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1   
 
1.1      

 
   ( ) , -

.        
.      100 °  —  40 

°    -60 °  .       
            

.       , 
    ,      

          
 ,    .      
   . 

 
1.2   
 

ё  –     ,   , 
 ,   ( ).   1436 ,  

 210 . 2. 
 ё      1200 .    . 

      .    
   -       

.          
,       5,5 / .   

  ,   .    
  2–3 ,  –  300–700 ,    0,5–1,2 

/ .     ,    
.. 

  1.1 ё        1985 
 2009 .  

 
 1.1 –     ё  

 1 2 3 4 5 6 7 8 9 10 11 12   

1960 39,3 25,1 22 33 971 764 486 2115 434 154 44 31 427 

1961 22,1 16,6 16,2 79 1461 1383 1788 1344 1035 343 128 52 639 

1962 32,5 28,1 24,5 218 1251 1344 551 2586 1723 408 111 51 694 

1963 29,9 19,9 18,4 298 1370 1566 961 593 484 300 91 50 482 

1964 32 22,3 20 103 869 2010 2220 1549 1273 375 148 70 724 

1965 37,3 27,8 24,6 403 2115 1866 849 1070 2495 735 150 79 821 

1966 26,3 19,5 18,6 160 1605 689 2115 1854 1024 300 107 55 664 

1967 21,4 16,2 14 213 639 738 2715 1054 851 352 77 40 561 

1968 25,9 19,1 18,2 66 2076 1035 1723 1680 730 270 69 37 646 

1969 32,1 24,4 21,5 119 1241 1618 753 1219 1086 516 134 65 569 

1970 48 25,9 24,8 305 926 1053 1330 2469 1670 569 179 101 725 

https://water-rf.ru/%D0%93%D0%BB%D0%BE%D1%81%D1%81%D0%B0%D1%80%D0%B8%D0%B9/1026/%D0%A0%D0%B5%D1%87%D0%BD%D0%B0%D1%8F_%D0%B4%D0%BE%D0%BB%D0%B8%D0%BD%D0%B0
https://water-rf.ru/%D0%93%D0%BB%D0%BE%D1%81%D1%81%D0%B0%D1%80%D0%B8%D0%B9/1029/%D0%A0%D1%83%D1%81%D0%BB%D0%BE
https://water-rf.ru/%D0%93%D0%BB%D0%BE%D1%81%D1%81%D0%B0%D1%80%D0%B8%D0%B9/1727/%D0%9C%D0%B5%D0%B0%D0%BD%D0%B4%D1%80%D0%B8%D1%80%D0%BE%D0%B2%D0%B0%D0%BD%D0%B8%D0%B5
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  1.1 
1971 28,6 21,1 17,4 130 1370 1605 2076 856 1013 361 143 53 640 

1972 44,5 39,4 22,5 109 1488 1018 2900 1254 2036 529 140 87 806 

1973 47,6 31,6 25,4 365 1514 1058 1006 1153 2024 735 160 86 684 

1974 70,8 44,9 35,1 102 1396 793 719 2010 2455 564 135 105 702 

1975 38 22,9 19,2 200 2051 2391 904 728 689 291 87 64 624 

1976 44 40,8 34,5 154 994 833 1566 1089 1084 518 143 83 549 

1977 81,4 43,5 36,3 273 1131 1099 1618 4051 2651 790 209 150 1011 

1978 62,8 48 34,8 398 2259 1120 1344 1971 2115 673 154 100 857 

1979 29,5 17,4 17 319 824 798 1356 4051 1026 455 116 76 757 

1980 10,6 10,3 9,3 610 1971 2115 1383 1984 1288 524 146 48 842 

1981 26,6 16,1 11,8 410 1263 1460 5414 2091 1685 688 138 63 1106 

1982 14,6 7,8 7 54 2065 1024 1711 1669 719 259 58 26 635 

1983 20,9 13,1 10,3 107 1230 1606 741 1208 1075 505 123 53 558 

1984 36,8 14,6 13,5 294 915 1041 1319 2458 1659 558 168 89 714 

1985 17,4 9,9 6,1 118 1359 1594 2065 845 1001 350 131 42 628 

1986 33,3 18,1 11,3 98 1476 1006 2889 1243 2025 518 129 76 794 

1987 46,4 40,4 34,1 354 1700 1402 1170 1121 1030 824 249 94 672 

1988 59,5 33,6 23,9 91 1185 1181 708 1999 2444 553 124 93 708 

1989 35,5 21,4 18,3 30 968 760 483 2111 430 150 40 28 423 

1990 18,4 12,8 12,4 75 1458 1379 1784 1340 1031 339 124 48 635 

1991 28,8 24,4 20,8 214 1248 1340 1548 1582 1719 404 107 47 690 

1992 26,1 16,1 14,7 294 1266 1463 958 489 466 410 87 46 461 

1993 28,3 18,5 16,3 99 865 1006 2216 1745 1269 371 144 66 654 

1994 33,5 24 20,9 399 2111 1863 845 1066 2491 731 146 75 817 

1995 22,5 15,7 14,9 156 1601 685 2111 1850 1020 296 103 51 661 

1996 34,1 23,6 19,3 418 1270 1468 5421 2099 1693 695 145 70 1113 

1997 22,1 15,3 14,5 62 2073 1031 1719 1676 726 266 65 34 642 

1998 28,4 20,6 17,8 115 1238 1614 749 1215 1083 513 130 61 565 

1999 44,3 22,1 21 301 923 1049 1326 2465 1666 565 175 97 721 

2000 24,9 17,4 13,6 126 1366 1601 2073 853 1009 358 139 49 636 

2001 40,8 25,6 18,8 105 1484 1014 2896 1250 2033 525 136 83 801 

2002 43,9 27,9 21,6 361 1510 1054 1003 1149 2020 731 156 82 680 

2003 67 41,1 31,4 99 1093 989 1010 2006 2451 560 131 101 715 

2004 34,3 19,1 15,5 196 1348 2488 900 1374 685 288 83 60 624 

2005 30,3 27 20,8 150 1451 1100 1150 995 895 524 139 59 545 

2006 77 39,8 32,5 269 1628 1005 1614 3048 2648 986 205 146 975 

2007 59 44,3 31 394 2255 1116 1340 1968 2111 669 150 97 853 

2008 34,4 11,9 11,5 253 658 636 1083 3239 819 363 90 59 605 

2009 6,9 6,5 5,6 606 1968 2111 1379 1980 1284 520 143 44 838 

 
         

 1.2    1.1  1.2. 
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 1.2 –        
    
   

       
  ,  ,  ,  , /  ,  , /  

124,0 0 124 0 124 0 
134,1 0,7 125,5 250 125,2 250 
148,9 2 127,5 600 126,7 600 
163,1 4 129,5 1100 128,6 1100 
170,2 6 131 1800 130,5 1800 
174,0 8 132,3 2700 131,4 2700 
177,0 10 132,5 3520 131,8 3820 
179,0 12 765,00 1283 /  /  

 

 
 1.1 –   ё      

 

 
 1.2 –        

124.0

134.0

144.0

154.0

164.0

174.0

184.0

0 2 4 6 8 10 12 14

, м

V, км3

124

125

126

127

128

129

130

131

132

133

0 500 1000 1500 2000 2500 3000 3500 4000

Лето

З а

Poly. 

(Лето)
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         1.3 

 
 1.3 –       

, 3/  I II  III  IV V VI  VII VIII IX X XI  XII 
  257 257 257 257 513 513 513 513 513 257 257 257 

  
 

- - - - - - - - - - - - 

 3 3 3 3 3 3 3 3 3 3 3 3 
 0 0 0 0 2 3 4 2 2 0 0 0 

 5 5 5 -15 -10 0 0 0 0 5 5 5 
 
  

1.3  –   
 

    .    487 
.     124,0 . 

 
 1.4    
 
        , 

      «  » «  
   » (  -   ).  

        
 ,  ,   

 .      ( ) 
   (   680 .   

  ,   (   
544 ).         

   1425,3 .    
   ,  .   

        110 
  2592   220   4044 . 

        2019  
 5,483  * ,  – 5,204  * .  
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2  ё  
 
2.1  ё       

    
 

-           
 . 

 ё   (P=50%) 
       

  .      
        ё  

 50%: 1987  2002 .    
   .     ,    

    , . .  ,   
  . 

 
 2.1 -      

  
50%  

   

P%  Q   Q   Q  
49 2002 680 1995 1453 1969 130 
50  676  1451  129 
51 1987 672 1968 1449 1992 128 

 
 2002 : 

  % =  %. = = ,                                                                (2.1) 

  % =  %.  = = ,                                                                (2.2) 

 
 1987 : 

  % =  %. = = ,                                                                (2.3) 

  % =  %.  = = ,                                                                (2.4) 

 
  ё     2002 . 

 
 ё   (P=90%).    2005 . 
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. % = .. = = ,                                                                (2.5) 

 . % = .. = = ,                                                                (2.6) 

 
      2005 . 

