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ВВ  

 

        

      

   .   

      ,  

       ,  

  ,     . 

      

     .  

      ,  

      

 . ,    

 –  ё ,    . 

       

 .        

   . 

        

   .   

         

     ё    .  

          

:   . 

    ё  

   .  ,  

, .     ё  

   –    

  ,       
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.   ,      

     . 

     

   –   –  

      .     

   ё  

. 

        

     ,  

   .    

  MatLab. 

MatLab      ,  Control System 

Toolbox (  ё   ), Signal Processing Toolbox (  

 ),  Image Processing Toolbox (   )  

.  MatLab       

   Simulink. 

          

 ,     .  

    : 

-        

       

         

      ; 

-        

 SIMULINK,     

       . 
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1.     

 

1.1  ( )  

 

        

      

.        , 

     ,   

  [1, 2, 3, 4]. 

  [5]        

       

  ,    , 

. .    .    

     ( )  

 ,      

.  ,     ,   

,   ,  

        

          

        . 

          

  ,    

 .      – 

        

        . 

  [7, 8]     ,   

     , ,  ( . 1.1, ) 

   ⃗⃗ ,   , 

,  ( . 1.1, ). 



10 

 

a

b c

0

ua

ub uc

α1

1

10

uα1

u 1

u 1

U

 

       )       ) 

 

 1.1 - )    ; 

)   ⃗⃗      

 

    ⃗⃗     

  ,     

     ⃗⃗ ,      

       . 

       О , 

       ,    

   О    , ,    ( . 1.5). 

   ON    [9, 10]: 

 cos𝜑 = cos𝜑 = cos𝜑 = √ . (1.1.1) 

 

        , ,   

 ,   ON,     
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     1200     О , . . 

    a, b, c   , , . 
 

α1

1

10

uα1

u 1

u 1

a

b

c

N
ua

ub

uc

φ1

φ3

φ2

 

 

 1.2 -       

  
 

,    ⃗⃗     

    , ,  ( . . 1.2),  : 

 = ∙ sin𝜑 = √√ ∙ ,
= ∙ sin𝜑 = √√ ∙ ,
= ∙ sin 𝜑 = √√ ∙ .

 (1.1.2) 

 

  (1.1.2)  -    : 

 ⃗⃗ = | | = √√ ∙ 𝑬 ∙ | |, (1.1.3) 
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 , ,  –    ⃗⃗ ;        , ,  –    ;        √√  – ,   sin𝜑 = √ − cos 𝜑 , =, , ;        𝑬 –   ,      

    , ,   : 

 𝑬 = | |. (1.1.4) 

 

. 1.2   (1.1.2), (1.1.3)    

      

 .      

   ,   

      

      . 

       

 , , ,        a,    –   

ON.           

  𝜋⁄         ( . 1.3).  

 ,  ,       

 (    )   

,    –    . 

     ,  

  ⃗⃗    , ,       

  , ,   : 
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= √√ ∙ − √ ∙ − √ ∙ , 
= + √ ∙ − √ ∙ ,                                     . .  

= √ ∙ + √ ∙ + √ ∙ . 
 

 

 -    (1.1.5)  : 

 ⃗⃗ , , = 𝑨 ⃗⃗ , , , (1.1.6) 

 

 𝑨  –     ⃗⃗     

   : 

 

𝑨 = |
|√√ −√ −√√ −√√ √ √ |

|. (1.1.7) 

 

  (1.1.2)   (1.1.5)    

    ⃗⃗    , ,    

  : 

 = ∙ − ∙ − ∙ , 
= ∙ + √ ∙ − √ ∙ , 
= √ ∙ + √ ∙ + √ ∙ . 

(1.1.8) 
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α1

1

10

uα1

u 1

u N
uα

u

a(α)

u 1

 

 

 1.3 -     

 

 -    (1.1.8)  : 

 ⃗⃗ , , = 𝑨 ∙ | |,                                           (1.1.9) 

 

 𝑨 -       

     ⃗⃗      

   , , : 

 

𝑨 = ||
− −
√ −√√ √ √ ||. (1.1.10) 

 

     

         



62 

 

 

 

 3.50 -       

 

 

 

 3.51 -       
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 .    ,    

  (1.1.8),    , 

     [11],   

 = √ .      

   ,      

  , , .     

      (1.1.8)     

 , ,   , ,     + + = . 

