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        ;  
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  ( ),      

  ( )  (VSL),  -
 (SCR),   (MOV)   -



        15 

       1(84)  • 2021 • 

 (DMC).     -
.  SCR       

        (  -
  )  .  MOV  

      , , 
        . 
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    500   220  ( . 2).  -
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( 2)    500  ( 12_1, 12_2).   220  
       .  

,       . 1.   
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 1: S1 = 25 + j15,6; 
2: S2 = 15,9 + j9,2; 
3: S3 = 0,3 + j0,1 

  12_1: 500 , 210 ; 
12_2: 500 , 210 ; 
45: 220 , 100 ; 
57: 220 , 110 ; 
96: 220 , 95 ; 
67: 220 , 125  ( ) 

 T1, T2: Si = 1, uk = 13 % 
 1: 22,6 + j15,5; 

2: 16,8 + j9; 
5: 0,04 + j0,1; 
6: 0,08 + j0,016; 
7: 0,8 + j0,25 

 1: S1 = 0,1; 
2: S2 = 0,2 
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2×100 ·  (0,2 . )    96. 
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 621.316.7 
. . , . . , . . , . . , 
. . , . .  

      
   -  

    
 ,  ,      -

  ( ).        B  
   H      H(t) 

 B(t)       ,  -
  .        

-   ( )   .  -
          .  

    ,  ,   -
      . 

 :   ,  ,  
 ,   ,   , - -
 . 

 
  ( ) –       -

  ( )    ( ) -
 .          

         ,  
 ,      .    

       ,  
     .  ,   

        . 
       ,  

      ,    
         -

      ,    -
       , 

       [3, 4]. ,   
,          , -
  ,        

      ( ).  
      . 

       ( ),  
 [1–3],        
 ,      ( ): 

.  
(1) 
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  – ,      -
       

   ,       -
  ,    ; 

 –       
  ; 
EL –      ; 
 –      ; 
 –      . 
        

   ,       -
 (1).          

 [2].         
         -

    , ,    
 . 

 ,         
 , , ,    -

  (1).  [3]      
       -

 . 
          

      -  -
    . 

  
        -

  [5]   (2),     - -
  : 

 (2) 

  = w2 = BSw2 –     ; 
w2 –    ; 
r2 –    ; 
L2 –    ; 
i2 –    ; 
S –    ; 
l –    ; 
i0 = Hl/w2 –  ,     . 

          
( )     .     

      B    
 : B = B(H).  [8]      
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      ,        -
          

  .   ,    , 
        -

  .   ,    
           
.     ,    -

         , 
           . 

     ,   -
      .   

     (2)      -
     (3),    

    B(t)  H(t),     –   
   i1(t)   : 

 (3) 

 ,   B  H   , . . 
dB/dH = KBH = const,   (3)      

     H(t): 

 (4) 

 A  P – ,    ,  ,  
  B(H)  .: 

 

  –   ; 
 –    ; 

k  –  ; 
a – ,   : 

 

  (4),      -
,  : 

 , (5) 

 

  C  (8)     H(ti) = Hi: 

. 
 C  (5)     ,   
    H(t): 
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. 
(6) 

      H (  ,  B)  -
   t  ti      

 B  H     H(ti) = Hi. 
,          -

 (6)    -    
 ( ).      -

, , :   ,     
 ( )     ( ), 

       ,  (6). 
,           

 B(t). 
      (3),   -
     B(t)   : 

 

         : 

 

(7) 
 

 Br –  . 
,       (7)     

 (1) ,      
. 

     
         -

     ( ),   
         [9]. 

         
   . 

         B (H) = (Hi, Bi), 
i = 1, 2, …, n.       ,   

   .    
 -      B (H) 

 -   fB(H),   m  
 ( ) (8),       -
       fB(H)  -
  B (H): 
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  (8) 

 : 
      fB(H)      

     B (H); 
           -

 B (H),  : m  n – 1; 
     fB(H)   -

    B (H)       

. 

        -
 (LinAppx)    « », . . , -

    ( , for, while, if, else, end 
 .),      : 

LinAppx: 
    Y  T.Y 
    N  |T| – 1 //    
    (X0, Y0)  T[N-1] //   
    T1   T[N]    
    T1   T[N-1]    
    jmin  N 
    N_k  1000 
    //      T 
    for ix  N-1 while ix > 1 
        X0  T[ix].X 
        Y0  Y[ix] 
        k1  (Y0-T[0].Y) / (T[ix].X - T[0].X) 
        k2  (Y0-T[ix-1].Y) / (T[ix].X -T[ix-1].X) 
        k  (k1 – k2) / N_k //     
        //     (   fY(X)) 
        for kb  k2 while kb <= k1 
            key  false 
            //       
            for jx  ix-1 while jx >= 0 
                Y[jx]  Y0 + kb * (T[jx].X - X0) 
                if fabs(Y[jx] – T[jx].Y) > epsY) 
                    key  true 
                    break 
                jx  jx-1 
            end //     
            if key 
                if jx < jmin 
                    jmin  jx 
                else  
                          
            else //    
                jmin  0 
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            kb  kb+ k 
        end //      
        ix  jmin+1 
        T1   (T[ix]. X, Y[ix])    
    end //      T  
    return T1 

  .     
    T,     (Xi, Yi).  epsY – 

       Y.  
  –  T1,    (  ) 
-   fY(X);     Y,   

    fY(X)  .  -
     0.  T.X     , 

 T.Y – . 
 : 

      T     T1, 
. .    fY(X)     

; 
   «    », . .  ó   X 

 ; 
    T, . . T[0],     

  fY(X). 
   3  : 

 ( )     ix    T  
  ,   .      -
    ( )   fY(X):  -

 k2,      (  )  
       T   k1,   

      T[0].    k 
 .       
     T. 

