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  U(1)i  U . 
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1
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N
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K
K
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1
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i

U
K
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 K2U   .   -  
   ,   24 ., 

       
  UAB(1)i, UBC(1)i, UCA(1)i, , . 



 1 29 

      
   U2(1)i   : 

 

 

22
2 2

(1) (1)2 2
2(1) (1) (1) (1)2

(1)

1 3 4
12

BC i CA i
i AB i BC i AB i

AB i

U U
U U U U

U
 

 
22 2

(1) (1)
2

(1)

BC i CA i

AB i

U U

U
. (1.20) 

 
   K2Ui     -  

   : 
 

 2(1)
2

1(1)
100i

Ui
i

U
K

U
,   (1.21) 

 
  U1(1)i, U2(1)i –       

       -
 , , . 

   K2Ui   U2(1)i 
  ,     

U2(1)i   : 
 

 2(1) (1) (1)0,62( )i i iU U U ,  (1.22) 
 

  U (1)i, U (1)i –        
     -  , , . 

     U2(1)i   
 (1.22)   (1.20)    8 %. 

     U2(1)i 
        

      
     KU  5 %. 



   30  

 K2Ui      
: 

 

 2(1)
2

. .

i
Ui

U
K

U
,   (1.23) 

 
  U . . –     , , . 

   K2Ui    
(1.23)   (1.21)    

  U(1)i  U . 
   K2U     

 N  K2Ui    Tvs, 
  3 ,   : 

 

 

2
2

1
2

N

Ui
i

U

K
K

N
 . (1.24) 

 
  N     9. 

 K0Ui   .   
-     ,   24 ., 

    3-    2-   
   UAB(1)i, UBC(1)i, UCA(1)i, UA(1)i, UB(1)i, , . 

      
   U0(1)i  -   

  : 
 

22 2 2 2
(1) (1) (1) (1) 2

0(1) (1) (1)
(1) (1)

1 3 4
6

BC i CA i B i A i
i BC i AB i

AB i AB i

U U U U
U U U

U U

 

 

2
2 22 2 2 2

(1) (1) (1) (1)2
(1) (1)

(1) (1)
3 4BC i CA i B i A i

B i AB i
AB i AB i

U U U U
U U

U U
. (1.25) 
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    K0Ui  : 
 

 0(1)
0

1(1)

3
100i

Ui
i

U
K

U
,  (1.26) 

 
  U0(1)i –       -
 ; 

U1(1)i –      , 
, . 

  K0Ui    
U0(1)i    .  ,  

   U0(1)i     
     : 

 
 0(1) . (1) . (1)0,62( )i i iU U U ,  (1.27) 

 
  U . (1)i, U . (1)i –       

    -  , , . 
     K0Ui   

  (1.27)  (1.25)     ± 10 %. 
      

         
       

     KU  5 %. 
    K0Ui   
: 

 

 0(1)
0

.
100i

Ui

U
K

U
,  (1.28) 

 
 U .  –    , , . 

   K2Ui    
(1.28)   (1.26)    

  U(1)i  U . 
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    K0U    
  N  K0Ui   
 Tvs,   3 ,   : 

 

 

2
0

1
0

N

Ui
i

U

K
K

N
 . (1.29) 

 
  N     9. 

    K2U  K0U    
’   ,      

,       24 . 
 K2U  K0U     . 

    K2U  K0U,   
 95 %    ,   

  . 
1.2.5.  .   ( f) 

      
   –  

.      
0,2  –   ,  0,4  –  

 .. 
      

  . 
1.       -  

     fi. 
2.      

  fy   N  fi  
    : 

 

 
i

1

N

i

f
f

N
. (1.30) 

 
  N     15. 
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3.     : 
 

 f f f ,  (1.31) 
 

 f  –   , . 
      

 ,     ,   
       

  ,     
,    95%    

       
 . 

1.2.6.  .      
     ,   

       
        

       ( . 1.5, 1.6). 
 

 
. 1.5.      
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. 1.6.   :  
U  –  ; t  –    

 
     , 

        
 20    30 .  ,  

   ,    
    . 

      
 . 

1.    t     
(   10 )    

,      
,   0,9U . 

2.    t    
    0,9U . 

3.     t    
: 

 
 t t t . (1.32) 

 
     

       
 ,     

    . 
      

      ,  
   ,   
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   (   ) 
      

. 
      

: 
 

 min 100U U
U

U
, (1.33) 

 
  Umin –      

      ( , ). 
    F    : 

 

 ( )m U t
F

M
, (1.34) 

 
  m( U t ) –     t   

  U      ;  
 –       

 . 
1.2.7.  .    

  –   U . 
     . 1.7   

. 1.8. 

  
. 1.7.    
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. 1.8.     

 
 . 1.7, 1.8: 

Ua –   ; 
U  –  ; 
U .  –    ; 
t 0,5, t 0,5 –  ,     

    ,    
  ; 

t  –    ; 
t 0,5 –       

  . 
      

   ,     
  ,     
,        

 [4]. 
      

    ,  ’   
  ,    

 ,     , 
  [4]. 

  ( . 1.7)    
      (  
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    5 ).    
  0,5    t 0,5   . 

1.         
    U .  ( , )   

.  
2.    t 0,5  t 0,5,   

      , 
    . 

  t 0,5   : 
 
 0,5 0,5 0,5t t t . (1.35) 

 
1.2.8.  .    

( . 1.5)     
K U     t U ( . 1.9). 

 

 
. 1.9.   

 
    , 

 ’     , 
   ,   . 1.5. 

 
 



   38  

 1.5.     K U 
 

/      

1.   
 t U,   1 c  20 c  60 c 

2.   
 K U, . . 1,47 1,31 1,15 

 
    ’ , , 

      
   1 ,    
 .     

       
 ,      . 

   K U   
. 

1.     U    
       

,   1,1 2U . 
2.       

U  max.      
   0,04    . 

3.   K U  : 
 

 a max

2U

U
K

U
. (1.36) 

 
   t U   

: 
 
 . .Ut t t , (1.37) 

 
  t . , t .  –       

. 
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5.        
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     ( ),  

      ,  
     . 

 
2.1.      

 
      

: 
- ,     

  ; 
-     ; 
-       

   ; 
-      . 

  –     U  
 U      ( ): 

 
 

 V U U , (2.1) 
 

  : 
 

 100U U
V

U
. (2.2) 

 
 

       
    : 
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-   10(6), 35     
/    ; 

-  0,4       
  ,     

. 
       

 : 
-        

  ,     
    30%    

; 
-    ,   

      
,       
    ; 

-         
     

    ; 
-    ( ) ,  

    
,     

 . 
 

2.2.     
 

      
       

   .    
        

    . 
      

,     . 
       

    ,   . 
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2.2.1.     .  
       

    . 2.1. 
 

 
 

. 2.1.       
 

       : 
  . 

      
   .    

      ,  
     ,   

     .  
  ,    ,   

   ,    
:   . 

      
    ,   
    . 

       
     

  :  , 
     ,  
 . 
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    (    

 ),      
    ,    

  . 
        

 .     
  ,      

,      
   (    

 ,      
  ). 

     , 
     .  

       
,      

     ,      
       

(  ).     
    . 

2.2.2.       
 .     

        
      .  

        
 ( . 2.2). 

 

 
 

. 2.2.       
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 . 2.3     
   .  

 

 
 

. 2.3.       
 

   ,    
         

    . 
    ,  

        
   : 

 

 
2

( )P r Q x
U

U
, (2.3) 

 
 , Q  –      

, , ; 
r , x  –        

, ;  
U2 –       , 

; 
x  –     ,  

   , .  
         U2  
 (2.3)      

.       
 : 



 2 45 

 

 
3
S

I
U

. (2.4) 

 
        
  : 

 

 
.

I
n , (2.5) 

 
  I .  –     1-   

. 
     

  : 
 

 .x m

n
, (2.6) 

 
  m –    . 

x .  –       
, : 

 

 .
.

.

U
x

I
. (2.7) 

 
    : 

 
 Q N m nQ , (2.8) 
 

  N  –  . 
     

     .  
         

  .  
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2.2.3.      
 .      

    ( . 2.4)   
     

  .      
  ( . 2.5). 

 

 
 
. 2.4.       

 
 

 
 

. 2.5.       
   

 
        

   : 
 

 1 2
2

( )P r Q Q
U U

U
, (2.9) 
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  , Q  –      

    , , ;  
Q  –     , 

;  
2U  –         

 , . 
     
    2U    

: 
 

 2 2 2( )U U U
Q

x
, (2.10) 

 
  2U  –       

, ;  
x  –     , ; 
Q  –  ,    

, . 
 (2.10)      

 -     –  
 ,  ,  

 . 
       

    .  ’    
       

 ,    . 
2.2.4.       

  .   
      

      
     

 .     
    ,   

    .  ,  
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 ( ) .      

  ,      , 
        

     ( ) . 
     

    : 
1. ,      

   ’    
     

 (      
( ). 

2. ,     
  ’     

 (     
 ( ). 

       
  .  ,    

       
 .   

  ,   
  .  4  

      
  –5%, –2,5%, +2,5%, +5%  .  

     . 2.6. 
 

 
 

. 2.6.       
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 ,       

    .   
  ,     

      
    ,    
.  ,      

       
  ’     

    ,  
  .   ,  

     .  , 
     ,   

  (  ). 
      

  ’     . 
        

   .    
    

,      
. ,   -10000/35  

  ±11,7%  (±9    1,3%). 
  ,     

       , 
        .  
        

    . 
        

. 2.7. 
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. 2.7.      
 

       
  .  . 2.8    

      
.  

       
 –   .   

       1 – 7. 
     1 – 3  

   ,     3  
 2   .   

  (  5 – 7)    
  ,     5   7 
  .    

 ,       
,  . 
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. 2.8.       
 

      
  1, 2,  1, 2   
 L.    L ’    

  . 
     ,  

   ,     
,      

(  ). 
 . 2.8    

 ,    
 ,   «4»: 
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 U
k

U
, (2.11) 

 
 U  –      

 (     ); 
 U  –      

 (     ). 
       

: 
1.      

      
      . 

  ,      
  ,     

  . 
2.        

,      
 .    

   (  20 ),   
      . 

 ,    ,  
 -   .     

     ,  
        
-   . -
        

      
  (    1, 2   2.8 

 )       
  . 

 -     
      

   ,   
 . 
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  -     
      

        
     .  
      
      

.         
    ( , 

, IGBT ). 
  ,     

     
    . 
      

      
      

 ,    ( )  
        

. 
        

      . 
      

       
   ,      .  

 ,      
    , 

      
   . 

      
      

    
.       

    ,        
. 

 . 2.9.      
   ,     

 .  
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. 2.9.     

 
 

     
      , 

     
    . 

  [5]     
         

     
   .  

       
 ,      

     .    
       

      
 . 

        
       
 (      

       
 )      
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   .    

       
,       
.       

  . 
2.2.5.      

   .    
     

      
,      

.  
      

   .  
 . 2.10    ,  

    . 
 . 2.10:  

1 –   ;  
2, 9 –   « »,  
3 –  ;  
4, 8 –   ;  
5, 10 –  ;  
6 –  ’ ;  
7 –   ;  

1 –  ;  
TV –  . 
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. 2.10.      
 

      .  
      U1,   

    ,   1 
 ,   « » 2   

   3   « »,   
  4    

   « »   ,  
   5. 

    U1,  1 ,  
    3  « »  

,   6 ’ .    
   7      

  8    « » 9,  
  2 ,     
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    « »   
  3 .   

     -   , 
  10 ,      

10 . 
     

    ,    
    .  

       
    . 

      
        

      (  
 ).  

 ,     
      , 

 -1 .    -1    
. 2.11.  

 . 2.11:  
 –   ;  

1, 2 – -  ;  
DT1, DT2 –   ;  
ST1, ST2 – ;  
DX1, DX2  – ;  
KL1, KL2 –  ;  
G –   ;  

 –  ;  
 –   ;  
 –   ;  

 –     ; 
 –   ; 
 –  ; 

 –  . 
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   .     
  ,       

  .     
       U 1  

U 2        DT1  
DT2 .     