 ,  ⃗⃗   ( )  ⃗⃗   

       

 ( )    

   .  ,  , 

    «     

»    ,  = √ = . 

 

1.2 В -     
 .    

  

 

        

,        

,        

[5, 12].   ,    ,  

  1.4. 

 ,    1.4,   

     -     : 

 ⃗⃗⃗⃗ = 𝑅 ∙ ⃗⃗ + �⃗⃗⃗⃗� ,                                         . .  
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⃗⃗⃗⃗ = 𝑅 ∙ ⃗⃗⃗  + �⃗⃗⃗⃗� + ∙ 𝐵 ∙ �⃗⃗⃗⃗� ,                                . .  �⃗⃗⃗⃗� = ∙ ⃗⃗⃗  + ∙ ⃗⃗ ,                                        . .  �⃗⃗⃗⃗� = ∙ ⃗⃗ + ∙ ⃗⃗⃗  ,                                        . .  

 

 ⃗⃗⃗⃗ , ⃗⃗⃗⃗  , ⃗⃗  , ⃗⃗⃗  , �⃗⃗⃗⃗�  , �⃗⃗⃗⃗�   −  - ,   

     ,   

        , , :  

 

⃗⃗⃗⃗ = [ ] ; ⃗⃗ = [ ] ; �⃗⃗⃗⃗� = [ ],                            . .  

⃗⃗⃗⃗ = [ ] ; ⃗⃗⃗  = [ ] ;  �⃗⃗⃗⃗� = [ ].                            . .  

 

   𝑅 , 𝑅 −      : 

 

𝑅 = [ ] ;  𝑅 = [ ].                        . .  

 

          , ,  −    ,   

    : 

 

= [ ] ;  = [ ] ;  = [ ].          . .  

        



17 

 

𝐵 –   : 

 

𝐵 = [ − ].                                          . .  

 

wsαusα

α

us

ws

wr

ur

wrα
urα

ur

wr

ws

us

ωr

 

 

 1.4 –      

 

    [7, 12, 13],       

        

(    ),    

  ,   . 

          

        ,     

          

 . ,     

 ,    .      

      

 ,  ,  ,   . 
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  . 

     ,   

    : 

 

{  ⃗ = + ∙ ,𝑖 = + ∙ , ⃗ = + ∙ .                                         1.2.10  

 

   (1.2.10) -     

      :  

 

{  
  ⃗⃗⃗⃗ = ∙ �⃗⃗� + 𝑝⃗⃗⃗⃗ ,                       ⃗⃗⃗⃗ = ∙ �⃗⃗� − ∙ 𝑤 ∙ ⃗⃗ ⃗⃗ + 𝑝⃗⃗⃗⃗ ,⃗⃗⃗⃗ = ∙ �⃗⃗� + ∙ �⃗⃗� ,                    ⃗⃗ ⃗⃗  = ∙ �⃗⃗� + ∙ �⃗⃗� ,                                       1.2.11  

 

 p –  . 

  ,   (1.2.11)    

       α, .   

       .  

        

      x,y,   

  ωk [1, 7, 8].  ,   

    ,  θk 

(  1.5).  

    ,     

    ( )   
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 [9].   �⃗⃗� ,      

   φis: 

 �⃗⃗� = ∙ 𝜑𝑖 .                                               . .  

 

α
x

y

d

q

is φisk

φis

θk

θ

ωk ω

 

 

 1.5 –    �⃗⃗�  
 

         

  φisk=φis-θk  (  1.5). : 

 𝑖 = ∙ 𝜑𝑖 −𝜃𝑘 = ∙ 𝜑𝑖 ∙ ∙ − 𝜃𝑘 .                     (1.2.13) 

 

   (1.2.12)  (1.2.13),   

        

 : 

 𝑖 = �⃗⃗� ∙ − 𝜃𝑘 ,                                           1.2.14  
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�⃗⃗� = 𝑖 ∙ 𝜃𝑘 .                                           1.2.15  

  

   (1.2.11)    , 

          e-jθk.  , 

: 

 ⃗⃗⃗⃗ ∙ − 𝜃𝑘 = ∙ �⃗⃗� ∙ − 𝜃𝑘 + 𝜃𝑘 + − 𝜃𝑘 ∙ 𝑝⃗⃗⃗⃗ ,                  1.2.16  ⃗⃗⃗⃗ ∙ − 𝜃𝑘 = ∙ �⃗⃗� ∙ − 𝜃𝑘 − ∙ 𝑤 ∙ ⃗⃗ ⃗⃗ ∙ − 𝜃𝑘 + − 𝜃𝑘 ∙ 𝑝⃗⃗ ⃗⃗       . .  

