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Ð$à�à�ÔFÓ�ÝÁÐ�Õ¨Úhã�Õ�ÔSÕ¨ê½Úxà�Õ�Ð�Õ¨Úæ/ÚhÓ�Õ�Ô$Ö

xQ

ç
x̂
ÝÁà�Ð:ÑOÚJà�Õ¨Ý§ÛWÐ�Õ¨Ú�Ô���Õ�ê½ÚUà�Õ¨Ð:Õ�Ú

xk

ç
�¿Ú�ÕÓ�Ô$Ñ<à�Ý´ãFÚhÖ)Ð!Ó�Ô$Ñ$Õ¨Ö�Ô$×§×ÁÚ�Ö@Ô��MÔ$Ö¨ã½Ú�Ö

nK = n
ã½Ú�ô<Ñ½ÚJãBÙ\Ò�Õ�ê½Ú�� Ô$×§×ÁÔ�ú)Ý§Ñ½û!Ö�ÚhØ½Ö¨Úhà�Ú�Ñ$Õ�Ð�Õ¨Ý§Ô$Ñ K

[

˙xK

u

]

=

[

AK BK

CK DK

] [

x
y

] ë � ì
�@ê½Úû/Ô&Ð:×<ÝÁàwÕ�Ô;Ó�Ô$Û!Ø½áFÕ�Ú�Õ¨ê½Ú�à�Õ¨Ð�Õ¨Ú � ÚhÚhãFÙ<Ð$Ó-�5û&Ð:ÝÁÑ

Kc

Ü$Õ¨ê½ÚÚJà�Õ¨Ý§ÛWÐ�Õ¨Ú�û&Ð:ÝÁÑ
Kf

Ü$Õ�ê½ÚHGQÔ/á½×´Ð²Ø<Ð:Ö�Ð:Û!Ú�Õ�Ú�Ö�ë
Q(s) = DQ ìÐ:Ñ�ãYÐOÕ¨Ö¨Ð/Ñ<àN� Ô/Ö¨Û!Ð:Õ�ÝÁÔ/Ñ�ÛWÐ�Õ�Ö¨Ý§ß

T
à�á<Ó�êYÕ�ê½ÚBÓ�Ô/Ñ&Õ�Ö¨Ô/×Á×ÁÚ�Ö�ë � ì Ó�Ô$á½×ÁãYÙHÚxãFÚhà¨Ó�Ö¨ÝÁÙHÚhã�Ù&Ò�Õ�ê½ÚBà�Õ�Ð�Õ�Ú�Ö¨Ú�Ø½Ö¨Úhà�Ú�Ñ$Õ�Ð�Õ¨Ý§Ô$Ñ9ë � ìú)ê½ÚhÑBÕ¨ê½Ú�� Ô/×Á×§Ô�ú)ÝÁÑ½û!Ó�ê<Ð:Ñ½û$Ú�Ô��Mæ�Ð/Ö�Ý´Ð:Ù½×ÁÚ�ÝÁà)ØHÚ�ÖD� Ô/Ö¨Û5ÚJã K

xK = T x̂.
ë � ì

�@ê<Ú�Ñ£ÜFÕ¨ê½Ú�� Ô/×Á×§Ô�ú)ÝÁÑ½û5ÚJé$á�Ð�Õ�ÝÁÔ/Ñ�à@ÓhÐ:ÑOÙHÚ²ã½Ú�Ö¨Ý§æ/ÚJã K

[−T I]

[

A+BDKC BCK

BKC AK

] [

I
T

]

= 0
ë 0 ì

Ð:Ñ�ã
AKf =T−1BK −BDK

Kc = −CKT −DKC
DQ = DK +KcKf .

ë 2 ì
�@ê½Ú²Ø½Ö¨Ô/Ù½×ÁÚ�Û2Ý´à)Ñ½Ô±ú.Õ�Ô�à�Ô$×§æ/Ú�Õ�ê½Ú 	)Ý´Ó�ÓhÐ�Õ¨Ý ÚJé$á�Ð�Õ�ÝÁÔ/ÑYë 0 ì Ð/Ñ<ãBÑ½Ú�ß&Õ)Õ¨ÔWÓ�Ô$Û!Ø½áFÕ�Ú Kc

Ü
Kf

Ð/Ñ<ã
DQ

á�à�ÝÁÑ½û�ë 2 ì ç�@ê<ÚJIÐ/Û!Ý§×§Õ�Ô$Ñ½Ý´Ð:ÑUÛ!Ð:Õ�Ö¨Ý¬ßUÐ/à¨à�ÔFÓ�ÝÁÐ:Õ�Úhã�ú)Ý¬Õ¨ê²Õ¨ê½Ú 	)Ý´Ó�Ó�Ð:Õ�Ý&Úhé&á<Ð�Õ¨ÝÁÔ/Ñ²Ý´à¿Ñ½Ô/Õ�ê½ÝÁÑ½ûÚh×Áà�ÚwÕ�ê�Ð:Ñ²Õ¨ê½Ú�Ó�×ÁÔ$à�Úhã\äµ×§ÔFÔ/Ø²ãFÒ\Ñ<Ð/Û5Ý´ÓÛWÐ�Õ¨Ö�Ý§ßBÓ�Ô$Ñ<à�Õ�Ö¨á<Ó¥Õ¨ÚhãBÔ/ÑBÕ�ê½ÚUà�Õ¨Ð:Õ�Ú�æ/ÚJÓ¥Õ¨Ô/Ö
[xT , xT

K ]T
K

Acl =

[

A+BDKC BCK

BKC AK

]

.
ë 3 ì

�@ê½ÚH	)Ý´Ó�ÓhÐ�Õ�Ý£Úhé&á<Ð�Õ¨Ý§Ô$Ñ�ë 0 ì Ó�Ð:ÑBÕ�ê½Ú�ÑSÙHÚ²à�Ô$×§æ/ÚJãxÝ§Ñ T ∈ R
nk×n

Ù&ÒBà�Õ�Ð:Ñ<ã½Ð/Ö¨ãBà�á<Ù<à�Ø�Ð/Ó�Ú�ã½ÚhÓ�Ô$Û!Ø�Ô&à�Ý§Õ¨Ý§Ô$Ñ�Õ�ÚJÓ¨ê<Ñ½ÝÁé&á½ÚJà�ÜÕ�ê�Ð�Õ�ÝÁàLK



•
Ó�Ô$Û!Ø½áFÕ�ÚWÐ:Ñ�Ý§Ñ\æ�Ð:Ö¨ÝÁÐ/Ñ$Õ�à�á½Ù<à�Ø<Ð/Ó�Ú5Ð/à¨à�ÔFÓ�ÝÁÐ:Õ�ÚJã�ú)Ý¬Õ¨ê�ÐBà�Ú�Õ�Ô��

n
Ú�ÝÁû/ÚhÑ&æ�Ð/×§á<ÚhàhÜeà�ØHÚhÓ

(Γn)
à�ØHÚhÓ

(A)
ÝÁà�Õ¨ê½Ú!à�Ú�Õ²Ô��Ú�ÝÁû/ÚhÑ&æ:Ð:×Áá½Úhà�Ô���Õ�ê½Ú²ÛWÐ�Õ¨Ö�Ý§ß

A ì Ü<Ó�ê½Ô&à�ÚhÑOÐ/Û5Ô$Ñ½û 2n Ú�ÝÁû/ÚhÑ&æ�Ð/×§á½ÚJà�ÝÁÑSà�ØHÚhÓ (Acl)
ÜFÕ�ê<Ð:Õ)Ý´à�Ü

[

A+BDKC BCk

BKC Ak

] [

U1

U2

]

=

[

U1

U2

]

Γn,
ë 5 ì

ú)ê½ÚhÖ�Ú
U1 ∈ R

n×n
Ð:Ñ<ã

U2 ∈ R
nK×n

ç�I\á�Ó¨ê�à�á<Ù<à�Ø�Ð/Ó�ÚJà�Ð/Ö�ÚUÚhÐ/à�ÝÁ×§ÒOÓ�Ô$Û5Ø<áFÕ�ÚJãSá<à�ÝÁÑ½û IFÓ¨ê\á½Ö�ãFÚhÓ�Ô/Û!ØHÔ$à�Ý¬Õ¨Ý§Ô$Ñ<àÔ��MÕ�ê½Ú²ÛWÐ�Õ¨Ö�Ý§ß
Acl

ç
•
Ó�Ô$Û!Ø½áFÕ�Ú�Õ¨ê½ÚUà�Ô$×§áFÕ¨Ý§Ô$Ñ

T = U2U
−1

1
.