 ( )     kb  -
  fY(X)  ,    kb    

  ,   ,    . 
        fY(X). 

     « » . 
  (  )     jx  -

   ( )     fY(X). 
    T  ,    jx = ix – 1,  

         fY(X[jx]) 
   T[jx].Y.       

epsY,          , -
     . 

 LinAppx        ++  
      ,  104 . 
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     0,5 %,     
 ,  9 ,       0,1 %  -

,  21 . 

     
       -

,          
,   . 

        -
 ,  .       -
 H(t) = 0,        ModelVL,  

VL – Vertical Line. 
       [3]   (7) 

  : 

 

(9) 
 

 ts –     ; Bs –   . 
  (9)       -

:  (      )   (  
  ), –         

     .     -
 .      ,  -
        ,  (9)  

      . 
          

  –       .  -
  ModelVL  :    -
    « »     ( , -
   0  90° .   0,5),       ( . .  

 (9))         . 
,         
    ts, « »  ,  «  

», . .       ,   -
 .   «  » –  (9)    -
      Bs     

       -
 . 

 ModelVL    - ,   -
   -  http://ekra-adr.ru/wp/. 

          
.       ModelPLA,  PLA – 

Piecewise-Linear Approximation ( -  ).  -
      : 
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ModelPLA: 
    B (H)     
    H_B_new1  LinAppx(B (H), ) 
    H_B_new   H_B_new1    
    N    H_B_new 
    for each segment //     
        Ks  B/ H 
    H( )  H_next(0, 0, ) 
    if H( )>0 //   H  
        direction  Up 
    else //   H  
        direction  Down 
    H0  0; B0  0; k  N/2-1 
    //     (  ts) 
    for t  0 while t < tmax  
        H(t+ )  H_next(H(t), t, ) 
        B(t+ )  B(t)+ Ks[k]*(H(t+ )–H(t)) 
        if direction is Up //   H  
            if H(t) < H(t+ ) < Hk+1 
                t  t+  
            else if H(t) > H(t+ ) 
                t       
                  t, H(t), B(t) 
                direction  Down 
            else if H(t+ ) > Hk+1 
                t        
                  t, H(t), B(t) 
                k  k + 1 
        else //   H  
            if H(t) > H(t+ ) > Hk 
                t  t+  
            else if H(t) < H(t+ ) 
                t       
                  t, H(t), B(t) 
               direction  Up 
            else if H(t+ ) < Hk 
                t        
                  t, H(t), B(t) 
                k  k – 1 
    end //      

  .      -
    H    B (H),  

   (H( / ), B( )).        
    ( ,     ).  -
        c  -

   LinAppx.     H_B_new1, -
  -   fB(H)    H.  

      H,    
   H_B_new  N ,  fB(H)   

 [–Hmax, Hmax].      fB(H)  
 ,      Ks. 
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         : 
t = 0; H0 = B0 = 0; k = N/2–1 (  k –   fB(H)),   -

  (direction)  H(t)   :  (Up),  
H( ) > 0,   (Down),  H( ) < 0.   (6)  H(t + ) 

  H_next. 
       t   

   (  )    H(t + )  B(t + ).   
H     H_next,  B –    fB(H).  -

    H(t + )     
  : 

     t  H(t)  (Up), : 
  H(t) < H(t + ) < Hk + 1,      ,  

     (continue),  t  t + ; 
  H(t) > H(t + ),      H(t)  

        -
   ( ,     2 ); 
      (continue)  -
,  H(t) –  ; 

  H(t + ) > H k + 1,        (k- ) 
 fB(H)        

          
( ,     2 );    -

 (k + 1)-        (continue); 
     t  H(t)  (Down), : 

  H(t) > H(t + ) > Hk,      ,  
    ,  t  t + ; 

  H(t) < H(t + ),      H(t)  -
         

  ( ,     2 );  
     (continue)  , 

 H(t) –  ; 
  H(t + ) < Hk,        (k- ) 

 fB(H)        
          

( ,     2 );    -
 (k – 1)-        (continue). 

          
H  B,     H(t)    
fB(H) ( . .     fB(H)).   -

       tmax. 
         

     H(t)     fB(H) 
       (    

     ). 
   ModelPLA     

 H(t)  B(t)   [0, tmax].      



       29 

       1(84)  • 2021 • 

           -
 ts   ,    B(t)   -

   Bs.     B(t) < Bs,   
 ts       B(t).  -

,       «  »,     
  ModelVL. 
,   ModelPLA       

          -
  ,     . 

    fB(H)   «  » , 
   –  : «  »  «  » 

( -  ). 
 ModelPLA    ++    . 

       -   -
   . 

