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T�lnr[lhcp�gi\|fwhcp�g[sch[p�ljilm̀k|̂[{mwlz�m̀h_̀hq|z�j̀k̀pi_n�_i�̂|_kijkc]i_|]�h[�
\[b|�jkijikq|dhcp�̀f̀emkî|_k[]f|rhcp�kibji_|fwhce|] �ze|�]�\|fwsilm|�]cj[_e|]�g[ymw�
_̀e|fwe[�e[le[_|] �ti�jk[qyymw�b[�jkchqcjig�̀f̀emkî|_k[]f|rhîi�j|_lcfy][r[�A� ��B�
om[mcrh|�m[�_ch[g|rh|�p[k[em̀kclmcec�̀f̀emkî|_k[]f|rhcp�kibji_|fwhce|]�]�bh[rh|d�g|k|�

b[f̀a[mw�]|_�ki\imc�j̀ksîi�e[le[_n �zecd�]ceihn{�kifw�lclm̀gc�èkn][hhz�A	 �
B�
M m̀iy�lm[mm|�{�_ilf|_àhhz�ki\imc�j̀ksîi�e[le[_n�jkijikq|dhîi�̀f̀emkî|_k[]f|rhîi�

kibji_|fwhce[�h[�ilhi]|�ef[j[hhîi�b[j|khi-k̀ n̂fyyrîi�̀f̀g̀hm[�
Gilf|_àhhy�i_hi-m[�\[̂[mie[le[_hcp�̀f̀emkî|_k[]f|rhcp�[̂k̀ [̂m|]�jkcl]zr̀h[��bh[rh[�

e|fwe|lmw�ki\|m �biek̀g[�[]mik|]�A��W
B �jkim̀�jcm[hhzg�]jfc]n�jki]|_hilm|�jfit�_kil̀fwhcp�
f̀̀g̀hm|]�lclm̀gc�èkn][hhz�h[�p[k[em̀kclmcec�ki\imc�kibji_|fwhce[ �h[�h[sn�_ngen �
jkc_|f̀hi�h̀_ilm[mhwi�n][̂c�
k[�kcl����jk̀_lm[]f̀h[�lp̀g[�_ilf|_an][hîi�kibji_|fwhce[�A� ��B��llhi]h|�dîi�
f̀̀g̀hmc��f|h|z�ac]f̀hhz�� �ef[j[h�j̀ksîi�e[le[_n���|b�jkijikq|dhcg�̀f̀emkig[̂h|mig�	.�
h[�lp̀g|�m[eia�bi\k[àh|�bifimhce�_kn̂îi�e[le[_n�
�b�jknachiy���
mk[qy{�lclm̀g[�èkn][hhz�h[lmnjhcgrchig��I[�]|_lnmhilm|�lĉh[fn�h[�i\gime[p���
f̀̀emkig[̂h|mn�	�ef[j[h��bh[pi_cmwlz�n�]̀kphwign�jifiàhh|�j|_�_|{y�jknachc����n|_ch[�
]|_�f|h|}�ac]f̀hhz���jkipi_cmw�r̀k̀b�_kil̀fw�, �ef[j[h�j̀ksîi�e[le[_n�m[�̂|_kif|h|y����_i�
bfc]n �jkc�qwign��QS1 [ QN1, Q1 [ ���Iifimhce�_kn̂îi�e[le[_n�
�j|_�_|{y�jknachc���
bh[pi_cmwlz�n�ek[dhwign�jk[]ign�jifiàhh| �ile|fwec�mcle�p1 èknyrîi�jimien�Q1 {�
h̀_ilm[mh|g�_fz�dîi�bkns̀hhz��
mkc�ji_[r|�lĉh[fn��h[jkn̂c�Um��_i�jkijikq|dhîi�̀f̀emkig[̂h|mn�	 �smie����j|_�_|{y�
f̀̀emkig[̂h|mhi}�lcfc�m[�jknachc����bg|tn{mwlz�]hcb �smi]p[yrc�ef[j[h� ��bg̀hsnyrc�
jfitn�jki]|_hilm|�j̀ksîi�e[le[_n���m[�jim|e�QS1 |�b\|fwsnyrc�jim|e �zecd�h[_pi_cmw�]|_�
|̂_kif|h|}���r̀k̀b�_kil̀fw��	�_i�mikqz�bifimhce[�_kn̂îi�e[le[_n�
�WQ1 �ti�jkcb]i_cmw�_i�
b\|fws̀hhz�k|bhcq|�mcle|]�p2Wp1��n|_ch[�j|_�mcleig�p1 _|{�h[�bifimhce�_kn̂îi�e[le[_n�
�m[�
j̀k̀g|tn{�dîi�]f|]i�jkijikq|dhi�_i�h[jkn̂c�èkn][hhz�Um.
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ncl�����op̀g[�jkijikq|dhîi�̀f̀emkî|_k[]f|rhîi�kibji_|fwhce[

