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87<5=8B5 AB8;L; 
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25. �C45B ;8 >ACI5AB2;OBLAO @568< >1J5:B=>3> A;565=8O, 5A;8 =5 

2:;NG5=K ?>AB>O==> 459AB2CNI85 ?@82O7:8, :>B>@K5 1C4CB 8A?>;L7>20BLAO 
2 >?5@0F88 >1J5:B=>3> >BA;56820=8O? 
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28. %?>A>1K 0:B82870F88 >4=>:@0B=>9 ?@82O7:8 : =C6=>9 B>G:5 =0 
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2 >1<>B:0E). &0:8< >1@07><» <>I=>ABL ?>B5@L 2 B@0=AD>@<0B>@5 

.Q@ $PP   

 >I=>ABL ?>B5@L 2 A5@45G=8:5 Δ$ ?@>?>@F8>=0;L=0 :204@0BC ?@8;>65==>3> =0?@O65=8O 
8 =5 7028A8B >B =03@C7:8. 
 >I=>ABL ?>B5@L 2 >1<>B:0E ?@>?>@F8>=0;L=0 :204@0BC B>:0: 
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1121 IRIR$PP QQQ   

345 Δ$M1 - <>I=>ABL ?>B5@L 2 ?5@28G=>9 >1<>B:5; Δ$M2 - <>I=>ABL ?>B5@L 2> 2B>@8G=>9 
>1<>B:5. 
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#@8 @0AGPB5 M;5:B@8G5A:8E F5?59, A>45@60I8E B@0=AD>@<0B>@, <03=8B=0O A2O7L <564C 
53> >1<>B:0<8 70<5=O5BAO M;5:B@8G5A:>9. $50;L=K9 B@0=AD>@<0B>@ ?@54AB02;O5BAO ?@8 
MB>< M:2820;5=B=>9 M;5:B@8G5A:>9 AE5<>9, :>B>@0O =07K205BAO AE5<>9 70<5I5=8O. !0 
AE5<5 70<5I5=8O 2A5 25;8G8=K, >B=>AOI85AO :> 2B>@8G=>9 F5?8 B@0=AD>@<0B>@0, 
?@82545=K : ?5@28G=>9. #@82545=85 >ACI5AB2;O5BAO 70<5=>9 @50;L=>3> B@0=AD>@<0B>@0 
A W2 ≠W18 n≠1 M:2820;5=B=K< B@0=AD>@<0B>@><, C :>B>@>3> W`2 8 n= 1 . 

�A?>;L7C5BAO G0I5 2A53> C?@>I5==0O �->1@07=0O AE5<0 70<5I5=8O, 87>1@06P==0O =0 @8A. 
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$8A. 3. �->1@07=0O AE5<0 70<5I5=8O B@0=AD>@<0B>@0 

 

RK8   )K- ?0@0<5B@K :>@>B:>3> 70<K:0=8O B@0=AD>@<0B>@0, >?@545;ONBAO ?> A;54CNI8< 
D>@<C;0<: 
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345 R18 )1- 0:B82=>5 8 8=4C:B82=>5 A>?@>B82;5=8O ?5@28G=>9 >1<>B:8; R’18 )’1- 
?@8254P==K5 0:B82=>5 8 8=4C:B82=>5 A>?@>B82;5=8O 2B>@8G=>9 >1<>B:8; R0 8 )0-

