
O 32 
 O 5 * . X ' G � Vol. 32, No. 5

2006 ' 9 v ACTA AUTOMATICA SINICA September, 2006`P=XB℄Z�S<NMFmOiIWeC^Oij�
d1)nsr o q t p
(V�;F:#lFr�/Fus���rB�:lK\y MP 110004)

(E-mail: dsl6666@tom.com)f _ 	^`��$>U&
�1q)r1� Lyapunov �rIkg�L℄
g��>0��Ioj�1t�0IL<����j�n&
kg�FCoj�1t�08}I1t�I�&{ixoj�1t�0L<kgo\�S�5VY6/A`�$K℄ (LMIs). 	�r>t�&
IX�m�OÆ
��~3IL<kgIo>A�GJ> `��$>U��>0���oj�1t��r>t��)r1� Lyapunov �rk[DQH TP202.1

Robust Reliable Tracking Control for a Class of Uncertain Systems

and Its Application to Flight Control

DAI Shi-Lu FU Jun ZHAO Jun

(Institute of Control Theory and Navigation Technology, School of Information Science and Engineering,

Northeastern University, Shenyang 110004)

(E-mail: dsl6666@tom.com)

Abstract The problem of robust reliable tracking controller design against actuator faults

for systems with polytopic type uncertainty is addressed based on the parameter-dependent

Lyapunov function approach. A descriptor system approach is taken to derive a sufficient

condition for the existence of a reliable tracking controller. A state feedback reliable tracking

controller is designed by solving a set of linear matrix inequalities (LMIs). A flight control

example is given to illustrate the effectiveness of the proposed method.
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�DG;#�zKU;%G'~dhp_��#=T$�GxmSP�,E	�$�#=T(q0ÆG Lyapunov �q�xER�bmP6G�g?�{�q��Jr�$���$�G
;?-mh?℄$�ys�Æ�T[4]
. Y&y�C_E��℄mhr�G��X=	:�J[ 8E	C_-�[5∼8]

. �Xj��K;X�r�/[Eir$�Gj2JY�0�TG(f9��̀ X�>m~�^_omW?^_Gr����-?$�G�0r�ZD6�I�?`mh�0r�GJ[o+m,[7,8]
.�+ [7] /p LQ/H∞ �0?%����h LMI 9k�2	-?$�Gmh�0r�/GK;jf� Kyjfdhp F-16 C.2"<��8E	P�Gr�7���+ [8] �℄X{bmR	#=T?G-?$��/p
6�TG{(�jf��h LMI 9k�-℄mh�0r�/GK;�?`Æp_��#=T$�Gmhr�����h(q0Æ

Lyapunov �qGjfX=mhr�/K;GJ[-�<Us�G���/p�+ [3]Gt2�J[	_��#=T$�G

mh�0r������f�X{�W?��X�G�D��"<��℄_��#=T$��'h(q0Æ Lyapunov�qGjf��h LMI 9k��2	5{#=T$�Gmh�0r�/7{G0s�H� X=mh�0r�/GK;��� F-18 C.234q=GwQMu��0r�GW�l�N
	��}2GK;jfGm=?� �P�'�0r�$��mh�0r�$��XX%s!℄$�X=mh�0r�G�T?�=���E&u����xm>�_
Zh I �^�#
��G I K�^#
�q>�_
	{℄,_
� “∗” =�℄duG$�_
�
2  � o )��Zf�G'bm#=T(qG�D$�

ẋ(t) = A(θ)x(t) + B(θ)u(t), y(t) = C(θ)x(t) (1),��x(t) ∈ Rn `$�G%z�y(t) ∈ Rp `$�j2�u(t) ∈ Rm `r�jH�AT$�(q_
 A(θ), B(θ), C(θ) e�#=T?_
�?m[�9�#8Z�_
GÆ7#�7
(A(θ), B(θ), C(θ)) ∈ Ω1,

Ω1 ,{(A(θ), B(θ), C(θ))|(A(θ), B(θ), C(θ))=
N

∑

i=1

θi(Ai, Bi, Ci); θi >0,
N

∑

i=1

θi =1; i=1, · · · , N}

(2)

(Ai, Bi, Ci),�SP_
 (vertices). �4\ (2)G#=T$� (1),�_��#=T$��ATW�(q4� θ = [θ1, · · · , θN ]T ∈ RN `V�G2B^Vp θi GAq�4[3]

θ̇i 6 υiθi (3),��υi �Z�+q�f��=/�D��"<[8]

uf (t) = Fu(t) (4),��F ��=/�D��_
�F = diag{f1, f2, · · · , fm}, 0 6 flj 6 fj 6 fuj , fuj > 1,

j = 1, · · · , m.



