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ABSTRACT 
 

Theme of the master's dissertation: «Optimization of the mode of 
drawdown-filling reservoirs of the cascade of the Ladoga hydroelectric station». 

Relevance:  
Hydropower companies are interested in the rational use of water resources of 

reservoirs, the reliability and safety of hydraulic structures and equipment. 
The existing regulation of the reservoir regime of the Ladoga hydroelectric 

station cascade leads to an irrational distribution of water resources, unjustified idle 
discharges, which leads to a loss of electricity generation and lost profits. During the 
period of operation, repeated water levels in the upstream were observed above the 
normal retaining level, and sometimes even above the forced retaining level, which 
threatens the safe operation of hydraulic structures and the safety of the population. 

The purpose of the work: optimization of the drawdown mode-filling 
reservoirs of the cascade of the Ladoga hydroelectric station. 

Main tasks: 
• to analyze the existing regimes of the drawdown-filling of the cascade 

reservoirs; 
• to collect and process the initial information necessary for carrying out water 

and energy calculations; 
• on the selected time interval, determine the optimum mode of the drawdown-

filling of the Upper Svirsky reservoir with multi-year flow regulation; 
• conduct water and energy calculations for daily regulation of the reservoirs of 

the Upper Svirskaya HPP and the Nizhne-Svirskaya HPP; 
• compare the actual and estimated flow-out regimes of reservoirs, make 

recommendations. 
Object of study: Verkhne-Svirskaya and Nizhne-Svirskaya hydroelectric 

stations of the Ladoga hydroelectric station cascade. 
The structure and scope of the thesis: the work consists of an introduction, 

four chapters, conclusion, applications and a list of references. The material is 
presented on page 88 (excluding applications), contains 31 figures and 23 tables. 

The content of the work: 
In the first chapter, the relevance of optimizing the cascade reservoir flow-

filling regimes is considered: basic information about the object under study is 
presented, the existing water-energy regimes of the cascade are analyzed, and the 
basic requirements for reservoir regulation are presented. 

The second chapter provides general information about the types of flow 
regulation. Water and energy calculations of the operating modes of the Upper 
Svirskaya HPP with long-term flow regulation were carried out. The conclusions 
were made, a comparative analysis of the calculated and actual regimes was carried 
out, recommendations were given on the management of water and energy regimes. 

The third chapter discusses the basic data on the power system of the North-
West, necessary for carrying out calculations. Water and energy calculations were 
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carried out with daily regulation of the Upper Svirsky reservoir. The results and 
conclusions are given. 

In the fourth chapter, water and energy calculations are carried out with daily 
regulation of the reservoir of the Nizhne-Svirskaya HPP. The results and conclusions 
are given. 

In conclusion, the main results of the work were formulated, recommendations 
on the operation of the reservoirs of the cascade were made, and a course was 
outlined for further development of the work.  

Further development of the work: The work can serve as the basis for 
creating a software package for automating calculations of the water and energy 
modes of operation of the Ladoga HPP cascade, which will take into account all the 
assumptions made in the master's thesis. 

Practical application: the results of the work can be applied when planning 
the water-energy modes of the cascade, as well as when finalizing the «Rules for the 
use of water resources of reservoirs on the Svir River». 
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    (  ). 

          
 .       .  

       (2.7): 
 ∆ . = , ∙ ∙ − , ∙ / = 3/ .  
 

         ,   
       4 3/ . 

       (2.8, 2.9).  
   .     .2.1  [24]  
   . =  .     

-          [25]. 
   :  

 . = ∙ =  . 3.  
  

    : 
 . = =  3/ .  

 
      1966    (2.6): 
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= + + + = 3/ .  
 

 ,      1966  : 
 . . = + − = 3/ .  
 

       
     2.1. 

 
 2.1 –       -  

     1966 .   1967 . 
       

 
1966 . 1967 . 

 
XI  XII I II  III  IV V VI  VII VIII IX X 

Q . 710 408 247 219 223 609 1428 696 390 301 302 603 6137 
Q . 46 27 16 14 15 40 93 45 25 20 20 39 399 
Q . 1 1 1 1 1 1 1 1 1 1 1 1 12 
Q . 0 0 0 0 0 0 6 6 6 6 0 0 24 
Q . 4 12 12 12 12 -52 0 0 0 0 0 0 0 
Q . 5 0 0 0 0 4 14 16 16 15 14 13 97 
Q . 10 13 13 13 13 -47 21 23 23 22 15 14 133 
Q . . 746 422 250 220 225 696 1500 718 392 299 307 628 6403 

 
        

         
. 

    ,   
       .  

       (2.10): 
 ЭС = + =  3/ .  

 
     .     

     (2.4): 
 . . = + + + =  3/ .  

 
  (  1.2)     . 
 33,30       . =259,80 3. 

 ё       (2.2) : 
 ∆ = ∙ / = ,  3.  
 

    : 
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. = , − , = , 3.  
 

     ,  
       ,   

 (  1.2).  . = , 3   𝑧 . .. = ,  . 
    : 

 𝑧 . .. = , + , = ,   .  

 
      -    
    (  1.7)      
         . 

      32,70 .    
 𝑧 . .. = ,         . . =  3/   

     𝑧 . .. = ,  .  
      : 
 𝑧 . .. = , − , = ,  .  

 
         
         
    . 

     .    
     -      

    (  1.4)     
 -    . 

  (  1.4)   756 3/    
   18,74 . 

      (2.11): 
 𝐻 ЭС = , − , − , = ,  .  

 
 ,  ,   

    [21].    
        
    [22],   
    (2.13).   

 ,  :   
 

 𝑁 ЭС = , ∙ ∙ , =  .  
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      1966 . 
: 

 Э = ∙ / = . ∙ .  
 

       
.       2.2  

  2.2.  
 

 
 

 2.2  –   -     
  1966 .   1967 .  