      -
          

-110 -600/5 [5],   : w1 = 2, w2 = 239, 
l = 0,9 , S = 0,00191 2, Z = 3,3 , a = 0,1 .    -

   : IEV = 6000 A, k  = 120, cos EL = 0,8,  = 0° ., 
Bs = 1,95 .        -

  -        
11   (    –  H ( / ),   – B ( )): 

{(0, 0), (80, 1,18), (160, 1,42), (240, 1,54), (800, 1,68), (1600, 1,83), 
(2400, 1,88), (8000, 1,92), (16000, 1,97), (24000, 1,98), (104000, 1,99)}. 

    ModelPLA     -
   ,    ;        -
 ,   : (0, 0)  (0,03, 3). 
 . 1         Br = 0  

(  «    »)   Br = 1  (  «    
  »)1. 

 1 

 
/  

     
 

    
  

   (5)  [1] 5,37  – 
  5,46  3,90  
  6,55  5,35  
  (%) 16,6 27,1 
   6,42 5,27 
  (%) 1,9 1,5 

                                                      
1          -

   .     B(H)   -
 . 
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   . 1,       -
         .    

       ,     -
   ,   16,6 %     -
     27,1 %       

 (        1 ).  
,          

     ,        (5) 
 [1]    . 

         -
          [9] 

( . 1,  5).      ,   -
        ,   

   . 

 
  ,     -

 , ,       -
       ,   -

 [3],         
 . 

   : 
         

         -
     ; 

        -
         -

 . 

  
1.         -

   / . . , . . , . . , 
. .  //  . – 2017. –  1. – . 42–48. 

2.  283-2018  .  2.   
   :     

 :   2019-01-01 /  «  ( )»,  
     . – : , 2019. 

3.   58669-2019       
.  .    -

     .    
       :  

   :   2020-01-01 /  «  », -
      . – : 

, 2020.  
4.  . .,  . .     -

      / 
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. . , . .  //    . – 2015. – 
 3. – . 18–22. 

5.  . .,  . .       -
  / . . , . . . – : , 1980. – 207 . 

6.  . .,  . .     -
     / . . , . . . – : 

, 1974. – 208 . 
7.        -

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

 . . //    . . – 2020. – 
 4. – . 70–76. 

8.  . .,  . .,  . .    -
       / . . , . . -

, . .  //    . -
. – 1974. –  2. – . 163–172. 
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 621.311 
. . , . . , . . , . . , 
. .  

    
    

     
   

       -
    .      -
         . 

   ,   ,     
 ,   ,  ,    

 ,     ,    
 .         

     .      -
 .      -

   ,     . 
 :  ,  , -

 ,  . 

 
       -

  ( )     
,       -

    .    
      ,  -

-  ,     
  ,    . . [1]. 

      
        [2]. 

    ,     
 : 

  .      -
,         

  .      
       [3]; 

  .       
    ,      

 ,   -   -
      -

       [4]. 
       -
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,       -
,      -

 ; 
  .        

      .    
   ,      -

     ,    
       . . [5]; 

  .       
   ,       

       -
  [6]. 

       -
:    .     -
     ,   -

   .        
 ,        -

,          [7–10]. 
         

     -
. 

     -  -
  ( ) –   .   

   ,   
  .     Pamir Energy,   

  11    43,5 ,    ,  
 ,      .  -

       , -
        ( – ). 

       : 
   ; 
        ( ) ; 
     ( ); 
         

. 
 [11]      -

       ,    
    ,   -

       
.      

          
.        
 –        

 .         -
    .      

         . 
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          open-source . 
 ,        , 

        ,    
 . 

  
    .  
 ,     ( ) X 

       Y*: 

 (*  )Y f X . (1) 

         -
  (MAPE): 

 
*

1

1 ,
n

i i

i i

y yMAPE
n y

 (2) 

 n –    ; 
y*

i –      i-  ; 
yi –    i-  . 

  
        (   

)           
 5  (2015–2019),  175  (5  × 5  × 7  ). 

  
        -

   .    ( ,    
)        

. 
          

        -
   [12],        

    .       
    .     -

        ( . 1). 
 . 1 ,    

   -
 7 ,     

     .   
  . 1   

   35-   70-  . 
 ,      

 . ,   -
  2019 .   

     -
 2018  2017 . 

 
. 1.    
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 . 2   -
   -

 (year – , month – , day –  
, p1  p2 –   -

     , 
p –  ). 

    -
      . 1. 

   1 ( )  5 
( ),       

  .  -
   , -

     
    .  
      (2015, 

2016)     -
,     p   2017–2019 . 

 1 
     

year month day p1,  p2,  p,  
3 1 1 29,69 30,46 32,45 

   
       ,    

 ,           
   (model size). 
    :      90  

10 %.       ,    -
     .    
  - :     8 , 

        ,    
  7  –   .  ,    

 8    ,     -
.   .     -

      . 
 ,    ,     
  ,  ,     -

 ,        . 
     : 

  ; 
       (SVR) [13]; 
    [13]; 
   (Random Forest) [13, 14]; 
   (XGBoost) [15]   ; 
   (AbaBoost) [13, 16]   ; 
     . 

. 2.    
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        -
  f    X = {x1, x2, …, xn},  xi = {yeari, monthi, dayi, 

p1i, p2i},     Y = {p1, p2, … pn}: 

 * ),,(Y f w X  (3) 

 w –   (  ,   
    . .). 

        : 

  argmax , ,w Err Y f X  (4) 

 Err(Y, f (X)) –   ,    , 
       : 

 2  Err Y , f X Y – f X / n.  (5) 

    . 2,    
 (1)   (2)   . 3   . 3. 

