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Abstract: Considering the coupling between the rigid motion and the elastic motion in the dynamic model of an un-
manned aerial vehicle with high-aspect-ratio fly wing configuration, we investigate its attitude control under input con-
straints, and propose a backstepping sliding-mode control method by employing the extended state observer. The extended
state observer estimates effects of the aeroelastic mode and unknown disturbance in realtime. A tracking differentiator is
introduced to alleviate the term explosion in the control law. According to the allocation of multiple control surfaces in the
aerial vehicle with high-aspect-ratio fly wing configuration and the input constraints, we put forward an online allocation
algorithm for the allocation of control surfaces, based on the linear-matrix-inequality (LMI). An auxiliary compensator is
applied to provide compensation for the control command with time-delay due to the filter and input constraints. Applying
Lyapunov stability theorem, we prove that the attitude tracking error will converge to a bounded value. Simulation results
show that good performances in attitude tracking control are achieved when disturbances and constraints exist.

Key words: unmanned aerial vehicles (UAV); nonlinear control systems; backstepping; linear matrix inequalities
(LMIs); input constraints; extended state observer

1 ÚÚÚóóó(Introduction)
�Ðu'�ÊÙÛÃ<Å�'�~ÙÛÃ<Åä

k,{'�!íÄ�Çp!Û�5UÐ�Ãõ`:,C
c5Åì¤��1õ«?Ö�ÄÀ²�. �Ò�1�
�ó,�Ðu'�ÊÙÛÃ<Å��3�
¯K.
Äk,�ÊÙÛÃ<Åp�ÚÊ�½5��,p�
�îÊ��mäkrÍÜ�^,��Ñ\I���3
�½���S;Ùg,�ÊÙÛÃ<ÅÑÊpÝp,ä
k����1��,íÄëê�3���Cz��,

��1L§¥´É�	.6Ä;��,�Ðu'�Å
g��(��5$Ä�fN$Ä�m�ÍÜ�^Ø

U{ü/�Ñ.Ïd���Ðu'�ÊÙÛÃ<Åä
kr��5!õÏ�ÍÜ!Ñ\É��A:.

�Ú���{ÄuLyapunov½5nØ,´�«
�é��5Ø(½XÚ�48�O�{,äkÂñ5
�¯�°�5�r�`:. ©z[1]Ú©z[2]ò�Ú
���{A^u�1��¯K¥,¿æ^¬��Ú�
�ª?n
õÏ�ÍÜ�¯K.©z[3]Ú©z[4]©
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Oæ^�-ÈÅìÚÄ�¡��ì��ªé�Ú�

�¥/�ê)ä0̄ K?1?n. ���XÚ�3r
Ø(½5�,©z[5]æ^ ²�ä%C!©z[6]æ^
g·AëêCq!©z[7]æ^Z6*ÿì��ª,©
OéØ(½�?1�O,Jp
�Ú���{�°�
5U,��6u6Ä/ª®�. *ÜG�*ÿì (ex-
tended state observer, ESO)��±*ÿXÚ6Ä,Ù
`:´ØI�î�«©6Ä�a.Ú�^/ª,��
|^XÚ�Ñ\ÑÑ&EòS	Z6��/oÚ6

Ä0*ÿÑ5[8–9]. ©z[10]æ^ÄuESO�°��Ú
���{��ØXÚ�O
��ì,©z[11]é�a
en���5XÚ�O
Äu�5ü�ESO��Ú
��ì,äkûÐ�]��AÚ��l5U,©¥
Øy
4�XÚ�½5,Ó���«
�lØ��
ESO�°m�'X.©z[12–14]©OïÄ
ESO�Â
ñ½5!�5Ú��5g|6���nØ¯K,�
©Û�¹ESO�4�XÚ½5Jø
�Ð�nØ
�â.

