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       (  ); 
   ( ); 
  . 
        

     /   {P (U), Q (U), U(t), f(t), 
P (t, U), Q (t, U)},      {P (U, 
dU/dt), Q (U, dU/dt), P (f, df/dt), Q (f, df/dt)}. 

      
      [5]. 

        -
      tm   

  : 

 )()())(,( 2
43

2
210 iiiiii tfatfatataatftP , (3) 

 },...,,{ 21 mmi tttTt , )}(),...,(),({)( 21 mmi tftftfFtf ; 

))}(,()),...,(,()),(,({))(,( 2211 mmmii tftPtftPtftPPtftP . 

   , : 

3 4/ 2 ( )iP f a a f t , 

 : 
 43c /))(2()/)(/( PftfaaPffPk ii , (4) 

 , fP  –     . 
    k      -

         : 

 )()()()())(),(,( 2
65

2
43

2
210 iiiiiiiii tUatUatfatfatataatUtftP . (5) 

    : 

 )(2 43 itfaa
df
dP . (6) 

         
 ,      ,  (3) 

   : 
 )(30 itfaaP , (7) 
 

 3a
df
dP . (8) 

    k ,  [1]  (4),  : 

 3 P
fak . (9) 
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2.   
         
       ( ).  
       ,  

  -   ,    -
   ,     – . 
  110–220–500        

  (  ). 
  :    , 
     ,     

  (       –  « », 
 « -  »,  « »,   « », 

 « »  .), -     -
 . 

  .     -
  ,  ,     

     (    
). 

 . 4.4.3  [6],      
 –   0,3 % (0,15 %  50  = 0,075 ) [7].    

      0,06 .   , 
          

 ( ),        
. ,      

      . 
     ,  

 ,           
 (2)      . 

  (    )   
  ,     : 

 -1 – ; 
  – ; 
 -1 – ; 
 -2 – . 
        , -

, 50      ,  ,  
    (    ). 

       -
        .  -
   ,   . 1–5,   

   .    . 1–4 
      ,    

   (  ). 
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2.1.  24  2017  

  ,    , -
 24  2017 ,      

  . 1.      : -
  ,      49,93   -

     49,99 .   -
  ( )     . 1. 

 

. 1.   24  2017     
 

 1 
   P( f )   24  2017  

  1, 
100–300  

 2, 
100–210  

 3, 
210–220  

 4, 
220–300  

 5, 
212–214  

a3 a0 a3 a0 a3 a0 a3 a0 a3 a0 

   165,0 –7 032,0 97,6 –3 663,5 107,8 –4 176,5 136,1 –5 586,3 345,5 –16 056,0 

-1 –  
 88,2 –4 022,8 36,4 –1 431,9 66,2 –2 920,5 96,2 –4 418,8 186,3 –8 923,8 

 – 
 28,1 –1 244,4 28,8 –1 278,8 11,9 –431,9 2,0 58,7 94,4 –4 559,4 

-1 – 
 12,6 –520,5 5,9 –186,2 7,7 –277,3 3,6 –71,8 19,6 –869,3 

-2 – 
 35,7 –1 227,0 38,0 –1 346,1 27,2 –806,2 37,7 –1 326,8 113,8 –5 132,0 

dP/df  
«   » 165,0 97,6 107,8 136,1 345,5 

   
«   » 3,78 2,24 2,47 3,12 7,92 
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2.2.  27  2017  

  ,  27  2017 , -
       . 2.   

       (  , 
    )     (  -

         ). 
        . 2. 

 

. 2.   27  2017     : 
)  ; )   

 2 
   P( f )   27  2017  

  1, 
175–190  

 2,
173–179  

 3, 
179–191  

 4, 
1614–1622  

 5, 
1615,6–1622  

a3 a0 a3 a0 a3 a0 a3 a0 a3 a0 

   138,0 –5 875,7 68,6 –2 285,1 156,3 –6 675,4 189,8 –8 343,2 186,5 –8 175,3 

-1 –  
 65,9 –2 858,2 28,8 –998,5 67,2 –2 926,8 79,6 –3 536,2 77,2 –3 419,4 

 –  
 35,9 –1 719,0 12,7 –556,8 43,2 –2 086,0 41,6 –2 002,3 39,6 –1 904,6 

-1 –  3,9 –60,9 –0,1 139,7 4,9 –109,6 9,2 –323,1 10,2 –374,2 

-2 –  
 48,0 –1 907,3 30,2 –1 014,2 49,1 –1 960,4 59,6 –2 481,7 59,5 –2 477,1 

dP/df  
 «   » 138,0 68,6 156,3 189,8 186,5 

   
«   » 3,72 1,85 4,21 5,11 5,02 

2.3.  25  2017  

    , -
 25  2017 ,      -

  . 3.     :   
        0,08 .   

      . 3. 



. . , . . , . . , . .  
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. 3.   25  2017      

 3 
   P( f )   25  2017  

  0, 
0–1200  

 1, 
820–1160  

 2, 
700–1160  

 3, 
0–700  

a3 a0 a3 a0 a3 a0 a3 a0 
   142,7 –6 081,3 184,3 –8 159,6 184,3 –8 160,8 55,0 –1 690,0 
-1 –  –83,3 3 794,3 –97,6 4 508,9 –97,1 4 485,4 –49,2 2 087,9 

 –  –0,2 –120,5 –19,2 830,2 –20,4 893,6 30,1 –1 633,8 
-1 –  –3,2 33,8 –5,0 125,5 –4,8 115,0 –0,9 –81,4 
-2 –  56,5 –2 394,3 62,5 –2 693,0 62,0 –2 667,7 42,0 –1 668,2 

dP/df  «   » 142,7 184,3 184,3 55,0 
  «   » 4,05 5,22 5,22 1,56 

2.4.  30  2017  

  ,  30  2017 , -
       . 4.   

