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1                    
  

 

 -     ,    .  
547 ,   22 200 ². ё     . 
 

 1.1   

 

 1.1.1  

 

   ,      
,    .    –  

 17°    25°C,  –  20°  -  30° .   
 500   . 

 

1.1.2   

 

     -   ,  
   -  .  —   ,  

    .  . 
        1946-1995 . 

   ,  .1. 
 : 

 ̅ = ̅ ∙ = ∙ = ,  , (1.1) 

  

 ̅  –     ,  .1; 
  –    . 

 

         
 1.1,   1.1  1.2. 

 

 1.1 –        

   
 

    

  𝑧 ,  ,  𝑧 ,  , /  𝑧 ,  , /  

550 0 550 0 550 0 

555 0,4 551 48 551 50 

560 0,9 551,7 92 552 100 
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565 1,8 552,7 189 553 200 

570 2,6 553,7 332 554 350 

580 4,4 554,8 589 555,01 600 

586 6,34 555 690 555,2 700 

 

 
 

 1.1 –        

 

 

550,00

551,00

552,00

553,00

554,00

555,00

556,00

0,00 100,00 200,00 300,00 400,00 500,00 600,00 700,00 800,00

Z
 

,

Q 3/

Z( )=Q Z( )=Q 

550,00

555,00

560,00

565,00

570,00

575,00

580,00

585,00

590,00

0 1 2 3 4 5 6 7

Z
 

, 

V, 3
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 1.2 –   ё      

 

 

 

         1.2. 

 

 1.2 –       
Q, 3/  I II III IV V VI VII VIII IX X XI XII 

  250 250 250 250 250 250 250 250 250 250 250 250 

 1 1 1 2 5 9 10 9 4 2 2 1 

 0 0 0 1 2 3 3 3 1 1 1 0 

 1 1 1 3 -4 -5 -5 -4 4 3 3 2 

 

1.1.3    

 

:  ; 
   1049 ; 

    288 ; 
:    2%,    7%; 

  kN = 8,9. 

 

1.1.4 -   

 

    ,       
   .  

    – . 
 

1.1.5   

 

          
   ( -97- )   

       
  1%  7   MSK-64. 

        
         1964  

2000 .         
     ,  

        5 . 
 

1.2    
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: 

–   –  -  . 
–   –  -  . 

 

2. -   

 

2.1  ё       
    

 

      :  
( )   ( ).  ,     

 ,        
.     .     

   ,      
 (    V - IX ;    X -  IV 

).  
  ,     . 

     .   
      : 

 = + , 
 

(2.1) 

  n –    ; 
m

     ( ,   
   ),    .        

    90  50% . 
       , 

      2.1. 
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 2.1 –    

 ё   (P=50%) 
        

      50%: 1948  1954 . 
       1948 .: 

 = , %, = = , , 
 

(2.2) 

= , %, = = , , 
 

(2.3) 

       1954 .: 
 = , %, = = , , 

 

(2.4) 

= , %, = = , . 
 

(2.5) 

    ,      
 ,    ,     . 

 ё    1954 . 
 ё   (P=90%) 

       90%, 
   1977 .  

      
 ,      

    . (  2.1  2.2). 

0

100

200

300

400

500

600

700

800

900

1000

1100

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Q
,

3
/

P,%
Q .  3/ Q . . 3/ Q . . 3/
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 2.1 -           
   

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

Q50% - Q90% 18 25 0 88 53 123 336 -53 112 84 -7 11 

 
Q90% 

0 0 0 0 0 0 0 53 0 0 7 0 

Q90% 

. 56 42 60 147 336 588 

 

665 

 

503 

 

287 

 

161 

 

144 

 

84 

 

 2.2 -        
 I II III IV V VI VII VIII IX X XI XII 

Q50%, 
3/  74 67 60 235 389 711 1001 504 399 245 144 95 

 

 
 

 2.2 –      

 

 

2.2     

 

,      II  
.        

   ,     
 1,0 % (  ё  ).   

          

0

200

400

600

800

1000

1200

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

Q
, 

^
3

/c
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(    ,     
 0,1 %).  

      : 
 ̅ = ∑ 𝑖 = = , 

 

(2.6) 

 n – ё   (  ). 
      : 

 = √Σ − , (2.7) 

 -  ,    : 
 = . (2.8) 

 

    : 
 = Σ −∙ .  (2.9) 

 

     2.4. 
 

 2.4 –  ,     
  , %     

0,1 3,91 0,64 1,64 518 

0,5 3,10 0,51 1,51 476 

1 2,73 0,45 1,45 457 
 

 

2.3     

 

     ,   
    ,  ё  , 

        
. 

        , 
 

 

iК
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2.4       
  

 

       
       : = + ∙ cos ° ∙ − ° ,                             (2.10) 

 

  –     , 
      ,  – ,   : 
         =  
      
+  
      
2=
3

5

5

 = 𝑎𝑥− 𝑎𝑥 = − = .              (2.12) 

 
     : 

 = + ∙ cos ° ∙ − ° ,              (2.13) 

   
=  
+  
2=
5

0

4

9

+

3

7

 = + = − = .                     (2.15) 

 

       
    ,    

        

   2.5. 

 

 2.5 -        

  ̅  

1 5353 5027 

2 5191 4864 

3 4911 4584 

4 4587 4259 

5 4307 3978 

6 4145 3816 

7 4144 3815 

8 4306 3977 

9 4585 4258 

10 4909 4582 

11 5189 4863 

12 5352 5026 
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 2.3. 

 

 
 

 2.3 –      
 

 

        
     ,   

     ,     
 .       

         

 : 

  N . =  , 
 

 . . = ,  . ∙ . 
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      ,    
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2.5    

 

2.5.1         
   

 

         
    ,    
    ,      

. 
     ,     

    ,   .  
      .   

.   ,    
,     ё  . 

ё           
  : 

 = ∙ ∙ ,                (2.16) 

 

-  ; Q– ; 

       –   . 

 = − ∙ ( − ∆ℎ,            (2.17) 

 

     -    (   =586 );            ∙ (  -   ,  
   ,      

           
 ; 

          ∆ℎ -     . 
       

   ,      
 .      

    ,   . 
          

      .  
      –  ,   

 ,  . 
     2.6 – 2.8. 

 

 2.6-     
 I II III IV V VI VII VIII IX X XI XII 
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Q  90% 
56 42 60 147 336 588 

 

665 

 

503 

 

287 

 

161 

 

144 

 

84 
Q  240 240 240 240 240 240 240 240 240 240 240 240 

  2.6 
Q  1 1 1 2 5 9 10 8 4 2 2 1 
Q  0 0 0 1 3 6 7 5 3 1 0 0 
Q  1 1 1 1 -1 -2 -3 -2 -1 3 3 2 

 
 2 2 3 5 7 13 13 10 6 6 6 4 

Q .  54 40 57 142 329 575 652 493 281 155 138 86 
Z ,  586 586 586 586 586 586 586 586 586 586 586 586 
Z ,  552 551 552 553 555 556 556 556 554 553 553 552 

,  
33 

 

34 

 

33 

 

32 

 

30 

 

29 

 

29 

 

29 

 

31 

 

32 

 

32 

 

33 

 
N  

( ),  14 10 15 40 90 153 172 145 78 43 41 24 
Z ( ),  586 586 586 586 586 586 586 586 586 586 586 586 
Z ( ),  555 555 555 555 555 555 555 555 555 555 555 555 

( ),  
31 

 

31 

 

31 

 

31 

 

31 

 

31 

 

31 

 

31 

 

31 

 

31 

 

31 

 

31 

 
N( ),  59 59 59 59 59 59 59 59 59 59 59 59 
N -N  -44 -48 -44 -19 31 95 114 86 19 -15 -18 -34 

 

 

 

      2.4. 
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 2.4 –    

2.5.2  ё       

   

 

   ,   ,    
     ∇  = 586 . 

        
(    ),   576,7 . 

        
. 