�Ä�ý�õê¢Só§¯K���Ñ\´É�

Ôn�å�,Ïd��ì�O¥ØU�ÑÑ\�å�
��.©z[15–16]?�Ú�Ä
Ñ\�åÚG��å
�K�,©Oæ^3�`zÚÈÅ���üÑé��
&Ò?1?n,¦Ù÷v�å^�,�éu?n��
�-ò´±9���Ú�K���©ÛÚ?n.

�7�Ðu'�ÊÙÛÃ<Å�1��¯KïÄ

<
Ðm
�\ïÄ,©z[17–19]æ^õ«���{
©OlõÊ¡�N�1��!
º~�!�1���

�ý�ØÓ�Ý?1
&?¿���
�½�¤J,
�ïÄ¥ÊH´ò�Ðu'�ÊÙÛÃ<Å{z�

fN�.?1ïÄ�,¦(J��Æ5Úó§¢^5
É��½K�.

�©±�Ðu'�ÊÙÛÃ<Å�ïÄé�,æ
^fN$Ä��5$ÄÍÜÄåÆ�.,�Ä�3S
	6ÄÚÑ\�å��¹,JÑ
�«Äu*ÜG�
*ÿì��Úw���(ESO based backstepping slide
mode control, ESO–BSMC)�{,±�yÃ<Åäk
�Ð�^��l5UÚ°�5. Äk,�O�Úw�
��ì,|^��5*ÜG�*ÿì*ÿ�.Ø(½
5!	.6Ä9�5�.�K�¿^u��Ö�,ù
�©z[10]��Og�Cq,��©æ^
��Ä�
Terminalw�?�ÚU?
�Ú���5U.Ùg,�
é�ÊÙÛÃ<Åõû¡��ÚÑ\�å��¹,�
O
Äu�5Ý
Ø�ª(LMI)�3���©��{.
��,�é�-ÈÅÚÑ\�å�¹e¢S���-
�¢�¯K,�O
��Úw���ì����9Ï
Ö�ì. ÏLé���-?1Ö�,�ØÈÅò´Ú
Ñ\�Ú�K�.

2 ���555���ÊÊÊÙÙÙÛÛÛÃÃÃ<<<ÅÅÅ������555ÄÄÄåååÆÆÆ���...

(Nonlinear dynamic model of flexible fly
wing UAV)
�©ïÄ��Ðu'�ÊÙÛÃ<Å�ÙÛ	/

Xã1¤«. TÃ<Åäk8�öpû¡,©O?Òδ1,

δ2, · · · , δ8,Ù¥�CÊk�δ1Úδ8�{å��û, δ2

∼ δ7�,üBÊ.

ã 1 �Ðu'�ÊÙÛÃ<ÅÙÛ«¿ã
Fig. 1 Configuration of high-aspect-ratio fly wing UAV

©z[20]Äu²þ¶XÚLagrange�§ïá
�
5�Å���5ÄåÆ�.. ÏL�IX=�òÜ©
�§3í6�IXeL«,K�5�ÊÙÛÃ<Å�
��5ÄåÆ�.�±L«�

α̇ = −p cos α tanβ + q − r sinα tanβ +
g cos µ cos γ

Vt cos β
− L

MVt cos β
− T sin α

MVt cos β
, (1)

β̇ = p sinα− r cos α +
C

MVt

+
g sinµ cos γ

Vt

−
T cos α sinβ

MVt

, (2)

µ̇ = p
cos α

cos β
+ r

sinα

cos β
− g cos γ cos µ tanβ

Vt

+

L

MVt

(sinµ tan γ + tanβ) +
C cos µ tan γ

MVt

+

T sinα

MVt

(sinµ tan γ + tanβ)−
T cos α

MVt

(cos µ tan γ sinβ), (3)

ṗ =
Izzl + Ixzn

IxxIzz − I2
xz

+
(IzzIyy − I2

zz − I2
xz)qr

IxxIzz − I2
xz

+

Ixz(Ixx − Iyy + Izz)pq

IxxIzz − I2
xz

, (4)

q̇ =
1

Iyy

[m + (Izz − Ixx)pr + Ixz(r2 − p2)], (5)

