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�V4?>2V4=> 4> 70:>=C �<?5@0, =0 ?@>2V4=8:8 >1<>B:8 



24 

 

S:>@S 7i AB@C<>< I0,  S:V 7=0E>4SBPAS 2 <03=VB=><C ?>;V 
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!B0B>@ A:;040єBPAS 7V AB0=8=8, =0 2=CB@VH=V9 ?>25@E=V 
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4>40B:>28E ?>;RAV2. ' 25@E=V9 G0AB8=V AB0=8=0 <0є :V;PF5 
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@57C;PB0BV 9>3> ?5@5<03=VGC20==S 2 ?@>F5AV >15@B0==S 2 
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@04V0;P=><C =0?@S<:0E. 
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28ABC?0;8 =04 ?;0AB8=0<8, H> 28:;8:0;> 1 2V1@0FVR IVB>:, 
VA:@V==S 9 ?5@54G0A=89  7=>A IVB>:, WE D@575@CRBP (@>1;SBP 
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0,159 /M P n=         (3.11) 

�>;8 G0AB>BC >15@B0==S 28@060RBP 2 >1/E2, B>4V 
>B@8<0є< 28@07:   2

9,55 /M P n=            (3.11,0) 
 

§ 3.2   �0?CA: 4283C=V2 2 EV4 
 

"?V@ S:V@=>3> :>;0 <0H8= A5@54=P>W B0 25;8:>W 
?>BC6=>ABV <0RBP =57=0G=V 25;8G8=8, ?@81;87=>  
ΣRS = 0,1...0,2 �<. #@8 ?>40==V =><V=0;P=>W =0?@C38 V 

70AB>AC20==V ?@S<>3> 70?CA:C 2 EV4, 2 <><5=B 2:;RG5==S 
?CA:>289 AB@C< 287=0G0єBPAS ?> D>@<C;V: 

І? = U / ΣRO
 

� 40=><C 28?04:C 2V= 1C45 ?5@528IC20B8 =><V=0;P=89 2 
45ASB:8 @07V2. &0:89 AB@C< 28:;8G5 ?>S2C 70 =04B> 25;8:>3> 
>15@B0;P=>3> <><5=BC (3.3) V @50:B82=>W �$%, I> AB2>@Rє 
=5157?5:C ?>H:>465==S 20;C V ?@872545 4> ?>BC6=>3> 
VA:@V==S ?V4 IVB:0<8. � B>9 65 G0A =><V=0;P=89 AB@C< FP>3> 
4283C=0, 73V4=> 7 (3.4) 

І= = U - 0,96U / ΣRO 
� FVєW ?@8G8=8 ?@S<89 70?CA: 4283C=0 =5<>6;8289. 

�89=SB:8 7 ?@028; A:;040RBP <V:@><0H8=8, 2 :>B@8E 
2V4=>A=> 25;8:89 >?V@ ΣRO. 
�<5=H8B8 AB@C< 70?CA:C <>6=0, 70AB>AC202H8 

@5>AB0B=89 70?CA:, :>;8 ?>A;V4>2=> 2 :>;> S:>@S 2<8:0RBP 
?CA:>289 @5>AB0B (@8A. 3.1). 
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� FP><C 28?04:C, 73V4=> 7 (3.4) 

.

.

O 70?
n p

U
I

R r
=

+õ               (3.12) 

�=0G5==S >?>@C ?CA:>2>3> @5>AB0BC .n p
r  2818@0RBP 

B0:8< G8=><, I>1 . .
(1,8 2,5)O 70? O =><I I= ø , B>1B> 

.

.
(1.8 2.5)

n p

O =><

U
r R

I
= −

ø õ  

#> <V@V B>3>, S: 4283C= =015@5 H284:VABP, @07>< 7 
G0AB>B>R >15@B0==S ? 7@>AB0є �$% E , AB@C< S:>@S 
7=86CєBPAS V 4>@V2=Rє    

.

O
n p

U E
I

R r

−
=

+õ                (3.13) 

�;S B>3>, I>1 70?CA: 4283C=0 =5 1C2 70BS6=8<, �$%  <0є 
=0@>AB0B8 S:><>30 H284H5, 0 4;S FP>3> <03=VB=89 ?>BV: V 
AB@C< 71C465==S <0RBP 1CB8 <0:A8<0;P=8<8. 
#5@54 70?CA:>< 4283C=0 =5>1EV4=> 206V;P   @5>AB0B0 

?>AB028B8 =0 =5@>1>G89 :>=B0:B «"» (482. @8A. 3.1). #>BV< 
2<8:0RBP @C18;P=8:, ?5@52>4SBP 206V;P =0 ?5@H89 
?@><V6=89 :>=B0:B 1 V :>;> S:>@S 4283C=0 AB0є 22V<:=5=8< 
2 <5@56C G5@57 @578AB>@ 7 >?>@>< 

. 1 2 3 4n pr r r r r= + + +  

"4=>G0A=> G5@57 206V;P  , ?;0=:C �  V :>=B0:B ( 2 
<5@56C 2<8:0єBPAS >1<>B:0 71C465==S, AB@C< 2 S:V9 
2?@>4>26 2AP>3> ?5@V>4C 70?CA:C =5 70;568BP 2V4 
?>;>65==S 2065;S  , 1> >?V@ ?;0=:8 � 2 ?>@V2=S==V 7 
>?>@>< >1<>B:8 71C465==S B0:89 <0;89, I> =8< =5EBCRBP. 
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 8A. 3.1 - !E5<0 70?CA:C 4283C=0 ?0@0;5;ь=>3> 71C465==O 

 

#>A;V4>2=VABь 70?CA:C. �?52=82H8AP, I> 206V;P 
?CA:>2>3> @5>AB0BC 7=0E>48BPAS 2 =C;P>2><C ?>;>65==V, 0 
206V;P @53C;R20;P=>3> @578AB>@0 2 :>;V 71C465==S ‒ 2 
?>;>65==V, ?@8 S:><C 9>3> >?V@ <V=V<0;P=89, ?>B@V1=> 
70<:=CB8 28<8:0G  V ?5@525AB8 206V;P ?CA:>2>3> @5>AB0BC 7 
=C;P>2>3> ?>;>65==S 2 ?5@H5, ?>BV< (?> <V@V 7@>AB0==S 
H284:>ABV 4283C=0) ?5@5:;RG0B8 ?;02=> 2 =0ABC?=5 
?>;>65==S 4> ?>2=>3> 28<8:0==S @578AB>@0 (?>;>65==S 5). 

#@>F5A 70?CA:C 7025@H5=89. "?8A0=89 70?CA: є 
=55:>=><VG=89, >A>1;82> 4;S 4283C=V2 A5@54=P>W 9 25;8:>W 
?>BC6=>ABV G5@57 25;8:V @>7<V@8 V 4>@>6=5GC ?CA:>28E 
@5>AB0BV2 V, 3>;>2=5, G5@57 25;8:V 2B@0B8 5=5@3VW 2 =8E.  
� ACG0A=8E ?@8AB@>SE, C B><C G8A;V 9 =0 5;5:B@>2>70E, 

70AB>A>2CRBP 70?CA: H;SE>< ?;02=>3> ?V428I5==S =0?@C38 
=0 4283C=V, ?>G8=0RG8 2V4 <V=V<0;P=>3>, I> 2818@0єBPAS 70 
7=0G5==S< 4>?CAB8<>3> AB@C<C 70?CA:C. &0:5 ?V428I5==S 
=0?@C38 28:>=CRBP 70 4>?><>3>R A?5FV0;P=8E 
?5@5B2>@R20;P=8E (B8@8AB>@=8E) ?@8AB@>W2 @8A. 3.2. 
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 8A. 3.2 -"8@8AB>@=89 ?CA: 4283C=0 ?>ABV9=>3> AB@C<C                   
 

§ 3.3  �283C= ?0@0;5;ь=>3> 71C465==O 

 

' FP><C 4283C=V AB@C< 71C465==S =5 70;568BP 2V4 AB@C<C 
S:>@S, B><C I> >1<>B:0 71C465==S ?V4'є4=0=0 ?0@0;5;P=> 7 
>1<>B:>R S:>@S 4> <5@56V. 
,284:VA=0 E0@0:B5@8AB8:0 ( )On f I= . �W 283;S4 

287=0G0єBPAS @V2=S==S< (3.5), S:5 2 7030;P=><C 28?04:C, 
:>;8 2 :>;> S:>@S 22V<:=5=89 @578AB>@ 70?CA:C >?>@>< np

r  

<0є 283;S4 :@82>W - 2 @8A. 3.3, 1. 
 

.
( )O n p

5

U I R r
n

c $
− +

= õ
              (3.14) 

!03040є<>, I> ?@8 =57<V==><C AB@C<V 71C465==S V 
=5EBC20==V @>7<03=VGCRG>W 4VW @50:FVW S:>@S, <03=VB=89 
?>BV: $ const= . 

$>74V;8<> ?>G;5==> G8A5;P=8: =0 7=0<5==8: @V2=S==S  
(7.14), B>4V >B@8<0є<>: 
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.

0

( )O n p

5 5

I R rU
n n n

c $ c $
+

= − = −õ
,         (3.15) 

45 ?0=U/(A5$)=A>nst =>A8BP =072C V450;ь=>W G0AB>B8 

>15@B0==O ?@8 E>;>AB><C E>4V, B><C I> 2V4?>2V40є AB@C<C 
S:>@S 0OI = ;  

 
.

( )O n p

5

I R r
n

c $
+

 = õ
  - 7<5=H5==S G0AB>B8 >15@B0==S, 

7C<>2;5=5 AC<0@=8< ?04V==S< =0?@C38 C 2AVE @578AB>@0E 
S:V@=>3> :>;0. 

0)    1)  

 8A. 3.3 - �;5:B@8G=0 AE5<0 (0) 4283C=0 ?0@0;5;ь=>3> 71C465==O 

B0 @>1>GV  E0@0:B5@8AB8:8 (1) 
 

�5;8G8=0 n , B>1B> AC<0 .
( )

n p
R r+õ , 287=0G0є =0E8; 

H284:VA=>W E0@0:B5@8AB8:8, S:0, S: 284=> 7 @V2=S==S (3.15), 

<0є ;V=V9=89 283;S4. /:I> @578AB>@0 2 :>;V S:>@S =5<0є, B> 
E0@0:B5@8AB8:0 =>A8BP =072C ?@8@>4=ь>W V <0є 6>@AB:89 
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283;S4 (E0@0:B5@8AB8:0 2 =0 @8A. 3.3, 1). 
�<5=H5==S G0AB>B8 >15@B0==S 70 728G09=>R 

E0@0:B5@8AB8:>R <>6=0 28@078B8 C 2V4A>B:0E: 

100?>G

=><

n n
n

n

−
 = , 

 728G09=> FS 25;8G8=0 =57=0G=0 V A:;040є 3-5%. 

 ><5=B=0 E0@0:B5@8AB8:0  ( )OM f I= .  

*S E0@0:B5@8AB8:0 <>65 1CB8 >B@8<0=0 7 @V2=S==S (3.3) 
?@8 C<>2V    $ const= :   

B>4V                  '

< O < OM A I $ A I= =  ,                 (3.16) 

45 '

< <A A $= - :>=AB@C:B82=0 AB0;0. 
 

/: 10G8<>, 28@07 (3.16) - @V2=S==S ?@S<>W ;V=VW. �V 
7@>AB0==S< AB@C<C S:>@S >15@B0;P=89 <><5=B ;V=V9=> 
7@>AB0є (482. @8A.3.3, 1) E0@0:B5@8AB8:0 3. 

 5E0=VG=0 E0@0:B5@8AB8:0 ( )n f M= .                        

�;S >B@8<0==S WW 0=0;VB8G=>3> 28@07C ?V4AB028<> C @V2=S==S 
(3.15) 7=0G5==S AB@C<C (3.3), B>1B> ІO = � / (A<$); 

 

 B>4V     
.

02

( )
'

n p

5 5 <

� R rU
n n n

c $ c c $
+

= − = −õ
,       (3.17) 

45 'n - 7<5=H5==S G0AB>B8 >15@B0==S 28:;8:0=5 
7@>AB0==S< =020=B065==S =0 20;C 4283C=0. 

 /: 10G8<>, @V2=S==S (3.17) 0=0;>3VG=5 (3.15), B><C 
<5E0=VG=0 E0@0:B5@8AB8:0 (@8A. 3.4, 0) 7 283;S4C 0=0;>3VG=0 
H284:VA=V9 B0:>6 є ?@8@>4=S (1) V AV<59AB2> HBCG=8E (2;3) 

E0@0:B5@8AB8:, =0E8; S:8E 70;568BP 2V4 7=0G5==S .n p
r .  
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0)                                    1)                                   2) 
   8A. 3.4 - �5E0=VG=V E0@0:B5@8AB8:8 4283C=0 ?0@0;5;ь=>3> 

71C465==O:  0) ?@8 7<V=V >?>@C; 1) ?@8 7<V=V <03=VB=>3> ?>;O;  
 2) ?@8 7<V=V =0?@C38 

 

#@8 =0S2=>ABV @578AB>@0 2 :>;V S:>@S E0@0:B5@8AB8:8 
=07820RBPAS HBCG=8<8, WE :CB =0E8;C 7@>AB0є (2>=8 AB0RBP 
1V;PH <<9S:8<8=) 7V 7@>AB0==S< 7=0G5==S .r n

r  (B0:, 

. . 2r n r p
r rþ ).  

�> FP>3> G0AC <8 @>73;S40;8 E0@0:B5@8AB8:8 157 
2@0EC20==S @>7<03=VGCRG>W 4VW @50:FVW S:>@S, 2 @57C;PB0BV 
S:>3> <03=VB=89 ?>BV: $> 7<5=HCєBPAS. �28G09=> F5 
7<5=H5==S =5 4C65 25;8:5, 0;5 <>65 28S28B8AS, I> 
7<5=H5==S 7=0<5==8:0 C 28@070E (3.14) V (3.17) 1C45 
?@>E>48B8 H284H5, =V6 7<5=H5==S G8A5;P=8:0 (F5 
AB>ACєBPAS 728G09=>W E0@0:B5@8AB8:8,   :>;8 .

0
n p

r = ). 

  ' FP><C 28?04:C 28=8:0є =51060=5 4;S <0H8=8 S28I5: 
7V 7@>AB0==S< =020=B065==S (AB@C<C І= V <><5=BC �) G0AB>B0 
>15@B0==S 1C45 B0:>6 7@>AB0B8 (HB@8E>20 ;V=VS 1 =0          
@8A. 3.3,1). "G5284=>, F59 ?@>F5A 7C?8=8B8AS =5 <>65, G8< 
1V;PH0 G0AB>B0 >15@B0==S, B8< 1V;PH89 >15@B0;P=89 <><5=B 
@>72820є 4283C=, I> ?@872>48BP 4> 7@>AB0==S G0AB>B8 
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>15@B0==S V B.4. ' FP><C 28?04:C :06CBP, I> 4283C= 945      
"2 @>7=>A".  
->1 70157?5G8B8 H284:VA=V9 V <5E0=VG=V9 E0@0:B5@8A-

B8:0< A?040RG89 E0@0:B5@, 70AB>A>2CRBP AB01V;V7CNGC 
>1<>B:C 71C465==S, S:0 <0є 420-B@8 28B:0 V 2<8:0єBPAS 
?>A;V4>2=> 2 :>;> S:>@S. *S >1<>B:0 7V 7@>AB0==S< AB@C<C 
AB2>@Rє <03=VB=89 ?>BV:, I> :><?5=ACє @>7<03=VGCRGC 4VR 
@50:FVW S:>@S. 
�=0;V7 E0@0:B5@8AB8: =0 @8A.3.3,1 B0 @8A. 3.4 4>72>;Sє 

7@>18B8 28A=>2>: ?@> B5, I> 4283C=8 ?0@0;5;P=>3> 
71C465==S ?>B@V1=> 70AB>A>2C20B8 C B8E 5;5:B@>?@82>40E, 2 
S:8E ?@8 7<V=V =020=B065==S G0AB>B0 >15@B0==S ?>28==0 
?V4B@8<C20B8AS ?@0:B8G=> =57<V==>R. 

 

§ 3.4  �283C= =570;56=>3> 71C465==O 

 

    ' 28?04:C, S:I> >1<>B:0 S:>@S 4283C=0 V >1<>B:0 
71C465==S ?V4'є4=0=V 4> 465@5; 682;5==S 7 @V7=8<8 
=0?@C30<8, 9>3> =07820RBP 4283C=>< =570;56=>3> 
71C465==S (@8A. 3.5). 
&0:V 4283C=8 70AB>A>2CRBPAS 2 5;5:B@>?@82>40E, 45 2>=8 

682;SBPAS 2V4 35=5@0B>@V2 G8 =0?V2?@>2V4=8:>28E 
?5@5B2>@R20GV2. 
 5E0=VG=V 9 @>1>GV E0@0:B5@8AB:8 4283C=0 =570;56=>3> 

71C465==S 0=0;>3VG=V 4> E0@0:B5@8AB8: 4283C=0 
?0@0;5;P=>3> 71C465==S, B><C I> 2 =8E AB@C< 71C465==S 3

I  

B0:>6 =5 70;568BP 2V4 AB@C<C S:>@S OI . 



106 

 

 
 8A. 3.5 - �;5:B@8G=0 AE5<0 4283C=0  

=570;56=>3> 71C465==O 
 

§ 3.5  �283C= ?>A;V4>2=>3> 71C465==O 

 

' FP><C 4283C=V >1<>B:0 71C465==S 22V<:=5=0 
?>A;V4>2=> 7 >1<>B:>R S:>@S, B>1B> 7 OI I= , B><C 
<03=VB=89 ?>BV: $ є 45S:>R DC=:FVєR AB@C<C S:>@S          
(@8A. 3.6,0). �;S ?>40;PH>3> 282G5==S 2;0AB82>AB59 4283C=0 
4>FV;P=> 73040B8 <03=VB=C E0@0:B5@8AB8:C (@8A.1.21) V 
?>40B8 WW C 283;S4V B@P>E 4V;S=>:: 
0) C ?>G0B:>2V9 "=5=0A8G5=V9" G0AB8=V VA=Cє ;V=V9=0 

70;56=VABP ( )O$ f I= , B>1B> D O$ c I=  ?@8 

.
(0,8 0,9) ;O O =><I Iü ø  

1) ?@8 4C65 25;8:8E =020=B065==SE (?@02VH5 B>G:8 %) 
<>6=0 22060B8, I> <03=VB=89 ?>BV: 70;8H0єBPAS =57<V==8<, 
B>1B> ;$ const=  

2) B@5BS 4V;S=:0 ‒ ?5@5EV4 2V4 ;V=V9=>3> "=5=0A8G5=>3>" 
4> "=0A8G5=>3>", 45 <V6 ?>B>:>< $ V AB@C<>< OI  VA=Cє 
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A:;04=0 =5;V=V9=0 70;56=VABP. 

   0)  1)  

 8A. 3.6 - �;5:B@8G=0 AE5<0 (0) 4283C=0 ?>A;V4>2=>3>  71C465==O 

B0 @>1>GV E0@0:B5@8AB8:8 4283C=0 (1) 
 

,284:VA=0 E0@0:B5@8AB8:0 ( )On f I= . �C45<> 22060B8, 
I> <03=VB=5 ?>;5 4283C=0 =5=0A8G5=5, 01> =0A8G5=5 4C65 
A;01>, B>1B>  D O$ A I= . #V4AB028<> F5 7=0G5==S <03=VB=>3> 
?>B>:C 2 @V2=S==S H284:VA=>W E0@0:B5@8AB8:8 (3.5) V 
@>74V;8<> ?>G;5==> G8A5;P=8: B0 7=0<5==8:: 

     B>4V     1 2

e D O e D O O

RU U
n A A

c c I c c I I
= − = −õ

         (3.18) 

/: 10G8<>, G0AB>B0 >15@B0==S 72>@>B=P> ?@>?>@FV9=0 
AB@C<C =020=B065==S, B>1B> 28@07 (3.18) є @V2=S==S< 
3V?5@1>;8 (:@820 1 =0 @8A. 3.7,0). *5 728G09=0 H284:VA=0 
E0@0:B5@8AB8:0.  
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     0) 1)  

 8A.  3.7 - ,284:VA=V E0@0:B5@8AB8:8 ?@8 7<V=V >?>@C (0) 
             B0 ?@8 7<V=V ?V42545=>W =0?@C38 (1) 
 

#@8 7=0G=8E AB@C<0E, :>;8 <03=VB=5 :>;> =0A8GCєBPAS 9 

=5 VA=Cє ?@S<>W ?@>?>@FV9=>ABV <V6 <03=VB=8< ?>B>:>< V 
AB@C<>< S:>@S, E0@0:B5@8AB8:0 B@>E8 2V4E8;SєBPAS 2V4 
3V?5@1>;8 V "28?@S<;SєBPAS". %B0;0 A2 2 @V2=S==V (3.18) <>65 
2V4@V7=SB8AS 2 70;56=>ABV 2V4 B>3>, G8 22V<:=5=89 C :>;> 
S:>@S @578AB>@, V S:89 9>3> >?V@ .n p

r . +8< 1V;PH5 7=0G5==S 

.n p
r , B8< =86G5 @>7<VI5=V HBCG=V H284:VA=V 
E0@0:B5@8AB8:8  (:@820 -2 =0 @8A.3.7,0). 

 

 ><5=B=0 E0@0:B5@8AB8:0 �=f(ІO).                                    
*R E0@0:B5@8AB8:C 4>FV;P=> @>74V;8B8 =0 42V 4V;S=:8: 

 0) ?@8 <0;8E AB@C<0E 
. ,

(0,8 0,9)O O =><I Iü ø , :>;8 D O$ A I= ; 

 1) ?@8 25;8:8E AB@C<0E 
. ,O O =><I Iþ , :>;8 <>6=0 22060B8 

$ const= . 

!0 ?5@HV9 4V;S=FV, 73V4=> 7 @V2=S==S< (3.3) 
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2

< D OM A A I=                 (3.19) 

"15@B0;P=89 <><5=B ?@>?>@FV9=89 :204@0BC AB@C<C 
S:>@S, B>1B> <><5=B=0 E0@0:B5@8AB8:0 <0є D>@<C ?0@01>;8 
(482. :@820 - 2 @8A.3.6, 1). !0 4@C3V9 4V;S=FV A?@0246CєBPAS 
@V2=S==S (3.16), B>1B> <><5=B=0 E0@0:B5@8AB8:0 AB0є 
;V=V9=>R.  V6 ?0@01>;VG=>R 9 ;V=V9=>R G0AB8=0<8 VA=Cє 
?5@5EV4=0 4V;S=:0, I> 2V4?>2V40є B@5BV9 ?5@5EV4=V9 4V;S=FV 
<03=VB=>W E0@0:B5@8AB8:8. 
 5E0=VG=0 E0@0:B5@8AB8:0 ?=f(�). #@8 ?>1C4>2V FVєW 

E0@0:B5@8AB8:8 B0:>6 B@510 <0B8 =0 C207V 4>?CI5=89 =0 
?>G0B:C FP>3> ?0@03@0DC @>74V; :@82>W =0<03=VGC20==S, 
?>4V;5=89 =0 B@8 4V;S=:8. 
�;S ?5@H>3>, "=5=0A8G5=>3>", 73V4=> 7 (3.19),  

O
< D

�
I

A A
=

#V4AB0282H8 F59 28@07 C (3.18), >B@8<0є<> @V2=S==S 
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S:>@V 01> <03=VB=>3> ?>B>:C V 7=0: <><5=BC, I> 7 
>15@B0;P=>3> AB0є 30;P<V2=8<. %B@C< S:>@S ?VA;S 
?5@5<8:0==S 9>3> >1<>B:8 4>@V2=Rє: 

.O m
m m

U E U E
I

R r R r

− − +
= = −

+ +õ õ
          (3.23) 

B>1B> 2V= =5 BV;P:8 7<V=Rє A2V9 7=0:, 0;5 9 AB@81:>< 4C65 
71V;PHCєBPAS, 0 7 =8< 7@>AB0є V 30;P<V2=89 <><5=B. &0:89 
AB@81>: AB@C<C 9 30;P<V2=>3> <><5=BC <>65 2840B8AS 
=5157?5G=8< 4;S <0H8=8, S:I> >?V@ m

r  =525;8:89. 
�0;P<C20==S ?@>B8;56=8< 22V<:=5==S< 70157?5GCє 

H284:C 7C?8=:C 4283C=0, 0;5 ?@8 30;P<C20==V F8< 
A?>A>1>< 4283C= <0є 1CB8 A2>єG0A=> 28<:=5=89 7 <5@56V 
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4;S C=8:=5==S >15@B0==S S:>@S 2 ?@>B8;56=><C =0?@S<V 
(@525@AC). *59 A?>AV1 30;P<C20==S 70AB>A>2CєBPAS 2 
?V4=V<0;P=>-B@0=A?>@B=8E <5E0=V7<0E ?@8 A?CA:0==V 
20=B06V2 C V=H8E 28?04:0E, =0?@8:;04, 4;S ?>?5@5465==S 
020@V9=8E A8BC0FV9, =5157?5G=8E 4;S 68BBS ;R459. 

§ 3.9  �B@0B8 ?>BC6=>ABV 2 5;5:B@8G=8E <0H8=0E   

#@8 ?5@5B2>@5==V 5=5@3VW G0AB8=0 WW @>7AVRєBPAS 2 A0<V9 
<0H8=V C 283;S4V 2B@0B, I> ?5@5B2>@RRBPAS 2 B5?;>. 
�87=0G5==S 2B@0B 206;82> 4;S >FV=:8 ��� B0 ?5@528I5==S 
B5<?5@0BC@8 >:@5<8E G0AB8= <0H8=8 =04 B5<?5@0BC@>R 
=02:>;8H=P>3> A5@54>28I0. 

 �B@0B8 2 �� ?V4@>74V;ONBь =0 42V 3@C?8: >A=>2=V B0 
4>40B:>2V.  
�A=>2=V 3 F5 2B@0B8, S:V 28=8:0RBP C <0H8=V 2 

@57C;PB0BV ?5@51V3C 2 =V9 >A=>2=8E 5;5:B@><03=VB=8E V 
<5E0=VG=8E ?@>F5AV2. �> F8E 2B@0B 2V4=>ASBP 5;5:B@8G=V 
2B@0B8 2 >1<>B:0E B0 2 IVB:>2><C :>=B0:BV, <03=VB=V B0 
<5E0=VG=V 2B@0B8. 

    �>40B:>2V 2B@0B8 7'S2;SRBPAS 2 @57C;PB0BV 2B>@8==8E 
?@>F5AV2 5;5:B@><03=VB=>3> E0@0:B5@C, S:V 2V41C20RBPAS 2 
<0H8=V. �>40B:>2V 5;5:B@8G=V 2B@0B8 2 >1<>B:0E 7C<>2;5=V 
?>;S<8 @>7AVR20==S B0 :><CB0FV9=8<8 ?@>F5A0<8, 
?C;PA0FVS<8 ?>;S G5@57 7C1G0ABC 1C4>2C S:>@S, ?>;S<8 
2V4 28I8E 30@<>=V:, A?>B2>@5==S< ?>;S G5@57 ?>?5@5G=C 
@50:FVR B0 ?>;S<8 @>7AVR20==S. 