   :   ,  
   49,94 ,      

     .   -
      . 4. 

 
. 4.   30  2017      



        

       2 (77)  • 2017 • 

13

 4 
   P( f )   30  2017  

  0, 
0–1200  

 1,
0–400  

 2, 
400–1200  

 3, 
400–800  

 4, 
800–1200  

a3 a0 a3 a0 a3 a0 a3 a0 a3 a0 
   154,8 –6 692,7 80,7 –2 986,7 137,6 –5 833,3 161,1 –7 007,0 137,6 –5 833,3 
-1 –  

 87,6 –4 017,9 53,2 –2 300,6 80,1 –3 647,4 103,9 –4 834,1 76,3 –3 454,6 

 – 
 8,9 –296,4 5,0 –102,3 6,0 –149,4 –1,2 207,3 22,2 –960,1 

-1 –  3,7 –71,2 2,2 3,4 4,0 –86,7 2,3 2,3 4,9 –128,8 
-2 –  

 54,7 –2 315,1 22,1 –682,0 54,7 –2 316,5 56,2 –2 389,6 52,1 –2 182,2 

dP/df   
«   » 154,8 80,7 137,6 161,1 137,6 

   
«   » 4,19 2,18 3,72 4,36 3,72 

2.5.   
     . 5.    

 . 1–4  ,      [4]. 
     -  -

 ( )  ,  . 
 5 

    
  

,  
 

 
 24  2017  2182 3,78 
 27  2017  (  1) 1856 4,21 
 27  2017  (  2) 1856 5,02 
 25  2017  1764 5,22 
 30  2017  1847 4,19 
    4,48 

   ,      -
     . ,   

    (3,78),  -
   ,         4,66. 
       :  -

   5   . 

 
      -

           
   0,06 . ,      

  ,    ,    
          

.    ,       
 ,       



. . , . . , . . , . .  
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   . ,   -
   ,    ,   [4]. 
        -
           -

        . 

  
1.     / . . , 

. .   .  . . . . – .: , 1985. 
2.        -

    //    «  ». 
 59012820.29.240.007-2008. 

3.     . -
  .   .  

 .    //    «  ». 
 59012820.29.240.001-2011. 

4.  . .,  . .     -
        

,     //  5-  . 
.- . . «   ». – , 10–14  

2014 . – . 1. – . 240–244. 
5.  . .,  . .      -

  . – : , 2000. 107 . 
6.         

. – : , 2003. 
7.         .   

 //    «  ».  59012820.27.100.003-2012. 
 

  , -  . , ,    -
   -     

 (  «  »). 
E-mail: berdin@niipt-ems.ru 
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     (  «  »). 
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        . 

1.    
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        . -  
   ,     (   

 ),   ,   .     -
     ,    , 

 ,            
  .     ,  -

          
 [4]. 

        -
  ,     ,   . 
          

 ,        
  ,       

  . 
       -
    .    -

        
   ,      (  -

       ). 
       -

   [6] ( . 1).      , 
     .      

. 2.       ,  . 
,   1–4    7–9.  -

   . 3. 

 
. 1.   
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. 2.    

 
. 3.    

- ,         
 ,         -

   ,      .   
      . 4. 

 
. 4.     : )   1; )   4; )   3;  

)   2 

        -
        ,   

    . 

2.     
        
.    ,   i  j,  

 : 

 ijiij IUS 3 , (1) 

 iU  –    i; 

ijI  –     ,   i  j. 
          

    ,    ,  -
   : 

 ( (cos sin ) )ij ij i j ij ij iS Y U U j U , (2) 

 Yij –   i–j; 
U  –   ; 

ij –     i  j. 



. . , . . , . .  
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  220    (       ) 
        . 

       (2)    
 : 

 sinPij ij j ijI b U , (3) 

 ij
Pij

i

P
I

U
,  ijP  –      i–j; 

1
ij

ij

b
x

 –    i–j,  ijx  –  . 

         i    n 
j-  ,    ,  : 

 
1

sin
n

Pi ij j ij
j

I b U , (4) 

 i
Pi

i

PI
U

,  iP  –       i. 

 (4)        
  i.        -

 ,    .  -
        

 [7]    . 
          (2). 

    ,     -
  .    (4)   

        -
  . 

   iP  –    -
 ,      ,     

. ,   2   ( . 2)   
  332  ( . 3)      

(–700 ),     7   9.    1  
       ,   

          . 
         -

 ,   , « »   
  .      x,  -

 ,   y,    ,  
 ,     .  -

      x
yk ,  ,  

   x    y.     -
   : 

7
2 0,923k , 9

2 0,077k , 7
4 0,077k , 9

4 0,923k . 
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       ,    

,     . 

3.  
3.1.    

     -
          

 ( . 1).          
       RastrWin. 
  10  ,     

  1, 3  4 (2 – )   650  720 .   
       

      .    : 
       .   -

  . 1  2. 
 1 

       
   (   R) 

  X12 X24 X34 R12 R24 R34 
1 10,96     1,62     
2 11,40 56,17   –0,48 0,75   
3     11,02     1,36 
4   48,90 6,00   15,05 –6,50 

 11,18 52,54 8,51 0,57 7,90 –2,57 
 11,02 57,28 11,02 1,32 6,88 1,32 

 1,45 % –8,28 % –22,78 % –56,86 % 14,84 % –294,6 % 

 2 
       
   (   R) 

  X12 X24 X34 
1 11,08     
2 11,37 55,82   
3     11,08 
4   62,92 11,47 

 11,22 59,37 11,28 
 11,02 57,28 11,02 

 1,86 % 3,64 % 2,35 % 
 

 . 1 ,         
     .    