 

   (1.2.16) – (1.2.17)   

,  : 

 ⃗⃗⃗⃗ =  ⃗ ∙ 𝜃𝑘;  ⃗⃗ ⃗⃗  =  ⃗ ∙ 𝜃𝑘; ⃗⃗⃗⃗ ∙ − 𝜃𝑘 =  ⃗ ; ⃗⃗⃗⃗ ∙ − 𝜃𝑘 =  ⃗ ,   . .  �⃗⃗� ∙ − 𝜃𝑘 = 𝑖 , �⃗⃗� ∙ − 𝜃𝑘 = 𝑖 , 𝑝 = 𝑤 .                   . .  

  

  : 

  ⃗ = 𝑖 ∙ + ∙ 𝑤 ∙  ⃗ + 𝑝  ⃗ ,                          . .   ⃗ = 𝑖 ∙ + ∙ 𝑤 − 𝑤 ∙  ⃗ + 𝑝  ⃗ .                 . .  

  

 ,   ,  : 

  ⃗ = ∙ 𝑖 + ∙ 𝑖 ,                               (1.2.22)  ⃗ = ∙ 𝑖 + ∙ 𝑖 .                                 1.2.23  

 

  (1.2.20) – (1.2.23)   

     .  , 

 k     ,  ,  
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 .  

       

 ,   ⃗ = .     

     [3, 5, 6, 13]: 

 

 {  
   ⃗ = ∙ 𝑖 + ∙ 𝑤 ∙  ⃗ + 𝑝  ⃗ ,                       = ∙ 𝑖 − ∙ 𝑤 − 𝑤 ∙  ⃗ + 𝑝  ⃗ ,           ⃗⃗⃗⃗ = ∙ 𝑖 + ∙ 𝑖 ,                                             ⃗ = ∙ 𝑖 + ∙ 𝑖 .                                                       . .  

 

 ,    ,     

(1.2.1) – (1.2.4)    (1.2.24).    

     ,   

    .  

      ,    -

 ,   [3, 13].  , 

       

   . 

 

1.3    .  
 

 

       

     

     

     . 

   ,    , 

    э,   , 
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    с   

 и  [6, 14]: 

 э = с + и .                                              . .  

 

  ,   ,   𝑤 

         : 

 и = 𝑝𝑤.                                                 . .  

 

       –  

,    (    

   )   

      . 

 ,       

  ,        

  . 

 ,       

         

      . 

   ,     

  ,     , 

   .    

     ,   

   . 

    : 

 𝑝𝑤 = э − с. (1.3.3) 
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2.   А      

    

 

2.1    .    

 

         

: ,    [9]. 

         

,        . 

        

    [3, 5, 13]: 

 

{  
   ⃗ = ∙ 𝑖 + ∙ 𝑤 ∙  ⃗ + 𝑝  ⃗ ,                       = ∙ 𝑖 − ∙ 𝑤 − 𝑤 ∙  ⃗ + 𝑝  ⃗ ,           ⃗⃗⃗⃗ = ∙ 𝑖 + ∙ 𝑖 ,                                             ⃗ = ∙ 𝑖 + ∙ 𝑖 .                                                   . .  

 

 ls −     ; 

 lr −     ; 

 lm −     . 

 = 𝜎 + ,                                               . .  = 𝜎 + .                                               . .  

 

 lσs  lσr-      . 

 ,    (2.1.1),   

     x  у  : 
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{   
  
   = −𝑤 + 𝑝 ,       = + 𝑤 + 𝑝 ,        = − 𝑤 − 𝑤 + 𝑝 ,= + 𝑤 −𝑤 + 𝑝 ,= + ,                        = + ,                        = + ,                         = + .                          

                     (2.1.4) 

 

        

        

    [3, 5, 6]: 

 

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

mЭ=
kr

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

mЭ=Im [𝑖 ∙  ̇⃗ ] ,                    mЭ=ks∙Im [𝑖 ∙  ̇⃗ ] ,                   2.1.4  

{   
  
   э = ( − ),       э = ( − ),         

э = ′ ( − ),
э = ( − ),    э = ( − ),        э = − ,      

                                2.1.5  

 

    (2.1.4) 𝑖 ̇ ,  ̇⃗ ,  ̇⃗  - -   𝑖 ,  ⃗ ,  ⃗   

 . 

