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L�� L_hjby�Z\lhfZlbq_kdh]h�mijZ\e_gby��EZ[��ijZdlbdmf����<eZ^bf��]hk��

mg-l��<eZ^bfbj�����������k� 
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ISBN  
JZajZ[hlZg� \� khhl\_lkl\bb� k� =hkm^Zjkl\_gguf� h[jZah\Zl_evguf� klZg^Zjlhf�

Fbgbkl_jkl\Z� h[jZah\Zgby�Jhkkbckdhc�N_^_jZpbb�ih� ki_pbZevghklyf� ������� ©:\lh�

fZlbaZpby�l_ogheh]bq_kdbo�ijhp_kkh\�b�ijhba\h^kl\ª���������©Jh[hlu�b�jh[hlhl_ogb�

q_kdb_�kbkl_fuª���������©F_oZljhgbdZª���������©EZa_jgZy�l_ogbdZ�b�eZa_jgu_�l_ogh�

eh]bbª� 
Ijb\_^_gu�aZ^Zgby�b�bkoh^gu_�^Zggu_��hij_^_e_gh�kh^_j`Zgb_�jZ[hl��Kh^_j`bl�

hibkZgb_�eZ[hjZlhjguo�jZ[hl�b�g_h[oh^bfu_�^ey�ijh\_^_gby�aZgylbc�k\_^_gby�h�f_�

lh^bd_�\uiheg_gby�jZ[hl��Ij_^mkfZljb\Zxlky�bkke_^h\Zgby�ebg_cguo�kbkl_f��bo�mk�

lhcqb\hklb�b�memqr_gby�dZq_kl\Z�j_]mebjh\Zgby��>ey�bkke_^h\Zgbc�ijbf_gy_lky�fZ�

l_fZlbq_kdh_�fh^_ebjh\Zgb_��>Zxlky�ih^jh[gu_�f_lh^bq_kdb_�mdZaZgby�ih�\uiheg_�

gbx� jZ[hl��Ijb\_^_gu� j_dhf_g^Zpbb� ih� hnhjfe_gbx� jZ[hl� b�nhjf_� ij_^klZ\e_gby�

fZl_jbZeZ� 
Ih^]hlh\e_gu� ^ey� klm^_glh\� ki_pbZevghkl_c� �������� �������� ������� b� �������

^g_\ghc�nhjfu�h[mq_gby��Z�lZd`_�hjb_glbjh\Zgu�gZ�klm^_glh\�aZhqghc�nhjfu�h[mq_�

gby�b�klm^_glh\�P_gljZ�j_Z[beblZpbb�bg\Zeb^h\�� 
LZ[e�����Be������;b[ebh]j�����gZa\� 
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EZ[hjZlhjguc� ijZdlbdmf� kh^_j`bl� hibkZgb_� eZ[hjZlhjguo� jZ�

[hl�ih�^bkpbiebg_�©L_hjby�Z\lhfZlbq_kdh]h�mijZ\e_gbyª�b�\dexqZ_l�hk�

gh\gu_� iheh`_gby� l_hjbb� ebg_cguo� kbkl_f�� ^bgZfbq_kdb_� oZjZdl_jb�

klbdb�lbih\uo�a\_gv_\�b�kbkl_f�Z\lhfZlbq_kdh]h�mijZ\e_gby��mklhcqb�

\hklv�jZ[hlu�b�ihdZaZl_eb�i_j_oh^guo�ijhp_kkh\��ih\ur_gb_�dZq_kl\Z�

ijhp_kkZ�j_]mebjh\Zgby� 
EZ[hjZlhjgu_�jZ[hlu�\uihegyxlky�gZ�fh^_eyo�j_Zevguo�kbkl_f�k�

bkihevah\Zgb_f�iZd_lZ�fh^_ebjh\Zgby�Simulink� \� kbkl_f_�MATLAB��Hk�
gh\gu_�ijbzfu�fh^_ebjh\Zgby�ijb\_^_gu�\�ijbeh`_gbb� 

EZ[hjZlhjgu_� aZgylby� kljhylky�lZdbf� h[jZahf�� qlh[u� klm^_g�

lu��\uihegyy�aZ^Zgby��hljZ[Zlu\Zeb�gZ\udb�ZgZebaZ�b�kbgl_aZ�Z\lhfZ�

lbq_kdbo�kbkl_f�gZ�hkgh\_�hkgh\ghc�[Zah\hc�fh^_eb��dhlhjZy�ihkl_i_g�

gh� mkeh`gy_lky� b� dhjj_dlbjm_lky�� DZ`^Zy� eZ[hjZlhjgZy� jZ[hlZ� kh�

^_j`bl� djZldb_�l_hj_lbq_kdb_� k\_^_gby�� aZ^Zgby� b� ijh]jZffm� bo� \u�

iheg_gby��dhgljhevgu_�\hijhku� 
IjZdlbdmf� ij_^gZagZq_g� ^ey� klm^_glh\�l_ogbq_kdbo� ki_pbZevgh�

kl_c��bamqZxsbo�l_hjbx�kbkl_f�Z\lhfZlbq_kdh]h�mijZ\e_gby� 
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EZ[hjZlhjgZy�jZ[hlZ���� 

BKKE?>H<:GB?�>BG:FBQ?KDBO�O:J:DL?JBKLBD 

LBIH<UO�A<?GV?< 

 
P_ev�jZ[hlu��Bamq_gb_�\j_f_gguo�b�qZklhlguo�oZjZdl_jbklbd�lbih�

\uo� a\_gv_\� kbkl_f� Z\lhfZlbq_kdh]h� mijZ\e_gby��Bkke_^h\Zgb_� \ebygby�

baf_g_gby� iZjZf_ljh\� i_j_^Zlhqguo� nmgdpbc� a\_gv_\� gZ� bo� oZjZdl_jb�

klbdb� 
 

���Kh^_j`Zgb_�jZ[hlu 
 

>ey� jZkq_lZ� kbkl_f� Z\lhfZlbq_kdh]h� mijZ\e_gby� �K:M�� hgb� jZa[b�

\Zxlky�gZ�^bgZfbq_kdb_�a\_gvy��Ih^�^bgZfbq_kdbf�a\_ghf�ihgbfZxl�mkl�

jhckl\h�ex[h]h�nbabq_kdh]h�\b^Z��gh�hibku\Z_fh_�hij_^_e_gguf�^bnn_�

j_gpbZevguf�mjZ\g_gb_f��<�khhl\_lkl\bb�k�wlbf�a\_gvy�deZkkbnbpbjmxl�

ky�bf_ggh�ih�\b^m�^bnn_j_gpbZevgh]h�mjZ\g_gby��beb�qlh�lh�`_��ih�\b^m�

i_j_^Zlhqghc�nmgdpbb�a\_gZ��Ih^�lbih\uf�a\_ghf�ihgbfZ_lky�a\_gh��hib�

ku\Z_fh_�^bnn_j_gpbZevguf�mjZ\g_gb_f�g_�\ur_�\lhjh]h�ihjy^dZ� 

N[\
GW

G\
7

GW

\G
7 =++ ��

�
�
�

. 

Ijb�gme_\uo�gZqZevguo� mkeh\byo� �l�_�� _keb� ^ey� t��� \oh^gZy�b� \u�
oh^gZy�\_ebqbgu��Z�lZd`_�bo�ijhba\h^gu_�lh`^_kl\_ggh�jZ\gu�gmex��i_�

j_^ZlhqgZy�nmgdpby�a\_gZ�fh`_l�[ulv�gZc^_gZ�dZd�hlghr_gb_�bah[jZ`_�

gbc�ih�EZieZkm�\uoh^ghc�b�\oh^ghc�\_ebqbg 

��
��

�
++

==
S7S7

N

�S�;

�S�<
�S�: , 

]^_�p=c+j& –�dhfie_dkgZy�\_ebqbgZ� 
Ijb�ba\_klghc�i_j_^Zlhqghc�nmgdpbb�a\_gZ�bah[jZ`_gb_�ih�EZieZ�

km�_]h�\uoh^ghc�\_ebqbgu�fh`gh�gZclb�ba�\ujZ`_gby 

�S�;�S�:�S�< ⋅= . 

>bgZfbq_kdb_�k\hckl\Z�a\_gZ�hij_^_eyxlky�ih�_]h�\j_f_gguf�b�qZk�

lhlguf� oZjZdl_jbklbdZf�� GZb[he__� jZkijhkljZg_ggufb� \j_f_ggufb�

oZjZdl_jbklbdZfb�y\eyxlky�i_j_oh^gZy�oZjZdl_jbklbdZ�b�nmgdpby�\_kZ� 
I_j_oh^gZy�nmgdpby��beb�i_j_oh^gZy�oZjZdl_jbklbdZ�h(t)��ij_^klZ\�

ey_l�kh[hc�i_j_oh^guc�ijhp_kk�gZ�\uoh^_�a\_gZ��\hagbdZxsbc�ijb�ih^Zq_�
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gZ� _]h� \oh^� _^bgbqgh]h� kdZqdhh[jZagh]h� \ha^_ckl\by� �jbk�� ��Z��� LZdh_�

\oh^gh_� \ha^_ckl\b_� gZau\Z_lky� _^bgbqghc� klmi_gqZlhc� nmgdpb_c� �jbk��

��[�� 

�

�

W

[ ��W�

�

�

W

[ K

K�W�

Z�       [� 
Jbk����I_j_oh^gZy�nmgdpby� 

Z�-�_^bgbqgh_�kdZqdhh[jZagh_�\ha^_ckl\b_��(t)��[�–�i_j_oh^gZy�oZjZdl_jbklbdZ�h(t) 
 


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>
≤

==
�Wijb

�Wijb
�W��W�[

������

������
�  

Nmgdpby�\_kZ�w(t)�ij_^klZ\ey_l�kh[hc�j_Zdpbx�a\_gZ�gZ�_^bgbqgmx�
bfimevkgmx� nmgdpbx� �jbk�� ��Z��� ?^bgbqgZy� bfimevkgZy� nmgdpby�� beb�

^_evlZ-nmgdpby��jbk����[���ij_^klZ\ey_l�kh[hc�ijhba\h^gmx�hl�_^bgbqghc�
klmi_gqZlhc�nmgdpbb� 
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Hkgh\gh_� k\hckl\h� ^_evlZ-nmgdpbb� aZdexqZ_lky� \� lhf�� qlh�
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∞
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dttδ ��l�_��hgZ�bf__l�_^bgbqgmx�iehsZ^v� 

� W

[ δ �W�

� W

[ Z

Z�W�

Z�       [� 
Jbk����Nmgdpby�\_kZ� 

Z�-�_^bgbqguc�bfimevk�δ(t)��[�–�nmgdpby�\_kZ�w(t) 
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Ijb�hibkZgbb�ebg_cguo�kbkl_f�beb�a\_gv_\�\Z`gh_�agZq_gb_�bf_xl�

qZklhlgu_�oZjZdl_jbklbdb��Hgb�hibku\Zxl�mklZgh\b\rb_ky�\ugm`^_ggu_�

dhe_[Zgby�\�kbkl_f_�ijb�ih^Zq_�gZ�__�\oh^�]Zjfhgbq_kdh]h�\ha^_ckl\by��<�

h[s_f�kemqZ_�mjZ\g_gb_�ebg_cghc�kbkl_fu�fh`gh�aZibkZlv�lZd� 

[�E���SESE�\�D���SDSD� P
PP

Q
QQ +++=+++ −− �

��
�

�� . 

?_�i_j_^ZlhqgZy�nmgdpby�bf__l�\b^ 

Q
QQ

P
PP

D���SDSD

E���SESE
�S�:

+++

+++
= −

−

�
��

�
�� . 

Nmgdpbx�W(jω)�� dhlhjmx� ihemqZxl� ba� i_j_^Zlhqghc�nmgdpbb�W(p)� ijb�
ih^klZgh\d_�\�g__�p=jω, gZau\Zxl�qZklhlghc�i_j_^Zlhqghc�nmgdpb_c 

Q
QQ

P
PP

D����M�D�M�D

E����M�E�M�E
�M�:

++ω+ω
++ω+ω=ω −

−

�
��

�
�� . 

QZklhlgZy�i_j_^ZlhqgZy�nmgdpby�y\ey_lky�dhfie_dkghc�nmgdpb_c�hl�^_c�

kl\bl_evghc�i_j_f_gghc�ω��dhlhjZy�gZau\Z_lky�qZklhlhc� 
Nmgdpbx�W(jω)�fh`gh�ij_^klZ\blv�\�\b^_� 

 

��MH��$��M9��8�M�: ωϕω=ω+ω=ω , 
]^_� 

���9��8��$ ω+ω=ω ��  

��

��
DUJ��

ω
ω=ωϕ

8

9
. 

 

?keb� ���M�:DUJ π≤ω ��lh�
��

��
DUFWJ��

ω
ω=ωϕ

8

9
. 