   : 
        
     ё    2.5 

 

 
 

 2.5-         
   

 

2.6      

 

       
 :     

 .       
.    ,    

 2 ,    . 
: 

576,00

578,00

580,00

582,00

584,00

586,00

588,00

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

Z
 

,

 



22 

 

= , ∙ . . ∙ . =   

 

(2.18) 

 Э = ∙ = ,  . ∙  

 

(2.19) 

 Э = Э . − Э = ,  . ∙  

 

(2.20) 

 

 

    Э ,   : =    
     : 

 . = + =   (2.21) 

 

: = , ∙ . . ∙ =   

 

(2.22) 

 Э = ∙ = ,  . ∙  

 

(2.23) 

 Э = Э . − Э = ,  . ∙  

 

(2.24) 

 

    Э ,   : =    
     : 

 . = + =   (2.25) 
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3.     

 

 3.1      

  

 3.1.1    

 

  –    ,  
.         

   ,    ,  -  
   ,    .   

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

  

 ∇  –      ; 
 𝑧  –           ; 
 ∆ℎ –     . 

 

        
,       : 

 𝑖 =  ⁄  .  

  

       
  : 

 

Э = ∙ Э , (3.2) 

  

  –      ; 
  –  ; 
 Э  –     . 

 

      : 
 

Э = Э ∙ √ Э , (3.3) 

  

 Э  –    .    
        

 ё  ; 
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 – ё    .     
        

ё  . 
 

 ё       3.1   
 3.1. 

 

 3.1 –  ё      

  
    

  
  

 

  
  

  

Q , 
3/  

Z ,  H ,  ,  z 1,  ,  Q, 3/  ,  Q, 3/  

5 550,30 35,70 26,40 32,62 498 29,59 574,96 25,62 

15,2 550,82 35,18 25,88 32,10 505 29,17 570,46 25,22 

18,9 550,98 35,02 25,72 31,94 510 28,89 565,92 24,82 

53,2 552,01 33,99 24,69 30,91 515 28,61 561,34 24,42 

65,2 552,22 33,78 24,48 30,70 520 28,33 556,72 24,02 

83,1 552,45 33,55 24,25 30,47 525 28,06 552,07 23,62 

92,4 552,55 33,45 24,15 30,38 530 27,80 547,37 23,22 

120,5 552,78 33,22 23,92 30,14 535 27,54 542,64 22,82 

149,8 553,00 33,00 23,70 29,92 540 27,28 537,86 22,42 

170,5 553,18 32,82 23,51 29,74 545 27,03 533,04 22,02 

180,9 553,29 32,71 23,41 29,64 550 26,79 528,18 21,62 

241,5 553,99 32,01 22,71 28,93 555 26,55 523,27 21,22 

324,8 555,01 30,99 21,69 27,91 560 26,31 518,31 20,82 

360 555,35 30,65 21,35 27,57 565 26,08 513,31 20,42 

400 555,67 30,33 21,03 27,26 570 25,85 508,26 20,02 

450 556,00 30,00 20,70 26,93 575 25,62   

480 556,21 29,79 20,49 26,71 

500 556,37 29,63 20,33 26,55 

520 556,56 29,44 20,14 26,36 

540 556,77 29,23 19,93 26,15 

560 557,00 29,00 19,70 25,92 

580 557,23 28,77 19,47 25,69 
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 3.1 –     

 

    : 
–  .      

        : 
 = ,  ,  

 

– ё  .       

      ё  : 
 = ,  ,  

 

–  .      
         

: 
 𝑖 = ,  . 
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3.1.2                              
 

 

 ,       
        .  

      , ,   
  . 

  3.2    , 
   . 

 

 3.2 –      

 40- -  40- -  
  

 
,  40 40 

 
 𝑖 ⁄  0,5 0,5 

 
  

 

′  , /  125 123 

 
   , /  1020 1150 

  
 

𝜂    0,913 0,904 

.  
 

′ , /  1800 1700 

  
    ,  0,65 0,65 

  
  ,  0,46 0,46 

 , ℃ 4 4 

 
 

𝑣  

 
10 20 

 

       
: 

 

𝜂 = − − 𝜂  ∙ − + ∙ √(  ) ∙ ∙ ( ) ), (3.4) 
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   𝜂   –       
  (  3.2); 

          – ,       
 ; 

           –    (  3.2); 
   –   ,    [3]; 
  –     (  3.2); 
  – ё    ,  (3.7); 
          –      

; 
          –      

 (  3.2). 
 

  -   ,  
      ,   

 : 
 = , .  

 

        
      [3].   
 -  3.2. 

   : 

 =  ℃.  

 

   [3]    
: 

 = , ∙ −  / .  

 

    : 
 𝜂  = , .  

 

 

   ё  : 
 ′ = , ∙ ′  ∙ ∙ , ∙ 𝜂 ∙ 𝜂  ,  (3.5) 

  

 𝜂   –     . 
  : 
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𝑧′ = ′ , (3.6) 

  

 ′  –  . 
,       ,  

         , , 
   ,       
.      2  3  , 
      . 

  : 
 = ′  ∙ √ ∙ ∆, (3.7) 

  

  ′   – ё       
ё   (  3.2);         ∆ -   ё         

,          
. 

       
        
   [3]. 

       
        

   ё   , 
    ,   𝑖  , 

        
   : 

 ′ = ∙√ ∙ ∆, (3.8) 

  

  –     ; 
  –   ,  ,   𝑖 . 

 ё    ё    : ′ ∙ 𝜂 = , ∙ ∙ , ∙ 𝜂  . (3.9) 

 

        ,  
        ′  ,  

 ′ ∙ 𝜂         
. 
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  ё      
 .  

        , 
    . 

    –     
. ё     : 

 ′ = 𝑖∙ √ ∙ ∆, (3.10) 

  

 𝑖  –    . 
        . 

       
.      ,    – ё  

,   – , ё    (3.18),   
  ё  ,  . 

       . 
     ,     

         
      .   

ё  ,   ,       
  .   ,      

   ё     
      (  ,   

           
ё ). 

    40- -560   
: 

 = ,  ,   

  = , ∙ = , ∙ , = ,  , (3.11) 

  𝑧 = .  

 

    40- -    
     ,  .1. 

 

 3.2      

 

3.2.1       
  ё   
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.        
,        

         
.  

      ё 

    : 

 ∇ . . = + , (3.12) 

  

  -       ,  

   . 

    HS   

        

.    ,   

    , . .    

,  ,  : 

-    Hmax   ; 

-    H    ; 

-    Hmin     

. 

    : 

 = , − − 𝜎 ∗ − ∆ + ∆ . , (3.13) 

  ∆  –    , 

   σ   , 

     (1,5 ); 

 -  ,    

    ;  
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 –  ,      

Z (Q ); 

Z . . –      

    ,    

-  Z . .=0. 

 

        

  .      

-          

 . 

 H = Z  (Q H + H H 𝑖  (3.14) 

 

  H = Z  (Q H + H H 𝑖  (3.15) 

 

  H = Z  (Q H + H H 𝑖  (3.16) 

 

  

 ё    3.3 

 

 3.3 -   

D1 5,6 

Q`(Hmin) 1,16 

 

Q`(H ) 1,25 

Q`(Hmax) 0,95 

Q (Hmin) 167,58 

Q (H ) 202,37 

Q (Hmin) 173,23 

Z  (Q (Hmin)) 553,64 

Z  (Q (H )) 554,12 

Z  (Q (Hmax)) 553,72 
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  3.3 

 

       
   Z  (H )= 553,63 . 

 

 3.2.2        

 

       
    ( ),   

        
.          

 ( ,  ). 
       .  
          –   

.      , 
     . 

      
,     ,   
. 

  [6]     
8/1-40-8-2. 

 

 3.3      

 

          
     .  
   ё      
,        : 

(Hmin) 0,32 

(H ) 0,34 

(Hmax) 0,23 

Hs(Hmin) 1,69 

Hs(H ) -0,50 

Hs(Hmax) 0,74 

Z (Hmin) 555,33 

Z (H ) 553,63 

Z (Hmax) 554,46 
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1.       
.   ,       

    υr. 