’     ST1  ST2,    
       S   

 DT1  DT2      G. 
  DX1 ( DX2 )       
        KL1  

KL2,   ,      
  . 

    ,     
  ,    .  

 -1        ,  
   . 

    ,   
  .    

    ,  
        

 ,      
      

       
 .     

 -1  ,  ,   . 
       

        
 .      ,  

      
 ,        

   .    
      

 . 
      

      
   .    
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 ,         

   ,   
        

  . 
       . -

      ,  
   ,   . 2.12. 

 

 
 

. 2.12. -      
 

     4  : 
« » (     ), 
« » (    ), « » (  

 ), «  » (  ,  
    ).     

 2  : « » (  
   ), « » (  

  ).     
       42 .  

      
     

     
      
    . 
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2.3.       
 

     
       

.       x 
         
,       : 

 

 
1 1

n m

x i j
i j

V V U U , (2.12) 

 
  V  –         

, %; 
Ui –     -   , %; 
Uj –     j-    

(  ,     .), 
%. 

     ( , 
  . .)   : 

 

 2
. .10

P R Q X
U

U
,  (2.13) 

 
  P , Q  –   ( )   ( ) 

,     ; 
R , X  –       

, ;  
U . . –       

, .  
        

   : 
 

 0 0
2
. .

tg
10

r x P l
U

U
, (2.14) 
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 r0 , x0  –       
, / ;  

l  –   , ; 
tg  –      

: 
 

 tg Q
P

. (2.15) 

 
      

  : 
 

 
2

2
p a p( cos sin ) ( sin cos )

200
U U U U U , (2.16) 

 
   –    ; 

 –  ; 
U , –       

, %: 
 

 a
.

100%P
U

S
,  (2.17) 

 
 P  –       

, ; 
S .  –      

, . 
U  –      

 , %: 
 

 2 2
p ( )U U U , (2.18) 

 
 U  –     . 

 ,       
   (2.16)  . 
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  ,    
      
 .      
     
       25 % 

 . 
     
     . 

     
 : 

 

 1 2

2
1

100
U U U

U
U

, (2.19) 

 
 U  –      , %; 

 U1 –       
, ; 

U 2 –       
, ;  

U2  –       
 , . 

       
 U2      . 

       
 ,     

     .  
        

 ,     
U .          

    U.   ,   
 U2        

 U    U: 
 

 .U U U . (2.20) 
 



  64  

  ,     
 ,      

 .      
   ,    

      1,05U .    
      U .   

 .      
        

. 
 ,     

     , 
  : 

 

 
0 1

1 1 100
U

n
E U

;  (2.21) 

 
  E0 –      

, %; 
 U 1 –       

, . 
 ,     –  

 ,      n   
(2.21), ,    .  ,  

    n:  ,   
.          

 ,    , 
       
. 

       
      
,        

      .  
 ,       

      
,       
.  ,     



 2 65 

       ,  
     

 . 
       

   ,    
   , ,  , 

        
 . 

 ,     
   n    : 

 

 0
. 1 1

100
n E

U U , .  (2.22) 

 
       

   :  
 

 1 2
2

. .
1

100
U U U

U
U

.  (2.23) 

 
  ,    

,   : 
 

 2 1

. 2
1 100%

U U
U

U U
, (2.24) 

 
  U 1 –    ,   

    , ; 
 U 2 –    ,   

    , . 
     
     . 

      
    .   

,   U ,     
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,      
   . 
       
     : 

 
 2 1V V U U , (2.25) 
 

  V2 –       
  , %; 

 V1 –       
  , %; 

U  –     . 
 ,     

    ,   
         

: 
 
 2 1U V V U . (2.26) 
 

    (2.26)  U   
       

 U . . 
       

    : 
 
 2 1 .V V U U . (2.27) 
 

 ,       
       

 ,         
       

    ,     
 . 

,      
     .  
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  ,     . 
      

  : 
 

 c
2

.10
X

U Q
U

,  (2.28) 

 
  Q  –     

, ; 
 –       

   , ;  
U  –       

, . 
        

  2.4. 
 

2.4.       
 

       
,     . 2.13. 

 : 
: 2 -120/19; r 0 = 0,249 / ; x 0 = 0,427 / ; 

l  = 25 ;  = 7383 ; tg  = 0,14. 
: -10000/35; S  = 10000 , P  = 65 ; U  = 7,5 %; 

 : ±4×1,5 %; K  = 0,75. 
: -10(3 50), r 0 = 0,62 / ; x 0 = 0,09 / ; 

l  = 0,27 ;  = 659 ; tg .  = 0,011. 
: -1000/10; S  = 1000 , P  = 11 ; U  = 5,5 %; 

K  = 0,7. 
      

  . 
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. 2
.1

3.
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     . 1: 
 

1 c 5V U  % . 
 

  . 1: 
 

1
1

51 1 35 36,75
100 100
V

U U  . 

 
   : 

 
0 0

2 2
( tg ) (0,249 0,427 0,14) 7383 25 4,65

10 10 35
r x P l

U
U

%. 

 
    . 2: 

 
2 1 5 4,65 0,35V V U  % . 

 
  . 2: 

 
2

2
0,351 1 35 35,123

100 100
V

U U   . 

 
     : 

 
2

a p a p

2

cos sin sin cos
200

0,75 0,65 0,99 7,142 0,139

0,75 0,65 0,139 7,142 0,99 1, 412 %;
200

K
U K U U U U

 

 

a
65100 100 0,65

10000
P

U
S

 % ; 
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2 2 2 2

p a 7,5 0,65 7,472U U U  % . 
 

       
   . 

  : 
 

1 2

2

1,412 35,123 111 1 36, 276
100 100 10.5
U U U

U
U

 . 

 
 : 

 

0 1

1 1 36, 2761 100 1 100 1,31
1,5 37

U
n

E U
. 

 
     n  = –1, 

  : 
 

0
. 1

( 1) 1.51 37 1 36,445
100 100

n E
U U  . 

 
       

     
: 

 
'

2 2
3

.

1.412 35,123 111 1 10,511
100 100 36, 445
U U U

U
U

 . 

 
     : 

 

2 1

. 2

11 351 100 1 100 5,639
36,445 10

U U
U

U U
 %. 
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    . 3: 
 

3 2 0,35 1,412 5,639 4,577V V U U  %. 
 

  . 3: 
 

3
3

4,5771 1 10 10, 458
100 100
V

U U  . 

 
     : 

 
0 0 .

2

2

( tg )
10

(0,62 0,09 0,011) 659 0,270 0,11 %
10 10

r x P l
U

U . 

 
     4: 

 
4 3 4,577 0,11 4, 467V V U  %. 

 
   4: 

 
4

4
4,4671 1 10 10, 447

100 100
V

U U  . 

 
     : 

 
2

a p a pcos sin sin cos
200
K

U K U U U U  

20,70,7 1,1 1 5,389 0,011 1,1 0,011 5,389 1 0,882
200

 % 

a
11100 100 1,1

1000
P

U
S

 %. 
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2 2 2 2

p a 5,5 1,1 5,389U U U  %. 
 

   ,    
  .  

     ,  
5 5 %V : 

 
5 4 5 4,467 0,8823 1, 41U V V U  %. 

 
      
 U .  = 0 %.     

      
: 

 
5 4 . 4, 467 0,8823 0 3,584V V U U  %. 

 
  . 5: 

 
5

5
3,5841 1 0,38 0,394

100 100
V

U U  . 

 
       

       . 2.1. 
 

 2.1.      
       

 

 
 

  
 
, 

U, % 

 
 
 

U, % 

 . 
, 

V, % 

 
 , 
U,  

, 
 tg  

 7383 0,14 4,65 - 2 0,35 35,12 
 7383 0,15 1,412 5,639 3 4,577 10,45 
 659 0,01 0,11 - 4 4,467 10,44 
 659 0,01 0,882 0 5 3,584 0,394 
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     .  , 

         
  U  = 0 %.  . 2.2.   
        
. 

 
 2.2.      

       

 
 

  
 
, 

U, % 

 
 
 

U, % 

 . 
, 

V, % 

 
 , 
U,  

, 
 tg  

 1694 0,002 0,864 - 2 -0,864 34,698 
 1694 0,002 0,135 1.023 3 0,0245 10,002 
 164 0,011 0,028 - 4 -0,0031 9,9997 
 164 0,011 0,207 0 5 -0,2104 0,379 

 
       . 2.13. 

 
  

 
1.       

   ? 
2.         

 ? 
3.        

    ? 
4.       

     ? 
5.         

 ? 
6.       

   ? 
7.      ,   
 –  ? 
8.        
        ? 
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11.         
 ? 

12.       
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13.      -   
  ? 

14.        
     ? 

15.         
    ? 
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 3 
 

  
 

 
 

        
   ,      

  ,      
     . 

 
3.1.        
 

      
  ,     

 1-2%    . 
    ,   

    : 
-    Ut; 
-  f        

    ti, i+1  ( . 3.1); 
-  ,     

 ,     
  . 

        
       

: 
 

 max mintU U U , (3.1) 
 

   : 
 

 max min
t

U U
U

U
. (3.2) 
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. 3.1.      

 
       m   

    (1/ , 1/ ): 
 

 f m T . (3.3) 
 

’        
   : 

 

 
35

2

0

( ) ( , )
t

t
t

k
P dt g f G f t df , (3.4) 

 
  g(f) –  -    

 ; 
 G(f, t) –        t;  
  –   ,    ’  

,  = 300 . 
 k     ,   

t = 1       
 .   t   

,         
  . 
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 ,       . 
  –   .   

      Ut(f) 
( . 3.2,  2)    ,  

      0,99: 
 
 St = 1. (3.5) 
 

 

 
 

. 3.2.        
  : 

1 –   ;  
2 –      

 
St     .   

       
 . 

      Ut(f) 
    ,     
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     . , 
    

        : 
 

 2 2

0

( ) ( )
T

fD U t g f dt , (3.6) 

 
 Uf(t) –      f;  

g(f) – -    
. 

      
      
,    . 

      
       
    .    

 ,     
,   -    

,   ( . . 3.3). 
 

 
. 3.3.     
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   ’    
       

,    ,    . 
    .    

      ,   
 .     

 ,    ,   
.      
 10 .   ,   

 ,   st. 
    ,    

   , (%)2    .  
   Tsh,   10 ,  

    ,  
  : 0,1; 0,7; 1,0; 1,5; 2,2; 3,0; 

4,0; 6,0; 8,0; 10,0; 13,0; 17,0; 30,0; 50,0; 80,0 %.   
   s, (%)2    

: 
 

 

0,7 1,0 1,5
1

2,2 3,0 4,0
3

6 8 10 13 17
10

30 50 80
50

,
3

,
3

,
5

,
3

s

s

s

s

P P P
P

P P P
P

P P P P P
P

P P P
P

 (3.7) 

 
  P1s, P3s, P10s, P50s –     

 ,    1,0; 3,0; 10;  
50 %. 

    
     ,  

   ,  
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   .  10-   
     : 

 

 0,1 1 3 10 500,0314 0,0525 0,0657 0, 28 0,08St s s s s sP P P P P P
. (3.8) 

 
 ,      

  ,    
 , (  ,  ), 

   Lt      
   : 

 

 
12

33

1

1 ( )
12Lt stk

k

P P , (3.9) 

 
  Pstk –     k-    sh. 

      
(    )     

         
 ( . 3.2).  

 
3.2.        
 

       
: 

-  ; 
-      

 . 
       

     . 
3.2.1.  .   

      
     .  

    :   
      ( ) 

 ( . 3.4). 
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 ) ) 

. 3.4.   ( )    ( )   
  

 
 ,      

 M  0,        
  1I    2I      

: 
 

 1 2 2 1U jX I k I jX I k I ,  (3.10) 
 

 Xp –     ;  
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 k  = M/L –   ’ ; 
k  = 0,5…0,6. 

