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 !" 621.923 

 . . !"#$%&'#( 

 !"#$%&' ()$*+,"$-.!//0' -!1/&2!$%&' */&.!"$&-!- 

).*. !"#$%&'#(+ 

 !"#$%&' 3!/-" /,*2/)--!1/&2!$%)' &/4)"#,3&& 

,-. /-0123-1 !4561227 !4-  8/ 9.5/ 

/-345*7)8 :-* .-- 

5,/) 6"!+$-,.7!/&! ) +&/,#&2!$%&1 6")3!$$,1 6"& ,7#,8/)# #&%").0(7,9&.,/&&. :0-

6)7/!/ ,/,7&8 $);$-.!//01 %)7!;,/&' -!1/)7)(&2!$%)' $&$-!#0. <,$$#)-"!/0 "!8)/,/$/0! 

=.7!/&= & *$7).&= &1 .)8/&%/).!/&= 6"& "!,7&8,3&& 6")3!$$, #&%").0(7,9&.,/&=. 

 

3";<=(>= ?"#(+: ,7#,8/)! #&%").0(7,9&.,/&!, %)7!;,/&=, -!1/)7)(&2!$%,= $&$-!#,, 

6).!"1/)$-/)! 67,$-&2!$%)! +!4)"#&").,/&!. 

 

#$%&'%&( )*(+&',%-( &+($.(/(%-0 .*- ,12,3%&2 2-4*&'561,7-',%-- 

'5$&4-8 41,$$&' /-$)&)5 (&) 9('0)&6& 41,$$, 9& 9'(%,9:,)&6&) - ;.*&/%(%-0 

.&'(*8%&$)%&6& $1&0 '535',() %(&+8&9-2&$)< .&$),%&'4- 3,9,/- &+ &+($.(-

/(%-- ;$)&=/-'&6& .&1&7(%-0 2-4*&'561,7-',>?(6& -%$)*;2(%), &)%&$--

)(1<%& &+*,+,)5',(2&= .&'(*8%&$)-. !10 @)&6& %;7%& .*&'($)- ,%,1-3 9--

%,2-/($4-8 .*&:($$&' .*- 2-4*&'561,7-',%--. 

 $),%&'1(%&, /)& .*- ,12,3%&2 2-4*&'561,7-',%-- .&2-2& &$%&'%58 

9'-7(%-= @1(2(%)&' $),%4, '&3%-4,>) 9*;6-( %(7(1,)(1<%5( 9'-7(%-0 – 

4&1(+,%-0. A3-3, 4&1(+,%-= )(8%&1&6-/($4&= $-$)(25 %, &+*,+,)5',(258 

.&'(*8%&$)08 2&6;) .&0'10)<$0 .*&9&1<%,0 - .&.(*(/%,0 '&1%-$)&$)-. "&1(-

+,%-0 ;2(%<B,>) $)&=4&$)< 2-4*&'561,7-',>?(6& -%$)*;2(%),, 2&6;) 

.*-'($)- 4 (6& .&1&24(. C*- @)&2 $%-7,()$0 )&/%&$)< 9(),1(=, ;'(1-/-',()-

$0 B(*&8&',)&$)< &+*,+,)5',(258 .&'(*8%&$)(=, *,3;.*&/%0>)$0 .&'(*8%&-

$)%5( $1&- - ;2(%<B,()$0 -8 2-4*&)'(*9&$)<. "&1(+,%-0 .*-'&90) 4 -%)(%-

$-'%&2; -3%&$; $),%4&' - .*-$.&$&+1(%-=. D;2 .*- '-+*,:-08 ;)&210() 

-$.&1%-)(10 *,+&). 

C*,4)-4, .*-2(%(%-0 ,12,3%&6& 2-4*&'561,7-',%-0 .&4,35',(), /)& 

4&1(+,%-0, '&3%-4,>?-( .*- &+*,+&)4(, ' &$%&'%&2 -2(>) ); 7( .*-*&9;, 

/)& - 4&1(+,)(1<%5( .*&:($$5 .*- 2(8,%-/($4&= &+*,+&)4( %, 2(),11&*(-

7;?-8 $),%4,8, - 2&6;) +5)< '5%;79(%%52-, $&+$)'(%%52- (-1- $'&+&9%5-

2-) - ,')&4&1(+,%-02- [1]. 
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C*-*&9, - 8,*,4)(* '5%;79(%%58 4&1(+,%-= .*- ,12,3%&2 2-4*&'5-