2.    (   )  
 , . . υur = const,  υu –   

    ; r –   . 
3.        

,          
,    . 

    φ  = 2250  –    
     =29,7 . 

   : 

  = , ∙ = , ∙ , = ,  , (3.17) 

 

    : 
  = , , (3.18) 

 = = , = ,  . (3.19) 

 

    : 
  = = , = ,  , (3.20) 

 

        
  : 

 = , ∙ ∙ 𝜂 = , ∙ , ∙ , =  ⁄ . (3.21) 

 

       : 
 

𝑖 = ∙ 𝜑 = ∙ =  ⁄ . 
 

(3.22) 

    : 

 = 𝑖 = , = ,  . (3.23) 
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      : = − + − − − tan ° 

 

 

(3.24) 

 

      
.      3.4. 

 

 3.4 –     
  

 1 2 3 4 5 6 7 8 9 10  

ri 8,84 8,42 8,01 7,59 7,18 6,77 6,35 5,94 5,52 5,11 4,70 4,28 

bi 5,82 5,48 5,14 4,81 4,47 4,13 3,79 3,46 3,12 2,78 2,44 2,10 

rk 5,27 5,18 5,09 5,00 4,91 4,82 4,73 4,64 4,55 4,46 4,37 4,28 

rk/ra 1,23 1,21 1,19 1,17 1,15 1,13 1,11 1,09 1,06 1,04 1,02 1,00 

ln (rk/ra) 0,21 0,19 0,17 0,16 0,14 0,12 0,10 0,08 0,06 0,04 0,02 0,00 

ri/ra 2,07 1,97 1,87 1,78 1,68 1,58 1,49 1,39 1,29 1,20 1,10 1,00 

ln (ri/ra) 0,73 0,68 0,63 0,57 0,52 0,46 0,40 0,33 0,26 0,18 0,09 0,00 

b∙ln (ri/ra) 4,23 3,72 3,23 2,76 2,32 1,90 1,50 1,14 0,80 0,50 0,23 0,00 

rk∙ctgγ 
19,6

6 19,33 18,99 18,65 18,31 17,98 17,64 17,30 16,96 16,63 16,29 15,95 

rk∙ctgγ∙ln(rk

/ra) 4,12 3,72 3,32 2,92 2,54 2,16 1,78 1,41 1,05 0,70 0,35 0,00 

mi 3,72 3,38 3,04 2,71 2,37 2,03 1,69 1,36 1,02 0,68 0,34 0,00 

Ji 4,11 3,67 3,25 2,84 2,44 2,06 1,71 1,37 1,06 0,77 0,52 0,29 

φi 
225,

00 

200,9

0 

177,5

8 

155,0

8 

133,4

8 

112,8

6 93,31 74,93 57,85 42,22 28,20 15,82 

 

        𝜑 = 𝑖 .     3.3. 
 

 
 3.3 –   𝜑 = 𝑖 . 
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     3.5. 

 

 3.5. –     

φ 0 25 50 75 100 125 150 175 200 225 

r 4,28 4,59 5,32 5,94 6,50 7,01 7,50 7,96 8,41 8,84 

 

 

  : 

 

′ = , ∙ = , ∙ , = ,  , (3.25) 

 

    B′ > 7 ( ),     
,    ё    : = + = + = . . (3.26) 

 

    ё   :  
 = ′ + = , + , = ,  .  

      ,  2. 

 

3.4     

 

       . 
         

,      

 

    : 

 ∗ ( . ∙𝜏 ) . ,                      (3.27) 
 

 

       𝜏 = ÷  . 
 

 𝜏 = ,       : 
 = , ∙ = , ∙, = ,   ∙ .                                               (3.28) 
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∗ , ∙ , . = ,  .                                                                        (3.29) 

 

3.5   

 

      
 .       
    . 

         

 . 
        

: = , ∙∙ = , ∙ , ∙ , = ,  .                                                          (3.30) 

    ,   ,  
  (15 ÷ 20)   :  

 = + , = , + , = ,  .                                                      (3.31) 

 

     : 
 = ∙ℎП

= ,, ∙ , = ,  ,                                                                  (3.32) 

 

: ℎП = ,  ,        . 

    ,   
[ ] : [ ] = ∙ ,                                                                                               (3.33) 

             = 𝜋∙ ∙ = , ∙ , ∙ , = ,  ⁄ ,                                             (3.34) 

 [ ] = ∙ , = ,  . 
 . 
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4.   

 

4.1       

 

         
    ,     

   ,  ,  
,  ,     

 .  
        

220 , 110 .   –      
 ,     « » 220   

 30 . 
     ,    

   ,     
.        

 .        . 
    :     

 . 
         

ё   ,    . 
   [9],      220 , 

   330 .        
 45 ,    .  

 

4.2       

 

4.2.1    

 

      -840/150-52 

  "  ".     
 1.2. 

 

 4.1 –    -840/150-52 

 
,  

·                 
U  ,  cos φ , . . η 

 
 S     x"  x′  x  

56,25 55 10,5 0,8 97,7 ,  0,35 0,93 

 

4.2.2        
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       ,   
 .  

        
      ,  

    . .   : 
 S ч =  − . .cosφ = , − , ∙ ,, = ,  ∙  ,                 .  

                   P . . – к я к  ых , МВ . 
 

   "  "  
 -80000/220- 1.      

1.3. 

 

 4.2 –     80000/220– 1 S ,  
U ,  U , % ∆P ,  ∆P ,  I ,% U  U  

80 242 10,5 11 320 105 0,600 

 

      
 ,     a    
  . 

 τ = , + max ∙ = , + ∙   τ =  ч/                                                                                                          (4.2) 

 

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

            

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

 t = − ∙ − , ∙ =  ч. 
 

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



39 

 

             

    n  –    . 
 

 ( )   : 
 ∆W = ∆n ∙ ( S чS  ) ∙ τ = , ∙ ( , ) ∙  

 ∆W = ,  ∙ ч,                                                                                          .  

   

        

: 
 = ∆W ∙ + ∆W ∙ = ,  ∙ , + , ∙ ,         

                                                             = ,  . ./                                                                       (4.6) 

                 

 3 : 
 = ∙ , = ,  . ./ .                                      
 

4.2.3       
  

 

        
     ,   

   . .   : 
 S ч = ∙  − . .cosφ = ∙ − ∙ ,, = ,  ∙ ,                        .  

  

 P . . –    , . 
 

   "  "  
 -160000/220- 1.      

1.4. 

 

 4.3 –    -125000/220- 1 S , 

 

U ,  U , % ∆P ,  ∆P ,  I ,% U  U  

125 242 10,5 11 380 90 0,5 
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 ,     a    
  . 

 τ = ( , + a ) ∙ = ( , + ) ∙  

 τ =  ч
                                                                                                   (4.8) 

 

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

            

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

 t = − ∙ − , ∙ =  ч. 
 

    : 
 ∆W = n ∙ ∆P ∙ t = ∙ , ∙  

 ∆W = ,  ∙ ч                                                                                 (4.10) 

            

 n  –    . 
 

 ( )   : 
 ∆W = ∆n ∙ ( S чS  ) ∙ τ = , ∙ ( , ) ∙  

 ∆W = ,  ∙ ч                                                                                 (4.11)    
 

        
: 

 = ∆W ∙ + ∆W ∙ = ,  ∙ , + , ∙ ,                           
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= ,  . ./                                                           (4.12)         

                 

 2 ,        
: 

 = , + , = ,  . / .                                                          
 

4.2.4    

 

      
 ,        

  . 
 ,     ,  

(1-2) %  S  : 

 S . . = , ∙ P  φ , ∙ ,, = ,  ∙                                               (4.13) 

 

  [10],    ,   
      .  

  [17],      
  ».  

   «   » 
  -4000/10/6,   6000 . . 

