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� c&] · ± Z ` ¸ ² `.] · c/° ¸ 3Æ[p·7¯ c Z ±��p°
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(Ox, Oz)
(xrc, zrc)
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x0, y0, z0
xd, yd, zd
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φ
θ
ψ
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x
R
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n
z
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� ` Z ] [�· ` ¸���3 ^ ` ·�� c ¸�® ¯¨[�¯ `s°p] [p¸

va
v = [u, v, w, p, q, r]T

[Vw, θw, psiw]
vdl = [u, v, w]T

vdr = [p, q, r]T

va|Rd
Tsta
D(vdr)
vA = [va|Rd , vdr]

T

Tdy(vdlr)
gatt
Ta(vA)
Text
FB

R
FG
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¶ ± 3 ` · `%°�]a` ¸ 
/c · ±Gc���bG` ¸J® ° [ ]ac Z ± [ ° ` ¸

Md

ρinf = ρ
L0

M0

N0

α
β
A
Rey

m
L = a1 + a2
D = 2b
Lref = L

Sref = πD
2

2

Vol
CT
CN
CL
Cl
Cm
Cn
Fm

R
µ

δe
R
δg
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ṙ




Sg²\d¡ÌP��W

·
D(vdr)vA

1
6�N71
6�8
6�G°H3/_?<A28>es6�G7u\@%6�G=A\8'/26�1aA{4=:<GO¤2@%:<9�A\8>476�;7:<4=A\8*/)?</�esI76�1a~}/)9�6�G°H
1
:�esI7L�/�t
9�6�G�H31aÈ<Nx6�H3/�S±H31
/2G78
?</29�:Eu\G{«½1
A2H3/29�:Eu\G�Y°1
A2H3/29�:Eu\G{«½1
A2H3/29�:Eu\G®W�d

D(vdr)vA =




0 a22r −a33q
D1z1 0 a33p

(a11 − xm22)q −a22p 0
D1z2 −(a62 + a35)q D1z3

(a35 + x2m22)q −a42ra62p −a15q
D1z4 (a15 + a42)q −a53p

a24r −a35q a26r
a35q −a15q 0

−a24p− a26r a15q 0
−a64q (a55 − a66)r 0
D1z5 0 −a64r

(a44 − a55)q a46r 0







VXa|Rd
VYa|Rd
VZa|Rd
p
q
r




Sg²\d¡ÌD²CW

4=A\G7476
D1z1 = pm13 + r(xm11 − a11)

Y
D1z2 = pm33 + r(a15 + xm13)

Y
D1z3 = (a62 +

a35)r+a24p
Y
D1z4 = −(a51+a24−xm13)p−(a26−x

2m11)r
t
D1z5 = a64p+(a66−a44)r

d

·
Tsta(va|Rd

2)
1a6�N71a6�8a6�G�HZ/)?<A\8ª6�8�esI76�1a~�A\8>t�@%A\@F6�G�H3A\8[6�8aH3/29�:EA\GO/21a:<A\8�Y�1a6�es6�1
6�G=9�:o/P47A\8>/�Æ*Ç

A+/+?o/*GO/21a:<~
N �

� d7v�/P;�6>1a6�8
/2?EH3/21 y I76�476�G�H31aAJ476�6�8aH
6>B\6�9�H3A\1�Y=8a6>1
6�?o/29�:<A\GO/'?o/P8�esI76�1
~}/P8�476
es1a:<9�9�:<u2G"476�I7GQ9�I76�1aN�A>8aI7@%6�1
L2:<47A[6�GQI7G *OI7:<4=A[t*?o/ª476+*O6�9�9�:<u\GQ4=6p?<A28(/2?E6�1aA\G76�8�YP4=6�G7A2H3/24O/
NxA\1

δe
NO/213/56�?<6�B2/P9�:<u2G_A59�A\G=�OL\I=13/29�:<u\GK8a:<@%Î�H31a:<9�/�t

δg
NO/21
/547:<1a6�9�9�:<u2G_A�9�A2G=�OL\I71
/29�:Eu\G

4=6�8
:E@FÎ�H31a:<9}/{d�£�/P8+476 *O6�9�9�:<A2G76�8J476F?<A\8+/2?<6�1
A\G=6�8"/Pes6�9�HZ/_?EA\8"6�8aesI76�1
~�A\8J?o/PH
6�1
/2?UY�G7A21
@F/2?zt
H3/2G7L\6�G79�:</2?�Sc1a6�8
Nx6�9�H3:�B2/P@F6�G°H
6

CL
Y
CN

t
CT
W�Y®t�?EA\8ª@FA\@%6�G�H
A\8[4=6J/2?o/P;�6�AKSc1aA\?<?oW�Y79�/2;x6�«

9�6�A�ScN=:EH39Z^OW[tbL\I7: 'O/24O/MS±t�/}­[WJSc1a6�8aN�6�9�H3:�BP/2@F6�G�H36
Cl
Y
Cm

t
Cn
W[4=6�?z47:E1
:<L2:<;7?E6*9�A\@%N7?<6�H3A

Ss9}/21a6�GO/{Y7L\u\G74=A\?o/28�Y76�?E6�9�H31
u2G7:<9�/�6�@Q;O/21a9}/247/=YO/2?E6�1
A2G76�83W�d

Tsta(va
2) =




1
2
ρva

2SrefCT
1
2
ρva

2SrefCL
1
2
ρva

2SrefCN
−1

2
ρva

2SrefLrefCl
−1

2
ρva

2SrefLrefCm
−1

2
ρva

2SrefLrefCn




=




Fx|sta
Fy|sta
Fz|sta
L0

M0

N0




Sg²\d¡Ì2Ì\W

£�A\8�9�A{6��O9�:E6�G�H36�8[4=6%²2d¡Ì\ÌQ1a6�N71a6�8
6�G�HZ/2G�¯
����� �&0�)* �
 ��#*� ��6&C	��)/C	�� ��:)/ "�	�(��)���C&��C�)
	��='9;��
 �� �&���	#��������	#$ "��
8)F�&�
��
9@ #F
(; C	
8����C	)F�&�
���&; �	�9C	
��(���1�� "
(; �+
��

��
������	�H;<

� �������&���&�9C�)/�� "
(;$� #/���9����)
�

²��



� ���#� � $���� ����� �'�����-����� ��� � � !5��� ���	�����

·
Fx|sta

YP?</ªesI76�1
~�/�A>6�8�esI76�1a~�A>H3/2G7L\6�G79�:</2?UYC9�A2GQ6�?{9�AD6��O9�:<6�G�H
6
CT

/28aA{9�:o/247A�/�?<A2806�8aesI76�1
~�A28
G7A21
@F/2?<6�8�9�1a6}/247A28ª8aA\;71a6"?</Q9}/21a6�GO/=d

·
Fy|sta

Y°6�8�esI76�1a~�AQ?</PH36�13/2?©Y29�A\G56�?®9�A{6��O9�:E6�G�H36
CL
YD/28aA{9�:o/24=A+/*?<A\8w6�8�esI76�1a~�A\8�?o/PH
6�1
/2?<6�8 y I76

/29�H3ÄO/PG�8aA\;71
6'?</Q9}/21a6�GO/=d
·
Fz|sta

Y�?o/�esI76�1
~}/'G7A\1a@�/P?UY29�A\G=esA\1a@�/P4O/>6�G�H31a6[8aI78w6�?E6�@%6�G�H3A\8w9�A\GF6�?O9�AD6��O9�:<6�G°H
6�HZ/2G7L26�G{«
9�:o/2?

CN
YO/28aA{9�:o/24=AF/Qes6�G7u\@%6�G7A\8 y I76*/29�H3ÄO/2GX476'@F/2G76�1
/QHZ/2G7L26�G79�:o/2?�8
A\;71a6"?</Q9}/21a6�GO/{d

·
L0

Y2@%A\@%6�G�H3AR4=6 /2?o/2;x6�AJSc1
A2?<?±W¢YC9�A\G
Cl
9�A\@%AR9�AD6��O9�:<6�G°H
6�476�;=:<47A*/>?<A28 @FA2@F6�G°H
A\8 G7A21�«

@F/2?<6�8(/P9�H3I7/2G�H36�8(8
A\;71a6p6�?{47:E1
:EL\:<;7?E62d�.0/213/[?<?<6�BP/21�6�8aH
6�@%A\@F6�G�H3A[/2?{9�6�G�H31aAR476pL213/}B\6�4O/24�Y
8a6*4=6�;x6"/PN7?<:E9}/21�?</Q8
:EL\I7:<6�G�H36RH31
/2G78aesA21
@F/29�:Eu\Gb¯

LG = L0 + zGFy|sta
d

·
M0

YO6�?�@FA\@%6�G�H
A%4=6*9�/2;x6�9�6�AKSsN7:EH
9Z^®W�Y®9�A2G�6�?�9�A{6��O9�:E6�G�H36
Cm

476�;7:<4=A�/2?�@%A\@%6�G�H3A�476
9�/2;�6�9�6�Ab476�?w47:E1
:EL\:<;7?E62dÉ£�/)H31
/2G78aesA21
@F/29�:Eu\G y I=6�8
6%476�;�6�/2N7?<:E9}/21RN7/213/)H313/P8
?o/P4O/21
?EA)/2?
9�6�G�H31aAF476'L\1
/}B\6�47/24_6�8*¯

MG = M0 + xGFz|sta − ZGFx|sta
d

·
N0

Y76�?É@FA\@%6�G�H
AQ476RL\I7: 'O/24O/5Sst�/}­[W¢Y79�A\G
Cn

6�G�H31a6R8
I78 9�AD6��79�:<6�G�H36�8�t5/PH31a:<;7I=:<47AJ/Q?EA\8
@%A�B{:E@F:E6�G�H3A280476�4=:<1
6�9�9�:<u\GQ4=6�?=8a:<8�H36�@F/=d2£�/ªH313/PG78aesA\1a@�/P9�:<u2GQNO/21
/�1
6�N�A\1�HZ/21a?<A�/2?=9�6�G�H31aA
476'L\1
/}B\6�47/24�6�8"¯

NG = N0 − xGFy|sta
d

£�/�:E476�G�H
:E�O9�/29�:Eu\GÅ1
6�/2?<:E~}/24O/]6�G �������5¦ � 
 4=6�?EA\8�9�AD6��79�:<6�G�H36�8)476M?EA\8�6�8�esI76�1a~�A\8�t
@FA2@F6�G°H
A\8ª/26�1aA{4=:<GO¤2@%:<9�A\8�Y{8
6�L\Ä7G_?</28�H36�A\1
È</28 /2G�H36�8[@%6�G79�:<A\G7/24O/28"S ��1atD8
A\GXtX�R:<1
9Z^=A	�|W
t�9�A2G�?</J/�tDI747/F476�?�H3Ä7G76�?�476RBD:<6�G�H
A7YO8
A\GXN71a6�8
6�G�HZ/247A28[6�G�?</+HZ/2;7?</�²\dE²2d

.�A{9�/28RN7I7;7?E:<9�/29�:EA\G76�8[8
6J47:E1
6�9�9�:EA\GO/2G_1
6}/P?<@%6�G�H36J/5I=G�@%AD476�?</247A�6�8aH
1
:<9�H3A�476J?EA\8�8a:<8�H36�@F/28
H3:<NxAX47:<1a:<L\:E;7?<6�8�476%N�6 y I76('O/�6�G�B\6�1
L�/24=I713/=d(�R13/2G74=6�8"/2N�A21aH36�8*esI=6�1
A2G�1a6}/2?E:<~}/P47A\8'/2?E1
6�4=6�47A\1'476
?<A\8R/ '7A\8Q²�k\Ì2��t`²}k\�\��NxA\1'��I=G #qhj�_/n�=� & m©Y�¬�6�£�/2I71
:E6�1�tK��I76�?<?<6�1�Y�A\1
:E6�G�HZ/24=A\8R/�8a:<8aH
6�@F/28>476
L\13/2GX6�G�B26�1
L\/247I71
/=d>IªG�H
13/2;O/�raAF6�G_?o/J@%:<8a@�/Q47:E1
6�9�9�:Eu\G y I=6"6�?�4=6�83/P1
1
A2?<?o/P47A�N�A\1ª� t{L2A\I7G76�G792Y
6�8wN71
6�8
6�G°H3/247A'NxA\1w�RA\@F6�8(tJ�ª/2@%A\8(6�GXhÏ�'�[k *nmOAR6�8aH3I=47:<A\8z9�A\@%A>?<A\8(1
6}/P?<:<~�/247A\806�G�6�?=N71
A�t\6�9�H
A
9�A\G]6�?w47:<1a:<L\:E;7?<6�� 
���� ¦QY�476�@QI76�8�H31
/2G y I76�6�G]9�I7/2? y I7:E6�13/)476%?<A\8*9}/P8
A\8"6�8*47:EesÈE9�:<?(9�A\G78�H31aI7:<1
I7G�@%AD476�?EA]@�/nH36�@F¤PH
:<9�A�476�?R8a:<8�H36�@F/]9�A2@FN7?E6�H
A7Y y I76�4O/2G747AË8
:E6�@%N71
6M/P?<L\I7G7/]47:<GO¤P@F:E9}/�NxA\1
@FAD476�?</21ªA5NO/21a9�:o/P?<@%6�G�H36*@FAD476�?o/24O/{d !01
/2;O/CraA\8�9�A\@%A�6�?(N71a6�8
6�G�HZ/247A)6�G�hj.|i7�'£���lCm©YÉ@QI=6�8aH
13/2G
8
6�1ªNO/21a9�:</2?<6�8�6�GX?o/J:<4=6�G�H3:��O9}/29�:<u\G5t5@FAD476�?</247A+H
A2HZ/P?�476�?�8a:<8aH
6�@F/=d


���
�� �����������x� ��

·�i{:x8
6>N7?</2G�H36�/ y I76>?</*esI76�1
~}/"476�6�@FN7ICra6�6�8p:<L\IO/P?®/�¯ FB = Vol(ρair − ρhel)g

t%8
:x8
6>4=6�8
6�/
83/2;x6�1[6�?�BP/2?<A\1 476"?o/%9}/21aL�/FNO/PL�/bS�� # � �  �� � �w ÏW�Y®8
6+H
:<6�G76"4=6+?o/�6��{N71a6�8a:<u\G

FB = (mD +
mload)g

Y�6�?xBP/2?EA\1w476�?</*9�/2NO/29�:<4O/24F476ª9}/21aL�/"NO/PL�/"476�?�4=:<1
:EL\:<;=?<62dP� y I7ÈUY mD

1
6�N71
6�8
6�G°H3/Q?o/
@�/P83/+476ªH3AD4O/"?</"6�8aH31aI79�H
I713/Q4=6�?É8a:<8�H36�@F/*t

mload

1a6�N71a6�8
6�G�HZ/Q?o/*@�/P83/+476[?o/*9}/21aL�/"NO/PL�/=d
·Å£�A\8"9�A{6��O9�:E6�G�H36�8+:EG76�1a9�:o/P?<6�8R4=6F?</)@F/PH
1
:<~J4=6F@F/283/P8*6�:EG76�1a9�:o/P8

Md

8
6%1
6�/2?<:E~}/2GM6�G�esI7G{«
9�:Eu\GM476F?</5L\6�A2@F6�H31
È</5476�?w47:E1
:EL\:<;7?E62d I[G7/X@F/2G76�13/�476%476�H
6�1
@%:<G7/21>6�8�H3A\8*9�AD6��79�:<6�G�H36�8*6�8
N71
6�8
6�G°H3/24O/�6�G�hj� t{L\�\�Pm©Y N�6�1
@%:EH
:<6�G=47Ab476)6�8�HZ/M@�/PG76�1
/=Y0H
6�G76�1%I=GÊ8a:<@QI7?</247A\1"9�A\GËI7GO/
6�8�H31
I=9�H3I=13/F;7¤28
:E9}/Qt�8
A2?<A�@FAD47:��O9}/21�8
I78ª9�AD6��79�:<6�G�H36�8ªNO/21
/QH36�G=6�1 ?<A\8�8a:<@QI=?o/247A21
6�8�4=6*?EA\8
47:<1a:<L\:E;7?<6�8��R�>�[��� t�Iª1
��GÉd

·Å.(/21
/"I7GF47:<1a:<L\:E;7?<6�476�?OH3/2@�/ '7ARtJesA\1
@F/R476����n���_t��PA �_����� �bY\?</'esI76�1
~�/*476 es1
:E9�9�:<u\G
N7I76�476J8
6�1R6�8
9�1
:�HZ/59�A2@FA

FD = 1
2
ρV 2ACD

Y�47A\G74=6
ρ
6�8>?</�476�G=8
:<47/24M/PH3@%A\8�esÎ�1
:E9}/=Y

V
6�8

?o/JB\6�?<AD9�:<47/24�G=A\@F:EGO/2?�476*476�8
N7?</2~}/2@%:<6�G�H3A%?<:<;=1
62Y
A
6�8[6�?�¤21a6}/F4=6"1a6�es6�1a6�G79�:o/Ft

CD
6�8[6�?

9�AD6��O9�:<6�G°H
6�/24=:<@%6�G78a:<A\GO/P?\476�es1a:<9�9�:<u2G*4=6�?D9�I76�1
NxA7d2�zG"I7G+47:E1
:EL\:<;7?E6 6�8�HZ/[esI=6�1
~�/[476wes1
:E9�9�:<u\G
6�8"I7GO/�9�A\G�H31a:<;7I79�:<u\G�476%?o/�es1
:E9�9�:Eu\GM476%N7:<6�?z476�?</)9�/21
6�GO/Xt�476%?o/�N71a6�8a:<u\G y I=65/29�H3ÄO/2G

² Ñ



�����&��� �'�����-����� ��������� � ���
	 !�� �

8aA\;71a6�6�?E?o/=d0i{:|?o/�:<G�H36�G79�:Eu\G`6�8Q476�H
6�1a@F:EGO/21*?o/XB26�?EA{9�:<4O/24`@FÈEG7:<@F/)/_?o/ y I=656�?|47:<1a:<L\:E;7?<6
B26�G79�6�1
¤F6�8�HZ/JesI76�1a~}/=YO4=6�;x6�@%A\8 /29�I=47:<1 /�6�8�HZ/�6�9�I7/29�:Eu\G�d

· �z?[NO/213¤P@F6�H31
A�476K/2?</21
L\/2@F:E6�G�H3AÊSs6�G es13/PG79�Î�8�� �   �x��� �"! � �%$��EWJA]6�?[13/247:EA`@F/}t\A\1MSs6�G
:EG7L\?E6�8�� $ � ������� ��
 
 � ��$ � �	�<W|6�8�:<L2IO/2?�/2?�47:<¤2@F6�H31aAQ@�/}t2A\1�476R?</+9}/21a6�GO/J8aA\;71
6'?</+?<A\G=L\:EH
I74

Æ � ��
 ��� � � $ ��
 � � � � � �c� � ! ��� � 


CN = 0.024 + 0.937 sin 2(α + 0.085δe) cos2 β + 1.855 sin(α + 0.085δe) cos β√
sin2(α + 0.085δe) cos2 β + sin2 β

CL = 0.1226 cosα sin 2β + 0.372 sinβ
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sin2 α cos2 β + sin2 β + 0.937 cosα sin 2(β−

0.085δg) + 1.855 sin(β − 0.085δg)
√

sin2 α cos2(β − 0.0855δg) + sin2(β − 0.0855δg)
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(
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L +K2

)2

+K3

)
cos2 α cos2 β

K1 = −0.0553 − 0.0129δe + 0.0488δ2
e

K2 = −0.061 − 0.4132δe + 0.6899δ2
e − 1.276δ3

e

K3 = 0.1069 − 0.0087δe + 0.0932δ2
e
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K1 = −0.0553 + 0.0129δg + 0.0488δ2
g

K2 = −0.061 + 0.4132δg + 0.6899δ2
g + 1.276δ3

g

K3 = 0.1069 + 0.0087δg + 0.0932δ2
g

Cl|N = 1
ρSrefLref

(0.548 sinα + 1.045ρ cosα) sin 2β

Cm|N = −0.04 − 0.173 sin 2(α + 0.2δe) cos2(β) − 1.234 sin 2(α + 0.2δe) cosβ√
sin2(α− 0.2δe) cos2 β + sin2 β)

Cn|N = 0.012 cosα sin 2β − 0.069 sinβ
√

sin2 α cos2 β + sin2 β + 0.173 cosα

sin 2(β − 0.2δg) + 1.234 sin(β − 0.2δg)
√

cos2 α cos2(β − 0.2δg) + sin(β − 0.2δg)
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ṙ = k2|δgr + Frcxrc + k1|δgδg

Rg² jÏÌ J T

��	�����

k2|δg = u(mxg+a26−mx11)

(Iz−a66)

t
k1|δg = −

1

2
ρu2SrefLrefCnN

(Iz−a66)

j
.-/��3/g� ��8 ;>9<D�6�� @4B E?9 �C6�� @C8 @��0D

���%,/����	�,\
��N��	 ,?��	C��
���	 ,F��
��)6�������	 ,\����&/
�,\#)������&/
�����	 ,�"�,�
:��
�!E
:����������&/�E~(����t ��
�,.#E
$&H���
6��0��,4��	 ����������	 ��
�,;��
+B�6�
���	�j�¬^
D
�,.&H�1�
����
��/�F
��-,.��,G&/
��
�F	 #@
����F,���
���#���
>
��e����B%��������
�~I��
D��	 ,
�
	���
���	 ,�#�������&/
(�%��	 ,�t9#E	��*��	3&H����&/	)"0��	 ,��.
�� 6�������	 �.
�, y 6�
I,�
I����,.
('�
��a#@
����
����
���
��3¤��\,���
���#���


��:����,[~�	 ����,4��
D	�#E
��/�����<u �2������
�����tMB%��������
�~>�)
D��	 ,;�
	���
���	 ,;��
��)6�������	 ,�j��-	 �^
�,.&�	�"A,.
D#�������&/
(�
6��a
�,���
��0���.��	F�)
>����,.��	 ��
�, y 6)
>��
�!E
I,�
�� 6����ªt9�.
�,�#@
�&/���*
��a������
��)���0�3��
I��	�#E	�,���!)��
>�0
�����
���&/


��Z,���,.&�
��
�)j
² *



�����#��� �'������� � ! � � $ ��� ��� �

�7
���
��/�����

��'&�
1��	�,DBC6)
���	�,3,�
9
����
���.�(���O
�� 6����`�%��&/�Y&/6��c��
���6������+��

20m

tO��	:�
�}t 	 �3�
200m

�)
��<#)6���&/	2��

��
�,.#E
�� 6�
%jz£d�MB 
���	����������c��

��
�,.#����P~(������
��'&�	a
�,+�Pr����0�\
���&/�.

5
�

6m/s#0�%�/�!�_����� � t+
���&/�.

6
�

8m/s
#0�����R���P���]"��)	7
��C��
�����
�����	�r�����¤%,X��	�,

35km/h
	

45km/h�.
�,�#@
��$&/�YB��%�

��'&�
�j(�]�]&/��
���#E	M��
FB�6�
���	2
��O�(���0�M#���6�
�!0�2��	2,.	 !��.
�#0��,��2��	 ,
25min

"L
�,.#E
������%��«
��
���&/
^#E	 �<��������&/������	 ��
�,��)
7!0�%&/
��
È���,�
�� ������� � t1#0�%�/�+&/
���
���!��Cr���,�B%������������	 ��
�,<��
7�
��,/�C"
���A��	 ��,.6�������,.
8���D����,.	 �����0�+
��M
��Z�(��,.	
��
*���n����j

¦! � ��
 # � �
� �
I;���I�
����
��/�7��
 �0����
��]
��0��
�,�#@
�� 6)
;��
��[�����.��� ��!���
�
�,]���YBC������
�����	8����eg�%,�
K��
K��
�,.#E
�� 6�
;
�����	 ,

,.6�!{«½eg�%,�
�,�jn�]�I����#��.����
����)"�
��������.��� ��!���
-��
�,.#E
����KB�
��G&/����������
���&�
 ����,.&/�*6����;���Y&/6�������
�e�
���
��������)jC£Z	 ,
���$&/60�%��	 ��
�,�����#������(���)	 ,]
��9
�,G&H�3�F�%����	 !)�/�>,.	 �9��	 ,=#���	�#�6���,.	 ��
�,IR

T T tF���>B�
���&�	 ���E~(�����<u �
µ
j7£d��,

B%���.����!���
�,���
I
�,G&H���)	F�F¤�,K��
���
�B%����&/
�,^
��a
�,G&H��#0���.&�
>�)
IB�6�
���	�,�	 �
z
"
w
j®£Z6�
���	F��	��
	J,�
�� 6������

,.6�!{«½eg�%,�
�"-���������(���7~����I6��0�2���Y&/6����\�.
�e�
���
��)�����C"-,.
F��
������E~(�96��0�M&��/���),������<u �`��	 �)��
1���?B 
���	������0���
��
M��
�,.#����P~(������
��'&�	U�)
�!@
a����
����%�
�%�KB%����	 �J��
a�.
�e�
���
��)����� Rg#��.
��Pr����)	c,�
��\Ä��k
��;��������� ��!���
 T j £Z	 ,���$&/60�%��	 ��
�, y 6�
7� 	 !)��
��.�0���1
�,.&�	 ,��
	VB�������
���&/	 ,=,�	 �?��	 ,<#��.	 #�6���,�	 �.
�,IR

T T "C���>B 
���&�	 ���E~(�����<u �`R
µ TtU��	 ,+����
���	 �)
�,D
��O��	 �=��� 6��/�%���<u��b,����FÎ$&/�����(�cR

δe T j(£d��,+B%��������!���
�,I��
?
�,G&H����	e���
#)���������0��,8
��O���
&��/����,.�����<u �?,.	 �

x
"
y
"
z
"
u
"
θ
t
w
j

< &/���^�F�%��
����^��
�
�e�
���&�60���W
��)��
�,�#@
�� 6)
�,�
��.
(�����<~(�*��60�%����	7
��C�����.��� ��!���
���6�
���&/�8��	 �3,�6{�0����
���&/

B�
���	������0���8#0�����*��	 � �����5�(�%�D!���	�,Z��
�����&���&/6)�I��	 �I��	 ,d����
��.	 ��
�,�jC¬^
�
�,.&/�;�
����
��/�)"(
��������.��� ��!���
-#0���G&/

��
<6��0�^#@	 ,������Eu �+�������������ER_�%��&/6)�/�;��� 60�������C#�6���&/	7�)
���
�,.#E
�� 6�
 T ��	 �+B�
���	C�����0���+��6)���[t>����
����;�^6��0�
���Y&/6����?��
�e�
���
��������\��	 �UB�
���	������0���`#���
��Pr����0�9,�
��\Ä��b
��������.��� ��!���
%j�£Z	 ,I���$&/60���)	 ��
�,>���'B�	 ��6)���/�%��	 ,

��?
�,.&/�3
�&H�%#0�D,�	 �9��	 ,<#��.	 #�6���,�	 �.
�,IR

T T "C���>B 
���&�	 ���E~(�����<u �`R
µ T t1��	 ,��%��
��.	 ��
�,�
��9��	��=�0� 6��������Eu �

,.���%Î�&/�.�����?R
δe T jO£d��,�B%��������!���
�,���
7
�,.&H�%��	
���
#)���������0��,�
��\
�,G&H�3�
������	�!��/�+,.	 �

x
"
y
"
z
"
u
"
θ
t
w
j

¦! ��$ � �C� � ��� % �
�����%&�
����.�<~��Cr.
1,�
9#�6)
���
9��
������E~(���>��
?6��0�e�
����
��/�2,����
�������I�e���%,D
�&/��#0��,3��
�����
�,�#@
�� 6�
%"�
�,

��
�������"����'B����.&/��
����)	3��	 ,�#��.	C��
�,.	 ,^�%�'&�
�,K��
�������	 �0�%��	 ,�#0�����3���+eg��,.
I�)
I�)
�,�#@
���6�
�j

¦! � � �  � �\�'� � � � �
���J
�,.&/�>eg��,�
�,.
���
�!@
�����������&/�E~(���-���^B 
���	������0���D��
��)
�,�#)���2~����
��
���&/	[tD���^����&���&/6)�D��
��C�����.��� ��!���


��	 ��,.&/����&/
�,�"0#0�����3��
(�%���<~����=B�6�
���	 ,�
��9
��5#�������	
xy

����
�������
���&/
;��
�,�����	�#������)	 ,IR � � �  ��  �� $ � � �  T j¬^
<
�,.&/�4�F�%��
����)"%,.
�#�6�
���
���
������E~(���L�0�(B 
��������Eu �5"%��	 ��&/�.	 ���%����	^,.	 ���%�

��'&�
���	�,X����
��.	 ��
�,X
��3��	��=�=«
� 6)�/�����<u �J��
�,����%Î�&������(�
R

δg T "'��	 ����
*���%,]B%���.����!)��
�,]��
*
�,G&H���)	+��
���������	 �����0��,],�	��
x
"
y
"
u
t
v
j �-���/�

��,.
�� 6)�/���*6��a��	 ���.
��$&/	Fe�6)������	 �0������
��'&�	J��
��d������������!���
4
��M
�,.&/�Feg��,.
�"[,�
>��
�!@
>� ���/����&��<~(�%� y 6�
>
��

��X��	 �

���&/	F�)
D��
 y 6)
������46��e�����D!���	F��
3�%��&/�Y&/6��M,���� ���E���(�%&���B 	)"@�
�}t 	 �4�F6��e�(�%�D!���	
�����
�Y&/
8��

����#�����&/6)�2
��`���1�.
�e�
��.
��������URse�6�
��/�?��
���#�6���&/	M��
J	 #E
��/�����<u �e#����/�?
�� y 6�
�,�
J����,�
 '7uM
�����
�� 6����C«
��	�� T "[,.
+#0��,.
D�F6)�0��&/����
�� y 6�
D#��.��	 �.�<~��J
��-��	 ��&/�.	 �-�)
D���Y&/��&�6���t\����
$B%��
��-��������� ��!���
7�
���F���Y&/6����
,.	 ��������&/���0�?R � � �  �  �x��� � $��)� �c� �  T j I*�0�JB�
�~I��	 ���/����	3
��Z	 !Dr.
$&/��B�	�"�,.
>�.
�� �.
�,/���3���3�0�(B 
��������<u �

��M
��Z#������)	 ��	 ���E~�	 ��&/��� j

v<	 ��,.����
��/���)��	1
�,G&H��, ����#xu�&/
�,���,�"@����, eg��,�
�,4#0�����F6��aB�6�
���	?�%6)&3u �)	 �
	
��
��-�����.��� ��!���
%"�#�6�
���
��
,.
��K��
�#���
�,�
���&/���0��,;#E	 �����+�0� 6�����² jÏkCj

²�k



� ���#� � $���� ����� �'�����-����� ��� � � !5��� ���	�����

³|´±µ�¶�² jjk"· � ÁZÃgºgÃ|¿�º�� 4nº�.j¼ �CÁ¢¾©Áªº6.{¿5(�¾)(+*5(-,6.jº
� 
�� ���	��

������������� � ��������

������� ���	������

������� �����

�-���.&���
��)��	1��
��X,����D6�������	 �*��
�,������.	 ��������	
#E	 ���ªt�� 	 6)��
����3
��e
��-����!@	 �/� &/	 �.��	F£��[�Ri°«gv�¨��[iE"

��|��� 2 "Z��	 ��,G&/��6)����	M,�	 !��.

���?!0��,�

��
��]� �����`�
	���
���	9�����O¤%�
����	?��	��

��'&/����	M����&/
�����	�����
���&/
Jt

��`���1#����%&H�Pe�	����
�5�a�%&�����!D«�iC���D6������ #["[,�
J����#���
��

���&3u16��:��	C�)
���	F��
J,����+6��������<u �a��
3
�, y 6)
��
�
� 
���
��/���_"d��	 ����

,�
�&/��
���
��U6��0�\����&/
��aeg��,.

� �
¤P�0���M��

6�,�60�%����	bR��5� � # � � � �  *� 
	� �����%$ � ��� ��� �! 
�)��� T y 6�
J��
�,�#�����
�� �1����e�	�&�	\�)
���������������!���
 y 6�
J,�
J
�,.&H�?&/����!0�Cr��%����	�"5#@	 ,.��!�������&/�

��W�(���+!���	?
��
�����)
(�8��
^��	 ,=#����3¤���
�&���	 ,]!0�%,/����	�,<
��F���8� 
�	 ��
�&��
È��I��
��[,���,G&/
��F�'t
��	 ,�B%����	 �.
�,���
^����,],�
 '0����
�,<��

��	 ��&/�.	 � jOv���!E
8�.
�,/�%��&H�%� y 6�
8
��Z,����D6�������	 �=��
8��� 60�%�A�
����
����D#E
�������&�
4�(���+!���	 ,��)
I���D�F�%� ����&�6��
��
��ZB���
��'&�	Jt?,�6\	 ����
���&H�%���<u��5"�	J��������6�,.��B�
�"�#@
��.�
�Y&/
4��
�r�����B%������������	 ��
�,�����
��%&/	 �.����,�j

£d�]�0� 6����Å² jE²}�)"��D6�
�,.&��/�O
��7,.���D6�������	 �
��
����P���]"�
��4��60�%�7#���
�,�
���&/� 6�� 
�, y 6�
��
� �F¤�,
� 
���
��/���@
��
��	 ��#0���������Eu ���>��	 ,],����+6������)	 ��
�,��)
����#"%$'&!&�t �_����� �2" #�6)
�,<
���&/��
;,�6�,|e�6�
��a~(��,

���&/
�����	���
�,*,�
I
��)��6�
��'&��/�F���3����
����0��#E	 �K
��Z��	�&�	 �K��
8��	 ���)"0�
��
���&/����, y 6�
I��	 ,K	�&���	 ,K,����D6�������	 �.
�,
��	
��6�
���&/���a��	 �9
�,.&/��e�6)
��
~��)j

� � �.	 ,�	`��	C��	)"X��	�,3,����+6������)	 ��
�,3����#���
��

��'&/����	 ,1Rg6��)	U#@	 �3�(�%�0�`�)������� ��!)��
�"L
�� ���#"($!&!&Z"
�_����� �
tK���n��� T #E
�������&�
��a6)�0�FB%�����������Eu �a
��e�����)
(�
�)
D��	 ,;��	�
��0����
��'&�
�,8�%&�����!�6����)	 ,^�1����,
�(��������&�
��
È�,.&����(�%,4� 
�	��FÎ$&/�����(��,;��
D�����0�16���	?�)
D��	 ,;�����.��� ��!���
�,�"[#@	 ,���!�������&H�%����	J6��e��
gr.	 �^���O¤�����,���,
,�	 !��.
+���JB%���.�������<u �\#0�������FÎ$&/�.���(�3��
>��	 ,K,.��,.&�
��
��,�j�v<	 �Cr.6���&/	?��
�,.&�	�"@,�
+#@
��.�
�Y&/
8
��L�(�%�D!���	J��

����,>��	 ���)������	 ��
�,>
¢�C&�
��.��	 �.
�,D��	 �
	M���\�F��,��\B�	 ��6��%Î�&������(�UR

ρ T "-���M�
��� ���Y&/6��Mtc	�����
���&H�����<u �`��
��
BC��
���&/	)"LB%���.�������<u �:��
����9�(���.����ÄC&/��� t`#@	 �I
�����
%"-���\#@	 ,.�����Eu �`��
��]��
���&/��	a��
F� ���(B 
������ R�Æ�� T j¬^

��� 60���X�F���)
��/�C"5#���
�,�
��'&/�M��������&H�%����	���
�,*,�	 !)��
�����,7,.
('0����
�,8��
�
���&/�����0�)"Z����,7����,��
��,4,.
('0�%��
�,
��
>��	 ��&/�.	 �d��
��d,���,.&�
��
�)j®��,.&H�%,;��������&H�%����	���
�,=
�,.&3¤��a!���,/������,K
��a����,K��
�,.&/�.��������	���
�,�esÈ�,.������,K��
>��	 ,
����&�60����	 �.
�,*��
��Z�)������� ��!)��
�j

I*�a!���	 y 6�
 y 6�
+�.
����%����	��0�3��	 ,K��	C��
���	 ,K��
I��	�,;,.
���,.	 ��
�,4��
�����
�,;����,.&/�������)	 ,�
��2����,K#���� &H�Pe�	 �g«
�F��,�"X��	 �Q,�6�,3�.
�,�#@
��$&/�YB 	 ,3&/��
���#E	�,+��
9��� y 6)��,������Eu �5"L
�,J����������	 �0����	a�2���a,��������0�a��
���,���,.&�
��
�)"
#E
�������&/��
����)	
&/
���
��76)�`��	���
���	F�D6=ta��#��.	}�)���F�%��	1�1���F��
��������0���5j�v���!@
J����	�&/��� y 6�
3��	 ,^�.
�,.6���«
Ì2�



����� � � ��� ��� $�������� ���

�������
	��
	��������������������! ���"$#% '&)(
*,+�-/.103254�03687:9
7�;�+�<=*,7�0>-/7�9?08@A2CBD9E+�-/.�6:FG08.1<H7JIDKL.16M*!+�-/.�05+�9�7�0NKO+�P:@A.Q-/7R*,6,+�SO+UT8.V-D7XWZYD[U\]Y/^_FK/68.1KL.16NP�@A.1<O+�</-/.`9E+CKL.108@AS/@
9A@A-/+�-a-/7b;c@A08BO+�9A@
de+�689A.10f7:<�P:BO+�9AghB/@A7�6�K/6N.�i16,+�2>+j-/7

3D
�k @
<O+�9A237:<=*N7�F_9E+l0N@
</i1B/9A+�6N@
-O+�-H2>+�*N7:2>4�*,@
Pe+VghB/7m0N7mK/687:087:<=*!+n7:<o7:9b23.%-D7:9A.l+nP:+�B/0N+p-/7�94�<Di1B/9A.$-/7qPe+�Sr7�P:7:.Rs

θ = 90 t Fh</.uP:.�6N6N7�0NKL.1</-/7v+�9A+u687e+�9
@A-O+�-wF1-/7:SD@A-/.�+�9A+$-D@A<O4�23@AP:+bK/6N.1KD@E+$-/7:9-/@
6N@
i1@AS/9
7qxaKr.16y*,+�<=*,.z</.37:0{P:.�</0N@
-/7:6N+�-O+ �
|u}8~ ���j�R�f�:�������C�a�q�

� 7{23.108*N6N�bB/<32>.c-/7�9A.�-/7{i16N+�<zP:.123K/9
7�T8@A-/+�-�F�i17:</7�6,+�9
2>7�<=*,7�B/0N+�-/.$KO+�6N+$08@A2CBD9E+�P�@A�1<jxj;�+�9A@��-O+�P:@A��< �h� KO+�6M*,@
6f-/7?7:0M*,7b23.%-/7�9A.$x30N7:i��/<�7:9r+�<O4�9
@A08@A0�-/7�9A+�23@A0N@
�1<>+�P:BD2>K/9
@A6�KL.16�7�9r-/@
6N@
i1@AS/9
7�F087j6N7:+�9A@
de+�68.1<R0N@
2>K/9
@
�OP:+�P:@
.1</7�0�-/7:9)2>.c-/7�9A./FO687:0NBD9
*!+�</-/.523.c-/7:9
.10{0N@A23K/9
@
�OP:+�-/.10�.>2>.c-/7:9
.10{-/7P�.1<=*,6N.�9�ghB/7�6N7�K/6N7�0N7�<h*,+�<p9E+�0CKD6N@A<DP:@AK/+�9A7�0j-/@
<O4�23@APe+�0�-/7�9A+���+�087a-/7a;cB/7:9
.�P:68B/P:7�6N. ��� 7�@Ai1BO+�92>+�</7�6,+DF/087$K/6N7�0N7:<=*,+�<X9
.10�0N@
2CB/9E+�-/.16N7�0y6N7:+�9A@
de+�-D.10y7:<�7:9
+�2CS/@A7�<=*,7uWZYD[U\]Y/^
�������m )\���¡)¢ �
£ 	



� ���#� � $���� ����� �'�����-����� ��� � � !5��� ���	�����

Ì\Ì



� �������	��

� �

������� �	�����������
� � ��� �����	��� � � �	��! " #$��!%�
� �
! �&� !'���	�(��


) D�E�@C;A9�* 9<D�9�� 6 �
+-,/. 021436587:9
;�<=<?>A@41 ,B,C,B,B,C,D,B,B,C,B,B,C,D,B,C,B,B,C,B,D,B,C,B,B,C,B,D,C, +FE
+-,G+ 0H9JI?143K>AL
<=MN<O>P@Q1SR�MN58MFTVUO3658>P<=M-WXT U=367:9J7ZY[<O\P]NYK>P<=7QY ,D,B,C,B,B,C,B,D,C, +N^