 �>5DVFVє=B :>@8A=>W 4VW · S2;Sє A>1>R 2V4=>H5==S 
:>@8A=>W  ?>BC6=>ABV $2 4> A?>6820=>W $1. 
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· = ( $2 / $1 ) 100 %.    (2.5) 

 ' 4283C=0 A?>6820=>R ?>BC6=VABR є 5;5:B@8G=0 
?>BC6=VABP $1, S:0 7018@0єBPAS 7 <5@56V, 0 :>@8A=>R ‒ 
?>BC6=VABP =0 20;C $2 . ' 35=5@0B>@0 :>@8A=>R є 
5;5:B@8G=0 ?>BC6=VABP, S:0 2V440єBPAS =8< C <5@56C, 0 
A?>6820=>R ‒ ?>BC6=VABP, S:0 ?@8:;045=0 4> 9>3> 20;0 .  
�;5:B@8G=V <0H8=8 <0RBP 4>A8BP 28A>:V 7=0G5==S ���. ' 
<0H8= A5@54=P>W B0 25;8:>W ?>BC6=>AB59 FV 7=0G5==S 2 
<560E 0,85...0,95 V BV;P:8 4;S <V:@><0H8= 7=0G5==S ��� 
4>@V2=Rє 0,25...0,3. ��� <0є B5=45=FVR 7@>AB0B8 7 ?V428-

I5==S< =><V=0;P=>W ?>BC6=>ABV <0H8=8. �0;56=VABP ��� 
2V4 :>@8A=>W ?>BC6=>ABV $2, =07820єBPAS E0@0:B5@8AB8:>R 
���, E0@0:B5@8AB8:0 · = f ($2) =02545=0 =0 @8A. 2.9.  
#@8 71V;PH5==V =020=B065==S (:>@8A=>W ?>BC6=>ABV $2) 

��� H284:> 7@>AB0є 2 ?>G0B:>2V9 G0AB8=V :@82>W. #>BV< 
��� 4>AS30є <0:A8<C<C, 0 ?@8 25;8:8E =020=B065==SE 
7<5=HCєBPAS ?V4 2?;82>< 71V;PH5==S 5;5:B@8G=8E B0 
4>40B:>28E 2B@0B.  >6=0 7=09B8 C<>2C, 70 S:>W ��� 
<0H8=8 1C45 <0B8 <0:A8<0;P=5 7=0G5==S. 
�;S 7@CG=>ABV 0=0;V7C AC<0@=V 2B@0B8 4V;SBP =0 B@8 

3@C?8. �> ?5@H>W =0;560BP 2B@0B8, I> =5 70;560BP 2V4   
=020=B065==S. %R48 2E>4SBP <5E0=VG=V B0 <03=VB=V 2B@0B8, 
0 B0:>6 2B@0B8 2 B8E >1<>B:0E 71C465==S, C S:8E AB@C< =5 
7<V=RєBPAS ?@8 =020=B065==V. *V 2B@0B8 =07820RBP 
AB0;8<8. �> 4@C3>W 3@C?8 2V4=>ASBP 2B@0B8, I> 70;560BP 
2V4   ІO2. *5 5;5:B@8G=V 2B@0B8 2 >1<>B:0E :>;0 S:>@S   B0  

4>40B:>2V 2B@0B8.   
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P2

ɳ

0,7�=><  
  8A. 2.9 - %0@0:B5@8AB8:0 КК�  
 

�> B@5BP>W 3@C?8 2V4=>ASBP 2B@0B8, S:V ?@>?>@FV9=V �S. 
*5 5;5:B@8G=V 2B@0B8 C IVB:>2><C :>=B0:BV. /: ?>:07Cє 
?@0:B8:0, 5;5:B@8G=V <0H8=8 =09G0ABVH5 ?@0FRRBP 7  
=54>20=B065==S<. &><C 2 ACG0A=8E <0H8=0E ��� <0є 
<0:A8<0;P=5 7=0G5==S ?@8 =020=B065==SE 0,65...0,7 2V4 
=><V=0;P=>3>.  

 

 

 �>=B@>;ь=V 70?8B0==O  
 

1. /:8< G8=>< <>6=0 7<V=8B8 =0?@S< >15@B0;P=>3> 
<><5=BC 4283C=0, B>1B> 74V9A=8B8 9>3> @525@AC20==S? 

2. � @V2=S=P @V2=>2038 =0?@C3 28254VBP @V2=S==S 4;S 
AB@C<C S:>@S; S: <>6=0 7<V=8B8 9>3> =0?@S<? 

3.  /:V <><5=B8 4VRBP =0 20;V 4283C=0? !0?8HVBP 
@V2=S==S WE @V2=>2038. 

4. +><C 7@>AB0==S =020=B065==S =0 20;V AC?@>2>46CєBPAS 
7@>AB0==S< AB@C<C 2 S:>@V? 

5. /:5 ?@87=0G5==S ?CA:>2>3> @578AB>@0 V 7 S:8E 
<V@:C20=P 2818@0RBP 9>3> >?V@? 
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6. +><C ?@8 70?CA:C 4283C=V2 ?0@0;5;P=>3> 71C465==S 
>?V@ @578AB>@0 2 :>;V >1<>B:8 71C465==S <0є 1CB8 
<V=V<0;P=8<? 

7. /: 7<V=RєBPAS G0AB>B0 >15@B0==S 4283C=V2 @V7=8E 
A8AB5< 71C465==S ?@8 71V;PH5==V =020=B065==S =0 20;V? 

8. +><C 4283C=8 ?>A;V4>2=>3> 71C465==S =5 <>6=0 
2<8:0B8 2 <5@56C 157 =020=B065==S =0 20;V? �024S:8 S:8< 
2;0AB82>ABS< FV 4283C=8 70AB>A>2CRBP 2 S:>ABV BS3>28E V 
:@0=>28E? 

9. #>@V2=S9B5, S: 7<V=RєBPAS A?>6820==S AB@C<C 2 
<5@56V ?@8 7<V=V =020=B065==S =0 20;V 4283C=V2 
?0@0;5;P=>3> V ?>A;V4>2=>3> 71C465==S.  

10. /:8<8 A?>A>10<8 <>6=0 @53C;R20B8 G0AB>BC 
>15@B0==S 4283C=V2 ?>ABV9=>3> AB@C<C? 
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  $>74V; 2    &$�!%("$ �&"$� 

 

   +0AB8=0 4 $"�"+�� #$"*�% &$�!%("$ �&"$� 

 

§ 4.1 #@87=0G5==O >1;0ABV 28:>@8AB0==O  
B@0=AD>@<0B>@V2 

 

"@0=AD>@<0B>@>< =07820RBP AB0B8G=89 5;5:B@><03=VB=89 
?@8AB@V9, S:89 <0є 42V 01> 1V;PH5 V=4C:B82=> 79є4=0=8E >1<>B>: 
V ?@87=0G5=8E 4;S ?5@5B2>@5==S 5;5:B@8G=>W 5=5@3VW 7<V==>3> 
AB@C<C 7 >4=VєW 25;8G8=8 2 V=HC. �0 4>?><>3>R 
B@0=AD>@<0B>@V2 ?V428ICRBP 01> 7=86CRBP =0?@C3C, 7<V=RRBP 
:V;P:VABP D07 V 2 45S:8E 28?04:0E ?5@5B2>@RRBP G0AB>BC 
7<V==>3> AB@C<C. &@0=AD>@<0B>@8 H8@>:> 28:>@8AB>2CRBP 2 
@V7=8E AD5@0E V 7 @V7=>R <5B>R. 

1. �;O ?5@540GV 9 @>7?>4V;C 5;5:B@8G=>W 5=5@3VW. �0728G09 =0 
5;5:B@>AB0=FVSE 35=5@0B>@8 7<V==>3> AB@C<C 28@>1;SRBP 
5;5:B@8G=C 5=5@3VR 7 =0?@C3>R 6-24 :�, ?@>B5 ?5@54020B8 
5=5@3VR =0 40;5:V 2V4AB0=V 283V4=> ?@8 7=0G=> 1V;PH8E =0?@C30E 
(110, 220, 330, 400, 500 V 750 :�). &><C =0 :>6=V9 5;5:B@>AB0=FVW 
2AB0=>2;RRBP B@0=AD>@<0B>@8, S:V 74V9A=RRBP ?V428I5==S 
=0?@C38. 
$>7?>4V; 5;5:B@8G=>W 5=5@3VW <V6 ?@><8A;>28<8 

?V4?@8є<AB20<8, =0A5;5=8<8 ?C=:B0<8, 2 <VAB0E V AV;PAP:8E 
<VAF52>ABSE, 0 B0:>6 2A5@548=V ?@><8A;>28E ?V4?@8є<AB2 
74V9A=RєBPAS 70 4>?><>3>R ?>2VB@S=8E V :015;P=8E ;V=V9 ?V4 
=0?@C3>R 220, 110, 35, 20 V 6 :�. "B65, 2 CAVE 2C7;0E 
@>7?>4V;PG8E <5@56 ?>28==V 1CB8 2AB0=>2;5=V B@0=AD>@<0B>@8, 
S:V 7=86CRBP =0?@C3C. #>=86C20;P=V B@0=AD>@<0B>@8 ?>B@V1=> 
B0:>6 2AB0=>2;R20B8 2 ?C=:B0E A?>6820==S 5;5:B@>5=5@3VW, 
B><C I> 1V;PHVABP 5;5:B@8G=8E A?>6820GV2 7<V==>3> AB@C<C 
?@0FRє ?@8 =0?@C30E 220, 380 V 660 �. 
&0:8< G8=><, 5;5:B@8G=0 5=5@3VS ?@8 ?5@540GV 2V4 

5;5:B@8G=8E AB0=FV9 4> A?>6820GV2 707=0є 2 B@0=AD>@<0B>@0E 
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1030B>:@0B=>3> ?5@5B2>@5==S (3-5 @07V2). 
&@0=AD>@<0B>@8, I> A;C60BP 4;S ?5@5B2>@5==S 5;5:B@8G=>W 

5=5@3VW 2 <5@560E 5=5@3>A8AB5< V 5;5:B@>A?>6820GV2, =07820RBP 
A8;>28<8. #>BC6=VABP A8;>28E B@0=AD>@<0B>@V2 4>AS30є 4C65 
25;8:8E 7=0G5=P (4> 1 <;=. :�А), 0 =0?@C30 - 4> 1150 �. 

2. �;O 70157?5G5==O ?>B@V1=>W AE5<8 2:;NG5==O 
=0?V2?@>2V4=8:>28E ?5@5B2>@N20GV2, :>;8 =5>1EV4=5 C73>465==S 
=0?@C38 =0 2E>4V 9 28E>4V. &0:V B@0=AD>@<0B>@8 =07820RBP 
?5@5B2>@N20;ь=8<8. 

3. �;O @V7=8E B5E=>;>3VG=8E FV;59: 720@R20==S, 682;5==S 
5;5:B@>B5@<VG=8E ?@8AB@>W2 B>I>. 

4. �;O 682;5==O @V7=8E :V; B5;5- V @04V>0?0@0BC@8, 
?@8AB@>W2 72'S7:C 9 02B><0B8:8. &0:V B@0=AD>@<0B>@8 <>6CBP 
?@0FR20B8 =0 4C65 25;8:8E G0AB>B0E. 

5. �;O 2:;NG5==O 5;5:B@>28<V@N20;ь=8E ?@8;04V2 - 

28<V@N20;ь=V B@0=AD>@<0B>@8. &@0=AD>@<0B>@8 <>6CBP 1CB8 
>4=>D07=8<8 01> B@8D07=8<8, <0B8 42V 01> 1V;PH5 >1<>B>:. 

 

§ 4.2 #@8=F8? 4VW B@0=AD>@<0B>@0 
 

/: V C 5;5:B@8G=8E <0H8=, ?@8=F8? 4VW B@0=AD>@<0B>@V2 
>A=>20=89 =0 70:>=V 5;5:B@><03=VB=>W V=4C:FVW.  
#@8 ?><VI5==V ?@>2V4=8:V2 2 7<V==5 <03=VB=5 ?>;5,  2 =8E 

28=8:0RBP �$%,  S:V 287=0G0єBPAS @V2=S==S<8 (4.1). 
 

         1 1
;

d$ d$
e w

dt
= − = −          2 2

;
$ d$

e w
t dt

= − = −                (4.1) 

 

&@0=AD>@<0B>@ A:;040єBPAS 7 70<:=5=>3> AB0;52>3> >A5@4S, 
7V1@0=>3> 7 ;8AB>2>W 5;5:B@>B5E=VG=>W AB0;V, S:5 =07820RBP 
<03=VB>?@>2>4><, V 42>E 01> 1V;PH5 >1<>B>:, @>7B0H>20=8E =0 
>A5@4V B@0=AD>@<0B>@0 (@8A. 4.1).  
"1<>B:0, 4> S:>W ?V42>48BPAS 5;5:B@8G=0 5=5@3VS, 

=07820єBPAS ?5@28==>R, 2>=0 <0є 1
w  28B:V2 V ?@8є4=CєBPAS 4> 
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465@5;0 =0?@C38 
1

U  7<V==>3> AB@C<C. "1<>B:0, 2V4 S:>W 
2V42>48BPAS 5=5@3VS, =07820єBPAS 2B>@8==>R, 2 =V9 G8A;> 28B:V2 

2
w   2V4@V7=SєBPAS 2V4 G8A;0 28B:V2 ?5@28==>W >1<>B:8. �> 
70B8A:0GV2 2B>@8==>W >1<>B:8 ?V4'є4=CєBPAS =020=B065==S, 
?>2=89 >?V@ S:>3>   Z=. 
#@89=SB> ?>7=0G0B8 ?>G0B:8 >1<>B:8 28I>W =0?@C38 (�!) 

25;8:8<8 ;VB5@0<8 ;0B8=AP:>3> 0;D02VBC А, �, 0 WE=V :V=FV - 
1C:20<8 X,Y ; 2V4?>2V4=> ?>G0B:8 9 :V=FV >1<>B:8 =86G>W 
=0?@C38 (!!) - <0;5=P:8<8 ;VB5@0<8 0,b  V x , C. &0:8< G8=><, 
B@0=AD>@<0B>@, 7 >4=>3> 1>:C, є A?>6820G5< 5=5@3VW, >A:V;P:8 
?5@28==0 >1<>B:0 ?@8є4=0=0 4> 465@5;0, 0 7 V=H>3>, - 465@5;>< 
5=5@3VW, B><C, I> 4> 2B>@8==>W >1<>B:8 ?@8є4=0=89 A?>6820G 
5=5@3VW. #>BC6=VABP B@0=AD>@<0B>@V2, S: V 2AVE 465@5; 7<V==>3> 
AB@C<C, 28@060RBP C 2>;PB-0<?5@0E (��) 01> :V;>2>;PB0<?5@0E 
(:��). �8@060B8 ?>BC6=VABP 465@5; 7<V==>3> AB@C<C C 20B0E 
01> :V;>20B0E =5 <>6=0, B><C I> WE=S ?>BC6=VABP =5 ?>ABV9=0 9 

70;568BP 2V4 :>5DVFVє=B0 ?>BC6=>ABV A?>6820G0. 
#@8 ?V4:;RG5==V 

B@0=AD>@<0B>@0 4> <5@56V 2 
?5@28==V9 >1<>BFV ?@>BV:0є 
7<V==89 AB@C<, I> 
?@872>48BP 4> ?>S28 

7<V==>3> <03=VB=>3> ?>B>:C, 
S:89 70<8:0єBPAS ?> 
<03=VB>?@>2>4C. #>BV: $ 
?5@5B8=0є >1842V >1<>B:8 9 

AB2>@Rє 2 =8E 7<V==V �$% 

A0<>V=4C:FVW �1 B0 
270є<>V=4C:FVW �2. 

/:I> ?V42545=0 ?5@28==0 =0?@C30 V AB@C< A8=CA>W40;P=V, B> 
=5EBCRG8 =0A8G5==S< <03=VB>?@>2>4C, <>6=0 22060B8 
A8=CA>W40;P=8< B0:>6 <03=VB=89 ?>BV: V =02545=C �$%, B>1B> 

                            sin
m

$ $ wt=  ,                                  (4.2) 
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45 $B - 0<?;VBC4=5 7=0G5==S ?>B>:C. 
 

 #V4AB0282H8 C 28@07 (4.1) 28@07 (4.2), >B@8<0є<> 

         
1 1

( sin )
m

d $ t
e w $ t fw$ t

dt

 Ā  Ā = − = − = −1
2 sin( )

2
m m

$ t $ t fw$ t Ā  Ā = − = − = −      (4.3) 

  2 2
2 sin( / 2)

m
e fw $ tĀ  Ā= −                                 (4.3.0) 

� >B@8<0=8E 28@07V2 284=>, I> 1
e  V 2

e  2V4AB0RBP ?> D07V 2V4 
?>B>:C $ =0 :CB / 2Ā . �VRGV 7=0G5==S >1>E �$% @V2=V 
2V4?>2V4=>: 

                1 1 1

2
4,44

2
m m

E fw$ fw$Ā
= =              (4.4) 

                 2 2 2

2
4,44

2
m m

E fw $ fw $Ā
= =           (4.4, 0) 

/:I> 1 2
w wþ , B> 1 2

E Eþ , V B0:89 B@0=AD>@<0B>@ =07820єBPAS 
?>=86CNG8<. #@8 72>@>B=><C 2V4=>H5==V G8A;0 28B:V2, 0 
7=0G8BP V �$%, B@0=AD>@<0B>@ 1C45 ?V428IC20;ь=8<. 
�V4=>H5==S ?5@28==>W �1 4> 2B>@8==>W �2 =>A8BP =072C 

:>5DVFVє=B B@0=AD>@<0FVW, 7 C@0EC20==S< 28@07V2 (4.4), 2V= 

4>@V2=Rє 
                    1 2 1 2

/ /K E E w w= =                       (4.5) 

!570;56=> 2V4 B>3> ?V428ICRG89 B@0=AD>@<0B>@ G8 
?>=86CRG89, 4;S 287=0G5==S :>5DVFVє=BC B@0=AD>@<0FVW 
?@89<0RBP 2V4=>H5==S 1V;PH>3> G8A;0 28B:V2 4> <5=H>3>, 
B>1B> 702648 1k þ . 

�;S ?@>AB>B8 2 ?>40;PH><C 1C45<> @>73;S40B8 
?>=86C20;P=89 B@0=AD>@<0B>@, C S:>3> >1<>B:0 �� є 
?5@28==>R. 
/:I> 2B>@8==0 >1<>B:0 70<:=5=0 =0 =020=B065==S, B> @07>< 

7 =0?@C30<8 2 B@0=AD>@<0B>@V ?5@5B2>@RRBPAS V AB@C<8, 0 
?>BC6=VABP 70;8H0єBPAS ?@81;87=> =57<V==>R, B0: S: 2B@0B8 
5=5@3VW 2 A8;>28E B@0=AD>@<0B>@0E 4C65 <0;V V A:;040RBP =5 
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1V;PH5 0,5 2%−  ?>BC6=>ABV, B>1B> 
1 1 2 2

U I U I  

"B65, S:I> =5 2@0E>2C20B8 A?04 =0?@C38, B> :>5DVFVє=B 
B@0=AD>@<0FVW <>6=0 287=0G8B8 7 2V4=>H5=P: 

 

              К=
2 1 1 2 1 2 1 2

/ / / /I I U U E E w w  = =            (4.6) 

 

&0:8< G8=><, S:I> ?@8 ?5@5B2>@5==V 5=5@3VW ?@8 
B@0=AD>@<0FVW ?V42545=0 =0?@C30 7<5=H8;0AP 2 К @07V2, B> AB@C< 
?@81;87=> 2 К @07V2 71V;PH82AS. 

 

 

 § 4.3  �C4>20 B@0=AD>@<0B>@V2 

 

%8;>2V B@0=AD>@<0B>@8 <>6CBP 1CB8 <0A;>=0?>2=R20-=8<8 
01> ACE8<8, >4=>D07=8<8 V B@8D07=8<8, WE 2V4?>2V4=5 
?>7=0G5==S 2:;RG0є 1C:28 � 01> !; � 01> ". 
"A=>2=8<8 G0AB8=0<8 B@0=AD>@<0B>@0 є <03=VB>?@>2V4, 

>1<>B:8, 10:, 282>48, A8AB5<0 >E>;>465==S B>I>. 
 03=VB>?@>2V4 7 =0A0465=8<8 =0 9>3> AB5@6=V >1<>B:0<8 є 
0:B82=>N G0AB8=>N, 0 V=HV 5;5<5=B8 - 4>?><V6=8<8. 
� 70;56=>ABV 2V4 :>=DV3C@0FVW <03=VB>?@>2>4C 

B@0=AD>@<0B>@8 ?>4V;SRBP =0 AB5@6=52V, 1@>=ь>2V 9 B>@>W4=V. 
 03=VB>?@>2V4 A:;040єBPAS 7V AB5@6=V2, =0 S:8E @>7<VICRBP 
>1<>B:8 (@8A. 4.2), G0AB8=C <03=VB>?@>2>40 =0 S:V9 =5<0є 
>1<>B>:, =07820RBP S@<><. 
"1<>B:8 �� V �� B@0=AD>@<0B>@V2, 4;S :@0I>3> <03=VB=>3> 

72'S7:C <V6 =8<8, @>7<VICRBP =0 >4=><C 9 B><C 6 AB5@6=V; >4=C 
2A5@548=V 4@C3>W - :>=F5=B@8G=V 01> B0:V, I> G5@3CNBьAO - 

48A:>2V, :>;8 G0AB8=8 >1<>B>: �� V �� ?>7<V==> V4CBP >4=0 70 
>4=>R ?> 28A>BV AB5@6=S. #@8 :>=F5=B@8G=><C 28:>=0==V 
>1<>B>: C 728G09=8E B@0=AD>@<0-B>@V2 >1<>B:C �� 
@>7<VICRBP 1;86G5 4> AB5@6=S, B><C I> 2 FP><C 28?04:C 
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;53H5 74V9A=8B8 V7>;SFVR 2V4 AB5@6=S. 
' A8;>28E B@0=AD>@<0B>@V2 >1<>B:0 �� <0є 1V;PH5 G8A;> 

282>4V2, B><C WW @>7<VICRBP ?>25@E >1<>B:8 ��. 
$>73;S=5<> 1C4>2C A8;>2>3> <0A;S=>3> B@0=AD>@<0B>@0 

(@8A.4.3), I> WE 28:>@8AB>2CRBP 2 A8AB5<V 5;5:B@>?5@540G.    
 03=VB>?@>2>48 B@0=AD>@<0B>@V2 28:>=CRBPAS H8EB>20=8<8 7 
;8ABV2 5;5:B@>B5E=VG=>W AB0;V B>2I8=>R 0,35 <<. "A5@4S 
B@0=AD>@<0B>@0 28:>=0=> AB5@6=52>3> B8?C.  03=VB>?@>2V4 7 
>1<>B:0<8 2AB0=>2;RRBP 2 10:. 
�0: B@0=AD>@<0B>@0 21 720@RRBP 7 ;8AB>2>W AB0;V 9 

70:@820RBP :@8H:>R, S:0 ?@8:@V?;RєBPAS 4> =P>3> G5@57 
CIV;P=R20G 7 <0A;>ABV9:>W @578=8 70 4>?><>3>R 1>;BV2. �8I5 
@V2=S :@8H:8 2AB0=>2;RєBPAS @>7H8@R20G 7 2:07V2=8:>< @V2=S 
<0A;0 16.  0A;> є =5 BV;P:8 V7>;RRG8<, 0;5, 9 >E>;>46CRG8< 

A5@54>28I5<. � @>7H8@R20GV 2>=> 702648 E>;>4=VH5, =V6 2 
10FV, 0 ?>25@E=S 9>3> 4>B8:C 7 ?>2VB@S< 4C65 <0;0, I> 70E8I0є 
<0A;> 2V4 >:8A;5==S B0 72>;>6C20==S. "1'є< @>7H8@R20G0 9 

@V25=P <0A;0 2 =P><C @>7@0E>2CRBPAS B0:, I>1 ?@8 2AVE @568<0E 
@>1>B8 V :>;820==SE B5<?5@0BC@8 =02:>;8H=P>3> A5@54>28I0 
10: 1C2 70?>2=5=89 <0A;><. 
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К>=Fе=триG=і >б<>тки

   

"1<>B:8 (482. @8A.4.2) =0<>BCRBPAS <V4=8< 4@>B>< 
?@S<>:CB=>3> ?5@5@V7C, V7>;P>20=8< :V;P:><0 H0@0<8 
:015;P=>3> ?0?5@C V H0@>< 102>2=S=>W ?@S6V. �EV4 :>BCH>: 
28A>:>W =0?@C30 @>18BPAS ?>A8;5=8< ?> V7>;SFVW. $>7B0H>20=V 
:>=F5=B@8G=> >1<>B:8, V7>;RRBPAS >4=0 2V4 >4=>W V 2V4 >A5@4S 
10:5;VB>28<8 F8;V=4@0<8. � >1<>B:0E, 0 B0:>6 <V6 =8<8 9 
V7>;SFV9=8<8 F8;V=4@0<8 70 4>?><>3>R @59>:, A:;5є=8E 
10:5;VB>28< ;0:>< 7V AB@VG>: 5;5:B@>B5E=VG=>3> :0@B>=C, 
28:>=CRBPAS >AP>2V :0=0;8 4;S >E>;>465==S >1<>B>: <0A;><. 
�82>48 V7>;P>20=V 11, 12 (482. @8A.4.3) @>7<VICRBPAS =0 :@8HFV 
B@0=AD>@<0B>@0. �>65= 282V4 A:;040єBPAS V7 AB@C<>254CG>W 
G0AB8=8 9 V7>;SB>@0, S:89 2V44V;Sє AB@C<>254CGC G0AB8=C 2V4 
:@8H:8. "48= :V=5FP V7>;SB>@0 70E>48BP 2A5@548=C 10:C, 0 
4@C389 28ABC?0є =04 :@8H:>R. 

    8A. 4.2 - �A=>2=V 5;5<5=B8 :>=AB@C:FVW B@0=AD>@<0B>@0 
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 8A. 4.3 - �C4>20 <0A;O=>3> B@0=AD>@<0B>@0: 
1- >1<>B:0 ��; 2- >1<>B:0 ��; 3 - ?5@5<8:0G @53C;NNG8E 

2V42>4V2 >1<>B:8 ��; 4 - AB8A:0NG0 10;:0 O@<0; 5 - H8EB>20=89 
<03=VB>?@>2V4;  6, 7- 2V42>48 �� B0 ��; 8 - ?0B@C1>: 4;O 79є4=0==O; 

 9 - :V;ьF5 4;O ?V49><C 28W<=>W G0AB8=8;10 - :@0= 4;O 70;820==O 
B@0=AD>@<0B>@=>3> <0A;0; 11, 12- 282>48 �� B0 ��;  13 - ?@82V4 
?5@5<8:0G0; 14 - 28E;>?=0 B@C10; 15 - 307>25 @5;5; 16 - @>7H8@N20G; 

 17- @04V0B>@; 18 - :@0= 4;O 7;82C <0A;0;  19 - B@0=A?>@B=89 @>;8:;     
20 - 25@B8:0;ь=0 H?8;ь:0 4;O ABO3C20==O O@<0;  21- 10: 

!02:>;> AB@C<>254CG>3> AB5@6=S 282>4C AB2>@RєBPAS 
1V;PH5 <03=VB=5 ?>;5, S:5 70<8:0єBPAS ?> :@8HFV 
B@0=AD>@<0B>@0. �B@0B8 2V4 28E@>28E AB@C<V2 V ?5@5<0-
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3=VGC20==S =03@V20RBP :@8H:C. �;S 7<5=H5==S F8E 2B@0B 2 
>4=><C >B2>@V ?><VI0RBP 282>48 ?>G0B:C 9 :V=FS 40=>W 
>1<>B:8. &0: S: AB@C<8 2 282>40E @V2=V 9 ?@>B8;56=V 70 
=0?@S<:><, WE @57C;PBCRG89 <03=VB=89 ?>BV: ?@0:B8G=> 
4>@V2=Rє =C;R. 
%8AB5<0 >E>;>465==S (@8A. 4.3) 2:;RG0є 2 A515 @04V0B>@8 

17, 2 S:8E B@0=AD>@<0B>@=5 <0A;> >E>;>46CєBPAS. !0 
B@C1>?@>2>40E, I> 7'є4=CRBP 10:, 2AB0=>2;RRBP A?5FV0;P=V 
:@0=8, S:V 4>72>;SRBP 70<V=C A5:FVW 157 7;82C 2AP>3> <0A;0. �;S 
70?>2=5==S 10:C <0A;>< 01> 9>3> 70<V=8 2 =86=V9 G0AB8=V є 
D;0=F5289 25=B8;P. �0: B@0=AD>@<0B>@0 7075<;RєBPAS. 

