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o¡t_}>¢Up~a�dªr�t_wMp~}7tu���¤d>}£zuw
��p7a�d
z_r©p~v8z+p~t_}�w�t^�^d�o�z{}7d��^xyoqp7}~x���v^p7d>�Çt+µud>}�z�e'¹s°9w
d�pq­'tu}7±�z+p

125
±n��x¤p��{o0®'`�a�d0}7d�xyo�z{�yo¡tÃzuwÇx¤wMp~d>}¡§·d>}~x�w��&w�t^�^df�ud0w
d0};z+p~x�w��

w�d0pq­�t_}~±Ãp~};z+ÂÃr¦p~a
z{p�c£t^�^d>��o'p7a�d�tup~a�d>}�}~d�z{�¤�Kp7x¤cAdip~};z+ÂÃr#oqp7}~d�z{c&o'd+D�r;a
zuw��ud���t_w�p7a�d���v
o>®»`�a�xyo�o¡m^o¡p~d>cÚxyo�o¡x�cfv��yz+p7d>�
­�x¤p~a�p~a
d¦p7tntu���8t=D�`$}~v
d>`�x�c£div�w
��d0}�hQz{p~�yz{���uknx¤c=v���x¤w�±Y¢^z{w8��xyo��^d>o7r�}7x��8d��Ãx�w�cAtu}7d#�^d�p;z{x��@x¤w7� ��	��¾®UÁ�tu}'p7a�x�osoqp7v
�^mu¢np7a�d
°s|¼�¾¹¼`�½ hQ¹se ��zHm_d0}���}7t{p~t^r0tu�@�^d>o7r�}7x��8d���x�wªo¡d�r©p~x�tuw��
®��#a
zuo��\d0d>wÇx¤cA����d0cAd0wMp7d>��x¤wª`$}~v
d>`�x�c£d_®

� � #�� � �Ã�+��
 � � Ê �{���Æ� Ê¿Î 
 Ê ��
 �KÊMÍ
|U}7d>r0x�o~d0��mu¢�z_o�x¤w8� �&	��¾¢^p7a�d�°ie�k�xyo�r�tuw8oqp7x p7v^p~d���tu§ )
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ÁBx��uv�}7d'��)Æ`�a�d�z{};r;a�x p7d>r�p~v�}7dUt{§
p~a�d'°ie�k�r0tuw
o~xyoqp;oÆtu§8zsr0tuwMp~}7tu�¤�Z��tntu�#­�a�d>}~d»p~a�d�o¡d>w
o~tu}�¢>p7a�d�r�tuwMp7}~t_�¤��d0}Æzuw
��p7a�d�zur©p7v
z+p7tu}
w�t^�^d�o�z{}7d#�^x�o¡p~}7x���v^p~d���t+µud0}�zÃe'¹s°�w
d�pq­'tu}7±Ãz+p

125
±n��x¤p��+o>®!¹�wÇx¤wMp7d0}~§·d0}7x¤w��£w�t^�^d��_d0w�d>}7z{p~d>o��^xyo¡p~v�}7��x�w��£p~};z+ÂÃr{®

� z#o¡d>w
o¡t_}!w�t^�^d�³·tuw
d�p;zuo~±��¥�\d0}7x¤t^�^xyr>´$­�a�d>}~d'p~a
d�o¡d>w
o¡t_}Æp;zuo~±fo7z{cA����d>oBp~a
d'�
}~t^r�d�o~oB­�x¤p~a&zi�8d>}~x�t^�ftu§ 0.01
o0®B`�a�d0wÆ¢

p~a�dAp;zuo~±¶o~d0w
�
oip~a�dÃ}7d>o~v��¤p
y(k)

p~t�p7a�d�r�t_wMp~}7tu���¤d>}it+µ_d0}ip~a
d&w�d�pq­'tu}7±¯³
C = 80

��x p;o7´�®�`�a�dÃ�^d>��zHm¿�8d0pq­�d>d0w«p~a�d
o~zucA���¤x�w��£p~x�cAd�z{w
��p~a
d�¬_v
d0v�x�w��£p~x�cAd�x�o�o~d�p�p7t

