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ʀɿʋʏɽʅʀɽ  ɺʓʅʋɾɼɽʅʅʓʍ  ʕʃɽʂʊʈʀʏɽʉʂʀʍ   

ʂʆʃɽɹɸʅʀʁ  ɺ  ʈɽɿʆʅɸʅʉʅʆʄ ʂʆʅʊʋʈɽ . 

 

ʂʨʘʪʢʦʝ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʚʚʝʜʝʥʠʝ. *)  

 

Ä 1 ʉʦʙʩʪʚʝʥʥʳʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ ʙʝʟ ʘʢʪʠʚʥʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ ʢʦʥʪʫʨʝ. 
ʉʦʙʩʪʚʝʥʥʳʝ ʢʦʣʝʙʘʥʠʷ ʧʨʦʠʩʭʦʜʷʪ ʚ ʠʟʦʣʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʝ, 

ʚʳʚʝʜʝʥʥʦʡ ʠʟ ʧʦʣʦʞʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ. ʈʘʩʩʤʦʪʨʠʤ ʧʨʦʩʪʝʡʰʠʡ 

ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʢʦʥʪʫʨ. ʆʥ ʩʦʩʪʦʠʪ ʠʟ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩʦʝʜʠʥʝʥʥʳʭ ʝʤʢʦʩʪʠ  

C   ʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ  L .   

ʏʪʦʙʳ ʚʦʟʙʫʜʠʪʴ ʚ ʢʦʥʪʫʨʝ ʢʦʣʝʙʘʥʠʷ, ʚʥʘʯʘʣʝ ʧʨʠʩʦʝʜʠʥʠʤ 

ʢʦʥʜʝʥʩʘʪʦʨ ʢ ʠʩʪʦʯʥʠʢʫ ʧʠʪʘʥʠʷ  E   (ʨʠʩ. 1ʘ). ɺ ʨʝʟʫʣʴʪʘʪʝ ʥʘ ʦʙʢʣʘʜʢʘʭ 

ʢʦʥʜʝʥʩʘʪʦʨʘ ʧʦʷʚʠʪʩʷ ʟʘʨʷʜ  0q , ʘ ʤʝʞʜʫ ʦʙʢʣʘʜʢʘʤʠ ï ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ 

ɽ. ʆʪʢʣʶʯʠʤ ʪʝʧʝʨʴ ʠʩʪʦʯʥʠʢ ʧʠʪʘʥʠʷ ʠ 

ʟʘʤʢʥʝʤ ʢʦʥʜʝʥʩʘʪʦʨ ʥʘ ʠʥʜʫʢʪʠʚʥʦʩʪʴ 

(ʨʠʩ. 1ʙ). ʂʦʥʜʝʥʩʘʪʦʨ ʥʘʯʥʝʪ 

ʨʘʟʨʷʞʘʪʴʩʷ, ʠ ʚ ʢʦʥʪʫʨʝ ʧʦʪʝʯʝʪ ʪʦʢ, 

ʩʠʣʘ ʢʦʪʦʨʦʛʦ 

                  
dq

i
dt
= . (1) 

ɺʤʝʩʪʝ ʩ ʫʤʝʥʴʰʝʥʠʝʤ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʟʘʨʷʜʘ ʢʦʥʜʝʥʩʘʪʦʨʘ 

ʥʘʯʥʝʪ ʫʤʝʥʴʰʘʪʴʩʷ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʝ 

ʧʦʣʝ. ʇʨʠ ʵʪʦʤ ʚ ʢʘʪʫʰʢʝ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʚʦʟʥʠʢʘʝʪ ʤʘʛʥʠʪʥʦʝ 

ʧʦʣʝ  ɺ. ʅʘʡʜʝʤ ʟʘʢʦʥ, ʧʦ ʢʦʪʦʨʦʤʫ 

ʠʟʤʝʥʷʶʪʩʷ ʟʘʨʷʜ ʥʘ ʦʙʢʣʘʜʢʘʭ 

ʢʦʥʜʝʥʩʘʪʦʨʘ ʠ ʪʦʢ ʚ ʢʦʥʪʫʨʝ.  

ʇʦ ʚʪʦʨʦʤʫ ʧʨʘʚʠʣʫ ʂʠʨʛʦʬʘ ʩʫʤʤʘ ʧʘʜʝʥʠʡ ʥʘʧʨʷʞʝʥʠʡ ʚʜʦʣʴ 

ʟʘʤʢʥʫʪʦʛʦ ʢʦʥʪʫʨʘ ʨʘʚʥʘ ʩʫʤʤʝ ʵʜʩ, ʜʝʡʩʪʚʫʶʱʠʭ ʚ ʥʝʤ: 

  ,
q di

L
C dt
=-                                                      (2)                                                                                                  

ʛʜʝ   C

q
U

C
=  - ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʝ,  L

di
L

dt
=-E  - ɻ ʣʝʢʪʨʦʜʚʠʞʫʱʘʷ ʩʠʣʘ 

ʩʘʤʦʠʥʜʫʢʮʠʠ. 

ʋʯʠʪʳʚʘʷ, ʯʪʦ  
dq

i
dt
= , ʧʝʨʝʧʠʰʝʤ (2) ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 
2

2

1d q
q

LCdt
=- . (3) 

 

*) ʇʨʠ ʥʘʧʠʩʘʥʠʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʚʚʝʜʝʥʠʷ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʤʝʪʦʜ. ʧʦʩʦʙ. ɺʦʣʢʦʚʦʡ ʅ.ɺ. ʢ ʟʘʜʘʯʝ 

çʀʟʫʯʝʥʠʝ ʚʳʥʫʞʜʝʥʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʣʝʙʘʥʠʡ ʚ ʨʝʟʦʥʘʥʩʥʦʤ ʢʦʥʪʫʨʝè. ʄ. 1985 ʛ. 

+

+

+

+
E

B

C

C

L

L

ʘ)

ʙ)

ʈʠʩ. 1

E

E

Eq0
,
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ʕʪʦ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ, ʦʜʥʦʨʦʜʥʦʝ ʫʨʘʚʥʝʥʠʝ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ. ʈʝʰʠʪʴ ʝʛʦ 

ï  ʟʥʘʯʠʪ ʥʘʡʪʠ ʪʘʢʫʶ ʬʫʥʢʮʠʶ ʚʨʝʤʝʥʠ  ( )q f t= , ʢʦʪʦʨʘʷ ʧʦʩʣʝ ʧʦʜʩʪʘʥʦʚ- 

ʢʠ ʝʝ ʚ ʵʪʦ ʫʨʘʚʥʝʥʠʝ ʦʙʨʘʪʠʪ ʝʛʦ ʚ ʪʦʞʜʝʩʪʚʦ. ʅʝʪʨʫʜʥʦ ʜʦʛʘʜʘʪʴʩʷ, ʢʘʢʦʡ 

ʚʠʜ ʜʦʣʞʥʘ ʠʤʝʪʴ ʠʩʢʦʤʘʷ ʬʫʥʢʮʠʷ. ʀʟ ʫʨʘʚʥʝʥʠʷ (3) ʩʣʝʜʫʝʪ, ʯʪʦ ʬʫʥʢʮʠʷ  

( )q f t=   ʜʦʣʞʥʘ ʦʙʣʘʜʘʪʴ ʩʣʝʜʫʶʱʠʤ ʩʚʦʡʩʪʚʦʤ: ʚʪʦʨʘʷ ʧʨʦʠʟʚʦʜʥʘʷ ʵʪʦʡ 

ʬʫʥʢʮʠʠ ʧʦ ʚʨʝʤʝʥʠ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʧʦʩʪʦʷʥʥʦʛʦ ʤʥʦʞʠʪʝʣʷ ʜʦʣʞʥʘ 

ʨʘʚʥʷʪʴʩʷ ʩʘʤʦʡ ʬʫʥʢʮʠʠ. ʊʘʢʠʤ ʩʚʦʡʩʪʚʦʤ, ʚ ʯʘʩʪʥʦʩʪʠ, ʦʙʣʘʜʘʝʪ ʬʫʥʢʮʠʷ 

ʢʦʩʠʥʫʩ. ʆʯʝʚʠʜʥʦ,  ʯʪʦ ʵʪʦ ʩʚʦʡʩʪʚʦ ʬʫʥʢʮʠʠ ʥʝ ʠʟʤʝʥʠʪʩʷ, ʝʩʣʠ ʩʘʤʫ 

ʬʫʥʢʮʠʶ ʠ ʝʝ ʘʨʛʫʤʝʥʪ ʫʤʥʦʞʠʪʴ ʥʘ ʥʝʢʦʪʦʨʳʝ ʢʦʥʩʪʘʥʪʳ ,0 0A w  ʠ ʚ 

ʜʦʧʦʣʥʝʥʠʝ ʢ ʵʪʦʤʫ ʧʨʠʙʘʚʠʪʴ ʢ ʘʨʛʫʤʝʥʪʫ 0tw  ʪʨʝʪʴʶ ʢʦʥʩʪʘʥʪʫ  0j . ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (3) ʩʣʝʜʫʝʪ ʠʩʢʘʪʴ ʚ  ʚʠʜʝ  

0 0 0cos( )q A tw j= + . 

