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E�nk_mbibjjxr�ik̂ehyjxr�i]uej]r�j]̂h{a]bon|�objabjse|�lbmbrka]�g�̀eamklme_ka]i�
j]�̂]db�lmklkmsekj]hyjxr�zhbgomk̀eam]_hetbnger�m]nlmbabheobhbf �gkokmxb�_�̂khyuejno_b�
nhpt]b_�eib{o�jbngkhygk�g]ng]ak_ �m]̂ko]{ver�lk�lmejselp�zhbgomk̀eam]_hetbngk̀k�
pneheobh|�A� ��B�
So]oetbngeb�e�aej]ietbngeb�r]m]gobmenoege�zhbgomk̀eam]_hetbnger�m]nlmbabheobhbf�_�

dj]teobhyjkf�noblbje�d]_en|o�ko�m]̂kox�lbm_k̀k�g]ng]a] �gkokmxf�_xlkhj|bo�mkhy�nenobix�
plm]_hbje|�A	 �
B�
tbhy{�no]oye�|_h|bon|�ennhbak_]jeb�m]̂kox�lbm_k̀k�g]ng]a]�lmklkmsekj]hyjk̀k�

zhbgomk̀eam]_hetbngk̀k�m]nlmbabheobh|�j]�knjk_b�gh]l]jjk̀k�d]lkmjk-mb̀phemp{vb̀k�
zhbibjo]�
Knnhbak_]je{�kajk- e�ijk̀kg]ng]ajxr�zhbgomk̀eam]_hetbnger�]̀mb̀]ok_�lkn_|vbjk��

dj]teobhyjkb�gkhetbno_k�m]̂ko �_�t]nojknoe�]_okmk_�A��;
B �kaj]gk�_klmkn]i�_he|je|�
lmk_kaeiknoe�lhkv]abf�amknnbhyjxr�zhbibjok_�nenobix�plm]_hbje|�j]�r]m]gobmenoege�
m]̂kox�m]nlmbabheobh| �lk�j]ubip�ijbje{ �pabhbjk�jbakno]oktjk�_jei]je|�
l]�men����lmbano]_hbj]�nrbi]�ennhbapbik̀k�m]nlmbabheobh|�A� ��B��mnjk_jxb�b̀k�

zhbibjox��heje|�leo]je|�� �gh]l]j�lbm_k̀k�g]ng]a]���n�lmklkmsekj]hyjxi�zhbgomki]̀jeoki�
	.�j]�nrbib�o]gcb�edk̂m]cbjx�dkhkojeg�_okmk̀k�g]ng]a]�
�n�lmpcejkf���
o]̂ko]bo�nenobi]�plm]_hbje|�nhbap{vei�k̂m]dki��nme�konpono_ee�nèj]h]�j]�k̂ikog]r���

zhbgomki]̀jeo]�	�gh]l]j�
�j]rkaeon|�_�_bmrjbi�lkhkcbjee�lka�abfno_ebi�lmpcejx����
Ieagknoy�ko�hejee�leo]je|���lmkrkaeo�tbmbd�amknnbhy�, �gh]l]j�lbm_k̀k�g]ng]a]�e�
èamkheje{����g�nhe_p �lme�zoki��QS1 [ QN1, Q1 [ ���Jkhkojeg�_okmk̀k�g]ng]a]�
 �lka�
abfno_ebi�lmpcejx���j]rkaeon|�_�gm]fjbi�lm]_ki�lkhkcbjee �lkngkhygp�a]_hbjeb�p1 

plm]_h|{vb̀k�lkokg]�Q1|_h|bon|�jbakno]oktjxi�ah|�b̀k�na_è]��
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oen�����Srbi]�lmklkmsekj]hyjk̀k�zhbgomk̀eam]_hetbngk̀k�m]nlmbabheobh|