     4.5. 

 

 4.5 –    -63-10,5/0,4 S , ∙  
U ,  U , % U  U  

0,63 10,5 0,4 4 

 

4.4      
       

   
 

 ,   : 
 S = −P . .φ = − ,, = ,  ∙                                                   (4.14) 

 

       220 : 
 P . =  ;      = , ;      cosφ = , ;    
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  –     ,   
 330     = 1,   220  –   

 =1,2,   110  –  = 1,4.  
 –       220 .  

 

   220 : 
 n = P −P∙P ./ φ + = − ,, ∙ / , + = ,                                          (4.15) 

                                   

   220   n = . 
 I = ∑∙√ ∙ = ,  ∙√ ∙ = ,                                                           (4.16) 

 

ё    220 : 
 I ч = α ∙ α ∙ I = , ∙ , ∙ = ,                                               (4.17)

         

    α = ,  – ,     
 ;  α = ,  – ,      

. 
 

  ё      U=220   
   – 240/32.  

 

   I =  . 

 

   : 
 I . = ∑− ∙√ ∙ = ,  ∙√ ∙ = ,                                                    (4.18) 

 I > I . ,  >   ,   
  . 

 

  –240/32    4.6. 
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 4.6 –    –240/32 

   
 

r0 /  x0 /  b0 /  

1 0,118 0,435 2,60·10-4 

 

 

4.5       -  
ё   
 

     
,      

   .  
   : 

 = n ∙ + m ∙ . . + t ∙ ,                                                                  (4.19) 

 

   –     80000/220– 1 (60 . .);  
 –    -125000/220- 1, (140 . .); . .–     (6 . .); 
 –   ;  n –   ; m –    ; 

t –     

 

       : 
 

  = 2 . . 
 

       :  
 = ∙ + ∙ + ∙  =  . .           
 

       : 
 = ∙ + ∙ + ∙ + ∙ =  . .  
 

      
    : 

 = ∙ + ,                                                             (4.20)

      

     = 0,15 –    
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: 
 = , ∙  + ,  = ,  . .                  
 

         

: 
 = , ∙ + , = , . . 
 

   :  
 = − ∙ % 

 = , − ,, ∙ % = , %.                                                     (4.21) 

 

  ,        
29,99%    ,   

   . 
 ё        . 
   [19] – «     

       
    .    

     ». 
 

4.6       
 

 

  –220 : (2  220 ,2 ).   
          
   .  

 

4.7 ё         
      RastrWin. 

 

4.7.1 ё    

 

     
    . 
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 : 
 x = x′′ ∙  = , ∙ ,,  = ,  ,                                                     (4.22) 

 

   : 
 E = E∗" ∙ U = , ∙ , = ,  .                                      (4.23) 

 

  : 
 x = %∙∙ = ∙ ∙ = ,  .                                                              (4.24) 

 

: 
 x =  = = ,  ,                                                                      (4.25) 

 

  220   : 
 x = x , ∙ l = , ∙ = ,  .                                (4.26)

   

 : 
 = ∗ ∙ U = , ∙ =   .                                               (4.27)

  

 

 : 
 k = = , = , .                                                                              (4.28) 

 

      
   . 
 r = ∗, ∙ω = ,  , ∙ = ,  ,                                                                (4.29) 

     r = , ∙ω = ,, ∙ = ,  ,                                                               (4.30) 

        r = r , ∙ l = , ∙ = ,  ,                                                         (4.31) 

 r = ΔPk∙ = , ∙ = ,  .                                                                  (4.32) 
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4.7.2           
         

  «RastrWin»  

 
  4.4     .   4.5 

    .   4.6  
   .       

«RastrWin»,   . 
 

 
 4.4 –     

 

 
 4.5 –     

 

 
 4.6 –     

 

 ё       4.7, 4.8, 4.9   
  4.7. 



47 

 

 
 

 4.7 –      

 

 
 4.8 –      

 

 
 4.9 –    ё   

 

 

 4.7  –      ё     
  1 I .  i  

1  7 12,7 14,8 

3  7 6,36 9,89 

3  1 17,49 44,53 

 

4.8  ё     ё   

 

       
     .  

 

       
        5% : 

 I ,  a = , ∙ I , = , ∙ , = ,  ;                                       (4.33)             

 

 

    : 
 I  a  = ,√ ∙ , = √ ∙ = ,                                                     (4.34) 
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        220 : 
 I . = ∑∙√ ∙ = ,  ∙√ ∙ = ,  ,                                                     (4.35) 

  

        
  : 

 I . = ∑− ∙√ ∙ = ,  ∙√ ∙ = ,  .                                                  (4.36) 

 

4.9      
 10,5  

 

        
          , 

  . 
 

     « »  
     –10  
 –10/4000 3.    

      4.8.  
 

 4.8 –        
 

ё   
  

 

-10 

 

-10/4000 3 U  = ,   U =   U =   I . =   I =   I =   I = ,   I . =   
I . =   

 i = ,   i . =   i . =   

 I . =   t =  . . ч = ,  ∙  . =  ∙  . =  ∙  

 

     –10: 

 iaτ = √ ∙ I ∙ −τ/ = √ ∙ , ∙ − , / , = ,  .                     (4.37)       

 aτ√I ∙ % = % 
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41% < % 

 

,    ,    
4.9. 

 

 4.9 – ,     
 

 
  

 
 

 
 

 
 ( · ) 

   : 
  -1 RS485 0,5 8 

   : 
  -1 RS485 0,5 8 

 - 3 RS485 0,5 10 

  ∑ = 26 ·  

 

,     « - », 
    - 3.  

         
,        , 

   . - 3    
    4   15150 (  

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

    ,     
 15150.  

  ,    «  
». -1      

        
       

   50     0,4  750 . 
      

      (    
 13109-97),       

,   –     
      , 

  ,   .   
   0,4     

 . 
 

4.10      

 

   –10–1.   
«  ».    -10-1  
  4.10. 

 



50 

 

 4.10 –    –10 

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

 

   -10.   
«  ».    -10 

   4.11. 
 

 4.11–      
 ё       U < U  U = ,   U =  

 

      10,5  
      – 10 1   

« ». 
 

4.11    

 

4.11.1     

 

    « »   « » 
    -220   -

220/1000 1.      
    4.12.  ,    

  220        4.13. 
 

 4.12 –        
 

ё   
  

 

-220 

 

-220/1000 1 U  =   U =   U =   I  a = ,   I =   I =   I = ,   I . =   − i = ,   i . =   i . =   

 I . =   I . = ,   . ч = ,  ∙  . =  ∙  . =  ∙  

 

 4.13 – ,      220  
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( · ) 
  -1 RS485 0,5 8 

 

4.11.2      

 

 -220    -220- 1. 
  « ».    -220- 1 

   4.14. 

 

 4.14 –    

 ё       U < U  U =   U =   I  a < I  I  a = ,   I =   

 

   -220.   
« ».    -220   

 4.15. 

 

 4.15 –    

 ё       U < U  U =   U =   

 

  220       - -

220 1,   « ».  
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5.       
 

    ,   
           

    ,  
  ,     .  

     ,   
  .      . ё 

        
 ё   .     
   . 

 

5.1    

 

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

 

  –    ; 
 –   . 

 

  , ё     
 : 

 

, = ∙ = ∙/ = ,  ,                                                                     (5.2) 

 

  –  ,      
« »; 

 –       
 . 

 

  : 
 , = ,, ∙ , = , ∙ =                                           (5.3) 

  

   270 . 
 

 ё    : 
 , = ,, = =                                                                                 (5.4) 
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, = , = / = ,                                                                                  (5.5) 

 

5.2     

 

      ,   
      . 

 

  -840/150-52– 56,25 : 
    ; 
        ; 
    ; 
        

     ; 
      ; 
       ; 
      ; 
     ,   

; 
      ; 

    ; 

         ; 
     ( ) . 