GZ� dhfie_dkghc� iehkdhklb� qZklhlgZy� i_j_^ZlhqgZy�nmgdpby�W(jω) 
hij_^_ey_l�\_dlhj��^ebgZ�dhlhjh]h�jZ\gZ�A(ω)��Z�Zj]mf_gl��l�_��m]he��h[jZ�
ah\Zgguc� wlbf� \_dlhjhf� k� ^_ckl\bl_evghc� iheh`bl_evghc� ihemhkvx� - 
ϕ(ω)��Djb\mx��dhlhjmx�hibku\Z_l�dhg_p�wlh]h�\_dlhjZ�ijb�baf_g_gbb�qZk�
lhlu�hl���^h�∞��bgh]^Z�hl�-∞�^h�∞���gZau\Zxl�Zfieblm^gh-nZah\hc�qZklhl�
ghc�oZjZdl_jbklbdhc��:NQO�� 

Fh^mev� �M�:��$ ω=ω �gZau\Zxl� Zfieblm^ghc� qZklhlghc�nmgdpb�

_c��Z�__�]jZnbd�–�Zfieblm^ghc�qZklhlghc�oZjZdl_jbklbdhc� 
:j]mf_gl� ���� ω=ωϕ M:DUJ �gZau\Zxl�nZah\hc�qZklhlghc�nmgdpb_c��

Z�__�]jZnbd�nZah\hc�qZklhlghc�oZjZdl_jbklbdhc� 
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Djhf_� i_j_qbke_gguo� qZklhlguo� oZjZdl_jbklbd�� bkihevamxl� _s_�

eh]Zjbnfbq_kdmx�Zfieblm^gmx�qZklhlgmx�oZjZdl_jbklbdm� �E:QO��b�eh�

]Zjbnfbq_kdmx� nZah\mx� qZklhlgmx� oZjZdl_jbklbdm� �ENQO��� Ijb� ih�

kljh_gbb�]jZnbdh\�wlbo�oZjZdl_jbklbd�ih�hkb�Z[kpbkk�hldeZ^u\Zxl�eh]Z�

jbnf�qZklhlu�lgω��?^bgbp_c�eh]ZjbnfZ�qZklhlu�y\ey_lky�^_dZ^Z��>_dZ^hc�
gZau\Z_lky�bgl_j\Ze��gZ�dhlhjhf�qZklhlZ�baf_gy_lky�\����jZa��>ey�]jZnbdZ�

E:QO� ih� hkb� hj^bgZl� hldeZ^u\Z_lky� nmgdpby� ��$OJ��/ ω=ω �� �� Z� ^ey�

]jZnbdZ�ENQO�– nmgdpbx� ��ωϕ ��Hkv�hj^bgZl�ijh\h^yl�q_j_a�ijhba\hev�

gmx�lhqdm��Z�g_�q_j_a�lhqdm�ω ���lZd�dZd� lgω → - ∞�ijb�ω →� ���Ijbf_j�

]jZnbdh\�EQO�ijb\_^_g�gZ�jbk����Hkgh\gu_�lbih\u_�a\_gvy�K:M�ijb\_�

^_gu�\�lZ[e���� 

ω ���k

�� ������� ����

$�ω ����OJ�$�ω �

ϕ �ω � OJω� � �
�

��

���

��

�

�

�

��

��

��

��

����

����

�

 
Jbk�3��Eh]Zjbnfbq_kdb_�qZklhlgu_�oZjZdl_jbklbdb 

 
���Ihjy^hd�\uiheg_gby�jZ[hlu 

 
1. GZ[jZlv�fh^_ev�a\_gZ� 
2. Ihemqblv�k_f_ckl\Z�]jZnbdh\�i_j_oh^guo�oZjZdl_jbklbd�a\_gZ�ijb�
baf_g_gbb� 

- dhwnnbpb_glZ�i_j_^Zqb�K=1…10; 
- ihklhygguo�\j_f_gb�a\_gZ�T=0,1…1; 
- dhwnnbpb_glZ�^_finbjh\Zgby�ξ =0,1…1. 
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3. Ih� ihemq_gguf� ]jZnbdZf� hij_^_eblv� hkgh\gu_� ihdZaZl_eb� i_j_�
oh^guo�oZjZdl_jbklbd� 

- \_ebqbgm�mklZgh\b\r_]hky�agZq_gby�hmkl; 
- ^ebl_evghklv�i_j_oh^gh]h�ijhp_kkZ�ti_j; 

- i_j_j_]mebjh\Zgb_�σ  ( �
K

KKPD[
���

mkl

mkl−
=σ ). 

4. Ihemqblv� k_f_ckl\Z� ]jZnbdh\� qZklhlguo� oZjZdl_jbklbd� a\_gZ�

�:NQO��E:QO��NQO��ijb�iZjZf_ljZo��mdZaZgguo�\�i��� 
5. Ijh\_klb� kjZ\gbl_evguc� ZgZeba� ihemq_gguo� oZjZdl_jbklbd�� k^_�
eZlv�\u\h^u�h�\ebygbb�iZjZf_ljh\�i_j_^Zlhqguo�nmgdpbc�a\_gv_\�

gZ�bo�^bgZfbq_kdb_�oZjZdl_jbklbdb� 
LZ[ebpZ�� 

Hkgh\gu_�lbih\u_�a\_gvy�K:M 
Ihabpbhggu_ 

���;_aug_jpbhggh_ N�S�: =  

���:i_jbh^bq_kdh_�i_j\h]h�ihjy^dZ 
�+

=
7S

N
�S�:  

���:i_jbh^bq_kdh_�\lhjh]h�ihjy^dZ 
��

��
�

++
=

S7S7

N
�S�:  

���Dhe_[Zl_evgh_ 
���� +ξ+

=
7SS7

N
�S�:  

���Dhgk_j\Zlb\gh_ 
��� +

=
S7

N
�S�:  

Bgl_]jbjmxsb_ 

���B^_Zevgh_�bgl_]jbjmxs__ 
S

N
�S�: =  

���Bgl_]jbjmxs__�k�aZf_^e_gb_f 
�7S�S

N
�S�:

�+
=  

���Bah^jhfgh_ 
S

�7S�N
�S�:

�+=  

>bnn_j_gpbjmxsb_ 

���B^_Zevgh_�^bnn_j_gpbjmxs__ NS�S�: =  

���>bnn_j_gpbjmxs__�k�aZf_^e_gb_f 
�+

=
7S

NS
�S�:  
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���Dhgljhevgu_�\hijhku 
 

1. �DZdb_�\j_f_ggu_�oZjZdl_jbklbdb�K:M�\u�agZ_l_�b�dZdh\Z�bo�k\yav�k�
i_j_^Zlhqgufb�nmgdpbyfb�K:M" 

2. �DZdb_�\b^u�qZklhlguo�oZjZdl_jbklbd�K:M�\Zf�ba\_klgu�b�dZdhc�bo�
nbabq_kdbc�kfuke" 

3. �DZdb_� lbih\u_� ^bgZfbq_kdb_� a\_gvy� \u� agZ_l_�� bo� i_j_^Zlhqgu_�
nmgdpbb�b�^bnn_j_gpbZevgu_�mjZ\g_gby" 

4. �DZd� \ebyxl� iZjZf_lju� i_j_^Zlhqguo�nmgdpbc� a\_gv_\� gZ� bo� \j_�
f_ggu_�b�qZklhlgu_�oZjZdl_jbklbdb" 

5. �DZdbf�h[jZahf�\uihegy_lky�jZkq_l�i_j_oh^gh]h�ijhp_kkZ�gZ�\uoh^_�
a\_gZ�ijb�ijhba\hevghf�\oh^ghf�\ha^_ckl\bb�ih�i_j_oh^ghc�b�bfimevk�

ghc�oZjZdl_jbklbdZf" 
6. �DZd� ihemqblv� qZklhlgu_� oZjZdl_jbklbdb� a\_gv_\� ih� bo� i_j_^Zlhq�

guf�nmgdpbyf" 
7. �DZd�kljhylky�eh]Zjbnfbq_kdb_�qZklhlgu_�oZjZdl_jbklbdb" 

 
 
 

EZ[hjZlhjgZy�jZ[hlZ���� 

BKKE?>H<:GB?�Q:KLHLGUO�O:J:DL?JBKLBD�K:M 

 
P_ev� jZ[hlu�� Bamq_gb_� qZklhlguo� oZjZdl_jbklbd� K:M� �:NQO� b�

E:NQO���bkke_^h\Zgb_�mdZaZgguo�oZjZdl_jbklbd�ijb�baf_g_gbb�iZjZf_l�

jh\�a\_gv_\�K:M� 
 

���Kh^_j`Zgb_�jZ[hlu 
 
QZklhlgu_� oZjZdl_jbklbdb� hibku\Zxl� mklZgh\b\rb_ky� \ugm`^_g�

gu_�dhe_[Zgby�gZ�\uoh^_�kbkl_fu��\ua\Zggu_�]Zjfhgbq_kdbf�\ha^_ckl\b�

_f�gZ�__�\oh^_��Hkgh\gu_�\b^u�qZklhlguo�oZjZdl_jbklbd�ijb\_^_gu�\�eZ�

[hjZlhjghc�jZ[hl_���� 
<�j_amevlZl_�jZa[b_gby�K:M�gZ�a\_gvy�b�hij_^_e_gby�bo�fZl_fZlb�

q_kdh]h�hibkZgby�\�\b^_�i_j_^Zlhqguo�nmgdpbc��qZklhlguo�beb�i_j_oh^�

guo�oZjZdl_jbklbd�khklZ\ey_lky�kljmdlmjgZy�ko_fZ�kbkl_fu��Ih�kljmdlmj�

ghc� ko_f_� aZl_f� ihemqZxl� i_j_^Zlhqgmx� nmgdpbx� beb� oZjZdl_jbklbdb�

K:M�\�p_ehf� 
GZb[he__� ijhklh� hibkZgb_� K:M� �i_j_^Zlhqgmx� nmgdpbx�� fh`gh�

gZclb��hi_jbjmy�i_j_^Zlhqgufb�nmgdpbyfb� a\_gv_\��Ijb�ihke_^h\Zl_ev�
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ghf�kh_^bg_gbb�i_j_^ZlhqgZy�nmgdpby�p_ihqdb�a\_gv_\�W(p)�jZ\gZ�ijhba�
\_^_gbx�i_j_^Zlhqguo�nmgdpbc�a\_gv_\ 

∏
=

=
Q

L
L �S�:�S�:

�

,  

]^_�Wi(p) –�i_j_^ZlhqgZy�nmgdpby�i-]h�a\_gZ��n –�dhebq_kl\h�a\_gv_\�� 
I_j_^ZlhqgZy� nmgdpby� ]jmiiu� iZjZee_evgh� kh_^bg_gguo� a\_gv_\�

jZ\gZ�kmff_�i_j_^Zlhqguo�nmgdpbc�hl^_evguo�a\_gv_\ 

∑
=

=
Q

L
L �S�:�S�:

�

. 

?keb�a\_gh�k�i_j_^Zlhqghc�nmgdpb_c�W1(p)�ho\Zq_gh�h[jZlghc�k\y�
avx�q_j_a�a\_gh�Whk(p)��lh�i_j_^ZlhqgZy�nmgdpby�lZdh]h�aZfdgmlh]h�dhglm�
jZ�W(p)�hij_^_ey_lky�\ujZ`_gb_f 

�S�:�S�:

�S�:
�S�:

hk�

�

� ⋅±
= . 

A^_kv� agZd�iexk�\� agZf_gZl_e_�khhl\_lkl\m_l�hljbpZl_evghc�h[jZl�

ghc�k\yab��Z�fbgmk�–�iheh`bl_evghc�� 
GZ� hkgh\Zgbb� ijb\_^_gguo� nhjfme� dZ`^Zy� ]jmiiZ� a\_gv_\� fh`_l�

[ulv� aZf_g_gZ� h^gbf� wd\b\Ze_glguf� a\_ghf�� Z� \ky� kbkl_fZ� mijZ\e_gby�

ijb\_^_gZ�d�h^ghdhglmjghfm�\b^m� 
K\yav� f_`^m� qZklhlgufb� oZjZdl_jbklbdZfb� kbkl_fu� b� khklZ\eyx�

sbo�__�a\_gv_\�hij_^_ey_lky�\ujZ`_gb_f�i_j_^Zlhqghc�nmgdpbb�W(p)��_k�
eb�ih^klZ\blv�\�g_]h�p=jω. 

Khhl\_lkl\_ggh� :NQO� p_ihqdb� ihke_^h\Zl_evgh� kh_^bg_gguo�

a\_gv_\�jZahfdgmlhc�K:M�jZ\gZ 

∏
=

ω=ω
Q

L
L �M�:�M�:

�

, 

]^_�Wi(jω) –�:NQO�i-]h�a\_gZ�K:M� 

Hlkx^Z��    ∏
=

ω=ω
Q

L
L ��$��$

�

, 

∑
=

ωϕ=ωϕ
Q

L
L ����

�

, 

]^_�A(ω)�b�ϕ(ω) –�Zfieblm^gZy�b�nZah\Zy�qZklhlgu_�oZjZdl_jbklbdb�K:M��
Z�Ai(ω)�b�ϕi(ω) –�khhl\_lkl\mxsb_�oZjZdl_jbklbdb�i-]h�a\_gZ� 

Eh]Zjbnfbjh\Zgb_�A(ω)�^Z_l�\ujZ`_gb_�^ey�E:QO�p_ihqdb�a\_gv_\�
L(ω) 
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∑
=

ω=ω
Q

L
L ��/��/

�

, 

]^_�Li(ω) –�E:QO�hl^_evgh]h�a\_gZ� 
:kbfilhlbq_kdZy� E:QO� p_ihqdb� a\_gv_\� kljhblky� kjZam� [_a� ih�

kljh_gby�E:QO�hl^_evguo�a\_gv_\��Ihjy^hd�ihkljh_gby�ke_^mxsbc: 
���<gZqZe_� hldeZ^u\Z_lky� hj^bgZlZ� h[s_c�E:QO� ijb�ω ��� jZ\gZy�

klg20 �� ]^_� k –� dhwnnbpb_gl� i_j_^Zqb� \k_c� p_ihqdb� a\_gv_\�� jZ\guc�
ijhba\_^_gbx�dhwnnbpb_glh\�i_j_^Zqb�dZ`^h]h�a\_gZ� 

���Q_j_a�gZc^_ggmx�lhqdm�ijh\h^blky�ZkbfilhlZ�k�gZdehghf���(m-r) 
^[�^_d�� ]^_�m –� qbkeh� ^bnn_j_gpbjmxsbo�� Z� r –� qbkeh� bgl_]jbjmxsbo�

a\_gv_\� 
���GZ�hkb�Z[kpbkk�hldeZ^u\Zxl� agZq_gby�khijy]Zxsbo�qZklhl��jZ\�

guo���Ti��]^_�Ti –�ihklhyggu_�\j_f_gb�a\_gv_\� 
���I_j\Zy� ZkbfilhlZ� ijh\h^blky� hl� hkb� hj^bgZl� ^h� i_j\hc� khijy�

]Zxs_c�qZklhlu��<�wlhc�lhqd_�ijhba\h^blky�__�baehf�k�baf_g_gb_f�gZdeh�

gZ� \� khhl\_lkl\bb� k� lbihf� a\_gZ�� dhlhjhfm� ijbgZ^e_`bl� ^ZggZy� khijy�

]ZxsZy�qZklhlZ� 
���LZdbf�`_�h[jZahf�oZjZdl_jbklbdZ�ijh^he`Z_lky�\�klhjhgm�m\_eb�

q_gby� qZklhlu�� ij_l_ji_\Zy� khhl\_lkl\mxsb_� baehfu� gZ� dZ`^hc� khijy�

]Zxs_c�qZklhl_��Hj^bgZlu�ENQO�p_ihqdb�a\_gv_\�kmffbjmxlky�� 
<��j_amevlZl_� �ij_^_evgh_��agZq_gb_��ϕ(ω) �ijb��ϕ→∞��[m^_l��jZ\gh�

(n-m)π����]^_�n –�ihjy^hd�^bnn_j_gpbZevgh]h�mjZ\g_gby�p_ihqdb�a\_gv_\��
m –�qbkeh�^bnn_j_gpbjmxsbo�a\_gv_\� 