  (1.3.3)   : 

 𝑝𝑤 = э − с. 
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     2.1. 

 

 

 

 2.1 –        

    
 

2.2    �⃗⃗⃗⃗⃗� − �⃗⃗⃗⃗⃗� .    

 
     (2.1.1) ,     

    .  ,  

   (2.1.1)   ,    

    [6, 13]:  

 𝑖 = ∙  ⃗ - ∙𝑖 ,                                         2.2.1  

𝑖 = ∙  ⃗ - ∙𝑖 .                                         2.2.2  
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  (2.2.1)    (2.2.2): 

 

 𝑖 = ∙  ⃗ - ∙𝑖 ∙ ∙  ⃗ - ∙𝑖 .                               . .  

 

    ,  ir    

,    : 

 

  𝑖 - ∙ ∙𝑖 = ∙  ⃗ - ∙ ∙  ⃗ .                               (2.2.4) 

  𝑖 - ∙ = ∙  ⃗ - ∙ ∙  ⃗ .                               (2.2.5) 

 

  𝜎 = − ∙⁄ –    

.   (2.2.5): 

 

 σ∙ 𝑖 = ∙  ⃗ − ∙ ∙  ⃗ ,                               (2.2.6) 

 𝑖 =𝜎 ∙ ∙  ⃗ − 𝜎 ∙ ∙ ∙  ⃗ ,                            (2.2.7) 

 

   (2.2.1)     

(2.2.2): 

 𝑖 = ∙  ⃗ - ∙ ∙  ⃗ − 𝑖 .                          2.2.8  

 

    ,  𝑖     

,    : 
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 𝑖 - ∙ ∙𝑖 = ∙  ⃗ - ∙ ∙  ⃗ ,                         . .  

 

  𝑖 - ∙ = ∙  ⃗ - ∙ ∙  ⃗ .                        (2.2.5) 

 

  (2.2.10): 

 

 σ∙ 𝑖 = ∙  ⃗ − ∙ ∙  ⃗ ,                              (2.2.11) 

 𝑖 =𝜎 ∙ ∙  ⃗ − 𝜎 ∙ ∙ ∙  ⃗ .                          (2.2.12) 

 

   (2.2.7)  (2.2.12): 

 𝑖 = ; ∙  ⃗ − ; ∙  ⃗ ,                                    (2.2.13) 

𝑖 =- ; ∙  ⃗ + ; ∙  ⃗ .                                    (2.2.14) 

 

 ′=σ∙ls;  ′=σ∙lr; 

      = 𝑚 –   ;  

      = 𝑚 –   . 

          

  (2.1.1), , , : 

  ⃗ = ′ ∙  ⃗ − ∙′ ∙  ⃗ + ∙ 𝑤 ∙  ⃗ + 𝑝  ⃗ ,                     . .  

= ′ ∙  ⃗ − ∙′ ∙  ⃗ + ∙ 𝑤 − 𝑤 ∙  ⃗ + 𝑝  ⃗ .             . .   
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 (2.2.15 - 2.2.16)      

       -  

,      j .    ,  

 ,   ,    

    :  

 

{  
  
  𝑝 = − ′ ∙ + ∙ ′ ∙ + 𝑤 ∙ + ,                              𝑝 = − ′ ∙ + ∙ ′ ∙  ⃗ − 𝑤 ∙ + ,              . .𝑝 = − ′ ∙ + ∙ ′ ∙ + 𝑤 − 𝑤 ∙,                             𝑝 = − ′ ∙ + ∙ ′ ∙ − 𝑤 − 𝑤 ∙ .                            

 

 

     . 

   [3, 5]: 

   mЭ=
kr

l`s
∙[  ⃗ ∙  ⃗ ],                                         . .  

э = ′ ∙ ( − ).                           . .  

 

  𝑖   𝑖      (2.2.13 2.2.14), 
   : 

 

{   
  
   = ; ∙ − ; ∙ ,= ; ∙ − ; ∙ ,=- ; ∙ + ; ∙ ,=- ; ∙+ ; ∙ .

