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3
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r r r k r

n m s s

c

d
U R i j

dt
d

R i j
dt

M p J i

d
J M M

dt
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 si , ri , s , r , sU  -     

 ,       ; 

      sR , rR  -       ; 

       , k  -      ; 
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s su s

r ru rv

s su sv

r ru rv

s su sv

U U jU

i i ji

i i ji

 

 

 

    

    

          (2.2) 

 

   (2.1)       (x,y,0),  

k s  ,    : 

 

,

,

0 ( ) ,

0 ( ) ,

3
( ),

2

.

sx sx s sx c sy

sy sy s sy c sx

rx r rx c ry

ry r ry c rx

n sx sy sy sx

c

d
U i R

dt
d

U i R
dt

d
i R

dt
d

i R
dt

M p i i

d
J M M

dt
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3
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( ).

sx sx s sx s r rx c sy

sy s sy s r ry c sx

rx r rx r s sx c ry

ry r ry r s rx c rx

n c rx sy sx ry
c

n
c

d
U K

dt
d

K
dt
d

K s
dt
d

K s
dt

K
M p

x

pd
M M
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 sU  -  ; 

      sI , rI  -     ; 
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     90L6 . 
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   ,f  50 
  ,P  1,5 
   , /n и  935 
  ,U  380 
  ,I А  4,1 

 ,%  76 
  cos  0,72 

 ,%s  6,5 
     2 
   max  2,3 
   min  1,9 
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 ,m  19,4 
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3.3      
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2
max max( 1),s s              (3.6) 

 

 max  -   . 

    , / и : 

 

.
30

n



           (3.7) 

 

 ,  : 

 

,
P

M


           (3.8) 

 

 P  -   . 

   , А : 

 

3 cos ,

P
I

U 


 
         (3.9) 
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      cos  -  . 

 ,  : 

 

max maxM M  ,         (3.10) 
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 M   ,          (3.11) 

 

   -   . 

 : 

 

0,05 P  .          (3.12) 

 

  (     ): 

 

1,01..1,05,   1,05.  

 

   , : 

 

2

1
13r

P
R

s
I

s


 




.         (3.13) 
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U
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2
1

,
4 (1 )sp rp

i

U
L L

f C k I
 

     
      (3.15) 

 

 ik  -   . 

 , : 

 

2 max
1

.
22

2 1 cos
3

s

U
L

f M s
f I

p U s


 


  

       


    (3.16) 

 

  (   ), : 

 

.m s spL L L            (3.17) 

 

3.3.1    MATLAB 

 

       MATLAB ,  

 (3.2-3.17). 

 

clc; 

%   

%  ,  

Un = 380; 

 

%  ,  

In = 4.1; 

 

%   ,  
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Pn = 1500; 

 

%  ,  

f = 50; 

 

%   

cosfi = 0.72; 

 

%   , /  

nn = 935; 

 

% , % 

nu = 0.76; 

 

%    

lyammax = 2.3; 

 

%    

lyamp = 2; 

 

%    

lyammin = 1.9; 

 

%    

ki = 7; 

 

%  , * ^2 

J = 0.00513; 

%------------------- ------------------------- 
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U = Un/sqrt(3); 

U = ceil(U); 

disp ('  :'); 

disp (U); 

  

pp = (60*f)/nn; 

pp = round(pp);  

disp ('   :'); 

disp (pp); 

  

n1 = (60*f)/pp; 

disp ('C    :'); 

disp (n1); 

  

sn = (n1-nn)/n1; 

disp ('  :'); 

disp (sn); 

  

skr = sn*(lyammax+sqrt((lyammax^2)-1)); 

disp ('  :'); 

disp (skr); 

  

wn = (3.14*nn)/30; 

disp ('     :'); 

disp (wn); 

  

Mn = Pn/wn; 

disp ('  :'); 
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disp (Mn); 

  

In = Pn/(3*U*cosfi); 

disp ('    :'); 

disp (In); 

  

Mmax = lyammax*Mn; 

disp ('  :'); 

disp (Mmax); 

  

Mp = lyamp*Mn; 

disp ('  :'); 

disp (Mp); 

  

Lossmech = 0.025*Pn; 

disp ('  :'); 

disp (Lossmech); 

  

C = 1.05; 

disp ('  :'); 

disp (C); 

  

Rr = (1/3)*((Pn+Lossmech)/((In^2)*((1-sn)/sn))); 

disp ('    :'); 

disp (Rr); 

  

