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  ,     

 ,     , 
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      : 
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  -   -  

; 
-        -

; 
-    - . 

: 
-   - ;  
-    -   CAE-  

Autodesk Inventor; 
-     - ; 
-   -    3D   

 ; 
-   -    Mathworks Matlab 

Simulink Simscape;  
-      - 

;  
-      - 

; 
-     - .  

  



1      

1.1  ,     

      –   
      1.1. 

 
 1.1 —     

 
         

  (     )  
  [3].  

    ,  
 : 
- ,       

 ,   ,   
;  

-   –    ,  
      .  

        
         

(  , ,   )  
   ( , ,   

 ); 
-         

 (    ). ,  
  ,     , 

    (  -, -  
); 

-          
  ,      
   , . .   

;  



-         
 .      , 

   — ;  
-         

  ;  
-        ,  

   .   
, , , , 

  . .  
    .  

      ,   
 .  

        
 ( )   .    

  ,    
 ( )           

     .   
   ,     

     , . .  
   —   .  

      .  
       

.          
   . 

      
 .       

     :  
-  —     0,5 / ;  
-  —     0,5  1-3 / ;  
-  —   .  

       
   (   ) 

    (   ).   
    .   

       :  
-  —     1   ;  
-  —    0,1  1 ;  
-  —    .  

 

 

 



1.2    -  

  —  ,   
    ,  

  ,    
  .    

       
 . 

   ,  ,  
    .   

 ,   ,   
      ,  

,       (  
,    ,    

   )    
  (  /   

         
 ). 

      
     . 

      
  ,   

   . 
      

,          
. 

  ё  ,  
 ,   : 

-   (          
   , ,   ,  

    . .); 
-     (    , 

  ); 
-    ; 
- ё (  ё  ); 
-   ; 
-   ; 
-    ( , , ё ,  

 ё , , , , ); 
-  ,    ; 
-     . 

   -   
 -    .  

       -
.  



 KR 3 AGILUS (  1.2)     , 
,    .  ,  

       
.      1.1.  

 
 1.2 – -  Kuka KR3 AGILUS 

 1.1 -    Kuka KR 3 AGILUS 

   3  

  2  

    541  

   6 

  
 

±0,02  

 

 26  

  / /  

    5 °C  + 45 °C 

  KR C4 compact 

   IP40 

 LR Mate (  1.3)      
-       7      

  ,     
  .   .  



 
 1.3 – -  Fanuc LR Mate 

 

 1.2 -    Fanuc LR Mate 

  7  

    717  

   6 

  
 

±0,018  

 

 25  

    0 °C  + 45 °C 

   IP67 

 
 UR3 (  1.4)     

 ,         
  . 



 
 1.4 – -  Universal Robot UR3 

 

 1.3 -    Universal Robot UR3 

  3  

    500  

   6 

  
 

±0,1  

 

 11  

    0 °C  + 50 °C 

   IP64 

   -   , 
      -   
 Kuka KR3 AGILUS,        

. 

 

 



1.3     

   —  
,      

,   -  , 
    ,   

   ,     
  .      

    [4]. 
     ,   

        
. 

    —    
, : 

-  ё    ; 
-   ; 
-     ,  

  ; 
-    -    

. 
    ё : 

-   ; 
-       

; 
-    ; 
-      ; 
-    ,   ; 
-  ; 
-       

; 
-    ; 
-      . 

     -   
   Autodesk Inventor,    ,  

Autodesk Inventor       
,  :      

 ,       
   3D [5].  

Autodesk Inventor —  ё    
   ( )  Autodesk 

(  1.5   1.6),     
  .  
     :  

-         ; 
-     ; 



-      ; 
-  ; 
-   -   

  ; 
-  ; 
-       

(   ). 

 
 1.5 –    Autodesk Inventor 

 

 
 1.6 –    Autodesk Inventor 



1.4     

    ( )  
       

 [6].         
  Sinumerik 828D (  1.7) [7].   

     : 
-    ; 
-     ; 
-    ( , ,   

   –   
); 

-         ; 
-         

; 
-   ; 
- ё      . . 

 
 1.7 –     Sinumerik 828D 

 

 

 



1.5    

  (Rapid Prototyping) –  , 
         
          

.  
  —     

     .    
        ,  
ё   . .    . 

3D-  —  ,  ё  ё    
  3D- .     ,  

    , 3D-    
ё  , . .  ё   .  

  3D-      
( ) ё  .  

3D  –    ,    
ё   ё         

 .  
   3D ,    

          [8]: 
- ;  
-  ; 
-    ;  
-     ; 
-  ;  
-   ;  
- -   .  

  –   ,  
         

       .  
      

   .     [9]: 
-     (   ).  

   ,    
,        
    .   –  

       
 ; 

- .        
   .    

  –     
    ,      

,        ; 



-  .    
   ,   

    .  
    (  ,  

      ),  
        

 . 
  : 

- ; 
-  ( ,     ); 
-  ( , , ); 
-  (    ); 
- ; 
- ; 
- . 

1.6      -  

   ( )  ,  
       

 - . 
-  (      1.8) 

       
 :   1.5 ; 5  

 +  ;   ;   
- .  

 
 1.8 –   -  

 
 



 . 
    1.4 -   

№    
1    1.5  

2    (  ) 300  

3     (  ) 5 

4     
  -     1.9. 

 
 1.9 —   -  

  . 
1.   -    

  :  ;     
 .  

2.        
,        

 . 
3.  -       

  .  
 

  . 
1.   -   

      AC 
 220  (+/- 10%),  50 .  

2.   -    
 : DC 9 – 40VDC      60   

 .   



3.    -  (    
   1.8).  

   -    
 1.5,    -    
 1.6.  