 2 
  

  
   – , 

 –  
SVR  –    , 

 = 0,2, C = 1,0 
    –  , 

  – 5 
Random Forest   – 30, 

   – 4 
XGBoost   – 60,   – 0,1, 

   – 2 
AdaBoost       – 40,   – 0,1, 

   – 4 
AdaBoost      – 4,   – 0,1, 

   – , 
   –  

 3 
  

 MAPE  
 

, % 

MAPE  
 

 % 

MAPE  
 

, % 
  1,29 1,40 1,38 

SVR 2,89 3,28 3,52 
  0,45 1,96 2,82 

Random Forest 0,73 1,68 1,68 
XGBoost 0,71 1,66 2,03 
AdaBoost     0,56 1,64 2,11 
AdaBoost    1,32 1,40 1,30 
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   -
,   , 
     

    
f(X) = AX + b,    -

,   -
   . 

   
    -

  .  
    

     , . .   : 

 
1

m
*

j j
j

Y f X c f X , (6) 

 c –  , m –    . 
 . 4   ,    

(AdaBoost   ),       
2017–2019 .,  . 5 –  2019 . 

. 4.     
 , 2017–2019 . 

. 5.    
  , 2019 . 

 AdaBoost     ,   
AdaBoost,  4  ,      

: 
*Y f X AX B ; 

1 2 3 4 1 5 2*
i i i i i i iy f x a year a month a day a p a p b.  

,      ,     -
   ,   .   , 

   ,      -
,          

.            
,       .  

 1,3 %        -
  .  ,  ,    

    2 %      . 

. 3.     
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     -
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       .  
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 ,        -
.        -

      . .  [1]. -
    -     
     [2–6]  .   -

       -
       -

        . 
       
      . 

,        
    ,   

       -
,    ,       

        
. 
         

        
,     ,   -

     . 

  
   ,   , 

      , -
        -
 .        

  ,        
        [7, 8]. 

     -
    -    -

       . 
        

 [2, 3]. 
        

 ,      -
        

 ,      [5]: 
1.        

 ,      ,  
   .  ,      
-          

 .      
   .      

      . 
2.         

  .    ,    



42 . . , . . , . . , . .  

       1 (84)  • 2021 • 

        
  ,      -

    . 
3.       -

      ,    
  ,   . 

4.    , . .    
,       . 

5.       -
   ,      , 

  . 
6.       . 
7.    . 

    
      , -

  .  ,     
     ,    -

  15° . 
        -

  ,      -
    .    -

   . 
    : 

L  M –       -
   ; 

R –   ; 
i, , u –  ,      . 

        -
    , , ,x y a b c .        -

   :     , 1, 2, 3, 4j k .   
        r. 

       1, 2, 
3  4    ,    , 

   .      ,  
     1.    1 = 0, 2 = 15° ., 3 = 30° ., 

 4 = 45° .       ,  
         d.  

   –   . 
        -

  ,   . 1. 
   ,   u,  

   i    j-        
 : 
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;

;

,    

j

j j

j

j j

j

j j

a
a a

b
b b

c
c c

d
u R i

dt
d

u R i
dt

d
u R i

dt

 (1) 

 

 

( ) ;

( ) ;

( ) .   

j j k k j

j j k k j

j j k k j

a a y y a r r
k y

b b y y b r r
k y

c c y y c r r
k y

M i M J

M i M J

M i M J

 (2) 

       : 
1)     

   -
    

, , 
1 1 1 1

,a a a aM L  
1 1 1 1

,b b b bM L  

1 1 1 1c c c cM L   . .; 

2)    -
    -

   
, . . 

1 1 1 1a b b aM M   . . 

     
    
    -

    
   ,  -

 ,  : 
 (0) (2) (2) (4) (4)sin(2 ) sin(4 )

j j j

s s
x x xL l l l ; (3) 

 (0) (2) (2) (4) (4)sin(2 ) sin(4 )
j k j k j k j k j k j k

s s
x y x y x y x y x y x yM m m m , (4) 

    , , ,x y a b c  –   ; 

    , 1, 2, 3, 4j k  –   ; 
 –      d    ; 
(0)l  –      

 ; 
(2)l   (4)l  –     -
   ; 

(2)
j

s
x  (4)

j

s
x  –      

    ; 

. 1.    
    



44 . . , . . , . . , . .  

       1 (84)  • 2021 • 

(0)
j kx ym  –      

j kx yM ; 
(2)

j kx ym   (4)
j kx ym  –     -

  
j kx yM ; 

(2)
j k

s
x y  (4)

j k

s
x y  –      

   
j kx yM . 

        -
        -

    

 (1) (1) (3) (3) (5) (5)cos( ) cos(3 ) cos(5 )
j j j jx r r x r r x r r x rM m m m , (5) 

  –      d     
  1; 

(1)
rm , (3)

rm   (5)
rm  –     

  
jx rM ; 

(1)
jx r , (3)

jx r   (5)
jx r  –     -

   
jx rM . 

       
.  (1) – (5)   ,  -

  .      
        , 

     ,      
         

 : 

 dJ M
dt

; (6) 

 d
dt

, (7) 

  –   ,    ; 
 –   ,   ; 

 –  ; 
J –    ; 

 –    ; 
 –    . 