31.00

31.50

32.00

32.50

33.00

33.50

 
, 

 
-  



42 

 2.2  –    1966-1967 . 
 

 
, 3/  , 3 

Q . . Q . Q . Q . . Q . Q  Q . Q . . V . ΔV V . 
11 746 1 5 0 4 750 300 756 259,80 0,01 259,79 
12 422 1 0 0 300 722 300 723 259,79 0,78 259,01 
1 250 1 0 0 462 712 300 713 259,01 1,20 257,81 
2 220 1 0 0 450 670 300 671 257,81 1,17 256,65 
3 225 1 0 0 450 675 300 676 256,65 1,17 255,48 
4 696 1 4 0 0 696 350 701 255,48 0,00 255,48 
5 1500 1 14 0 -800 700 350 715 255,48 -2,07 257,56 
6 718 1 16 0 0 718 350 735 257,56 0,00 257,56 
7 392 1 16 0 300 692 350 709 257,56 0,78 256,78 
8 299 1 15 0 350 649 350 665 256,78 0,91 255,87 
9 307 1 14 0 338 645 300 660 255,87 0,88 254,99 
10 628 1 13 0 50 678 300 692 254,99 0,13 254,86 

 
  2.2. 

 

 
 ,     ,  ,  ,   . ∙  

Z . Z . Z .  Z . . Z . . Z . .  Z . . H N  
11 33,30 33,29 33,30 32,70 32,58 32,64 18,74 13,35 85 61 
12 33,29 33,22 33,26 32,58 32,50 32,54 18,69 13,30 82 61 
1 33,22 33,10 33,16 32,50 32,33 32,42 18,68 13,18 80 60 
2 33,10 32,98 33,04 32,33 32,24 32,29 18,62 13,12 75 50 
3 32,98 32,87 32,93 32,24 32,05 32,15 18,62 12,97 75 56 
4 32,87 32,87 32,87 32,05 31,98 32,02 18,66 12,80 76 55 
5 32,87 33,07 32,97 31,98 32,26 32,12 18,68 12,89 77 57 
6 33,07 33,07 33,07 32,26 32,20 32,23 18,71 12,97 79 57 
7 33,07 33,00 33,04 32,20 32,19 32,20 18,67 12,97 77 57 
8 33,00 32,91 32,95 32,19 32,16 32,18 18,61 13,02 72 54 
9 32,91 32,82 32,86 32,16 31,99 32,08 18,60 12,92 71 51 
10 32,82 32,80 32,81 31,99 31,82 31,91 18,65 12,71 73 55 
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 ,       
:    33,30 ,   – 32,70 ,    
     32,80 ,   – 31,82 .  

      674 . ∙ , 
 – 648 . ∙ .        

,        0,002 3, 
         

 .  
      

  –   1967 .   1968 .  
          

 32,80  –       (   
1967 .),         31,82 . 

    . 
         

   2.3.  
 

 2.3 –     -    
 

 
   ,  

  -   
    

 1966 . –  1967 . 33,30 32,80 32,70 31,82 
 1967 . –  1968 . 32,80 32,74 31,82 31,50 
 1968 . –  1969 . 32,74 32,75 31,50 32,17 
 1969 . –  1970 . 32,75 32,63 32,17 31,73 
 1970 . –  1971 . 32,63 32,78 31,73 31,80 
 1971 . –  1972 . 32,78 32,67 31,80 32,30 
 1972 . –  1973 . 32,67 32,63 32,30 32,33 
 1973 . –  1974 . 32,63 32,81 32,33 32,25 
 1974 . –  1975 . 32,81 32,63 32,25 32,17 
 1975 . –  1976 . 32,63 32,96 32,17 32,36 
 1976 . –  1977 . 32,96 32,89 32,36 32,24 
 1977 . –  1978 . 32,89 32,63 32,24 31,41 
 1978 . –  1979 . 32,63 32,63 31,41 31,82 
 1979 . –  1980 . 32,63 32,62 31,82 32,30 
 1980 . –  1981 . 32,62 33,30 32,30 33,10 

 
      [22]   

 .       
 ,  ,  

,   [5]. 
      -   ,  

      ,   
 ,     -  .     

  15         
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32,40 ,  15     – 32,60 ,  -  
    ,  31,30 . 

 ,     ,   
    ,    

  32,40 ,        ,  
     ,    

       .  
      

.   
        

    (   ),     
 . , ,       1974 . 

 32,34 .        
  . 

       
        
 ,       

 ,     .  ,  
-          

 ,        . 
        

      . 
    -    

   – 46     ( , 
).  
         

     
    .    

     ,     
        

  . 
,  ,      
        
    .   

       , 
       . 

    1971 ., 1973 ., 1974 ., 1979 . 
      ( , ),  

    ,     
,         

   .      
       ,   

     . 
,  1971-1972 .       

  ,   .  
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     1973 .    
  ,        

       . 
         

    .   [5] ,   
        

         
 .    1974 .   

   . 
    

 ,       
   ,       

.    ,      
  ,      

    .  ,  
         

,       . 
       

   351 . ∙       
  (  2.4,  2.3).  

     . : (1…15)–
  (     ). 

 
 2.4 –       

-   
 

, 
. ∙  

  
1 2 3 4 5 6 7 8 

 648 587 487 537 580 439 376 433 
 674 646 499 554 602 466 399 476 
, 

. ∙  
 

9 10 11 12 13 14 15 
 551 447 557 542 505 474 486 

 553 485 560 574 508 488 516 
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 2.3 –       
 -       1966 .   

1981 . 
 

      -  
.       

,       ,   
     .   
      33,30 ,   

  – 33,10 .       
 32,28 ,    – 31,2 . 

  -     
 2.4.  
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 2.4 –   -    
 
В :      

   -     
   .  

      ,   
    .    

         -
,    :        

     .     
    1   ,     

.     . 
        