 
 2.2      . 

 1 2 3 4 5 6 7 8 9 10 11 12  

Qi 50

% 

3/  
38 30 234 411 1256 1118 1163 1241 1804 568 270 60 683 

Qi 90

% 
3/  

30 27 221 401 891 1050 965 1026 1105 524 239 59 545 

 
     (  2.1).  

      . 
 

 

 2.1 -       

 

2.2    
 

    2  :  
( )   ( ).  ,     

 ,        

0

250

500

750

1000

1250

1500

1750

2000

2250

0 1 2 3 4 5 6 7 8 9 10 11 12

Q, м3/с

месяц

Q 

Q 
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.      .    
    ,     

  (     V, VI , VII , VIII , IX ;  
   IV, X, XI , XII , I, II , III  ). 

  ,        
 ,     .   

       (2.7)  
. 

 = + ∙ ,                                                                                     (2.7) 

 

 m –      ( , 
     ),    

; 
n=50 –    . 

   ,   
     ,  .1. 

       
    90  50% . 

       , 
      2.2. 
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 2.2 –    
 

2.3    
 

       
   .   

      (   
 ),   165,42 .    

  ,          
(  1.1). =  ; = ,  ; 

 
   : 

 = − = − , = ,  ;                                       (2.8) 
 

      ,  
      : 
 = ̅ ,                                                                                                   (2.9) 

 
 ̅  –     . 
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 ̅ =  ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ∙ ,                                                                                       (2.10) 
  

 ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  –     ,  .1; 
t –    . 
 ̅ =  ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ∙ =  ∙ = ,  ; 

 
 = ̅ = ,, = , . 

 
     β    

 β=0,1 – 0,35,      .  
  . 

 
2.4         

   
 

        
       

  . 
         

      : 
 Э  = 𝑁 ∙ ∙ ,                                                                             (2.11) 
 

     𝑁 −  , 𝑁 = , ; 
 −  ; 
 −   . 
  : 
 = − − ∆ℎ,                                                                                    (2.12) 

 
    −   ,   , ; 

 −   ,   
  ,    ; 

 ∆ℎ −     . 
       ё   : 
 

 Э  = 𝑁 ∙ ∙ ,                                                                              (2.13) 
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    −       
, / . 

     2.8, 2.9. 
 

 2.8 –     
 1 2 3 4 5 6 7 8 9 10 11 12 

z  179 179 179 179 179 179 179 179 179 179 179 179 

z  125,5 125,5 125,5 125,2 126,3 126,3 126,3 126,3 126,3 125,5 125,5 125,5 

H 53,1 53,1 53,1 53,4 52,3 52,3 52,3 52,3 52,3 53,1 53,1 53,1 

N  10 9 96 187 398 464 426 454 489 233 104 23 

 
 2.9 –     

 1 2 3 4 5 6 7 8 9 10 11 12 
z  179 179 179 179 179 179 179 179 179 179 179 179 

z  
125,

5 
125,5 125,5 125,2 126,3 126,3 126,3 126,3 126,3 125,5 125,5 125,5 

H 53,1 53,1 53,1 53,4 52,3 52,3 52,3 52,3 52,3 53,1 53,1 53,1 
N  116 116 116 117 228 228 228 228 228 116 116 116 

N 
-N 
 

-106 -107 -20 71 170 236 198 226 261 117 -12 -93 

 
   = 940 .   

  . 
   (  2.3).  N   N .  

   ,     
  . 

      
N . =298      
N . =266  
N . =192  
N . =266  
N . =298 . 
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  2.3 –     ,   

   
 

2.5 -      
 

  -  ё  –  
    ,   

  (  ),  .  
   ё      

 .   
ё    ,   ,  ,  

 =179 .  
     :  

1.    ,  ,   
 . 
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2.          .  
         

  .      
    . (  ,  

.1, .2). 
  –       

   2.4. 
 

 
 2.4 –      
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3     
 

3.1    
 

  –      
.         

   ,    ,  -  
   ,    .   

    : 
 Э Э = ∇ − − ∆ℎ,       (3.1) 
  

 ∇  –      ,    ∇ =∇ =  ,   ё   ∇ = ∇ = ,  ,   
  ∇ = ∇ = ,  ; 

  –           ; 
 ∆ℎ –     . 

 
        

,       : 
 𝑖 =  ⁄  .   

  
       

  : 
 

Э = 𝑁 ∙ Э , (3.2) 

  
 = 592  –    ; 

 𝑁= 9,02 –  ; 
 Э  –   ,   . 

 
      : 

 

Э = Э ∙ √ Э , (3.3) 

  
 Э  –    .    

        
 ё  ; 
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  – ё    .     
        

ё  . 
 ё       (  .1). 

    : 
–  .      

        : 
 = ,  .  

 
– ё  .       

      ё  : 
 = ,  .  

 
–  .      

         
: 

 𝑖 = ,  . 
 

 

3.2       
 

         
,    =49,5       

  ,    , . . . 
       

: 
- -  -50- ; 
- -   50; 

      ( . 3.1): 
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 3.1 –      

 50-  50-  

  
 

,  50 50 

 
 𝑖 ⁄  0,5 0,5 

 
  

 
′  , /  116 113 

 
   , /  1000 1100 

  
 

𝜂    0,916 0,91 

 
  

′ , /  1500 1650 

 
 

𝜎 ,  0,56 0,52 

  
    ,  0,46 0,35 

  
  ,  12 5 

 , ℃ 21 16 

 
 

𝑣  
 

0,988 1,114 

 

    ŋ    : 
 

𝜂 = − ( − ŋ′ ∙ − + ∙ √  ∙ ∙ 𝜈𝜈 ),                  (3.4) 

 
 ŋ(p1), D1 , Н  – ,     ;  

 D1, H  –      ;  
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  ν , ν  –        
  ,      

    t   t ; 
   ε- ,       

  (ε=0,75). 
    : 

ŋ . .=0,97 
    : 
 
 ′ = , ∙ ′  ∙ ∙ , ∙ 𝜂 ∙ 𝜂  ,                                                         (3.5) 

 
    ′ –     ;  

ŋ .  −    (   0,97). 
        : 

 ′ = 𝑁𝑁′ ,                                                                                                       (3.6) 

 
     = 592  –   . 

 ,    ,    
   .  ,     

 2  3.       
  . 

  : 
 

 = ′  ∙ √ ∙∆,                                                                                            (3.7)   

 
  ′   – ё       

ё   (  3.1); ∆ -   ё        
 ,          

. 
       

      . 
        

ё   ,    
 ,   𝑖 ,    : 

 ′ = ∙√ 𝑖 ∙∆,                                                                                                    (3.8) 

 ′ = ∙√ ∙∆,                                                                                                              (3.9) 



 

 

25 
 

 ′ 𝑖 = ∙√ 𝑎𝑥∙∆,                                                                                                 (3.10) 

 
  ё    ё    

: 
 

           ′ ∙ 𝜂 = 𝑁, ∙ ∙ , ∙𝜂  .                                                                                    (3.11) 

 
    ё      

  ,    ё  , 
    ′     ′   𝜂 ,    

 .  
 ё  ,  ё     

  . 
      –    

ё   ,    
 . 

    –     
,       

     Hm x  Hmin  :  
 ′ = 𝑖∙√ ∙∆,                                                                                                         (3.12) 

 
 𝑖  –    . 

        . 
       
.      ,    – 

ё  ,   – , ё    (3.11),   
  .  ё   
    3.2  3.3. 
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 3.2 -       
 D1  50-  

D1,  5,3 5,6 6 6,3 6,7 
  0,93 0,93 0,93 0,93 0,93 

N' ,  109 122 140 155 175 
Z'  5,42 4,85 4,22 3,83 3,38 

Z ,  6 6 6 4 4 
N ,  98,7 98,7 98,7 148,0 148,0 

Δ' 1,037 1,038 1,038 1,039 1,039 
n'c, /  147,3 139,5 130,2 124,1 116,7 
n  /  150 136,4 125 125 115,4 

n' min, 
/  131,8 126,6 124,2 130,4 

128,0 

n' , 
/  118,1 113,4 111,3 116,9 

114,7 

n' m x, 
/  111,0 106,6 104,6 109,8 

107,8 

Q·  1,28 1,14 1,00 1,36 
1,20 

Q· m x 1,06 0,95 0,83 1,13 
0,99 

 
 

 
 3.3-       
 D1  50-  

D1,  5,30 5,60 6,00 6,30 6,70 
  0,92 0,92 0,92 0,92 0,92 

N' ,  121 135 155 171 194 
Z'  4,90 4,38 3,82 3,46 3,06 

Z ,  5 5 4 4 4 
N ,  118,40 118,40 148,00 148,00 148,0 

Δ' 1,06 1,06 1,06 1,06 1,07 
n'c, /  145,31 137,57 128,44 122,36 115,09 
n  /  150,00 136,40 125,00 125,00 115,40 

n' min, 
/  130,15 125,02 122,71 128,81 

126,43 

n' , 
/  116,65 112,04 109,97 115,44 

113,3 

n' m x, 
/  109,60 105,27 103,33 108,47 

106,46 

Q·  1,53 1,37 1,50 1,36 
1,20 

Q· m x 1,27 1,14 1,24 1,13 
0,99 

 
        50- , 

  ,  ё      .  
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  50-      ,   
  . 