9 · 10−4 o>®

� zÇr�tuwMp7}~t_�¤��d0}iw�t^�^dª³·t_w�dAp7z_o¡±Ç�¾d0µ_d0wMp��^}~x�µud>w8´¦­�a�d0}7d=p~a�dÃr0tuwMp~}7tu���¤d>}sp;zuo~±Y¢¥d>z_r;a¿p7x¤cAdAx p�}7d>r0d0x�µud�oiz�§·};z{cAd£§·}~t_c
p~a�d�o~d0w8o¡t_}>¢�r0tucA��v^p7d>o�p7a�d�r�t_w_p7}~t_�@tuv^p7��v^pso~x¤�_w
z{�

u(k)
z{w
��o¡d>w
��o�x¤p�p7t=p7a�dfz_r©p~v8z+p~t_}>®U`�a
d��^d0�yzHmÃ�\d�pq­'d0d0w�p7a�d

}~d�r�d>�^p~x�tuw�t{§�p7a�d&§·};z{cAdÃz{w
�«p7a�d�¬Mv�d>v�x¤w
�Qt{§�p~a
d�r�t_w_p7}~t_�Uo¡x��uw8z{�¼§·};z{cAd¿³
C = 80

�
x p;o7´ixyofo~d�p�p7t
5 · 10−4 o0®ª¹

|»½s�¾r0tuwMp~}7tu���¤d>}�x�o�v8o¡d��@¢�z{w
��x�cA���¤d>cAd0wMp~d���z_r0r0tu};�^x¤w
��p~tAp7a�d#§·tu����t+­�x¤w��£d>¬Mv
z{p~x�tuw
o*)

u(k) = P (k) + D(k),

P (k) = 1.5 · (r(k) − y(k)),

D(k) = 3.5 · 10−5 · D(k − 1) + 5.25 · (y(k − 1) − y(k)),

­�a�d0}7d
r(k)

¢
p~a�d�}7d�§·d>}~d>w
r�d_¢nx�o�z£v�w
x pso¡p~d>��³Ko¡d>d � ��	��$zuw
�7� �_�,�@§·tu}�cAtu}7d��^d�p;z{x���o;´©®

� z{w�z_r©p~v8z+p~t_}�w�t^�^d«³·tuw
dÃp7z_o¡±¶�¦d>µud>w_p~�¾��}~x�µud>w8´#r�t_w_p7}~t_��o�p~a�d�zur©p7v
z+p7tu}fz_r0r0tu};�^x¤w
�Çp~tªp7a�d���z{p7z¿}~d�r�d0x�µud��«x¤w²p7a�d
r�t_w_p7}~t_�¤��d0}� oU§·};z{cAdu®U`�a
d#��d0�yzHmÃ�8d0pq­�d>d0w�p~a
di}7d>r0d0�^p7x¤t_w�tu§$p7a�d#§·};z{cAd�z{w
��p~a�d�z_r©p7v
z+p7x¤t_w�xyo

5 · 10−4 o0®

� p~a�dix�w_p7d0}~§·d0}7x¤w
��w�t^�^d=³¨tuw�dsp7z_o¡±£�Bp~x�c£d0�¾��}~x�µud>w8´¼�_d0w�d>}7z{p~d>o¼p~a�d#�^xyoqp7v�}~�
x¤w��fp~};z+ÂÃr{®!`�a�d#o¡d0p�tu§¥x p;o»p7}7z{ÂÃr�oqp7}~d�z{c&o
x�o»}7zuw
�^t_c£��mf�_d0w�d>}7z{p~d��£z_o!§·tu����t+­�o6)Æ§·tu}»z��_x¤µ_d0wA��t_zu�

U
¢_z�};z{w
��tuc�p7}7z{ÂÃr�oqp7}~d�z{c x�o»x p7d0};z+p~x�µud>�¤m=zu���^d��Av�wMp~x��
p7a�d

�¤tMzu��t{§$p~a�d�w�t^�^d#�\d>r0tucAd>o�a�x��ua
d0}�p~a8z{w
U
®U`�a�d��\d0}7x¤t^��t{§$d�zur;a�p~};z+ÂÃr#oqp7}~d�z{c*xyo�o~d�p�z+p�};z{w
�^t_cÚzur>r�t_}7�^x�w��fp~t

p~a�dfv�w�x¤§·tu}7c �yzH­ x�wÇp~a�d=o¡d0p
{0.01, 0.02, 0.05, 0.1, 0.5}

¢uz{w8��p7a�d�wnv�c=�8d>}st{§¼��z{p7zA�nmMp~d>o�p7zu±ud>o�zÃ}7zuw
�^tucÚµHzu�¤v
d
x¤w�p7a�d�x¤wMp7d0}7µHzu�

