
ɞɢɧɚɦɿɤɢ ɌɁ, ɦɚɤɫɢɦɚɥɶɧɨ ɚɞɚɩɬɨɜɚɧɨɝɨ ɞɨ 
ɜɢɤɨɪɢɫɬɚɧɧɹ ɤɨɦɩ’ɸɬɟɪɧɢɯ ɬɟɯɧɨɥɨɝɿɣ. ɐɟ, 
ɭ ɫɜɨɸ ɱɟɪɝɭ, ɞɨɡɜɨɥɢɬɶ ɜɢɪɿɲɭɜɚɬɢ ɡɚɜɞɚɧɧɹ 
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ɚɧɚɥɿɡɭ, ɩɪɨɟɤɬɭɜɚɧɧɹ, ɫɢɧɬɟɡɭ ɚɥɝɨɪɢɬɦɿɜ 
ɪɨɛɨɬɢ ɞɥɹ ɫɢɫɬɟɦ ɭɩɪɚɜɥɿɧɧɹ, ɚɝɪɟɝɚɬɿɜ, ɜɭ-

ɡɥɿɜ ɬɚ ɿɧɲɢɯ ɡɚɜɞɚɧɶ ɦɟɯɚɬɪɨɧɿɤɢ ɚɜɬɨɦɨɛɿ-
ɥɿɜ ɭ ɫɟɪɟɞɨɜɢɳɚɯ ɿɦɿɬɚɰɿɣɧɨɝɨ ɦɨɞɟɥɸɜɚɧɧɹ 
[2, 3]. 

 
Ɇɟɬɨɞ ɦɨɞɟɥɸɜɚɧɧɹ ɞɢɧɚɦɿɤɢ 

 

əɤ ɨɛ’ɽɤɬ ɦɨɞɟɥɸɜɚɧɧɹ ɨɛɪɚɧɨ ɚɜɬɨɩɨʀɡɞ 

ɆȺɁ-MAN-642368 + «Ⱦɧɽɫɬɪ»-93571. ȼɢɞɿ-
ɥɢɦɨ ɤɨɧɰɟɧɬɪɨɜɚɧɿ ɦɚɫɢ ɟɥɟɦɟɧɬɿɜ ɤɨɧɫɬɪɭ-

ɤɰɿʀ ɌɁ, ɪɨɡɬɚɲɨɜɚɧɿ ɭ ɫɜɨʀɯ ɝɟɨɦɟɬɪɢɱɧɢɯ 
ɰɟɧɬɪɚɯ. Ɋɚɞɿɭɫ-ɜɟɤɬɨɪɢ  R

f
 ɜɭɡɥɿɜ ɝɪɚɮɚ ɞɢ-

ɧɚɦɿɱɧɨʀ ɫɢɫɬɟɦɢ ɦɨɠɧɚ ɜɢɪɚɡɢɬɢ ɱɟɪɟɡ ɪɚ-
ɞɿɭɫɢ-ɪɟɛɪɚ ɝɪɚɮɚ r

f
: [1] 

 

{ } { }GR r= ⋅
f f

,                  (1) 

 

ɞɟ G – ɦɚɬɪɢɰɹ ɿɧɰɢɞɟɧɰɿɣ ɪɟɛɟɪ ɨɫɧɨɜɧɨɝɨ 

ɝɪɚɮɚ. 
 

Ʉɨɠɧɢɣ ɜɟɤɬɨɪ kr
f

 ɠɨɪɫɬɤɨʀ ɥɚɧɤɢ ɦɨɠɧɚ ɪɨ-
ɡɤɥɚɫɬɢ ɭ ɦɿɫɰɟɜɢɣ ɛɚɡɢɫ, ɚ 1 1r R=

ff
 – ɭ ɝɥɨɛɚ-

ɥɶɧɢɣ 

 

{ } { }T

k k kr u r= ⋅
f f

; { } { }1 1XY

T

r u r= ⋅
f f

,     (2) 

 