 

 

  § 4.4    $V2=O==O �$% B@0=AD>@<0B>@0 
 

%B@C<8 1
I  V 2

I  C ?5@28==V9 9 2B>@8==V9 >1<>B:0E 
CB2>@RRBP <03=VB=V ?>B>:8 @>7AVR20==S 1@>7  V 2 @>7 , :>65= 7 
S:8E 7G5?;5=89 ?> ?>2VB@R ;8H5 7 28B:0<8 2;0A=>W >1<>B:8. *V 
7<V==V ?>B>:8 V=4C:CRBP C "A2>WE" >1<>B:0E �$% @>7AVR20==S: 

 

1 1 1
/@>7 @>7e L di dt= −

   
 V    2 2 2

/@>7 @>7e L di dt= −  ,      (4.6)
 

 

45 1@>7L  V 2 @>7L  - V=4C:B82=>ABV @>7AVR20==S, S:V <>6=0 
22060B8 ?>ABV9=8<8. 
"A:V;P:8 1 1

sin
m

i I t= , 

         
( )1

1 1

sin
m

@>7 @>7 m @>7 m

d I t
e L

dt

 Ā  ö ö= − = − = −÷ ÷
ø ø

( )
1 1

sin
2

@>7 @>7 m @>7 mI x t
 Ā  ö ö= − = − = −÷ ÷

ø ø
   

�=0;>3VG=>          ( )2 2 2
sin / 2@>7 me I x t Ā= −

,
 

 

45 1 1@>7x L=  V 2 2 @>7x L=  - V=4C:B82=89 >?V@ 
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@>7AVR20==S ?5@28==>W B0 2B>@8==>W >1<>B>: 2V4?>2V4=>. 
&0:8< G8=><, 4VRGV 7=0G5==S F8E �$% 

 

1 1 1@>7E jI x= −                                          (4.7) 

 2 2 2@>7E jI x= −                                          (4.7,0) 
 

     �@0?:0 =04 V=45:A>< A2V4G8BP ?@> B5, I> F5 :><?;5:A=5 
4VRG5 01> 0<?;VBC4=5 7=0G5==S 25;8G8=8, S:0 є A8=CA>W40;P=>R 
DC=:FVєR G0AC. "B>6, 2 :>6=V9 7 >1<>B>: B@0=AD>@<0B>@0 
V=4C:CєBPAS ?> 42V �$% 2V4 >A=>2=>3> ?>B>:C $ V 2V4 ?>B>:C 
@>7AVR20==S @>7 , B><C 4;S ?5@28==>W >1<>B:8 B@0=AD>@<0B>@0, 
73V4=> 7 4@C38< 70:>=>< �V@E3>D0, <>6=0 70?8A0B8 @V2=S==S: 

 

                  1 1 1 1 1@>7U E E I r+ + =  ,                     (4.8) 

45 1
r  - 0:B82=89 >?V@ ?5@28==>W >1<>B:8. 

#V4AB0282H8 C 28@07 (4.8) 7=0G5==S �$% @>7AVR20==S 7 (4.7), 

>B@8<0є<>: 
 

                 1 1 1 1 1 1
U E jI x I r= − + +                    (4.9) 

%B2>@5=0 ?>B>:><, $ �$% 1
E , S2;Sє A>1>R �$% 

A0<>V=4C:FVW V B><C 7=0E>48BPAS 2 ?@>B8D07V 7 ?V42545=>R 
=0?@C3>R 1

U . 

&0:8< G8=><, 73V4=> 7 (4.9), ?V42545=0 4> ?5@28==>W >1<>B:8 
=0?@C30 1

U  2@V2=>206CєBPAS �$% 1
E , 0 B0:>6 ?04V==S< =0?@C38 

2 V=4C:B82=><C V 0:B82=><C WW >?>@0E. 
#5@5B2>@V<> @V2=S==S (4.9). 

 

     ( )1 1 1 1 1 1 1 1
U E I r jx E I Z= − + + = − +  ,           (4.10) 
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45 ( )1 1 1
Z r jx= +  - ?>2=89 >?V@ ?5@28==>W >1<>B:8. 

$8A>G:0 ?V4 V=45:A>< ?>:07Cє, I> F5 :><?;5:A=0 25;8G8=0. 
�;S 2B>@8==>W >1<>B:8, 70<:=CB>W =0 =020=B065==S 7 

?>2=8< >?>@>< =Z , 73V4=> 7 4@C38< 70:>=>< �V@E3>D0, 

            2 2 2 2 2@>7 =E E I r I Z+ = +  ,                        (4.11) 

45 2
r  - 0:B82=89 >?V@ 2B>@8==>W >1<>B:8.  

%C<0 =02545=8E 2 4@C3V9 >1<>BFV �$% 2@V2=>206CєBPAS 
AC<>R ?04V==S =0?@C38. /: 284=> 7 @8A. 4.1, ?04V==S =0?@C38 =0 
=020=B065==V S2;Sє A>1>R =0?@C3C =0 282>40E 2B>@8==>W 
>1<>B:8, B>1B> 

                       2 2=I Z U=                               (4.11.0) 
� C@0EC20==S< FP>3>, @V2=S==S (8.11) >B@8<0є 283;S4 

                   

 2 2 2 2 2@>7E E I r U+ = +                    (4.11.1) 
 

#V4AB028<> 2 (4.11,1) 28@07 (4.7,0); B>4V 2B>@8==0 =0?@C30 
B@0=AD>@<0B>@0 AB0=>28BP: 

                ( )2 2 2 2 2 2
U E jI x I r= − − = − + = −( ) 2 2 2

E I Z= − − = − + = − , (4.12)                 

45 ( )2 2 2
Z r jx= +  - ?>2=89 >?V@ 2B>@8==>W >1<>B:8. 
$V2=S==S (4.10) V (4.12) 4>72>;SRBP 7@>18B8 28A=>2>:, I> 

B@0=AD>@<0B>@ <>65 ?@0FN20B8 ;8H5 2 :>;0E 7<V==>3> 
AB@C<C, 9>3> 2:;NG5==O 2 :>;> ?>ABV9=>3> AB@C<C =5 
4>?CA:0єBьAO. �V9A=>, S:I> 2:;RG8B8 ?5@28==C >1<>B:C 2 :>;> 
?>ABV9=>3> AB@C<C, B> ?>B5G5 ?>ABV9=89 AB@C< V AB2>@8BPAS 
?>ABV9=89 ?>BV:; 7=0G8BP, �2 ~ 0, V 5=5@3VS ?5@28==>W AB>@>=8 =5 
1C45 ?5@54020B8AS 4> 2B>@8==>W. �@V< B>3>, 1

0E = , 1
0@>7E = , V 

AB@C<  ?5@28=>W >1<>B:8 1 1 1
/I U r=  4>AS3=5 4C65 25;8:>3> 

7=0G5==S. 
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§ 4.5  $V2=O==O  $% B@0=AD>@<0B>@0 
 

�;S 28SA=5==S ACBV DV78G=8E ?@>F5AV2, I> ?@>E>4SBP 2 
B@0=AD>@<0B>@V, V450;V7Cє<> 9>3>, B>1B> @>73;S=5<> 
B@0=AD>@<0B>@, C S:>3> =5<0є ?>B>:V2 @>7AVR20==S (25AP 
<03=VB=89 ?>BV: 70<8:0єBPAS ?> <03=VB>?@>2>4C), 2 AB0;V 
2V4ACB=V 2B@0B8 2V4 28E@>28E AB@C<V2 V 3VAB5@578AC, 0 >?V@ 
?5@28==>W >1<>B:8 

1
0r = . 

' B0:>3> V450;V7>20=>3> B@0=AD>@<0B>@0 @V2=S==S (4.10) 

1C45 <0B8 283;S4 
1 1

U E= −  01> 
1 1

u e=              (4.13) 

B>1B> ?@8:;045=0 4> ?5@28==>W >1<>B:8 =0?@C30 ?@0:B8G=> 
?>2=VABR 2@V2=>206CєBPAS V=4C:>20=>R 2 FV9 >1<>BFV �$%. 
#@8 E>;>AB><C E>4V B0:>3> B@0=AD>@<0B>@0 (=0 @8A 4.1 

=Z =  ) ?> ?5@28==V9 >1<>BFV B5G5 AB@C< V0, 0 WW �$%: 

 

1
e =  3 1 0

/w d dt=  ,                (4.14) 

 

45 (0 - <03=VB=89 ?>BV: ?@8 E>;>AB><C E>4V, 28:;8:0=89 
 $% E>;>AB>3> E>4C 0 0 1

F i w= . 

�0<:=5<> 2B>@8==C >1<>B:C =0 =020=B065==S 7 >?>@>< =Z , 

B>4V ?> =V9 ?>B5G5 AB@C< 2
i , AB2>@RRG8  $% 2 2 2

F i w= . #@8 

FP><C AB@C< ?5@28==>W >1<>B:8 1
i  AB2>@Rє  $% 1 1 1

F i w= . 

"1842V  $% 28:;8GCBP ?>S2C 2V4?>2V4=> 42>E <03=VB=8E 
?>B>:V2 1

  V 2
 , B>4V @V2=S==S (4.14) <0B8<5 283;S4: 

 

             
( )1 2

1 1

d
e w

dt

 +
= −                    (4.15) 

 

"4=0: V 2 F8E 28?04:0E (?@8 =020=B065==V) ?@8:;045=0 
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=0?@C30 1
u  =57<V==0, V C<>20 (4.13) 70;8H0єBPAS ?>?5@54=P>R. 

�V4?>2V4=> 7=0G5==S 1
e  ?@8 E>;>AB><C E>4V 4>@V2=Rє 9><C 6 

?@8 =020=B065==V. �;5 B>4V <>6=0 ?>@V2=SB8 ?@02V G0AB8=8 
@V2=S=P (4.14) V (4.15), V >B@8<0є<: 

 

            0 1 2
 =  +                                    (4.16) 

 

$V2=S==S (4.16) A2V4G8BP ?@> =57<V==VABь <03=VB=>3> ?>B>:C 
?@8 ?5@5E>4V 2V4 @568<C E>;>AB>3> E>4C 4> @568<C 
=020=B065==S. *5 є =09206;82VH>R 2;0AB82VABR 
B@0=AD>@<0B>@0. !0 >A=>2V @V2=S==S (4.16) <>6=0 70?8A0B8 
70:>= @V2=>2038  $%, I> 28:;8:0RBP ?@>E>465==S F8E 
<03=VB=8E ?>B>:V2: 

0 1 2
F F F= +  01> 0 1 1 1 2 2

i w i w i w= +
 

�2V4:8 

     ( )1 1 0 1 2 2
i w i w i w= + −                        (4.17) 

 

� @V2=S==S (4.17) 284=>, I>  $% ?5@28==>W >1<>B:8 
B@0=AD>@<0B>@0 ?@8 =020=B065==V A:;040єBPAS 7 42>E 
A:;04>28E:  

-  0 1
i w  I> AB2>@Rє <03=VB=89 ?>BV:; 

- ( )2 2
i w−  @V2=>W 70 7=0G5==S< V ?@>B8;56=>W 70 =0?@S<:>< 

 $% 2B>@8==>W >1<>B:8.  
 *8< V ?>SA=RєBPAS =57<V==VABP <03=VB=>3> ?>B>:C 

B@0=AD>@<0B>@0. 
#5@59H>2H8 4> 4VRG8E 7=0G5=P AB@C<V2, >B@8<0є<> 

@V2=S==S (4.17) 2 B0:><C 283;S4V 
 

           ( )1 1 0 1 2 2
I w I w I w= + −                         (4.18) 

%;V4 ?V4:@5A;8B8, I> >A=>2=V 70:>=><V@=>ABV V450;V7>20=>3> 
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B@0=AD>@<0B>@0 A?@0254;82V 9 4;S @50;P=8E B@0=AD>@<0B>@V2, 
7>:@5<0 @V2=S==S  $% (4.18). 

 

§ 4.6  #@82545=89 B@0=AD>@<0B>@ 

 

$>1>BC B@0=AD>@<0B>@V2 7@CG=> 282G0B8 70 4>?><>3>R 
25:B>@=8E 4V03@0< =0?@C3 V AB@C<V2. �;5 WE 7=0G5==S, S:V 
2V4?>2V40RBP ?5@28==V9 V 2B>@8==V9 >1<>B:0<, <>6CBP 4C65  
2V4@V7=SB8AP ?@8 25;8:8E :>5DVFVє=B0E B@0=AD>@<0FVW. 
!0?@8:;04, ?@0:B8G=> =5<>6;82> 2V4:;0AB8 =0 >4=V9 4V03@0<V 9 

2 >4=0:>2><C <0AHB01V 25:B>@8 ?5@28==>W V 2B>@8==>W =0?@C38, 
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1

1

100k
k

=><

U
u

U
=  %                           (4.29) 

!09G0ABVH5 8:  AB0=>28Bь 5 - 10% 2V4 =><V=0;ь=>W =0?@C38 2 
70;56=>ABV 2V4 ?>BC6=>ABV B@0=AD>@<0B>@0, ?@8G><C 1V;PH5 
7=0G5==S 2V4=>A8BPAS 4> B@0=AD>@<0B>@V2 25;8:>W ?>BC6=>ABV. 
"B65, 4>A;V4 :>@>B:>3> 70<8:0==S 4>72>;Sє 287=0G8B8 

2B@0B8 2 <V4V, =0?@C3C :>@>B:>3> 70<8:0==S, ?0@0<5B@8 
:>@>B:>3> 70<8:0==S AE5<8 70<VI5==S 9 ?>1C4C20B8 B@8:CB=8: 
:>@>B:>3> 70<8:0==S. 
!09G0ABVH5 C B@0=AD>@<0B>@V2 0

/ kP P 1/3 V ?@8 
=><V=0;P=8E AB@C<0E 2B@0B8 2 <V4V, B>1B>  : A:;040RBP         0,5-

2% =><V=0;P=>W ?>BC6=>ABV B@0=AD>@<0B>@0, ?@8G><C 1V;PH5 
7=0G5==S 2V4=>A8BPAS 4> B@0=AD>@<0B>@V2 <5=H>W ?>BC6=>ABV. 

 

§ 4.10  $568< =020=B065==O B@0=AD>@<0B>@0 
 

*P><C @568<C 2V4?>2V40є AE5<0 70<VI5==S (@8A. 4.52),   0 
DV78G=V ?@>F5A8 2 =P><C >?8A0=V @V2=S==S<8 (4.23) 70 
4>?><>3>R S:8E <>6=0 ?>1C4C20B8 B>G=C 25:B>@=C 4V03@0<C 9 
>B@8<0B8 =0>G=5 CS2;5==S ?@> A?V22V4=>H5==S <V6 2AV<0 
?0@0<5B@0<8 B@0=AD>@<0B>@0. "4=0: 4;S 28:>@8AB0==S 2 
?@0:B8G=8E FV;SE FS 25:B>@=0 4V03@0<0 є 4>A8BP A:;04=>R, B><C 
WW ?>B@V1=> A?@>AB8B8. 
"A:V;P:8 AB@C< E>;>AB>3> E>4C 2 A8;>28E B@0=AD>@<0B>@0E 

=04728G09=> <0;89,  B> 2 1030BP>E 28?04:0E 4;S ?@0:B8:8 F8< 
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AB@C<>< <>6=0 7=5EBC20B8, B>1B> ?@89=SB8 0
0I = , 0, 7=0G8BP, 

m
Z =  (@8A.4.5.2). � B0:><C 28?04:C @V2=S==S AB@C<V2 (4.23.2) 
=01C45 283;S4C 

                         1 2
I I ò=                                  (4.30) 

0 AE5<0 70<VI5==S - S: F5 7>1@065=> =0 @8A. 4.9.0.  
�;S AE5<8 =0 @8A. 4.9.0 70<VABP 42>E @V2=S=P (4.23.0  V       

4.23.1), 73V4=> 7 70:>=>< "<0, <>6=0 70?8A0B8 >4=5 @V2=S==S: 
 

     ( )1 1 2 2 1k k k
U I Z I Z U I Zò ò= + − = − +  ,            (4.31)

 
45 k

Z  287=0G0єBPAS ?> (4.28) 

� @V2=S==S (4.31) 10G8<>, I> ?@8 =5EBC20==V AB@C<>< 0
I  

B@0=AD>@<0B>@ <>65 1CB8 70<VI5=89 ?0@0<5B@>< :>@>B:>3> 
70<8:0==S k

Z . !020=B065==S B@0=AD>@<0B>@0 287=0G0єBPAS S: 
A2>єR 25;8G8=>R, B0: V E0@0:B5@><, B>1B> 2>=> <>65 1CB8 G8AB> 
0:B82=8< (AB@C< V =0?@C30 A?V2?040RBP ?> D07V V :CB <V6 =8<8 

2
0 = ), 0:B82=>-V=4C:B82=8< (AB@C< 2V4AB0є 2V4 =0?@C38 V :CB 

2
0 þ ) V 0:B82=>-є<=VA=8< (AB@C< 28?5@546Cє =0?@C3C V :CB 

2
0 ü ). 

#>1C4Cє<> 25:B>@=C 4V03@0<C 4;S AE5<8 =0 @8A. 4.9.1, 
22060RG8, I> 4> B@0=AD>@<0B>@0 ?V42545=0 =><V=0;P=0 
=0?@C30, 2V= =020=B065=89 =><V=0;P=8< AB@C<>< 1=><I , 0 
E0@0:B5@ =020=B065==S - 0:B82=>-V=4C:B82=89 287=0G0єBPAS 
:>5DVFVє=B>< ?>BC6=>ABV 

2
cos  B>1B> 40=> :CB 2

 . 

�07=0G5<>, I> 2B>@8==0 =0?@C30 ?@8  F8E C<>20E 7 
C@0EC20==S< (4.30) 2V4?>2V40є =><V=0;P=><C AB@C<>2V: 

                   2 1 2=>< k =>< kU I Z I Zò ò ò− = = −   

 

�;S ?>1C4>28 25:B>@=>W 4V03@0<8 =020=B065=>3> 
B@0=AD>@<0B>@0 (@8A. 4.9.0) =5>1EV4=> 28:>@8AB0B8 >A=>2=V 
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@V2=S==S 4.23, 70?8A0=V 2V4?>2V4=> 4> 70:>=V2 �V@E3>D0 4;S  
A?@>I5=>W AE5<8 70<VI5==S (@8A. 4.9.1). 

1x1İj

1r1İ1Z1İ

Ů1  

-É1  

İ1

-İ2

0İİ2p

2x2İj-
2Z2İ-2r2İ-

U2   1É=2É

0 $max

· 

φ1

ʹ

ʹ 

ʹ ʹ        ʹ ʹ   

ʹ 

0)

Ψ2

φ2
2İ ʹ 

ʹ 

 

           8A. 4.9 – �5:B>@=0 4V03@0<0 (0) V AE5<0 70<VI5==O (1)  
                B@0=AD>@<0B>@0, I> ?@0FNє 2 @568<V =020=B065==O  

  

   #>@S4>: ?>1C4>28 25:B>@=>W 4V03@0<8 B0:89: 
1) ?5@H8< 1C4CєBPAS 25:B>@ <03=VB=>3> ?>B>:C (>;             
2) 1C4CRBP 25:B>@ AB@C<C E>;>AB>3> E>4C S:89 28?5@5460є 
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25:B>@ ?>B>:C =0 :CB <03=VB=>3> 70?V7=5==S V @>7?040єBPAS =0 
0:B82=C B0 @50:B82=C A:;04>2V: 

              �0 = √�0�2 + �0�2  

3) 1C4CRBPAS 25:B>@8  ý̇1 B0  ý̇2, I> 2V4AB0RBP 2V4 ?>B>:C =0 
90°; 
4) 287=0G0єBPAS 7AC2 D07 <V6 AB@C<>< �2̇ B0 �$% ý̇2 

  Ѱ2 = �ÿ�āĀ ��2+���2+��    B0 1C4CєBPAS 25:B>@  �2̇; 

5) 70 A?V22V4=>H5==S< AB@C<V2  �1̇ = �0̇ + �2́̇    1C4CєBPAS 
25:B>@ ?5@28==>3> AB@C<C І1; 
 6) 70 @V2=S==S< =0?@C38 2B>@8==>3> :>;0    
    ý̇2 = ý̇2 2 ��2̇��2 2 �2̇�2   1C4CєBPAS 25:B>@ 2B>@8==>W 

=0?@C38 ý̇2; 

7) 70 @V2=S==S< =0?@C38 ?5@28==>3> :>;0                           ý̇1 = 2ý̇1 + �1̇�1 + ��2̇��1       1C4CєBPAS 25:B>@ =0?@C38 
?5@28==>3> :>;0. �;S ?>1C4>28 25:B>@0 =0?@C38 1=><U ò  

725@=5<>AS 4> @V2=S==S (4.31). �8E>4SG8 7 FP>3>, 4;S ?>1C4>28 
25:B>@0 1=><U  =5>1EV4=> 4> :V=FS 25:B>@0 (3�1) 4>1C4C20B8 
25:B>@8 ?04V==S =0?@C38 =0 ?5@28==V9 >1<>BFV  B0:, I>1 25:B>@  
(0:B82=0 A:;04>20) A?V2?0402 70 =0?@S<:>< 7 25:B>@>< AB@C<C І1, 
0 25:B>@ (@50:B82=0 A:;04>20) 1C2 9><C ?5@?5=48:C;S@=89. 
#@>2>4SG8 ?VA;S B>3> ?@S<C, >B@8<0є<> 25:B>@ =0?@C38 1=><U , 

S:89 28?5@546Cє AB@C< =0 :CB 1
 . 

8) 287=0G0RBPAS 7AC28 D07 �1 B0 �2 <V6 AB@C<0<8 B0 
=0?@C30<8. 
�;S ?>1C4>28 V 287=0G5==S ?@0:B8G=8E <>6;82>AB59 

25:B>@=>W 4V03@0<8 (@8A.4.9) ?@8?CA:0є<>, I> 7=0G5==S k
Z  

2V4><5.  
%B@C<, I> 2V4@V7=SєBPAS 2V4 =><V=0;P=>3>, 7=0E>4SBP 7 

28@07C: 
                           І1 = βІ1=><  ,                                     (4.32) 
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45 β - :>5DVFVє=B =020=B065==S.  
#@8 7<V=V =020=B065==S ?@8 =57<V==><C 7=0G5==V ?5@28==>W 

=0?@C38 2V41C20єBPAS 7<V=0 2B>@8==>W =0?@C38, S:0 70;568BP 2V4 
=020=B065==S. *5 ?5@H89 206;8289 ?@0:B8G=89 28A=>2>:, 
>B@8<0=89 70 4>?><>3>R 25:B>@=>W 4V03@0<8. 
#@8 7<V=V E0@0:B5@C =020=B065==S (:CB0 2

 , 0 7=0G8BP, V 1


) B0:>6 2V41C20єBPAS 7<V=0 2B>@8==>W =0?@C38. �V9A=>, <>4C;P 
25:B>@0 1=><U =57<V==89, 0;5 2 70;56=>ABV 2V4 7=0G5==S :CB0

1
  2V= <>65 7<V=R20B8 A2>є ?>;>65==S.  
&0:8< G8=><, <>6=0 7@>18B8 4@C389 28A=>2>:: 2B>@8==0 

=0?@C30 70;568BP 2V4 E0@0:B5@C =020=B065==S ?@8 =57<V==V9 WW 
25;8G8=V (482. @8A. 4.10). 

 

 

   § 4.11 �<V=0 =0?@C38 V 7>2=VH=O E0@0:B5@8AB8:0 
B@0=AD>@<0B>@0 

 

!020=B065=89 B@0=AD>@<0B>@ >?8ACєBPAS @V2=S==S<8 4.23 
(A?V22V4=>H5==S AB@C<V2, @V2=S==S =0?@C3 ?5@28==>3> B0 
2B>@8==>3> :V; ): 

                               1 1 1 1
U E I Z= − +             

                               2
U ò ò ò ò= − +  

2
Eò ò ò ò= − +− 2 2

I Zò ò ò ò= − +         

                               ( )1 0 0
I I I ò= + −            

' @568<V =020=B065==S 2B>@8==0 =0?@C30 ý2 =57=0G=>R 
<V@>R 70;568BP 2V4 AB@C<C =020=B065==S. *S 70;56=VABP  (ý2 = ÿ(�2)), =02545=0 =0 @8A.4.10, =07820єBPAS 7>2=VH=ь>N 
E0@0:B5@8AB8:>N, 2>=0 287=0G0єBPAS ?@8 C<>2V ý2 = �ĀÿĀā,�ĀĀ �2 = �ĀÿĀā. 
 ' AB0=40@B0E I>4> B@0=AD>@<0B>@V2 =>@<CєBPAS ?04V==S 
=0?@C38 ý2 ?@8 =><V=0;P=><C AB@C<V =020=B065==S  �2 = �2=. 

  !0 @8A. 4.10 ?>:070=V 7>2=VH=V E0@0:B5@8AB8:8 ?@8 @V7=8E 
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E0@0:B5@0E =020=B065==S. � <560E =020=B065==S 0 < β < 1,  
2>=8 ?@0:B8G=> ?@S<>;V=V9=V. 

   10

І2
І =>< =β

U

%!

R

%L

U=><

                                  
 8A. 4.10 – З>2=VH=O E0@0:B5@8AB8:0 B@0=AD>@<0B>@0 ?@8 @V7=8E 
=020=B065==OE 

 

 

�>=B@>;ь=V 70?8B0==O  
1.  � S:>R <5B>R 28:>@8AB>2CRBP B@0=AD>@<0B>@8? 
2. !0 G><C 70A=>20=89 ?@8=F8? 4VW B@0=AD>@<0B>@0; I> B0:5 

:>5DVFVє=B B@0=AD>@<0FVW? 
3. � S:8E 5;5<5=BV2 A:;040єBPAS 0:B82=0 G0AB8=0 

B@0=AD>@<0B>@V2? /:5 WE ?@87=0G5==S? 
4. "?8HVBP 1C4>2C A8;>2>3> B@0=AD>@<0B>@0; S:5 

?@87=0G5==S B@0=AD>@<0B>@=>3> <0A;0 V 4;S G>3> 
28:>@8AB>2CєBPAS @>7H8@R20G? 
5.   /: 282>4SBPAS @V2=S==S �$% B@0=AD>@<0B>@0? 
6. +><C B@0=AD>@<0B>@ =5 <>6=0 2<8:0B8 2 <5@56C 

?>ABV9=>3> AB@C<C? 
7.  -> B0:5 ?@82545=89 B@0=AD>@<0B>@? �;S G>3> V ?@8 S:8E 

C<>20E @>18BPAS ?@82545==S? 
8. +><C 7V 71V;PH5==S< 2B>@8==>3> AB@C<C 7@>AB0є 

?5@28==89 AB@C<? 
9.   -> =07820RBP AE5<>R 70<VI5==S B@0=AD>@<0B>@0? /: 
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2>=0 1C4CєBPAS? 
10. -> 287=0G0RBP ?@8 ?@>2545==V 4>A;V4V2 E>;>AB>3> E>4C V 

:>@>B:>3> 70<8:0==S B@0=AD>@<0B>@0? 
11. -> =07820RBP =0?@C3>R :>@>B:>3> 70<8:0==S 

B@0=AD>@<0B>@0 V 2 S:8E >48=8FSE 2>=0 28<V@RєBPAS? 
12. #>1C4C9B5 A?@>I5=C AE5<C 70<VI5==S B@0=AD>@<0B>@0 2 

@568<V =020=B065==S V 2V4?>2V4=C W9 25:B>@=C 4V03@0<C; 
?>:06VBP, S: 1C45 7<V=R20B8AP 2B>@8==0 =0?@C30 ?@8 7<V=V 
25;8G8=8 V E0@0:B5@C =020=B065==S? 
13. -> =07820RBP =><V=0;P=>R 7<V=>R =0?@C38 

B@0=AD>@<0B>@0, ?>:06VBP WW =0 7>2=VH=VE E0@0:B5@8AB8:0E ?@8 
@V7=8E E0@0:B5@0E =020=B065==S? 
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           +0AB8=0 5 &$�(��!� � %#�*���Ь!� 
                             &$�!%("$ �&"$� 

 

§ 5.1 #@87=0G5==O V ?@8=F8? 28:>=0==O B@8D07=>3>   
B@0=AD>@<0B>@0 

 

&@8D07=89 B@0=AD>@<0B>@ A;C68BP 4;S ?5@5B2>@5==S 
5;5:B@8G=>W 5=5@3VW B@8D07=>3> AB@C<C 7 >4=8< 
A?V22V4=>H5==S< ;V=V9=8E =0?@C3 V AB@C<V2 2 5;5:B@8G=C 
5=5@3VR B@8D07=>3> AB@C<C 7 V=H8< A?V22V4=>H5==S< F8E 65 
25;8G8=. 
/: ?@028;>, B@8D07=8<8 AB2>@RRBPAS A8;>2V 

B@0=AD>@<0B>@8, ?@87=0G5=V 4;S ?5@540GV 9 @>7?>4V;C 
5;5:B@8G=>W 5=5@3VW =0 B@0=AD>@<0B>@=8E ?V4AB0=FVSE 
?@><8A;>28E ?V4?@8є<AB2. 
� A8AB5<0E 5;5:B@>?5@540GV, 45 ?>B@V1=> ?5@5B2>@R20B8 

25;8:V ?>BC6=>ABV (1V;PH5 80000 :��), 70<VABP B@8D07=8E 
B@0=AD>@<0B>@V2 28:>@8AB>2CRBPAS 3@C?8, I> A:;040RBPAS 7 
B@P>E >4=>D07=8E B@0=AD>@<0B>@V2. #>SA=RєBPAS F5 25;8:8<8 
3010@8B0<8 B@8D07=8E B@0=AD>@<0B>@V2 25;8:>W ?>BC6=>ABV 9 

A:;04=VABR WE B@0=A?>@BC20==S 4> <VAFS ?@87=0G5==S. 
"1<>B:8 B@8D07=8E A8;>28E B@0=AD>@<0B>@V2, S:V 

A:;040RBP B@8D07=C 3@C?C, 7'є4=CRBP <V6 A>1>R 2 7V@:C 01> 2 
B@8:CB=8:. 
 03=VB>?@>2V4 B@8D07=>3> B@0=AD>@<0B>@0 A:;040єBPAS 7 

B@P>E 25@B8:0;P=8E AB5@6=V2, 70<:=CB8E <V6 A>1>R 725@EC V 
7=87C S@<0<8. 