 ,  1 2I I ,   : 
 

 1(2) 1U I X k . (3.11) 
 

     
  50–60 %. ,   1 2I I   

    .    
         , 

   . 
     

  ,  k  = 1;    
    .    

     ,   
   ,   

    . 
’     Xc   Xp  

   k    
 : 

 
 c pX k X .  (3.12) 
 

,     , 
 . 

    ,     
 ,    
.      

        
, ,    

 . 
      

      
.  ,      



 3 83 

        
    . 3.5. 

 

 
 

. 3.5.     ,   
     

 
        

  ,    – 
,       

 : 
 

 p

p

4
4t t

k
U U

k
,  (3.13) 

 
   tU , tU  –      ,  

      ; 



  84  

 k  –  ,     3,34 – 3,64; 
  k  = 3,5. 
      

    6-10 ,    
       

       
 . 

3.2.2.  STATCOM    
. STATCOM (Static Synchronous Compensator)   
   FACTS (Flexible AC Transmission Systems), 

        
   IGBT  GTO .  
       
        

     . 
  STATCOM   . 3.6. 

 

 
. 3.6.   STATCOM 



 3 85 

STATCOM      
: 

-    :   
    10 ,    

   ,   
    ; 

-    :    
 , STATCOM   

       
  0,2   ,     

   ; 
-  :    

      
    . 
 STATCOM : 

-       300 ; 
-     3%; 
-   1-5 ; 
-     97%. 

    (SVC), STATCOM 
  : 

-     ; 
-     ; 
-    ; 
-      . 
STATCOM      

       
,      

  . 
 

3.3.    
 

      
  ,    

 –      . 
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3.3.1.    .   
         

 Q     : 
 

 c

c

1
t

r
U P Q

S x
,  (3.14) 

 
  S  –    ; 

rc  xc –        
( , )    

 . 
   I  ,  

    : 
 

 3 cos sint c cU I r x ,  (3.15) 
 

   –      I     
 . 

 . 3.7       
      : 

 . 3.7:  
1I , 2I  –    ;  
I  –  ;   
 –      U     I ;  
1U   2U  –    1I  2I ;  

tU  –   ,    I . 
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. 3.7.         

    
 

        
 ,      

різкозмінного навантаження, наприклад ДСП,   
: 

 

 (3.16) 

 
 S .  –    . 

,     
       

 xc       rc,   ,    
= 70…75°,  : sin  = 1. 

  (3.15) : 
  3tU I x , (3.17) 

 
 

п.т
н

с3

SI I
U

  
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   я : 
 

 ''
3 100% 100%t

I x I
U

U I
, (3.18) 

 
  ''I  –    , . 

       
         
: 

 

 100%t
Q

U
S

, (3.19) 

 
  S  –   . .     

  , ;   
 Q –    , . 

      ,  
  ,   : 

 

 ,%1 100%
100t

uSQ
U

S S
, (3.20) 

 
  S  –  . .     ,%;  

 S  –    , ;  
 u ,% –  . .  , %. 

      : 
-    : 
 

 . 100%t
S

U
S

, (3.21) 

 
 S .  –   ; 

-    : 
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 .4 100%t
S

U n
S

, (3.22) 

 
 n  –  . 

-     : 
 

 . max .
4

1 . max
100%

n
i

t
i

S S
U

S S
, (3.23) 

 
  S .  max –      

    n  . 
3.3.2.   .     

   ,  
     , 

    .    
  :  

-       
 ; 
-   . 

   ,    
     ,     

  . 
       

       
      

       
  ,     

 . 
       
   ’     

    .  
        

    . 
      

   – PSt,    
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  .      
       

 PSts     F : 
 
 St StsP F P .  (3.24) 

 
        

:       
   . 

        
,    . 3.8.  

 ,     d0 
   r0,   Pst0  , 

     .  ,    
      

  d1,     Pst1 
  : 

 

 1
1 0

0
St St

d
P P

d
. (3.25) 

 
      

    : 
 
 0,310,365StP dF r R , (3.26) 
 

 d –   , %; 
r –   , 1/ ;  
R – ,       ( . 

3.9); 
F  –  ,      

. 
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. 3.8.      

 
 

 
 

. 3.9.   R     
 

,     
  Ut = 1 % (d = 1),    r = 3 1/ , 

,   . 3.8,   
   d0 =  1,95 %.   d = 1% 

: 
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1
1 1 0,51

1,95S tP . 

 
    F  = 1, R  1,  

 
0,31

1 0,365 1 1 3 0,51S tP . 
 

   F    
  . 

  .    ,  
        , 

    .  
   F  = 1. 

    .    
       

,    .  
   F       

. 3.10.  
 

 
. 3.10.   F     
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,    ,   5 
   (  = 0,1 ),     

,    2/3 ,  
     . 

     
    ( . 3.11)   

 ( . 3.12) (   , 
 ,  ,   ). 

 

 
. 3.11.      

 

 
. 3.12.      
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     -    

  : 
 

 
3,2

2,3i t it U . (3.27) 
 

       
    Tsh  10 , 

       
: 

 

 

1
3,2

1

1 m

St i
ish

P t
T

, (3.28) 

 
   –       Tsh . 

      
      TL 

 2 : 
 

 
12

33

1

1
12Lt Stk

k

P P , (3.29) 

 
 PStk –      k-   

 Tsh     TL. 
       

     : 
 

 t i i iU F U  , (3.30) 
 

 F i –   ( . 3.10). 
   F     t 

 : 
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 1
6,646 5,725 tF

e
. (3.31) 

 
   (     

   )   
     .   

       
    ,     . 

      : 
1.     (  24 ) 

    TL = 2 
,       

   . 
2.    TL   12 

   Tsh  = 10 . 
3.       Tsh  

    Uti   ti 
  . 

4.      Uti   
      (3.30), (3.31). 

5.       
 : 

 

 
3,2

3,2
2,3 2,3

6,646 5,725 i

ti
i t i t

U
t U

e
. 

 
6.     Tsh  

  : 
 

 
3,2

3,23,2

1 1

1 2,3
6,646 5,725 i

m m
ti

Stk i t
i ish sh

U
P t

T T e
. 

 
7.     TL   
 : 
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12

33

1

1
12Lt Stk

k

P P . 

 
8.   PSt   PLt   

    . 
        

   , ’   , 
       

 . 
     

 ,  ’        
 220   0,4       

   .     
     ( )

uk  – 
      

        n-
 . 

     , ’    
 ,        

: 
 
 ( ) ( ) ( )n u n

St St uP P k  , (3.32) 
 

 ( )u
StP –        . 

 . 3.13      
  :   – 

   ,   
  . 
 . 3.13:  

  –  ’   ;  
 1 – m – ,    

 . 
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   (  )   220  
,     . 3.13,   

: 
 

 ( ) . .

. . 1
u

x
k

x x
 , (3.33) 

 
  . . –     .  

 
 

 
 

. 3.13.      
 

      
   -    

    ( )
uk .    

 ( )
uk     5 – 10 %. 
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3.4.       
 

 1.       
 .     

 10   S  = 300 .    
   . 3.14. 

 

 
 

. 3.14.      
 

 ,     
 . 

1.       Q(t), 
   3.14,    : 

 
1

1
39100 % 100 % 13 %

300t
Q

U
S

, 

1
2

12100 % 100 % 4 %
300t

Q
U

S
, 

… 
1

60
18100 % 100 % 6 %
300t

Q
U

S
. 

 
2.       

   Q(t): 
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3

1
21760

k

ti
i

U . 

 
3.    : 

 
11 1 1

1
r

T
. 

 
4.       1  

. 3.8 : 
 

0 (1) 3,8td U . 
 

5.    : 
 

33
3

1

0

21760 7,347 1
3,8

k

ti
i

St

U
P

d
. 

 
 2.       35  

,   . 3.15.    
  35   S  = 2000 .   

  1 – 4: S 1 = S 2 = S 3 = S 4 = 32 . 
     35 : 

 

. max .
4

1 . max

4

100%

32 32 32 32 32 100% 2,26% 1%
2000 32 32 32 32

n
i

t
i

S S
U

S S
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. 3.15.    35    
 

  
 
1.       

     ? 
2.          

   ? 
3.       ? 
4.            
 ? 
5.         

 ? 
6.        

  ? 
7.    -   

  ? 
8.       10-  

 ? 
9.        

 ? 
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10.           
? 

11.      
     ? 

12.   STATCOM     
 (SVC)    ? 

13.        
     ? 
14.        

:   ? 
15.       , ’   

       
? 



  102  

 4 
 

  
 

 
 

      
    ,   

  ,       
   . 

 
4.1.      

 
    

   ,      
.      

  .    
  ,    

    . 
    : 

-   ; 
-    ; 
-     . 

 ,     
    

      
 ,     
  . 

  ,   
    ,   

,     . 
     .   

      
 . 
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 .      
       

 ,      
( ,    ): 

 
 

 2
1

1
3 A B CU U aU a U , (4.1) 

 

 2
2

1
3 A B CU U a U aU , (4.2) 

 

 0
1
3 A B CU U U U , (4.3) 

 
 1U  –    ; 

 2U  –    ; 
 0U  –    ; 
 AU , BU , CU  –   ; 

 
2
3

j
a e  –  . 

      
 . 4.1. 

     
  ,    

       
. 

     , 
 ,       

:  , ,  
   . 
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. 4.1.       

 
      

      
     . 

  ,    
    1000    -  

 .    
    ,   

 . 
     , 

        . 
,       

  AU , BU , CU ,     , 
      

a b cZ Z Z    Z0   ( . 4.2). 
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. 4.2.      : 

)   ; )    
 

   0  0     
: 

 
 0 0 ' N NU I Z , (4.4) 
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 0 0 '
0 0 'N N

N

U
I U Y

Z
. (4.5) 

 
,   Y = 1/Z, : 

 

 
0 0 ' 0 0 ' 0 0 ' 0 0 ' .

A B C N

A a B b C c N

I I I I

U U Y U U Y U U Y U Y
 (4.6) 

 
  (4.6)      

   : 
 

 0 0 '
A a B b C c

a b c N

U Y U Y U Y
U

Y Y Y Y
. (4.7) 

 
     

YN = 1/ZN = 1/  = 0,    0  0     
 : 

 

 0 0 '
A a B b C c

a b c

U Y U Y U Y
U

Y Y Y
. (4.8) 

 
   ( . 4.2 ) ,  

      
 . ,    

      
 1U ,  2U    0U  . 

   6–10    
      
 6–10/0,4  ’    .  
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       1U ,  
 2U  . 

 
4.2.       

 
       
   ,     

 . 4.3. 
      

 ,     
     ,  

   : 
-        

     ; 
-       

 ; 
-       . 

         
       

.    ,    
      

      
. 

   (K2U > 2 %)    
      

 .      
: 

-  ; 
-   . 

     Q  
       

 (Q  = Q ).     Q  
  L,  ’  –  C. 
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. 4
.3

. 
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 I2,      
      U2. 

     
   : 

- ; 
- ;  
- ; 
- . 

    
    . 

        
    ,    

     
  . 

      
    . 

     
   ,    
  . ,    

       
 . 

       
     

,        
   .    

 ’      
   . 

      
,     

     . 
      

       
.       

       
 ’    . 
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   ,  , 
   .  . 4.4   

     
   –  ,  

     . 
 

 
 

. 4.4.          
     

  
 

     
 ,      ,  

     .   
     

. 
   ,   

 ,     -
 ( . 4.5).  
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. 4.5.    -  

 
 ,     

- ,      
     . 

      
      
,    (    
,  ),    

( . 4.6). 
 

 
 

. 4.6.      
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    C    L 
   : 

 

 0

3C L
P

Q Q , (4.9) 

 
 0 –      

. 
 . 4.7        

. 
 

 
 

. 4.7.        
 

     I2  
      C1  

 L. 
 ’ ,       

 .      
 -   (   

  ),      
  ,     
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.       
      : 

 

 

2 cos ;
33

2 cos ,
33

L

C

Q S

Q S
 (4.10) 

 
 S  –      

; 
  –      

. 
  ,   ,  
   .    
  ,     

   ’    
      

    . 
     