[1, 8]
®

� � #�� � �sÊ � �ZÎ ��	�� 
 � Ê �u� � � Ê � � �

`�a�d'v�w�x¤p¼oqp7d0��}7d>o~�8t_w
o~dUt{§^p7a�d'o~m^oqp7d0c*³·x�wft_v�}$o~x�cfv��yz+p7x¤t_w¥¢Hx §
t < 0

¢
r(t) = 0

d0�yo¡d
r(t) = 1

´@xyoÆv
o~d>��­�x p7a�p~a
d�t+µ_d0};o¡a�tntup
O
¢�p7a�d»o~d�p¡p7�¤x�w���p7x¤cAd

Tsettling

zuw
�ip~a
d
IAE

³·��wMp~d>�u};z{�{tu§_p7a�d�¹s�
o~tu��v^p~dUc&zu�uw�x¤p~v
��d¼ÀU}~}7tu}©´Yzuo@p~a�d��8d>}¡§·t_}~c&z{w8r�d!cAd�p~}7xyr0o>®
��wÇp7a�x�osoqp7v
�^mu¢

IAE =
∫ Tsim

0
|e(t)| dt

¢
­�a
d0}7d
Tsim = 0.5

o�xyo�p~a
d��^v�};z+p~x�tuwÇtu§$p7a�dfo~x¤c=v���z{p~x�tuw¥¢8z{w
��p~a
d�o¡d0p¡p~��x�w��&p~x�cAd
Tsettling

xyo'p~a�d#p7x¤cAd�}7d>¬Mv�x�}~d��Ã§·t_}�p~a�d�o~m^oqp7d0c*p7tÃo¡d0p¡p~��d�­�x¤p~a�x�w
10
��®

Ó$Ó é#B
õ©ï;ó6C



��� H����R/
�+�7� �+/��&'��O'����=��*

� � #�� # � � 	 ��T¨�^� �¨Î�
 � Ê ���&T¨�>�
ÁBx��uv�}7d 	�o¡a�t+­�oiz{w¿x¤w
o¡p7zuw
r�d=t{§Up7a�d£v�w�x¤p#o¡p~d>�¿}7d>o~�8t_w
o¡dft{§Up7a�d£o~m^oqp7d0c ³¨z{p#z��¤tMzu�

U = 0.5
´�­�x¤p~a¶p~a�d=�8d�oqpi§·d>z_o¡x�����d

°s|¼�¾¹¼`�½��8t_�¤xyr�m&tu§Æp~a
dio~d>zu}7r;a�o~�
z_r�d#z{w
��­�x p7a�°s|¼�ZÀ�½¦Á'®
¹¦o�tuw�d#r0zuw�o~d0d£¢_p7a�d#t+µud>}7o~a�tnt{p»xyo�}7d>�^v
r0d>�Ã§·}~t_c
1.155

p7t
1.085

¢n­�a�x��¤d
Tsettling

��}~t_�
o�§·}~t_c
46 · 10−3 p7t 119 · 10−3 ­�x p7a�p7a�d��\d>o¡p�§·d>zuo~x����¤d�°s|¼�¾¹¼`�½ �8t_�¤xyr�m_®
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ÁBx��uv�}7d 	@) 2sw�x¤p&o¡p~d>�Ä}7d>o~�\tuw
o~d�tu§sp~a
dÇ°#e�k�­�x¤p~aÅ°�|U�ZÀ»½iÁ zuw
�²p7a�dÇ�8d�oqpA§·d�zuo~x¤����dÇ°�|¼��¹¼`�½ �\tu��x�r0m�§·tuv�w
�Ä�nm�z{w
d�Dna8z{v
o¡p~x�µud�o~d>z{};r;a¶³

c = 35
z{w
�

d = 0.4
´©®¼`�a�d���t_z_��xyo�d>¬Mv
zu�Yp~t

0.5
®

ÁBx��uv�}7d#�£�
}~d�o¡d>w_p;o'p~a�d�zHµ_d0};z{�_d��8d>}¡§·t_}~c&zuw
r�d�o�x�cA��}7t+µud0cAd>w_p�³¨t+µud0}
100