 #@8=F8? 28:>@8AB0==S B@8AB5@6=52>3> B@0=AD>@<0B>@0 
?>;S30є 2 28:>=0==V B@8D07=>W 3@C?8 7 B@P>E >4=>D07=8E 
B@0=AD>@<0B>@V2 (@8A. 5.1.0), ?> >1<>B:0E S:8E �, � V % B5GCBP 
A8=CA>W40;P=V AB@C<8, 7AC=CBV 2 G0AV 2V4=>A=> >48= >4=>3> 2 / 3Ā  

@04. 
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�C45<> 22060B8, I> 
2V4?>2V4=V <03=VB=V ?>B>:8 
B0:>6 A8=CA>W40;P=V, B>1B> 

 

  ( ) ( )sin ,A m t  Ā  Ā =  = −  =  − 

( ) ( ), sin 2 / 3 ,
B m

t t  Ā  Ā =  = −  =  −      

( ) ( ), sin 4 / 3C m t  Ā  Ā =  = −  =  −         

"1'є4=0є<> B@8 AB5@6=V 1, 

2 V 3 (482. @8A. 5.1.0) 2 >48= 7030;P=89, B>4V AC<0@=89 <03=VB=89 
?>BV: 2 =P><C AB0=>28BP: 

            ( ) ( )A B C
  Ā  Ā =  + + = + − + − =ù ù 0                         (5.1) 

"B65, 7030;P=89 AB5@65=P <>6=0 28:8=CB8, >B@8<02H8 
A8<5B@8G=89 B@0=AD>@<0B>@ (@8A. 5.1.1). 

 

-5 2 1889 @>FV  .". �>;V2>-�>1@>2>;PAP:89 707=0G82, I> 
?04V==S <03=VB=>3> ?>B5=FV0;C 2 S@<0E B@0=AD>@<0B>@0 D078 � 
=525;8:5, V 70?@>?>=C202 WE 28:8=CB8, >B@8<02H8 1V;PH 
:><?0:B=89 B@0=AD>@<0B>@ (@8A.5.1.2), :>=AB@C:FVS S:>3> 
>B@8<0;0 7030;P=5 @>7?>2AR465==S. &0:89 <03=VB>?@>2V4 =5 
?>2=VABR A8<5B@8G=89 V, I>1 7<5=H8B8 =5A8<5B@VR, ?5@5@V7 
S@<0 28:>=CRBP B@>E8 1V;PH8< 70 ?5@5@V7 AB5@6=V2. �@V< B>3>, 
B0:0 <03=VB=0 =5A8<5B@VS ?>7=0G0єBPAS ;8H5 =0 AB@C<V 
E>;>AB>3> E>4C. �;5 AB@C< E>;>AB>3> E>4C 4C65 <0;> 2?;820є 
=0 @>1>GV AB@C<8 >1<>B>:. 

 !0 :>6=89 AB5@65=P B@0=AD>@<0B>@0 =0A046CRBP >1<>B:C 
�� V �� (@8A. 5.1.3), B><C ?@8 A8<5B@8G=V9 =0?@C7V 682;5==S 9 

@V2=><V@=><C =020=B065==V 2AV D078 7=0E>4SBPAS 2 >4=0:>28E 
C<>20E. �8E>4SG8 7 FP>3>, 282545=V @0=VH5 D>@<C;8 9 AE5<8 
70<VI5==S 4;S >4=>D07=>3> B@0=AD>@<0B>@0 A?@0254;82V B0:>6 

4;S B@8D07=>3> B@0=AD>@<0B>@0. �8=SB:>< є @568< E>;>AB>3> 
E>4C, =0 S:89 2?;820є AE5<0 7'є4=0==S >1<>B:8. 
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$�

$!
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�
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2
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!
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X
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�
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2
3

!

$� $�

$!

�

!

$� $�

$!

�

!
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$�

$!

0) 1)

3)  
 
 8A. 5.1.0 – #B2>@5==O B@8AB5@6=52>3> B@0=AD>@<0B>@0 (0,1,2) V 

9>3> ?@8=F8?>20 AE5<0 (3) 
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2 @S4 30@<>=V9=8E A:;04>28E (@S4 (C@'є), I> ?@54AB02;Sє 
A>1>R AC<C A8=CA>W4 =5?0@=>3> ?>@S4:C. �VRG5 7=0G5==S �$% 
F8E A:;04>28E, 4>@V2=RRBP 1

E , 3
E , 5

E ,..., n
E .  

Ç/5

α

E
1

m
ax

Ç

Ç/3

1

3 5

E
3

m
ax

E
5

m
ax Ã/2

E

Ã 3Ã/2

2Ã
ωt

Ç

 
 8A. 6.2 –  >7:;04 B@0?5FVє284=>W � ! 2 30@<>=VG=89 @O4 $C@ьє 
 

�3V4=> B5>@VW 7<VH0=8E AB@C<V2, 4VRG5 7=0G5==S 
@57C;PBCRG>W �$% 287=0G0єBPAS 70 D>@<C;>R: 

 

( ) ( ) ( )2 2 22 2 2 2

1 3 5 1 3 1 5 1 1
... 1 / / ... /

n n
E E E E E E E E E E E E= + + + + = + + + +        

�28G09=8< 28@0E>2C20==S< ;53:> 2?52=8B8AS 2 B><C, I> 
28IV 30@<>=VG=V A:;04>2V <0;> 2?;820RBP =0 @57C;PBCRGC �$%; 
2>=8 BV;P:8 A?>B2>@RRBP WW D>@<C. &><C 2 ?>40;PH><C 4;S 
?@>ABVH>3> 28:;045==S @>7?>4V;C V=4C:FVW =0 4>268=V 
?>42V9=>W ?>;RA=>W ?>4V;:8 2ô V =02545=C �$% 1C45<> 22060B8 
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A8=CA>W40;P=8<8. 
�;S B>3>, I>1 =5 <0B8 28I8E 30@<>=V9=8E A:;04>28E �$%, 

>1<>B:8 28:>=CRBP 7V A:>@>G5=8< :@>:><, B>1B> y ôü . #@8 
FP><C, S: V 2 <0H8=0E ?>ABV9=>3> AB@C<C B@>E8 7<5=HCєBPAS 
7=0G5==S �$%. �V4><>, I> C B@8D07=8E >1<>B:0E, 7'є4=0=8E 
B@8:CB=8:>< 01> 7V@:>R, 30@<>=VG=V A:;04>2V AB@C<V2 V �$%, 
:@0B=V B@P><, 2V4ACB=V. $>73;S=5<>, S:8< G8=>< 2:>@>G5==S 
>1<>B:8 2?;820є =0 7=8I5==S ?'SB>W 30@<>=V:8. 
!0 @8A. 6.3,0 7>1@065=89 @>7?>4V; C ?>2VB@S=><C ?@><V6:C 

<03=VB=>W V=4C:FVW ?5@H>W 1
B  V ?'SB>W 5

B  30@<>=V:. /:I> 
>1<>B:0 28:>=0=0 7 4V0<5B@0;P=8< :@>:>< ( )1

y ô= , B> �$% 
?5@H>W V ?'SB>W 30@<>=V: (51 V 55) 2 >1>E 1>:0E A5:FVW (@8A. 6.3 ,1) 
4>40RBPAS 0@8D<5B8G=>; @57C;PBCRG0 �$% 5:.4 <0є ?>@S4 7 
?5@H>R V ?'SBC 30@<>=V:C. 
/:I> :@>: A5:FVW 2:>@>B8B8 =0 ( )1

5
õ ô= , B>1B> <0B8 

( )4
5

y ô=  B> �$% 5
e  2 >1>E AB>@>=0E A5:FVW 1C4CBP =0?@S<;5=V 

=07CAB@VG V WE AC<0 1C45 4>@V2=R20B8 =C;52V (@8A. 6.3, 2): 
@57C;PBCRG0 �$% .k 2e  CB@8<Cє BV;P:8 ?5@HC 30@<>=V:C. � 4;S 

7=865==S AP><>W 30@<>=V:8 B@510 ?@89=SB8 1

6

7
y ô= . 

�;S B>3>, I>1 >4=>G0A=> VAB>B=> ?>A;018B8 5-C, 7-C V :@0B=V 
W< 30@<>=V:8, ?@89<0RBP ( )1

0.8 0.85y ô= ø . �=HV 30@<>=V:8 (11-, 
13-, 17-0 B>I>) VAB>B=> =5 2?;820RBP =0 @>1>BC <0H8=8. 
� @8A, 6.3,2 284=>, I> ?@8 2:>@>G5==V B@>E8 7<5=H8;0AP 

AC<0@=0 �$% ?5@H>W 30@<>=V:8, B>1B> 
1 12 �E Eü . *5 7<5=H5==S 

22060RBP :>5DVFVє=B>< 2:>@>G5==O: 
0

1 1 1 1
/ sin(90 / )y 2 4k E E y ô= =  

 03=VB=8< ?>B>:>< (, G0AB>B0 S:>3> 1
f  C D07V AB0B>@0 7 

:V;P:VABR 28B:V2 1
w  =02>48BPAS �$%, 4VRG5 7=0G5==S S:>W 

287=0G0єBPAS D>@<C;>R, 0=0;>3VG=>R (4.4): 
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1 1 1 1 1 1 1 1
4.44 4.44

p y >1E k k f w k f w=  =  ,            (6.3) 

 

45 4>1CB>: 1 1 1
(0.9 0.94)

p y >1k k k= = ø  =07820єBPAS 
>1<>B:>28< :>5DVFVє=B><. 
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Ç
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                      8A. 6.3 – #AC=5==O � ! ?'OB>W 30@<>=V:8 
 

  

§ 6.2  %B2>@5==O <03=VB=>3> ?>;O, I> >15@B0єBьAO 

 

#@8 28?@>1C20==V >1<>B:8 >4=>D07=8< 7<V==8< AB@C<>< 
AB2>@RєBPAS ?C;PACRG5 <03=VB=5 ?>;5, 25:B>@ V=4C:FVW S:>3> 
2?@>4>26 ?5@V>4C Ä, I> 2V4?>2V40є :CBC 2Ā  @04, 7<V=RєBPAS 2V4 
=C;S 4> +�m 7=>2C 4> =C;S, 40;V 4>   3�m V 7=>2C 4> =C;S.  
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!0 @8A. 6.3.0 @>7?>4V; V=4C:FVW ?>:070=89 2 <><5=B G0AC, I> 

2V4?>2V40є 
2

t
Ā = .  

A
B
C

A
B
C

³=240
◦ ³=360

◦³=120
◦³=0

◦

iC
iB

iA=0 iC
iA

iB=0 iC
iB

iA=0 iC
iB

iA=0

0

A B C

1 2 3

120
◦

240
◦

360
◦

ωt

0)

1)

�

 
 8A. 6.3 -  >7?>4V; V=4C:FVW 2 ?>2VB@O=><C 707>@V (0) V @>7B0HC20==O 

25:B>@0 ?C;ьACNG>3> ?>;O (1) 
 

� 7030;P=><C 28?04:C V=4C:FVS ?> >AV >1<>B:8 4>@V2=Rє 
sin

m
B t . � :>6=V9 B>GFV ?>2VB@S=>3> ?@><V6:C, @>7<VI5=V9 =0 
2V4AB0=V E 2V4 >AV >1<>B:8, V=4C:FVS 1C45 287=0G0B8AS: 

 

( ) ( )sin cos 0.5 sin 0.5 sin
x m m m

B B t x B t x B t x  = = − + +   

(6.4)  

�>6=89 7 G;5=V2 ?@02>W G0AB8=8 (6.4) S2;Sє A>1>R 1V6CGC 
E28;R 7 0<?;VBC4>R 0.5

m
B , 45 >4=0 >15@B0єBPAS ?@>B8, 0 V=H0 - 

70 3>48==8:>2>R AB@V;:>R. 
 "A:V;P:8  t x const − =  B>4V  x const t+ =   (6.5) 

B>1B> :>>@48=0B0 E 702648 157?5@5@2=> 71V;PHCєBPAS (?> 
:>;C) 7 G0A>< t . 

 ,284:VABP >15@B0==S E28;V <>6=0 287=0G8B8 
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?@>48D5@5=FVR202H8 28@07 (6.5), B>4V >B@8<0є<>: 
 

                   / 2 2dx dt f pn Ā Ā= = =     

 

"B65, ?C;PACRG5 <03=VB=5 ?>;5 <>6=0 ?@54AB028B8 

C 283;S4V 42>E ?>;V2, I> >15@B0RBPAS 2 ?@>B8;56=V 1>:8. 
#@8 ?>2>@>BV =0 360° 5;5:B@8G=8E, :>6=89 25:B>@ 0,5�m >?8ACє 
:>;>, B0:5 ?>;5 =07820єBPAS :>;>28<. 

 

  �>;>25 ?>;5 ?@8 B@8D07=V9 >1<>BFV. � <5B>R CB2>@5==S 
>15@B0RG>3> <03=VB=>3> ?>;S, B@8D07=0 >1<>B:0 AB0B>@0, 
@V2=><V@=> @>7?>4V;5=0 ?> :>;C V <03=VB=V >AV D07 А, � V ! 

7AC=CBV 2 ?@>AB>@V =0 :CB 120° 5;5:B@8G=8E 01> 2 / 3Ā  @04V0=.   
 03=VB=V V=4C:FVW D07 4>@V2=RRBP 2V4?>2V4=>:  

 

             sin
a m

B B t=  

                   ( ) ( )sin 2 / 3 ,b mB B t Ā  Ā= + = +                      (6.6) 

                   ( ) ( ), sin 4 / 3c mB B t Ā  Ā= + = +                       

$57C;PBCRG0 V=4C:FVS C 4>2V;P=> 27SBV9 B>GFV  AB0=>28BP: 
 

( )@57 ax bx cx mB = B + B + B = 1.5B sin ωt - x       (6.7) 

 

 "B65 B@8D07=0 >1<>B:0 AB2>@Rє E28;R 7 0<?;VBC4>R 1,5�m  

I> >15@B0єBPAS 2 ?@>AB>@V 7V H284:VABR  . 

 !0 >A=>2V 28:;045=>3> 7@>18<> 206;8289 28A=>2>:: ?>;5, 
I> >15@B0єBьAO, <>65 1CB8 CB2>@5=5 1030B>D07=>N 
>1<>B:>N ?@8 =0O2=>ABV, >4=>G0A=>3> 7AC2C D07 2 G0AV V 2 
?@>AB>@V. 
#@8 A8<5B@8G=><C 7AC2V 2 G0AV V A8<5B@VW AB@C<V2, I> 

?@>E>4SBP ?> D070E, 0 B0:>6 ?@8 A8<5B@8G=><C @>7B0HC20==V 
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F8E D07 C ?@>AB>@V ?>;5 є :>;>28<. 
�<?;VBC40 @57C;PBCRG>W E28;V @>7B0H>20=0 B0:, I> 2 40=89 

<><5=B A:;04>20 V=4C:FVW <0:A8<0;P=0 (B>1B> <0:A8<0;P=89 
AB@C< D078). 
$57C;PBCRG0 E28;S <03=VB=>W V=4C:FVW ?5@5B8=0є >AV D07 

>1<>B:8 2 B0:V9 ?>A;V4>2=>ABV, 2 S:V9 AB@C<8 2 D070E ?@>E>4SBP 
G5@57 <0:A8<C<. �2V4A8 28?;820є 206;8289 ?@0:B8G=89 
28A=>2>:: 4;O 7<V=8 =0?@O<C >15@B0==O <03=VB=>3> ?>;O 
=5>1EV4=> 7<V=8B8 EV4 G5@3C20==O D07, B>1B>, 282>48 42>E D07 
?V4є4=0=8E 4> <5@56V, ?><V=SB8 <VAFS<8. 

� A8<5B@8G=V9 42>D07=V9 >1<>BFV <03=VB=V >AV 270є<=> 
?5@?5=48:C;S@=V, 0 AB@C<8 7AC=CBV =0 / 2Ā . 

�2>D07=0 >1<>B:0 AB2>@Rє E28;R 7 0<?;VBC4>R �m, 0 
H284:VABP WW @>7?>2AR465==S 4>@V2=Rє  . 

#@8 A8<5B@8G=V9 m-D07=V9 >1<>BFV, :>;8 D078 7AC=CBV 2 
?@>AB>@V =0 :CB 2 / mĀ  @04V0=, 0 AB@C<8 2 G0AV - =0 F59 65 :CB, 
@V2=S==S 1V6CG>W E28;V <0є 283;S4 

 

                 ( )@57 m
m

B = B sin ωt - x
2

                       (6.8) 

"B65, 1C4P-S:0 A8<5B@8G=0 m-D07=0 >1<>B:0 AB2>@Rє 
<03=VB=5 ?>;5, I> >15@B0єBPAS, 0<?;VBC40 S:>3> 4>@V2=Rє 

2
m

m
B , 

0 H284:VABP -  . 

 

�;V?B8G=5 ?>;5. #@8 =54>B@8<0==V E>G0 1 >4=VєW 7 C<>2 
CB2>@5==S :>;>2>3> ?>;S @57C;PBCRG89 25:B>@ <03=VB=>W 
V=4C:FVW >?8ACє 2 ?@>AB>@V 5;V?A. �5:B>@ @57B I> >?8ACє 5;V?A 
<>6=0 ?>40B8 C 283;S4V AC<8 42>E 25:B>@V2;  
�? - ?@S<>3> V �72 - 72>@>B=>3>, I> >15@B0RBPAS 2 @V7=V 1>:8 7 

>4=0:>28<8 H284:>ABS<8  . 

�>:07>< FP><C є 2V4><5 ?>;>65==S ?@> B5, I> 1C4P-S:C 
=5A8<5B@8G=C 1030B>D07=C A8AB5<C <>6=0 ?@>0=0;V7C20B8, 
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28:>@8AB>2CRG8 <5B>4 A8<5B@8G=8E A:;04>28E. 
 &0:, =5A8<5B@8G=0 B@8D07=0 A8AB5<0 <>65 1CB8 @>7:;045=0 

=0 A8<5B@8G=V A:;04>2V ?@S<>W, 72>@>B=>W V =C;P>2>W 
?>A;V4>2=>AB59. "AB0==S, =5 <0RG8 G0A>2>3> 7AC2C, =5 CB2>@Rє 
>15@B0;P=>3> ?>;S, 0 AB2>@Rє ;8H5 4>40B:>2V 2B@0B8 5=5@3VW. 
&><C 5;V?B8G=5 ?>;5 <>6=0 @>73;S40B8 S: @57C;PB0B 4>4020==S 
42>E @V7=8E 70 25;8G8=>R :@C3>28E ?>;V2, S:V >15@B0RBPAS 2 
@V7=V AB>@>=8. #@0:B8G=> F5 ?@872>48BP 4> B>3>, I> 72>@>B=5 
?>;5 "30;P<Cє" @>B>@, 7<5=HCRG8 5D5:B82=VABP 4VW ?@S<>3> 
?>;S. &0:5 S28I5 <>65 <0B8 <VAF5, S:I> =0 5;5:B@8G=C 
<0H8=C G5@57 BV G8 V=HV ?@8G8=8 ?>40=> =5A8<5B@8G=5 
682;5==S. 

 

�>=B@>;ь=V 70?8B0==O 

 

1. �5 @>7<VI5=0 >1<>B:0 S:>@S <0H8=8 7<V==>3> AB@C<C, 
G><C? 

2. -> B0:5 :>5DVFVє=B @>7?>4V;C; G><C =040єBPAS ?5@52030 
H5AB87>==8< >1<>B:0<? 

3. � S:>R <5B>R 28:>=CRBPAS 2:>@>G5==S >1<>B>:, S:V 
1C20RBP 25;8G8=8 2:>@>G5==S? 

4. /: <>6=0 CS28B8 ?C;PACRG5 ?>;5 >4=>D07=>W >1<>B:8? 
5. +><C 4>@V2=Rє H284:VABP 1V6CG>W E28;V; S:5 ?>;5 

=07820єBPAS :>;>28<? 
6. /:V VA=CRBP C<>28 AB2>@5==S :>;>2>3> >15@B0;P=>3> 

?>;S?  
7. -> B0:5 5;V?B8G=5 ?>;5, S: 2>=> <>65 1CB8 ?@54AB02;5=> 

V G><C 2>=> 28=8:0є? 
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+0AB8=0 7    �%�!)$"!!�  �,�!� 

 

§ 7.1   �C4>20 0A8=E@>==8E <0H8= 

 

�A8=E@>==V 4283C=8 2 A8;C @S4C ?5@5203 (2V4=>A=0 
45H5287=0, 28A>:V 5=5@35B8G=V ?>:07=8:8, ?@>AB>B0 :>=AB@C:FVW 
9 >1A;C3>2C20==S), є =091V;PH @>7?>2AR465=8<8 A5@54 2AVE 
5;5:B@8G=8E <0H8=. ' :V;P:VA=><C 2V4=>H5==V 2>=8 A:;040RBP 
1;87P:> 90 % CAP>3> ?0@:C 5;5:B@>4283C=V2, 0 ?> 2AB0=>2;5=V9 
?>BC6=>ABV 1;87P:> 55 %; 2>=8 A?>6820RBP ?>=04 40 % CAVєW 
28@>1;R20=>W 2 :@0W=V 5;5:B@>5=5@3VW. 
�0 :>=AB@C:FVєR 0A8=E@>==V <0H8=8 ?>4V;SRBP =0 420 

>A=>2=8E B8?8: 7 :>@>B:>70<:=5=8< @>B>@>< V D07=8< 
@>B>@><, WE AB0B>@8 :>=AB@C:B82=> >4=0:>2V. 
"A5@4S AB0B>@V2 V @>B>@V2 =018@0RBP 7 ;8ABV2 

5;5:B@>B5E=VG=>W AB0;V, C 28HB><?>20=8E ?070E S:8E 2:;040RBP 
>1<>B:8, I> <0RBP >4=0:>2C :V;P:VABP ?>;RAV2. 
 0H8=0 7 :>@>B:>70<:=5=8< @>B>@>< (@8A.7.2) A:;040єBPAS 

V7 42CE >A=>2=8E G0AB8=: AB0B>@0 B0 @>B>@0 V ?@>ABVH0 70 
1C4>2>R 2 ?>@V2=S==V 7 V=H8<8 <0H8=0<8.  
� ?078 >A5@4S @>B>@0 1 (@8A. 7.3) 70:;040RBP 157 V7>;SFVW 

AB5@6=V 2, I> 70<8:0RBPAS =0:>@>B:> 7 B>@FV2 42><0  
:V;PFS<8 3. #@8 FP><C >1<>B:0 @>B>@0 4VAB0є 283;S4 

"1V;G8=>W :;VB:8" (@8A. 7.3.0), 2>=0 4C65 G0AB> A0<5 B0: V 
725BPAS. �;S 4283C=V2 25;8:>W ?>BC6=>ABV "1V;G8=C :;VB:C"   
(@8A. 7.3.0) 283>B>2;SRBP 7 <V4=8E G8 ;0BC==8E AB5@6=V2, 

:V=FV S:8E ?@820@RRBP 4> :>@>B:>70<:=5=8E :V;5FP  7 >1>E 
1>:V2 >A5@4S. �;S 4283C=V2 A5@54=P>W V <0;>W ?>BC6=>ABV, WW 
@07>< 7 B>@F528<8 ;>?0B:0<8 4 (@8A.7.3.2), I> 2V4V3@0RBP @>;P 
B5?;>@>7AVR20GV2 V ;>?0AB59 25=B8;SB>@0, 28;820RBP 7 
0;R<V=VR. 
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 8A. 7.2 -  �A8=E@>==0 <0H8=0 7 :>@>B:>70<:=5=8< @>B>@><:  
1- ?V4H8?=8:; 2 - 20;; 3 - ?V4H8?=8:>289 I8B; 4 - :>@>1:0 

282>4V2; 5 - >A5@4O @>B>@0 7 :>@>B:>70<:=5=>N >1<>B:>N; 
 6 - >A5@4O AB0B>@0 7 >1<>B:>N;  7 - :>@?CA; 8 - :>6CE 

25=B8;OB>@0;  9 - ?V4H8?=8:>289 I8B;  10 - 25=B8;OB>@;   
11- ?V4H8?=8:; 12 - >1<>B:0 AB0B>@0; 13 - B01;8G:0 7 

?0A?>@B=8<8 40=8<8;  14 - ;0?8 :@V?;5==O;  15 - 328=B 7075<;5==O   
 

 

� 5;5:B@8G=><C 2V4=>H5==V "1V;G8=0 :;VB:0" S2;Sє A>1>R 
1030B>D07=C :>@>B:>70<:=5=C 7V@:C, :V;P:VABP D07 S:>W m2 

4>@V2=Rє :V;P:>ABV AB5@6=V2 (?07V2) @>B>@0 2
z , 0 2 :>6=C D07C 

2E>48BP >48= AB5@65=P V ?@8;53;V 4> =P>3> 4V;S=:8 
:>@>B:>70<8:0RG8E :V;5FP.  
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                8A. 7.3 -  �C1>20 :>@>B:>70<:=5=>3> @>B>@0 

      

"A:V;P:8 >48= 28B>: <>65 1CB8 CB2>@5=89, S: <V=V<C<, 
42><0 ?@>2V4=8:0<8, 0 D070 <0є >48= AB5@65=P (?@>2V4=8:), 
:V;P:VABP 28B:V2 2 D07V "1V;G8=>W :;VB:8" 

2
1

2
w = . 

 �A8=E@>==0 <0H8=0 7 :>@>B:>70<:=5=8< @>B>@>< 
=09?@>ABVH0, =09=04V9=VH0, =09;53H0 V =0945H52H0 A5@54 CAVE 
B8?V2 <0H8=, B><C WW 70AB>AC20==S =0 B@0=A?>@BV є 4C65 
?5@A?5:B82=8<.  

 

  0H8=0 7 D07=8< @>B>@>< (@8A.7.4.0) B@>E8 A:;04=VH0 70 
1C4>2>R @>B>@0, 0;5 <0є @S4 ?5@5203 2 ?>@V2=S==V 7 <0H8=>R 7 
:>@>B:>70<:=5=8< @>B>@><. 