_a`b_a`dc egfihkjNlFfihkmonBfihqp6n8rtsvu `w`x`y`x`y`y`x`y`x`w`y`x`y`x`y`x`y`w`x`y`x`y`x`y` _8z
_a`b_a`b_ {}|Nf2uOmk~��Zp6nvp2~tsvu�j4�v���C�duN~d�[��hgp2lZnv|a�onv|N��h$�qfip2lN�qhk~d�=��hB`y`w`x`y`x`y`x`y` _��
_a`b_a`b� ���v�N�qfxrGnD~d�CjNrtf2�[f2u?monvp2~tsvu%f2u���n8mkrGn8����hklFh��qfihklNrdmonv|N��h�`y`x`y`x`y` _��

+-,tE ��;�Y�>A@41�Y6I�1�YK@Z5v>A<OM'��I?Yi3K>/TVMN<O>P@41S@QR�3K>/TVM ,B,B,C,B,D,B,C,B,B,C,B,D,C, +4�
_a`b�a`dc �guZ�8rd~thk~th�|Nfx�v�Fhqf2�k��n8�N~drd~t|Fnv| `y`y`x`y`x`w`y`x`y`x`y`x`y`w`x`y`x`y`x`y` _�¡
_a`b�a`b_ ¢�fi�v�k�GnC|Nfy£yn8rd�¤n8u `w`x`y`x`y`y`x`y`x`w`y`x`y`x`y`x`y`w`x`y`x`y`x`y` _�¡
_a`b�a`b� ¥(�qfihof2uOmonvp2~tsvu�|Nfyrt��h$n8rd¦=�v�k~dmk�[��h���|Nfihon8�k�q�vrdrt��h$f2u�hk~d�wlNrGnvp2~tsvu�`x`y` �ac

+-,d^ §�MF\/TVMF1¨<=7QT 7 >P9�I�143K>GL
<=MN9J7Z5©R�MN58MFTVUO3658>P<=7�W
ª«§����­¬�§�� ,B,D,C, E-�
_a` zF`dc {}|Nf2uOmk~��Zp6nvp2~tsvu�|Nfxrt��h��[��|Nf2rt��h��qfi|alFp2~t|N��h%`x`y`x`y`x`y`w`x`y`x`y`x`y` zO®
_a` zF`b_ ¯°n8rd~t|Fnvp2~tsvuD|Nf2r��[�?|Nf2rt��hq~d�CjNrd~��Zp6nv|N�$|Nf
�=f2rt��p2~t|Fnv|:±K|Fn8mq��h�|Nf2r=�²lNuF|N�

�qf6n8r³`x`y`x`y`x`y`y`x`w`x`y`x`y`y`x`y`x`w`y`x`y`x`y`x`y`w`x`y`x`y`x`y` z�z
_a` zF`b� {}|Nf2uOmk~��Zp6nvp2~tsvu�|Nf2r��[�?|Nf2rt�¤pi�v�CjNrtf}´µ��`w`y`x`y`x`y`x`y`w`x`y`x`y`x`y` z�z

+-,G¶ ·w7Q1�<O\/;�YK>P741�I?Y ,B,C,B,B,C,D,B,B,C,B,B,C,D,B,C,B,B,C,B,D,B,C,B,B,C,B,D,C, ^Q¸

¹ 
(� º�»�¼ 

� � �V½«½ �K¾©»
¿�,.&�
\����#��Y&/6���	2
�,3��	 ��,/�%� �/���)	U�e���a����
���&/�AÀ��(�����PÁ �O#0�%�/���ÃÂ�&��������a��
?��	 ,D��	C��
���	 ,>,����
#����AÀ4Ä

������	 ,�"-�%��� 6��)	 ,>#����2Å���
�&���	 ,8��
��=��	���
���	\��	 ��#���
kÆ.	VÇ`���VÈ�6�,.�PÁ �`��

���9���4È�	 �.�F�%���PÁ��e,�
��),�	 �.�����_j
É 	 ��	3#��.����
��/�>�

������0�C"),�
8#��.
�,.
���&H�J6��0�J��#��.	vÊ)���F�%���PÁ��1��	 �\��	�,���Â$&/	���	 ,����/Å�,.����	 ,�"0�%#������(����	�,

��c���\����
���&/�AÀ��(�����PÁ �`��
���	 ,I#0���HÅ��

$&/�.	 ,>�)
F��	�,I��	���
���	 ,8��
��)6�������	 ,�jË¿���,�
�� 6����0�)"L,�
F#)��
�,.
���&H�

��ÌÀ0��&���	:��
 Í8�����
���b
�� ,.6�,3B 
���,���	 ��
�,�ÎCÏ �ÐÇÒÑVÏ � ��	��
	�È�6�,.��	 ������	 �3��
9���2���4È�	 �.�F�%���PÁ��

��'&���
������0�+#@	 �=��	 ,�,�
���,�	 �.
�,�j:ÓZ6�
�� 	)"C���I&/
�	 �HÔ��>��
DÍ8�����
������	 ��	+����
���&/�GÀ0�(�%��	 ��#0���/�%��Â$&/������	I
�,
��#)���������0�7
��F���>!4Õ�,HÖ'6�
��0�D��
^��	 ,]B��%��	 �.
�,���
^��	 ,=#����2Å���
�&���	 ,���
;��	 ,��
	���
���	 ,]��
���6�������	 ,$Ç
����� 6ZÄ
��	�,W#0���HÅ��

$&/�.	 ,W��
���	������-Å��
����	 ,d��
�����	C��
���	;��	 ��#���
kÆ.	�j=×^�ZÀ0�0���_"%,.
�#���
�,�
���&/���J����,-��	 ������6�,.��	 �)
�,
��
��Z#���
�,�
��'&�
>����#-ÔY&/6���	�j

Ø�Ù



���������
	���
���������������� ����������� �!���"�#�%$'&%()����$*
,+.-0/1	2+���� �3+,���#+,
 $1���%�

¹�4H¹ º#� �y»�¼��15 ½ �©½ �K¾©» 6 � 
 �	� 7«¼ 

�8½ �98 � 7«¼�������� ½;:�<>=@?8½BAC=

¿EDGF�H�IKJ�DLHMF)N O*J�F�ÅPO�Q�R�H�S�N%T�NMUKVXW�QLW'O*JYF)NZIKQ�V:ÅPFZQLR�H)S#UKJ�IKJ[W'J�T\SKD�N%V2O*J]NPIKH^NMS�N%T_O*Q�T`IKJaW'U
T�J�W'SKUKJYW'ObN.Q�F�SKUKDLW�QLHcV�N%D
d�IKJYDKSKDeNPVfO�J]N%F�Q�JYV2O*HgI#J�DeN%WhT�JYDeN%RYQ�HcV#J�WËÈ ÔLW�QLR]N%WGN`O*T�N,i�Â�WEIKJ;DeN%WjJ�R�UKN%R�QLHcVKJ�W
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D�N%WlIKQ�V:ÅPFZQLR]N%WlIKJYDhW'Q�W_O*J�FZNZS�HcT0D�HcWlF�HpI#J�D�H%W0T'J�IKU#R�Q�I#HcW�d�W�J>O*T*NPt�N=Æ�N%IKHZDeN~O2ÂYR�VKQLR]NZI#JCFÃÔ�VKQLFZHcW
RYU�N%IKT�N%IKHcW�T'J�RYUKT�W'QLicH%W�d@DeNZR�U�N%DGSsJYT�F�QLO*J�D�Hcu%T*N%T0UKV�N9F�JqÆ'HcT`SKT�JYR�Q�W'QPÁcV!JYV!DeNMJYW'O*QLF)NPR�QPÁ%VnIKJ~DLHcW
iPN%DLHcT�JYW9IKJXD�HcW9S�NPT2Å%F�JYO�T�HcW9IKJ�D�H%W9FZH�IKJ�DLHcWMSKT'HcSKUKJYW'O�HcW Ç�O*J�V#J�TmJ�V2O*T�N%I�N%WmN%D\W'Q�W'O�J�FZN¹R�HcV
iPN%T'QeN%RYQ�HcVKJYW�S�J8ÖfUKJ�ºKN%WgNPD�T�JYIKJ�I#HcT"IKJ.UKV^i%NPD�HcT�W'J�uaÕ#VnJ�D@S#UKV2O*H�IKJ.HcSsJYT*N%RYQPÁcV9I#J�W�J�N%IKHKo
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¿ED@SKT�QLVKR�QLSKQ�HCIKJ.DeNaJ�W_O*QLF)N%RYQPÁcV)IKJ.S�N%T2ÅPFZJ�O*T�H%W"R�HcVmJ�W_O*J\O*QLSsH~IKJ>N%DLucHcT'QLO*F�H>IKJ>N%I�N%S#O*N%R�QAÁcV

S�J�T'Q�FÃÂYO*T'Q�R�N)��§9§M¨a�ESKUKJYIKJ\J�W_ObN%T�T'J�SKT'J�W'J�V2ObN%I#HZS�HcT;JYDxJYWHÖfUKJ�FZNaIKJ\D�N¤À�ucU#T*N Ø oq�cdpIKHcVKIKJ
y(k)JYWrD�N�W*N%DLQ�I�N`IKJ�D�SKT'HpRYJ�W'H�JYVZJYD�Q�VKW_ObN%V2O*J"I#JlO�Q�JYFZS�H

k
d
ŷ(k)

JYWrD�N�W*N%DLQ�I�N�S#T�J�I#Q�Rb}�N.SsH%T�J�D�F�HpI#J�D�H
N=Æ'U#W'ObNPtKD�JBÇ

ξ(k)
J�WlJ�D@JYT�T�H%T0I#J>S#T�J�I#Q�R�RYQPÁcV^JYVfO�T�J

y(k)
Ç
ŷ(k)

o
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Ó�N)JYVfO�T*N%IKN9N%DGW'Q�W'O�J�FZN)J�W\u%J�VKJYT*N%DLFZJYVfO�JCUKVKNMW�J�ºKN%D�tKQLV�N%T�Q�N�W'J�UKI#H?Ä·N%DLJ]NPO�HcT�Q�Nz�����a¨;§^�lIKJ
t�N=Æ�N�N%F�SKDLQLO*U#ICN%DLT�JYIKJ�IKH%TGIKJBDeN`T'J�ÈkJYT�J�V#R�QeNa��D�H%WjRYT�QLO�J�T'Q�HcWhIKJ�W'J�D�JYR�RYQPÁcVaI#J;DeN0J�V2O*T�N%I�N�SKU#J�IKJYV~W�J�T
R�HcVKW'UKDLO*N%IKHcW`J�V¹� ÓXÓh�n�c�P�e��d�S�J�T�F�QLO�Q�JYVKIKH�T�J]NPD�Q�w�N%T"DeN�J�W_O*Q�FZN%RYQPÁcV^F�Q�J�V2O�T*N%W0J�DhW�QLW'O*JYF)N~O*T�N%t�N=Æ�N
J�V9R�UKN%DPÖfUKQLJ�T;S#UKV2O*H~IKJ�H%SsJYT*N%RYQPÁcVMS�J�T'FZQqO*QLJ�VKIKH.ObNPFatKQPÂYVM}�N%RYJ�T�JYW'O�Q�FZN%R�QAÁcV)IKJgS�N%T2ÅPFZJ�O*T�H%WBJYV
O*Q�JYFZS�H\T�J�N%D-Ç~D�N�SsHcW'Q�tKQLD�QLI�N%IaIKJlJYVKR�HcV2O�T*N%T�F�HpIKJYD�HcWGIKJlSsJYT'O*U#T�t�N%RYQPÁcVxo�¡pJlIKJ�t�JlT�J�W�N%DLO*N%T�ÖfUKJ0J�D
R�T�QqO*JYT�Q�H[IKJ>J�W_O*J�F�Â�O*H�IKH[IKJ�QLIKJ�V2O�QAÀ�R�N%R�QAÁcV^W�HcV3D�HcW0N%DLucHcT�QqO*F�HcW;I#JCN%IKN%S#ObNPR�QPÁ%V3IKJ>S�N%THÅ%F�JYO*T'HcW
ÇnJYW�S�J�R8ÔGÀ�R]NPFZJYVfO�JaJ�DjUKW*NPIKH^N�ÖfU-ÔXÈkUKJaDeN�FZQLVKQ�F�Q�w�N%R�QAÁcVMIKJCDeNZV#HcT�FZNZIKJYDGJYT�T�H%TgR�UKN%IKT2Å O*Q�RYH)IKJ
F)N%V#J�T*N~T'J�R�U#T�W�QqiPN#o
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Ó�N\Q�IKJYV2O*QAÀKR]N%RYQPÁcV~ucTHÅ?À�R�N.W'JlT�J]NPD�Q�w�N�IKQ�T'J�R�ObN%F�J�V2O*JlIKJ"DLHcWET�JYW�UKDqObN%I#HcWrN%T�T'HOÆ�N%IKHcWEJYVZD�N�W�QLFaUQÄ

DeN%RYQPÁcV�Ç~RYHcVKW�QLIKJ�T�N%VKIKH�D�HcWEI#J�W*NPT�T�H%D�D�H%W�O*J8Á%T�Q�RYHcWrN%V2O*JYWBF�J�VKRYQ�HcVKN%IKHcWYoNÓ@HcW;NPD�ucHcT'QLO�FZHcWG§9§M¨ IKJ
Q�ucU�NPD�F)NPVKJ�T�N^}KN%V!O*J�V#Q�IKH^ucT�N%VKIKJYW>I#J�W*NPT�T�H%D�D�H%W�J�V�DeN%WCÕ#DLO*QLF)NPWgI-ÂYR]N%I�NPW�d@ObN%V2O�H ÖfUKJ�
����������
Q�VKRYD�U4Ç%J�U#V�N9R]N=Æ�N9IKJ[}KJYT�T*NPFZQLJ�V2ObN%W~�·��O*H�HcD�t�HvÊx� �`DLDeN%FZN%I�N�������� ��S�N%T*N9D�NMQ�IKJYVfO�QAÀ�R�N%R�QAÁcV!S�N%T�NOÄ
F�Â�O*T�QLR]NZN)S�N%T_O*Q�T0IKJaW'J�RYUKJ�VKRYQeN%WgIKJaI�NPO�HcWgI#JaJ�V2O*T�N%I�N�Ç3W*NPD�Q�IKNZIKJ�D�HcW`W�Q�W_O*JYF)N%WgN)Q�I#J�V2O*QGÀ�R]N%TYo
 jHcTlW�JYTlJ�W'O*N%W"O2ÂYR�VKQLR]N%WlDeNPT�u2N%F�J�V2O�JgO*T�NPObN%IKN%W"J�VmD�HcWÌÕKDLO�Q�F�HcW;O*QLJ�F�SsH%W�VKH[W�J.}�N%RYJ.T�J�ÈkJYT�JYVKR�Q�N�N
D�HcW"SKT'HpRYJ�IKQLFZQLJ�V2O*H%W"W�J�u%UKQ�IKH%W"J�VmDeN~Hct#O�J�VKRYQPÁcV^IKJ.D�H%W"FZH�IKJ�DLHcW�o
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¿ED0FZH�IKJ�DLHvJYVKR�H%VfO�T*N%I#H¹SsHcT�DeN�Q�IKJYV2O*QAÀKR]N%RYQPÁcV¦ucT2Å?ÀKR]N{RYHcVKIKUKRYJ!N{JYVKR�HcV2O�T*N%TMU#V FZH�IKJYD�H
R�HcV2O*QLVfUKHKd�IKQAÈkJYT�JYVfO�J�N%DER]N%W'H3I#HcVKIKJ�W�J�T�J�N%D�QLw]NMDeN9QLIKJ�V2O*QGÀ�R]NPR�QPÁ%V�RYHcV�F�ÔLVKQ�F�HcWgRYU�N%IKT�N%IKHcW>JKÊFÄ
O*J�V#IKQ�IKH¹�
N%DLucHcT�QqO*F�H^§9§M¨a�CÖfUKQ�JYV�S�J�T�F�QLO�JZJYVKR�H%VfO�T*N%T�UKV�F�HpI#J�D�H3JKÊpSKT'J�W*NPIKH!J�V ÈkH%T�FZN3IKQLWoÄ
R�T�J�ObN#o�Ó�N~J�RYU�N%RYQPÁcV Ø o Ù SKT�JYW�JYVfO*NZIKJ\T�N%w8Á%Vmu%J�VKJYT*N%D@D�NaJKÊpSKT�JYW�QAÁcV^IKJ.D�HcW�F�H�IKJ�DLHcW�J�V#R�HcV2O*T�N%IKHcW
SsHcT0J�W_O*HcW0FÃÂYO*H�IKHcWlS�NPT*N[DeN~icJ�DLHpRYQ�I�NPI3NPJ�T�H�IKQLV:Å%F�Q�R]NaJYV	ÈkUKV#R�QPÁ%V3IKJ>DeN�ÈkUKJYT�w]N�R�T'J]N%I�N�SsH%T0DLHcW
SKT�HcS#UKD�W'HcT�JYW�o

H11(s) = va(s)
T (s)

= k
τs+1

H12(z) = va(z)
T (z)

= b0+b1z−1

a0+a1z−1

� Ø o Ù �

������� ��!#"%$&�'$(!�)*�+�����-,/.������0./�1�2�0�5�'�#��!#��67�

Ó@HcWlF�HpIKJYD�HcWxÖfUKJ>T�JYSKT�JYW�JYVfO*N%VzD�N[T'J�D�N%R�QAÁcV9J�V2O*T'J�D�N[N%DLO�QLO*U#I
z
Ç^DeN~IKJ4��J�RYR�QAÁcVnW'Q�FÃÂYO*T'Q�R�N

δeIKJ.D�HcWlN%DLJ�T'HcVKJ�WYd�W�J.SKUKJYIKJ�V3J�W'R�T�QLtKQ�T"RYHcF�Hm�

H21(s) = z(s)
δe(s)

= k
s(τs+1)

H22(z) = z(z)
δe(z)

= b0+b1z−1+b1z−2

a0+a1z−1+a2z−2+a2z−3

� Ø o��f�

¿EDEFÃÂYO*H�IKH^ucTHÅ?À�R�HmS�J�T�F�QLO�J~Q�IKJYV2O*QAÀKR]N%T\UKV�W�QLW'O�J�FZNmIKJ[SKT'Q�F�J�T\HcT'IKJ�V�R�H%VvUKVvQ�V2O*JYucT*NPIKHcT
J�VmJ�D@HcT'Q�ucJYV�dKR�H%V4À�T�FZN%VKI#H�DLH[SKT�JYW�J�V2O*N%IKH�J�VmDeN~W�JYR�R�QAÁcV

1.4
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Ó�NaJ�RYU�N%R�QAÁcV Ø o ��SKT'J�W�JYV2ObN[D�HcWBFZH�IKJ�DLHcW;}KN%D�D�N%IKHcWrS�N%T�NaDeNCIKQLT�JYR�R�QAÁcVMJYV9J�D�SKD�N%VKHa}#HcT�QLw�HcV2ObNPD
ψ
dKJ�VVÈkUKVKRYQPÁcV^IKJ.D�N[I#J ��JYR�R�QAÁcVmIKJ.D�HcWlN%DLJ�T'HcVKJ�W"JYV3RYHcV4À�u%UKT*N%RYQPÁcV^IKJYW�QLF�Â�O*T�QLR]N

δg
o

H31(s) = z(s)
δe(s)

= k
s(τs+1)

H32(z) = z(z)
δg(z)

= b2z2+b1z1+b0
z2+a1z1+a0

� Ø o �c�

� �����	� 3��'$(!�.*�1�
�

� ×`UKVaRYU�N%VKIKH\D�N0QLIKJ�V2O�QAÀ�R�N%R�QAÁcVCucTHÅ?À�R�N�NgS�N%T_O*QLTjIKJ;DeNlT�J�W'SKUKJYW'ObN\IKJYD#W'Q�W'O�J�FZNgN%V2O�J�J�V2O*T�N%I�N
JYW�R�N%DPÁcVvVKHnucN%T*N%V2O�Q�R�J�DeN^iPN%D�QLIKJ�w�N%tKW'HcD�UpObN3I#J)D�H%W>RYHpJKÀ�R�QLJ�V2O*JYW�djR�HcT'T�Hct�HcT*NmUKV�RYHcFZS�HcTqÄ
O*N%F�Q�J�V2O�HMW�QLFZQLDeN%TgN^U#V�W'Q�W_O*J�FZN9IKJ[SKT�QLFZJYT�HcT'IKJ�V�S�N%T�N^D�N)icJYD�H�R�Q�IKN%I­Ç!W�JYucUKVKIKHmHcT'IKJ�V
SKN%T*N~DeN~NPDLO*QqO*UKI'ÇMIKQ�T'J�R�RYQPÁcV9JYVnJYD�SKDeNPVKH

2D
o

� ×`D�O�J�VKJYT"W�JYR�UKJYVKR�Q�N%W"IKJ�I�N O*HcW�I#J�J�V2O*T�N%I�N ÇZW*N%DLQ�I�N>IKJ�DLHcW;W'Q�W'O�J�FZN%W�d�W�JgD�HcucT�N�S�HcT�F�J�IKQLH
I#J�DLHcWmN%D�u%HcT�QqO*F�HcWM§9§M¨ R�N%T*NPRYO*JYT�QLw]N%T9DLHcW^S�N%T2ÅPFZJ�O*T�H%W9IKJ�D.W�QLW'O�J�FZN RYHcV W'UKWmT�J�W'SsJYRKÄ
O�QLiPN%WCiPN%T'QeN%V#w]N%WYd�SsJYT�F�QLO�Q�J�V#IKH!R�HcV#W�Q�I#J�T*NPT�JYW'O*N%W~i%NPT�QeNPR�Q�H%VKJ�WaJYV�DLHcWaIKJYW*N%T'T�HcDLD�HcW~IKJ^DLHcW
T'J�ucU#DeN%IKH%T�J�WYo�×gD�Q�ucUKN%D�dKS�J�T'FZQqO*J.T�J�N%D�QLw]N%TlJYW'O*U#IKQ�HcWgNZS�NPT'O*QLTlIKJ�IKNPO*HcW`T�J�N%D�JYW`IKJYDjW'Q�W_O*J�FZN
ÈkU#VKR�QLHcV�N%VKI#H)J�V!U#VzSKUKV2O*H9I#JCHcS�J�T�N%R�QAÁcV�d�ObN%DhR�HcF�H)W'JaSKT'J�W�JYV2ObNMR�UKN%VKIKH9JYDjIKQLT�QLucQ�tKDLJ\W�J
JYVKR�U#J�V2O*T�NZJ�VmDeN È�NPW�J.IKJ\i�UKJ�DLH�RYT�UKRYJ�T'HKo

��� J"F)N%V#J�T*N`ucJ�VKJYT*N%DQÇaJ�V�ÈkUKV#R�QPÁ%V~IKJ"D�HcWjT�JYW�UKDqObN%IKH%WEHct#O*JYVKQ�I#HcW�J�V[JYW'ObN\W'J�R�RYQPÁcVxdcW�J"SKU#J�IKJ
ucN%T*N%V2O�Q�w]NPT«ÖfUKJ.D�HcW"F�HpI#J�D�H%W�T�JYIKUKR�QLIKHcWlW�H%VmiPN%DLQ�IKHcW;J�VmDeN È�N%W'J>I#J.i�UKJYD�H�R�T'UKR�JYT�HKo
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Ó@HcW�FÃÂYO�HpIKH%W;O*T�NPObN%I#HcW�J�V^D�NCSKT�JYW�JYVfO�J.W�J�RYR�QAÁcV^W�J.N%S�H�Ç2N%V9W'HctKT�J\JYDJÈkHcT'F)N%DLQ�W'FZH.IKJ\JYW�S�N%RYQ�H
IKJZJ�W_ObN%IKH#o � JYV2O*T�HnIKJ)JYW'O*J)R�HcV2O*J6Ê�O*HKdhDeNmQ�F�SKD�JYFZJYVfO*N%R�QAÁcV!IKJZT�J�u%UKDeN%I#HcT�JYW�W'HctKT�J)J�D�IKQ�T'Q�ucQLtKD�J
VKJYR�JYW�QLO*N3RYHcVKH�R�J�T>D�H%W>JYW'O*N%IKHcW�H3UKVKN3S�N%T_O*J�IKJ�J�D�DLHcW.J�VvUKV{QLVKW'O*N%V2O*J�IKJ�O�Q�JYFZS�H^W�J�u�ÕKV�D�H^T'JKÄ
ÖfUKJYT�Q�I#HCS�HcTBDLHcW�R�HcV2O�T�HcDLJ�W�o#¡pJ0W�UKS�HcVKJYV9R�HcV#HpRYQ�I�N%W0�fDeN%WrJ�V2O�T*N%I�NPW�N%D�W�QLW'O�J�FZN)�kT�J�W'UKDLO*N%IKH�IKJgDLHcW
N%DLucHcT'QLO*F�HcW�I#JgR�H%VfO�T�HcD�H�DeN%WrW�JYº�N%D�JYW;JYVfi�Q�N%I�N%WrSsH%TBJYDsT�N%IKQ�HOÄ¥R�H%VfO�T�HcDe�ËÇ[DeN%WrW*NPD�Q�IKN%W�IKJ�D�W�QLW'O*JYF)Npd
F�J�IKQLI�N%WlS�HcT`DLHcWlW�JYVKW�HcT'J�W�#. r¡sd É J�V2O*T�N%DhQ�VKJYT�R�Q�N%D
Ç%$�N%T ÁcF�JYO*T'HKo�¿EVzucJYVKJ�T�N%D�d�S�HcT0T*N%wYHcVKJ�W`IKJ
QLFZSKDLJ�F�J�V2ObNPR�QPÁ%V^OHÂ�RYVKQ�R�NMHMIKJaRYHcW'O�H9J�V2O*T'JaH%O*T�N%W�d�DeNZIKQ�F�J�VKW'QPÁcV3IKJ�DhicJYRYO*H%T�IKJaW�N%D�QLI�NZJYW�Q�V4ÈkJ6Ä
T'Q�HcT;N[D�NaIKQ�F�J�V#W�QPÁ%V9IKJ�D�i%J�RYO�HcTlIKJ\J�W_ObN%I#HKo� GN%T�N~R�HcVKI#Q�R�QLHcVKJYW"IKJ.HctKW�JYT'iPN%tKQLD�QLI�N%I�d�J�Dxi%J�R�O*HcT0IKJ
JYW'ObNPIKH

x(t)
SKUKJYIKJ9W�JYTCIKJYIKUKRYQ�IKHzI#J�D;RYHcVKH�R�QLFZQLJ�V2O*HmIKJ)D�N%W>J�V2O*T�N%I�N%W Ç�D�N%WCW�N%D�QLI�N%W.W�Hct#T�JMUKV

QLVfO�J�T_i%NPD�H~IKJ\O*QLJ�F�SsHCS�N%W*NPIKH
u([0, t])

d
y([0, t])

o
¿ED"HctZÆ'J�O*QLi%HXIKJ^UKV�HctKW�JYT'iPN%IKH%T�I#JmJYW'O*N%IKHXJ�W[J�V2O�HcVKR�JYWZD�N!T�J�RYHcVKW_O*T�U#R�R�QAÁcV IKJ�D;i%J�R�O*HcT�IKJ

JYW'ObNPIKHKd"F�Q�VKQLFZQLw]N%VKI#H{J�D\JYT�T'HcT9IKJXDeN¹HctKW'J�T_i%NPR�QPÁ%V�I#J�D.J�W_ObN%IKH R�UKN%VKIKH J�D�O�Q�J�F�S�H�O*Q�JYVKIKJXN
QLV4À�VKQqO*Hm�

‖ e(t) ‖=‖ x̃(t) − x(t) ‖→ 0
R�U�N%V#IKH

t → ∞
�1d�J�VVÈkUKVKR�QAÁcVmIKJ�D@RYHcVKH�R�Q�F�Q�JYV2O*H~IKJ>DeN%W

JYVfO�T*N%IKN%W$Ç[D�N%WEW*NPD�Q�IKN%WES�N%W�N%I�N%WYo'&0VZSKT'HctKDLJ�FZN>NPIKQ�RYQ�HcV�NPDKJ�WrDeN\Q�F�SKDLJ�F�J�V2ObN%RYQPÁcVCIKJ�D�J�W_O*QLF)N%I#HcT
JYVCO*QLJ�F�SsH`T�J]NPD�d IKJÌÈkHcT'F)NwÖfUKJ�D�H%W�N%DLucHcT�QqO*F�HcW@IKJYtsJYV~R�HcT'T�J�TGJ�VaUKVaO�Q�JYFZS�HgSKT'UKIKJYVKR�Q�N%DpT'J�W'SsJYRYO*H
N~DeNaI#Q�V:Å%F�Q�R�NCIKJYDhW'Q�W_O*J�FZN Ç9DLQ�F�QLObNPR�Q�H%VKJ�WrR�HcF�SKU#O*N%R�QLHcV�N%DLJ�WYo
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¡pQLVzJ�V2O�T*N%T�JYVXT�Q�u%UKT�HcW�N%WgI#J�F�HcW'O�T*N%RYQ�HcVKJYW�IKJaH%tKW�JYT'iPN%tKQLD�Q�IKN%InS�NPT*NMJ�DjW�QLW'O*JYF)NpdsIKJ~FZN%VKJYT*N
Q�V2O*UKQqO*Qqi%N3SsH�IKJ�F�HcWaF�HcW_O*T*NPT�ÖfUKJ^D�HcW~JYW'ObNPIKHcW~IKJYD"IKQ�T'Q�ucQLtKD�J�W�HcV�Hct#W�J�T_iPN%tKD�JYW�NzS�N%T'O�Q�TaI#JmD�N%W
FZJYIKQ�I�NPW"IKJ.D�HcW"W'J�VKW'HcT�JYWgJ�FCt�N%T�R�N%IKHcW����,o
¿ED #> r¡vS�HcW�JYJ)ucT�N%VKIKJYWaD�QLFZQqObN%RYQ�HcV#J�W�IKJ�icJYD�H�R�Q�IKN%I{JYV¹DeN^J�V2O*T'J�u2NzIKJZQ�V4ÈkH%T�FZN%R�QAÁcV¦��t�N=Æ�N

T�J�W'SKUKJYW'ObN�I#Q�V:Å%F�Q�R�NzR�HcV¦UKV¦O�Q�JYFZS�HXIKJnUKV¦W�JYucUKVKIKHvSsH%TZFaU#J�W'O�T*N2��Ç�J�T'T�HcT'J�W�IKJnS#T�J�RYQ�W'QPÁcV
W�UOÆ'J�O*HcW�N%D�VFÕKF�J�T'HmI#J~W*NPOHÂ�D�QqO*JYWCÖ�U#J�DLHcucT'JCicJYT�o(×gW Ô�d�D�N%W\HctKW'J�T_i%NPR�Q�H%VKJ�W.W�H%V�S�H�R�H^SKT�JYR�QLW*N%W\JYV
Q�V2O*JYT'iPN%D�H%W"IKJ\O*Q�JYFZS�H[FZJYVKHcT'J�W0N~UKV3W'J�ucU#VKIKHKd�HctKDLQ�u2NPVKIKH[N~Q�V2O*JYT�S�HcDeNPT�DeNPW�IKJ>N%D�u%UKV�N~F)NPVKJ�T�N#o
¡pQ�V�J�FatKN%T�ucH#d2DeN%W�F�J�IKQLR�Q�H%VKJ�W�T�J�N%D�QLw]N%IKN%WESsH%TrJYD #> r¡�W'HcV)F�J�I#Q�R�QLHcVKJYWBNPtKW�HcDLU#ObNPW�d2S�J�T�F�QLO�Q�JYVKIKH
DeN~HctKW'J�T'iPN%RYQPÁcV^IKJ.D�N[S�HcW'Q�R�QAÁcV'ÇMi%J�D�H�R�QLI�N%I9IKJYD�IKQ�T'Q�ucQLtKD�J0J�VmUKV^O*Q�JYFZS�H�À�VKQqO*HKo
¿ED�RYHcFZS-Å%W"J\Q�VKRYD�QLV-ÁcF�JYO*T'HcWBO�Q�JYVKJ�V^UKV�N~T'J�W�S#UKJ�W_ObNZI#Q�V:Å%F�Q�R�N�IKQLJ�w�i%J�R�JYWgFZNvÇcHcT«ÖfUKJ.D�NaIKJ�D

#> r¡sd=È�N%R�QLD�QqObN%VKI#H0JYDpW'J�ucU#Q�F�Q�J�V2O�H`JYVaSsH%W�Q�RYQPÁcVCN%VKucU#DeN%T�IKJYDpIKQLT�QLucQ�tKDLJ%o�¿EW_O*H�W'JBO*T�N%IKUKRYJ�NgT'J]N%DLQ�w�N%T
J�W'O�Q�FZN%R�QLHcVKJYW;IKJ\S�HcW�QLR�QAÁcV)F�Å%W�J6ÊKNPRYObNPW�dKRYHcV9FZJYIKQ�IKN%W"N%tKW'HcD�UpObN%WBJ�V9O*QLJ�F�SsH¤À�VKQLO�H ÇZSsHcT;J�VKIKJ
DeN%W�i%J�D�H�R�QLI�N%IKJYWlD�H~W�H%VmO*N%FatKQAÂ�V�o
¿ED�NPDLO2ÔLFZJ�O*T'HKd2t�N%W�N%IKH~J�V9JYD�SKT'Q�VKRYQ�SKQLH�IKJ\S#T�J�W'QPÁcV9tKN%T�HcFÃÂYO�T�QLR]N¤ÇZR�H%V9DeNCF�Q�W'F)N[ÈkT�J�RYUKJ�V#R�QeN

IKJDÈkUKVKRYQ�HcVKN%FZQLJ�V2O*H¤ÖfUKJgD�N�RYJ�V2O*T�N%DsQLVKJ�T'R�Q�N%D�d2S�J�T'FZQqO*J0DeN.HctKW�JYT'iPN%RYQPÁcVMI#JgDeN>N%DqO*QLO�UKI�IKJ�DsW�Q�W_O*JYF)N
IKJ.F)N%V#J�T*N[N%t#W�HcDLU#ObN#o
É HcVvD�HmN%V2O*JYT�QLHcT.W�J)S#UKJ�IKJZu2N%T�N%V2O*Q�w�N%T\DeN9Hct#W�J�T_iPN%R�QAÁcV{IKJ[O*H�IKHcW>D�H%W>JYW'O*N%IKHcW>IKJ�DrW�QLW'O�J�FZN#d

FZJYIKQeN%V2O�J�D�N ÈkUKW�QAÁcV I#J�D�N¹Q�V4ÈkHcT'F)NPR�QPÁ%V|IKJXD�HcW^W�JYVKW�H%T�J�W3U#O*QLD�QLw]N%VKI#H¹J�D "%�#� ��. ����� �'�0,/�'�
R�HcF�H .*�����	� 3��'��. � )
	1� !�,/.�o# jHcTlJ�W_O*HKd�JYD�iPN%D�HcT;IKJ.DeN%W;iPN%T'QeN%t#D�J�W;IKJ.J�W'O*N%IKH�W�J.u2N%T�N%V2O*QLw]N~R�HcV
DeN^Q�V4ÈkHcT'F)NPR�QPÁ%V!J�V2O*T'J�u2N%IKN3S�HcT�DLHcW.W�JYVKW�HcT'J�WaJYFat�N%T'R]N%I#HcW�JYV{DLHcW.IKQ�T'Q�ucQLtKD�JYW��kicJYT)� #C×�� Ù �e��o°¿ED
À�DLO�T�H[IKJ¤Í.N%D�FZN%V^N~W�UmicJ�wPd�SsJYT�F�QLO*JgUKV ÀKDLO*T�N%IKH[IKJ.DeNPW"W�J�ºKN%D�JYW`NPI-ÖfUKQ�T'Q�I�N%W"JYV ÈkU#VKR�QAÁcV^IKJ�D�N%W
R]N%T�N%RYO�J�THÔLW'O�Q�R]NPW"IKJ.D�HcW"W'J�VKW'HcT�JYW~�ki%J�T>� ÉxÉ �#�]���1o
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¿EDFÈkUKVKI�N%I#HcTjI#J�DeN"O*JYHcTHÔ�N`IKJYDZÀ�DqO*T'H`IKJB� N%D�FZN%V)� Í.N%D�FZN%V��GQ�DqO*JYT�d�Ï��l�XÈkUKJ;y0UKI#HcD�SK} Í.N%D�FZN%V
J�V)�]� 8�� ÖfUKQ�JYV�}�NPR�Q�JYVKIKH0UKW�H0IKJ�DeN�O�J�HcT ÔeN"IKJ�J�W'S�N%R�QLH`I#JrJYW'O*N%IKHKd SKD�N%V2O*J8ÁlUKV>R]NPFZQLVKHlN%DLO�J�T'V�NPO*QqicH
S�N%T*NvJ�DyÀ�DLO�T�H�IKJnF�Q�VKQLFZQLw]N%RYQPÁcV¹I#J�D0J�T�T'HcT�FZJYIKQ�HvR�U�N%I#T2ÅPO�Q�R�H#o � J�W�I#JzJ�V2O*H%VKR�JYW�d�JYDwÀ�DqO*T'HvIKJ
Í>NPD�FZN%V�}�N�W'Q�IKH{U#O*QLD�Q�w�N%IKH�J�V|DLHcW)R�N%FZS�HcWZIKJ!DeN�J�W'O�Q�FZN%R�QAÁcV�I#JzHcT�QLJ�V2ObNPR�QPÁ%V�Ç�S�HcW'Q�R�QAÁcV�H
FZJkÆ'HcT�R�H%VKHpRYQ�IKH9RYHcF�H9DeN)V�N]i%J�u2N%RYQPÁcVXIKJ[T'HctsHPO*W�oJÓ@J��sJ�T'O�W�� Óh�z¡#� Ø �ES�HcT�JqÆ'JYFZS#D�HMSKT'J�W'J�V2ObNmJ�D
Í>� R�H%FZH^J�W_O*QLF)N%I#HcT\IKJ[J�W_ObN%IKH3S�N%T�N^U#V{W�QLW'O�J�FZN^I#Q�V:Å%F�Q�RYHKd��rNPu2N%V�NvÇ!JYV���� ×g��� Ù ��FCUKJ�W_O*T*N
DeN�N%SKD�QLR]N%RYQPÁcV¹I#J�DyÀ�DLO�T�HXIKJ�Í.N%DLF)NPV¹JKÊ�O*JYVKIKQ�I#H|� ¿ Ê�O*JYVKIKJYI Í>NPD�FZN%V �GQ�DqO*J�TYd ÎCÏ��l�[SKN%T*NXDeN
J�W'O�Q�FZN%R�QAÁcVnI#JCDeN�HcT�QLJ�V2ObNPR�QPÁ%V Ç3SsH%W�Q�RYQPÁcVmIKJ�UKV!T�Hct�Á%O`F�Á,i�Q�D
o��`UKRYUKD�JYW�RYU����0Q�RY�jSKT'J�W�JYV2ObNMUKV�N
IKQ�W'R�UKW'QPÁcV9JYVfO�T�J[ÎCÏ�� ÇZJ�Dj� &0VKW�RYJ�V2O*JYI�Í.N%D�FZN%V)�GQ�DqO*J�TY�s� ÑVÏ��l�1o�¡pHcD�NM� ¡�HcD �aÙ ��SKT'J�W'J�V2ObN[J�V9W'U
T�J�S�HcT_O*J.IKJ��%Î\§����lDeN~T�JYR�HcVKW_O*T'UKR�RYQPÁcVmIKJ�D@JYW'O*N%IKH�IKJ.UKV3F�Q�V#QGÄ·N]i�QPÁ%V)S�HcTxÎCÏ���o
¿ED�Ï�� W�J[t�NPW*N9J�V�W�QLW'O*JYF)NPW\D�Q�V#J]N%DLJ�WgQLV2i%NPT�QeNPVfO�J�W\JYVvJYDGO*QLJ�F�SsH�� Ó�QLVKJ]NPT��"Q�F�Ja¢¥V2iPN%T�Q�N%V2O]d