}7v�w
o'§·t_}�d>z_r;a��\tux�wMp;´'t{§Bp~a
di�\d>o¡p�§·d>z_o¡x�����d
°s|¼�¾¹¼`�½��\tu��x�r0mi§·tuv�w
��t+µud0}$°�|¼�¾À»½iÁ�§·tu}¥p7a�dUp7a�}7d0d»�\d0}~§·tu}7c&z{w
r0d¼cAd�p~}7xyr0o¥tu§�x¤wMp7d0}7d>o¡p>®Æ�¾pB��}7t+µMxy�^d�o¥r���d>zu}¡��r�v^p$d0µnx���d0w
r0d>o
tu§Bp7a�dfx�cA��}7t+µud0cAd>w_p��
}~t_v��uaMp��nm�°s|¼��¹¼`�½ t+µ_d0}s°s|¼�ZÀ�½¦ÁÄ§·tu}sp~a�d£°ie�k�v�w8�^d0}ioqp7v
�^mu®���w8�^d0d��@¢
p7a�d�x�cA��}~t+µ_d0cAd0wMp�xyo
o~x¤�_w�x¤Ð8r0zuw_p�­�a8z+p~d>µud>}�p~a�d���t_z_��zuw
��x¤w8r�}7d>zuo~d>o�­�x¤p~aªx¤p>®�Á�t_}�x¤w8oqp;z{w
r0du¢8z{pszA�¤tMzu��d>¬Mv
zu�@p~t

0.6
¢�p~a�d�x�cA��}7t+µud0cAd>w_p�t+µ_d0}

°s|¼�ZÀ�½¦ÁÄx�o
35.5
� §·t_}�p~a�d�o~d�p~p~��x¤w��Ap7x¤cAd_¢

30.1
� §·t_}�p~a�d#t+µ_d0};o¡a�tntup�zuw
�

14.3
� §·tu}�p~a�d

IAE
®

� �  ���%�����(Æ�0 ��56���35)+��"$���B� �  �� �

`�a�xyo¼�
zu�8d>}¼x¤wMp7}~t^�^v
r0d>o!p7a�d�r��yzuo7o!t{§Y°�t_w^�Z|»}~d>d0cA�^p~x�µud�¹s}~}7x�µHzu��`�x¤cAd�½¦d0�\d0w
��d0wMps³¨°s|¼�¾¹¼`�½#´¼�\tu��xyr�x�d>o!x�w_p7d0w
��d>�£§·tu}!p7a�d
o7r;a�d>��v��¤x�w��¦t{§n§·}7zucAd>oÆz{pÆp7a�d�hQ¹se¶��d0µ_d0�Z®$`�a�d�o¡d��8t_�¤xyr�x�d>o$z{}7dUd>z_o¡x���m¦x�cA���¤d>cAd0wMp7zu���¤d�tuw£e�gi`�k#r0tucA�\tuw�d>w_p;o»³¨du® �
®�¢_e'¹s°
r0tuwMp~}7tu���¤d>}7o;´!z{w8�&��}7t+µMxy�^d�zf�utnt^�£p~};zu�^d0�ZtuÈ��\d�pq­'d0d0wÃ§·d>zuo~x���x¤��x¤pqm£zuw
�Ap~a
d¦o7z+p~xyo¡§¨zur©p7x¤t_w&t{§¥tup~a�d>}�z{�
���¤xyr0z{p~x�tuw^���^d>�8d>w
�^d0wMp
r0}~x¤p~d>}~xyzfo~v
r;a�z_o¼p~a
d¦}7d>o~�8t_w
o~d�p~x�cAdU�qx¤p¡p7d0}�®U¹�w�°s|¼��¹¼`�½��8t_�¤xyr�m&r0zuwÃ�\d��¡��v�x�� p ��§·tu}�p~a�di�\d0}~§·tu}7cAzuw
r�ds}~d�¬_v
x¤}7d0cAd0wMp;oUt{§
zA�
zu}¡p7x�r0v��yz{}�z{���
�¤xyr0z{p~x�tuw�tu}��8d�r;a
t_o~d0w�p~tA��}7t+µMxy�^d#�utnt^��zHµ_d0};z{�_ds�\d0}~§·tu}7cAzuw
r�d�o'tuwÇ}7zuw
�^t_c o¡d0p7o�t{§Bp~};z+ÂÃr#o¡p~}7d>z{c&o>®

