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2.1      
. 

 

      

   : 

1)     .   

          

    .   ,    , 

     ( ,  

, ,   ,   . .),    

       , 

     ,    

; 

2)         

 . 

3)   ,      

  ,   ;     

         ; 

     ; 

4)        ( . . 

   , ,   , 

, ,    ). 

 

2.2     . 
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.          
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    ,  ,   , 

  ,      

  ( ) ,    

,     .  

     , . .  

      (  )  

,       . ,  

        

,       

   .   

      ,  

      .   

        

  ,       . 

 

2.3      

 

          

 .    .     

,        ,  

    ,       

 , . .    : 

 

0, 1,2,...,k k kuP F F k n     (2.1) 

 

 k -  ,   k-   ; Fk -  , 

    ; Fku –    ,    

         

  .     

      ,   , 
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   ,       . 

        

: 

1)      , 

   ; 

2)        ,  

,   ; 

3)  ,   ,     

,       ; 

 ,       (  

  –    ),   

 (  )      

;        

    ;    

     (1)    

. 

     : 

 

1
1 1 1

( 1,2,..., )pk k
Ad E E

Q q n
dt q q q

  
       

 (2.2) 

 

 Ek –   ; Ep –   ; q1, q 1, Q1 – 

  ,   , n –  

 . 

        

       qi,...,qn.   

    , : 

1)         

; 
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2)           

  (     ,    

); 

3)   .     Q, 

         

,     q,   

 q1; 

4)    ; 

5)         

         

; 

6)        

    (2.2). 

        

  q1(t), q2(t),...qn(t).     ,   (2) 

   .    

     ,     ,  

   ,        

       

  .  ,     

 ,      , 

    . 

 

2.4     

 

        

     ,    

 .         , . .  

,   .      
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       q’=f(t,q)  

  t0, q(t0)=q0       

  t   t0: 

 

2

0 0 0 0( ) ( ) ( ) ( ) ...
2!

t
q t t q t tq t q t


        (2.3) 

        

 –     q=f(t),  

 (3)    q(t0)=q0    [t0, t ]  

 t. 

   .     

    .     

 ,  ,    ,  

     .    

   (3),      

, : 

 

0 0 0 0( ) ( ) ( , )q t t q t tf t q    (2.4) 

 

 f(t0,q0) –     q =f(t,q). 

  q1   q(t)  Δt   

t1=t0+Δt, : 

 

2 0 1 1 1( 2 ) ( , )q q t t q tf t q     . 

 

 ,  : 

 

1 ( , )n n n nq q tf t q   . 
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    t       

 .      

      t    

. 

    - .   

     

.    t f(t,q),    

,     f1.   

 -    t5(  t<<1),     

    ,     

 f(t,q). 

     q’=f(t,q)    tn, qn, 

,    ,     

 . 

    qn+1=q(tn+1)=qn+Δqn   -

    :  

1)  : 

 

1

2 1

3 2

4 3

( , )
( / 2, / 2)
( / 2, / 2)
( , )

n n

n n

n n

n n

k tf t q
k tf t t q k
k tf t t q k
k tf t t q k

 
     
     
     

 (2.5) 

 

2)   : 

 

1 2 3 4( 2 2 ) / 6nq k k k k      (2.6) 

 

3)  : 

 

1n n nq q q    (2.7) 
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, ,       .  

 2     ,    3  
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  . 

 

 

 

 2.1 –    . 1 – , 2 – , 3 –  
, 4 –   , 5 – , 6 –  

 , 7 –  
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       . 

 

 

 

 2.3 –        
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Q=const, 3/ .          , 

= const. ,         

: 

1  -    ,      

     ,      ;  

2  -      . 

 .       

 : 

 

1 1y V t  (2.8) 

1 1 /y V Q S const    (2.9) 

 

 S –     , 2.    

 ,   ё   : 

 

1 1F cy cVt   

 

  ,  F = g,  g –   

.     : 

 

1 / ( )t MgS cQ  (2.9) 

 

  (t > ti).        

       (  

 yi  2).      , 

   II .     

   (  4 )  : 

 

2
2

2

My
T  , 
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2
1 2

2

( )

2

c y y Mgy
  . 

 

     y1 (    

 ) : 

 

1

0,
d T

dt y

 
  

 
1

0,
T

y





 1 2

1

( )c y y
y


 


. 