ṙ =
Ixzl + Ixxn

IxxIzz − I2
xz

+
(I2

xx − IxxIyy + I2
xz)pq

IxxIzz − I2
xz

−
Ixz(Ixx − Iyy + Izz)qr

IxxIzz − I2
xz

, (6)

Mi(η̈i + ω2
i ηi) = Qi, (7)

Ù¥: T�uÄÅíå; M�Ã<Å�þ; L,C, D©

O�íÄ,å!ýåÚ{å; l, m, n�E=!:�! 

ÊåÝ; Vt���; p, q, r�7ÅN¶�=Ä��Ý;
Ixx, Iyy, Izz, Ixz©O�ÅN�IXe�=Ä.þÚ.
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5È; ηi�i��5��, Mi�i�2Â�þ, ωi�i�

�5���ªÇ, Qi�i�2Âå.

3 ������ììì���OOO(Controll er design)
½Âx1 = [µ α β]T, x2 = [p q r]T,ò�5�Ê

ÙÛÃ<ÅÄåÆ�.U�¤Xeî��"���

�5MIMOXÚ:{
ẋ1 = F1 + G1x2 + ∆1,

ẋ2 = F2 + G2u + ∆2,
(8)

Ù¥: F1 = F1(x1)ÚF2 = F2(x1, x2)�XÚ®�Ä
��!, G1 = G1(x1)ÚG2 = G2(x1, x2)�fXÚ
��Cþ��^Ý
, u = [l m n]TJ[��Cþ.
½Â∆1Ú∆2�Z6Ä�,�)XÚï�Ø�!�5
$Ä�ÍÜ�^!Ù¦��	6Ä�,½ÂXe:{

∆1 = ∆F1 + ∆G1x2 + w1(ηi, η̇i, η̈i) + d1,

∆2 = ∆F2 + ∆G2u + w2(ηi, η̇i, η̈i) + d2.

(9)

�éTMIMOXÚ,(Ü�Ðu'�ÊÙÛÃ<
ÅÙÛ9ÙíÄA5,�Xe©Û:

1) du�ÊÙÛÃ<Åk8���û¡,¤±ò
^���Æ©�ü�Ì�Ü©: Äk±^�½��
l8I,±Ï"��åÝ�J[��Cþ,?1�Ú
w���Æ�O;,�3�ÄÑ\�å��¹e,�
O3�õ8I`z���©��{,¦Ï"��åÝ
©�����û¡þ. ��^���(�Xã2¤«.

2) éuª(8)¥�x1fXÚ,òû¡ =¤Úå�
N\íÄ,å�^À�6Ä�,±Bïáî��"�
���5XÚ�.. éu~5ÙÛ�Å,ù��?n
K��é��,�éu�ÊÙÛÃ<Å,üÕû¡ 
=���¤�)�N\,å�é��,Ïd3��©
��{¥�I��Äéû¡N\,å�`z8I.

3) �ÊÙÛÃ<Å�1¥í6^���±3�
½���S,kG1�_

[2]. UìJ[��Cþ�½Â,
G2�3��ÛÉ~Xê�
.

4) Ã<Å3�1¥¬Ñyëê�ÄÚ��6Ä,
�6ÄØ�UÃ��Cz. ¤±��Æ�O¥@��
�Ä��∆i9ÙCzÇ ∆̇ik.,= ‖∆i‖ 6 WsiÚ

‖∆̇i‖ 6 Wdi.