 
3.3      
 

      ё 
    : 

 ∇ . . = +                                                                           (3.13) 
 

  -       ,  
   . 

    HS   
       
 .    

,       , . . 
   ,  ,  : 

-    Hm x   ; 

-    H    ; 

-    Hmin   . 

    : = − − 𝜎 ∙ − ∆ + ∆ .                                              (3.14) 

 
  -   (10,0  . ); ∆  –    ,  

     ,   
   (1,5 ); 

 -  ,     
   ;  

 –  ,      Z (Q ); 
Z . . –       

   ,    -  Z . .=0. 
 -50- -600. 

 m x: 
 = , − , − , ∙ , = − , ;                                              
 

 H : 
 = , − , − , ∙ , = − ,  ;                                          
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 Hmin: 

 = , − , − , ∙ , = , ;                                              
 

      . 
        

  . 
 Z = , − , = ,                                                                    
 Z = , − , = ,                                                                  
 Z = , + , = ,                                                                  
 

       
   Z = , . 

 
3.4    .  

 
        

         
.  

  : 
 = 𝑁𝑎𝜑,                                                                                                   (3.15) 

                                                    
           cosφ  0,85. 
 = ,, = , , ∙                                                                           

                                        

P= = = .                                                                                     

         
        125 

/     48.  : -1130/140-48 4 
(  3.4).   
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 3.4 –    -1130/140-48 4 
      

   S  ∙  117,7 
     100 

  cosφ . . 0,85 
  U   13,8 

  I   5,89 
   n  /  125 

   Xd . . 1,84 
  X’d . . 0,33 

  X”d . . 0,2 
   

 
          

3.5       
 

3.5.1     
 

        
    .       

   ,    
. 

    : 
 D∗ , ∙ [ ] ,                                                                                     (3.16)  

 
 [ ] = −  ,    : 

 M = , ∙ = , ∙ = ,                               (3.17) 

 D∗ = , ∙ ,[ ] , = ,    

 
    1,1 . 

 
3.5.2   
 

      
 . 

    : 
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 R = , ∙ ∙ = , ∙ ∙ = ,                                              (3.18) 

 
    d ,   ,  

 15 – 20   D . 
 d = D + , = ,                                                                         (3.19) 
 

     : 
 = ∙ [ ],                                                                                      (3.20) 

 

    [ ] = ∙ U,  U =  π ∙ n ∙                                                            (3.21) 

 
h     3.5: 
 

 3.5 –  h       

 

 = ,, ∙ , = ,                                                                         

 

 [ ] = ∙ =                                                                         

 [ ]  . 
     : 

 R = + ∙ α+ ∙ α
= ,+ ∙ + ∙ = ,  ,                                 (3.22) 

 
    α –    , : 

 

α = Z = =                                                                                  (3.23) 

 
    : 

             = Rl ∙ h [ ]                                                                                   .  
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            = ,, ∙ , = ,   

 l = , ∙ π ∙ dZ = , ∙ , ∙ , = ,                                   .  

            [ ] = ∙ U = ∙ =                                                              .  

 [ ],  . 
 

      . 
   -  ,    , 

         C. 
 
3.6      

 
 

      
 ,    , 

  . 
        

50   D1 - 6 :   12,5/1-40-12,5-2, 
 
 :12,5 -   
1 -   
40 - ,    40 / 2 
12,5 -  ,  12,5 3 
2 -  . 

       ,     
   ( ): 

-2 1-150-4 
   .  

    ,   
     .  

  150 .   4-  . 
 

 
3.7      
 

        
  : 

 
ЭС = , − , ∙ = ∙ =                                                 (3.27)  
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.     .  
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4   
 

4.1     
 

         
    ,     

   ,  ,  
,  ,     

 .  
        

220 , 110 , 330 .   –     
  ,     « ё » 330   
 50 . 

     ,    
   ,     

.        
 .        . 

    :     
 ,    4.1. 

         ё 
  ,    . 

 

 4.1 –       

   [9],      220 , 
   330 .        

 98,7 ,    .  
 

4.2    
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4.2.1        
 

 

       ,   
 .  

        
      ,  

    . .   : 
 S =  − . .φ = − ∙ ,, = ,  ∙  ,                                      (4.1) 

 
     P . . –    , . 

   " "   -
125000/330.      4.1. 

 
 4.1 –     125000/330. S ,  

U ,  U , % ∆P ,  ∆P ,  I ,% U  U  
125 347 13,8 11 380 125 0,55 

 
      

 ,       
   . 
 τ = , + ∙ = , + ∙ =  / ,      (4.2) 

 
     : 

 t = − ∙ T − ω ∙ T ,                                  (4.3) 
 

    =1 –   ( , , ), 1/ ;  
   T  =30–       , ; 
   ω =0,025–     , 1/ ;     T =  –   -   

, ; 
             t = − ∙ − , ∙ =  . 
 

    : 
 ∆W = n ∙ ∆P ∙ t = ∙ , ∙ =  ∙ ,                   (4.4) 
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    n  –    . 

 ( )   : 
 ∆W = ∆ ∙  ∙ τ = , ∙ , ∙ =  ∙ ,            (4.5) 

 
        
: 

 = ∆W + ∆W ∙ T ∙ γ ,                                         (4.6) 
 

      –   ∙   
 

          = ∙ , + ∙ , = ,  . ./ .  
 

  : 
 = ∙ , = ,  . ./ .                                      

 

4.2.2       
  

 

        
      ,  

    . .   : 
 S = ∙  − . .φ = ∙ − ∙ ,, =  ∙  .                             (4.7) 

 
 P . . –    , . 

 
   "  "  

 -250000/330.      4.2. 
 

 4.2 –     250000/330 S , 
 

U ,  U , % ∆P ,  ∆P ,  I ,% U  U  

250 347 13,8 11 605 214 0,5 

 
      

 ,        
  . 
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            τ = ( , + ) ∙ = ( , + ) ∙ = .    .  

 
     : 

 t = − ∙ T − ω ∙ T ,                                                  (4.9) 
            

      = 1 –   ( , , ), 1/ ;  T  = 30 –       , ; ω = 0,025 –     , 1/ ;  T =  –   -   
, ; 

             t = − ∙ − , ∙ =  . 
 

    : 
 ∆W = n ∙ ∆P ∙ t = ∙ , ∙ =  ∙ ,       (4.10) 
            

 n  –    . 
 

 ( )   : 
            ∆W = ∆n ∙ ( SS  ) ∙ τ = , ∙ ( ) ∙ =  ∙ ,      .  

 
        

: 
 = ∆W + ∆W ∙ T ∙ γ ,                                      (4.12) 
                  

    γ  –   ∙  ; 
 = ∙ , + ∙ , = ,  . / . 
 

 6 : 
             = ∙ , = ,  . / . 
 
4.2.3    
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      -1130/140-
48 4   "  ".    

   4.3 
 

 4.3 -     

   U  ,  cos φ , . . 𝜂 

 
 S   , 

·    ,  x"  x′  x  

117,7 100 13,8 0,85 97,7 0,21 0,26 0,91 

 
4.4        

    
 

      
 ,        

  . 
 ,     ,  

(1-2) %  S  : 
 S . . = ∙ , ∙ P  φ = ∙ , ∙ , = ,  ∙ .                           (4.13) 

 
    : 

 
          S . . S . . 
 

   « »  3  –
10000/35,   1589 . .     

 4.4. 
 

 4.4 –    –10000/35 S о , В∙А 
U , кВ Uк, % UВ  U  

10 36,75 6,3 8 

 

 

4.5      -  
ё  
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,      

   .  
   : 

 = ∙ + n ∙ + m ∙ . .,            (4.14) 
 

      –   ;  . .-    ; 
 –   ;  n –   ; m -    ; 

t –    
 

       : 
 
  = 4 . . 
 

       :  
 = ∙ + ∙ + ∙ , = ,  . .          

 
       : 

 = ∙ + ∙ + ∙ , = ,  . .  
 

      
    : 

   = ∙ + ,                                                         (4.15)

      
     = 0,15 –    

 
         
: 

 = , ∙ , + , =  . .                  
 

         
: 

 = , ∙ , + , =  . . 
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   :  
 = − ∙ %,                                                                                             .  

 = − ∙ % = , %. 
 

  ,        5%  
  ,     

 . 
 ё        . 

   [19] – «     
       

    .    
     ». 