 

 : 

 

1yQ F . 

 

 ,   (2)  t ≥ t1,    : 

 

1 2( )F c y y  . (2.10) 

 

    2 (  ) : 

2
2

,
d T

M y
dt y

 
   

 
2

0,
T

y





 1 2

2

( )M g c y y
y


    


. 

 

    : 

 

2 1 2( )yQ f y y  , 

 

 f –   , / . 

     (2.2),  

    : 
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2 1 2 1 2( ) ( )My Mg c y y f y y      (2.11) 

 

,  y 1 = v1 = Q/S = const  y1 = v1t = (Q/S)t,  

 (2.11) : 

 

2 2 2

c Q t f Q
y y y g

M S M S

          
   

 (2.12) 

 

   (2.12)      

  y 2 = V2. : 

 

2 2

1 2 2

y V
c Qt f Q

V y V g
M S M S

                
 (2.13) 

 

    : 

 

0 1,t t  2 0( ) 0,y t   2 0( ) 0v t   

 

       ,   

    , . .     

  20. 

 .      

  ,    ё    

  ,       

       

ё . 

        

  ,    5.    ,   
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     2     

   . 

 

 

 

 2.4 –      
 

        

   .  .      (  

   )     = V • t = (Q / S)• t. 

    ё   ,     

M1 ,   ё   , . .      

 (      y1). 

 

2
1 1

2

M y
T  , 

2 2
1 1 1

1 1 2

( )

2 2

c y y yM gy c 
   . 
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    (     

): 

 

0,
d T

dt y

 
  

 0,
T

y





 2 1( ),c y y

y


 


 2 1( )yQ F f y y   . 

 

  (2.2) : 

 

2 1 2 1( ) ( )c y y F f y y     

 

  ,     : 

 

2 1 2 1( )
Q

F c t y f y y
S

     
 

 (2.14) 

 

   y1 (  ): 

 

1 1,
d T

M y
dt y

 
  

 
1

0,
T

y





 2 1 1 2 1

1

( ),c y M g c y y
y


   


 1 1 1 2 1( )yQ f y f y y    

 

  (2.2) : 

 

1 1 1 1 1 2 1 1 1 2 1( ) ( )M y c y M g c y y f y f y y         (2.15) 

 

 (2.15),     

   : 

 

1 2 1 1 2
1 1 1 1 1

1 1 1 1 1

( )
c c M g Q f f

y y g y y y y y
M M c S M M

 
         

 
 (2.16) 
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    (16)    

  1 1y V . ,  ,  

  ,  4 ,   : 

 

1 1

1 2 2 1
1 1 1 1 1

1 1 1 1

y V
c c Q f Q f

V y g y y V V
M M S M S M

                   
 (2.17) 

 

 (2.17)     : 

 

0 0t  ; 1
0 0

1

( )
M g

y t
c

  ; 1 0 1 0( ) ( ) 0V t y t   (2.17) 

 

 1 1/M g c  –      M1g. 

      ti,    

 ё  F,    (14),   , . . 

 F = 2×g.  . (F > M2×g, t > t1 ).       

         

 (   , 1, 2),     

 : 

 

2 2
1 1 1 2

2 2

M y M y
T

 
   

 22
2 1 21 1

1 1 2 22 2

c y y yc y M g y M g y
  

         

 

  y (     ): 

 

0,
d T

dt y

 
  

 0,
T

y





 2 1 2( ),c y y y

y


  


 2 1( )yQ F f y y    
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  (2.2),     : 

 

       2 1 2 2 1 2 1 2 2 1( / )F c y y y f y y c Q S t y y f y y          
 

(2.19) 

 

  y1 (  ): 

 

1 1
1

,
d T

M y
dt y

 
   1

0,
T

y




 1 1 1 2 1 2
1

( ),c y M g c y y y
y


    


 

 1 1 1 2 1 2yQ f y f y y     

 

 f1  f2      

    , / .   (2) 

     : 

 

   1 1 1 1 1 2 1 2 1 1 2 1 2M y c y M g c y y y f y f y y          (2.20) 

 

  y2 (  ): 

 

1 2

d T
M y

dt y

 
   

; 
2

0
T

y





; 2 2 1 2

2

( )M g c y y y
y


    


;  2 2 1 2yQ f y y   . 