 A -          
 1 · . 

 B -          
 2 · . 

 C -          
 1 · . 

 D -          
 0.3 · . 

 E -          
 0.2 · . 

        
,    1.10.  

 1.5 -    -  

  

 ( ) 
-   

 

  
( , 

  
( · ) 

 
  
 ( · ) 

. . 
 A -360 360 Nema 24, 3 ·  20,25 ·  

 B -110 110 Nema 24, 3 ·  45 ·  

 C -140 140 Nema 23, 1,26 ·  12 ·  

 D -360 360 Nema 17, 0.5 ·  3.75 ·  

 E -360 360 Nema 17, 0.5  3 ·  

 
 1.6 -   -  

№ /       
1    TB6600, 4A, 9-40VDC 5  

2   Nema 24, 3 ·  2  

3    Nema 23, 1,26 ·  1  

4   Nema 17, 0.5 ·  2  

5 Arduino mega 2560 1  

6   300   1  



 
 1.10 —     

 



  -     
1.11.  M1 –   A; M2 –   B; M3 –   C; M4 –  

 D; M5 –   E; J1 –    A; J2 –    B; 
J3 –    C; J4 –    D; J5 –    
E; S5  S6 –    A; S7  S8 –    B; S9  
S10 –    C; S11  S12 –    D; S13  S14 
–    E; S1 –  ; S2 –   

; G1  G2 –  .  

 

 
 1.11 —   - .  

 

 .  
    . 

1.    -    
 (  ). 

2.    .  
3.       

. 
 



   . 
1.       -

. 
2.   -    

. 
3.   -    

   .  
4.   -  ,  

.  
5.    .  

  



2    -  

2.1    Arduino  

Arduino ( ) —   ,  
    -    

. Arduino       
 ,      , 
   [10].  

        
  Arduino Mega 2560 (  1.10).  

   .  
Arduino Mega    ATmega2560.   

54  /  (14       
), 16  , 4   UART,  

 16 , USB ,  ,  ICSP   
.  

 2.1 -   Arduino Mega 2560 

 ATmega2560 
  5  
  

( ) 
7-12  

  
( ) 

6-20  

 /  54  (14       
 ) 

  16 
   

/     
40 mA 

    3.3 
 

50 mA 

-  256 KB  (   8 B   
) 

 8 KB 
  4 KB 

  16 MHz 
. 

Arduino Mega        USB, 
     .    

. 
 : 

- VIN.         (  
 5    USB     

).  



- 5V.   ,    
    .     

 VIN   ,    USB,  
    5 .  

- 3V3.    3.3    FTDI  
.    50 . 

- GND.  . 
. 

 ATmega2560 : 256  -    
  (4     ), 8    4  

EEPROM. 
  . 

  54   Mega,     
 .     5 .    

  20-50      40 .  
   : 

-  : 0 (RX)  1 (TX);   1: 19 
(RX)  18 (TX);   2: 17 (RX)  16 
(TX);   3: 15 (RX)  14 (TX).  

   (RX)   (TX)  TTL.  
0  1      

  ATmega8U2; 
-  : 2 (  0), 3 (  1), 18 (  

5), 19 (  4), 20 (  3),  21 (  2).  
         

 ,      ,   
 ; 

- PWM: 2  13  44-46.       
 8 ; 

- SPI: 50 (MISO), 51 (MOSI), 52 (SCK), 53 (SS).   
   SPI; 

- I2C: 20 (SDA)  21 (SCL).     
I2C (TWI); 

-   Mega2560  16  ,  
 10 . 

. 
  Arduino Mega2560     

      :  
- 4     UART  TTL; 
- I2C (TWI); 
- SPI.  

 



2.2      

   -   , 
        

         
  [3].  

      
 :  

-        
;  

-      (   
),     ;  

-   ;  
-   . 

       
, ё        

,  ,  ,   ( ,  
   )   .  

      :  
   -     

   ,    
  . 

 ( )    
       

         
      .  

        
  ( ) ,   

,     (  )  
          
  . 

      -    
      ,   

  [11]. 
 –  ,      

 ,    , 
    .  ,    

    .   
     ( ).   

     ,      
,   ,    

   ,     
[12]. 

   : 
-  ; 

http://engineering-solutions.ru/motorcontrol/motor/


-  ; 
-   ; 
-   . 

        
   - .    

,       - .  
         

   - .   2.1  
     (2.1).  

 

 , (2.1) 

 
 M –  , ; F -  , ; r –   

      , ; l –  , 
       , ; - ,  

  F    r, .  

 

 
 2.1 —  -   

 

 ,   (2.1)   :   

  A(F = 50 ,  l = 100  = 0.1 ): 
 ,51.050M    

  B(F = 50 ,  l = 140+220+225 = 585  = 0.585 ): 
 ,25.29585.050M    

  C (F = 50 ,  l = 140+220 = 360  = 0.360 ): 

)sin( rFlFM







 ,18360.050M    

  D (F = 50 ,  l = 10  = 0.01 ): 
 ,5.001.050M    

  E (F = 50 ,  l = 140 = 140  = 0.140 ): 
 .714.050M    

    ContiTech Suite Beltimpex 7.1 
    -  (   

-      1.8).    
    ,    

 .      
,         

  .   
 

   A 

 
 2.2 –       

 
 2.2 –        

(  1) 
 : Conti CONTI SYNCHROBELT 

Trapez 
 :  XL 

 :  5.08  
  

     16 
    25.87  

  
     108 

    174.64 
 
 
 



  2.2 
    200 /  
    29.63  /  

  6.75 
  

    690.88  
     136 

   170 
  

     128.61 
     5.72 

  
   0.27 /  

    0.78  
  

    1.8 
  

   0.03  
      1.5  
      10.12  

  
    31.67  
    10  

  
  115.95  

   49.28  
    88.82  

  
  25  
  8.55  

   :  
- CONTI Trapez Timing belt 690,88 - XL - 10 – SYNCHROBELT; 
- Toothed pulley P 16 - XL – 10; 
- Toothed pulley P 108 - XL – 10. 