 &@8D07=0 >1<>B:0 AB0B>@0, 28:>=0=0 V7 <V4=>3> ?@>2>4C, 
C:;045=0 2 ?070E 9>3> >A5@4S 4. !0 @>B>@V 5 C:;045=0 
0=0;>3VG=0 >1<>B:0, S:0 728G09=> 7'є4=0=0 7V@:>R, 0 WW 282>48 
?V4'є4=0=V 4> :>=B0:B=8E :V;5FP 11, I> =0A0465=V =0 20; 
<0H8=8 8. #> :V;PFSE 1 :>270RBP IVB:8 2 (@8A.7.4.1), 70 
4>?><>3>R S:8E 2 :>;> @>B>@0 <>6=0 2:;RG8B8 @5>AB0B R?. 

 �C4>20 1;>:0 :>=B0:B=8E :V;5FP 7>1@065=0 =0 @8A.7.4.1, 
:>=B0:B=V :V;PFS 1 283>B>2;RRBP 7 1@>=78 V 70?@5A>2CRBP 2 
?;0AB<0AC, 2V4 :>6=>3> :V;PFS 2V4E>48BP V7>;P>20=0 :>=B0:B=0 
H?8;P:0.  0H8=8 70157?5G5=V ?@8AB@>є<, I> 4>72>;Sє ?VA;S 
70?CA:C <0H8=8 ?V4=SB8 IVB:8 7 :>=B0:B=8E :V;5FP, 0 A0<V 
:>=B0:B=V :V;PFS 70<:=CB8 =0:>@>B:>. 
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          §  7.2  #@8=F8? 4VW 0A8=E@>==>3> 4283C=0. �>270==O 
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V >4=>D07=V (42>D07=V) 0A8=E@>==V 4283C=8 =091V;PH5 
28:>@8AB>2CRBPAS 2 ?@><8A;>2>ABV V =0 B@0=A?>@BV, B><C B5>@VS 
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4283C=0. 
�2060B8<5<> >1<>B:C AB0B>@0 0A8=E@>==>3> 4283C=0, =0 S:C 

?>40єBPAS =0?@C30 7 <5@56V, S: V 2 B@0=AD>@<0B>@0, ?5@28==>R, 
0 >1<>B:C @>B>@0 - 2B>@8==>R 7 2V4?>2V4=8<8 V=45:A0<8 C 2AVE 
?>7=0G5==SE. 
�V4 B@0=AD>@<0B>@0 0A8=E@>==0 <0H8=0 2V4@V7=SєBPAS B8<, 

I> <V6 ?5@28==>R >1<>B:>R (AB0B>@><) V 2B>@8==>R 
>1<>B:>R (@>B>@><) є ?>2VB@S=89 ?@><V6>:, S:89 4;S 
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f , B> 28=8:=5 >15@B0;P=5 <03=VB=5 
?>;5, G0AB>B0 >15@B0==S S:>3> 287=0G0єBPAS ?> D>@<C;V (7.1) 

n1 = 60 1
/f p Ā= =                    (7.1) 

    "15@B0;P=5 <03=VB=5 ?>;5 AB0B>@0 V @>B>@0 ?5@5B8=0є 
?@>2V4=8:8 >1<>B:8 AB0B>@0 V @>B>@0 B0 V=4C:Cє 2 =8E �$% 
A0<>V=4C:FVW 1

E  V 270є<>V=4C:FVW 2
E , ?V4 4VєR >AB0==P>W 2 

>1<>BFV @>B>@0 28=8:0є AB@C< 2
I . �70є<>4VS ?>B>:C AB0B>@0 V 

AB@C<C @>B>@0 ?@872>48BP 4> ?>S28 5;5:B@><03=VB=>3> 
>15@B0;P=>3> <><5=BC. $>B>@ ?>G8=0є >15@B0B8AS 7 G0AB>B>R   
n <  n1 2 B>9 65 1V:, I> V ?>;5 AB0B>@0. 

 /:I> CS28B8 A>1V, I> @>B>@ >15@B0єBPAS 7 A8=E@>==>R 
G0AB>B>R, B>1B> n = n1, B> @>B>@ V <03=VB=89 ?>BV: AB0B>@0 
1C4CBP =5@CE><V >48= 2V4=>A=> >4=>3> V  ?@8 FP><C ?>BV: $ =5 
?5@5B8=0B8<5 ?@>2V4=8:V2 @>B>@0, 0 7=0G8BP 2 =8E =5 1C45 
V=4C:C20B8AS �$% 270є<>V=4C:FVW �2, =5 1C45 AB@C<C 2

I  V 
<0H8=0 ?@0FR20B8 =5 7<>65. 
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         1) 
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 8A.7.1 – �@8=F8?>2V 5;5:B@8G=V AE5<0 �� 7 :>@>B:>70<:=5=>N 
>1<>B:>N(0) B0 7 D07=>N >1<>B:>N (1) 

 

&0:8< G8=><, =570?5@5G=>R C<>2>R 28=8:=5==S >15@-
B0;P=>3> 5;5:B@><03=VB=>3> <><5=BC є =5A8=E@>==0 G0AB>B0 
>15@B0==S @>B>@0, B>1B> n ≠ n1. � FVєW ?@8G8=8 <0H8=0 
>B@8<0;0 =072C 0A8=E@>==>W. 
�V4=>A=0 @V7=8FS G0AB>B >15@B0==S ?>;S AB0B>@0 V @>B>@0 

=07820єBPAS :>270==S<: 
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               (7.2) 

 

�>=> E0@0:B5@87Cє ABC?V=P "2V4AB020==S" @>B>@0 2V4 ?>;S 
AB0B>@0. �>270==S 28@060RBP B0:>6 C 2V4A>B:0E, 2 FP><C 
28?04:C @V2=S==S (7.2) <=>60BP =0 100%. 
�V A?V22V4=>H5==S (7.2) <>6=0 >B@8<0B8 28@07 G0AB>B8 

>15@B0==S @>B>@0 
    n = n1 (1– s)          (7.3) 
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§ 7.3  $568<8 @>1>B8 0A8=E@>==8E <0H8= 

 

$568< 4283C=0. �;S 0A8=E@>==8E <0H8=, @568< 4283C=0, є 
>A=>2=8<. � <><5=B 70?CA:C, :>;8 n = 0, 73V4=> (7.2), 1s = . 

#VA;S ?>S28 >15@B0==S @>B>@0 B0 7@>AB0==S G0AB>B8 >15@B0==S 
@>B>@0, 25;8G8=0 :>270==S 7<5=HCєBPAS.  
&0:8< G8=>< 4V0?07>=8, :>270==S 0A8=E@>==>3> 4283C=0 

7=0E>4SBPAS 2 <560E: ;0 1n sü ü ü ü .                       

�>270==S, I> 2V4?>2V40є =><V=0;P=><C =020=B065==R 
4283C=0, =07820єBPAS =><V=0;P=8< :>270==S<. 
#@0:B8G=> 0.01 0.03=><s = ø , ;8H5 C <0;8E V A?5FV0;P=8E 

<0H8=0E =><V=0;P=5 :>270==S 0.05 0.07=><s = ø . 
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2V4@V7=SєBPAS 2V4 B@0=AD>@<0B>@0. � @>B>@V, S: V C 2B>@8==V9 
>1<>BFV B@0=AD>@<0B>@0, V=4C:CєBPAS �$% 270є<>V=4C:FVW 2

E , 

I> <0є G0AB>BC <5@56V
1

f . /:I> 6 @>B>@ >15@B0єBPAS 7 
G0AB>B>R n, B> G0AB>B0 >15@B0==S <03=VB=>3> ?>B>:C ( 

2V4=>A=> @>B>@0 73V4=> (7.1) 287=0G0єBPAS:   n2 = n1 – n = n1s  .  

� @>B>@V ?@>BV:0є AB@C< І2, G0AB>B0, S:>3> 
2 1

50(0.01 0.03) 0.5 1.5f f s= = ø = ø �F. �@0E>2CRG8 B5, I> 

G0AB>B0 <0;0, 2B@0B8 2 AB0;V ?@8, =><s  ?@89<0RBP @V2=8<8 
=C;R. 
%B@C< 2 1030B>D07=V9 >1<>BFV @>B>@0 28:;8:0є ?>S2C 

<03=VB=>3> ?>;S, I> >15@B0єBPAS, S:5 2V4=>A=> A0<>3> @>B>@0, 
73V4=> (6.5), 1C45 >15@B0B8AS 7V H284:VABR  

 

                  2 2 2
2 2      f pn Ā Ā= =            (7.5) 

 

�;5 G5@57 B5, I> @>B>@ >15@B0єBPAS 2 ?@>AB>@V A8=E@>==> 7 
?>;5< AB0B>@0, B> ?>;5 @>B>@0 2V4=>A=> 1C4P-S:>W =5@CE><>W 
B>G:8 ?@>AB>@C 1C45 >15@B0B8AS 7 G0AB>B>R ?2+? = ?1.  

"B65, ?>;5 @>B>@0 >15@B0єBPAS 2 ?@>AB>@V A8=E@>==> 7 ?>;5< 
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AB0B>@0, B>1B> FV ?>;S =5@CE><V >4=5 2V4=>A=> >4=>3> V 
CB2>@RRBP 7030;P=5 ?>;5, I> >15@B0єBPAS. 

 

$568< 35=5@0B>@0. #@8:;02H8 4> 20;C @>B>@0 7>2=VH=V9 
>15@B0;P=89 <><5=B, @>B>@ <>6=0, ?@825AB8 2 >15@B0==S 2 
=0?@S<V >15@B0==S ?>;S AB0B>@0 7 G0AB>B>R, 28I>R 2V4 
A8=E@>==>W. ' FP><C 28?04:C @>B>@ 1C45 ?5@530=SB8 ?>;5 
AB0B>@0, 0 =0?@S< �$% V 0:B82=>W A:;04>2>W AB@C<C @>B>@0 C 
?>@V2=S==V 7 @568<>< 4283C=0 7<V=8BPAS =0 72>@>B=5. �=0G8BP, 
7<V=8BPAS =0 72>@>B=V9 V =0?@S< 5;5:B@><03=VB=>3> <><5=BC, 
:>B@89 AB0=5 B5?5@ 30;P<V2=8<, 0 <0H8=0 ?>G=5 ?@0FR20B8 2 
@568<V 35=5@0B>@0, 2V440RG8 5=5@3VR 2 <5@56C. 
+0AB>B0 >15@B0==S @>B>@0, ?@8 FP><C B5>@5B8G=> <>65 1CB8 

S: 7023>4=> 25;8:>R. 
 

!5 482;SG8AP =0 28:;RG=C ?@>AB>BC V 45H5287=C 
0A8=E@>==8E <0H8=, 0 B0:>6 4C65 ?@>AB5 ?5@52545==S WE 2 
@568< 35=5@0B>@0, 0A8=E@>==V 35=5@0B>@8 70AB>A>2CRBPAS 
@V4:>. 
%?@020 2 B><C, I> S: V B@0=AD>@<0B>@, 0A8=E@>==0 <0H8=0, 

A?>6820є 7 <5@56V V=4C:B82=89 AB@C< =0<03=VGC20==S, 0 
>A:V;P:8 F59 AB@C< G5@57 =0S2=VABP ?>2VB@S=>3> ?@><V6:C, I> 
G8=8BP <03=VB=><C ?>B>:>2V 7=0G=89 >?V@, 4C65 25;8:89: <>65 
4>AS30B8 30-40 % =><V=0;P=>3> AB@C<C <0H8=8, 7=0G8BP, =0 
B@8 0A8=E@>==8E 35=5@0B>@0 ?>B@V1=89 >48= A8=E@>==89, I> 
4>@V2=Rє WE ?>BC6=>ABV, S:89 70157?5GC202 18 ?5@HV AB@C<>< 
=0<03=VGC20==S.  >6;82> V A0<>71C465==S 0A8=E@>==8E 
35=5@0B>@V2, :>;8 4> 70B8A:0GV2 AB0B>@0 ?V4'є4=CєBP5S 10B0@5S 
:>=45=A0B>@V2. �;5 2>=8 4>@>3V V <0RBP 25;8:V @>7<V@8. 
"AB0==V< G0A><, C 72'S7:C 7 ?>S2>R <0;>3010@8B=8E 
:>=45=A0B>@V2, 0A8=E@>==V <0H8=8 28:>@8AB>2CRBP =0 
<0;5=P:8E 5;5:B@>AB0=FVSE, S:V 28:>@8AB>2CRBP 5=5@3VR 2VB@C. 
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?>G0B8 >15@B0B8 2 =0?@S<V, 72>@>B=><C =0?@S<>2V >15@B0==S 
?>;S AB0B>@0, B> 28=8:0є 5;5:B@><03=VB=89 <><5=B, I> 4Vє 2 
=0?@S<V >15@B0==S ?>;S AB0B>@0. �V= 1C45 30;P<C20B8 @>B>@, 
I> >15@B0єBPAS ?@>B8 ?>;S. 
&0:89 @568< >B@8<0є<>, =0?@8:;04, :>;8 ?V4 4VєR A8;8 

BS6V==S 20=B06, I> 28A8BP =0 30:C :@0=0, ?@8<CA8BP 
>15@B0B8AS ?@>B8 ?>;S @>B>@ :@0=>2>3> 4283C=0. &5 A0<5 
AB0=5BPAS, :>;8 2 0A8=E@>==><C 4283C=V, I> >15@B0єBPAS 
"?5@5:8=CB8" 282>48 >1<>B:8 AB0B>@0, 7<V=8B8 =0?@S< 
>15@B0==S ?>;S, B>1B> 74V9A=8B8 ?@>B8;56=5 22V<:=5==S. 
$>B>@ <>65 1CB8 ?@82545=89 2 @CE "?@>B8 ?>;S'' 7 1C4P-S:>R 
25;8:>R G0AB>B>R. 
+0AB>B0 AB@C<C 2 @>B>@V 2 1 1

f f s f= þ  7=0G8BP =04728G09=> 
25;8:V 2B@0B8 C AB0;V, 4C65 7=0G=89 B0:>6 V AB@C< 2

I . � @568<V 
5;5:B@><03=VB=>3> 30;P<0 0A8=E@>==0 <0H8=0, 7 :>@>B:>70<:-
=5=8< @>B>@>< <>65 ?@0FR20B8 4C65 :>@>B:89 G0A. � :>;> 
D07=>3> @>B>@0 4;S >1<565==S AB@C<C 2<8:0RBP 4>40B:>289 
@578AB>@. 

 

§ 7.4  "A=>2=V @V2=O==O 70<VI5==O 0A8=E@>==>3> 4283C=0 
 

#@8 =5@CE><><C @>B>@V 0A8=E@>==89 4283C= є ?>2=>R 
0=0;>3VєR B@0=AD>@<0B>@0, B><C 0=0;>3VG=V V >A=>2=V @V2=S==S. 
�$% AB0B>@0 287=0G0єBPAS @V2=S==S< (6.3), 0 �$% 

7030;P<>20=>3> @>B>@0 (7.6) 

 

2 2 1
4.44 >1E k w f=                        (7.6) 

 

' @>B>@V, I> >15@B0єBPAS, 1C45 V=4C:C20B8AS �$%, :>B@0 7 
C@0EC20==S< (7.5) V (7.6) 4>@V2=Rє 

 

2 2 2 2 1 2
4.44 4.44

s >1 >1E k w f k w f s E s=  =  =        (7.7) 
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:>270==S V <5=H5, =V6 �$% 2 7030;P<>20=><C @>B>@V.                                       
�=0;>3VG=0 A?@020 V7 V=4C:B82=8< >?>@><. #@8 =5@CE><><C 
@>B>@V 2 1 2 1 2

2x L f L Ā= , 0 ?@8 @>B>@V, I> >15@B0єBPAS, 
 

2 2 2 2 2
2

s
x L f L Ā= = . 

 

� ?@>F5AV @>1>B8 >1<>B:0 @>B>@0 70<:=5=0 =0:>@>B:>; >B65, 
2

0U = . +5@57 BV A0<V ?@8G8=8, I> V C B@0=AD>@<0B>@0, V ?@8 
4>B@8<0==V B8E A0<8E C<>2 C 0A8=E@>==>3> 4283C=0 ?@>2>4SBP 
?@82545==S 2B>@8==>W >1<>B:8 4> ?5@28==>W. 
!0 >A=>2V 28:;045=>3> <>6=0 70?8A0B8 B@8 >A=>2=8E 

@V2=S==S 0A8=E@>==>3> 4283C=0: 
 

1 1 1 1 1 1 1 1
( )U E I r jx E I Z= − + + = − +             (7.9) 

2 2 2 2 2
0

s
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&0:0 &-?>4V1=0 AE5<0 70<VI5==S 0A8=E@>==>3> 4283C=0 
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2V4?>2V40є @568<C :>@>B:>3> 70<8:0==S. 
&-?>4V1=0 AE5<0 70<VI5==S (@8A. 7.5.0) S2;Sє A>1>R A:;04=5 
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�;S A?@>I5==S @>7@0EC=:V2 &-?>4V1=C AE5<C 70<VI5==S 
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2V4<V==>ABV 2V4 4283C=V2 V=H8E B8?V2 <0RBP 2 CAB0;5=><C 
@568<V =57<V==C G0AB>BC >15@B0==S ?@8 AB0;V9 G0AB>BV 682;SG>W 
<5@56V. �V4<V==>R @8A>R A8=E@>==8E 4283C=V2 є <>6;82VABP 
@53C;R20==S :>5DVFVє=B0 ?>BC6=>ABV. �0=0 2;0AB82VABP 
=091V;PH 206;820 2 5;5:B@>?@82>4V 25;8:>W ?>BC6=>ABV, B><C 
I> 40є <>6;82VABP ?V428I8B8 :>5DVFVє=B :>@8A=>W 4VW. 
       %8=E@>==V 4283C=8 <0;>W ?>BC6=>ABV 70AB>A>2CRBPAS 2 
A8AB5<0E 02B><0B8:8, 45 є =5>1EV4=VABP <0B8 AB0;C G0AB>BC 
>15@B0==S. ' 25;8:8E :V;P:>ABSE 28?CA:0RBPAS 4283C=8 <0;>W 
?>BC6=>ABV, 2 S:8E 4;S AB2>@5==S <03=VB=>3> ?>;S 71C465==S 
70AB>A>2CRBPAS ?>ABV9=V <03=VB8. 

!8=E@>==89 4283C=, O:89 ?@0FNє 157 =020=B065==O =0 20;C 
4283C=0 B0 ?@87=0G5=89 4;O 35=5@0FVW @50:B82=>W ?>BC6=>ABV 
=07820NBь A8=E@>==8< :><?5=A0B>@><. �0AB>AC20==S 
A8=E@>==>W <0H8=8 S: A8=E@>==>3> :><?5=A0B>@0 40є <>6-

;82VABP ?>;V?HC20B8 :>5DVFVє=B ?>BC6=>ABV 2 5;5:B@8G=V9 
<5@56V. /:I> 0A8=E@>==V <0H8=8 4;S AB2>@5==S <03=VB=>3> 
?>;S A?>6820RBP 7 <5@56V @50:B82=C ?>BC6=VABP, B> A8=E@>==V 
<0H8=8 2 70;56=>ABV 2V4 ABC?5=S 71C465==S 2840RBP C <5@56C 
01> A?>6820RBP 7 <5@56V @50:B82=C ?>BC6=VABP. 
$568< @>1>B8 A8=E@>==>W <0H8=8, 4;S S:>3> 2>=0 
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§ 8.2     &8?8 A8=E@>==8E <0H8= B0 WE :>=AB@C:FVO 

 

' 70;56=>ABV 2V4 :>=AB@C:B82=>3> 28:>=0==S @>B>@0 
A8=E@>==V <0H8=8 ?>4V;SRBPAS =0 420 B8?8: S2=>?>;RA=V V 
=5S2=>?>;RA=V. 
      /2=>?>;NA=V A8=E@>==V <0H8=8 (@8A.8.1) - F5 <0H8=8 2 S:8E 
=0 @>B>@V є ?52=0 :V;P:VABP S2=>28@065=8E ?>;RAV2.     #>;RA 
A:;040єBPAS 7 ?>;RA=>3> =0:>=5G=8:0 (7), >A5@4S B0 ?>;RA=>W 
:>BCH:8. #>;RA=V  :>BCH:8  7є4=CRBPAS <V6 A>1>R ?>A;V4>2=>  
V CB2>@RRBP @>B>@=C >1<>B:C 3 >1<>B:C 71C465==S (10). 
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A8AB5<C ?>ABV9=>3> AB@C<C 7 >1<>B:>R, I> <0є B56 G8A;> 
?>;RAV2, I> V B@8D07=0 >1<>B:0 AB0B>@0 (>1<>B:0 S:>@S). 
� @V2=S==S 8.1 28?;820є, I> 2 70;56=>ABV 2V4 G8A;0 ?0@ 

?>;RAV2, ?@8 �= 50 �F G0AB>B0 >15@B0==S @>B>@0 <>65 1CB8 
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"4=0: S2=>?>;RA=V A8=E@>==V <0H8=8 28:>=CRBPAS =0 
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!091V;PH 25;8:V S2=>?>;RA=V A8=E@>==V <0H8=8 3 
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– >1<>B:0 AB0B>@0; 5 – ?>;NA @>B>@0; 6 – >1<>B:0 
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 8A. 8.3 – !E5<0B8G=0 :>=AB@C:FVO A8=E@>==>W <0H8=8 (0) 
B0 @>B>@0 (1): 1 - AB0B>@; 2 - @>B>@; 3- :>=B0:B=V :V;ьFO; 4- >1<>B:0 
71C465==O 
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#@>F5A8 ?5@5B2>@5==S 5=5@3VW 2 A8=E@>==V9 <0H8=V >15@-
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0=0;>3VG=>W >1<>B:8 0A8=E@>==>W <0H8=8, 0 2 S2=>?>;RA=><C 
@>B>@V WW 28:>=CRBP C 283;S4V =5?>2=>W :>@>B:>70<:=CB>W >1<>B-
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:8, AB@86=V S:>W 70:;045=V BV;P:8 2 ?078 ?>;RA=8E =0:>=5G=8:V2 
V 2V4ACB=V 2 <V6?>;RA=><C ?@>AB>@V (@8A. 8.4). 

*S >1<>B:0 A?@8Sє 7030A0==R :>;820=P @>B>@0 ?@8 
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§ 9. 1 #@8=F8? 4VW A8=E@>==>3> 35=5@0B>@0 
 

$>1>B0 A8=E@>==>3> 35=5@0B>@0 70A=>20=0 =0 S28IV 
5;5:B@><03=VB=>W V=4C:FVW V ?>;S30є 2 ?5@5B2>@5==V <5E0=VG=>W 
5=5@3VW 2 5;5:B@8G=C 5=5@3VR 7<V==>3> AB@C<C. 
#@8=F8? 4VW A8=E@>==>3> 35=5@0B>@0 @>73;S=5<> =0 ?@8:;04V 

42>?>;RA=>W <>45;V A8=E@>==>W <0H8=8 (@8A. 9.1).   
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7=0G5==S �$% ?@>2V4=8:0 287=0G0єBPAS S: 4>1CB>: 25;8G8=8 
<03=VB=>W V=4C:FVW, 4>268=8 ?@>2V4=8:0 B0 H284:>ABV 9>3> @CEC: 

                                      5?@ =�lv     (9.1) 

/:I> ?@89=SB8, I> 4>268=0 ?@>2V4=8:0 V H284:VABP @CEC 
?>;S @>B>@0 ?>ABV9=V 25;8G8=8, I> <0є <VAF5 2  A8=E@>==V9 
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2V4 :@82>W @>7?>4V;C V=4C:FVW 2 ?>2VB@S=><C 707>@V C74>26 
>:@C6=>ABV AB0B>@0. �;S >45@60==S :@82>W �$%, 1;87P:>W 4> 
A8=CA>W40;P=>W, =5>1EV4=>, I>1 <03=VB=0 V=4C:FVS 274>26 
?>2VB@S=>3> 707>@C 7<V=R20;0AS 70 A8=CA>W40;P=8< 70:>=><  �0 = 

�<0E sin� (@8A. 9.2). �0=0 C<>20 4>AS30єBPAS 2V4?>2V4=>R 
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:>=AB@C:FVєR @>B>@0: 2 S2=>?>;RA=8E <0H8=0E 71V;PH5==S< 
?>2VB@S=>3> 707>@C ?V4 :@0S<8 ?>;RA=8E =0:>=5G=8:V2 (C 1,5-2 

@078), 0 2 =5S2=>?>;RA=8E ?V41>@>< A?V22V4=>H5==S <V6 
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>:@C6=>ABV 7 ?070<8, C S:V C:;040єBPAS @>7?>4V;5=0 >1<>B:0 
71C465==S. 
�VRG5 7=0G5==S �$% D078 >1<>B:8 S:>@S 287=0G0єBPAS 

28@065==S< 
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45 wD- G8A;> ?>A;V4>2=> 7'є4=0=8E 28B:V2 C D07V >1<>B:8 
S:>@S;  

     f = pn / 60 3 G0AB>B0 AB@C<C, �F; 
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   $0 - <03=VB=89 ?>BV: 71C465==S =0 ?>;RA=><C @>7?>4V;V, 
�1;  

  К>1 - >1<>B:>289 :>5DVFVє=B >1<>B:8 S:>@S. 
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G0AB>B0 28EV4=>W =0?@C38 � = 50 �F, >B65, C 70;56=>ABV 2V4 G8A;0 
?0@ ?>;RAV2 <0H8=8 G0AB>B0 >15@B0==S @>B>@0 ?>28==0 1CB8 
287=0G5=>R, B>1B> 2V4?>2V40B8 =0ABC?=><C @S4C:    
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28=8:0є <03=VB=5 ?>;5 71C465==S. �0 4>?><>3>R ?5@28==>3> 
4283C=0 @>B>@ 35=5@0B>@0 ?@82>4SBP 2 >15@B0==S. #@8 FP><C 
<03=VB=5 ?>;5 @>B>@0 B0:>6 >15@B0єBPAS V =02>48BP C B@8D07=V9 
>1<>BFV S:>@S �$%, S:V 1C4CG8 >4=0:>28<8 ?> 25;8G8=V V 
7AC=CB8<8 ?> D07V 2V4=>A=> >48= >4=>3> =0 120 5;5:B@8G=8E 
3@04CAV2, CB2>@RRBP B@8D07=C A8<5B@8G=C A8AB5<C �$%. 
�$% ?5@H>W 30@<>=V:8 B@8D07=>W >1<>B:8 (?@89=S2 

?>G0B:>2C D07C �$% 2 >1<>BFV � @V2=>R =C;R) AB0=>28BP:  
                         

eA=EmsinÌt=:2∙ED∙sinÌt 
eB=Em sin(Ìt-120°)=:2∙ED∙sin(Ìt-120°)     (9.3) 

eC=Emsin(Ìt-240°)=:2∙ED∙sin(Ìt+120°) 
  

 § 9.2 $50:FVO O:>@O A8=E@>==>3> 35=5@0B>@0 
 

#@8 @>1>BV A8=E@>==>3> 35=5@0B>@0 2 @568<V E>;>AB>3> 
E>4C 282>48 >1<>B:8 S:>@S @>7V<:=CBV. ' FP><C @568<V 2 
<03=VB=><C :>;V <0H8=8 VA=Cє BV;P:8 ?>;5, AB2>@5=5 >1<>B:>R 
71C465==S ?V4 4VєR <03=VB>@CHV9=>W A8;8 ( $%) F0. !0 
:>6=><C ?>;RA=><C @>7?>4V;V 2 ?>2VB@S=><C 707>@V <V6 
AB0B>@>< V @>B>@>< CB2>@RєBPAS <03=VB=89 ?>BV: $0, I> 
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=07820єBPAS >A=>2=8< <03=VB=8< ?>B>:><, 2V= V 287=0G0є 
7=0G5==S �$% >1<>B:8 S:>@S ?@8 E>;>AB><C E>4V. 
' =020=B06C20;P=><C @568<V >1<>B:0 S:>@S ?V4:;RG5=0 4> 

=020=B065==S. #@8 FP><C 2 >1<>BFV S:>@S ?@>BV:0є AB@C< I1, I> 
AB2>@Rє 2;0A=5 <03=VB=5 ?>;5 ?V4 4VєR  $% >1<>B:8 S:>@S Fa. 