 ,    
 ,     
     

( . 4.8).  
 ,     

      : 
 

 
AB BC CAC C CQ Q Q . (4.11) 

 
     

    ,  
    . 
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. 4.8.     
      

 
 

       
,       

  . ,     
     ’  

 « -   »    
      ’  

 « -   »     
.  ,      
 ’      

    . 
   ,    

       , 
      . 

       
 ,  ,   

  . ,  ,   ,  
       

    . 
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  -  
 ( ).      

 ,  ,  
    .   
 ,        

 .       
      

  . 
      

,    . 4.9. 
     (TA, TV) 

     iA, iB, iC   
uA, uB, uC,      PA, PB, PC  

 QA, QB, QC     
 . 

-  ,     
VD1, VD2, VD3   LR1, LR2, LR3,   

  -1, -2, -3. 
  -1  -2   

    3, 5, 7-  ,  
  L1, L2    1, 2  
  QW1, QW2. 
       

,     VD1, VD2, VD3, 
   ,  . 

      
 ,      
  ,      

   . 
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. 4.9.     
    

 
4.3     

  
 

   ,   -
  ( )    
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   ( )    
.         
     . ,  
       
     ,   

     – , 
   .  

      
    . 4.10,    – 

 . 4.11. 
 

 
 

. 4.10.       
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. 4.11.        
  

 
 . 4.10, 4.11: 

« » –   ; 
« » –   ; 

1 –  ( )  ; 
2 –   ; 
ABU , BCU , CAU  –    ; 

AU , BU , CU  –    ; 

ABY , BCY , CAY  –     
  ( . 4.10); 

ABY , BCY , CAY  –     
 ; 

AY , BY , CY  –     
  ( . 4.11); 

AI , BI , CI  –     ; 
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AI , BI , CI  –       ; 

AI , BI , CI  –       ; 

nNI  –    . 
     . 4.10  4.11     

 :  2    1. 
       

,   –    ( ). 
        
    ,  ,  

 .         
 : 
-     ; 
-     . 

        
 . 

  ,     
 ( )      
  (cos )    ,  

       
  ,   

: 
 

 

''
0 2

''
0 2

''
0 2

1 2 ( ) ;
33 3

1 2 ( ) ;
33 3

1 2 ( ) ,
33 3

AB AB A B

BC BC B C

CA CA C A

Q
b b b P P

U

Q
b b b P P

U

Q
b b b P P

U

 (4.12) 

 
 bAB, bBC, bCA –    ; 

bAB, bBC, bCA –     
; 
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 0b  –      
; 

U –     ; 
PA, PB, PC –     , , ; 
Q –   . 

   ,    
 (4.12)   . 4.12. 

 

 
 

. 4.12.    ,   
  (4.12) 

 
 . 4.12: 
 –   ; 

 –   ; 
 –  ; 

 –    ; 
 –     ; 
 –   ; 

 –  . 
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,      . 4.12  
 .       

,   .        
  ( ,   ),  

   .    
       ,  

      
       (  

  ,     ).  
     ,     

,        
       

      .  , 
    (4.12),     

   . 
 (4.12)   ,   
       

 . 
  ,     

 ( )      
  (cos )    ,  

        
 ,   :  

 

 

1 cos( ) cos( ) ;
3
1 cos( ) cos( ) ;

3
1 cos( ) cos( ) ,

3

AB A Uca Ia B Ubc Ib

BC B Uab Ib C Uca Ic

CA C Ubc Ic A Uab Ia

b I I
U

b I I
U

b I I
U

 (4.13) 

 
  –        

,   . 
   ,    

 (4.13)   . 4.13. 
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. 4.13.    ,   
  (4.13) 

 
 . 4.13: 
 –   ; 

 –   ; 
 –  ; 
 –    ; 

 –    ; 
 – ; 

 –  ; 
 –  . 

 
,      . 4.13,  

 .       
         

,       , 
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   (   
  ): 

 

 
1 2

3 4

5 6

cos( ); cos( );
cos( ); cos( );
cos( ); cos( ).

A Uab Ia A Uca Ia

B Uab Ib B Ubc Ib

C Uca Ic C Ubc Ic

U I U I

U I U I

U I U I

 (4.14) 

 
       

 (4.14)         
,      ,  

     (4.13).    
        

   ,    , ’   
,       .  

     (4.13)  
       ,   

  ,     
       

 . 
 ,     

       
 . 

 (4.13)      
       

 . 
 
4.4.       
 

      
 K2U    : 

 

 2
2 100U

U
K

U
,  (4.15) 
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 U2 –     ,  
  : 

 
 2 2 2U I z ,  (4.16) 
 

  I2 –     ; 
 z2  –      

 . 
  I2    2    

       
U , U , U A   : 

 

 

2 2 2
2

2 2 2

1
3

1 ,
3

A AB BC BC CA CA AB

A AB BC BC CA CA AB

I S S S S S S S S S
U

I I I I I I I I I
 (4.17) 

 
2

2arctg
3

2arctg ,
3

AB BC CA

AB BC

AB BC CA

AB BC

S S S
S S

I I I
I I

  (4.18) 

 
 I , I , I A –    , 

   , BC  A ; 
S , S , S A –    , 

   , BC  A ; 
2 –    ; 
 –   . 
      

    U , U   (4.17), (4.18) 
 : 
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 2 2 2 2
2

1 1 ,
3 3AB BC AB BCI S S S S I I I I
U

 (4.19) 

 

 
2 arctg

3

arctg .
3

AB BC

AB BC

AB BC

AB BC

S S
S S

I I
I I

  (4.20) 

 
 ,      

         
 2       

,    . 4.1. 
 

 4.1.      2  
  I2 

 

 
/  

 ,   
  

 
   2 

1 U , U  30º –   < 2  150º –   
 2 U , U A 150º –   < 2  270º –   
3 U A, U  270º –   < 2  30º –   

 
      x2 

    . 4.2. 
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 4.2.      
   

  .   
 2

2
U

x
S

 
S  –  -

 . .  

  2

2 2*
U

x x
S

 
  

  
 x2*=0,24 

  2

2 *
U

x x
S

 
x *=1/k  ,  k  – 

  
 

 
  

 

2

2 *
U

x
S

 
* – . .  

. .   
 *  x * 

 
., . 
.  . 

 , . 
  

2

2 *
U

x x
S

 

x* – .  
  

 

  
 

2

2
U

x
Q

 
Q  –  

. .  

 -
  

2

2 2 U
z

S
 

S  –  -
   

  
 

2

2
.

U
z

S
 

S .  –  
  

  

 
 

2

2 2 *
U

z z
S

  6-10 : 
2 * 0,18 0, 24z j ,  

  35   : 
2 * 0,19 0,36z j ; 

S  –  
 . 
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      : 

 

 

2 2

1 1
2* 2 2

1 1

cos sin

cos sin

n n

i i i i
i i

n n

i i i i i i
i i

S S

Z

S Y S Y
, (4.21) 

 

 1
2*

1

sin
arg arctg

cos

n

i i i
i
n

i i i
i

S Y
Z

S Y
, (4.22) 

 
 S i, i, Yi –   ,    

  -    (  ) 
 . 

      
     . 

 K2U      
    S   

  . . S      : 
 

 2 100U

S
K

S
.  (4.23) 

 
     

      
 (K2U  K0U)      

: 

 
50
S

S .  (4.24) 
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     : 
1.        

   .  
2.      

 ,    . 4.2. 
3.       

      
z2  .        

      
  (4.21), (4.22). 

4.      I2  
  2   (4.17) – (4.20).  ,  

  2    I2  
  ,       

,   . 4.1. 
5.      

 U2   (4.16). 
6.       

  kU2   (4.15). 
6.       

    (  ) 
     

. 
        

 . 
 
4.5.     

 
 

     
     –  

  (       
. 4.8). 

   ,    
(K2U = 0)     ,  

 ,      
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K2U  K2U . 

      : 
 

 22 2
2 2 ,U U

UI z
K K

U U
  (4.25) 

 
  I2  –    ,  

    ; 
 U2  –     . 

      : 
 
 2 2I I , (4.26) 
 

 2I , 2I  –     
     

. 
     
     .  

      , 
      

     
  .  , 

       
 ,      

(      ). 
    

     
. 

     
      

. 
      

  . 
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        2  

     2I .  . 
4.14     2   

 2I    . 
 

 
 

. 4.14.    2   
 2I  

 
   ,      2  

 : 
-        

 ( . 4.3); 
-  ,     

    
 ( . 4.4); 

-        
   ( . 4.4). 
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 4.3.       
 

      , Q  

I 2 2 23 3 sin cosQ U I  

II 2 22 3 cosQ U I  

III 2 2 23 3 sin cosQ U I  

 
 4.4.       

  
 

 
 ,  

   
    

  

I UAB, UCA 2

2 ,
3 3ctgAB

Q
Q  

CA ABQ Q Q  

II UAB, UBC 2
1 1 tg
2 2 3ABQ Q , 

BC ABQ Q Q  

III UBC, UCA 2

2
3 3ctgBC

Q
Q , 

CA BCQ Q Q  
 

   Q ,     
       Q  

    (Q  > Q ),   
  Q    Q . 

       
    : 

 

 2

2

1 U

U

K
Q Q

K
,  (4.27) 
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  K2U  –      (  
  ); 

 K2U –     . 
     

(   ) : 
1.    I2  2  

    2I    
(4.17) – (4.20). 

2.      
  Q   ,    

. 4.3.       ,    
    .1   2 

     2I  
( . 4.14). 

3.     
     ,    

,  ,    . 4.4. 
 

4.6.       
 

 1.    U  = 10  ( . 4.15) 
   : 

-     
S  = 12 ; 

-   SAB = 38 , cos  = 1 (  = 0), 
    UAB; 

-   SBC = 11 , cos  = 1 (  = 0), 
    UBC; 

-    Q  = 20 . 
 . .   10  S  = 400 . 

      
        

. 
 



 4 133 

 
 

. 4.15.    
 

      
      ( . 4.16). 

 

 
 

. 4.16.      
 

       
 ,    (  

 SAB  SBC) –    
. 

     
 . 

      z2 , 
: 
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2 2

2c 2
10 0,25
400

U
z jx j j j

S
. 

     
 

z2 , : 
 

2 2

2 2 *
10(0,18 0,24) 1,5 2
12

U
z z j j

S
. 

 
      

z2 , : 
 

2 2

2 2
10 5
20

U
z jx j j j

Q
. 

 
    , z2 , : 

 

2

2c 2 2

86,6

1 1
1 1 1 1 1 1

0, 25 1,5 2 5

0,0141 0, 242 0,242 j

z

z z z j j j

j e

. 

 
    , 

I2, : 
 

2 2 2 2
2

1 1 38 11 38 11 1,96
3 3AB BCI S S S S
U

. 

 
     

  : 
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2
38 11arctg arctg 0 46,3

3 3 38 11
AB BC

AB BC

S S
S S

. 

 
   U2, : 

 
2 2 2 1,96 0, 242 0, 474U I z . 

 
     , 

K2U, %: 
 

2
2

0, 474100 100 4,74
10U

U
K

U
. 

 
    ,   

 K2U       
K2U = 4,74 % > K2U  = 2 %.      

     . 
 2.    

  (   ) 
     1. 

         
 (300°  2 = 46,3° < 60°)  ( . 4.14),    

      
 UAB, UBC.   

     
      

 ( . 4.3): 
 

2 22 3 cos 2 3 10 1,96 cos(46,3 ) 46,9Q U I  . 
 

     
      ( . 4.4): 
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2
1 1 1 1tg 46,9 tg(46,3 ) 9, 26
2 22 3 2 3ABQ Q  , 

 
46,9 9, 26 37,6BC ABQ Q Q  . 

 
   . 

    ,  
I2 , : 
 

2 2
2

2 2

1
3

1 9,26 37,6 9, 26 37,6 1,96.
3

AB BCI Q Q Q Q
U

 

 
     

, 2 : 
 

2 arctg
3

9, 26 37,6arctg ( 90 ) 226,3
3 9, 26 37,6

AB BC

AB BC

Q Q
Q Q

. 