ɺ ʪʝʦʨʠʠ ʢʦʣʝʙʘʥʠʡ ʢʦʥʩʪʘʥʪʘ  0A   ʥʘʟʳʚʘʝʪʩʷ ʘʤʧʣʠʪʫʜʦʡ ʢʦʣʝʙʘʥʠʷ,  0w   

ʢʨʫʛʦʚʦʡ ʯʘʩʪʦʪʦʡ ʢʦʣʝʙʘʥʠʡ, ʘ 0j  ʥʘʯʘʣʴʥʦʡ ʬʘʟʦʡ ʢʦʣʝʙʘʥʠʡ. ʆʪʤʝʪʠʤ 

ʪʘʢʞʝ, ʯʪʦ ʘʨʛʫʤʝʥʪ  0 0tw j+   ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʬʫʥʢʮʠʠ ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ 

ʬʘʟʦʡ ʢʦʣʝʙʘʥʠʡ. 

 ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʟʥʘʯʝʥʠʡ ʢʦʥʩʪʘʥʪ  0 0, 0,A w j  ʥʝʦʙʭʦʜʠʤʦ ʚʳʯʠʩʣʠʪʴ 

ʚʪʦʨʫʶ ʧʨʦʠʟʚʦʜʥʫʶ  
2

2

d q

dt
  ʠ ʚʤʝʩʪʝ ʩ ʬʫʥʢʮʠʝʡ  q  ʧʦʜʩʪʘʚʠʪʴ ʚ ʫʨʘʚʥʝʥʠʝ 

(3). ʇʫʪʝʤ ʚʳʯʠʩʣʝʥʠʡ ʫʙʝʞʜʘʝʤʩʷ, ʯʪʦ ʬʫʥʢʮʠʷ  0 0 0cos( )q A tw j= +   

ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʫʨʘʚʥʝʥʠʶ (3), ʧʨʠ ʫʩʣʦʚʠʠ, ʝʩʣʠ ʯʘʩʪʦʪʘ ʢʦʣʝʙʘʥʠʡ   0w   

ʨʘʚʥʘ 

 0

1

LC
w= . (4) 

ɸʤʧʣʠʪʫʜʘ 0A  ʠ ʥʘʯʘʣʴʥʘʷ ʬʘʟʘ  0j   ʦʧʨʝʜʝʣʷʶʪʩʷ ʥʘʯʘʣʴʥʳʤʠ 

ʫʩʣʦʚʠʷʤʠ. ɽʩʣʠ ʢʦʣʝʙʘʥʠʷ ʚ ʢʦʥʪʫʨʝ ʚʦʟʙʫʞʜʘʶʪʩʷ ʪʘʢ, ʢʘʢ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ 

ʨʠʩ. 1, ʪʦ ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʠʤʝʶʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

0,

0

0,

1)

2) 0

t

q q

dq
i i

dt

=

=

= = =

, 

ʛʜʝ  0q  - ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʟʘʨʷʜ, ʚʦʟʥʠʢʰʠʡ ʥʘ ʦʙʢʣʘʜʢʘʭ ʢʦʥʜʝʥʩʘʪʦʨʘ ʧʦʩʣʝ 

ʧʦʜʢʣʶʯʝʥʠʷ ʝʛʦ ʢ ʠʩʪʦʯʥʠʢʫ ʩ  ʕɼʉ E . 

 ʇʦʩʣʝ ʧʦʜʩʪʘʥʦʚʢʠ  0 0 0cos( )q A tw j= +  ʚ  1)  ʠ  2)  ʠ ʨʝʰʝʥʠʷ ʧʦʣʫʯʝʥʥʦʡ 

ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʧʦʣʫʯʠʤ: 0 0 0, 0.A q j= = 

ʀʪʘʢ, ʟʘʨʷʜ ʥʘ ʦʙʢʣʘʜʢʘʭ ʢʦʥʜʝʥʩʘʪʦʨʘ  ( )q t  ʠʟʤʝʥʷʝʪʩʷ  ʩʦ ʚʨʝʤʝʥʝʤ ʧʦ 

ʛʘʨʤʦʥʠʯʝʩʢʦʤʫ ʟʘʢʦʥʫ : 

                                             0

1
cos( )q q t

LC
= .                                                (5)                                                           

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʳ ʚʳʷʩʥʠʣʠ, ʯʪʦ ʯʘʩʪʦʪʘ ʩʦʙʩʪʚʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ 

ʢʦʥʪʫʨʘ   0w   ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʩʠʩʪʝʤʳ: ʠʥʜʫʢʪʠʚʥʦʩʪʠ  L   ʠ 
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ʝʤʢʦʩʪʠ  C. ʇʨʠ ʚʳʯʠʩʣʝʥʠʠ   0w   ʥʘʜʦ ʙʨʘʪʴ  L  ʠ C   ʚ ʦʜʥʦʡ ʩʠʩʪʝʤʝ 

ʝʜʠʥʠʮ:  L  - ʚ ʛʝʥʨʠ,  C  - ʚ ʬʘʨʘʜʘʭ. ʇʝʨʠʦʜ ʢʦʣʝʙʘʥʠʡ  
0T   ʩʚʷʟʘʥ ʩ ʯʘʩʪʦʪʦʡ 

ʬʦʨʤʫʣʦʡ 

 
0

0

2
2T LC

p
p

w
= =  (6) 

ʊʦ ʞʝ ʩʘʤʦʝ ʤʦʞʥʦ ʩʢʘʟʘʪʴ ʦʙ ʠʟʤʝʥʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʝ: 

0 1
cos( )C

qq
U t

C C LC
= = . 

ʇʨʦʜʠʬʬʝʨʝʥʮʠʨʦʚʘʚ (5) ʧʦ ʚʨʝʤʝʥʠ, ʧʦʣʫʯʠʤ ʩʠʣʫ ʪʦʢʘ ʚ ʮʝʧʠ: 

 
 

0 0

1 1 1
sin( ) cos( ).

2

dq
i q t i t

dt LC LC LC

p
= =- = + 

 

ʀʟ ʧʦʩʣʝʜʥʝʛʦ ʨʘʚʝʥʩʪʚʘ 

ʚʠʜʥʦ, ʯʪʦ ʢʦʣʝʙʘʥʠʷ ʪʦʢʘ 

ʦʧʝʨʝʞʘʶʪ ʢʦʣʝʙʘʥʠʷ ʟʘʨʷʜʘ 

ʠ ʥʘʧʨʷʞʝʥʠʷ ʤʝʞʜʫ 

ʦʙʢʣʘʜʢʘʤʠ ʢʦʥʜʝʥʩʘʪʦʨʘ ʥʘ  

2

p
 ʨʘʜʠʘʥ. ɿʘʨʷʜ 

ʢʦʥʜʝʥʩʘʪʦʨʘ ʦʙʨʘʱʘʝʪʩʷ ʚ 

ʥʫʣʴ, ʢʦʛʜʘ ʩʠʣʘ ʪʦʢʘ 

ʜʦʩʪʠʛʘʝʪ ʩʚʦʝʡ ʥʘʠʙʦʣʴʰʝʡ 

ʚʝʣʠʯʠʥʳ  0 0 0.i qw=  ʅʘ ʵʢʨʘʥʝ 

ʦʩʮʠʣʣʦʛʨʘʬʘ ʢʦʣʝʙʘʥʠʷ 

ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʝ 

ʚʳʛʣʷʜʷʪ ʪʘʢ, ʢʘʢ ʵʪʦ 

ʠʟʦʙʨʘʞʝʥʦ ʥʘ ʨʠʩ. 2.  

 

 

Ä2 ʉʚʦʙʦʜʥʳʝ ʟʘʪʫʭʘʶʱʠʝ ʢʦʣʝʙʘʥʠʷ. 

 

ʘ) ʋʨʘʚʥʝʥʠʝ ʟʘʪʫʭʘʶʱʠʭ ʢʦʣʝʙʘʥʠʡ. 