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

    .     
          
  .      

( . 2)      . , 
         -

  .  
         

     .  -
      (    

)   ,    -
  3,64 %. 

     -
       , 

   .      -
       , 
     .    

    -  .  
         

 ,        -
       . 

3.2.     

      -
     ,       -

        -
  .        

,        -
 ,      .   

          
  . 

         
   MATLAB Simulink.     

  3     +5 %  20 .  
      4     –5 % 

  .     .  . 5, 6 
       -

   .      
      . 3. 

   ,     , -
    ,     

  .    , -
  ,  4,02 %. 
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. 5.    

   
. 6.     

 

 3 
     

     
  X12 X24 X34 

1 10,93     
2 11,57 58,29   
3     10,93 
4   60,88 11,51 

 11,25 59,58 11,22 
 11,02 57,28 11,02 

 2,08 % 4,02 % 1,86 % 

 
 ,      

.        
,     .    -

   ,       -
 . 

       -
,    .     

    ,   5 %.     
        -

    . 
         -

  .     ,  
        . 
           

    .      -
        

         
    .  



. . , . . , . .  
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1.  . .,  . .,  . .,  . .,  . . -

         
 //  , 2015, . 8. – . 36–39. 

2.  . .,  . .,  . .   -
       
 //     , 2016,  1(74). – 

. 60–68. 
3.  . .,  . .,  . .    -

     //    
 , 2016,  2(75). – . 75–83. 

4.  .     – .: , 1973. – 264 . 
5.  .     .  : . 

 . – .: , 1987. – 392 . 
6. Kundur P. Power system stability and control. – New York: McGraw-hill, 1994. 
7.  . .,  . .     

     //    -
 , 2016,  2(75). – . 59–66. 

 
 

  , -  . , ,    
   -     

 (  «  »). 
E-mail: berdin@niipt-ems.ru 
 

  ,    ,  
   -     

 (  «  »). 
E-mail: bliznyuk@niipt-ems.ru 
 

  , . . , ,   -
 –        -

     (  «  »). 
E-mail: gerasimov@ntcees.ru 
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  .       ( -
   )       ( . .   
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        .    

      -
.           

        -
   -   (      ) 

  .       -
,    ,      -

,    . 

 : ,    ,  
,  ,  ,  . 

 
   «   ,   -

      (the short-circuit 
withstand)»      ,   
70-     [1].   ,   

   ,       -
       

  «the short-circuit withstand»     
 (   ,   , , 

     ,   
  . .)         

     [2].     1930-   
       -
   [3–13].   , ,   , 
       ,     

  [14–20],     ,  , -
,  [4, . 22], «        -

       ».  -
   100       

      «  »,  -
 (« »!)  »,      -

     ,     
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  .   ,      
        -

,       -
, !     [21–24] ,    

 ,        -
          
   ,     ,  , 

   .      -
           

 ,      [25].  
   –   [25]     -

,      –  
   :   , 

     , . . ,  ,  
  ,       

         . -
       (μ  = , 
    ,     -

  )      -
  ,      

   ,    
   ,   -

. 
    . -

        
( . 1, )       -

.    a  wa    ,   
 b  wb    .   

       . 1, .  μ  = ,   1  2, 
   ,  .      

  ,   

 h h h . (1) 

  ,     ( . 2, ), 
 

 1a

b

w
n

w
. (2) 

        

   ( . 1, ),   –      a-

 (  0bU ),    ( . 1, ),  b  –  -

    b-  (  0aU ).      
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   .   ( . 1, , )  
 ,     ,  ,  -

 .      ,  

 2a bn ;            2

a
b

n
. (3) 

  n    k,   -
  1 2/U U     (  – )  -

 ( . 2, ). 

 

. 1.     (μ  = )  ( )   
    ( , ) 

 
. 2.  ( )         

   ( )    ( ) 



. .  
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  .  [25]   
       -

  .  . 2,    -
      2×2- ,    

        -
 ,   –   -

    n.     
( . 2, )   ( . 2, )  ,       

  : 

 1 a bI I I , (4) 

 1 aU U , (5) 

 2 bI I , (6) 

 2 a bU U U . (7) 

      –  
      : -

 S  (   )   S  (  -
 ).       -

 –    S     S ,   
  .   (2)  1bU U U   

b b a bS U I U I S ;   ,    -
   ( . 2, )   

. 
   .   ( . 2, )  

 1U .  2Z ;  2 0I .     

( 2 0bI I ),     : 

 xx
a

b

U n
U

. (8) 

,  (7), (8)  (5) 

xx xx
2 1

1a
a b a

U nU U U U U
n n

, 

,  ,      
  ( . 2, ) : 

 1
xx
2

1
1

U nk
U n

   (    ). (9) 

   .   ( . 2, )  
 2U .  1Z .  1 0I .    -
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    ,   2 0I .  (6)  

(4), : 2 0bI I , 1 0a bI I I   : 

xx xx
1

1b b

a

U U
U U n

. 

 (7)  (5), 

 1
2 1 1 1

1 1
a b

U nU U U U U U
n n k

 (10) 

,    ,    -
    ( . 2, ) : 

 2

1

1 1 1U nk
U n k

 (    ). (11) 

   . 
    (8) – (11)  

.   : 

 
1

nk
n

;     
1

kn
k

;     11
1

n
k

. (12) 

    ( . 2, )    
( . 1, ),        -

 ( . 2, )   (  )    
,           

-  ( X ),     b-  ( bX ),     b   (3). 