 
   ,    

     : 
 

2 2 1,96I I  , 
 
      

 
2 2 226,3 46,3 180 . 
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,       

  2I     

2I        . 
 

  
 

1.       
  ? 

2.        ? 
3.      ? 
4.         

  ? 
5.        

? 
6.        

? 
7.        

   ? 
8.      (  

   ). 
9.      ,   

  ? 
10.      

 ,    –  ? 
11.       

-   ( )? 
12.      

    
 ( )? 

13.        
 K2U? 

14.       
     

? 
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 5 
 

  
 

 
 

         
       , 

         
     ,    

       
       

   . 
 
5.1.       

   
 

       
       

     -
 ,    

,   ,  
.      

        
     

   . 
      

: 
-     ,  

,   ; 
-      

 ,    ,  
     
  ; 

-     ; 
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-      , 
    ; 

- ,      
     ’   

  ; 
- ,      

 ,     ,    
   ; 

- ,      
    

      
 . 

5.1.1.  .  (   
)       

   .   
       

        
. 

      
( . 5.1). 

 
 

. 5.1.    
 

        – A  B . 
  Ua  Ub  A  B,     Uab 

   . 5.2. 
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. 5.2.    
 

 VS1   A     t0  
      Ua  

        U 
  U1 .  VS2   B    
,    1 ( . 5.2)  Ub     

 .   ,     t0 
 Ua,    VS2,   Ub,   

.         
 t0     –   VS2  

  VS1.  ’     
     t. 

   t    VS1  VS2  
  U1 , U2  U .    
   A  B,    Uab = 0,  
      Uab.  

   U1– VS1–U– VS2–U2    
    . 

    .  
    (0,02 )  6 (   

 A, B  C     (    
. 5.1)   –     (   ). 
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   I , (  –   ).  

  –    ,   
   50/60      
.         
,       . 

   ,   
 ,    : 

 

 (1)I
I , (5.1) 

 
 I(1) –   . 

 ,    (5.1)    
 [6]. 

  ,       
,   : 

 
 1mk , (5.2) 
 

 m –   ; 
k = 1, 2, 3… –   . 

 6-      
       

:  = 5, 7, 13, 17, 19, 23 …;  12-    = 11, 13, 
23, 25, 35, 37 …;  24-   :  = 23, 25, 47, 
49, 71, 73 …  . . 

     ,   
      

       
,  ’     ( . 5.3). 

     17    
        

     . 
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. 5.3.      
 

 . 5.4        
   ,  

 ’   . 
 

 
. 5.4.       

 (    = 30°) 



 5 143 

5.1.2.   .    
       

 ’  ,    
 (  ’ , , ,   

. .). 
   . 5.5,      

,      , 
       1, 

 2,      , 
 3     4.  

        
 ,       

      
         .  

 

 
 

. 5.5.      
 ’  

 
 ,       
     ’   

   ,      
  . 

  I      . 5.6.  
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. 5.6.         
 

 
   U       
  Ud   ,   

 ’   I , ,      
    . ,  

        
,      (    

,    ).   
    . 
       
        

KI(3) = 75…85 %, KI(5) = 45…60 %, KI(7) = 12…30 %, KI(11) = 8…15 %. 
       

 ,     .  
 3-     ,  

  I3       
 I3    (     

    10  100): 
 

 3

3
0,65 0,85I

I
. (5.3) 
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   3-      I30 
 : 

 
 30 03 33I K I  (5.4) 
 

  K03 = 0,75…0,85,    K03  
        

 . 
 9-  ,      

, K09 = 0,05…0,25. 
  5  7-     

 K5,7 = 0,2…0,8. 
5.1.3.   .   

     ( ) 
   ,   

   .     
   ,    

   , 
  ,   ,   

3-4  .     , 
        

 ,      ( , 
).        

     . 
       

 ,  ,  13 %, 5-  –  11 %, 11-  –  
4 %.        

  ,      
   .   ’    

      
.   ,    

    -    
  (  ,  , 

     , 
     ), 

        
   ,     
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  .      
,   ,    

     I /I1, %, 
   . 

 ,      = 2, 3, 4  
    . 

5.1.4.  .     
        

 .      
   75-80 %.  -  

       
   ,    .  

    .  
   3, 5, 7, 9-  . 

5.1.5.  .    
  ,    

 .   
       
     – . 

       
 - . . .   ,   

 ,     
  .    

  ,   
  ,      

  : 
-     ,  

  ; 
-  -      

; 
-     . 

 ,        
 .  5-   7-     

  .    
       

  5-   7-     .   
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     .    
      ,  

      
 .     

    
 . 

       
  [6]. 

 
5.2.        

    
 

      
      

       
      

 ’ .  ’    
    ,  

      
   ’   

  .    
: 

-  ; 
-       

( ); 
-    ; 
-    . 

       
   . 

5.2.1.  .    
      

  ( )   ,   
    .    -

 ,     
   
      , 

    .    
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  « -  »   
       

 ( . . .)  . 
      -  : 

 

 2
CX S

X Q
. (5.5) 

 
      

      
  : 

 
 / 5...10S S . (5.6) 

 
    -     

    : 
 

 2

1

I
k

I
. (5.7) 

 
  (5.5)  (5.6)    

     ,  
   ( )   k 

  : 
 

 2
(5...10) (1 )Q S k

S k
. (5.8) 

 
     ,   

      
 -     

    ,     
,    . , 

   .   
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     .    
 -    ,  -

,   -      
    .  , 

  -      
      

 - ,       
    .  ’    

   -    ( . 5.7). 
 

 
 

. 5.7. -     
 

       
      

.     , 
  . 5.7: 

 

 2
4 2 2

1

( ) 1( )
( ) ( 2 ) 1

i p
I p

i p p C L L p C L L
; (5.9) 

 

 2

p p4 21
2

1
2

1
CC

I
k

X X X XI
XX

, (5.10) 

 
 Xp, X , XC –   ,   

  . 
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pX

k
X

,    1
X

k
X

, 

 
  kp1    (5.10): 

 

 
22

p1 2 2 2 2
1

2( 2) 2( 2) 2( 2)
k kk

k
k k k

. (5.11) 

 
 k  = 1, k = 0,5   = 5  kp1 = 0,025.  

    : 
 

 2 0,025(5...10) (0,25...0,5)Q S S . (5.12) 
 

 ,     -  ,  
        
  ,     

. 
5.2.2.  .   

’  LC- ,     
 ,   

  ( ).   
         

   ,    
    80-90 %. , 

     ,    
 .      . 5.8. 
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 ) ) ) 

. 5.8.    
 
       

     ,  
 . 5.8 ). 

    12-   
   11-   13-  ,  6-

 - 5- , 7- , 11-   13-  .     
  2- , 3- , 4- , 5-    

 .     
. 

     
       

    cu  ci (    
 ).     

     
:  

-     cu = 1, ci = 1,3;  
-     cu = 1,1, ci = 1,5.  

       
    ,  
      

  . 
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     ’   
  : 

 

 
2

12

2
Qf

f
. (5.13) 

 
 Q   6  f/f   1.   Q   20,   

  ,  ,    
. 

       n-
 , ,       

 1-   p-  .      
  ( )    
 : 

 
 Q p u uK a k c , (5.14) 

 
 

 
2

2 1
p

p
p

a ,  1 p
Q

Q
K

S
, (5.15) 

 
 p – ,       

Qp. 

 
.

m
u

U
k

U
, (5.16) 

 
 Um –     ; 

U .  –      
. 

        
  ap (   = 5 ap = 1,042;   = 7 ap = 1,03; 

 = 11 ap = 1,008;  = 13 ap = 1,006). 
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 ,     : 
 

 max c u Q pU U k K a , (5.17) 
 

 U  –   . 
     

  : 
 

 2 2
1 .p p iI I c I , (5.18) 

 
 I1p, I p –     p-     ; 

I .  –    . 
       ,  

     1-     
,     ,    

    ,  
 

 2
( )

1

n

p k p
k

I I . (5.19) 

 
        

 np-     ’      
   : 
 

 .

2 2 2

3 p
p

i p u

U I
Q

c a k
. (5.20) 

 
 

    Qp,  : 
 

 .1, 2p C pQ k U I , (5.21) 
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 kC –  .   ’    
  kC = 3 ,     – kC = 3. 

 XC   XL , ,   
   : 

 

 
2

C
U

X
Q

, 2
C

L
p

X
X , (5.22) 

 
 U  –   , ; 

Q  –      
, . 

    ,   
 (   U = U )   2100 / p , %. , 

      
    10-15 %    
.  

      
    : 

 
 1p p pQ Q Q , (5.23) 
 

 Q1   Q p –     
     p-  . 

 (5.23)   , : 
 

 
2

2 2
2

2 .p

1 1
n

p
p u

p p

I
a k

I
. (5.24) 

 
        p-  

 ,    
      

: 
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 0,71Q p u
p

K a k . (5.25) 

 
       
    ,    
        
  . 

        . 
5.2.3.    .  

     
 ,    6-  12-

 ,    5, 7, 11  13-    
  ,     

. 5.9. 
 

 
 

. 5.9.    
 

       
 « »  ,   

     . 
     ,  

    . 
      

      . 
      = 17. 

     : 
 

 

2 2 2 2

2 2 2 2 2 2 2 2
1( ) R L R L

Z j j
CR L R L . (5.26) 
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   . 

 

 
2 2p

R

LCR L
. (5.27) 

 
       

  p ,         
.  p      . 
        
   ,    p ,    

  ( ) minpZ j  (     

( ) 0pZ j ): 
 

 
2 2 2

4 2 2 2
2

2p
R L RL R C LC
L R C LR C L

. (5.28) 

 
       

   R4C2 + 2LR2C  L2.  , 
      
: 

 

 2 1 0,644L L
R

C C
. (5.29) 

 
       
 : 

 
 0p p . (5.30) 
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 R  0p p ,  0pZ j .   R 

       , 
   p p  .  ,   R,  

    p     0.  

0,644 /R L C        
      .  

   ,  ,  
     .   

  Q    XC  f = 50 .  
     0    

 Q , : 
 

 
2

2 2
0

1C
L

QX
X

Q
; (5.31) 

 

 
2

0 2

1C

L

QX
X Q

 (5.32) 

 
     

 
 0 LR Q X . (5.33) 

-      
|Z( )|  :  
 

 
4 5

22 2 21
L C

L C L

X X
Z

Q X X X
 

 

 

22 2

2 2 2

1

1
L C

C
L C L

Q X X
X

Q X X X
. (5.34) 
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 . 5.10      
0 = 17, Q  = 2,625. 

 
 

 
 

. 5.10.    
 

 . 5.11       
        

   5, 7, 11  13-   (  1)   
    (  2). 

 . 5.11   ,   
         

 > ,       . 
 



 5 159 

 
. 5.11.   : 

1 –    5, 7, 11, 13 ; 2 –   
  17-   

 
       

  ( ,   ). 
       . 5.12. 

 

 
 

. 5.12.    
 

    : 
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2
22 2 2
2

2
12 2

2 2
2 2

1
1 1

L
LR

CL R
Z j

C
R L R LC C

.(5.35) 

 
    ,  

   ,   – . 
 . 5.13      

  . 
 

 
. 5.13.    

 
        

   50 ,     
  .  

5.2.4.  .   -
 ,      

     
       

  .      
  ,   . ,   ,  
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,        

     . -
,         

 .    ,  
    220   ,  

       
  .  ,     

    ,   
     ,  

      ( ,  
  ).      

   ,     , 
    . 
       

 ,       
 .     

    . 
    ,    

       
   .     

       
       

. 
       

 ,    . 5.14. 

 
. 5.14.     
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     ,  
       
  .    

 ,      
      

.      ,   
       

,      : 
 
 S L Ki i i . (5.36) 
 

       
  90 %. 

       
  ,       
 .    

   ,    (   
’ ).       

  ,   
       

      . 
      