��� ����d�I#J�W�RYT�QqO*HcWlS�HcT"DeNaW'Q�ucUKQLJ�V2O*J\JYR�U�NPR�QPÁ%V3IKJ.JYW'ObNPIKH3�
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xk+1 = Fkxk + wk

yk = Hkxk + vk

� Ø o 8 �

IKHcV#IKJ
xk

T'J�SKT'J�W�JYV2ObN�DLHcW9J�W_ObN%IKH%W3Hct#W�J�T_iPN%IKHcWYd
yk

W�HcV�DeN%W9W'J�º�NPD�J�WmHctKW'J�T_i%NPI�N%WmSsHcT^DLHcW
W'J�VKW'HcT�JYW�d

wk
JYWgJYDhT'UKQ�I#HZIKJYD�SKT�H�R�JYW�H��

vk
J�D�T�U#Q�IKH�IKJ>DeN%WlF�J�IKQLI�N%W�d�RYHcVKW'Q�IKJYT*N%VKI#HMN

wk
�
vkRYHcFZH~W'J�RYUKJ�VKRYQeN%W0IKJ.T�U#Q�IKH[tKD�N%VKR�H[RYHcV3FZNPO�T�Q�RYJ�W�I#J>RYH,i%NPT�QeNPVKw]N9�

E[wiw
T
j ] = Qk

dKS�N%T�N
i = j

�
0
S�N%T�N

i 6= j

E[viv
T
j ] = Rk

d#S�N%T*N
i = j

�
0
S�N%T*N

i 6= j

E[wiv
T
j ] = 0

d�S�NPT*NaO*H�IKH
i
�
j

�EDsS#T�HcS��cW�QqO*H>IKJ�JYW'O*J���DLO�T�H�J�W;RYHcF�SKU#ObNPTBJYDsJYW'ObNPIKHaJ�W_O*QLF)N%I#H
x̂−k

d�FZQLJ�V2O*T�N%WrW�JgF�Q�V#Q�F�Q�w]N�JYD
JYW�S�J�RYO�T�H9IKJCDeN)SKT'Hct�N%t#Q�D�QLI�N%ImIKJ�DjJ�T'T�HcT�I#JaJ�W_O*Q�FZN%RYQ��cV�o � JCJ�W'O*NMF)NPVKJ�T�N#dsJYD���DqO*T'HMIKJaFZN%VKJYT*N
T'J�R�U#T�W�QqiPNMSKT�HcSKN%u2N)D�N�	kUKVKRYQ��cVzI#J~IKJ�VKW'Q�I�NPI!IKJaSKT'Hct�N%tKQLD�QLI�N%InI#JaUKV!Q�V#W'ObNPVfO�JaIKJ~FaU#J�W'O�T�JYH^N%D
W'Q�ucUKQLJ�V2O*JPdGO*H%F)N%V#IKH!J�V R�UKJYV2ObNvD�NzIKQ�V�
%FZQLR]NnI#J�D"W�QLW'O�J�FZN#d�DeNPW~J�V2O*T�N%I�N%W[J^Q�VKRYHcT�S�HcT�N%VKIKH!D�N%W
F�J�IKQLI�N%W��XDeN^J�W_ObN%I4Ô�W'O�Q�R�NmIKJ�D�H%W>JYT�T'HcT�JYWCIKJ�FZJYIKQ�RYQ��cVXJYV{DeN^J�W_O*QLF)N%RYQ��cVxo
�EDBNPD�ucHcT'QLO�FZH9S�NPT*N
Ï���O*HcFZN�D�N�	kHcT'F)N¤Ö�U#J�W�J�S#T�J�W'J�V2ObNaJYV9DeN.ObN%tKD�N Ø oq�cd�IKHcVKI#J

Pk = E[(xk− x̂−k )(xk − x̂−k )T ]
J�W

DLDeN%FZN%I�N>DeNaFZNPO*T'Q�w�IKJ.RYH iPN%T'QeN%V#w]N#o
¨ � ��.����
�Ei%HcD�U#R�Q��%VCIKJrD�HcW�JYW'ObNPIKHcW"��N`SKT'Q�HcT'Q�� x̂−k+1 = Fkx̂k
¨ � ��.����
� N%D�RYUKD�H[DeN~RYH iPN%T'QeN%V#w]N~IKJ>D�HcW"JYT�T�H��
T�J�W���N�SKT'Q�HcT'Q�� P−

k+1 = FkPkF
T
k +Qk

¨ � ��.����
� N%D�RYUKD�H~D�Nau2N%V�NPVKR�Q�N[I#J��.N%DLF)NPV Kk = P−

k H
T
k (HkP

−
k Hk +Rk)

−1

¨ � ��.����
×"RYO*UKN%D�QLw�H�DeN¹J�W_O*QLF)N%RYQ��cV|I#J�JYW'O*N��
IKHcWlR�HcVmF�J�IKQLI�N%W

zk
�
N~S�HcW'O�J�T'Q�HcT'Q�� x̂k+1 = x̂− +Kk(zk −Hkx̂

−)

¨ � ��.����
� N%D�RYUKD�H[DeN~RYH iPN%T'QeN%V#w]N~IKJ>D�HcW"JYT�T�H��
T�J�W���N�S�HcW'O�J�T'Q�HcT'Q�� Pk = (I −KkHk)P

−
k

¨ � ��.���� y0JYucT�JYW�HZN%D@ jN%W�Hm�
 "!�#  Ø oq� �%$ 5 & E>(�8:&)9DE('*)

� HcF�HaJ�D�W�QLW'O�J�FZNCIKJ�JYR�U�N%RYQ�HcV#J�W�IKJ Ø o 8 VKH~J�W�W'U+��RYQ�J�V2O�J�F�J�V2O*J\T'J�SKT'J�W�JYV2ObNPO�QLicH[S�NPT*NCRYHcVKW�Q,�
IKJYT*N%TrD�H%WBW'Q�W'O�J�FZN%WrVKHCDLQ�VKJ�N%D�JYW�d2W�JgN%R�U#IKJ�N>DeN.J.-�O*JYVKW�Q/�cVMIKJYD���DqO*T'H�IKJ0�.N%D�FZN%V21CÏ��¦IKHcVKIKJ`W�J
QLFZSKDLJ�F�J�V2ObNPV�	kUKV#R�Q�H%VKJ�WjVKH�D�QLVKJ]NPD�J�WhR�H%VKHpRYQ�I�NPW��

f(xk)
�
h(xk)

��o?ÓhN0T�JYSKT�JYW�J�V2O*N%R�Q/�cV[J�VaJYW�S�N%RYQ�H
IKJ.JYW'ObNPIKHZI#J�D@W�QLW'O�J�FZN[S#UKJ�IKJ.W'J�T0T�J�JYW�RYT�QLO*N~R�HcF�H^�

Ø �
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xk+1 = f(xk) + wk

yk = h(xk) + vk

� Ø o � �

�EDhN%D�u%HcT�QqO*F�HCIKJ�1CÏ���J�W0SKT�JYW�JYVfO*N%IKHMS�HcTlDeNaO*N%tKDeN Ø o Ø o�Ó�N�I#Q/	kJ�T'J�VKRYQeN~J�V2O�T�J�Ï�� � 1CÏ��
J�W�JYDjUKW'HMIKJ�DeN%W 	kUKVKRYQ�HcVKJYWgVKH)D�Q�V#J]N%DLJ�W

f(∗)
�
h(∗)

S�NPT*N)}�NPR�J�T`DeN[SKT�H �%J�R�RYQ��cV!I#JCD�H%W`JYW'ObNPIKHcW
�vD�N3NPRYO*UKN%D�QLw]N%RYQ��cVXIKJ�DeN%W>F�J�IKQLI�N%W�o��0H%O*J�ÖfUKJ 1CÏ�� QLVKR�HcT'SsH%T*N^DeN%W>F)N O*T�QLR�JYW � NPR�HctKQ�N%V�N%WYd@DeN
D�Q�V#J]N%DLQ�w]NPR�Q��%V)IKJ.DeNPW 	kUKVKR�QLHcVKJYW

f(∗)
�
h(∗)

�ki%J�T Ø o��2��o

ΦI,j [xk] = ∂fi(x)
∂Xj

|x=x̂k

ΥI,j[xk] = ∂hi(x)
∂Xj

|x=x̂k

� Ø o��2�

�EVaNPD�ucUKV#HcW@R]N%W'HcW�SKT 
PRYO*QLR�HcW�JYD � �.�^SKT�JYW�JYVfO*N`IKH%WhI#J�W'i%J�V2ObN � N%W�dPDeN"SKT�QLFZJYT*N�W'UKR�JYIKJ;RYU�N%VKIKH
DeN~D�QLVKJ]N%DLQ�w�N%R�Q/�cVZS#T�H�IKUKR�J.QLVKJ�W_ObN%tKQLD�QLI�N%IKJYW�W�Q@DLHcW�W�U#SKUKJ�W_O*HcW`IKJ.D�QLVKJ]N%DLQ�I�NPI)D�H�R]NPDxW�H%Vmi�Q�H%DeN%IKH%W"�
DeN9W�JYucUKVKI�N^W�J[SKT'J�W'J�V2ObNmR�U�N%V#IKH3D�N%W\FZNPO*T'Q�R�JYW � N%RYHctKQeNPV�N%W\VKH^W�H%V�	 
%RYQ�DLJ�W\IKJ[J�V#R�HcV2O*T�N%T.VKQ�IKJ
Q�F�SKD�JYFZJYVfO*N%T\��� &g� � ��o

� HcF�H�W'HcD�UKRYQ��cVCN�DeN%WjIKQ/�KR�UKDqObN%IKJYWGIKJ � �.�;dPUKV�N`iPN%T'QeN%V2O�J�N%D ��DLO�T�H�IKJ;�PNPD�FZN%V�SKN%T*N\N%t�HcT'I�N%T
W�Q�W_O*JYF)N%WlVKHZD�QLVKJ]N%DLJ�WYd 	kUKJ>SKDeNPVfO�J]N%IKN�JYVv�,�%�2�[S�HcT��%UKDLQ�J�T.��� & � ���2��d�� &`� 8 �
o�Ó�N�QLIKJ]N~R�H%VKW�QLW'O*J
J�V T'J]N%DLQ�w]NPT~D�Q�V#J]N%DLQ�w]NPR�Q�H%VKJ�WaJYW'O*N%I-Ô�W_O*QLR]N%WYdrI#HcVKIKJ3VKHvO�T�UKVKR�N%V D�N%W 	kUKVKR�QLHcVKJYW

f
�
h

R�HcF�HvJYV
� �.�;d@W'Q�VKHVÖfUKJ~O*T'UKVKR�N%VvD�N%W\IKJYVKW�QLI�N%IKJYW�IKJ[SKT'Hct�N%t#Q�D�QLI�N%I��kS�N%T�N^S#T�H 	kUKV#IKQ�w�N%T�W�J�T�JYR�HcF�Q�JYVKI�N
T�JYi�QLW*N%Tl��� & � �#dP� � ��� ���1o2�`UKF�J�T'HcW*NPWEN%SKDLQ�R]NPR�Q�H%VKJ�WjSKUKJ�I#J�V�W�J�TEJYVKR�H%VfO�T*N%IKN%WEJ�Vm�� B¡'#¤Ó � �pd%�`QLR%d
� �n� ��� d�� & � � ��o �ED�N%DLucHcT'QLO*F�H.IKJ & �>�vJ�W�SKT'J�W'J�V2ObN%I#H�JYV9DeN.ObN%tKD�N Ø o Ù d�UKV�NCI#J�W�RYT�QLSsRYQ��cVMFZN%W
SKT�H 	kU#VKI�N[W�J.J�VKRYUKJ�V2O�T*NZJYV{� � � ��Ù d ��� � � �%�
o

¨ � ��.����
�Ei%HcD�U#R�Q�H%VKH[D�HcW"JYW'ObNPIKHcW��
N~SKT'Q�HcT'Q�� x̂−k+1 = f(x̂k)
¨ � ��.����
� N%D�RYUKD�H[DeN~RYH iPN%T'QeN%V#w]N~IKJ>D�HcW"JYT�T�H��
T�J�W���N�SKT'Q�HcT'Q�� P−

k+1 = ΦkPkΦ
T
k +Qk

¨ � ��.����
� N%D�RYUKD�H~D�Nau2N%V�NPVKR�Q�N[I#J��.N%DLF)NPV Kk = P−

k ΥT
k (ΥkP

−
k Υk +Rk)

−1

¨ � ��.����
×"RYO*UKN%D�QLw�H�DeN¹J�W_O*QLF)N%RYQ��cV|I#JvJYW'ObN �
IKHcWlR�HcVmF�J�IKQLI�N%W

zk
�
N~S�HcW'O�J�T'Q�HcT'Q�� x̂k+1 = x̂− +Kk(zk − h(x̂−))

¨ � ��.����
� N%D�RYUKD�H¦DeN¦RYH,i%NPT�QeNPVKw]N�I#J�D�HcW3J�T �
T�HcT'J�W��
N~S�HcW'O�J�T�QLHcT�Qe� Pk = (I −KkΥk)P

−
k

¨ � ��.���� ylJ�ucT'J�W�HZN%D@ jN%W�Hm�
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� ��µ·µ7�r® ­@¸ ®
	,� °gµ·²�´%	·¶�¸
¡pJ"IKJYW*N%T'T�HcDLDeN%T'HcVaSKT'HcucT�N%F)NPWGIKJ 	kUKW'Q��cV~W'J�VKW �cT�QLR]N\W�H%tKT�J"D�N�SKDeNPO*N 	kHcT'F)NlIKJlW�QLFaUKDeNPR�Q��%V~�nNPO �

D�N%t �Z¡�Q�FaUKDLQ�VK��o � Q�Rb}KHcWBSKT�H%ucT*N%FZN%W 	kUKJYT�HcVZR�HcV#W'O*T'UKQ�I#HcW;JYV�	kUKVKRYQ��cVZIKJ0D�HcWrN%DLucHcT�QqO*F�HcW�SKT'J�W'J�V �

¨ � � .�� �
¡pJYD�J�RYR�Q/�cV IKJXSKUKV2O*HcWmW�QLucFZN#o
� N%IKNnDeN^IKQ�F�J�V#W�Q��%VvIKJYDri%J�R �
O*H%T�I#J3JYW'ObNPIKH|�

n
��dEW'J3W'J�DLJ�R.�

R�QLHcV�N>UKV9R�HcV � UKV2O*HaIKJ
2n+ 1

X0|s = ~x

Xi|s = ~x +
√

(n+ λ)Px
Xi+n|s = ~x−

√
(n+ λ)Px

IKHcVKIKJ
i = 1, 2, 3, .., n

�
λ
J�WlUKV 	�N%RYO�HcT"IKJ.J�W'R]N%D�N#o

¨ � � .�� �
¡pJ\T'J]N%DLQ�w]N�DeN�O�T*N%VKW 	kHcT�FZN%RYQ��cV
VKHlD�QLVKJ]NPD%IKJEDLHcW�SKUKV2O�HcW�W�Q�u%F)N
R�H%V3D�N 	kUKVKR�Q/�cVmN%W�H�R�Q�N%I�N~N[DeN
IKQLV 
%F�Q�R]N�IKJ�D�W�QLW'O�J�FZN^�

f
�

Xi|xf = f(Xi|s)

¨ � ��. ���
¡pJ^}�NPR�J^DeNzSKT'J�IKQLR�RYQ��cV¹IKJ^D�N
F�J�IKQ�NaIKJ.D�HcW"JYW'O*N%IKHcWlR�H%FZH

Xest =
∑2n

i=0WiXi|xf

IKHcVKIKJ
Wi

W'HcV�SsJYW�HcW[N%W'HpRYQeN%I#HcW~NzR]NPI�NzUKVKHXIKJ9DLHcW
SKUKV2O*HcWjW�QLucF)N �>W�UaW'J�DLJ�R�RYQ��cVCSKUKJ�I#J;W�JYT

W0 = k/(n+
k)

d
Wi = 1/2(n+ k)

�
Wi+n = 1/2(n+ k)

o
k
JYW�UKV

i%NPD�HcTgÖ�U#J>S�J�T_O*JYVKJ�RYJ�N~DLHcW
<

�kT�J]NPD�J�W*� �9JYW'ObN~T'J�DeNPR�Q�H��
V�N%IKHMRYHcV!J�DhO*QLSsHMI#JaT�UKQLIKH)I#J�D�SKT'HpRYJ�W'H9J�W'O�HpR 
%W'O�Q�RYHKo
×gD�u%H~Q�F�SsHcT_ObN%V2O�J\NaO*J�V#J�T0J�VmR�UKJYVfO*N�JYW ∑2n

i=0 = 1
o

¨ � � .�� �
� N%DLR�UKDLH DeN RYH,i%NPT�QeNPVKw]N IKJ
SKT'J�IKQLR�R�Q/�cV Px,x =

∑2n
i=0WiXi|xf −XestXi|xf −Xest

T

¨ � � .�� �
�hT*N%VKW 	kHcT�FZN%RYQ��cV!IKJ[DLHcW\SKUKV �
O*H%WrW'Q�ucFZN\N\O*T*N]i���WrIKJlDeN 	kUKV �
R�Q/�cV^VKH�D�Q�V#J]N%DsIKJ.FZJYIKQ�I�NPW

h

Yi|yh = h(Xi|s, um)

¨ � � .�� �
¡pJ.SKT'J�IKQLR�J.DeN~HctKW'J�T_i%NPR�Q��%V Yest =

∑2n
i=0WiYi|yh

¨ � � .�� �
� N%DLR�UKD�NaDeN~R�H,iPN%T�Q�N%VKw�N[I#J>QLV �
VKH,iPN%R�Q/�cV Py,y =

∑2n
i=0WiYi|yh − YestYi|yh − Yest

T

¨ � � .�� �
� N%DLR�UKDLH IKJ¤DeN R�H,iPN%T�Q�N%VKw]N
R�T'UKw]NPI�N Px,y =

∑2n
i=0WiXi|xf −XestYi|yh − Yest

T

¨ � � .�	 �
¡pJ;N%RYO�U�N%D�QLw]N"O*H�IKHgRYHcF�H`JYVaJ�D
� �.�

Kn = Px,yP
−1
y,y

X̂ = Xest +Kn(Ymeasure − Yest)
Px = Px,x −KnPy,yK

−1
n¨ � � .���
�� y0JYucT�JYW�HZN%D@ GNPW�Hm�
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ObN%IKH%W�J�VXDeNPW`ObNPtKDeN%W Ø oq�cd Ø o Ø � Ø o Ù o �EV!DeNZW�Q�FCUKDeN%RYQ��cVxd�JYDGF �YO�HpIKH � �.� R�N%D�RYUKDeN�J�D � NPR�HctKQ�N%VKH
IKJCD�N%W"F)N O*T�QLR�JYW

f(xk)
�
h(xk)

F�Q�JYV2O*T*NPWwÖfUKJ�S�N%T�N & �>��J�W`W�U+�KR�Q�JYV2O*JCRYHcVmDeN[T�J�S#T�J�W'J�V2ObNPR�Q��%V
IKQ�W'R�T�J�ObNMIKJYD�W�QLW'O�J�FZN#o �ED�JYWHÖfUKJYF)N9ucJYVKJ�T�N%DGIKJCW�Q�FCUKDeN%RYQ��cV3J�W_ObNMR�H%V+	kHcT�FZN%IKH)SsHcT��xJYD�FZH�IKJYD�H
R�HcF�SKD�J�O*HZIKJ�DjIKQ�T'Q�ucQLtKD�J\S�NPT*N)W'Q�FaUKD�N%R�Q/�cVmIKJ�W'R�T�QqO*H9JYV!J�DhR]N%SKQqO*UKDLHMN%V2O�J�T�QLHcT�d�UKVzF�H�IKJ�DLH)IKJaDLHcW
W�J�V#W�HcT'J�W�JYFat�N%T'R]N%IKH%WgJ�V3J�DhIKQ�T'Q�ucQLtKD�J��mJ�D
��DLO�T�H�IKJ �.N%DLF)NPV�o �EW'O�HcW`JYD�JYFZJYVfO�HcWgW'J�JYVKR�U#J�V2O*T�N%V
Q�V2O*JYT�R�H%VKJ�R�ObN%IKH%W`RYHcFZH~W'J�QLD�UKW_O*T�NaJ�VmDeNaucT 
 ��R]N Ø o Ø o
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�ED�tKDLHQÖfUKJ"IKJlRYHcFZSKN%T*N%RYQ��cV~I#J`D�N�ucT 
 �KR]N Ø o Ø J -#S�HcT_ObN.N%D�J�W'S�N%RYQ�H>IKJ"O*T*NPt�N � H.D�HcWET'J�W'UKDLO*N%IKHcW
Ö�U#J{D�U#J�ucH W�HcV ucT*N���R]N%I#HcW^SsHcTmFZN%R�T'HcW�o �EWmIKJ{NPR�DeNPT*N%TVÖfUKJ�J�D.tKD�HZÖfUKJ�� ×`Q�T�W'}KQ�S � ��V�NPFZQLR%�
R�HcV2O*QLJ�VKJ^RYU�N%DPÖfUKQLJ�T�NzIKJ^D�HcWaF�H�IKJ�DLHcW^�
§ �
� � 
 
@d��3§�� 
 §zd�Ñ � § �G���¹JYD�tKDLHQÖfUKJz� �.N%D�FZN%V
�GQ�DqO*J�TY��O*T�N%t�N � NlR�H%V�UKV#HgIKJ�D�H%WhI#HcWjF �YO�HpI#HcW 1����XHBÑ�����d,QLVKR�H%T�S�HcT*N%V#IKHlJ�DfFZH�IKJYD�H"R�H%FZSKDLJ � H
J�VmW�UKW0R 
%DLR�UKDLHcW�o

� HcF�H�RYHcV2icJ�V#R�Q��%V�SKN%T*NgJYW'O�J"IKHpRYUKF�J�V2O*HKdPDeN%WjW�JYº�N%D�JYW�ÖfUKJ"T�JYSKT�JYW�J�V2O*N%VZDLHcWGT'J�W'UKDLO*N%IKHcW�I#J�DeN
J�W'O�Q�FZN%R�Q/�cV~IKJlD�H%W�J�W_ObN%IKH%WrW'JlSKT�JYW�J�V2O*N%V)JYVZRYHcD�HcT�N%w�UKD
d%JYD�R�HcDLHcT�T�H � H>T'J�SKT'J�W'J�V2ObN>DeN�W�JYº�N%D�IKJlUKV
��DLO�T�H¤Ö�U#J`W'U�N]ipQLw]N>J�D�J�W_ObN%IKH�J�W_O*Q�FZN%IKH.S�HcT �.N%D�FZN%V�o � J�D�DeN%I#H>I#J`D�N%W�FZJYIKQ�I�NPW �aDeN.J�W'O�Q�FZN%R�Q/�cV
IKJCD�N[W�N%D�QLI�N%WlW�J.O*QLJ�VKJ>J�D�RYHcD�HcT�i�QLHcD�J�ObN~S�N%T�NZDeN~QLV+	kHcT�FZN%RYQ��cV9SKT'H,icJ�V#Q�J�V2O�JCIKJ>D�HcWlW'J�VKW'HcT�JYW0�^DeN
N%w�UKDGT�J�S#T�J�W'J�V2ObN9D�N)W*N%DLQ�I�N�J�W_O*Q�FZN%I�N)N)S�N%T_O*Q�T`IKJaDLHcWgT'J�W�U#DLObNPIKHcW�IKJ2�.N%DLF)NPV�o�× R�HcV2O�Q�VfU�N%RYQ��cV
W�J>SKT�JYW�J�V2O*N%VnDLHcW�T�JYW�UKDqObN%I#HcWlIKJ.DeN~N%SKDLQ�R�N%R�Q/�cVMIKJ.J�W_O*HcW0N%DLucHcT'QLO*F�HcWrW�Hct#T�J.J�D@F�HpI#J�D�H[§ �
� � 
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W�N%D�QLI�N%W.IKJYD;W�QLW'O�J�FZNzN3UKVKN 	kT�J�RYUKJ�V#R�QeN3IKJMFaUKJYW'O�T�J�HnW�U+��RYQ�JYVfO�J9S�N%T�N3D�H%WCR�H%VfO�T�HcDLJ�WM��UKV
O�Q�JYFZS�H9IKJ)FCUKJ�W_O*T�H3IKJ

0.1s
��o �EW'O�HcWCT'J�W�U#DLObNPIKHcW.W�JZFaUKJ�W_O*T�N%V{JYV{DeNPW �KucUKT*NPW Ø o Ù � Ø o��

T'J�W'SsJYRYO*QqiPN%FZJYV2O*J%o � JYO*N%D�DLJ�W`IKJaJ�W_O*QLF)N%RYQ��cV3J�V2O*T'J~R]N%IKNMFaUKJ�W_O*T�N)IKJ~D�H%WgW�JYVKW�H%T�J�W\V#H9W�HcV
	 
PR�Q�DLJ�WBN~N%SKT'J�R�Q�N%T;JYV^DeN%WBucT 
 �KR]N%W"NPVfO�J�T'Q�HcT'J�W�dpSsH%T;J�W_O*HKd#UKV^N%R�JYT�R�N%FZQLJ�V2O*HCJ�W"SKT'J�W�JYV2ObN%IKH
JYV3D�N~�GQ�u#o Ø o �aS�N%T*N~DLHcW"J�W_ObN%IKH%W��9D�N~�GQ�u#o Ø o 8 S�N%T*N~D�N%W"W*N%DLQ�I�NPW�o

� ×`}KHcT�N#d�R�H%V¦D�NnicJ�T'W�Q/�cV & �.� JYV¦JYD"tKD�HZÖfUKJz� �>NPD�FZN%V¹�GQLDLO*JYT��jW�J9O*QLJ�VKJYV RYHcF�H�T'J�W'UKDLO*N��
I#HcW[S�N%T*NXD�H%W�JYW'O*N%IKHcW�DeN ��ucUKT�N Ø o � ��S�N%T�N�D�N%W~W*N%DLQ�I�NPW�D�N ��ucUKT�N Ø o��#o�ylJ]N%DLQ�w�N%VKIKHXUKV
NPSKT�H -pQ�FZN%R�Q/�cV)W'HctKT'J\J�W'O*N%W"ucT 
 ��R]NPW�dKW'J�O*Q�JYVKJ�DLHaSKT�JYW�JYVfO*N%IKH�SsH%T�DeNa�jQ�uKo Ø o�� �9�GQLuKo Ø oL� � o
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&`VvJ�W_O*UKIKQLH3JYW'O*N%I-Ô�W_O*QLR�H^FaUKJYW'O*T�N3JYVvucJYVKJ�T�N%D�tKUKJYVKHcW>T�J�W'UKDLO*N%IKHcW>J�VvDeN9J�W_O*QLF)N%RYQ��cV!I#JZD�N%W
i%J�D�H�R�QLI�N%IKJYWgDLQ�VKJ�N%D�JYW �nN%VKucUKD�N%T�JYWgDLHpR�N%D�JYW�d�DeN%W`i%NPT�QeNPVKw]N%W`IKJ�DjJ�T'T�HcT�I#JaJ�W_O*Q�FZN%RYQ��cV3J�V!W�UXucT�N%V
FZN �cHcT ÔeN\W�J`J�VKRYUKJ�V2O*T�N%VMS�HcT�IKJ�tKN � HCIKJ

0.1
o	&`VZJ�T'T�HcTrIKJ0J�W'O�Q�FZN%R�Q/�cV[J�VZDeN\icJ�DLHpRYQ�I�NPI

w
T�J4��J � N

D�NCQ�VKJ -#N%RYO�QLO*U#ImI#J�D��M¨ �XJYV^DeNCJYW'O*QLF)NPR�Q��%V9IKJ\DeNaNPDLO*QqO*UKIxo+�EVmDeNCJYW'O*QLF)NPR�Q��%VMIKJ.DeN%W;SsHcW'Q�RYQ�HcVKJYW
DLQ�VKJ�N%D�JYW(�mN%VKucU#DeN%T'J�W"T�J.	kJ�T'J�VKRYQeN%I�NPWgN

R0
d�W�J\O�Q�J�V#J>JYT�T'HcT�JYW`IKJ>J�W_O*QLF)N%RYQ��cV9RYHcV3iPN%T'QeN%V#w]N%W"FaU �

t�N � N%W�d SKT � -pQLF)N%WjN`RYJ�T'HgJ�VCDeN%W�S�HcW�QLR�Q�H%VKJ�WjN%VKucU#DeN%T'J�W �.SsHcThIKJYt�N � H�IKJ
0.5m

SKN%T*N0DeN%WhSsH%W�Q�RYQ�HcV#J�W
DLQ�VKJ�N%D�JYW�o � HcF�H�W�J"F�J�VKRYQ�HcV+�KdPJ -pQ�W'O�J�UKV�N�u%T*N%VaiPN%T'QeN%RYQ��cV>J�V[DeNgN%DLO�QLO*U#ICT�JYucQ�W_O*T�N%I�NgS�HcTGJYD��M¨ �Gd
DLH'ÖfUKJ~J.-pSKDLQ�R]NMD�NZiPN%T�Q�N%VKw�NMIKJ

5m
J�VXJYD�J�T'T�HcT�I#J~DeN)S�HcW�QLR�Q/�cVzW�H%tKT�J[J�DjJ � J

z
oXÓ@HcW�N%V2O*J�T'Q�HcT'J�W

T'J�W�U#DLObNPIKHcW\SKUKJYIKJ�VvW�JYT�ipQLW'O�HcW.J�V�DeN%W0�KucUKT*NPW Ø oL�%�2� Ø oL� Ø S�N%T*N9D�NMJ�W'O�Q�FZN%R�Q/�cV � �.��� Ø oq� Ù �
Ø oq�]�[R�UKN%VKIKH[W�J>U#O�Q�D�QLw � & �.�;o
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E[γiγ
T
j ] = Qk

d#S�N%T*N
i = j

�
0
S�N%T*N

i 6= j

E[ηiη
T
j ] = Rk

d#S�N%T*N
i = j

�
0
S�N%T*N

i 6= j

E[γiη
T
j ] = 0

d�S�NPT*NaO*H�IKH
i
�
j

 "!�#  "po�� � � />&)(�8<+'3�$�143D+'E � />(�8</C=�� /
� HcV�J�W_ObN>V�U#JYiPNCT�JYSKT�JYW�JYVfO*N%R�Q/�cV)I#J`JYW'ObNPIKHCW'JgN%S#D�Q�R�N%V[D�HcWEF�Q�W'FZH%W�N%D�ucH%T�QLO�FZH%WGSKT'J�W�JYV2ObN%IKH%W

J�VmDeN%W�O*N%tKDeNPW "poL�%d "po�" � "po �#o

©"ª��0ª'« � �g­@¸B±
	���´s²r´
	·¶r¸ �g­ µ7��® ���!�g­@µ7��® �K­A�g°`´%	7� ��®
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,/�'��d%DeN0i%NPD�Q�I#J�wrIKJ"D�HcWjFZH�IKJYD�HcWhT�JYIKUKR�QLIKHcWYo �EW'O�HcWET�JYW�UKDqObN%IKH%W�W�J�tKN%W*N%V~W'HcD�HgJ�V~I�NPO�HcWGO�HcF)NPIKHcW
N�S�NPT'O*QLT�IKJ.W�QLFaUKD�N%R�QLHcVKJ�W;IKJ.D�HcW"F�HpI#J�D�H%W"§ � � � 
 
�d �3§�� 
 § � �"� § ��o

 jN%T'O�Q�J�V#IKHCIKJgD�HcWrFZH�IKJYD�HcW�R�H%VfO�Q�VfUKHcW;SKT�JYW�J�V2O*N%IKHcW�JYV9DeN.W�JYR�R�Q/�cV
1.4

dfJ�W;SsHcW'Q�tKDLJlJ�VKRYHcV2O*T*NPT
D�HcW�F�H�IKJ�DLHcWgIKQLW�RYT�JYO�HcW.N%SKT'H -#QLF)NPIKHcW�d�R�H%V!DeNMW*NPDLicJYI�N%I!IKJ  fUKJ~JYW'O�HcW.FZH�IKJ�DLHcW`N%SKD�QLR]N%VnW�HcDLHMW�Q
D�HcW[O*QLJ�F�SsHcW~I#J3FaU#J�W'O�T�JYH�W�HcV¦R�HcT_O*HcWYo ��DlF �YO�HpIKH�U#O�Q�D�QLw]N%I#H!S�N%T*N�J�W_ObN{NPSKT�H -pQ�FZN%R�Q/�cV�J�WZJ�D
R�HcVKH�R�QLIKH ,��(� .���. �1��1 61���
�fd�JYD�R�U�N%DrN^S�N%T_O*Q�T\I#JZUKV�F�HpIKJYD�H

ẋ = f(x, t)
W�J�J�VKRYUKJ�V2O*T�NnJ�D

J� fUKQLiPN%DLJ�V2O*JgIKQ�W'R�T�J�O*H
x(kTm + Tm) = x(kTm) + Tmf(x(kTm), kTm)

d�IKHcV#IKJ
Tm

JYW"J�D�SsJYT�Q�H�IKH
IKJ.J�W'O�Q�FZN%R�Q/�cV �

k
DeN
k−
�YW�QLF)N~FaUKJYW'O�T*N#o

�EW�NPIKJ�RYU�N%IKHMT'J�RYHcT�I�NPT  fUKJCDLHcW0FZH�IKJ�DLHcWlIKJCDLHcW0W�J�V#W�HcT'J�W0�mDeNPW0iPN%T'QeN%VKw�N%W0IKJCW'UKW�F�J�IKQLI�N%W
W�HcVmR]N%DLR�UKD�N%I�N%WlN~S�NPT'O*QLT�IKJ.DeNaT'J�W'SKUKJ�W_ObN�IKQ�V 
PFZQLR]NCIKJYD@W�JYVKW�HcTlH[IKJ.DeNPW�ObN%tKD�N%W�R�N%T*N%R�O*JYT���W_O*QLR]N%W
J�V2O*T'J�u2N%IKN%WMS�HcT)JYD�	�N%t#T�Q�R�N%V2O*JPo � JYD ���1����. §zd�IKH%VKIKJzW'JzSKT�JYW�JYVfO*N�DeN�Q�VKW_O*T�U#FZJYVfO*N%R�Q/�cV IKJ�D
IKQ�T'Q�ucQLtKD�JPdxW�J[O*QLJ�VKJ$ fUKJZS�N%T*N^J�DEO�Q�S�HmI#J �M¨ � JYFat�N%T'R]N%IKH#dhD�NMi%NPT�QeNPR�Q��%V�JYVvD�NmF�J�I#Q�I�N9IKJ�DeN
SsHcW'Q�RYQ��cVmJ�W

±2m
dsJYVnD�N�F�J�IKQLI�N~IKJCD�N%W"icJYD�H�R�Q�IKN%IKJ�W0J�W

±0.5m/s
�^SKN%T*N�DeN � J�V2O*T�N%DhQ�VKJYT�R�Q�N%D�d

D�HcW 
%V#ucUKD�H%W�O*Q�JYVKJ�V^iPN%T�Q�N%R�Q/�cVMIKJ
±0.05rad

o
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Va/T �

¡pQsO*HcFZN%F�HcW�J�DxFZH�IKJ�DLH~T�JYIKUKR�QLIKH[S�N%T�N[D�NCicJYD�H�R�Q�IKN%I���JYR�U�N%RYQ��cVX�co�" �2�"�)R�HcV#W�Q�I#J�T*NPFZHcW  fUKJ
J�D�icJYRYO�HcTZI#JmJYW'O*N%IKH�S�N%T*N!D�NzQ�IKJYVfO�Q/��R�N%R�Q/�cV¹J�W

χ = [x, κ, τ ]T
dEJ�D"F�HpIKJYD�HzI#J �EUKDLJ�T~S�NPT*NXJ�D

W�Q�W_O*JYF)N~W�QLFZS#D�Q/�KR]N%IKHCSKUKJ�I#J�W'J�TlJ�W'R�T�QqO*H�R�HcF�H9�

x(k + 1) = x(k) + Tm
τ(k)

(κ(k)u(k) − x(k))

τ(k + 1) = τ(k)
κ(k + 1) = κ(k)

�#"poq�c� �

¡pJ.SKU#J�IKJ>FZH%W'O*T�N%T  fUKJ>IKJ "poq�c�.W�J.Hct#O�Q�J�V#J\DeN~F)N O*T�QLw
F

SKT'J�W'J�V2ObN%IKNZN[R�HcV2O�Q�VfU�N%RYQ��cVX�

F =




(1 − Tm

τ
) Tmu

τ
Tm
τ2 (−κu+ x)

0 1 0
0 0 1



 �#"poq� "c�

� �
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��N���u%UKT*N "poL�,�0SKT'J�W�JYV2ObN�D�H%WjT'J�W�U#DLObNPIKHcWhIKJ;D�N`Q�F�SKDLJ�F�J�V2ObN%RYQ��cV\I#J;DeNPWjJYR�U�N%RYQ�HcV#J�W�NPVfO�J�T'Q�HcT'J�W
JYV��nNPO*D�N%t �·¡pQ�FaU#D�Q�V#��o ��NMRYUKT'iPN9W�UKS�J�T'Q�HcTgQ�w� fUKQLJ�T'I�NMFaUKJYW'O*T�NMDeN)JYW'O�Q�FZN%R�Q/�cVzIKJYD�J�W_ObN%IKH9I#J~DeN
i%J�D�H�R�QLI�N%I�dsR�HcF�S�N%T�N%I�N9R�H%VfO�T*N9DeN)i%J�DLHpRYQ�I�N%IXIKJ[W�N%D�QLI�NMIKJ�DEW'Q�W_O*J�FZN �!D�NMIKJ�D 	kT'J�V2O*Jn��W'UKSsJYT�QLHcT
IKJYT�JYRb}�N2�>FCUKJ�W_O*T*N3J�D�R�HcF�S�HcT'O*N%FZQLJ�V2O*H^IKJZDeN9iPN%T�Q�N%VKw]N^IKJYDBJYW'ObNPIKHnJYW'O*QLF)NPIKHKo ��N%WCRYUKT'iPN%W�IKJ
D�N�S�N%T'O�JXQ�V+	kJYT�Q�H%TMQ�w  �U#Q�J�T'I�N¹SKT�JYW�JYVfO*N%V D�N�R�HcV2icJYT�ucJYVKR�Q�N¦IKJ�D�H%W9R�H�J ��RYQ�J�V2O�J�W

κ
�
τ
dlRYHcV JYD

RYHcFZS�HcT_ObN%F�Q�JYVfO�HaIKJ.W�U#WliPN%T'QeN%V#w]N%W"JYV 	kT'J�V2O*JPo
&`V�N%V�
%D�QLW�Q�WgIKJ~DeN)iPN%T'QeN%RYQ��cVzI#J�DLHcW\S�HcD�HcWgJ�VXJ�DESKD�N%VKH9RYHcFZS#D�J � H9FCUKJ�W_O*T*N! fUKJ[J�DEW'Q�W_O*J�FZN

SKT'HcSKUKJYW'O�H�S�J�T'F)NPVKJ�RYJ�J�W_ObN%tKDLJ�IKUKT�N%V2O*J\D�N�	�N%W�J\I#Jgi�UKJ�DLH~R�T�U#R�J�T'HKdKSKT'J�W'J�V2ObN%V#IKHZU#V�NCiPN%T�Q�N%R�Q/�cV
S�NPT*N%F �YO�T�Q�R�NZIKJ~W'UKW\R�H�J �KR�Q�JYV2O*J�W �  fUKJ~W�JaI#J�t�JaO*J�V#J�T\SKT'J�W�JYV2O*J�W>J�V!JYD�IKQLW�J�º#H9IKJaD�H%W�T�JYucUKDeN �
IKH%T�J�WYo���W_O*J�T�J�W'UKDLO*N%IKH�SKUKJYIKJCW'J�T`N%SKT�JYR�Q�N%IKH�J�VnD�N ��ucUKT�N "poq� 8 d�IKH%VKIKJ.ObN%Fat#Q ��VmW�J>FaUKJYW'O�T*NZJYD
JYT�T�H%T"IKJ.J�W'O�Q�FZN%R�Q/�cV�o
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<>=@?BADCE=GFHCJI�K�I�LM?ONQPSRTPVUHAXWYADZ[Z[KE\^]_R`K7aGb[Idc;KEZfehg
z/δe ij
kmlon9p(qfrslok�tsn(u.vwn`xmyzq
t{n`x�qwt{n9x�v|n`p(}mv~p`kS�fr �f	��f
 p`qfr

χ1 = [z, θ, q, kz, k1, k2, k3]
T � n(xmy�qDtsn`xSqtsn��V}sxSn`u��mv~u/v#n`x@l/kSlo�/n`y�vzv#kStsn`r[�.k��mp�vTu�n`l��

z(k + 1) = z(k) + Tmkz(k)θ(k)
θ(k + 1) = θ(k) + Tmq(k)
q(k + 1) = q(k)(1 + Tmk1(k)) + Tm(k2(k)θ(k) + k3(k)δe(k))
kz(k + 1) = kz(k)
k1(k + 1) = k1(k)
k2(k + 1) = k2(k)
k3(k + 1) = k3(k)

� �
	S���[�

tsn �
	��d��� n`x��~n`p��.qfu-tsn�n`l��!v~t{q
χ1

l/n��.k�n(rsnwx�v#y�vT�.uok��
F � �su/n(l/n(rX�.v~tmvzn`r �
	S�`� �

�s�
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F =




1 Tmkz 0 Tmθ 0 0 0
0 1 Tm 0 0 0 0
0 Tmk2 (1 + Tmk1) 0 Tmq Tmθ Tmδe
0 0 0 1 0 0 0
0 0 0 0 1 0 0
0 0 0 0 0 1 0
0 0 0 0 0 0 1