 
 

 

 

 

 

 

 



   B 

 
 2.3 –      B 

 
 2.3 –       B 

(  1) 

 :  Conti CONTI SYNCHROBELT 
Trapez 

 :  XL 
 :  5.08  

  
     16 

    25.87  
  

     48 
    77.62 

  
    200 /  
    66.67  /  

  3.00 
  

    340.36  
     67 

   83 
  

     144.53 
     6.42 

 
 



  2.3 
   0.27 /  

    1.59  
  

    1.8 
  

   0.06  
      3.0  
      9.0  

  
    52.50  
    10  

  
  231.91  

   98.56  
    187.75  

  
  25  
  3.84  

   :  
- CONTI Trapez Timing belt 340,36 - XL - 10 – SYNCHROBELT; 
- Toothed pulley P 16 - XL – 10; 
- Toothed pulley P 48 - XL – 10. 

 2.4 –       B 
(  2) 

 :  Conti CONTI SYNCHROBELT 
Trapez 

 :  XL 
 :  5.08  

  
     16 

    25.87  
  

     80 
    129.36 

  
    66.67 /  
    13.33  /  

  5.00 
  

    467.36  
 
 



  2.4 
     92 

   100 
  

     116.06 
     5.16 

  
   0.09 /  

    0.39  
  

    1.8 
  

   0.06  
      9.0  
      45.0  

  
    190.73  
    10  

  
  697.76  

   296.55  
    503.10  

  
  25  
  2.89  

   :  

- CONTI Trapez Timing belt 467,36 - XL - 10 – SYNCHROBELT; 
- Toothed pulley P 16 - XL – 10; 
- Toothed pulley P 80 - XL – 10. 

   C 

 
 2.4 –       



 2.5 –        
(  1) 

 :  Conti CONTI SYNCHROBELT 
Trapez 

 :  XL 
 :  5.08  

  
     16 

    25.87  
  

     48 
    77.62 

  
    200 /  
    66.67  /  

  3.00 
  

    340.36  
     67 

   83 
  

     144.53 
     6.42 

  
   0.27 /  

    1.59  
  

    1.8 
  

   0.03  
      1.5  
      4.5  

  
    28.25  
    10  

  
  114.41  

   48.62  
    92.62  

  
  25  
  4.49  

 



   :  
- CONTI Trapez Timing belt 340,36 - XL - 10 – SYNCHROBELT; 
- Toothed pulley P 16 - XL – 10; 
- Toothed pulley P 48 - XL – 10. 

 
 2.6 –       C 

(  2) 
 :  Conti CONTI SYNCHROBELT 

Trapez 
 :  XL 

 :  5.08  
  

     16 
    25.87  

  
     64 

    103.49 
  

    66.67 /  
    16.67  /  

  4.00 
  

    502.92  
     99 

   143 
  

     148.87 
     6.62 

  
   0.09 /  

    0.36  
  

    1.8 
  

   0.03  
      4.44  
      17.76  

  
    74.06  
    10  

  
  343.24  

   145.88  
    281.05  



  2.6 
  25  
  5.98  

 
   :  

- CONTI Trapez Timing belt 502,92 - XL - 10 – SYNCHROBELT; 
- Toothed pulley P 16 - XL – 10; 
- Toothed pulley P 64 - XL – 10. 

 
   D 

 
 2.5 –      D 

 
 2.7 –       D 

(  1) 
 :  Conti CONTI SYNCHROBELT 

Trapez 
 :  MXL 

 :  2.03  
  

     22 
    14.23  

  
     55 

    35.57  
  

    200 /  
    80  /  

  2.5 
 
 
 



  2.7 
    166.62  
     82 

   43  
  

     151.16 
     9.24 

  
   0.15 /  

    1.79  
  

    1.8 
  

   0.01  
      0.5  
      1.25  

  
    28.13  
    6  

  
  70.28  

   29.87  
    57.85  

  
   :  

- CONTI Trapez Timing belt 166,62 - MXL - 6 – SYNCHROBELT; 
- Toothed pulley P 22 - MXL – 6; 
- Toothed pulley P 55 - MXL – 6. 

 
 2.8 –       D 

(  2) 
 :  Conti CONTI SYNCHROBELT 

Trapez 
 :  MXL 

 :  2.03  
  

     22 
    14.23  

  
     68 

    43.98  
  

    80 /  
    25.88  /  



  2.8 
  3.09 

  
    182.88  
     90 

   43  
  

     139.64 
     8.53 

  
   0.06 /  

    0.65  
  

    1.8 
  

   0.01  
      1.25  
      3.86  

  
    62.85  
    6  

  
  175.69  

   74.67  
    140.17  

  
   :  

- CONTI Trapez Timing belt 182,88 - MXL - 6 - SYNCHROBELT 
- Toothed pulley P 22 - MXL - 6 
- Toothed pulley P 68 - MXL - 6 

 

 

 

 

 

 

 

 

 

 

 



   E 

 

 
 2.6 –      E 

 
 2.9 –       E 

(  1) 
 :  Conti CONTI SYNCHROBELT 

Trapez 
 :  MXL 

 :  2.03  
  

     22 
    14.23  

  
     52 

    33.63  
  

    200 /  
    84.62  /  

  2.36 
  

    323.09  
     159 

   125  
  

     170.99 
     10.45 

  
   0.15 /  



  2.9 
    0.92  

  
    1.8 

  
   0.01  

      0.5  
      1.18  

  
    28.13  
    6  

  
  70.28  

   29.87  
    59.55  

  
   :  

- CONTI Trapez Timing belt 323,09 - MXL - 6 – SYNCHROBELT; 
- Toothed pulley P 22 - MXL – 6; 
- Toothed pulley P 52 - MXL – 6. 