ɞɟ { } [ ]X Yu u u=
f f f

 – ɛɚɡɢɫ ɝɥɨɛɚɥɶɧɨʀ ɫɢɫɬɟɦɢ 

ɤɨɨɪɞɢɧɚɬ; { } { } T
k ku u C= ⋅
f f

 ɬɚ 

{ }
k kk ru u uϕ⎡ ⎤= ⎣ ⎦

f f f
 – ɛɚɡɢɫ ɦɿɫɰɟɜɨʀ ɩɨɥɹɪɧɨʀ 

ɫɢɫɬɟɦɢ ɤɨɨɪɞɢɧɚɬ ɜɟɤɬɨɪɚ kr
f

; { } [ ]0k kr r=  

– ɦɨɞɭɥɶɧɿ ɫɤɥɚɞɨɜɿ ɜɟɤɬɨɪɚ kr
f

 ɭ ɦɿɫɰɟɜɿɣ 

ɩɨɥɹɪɧɿɣ ɫɢɫɬɟɦɿ ɤɨɨɪɞɢɧɚɬ; ( )k kC C= ϕ  – 

ɦɚɬɪɢɰɹ ɤɨɫɢɧɭɫɿɜ ɧɚɩɪɹɦɤɭ ɜɟɤɬɨɪɚ kr
f

; 

{ }1 1 1XY X Y
r r r⎡ ⎤= ⎣ ⎦  – ɦɨɞɭɥɶɧɿ ɫɤɥɚɞɨɜɿ ɜɟɤɬɨ-

ɪɚ 1 1r R=
ff

. 

 

Ɇɚɫɢ ɞɢɧɚɦɿɱɧɢɯ ɥɚɧɨɤ n ɦɨɞɟɥɿ ɮɨɪɦɭɸɬɶ 
ɜɟɤɬɨɪ ɦɚɫ ɫɢɫɬɟɦɢ 

 

{ } [ ]1 nM m m= A .              (3) 

 

Ɋɿɜɧɹɧɧɹ ɩɨɫɬɭɩɚɥɶɧɨɝɨ ɪɭɯɭ. Ʉɿɥɶɤɿɫɬɶ ɬɚ 
ɡɦɿɧɚ ɤɿɥɶɤɨɫɬɿ ɪɭɯɭ ɫɢɫɬɟɦɢ [1] 

 

{ } { }
{ } { }( )

{ } { }
{ } { } { } { }

2 2

2 2 .

Q M d R dt

d
dQ dt M d R dt

dt

M d R dt

M G d r dt M G q

= ⋅

= ⋅ =

= ⋅ =

= ⋅ ⋅ = ⋅ ⋅

f f

f f

f

f f

     (4) 

 

Ʉɨɠɧɢɣ ɟɥɟɦɟɧɬ kq
f

 ɜɟɤɬɨɪɚ { } { }2 2q d r dt=
f f

 

ɦɨɠɧɚ ɩɪɟɞɫɬɚɜɢɬɢ ɦɚɬɪɢɱɧɢɦ ɪɨɡɤɥɚɞɚɧɧɹɦ 

 

{ } { } { }( )
k

T
k k r k kq u C E j w= ⋅ ⋅ ⋅ + ∆ ⋅
f f

,   (5) 

 

ɞɟ { } ( )2
2

T

k k k kw d dt dr dt d dt⎡ ⎤= ⋅ ϕ ⋅ ϕ⎣ ⎦  – 

ɜɟɤɬɨɪ ɤɨɪɿɨɥɿɫɨɜɨʀ ɬɚ ɜɿɞɰɟɧɬɪɨɜɨʀ ɫɤɥɚɞɨ-

ɜɢɯ ɩɪɢɫɤɨɪɟɧɶ kr
f

; 
0 1

1 0

⎡ ⎤
∆ = ⎢ ⎥−⎣ ⎦

 – ɦɚɬɪɢɰɹ 

ɩɟɪɟɜɨɪɨɬɭ; 
1 0

0kr

k

E
r

⎡ ⎤
= ⎢ ⎥
⎣ ⎦

 – ɦɚɬɪɢɰɹ ɦɨɞɭɥɶ-

ɧɨɝɨ ɡɧɚɱɟɧɧɹ ɜɟɤɬɨɪɚ kr
f

;  

{ } 2 2 2 2
T

k k kj d r dt d dt⎡ ⎤= ϕ⎣ ⎦  – ɜɟɤɬɨɪ ɥɿɧɿɣ-

ɧɨʀ ɬɚ ɤɭɬɨɜɨʀ ɫɤɥɚɞɨɜɢɯ ɩɪɢɫɤɨɪɟɧɶ kr
f

. 