 

4.6          
   

 

 ,    330 : 
 S∑ = n ∙ P − , ∙Pφ                                                       (4.17) 

 

 S∑ = ∙ − , ∙, =  ∙ . 
 

       330 : 
            P . =  ;      = ;      cosφ = , ; 
 

  –     ,  
 1,    330   , 1,2   220 

, 1,4   110 .  
 –       330 .  

 
  330 : 

 

          n = P −P∙P ./ φ + = ∙ / , + = ,                              (4.18) 

 
   330   n = . 
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I = ∑∙√ ∙ = ∙√ ∙ = ,  .                             (4.19) 

 
       – 300/39.  

  I =  . 
   : 

 

          I . = ∑− ∙√ ∙ = ∙√ ∙ = ,  .                             (4.20) 

 I > I . , ,     
. 

 
     4.5. 

 
 4.5 -    -300/39 

 
   

r0 /  x0 /  b0 /  

2 0,048 0,328 0,000341 
  

4.7     

 

  –330 : 6 (3  330 , 3 ).   
          
     .    – 330  

   3. 

 
 

 4.2  –    330 : 2    
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4.8         
      «R STR WIN 3» 

 

4.8.1 ё    
 

     
    . 

 
 : 

 = ′′ ∙   = , ∙ , ,  = ,                  .  

 
   : 

 = ∗" ∙ = , ∙ , = ,  .          .  
 

  : 
 = %∙∙ = ∙ ∙ = ,  .          .  

 
: 

 x =   = =  .                .  

 
  330   : 

 = , ∙ = , ∙ = ,  .             .  
 

 : 
 = ∗ ∙ = , ∙ =  .          .  
 

 : 
 = = , = , .             .  

 

4.8.2       R strWin3 
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  4.3, 4.4, 4.5      
 «R strWin3»,   .  

 

 

 4.3 –     

 

 

 4.4 –     

 

 

 4.5 –     
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4.8.3         
    «R strWin3» 

 
 ё     4.6 

 
 4.6 –      ё     

  1 I .  i  
1  10 7,94 12,35 
3  10 5,3 8,245 
3  1                 52,95 82,37 

 

4.9         

       
        

.   ё       – 
    ,    

   ё  ё . 
        

,    .    :  
1)         

; 
2)       

  ; 
3)    ,    

     ,   ,    
  ( , ё ).     
 ё    ; 

4)     . 
 
4.9.1        
 

       
     .  

 
       

        5% : 
           , . = , ⋅ , = , ∙ , = ,                                                   (4.28) 

 

    : 
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          I   = ,√ ∙ , = ,√ ∙ = ,  ,                                          (4.29) 

 
       330 : 

 I . = ∑∙√ ∙ = ∙√ ∙ = ,  ,                                                  (4.30) 

 

        
  : 

 I . = ∑− ∙√ ∙ = ∙√ ∙ = ,  .                                            (4.32) 

 

4.9.2      
 13,8  

 
         

         , 
  . 

 
       

 : 
 U U . .  

  I I ,  .  
  B , B , .  

 
     « »  

     –14  
 –14/4000 3.    

      4.7.  
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 4.7 –        
 

ё   
  

 
-20 

 
-20/4000 3 U  = ,   U =   U =  I . =   I =   I =   I = ,   I . =   i . =   = ,   i . =   I . =   

 I . =   t =  . . = I ∙ (t + t = = ,  ∙ , + , = = ,  ∙  

. = I ∙ t = 
 = ∙ =  ∙  

. = I ∙ t = = ∙ =  ∙  

 
     –20: 

 i τ = √ ∙ I ∙ − τ = √ ∙ , ∙ − ,, = ,  .                             (4.33) 
  i τ√I ∙ % = % 

 
75% < % 
 

,    ,    
4.8. 
 

 4.8 – ,     
 

 
  

 
 

 
 

 
 ( · ) 

   : 
 

 
-1 RS485 0,5 8 

   : 
 

 
-1 RS485 0,5 8 

 - 3 RS485 0,5 10 
  ∑ = 26 ·  

 
,     « - », 

    - 3.  
         

,        , 
   . - 3    

    4   15150 (  



 

 

46 
 

   1  45° ;     
55° ;    98 %   35° ). - 3 

    ,     
 15150.  

  ,    «  
». -1      

        
       

   50     0,4  750 . 
      

      (    
 13109-97),       

,   –     
      , 

  ,   .   
   0,4     

 . 
 
4.9.3      
 

   –10–1.   
«  ».    -10-1  
  4.9. 

 
 4.9 –    –10 

 ё       U < U  U = ,   U =   I  < I  I . =   I =   
 

   -10.   
«  ».    -10 

   4.10. 
 

 4.10–      
 ё       U < U  U = ,   U =  

 
      13,8  

      – 10 1   
« z ». 

 
4.9.4    

 
4.9.5     ё   
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     330    -330 

   « ».     330  
   4.11. 

 
 4.11 –       

ё   
  

-330 U  =   U =   I  =   I =   I = ,   I =   i = ,   i . =   . = I ∙ (t + t = = , ∙ , + , = = ,  ∙  

. = I ∙ t = = ∙ =  ∙  

 
  -330        
: ,    ,  

  , .     
   ,  , 
,  ,      
   ( .4.12.). 

 
 4.12 –      

 
  -330 I  63  

 0,055  
 ,  
330 

   
    

  0,2S 
  0,2S 

  10P 
 ,  

  4000 
  2000 

 ,  
330 

 
4.9.6  -   
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  -   -1200 - 400 
  1500 . 
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5     
 

  ,   
         
    ,  

      
,        

 . 
    : , 
  . 

 
5.1     
 

         
      . 

   -1130/140-48 4: 
       

         ; 
      (100%)   ; 
        ; 
    ; 
       

      
; 

     ; 
      ; 
        ; 
        

; 
     ,   

 ; 
     ( ) ; 

     125000/330: 
       ; 
     , 

   (    
); 

        
    330 ; 

    ; 
        

 ;  
     ; 
    ; 



 

 

50 
 

   . 
   : 

        
        

 
    
    

   330 : 
-  : 
 -       . 
-  : 
 3-       ; 
        

  ; 
 4-          

( ); 
        330  

  330 . 
 
5.2     
 

 5.1 –   
 –1130/140-48 4 

 
 

  117,7  
 100  

  13,8  
   cosφ 0,85 

  125 /  
    4922  

     1300  
 

  
  ( . ) 

 Xd 0,91 
 X’d 0,26 

 X”d 0,21 
 

 5.2 –    
  125000/330 

 ,  125 

 ,  : 347; : 13,8. 

  , % 11,0 

  ∆/ −  



 

 

51 
 

 

 5.3 –     
 -10000/35 

 ,  10000 

 ,  : 36,75; : 6,3. 

  ,% 8 

  ∆/ −  

 

5.3    
 

  : 
 = / 𝜑√ ∙ = ∙ / ,√ ∙ , =                                                               (5.1) 

 
       

  : 
 = ∙ = ∙/ = ,                                                                   (5.2) 

 
      : 

 = √ ∙ = , ∙√ ∙ = ,                                                               (5.3) 

 
        

 : 
 = ,/ = ,                                                                                      (5.4) 

 
      :  

  = √ ∙ , = ,                                                                              (5.5) 

 
5.4       
 

5.4.1     (I∆G) 
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 < , ∙    

        . 
        

          
 . 

  : =  . 
   :𝜂 = /  . 

1)        
  .  .      

      : 
             = ∙ 𝑖 ∙ = , ∙ , ∙ ,                                                              .  
 

     = ,  -    ;  𝑖 = ,  -    . 
   : 

              . ∙ = ∙ , ∙ , ∙ = , ∙ ,                                            .  
 

     =  -  . 
 : 

 
 . = , ∙ . = , ∙ , = ,                                                  (5.8) 
 
2)        

    .      
    ,   

     . 
       

 :  
              = ∙ 𝑖 ∙ ∙ ,                                                                     .  
 

     =  –   ;  𝑖 = ,  -    ; = ,  -     (0,5-  
 , 1,0   ); 

 -         
        

; = ′′′′ ∙ = ,, ∙ =                                                      .  
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 ,     : 

             = ∙ , ∙ , ∙ ,, ∙ = ,                                                           
 

    : 
             >  ∙ ,                                                                                              .  

             > , ∙ , 
            > , ,  
 

     =  –  ;  
 -       . 

  = , . 
3)    (      

): 
 

 = ∗ = , , = , .                                                                                  .  

 
4)        

.      : 
             ∗ = ,, = , .                                                                                     .  

 
     = 1,5 (    

). 
  5.1    

  . 
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 5.1 –    
  

 
    ,  ,  

   -       
. 

 

5.4.2         (UN 
(UO)) 

 

  100%    , 
         

    . 
      : 

1)   (U0)      
  U0   85%     
  ; U0     

 3U0    ,  
 «  ». 

       
       

     
     Э . .      