 

 (2.2),    : 

 

   2 2 2 2 1 2 2 1 2M y M g c y y y f y y          (2.21) 

 

 ,        

 : 
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1 1 1 1 1 2 1 2 1 1 2 1 2

2 2 2 2 1 2 2 1 2

0

0

M y c y M g c y y y f y f y y

M y M g c y y y f y y

               


          
 (2.22) 

 

       (2.22)  

 .    : 

 

1 1y V ; 2 2y V . 

 

     : 

 

1 1

1 2 1 2
1 1 1 2 1 1 2

1 1 1 1

2 2

2 2
1 1 2 1 2

2 2

( )

( )

y V
c c Q f f

V y g t y y V V V
M M S M M

y V
c Q f

V t y y g V V
M S M


             
           

 (2.23) 

 

       : 

 

0 1,t t  1 0 1 1( ) ( ),y t y t  2 0( ) 0,y t   1 0 1 1( ) ( ),V t V t  2 0( ) 0V t   (2.24) 

 

2.6        

 

         

     -  , 

     . 

     ,  

      

(      )    
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( , -   . .).   ( , Mathcad  

MatLAB),      ,   

   . 

        

 Excel,         

 Excel,      (   

 - )    VBA.    

 -     :  

   (4)    (5) 

    ,    

   ,    . -   

      (13),  

    ,   . 6.  

 -       (4) 

 .     -  

  ,      .    

, ,     

 . 
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44 

 

 

 

 2.5 – -     
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   -       

-   , , Pascal, Turbo Basic, Visual 

Basic, Visual Basic for Applications. 

    Mathcad  MatLAB   

 (13)       

 - .      Mathcad  MatLAB 

 ,         

  .    

           

 . 

 

2.7     MATLAB 

 

    ,  

MATLAB ,          -

      , 

        

.     -

   .      

  MATLAB      

. MATLAB     ,  

   . 

     MATLAB   .  

          

  : 

 

[ , ] = solver(odefun,interval,Y0,options) 

 

 odefun –    -     

, interval  –    ,     
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, Y0 -      -

, options –       

 .        

,    ,    Y,   

    -     

. 

 

 2.1 –    

ode45    -  4-   5-  .  

 ,     

.        

ode23    -  2-   4-  .  

        

         

ode113   - -   

   ,    

    

ode23tb   -      , 

    2-  

    

ode15s     (  1  5,  

 5),    

.   ,   , 

  ode45    

ode23s  ,   

  2-  .    

       

   

ode23t    .     

   ,   
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     MATLAB     

. 

1      

    (    

,     ). 

2      . 

3   . 

4  . 

        

   ,    

        . 

     .     

   MATLAB     

      . 

   ode45    ,   

   .     -  

    .  ode23    

 – ,      .   

 ode23  ,   ,   

     .    

      ,   

  od113,      -

- .  ode113     

   ,    

   .       

  10-3   – 10-6,    

      (  

         ). 
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    ode45, ode23s, ode113    

,  ,     .   

    ode15s,    

 ,    .    

    ,      

 ode23s,      

. 

     

 ,   ode113.       

.      ,  

       .  

,         

  .     

    . 

   ,    MatLAB, 

        

      ( . 4).  

. 8    .     

  ,     .   

 ( ,    )     ,  

   . 

       

      MATLAB  , 

  . 

 

%     

global Q S M c f g 

Q=0.00011; S=0.00025; 

M=12000; c=50000000; 

f=250000; g=9.8; 



49 

%    

t1=M*g*S/(c*Q); 

F=M*g; 

T1=zeros(1,1); 

Y1=zeros(1,2); 

%    

%   ( - ) 

yn=[0 0]; 

%   

int=t1:0.005:0.5; 

%   ODE 

[T2, Y2]=ode113(@resh,int,yn); 

%     

T=cat(1,T1,T2); 

Y=cat(1,Y1,Y2); 

k=size(T,1); 

F=zeros(k,1); 

a=zeros(k,1); 

Fd=zeros(k,1); 

for i=1:k 

F(i,1)=c*(Q/S*T(i)-Y(i,1)); 

a(i,1)=c/M*(Q*T(i)/S-Y(i,1))+f/M*(Q/S-Y(i,2))-g; 

Fd(i,1)=M*a(i); 

end 

%   

figure(1) 

plot(T,Y(:,1)*1000,T,Y(:,2)*1000,T,a(:,1),T,Fd(:,1)/1000,T,F(:,1)/1000) 

legend('y, ','v, / ','a, / 2','Fd, ','F, ') 

title('    ') 

xlabel('t, ') 



50 

grid on 

%     

function dy=resh(t, y) 

global Q S M c f g 

dy=zeros(2,1); 

dy=[y(2);c/M*(Q*t/S-y(1))+f/M*(Q/S-y(2))-g]; 

end 

 

 ,    Simulink,  7.  