 

    80000/220– 1: 

    (    
      )); 

   (   ); 
        ; 
     (       

   ); 
      (     

 ); 
      ; 
         220 ; 
    10,5 ; 
    (  ). 
   ( ) 

 

   220 : 
 : 

 –    (    ); 
 : 
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    (   ); 
       

(    ); 
   (    ); 

 

    : 
  ; 
       ; 

   ; 
    

 

5.3    ё    

 

5.3.1     (I∆G) 
 

      
      

       .    
   ,  ,    
      -  . 

         
. 

   I .0    
   .       

      : 
 = ∙ 𝑖 ∙ = , ∙ , ∙ = ,  ,             (5.6) 

 

     –      0,5;     𝑖 –      0,1;      –     3092 . 
 

    : 
 . ∙ = ∙ ∙ 𝑖 ∙ = , ∙ ,                              (5.7) 

 

  –  ,  2. 
 

    (3.2)    
  : 

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

    ,   
    . 

         
     : 

 = "" ∙ = , , ∙ = ,  ,                                                          (5.9) 

 

  "  –   , 1,13; 𝑥"  –   , 0,2. 
 

       : 
 = ∙ 𝑖 ∙ ∙ ; 
 = ∙ , ∙ , ∙ , = ,  ,                                                    (5.10) 

 

  –     2. 
 

     : 
  >  ∙ ,                (5.11) 

 

  –  , 2; 
  –      , 17475,16 . 
 

:  
 > ,  ∙, ; 

 > , ; 
 

   0,35. 
 

       (5.12)  
: 
 = . = , ∙, = , ∙ .                                                                              (5.12) 
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    ,    
 .       

 : 
 . = , ∙, = , ∙ .                                                                                  (5.13) 

 

     = 1,75 (    
). 

        
   ,      

: 

 = ÷ ∙ = ∙ =                                                       (5.14) 

 

     
   5.1: 

 

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8

0,1

0,2

0,3

0,4

0,5

0,6

0,7

I  , . .

I  , . .

19,29 ° 

 
 

 5.1 -     

  

 

    ,  ,  

   -       
. 
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5.4         (UN 

(UO) 

 

       . 
  –   U0,     

  .   85-90%   
          

 3U0    ,   
 «  ». 

       
       

     
    (U  . .)      

 . 
 

     : 
 𝛴 = + + + = , + , + , + , ;        
 𝛴 = ,  /                                                                                        (5.14) 

 

        
  : 

 = ∙  √ = ∙ √ = ,                                                                          (5.15) 

 

   –     , . 
 

     
    : 

 

 Э . = ∙ ∙ + Σ = , ∙ , ∙ ,, + ,  

  Э . =                                                                                                  (5.16) 

 

   – ,   U0    
; 

  –         
 , . 
 

    10,5 : 
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= , ∙ ∙ 𝜔 ∙ Σ = , ∙ , ∙ ∙ ∙ , ∙ − ;        
 

          = ,                                                                                                           (5.17) 

 

     : 
 ∙ ∙  Э . ,                                                                                 (5.18) 

 

 = ,  –  ; 
 –  ; 
 –    . 

 ,, ∙ ,√ , ∙  

 ,  .  
 

U0       
,     5  20 .     

  :    5     
 9,0    ;     15    
 0,5      ,   

        -  . 
  –   ,     

        .  
   30%      . 

           1 
 3.       1,2.     

            
: 
 = + = , + = ,                                                                                     (5.19) 

 

       0,2 . 
  3.14 ,       1,2  

   31,25%     . 
      0,5     

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

 

1)   U2> : 
 = , ∙ = , ∙ / =                                                                            (5.20) 

 

2)         
  U1> ,         

  . 
 U1> : 

 = , ∙ = , ∙ / =                                                           .  

 

  ,       
   220      , ∙ . 

    0,5      
,  . 

 

5.5      
      (I2) 

 

       
      

       
,         

. 
    : 

1)          

        
(   ). 

      0,07I . 

2)         
        

 .       
       =  . 

   ,    
: 

 

∗ = √ = √ = , ,                                                                                    (5.22) 

 

  – ,  - ; 
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 –       
  I2. 

 

    : 
 ∗ = ∗ = , , = , ,                                                                                     (5.23) 

 

 –  . 
 

   : 
 = , ∙ = , ∙ = ,  .                                                     (5.24) 

  

         
   ∗ :  

 = ∗ = , ≈  .                                                                                 (5.25) 

 

      
,         

 ,  : 
 = ∗                                                                                                              (5.26) 

 

: 
 ∗ ∙ = =                                                                                              (5.27) 

 

      
     3.1: 

 

 5.1 –      
   

    
  

I2/I  

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

 ( ) 30 83,33 120 187,5 333,33 750 

 

     
      

   (I2)    5.3: 
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 5.3 -      
      

   (I2) 

 

     ,  
 : t  = 30 , t  = 750 . 

       
     .   

 ,        
   0,135   ,    

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

4)         
          
     . 

       : 
1.         

 ; 
2.        

   B . 
3.          

 BJI. 
  :       

       
 

  : 
)        

    : ∗ . . = , ⋅ ∙(𝑋  ′′ +𝑋 +𝑋 = ,  . .,                                      (5.29) 

0

100

200

300

400

500

600

700

800

0 0,2 0,4 0,6 0,8 1 1,2

t,
c

I2/I
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   ′′ −       , 
    ; 

 −    ; 
  −     . 

)         
 220          
  : 

      : 
 . . = ∗ . . ∙ ∙ = , ∙ ∙ , = ,                                                      (5.30) 

 

  :      
      .    

        
. 

     8,0     , 8,5  
    220    ,  

  9,0        
. 
 

5.6     (I1) 
 

       
.           

  : 
1)  ,      

          
 . 

  : 
 = ∙ = , ∙, = , ∙ = , ∙ =  ,                          (5.31) 

 

 = ,  –  ; = ,  –  . 
 

  0,9 . 
2)  ,      

        
 . 
  : 

 = ∙ = , ∙, = , ∙ = , ∙ =  ,                          (5.32) 
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3)       . 
      
   ,    3.2: 

 

 5.2 –       
 

 
 ⁄  

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

 
 ( ) 

3800 1200 450 340 280 160 80 3 1 

 

      
      5.4. 

        
  ,     . 

      
   0,01 . 

 

 
 

 5.4 -    

     

 

4)   ,     
       . 

  :  
 = , ∙, = , ∙ = , ∙ =                                  (5.33) 

 

-500

0

500

1000

1500

2000

2500

3000

3500

4000

1 1,2 1,4 1,6 1,8 2 2,2 2,4

t,

I/I
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         < .    : 
 = , ∙∙ = , ∙, ∙ / =  .                                                       (5.34) 

 

     8    , 

  8,5      220   
 ,    9,0     

   . 
 

 5.7      

 

       
.        .  

   : 
1)  ,      

          
 .   : 

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

 

 .  –   . 
 

2)  ,       
        . 

  : 
  . = , ∙ ., = , ∙ . = , ∙ =  .                                  (5.36) 

 

3)  ,       
,    ,     

 ,     . 
 

 5.3 –     
 
, 

I/I  

 

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

 
,  

 250 180 160 120 90 72 45 20 

 

       
    5.5: 
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 5.5 -    

     

 

1)   ,     
       .  

 : 
  . = , ∙ ., = , ∙ . = , ∙ =  .                           (5.37) 

 

     3,0 .   
   ,  . 

 

5.8    𝒁 < , 𝒁 <  

 

         
       

    . 
     ,   I  

II     III  IV    
. 

1)        
       1 .   

         
,    . 

       220   
 . ,    220 ,   : 
)        220    

– : 

0

50

100

150

200

250

300

1 1,2 1,4 1,6 1,8 2 2,2 2,4

t,
c

I/I
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 , ∙ + , ∙ ′ = , ∙ , + , ∙ ,  

 ,                                                                                                   (5.38) 

 

  –      ; ′ −  ; − , ,   . 
 