m̀ k̀_�jir[meig�g[m̀g[mcrhîi�gi_̀fy][hhz�\nfc�jki]̀_̀h|�|g|m[q|dh|�_ilf|_àhhz�
j̀ksîi�e[le[_n�b[�_ijigîiy�jkîk[gc�3;>:;>�59;#;=8>�A ��B�
3;>:;>5HK#KM*1�~knhmn{mwlz�h[�ilm[hh|p�_ilẑh̀hhzp�]�̂|_ki_ch[g|q|�d�_ib]ifz{�

]ck|sn][mc�sckiè�eifi�k|bhcp�b[_[r��_ilf|_àhhz�_]i]cg|khcp �mkc]cg|khcp �f[g|h[khcp�
m[�mnk\nf̀hmhcp�jimie|] �jimie|]�h̀lmclfc]cp�m[�lmclfc]cp�m̀enrcp�l̀k̀_i]ct �
lm[q|ih[khcp�|�h̀lm[q|ih[khcp�jimie|]�\[̂[mieigjih̀hmhcp�m̀enrcp�l̀k̀_i]ct�n�e[h[f[p�
[\i�h[]eifi�m|f �b�nk[pn][hhzg�̂k[]|m[q|} �siklmeilm|�lm|hie�m[�|h��
m|_�r[l�kibk[pnhe|]�\nfc�]ceikclm[h|�m[e|�bh[r̀hhz�jilm|dhcp�]̀fcrch��

,MK . = 0,15; mL =20; R /�����lg.�KFi = 4,5; d3 = 16?��W3 g.�dx = 8?��W3 g.�dx1 = 4?��W3 g.����������������������

'= 0,5?��W9 gg.�F/�,���ê�g3; WA = 0,1?��W3 g3;  WB =  0,05?��W3 g3;  (= 0.7; c = 7,831?��4 6�g.
cx = 0,67?��3 6�g.cm = 0,3?��3 6�g.�H = 2,3?��W3 g.��Hx = 2,9?��W3 g.�Hm = 2?��W3 g�

ncl�����nibji_|f�mcle|]�n�j̀ksign�e[le[_|�kibji_|fwhce[

mki[h[f|bn][]sc�kibji_|f�mcle|]�n�j̀ksign�e[le[_|��kcl���� �giah[�bki\cmc]clhi]ie �ti�
jkc�b;{_h[hh|�̂|_kif|h|}����\̀bjil̀k̀_hwi�b|�bfc]ig��kcl��� �[� �mcle�p1 7�� ��Mm[��CN1 = 1,5 
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Mm[ �G/�� �=��W3g��|�{�h̀_ilm[mh|g�_fz�bkns̀hhz�bifimhce[�_kn̂îi�e[le[_n��mcle�bkns̀hhz�
_fz�bifimhce[�_|[g̀mkig���=��W3 g�lef[_[{�p18(c#	��sp)/F3 8� ��Mm[���Gilẑmc�j|_]ct̀hhz�
mclenp1 giah[�b[�k[pnhie�j|_]ct̀hhz�mclen�CN1 [\i�b\|fws̀hhz�]̀fcrchc�j̀k̀g|t̀hhz�G
ef[j[h[��[\i�a�bg̀hs̀hhz�j̀k̀j[_n�mclen�h[�ef[j[h|��
Gfz�b\|fws̀hhz��mclen�CN1 h̀i\p|_hi�]ceikclm[hhz�h[lilhi}�lm[hq|}�\|fwsi}�jimnahilm| 

ti �]|_ji]|_hi �j|_]ctcmw�]mk[mc�̀h̀k̂|}��I\|fws̀hhz�j̀k̀g|t̀hhz�ef[j[h[��bg̀hscmw�bihn�
èkn][hhz�|�jimk̀\n][mcg̀�mirh|scp�j̀k̀g|t̀hw�smie[�̀f̀emkig[̂h|m[�
Sign�_fz�]ck|s̀hhz�]ct̀ijcl[hi}�b[_[r|�]�̂|_kif|h|}����\nfi�]lm[hi]f̀hi�_kil̀fw��
�

�kcl��� �\��b�jfit̀y�f3��Giq|fwh|lmw�qwîi�eihlmknemc]hîi�k|s̀hhz�j|_m]̀k_àh[�jkc�
|g|m[q|dhign�gi_̀fy][hh|��kcl��	� �ile|fwec�jkc�h̀bg|hhcp�jir[mei]cp�ngi][p�\nfi�
_ilẑhnmi�b\|fws̀hhz�mclen�p1 _i��� ��9� ����Mm[��

ncl��	��nibji_|f�mcle|]�n�j̀ksign�e[le[_|�kibji_|fwhce[�jkc�]lm[hi]f̀hh|�_i_[mei]îi�_kil̀fz

Gfz�_ilf|_àhhz�p[k[em̀kclmce�ki\imc�kibji_|fwhce[�\nf[�lm]ik̀h[�dîi�g[m̀g[mcrh[�
gi_̀fw �ti�lef[_[{mwlz�b�k|]hzhhz�k|]hi][̂c�]�̀f̀emkcrhign�eif|�̀f̀emkig[̂h|m[���� �
k|]hzhhz�g[̂h|mikns|dhi}�lcfc�̀f̀emkig[̂h|m[���� �k|]hzhw�lcf �ti�_|ymw�h[�knpig|�̀f̀g̀hmc�
lclm̀gc��	 �
��m[�k|]hzhw�h̀kibkc]hilm|�jimie|]����W7).

dt
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dt

di
LU ,Mmm .����� ; (1)
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n|]hzhhz�g[m̀g[mcrhi}�gi_̀f|�lef[_̀h|�b�m[ecgc�ilhi]hcgc�_ijnt̀hhzgc�|�
ljkit̀hhzgc���kib̂fz_[fclw�bil̀k̀_àh|�j[k[g̀mkc.�m̀gj̀k[mnk[�ki\iri}�k|_chc�]][a[f[lw�
jilm|dhiy.�p]cfwi]|�jkiq̀lc�h̀�]k[pi]n][fclw.�eìo|q|{hmc�jimien�r̀k̀b�_kil̀fwh|�m[�
bifimhcei]|�̀f̀g̀hmc�]][a[fclw�jilm|dhcgc.�]mk[mc�mclen�]�̂|_kif|h|zp�h̀�]k[pi]n][fclw.�
|̂_ki_ch[g|rh[�lcf[�]�ef[j[h|�j̀ksîi�e[le[_n�h̀�]k[pi]n][f[lw.�eìo|q|{hm�ji_[mfc]ilm|�
ki\iri}�k|_chc�]k[pi]n][]lz�ze�l̀k̀_hz�]̀fcrch[�_fz�kib̂fzhnmîi�_|[j[bihn�bg|hc�mclen.�
]̀fcrch[�mclen�]�̂|_kif|h|}�ac]f̀hhz�j̀ksîi�e[le[_n�]][a[f[lw�jilm|dhiy�
T�g[m̀g[mcrh|d�gi_̀f|�jibh[r̀hi�
Um "]̀fcrch[�h[jkn̂c�èkn][hhz.pN1 Wmcle�h[�]cpi_|�h[lil[��.�p1 Wèkn][hhz�

bifimhceig�_kn̂îi�e[le[_n��kcl����.p2 Wmcle �ti�oikgn{mwlz�ef[j[hig�j̀ksîi�e[le[_n�.�

,MK . Weìo|q|{hm�jkimc-Hno.� mL W|h_nemc]h|lmw�i\gimie�̀f̀emkig[̂h|m[.�R W[emc]hcd�

ij|k�i\gimec�̀f̀emkig[̂h|m[.�*m"]̀fcrch[�lmkngn�èkn][hhz.�Ps Wsmi]p[yr̀�bnlcffz�
f̀̀emkig[̂h|m[.� FiK W eìo|q|{hm �ti�]k[pi]n{�b[f̀ah|lmw�smi]p[yrîi�bnlcffz�

f̀̀emkig[̂h|m[�]|_�lcfc�lmkngn�èkn][hhz.�f1, f2 "jfit|�ki\ircp�]|eih�_kil̀f|]�,�m[��	�

�h[_[f|�_fz�bknrhilm|�\n_̀gi�]ceikclmi]n][mc�f2m[
2

1

f

f
k f � !�) ; WAm[WB Wi\;{gc�k|_chc�]�

mire[p�C�m[�2.�F Wjfit[�mikqz�bifimhce[�
.�FX Wjfit[�]p|_hîi�e[h[fn�ef[j[h[�j̀ksîi�
e[le[_n��.D��DG��DmWaiklme|lmw�jknach�� �� ���.�L��	x, HmWjir[mei]̀�lmclh̀hhz�jknach�� �� �
12; m3, mX Wg[l[�bifimhce[�
�m[�ef[j[h[�.b, bX Weìo|q|{hm�];zbeîi�m̀kmz�bifimhce[�
�m[�
ef[j[h[�.d3, dX, dX1 "_|[g̀mkc�bifimhce[�
 �ef[j[h[��m[�]p|_hîi�e[h[fn�ef[j[h[�j̀ksîi�
e[le[_n��.y m[�Vy Weiik_ch[m[�jifiàhhz�m[�s]c_e|lmw�bifimhce[�
.x m[Vx "eiik_ch[m[�

jifiàhhz�m[�s]c_e|lmw�ef[j[h[�.�x0 Wjir[mei][�eiik_ch[m[�jifiàhhz�ef[j[h[�.T3, TXW
lcfc�m̀kmz �ti�_|ymw�h[�bifimhce�
�m[�ef[j[h�.�Rh3W |̂_ki_ch[g|rh[�lcf[ �ti�_|{�h[�
bifimhce�
.�%�Wenm�h[pcfn�ki\iri}�ekigec�ef[j[h[�.�F�W n̂lmch[�ki\iri}�k|_chc.�(�"
eìo|q|{hm�]cmk[m.�'�Weìo|q|{hm �ti�]k[pi]n{�lng[khn�_̀oikg[q|y�ki\iri}�k|_chc�m[�
n̂gig̀m[f̀]cp�kne[]|]��
l\ki\en�g[m̀g[mcrhi}�gi_̀f|�]ceih[hi�b[�_ijigîiy�jkîk[ghîi�j[èm[�MCO912�

Simulink [9]. 
n|]hzhhz�g[m̀g[mcrhi}�gi_̀f|�kib];zbn{mwlz�_fz�m[ecp�jir[mei]cp�ngi]�
CN1 (0) = � �Mm[, p1(0) /�� ��Mm[, p2(0)/�� 
�Mm[, p3(0)/�� ��Mm[ ��y (0) = ��g, x (0) /��g.

I[]_[hhzg�ki\imc�{�_ilf|_àhhz�]jfc]n�jki]|_hilm|�_kil̀fwhcp�̀f̀g̀hm|]�ef[j[h[�
j̀ksîi�e[le[_n�h[�lm[mcrh|�m[�_ch[g|rh|�p[k[em̀kclmcec�kibji_|fwhce[ �[�l[g̀�h[�lm|de|lmw ��
s]c_ei_|y�j̀k̀g|t̀hw�ef[j[h[�j̀ksîi�m[�bifimhce[�_kn̂îi�e[le[_|]�
T�k̀bnfwm[m|�_ilf|_àhw�]cz]f̀hi �ti�_ilẑmc�lm|deilm|�kibji_|fwhce[�giah[�jkc�

h[lmnjhcp�bh[r̀hhzp�eihlmknemc]hcp�j[k[g̀mk|]�kf 0�� ,�m[�f2 0�� �=��
W6 g2 �b\|fws̀hhz�

_|[g̀mk[�im]ikn�ef[j[h[�j̀ksîi�e[le[_n�dO� �_̀ti�b\|fwsn{�bihn�lm|deilm|��kcl��
�W
smkcpi]e[�h[jk[]f̀h[�]�bihn�lm|deilm|��
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ncl��
��I[f̀ah|lmw�lm|deilm|�kibji_|fwhce[�]|_�jfit|�]|eh[�_kil̀fz�f2m[�eìo|q|{hm[�kf