 

 2.10 –       E 
(  2) 

 :  Conti CONTI SYNCHROBELT 
Trapez 

 :  MXL 
 :  2.03  

  
     22 

    14.23  
  

     64 
    41.4  

  
    80 /  
    27  /  

  2.91 
  

    184.91  
     91 

   45  
  

     146.24 



  2.10 
     8.94 

  
   0.06 /  

    0.68  
  

    1.8 
  

   0.01  
      1.18  
      3.43  

  
    57.45  
    6  

  
  158.60  

   67.41  
    129  

  
   :  

- CONTI Trapez Timing belt 184,91 - MXL - 6 – SYNCHROBELT; 
- Toothed pulley P 22 - MXL – 6; 
- Toothed pulley P 64 - MXL – 6. 

        
 (  2.11)     

 ,   ,     
.   

 

 2.11 –     -  

  
/ 
, 

A 

-
/ 

,  

-
/ 

,  

-
 
 ⋅  

 
 

, 
 ⋅ 2 

 
, 
. 

A 60BYG250 2 0.63 1.8 3.1 840 1.8 

B 60BYG250 2 0.63 1.8 3.1 840 1.8 

C 57BYG250 3 0.8 1.1 0.9 135 1.8 

D 17HS19 1.8 1.8 3.2 0.52 68 1.8 

E 17HS19 1.8 1.8 3.2 0.52 68 1.8 

 

  



3   -  

3.1     -  

   -      
 Andreas Hölldorfer [1],      

    .     
   Autodesk Inventor. 

  3.1, 3.2, 3.3, 3.4, 3.5, 3.6, 3.7   
  .  
 1 -   3.1    

    .     
    (8100)     (8 

.)    . 

 
 3.1 —   1 -  

 
  2 -   3.2  

         , 
        

         
 .   

 



 
 3.2 —   2 -  

 
  3 -   3.3    

    XL,       
       .   

 

 
 3.3 —   3 -  

 

  4 -   3.4   
    Nema 17,    

 -    .  



 
 3.4 —   4 -  

 

  5 -   3.5    
       .  

  

 
 3.5 —   5 -  

 
 



 
 3.6 —   6 -  

 
 

 
 3.7 —   -  



3.2    -  

  -   CAE-   Autodesk 
Inventor      -   

  .  
       10    
    .    
   3.1  3.2. 

  :  
 3.1 —   

   (     
) 0,1 

   (     
) 0,2 

  1,5 

.   60  

     

         
 

 3.2 —   

    

 

  1,06 / ^3 

  20 M  

  
  

29,6 M  

 

  2,24  

  0,38  

   
 

0,811594  

   

 

  7,85 / ^3 

  207 M  

  
  

345 M  

 

  210  

  0,3  

   
 

80,7692  

 



  3.2 
 2014   

 

  2,8 / ^3 

  290 M  

  
  

425 M  

 

  72,4  

  0,33  

   
 

27,218  

       -
 10   ,    3.8.  

 -    .  
     3.3  3.4,   

   3.5  3.6 
 

 3.3 —    
 9,09661  

 1343410 ^2 

 6407860 ^3 

  
x=98,1119  
y=209,418  
z=-65,2724  

 
 3.4 —    

    

 9810,000 / ^2 

 X -0,000 / ^2 

 Y -9810,000 / ^2 

 Z -0,000 / ^2 

  

   

 100,000  

 X -0,000  

 Y -100,000  

 Z -0,000  
 
 



  3.4 
   

    

    

    
 
 

 
 3.8 —  -   

 
 : 

 3.5 —        

  
    

  (X,Y,Z)   (X,Y,Z) 

:1 20,984  

1,78387  

1,35712   

1,04765   

19,3037  -0,450614   

8,0321  0,735631   

:1 174,091  

-1,74044  

11,1799   

-0,0563946   

173,899  0   

-7,99902  11,1798   
 
 
 
 
 



 3.6 —   

   

 6406760 ^3 

 9,5003  

   0,00000736116 M  937,516 M  

1-    -262,925 M  1096,74 M  

3-    -835,405 M  401,262 M  

 0  4,84958  

.   0,158101  15  
 
 

 
 3.9 —    

 
 
 
 
 
 



  
 3.10 — 1-    

 
 
 

 
 3.11 — 3-    

 
 
 



 

 
 3.12 —  

 
 

 

 
 3.13 —    

 



       -  
10     ,    3.14.  

     3.7  3.8,   
   3.9  3.10. 

 3.7 —    
 9,09661  

 1343410 ^2 

 6407860 ^3 

  
x=17,2818  
y=299,986  
z=-105,212  

 

 3.8 —    
    

 9810,000 / ^2 

 X -0,000 / ^2 

 Y -9810,000 / ^2 

 Z -0,000 / ^2 

  

   

 100,000  

 X -0,000  

 Y -100,000  

 Z -0,000  

  

   

    

    

    
 
 
 



 
 3.14 —  -  

 
  

 3.9 —        

  
    

  (X,Y,Z)   

:1 14,1787  

4,56042  

:1 

14,1787  

13,3866  -0,450614   

1,01738  0,735631   

:1 179,88  

-4,56794  

:1 

179,88  

179,819  0   

-1,0192  11,1798   

 

 3.10 —   

   

 6407080 ^3 

 9,50064  

   0,00000841885 M  336,305 M  

1-    -140,137 M  280,614 M  

3-    -480,99 M  34,7556 M  

 0  2,07659  

.   0,615513  15  



 

 
 3.15 —    

 
 

  
 3.16 — 1-    

 
 

 



 

 
 3.17 — 3-    

 
 

 
 3.18 —  

 
 



 
 3.19 —    

 
 ,     -

    10   4.85     
    0.16.    -

       
 .       -

      85%,  
      -  

 1.5 .  
 