?0@0<5B@K E>;>AB>3> E>40 B@0=AD>@<0B>@0, ?0@0<5B@K 25B28 =0<03=8G820=8O (@8A. 3). 
�;O >?@545;5=8O ?0@0<5B@>2 AE5<K 70<5I5=8O 8A?>;L7CNBAO 40==K5, ?>;CG5==K5 2 
@57C;LB0B5 ?@>2545=8O >?KB>2 E>;>AB>3> E>40 8 :>@>B:>3> 70<K:0=8O. 
&@0=AD>@<0B>@ =0E>48BAO 2 @568<5 E>;>AB>3> E>40 ?@8 @07><:=CB>9 F5?8 2B>@8G=>9 
>1<>B:8 (I2 = 0) . "?KB ?@>2>48BAO ?@8 ?>42545=88 : ?5@28G=>9 >1<>B:5 =><8=0;L=>3> 
=0?@O65=8O. 
�7<5@5=8O, ?@>87254P==K5 ?@8 >?KB5 E>;>AB>3> E>40, ?>72>;ONB >?@545;8BL <>I=>ABL 
?>B5@L 2 A5@45G=8:5, ?0@0<5B@K 25B28 =0<03=8G820=8O �->1@07=>9 AE5<K 70<5I5=8O, 
:>MDD8F85=B B@0=AD>@<0F88. 
&@0=AD>@<0B>@C, =0E>4OI5<CAO 2 @568<5 E>;>AB>3> E>40, A>>B25BAB2C5B AE5<0 
70<5I5=8O, 87>1@06P==0O =0 @8A. 4. 
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 >I=>ABL, ?>B@51;O5<0O B@0=AD>@<0B>@>< 2 @568<5 E>;>AB>3> E>40, 70B@0G8205BAO =0 
?>B5@8 2 AB0;8 A5@45G=8:0 P0=Δ$ . #0@0<5B@K AE5<K 70<5I5=8O >?@545;ONBAO ?> 
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7068<>2 2B>@8G=>9 >1<>B:8. � ?5@28G=>9 >1<>B:5 ?>42>48BAO ?@8 MB>< ?>=865==>5 
=0?@O65=85 B0:>9 25;8G8=K, ?@8 :>B>@>9 B>: 2B>@8G=>9 >1<>B:8 @025= B>:C 
=><8=0;L=><C, B.5. I2= I2=. 1B><C A>AB>O=8N B@0=AD>@<0B>@0 A>>B25BAB2C5B AE5<0 
70<5I5=8O, ?@54AB02;5==0O =0 @8A.5. 
 

 

 

 

 

 

 

 

 

 

 
 

$8A. 5. %E5<0 70<5I5=8O B@0=AD>@<0B>@0 ?@8 >?KB5 :>@>B:>3> 70<K:0=8O 
 

�7<5@5=8O, ?@>87254P==K5 ?@8 >?KB5 :>@>B:>3> 70<K:0=8O, ?>72>;ONB >?@545;8BL 
<>I=>ABL ?>B5@L 2 >1<>B:0E B@0=AD>@<0B>@0 8 ?0@0<5B@K :>@>B:>3> 70<K:0=8O AE5<K 
70<5I5=8O, B.5. 
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1kkQAk IRPP   

345 Δ$1! - =><8=0;L=K5 M;5:B@8G5A:85 ?>B5@8, @02=K5 <>I=>AB8, ?>B@51;O5<>9 
B@0=AD>@<0B>@>< 2 @568<5 :>@>B:>3> 70<K:0=8O. 
#0@0<5B@K AE5<K 70<5I5=8O >?@545;ONBAO 2 A>>B25BAB288 A D>@<C;0<8 
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�>MDD8F85=B ?>;57=>3> 459AB28O B@0=AD>@<0B>@0 <>6=> @0AAG8B0BL, 8A?>;L7CO 40==K5 
>?KB>2 E>;>AB>3> E>40 8 :>@>B:>3> 70<K:0=8O: 
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345 SH- =><8=0;L=0O <>I=>ABL B@0=AD>@<0B>@0; β - :>MDD8F85=B 703@C7:8 
B@0=AD>@<0B>@0, :>B>@K9 @025= >B=>H5=8N I2 /I2=; φ2 - C3>; A42830 D07K B>:0 ?> 
>B=>H5=8N : D075 =0?@O65=8O (7028A8B >B E0@0:B5@0 =03@C7:8). 
�#� <>6=> >?@545;8BL 8 >?KB=K< ?CBP<, =5?>A@54AB25==> 87<5@OO A ?><>ILN 
20BB<5B@>2 <>I=>AB8 $18 $28 @0AAG8BK20O 8E >B=>H5=85: 