                                 . .  
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  (1.3.3)   . 

        ,  

  :  

 

{  
   
  
    
 𝑝 = − ′ ∙ + ∙ ′ ∙ + 𝑤 ∙ + ,                              𝑝 = − ′ ∙ + ∙ ′ ∙  ⃗ − 𝑤 ∙ + ,                             𝑝 = − ′ ∙ + ∙ ′ ∙ + 𝑤 − 𝑤 ,               . .  𝑝 = − ′ ∙ + ∙ ′ ∙ − 𝑤 − 𝑤 ∙ ,                           

э = ′ ∙ ( − ),                                                                𝑝 = Э − .                                                                                                                      
 

 

       

      

.   (2.2.22)   : 

 

{  
  
   
 = ′𝑝 +′ − ′ −𝑤 ,                  = ′𝑝 +′ − ′ −𝑤 ,                 = ′𝑝 + − − ′ 𝑤 −𝑤 ,= ′𝑝 + − − ′ 𝑤 −𝑤 ,

Э = ′ ( ∙ − ∙ ),                          𝑝 = Э − .                                                       
                   . .  

  ′ = ′ ; ′ = ′
. 

 

     , 
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  (2.2.22)    2.1. 

 

 

 

 2.1 –        

   ⃗⃗⃗⃗ − ⃗⃗⃗⃗  
 

2.3    �⃗⃗⃗� − �⃗⃗⃗⃗⃗� .    

 

  ,    

   �⃗⃗� − ⃗⃗⃗⃗ ,   ё    

  (2.1.1).     

    . 

     (2.1.1)   ,  

           

  .        
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 : 

 𝑖 = ∙  ⃗ - ∙𝑖 ,                                         2.3.1   ⃗ = ∙  ⃗ + ; ∙𝑖 .                                         2.3.2  

 

      (2.1.1)    

  (2.3.1)  (2.3.2): 

  ⃗ = ∙ 𝑖 + ∙ ∙ 𝑤 ∙ 𝑖 + 𝑝 ∙  ⃗ + ; ∙𝑖 ,              . .  = ; ∙  ⃗ − ∙ ∙ 𝑖 + ∙ 𝑤 − 𝑤 ∙  ⃗ + 𝑝  ⃗ ,           . .   
 

 lmks ls
=  -   ;  

      
lmkr lr

=  -   ;  

      
2

1 1
lmk ks r l ls r

 = − = −  -   . 

  ,       

 ,    j .  , 

   (2.3.3  2.3.4)     

   : 

 

{   
  
   𝑝 = − ′ ∙ + ′ ∙ + 𝑤 ∙ ′ ∙ + ′ ,                              𝑝 = − ′ ∙ + ′ ∙ − 𝑤 ∙ ′ ∙ + ′ ,                . .𝑝 = − ∙ + ∙ ∙ + 𝑤 − 𝑤 ,                               𝑝 = − ∙ + ∙ ∙ − 𝑤 − 𝑤 ∙ .                            
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[3, 5]: 

 

mЭ=kr∙[𝑖 ∙  ⃗ ],                                       2.3.7  

э = − .                          (2.3.8) 

 

  (1.3.3)   . 

 ,    (2.3.6)     
 ,     ⃗     

ri      : 
 

{  
  = ∙ + ′ ∙ ,= ∙ + ′ ∙ ,= ∙ − ∙ ,= ∙ − ∙                                     (2.3.8) 

 

        ,  : 

 

{  
   
    
 𝑝 = − ′ ∙ − ∙ ′ ∙ + 𝑤 ∙ ′ ∙ + 𝑤 ∙ + ′ ,               𝑝 = − ′ ∙ − ∙ ′ ∙ − 𝑤 ∙ ′ ∙ + 𝑤 ∙ + ′ ,               𝑝 = − ′ ∙ + ∙ ∙ + 𝑤 − 𝑤 ,                                . .𝑝 = − ′ ∙ + ∙ ∙ − 𝑤 − 𝑤 ∙ ,                                          

э = ( − ),                                                                                    𝑝 = Э − .                                                                                                      
 

 

       

      

.   (2.3.9)   [6, 13]:  
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{   
  
   = Э Э𝑝 + − Э Э − 𝑇 − ,= Э( Э𝑝 + ) + Э Э − 𝑇 + ,= 𝑇 𝑝 + − − ,               = 𝑇 ( 𝑝 + ) + − ,              

Э = ( ∙ − ∙ ),                                              𝑝 = Э − ,                                                                       
      (2.3.10) 

 

 2r r k rэ s r r= + ; э
э

э

l
T

r
= ; э s sl L l= = ; r

r
r

l
T

r
= . 