         
     : 

 3 [( ) ( ) ( ) ]
3 j j j j j j j j jb c a c a b a b c

j

pM i + i i , (8) 

 pn –   . 
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          p : 

 p . (9) 
  ,  

 d dp p
dt dt

. (10) 

   ,    -
 (1) – (5)     . 

      (1)  (2): 

 pU = + R×I ; (11) 

 xy xr= M ×I + M × J , (12) 

  –  . 
        -
   (3) – (5)    [1], -

    ,    

 

(0) (2) (2) (4) (4)

(0) (2) (2) (4) (4)

(1) (1) (3) (3) (5) (5)

cos(2 ) cos(4 );

cos(2 ) cos(4 );

cos( ) cos(3 ) cos(5 ),    

j j j

j k j k j k j k j k j k

j j j j

c c
x x x

c c
x y x y x y x y x y x y

x r r x r r x r r x r

L l l l

M m m m

M m m m

 (13) 

 (2) (2) (4) (4) (2) (2) (4) (4);        ;        ;        .
2 2 2 2j j j j j k j k j k j k

c s c s c s c s
x x x x x y x y x y x y  

     (13) .    
        Mxy: 

 
(0) (2) (2) (4) (4)

cos(2 ) cos(4 )j k j k j kj k j kj k

c c
x y x y x yx y x yx yM m m m , (14) 

  xj = yk      -
  . 

  (14)       xj -  
 : 

 

(0) (2) (2) (4) (4)

(1) (1) (3) (3) (5) (5)

cos(2 ) cos(4 )

cos( ) cos(3 ) cos(5 ) .

j k j k j kj k j kj k

j j j

c c
x y x y x yx y x yx y

k y

r x r r x r r x r r

m m m i

m m m J
 (15) 

  ,  (12),     -
.     : 

( )p p p pxy xy xr= M × I M ×I + M × J . 

  (10)        -
 (14) : 

 p xy xyM A . (16) 
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      ,  

 ( )p pxr xrM × J M × J . (17) 
  

p xr xrM A . 
    (16)  (17)  : 

 p pxy xy xrM × I A I A J . (18) 

  Axy  Axr    ,     
Mxy  Mxr,     (19): 

 
(2) (2) (4) (4)

(1) (1) (3) (3) (5) (5)

2 sin(2 ) 4 sin(4 );

sin( ) 3 sin(3 ) 5 sin(5 ).   

j k j kj k j kj k

j j j j

c c
x y x yx y x yx y

x r r x r r x r r x r

A m m

A m m m
 (19) 

 (18)  (11)        : 

pxy xy xrU = M × I A I A J + R ×I  

 
 pxy xU = M × I E , (20) 

 

 
jxex xy xrE = A I A J R×I . (21) 

 (20), (21), (19), (13)   (14), (6)  (7)   (8)  -
    .       

       , 
        -
,       -

  [2–5, 9]. 
        

    . 2.      
    .     

    .      
0aj, 0bj,  0cj,       

 uaj, ubj,  ucj,    * * *,  ,  j j ja b c     

        . 
   ,      

   ,     
     [10, 11].   -

          
 . 

    [12, 13].     ,   
  ,     ,  
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 1 TY = W Z W , (22) 
 W –   [12]   ; 
Z –    ; 
–1   –     . 

  Y    
     
 .    

  ( )    
 ,   (  -

)   Y.    
     
,    
   
  Y,    -

,       -
,      

,    -
   -

  Y,   
   , -

  . 
       ,  

 . 2.         -
 ,        

.      Mxjyk,  
  . 2,    Mxy     

 (14). 
 Y   ,      -

   * * *,  ,  j j ja b c        , 

  . 2,    .   
 *

jx           

*
jox

L ,    * *
j kx y  ( * *

j kx y ) –    * *
j kx y

L ,  

    : 

 *

* *

1 ;
j

j k

ox

o x yk y

L
Y

            * *

* *

1
j k

j k

x y
o x y

L
Y

. (23) 

  ,   Y,   , 
  . 2    ,   

 .     ,   . 2, 
         

  .     -
       

. 2.    
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[2–5, 14].   ,  . 3     -
         -

       ,  
 *

jx . 

   -
      
 ea1,    

   , 
   -

      , 
  . 

    -
    , 
    -
   -

 ,   
     , 

  1-   
   q.   

   
   

   ( )  
 .   -

    -
  ,  

1- , 3-   5-  ,   
   -

    -
 , 2-   4-  -

. 
       . 
       -

     [4]     -
   ,    -

 .        
,  24       

    [15]. 

   
      -

  4,8     .  
      . 4. 

        
6 .   6/0,4      -

  .       

. 3.    
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.        -
   [16]        

      [17]. 
 . 5  6       -

   (  )    . 

 
. 5.   . 6.   

  

         -
  ,       -

     n = 185 / .    , 
  . 7,         

       15° .    
,    ,   2,45   -

     .   
       

 0,005 .          
 1 677      K I = 5,8 %,    

4,8 . 
        

 = 0,006 , L  = 0,000005 .       
   1 060     -

 K U = 6,5 %. 
 . 8   -

    
   n = 185 / . 

    
241,58 · .   -

    3 %. 

. 7.     
   