61,7-',%-- *,$$2&)*(%5 9&$),)&/%& .&1%&. E,3*,+&),%, 2()&9-4, *,$/(), 

/,$)&)5 '5%;79(%%58 4&1(+,%-= 2-4*&'561,7-',>?(6& -%$)*;2(%), - '5-

'(9(%, 2,)(2,)-/($4,0 F&*2;1, /,$)&)5 (6& 4&1(+,%-=. !*;6&= '-9 4&1(+,-

%-=, %,+1>9,(258 .*- '5.&1%(%-- .*&:($$,, – $&+$)'(%%5( 4&1(+,%-0. G)& 

4&1(+,%-0 $-$)(25, .*&-$8&90?-( .&9 9(=$)'-(2 '&$$),%,'1-',>?-8 $-1 

&4&1& $&$)&0%-0 *,'%&'($-0. #%- '&3%-4,>) .&9 '&39(=$)'-(2 4,4-8-1-+& 

)&1/4&' - &+5/%& 9&$),)&/%& +5$)*& 3,);8,>). H,$)&), $&+$)'(%%58 4&1(+,-

%-= &.*(9(10()$0 2,$$&= - 7($)4&$)<> 4&1(+1>?(=$0 $-$)(25. 

C*- 2-4*&'561,7-',%-- $-15 $&.*&)-'1(%-0 9&$),)&/%5 910 +5$)*&-

6& 3,);8,%-0 $&+$)'(%%58 4&1(+,%-=. I-1,2- $&.*&)-'1(%-0 ' .*&:($$( &+-

*,+&)4- 2&6;) +5)< )*(%-( - *(,4:-0 $7,)&= .*;7-%5 .*-$.&$&+1(%-0, 

' 4&)&*&2 ;$),%&'1(% ,12,3%5= 2-4*&'561,7-',)(1<.  

!10 &.-$,%-0 9-%,2-/($4-8 .*&:($$&' .*- ,12,3%&2 2-4*&'561,7--

',%-- .*-2(%-2, $;?($)';>?,0 )(&*-0 4&1(+,%-= ;.*;6-8 $-$)(2 $ &9%&= 

$)(.(%<> $'&+&95. C*- '5+&*( ;*,'%(%-= 4&1(+,%-= %(&+8&9-2& -$8&9-)< 

-3 .*-%:-., !’J1,2+(*,, 4&)&*5= .&3'&10() -$.&1<3&',)< ;*,'%(%-0 $),)--

4- 4 9'-7;?(=$0 $-$)(2(. 

 *,'%(%-( $&+$)'(%%58 4&1(+,%-= .*- %,1-/-- 1-%(=%&= '&$$),%,'-

1-',>?(= $-15 -2(() '-9 

ay" + byK + cy = 0. 

#+?(( *(B(%-( ),4&6& ;*,'%(%-0 -2(() '-9 

y = Ae – hlsin (kt + a). 

A3 .*(959;?(6& ;*,'%(%-0 $1(9;(), /)& 9'-7(%-( .*(9$),'10() $&+&= 

3,);8,>?-( 4&1(+,%-0 $ .&$)&0%%&= /,$)&)&=, %& $ .&$)(.(%%& ;+5',>?-2- 

&)41&%(%-02-. L,4-2 &+*,3&2, .*&:($$ ' :(1&2 8,*,4)(*-3;()$0 2&%&)&%%52 

;+5',%-(2 ,2.1-);95 (*-$. 1). 

 

 

E-$. 1. J2.1-);9, 3,);8,>?-8 $&+$)'(%%58 4&1(+,%-= 

A(t) 

A(t+T) 

t 

h > 0 
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M,4$-2,1<%5( &)41&%(%-0 ,2.1-);9 ;+5',>) .& 3,4&%; 6(&2()*-/(-

$4&= .*&6*($$--, ),4 4,4 &)%&B(%-( 9';8 .&$1(9&',)(1<%58 2,4$-2,1<%58 

&)41&%(%-=  (t) :  (t+T), *,39(1(%%58 -%)(*',1&2 '*(2(%- !, 0'10()$0 .&-

$)&0%%&= '(1-/-%&=, *,'%&= eht. N,);*,1<%5= 1&6,*-F2 ' 9,%%&2 $1;/,( 0'-

10()$0 1&6,*-F2-/($4-2 9(4*(2(%)&2 - 4&1-/($)'(%%& 8,*,4)(*-3;() )(2. 

3,);8,%-0 $'&+&9%58 4&1(+,%-=. 