   .    
( . 2, ) 2 0U .    : 

1
aa

a
U U U

n
;       1aaU nU , 

     : 

1 1( )jx I nU U ;     1(1 )n UI
jx

;     1(1 )b n n UI nI
jx

.  

  : 

2 1
1 (1 )a b UI I I n

jx
, 

,  ,        
-  

 
2

1
2

1 0 (1 )U

jxUjX
I n

 (13) 



. .  
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,   (12),   (3): 

 2 2
2 (1 )

(1 )
bxX k x k x

n
. (14) 

     1U ,  -
   (9)   (13), . . :  

xx
1 2U kU ;     

2
1 1 0U

U jX I , 

 ,   . 3, ,  

; ; ;b b A bA bZ jx Z jx Z jX Z jX . 

 
. 3.     , 

   1U     ( )    2U     ( ) 

   .    
( . 2, ) 1 0U .    2U .   -

  ,       :  

 
1

2

2 0( )
b

U

UjX
I

. (15) 

 ,  1 0U U , : 

2
U U

n
;     2U nU , 

     : 

2( ) 0jx I nU ;     2nUI
jx

;     
2

2b n UI nI
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  –  ,  ,    
       ,   
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         abc  -
 qd,   (5). 

      (7), -
     (9). 
      ,   

   . 2.     ( ),  ( ), 
 ( ),  ( ),  ( ),  ( ).   – 

13,8 ; 20 · ; r – 0,05; rf – 5,79 10–4; rD – 1,17 10–2; rQ – 1,97 10–2; Ld – 0,835; 
Lq – 0,449; LF – 0,927; LD – 0,995; LQ – 0,811; Lad – 0,813; Laq – 0,427 (  

      ).    
   -3       -

 (    20 106/3 103,    13,8 103/230). 
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 . 
 1 

        

 
       

0,05  0,1  3  0,05  0,1  3  0,05  0,1  3  
r 10–5 10–7 10–7 10–5 10–7 10–7 10–6 10–7 10–7 
rf 0,84 10–5 10–5 0,89 10–5 10–5 0,12 10–5 10–5 
rD 4,6 10–7 10–7 2,5 10–7 10–7 1,2 0,01 10–7 
rQ 6,3 10–6 10–6 6,59 10–6 10–6 0,21 10–3 10–6 
Ld 10–5 10–7 10–7 10–4 10–7 10–7 10–4 10–7 10–7 
Lq 10–4 10–7 10–7 10–4 10–7 10–7 10–6 10–7 10–7 
LF 1,73 10–6 10–6 2,91 10–6 10–6 0,58 10–6 10–6 
LD 13,6 10–3 10–3 17,8 10–3 10–3 2,24 0,06 10–3 
LQ 0,71 10–6 10–6 0,55 10–6 10–6 0,26 10–6 10–6 
Lad 10–4 10–7 10–7 10–4 10–7 10–7 10–3 10–7 10–7 
Laq 1,35 10–7 10–7 1,09 10–7 10–7 10–4 10–7 10–7 

  ,    : 
        

   –      -
   ,       

 ; 
     –   ; 
      rf, rD, rQ, Ld, LF, LD, LQ, Laq, 

      a2, a3, a9, ,   ,  
       -

,       (10–5…10–6),    
       (102…10–3). 

,         
        -

    ,    -
,         

       .   
  ,     : 

0
0 0 0 0 0 0 0;      ;      ;      .

3 3
a b c a b c

f
d i i i u u uu i r L i i u

dt
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.   
ia –   a 
ib –   b 
ic –   c 
ua –   a 
ub –   b 
uc –   c 
ea –   a 
eb –   b 
ec –   c 
Eq –       q 
if –      
uf –    

 –      
 –    a   d 
0 –     a   d 

iq –       q 
id –       d 
uq –       q 
ud –       d 
iQ –         q 
iD –         d 

d –       d 
q –       q 
f –    
D –       d 
Q –       q 

r –     
rf –     
rD –        d 
rQ –        q 
Ld –       d 
Lq –       q 
LF –    
LD –       d 
LQ –       q 
Lad –     d 
Laq –    q 
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, :     (LOLE – Loss 
of Load Expectation);    (LOLP – Loss of Load 
Probability),    (EUE – Expected Unserved 
Energy)  . [4, 19, 20].      ,   

  . 

1.     
       , -

     ( ),      
 : 

 
, ,

min  ,T T

X Y Z
F Y Z  (1) 

 ;Y L L Z GG  –      ; 

, 1,..., ; , 1,...,i ii n i n  –     
       -

  ; L  –   ; L–  ; 
G  –  ; G  –  ; , 1,..  .,j mX X j –  

  ,  –      . 
     {L, G, X} 

 0;L G MX  (2) 

 ;L L L    G G G ,   X X X , (3) 

  ,  j jX X X X –     (  

   )     -   -
 ; M  –    ( - ), G , G  –  

      ; G –    , 
L –  , L , L –     -

 . 
 ,     (1) ,   
        

   .     
  :  

 
, ,

min .T

G XL
F Y  (4) 

  ,  1,i i   (4)    
   .  
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,        
  (    ).    
,       ,  -

      .    
   [5],       

    . 
       ( . 1) [6].  . 1 

        
  (  Y)    [6,  1].   

      348    -
 445 ,   ,      -

 ,     Y, (  . 1 -
 4 ). 

 

. 1.   