�#"poq�]�f�

�`DpT'J]N%DLQ�w]NPThD�N`QLFZSKDLJ�F�J�V2ObNPR�Q��%V>I#J�J�W_ObN%W�JYR�U�NPR�Q��%VKJ�W�JYVaD�H%WGN%DLucHcT'QLO*F�HcW@IKJYW*N%T'T�HcDLDeN%I#HcWjW'J�u&%#V
DeN\O*J�H%T��eN.IKJ �.N%D�FZN%V[N%V2O*JYW;F�J�VKRYQ�HcVKN%I�N#d2W'J`HctpO*Q�JYVKJ�VZD�HcW�T'J�W�U#DLObNPIKHcWrSKT�JYW�J�V2O*N%IKHcWBJ�VMD�N��KucUKT*N
"poL� � IKHcVKIKJ\D�N%W�RYUKT'iPN%W"SKT'J�W'J�V2ObN%V^D�NaR�HcV2icJYT�ucJYVKR�Q�NaObN%V2O*H~I#J\D�HcWBJ�W'O*N%IKHcWlIKJYDxW'Q�W'O�J�FZNaR�HcF�HaIKJ
D�HcW�S�N%T 
%F�JYO*T'HcW�IKJ�W'R�HcV#HpRYQ�IKHcW�IKJ0J�W_O*JPo#¡�Q�W'J`JYW'O�UKIKQeN.UKVZSsH�R�H.FZN%W�J�V)I#JYObNPD�D�J"JYW'O�HcWBT'J�W'UKDLO*N%IKHcW
W�JgO�Q�J�V#J� fUKJ`J�D�W�Q�W_O*JYF)N.SKDeNPVfO�J]N%I#HCS�J�T�FZN%VKJYR�J`J�W'O*N%tKDLJgNCDLH�D�N%T�u%H>I#JgDeN�	�N%W'JgIKJ0ipU#J�D�H�R�T'UKR�JYT�HKd
N ��T�FZN%RYQ��cV  fUKJmJ�W[W�H%SsHcT_ObN%IKNXS�HcT~D�N ��ucUKT�N�"�oL�,�!IKH%VKIKJ^W�J^FaUKJYW'O�T*NXJ�D"F�H i�QLFZQLJ�V2O*HzI#JmDLHcW
SsHcDLHcW �9D�NCi%NPT�QeNPR�Q��%V9IKJ�D@JYT�T�H%T"IKJ.D�HcW"JYW'ObNPIKHcW0J�W'O�Q�FZN%IKHcWYo
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ψ/δg �

� HcV#W�Q�I#J�T*NPVKIKH^D�HcW\F�Q�W'FZH%W�SKT�QLVKR�QLSKQ�H%WgIKJ[D�H%W\IKHcW �LO�J�F�W�SKT�JYR�JYIKJ�V2O*JYW�dhDeNMJYR�U�N%RYQ��cV �co�" � �
R�HcF�H~i%NPT�QeNPtKD�JYW�IKJ.J�W_ObN%IKH

χ1 = [ψ, r, k1, k2]
T d�J�D@F�HpI#J�D�HCIKJ���U#D�J�TlJYW0JYD@W�QLucUKQ�JYV2O*J~�

ψ(k + 1) = ψ(k) + Tmr(k)
r(k + 1) = r(k)(1 + Tmk2(k)) + Tmk1(k)δg(k)

�#"poq� �c�

IKJ.IKH%VKIKJ.DeNaFZNPO*T'Q�w
F

S�N%T*N[DeNaS#T�J�I#Q�R�RYQ��cV^JYW>�

� "
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Estimation: q state, x in blue & x* in red
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F =




1 Tm 0 0

0 1 − Tm
τ(k)

Tmδe(k)
τ(k)

− Tm
τ2(k)

(κ(k)δe(k) − θ(k))

0 0 1 0
0 0 0 1



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ylJ�RYHcT�I�NPVKIKH  fUKJ

Ta(VA) = Av̇A − D(vdr)vA + Tsta(va|Rd
2)
dEW�J^SKD�N%V2O*J]N!NP}KHcT*N!UKVKNXT'J.�

IKUKR�RYQ��cVzN
Ta(vA)

d�J�W'SsJYR�� ��R]N%F�J�V2O�JaW�Hct#T�JCJYDhi%J�R�O*HcT
Tsta

o�S�N%T�NZDeN 	�N%W'JCIKJ>ipU#J�D�HZR�T'UKR�JYT�HX��icJ�T
�� r¡ # � � � �e��dKObNPD�R�HcF�H[W�J.SKT'J�W�JYV2ObN)N~RYHcV2O*Q�VfU�NPR�Q��%V��

Ta(vA) =




k1(cT1 + cT2α + cT3δe)
k1(cL1 + cL2β + cL3δg)
k1(cN1 + cN2α+ cN3β)
k2(cl1 + cl2α + cl3δe)
k2(cm1 + cm2β + cm3δg)
k2(cn1 + cn2α+ cn3β)




�#"poq� � �

IKH%VKIKJ
k1
�
k2

W�HcVmR�HcV#W'ObNPVfO�J�W0N%W'HpRYQeN%IKH%W"N~DeNCucJYHcF�JYO*T �eNCI#J�D@W�QLW'O�J�FZN#dKNaD�NaF)N%W�NCicHcDLUKF �.�
O*T�QLR]N

ρ
�MD�N�icJYD�H�R�QLI�N%I^N%JYT�H�IKQ�V 
PFZQLR]N.IKJ\IKJ�W'SKDeNPw]N%F�Q�JYVfO�H

va
o � HcV^JYW'ObN 	kHcT'FaUKD�N%R�Q/�cV)T'J�IKUKRYQ�I�N

S�N%T*N
Tsta

W�J~O*QLJ�VKJYV�F�H�IKJ�DLHcWgFZN%W�W'Q�F�SKD�JYW  fUKJ�N ��UKIKN%VXJYicJYV2O*U�N%DLFZJYV2O*J�N9DeN�	kHcT'FaUKD�N%R�Q/�cVnIKJ
DeN%W"DLJ �cJYW`I#J>RYHcV2O*T'HcD�o

&0W*N%VKI#H�J�D ��DLO�T�HvIKJ �.N%DLF)N%V � 1���� � �����l��W'J�u&%#V|R�HcF�HvW'JzSKD�N%V2O*J �{N%D0Q�VKQLR�Q�HXIKJ3DeN
SKT�JYW�J�V2O�J�W'J�RYR�Q��%V�dxRYHcV

N = 1500
FCUKJ�W_O*T*NPW�dxJYDGF �YO�HpIKH)IKJ �EUKDLJ�T�S�NPT*N)D�NZQ�V2O�J�ucT�N%R�Q/�cV¹�
£ � �� $;U#T � " �e�0�!F�J�IKQLI�N%W\IKJYD�$&. , 	�� � �!I#J�D �9¨ ��R�H%T�T�U#S#ObN%W.RYHcVvU#VvT'UKQ�IKH%#.N%UKW'QeN%V#HmS�J� fUKJYºKHKd

W�J)H%t#O*U#i%HnJYV{W�QLFaUKD�N%R�Q/�cVzDeN^Q�I#J�V2O*Q ��R]N%RYQ��cVXIKJ�D�H%W>RYHpJ.��R�QLJ�V2O*JYW�I#J
A
d
D(vdr)

�XJ�DEicJYRYO*H%T�IKJ
J�W 	kU#J�T�wYHcW(��F�HcFZJYV2O*HcW�J�W_ObN%RYQ�HcVKN%T�QLHcW�SKT�HcS#UKJ�W_O*H^�kJ�R�UKN%R�Q/�cV!"poq� � �1d2T�JYW�UKDqObN%IKH%W  fUKJgW'HcV)RYHcF�S�N��
T*N%IKH%W`RYHcVnDLHcWlI�NPO*H%W`QLIKJ�V2O*Q ��R]NPIKHcWlJ�V3J�D@O %KV#J�D�IKJ�i�QLJ�V2O*H2�^SKT�JYW�JYVfO*N%IKHcW�N%D@DeN%I#H�QLw� fUKQLJ�T�I#HZIKJ
DeNaObN%t#DeN$"po 8 o

��N%W ��ucUKT�N "po�" �{FaUKJYW'O�T*N�DeN�JYi%HcD�UKRYQ��cV�IKJ�D`S�N%T 
PFZJ�O*T�H
CT2

�¦D�N��GQLuKo "po " �{SKT'J�W�JYV2ObN¹DeN
JYicH%D�UKRYQ��cVXIKJ[D�H%W�R�H�J ��RYQ�JYVfO�J�W

Cm1
�
Cm3

W�HcD�N%FZJYV2O*J%dxJ�D�T'J�W'O�H3I#J~R�H�J ��RYQ�J�V2O�J�W>SKT�JYW�J�V2O*N%V{UKV
R�HcF�SsH%T'ObNPFZQLJ�V2O*HaW'Q�F�Q�D�N%T�o

¡pQ�R�H%VKW�QLIKJ�T�N%FZH%W;J�D�J�T'T�HcTBIKJ �KVKQ�IKH~S�HcT
e = |x−x̂|

|x|

IKHcVKI#J
x̂
J�W�D�N�JYW'O*QLF)NPR�Q��%VZIKJgD�HcWrJ�W_ObN%IKH%W

IKJ�DhW�QLW'O*JYF)N�R�HcVnD�HcWlVfUKJYi%HcW�S�NPT 
%F�JYO�T�HcW �
x
D�HcWlJ�W_ObN%I#HcWgIKJYDjW'Q�W_O*J�FZNm��T�J�N%D��qd�W�J�SKUKJ�I#J�icJYTgJYV
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� ���! "po�"P� � " � E>5 *�+,8<;>= 1 3D56E>$ @�/>(0BC9D3,&)(0EG$ Cm1# Cm3

D�N>ObNPtKDeN "�o �  fUKJ\JYDxF�HpI#J�D�H>SKT'HcSKUKJYW'O*H[RYHcV9DeN>T�J�I#UKR�RYQ��cV9IKJ
Tsta

J�W_O*QLF)NCt#Q�J�V)J�DxW'Q�W_O*J�FZNCJYV9DeN
	�N%W'J.IKJ\ipU#J�D�H[RYT�UKRYJ�T�Hmo

���������
	 �
������������� ����������� �!�"�#�#� �
�$�����%����� ����������� �!�"�����

u 0.0177 0.0004 0.0190 0.0006
v 0.0034 0.0006 0.0058 0.0007
w 0.0156 0.0003 0.0287 0.0007
p 0.0016 0.0001 0.0017 0.0002
q 0.0019 0.0001 0.0023 0.0002
r 0.0057 0.0001 0.0020 0.0002
x 0.0439 0.0015 0.0639 0.0016
y 0.0670 0.0025 0.0209 0.0027
z 0.0217 0.0038 0.0086 0.0040
φ 0.0626 0.0009 0.0651 0.0009
θ 0.0179 0.0001 0.0209 0.0003
ψ 0.0153 0.0171 0.0603 0.0018

 ! #  "�o � � " (�(0E>(037$�143 3�$�&)8:9D/ +78<;C= 1 3 37$�& / 14E>$�= E>(�9!/>5 8 ��/ 14E>$

�@HcWaT'J�W�U#DLObNPIKHcW~N%V2O�J�T�QLHcT�JYWaFaUKJYW'O�T*N%V¹UKVKNzFZJ � HcTCNPSKT�H -pQ�FZN%R�Q/�cV{S�HcT�S�N%T'O�JMIKJYD ����� J�V
D�N^JYW'O�Q�FZN%R�Q/�cVXIKJ)DLHcW.S�N%T 
PFZJ�O*T�H%W>QLIKJ�V2O�Q/��R�N%IKHcWYo � H%VKW�QLIKJ�T�N%VKIKH3J�W'O*N3}KQLS �PO*J�W'Q�WYd@W�JMNPSKD�QLR]N%T'HcV
DLHcW)NPD�ucHcT'QLO�FZHcWCIKJ�W�N%T�T'HcD�D�N%IKHcWZNvI�N O*HcWZT�J]NPD�J�WZIKJ3i�UKJYD�H�JYV DeN 	�N%W'JnR�T'UKR�JYT�HKo �@HcW)T'J�W�U#DLObNPIKHcW
W'HcVzSKT'J�W�JYV2ObN%IKH%W\N%DhDeN%IKH�IKJYT�J�Rb}#H9IKJCD�N[O*N%tKDeN "po 8 �mJYi%HcD�UKRYQ�HcV#J�WgI#JaN%DLucUKVKHcW0S�N%T 
%F�JYO*T'HcW0W�HcV
SKT'J�W'J�V2ObN%I#HcW`JYV3D�N ��ucUKT�N "�o "c��o
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� k �Jn`uon`r[�.n(l y	!(�.qDtsqflM�^n`u/yzkS�/n`r�p`qfuou/q#"^qfu/v~uBx�v��~vTx�k�t{n`�*tsn xSqflBy�qDtsn(x�qflBu/n(ts}sp(k�tsqflY�su/q~�s}sn`l��.qflv~x��mrsv~x�tsn(x�p�vT�skS�/}sx�q#vTrX�/n`uok�qfu 	%$ !��.qDtsqfl�p(x'&~lok�p`q~l8p`qfyzq�x�v k�tsn(r[�.kS�sp�v~p(k��frHv��sv~uo�/k�u�tsnwn`r[�.u/v~tmv~l�.k��^q#n`lop�v~xS�fr v~l/n�(f}su/v~r�}srmv��Tv~x�kStsn`�|�sv~u/p(k�v~x�tsn`x�yzqDtsn`xSq � �^n`uoq rsq p`qfr�(fu/v~r�p`qfr{�mv)"sk�xSk�tmvTt v#x�v
* qfu.vHtsn vT�sx�kSp�v~u)n`r l/k�l��.n(y v~lwuon�v~xSn`l � n`l/�^n`p�+S�mp`v~yzn`r[�.n �mv~u/v x�v,�Ev~lon#tsn#�D}sn`xSq p(u/}sp(n`uoq 	.- v~l/qp`qfr[�.u/v~u/kSq#l/}sp(n`tsn�p(qfrHx�v~l��/!(p`rskSp�v~l�tsnwkStsn`r[�/kS�mp`v~p`kS�fr �mvTu.v~y	!(�/u/k�p`v p`q~r�v~x0(fq~u/kS�/y�q~l�t{n�v~tmv~�{�.v21p`k��~r �sv~u.v#x�q~l8p`qDn(�mp(k�n(rX�/n`l-tsn�x�q~l8y�qDtsn(x�qfl8�{u/qf�s}{n`lo�/qfl � �{}sn`l-�^n`u/yzkS�/n`r�v#�mv~u��.kSu8tsn�tmvT�/qfl�p`qfr�~vTu/k�vTp`k�q~rsn`l|lo}{�mp(k�n`r[�/n`yzn`r[�.n	(fu.vTrstsn`l��mvTu.vHtsk�l��.kSr%(f}skSu2n`xVuo}sk�t{qHtsn n`xVp`q~y��^qfuo�.v~yzk�n`r[�/q tskSr3&21y�kSp`q tsn(x lok�lo�/n`y�v l/kSr l.v~p`v~u/xSqHtsn`xY�s}sr[�.q�tsn qf��n(u.v~p(k��fr � xSq#(fu.vTrstsq }srsv k�tsn(rX�/kS�mp`v~p`kS�fr p(}mv~rstsqn`x8tskSu/k�(fk0"sxSn#l/nHtsn(l/�sx�v~��v v �~n`xSq
p(k�tmv~tGp`qfrsl��!v~r[�/n � v~x��.k��.}st p`qfrsl��!v~r[�/n � (fkSu/qfl l/}{�sp`k�n(r[�.n`yzn`r[�/n
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a11 1.5276 1.2633 1.9660
a22 21.0933 20.8660 21.1896
a33 20.4220 20.2018 21.4239
a44 16.3905 15.9151 16.8548
a55 382.1290 380.0030 380.1463
a66 388.0972 379.9988 384.0155
a15 = a51 0 0.1309 0.0001
a24 = a42 0 −0.0958 0.1628
a26 = a62 −69.6939 −59.9030 −69.8978
a35 = a53 67.7045 70.0684 70.3361
a46 0 0.0801 0.0101
m13 1.2801 2.0621 1.5235
m33 −49.7019 −48.0249 −48.5013
xm11 25.6919 23.0748 24.5183
xm22 23.6878 20.0129 21.0075
xm13 −4.5582 −9.1165 −5.4699
x2m11 −173.4906 −150.0044 −170.8227
x2m22 −166.3538 −149.9994 −158.8524
CT1 − −1.8974 −0.6579
CT2 − 0.1071 0.1069
CT3 − −2.8752 −0.6877
CL1 − 50.8756 15.4789
CL2 − −15.9874 −11.5582
CL3 − −1.2234 −7.2243
CN1 − −0.0417 −0.0664
CN2 − 0.5487 0.5789
CN3 − 1.0258 0.389
Cl1 − 0.0205 0.0304
Cl2 − −0.1919 −0.1271
Cl3 − 0.0170 0.0266
Cm1 − −0.0405 −0.0415
Cm2 − 0.7975 0.9982
Cm3 − 0.2930 0.2173
Cn1 − 1.0833 0.6207
Cn2 − −0.8574 −0.7589
Cn3 − 0.0450 −0.0010

� ���	���%� ����	�� ����� 
 	��$��� ����� �!��

Pii �

a11 11.2428 0.1580
a22 90.4922 0.0925
a33 70.5841 0.0922
a44 42.3387 0.0901
a55 383.7979 0.0837
a66 419.9314 0.0872
a15 = a51 6.9103 0.1309
a24 = a42 1.2382 0.1240
a26 = a62 −195.3407 0.1269
a35 = a53 59.4323 0.1053
a46 −28.5030 0.1053
m13 33.7772 0.0621
m33 −93.7707 0.0982
xm11 76.4093 0.0905
xm22 54.7163 0.0192
xm13 75.3240 0.0962
x2m11 −201.9972 0.0335
x2m22 −224.8353 0.0896
CT1 −2.9074 0.1290
CT2 −0.2250 0.0446
CT3 −0.7970 0.0767
CL1 15.0799 0.0744
CL2 −7.6177 0.0644
CL3 −3.2706 0.0249
CN1 −2.1196 0.0676
CN2 −13.9818 0.0949
CN3 0.6837 0.0508
Cl1 5.1576 0.0538
Cl2 2.9208 0.1509
Cl3 1.0168 0.0582
Cm1 −0.0725 0.1442
Cm2 −1.8937 0.0814
Cm3 1.1017 0.0762
Cn1 −0.1082 0.0942
Cn2 −0.5101 0.0415
Cn3 0.0115 0.0227

 ! #  "po 8 ���
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ucT�N%VKIKJYWlS�N%T*N~J�ipQqObN%T"DLHcW"IKJYW�D�QLw]N%F�Q�JYV2O*HcW�I#J�D@W�QLW'O�J�FZN#o
�ED��KDLO*T'HvI#J �.N%D�FZN%V�dEFCUKJ�W_O*T*N�ucT*NPVKIKJ�WZSsHPO*J�V#R�QeNPD�Q�IKN%IKJ�W[JYV DeN%WZN%SKDLQ�R�N%R�QLHcVKJ�W[IKJ 	kUKW�Q/�cV

W'J�VKW �cT�QLR]N#dPSsJYT�F�QLO*QLJ�VKI#HgO*JYVKJ�TEUKVKN�J�W'O�Q�FZN%R�Q/�cV �cSpO*Q�FZNgN�R�N%I�N\Q�V#W'ObNPVfO�J�IKJ"FaU#J�W'O�T�JYH>V#J�R�JYW*N%T'QeN
S�NPT*N�DeN¹HcS�J�T*NPR�Q��%V IKJ�D�H%WmT'J�ucU#DeN%IKH%T�J�WYo &`V�N¦N%SKD�QLR]N%RYQ��cV NPIKQ�RYQ�HcV�NPD�IKJ�D���DqO*T'H¦W'JvRYJ�V2O*T�N�J�V
D�NvQ�I#J�V2O*Q ��R]N%RYQ��cV�IKJzS�N%T 
%F�JYO*T'HcWMNPDgF�Q�W�F�HXO*Q�JYFZS�H  fUKJ!J.	kJ�R�O %�N�D�N{J�W_O*Q�FZN%RYQ��cV��cS#O*QLF)N�IKJ
JYW'ObNPIKHcW�d,JYWjW'U+��RYQ�J�V2O�JBRYHcVCNPFZSKDLQeN%TsJ�Dci%J�RYO�HcT�IKJrJ�W'O*N%IKHcW
�\RYHcVKW'Q�IKJYT*N%T�D�H%W@S�N%T 
PFZJ�O*T�H%W�NlJYW'O�Q�FZN%T
IKJYV2O*T�H�IKJ>J�W_O*J%o�ylJ�W'UKDLO*N%IKHcWlW*N O*Q�W 	�N%RYO�HcT�QLHcW�W'J�JYVKR�UKJYV2O*T*NPV!N%D�O*JYVKJ�TlJYD �KDLO*T'H[IKJ��>NPD�FZN%V9R�HcF�H
}KJYT�T�N%FZQLJ�V2ObN  fUKJ�N ��UKI�N�N~i%J�T'Q/��R�N%TlDeNCiPN%D�QLIKJ�w\I#J>DLHcW"F�HpIKJYD�HcW;IKJ.FZJYVKHcT"R�H%FZSKDLJ � QLI�N%I�o

� HcV|T'J�W�S�J�R�O*H�N{D�NvQLIKJ�V2O*Q ��R]NPR�Q��%V�T�J�N%D�QLw]N%IKN�JYV|DeNvW'J�RYR�Q��%V
2.4.3

d�W�JnO�Q�J�V#J  fUKJ!J�D ��DqO*T�H
IKJ �>NPD�FZN%V{S�J�T'FZQqO*J)JYVKR�H%VfO�T*N%TaN%D�ucU#VKHcWCI#J9D�HcW�S�N%T 
PFZJ�O*T�H%W  fUKJ 	kUKJYT�HcV�Q�I#J�V2O*Q ��R]N%I#HcWCJYV JYD
O�%KVKJ�DjIKJCi�Q�JYV2O*H9S�N%T�N)J�DGN%V2O*QLucUKH)I#Q�T�QLucQ�t#D�J.IKJ�D �B§9§ �Gd�J�D

AS500
ox ET�H%t�N%I�NMJYW'ObN)O ��RYVKQ�R�N#dxJYV

D�N%WlIKHcW0FZH�I�N%DLQ�I�N%I#J�W�IKJYD �KDLO*T'H[IKJ �.N%DLF)NPV{� 1���� �������l��d�W�J>SKT�H�R�JYIKQ��ZNZD�N~Q�IKJYVfO�Q/��R�N%R�Q/�cV
S�NPT*N%F �YO�T�Q�R�N#d�IKJ�DEF�HpI#J�D�H)R�HcF�SKD�J � HKdxRYHcV�I�NPO*H%W\T�J]NPD�J�WYd�D�H%ucT*N%V#IKH9T�JYSKT�H�IKUKRYQ�T\D�H%W�J�W_ObN%IKH%W�IKJYD
IKQLT�QLucQ�tKDLJ��MUKV�N[R�HcV2icJYT�ucJYVKR�Q�N�I#J>SKN%T 
%F�JYO�T�HcWYo

�2�
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%'&)( *,+.-0/21'3
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%'&A@ BDC8EF4HG:IJ3H1K/2CML<58G:NJLO7:5M1KL<-P7RQS1UTV*XW &;&<&=&;&<&;&;&<&;&=&;&<&;&;&<&;&=&<& >K@

Y[Z]\[Z_^ `badcfehgAi"ZjZkZjZkZjZjZkZVZkZjZkZjZjZkZjZkZVZjZkZjZkZjZkZjZVZkZjZkZjZkZjZ lm\
Y[Z]\[Z]\ noadpqi2ehercfs_stcvuJaoera,wmxJsAifuJcferadp ZjZjZkZjZkZVZjZkZjZkZjZkZjZVZkZjZkZjZkZjZ lmY

%'&t% BDC8EF4HG:IJ3H1K/2CMLzy{T;| &;&<&=&;&;&<&;&;&<&=&;&<&;&;&<&;&=&;&<&;&;&<&;&=&<& >.}
Y[Z]Y[Z_^ `badcfehgAi"ZjZkZjZkZjZjZkZVZkZjZkZjZjZkZjZkZVZjZkZjZkZjZkZjZVZkZjZkZjZkZjZ l6~
Y[Z]Y[Z]\ noadpqi2ehercfs_stcvuJaoera,wmxJsAifuJcferadp ZjZjZkZjZkZVZjZkZjZkZjZkZjZVZkZjZkZjZkZjZ lm�

%'&_� BDC8EF4HG:IJ3H1K/2CMLv+b1�G)7)+�C8I�GRCML<-P7RQS1	Qb/f7)�UCM/�1K/23bC�+ &;&=&;&<&;&;&<&;&=&<& ���
Y[Z ��Z_^ `badcfehgAi"ZjZkZjZkZjZjZkZVZkZjZkZjZjZkZjZkZVZjZkZjZkZjZkZjZVZkZjZkZjZkZjZ �2�
Y[Z ��Z]\ noadpqi2ehercfs_stcvuJaoera,wmxJsAifuJcferadp ZjZjZkZjZkZVZjZkZjZkZjZkZjZVZkZjZkZjZkZjZ �ml

%'&A> BDC8LP4bG:-0IJ3H1KL<3HC�GR1KL<5M1F+.-0/21FGRCMLv3HC��.C8GR1'5M7R3HIJ3���I�G:-P7:-P4�3�C8+���/2�z+�& }F(
%'&t� BDC8LP4bG:-0IJ3H1KL=3bC�GR1FL��61.+.-0/O1.GRCML=3bC{�.C8GR1'�M7R3bIJ3���3H7R/2CM�6�87:9.+�C8+���IJ/2��I�}[%
%'&R} |V1F+b�MG)4�LP7R1.+�C8L &;&<&;&;&<&=&;&;&<&;&;&<&=&;&<&;&;&<&;&=&;&<&;&;&<&;&=&<& }[%
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·�«8¡:©,¬A©,­?¯��{¯?¬:¤X¥Oª2ª2¬/�[¨
¥O¨D¡R« 	¸«8§X¥¹¯?¥¢¶F­.¥2¡R®Vª2¤¦­?ª2¥O¤X®?º �¢¨D¡R«k± %?§� �­?¥O¯'«=¯?¥¹¤X¥O³[­?¡R«�¯?®[¤¦¥2§S£b®�§X¬R±.¡R¥2§S«j­.©X¬R¡R¬:»f«�¤H£'«�¤,«k¥O¡KªO®[¨J©,¤¦®[¡
¯?¥O¡=¯?¬:¤X¬:³[¬R±?¡:¥¼¥2¨½¡R«�	¸«�§¦¥23�6����0. $ � 61$&�	��.¾·¹§X¥�£?¤X®[±?«�¤X®[¨�¤X¥2³�­?¡)«�¯.®[¤X¥O§¿¯?¥�©,¬R£�®À«8¯'«�£.©X¬:¶[®�ª2®[¨
²°®F¯.¥2¡R®�¯?¥¢¤X¥.	´¥2¤X¥O¨?ª2¬R«k£b®[¤�¥O¡[² �O©,®K¯?®k¯?¥O¡J³[¤,«8¯?¬R¥O¨�©X¥ �<£�®[¤
¥O¡J² �P©,®K¯?®o¯?¥*	´­?¨?ªO¬R®[¨.¥2§�¯?¥ � �J«�£.­?¨?®m¶
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8§X¬Rª2«D©,¬:£b®DÑ ����º �S­.¥2³[®?·F§X¥;£.¡)«�¨J©,¥2«�¨Ò¡:¥ �[¥O§k¯?¥;ªO®[¨J©,¤X®�¡H«
£'«8¤¦©,¬:¤¢¯?¥V¡)«<©,¥2®�¤��)«<¯?¥�ª2®[¨J©X¤X®[¡Ó£?¤¦¥2¯?¬:ªO©,¬A¶[®�³[¥2¨.¥2¤,«8¡R¬R»2«�¯?® Á �ÒÑ�Ô{Ë0º �É¨�§X¥O³[­?¬R¯?«.·�¡R¥ ��¥2§Õ¯?¥�ªO®[¨J©,¤¦®[¡
±'«8§,«�¯'«8§�¥O¨�© �2ª2¨.¬Rªf«8§D¨?®�¡R¬:¨?¥f«8¡R¥2§;©X¬R£�®¼£?¤X¬:²�¥O¤<®[¤X¯.¥2¨�®�¯?¥°¥.-K©,¬:¨?ª2¬/�[¨�¯?¥2¡É²°®F¯.¥2¡R®¼¡:¬R¨?¥2«�¡R¬:»f«�¯.®
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GIHKJMLEN#OPN,JRQTSUNVH�WYXKZT[]\EZTS^HKW,\E_PZ`J]N,aFbKZcN#d4eUSUN,Jf[FHKJYg"a]NYJfehN#[3HKZcNYZciPNYZUN,aFHKLjL9XPJk[F\EN,lme�XPJknUN
a]NYJfeUSUN,Jf[3Hon�NYL�nU\Eaf\EiP\9pULEN8gKNYLq[F\9NYlrehXjQTSUN"J]N"[]XPlmHsN,LhnU\9a]\9iP\EpUL9N NYZmLDHKt,XoHKp�\ENYa�[FXse^HKa]HuLDHjN�vfN,WYSUW,\E_PZ
nUNwJ]SUJslmX)xA\Elr\EN,ZB[FXPJ,gye�NYa]lr\9[]\EN,ZUnUXz[]NYZUN,asJfNY{^H8LENYJsnUNwWYXKZT[]a]XPL|ZUX�}~S�NYaf[]NYJ�O�eUafXPeU\EHKJ�e^HKa]HMQTSUN
NYL|Jf\EJ�[FNYlmHme�NYaflzH8ZUNYt,W�HznUN,ZB[Fa]Xkn�N�LDH8J��U\9eh_K[]NYJf\EJ>nUN�L9\EZUNYHKLE\9n^HKnMnUNYL�lmXAnUN,LEXUg^JfNYiPSU\9nUXPJ"e^HKaFHmNYL
eULDHKZB[]N�HKlr\EN,ZT[]X�nUNjLEXPJ�lrXAnUNYL9XPJ nUNjWYXKZT[]a]XPL:�

�z�]� �������k�Y�s�k�j���>�������s�������o���I�#��� �����

 >Z^Hj¡]NYXPaf¢DH�eUafXK}~SUZUn^H8lmN,ZT¡]N>¡]aFHKpUH£v]HKn^HjHjLEXjLDHKafiPXjnUN>LDH�N#d4\EJ�¡FN,ZUWY\EHsnUN,LqWYXPZB¡FafXPLqHKS�¡]XPlmb8¡F\9WYX
LELEN#x8HmHze�NYZ�JFHKa"NYZ¤afNYiPSULEHKnUXPafNYJ1¡F\9ehXm¥u¦,§��qGIXKJ�nU\9J]NY{�XPJ�e�XPJf¡]SULDH8nUXPJ"HKQTSU¢�JfNoa]NYHKLE\9t�HKZ¨HmeUHKaf¡]\Ea
nUNjLEXPJ�lrX4n�NYLEXKJ a]N,nUSUWY\9nUXPJ1NYJ�¡FSUn�\DHKnUXKJ>N,Z¨L9XPJ�W�H8eU¢9¡]SULEXPJ<eUa]N,WYNYn�NYZB¡FN,JY�

©>ª:«�ªf¬ ­�®°¯²±U³�´
µ H8pU\EN,ZUnUXjQTSUN1LEXPJ²Jf\EJf¡]NYlmHKJ²J]\9lme�LE\9¶UW�HKnUXKJ·eUSUN,nUNYZr¡FNYZ�NYa$SUZ^H�a]N,eUa]N,J]N,ZT¡FHKWY\9_PZzN,ZmN,J]e^H8WY\EXjnUN

NYJf¡FHKnUX
ẋ = Ax + Bu

gqnUXPZUnUNr¸
x
NYJ>NYL°xKNYW,¡]XPa�n�NuN,Jf¡3H8nUXUg

u
LDHwJ]N,{^HKLInUNsWYXPZB¡]a]XPL:g

A
LEHrlmH8¡]a]\Et

nUN�N,Jf¡3H8nUXPJ�O
B
LDHjlzH8¡]a]\9t>n�N�LDHjJ]N,{^HKL�nUN�W,XPZB¡FafXPL�gBJfN�eUS�NYnUN¹e�LDHKZB¡FNYHKa$SUZ^H�L9N,OwnUN"WYXPZB¡]a]XPLqn^HKnUH

ºP»
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£�®[¤
u = Kpum +Ki

∫
(urer − um)dt+Kd

dum
dt

Á §X¬S¨?®°§X¥<©X¬R¥2¨.¥�¥O¨�ªO­?¥2¨J©d«°¡)«{§X«8©,­?¤X«�ª2¬&%[¨�¯?¥v¡)«
«�ªOª2¬&%[¨�¬R¨J©,¥O³[¤,«8¡ÌËP·M¯?®[¨.¯?¥

uref
¥2§¢¡R«=§X¥(''«�¡'¯?¥k¤¦¥()´¥O¤X¥2¨.ª2¬)«+*

um
¥2§¢¡R«�¶8«�¤X¬R«�±?¡:¥�ª2®�¨�©X¤X®[¡R«�¯'«;®<§X«�¡R¬:¯'«

¯?¥O¡�§X¬:§¦©,¥O²¿«Fº-,¾«8§V³[«�¨'«�¨?ªO¬)«�§k£.¤X®[£�®[¤XªO¬R®[¨?«�¡
kp
·Ó¬R¨J©,¥O³[¤,«8¡

ki
*Ò¯?¥2¤¦¬:¶8«8©,¬A¶8«

kd
§X¥�¯?¥O©X¥2¤X²°¬R¨?«�¨Uª2®[¨

¡R«D©,¥O®[¤/.R«z¯?¥;¤¦¥f«�¡:¬R²°¥2¨J©d«�ªO¬�%[¨�¯?¥;¥O§¦©d«8¯?®!*Ò«�£.¡R¬Rª2«�¨?¯?®z£b®[¤�¥10¦¥2²°£?¡:®z¡)«�©�22ªO¨?¬Rª2«�¯?¥<«�§¦¬R³[¨'«8ª2¬�%�¨Ò¯?¥
£�®[¡R®�§ Á ¶�¥2¤�3'³[­?¤X«54Fº76[Ë0º

8:9<;>=-4.º�6@?BADCFE1G�HFI>JLK�HFM�NOHQP�G�MRJ�K(S�NUT-V�W
X�¨?«z¶[¥2»<£.¡)«�¨J©,¥2«�¯'«z¡R«z¡R¥�*°¯?¥<ª2®[¨J©X¤X®[¡H«{«�£?¡:¬Rªf«8¤Õ§¦¥2³ZY?¨U¥O¡H£?¤¦®FªO¥2§X®�¥O¨¼ª2­?¥O§¦©X¬�%[¨ Á £?¤X¬:²�¥O¤oÈ\[d·

§¦¥2³[­?¨.¯?®�È\[1] ®	©X¥2¤¦ª2¥2¤zÈ\[1]^] ®[¤X¯.¥2¨�§¦¥2³ZY.¨À²�®K¯?¥O¡R®[§v¤X¥O¯?­?ªO¬R¯?®[§,Ë�§¦¥¿¥2¨.ª2­?¥O¨�©X¤,«�¥O¡¹£�®[¡:¬R¨?®[²°¬R®
ª2«�¤,«�ªP©,¥O¤/.R§q©,¬:ª2®�¯.¥2¡=§¦¬R§q©,¥2²�«�¥O¨ ¡)«�»O®�ªO¥2¤X¤X«�¯?®?º_,�®[§¿£'«8¤�`�²°¥O©X¤X®[§�¯?¥�¯?¬:§X¥('?® ®À¯?¥O§X¥2²°£�¥a'?® ¯?¥O¡
§¦¬R§¦©X¥2²�«D§¦¥;¤X¥O¡)«�ªO¬R®[¨'«8¨¿¥2¨¼­.¨Ò£b®�¡R¬R¨.®[²�¬:®cbK­.¥;¯?¥2±�¥;§¦¥2¤o¬:³[­'«�¡R«�¯?®D«�¡b£�®[¡:¬R¨?®[²°¬R®<¯.¥;¡)«�»O®zªO¥2¤X¤X«�¯?®
*�¯.¥°¥O§¦©,«	¬R³�­'«�¡)«8ª2¬�%�¨
·Ó§X¥°¤X¥2ªO­?£�¥2¤,«8¨�¡R®�§;¶�«8¡R®[¤¦¥2§<¯?¥�¡R®�§<ª2®K¥(3'ªO¬R¥2¨J©X¥2§z¯.¥°¡:®[§<¤X¥O³[­?¡R«�¯?®[¤¦¥2§ Á

Kp

·
Ki

·
Kd

*
k2d

ËP·F©d«�¡
ªO®[²°®°¥O§j£?¡)«�¨J©X¥f«�¯?®�£�®[¤k¡)«z©X¥2®[¤d.)«�¯?¥�«�§¦¬R³[¨'«8ª2¬�%�¨¼¯?¥v£b®[¡:®[§2º

e�f�g>f�g hjilknm\onoqpsr1rFputviwoqilxsyvrFmstvpsozilk

{ ®[¨?§¦¬R¯?¥O¤,«�¨.¯?®Ò¡)«�©,¥O®[¤/.R«�²°¥2¨?ªO¬R®[¨'«8¯'«5*�¥2¡�¥2§dbK­.¥2²�«Ò¯?¥z¡R«53'³[­.¤,«|4.º�6�§¦¥{¯?¥2§X«�¤X¤¦®[¡R¡R«�¤X®�¨	¡:®[§
¤¦¥2³[­?¡R«�¯?®[¤¦¥2§k£'«8¤,«�ªf«�¯?«�­.¨?®�¯.¥�¡:®[§k²°®F¯?¥O¡R®[§�¤X¥2¯.­?ª2¬:¯?®[§2º-,S«�§k£.¤X­?¥O±'«�§V¯?¥v¥2§¦©X®[§j¤X¥O³[­?¡)«8¯?®[¤X¥O§k§X¥
¤¦¥f«�¡:¬R»f«8¤X®[¨Ò§¦®[±?¤¦¥D¥O¡�¥2§/b�­?¥O²¿«�¯?¥v§X¬:²{­?¡R«�ª2¬&%[¨Ò£?¤¦¥2§X¥O¨J©d«�¯?®�¥2¨�¡)«@3'³�­?¤,«54.ºAÙ[º

Ô~}��D����}��_����������}����O�����
� §¦­?²°¬R¥2¨.¯?®¼¥2¡�²�®K¯?¥2¡:®¿¯?¥�ªO®[¨J©,¤¦®[¡ £'«8¤,«Ò¡)«°¶[¥2¡:®FªO¬R¯'«8¯�«�¥2¤¦®F¯.¬R¨�`�²°¬Rª2«�«Ò¡R«�b�­?¥�¥2¡�¯?¬R¤¦¬R³[¬:±?¡R¥

§¦¥�¯.¥2§X£.¡)«�»2«°ªO®[²�®�§¦¥D£.¤X¥2§¦¥2¨J©d«�«�ª2®[¨J©,¬:¨�­'«�ª2¬&%[¨
·

H(s) =
va(s)

T (s)
=

κ

τs+ 1

Á 4.ºAÙ6Ë
*¼£?¡R«�¨J©,¥2«�¯?®�¡)«{¡:¥(*¼¯?¥vªO®[¨J©,¤X®�¡�§X¬R³�­?¬R¥O¨�©X¥!�

T (s) = kpva +
ki
s

(vr − va)
Á 4.º�6[Ë

§X¥<©X¬R¥2¨.¥�¥O¡�£b®�¡R¬R¨.®[²�¬:®D¯.¥�¡R«�»2®�ªO¥2¤X¤X«�¯?®
Æ	4
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s2 −
1

τ
(1 + κkp)s+

κ

τ
ki

Á 4.ºR4JË
ÎF¥O¡R¥Oª2ª2¬:®[¨'«�¨.¯?® ­?¨ £b®[¡:¬R¨?®�²�¬:®

s2 + 2ζwns + w2
n

·�§X­�0¦¥P©,® « ¡:®[§ÒªO¤X¬:©X¥2¤¦¬R®[§Ò¯.¥�¯.¥2§X¥O²�£�¥a'.®
¯?¥2¡V§X¬:§¦©,¥O²¿«�¥2¨½¡R«�»2®�ª2¥O¤X¤X«�¯?®?·¹§X¥	¤X¥f«8¡R¬R»2«�¡R«�¬:³[­'«�¡R«�ª2¬&%[¨ ª2®�¨½¡)«�¥2ªO­'«�ª2¬&%[¨ 4Fº�4 * §¦¥�®[±F©,¬R¥O¨?¥2¨
¡R®[§�¶8«�¡R®�¤X¥2§�¯.¥	¡:®[§�¤X¥O³[­?¡)«8¯?®[¤X¥O§2·

Kp = 14.3333
*
Ki = 7.9012

ºs,�®[§�¤X¥O§X­?¡A©d«�¯.®[§�®[±.©,¥O¨?¬R¯.®[§
£b®[¤�¥O§¦©,¥�¤X¥O³[­?¡R«�¯?®[¤�§¦¥�£.­?¥2¯?¥O¨ «�£?¤¦¥2ªO¬)«�¤�¥O¨ ¡R« 3?³[­?¤,« 4.ºR4.·\b�­?¥U²{­?¥O§¦©,¤X«�¡R«�¥O¶[®�¡R­?ªO¬�%[¨ ¯?¥U¡)«
¶[¥2¡:®FªO¬R¯'«8¯°ªO­'«�¨?¯.®D§¦¬R³[­?¥k­.¨'«�¤¦¥()´¥O¤X¥2¨.ª2¬)«<ªO®[¨?§X¬:³[¨'« Á