nme�lka]tb�nèj]h]��j]lm|cbje|�Um��g�lmklkmsekj]hyjkip�zhbgomki]̀jeop�	 �uokg����
lka�abfno_ebi�zhbgomki]̀jeojkf�nehx�e�lmpcejx����nibv]bon|�_jed �okhg]|�gh]l]j�
 ��
pibjyu]|�lhkv]ay�lmk_kaeiknoe�lbm_k̀k�g]ng]a]���e�lkokg�QS1 ep_bhete_]|�lkokg �
gkokmxf�lknopl]bo�ko�̀eamkhejee���tbmbd�amknnbhy��	�g�okmsp�dkhkojeg]�_okmk̀k�g]ng]a]�
�;
Q1 �tok�lme_kaeo�g�p_bhetbje{m]djesx�a]_hbjef�p2 ;p1��Ieagknoy�lka�a]_hbjebi�p1

abfno_pbo�j]�dkhkojeg�_okmk̀k�g]ng]a]�
�e�lbmbibv]bo�b̀k�_hb_k�lmklkmsekj]hyjk�g�
j]lm|cbje{�plm]_hbje|�Um.
nbmba�j]t]hki�i]obi]oetbngk̀k�ikabhemk_]je|� x̂he�lmk_babjx�eieo]sekjjxb�

ennhbak_]je|�lbm_k̀k�g]ng]a]�n�lkikvy{�lmk̀m]iix�3;>:;>�59;#;=8>�A
 ��B�
3;>:;>5,L#L1HO�knjk_x_]bon|�j]�lknhbajer�aknoecbje|r�_��̀eamkaej]iegb�e�

lkd_kh|bo�mbu]oy�uemkgef�gmp̀�m]djxr�d]a]t��ennhbak_]jeb�a_pibmjxr �ombribmjxr �
h]iej]mef�e�opm̂phbjojxr�lkokgk_ �lkokgk_�jbncei]bixr�e�ncei]bixr�obgpter�nmba �
no]sekj]mjxr�e�jbno]sekj]mjxr�lkokgk_�ijk̀kgkilkjbjojxr�obgpter�nmba�_�g]j]h]r�ehe�
_kgmp̀�obh �n�ptboki�̀m]_eo]see �ubmkrk_]oknoe�nobjkg�e�am��
nme�m]ntbo]r�̂xhe�enlkhydk_]jx�o]geb�dj]tbje|�lknok|jjxr�_bhetej��

(-K . = 0,15; mL =20; R /�� ��mi.�*Fi = 4,5; d3 = 16?��;3 i.�dx = 8?��;3 i.�dx1 = 4?��;3 i.����������������������

$= 0,5?��;9 ii.�C/�,���g̀�i3; WA = 0,1?��;3i3;  WB =  0,05?��;3 i3;  %= 0,7; c = 7,831?��4 6�i.
cx = 0,67?103 6�i.cm = 0,3?103 6�i.�H = 2,3?10;3 i.��Hx = 2,9?10;3 i.�Hm = 2?10;3 i�
nmk]j]hedemk_]_�m]nlmbabhbjeb�a]_hbjef�_�lbm_ki�g]ng]ab��men���� �ikcjk�nabh]oy�

_x_ka �tok�lme�nkbaejbjee�̀eamkhejee���jblknmbano_bjjk�nk�nhe_ki��men��� �]� �a]_hbjeb�
p18� ��kn]��?N1 /�� ��kn] �C��� �=��

;3 i��e�|_h|bon|�jbakno]oktjxi�ah|�na_è]�dkhkojeg]�
_okmk̀k�g]ng]a]��a]_hbjeb�na_è]�ah|�dkhkojeg]�ae]ibomki���=��;3 i�nkno]_h|bo�
p19(c!	��sp)/F3 9� ��kn]���dknoety�lk_xubje|�a]_hbje|�p1 ikcjk�d]�ntbo�lk_xubje|�
a]_hbje|�?N1 ehe�p_bhetbje|�_bhetejx�lbmbibvbje|�Cgh]l]j]�
�ehe�cb�pibjyubje|�
lbmbl]a]�a]_hbje|�j]�gh]l]jb�
�
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oen�����o]nlmbabhbjeb�a]_hbjef�_�lbm_ki�g]ng]ab�m]nlmbabheobh|