J')&4&1(+,%-0 – @)& %(3,);8,>?-( $),:-&%,*%5( 4&1(+,%-0, .&99(*-

7-',(25( 3, $/() @%(*6--, 4&)&*,0 .&$);.,() 4 $-$)(2( &) %(4&)&*58 -$)&/-

%-4&' %(4&1(+,)(1<%&6& 8,*,4)(*,. L,4-2 &+*,3&2, .*&:($$ ,')&4&1(+,%-= – 

@)& .*&:($$, .*- 4&)&*&2 .(*(2(%%,0 $-1,, '535',>?,0 - .&99(*7-',>?,0 

4&1(+,)(1<%&( 9'-7(%-(, $&39,()$0 - ;.*,'10()$0 $,2-2 9'-7(%-(2 - .*- 

.*(4*,?(%-- @)&6& 9'-7(%-0 -$/(3,(). H,$)&), ,')&4&1(+,%-= +1-34, 4 $&+-

$)'(%%&= /,$)&)( 4&1(+,%-= @1(2(%)&' 4&1(+,)(1<%&= $-$)(25. C*- .&'(*8-

%&$)%&2 .1,$)-/($4&2 9(F&*2-*&',%--, 4,4 -, %,.*-2(*, .*- )&4,*%&= &+-

*,+&)4(, '$)*(/,>)$0 %-34&/,$)&)%5( 4&1(+,%-0, $'03,%%5( $ 4&1(+,%-02- 

',1, - (6& &.&* (f = 70–300 O:), - '5$&4&/,$)&)%5( 4&1(+,%-0, $'03,%%5( 

$ 4&1(+,%-02- -%$)*;2(%), (4,4 .*,'-1&, f >1000 O:) [1]. A$)&/%-4&2 @%(*-

6-- ,')&4&1(+,)(1<%&6& 9'-7(%-0 0'10()$0 .*-'&9 $),%4,, 4&)&*5= $,2 .& 

$(+( %( &+1,9,() 4&1(+,)(1<%52- $'&=$)',2-. J')&4&1(+,%-0 .*- 2-4*&'5-

61,7-',%--, 4,4 - .*- '561,7-',%--, 2&6;) +5)< &+;$1&'1(%5 ),47( 0'1(-

%-02-, .*-$;?-2- $,2&2; .*&:($$; .&'(*8%&$)%&6& .1,$)-/($4&6& 9(F&*-

2-*&',%-0 [2]. 

C*- 9'-7(%-- -%$)*;2(%), .& &+*,+,)5',(2&= .&'(*8%&$)- &+P(2 9(-

F&*2-*;(2&6& 2(),11, .(*(9 %-2 ;'(1-/-',()$0, /)& '535',() ;'(1-/(%-( 

$-1 2-4*&'561,7-',%-0 - &)7-2 9(),1- - -%$)*;2(%),, 3,)(2 :-41 .&')&*0-

()$0. A3-3, %(*,'%&2(*%&$)- B(*&8&',)&$)- - )'(*9&$)- &+*,+,)5',(2&= .&-

'(*8%&$)- *(,1<%5( '(1-/-%5 '%(9*(%-0 2-4*&'561,7-',)(10, $-1 2-4*&-

'561,7-',%-0 - )*(%-0 0'10>)$0 .(*(2(%%52-. !,%%5( &+$)&0)(1<$)', ),4-

7( '5$);.,>) ;$1&'-02- '&3%-4%&'(%-0 ,')&4&1(+,%-=. 

#$%&'%52 ;$1&'-(2 '&3%-4%&'(%-0 ,')&4&1(+,%-= ' )(8%&1&6-/($4&= 

$-$)(2( 0'10()$0 (( %(9&$),)&/%,0 7($)4&$)<. Q $'03- $ @)-2 910 ;2(%<B(%-0 

;*&'%0 4&1(+,%-= %(&+8&9-2& &+($.(/-',)< 2,4$-2,1<%& '&32&7%;> 7($)-

4&$)< '$(8 @1(2(%)&' )(8%&1&6-/($4&= $-$)(25. N& 9,7( .*- -8 3%,/-)(1<-

%&= 7($)4&$)- '&3%-4%&'(%-( ,')&4&1(+,%-= %( -$41>/(%&.  

",4 &)2(/(%& '5B(, 4&1(+,%-0 ' 3%,/-)(1<%&= $)(.(%- 3,)*;9%0>) 

*(,1-3,:-> 3,.*&(4)-*&',%%58 *,:-&%,1<%58 .,*,2()*&' )(8%&1&6-/($4&6& 

.*&:($$,. A3;/(%-( .*-/-% -8 '&3%-4%&'(%-0 9,() '&32&7%&$)< .*-%-2,)<  

2(*5 .& ;$)*,%(%-> 4&1(+,%-=. 