./ 12 PP  

!> �#� B@0=AD>@<0B>@0 2KA>: (0,99-0,995), 8 ?@>F5=B=0O @07=8F0 25;8G8= $1 8 
$2A@02=8<0 A ?>3@5H=>ABLN ?@81>@>2, 8A?>;L7C5<KE 4;O 8E 87<5@5=8O. #>MB><C 
>?@545;5=85 25;8G8=K �#� @5:><5=4C5BAO ?@>872>48BL @0AGPB=K< ?CBP<. 
�A?>;L7CO 40==K5 >?KB>2 E>;>AB>3> E>40 8 :>@>B:>3> 70<K:0=8O, <>6=> B0:65 
@0AAG8B0BL 8 ?>AB@>8BL 2=5H=NN E0@0:B5@8AB8:C B@0=AD>@<0B>@0. 
�B>@8G=>5 =0?@O65=85 U2 <>6=> >?@545;8BL, 8AE>4O 87 D>@<C;K 
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E>40; ΔU2%- ?@>F5=B=>5 87<5=5=85 =0?@O65=8O =0 2B>@8G=>9 >1<>B:5. 
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(>@<C;0 (1) ?>;CG5=0 =0 >A=>25 D>@<C;K (2). 
#@>F5=B=>5 87<5=5=85 =0?@O65=8O  ΔU2% >?@545;O5BAO ?> D>@<C;5 

),cos%cos%(% 222  kpka UUU       (2) 

345 U:0% - 0:B82=0O A>AB02;ONI0O =0?@O65=8O :>@>B:>3> 70<K:0=8O; U:@% -  @50:B82=0O 
A>AB02;ONI0O =0?@O65=8O :>@>B:>3> 70<K:0=8O. �E 25;8G8=K >?@545;ONBAO ?> 
D>@<C;0<: 
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&0: :0: 3@0D8: )( 22 IfU  ?@54AB02;O5B A>1>9 ?@O<CN ;8=8N, B> 2=5H=NN 
E0@0:B5@8AB8:C <>6=> ?>AB@>8BL ?> 42C< B>G:0<: ?5@20O A>>B25BAB2C5B @568<C 
E>;>AB>3> E>40 (β=0), 2B>@0O - =><8=0;L=>9 =03@C7:5 (β=l). 

�DB7D4@@4 D45BFO 

1. �A?KB0BL B@0=AD>@<0B>@ ?@8 =03@C7:5. %=OBL 8 ?>AB@>8BL 2=5H=NN E0@0:B5@8AB8:C 
U2= f(I2); @0AAG8B0BL 8 ?>AB@>8BL 3@0D8: 7028A8<>AB8 )(cos 21 If ; @0AAG8B0BL 8 
?>AB@>8BL 3@0D8: 7028A8<>AB8 )( 2If . 

2. "?@545;8BL ?0@0<5B@K �->1@07=>9 AE5<K 70<5I5=8O ?> 40==K< >?KB>2 E>;>AB>3> 
E>40 8 :>@>B:>3> 70<K:0=8O. 

3. $0AAG8B0BL 8 ?>AB@>8BL 3@0D8:8 7028A8<>AB8 )( 2If  ?@8 
2cos = 1 8 2cos = 0,8   

?@8 
2 > 0,  8A?>;L7CO 40==K5 >?KB>2 E>;>AB>3> E>40 8 :>@>B:>3> 70<K:0=8O. 

4. $0AAG8B0BL 8 ?>AB@>8BL 2=5H=NN E0@0:B5@8AB8:C B@0=AD>@<0B>@0 U2= f(I2) ?@8 
2cos = 1 8 2cos = 0,8   ?@8 2 > 0, 8A?>;L7CO 40==K5 >?KB>2 E>;>AB>3> E>40 8 

:>@>B:>3> 70<K:0=8O. 
�5BDG8B64A<9 ?45BD4FBDAB= GEF4AB6>< 

&1 - ;01>@0B>@=K9 02B>B@0=AD>@<0B>@ (��&$); &2 - 8A?KBC5<K9 >4=>D07=K9 
B@0=AD>@<0B>@; �1 - 0<?5@<5B@ 2 ?5@28G=>9 F5?8 A =><8=0;L=K< B>:>< 3 �; VI - 