ë ; ì
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u
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^
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+

+

+

+
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State feedback

State estimator

Youla parameter

Plant

e

 "!$#&%�')(+*&,.-0/2143&57698:';8:<+(>=)(>'?!A@B8C=?!$DFEHGI!$=?JLK.MONQPR=?')%9ST=)%�'?(FU

V�EW=?J�(+E�(>XY=ZPR(BST=)!ADFE4[\=?J�(+!AE&=?(>'?(BPR=ODF]^DF_`PR(B')aF(B'Rbc_98FP)(Bde')(B8FfA!$@g8C=)!ADFE`PhDF]^#F!AaF(>EiS>DF<+6j(>E`P)8:=)DF';Pk!APOJ�!A#FJ�fA!A#FJ&=?(Bd7]�DF'
6�fl8:EY=mPR=?8:=)(O<+DFE9!n=?DF'?!$E9#9U

oqprots&uRu)vhw&x�y�z"x�{�|~}��L��u�z�}^x�w&x�z�x�����|~}h{�x�|�y9{R}m�
�qJ�(O<+D�d�(Bf\D:].8�fl8:%9E9S?J�(B'q_j(>=�G^(B(>E�=?J�(O�Y8gG�8:E�#&fA(

ψ
8:E9dH=)J9(�STD&<+<+8FE9d

β � =)J9')%9PR=)(B'md�(T�9(gS�=?!$D&E`��SB8:E�_j(O'?DF%9#FJ�fA�8:696�')D�X�!$<�8:=)(BdH_Y�0=?J�(�P)(BSTD&E9dHD&'?d�(>'�=)';8:E`P�]�(B'�]�%�E9ST=)!ADFE4,

G(s) =
1

s2 − 18FP?P)D�ST!l8C=)(gd0GI!$=)J�=?J�(�P�=;8C=)(>b�P)698&ST(�')(g8:fA!$@g8C=?!$D&E4,




ψ̇

ψ̈
ψ



 =





0 1 0
1 0 1
1 0 0









ψ

ψ̇
β



 . � *g�&�

K4(>=I%`PIS>DFE9P)!Ad�(>'�=?J�(O]�DFfAfAD�GI!AE�#�P�=;8:_�!Af$!A@>!AE�#�STD&<�6j(BE9P?8C=)D&' � 6jD&P)!$=)!AaF(�]�(>(gd�_98FS;����,

K(s) = −
s2 + 27s+ 26

s2 + 7s+ 18
.

� PR=?8C=?(�PR6`8FST(O'?(B8:fA!A@B8:=)!ADFE � STDF<+698FE�!ADFE�]�DF'?<���D:]�=?J�!APmS>DF<+6j(>E9P?8C=?DF'q'?(B8Fd9P>,




ẋ1

ẋ2

β



 =





0 1 0
−18 −7 1
−8 −20 −1









x1

x2

ψ



 . � *&*g�

�qJ�(�8:6�6�fA!lS>8:=)!ADFE�DF]�=)J�(�6�'?(>a�!ADF%9Pq6�'?D�ST(Bd�%�')(�69')DCa�!Ad�(gP^=?J�(O]�DFfAf$DCGI!AE�#�698F'?8F<�(>=)(B')!A@B8C=?!ADFE4,
Kc = [3 3]; Kf = [4 5]T ; Q = −1 .
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èMÝ§û$á½Ö¨Ú � K 	)Úhà�ØHÔ/Ñ�à�ÚJà�Õ¨Ô�ÝÁÑ½Ý§Õ�Ý´Ð:×�Ó�Ô/Ñ<ã½Ý¬Õ¨Ý§Ô$Ñ<àUÔ$Ñ(×ÁÐ/á½Ñ<Ó�ê½Ú�Ö5à�Õ�Ð�Õ�ÚJà²ä�Ô/Ñ(Õ�ê½Úx×ÁÚ �ðÕQKWÓ�Ô$Û!Ø<Ð:Ñ½ÝÁÔ/Ñ(Ö�ÚJÐ:×ÁÝ/�JÐ�Õ¨Ý§Ô$Ñ�Ô��
K(s)ë ÚJé&á<Ð�Õ¨Ý§Ô$Ñ�ë�ý/ý ì�ì äQÔ/ÑBÕ¨ê½Ú²Ö�ÝÁû/ê&ÕLKrÔ$Ù<à�Ú�Ö¨æ/Ú�Ö�äpÙ<Ð/à�ÚhãxÖ�ÚJÐ:×ÁÝ/�JÐ�Õ�ÝÁÔ$ÑxÔ�� K(s)

ëDÚhé&á<Ð�Õ¨ÝÁÔ/ÑYë�ýQ� ì�ì ç
�@ê½ÚhÑ£ÜFÕ�ê½Ú²Ô$Ù<à�ÚhÖ�æ/ÚhÖ�äµÙ<Ð/à�Úhã�Ö¨ÚhÐ/×§Ý �hÐ:Õ�ÝÁÔ/ÑBÔ��

K(s)
Ö¨ÚhÐ/ã<à K
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ψ̇
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ψ̂
ˆ̇
ψ
ψ







ë�ý�� ì

Ð/à¨à�ÔFÓ�Ý´Ð�Õ�ÚJã�ú)Ý§Õ�êOÕ¨ê½Ú²Úhà�Õ�ÝÁÛ!Ð:Õ�ÚJãOà�Õ¨Ð�Õ¨Ú�æ/ÚhÓ�Õ�Ô$Ö
x̂ = [ψ̂,

ˆ̇
ψ]T
çèMÝÁû/á½Ö¨Úhà+�@Ø<×§Ô/Õ¿Õ�ê½Ú�Ó�×ÁÔ&à�ÚhãFäp×ÁÔ\Ô/Ø²à�Õ¨Ð:Õ�ÚQÖ¨Úhà�ØHÔ$Ñ<à�ÚhàwëD×´Ð:á½Ñ<Ó�ê½Ú�ÖMÐ/Ñ<ãUÓ�Ô/Û!ØHÚhÑ<à�Ð:Õ�Ô$Ö ì Õ�ÔÝÁÑ½Ý§Õ�Ý´Ð:×\Ó�Ô/Ñ<ã½Ý¬Õ¨Ý§Ô$Ñ<à¿Ô/ÑU×ÁÐ/á½Ñ<Ó�ê½Ú�Öà�Õ¨Ð�Õ¨ÚhàhçQèMÝ§û$á½Ö�Ú��Fç ×§Ú �ðÕ�Ý´à)Ô/ÙFÕ�Ð:ÝÁÑ½ÚhãOú)ê½Ú�ÑSÕ�ê½Ú²ô<Ö¨à�ÕÓ�Ô$Û5ØHÚhÑ<à¨Ð�Õ�Ô$Ö@Ö¨ÚhÐ:×ÁÝ �hÐ�Õ¨Ý§Ô$Ñ�ë ÚJé$á�Ð�Õ�ÝÁÔ/Ñ(ë�ý$ý ì�ì ÝÁà)á<à�ÚhãOú)ê½ÝÁ×ÁÚUèMÝ§û$á½Ö¨Ú�Fç Ö¨Ý§û$ê$Õ�Ý´à�Ô/ÙFÕ�Ð:ÝÁÑ½Úhã�ú)Ý§Õ�ê�Õ¨ê½ÚWÔ/Ù<à�Ú�Ö¨æ/Ú�Ö�äpÙ<Ð/à�ÚJã�Ö¨ÚhÐ/×§Ý �hÐ:Õ�ÝÁÔ/Ñ�ëDÚhé&á<Ð�Õ¨Ý§Ô$Ñ ë�ýQ� ì�ì çWè½Ô$Ö�ÙHÔ/Õ�êYà�Ý§Ûaá½×´Ð�Õ¨Ý§Ô$Ñ<à�Õ�ê½ÚW×ÁÐ/á½Ñ<Ó�ê½Ú�Öà�Õ¨Ð�Õ¨Ú²Ö¨Úhà�ØHÔ/Ñ<à�Úhà)Ð/Ö�Ú�Õ�ê<Úaà�Ð/Û!ÚUÐ/à@Õ¨ê½ÚUÝÁÑ½Ý§Õ�Ý´Ð:×�Ó�Ô$Ñ<ãFÝ§Õ�ÝÁÔ/Ñ<àÐ:Ö¨Ú�Õ¨ê½Úaà¨Ð:Û!ÚUÐ:Ñ�ãSÐ/à)Õ�ê½ÚUÝÁÑ½Ø½áFÕ�äpÔ$áFÕ�Ø<áFÕ�ÙHÚ�ê<Ð±æ\Ý§Ô$Ö)Ô��rÕ�ê½ÚÓ�Ô$Û!ØHÚ�Ñ<à¨Ð�Õ�Ô$Ö£ÝÁà¿ÝÁÑ<ãFÚ�ØHÚhÑ<ãFÚ�Ñ&ÕMÔ��FÝ§Õ¨à¿Ö¨ÚhÐ/×§Ý �hÐ:Õ�ÝÁÔ/Ñ£ç���áFÕhÜ�Ô/Ñ½ÚQÓhÐ:ÑUà�Ú�ÚwÝÁÑaè�ÝÁû/á<Ö�Ú4�½ç ×ÁÚ �ðÕ¿Õ�ê�Ð�Õ¿Õ�ê<Ú�Ö¨ÚwÝ´à£Ñ½Ô�à�Õ¨Ö¨Ð/Ý§û$ê$ÕD� Ô/Ö¨ú�Ð:Ö¨ãÖ¨Ú�×´Ð�Õ�ÝÁÔ/Ñ�ÙHÚ�Õ�ú�ÚhÚ�ÑÎÓ�Ô/Û!ØHÚhÑ<à�Ð:Õ�Ô$ÖBà�Õ¨Ð�Õ¨ÚhàOÐ/Ñ<ã�×ÁÐ/á½Ñ<Ó¨ê<Ú�ÖSà�Õ�Ð�Õ¨Úhà�ë