     ɺʩʷʢʠʡ ʨʝʘʣʴʥʳʡ ʢʦʥʪʫʨ ʦʙʣʘʜʘʝʪ ʘʢʪʠʚʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ  R. ʕʥʝʨʛʠʷ, 

ʟʘʧʘʩʝʥʥʘʷ ʚ ʢʦʥʪʫʨʝ, 

ʧʦʩʪʝʧʝʥʥʦ ʨʘʩʭʦʜʫʝʪʩʷ 

ʧʫʪʝʤ ʚʳʜʝʣʝʥʠʷ ʪʝʧʣʘ ʥʘ 

ʵʪʦʤ ʩʦʧʨʦʪʠʚʣʝʥʠʠ, 

ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ, ʢʘʢ ʤʳ 

ʫʚʠʜʠʤ ʥʠʞʝ, ʩʚʦʙʦʜʥʳʝ 

ʢʦʣʝʙʘʥʠʷ ʟʘʪʫʭʘʶʪ. ʉʭʝʤʘ 

ʨʝʘʣʴʥʦʛʦ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ 

ʢʦʥʪʫʨʘ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 3. 
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ɺʳʚʝʜʝʤ ʫʨʘʚʥʝʥʠʝ ʢʦʣʝʙʘʥʠʡ ʚ ʪʘʢʦʤ ʢʦʥʪʫʨʝ. ʉʫʤʤʘ ʧʘʜʝʥʠʡ ʥʘʧʨʷʞʝʥʠʡ 

ʥʘ ʝʤʢʦʩʪʠ  C

q
U

C
=   ʠ ʘʢʪʠʚʥʦʤ ʩʦʧʨʦʪʠʚʣʝʥʠʠ  RU Ri=  (ʧʦ ʚʪʦʨʦʤʫ ʧʨʘʚʠʣʫ 

ʂʠʨʛʦʬʘ) ʜʦʣʞʥʘ ʙʳʪʴ ʨʘʚʥʘ ʩʫʤʤʝ ʜʝʡʩʪʚʫʶʱʠʭ ʚ ʢʦʥʪʫʨʝ ʕɼʉ: 
1

,
di

Ri q L
C dt
+ =-  

ʛʜʝ  

                                                        
L

di
L

dt
- =E  

ʵʣʝʢʪʨʦʜʚʠʞʫʱʘʷ ʩʠʣʘ ʠʥʜʫʢʮʠʠ. ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ, ʯʪʦ  
dq

i
dt
= , 

ʧʦʣʫʯʠʤ  

                                         
2

2

1
0.

d q R dq
q

dt L dt LC
+ + =                                             (7) 

 

ʅʘʙʣʶʜʝʥʠʝ ʬʦʨʤʳ 

ʢʦʣʝʙʘʥʠʡ ʥʘʧʨʷʞʝʥʠʷ ʥʘ 

ʢʦʥʜʝʥʩʘʪʦʨʝ  C   ʚ ʩʭʝʤʝ 

(ʨʠʩ. 3) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʦʥʘ ʠʤʝʝʪ ʚʠʜ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʥʘ ʨʠʩ. 

4ʘ. ʂʘʢ ʚʠʜʥʦ  ʠʟ ʨʠʩʫʥʢʘ 

ʢʦʣʝʙʘʥʠʷ ʦʩʪʘʶʪʩʷ 

ʢʦʩʠʥʫʩʦʠʜʘʣʴʥʳʤʠ, ʥʦ 

ʘʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ 

ʫʙʳʚʘʝʪ ʩʦ ʚʨʝʤʝʥʝʤ 

0 0( )cos( )CU U t tw j= + . 

 ʅʘ ʨʠʩ. 4ʙ ʯʝʨʝʟ ʪʦʯʢʠ ʘ0 

éʘ7 ʧʨʦʚʝʜʝʥʘ ʧʣʘʚʥʘʷ 

ʢʨʠʚʘʷ, ʬʦʨʤʘ ʢʦʪʦʨʦʡ 

ʦʧʨʝʜʝʣʷʝʪ ʟʘʚʠʩʠʤʦʩʪʴ  

0( )U t . ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ 

ʟʘʧʠʩʘʪʴ ʧʨʝʜʧʦʣʘʛʘʝʤʦʝ 

ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ  (7), 

ʥʘʡʜʝʤ ʘʥʘʣʠʪʠʯʝʩʢʠʡ 

ʚʠʜ ʟʘʚʠʩʠʤʦʩʪʠ   0( )U t . 

ʊʦʯʢʠ  ʘ0 éʘ7   

ʦʧʨʝʜʝʣʷʶʪ ʘʤʧʣʠʪʫʜʳ 

ʢʦʣʝʙʘʥʠʡ ʥʘʧʨʷʞʝʥʠʷ ʚ 

ʨʘʟʣʠʯʥʳʝ ʤʦʤʝʥʪʳ 

ʚʨʝʤʝʥʠ. ʉ ʧʦʤʦʱʴʶ ʨʠʩ. 

4ʙ ʤʦʞʥʦ ʩʦʟʜʘʪʴ 

ʪʘʙʣʠʮʫ ʟʥʘʯʝʥʠʡ 

ʥʘʧʨʷʞʝʥʠʡ ʚ ʪʦʯʢʘʭ  

a)

ʈʠʩ. 4
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 ʘ0 éʘ7  . 

 

ɼʘʥʥʳʝ ʵʪʦʡ 

ʪʘʙʣʠʮʳ ʦʧʨʝʜʝʣʷʶʪ 

ʟʘʚʠʩʠʤʦʩʪʴ  0( )U t   ʚ 

ʪʘʙʣʠʯʥʦʡ ʬʦʨʤʝ 

(ʪʦʯʢʠ ʥʘ ʛʨʘʬʠʢʝ ʨʠʩ. 

5ʘ). 

                                                                                                                                            

             

ɺ ʯʘʩʪʥʦʤ ʩʣʫʯʘʝ 

ʥʘʡʪʠ ʘʥʘʣʠʪʠʯʝʩʢʫʶ 

ʟʘʚʠʩʠʤʦʩʪʴ  0( )U t  

ʤʦʞʥʦ ʧʫʪʝʤ ʧʦʜʙʦʨʘ 

ʬʫʥʢʮʠʠ, ʢʦʪʦʨʘʷ ʧʨʠ 

ʟʘʜʘʥʥʳʭ ʚ ʪʘʙʣʠʮʝ 

ʟʥʘʯʝʥʠʷʭ ʘʨʛʫʤʝʥʪʘ   

it  ʜʘʚʘʣʘ ʙʳ 

ʪʘʙʣʠʯʥʳʝ ʟʥʘʯʝʥʠʷ  

0iU . 

ʇʨʦʚʝʨʠʤ, ʥʘʩʢʦʣʴʢʦ 

ʧʦʜʭʦʜʷʪ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʧʣʘʚʥʦʡ ʢʨʠʚʦʡ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ       

ʨʠʩ. 4ʙ, ʩʣʝʜʫʶʱʠʝ 

ʬʫʥʢʮʠʠ:  
()0

0

0
( )

U
U t

t
=  

ʠ ()0 0( ) 0 exp( )U t U tb= - .  

ʆʙʝ ʬʫʥʢʮʠʠ 

ʦʪʨʘʞʘʶʪ ʫʙʳʚʘʥʠʝ 

( )0U t , ʥʦ ʟʘʢʦʥ 

ʫʙʳʚʘʥʠʷ ʨʘʟʥʳʡ. 

ɺʳʯʠʩʣʠʤ  ʣʦʛʘʨʠʬʤʳ 

ʣʝʚʳʭ ʠ ʧʨʘʚʳʭ ʯʘʩʪʝʡ 

ʧʨʠʚʝʜʝʥʥʳʭ 

ʚʳʨʘʞʝʥʠʡ:  

()0 0ln ( ) ln 0 ln ,U t U t= -   

()0 0ln ( ) ln 0U t U tb= -   ʠ    

N     U0i       t i  
  0   

  1   

 é   

-21,2

-21,0

-20,8

-20,6

-20,4
-20,2

-20,0

-19,8

-19,6
-19,4

-19,2

-19,0
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t 104x

ln U0

ʚ)

ʈʠʩ. 5

U = k exp (- b t )

ʙ)
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ln t

U = k / t

ɿʘʚʠʩʠʤʦʩʪʴ

U0(t) = U0(0)  exp (-b  t )

ʘ)
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ʦʪʦʙʨʘʟʠʤ ʵʪʠ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘ ʛʨʘʬʠʢʘʭ. ʇʝʨʚʳʡ ʛʨʘʬʠʢ ʧʦʩʪʨʦʠʤ ʚ 

ʢʦʦʨʜʠʥʘʪʘʭ  
0ln lnU t , ʚʪʦʨʦʡ - ʚ ʢʦʦʨʜʠʥʘʪʘʭ  

0lnU t . ɽʩʣʠ ʬʫʥʢʮʠʷ 

ʧʨʘʚʠʣʴʥʦ ʦʧʠʩʳʚʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ   0( )U t , ʪʦ ʪʦʯʢʠ ʥʘ ʛʨʘʬʠʢʝ ʵʪʦʡ ʬʫʥʢʮʠʠ 

ʜʦʣʞʥʳ ʨʘʩʧʦʣʘʛʘʪʴʩʷ ʥʘ ʧʨʷʤʦʡ ʣʠʥʠʠ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʦʚ 5ʙ ʠ 5ʚ ʥʘ 

ʧʨʷʤʫʶ ʣʠʥʠʶ ʣʝʛʣʠ ʪʦʯʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ  ʬʫʥʢʮʠʠ  ()0 0( ) 0 exp( )U t U tb= - , 

(ʨʠʩ. 5ʚ). ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʠʤʝʥʥʦ ʵʪʘ ʬʫʥʢʮʠʷ ʦʧʠʩʳʚʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ 

ʘʤʧʣʠʪʫʜʳ ʢʦʣʝʙʘʥʠʡ ʦʪ ʚʨʝʤʝʥʠ. ʊʘʥʛʝʥʩ ʫʛʣʘ ʥʘʢʣʦʥʘ ʧʨʷʤʦʡ ʨʘʚʝʥ  b. 

ʅʘ ʨʠʩ. 5ʘ ʧʨʝʜʩʪʘʚʣʝʥ ʛʨʘʬʠʢ ʬʫʥʢʮʠʠ  ()0 0( ) 0 exp( )U t U tb= -   (ʩʧʣʦʰʥʘʷ 

ʣʠʥʠʷ). ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ ʚʩʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʪʦʯʢʠ  ʘ0 , ʘ1 , ʘ2 éʘ7  

ʭʦʨʦʰʦ ʣʦʞʘʪʩʷ ʥʘ ʵʪʫ ʣʠʥʠʶ. 