     . 
  –   ,   

     90%...95% [26].  -  
     46     

 90 %-  .  
   1966-1981 .   ,     

.        
  ( ,   1974 ., 1976 ., 1981 .).   

        
     ,     

   97 %,       
      46 .     

 90 %     46    1972 ., 1973 ., 1975 

31.00

31.50

32.00

32.50

33.00

33.50

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

 
, 

 -  
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., 1980 .,            
   46 .   , ,   

     2012, 2014, 2015, 2018 . 
       , 

         
    ,       

     .  
 ,       , 

    1967 .,         1981 ., 
    33,42   33,73 .      

        33,50   33,90 ,  
  [5]     .  

 3.1.13 «      
 » [27] ,        

        
       
  .     

        , 
        

       –    
  ,       

.       . 
   1966 .  1981 .    
      1976 .   63 3/ , 

   34 % (  ).  
   -   

      ,    
 . 
     15   7649 . 

∙ ,  – 8000 . ∙ . 
 ,         
   -     

,        
       

. 
 ,  -    
   .    
       
 .  

       . 
        

,       (    
    ,   

 ,       
 ).      1956 .  
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2018 . ,        149 3/  
(2014 .),   – 1126 (1957 .).      

       ,  
    .      

    (   ),      
,           
          . 

     ,      
,     ,       

  . 
Д -     . 

        
       

,       . 
-         
  .          
.  

      140 3/  (2006 .), 
  – 800 3/  (2015 .).      

  119 3/  (1960 .),   –796 3/  (2014 .).   
 ,     ,   

    .     
      ,   

      . 
         
   ,    

 ,     .   
     (     

 )   , :    , 
         , 

   ,         
     . 

      100 3/  (1960 .), 
  – 501 3/  (2014 .).      

  97 3/  (1960 .),   –571 3/  (2014 .).   
 ,    .   

     ,  
 ,       

 .     ,    
    .  
        

     ,     
 ,        ,  

     ,    
       .  
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А ,     .   
    317 3/  (1998 .),   – 1829 

3/  (2000 .).        762 3/  (1960 
.),   – 2616 3/  (1966 .).   

        
       ,  :   

   1600 3/   ,   ,    
.  ,       

    ,        
     .   ,   

,    ,      
,        

  650-700 3/   ,      
.          

    ,   
       .  
      .  

      (   )   
    . 

И      ,       
.       400 3/  (2018 .), 

  – 1373 3/  (1981 .).    
      .  

,   ,      
 ,          

         
.        

    .      
     ,  

        
. 

И ,          
   . 

      200 3/  (2013 .), 
  – 1269 3/  (1962 .).      

  153 3/  (2006 ., ),   – 
1295 3/  (1961 ., ).   

      
  ,    , ,      
   ,       
,        .  

         
  ,    ,    

    .    
    ,     
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       ,   
           

     ,      
  .  

С     ,      
    -   .     

   .   
    110 3/  (2013 ., ),  
 – 1273 3/  (1962 ., ).     

   ,      
      ,  

  .   
  . 

О      -   ,  
     ,     

          
  .     

  128 3/  (2014 ., ),   – 
1221 3/  (1966 ., ).        

     –    
 ,   ,     ,  

     ,     
 –        . 
      ,  

         
    .      

    ,  ,  
        

        .  
 ,        

         
     ,    

          
    ,     

        , 
      . 

       
 .      

 -     , 
        

   ,     
.        

  . 
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3   -   
 

3.1  я  
 

     
       

, . .         
       .  

      
    ,     

  [28].  
 ,   ,   

      .  
  :    

    ,  
    ,   

       [29]. 
   [21]      

     .   
        

 . 
       

  ,      ,    
  .      

      
 . 

      
    ,     

      ,    
      

 .         
          

  ,     
  . 

      
       .   

     ,    
   .     

          
   ,      

 . 
       

     ,     
          . 
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,   ,     
  ,     ,   

.    ,    
         ,  

  .       
       ,     

 .  
         

  ,    -  
         

.       
     . 

       
    . 

 
3.2    

 
        

- .  
        

    -    
   [30].  

        
         2018 .  , 

 12   .     3.1  
      . 

 
 3.1 –    -     

 
t,  ,  t,  ,  

0 11202 12 12753 

1 10750 13 12825 

2 10514 14 12839 

3 10344 15 12744 

4 10267 16 13004 

5 10347 17 13274 

6 10661 18 13322 

7 11301 19 13220 

8 11998 20 12983 

9 12699 21 12789 

10 12809 22 12448 

11 12924 23 11903 

 
      . 

   ∆   3.1.  
  ∆Э   3.2.     
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 Э .   3.3    .   
3.4. 

 ∆ = . − . +  . (3.1) 
 ∆Э = ∆ ∙ ∆𝑡. (3.2) 
 Э . = ∆Э + Э . − . (3.3) 
 . = ∆ + . − . (3.4) 
 

        
   3.2. 

 
 3.2 –       

 
t,  P .,  ∆P,  ∆Э, . ∙  P .,  Э ., . ∙  
1 13322 48 0 48 0 

2 13274 54 0 102 0 

3 13220 216 1 318 1 

4 13004 21 0 339 1 

5 12983 59 0 398 1 

6 12924 85 1 483 2 

7 12839 14 0 497 2 

8 12825 16 0 513 2 

9 12809 20 0 533 2 

10 12789 36 0 569 2 

11 12753 9 0 578 3 

12 12744 45 1 623 3 

13 12699 251 3 874 6 

14 12448 450 6 1324 13 

15 11998 95 1 1419 14 

16 11903 602 10 2021 24 

17 11301 99 2 2120 25 

18 11202 452 8 2572 34 

19 10750 89 2 2661 35 

20 10661 147 3 2808 38 

21 10514 167 4 2975 42 

22 10347 3 0 2978 42 

23 10344 77 2 3055 44 

24 10267 10267 246 13322 290 

 
         

  ,   .     
    . 
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  -   141  (  
  113    5   ), 

     24,6 .   
 25 %    -   

 ,    62 %,  
 13 %.  