ã 2 �Ðu'�ÊÙÛÃ<Å^���XÚ(�ã

Fig. 2 Attitude control system structure

3.1 ������***ÜÜÜGGG���***ÿÿÿììì���OOO (Second order
extended state observer design)
æ^*ÜG�*ÿì¢��OXÚ(8)¥�3ï

�Ø�!�5��K�±9	.��Z6. �éX
Ú(8)¥�z��fXÚ,�±�OéA���ESO,
Ù(�Xe[8]:




ei1 = x̂i − xi,

ei2 = ∆̂i −∆i,
˙̂xi = ∆̂i − βi1ei1 + Fi(x̂i) + Gi(x̂i)ui,
˙̂

∆i = −βi2 fal(ei1, ai, di),

(10)

Ù¥: βi1, βi2�ESO�Oëê, ∆̂i´éfXÚ¥�

�6Ä��O. fal¼ê�äN/ª�

fal(e, a, d) =





e

d1−a
, |e| 6 d,

|e|asgn e, |e| > d.
(11)

3.2 ���---ÈÈÈÅÅÅììì���OOO(Command filter design)

�;�E,�)Û¦�Úå�ê)ä¯

K[21],é���-?1ÈÅ.�©æ^©z[8]¥�

��5�l�©ì(tracking-differentiator, TD)��

�-ÈÅì. �©z[21]¥¤æ^���ÈÅì�

', TDäk�Ç�p�`:. �-ÈÅì(�Xe:



ṗ1 = p2,

ṗ2 = fhan(p1 − xd(t), p2, R1, R2),
xc = p1,

ẋc = p2,

(12)

ª¥: R1, R2�ÈÅì�Oëê, xd(t)��©��
�-, xc, ẋc©O�ÈÅ��ÑÑ�-9Ù���

ê, flan(x1, x2, R1, R2)�����nÜ¼ê,äN

/ªë�©z[8].
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3.3 999 ÏÏÏ ÖÖÖ ��� ììì ��� OOO (Auxiliary compensator
design)
�é�-ÈÅÚÑ\�å�¹e���-�¢

�,±9��1Å�Ñy�Ú�,��ì�ÑÑÚ
��é��¢SÑ\¬ÑyØ����¹,�;�
��XÚ�,Ú\9ÏÖ�ì[22–23]é���-?

1Ö�.

ò9ÏÖ�ì�E�Xe/ª:{
λ̇1 = −(κ1 + A1)λ1 + G1(x2c − x2d) + G1λ2,

λ̇2 = −(κ2 + A2)λ2 + G2(uact − uc),

(13)

Ù¥: κ1, κ2��Úw���Æ¥��Oëê, x2d

�^��£´J[��Cþ, x2c�x2d�ÈÅ�,
uc = [lc mc nc]T�^���Ç£´J[��Cþ,
uact = [lact mact nact]T�¢S�^���Cþ;
A1, A2�v
���ê±�y3x2c−x2d, uact−uc

L��XÚ(13)½.

ª(13)�±�¤Xe/ª:

λ̇ = Aλ + B∆u, (14)

Ù¥:

A =

[
−(κ1 + A1) G1

0 −(κ2 + A2)

]
, λ =

[
λ1

λ2

]
,

B =

[
G1

G2

]
, ∆u =

[
x2c − x2d

uact − uc

]
.

@o3÷v^�A1 > 0, A2 > 0�, A�Hurwitz
½5Ý
. ÏLN!A1, A2��,�±3�-Ñ\
Ú¢SÑ\ØÓ(∆u 6= 0)�é�lØ��Ñv

��-Ö�λ;�½v
��A1, A2�,�±�y�
��Ú�����á�mS¦Ö��ªu",�y
é��-�O(�l.