Rs = ((U*cosfi*(1-nu)/In))-((C^2)*Rr)-(Lossmech/(3*(In^2))); 

disp ('   :'); 

disp (Rs); 
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b = (1+(C^2)); 

Lsp = 2*U/(4*3.14*f*b*ki*In); 

disp ('   :'); 

disp (Lsp); 

  

Lrp = Lsp; 

disp ('   :'); 

disp (Lrp); 

  

cosfisq = cosfi^2;  

a = sqrt(1-cosfisq); 

Ls = U/((2*3.14*f*In*a)-((2/3)*((2*3.14*50*Mmax)/(pp*U))*(sn/skr))); 

disp ('  :'); 

disp (Ls); 

  

Lm = Ls-Lsp; 

disp ('  :'); 

disp (Lm); 

  

C1 = 1+(Lsp/Lm); 

disp ('  :'); 

disp (C1); 
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  :       3 

   :   1000 /  
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 :     0.065 

 :     0.28413 

    :  97.863 /  

 :      15.327  

   :    3.1566  

 :     35.253  

 :      30.655  

 :      37.5  

 :     1.05 

   :  3.5757  

  :    6.8467  

  :   0.015081  

  :   0.015081  

 :     0.32104  

 :     0.30595  

 :     1.0493 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

 
 

.  № . ь  

 

35 
 – 15.03.06  

 

4    

 

4.1     

 

         . 

 

 

 4 –   –  

 

1.   –   . 

2.   – 380 . 

3.   – 4,1 . 

4.   – 1,5 . 



 
 

 
 

 
 

.  № . ь  

 

36 
 – 15.03.06  

 

5.   – 935 / . 

6.   – 50 . 

7.  ( ) – 0,72. 

8.  – . 

9.    – 20℃. 

10.   . 

   «Futher motor data»,  ,   

 5. 
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2.    – 0,00513 * ^2. 

3.   – 19,4 . 

4.   – 0,087 . 

5.   – 0,217 . 

6.       ,    

. 

7.  ,     . 

    .   «7»,  

,    6. 

 

 

 6 –    

 

1.    – 9,49175 . 

2.    – 2,92188 . 

3.    – 18,125 . 

4.    – 19,625 . 

5.   – 237,5 . 

    . 
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 7 –   –   

 

1.    : 

2.    – 150%. 

3.   – 5 . 

4.   – 50 . 

5.   – 10 . 

6.   – 10 . 

7. OFF3   – 1 . 

   ,     

(  8). 



 
 

 
 

 
 

.  № . ь  

 

39 
 – 15.03.06  

 

 

 8 –   –  

 

   . 

 

4.2       

  

 

      

 : 

 



 
 

 
 

 
 

.  № . ь  

 

40 
 – 15.03.06  

 

 

 9 –     

 

    1910=1,   
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-     (IGBT)   

   IGBT. 

        

. 

 

 

 10 –       

 

 2 -    

P0350   
   

.  
   

  

  
 

9,49175 
 

P0352   
  

  
    

  
 

0,79098 
 

P0354   
   

 

  
 

2,92188 
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  2 

P0356   
   
  

  
 

418,125 
 

P0358   
   
  

  
 

19,625  

P0360   
  

  

  237,5  

 

    ,   

  « » ,     

    .     

       , 

   . 

       , 

   «  »,      

,    .    

,       . 

 

4.3   

 

 ,        
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 3 -    

 MATLAB Micromaster 
  13,69 * 9,49  
  3,57  2,92  
  321,04  418,12  
  15,08  19,62  

  305,95  237,5  
*        

,          .   

 MATLAB ,    2  ,   . 

 

       .  

      

    .   Micromaster  

, ,   ,      

,  . 

 

4.4        
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 4-    0340 

0340  
0    
1     ,   0300-0335,  

  0340=1    
    0350-0369;  

/   0344, 0342;   
 ,     

(V/f   ).  0340=1   
,    . 

2    0300-0335,   ,  
0340=2       

 0350-0369. 
3        

0350-0369   /   0344, 0341, 0342, 
 0340=3,     (V/f  

 ),  ,    0340=4 
4        

0350-0369   /   0344, 0341, 0342, 
   ,    

  . 
  

   (  10)    

 1910,   0340=1,     

  (  5-15),        

   . 

 

 5 -   

0341  , 
* ^2 

    
 

0,00513 

0342  
: 

/  

   
  (  + 

)    

1 

0344  ,     19,4 
0345   

,  
   

.    
  

  . 

0,035 
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  5 

0346  
,  

  , 
. .    

    
.     

  
. 

0,074 

0347  
,  

   
  

. 