*5 ?>;5 S:>@S 270є<>4Vє 7 >A=>2=8< ?>;5< (?>;5< 71C465==S) 
?V4A8;RRG8, ?>A;01;SRG8 01> A?>B2>@RRG8 9>3> D>@<C. ' 
@57C;PB0BV FVєW 270є<>4VW 2 35=5@0B>@V, I> ?@0FRє ?V4 
=020=B065==S<, CB2>@8BPAS @57C;PBCRG5 <03=VB=5 ?>;5 ?V4 4VєR 
@57C;PBCRG>W  $%  

Ḟp=Ḟ0+Ḟa                                (9.4) 

�?;82  $% >1<>B:8 S:>@S =0  $% >1<>B:8 71C465==S 
=07820RBP @50:FVєR S:>@S. 
' A8=E@>==8E <0H8=0E <03=VB=5 ?>;5, AB2>@5=5 >1<>B:>R 

71C465==S >15@B0єBPAS @07>< 7 @>B>@>< V G0AB>B0 >15@B0==S 
FP>3> ?>;S n. �<V==89 B@8D07=89 AB@C<, I> ?@>E>48BP ?> 
>1<>BFV S:>@S, <0є G0AB>BC AB@C<C S:>@S  f  V AB2>@Rє <03=VB=5 
?>;5 S:>@S, I> >15@B0єBPAS I>4> =5@CE><>3> AB0B>@0 7 
G0AB>B>R n1. "G5284=>, I> <03=VB=V ?>;S ( $%) @>B>@0 V S:>@S 
>15@B0RBPAS I>4> =5@CE><>W A8AB5<8 2V4;V:C 7 >4=0:>2>R 
G0AB>B>R (n2 = n1) V є 270є<=> =5@CE><8<8, G8< V 287=0G0єBPAS 
<>6;82VABP  5;5:B@><5E0=VG=>3> ?5@5B2>@5==S 5=5@3VW. 
$50:FVS S:>@S 2?;820є =0 @>1>GV 2;0AB82>ABV A8=E@>==>W 

<0H8=8, B><C I> 7<V=0 <03=VB=>3> ?>;S 2 <0H8=V 
AC?@>2>46CєBPAS 7<V=>R �$%, =02545=>W 2 >1<>BFV AB0B>@0, 0 
>B65, 7<V=>R @S4C V=H8E 25;8G8=, 72'S70=8E 7 FVєR �$%. "G5-
284=>, I> @50:FVS S:>@S A8=E@>==8E <0H8= 70;568BP =5 BV;P:8 
2V4 25;8G8=8, 0;5 V 2V4 E0@0:B5@C =020=B065==S. %8=E@>==V 
35=5@0B>@8, S: ?@028;>, ?@0FRRBP =0 7<VH0=5 =020=B065==S 
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(0:B82=>-V=4C:B82=5 G8 0:B82=>-є<=VA=5). �;5 4;S 7'SAC20==S 
?8B0==S ?@> 2?;82 @50:FVW S:>@S =0 @>1>BC A8=E@>==>W <0H8=8 
4>FV;P=> @>73;S=CB8 28?04:8 @>1>B8 35=5@0B>@0 ?@8 
=020=B065==SE 3@0=8G=>3> E0@0:B5@C, 0 A0<5: 0:B82=>3>, 
V=4C:B82=>3> B0 є<=VA=>3>. %:>@8AB0є<>AS 4;S FP>3> 
25:B>@=8<8 4V03@0<0<8  $%, �$% V AB@C<V2 A8=E@>==>3> 
35=5@0B>@0. #@8 0=0;V7V 2?;82C @50:FVW S:>@S 28E>4SBP 7 
=0ABC?=8E ?>;>65=P: 
0) 25:B>@ �$% Ė0, I> V=4C:CєBPAS <03=VB=8< ?>B>:>< >1<>B:8 
71C465==S 2 >1<>BFV AB0B>@0, 2V4AB0є ?> D07V 2V4 25:B>@0 FP>3> 
?>B>:C (0 >B65, V 25:B>@0  $% Ḟ0) =a 90°; 
1) 25:B>@ AB@C<C 2 >1<>BFV S:>@S (AB0B>@0) İ1 <>65 709<0B8 
AB>A>2=> 25:B>@0 Ė0 @V7=V ?>;>65==S, >1C<>2;5=V :CB>< Ë C 
70;56=>ABV 2V4 284C =020=B065==S;   
2) 270є<=5 @>7B0HC20==S >15@B>2>3> @>B>@0 9 >1<>B:8 D078 �-E 
S:>@S @>73;S40RBPAS 4;S <><5=BC G0AC, :>;8 C D07V �  S:>@S 
AB@C< <0:A8<0;P=89;                                               

3) 2VAP @57C;PBCRG>W  $% CAVE B@P>E D07 >1<>B:8 S:>@S Fa, 0 
>B65 V 2VAP ?>B>:C $0 C 2AVE 28?04:0E ?5@?5=48:C;S@=0 4> 
?;>I8=8 :>BCH:8 � - E, B>1B> 2 ?>2VB@S=><C 707>@V 7>1@065=0 
3>@87>=B0;P=>R ;V=VєR. 

 �:B82=5 =020=B065==O (Ë =0). !0 @8A. 9.3,0 ?@54AB02-
;5=89 AB0B>@ V @>B>@ 42>?>;RA=>3> 35=5@0B>@0. !0 AB0B>@V 
?>:070=0 G0AB8=0 D07=>W >1<>B:8. $>B>@ S2=>?>;RA=89, 
>15@B0єBPAS ?@>B8 @CEC 3>48==8:>2>W AB@V;:8. ' @>73;S=CB89 
<><5=B G0AC @>B>@ 709<0є 25@B8:0;P=5 ?>;>65==S, I> 
2V4?>2V40є <0:A8<C<C �$% Ė0 C D07=V9 >1<>BFV �-E. &0: S: 
AB@C< ?@8 0:B82=><C =020=B065==V 71V30єBPAS ?> D07V 7 �$%, B> 
2:070=5 ?>;>65==S @>B>@0 2V4?>2V40є B0:>6 V <0:A8<C<C 
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AB@C<C. #>1C4C202H8 ;V=VW <03=VB=>W V=4C:FVW ?>;S 71C465==S 
(@>B>@0) V ;V=VW <03=VB=>W V=4C:FVW ?>;S >1<>B:8 S:>@S, 10G8<>, 
I>  $% >1<>B:8 S:>@S Fa A?@S<>20=0  ?5@?5=48:C;S@=>  $% 
>1<>B:8 71C465==S F0. *59 28A=>2>: B0:>6 ?V4B25@46CєBPAS 
25:B>@=>R 4V03@0<>R, ?>1C4>20=>W 4;S FP>3> 6 28?04:C. 
#>@S4>: ?>1C4>28 FVєW 4V03@0<8 =0ABC?=89: 2V4?>2V4=> 4> 
?>;>65==S @>B>@0 35=5@0B>@0 ?@>2>48<> 25:B>@  $% 
71C465==S Ḟ0; ?V4 :CB>< 90° 4> FP>3> 25:B>@0 C 1V: 2V4AB020==S 
?@>2>48<> 25:B>@ �$% Ė0, =02545=>W <03=VB=8< ?>;5< 
71C465==S 2 >1<>BFV S:>@S; ?@8 ?V4:;RG5==V G8AB> 0:B82=>3> 
=020=B065==S AB@C< 2 >1<>BFV AB0B>@0 І̇1 71V30єBPAS ?> D07V 7 
�$% Ė0, 0 B><C 25:B>@  $% Ḟa, AB2>@5=89 F8< AB@C<><, 
7AC=CB89 C ?@>AB>@V I>4> 25:B>@0 Ḟ0 =0 90°. &0:0 270є<>4VS 

 $% F0 B0 Fa 28:;8:0є 28:@82;5==S <03=VB=>3> ?>;S <0H8=8, 
<03=VB=5 ?>;5 ?>A;01;RєBPAS ?V4 :@0є< ?>;RA0, I> =01V30є, V 
?V4A8;RєBPAS ?V4 :@0є< ?>;RA0, I> 71V30є. ' =0A;V4:C 
=0A8G5==S <03=VB=>3> :>;0 @57C;PBCRG5 <03=VB=5 ?>;5 <0H8=8 
B@>E8 ?>A;01;RєBPAS. $50:FVR S:>@S C A8=E@>==><C 35=5@0B>@V 
?@8 0:B82=><C =020=B065==V =07820RBP ?>?5@5G=>R. 
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 8A.9.3  -  50:FVO O:>@O A8=E@>==>3> 35=5@0B>@0 ?@8    =020=B065==OE:  
0:B82=><C (0), V=4C:B82=><C (1), є<=VA=><C (2) 

 

�=4C:B82=5 =020=B065==O (ψ =90°) .  #@8 G8AB> 
V=4C:B82=><C =020=B065==V 35=5@0B>@0 AB@C< S:>@S  І̇1 2V4AB0є 
?> D07V 2V4 �$% ý̇0 =0 90°. &><C 2V= 4>AS30є <0:A8<0;P=>3> 
7=0G5==S ;8H5 ?VA;S ?>2>@>BC @>B>@0 2?5@54 =0 90° I>4> 9>3> 
?>;>65==S, I> 2V4?>2V40є <0:A8<C<C �$% Ė0 (@8A.9.3,1)  #@8 

FP><C  $% S:>@S Ḟa 4Vє ?> >AV ?>;RAV2 @>B>@0 7CAB@VG=>  $% 
71C465==S Ḟ0. ' FP><C <8 B0:>6 ?5@5:>=Cє<>AS, ?>1C4C202H8 
25:B>@=C 4V03@0<C. &0:0 4VS  $% S:>@S ?>A;01;Sє ?>;5 <0H8=8. 
"B65, @50:FVS S:>@S 2 A8=E@>==><C 35=5@0B>@V ?@8 G8AB> 
V=4C:B82=><C =020=B065==V 74V9A=Rє ?>74>26=P>-
@>7<03=VGCRGC 4VR. 
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Є<=VA=5 =020=B065==O (Ë = −90°) .  &0: S: AB@C< І̇1 ?@8 
є<=VA=><C =020=B065==V 28?5@5460є ?> D07V �$% Ė0 =0 90°, 4> 
A2>3> =091V;PH>3> 7=0G5==S 2V= 4>AS30є @0=VH, =V6 �$%, B>1B> 
:>;8 @>B>@ 709<5 ?>;>65==S, ?>:070=5 =0 @8A.9.3,2. 
 03=VB>@CHV9=0 A8;0 S:>@S Ḟa,  B0: A0<> S: V 2 ?>?5@54=P><C 
28?04:C, 4Vє ?> >AV ?>;RAV2, 0;5 B5?5@ C65 73V4=> 7  $% 
71C465==S Ḟ0. #@8 FP><C 2V41C20єBPAS ?>A8;5==S <03=VB=>3> 
?>;S 71C465==S. &0:8< G8=><, ?@8 G8AB> є<=VA=><C 
=020=B065==V A8=E@>==>3> 35=5@0B>@0 @50:FVS S:>@S 74V9A=Rє 
?>74>26=P>-=0<03=VGCRGC 4VR.  
�<VH0=5 =020=B065==O. #@8 7<VH0=><C =020=B065==V 

A8=E@>==>3> 35=5@0B>@0 AB@C< S:>@S І1 7AC=CB> ?> D07V 2V4=>A=> 
�$% Ė0 =0 :CB Ë,  7=0G5==S S:>3> 7=0E>4SBPAS 2 <560E 0  <  Ë <  

± 90° .  �;S 7'SAC20==S ?8B0==S ?@> 2?;82 @50:FVW S:>@S ?@8 
7<VH0=><C =020=B065==V A:>@8AB0є<>AS 25:B>@=8<8 
4V03@0<0<8, I> ?@54AB02;5=V =0 @8A. 9.4. #@8 0:B82=>-
V=4C:B82=><C =020=B065==V (@8A. 9.4, 0 )  25:B>@  ψ  2V4AB0є 2V4 
25:B>@0 Ė0 =0 :CB 0 <  Ë < 90° .  $>7:;045<> 25:B>@ þ̇a =0 42V 
A:;04>2V: ?>74>26=R A:;04>2C  $% S:>@S F a d =F a s inË V 
?>?5@5G=C A:;04>2C  $% S:>@S  

F a q  =  F a cosË.  &0:5 6 @>7:;040==S  $% S:>@S Ḟa =0 
A:;04>2V <>6=0 7@>18B8 C 28?04:C 0:B82=>-є<=VA=>3> 
=020=B065==S (@8A. 9.4, 1). #>?5@5G=0 A:;04>20  $% S:>@S F a q  

?@>?>@FV9=0 0:B82=V9 A:;04>2V9 AB@C<C =020=B065==S 
Iq=I 1 cosË,  0 ?>74>26=S A:;04>20  $% S:>@S F a d  

?@>?>@FV9=0 @50:B82=V9 A:;04>2V9 AB@C<C =020=B065==S           
I d  =  I 1 s inË.  
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 8A.9.4 –  50:FVO O:>@O A8=E@>==>3> 35=5@0B>@0 ?@8 
7<VH0=><C =020=B065==V:(0) - 0:B82=>-V=4C:B82=5 
=020=B065==O, (1) – 0:B82=>-є<=VA=5 =020=B065==O

 

#@8 FP><C, S:I> @50:B82=0 A:;04>20 AB@C<C =020=B065==S 
I d  2V4AB0є ?> D07V 2V4 �$% Ė0 (=020=B065==S 0:B82=>-
V=4C:B82=5), B>  $% F a d  @>7<03=VGCє 35=5@0B>@; S:I> 6 
@50:B82=0 A:;04>20 I d  28?5@5460є ?> D07V �$% Ė0 (=020=-

B065==S 0:B82=>-є<=VA=5), B>  $% F a d  ?V4<03=VGCє 35=5@0B>@. 
  

§ 9. 3   �5:B>@=V 4V03@0<8 V E0@0:B5@8AB8:8 B@8D07=>3> 
A8=E@>==>3> 35=5@0B>@0 

 

�5:B>@=V 4V03@0<8 A8=E@>==>3> 35=5@0B>@0 7 ?@8є4=0=8< 
A8<5B@8G=8< =020=B065==S< 4>72>;SRBP CAB0=>28B8 72'S7>: 
<V6 9>3> �$% Ė,  =0?@C3>R U̇1 V AB@C<>< >1<>B:8 S:>@S İ1 
28E>4SG8 7 @V2=S==S 5;5:B@8G=>3> AB0=C D078 >1<>B:8 S:>@S 

 

U̇1=Ė-İ1Ra-jİ1X1              (9.6) 
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45 Ra V X1 - 2V4?>2V4=> 0:B82=89 >?V@ V V=4C:B82=89 >?V@ 
@>7AVR20==S D078 >1<>B:8 S:>@S. 
/: 2V47=0G0;>AS @57C;PBCRG5 <03=VB=5 ?>;5 <0H8=8 

2=0A;V4>: @50:FVW S:>@S 287=0G0єBPAS 270є<>4VєR >A=>2=>3> 
<03=VB=>3> ?>;S ($0) V <03=VB=>3> ?>;S S:>@S ($0). ' ?5@H><C 
=01;865==V <>6=0 22060B8, I> $=$0+$0 0 >B65 V �$% 
35=5@0B>@0 Ė= Ė0 + Ė0. "A:V;P:8, <03=VB=5 ?>;5 S:>@S 
287=0G0єBPAS AB@C<>< S:>@S (İ1), V B><C �$%, I> V=4C:CєBPAS 2 
>1<>BFV S:>@S (�0), 287=0G0єBPAS V=4C:B82=8< A?040==S< 
=0?@C38 2 FV9 >1<>BFV 

Ėa=-jXa∙İ1              (9.7) 

� 2@0EC20==S< (9.7) =0?@C3C 35=5@0B>@0 <>6=0 ?@54AB028B8 
B0:: 

U̇1=Ė0-İ1Ra-jİ1(X1+Xa) 
01> 

                                     U̇1=Ė0-İ1Ra-jİ1Xc ,               (9.8) 

45 )A = X1+)0 S2;Sє A>1>R A8=E@>==89 V=4C:B82=89 >?V@ 
D078 >1<>B:8 S:>@S, I> C =5=0A8G5=>W <0H8=8 є ?@0:B8G=> 
=57<V==>R 25;8G8=>R. 
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 8A. 9.5 – �5:B>@=V 4V03@0<8 D078 B@8D07=>3> A8=E@>==>3> 35=5@0B>@0 
?@8 A8<5B@8G=><C =020=B065==V 7V AB@C<>< >1<>B:8 O:>@O: (0) 

2V4AB0NG8< 2V4 =0?@C38; (1) 28?5@5460NG8 =0?@C3C

1)0)

 
$V2=S==R (9.8) 2V4?>2V40RBP 25:B>@=V 4V03@0<8                  

(@8A. 9.5, 0, 1), I> ?>1C4>20=V 4;S >4=VєW D078 B@8D07=>3> 
A8=E@>==>3> 35=5@0B>@0 2V4?>2V4=> 4;S AB@C<C 2V4AB0RG>3> 
(=020=B065==S 0:B82=> - V=4C:B82=5) B0 28?5@5460RG>3> 
(=020=B065==S 0:B82=> - є<=VA=5) ?> D07V =0?@C3C. 

 � F8E 4V03@0< 284=>, I> 2 ?5@H><C 28?04:C, :>;8 φ > 0, 

71V;PH5==S =020=B065==S AC?@>2>46CєBPAS 7<5=H5==S< 
=0?@C38 U1, 0 2 4@C3><C ?@8  φ <0 – 7@>AB0==S< =0?@C38 U1.                  

' A8=E@>==8E <0H8=0E 25;8:>W ?>BC6=>ABV 0:B82=5 
A?040==S =0?@C3< �1̇Ra <0;5 2 ?>@V2=S==V 7 V=4C:B82=8< 
A?040==S< =0?@C38 j�1̇ )A V =5 ?5@528ICє 5...6 % =><V=0;P=>W 
=0?@C38 35=5@0B>@0. 
&><C @V2=S==S 5;5:B@8G=>3> AB0=C D078 AB0B>@0 <>6=0 

A?@>AB8B8 V 70?8A0B8 2 B0:><C 284V: 
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U̇1=Ė0-jXCİ1           (9.8, 0) 
*5 @V2=S==S <>6=0 V=B5@?@5BC20B8 A?@>I5=>R 25:B>@=>R 

4V03@0<>R (@8A.9.6), ?@54AB02;5=>W 4;S 42>E A8<5B@8G=8E 
=020=B065=P 7 >4=0:>28<8 AB@C<0<8 İ1 B0 İ2, I> 2V4AB0RBP 2V4 
A2>WE =0?@C3 2V4?>2V4=> =0 :CB8 φ1 B0 φ2 7 S:>W 284=>, I> 
=0?@C30 =0 70B8A:0G0E A8=E@>==>3> 35=5@0B>@0 70;568BP =5 
BV;P:8 2V4 AB@C<C >1<>B:8 AB0B>@0, >1C<>2;5=>3> ?@8є4=0=8< 
=020=B065==S<, 0;5 B0:>6 V 2V4 WW :>5DVFVє=B0 ?>BC6=>ABV.               
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 8A. 9.6 – !?@>I5=0 25:B>@=0 4V03@0<0 D078 B@8D07=>3> A8=E@>==>3> 
35=5@0B>@0 ?@8 A8<5B@8G=><C =020=B065==V 7 >4=0:>28<8 AB@C<0<8, 

I> 2V4AB0NBь 2V4 =0?@C38 =0 @V7=V :CB8
 

�=0;V7 ?@82545=8E 25:B>@=8E 4V03@0< 4>72>;Sє AC48B8 ?@> 
E0@0:B5@8AB8:8 A8=E@>==>3> 35=5@0B>@0, I> C :V=F52><C 284V 
287=0G0RBP 9>3> 2;0AB82>ABV. !09206;82VH8<8 7 F8E 
E0@0:B5@8AB8: є E0@0:B5@8AB8:8 E>;>AB>3> E>4C, 7>2=VH=V V 
@53C;R20;P=V. )0@0:B5@8AB8:0 E>;>AB>3> E>4C A8=E@>==>3> 
35=5@0B>@0 S2;Sє A>1>R 3@0DV: 70;56=>ABV =0?@C38 U0 C @568<V 
E>;>AB>3> E>4C 35=5@0B>@0 2V4 AB@C<C 71C465==S І710 ?@8 
=57<V==V9 G0AB>BV >15@B0==S @>B>@0: U0 = �(І71) ?@8 І1 = 0 B0 
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n=const. %E5<0 22V<:=5==S A8=E@>==>3> 35=5@0B>@0 4;S 7=SBBS 
E0@0:B5@8AB8:8 E>;>AB>3> E>4C ?@82545=0 =0        @8A. 9.7, 0.  
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 8A. 9.7 – �;5:B@8G=0 AE5<0 !� (0) B0 E0@0:B5@8AB8:0 E>;>AB>3> E>4C 
(1)  
 

�0728G09, 7=V<0RBP 42V 4V;S=:8 E0@0:B5@8AB8:8, ?@8 
71V;PH5==V B0 7<5==H5==V AB@C<C 71C465==S, S:V 2=0A;V4>: 
3VAB5@578A=8E 2;0AB82>AB59    <03=VB=>3> :>;0 =5 71V30RBPAS. 
)0@0:B5@8AB8:0 E>;>AB>3> E>4C, 0 B0:>6 V=HV 

E0@0:B5@8AB8:8 A8=E@>==8E 35=5@0B>@V2 7@CG=VH5 1C4C20B8 C 
2V4=>A=8E >48=8FSE. #@8 FP><C ?> >ASE 3@0DV:0 2V4:;040RBP =5 
01A>;RB=V 7=0G5==S 25;8G8=, 0 WE=V 2V4=>H5==S 4> =><V=0;P=8E 
7=0G5=P: ?> >AV >@48=0B   U0 / U1=, ?> >AV 01AF8A                  I71.0 / 

І71.0=. 
 &0:8< G8=><, 70 >48=8FR =0 >AV =0?@C3 ?@89<0RBP =0?@C3C 

E>;>AB>3> E>4C, S:0 4>@V2=Rє =><V=0;P=V9 U0 = U1=, 0 70 
>48=8FR =0 >AV AB@C<V2 71C465==S ?@89<0RBP AB@C< 71C465==S 
І71.0=, I> 2V4?>2V40є =0?@C7V U0 = U1=. 
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)0@0:B5@8AB8:8 C 2V4=>A=8E >48=8FSE 4>72>;SRBP 7@>18B8 
?>@V2=S;P=C >FV=:C @V7=8E 35=5@0B>@V2. 
  �>2=VH=O E0@0:B5@8AB8:0 A8=E@>==>3> 35=5@0B>@0 S2;Sє 
A>1>R 70;56=VABP =0?@C38 =0 282>40E S:V@=>W >1<>B:8 2V4 
25;8G8=8 AB@C<C =020=B065==S: U1 = �(І1) ?@8 C<>2V          І71 = 

const; cosφ = const; n1 = n= = const. 

!0 @8A. 9.8.0 ?@54AB02;5=V 7>2=VH=V E0@0:B5@8AB8:8, I> 
2V4?>2V40RBP @V7=8< 70 E0@0:B5@>< =020=B065==S< A8=E@>=-

=>3> 35=5@0B>@0. 

1)0)

2

1

3

1

1

0
0

1

1

2

1

3

І71/І71 =><

       

 8A. 9.8 – З>2=VH=V (0) B0 @53C;N20;ь=V (1) E0@0:B5@8AB8:8 !�   

  

#@8 7=SBBV 7>2=VH=P>W E0@0:B5@8AB8:8 35=5@0B>@ 
=020=B06CRBP 4> =><V=0;P=>3> AB@C<C (І1=I1=) ?@8 =><V=0;P=V9 
=0?@C7V (U1 = U1=) =0 282>40E S:V@=>W >1<>B:8. #>BV< ?>ABC?>2> 
@>720=B06CRBP 35=5@0B>@. #@8 0:B82=><C =020=B065==V (:@820 
1) 7<5=H5==S =020=B06C20;P=>3> AB@C<C AC?@>2>46CєBPAS 7@>-

AB0==S< =0?@C38, I> ?>SA=RєBPAS 7<5=H5==S< A?040==S 
=0?@C38 2 AB0B>@=V9 >1<>BFV 9 >A;01;5==S< ?>B>:C ?>?5@5G=>W 
@50:FVW S:>@S 2 =0A8G5=V9 <0H8=V. 
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#@8 0:B82=>-V=4C:B82=><C =020=B065==V (:@820 2) 
71V;PH5==S =0?@C38 ?@8 7<5=H5==V =020=B065==S 1C45 1V;PH 
V=B5=A82=8<, B><C I> 7V 7<5=H5==S< AB@C<C I1 ?>A;01;SєBPAS 
4VS @>7<03=VGCRG>W A:;04>2>W @50:FVW S:>@S. "4=0: C 28?04:C 
0:B82=>-є<=VA=>3> =020=B065==S 35=5@0B>@0 (:@820 3) 
7<5=H5==S AB@C<C I1 AC?@>2>46CєBPAS 7<5=H5==S< =0?@C38 U1, 

I> ?>SA=RєBPAS >A;01;5==S< ?V4<03=VGCRG>W 4VW @50:FVW S:>@S. 
 �<V=0 =0?@C38 A8=E@>==>3> 35=5@0B>@0, I> ?@0FRє >:@5<> 

2V4 V=H8E, ?@8 A:840==V =020=B065==S 2V4 =><V=0;P=>3> 
7=0G5==S 4> =C;S V ?@8 715@565==V AB@C<C 71C465==S V G0AB>BV 
>15@B0==S =57<V==8<8, =07820єBPAS =><V=0;P=>R 7<V=>R 
=0?@C38 

&U==  
E0-UI=
UI=

 100%         (9.9) 

   #@8 є<=VA=><C =020=B065==V 35=5@0B>@0 25;8G8=0 &U= є 
2V4'є<=>R. �V4?>2V4=> 4> VA=CRG8E =>@< ?V428I5==S =0?@C38, 
?@8 7<5=H5==V =020=B065==S &U= =5 ?>28==> ?5@528IC20B8 
50%. 

 53C;N20;ь=0 E0@0:B5@8AB8:0  A8=E@>==>3> 
35=5@0B>@0 ?>:07Cє, S: 20@B> 7<V=R20B8 AB@C< 71C465==S 
35=5@0B>@0 ?@8 7<V=0E =020=B065==S, I>1 =0?@C30 =0 70B8A:0G0E 
35=5@0B>@0 70;8H0;0AS =57<V==>R V 4>@V2=R20;0 =><V=0;P=V9: 

 

I71=f(I1) ?@8 U1=U1==const B0 n1=n==const 
 

  !0 @8A.9.8,1 ?@54AB02;5=V @53C;R20;P=V E0@0:B5@8AB8:8 
A8=E@>==>3> 35=5@0B>@0. #@8 0:B82=><C =020=B065==V 
71V;PH5==S AB@C<C =020=B065==S, AC?@>2>46CєBPAS 
7<5=H5==S< =0?@C38 U1, B><C 4;S ?V4B@8<:8 =57<V==>W =0?@C38, 

C <V@C 71V;PH5==S AB@C<C =020=B065==S І= 20@B> ?V428IC20B8 
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AB@C< 71C465==S (:@8201). �:B82=>-V=4C:B82=89 E0@0:B5@ 
=020=B065==S 28:;8:0є 1V;PH @V7:5 7=865==S =0?@C38 U1, B><C 
AB@C< 71C465==S, =5>1EV4=89 4;S ?V4B@8<:8 U1=U1=, 20@B> 
?V428IC20B8 1V;PH5 (:@820 2). #@8 0:B82=>-є<=VA=><C 
E0@0:B5@V =020=B065==S 71V;PH5==S =020=B065==S 
AC?@>2>46CєBPAS @>AB>< =0?@C38 U1 B><C 4;S ?V4B@8<:8 

@V2=>ABV =0?@C38 U1=U1=, AB@C< 71C465==S 20@B> 7<5=HC20B8 

(:@820 3). 
$53C;R20;P=V E0@0:B5@8AB8:8 40RBP <>6;82VABP CAB0=>28B8 

<56V 7<V=8 AB@C<C 71C465==S A8=E@>==>3> 35=5@0B>@0 V 281@0B8 
0?0@0B8 4;S @53C;R20==S =0?@C38. 