Ihkljh_gb_�:NQO�p_ihqdb� a\_gv_\�g_ihkj_^kl\_ggh�ih�:NQO�hl�

^_evguo�a\_gv_\�hkms_kl\ey_lky�iml_f�i_j_fgh`_gby�\_dlhjh\�Wi(jω)�ijb�
h^bgZdh\uo� agZq_gbyo� qZklhlu� �fh^meb� Ai i_j_fgh`Zxlky�� Z� nZau� ϕI – 
kdeZ^u\Zxlky�� 

 
���Ihjy^hd�\uiheg_gby�jZ[hlu 

 
���>ey�K:M��kljmdlmjgZy�ko_fZ�dhlhjhc�ihdZaZgZ�gZ�jbk����ihemqblv�

\ujZ`_gby� i_j_^Zlhqghc� nmgdpbb�� qZklhlghc� i_j_^Zlhqghc� nmgdpbb� b�

qZklhlguo�oZjZdl_jbklbd��W(jω), A(ω), ϕ(ω), L(ω)). 
���GZ[jZlv� fh^_ev� jZahfdgmlhc�K:M�� kljmdlmjgZy� ko_fZ� dhlhjhc�

ihdZaZgZ� gZ� jbk���� kh� ke_^mxsbfb� agZq_gbyfb� iZjZf_ljh\�� k1=5; T1=0,1; 
k2=1; T2=0,5; k3=0,1; T3 ������ ���� 

���GZ[ex^Zlv� b� aZnbdkbjh\Zlv�E:QO��NQO� b�:NQO� jZahfdgmlhc�

kbkl_fu��khklhys_c�lhevdh�ba�a\_gv_\���b����ijb�baf_g_gbb� 
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- h[s_]h�dhwnnbpb_glZ�i_j_^Zqb� ∏
=

=
Q

L
LNN

�

,  

]^_�ki –�dhwnnbpb_gl�i_j_^Zqb�i-]h�a\_gZ��n –�dhebq_kl\h�a\_gv_\��k=1…10; 
- ihklhygghc�\j_f_gb�T1=0,05…0,5;  
- ihklhygghc�\j_f_gb�T2=0,2…1,0;  
- ihklhygghc�\j_f_gb�T3=0,1…0,6;  
- dhwnnbpb_glZ�^_finbjh\Zgby�ξ = 0,1…0,8. 

�

�

�

��

+

+

S7

�S7�N

S

N�
J \ε

��

hkN

�� �
��

�

�

+ξ+ S7S7

N
�

Jbk����KljmdlmjgZy�ko_fZ�K:M 
 

���GZ[ex^Zlv�b�aZnbdkbjh\Zlv�E:QO��NQO�b�:NQO�\k_c�jZahfdgm�

lhc�kbkl_fu��ijb\_^_gghc�gZ�jbk����Ijh\_klb�kjZ\gbl_evguc�ZgZeba�ihem�

q_gguo�j_amevlZlh\� 
���GZ[jZlv� fh^_ev� aZfdgmlhc�K:M��Ihemqblv� \ujZ`_gby� i_j_^Z�

lhqguo� nmgdpbc� b� qZklhlguo� oZjZdl_jbklbd� �N�jω), A(ω), ϕ(ω), L(ω)) 
aZfdgmlhc�kbkl_fu� 

���GZ[ex^Zlv�b�aZnbdkbjh\Zlv�E:QO��NQO�b�:NQO�aZfdgmlhc�kbk�

l_fu�ijb�baf_g_gbb�iZjZf_ljh\��mdZaZgguo�\�ii����b����khk =1). 
���Ijh\_klb�kjZ\gbl_evguc�ZgZeba�qZklhlguo�oZjZdl_jbklbd�aZfdgm�

lhc�b�jZahfdgmlhc�K:M� 
 

���Dhgljhevgu_�\hijhku 
 

���DZdb_�\u�agZ_l_�\b^u�kh_^bg_gby�a\_gv_\�K:M" 
���DZd�hij_^_eyxlky�i_j_^Zlhqgu_�nmgdpbb�b�qZklhlgu_�oZjZdl_jb�

klbdb�jZaebqguo�kh_^bg_gbc�a\_gv_\" 
���DZd�ihkljhblv�E:QO�p_ihqdb�a\_gv_\�K:M" 
���DZdbf�h[jZahf�\uihegy_lky�ijb\_^_gb_�K:M�d�h^ghdhglmjghfm�\b^m" 
���DZd�kljhblky�:NQO�a\_gv_\�b�bo�kh_^bg_gbc" 
��� DZd� ihemqblv� qZklhlgu_� oZjZdl_jbklbdb� K:M� ih� i_j_^Zlhqghc�

nmgdpbb" 
���DZdh\h�\ebygb_�iZjZf_ljh\�a\_gv_\�K:M�gZ�__�qZklhlgu_�oZjZdl_�

jbklbdb" 
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EZ[hjZlhjgZy�jZ[hlZ���� 

BKKE?>H<:GB?�MKLHCQB<HKLB�EBG?CGUO�K:M 

 
P_ev�jZ[hlu��Bkke_^h\Zgb_�mklhcqb\hklb� aZfdgmluo�K:M��hij_^_�

e_gb_�aZiZkh\�mklhcqb\hklb�ih�Zfieblm^_�b�nZa_��bamq_gb_�\ebygby�iZjZ�

f_ljh\�a\_gv_\��\oh^ysbo�\�khklZ\�kbkl_fu��gZ�__�mklhcqb\hklv��hij_^_e_�

gb_�ij_^_evgh]h�dhwnnbpb_glZ�mkbe_gby�kbkl_fu� 
 

���Kh^_j`Zgb_�jZ[hlu 
 
<�ijhp_kk_�jZ[hlu�kbkl_fZ�Z\lhfZlbq_kdh]h�mijZ\e_gby�\k_]^Z�ih^�

\_j]Z_lky�^_ckl\bx�\g_rgbo�kbe��dhlhju_�fh]ml�\u\_klb�__�ba�khklhygby�

jZ\gh\_kby��Mklhcqb\hklv�–� wlh� k\hckl\h�K:M�\ha\jZsZlvky�\�bkoh^guc�

beb�[ebadbc�d�g_fm�j_`bf�ihke_�\uoh^Z�ba�g_]h�\�j_amevlZl_�dZdh]h-eb[h�
\ha^_ckl\by��Wlh�h^gh�ba�hkgh\guo�mkeh\bc�jZ[hlhkihkh[ghklb�K:M��dh�

lhjh_�lj_[m_l��qlh[u�i_j_oh^gu_�ijhp_kku�\�g_c�aZlmoZeb��GZ�jbk�����ih�

dZaZgu�i_j_oh^gu_�ijhp_kku�\�mklhcqb\hc��jbk����Z��b�g_mklhcqb\hc��jbk��

5,[��kbkl_fZo�  
 

� W

\

� W

\

 
Z�        [� 

Jbk�����I_j_oh^gu_�ijhp_kku�\�K:M� 
Z�–�\�mklhcqb\hc�kbkl_f_��[�–�\�g_mklhcqb\hc�kbkl_f_ 

 
OZjZdl_j� i_j_oh^guo� ijhp_kkh\� \� K:M� hij_^_ey_lky� dhjgyfb� oZ�

jZdl_jbklbq_kdh]h�mjZ\g_gby��>ey�bo�aZlmoZgby�g_h[oh^bfh�b�^hklZlhqgh��

qlh[u�\k_�dhjgb�e_`Zeb�ke_\Z�hl�fgbfhc�hkb�iehkdhklb�dhjg_c��bf_eb�hl�

jbpZl_evgu_� \_s_kl\_ggu_� qZklb��� ?keb� ohly� [u� h^bg� dhj_gv� hdZ`_lky�

kijZ\Z�hl�fgbfhc�hkb��lh�wlZ�kbkl_fZ�[m^_l�g_mklhcqb\hc��GZebqb_�dhjgy�

gZ�fgbfhc�hkb�hagZqZ_l��qlh�kbkl_fZ�gZoh^blky�gZ�]jZgbp_�mklhcqb\hklb� 
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<uqbke_gb_�dhjg_c�oZjZdl_jbklbq_kdbo�mjZ\g_gbc�lj_lv_]h�b�\ur_�

ihjy^dh\�ljm^h_fdh��h^gZdh�^ey�km`^_gby�h[�mklhcqb\hklb�wlh]h�h[uqgh��

g_�lj_[m_lky�\�k\yab�k�l_f��qlh�jZajZ[hlZgu�dhk\_ggu_�ijbagZdb��ih�dhlh�

juf�fh`gh�km^blv�h�agZdZo�^_ckl\bl_evguo�qZkl_c�wlbo�dhjg_c�b�l_f�kZ�

fuf�h[�mklhcqb\hklb�K:M��Wlb�ijbagZdb�gZau\Zxlky�djbl_jbyfb�mklhc�

qb\hklb�� Kms_kl\mxl� ljb� hkgh\guo� djbl_jby� mklhcqb\hklb�� djbl_jbc�

JZmkZ-=mj\bpZ��djbl_jbc�FboZceh\Z�b�djbl_jbc�GZcd\bklZ��?keb�aZibkZlv�

oZjZdl_jbklbq_kdbc�ihebghf�\�\b^_ 

nn
nn apapapapD ++++= − ...)( 1

10  

b� khklZ\blv� ba� _]h� dhwnnbpb_glh\� d\Z^jZlgmx� fZljbpm�� kh^_j`Zsmx� n 
kljhd�b�n�klhe[ph\ 

       

nn

n

aa

a

aa

aaa

aaa

2

1

31

420

531

000

0000

000

00

00

−

−
�

�

������

�

�

�

   , 

lh�djbl_jbc�mklhcqb\hklb�=mj\bpZ�k\h^blky�d�lhfm��qlh�ijb�Z0>0�^he`gu�
[ulv�[hevr_�gmey�\k_�n�hij_^_ebl_e_c�=mj\bpZ��ihemqZ_fuo�ba�d\Z^jZl�
ghc� fZljbpu� dhwnnbpb_glh\�� Hij_^_ebl_eb� =mj\bpZ� khklZ\eyxlky� ih�

ke_^mxs_fm�ijZ\bem 
��� >=∆ D ; 

�
��

��
� >=∆

DD

DD
; 

�

� ��

���

���

� >=∆
DD

DDD

DDD

; 

… . 
Ihke_^gbc�hij_^_ebl_ev�\dexqZ_l�\�k_[y�\kx�fZljbpm�b�\ujZ`Z_lky�

q_j_a�ij_^ihke_^gbc�ke_^mxsbf�h[jZahf� 
�� >∆=∆ −QQQ D . 

H^gZdh�\�mklhcqb\hc�K:M�∆n-1
 
^he`_g�[ulv�iheh`bl_evguf��ihwlh�

fm� mkeh\b_� iheh`bl_evghklb� ihke_^g_]h� hij_^_ebl_ey� k\h^blky� d� iheh�

`bl_evghklb�Zn.�Kbkl_fZ�gZoh^blky�gZ�]jZgbp_�mklhcqb\hklb��_keb�∆n-1=0 
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�dhe_[Zl_evgZy�]jZgbpZ�mklhcqb\hklb���eb[h�Zn=0��Zi_jbh^bq_kdZy�]jZgbpZ�
mklhcqb\hklb��� 

Djbl_jbc�mklhcqb\hklb�FboZceh\Z�lZd`_�hkgh\Zg�gZ�jZkkfhlj_gbb�

oZjZdl_jbklbq_kdh]h�ihebghfZ�D(p).�?keb�\�wlhl�ihebghf�ih^klZ\blv�qbk�
lh�fgbfu_�agZq_gby�j=jω,�]^_�ω -�m]eh\Zy�qZklhlZ�dhe_[Zgbc��lh�ihemqbf�
oZjZdl_jbklbq_kdbc�dhfie_dk 

( ) ( ) ( ) ( ) ( )ωΨω=ω+ω=ω MH'M<;M' . 

A^_kv�X(ω),Υ(ω) –�khhl\_lkl\_ggh�\_s_kl\_ggu_�b�fgbfu_�qZklb��Z�

D(ω)�b�Ψ(ω) –�fh^mev�b�nZaZ�oZjZdl_jbklbq_kdh]h�dhfie_dkZ� 
OZjZdl_jbklbq_kdbc�ihebghf�g_�[m^_l�bf_lv�dhjg_c�\�ijZ\hc�ihem�

iehkdhklb��_keb�ihegh_�ijbjZs_gb_�nZau�Ψ(ω)�ijb�baf_g_gbb�ω�hl�0�^h�∞ 

jZ\gh�
�

π
Q ��]^_�n –�kl_i_gv�ihebghfZ�D(j).�Ke_^h\Zl_evgh��K:M�[m^_l�mk�

lhcqb\Z��=h^h]jZn�D(jω)�\�dhfie_dkghc�iehkdhklb�gZau\Z_lky�]h^h]jZnhf�
�djb\hc��FboZceh\Z�� Djb\Zy�FboZceh\Z� ^ey� mklhcqb\uo� kbkl_f� \k_]^Z�

bf__l� ijZ\bevgmx� kibjZe_\b^gmx� nhjfm�� __� dhg_p� moh^bl� \� [_kdhg_q�

ghklv�\�lhf�d\Z^jZl_�dhfie_dkghc�iehkdhklb��ghf_j�dhlhjh]h�jZ\_g�kl_i_�

gb�oZjZdl_jbklbq_kdh]h�fgh]hqe_gZ�n��<�g_mklhcqb\uo�K:M�gZjmrZ_lky�

ihke_^h\Zl_evghklv�ijhoh`^_gby�d\Z^jZlh\��\ke_^kl\b_�q_]h�ihegh_�ijb�

jZs_gb_� nZau� Ψ(ω)� hdZau�

\Z_lky� f_gvrbf�� q_f�
�

π
Q . 