     « -1». 
       

  -   . 40 %   
    –      

    3 000 . 
 -        ,  

     . 
 -     

       
 1,4    0,17      « -1»,   – 
 56       « -1. 

    :  , 
 – 110 ;     –  60 . 

      , 
    56 ,     

 28 . 
   [31]  2018     

  « -1»  0,98 . · . 
     [28],  

  -   2018   113,4 
. ∙ ,    5 % ,   2017 .  

  2018   95 . ∙ ,   1,2 % ,  
 2017 . ,      

. 
   « -1» [1],   2018 , 

       
 ,       

 ,       
    . 

     -
  :  ,  ,  

,  ,   ,  ,  ,  
,  ;  .  

     
       3.3. 

 
 
 
 

https://so-ups.ru/index.php?id=1515
https://so-ups.ru/index.php?id=1520
https://so-ups.ru/index.php?id=1522
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  3.3 –    -  
 

  
 

,  
   , 

 . ∙  

  
 

  118 613,4 
  

 
122 554,6 

  
 

  63 375,0 
  40 233,0 

  27 131,5 
  30  165,0 

  80 416,0 

  
 

  84 396,0 
  48 217,0 

  180 479,0 
  18 79,0 

  
 

  25,6 131,0 
  25 116,0 

   13,1 45,0 

 
   

-   268 861,4 
-   56 246,5 

 -1 201 593,9 
 -2 156 530,1 

-   
 

130 263,5 
-   26,5 57,0 

  
 

 -1 26 131,6 
 -2 60 365,3 
 -3 155,5 877,0 

  80 355,6 
  96 508,4 

  152 751,7 

   

  30,2 211,3 
  43,2 228,5 

  11,2 67,9 
  56 275,0 

  47 211,7 
  

 
86 382,5 

  
 

124,8 568,3 

 
        
       -
  -  .    

         
   , ,   [22, 32],  

       -   
  [33]  [34].  

 
3.3      

-   
 

        
,    ,     .  

    ,   
(   ,      

 ,   ). 
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 .  [5]       

      19,20 ,   
  –  20,30 .  

 -      30 
  . 

     ,    
  -    ,   -

 ,  ,   -    
   -   . 

       
    [21]   

     .    
        

       
     ,    

  . 
      ,    

  . ,     
   ,   . 

        
,     . 

         ЭС,         
.          

.  
      𝑧 . ..    

         𝑧 . .. , 
         

 .       
           
 . 

        -  
           

       . 
       

          
 (  1.3). 

     ,  
  .  

      –   1966 . 
     𝑧 . .. =32,64,  =750 

3/ .  32,59    (  1.3)   
 . =0,213 3. 
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        . 
       .  

        
.          

  . ,     15      
  1006-1053 3/ .       

,  14 ,     ,   
    19,20 . 

    9 .    
 9   1966 . 

       (2.10): 
 ЭС = + =  3/ .  
 

        (2.4): 
 . . = + + =  3/ .  

 
 ё     (2.2) : 

 ∆ = ∙ / = ,  3.  
 

    : 
 . = , − , = , 3.  
 

    ,   
      ,   

 (  1.2).  . = , 3   𝑧 . .. = ,  . 
       32,62 . 

         
         
    . 

    .   (  1.4) 
  1006 3/       19,11 . 

      (2.11): 
 𝐻 ЭС = , − , − , = ,  .  

 
 ,    

 :   
 

 𝑁 ЭС = , ∙ ∙ , =  .  
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 : 

 Э = ∙ / = , . ∙ .  
 

,          
: 

 
 𝑁 ЭС . = 𝑁 ЭС − 𝑁 ЭС.. (3.5) 

 
,       

   300 3/ ,   
 𝑁 ЭС. = 34    Э ЭС. =0,034 . ∙ .  

    9  : 
 
 𝑁 ЭС . = − =  .  
 

,          
   : 

 
 Э ЭС. = Э ЭС − Э ЭС.. (3.6) 

 
    9  : 

 
 Э ЭС. = , − , = , . ∙ .  

 
       

.  , -      
 15          

1,14 . ∙ ,  9         
.  

 ,     -    24 
   -       

    .     
    34     0,82 . ∙ .  

         
      3.4, 3.5.  
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 3.4 –        1966 . 
 

t,  𝑁 ЭС,  𝑁 ЭС .,  𝑁 ЭС.,  t,  𝑁 ЭС,  𝑁 ЭС .,  𝑁 ЭС.,  

9 111 77 34 21 111 77 34 
10 111 77 34 22 111 77 34 
11 111 77 34 23 111 77 34 
12 111 77 34 0 34 - 34 
13 111 77 34 1 34 - 34 
14 111 77 34 2 34 - 34 
15 111 77 34 3 34 - 34 
16 111 77 34 4 34 - 34 
17 111 77 34 5 34 - 34 
18 111 77 34 6 34 - 34 
19 111 77 34 7 34 - 34 
20 111 77 34 8 34 - 34 

 
 3.5 –        1966 . 

 

t,  
Э ЭС,  
. ∙  

Э ЭС.,  
. ∙  

Э ЭС.,  
. ∙  

t,  
Э ЭС,  
. ∙  

Э ЭС., 
 . ∙  

Э ЭС.,  
. ∙  

9 0,111 0,077 0,034 21 0,111 0,077 0,034 
10 0,111 0,077 0,034 22 0,111 0,077 0,034 
11 0,111 0,077 0,034 23 0,111 0,077 0,034 
12 0,111 0,077 0,034 0 0,034 - 0,034 
13 0,111 0,077 0,034 1 0,034 - 0,034 
14 0,111 0,077 0,034 2 0,034 - 0,034 
15 0,111 0,077 0,034 3 0,034 - 0,034 
16 0,111 0,077 0,034 4 0,034 - 0,034 
17 0,111 0,077 0,034 5 0,034 - 0,034 
18 0,111 0,077 0,034 6 0,034 - 0,034 
19 0,111 0,077 0,034 7 0,034 - 0,034 
20 0,111 0,077 0,034 8 0,034 - 0,034 

 
      3.6  

  3.1.  
 