 1 
      ([6],  1) 

 , 
 

-, 
 

 G, 
 

L, 
 

G–L, 
 

Z, 
 

Y1, 
 

Y2, 
 

Y3, 
 

Y4, 
 

1–2 360 –360 1 2333 2842 –509 0 149 320 149 149 
2–3 150 –150 2 1775 1726 49 0 89,0 0 75,6 130,8 
2–4 200 –200 3 333 562 –229 0 79,0 79 79 79 
2–5 800 –800 4 1350 170 1180 0 20,5 0 23,7 7,8 
4–5 1200 –1200 5 509 1549 –1040 0 61,5 0 71,6 32,4 
5–6 300 –300 6 921 524 397 97 0 0 0 0 
5–7 150 –150 7 0 196 –196 0 46 46 46 46 

    7221 7569 –348 97 445 445 445 445 

        
   ,   .   -

  (1) – (3),       .  
, , - ,    –   

      (    ) 
. - ,   ,     

     ( . 1),  Y4,  2)   
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  (    1,...,jh h j m ).   

  (1)     : 

 
, ,

min( )T T T

X Y Z
F Y Z h X . (5) 

        Y 
   0,05 . . /    : 

 320; 0; 79; 0; 0; 0;2 .46 TY Y  

3.    
   « »   

       [4–6]. 
     –    ,   
      (« » )   -

   ,     (« » 
 [18]).  

    .  « -
    ( )» –   -

  –         
          (  

 ). 
    s j jD L G    Ls 

        kLs: 

 *
1 .s

Ls s

Df
k L

 (6) 

    (  )     -
  ki: 

 *

ˆˆ ˆˆ ,i i
i i i i i s

Ls s

k Ly L L k L f D
k L

 (7) 

      .  
     

 ˆ i
i s

j

Ly D
L

. (8) 
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   (1) – (3)      
1 , 1,...,  .s

i
i s

L i n
L D

 

       .    
 (2), (3)       

 .      -
      ,      

:  320; 0; 79; 0; 0; 0;2 .46 TY Y  
       
       

.         
       ( ). 

          
   ,      -

 ,        
 . 

       ,   -
          

:  ,      -
   ,     

  –       ,   
,      ,    -

 ,    , -
    . 

     ,  
 ,      -

  ,       (  
  )      

  .    ,  -
    ,    -

  (1) – (3). 

4.    
        

,          -
  ,    -

     .   ,  
 ,   « »  [7, 18]. 

  ,      -
  (  S),   .     

     : 

 ˆ ˆ{ ;  0;  }i i i i iL L Y G L . (9) 
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   320; 0; 79; 0; 0; 0;2 .46 TY Y  

5.    
        . 

   –    :   -
  ;    (   

);        [9, 22, 23]  . 
        ( ) -

         
  Y*,    (    
 ) : 

 
2*

1
min.

n

i i
i

F y y  (10) 

 ,        (8), -
   .      

  149; 83,6; 79;12; 75,4; 24,1; 46 ,Y     469 , 
 ,   [6],       445   

.  ,   [6]       
  .        -
    (  (1) – (3)).  (10)    (8) 
       .  

6.      
 

   (  )    -
  [21]:  

 ˆ
i

i i i
i

y
L

, (11) 

 iy  –     i,      (1)  0  
  : 

 
1

,ˆ
n

i
i i i

i i

y y
L

 (12) 

,   : 

 ˆdiag( / )T T
i iY Y L Y . (13) 
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 (13)       -
      (2), (3)     -
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  1, ,i i  0,1,i i      Y = (149; 75,6; 79; 

23,7; 71,6; 0; 46)      445sD  . 
,        ,  

       2.    
        -

  . 
   (10)   (2), (3)   

       
     (   )  -

.        -
,        
,       -    

        
  [22]. ,   ,   -

   (  ,  -
).  

          [6, 
23, 24],  ,       

    ,    
     .  ,   

      . 

 
       

       .   
  ,     -

.    ,    -
  ,    . 

      ,    -
        -

.      –  
          

(    ) .       -
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       .  , 
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 . 
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    ,     -
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   U –     ;  J –  ,  
: 

 

P P
UJ

Q Q
U

, (2) 

 ,  ,  ,  P P Q Q
U U

 –   -  -

          . 
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      ( . . 1).    

        20 ,    40  
    ,        

    ( . 2  4).     
         20 ,  

  40     ( . 3  5). 
 

. 2.    
   ( ) 

      
 20  40  

 
. 3.    

   ( ) 
     
  20  40  

 
. 4.    

   ( ) 
     

  20  40  

. 5.    
   ( ) 
      

 20  40  

 
   . 2–5      -
   9  13;     –  10  13. -
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 U/  U/ Q /  / Q 

1 (+) (+) (+) (+) 
2 (+) (+) (+) 
5 (+) (+) (+) 
6 (+) (+) (+) (+) (+) 
7 (+) (+) (+) (+) (+) 
8 (+) (+) (+) (+) (+) 
9 + + (+) (+) + 
10 (+) + + + + 
11 (+) (+) (+) (+) (+) 
12 (+) (+) (+) (+) (+) 
13 + + + + + + 



        

       2 (77)  • 2017 • 

93

3.4.   

       :  
  RastrWin,       . -

 ,   ,   . 1 (  
     (  ),   

 – ). 
   . 1,     -

          
          
.       ,  -

,        . 
         

   . 

 
        ,  

 13 : 
    RastrWin; 
    ; 
  . 

      
           

       .   -
    ,  ,  -
      .   

         
 . 

 , ,        -
 ,        -

  ,      
 ,      . 

   ,       -
           

, . .     ( )   
 ,     -

   ,     ,  -
    . 

    
1.  . .,  . .      -

 //  . , 1993,  3. – . 83–92. 
2.  . .,  . .,  . .,  . .  -

         



 . . , . . , . .  