 
 
 
 
 
 
 
 
 
 
 



3.3    -  

   -     
 3D      300   450   200 .  

   -   3D 
    3.20, 3.21, 3.22, 3.23, 3.24.  

 

 
 3.20 —3D    1 -  

 

 
 3.21 —3D    1 -  



 

 
 3.22 —3D    2 -  

 
 
 
 
 

 
 3.23 —3D     1 -  



 
 

 
 3.24 —    1 -  

 
  3.25     , 

  .  
 

  
 3.25 —      

 
  3.26 -     

 Autodesk Inventor     ,  
      , 

   3D .   
 



 3.26 —   
 

 

 
 3.27 —    

  



3.4    -  

 -    6 .   3.28, 
3.29, 3.30, 3.31      -

.  
 

 
 3.28 —   2 

 
 

  

 3.29 —   3 



  
 3.30 —   4 

 
 

  
 3.31 —   5 

 
    -   

  -    3d      
    .      

    .  

  3.32    -
. 



 
 3.32—    

  



4   -  

4.1     

         
,       

-   .  
     :  

       
      . 

         
 : 

,
 

(4.1) 

 p –  3 x 1,     ,  R –  
3 x 3,        

 .   
 Ai , i = 1,2, …, N -  ,    

  i-      (i-1)-  . , 
,  

, (4.2) 

   .   

, (4.3) 

 (4.1)     
, i=1, 2, …, N, 

. 
(4.4) 
 

 (4.4)        
     ,      

   ,   Ti  
   i-  . 

  Ai,   (4.4),      
  [13]. 

        
,         
    .    (  

  )      
4 4.    ,      

 4 4,       
   .  

   .       
      4 4.    

   ,    
         

q = (q1, q2,..., qN )T

s= f (q)











1000

pR
T

NN AAAT ...21

ii AAAT ...21

iii ATT 1
ET 0



 .    (i-1)-    i-  
 ,       

  z (  4.1).        
  [14] 

 

,

 

(4.5) 

 

,

 

(4.6) 

 

,

 

(4.7) 

 

,

 

(4.8) 

 

. (4.9) 

  
   : 

 (4.10) 

   : 

.

 (4.11) 

  i-         
   [13] 
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 (4.12) 

 

 
 4.1 –    

   4.1   ,    
   [15].  

 4.1 –     
          (   ) 

       j-1    j (  
 ) 

          

          (   ) 

       
     . 

  -  L1=185 , L2=225 , 
L4=220 , L5=140 .  

   (4.11)      
   - ,    1.9.  

 1 

 
 

 

 

























1000

0

)(1

iiiii

iiii

cdccsss

sdsccsc

asc

qadA
iqi

iii

iii

iiiii




iq
1ix ix 1iz

id

1iz

ia
1iz iz

i 1iz iZ ix



 2 

 

 3 

 

 4 

 

 5 

 

4.2     

  ,     , 
  .      

      .  
  

, (4.13) 

 

, (4.14) 

   q    

, (4.15) 

 

. (4.16) 

 ,        
        

 N . ,         
 .  ,       

*ss  *NN TT  T
Nqqqq *)...*,*,(* 21

)(qfs s

)(qfT TN 

*)(* 1 sfq T


*)(* 1
NT Tfq 



        ( )  
 (   ;    ).  

,    (   )  
,    . 
       

   . ,   
         (  , 

 ),       
 ,        (4.13). 

,  ,         
 ,        

:   , , 
 .       

   ,    
 [13]. 

  .  ,   
     

, (4.17) 

 
 -    i-   (i-1)-    

. 
,   (4.17)   

. (4.18) 

  ,    ,    
 (4.18)  .   (4.18) ,   

 ,      . , ,  (4.17) 

  ,    . 
       

      -  
   .  

        
    (4.19), (4.20),  (4.21),  (4.22), (4.23), (4.24): 

,
 (4.19) 

,
 (4.20) 

  3232323 ,),(2tan qqcsaq , (4.21) 
 

 

)(ts )(tTN

)(tq

NT

NNN AAAAT 121 ... 

)( iii qAA 

1
1
A

NNNl AAATqA 12
1

1 ...)( 
 

NT

lq

lq Nqqq ...,,, 32

1
NA Nq

 



 1

2

2
2

22

1 ,2 q
dp

dppp
arctgq

y

yxx

 



 2

222

2 ,2 q
AQ

AQpp
arctgq zz



.1)),(),((2tan 6326321621161614  WzszcszccWzczsWaq zyyyx , (4.22) 
, (4.23) 
 (4.24) 

 ,       
(  )  ,    

  .  ,  ,  
    [13]. 

  (  ). 
     ,   

 .  ,    
     ,  

    .    
        

     ,      
. ,      ,  

        
   [14]. 

   ( )    
 .     ,     

     [16]. 
        

  . 




q
ZZYYXXqQ min)()()()( 2*

0
2*

0
2*

0 , 
(4.25) 

 X0, Y0, Z0 –   ; X*, Y*, Z* –  
 . 