Vr
Ë *{¡)«;¡)«;¤¦¥f«�ªOª2¬&%[¨�¯?¥j¡)«;§X¥(''«�¡Ó¯?¥jª2®�¨�©X¤X®[¡Ø·

£?¤X¥O§X¥2¨J©,«�¨?¯?®�­?¨DªO®[¨J©,¤¦®[¡Jª2®[¨�±'«�0¦®j§¦®[±?¤X¥��h£'«8§X®[§ Á §¦®[±?¤X¥��h£?¬:ª2®[§,ËPº�XV¨D¥O§¦©X­?¯?¬R®j¯?¥É¥O§¦©d«8±?¬R¡:¬R¯'«�¯<§¦¥2³ZY.¨
¡)«�¶8«�¤¦¬)«�ªO¬�%[¨�£'«�¤X«�² 2P©,¤¦¬Rªf«°¯?¥2¡�§X¬:§¦©,¥O²¿«F·bªO­'«�¨?¯?® )´­?¨?ª2¬:®[¨'«¿¥O¨�¡)«�»O®¿ªO¥2¤X¤X«�¯?® Á

H(s) = vs(s)
vr(s)

ËP·�¥2§
£?¤X¥O§X¥2¨J©,«�¯'«�¥O¨	¡R«�3'³[­?¤X«54Fº Ð ·.²�®[§q©,¤X«�¨?¯?® b�­?¥�¥2¡
§¦¬R§¦©X¥2²�«�£b¥O¤X²�«�¨?¥2ªO¥v¥2¨�¥2§¦©,«�±?¡:¥�º
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8:9<;>=-4.ºR4�?	� HQP�G�MRJ�K(S�N K(H�
�H1M�S
����K�J(K���S���� G�HFN��QH N G���K�S+H���MRJ>I>H K���K�J����-S����&N�S�M	T�V
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8:9<;>=-4.º Ð ?���S�
�� I���H����<S+K�H MRS�C! �S�MRS�C K�HFM�C��7C��QHFI J"� S��#� S�����NOS�M�K(H�
�HFMRS
����K�J(K"�$�  �S:T�V
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Ô~}��D����}��_����×B�<���<��� �
{ ®[¨?§¦¬R¯?¥O¤,«�¨.¯?®�¥2¡k²°®F¯?¥O¡R®�£?«�¤,«�¡)«�«8¡:©,¬A©,­?¯�¯?¥2¡k¯?¬:¤X¬:³[¬R±?¡:¥�¥O¨ ¡)« )¸«�§¦¥�¯.¥Ò¶F­.¥2¡R®�ªO¤X­?ªO¥2¤X®�§X¬ �

³[­.¬R¥2¨J©X¥!�

H(s) =
z(s)

δe(s)
=

kzk3

s3 − k2s2 − k1s

Á 4.º Ð Ë
¡)«{¡:¥(*¼¯.¥�ªO®[¨J©,¤¦®[¡\�

δe(s) = kpz +
ki
s

(zr − z) + kdθ + k2dq
Á 4.º Æ[Ë

§X¥v¥O¨?ª2­?¥O¨J©,¤,«°¥2¡�£�®[¡R¬:¨?®[²°¬R®D¯?¥v¡)«�»O®�ª2¥2¤¦¤,«�¯.®�¯?¥v¡R«{¥2ª2­?«�ª2¬&%[¨	§¦¬R³[­.¬R¥2¨J©X¥

s4 − s3(k2 + k3k2d) − s2(k1 + k3kd) − s(kpk3kz) + kzk3ki
Á 4.º��JË

�¢¡)«�¨J©X¥f«�¨?¯.®¿¥2¡S£�®[¡R¬:¨?®[²°¬R®
(s2 + 2ζwns + w2

n)(s + 1/τ1)(s + 1/τ2)
§¦¥2³ZY.¨�¡R®[§Vª2¤¦¬:©X¥2¤X¬:®[§j¯?¥

¯?¬:§X¥('?®	¯.¥2¡É§X¬:§¦©,¥O²¿«U¥2¨�¡)«�»O®Uª2¥2¤¦¤,«�¯.®�¥°¬R³[­'«8¡)«�¨?¯.®U«�¡R«�¥Oª2­'«�ªO¬�%[¨ 4.º���§¦¥¿®[±F©,¬R¥O¨?¥2¨�¡R®�§v¶8«�¡:®[¤X¥O§
¯?¥°¡R®�§<¤X¥2³�­?¡)«�¯.®[¤X¥O§�§¦¬R³[­.¬R¥2¨J©X¥2§5�

Kp = 20.8889
·
Ki = −3.5654

·
Kd = −167.5604

*
K2d =

−31.0141
ºz,�®[§k¤X¥O§X­?¡A©d«�¯?®�§k¯?¥v¡)«{§X¬:²{­?¡R«�ª2¬&%[¨¿ªO®[¨U¡R®[§k£?¤¦¥2§¦¥2¨J©,¥O§�¯?¥O§,«�¤¦¤X®[¡:¡R®[§�§X®[¨U²°®[§¦©X¤,«�¯?®�§k¥2¨

¡R«!3?³[­?¤,«54.º ÆF·'¯?®[¨.¯?¥D§¦¥D®�±?§X¥O¤¦¶8« b�­?¥�¥2¡S§X¬:§¦©X¥2²�«°§¦¬R³[­?¥v¡R«�¤¦¥()´¥O¤X¥2¨.ª2¬)« Á
zr
ËP·'²�«�¨J©,¥2¨.¬R¥2¨.¯?®�±?«�0X«�§

¶�¥2¡R®Kª2¬:¯'«�¯?¥O§µ¯?¥
q
*{¥2¨

w
·�¡:®^b�­?¥j¬R¨?¯?¬:ªf«+b�­?¥k§¦¥k£b¥O¤X²�«�¨?¥Oª2¥k¥2¨�¡R«=»2®[¨?«<¶ `�¡:¬R¯'«V£'«�¤X«;¡R®[§µ²°®K¯?¥2¡:®[§

¯?¥vªO®[¨J©,¤X®�¡ º
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8:9<;>=�4.º Æ~?	� HQP�G�MRJ�K(S�N K�H_J�M �$� ��G�K � �-S�����NOS�M	T-V�W
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Ô@}��D� ��}��:� � � � ��������������� ������}���}-������}��D���q�
ÎF¬F¯?¥(3?¨?¬R²°®[§ ¥O¡.²°®F¯.¥2¡R®v4.º Ð ª2®[²°®=¡R«=¤X¥O£?¤X¥O§X¥O¨�©,«�ª2¬&%[¨�¯?¬:¨�`�²°¬Rªf«V¯?¥o¡R«�¯?¬:¤X¥2ªOª2¬&%[¨{¯?¥O¡.¯?¬:¤X¬R³�¬R±?¡:¥

¥2¨�¥2¡�£?¡R«�¨?®�Í?®[¤¦¬R»2®�¨�©,«�¡ Á	� Í?¥2«�¯?¬:¨?³�
 Ë:*¼¡)«{¡:¥(*¼¯?¥vªO®[¨J©,¤X®�¡
ª2®[²°® �

δg(s) = Kpψ +
Ki

s
(ψr − ψ) +Kd

dψ

dt

Á 4.º
�[Ë
§¦¥�£.­?¥2¯?¥�²°®[§¦©X¤,«�¤ b�­?¥�¥2¡�£�®[¡:¬R¨?®[²°¬R®�¥2¨�¡)«8»2®�ª2¥O¤X¤,«8¯?®�¥O§c�

s3 + s2(τ − κKp) + va(κKd)s− vaκKi

Á 4.º��JË
ÎF¬j¥O¡�£�®[¡R¬:¨?®[²°¬R®�¯?¥O§X¥2«�¯?®�¶K¬R¥O¨?¥�¯?«�¯?®�£�®[¤

(s2 + 2ζwns + w2
n)(τs + 1)

·Õ¯.®[¨?¯?¥
ζ
*
wn§X®[¨ ªO®F¥�3'ª2¬:¥2¨J©,¥O§¼§X¥2¡:¥2ªOª2¬R®�¨'«�¯?®[§�§X¥O³ZY?¨ ª2¤¦¬:©X¥2¤X¬:®[§¿¯.¥�¯?¬:§X¥a'.®?·�§¦¥�©,¬:¥2¨?¥�«�¡�¬:³[­'«�¡R«�¤�ª2®[¨j4Fº
��¡:®[§

ª2®K¥(3'ªO¬R¥2¨J©X¥2§z¯.¥2¡¢¤X¥O³[­?¡R«�¯?®[¤O·
Kp = −0.655496

·
Ki = 0.034447

*
Kd = 1.775082

º�,¾«|3'³�­?¤,«
4.º �D£?¤X¥O§X¥2¨J©,«�¡:®[§¹¤X¥2§¦­?¡:©,«�¯?®[§Õ¯?¥;¥O§¦©d«D¡R¥(*°¯?¥=ª2®[¨J©,¤¦®[¡ ·�¯?®�¨?¯?¥;§¦¥;®[±?§¦¥2¤¦¶8«@b�­?¥=§X¥;²�«�¨J©,¬:¥2¨?¥�±'«�0X«�§
¶[¥2¡:®FªO¬R¯'«8¯?¥2§V¯?¥

r
*
v
·Ó£b¥O¤¦©,­.¤X±'«�¨.¯?®�²°¥2¨.®[§�¥O¡�ª2®[²°£�®[¤¦©,«�²�¬:¥2¨J©,®�¡:¬R¨?¥2«�¡
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J(N1, N2, Nu) = E

N2∑

j=N1

δ(j)[y(t+ j|t) − w(t+ j)]2 +
Nu∑

j=1

λ(j)[∆u(t+ j − 1)]2
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δu̇ =
ρSrefCTtuo

m
δu+ cosµ

m
δFm

δu̇ = a(uo)δu+ b(uo)δFm
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δFm = −K(u0, Fm0)δu+

∫
(δuref − δu)dt
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ż = −u sin θ

θ̇ = q
q̇ = k2q + k1θ + k3δe
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δe0 = 0
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q0 = 0

p�4)K�4��?t

"P2G*�fD*�>@1�6'BW2Df4=01;B./e>~BZ=0y51;=?>�1kH0B./@BW1;*M>@1k*�fD*�>@1�6'BW1�*��

δż = −u cos θ0δθ

δψ̇ = δq
δq̇ = k2δq + k1δθ + k3δδe
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δδe = −K(z0, θ0, q0, δe0)δx +

∫
(δzref − δz)dt

pO4)KR4�65t

90,5=)901
δx

1�*�2�B}iZB./�f4B.<;f&%5=�901;2�i.1;<�>@,5/3901k1;*�>@B.90,0v
K = [kz, kθ, kq]

T 1�2�i.1;<�>@,5/�901ky?B.=CBZ=0<;f4B.*901�/�1^B.2Df4681;=?>~B.<�f�%5= *�1;2G901�*�1�6�HX1a'0,81;*�H�1�/@B.9),�1�=b24B.r;,�<;1�/�/�B.90,!)U,5/�6�I02�B.9),WH�,5/��

(s2 + 2ζwns+ w2
n)(s+ 1/τ1)(s+ 1/τ2)
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δe = w2
n

−u cos θk3τ1τ2

∫
(zref − z)dt− τ2+τ1+2ζwn

τ1τ2k3
q+

−1+2ζwn(τ1τ2)+τ1τ2(w2
n+k1)

τ1τ2k3
θ + 2ζwn+τ1+τ2

τ1τ2k3u cos θ
z
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δψ̇ = r

δψ̇ = k1δψ + k2δg
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k1τ

∫
(ψref − ψ)dt−
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ẋ = u cosψ
ẏ = u sinψ

ψ̇ = δg/ρ
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"� 	!+"���º] #(��/$�»#,N,��(��"���(��f$2*-,�&!�; #�tÏ3")�*��"+$@�B"��u�/*	�g"1 p����"> 	��4T¹��](��(�+*�D+*-"�*	�+*-$�O1 )5

ẏ cosψ −
ẋ sinψ = 0

+ �	9dÀt9�` ½ 6Y½^Ò�*.f�- 9�6?�A()��!E�A������*-�;(+ #��Ï+"��A"1 ?�#�/,�&!�;4$����4T¹���(��A"� I�+*pD+*#"�*��+*#$@O� *�/*	�+,;4%,7&��
���h"1 [� >G4�,7&�������41 F(��Z"��i 	�/*	�+"1 #$@4����I&!* ���I&!���g"1 �8*-,;4$�/4I¹�� º^"1 j(B4���������4T¹��h \"1 D+*#�! j(��g(> #�
,7*-"�"���4T¹��) Z"� @ .�'&��/�74�*-�4����"> .�/4T¹	�]9

@: #$@4��+*#,9(��R"%*��+L-4O&�"+( ¹	�B&!4%$9 + ��� ��"G�P #,7*k(+*��+(��R��"l,;4%,7&��/$2 F,��R(���,��+"� 	/P k L���"�*3�/4%(> #(
��*��+,7&! 	�I&�� -n5e,��S&!4$������Ï+"��@"1 X,7*-"�")�/4T¹	�X��,A&Q #$<!B4T¼��0(��Z&;4��8*©¹��B&!4%$2*B���m&;4���$@�8*�5�À ")�/�;*	�\(��S"%*-,
�+�74�$��/�7*-,:&!�; 	!> ^U7*-,N�#�P #"%4�/P <(+*-,N,;*�!B���(�+"1 	�B4I¸��/ #(+*-�#�/,	(��f�;*�!8*#&;,J�B* D+*-"%*���¹-$@4���*-,7+ L��/�*` ½T n&uÒC(o 35
½Tc�DJg�Ò�3.f�- 9kP[,7&! 9&���*-��O� @,#�Z 	�8*Eº-  ���R"� @&��/*-�#O1 2()�I�/*	�'&;�;*-"^¹��B&;4�$@*¾º,�/*	�������B&!*-,�L��/*-$¾¼�&;�;4$�/*-,�5
(> .�+(+*u�/*#$2*l�#�/,#"+"%&! #(+*l&!�; wº����p&!*-�741 #,%!+ #,! #(+ #,%���Z�#����&! #, ºZ <���/*#,[(��4��O%����"+"�*G��*��S�! #(B4�*l"%4�$@4%&Q <(+*�9

�����	��� q , 
 /+r+0s� 
 ��/�, 2+0�tM/�0Ju3,�*8t 
 /�)+0sv[�MtY) � 0
@K*-$@*Z,;wC$@w/x+y�4�*-x�¹)5Bw/"e,74�,�&!w/$2 Z(+wA"1 �w�y�"> <y/4T¹#x 3)9 (Cw/,Ny�*-xI&!�;*#"1 	!+"%w(ºX,7wCLI #�! <x'&;4�// �"1 �wn>G4%,YS

&;w/x+y�41 Z(+w&"+x> Z,;wÍÎ> #"J(+wCy/*#x'&;�;*-"�Ï3"BwW"%"�w�L#wAw/"e,74�,7&;w/$2 �(+w&"+x> Sy/*-xY¸>L�"+�; #y/4I¹-x)4�x+4%y/41 <" +
xi, yi, ψi

-
 ="+x> gy�*-x1¸>L�"B�! #y�4T¹-xZ¸>x> #"J+

xf , yf , ψf
- 9lNM"�À.*-�7$<"+"� #�Cw/"��+�;*�!B"�w/$2 z(Bw9w/xBy/*-xI&!�; #�?"� z,7w@Î> #"D(+w

y�*-xI&!�;*#"°Ï+"+w�"%"�wnL-wfw/"{�7*�!8*#&�(BwI"+x> 2y/*-x1¸+L�"+�! <y/4T¹#x= 9*#&;�! )5Vy�*-$2* "+x7�+�7*�!+"�w�$9 S(+w�y�*-xI&!�7*-"°¹	�?S
&;4�$@* +U$@4�xB4�$@4�/P <y/4T¹#xmw�x5&!4�w�$@�8*�ºB|<*R(+4%,7&! #x+y/4� g,;w�L9;+xE"1 ,L#w/"%*Gy�4�(> #(5(Bw�(+w/,#�+"1 	// #$@4�w/xI&;*%-n5T,;w
(+w�!}w�xzw�x+y/*#x'&;�! #�N"%wÍº-w�,�Ï+"+wC$@4�x+4%$24$/P #x2w/"
À "+xBy/4�*#x> #" O

J(δg) =

∫ tf

t0

L(x(t, δg), δg(t))dt
+"3�9d~9-

½J ],7*-"�"By/4T¹#x Ï3"Bw2,7w@�+"� #xI&!w/ z �y/*#x'&;4�x+"> #y�4T¹-xX�8w/�;$@4%&;w�w/xBy/*-xI&!�; #�f"1 �,;wÍÎ> #"�(+wSy/*-xI&;�;*-" Ï+"+w
$@4�x+4%$24%y/w�w�"M&!4%w/$��}*Zº6"� j(+4%,7&Q <x+y/4� [�> #�; 5 #"�y/ #x�// #�9"� [�8*-,;4%y/4T¹#xH(+w/,7wP #(+ )5-��"Bw/,�w/"M(+4��74�L-4$!+"�w
,7wZ(+w/,#�+"1 	// �  L-w�"�*3y/4�(+ #(Ry/*-xB,7&Q <x'&;w	9F6G4�y/*-xB,;4�(Bw/�! <$2*-,(Ï3"BwZw/"Y,74�,7&;w/$2 3�9�(p��"+w/(BwZ,;w/�A�7w/,7y/�;4O&!*
y�*-$2*PO
���;�3���`�n�`�.�������	���p���������p�#�`�����<�7���	���'�U�������Y�7�`�:�d�����������U�������n�p���K���I�:�Q�P�d�K�d���/���:���[���n�K�n�`���������n�d�n�

v Ò
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�!'�"�

ẋ =
r∑

i=1

gi(x)ui
+"3�9I8H-

ºR,74�,;w@y�"+$��+"�w�Ï+"+w@"1 <,xÀ "Bx+y/4%*-x+w/,
g1...gr

,7*-xj"%*Gy/ #"�$@w/xI&!w?"�4��B,;yFD+4O&�//4� #x> #,�5�w�"�y�*-xTU#"+xI&;*z(+w
y/*-xI&!�7*-"�w�,

U = [u, δg]
w�,Zy/*-x�L-w >G* ºj,;w��)"+w/(+w�w�x+y/*#x'&;�! #�p"Bx> g&!�; `º#w/yp&!*-�741 �Ï+"+wX&;�! #x+,�¸>w/�; Rw/"

,;4�,�&!w�$9 �(+w�,;(+w�"+x���"+xI&!*]y�"> <"TÏ+"+4�w��! ) �*#&!�7*�9�¦�w�,! GÀ.*#�7&�"Bx> #(> #$@w/xI&;w@w�"%D> #y�w/�xÏ+"+wSw/"[(+4%�;4�L#4��+"%w
L# wº- l �L#w/"%*Gy�4�(> #(fy/*#x+,7&! #xI&!w +��+�;*���"+"�,7*-�;w�,{ �"1 	$@4�,;$2 4L-w�"�*3y/4�(+ #(? <x+L�"+"� #�&- 5'D> #y�wµÏ+"+w�w/"3,;4�,�&!w�$9 
,;wP @x+*�D+*-"�*#x�¹-$@4�y/*·º) #"�w�x+y/*-xI&;�! #��,�")&!�; `º#w/yp&!*-�741 S,;wfyP #wCw/x]"1 �À.*-�7$<"+"� #y/4I¹-xX(+w&"+x��+�;*��+"�w�$9 
(+wKÀ.*-�;$2 Zx+*Sy/*-x�L-w >B )9
i� #�! Aw/xBy/*-xI&!�; #�M"+x> 	�8*-,;4
�+"�w:,7*-"�"By/4T¹#xZ,;w� #y�"B(+w� #"��+�;4%x+y/4
�+4�*�(+w�i�*-xI&;� ºI <L-4�x]5WÏ+"+4%w/xSw/xI&;�;w/L- 

"+x> gy�*-x+(+4%y/4T¹#xj"�*3yP <"[x+w/y�w/,! <�;41 z(+w9*��G&!4�$2 #"%4�(> #(
�+ #�! ]"1 #,C&!�; `º#w/yp&!*-�741 #,{Ï+"+wX,;*#xF,;*-"$"+y/4I¹-xm(+w/"
,;4�,�&!w�$9 @(+4�xB»<$24%y/*��8w/�;*�Ï+"+w?w�x=x+4�xBL9;+x]yP #,7*� #,;w�L�"+�; 2"1 Zw >B4%,7&;w/x+y�41 2(BwI"+x> @,;*-"$"+y/4I¹-x�¹��B&!4%$9 ?9
i{ #�; �"1 N(+w�&;w/�7$24%x> #y/4I¹-xC(+wKw�,7&! M*��B&;4�$2 #"�4%(> #(]5�w/,�x+w/y�w/,! <�;4�*My/*-xB,;4�(Bw/�! <��w�x�y/*-x^U#"+xI&!*lw�"��B�;4�xBy/4��B4�*
(+w(i�*-xI&!��ºI #L#4�x�ºB"+xz #xB»#"%4�,;4%,:(+w�,;(+wfw/"���"Bx'&;*2(Bw&L34%,7&Q ZL-w�*-$¾¼�&!�74�y�*�9
i� #�! �Ï+"+wj"� k"%wÍºi(+wmy/*#x'&;�;*-"

δg(t)
ºi"1 F&!�; wº-w/yp&!*-�741 

x(t, δg)
,;w/ #x ¹��B&!4%$9 #,�w�x�&!4%w/$��}*)5

,;w9xBw/y/w�,;4O&Q �Ï+"+w2wn>G4�,�&Q ,"Bx[L-w�y�&;*-�� #(^U#"+xI&!*=x+*]&!�74$L341 #"
λ(t) = {λ1(t), λ2(t), λ3(t)}

y/*-xI&;4�x+"+*�9
i�"� #xI&!w/ #x+(+*@w/" GM #$24%"%&;*-x+41 <x+*��+ #�! Zw/"e,74�,�&!w/$2 M3�9�(RO

H = λ1u cosψ + λ2u sinψ + λ3δg
+"3�903%-

º D> <y/4�w�x+(+*z"1 )$9 T>G4%$24$/P #y�4T¹-x=(Bw 3�903�5��}*3(+w�$2*-,Cw�x+y/*-xI&;�! #�*"+x> z"%wÍº0(+w@y/*#x'&;�;*-"
δg(t)

Ï3"Bw
,! <&;4�, ÀU <LI Aw/"��+�;4%x+y/4
�+4�*A(Bw8iT*-xI&!��ºI #L-4%x�ºZw�x9w�,;w�yP #,7*�5',;wN&!4�w�x+w�"+x@y/*-xI&!�7*-">wn>3&;�;w/$@*�93aNwP #"%4�/P <x+(+*
w/,7&;*-,:(+w�,! #�7�;*-"%"�*-,�,7wlw/x+y�"+w/xI&;�! �Ï+"+w�w >G4�,7&;w/x L< #�741 #,�,;*#"�"+y�4�*-x+w�,D,7w/L9;Bx�"1 #,3À "+x+y�4�*-x+w�,D(Bw�y/*#x+$<"?S
&Q #y�4T¹-x]5:D> <y/4�w�x+(+*z(+4IÀ O%y/4�"{"1 �,;*-"$"+y/4I¹-x\ #x> #"$O%&!4%yP ��8*-�Cw/"�yP #$@4�x+*�&;w@¹-�74�y/*�º0*��+"%4�LI #xB(+*] ���"+,7yP #�
 ��}*`º#*2w�x]"%*-,	y/*#x+y/w��B&!*-,N(+wCL-w�*-$@w�&!�#O1 )9�DT*-$9 <x+(+*Sw/x)y�"Bw/xI&Q @"1 #,:y�*-x+(+4%y/4%*-x+w/,	(Bwf*��B&!4%$9 #"%4�(> <(
w/x+y�*-xI&!�! <(> #, +Uy�*-xI&!�;*#" ¹��B&;4�$@*X(+w�&!4
�}*��+ #x+L.S�//w/�7*.S��+ #x+L%-Rºg"�"%w�LG»#x+(+*#"1 #,� q"+xm #xB»#"%4�,;4%,�L-w�*-$¾¼nS
&!�;4%y/*z(+w/"��+�;*��+"�w�$9 )5e,7w9w�x+y�"+w�xI&!�! <x � y/"� #,;w�,?(+w2y�"+�YL< #,�¹��G&!4�$2 #, +Uy.9 Àt9H`0/ 6C/�½ÌÒ�3	fY-n5�À.*-�7$9 <(> #,
�}*-�C"$O�x+w/ #,l�;w�y�&! #,{º="�O�xBwP #,ly�"+�#L< #,�9:N�,�"B$24%w/x+(+*)(+wS$2 #x+w��! �,;4%$24%"1 #�M"1 Xx+*#&! #y/4I¹-x0,;w�L�"+4�(+ ��8*-�
6G*�"+b��;w/,�5G,7w	&!4�w�x+w7OI"�O%x+wP ly�"+�#L< +�@ -n5'"$O�x+w/ l�;w/yp&Q +�6U- 5IL-4��7*C f(Bw/�;w�yFD> + aJ- 5IL-4��7*C f4$/@Ï+"+4%w/�;(+ + ½F-n5
º�"�*-,	,#"���O%x+(+4�y�w/,N(+wC"�*#x+L-4%&�"+(X(+wC"$O�x+w/ �y�"+�YL# 

u
5
v
5
w
ºX"�O�xBwP ��;w�y�&! 

s
9B¦�wC$2 #x+w��! ZL-w/xBw/�! <"e"1 #,

y�"+�YL# <,�¹��G&!4�$2 #,:,7w���"+w/(Bw/xgw >��+�;w�,! #��y/*-$@*AO
���  #$24%"�4� CuCvCw &;4�w/xBwf~�&;4��8*-, O
� LRvL

5
� RLvR(+*-x+(BwRO

v ∈]π, 2π[
5
u, w ∈ [0, v]

51º
0 ≤ u < v − π

*
0 ≤ w < v − π

9
���  #$24%"�4� CvSsCu &;4�w/xBw�3Z&;4��8*-, O
� CLSCL

5
� CRSCR

5
(+*-x+(BwRO

u, v ∈ [0, 2π]
º
u+ v ≤ 2π

9
� CRSCL
� CLSCR(+*-x+(BwRO

u, v ∈ [0, 2π[
9

½J �4�xI&;w/L-�; #y/4I¹-x9(+wA"� ?y/*#x'&;�;4
��"+y/4I¹-x�L-w�*-$�¼p&!�74�yP xºX(+wA"� W&!w�*-��O� ?(+wAy�*-xI&!�;*#"�¹��B&;4�$@* �8w/�7$24O&!w
"�4�$@4%&! #�A"1 )�;w�L-4T¹#xj(+w��C;+, Ï+"+w�(> Rw/xFw�"Kw/,!�> #y�4�*g(BwXy/*-xY¸>L�"+�; #y/4I¹-x#º\(+w9w�,7&! �À.*-�;$2 ]w�x+y/*#x'&;�! #�
,;*-"$"+y/4%*-x+w/,Dw/x@&!4�w�$"�8*x¸>x+4%&;*�9)@K*-$@*WwVU7w/$��+"�*�5',74V&;*-$2 #$2*#,�"� fy�"+�#L< W&;4��8*

LvSsLu
534�$��+"%4�yP JÏ+"+w

* d




������ � ������� ������������� �� ��U!#��$H &���·
�!'�"�

,7wZ(+w �8wS(+w/,!�+"1 	// #�Aw/x0"$O�x+w/ 9(+wSy�"+�YL< )y�*-x "+x> �,;wÍÎ> #"Y(Bw@y�*-xI&!�7*-"Y,! n&�"+�; #(> :+ ������� -AD> #,�&Q 	�+x
�+�74�$@w/� �
�+xI&!*Z4%x'&;w/�7$2w�(+4�*�(B*-x+(+wA,7wAy/*-x+$��B&Q �(+wAy�*-xI&!�7*-"�º9(+wAy��+�YL< �
Bw�x'&;�! #xB(+*@ �"1 ?y��+�#L< Z(+w
"$O�x+w/ 2�;w�y�&! ]ºgy�*-xI&!4�x��> <x+(+*X(+wZw�,7&! X$9 #xBw/�! @D> #,7&! 9w/xBy/*-xI&!�; #�lw�" �
�+xI&!* ¸+x> #"���½J #,�w�y��> <y/4�*#x+w/,
Ï��+wC�;w�"1 #y�4�*-x+ #x�w/,�&!w �+�;4%$2w��:(+w/,!�+"1 ��P #$@4�w�x'&;*S,;*-x O

x1 = ρ sin v
y1 = ρ− ρ cos v

+ 3
� e -

½��+w/L#*

{w�"K,;4%,7&;w/$2 g,;w�(+w�, �+"� ��P =(Bw/,;(Bw]"� ��+�74�$@w/���}*-,74�y�4T¹-x\4�xI&!w��;$@w/(+4� ZD> #,�&Q ="1 ],;w�L��+x+(> 
�8*-,;4%y/4I¹-x04�xI&!w��;$@w/(+4� �
e"1 �"�O%x+wP )�;w�y�&! zy/*#xjy/*#x'&;�;*-"�w�xFy/w��;* +��������! #"%$�� -&�Ì½J #,fw/y��> #y�4�*-x+w�,�Ï��+w
�7w/"1 <y/4�*#x> #x�w/,�&!wC(+w�, �+"� ��P #$@4�w�xI&!*S,;*-x:O

x2 = ρ sin v + s cos v
y2 = ρ− ρ cos v + s sin v

+ 3
� � -

P�"�;+"%&;4�$@*]&;�! wº-w�y�&;*m,7w��;w/ #"�4'�P z,7*��+�7w	�+x> ="�O%x+wP zy��+�YL# (
{,! <"�4�w�x+(+*=(Bw/,;(Bw�"1 �8*-,;4%y/4I¹-xj4%x?S
&;w/�;$@w/(B41 ]~�º0"%"�w/L- #x+(+*] z"� ��8*-,74�y/4I¹-x0$2wp&Q +Uy�*-xI&!�;*#"�,; <&)�B�! #(+*]&!4
�}* �*�
��� -&�^½J #,Ww�y��> <y/4�*#x+w/,
,7*-x O

xf = ρ sin v + s cos v + ρ sinψ − ρsinv
yf = ρ− ρ cos v + s sin v + ρ cos v − ρ cosψ

+ 3
� v -

6G4%$"�+"%4I¸>y/ #x+(+*�w�,7&! #,?w�y��> #y�4�*-xBw/,�
J,7w9w/xBy��+w�x'&;�! +�Bxj,;4%,7&;w/$2 ](+w�À »#y�4�"[w�L< #"'�> #y�4T¹-x,
�y/*-$@*zw�"
Ï��+wC,;w��+�7w/,7w/xI&Q @w/x]"1 Zw/y��> #y/4I¹-xA3
�I*�
>(+*-x+(Bw

v ∈ [0, ψ]
º
s ∈ <+ �

∆x = ρ sinψ + s cos v
∆y = ρ+ s sin v − ρ cosψ

+ 3
�I*H-

¦�w]$9 <x+w/�; 0,74�$@4�"� #�?,7w��+�7*Gy�w/(+wz 0w/x+y�*-xI&!�! <�2"� #,Zw/y��> #y/4%*-x+w�,�Ï��+wz,;*-"'�+y/4%*-x+w/xkw�"�,74�,�&!w/$2 
�> <�! Z"�*-,	*<&!�;*#,:&!4��8*-,	(+wCy��+�#L< #,�º�,7wf,7w/"%w/y/y�4�*-x+ Sw�"�Ï��+wf&;w/x+L- S$@w/xB*-�	(+4�,�&Q #xBy/41 ��8*-�	�;w�y/*-�7�;w����

¿Mx �+�;*��+"�w�$9 Ï��+wg,7w �+�7w/,;w�xI&Q Fw/x6"1 04�$��+"�w�$2w�x'&! #y/4I¹-x5(+4%�;w/yp&Q m(+wg"%*-,S�;w/,-�+"%&! #(+*-,2(+w]"1 
�+"� #x+4O¸>yP #y�4T¹-x��> #,; #(> =w�x5w/"K$@*3(+w/"%*g,;4%$"�B"�w 3
��(�
{w�,�Ï��+w�"1 )&!�! wº#w/y�&;*-�;4� gw/xBy/*-xI&!�; #(> 
�+�7*G(
�By/w
,7w@Î> #"%w/,�(+w�y/*-xI&!�7*-"��> #�; f"� &L#w/"�*3y/4%(> #(Z&!4
�}*fw/,7yP #"I¹-x�º�Ï%�Bw�,.�2(+w/�74$L< #(> CL-w�x+w/�; W,;wÍÎ> #"%w/,�4�$��
�+"�,7*
Ï��+w["%"�w�L< #(+ #,e :"�*#,�,;4%,7&!w�$9 <,e�;wP <"�w/,�*Gy/ #,;4%*-x> #xC #y�w/"%w/�! <y/4�*#x+w/,e4%x1¸>x+4O&Q #,��@¿�x> �À.*-�;$2 K(+w�,;*#"/�+y�4�*-x> <�
w�,7&!w�4�xBy/*-x�L-w�x+4�w�xI&!wKw�,{ �+"�4%yP #x+(B*M <"�L-*-�74%&;$2*-,}(+w�,.�> 'L34/�/ #y/4I¹-xWw�x?"� N,7w@Î> <"3(Bw�L#w/"�*3y/4%(> #(f(+w3À.*-�;$2 
&! #"6Ï%�Bw�,;w�"�4�$@4%&;w:"1 f #y�w/"�w��! #y�4T¹-x0�C63*��+b/�7w/,Dw/xR` � 61½F@�Ò e f �+�7w/,;w�xI&Q 1�+x> f$2wp&!*3(+*-"%*-L�O1 l(Bwl #"%4�,! <(+*(+w2"1 #,C&!�; wº-w/yp&!*-�741 #,?yP #"%y��+"� #(> #, �> #,; #(> gw�xF"1 2�B&!4%"�4/�/ #y/4I¹-x0(+wRL�y/"�*<&�D+*-4%(+, N�_43xºF <x'&;4�y�"�*#&�D+*-4�(Bw/,��
P[,7&;wA&!4��8*�(+wCy��+�#L< #,5�+xBw/x]y��+�YL# <,�(BwA�! #(+4%*Z4�x1¸+x+4%&;*Z Zy��+�YL# <,	(+wC�! #(+4%*�¸>x+4O&!*��+�7*��8*-�;y�4�*-x> <x+(+*
y/ #$ �+4%*-,:y/*#x'&;4�x��+*-,Nw�xz"� Sy��+�#L< <&.�+�! Z(+wC"� Z&;�! wº-w�y�&;*-�;4� ��

¿MxH #"�L-*#�;4%&;$2*Rx��+$¾¼/�74�y�* �> #�; \"� m,7*-"/�+y�4T¹-xE(+w=,74�,�&!w/$2 #,@x+* DB*-"�*-x1¹-$24%y/*-,Zw�,��+�7w/,;w�xI&Q #(+*
�8*-� � w��;x> #xB(+w/,u` � c{½ÌÒ�3Tf�
G(+*-x+(Bwl4�x+,!�+4��; #(+*�w�x�"1 W ��+�;*76G4�$2 #y�4T¹-x2(+wuaN4%&)��
��B�;*��8*-x+w8�+x�$�¼p&!*3(+*x��+$¾¼/�74�y/* Ï��+w]w/xBy��+w�x'&;�! 0"1 g&;�! wº-w�y�&!*#�;41 R,7w/$@4�Sp¹��B&!4%$9 ](+w9�+x^,74�,�&!w/$2 =x+*XD+*-"%*-x�¹-$@4�y�*
�^¿Mx> 
�7w/y/4%w/xI&!w= ��+"�4%yP #y�4T¹-x^(+wRw/,�&!*-,) <"�L-*-�74%&;$2*-,Zw�,��+�;w�,;w�x'&! #(> kw/x ` NJ½ GJ/ d � f:
K(+*-xB(+wR,;wR(+w�,;y��;4��8w
"� ]À.*-�;$2 XL-w/*#$�¼p&!�;4%yP X(+wS"� #,l&!�; `º#w/yp&!*-�741 #,A"%*Gy�*-$2*<&!�;4%y/w�,�w/xm(+wS"�*#,A,;w/�7w/,(D��+$9 <x+*-,Cy��> <x+(+*),;w
�7wP #"%4/�P <x�$2*WL34�$@4�w�x'&;*-,K4%xI&!w/xBy/4�*#x> #(+*-,��
P[x?�7w/, ���+w/,�&Q l ;�+x?,-�> 'L34/�P <(+*�(+w�"� #,e&!�! wº#w/y�&;*-�;4� #,Tw/x+y�*-xI&!�! <(> #, �}*-�J"� �,7*-"/�+y�4T¹-xx¹��G&!4�$2 �+�7wnS

,7w/xI&Q #(+ {ºS�;w�y/*-�7(> #x+(B*·Ï��+w�"1 	�+"� #x+4I¸+yP #y�4T¹-xS(+w;�+x2yP #$@4�x+*Cx+*f4�$��+"%4�yP M"1 	�+"1 <x+4I¸>y/ #y/4I¹-xZ(+w<�+x> 
��=)>g���p�����@?��;ACBED�F)G#H2I�J
KLFNM�OQP

*C(



���������
	���
�
������������ ���������������� ��"!#��$% &���¥
�!'�"�

&!�! wº#w/y�&;*-�;4� ¾À��%,;4�y/ #$@w/xI&!wA4%$"�+"%w/$@w/xI&Q �+"�w�
B,;wW�;w¤À.*-�;$1�B"1 Zw/"J$@*G(+w�"�*M3
��(?(Bw{À.*-�7$9 �Ï��+wfw/"Jx��+w��#*
$2*3(+w/"%*A #,7*Gy�4�w �+x+ C(B4�xB»#$@4�y/ � l"� ��-w/"%*Gy�4�(> <(�(+wNL-4��7*

 �}w��;$@4%&!4%w/x+(B*�y/*#x+,;4%(+w/�; #�[4�x+(B4��;w�y�&! #$2w�xI&!w
w/"J #"%4�,! <(+*Z(+wC"1 #,:&;�! wº-w�y�&;*-�;4� #,�º�(+wCw/,�&Q S$9 #xBw/�! �"%4�$@4%&! #�D,-�g <y/w/"%w/�; #y/4I¹-x
�M���:��� ��
 '�,�2 
 ��* 
 % 2+,�u '(, * 
 %DtM/ 
 2�)+%(,
/1*�)+032

� y�*-xI&!4�x��> <y/4T¹#xf,7w �+�;w�,;w/xI&! #x?(+*#,T$@*3(+w/"%*-,�y/*#xW4%x+w/�7y/41 :w�xW"� :,;wÍÎ> #"'(+w�y/*-xI&;�;*-"&ºJÏ%�Bw �
�Bw/(+w�x
�;w �B�;w/,7w/xI&Q <��$@w	�7*-�:"� Z(+4�xB»<$24%yP ?(+w�"e(+4��74�L-4
�+"�w�y��+ #x+(+*@,;wC(+w�, �+"� ��P Sw/x]w/"��+"� #x+*�
+*-�74/��*-xI&Q #":�

� ��
�"�������� � ��� � � $���� � � "�$��#� � ��� � �

¿�x�$2*3(+w/"%* �Bx��}*3y/*�$�»#,Dw/"1 �}*-�; #(+*{º]Ï��+w ���+w/(+wC <,;*3y/41 <�E�+x+ �4�x+w��;y/4� W,7*��+�;w�"1 ��#w/"�*3y/4%(> #(
(+wCL-4��7*-,	w/, �+�7w/,;w�xI&Q #(+*"�}*#�	w/"e,;4%L��+4%w/xI&!wA,74�,7&;w/$2 Z(+wCw/y��+ #y/4%*-x+w/,�O

ẋ = u cosψ
ẏ = u sinψ

ψ̇ = r
ṙ = kgδg

+"3
� ÒH-

(+*#x+(+w
u
º
r
,7*-x�"� #,��#w/"�*3y/4%(> #(+w�,{"%4�x+w/ #"Wº? <x+L��+"� #���7w/,!�}w�y�&!4��< #$2w�xI&!w�


kg
y/*-x+,�&Q #xI&;w	 #,;*3y/4� #(> 

 #"�,74�,7&;w/$2 ·º
δg
"1 ?,7w@Î> <"�(+wly�*-xI&!�;*#"�(+w�"�,;4%,7&;w/$2 ��)S�L��> #"� �y�*-$@*?,;w�
B4/�/* �> #�! �w�"�,74�,7&;w/$2 X3
��(l,;w