      : 
-  ,      

; 
-      

; 
-  ,     

 ,    
,      

.      
   « »  

 –   1-    ,   
   . 
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     ,    
     , 

      . 
      

       
( . 5.15). 

 

 
 
. 5.15.       

     
 

      
,       (  
  ).     

    .  , 
 ,      
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      ,   
     .   

    . 
 d       
     . 

      iC  
    ,    
 .  (  -  

   )   
 iC    1, 1 , 2, 2 , 3, 3     

,   LK1(1,3)   
   iK1(1,3).    

  ’   .   
 « »   iK   

  iC. 
  ,   , 

     
,       

   :    
      

   ,  -  
      

.         
 . 

       
    .   , 

    ,   
 ,  , -    

-  . 
 . 5.16 – 5.21       

  ,    : 
- 6-    (    = 30°); 
-   10/0.4 ,    

  ; 
-     10 ; 
-      

,  750 ; 
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-   . 
(  . 5.16 – 5.19 t  –    

) 
 

 
. 5.16.     10  

 
 

 
. 5.17.      
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. 5.18.  ,    

 
. 5.19.    

 
. 5.20.      
  10     (KU = 7,61 %) 
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. 5.21.      

  10     (KU = 0,01 %) 
 

      
       

      
  .      

       
   .    

      
 . ,    

        
 ’  /   .   

       
    ,    

  ’ .     
      . 

       
-  ,   
  UK     US. 

 . 5.22      
  ,      

. 
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. 5.22.        
  

 
  F, LF (  RF  ) 
      

 UK,  ’     . 
        

   ,     
  ,   UK     

,    . ,    
       
    .      
     -  
. 
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   ( . 5.23): 

-     (    
) –  ; 

-     (  ); 
-      

    
 (  ). 

 ,      , 
   ,   

  .  ,     
      

 S3       
.       

  . 
      

      .  
       

  ’     . 
     -   

 ,       
 . 

     : 
-   ’  ( . 5.24 ); 
-   ’  ( . 5.24 ). 
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. 5.23.       
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. 5.24.       
 

    ’  : 
-        

       
  ; 

-       
 ; 

-       
  . 

   ’ : 
-      

      
; 

-      
 ,     
    . 

5.2.5.  .     , 
     ,   . , 

     
    .  

 ,       
   (      
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    ). ,  ,  
   6-   , 

    30 %    
 .     

      
 .     

   ,     
     . 

 . 5.25   ,   . 5.26 – 
      

. 
  . 5.25   ,   

       
 .     LS 

 6-    , 
     R0, L0.   5-   

7-      .   
        

k  = 1.   C , L       
  ,    ; 

     . 
       

  ,     
 ,      

 ,    " " 
    ,    

. 
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. 5
.2

5.
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. 5
.2

6.
 

 
 (

) 
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     ( . 5.27, 5.28). 

 

 
 

. 5.27.     
 

 . 5.27: 
UFA –    ; 
iFA –     UFA; 
ZF –  ; 
Z  –    ; 
i  –   ; 
UL –   ; 
iL –   ; 
ZL –   . 
 

     UL   
      
  ,    

  -    ( . 5.28). 
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. 5.28.      -   

 
  ,   

    
    :  

 
 FA LU Ki , (5.37) 
 

 K –  ,    ; 
iL  –  -    ,  

     . 
 ,     , 

: 
 
 ( )L L F Fi Z K i Z , (5.38) 
 

   UFA,    iL  
     ZL   

 ,  K. 
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 ,      
   . 

,       
   .    

 (K >> ZL )     
  -  . 
 ,    K   
   ZL   ZF ,     

     . 
 
 

5.3.     
  

 
      

      ,  
       ’ . 

      
       ’    

       
(  ). ,      

      
       

  . 
      

   ’  -   ,  
  :  

 

 0
1 1

( ) sin( ) cos( )f x A A x B x , (5.39) 

 
 A0 –     ’ : 
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2

0
0

1 ( )
2

A f x dx , (5.40)

    
A  –  ’    : 

  

 
2

0

1 ( )sin( )A f x x dx  , (5.41) 

 
B  –  ’    : 

 

 
2

0

1 ( ) cos( )B f x x dx . (5.42) 

 
     ’  

       
.     2p  f(x)   n 

  ( . 5.29),   : 
 

 2
X

n
. (5.43) 

 
  (5.43)     

: 
 

 0 p
p 1

1 2( )
2

n

A f x
n

 (5.44) 

 
 

 

 
n

0 p
p 1

1 ( )A f x
n

, (5.45) 
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. 5.29.      
   

 
 p –   (p = 1…n); 

fp(x) –   f(x)   -  : 
  
 ( 0,5)x p X . (5.46) 
 

      -  
 (5.41)  ’    (5.43)  : 

 

 
n

p p
p 1

2 ( )sinA f x x
n

, (5.47) 

 
  sinp x –   sinp x  x = p X. 

      -  
 (5.42)  ’    (5.43)  : 
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n

p p
p 1

2 ( ) cosB f x x
n

, (5.48) 

 
  cosp x –   cos x  x = p X. 

  -      
: 

 
 2 2U A B . (5.49) 
 

     : 
 

 arctg A
B

, (5.50) 

 
      0  . 

     -  : 
 

 
2

U
U . (5.51) 

 
      : 

 
 2 2 2

2 3 ...U U U U . (5.52) 
      

 : 
 

 
2 2 2
2 3

1

...U U U
K

U
. (5.53) 
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5.4.     
   

 
        

      
 .  

      
,   . 5.1. 

 
 5.1.     -  ,  

     
6  10  

 2

c .
. .

U
x

S
 

2

c .
. .

U
x

S
 

  
  .

4
x

S
 .

11
x

S
 

 .x x  .x x  
  

   .
12

x
S

 .
34

x
S

 

  
  .

6
x

S
 .

17
x

S
 

   2

.
1U

x
Q

 
2

.
1U

x
Q

 

  
 .

12
2

x
S S

 

.
34

2
x

S S
 

 , ,   
 .    ,   

 ,    : 
 

 1kp ,  (5.54) 
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 p –   ; 
k =1,2,3,… . 

    ( p = 6):  = 5, 
7, 11, 13, 17, 19… .      

  5, 7, 11, 13 . 
       

    , : 
 

 ( )
1,11( 1)

I
I  , (5.55) 

 
 I  –    , : 

 

 30,9 10
3 cos

U I
I n

U
, (5.56) 

 
 n  –  . 

 -800: U  = 800 , I  = 1550 A, cos  = 0,8. 
  (5.55):  «+»   = 5, 13,   "–"    = 7, 11. 

       
 : 

 

 .
2

I
I , (5.57) 

 
  I .  –     

 : 
 

 .
. 3

S
I

U
. (5.58) 

 
 ,   ,    

  = 2… 7. 
       

  :  
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 4I I n ,  (5.59) 
 

 n –  . 
       

     –    
   .   

      
     .  

     
  : 

 

 . 1,3I
k , (5.60) 

 
 k .  –    ; 

 I  –      
, : 

 

 
3

Q
I

U
, (5.61) 

 
 I  –     , : 

 

 2

1

n

I I  . (5.62) 

 
       

 : 
1.       

   .   
       

,        . 
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2.   -     
  ,   . 5.1. 

3.      
 ,      

  (5.54) – (5.59). 
4.      

. 
5.         

       
10  (6 )    0,4     

  : 
-       

 ; 
-       

 . 
6.       

     
      (5.62). 

7.     
 ( )  ,   . 5. 

8.       
     

       
 (5.60). 

9.       
    (  ) 

     
. 

        
  . 

 
5.5.       

 
 1.       

 10     
,     . 5.30,    
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 (  )   (  ) 
. 

 

 
 

. 5.30.      
  

 
 : 

     110 : S . . = 4000 
; U  = 10 . 

 1: S 1  = 16 . 
  : S  = 0,75 ; n  = 2 .  

  : S  = 1,6 ; n  = 2 . 
   : S  = 8,863 . 

  Q , Q : Q  = 2,075 ; 
Q  = 3,150 . 
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   -800: U  = 0,8 ; 
I  = 1550 ; cos  = 0,8; n  = 8 . 

       
  ( . 5.31). 

 

 
 

 5.31.    
 

        
-800,      5, 7, 11, 13 

. 
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1.     

 
   : 

 
2 2

. .

10( ) 0,025
4000

U
x

S
. 

 
   : 

 

1
1

4 4( ) 0,25
16

x
S

. 

 
   : 

 
17 17( ) 11,3

2 0,75
x

S
, 

 
 S   –     : 

 
0,75 2 1,5S S n  . 

 
   : 

 
34 34( ) 2,66

12,8
x

S
, 

 
 S  –      

 : 
 

1,6 8 12,8S S n  . 
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 : 

 
34 34( ) 3,84

8,863
x

S
. 

 
   10    , 

   0,4 : 
 

2 21 10 1 48,2( )
2,075

U
x

Q
. 

 
  ,    10 : 

 
2 21 10 1 31,7( )

3,150
U

x
Q

. 

 
      

  . 5.32. 
 

 
 

 5.32.     
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  x ( )   : 
 

1

1 1( ) 0, 2681 1 1 1
( ) ( ) ( ) 0,025 0,25 11,3

x

x x x

. 

 
   ,   

 10 : 
 

3 33,15010 10 275
3 3 10

Q
I

U
  . 

 
   ,   

 0,4  (     10 ): 
 

3 32,07510 10 120
3 3 10

Q
I

U
  . 

 
  : 

 
3 30,9 0,9 800 155010 4 10 322

3 cos 3 10 0,8
U I

I n
U

  . 

 
      : 

 
80,4 322( ) 4

1,11( 1) 1,11( 1) 1,11( 1)
I

I n   . 

 
     10 : 

( ) ( )( )
( )( ) ( )( ) ( ) ( ) ( ) ( ) ( ) ( )( )

( ) ( ) ( ) ( )

x x
x

xx x
k

x x x x x xx
x x x x

. 
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     0,4 : 
 

( ) ( )
( ) ( ) ( )( ) ( ) ( ) ( ) ( ) ( ) ( )( )

( ) ( ) ( ) ( )

x x
x x x

k
x x x x x xx

x x x x

. 

 
  I , k , k , I , I   5, 7, 11  13 

   . 5.2. 
 

 5.2.    I , k , k , I , I   
 5, 7, 11  13  

    
5 7 11 13 

    -  
: 

  
322( )

1,11( 1)
I ,  

48,35 48,35 29,01 20,72 

.   k  -0,37 -0,53 -10,43 4,54 

.   k  -0,78 0,34 1,38 -0,39 
 -     

 10 : I  = k I ,  
-18,0 -25,5 -303,0 94,0 

 -     
 0,4 : I  = k I ,  

-37,9 16,6 39,9 -8,10 

 
      10 : 

 
13

2

1

2 2 2 2 2

( )

275 ( 18,0) ( 25,5) ( 303,0) 94,0 421 A.

I I
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      0,4 : 
 

13
2

1

2 2 2 2 2

( )

120 ( 37,9) 16,6 39,9 ( 8,1) 133 A.

I I
 

 
       

 10 : 
 

421 1,53 1,3
275

I
k . 

       
 0.4 : 

 
133 1,11 1,3
120

I
k . 

 
    

   10     –   
 (  )     (  ). 

       
    . 5.33. 

 
   :  

1( ) 1 1 1
( ) ( ) ( ) ( )

1 0, 2521 1 1
2,66 3,84 0,268 11,3

x

x x x x

. 
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. 5.33.      

  
 

      10   
 : 

 
( ) ( ) ( )U I x . 

 
 . 5.3    x ( )  U ( ). 

 
 5.3.   x ( )  U ( ) 

 

    
5 7 11 13 

    -  
,  48,35 48,35 29,01 20,72 

   -  , 
: ( ) 0, 252x  1,26 1,76 2,77 3,28 

   10  
   -  ,  

( ) ( ) ( )U I x  
60,92 85,29 80,42 67,88 
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      10  
    : 
 

13
2

5

2 2 2 2

3

( )
100

60,92 85,29 80,42 67,88 100 1,49 %.
10 10

U

U
k

U   

 
    Q ,     

   : 
 

( ) ( ) ( )U I x . 
 