2>;LB<5B@ 2 ?5@28G=>9 F5?8 A =><8=0;L=K< =0?@O65=85< 250 �; W -20BB<5B@ A 
=><8=0;L=K< 7=0G5=85< <>I=>AB8 1 :�B; �2 - 0<?5@<5B@ 2> 2B>@8G=>9 F5?8 A 
=><8=0;L=K< B>:>< 15 A; V2 - 2>;LB<5B@ 2> 2B>@8G=>9 F5?8 A =><8=0;L=K< 
=0?@O65=85< 60 �; RH- A>?@>B82;5=85 =03@C7:8. 
�BDя8B> 6OCB?A9A<я D45BFO 

 

1. "7=0:><8BLAO A ?0A?>@B=K<8 40==K<8 8A?KBC5<>3> B@0=AD>@<0B>@0. 
�0?8A0BL 2 ?@>B>:>; B8? B@0=AD>@<0B>@0, =><8=0;L=CN <>I=>ABL SH=><8=0;L=K5 
?5@28G=K5 8 2B>@8G=K5 =0?@O65=8O UlH 8 U2H. 

2. %>1@0BL M;5:B@8G5A:CN F5?L ?> AE5<5, 87>1@06P==>9 =0 @8A.6. 
3. 'AB0=>28BL 4286>: ��&$� 2 ?>;>65=85 "0". 
4. #>A;5 ?@>25@:8 F5?8 ?@5?>4020B5;5< 2:;NG8BL 5P ?>4 =0?@O65=85. 
5. #@8 ?><>I8 ��&$� : 7068<0< ?5@28G=>9 >1<>B:8 B@0=AD>@<0B>@0 
?>425AB8 =><8=0;L=>5 =0?@O65=85 8 ?@8 8A?KB0=88 B@0=AD>@<0B>@0 ?>4 =0 
3@C7:>9 ?>445@6820BL 53> =587<5==K<. 
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$8A. 6. %E5<0 M;5:B@8G5A:>9 F5?8 4;O 8A?KB0=8O B@0=AD>@<0B>@0 ?@8 =03@C7:5 
 

6. !0G8=0O A @568<0 E>;>AB>3> E>40 (I2=0), ?>AB5?5==> C25;8G820BL B>: =03@C7:8 
B@0=AD>@<0B>@0, 70?8AK20O :064K9 @07 ?>:070=8O 2A5E ?@81>@>2 2 B01;.1. 
 

                                                                                                                                         &01;8F0 1 
25;8G8=K Il Ul Pl I2 U2 P2 1cos  η 
�4.87<. � � �B � � �B - - 

1 0,4 220 40 0 50 0 0,4545 0 

2 1,05 220 200 3,5 49 171,5 0,8658 0,8575 

3 1,75 220 370 6,5 48,9 317,85 0,9610 0,8591 

4 2 220 430 7,85 47,1 369,74 0,9773 0,8599 

5 2,5 220 520 9,7 46,2 448,14 0,9455 0,8618 

6 2,95 220 640 12 46 552 0,9861 0,8625 

 

#> @57C;LB0B0< 87<5@5=89 @0AAG8B0BL <>I=>ABL 2B>@8G=>9 F5?8 P2, :>MDD8F85=B 
<>I=>AB8 1cos , �#� B@0=AD>@<0B>@0 ?> D>@<C;0< 

121111222 /),/(cos, PPIUPIUP    

8  ?>AB@>8BL  3@0D8:8 7028A8<>AB59: 
).(),(cos),( 22122 IfIfIfU    

 

�K?>;=O5< =5>1E>48<K5 @0AG5BK: 