 . 
  Э . .     ,  

 . 
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    ,  
      

  5.2. 

 

 5.2 -     , 
     

 
 

 –        ; 
 –        ; Ш –      ; 

 –      ; 
 –      . 

     : 
            Σ = + + Ш + = , + , + , + , == , ,                                                                                                                        .  

            Э . = ∙ ∙ + Σ ,                                                                        .  

 
  – ,       
 .       

,    , = , ; 
 –         

 , = , ; 
 –         

   .  : 
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           = ∙  √ =⁄ ∙ √ = ,  ,                                                  .  

 
        
    330 : 

             Э . . = , ∙ ∙ ,, + , = ,  ,                                   .  

    Э . . = ,   
 

     : 
            ∙ ∙  Э . ,                                                                                      .  

            ,, ∙ ∙ ,,√ ∙ , , 
 ,  , 
       = ,  –  ;        –   ;       = ,  –  .              

,     5  20 . 
  :    5     

9,0    ;    10     0,5 , 
    ;    15    
 0,5        ,  

   ,     -
 . 

2)        
          30%  

    . 
         1  

3. 
          

  : 
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           = + .                                                                                                             .  

 
 = ,        31,3 %  

   . 
    500     
 ,        

-  . 
 
5.4.3     (U1>), (U2>) 
 

1)   U2> : 
             = , ∙ = , ∙ / =  .                                                        .  

 
2)         
  U1>   , ∙ ,      

     . 
U1>        . 

 U1> : 
            = , ∙ = , ∙ / =  .                                                         .  

 
  ,       

   330      , . 
    0,5      

,  . 
 

5.4.4      
      (I2) 

 
      

       
       
,         

. 
       ∗ : 

             ∗ = ,                                                                                                               .  
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     –       ,  

–      . 
      

    : 
        = ∗ ,                                                                                                          .  

 
     =  – ,  - . 

    : 
1)   ,      
        

(   ). 
   : ∗ = , ; 

             = , ∙ = , ∙ = ,   , ∙ .                                .  
 
2)         

        
 .       

       =  . 
 : 

             ∗ = √ = √ = , .                                                                                  .  

 
 : 

             ∗ = ∗ = ,, = , ,                                                                             .  

 
     = ,  –  . 

            = , ∙ = ,   , ∙ .                                                            .  
 

         
  ,  ∗ = , : 

 = = , ≈                                                                            .  
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3)       
,         

 ,  : 
 

 = ∗ ,                                                                                                             .  

 = = ∗ ∙ .                                                                                           .  
 

      
     5.4. 

 
 5.4 -      

   
   

  -
 I2/I  

1,0 0,6 0,5 0,4 0,3 0,2 

 ( ) 20 55 80 125 220 500 

 

     
      

   (I2)    1.3. 

 

 5.3 -      
      

   (I2) 
 

0

100

200

300

400

500

600

0 0.2 0.4 0.6 0.8 1 1.2

t,
 c

I2/I
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 : t . = 20 , t . = 600 . 

       
     .   

 ,        
   0,135   ,    

«  » (I )      10  999 .  
    -  (t = 100 ). 

4)          
          
     . 

       : 
1.         

 ; 
2.       

         B . 
3.          

 BJI. 
  :       

       
 

  : 
)         

 330          
  : 

 ′′ = ′′ = , . = ,                                                    (5.31) 

 
 ′′-   ,    

 ; 
 = = , . = ,                                                      (5.32) 

 
 –    ,  

  . 
  ∗ = % ∙ = , ∙ = ,                                                          (5.33) 

 
  ∗ -     . 
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           . .∗ = ,  ′′ + + ∙ = ,  , + , + ∙ , == ,  . . ,                                                                                                                   .   
 

       
 . .∗ = . .∗ ∙ ∙ = , ∙ ∙ . = ,  . .                              (5.35) 

 
  :      

      .    
        

. 
     8    -330. 8,5   

   330    ,   
 9        . 

 

5.4.5    𝑰  
 

       
.           

  : 
1)  ,     

         
   . 
  : 

             = ∙ = , ∙, = , ∙ ,                                                            .  

 
     = ,  –  ; = ,  –  . 

  =  . 
2)  ,      

        
 . 
  : 

             = , ∙, = , ∙ .                                                                               .  

 
3)       . 
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   ,    5.5: 

 

 5.5 -   ,    
    
 
 ⁄  

1,1 1,15 1,2 1,25 1,3 1,4 1,5 2,0 

 
 ( ) 3600 900 360 300 240 120 60 1 

 
      

     5.4. 
 

 

 5.4 -    
     

 
        

  ,  . 
      
   0,01 . 

4)   ,     
       . 

  :  
             = , ∙, = , ∙ ,                                                                 .  

0

500

1000

1500

2000

2500

3000

3500

4000

0 2 4 6 8 10

t,
 c

I/I
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        <. 

   : 
             = , ∙∙ = , ∙, ∙ = ,  .                                         .  

 
     8,5     
 330    ,    9,0   

     . 
 
5.4.6    𝒁 < , 𝒁 <  
 

         
       

    . 
     ,   I  

II      III   IV     
. 

1)       
        1 .  
         

 ,    . 
       220   

 . ,    330 ,   : 
)        330    – 

 « ё »: 
             , ∙ + , ∙ ′ = , ∙ , + , ∙ , = ,  ,            .  

 
      – , ,   ; 

 –  ,     
330 ; 

             = , ∙ = ,  . 
 

  ,     
: 

              . . , ∙ , ∙ + , ∙ ∙ , = , ,                            
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   : 

             =  . . ∙ = , ∙ , = ,  ,                                                  .  
 

     = = . , = , .                                                                        .  

 
  : 

             = ∙ = , ∙ ,, = ,  .                                                   .  

 
  = ,  . 

2)  ∆         
    .   ∆ ,      ,    , 

 , ∆ = . 
3)        

       . 
    : 

 = √ ∙ = , ∙√ ∙ = ,  ,                                                        .  

 
      –   , . 

       
         
 ∙ . .       , ∙  (   

): 
 

            = ∙ .. . . − , = ∙ − ,, = , ,                                               .  

 
     . . . –    , ; 

 –       
. 

          
  , ∙ . 

     : 
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            . = , ∙ = , ∙, = ,  . . => . ,                                .  

             𝜑 . = 𝜑, ∙ = ,, ∙ , = , ,                                            .  

 
      𝜑 . = °. 

     : 
              = . = , , = ,  . . ,                                                          .  

              =  . . ∙ = , ∙ , , = ,  .                                            .  

 
  : 

              = . . ∙ = , ∙ // = ,  ,                                           .  

 
  =  . 

      
  12-20%.     = ,  , = ,  . 

         
    . 

      8    
  330    ,    9,0 

       . 
      

 5.5. 
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 5.5  -     

 
5.4.7      
 

       
.        .  

   : 
1)  ,     

         
   .   : 

              . = ∙ . = , ∙ ., = , ∙ . .                                   .  

 
2)  ,      

        
 .   : 

              . = , ∙ ., = , ∙ . .                                                                 .  

 
3)  ,      

 ,    ,    
  ,  . 
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 5.6 –     

 
 ⁄  

1,1 1,15 1,2 1,25 1,3 1,4 1,5 2,0 

 
 ( )  210 150 120 90 72 60 20 

 
       

    5.6. 
 

 

 5.6 -      
   

 
4)   ,     

       .  
 : 

              . = , ∙ ., = , ∙ . .                                                        .  

 
     3,0 .   

   ,  . 
 
5.5     -  
 

0

100

200

300

400

500

600

1 1.2 1.4 1.6 1.8 2 2.2

t,
 c

I/I
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   ,      
        

       
« ». 

     
     ,    

. 
       

 ,    
          

        
      

       
  ,     

  –     
. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

69 
 

5.6       
 

      5.7 
 

 5.7 –   
 

 

 
    

 
 

.  
 ∆  

 
, .  

, ∙  0,465  

 
,  ,  - 

 
 

,  
, ∙  1,535  

 ,  , ∙  4,6  

 
 

  - 4,6  

  - 5  

  - 10  

 
 

,  
1,1 - 

 > 

2    , ∙  140  

1    , ∙  120  

 
 

  

 . .  
 

 

  , ∙  0,21  

  , ∙  0,46  

 I . . , ∙  0.27  

  

 . .  
 

 

  , ∙  3,28  
  , ∙  3,37  

  , ∙  4,39  

 < 
1   0,151 0,151  

2   0,267 0,43  

 
  

 
 

  . , ∙ .  3,913  
  . , ∙ .  4,023  

  . , ∙ .  8,009  
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     5.8 
 

 5.8 –    
 

 

 

 

 
/

 

 
 

 
 

 
 

 

 
 

 

 
-

22
0

 
-

 

 
  

 
 

  

       

  
.  

 ∆  + + + +    

 
 

       + 

      +  

 + + +     

  + + +     

 > 

1  + +      

2  + +      

  
 

  
. .   