 
 

 3.1 –    -  -
   1966  

32.00

32.10

32.20

32.30

32.40

32.50

32.60

32.70

9 11 13 15 17 19 21 23 1 3 5 7 9

 
 

 ,

, 
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 3.6 –     1966  
 

 , 3/  , 3  ,  H,  N, 
 Q . . Q . Q . Q . . Q . Q  Q . Q . . V . ΔV V . Z . . Z . . Z . .  Z . . 

9 750 1 5 0 250 1000 300 1006 0,213 0,001 0,212 32,64 32,61 32,62 19,11 12,96 111 
10 750 1 5 0 260 1010 300 1016 0,212 0,001 0,211 32,61 32,58 32,59 19,12 12,92 111 
11 750 1 5 0 262 1012 300 1018 0,211 0,001 0,210 32,58 32,55 32,56 19,12 12,89 111 
12 750 1 5 0 265 1015 300 1021 0,210 0,001 0,209 32,55 32,51 32,53 19,13 12,85 111 
13 750 1 5 0 266 1016 300 1022 0,209 0,001 0,208 32,51 32,48 32,50 19,13 12,82 111 
14 750 1 5 0 268 1018 300 1024 0,208 0,001 0,207 32,48 32,45 32,46 19,13 12,78 111 
15 750 1 5 0 272 1022 300 1028 0,207 0,001 0,206 32,45 32,42 32,43 19,14 12,74 111 
16 750 1 5 0 278 1028 300 1034 0,206 0,001 0,205 32,42 32,38 32,40 19,15 12,70 111 
17 750 1 5 0 274 1024 300 1030 0,205 0,001 0,204 32,38 32,35 32,36 19,14 12,67 111 
18 750 1 5 0 275 1025 300 1031 0,204 0,001 0,203 32,35 32,31 32,33 19,14 12,64 111 
19 750 1 5 0 280 1030 300 1036 0,203 0,001 0,202 32,31 32,28 32,30 19,15 12,60 111 
20 750 1 5 0 282 1032 300 1038 0,202 0,001 0,201 32,28 32,24 32,26 19,15 12,56 111 
21 750 1 5 0 285 1035 300 1041 0,201 0,001 0,200 32,24 32,21 32,23 19,16 12,52 111 
22 750 1 5 0 290 1040 300 1046 0,200 0,001 0,199 32,21 32,17 32,19 19,16 12,48 111 
23 750 1 5 0 297 1047 300 1053 0,199 0,001 0,198 32,17 32,14 32,15 19,17 12,43 111 
0 750 1 5 0 -456 294 300 300 0,198 -0,002 0,199 32,14 32,19 32,16 18,11 13,50 34 
1 750 1 5 0 -456 294 300 300 0,199 -0,002 0,201 32,19 32,25 32,22 18,11 13,56 34 
2 750 1 5 0 -456 294 300 300 0,201 -0,002 0,203 32,25 32,31 32,28 18,11 13,62 34 
3 750 1 5 0 -456 294 300 300 0,203 -0,002 0,204 32,31 32,36 32,33 18,11 13,67 34 
4 750 1 5 0 -456 294 300 300 0,204 -0,002 0,206 32,36 32,42 32,39 18,11 13,73 34 
5 750 1 5 0 -456 294 300 300 0,206 -0,002 0,208 32,42 32,47 32,45 18,11 13,79 34 
6 750 1 5 0 -456 294 300 300 0,208 -0,002 0,209 32,47 32,53 32,50 18,11 13,84 34 
7 750 1 5 0 -456 294 300 300 0,209 -0,002 0,211 32,53 32,58 32,56 18,11 13,90 34 
8 750 1 5 0 -456 294 300 300 0,211 -0,002 0,213 32,58 32,64 32,61 18,11 13,95 34 
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1,97 . ∙ .     111 . 

         1966 . 
         -

 . 
  ,    . 

    . 
     . 

       
         

. 
      ,    

     ,    
  –   , 
       .  

       
       . 

         
,     ,     
      .  

       , 
      [5]  

         – 
    19,20 ,     –   20,30 .  

       
   ,    

          
.     ,    

      (500 3/   
).         

  ,          
      . 

   -    
-   320 3/ .  , -    

   , , 
      .  

    -    , 
  ,      

-  .     -   
    . 

      
   .      

 . 
     ,    
   341 3/   750 3/ , 
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   𝑁 𝑖 =73 ,  𝑁 𝑎𝑥=112 ,        
    3, 5, 6, 12-15 .   

    1,97 . ∙ . 
  N i =69 , N ax=148 ,   , 

   , Q i =397 3/ , Q ax=722 3/ .  
         3, 5, 11-14 

.      1,89 . ∙ .  
  N i =61 , N ax=147 ,   , 

   ,Q i =405 3/ , Q ax=729 3/ .  
       3, 4, 11-14 . 

     1,84 . ∙ .  
  N i =56 , N ax=137 ,   , 

   , Q i =349 3/ , Q ax=670 3/ .  
       2-5, 8, 12 . 

     1,72 . ∙ .  
  N i =58 , N ax=108 ,   , 

   , Q i =348 3/ , Q ax=675 3/ .  
       5, 10, 14   

    5 .     
 1,73 . ∙ .  

  N i =64 , N ax=107 ,   , 
   , Q i =444 3/ , Q ax=696 3/ .  

       5, 10, 11, 14 . 
     1,77 . ∙ .     