 

 

 

 2.6 –        

Simulink 

 

  8, 9, 10  ,    

     ,   

 . 
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 2.7 –    (Q=0,00011 3/ ; S=0,00025 2; 
M=12103 ; c=5107 / ; f=25104  / ) 

 

 

 

 2.8 –    (Q=0,002 3/ ; S=0,0012 2; 
M=15103 ; c=5107 / ; f=25104  / ) 
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 2.9 –    (Q=0,00011 3/ ; S=0,00025 2; 
M=10103 ; c=5107 / ; f=15104  / ) 

 

         

  .       

   . 
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3      

 

        

.    –   , 

        

,        

  -  . 

      

       . 

       

  .       

.        

       

      ,   

 . 

         

,     ,    

  ,       

.      ,   

      . 

    : ; ; 

;    . 

       

 :  

  ;  

    ,     ; 

   ; 

  ; 

     . 

3.1      . 



54 

 

        

      . 

  ,    . 

       

        

: 

 

( )

,

H

m
m

E M

di
u R i e

dt
d

J M M
dt

d

dt
e k M k i







  

 



 

 (3.1) 

 

  (3.1) , ,u i  – ,   -  , 

R

L
TRL ,,  – ,     

 , , , ,m H mM M   –   , 

 ,       

, J  –   ,  ME kk ,   

 . 

 ,    (3.1)   

  ,    .   

3.1        

 ,    

. 

 

 3.1 –       
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P , В  ВU U , В  n , 1/  I , A R ,  ВR ,  J , 2 

0.12 110 3000 1.53 1.48 642 0.06 

0.2 110 3000 2.46 0.762 560 0.08 

0.25 110 3000 3.05 0.945 827 0.14 

0.37 110 3000 4.4 0.546 934 0.16 

0.45 110 3000 5.6 0.585 400 0.36 

1.0 110 3000 9.96 0.561 500 0.8 

 

  3.1   : P  –  

 , ; U  –    , ; ВU  

–   , ; I  –   , A; n  

–    , 1/ ; R  –   

, ; ВR  –   , . 

    (  ),     

( ),        

: 

 

30P P

n 


 


 

В
В

В

U
I

R
  

H
M I

M
k   

30( )
E

H

U R I
k

n
 




 

30 X

H

U
L
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 1= -1/s1; 2= -1/s2 

       0.45 

 (  3.1)   ,    

(3.2),    3.2. 

 

 3.2. –      

1К , 1/  2К , 1/А 2 kM, /A kЕ, В  T ,  T1,  T2,  

1.72 0.72 0.26 0.34 0.043 0.044 2.15 

 

    (3.1)    Simulink 

    ,  3.1.  

      

  Simulink – ontrol System    

.  ( )     

1 .         

  3.2  3.3. 

 

 

 

 3.1 –     
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   . (3.9) 
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    0.45 В    ,  3.4. 
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   ,  3.8.   

     0,001  0,003. 

 

 

 3.8 –     
  

 

     

   3.9. 

 

 

 

 3.9 –        
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  (  3.9),     , , 

          (   
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      . 
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4       

  Arduino 

 

      

       -

  Arduino.     : 

 ,  4.1; 

,  4.2; 

 Arduino Uno,  4.3. 

 

 

 4.1 –      

 

 

 

 4.2 –   
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 4.3 –      Arduino UNO R3 

 

 

  ( . – arduino servo)    

,           

   . 

  – ,     

        . 

   .     , 

    180 .  Arduino  

       . 

     4.4. 
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 4.4 –   

 

    ( ,   . .),  

      .  

  ,   .    

,     .  , 

      ( .  4.4). 

         

  ,    ,   

   ,         

. 

 Arduino –   .   