Gfz�_]ie[le[_hcp�̀f̀emkî|_k[]f|rhcp�kibji_|fwhce|]�i_h|{y�|b�ilhi]hcp�p[k[em̀kclmce�
{�s]c_ei_|z�ljk[qy][hhz �ili\fc]i�̀f̀g̀hm|]�j̀ksîi�e[le[_n �ile|fwec�]|_�hwîi�b[f̀acmw�
ze�s]c_ei_|z�ki\imc�_kn̂îi�e[le[_n �m[e�|�s]c_e|lmw�]ceih[hhz�ki\ircp�ij̀k[q|d�]lwîi�
jkc]i_n�
Fk[o|ec�b[f̀ahilm|�s]c_ei_|}�ljk[qy][hhz�̀f̀g̀hm|]�kibji_|fwhce[�jk̀_lm[]f̀h|�h[�

kcl�����Èkph|�b[f̀ahilm|��ilhi]h|�f|h|}��]cbh[r[ymw�s]c_ei_|y�bifimhce[�_kn̂îi�e[le[_n �
hcah|��smkcpi]|�f|h|}��Wef[j[h[�j̀ksîi�e[le[_n��tmkcpn][hhz�]cbh[r[{�g̀a|�bh[r̀hw�
eihlmknemc]hcp�j[k[g̀mk|]�|b�jk[q̀b_[mhcgc�p[k[em̀kclmce[gc�lclm̀gc��r[l�ljk[qy][hhz�
bifimhce[�_kn̂îi�e[le[_n�tsp(y)ji]ch̀h�\nmc�\|fwscg�h|a�ef[j[h[�j̀ksîi�e[le[_n�tsp(x)).
onenjh|lmw�bh[r̀hw�f2 /�
 =��

W6 g2  jkc�kf = 1,  f2 /�� 	�=��
W6 g2 jkc�kf /���m[�f2 /�� 	=��

W6 g2  

jkc�kf /�	�b[\̀bj̀rnymw�g[elcg[fwhn�s]c_ei_|y�ljk[qy][hhz�ef[j[h[�j̀ksîi�e[le[_n�m[�
bifimhce[�_kn̂îi�e[le[_n�kibji_|fwhce[��b[smkcpi][h|�bihc��

ncl�����Ejfc]�jfit|�]|eh[�_kil̀fz�f2h[�s]c_ei_|y�ljk[qy][hhz�̀f̀g̀hm|]�kibji_|fwhce[�_fz�k|bhcp�
eìo|q|{hm|]�kf

�4;89164

Gilf|_àhi�ki\imn�jkijikq|dhîi�̀f̀emkî|_k[]f|rhîi�kibji_|fwhce[��Ecbh[r̀hi�g̀a|�
bh[r̀hw�eihlmknemc]hcp�j[k[g̀mk|]�lclm̀gc�èkn][hhz��j̀ksîi�e[le[_n� �ze|�b[\̀bj̀rnymw�
lm|den�ki\imn�kibji_|fwhce[��kf0�� ,�m[�f2 0�� �=��

W6g2.
k[�ilhi]|�_ilf|_àhw�b[�g[m̀g[mcrhiy�gi_̀ffy�\nf[�]lm[hi]f̀h[�b[f̀ah|lmw�s]c_ei_|}�

bifimhce[�_kn̂îi�e[le[_n�kibji_|fwhce[�]|_�]cmk[mhcp�p[k[em̀kclmce�_kil̀fwhcp�̀f̀g̀hm|]�
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j̀ksîi�e[le[_n�m[�s]c_ei_|}�ef[j[h[�j̀ksîi�e[le[_n��lmkcg[h|�_[h|�]ceikclm[h|�j|_�r[l�
kibki\ec�eihlmkneq|}�jkijikq|dhîi�ef[j[hhi-bifimhcei]îi� f̀̀emkî|_k[]f|rhîi�
kibji_|fwhce[�

omJolK�iBSHnCSTnJ
���Fid_i�M��H��Fc_ki[jj[k[mnk[�l�jkijikqcih[fwhvg�xf̀emkcr̀lecg�njk[]f̀hcg��Tr̀\hì�jili\c̀��W2- �̀

nb_� �j̀k�k[\��c�_ij����M��H��Fid_i��Ws̀fz\chle��Jb_-]i�YTkFT �������W�
��l�
���Gikis̀ei�E��J��Fc_kii\ikn_i][hc̀�l�_clm[hqcihhvg�jkijikqcih[fwhvg�njk[]f̀hc̀g��E��J��Gikis̀ei �
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C��C��Cfzgi]lecd��WM���GMK�mk̀ll ����
��W
	��l�
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