         , 
       

 . 
  N i =74 , N ax=104 ,   , 

   , Q i =483 3/ , Q ax=735 3/ .  
       6, 9, 10, 14, 15 . 

     1,82 . ∙ .   
  N i =59 , N ax=107 ,   , 

   ,Q i =521 3/ , Q ax=733 3/ .  
       7, 11, 14   

    11 .     
 1,84 . ∙ .  

  N i =49 , N ax=109 ,   , 
   , Q i =329 3/ , Q ax=734 3/ .  

       2, 12-14 . 
     1,83 . ∙ .     

         , 
       

 . 
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  N i =54 , N ax=102 ,   , 

   , Q i =359 3/ , Q ax=734 3/ .  
       3, 7, 10, 12-14 . 

     1,80 . ∙ .  
  N i =68 , N ax=108 ,   , 

   , Q i =315 3/ , Q ax=735 3/ .  
       2, 11, 12, 14   

    14 .     
 1,81 . ∙ .          

  ,    . 
  N i =59 , N ax=106 ,   , 

   , Q i =351 3/ , Q ax=726 3/ .  
       3, 12-14   

    12 .     
 1,78 . ∙ .   

,    -      
 . 

         
  ,      

,  ,  ,  , 
    ,    .  
,        

           .  
,   -       
   ,    

,   24 .    ,   
      ,   

       –  
   . 

,   -       
           
  ,        

 (  ,    ), 
   0,03-3,4 %     

   0,8-2,2%   .         
     ,   

 . 
     ( )    

 .      
  . 

     ,      
   ,      [35] 

       - .   
   .     .24  . 
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 ( )       
: 

 = ∙ , (3.7) 
 

  –    ; 
 –    . 

       
  15-   ,    

2018 . 
   1966 . 
 -      

 85     ,  , 
   ,   85 ∙ .   

        ,  
  . 

    9   1966 .  
          

  111 ∙ .      
  : 

 = ∙ , = ,  . .  
 

        
  : 

 = ∙ , = ,  . .  
 

        
 1966 .    3.7. 

 
 3.7 –        

  1966 . 
 

 
 

 

        

    

, ./ ∙  , ∙  , . . , ∙  , . . 
0 914 85 77,7 34 31,0 
1 865 85 73,5 34 29,4 
2 851 85 72,4 34 29,1 
3 843 85 71,6 34 28,9 
4 863 85 73,3 34 29,7 
5 915 85 77,8 34 31,5 
6 988 85 84,0 34 34,0 
7 998 85 84,9 34 34,4 
8 1207 85 102,6 34 41,5 
9 1256 85 106,8 111 139,4 
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  3.7 
 

 
 

 

        

    

, ./ ∙  , ∙  , . . , ∙  , . . 
10 1293 85 109,9 111 143,5 
11 1296 85 110,1 111 143,8 
12 1341 85 113,9 111 148,8 
13 1352 85 114,9 111 150,1 
14 1370 85 116,4 111 152,0 
15 1287 85 109,4 111 142,9 
16 1290 85 109,6 111 143,1 
17 1311 85 111,5 111 145,6 
18 1406 85 119,5 111 156,1 
19 1296 85 110,1 111 143,8 
20 1276 85 108,5 111 141,7 
21 1266 85 107,6 111 140,5 
22 1183 85 100,6 111 131,3 
23 983 85 83,5 111 109,1 

 2040 2350,1 1973 2421,3 

 
 ,         

          
 67 ∙ ,    71,2 . . .  

      1966 .   1967 .  
  .      

.25  . 
    ,   

           
 ,     ,     

    23,6 . ∙ ,      
    28,7 . .  

        
     15-    

 . 
       

    .26  . 
     15-  .  

  ,     9251,7 . 
.,    – 9555,4 . .  , 

        303,7 . 
.     3.2.  
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4    
 

4.1  я  
 

  ,   , 
    .     

          . 
      , 

  .     , 
,     ,    

  .   
       
,         

–      ,    – 
 [36].  ,    

   ,  
    .  

    : 1)  
 ,       

 ,       
; 2)  ,     

  ,     . 
      , 

       , 
   . 

        
    . 

       
 .     

,      , . .  
       

 .  
        

-  .  
   -  

   2.1 : 
 = , = , .  

 
 ,     0,01, 

,     [5]  -   
     . 
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4.2      
-   

 
       

  -   .   
         

 .      . 
    -   

 1160 3/ ,        
 91,3      . 

         
 ,   .     
       17,25 ,   

 –    4,80 .      
,   [5]  11,77 . 

        .  
    -     

      5,00 . 
   -      

    -       
  -   -  . 

     -  : 
 . . = . + . − , (4.1) 

 
 . –     -  ; . –       -   -

 ; 
 –      , , 
, . 

         
  [23].      . =  3/ , 

            
 (  ). 

       (2.8, 2.9).  
   .     .2.1  [24]  
 ,     -  ,  . =

 .        . 
   :  

 . = ∙ , =  . 3.  
 

    : 
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. = =  3/ .  

 
          

 .       .  
       (2.7): 

 ∆ . = , ∙ ∙ , − , ∙ / = 3/ .  
 

,       2.6   1966 
: 

 = + + + = .  
 

   -       
1966 .   1967 .    4.1. 

 
 4.1 –    -      

 1966 .   1967 . 
      

 
1966 . 1967 . 

 
XI  XII I II  III  IV V VI  VII VIII IX X 

Q . 1 1 1 1 1 1 1 1 1 1 1 1 12 
Q . 0 0 0 0 0 0 1 1 1 1 0 0 4 
Q . 1 1 1 1 1 -5 0 0 0 0 0 0 0 
Q . 6 0 0 0 0 20 20 24 25 26 23 20 164 
Q . 8 2 2 2 2 16 22 26 27 28 24 21 180 

 
      , 

,     . 
     -   -  

          ,   
       . 

      -   
-      .2  .  