  5.4    x ( )  U ( ).  
 

 5.4.    x ( )  U ( ) 
 

    
5 7 11 13 

  10   -  
: 
31,7( )x  

6,34 4,53 2,88 2,44 

   10  
  -  ,  

( ) ( ) ( )U I x  
-114,0 -115,0 -873,2 229 

 
      10  

     
: 
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13
2

5
U

2 2 2 2

3

( )
100

( 114,0) ( 115,0) ( 873, 2) 229,0
100 9,17 %.

10 10

U
k

U  

 
        

     10   
 : 

 
9,17 % 5 %(8 %)Uk  

 
      

    : 
 

1,42 1,3k . 
 

      
       
   .  

 2.        
 1. 

    1    5, 7, 11, 
13 .       . 5.5.  
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 5.5.    
 

/      
 

 
 

  
 

5 7 11 13 
1 2 3 4 5 6 7 

  
1.   . . 

  10   
,  

S  150 

2.  ,  U  10 

3.   ,  U .   6,6 
 4.   

 ,  U  -114 -115 -873 229 

5.   
 , % %100,% U

U
U  -1,14 -1,15 -8,73 2,29 

6.    
, %  U  6 5 3,5 3 

7.   
  .,  I  48,35 48,35 29,01 20,72 

8.  ( ) 
  

,  
  ,  

Q  5459,78  

     
9.   

    
  

  U , . . 
12

2

pa  1,042 1,021 1,008 1,006 

10.     
 ,   31c

U
U  6,014 5,894 5,822 5,808 

11.   
   1c . 1c1,3U U U  6,6 6,6 6,6 6,6 

12.   
    
 

1c
1

.
0,77 1U

U
C

U
 0,911 0,893 0,882 0,879 

13.   
    .

1

1 1,3i i
U

C C
C

 1,097 1,120 1,134 1,136 

14.   
    

 
0,612 0,676 0,712 0,719 

2 2
1i i UC C C

2 2
11,3i UC C
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 . 5.5 
1 2 3 4 5 6 7 

15.    
  

   
,  

' 3
p

2

2

2

10

0,45 10 , 5

0,25 10 , 7

0,1 10 , 11, 13

Q K S

K

K

K

 
675 375 150 150 

16.     
 
,  

'' .

i

3

1,2, 5, 7
1,1, 11, 13

i

i

i

U K I
Q

C

K

K

 1878 1700 887 627,6 

17.   
  

 ,  
(      

. 15, 16) 

.Q  2400 2400 1200 800 

18.    
,  

.

. .
. 3U

Q
I  121,2 121,2 60,61 40,40 

19.   
,  

2
1 . 1UQ Q C  1992 1914 933,6 619,4 

20.   
  ,  

n

1
11 ii QQ  5459,78 

21.   
  
 

iQQQ 1.  0,00 

22.   , 
 

3

.

2
. 103

Q
U  10,89 7,779 9,900 12,56 

23.   
   

  ,  

c,max p,max

3
. . 10i

U U

I C
 1,224 0,891 0,573 0,486 

24.    
  ,  

2
maxc,

2
1cmaxc, UUU

 
6,137 5,961 5,850 5,828 

25.   
   

  .

i
i

I K
C

I
 0,479 0,479 0,527 0,564 
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 . 5.5 
1 2 3 4 5 6 7 

    
26.     

 ,  1pX  2,178 1,111 0,900 0,967 

27.    
,  .. 3,1 II  120 120 80 40 

28.     
 ,  31

1
21p

U
U  0,241 0,120 0,048 0,034 

29.    
  ,  

2
maxp,

2
1pmaxp, UUU 1,247 0,899 0,575 0,487 

30.    
,  xUU map,.  6,6 6,6 6,6 6,6 

    
31.   

 2

22

100

100

i

i

C m
q

U

C m

, 

 

.

0,015;

3U
m

U

 

1,824 1,563 1,563 1,653 

32.   
 

q  40 35 25 20 

33.    
   

, % 
2

2

100

1

iC m
U

q

 0,319 0,228 0,234 0,259 

34.   
 1

,%
U

K
U

 -0,28 -0,2 -0,03 0,113 

35.  
  

 , % 

2

1

m

UK U  
  

0,53 
 

 
    :  

-  5-  : -5-6(10)-2400; 
-  7-  : -7-6(10)-2400; 
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-  11-  : -11-6(10)-1200; 
-  13-  : -13-6(10)-800. 

   ,     
      10  

   . 
 

  
 
1.        

   ? 
2.        

? 
3.        

 ? 
4.       

  ? 
5.      ’    

 ? 
6.         ? 
7.         

  ? 
8.       

    ? 
9.         

  ? 
10.       

   ? 
11.       

 ( )? 
12.       ? 
13.      

    ? 
14.      

   ? 
15.        

   ,   ? 
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,      
 ,    

. 
 

6.1.       
  

 
      

       
 ,   .  

     , 
 ,  .   

     . 
6.1.1.     .  

     ,   
     . 

       
   ,      

    ( . 6.1). 
      
      , 

       
       

. 
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. 6.1.      

  ( 1)     ( 2) 
 

     
    Mc (   6.1  

Mc  )    
.     

        
 : 

 

 
2

c 21 U
n n k s

U
, (6.1) 

 
  n  –     ; 

k  –   ; 
U  –   ; 
s  –   . 

   (6.1),      
     

   (     
 ).       

    
,       

   . 



 6 201 

      
      

.      
    ,    
       

.        
,     

,     
  ,    .  

 ,   , 
  ’   . 
         

 ,     
  .      

  . 
       

     .  
     ,  

   (  2–3 %   
   1 %),     

   ,    
 . 

        
 ,     

 ,      
 . 

      
    : 

-      : 
 

 T
T

k
, (6.2) 

 
-   ’    : 
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 2(46 7,55 1)
T

T
U U k

, (6.3) 

 
 T  –       

   . 
,       

    ’   
.       

 ,      , 
  , ,  

. 
      

      
 .      

     
 .       

      3 %  
 (       
), , ,     

    [7]. 
 ,        
 . ,     

  7%,     
   15 .    5%   

    . 
     
  . , 

       15 % 
    [8]. 

6.1.2.   .    
       

,     , 
      
   [9]. 

      
  . 
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 .    
       

  .    
       

 , ,  5-8      
.  ,     

     .  , 
    ,  

       
   (    ),  

     , 
   . 

    
 ,      

   4%,  .    
 5%     5–10% [10]. 

 .      
 ,       

.       
    .  

    ,    
 .  ,    

 ,        
    ,    

,    .    
       

,       
   .   

    30%,    
 ,  ,  . 

      
      

       
  .     

    10%    
   ,  20% –  

.       
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 .      
       . 

 .       
       
  .      

   ,      
.       

   .    
    .  

        
 , ,   ,    

  ,   ’   
  . 

     .    
      

      
 .      

      . 
        

      , 
       

  42%    
. 

 .      
     

   .    
     

.        
    ,   

        
    . 

 .    
    . , 

 ,       , 
   ,  

     
 ,     .  
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,       

  .  
     

. ,        
       ,  

       
,      

.  ,        
  ’     

’      .   
 . 
        

      
  ,    
      
 . 

       
    ,   

    . 
      

,      ’ , 
      [11]. ,  

 -       
      33 %. 

6.1.3.   .   
 -  ,   

   ,   
.  ,     
,         
,     ,  

    .     
   -  

     
. 
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 ,  
   ,    

 ,  , . 
       

      :  
  –  19-   ,   

  –  25-    
 [9]. 

      
    

   2- , 3- , 4- , 5- , 7-  
 ,       

  – 5- , 7- , 11- , 13-  . 
  3-     

 10%    ,  5-   – 3%. 
        

   ,   
   380/220 ,    , 

      .  
      

 . 
       

       : 
   ,  , 

 ,  ,   
       . 

       
    ,   

  .     
     

 ,     
 - ,       

 .      
    .   

      50 ,   
    350  (7-  )  .  

  ,      , 
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       .  
  ,        

 6,0–8,5 %,   2,5    36 % 
,   3,5  –  43 %     

,     .   
       
   .    

   .    
        

   (   ),   
        

   .     
    ,   
     .  

,     5-10 %     
      15-20%,   

   10-25% – ,   30 %. 
      

       ,   
    ,   

      .  
,       

  ,     
  .    

       
.  ,   

 ,     
       

 .   ,    
    , 

  ,   
 .  

      
,      

, ,     
  ’   « -    

»  « -    »  
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      , 
  .  ,  , 

     . 
       

 ,    
   ,    . 

    ,    
    0,25   

 .      
  ,     

    . 
 ,     
 ,      

   .  ,    
      , 

       
         

50 .  ,   ,  
    ,   

       
 .   ’     

    
 :     

       
     (  

   ). 
       
     ,  

     . 
  -  ,   

       
,      

,     
 ,  ,  

,      
,    , 
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   .   
      

 ,    
  . 

     
       

  ,       
 .  ,    

     
     ,  
      . 

      
      

       
 ,    . . .  

,       
.       

 ,       
.  ,   

     ,   
      

.         
   ,     

       
. 
     

  ,    
       
         

       .  
,      

 ,     
   ,   

       
   .    

     
    , 
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   .     
     

. 
       
   ,   
    . 

       
      

 ,     
    ,   

 .     
       
  -    ,  

  .     
      . 

 
6.2.   ,   

  
 

      
    : 

 
 

1U , (6.4) 
 

  –      
  U1; 

 –       
 U1. 

     
       . 

    : 
 

 P
P n . (6.5) 
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     : 
 

 1
P P  . (6.6) 

 
      : 

 

 1
3

P P , (6.7) 

 2
3

P P . (6.8) 

 
       

: 
 

 2
UP P P k . (6.9) 

 
  : 

 

 11
100

U
k . (6.10) 

 
       

:  
 

 
2

2
2U

P k
P P k

k
. (6.11) 

 
     : 

 
 U U UP P P . (6.12) 
 

        
: 
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 3

0 10P U iP t C . (6.13) 
 

      
   . 
    : 

 
 tgQ P . (6.14) 
 

      
 : 

 

 1
3

Q Q , (6.15) 

 2
3

Q Q . (6.16) 

 
     

 : 
 

 2
UQ Q Q k . (6.17) 

 
     

 :  
 

 
2

2
2U

Q k
Q Q k

k
. (6.18) 

 
     : 

 
 U U UQ Q Q . (6.19) 
 

      
  : 
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 3

0 10Q U iQ t C D . (6.20) 
 

   : 
 

 P Q . (6.21) 
 

  : 
 

 
2

31 10
100 i

U
a b t  (6.22) 

 
       

   (6.4). 
 

6.3.   ,   
  

 
       

     :  
 ,   , 

    .   
        ,    

 ,     
. 

      
     . 
        

   –     
     

. 
       

,      0,2-10 .  
   .    

   ,    
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 ,       
  . 

      
( )

rP    , ,     
,     r,   

 Z (   ),   : 
 

 
2 2

( ) 3
r

m U r
P

Z
, (6.23) 

 
  U –       , 
; 

m –  ( ) . 
       

 ,    .  
       : 

 

 
*

*1
S f

S
f

, (6.24) 

 
  S –        

    ;  
 *f  –  (     )  

. 
      P *    

   : 
 

 

2
2 22

1

* 2*
2 * 2

1 2 *

0,5

1 (1 )
P

r
m r x

S
P

f
r r x f

S f

, (6.25) 
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  r1, r2 –       (   
 );  

 x  –     . 
 

6.4.   ,   
  

 
      

 . 
      

  :  
 

 P , (6.26) 
 

  –      , . 
.; 

P –  ,    
 ; 

 –  ,    
 . 

,     
   : 

 

 0
1

n

P i i
i

PT , (6.27) 

 
 0 –   , ./ ;  

Pi –      -   
   , ; 

Ti –    -     
 , . 

     : 
 

 ' 2
2i i UP k K , (6.28) 
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 '
ik  –       

   -      
, . . 