. 8.    
   n = 185 /  
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 CONTENT,  ABSTRACTS,  KEY WORDS 
 

RESEARCHES  OF  POWER  SYSTEM  OPERATING  CONDITIONS 

The demand of the UPS of Russia power plants for the usage of phase-shifting complexes. 
Brilinskiy A. S., Evdokunin G. A., Kritskiy V. A., Odintsov M. V., Chernyakova L. B. 
The positive experience of operating the Phase Shifting Complex (PSC) at the Volzhskaya HPP 
triggered the large-scale search for the new places of PSC installation at other hydroelectric power 
plants of the Unified Power System (UPS) of Russia. The main purpose of the Phase Shifting 
Transformer (PST) installation is to remove the existing restrictions on the output of HPP power or 
to significantly reduce the volume of power grid measures planned with an purpose to increase in 
their installed capacity. As a result, there were identified hydroelectric power plants, where the 
installation of PST might have a significant technical and economic effect. 
Key words: electric power mode, phase shifting transformer, hydroelectric power plant, power 
distribution scheme. 

Use of a static synchronous series compensator to increase the efficiency of parallel operation 
of power grid. 
Denisenko A. I., Liamov A .S., Smolovik S. V., Chudny V. S. 
The article considers the use of a static synchronous series compensator (SSSC) for solving problems 
of optimal power distribution over parallel electric networks of various voltage classes and limiting 
current overloads of power transmission lines, and provides considerations for choosing the rated 
power of the SSSC in an equivalent design scheme containing parallel overhead lines of 500 and 
220 kV. Based on the calculations of the steady-state modes, it is shown that due to the introduction 
of an additional regulating EMF of the SSSC, a redistribution of power flows between the 500 and 
220 kV networks can be achieved, leading to a reduction in losses. Based on the calculations of 
transients under various perturbations, it is shown that the appropriate control of the SSPC can be 
used to ensure the exclusion of current overload of power transmission lines in post-accident 
modes. The following disturbances are considered: short circuits on the 500 kV lines with their 
subsequent disconnections, and weakening of parallel connections. 
Key words: electric power system, power transmission line, static synchronous series compensator. 

Method for calculating the current transformer saturation time using piecewise linear 
approximation of the average magnetization curve. 
Budovskiy V. P., Vorobjev V. S., Ivanchenko A. N., Moskalenko V. V., Rasshcheplyaev A. I., 
Rybalkin A. D. 

A new, more accurate method of calculating the time to saturation of the current transformer 
(CT) is being considered. For the case of a linear relationship between the magnetic induction B 
and the magnetic field strength H, the authors obtained analytical expressions for H(t) and B(t) as a 
result of solving the well-known system of nonlinear equations describing the processes in CT. For 
the practical use of these expressions, it is proposed to use piecewise linear approximation (CLA) 
of the average magnetization curve. The algorithm for the optimal CLA and the algorithm for 
calculating the time to saturation of the CT are described in detail. The algorithms are implemented 
in the form of computer programs, the performance of which, as well as the adequacy of the 
obtained analytical expressions, are confirmed by numerical experiments. 
Key words: measuring current transformer, magnetizing current, saturation time, short circuit 
phase, average magnetization curve, piecewise linear approximation. 
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POWER  SYSTEMS  MODELLING 

Development of models for power consumption medium-term forecasting in isolated power 
systems based on ensemble methods of machine learning. 
Asanova S. M., Ahyoev J. S., Dmitriev S. A., Matrenin P. V., Safaraliev M. H. 
The paper considers the problem of constructing a model for medium-term forecasting of power 
consumption load graphs in an isolated power plant. The model is based on ensemble methods of 
machine learning using the approach of identifying the most significant features. The studies of 
such models as linear regression, regression based on the SVR, regression decision tree, Random 
Forest, XGBoost, AbaBoost over decision trees, AbaBoost over linear regression were performed. 
The selection of features from the time series allows you to apply models simpler and more 
resistant to retraining. Calculations and analysis of the total prediction error were performed. The 
results of the study are intended to increase the reliability of forecasting in the planning, control 
and operation of isolated power systems. 
Key words: medium-term forecasting, electric power system, ensemble methods, isolated power system. 

Mathematical model of a twelve-phase brushless machine with PMG excitation. 
Adalev A. S., Kuchinskiy V. G., Pershikov G. A., Popkov E. N., Feshin A. O. 
A mathematical model of a twelve-phase brushless machine in a phase coordinate system is 
proposed, which allows to simulate stationary modes of the machine operation taking into account 
the saturation of the magnet core. The macromodel of the machine is presented by the equivalent 
circuits of the power and mechanical subsystems, which provide the ability to connect the necessary 
additional equipment to the external terminals of the macromodel. As a result of modeling of the 
power supply system of the machine with PMG excitation, the parameters of its elements were 
selected to ensure the fulfillment of the established requirements on the level of impacts. The 
control system for the semiconductor devices were tuned. The nominal operation mode for the 
machine was obtained for n = 185 rpm. 
Key words: mathematical model, macromodel, simulation model, twelve-phase brushless machine, 
PMG excitation, phase coordinate system, accounting the magnet core saturation. 

Equivalent model of brushless excitation system and method of experimental determination 
of its parameters in factory environment. 
Triandofilidy I., Yurganov A. A. 
A simple and accurate method of experimental parameters determination for brushless exciter 
models in the process of factory tests of head samples is suggested and described. 
Key words: excitation control of synchronous machines, brushless exciter, modeling, frequency 
behavior. 

