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 ( )  . 2.20       
.        (  ) 

    (  ).     
.  

      ,    
.       ,     
    ,     ,    

   . 
  

       ,   
        .  

 
     : 

1.     
2.      ,    

. 

 
. 2.21a        
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-   ( ) 
-        

    . 
 -       (≈√2 × Umains) 

     .   -
          

  . 
           

 -  .  
1. -   
2.   
3.   

   -       (   
). 

       (23), , , 
            

.    . 2.21b,   100, 110, 010, 011, 001, 101   
  ,      000  111. 

 
 . 2.21b . 2.21c 

 
    000  111          

   –  ,    
  ( . . 2.21c).     ,   

  ;       0 . 
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-   
 -         

   (Us)     
     .     
   (UΔ) ( . . 2.22). 

 

 
 

. 2.22   -   (    
) 

 
        

    ,  .  
     .   

  ,       
       (     

),         
 . 
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 ,         . 

 ,        
    . 

 
. 2.23   -   

 
             

,       . 
    ,     . 

  ,        . 
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  ,   √2, . .     . 

      √3   , . .  
  ,   0,866. 

  - ,       
 ,   ,  86,6 %  

 ( . . 2.23). 
         

    ,      
  13 %. 
         , 

    45 ,      .  , 
    ,      

.    ,      
 ,     . 

            
 .       ( ,   

). 
,          

.       ,  
    ,     

    15,5 %       . 
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    -     

           
  .        
,      .     

    ( )  .      
    . 

 -       
    .    ( . .   
)         ,    

       .     10   
   ,         

.         "  
",           

,        (  V/f- ). 
 



 2:    73 

  
           

        (  ) 
       .   

 " "  " "       
    . 

        ,    
      ,      

   ,      
,        .  
     : 

• SFAVM (Stator Flow-oriented Asynchronous Vector Modulation =   , 
    ) 

• 60° AVM (Asynchronous Vector Modulation =   ). 
 
SFAVM 
SFAVM – -   ,    ,  

  ,        . 
    . 

           
        , 
           
 .       , 

      .     
         , 

,   ,     . 
 ,  -       

      .      
  (  )        

 .         
     .  
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       Uωt  , 

    ( . . 2.24). 
        , 

       .  
           

 . 
 SFAVM,   Danfoss,      

: 
•             

. 
•      000  111.    

    . 
•            

,     000  111. 
      , 

   . 2.24  2.25. 

 
 

a)     b)     
(50 % )     Uax     
       
   

 

 
c)      

    – U, V, W 
. 2.24   -   ,   

   (SFAVM),   
,  50 %   



 2:    75 

   (U t)  . 2.24a  50 %.     
     –    011  001,   000  111 –  

   ( . 2.24b).  
 . 2.25    ,  100 %  

. 

 
)     b)     

(100 % )   (100 %  )  
  U t       
     

 
 

 
 

c)      
    – U, V, W 

 
. 2.25   -   ,   

   (SFAVM),  ,  100 %  
 

 
 SFAVM         . 
        ( . 

,  VVCplus)         
. 

 



76  2:   

          
  (   ,   ),  
          

(   ,    ).  
        " - ",     

   .  . 2.26      
   SFAVM,     (  ).  

 

 
. 2.26  ,      (SFAVM) 

 

 
 

. 2.27   ( ) – (  ) 
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60° AVM 
    SFAVM   60° AVM (   

),      :  
•          (000  111).  
•         (000  111).  
•      (60°)     .   

 (0  1).        . 
 

 . 2.28a/b       60° AVM  SFAVM 
   (a)    . 

 

 
 

. 2.28a     60° AVM  SFAVM    
  60° 

 
 

. 2.28b     60° AVM  SFAVM   
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 ,    –     , 

      :  
•     .  
•        .  
•       .  
•       .  
 

    ,    
      .  

          
     . 

 
   -   

 

 
. 2.29       ,  

 
 

 . 2.29     -     
.     (2)   (3). 
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       .  
    ,        

  .        
.     ,   , 

  ,    .  
   ,        

    –  . ,    
       .    

    , -     ,   
  .         

.  
        -

  ( ). -   ( )   
 ,      ,   Danfoss 

       .  
 

 ,   Danfoss 
 . 2.30     Danfoss. 

