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 5 –      
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ω ; ; ;
 =0, 0; 0,

d s d s d df d f s d df d f d s e

f f df d f df d f f

e e e s d s d

d s d s

m m y c y c y y k y k y y m m g F t

m y c y y k y y m g

F m r y y y y

t y y y y
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a y t b u t i n

dt
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( ) ( ) ( ) ( ) ( );x t A t x t B t u t     (2) 

 
( ) ( ) ( ) ( ) ( ),y t C t x t D t u t     (3) 

 
 ( )x t  –    ( 1)n ,   

    n-  , 

 1 2( ) ( ), ( ),..., ( )
T

nx t x t x t x t ;  

( )y t  –    ( 1)p ,   

   , 
1 2( ) ( ), ( ),..., ( )

T

py t y t y t y t    ; 

( )u t  –    ( 1)r ,    

  ,  1 2( ) ( ), ( ),..., ( )
T

ru t u t u t u t ; 

( )A t  –    ( )n n ;  

( )B t  –   ( )n m ;  

( )C t  –   ( )p n ,  

 p –   ;  

( )D t  –  ( )p m ,    

  . 

      (1) 

   ,  (4) 
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MATLAB [47, 48].  

       6. 

 

 6 –       MATLAB/Simulink 



29 

 

        

[23]: 

 

6 6

3

η
3.4 10 / ; 58 10 / ; c / ; 

ω
180 10 c/ ; 4565 ; 2638 ;

0.2 ; 2,32 ;ω 2 π / ; 27 .

df
df s df

s f d

s d e e

k
k k

c m m

m m m r f f
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  ,      
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   ,    s   

 p,  

 

)(

)(
)(

sF

sX
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   ,    

  n.   ,    

    X(s) = W(s)∙F(s). 

       

      MATLAB,  

   . 

   MATLAB 

 
sys=ss(A,B,C,D) 
 
sys1=tf(sys) 
 

   MATLAB     

    –   : 

 

   –  ,  (7) 

 

2

4 3 4 2 4 7

0,0002191 0,0001539 0,1632
( ) ;

58,58 2,018 10 5,522 10 1,365 10

s s
W s

s s s s

   


         
 (7) 

 
 

   –  ,  (8) 

 

3 2

4 3 4 2 4 7

0,0002191 0,0001539 0,1632
( ) .

58,58 2,018 10 5,522 10 1,365 10

s s s
W s

s s s s

    


         
 (8) 

 
     ,    

   . 
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3 и и  - я  

 

- -  ( )  –

      . 

 (  . P-proportional, I-integral, D-derivative) —  

 ,    ,  

  .      

    ,    

       . 

  -      

 :     

,  —   ,  —  

. 

 -     ,    

- , - , 

  . . 

     1910 . [26]; ,  1942 .,   

      [27],    

  80-    ,  -  

  . 

 

3.1  -       

  

 

    

  - .  90 % - 95 %  [28], 

     ,  - . 
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   : 

 1.      Wp(s)    

-  Wp(s)    Kp, Ki, Kd   

  . 

 2.      D(Kp, Ki, Kd, s) 

     С(s)   B(Kp, Ki, Kd, 

s)    Kp, Ki, Kd. 

 3.     s2= -𝜂2- j 𝛽2, 
s3= -𝜂2- j 𝛽2, ... , ..., sn= -𝜂𝑛+ j 𝛽𝑛 , sn= -𝜂𝑛- j 𝛽𝑛.   

       . 

 4.       

 . 

 5.    Kp, Ki, Kd   

 .       

   -   -

   ,   ,  

 3        s1, s2, ..., sn, 

   . 

 6.       

       

  - .    , 

  3      s1, s2, ..., sn  

  . 

        

 ,  ,   

      .  -

 64%     36% – 

.      85%  

,     – 6%, ,  

, – 9% [29]. 
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-     ,   

  ,   

  (  9). 

 

 

 9 – -   -       

 

       -  

(  11)   y(t),     y(t)  

   u(t), ё     -   

e(t),  -      

  r(t) (  ),   y(t). 

 -    (3.1): 

 

0

( )
( ) ( ) ( ) ,

t de t
u t P I D Kp e t Ki e t dt Kd

dt
        (3.1) 

 

 u(t) –    ; 

P –  ; 

I –  ; 

D –  ; 

e(t) –  ; 

Кp –   ; 

Кi –   ; 

Кd –   . 
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    , 
      

,     .    
       

   .    , 
   ,      

        
. 

      
.      ,   

       
,      ,  
      . 

    
  .      

       
. 

 

3.2  -      

   

 

 :     ,  

      (  9). 

 

 
 9 –     

 

 WP(s) –    ; WC(s) – 

  ; g(s) –  ; e(s) –  

; u(s) –  ; y(s) –   

.  
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    -  (Kp, Ki, Kd)  

       [7]. 