0,184 

0350  
,  

   
   

( ).   
   . 

9,49175 

0352  
,  

   
   

    

0,79098 

0354  
,  

   
   

(  ). 

2,92188 

0356  
 , 

 

  
   
. 

418,125 

0358  
 , 

 

  
    
. 

19,625 

0360  
,  

  
   

. 

237,5 

 

   (  5)   (  2)   

 ,  .  ,   

,    . 

 6 -   

0625  
  

, °  

   
.    

    
    

 . 

20 
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 7 -  Vdc 

1253   
 Vdc,  

   
Vdc-max 

8,13 

 

  Vdc –    . 

 

 8 -   U/f 

1316   
 
, % 

 ,   
  50%  

  
. 

27,5 

 

 9 -   

1460  
  
 

   
. 

1,9 

1462  
 

 , 
 

   
  

. 

144 

 

 10 -      

1520   
  
,  

   
 . 

22,98 

 

 11 -   /  

1521   
  
,  

   
 . 

22,98 

1530   
  

  
    

.   
    

 . 

3,75 
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  11 

1531   
 

 

  
   

 . 

3,75 

 

 12 -   

1764 Kp n-  
(SLVC) 

   
   
    

(SLVC) 

0,387 

 

 13 -   

2000  ,      
 ,  

/   
. 

50 

2002  ,    (  ) 8,2 
 

 14 - , ,  

2174   Vdc, 
 

    
   

. 

15,32 

 

 15 -    

2185   
  

M_o1, H  

   
  M_o1,  

   . 

15,32 

2186   
  

M_u1,  

   
  M_u1,  

   . 

0 

2187   
  

M_o2, H  

   
  M_o1,  

   . 

15,32 

2188   
  

M_u2,  

   
  M_u2,  

   . 

0 
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  15 

2189   
  

M_o3, H  

   
  M_o3,  

   . 

15,32 

2190   
  

M_u3,  

   
  M_u3,  

   . 

0 
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5       

 

 

5.1   

 

  -     

,        

      . 

      ,  

       ,   . 

       . 

     .  

       . 

  : 

-    ; 

-          ; 

-     :    

    ; 

-      ; 

-      ,   

. 

 

http://engineering-solutions.ru/motorcontrol/motor/
http://engineering-solutions.ru/motorcontrol/motor/#frequency
http://engineering-solutions.ru/motorcontrol/motor/#torque
http://engineering-solutions.ru/motorcontrol/motor/#efficiency
http://engineering-solutions.ru/motorcontrol/motor/#efficiency
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 11 –     

 

        

    ,      

.         

        

 *M     *  (    ). 

      (  / )  

  ,    

. 

 

5.2     

 

       

        

   . 

       

 . 

        : 

http://engineering-solutions.ru/motorcontrol/sensorless/
http://engineering-solutions.ru/motorcontrol/sensorless/
http://engineering-solutions.ru/motorcontrol/induction3ph/
http://engineering-solutions.ru/motorcontrol/pmsm/
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-  ( , ) ; 

-  ( ) . 

 

5.2.1.    

 

      -  

 ( ) .     

 .      

,     -   

( ).       ,   

   ,     , 

  ( )       

. 

        

: 

-  ; 

-        

; 

-     -   

. 

 

5.2.1.1   

 

  -  ,   

  ,      

 , ,      

 . 

       

       

http://engineering-solutions.ru/motorcontrol/vector/#foc
http://engineering-solutions.ru/motorcontrol/vector/#dtc_svm_sfo
http://engineering-solutions.ru/motorcontrol/vector/#dtc_svm_sfo
http://engineering-solutions.ru/motorcontrol/motor/
http://engineering-solutions.ru/motorcontrol/motor/#torque
http://engineering-solutions.ru/motorcontrol/brushdcmotor/#separately_excited
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.        , 

    ,   

    .  ,  

      . 

 

 

 12 –     

 

        

    ,     sI   

     .  ,     

          . 

     -   

    sI    :   

  sdI  (  )      sqI  

(  )   dq      

  (  12). 

      dq  

        

   sdI ,        

   sqI .     

http://engineering-solutions.ru/motorcontrol/brushdcmotor/#inductor
http://engineering-solutions.ru/motorcontrol/brushdcmotor/#armature
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       , 

          

   ,     . 

 

5.2.1.2     -  

  

 

-      -  

         

         

   13.       

      *V

  *

MV   

  dq     .   (  

)        ,  

   *

s
V


 *

s
V


   -

 . 

 

 

 13 –       

-    
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    -  , 

         

. 

      -  

        

,        .  