ψ
Ð:Ñ�ã

ψ̇ ì ú)ê½Ý§×ÁÚ�èMÝÁû/á½Ö¨Ú �Fç Ö�ÝÁû/ê&ÕBê½ÝÁû/ê½×ÁÝ§û$ê$Õ�àxÕ�ê½ÚÓ�Ô$Û!ØHÚ�Ñ<à¨Ð�Õ�Ô$Ö)à�Õ�Ð�Õ�ÚJà@Ô���Õ¨ê½Ú²Ô/Ù�à�ÚhÖ�æ/ÚhÖ�äpÙ�Ð:à�Úhã�Ö¨ÚhÐ/×§Ý �hÐ:Õ�ÝÁÔ/ÑBÐ/Ö�Ú�û/Ô\Ô½ã�ÚJà�Õ¨Ý§ÛWÐ�Õ¨ÚhãOÔ��M×´Ð:á½Ñ<Ó�ê½ÚhÖ�à�Õ�Ð�Õ�ÚJà)Ð:Ñ<ãSÓ�Ð:ÑOÙHÚ²á<à�ÚhãÕ�ÔOÛ!Ô/Ñ½Ý§Õ�Ô$Ö�×ÁÐ/á½Ñ<Ó�ê½Ú�Ö�à�Õ¨Ð:Õ�Ú,� Ô/Ö�Ô���äµ×§ÝÁÑ½Ú5Ô/Ö�Ý§Ñ½äp×ÁÝ§Ñ<Ú5Ð/Ñ<Ð:×ÁÒFà�Ý´à;ë��DÐ:ÝÁ×§á½Ö¨Ú!ãFÝÁÐ/û/Ñ½Ô&à�Ý´à�� Ô/Ö�Ý§Ñ<à�Õ¨Ð/Ñ<Ó�Ú ì çaÿà�Õ�ê½Ú!Ø½×ÁÐ/Ñ$Õ²à�Õ¨Ð:Õ�ÚÐ:Ö¨ÚÛ!ÚhÐ/Ñ½ÝÁÑ½û�� á½×eæ�Ð/Ö�Ý´Ð:Ù<×§ÚJàë
ψ (rd)

Ð/Ñ<ã
ψ̇ (rd/s) ì Ü\Ô$Ñ½Ú�Ó�Ð/ÑBÐ:×´à�Ô;Ó�Ô/Ñ<Ó�×§á<ã½ÚÕ�ê<Ð:Õ�Õ�ê½Ú�à�Õ¨Ð:Õ�Ú�� ÚhÚhãFÙ<Ð$Ó-�Wû$Ð/Ý§Ñ Kc

ê<Ð/à�ÐØ½ê\Ò\à�Ý´Ó�Ð:×eãFÝÁÛ!Ú�Ñ<à�ÝÁÔ/Ñ)K
Kc = [3. rd/rd 3. s] �

ú)ê½ÝÁ×ÁÚÕ¨ê½Ú�ãFÝ§Û!ÚhÑ<à�ÝÁÔ/ÑxÔ�� Õ¨ê½Ú�æ�Ð/Ö�ÝÁÔ/á<à�Ó�Ô/Û!ØHÔ$Ñ½Ú�Ñ&Õ¨à�Ô��¿Ö¨ÚhÐ/×§Ý �hÐ:Õ�ÝÁÔ/Ñ�ë�ý/ý ìÔ/Ù�à�Ó�á½Ö�Ú$ç
�@Å��2Í� +3$�%���J1#&'5�(�&  (�� 38 @

�@ê½Ú G9IFè�ú�Ú�ãFÚ�Õ¨Ð/Ý§×<Ý§Ñ!Õ�ê½Ý´àQà�ÚJÓ¥Õ�ÝÁÔ/Ñ!Ý´àfÙ<Ð/à�Úhã5Ô/Ñ5Õ�ê½Ú�Ø½Ö¨Ú�æ\ÝÁÔ/á<àrÔ$Ù<à�Ú�Ö¨æ/Ú�ÖrÙ<Ð$à�ÚJã;Ö¨ÚhÐ/×§Ý �hÐ:Õ�ÝÁÔ/Ñ;Ô��eÐ�û/ÝÁæ/Ú�ÑWÓ�Ô$Û5ØHÚhÑ<à¨Ð�Õ�Ô$Öhç
�¿Ú�ÕWá<àWÓ�Ô/Ñ<à�ÝÁã½Ú�ÖWÐ�à�ÒFà�Õ�ÚhÛ

G(s)
ãFÚ�ô<Ñ½Úhã�Ù\Ò�Úhé&á<Ð:Õ�ÝÁÔ/ÑÎë�ý ì Ð:Ñ<ã�Õ¨ê½Ú�à�Õ¨Ð/Ñ<ã½Ð:Ö�ã�Ø½Ö¨Ô/Ù<×§ÚhÛ Pp(s)

Ó�Ð/×§×ÁÚhã��rí�î±õ�õ
	 =@?�A B�?:íDB�
¿î:í>F ë G9IFè ì Ü�Ð/à¨à�Ô½Ó�Ý´Ð�Õ�ÚJã�ú)Ý§Õ�êOÕ�ê<ÝÁà�à�ÒFà�Õ¨Ú�Û K

Pp(s) :
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z
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 =





A Kf B
Kc 0 Im
C Ip D









x
w
u





ë�ýQ� ì
ú)ê½ÚhÖ�Ú

Kc

Ú�Õ
Kf

Ð/Ö�ÚÖ¨Úhà�ØHÚhÓ�Õ�ÝÁæ/Ú�×ÁÒ!Ð;à�Õ�Ð�Õ�Ú�� ÚhÚhãFÙ<Ð$Ó-�Wû$Ð:ÝÁÑxÐ:Ñ<ãxÐ;à�Õ�Ð�Õ¨ÚÚJà�Õ¨Ý§ÛWÐ:Õ�ÝÁÔ/Ñ�û&Ð:ÝÁÑxà�Ò\Ñ&Õ�ê½ÚJà�Ý ��ÚJã!Õ¨Ô;Û5ÚhÚ�Õ)à�Ô$Û5Úà�ØHÚhÓ�Ý§ô�Ó�Ð:Õ�ÝÁÔ/Ñ<à�Ù&ÒWÐ;à�á½Ý¬Õ�Ð:Ù½×ÁÚÕ�ÚJÓ¨ê½Ñ<ÝÁé&á½Ú!ë Û!ÔFã½Ð/×nÜ �+��5ÜHçÁç§ç ì ç'F�Ú�ú)ÝÁ×§× Ð:×´à�Ô;Ð/à¨à�á<Û5ÚÕ�ê<Ð:Õ A−BKc

Ú�Õ
A−KfC

Ð:Ö¨Úà�Õ¨Ð:Ù<×§Ú$ç



���������	��
�����
H2

?�A B
H∞

� î¨ö%=p÷ F ?�ï�î�í!õ�����ñ�î�ö%=p÷ F ?:ï �Oõ���A�=��½ù�õ�ù�õ:<-?�í¥í¥÷DùMB�î�� =�î�A =��½ùWõ>=@?�A%BC?�íDB!öHí�î���ï§ù F
Pp(s)B/ù��6Aeù-B���� ���� �QöHí�î:øh÷ B$ù�=!�½ù�õ ?�FWù@õ�î:ï"� =n÷Dî�A$#&%'�F÷Áõ�õ�î�ï"� =p÷Dî�A <¨î�÷ A <�÷ B$ù¥õ)(f÷ =�� =!�½ù+*-,/.8<�î�A�=ní�î:ïðï§ù�í � AHî�=µùMB10

KLQG(s)
�

�2�F÷ðï/BBî�A
Kc

?�A%B
Kf

?�A%B�í�ù-?CB±õ&0
[

˙̂x
u

]

=

[

A−BKC −KfC +KfDKc Kf

−Kc 0

] [

x̂
y

]

.
ë�ýL� ì

3 �	�4�6587 �@ê<Ú�à�Õ�Ð�Õ¨Ú�äµà�Ø<Ð$Ó�ÚÖ¨Ú�Ø<Ö�Úhà�Ú�Ñ&Õ¨Ð:Õ�ÝÁÔ/Ñ�Ô��£Õ¨ê½Ú�à�Õ¨Ð/Ñ<ã½Ð/Ö¨ã � Ô/Ö¨Û
Pp(s)

� Úhã\äµÙ<Ð/ÓM�WÙ&ÒWÕ�ê½Ú²Ó�Ô$Ñ$Õ�Ö¨Ô/×Á×ÁÚ�Ö
KLQG(s)

Üe÷�#ðù9#
Fl(Pp(s),KLQG(s)) : Ü½Ö�ÚhÐ$ã½à K





ẋ
˙̂x
z



 =





A −BKc Kf

KfC A−BKc −KfC Kf

Kc −Kc 0









x
x̂
w



 .
ë�ý�0 ì

�£Ú�ÕBá�àBÓhÐ:Ö¨Ö�Ò�Ô/á½ÕxÕ�ê<Ú�ÝÁÑ$Õ¨Ú�Ö¨Ñ<Ð:×�à�Õ�Ð�Õ¨Ú�Û!Ð/Ø½Ø½ÝÁÑ½û^á<à�Ý§Ñ<û�Õ�ê½Ú�Úhà�Õ¨Ý§ÛWÐ�Õ¨Ý§Ô$Ñ�Ú�Ö¨Ö�Ô$Ö
ε = x − x̂