 

0
0 2

0 1 2

( ) ,
b

W s
a s a s a


   

 (3.2) 

 

   -  

 

2

( ) .p id
y

K s K s K
W s

s
   

  (3.3) 

 

     -   

:  

 

2
0 0 0

0 3 2
0 1 2

( ) ( ) ( ) .p id
y

K b s K b s K b
W s W s W s

a s a s a s

      
  

    
 (3.4) 

 

       

 . 

       -  

      .  

 ( )    -      

        (3.4) 

:  

3 2
0 1 1 0

2 1 0 1 0

2
0 1 0 1 01

0 ( )

( )

( ) ( ) ( ) .
d

p i

p id
y

a s a K b s

a K b s K b

K b s K b s K b
W s W s W s

      
 
       

      
    

(3.5) 

 

       

(3.5):  
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3 2
0 1 0 2 1 0 1 01( ) ( ) ( ) .p idD s a s a K b s a K b s K b             (3.6) 

 

     (3.6)    Ki, 

Kp, Kd  .       

 :  

1)  .  

   D(s) = 0  : 

 

1 1 2 2 3 2, , ,s s j s j               

 

 η1 –  ; 

η2 –     ; 

β –    ,  

. 

     :  

 

3 2 2 2 2 2
1 1 2 2 1 2 1 2( ) ( 2 ) ( 2 ) ( ).D s s s s                       (3.7) 

 

2)  . 

   D(s) = 0  : 

 

1 1 2 2 3 3, , .s s s       
 

 

     : 

 

3 2
1 1 2 3 3 1 2 1 2 1 2 3( ) ( ) [ ( ) ] .D s s s s                         (3.8) 
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  (3.6), (3.7)  (3.6), (3.8) : 

 

1 01
1 2

0

1 01
1 2 3

0

2 1 0 2 2
2 1 2

0

2 1 0
3 1 2 1 2

0

2 21 0
1 2

0

1 0
1 2 3

0

2 ,

,

2 ,

( ) ,

( ),

.

d

d

p

p

i

i

a K b
a

a K b
a

a K b

a

a K b

a

K b
a

K b
a

 

  

   

    

  

  

 
  

 
  

 
    

 
    


  


  

 

    ,   

       -

. 

    

 

2 2
2 1 2 0 2

0
2 2

1 2 0

0

1 2 0 1

0

( 2 )
,

( )
,

( 2 )
.

p

i

d

a a
K

b

a
K

b

a a
K

b

   

  

 

     


  


   


 (3.9) 
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3 1 2 1 2 0 2

0

1 2 3 0

0

1 2 3 0 1

0

[ ( ) )
,

( )
,

( )
.

p

i

d

a a
K

b

a
K

b

a a
K

b

    

  

  

     


  


   


 (3.10) 

 

  (3.9)  (3.10)     ,   

 -     

      (3.2)    

     - . 

 ,        

 (3.11)     (3.2) 

 

1
0 1

( ) .
...y n n

n

kW s
a s a s a
    

 (3.11) 

 

       

   , ,   

    ,     

        

  .     . 

     

 

1
0 1( ) ... .n n

nВ s a s a s a       (3.12) 

 

    (3.12).   

        

 ,   ,    

    ,     
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 .          
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  –    .  

    -  ,  

         

 .    

 ,   . 

       

  

 

0
1

.
n

k
b

a 
  

 

   ,     

   .    

      .  

 –   . 

         

  

 

00
( ) lim ( ) .

p
h p h p b


     

 

 -     

 .  

 ,   -     

   : 

1        

. 

2    .     

    ,  ,   . 
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3       

,       

  . 

4       

,       . 

 

 

3.3  -       

 3  

 

 ,      

   

 

;
11.0

2
)(1 


s
sW  ;

112.004.0

1.0
)(

22 


ss
sW  

.
2505513

50
)()()(

23213 


sss
sWsWsW  

 

      

 : 

 

.2505513)( 3  ssssD s  

 

  polyroots     MathCAD, 

 : 

 

3 3

250
10

55
, ( ) 1.5 4.77 ,

13
1.5 4.77

1

v polyroots v i

i
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 v3 –  ,     

,  . 

 

.77.45.1

;77.45.1

;10

3

2

1

is

is

s






 

 

    : 

 ,        

; 

 : 5.13  ;  

: ;18.33   

: ;%5.37100
6

3 


 


e

 

 : .2
1

3
3

3 
pt  

        

 

.77.45.1

;77.45.1

;10

3

2

1

is

is

s






  

   s1  s2  s3      

 ,    .  ,    

  ,     

   

 

.003.253)]77.45.1([)]77.45.1([ 2  ssisis  

 

       

  а2=1 
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2
23 25.003

0.026 0.297 1;
25.003

s s
s s

 
    

 

2

1

0

1

0.296768 .

0.0258

a

a

a

   
      
   
   

 

 

   -     

  2.00 b  

 

0 2
0.2( ) .

0.026 0.297 1
W s

s s


 
 

 

  MATLAB/Simulink,   

 W3  W0 (  10). 