 

       + 

 + +      

 I      +   

 + +      

  
 . .  
 

 

       + 
 + +      

 
     +   
 + +      

 < 

1 
 

     +   

 + + +     

2 
 

     +   

 + +      

   
 

 

       + 
 + +      

 + +      
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6     
 
6.1        

 
6.1.1     
 

        
 ( =55 )     (   – ) 

[31], : II. 
        

-      [31].  
  (N=592 ), : II . 

       
   (      

    10000 ), : I. 
  ,     ,  
   I . 

 
6.1.2     
 

     ,   
: 

 ∇ = + ℎ % + , (6.1) 
 

 ℎ %-   ё   1%; ∆ℎ  -   
;  -  ,    ,    

:  I  – 0,8 . 
    : 

 d = 𝛻 −𝛻 = − = ,  .     (6.2) 

 
   1% . 

  : 
 g ∙ tV = , ∙ ∙ = , 

 

 
(6.3) g ∙ LV = , ∙ = , (6.4) 

  

     t –     , t = 6 . 
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   [32]     (   
   d > , ∙ ̅ )   ∙

    ∙
    ∙̅

  

  ∙̅
. 

    ,     T̅     h̅. 
-  :   
 g ∙ hV = , ; 

 g ∙ hV = , ; 
 

 
 

g ∙ TV = , . 
 g ∙ TV = , . 

 

  
    .  

: 
 h = , ∙ Vg = , ∙, = ,  ; 

 

(6.5) 

T = , ∙ Vg = , ∙, = ,  . (6.6) 

  
-    : 
 = T ∙ g∙ π = , ∙ ,∙ , = ,   

(6.7) 

 
 : 

 d > , ∙ ;    
 , > ,  . .   . 
 

  1% : 
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 h % = h̅ ∙ K , (6.8) 
 

    K  – ,    [32], K = , .  
  (6.11): 

  h % = , ∙ , = ,  .   
 

      (6.1): 
 ∇ = + , + , = ,  ,   
 

 ,      ∇ = ,  . 
 
6.2  ё  
 
6.2.1     
 

       
ё   .    ,  

   0,1% ,   – 0,01% 
. 

ё  ,      : 
 = . . − Э − = = − − · − , ∙∙ ∙ ∙ ∙ − = ⁄  

 

  
(6.12) 

 −    0,1% ,  −   ;  –   (4 ); Э −     .  
,      (n-1)   
  6  [3],  –   1 , 153 ⁄ . 

  : 
 = . . = , = ,  , (6.13) 

   –    : 
 = , ∙ = , ∙ , = ,   ⁄ , (6.14) 
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     q  –    . 
   : 

 = [ ℎ] ∙ ℎ = , ∙ , = ,  ⁄ , (6.15) 

 ℎ −       ,   
 Q= f(H),  = 131,6 ,   ℎ = − ∇ = , − , = ,   (6.16) 

 [ ℎ] −     ,  5,0 / . 

   .   
   b = 9 ,   : 

 ′ = = , = , ≈  (6.17) 

  ,      
: = ∙ = ∙ =  ; (6.18) 

  ,      
  = , ∙ + , − = , ∙ + , =  . 
        . 

        : = + − ∙ = + − ∙ =  .           (6.19) 
 
6.2.2     
 

    ,     
   , . .  ё      
: 

 = ∗ ∙ √ ∙ = ( , ∙ ∙ √ ∙ , ) ⁄ = , , (6.23) 

 
   -     ,  

      -   
, m = 0,49 ( .  6.1.); 
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 6.1 –    -    

 
  ,  ё     , 

   : 
 = ∙ ∙ 𝜎 ∙ ∙ √ ∙ = 

= ( , ∙ ∙ , ∙ ∙ ∙ √ ∙ , ) ⁄ = ,  . 
(6.24) 

 
     −   ; 𝜎 −  , 𝜎 = ;  

    : 
 = − , ∙ ∙ = − , ∙ , ∙ , = , , (6.25) 

 
ξ0 – ,          

   [33], ξ0=0,45. 
         

   V0: 
 = − ∙  = , − , ∙ ,∙ , = ,   

(6.26) 

 
  −      .  

     ,   :  
 

 = ∇ − ∇ + − = = − + − ∙ = ,   ⁄  

(6.27) 

 
  −  ,    .  

          α −  ,     α = , . 
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    ,  [36] =,  . 
  : 

 ∇ = ∇ − = , − , = ,  . (6.28) 
 

       : 
 = + , ∙ = , + , ∙ , = ,  . (6.29) 
 

   181,33    6.3.1,  
    183,8 ,    . 

       :   
 H = ∇ − ∇ = , − , = ,   (6.30) 
 
6.2.3        

  
 

     
.    ,   

   : 
 . = . − Э − = = − − · − , ∙∙ ∙ ∙ ∙ − = ⁄  

(6.31) 

 
   -  ё  ,  ё   

,    0,01%  I  ;  
        

: 
         . = .∙ ∙ √ ⁄ = ( , ∙ ∙ √ ∙ , ) ⁄ = ,   

(6.32) 

 
   : 

            . = ( .∙ 𝜎 ∙ 𝜎 ∙ 𝜎 ∙ ∙ √ ) ⁄ = 
(6.33) 
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= , ∙ ∙ , ∙ ∙ ∙ √ ∙ , ⁄ = ,  , 
 = − , ∙ , ∙ , = ,  

 

 
        

 .     : 
 

 = .− ∙ = = − ∙ + − ∙ = , ⁄  , 
(6.34) 

 
   ∇ −    . 

     170 ,   
 . 
          
 : 

           =  − ∙   = , − , ∙ ,∙ , = ,  . (6.35) 

 
 ё    : 

           ∇ = ∇ + = , + , = ,  . (6.36) 
 

ё      , , 
 ∇   180,0 ,     

. 
 
6.2.4     
 

  6.1       
          = ,  .      . 6.2. 
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 6.1 –      
№ 

 
,  Y,  

№ 
 

,  Y,  
№ 

 
,  Y,  

1 0 1,01 21 16,00 9,88 41 32,00 39,37 
2 0,80 0,29 22 16,80 10,95 42 32,80 41,17 
3 1,60 0,06 23 17,60 12,06 43 33,60 42,97 
4 2,40 0,00 24 18,40 13,22 44 34,40 44,76 
5 3,20 0,05 25 19,20 15,15 45 35,20 46,56 
6 4,00 0,22 26 20,00 15,68 46 36,00 48,35 
7 4,80 0,48 27 20,80 16,98 47 36,80 50,15 
8 5,60 0,80 28 21,60 18,31 48 37,60 51,95 
9 6,40 1,17 29 22,40 19,70 49 38,40 53,74 
10 7,20 1,58 30 23,20 20,88 50 39,20 55,54 
11 8,00 2,05 31 24,00 22,59 51 40,00 57,33 
12 8,80 2,57 32 24,80 24,10 52 40,80 59,13 
13 9,60 3,15 33 25,60 25,66 53 41,60 60,93 
14 10,40 3,80 34 26,40 27,24 54 42,40 62,72 
15 11,20 4,51 35 27,20 28,87 55 43,20 64,52 
16 12,00 5,29 36 28,00 30,54 56 44,00 66,31 
17 12,80 6,11 37 28,80 32,25 57 44,80 68,11 
18 13,60 6,98 38 29,60 33,99 58 45,60 69,91 
19 14,40 7,90 39 30,40 35,77 59 46,40 71,70 
20 15,20 8,86 40 31,20 37,58 60 47,20 73,50 
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 6.2 –    

 
6.2.5 ё       
 

         
        

      C-C ( . 6.3).    
         
      ё . 

0
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 6.3 –     

 
  : 

 ℎ = √ ∙ .∙ + ∑ = √ , ∙, ∙ = ,  . (6.37) 

 
       : 

 = − = − =  . (6.38) 
 

      : 
 ξ = ℎ = , = ,  . (6.39) 

 
  [33, . 9-55]   ℎ       

 ℎ`` -  ё   ,     ξ , 

 ξ = ,   ξ `` = , . 
, ё  : 

 ℎ` = ξ ∙ ℎ = , ∙ , = ,  ,. (6.40) 
 ℎ`` = ξ `` ∙ ℎ = , ∙ , = ,  .  (6.41) 

 
    =3400 ( 3/ ), h  = 7,6 , ,  

 (hc
’’> h ). 

     ,   
     .    
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     .     
    . 
 
6.2.6 ё    
 

        . 
      

.     , ё  
,    5-10 %. 

,     : 
 = 𝜎 ∙ ℎ`` − ℎ + ′ , (6.42) 

  ′  = ∙ ∙ 𝜑 ∙ ℎ − 𝜎 ∙ ℎ"  
(6.43) 

  = . .+ ∑ = = ,  /  
(6.44) 

  ′  = ,∙ , ∙ ( , ∙ , − ,, ∙ , ) = ,   
 

  
,    :  

  = , ∙ , − , + , = ,  .  
 