     , 

  (2.3.10)    2.2.  
 

Kr

Ts’

kr  

ls’

++

+

+

+

_

uxs

uys

 ψxs

w

wk

_Ts’_ 

Ts’p+1

_Ts’_ 

Ts’p+1

_

_ks_ 

Tr’p+1

_ks_ 

Tr’p+1

Tr’Kr

Ts’

_

_

_

+
+

_
 mc

 mэ

 ψyr

 ψxr

 

ψys

+

  1_  

Jp

+
_

 

 
 2.2 –        

   −  
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3.   
 

3.1 В        
 

     4 160 4   4 250S4 . 

  ,   ё  ,   

 [15]     4.1 – 4.3. 

 
 4.1 -   

 

 

𝑃 , 
 

ф ,  ZP , % , . . cos𝜑  

4 160 4  18,5 220 2 2,2 0,895 0,88 
4 250S4  75 220 2 1,2 0,93 0,9 

 

 4.2 -   , . . 
 

 

𝑋  𝑅′  𝑋′  𝑅′′  𝑋′′  𝑅′′  𝑅К  𝑋К  

4 160 4  4,3 0,042 0,085 0,024 0,13 0,037 0,079 0,14 
4 250S4  4,4 0,026 0,089 0,014 0,11 0,027 0,052 0,15 

 

 4.3 -   

 

 

m  m  m  s , % J , · 2 

4 160 4  1,4 1 2,3 16 0,13 
4 250S4  1,2 1 2,3 9,5 1 

 

   .   

   4.4. 

 

 4.4 -    

 
 

 
 

  

4 160 4  4 250S4  
 

 
б = = ф .  

√ ф  311,127  311,127  
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  4.4 

 
 

 
 

  

4 160 4  4 250S4  
  б = = ф .  

√ 𝑃  ∙∙ cos 𝜑 ф  
50,33  192  

  
 

Ωб = = Ωс  
𝜋  314,159 /  314,159 /  

  
 

б ___ 1 .  1 .  

  б б Ωб⁄  0,0032  0,0032  
 

 
 

б б ∙ б 0,9903  0,9903  

 
 

б б б⁄  0,0193  0,0052  

 
 

𝑅б, 𝑧б б б⁄  6,1816  1, 6204  

 
 

𝑃б б ∙ б 23489,1  89605,74  

  
  

 

Ωб  Ωб 𝑧𝑝⁄  157,08 /  157,08 /  

  
  

б  θб 𝑧𝑝⁄  0,5  0,5  

  б 𝑃б Ωб ⁄  149,536 ·  570,45 ·  
  

 
б б ∙ б ∙ 𝑧𝑝 Ωб⁄  0,003 · 2 0,0116 · 2 

 

       

   .     4.5.  

,         

        

  (  4.2).   

        

  [16, 17],    20%  10%   

        

.      4.5. 
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 4.5 -   

 
  

 

  
4 160 4  4 250S4

 

  
   

 𝑅′  0,042 0,026 

  
   

 𝑅′′  0,024 0,014 

  
  

𝜎 𝑋′  0,085 0,089 

  
  

𝜎 𝑋′′  0,13 0,11 

  
    

 𝑋  4,3 4,4 

   
  

 𝜎 +  4,385 4,489 

   
  

 𝜎 +  4,43 4,51 

  
   

 

.   0,0048 0,0028 
 

  
   

   
   

  

.   0,0192 0,0112 

  
   

 

lrσ.л  0,013 0,011 

  
   

   
   

  

𝜎.   0,117 0,099 

    ⁄  0,9806 0,9802 
    ⁄  0,9707 0,9756 

  
  

𝜎 −∙  
0,0482 0,0437 

 
   

′ = э 𝜎 ∙  0,2112 0,1963 

 
   

′  𝜎 ∙  0,2134 0,1972 
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  4.5 

 

 
 

 

  
4 160 4

 
4 250S4

 

  
 

э э э⁄  3,2685 4,9921 

  
  

э + ∙  0,0646 0,0393 

   
 

 ⁄  184,5833 322,143 

  
   