�
�+w/(BwW$@*-,7&;�! #��Ï��+w73
� ÒZy��+$��+"%wAy/*-x]"1 ��7w/,7&;�;4%y/y/4I¹-x)(+wCx+*�
+*-"�*#x+*-$��1 ��
¿�x> �+�-�+w �+ M(+wDy/*-xI&!�7*-"1 �+4�"%4�(> #( �+�;w�,;w/xI&! JÏ%�BwDw�"G$@*G(Bw/"�*N(+w�"1 Nw/y��> #y�4T¹-x 3
� ÒNw/,�y/*-xI&;�;*-"� ��+"�w�


 @y�*-xI&!4�x��> <y/4T¹#x],7wC$1�+w/,�&!�; @w�,7&!wC�7w/,.�B"%&Q <(+*



det

∣∣∣∣∣∣∣∣

u cosψ 0 0 −kgu sinψ
u sinψ 0 0 kgu cosψ
r 0 kg 0
0 kg 0 0

∣∣∣∣∣∣∣∣
6= 0.

i["1 <x'&;wP #xB(+*N"1 	,;*-"'�+y/4I¹-xAy/*#$2*;�+x �+�;*��+"�w�$9 :(+w�y/*#x'&;�;*-"W¹��B&!4%$2*7+.$24%x+4�$@4/�/ #y/4I¹-x�(+wD"� :x+*-�7$9 
L2


V <,;*3y/41 <(+*S Z"1 Zw/x+w��;L��� Z(+wC"1 �,;wÍÎ> #"Y-&
>,;wA&;4�w/xBwAw/"
À��+x+y�4�*-x+ #"�


J(δg) =

∫ tf

t0

< δg(t), δg(t) > dt
+"3
��(��H-

i� #�! ¾Ï%�BwW"� @"%wÍº)(+wfy/*-xI&;�;*-"
δg(t)

º)"1 Z&!�! wº#w/y�&;*-�;4� 
x(t, δg)

,;w/ #xÐ¹��B&;4�$2 #,�
B,;w?xBw/y/w�,;4O&Q �Ï��+w
w&6G4�,�&Q �+x��-w�y�&;*-�N #(��-�+xI&;*Zx+*�&!�74 �341 #"

λ(t) = {λ1(t), λ2(t), λ3(t), λ4(t)}
y�*-xI&!4�x��+*���i["1 #xI&;wP #x+(B*

w/" G� <$24%"%&!*#x+41 #xB* �> #�; Zw/"e,;4%,7&;w/$2 3�� Ò�º�,7w/L9;+x]w/"ey��;4O&!w/�74�*M3
��(��PO

H =
1

2
(u2 + δ2

g) + λ1u cosψ + λ2u sinψ + λ3r + λ4δg
 #"}&!w/xBw/�N"1 #,	,7w@Î> <"�w/,N(+wCy�*-xI&!�;*#"ew&6��+"�4%y/4O&Q #,:w�xgw�"QG� #$@4�"O&!*-xB41 #x+*�
3,7wA&!4�w�x+w ∂H

∂u
= 0




u+ λ1 cosψ + λ2 sinψ + λ3r = 0
δg + λ4 = 0¦�w9"�*-,W(+w/,; #�;�7*-"�"%*-,? <x'&;w/�74�*-�7w/,�,7w��
�+w�(+w�$2*#,7&!�; #�{Ï%�Bw

u2 + δ2
g

&!4%w/x+w��< #"�*-�7w/,Wy/*-x+,�&Q #xI&;w/,�

"�*�Ï��+w�
> #y/wSw�,7&Q <�fw�x �Bx\y/ #,;*),;4%$24%"1 #�M #" �+�7w/,7w/xI&Q #(B*��> <�! �w/"[$@*G(Bw/"�*P3�� (�º �8*-�l&! #xI&!*]w/xmw/"
*I~




������ � ������� ������������� �� ��U!#��$H &���·
�!'�"�

&;4��8*=(+w��+�7*��+"�w�$9 <,�x+*0y/*-x �#w&6G*-,�
 �+�7w/,7w/xI&Q #xB(+*j$ ;B"%&!4
�+"�w�,W,7*-"/�By/4�*#x+w/,�ºj*��+"�4%LI #x+(B*R �
�+,7yP #�
 #"O&!w��;x> <&;4 �< #, Ï��+wMy/*-$��+"�w�$2w�xI&!w/x2"1 C,;*-"'�+y/4I¹-x��> #�;y�41 #":�W½J f& ¼/y/xB4�yP W ��8*-�;(> <(> W fy/*-xI&;4�x��> #y�4T¹-x@,;w
y�w/xI&!�; ?w/x2w/"} #"�L-*#�;4%&;$2*Ax��+$¾¼/�74�y�*��+�7w/,7w/xI&Q #(B*Zw/x � ��� ½ÌÒ�3����M½J W4%(+wP �+"1 #xI&;wP #(> ��8*-� � w��;x> #xB(+w/,,7wJÀ.*Gy/ #"�4'�P ?w�x]"� �y/*-xB,7&!�-�+y/y�4T¹-x](+w �+x),74�,7&;w/$2 S GÀ���x Ï��+w��8w/�7$24O&Q � ��B"�4�y/ #�D& ¼/y�x+4�y/ #,N(+wA,;*-"'�+y/4I¹-x
x��+$¾¼/�74�yP �> #�;  �+�;*��+"�w�$9 #,�x+*�y�*-x �-wC6B*#,��2@K*-xB,;4�(Bw/�! <x+(+*�Ï��+wlw�"�y�*-xI&!�;*#"}(+w�"�,74�,7&;w/$2 ��
�Bw/(+wl,7w/�
wC6 �B�;w/,; #(+*2w/x],;w/�74�w�,�(Bw � *��B�;4�w���


δg =
∞∑

k=1

(αkek(t))
+ 3
��(9( -

(+*-xB(+w
ek
w/, �+x+ �< #�;4� ��+"�wCy�*-$"�B"�w	�; (
+&!�.�Bx+yP #xB(+*X"1 @,;w��;4�w? �+x �< #"%*-�

N

8w/"�x��+w��#*�y/*-xI&!�7*-"

�
�Bw/(+wC,;w�� �B"1 #xI&!w/ #(+*Sy/*#$2*PO

δg =
N∑

k=1

(αkek(t))
+ 3
��(�~9-

"�*·Ï��+w	�}w��;$@4%&;w �8w/x+,; #�:w�x	�+x��+"1 <x'&;wP #$@4�w�xI&!*?(Bw �+x> ·À��Bx+y/4I¹-xX(+wly�*-,7&;*S #xB»#"%*-LI W X3
��(����C6G4
 X"� Xx%�Bw��< �À��Bx+y/4I¹-x0(+wZy/*-,�&!*),;wS"%wS #(+4�y�4�*-x+ �+xR&;¼��;$@4�x+*©Ï��+w@ #,7w/L��+�7wS #"Y,74�,7&;w/$2 �"�"�w�LI #�� X"1 
y�*-x1¸>L��B�! #y�4T¹-x ¸>x+ #"�
G"1 �x��+w��< �À��+x+y�4T¹-x)(+wAy�*-,7&;* �
�+w/(Bwf,7w/�N�;w�w/,7y/�;4O&Q Z(+wA"� �,;4�L��+4�w�x'&;wl$2 #x+w/�; O

J(α) =
N∑

k=1

|αk|
2 + γ||f(α) − qf ||

2 + 3
� ( 8H-

Ï��+w/(+ #x+(+*Ew/"	�+�7*��+"%w/$2 j4�x+4%y/4� #"MxB*Ey�*-x �-wC6B*^y/*-$@* �+x �+�;*��+"�w�$9 jy�*-x �-wC6B* º À »#y�4�"�$@w/xI&;w
4%$"�+"%w/$@w/xI&Q �+"�wW,.�m,;*-"'�+y/4I¹-x0w/x\ #"�L-*#�;4%&;$2*#,�(+w �+�7*-L-�! <$9 #y�4T¹-xRy��> #(+� »<&!4%yP ��Q6GwS�;w/y�*-$@4�w/xB(> ) #"
"%w/y�&;*-�	4�xI&;w/�;w�,! #(B*@w�x��B�;*&À��+xB(+4/�/ #�	,;*��B�;wCw/,�&!wW #"�L-*#�;4%&;$2*W�;w �G4%,! #� � ��� ½ÌÒ�3����
� � 
�"��4� ��� � ��� � � $�� �E� � "�$��#� � � 
����

¿Mx0$@*G(Bw/"�*�Ï��+wZy/*-xI&;w/$��+"1 �+xRy�*-$��}*-��&Q #$@4�w�xI&!*9,74�$@4�"� #�� �+xR,;4%,7&!w�$9 X(Bw��+�;4%$2w���*-�7(+w/x
�> <�! Z"1 �< #�741 ��+"%w

r

+y/*-x]�;w�, �8w/yp&!*2 @"� �(+w	�>w�y/y�4T¹-x](+w/,74�$¾¼�&;�;4�y/ Z(+wf #"�w��;*-x+w�,�+

δg
-	w�,7O

ẋ = u cosψ
ẏ = u sinψ

ψ̇ = r
ṙ = −krr + δg

+ 3
� ( 3%-

(+*-xB(+w
u
º
r
,;*-x5"� #, �-w/"%*Gy�4�(> <(+w/,�"%4�x+w/ #" ºF <x+L��+"� #�W�7w/,!�}w�y�&!4��< #$2w�xI&!w º

kr
y/*-xB,7&Q <x'&;w�(+w

&;4�w/$��8*z(+w9�;w/,!�
�+w�,7&Q =(Bw/"K,74�,�&!w/$2 = #xI&;w �+x> g #y/y�4T¹-xF(BwXy/*-xI&;�;*-"
δg
�Ê¦�4I¸>y��+"%&! #(+w�,?,;4%$24%"1 #�7w/,C 

"%*-,A$2*3(+w�"�*-,A <x'&;w/�74�*-�7w/,C,.�+�7L-w/x0
Tw�" �+�;*��+"�w�$9 X(+w@x+* 
+*-"%*-x+*-$��1 +
ẋ sinψ + ẏ cosψ = 0

-�º0w�"
�+�7*��+"%w/$2 9(+wS,;4%,7&!w�$9 <,A,.����
� #y�&.�> #(+*#, + 3)w/,7&! #(+*-,f �y/*#x'&;�;*-"� #� �8*-� �+x> �,7*-"1 X,7w@Î> #"[(Bw@y�*-xI&!�7*-"
δg
-&�Ì½J �w/y��+ #y/4I¹-x\,74�L��B4�w/xI&;w��+�;w�,;w/xI&! 	Ï��+w@w/"[,;4%,7&;w/$2 )w�,Cy/*-xI&!�7*-"1 �+"�w�º
�8*-�l&! #xI&!*]w&6G4�,�&!w �+x> 

&;�! wº-w�y�&!*#�;41 �Ï��+w �+x+w
ζi
y�*-x

ζf
º�,! <&;4�,�ÀU #y/wCw/"e,74�,�&!w/$2 M3
��( 3PO

det

∣∣∣∣∣∣∣∣

u cosψ 0 0 −u sinψ
u sinψ 0 0 u cosψ
r 0 1 −kr

−krr 1 −kr k2
r

∣∣∣∣∣∣∣∣
6= 0.
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¿�x ,74�,7&;w/$2 5,;4�$@4�"� #�@w/,��+�;w�,;w�x'&! #(+*^w/x � GV/ �98 �:
	(+*-x+(Bwm,7w �+"1 #xI&;wP 5(+w/,7(+wj"� j&!w�*-� �� F(+w/"
y/*-xI&!�7*-"3¹��B&;4�$@*

�$@4�x+4%$24'�P #xB(+*9w�"Y&!4�w�$"�8*©º
�+�7w/,;w�xI&Q #x+(B*�Ï��+w@"1 #,C,;wÍÎ> #"%w/,C(+w@y/*-xI&!�7*-"[,;*#x\(+w
&!4��8* �*�
��� �  #"%$�� � �*����� �6G4[y�*-x+,74�(+w��! #$@*-, �}*-�KÀU #y�4�"%4�(> #(	º0,;4�$@4�"%4%&.�+(R )"1 #,C,;*#"/�+y�4�*-x+w�,��+"1 #xI&;wP #(> <,Ww�xj"�*#,	�B»#�;�; GÀ.*-,
 #xI&!w/�74�*-�7w/,�
�w/"[y��;4%&;w/�74�*X(+wZ$@4�xB4�$@4/�P <y/4T¹#x](Bw@"� 9w/y��> #y�4T¹-x 3
��(���
}w/"�G� <$24%"%&!*#x+41 #xB*2 �$@4�x+4%$24'�P #�
w/,�O

H =
1

2
(u2 + δ2

g) + λ1u cosψ + λ2u sinψ + λ3r + λ4(δg − krr)

i� #�! jw�x+y/*#x'&;�! #��"� m&;�! wº-w�y�&!*#�;41 \,.���7wp&Q 5 F"1 m(+4�x�»#$24%yP 0(+w/,7y/�74%&Q �8*-�2w/"�,74�,�&!w/$2 3
��( 3

�,;w
�+"1 #xI&;wP 	�+x> ]À��+xBy/4T¹#xm(BwZy/*-,�&!*] #xB»#"%*-LI �
8,;4%$24%"1 #�� P3
��( 8]ºÐÏ��+wS,7wZ,;*-"'�+y/4%*-x> 9$@w/(+4� #xI&!w�w�"��+,;*
(+wC$�¼p&!*3(+*-,	x��+$¾¼/�;4%y/*-,��

�M���:�U� q /10Tu3,�*Vt 
 /1)�0��^��,�%�,
/�03'(0���,�% �Y) � �(2+03*�)�v3%
@K*3(+4I¸+yP #x+(B*9"�*#,M <"�L-*-�74%&;$2*-,	(Bw/,;y��;4O&!*-,� #xI&!w/,Mw/x � � ��� �
� º]y/*#x+,;4%(+w/�; #x+(+* �Bx> 2y�*-x1¸>L��B�! �


y/4T¹#x�4�x+4%y/41 <"�º �+x> �¸>x> #":
B,7wl&!4�w�x+w/x)"� #,:,;4%L��+4%w/xI&!w�,:&!�! wº#w/y�&;*-�;4� #, �> #�; #$@w�&!�74/�/ #(> #,Dw/x©À��+x+y�4T¹-x�(+w
"1 �-w�"�*3y/4�(+ #()(+wC(+w/,!�+"1 ��/ #$@4�w/xI&;*

6m/s
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δḋ = va cosψeδψe
δψ̇e = δv

+ 3
� ( *H-

@K*-x+,�&!�-�1º-w�x+(+*9w�"�$@*G(+w�"�*�(Bwfw�,7&! #(+*S(+wAw/,�&!wC,;4%,7&;w/$2 �
+y/*#x2�Bx]y�*-xI&!�7*-"�(+4%,;w@Î+ #(+* �}*#�:�;w/ #"�4 

$@w/xI&Q <y/4T¹#x9(+wMw/,7&! #(+*Z$2 #, �BxX4�xI&!w�L-�! <(+*-���> #�! W"�"�w �< #�� ?y/w��;*Zw/"8w/�7�;*-�D(+w �8*-,;4%y/4I¹-x

d
w�x�w/,�&Q #(+*

w�,7&Q �+"�wX+ �8*-,;4
�+4�"%4�(> <(Z(+w�,7w/L��+4%$24%w/xI&!*W(+w��; #$��> #,&-C
',;wM&;4�w�x+wMw�"},74�L��B4�w/xI&;w �8*-"�4%x+*-$@4�*Ay/ #�! #yp&!w�� ��, 

&;4�y/*PO

det

∣∣∣∣∣∣

s −a 0
−kd (s− kψe) ka
1 0 s

∣∣∣∣∣∣
= s3 − s2(kψe) − s(akd) + aka

(+*-xB(+w
a = va cosψe0

º
kψe



kd
º
ka

3,;*#x�"1 #,�LI #x> <x+y/4� #,D(Bwl�;w/ #"�4%$2w�x'&! #y/4I¹-xS(+wl"%*-,Dw�,7&! #(+*-,

w��;�;*#�l(+wZ*-�74�w/xI&! #y/4I¹-x,
�w��;�7*-�l(+w��8*-,;4%y/4I¹-xÐº=LI <x> #x+y�41 9(+wZ"� � #y/y�4T¹-xR4%xI&!w/L#�! #"�,;*��+�7wZw/"Yw��;�7*-�A(+w
�8*-,;4%y/4I¹-x

d
y�*-x]�;w/,!�}w�y�&;*9 �+x �< #"�*-�	(Bwf�7wÍÀ.w��;w/xBy/41 Z(+wCy�w/�;*�
>�;w/,!�}w�y�&;4 �< #$@w/xI&!w��

.["��< #"�*-�K(+wC"�*-,	y�*Gw¤¸>y/4%w/xI&!w�,
kψe



kd
º
ka

+,7wW(Bw�&!w��;$@4�x> <�;*-x�y�*-xzw�"ey/�74%&!w��;4%*Z(+wCw/,7&! ��+4%"�4�(+ #(

(+w�� � ����� ��� ��$�� ���  Kº�y��B$"�+"%4�w�x+(+*A"�*#,Yy/�74%&!w��;4%*-,[(+w	(+w�,;w/$��8w@Î+* +
s3 +s2(2ξw0 + 1

τ
)+s(wo

2 +
2ξwo
τ

) + w2
o

τ

�+�7w/(+w¤¸>x+4�(B*-,�


kψe = −2ξwo+ 1/τ

kd = −wo2+2ξwo/τ
a

ka = wo2

aτ

+ 3
� (wÒH-

y/*#x]"� ?�;w�,7&;�;4�y�y/4I¹-x©Ï��+w
d
x+*Z(+w �8wA,;w��	$9 wº#*-�	 #"��; #(+4%*�(+wly��+� �< <&.�+�! + 1

c(s)

-Dw/x)w/" �
�+xI&!*
s
º

Ï��+w
ψe

w�,7&! @�7w/,7&;�;4%x+L-4�(B*S #"e4�xI&!w�� �< #"%*
(−π

2
, π

2
)
�

½J ]"%wÍº0(+w@y/*#x'&;�;*-"3Ï��+w2w/,7&! ��+4%"�4/�/ �w/"�,;4%,7&!w�$9 A3
��( *©º 
> #y/w¾Ï��+w9"%*-,Cw/�7�;*-�7w/,f(+w"�8*-,74�y/4I¹-x º
(+4%�;w�y/y/4I¹-xX&!4%w/x+(+ #xg Zy�w/�;*@y��+ #x+(+*@w/"�&;4�w/$��8*?&!4%w/x+(+wf Z4�xY¸>x+4%&;*Zw/,�O

v = kψeψe + kdd+ ka

∫
(−d)dt

+"3
�d~ �H-

� 4%x> #"�$@w/xI&;w�"1 Z,7w@Î> #"e(Bwfy�*-xI&!�7*-"�
�Ï��+wCw�,�"� ��;w¤À.w/�;w�x+y/4� ��+ #�! Zw/"�y/*-xI&!�7*-"e(+wC(+4%�;w/y�y/4I¹-x,
 �34�w�x+w
(> <(> ��}*-� O

ψref =
k1ψdψd + ψ̇r + kψeψe + kdd+ ka

∫
(−d)dt

k2ψref

+ 3
��~�( -

.[,7&! ?"�w¤ºS(+wMy�*-xI&!�7*-"}w�, �< #"%4�(> A,7*-"�*Wy��> #xB(+*?w�"}(+4%�;4%L-4��+"%w �8w/�;$2 #x+w�y/w�(+w/xI&;�;*�(+w<�+x> �/*-x> f(+w
±50m

(+wN"� A&;�! wº-w�y�&;*-�;4� �
-(+w��+4�(+*f KÏ��+w�,;wN(+w �8wNLI #�; #xI&!4/�/ #� �+x+ f,7*-"1 �+�7*`º-w/y�y/4I¹-x9*-��&!*-xB*-�;$2 #"G 
"� Wy��B� �< �� .[,�&Q �"�4%$24O&Q #y�4T¹-xSw�,7&Q Z <,;*3y/41 <(> ? #"}�! #(B4�*?(Bwly��+� �< <&)�+�; �(+wl"%*-,KL-4%�;*-,D(+wl"� f&!�; wº-w/yp&!*-�741 
�+"� #x+4O¸>yP #(+ �
{LI <�! #xI&!4'�P #xB(+*R(+w)w/,�&Q 0$9 #xBw/�! �+xE,;*#"�*
�
�+xI&;*\,7*��+�;w)"� 0y��+� �< 
�+"� #x+4I¸+yP #(> (� ¦�w
4%L��> #"[$2 #x+w��! �
Jw/"�w��;�;*#�W(+w2(+4��7w/y�y/4T¹#xj(+w�"D(+4%�;4%L-4��+"%w�(+w��}w"�}w��;$2 #x+w/y�w/�Ww/x �Bx �< #"�*-�C4%x1À.w/�74�*-�C 
±90

L-�; #(+*-,�
>w��34%&! #x+(+*S(+wCw�,7&Q S$2 #x+w/�; Z"1 �4�xB(+w�&;w/�;$@4�x+ #y/4I¹-xXw/x]"1 Z"%wÍºX(Bwfy�*-xI&!�7*-"��
*eÒ



���������
	�� ��
������������ ���������������� ��"!#��$% &���	��!'�"�

�M� �N��� ��) � ��2�03*�)�v3%
�
* 
 %�tY/ 
 2¾'�, �M,e����) � )�,�%�t 
 '�,�tM/�0Ju3,�*8t 
 /�)+0��

@K*-xB,;4�(Bw/�! <x+(+*Sw/"e$@*G(Bw/"�*?(+wC,;4�$��+"1 #y�4T¹-x9(+wC"1 �¸>L��B�! 8���(�
+"1 ?&;�! wº-w�y�&;*-�;4� �B"1 #x+4O¸>yP <(> P+ �8*-�
"�*-,N&!�7w/,�y/ #,;*#,K¦ ���+4%x+,�
8$@*G(+w�"�*@4�x+w��;y�41 #"��+xB*]º]$2*3(+w/"%*S4�x+w��;y/4� #"�~9-&
��> <�7&!4%w/x+(B*9(+wW"1 �}*-,74�y�4T¹-x
ζi = [0, 0, 0]


��> <,! #x+(B*
�}*-�f"1 zy/*-x1¸+L��+�! <y/4T¹#xj4�xI&;w/�;$@w/(B41 
ζ1 = [200, 200, 0]

º\"�"%w/LI #xB(+*g z"1 
y/*-x1¸+L��+�! <y/4T¹#x!¸>x> #"

ζf = [500, 200, 0]

 ºEw/"M�;w/L��+"1 #(B*-�2(Bw="1 mw/y��+ #y/4I¹-x 3
�d~)(�
�,;wg&;4�w�x+w/xh"%*-,

�;w/,-�+"%&! #(+*-,C(+w@"1 <,J¸>L��+�; #,73
� �(
?3
� $ º 3��B*��Q@: #(> ©¸>L��+�; ��+�7w/,7w/xI&Q ]"1 Xw��#*-"/�By/4T¹#x\(+wS"� ��}*-,74�y�4T¹-x
w/x

x

>w/x

y

B"1 �w �-*-"'�+y/4I¹-x)(+wA"1 �(B4��;w�y/y�4T¹-x,
B"1  �8*-,;4%y/4I¹-x�(+w/"e(B4��;4%L-4��B"�wNw/x]w/" �B"1 #x+*

xy
+�~&¦ -~ºX"1 #,

(+*-,�y��+� �< #,�4�x1À.w��;4�*#�;w/,{(+w	(+w/�7w/y 
> W A4/�@Ï��+4%w/�7(> l�;w�, �8w/y�&;4 �< #$@w/xI&!w�
 �+�;w�,;w�x'&! #x9"� �w��#*-"/�By/4T¹#x@(Bw�"%*-,
w/�;�7*-�;w�,[(+w:(+4%,7&! #x+y/4� 

d
ºW*-�;4%w/xI&Q <y/4T¹#x

ψe
y/*-xZ�7w/, �8w/yp&!*C #"��
�+xI&;*A*-�7&;*-L-*-x> <"Gw�x+y/*-xI&;�! #(+*A,7*��+�7w:"1 

y��+� �# "�+"1 #xB4I¸>y/ #(> �� .[x=L-w�x+w/�; #"Tw/,7&;*-,��7w/,-�+"%&! #(+*-,M(+w/$1�Bw/,7&;�! #xg"1 Sy/*-x �-w��;L-w�x+y/4� X(+w/"Ty/*#x'&;�;*-"J(+w
,;w/L��+4�$@4�w�x'&;*S(+wA&!�! wº#w/y�&;*-�;4� 2 <"eyP #$@4�x+*��B"1 #x+4O¸>yP <(+*

B"%"�w�LI #x+(+*S Z&!w�x+w/�N"%*-,Nw/�;�7*-�;w�,N(+w��}*-,74�y�4T¹-x
º�(+4��7w/y�y/4T¹#x��B� ¹76G4�$@*-,N Zy/w/�7*
�

0 20 40 60 80 100
0

200

400

600

X
ref

 in red and X
sys

 in blue

Time [s]

X po
si

tio
n [m

]

0 20 40 60 80 100
0

100

200

300

Y
ref

 in red and Y
sys

 in blue

Time [s]

Y po
si

tio
n [m

]

0 20 40 60 80 100
−50

0

50

100

ψ
ref

 in red and ψ
sys

 in blue

Time [s]

ψd
ire

ct
io

n 
[d

eg
]

0 100 200 300 400 500
0

100

200

300

2D position, Pos
ref

 en red and Pos
sys

 in blue

X position [m]

Y 
po

si
tio

n 
[m

]

0 20 40 60 80 100
−5

0

5

d
error

 [m]

Time [s]

Er
ro

r [
m

]

0 20 40 60 80 100
−20

0

20

ψ
error

 [deg]

Time [s]

Er
ro

r [
de

g]

�������	��

���������������������! �"$#%�� '&)(+*%�-,� �"�&.��(/&)�102��&)�2��,2��(43!"+&4��"5#6�27
"�8��!92���!:

;=<?>A@CB'<'DE>AFHG�IJB�>�KMLM>ONAPED6KQG�LQ<'>R@�B'>AS�<�TUDO>AV�>$@	G�LWPEB?FXG?V�PEB1G/V�PZY\[C]�<'S�I6^_@CLQPEI5PES`K+>_VU>aPESbB'>/T�c�[�LM>
��
ed >ABfIQ<1I5KMP6Fg>/DEGAFX@�B1P6KQG�^�V�<'L5<'c�<1]�B'PhDEG�S�DEG�S`KML5G�B'P6IiVCP�]U>kj5GRS�<1lAPEB)^�FgmAIWPEBfD6G�S`KMLQGAB=V�P�IQP6c�[�<1FX<1PES`KMG
V�PnKMLM>ONAPED6KQG�LQ<'>C^oI5PpKQ<'P6S�PESqB'GAIaLQP6IQ[�B�K+>AV�GAIrP%s=@tP6LQ<1FXP6SfKM>AB'P6IrV�PpB�>gTUcA[�LM> ��

uC
wv >xP6lAG�B'[CDE<'yASzV�PEB
V�<'L5<'c�<1]�B'PrP6SzPEBhP6IQ@U>_DE<'Gg@�[�PEVCPbIQP6Lr>A@�L5PEDE<'>AVU>HPESzB�>pTUc�[�LQ> ��
�{�| ^	V�G�S�VCP}B�>pKMLQ>�NAPED%KMG�L5<�>gL5G!jQ>gPEI
B�>}L5P6~�PEL5PES�D6<�>C^=B�>�>A�E[�BtG�IQD6[�LQGnP6I�PEBtLQPEI5[�B1KM>AV�G�I�IQ<'Sg@tP6L5KM[CLQ]U>AD6<'y�SgV�Pal?<'PES`KQG}N�B'>}>A�6[�B�D6B�>AL5GbDEG�S
@tP6L5KM[CLQ]U>AD6<'y�S�V�P�l?<1PES`KMG 
O� I�KMG�IJL5PEIQ[CB1K+>_V�G�Iw@	G�S�PES�V�P4FX>AS�<�TUPEI�KMG��f[�P�PEBADEG�S`KML5G�B�V�P6B�IQP6c�[�<1FX<1PES`KMG
V�P/B�>RKQLM>ON�P6D6KMGALQ<�>rL5PO>AD6DE<'GASU>aPESp~�[�S�D6<'y�SnV�P/B1B'P6l_>ALiB'G�IhPELQL5G�LQP6I4V�P/@tGAIQ<'D6<'y�S�NbG�L5<'PES`KM>ADE<1y�Sp>aDEP6LQG�^
B'G�c�LQ>AS�V�G�PESXB'G�I�V�G�I�DO>_IQG�I6^=I5<'Spl=<1PES`KMG�NHDEG�SHl=<1PES`KMGC^?FX>AS`KMP6S�PEL�PEB	V�<1LQ<'cA<']�B1P�PESgB�>�]���IQ�f[�P6VU>}V�P
B'B'P6c`>AL�>nP6I5K+>_L$I5<'P6FX@�L5Pr@�LQyOs=<'FHGH>nPEBwDO>_FX<1S�Gn@�B�>_S�<1TUDE>AV�G 


;=<�>A@�B1<'DO>_FXG�I�B'>�KMLQ>ON�PED%KMG�L5<�>�@�B'>AS�<�TUDO>AV�>�@	G�L}P6B�FHG=V�P6B'G�<'S�P6LQD6<�>AB
2
>AB�IQ<1I5KQPEFX>�DEG�FH@�B1P6KMG

� V�<1LQ<'cA<']�B1Px��D6G�S`KMLQGAB'PEIpV�P�]U>kj5G�S�<�l�PEB�N�D6G�S`KML5G�B/V�P�IQPEcA[�<'FH<'P6SfKQGf�%^hIQP�KM<'P6S�PES�B'GAIHL5PEI5[�B1KM>AV�G�I

u�|




����%���? ���	)���M�� ����	� �� 7	���� �"!���$H &���	��!��"�

0 20 40 60 80 100
0

200

400

600

X
ref

 in red and X
sys

 in blue

Time [s]

X po
si

tio
n [m

]

0 20 40 60 80 100
0

100

200

300

Y
ref

 in red and Y
sys

 in blue

Time [s]

Y po
si

tio
n [m

]

0 20 40 60 80 100
−50

0

50

100

ψ
ref

 in red and ψ
sys

 in blue

Time [s]

ψd
ire

ct
io

n 
[d

eg
]

0 100 200 300 400 500
0

100

200

300

2D position, Pos
ref

 en red and Pos
sys

 in blue

X position [m]

Y 
po

si
tio

n 
[m

]
0 20 40 60 80 100

−5

0

5

d
error

 [m]

Time [s]

Er
ro

r [
m

]

0 20 40 60 80 100
−20

−10

0

10

ψ
error

 [deg]

Time [s]

Er
ro

r [
de

g]

� �����U��
 � �������%����� �����! �"/#6�� '&)(�*%� ,� �"+&.��(�& ��02��&)���A,���(�3!"+&���"Q#%��7
"/�����2& ,2��(�7��

0 20 40 60 80 100
0

200

400

600

X
ref

 in red and X
sys

 in blue

Time [s]

X po
si

tio
n [m

]

0 20 40 60 80 100
0

100

200

300

Y
ref

 in red and Y
sys

 in blue

Time [s]

Y po
si

tio
n [m

]

0 20 40 60 80 100
−50

0

50

100

ψ
ref

 in red and ψ
sys

 in blue

Time [s]

ψd
ire

ct
io

n 
[d

eg
]

0 100 200 300 400 500
0

100

200

300

2D position, Pos
ref

 en red and Pos
sys

 in blue

X position [m]

Y 
po

si
tio

n 
[m

]

0 20 40 60 80 100
−2

0

2

d
error

 [m]

Time [s]

Er
ro

r [
m

]

0 20 40 60 80 100
−10

−5

0

5

ψ
error

 [deg]

Time [s]

Er
ro

r [
de

g]

� �����U��
��}�������%����� �����! �"/#6�� '&)(�*%� ,� �"+&.��(�& ��02��&)���A,���(�3!"+&���"Q#%��7
"/�����2& ,2��(�7��

V�PgB�>�T�c�[�LM> �C
1{�{A
hv >�TUcA[�LM> ��
�{	� @CLQPEI5PES`K+>zP6B�IQP6c�[�<1FX<1PES`KMG�VCP�B�>�KMLM>ONAPED6KQG�LQ<'>�LQP%~�PELQP6S�DE<'>�PES
P6B P6IQ@U>AD6<'G�^iV�PESCGAK+>AV�>�@tGAL}PEB�DEGAB'G�L�LQG!j5G 
hv >�KQLM>ON�P6D6KMGALQ<�>�>A�E[�B G�IQD6[�LQGzP6IbPEB�LQP6IQ[�B�K+>AVCG�IbV�PXB�>
@�L5[�PE]�>�I5<'S�l?<'P6S`KMG�N�B'>�>A�6[�B�DEB'>ALQGC^�PEBiLQP6IQ[�B�K+>AV�GxD6G�SqB�>g@	PEL�KM[�L5]U>AD6<'y�SzV�Pbl?<1PES`KMG 
 ;=PnG�]�I5PEL5l_>

uC{



���������
	�� ��
������������ ���������������� ��"!#��$% &���	��!'�"�

0 100 200 300 400

−100

0

100

200

300

Ref
red

 and Sys
blue(without wind) & green (with wind)

Time [s]

X
po

si
tio

n [m
]

0 100 200 300 400

−200

0

200

400

Ref
red

 and Sys
blue(without wind) & green (with wind)

Time [s]

Y
po

si
tio

n [m
]

0 100 200 300 400
−400

−200

0

Ref
red

 and Sys
blue(without wind) & green (with wind)

Time [s]

ψ
di

re
ct

io
n [d

eg
]

−100 0 100 200 300
−400

−200

0

200

400

2D position, Ref
red

 and Sys
blue(without wind) & green (with wind)

X position [m]

Y
 p

os
iti

on
 [m

]

0 100 200 300 400
−40

−20

0

20

40

d
error

 [m], Sys
blue(without wind) & green (with wind)

Time [s]

E
rr

or
 [m

]

0 100 200 300 400
−100

−50

0

50

100

ψ
error

 [deg], Sys
blue(without wind) & green (with wind)

Time [s]

E
rr

or
 [d

eg
]

Start

wind (1.5m/s)

Goal

without wind

with wind

��������3
� Ò ��� � )��
� ������� ��� ��� !"��� 	%��
���� � � 	���� ��� � # !"����� ��� � � ��� � ������� -5# !,� � � �/����� ��� � ��� � � ����� !,����� + � � �

−200

−100

0

100

200

300

−600

−500

−400

−300

−200

−100

0

100

200

300

400

−20

0

20

40

P
o

si
tio

n
 o

n
 a

xi
s 

−
Z

 [
m

],
 U

p

Airship position within 3D, tracking task

Position on axis X [m], North
Position on axis −Y [m], West

Wind (1.5m/s)

Start

Goal

without wind

with wind

��������3
��(�� � 
 ����!*� ������� ����! � �(	��*) ��+ !,� ��� � ! ��� # ��� ��� - # !,��� � � ����������� ����� ��� ����!,��� � +�� � ���

ÒI~




��B
�� � ��� ��� 	��������  ��

Ï��+w� <"D4%L��> #"�Ï��+w��> #�; g"1 )&!�; `º#w/yp&!*-�741 �+"� #x+4I¸+yP #(> ]y/*-xjw/"K$@*3(+w/"%*Ð¦ ���B4�x+,�
{w/"D,;4%,7&!w�$9 ],;4%L��+w
�+� ¹76B4%$2*? �"1 C&!�! wº#w/y�&;*-�;4� �+"1 <x+4I¸>y/ #(> �
'"%"�w��< #xB(+*?"%*-,:w/�7�;*-�7w/,:(Bw �}*#,;4�y�4T¹-x�º9*-�74�w�x'&! #y/4I¹-xX �y�w/�7*
�
.[,7&! ��+"1 #xB4I¸>y/ #y/4I¹-x=$1�+w�,7&;�! X,;w�� �+x> X&!�; `º#w/yp&!*-�741 X$2 #,C �-�+,�&Q #(> ) X"� X(+4�xB»<$24%yP 2(Bw/"Y(+4%�;4%L-4��+"%w�

�+�7w/,7w/xI&Q #xB(+*S$2w�x+*-, �8w/�;(B4�(> #,K(+wC #"%&;4%&.�+(9w�x]"%*-,KL#4��;*#,µº9w�x)L-w/x+w��! #"�,;w@Î+ #"�w�,	(+wAy/*-xI&;�;*-"}$2w�x+*-,
À��+w��7&;w/, +

δg
-&�

0 100 200 300 400
−200

0

200

Ref
red

 and Sys
blue(without wind) & green (with wind)

Time [s]

X
p

o
si

tio
n
 [
m

]

0 100 200 300 400
−400

−200

0

200

400

Ref
red

 and Sys
blue(without wind) & green (with wind)

Time [s]
Y

p
o

si
tio

n
 [
m

]

0 100 200 300 400

−400

−200

0

Ref
red

 and Sys
blue(without wind) & green (with wind)

Time [s]

ψ
d

ir
e

ct
io

n
 [
d

e
g

]

−200 −100 0 100 200 300
−500

0

500

2D position, Ref
red

 and Sys
blue(without wind) & green (with wind)

X position [m]

Y
 p

o
si

tio
n

 [
m

]

0 100 200 300 400
−40

−20

0

20

40

d
error

 [m], Sys
blue(without wind) & green (with wind)

Time [s]

E
rr

o
r 

[m
]

0 100 200 300 400
−40

−20

0

20

40

ψ
error

 [dec], Sys
blue(without wind) & green (with wind)

Time [s]

E
rr

o
r 

[d
e

g
]

Wind (1.5m)/s

Goal

Start

without wind

with wind

� ������3
��(9( � �5� ) �
� � ����� � � ��� !,��� 	%� 
���� ����	����&����� # !,� � �&��� � � ��� � ����� � -5# !,��� � � ����������� � ����� !,� � � � 	%����� !��

§©¨p§ ��¯·¬�³µÃÍ²���´¤¯�¬©Ç��
.[,�4�$��8*-�7&! #xI&!w@(+w/xI&!�7*R(+wX"� zw/,�&!�; <&!w�L-41 g(BwXx> �-w�LI #y/4I¹-x º\w/x5w/,!�}w�y/4� #" �+ #�! g"� 	¸>x> <"�4�(+ #(

�
�B,;yP <(> ]y�*-xjw�"[(+4��74�L-4
�+"�wWw/xmw/" �+�7*`º-w/yp&!*
	�����
���� 
�&;w/x+w�� �+x �+"� #x+4O¸>yP #(B*-�l(+wZ&!�; wº-w/yp&!*-�741 
¹��G&!4�$2 ·Ï��+wl&;*-$@w�w/x��> <�7&!w�"1 #,:�7w/,�&!�;4%y/y�4�*-x+w�,:(+4%xB»#$@4�yP <,~º2"1 #,:"%4�$@4%&! #y/4%*-x+w/,[(BwA"�*-,	 <y�&)�+ #(+*-�7w/,
(+w�"�,;4�,�&!w�$9 ��> #�; ],-�jy@»#"�y��+"�*
�
½T ��+"� #x+4I¸+yP #y�4T¹-x0(+w@"1 X&!�; wº-w/yp&!*-�741 )w/,f4�x+,-�1¸>y�4�w/xI&;w"�8*-�C,;4�,;*#"1 
�> <�! 
> #y/w��µÏ��+wMw/"8(+4��74�L-4
�+"�wD,;w�(Bw/, �B"1 #y�w�(+w8�+x> ��8*-,74�y/4I¹-x@4�x+4%y/41 <"

ζi
 �Bx> ��8*-,;4%y/4I¹-x¾¸+x> #"

ζf
,74�x

�+�7w/,7w/xI&Q #�D(+w/,�ÀU #,;w�,:y/*#x9�;w�, �8w/yp&!*Z #"Vy/ #$24%x+*Cw/x+y�*-xI&!�; #(+*

��> #�; fw�,7&!*?,;w �+"1 #xI&;w@¹��Bx9y/*#x'&;�;*-"6Ï��+w
*��B"�4�L- � <"3,74�,�&!w/$2 M,7w/L��B4��T"1 	&!�! wº#w/y�&;*-�;4� �+"� #x+4O¸>yP #(+ ���@K*-xI&!�7*-"�w�, �> #,; #(+*-,�w/x�"� N&;w/*-� �1 N(+wKy�*-xI&!�7*-"
¹��G&!4�$@*JÀ��+w��;*-x��+�;w�,;w�x'&! #(+*-,�
3&;*-$2 #x+(+*Ay�*-$2*��> <�7&!4%(> A"1 A$@4�x+4%$24'�P #y�4T¹-xf(+wN&!4�w�$"�8*	�> #�; f"� �+�;4 


Ò98



���������
	�� ��
������������ ���������������� ��"!#��$% &���	��!'�"�

−200

−100

0

100

200

300

400

−600

−400

−200

0

200

400

−20

0

20

40
P

o
si

tio
n

 o
n

 a
xi

s 
−

Z
 [

m
],

 U
p

Airship position within 3D, tracking task

Position on axis X [m], North

Position on axis −Y [m], West

Wind (1.5m/s)