       2 (77)  • 2017 • 

94 

   //    , 2008, 
 63. – . 79–84. 

3.  . .,  . .,  . .,  . .,  . .   
      //  . -

, 1992,  6. – . 21–30. 
4.  . .,  . .,  A. .,  . .,  . .  -

  . – : . -
   , 1999. – 236 . 

5. Agarkov O. A., Voropai N. I., Abramenkova N. A., Zaslavskaya T. B. Structural analysis 
in power system stability studies // Proc. 10th PSCC, Graz, Austria, Aug. 30 – Sept. 3, 
1990. – P. 152–159. 

 

  ,       -
         

  «     -
» (   «  »  - ). 

E-mail: belov-ei@odusz.so-ups.ru 
 

  ,      
     -    

  (  «  »). 
E-mail: latmanizova@ntcees.ru 
 

  , . . ,    
 ,      

-      (  «  »). 
E-mail: sorokin_e@ntcees.ru 
 



 

       2 (77)  • 2017 • 

 621.311 
. .  

     
   

       -
     ,   , 

     .    -
,           

    ,     
.      ,  ,   

 ,  ,   ,    
      .  

    ,     
      40%     

 . 

 :   ,  -
,     ,   ,  

    . 

 
      -
 ( )      ( ) 

    :    -
  ( ).        -

    :      -
        

?      , 
, ,     ,      

   ,   ,  
   .     -

        
 .         -

         
    .  ,   , 

  ,     ,   .  ,  
      ,    -

,       . 
         

    ,    -
        ,   –  

    ,   -
  . ,       -

     ,      , 



 . .  

       2 (77)  • 2017 • 

96 

     . ,    
         -

  ,          -
         .  

         -
   ,   -

  . .         
,       

      .     
        -

    . 
       ,  

         
.  . 1        

  ,        -
         -

 ( ). 

 1 
      , 

    

 
 

   
 

    ,   
     

4 

     2 
 

    
  

   ,    
  d  q,  , ,  

     

10 

          
     ,  

    

3 

  
 

 ,  , 
       
,    , -

   

12 

 
 

      
,      
,   

7 

 
            

,        6624  -
.         -
 60 ,     0,01       

303,2          
.   ,   ,  ,  , 



      

       2 (77)  • 2017 • 

97

         -
  . ,       

    ,      
       

   .      
      . 
       ,  

    ,     
.        -

  -    ,  -
, ,    , ,   –   

.  ,  ,    -
   .       

,       ,  -
  ,      . 

          
   .       

          

,  .      
     ,  – -

,  ,    , 
   .  ,    

       . 
 ,     ,   -

  ,        
         

    .    
,     .   ,  -
         .   

   ,        -
 ,         

        . 
       ,   -

           
         

. 
        

  ,        
,    , , .  -

         
 ,           -

   .       
     . 



 . .  

       2 (77)  • 2017 • 

98 

1.        
   

   , ,   , 
        . 

         -
  .       

,   ,      . 
1.       -

  .        
    -  ,  
   -  .  

,       ,   
      . 

2.         -
.          

  . 
3.         -

     .  
    ,    . 

          
         

  . 
4.         -
    ,    . 
5.       , -

   ,      
  . 

        
,    ,  ,   

 . ,    ,  -
,  , . .       -

  .    -
           

  [1, 2].  ,  
     ,     
     [3].   -

,      ,    -
   .      

 ,       -
.         -

   . ,     , 
       . 

       -
     .  . 2  -



      

       2 (77)  • 2017 • 

99

   ,    
        -

  . 

 2 
        

  
 

 
 

  
 

   -
    

  

    
   -

   -
 

  
    

  -
    

    
   -
 

  
 ,   

  -
  

   -
  -

   -
,  ,  

   
 

   ,     
     . 

         -
     (    – ).  

      (   ), 
     . 

  ,     
   .   , ,  -
   [4].       

   ,      , , 
 ,        

 ,          
 .  ,      -

    ,      
   .  ,     

      . , 
         ,  
     ,     . 

        , 
 .      -
 , ,  ,    -
       .   

       , 
       . -

         
     .  ,  

        -
        ,   



 . .  

       2 (77)  • 2017 • 

100 

  .      
        

  ,      -
. 

2.      
       -

    ,     
     .    
  ,  ,      

 .      -
  ,     

        -
 .    ,   

   ,    .  -
, ,        

   (32    64    ). 
          . 

       IEEE-754. -
      ,  

  64  ( . 3). 
 3 

        IEEE-745 

 63 62 52 51 0 
 +/–   

,         , -
      .        -
 I -754,    ,     . 
         

       -
.      ,       . 

         ,  
   ,    : 

 –     4 ;  –  
 .     4 .     
 .        -
   .    -

      .   
  .    .  

      ,   16 -
 .      10 .  



      

       2 (77)  • 2017 • 

101

      IEEE-754 : 

a 0100000000001001001000011111101101010100010001000010110100011000 
b 0100000000001001001000011111101101010100010000010001011101000100 
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c 0000000000000000000000000000000000000000000001010011101001011100 
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1011 01010011101001011100 
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. 4.   ,    

  2         
     ,  ,    -

   . 5. 
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   : WinRAR 5.5  7zip 16.02 c   
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  .      
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    WinRAR. 
 ,       -

          -
 .   ,  ,    12,5%. 

 WinRAR  7zip       
.       WinRAR   

65%,   7zip – 53%.     ,   
         -

,       . -
          . 5. 