Ð$à�à�ÔFÓ�Ý´Ð�Õ¨Úhã ú)Ý§Õ�ê�Õ¨ê½Ú
; ��<>=���?+@BA�ô�×¬Õ¨Ú�Ö K

[

x
x̂

]

=M

[

x
ε

] ú)Ý¬Õ¨ê
M =

[

In 0
In −In

]

.
ë�ýQ2 ì

�@ê½ÚhÑ£ÜFÕ�ê½Ú²Ñ½ÚhújÖ¨Ú�Ø½Ö¨Úhà�Ú�Ñ$Õ�Ð�Õ¨Ý§Ô$ÑxÔ��
Fl(Pp(s),KLQG(s))

Ö�ÚJÐ/ã½à K




ẋ
ε̇
z



 =





A−BKc BKc Kf

0 A−KfC 0
0 Kc 0









x
ε
w



 .
ë�ý�3 ì

F�Ú5ÓhÐ:Ñ�Ñ½Ô:Õ¨ÝÁÓ�ÚaÕ�ê<Ð:Õ�Õ¨ê½Ú!à�Õ�Ð�Õ�ÚJà
ε
Ð/à¨à�ÔFÓ�Ý´Ð�Õ�ÚJãSú)Ý§Õ�ê�Õ�ê½Ú5Úhà�Õ�ÝÁÛWÐ�Õ¨Ý§Ô$Ñ�ÚhÖ�Ö¨Ô/Ö�Ð/Ö�Úaá<Ñ<Ó�Ô/Ñ&Õ�Ö¨Ô/×Á×´Ð:Ù½×ÁÚaÙ&Ò

w
Ð:Ñ<ã�Õ�ê�Ð�Õ�Õ�ê½Úà�Õ¨Ð�Õ¨Úhà

x
Ô���Õ�ê½Ú²Ø<×ÁÐ/Ñ$ÕÐ:Ö¨Ú�á½Ñ½Ô$Ù<à�ÚhÖ�æ:Ð:Ù½×ÁÚ�Ù&Ò

z
ç6�@ê½Ú�Õ¨Ö¨Ð/Ñ<àN�ðÚhÖ@ÙHÚ�Õ�ú�Ú�Ú�Ñ

w
Ð/Ñ<ã

z
ÝÁà@Õ�ê½ÚhÖ�Ú � Ô/Ö¨Ú�Ñ\á½×§×
K

Fl(Pp(s),KLQG(s)) = 0
ë�ýL5 ì

Ð:Ñ�ã Ü½Ó�Ô/Ñ<à�Úhé&á½ÚhÑ$Õ�×ÁÒOK

‖Fl(Pp(s),KLQG(s))‖2 = ‖Fl(Pp(s),KLQG(s))‖∞ = 0
ë�ýQ; ì

�@ê½Ý´à)Ó�Ô/Ñ&Õ�Ö¨Ô/×Á×§ÚhÖ�Ý´à@Õ�ê&á�à@Õ�ê½Ú²Ô$ØFÕ�ÝÁÛWÐ:×£à�Ô/×ÁáFÕ¨Ý§Ô$ÑxÕ¨Ô5Õ�ê<ÝÁà�à�Õ¨Ð/Ñ<ã½Ð:Ö�ãxØ½Ö¨Ô/Ù½×ÁÚ�Û¶ë
Pp(s) ì ÝÁÑ H2

Ð/Ñ<ã
H∞
Ñ½Ô/Ö¨Û à�Ú�Ñ<à�Ú/ç

2

�@ê<ÝÁà�Ö�ÚJà�á½×§Õ@Ó�Ð/ÑxÙ�Ú�Ó�Ô$Ñ<à�Ý´ãFÚhÖ�ÚJã�Ð/à�Ðaû/Ú�Ñ½ÚhÖ¨Ð/×§Ý �hÐ:Õ�ÝÁÔ/Ñ£Ü�� Ô/Ö
H2

Ð:Ñ�ã
H∞
Ó�Ö¨Ý¬Õ¨Ú�Ö¨ÝÁÐ<Ü$Ô��£Õ�ê½Ú�à�Ô/×ÁáFÕ�ÝÁÔ/Ñ�Õ�ÔaÕ¨ê½Ú�Ø½Ö�Ô$Ù½×ÁÚ�Û

�\Ñ½Ô�ú)ÑSÐ/àC*-, ÷ A<ø�ù�í�õ�ù)Ö�Ð:Ý´à�ÚhãBÝ§ÑSÕ�ê½Ú,I\Ý§ß&Õ¨Ý§ÚJà�Ð:Ñ�ã IFÚ�æ/Ú�Ñ&Õ�ÝÁÚhà�Ð/Ñ<ãOú)ê½Ý´Ó¨ê�Ó�Ô/Ñ<à�Ý´à�Õ¨ÚhãBÝÁÑOô<Ñ<ã½Ý§Ñ½ûWÕ�ê½Ú��+ Ó�Ô$à�Õ)ú)ê<Ô$à�ÚÛ!Ý§Ñ<Ý§Û!Ý �hÐ�Õ¨Ý§Ô$ÑxÖ¨Úhà�Õ�Ô$Ö�Ú�Ðaû$Ý§æ/ÚhÑBà�Õ�Ð�Õ¨Ú�� Ú�ÚJãFÙ<Ð/ÓM�eç �@ê½Ý´à G9I½èYá<à�ÚhãBÐ/à�à�á<Ó�êxÝ´à�Ñ½Ô:Õ@Ô���Ý§Ñ&Õ�Ú�Ö¨Úhà�Õ@à�ÝÁÑ<Ó�Ú�Ý¬Õ)ÝÁà�Ñ½ÚhÓ�Úhà¨à�Ð/Ö�Ò;Õ¨Ô
�\Ñ½Ô�úÎÕ�ê½Úaû&Ð:ÝÁÑ<à

Kc

Ð:Ñ�ã
Kf

Õ�Ô:� Ô$Ö�ÛWÐ�ÕÕ�ê½Ú5à�Õ�Ð:Ñ<ã½Ð/Ö¨ãSØ½Ö¨Ô/Ù½×ÁÚ�Û
Pp(s)

Ð:Ñ<ãSÕ�Ô�ô<Ñ<ã�ô<Ñ<Ð:×Á×ÁÒBÕ�ê½Ú;Ý§Ñ<Ý¬Õ¨ÝÁÐ/×+�+�� Ó�Ô/Û5äØHÚ�Ñ<à¨Ð�Õ¨Ô/ÖJç ��ÑOÕ¨ê½ÚUÔ:Õ¨ê½Ú�Ö�ê�Ð:Ñ<ã Ü � Ö¨Ô/Û ÐWà�Õ�Ð�Õ¨Ú�� Ú�ÚJãFÙ<Ð/ÓM�
Kc

à¨Ð�Õ¨ÝÁàN� Ò\Ý§Ñ½û�à�Ô/Û!Ú�Õ�ÝÁÛ5Úaã½Ô/ÛWÐ:ÝÁÑ�à�ØHÚJÓ�Ý§ô�Ó�Ð:Õ�ÝÁÔ/Ñ<à)Ö�Úh×ÁÐ:Õ�ÝÁÑ½ûÕ�ÔxØ�Ð:Ö�Õ�Ý´Ó�á½×´Ð:Ö�à�Õ¨Ð�Õ¨ÚhàÔ��rÕ¨ê½Ú5à�ÒFà�Õ�ÚhÛOÜ�Õ¨ê½Ú G9I½è9Ó�Ð:Ñ�ÙHÚaæ/ÚhÖ�ÒOá<à�Ú � á½×�Õ¨ÔxÝ§Ñ<Ý¬Õ¨ÝÁÐ/×§Ý ��Ú;Ðxà�Õ¨Ð/Ñ<ã½Ð:Ö�ã�à�Ú�Õ�äµá½Ø�ú)ê½Ý´Ó¨ê�ú)Ý§×Á×MÙHÚÓ�Ô$Û!Ø½×§Ú�Õ�ÚJãaÙ&ÒaãFÒ\Ñ<Ð/Û5Ý´Ó�ú�Ú�ÝÁû/ê$Õ¨Ý§Ñ<û$à�Õ�Ô�Õ�Ð��/Ú�ÝÁÑ$Õ¨Ô�Ð$Ó�Ó�Ô$á½Ñ$Õfà�Ô/Û!Ú@Ó�Ô/Û!Ø½×ÁÚ�Û!ÚhÑ$Õ¨Ð/Ö�Ò�� Ö¨Úhé&á½Ú�Ñ�Ó�ÒUã½Ô/ÛWÐ:ÝÁÑ5à�ØHÚhÓ�Ý¬ôHÓ�Ð�Õ¨Ý§Ô$Ñ<àhç
�@Å��ED �GF ÆE�HD � �9Æ$É9Í�É����WÈJI��óÊ^Ë��KD �6� ÇjË �-L ��Í�Æ��!ÆFÍ ��È�Æ½Ê^Ç �

�@ê½Ú�Û5ÔFã½Ú�×´àxá<à�ÚJã ÝÁÑ Õ�ê<ÝÁàOà�Õ�á<ãFÒ Ð/Ö�Ú�×ÁÝÁÑ½ÚhÐ:Ö¨Ý ��Úhã Û5Ô½ãFÚ�×´àxÔ��²Õ�ê<Ú�×´Ð�Õ¨Ú�Ö�Ð:×Û!Ô:Õ¨Ý§Ô$Ñ�Ô��aÐ(Þ<Ú�ßFÝÁÙ½×§Ú�Ð:ÝÁÖ¨Ó�Ö¨Ð��ðÕxÐ/Ö�Ô$á½Ñ<ãÚhé&á½ÝÁ×ÁÝ§Ù½Ö¨ÝÁá½Û ØHÔ$Ý§Ñ&Õ¨àhçH�@ê½Ú5à�ÒFà�Õ¨Ú�Û Ý´à�Ðx×ÁÐ/Ö�û$ÚaÓ�Ð/Ö�Ö¨ÝÁÚ�Ö�Ð:ÝÁÖ�Ó�Ö�Ð��ðÕ�Ý§Ñ�ú)ê½ÝÁÓ�ê�Þ<Ú�ßFÝ§Ù½ÝÁ×ÁÝ¬Õ�Ò�ú�Ð/à�ÝÁÑ$Õ�ÚhÑ$Õ¨Ý§Ô$Ñ<Ð:×Á×§Ò�ãFÚ�û$Ö¨Ð$ãFÚhã�ÝÁÑÔ/Ö�ãFÚhÖ�Õ¨ÔWÚ�æ�Ð/×§á�Ð�Õ�Ú�Õ¨ê½ÚUÖ�Úh×§Úhæ�Ð:Ñ�Ó�Ú�Ô��fÓ�Ô/Ñ&Õ�Ö¨Ô/× ×´Ð±úÎà�Ò\Ñ&Õ�ê½ÚJà�Ý´à@Õ�ÚJÓ¨ê½Ñ½Ý´é&á½Úhà�ÝÁÑSê½ÝÁû/ê½×ÁÒBÓ�Ö¨Ý§Õ�Ý´Ó�Ð:×¿Ó�Ð$à�ÚJà�ç
�@ê½Ú²Û!ÔFãFÚh×Áà8M²Ð:Ö¨Ú
60th
äµÔ/Ö�ãFÚ�Ö�à�Õ�Ð�Õ�Ú�äµà�Ø<Ð$Ó�Ú²Ö¨Ú�Ø½Ö¨Úhà�Ú�Ñ&Õ¨Ð:Õ�ÝÁÔ/Ñ<à)ú)Ý§Õ�ê��WÓ�Ô$Ñ$Õ¨Ö�Ô$×¿Ý§Ñ½Ø<áFÕ¨à5ëDÐ/Ý§×ÁÚ�Ö¨Ô/Ñ�ãFÚ�Þ�ÚhÓ¥Õ¨Ý§Ô$Ñ

δl
Ð:Ñ�ãSÖ¨á<ã½ãFÚhÖ�ãFÚ�Þ<ÚhÓ�Õ�ÝÁÔ/Ñ

δn ìÐ:Ñ�ã:2aÛ!ÚhÐ$à�á½Ö¨Ú�Û!ÚhÑ$Õ¨àLKM×ÁÐ:Õ�ÚhÖ¨Ð/×HÐ/Ó�Ó�Ú�×ÁÚ�Ö�Ð�Õ�ÝÁÔ/Ñ
ny

Ü\Ö¨Ô/×Á×�Ö�Ð�Õ¨Ú
p
Ü\Ö¨Ô/×Á×HÐ:Ñ<û/×ÁÚ

φ
Ð:Ñ<ã�Ò$Ð±ú Ö�Ð�Õ�Ú

r
ë
ny

Ð:Ñ<ã
r
Ð:Ö¨ÚÛ5ÚJÐ/à�á½Ö¨ÚhãÝÁÑBÕ�ú�ÔWã½Ý �eÚ�Ö¨Ú�Ñ$Õ�×ÁÔFÓhÐ�Õ¨Ý§Ô$Ñ<à�Ô/ÑBÕ¨ê½Ú�� á<à�Úh×ÁÐ/û/Ú

�
à�Ú�Ú!üÁýON�þ)� Ô/Ö)Û!Ô/Ö¨Ú�ãFÚ�Õ¨Ð/Ý§×´à ì ç6�@ê½Ú²à�Õ¨Ð:Õ�Ú²æ/ÚhÓ¥Õ¨Ô/Ö x Ó�Ô/Ñ&Õ¨Ð/Ý§Ñ<àLKP

Fl(P, K) Q)RTSVUXWZY�[XR)\ ]�^$_T`ba�cdUXRTSVe�f	e�SVg�Y�cdh�U	SVikjke�SVUXW�lBh�e�QmS8Y�cdh�UnhVl P SVUXo K pq j�[9Rre�RTSVoXR�ets�cdidi6u	UXovY�[XR/wyx�z�{Vx>|O}�~�W�h��Xe�gTRmu	idR�Wbe�R��2�Xcde�RToyY�h1idh�SVovY�[XR�W�RrQ)hOo9RTidW+h�U9idc"U9RrS8Yb�����V���!�������������V�V���������O�8���O�8�O�����2��8�	��� � �8�	�����V��� �V�����V�������2�V� � ���2�V��� �8� �



•
�!Ö¨Ý§û$ÝÁãOà�Õ�Ð�Õ¨Úhà²ëDÒ$ÐJúÎÐ:Ñ½û$×§Ú

β
Ü½Ö¨Ô/×Á× Ö¨Ð:Õ�Ú

p
Ü½Ò$ÐJújÖ¨Ð:Õ�Ú

r
Ü½Ö¨Ô/×Á× Ð/Ñ½û/×ÁÚ

φ ì Ü
•
��2aà�Õ¨Ð:Õ�ÚJà�Ó�Ô/Ö¨Ö�ÚJà�ØHÔ/Ñ<ãFÝÁÑ½û²Õ�ÔBýL5²Þ�Ú�ßFÝ§Ù<×§Ú�Û!ÔFãFÚJàQÛ!ÔFã½Ú�×ÁÚhãWÙHÚ�Õ�ú�Ú�Ú�Ñ

8
Ð:Ñ�ã

80 rad/s
ëDû/ÚhÑ½Ú�Ö�Ð:×ÁÝ/�hÚhãWÓ�Ô\Ô/Ö�ãFÝÁÑ<Ð�Õ¨Úhà

qj
Ð:Ñ<ã

q̇j
Ü¿ë
j = 1, ..., 18 ì�ì Ü

•
��N!à�ÚhÓ�Ô$Ñ<ã½Ð:Ö¨Ò�à�Õ�Ð�Õ¨Úhà�Õ¨ê<Ð�Õ�Ö¨Ú�Ø½Ö¨Úhà�Ú�Ñ$Õ@Õ�ê½ÚUã½Ò&Ñ�Ð:Û!ÝÁÓhà@Ô���Õ¨ê½ÚUà�ÚhÖ�æ/Ô/äµÓ�Ô/Ñ$Õ�Ö¨Ô/×eà�á½ÖD�DÐ/Ó�ÚJà@Ð/Ñ<ãOÐ:ÚhÖ�ÔFã½Ò&Ñ�Ð:Û!ÝÁÓ�×ÁÐ/û$àhç

�@ê½Ú;Û!ÔFãFÚh×Áà�Ð:Ö¨ÚaÐ±æ�Ð/Ý§×´Ð:Ù½×ÁÚH� Ô/Ö�Õ�ê½Ö¨Ú�Ú5ãFÝ �HÚhÖ�ÚhÑ$Õ�Þ<ÝÁû/ê&Õ�Ó�Ô$Ñ<ãFÝ§Õ�ÝÁÔ/Ñ<à�Ð:Ñ<ã�à�Ý§ß�ãFÝ �eÚ�Ö¨Ú�Ñ&Õ�×ÁÔ$Ð/ã½Ý§Ñ½ûBÓ�Ð$à�ÚJàaënÓ�Ô/Ö¨Ö¨Úhà�ØHÔ/Ñ<ãFÝÁÑ½ûÕ�Ô�à�Ý§ß�ãFÝÁà�Õ�Ö¨ÝÁÙ½áFÕ�ÝÁÔ/Ñ�à�Ô���Õ�ê½Ú!ÛWÐ/à¨à�Ý§Ñ<à�Ý´ãFÚ5Õ�ê½Ú!Ø½×´Ð:Ñ<Ú ì ç ��Ñ<×§Ò�Ô/Ñ½Ú5Û!ÔFãFÚh×nÜ£Ñ<Ô:Õ�ÚJã Gf

Ü£Ý´à�Ó�Ô/Ñ<à�Ý´ãFÚ�Ö¨Úhã�ÝÁÑ�Õ�ê½Ý´à�Ø<Ð:ØHÚhÖhç
F�Ú�ú)Ý§×Á×£Ð:×´à�Ô5Ö�Ú � Ú�Ö�Õ�Ô5Õ�ê½Ú²Ó�Ô/Ö¨Ö�ÚJà�ØHÔ/Ñ<ã½Ý§Ñ½û;Ö�ÝÁû/Ý´ã�Û!ÔFã½Ú�×´à

Gr

Ý§ÑOú)ê½Ý´Ó¨êOÔ/Ñ½×ÁÒWÕ�ê½Ú��5Ö¨Ý§û$ÝÁãBà�Õ¨Ð�Õ¨Úhà�ë
xr = [β, p, r, φ]T ìÐ:Ö¨Ú�Ó�Ô/Ñ<à�ÝÁã½Ú�Ö¨Úhã ç