.8625,0640/552;9861,0)95,2220/(640cos;5521246)6

.8618,0520/14,448;9455,0)5,2220/(520cos;14,4487,92,46)5

.8599,0430/74,369;9773,0)2220/(430cos;74,36985,71,47)4

.8591,0370/85,317;9610,0)75,1220/(370cos;85,3175,69,48)3

.8575,0200/5,171;8658,0)05,1220/(200cos;5,1715,349)2

.040/0;4545,0)4,0220/(40cos;000)1
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7. �7 B01;.1 ?5@5?8A0BL 2 B01;.2 25;8G8=K, E0@0:B5@87CNI85 @568< E>;>AB>3> E>40 8 
@0AAG8B0BL ?0@0<5B@K 25B28 =0<03=8G820=8O AE5<K 70<5I5=8O B@0=AD>@<0B>@0, 0 B0:65 
:>MDD8F85=B B@0=AD>@<0F88 n. 
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�4.87<. � � �B � "< "< "< - 
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8. �;O ?@>2545=8O >?KB0 :>@>B:>3> 70<K:0=8O A>1@0BL M;5:B@8G5A:CN F5?L ?> AE5<5, 
87>1@065==>9 =0 @8A.7. �>;LB<5B@ 4>;65= 8<5BL ?@545; 87<5@5=8O 60�. 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

$8A. 7. %E5<0 4;O ?@>2545=8O >?KB0 :>@>B:>3> 70<K:0=8O B@0=AD>@<0B>@0 
 

9. 'AB0=>28BL 4286>: ��&$0 2 ?>;>65=85 «0». 
10. #>A;5 ?@>25@:8 F5?8 ?@5?>4020B5;5< 2:;NG8BL 5P ?>4 =0?@O65=85. 
11. % ?><>ILN ��&$0 ?>425AB8 : 7068<0< ?5@28G=>9 >1<>B:8 B@0=AD>@<0B>@0 
?>=865==>5 =0?@O65=85 kUU 11   B0:>9 25;8G8=K, GB>1K B>: 2> 2B>@8G=>9 F5?8 1K; 
@025= B>:C =><8=0;L=><C, B.5. AII 22  . !><8=0;L=>5 7=0G5=85 B>:0 AI2 >?@545;8BL 87 
D>@<C;K AAA IUS 22 =500�B. 
12. $57C;LB0BK 87<5@5=89 70?8A0BL 2 B01;.3 8 @0AAG8B0BL ?0@0<5B@K :>@>B:>3> 70<K:0=8O 
AE5<K 70<5I5=8O B@0=AD>@<0B>@0. 
                                                                                                                                &01;8F0 3 
�5;8G8=K Ilk Ulk Pk I2= kcos  Zk Rk Xk 

�4.87<. � � �B � - "< "< "< 

�>@>B:>5 
70<K:0=85 1,3 17,5 20 10 0,8791 13,5 11,8 6,56 
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13. �A?>;L7CO 40==K5 >?KB>2 E>;>AB>3> E>40 8 :>@>B:>3> 70<K:0=8O, @0AAG8B0BL 
:>MDD8F85=B ?>;57=>3> 459AB28O B@0=AD>@<0B>@0. $0AG5B ?@>8725AB8 4;O 

2cos = 1 8 

2cos = 0,8   ?@8 2 > 0. $57C;LB0BK 70?8A0BL 2 B01;.4. � >4=>9 A8AB5<5 :>>@48=0B 
?>AB@>8BL 3@0D8:8 7028A8<>AB8 )( 2If  ?@8 

2cos = 1 8 2cos = 0,8   ?@8 2 > 0. 

#@8 @0AG5B5 CG5ABL, GB> .22 AII   

14. $0AAG8B0BL 2=5H=NN E0@0:B5@8AB8:C B@0=AD>@<0B>@0, 8A?>;L7CO 40==K5 >?KB>2 
E>;>AB>3> E>40 8 :>@>B:>3> 70<K:0=8O. $0AG5B ?@>8725AB8 4;O 

2cos = 1 8 2cos = 0,8   

?@8 
2 > 0. $57C;LB0BK 70?8A0BL 2 B01;.5. � >4=>9 A8AB5<5 :>>@48=0B ?>AB@>8BL 3@0D8:8 

7028A8<>AB8 )( 22 IfU   ?@8 
2cos = 1 8 2cos = 0,8   ?@8 2 > 0. 

                                                                                                                                       &01;8F0 4 
�5;8G8=K β I2 2cos  2cos AS  P0 PK η 
�4.87<.  � - �B �B �B - 

 

0 0 

1 

0 40 20 0 

0,25 2,5 125 40 20 0,47 

0,5 5 250 40 20 0,77 

0,75 7,5 375 40 20 0,84 

1 10 500 40 20 0,88 

1,25 12,5 625 40 20 0,90 
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