3.4 ���ÚÚÚwww���������ÆÆÆ���OOO(Design of backstepping
slide mode control law)
�éXÚ�.(8)�z��fXÚ,æ^�Ú�

Og�?1��Æ�O.½ÂXÚØ�Cþ

zi = xi − xic − λi, i = 1, 2. (15)

Step 1 �éx1fXÚ,±x2��J[��þ,
�O��Æ�y�lØ�z1Âñ. éz1¦�k

ż1 = ẋ1 − ẋ1c − λ̇1 =

F1 + G1(x2d + x2 − x2c + x2c − x2d) + ∆1 −
ẋ1c + (κ1 + A1)λ1 −G1(x2c − x2d)−G1λ2 =

F1 + G1x2d + G1(x2 − x2c)−G1λ2 + ∆1 −
ẋ1c + (κ1 + A1)λ1 + G1(x2c − x2d)−

G1(x2c − x2d) =

F1 + G1x2d + G1z2 + ∆1 − ẋ1c + (κ1 + A1)λ1.

(16)

ÀJÏ"���-�

x2d = G−1
1 [−κ1z1 − F1 − ∆̂1 +

ẋ1c − (κ1 + A1)λ1], (17)

Ù¥κ1 > 0��Oëê. òª(17)�\ª(16)�

ż1 = −κ1z1 + G1z2 − (∆̂1 −∆1). (18)

�ÄXeLyapunov¼ê:

V1(t) =
1
2
zT
1 z1, (19)

éV1(t)'u�m¦�k

V̇1(t) = zT
1 ż1 =

zT
1 [−κ1z1 + G1z2 − (∆̂1 −∆1)] =

−κ1z
T
1 z1 + zT

1 G1z2 − zT
1 (∆̂1 −∆1). (20)

�âYoungØ�ª��

−zT
1 (∆̂1 −∆1) 6 1

2
(‖z1‖2 + ‖e∗12‖2). (21)

òª(21)�\ª(20),��

V̇1(t) 6 −(κ1 − 1
2
)zT

1 z1 +
1
2
||e∗12||2 + zT

1 G1z2 6

−2Θ1V1(t) + Θ2 + zT
1 G1z2, (22)

ª¥Θ1, Θ2½Â�



Θ1 = κ1 − 1
2
,

Θ2 =
1
2
||e∗12||2.

(23)

eÀ�·�ëê,¦�Θ1 >
Θ2

2V1(0)
> 0¤á,@o

3z2Âñ�"�, V̇1(t) < 0,Kk

V1(t) 6 (V1(0)− Θ2

2Θ1
)e−2Θ1t +

Θ2

2Θ1
, ∀t > 0,

(24)

=¤�O��ÆU
�yx1fXÚ��lØ�z1ì

?Âñk..

Step 2 �éx2fXÚ,æ^��Ä�Terminal
w��O��þu±U?ÊÏ�Ú��ì�5U.
��Ä�Terminalw�U
3k��mS¦w�¡
Âñ�",¿��éÊÏTerminalw�,ÙU
k�
�f��ìËÄ.

�Ow�¡�



S0 = z2,

S1 = S0 +
w t

0
(c1S0 + c2S

q1/p1
0 )dt,

S2 = Ṡ1 + c3S1 + c4S
q2/p2
1 ,

(25)
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ª¥: ci > 0, i = 1, · · · , 4; qi, pi��Ûê,�÷v
1
2

<
qi

pi
< 1. �Ow�¡ªCÆ�

Ṡ2 = −κ2S2 − κ3sgn S2. (26)

À���þ�



ud = ueq + un,

ueq = −G−1
2 (F2 + ∆̂2 − ẋ2c + c1S0+

c2S
q1/p1
0 + c3S1 + c4S

q2/p2
1 ),

un = G−1
2 {
w t

0
[−κ2S2 − κ3sgn S2]dt−

(κ2 + A2)λ2}.