GZ� jbk�� �� djb\Zy� �� khhl\_l�

kl\m_l� mklhcqb\hc� K:M�� Z�

djb\u_� �� b� �� –� g_mklhcqb�
\uf�� Mkeh\b_f� gZoh`^_gby�

kbkl_fu� gZ� ]jZgbp_� mklhc�

qb\hklb� y\ey_lky� ijhoh`^_�

gb_�djb\hc�FboZceh\Z�q_j_a�

gZqZeh� dhhj^bgZl� �djb\Zy� ��

gZ�jbk����� 
Djbl_jbc� mklhcqb\h�

klb�GZcd\bklZ�iha\hey_l�km�

^blv� h[� mklhcqb\hklb� aZfd�

gmlhc�kbkl_fu�ih�:NQO�jZ�

ahfdgmlhc� kbkl_fu�� ?keb�

ba\_klgh�� qlh� K:M� \� jZ�

ahfdgmlhf�khklhygbb�mklhc�

qb\Z�� lh�mkeh\b_�mklhcqb\h�

� 5H

,P

D
Q

∞→ω
�

�
�

�

Jbk�����Djb\u_�FboZceh\Z 
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klb�aZfdgmlhc�kbkl_fu�k\h^blky�d�lj_[h\Zgbx��qlh[u�:NQO�jZahfdgmlhc�

kbkl_fu�g_�ho\Zlu\ZeZ�lhqdm�(-1, j0).�GZ�jbk����oZjZdl_jbklbdb���b���khhl�
\_lkl\mxl� mklhcqb\uf�

kbkl_fZf�� oZjZdl_jb�

klbdZ���–�g_mklhcqb\hc�
kbkl_f_�� oZjZdl_jb�

klbdZ� �� –� gZoh`^_gbx�
kbkl_fu� gZ� ]jZgbp_�

mklhcqb\hklb� 
 

<�khhl\_lkl\bb�k�

djbl_jb_f� GZcd\bklZ�

h[� mklhcqb\hklb� fh`�

gh�km^blv�g_�lhevdh�ih�

:NQO�� gh� b� ih� eh]Z�

jbnfbq_kdbf� oZjZdl_�

jbklbdZf�� E:QO�

^he`gZ� i_j_k_qv� hkv�

Z[kpbkk� jZgvr_�� q_f�

NQO�hdhgqZl_evgh�i_j_c^_l�aZ�agZq_gb_�−π.�Beb�bgufb�keh\Zfb��gZ�qZk�
lhl_�kj_aZ�ωk�\_ebqbgZ�3 (ωk)�^he`gZ�[ulv�[hevr_�−π.�GZ�jbk����bah[jZ`_�
gu�E:QO�L(ω)�b�q_luj_�\ZjbZglZ�3(ω).  

�

�

�
�

�

ω

ϕ�/

π−

/∆

jD
 

 

Jbk�����Eh]Zjbnfbq_kdb_�qZklhlgu_�oZjZdl_jbklbdb�K:M 

Jbk�����:fieblm^gh-nZah\u_� 
qZklhlgu_�oZjZdl_jbklbdb�K:M 

� 5H

M,P

�

�

�

�

∞→ω

∞=ω
�=ω

��
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<�kemqZyo���b���aZfdgmlZy�K:M�mklhcqb\Z����–�khhl\_lkl\m_l�iheh�
`_gbx�K:M�gZ�]jZgbp_�mklhcqb\hklb��Z���–�g_mklhcqb\hc�aZfdgmlhc�kbk�
l_f_� 

Ijb�hp_gd_�mklhcqb\hklb�kbkl_f�h^gh]h�nZdlZ�mklhcqb\hklb�g_^hk�

lZlhqgh��G_h[oh^bfh�_s_�hp_gblv�\_ebqbgm�aZiZkZ�mklhcqb\hklb��lh�_klv�

kl_i_gv�m^Ze_gghklb�kbkl_fu�hl�]jZgbpu�mklhcqb\hklb��<�kemqZ_�ijbf_�

g_gby�djbl_jby�=mj\bpZ�h�aZiZk_�mklhcqb\hklb�fh`gh�km^blv�ih�lhfm�aZ�

iZkm��k�dhlhjuf�\uihegyxlky�\oh^ysb_�\�g_]h�g_jZ\_gkl\Z��Ijb�bkihev�

ah\Zgbb� djbl_jby�GZcd\bklZ� aZiZk� mklhcqb\hklb� hij_^_ey_lky� m^Ze_ggh�

klvx�:NQO�hl�djblbq_kdhc�lhqdb�(-1, j0). Hkgh\gh_�jZkijhkljZg_gb_�\�dZ�
q_kl\_�f_ju�aZiZkZ�mklhcqb\hklb�ihemqbeb�^\_�\_ebqbgu�–�aZiZk�mklhcqb�
\hklb�ih�nZa_�∆ϕ�b� aZiZk�mklhcqb\hklb�ih� Zfieblm^_�∆L��ihdZaZggu_�gZ�
jbk���� 

AZiZk�mklhcqb\hklb�ih�nZa_�hij_^_ey_lky�\_ebqbghc�∆ϕ��gZ�dhlhjmx�
^he`gh�\hajZklb�aZiZa^u\Zgb_�ih�nZa_�\�kbkl_f_�gZ�qZklhl_�kj_aZ�ωk��qlh�

[u�kbkl_fZ�hdZaZeZkv�gZ�]jZgbp_�mklhcqb\hklb��AZiZk�mklhcqb\hklb�ih�Zf�

ieblm^_�∆L�hij_^_ey_lky�\_ebqbghc�^himklbfh]h�ih^t_fZ�E:QO��ijb�dh�
lhjhc�kbkl_fZ�hdZ`_lky�gZ�]jZgbp_�mklhcqb\hklb��LZdbf�h[jZahf��aZiZk�ih�

Zfieblm^_�ij_^klZ\ey_l�kh[hc�aZiZk�ih�dhwnnbpb_glm�i_j_^Zqb�k�jZahfd�
gmlhc�kbkl_fu�ih�hlghr_gbx�d�_]h�djblbq_kdhfm�ih�mklhcqb\hklb�agZq_�

gbx��Djblbq_kdbf� �ij_^_evguf�� gZau\Zxl� lh� agZq_gb_� dhwnnbpb_glZ� k, 
ijb� dhlhjhf�:NQO� ijhoh^bl� q_j_a� djblbq_kdmx� lhqdm� (−1, j0),� lh� _klv�
kbkl_fZ�gZoh^blky�gZ�]jZgbp_�mklhcqb\hklb� 

 
���Ihjy^hd�\uiheg_gby�jZ[hlu 

 
���GZ[jZlv�ko_fm�fh^_eb� aZfdgmlhc�K:M��ijb\_^_gghc�gZ�jbk�� ���k�

iZjZf_ljZfb��km=10; Tm=0,001; kf=3; Tf=0,1; Tw=0,02; ki=0,01. 
Ihemqblv�\ujZ`_gby�i_j_^Zlhqguo�nmgdpbc�aZfdgmlhc�b�jZahfdgm�

lhc�kbkl_fu��__�qZklhlguo�oZjZdl_jbklbd��:NQO��L(ω), ϕ(ω). 
���Ihemqblv�]jZnbdb�i_j_oh^ghc�oZjZdl_jbklbdb�aZfdgmlhc�K:M�b�

:NQO��E:NQO�jZahfdgmlhc�K:M��Hp_gblv�mklhcqb\hklv�aZfdgmlhc�K:M�

(∆L, ∆ϕ)�ih�ihemq_gguf�djb\uf� 
��� <uihegblv� aZ^Zgb_� �� ijb� jZaebqguo� agZq_gbyo� dhwnnbpb_glZ�

mkbe_gby�kbkl_fu�km = 5…50. 
���Hij_^_eblv�wdki_jbf_glZevgh�ij_^_evguc�dhwnnbpb_gl�mkbe_gby�

kbkl_fu�kij_^�,�^h[b\Zykv�ihy\e_gby�g_aZlmoZxsbo�]Zjfhgbq_kdbo�dhe_[Z�

gbc� 
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���Ihemqblv�]jZnbdb�:NQO�b�E:QO�jZahfdgmlhc�kbkl_fu��gZoh^y�

s_cky�\�aZfdgmlhf�khklhygbb�gZ�]jZgbp_�mklhcqb\hklb�(k = kij_^). 
���<uihegblv�aZ^Zgby���b���^ey�Lm =������b���������Hp_gblv�\ebygb_�

ihklhygghc�\j_f_gb�gZ�mklhcqb\hklv�kbkl_fu� 
��� Baf_gblv� ihjy^hd� ZklZlbafZ� kbkl_fu�� ^h[Z\b\� \� kljmdlmjgmx�

ko_fm�bgl_]jbjmxs__�a\_gh��Hp_gblv�mklhcqb\hklv�ihemq_gghc�K:M� 
���K^_eZlv�\u\h^�h�\ebygbb�iZjZf_ljh\�kbkl_fu�b�ihjy^dZ�ZklZlbafZ�

gZ�__�mklhcqb\hklv� 
 

S7

N

m

m

� + S

Ni
J \ε

��

�
�

wf

f

++ SS77

N
�

 

Jbk�����KljmdlmjgZy�ko_fZ�K:M 
 

���Dhgljhevgu_�\hijhku 
 

���DZd�hij_^_ey_lky�ihgylb_�mklhcqb\hklb�K:M" 
��� DZdh_� mjZ\g_gb_� gZau\Z_lky� oZjZdl_jbklbq_kdbf� mjZ\g_gb_f�

K:M" 
��� DZd� dhjgb� oZjZdl_jbklbq_kdh]h� mjZ\g_gby� \ebyxl� gZ� mklhcqb�

\hklv�kbkl_fu" 
���DZd�hij_^_eyxlky�]jZgbpu�mklhcqb\hklb�K:M" 
���Qlh�lZdh_�kljmdlmjgh-g_mklhcqb\u_�kbkl_fu" 
���DZdb_�\Zf�ba\_klgu�djbl_jbb�mklhcqb\hklb" 
���DZd�nhjfmebjm_lky�djbl_jbc�mklhcqb\hklb�GZcd\bklZ�^ey�ZklZlb�

q_kdbo�b�kbkl_f��g_mklhcqb\uo�\�jZahfdgmlhf�khklhygbb" 
���Qlh�lZdh_�eh]Zjbnfbq_kdbc�djbl_jbc�mklhcqb\hklb�GZcd\bklZ" 
���DZd� hij_^_eyxlky� h[eZklb� mklhcqb\hklb�K:M"� Qlh� lZdh_� aZiZk�

mklhcqb\hklb�K:M" 
����DZd�\eby_l�agZq_gb_�dhwnnbpb_glZ�mkbe_gby�b�\_ebqbgZ�ihklh�

ygguo�\j_f_gb�a\_gv_\�K:M�gZ�__�mklhcqb\hklv" 
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EZ[hjZlhjgZy�jZ[hlZ���� 

HP?GD:�D:Q?KL<:�I?J?OH>GH=H�IJHP?KK:�K:M 

 
P_ev�jZ[hlu��Bkke_^h\Zgb_�dZq_kl\Z�i_j_oh^guo�ijhp_kkh\�aZfdgm�

lhc�K:M�� hij_^_e_gb_�ihdZaZl_e_c� dZq_kl\Z�ih�i_j_oh^ghfm�ijhp_kkm�b�

dhjg_\uf�djbl_jbyf��bkke_^h\Zgb_�\ebygby�gZ�dZq_kl\h�i_j_oh^guo�ijh�

p_kkh\�iZjZf_ljh\�K:M� 
 

���Kh^_j`Zgb_�jZ[hlu 
 
I_j_oh^gu_�ijhp_kku��\hagbdZxsb_�\�kbkl_fZo�ijb�kdZqdhh[jZaguo�

\ha^_ckl\byo��ijbgylh�^_eblv�gZ�ljb�]jmiiu��fhghlhggu_��Zi_jbh^bq_kdb_�

b�dhe_[Zl_evgu_� 
OZjZdl_jbklbdb��ijb\_^_ggu_�gZ�jbk�����Z�khhl\_lkl\mxl�klmi_gqZ�

lhfm� baf_g_gbx� aZ^Zxs_]h� \ha^_ckl\by�� \� khhl\_lkl\bb� k� dhlhjuf� \u�

oh^gZy�\_ebqbgZ�y�kbkl_fu�ih�hdhgqZgbb�i_j_oh^gh]h�ijhp_kkZ�ihemqZ_l�
ijbjZs_gb_�ymkl��Z�gZ�jbk�����[�–�\g_rg_fm�\ha^_ckl\bx�\�\b^_�\hafms_�

gby� 

�

\
mkl

W

� � �

�
\

PLQ

\
PD[

\

�

\

W

�

�

�

�

\
PD[

\
PLQ

Z�       [� 
Jbk������I_j_oh^gu_�oZjZdl_jbklbdb�K:M�� 

Z�–�hl�aZ^Zxs_]h�\ha^_ckl\by��[�–�hl�\hafmsZxs_]h�\ha^_ckl\by 
 
M� fhghlhgguo� ijhp_kkh\� i_j\Zy� ijhba\h^gZy� \uoh^ghc� \_ebqbgu�

��W\� �g_�f_gy_l� agZd� �djb\Zy� ��gZ�jbk�� �����m� Zi_jbh^bq_kdbo� agZd�ijhba�

\h^ghc� ��W\� �f_gy_lky�g_�[he__�h^gh]h�jZaZ��djb\Zy���gZ�jbk�������Z�m�dhe_�

[Zl_evguo�–�i_j\Zy�ijhba\h^gZy� ��W\� �f_gy_l�k\hc�agZd�i_jbh^bq_kdb��l_h�

j_lbq_kdb�[_kdhg_qgh_�qbkeh�jZa���djb\Zy���gZ�jbk�������Djb\Zy���gZ�jbk� 10 
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oZjZdl_jbam_l� g_mklhcqb\mx� kbkl_fm�� b� i_j_oh^guc� ijhp_kk� gZau\Z_lky�

jZkoh^ysbfky� 
DZq_kl\h�i_j_oh^guo�ijhp_kkh\�qbke_ggh�oZjZdl_jbam_lky� ke_^mx�

sbfb�ihdZaZl_eyfb�dZq_kl\Z� 
<j_fy�i_j_oh^gh]h�ijhp_kkZ� ti –�bgl_j\Ze�\j_f_gb�hl�gZqZeZ�i_j_�

oh^gh]h�ijhp_kkZ�^h�fhf_glZ��dh]^Z�hldehg_gb_�\uoh^ghc�\_ebqbgu�hl�__�

gh\h]h�mklZgh\b\r_]hky�agZq_gby�klZgh\blky�f_gvr_�hij_^_e_gghc�\_eb�

qbgu��h[uqgh����\_ebqbgu�kdZqdZ�gZ�\oh^_�� 
I_j_j_]mebjh\Zgb_ σ –�fZdkbfZevgh_�hldehg_gb_�\�i_j_oh^guc�i_�

jbh^�hlghkbl_evgh�gh\h]h�mklZgh\b\r_]hky�agZq_gby 

����
mkl

mkl

\

\\PD[ −
=σ . 