�@ê<Ú � Ô$×§×ÁÔ±ú)ÝÁÑ½û!×§Ý´à�Õ�à�á½Û!ÛWÐ:Ö¨Ý/�hÚhà�Õ¨ê½Ú²æ�Ð/Ö�ÝÁÔ/á<à@à�ØHÚhÓ�Ý§ô�ÓhÐ�Õ�ÝÁÔ/Ñ�à K
• � � K���áFÕ¨Ó�êSÖ¨Ô/×Á× ã<Ð:Û!Ø½ÝÁÑ½û!Ö�Ð�Õ�ÝÁÔ > 0.5

Ü
• ��� KrÕ�ÚhÛ!Ø½×ÁÐ:Õ�ÚJà@Ô$ÑBÕ�ê½ÚUà�Õ�ÚhØOÖ¨Úhà�ØHÔ$Ñ<à�Úhà�ú²ç ÖJç Õhç β Ð/Ñ<ã p Ü
• ��� KfÖ¨Ô/×Á× ��Ò$ÐJú.Ó¨ê�Ð:Ñ½Ñ½Úh×£ãFÚJÓ�Ô$á½Ø½×ÁÝ§Ñ½û�Ü
• ��� K�Ñ½ÔUãFÚ�û$Ö¨Ð$ã½Ð�Õ¨Ý§Ô$ÑaÔ��HÕ�ê½Ú�ã<Ð:Û!Ø½ÝÁÑ½û�Ö�Ð�Õ�ÝÁÔ$àrÔ���Þ�Ú�ßFÝ§Ù<×§Ú)Û!ÔFãFÚJà�Ü/Ô/Ö�� á½Ö�Õ�ê½ÚhÖ�Û!Ô/Ö¨Ú/Ü/Ð/Ñ5ÝÁÑ<Ó�Ö¨ÚhÐ$à�Ú�Ô���Õ�ê<Ú�ã½Ð:Û!Ø½ÝÁÑ½ûÖ�Ð�Õ�ÝÁÔ$à@Ô��M×ÁÔ±ú � Ö�ÚJé&á½Ú�Ñ<Ó�ÒWÞ<Ú�ß\ÝÁÙ½×ÁÚ�Û!ÔFã½Úhà@ÝÁÑOÔ$Ö¨ãFÚhÖ�Õ�ÔWÝ§Û!Ø½Ö¨Ô±æ/Ú²Ó�Ô$Û,� Ô$Ö�Õ�ãFá<Ö�ÝÁÑ½û5Õ�á½Ö¨Ù½á½×ÁÚ�Ñ�Ó�Ú/Ü
Ï�ÔFã½Ð:×@Ð:Ñ<ã(Õ�ÝÁÛ!Ú�ä�ãFÔ/ÛWÐ/Ý§Ñ^à�ØHÚhÓ�Ý¬ôHÓ�Ð�Õ¨Ý§Ô$Ñ<àBë � � ì Õ�Ô ë ��� ì ÝÁÑ&æ/Ô$×§æ/Ú�Õ¨ê½ÚOÖ�ÝÁû/Ý´ã�ãFÒ\Ñ<Ð:Û!Ý´Ó�à;Ô��)Õ¨ê½ÚOÐ/Ý§Ö�Ó�Ö�Ð��ðÕJç#7 ��Õ�ê½Úà�Ò\à�Õ�ÚhÛâÝ´àaÐ/à¨à�á<Û5ÚJã�Õ¨Ô�ÙHÚ�Ö¨Ý§û$ÝÁã Ü�ÚhÝ§û$Ú�Ñ<à�Õ�Ö¨á<Ó¥Õ¨á½Ö¨ÚWÐ/à¨à�ÝÁû/Ñ<Û5ÚhÑ$Õ²Õ�ÚJÓ¨ê<Ñ½ÝÁé&á½ÚJàaÐ:Ö¨Ú!Ø<Ð/Ö�Õ¨ÝÁÓ�á½×ÁÐ/Ö�×ÁÒ�Ú �HÚhÓ�Õ�ÝÁæ/ÚxÐ�Õaê<Ð:Ñ<ã½×§ÝÁÑ½ûÕ�ê<Úhà�ÚBà�ØHÚhÓ�Ý¬ôHÓ�Ð�Õ¨Ý§Ô$Ñ<àhÜrÚhà�ØHÚhÓ�Ý´Ð:×Á×ÁÒYà�ÝÁÑ<Ó�Úxú�ÚBê<Ð±æ/ÚBÐ�à�á .�Ó�ÝÁÚ�Ñ&Õ5Ñ&á<ÛaÙHÚ�Ö5Ô���Ô/áFÕ¨Ø½áFÕ�àOë

≥ 4 ì Õ¨Ô�ÝÁÛ!Ø½×ÁÚ�Û!Ú�Ñ&Õ!Ð/Ñ�Ý´ãFÚhÐ/×Ö¨Ý§û$ÝÁãBà�Õ¨Ð�Õ¨Ú � ÚhÚhãFÙ<Ð$Ó-��Ù&ÒBÐ5à�Õ�Ð�Õ¨ÝÁÓ�Ô/áFÕ¨Ø½áFÕ9� ÚhÚhãFÙ�Ð/ÓM�Hç6�@ê½Úhà�Ú�Õ¨ÚhÓ�ê½Ñ½Ý´é$á<Úhà@ú)ÝÁ×§× Ñ½Ô/Õ)ÙHÚ�ã½Ú�Õ¨Ð/Ý§×ÁÚhãBÝÁÑxÕ¨ê½ÝÁà)Ø<Ð:ØHÚhÖ�ü§ý��Jþµçfÿ
	 Ö�ÝÁû/Ý´ã�
Uà�Õ�Ð�Õ�Ú � Ú�ÚhãFÙ�Ð/ÓM�

Kxr

Ô/ÑSÕ¨ê½Ú���Ö�ÝÁû/Ý´ã�à�Õ�Ð�Õ�ÚJàaë
xr ì ú�Ð/à)Õ¨ê&á<à�ÓhÐ:×´Ó�á½×´Ð�Õ¨ÚhãSÔ/Ñ�Û!ÔFã½Ú�× Gr

ÝÁÑ�Ô/Ö�ãFÚ�Ö)Õ¨Ô�Û!Ú�Ú�ÕÕ�ê½Ú
� Ô/×Á×ÁÔ±ú)ÝÁÑ½û!Û5Ô½ã½Ð:×£à�ØHÚhÓ�Ý§ô�ÓhÐ�Õ�ÝÁÔ/Ñ�à�ënà�ÚhÚ²Ó¨ê�Ð:ØFÕ¨Ú�Ö�5½Ü½Ø<Ð:Ö�Õ��5Ý§Ñ¿ü �:þ ì K
•
Õ¨ê½Ú��áFÕ�Ó¨ê�Ö�Ô$×§× Û!ÔFãFÚ²ÝÁà�ã½Ð:Û!ØHÚhãSÐ:Ñ<ãOÐ$à�à�ÝÁû/Ñ½ÚJãWÕ¨Ô

−1 + 1.3 i
Ð/Ñ<ãBÝ´à)ãFÚJÓ�Ô/á<Ø½×§ÚJã�� Ö�Ô$Û

φ
Ü

•
Õ¨ê½Ú�Ø<á½Ö�Ú�Ö¨Ô/×Á×�Û5ÔFã½Ú�ÝÁàxÐ/à¨à�ÝÁû/Ñ½ÚJã�Õ¨Ô

−1.1
Ð:Ñ<ã Ý´à�ãFÚJÓ�Ô/á½Ø<×§ÚJã � Ö�Ô$Û

β
ë Õ�ê<Ð:ÕxÝÁàhÜ�Õ�ê½Ú�Ñ<Ð�Õ¨á½Ö�Ð:×ãFÒ\Ñ<Ð:Û!Ý´Ó�àWÝÁàØ½Ö¨Úhà�Ú�Ö¨æ/Úhã ì Ü

•
Õ¨ê½ÚUà�Ø½ÝÁÖ�Ð:× Û5Ô½ãFÚ�Ý´à)Ð$à�à�Ý§û$Ñ½Úhã�Õ¨Ô

−1
Ð/Ñ<ãBÝÁà�ãFÚJÓ�Ô/á<Ø½×§ÚJã�� Ö�Ô$Û

β
ç

J�Ô/Õ�ÚQÕ¨ê<Ð�ÕrÚ�ÝÁû/ÚhÑ<à�Õ�Ö¨á<Ó¥Õ¨á½Ö�Ú�Ð$à�à�ÝÁû/Ñ½Û!Ú�Ñ&Õ�ÝÁÑ&æ/Ô$×§æ/ÚJà£Õ�ê<Ú�Ö¨ÝÁû/Ý´ãUãFÒ\Ñ<Ð:Û!Ý´Ó�àhÜ±Ñ<Ô:Õ�Õ¨ê½Ú�Þ<Ú�ßFÝÁÙ½×§Ú@ãFÒ\Ñ<Ð:Û!Ý´Ó�àhç�ÿ×¬Õ¨ê½Ô/á½û$êUÞ<Ú�ßFÝÁÙ½×ÁÚÛ!ÔFãFÚ�ã<Ð:Û!Ø½ÝÁÑ½û�Ó�Ô$á½×´ã�ÙHÚWÚJÐ/à�Ý§×ÁÒ�ê<Ð:Ñ�ãF×§ÚJã�Ù\Ò�Ú�ÝÁû/Ú�Ñ�à�Õ¨Ö�á<Ó�Õ�á½Ö¨ÚWãFÚJà�ÝÁû/Ñ¿ÜMà�á<Ó�ê(Ð�ã½Úhà�Ý§û$Ñ�Û!ÝÁû/ê&ÕU×ÁÚhÐ$ã�Õ�Ô�á½Ñ<ãFÚJà�ÝÁÖ¨Ð/Ù½×ÁÚê½ÝÁû/êOÚ �HÔ$Ö�Õ�à@Ô/ÑSÓ�Ô$Ñ$Õ¨Ö�Ô$× à�á½ÖN�DÐ$Ó�ÚJà�ç �@ê&á<àhÜ½ú�Ú�ê�ÐJæ/Ú²Ó�ê½Ô$à�Ú�ÑBÕ�Ô!ê�Ð:Ñ<ãF×ÁÚ�Þ�Ú�ßFÝ§Ù<×§Ú²Û!ÔFãFÚ²Ó�Ô$Ñ$Õ¨Ö�Ô$×eÙ\ÒxÐ/Ñ
H2