Goal

Start

with wind

without wind

�������23�� (�~ ��
 ����! � � ��� � ��� !'� �(	��*) ��+ !,����� � ! ��� # ��� ��� - # !,��� � � ����������� ������� !,� � � ��	������ !��

$2w��! M&;�! wº-w�y�&!*#�;41 Mw/x+y�*-xI&!�! <(> �� � "G&;w/x+w�� �+x�(+w�, �+"� ��P <$24%w/xI&!*My/*-x �#w/"�*3y/4%(> #(Wy/*-x+,�&Q #xI&;w�
-,7wK&!4%w/x+w
 #"�$24%,;$@*)&;4�w�$"�8* �Bx> z$@4�x+4%$24'�P #y�4T¹-xz(+w9(B4�,7&! #x+y�41 ��QS�x+w��;y�41 #,fw/xF"� ],7w@Î> <"�(Bw9y/*#x'&;�;*-":
e"�*-L#�! #x
(+wÍÀ.*-�7$9 <�:"1 #,:&;�! wº-w�y�&;*-�;4� #, �+"1 <x+4I¸>y/ #(> #, �}*-�t¦8���+4�xB,�
 
> #,�&Q Zw/" �
�+xI&!*@(+*-x+(Bwf"� #,	 #y�w/"%w/�! <y/4�*#x+w/,
x+* �+�;w�,;w/xI&! #xg(+4%,;y�*-xI&!4�x��+4%(> #(+w�,�
G$2w �7*-�! #xB(+*Zw/"�(Bw/,;w�$"�8w@ÎB*2(+w�"�(+4%�;4�L#4��+"%wRº9$9 #xI&;w/x+4I¼/x+(+*#"�*�w�x
"1 ��# <"�4�(Bw��	(+w�"�*-,[$@*3(+w/"%*-,[�;w�(
�+y/4%(+*-,�*W�7w �+�7w/,7w/xI&Q #y�4�*-xBw/,K(BwM"� #,[(+4�x�»#$24%yP #,[(BwM"� KÀU <,;wN(+w �(�Bw/"�*
y/�.�By/w/�7*
��¿�x6y�*-xI&!�;*#"RÏ��+wz*��+"%4�LI 0 #"N(+4%�;4�L#4��+"%w� \,7w/L��+4%� �Bx> m&;�! wº-w�y�&!*#�;41 ��+�;w�,;w�x'&! F #"N$@4�,;$@*
&!4�w�$"�8* �+x> ��
�+w�x> W,7*-"/�+y�4T¹-x��> #�; f,7*��8*-�7&! #�["1 #, �8w/��&)�+�!�> #y/4%*-x+w�,D(+w��+4�(+ #,� #" �34�w/xI&;*

'$2*-,�&!�; #x+(+*
Ï%�BwW$2 #xI&!4%w/x+wA,74�w/$��+�7w	�+� ¹76G4�$@*Zw/"e(+4%�;4%L-4��+"%w� S"1 ?&;�! wº-w�y�&;*-�;4� �B�;w/(Bw�&!w��;$@4�x> <(> ��

Ò�3



� �������	��
���
�� �������������

.[":&!�; ��> �7* �+�7w/y/w�(+w/xI&;wz&!4%w/x+w�y�*-$@*m*����7w�&;4 �-*0"%*-L-�! <� �%�+w/"%*-,S ��B&��-x+*-$@*-,Zy/*#x^w�":(+4��74�L-4
�+"�w
w�xj"1 ��U #,7w2(Bw��%�+w�"�*gy��.�+y�w/�7*����+x+(+ #$2w�xI&Q #"%$2w�x'&;w�� / �B,;yP <x+(+*=y��+$"�B"�4���w/,7&! z$@w�&! �
e,;w"�+"1 #xI&;wP 
w�"{$@*G(+w�"�*2$9 <&;w/$��<&!4%y/*��> #�; 9"1 9(B4�x��#$@4�y/ @(Bw/"{(B4��;4%L-4��B"�w�
>�7w/,-�+"%&! #x+(+* �BxR$2*3(+w/"%*����+w��7&;w/$@w/xI&!w
x+*)"%4�x+w/ #"�� �> #���<$2wp&!�;*#,A�;w/"� <&!4��< #$2w�xI&!w�y�*-x+*3y/4�(B*-,�
�y�*-$@*�y/*-x+,7w/y��+w/xI&!w �
�> #�; �w!�.w/yp&!*-,C(+wS"%*-,
(+4%,;wÍÎ+*-,Z(+w�"%*-,?y�*-xI&!�;*#"�w/,��+ #�! ="� g�;w�L��+"1 <y/4"�#xF(+w�"1 �-w/"%*Gy�4�(> <(,
{"� = #"%&;4%&.�+(#�F"� g(+4%�;w/y�y/4$�-x5w/x
w�" �+"� #x+*

2D

�,;w��+"1 <x'&;wP #x6$2*3(+w/"%*-,S,;4%$"�+"%4$%>y/ #(+*-,S*\y/*-x+*3y/4%(+*-,@y/*-$@*j$@*3(+w/"%*-,2(Bwgy/*#x'&;�;*-":


�> <�! 0"�*-,Sy��+ #"�w�,2,7wg�;w/ #"�4'�P #xE"1 �}*-�7w/,S(+w]4�(+w�xI&!4$%+yP #y�4"�-x �> #�; #$�&p&!�74�yP (� .[x+,;w�L��+4�(+ �
[&!�;w�,2&;4��8*-,
(+w2y/*-xI&;�;*-"%w/,W #y�&.�> #x+(+*g,;*��+�7w9w�"D,74�,7&;w/$2 z(+w2$9 <x+w/�; 	Ï��+wX,7w9$2 #xI&!w/xBLI zw�xF"1 ��U #,;w2(+w �%�+w�"�*
y��.�+y�w/�;*�
Iw/x@"1 l�;w�L-4"�#x@(B*-x+(+wN,;w� #,-�+$@w5�+x> C(+4�x��<$24%yP �"%4�x+w/ #"'���+w��;*-xSw�"1 ��8*-�! <(+*-,�� � , �:
-"�*#L-�! #xB(+*
"� �w/,7&! ��+4%"�4/�/ #y/4$�-x�w/x]"1 �x+ ��#w/LI <y/4"�#x,
V,;w 
+4/��*S,;w/L��+4�$@4�w�x'&;*S(+wA&!�! (�#w/y�&;*-�;4� 2 ��> <�7&!4%�	(+wCyP #$@4�xB*-,
�+"� #x+4)%>yP #(B*-, �8*-�:&�&�y/x+4%yP #,N*��B&;4�$2 #"�w�,��
*�w�"8"� #(+*A(+w�"V$2*3(+w/"� #(+*

<w/">(+4%�;4%L-4��+"%wDw�,E�Bx2,74�,7&;w/$2 Ay/*-$��+"�w �7*

#,7w/x+,74��+"%w� f$ ;B"%&!4
�+"�w�,+���+w�x'&;w/,

(+w"�}w��7&.�+� �> <y/4"�#x,
�xB*g"�4%x+wP <"�
e$1�+"O&!4��# <�;41 �+"�w,�m(+4%x��#$@4�y/ #,f #y/*��B"1 #(> <,?W�$@*3(+w/"%*-,CL-w/x+w��! #"%$2w�xI&!w
�+,; #(+*-, �> #�! @"1 #, �+�.�Bw �> #,�(+w?,74�$1�+"� #y/4$�-x,� .[" �
�+,;y/ #� �+xR$@*3(+w/"%*2$2 <&!w�$-�n&!4�y�*S,;w,���+xB(> #$@w/xI&Q 
w�x�w/"�w�,7&.�+(+4�*Z(Bwl"1 #, �< #�;4� ��+"�w�,.�2(+4%x��#$@4�yP <,.���+xB(> #$@w/xI&Q #"%w/,:(Bw/"�,74�,�&!w/$2 ��'/e*Z #xI&!w��;4�*#� �8w/�;$@4%&;w
�+"� #xI&!w/ #� �+x+ 9w/,�&!�! n&!w/L#41 9(+w?x> �-w/L- #y/4$�-x,
�*#�;4�w�xI&Q #(> 9 9$24%x+4�$@4/�/ #�:"� #,�x+*9"�4�xBwP #"%4�(> #(Bw/,�(+w/"�,;4�, 

&;w/$2 0�] #y�*��+"� #$24%w/xI&!*#,�w�xI&!�;wW,.�+,M(+4�x1�#$24%yP #,�
B&Q <"Ty�*-$@*2,7w��+�7w/,7w/xI&Q Xw�xg"1 Sx> �-w�LI #y�4"�-xz"1 <&;w/�! <"
�j"�*-x+L#4%&)�B(+4�x> <"��2/J �# <�;41 �+"�wXy�*-$ ;+xkw�x'&;�;w)w/,�&Q #,S(+*#,Z$9 #xBw/�! <,Z(+w�x> �-w�LI #�Sw/,S"1 �#w/"%*Gy�4�(> #(0

 3�.w�y�&! #(> 
�}*#�Z"1 R(+w	�+w&6G4"�-xE(+w)"�*#,S #"�w��;*-x+w�,Zw/x^y/*-x+(B4�y/4%*-x+w�,Z4�(+w/ #"�w�,�
Yw�,@(Bw/y/4%�S(+w)x+* �}w��7&)�B� 

�> <y/4�*#x+w/,Sw&63&;w/�;x+ #,��.*�w)w/,�&Q m$9 #xBw/�! (
Yw&6G4�,�&!w�x �8w/�7(+4�(> <,@(Bwz <"%&!4O&)�+(5(Bw/"N(+4��74�L-4
�+"�w@y��+ #x+(+*m,;w
�7wP #"%4/�P <xXL-4��7*-,�
1Ï%�Bw ���+w/(+w�xg,7w/�Ny/*-$��8w/x+,; #(> #,� Zy/*-xB(+4�y�4"�-x�(+wA&;w/x+w��M <y/y/4%*-x+w�,	(+wCy/*-xI&!�7*-"e$��#,
���+w��7&;w/,:*�wC6G4�L-w�x+y/4� #,K(+w�&!4%w/$��}*-,�$2 #,K"� #�;LI <,Dw�xX"1 fw/,7&! ��+4%"�4/�/ #y/4$�-x@(+w�"� #,K�7w!�.w/�7w/x+y�41 #,��U@K*#$2*�w�"
*�� �7w�&!4��-*�w�,:"1 f4�$��+"�w�$2w�xI&Q #y�4"�-xS�;w/ #"8(+wl"�w4�-w�,:(+w�y�*-xI&!�7*-"�,7*��+�;wM"1 �+"1 <&! 3�.*-�7$9 A�;w/ #"�
3,;w �+"1 #xI&;w5�
�+x+ Sw�,7&;�! <&;w/L-4� �(+wCx> �-w/L- #y/4$�-x�Ï%�Bw �8w/�7$24O&!wly/ #w/�	w�xzy/ #,;*#,	(+wCy/*-$��}*#�7&Q <$24%w/xI&!*W"�4�xBwP #"� SxB4 �-w�"
"%*Gy/ #"�� .[,7&Q mw/,�&!�! n&!w/L#41 Rx+*-,S�;w�$24O&!w) 0"1 6�U #,7w](Bw �%�+w�"�*my/�-�+y/w��;*

�(+*-xB(+wzw�"	(+4��74�L-4
�+"�w2,;w)(+w��}w
(+w�, �+"� ��P <�	 �-w/"%*Gy�4�(> <(�y/*-x+,�&Q #xI&;w�
��+x> Z <"%&!4O&)�+(��X(+4%�;w/y�y/4$�-x��+�;w�w/,�&Q ��+"%w/y�4�(> #, �8*-� �Bx2�B,.�> #�74�*Z*
�+x]L-w�x+w/�; #(+*-�N(+wC�;w4�.w/�7w/x+y�41 #,�
} <y�&)�+ #x+(+*@w/x]y/*-x �-�+xI&!*9y�*-x2�+x��B"1 #x+4)%>yP <(+*-�7�	�+x]y/*#x'&;�;*-"��> <�! 
w�"�,7w/L��B4�$@4�w/xI&;*z(+w2"1 )&!�! (�#w/y�&;*-�;4� ��2/e*-,W$@*3(+w/"%*-,C,;4�$��+"%4$%>y/ #(+*-,	�+�7*��
�+w�,7&;*-,�w/xjw/"�yP ��+4O&)�+"%*

1



,7wW �}*8�I <xzw�xz"%*-,	�! ���*-x> #$@4�w�xI&!*-,	wC6 ���+w/,�&!*-,� #xI&!w/,�
>(+wf$9 #xBw/�! �Ï��+wf,;wfw/xBy��+w�x'&;�! #xz�;w�"1 #y�4�*-x+w�,
(+4%�;w�y�&Q <,�w�x'&;�;w:"� #,T,;w@Î+ #"�w�,{(+wDy/*-xI&!�7*-" +

Fm


δe
�
δg
-T(Bw/"3,;4�,�&!w�$9 9�W"� #, �# <�;41 �+"�w�,T�7w/"%w��< #xI&!w�,{(+wD"1 

�U #,7wM(Bw �%�+w�"�* +��-w�"�*3y/4%(> #(@(+wM(Bw/, �B"1 ��/ #$24%w/xI&!*
u

' #"%&;4%&.�+(

z
�S(+4%�;w�y/y/4$�-x

ψ
-C� .[,�&!*-,�&!�7w/,K$@*3(+w/"%*-,

,7*-xF,.�'%>y/4%w/xI&!w�$2w�x'&;w��;w��+�;w�,;w/xI&! <&!4��-*-,Z(+w9"1 #,��+�;4%x+y/4
�> #"�w�,C(+4�x��<$24%yP #,f(+w/"D(+4��74�L-4
�+"�wZy��> #x+(B*=,;w
(+w�, �+"� ��P Zw�xzw�"��+"1 #xB*

2D
�

*�w�"A"1 #(+*k(+w0"� F4�(+w�x'&;4$%>y/ #y/4$�-x:�;���+,74"�-xi(+w04�x'�.*-�;$2 #y/4$�-x6,7w/x+,7*-�;4� #"�
K(+*-,)"1 ��8*-�7w/,����+w��;*-x
�7wP #"%4/�P <(> #,9���+x+(> #$@w/xI&! #"�$@w/xI&!w���/J �+�74�$@w/�; �
 �B�;w/,7w/xI&Q 	�+xRw�,7&.�+(+4�*�(Bw/"{,74�,�&!w/$2 ��> #�; 9"1 24�(+w�x�


Ò54



� ��� ��� 	 ������� �� ��  �!#���

&!4$%+yP #y�4"�-x �> #�; #$�&p&!�74�yP 0(+wz"�*-,S$@*G(+w�"�*-,S,74�$��+"�4)%>yP #(B*-,��}*#�@&�&/y/xB4�yP <,"�> <,! #(> <,9w/x6�;w/,!�
�+w�,7&Q <,
w/,;y/ #""�#x,
T #"�L-*#�;4%&;$2*#,�(+w@ #(> �B&Q #y�4"�-x �> <�! #$ &�&;�;4�y/ ��Rw/" %>"O&!�;*)(+wR1C #"%$9 #xRy�*-$@*z4%(+w/xI&!4)%>yP <(+*-�
�> #�! <$�&p&!�;4%y/* +���� ��� -C� /J 5&�&/y�x+4�y/ �+ #,! #(+ Ew�x�"� F�;w�, �
�+w�,7&! ^(+w�"A,;4�,�&!w�$9 5 #xI&;wmw�xI&!�! <(> Ew�, 

yP #"$�-x,
 �8w/�;$@4%&;wN,;4�$��+"%w/$@w/xI&!w	wC6 �B"�*-�; #�Dw�"V*-�;(+w�x9(+w�"V,;4�,�&!w�$9 �
I,74 �B�;w/,7w/xI&Q �+x��U #yp&!*-��4%x'&;w/L-�; #xI&!w
+ �8*-"�*Sw/x]w/"J*-�74�L-w�x2-K*@x+*

��8w/�;* �; #$��#,5�+x> SL-�; #x �# <"�4�(Bw��A,;*��+�;wf"�*-, �< #"%*-�;w�,N(+wC"�*-, �> #���#$@w�&!�7*-,
4�(+w�x'&;4$%>y/ #(+*-,�
{ <(+w/$��#,�Ï��+w�
{w�,�(+4$���%y/4%"[(+w� ��+"%4�y/ #�Cw/x5w/"�,;4%,7&;w/$2 g�;w/ #"�
��8*-�?"%*]&! #xI&!*

 ���+wX,7*-"�*
�+�;*��+ #(> 9w�x=,;4%$1�+"1 <y/4"�#x,� /e*-,l #"%L-*-�74%&!$@*-,	(+w? #(> ��G&Q #y�4"�-x��+�;w�,;w/xI&! #x �+x=$@w	�7*-��(+w/,7w/$��}wÍÎ+*Xw�x
"1 �(+wp&!w/�7$24%x> #y�4"�-xX(BwA"�*-,	y�*Gw4%>y/4%w/xI&!w�,�
V #(+w�$-�<,:(+wC,;w��N ��+"�4%yP #(B*-,K,7*��+�;wC(> n&!*-,	�7wP #"%w/,:(+w��%�+w�"�*-,
w&6��}w��;4%$2w�x'&! #"�w�, �+"1 <x+4$%>y/ #(+*-,�
Bw�,	(+w/y�4��	y/*#x],7w@Î> <"�w/,	(BwAw/xI&!�; #(> �&!4
�}*R6C/ 0 � ,;*��+�;wAw�" �
�+xI&!*S(+w
*��}w��! #y�4"�-x0
-yP ��+ #y/w�,D(+wNwC6By�4%&! #�� fxB4 �-w�"1�.�;w�y��+w�x+y/4� #">w/">,74�,7&;w/$2 ��%5�&!�7*f ��}*#�7&!w	(Bw�w�,7&! C&�&/y/xB4�yP A(+w
4�(+w�x'&;4$%>y/ #y/4$�-xgw�,�"� ��8*-,;4
�+4�"%4�(> <(�(+w?y�*-x+*3y/w/�M"1 �< #�;4� #y/4$�-x)(+w?"%*-,My�*Gw4%>y/4%w/xI&!w�,l(+wW"�*-,N$@*G(+w�"�*-,�

"�* Ï��+w��8w/�7$24O&!4"�@�;w/ #"�4'�P #� �+�-�+w �> <,A(+w��;*��
�+,7&;w��Z,7*��+�;wZ"� #,�"%w!�#w/,A(+w�y�*-xI&!�7*-"Y #xI&;w �# <�;41 <y/4"�#xz(+w
�> #���<$2wp&!�;*#,M(+wW"�*-,�$@*G(+w�"�*-,�� .["���� �	� �8w/�;$@4%&;4"� �+�7*��> #��"1 �< #"�4%(+w��C(+wW"�*-,�$2*3(+w�"�*-,N,;4%$"�B"�4$%�

yP #(+*#,� ��> #��&!4%�	(+wC(> <&!*#,�(Bwf,74�$1�B"1 #y�4"�-x-�)�7wP #"%w/,	(+w �%�+w/"%*
��/J S,;w/L��+x+(> S"1 ��8*-� �B,! 2w�"�%>"%&;�;*Z(+w
1f <"�$2 #x +%.�1 � ��
V1 � - �> #�; ]"� ����B,;4"�#xm,7w/x+,7*-�;4� #" �0w/,�&!4%$9 #y�4"�-xR(Bw9 #"%L��+x+*#,Ay/*3w!%>y�4�w/xI&;w/,f(+w/"L-�! #xR$@*3(+w/"%*
� /J*#,l�;w�,.�+"O&Q #(+*#,l*��B&;w/x+4%(+*-,�w�x0"1 2w�,7&;4�$2 #y/4$�-xg*��G&!4�$2 #"J(+w�"Yw/,�&Q #(+*�(Bw/"{(B4��;4%L-4��B"�w�

�+�;w�,;w/xI&! #x �Bx> 
�
�+w/xky�*-x �-w/�7L-w/xBy/41 �Fw�,7&! ��+4�"%4�(> <(,
��+�;*��B4�*-, �+ #�! =,-� �G&!4�"%4/�/ #y/4$�-x\(��+�! #xI&;w]"%*-,
&!4�w�$"�8*-,tÏ��+w?xB*X,;wC&!4%w/x+w�x=,;wÍÎ> #"�w�,M(Bw/" � 0 6 ��Ï��+wW,;*-x=xBw/y/w�,! #�741 #, �> #�; @"� #,M"%w!�#w/,�(Bw?y/*#x'&;�;*-":�
*�wZ"1 ��> #�7&;w?(+w?"1 24%(+w/xI&;4$%>y/ #y/4$�-x,
8,;w �+"� #xI&!w!�Xw/xR"� 2$@w/(+4%(> �Ï��+wZ"%*-,Mx��+w �-*-,C(+4%�;4%L-4��+"%w/, �< #� �1 #x
w/"�&Q #$2 &Î+* +
1C #�7$9 H-l(+w2"1 )w/x �-*#"%&)�B�! �mw�"�&! #$9 GÎ+*z(Bw9"�*#,W <"�w/�7*-x+w�,P+�
�� � x2-&��
8�B$2w��;*-,; #,?,74 

$1�+"1 <y/4�*#x+w/,7���+w��;*-xz�;w/ #"�4'�P #(> <,	y/*-x]w/"e$@*G(Bw/"�*S(+w�"

AS500
+.,.�+,�y/*3w!%+y/4�w�xI&!w/,9���+w��;*-xzw/,7&;4�$2 #(+*-,

y/*-x9�+x> Z$2 &Ï��+w�&! ,�Xw�x�w/"�&�;+x+w/"�(+w �34�w/xI&;*%-Ky/*-x�w�"�*����7wp&!4��-*S(+wl(+wp&!w��;$@4�x> #�Ky/*3w!%>y�4�w/xI&;w/,N,;4%$24 

"1 #�7w/,� f"%*-,[(+w�"8$@*3(+w/"%*Aw/,7&! ��+"%w/y/4%(+*
� /��+w�L-*

-&!w�x+4�w�x+(+* �+x+*-,D #"%L-*-�;4O&!$@*-,ÊÏ��+w9���+x+y�4�*-x+ #�;*-xS,7*��+�;w
w/,7&! �"1 ��8*-��(+wZw/,�&!4�$2 #y�4"�-x,
V,7w��+�;*��+ #�;*-xR,7*��+�7w�(> <&;*-,l�;w/ #"�w�,l(+w �%�+w�"�*

}$2*-,�&!�; #x+(+*X�7w/,-�+"%&! #(+*-,
 #y/w��B&Q ��B"�w/,�
� ��+xEy��> <x+(+*mw/, �+x> =&Q <�;wP 0x+wp&Q #$@w/xI&!w�x��+$ &/�74�y/ +.$�&p&!*3(+*-,Zx��+$ &/�74�y/*#,��> #�! R,-�
,;*-"'�+y/4$�-x2-&
B(+w �8w/x+(B4�w/xI&;w ���+w��7&!w�$2w�xI&!wf(+w/"��
�+xI&;*24%x+4�y�41 #" �)x+*2y�*-x �-w��;L-4%w/x+(+*2,;4%w/$��+�;wf �# <"�*-�7w/,
y/*�
+w��;w�x'&;w/,��

.[xjy��> #x+(B*R z"%*-,Cy/*-xI&!�7*-"�w�,�
J&!�7w/,W&;4��8*-,C(+w9y�*-xI&!�7*-"�w�,W(+4)�.w/�7w/xI&!w�, �ZÏ��+w9w�x �+�;4%x+y/4
�+4�*�
�y/*-x
�+x��> �7*Zy/*#x+,.�+$@*Zy/*#$"�
�G&Q #y�4�*-x> <" ���+w��;*-x��+"� #xI&!w/ #(+*-,�� .["�y/*#$"�8*-�7&! #$@4�w/xI&;*?L-"%*��> #"V(+wAw�"�"�*#,Kw/,
 #y/w��B&Q ��B"�w�w/x@�;w!�.w��;w�x+y/4� ? A"�*-, �> <���#$@w�&;�;*-,[(+w�(+w�,;w/$��8w@Î+*��> #�! C"�*#, Ï%�Bw ���+w��;*-x@(+4�,7w@Î> <(+*-,�� /J #,
,;4�$��+"1 #y�4�*-xBw/, �8*-x+w�x2w�x@$2 #x+4)%>w/,�&!*��8w/�;(B4�(> #,[(BwN #"%&;4%&)�B(Zw/x@w/"+$@*-$@w/xI&!*A(+wN"%*-,[L-4��7*-,�
<"�*KÏ��+wN,;w
&!�! <(
�+y/wl ��+x� #y�*��+"%wMw�x'&;�;wl"� #,K(B4�x��#$@4�y/ #,�(+w�"� <&!w��! #"��@"�*#x+L-4%&.�+(+4%x> #"�
&Ï%�Bwlw/x��B�;4�xBy/4��B4�* �> #�! Ww/"
(+w/,; #�;�7*-"�"%*9(+w�"%*-,��7w/L��B"1 #(+*#�;w/, ���+w/�7*-x=y�*-x+,;4%(+w/�; #(> #,�(+w/,; #y/*��B"1 #(> <,�
�,74�x=w�$ �> #�7L-*

 �+xR$@w	�7*-�; �

$24%w/xI&!*	�> <�;w/y�w �}*-,74��+"%w	 #"+wC6G4�L-4%�[ A"�*-,Y�7w/L��B"1 #(+*#�;w/,[w �7w/�7y/w/��,7w@Î> #"%w/,�(+w	y�*-xI&!�;*#"+$9 <, ���+w/��&!w WIw�,7&!w
yP #$@4�x+*?x+*�,;wA,7w/"%w/y/y�4�*-xB* �
�+w�,7&!*�Ï��+wl,7*-x)"�w4�-w/,: �,;w/�K4�$��+"�w�$2w�x'&! #(> #, ����,74�y/ #$2w�xI&!w��C5�&!�; ?,;*-"'��

y/4"�#x]w�,N(+4�,7w@Î> #xB(+*S(+w/,; #y/*��B"1 #(+*#�;w/,�
��}w��;*Sw/,�&!wCw/,;�+x�&;w/$2 �Ï��+wCx+*S,7wAy/*-x+,74�(+w����@w/x)"1 �$@w/(B4�(> 
Ï%�Bw

2
$2wp&!�;*#,lx+*�,;*#xR,;4�L#x+4$%>y/ <&!4��-*��+ #�! X"� #,l$@4�,;4%*-x+w�,�(+w�,;wP <(> #,Ay/*#xm"%*-,�(B4��;4%L-4��B"�w/,��2D &/y/xB4�yP <,

(+w�y/*#x'&;�;*-"Tx+*X"%4�x+w/ #"�
+&! #"Ty/*-$@*94%x �#w/�7,;4"�#x=(+w/"T$@*G(+w�"�*��}*#���;wp&!�7*I #"�4%$2w�xI&Q #y�4"�-x,
B4�x �-*-"'�+y/�; #x �+x
�
�+w/x5$@*3(+w/"� #(+*]w94�(Bw/xI&!4)%>yP #y�4"�-x\(+w/"�,;4%,7&;w/$2 �
�y/ #$@4�x+*-,Cy�*-$2*zw/,�&�&/x5xB*=,;w� �}*-�7(> #�7*-xjw�xF"1 
$2w�(+4�(> ¾Ï��+w�"1 <,M(+*#,lw/,�&!�.�By�&)�B�! #,����
$���� ���9$�� � 
} ��+x=y��> #x+(+*�,7*-x=,74�$@4�"1 <�;w/,	w�x=&Q #$2 &Î+*0�
y/*-$��}*#�7&Q <$24%w/xI&!*](+4�x1�#$24%y/*z #"

AS500

�xB* ���+w/�7*-xF4%(+w/xI&!4)%>yP <(> #,?y�*-x �+�-�+w �> <,�w/xF&�;+x+w/"%w/,W(+w

�G4%w/xI&!*�
BÏ%�Bw/(> #xB(+*24%x+y/w��7&;4�(
�+$ �+�;w�,	,;*��+�7wC,.�+, �> #���#$@w�&!�7*-,7���7w/y/*��+�! #xB(+*S4�xI&!w���&/,N"� �4�(+w�x'&;4$%>y/ �

y/4"�#x��+ #�! #$ &�&;�;4%yP Z #xI&!w�,M$@w/xBy/4�*#x> #(> ��

.[xCy��> <x'&;*� :"� �+"1 <x+4$%>y/ #y/4$�-x ��,;w/L��+4�$@4�w�x'&;*	(+w��+x> :&;�! (�-w�y�&!*#�;41 (
Pw/,Jy/*#x+,;4%(+w/�; #(+*;�+xC$2*3(+w�"�*
�;w/(��+y/4%(+*l(+w�"1 N(+4�x1�#$24%yP 	(+wD(+w/,!�+"1 ��/ #$@4�w/xI&;*M(+w�"',;4�,�&!w�$9 �w/x?w�"��B"1 #x+*

2D

 �8w/�7$24O&!4%w/x+(+*� ��B"�4�y/ #�

Ò��



"� M&!w�*-� �� l(+w/,; #�;�7*-"�"� #(> �> <�! �+xS�;*��}*#&{&!w/�7�;w�,7&!�7w ��Ï��+wN,;w	(+w�, �+"� ��P C ��#w/"�*3y/4%(> #(Zy�*-x+,7&! #xI&!w�� � , �:

"� � ��+�;*76G4�$2 #y�4"�-x=(BwR6G*��+b��;w/, � / 6C/7/ÌÒ�3�� ���+w �B&!4%"�4'�P #(> "�> #�! Xw�,7&! )&! #�;w/ ��	/��+w/L#*

�(+*-,C$@*G(Bw/"�*#,
y�*-x5w&63&!w�x+,;4$�-xkw/xk"1 =(B4�x��#$@4�y/ ���+w��;*-x5�7wP #"%4/�/ #(+*-, �F,;*#"/�+y�4�*-x> <(+*-, �8*-�?$ &�&;*G(B*-,�x��+$ &/�;4%y/*-,�

�+�7w/,7w/xI&Q #xB(+*j&!�; (�-w/yp&!*-�741 #,@,.�+ ��34'�P #(> <,9*j�7w/"� �; #(> #,�
3Ï%�Bwg,;*#x6(+w]$-�<, � �#y�4�"	,7w/L��+4%$24%w/xI&!*��8*-�
w�":(+4��74�L-4
�+"�w�� .[,7&Q <,S&;�! (�-w�y�&;*-�;4� #,Z,;*-x5&;*G(> <,�*��B&;4�$2 #"�w�,?w/x5&;4�w/$��8*

�(B4�,7&! #x+y�41 �Fw�x+w/�7L��1 (� /J #,
&;�! (�-w�y�&!*#�;41 <,�yP <"�y��B"1 #(> <,�y/*#x=$�&p&!*3(+*-,Mx%�B$�&��;4�y�*-,�,7w/���#xR,;4%w/$��+�;wW(+w �8w/x+(B4�w/xI&;w/,C(+w?"� #,�y�*-x+(+4 

y�4�*-x+w�,{4%x+4�y�41 #"%w/,�
oxB*lLI #�; #xI&!4/�/ #x+(+*8�+x> l,7*-"/�+y�4"�-x? ��+,7*-"/�B&! �� .[,Yy/"� #�;*JÏ��+wKw/,7&! #,Y"%w!�-w�, �+"� #xI&!wP <(> #,
,7*-x-���+x+y�4"�-x9(+w�y/ #(> ?w�,7&!�-�+y�&.�+�! (
B,;4%w/x+(B*Zx+*�L-w�x+w/�; #"�w�, �> #�; Wy��> #"TÏ��+4%w/�D(+4��74�L-4
�+"�w �8w/�7*�,;48w&63&!�; �

�8*-"1 �+"�w�,	 Z*#&!�7*-,	(+4��74�L-4
�+"�w�,��
� 4%x> #"�$@w/xI&;w	�}*3(+w/$@*-,	(+w�y/4%��Ï��+wfw/,�&!wC&!�! �> �7*@y��+$��+"�wCy�*-xgw�"T*����7w�&;4 �-*@(+w �+x �%�+w�"�*2 ��B&�� 


x+*#$2*

/ #"I$@w/x+*-,e&;*#&Q #"%$2w�xI&!wYw�x?,;4%$1�+"� #y/4$�-x,
p(+*-x+(+w�,74�$��+"�w�$2w�x'&;w[,;w�w/xI&!�7w/LI ;�+x> Ny/*#x %>L��+�; #y/4$�-x
4%x+4�y�41 #" � �+x> %>x> #":
<,7w �+"1 <x+4$%>y/ Mw�"Gy/ #$24%x+*l Mx+4 �#w/"3*��B&!4%$9 <" �?,7w:y/*-xI&;�;*-"� M"1 �w/,�&!�.�By�&)�B�! l(
�+�; #xI&!w
,-�F$24%,;4$�-x,� 0{ <�;y/4� #"�$@w/xI&;w@,7wX"�*#L-�! �"1 z ��B&;*-$9 n&!4/�/ #y/4$�-x0(+w9"� ]w�,7&;�.�+yp&)�+�; =�;wP <"�
J4�$��+"�w�$2w�xI& �#x�

(+*#,;w:,7*-"�*l"%*-,{�7w/L��B"1 #(+*#�;w/,{(+w:w/,�&Q ��B4�"�4'�P #y�4"�-xWw/x �#w/"�*3y/4%(> #(,
< #"O&!4%&.�+( �?(+4��7w/y�y/4"�#x,
<y�*-x �+x> l�-�B&!4%x> 
Ï��+wAw�x'&;�;w�LI Z"1 W&;�! (�-w�y�&!*#�;41 �*��B&!4%$9 #" �> #�; #$@w�&!�74/�/ #(> Wy�*-x)�;w�, �8w/y�&;*@ #"}&;4�w/$��8*�(+wA$1�+w�,7&;�;w/*S(+w�"
,74�,7&;w/$2 �
�Ï%�Bw0 F,.� �-w��
�
�+w/(Bwm,7w/��y�*-x+,;4%(+w/�; #(> �> <�! j�7wP #"%4/�P <� �+xhy�*-xI&!�;*#"�w/xi"� ��/*5 �+4�w��7&!*�

�U #"O&Q #xB(+*zw�"K�7w/L��+"� #(+*-�f(+wX,7w/L��B4�$@4�w/xI&;*g(+w2"1 ]&;�! (�-w�y�&;*-�;4� �> #�; g,.�5�7w/y/*#�;�;4%(+*gw94�x+$1�Bx+4�(> <(j 
�8w/��&)�+�!�> #y/4%*-x+w�,��
/e*-,D&;�! ��+ �7*-,�Ï%�Bwl,;*-x �+�;w�,;w/xI&! #(+*-,:w�xX"�*#,K #xBw&6G*-, � � / 
G(Bw �8w/xX,7w/�K�7wP #"%4/�/ #(+*-, �@y/*-xBy/w �B4 


(+*#, �> <�! �+x> �
�+w/x+ 2*��8w/�; #y/4$�-xz(Bw/"J(+4��74�L-4
�+"�w�� � , ��
��Bx> 2 <� Ï��+4%&;w/yp&)�+�; "�> #�; @"� Zw/"�w�y�&;���-x+4%yP ���+w
(+4%,;wÍÎ> #(> Aw�4�$��+"�w�$2w�x'&! #(> �w�x L 
> #�;( ": #�7w�N)
��}w��;$@4%&;4�w/xB(+*A"1 A$@w/(+4%y/4"�#xZ(+wN"1 #,�,;wÍÎ> #"%w/,�(+w/"V�7w/y/w���

&;*-��(+w�"� C�; #(+4%*

H;B&!4%"�w�,��+ #�! f"�*-, �+�7*Gy�w/,;*#,K(+w�4�(+w�xI&!4$%+yP #y�4"�-x,
' <(+w/$��#,�(+w�
 �U #y�4�"�4O&Q #�{w/"Vy/*-xI&;�;*-"8(+w
"%*-,�,7w/� �#*-, �="� 9$2w��/y�"1 9(+wZ,7w@Î> <"�w/,	�B�;*��-w�x+4�w�x'&;w/,C(+w�"Yy/*-$��
�B&! #(+*-� �="1 2�! #(+4%* 
�y�*-xI&!�7*-"�
����+x+(+ �

$@w/xI&Q <"��> <�! �w�"> �-�+,�&!w ���+�.�Bw �> #,[,7*��+�7w:"1 �B"1 <&! 3�.*-�;$2 N�;wP <"�� /J A #� Ï��+4O&!w/yp&)�+�; �(+w �B�;*-L-�; #$2 #y/4$�-x
�+�7w/,7w/xI&Q 0�U #y/4%"�4�(+ #(X(+wCw&6��> <x+,;4$�-x,
��
�+w�x> @L#w/,7&;4"�-x)(+wf"1 �4%x �.*-�7$9 #y�4"�-x��] #"�L-*#�;4%&;$2*#,K #(Bw/y��+ #(+*-,
�> <�! Zw/"Jy/*#x'&;�;*-":
+(+w�x'&;�;*2(+w �Bx> 2 <� Ï��+4%&;w/yp&)�+�; �7w����#� Ï%�B4�yP S(+wf #yp&!4 �34%(> #(+w�,�� � �Bx�Ï��+wW,7*-xz&! #�;w/ #,
�8*Gy�*l(+w�,;y/�74%&! #,�
 ���Bw/�;*#xZ$1� �Ww/x+�74TÏ��+w/y�w/(+*#�! #,[(+w�,;(+wNw�" �
�+xI&;*f(Bw �34�,7&! l(+w �+x+ l4�x+,�&!�.�B$2w�x'&! #y/4$�-x
&;*#&Q #"8(+wA"�  �+"1 n&Q 3�.*-�7$9 (
I*��+"�4%LI #x+(B*� ?&!�; ��> �; <�Kw/x�&;*G(+*#,:"�*-,K #, �8w/yp&!*-,N <,;*3y/41 <(+*-,: �w�"�w�y�&!� �-x+4%yP 
(+w�4�xB,7&!�-�+$@w/xI&Q #y�4"�-x0
'&;w/"%w/y/*#$1�+x+4%yP #y�4�*-x+w�,�w/xX"� f4%$"�+"%w/$@w/xI&Q <y/4"�#xZ(+w�"� f�7w/(X4%x> #" �<$ �+�;4%yP ���8*-�
,-���
�+w�,7&!*2"1 �y�*G(+4)%>yP <y/4"�#x�(+wf #"�L-*#�;4%&;$2*#,K*-�74�w/xI&! #(+*-,N �+x��> �7*Sy/*#x+,.�+$@*@y/*-$��
�B&! #y/4%*-x> #":�

� "�$�����"�������� � � � ��� $��7� �����
 #���


�x> �+�74�$@w/�! ��U #,7w9(+wX4%xI&!w/L#�! #y�4"�-xm(+wX"%*-,Ww�"�w�$2w�x'&;*-,?(Bw9"1 ]w/,�&!�.�By�&)�B�! 
> g,74�(+*z�;w/ #"�4'�P #(> (
J #"
4%L��> #"6Ï��+wA"1 f4�$��+"�w�$2w�xI&Q #y�4"�-x@(+wl"� #,K"%w!�-w�,:(+wly�*-xI&!�7*-"�(+w�w/,7&! ��+4%"�4/�/ #y/4$�-x@(+w��-w�"�*3y/4%(> #(,
G #"%&;4%&.�+(
�?(+4��7w/y/y�4"�-x0�%6Gw	w/,!�}w��! Cy/*-xI&;4�x��> #�[y�*-xS"1 l�;w/ #"�4'�P #y�4"�-x?(+w �%�+w/"%*-, Ï��+w �}w��;$@4%&Q <x��+�;*��+ #�� ��+xS$��#,
"%*-,:�;w�L��+"� #(+*-�7w/, ��,.�z #(+w�y��> <(> @,74�xI&!*#x �1 �w�x ���+xBy/4"�#x](Bwfy/ #(> Sw/,�&!�.�By�&)�B�! ��

6Gw �+"1 <x'&;w5�Ww/x9w�"}(B*Gy��+$2w�xI&!*��Bx> W"%w!� �> #�; fw�"},7w/L��B4�$@4�w/xI&;*f(Bw �+x> C&!�; 8�#w/yp&!*-�741 ��B"1 #x+4)%>yP <(> 
*��G&!4�$2 #"%$2w�x'&;w�
},;w@w/, �8w/�; zw�xjw/"�y�*-�7&;*��+"� ��/*��8*G(+w��C4�x+4%y/41 <�l,.�\4�$��+"�w�$2w�x'&! #y/4$�-xRw/x\w/"�y5�3(+4%L-*
(+w��+�7*-L-�; #$9 <y/4"�#x�(+w/"J(+4%�;4�L#4��+"%w�
3"1 Z�;w/ #"�4'�P #y�4"�-x�(+w��+�-�+w �+ #, �	�Bx> 2 <(+w/y��> #(> @,;4�xI&;*-x+4/�/ #y/4$�-x)w/x
���+xBy/4"�#x](Bwf"%*-, �%�+w/"%*-,	�;w/ #"�w�,��
/J 2 <(+4�y�4"�-x�(+w �+x],;w�x+,;*#�M(+w �34�w�x'&;*2w�xz"� Zw/,7&;�.�+yp&)�+�; "�> <�;w/y�wC,;w/�M #(+w�y��> <(> @w�xg"� �yP #�; #y�&;w 