 

 
 

. 2.30  ,   Danfoss 
 

  -      , 
      VVC (Voltage Vector Control)  

  –  . 
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 VVC           
.        

 ( ),    .  :  
•        (    

  ) 
•   : 1:25    
•  : ±1 %      
•     
 

   VVC   VVCplus,    
      ,   .  

  VVC,  VVCplus   :  
•        (0-10 )  
•    
•   : 1:100    
•  : ±0,5 %      
•    
•    (   ) 
•     
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  VVC 
   VVC     ,  

      ,  
 .  

 60°- ,     ASIC,   
      (  IGBT) 

.  
      , :  

•      (60°)       
   .  

•     ,      
(  )        ( . 2.32).  
 

 
 

. 2.31  60°-  (   VVC  Danfoss)   
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  -  ,  VVC    
   .  ,   

       ,  
  ,     ,    
   . 

 

 
 

. 2.32      60°-     
  

 
    ,    
       

 (     ).  
      ,    

     ,      
       .  
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  VVCplus 

  VVCplus     -  – 
  .      , 

     ,       
,    ,       
     0-10 ,   U/F-    

   .      
  SFAVM  60° AVM,       
      (     , 
  ).       

            
  .     75 °C,   
  SFAVM,     75 °C   60° AVM.  

      2.01. 
 

    
 

 

SFAVM   8  1.      
 60°-  (VVC) 

2.  "  "3.  
    

60° AVM   14  1.     
 (  1/3    SFAVM) 

2.      
   60°-  (VVC) 

3.     
    SFAVM 

 
 2.01.   SFAVM  60° AVM  

       ( . 2.33)    
 ( . 2.34).    ,        
 (i  = 0),   ,         
 : 

 
U= UL= (RS+ j SLS) × is 

 



84  2:   

 

. 2.33a       (  
) 

 
: 

RS –    
is –    
LSσ –    
Lh –   
LS (=LSσ+ Lh) –    

s (=2 fs) –     . 
   (UL)      

(   , , , ).  
       (iw).       

    (UComp).  

 
 

. 2.33b       
( ) 
 

  UComp          
,      (    ).    

     .  
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f   ( ) 
fs     
 Δf    
ISX     ( ) 
ISY    ( ) 
ISX0, 
ISY0 

      x  y ( ) 

Iu, Iv, Iw   U, V  W ( ) 
Rs     
Rr     
     
0        

    ,    ( ) 
TC     /  
 

 
Udc      
UL      

 US    
UComp   ,    
U     
Xh    
X1      
X2      

 s    
LS    
LSs     
LRs     
iS    (  ) 
iW   ( ) 
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   . 2.33 ( . 87)  . 2.34 ( . 89)  

 

 
. 2.34      VVCplus 
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   . 2.34,       
 (   )    (ISX0, ISY0)     (Io, o). 

          
   .  

        (UL)   ( L) 
  ,    ,   ,   

  ( . . 2.33a).      
  ,         

.  L   –    ,   
 ,     . 

         
   ( )    (F),       32-  

.      –    –   ,   
         .   

   ,         
,    .     –  

  –          
   .  

   (Iu , Iv  Iw)     (ISX)  
 (ISY)  .  

           
       ,    

(UComp)          
    ( ),     

.        (p).  
        . 

 
       ,    

        
     V/f- .  ,   

  ,       
         ,     

    (  ).  
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   (  ) 
      .   

  ,       ,  
 (  )   .  

           
( . 2.35)   .    ,    

  , –   ( )    –     
           

  ( . 2.35a).  
       ,   ,   

          .    
   ( )    (I1)   .  ,  

   ,         
   . 

 
 

. 2.35.          
 

           
     . 

 

   
    

     



 2:    89 

    (IS)   (IW),      
  ( )        (IB).   

    ( . 2.36).  

 
. 2.36.        

 
             

 .         
 ,       .  

     ,     ,  
   ,        
,      –  ,     .  

        
:  

•      
•    
•       
•        .  
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 V/f-      
          

      :  
 V/f- ,   ,    

 .  
    ,       

  ( )  .  
 V/f-       

(  1:20),          ( ). 
          

,         
  .  

          
  ,      .  

       .  
    :  

•          
•       
•        .  
 

          . 
,      ,     

/     ,      V/f-
,        (     ).  