       
1966 . 

       -  
      -

    . 
  1966  -       
    15  –  9  23     

.         300 
3/     . 
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     -      
     1006-1053 3/ .   

   1966   37 3/ .  
   -    

   ,      
  . ,  -     

   15     –  9  23     24  
  .   9  –  0  8    

   .     .  
    9 .      

: 
 . . = + − = 3/ .  
 

      (2.10): 
 ЭС = + =  3/ .  
 

        (2.4): 
 . . = + + =  3/ .  

 
 ё     (2.2) : 

 ∆ = ∙ / = ,  . 3.  
 

    : 
 . = , − , = , . 3.  

 
    ,   

      ,   
 (  1.5).  . = , . 3   𝑧 . .. = ,  .  

       17,95 . 
    .   (  1.6) 

  1082 3/       7,48 . 
        

    0,6 . 
    8,6. 

  : 
 𝐻 ЭС = , − , − , = , .  
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 ,    
 :   

 
 𝑁 ЭС = , ∙ ∙ , =  .  

 
      

 : 
 Э = ∙ / = , . ∙ .  

 
,       

   300 3/ ,     
  𝑁 ЭС. = 30    Э ЭС. =0,030 . 

∙ .  
  -    9  : 

 
 𝑁 ЭС . = − =  .  
 

  -    9  : 
 
 Э ЭС. = , − , = , . ∙ .  

 
       

.         
      4.2, 4.3.  

 
 4.2 –    -     

1966 . 
 

t,  
𝑁 ЭС,  

 
𝑁 ЭС .,  𝑁 ЭС.,  

 
t,  

𝑁 ЭС,  
 

𝑁 ЭС .,  
 

𝑁 ЭС.,  
 

9 91 61 30 21 91 61 30 
10 91 61 30 22 91 61 30 
11 91 61 30 23 91 61 30 
12 91 61 30 0 30 - 30 
13 91 61 30 1 30 - 30 
14 91 61 30 2 30 - 30 
15 91 61 30 3 30 - 30 
16 91 61 30 4 30 - 30 
17 91 61 30 5 30 - 30 
18 91 61 30 6 30 - 30 
19 91 61 30 7 30 - 30 
20 91 61 30 8 29 - 30 
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 4.3 –    -     
1966 . 

 

t,  
Э ЭС,  
. ∙  

Э ЭС.,  
. ∙  

Э ЭС.,  
. ∙  

t,  
Э ЭС,  
. ∙  

Э ЭС., 
 . ∙  

Э ЭС.,  
. ∙  

9 0,091 0,061 0,030 21 0,091 0,061 0,030 
10 0,091 0,061 0,030 22 0,091 0,061 0,030 
11 0,091 0,061 0,030 23 0,091 0,061 0,030 
12 0,091 0,061 0,030 0 0,030 - 0,030 
13 0,091 0,061 0,030 1 0,030 - 0,030 
14 0,091 0,061 0,030 2 0,030 - 0,030 
15 0,091 0,061 0,030 3 0,030 - 0,030 
16 0,091 0,061 0,030 4 0,030 - 0,030 
17 0,091 0,061 0,030 5 0,030 - 0,030 
18 0,091 0,061 0,030 6 0,030 - 0,030 
19 0,091 0,061 0,030 7 0,030 - 0,030 
20 0,091 0,061 0,030 8 0,030 - 0,030 

 
       

   4.4    4.1, 4.2.  
 

 
 

 4.1 –    -  -
   1966  

17.88

17.89

17.90

17.91

17.92

17.93

17.94

17.95

17.96

9 11 13 15 17 19 21 23 1 3 5 7 9

 
 

 , 

, 
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 4.4 –      1966 .  
 

 
, 3/  , . 3  ,  

H,  
N, 

 Q . . Q . Q . Q . . Q . Q  Q . Q . . V . ΔV V . Z . . Z . . Z . .  Z . . 

9 1035 1 6 0 40 1075 300 1082 110,74 0,144 110,60 17,95 17,94 17,95 7,48 9,87 91 

10 1045 1 6 0 29 1074 300 1081 110,60 0,104 110,49 17,94 17,94 17,94 7,48 9,86 91 

11 1047 1 6 0 27 1074 300 1081 110,49 0,097 110,39 17,94 17,94 17,94 7,48 9,86 91 

12 1050 1 6 0 27 1077 300 1084 110,39 0,097 110,30 17,94 17,93 17,93 7,48 9,85 91 

13 1051 1 6 0 28 1079 300 1086 110,30 0,101 110,20 17,93 17,93 17,93 7,49 9,84 91 

14 1053 1 6 0 26 1079 300 1086 110,20 0,094 110,10 17,93 17,93 17,93 7,49 9,84 91 

15 1057 1 6 0 24 1081 300 1088 110,10 0,086 110,02 17,93 17,92 17,92 7,49 9,83 91 

16 1063 1 6 0 19 1082 300 1089 110,02 0,068 109,95 17,92 17,92 17,92 7,49 9,83 91 

17 1059 1 6 0 23 1082 300 1089 109,95 0,083 109,87 17,92 17,92 17,92 7,49 9,83 91 

18 1060 1 6 0 23 1083 300 1090 109,87 0,083 109,78 17,92 17,91 17,91 7,50 9,81 91 

19 1065 1 6 0 18 1083 300 1090 109,78 0,065 109,72 17,91 17,91 17,91 7,50 9,81 91 

20 1067 1 6 0 16 1083 300 1090 109,72 0,058 109,66 17,91 17,91 17,91 7,50 9,81 91 

21 1070 1 6 0 14 1084 300 1091 109,66 0,050 109,61 17,91 17,91 17,91 7,50 9,81 91 

22 1075 1 6 0 10 1085 300 1092 109,61 0,036 109,57 17,91 17,90 17,90 7,50 9,80 91 