}.
22

,

,
180

195
0,

180

15

180

195
,,:{

54

321












qq

qqqEqq n

 

       
     (  4.4)   

    X0 = 305 , Y0 = 0 , Z0 = 405 .    
    X*

 = 105 , Y*
 = 204 , Z

* = 478 .  
    (  4.5)     

     .  
 

).,(2tan 555 saq 
).,(2tan 666 saq 



 
 4.4 –        

-   : 0.1 , 
  4.5     (4.31): 

-  : XN = 108.14 , YN = 202.7 , ZN = 479.72 ; 
-  :  A = 54.79 .;  B = -19.13 .;  C = 1.69 

.;  D = 16.97 .;  E = -9.62 ; 
-   : -0.010430 ; 
-   N =5; 
-   : 3360;  
-  : 0.13 . 

 

 
 4.5 –    



4.3    

        
       

.        
   1965 .       

        
, ,  [17]. 

       
 ,  « », « », « », « ».   

   -       
 .      

      -    
  ,  .   ,  

     ,  
 ,     

      . 
  - ,    

      .  
   .  

  -   (  
)   .  ё    

      
   ё  . 

  -  ,  :  
« » –  « ».       

 : « » – « », « » – « », 
« » – « » . . .      

     [18]. 
  -       

.      
   ,    

.       
  .   

    : 
- Centroid –  ; 
- Bisector – ; 
- LOM (Largest Of Maximums) –   ; 
- SOM (Smallest Of Maximums) –   ; 
- Mom (Mean Of Maximums) –   [19]. 

       
     .  

     -  
(  3.32)      .  

 



    :  
  . 

  1:  
-  -   (weight);  
-  - , , ;  
-   -  0  5 . 

  2:  
-  -    (speed); 
-  - , , , ; 
-   -  0  1500 / . 

  .  
  3  

-  -    ( acceleration); 
-  - , ; 
-   -  0  100%. 

   4  
-  -     (breaking); 
-  - , ; 
-   -  0  (-100%). 

     4.6. 
 

 
 4.6 –   

 
     -   

  ,  Mamdani.  
    4.7, 4.8, 4.9, 4.10. 

 

 

 

 

 

 



 :  
 

 
 4.7 –      

  

 

 

 

 

 

 
 4.8 –      

   

 
 
 



 
 

 
 4.9 –      

    

 
 
 
 
 
 

 
 4.10 –      

    

 
 
 



 : 
 4.2 –      Centroid 

 
 
 
 
 
 

    Centroid 

     
0 50 77 -77 
0 500 75.7 -75.5 
0 1000 77 -24.2 
0 1600 23.1 -23 
2.5 50 77 -76.9 
2.5 500 75.7 -28.1 
2.5 1000 77 -23 
2.5 1600 23.1 -23 
5 50 76.9 -23 
5 500 28.1 -24.3 
5 1000 23 -23 
5 1600 23 -23 

 

  
 4.11 –  Centroid 

 
 4.3 –      Bisector 

 
 
 
 
 
 

    Bisector 

     
0 50 79 -79 
0 500 77 -77 
0 1000 79 -21 
0 1600 21 -21 
2.5 50 79 -79 
2.5 500 77 -24 
2.5 1000 79 -21 
2.5 1600 21 -21 
5 50 79 -21 
5 500 24 -23 
5 1000 21 -21 
5 1600 21 -21 

 

 



   Bisector:  

  
 4.12 –  Bisector 

 
 4.4 –      Mom 

 
 
 
 
 
 

       Mom 

     
0 50 100 -100 
0 500 87.5 -87.5 
0 1000 100 0 
0 1600 0 0 
2.5 50 100 -100 
2.5 500 87.5 -12.5 
2.5 1000 100 0 
2.5 1600 0 0 
5 50 100 0 
5 500 12.5 -12.5 
5 1000 0 0 
5 1600 0 0 

 

 

 4.13 –  Mom 

 
 
 



 4.5 –      Lom 

 
 
 
 
 
 

       Lom 

     
0 50 100 -100 
0 500 100 -100 
0 1000 100 0 
0 1600 0 0 
2.5 50 100 -100 
2.5 500 100 -25 
2.5 1000 100 0 
2.5 1600 0 0 
5 50 100 0 
5 500 25 -25 
5 1000 0 0 
5 1600 0 0 

 
 

  
 4.14 –  Lom 

 

 4.6 –      Som 

 
 
 
 
 
 

       Som 

     
0 50 0 -100 
0 500 75 -75 
0 1000 0 0 
0 1600 0 0 
2.5 50 0 -100 
2.5 500 75 0 
2.5 1000 0 0 
2.5 1600 0 0 
5 50 0 0 
5 500 0 0 
5 1000 0 0 
5 1600 0 0 

 



 4.15 –  Som 

 
   :    

,       centroid 
 bisector,        

  - .    
     bisector.   

     -   
  ,  Mamdani.  

   1:  
 

 
 4.16 –      

  

 
 



 
 4.17 –      

   

 
 4.18 –      

    

 
 4.19 –      

    



 4.7 –      Bisector 

 
 
 
 
 
 

    Bisector 

     
0 50 78 -78 
0 500 77 -77 
0 1000 78 -22 
0 1600 22 -22 
2.5 50 78 -78 
2.5 500 77 -24 
2.5 1000 74 -22 
2.5 1600 22 -22 
5 50 78 -22 
5 500 24 -23 
5 1000 22 -22 
5 1600 22 -22 

 

  
 4.20 –  Bisector 

 

   2: 

 
 4.21 –      

  



 
 4.22 –      

   

 
 4.23 –      

  

 
 4.24 –      

  



 4.8 –      Bisector 

 
 
 
 
 
 

    Bisector 

     
0 50 68 -68 
0 500 66 -66 
0 1000 68 -32 
0 1600 32 -32 
2.5 50 68 -68 
2.5 500 66 -34 
2.5 1000 68 -32 
2.5 1600 32 -32 
5 50 68 -32 
5 500 34 -34 
5 1000 32 -32 
5 1600 32 -32 

 

  
 4.25 –  Bisector 

 

   ,      
 -     

  bisector.  
  :     

    4.21;     
   4.22;     
   4.23;     
   4.24. 