         
 ,  ,    -

 . 
 5 

    

  1  2 
   8052 5298 
   6892 6892 

 ,  423,39 278,58 
, c 16 10 
  ,  0,003 0,003 

 ,  169,47 102,24 
 , % 40,03 36,70 

 WinRAR, c 19  10 
 WinRAR 1 , c 69 38 
  ,  0,82 0,82 

  WinRAR,  175,20 98,16 
  WinRAR, % 41,38 35,24 

 7zip, c  38 25 
 7zip 1 , c 120 62 
  ,  2,94 1,86 

  7zip,  197,57 106,52 
  7zip, % 46,66 38,24 

 
  «  »     ,  
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Modeling and control of the power system 

Berdin A. S., Gerasimov A. S., Kovalenko P. Y., Udin A. V. 
Defining the power system frequency static response slope based on transient 
synchrophasor data. 
The method for defining the power system load frequency static response based on synchrophasor 
measurements during transients accompanied by frequency deviations is proposed. The 
method was successfully validated involving four events resulting in frequency deviations of up 
to 0,06 Hz magnitude in the Northern part of Tyumen region and recorded by means of the System 
operator WAMS. 
Keywords: load static response, slope factor, WAMS, electromechanical transient, Northern part 
of Tyumen region. 

Berdin A. S., Bliznyuk D. I., Gerasimov A. S. 
Defining the nodal equivalent parameters using synchrophasor measurements. 
The method for defining the nodal equivalent parameters of grid elements based on synchrophasor 
measurements during transients in a power system is proposed. It allows to define the topology 
and parameters of nodal equivalents and makes it possible to implement adaptive models for 
problems of power system control. 
Keywords: nodal equivalent, adaptive model, synchrophasor measurements. 

Shakirov M. A. 
Principle of the autotransformer theory. 
It is confirmed that to understand the physical foundations of autotransformer principle and 
operation the theory is necessary, which is based on the model which clearly displays its distinctive 
properties – to transport energy along two parallel paths: electrical and electromagnetic. The idea 
is implemented as a generic two-transformer equivalent circuit. Universalism manifests itself in 
the diagram (simultaneously with the power fluxes) of all the magnetic fluxes in the sites window 
(i. e., in the thickness of the windings and in the gap between them) and in parts of the magnetic 
circuit and in fields between it and the tank in the event of saturation of the steel. Vector diagram 
of the operating mode of the autotransformer is characterized by the same completeness. Using 
this diagram it is easy to explain the overexcitation of individual parts of the magnetic circuit in 
a short-circuited autotransformer and derive formulas for determining super- and antisperations 
(in comparison with flows in no-load mode). Presented equivalent circuit is applicable both for 
step-up and step-down autotransformers and for the study both steady-state and transient processes. 
Keywords: autotransformer, primary and secondary windings, magnetic flux, short circuited, 
equivalent circuit, idling. 

Vazhnov S. A., Kalimov A. G., Shimansky S. A. 
Application of vector finite elements for calculation of eddy currents in conducting  
nonmagnetic shells. 
The application of integro-differential equations for calculating variable electromagnetic fields and 
eddy currents in thin-walled conductive shells is considered. Approximation of the current density 
distribution in the shell is performed using vector finite elements. The choice of a basis of 
independent variables is carried out in such a way that the solution obtained automatically satisfies 
one of the necessary conditions – the divergence of the current density is equal to zero. The 
reliability of the obtained numerical results, as well as the comparison of the accuracy of the 
results obtained with the use of various algorithms, are verified by the solution of a test task for 
which an analytical solution is obtained. 
Keywords: electromagnetic field, eddy currents, integro-differential equation, finite element 
method, vector finite elements. 
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Fishov A. G., Frolov M. Yu. 
Electric parameter identification of synchronous machine in disturbed mode. 
A method for the identification of the parameters of a synchronous machine on the basis of the 
Park – Gorev equations by processing the register transients is proposed. Proposed method was 
tasted with use of Matlab Simulink. The method is applicable for the wide range of disturbing 
effects, it allows to solve the problem of identifying machine parameters without interfering with 
its operational modes. The method can be used in electrical networks with distributed generation 
with automatic control and open network architecture. 
Keywords: synchronous machine, parameter identification, Park – Gorev equations, distributed 
generation. 

Valiev R. T., Oboskalov V. P. 
Methodical aspects of load shedding distribution in generation adequacy assessment  
problem. 
The power deficiency distribution model influence on generation adequacy indices is considered. 
It is shown that a mathematical model used for power deficiency distribution (PDD) and the set of 
accepted constraints affect to the calculation error. As a rule, the calculation errors are caused by 
simplification of an accepted mathematical model. The accuracy of the calculations can be 
improved by including additional factors such as power transfer costs or by considering additional 
optimization criteria (e.g. Proportional Load Shedding Strategy). The importance of strategies 
(local, collective) of mutual assistance of the Power systems in the PDD problem is shown. 
Keywords: adequacy, Monte Carlo simulation, load shedding strategy. 

Sedoykin D. N., Yurganov A. A. 
Method for calculating the frequency from instantaneous voltage values in three-phase net-
works. 
An exact and fast-acting method for calculating the frequency from instantaneous voltage values 
is proposed. 
Keywords: voltage frequency measurement, control system for electric motors and generators. 

Development of software package for the study of power system modes 

Abakumov S. A., Vishtibeev A. V., Gayazov S. Ye., Savvin D. N. 
CAD-platform for the software and computer complex for the automated calculation  
of short-circuit currents, settings of relay protection and control devices and electrical 
equipment testing – «ARU RZA». 
The CAD platform, created for the domestic software and computer complex (IRC) of the new 
generation «ARU RZA», developed by JSC «STC UPS» is described. The main components of the 
CAD platform are described: a framework for data model based on hypergraphs, a framework with 
vector graphics, a framework for creating subject-oriented languages and a library for generating 
the resulting documentation. 
Keywords: CAD platform, automated calculation of short-circuit currents, settings of relay 
protection and control devices, hypergraph, framework, vector graphics, documentation generation 
library, object-oriented language. 