ãFÚhà�Ý§û$Ñ£ç
�@ÝÁÛ!Ú�Ö�ÚJà�ØHÔ$Ñ<à�ÚhàwÔ/Ù½Õ¨Ð:ÝÁÑ½ÚJãWÔ/Ñ�Õ�ê½Ú�Ö�ÝÁû/Ý´ãWÛ5Ô½ãFÚ�×

Gr

Ð:Ö¨ÚØ½Ö¨Úhà�Ú�Ñ$Õ¨ÚhãWÝÁÑBèMÝ§û$á½Ö¨Ú��Bë Ù<×ÁÐ$Ó-�WÓ�á½Ö�æ/Ú ì ç �@ê½Úhà�ÚÖ¨Úhà�ØHÔ/Ñ<à�Úhàà¨Ð�Õ�Ý´àN� Ò�ë � � ì Õ¨ÔYë ��� ì Ð:Ñ<ã�ú)ÝÁ×§×fÙHÚ!á<à�Úhã�Ð$à�ÐBÖ¨Ú � ÚhÖ�ÚhÑ<Ó�Ú;Õ�ÔSÐ/Ø½Ø½Ö¨ÚhÓ�Ý´Ð�Õ¨ÚaÕ�ê<Ú!à�Ô/×ÁáFÕ¨Ý§Ô$Ñ<à�Ø<Ö�Ô$ØHÔ$à�Úhã�Ô/Ñ�Õ�ê½Ú � á½×Á×§äpÔ$Ö¨ãFÚhÖÛ!ÔFãFÚh×Áàhç+�@ê½Ý´àwà�ÝÁÛaá½×´Ð�Õ¨Ý§Ô$Ñ5Ø½×§Ô/Õ¨àrÕ�ê½Ú)Ö¨ÝÁû/Ý´ã;à�Õ¨Ð:Õ�Ú@Ö¨Úhà�ØHÔ/Ñ<à�Úhà@ë
β(t)
Ü
φ(t) p(t)

Ð:Ñ�ã
r(t) ì Õ�Ô βref

Ð:Ñ<ã
pref

à�Õ¨Ú�Ø!Ý§Ñ½Ø<áFÕ¨àhç
7�Ñ �DÐ$Ó¥ÕJÜFÕ�ê½ÚUÐ$Ó¥Õ�á<Ð/×£Ó�Ô$Û5ÛWÐ/Ñ<ãxÕ�ê<Ð:Õ�ÝÁà�Ð:Ø½Ø½×ÁÝÁÚhãBÝ´à K

[

δl
δn

]

= H

[

βref
1

s
pref

]

−Kxr
xr

ë ��N ì
ú)ê½ÚhÖ�Ú

H
Ý´à)Ð,� ÚhÚhã\ä � Ô/Ö¨ú�Ð:Ö�ãBà�Õ�Ð�Õ�Ý´Ó�ÛWÐ�Õ¨Ö�Ý§ßBÓ�Ô/Û!Ø½áFÕ¨ÚhãBÕ�Ô!ÚhÑ<à�á<Ö�Ú�Õ�ê½ÚUà�Õ�ÚJÐ/ãFÒBà�Õ�Ð�Õ�ÚUÓ�Ô/Ñ�à�Õ¨Ö¨Ð/Ý§Ñ&ÕLK

lim
t→∞

[

β(t)
φ(t)

]

=

[

1 0
−1 1

] [

βref
1

s
pref

]
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ë �½ý ì

�@ê½Ú²Ø½Ö¨Ô/Ù½×ÁÚ�Û ÓhÐ:ÑOÑ½Ô�ú.ÙHÚ²Ö¨Úhà�Õ¨Ð�Õ¨ÚhãBÝ§ÑOÕ�ê½Ú�� Ô$×§×ÁÔ�ú)Ý§Ñ½û!ÛWÐ:Ñ½Ñ½ÚhÖLK
•
à�Ò\Ñ$Õ�ê½ÚJà�Ý ��Ú²Ð5Ó�Ô$Ñ$Õ¨Ö�Ô$×H×´Ð±újà�Ð:Õ�Ý´à � Ò\ÝÁÑ½û;Õ�ê½Ú�� Ö�Úhé&á½ÚhÑ<Ó�ÒxãFÔ$Û!Ð/Ý§ÑSÐ:Ñ<ãxÛ!ÔFã<Ð:× à�ØHÚhÓ�Ý¬ô�ÓhÐ�Õ¨Ý§Ô$Ñ<à�ë ��� ì Ô$ÑxÕ¨ê½Ú�Þ<Ú�ßFÝÁÙ½×ÁÚÛ!ÔFãFÚJà�Ü

•
Ø½Ö¨Úhà�Ú�Ö¨æ/Ú�Ð/à@Ûaá<Ó�êSÐ$à@ØHÔ$à¨à�ÝÁÙ½×ÁÚ�Õ¨ê½Ú�¥Ö¨ÝÁû/Ý´ã��ØHÚhÖN� Ô$Ö�ÛWÐ:Ñ<Ó�Úhà�Ô/Ù½Õ¨Ð:ÝÁÑ½ÚJãxú)Ý§Õ¨êBÕ¨ê½Ú²Û!ÔFã½Ð:× û&Ð:ÝÁÑ

Kxr

ç
��ÅYÊ^Ì�È L�Ì�È � � �SË ��9Í�� ���.ÇÎÈ�� ����Æ+� ������Ì�D�È�Æ 
/Ê�������Í�È�Æ �	�

H2
Ë����@Æ���Ç

�@ê½Ú)Ûaá½×§Õ�Ý§äµÔ/ÙFå�ÚhÓ¥Õ¨ÝÁæ/Úhàwà�Ò\Ñ$Õ�ê<Úhà�ÝÁàwà�Ú�Õ�á<Ø!ÝÁàwã½Úhà¨Ó�Ö¨Ý§ÙHÚJã;Ý§ÑWèMÝÁû/á½Ö¨Ú �<ç+�@ê½Úà�Ò\Ñ$Õ¨ê½Úhà�Ý´àrÛ!ÔFãFÚh×¿ë
A
Ü
B
Ü
C
Ü
D ì Ó�Ô/Ö¨Ö�ÚJà�ØHÔ/Ñ<ã½àÕ�ÔYÕ¨ê½Ú

30th
äµÔ/Ö�ãFÚhÖ!Ö�ÚJãFá<Ó�ÚJã�Û!ÔFãFÚh×

G(s)
Ý§Ñ9ú)ê½Ý´Ó�ê ýQ��Ö�Úh×§Úhæ/Ú�Ñ&Õ!Þ<Ú�ß\ÝÁÙ½×ÁÚ�Û!ÔFãFÚhà�Ð:Ö¨ÚSÖ�Ú�Õ¨Ð:ÝÁÑ½ÚJã Ð��ðÕ�ÚhÖ�ÐYÙ<Ð/×ÁÐ/Ñ<Ó�ÚhãÖ¨ÚhãFá<Ó�Õ�ÝÁÔ/ÑOÔ���Õ¨ê½Ú�� á½×Á×£Ô$Ö¨ãFÚhÖ@Û!ÔFãFÚ�×

Gf (s)
ënà�Ú�ÚWü§ý9N±þ ì ç6�@ê<ÝÁà�à�Ú�Õ�á½Ø�Ó�Ð/ÑOÙHÚ²Ó�×ÁÐ/Ö�Ý§ô<ÚhãOÐ/à � Ô/×Á×ÁÔ±ú�àLK



•
Ð�Ó�Ô/Ñ&Õ�Ö¨Ô/×Á×§ÚJã�Ô$áFÕ�Ø½á½Õ

z1 = u + K x
Õ¨Ô�ÝÁÑFÞ<ÚJÓ¥ÕUÕ¨ê½Úxà�Ò\Ñ$Õ¨ê½Úhà�ÝÁà²Õ¨Ô±ú�Ð/Ö¨ã½à�Õ�ê<Ú�Ñ½Ô$Û5ÝÁÑ<Ð/×wÖ¨Ý§û$ÝÁãYà�Ô/×ÁáFÕ¨Ý§Ô$Ñ ë G�Ö¨Ô$à¨à