DEVELOPMENT  AND  IMPROVEMENT  OF  CONTROL, 
AUTOMATION  AND  REGULATION  SYSTEMS 

Intelligent control of isolated power system operating conditions. 
Andranovich B., Gerasimov A. S., Koshcheev L. A., Kritskiy V. A., Lisitsyn A. A. 
The isolated operation of local power systems, which are relatively small in terms of capacity, has 
a number of features associated, first of all, with the processes of regulation of frequency and 
power flows. There are also peculiarities in the solutions of a task of ensuring of power system's 
reliability and survivability in case of various disturbances in its operation. 
Fluctuation in operating parameters in such a power system appearing due to the rated and 
non-rated emergency imbalances of active and reactive power in the conditions of the absence of 
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mutual assistance from adjacent power systems occur much more intensively. Accordingly, special 
requirements are imposed on the systems of regime and emergency control functioning in an 
isolated power system related to the need to ensure that the parameters of the electrical mode are 
within the permissible margins. In addition, in such power systems there is an acute problem of 
ensuring a sufficient level of reserves for primary and secondary frequency control. 
Key words: Power system, Emergency control, Frequency control, Isolated operation, Gas turbine, 
Protection. 

Investigation of asynchronous operation elimination algorithm for microprocessor system in 
MATLAB Simulink. 
Eliseev D. A., Zelenin A. S., Kasyanov S. E. 
An algorithm for eliminating the asynchronous operation for microprocessor systems is developed 
in the MATLAB Simulink. The developed algorithm is installed on an UEISIM microprocessor 
device with analog and discrete input and output. The model of the automatic device for eliminating 
the asynchronous operation is tested on a test model of the power system on a hardware and soft-
ware complex for modeling power systems in real time (PAK RV, RTDS) in accordance with the 
certification test methodology given in the standard of JSC «SO UPS» STO 59012820.29.020.008-
2015 Relay protection and automation. Automatic emergency control of power systems regimes. 
Automatic elimination of asynchronous operation. Norms and requirements. 
Key words: asynchronous operation, asynchronous run, emergency control automatics, automatics 
for elimination of asynchronous operation, algorithm, microprocessor system, certification tests, 
RTDS, UEISIM, Matlab, Simulink, Simulink Embedded Coder, code generation. 

Features of the discrete outputs of microprocessor relay protection devices in a modern 
operational DC system. 
Rybin I. V., Sinyanskii I. V. 
The conditions of operation of discrete outputs of microprocessor relay protection devices in a 
branched network of a modern operational direct current system are considered, options for 
constructing an operational direct current system, taking into account the interaction of discrete 
inputs / outputs of MP devices, are proposed. 
Key words: relay protection, microprocessor device, discrete input, discrete output, operational 
direct current system. 

Application of PMU to improve the efficiency of power system control. 
Goriachevskii K. S., Sinyansky I. V., Chechulina N. E. 
Protection devices eliminating the asynchronous modes are designed to divide the power system 
into parts when detecting asynchronous rotation of electrical machines. The existing devices 
measure electrical parameters at the installation site. In a number of cases, it is impossible to 
unambiguously determine the position of the electric swing center only from these data. The 
ubiquitous distribution of devices for phasor measurements in electric power systems makes it 
possible to use the data of PMU for the implementation of such automation. PMU application in 
the protection system allow to directly calculate the angle on electric transmission, thereby providing 
direct control of the position of the electric swing center without performing calculations in complex 
resistances. 
Key words: power system, relay protection, emergency automation, phasor measurements. 

Integration of the stability margin monitoring system with technological instruments of the 
electricity and power market. 
Kostoglodova S. L., Lotsman D. S., Maksimenko D. M., Neuimin V. G., Ostanin A. Y. 
The relevance of introducing a system for monitoring stability reserves during planning in the IES 
of Siberia is due to the presence of significant restrictions on the throughput of the main backbone 
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network of 500 kV and significant excess capacity of hydroelectric power plants located on the 
Yenisei and Angara rivers. The backlog of commissioning of energy-intensive production facilities 
of UC RUSAL with a total capacity of more than 2,650 MW in the context of the commissioning 
of the Boguchanskaya HPP with a capacity of 3,000 MW in the eastern part of the IES of Siberia 
has significantly changed the power balance. Taking into account the predicted network constraints, 
determined using the technology of the stability margin monitoring system, at the stage of short-term 
planning, makes it possible to more accurately take into account the predicted operating modes 
of the IES of Siberia when determining the operating mode of the generating equipment. The 
BARS-MAPF software complex developed by JSC «STC UPS», which uses the technologies 
of the stability margin monitoring system, makes it possible to determine the predicted values of 
the admissible active power flows, taking into account the predicted conditions for the functioning 
of power systems. The problem of the most complete use of the capacity of the electric network 
at the stage of short-term planning was solved using modern advances in information technology 
and the possibilities of using computational algorithms. 
Key words: planning of electric power modes, controlled cross-section, maximum admissible 
active power flows (hereinafter referred to as MAPF), stability margin monitoring system. 

FROM  THE  INTERNATIONAL  POWER-ENGINEERING  EXPERIENCE 

Review of the use of approaches to frequency regulation and the choice of operational power 
reserves in the efficiency of the Russian system. 
Bonchuk I. A., Sozinov M. A., Shaposhnikov A. P. 
The article analyzes approaches to frequency regulation and determination of the required amount 
of operational reserves of active power in isolated operating electric power systems of Russia. 
Electric power systems of the Kaliningrad, Magadan and Sakhalin regions are considered. A brief 
description of them is given in the part: 

• structure and amount of consumption; 
• generating equipment, its characteristics, operating modes; 
• approach to determining the operational reserves of active power. 