′ ′/  5,0286 7,55 

  
   

′ ′ /  8,8917 14,0857 

    Д б⁄  42,901 86,5075 
 

3.2   А     
 
3.2.1   А  4А160 4  

 

 
 

 3.1 –         
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 3.2  –         

 

 

 

 3.3  –        
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 3.4 -      

 

 

 

 3.5 -     
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 3.6 -       

 

 

 

 3.7 -       
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 3.8 -       

 

 

 

 3.9 -       
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 3.10 -      c  

 

 

 

 3.11 -      c  
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 3.12 -       

 

 

 

 3.13 -       
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3.2.2   А  4А250S4 3 
 

 
 
 

 3.14 –         
 

 
 

 

 

 3.15  –        
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 3.16 –        

 

 

 

 

 3.17 -      
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 3.18 -     

 

 

 

 3.19 -       



47 

 

 

 

 3.20 -       

 

 

 

 3.21 -       
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 3.22 -       

 

 

 

 3.23 -      c  
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 3.24 -      c  

 

 

 

 3.25 -       
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 3.26 -       

 

3.3   А    �⃗⃗⃗⃗⃗� − �⃗⃗⃗⃗⃗�  
 
3.3.1   А  4А160 4  
 

 
 

 3.27 -     4 160 4 3   

   ⃗⃗⃗⃗ − ⃗⃗⃗⃗  
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 3.28  –        

 

 

 

 

 3.29  –        
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 3.30 -      

 

 

 

 3.31 -     
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 3.32-       

 

 

 

 3.33 -       
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 3.34 -       

 

 

 

 3.35 -       
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3.3.2   А  4А250S4 3 
 

 
 

 3.36 -     4A250S4 3   

   ⃗⃗⃗⃗ − ⃗⃗⃗⃗  
 

 

 

 3.37  –        

 



56 

 

 

 

 3.38 –        

 

 

 

 

 3.39 -      
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 3.40 -     

 

 

 

 3.41 -       
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 3.42 -       

 

 

 

 3.43 -       
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 3.44 -       

 

3.4   А     �⃗⃗⃗� − �⃗⃗⃗⃗⃗�  
 
3.4.1   А  4А160 4 3 
 

 

 
 3.45 –        

 −  
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 3.46  –        

 

 

 

 

 3.47  –        
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 3.48 -      

 

 

 

 3.49 -     
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 3.52 -       

 

 

 

 3.53 -       
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3.4.2   А  4А250S4 3 
 

 
 

 3.54 –         −  

 

 

 

 3.55  –        
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 3.56 –        

 

 

 

 

 3.57 -      
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 3.58 -     

 

 

 

 3.59 -       
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 3.60 -       

 

 

 

 3.61 -       
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 3.62 -       

 

3.5   А  4А160 4 3   �⃗⃗⃗� −  �⃗⃗⃗⃗⃗�  
 ,     

 

  4 160 4 3     4.1 – 4.4.   

        

   4.6. 

 

 4.6 –   

 
 

 
 

 
 

  
   

 𝑅′  0,042 

  
   

 𝑅′′  0,037 

  
  

𝜎 𝑋′  0,085 

  
  

𝜎 𝑋К  0,14 

  
    

 𝑋  4,3 
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  4.6 

   
  

 𝜎 +  4,44 

    ⁄  0,9685 
  

  
𝜎 − ∙  0,0482 

 
   

′ = э 𝜎 ∙  0,2112 

  
 

э э э⁄  2,7536 

 
   

э + ∙  0,0767 

  
  

 ⁄  120 

    Д б⁄  42,901 
 

        
   3.57. 

 

 

 
 3.63 –        

 −  
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 3.64 –         

 

 

 

 3.65 -        
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 3.66 -      

 

 

 

 3.67 -     
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 3.68 -       

 

 

 

 3.69 -       
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 3.70 -       

 

 

 

 3.71 -       
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А ЮЧ  

 

    -  

         

     .   

   : 

1)    ё     

         

        

. 

2)       

 4 160 4 3  4 250S4     18,5   

75        

SIMULINK,        

     .  

3)   ,      

   ,     

         

 .       , 

           

        , 

  ,       

. 

4)       

  4 160 4 3   �⃗⃗� −  ⃗⃗ ⃗⃗   , 

   .   

    ,     

 ,  ,     

. 
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