Dhe_[Zl_evghklv –�qbkeh�dhe_[Zgbc��jZ\gh_�qbkem�fbgbfmfh\�djb�
\hc�i_j_oh^gh]h�ijhp_kkZ�\�bgl_j\Ze_�\j_f_gb�ti. 

DZq_kl\h�i_j_oh^guo�ijhp_kkh\� aZ\bkbl�g_� lhevdh� hl� kh[kl\_gguo�

k\hckl\� kbkl_fu� �__� kljmdlmju�b�iZjZf_ljh\� a\_gv_\���gh�b�hl� \g_rg_]h�

\ha^_ckl\by� �f_klZ� _]h� ijbeh`_gby�� \_ebqbgu�� oZjZdl_jZ� baf_g_gby� \h�

\j_f_gb���Djhf_�lh]h��dZq_kl\h�i_j_oh^gh]h�ijhp_kkZ�aZ\bkbl�lZd`_�hl�gZ�

qZevguo�mkeh\bc��l�_��hl�khklhygby�kbkl_fu�\�fhf_gl�ijbeh`_gby�\ha^_c�

kl\by� 
<�h^ghc�b�lhc�`_�kbkl_f_�i_j_oh^guc�ijhp_kk�ijb�h^ghf�\ha^_ckl�

\bb� fh`_l� [ulv� g_� dhe_[Zl_evguf�� Z� ijb� ^jm]hf� –� bf_lv� g_^himklbfh�
[hevrmx� dhe_[Zl_evghklv�� ;he__� lh]h�� i_j_oh^guc� ijhp_kk�� \ua\Zgguc�

h^gbf�b�l_f�`_�\ha^_ckl\b_f��fh`_l�\�rbjhdbo�ij_^_eZo�baf_gylv�k\hb�

ihdZaZl_eb�ijb�baf_g_gbb�gZqZevguo�mkeh\bc� 
LZdbf� h[jZahf�� ijb� hp_gd_� dZq_kl\Z� i_j_oh^guo� ijhp_kkh\�

g_h[oh^bfh�mdZaZlv�\ha^_ckl\b_�b�gZqZevgu_�mkeh\by��ijb�dhlhjuo�bf__l�

f_klh� ^Zggh_� dZq_kl\h��Ijb� h[s_c� oZjZdl_jbklbd_� dZq_kl\Z� i_j_oh^guo�

ijhp_kkh\�\�kbkl_f_�_]h�h[uqgh�hp_gb\Zxl�^ey�_^bgbqgh]h�klmi_gqZlh]h�

\ha^_ckl\by� ijb� gme_\uo� gZqZevguo� mkeh\byo�� l�_�� ^ey� i_j_oh^ghc�

oZjZdl_jbklbdb� 
Bkq_jiu\Zxs__� ij_^klZ\e_gb_� h� dZq_kl\_� i_j_oh^guo� ijhp_kkh\�

^Z_l�kZfZ�djb\Zy�ijhp_kkZ�y(t). 
Hp_gblv�\�h[s_f�dZq_kl\h�i_j_oh^guo�ijhp_kkh\�ijb�\k_\hafh`guo�

\ha^_ckl\byo�b�gZqZevguo� mkeh\byo�fh`gh�ih� dhjg_\uf� djbl_jbyf��WlZ�

]jmiiZ� djbl_jb_\� hkgh\ZgZ� gZ� hp_gd_� dZq_kl\Z� ih� agZq_gbyf� ihexkh\� b�

gme_c�i_j_^Zlhqghc�nmgdpbb�kbkl_fu��l�_��dhjgyf�__� agZf_gZl_ey�b�qbk�

ebl_ey��>ey�hp_gdb�[ukljh^_ckl\by�kbkl_fu�bkihevam_lky�kl_i_gv�mklhc�
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qb\hklb� η�� dhlhjZy� jZ\gZ� Z[khexlghfm� agZq_gbx� \_s_kl\_gghc� qZklb�

[eb`Zcr_]h�d�fgbfhc�hkb�dhjgy� 
GZ�jbk�����ihdZaZg�kemqZc��dh]^Z�[eb`Zcrbf�d�fgbfhc�hkb�y\ey_lky�

^_ckl\bl_evguc�dhj_gv��<�jZ\ghc�f_j_�wlh�fh`_l�[ulv�b�iZjZ�khijy`_g�

guo�dhfie_dkguo�dhjg_c� 

Dhjgb� oZjZdl_jbklbq_kdh�

]h� mjZ\g_gby�� jZkiheh`_ggu_�

[eb`_� \k_]h� d� fgbfhc� hkb�� l�_��

bf_xsb_� gZbf_gvrmx� ih� Z[kh�

exlghc� \_ebqbg_� \_s_kl\_ggmx�

qZklv�� ^Zxl� kZfmx� ^ebl_evgmx�

khklZ\eyxsmx� i_j_oh^gh]h�

ijhp_kkZ��Ijb�wlhf�^ebl_evghklv�

\k_]h� i_j_oh^gh]h� ijhp_kkZ� hi�

j_^_ey_lky�\ujZ`_gb_f 

η
≤ �

iW . 

Kdehgghklv� kbkl_fu� d� dh�

e_[Zgbyf� hij_^_ey_lky� dhf�

ie_dkgufb� dhjgyfb� oZjZdl_jb�

klbq_kdh]h� mjZ\g_gby�K:M��F_�

jhc�dhe_[Zl_evghklb�µ�y\ey_lky�hlghr_gb_�fgbfhc�qZklb�dhjgy�β�d�\_s_�

kl\_gghc�α: 

α
β=µ . 

Q_f�[hevr_�µ��l_f�[hevr_�dhe_[Zl_evghklv�i_j_oh^gh]h�ijhp_kkZ��<�

dhfie_dkghc� iehkdhklb� dhj_gv�� hij_^_eyxsbc� gZb[he__� dhe_[Zl_evgmx�

khklZ\eyxsmx��khhl\_lkl\m_l�gZb[hevr_fm�agZq_gbx�m]eZ 

µ=
α
β=ϕ DUFWJDUFWJ  

f_`^m�emqhf��gZijZ\e_gguf�q_j_a�dhj_gv�ba�gZqZeZ�dhhj^bgZl��b�^_ckl\b�

l_evghc�hkvx��kf��jbk�������DZq_kl\h�i_j_oh^gh]h�ijhp_kkZ�[m^_l�l_f�emq�

r_��q_f�[hevr_�η�b�f_gvr_�µ. 
 

���Ihjy^hd�\uiheg_gby�jZ[hlu 
 
���GZ[jZlv� ko_fm�fh^_eb� aZfdgmlhc�K:M�� kljmdlmjgZy� ko_fZ�dhlh�

jhc� ijb\_^_gZ� gZ� jbk�� �� k� iZjZf_ljZfb� km=10; Tm=0,001; kf=3; Tf=0,1; 
Tw=0,02; ki=0,01. 

Jbk������JZkiheh`_gb_�dhjg_c�oZjZdl_jb�

klbq_kdh]h�mjZ\g_gby�K:M 

� 5H

,P

η

ϕ

ϕ
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���Ihemqblv� ]jZnbdb�i_j_oh^guo�ijhp_kkh\� \uoh^ghc� \_ebqbgu�y, 
hij_^_eblv�ih�gbf�ihdZaZl_eb�dZq_kl\Z��tn, σ). 

��� KhklZ\blv� i_j_^Zlhqgmx� nmgdpbx� aZfdgmlhc� K:M� b� ihemqblv�

jZkij_^_e_gb_�gme_c�b�ihexkh\�i_j_^Zlhqghc�nmgdpbb��Hij_^_eblv� kl_�

i_gv�mklhcqb\hklb�η b ihdZaZl_ev�dhe_[Zl_evghklb�µ. 
���<uihegblv�aZ^Zgby���b���ijb�baf_g_gbb�dhwnnbpb_glZ�km=5…50. 

Ijh\_klb�kjZ\gbl_evguc�ZgZeba�ihemq_gguo�j_amevlZlh\� 
���<uihegblv� aZ^Zgby� �� b� �� ijb� jZaebqguo� agZq_gbyo� ihklhygghc�

\j_f_gb�Lm =������«�����b�^Zlv�hp_gdm�ihemq_gguf�j_amevlZlZf� 
 

���Dhgljhevgu_�\hijhku 
 

��� DZdb_� kms_kl\mxl� ihdZaZl_eb� dZq_kl\Z� i_j_oh^guo� ijhp_kkh\�

K:M" 
���DZd�hij_^_eyxlky�ihdZaZl_eb�dZq_kl\Z�ih�jZkiheh`_gbx�gme_c�b�

ihexkh\�i_j_^Zlhqghc�nmgdpbb�K:M" 
���DZd�ZgZeblbq_kdb�hij_^_eblv�ihdZaZl_eb�dZq_kl\Z" 
���DZdh\u�qZklhlgu_�djbl_jbb�dZq_kl\Z�i_j_oh^guo�ijhp_kkh\" 
���DZdh\Z�k\yav�qZklhlguo�oZjZdl_jbklbd�K:M�k�dZq_kl\hf�__�i_j_�

oh^ghc�oZjZdl_jbklbdb" 
���DZd�\ebyxl�iZjZf_lju�K:M�gZ�ihdZaZl_eb�dZq_kl\Z" 
���DZdb_�nZdlhju�hij_^_eyxl�dZq_kl\h�i_j_oh^guo�ijhp_kkh\�K:M" 
 
 

 

EZ[hjZlhjgZy�jZ[hlZ���� 

MEMQR?GB?�D:Q?KL<:�IJHP?KK:�J?=MEBJH<:GBY�
K:M�<<?>?GB?F�IHKE?>H<:L?EVGUO�

DHJJ?DLBJMXSBO�MKLJHCKL< 
 
P_ev�jZ[hlu��Bamq_gb_�\hijhkh\�dhjj_dpbb�K:M�ihke_^h\Zl_evgu�

fb�dhjj_dlbjmxsbfb�a\_gvyfb��bkke_^h\Zgb_�ihdZaZl_e_c�dZq_kl\Z��aZiZ�

kZ� mklhcqb\hklb�� [ukljh^_ckl\by�� i_j_j_]mebjh\Zgby�� lhqghklb�� aZfdgm�

lhc�kbkl_fu�Z\lhfZlbq_kdh]h�j_]mebjh\Zgby��K:J��ijb�lbih\uo�\oh^guo�

\ha^_ckl\byo��klmi_gqZlhf��]Zjfhgbq_kdhf��kdhjhklghf���kjZ\g_gb_�ihem�

q_gguo�ihdZaZl_e_c�bkoh^ghc�b�kdhjj_dlbjh\Zgghc�fh^_e_c� 
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���Kh^_j`Zgb_�jZ[hlu 
 

Ih^� memqr_gb_f� dZq_kl\Z� ijhp_kkZ� j_]mebjh\Zgby� ihgbfZ_lky� ba�

f_g_gb_�^bgZfbq_kdbo�k\hckl\�kbkl_fu�k�p_evx�ihemq_gby�g_h[oh^bfh]h�

aZiZkZ�mklhcqb\hklb��[ukljh^_ckl\by��lhqghklb�\�lbih\uo�j_`bfZo� 
Ihemq_gb_� i_j_qbke_gguo� lj_[m_fuo� dZq_kl\_gguo� ihdZaZgbc�

y\ey_lky� _^bghc� aZ^Zq_c� b� gb� h^bg� ba� \oh^ysbo� \� g_z� \hijhkh\� g_�

j_rZ_lky� \� hlju\_� hl� ^jm]bo�� Ijb� wlhf� ij_`^_� \k_]h� g_h[oh^bfh�

ihiulZlvky� jZpbhgZevguf� h[jZahf� baf_gblv� iZjZf_lju� K:M�

�dhwnnbpb_glu�i_j_^Zqb�hl^_evguo� a\_gv_\��ihklhyggu_� \j_f_gb�b� l�i���

lZd�� qlh[u� m^h\e_l\hjblv� lj_[h\Zgbyf� dZq_kl\Z� j_]mebjh\Zgby�� Ijb�

g_\hafh`ghklb� j_rblv� wlm� aZ^Zqm� \ZjbZpb_c� iZjZf_ljh\� bf_xs_cky�

kbkl_fu�ijboh^blky�b^lb�gZ�baf_g_gb_� _z� kljmdlmju��>ey� wlh]h�h[uqgh�

bkihevam_lky�\\_^_gb_�\�kbkl_fm�j_]mebjh\Zgby�dhjj_dlbjmxsbo�kj_^kl\��

dhlhju_� ^he`gu� baf_gblv� _z� ^bgZfbdm� \� gm`ghf� gZijZ\e_gbb��

Dhjj_dlbjmxsb_�mkljhckl\Z� �DM�� \dexqZxl� \� kbkl_fm�ihke_^h\Zl_evgh��

iZjZee_evgh�b�\�\b^_�h[jZlghc�k\yab��Bkihevah\Zgb_�lh]h�beb�bgh]h�lbiZ�

dhjj_dlbjmxsbo�mkljhckl\�hij_^_ey_lky�m^h[kl\hf�l_ogbq_kdhc�j_ZebaZ�

pbb� <� ebg_cguo� kbkl_fZo� bo� ^bgZfbq_kdb_� k\hckl\Z� ijb� \\_^_gbb�

dhjj_dlbjmxsbo�mkljhckl\�jZaebqgh]h�lbiZ�fh`gh�k^_eZlv�h^bgZdh\ufb��

Z�^ey�dhjj_dlbjmxs_]h�mkljhckl\Z�h^gh]h�lbiZ�fh`gh�ih^h[jZlv�wd\b\Z�

e_glgh_�dhjj_dlbjmxs__�mkljhckl\h�^jm]h]h�lbiZ��A\_gvy�ihke_^h\Zl_ev�

gh]h� lbiZ� m^h[gh� ijbf_gylv� \� l_o� kemqZyo�� dh]^Z� \� K:M� bkihevam_lky�

we_dljbq_kdbc�kb]gZe�\�\b^_�gZijy`_gby�ihklhyggh]h�lhdZ��\_ebqbgZ�dh�

lhjh]h�nmgdpbhgZevgh�k\yaZgZ�k�kb]gZehf�hrb[db��GZb[he__�jZkijhkljZ�

gzggufb�DM� y\eyxlky�q_lujzoihexkgbdb�ba�R-, C-, L–� we_f_glh\��dhlh�
ju_�jZa^_eyxl�gZ�^bnn_j_gpbjmxsb_��bgl_]jbjmxsb_�b�bgl_]jh^bnn_�

j_gpbjmxsb_� 
IZkkb\gh_� ^bnn_j_gpbjmxs__� a\_gh bf__l� i_j_^Zlhqgmx� nmgdpbx�

\b^Z 

S7

S7
N�S�:

�

�

�

�

+
+= , 

]^_� �� 77 > , 
�

�

7

7
N =  –�dhwnnbpb_gl�i_j_^Zqb�a\_gZ�gZ�gme_\hc�qZklhl_��

l�_�� \� mklZgh\b\r_fky� j_`bf_�� Ih� k\h_fm� ^_ckl\bx� a\_gh� hlghkblky� d�

nhjkbjmxsbf�� lZd�dZd�i_j_oh^guc�ijhp_kk�\� a\_g_�nhjkbjm_lky�\�k\h_c�

gZqZevghc�qZklb��QZklhlgZy�i_j_^ZlhqgZy�nmgdpby��_z�fh^mev�b�nZaZ�jZ\�

gu�khhl\_lkl\_ggh 
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�

�

�

�

7M

7M
N�M�:

ω+
ω+=ω ; 

�
�

�

�
�

�

�

�

7

7
N��$

ω+

ω+
=ω ; 

21
2

21
21

&1

)(&
arctg&arctg&arctg)&(

TT

TT
TT

+

−
=−=ϕ . 