      : 
 = − + = − + , = ,   (6.45) 

 
      : 

 ξ = ℎ = ,, = ,  . (6.46) 

 
  [4, . 12.3 , . 171]   ℎ      

  ℎ`` -  ё   ,     ξ , 

 ξ = ,   ξ `` = , . 

, ё  : 
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ℎ` = ξ ∙ ℎ = , ∙ , = ,  , (6.47) 
  ℎ`` = ξ `` ∙ ℎ = , ∙ , = ,  . (6.48) 

  ′  = ,∙ , ∙ ( , ∙ , − ,, ∙ , ) = ,   
 

  = , ∙ , − , + , = ,  .  
 

          
   5%,   = ,  . 
  : 

 = − = , − , = ,   (6.49) 
 

      : 
 = , ÷ , ∙  (6.50) 
  = , ∙ ( , ∙ ℎ`` − ℎ` = , ∙ , ∙ , − , == ,   

(6.51) 

  = , ÷ , ∙ , = ,    
 
6.2.7      
 

    ,   
 ,    ,    

    . 
       

    . 
 

. . = . . = ,∙ ∙ ∙ ∙ + = ,  / . (6.52) 

 
      

   (6.53): 
 = ∙ 𝜔 ∙ √ ∙ ∙ , (6.53) 

 
      Q – ,   ; 
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             –     ; 
            𝜔 −   я. 

    .     
 : 

 

 = . . = ,  / . (6.54) 

 
 ,        
      .  

   h=5,5 ,    124,0 .  
    : ∇ = , + ℎ = ,  . (6.55) 

 
    . 

 = ∇ − ∇ = , − , = ,   . (6.56) 
 

       : 
 𝜔 =  ∙ √ ∙ ∙  = ,, ∙ √ ∙ , ∙ ,  = ,  . (6.57) 

 
    5,5 ,     

 = 𝜔ℎ = ,, = ,  . (6.58) 

 
  5,5 . 

        
 𝜔 = ∙ ℎ = , ∙ , = ,  . (6.59) 
 

6.3    
 

6.3.1     
 

     ,   
,      . 



 

 

84 
 

        
 ,   .     

3      . 
 
6.3.2     
 

    ,     
      .  

    ,   
 . 
         
: 

1)     ; 
2)       . 

   ,     
   ,        

   .  
      ( ) 

,  ,       
 ,       

 .       
  –       . 

     m=0,7. 
 ℎ = ∇ − ∇ = , − , = ,  . (6.60) 
 

       3 : 
 ∇ = ∇ − − = , − , − , = ,  . (6.61) 

 
 d –  ; t  –   ;  

 
   : 

 = , ∙ ℎ = , ∙ , = ,   (6.62) 
 
6.3.3      
 

     ,  
    .    

  15 ,     2 . 
          

    ,   2 ,   
  : 
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 ∙. = ∙ , = ,  , (6.63) 

 
  –     ,   

   1,25; .  –       ; 
 –    : 

 = ∇ − ∇ = , − , = ,  . (6.64) 

 
 ,    4,5 ,    

 2,75 . 
 
6.3.4     
 

       
 .         

 6.4. 
  . : 

 = , ÷ , ∙ = , ∙ = ,  , (6.65) 
  

  -   .  

hз

h

l1 l2

dз

 
 6.4 –      

 
   , =  . 

 : 
           ℎ = , ∙ = , ∙ , ≈ ,  . (6.66) 
 

     2 . 
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 : 
           = ∆ ∙  , (6.67) 

 
 

 ∆H = − · , = , − , · , = ,   –  
   ; 

       J =     ;         γ = ,   ё    . 
 : 

           = , ∙ , / = ,  −  я  . ..  
 

 : 
           ℎ = , ∙ ℎ = , ∙ , ≈ ,  . (6.68) 
 

    0,2 ,    3 
. 

       
   ,       

. 
 
6.3.5      
 

        
    ,    

     ,     
 -  .    

  ,      ,  
    . 

     . 
        . 
 :  

 = + ; (6.69) 
  

   −      ,           −    ,           −        
. 

 

  = + =  .  
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   B=45 ,  2   18   17 . 

     
   1,5 . 

 
6.3.6  
 

       
.     4  (  2.1.1).  
   0,8 .     18    

      . 
 
6.3.7  
 

  ,    
     ,  ,   

       . 
 1        

 . 
 
6.3.8     
 

        
.       15 ,    
         

        . 
 ,      
  ,     

,   ,     
   .   – 3 ,  – 3,5 .  

  : 116,50 . 
,      ,   

    ,      
   – 2,5 ,  – 2,5 .   

  : 129,5 ; 144,5 ; 1159,5 . 
 
6.3.9  
 

 –    , ё   
,      .   

    ,    .  
    : 
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= , ∙ ℎ`` = ,, ∙ , = ,  . (6.70) 

 
    : 

N=L /12=54,24/12=4,52,    - 5. 
     . 
  :       

     – 3,0 ,     – 2,0 , 
    – 1,5 .  

6.4      
 

ё       
      .    

   , ,   
.        
,   . 

 
6.4.1   
 

      utoC d. = ,  .  = ,  .  
         

:  
 = ∙ ∙ ∙+ = , ∙ ∙ , ∙+ = , . (6.71) 

 
  ,    , 
   « utoC D» – 7,22 . 

        : 
 = ∙ ∙ ∙+ = , ∙ ∙ ∙ ,+ = , . (6.72) 

  ,    
,    « utoC D» – 9,31 . 

 

  : 
 ≈ , ∙ √ ∙  , (6.73) 

 
  -  :  
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 = − + , ∙ = = − + , ∙ = ,  . (6.74) 

 
 : 

   = , ∙ , ∙ √ , ∙ , = ,   . 
 

 

    1 . : 
   = + = ,+ = , . (6.75) 

 
6.4.2     
 

     : 
-    : 
 = ∙ ∙ = ∙ , ∙ , = ,  /  , (6.76) 

 
 = − = , − , = ,  .  

 
-    : 
   = ∙ ∙ = ∙ , ∙ , = ,  /  , (6.77) 

 
 =  − = , − , = ,  .   

 
       

  : 
           = ∙ = , ∙ , = ,  / ; (6.78) 

  
 S −      

    ,     
utoC D.  

 
6.4.3     
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      [35],  
   6.5. 

   : 
  : 

 = ∇ − ∇ = , − , = ,  . (6.79) 
 

  I      : 
 𝑎 = , , (6.80) 

 
 = , , 

 

 
(6.81) 

= , ∙ = , ∙ , = ,  , 
 

 = , ∙ = , ∙ , = ,  , 
 

 

Hu

Ht

Hd

Н

Hd

Ht

Has Hdr

 
 

 6.5 –     
 

  : 
 = ∙ ∙ , (6.82) 

 = ∙ , ∙ , = , ,  
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        . 
  , : 

 = ∙ ∙ ∇ 𝑖 − ∇= ∙ , ∙ , − , = ,  , (6.83) 

 
       

    . 
 = ∙ ∙ = ∙ , ∙ , = ,  , (6.84) 

 
 

6.4.4   
 

        : 
 = ∙ ℎ ∙ t n − 𝜑 = = ∙ ∙ t n ( − ) = ,   

 

(6.85) 

  =   / 3 –      ; 
h –   ,    , 
 ℎ = ∇ − ∇ = − =  , 

 
 

 𝜑 = ° –    .  
 

    1 . : 
 = ℎ ∙ = ∙ , = ,  

(6.86) 

 
        

 : 
            

  ,      ,  
  ,   . 
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          ′ = ∙ ℎ ∙ − 𝜑 = ∙ ∙ ( − )= ,  /  

(6.87) 

  
 𝜑 = °.  

 
        ℎ     
   

           ′′ = ( ∙ ℎ + ∙ ℎ ∙ − 𝜑
= ∙ + , ∙ , ∙ ( − ) = ,  /  

(6.88) 

 
    

         = − − = , − − , ∙ , == ,  / ; (6.89) 

  

     –    , = , ; 
 –     , = , ; ℎ  –   , ℎ = ,  ; 𝜑  –    , 𝜑 = ° ; 
 –   . 

 
      1 . . 

          = ′ + ′′ ∙ ℎ = , + , ∙ , == ,  /  

(6.90) 

 
6.4.5   
 

       
       . . . 

  : 
 ℎ = ∙ ℎ %̅ = , ∙ ,, = ,   

(6.91) 

  = ∙ ∙ , ∙ , ∙ ( ,, + ,  )  =   ,  
(6.92) 
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  W    :  

 = ̅ − ℎ % = ,, − ∙ , = ,  . (6.93) 

 

6.5 ё    
 

ё         
    (    ). 

ё      ё   .   
    .    

   .    
,  ё        

«–»,  –   «+»  
  ё    6.2,     

,       [34]. 
 