  ,       

     .   4.4  

      ,  , 

     . 

     «  ». 

     20 ,      

 LOW.        HIGH  
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  1  2 .  1    0 ,  

 2  – 180 ,      0  180, 

 4.5. 

 

 

 

 4.5 –     

 

 Arduino UNO R3. 

Arduino –   -    

      .  

     Arduino UNO R3,  

   ATmega328.    ё   

 4.3. 

   Arduino      

  .     

    , , ,   

,   Arduino UNO R3   .  

Arduino Uno    ATmega328.   14 

 /  (6       

), 6  ,   16 ,  USB, 

 ,  ICSP   .    
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      USB,   

    AC/DC  . 

 

 4.1 –  Arduino Uno 

  

 ATmega328 

  5  

  ( ) 7-12  

  ( ) 6-20  

 /  14 (6    

   ) 

  6 

   /  40  

    3.3  50  

-   32  (ATmega328)   0.5  

   

 2  (ATmega328) 

EEPROM 1  (ATmega328) 

  16  

 

Arduino Uno      USB   

  .    . 

  (  USB)     

 AC/DC (  )   . 

     2.1   

  .      

 Gnd  Vin  . 

       6   20 .  

   7 ,  5V    5 ,   

   .     
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12        . 

   7   12 . 

  

VIN .         (  

 5    USB     ). 

      . 

5V.   ,    

    .     

 VIN   ,    USB,   

   5 .  

3V3.    3.3     

 .    50 . 

GND.  . 

 

 ATmega328  32   ,  

 0.5     ,   2   

(SRAM)  1  EEPROM. 

 

    Arduino.  

ATmega328    ,   

     .  

   STK500. 

   ,    Arduino, 

 C++ –       

,      

,      [ 1].  

 Arduino      Arduino IDE, 

         . 

                                                           
1
  . .     Arduino / . . . – .: - , 2017. – 288 . 
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Arduino IDE         

: www.arduino.cc/en/Main/Software,    

. 

        

Arduino IDE.        

,    GNU LESSER GENERAL PUBLIC 

LICENSE      .   

 Windows      

 (  ).    

  ,   . 

  Arduino IDE 

      

.    Arduino IDE   (  

4.6),      .     

: setup  loop.  setup  ,   

   Arduino, –     /   

        Arduino 

 .  

 

 

 

 4.6 –  Arduino IDE 
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 loop     –   ,   

  . 

  Arduino  . 

        Arduino 

  USB- . 

 Arduino UNO     USB 

        Arduino IDE.  

    ,     (  

4.7). 

 

 

 

 4.7 –    

 

    Arduino.   4.8   

Arduino/Genuino Uno.     , 

    .   

     ,   

  Arduino. 
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 4.8 –    Arduino 

 

  

   Arduino IDE     

   ,  4.8.     

 ,           

     Arduino. 

         Arduino IDE 

  TX  RX   Arduino,      

 . 

 

    ,    

      .  —    

,       ,     

. ,  void setup  void loop [ ].  

  –       Arduino 

IDE –  ,     .   

,         

   .      

 |  .      
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,        

,      . 

 -   

 C++,       

Arduino,  - .  –   

,    ,      

,   . ,     

   . 

     

  .   

 (#include <Servo.h>),     servomotor. 

        

Arduino UNO R3,     .   

    (  4.9),     

(  4.10). 

 

 

 

 4.9 –     Arduino 
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 4.10 –     Arduino  

  

 

       

 –  1: 

 

#include <Servo.h>  //    

Servo servo1;  //    

void setup() 

{ 

  servo1.attach(9);  //   9    

} 

void loop() 

{ 

  int position; 

  servo1.write(90);    //      90  

  delay(1000);           //  1 ,     

  servo1.write(180);  //      180  
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  delay(1000);           //  1  

  servo1.write(0);      //      0  

  delay(1000);           //  1  

  //       180 , 

  //     : 

  for(position = 0; position < 180; position += 2) 

  { 

    servo1.write(position);   //      

    delay(20);             //   

  } 

  //       0 , 

  //    1 : 

  for(position = 180; position >= 0; position -= 1) 

  { 

  servo1.write(position);  //     

  //   

  delay(20);             //   

  } 

} 

 

       

 –  2: 