��wÇtu};�^d>}�p7tÃzuo7o¡d�o~o�p7a�d#§·d>z_o¡x���x��¤x¤pqmÃt{§¼o~mno¡p~d>c&o�v
o¡x�w��&°�|U�¾¹¼`�½ �8t_�¤xyr�x�d>o>¢�z&o~r;a
d>�^v��yz{�
x¤��x pqmÃzuw
z{��m^o¡xyo'p~a8z+p�xyo��ud0w
d0}7x�r
§·t_}fz{���¼�8t_�¤xyr�x�d>o�t{§'p~a�dÃr0��z_o~o#­�zuo#��}7tu�\t_o~d>�¥®£��w«p7a�d�r�t_wMp~d+Dnp�t{§�°�d0pq­�t_}~±_d>��e�tuwMp~}7tu���¤d��«k^mno¡p~d>c&o#­�a�d0}7dÃ�^d0�yzHm^o#z{w
�
�qx¤p¡p7d0};o�x¤cA�
z_r©p�p~a
d��8d>}¡§·t_}~c&z{w8r�d>o'tu§Æp~a
d#r0tuwMp~}7tu�Y��tntu�¥¢�o~x¤c=v��yz+p~x�tuw8o�a
zHµud#o¡a
t+­�wÃp~a8z+p�­'d0���¥r;a�t_o~d0w��8t_�¤xyr�x�d>o�r>z{w���}~x�w��
o~x¤�_w�x¤Ð8r0zuw_p�x�cA��}~t+µ_d0cAd0wMp;o�t+µ_d0}����yz{x�w�°s|¼�¾À»½¦ÁÄtu}�°s|¼��½¦h²®

��w z¶§·v^p~v
}~dª­'tu}7±Y¢»z�cAtu}7d�z_r0r�v
}7z{p~dÇd0µ+z{��v
z{p~x�tuw¯tu§¦p7a�dªx�c£�8zur©pÃtu§sp7a�dQo~r;a
d>�^v���x�w����8t_�¤xyr�x�d>oAt_wÄp7a�dªr�t_w_p7}~t_�¤��d>�
o~m^oqp7d0c x�o»x¤wMp~d>w
�^d��£p~t��\ds�^t_w�d�tuwA}7d>zu�����yz+p¡§·t_}~c&o>®B¹sw�t{p7a�d0}�x¤cA��}7t+µud>cAd0wMp¼­�t_v����A�\d�p7tfr�t_c£d�v
�Ã­�x p7a&cAtu}7d�d�ÂÃr�x�d0wMp
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ÁBx��uv�}7d¿� )�¹$µud>}7zu�udªx�cA��}~t+µ_d0cAd0wMp�tu§�t+µud>}7o~a�tnt{p�¢�o~d�p~p~��x¤w
�¯p7x¤cAd¶zuw
�
IAE

t+µ_d0}�°s|¼�¾À»½¦Á ­�x p7a p~a�d«�\d>o¡p�§·d>z_o¡x�����d
°s|¼�¾¹¼`�½ �8t_�¤xyr�mÃ§·tuv�w
���nm�zuw�d�D^a
z{v
o¡p~x�µud#o~d>z{};r;a¥®

o~d>zu}7r;aÄp~d�r;a�w�xy¬_v
d>o£§·tu}�d+D^����tu}7x¤w��«p7a�dª�8t_�¤xyr�m�o¡d�z{};r;aÄo~�
zur0d ���
}~d>�¤x�cAx¤w
zu}~m¯d+D^�8d>}~x�cAd0wMp7oAa8zHµudªo¡a
t+­�w¯p7a
z+p�z²o~x¤cA����d
w�d>x¤�_an�8t_v�}~a
tMt^��p~d>r;a
w�x�¬Mv�dªo~v
r;aÄz«a�x���� ��r���x¤c=��x�w��¶­�x¤p~a z«`$zu��v��¤xyoqp&xyoAcAtu}7d�d0Â&r0x¤d>wMp£p7a
z{wÄp~a
d�d�D^a
z{v
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