(27)

�ÄXeLyapunov¼ê:

V2(t) =
1
2
ST

2 S2. (28)

éV2(t)'u�m¦�k

V̇2(t) = ST
2 Ṡ2 =

ST
2

d
dt

(Ṡ1 + c3S1 + c4S
r2
1 ) =

ST
2

d
dt

(Ṡ0 + c1S0 + c2S
r1
0 + c3S1 + c4S

r2
1 ) =

ST
2

d
dt

(ẋ2 − ẋ2c − λ̇2 + c1S0 + c2S
r1
0 +

c3S1 + c4S
r2
1 ) =

ST
2

d
dt

[F2 + G2uc + G2(uact − uc) + ∆2 −
ẋ2c − λ̇2 + c1S0 + c2S

r1
0 + c3S1 + c4S

r2
1 ] =

ST
2

d
dt

[F2 + G2(ueq + un) + G2(uact −
uc) + ∆2 − ẋ2c − λ̇2 + c1S0 + c2S

r1
0 +

c3S1 + c4S
r2
1 ] =

ST
2

d
dt

[G2un+G2(uact−uc)−λ̇2+∆2−∆̂2]=

ST
2

d
dt
{
w t

0
[−κ2S2 − κ3sgn S2] dt− (κ2 +

A2)λ2 + G2(uact − uc)− [−(κ2 + A2)λ2 +

G2 · (uact − uc)] + ∆2 − ∆̂2} =

−κ2S
T
2 S2 − κ3S

T
2 sgn S2 + ST

2 (∆̇2 − ˙̂
∆2), (29)

Ù¥ri = qi/pi. dª(10)��

ST
2 (∆̇2 − ˙̂

∆2) 6
‖ST

2 ‖ · ‖∆̇2 − ˙̂
∆2‖ 6 ‖ST

2 ‖(‖∆̇2‖+ ‖ ˙̂
∆2‖) 6

‖ST
2 ‖(Wd2 + β22‖ fal(e21, a2, d2)‖). (30)

òª(30)�\ª(29),��

V̇2(t) 6 −κ2‖S2||2 − κ3‖S2‖+ ‖S2‖(Wd2 +

β22‖ fal(e21, a2, d2)‖). (31)

d*ÜG�*ÿì©Û��e213k��mSÂñ,
�‖ fal(e21, a2, d2)‖ 6 ‖ fal(e∗21, a2, d2)‖. d�k

V̇2(t) 6 −κ2‖S2‖2 − (κ3 − Φ)‖S2‖, (32)

ª¥: Φ = ‖Wd2‖+ β22‖ fal(e∗21, a2, d2)‖. @o�
�Oëêκ2Úκ3÷v^�κ2 > 0, κ3 > Φ,Ò�±
�yV̇2(t) < 0,w�¡��,J[�lØ�z2ìC

Âñ�".

�z2Âñ�"�,dStep 1©Û��, z1�òì

CÂñk..

3.5 ÄÄÄuuuLMI`̀̀zzz���333���������©©©���(Online control
allocation based on LMI optimization)
ÏL�Úw���Æ�O����åÝ�-�,

I�òÙ©�����û¡þ,¿÷v

uc = Mδδact, (33)

Ù¥: Mδ = q̄S




bCδ1
l bCδ2

l · · · bCδ8
l

c̄Cδ1
m c̄Cδ2

m · · · c̄Cδ8
m

bCδ1
n bCδ2

n · · · bCδ8
n




3×8

�û 

þéöpåÝ��ÇÝ
, Cδi∗ �û�, q̄�ÄØ,
S�ë�¡È, b�Ð�, c̄�ë��Ý, δact =
[δ1,act δ2,act · · · δ8,act]T�û¡¢S�û þ.

ò�1Å�Ä�£ã�XelÑ/ª:{
xact(k + 1) = Axact(k) + Bδcmd(k),
δact(k) = Cxact(k),

(34)

Ù¥A,B, C��1Å�3±æ��mTslÑ��

XÚëêÝ
.