 

Ɂɝɪɭɩɭɽɦɨ ɞɚɧɿ ɭ ɜɟɤɬɨɪɢ ɬɚ ɛɥɨɱɧɿ ɦɚɬɪɢɰɿ 
ɪɨɡɪɿɞɠɟɧɨʀ ɫɬɪɭɤɬɭɪɢ 

 

 

 

 
 

Ɋɢɫ. 1. Ɂɜ’ɹɡɤɢ ɜɭɡɥɿɜ ɞɢɧɚɦɿɱɧɨʀ ɫɢɫɬɟɦɢ ɚɜɬɨɩɨʀɡɞɚ 
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1
T

T
r

T
k

C

C

C

⎡ ⎤
⎢ ⎥

= ⎢ ⎥
⎢ ⎥
⎣ ⎦

D ;    

1

k

r

r

r

E

E

E

⎡ ⎤
⎢ ⎥

= ⎢ ⎥
⎢ ⎥
⎣ ⎦

D ; 

D

∆⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥∆⎣ ⎦

D ;    

{ }

{ }

u

U

u

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

f
f

D
f

;         

{ }
{ }

{ }

1

k

j

j

j

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

B ;         { }
{ }

{ }

1

k

w

w

w

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

B .     (6)                 

 

ȼɢɪɚɡɢ (6) ɞɨɡɜɨɥɹɸɬɶ ɤɨɦɩɚɤɬɧɨ ɩɪɟɞɫɬɚɜɢ-

ɬɢ ɜɟɤɬɨɪ { }q
f

 

 

{ } { } { }( )T
r rq U C E j D w= ⋅ ⋅ ⋅ + ⋅

ff
.    (7) 

 

Ɂɦɿɧɚ ɤɿɥɶɤɨɫɬɿ ɪɭɯɭ ɫɢɫɬɟɦɢ ɭ ɜɟɤɬɨɪɧɨ-
ɦɚɬɪɢɱɧɿɣ ɮɨɪɦɿ 
 

{ } { } { }( )T
r r

dQ
M G U C E j D w

dt
= ⋅ ⋅ ⋅ ⋅ ⋅ + ⋅
f f

.  (8) 

 

Ɋɿɜɧɹɧɧɹ ɩɨɫɬɭɩɚɥɶɧɨɝɨ ɪɭɯɭ ɭ ɜɟɤɬɨɪɧɨ-
ɦɚɬɪɢɱɧɿɣ ɮɨɪɦɿ 
 

{ } { } { }( ) ( )eT
r r j

j

M G U C E j D w F⋅ ⋅ ⋅ ⋅ ⋅ + ⋅ =∑
f f

, (9) 

 

ɞɟ ( )e

j
j

F∑
f

 – ɪɟɡɭɥɶɬɭɸɱɚ ɜɫɿɯ ɡɨɜɧɿɲɧɿɯ ɫɢɥ, 

ɳɨ ɞɿɸɬɶ ɧɚ ɌɁ; X X Y YU E u E u= ⋅ + ⋅
f f f

 – ɦɚɬ-
ɪɢɰɹ ɪɨɡɤɥɚɞɚɧɧɹ ɭ ɝɥɨɛɚɥɶɧɢɣ ɛɚɡɢɫ, ɳɨ 
ɩɪɟɞɫɬɚɜɥɟɧɚ ɱɟɪɟɡ ɪɨɡɪɿɞɠɟɧɿ ɨɞɢɧɢɱɧɿ ɦɚɬ-
ɪɢɰɿ EX ɬɚ EY. 