 $53C;R20B8 AB@C< 71C465==S ?@8 7<V=V =020=B065==S 
35=5@0B>@0 <>6=0 2@CG=C, 2?;820RG8 =0 @53C;RRG89 @5>AB0B 
R @ 5 3 , 01> 4><>3B8AS 9>3> 02B><0B8G=>W 7<V=8, I> >A>1;82> 
7@CG=> 2 A8=E@>==8E 35=5@0B>@0E V7 A0<>71C465==S<             
(@8A. 9.9). &CB ?@8 E>;>AB><C E>4V 35=5@0B>@0 2B>@8==V >1<>B:8 
4>40B:>2>3> B@0=AD>@<0B>@0 " @ 7  2V4V3@0RBP @>;P 4@>A5;V2, I> 
7=86CRBP =0?@C3C =0 70B8A:0G0E ?>3>46CRG>3> 
B@0=AD>@<0B>@0 " @ ? ,  G5@57 S:89 6828BPAS =0?V2?@>2V4=8:>2V 
4V>48 � .  #@8 71V;PH5==V =020=B065==S 35=5@0B>@0 2 F8E 
>1<>B:0E =02>4SBPAS �$%, C @57C;PB0BV G>3> =0?@C30 =0 4V>40E 
7@>AB0є V 71V;PHCєBPAS AB@C< 71C465==S 35=5@0B>@0, I> 
?@82>48BP 4> 2V4=>A=>W AB01V;V70FVW =0?@C38 =0 9>3> 70B8A:0G0E. 
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 8A. 9.9- !E5<0 B@8D07=>3> !� 
V7 A0<>71C465==O<

A B C

cr

1C 2C
3C

1� 2�

�

@53R
Φ1

³
E0

jXcI1

I1

U1

U1 sinӨ

Ө

ᴪ

U1 cosφ

�
2

 8A. 9.10-!?@>I5=0 25:B>@=0 4V03@0<0 D078 
B@8D07=>3> A8=E@>==>3> 35=5@0B>@0

"@7

"@? Ç1

                  

 

 § 9.4 �;5:B@><03=VB=0 ?>BC6=VABь V 5;5:B@><03=VB=89 
<><5=B A8=E@>==>3> 35=5@0B>@0 

 

   �;5:B@><03=VB=0 ?>BC6=VABP B@8D07=>3> A8=E@>==>3> 
35=5@0B>@0  5 <  -  ?>BC6=VABP, ?5@540=0 5;5:B@><03=VB=8< 
H;SE>< >1<>BFV S:>@S @>B>@><, I> >15@B0єBPAS,  2V4@V7=SєBPAS 
2V4 ?>BC6=>ABV  2  7>2=VH=P>3> :>;0, BV;P:8 =0 25;8G8=C  
3 R a I21 , I> 2V4?>2V40є 2B@0B0< 5;5:B@8G=>W 5=5@3VW 2 B@8D07=V9 
>1<>BFV S:>@S, B>1B> 

P5<=P2+3RaI12                    (9.10) 

 

45 R a  -  0:B82=89 >?V@ D078 >1<>B:8 S:>@S; 
     І 1  -  AB@C< D078 >1<>B:8 S:>@S. 
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"A:V;P:8 2B@0B8 5;5:B@8G=>W 5=5@3VW 2 >1<>BFV S:>@S 
=57=0G=V, <>6=0 22060B8, I> ?>BC6=>ABV  5 ; 1  V  2  ?@0:B8G=> 
>4=0:>2V. *5 4>72>;Sє 5;5:B@><03=VB=C ?>BC6=VABP 7=09B8 B0:: 

P5<jP2j3U1I1cosφ            (9.11) 

45 U1 - D07=0 =0?@C30 35=5@0B>@0;  
    cosφ - :>5DVFVє=B ?>BC6=>ABV ?@8є4=0=8E ?@89<0GV2. 
 �V A?@>I5=>W 25:B>@=>W 4V03@0<8 A8=E@>==>3> 35=5@0B>@0 

(@8A. 9.10) 28?;820є, I> 

U1cosφ=E0sin³=E0
U1sin�
XCI1

 

&>4V 5;5:B@><03=VB=0 ?>BC6=VABP 287=0G8BPAS ?> 
D>@<C;V 

P5<=
3E0
XC
U1sin¸             (9.12) 

45 � -  :CB <V6 2VAAR ?>;RAV2 @>B>@0 V 2VAAR @57C;PBCRG>3> 
<03=VB=>3> ?>B>:C <0H8=8 ( :CB =020=B065==S). 

 � >AB0==P>3> @V2=S==S 284=>, I> 5;5:B@><03=VB=0 
?>BC6=VABP A8=E@>==>W <0H8=8 ?@S<> ?@>?>@FV9=0 =0?@C7V =0 
70B8A:0G0E >1<>B:8 AB0B>@0 V 70;568BP 2V4  :CB0 �.       

�@82C    5 <= ƒ(�), >B@8<0=C ?@8 AB@C<V 71C465==S І 7 1= const V 
=57<V==V9 G0AB>BV >15@B0==S @>B>@0 n 1 = n == const, =07820RBP 
:CB>2>R E0@0:B5@8AB8:>R A8=E@>==>3> 35=5@0B>@0 (@8A. 9.11). 

#@8 7<V=V =020=B065==S A8=E@>==>3> 35=5@0B>@0 :CB � 

7<V=RєBPAS 728G09=> 2V4 0 4> 30°, ?@8G><C 7=0G5==S 9>3> �=><=3 0 ° 2V4?>2V40є =><V=0;P=V9 ?>BC6=>ABV  = > < .      
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90

180

1

2

P5<

Pm

Өmax

Ө=><

 8A. 9.11-КCB>2V E0@0:B5@8AB8:8 B@8D07=>3> A8=E@>==>3> 
35=5@0B>@0 ?@8:1-=><V=0;ь=><C 71C465==V; 2-?5@571C465==V

, 3@04Ө =><

 

 

"A:V;P:8 5;5:B@><03=VB=0 ?>BC6=VABP  5 <  70;568BP 2V4 �$% 
E>;>AB>3> E>4C Ė0 >1C<>2;5=>3> AB@C<>< 71C465==S І 7 1 , B> 45-
S:8< ?5@571C465==S< <0H8=8 <>6=0 71V;PH8B8 <0:A8<0;P=C 
5;5:B@><03=VB=C ?>BC6=VABP I> ?V428ICє AB0B8G=C ABV9:VABP 
@>1>B8 <0H8=8, 0;5 28:;8:0є ?V428I5=5 =03@V20==S >1<>B:8 
@>B>@0. 

Pm=
3E0
XC
U1         (9.13) 

�8E>4SG8 7 28:;045=>3>, @V2=S==S 5;5:B@><03=VB=>W          
?>BC6=>ABV <>6=0 ?@54AB028B8 B0:: 

P5<=Pmsin¸ 

0 28@07 5;5:B@><03=VB=>3> <><5=BC 70?8A0B8 2 B0:><C 284V: 
 

                  M5< = P5<
Ω1

= pP5<
2πf1

= 3pE0
2πf1XC

 = Mmsin¸               (9.14) 



249 

 

 

45 1- G0AB>B0 >15@B0==S @>B>@0;  
     p - G8A;> ?0@ ?>;RAV2 <0H8=8;  
     �m - <0:A8<0;P=89 5;5:B@><03=VB=89 <><5=B. 
 

 0:A8<0;P=89 5;5:B@><03=VB=89 <><5=B B@8D07=>W 
A8=E@>==>W <0H8=8 287=0G0QBPAS ?> D>@<C;V (9.15). 

 

    Mm=
3pE0
2πf1XC

U1         (9.15) 

 

  § 9.5 �B@0B8 V :>5DVFVє=B :>@8A=>W 4VW A8=E@>==8E 
35=5@0B>@V2 

 

   #5@5B2>@5==S 5=5@3VW 2 A8=E@>==><C 35=5@0B>@V ?>2'S70=> 7 
2B@0B0<8 5=5@3VW, I> :;0A8DV:CRBPAS 2 B0:89 A?>AV1. 

1.  5E0=VG=V 2B@0B8 P<5E - A:;040RBPAS 7 2B@0B =0 B5@BS 2 
?V4H8?=8:0E; B5@BS >1 ?>2VB@S 01> V=H89 307, I> >E>;>46Cє 
<0H8=C; B5@BS IVB>: =0 :>=B0:B=8E :V;PFSE. 

2.  03=VB=V 2B@0B8 28=8:0RBP 2 A5@45G=8:C AB0B>@0 V 
A:;040RBPAS 7 2B@0B =0 ?5@5<03=VGC20==S (=0 3VAB5@578A) V =0 
28E@P>2V AB@C<8. 

3. �;5:B@8G=V 2B@0B8 A:;040RBPAS V7 2B@0B 2 <V4V B0 ?5@5EV4=8E 
2B@0B 2 :>=B0:BV IVB>:, AC?@>2>46CRBP =03@V20==S AB0B>@=>W 
(S:V@=>W) >1<>B:8. 

Pe=m1 I12 Ra75   , 

 

45 Ra75 - 0:B82=89 >?V@ D078 AB0B>@=>W >1<>B:8 ?@8 @>1>GV9 
B5<?5@0BC@V 75°%; 

    m1 - G8A;> D07; 
    І1 - D07=89 AB@C< >1<>B:8 S:>@S. 
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�B@0B8 =0 71C465==S @71, 4> S:8E, :@V< 2B@0B 2 >1<>BFV 
71C465==S 2V4=>ASBPAS 2B@0B8 2 A0<><C 71C4=8:C, S:I> 2V= 
?@0FRє 2V4 7030;P=>3> V7 A8=E@>==>R <0H8=>R ?5@28==>3> 
4283C=0. 
�>40B:>2V 2B@0B8 @4>4 A:;040RBPAS 7 2B@0B C ?>25@E=52><C 

H0@V @>B>@0, 28:;8:0=8E ?C;PA0FVS<8 ?>;S 2=0A;V4>: 7C1G0B>ABV 
2=CB@VH=P>W ?>25@E=V AB0B>@0, 0 B0:>6 V7 2B@0B, 28:;8:0=8E 
?>;S<8 @>7AVR20==S AB0B>@0. 
 5E0=VG=V 2B@0B8, <03=VB=V 2B@0B8 2 AB0;V AB0B>@0 V 2B@0B8 =0 

71C465==S A:;040RBP 2B@0B8 E>;>AB>3> E>4C 
 

p0=p<5E+pc+p71 

�5;8G8=0 F8E 2B@0B =5 70;568BP 2V4 =020=B065==S <0H8=8. 
%C<0 2AVE 2B@0B ∑ p=p<5E+pc+p71+pe+p4>4              (9.16) 

 

�D5:B82=VABP @>1>B8 A8=E@>==>3> 35=5@0B>@0 E0@0:B5@87Cє-
BPAS :>5DVFVє=B>< :>@8A=>W 4VW 

 

·= P2
P1
= P1- ∑ p

P1
     (9.17) 

 

45 P1 - ?>BC6=VABP, I> ?V42>48BPAS 4> 20;0 A8=E@>==>3>   
35=5@0B>@0; 

      2 - :>@8A=0 ?>BC6=VABP, I> 2V440єBPAS 35=5@0B>@>< 
=020=B065==R. *S D>@<C;0 <>65 1CB8 ?5@5B2>@5=0 C 284, 
7@CG=89 4;S ?V4@0EC=:C ��� A8=E@>==>3> 35=5@0B>@0 

 

·=1-
∑ p

P2+∑ p
     (9.18) 

 

�>@8A=0 ?>BC6=VABP 35=5@0B>@0 
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P2=m1I1U1cosÇ1        (9.19) 
 

#@82545=0 D>@<C;0 ��� A8=E@>==>3> 35=5@0B>@0 ?>:07Cє I> 
25;8G8=0 ��� 70;568BP =5 BV;P:8 2V4 25;8G8=8 =020=B065==S 
<0H8=8, 0;5 V 2V4 7=0G5==S :>5DVFVє=B0 ?>BC6=>ABV ?@89<0GV2, I> 
?@8є4=CRBPAS 4> 35=5@0B>@0           (@8A. 9.12). 

cos φ=0,8; φ>0

cos φ=1; φ=0

P2=><

P2

·

·max

 8A. 9.12 – З0;56=VABь КК�    !� 2V4 =020=B065==O
 

 0:A8<0;P=5 7=0G5==S ��� 2V4?>2V40є    =020=B065==R, 
1;87P:><C 4> =><V=0;P=>3>, V A:;040є 4;S <0H8= A5@54=P>W 
?>BC6=>ABV 0,89...0,92, 0 4;S 35=5@0B>@V2 25;8:>W ?>BC6=>ABV 
4>E>48BP 4> 0,96...0,99. 
!572060RG8 =0 28A>:89 ���, C 25;8:8E <0H8=0E G5@57 25;8:5 

=03@V20==S 70AB>A>2CRBP >E>;>465==S >1<>B>: 2>4=5<, 
48AB8;P>20=>R 2>4>R G8 B@0=AD>@<0B>@=8< <0A;><, I> 
4>72>;Sє AB2>@R20B8 1V;PH :><?0:B=V 9 5D5:B82=V B@8D07=V 
<0H8=8. 

 

 

§  9.6  "A>1;82>ABV @>1>B8 35=5@0B>@0 =0 <5@56C  
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&Ė=Ė0-U̇1=Ė0+U̇<               (9.22) 

 

&0:8< G8=><, 25;8G8=C AB@C<C І1 <>6=0 7<V=R20B8 BV;P:8 
42><0 A?>A>10<8: 7<V=RRG8 �$% �0 ?> D07V G8 ?> 25;8G8=V. 
/:I> ?@8:;0AB8 4> 20;C 35=5@0B>@0 7>2=VH=V9 <><5=B �7>2=, 

1V;PH89 <><5=BC, =5>1EV4=>3> 4;S :><?5=A0FVW 2B@0B ?>BC6=>ABV 
2 AB0;V V <5E0=VG=8E 2B@0B, B> @>B>@ >B@8<0є 45S:5 ?@8A:>@5==S, 



258 
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AB@C< S:>@S І1 <V=V<0;P=89 V 0:B82=89; =54>71C465==S 01> 
?5@571C465==S ?@82>48BP 4> 71V;PH5==S AB@C<C S:>@S І1 70 
@0EC=>: ?>S28 @50:B82=8E A:;04>28E. 

        #@8 7<V=V =020=B065==S 35=5@0B>@0 7<V=RєBPAS BV;P:8 
25;8G8=0 0:B82=>W A:;04>2>W AB@C<C S:>@S І1cos�, E0@0:B5@ 
:@828E І1=�(І71) 70;8H0єBPAS =57<V==8<. 
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 8A. 9.16 - U-?>4V1=V E0@0:B5@8AB8:8 !�  
          

       &0:8< G8=><, 70 @0EC=>: @53C;R20==S AB@C<C 71C465==S 
<>6=0 ?@8 1C4P-S:><C =020=B065==V A8=E@>==>W <0H8=8 
7<V=R20B8 WW cos� V 4><030B8AS B>3>, I>1 2>=0 ?@8 @V7=8E 
=020=B065==SE ?@0FR20;0 7 cos� = 1. *5 є >4=8< 7 WW 25;8:8E 
?5@5203 C ?>@V2=S==V 7 0A8=E@>==>R <0H8=>R, I> ?@8 2AVE 
<>6;828E @568<0E ?@0FRє 7 cos� < 1 ?@8 2V4AB0RG><C AB@C<V. 
#@8 =5>1EV4=>ABV A8=E@>==0 <0H8=0 <>65 ?@0FR20B8 V ?@8 
28?5@5460;P=><C AB@C<V (?@8 ?5@571C465==V), B>1B> 2V44020B8 2 
<5@56C @50:B82=C ?>BC6=VABP, =5>1EV4=C @V7=8< ?@8AB@>S<, I> 
A?>6820RBP @50:B82=C ?>BC6=VABP (=0?@8:;04, 0A8=E@>==8< 
4283C=><). 
      "B65, ?5@571C465=0 A8=E@>==0 <0H8=0, I> ?@0FRє =0 
<5@56C 25;8:>W ?>BC6=>ABV, є 35=5@0B>@>< @50:B82=>W 
?>BC6=>ABV. 
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§ 10.1  #@8=F8? 4 V W  A8=E@>==>3> 4283C=0 
 

%8=E@>==0 <0H8=0, I> ?@0FRє ?0@0;5;P=> 7 <5@565R, S: 
1C;> ?>:070=> 2 ?. 9.8, 02B><0B8G=> ?5@5E>48BP C @568< 
4283C=0, S:I> 4> 20;C @>B>@0 ?@8:;0AB8 30;P<V2=89 <><5=B. 
&0:8< G8=><, B@8D07=V A8=E@>==V <0H8=8 <0RBP 2;0AB82VABP 
>1>@>B=>ABV, B>1B> <>6CBP =02VBP 157 7<V=8 WE=P>W :>=AB@C:FVW 
?@0FR20B8 =5 BV;P:8 35=5@0B>@0<8 5;5:B@8G=>W 5=5@3VW, 0;5 V 
4283C=0<8, ?5@5B2>@RRG8 5;5:B@8G=C 5=5@3VR 2 <5E0=VG=C. #@8 
FP><C >1<>B:0 AB0B>@0 (S:>@S) ?V4:;RG0єBPAS 4> B@8D07=>W 
<5@56V V 70157?5GCє 71C465==S <03=VB=>3> ?>;S, I> >15@B0єBPAS 
V7 A8=E@>==>R G0AB>B>R n1=60�1/p 0 >1<>B:0 @>B>@0 
?V4:;RG0єBPAS 4> 465@5;0 ?>ABV9=>3> AB@C<C (28?@S<;SG0 01> 
71C4=8:0), I> ?@82>48BP 4> 71C465==S <03=VB=>3> ?>;S @>B>@0. 
%8;>2V ;V=VW <03=VB=>3> ?>;S @>B>@0 V AB0B>@0 70<8:0RBPAS <V6 
ACAV4=V<8 ?V2=VG=8<8 V ?V245==8<8 ?>;RA0<8 G5@57 ?>2VB@S=V 
707>@8 V <03=VB>?@>2>48 AB0B>@0 V @>B>@0. 
�;S ?>SA=5==S ?@8=F8?C 4VW A8=E@>==>3> 4283C=0 

@>73;S=5<> A8=E@>==C <0H8=C, 22V<:=5=C ?0@0;5;P=> 7 
<5@565R 25;8:>W ?>BC6=>ABV V ?@0FRRGC 2 @568<V 35=5@0B>@0. 

  #@8?CAB8<>, ?@82V4=89 4283C= >15@B0є @>B>@ 35=5@0B>@0 
?@>B8 3>48==8:>2>W AB@V;:8 7 :CB>2>R G0AB>B>R Ì1 (Ì1 = 

πn1/30). #@8 FP><C =020=B065==S 35=5@0B>@0 B0:5, I> ?>4>26=S 
2VAP ?>;RAV2 @>B>@0 d-d 7<VI5=0 2V4=>A=> >AV >15@B>2>3> ?>;S 
d'-d' =0 :CB ¸' C =0?@S<:C >15@B0==S @>B>@0 (@8A.10.1, ?@02>@CG).  
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AB2>@R20=>3> B@8D07=>R >1<>B:>R AB0B>@0 ?@8 ?@>BV:0==V ?> 
=V9 AB@C<C =020=B065==S. "15@B0RG89 <><5=B ?@82V4=>3> 
4283C=0 35=5@0B>@0 �ʹ1 2@V2=>206CєBPAS AC<>R 
5;5:B@><03=VB=>3> <><5=BC 35=5@0B>@0 �' V <><5=B>< E>;>AB>3> 
E>4C �0. !0 :CB>2V9 E0@0:B5@8AB8FV FP><C @568<C 35=5@0B>@0 
2V4?>2V40є       :@0?:0 �. 

 /:I> 7<5=H8B8 >15@B0RG89 <><5=B �ʹ1, B> =020=B065==S 
35=5@0B>@0 ?>G=5 B0:>6 7<5=HC20B8AS; ?@8 FP><C 7<5=HCєBPAS 
:CB ¸', 0, >B65, V AB@C< AB0B>@0 І1.  # @57C;PB0BV 7=878BPAS 
25;8G8=0 5;5:B@><03=VB=>3> <><5=BC �' V ?@8 >15@B0RG><C 
<><5=BV �ʹ1=�0 :CB ¸ = 0, B>1B> 35=5@0B>@ 1C45 ?@0FR20B8 2 
@568<V E>;>AB>3> E>4C (І1=0) V �$% 35=5@0B>@0 �0 28S28BPAS 2 
?@>B8D07V 7 =0?@C3>R <5@56V U<. *P><C @568<C =0 :CB>2V9 
E0@0:B5@8AB8FV 2V4?>2V40є :@0?:0 ?5@5B8=0==S >A59 :>>@48=0B 
(:@0?:0 0 =0 @8A. 10.1). /:I> 6 20; A8=E@>==>W <0H8=8 
2V4'є4=0B8 2V4 ?@82>4=>3> 4283C=0 V AB2>@8B8 =0 FP><C 20;C 
30;P<V2=89 <><5=B, B>1B> <><5=B =020=B065==S �2, 

A?@S<>20=89 7CAB@VG=> >15@B0==R @>B>@0, B> 2V41C45BPAS 7AC2 
25:B>@0 �$% �0 =0 :CB ¸" I>4> 9>3> ?>;>65==S 2 @568<V 
E>;>AB>3> E>4C C 1V: 2V4AB020==S  
(@8A. 10.1, ;V2>@CG). #@8 FP><C 2 :>;V >1<>B:8 AB0B>@0 

7'S28BPAS @57C;PBCRG0 �$% &�̇ = Ė0 + U<̇, I> AB2>@8BP 2 >1<>BFV 
AB0B>@0 AB@C< І1, I> 2V4AB0є ?> D07V 2V4 �$% &Е̇  =0 :CB 90°.  /: 
284=>, F59 AB@C< 2V4AB0є ?> D07V 2V4 =0?@C38 <5@56V U<̇ =0 :CB 
φ1 (C 35=5@0B>@=><C @568<V AB@C< �1 2V4AB0є ?> D07V 2V4 �$% Е>̇ 

=0 :CB Ë, 0 2V4 =0?@C38 U<̇ =0 :CB 180°> φ1>90°). %B@C< І1 
AB2>@Rє <03=VB=5 ?>;5, I> >15@B0єBPAS A8=E@>==> 7 @>B>@><, 
2VAP S:>3> d'-d' 7<VI5=0 2V4=>A=> ?>4>26=P>W >AV d-d =0 :CB - ¸". 

#@8?CAB8<>, @>1>B0 4283C=0 2V41C20єBPAS 2 @568<V :@0?:8 � =0 
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:CB>2V9 E0@0:B5@8AB8FV   (@8A. 10.1, ;V2>@CG), I> 2V4?>2V40є :CBC 
- ¸". �8=8:0RGV ?@8 FP><C B0=35=FV0;P=V A:;04>2V A8; <03=VB=>W 
270є<>4VW ?>;RAV2      F1"= F1" sin¸" AB2>@SBP =0 @>B>@V 4283C=0 
5;5:B@><03=VB=89 <><5=B �", A?@S<>20=89 73V4=> 7 >15@B>28< 
<03=VB=8< ?>;5<, 2=0A;V4>: G>3> @>B>@ ?@82>48BPAS 2 >15@B0==S 
V7 A8=E@>==>R n1 G0AB>B>R. #@8 FP><C A8=E@>==0 <0H8=0 1C45 
A?>6820B8 7 <5@56V 5;5:B@8G=C 5=5@3VR  (P1 =3UmcI1cos�1) V 
?5@5B2>@R20B8 WW 2 <5E0=VG=C 5=5@3VR >15@B0==S. #@8 FP><C 
>15@B0RG89 5;5:B@><03=VB=89 <><5=B �" ?5@51>@Rє <><5=B 
E>;>AB>3> E>4C �0 V AB2>@Rє =0 20;C 4283C=0 :>@8A=89 <><5=B 
�2", ?V4 4VєR S:>3> ?@82>48BPAS 2 >15@B0==S 28:>=02G89 
<5E0=V7<. 

   'AV 7=0G5==S <><5=BC =0 :CB>2V9 E0@0:B5@8AB8FV 
A8=E@>==>3> 4283C=0 2V4:;040RBPAS 2 2V4є<=><C =0?@S<:C >AV 
:>>@48=0B (�), B><C I> ?@8 ?5@5E>4V A8=E@>==>W <0H8=8 7 
35=5@0B>@=>3> @568<C 2 @CE>289 5;5:B@><03=VB=89 <><5=B 
7<V=Rє A2V9 =0?@S<>:. #@8 FP><C ?>BC6=VABP A8=E@>==>3> 
4283C=0 =04E>48BP 7 <5@56V 2 <0H8=C, 0 =5 7 <0H8=8 2 <5@56C, 
S: F5 2V41C20єBPAS 2 35=5@0B>@=><C @568<V. "?5@C20B8 7 
2V4є<=8<8 7=0G5==S<8 ?>BC6=>AB59 V <><5=BV2 =57@CG=>, B><C 
?@8 @>73;S4V A8=E@>==8E 4283C=V2 C<>2=> 1C45<> ?@89<0B8 
<><5=B8 V ?>BC6=>ABV ?>78B82=8<8, ?0<'SB0RG8 ?@8 FP><C 
28:;045=5 @0=VH5 ?@> =0?@S<>: F8E ?0@0<5B@V2. 
�;5:B@><03=VB=0 ?>BC6=VABP A8=E@>==>3> 4283C=0 

287=0G0єBPAS 28@07>< (9.12), 0 5;5:B@><03=VB=89 <><5=B (9.14).  
�CB>20 E0@0:B5@8AB8:0 5;5:B@><03=VB=>3> <><5=BC 

A8=E@>==>3> 4283C=0 � = �(¸) ?@54AB02;5=0 =0 @8A. 10.2 

2V4@V7=SєBPAS 2V4 :CB>28E E0@0:B5@8AB8: A8=E@>==>3> 
35=5@0B>@0 ;8H5 B8<, I> @>7B0H>2CєBPAS 2 B@5BP><C :204@0=BV 
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>A59 :>>@48=0B, B>1B> 287=0G0RBPAS 2V4є<=8<8 7=0G5==S<8 
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I> ?@8 :CBV ¸=>< = (15 ÷30)° A:;040є 2V4?>2V4=> 4÷2. 

  &0:8< G8=><, C 7030;P=><C 284V :CB>20 E0@0:B5@8AB8:0 
A8=E@>==>W <0H8=8 S2;Sє A>1>R 42V =0?V2E28;V 
5;5:B@><03=VB=>3> <><5=BC �: ?>78B82=C, S:0 2V4?>2V40є 
35=5@0B>@=><C @568<C @>1>B8 V =530B82=C, S:0 2V4?>2V40є 
@568<C @>1>B8 4283C=0 (@8A.10.1). #5@5EV4 A8=E@>==>W <0H8=8 
7 >4=>3> @568<C @>1>B8 2 V=HV9 2V41C20єBPAS     ?@8  ¸= 0. 