 6.2 –     

   
 

  

,  ,  
, 

 
 1,00  20406,03 21,50 438729,56 

 1,00  561,57 -3,57 -2002,95 
W3 1,00  524,54 11,21 5880,10 
G  0,95  14594,16 -9,31 -135871,68 

G  0,95  27539,40 -7,22 -198834,45 

W  1,00  4723,52 0,00 0,00 
W  1,00  4433,34 18,65 82681,70 
Q  0,9  29,53 -18,71 -552,53 

 1,20  266,64 3,17 844,34 

 1,00  45,44 62,16 2824,60 

 1,20  105,84 5,00 529,20 
F ← 

 20262,37 

N  33264,15 
 Σ 194227,92 

 
ё         

  (    1   )   
: 

1)   : 
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𝜎 = − + ∙ ∑ = − ,, + ∙ ,, == − ,  / , (6.94) 

 
      –   ,   ; 

 –    ,   ; 
 –   . 

 𝜎 = 𝜎 ∙ − ∙ ∙ − = − , ∙ ,= − ,  ,   (6.95) 

 
     = ,  Н/ 3 –   , 

 = ∇ − ∇ = ,   –   ё    
  ; = t n ,   –      .  

      ,  t n = . 
 𝜏 = ( ∙ + 𝜎 ∙ =  (6.96) 

  𝜎 = 𝜎 ∙ + + ∙ ∙ = − ,  / ; (6.97) 
  𝜎 = − ∙ = − , ∙ , = − ,  / . (6.98) 

 
2)   : 
 𝜎 = − − ∙ ∑ = − ,, − ∙ ,, == − ,  / , (6.99) 

  𝜎 = 𝜎 ∙ − ∙ ∙ −= − , ∙ , − , ∙ , ∙ − ,= − ,  /  , (6.100) 

     = t n ,   –      .  = ∇ − ∇ = ,   –   ё   
   ; 

 𝜏 = −( ∙ + 𝜎 ∙ = − , ∙ , − , ∙∙ , = ,  / , 

(6.101) 

  𝜎 = 𝜎 ∙ + + ∙ ∙ = (6.102) 
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= − , ∙ + , + , ∙ , ∙ , == − ,  / ; 
  𝜎 = − ∙ = − , ∙ , = − ,  /  (6.103) 

 
   ё  ё    6.3. 

 
 6.3 - ,    

  ,  

 

𝜎  -163,71 𝜎  -632,75 𝜏  0 𝜎  -163,71 𝜎  -632,75 

 

𝜎  -1314,69 𝜎  -697,73 𝜏  846,81 𝜎  -104,97 𝜎  -1907,46 
 

      , 
    ,   

  : 
1.    : 
  ∙ ∙ |𝜎 | ∙ , (6.104) 

 
  = ,  –        

 ;  
 –   ,   ё   = ; 

  –   ,     = , ; − ё     ,     
 =10,  = / . 

 , ∙ ∙ |− , | ∙ ,   
 ,  /  <  /  
 

   . 
2.         

: 
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 𝜎′ <  ,             (6.105) 

  − ,  / <  –   .  

 
3.     : 
 |𝜎 | , ∙ ∙ ,     (6.106) 

  ,  / , ∙ ∙ ,  /   

  ,  / ,  /   

 
  ,    
. 

 

6.6 ё    
 

      
,      .  

       –    
. 

      ,  
 : 

 ∙∙ , (6.107) 

  R = (G + G − W − W + Q ∙ t n φ + c ∙ ω = = , + , − , − , + , ∙∙ , + ∙ , = ,  /  , (6.108) 

 
     t nφ = ,  –      (   

- ); c =  / –   ; ω = B ∙ = ,   –     
,  ё   1  . 

 F = T − T + W + E = , − , ++ , + , = ,  / . 
(6.109) 
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 ,   : 

 , ∙ ,, ∙ , ,  , 
 

 

, , . 
 

 

   . 
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7  ,  ,  , 
    

 
7.1    
 

         
   .   

  (   )      
.       

 .     
      

 , , ,    
 .       

«    ».   «  
 »      , 

  ,   .  
  ,     

 .     
     , ,   
, ,   ,    
,  ,   . 

       
.       

  –     
–  ,    

,  , .    
   ,   – 

     ,    
        

. 
         

   ,    
,       

. 
 
7.2   
 

, , ,    
     
  ,   ,   
,      ,  
       

    
 ,  ,  
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      -
    , 

   ,   
    ,   

,       
       

      . 
       

 ,       
  ,      

   . 
     ,    

        
 ,     ,  
     ,    

  ,   , 
   -   -

      
   . 

      ,   
   ,   

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

 ,       ,   
        .  

      
 ,    ,   

 ,     
,         

     . 
 ,   

   , :  
–  ,    ,   

  ;  
–           ; 
 –   ;  
–    ;  
–    ,    ,  
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     , , 

    ,  
,        

        
 , ,   ( ) 
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    ;   

   ;    
    ;       

  ;       
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   ;   ,    
(  );     ,   

        . 
          

        , 
          

 . 
 
7.3    
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   ,   .   
      

        , 
 . 

         
     . 

  : 
–        
  ; 
 –     ,   

  ; 
 –     ,  

,    , 
   ; 

 –       
 ; 

 –         
   ; 

 –         , 
        

   . . 
      

   ( )     
       
      .  

      
, : 

–       
    ,  

 ; 
 –    ,  

    ,     
;  

–  -    
         

    ; 
 –       

        
 ;  

–         
          

   . 
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    :   
,     ,    

   ,     
  ,   , 

    ,     
 ,       (  

),       
  . . 

          
     ,      
,       

      ,   
   ,       

      . 
 ,       

      :  
˗     ;  
˗      ,  

  ;  
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11 231 3 388 619 0 257 622 12,00 1,01 10,99 179,00 178,22 178,61 127,61 50,60 266 266 

12 51 3 672 723 0 257 726 10,99 1,74 9,25 178,22 175,93 177,08 128,11 48,57 298 298 

1 22,3 3 744 766,3 0 257 769 9,25 1,93 7,32 175,93 172,93 174,43 128,30 45,73 298 298 

2 19 3 723 742 0 257 745 7,32 1,87 5,45 172,93 168,73 170,83 128,19 42,24 266 266 

3 213 3 363 576 0 257 579 5,45 0,94 4,51 168,73 165,42 167,08 127,39 39,29 192 192 

4 413 3 -159 254 0 257 257 4,51 -0,41 4,92 165,42 167,01 166,22 125,23 40,59 88   

5 896 3 -386 510 0 513 513 4,92 -1,00 5,92 167,01 170,02 168,52 126,34 41,78 181   

6 1044 3 -534 510 0 513 513 5,92 -1,38 7,31 170,02 172,90 171,46 126,34 44,72 194   

7 958 3 -448 510 0 513 513 7,31 -1,16 8,47 172,90 174,77 173,83 126,34 47,09 204   

8 1021 3 -511 510 0 513 513 8,47 -1,32 9,79 174,77 176,70 175,73 126,34 48,99 212   

9 1100 3 -590 510 0 513 513 9,79 -1,53 11,32 176,70 178,55 177,62 126,34 50,88 221   

10 516 3 -262 254 0 257 257 11,32 -0,68 12,00 178,55 179,00 178,77 125,54 52,83 114   
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11 270 3 348 618 0 257 621 12,00 0,90 11,10 179,00 178,33 178,67 127,61 50,66 266 266 192 

12 60 3 660 720 0 257 723 11,10 1,71 9,39 178,33 176,13 177,23 128,09 48,73 298 298 222 

1 38 3 725 763 0 257 766 9,39 1,88 7,51 176,13 173,24 174,68 128,29 46,00 298 298 222 

2 30 3 703 733 0 257 736 7,51 1,82 5,69 173,24 169,40 171,32 128,15 42,77 266 266 179 

3 234 3 454 688 0 257 691 5,69 1,18 4,51 169,40 165,42 167,41 127,95 39,07 228 192 170 

4 411 3 -190 221 0 257 257 4,51 -0,49 5,00 165,42 167,30 166,36 125,08 40,88 77   55 

5 1256 3 -536 720 0 513 723 5,00 -1,39 6,39 167,30 171,12 169,21 127,20 41,61 255   189 

6 1118 3 -472 646 0 513 649 6,39 -1,22 7,61 171,12 173,42 172,27 126,90 44,97 247   178 

7 1163 3 -362 801 0 513 804 7,61 -0,94 8,55 173,42 174,90 174,16 127,51 46,25 315   234 

8 1241 3 -490 751 0 513 754 8,55 -1,27 9,82 174,90 176,74 175,82 127,32 48,10 307   228 

9 1804 3 -760 844 0 513 847 9,82 -1,97 11,79 176,74 178,90 177,82 127,68 49,74 357   257 

10 568 3 -80 688 0 257 691 11,79 -0,21 12,00 178,90 179,00 178,95 127,95 50,61 296   220 
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