IZkkb\gh_�^bnn_j_gpbjmxs__�a\_gh�ih^Z\ey_l�gbadb_�qZklhlu��Ijb�

ω �� dhwnnbpb_gl� i_j_^Zqb� �
�

� <=
7

7
N �� <_jogb_� qZklhlu� ijhimkdZxlky�

emqr_�q_f�gb`gb_��ijb� ∞→ω  k�klj_fblky�d�_^bgbp_��A\_gh�\ghkbl�iheh�
`bl_evguc� nZah\uc� k^\b]�� <Z`guf� k\hckl\hf� iZkkb\gh]h� ^bnn_j_gpb�

jmxs_]h�a\_gZ�y\ey_lky�kihkh[ghklv�mf_gvrZlv�ihklhyggmx�\j_f_gb�dZ�

dh]h-eb[h�we_f_glZ�K:M�\�aZ^Zggh_�qbkeh�jZa��GZijbf_j��ijb�ihke_^h\Z�
l_evghf�kh_^bg_gbb�iZkkb\gh]h�dhjj_dlbjmxs_]h�a\_gZ�b�Zi_jbh^bq_kdh�

]h�a\_gZ�i_j\h]h�ihjy^dZ�k�dhwnnbpb_glhf�i_j_^Zqb�K0�b�ihklhygghc�\j_�

f_gb�T0�ihemqbf 

SN7

S7
N

S7

N
�S�:

�

�

�

�

�

�

� +
+⋅

+
= . 

?keb�T0 = T1, lh�  
SN7

N
N�S�:

�

�

�+
= . 

LZdbf�h[jZahf��ihklhyggZy�\j_f_gb�a\_gZ�L0�mf_gvrbeZkv�\���k�jZa��
H^gZdh� \h� klhevdh� `_� jZa� hdZaZeky� kgb`_gguf� dhwnnbpb_gl� i_j_^Zqb�

a\_gZ��qlh�fh`gh�dhfi_gkbjh\Zlv�\\_^_gb_f�^hihegbl_evgh]h�mkbebl_ey� 
 
IZkkb\gh_�bgl_]jbjmxs__�a\_gh�bf__l�i_j_^Zlhqgmx�nmgdpbx 

S7

S7
�S�:

�

�

�

�

+
+=         �77� �� > . 

Ih�k\h_fm�^_ckl\bx�hgh�hlghkblky�d�aZf_^eyxsbf�a\_gvyf��QZklhl�

gZy�i_j_^ZlhqgZy�nmgdpby��_z�fh^mev�b�nZaZ�jZ\gu�khhl\_lkl\_ggh 

�

�

�

�

7M

7M
N�M�:

ω+
ω+=ω ; 

�
�

�

�
�

�

�

�

7

7
N��$

ω+

ω+
=ω ; 
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��
�

��
��

�

��
DUFWJDUFWJDUFWJ��

77

77
77

ω+

−ω
−=ω−ω=ωϕ . 

:fieblm^gZy�oZjZdl_jbklbdZ�ihdZau\Z_l��qlh�a\_gh�ijhimkdZ_l�gba�

db_� qZklhlu� k� dhwnnbpb_glhf� i_j_^Zqb�� [ebadbf� d� _^bgbp_� �ijb� ω=0, 
:�ω� ���� <ukhdb_� qZklhlu� ih^Z\eyxlky�� lZd� ijb� ∞→ω � ihemqZ_f�

�
�

� <→ω
L

L
��: ��A\_gh�\ghkbl�hljbpZl_evguc�nZah\uc�k^\b]� 

KjZ\gbl_evguc� ZgZeba� ihdZau\Z_l�� qlh� iZkkb\gh_� bgl_]jbjmxs__�

a\_gh�ijhlb\hiheh`gh�ih�k\h_fm�^_ckl\bx iZkkb\ghfm�^bnn_j_gpbjmx�
s_fm�a\_gm� 

IZkkb\gh_� bgl_]jh^bnn_j_gpbjmxs__� a\_gh bf__l� i_j_^Zlhqgmx�
nmgdpbx 

�S7��S7�

�S7��S7�
�S�:

��

��

��

��

++
++

= , 

ijbqzf� ���� LLLL ⋅=⋅ , ���� LLLL +>+ . 
QZklhlgZy�i_j_^ZlhqgZy�nmgdpby�a\_gZ��_z�fh^mev�b�nZaZ�jZ\gu�kh�

hl\_lkl\_ggh 

�7M��7M�

�7M��7M�
N�M�:

��

��

��

��

ω+ω+
ω+ω+

=ω ; 

�
�

��
�

�

�
�

��
�

�

��

��

77

77
N��$

ω+ω+

ω+ω+
=ω ; 

���� DUFWJDUFWJDUFWJDUFWJ�� 7777 ω−ω−ω+ω=ωϕ . 
Ba�ijb\_^zgguo�oZjZdl_jbklbd�\b^gh��qlh�a\_gh�ijb�qZklhl_�ω ��b�

∞→ω �bf__l�dhwnnbpb_gl�i_j_^Zqb��jZ\guc�_^bgbp_��Ih^Z\e_gb_�\oh^�

gh]h�kb]gZeZ�ijhbkoh^bl�\�h[eZklb�kj_^gbo�qZklhl��NZah\uc�k^\b]�jZ\_g�

gmex�ijb�ω=0, ∞=ω b�
����

��

7777
P ⋅

=
⋅

=ω . 

QZklhlZ�ωm�khhl\_lkl\m_l�fbgbfZevghfm�agZq_gbx 

��

��
PLQ

77

77
$��$

+
+

==ω . 

<�h[eZklb�gbadbo�qZklhl��ω < ωm��a\_gh�bf__l�hljbpZl_evguc�nZah�

\uc�k^\b]��\�h[eZklb�\ukhdbo�qZklhl��ω > ωm) –�iheh`bl_evguc� 
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���Ihjy^hd�\uiheg_gby�jZ[hlu 
 
���GZ[jZlv�ko_fm�^ey�fh^_ebjh\Zgby�K:M��jbk������ 
 

S7

N

m

m

� + S

Ni
J \��

�f

�
wf

f

++ S7S77

N
��

�

�

�

�

+

+

S7

S7
�

�

�

�

�

+

+

S7

S7
ε

�

 
Jbk������KljmdlmjgZy�ko_fZ�dhjj_dlbjm_fhc�K:M 

 
Fh^_ev�kh^_j`bl�g_baf_gy_fmx�qZklv��mkbebl_evgh_�mkljhckl\h� ���

bkihegbl_evguc�^\b]Zl_ev����]eZ\gmx�h[jZlgmx�k\yav���b�^\Z�ihke_^h\Z�

l_evguo�dhjj_dlbjmxsbo�a\_gZ���b����MklZgh\blv�ke_^mxsb_�iZjZf_lju�

g_baf_gy_fhc� qZklb� fh^_eb�� Lm ������ k�� kf=3; Lf ����� k�� Lw ������ k��

ki=0,01. 
���GZkljhblv�bkoh^gmx�fh^_ev� �[_a� dhjj_dpbb��� ^h[b\Zykv�baf_g_�

gb_f�km�mkbebl_evgh]h�mkljhckl\Z� ��dZq_kl\_ggh]h�i_j_oh^gh]h�ijhp_kkZ�
gZ�\uoh^_�kbkl_fu�ijb�klmi_gqZlhf�\oh^ghf�\ha^_ckl\bb� 

���Ihemqblv�]jZnbdb�i_j_oh^ghc�oZjZdl_jbklbdb��hrb[db�jZkkh]eZ�

kh\Zgby� ijb� ]Zjfhgbq_kdhf� b� kdhjhklghf� \oh^guo� kb]gZeZo�� E:NQO�

bkoh^ghc�K:M��[_a�dhjj_dpbb�� 
��� Kdhjj_dlbjh\Zlv� bkoh^gmx� K:M�� bkihevamy� ihke_^h\Zl_evgh_�

iZkkb\gh_�^bnn_j_gpbjmxs__�a\_gh���ijb�L1 �����k��L2 �����k� 
���Ihemqblv� i_j_oh^gmx� oZjZdl_jbklbdm�� hrb[dm� jZkkh]eZkh\Zgby��

E:NQO�kdhjj_dlbjh\Zgghc�K:M��Z�lZd`_�]jZnbdb�kb]gZeh\�hrb[db�ijb�

]Zjfhgbq_kdhf�b�kdhjhklghf�mijZ\eyxsbo�\ha^_ckl\byo� 
��� Kdhjj_dlbjh\Zlv� bkoh^gmx� K:M�� bkihevamy� ihke_^h\Zl_evgh_�

iZkkb\gh_�bgl_]jbjmxs__�a\_gh���ijb�L3 �����k��L4 ����k� 
���Ihemqblv� i_j_oh^gmx� oZjZdl_jbklbdm�� hrb[dm� jZkkh]eZkh\Zgby��

E:NQO�b� ]jZnbdb� hrb[db�ijb� ]Zjfhgbq_kdhf�b� kdhjhklghf� mijZ\eyx�

sbo�\ha^_ckl\byo�kdhjj_dlbjh\Zgghc�K:M� 
���Kdhjj_dlbjh\Zlv�bkoh^gmx�K:M�^\mfy�ihke_^h\Zl_evgufb� dhj�

j_dlbjmxsbfb�a\_gvyfb���b���h^gh\j_f_ggh��hkms_kl\eyy�bgl_]jh^bnn_�

j_gpbjmxsmx�dhjj_dpbx� 
���Ihemqblv� i_j_oh^gmx� oZjZdl_jbklbdm�� hrb[dm� jZkkh]eZkh\Zgby��

E:NQO�b� ]jZnbdb� hrb[db�ijb� ]Zjfhgbq_kdhf�b� kdhjhklghf� mijZ\eyx�

sbo�\ha^_ckl\byo� 
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����Ijh\_klb� kjZ\gbl_evguc� ZgZeba� bkoh^ghc� b� kdhjj_dlbjh\Zgghc�

jZaebqgufb�a\_gvyfb�K:M� 
����<uihegblv�jZkqzl�^bgZfbq_kdbo�ihdZaZl_e_c��i_j_j_]mebjh\Zgby�

1��[ukljh^_ckl\by� ti��hrb[db�jZkkh]eZkh\Zgby�\�jZaebqguo�j_`bfZo��bk�

oh^ghc�b�kdhjj_dlbjh\Zgghc�K:M� 
����JZkkqblZlv�ih�E:NQO� aZiZk�mklhcqb\hklb�ih� Zfieblm^_�b�nZa_�

bkoh^ghc�b�kdhjj_dlbjh\Zgghc�jZaebqgufb�mkljhckl\Zfb�kbkl_fu� 
 

���Dhgljhevgu_�\hijhku 
 

���DZdh\u� ihdZaZl_eb� dZq_kl\Z� j_]mebjh\Zgby� Z\lhfZlbq_kdbo� kbk�

l_f" 
���DZdh\h�gZagZq_gb_�b�deZkkbnbdZpby�dhjj_dlbjmxsbo�mkljhckl\" 
���DZdb_�kms_kl\mxl�lbiu�ihke_^h\Zl_evguo�dhjj_dlbjmxsbo�mkl�

jhckl\" 
���Qlh� lZdh_� iZkkb\gh_� bgl_]jbjmxs__� a\_gh� �gZagZq_gb_�� i_j_^Z�

lhqgZy�nmgdpby��\j_f_ggu_�b�qZklhlgu_�oZjZdl_jbklbdb��\ebygb_�gZ�jZ[h�

lm�K:M�" 
���DZdb_�oZjZdl_jbklbdb�m�iZkkb\gh]h�^bnn_j_gpbjmxs_]h�dhjj_d�

lbjmxs_]h�mkljhckl\Z" 
6. DZdh_� \ebygb_� gZ� jZ[hlm� K:M� hdZau\Z_l� bgl_]jh^bnn_j_gpb�

jmxs__�dhjj_dlbjmxs__�mkljhckl\h" 
7. DZd�\uihegy_lky�kbgl_a�ihke_^h\Zl_evguo�dhjj_dlbjmxsbo�mkl�

jhckl\" 
 
 
 

EZ[hjZlhjgZy�jZ[hlZ���� 

MEMQR?GB?�D:Q?KL<:�IJHP?KK:�J?=MEBJH<:GBY�<�K:M�
I:J:EE?EVGUFB�DHJJ?DLBJMXSBFB�A<?GVYFB��

H;J:LGUFB�K<YAYFB�B�DHF;BGBJH<:GGUF�

MIJ:<E?GB?F 
 
P_ev� jZ[hlu�� Bamq_gb_� \hijhkh\� dhjj_dpbb� K:M� iZjZee_evgufb�

dhjj_dlbjmxsbfb� mkljhckl\Zfb�� dhjj_dlbjmxsbfb� h[jZlgufb� k\yayfb��

dhf[bgbjh\Zgguf�mijZ\e_gb_f�ih�hrb[d_�b�mijZ\eyxs_fm�\ha^_ckl\bx��

bkke_^h\Zgb_�ihdZaZl_e_c�dZq_kl\Z�j_]mebjh\Zgby�K:M�k�jZaebqgufb�\b�

^Zfb�dhjj_dpbb�ijb�lbih\uo�\oh^guo�\ha^_ckl\byo��kjZ\g_gb_�^bgZfbq_�

kdbo�oZjZdl_jbklbd�bkoh^ghc�b�kdhjj_dlbjh\Zgghc�kbkl_f� 
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���Kh^_j`Zgb_�jZ[hlu 
 