 

 

 



4.4   -    Mathworks Matlab 
Simulink Simscape 

 ,    -   
  ,     

-    Mathworks Matlab Simulink Simscape.  
  -     

 ,  ,     
. 

  4.26 – 4.40     
 - . 

 A  

 
 4.26 –   Stepper Motor Driver  A 

 

 
 4.27 –   Stepper Motor  A 

 

 
  4.28 –   Gear Box  A 

 

 



 B 

 
 4.29 –   Stepper Motor Driver  B 

 

 
 4.30 –   Stepper Motor  B 

 

 
  4.31 –   Gear Box  B 

 

 C 

 
 4.32 –   Stepper Motor Driver  C 



 

 
 4.33 –   Stepper Motor  C 

 

 
  4.34 –   Gear Box  C 

 

 D 

 
 4.35 –   Stepper Motor Driver  D 

 

 
 4.36 –   Stepper Motor  D 



 

 
  4.37 –   Gear Box  D 

 

 E 

 
 4.38 –   Stepper Motor Driver  E 

 

 
 4.39 –   Stepper Motor  E 

 

 

 
  4.40 –   Gear Box  E 



      
 - .      

 4.40  4.41 
   :  A = 0 .;  B = -90 .;  

C = 90 .;  D = 0 .;  E = 0 . 

  
а а  

и  а а 
К  

и  а а 

 4.40 –   -  
 

 

 

а а  и  а а К  и  а а 

 4.41 –   -  



4.5       
 

   -   ,   
    (     

4.42).  
 

 
 

 4.42 –    
 

    :   
     :    A 

(  – 1 (   ),  – 2 (   )) 
     A (   10)   

  B (  – 1 (   ),  – 2 (  
 ))      B (   10) …  

        
     - .  

 : 2 20 1 50 2 30 1 25 1 30.  
     .  

 
 

 
COM-

 
 

  
   

-

 
 

  
?

 
  

 
  

(L –  
 )

 0  2500

 
  

 
 

 0  L



4.6       
-  

   -    
 ,      

        
 (       4.43). 

 
 

 4.43 –   -  

 
  

?

  
  
 -

  

  
  
 -

 
 

  ( )

  
  

 
 

  
  

 -

 
 -

  
 

  
-  

   
(L –   

)

 
-

 
?

 
   

?
 0  L

 
  

  
  



    :    
 (    )      

(    –  ,      ),    
 ,      -

. 
      4.44, 4.45  4.46. 

 

 
 4.44 –      

 

 
 4.45 –      

 
 



 
 4.46 –    

 
     . 

  



5   

       
  -    

     . 
   -  -  

   ,      
  .      

       
    .  

        
  (  : 0-10 ,   0.01 )  

   -  (  5.1).     
      

 . 
  

  

 5.1 –      

 

       
         

    . 
 

 

 

 

 

 

 



     .  

 X (  5.2,  5.3)  

   

я и  1 я и  2 я и  3 

 5.2 –       X 

 
 5.3 –     X 

 

 Y (  5.4,  5.5)  

 
 

 
 

 

я и  1 я и  2 я и  3 

 5.4 –       Y 



 
 5.5 –     Y 

 

 Z (  5.6,  5.7)  

 

 

 

я и  1 я и  2 я и  3 

 5.6 –       Z 

 

 
 5.7 –     Z 



 5.1 –    

     ( ) . 

( ) 
. 

( ) 
Δ 
( ) 

. 
. 

( ) 
1 2 3 4 5 6 7 8 

X 3.92 1.85 3.42 4.53 3.65 4.28 3.23 2.25 1.85 4.53 2.68 3.39 

Y 6.35 3.28 5.23 4.12 8.12 5.02 7.05 6.35 3.28 8.12 4.84 5.69 

Z 2.63 1.53 3.85 2.42 3.56 2.56 1.21 3.32 1.21 3.85 2.64 2.63 

    ,    
       -

       :  X = 
2.6 ± 0.01 ;  Y = 4.8 ± 0.01 ;  Z = 2.64 ± 0.01 .  

      5.8.  

 
 5.8 –     

 

      
          

      250 .  
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д
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то
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о
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т
п

 (
 

По дко  о е  к пе е т  

О  X 

О   Y 

О  Z 

Л е  О  X) 

Л е  О   Y) 

Л е  О  Z) 



 5.2 –    

     ( ) . 

( ) 
. 

( ) 
Δ 
( ) 

. 
. 

( ) 
1 2 3 4 5 6 7 8 

X 3.15 5.35 4.96 2.56 7.86 6.03 5.34 5.11 2.56 7.86 5.3 5.31 

Y 5.68 6.30 8.52 6.72 7.79 8.77 5.67 4.54 4.54 8.77 4.23 6.9 

Z 4.84 7.94 3.66 6.04 1.98 5.61 1.17 2.43 1.17 7.94 6.77 4.11 

    ,    
       -

       :  X = 
5.3 ± 0.01 ;  Y = 4.23 ± 0.01 ;  Z = 6.77 ± 0.01 .  

      5.9.  

 
 5.9 –     

 

        
     .   
    -    

        
.  