dh|�p_bhetbje|�a]_hbje|�?N1 jbk̂rkaeik�enlkhydk_]jeb�j]nknjkf�no]jsee�̂khyubf�
ikvjknoe �tok�lk_xneo�m]nrkax�zjbm̀ee��r_bhetbjeb�lbmbibvbje|�gh]l]j]�
�pibjyueo�
dkjp�plm]_hbje|�e�̂pabo�jpca]oyn|�_�̂khbb�oktjxr�lbmbibvbje|r�uokg]�zhbgomki]̀jeo]�
nkzokip�ah|�mbubje|�_xubklen]jjkf�d]a]te�_�̀eamkhejee����̂xh�pno]jk_hbj�amknnbhy�

�
��men��� �̂� �n�lhkv]ay{�f3��tbhbnkk̂m]djknoy�a]jjk̀k�gkjnompgoe_jk̀k�mbubje|�
lkao_bmcabj]�lme�eieo]sekjjki�ikabhemk_]jee��men��	� �lkngkhygp�lme�jbedibjjxr�
j]t]hyjxr�pnhk_e|r�̂xhk�aknoèjpok�p_bhetbjeb�a]_hbje|�p1ak��� ��W� ����kn]��

oen��	��o]nlmbabhbjeb�a]_hbjef�_�lbm_ki�g]ng]ab�m]nlmbabheobh|�lme�pno]jk_gb�aklkhjeobhyjk̀k�amknnbh|

dh|�ennhbak_]je|�r]m]gobmenoeg�m]̂kox�m]nlmbabheobh|�̂xh]�nkda]j]�b̀k�i]obi]oetbng]|�
ikabhy �gkokm]|�nknokeo�ed�pm]_jbje|�m]_jk_bne|�_�zhbgometbngkf�sble�zhbgomki]̀jeo]���� �
pm]_jbje|�i]̀jeoka_ecpvbf�nehx�zhbgomki]̀jeo]���� �pm]_jbjef�neh �gkokmxb�abfno_p{o�j]�
a_ecpvebn|�zhbibjox�nenobix��	 �
��e�pm]_jbjef�jbm]dmx_jknoe�lkokgk_����;7).

dt

dx
KRi

dt

di
LU (-mm .����� ; (1)

iKP FiS �� ; (2)
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dt

dx
T

dt

dx
bxHcxHcFpP

dt

xd
m xxmmxxxSx sgn)()(22

2

������������ ; (3)

3313 sgn)( hF
y R

dt

dy
T

dt

dy
byHcFp

dt

dV
m ��������� ; (4)
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� ��������� ; (6)

dt

dp
W

dt

dy
Fpp

pp
f B

1
312

12
2 )sgn(

2
�������

��
�� �

�
� . (7)

rm]_jbje|�i]obi]oetbngkf�ikabhe�nkno]_hbjx�n�o]geie�knjk_jxie�aklpvbje|ie�e�
plmkvbje|ie��m]nni]ome_]heny�nknmbakoktbjjxb�l]m]ibomx.�obilbm]opm]�m]̂ktbf�ceagknoe�
nteo]h]ny�lknok|jjkf.�_khjk_xb�lmksbnnx�jb�pteox_]heny.�gkzqqesebjox�m]nrka]�tbmbd�
amknnbhyjxb�e�dkhkojegk_xb�zhbibjox�nteo]heny�lknok|jjxie.�lkobme�a]_hbje|�_�
èamkheje|r�jb�pteox_]heny.�̀eamkaej]ietbng]|�neh]�_�gh]l]jb�lbm_k̀k�g]ng]a]�jb�
pteox_]h]ny.�gkzqqesebjo�lka]ohe_knoe�m]̂ktbf�ceagknoe�pteox_]hn| �g]g�nmbaj||�
_bhetej]�ah|�m]nnikombjjk̀k�ae]l]dkj]�edibjbje|�a]_hbje|.�_bhetej]�a]_hbje|�_�
èamkhejee�leo]je|�lbm_k̀k�g]ng]a]�nteo]h]ny�lknok|jjkf�
E�i]obi]oetbngkf�ikabhe�k̂kdj]tbjk�
Um =_bhetej]�j]lm|cbje|�plm]_hbje|.pN1 ;a]_hbjeb�j]�_xrkab�j]nkn]��.�p1 ;