 ,    : 
 = ∙ = , ∙ = ,  .                                                       (5.39) 

 

  220 : 
 ′ = √𝑥 + = √ , + , = ,  .                                          (5.40) 

 

  ,     
: 

  . . , ∙ , ∙ , + , ∙ , ∙ , = ,                                       (5.41) 

   : 
 =  . . ∙ = , ∙ , = , ,                                                            (5.42) 

 

  –   , : 
 = = ,, = ,  .  (5.43) 

 

    : 
 = ∙ = , ∙ = ,  .  (5.44) 

 

  =0,88. 

2)        
       . 

    : 
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= √ ∙ = , ∙√ ∙ = ,  ,  (5.45) 

 

  -   , . 
 

       
         
 ∙ . .       , ∙  (   

): 
 = ∙𝐼 .𝐼 . . . − , = ∙ − ,, = ,  . .                     (5.46) 

 

 . . . –    , ; 𝑥  –       
. 

 = ,  . .  
 

          
  , ∙ . 

     : 
 . = , ∙ = , ∙, = ,  . .                                                             (5.47) 

 𝜑 . = 𝜑, ∙ = ,, ∙ , = , . (5.48) 

 

      𝜑 . = , °. 
     :ϕ 

  = . = , , = ,  . .  (5.49) 

  =  . . ∙ = , ∙ , = ,  .                                             (5.50) 

 

   : 
  = . .𝐼𝐼∙ = , ∙ // = ,  . (5.51) 

 

  = ,  . 
      

  15%.     =,  , = ,  . 
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    . 

      8  -   , 

   8,5  –     220   
 ,    9,0      

    . 
      

 3.6. 
 

0,05 0,15 1,35 1,40,1 1,45
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Z
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0
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R,

JX,

 
 

 5.6  -     

 

 5.9     -  

 

   ,      
        

       
« ». 

     

     ,    
. 
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  ,     
  –     

. 
 

5.10       

 

     5.4 

 

 5.4 –   

  

   
 

 

 
 

.  

 
∆  

 
, .  

, ∙ . 0,66  

 
,  

, 5 - 

 
 

,  
, ∙  2,21  

 ,  , ∙  7,74  

 ,  ∙  26,52  

  
  

  
  

 
  - 5  

  - 15  

  

 
,  

1,2 - 

 
 

- 0,2  

  
 
 

> 

1 

 
 1,2U  120  

2 

 
 1,4U  140  

  
 

  
. .   

 

  , ∙  0,31  

  , ∙  0,75  

 I . . , ∙  0,75  
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  5.4 

  
 . . 

  
 

  , ∙  4,73  

  , ∙  4,86  

 
 , ∙  5,41  

U  - 66  

 
 < 

1 

 
 0,067 0,88  

2 

 
 0,34 4,51  

   
 

 

  . , ∙ .  4,74  

  . , ∙ .  4,87  

  . , ∙ .  9,97  

 

 5.5 –   
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2
0
 

 
-

   
  

 

.  

 
I∆G + + + + 

 
  

 
U  

t        + t  + + +     U  t + + +     

 U > 

1 

 
t  + +   

 
  

2 

 
t  + +   

 
  

  
 

  
. .   

I  

       + 

 + +      

 I 
t       +  t      +   t  + +      

  
 . .  
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       + 

 + +      
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 Z < 

1 
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I  

       + 

 + +      
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6     

 

6.1     

 

   : 
–     ; 
–    ; 
–   ; 
–   . 
 

6.2     

 

6.2.1     

 

     –  ,   
-  ,       

–  .  ,     
 –  . 

 

6.2.2        

 

    : 
 ∇ = ∇ + h , (6.1) 

    h –         : 
 h = h % + ∆h + a, 

 

  (6.2) 

     h %–        1%; ∆h –   ;  
 –  ,  = 0,8 . 

     : 
 ∆h = k ∙ ∙L∙ ∙ cosα ,                                                                                         (6.3) 

 

     k  – ,       
, k = , ∙ − ; 

V–      , / ; 
           L –   , ; α –        

 , α = ; 
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d –      . 
    : 

 d = ∇ −∇ = − =  .                                                                           (6.4) 

 

      : 
  ∆h = , ∙ − ∙ ∙, ∙ = ,  .                                                            (6.5) 

 

   1%     
 . 

  : 
 g ∙ tV ; (6.6) 

  g ∙ LV , (6.7) 

 

 

     t –     , t = 6 . 
-      (6.6)  (6.7): 
             g ∙ LV = , ∙ = ; 
             g ∙ tV = , ∙ ∙ ∙ = , . 
  

   [8]     (   
   d > , ∙ ̅ )   ∙

    ∙L
    ∙̅

  

  ∙̅
. 

    ,     T̅     h̅. 

-   :   
 g ∙ hV = , ; 
 

(6.8) 

g ∙ TV = , . 
 

(6.9) 
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: 

 h = , ∙ Vg = , ∙, = ,  ; 
 

(6.10) 

T = , ∙ Vg = , ∙, = ,  . 
 

(6.11) 

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

(6.12) 

 : 
 d > , ∙ ;  (6.13) 

 > , , . .   . 
   1% : 

 h % = h̅ ∙ K , 
 

(6.14) 

  K  – ,    [8]     
(6.13):  

-     K = ,    (6.14): 
 h % = , ∙ , = ,    

 

     1%    
      d ∙ h %,   

: 
 h % = k ∙ k ∙ k ∙ k ∙ h %, (6.15) 

  

  k   k  –     , 
  [8, .6];  k  – ,   [8, .7];  k  – ,    [8, . 10]   

   /h %,   . 
 : k = , k = , , k = , . 
   (6.15): 
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k = ,   /h % = ,  

             h % = ∙ , ∙ , ∙ , ∙ , = , . 
 

   (6.3): 
             h = , + , + , = ,  . 

 

   (6.1): 
 ∇ = ∇ + h = + =  .  

 

       ∇ =  . 
        
  : 

 ∇ = ∇ . (6.16) 

 ∇ = ∇ + , ∙ , (6.17) 

     ∇  –   ; 
 –    ,      

 .  
 

6.2.3     

 

 ё       
     ,   

,     ,       
 . 

ё        
  0,1% ,   – 0,1% . 

  ё   ё  : 
– Q=1609 3/    1 %;  

–   = 586,0 ; 
– min = 5,6 ; 

  ё   ё  : 
– Q=4624 3/   0,1% ; 
–   =148,0 ; 
–  max = 12,8; 

 ,       
      ё   

  ё  ,       
 ё  .  ё     
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. 

ё  ,      : 
 = a − Э = ⁄ ,                                                          (6.18) 

 

  −   ,  ё   , 

   0,1%  I   [6, 5.4 .2]. 

  : 
 = = = ,  ,                                                                               (6.19) 

 

  −    : 
 = , ∙ = , ∙ = ⁄ ,                                   (6.20) 

 

   −    : 
 = [𝑣ℎ] ∙ ℎН = ∙ , =  ⁄ ,                                  (6.21) 

 

  ℎН = ,  −     , 
   [𝑣ℎ] = ⁄ −     . 

       
 ,       .  

  42 ,  =     14 ,   
,     7,  . 

 

6.2.4     

 

    ,     
   , . .  ё      
: 

 = ∙ ∙√ ∙𝑔 = , ∙ ∙√ ∙ , = ,   ,                                            (6.22) 

 

   -     , 
       - 

  , m = 0,49  

 -       . 
  ,  ё     , 

   : 
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 = ∙ 𝜎 ∙ 𝜎 ∙ ∙ √ ∙ / = , ∙ , ∙ ∙ √ ∙ , /    
 = ,                                                                                                         (6.23) 

 

  𝜎 −   ; 𝜎 −   ; 𝜎 −  ;  𝜎 =  −    ,    
 –  [9]. 

      – : 

 𝜎 = − , ∙ ∙ = − , ∙ , ∙ , = ,  ,                                          (6.24) 

 

  −        
. 