 

 
 10 –   W3  W0 

 

  ,       

   .  ,    

 . 

0 0.5 1 1.5 2 2.5 3 3.5 4
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

, 

W3 

W0 
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-       

     1 21, 6, 0.5      

2 2
2 1 2 0 2

0

2 2
1 2 0

0

1 2 0 1

0

( 2 )
1.226,

( )
4.548,

( 2 )
0.194.

P

I

D

a a
K

b

a
K

b

a a
K

b

   

  

 

     
 

  
 

   
 

 

 

  MATLAB/Simulink,   

 W3 (  )  W0 (  )  -

 (  11) 

 

 
 11 –   W3  W0 c -  

 

       

-       

     31 2 61, 5,      
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3 1 2 1 2 0 2

0

1 2 3 0

0

1 2 3 0 1

0

[ ( ) )
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 13 –    -05-45  

(  : www.stroy-beton.com) 
 

 1 –    -05-45 

  

 ,  0,25 

  , 1/   3000 

 ,  2,55....5,1 

  ,    2,5...5,0 

  (     ),  825  388  1000 

  ,  388  388 

 ,  200 

 , /  10 

,  45 

 

     ,   

 ,       

     -99    

      

       . , 



50 

   ,   .    

      .  

    .  

      , 

  .    

      . 

       

     . ,   

 ,      . , 

    ,    . 

  ё     

      ( .  14). 

  ,    

  ,  ,    

. 

 
 4.1 –       -05-45 

 
 

 
 4.4 

 
 
 

n, 1/ и  

 
, 

me, кг 

 
, 

 

. , 
кг с  

(  
) 

 
, , кН 

I 3000 0,595 4 2,55 2,5 

II 3000 0,595 4 3,45 3,4 

III 3000 0,595 4 4,20 4,1 

IV 3000 0,595 4 4,60 4,5 

V 3000 0,595 4 4,90 4,8 

VI 3000 0,595 4 5,10 5,0 
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. 

   : 

  USB; 

  ; 

 ; 

 . 

 

 USB. 

 USB – 3 , USB- , ±2g/±4g/±8g/±16g,  

   USB,   256  

(http://accelerometer.narod.ru/accusb.html)     

 MEMS-  Analog Devices      

     ,    . 

 – ,    

.        

 .       

   .     

       MEMS 

(Micro Electro Mechanical Systems)  - .  –  

  ,      

 .    

   - .    

  . 

 USB   . 

 USB,  16,      

   USB ,     USB. 

       . 

 

http://accelerometer.narod.ru/accusb.html
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 16 –     (  ,   USB) 

 
 

 . 

     : 

     ±2g, ±4g, ±8g  ±16g; 

   ,     

(          

        ; 

         

); 

    3200 , 1600 , 800 , 400 , 200 

, 100 , 50 , 25 , 12,5   6,25 ; 

   /  ,    

   . 

    , 

  ,        

     .  , 

  ,   : 

1)  ;  

2)   ( ,  , ); 

3)      ; 
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4)  : 

          

txt    csv (    MS Excel),  

         , 

, MS Word, PowerPoint: 

  (  wmf- ,      

/ ); 

         

 ( ,  ); 

    (     

 ,      

)   ( ,   ). 

 

       . 

        

 ,      ,  

 ,    ,    25% 

   2 . ,  17,    

        

    ,    1-3   

 . 

   : 100...300 . 

  : 

: (0,92...1,00) . 

: (0,84...1,02) . 

  : +0,01 . 
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 17 –    

 

-  . 

     -

-      –   11 

(  25607-2009). 

  : 

1)      ; 

2)        (  

     ); 

3)        

,    . 

4)      , (  

  ). 

       

    , 

      

 ( ) . 

 

4.2   -    

  

 

http://standartgost.ru/%D0%93%D0%9E%D0%A1%D0%A2%2025607-2009
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1 ,r
m m

V



 

 

 m –  , ; 

m1 –    , ; 

V –  ,  , 3. 

 

 2 –    

  ( )  ( / 3) 
  

 1816 1,7 
 900 1,61 

 516 1,7 
                 1,67 

  
 1969 2,08 
 992 2,07 

 554 2,08 
                  2,08 

  

 2060 2,31 
 1016 2,19 

 603 2,57 
                  2,4 

  
 2122 2,47 
 1071 2,46 

 650 3,04 
                   2,6 

  

 2173 2,6 
 1103 2,62 

 712 3,66 
                 2,96 

  

 2191 2,64 
 1135 2,9 

 724 3,78 
                3,1 
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USB 3 , USB- , ±2g/±4g/±8g/±16g,     USB, 

  256  (http://accelerometer.narod.ru/accusb.html). 

      . 

   :    ,  

  ,    , , 

. 

       

:  3 ;  1 ;  0,4 .    

-       0,2  

  . 

 . 

     ,  

 .       

.       

,      . 

   (    )  
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  -  ,   

 .      

 ,      

    . 

         

   21. 

      ,   
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