Belov E. I., Latmanizova Yu. N., Sorokin E. V. 
Application of visualization of the inverse Jacobi matrix and singular analysis for  
the determination of sensor nodes in electric power systems. 
Three methods for searching sensor nodes in the power system are considered: the experimental 
method (in RastrWin PC), the visualization of the inverse Jacobi matrix and the singular analysis. 
A conclusion is drawn about the most effective experiments to determine the sensitive nodes of 
electric power systems (EPS). The results obtained with use of three methods are compared. 
Keywords: Jacobi matrix, visualization, singular analysis, sensory nodes. 
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Mashalov E. V. 
Method of data compression of the results of the calculation of electromechanical transients. 
To perform a qualitative analysis of the results of the calculation of electromechanical transient 
processes a sufficient amount of results is needed, free from errors not directly related to the 
calculation algorithm. With a significant dimension of the model, a long duration of calculations 
and high requirements for their accuracy, the volume of results can reach values many times greater 
than the amount of initial data. Since transient calculations are usually carried out for a variety of 
model variants, storage of results due to large volumes can be difficult even with the capabilities of 
modern computer systems. 
A method of compressing calculation results is proposed, which allows to fully preserve initial 
data characteristics with a reduction in volume to 40% of the original with minimal computational 
costs. 
Keywords: electromechanical transients, dynamic stability, lossless data compression algorithm, 
predictive data compression, compression of double-precision number arrays. 

The use of renewable generation in power systems 

Kokin S. E., Safaraliev M. Kh., Sultonov Sh. M. 
Features of the management of hydroelectric power in the power system of the Republic  
of Tajikistan. 
A significant share of the generation in the power system of Tajikistan is made by the hydropower 
plants. The article shows the peculiarity of Tajikistan's energy system. The features of cascade 
control are presented. A technique for estimating the additional depth of the Nurek HPP reservoir 
operation, taking into account the requirements for filling in conditions of different water content 
by the criterion for increasing the generation of electricity is proposed. The economic efficiency of 
reducing the electricity deficit in the power system for long-term optimization is estimated. 
Keywords: hydropower resources, Vakhsh cascade, Nurek hydropower station, power system of 
Tajikistan, power generation. 

Popkov E. N., Seit R. I. 
Operating experience of solar power plants with regard to parallel operation with  
the UES of Russia. 
The practical experience of switch over to island mode with a hydroelectric power station of 
commensurate power is considered. Based on the results of consideration the relevant conclusions 
were drawn. 
Keywords: solar power station, voltage inverter, short circuit, frequency of mains voltage. 

Automatic emergency and relay protection 

Isaev E. V. 
Optimum choice algorithm for control stages of III generation of Centralized emergency 
control system. 
The algorithm of control actions’ choosing to ensure the stability of the power system and 
allowable current loading based on dynamic programming methods is proposed. 
Keywords: static stability, control action, centralized emergency control system, Dijkstra’s 
algorithm. 

Dmitriev S. A., Kokin S. E., Kokorin E. L. 
The substation secondary circuits control degree. 
The purpose of this paper is a comprehensive analysis of existing technical and mathematical 
solutions concerning condition control of RP&A devices in general, as well as for individual 
sections of secondary circuits. Another goal is to classify RP&A parameters, and to form the set of 
parameters, which is necessary to control the complete observability of the secondary circuits. Key 
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publications about the reliability of secondary connections and microprocessor devices are 
reviewed. Also, malfunctions determining methods of current and voltage circuits, control circuits, 
logical part of devices, power supply, signaling and communication, description of the operation 
logic and reduction of the electric circuit are classified. As well the situation at real technical 
objects is described on an example of Ekaterinburg power system. 
Keywords: relay protection, technical maintenance, self-testing, microprocessor terminals, 
SCADA systems. 

Abou Nakira Sh.S., Gorchakov S. V., Popov M. G. 
Correction dynamic properties of differential protection of long transmission lines. 
The purpose of the article is to investigate the dynamic properties of longitudinal differential 
protection of the power line with compensation of the charging power and to develop recommendations 
for increasing the sensitivity of protection. 
As a result of the research it was established that in order to ensure selective operation, the 
minimum tripping current of the protection is inadmissible due to the condition of sensitivity when 
OHL is switched over to non-load mode. Therefore, in order to achieve the required sensitivity and 
speed, an increase in the main braking signal is necessary. 
The article presents the results of an evaluation of the effectiveness of the methods proposed earlier 
for improving the efficiency of protection. The use of additional braking due to compensation of 
unbalance currents due to distributed capacitance, OL allows to significantly increase the sensitivity 
of protection. 
Keywords: electric transmission line, current transformer, dynamic properties, differential 
protection, restricted signal, correction of sensitivity. 

igh-voltage engineering 

Vladimirsky L. L. 
Choice of the main structural elements of DC overhead lines. 
The modern scientific approach and features of a choice of the basic technical decisions taking into 
account specificity DC overhead lines are considered. The following issues are considered: 

• corona discharge on wires at a DC voltage; 
• ecological influence of DC overhead lines; 
• selection of the main structural elements of DC overhead lines (wires, pole design, intermediate 

supports, air gaps, insulators, lightning protection); 
• method for selecting external insulation. 

Keywords: overhead line, DC voltage, crown loss, ecology, pole construction, intermediate tower, 
lightning protection, external insulation, method of mathematical statistics. 
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