�74/�P <y/4"�#x-�Xy�*-x+,;4%(+w/�; #y/4$�-x�(+wCw/,�&Q ��8w/�7&.�+� �+ #y/4$�-x�w/x]w/"�y/ #"�y��+"�*?(+wA"1 #,	"%w!�#w/,	(+wCy/*#x'&;�;*-":� � , ��
G,;w
�+�7*��8*-x+w�"� W4%x+,7&! #"1 #y�4"�-x@(+w �Bx�,;w/xB,;*-�	(+w �G4%w/xI&!*?w/$ �> <�;yP <(+*,�2,.��w/,�&)�+(B4�*Zw/x9"�*-, �(�Bw/"�*#,:(+wl"� #,
w�,7&!�-�+y�&.�+�! <,��

Ò�$



� ��� ��� 	 ������� �� ��  �!#���

� "�$�����"�������� � � � � �
$ � � � � �
 #���

� �Bw/(> = �+4�w��7&Q )"1 ��8*-,;4
�+4�"%4�(> #(0 ]w&6��+"%*#&Q #�C*#&;�! #,C&�&�y/x+4%yP #,W(+w94%(+w/xI&;4$%>y/ #y/4$�-x,
��
�+w�,?"� )&�&/y/xB4�yP 
�+"1 #xI&;wP #(> Rx+*Ry�*-x+(
�By/w] R�;w/,-�+"%&! #(+*-,S �+,;*-"'�B&!*#,�
{,7*-"�*Rw�, �+x> 0 ��+�7*76B4%$9 <y/4"�#x5 �+x> R,;*#"/�+y�4"�-x
�> #�7&;4�y��+"1 #����6GwAw�, �8w/�; ��8*G(Bw/�:&!�; ��> �; <��
G&�&/y�x+4�y/ #,tÏ%�Bw �8w/�7$24O&Q #x9y/*-xI&!*#�;x+w/ #�Nw/" �+�7*��+"%w/$2 �(+wA"1 
�B&!4%"�4/�/ #y/4$�-xX(+wC$@*G(Bw/"�*#,	 Zw/,;y/ #"1 Sw/x)& ;Bx+w/"%w/,N(+w��34�w/xI&;*
�


�x> R"1 ��8*-�Z R�;w/ #"�4'�P #�?,;w��.*Gy/ #"�4'�P =w�x^w�":y/*-xI&;�;*-"	(+w)"� #, �U #,;w�,S(+w)(+w/,!�}w�L��+w �k <&!w��;�74/�P ��7w�

,;w��+"� #xI&!wP 2w/"Yw�,7&)�B(+4�*XwZ4%$"�B"�w/$@w/xI&! #y/4$�-xz(Bw�"�w4�-w/,A(Bw�y/*-xI&;�;*-"°Ï%�Bw �U #y/4%"�4%&;w/xzw/,7&! 9&Q #�7wP 9*©Ï��+w
$ �%x+4�$2 #$@w/xI&!w� #,;4%,7&Q <x]"� Z*��}w��! #y�4"�-x�$2 #x��> #":�

6Gw��B�;*��8*-x+wZ4%L��> #"%$2w�x'&;w?wC6 �B"�*-�; #�lw/"[y�*-xI&!�7*-" �8*-��&�&�y/x+4%yP #,A(Bw@$@*3(+*-,l(+w�,;"%4/�P <x'&;w/,�
�w/, �+x> 
&�&/y�x+4�y/ f4%xI&!w/�7w/,; #xI&!w�(+w/,7(+w�w�"��
�+xI&!*W(+w �G4%,7&! f(+wN�7*��
�+,�&!w��M #xI&!w�$@*G(+w�"�*-,{y/*-x��> #���#$2wp&!�7*-, �}*3y/*
y/*-x+*3y/4%(+*-,�� 6(���8*-,;4
�+"�w]4�xI&;w/L-�; #y/4$�-x6w�,7&Q �.*3yP #"%4/�/ #(> m j"�*-,2y/*-xI&;�;*-"%w/,X(+w �-w/"%*Gy�4�(> <(,
K <"%&!4O&)�+(0

(+4��7w/y/y�4"�-x���w�"e,;w�L��+4�$@4�w�xI&!*Z(+wA&!�; (�-w/yp&!*-�741 #,��

Ò9*



� ����� � �

� ��� ����� �;��������� � 	 ���;��� � 
 ���	� � ��
 � � ������
��

����� ����������� � !"!$#&%'�

� w/x+w��! #"%$2w�x'&;w�w�x�w/"�$@w/�7yP #(B*�,;wlw�x+y��Bw/xI&!�; #x)(+4��74�L-4
�+"�w�,�(Bw �}wÍÏ��+w@Î> Zw�x �#w/�7LI #(
�+�; Zw@Ï��+4��+ �

(+*#,�y�*-x�"�*�w/,�&!�74�y�&! #$@w/xI&!wDx+w/y�w/,! <�;4�* �> #�; M,;w��Yy/*#x'&;�;*-"� #(+*-,T �(B4�,7&! #x+y�41 �
o$@w/(+4� #xI&!w �+x> �y/*-x+wC6G4"�-x
(+w2�! #(B4�* �.�7w/y��Bw/x+y�41 )w/xI&!�7w �+xF�; #(+4�*�
�y/*#x'&;�;*-" � �+xj�;w/y�w �B&;*-�?w�$ �> #�7yP #(B*
�$.["��;w�y/w �G&!*-�W(+w/y�*G(+4 

%>y/ 2"� @,7w@Î> #"T(+w�"T�; #(+4%*2y�*-xI&!�;*#" �]"� @�7w�&!�; #x+,7$24O&!wf @"%*-,�,;w/� �-* 
�$2*<&!*-�7w/,RÏ%�Bw� #yp& ;> #xz,;*��B�;w OV"� #,
,-���}w�� %>y�4�w�,K$ � �34%"�w/,[(Bw�"�*#,D <"�w/�7*-x+w�,�
'"�*-,�,7w/� �#* 
�$@*#&;*-�;w�,~Ï��+wMy/*-xI&!�7*-"1 <x2"%*-, �+�;*����+"�,7*-�;w�,: Cy/*-$ 

�
�B,7&!4$�-xgw�xRw/"TyP #,7*�(+w 
�� � xR*X"�*-,�L�(B�;4 �#w/�7, NW(+w?"%*-,�$@*#&;*-�;w�,Mw�""&/yp&!�74�y/*#,�(+wX1f <�;$2  �]w/"��;*#&;*-�
(+w�y/*#"1 A(+w 
�� � x,� /T <,D,7w@Î> #"%w/,�w/,�& �#x2w/x9w�"��.*-�;$2 <&!*Cw�,7& �<x+(> #�D(+w� <w/�;*#$2*3(+w/"%4�,7$2*

n,;wÍÎ> #"%w/,D&;4��8*
0 � � + �-w�� %>L��B�! � ��( -�y�*-x �8w/�74�*3(+*C(+w

24ms
� �Bx9 #xBy 
+*�(+w �
�+"%,;*{Ï%�Bw �< #� �� A(+w

1ms
 

2ms
�

*�w?w/,7&! X$9 <x+w/�; �
Vw/,lx+w�y/w�,! #�74�*��;w/ #"�4'�P #��"1 @(+w �B4�(> 94%x+,7&;�.�+$@w/xI&! #y/4$�-xg(+w?"1 #, �+"1 <&! 3�.*-�7$9 #, �> <�! 
y�*-x �-w/��&!4%�;"1 <,	w/x]�;*��8*#&!,��

������� � � ( � �5�)( ��!+*$,.-�- �����0/ � ��� 	 ��� ��� 	%� ������� ! � �	� �
.[,7&;w? #xBw&6G*9w�,7&Q @(+w/(B4�yP <(+*9 �+"� #xI&!wP <��"� S #� Ï��+4O&!w/yp&)�+�; @(BwW"� Sw�"�w�y�&!� �-x+4%yP Zw/$ �+ #�;y/ #(> �
BÏ��+w


> �+4�"%4%&Q 	"� �+"� <&Q 3�.*#�;$2 N(B4��;4%L-4��B"�w �> #�; �,;w��{y�*-xI&!�;*#"1 #(> My/*-x�w�"G�; #(+4%*�y/*#x'&;�;*-" �B|<*l,;wÍÎ> #"%w/,{y��;w/ #(> #,
 ��> #��&!4%�:(+wC"1 Z4�x'�.*-�;$2 #y/4$�-x9w�x �G4� #(> �}*#�	w/"ey/*#$"�
�G&Q #(+*#���26GwC4%x+4�y�41 ?y�*-xz"� �+�;w�,;w�x'&! #y/4$�-x](+wC"1 
 #� Ï��+4%&;w/y�&.�+�! �+"1 <x'&;wP #(+ ��> #�; W"� W4�xB,7&!�-�+$@w/xI&Q #y�4"�-x@(+w�"}(+4%�;4%L-4��+"%w 
M� � x,�'/��+w/L-*�
3,7w �+�7w/,;w�xI&Q 1�+x
y�*-xI&!�;*#"T"%*Gy/ #"J(+w?"%*-, �+�;*����+"�,7*-�;w�,�
V*-�;4%w/xI&Q <(+*X @$9 #xI&;w/x+w�� �+x=$@4�,7$2* �> <��w/xgw/"�"%*-,�� � "2%+x> #"J,;w
�+�7w/,7w/xI&Q #x\"1 #,Ay/ #�! <y�&!w�� �%,7&!4%yP #,A$2 #,A�7w/"�w �< #xI&!w/,f(+wS"�*#,Aw/"�w�$2w�xI&!*-,Cw/$ �> #�;y/ #(+*��R(+w�,! #�7�;*-"%"1 #(B*-,
�> <�! Z"1 �4%x+,7&;�.�+$@w/xI&Q <y/4"�#x](Bw/"e�;*��}*#&��

ÒeÒ



� �  �� � � � � !�� 	����  &���"	�!�� $����  &���
! ���������A ���&��! ���H�H�

� �	� 
�� � ��
 ����
 ��
�� � ��� 
 ��
'� #&��� !$�'� ��������
 ��
 
 � � ����� � �

/J �+�74�$@w/�! W"1 ��8*-�D S�7wP #"%4/�/ #�E�Bx> �-w��C <(����+4��74�(> ?"� �+"1 n&Q 3�.*-�7$9 f &��;wP Z�; #(+4�*?y/*-xI&!�7*-"1 <(> ?w/,
"1 �y�*-x �-w/�7,;4$�-x@ �+x> �+"� <&Q 3�.*#�;$2 � &��;wP l�7*�� �#&!4%yP �� 0{ <�! Aw/,�&!*A,;w	4%x+,7&;�.�+$@w/xI&;*ly/*-x �+xZ,74�,�&!w/$2 �(+w
�}*-,74�y�4�*-x> <$24%w/xI&!*SL-"%*��> #"! � 0!"V_$#&%C
 �+x+ 2y/w�xI&!�! <"{4�xBw/�;y�41 #"! '" ��
A_'()%&
 �+x=,;w�x+,;*#��(+w1�B"%&!�; #,;*#x+4�(+*�

,;w/xB,;*-�M(+w��34�w�xI&!*

Vy(�<$9 #�; Z(+w�����(Bw/*

V,;w�x+,;*#��(+wW #"%&;4%&.�+(��)(+w��#w/"�*3y/4%(> #(z #w/�7*G(B4�x��#$@4�y/ ��+*K*#$2*
,;4�,�&!w�$9 fy/w/xI&;�! #"}(+w�L-w�,7&;4"�-x � �+�7*Gy�w/,; #(+*�(+wM4�x �.*#�;$2 #y/4$�-x,
-,7w�4�xB,7&Q <""� �+xXy/*#$"�
�G&Q #(+*#� 0!* 
-, �/.
�
.�,�&!*-,�w/"%w/$@w/xI&!*#,	,;*-x](+w�&! #"�"� #(+*-,K$9 #,N <(+w/"� #xI&!w��


�x> �-w��Z4�x+,�&Q #"� #(+*S&!*3(> 2"� 2w�"�w/yp&!� �-x+4�y/ 9,;w �+�;*3y/w�(+4"�9 9"1 @4�x+,�&Q #"� #y/4$�-xz(Bw?"1 @�;w�(R(+w�y/*#$1��

x+4�y/ #y/4$�-x�y/*-x)w�"�(+4��74�L-4
�+"�wNw�x �%�+w�"�*

��+x> �$2 #x+w/�; �(+wC #y�y/w/(Bw/�� #"�y�*-$��
�B&Q <(+*-�:w�$ �> #�7yP #(+*�
> �"1 
$2w�(+4�(> �(Bwf"%*-,:,7w/x+,7*-�;w�, �9"1 #x
�/ #�:"%*-,:y/*#x'&;�;*-"%w/,	*Z&Q <�;wP <,	�;w����+w��;4%(> #,�� 0{ #�; Sw�,7&;*

>,;wA4%x+,7&! #"�* �+x
0 � y�y/w/,7, 
�0�*-4%x'&�
21 � 0 w�x5w/"Ky�*-$��
�B&Q <(+*-�?w�$ �> #�7yP #(B* �j"� z*="� #,?w�,7&! #y/4%*-x+w/,W&!w/�7�;w�,7&!�7w/, ���+w��;*-xy/*-x+w�y�&! #(> #,K �Bx 0 ��*��G&!w/��
 � ��� 0 ���+wM C,.���-w���
 ���Bw�y�*-x+w�y�&Q <(+*� �+x> W #xI&!w�x> f*#$2x+4 
�(+4%�;w�y/y/4%*-x> #"
�> #�! S4��7�! #(B41 #�Dw/x2�+xz$2 (�-*-�	w�, �> <y/4�*@ &��;w�*
�
/J %>L��+�; � �d~ �B�;w/,7w/xI&Q W"1 f #�	���+4O&!w/yp&)�+�; ? Cx+4 �#w/"8(+w�"1 Cw/"�w�y�&;���-x+4%yP ����+w��7*G(+w/ f"� fw�,7&;�.�+yp&)�+�; 

 &/�7wP W�7*�� �#&!4%yP �� /J C*?"1 <,�w�,7&! #y/4%*-x+w/,�&!w��;�7w/,7&;�;w�, �Sw/"Vy/*#$"�
�G&Q #(+*#��w�$ �> #�7yP #(B*?w/,�& �#x2y/*-$��+x+4�y/ �

(+*-, �}*#� �+x> S4�xI&!�; #x+wp&3���+wf #,;w�L��+�! <�	"1 �y/*#x+,7&! #xI&!w��34�L-4%"1 #x+y�41 f(+w/"e(+4%�;4%L-4��+"%w ��"1 �8*-,;4
�+4�"%4�(> <(2(+w
"1 #x
�/ #�N&Q #�7wP #,M(+w?w �7w/y��By/4"�#x=w/x=y��> #"4�%�B4�w/��4�xB,7&Q <x'&;w��
�z4�y��;*3y/*-xI&;�;*-"� #(+*-�7w/,Ny/*-$@*����Bw?y/*#x+y/w��+4�(+*
w/x �+�;4%$2w��! g4%x+,7&! #x+y/4� �5���+w] 
+*#�! =,;*#x 0!"G*6* 0 ,�
[,;w)w/x+y/ #�;L- #xk(+w�"1 ="%w/y�&.�+�! =(Bw�"1 #,�,7w�7+8:9�w�;
0 � � 0 ; ��<	=��-w�x�>�w�x6?!w�;A@+w�9B<;w/y�w �C?	=D<A@+w�9B<	8/@�>E=�
�y�=#xF?	<	=D9:
G9E8�H-w/x+w�<I8#y�>"�-x�@+w 0 � � 0 ;J;7w�HDKBxL9E=�<7w 

�%�C>�w�<	8#xL94=D;A8/9EH/=D<	>M?IN�=D;O@�P�Q�=DR6?	<	=D9:
+9S8 �G>4HD>E9E8/R�Q�>S8T@�P�QU8/<�H68VP�9"&�Q�?	<	>EQ�8�<�P�;W?-8/R6?IP�P�RX9S8/;AY+8:?	P�< �E8/;
�Z9E8�Q�=DN[Y�>4R+8/Q�>"�DR\@�P];	P�7�8/9EP�;�
�;	PU8X@�P�92<I8:@�>E= 
^Q�=DR6?	<	=D9_=X`�<	=��DP�R�>EP�R6?IP�;T@�P�9!Q�=DN�`
�C?I8/@�=D<���ab?I<	=
N]=c@
��94=[@�P�;	P�R�;	=D<�P�;�
+Y+8/;I8:@�=VP�R�9S8�?	P�Q�RC=D9E=DH �S8 0!"G=F* 0 ; ����Pd>EN�`�94P�N�P�R6?-8/@C=[`+8/<	8[9S8[9EP�Q�?.��<I8[@�P
9S8V8/94?	>4?.��@-�e9E8 �/P�94=GQ�>E@+8/@�8/P�<	=c@�>ER1�/N]>4QU8 �gf " � � ���

� �Wh � � ��������� �e�3�i��
 �kj�� �e�"��
 � � � � �k�&� � � � ��� ��� � � �l� �

/m8�`�<	P�;	P�R6?	Pn;	P�Q�Q�>$�DR5@�P�P�;W?IPo8/R�P&pG=�qm?I>4P�R�P�Rr`s=D<�=DYct�P&?I>4u/=LN�=D;�?	<I8/<�v�R�8X`s=D;	>4Y�9EPV;	=/9Ev�Q�>"�DR
8/9O`�<�=DY�9EP�No8w@CP�Q�=DR6?I<�=D9S8/<T9E=D;[`C<	=D`�vC9E;	=/<	P�;�8x<I8:y5�DRz@�P�N]8/R6?IP�RCP�<�v�R{N]>4;	N�=w`+8/<�H/P�R�P�<I8/@�=
`|=D<AP�949E=D;�}~"GP�`�<	P�;	P�RF?I8oP�RX`�<	>4N]P�<I8�N�P�@�>4@+8�9E8 ��=D<	N[vC9S8/Q�>"�DRe@�P�9m`�<	=DYC9EP�N]8C}�/Bv�P�HD=�q~;	P�`�9E8/R6?IPU8
`�<	v�P�Y+8/;�P�R�9S8/Ys=D<	8:?I=D<�>E=]�cvCP]`sP�<�N]>M?-8/RwQ�8/<I8:Q�?IP�<	>4yU8/<d9E8/;d@�>$��P�<	P�RF?	P�;�<	P�9S8/Q�>E=DR�P�;�P�R6?	<	P�9S8n;	P�7+8/9
�_��� �Fv�PoNo8/RCP�t	8XP�9�;�P�<WuD=:�^N]=/?	=D<��cvCPnQ�=DR6?	<	=D9E8X9E=/;�N�=/?I=/<	P�;�8XQ�=DN[Y�vC;�?I>$�DR�q�Q�=DRr9S8/;�<	P&uD=:�
9Ev�Q�>E=DR�P�;d`|=/<�N]>4RFvC?I=eHDP�R�P�<	8/@+8/;d`s=D<dP�9E9E=/; �\8/9�N]>4;	N�=]?I>4P�N�`|=o;	v�<	P�9E8/Q�>$�DRwQ�=DR\9S8-��v�P�<	yU8e@�P
P�N�`�v�t�P�`�<	=/`|=D<�Q�>4=DR+8/@+8d`s=D<_9E=/;!N�=/?	=D<	P�;�}D��P�R�>4P�R�@C=�Q�=DN]=�N�P�?I8�P�9+Q�v�N�`�9E>4<�v�R+8�N�>E;	N]8 ��v�P�<	yU8
@�P�>4N]`Cv�9E;�>"�DReP�RL9E=/;3`�<	=D`Cv�9E;�=D<	P�;�q~;	P�`�<	P�;	P�RF?I8]v�RXN]=c@�P�9E=�@�P�;	P�HDv�R�@�=]=D<	@CP�RL�Fv�P�<	P�`�<	P�;	P�RF?I8
9S8�@C>ER��/N�>EQ�8d@�P�9~;	>4;�?	P�N]8�`�<�=D`�v�94;	=D< ���cvCPb;	>4<�u/PbQ�=/N]=�`�v�R6?I=T@�Pb`+8:<�?I>4@+8�`+8/<I8�P�9s@�>E;�P�7�=�@�Pb94=D;
<	P�H/v�9S8/@C=D<	P�;�}��_9ON�=DR6?-8�t�P����E;�>EQ�=wP�Riv�Rz;�>E;�?	P�N]8LY+8/;	8/@�=xP�R{N�>EQ�<	=cQ�=DR6?	<	=D9E8/@�=D<�P�;�qm`�<�P�;�P�R6?-8/@C=
t�v�R6?I=]8V94=D;3<	P�;	v�9M?-8/@C=D;�P&pG`|P�<	>4N]P�RF?I8/9EP�;�8/9 %+R�8/9B@�P�9S8�;	P�Q�Q�>"�DR�}

�$�������&�:�)�6�����'�g������������ �¡U¢�����£W¤
�$¥ ¡�¢U�$�'£�¤§¦��&���) �£W¤O£W���B¨m�����

,�©D©



�����������
	���
��
������������
�����	���
������ ���

!�"�$#%�&
��'�&(��)#$�

��'#

*�+-,/.1032)46587:9<;>=$?A@�BDC>@E=$9<F/GHBJI)F�B>IKBDCL@"9<M'NO?PCDFQB>R%SDFT9<CDF�G�FUB>NWV�9<7:N

XZY�[\Y�] ^`_LaJb�c�deagfih>debgc�jlkQde_nmUo�jJpU_Ldqfia
r\ststu�vtw�x"yzxEst{z|z}~st�e��stvH��}�w

Tp � st�e��stvH��}�w�|zs6����stw��t��uQ�W�~}��~st{���}�u/|zstyzxE|z}�uQ�~�E}�u\��}O��}�w�stu\|zs� w�} � �z�Eu�xE��{���sHvt����vHx"��{���2P����� � |zs!����u�x"���zxEst{���s�����{zsHw�� �

Tp =

2

6

6

6

6

6

4

(Fmr + Fml)Cµ
0

−(Fmr + Fml)Sµ
(−Fmr + Fml)OySµ

(Fmr + Fml)(OZCµ+ FMOXSµ)
(−Fmr + Fml))OySµ

3

7

7

7

7

7

5

�)�&���<�

|z}�{�|zs
Fmi

w�s � w�sHu�sH{�����st�esH� � �� �s���sH{zstw���|z} � }�w\sH���~}���}�w/|zstw�stv'¡z}`��u���yz¢"{z|�x"vts!w��/} � }�w�sH�
�~}���}�wgxE�t£��zxEstw�|�}¤��u��zyz¢E{z|zx"vHsU��� � w�sHu � stvH��xE�O���~st{���s � �"�6u��z�¥��|zs Fml � Fmr st£��zxP�O���"sU�����!���zstw��¦���}��'���

Fm
2g�
Ox, Oz

� w�s � w�stu�st{��'�§��� � }�u�x"vHx"��{`|�s��"�¤����stw��t�8w�stu��z�E����{���s¨|zs~���W��vtvHx"��{�|zs¨�E}�u!|z}�u
� w�} � �z�Eu�}�w�stu � sH{©w�s���stw�sH{zvtx"������vtsH{���w�}§ª6«�2 Oy

w�s � w�sHu�st{����W�"�~|�x"u�����{zvHx���|�s3�"}�u � w�} � �z�Eu�}�w�stuU���
� ��{���}©� Ox, Oz

�6�-��sHwQ¬:x"�z2�032K­���2
®q��sHvt����vHx"��{§032P� � }�{zs6st{©s���x"|zsH{zvtx"��st� � w�}�yz�Est���~|zs!��sH{zstw � ��w�stuU��st{zsHw���|z}�u � }�w\�"}�u���}
¯

��}�w�sHun|zs�������{zxP���z|°|zxE��sHw�sH{���s�st{±�"�§stu>��w��O��sH��x��§��w����t��|�� � �Ow��²�"�§����u�s¥|zs¥���zst�E}`vtw��zvtsHw�}³����stw
u�stvtvHx"��{

1.4
�T2�´�xµu�s ��x"st{�s~�

Fml 6= Fmr
� � u�s � w�}�|z�zvHst{W�~}���sH{���}�u/�O�"w�sH|zst|�}�w%|zsH�¶sL �s zd } xd � {z}|zsHu�st��|z}�u!�¥�"�¥¡z}�w��¥|zsn¡z��vtsHw �z{`|zsHu � �"���¦���~x"sH{���}�sH{`st� � ����{z}����O��stw����%� � ���O{z}�� xo, yo ���/�²£��zs

�$·��



�U	�� � �����i�U
 � (��-�L������(�
���� � �"�����<
��
	��	���W��
 � ��
��������

Ox,Oz

Oy
Oy

��
������������������� "!$#�%�#�&�'�&�()!$�+*,()&-*, /.0��&1()!2�3!�#�4	%1()5-%�67&��3!�89.:%3;7<18,6�&1.:%=*,(2>?8,5�> *"%�.

@,ACBEDGF,HJICKLHMB9NEK,ICHMOPACBEQM@,I�BEISRT@URVB�WXBEHJACBYN7KXI[Z�QMK,R]\CQMKX\_^CBEH�Z�@,H`BEISBEH�Z�BYACK�NE^CDaBEI[Z�K �

bdc)eJc)f gih_j$kml+j2nmj�oqpsrut�vmksl+j$owkmx3yzj$r]k3{|o}psr�~$ow��yzo={|o=hCr]��x�l�o3yu�mvm�[{|j��wk
� KXH�DaK,ZMKXQMB7H�ACB�N7KXD��C^_H�Z�OP�XIUOVI[ZMBEQMIC@mHMKXIa@,��^CB7RVRPKXH���^CB�ACB7H�@,Q�QMKXRPRT@,I�\�K�Z�BEI_NEOT@sACOVQ�BEN7Z�@,DaBEI[Z�B

ACB�RPKXH��X@,HMB7H�ACBGNEKXD��C^CH�ZMOV�XI+��B7I[Z�QMBGBEH�Z�@�N7RT@,H�BGACBaDaK,Z�KXQ�BEH9HMBGBEICN7^CBEI[Z�QM@�RVK,H�DaK,Z�K,QMBEH9@,R�Z�B7Q��
I�@,I[Z�B7H�ACBa\COPH�Z��,I �]� H�ZMKXH�DaK,ZMKXQMB7H9H�BLNERT@�HMOP�CN�@,I�BEI�^CI�@��XQ�@�I�A_OP XB7QMH�OVA�@,A�ACBUZ�@�D�@,¡_KXHE�¢A_BEHMA_B
RVKXH�^_ZMOVRPOV£�@�ACKXH�B7I�@,B7QMK��-DGK�ACB7RVKXH3¤�@,H�Z�@aRPKXH�ACBY\CQ�KX\C^CRPHMOV�,I¥ACBY��@,QMN7KXH�W¥ACBY^CH�KGOPICAC^CH�Z�QMOV@,R �

� KXHLDaK,Z�KXQ�BEHLACBSNEKXD��C^CH�ZMOV�XI¦OVI[ZMBEQMIC@�ACBSACKXHLZ�OPBEDa\�K,HUHMKXI§@,��^CBERPRVKXHUB7I§��^CB�B7R�NEOPNERVK�ACB
NEKXD��_^CH�ZMOV�XI�H�B�NEK,DG\CRPB7Z�@`N7KXIU^CI�@mH�KXRT@`QMB� XKXRP^CNEOP�XI�ACB7R|N7OV�X¨CB7¡�@,R)�"N7KXI�^CIC@©HM^C�COPA�@`W�^CI�@s��@«ªM@,A�@
ACBER¬\COPH�Z��,I �

� IaI�^_BEH�ZMQMK9N�@,H�K9ZMBEICB7DGK,H=DGK,ZMKXQMB7H=ACBJOV�XI_OVNEOP�XI�\�KXQ=N�¤COPHM\�@­ACBm®�¯s¯9°a±�²,N � N�³� ,BEQµ´�OV� �,���·¶�¸
NEKXISN�@,Q��C^CQM@,ACKL¹�@,RP�CQMK ��º I�Z�B7KXQM»V@_�C\�@�Q�@UBER]DaOVH�DGKUACOVF,DaB7Z�Q�KC�_NE@,QMQ�BEQM@aACB7R]\COVH�Z��XI¥W¥ ,BERVK�NEOPA�@,A
ACB�QMK,Z�@,NEOP�XI¢��^_I¦DaK,ZMKXQ�ACB¥ACK,H�Z�OVB7DG\�KXH�B7I[Z�QMB7�[@�BER�ACK,�CRVB¥ACB¥RV@i\�K�Z�BEI_NEOT@iA_BS^_I¦DaK,ZMKXQ�ACB
NE^�@�ZMQMK�ZMOVB7DG\�KXH­W�\�K,Q�RPKSZ�@,I[Z�K�B7Rµ¼C^"ª�K�DGF,HMOPNEKSACBERµNEK,ICHM^CDaK�A_B�NEK,D��C^CH�Z�OV�_RVBLBEH�D�@�WXK,QE��@,R
OV�X^�@�R¢��^CBYRT@�Z�B7DG\�BEQM@�Z�^CQM@�ACBER¬N7OVRVOPICACQ�K �

º I½BEH�Z�B�Z�OP\�K�ACB¥DGK�Z�KXQ�BEH�B7HaD�^_W¾N7KXD�¿CI½��^CB¥B7R�@,NEB7OPZMB¥HMB¥DaBE£EN7RVB�N7KXI½BER�N7KXD��C^_H�Z�OP�CRVB �º H�Z�@�DGB7£ENERV@À\�B7QMDaOPZ�B�D�@,I[ZMBEICB7QaRV@ÀRV^C�CQ�OVNE@,NEOP�XI�ACBER�DaK,ZMKXQE�ÁNERT@�QMK���^CB�@À��@/ªM@� ,BERVK�NEOPA�@,A½HMB
\CQMB7HMBEI[Z�@�^_I�@�D�@�RT@LNEKXD��_^CH�ZMOV�XI ��� @GB7ICBEQ��X»T@�B7I[Z�QMB7�[@,A�@¥@GRT@G\_QMKX\�BERV@GBEIÀNE@,A�@�N7OVN7RVK�A_B�NEKXDU�
�C^CH�ZMOV�XIÀA_BE\�BEICACBUA_B�RT@aN�@,RPOVA�@,AÂACBER�@,OVQ�B,��ACB�RV@�DGB7£EN7RT@G�X@,HMKXRPOVI�@«�$@,N7BEOPZMB­W�ACB�RT@GZMBEDa\�B7Q�@�ZM^CQ�@
ACBER�\_OVH�ZM�XI¢�� ,@�QMOT@��CRVB7H���^CB¥BEI�NE@,A�@iOPICH�Z�@,I[Z�B�ACB�ZMOVB7DG\�K�B7H�Z�F�I¦NE@,D��COV@,ICACKÂW¾\�KXQ�RPKiNE^�@�R�HMB
�XBEICB7Q�@,ISKXH�NEOVRV@,NEOPKXICB7H�BEISRT@�ÃÄ^CB7QM£�@LACBYBEDa\C^"ª�BY\CQ�KX\�KXQMN7OVKXI�@�A�@ �

bdc)eJcÅe Æ�x=h_xµl�{|r¢hCj$Ç+xwl+j$�wkÈpsru~$ow�§yzo�{|o=hCr]�
º R[DaK|ACB7RVK�ACB7R[ACOVQ�OV�XOP�CRVBÁHMBwBEI_NE^CB7I�ZMQ�@mB7HMN7QMOPZMKJNEKXI9QMB7HM\�BEN7ZMK©@JHM^9NEKXDa\�KXQ�Z�@,DGOPBEI[Z�K�ACOVI�F�DGOPNEK

WiRT@�HmQMB7RT@,N7OVKXI_BEHsÃÄ»PHMOPN�@,HsB�É|OVH�Z�BEI[ZMBEH­BEI�RV@GKX\�BEQM@,QMKXIÀI_KXQMDG@,R�ACBERÁHMOVH�Z�B7D�@ ��Ê @«ª�K¥B7H�ZMBUNEKXI[Z�B1É�Z�KC�
RT@�BEN7^�@,N7OV�XI¥��^CBYQMB7RT@,N7OVKXIC@�RT@�ÃÄ^_BEQM£E@UACB­BEDa\C^"ª�B©NE@,^CHM@,A�@U\�K,Q�RVKXH�\CQMKX\_^CRVH�KXQMB7H�BEI�BER+ ,BEN�Z�KXQ�ACB
Ë/Ì ±



�����������
	���
��
������������
�����	���
������ ���

!�"�$#%�&
��'�&(��)#$�

��'#

�������	�T}g.�

����������������������������� �!���"�#�%$&�%���"�('�)*�+�+)*,-�.� ���!���0/1��243

5 v�P�<	y�8/;2P&pc?IP�<	>E=/<	P�;J 6�T}M,�%&q6;�PA<�PU8/94>Ey�8�P�R 5 v�R�Q�>87DRV@�P�9S8 5 v�P�<	y�8o �N]P�@�>E@+8dP�R:9AP<;3?I=/R�;-%�HDP�R�P�<	8/@�=D;
`s=D<39E=/;3N]=/?	=D<	P�;3P�N[Y�8/<	Q�8/@�=D;3P�RX9E8VH*7DR�@�=D9E8[`�<	>4R�Q�>4`+8/9'}
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@�>4<	P�Q�?-8X@�Pn9S8X;	P�7�8/9O�Fv�Pe9E=/;TQ�=/RF?	<	=D9E8?>Z9S8 5 v�P�<	y�8wHDP�R�P�<I8/@�8w`|=D<TP�9E94=D;�qm`�<�P�;�P�R6?-8\@�> 5 P�<	P�R�Q�>E8/;
P�RF?	<	Pn9E8X`�<�=D`�v�94;	>87DR@>Z9S8�u/P�94=GQ�>E@+8/@58L9S8��cvCPeHD>E<	8/Rr9E8/;BADC�9E>4Q�P�;�q�8:v�R5Q�v�8/R�@�=xP�;�?I=/;�N]=/?	=D<	P�;
`sP�<W?IP�RCP�Q�P�Rr8nvCR�N�>E;�N]= 5 8/Y�<�>EQU8:RF?	P/}FE�8:G�HDv�<I8H��}&Io`�<�P�;�P�R6?-8�v�R+8e8/`C<	=UpG>EN]8/Q�>87DRw9E>4R�PU8:9l`+8:<I8
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P�Q�v+8/Q�>E=DRCP�;��Fv�P�NTv�P�;W?I<I8:R�P�;�?I8/;J<�P�9E8/Q�>4=DR�P�;3`Cv�P�@�P�;J;�P�<�@�P�;	Q�<�>4?I8/;�Q�=DN�=PO

NL = 0.01482332769204xrpm − 30.66539713900427

NR = 0.01004850893208xrpm − 8.05131775009724
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;�=DRx9S8/;A<	P&uD=D94v�Q�>4=DR�P�;b`s=D<
N�>ERFvC?	=V8V9E8/;3�Fv�Pd?I<	8/Y+8�t	8VQU8/@�8VN�=/?	=D<�}
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24ms
>rv�R§8/R�Q�A�=\@�P�`�v�94;	=\P�R6?	<	P
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N]>49E>E;�P�HDvCR�@�=D;

 uDP�<UG+HDvC<I8P�T}M,�%&}VEm8HG+HDv�<	8?�T}�W�`�<	P�;	P�R6?I8L9S8eQU8:<I8/Q&?IP�<�>Ey�8/Q�>87DR\@�P]9E8e<	P�9E8/Q�>87DR\P�R6?I<�P]9E8��_���
@�PbP�R6?I<	8/@+8�8/9|;	>E;W?IP�No8T`C<	=D`�vC9E;	=/<�>]9S8/;�<	`�N HDP�RCP�<I8:@+8/;3`s=D< P�9E9E=/;�qF9S8TP�Q�v+8:Q�>X7/Re�cvCP�<	P�`�<	P�;	P�R6?I8
P�;�?I=Vuc>EP�R�P�@+8/@+8�`s=D<YO

Yrpm = −0.00006037 ∗ x3
PWM + 0.29296733 ∗ x2

PWM − 474.80403631 ∗ xPWM

+260021.59578985
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xPWM
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Right Motor 
0.01482332769204x−30.66539713900427

Left Motor
0.01004850893208x −8.05131775009724
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PWM [ms]

−0.000060373*x3+0.292967330*x2−474.804036302*x+260021.595789854
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 ¢¡D£�¡�¤ ¥r¦C§	¨b©�¦@ª�«x¬
­ v<{W}.��uwv�~�}.�<zw{szw}.�6vM��uwy®��}.��~�u2��{��¯��u2��~���{^°®��u	���Mzw�6��|±�s��~#{d��}.uwv�~��
|���uw��u	��uw�o���b��u2y){s���
|��6�

��v¯��}.��~�uw��{^��u@��u2�6��v������6����u2v¯zw�sv���u%~#{s������²���u%~#{s������}.v���}.�6v�}.��z³{sv�~�u@zw�sv���u2��|�uwz%~��´{Wy){���}4v<µd��}.z³{
�6y4�6¶�{sy·��u2y¸��}4��}4�6}.¶�y4u³�%��~�}.uw��|±����uBu2��~#{d¶�y4u2zw}4��}4u2v�~�����u 5 ��u2�6��v����6�W¹º��}4v»���6¶���ue¼�}.��|���y4��� L

H(s) =
kw2

n

s2 + 2ζwn + w2
n

² J�L¾½ �
­ v���u2�6��y4{s���6�·~�}4|�� PI u2�o�����<zw}.uwv�~�u	|<{s��{^{s��uw�6����{s�¿��v���uw�6��}4��}4uwv�~��^{Wy){
��u2�<{syb��u@��u2��u2��u2v�zw}4{¹B��{sv�~�uwv�u2�¿u2vMy4{sÀw��z2uw����{s����²�Ásuw� J�LnÂ �%��zw{s��}�y4{s�Ã��}.����{s�·zw{s��{sz%~�u2��Ä4�'~�}.z³{s�¸��uC��uw��|���uw�'~#{^|���uw��uwv�~�u2�

uwvºu2y±��}4��~�uw��{Mz2�<{sv�����uw��~�{�uwv�y){sÀ2��{s¶�}4uw�'~���Å J�Æ�Ç�ÈÊÉ$L�� {Muwz2�<{sz2}4�6v���uwy±��uw�s��y){s���6� PI |���uw��u^��u2�u%Ë�|���u2��{s��{�zw�s���»Ì

H(s) = Kp(1 +
1

Tis
) ² J�L�È �

­ vº��}4��uw������}4��|�y.u^|��6�	{s��}.�6v<{sz2}4�6v���u�|��6y4�s�	|���uw��uÍ��uw�`u2y){s¶��6��{s����|<{s��{M��u2~�uw����}4v�{s�	y.�6�@zw�d¼
u2�<z2}4uwv�~�uw�@��u
��{sv<{dv�zw}4{�|����s|±�6��zw}.�6v<{sy·² Kp

�o¹¯��{sv�{sv�zw}4{�}4v�~�uw�6��{sy¸² Ki = Kp/Ti
� L�� �6�Î��uw����y.~�{s���6�

y4��u2�6����u@}4��|�y.uw��uwv�~#{s�ÎÌÊ��vM��}.��~�u2��{W��u@��uwv���{s������uj��|��ÐÏ¾�¿zw�6vM��v¯��u2v����s�Ñ��u@Ò®Ó"ÒbÔsÕ�Ö!×ÃØ<ÙDÙ;�Ê{s|����d¼
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Û���v»|���uw|�����z2uw��{d��}.uwv�~�����u´y4{���u2�<{sy
��uwv���{s�<{´��uw��}4{sv�~�u	uwy������´��u`��v¯��y.~����Í|<{s��{?¼�¶�{ÊÜ�{s�·Û?~���{dv������6����{dzw}4�sv�uw�o��uw�sÝ�v�y){�zw{s��{dz2~�u2��}.À³{sz2}4�6v
|���u2zwuw��uwv�~�u�ÛCy4{Ð}4��|�y.uw��uwv�~#{sz2}4�6vÞ��u2yj��uw�6��y4{s���6��uwv���v���}.zw���bzw�sv®~����6y4{s���6�´�����Îß'à`�6á6âÎãdá�ä�á���u
�Ð}4z2���bz#Ú�}4|å²�Á6uw�´�<�s����{ JML�Ç �e�æ���6vÞ|���u2��uwv�~�{s���6�BuwvÞy4{��<�6����{ J�L ä�á L¸ç u���uw¶�u���u2��{s��z³{s��°b��u�y4{s�
��uw��{sy4u2�Í°®��u¯y4y.uw��{dv�{sy¿��}.��~�uw��{���u���}4z2���bzw�6v�~����6y4{s���6��uw�����6vèu2vè�����Q�æ°®��u�}4v�~�u2��v<{s��uwv�~�u¯���6v
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