ʊʘʢ ʢʘʢ ʚʠʜ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʧʨʷʞʝʥʠʷ ʠ ʟʘʨʷʜʘ ʥʘ ʦʙʢʣʘʜʢʘʭ 

ʢʦʥʜʝʥʩʘʪʦʨʘ ʦʜʠʥʘʢʦʚ   ( U= q / C ), ʪʦ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (7) ʠʱʝʤ ʚ ʚʠʜʝ  

                                      0 0exp( )cos( )q q t tb w j= - + .                                         (8) 

ʌʫʥʢʮʠʷ  (8)  ̫ ʚʣʷʝʪʩʷ ʨʝʰʝʥʠʝʤ ʫʨʘʚʥʝʥʠʷ  (7), ʝʩʣʠ   

 

                                                
2

R

L
b=                                                                      (9) 

                                          2 2

0w w b= -                                                                 (10) 

 

ɺ ʩʧʨʘʚʝʜʣʠʚʦʩʪʠ ʵʪʦʛʦ ʨʝʰʝʥʠʷ ʤʦʞʥʦ ʫʙʝʜʠʪʴʩʷ, ʧʦʜʩʪʘʚʠʚ ʚ  (7)  

ʚʳʨʘʞʝʥʠʝ  (8), ʧʨʠʥʷʚ ʚʦ ʚʥʠʤʘʥʠʝ  (9)  ʠ  (10). ʇʨʠ ʵʪʦʤ ʣʝʚʘʷ ʯʘʩʪʴ 

ʫʨʘʚʥʝʥʠʷ  (7) ʦʢʘʞʝʪʩʷ ʪʦʞʜʝʩʪʚʝʥʥʦʡ ʧʨʘʚʦʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʦʙʩʪʚʝʥʥʳʝ ʢʦʣʝʙʘʥʠʷ ʟʘʨʷʜʘ ʥʘ ʦʙʢʣʘʜʢʘʭ 

ʢʦʥʜʝʥʩʘʪʦʨʘ ʚ ʨʝʘʣʴʥʦʤ  ʢʦʥʪʫʨʝ ʧʨʦʠʩʭʦʜʷʪ ʧʦ ʟʘʢʦʥʫ  (8) ʩ  b  ʠ  w, 

ʦʧʨʝʜʝʣʷʝʤʳʤʠ ʬʦʨʤʫʣʘʤʠ  (9)  ʠ  (10).  

 

ʙ) ɼʝʢʨʝʤʝʥʪ ʟʘʪʫʭʘʥʠʷ. 
ʂʦʣʝʙʘʥʠʷ, ʟʘʢʦʥ ʢʦʪʦʨʳʭ ʚʳʨʘʞʘʝʪʩʷ ʬʦʨʤʫʣʦʡ  (8), ʫʞʝ ʥʝ ʙʫʜʫʪ 

ʛʘʨʤʦʥʠʯʝʩʢʠʤʠ. ɺ ʬʦʨʤʫʣʫ  (8)  ʚʭʦʜʷʪ ʜʚʘ ʤʥʦʞʠʪʝʣʷ, ʟʘʚʠʩʷʱʠʝ ʦʪ 

ʚʨʝʤʝʥʠ. ʆʜʠʥ ʠʟ ʥʠʭ  0cos( )tw j+  - ʷʚʣʷʝʪʩʷ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʬʫʥʢʮʠʝʡ 

ʚʨʝʤʝʥʠ, ʘ ʜʨʫʛʦʡ - te b-  ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʫʙʳʚʘʝʪ. ʇʨʠ   0b   ʨʝʰʝʥʠʝ  

(8)  ʧʝʨʝʭʦʜʠʪ ʚ ʬʦʨʤʫʣʫ  (5), ʦʧʠʩʳʚʘʶʱʝʝ ʥʝʟʘʪʫʭʘʶʱʠʝ ʩʦʙʩʪʚʝʥʥʳʝ 

ʢʦʣʝʙʘʥʠʷ. ʇʨʠ  0w b<   ʠʤʝʝʪ ʤʝʩʪʦ ʘʧʝʨʠʦʜʠʯʝʩʢʠʡ ʨʝʞʠʤ, ʪ.ʝ. ʚʝʣʠʯʠʥʘ 

ʟʘʨʷʜʘ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʝ ʫʤʝʥʴʰʘʝʪʩʷ ʤʦʥʦʪʦʥʥʦ ʩʦ ʚʨʝʤʝʥʝʤ, ʥʝ ʩʦʚʝʨʰʠʚ 

ʥʠ ʦʜʥʦʛʦ ʢʦʣʝʙʘʥʠʷ. ɽʩʣʠ  0w b> ,  ʪʦ ʚʝʣʠʯʠʥʫ  1 0

tq q eb-=   ʤʦʞʥʦ ʩʯʠʪʘʪʴ 

ʘʤʧʣʠʪʫʜʦʡ, ʢʦʪʦʨʘʷ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʧʦ ʧʦʢʘʟʘʪʝʣʴʥʦʤʫ 

(ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʤʫ) ʟʘʢʦʥʫ. ʂʦʣʝʙʘʥʠʷ ʩ ʫʙʳʚʘʶʱʝʡ ʘʤʧʣʠʪʫʜʦʡ 

ʥʘʟʳʚʘʶʪʩʷ ʟʘʪʫʭʘʶʱʠʤʠ ʢʦʣʝʙʘʥʠʷʤʠ. ɺʝʣʠʯʠʥʘ  b, ʥʘʟʳʚʘʝʤʘʷ 

ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʟʘʪʫʭʘʥʠʷ, ʠʤʝʝʪ ʧʨʦʩʪʦʡ ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ: ʚʝʣʠʯʠʥʘ 

ʦʙʨʘʪʥʘʷ   b, ʘ ʠʤʝʥʥʦ,  
1

b
, ʦʧʨʝʜʝʣʷʝʪ ʚʨʝʤʷ  t,  ʚ ʪʝʯʝʥʠʠ ʢʦʪʦʨʦʛʦ 

ʘʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ ʫʤʝʥʴʰʘʝʪʩʷ ʚ  e  ʨʘʟ.    
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ʂʦʣʠʯʝʩʪʚʝʥʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʟʘʪʫʭʘʶʱʠʭ ʢʦʣʝʙʘʥʠʡ ʷʚʣʷʝʪʩʷ 

ʜʝʢʨʝʤʝʥʪ ʟʘʪʫʭʘʥʠʷ. ʉ ʮʝʣʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʵʪʦʡ ʚʝʣʠʯʠʥʳ ʥʘʡʜʝʤ 

ʦʪʥʦʰʝʥʠʝ ʟʥʘʯʝʥʠʡ   ( )q t  ʠ  ( )q t T+ . ʋʯʠʪʳʚʘʷ ʧʝʨʠʦʜʠʯʥʦʩʪʴ  0cos( )tw j+ , 

ʧʦʣʫʯʠʤ  

                              0 0

( )

0 0

cos( )( )

( ) cos( )

t
T

t T

q e tq t
e

q t T q e t

b
b

b

w j

w j

-

- +

+
D= = =

+ +
 .                            (11)   

 

ʀʟ  (11)  ʩʣʝʜʫʝʪ, ʯʪʦ ʦʪʥʦʰʝʥʠʝ ʜʚʫʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʘʤʧʣʠʪʫʜ, ʪ.ʝ. 

ʘʤʧʣʠʪʫʜ, ʚʟʷʪʳʭ ʯʝʨʝʟ ʧʨʦʤʝʞʫʪʦʢ ʚʨʝʤʝʥʠ, ʨʘʚʥʳʡ  T, ʥʝ ʟʘʚʠʩʠʪ ʦʪ 

ʚʨʝʤʝʥʠ, ʘ ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʢʦʥʪʫʨʘ - 

, ,R L T.                                      

ʕʪʦ ʦʪʥʦʰʝʥʠʝ ʥʘʟʳʚʘʝʪʩʷ ʜʝʢʨʝʤʝʥʪʦʤ ʟʘʪʫʭʘʥʠʷ. ʏʝʤ ʙʦʣʴʰʝ 

ʜʝʢʨʝʤʝʥʪ ʟʘʪʫʭʘʥʠʷ, ʪʝʤ ʙʳʩʪʨʝʝ ʫʤʝʥʴʰʘʝʪʩʷ ʘʤʧʣʠʪʫʜʘ. ʏʘʩʪʦ ʟʘʪʫʭʘʥʠʝ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʥʘʪʫʨʘʣʴʥʳʤ ʣʦʛʘʨʠʬʤʦʤ ʵʪʦʛʦ ʦʪʥʦʰʝʥʠʷ: 

                           ln Te Tbd b= =                                         (12) 

ɺʝʣʠʯʠʥʘ  d  ʥʘʟʳʚʘʝʪʩʷ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʤ ʜʝʢʨʝʤʝʥʪʦʤ ʟʘʪʫʭʘʥʠʷ. 