 

int servopin=9;// select digital pin 9 for servomotor signal line 

int myangle;// initialize angle variable 

int pulsewidth;// initialize width variable 

int val; 

void servopulse(int servopin,int myangle)// define a servo pulse function 

{ 

pulsewidth=(myangle*11)+500;// convert angle to 500-2480 pulse width 
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digitalWrite(servopin,HIGH);// set the level of servo pin as “high” 

delayMicroseconds(pulsewidth);// delay microsecond of pulse width 

digitalWrite(servopin,LOW);// set the level of servo pin as “low” 

delay(20-pulsewidth/1000); 

} 

void setup() 

{ 

pinMode(servopin,OUTPUT);// set servo pin as “output” 

Serial.begin(9600);// connect to serial port, set baud rate at “9600” 

Serial.println("servo=o_seral_simple ready" ) ; 

} 

void loop()// convert number 0 to 9 to corresponding 0-180 degree angle, LED blinks 

corresponding number of time 

{ 

val=Serial.read();// read serial port value 

if(val>='0'&&val<='9') 

{ 

val=val-'0';// convert characteristic quantity to numerical variable 

val=val*(180/9);// convert number to angle 

Serial.print("moving servo to "); 

Serial.print(val,DEC); 

Serial.println(); 

for(int i=0;i<=50;i++) // giving the servo time to rotate to commanded position 

{ 

servopulse(servopin,val);// use the pulse function 

} 

} 

} 
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 4.11 –   2    

 

      

    4.12. 

 

 

 

 4.12 –      
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  Simulink  Arduino 

 Arduino  SIMULINK  : 

http://www.mathworks.com/academia/arduino-software/arduino-simulink.html  

: MATLAB (R2010a  ) Simulink. 

  Simulink Support Package for Arduino 

http://www.mathworks.com/matlabcentral/fileexchange/30277   

   ,   c:\arduino_simulink.   

 Arduino IDE  ,  ,  c:\ArduinoTarget .  

    :  

 

>> cd c:\arduino_simulink 

>> 

addpath(fullfile(pwd,'arduino'),fullfile(pwd,'blocks'),fullfile(pwd,'demos')) 

>> savepath. 

 

,  : 

 

>> sl_refresh_customizations. 

 

  Arduino  . .  

   Arduino: 

 

>>arduino.Prefs.setArduinoPath('c:\ArduinoTarget ') 

    

>> arduino.Prefs.setBoard('mega') 

       

>> arduino.Prefs.setBoard  

Specify one of the following board labels: 

'uno' (Arduino Uno) 

'atmega328' (Arduino Duemilanove or Nano w/ ATmega328) 

http://www.mathworks.com/academia/arduino-software/arduino-simulink.html
http://www.mathworks.com/matlabcentral/fileexchange/30277
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'diecimila' (Arduino Diecimila, Duemilanove, or Nano w/ ATmega168) 

'mega2560' (Arduino Mega 2560) 

'mega' (Arduino Mega (ATmega1280)) 

'mini' (Arduino Mini) 

'fio' (Arduino Fio) 

'bt328' (Arduino BT w/ ATmega328) 

'bt' (Arduino BT w/ ATmega168) 

'lilypad328' (LilyPad Arduino w/ ATmega328) 

'lilypad' (LilyPad Arduino w/ ATmega168) 

'pro5v328' (Arduino Pro or Pro Mini (5V, 16 MHz) w/ ATmega328) 

'pro5v' (Arduino Pro or Pro Mini (5V, 16 MHz) w/ ATmega168) 

'pro328' (Arduino Pro or Pro Mini (3.3V, 8 MHz) w/ ATmega328) 

'pro' (Arduino Pro or Pro Mini (3.3V, 8 MHz) w/ ATmega168) 

'atmega168' (Arduino NG or older w/ ATmega168) 

'atmega8' (Arduino NG or older w/ Atmega8) 

  :  

>> comPorts=arduino.Prefs.searchForComPort  

comPorts = 

'COM3'  

 

   :  

 

>> arduino.Prefs.setComPort('COM3'); 

 

  Simulink     

   4.13. 
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 4.13 –  Simulink/Arduino 

 

  Simulink Servo Control   

    4.142: 

 

>> arduino_servocontrol_sweep 

 

 

 

 4.14 –       

Simulink 
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  MATLAB/Simulink  Arduino  

   3.  
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