   -     

  .     

 :     ,   

      .     

  . 

 

5.2.2    

 

        

         , 

    .  

       

( ) ,     ( -

)   . 

        

   : 

: 

-   ; 

-       ; 

-    ; 

http://engineering-solutions.ru/motorcontrol/vector/#dtc
http://engineering-solutions.ru/motorcontrol/vector/#foc
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-    ; 

-    ; 

-   

: 

-         

; 

-      -   ( ) 

     ; 

-     -    . 

     : 

-      ; 

-  ; 

-    ; 

-  ; 

-    . 

 

5.2.2.1    

 

        , 

     ,       

    .     

 (  14)      , 

    ,    

. 

         

        

.         

   .     

http://engineering-solutions.ru/motorcontrol/vector/#dtc
http://engineering-solutions.ru/motorcontrol/vector/#dsc
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s    M       

 *
s     *M    

.      

        

 d    Md    , 

        .  

,  AS , BS  CS       

     . 

 

 

 14 –        

    

 

       

    ,  ,    

 ,   ,     

    . 

       

        .  

 

http://engineering-solutions.ru/motorcontrol/motor/#torque
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5.2.2.2   

 

       15. 

 

 

 15 –    

 

     *
s     

 sA , sB   sC ,    

  Ad , Bd  Cd ,     

.        Md , 

   .  ,   

      ,  
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     : 
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-      ; 

-       

; 

-     ,    

; 

-          

  ; 

-        . 

 

5.3        

 

 

5.3.1       

 

         

  ( )        

,       , 

  (5.1-5.2). 

 

/ /

/ /

(1 ) ,

(1 ) ,

1
0 ,

0 ( ) ,

1.5 ,

.

R
Sx S Sx K S Sy Rx

R

Sy S Sy K S Sx R m Rx

R R Sx Rx Rx
R

R R Sy k m Rx

R Rx Sy

m H

k
u r T s i L i

T

u r T s i L i k p

k R i s
T

k R i p

M pk i

Js M M

 

  

 

  





   

   

   

   



 

      (5.1) 
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,         

         

 (5.2). 

 

.R R Sy
k m

Rx

k R i
p 


           (5.2) 

 

  ,       (  16), ,  

 ,    .    x , 

       y , 

   syi .    ,   

  x    ,    

 ,     y ,   .    

         

( ).       x    

,      ,    y  

    .     

       17. 
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 16 –         

        

 

 

 

 17 –        
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    ,  , '
R sT T ,   

      –   

  
( 1)

( ) p R
p

R

k T s
W s

T s





 ,        

         

(5.3): 

 

'
.2p

s R R oc

r
k

T k R k


 .         (5.3) 

 

    –    

   x . 

       y    

  -    : 

 

'

'

( 1)
( ) pi s

pi
s

k T s
W s

T s


          (5.4) 

 

        y   

: 

 

'
. .

.

1 1 1
( )

1
i

soc i oc i

pi oc i

W s
T rk k

s
k k

 


,   1pik       (5.5) 
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      -    

 : 

 

( 1)
( ) p p

p
p

k T s
W s

T s
 





          (5.6) 

 

       : 

 

' . .

. 2. .

.

( )
1.5 1.5 1

1

p poc i oc i

p oc iR oc p R oc p p
p

oc p

T s T sk k
W s

T Jkpk k k pk k k T s
s T s

k k

 

    


 

 
 


 

,  1pk  

             (5.7) 

 

       : 
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.1.5
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m H
R oc p

k
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pk k k 
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 19 –         

 

  19    , , . 

       19.  
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5.3.2 -       

 

       , 

    ,   ,    

          

.    -     

,        , 

  (8.2),    20.  ,  

         

  , ,Sy Rxi p  . 

    ,     ,  – 
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    ,  .    

      700xk  ,    

     10, 400k k   . 
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6   

 

6.1      

 

        . 

  ,      ,  

(  )        

 ,       

      . 

         

        

. 

        ,   

   ,     

   . 

     1. 

       bi, 

 ,   i -      

.     bi    

. 

        . 

    : 

1 –  ;  

2 –   ;  

3 – ; 

4 – . 

   ,  ,   

 ;   „>”, ”=”  „<”   

 ai ( : 1,5; 1,0; 0,5). 
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    Bi ,  

 –  bi (    ).   Bi 

      -  ∑ai  

     qi  

    bi    16. 

        ,  

      .     

,     . 