#9%&= -3 @FF(4)-'%58 2(* 0'10()$0 .*-2(%(%-( .*- ,12,3%&2 2-4*&-

'561,7-',%-- 2-4*&'561,7-',)(1(= $ :-1-%9*-/($4&= F&*2&= *,+&/(= 
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/,$)-. A3'($)%&, /)& '561,7-',)(1- :-1-%9*-/($4&= F&*25 .*-2(%0>)$0 

)&1<4& 910 &+*,+&)4- %,*;7%58 .&'(*8%&$)(= )(1 '*,?(%-0, .*- @)&2 &%- 

&+($.(/-',>) +&1(( '5$&4&( 4,/($)'& .&'(*8%&$)- - 2(%(( $41&%%5 4 '-+*,-

:-02 [2]. 

",4 ;7( +51& ;4,3,%&, %,-+&1(( &.,$%52- 910 ,12,3%&6& 2-4*&'561,-

7-',%-0 ' .*&:($$( &+*,+&)4- 0'10>)$0 $-);,:--, 4&69, '&3%-4,() $&'.,9(-

%-( /,$)&)5 '5%;79(%%58 4&1(+,%-= ,12,3%&6& 2-4*&'561,7-',)(10 .&9 

'&39(=$)'-(2 '5%;79,>?(= $-15 f2.'5% - /,$)&)5 $&+$)'(%%58 4&1(+,%-= 

$-$)(25 ICA! f2.$&+. 

",4 -3'($)%& -3 2(8,%-4-, ' $1;/,( $&'.,9(%-0 /,$)&)5 '&32;?,>?(= 

$-15 - /,$)&)5 $&+$)'(%%58 4&1(+,%-= -2(() 2($)& *(3&%,%$ [3]. Q @)&2 

$1;/,( '&3%-4,() %(;$),%&'-'B-=$0 .*&:($$ -32(%(%-0 .(*(2(?(%-0 ,12,3-

%&6& 2-4*&'561,7-',)(10. C*- @)&2 ,2.1-);9, 4&1(+,%-= -%$)*;2(%), $),-

%&'-)$0 +&1<B( .(*(2(?(%-0, '535',(2&6& '&32;?,>?-2 F,4)&*&2. 

Q& $4&1<4& *,3 ,2.1-);9, ),4-8 4&1(+,%-= +&1<B( .(*(2(?(%-0 &) '&32;-

?,>?(6& F,4)&*,, .&4,35',() 4&@FF-:-(%) ;$-1(%-0 4&1(+,%-=, 4&)&*5= 

&.*(9(10()$0 .& F&*2;1( 

2 2
2.'5% 2.'5%

2 2 2
2.$&+ 2.$&+

1
R

1
1

f f

f h f

 
! "
# $ %& '& '

( )

, 

69( h – 4&@FF-:-(%) ;$-1(%-0 4&1(+,%-= .*- *(3&%,%$(. 

C*- * = h '5.&1%0()$0 $&&)%&B(%-( f2.'5% + f2.$&+. "&@FF-:-(%) * 3,'--

$-) &) 9';8 '(1-/-%: &) &)%&B(%-0 /,$)&) f2.'5% / f2.$&+ - .,*,2()*, h, ).(. &) 

.,*,2()*, 3,);8,%-0 4&1(+,%-=. N, *-$. 2 .*(9$),'1(%5 4*-'5( 3,'-$-2&$)- 

4&@FF-:-(%), ;$-1(%-0 4&1(+,%-= * .*- ,12,3%&2 2-4*&'561,7-',%-- &) 

&)%&B(%-0 /,$)&) 910 %($4&1<4-8 3%,/(%-= h. 

C*- h = S, ).(. .*- &)$;)$)'-- 3,);8,%-0 4&1(+,%-=, '(1-/-%, R ' $1;-

/,( $&'.,9(%-0 /,$)&) $&+$)'(%%58 - '5%;79(%%58 4&1(+,%-= f2.'5% / f2.$&+ = 1 

&+*,?,()$0 ' +($4&%(/%&$)<. G)& &3%,/,(), /)& ,2.1-);9, '5%;79(%%58 4&-

1(+,%-= ,12,3%&6& 2-4*&'561,7-',)(10 %(&6*,%-/(%%& '&3*,$),(). C*- 3,-

);8,%-- 4&1(+,%-= '(1-/-%, R &$),()$0 &6*,%-/(%%&=, %& ' 3&%( $&'.,9(%-0 

/,$)&) -2(() 2,4$-2,1<%&( 3%,/(%-(. L,4&( 0'1(%-( .&'5B(%-0 ,2.1-);95 

.*- $&'.,9(%-- /,$)&) $&+$)'(%%58 4&1(+,%-= -%$)*;2(%), - '&32;?,>?(-

6& F,4)&*, - ($)< .*&0'1(%-( *(3&%,%$, .*- ,12,3%&2 2-4*&'561,7-',%--. 