plm]_hbjeb�dkhkojegki�_okmk̀k�g]ng]a]��men����.p2 ;a]_hbjeb �gkokmkb�qkmiempbon|�
gh]l]jki�lbm_k̀k�g]ng]a]�
.� (-K . ; gkzqqesebjo�lmkoe_k-HdS.� mL ;ejapgoe_jknoy�

k̂ikokg�zhbgomki]̀jeo].�R ;]goe_jkb�nklmkoe_hbjeb�k̂ikoge�zhbgomki]̀jeo].�'m =
_bhetej]�okg]�plm]_hbje|.�Ps ;okhg]{vbb�pneheb�zhbgomki]̀jeo].� FiK ;gkzqqesebjo �

gkokmxf�pteox_]bo�d]_eneiknoy�okhg]{vb̀k�pnehe|�zhbgomki]̀jeo]�ko�nehx�okg]�
plm]_hbje|.�f1, f2 =lhkv]ae�m]̂kter�kgkj�amknnbhbf�,�e��	��_�a]hyjbfubi�ah|�pak̂no_]�

p̂abi�enlkhydk_]oy�f2 e
2

1

f

f
k f � �1) ; WA e�WB ;k̂wbix�ceagknoe�_�oktg]r�C�o]�2.�F ;

lhkv]ay�okms]�dkhkojeg]�
.�FX ;lhkv]ay�_rkajk̀k�g]j]h]�gh]l]j]�lbm_k̀k�g]ng]a]��.@��@C, 
@m;cbnogknoy�lmpcej�� �� ���.�H��	x, Hm;j]t]hyjkb�nc]oeb�lmpcej�� �� ���.�m3, mX;i]nn]�
dkhkojeg]�
�e�gh]l]j]�
.b, bX;gkzqqesebjo�_|dgk̀k�ombje|�dkhkojeg]�
�e�gh]l]j]�
.d3, dX, 
dX1 =ae]ibomx�dkhkojeg]�
 �gh]l]j]�
�e�_rkajk̀k�g]j]h]�gh]l]j]�lbm_k̀k�g]ng]a]��; y eVy

;gkkmaej]o]�lkhkcbje|�e�ngkmknoy�dkhkojeg]�
.x e�Vx =gkkmaej]o]�lkhkcbje|�e�ngkmknoy�
gh]l]j]�
.�x0 ;j]t]hyj]|�gkkmaej]o]�lkhkcbje|�gh]l]j]�
.T3, TX ;nehx�ombje| �gkokmxb�
abfno_p{o�j]�dkhkojeg�
�e�gh]l]j�
.�Rh3 = èamkaej]ietbng]|�neh] �abfno_p{v]|�j]�
dkhkojeg�
.�";p̀kh�j]ghkj]�m]̂ktbf�gmkige�gh]l]j]�
.C�;̀ pnoko]�m]̂ktbf�ceagknoe.%�=
gkzqqesebjo�m]nrka].$�;gkzqqesebjo �pteox_]{vef�npii]mjp{�abqkmi]se{�m]̂ktbf�
ceagknoe�e�mbdejk_kibo]hhetbnger�mpg]_k_��
m̂m]̂kog]�i]obi]oetbngkf�ikabhe�_xlkhjbj]�n�lkikvy{�lmk̀m]iijk̀k�l]gbo]�kC3912�

Simulink [9]. 
rm]_jbjeb�i]obi]oetbngkf�ikabhe�mbu]bon|�ah|�o]ger�j]t]hyjxr�pnhk_ef�
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?N1 (0) = � �kn], p1(0) /�� ��kn], p2(0)/�� 
�kn], p3(0)/�� ��kn] ��y (0) = ��i, x (0) /��i.