�Ä�1Å��3Xe/ª� ��åÚ�Ç

�å:

δmin 6 δact(k + 1) 6 δmax, (35)

δ̇min 6 δact(k + 1)− δact(k)
Ts

6 δ̇max. (36)

ÀJ`z8I�

J = [uc −Mδδact(k + 1)]TW 2
u [uc −

Mδδact(k + 1)] +

[Lδδact(k + 1)]TW 2
L [Lδδact(k + 1)] +

δact(k + 1)TW 2
δ δact(k + 1), (37)

Ù¥: Lδ = q̄S · [Cδ1
L Cδ2

L · · · Cδ8
L ]�û þéû

¡N\íÄ,å��ÇÝ
, Wu,WLÚWδ��½

�Ý
. T`z8I�Ôn¿Â´¦¢Söpå
Ý�Ï"åÝ�-�mØ�uc −Mδδact¦�U�!

û¡�N\íÄ,å�ýé�Lδδact¦�U�!û

 þδact¦�U�,¿|^�Ý
òõ`z8I
=z�ü`z8I.
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Ú\tµCþγ > 0,K`z8I�£ã�

γ − J > 0. (38)

|^SchurÖ[24],¿éáª(35)−(38),���Xe
äk�å/ª�`z¯K:

min
δcmd(k)

γ,

s.t.




γ RT
u Wu RT

LWL δT
actWδ

WuRu I

WLRL I

Wδδact I




> 0,

γ > 0,

eiδact(k+1)−eiδ(k+1)>0, i=1, 2, · · · , 8,

ej δ̄(k+1)−ejδact(k+1)>0, j =1, 2, · · · , 8,

(39)

Ù¥: δ̄(k+1)=min{δmax, δact(k)+ δ̇maxTs}, δ(k+
1) = max{δmin, δact(k) + δ̇minTs}, ei, ej�ü 1

�þ, Ru = uc −Mδδact, RL = Lδδact.

4 ���ýýý©©©ÛÛÛ(Simulation and analysis)
�é,.�Ðu'p��Ê��ÊÙÛÃ<Å,

�â�©¤JÑ�Äu*ÜG�*ÿì��Úw�

���{�O��ì. éT�ÊÙÛÃ<Å��5
$Ä�Ä4��5��K�,��ªÇ�L1,��
ì��'ëê�L2.

L 1 �5��ªÇ
Table 1 Frequency of aeroelastic modes

fi/Hz ��£ã

1 6.204 é¡�����

2 8.530 �é¡�����

3 21.089 é¡�����

4 26.348 �é¡�����

L 2 ��ì�Oëê
Table 2 Controller parameter values

��ì �Oëê

^��£´

¥ESOëê
β11 = 100, β12 = 300, α1 = 0.5, d1 = 0.01

��Ý£´

¥ESOëê
β21 =1000, β22 =3000, α1 =0.5, d1 =0.001

�-ÈÅì R1 = 8, R2 = 0.05

9ÏÖ�ì A1 = 5, A2 = 20

κ1 = 3, κ2 = 5, κ3 = 8, c1 = c3 = 1.8
Ù¦ëê

c2 = c4 = 1.5, q1 = q2 = 5, p1 = p2 = 7

ÄuMATLAB/Simulink�¸?1�ý�y,�
ý Ð © ^ � �H = 9000 m, Ma = 0.45, α0 =
1.37◦, β0 = µ0 = 0, p0 = q0 = r0 = 0,�ýÚ�
step = 0.001 s,�ý¥æ^��.5�!�O�1
Å�Ä��!,�m~ê��0.05. û¡ = �9
�Ç�å�

δmax = [90 20 20 20 20 20 20 90]T(◦),

δmin = −[0 20 20 20 20 20 20 0]T(◦),

δ̇max = [100 80 80 80 80 80 80 100]T(◦)/s,

δ̇min = −[100 80 80 80 80 80 80 100]T(◦)/s,

��©��{¥æ��mTs = 0.01 s,�`k�y
åÝ©��O(5,ÀJ���Wu�uWLÚWδ:

Wu = diag{100, 100, 1000}, WL = 10,

Wδ = diag{0.1, 1, 1, 1, 1, 1, 1, 0.1}.
��y��ì���5U9°�5,©O�O


2«�ý^�?1�ý©Û.�ý^�1¥,��
é�Ú��ì¥�íÄëê�Ó,�Ñ�5�^,�
�XÚØ¹k��6Ä�;�ý^�2¥,�Ä�5
K�,¿�ò��é��íÄëêK�. 30%,ò
��ì¥�íÄëê��. 30%,±�[4à�
ëê�Ä�¹,lt=0 s��å\\Z6åÝd2 =[5
×103 cos(2t), 5×103 cos(2t), 3×103 cos(2t)]T N·m,
3t = 3 s��\\R�âº,¦Ã<ÅÉ���6
Ä.æ^¬��Ú{(block backstepping, BBS)�O

��ì[2],3�Ó^�e?1�ý±��é'.
ò�ÊÙÛÃ<ÅÀ�fN,Ø¹k��6Ä!

���.°(�,dã3��,ü«���{þ�±
k��l�-,^���lØ�þ�32 sSÂñ�
". N!L§²w,�Nþé�,þU
k���î
ý��p��m�ÍÜ�^. dã4��,�3Ñ\
�å�,¤æ^�3���©�üÑ�±k��ò
åÝ�-©���öpû¡þ.
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ã 3 �ý^�1e��A�

Fig. 3 Attitude angles responses in simulation 1

ã 4 �ý^�1e���åÝ�

Fig. 4 Control force moment responses in simulation 1

��ÄÃ<Å�5��K�,����.�3
��6Ä��,ã5�Ñ
o6Ä∆2ÚESO�O�
�é'. lã¥�±wÑESOU
�Ð/�OÑX
ÚSÜ!	ÜÑy�o6Ä,�36ÄCz'�ì
��, ESOLyÑ
ûÐ�Ä�5U.dã6�ý(
J�,3�ý^�2e, ESO–BSMCEU�Ð/�l
���-,H����lØ��u0.01◦,ýw�
6Ä�u0.2◦. lã7¥û þ�A���,�Ã
<Å;�âº�,�1Å�¬3á�mS?\�Ú
G�. ESO–BSMCduæ^
9ÏÖ�,�±¦�
1Å�¦¯lm�Ú«�,¢�k���.

ã8�Ñ
üg�ý¥LMI`z�Ñ��.l
ã¥���ý^� 1ezÚO����Ñ��
8.4 ms,²þÑ��6.5 ms,�ý^�2ezÚO��
��Ñ��8.7 ms,²þÑ��6.6 ms,þ�u�©

��©�L§�æ�m�(10 ms). ¤±�©¤æ^
�ÄuLMI`z�3���©�´�1�.

ã 5 �ý^�2eZ69�O��

Fig. 5 Disturbance and ESO estimation in simulation 2

ã 6 �ý^�2e��A�

Fig. 6 Attitude angles responses in simulation 2
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ã 7 �ý^�2e�û þ�

Fig. 7 Actuator responses in simulation 2

ã 8 üg�ý¥LMI`z�Ñ��

Fig. 8 Time cost of LMI optimization in both simulations

5 (((ØØØ(Conclusions)
1) �©ïÄ
�3Ñ\�å��Ðu'�ÊÙ

ÛÃ<Å^���¯K,JÑ
�«Äu*ÜG�
*ÿì��Úw����{.

2) �ý(JL²,æ^�*ÜG�*ÿìU

é�1L§¥�3�EÜZ6?1*ÿÖ�;�O
�LMI3���©��{U
Ün©���åÝ;
9ÏÖ�ìU
é�-¢�?1Ö�,¿3�1Å
��Ú�Ö����-,¦�1Å�lm�Ú«�.

3) �XÚ�3ëê�Ä!��Z6ÚÑ\�å
�,�©JÑ����{U
�yÃ<Å^�½,
äkûÐ���5UÚ°�5.
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