I,2& $&'.,9(%-( /,$)&) ($)< ;$1&'-( *(3&%,%$,. 
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E-$. 2.  $-1(%-( 4&1(+,%-= .*- *(3&%,%$( 

T'1(%-( %,*,$),%-0 ,2.1-);95 4&1(+,%-= %,+1>9,()$0 %( )&1<4& .*- 

$&'.,9(%--, %& - .*- 4*,)%&$)- $&+$)'(%%&= /,$)&)5 f2.$&+ - /,$)&)5 '5%;7-

9,>?(6& F,4)&*, f2.'5%: 

f2.$&+ = n f2.'5% (n = 1, 2, 3, …). 

Q5.&1%(%%5= ,%,1-3 9-%,2-/($4-8 .*&:($$&' .*- ,12,3%&2 2-4*&'5-

61,7-',%-- 2&7() +5)< -$.&1<3&',% ' -$$1(9&',%-08 4&1(+,)(1<%58 .*&-

:($$&' - ,%,1-)-/($4&2 *(B(%-- 3,9,/- &+ ,')&4&1(+,%-08   .*- $4&1<7(%-- 

,12,3%&6& 2-4*&'561,7-',)(10 .& &+*,+,)5',(2&= .&'(*8%&$)- - *,3*,+&)-

4- %, (( &$%&'(  -%7(%(*%&= 2()&9-4- *,$/(), *(7-2&' 2-4*&'561,7-',%-0, 

&+($.(/-',>?-8 %(.&'*(79,>?(( '&39(=$)'-( -%$)*;2(%), %, &+*,+,)5-

',(2;> 9(),1<.  

E(3;1<),)5 ,%,1-3, *(4&2(%9;>)$0 4 -$.&1<3&',%-> .*- *(B(%-- $1(-

9;>?-8 3,9,/. 

1. C*&6%&3-*&',%-( 9-%,2-/($4-8 .*&:($$&' ' ,12,3%&2 2-4*&'561,-

7-',%--, ' /,$)%&$)- .*&-3'&9$)'& )&/%58 *,$/()&' /,$)&)5 4&1(+,%-= 

' 3,'-$-2&$)- &) )(8%&1&6-/($4-8 .,*,2()*&'. 

2. #.*(9(1(%-( - %,3%,/(%-( *(7-2&' ,12,3%&6& 2-4*&'561,7-',%-0 

$ $&+1>9(%-(2 ;$1&'-0 %(.&'*(79,(2&$)- &+*,+,)5',(2&= .&'(*8%&$)-. 

3. N&*2-*&',%-( - ),+;1-*&',%-( *(7-2&' ,12,3%&6& 2-4*&'561,7--

',%-0 2-%-,)>*%58, 2,1&7($)4-8 - )&%4&$)(%%58 9(),1(= $ :(1<> .&'5B(-

%-0 4,/($)', &+*,+&)4- - ;'(1-/(%-0 *($;*$, '5.;$4,(258 -39(1-=.  

 

 

f2.'5% /f2.$&+ 

R 
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 !"#$% &"'()*'+), 

1. L(8%&1&6-0 2,B-%&$)*&(%-0. H,$)< 1: ;/(+. .&$&+-( / G.U. V;4&', 

A.A. "&+3,*<, W.T. E&3&'$4-=, Q.Q. !(6)0*X', J. M. I&1&'(=/-4; .&9 *(9. 

I.U. M;*,B4-%,. – IC+.: A39-'& IC+OL , 1999. – 189 $. 

2. L&*+-1& Q.M. J12,3%&( '561,7-',%-(. – M.: M,B-%&$)*&(%-(, 

1972. – 105 $. 

3. I.*,'&/%-4 2,B-%&$)*&-)(10: ' 6 ). / .&9 *(9. I.Q. I(*(%$(%,. – -39. 

3-(, .(*(*,+. - 9&.. – L. 3. – M., M,B6-3, 1963. – 651 $. 

 

C&1;/(%& 17.01.2011 

 

 