 

         
   : 

 = − ∙𝑔 = , − , ∙ ,∙ , = ,  ,                                                       (6.25) 

 

  −      ,   :  
    = ∇ −∇ + − = − ∙ = ,                                        (6.26) 

 

  α −  ,     α = , . 
    : 

 =  . 
 

  : 
 ∇ = ∇ − = , − = ,  .                               (6.27) 

 

6.2.5      

 

     
.    ,   

   : 
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 . = a − Э  ,                                               (6.28) 

 

  a  -  ё  ,  ё   
,    0,01%  I  ;  

 . = − =  / . 
 

        
: 

 = ( .√ 𝑔) / = , ∙ ∙√ ∙ , / = ,  .                                    (6.29) 

 

   : 
   =  ∙ 𝜎 ∙ 𝜎 ∙ ∙ √ ∙ = ( , ∙ , ∙ ∙ √ ∙ , )  

 = ,                                                                                                  (6.30) 

 𝜎 = − , ∙ ∙  = − , ∙ , ∙ , = ,  .                                (6.31) 

 

 

    : 

 = .− ∙ = − ∙ = ,  /  ,                                                   (6.32) 

 

   ∇ −    ,  
  –   49 ,    . 

          
 : 

 =  − ∙  𝑔 = , − , ∙ ,∙ , = ,  .                                       (6.33) 

 

 ё    : 
 ∇ П = ∇ + = + , = ,  .                     (6.34) 
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6.3 ё       

 

         
        

      C-C ( . 6.3).    
         
      ё . 

  : 

            ℎ = √ ∙ .∙ + ∑ = √ , ∙, ∙ = ,  .                                     .  

 

       : 
  = ∇ − ∇ = − =  .                                                   .  

 

, ё  : 

 ℎ′ = 𝜑∙√ ∙𝑔∙ ∇ −∇ −ℎ′ = ,, ∙√ ∙ , ∙ − − = ,                                   (6.37) 

 ℎ ," = ℎ ,′ √ + ∙ (ℎℎ ,′ ) − = , √ + ∙ ,, − = ,                  (6.38) 

 

   h  = 5,6 , ,   (hc
’’> h ). 

     ,   
     .    

         
     .     

   . 
 

 

6.4       

 

   . 
          

      ,   
,          
  ΔZ   : 

 ∆ = ∙𝑔∙𝜑 ∙ℎ − ∙ ∙𝑔∙(𝜎∙ℎ`` =  ,                                                            (6.39) 
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  𝜎 = ,    

     : 
 = 𝜎 ∙ ℎ`` − ℎ + ∆ = , ∙ , − , + = ,  .                  (6.40) 

 

       : 
 = ∇ − ∇ = − =                                                      (6.41) 

 

      . 
 ℎ′ = 𝜑∙√ ∙𝑔∙ −ℎ′ = ,, ∙√ ∙ , ∙ − = ,                                                (6.42) ℎ′ = 𝜑∙√ ∙𝑔∙ −ℎ′ = ,, ∙√ ∙ , ∙ − , = ,                                            (6.43) 

ℎ ," = ℎ ,′ √ + ∙ (ℎℎ ,′ ) − = ,                                                        (6.44) 

 

         
   : 

 = ∇ − ∇ + = − + , = ,   

 

  : 
 ℎ′ = 𝜑∙√ ∙𝑔∙ −ℎ′ = ,                                                                               (6.45) 

 ℎ′ = 𝜑∙√ ∙𝑔∙ −ℎ′ = ,                                                                                 (6.46) 

ℎ ," = ℎ ,′ √ + ∙ (ℎℎ ,′ ) − = ,                                                        (6.47) 

    : 
 ∆ = ∙ ∙ 𝜑 ∙ ℎ − ∙∙ ∙ 𝜎 ∙ ℎ′′  

 ∆ = ,∙ , ∙ , ∙ , − ( , ∙ ,∙ , ∙ , ∙ , ) =                                                         (6.48) 
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 = 𝜎 ∙ ℎ `` − ℎ + ∆ = , ∙ , − , + = ,                  (6.49) 

 𝐾 − 𝐾𝐾 = , − ,, ∙ % = ,  %                                                                    (6.50) 

 

  : 
 = ,   

 ∇ = ∇ − = − , = ,                                                     (6.51) 

 

  : 
 = , ∙ ( , ∙ ℎ `` − ℎ ` = , ∙ , ∙ , − , = ,            (6.52) 

 

      : 
 = , ∙ = , ∙ , = ,                                                                  (6.53) 

 

6.5    

 

6.5.1     

 

   ,   
 ,   .    

  :     
       .    

        
         = , . 

: ℎ = ∇ − ∇ = − =                                                          (6.54) 

 = ∙ h = , ∙ = ,                                                                             (6.55) 

 

 6.1 – ё       
(  - ) 

x y x∙H  y∙H  

0 0,126 0 0,756 

0,1 0,036 0,6 0,216 

0,2 0,007 1,2 0,042 

0,3 0 1,8 0 
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  6.1 

0,4 0,006 2,4 0,036 

0,5 0,027 3 0,162 

0,6 0,06 3,6 0,36 

0,7 0,1 4,2 0,6 

0,8 0,146 4,8 0,876 

0,9 0,198 5,4 1,188 

1 0,256 6 1,536 

1,1 0,321 6,6 1,926 

1,2 0,394 7,2 2,364 

1,3 0,475 7,8 2,85 

1,4 0,564 8,4 3,384 

1,5 0,661 9 3,966 

1,6 0,764 9,6 4,584 

1,7 0,873 10,2 5,238 

1,8 0,987 10,8 5,922 

1,9 1,108 11,4 6,648 

 

 
 6.5 –    

 

6.6      
 

 

6.6.1  

 

          
   . 

 

 

 

 

-6

-5

-4

-3

-2

-1

0

0 2 4 6 8 10 12 14
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6.6.2  

 

       , 
       ,  

 ;         
     ;    

        . 
        

  60 . 
 

6.6.3   

 

         
 ( ),     . 

           2  
  : 

 ∙, = ∙ , = ,                                                                             (6.56) 

 

     –     = 36 , 
  –      = 1,2 

 ,  –       ,  
  -   = 25. 

 

6.6.4     

 

   :    
  . 

  : 
 = ∆ ∙𝑟, = , ∙ , = ,                                                                               (6.57) 

 

     ∆  –    ,    
ё   ∆ = ,  ; ,  –        , = . 

    : 
 ℎ = , ÷ , ∙ ∇ − ∇ 𝑖                                                                  

 ℎ = , ∙ − , =  .                                                              (6.58) 

 

      : 
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 = ,    
 

   ,    
 ,        

     .  
   = ,  . 

    :  
 ℎ = , ÷ , ∙ ℎ = , ∙ , =  .                                                 (6.59) 

 

      300   . 
 

6.6.5     

 

        564.00. 
    551.00 - .  

      3∙ 4   
551.00   2∙3    564.00. 

 

6.7     

 

 ё        
 ,       

 ,      , 

       .  

       ,  
  ,    . 

 2  : 

 = ∇ − ∇ 𝑖 = − , = ,                                          (6.60) 

 = , ∙ = , ∙ , = ,                                                                    (6.61) 

  = , ∙ = , ∙ , = ,                                                       (6.62) 

 

     : 

 = ∙ ∙ =  ∙ , ∙ = ,                                      (6.63) 

  

   -     ,    
AutoCAD, =140 2.. 
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  ё ,      

   ,    AutoCAD, =210 2. 

     : 
 = ∙ ∙ = ∙ , ∙ = ,                                          (6.64) 

     

6.8  ё   

 

ё       
      .    

   , ,   
.        
,        

 . 
 

6.9.1   

 

      AutoCad. =   . 
         

:  
 = ∙ ∙+ = ∙ ∙ , ∙ ,+ , =  / .                                                (6.65) 

 

        : 

 = ∙ ∙+ = ∙ , ∙ , ∙ ,+ , = ,  /                                             (6.66) 

 

  : 

  ≈ , ∙ √ ∙  ,                                                                                   (6.67) 

 

   -  : 

 = − + , ∙ = − + , ∙ =             (6.68) 

 : 

 =  , ∙ ∙ √ ∙ , = ,  . 
 