ɺʳʷʩʥʠʤ ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ ʵʪʦʡ ʚʝʣʠʯʠʥʳ. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚʳʰʝ, ʟʘ 

ʚʨʝʤʷ  
1

t
b
=   ʘʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ  ʫʤʝʥʴʰʘʝʪʩʷ ʚ  e  ʨʘʟ. ɿʘ ʵʪʦ ʚʨʝʤʷ 

ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʢʦʥʪʫʨ ʩʦʚʝʨʰʠʪ  
1 1

N
T T

t

b d
= = =  ʢʦʣʝʙʘʥʠʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʚʝʣʠʯʠʥʘ, ʦʙʨʘʪʥʘʷ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤʫ ʜʝʢʨʝʤʝʥʪʫ ʢʦʣʝʙʘʥʠʡ ʦʧʨʝʜʝʣʷʝʪ 

ʯʠʩʣʦ ʢʦʣʝʙʘʥʠʡ, ʢʦʪʦʨʦʝ ʢʦʣʝʙʘʪʝʣʴʥʳʡ ʢʦʥʪʫʨ ʩʦʚʝʨʰʠʪ ʟʘ ʚʨʝʤʷ 

ʫʤʝʥʴʰʝʥʠʷ ʝʛʦ ʘʤʧʣʠʪʫʜʳ ʢʦʣʝʙʘʥʠʡ ʚ  e  ʨʘʟ. 

ɼʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʢʦʥʪʫʨʘ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪ ʚʝʣʠʯʠʥʫ  

Q, ʥʘʟʳʚʘʝʤʫʶ ʜʦʙʨʦʪʥʦʩʪʴʶ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʢʦʥʪʫʨʘ. ɼʦʙʨʦʪʥʦʩʪʴ 

ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʢʦʥʪʫʨʘ  ʧʨʠ ʤʘʣʳʭ ʧʦʪʝʨʷʭ ʵʥʝʨʛʠʠ ʚ ʢʦʥʪʫʨʝ  ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʦʦʪʥʦʰʝʥʠʝʤ 

 

 2
W

Q
W

p=
D

 (13) 

 

 ʛʜʝ  W - ʧʦʣʥʘʷ ʵʥʝʨʛʠʷ ʚ ʢʦʥʪʫʨʝ, ʘ  WD - ʵʥʝʨʛʠʷ, ʨʘʩʩʝʷʥʥʘʷ ʚ ʢʦʥʪʫʨʝ ʚ 

ʪʝʯʝʥʠʝ ʚʨʝʤʝʥʠ, ʨʘʚʥʦʤʫ ʧʝʨʠʦʜʫ ʢʦʣʝʙʘʥʠʡ.  ʇʦʣʥʘʷ ʵʥʝʨʛʠʷ ʢʦʥʪʫʨʘ ʠ 

ʧʦʪʝʨʠ ʵʥʝʨʛʠʠ ʟʘ ʧʝʨʠʦʜ ʨʘʚʥʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ  
2

0

2

LI
W=   ʠ  2

ʵʬʬW RI TD = ,  

ʛʜʝ  0I  -  ʘʤʧʣʠʪʫʜʥʦʝ, ʘ  0

2
ʵʬʬ

I
I =   - ʵʬʬʝʢʪʠʚʥʦʝ ʟʥʘʯʝʥʠʝ ʪʦʢʘ ʚ ʢʦʥʪʫʨʝ. 

ʇʦʜʩʪʘʚʣʷʷ  W  ʠ  WD  ʚ  (13), ʧʦʣʫʯʠʤ   

 

 
2 W

Q
W T

p p p

b d
= = =
D

. (14) 
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ɺ ʨʝʘʣʴʥʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʢʦʥʪʫʨʘʭ ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʪʫʭʘʥʠʷ  b  ʦʙʳʯʥʦ 

ʥʘʩʪʦʣʴʢʦ ʤʘʣ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʘʩʪʦʪʦʡ ʩʦʙʩʪʚʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ  0w, ʯʪʦ ʚ 

ʬʦʨʤʫʣʝ  (12)  ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ ʟʘʚʠʩʠʤʦʩʪʴʶ ʧʝʨʠʦʜʘ  T   ʦʪ  b. ʊʦʛʜʘ 

ʥʘʭʦʜʠʤ 

 

 0
2 2

00

2 2
T T

p p
d b b b b

ww b
= = º =

-
. (15) 

 

ʇʦʜʩʪʘʚʣʷʷ  (9)  ʠ  (6)  ʚ  (15)  ʧʦʣʫʯʘʝʤ ʥʦʚʳʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ 

ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʛʦ ʜʝʢʨʝʤʝʥʪʘ ʟʘʪʫʭʘʥʠʷ ʠ ʜʦʙʨʦʪʥʦʩʪʠ: 

 
C

R
L

d p=  (16) 

 
1 L

Q
R C

p

d
= = . (17) 

 

ʆʪʤʝʪʠʤ, ʯʪʦ ʜʦʙʨʦʪʥʦʩʪʴ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʨʘʜʠʦʪʝʭʥʠʢʝ ʢʦʣʝʙʘʪʝʣʴʥʳʭ 

ʢʦʥʪʫʨʦʚ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʥʝʩʢʦʣʴʢʠʭ ʩʦʪʝʥ. 

 

Ä3 ɺʳʥʫʞʜʝʥʥʳʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ. 
ʂʦʣʝʙʘʥʠʷ, ʢʦʪʦʨʳʝ ʧʨʦʠʩʭʦʜʷʪ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʢʦʥʪʫʨʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʧʝʨʠʦʜʠʯʝʩʢʠ ʠʟʤʝʥʷʶʱʝʡʩʷ ʵʣʝʢʪʨʦʜʚʠʞʫʱʝʡ ʩʠʣʳ  (ʕɼʉ),  ʥʘʟʳʚʘʶʪʩʷ 

ʚʳʥʫʞʜʝʥʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ. ɺ ʩʣʫʯʘʝ ʩʚʦʙʦʜʥʳʭ ʢʦʣʝʙʘʥʠʡ ʘʤʧʣʠʪʫʜʘ ʠ 

ʥʘʯʘʣʴʥʘʷ ʬʘʟʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʥʘʯʘʣʴʥʳʤʠ ʫʩʣʦʚʠʷʤʠ, ʘ ʯʘʩʪʦʪʘ ʟʘʚʠʩʠʪ 

ʪʦʣʴʢʦ ʦʪ ʩʚʦʡʩʪʚ ʩʘʤʦʡ ʩʠʩʪʝʤʳ (ʝʝ ʧʘʨʘʤʝʪʨʦʚ  L ,C  ʠ R). ʂʘʢ ʧʦʢʘʟʳʚʘʝʪ 

ʦʧʳʪ, ʯʘʩʪʦʪʘ ʚʳʥʫʞʜʝʥʥʳʭ 

ʢʦʣʝʙʘʥʠʡ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʯʘʩʪʦʪʦʡ ʚʳʥʫʞʜʘʶʱʝʡ ʩʠʣʳ. 

ʇʦʵʪʦʤʫ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, 

ʯʪʦ, ʝʩʣʠ ʚ ʮʝʧʠ ʢʦʥʪʫʨʘ 

ʜʝʡʩʪʚʫʝʪ  ʕɼʉ,  ʠʟʤʝʥʷʶʱʘʷʩʷ 

ʧʦ ʛʘʨʤʦʥʠʯʝʩʢʦʤʫ ʟʘʢʦʥʫ                    

cos( )
0

tw j= +E E  , ʪʦ ʢʦʣʝʙʘʥʠʷ ʚ 

ʢʦʥʪʫʨʝ ʙʫʜʫʪ ʧʨʦʠʩʭʦʜʠʪʴ ʩ ʪʦʡ ʞʝ ʯʘʩʪʦʪʦʡ  w. 

ʈʘʩʩʤʦʪʨʠʤ ʚʳʥʫʞʜʝʥʥʳʝ ʢʦʣʝʙʘʥʠʷ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʚʢʣʶʯʝʥʠʠ 

ʠʩʪʦʯʥʠʢʘ ʧʝʨʝʤʝʥʥʦʡ  ʕɼʉ  ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩ ʵʣʝʤʝʥʪʘʤʠ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ 

ʢʦʥʪʫʨʘ  (ʨʠʩ. 6). ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ  ʕɼʉ  ʠʟʤʝʥʷʝʪʩʷ ʧʦ ʛʘʨʤʦʥʠʯʝʩʢʦʤʫ 

ʟʘʢʦʥʫ: 

                                                    cos( )
0

tw j= +E E                                                               (18)                                                                                                                           

ʊʦʛʜʘ ʩʫʤʤʘ ʧʘʜʝʥʠʡ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʝ  C

q
U

C
= , ʠʥʜʫʢʪʠʚʥʦʩʪʠ   

L L

di
U

dt
= = -E   ʠ ʘʢʪʠʚʥʦʤ ʩʦʧʨʦʪʠʚʣʝʥʠʠ  RU Ri=   ʧʦ ʚʪʦʨʦʤʫ ʧʨʘʚʠʣʫ 

ʂʠʨʛʦʬʘ ʨʘʚʥʘ ʚʥʝʰʥʝʡ  ʕɼʉ: 

ʈʠʩ. 6

C L R

~
E  E

0
= cos (wt + j)
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                              cos

2

2 0

d q dq q
L R t

dt Cdt
w+ + =E    (19) 