 

 16 –    

 x1 x2 x3 x4 ai bi Bi 

x1 1 0,5 0,5 1 3 0,1875 11 

x2 1,5 1 1 1,5 5 0,3125 19 

x3 1,5 1 1 1,5 5 0,3125 19 

x4 1 0,5 0,5 1 3 0,1875 11 

∑     16 1 60 

 

   bi   (6.1): 

 

/i i ib a a  ;           (6.1) 

1 3 /16 0,1875b   ; 

2 5 /16 0,3125b   ; 

3 5 /16 0,3125b   ; 

4 3 /16 0,1875b   . 

 

       , 

   Bi   (6.2).  ,    

   - : 
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1 2 3 41 2 3 4 ;i i i i ix a x a x a x a                (6.2) 

1

2

3

4

1 3 0,5 5 0,5 5 1 3 11;

1,5 3 1 5 1 5 1,5 3 19;

1,5 3 1 5 1 5 1,5 3 19;

1 3 0,5 5 0,5 5 1 3 11.

B

B

B

B

        
        
        
        

 

 

  ,  ,    2. 

     (6.3): 

 

,i i
i

i i

P P
q

P P
            (6.3) 

 

 iP , iP  -   i-   ,    

 . 

 

 17 –   -   

 
 

 

 

 

 
 

qi bi bi·qi   

  19,4 12,9 1,217 0,1875 0,2281 
 

 
 

/  935 2860 3,1256 0,3125 0,9767 

 % 76 77,2 1,0589 0,3125 0,3309 
 . 12691 10405 1,2197 0,1875 0,2285 

      1,7642 
 

    ,      

. 
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6.2       

 

         

 (6.4): 

 

,             (6.4) 

 

  –      , / ; 

       – ,   , 

 

1
.            (6.5) 

 

    15 ,  

 

1
0,0(6).

15
   

 

  –    , . 

   : 

  -      

      ,   

     . 

,      

    , , ,    

     ,     

 .        

 ,   .  
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   ,    , 

 ,        

 ,       

 . 

 ,        (6.6): 

 

= ’ + + ,          (6.6) 

 

 ’  –     , / ; 

       –  , / ; 

       –    , / . 

 

160900 51430 21430 233700 / ;     

233700 0.11 22306.9 236200 / .     

 

6.3       

 

       

            

. 

         

   (7): 

 

[1 ( 1) 0,7] 0,9Ц Ц      ,       (6.7) 

 

 Ц , Ц  -     , ; 

      0,7 –        ; 
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      0,9 –  ,    

          

    . 

 

12691 [1 (1,7642 1) 0,7] 0,9 17531,93Ц        . 

 

     8%    

   (8): 

 

1,08Ц  ,          (6.8) 

17531,93 1,08 18934,48 ,

12691 1,08 13706,28 .

  
  

 

 

  : 

 

,
100

Ц  
           (6.9) 

 

 Ц –   , ; 

 – ,    ; 

 –  , %. 

,  =20%. 

 

18934,48 1 20
3786,89 / ,

100
13706,28 2,36 20

6469,64 / .
100
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( )
1890,

W P k

T


           (6.10) 

 

 W –     -     

,        

    , ; 

      P  k –        

; 

      T  -      , . 

 

500(16,5 4,5)
1890 2953,12 /

6720


   . 

1,67,            (6.11) 

2906,25 1,67 4853,43 / .    

 

  : 

 

1890,ri p n dk k k k k              (6.12) 

 

 ri  -     , / ; 

      pk , k , nk , dk , k  - ,     

   ,   (    ,  

  ),    ,  

 ,    . 

 

116,23 1,2 1 1,4 1,12 1,171 1890 484021 / .         

1,67,            (6.13) 

484021 1,67 808315 / .    
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      (6.14): 

 

,             (6.14) 

484021 3786,89 2906,25 490714,14 / ,

808315 6469,64 4853,43 819638,07 / .

   
   

 

 

     (6.15): 

 

,            (6.15) 

490714,14 0,06 18934,48 491850,2 / ,

819638,07 0,06 13706,28 820460,44 / .

   

   
 

 

    : 

,Э             (6.16) 

820460,44 491850,2 328610,24 / .Э     

 

 -      3. 

 

 18 –  -   

№    
 

  
  

  
1   : /  819638,07 490714,14 

)    
    

  
/  

 
808315 

 
484021 

)   /  6469,64 3786,89 

)    
 

/  4853,43 2906,25 
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  19 

2   
 

/  - 328923,93 

3   . 13796,28 18934,48 

4   /  820460,44 491850,2 

5    
 

/  - 328610,24 

 

. 

1.          

  328610,24 / . 

2.         

  328923,93 / . 
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