    1 . : 
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 ч = + = ,+ , = ,  /                                                            (6.69)  

 

6.9.2     

 

      . 

     : 

     : 

 =  ∙ = , ∙ ∙ = ,                                                                (6.70) 

 

     : 

 =  ∙ = ∙ , = .                                                                     (6.71) 

 

        (6.71): 

 =  ∙ = , ∙ , ∙ = , .  
 

6.9.3   

 

     : 
 = , ℎ % ̅ + ℎ = , ∙ ∙ , ∙ , ∙ ( ,, + , ) 

 =                                                                                                   (6.72) 

 

  ℎ : 

 ℎ = 𝜋ℎ %�̅� = , ∙ ,, = ,  .                                                                   (6.73) 

 

       : 
 = �̅�𝜋 − ℎ % = ,∙ , − ∙ , = ,  .                                               (6.74) 

 

6.9.6 ё    

 

ё         
    (    ). 
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ё      ё   .   
    .  ,   

ё     ,     
 . 

   ,  ё    
    «–»,  –   «+»  

  ё    6.3,     , 
     . 

 

 6.3 –     

  

 

  

  

,  ,  
, 

 

 1  6715 12,33 82795 

 1  80 1,34 -106,7 

G  0,95  3221 4,2 -13527 

G  0,95  10736 4 -42944 

W  1  1373 0 0 

W  1  2060 3 6180 

Q  0,9  29,86 9,45 -282 

W  1  13 35,84 473 

ΣN  10553 

ΣM 32588 

 

ё         

  (  ё   1   )   
: 
  : 

    : 
  𝜎 = − + ∙∑ = − , + ∙ , = − ,                              (6.75) 

 

   –   ,   ; 
 –    ,   ; 

 –   . 
    : 

 𝜎 = 𝜎 ∙ − ∙ ∙ − = − ,  /  ,                            (6.76) 

 

  =  Н/ 3 –   ; 
–   ё      ; 

 = tan ,   –      .   

     ,  ctan = . 

    : 
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 𝜏 = ( ∙ + 𝜎 ∙ =  / .              (6.77) 

 

 : 
  𝜎 = 𝜎 ∙ + + ∙ ∙ = ,  / .                               (6.78) 

 

 : 
 𝜎 = − ∙ = − ∙ , = − , / .                                         (6.79) 

 

      (6.80)-(6.87): 

    : 
  𝜎 = − − ∙∑ = , − ∙ , = − , .                                        (6.80) 

 

    : 
  𝜎 = 𝜎 ∙ − ∙ ∙ − = − ,  / ,                                 (6.81) 

 

  = tan ,   –      .  
  –   ё      ; 

    : 
 𝜏 = −( ∙ + 𝜎 ∙ = ,  / ;                                       (6.82) 

 

 : 
 𝜎 = 𝜎 ∙ + + ∙ ∙ = − ,  /                          (6.83) 

 𝜎 = − ∙ = − ∙ , = − ,                                                        (6.84) 

 

 

6.10    

 

      , 
    ,   

 : 
   : 

  ∙ ∙ 𝜎 ∙  ,                 (6.85) 
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  = ,  –        
 ;  

 –   ,   ё   = ; 

   –   ,     = , ; 

   , ∙ ∙ − ,, = − ,  / .                                                   (6.86) 

 

      =10  ё  
     = / , − ,  / . 

        : 
 𝜎′ <  ,                                                  

 − ,  / < . 
 

    : 
 |𝜎 | , ∙ ∙ ,                                                                                        (6.87) 

 ,  / ,  / .  

 

  ,    
. 

 

6.11 ё    

 

       
  ,      

.        
 –    . 

      ,  
 : 

  : 
  ∙∙ ,                                                                                                       (6.88) 

 = ( + − − + + + + ∙ tan 𝜑 + ∙ 𝜔 
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= , + , − , − , + , ∙ ° +  =  / ,                                                                                         (6.89) 

 

  𝜑 = –      ( ); 

  =  / –   ; 

  𝜔 = ,   –     ,  
ё   1  . 

 = − + + = , − , + , = ,   /  . 
 = ,   /  .                                                                                       (6.90) 

 

    : 

 , ∙ ,, ∙ , , 
 , ,  . 
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7  .  .    

 

7.1     
 

   ,   ,  
        ,  

         
  .       

       
 .    

   «    
».       

 ,     , 
  .     

     ,   
      , 

,   , ,   ,  
  ,  ,   

. 
        

.      , 

 –     
–  ,    

,  , .    
   ,   – 

     ,    
        

. 
     «   

 »   . 
 ,     ,  

  , ,    
,         
        

  . 
 

7.2                        

   

 

7.2.1   

 

       
  , ,   ,   
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  ,    
,      ,    

    .     
    . 

          
     

      .  
        

      . 
        

    . 
         

 ,      .    
       ,  

,  ,    
  -  ,     

,       . .  
    .  

      
-        : 

—  153.-34.0-03.301-00. - «     
 »; 

—        . 
        

   , , 
       

     ,      
   ,   , , 
,    .    

         
        

  . 
         

   ,    -

     . 
                   

   . 
     -   

,     ,   
     . 
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7.2.2             

  ,       
,   

 

1.    ,    
 ,     , 

  ( )      
   .       

      
       .  

        ,  
        . 

2.       , 
  ,     

      
        . 

        
    ,     

 . 
3.         

         
 ,    . 

4.  ,   IV,   , 
   , ,  

  .      
,     .  

 ,        
 , ,      

   1000 . 
5.  ,   IV, ,   

 ,   III (  ,   
6.13 ),         

     , ,   
       ,    

  1000  ,    
  ,   . 

 

 7.2.3                
  

 

1.        
         

. 
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2.     ,  
,        

     . 
3.      ,  

,          
     . 

 

7.2.4      

 

     ё   
  150000 3,      

  2000 2   6,94 . 3 ,  
,   ,    
. 

   ,    
    1.07.1985 № 3907-85 «  

 ,    ». 
 

7.2.5 ,    

 

   ,        
 -  ,      

 ,   : 
  ,     .    

- 2014 8 22 201 01 21 5 

 = ∙ % ∙ = ∙ ,% ∙ , =  .                                                      (7.1) 

 

 N –   , 3 

       q –   , %  
        –  , / 3  

  ,  ё  ё     
, , . 

 = ∙ % ∙ = ∙ ,% ∙ , = ,  .                                                                   (7.2) 

 

 N –  , 3 

       q –   , %  
        –   , / 3  

 



94 

 

7.3   

 

7.3.1      

 

        
   ,   .   
      

     . 
       , 

        
. 

   : 
 –        

  ; 
 –     ,   

  ;  
 –     ,  

,    , 
   ;  

 –       
 . 

 –         
   ; 

 –         , 
        

   . .  
       

   ( )     
       
      .  

       
, : 

 –       
    ,  

 ;  
 –    ,  

    ,     
;  

 –  -    
         

    ;  
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 –       
        

 ; 
  –         

          
   . 

     :   
,     ,    

   ,     
  ,    , 

    ,     
 ,       (  

),       
  . .  

          
     ,      
,       

      ,   
   ,        

      .  
         

.     : 
 –     ;  
 –  ;  
 –  ;  
 –   ;  
 –        ;  
 –         . . 
        

. ,       
 ,      

   . 
 

 7.3.2      

 

     :  
 – ; 
 –  ;  
 – ; 
 –  ; 
 –  ; 
 –  . 
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   ,     
 ,      .  

   ,     
          

.   .    
   .     

    ,    
    -  -     

 .  ,       
       , 

       . 
        

,       , 
         

.         
   ,    

  . 
       

 ,     
,         -

  ( ).     
   ,  ,   

 ,        
     . 

       ,  
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