 

ʀʩʧʦʣʴʟʫʷ ʚʚʝʜʝʥʥʳʝ ʨʘʥʝʝ ʩʪʘʥʜʘʨʪʥʳʝ ʦʙʦʟʥʘʯʝʥʠʷ  (4)  ʠ  (9)  ʧʝʨʝʧʠʰʝʤ  

(19)  ʚ ʚʠʜʝ: 

 
2

2 0
02

2 cos
d q dq

q t
dt dt L

b w w+ + =
E

.  (20) 

 

ʇʦʢʘʞʝʤ, ʯʪʦ ʵʪʦʤʫ ʫʨʘʚʥʝʥʠʶ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʬʫʥʢʮʠʷ,  

 

                             0( ) cos( )q t q tw a= + ,                                               (21) 

                

ʦʧʠʩʳʚʘʶʱʘʷ ʛʘʨʤʦʥʠʯʝʩʢʦʝ ʢʦʣʝʙʘʥʠʝ ʩ ʯʘʩʪʦʪʦʡ ʚʥʝʰʥʝʡ  ʕɼʉ. ɺ ʵʪʦʡ 

ʬʫʥʢʮʠʠ  a  ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʘʟʥʦʩʪʴ ʬʘʟ ʢʦʣʝʙʘʥʠʡ ʟʘʨʷʜʘ ʠ ʚʥʝʰʥʝʡ  

ʕɼʉ.  ʇʦʜʩʪʘʚʠʤ ʚ  (20)  ʬʫʥʢʮʠʶ  (21),  ʘ ʪʘʢʞʝ ʝʝ ʧʨʦʠʟʚʦʜʥʳʝ: 

 

                                          
0

2
2

02

sin( ),

cos( ).

dq
q t

dt

d q
q t

dt

w w a

w w a

=- +

=- +

 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʜʩʪʘʥʦʚʢʠ ʧʦʣʫʯʠʤ ʩʦʦʪʥʦʰʝʥʠʝ: 

                     2 2 0
0 0 0( ) cos( ) 2 sin( ) cosq t q t t

L
w w w a wb w a w- + - + =

E
. 

ʕʪʦ ʨʘʚʝʥʩʪʚʦ ʜʦʣʞʥʦ ʚʳʧʦʣʥʷʪʴʩʷ ʧʨʠ ʣʶʙʦʤ  t. ʈʘʩʢʨʳʚʘʷ   cos( )tw a+   ʠ  

sin( )tw a+   ʠ ʧʨʠʨʘʚʥʠʚʘʷ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʨʠ  cos tw   ʠ  sin tw  ʚ ʣʝʚʦʡ ʠ ʧʨʘʚʦʡ 

ʯʘʩʪʷʭ ʨʘʚʝʥʩʪʚʘ, ʥʘʭʦʜʠʤ: 

 

                                2 2 0
0 0 0( ) cos 2 sinq q

L
w w a wb a- - =

E
                                  (22) 

                                        2 2

0 0 0( ) sin 2 cos 0q qw w a wb a- + = .                                  (23) 

 

ʀʟ  (23)  ʧʦʣʫʯʘʝʤ 

 
2 2

0

2
tg

wb
a
w w
=

-
. (24) 

 

ɺʦʟʚʦʜʷ ʚ ʢʚʘʜʨʘʪ  (22)  ʠ  (23)  ʠ ʩʢʣʘʜʳʚʘʷ ʨʝʟʫʣʴʪʘʪ, ʥʘʭʦʜʠʤ: 

 

 0
0

2 2 2 2 2

0( ) 4
q

L w w w b
=

- +

E
. (25) 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʥʘʣʠʯʠʠ ʚ ʢʦʥʪʫʨʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚʢʣʶʯʝʥʥʦʛʦ 

ʛʝʥʝʨʘʪʦʨʘ,  ʕɼʉ  ʢʦʪʦʨʦʛʦ ʠʟʤʝʥʷʝʪʩʷ ʚʦ ʚʨʝʤʝʥʠ ʧʦ  ʛʘʨʤʦʥʠʯʝʩʢʦʤʫ 

ʟʘʢʦʥʫ  (18),  ʚʦʟʥʠʢʘʶʪ ʫʩʪʘʥʦʚʠʚʰʠʝʩʷ ʛʘʨʤʦʥʠʯʝʩʢʠʝ ʚʳʥʫʞʜʝʥʥʳʝ 

ʢʦʣʝʙʘʥʠʷ  (21)  ʩ ʯʘʩʪʦʪʦʡ ʚʥʝʰʥʝʡ  ʕɼʉ  w. ɺʥʘʯʘʣʝ ʧʨʦʮʝʩʩʘ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʚʳʥʫʞʜʝʥʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ ʚʦʟʥʠʢʘʶʪ ʩʦʙʩʪʚʝʥʥʳʝ 

ʢʦʣʝʙʘʥʠʷ, ʢʦʪʦʨʳʝ ʩʢʣʘʜʳʚʘʶʪʩʷ ʩ ʚʳʥʫʞʜʝʥʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ. ʆʜʥʘʢʦ, 

ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʟʘʪʫʭʘʥʠʷ ʩʦʙʩʪʚʝʥʥʳʝ ʢʦʣʝʙʘʥʠʷ ʧʦʩʪʝʧʝʥʥʦ ʟʘʪʫʭʘʶʪ. 

ɸʤʧʣʠʪʫʜʘ ʢʦʣʝʙʘʥʠʡ  (25)  ʠ ʩʜʚʠʛ ʬʘʟ ʤʝʞʜʫ ʚʳʥʫʞʜʝʥʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ 

ʠ ʢʦʣʝʙʘʥʠʷʤʠ  ʕɼʉ  ʛʝʥʝʨʘʪʦʨʘ  (24)  ʟʘʚʠʩʷʪ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʩʘʤʦʛʦ ʢʦʥʪʫʨʘ 

, ,R L C ʠ ʚʝʣʠʯʠʥ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʚʥʝʰʥʶʶ  ʕɼʉ - , 0wE. ʀʟ ʬʦʨʤʫʣʳ  (25)  

ʚʠʜʥʦ, ʯʪʦ ʘʤʧʣʠʪʫʜʘ 

ʚʳʥʫʞʜʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ  

0q   ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ 

ʘʤʧʣʠʪʫʜʝ ʚʥʝʰʥʝʡ ʕɼʉ  

0E   ʠ ʟʘʚʠʩʠʪ ʦʪ 

ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ 

ʩʦʙʩʪʚʝʥʥʦʡ ʯʘʩʪʦʪʦʡ 

ʢʦʣʝʙʘʥʠʡ ʢʦʥʪʫʨʘ  0w   ʠ 

ʯʘʩʪʦʪʦʡ ʚʥʝʰʥʝʡ  ʕɼʉ  

w. 

ʈʘʩʩʤʦʪʨʠʤ ʵʪʫ 

ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʜʨʦʙʥʝʝ. 

ʂʦʛʜʘ ʯʘʩʪʦʪʘ ʛʝʥʝʨʘʪʦʨʘ 

ʩʪʨʝʤʠʪʩʷ ʢ ʥʫʣʶ (ʦʯʝʥʴ 

ʤʝʜʣʝʥʥʳʝ ʢʦʣʝʙʘʥʠʷ), 

ʘʤʧʣʠʪʫʜʘ ʚʳʥʫʞʜʝʥʥʳʭ 

ʢʦʣʝʙʘʥʠʡ ʩʪʨʝʤʠʪʩʷ ʢ 

ʚʝʣʠʯʠʥʝ   0
0 2

0

q
Lw
=

E
.  ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ  w  ʘʤʧʣʠʪʫʜʘ  0q   ʩʥʘʯʘʣʘ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʪʘʢ ʢʘʢ ʫʤʝʥʴʰʘʝʪʩʷ ʟʥʘʤʝʥʘʪʝʣʴ ʚ ʬʦʨʤʫʣʝ  (25)  

(ʫʤʝʥʴʰʘʝʪʩʷ ʚʝʣʠʯʠʥʘ ʨʘʟʥʦʩʪʠ  2 2

0w w- ), ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ  w  ʥʝ 

ʧʨʠʙʣʠʟʠʪʩʷ ʢ   0w.  ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ   w  ʟʥʘʤʝʥʘʪʝʣʴ ʚ ʬʦʨʤʫʣʝ  

(25) ʥʘʯʠʥʘʝʪ ʫʚʝʣʠʯʠʚʘʪʴʩʷ. ʇʨʠ ʵʪʦʤ ʘʤʧʣʠʪʫʜʘ  0q   ʩʪʨʝʤʠʪʩʷ ʢ ʥʫʣʶ ʧʨʠ  

w,  ʩʪʨʝʤʷʱʝʡʩʷ ʢ ʙʝʩʢʦʥʝʯʥʦʩʪʠ. ʅʘ ʛʨʘʬʠʢʝ  ʟʘʚʠʩʠʤʦʩʪʴ ʘʤʧʣʠʪʫʜʳ 

ʚʳʥʫʞʜʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʦʪ ʯʘʩʪʦʪʳ  ʛʝʥʝʨʘʪʦʨʘ ʠʟʦʙʨʘʟʠʪʩʷ ʢʨʠʚʦʡ, 

ʠʤʝʶʱʝʡ ʤʘʢʩʠʤʫʤ ʚʙʣʠʟʠ  0w w= ,  ʨʠʩ. 7. ʗʚʣʝʥʠʝ, ʟʘʢʣʶʯʘʶʱʝʝʩʷ ʚ 

ʫʚʝʣʠʯʝʥʠʠ ʘʤʧʣʠʪʫʜʳ ʚʳʥʫʞʜʝʥʥʳʭ ʢʦʣʝʙʘʥʠʡ, ʢʦʛʜʘ ʯʘʩʪʦʪʘ ʚʥʝʰʥʝʡ  

ʕɼʉ  ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ ʩʦʙʩʪʚʝʥʥʦʡ ʯʘʩʪʦʪʝ ʩʠʩʪʝʤʳ, ʥʘʟʳʚʘʝʪʩʷ ʨʝʟʦʥʘʥʩʦʤ, 

ʘ ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʘʤʧʣʠʪʫʜʳ ʦʪ ʯʘʩʪʦʪʳ ʚʥʝʰʥʝʡ  ʕɼʉ ï ʘʤʧʣʠʪʫʜʥʦʡ 

ʨʝʟʦʥʘʥʩʥʦʡ ʢʨʠʚʦʡ.  