 

ɍ ɪɿɜɧɹɧɧɹɯ (7)–(9) {j} ɡɚɝɚɥɨɦ ɽ ɜɟɤɬɨɪɨɦ 

ɩɫɟɜɞɨɩɚɪɚɦɟɬɪɿɜ, ɛɨ ɞɟɹɤɿ ɣɨɝɨ ɫɤɥɚɞɨɜɿ ɞɭ-
ɛɥɸɸɬɶ ɩɪɢɫɤɨɪɟɧɧɹ ɫɬɭɩɟɧɿɜ ɫɜɨɛɨɞɢ. ȼɜɟ-
ɞɟɧɧɹ ɥɨɝɿɱɧɨʀ ɦɚɬɪɢɰɿ T ɞɨɡɜɨɥɹɽ ɩɟɪɟɣɬɢ 

ɜɿɞ {j} ɛɟɡɩɨɫɟɪɟɞɧɶɨ ɞɨ ɭɧɿɤɚɥɶɧɢɯ ɩɪɢɫɤɨ-
ɪɟɧɶ 
 

{ } { }j T J= ⋅ , { } { }w T H= ⋅ ,       (10) 

 

ɞɟ {J} – ɜɟɤɬɨɪ ɧɟɜɿɞɨɦɢɯ ɩɪɢɫɤɨɪɟɧɶ; {H} – 

ɜɟɤɬɨɪ ɫɤɥɚɞɨɜɢɯ ɩɟɪɟɧɨɫɧɢɯ ɩɪɢɫɤɨɪɟɧɶ. 
 

Ɋɨɡɤɥɚɞɚɧɧɹ ɜɟɤɬɨɪɧɨɝɨ ɪɿɜɧɹɧɧɹ (9) ɩɨ ɛɚ-
ɡɢɫɭ ɝɥɨɛɚɥɶɧɢɯ ɤɨɨɪɞɢɧɚɬ ɞɚɽ ɪɿɜɧɹɧɧɹ 
ɩɪɨɟɤɰɿɣ ɧɚ ɨɫɿ OX ɬɚ OY 
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⋅ ⋅ ⋅ ⋅ =⎢ ⎥⋅ ⋅⎣ ⎦
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⎢ ⎥
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⎡ ⋅ ⋅ ⎤
− ⋅ ⋅ ⋅ ⋅ ⋅⎢ ⎥⋅ ⋅⎣ ⎦

∑

∑
 (11) 

 

Ɋɿɜɧɹɧɧɹ ɨɛɟɪɬɚɥɶɧɨɝɨ ɪɭɯɭ. Ɋɨɡɝɥɹɧɟɦɨ ɮɨɪ-
ɦɭɜɚɧɧɹ ɦɨɦɟɧɬɧɢɯ ɫɤɥɚɞɨɜɢɯ 
 

, ,n k n n kL L l= +
ff f

, , ,n k n n kR R l= +
ff f

, 

   2 2 2 2
, ,n k n n ka d R dt d l dt= +

fff
,       (12) 

 

ɞɟ nL
f

 – ɜɟɤɬɨɪɧɚ ɤɨɨɪɞɢɧɚɬɚ ɦɚɫɢ n; ,n kl
f

 –

ɪɚɞɿɭɫ-ɜɟɤɬɨɪ ɞɨ ɬɨɱɤɢ k n-ɨʀ ɥɚɧɤɢ ɭ ɦɿɫɰɟ-
ɜɿɣ ɫɢɫɬɟɦɿ ɤɨɨɪɞɢɧɚɬ; ,n ka

f
 – ɩɪɢɫɤɨɪɟɧɧɹ 

ɞɨɜɿɥɶɧɨʀ ɬɨɱɤɢ k ɥɚɧɤɢ n. 

 

Ⱦɢɧɚɦɿɱɧɢɣ ɦɨɦɟɧɬ ɫɢɫɬɟɦɢ ɽ ɫɭɦɚ ɜɟɤɬɨɪ-
ɧɢɯ ɞɨɛɭɬɤɿɜ ɤɨɨɪɞɢɧɚɬ ɬɨɱɨɤ ɬɚ ɞɿɸɱɢɯ ɭ 
ɧɢɯ ɫɢɥ ɿɧɟɪɰɿɣ 

 

, , ,j j j n k n k n k
j n k

L m a L m a
⎛ ⎞× ⋅ = × ⋅⎜ ⎟
⎝ ⎠

∑ ∑ ∑
f ff f

.  (13) 

 

ɉɿɫɥɹ ɫɤɥɚɞɧɢɯ ɩɟɪɟɬɜɨɪɟɧɶ (14) ɨɬɪɢɦɭɽɦɨ 
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∑
f f fB B

f
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B D Bf f
'**(**)