Memqr_gby� dZq_kl\Z� ijhp_kkZ� j_]mebjh\Zgby� fh`gh� ^hklbqv� dhj�

j_dpb_c�K:M�g_�lhevdh�ihke_^h\Zl_evgufb��gh�b�iZjZee_evgufb�dhjj_d�

lbjmxsbfb� a\_gvyfb��h[jZlgufb� k\yayfb�� \\_^_gb_f� dhf[bgbjh\Zggh]h 
mijZ\e_gby� 

IZjZee_evgu_� dhjj_dlbjmxsb_� a\_gvy� m^h[gh� ijbf_gylv� ijb� bk�

ihevah\Zgbb�keh`guo�aZdhgh\�mijZ\e_gby��dh]^Z�gZjy^m�k�hkgh\guf�kb]�

gZehf� \\h^ylky� _]h� ijhba\h^gu_� b� bgl_]jZeu��<\_^_gb_� bgl_]jZeh\� ih�

a\hey_l�ih\ukblv� lhqghklv� kbkl_f� j_]mebjh\Zgby� [_a� aZf_lgh]h� mom^r_�

gby�aZiZkZ�mklhcqb\hklb��GZ�jbk�����ihdZaZgZ�kljmdlmjgZy�ko_fZ�K:M�ijb�

\\_^_gbb�bah^jhfgh]h�a\_gZ� 
 

S

Nb

J \

:�S�

ε

Bah^jhfgh_�a\_gh

 
Jbk������KljmdlmjgZy�ko_fZ�K:M�k�bah^jhfguf�a\_ghf 

 

I_j_^ZlhqgZy�nmgdpby�bah^jhfgh]h�a\_gZ�bf__l�\b^ 

S

�S7�N

S

N
�S�: bbb

b

�
�

+
=+= , 

]^_�
b

b

�

N
7 =  -�ihklhyggZy�\j_f_gb�bah^jhfgh]h�a\_gZ� 

LZdbf� h[jZahf�� \dexq_gb_� bah^jhfgh]h� a\_gZ� ih\urZ_l� ihjy^hd�

ZklZlbafZ�� Z� ke_^h\Zl_evgh�� b� lhqghklv� K:M�� h^gh\j_f_ggh� ijb�

^hklZlhqgh� [hevrbo� agZq_gbyo� ihklhygghc� \j_f_gb� Lb� mkeh\by�

mklhcqb\hklb� kdhjj_dlbjh\Zgghc� K:M� fZeh� hlebqZxlky� hl� mkeh\bc�

mklhcqb\hklb� bkoh^ghc� kbkl_fu�� >ey� ^Zevg_cr_]h� ih\ur_gby� ihjy^dZ�

ZklZlbafZ� K:M� fh`gh� ijbf_gblv� g_kdhevdh� iZjZee_evguo�

dhjj_dlbjmxsbo�a\_gv_\� Ijbf_g_gb_� j_]mebjh\Zgby� ih� ijhba\h^guf� hl� hrb[hd� ih\urZ_l�

aZiZk�mklhcqb\hklb� kbkl_fu�j_]mebjh\Zgby��qlh�iha\hey_l�m\_ebqblv�h[�

sbc�dhwnnbpb_gl�mkbe_gby�K:M�b�wlbf�kZfuf�memqrblv�lhqghklv�j_]m�

ebjh\Zgby��GZ�jbk�� ���ijb\_^_gZ�kljmdlmjgZy�ko_fZ�kbkl_fu�k�dhjj_dlb�
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jmxsbf�^bnn_j_gpbjmxsbf�a\_ghf��\dexq_gguf�iZjZee_evgh�hkgh\ghc�

p_ib� 
LZdhc�\b^�j_]mebjh\Zgby�ih\urZ_l�lhqghklv�kbkl_fu�b�\�lhf�kem�

qZ_��dh]^Z�khojZgy_lky�g_baf_gguf�h[sbc�dhwnnbpb_gl�mkbe_gby��lZd�dZd�

kbkl_fZ� j_]mebjh\Zgby� j_Z]bjm_l�g_� lhevdh�gZ�gZebqb_� hrb[db��gh�b�gZ�

l_g^_gpbx�d�baf_g_gbx�_z�\_ebqbgu� 
 

7
^
S

J \

:�S�

ε

>bnn_j_gpbjmxs__

a\_gh

 
Jbk������KljmdlmjgZy�ko_fZ�K:M�k�^bnn_j_gpbjmxsbf�a\_ghf 

 

<�dZq_kl\_�dhjj_dlbjmxsbo�mkljhckl\�qZklh�ijbf_gyxl�h[jZlgu_ 
k\yab��HK���GZ�jbk�����ij_^klZ\e_gZ�ko_fZ�\\_^_gby�\�p_iv�j_]mebjh\Zgby�

a\_gZ�f_klghc�h[jZlghc�k\yab�i_j_^Zlhqghc�nmgdpb_c�Woc(p���ho\Zlu\Zx�
s_c�hij_^_ezggmx�qZklv�kbkl_fu� 

 

J \

:
�
�S�

ε
:

�
�S�

:
hk
�S�

 
 

Jbk������KljmdlmjgZy�ko_fZ�K:M�k�f_klghc�h[jZlghc�k\yavx 
 

I_j_^ZlhqgZy�nmgdpby�jZahfdgmlhc�kdhjj_dlbjh\Zgghc�kbkl_fu 

�S�:�S�:

�S�:�S�:
�S�:

RF�

��

� ⋅+
⋅

= . 

Dhjj_dlbjmxsb_�HK�rbjhdh�jZkijhkljZg_gu�\ke_^kl\b_�ijhklhlu�

bo� l_ogbq_kdhc� j_ZebaZpbb��Djhf_� wlh]h� hljbpZl_evgu_� h[jZlgu_� k\yab�

mf_gvrZxl�\ebygb_�g_ebg_cghkl_c�l_o�mqZkldh\�p_ib�j_]mebjh\Zgby��dh�

lhju_� bfb� ho\Zlu\Zxlky��LZd� dZd� ijZdlbq_kdb� \k_�K:M� kh^_j`Zl� g_eb�
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g_cghklb��mom^rZxsb_�dZq_kl\h�j_]mebjh\Zgby��kbeu�lj_gby��exnl��ahgm�

g_qm\kl\bl_evghklb��b�l�i����lh�bkihevah\Zgb_�dhjj_dlbjmxsbo�HK�qZklh�

iha\hey_l�^h[blvky�emqrbo�j_amevlZlh\�ih�kjZ\g_gbx�k�^jm]bfb�lbiZfb�

dhjj_dpbb� 
H[jZlgu_�k\yab�fh]ml�[ulv�`_kldbfb�b�]b[dbfb��?keb�Whk��� ���lh�\�

mklZgh\b\r_fky�j_`bf_�i_j_^ZlhqgZy�nmgdpby�p_ib��ho\Zq_gghc�HK��[m�

^_l�jZ\gZ�i_j_^Zlhqghc�nmgdpbb�bkoh^ghc�p_ib��LZdZy�h[jZlgZy�k\yav�gZ�

au\Z_lky� ]b[dhc�� hgZ� ^_ckl\m_l� lhevdh� \� i_j_oh^guo� j_`bfZo�� ?keb�

Whk(0)����lh�HK�^_ckl\m_l�b�\�i_j_oh^ghf��b�\�mklZgh\b\r_fky�j_`bfZo�b�

gZau\Z_lky�`_kldhc��>h\hevgh� qZklh� \� p_ib�HK� bkihevamxl� b^_Zevgh_�

[_aug_jpbhggh_�a\_gh�k�i_j_^Zlhqghc�nmgdpb_c�Whk(j)=khk��<�wlhf�kemqZ_�
dhwnnbpb_gl�i_j_^Zqb�b�ihklhyggZy�\j_f_gb�\gmlj_gg_]h�dhglmjZ��h[jZ�

ah\Zggh]h�f_klghc�HK��mf_gvrZ_lky�\� ��kkhk�jZa��]^_�kkhk –�dhwnnbpb_gl�
i_j_^Zqb�\gmlj_gg_]h�dhglmjZ� 

HljbpZl_evgu_�HK� fh]ml� jZaebqguf� h[jZahf� baf_gylv� ^bgZfbq_�

kdb_�ihdZaZgby�kbkl_f�mijZ\e_gby� 
• ih^Z\eylv�\ukhdb_�qZklhlu��ZgZeh]b�iZkkb\gh]h�ihke_^h\Zl_evgh�

]h�bgl_]jbjmxs_]h�a\_gZ�� 
• ih^Z\eylv�gbadb_�qZklhlu��ZgZeh]b�iZkkb\gh]h�ihke_^h\Zl_evgh]h�

^bnn_j_gpbjmxs_]h�a\_gZ�� 
• ih^Z\eylv�kj_^gb_�qZklhlu� �ZgZeh]b�iZkkb\gh]h�ihke_^h\Zl_evgh�

]h�bgl_]jh^bnn_j_gpbjmxs_]h�a\_gZ�� 
MklZgh\blv�ZgZeh]bx�HK�k�ex[uf�dhjj_dlbjmxsbf�a\_ghf�fh`gh��

bkihevamy�nhjfmeu�i_j_oh^Z��dhlhju_�e_]dh�ihemqblv��ijbjZ\gy\�j_amev�

lbjmxsb_�i_j_^Zlhqgu_�nmgdpbb�kdhjj_dlbjh\Zgghc�kbkl_fu�Wkd(j): 

�S�:�S�:

�S�:
�S�:�S�:�j�:�S�:�S�:

RFF

F
iFiaFkd

� ⋅+
=+=⋅= , 

]^_�Wc(p) –�i_j_^ZlhqgZy�nmgdpby�qZklb�K:M��Wia(p), Wi(p) –�i_j_^Zlhq�
gu_�nmgdpbb�ihke_^h\Zl_evgh]h�b�iZjZee_evgh]h�a\_gv_\�khhl\_lkl\_ggh��

Hlkx^Z�fh`gh�ihemqblv 

�S�:�S�:

�j�:
�S�:

iaF

ia
RF

�

⋅
−

= , 

�S�:�S�:�S�:

�j�:
�S�:

iF
�
F

i
RF

⋅+
−= . 

GZb[hevrbc� bgl_j_k� ij_^klZ\ey_l� i_j_oh^� hl� ihke_^h\Zl_evgh]h�

dhjj_dlbjmxs_]h�a\_gZ��iZjZf_lju�dhlhjh]h�jZkkqblu\Zxlky�ijhs_��d�wd�
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\b\Ze_glghc� h[jZlghc� k\yab�� ij_^ihqlbl_evghc� k� lhqdb� aj_gby� l_ogbq_�

kdhc�j_ZebaZpbb� 
>jm]bf�kihkh[hf�memqr_gby�^bgZfbq_kdbo�ihdZaZl_e_c�K:M�y\ey�

_lky�dhf[bgbjh\Zggh_� mijZ\e_gb_��ijb�dhlhjhf�gZjy^m� k�j_]mebjh\Zgb_f�

ih�hrb[d_�bkihevam_lky�j_]mebjh\Zgb_�ih�mijZ\eyxs_fm�beb�\hafmsZx�

s_fm� \ha^_ckl\byf��GZ� jbk�� ��� ijb\_^_gZ� kljmdlmjgZy� ko_fZ� kbkl_fu� k�

dhf[bgbjh\Zgguf�mijZ\e_gb_f�ih�hrb[d_�0�t��b�mijZ\eyxs_fm�\ha^_ckl�

\bx�g(t). 

ϕ �S�

J \

:�S�

ε

 
Jbk������KljmdlmjgZy�ko_fZ�K:M�k�dhf[bgbjh\Zgguf�mijZ\e_gb_f 

 

Ijb�hlkmlkl\bb�j_]mebjh\Zgby�ih�mijZ\eyxs_fm�\ha^_ckl\bx�� l�_��

ijb�3�j� ���j_]mebjm_fZy�\_ebq_gZ�m�k\yaZgZ�k�mijZ\eyxsbf�\ha^_ckl\b_f�

q_j_a�i_j_^Zlhqgmx�nmgdpbx�aZfdgmlhc�kbkl_fu 

J
�S�:

�S�:
\

+
=
�

. 

Ijb� \\_^_gbb� j_]mebjh\Zgby� ih� mijZ\eyxs_fm� \ha^_ckl\bx� j_]m�

ebjm_fZy�\_ebqbgZ�hij_^_ey_lky�\ujZ`_gb_f 

J�S�
�S�:

�S�:
\ @�>

�
ϕ+

+
= . 