ʇʨʠ ʥʝ ʩʣʠʰʢʦʤ ʤʘʣʳʭ ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʟʘʪʫʭʘʥʠʷ  b  ʤʘʢʩʠʤʫʤ ʥʘ 

ʘʤʧʣʠʪʫʜʥʦʡ ʨʝʟʦʥʘʥʩʥʦʡ ʢʨʠʚʦʡ ʣʝʞʠʪ ʥʝ ʧʨʠ  0w w= .  ʏʪʦʙʳ ʥʘʡʪʠ 

ʟʥʘʯʝʥʠʝ  w,  ʧʨʠ ʢʦʪʦʨʦʡ ʚʝʣʠʯʠʥʘ   0q  ʷʚʣʷʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʦʡ, ʤʦʞʥʦ 

ʐʠʨʠʥʘ

ʐʠʨʠʥʘ

3

q0 107
       

q/
0ʨʝʟ

q//
0ʨʝʟ

q/
0ʨʝʟ

2

q//
0ʨʝʟ

2

28 30 32 34 36 38 40 42

f ʢɻʮ

ʈʠʩ. 7

f ʨʝʟ

d/ = 0.07

d// = 0.15
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ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʪʝʤ ʬʘʢʪʦʤ, ʯʪʦ ʬʫʥʢʮʠʷ ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ ʚ ʪʦʡ ʪʦʯʢʝ, ʛʜʝ 

ʝʝ ʧʨʦʠʟʚʦʜʥʘʷ ʦʙʨʘʱʘʝʪʩʷ ʚ ʥʫʣʴ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʥʘʭʦʞʜʝʥʠʝ ʤʘʢʩʠʤʫʤʘ 

ʜʣʷ ʬʫʥʢʮʠʠ  
0q   ʩʚʦʜʠʪʩʷ ʢ ʥʘʭʦʞʜʝʥʠʶ ʤʠʥʠʤʫʤʘ ʟʥʘʤʝʥʘʪʝʣʷ  (25). 

ʇʦʵʪʦʤʫ, ʧʨʦʜʠʬʬʝʨʝʥʮʠʨʦʚʘʚ ʧʦʜʢʦʨʝʥʥʦʝ ʚʳʨʘʞʝʥʠʝ  (25)  ʧʦ   w  ʠ 

ʧʨʠʨʘʚʥʷʚ ʨʝʟʫʣʴʪʘʪ ʥʫʣʶ, ʥʘʭʦʜʠʤ: 

 2 2

0 2ʨʝʟw w b= - . (26) 

 

ʄʦʞʥʦ ʪʘʢʞʝ ʧʦʢʘʟʘʪʴ, ʯʪʦ ʢʦʛʜʘ ʟʘʪʫʭʘʥʠʝ ʤʘʣʦ, ʘʤʧʣʠʪʫʜʘ ʠʤʝʝʪ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

 0
0ʨʝʟ

0

q
2Lw b
=

E
. (27) 

 

ʆʪʩʶʜʘ ʚʠʜʥʦ, ʯʪʦ  0ʨʝʟq   ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʢʦʵʬʬʠʮʠʝʥʪʫ ʟʘʪʫʭʘʥʠʷ  

b.  ɽʩʣʠ ʙʳ ʤʳ ʥʝ ʧʨʠʥʠʤʘʣʠ ʚʦ ʚʥʠʤʘʥʠʝ ʟʘʪʫʭʘʥʠʝ  ( 0b=  )  ʧʨʠ ʚʳʚʦʜʝ 

ʬʦʨʤʫʣʳ  (25), ʪʦ ʤʳ ʧʦʣʫʯʠʣʠ ʙʳ, ʯʪʦ ʧʨʠ ʨʝʟʦʥʘʥʩʝ ʘʤʧʣʠʪʫʜʘ ʩʪʘʥʦʚʠʪʩʷ 

ʙʝʩʢʦʥʝʯʥʦʡ  (ʥʫʣʴ ʚ ʟʥʘʤʝʥʘʪʝʣʝ ʬʦʨʤʫʣʳ  (27), ʯʝʛʦ ʥʘ ʩʘʤʦʤ ʜʝʣʝ ʥʠʢʦʛʜʘ 

ʥʝ ʙʳʚʘʝʪ).  

ɽʩʣʠ ʫʚʝʣʠʯʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʪʫʭʘʥʠʷ, ʥʝ ʠʟʤʝʥʷʷ ʦʩʪʘʣʴʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ ʢʦʥʪʫʨʘ ʠ  ʕɼʉ, ʪʦ ʨʝʟʦʥʘʥʩʥʘʷ ʢʨʠʚʘʷ ʥʘ ʛʨʘʬʠʢʝ  (ʨʠʩ. 7) 

ʧʦʡʜʝʪ ʥʠʞʝ. ʈʝʟʦʥʘʥʩ ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʝʝ ʨʝʟʢʦ ʚʳʨʘʞʝʥʥʳʤ. ʇʨʠ ʦʯʝʥʴ 

ʙʦʣʴʰʦʤ ʟʘʪʫʭʘʥʠʠ ʤʘʢʩʠʤʫʤ ʚʦʦʙʱʝ ʠʩʯʝʟʘʝʪ. 

ɿʘʪʫʭʘʥʠʝ ʚ ʢʦʣʝʙʘʪʝʣʴʥʦʤ ʢʦʥʪʫʨʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʪʘʢʞʝ ʰʠʨʠʥʦʡ  wD  

ʨʝʟʦʥʘʥʩʥʦʡ ʢʨʠʚʦʡ ʥʘ ʚʳʩʦʪʝ 0ʨʝʟq

2
. ʄʦʞʥʦ ʧʦʢʘʟʘʪʴ, ʯʪʦ ʰʠʨʠʥʘ ʢʨʠʚʦʡ  

wD   ʥʘ ʵʪʦʡ ʚʳʩʦʪʝ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʨʘʚʥʘ  2b. ɺʝʣʠʯʠʥʘ  2w bD =   

ʥʘʟʳʚʘʝʪʩʷ ʰʠʨʠʥʦʡ ʨʝʟʦʥʘʥʩʥʦʡ ʢʨʠʚʦʡ ʠʣʠ ʧʦʣʦʩʦʡ ʧʨʦʧʫʩʢʘʥʠʷ. ʊʘʢ ʢʘʢ  

0Q
2

w

b
=   (15), ʪʦ ʠʟ  (15)  ʩʣʝʜʫʝʪ, ʯʪʦ ʜʦʙʨʦʪʥʦʩʪʴ  Q   ʠ ʧʦʣʦʩʘ ʧʨʦʧʫʩʢʘʥʠʷ   

wD  ʩʚʷʟʘʥʳ ʩʣʝʜʫʶʱʠʤ ʩʦʦʪʥʦʰʝʥʠʝʤ: 

 0Q
w

w
=
D

. (28)  

ʆʧʨʝʜʝʣʠʤ ʪʝʧʝʨʴ ʚʝʣʠʯʠʥʫ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʝ: 
q

U
C
= . 

ʀʩʧʦʣʴʟʫʷ  (21) , ʥʘʭʦʜʠʤ   0 cos( )U U tw a= + ,  ʛʜʝ  0
0

q
U

C
=  - ʘʤʧʣʠʪʫʜʘ 

ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʝ.  ɺʦ ʚʨʝʤʷ ʨʝʟʦʥʘʥʩʘ  0U  ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʝ  

                                                   

( )

2

0 0
0

2
2 2 2 2

0 4
ʨʝʟU

w

w w w b

=

- +

E
 .                                              (29) 

ʀʟ ʬʦʨʤʫʣʳ  (29)  ʚʠʜʥʦ, ʯʪʦ ʘʤʧʣʠʪʫʜʘ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʝ ʧʨʠ   

0w=  ʨʘʚʥʘ   0E. ʕʪʦʪ ʬʘʢʪ ʠʤʝʝʪ ʧʨʦʩʪʦʡ ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ, ʧʦʩʢʦʣʴʢʫ 

ʩʣʫʯʘʡ  0w=   ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʝ ʟʘʚʠʩʷʱʝʡ ʦʪ ʚʨʝʤʝʥʠ  ʕɼʉ,  ʠ  ʫʩʪʘʥʦʚʠʚ-                

ʰʝʝʩʷ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʝ ʜʦʣʞʥʦ ʨʘʚʥʷʪʴʩʷ ʝʝ ʟʥʘʯʝʥʠʶ  0E .  