 (14) 

 

ɞɟ { }( )Diag M  – ɞɿɚɝɨɧɚɥɶɧɚ ɦɚɬɪɢɰɹ ɦɚɫ 

ɥɚɧɨɤ; { } [ ]1 nI I I= A  – ɜɟɤɬɨɪ ɦɨɦɟɧɬɿɜ 
ɿɧɟɪɰɿɣ ɥɚɧɨɤ ɜɿɞɧɨɫɧɨ ɰɟɧɬɪɿɜ ɦɿɫɰɟɜɢɯ ɫɢɫ-

ɬɟɦ ɤɨɨɪɞɢɧɚɬ; 
22 2

1

2 2 2

T

nd Rd R d R

dt dt dt

⎡ ⎤⎧ ⎫
=⎨ ⎬ ⎢ ⎥

⎩ ⎭ ⎣ ⎦

ff f
A  

– ɜɟɤɬɨɪ ɩɪɢɫɤɨɪɟɧɶ ɰɟɧɬɪɿɜ ɦɚɫ ɥɚɧɨɤ; 
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{ } 2 2 2 2 2 2
1 2 3

T

d dt d dt d dt⎡ ⎤ε = φ φ φ⎣ ⎦  – ɜɟ-

ɤɬɨɪ ɤɭɬɨɜɢɯ ɩɪɢɫɤɨɪɟɧɶ ɥɚɧɨɤ. 
 

ȼɪɚɯɨɜɭɸɱɢ ɫɩɿɜɜɿɞɧɨɲɟɧɧɹ (1), (7), (10), 

ɨɬɪɢɦɚɽɦɨ ɜɟɤɬɨɪɧɢɣ ɡɚɩɢɫ ɚɛɫɨɥɸɬɧɢɯ ɩɪɢ-

ɫɤɨɪɟɧɶ ɰɟɧɬɪɿɜ ɦɚɫ ɥɚɧɨɤ 
 

{ }
{ }

2

2

T
r r

T Jd R
G U C E

dt D T H

⎛ ⎞⋅ +⎧ ⎫
= ⋅ ⋅ ⋅ ⋅ ⎜ ⎟⎨ ⎬ ⎜ ⎟+ ⋅ ⋅⎩ ⎭ ⎝ ⎠

f f
.  (15) 

 

ȼɟɤɬɨɪ ɤɭɬɨɜɢɯ ɩɪɢɫɤɨɪɟɧɶ ɦɨɠɧɚ ɜɢɪɚɡɢɬɢ 

ɱɟɪɟɡ ɜɟɤɬɨɪ ɭɡɚɝɚɥɶɧɟɧɢɯ ɩɪɢɫɤɨɪɟɧɶ ɬɚ ɥɨ-
ɝɿɱɧɭ ɦɚɬɪɢɰɸ ɩɟɪɟɯɨɞɭ K 

 

{ } { }K Jε = ⋅ .                   (16) 

 

ȼɟɤɬɨɪɧɿ ɤɨɨɪɞɢɧɚɬɢ ɰɟɧɬɪɿɜ ɦɚɫ ɡɚɥɟɠɚɬɶ 
ɜɿɞ ɩɨɥɨɠɟɧɧɹ ɩɨɱɚɬɤɨɜɨʀ ɬɨɱɤɢ, ɹɤɚ ɦɿɝɪɭɽ ɭ 
ɦɿɪɭ ɜɿɞɬɢɧɚɧɧɹ ɱɚɫɬɢɧɢ ɫɢɫɬɟɦɢ 

 

{ }1 3
T

r nL L r C U G⎡ ⎤ = ⋅ ⋅ ⋅⎣ ⎦
f f f
A ,     (17) 

 

ɞɟ { } { } { }1 kr r r⎡ ⎤= ⎣ ⎦A ; nG  – ɦɚɬɪɢɰɹ ɿɧɰɢ-

ɞɟɧɰɿɣ ɬɿɽʀ ɱɚɫɬɢɧɢ ɫɢɫɬɟɦɢ, ɞɥɹ ɹɤɨʀ ɪɨɡɝɥɹ-
ɞɚɽɬɶɫɹ ɞɢɧɚɦɿɱɧɚ ɪɿɜɧɨɜɚɝɚ. 
 