Ba�ijb\_^zggh]h�\ujZ`_gby�\b^gh��qlh�\\_^_gb_�j_]mebjh\Zgby�ih�

mijZ\eyxs_fm� \ha^_ckl\bx� g_� f_gy_l� oZjZdl_jbklbq_kdh]h� mjZ\g_gby�

kbkl_fu��jZ[hlZxs_c�ih�hldehg_gbx�0� �agZf_gZl_ev�i_j_^Zlhqguo�nmgd�

pbc�h^bgZdh\���l�_��g_�[m^ml�gZjmrZlvky�mkeh\by�mklhcqb\hklb�b�ihdZaZl_�

eb� dZq_kl\Z�i_j_oh^gh]h�ijhp_kkZ�� hij_^_ey_fu_� dhjgyfb� oZjZdl_jbklb�

q_kdh]h� mjZ\g_gby��Bkihevah\Zgb_� dhf[bgbjh\Zggh]h� mijZ\e_gby� iha\h�

ey_l� \\_klb� i_j\mx� ijhba\h^gmx� hl� mijZ\eyxs_]h� \ha^_ckl\by� b� lZdbf�

h[jZahf�ihemqblv�jZ\ghc�gmex�kdhjhklgmx�hrb[dm�\�kbkl_fZo�k�ZklZlba�

fhf�i_j\h]h�ihjy^dZ��l�_��ih\ukblv�gZ�_^bgbpm�kl_i_gv�ZklZlbafZ�hlghkb�

l_evgh�mijZ\eyxs_]h�\ha^_ckl\by� 
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���Ihjy^hd�\uiheg_gby�jZ[hlu 
 
���GZ[jZlv�ko_fm�^ey�fh^_ebjh\Zgby�K:M��kljmdlmjgZy�ko_fZ�dhlh�

jhc�ihdZaZgZ�gZ�jbk����� 
 

S7

N

m

m

� + S

Ni
J \

�
f

�
wf

f

++ S7S77

Nε

:
hk
�S�

:
i
�S�ϕ �S�

 

Jbk������KljmdlmjgZy�ko_fZ�K:M 
 

Ko_fZ�kh^_j`bl�g_baf_gy_fmx�qZklv��kljmdlmjZ�b�iZjZf_lju�dhlh�

jhc�jZkkfhlj_gu�\�eZ[hjZlhjghc�jZ[hl_������dhjj_dlbjmxsmx�h[jZlgmx�

k\yav�k�i_j_^Zlhqghc�nmgdpb_c�Whk(j���iZjZee_evgh_�dhjj_dlbjmxs__�mkl�

jhckl\h� Wi(j��� a\_gh� ^ey� j_]mebjh\Zgby� ih� mijZ\eyxs_fm� \ha^_ckl\bx�

3�j). 
���Ihkljhblv�bkoh^gmx�fh^_ev� �[_a� dhjj_dpbb���^h[b\Zykv�baf_g_�

gb_f� Dm� dZq_kl\_ggh]h� i_j_oh^gh]h� ijhp_kkZ� ijb� klmi_gqZlhf� \oh^ghf�

\ha^_ckl\bb� 
���Ihemqblv�b�aZnbdkbjh\Zlv�E:NQO��i_j_oh^guc�ijhp_kk��hrb[dm�

jZkkh]eZkh\Zgby�b�^bgZfbq_kdb_�ihdZaZl_eb�ijb�klmi_gqZlhf��]Zjfhgbq_�

kdhf�b�kdhjhklghf�\oh^guo�kb]gZeZo�\�bkoh^ghc�K:M� 
���Kdhjj_dlbjh\Zlv�bkoh^gmx�K:M�iZjZee_evguf�dhjj_dlbjmxsbf�

a\_ghf� ijb�Wi(j)=L^p� k� iZjZf_ljZfb� L^ ���«��� AZnbdkbjh\Zlv� i_j_qbk�

e_ggu_�\�i���oZjZdl_jbklbdb��gZ[ex^Zlv�baf_g_gby�aZiZkh\�mklhcqb\hklb�

ih�Zfieblm^_�b�nZa_�\�kdhjj_dlbjh\Zgghc�kbkl_f_� 
���Kdhjj_dlbjh\Zlv�bkoh^gmx�K:M��\dexqZy�\�_z�kljmdlmjm�`_kldmx�

HK� k� Whk(j)=kl]� k� dhwnnbpb_glhf� i_j_^Zqb�� baf_gyxsbfky� \� ij_^_eZo�

kl] ���«���AZnbdkbjh\Zlv�]jZnbdb��mdZaZggu_�\�i�����Hij_^_eblv�baf_g_�

gb_� dhwnnbpb_glZ�i_j_^Zqb��ihklhygghc� \j_f_gb�b�iZjZf_ljZ� aZlmoZgby�

\gmlj_gg_]h�dhglmjZ� 
���<\_klb� \�bkoh^gmx�K:M�dhf[bgbjh\Zggh_�mijZ\e_gb_�3�j)=kj� k�

iZjZf_ljZfb� k ���«��� AZnbdkbjh\Zlv� mdZaZggu_� \� i�� �� oZjZdl_jbklbdb��
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Hij_^_eblv� wd\b\Ze_glgmx� i_j_^Zlhqgmx� nmgdpbx� aZfdgmlhc� K:M� ih�

hrb[d_��Hij_^_eblv�mkeh\b_�ebd\b^Zpbb�kdhjhklghc�hrb[db� 
���Ijh\_klb� kjZ\gbl_evguc� ZgZeba� bkoh^ghc� b� kdhjj_dlbjh\Zgghc�

jZaebqgufb�kihkh[Zfb�K:M� 
 
 

 

���Dhgljhevgu_�\hijhku 
 

��� DZdb_� \Zf� ba\_klgu� kihkh[u� \dexq_gby� dhjj_dlbjmxsbo� mkl�

jhckl\�\�K:M" 
���DZd�hkms_kl\ey_lky�i_j_oh^�hl�dhjj_dlbjmxsbo�mkljhckl\�h^gh�

]h�lbiZ�d�^jm]hfm" 
���DZdbf�h[jZahf�\\h^ylky�bgl_]jZeu�b�ijhba\h^gu_�\�K:M" 
��� DZd� � bah^jhfgu_� mkljhckl\Z� \ebyxl� gZ� ^bgZfbq_kdb_� k\hckl\Z�

K:M" 
���DZd�\eby_l�j_]mebjh\Zgb_�ih�ijhba\h^guf�hl�hrb[db�gZ�^bgZfb�

q_kdb_�ihdZaZl_eb�K:M�\�jZaebqguo�j_`bfZo�j_]mebjh\Zgby" 
���DZdb_�kms_kl\mxl�\b^u�h[jZlguo�k\ya_c" 
���DZd�\ebyxl�h[jZlgu_�k\yab�gZ�ihdZaZl_eb�dZq_kl\Z�K:M" 
���DZd�\uihegblv�jZkq_l�wd\b\Ze_glghc�h[jZlghc�k\yab" 
���Qlh�lZdh_�dhf[bgbjh\Zggh_�mijZ\e_gb_�\�K:M" 
����DZd��baf_gy_lky��lhqghklv��K:M��ijb��\\_^_gbb��j_]mebjh\Zgby��ih�

mijZ\eyxs_fm�b�\hafmsZxs_fm�\ha^_ckl\byf" 
 

LJ?;H<:GBY�D�KH>?J@:GBX�HLQ?L: 
 

Hlq_l�khklZ\ey_lky�ih�dZ`^hc�eZ[hjZlhjghc�jZ[hl_�b�^he`_g�kh^_j�

`Zlv�j_amevlZlu�\uiheg_gby�\k_o�imgdlh\�aZ^Zgby��hij_^_e_ggh]h�ihjy^�

dhf�jZ[hlu� 
- kljmdlmjgmx�ko_fm�h[t_dlZ�fh^_ebjh\Zgby� 
- i_j_^Zlhqgu_� nmgdpbb� fh^_ebjm_fuo� kbkl_f� Z\lhfZlbq_kdh]h�

mijZ\e_gby��bo�\j_f_ggu_�b�qZklhlgu_�oZjZdl_jbklbdb� 
- jZkq_lgu_�iZjZf_lju�ihdZaZl_e_c�jZ[hlu�K:M��ij_^mkfhlj_ggu_�

aZ^Zgb_f� 
- jZki_qZldb� ihemq_gguo� \� j_amevlZl_� fh^_ebjh\Zgby� ]jZnbdh\�

ijhp_kkh\�b�qZklhlguo�oZjZdl_jbklbd� 
- \u\h^u�ih�j_amevlZlZf�jZ[hlu� 
Bkke_^h\Zgb_�kbkl_f�Z\lhfZlbq_kdh]h�mijZ\e_gby�ijh\h^ylky�k�ih�

fhsvx� iZd_lZ� \bamZevgh]h�fh^_ebjh\Zgby� \� kj_^_�Matlab�� hibkZggh]h� \�
ijbeh`_gbb� 
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IJBEH@?GB? 
 

JZ[hlZ�k�iZd_lhf�fZl_fZlbq_kdh]h�fh^_ebjh\Zgby�Simulink 
 

���AZimklblv�iZd_l�Matlab��<�hdg_�mijZ\e_gby�\u[jZlv�©Gh\Zy�Simu-
link�fh^_evª��jbk��I��� 

���<u[jZlv�hipbx�Simulink. Matlab�hldju\Z_l�^\Z�hdgZ��hdgh�fh^_eb�
�jbk� I���b�hdgh�[b[ebhl_d�we_f_glh\��jbk��I��� 

 
 

 

 

Jbk��I���Hdgh�mijZ\e_gby 
 

 
 

Jbk��I���Hdgh�fh^_eb 
 

 
 

Jbk��I���Hdgh�[b[ebhl_d�we_f_glh\ 

>h[jh�ih`Zeh\Zlv�\�MATLAB! 
 
Qlh[u�gZqZlv�jZ[hlm��gZ[_jbl_�ke_^mxs__��helpwin, helpdesk �beb�demo. 
>ey�bgnhjfZpbb�h�ijh^mdlZo�gZ[_jbl_�tour �beb�ihk_lbl_ www.mathworks.com.  
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���Fh^_ebjm_fmx�K:M�g_h[oh^bfh�ij_^klZ\blv�\�\b^_�gZ[hjZ�a\_gv�

_\��khhl\_lkl\mxs_]h�kljmdlmjghc�ko_f_�kbkl_fu��Lbih\u_�a\_gvy�^ey�bk�

ke_^h\Zgby�b�fh^_ebjh\Zgby�kh^_j`Zlky�\�[b[ebhl_dZo��jZa[bluo�gZ�deZk�

ku� 
– bklhqgbdb�\oh^guo�kb]gZeh\�Sources��jbk��I��� 
– kj_^kl\Z� hlh[jZ`_gby� j_amevlZlh\� fh^_ebjh\Zgby� � Sinks� �jbk��

I��� 
– ^bkdj_lgu_�we_f_glu�kljmdlmjguo�ko_f�Discrete; 
– ebg_cgu_�we_f_glu�kljmdlmjguo�ko_f�Linear��jbk��I��� 
– g_ebg_cgu_�we_f_glu�kljmdlmjguo�ko_f��Nonlinear; 
– we_f_glu�dhffmlZpbb�Connections. 
DZ`^Zy�[b[ebhl_dZ�hldju\Z_lky�^\hcguf�s_eqdhf�©furbª�gZ�khhl�

\_lkl\mxs_c�bdhgd_� 

   
 

Jbk��I�� 
Bklhqgbdb�\oh^guo�

kb]gZeh\ 

 

Jbk��I�� 
Kj_^kl\Z�hlh[jZ`_gby�j_�

amevlZlh\�fh^_ebjh\Zgby 

 

Jbk��I�� 
Ebg_cgu_�we_f_glu�

kljmdlmjguo�ko_f 
 

���>ey� khklZ\e_gby�fh^_eb�g_h[oh^bfh� \� khhl\_lkl\bb� kh� kljmdlmj�

ghc�ko_fhc�kbkl_fu�gZ[jZlv�ba�[b[ebhl_d�gm`gu_�[ehdb��©\aylv�b�i_j_g_�

klbª�furdhc�\�hdgh�untitled��b�kh_^bgblv�bo�\oh^u-\uoh^u��jbk��I��� 
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Jbk��I���Fh^_ev�K:M 
 

���AZimkd�fh^_ebjh\Zgby�–�dhfZg^hc� ©KlZjl�IZmaZ�fh^_ebjh\Zgbyª��
J_amevlZl�fh^_ebjh\Zgby�ij_^klZ\ey_lky�\�]jZnbq_kdhf�\b^_��^ey�q_]h�g_�

h[oh^bfh�^\Z`^u�szedgmlv�furdhc�ih�agZqdm�Scope��jbk��I��� 
 

        
 

Jbk��I���J_amevlZl�fh^_ebjh\Zgby����������������Jbk��I���Hdgh�lhq_d�\oh^Z-\uoh^Z 
 

���>ey�bkke_^h\Zgby� ^jm]bo� oZjZdl_jbklbd� kbkl_fu� �:QO�� jZkiheh�

`_gb_�dhjg_c�b�^j���g_h[oh^bfh�\uihegblv�ebg_cguc�ZgZeba�fh^_eb��f_�

gx�Tools, imgdl Linear Analisys). Ijb�wlhf�hldju\Zxlky�^\Z�hdgZ��hdgh�lh�
q_d� \oh^Z-\uoh^Z� �jbk��I��� b� hdgh� ijhkfhljZ� j_amevlZlh\� ZgZebaZ� ©LTI 
Viewer». 

���Ba� hdgZ� lhq_d� \oh^Z-\uoh^Z� g_h[oh^bfh� i_j_g_klb� bo� gZ� \oh^� b�
\uoh^� lh]h� we_f_glZ� beb� kbkl_fu� \� p_ehf�� ^ey� dhlhjuo� ijh\h^blky� eb�

g_cguc�ZgZeba��jbk��I10). 
���<�hdg_�LTI Viewer�\�f_gx�Simulink \u[jZlv imgdl «Get Linearized 

Model» (jbk. I���� 
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���<b^u�ij_^klZ\e_gguo�oZjZdl_jbklbd�\u[bjZxlky�ba�f_gx�©Plot 
Type» 

 

 
 

Jbk��I����MklZgh\dZ�lhq_d�\oh^Z-\uoh^Z�ebg_cgh]h�ZgZebaZ 
 

 

 
 

Jbk��I����Hdgh�j_amevlZlh\�ebg_cgh]h�ZgZebaZ 
 

����>ey� dhibjh\Zgby� j_amevlZlh\�fh^_ebjh\Zgby� \�^jm]b_�ijbeh`_�

gby� \�f_gx� File� \u[bjZ_lky� imgdl� ©Send Response to Figureª��Ijb� wlhf�

\dexqZ_lky�ijh]jZffZ�ijhkfhljZ�jbkmgdZ�LTI Viewer Responses��jbk��I�����
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Dhibjh\Zgb_�jbkmgdZ�–�imgdl�©Copy Figureª�ba�f_gx�Edit�wlh]h�hdgZ��J_�
amevlZl�–�jbk��I��� 
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;b[ebh]jZnbq_kdbc�kibkhd 
 

���;_k_d_jkdbc�<�:���Ihih\�?�I��Kbgl_a�kbkl_f�Z\lhfZlbq_kdh]h�j_]m�

ebjh\Zgby��-�F���GZmdZ��������–�����k� 
���K[hjgbd�aZ^Zq�ih�l_hjbb�Z\lhfZlbq_kdh]h�mijZ\e_gby�b�j_]mebjh�

\Zgby� �� <�:�� ;_k_d_jkdbc�� :�G�� =_jZkbfh\�� K�<�� Emqdh� b� ^j��� Ih^� j_^��

?�I� Ihih\Z��-�F���<ukr��rd���������–�����k� 
���Ihih\�?�I��L_hjby�ebg_cguo�kbkl_f�Z\lhfZlbq_kdh]h�j_]mebjh\Z�

gby��–�F���GZmdZ��������–�����k� 
���L_hjby�Z\lhfZlbq_kdh]h�j_]mebjh\Zgby��Q��������Ih^�j_^��

:�:� <hjhgh\Z��-�F���GZmdZ��������–�����k� 
���=mevly_\�:��<bamZevgh_�fh^_ebjh\Zgb_�\�kj_^_�MATLAB ��Mq_[guc�

dmjk��-�KI[��Ibl_j��������–�����k� 
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