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0 2 4 6 8 10 

П
ок

 
д

к
то

 ч
о

о
о 

т
п

 (
 

По дко  о е  к пе е т  

О  X 

О   Y 

О  Z 

Л е  О  X) 

Л е  О   Y) 

Л е  О  Z) 



6 -    
 -       

     - ,    
     ,   

 :  
-   ;  
-  ;  
-     - ;  
-  ;  
-   ;  
- .  

       
       - . 
 

6.1         

 6.1 -        
 - .  

 
. 
. -  

, руб. 
 

 
, руб. 

 
   . 1 80 000  80 000 

3D  (   
) 

. 1 70 000 70 000 

     
  

 
   150 000 

     
  (2%)    3 000 

     
  (25%)    37 500 

     
 

  3D  
  PLA 
 Bestfilament  3D-

 (1,75 ) 

. 10 1 390 13 900 

  PLA  
 Bestfilament  3D-

 (1,75 ) 

.  3 1 390 4 170 

 
 



  6.1 
   

  Nema 24 .  2 4 200 8 400 
  Nema 23 . 1 1 500 1 500 
  Nema 17 .  3 650  1 950 

   
TB6600 4.5  

. 5 750 3 750 

   
FS5113R 

. 1 1 290 1 290 

  
  .  1 7 000  7 000 

  
    

. 1 9 500 9 500 

 
   

    
. 1 4 950  4 950  

   
    

. 1 6 350 6 350 

   
  

. 1 2 390 2 390 

 
   

    
. 1 4 200  4 200 

  
  . 1 5 150 5 150 
  . 1 2 100 2 100 

  
Arduino Mega 2560 . 1 2 990 2 990 

 
   . 10 80 800 

  
 300  12  . 1 3 500 3 500  

     
  

 -
 

   83 890 

 

 

 

 

 



 6.2 -    .  

 
. 
. -  

, руб. 

 

 
, 

. 

  
Microsoft Windows 10 Pro  . 1 14 199 14 199 
Autodesk Inventor 2018 (1 ) . 1 63 450 63 450 
SolidWorks 2018 Professional  
(3 ) 

. 1 64 135 64 135 

Mathworks Matlab (1 ) . 1 61 100 61 100 
Mathworks Simulink (1 ) . 1 92 300 92 300 
Mathworks Simscape (1 ) . 1 61 100 61 100 
Simplify3D . 1 9 685 9 685 
     

  
  

   365 969 

 
        
 : 

 C  = C  + C  + C  , (6.1) 

C  = 150 000 + 365 969 + 83 890 = 599 859 руб. 

6.2       

    . 

 :  

1.    : 80 000 руб. 

2.   : 5 .  

3.  : 1  = 12 .  

     :  

 
,
 (6.2) 

 C  –   , t  n –  
 , tn –  . 

 руб. 

   3d   
 :  

1.    : 70 000 . 

12



n

n
К t

t
A

00016
125

1200080

12











n

n
К t

t
A



2.   : 3 .  

3.  : 5 .  

   . 

 
,
 (6.3) 

 C  –   , t  n –  
 , tn –  . 

 руб. 

 :  
 руб. 

   . 

 :  
1. ,   : 400  (P К).  

2. ,  3d : 300  (P3D). 

3. ,  - : 300  (P ). 

4. ,   : 70  (P ). 

5.    2017 . = 2.65 руб. ( ). 

6.    = 8  ( ). 

    

 

 , (6.4) 

 руб.  

 5      -  
    2 415 руб.  

6.3     

      -  
    10 000 руб.   ( ).  

        
   n = 5  :  

 руб. (6.5) 

 
 

123 




n

n
D t

t
A

7509
123

500070

123 










n

n
D t

t
A

57025750900016 аA

 В 

t

ВDКия tPPPP  )( 3)1(.

23865.2)07.03.03.04.0()1(. ия

00050500010.  nяЗЗ



    ( ): 

 руб. (6.6) 

 

    ( ): 

 руб. (6.7) 

 

    ( ): 

 руб. (6.8) 

         
:  

  (6.9) руб. 

 
    : 

 руб. (6.10) 

 = 30.2% (   – 22%,   – 2.9%, 

  – 5.1%,     – 0.02%). 

         
:  

 руб. (6.11) 

6.4       -  

 6.3 -      - 
. 

  
 

, руб. 
    150 000 

   3 000 
   37 500 

     365 969 
    83 890 

 2 415 
 25 570 

  124 992 
 793 336 

%k Д 20

000102.000050..  ДЗЗД k

%k .К. 30

000183.000060)( ......  КЗДЗК k

%k .К. 30

000183.000060)( ......  КЗДЗК k

...... ККЗДЗФ 

0009600018000180001000050 Ф

99228302.000096...  RФ

.R

9921249922800096.. З ФФ



 
 6.1 –    

  

0% 

5% 

46% 

11% 

0% 

3% 
16% 

З т т   о о удо е 

Т по т е од  

Мо т е од  

З т т   п о ое 
о е пече е 

З т т   ко плекту щ е 

Элект о е  

А о т   

З от  пл т  



7      
        

  - .  

7.1     

     
  ,     .   
     -   

         
12.2.003-91,  12.2.061-81,  12.2.049-80,  12.1.019-79   
12.2.064-81.  

-      . 
-      .  
-   . 
-      . 
-       .  
-        

 .  
-        

, , ,   .  
        

 -      .    

7.2        

       
   12.2.003-91.  

-       
          

      ,  
   . 

-        
    ,   

      
   ( ). 

-    ,  
  ,   . 

-   ,    
 ,    ( )  

 . 
-      ,  

      , 
   ,    

  .  



7.3     

  -     
   12.2.003-91.  

-        -  
    . 

-       
     . 

-      
,    ,   

,          
     ,   

  . 

7.4     

       
         

  12.2.003-91   12.2.064-81.  
-       

      ( ). 
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