/: C65 2V47=0G0;>AS, @>B>@ A8=E@>==>3> 4283C=0 <>65 
>15@B0B8AS BV;P:8 V7 A8=E@>==>R G0AB>B>R n1=60�1/p, F5  є 
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E0@0:B5@=>R @8A>R F8E 4283C=V2 V  G0AB> 287=0G0є >1;0ABP 
WE=P>3> 70AB>AC20==S (=0?@8:;04, 4;S ?@82>4C ?@8AB@>W2, I> 
28<030RBP AB01V;P=>W G0AB>B8 >15@B0==S). 
     #@8 7<V=0E =020=B065==S =0 20;C A8=E@>==>3> 4283C=0 
7<V=RєBPAS :CB ¸. #@8 FP><C @>B>@, 2=0A;V4>: V=5@FVW >15@B>28E 
G0AB8= 5;5:B@>?@82>4C, =5 2V4@07C 709<0є ?>;>65==S, I> 
2V4?>2V40RBP =>2><C =020=B065==R, 0 S:89AP G0A 74V9A=Rє 
:>;820;ь=V @CE8. &0:8< G8=><, C A8=E@>==><C 4283C=V, B0: A0<> 
S: V 2 35=5@0B>@V, <0RBP <VAF5 :>;820==S (E8B0==S) @>B>@0. 
#> A2>W9 :>=AB@C:FVW A8=E@>==V 4283C=8 2 ?@8=F8?V =5 

2V4@V7=SRBPAS 2V4 A8=E@>==8E 35=5@0B>@V2, 0;5 2A5-B0:8 <0RBP 
45S:V >A>1;82>ABV. �E 283>B>2;SRBP ?5@5206=> S2=>-?>;RA=8<8 
7 2@=6 ÷ 24 ?>;RAV2; ?>2VB@S=89 707>@ @>1;SBP <5=H8<, G8< C 
35=5@0B>@0E B0:>W 6 ?>BC6=>ABV, I> A?@8Sє ?>;V?H5==R @S4C 
?0@0<5B@V2 4283C=0, 7>:@5<0 7<5=H5==R ?CA:>2>3> AB@C<C; 
45<?D5@=C (70A?>:V9;82C) >1<>B:C 28:>=CRBP AB@86=S<8 
1V;PH>3> ?5@5B8=C, B><C I> ?@8 ?CA:C 4283C=0 2>=0 є ?CA:>2>R 
>1<>B:>R (482. @8A.8.4); H8@8=0 ?>;RA=>3> =0:>=5G=8:0 
4>AS30є 0,9� 70<VABP 0,7� C 35=5@0B>@0E. &><C, =572060RG8 =0 
2;0AB82VABP >1>@>B=>ABV, A8=E@>==V <0H8=8, I> 28?CA:0RBPAS 
?@><8A;>2VABR, <0RBP 728G09=> FV;P>25 ?@87=0G5==S - 01> F5 
A8=E@>==V 35=5@0B>@8, 01> A8=E@>==V 4283C=8. 

 

§  10.2 U-?>4V1=V  E0@0:B5@8AB8:8  A8=E@>==>3>   4283C=0 
 

' ?@>F5AV @>1>B8 A8=E@>==>3> 4283C=0 2 9>3> >1<>BFV S:>@S 
(AB0B>@0) =02>4SBPAS �$%, AC<0 S:8E ?@81;87=> 4>@V2=Rє 
?V42545=V9 4> >1<>B:8 AB0B>@0 =0?@C7V <5@56V U<. *S AC<0 �$% 
287=0G0єBPAS @57C;PBCRG8< <03=VB=8< ?>;5<, I> 28:;8:0єBPAS 
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4VєR 42>E <03=VB>@CHV9=8E A8;: 71C465==S F71 ≡ І71 V AB0B>@0 
F1≡I1. 

#@8 =57<V==V9 =0?@C7V <5@56V U<̇ ≈-∑ Ė=const @57C;PBC-RG5 
<03=VB=5 ?>;5 =57<V==5. &><C ?@8 7<V=V  $% 71C465==S F71  

(7<V=V AB@C<C 71C465==S І71 )  $% AB0B>@0 F1 7<V=RєBPAS B0:8< 
G8=><, I>1 WE=S A?V;P=0 4VS 70;8H0;0AS =57<V==>R, B>1B> I>1 
70;8H0;>AS =57<V==8< @57C;PBCRG5 <03=VB=5 ?>;5 A8=E@>==>3> 
4283C=0. *S 7<V=0  $% F1 <>65 2V41C20B8AS BV;P:8 70 @0EC=>: 
7<V=8 25;8G8=8 V D078 AB@C<C AB0B>@0. 
' @568<V V450;P=>3> E>;>AB>3> E>4C ?@8 =57=0G=><C AB@C<V 

71C465==S (І71≈0) <03=VB=5 ?>;5 4283C=0 AB2>@RєBPAS BV;P:8 
AB@C<>< AB0B>@0 І10. �5:B>@=0 4V03@0<0 A8=E@>==>3> 4283C=0 2 
@568<V E>;>AB>3> E>4C ?@8 2V4ACB=>ABV AB@C<C 71C465==S (S:I> 
7=52068B8 0:B82=>R A:;04>2>R AB@C<C І100, I> ?>:@820є 2B@0B8 
2 AB0;V) ?@54AB02;5=0 =0 @8A.10.3, 0. /: 10G8<>, C FP><C 28?04:C 
4283C= A?>6820є 7 <5@56V 7=0G=89 V=4C:B82=89 AB@C<. #@8 
71V;PH5==V AB@C<C 71C465==S І71 7@>AB0є  $% @>B>@0, ?@8 FP><C 
 $% AB0B>@0 7<5=HCєBPAS, I> ?@82>48BP 4> 7<5=H5==S 
V=4C:B82=>W (AB>A>2=> =0?@C38 <5@56V U<̇) A:;04>2>W AB@C<C 
AB0B>@0 І10 (@8A. 10.3, 1). #@8 FP><C ?>2=89 AB@C< AB0B>@0 І1 = 

І10+ І71 7<5=HCєBPAS, 0 :>5DVFVє=B ?>BC6=>ABV 4283C=0 cosφ1 

71V;PHCєBPAS. 
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#@8 45S:V< 7=0G5==V AB@C<C 71C465==S І71, :>;8 І71 = I10 

AB@C< AB0B>@0 I1≈0 (@8A. 10.3, 2); ?@8 FP><C @50;P=89 4283C= 
?@8 E>;>AB><C E>4V A?>6820є 7 <5@56V BV;P:8 =57=0G=89 
0:B82=89 AB@C<, I> 945 =0 ?>:@8BBS 2B@0B E>;>AB>3> E>4C, 0 
:>5DVFVє=B ?>BC6=>ABV cos φ1=1. &0:89 AB@C< 71C465==S 
=07820RBP =>@<0;P=8< AB@C<>< 71C465==S І71.=>@< . 

#@8 71V;PH5==V AB@C<C І71 > І71.=>@<  B>1B> ?@8 ?5@571C465==V 
4283C=0, AB@C< І71 ?@03=5 AB2>@8B8 <03=VB=5 ?>;5 1V;PH5 
<03=VB=>3> ?>B>:C A8=E@>==>3> 4283C=0. �;S 715@565==S 
AB0;>ABV <03=VB=>3> ?>B>:C AB@C< AB0B>@0 AB0є B0:8<, I> 
@>7<03=VGCє, B>1B> 7<V=Rє =0?@S<>:,  28?5@5460RG8 =0?@C3C 
<5@56V U<̇ =0 90°, B>1B> AB0є є<=VA=8<. 
�=0;>3VG=V ?@>F5A8 2V41C20RBPAS ?@8 @>1>BV A8=E@>==>3> 

4283C=0 ?V4 =020=B065==S<. "15@B>25 <03=VB=5 ?>;5 4283C=0 
AB2>@RєBPAS @57C;PBCRG>W  $% Fpe7̇ , I> A:;040єBPAS 7  $% 
71C465==S F71̇  V AB0B>@0 Ḟ1. �5:B>@=V 4V03@0<8 A8=E@>==>3> 
4283C=0 2 @568<V =57<V==>3> =020=B065==S (¸ = const) ?@8 
=54>71C465==V (0) V ?5@571C465==V (1) ?@82545=V =0 @8A. 10.4. 
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.@57F

1n

1n

Ѳ

0)

 8A.10.4 - � ! A8=E@>==>3> 4283C=0 ?V4 =020=B065==O< ?@8 
=54>71C465=><C @>B>@V (0) V ?5@571C465=><C @>B>@V(1)

1n
S1F

N

71F

.@57F

1n

1n

Ѳ

1n
S1F

N

71F

1)

      

#@82545=V 25:B>@=V 4V03@0<8 <>6=0 ?>SA=8B8 B0:8< G8=><, ?@8 
=57<V==V9 =0?@C7V U<, <03=VB=89 ?>BV: $ 4283C=0 B0:>6 =5 
7<V=RєBPAS, >B65, 25;8G8=0 AB@C<C, S:89 =0<03=VGCє, I> 
?@0:B8G=> 4>@V2=Rє AB@C<C E>;>AB>3>  E>4C І10, B0:>6 =5 
7<V=RєBPAS. 
%B@C< 71C465==S І71 2V4AB0є =0 :CB ¸ 2V4 AB@C<C І10, >4=0: 

25;8G8=0 9>3> 70;568BP 2V4 @568<C 71C465==S: ?@8 =5-
4>71C465==V І71 <І10, 0 ?@8 ?5@571C465==V І71 > І10. %B@C< 
AB0B>@0 =020=B065=>3> 4283C=0 І1= І1> – І71 ?@8 =54>71C465==V 
2V4AB0є 2V4 =0?@C38 U<̇, 0 ?@8 ?5@571C465==V 28?5@5460є 
=0?@C3C U<̇. 
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φ1

İ71 İ1

Ѳ
İ10

U1 = -E1

$

İ1

φ1

İ71

İ1
Ѳ

İ10

U1 = - E1

İ1

1) 

b

$

 8A. 10.5 – �5:B>@=0 4V03@0<0 A8=E@>==>3> 4283C=0 ?V4 
=020=B065==O< ?@8 =54>71C465==V (0) B0 ?5@571C465==V (1) 

  

&0:8< G8=><, ?@8 =54>71C465==V (І71<І71.=>@<) A8=E@>==89 
4283C= ?@0FRє 7 2V4AB0RG8< AB@C<><, 0 ?@8 ?5@571C465==V 
(І71>І71.=>@<) 7 28?5@5460;P=8<. 

   �0;56=VABP AB@C<C AB0B>@0 2V4 AB@C<C 71C465==S 4;S 
A8=E@>==>3> 4283C=0 =07820RBP U-?>4V1=8<8 E0@0:B5@8-   

AB8:0<8 (@8A. 10.6).  

%B@C< 71C465==S І71.=>@< 2V4?>2V40є @>1>BV A8=E@>==>3> 
4283C=0 ?@8 :>5DVFVє=BV ?>BC6=>ABV cosφ1 = 1; ?@8 FP><C 4283C= 
A?>6820є BV;P:8 0:B82=89 AB@C<. #@8 7<V=V @568<C 71C465==S 
:@V< 0:B82=>W A:;04>2>W 7 <5@56V A?>6820єBPAS B0:>6 @50:B82=0 
A:;04>20 AB@C<C AB0B>@0. 
&0:8< G8=><, A8=E@>==89 4283C= є 35=5@0B>@>< 

@50:B82=>3> AB@C<C: V=4C:B82=>3> AB>A>2=> =0?@C38 <5@56V 
?@8 =54>71C465==V V є<=VA=>3> ?@8   ?5@571C465==V.                
�07=0G5=0 740B=VABP A8=E@>==8E 4283C=V2 є WE=P>R 

?>78B82=>R S:VABR, I> 28:>@8AB>2CRBP 4;S ?V428I5==S 
:>5DVFVє=B0 ?>BC6=>ABV 5;5:B@8G=8E CAB0=>2>:. 
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�560 

ABV9:>ABV

�54>71C465==O �5@571C465==O

0

1cos 1 = =><PP =2

=><PP 5,02 =

02 =P

 8A. 10.6 – U-?>4V1=V E0@0:B5@8AB8:8 A8=E@>==>3> 4283C=0

І1

І1=><

І71

І71 =><

 

�A8=E@>==V 4283C=8, I> є =091V;PH @>7?>2AR465=8<8 
A?>6820G0<8 5;5:B@>5=5@3VW, ?@0FRRBP 7 cosφ1<1, AB2>@RRG8 2 
<5@560E 7=0G=V V=4C:B82=V AB@C<8. /:I> ?0@0;5;P=> 3@C?V 
0A8=E@>==8E 4283C=V2 22V<:=CB8 >48= 01> :V;P:0 A8=E@>==8E 
4283C=V2, I> ?@0FRRBP 7 ?5@571C465==S<, B> 28=8:0RG0 2 <5-
@56V є<=VA=0 A:;04>20 AB@C<C 1C45 G0AB:>2> G8 FV;:>< 
:><?5=AC20B8 V=4C:B82=C A:;04>2C AB@C<C, >1C<>2;5=C 
@>1>B>R 0A8=E@>==8E 4283C=V2. #@8 FP><C 5;5:B@8G=0 A8AB5<0, 
@>720=B065=0 2V4 @50:B82=8E AB@C<V2, 1C45 ?@0FR20B8 7 cosφ1 ≈ 1 I> A?@8Sє 7<5=H5==R 2B@0B 5;5:B@>5=5@3VW. !5>1EV4=>, 
>4=0:, 2V47=0G8B8, I> ?@8 ?5@571C465==V A8=E@>==89 4283C= 
A?>6820є 7=0G=89 AB@C< AB0B>@0. &><C A8=E@>==V 4283C=8, 
?@87=0G5=V 4;S @>1>B8 7 ?5@571C465==S<, <0RBP B@>E8 1V;PHV 
3010@8B8, 0 WE=V9 ��� <5=H5, =V6 C 4283C=V2, ?@87=0G5=8E 4;S 
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@>1>B8 7 cosφ1= 1, :>;8 AB@C< AB0B>@0 V 2B@0B8 4283C=0 <0RBP 
<V=V<0;P=V 7=0G5==S. �0@B> <0B8 =0 C207V, I> A8=E@>==89 
4283C= <0є <56C ABV9:>ABV ?@8 =57=0G=><C AB@C<V 71C465==S 
(HB@8E>20 ;V=VS =0 @8A.10.6). %8=E@>==V 4283C=8 728G09=> 
5:A?;C0BCRBP ?@8 ?5@571C465==V 7 <5B>R :><?5=A0FVW 
@50:B82=>W ?>BC6=>ABV ?0@0;5;P=> 22V<:=5=8E 7 =8<8 
0A8=E@>==8E 4283C=V2 (@8A. 10.7).  

 8A. 10.7- !E5<0 22V<:=5==O B@8D07=>3>  A8=E@>==>3> 4283C=0 4;O
:><?5=A0FVW @50:B82=>W ?>BC6=>ABV 0A8=E@>==8E 4283C=V2 

1! 2!
3! 1! 2! 3! 1! 2!

3!

�     �     %

%� 1�� 2��

1� 2� +
_

 

#@8 FP><C A8=E@>==V 4283C=8, I> ?@0FRRBP 7 50 %-28< 
=020=B065==S< =0 20;C, 28:>@8AB>2CRBP ?@8 :>5DVFVє=BV 
?>BC6=>ABV cosφ1=0.7 ...1, 0 ?@8 =020=B065==V 100 %-=><C - ?@8 
cosφ1=0.9...1 V 7<VI5==V D07 φ< 0.              

"@Vє=B>2=> ?>2=C ?>BC6=VABP A8=E@>==>W <0H8=8 SA8=Ep, I> 
2V440є =0 20; :>@8A=C ?>BC6=VABP  2 V @50:B82=C ?>BC6=VABP Q C 
B@8D07=C <5@56C, ?@8 287=0G5=><C ��� ŋ, <>6=0 @>7@0EC20B8 
70 D>@<C;>R (9.23) 
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    SEи=хD = √(P2
·

)2 + Q2          (9.23)   

 

§ 10.3 $>1>GV E0@0:B5@8AB8:8 A8=E@>==>3> 4283C=0 
 

$>1>GV E0@0:B5@8AB8:8 A8=E@>==>3> 4283C=0 S2;SRBP A>1>R 
70;56=VABP G0AB>B8 >15@B0==S @>B>@0 n, A?>6820=>W ?>BC6=>ABV P1 

:>@8A=>3> <><5=BC �2, :>5DVFVє=B0 ?>BC6=>ABV cosφ1 V AB@C<C 2 
>1<>BFV AB0B>@0 І2 2V4 :>@8A=>W ?>BC6=>ABV 4283C=0  2 70 C<>28, I> 
=0?@C30 682;5==S U1, G0AB>B0 ƒ1 V AB@C< 71C465==S І71 70;8H0RBPAS 
=57<V==8<8 (@8A. 10.8). 

0

�2

n

Aosφ1

 ɳ

ɳ
М2

n = n1

І=><  2

І1

І1 Aosφ1

 

 8A. 10.8 –  >1>GV E0@0:B5@8AB8:8 A8=E@>==>3> 4283C=0 

 +0AB>B0 >15@B0==S @>B>@0 n  702648 4>@V2=Rє A8=E@>==V9 
G0AB>BV n1=60�1/p, B><C 3@0DV:  n=�(P2) <0є 284 ?@S<>W, I> 
?0@0;5;P=0 >AV 01F8A. 
�>@8A=89 <><5=B =0 20;C A8=E@>==>3> 4283C=0 �2 = �(P2) <0є 
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3@0DV: 284 ?@S<>W, I> 28E>48BP 7 ?>G0B:C :>>@48=0B. 
#>BC6=VABP =0 2E>4V 4283C=0  1 = 2 + ∑ p.  � @>AB>< =020=-

B065==S =0 20;C 4283C=0 71V;PHCRBPAS B0:>6 V 2B@0B8 ∑ p, B><C 
A?>6820=0 ?>BC6=VABP P1 @>AB5 H284H5 :>@8A=>W ?>BC6=>ABV  2 V 
3@0DV: P1 = �(P2) <0є B@>E8 :@82>;V=V9=89 283;S4. 
�83;S4 3@0DV:0 cosφ1= �(P2) 70;568BP 2V4 284C =0AB@>R20==S 

AB@C<C 71C465==S: S:I> 2 @568<V E>;>AB>3> E>4C AB@C< 71C465==S 
2AB0=>2;5=89 B0:8<, I> cosφ1= 1, B> 7 @>AB>< =020=B065==S 
:>5DVFVє=B ?>BC6=>ABV 7=86CєBPAS, S:I> 6 CAB0=>28B8 cosφ1=1 ?@8 
=><V=0;P=><C =020=B065==V, B> ?@8 =54>20=B065==V 4283C= 1C45 
7018@0B8 7 <5@56V @50:B82=89 28?5@5460;P=89 AB@C<, 0 ?@8 ?5-
@520=B065==V - 2V4AB0RG89. �28G09=> 2AB0=>2;RRBP AB@C< 71C465==S 
B0:8<, I>1 cosφ1=1 ?@8 A5@54=P><C =020=B065==V. ' FP><C 28?04:C    
:>5DVFVє=B ?>BC6=>ABV C 2AP><C 4V0?07>=V =020=B065=P 70;8H0єBPAS 
4>A8BP 28A>:8<. /:I> 6 2AB0=>28B8 AB@C< 2 >1<>BFV 71C465==S 
A8=E@>==>3> 4283C=0 B0:8<, I>1 cosφ1=1 1C2 ?@8 =020=B065==V, I> 
B@>E8 ?5@528ICє =><V=0;P=5, B> ?@8 =><V=0;P=><C =020=B065==V 
cosφ1≈0,8 V 4283C= 1C45 A?>6820B8 7 <5@56V 28?5@5460;P=89 
AB>A>2=> =0?@C38 <5@56V AB@C<, I> ?@82545 4> ?V428I5==S 
:>5DVFVє=B0 ?>BC6=>ABV FVєW <5@56V. ' FP><C 2V4=>H5==V A8=E@>==V 
4283C=8 283V4=> 2V4@V7=SRBPAS 2V4 0A8=E@>==8E, S:V ?@0FRRBP 7 
2V4AB0RG8< ?> D07V AB@C<>< (>A>1;82> ?@8 =54>20=B065==V 4283C=0) V 
7=86CRBP 5=5@35B8G=V ?>:07=8:8 682;RG>W <5@56V. %B@C< 2 >1<>BFV 
AB0B>@0 4283C=0 AB0=>28BP 

I1=P1/(m1U1cosÇ1) 
� FP>3> 28@07C 284=> I> AB@C< I1 7V 71V;PH5==S< =020=B065==S 

=0 20;C 4283C=0 @>AB5 H284H5, =V6 A?>6820=0 ?>BC6=VABP P1, 

2=0A;V4>: 7<5=H5==S cos�1. 
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      $>1>GV E0@0:B5@8AB8:8 A8=E@>==>3> 4283C=0 =0 @8A.10.8 =02545=V 
4;S C<>2 7<V=8 =020=B065==S 2V4 E>;>AB>3> E>4C (P2=0) 4> 
=><V=0;P=>3> ( 2=  2=><) V 45S:>3> ?5@520=B065==S.        
&0:89 WE 284 715@V30єBPAS 4> :V=FS ?5@520=B06C20;P=>W 740B=>ABV,  S:0   
4>@V2=Rє 
                              

Mmax
M=><

⁄ =1 sin¸⁄ ≅2÷4 

 

§ 10.4  #CA: V @525@AC20==O A8=E@>==>3> 4283C=0 
 

%8=E@>==89 4283C= =5 @>72820є ?>G0B:>289 ?CA:>289 <><5=B. 
/:I> 9>3> ?V4:;RG8B8 4> <5@56V 7<V==>3> AB@C<C, :>;8 @>B>@ 
=5@CE><89, 0 ?> >1<>BFV 71C465==S ?@>E>48BP ?>ABV9=89 AB@C<, B> 70 
>48= ?5@V>4 7<V=8 AB@C<C (& = 0,02 A ?@8 �1 = 50 �F) 
5;5:B@><03=VB=89 <><5=B 1C45 42VGV 7<V=R20B8 A2V9 =0?@S<>:, B>1B> 
A5@54=V9 <><5=B 70 ?5@V>4 1C45 4>@V2=Rє =C;R. #@8 F8E C<>20E 
4283C= =5 7<>65 ?@89B8 2 >15@B0==S, B><C I> 9>3> @>B>@, I> 2>;>4Vє 
7=0G=>R V=5@FVєR, =5 <>65 ?@>BS3>< >4=>3> =0?V2?5@V>4C (0.01 A) 
@>7V3=0B8AS 4> A8=E@>==>W G0AB>B8. ' @57C;PB0BV ABV9:89 <03=VB=89 
72'S7>: <V6 AB0B>@>< V @>B>@>< =5 28=8:0є. &0:8< G8=><, ?CA: 
A8=E@>==>3> 4283C=0 157?>A5@54=V< 22V<:=5==S< C <5@56C 
=5<>6;8289. �;S ?CA:C A8=E@>==>3> 4283C=0 70AB>A>2CRBP 
A?5FV0;P=V 70A>18, ACB=VABP S:8E A:;040єBPAS 2 ?>?5@54=P><C 
?@82545==V @>B>@0 2 >15@B0==S 4> A8=E@>==>W G8 1;87P:>W 4> =5W 
G0AB>BV, ?@8 S:V9 <V6 AB0B>@>< V @>B>@>< CAB0=>2;RєBPAS ABV9:89 
<03=VB=89 72'S7>:. 
�A8=E@>==89 ?CA: A8=E@>==>3> 4283C=0.  � 40=89 G0A 

?@0:B8G=5 70AB>AC20==S <0є A?>AV1 ?CA:C, S:89 =07820RBP 
0A8=E@>==8<. #@8 FP><C A?>A>1V A8=E@>==V 4283C=8 ?CA:0RBPAS 2 EV4 
S: 0A8=E@>==V, 4;S G>3> 70AB>A>2CRBP A?5FV0;P=V :>@>B:>70<:=5=V 
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?CA:>2V >1<>B:8, S:V 28:>=0=V 0=0;>3VG=> >1<>B:0< @>B>@V2 
0A8=E@>==8E 4283C=V2 V C:;045=V 2 ?>;RA=8E =0:>=5G=8:0E @>B>@0 
(@8A. 8.4). %E5<0 22V<:=5==S 4283C=0 ?@8 FP><C A?>A>1V ?CA:C 
?@82545=0 =0 @8A. 10.9. !571C465=89 A8=E@>==89 4283C= 2:;RG0RBP 
C <5@56C. 

C1

C2

A

B

C

H1

H2

Rn

123
R�

#

4

 
   8A. 10.9 – �;5:B@G=0 AE5<0 ?CA:C A8=E@>==>3> 4283C=0: 
   1 – B@8D07=0 >1<>B:0 O:>@O; 2,3 –?CA:>20 >1<>B:0 @>B>@0 I> 2:;NG0є 
AB5@6=V(2) V 70<8:0NGV :V;ьFO (3); 4 – >1<>B:0 @>B>@0 
 

"15@B>25 <03=VB=5 ?>;5 AB0B>@0, I> 28=8:0є ?@8 FP><C, =02>48BP C 
AB5@6=SE ?CA:>2>W >1<>B:8 �$%, I> AB2>@RRBP AB@C<8 І2. �70є<>4VS 
F8E AB@C<V2 7 ?>;5< AB0B>@0 28:;8:0є ?>S2C =0 AB5@6=SE ?CA:>2>W 
:;VB:8 5;5:B@><03=VB=8E A8; Fm. #V4 4VєR F8E A8; @>B>@ ?@82>48BPAS 
2 >15@B0==S.  #VA;S @>73>=C @>B>@0 4> G0AB>B8 >15@B0==S, 1;87P:>W 4> 
A8=E@>==>W (n≈0,95n1), >1<>B:C 71C465==S ?V4:;RG0RBP 4> 465@5;0 
?>ABV9=>3> AB@C<C. �8=8:0RG89 ?@8 FP><C A8=E@>==89 <><5=B 
2BS3Cє @>B>@ 4283C=0 2 A8=E@>=V7<. #VA;S FP>3> ?CA:>20 >1<>B:0 
4283C=0 28:>=Cє DC=:FVR 70A?>:>RRG>W (45<?D5@=>W)   >1<>B:8, 
>1<56CRG8 E8B0==S @>B>@0. 
+8< <5=H5 =020=B065==S =0 20;C 4283C=0, B8< ;53H5 9>3> 

2E>465==S 2 A8=E@>=V7<. /2=>?>;RA=V 4283C=8 <0;>W ?>BC6=>ABV, I> 
?CA:0RBPAS 157 =020=B065==S =0 20;C, V=>4V 2E>4SBP C A8=E@>=V7< 
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;8H5 70 @0EC=>: @50:B82=>3> <><5=BC, B>1B> =02VBP 157 
22V<:=5==S >1<>B:8 71C465==S. 
�V 71V;PH5==S< =020=B06C20;P=>3> <><5=BC =0 20;C 

2E>465==S 4283C=0 2 A8=E@>=V7< CA:;04=RєBPAS. !091V;PH89 
=020=B06C20;P=89 <><5=B, ?@8 S:><C @>B>@ A8=E@>==>3> 
4283C=0 I5 2BS3CєBPAS 2 A8=E@>=V7<, =07820RBP <><5=B>< 2E>4C 
4283C=0 2 A8=E@>=V7< �2E. �5;8G8=0 0A8=E@>==>3> <><5=BC �0 

?@8 G0AB>BV >15@B0==S n ≈ 0,95n1 70;568BP 2V4   0:B82=>3> >?>@C 
?CA:>2>W :;VB:8, B>1B> 2V4 ?5@5B8=C AB5@6=V2 V ?8B><>3> 
5;5:B@8G=>3> >?>@C <0B5@V0;C, 7 S:>3> 2>=8 283>B>2;5=V. 
      � ?@>F5AV 0A8=E@>==>3> ?CA:C >1<>B:C 71C465==S 70;8H0B8 
@>7V<:=CB>R =5 <>6=0, B><C I> <03=VB=89 ?>BV: AB0B>@0, I> 
?5@5B8=0є WW 2 ?>G0B:>289 ?5@V>4 ?CA:C V7 A8=E@>==>R G0AB>B>R, 
V=4C:Cє C =V9 �$%. �=0A;V4>: 25;8:>3> G8A;0 28B:V2 >1<>B:8 
71C465==S FS �$% 4>AS30є 3000 - 4000 � V 1V;PH, I> AB0=>28BP 
=5157?5:C S: 4;S FV;>ABV A0<>W >1<>B:8, B0: V 4;S 
>1A;C3>2CRG>3> ?5@A>=0;C. �;S 70?>1V30==S FP>3> >1<>B:C 
71C465==S =0 ?5@V>4 @>73>=C @>B>@0 70<8:0RBP =0 0:B82=89 
>?V@ R?, ?@81;87=> 2 45ASBP @07V2 1V;PH89 >?>@C >1<>B:8 
71C465==S. #5@5:;RG5==S 70B8A:0GV2 H1 B0 H2 >1<>B:8 
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