 12 

ɺ ʫʩʣʦʚʠʷʭ ʨʝʟʦʥʘʥʩʘ   
0w wº   ʠ ʧʨʠ ʤʘʣʳʭ b  ʘʤʧʣʠʪʫʜʘ ʥʘʧʨʷʞʝʥʠʷ 

ʨʘʚʥʘ: 

                                                  0 0
0

2
ʨʝʟU
w

b
=

E
   .                                                (30) 

ʊʘʢ ʢʘʢ ʧʨʠ ʤʘʣʳʭ  b  0

2
Q
w

b
= ,  ʪʦ 

 0 0
0ʨʝʟ 0U Q

2

w

b
= =

E
E . (31) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʨʝʟʦʥʘʥʩʝ ʘʤʧʣʠʪʫʜʘ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʝ ʚ  Q   

ʨʘʟ ʙʦʣʴʰʝ, ʯʝʤ ʘʤʧʣʠʪʫʜʘ ʚʥʝʰʥʝʡ  ʕɼʉ. 

ʐʠʨʠʥʘ ʨʝʟʦʥʘʥʩʥʦʡ ʢʨʠʚʦʡ. 
ʈʘʩʩʤʦʪʨʠʤ ʨʝʟʦʥʘʥʩʥʫʶ ʢʨʠʚʫʶ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʝ ʚʙʣʠʟʠ 

ʨʝʟʦʥʘʥʩʘ ʧʨʠ ʤʘʣʦʤ ʟʘʪʫʭʘʥʠʠ  b, ʪʦ ʝʩʪʴ ʧʨʠ ʤʘʣʳʭ ʟʥʘʯʝʥʠʷʭ ʨʘʟʥʦʩʪʠ  

0w w- . ɺ ʵʪʦʤ ʩʣʫʯʘʝ  0 02w w w+ º ,  ʠ ʧʦʢʦʨʝʥʥʦʝ ʚʳʨʘʞʝʥʠʝ ʚ  (29)  ʤʦʞʥʦ 

ʫʧʨʦʩʪʠʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 

( ) [( ) ( ) ] [( ) ]2 2 2 2 2 2 2 2 2 2 2 2 2

0 0 0 0 0 04 4 4w w w b w w w w w b w w w b w- + = - + + º - +. 

 

ʀʩʧʦʣʴʟʫʷ ʬʦʨʤʫʣʫ  (29),  ʥʘʭʦʜʠʤ: 

 

 
[( ) ]

2 2
2 0 0

0ʨʝʟ 2 2

0

U
4

w

w w b
=

- +

E
.    (32) 

 

ʆʧʨʝʜʝʣʠʤ, ʧʨʠ ʢʘʢʦʤ ʟʥʘʯʝʥʠʠ  w  ʢʚʘʜʨʘʪ ʘʤʧʣʠʪʫʜʳ ʥʘʧʨʷʞʝʥʠʷ ʥʘ 

ʢʦʥʜʝʥʩʘʪʦʨʝ ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʜʚʘ ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʚʘʜʨʘʪʦʤ ʝʛʦ ʟʥʘʯʝʥʠʷ 

ʧʨʠ ʨʝʟʦʥʘʥʩʝ.  ʀʩʧʦʣʴʟʫʷ  (30)  ʠ  (32)  ʥʘʭʦʜʠʤ ʫʩʣʦʚʠʝ: 

 

 
( )2 2

0

2
2

w w b

b

- +
= , 

 

ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʟʥʘʯʝʥʠʝ ʯʘʩʪʦʪʳ  w. 

ʆʪʩʶʜʘ 

  

 0w w b- = . (33) 

 

ʀʪʘʢ, ʧʨʠ ʦʪʢʣʦʥʝʥʠʠ ʯʘʩʪʦʪʳ ʥʘ ʚʝʣʠʯʠʥʫ  b°   ʦʪ ʨʝʟʦʥʘʥʩʥʦʛʦ ʟʥʘʯʝʥʠʷ  

0w,  ʢʚʘʜʨʘʪ ʘʤʧʣʠʪʫʜʳ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʝ ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʜʚʘ ʨʘʟʘ. 

ɺʝʣʠʯʠʥʘ  2w bD =   ʥʘʟʳʚʘʝʪʩʷ çʰʠʨʠʥʦʡ ʨʝʟʦʥʘʥʩʥʦʡ ʢʨʠʚʦʡ ʥʘ ʫʨʦʚʥʝ  

İ è ʠʣʠ ʧʦʣʦʩʦʡ ʧʨʦʧʫʩʢʘʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʬʦʨʤʫʣʘ  

(28)  0Q
w

w
=
D
, ʜʝʡʩʪʚʠʪʝʣʴʥʦ, ʩʧʨʘʚʝʜʣʠʚʘ. 
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ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ. 
            ʆʙʱʠʡ ʚʠʜ ʫʩʪʘʥʦʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1. 

 

 

 

 

ɺ ʩʦʩʪʘʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʚʭʦʜʷʪ ʩʣʝʜʫʶʱʠʝ 

ʧʨʠʙʦʨʳ ʠ ʫʩʪʨʦʡʩʪʚʘ:  
1. ɹʣʦʢ ʵʣʝʤʝʥʪʦʚ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʢʦʥʪʫʨʘ. 

     2. ɺʳʩʦʢʦʯʘʩʪʦʪʥʳʡ ʛʝʥʝʨʘʪʦʨ ʩʠʛʥʘʣʦʚ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʬʦʨʤʳ ɻ4-

102ɸ. 

2. ʕʣʝʢʪʨʦʥʥʦ-ʩʯʝʪʥʳʡ ʯʘʩʪʦʪʦʤʝʨ ʏɿ-63 ʠʣʠ ʏɿ-63-1ʄ. 

3. ʕʣʝʢʪʨʦʥʥʳʡ ʦʩʮʠʣʣʦʛʨʘʬ ʆʉʋ-20. 

4. ʎʠʬʨʦʚʦʡ ʚʦʣʴʪʤʝʪʨ ɺ7-22ɸ. 

ɹʣʦʢ ʵʣʝʤʝʥʪʦʚ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʢʦʥʪʫʨʘ.  

         ɹʣʦʢ ʵʣʝʤʝʥʪʦʚ ʢʦʣʝʙʘʪʝʣʴʥʦʛʦ ʢʦʥʪʫʨʘ  (ʨʠʩ. 2)  ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʢʘʨʢʘʩ, ʥʘ ʢʦʪʦʨʦʤ ʧʦʜ ʧʣʘʩʪʠʥʦʡ ʠʟ ʦʨʛʩʪʝʢʣʘ 

ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʢʦʥʜʝʥʩʘʪʦʨʳ  ʉ1 , ʉ2 , ʉ3, ʉ4, ʜʦʙʘʚʦʯʥʳʝ ʨʝʟʠʩʪʦʨʳ R1, R2, R3, 

R4  ʠ ʢʘʪʫʰʢʘ ʠʥʜʫʢʪʠʚʥʦʩʪʠ L1. ɺʳʚʦʜʳ ʚʩʝʭ ʵʣʝʤʝʥʪʦʚ ʧʦʜʢʣʶʯʝʥʳ ʢ 

ʢʦʥʪʘʢʪʥʳʤ ʛʥʝʟʜʘʤ. ʉ ʧʦʤʦʱʴʶ ʧʝʨʝʤʳʯʝʢ ʇ1 ʠ ʇ2 (ʦʪʨʝʟʦʢ ʧʨʦʚʦʜʥʠʢʘ ʩ 

ʥʘʢʦʥʝʯʥʠʢʘʤʠ) ʠʟ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʤʦʞʥʦ ʩʦʙʠʨʘʪʴ 

ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʢʦʥʪʫʨʳ ʩ ʨʘʟʣʠʯʥʳʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɼʣʷ ʵʪʦʛʦ 

ʧʝʨʝʤʳʯʢʦʡ  ʇ1  ʩ ʢʘʪʫʰʢʦʡ ʠʥʜʫʢʪʠʚʥʦʩʪʠ  L1  ʩʦʝʜʠʥʷʝʪʩʷ ʦʜʥʘ ʠʟ ʦʙʢʣʘʜʦʢ 

ʢʦʥʜʝʥʩʘʪʦʨʦʚ  ʉ1 , ʉ2 , ʉ3, ʉ4  , ʘ ʧʝʨʝʤʳʯʢʦʡ  ʇ2 ʩ ʜʨʫʛʠʤ ʢʦʥʮʦʤ ʢʘʪʫʰʢʠ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʩʦʝʜʠʥʷʝʪʩʷ ʦʜʠʥ ʠʟ ʨʝʟʠʩʪʦʨʦʚ  R1, R2, R3, R4  .  ʅʘ ʨʠʩ. 2 

  ʈʠʩ. 1 