In the final part, general approaches to frequency regulation and the choice of operating reserves 
among the considered isolated electric power systems are revealed. 
Key words: isolated power system, operational reserves, primary reserve, secondary reserve, 
tertiary reserve, regulation, frequency. 

NAMES  AND  DATES 

Yuri N. Rudenko – scientist, organizer of science, person. 
Voropai N. I., Fedotova G. A. 

My memories of Yu. N. Rudenko 
Koscheev L. A. 

In memory of Yuri G. Shakaryan 
 
 

Content, Abstracts, Key words 

Instruction for manuscript submission 



126  

 

 

 
 

  
  2021

 -      
  100 % 

21–23  2021 .  « »  IX   -
  –        .      

 900 ,   5 000 ,      -
, , , , ,    .   

  200 . 
 -2021    ,    

  . 
      18  ,    2 -

 . 
 , -  -    : «  -

          -
,    –    -

  . ,       
      . ,  

  ,  ,    
         , 

   ». 
       2050 .,  -

         
    «   –   

  ».     
   «   »  . 

      « »  , 
   «   »  , 

      ,   
« »  ,  «  » 

   ,     «  -
»  ,      

 ,    « »  ,   
  –       « »  -

. 
    «      

  »       -
   ,    -

    ,     
    552- . 

         -
   « -  :  »,   -

  .       
« » ,       . -

       -   -
,          Saint-Gobain 

   ,     LafargeHolcim   



 127 

 

 ,   B2B Michelin  -  -
  ,      «  –  » -
 ,    «  »  . 

           
    «  – :  -

      ».  -
  ,      -

 « »       -
 ,    : «      

.       .  -
     .      .    -
  ,  .  ,     – 

   –     ,     
». 

    «        
ESG    »     

   ,  «  », -
  . 
   «   »     2021 . 

     «     ».  -
           -

        ,    -
      ,    .     

  .   ,    «  »: 
«          ,   

    .   ,  .  -
      , ,  

-    «  »    . 
        ». 
    «   » 

,         -
 ,    . 

   -       -
  «  »,   « »,  «  - » 

        -
     ,     -

      . 
 AIRTIME ( - )      -

        ,  
        . 

      -
      (  -

),       ,  
    ,   -

,   ,     -
    . 

         
     ,  -

,  «   », -  -
 ,  «  ». 

-2021         
  HI-TECH. 



128  

 
 



 129 

 
 



130  

 
 



 131 

 
 



132  

 
 



 133 

 
 



134  

 
 



 135 

 
 



136  

 
 



 137 

 
 



138  

 
 



 139 

 
 



140  

 
 



 141 

 
 



142  

 

    

1.   

 «     »  -
    . 
   ,     -

    :    -
, ,     -

 ,      , 
 ,   . 

     ,    . 
   – 2   . 

    «     » 
   :  , 194223, - , 

. , . 1, . ,  2,  202,  «    
»   E-mail: nto@ntcees.ru. 

2.     
      : 

  ( ,  );   ( -
,  ,     );  

 ( , ),  . 

2.1.   
1.  ,  ,    16   4. 
2.      MS Word. 

 . :  – 4 ,  – 3,7 ,  – 3,5 , -
 – 3,5 ,       – 3 .   – 

14×22 . 
 Times New Roman,     – 11, -

  – 1,1,   – 0,5 . 
,    ,      

 .  ,         
 . 

3.     MathType.    (   
  ) ,   ,  

; ,     – . 
     . 

       ( , , 
W, Hz)    (sin, min, const, exp  . .) –     . 

   :   – 11,  – 58 %,  
 – 50 %,  – 100 %. 

4. .         
 (    ).      



 143 

 

        .    : 
  – 10,       – 9. 

5. ,     ,  
       (    -

  ),    ,    . -
  : xls (    ), eps, cdr, vsd, tiff  jpeg 

(   300 dpi).      
  600 dpi, ,    , –  -

 300 dpi. 
6.      .     

   .       
  .       -

     . 

2.2.       
 : 

       (   ); 
       ; 
        ; 
         

; 
  . 

    ,      
   : http://www.ntcees.ru/departments/proceedings.php. 

2.3.   
      

     .   -
,      (  ), -

       .   
        . 
   -   ,   

          -
. 

         -
. 

   . 

       : 
. 8 (812) 297-54-10, . 210, 213. 

E-mail: nto@ntcees.ru 
  



144  

 

 
    /   

        , , 
 ,  _________________________________________________________________  

 _______________________________________________________________________  
 ( )   ___________________________________________________  

 _______________________________________________________________________  
 _______________________________________________________________________  
 _______________________________________________________________________  

       ,  
 ,  ,  ,   

 ,   ,        
  . 

 ,           
   . 

     «     -
»,          -

  ,           
. 

 
  __________________________ «___» _______________ 20__ . 

 

. . .  ________________________________________________________________  

   _________________________________________________________  

   __________________________________________________________  

   __________________________________________________________  

  _____________________________________________________________  

   _______________________________________________________  

  _______________________________________________________________  

E-mail  _________________________________________________________________  