  VVCplus,   Danfoss,     
V/f-           

       .  
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    VVCplus 
    ,      

     ,   ,  
 .       :  

   .  
          (  f), 

      ( . 2.31).    
   ( ),  .   

         
 , . .        .  

 . 2.37         
  . 

 

 
 

. 2.37.      (    
   10 ) 



92  2:   

   ( ) 
           

   . 
    ,   ,   

   .        
 ,     . 

  ,   ,    ,  
           

      .  ,    
 ,      , 
       –  . 

          
       ,   

    . ,     
   ,        .   

 ,           
   ,         

    . 

   ( ) 
 –    .   ,  

 ,     ,   
,      ,   

  . 
  ,      ( ,  

  ),     V/F- ,  
. 
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 ,       
     ,     

,   .      
        

(  ),    ,   . 
    ,    , . .  

     .     
       , 

    ,   ,  . 
       ,     

,    3  5 %   .   
     ,      

         . 
 

    
-  ,       

 V/f- ,    " "    . 
 ( , , )     ,     

  .     ,       
   (     ).   

    ,       ,  
,    ,       

. 
      : 

•            
   

•   . 
 

 -        
  ,        ,   

 , , « »     .    
    .     ,  

   . 
 



94  2:   

  
  VVCplus   ,    

          
   .       

,     ,    ,  
     (  ASIC)   

  ( ,    ).  
          ,   

        
 - .   IGBT    

         -
. 

       ASIC  -  
  .  “  ”   ASIC 

   ,      ( , 
 1  2, . 2.38).     ASIC,   

      ( ,  3  4, . 2.38). 
 

    
 . 2.38 ,      "  " (   

   ).    "  "  
  ,        

    (   IGBT   ). 
       ,    ,    

    .    , 
   "  ". 

 
 

. 2.38.     
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"  " ,         ,  
    (   1).    

 T4    4. 
 

 
 ,    , 4-    1,5  

   4    5 .  ,  T4 = 5 .  4  
 4 . 

 
         

 . 
    ,      

IGBT  ,       
  ,       . 

 
   

     TC ( . 2.34)   
  (Ploss,WR)  ,      

,        IGBT-   
  . 

 
    TC  Ploss,WR,      

  .          
   ,      . 

 



96  2:   

 
 

. 2.39.   
 

 . 2.39  ,    ,  
 ,        

 . 
   T1    ;   ( ) , 
        .    T2 

  ,       
 .    T3    

     .    :  
  ,        ,  

   T4    . 
          

     " "  .  ,  
         

. 
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     ,      . 

 
 

. 2.40.    
 

  ,       
( ),       ,     

 . 
       (    

 ).  
   ,     ,  

          , 
     .   , 

          . 
 (   ) – ,      

    .        ,   
     . 

  –  -  –    ,   
    .       

,     . 
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    ,      
.      ,   

  ,    ,     
  . 

 

     
    ( ),    -   

,      ,     (  
  ),      

 .        
 ,      (  

)    . 
  ,       

   (ASIC).    ,  
      ,   

     ,   
 ,    . 

 
     

       ,    
 . 

 
        ,   

  .        
 .       (0  1). 
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. 2.41.     
 

 
 

. 2.42.  (a)   (b)  

 
    .     – , 

0-10   0/4-20  –   .      
  ,       
 ,  " " .    : 20-30   

10-500 . 
     ( )    

  .      10-30   
   10    10 .  ,    

     2 . 
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     ( . 2.43): 
 
•          , 
•      , 
•     ,    . 
 

         
     (   PROFIBUS).  

       ,    
      ( ,  

). 
 

 
 

. 2.43.     (  ) 
 

            
 .         

   1, . .         . 
 , ,     . 
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    ,      
 ,        . 

 

 
. 2.44.       

 
          

    ,    :     
( )     .  

          
,            

       . 
 

   
   ( )      

( ),    ( , , ). 
 

           
 ,   ,       

.  –        
 . 

     : 
•   
•    , 
•  . 
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. 2.45. -   

 
      ,    

  ,        
.        ,   

    (24  and 0 ),        
 “1”  “ ”,     – “0”  “ ”.  

 

 
 

. 2.46.      " "  " "     
   

 
          –  

,     .      
             

 . ,       ,   
,     . 