I&Õ�Ð:Ñ<ã½Ð/Ö¨ãOè½Ô$Ö�Û Ø½Ö�Ô$ØHÚ�Ö�Õ�Ò ì Ü
•
ÐUÓ�Ô$Ñ$Õ¨Ö�Ô$×§×ÁÚhã5Ô$áFÕ�Ø<áFÕ

z2
Õ¨Ôaà�Ø�ÚJÓ�Ý/� Ò!Ð

rth
äµÔ/Ö�ãFÚ�ÖwÖ¨Ô/×Á×¬äµÔ �xÙHÚhÒ/Ô/Ñ<ã5Õ¨ê½ÚØ½á½×´à�Ð:Õ�ÝÁÔ/Ñ

ω
ë
r = 3

Ð:Ñ<ã
ω = 2π

Ô$ÑWÙHÔ:Õ�êÓ�Ô$Ñ$Õ¨Ö�Ô$× Ó�ê<Ð:Ñ½Ñ<Ú�× ì Ü
•
æ/Ú�Ö¨ÒY×ÁÔ�ú2Û5ÚJÐ/à�á½Ö¨Ú�Û!Ú�Ñ$Õ!Ñ½Ô/Ý´à�ÚJà

w1

ë
ε = 0.001 ì à�ÝÁÑ<Ó�ÚxÕ¨ê½ÚOÑ\á½ÛaÙHÚ�Ö!Ô��Û!ÚhÐ$à�á½Ö¨Ú�Û!Ú�Ñ&Õ¨à;Ý´à5ê½ÝÁû/ê�Ú�Ñ½Ô$á½û/ê�Õ¨ÔãFÝÁÖ�ÚJÓ¥Õ¨×§Ò�Ð:Ñ�ã�à�Õ�Ð�Õ¨ÝÁÓhÐ:×Á×§ÒOÚJà�Õ¨Ý§ÛWÐ:Õ�ÚUÕ¨ê½Ú;Ö¨Ý§û$ÝÁã�à�Õ¨Ð�Õ¨Úhàhç �@ê½ÝÁàÕ¨á½Ñ½ÝÁÑ½ûB×§ÚJÐ/ã½à�Õ¨Ôxæ/ÚhÖ�Ò �DÐ$à�Õ�ãFÒ\Ñ<Ð/Û5Ý´Ó�à�Ý§Ñ�Õ�ê<Ú5Ó�Ô$Û;äØHÚ�Ñ�à�Ð:Õ�Ô/Ö)ú)ê½ÝÁÓ�ê�Ó�Ð:ÑOÙHÚ²Ö�ÚJãFá<Ó�ÚJãOÐ��ðÕ¨Ú�Ö@Õ¨ê½ÚUà�Ò\Ñ&Õ�ê½ÚJà�Ý´à�Ü

•
ÝÁÑ½Ý§Õ�Ý´Ð:×¿Ó�Ô$Ñ<ãFÝ§Õ�ÝÁÔ/Ñ<à

w2

Ô$ÑBÕ�ê½ÚH�!Ö¨ÝÁû/Ý´ãBà�Õ¨Ð�Õ¨Úhà²ë
V = [I4×4, 0, · · · , 0] ì Ü

•
Õ¨ê½Ú�Õ¨Ö¨Ð/Ñ<àN� Ú�Ö)ÙHÚ�Õ�ú�ÚhÚ�Ñ

w3

Ð/Ñ<ã
z3
Õ¨Ð��/Úhà)Ý§Ñ&Õ�Ô�Ð$Ó�Ó�Ô$á½Ñ$Õ�æ�Ð/Ö�Ý´Ð�Õ¨Ý§Ô$Ñ<à�Ô/ÑOÞ<Ú�ß\ÝÁÙ½×ÁÚ²Û!ÔFãFÚUã½Ð/Û!Ø½Ý§Ñ<û!Ö�Ð�Õ¨Ý§Ô&à KrÕ¨ê½ÚWý��ÝÁÑ½Ø½áFÕ�à

w3

ë Õ�ê½Ö¨Ô/á<û/ê�Õ¨ê½ÚWÛWÐ:Õ�Ö¨Ý¬ß
M ì Ð:Ñ�ã�Õ¨ê½Ú�ýQ�BÔ/á½Õ�Ø½áFÕ�à z3 ë Õ�ê½Ö¨Ô/á½û$ê�Õ¨ê½ÚWÛWÐ�Õ¨Ö¨Ý¬ß N ì Ð/Ö�Ú!ÝÁÑ��DÐ/Ó�ÕUû/ÝÁæ/ÚhÑÙ&ÒSÕ�ê½Ú5×§ÝÁÑ½ÚJÐ:Ö�� Ö�Ð/Ó�Õ�ÝÁÔ/Ñ<Ð/×£Õ¨Ö¨Ð/Ñ<àN� Ô/Ö¨Û!Ð:Õ�ÝÁÔ/Ñ�ë ��è+� ì Û!ÔFãFÚh×§ÝÁÑ½ûxÔ��fÕ¨ê½Úhà�Ú;Ø<Ð:Ö�Ð:Û!Ú�Õ¨Ö�Ý´Ó²æ:Ð:Ö¨ÝÁÐ:Õ�ÝÁÔ/Ñ<àhÜHÓ�Ô/Û!Ø½×ÁÚ�Õ¨Úhã�Ù&Òà�Õ¨Ð�Õ¨Ý´Ó�ú�Ú�ÝÁû/ê&Õ�ÝÁÑ½û$à

ρe

Ð:Ñ<ã
ρs

ÜFÖ¨Úhà�ØHÚhÓ�Õ�ÝÁæ/Ú�×ÁÒ/ç
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K(s)

@3BC=!"�2M:-2�NO9(8+�?8C0�.P)+=!�?8Q8+0�N��()+��0�:
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)+0l)+=!"K7J2� +��0��-8$4A258">8Y0M.CN�052�I!�O:!�[@R���O�5�! +"^T-@  +����=<)g2MN�N�0`_38$2l4A0�GH,-2M ��?805:he�"*)�_m"A"A:n)+=!"K,!�- +"^ ��O�5��In8�)�2J)�"].1"D"DI(e[2�4�o
Kxr

2M,-,!NO��"DI/0�:X)+=-"$ +�����?IRGH0(I("DNk2�:-IR)+=-"Y:-0�GH�O:[2MNk8+0�N��()��O05:/2�,!,!N��O">IX0�:X)�=!"Y.1�!NONp0� �I("A EG]0!I("ANq@
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èMÝ§û$á½Ö¨Ú�� K ��Ñ�Õ�ê½ÚO×§Ú �ðÕLK 	)Ô\Ô:Õ5×§ÔFÓ�á<à
K(s)Gf (S)

ä���Ñ(Õ¨ê½ÚBÖ¨ÝÁû/ê$ÕQK!Õ�ÝÁÛ!ÚOãFÔ$ÛWÐ:ÝÁÑ�Ö�ÚJà�ØHÔ$Ñ<à�Úhà
(Gr,Kxr

)
ë Ù<×ÁÐ$Ó-� ì Ü

(Gf ,K)
ë û/Ö¨Ú�ÚhÑ ì

KfC) ì Ð:Ñ�ã�Õ¨ê½Ú9GwÔ/á<×ÁÐ�Ø<Ð:Ö�Ð:Û!Ú�Õ�Ú�Ö;ãFÒ\Ñ<Ð/Û5Ý´Ó�àBënà�ØHÚJÓ (AQ) ì ç��@ê½ÚxÕ�Ö�Ð:Ñ<àN� Ú�ÖaÙHÚ�Õ�ú�Ú�Ú�Ñ
e
Ð/Ñ<ã

u
ÜrÕ�ê<Ð:Õ;Ý´à�ÜrÕ�ê<Ú:� ÚhÚhã\ä

� Ô/Ö¨ú�Ð/Ö¨ã�Ø<Ð�Õ¨ê£Ü)ãFÚ�ØHÚhÑ<ã½àxãFÝÁÖ�ÚJÓ¥Õ�×ÁÒ�Ô/Ñ Õ�ê½Ý´àxÓ¨ê<Ô/Ý´Ó�Ú/ç �@ê<Ú�Ö�Ð:Ñ½û$ÚOÔ��²à�Ô$×§á½Õ�ÝÁÔ/Ñ<à�Ó�Ð:Ñ9ÙHÚ�Ö�ÚJãFá<Ó�ÚJã9Ð/Ó�Ó�Ô/Ö�ãFÝÁÑ½û�Õ�Ô(Õ�ê½Ú
� Ô/×Á×ÁÔ±ú)ÝÁÑ½ûWÓ�Ô/Ñ�à�Ý´ãFÚ�Ö�Ð�Õ¨Ý§Ô$Ñ<àLK
•
Ð!à�Ú�Õ�Ô��rà�Ú�×/�ðäµÓ�Ô/Ñ�å�á½û&Ð�Õ¨ÚhãxÚhÝ§û$Ú�Ñ&æ:Ð:×Áá½Úhà�Ûaá�à�Õ�ÙHÚUÓ¨ê½Ô&à�ÚhÑBÝÁÑSÔ/Ö�ãFÚ�Ö�Õ¨Ô5ô<Ñ<ãSÐ5Ö¨ÚhÐ/×eØ<Ð/Ö¨Ð/Û!Ú�Õ�ÚhÖ�Ý �hÐ�Õ¨ÝÁÔ/Ñ£Ü
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