J]a]tbf�m]̂kox�|_h|bon|�ennhbak_]jeb�_he|je|�lmk_kaeiknoe�amknnbhyjxr�zhbibjok_�
gh]l]j]�lbm_k̀k�g]ng]a]�j]�no]oetbngeb�e�aej]ietbngeb�r]m]gobmenoege�m]nlmbabheobh| �]�
eibjjk�j]�nokfgknoy �̂xnomkabfno_eb�lbmbibvbjef�gh]l]j]�lbm_k̀k�e�dkhkojeg]�_okmk̀k�
g]ng]ak_�
E�mbdphyo]ob�ennhbak_]jef�_x|_hbjk �tok�aknoety�nokfgknoe�m]nlmbabheobh|�ikcjk�lme�

nhbap{ver�dj]tbje|r�gkjnompgoe_jxr�l]m]ibomk_�kf 0�� ,�e�f2 0�� �=��
;6 i2 �p_bhetbjeb�

ae]ibom]�ko_bmnoe|�gh]l]j]�lbm_k̀k�g]ng]a]�dL� �jbdj]teobhyjk�p_bhete_]bo�dkjp�nokfgknoe�
�men��
�;uomerk_g]�j]lm]_hbj]�_�dkjp�nokfgknoe��

oen��
��J]_eneiknoy�nokfgknoe�m]nlmbabheobh|�ko�lhkv]ae�kgj]�amknnbh|�f2e�gkzqqesebjo]�kf

dh|�a_prg]ng]ajxr�zhbgomk̀eam]_hetbnger�m]nlmbabheobhbf�kajkf�ed�knjk_jxr�
r]m]gobmenoeg�|_h|bon|�̂xnomkabfno_eb�nm]̂]ox_]je| �knk̂bjjk�zhbibjok_�lbm_k̀k�g]ng]a] �
lkngkhygp�ko�jb̀k�d]_eneo�g]g�̂xnomkabfno_eb�m]̂kox�_okmk̀k�g]ng]a] �o]g�e�ngkmknoy�
_xlkhjbje|�m]̂kter�klbm]sef�_nb̀k�lme_ka]�

oen�����Ehe|jeb�lhkv]ae�kgj]�amknnbh|�f2j]�̂xnomkabfno_eb�nm]̂]ox_]je|�zhbibjok_�m]nlmbabheobh|�ah|�
m]djxr�gkzqqesebjok_�kf

Fm]qege�d]_eneiknoe� x̂nomkabfno_e|�nm]̂]ox_]je| zhbibjok_�m]nlmbabheobh|�
lmbano]_hbjx�j]�men�����Ebmrjeb�d]_eneiknoe��knjk_jxb�hejee��klmbabh|{o�̂xnomkabfno_eb�
dkhkojeg]�_okmk̀k�g]ng]a] �jecjeb��uomerk_xb�hejee��;gh]l]j]�lbm_k̀k�g]ng]a]��
Yomerk_g]�klmbabh|bo�̀m]jesx�dj]tbjef�gkjnompgoe_jxr�l]m]ibomk_�n�m]̂koknlknk̂jxie�
r]m]gobmenoeg]ie�nenobix��_mbi|�nm]̂]ox_]je|dkhkojeg]�_okmk̀k�g]ng]a]�tsp(y) akhcjk�
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x̂oy�̂khyub�tbi�gh]l]j]�lbm_k̀k�g]ng]a]�tsp(x)).
Sk_kgpljknoy�dj]tbjef�f2 /�
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