 

  
       . 

    t1-t2    A.,    t2-t3 –  B  . . 
       ( . 2-47).  
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. 2.47.         
  

 
     ,      

    ,      ,  
. 

            
 ,   .       

      (S),      
  ,  .      . 

           , 
      . 

 ,       ,   
    ( ).      

 . 
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       .   
     ,     

  . 
 

  
( ) 

 
 / 

 
 

. 
, 

 

   
 

 

RS 232 
(  

) 

1 
, 

1  

15 :  
 3  
  

 

  
+/-5  

  
+/-15  

 

RS 423 
(  

) 

1 
, 

10 
 

1200 :  
 3  
  

 

 
+/-

3,6  
  

+/-6  

 

RS 422 
(  

) 

1 
, 

10 
 

1200 : 4   
+/-2  

 

RS 485 
( ) 

32 
, 

32 
 

1200 : 2   
+/-1,5  

:  
:  

. 2.48.      

 
RS 232 –    .     

    .  
  RS 232    ,    .   

, ,      . 
 

  RS 422  423    RS 232     
,           ,  
    . 

 
RS 485 –  ,        

 ,           . 
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      ,       
    . 

   /         : 
•   ( , / / ) 
•   (  ,  ,  ) 
•   (  , ). 
 

 
. 2.49.         

 
      ,    

.            
   / .     

   ,     . 
 RS 485     ,   .. 
,       ,    

      ,   
  . 
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. 2.50.      
 

           
     : 

•   
•    
•  
•   
•     
•  . 
 

            
   .       

( ),         . 
 ,    : 

•  ( )   
•     ( ,   / ) 
•     ( ,  ,  

 / ) 
•     (  ),    , 

  / ,         . 
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      ,  
    ,         

,      .  ,     
       ,   

            
. 

 

    
         

  (fieldbus),        
    .        

      ,  ,   
PROFIBUS. 

 : 
• Modbus + 
• Interbus-S 
• Device Net 
• Lonworks. 
 

 Profibus    ,    : 
 

 FMS (Fieldbus Message Service =     Fieldbus) 
      .   ,  

FMS           . 
 FMS    ,   ,  

  , ,      ,   
  . 

 
 DP (Decentral Peripherals =   ) 

 DP,     ,      
     .   

          
24       20       

   . 
 

 PA (Process Automation =   ) 
PROFIBUS-PA –    PROFIBUS     

 .   PROFIBUS-PA    , 
   IEC 1158-2,       

  . 
 



108  3:        

3.      
  

  (T),   ,    
 T ~ × IL,  IL –          .  

          
 (  ~ V/f)   .  ,      

(f),       (V) ( . 3.01).  
 

 
. 3.01   V/f 

 
    (  )    

   ( )  (V0).    
   (f < 10 )       

   (    ),    
       ( ).  

 
 1,1 , 3 × 400 /50     (  )  8  

     3 .  
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         8  × 3  = 24 . 
  ,        

.  
    V/f   40    5 .   

   ,      3  , 
,    24 . ,      

   16 , . .     
  .  

,     ,    
.   :  

•          
    

•          
.  

    I × R- , ,  
   –   Danfoss –  .  

    :       
 ( ,         25 %  

    ).       
.           

,     –     .  
      ,    

.        
  -       .  



110  3:        

   

 
        ,  

  ,  "  ", " "  "  
"    .  

          
      ,    

.       . 
 

 ,       
     ,  , 

      ,    –     
   .    , 
         

 .   (     
),   ,     (  ). 

  (  ),    ,  
      .  

,    ,     
,    ,  ,  

          
.  

       (  
), ,   ,  .  

       
     (   ).  

  
         5 %  
 .  ,       

150 / .  
,         300 /   

(10 %   ),    50 %.  
       ,  5 %  

,      .     
,         
        .  

       .  
   .  
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     ,      

 ,       , 
  . 1.22 ( . 33).  

      ,     
  ,   ( )      

.         
   , , .     
   ,        

  .      
   ,      

    .  
       

    . , ,   
     160 %       

    .   ,  , 
  ,      , 
  200 % .  

 

 
 

. 3.02   ,   
 ,    .  

    ,  
 ,  " ". 



112  3:        

     ,    , 
     -     

.    ,   ,  
,   1/n. 