23 1082 1 6 0 0 1082 300 1089 109,57 0,000 109,57 17,90 17,90 17,90 7,49 9,81 91 

0 329 1 6 0 -36 293 300 300 109,57 -0,130 109,70 17,90 17,91 17,91 5,55 11,76 30 

1 329 1 6 0 -36 293 300 300 109,70 -0,130 109,83 17,91 17,91 17,91 5,55 11,76 30 

2 329 1 6 0 -36 293 300 300 109,83 -0,130 109,96 17,91 17,92 17,92 5,55 11,77 30 

3 329 1 6 0 -36 293 300 300 109,96 -0,130 110,09 17,92 17,92 17,92 5,55 11,77 30 

4 329 1 6 0 -36 293 300 300 110,09 -0,130 110,22 17,92 17,93 17,93 5,55 11,78 30 

5 329 1 6 0 -36 293 300 300 110,22 -0,130 110,35 17,93 17,93 17,93 5,55 11,78 30 

6 329 1 6 0 -36 293 300 300 110,35 -0,130 110,48 17,93 17,94 17,94 5,55 11,79 30 

7 329 1 6 0 -36 293 300 300 110,48 -0,130 110,61 17,94 17,95 17,94 5,55 11,79 30 

8 329 1 6 0 -36 293 300 300 110,61 -0,130 110,74 17,95 17,95 17,95 5,55 11,80 30 
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                4.2 –          1966  
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 , -      
   15    91      

  .    9       
 ,   . 

  ,     -   
 24      30     0,72 

. ∙ . 
       

1,64 . ∙ .      49,11 . 
∙ .  

       
 .     

.      
 . 

       
      1966 .   1981 .   

 4.3. 
 

 
 

 4.3. –       
   -   

 
      

     265 . ∙   
    -    

  (  4.5,  4.4). : (1…15) – 
  (     ). 
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 4.5 –       
-    

 
, 

. ∙  
  

1 2 3 4 5 6 7 8 
 538 504 421 463 512 401 339 394 

 560 558 433 482 527 404 356 409 
, 

. ∙  
 

9 10 11 12 13 14 15 
 488 411 490 481 445 427 435 

 498 437 504 495 463 434 453 
 

 
 

 4.4 –       
 -    

 
     15 ,   180 
.  ,       . 

  . 
        

 ,     
       . 

          
   N i =64 , N ax=91 ,  
      (    ) 
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     ,     -   
 3-5 .      1,56 

. ∙ .  
  N i =53 , N ax=91 ,     

   1369 3/ .        
 5, 11-13 .      1,52 

. ∙ .  
  N i =49 , N ax=91 ,     

   1389 3/ .        
: 3, 8, 12-14 .      1,45 

. ∙ .  
 N i =50 , N ax=91 ,     

   1032 3/ .        
 : 5, 10,11, 14 .     

 1,48 . ∙ .  
  N i =77 , N ax=91 ,     

   1087 3/ .        
  : 4-6, 10-14.     

 1,65 . ∙ .  
  N i =76 , N ax=91 ,     

   1090 3/ .       : 
7, 10, 14-16.  

  N i =75 , N ax=91 ,     
   1091 3/ .        

7, 9, 11-15 .      1,63 . ∙ . 
  N i =40 , N ax=91 ,     

   1086 3/ .       : 
2, 4, 5, 12-14.      1,60 . ∙ .  

 N i =59 , N ax=90 ,     
   1053 3/ .       : 

3, 6-9, 13-14 .      1,58 . ∙ .  
 N i =63 , N ax=91 ,     

   1244 3/ .        
4, 12-15 .      1,58 . ∙ .  

  N i =43 , N ax=91 ,     
   1096 3/ .        

 2, 3, 5, 12, 14 .      1,56 
. ∙ .  

,    -      
 .          

 .       , 
  ,       

          -
 . 
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   ,     

 . 
      ,   

  -      
  -  .  ,    

 ,  2015        
   7,7 ,    

  . 
 -        
  -  , ,  -

         
       ,   

.  ,       , 
    . 

    ,    
    ,  

        . 
    ,       

 .       , 
         

-         
 -         

  . 
         

 ,     .    
      . 

     ,  -     24 
,    ,    

 -         
  (  1  3 ).  

 ,  -      
,     -  :    

     ,  
        ,   

     .  
,         
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,    . ,    , 

      ,   
   .  

 ,    3.    
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    9   1966 .  
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  91 ∙ .      

  : 
 = ∙ , = ,  . .  
 

        
    : 

 = ∙ , = ,  . .  
 

        
 1966 .    4.6. 

 
 4.6 –        

  1966 . 
 

 
 

 

        

    

, ./ ∙  , ∙  , . . , ∙  , . . 
0 914 71 64,9 30 27,0 
1 865 71 61,4 30 25,6 
2 851 71 60,4 30 25,2 
3 843 71 59,8 30 24,9 
4 863 71 61,3 30 25,6 
5 915 71 65,0 30 27,1 
6 988 71 70,1 30 29,3 
7 998 71 70,9 30 29,7 
8 1207 71 85,7 30 35,9 
9 1256 71 89,2 91 114,5 
10 1293 71 91,8 91 117,8 
11 1296 71 92,0 91 117,9 
12 1341 71 95,2 91 122,1 
13 1352 71 96,0 91 123,4 
14 1370 71 97,2 91 124,8 
15 1287 71 91,4 91 117,4 
16 1290 71 91,6 91 117,7 
17 1311 71 93,1 91 119,5 
18 1406 71 99,8 91 128,3 
19 1296 71 92,0 91 118,1 
20 1276 71 90,6 91 116,3 
21 1266 71 89,9 91 115,3 
22 1183 71 84,0 91 107,9 
23 983 71 69,8 91 89,4 

 1704,0 1963,1 1633,8 2000,7 

 
 ,         

          
 70,2 ∙ ,    37,6 . . .  
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