ȼɢɪɚɡ ɞɥɹ ɡɚɩɢɫɭ ɞɢɧɚɦɿɱɧɢɯ ɦɨɦɟɧɬɿɜ (13) 

ɩɿɫɥɹ ɩɿɞɫɬɚɧɨɜɤɢ (15)–(17) ɧɚɛɭɜɚɽ ɭɧɿɜɟɪ-
ɫɚɥɶɧɨɝɨ ɜɢɞɭ 

 

{ } { }

{ } { }( )
{ } { }( ).

j j j Z
j

T
A n

T
A r

L m a I K J u

r C U G Diag M

G U C E T J D T H

× ⋅ = ⋅ ⋅ ⋅ +

+ ⋅ ⋅ ⋅ ⋅ ×

× ⋅ ⋅ ⋅ ⋅ ⋅ + ⋅ ⋅

∑
f f f

f

f
        (18) 

 

ɉɿɞɫɬɚɜɥɹɸɱɢ U
f

 ɭ ɪɨɡɝɨɪɧɭɬɨɦɭ ɜɢɝɥɹɞɿ, 
ɨɬɪɢɦɚɽɦɨ ɛɿɥɶɲ ɤɨɦɩɚɤɬɧɢɣ ɜɢɝɥɹɞ 
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ɞɟ 
{ }( )
{ }( )
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X n Y
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E G Diag M G E
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E G Diag M G E

⎛ ⎞⋅ ⋅ ⋅ ⋅ −
⎜ ⎟=
⎜ ⎟− ⋅ ⋅ ⋅ ⋅⎝ ⎠

. 

 

ɋɢɫɬɟɦɚ ɞɢɮɟɪɟɧɰɿɣɧɢɯ ɪɿɜɧɹɧɶ ɪɭɯɭ ɦɚɽ 
ɜɢɝɥɹɞ 
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ȼɢɫɧɨɜɤɢ 

 

ɍɧɿɤɚɥɶɧɿɫɬɶ ɬɚ ɭɧɿɜɟɪɫɚɥɶɧɿɫɬɶ ɦɚɬɟɦɚɬɢɱ-
ɧɨʀ ɦɨɞɟɥɿ ɪɭɯɭ ɚɜɬɨɩɨʀɡɞɚ ɩɿɞɤɪɟɫɥɸɽɬɶɫɹ 
ɩɪɟɞɫɬɚɜɥɟɧɧɹɦ ʀʀ ɜ ɦɚɬɪɢɱɧɨɦɭ ɜɢɝɥɹɞɿ, ɳɨ 
ɽ ɨɩɬɢɦɚɥɶɧɢɦ ɞɥɹ ɲɜɢɞɤɨɫɬɿ ɪɨɡɪɚɯɭɧɤɿɜ ɬɚ 
ɩɪɨɝɪɚɦɭɜɚɧɧɹ ɭ ɫɟɪɟɞɨɜɢɳɿ MATLAB. ȼɿɪ-
ɬɭɚɥɶɧɚ ɦɨɞɟɥɶ ɚɜɬɨɩɨʀɡɞɚ ɫɬɜɨɪɟɧɚ ɬɚɤɢɦ 

ɱɢɧɨɦ, ɳɨ ɞɨɡɜɨɥɹɽ ɩɨɞɚɥɶɲɢɣ ɪɨɡɜɢɬɨɤ ɬɚ 
ɭɫɤɥɚɞɧɟɧɧɹ ɦɚɬɟɦɚɬɢɱɧɨʀ ɦɨɞɟɥɿ ɪɭɯɭ ɚɜɬɨ-
ɩɨɟɡɞɭ, ɚ ɫɚɦɟ – ɿɧɬɟɝɪɚɰɿɸ ɡ ɿɦɿɬɚɰɿɣɧɢɦɢ 

ɦɨɞɟɥɹɦɢ ɫɢɫɬɟɦ ɤɨɧɬɪɨɥɸ ɬɚ ɚɜɬɨɦɚɬɢɡɚɰɿʀ 
[2, 3]. 
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