 

 
 

. 3.03        
 

      .   
     ,  200 % .  

 

 
 

. 3.04    
 

      :     
[ / ],   [ ]       [%].  

      .  
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. 3.05   (  –  2-  ) 
 

  -      .  
         

 -   6,7 [ / ].  

 

 
 

. 3.06        V/f 



114  3:        

     
     ,    

       ,   
           
.  

    :  
•        
•     
•      
•       .  
 

         
,        .  ,  

          (EEPROM).  
     ,   , 

    . .        
  (  )   ,   .  

           
      ,    

  .  

         V/f -   
  ,   . 
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   .     
   ,        

. 

  
     ,    

       ( . . 1.32  
. 44).       :  

 

 
 

. 3.07      
•       ,   

    (P = n3).  
•           

  50  90 %.      
, . .   30  80 %.  

        , 
  .  

  3.08  3.09        
 ,    ( . 3.09)    ,  

.          
  . 

 



116  3:        

 . 3.08     (0-100 %)      
 .         30-80 

%,        . 
 

 
. 3.08 . 3.09 

        
 

   ,      
 ,   ,     

  .  
      ,      

,    ,  60 %  
,   .     

      . 
 ,      ,  

  ,     (TB)    
  .  

 

 
 

. 3.10       
 

        
  ,     

     . 
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1.            IM,  
 .     ,    

        . 
 

 
 

. 3.11        
 

.  7,5 kW, 3 x 400    14,73 . 
     ,    , 

         14,73    
    .  

 
       (  2-4),  

    ,      
,      .      

  (  1),   ,      
   .  

2.         SM ,  
   ,   . 

 

 
 

. 3.12        
 

.  7,5 kW, 3 x 400    14,73 . 
Sm =U × I × √⎯3 / 1000=400 × 14.73 × √⎯3 / 1000=10,2  
 



118  3:        

     ,     
,          10,2  

      .  
3.        PM,  

.      ,  cos ϕ  
      . 

 

 
 

. 3.13         
 

 
  3 ,  cos ϕ = 0,80   = 0,81,   

Sm =PM/(η × cos ϕ) = 3,0 / (0,80 × 0,81)=4,6  
     ,    , 

         4,6   
     .  

4.         
   .     

     , , ,     
  ,      .  

 

 
 

. 3.14        
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     (cos ϕ )  
     ,   

   .     
 ,       ( . 3.15). 

 

 
 

. 3.15     
 

      (IW).      
    .        Iloss(  

).  
 

  
    4-    1,1   1,6 . 

       1,6 ,     
     .  

    cos ϕ    
.    cos ϕ ( ,     

)         
  ,     :  

Is =IW /cos ϕ 
        (  1),  

      .  
,        , 

 .        
          

.          
  . 

 



120  3:        

   
    , ,   

     (0-10 , 4-20    ). 
     ,   ,  

         
( . 3.16). 
 

 
 

. 3.16        
  

 
   ,     , 

   .    . 3.17,   
         (  

 A).       (  B),  
       . 
         

 (  C),        
 .  
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. 3.17           
 

    
 ( )   ,      

,       tacc.   ,  ,  
  , ,   5  ,  

   5         
 (fn = 50 ). 

 

 
 

. 3.18     
 

  ,    .     
  tdec.  

      ,   
    .  

     ,     
   .  

 



122  3:        

tacc =J × (n2 – n1)/ [(Tacc – Tfric) × 9,55] 
tdec = J × (n2 – n1)/ [(Tdec + Tfric) × 9,55] 
 
J –    . 
Tfric –   . 
Tacc –  ( ) ,   . 
Tdec –   (  ),      

. 
n1   n2 –     f1  f2 . 

      ,   
        

 T.         . 
 

 
 
J = 0,042 2 n1 = 500 /  n2 = 1000 /  
Tfric = 0,05 × MN TN = 27   
tacc = J × n2 – n1/ (Tacc – Tfric) × 9,55 = 0,042 × 1000 – 500/ (27,0 – (0,05 × 27,0)) × 9,55 = 0,1 [ ] 
 

  
    ,       . 

       . 
,    ,     

 .  
     ,     

   .  ,   , 
           , 

   .  
       ,      

  ,          
         .  
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   . ,    ,   

.       .  
          

    .  
         