 ,     
: 

 

 
1

1
1

n
i

i E T
, (6.29) 

 
  –    -     

 , . ./ ; 
 –     -    

 , ; 
i –      -   

  , . .: 
 

 ke , (6.30) 
 

 k  –  : 
 

 ' 2
2Uk d K , (6.31) 

 d´ –  ,     . 
    (6.29)   

: 
 

 . .D , (6.32) 
 

  –   -    , 
. .; 
D . .  –      

;     
. 
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6.5.   ,  
  

 
        

  : 
 

 23P I R . (6.33) 
 

,  
 

 RR k x , (6.34) 
 

    : 
 

 
2

3*

2
10

n

R
U

P k S , (6.35) 

 
 x  –      ; 

S  –       
 , . 
 ,     
       

      
 : 

 

 
2
*

0
2

n U
P c A T P , (6.36) 

 
 , B –  ; 

 P  –    ,  
  ; 

 –    . 
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6.6.       
 

 
 1.      

   ,     
 . 6.1.       

10   U1 = 4,93 %. 
 

 
 

. 6.1.     
 

       
   . 

    : 
 

10004 4347,82
0,92

P
P n  . 
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     : 
 

1 1 0,924347,82 378,07
0,92

P P  . 

 
       

: 
 

1 1 378,07 126,02
3 3

P P  , 

2 2 378,07 252,05
3 3

P P  . 

 
       

 : 
 

2 2126,02 252,05 0,6 216,76UP P P k  . 
 

  : 
 

1 4,931 1 1,049
100 100

iU
k . 

 
       

 U1 = 4,93 %: 
 

 
2 2

2 2
2 2

252,05 0,6126,02 1,049 221,17
1,049U

P k
P P k

k
 . 

 
       

  U1 = 4,93 %: 
 

221,17 216,76 4,41U U UP P P  . 
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    U1 = 4,93 %: 

      
   . 
    : 

 
tg 4347,82 0,426 1852,17Q P  . 

 
      

 : 
 

1 1 1852,17 617,39
3 3

Q Q  , 

2 2 1852,17 1234,78
3 3

Q Q  . 

 
     

 : 
 

2 2617,39 1234,78 0,6 1061,91UQ Q Q k  . 
 

      
 U1 = 4,93 %: 

 
2 2

2 2
2 2

1234,78 0,6617,39 1,049 1083,51
1,049U

Q k
Q Q k

k
 . 

 
       

  U1 = 4,93 %: 
 

1083,51 1061,91 21,60U U UQ Q Q  . 
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      U1 = 4,93 %: 

 
3 3

0 10 21,60 365 8,87 0,036 10 2,52Q U iQ t C D  . ./ . 
 

       
U1 = 4,93 %: 

 
14,28 2,52 16,80P Q  . ./ . 

 
      

U1 = 4,93 %: 
 

2
31

2
4 3

10
100

4,9324347,83 5, 465 1,1 10 365 10 21,38 . ./
100

i
U

a b t

 . 

 
        

U1 = 4,93 %: 
 

 16,80 21,38 38,18  . ./ . 
 

 2.      
    10  ,     

. 6.2. 
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. 6.2.     
 

   K2U = 2,38 %.  . 6.1   
   ,  

 
 6.1.       

    

 
/    

 
, 

,  

, 
. 

, . 
. 

1 -6300/35/10 2500 2 100 
2 -630/10 630 4 30 
3  >100  250 6 3 
4  450 2 3,5 
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      . 6.2. 

 
 6.2.       

     

 
/  

 
 S , 

, 
. 

, . 
.

/  
k' d' D . . T 

1 -6300/35/10 5000 200 48,8 0,5 338 9,4 8760 
2 -630/10 2520 120 29,28 0,67 610 9,4 8760 
3  >100  1500 18 4,698 2,175 434 11,1 1000 
4  900 7 1,708 0,003 2,6 9,4 7000 

 
      

   . 6.3. 
 

 6.3.      
 

/  
 

 P, W, P, 
. k  , . 

 

1 
-

6300/35/10 1,42 12405 15,49 0,19 1,21 2,57 
2 -630/10 0,96 8378 10,46 0,35 1,41 3,02 
3   1,85 1848 2,31 0,25 1,28 0,33 
4  0,00153 10,71 0,0134 0,0015 1,0015 0,0006 

       28,28     5,92 
 

      :  
 

28, 28 5,92 34,2P  . ./ . 
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4.        
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5.         

 ? 
6.        

 ? 
7.       

 ? 
8.       
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9.          

? 
10.        

? 
11.       

 ? 
12.        

 ? 
13.       ? 
14.        

 ? 
15.        

     ? 



 7 225 

 7 
 
  

  
 

 
 

        
       
      

   . 
 

 
7.1.    

 
     

   IEC 61000-4-30:2010. «  
.  4-30.    . 

    ». 
    [12]  

      
   :  

,  ,  ,  
 ,  (  ),   

       
. 

      
  ,    (  

  )   (  
 ). 

       
      : 

-      
      

 (   )    
 ; 
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-      
    ,    

 ,      
   . 

      
   : 

-      –     
   /  (  
/  ); 

-      –      
  / ; 

-  –    1%   
  ; 

-   –     0,5%  
 /  (  /  )    

   . 
    (  

  )   
  . 

 ,       
         

       
       

  . 
      

   , : 
-     

(    ),     
  ; 

-     ,  
 ( )  ,   

 ,     
   ; 

-   ,     
  ,   

      
  . 
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7.2.      
 

      ,  
      

   .   
   . 

7.2.1.      
   PQM-7xx.   

   PQM-702(T), PQM-703, PQM-710  
PQM-711    «SONEL S. A.» ( . 7.1) 
–    ,   

  ,     
 50/60         

 [1].  

 
. 7.1.    PQM-703 

 
  ’     

,  ,   ’   « »,  
 L1, L2, L3, N  PE.     

     ± 1500  (  ). 
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      ,   
  . 

      
    , ’ ,  

,    .  
  :   F-1, F-2, F-3,   

  3000  (    ), 
  C-4 (   1000   ), C-5 

(   1000A)  -7 (   100 A  ). 
,     ,   

       
, ,      

  100/1   C-6  
   1000 . 
    ’   8 . 

      
,      

,        
 / .       

  ’ : USB, ’    
 OR-1 (    PQM-702(T)  PQM-703), 

 ’  Wi-Fi (    PQM-710  PQM-711) 
 GSM. 

 GSM (    UMTS)   
   .      

   -   ,    GSM.  
      SIM- ,  

  . 
 ,    ,  

 -  . 
     

    320x240    3,5 
,   4-  . 
 . 7.2   ,   

  . 
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. 7.2.       
 

       
: 

-  ( . 7.3); 
-    ( ,    

, . split phase) ( . 7.4); 
-  (« »  ) ( . 7.5); 
-  (« »   ) ( . 7.6); 
-  (« ») ( . 7.7). 

 
 

. 7.3.       
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. 7.4.      . 
 

 
 

. 7.5.        
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. 7.6.        
 . 

 
       

   ( . 7.7 – 7.8). 
 

 
 

. 7.7.      
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. 7.8.      
    

 
      

 ,     ,  
   IL1  IL3.   IL2 

   : 
 
 2 1 3L L LI I I . (7.1) 
 

        
« »  « »   . 

        
         
 IN. 

   IN     
      . 
       «  

  ».       
  : 

-   : 
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 1N LI I , (7.2) 
 

-   : 
 

 1 3N L LI I I , (7.3) 
 

-      ’   « »: 
 

 1 2 3N L L LI I I I . (7.4) 
 

  GSM    
’       ,    
  .  ,    USB  OR-1,  

       , 
   ,    , 

     . . 
 PQM-710/711   Wi-Fi,  

   IEEE 802.11 «b/g»  «n»   
  (     ).   

       (  
’ ).   ’  «  – » 

( . 7.9 – 7.10),     ( . 7.11)   
Internet ( . 7.12). 

 

 
 

. 7.9.  ’  «  – » 
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. 7.10.   «  –  » 
 

 
 

. 7.11.     Wi-Fi, 
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. 7.12.     
 

,      ,  
     

’  Sonel Analysis. 
 «SONEL ANALYSIS 2.0»    

     PQM.  : 
-    ; 
-       ; 
-    ; 
-     ; 
-    (     

); 
-     54149 (   

 )    ,  
 ; 

-      . 
       

  . 7.13. 
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. 7.13.        
( ) 

 
 . 7.14.       
  . 

 
. 7.14.         
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 . 7.15      
 ,        

   . 7.16. 
 

 
. 7.15.       

 

 
 

. 7.16.       



    238  

7.2.2.      
  Memobox 300 Smart. MEMOBOX 300 Smart – 

     
,     

      -  
     50  60 . 

     
       

 ,    ,  
EN 50160. 

  , MEMOBOX 300 Smart  
  : 

- Q (Quality) –    ; 
- P (Power) –      

; 
- A (All-in-One) –      

. 
     . 7.17. 

 

 
 

. 7.17.    Memobox 300 Smart 
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,      

   .     
  : 3U ( ), 3U+3I (   

), 3U+3I+N (   ). 
  : 

-  P:  30 000  ; 
-  Q:  9 600 ; 
-  A:  5 700 . 

        
88 – 265  (  50  60 ).    

      100–400 . 
 : 

-  :  ± 0,5 %; 
-  :  1°. 

   –    2 . 
       

, : 
- ,      

; 
-    ( , , 

 ,   ); 
-  ,    40-  ,  

  (THD),  , 
     (Pst, Plt). 

       
   CODAM PLUS,  

: 
-      ; 
- -      (  

  ); 
-      EN 50160   

  ; 
-     ASCII  Excel   

. 
 . 7.18 – 7.20     

CODAM PLUS. 



    240  

 

 
 

. 7.18.     
     

 

 
. 7.19.     
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. 7.20.        

 
7.2.3.      

   DMK-32.  , 
     ,   

   DMK-32,    
      
 . 

  DMK-32   
   , 

     
       

.  
     . 7.21.  
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. 7.21.    DMK-32 

 
     : 

-     (RMS),     ; 
-  ; 
-  (P),  (Q)   (S) ; 
-   (cos ); 
-  (   ); 
-      (  31-  ); 
-     (THD). 

     
,     

   : 
-   –   

      ,  
   ; 

-  –     (50 )  
      ; 

-   –   cos    
   ,    

 ; 
-   –     

       
; 
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-   –     
31-  ,    THD,     

     .    
    ,   

 ,   , 
   . 
       . 7.22, 

7.23. 
 

 
 

. 7.22.    DMK-32  : 
)   ; )   ; )   
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. 7.23.   DMK-32    
    : 

)     A, B; )   
  A,  

 
     / ,  

    . 
  DMK-32,   

  ,   
       

 ’   .  
       

    ’ , 
      , 

    .  
  DMK-32   ’  

  . 7.24. 
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. 7.24.    DMK-32  ’  
 

      
: 

-       :  
( , ), ,  (P, Q, S), ,  

   (  31-  ), THD   , cos , 
  ; 

-      , 
 ,  ; 

-   ,  ,  
  (Modbus RTU); 

-     ’    
; 

-  :     
   ,     

 ; 
-       

(CSV, Excel)   ; 
-   SCADA-    

 . 
     . 7.25. 
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. 7.25.    
 

      
     . 7.26 – 7.27. 

   ,  Modbus 
RTU, DMK-32     SCADA   

    .  
     OPC- ,  

 ,       , 
    SCADA-  ( , 

WinCC, TraceMode, Ignition, ). 
 ,     , 

DMK-32        
   EN 50160,    

  ,     
 , . 
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. 7.26.        
 
 

 
 

. 7.27.     
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 , ’    , 

      
,      . 

 
  

 
1.      

    ? 
2.        

  ? 
3.        

    ? 
4.      

    ? 
5.       

  PQM-7xx? 
6.        

 PQM-7xx  ? 
7.      SONEL 

Analysis 2.0      PQM? 
8.      Memobox 300 Smart 

     ? 
9.       

DMK-32      ? 
10.       

     ? 
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