   ( . . 3.19)  , , ,   
 - .  

 

 
. 3.19. . 3.20. 

   ,  - 
    

 
 

    –   .   
       ,    

 .         
,         

,      .   
    .  



124  3:        

 
        

 .  
    ,    ,    

   .  
    ,     

   ,     : 
 

 
 

. 3.21.        
  

 
            

 .  
         

    .       
,    .       
,      ,   
     .  
       , 

,   ,   ,  , 
   .  
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. 3.22.        
 

 
       ( )   

 .    ,       
     . 

 
. 3.23.       

 
   /  (  / )  

  ,         
 (   /     ).  

        ,       
.      (t-a)     

   ,       
.  

         .  
 

ta –    ta = J × n/ (TN – Tfric) × 9,55 t–a–    
 n –   

TN –     t–a = J × n/ (TN + Tfric) × 9,55 Tfric –   
 



126  3:        

. 3.24.     
 

  /        
.  

 

  
         

  .  
           :  

 ,      
.  

      ,    
  .      

  ,      
.        

 (  ),    (   ) 
      (   

).  
    , ,   

 ,      
        .  
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 ,         

 ,        
 .  

         ,  
  ,          

   .  
          

         
.      , 

  .  ,   ,  
  .  ,        

 -    .     
     ,    

 .  
      ,    
    .    

   .      
        ,  

       .  



128  3:        

    
     ,    

 ,     :  
•   ,     .  
•          .  

           
.   ,        

.        , 
      .    
     ,     

,    /   (  
  . 3.25).  
  –        

 . ,        
  . 

 

 
 

. 3.25.          
      (   ) 
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     ,     
  ,        , 

   .      
  . 

 

 
 

. 3.26.        
 



130  3:        

   
   ( )       

 P2    P1.  
η = P2/ P1 

  P1   P2  –    Pv, . . ,    
   .  

 

 
 

. 3.27.  ,       
 

      ,     
      (    

).  
  : P2/ P1 
 : P3/ P2 
 : P3/ P1 

 

 
 

. 3.28.      100-% (A)  25-% (B)  



 3:        131 

 
 

. 3.29.     100-% (A)  25-% (B)  
 ,         
.           

,   ,      .  
  ,        

  .    ,       
 .  

 

 
 

. 3.30.      (2- )   
100-% (A)  25-% (B)  
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  . 3.30:  
1. n = 800 /  
 P3 = 9628  
 η = 77,3 % 
 P1 = P3/η = 12455,4  
 Pv = P1 – P3 = 2827,4  
 
2. n = 500 /  
 P3 = 1500  
 η = 70 % 
 P1 = P3/η = 2143  
 Pv = P1 – P3 = 643  
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T = J ×    = 2  n / 60; n   [ ./ ] 
  : ;  : [ / ] 
  :  = d  / dt;  : [  / 2] 
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 J1:    

  . . 
 J2, J3:    

 
1 :    

 . . 
J = J1 + J2 × ( 2 / 1)2 + J3 × ( 3 / 1)2 + … 

2 , 3:    
    

 

   
,     ,     

     “F”   “s”,    . 
 

 : s  : [ ] W = F × s : W  : [  × ] 
 

         T  
  ( ). 

  = 2 ×  [ ]. 
 

 :  :   W = T ×  
1  = 2 ×  [ ].  

 
,   ,   ,   

  ,  ,   ,   .  
 P –  ,    ,       

.           
       , . .   «v».  

 
P = F × V   : [ ] 

 
   ,        

       , . .    . 
 
P = T ×   : [ ] 
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          .  

     cos ;  cos      
  .  

   ,    ,     
.    cos    .  

 
 =P/ I × U = IW /I 

P –  , IW –  , I  U –  .  
 –      .  ,       

 cos         . 
 
    . . 

P = U × I × cos  = S cos     
Q = U × I × sin  = S sin      

S = U × I = = P/ cos  = Q/ sin     
 U = P/ I × cos  = Q/ I × sin  = S/I  

IS = P/ U × cos  = Q/ U × sin  = S/U  

IW = P/U = S × cos  / U   

IB = Q/I =  S × sin  / I  
cos  = P / U × I = P / S  . . 

 
 

sin  = Q / U × I = Q / S  . . 

. AII.05 
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  : I1 = I2 = I3 = IN
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