740 / Y ( H � 32dbHG'_

F0 = diag{f01, f02, · · · , f0m}, W = diag{w1, w2, · · · , wm}

L = diag{l1, l2, · · · , lm}, |L| = diag{|l1|, |l2|, · · · , |lm|} (5),��f0j =
1

2
(fuj + flj), wj =

fuj − flj

fuj + flj
, lj =

fj − f0j

f0j
, j = 1, 2, · · · , m.k\ (5), E

F = F0(I + L), |L| 6 W 6 I (6)l 1. � fj = 0 V��^�=/N j ��D9��\	� fj = 1 V��^�=/N j��D�+�:	� 0 6 flj < fj < fuj , fuj > 1 2 fj 6= 1 V��^N j ��D&sS7�&sS7^��kp&Hz&�|AJta[&Hj29�)}'=��f��4\ (2) �\ (3) G_��#=T$� (1) ��D��"< (4), K;%zhwr�/�℄pxmwC�=/��_
 F , �4�
1) �)$�

JY�T	
2) j2 Sy(t) %
JY�0(f9� r(t), 7

lim
t→∞

e(t) = 0, e(t) = r(t) − Sy(t) (7),��S ∈ Rr×p `X�Z�G+q_
��ZQr�~��)*�0Gt2�{r�/K;�bH�0!*G3s3mm7M54�z�0!*[7]
. a5{['��$�G�m����	�0!*G3s3�{f��=/�D��"< (4) G3v'�k$� (1) �\ (7) 	-��$�

[

e(t)

ẋ(t)

]

=

(

0 −SC(θ)

0 A(θ)

) [

∫ t

0
e(t)dt

x(t)

]

+

[

0

B(θ)

]

Fu(t) +

[

I

0

]

r(t) (8)T_%z4� ζ(t) = [(
∫ t

0
e(t)dt)T, xT(t)]T, ~$� (8) m�m�

ζ̇(t) = Ã(θ)ζ(t) + B̃(θ)Fu(t) + C̃r(t) (9),�$�(q_
 Ã(θ) =

(

0 −SC(θ)

0 A(θ)

)

, B̃(θ) =

[

0

B(θ)

]

, C̃ =

[

I

0

]

.K;%zhwr�/
u(t) = Kζ(t) = Ke

∫ t

0

e(t)dt + Kxx(t) (10)\��K = [Ke, Kx] ∈ Rm×(r+n). ~$� (9) G�)$��
ζ̇(t) = Ãcl(θ)ζ(t) + C̃r(t) (11),��Ãcl(θ) = Ã(θ) + B̃(θ)FK. a5�m

Ãcl(θ) =

N
∑

i=1

θiÃcli (12),��Ãcli = Ãi + B̃iFK, Ãi =

(

0 −SCi

0 Ai

)

, B̃i =

[

0

Bi

]

.
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I��oj�1t�6.}r>t��Ifj 741Aa 1. ℄p��$� (9), G�7{r�/ (10) [$�Gj2 Sy(t) %
JY�0(f9� r(t), 7[ lim
t→∞

(r(t)− Sy(t)) = 0 -��~,$� (9) �mh�0r�$��r�/
(10) ,�mh�0r�/	���_
 F ≡ I V�$� (9) ��

ζ̇(t) = Ã(θ)ζ(t) + B̃(θ)u(t) + C̃r(t) (13),$� (13) ��'�0r�$��,℄dGr�/ u(t) ,��'�0r�/�l 2. �'r�$�`�{K;r�/V#f����b#`$�#%dN���bR 1
[8]

. K R1, R2 �b�+�_
�U ��T℄M_
�Σ�V�b�℄M
�|Σ| 6

U , ~ R1ΣR2 + RT
2 ΣTRT

1 6 αR1URT
1 + α−1RT

2 UR2. ,��α > 0, Σ = diag{σ1, σ2, · · · , σq},

|Σ| = diag{|σ1|, |σ2|, · · · , |σq|}.bR 2
[7]

. ℄p$� (9), G�7{r�/ (10), [�)$� (11) $&�T�~5r�/W^%[t$� (1) JY�T2j2 Sy(t) %
JY�0(f9� r(t), 7 lim
t→∞

e(t) = 0.

3 !VT��Qf(J[$� (9) G

mh�0r�/7{G0s�H�?%s��2�'�0r�$� (13) �mh�0r�$� (9) ℄dGr�/GK;jf�T_�s9� η(t) = ζ̇(t),  T_��� ζ̄(t) = [ζT, ηT]T, ~$� (9) m[JB$&�G'G�m$�
{

ζ̇(t) = η(t)

0 = −η(t) + Ã(θ)ζ(t) + B̃(θ)Fu(t) + C̄r(t)
(14)-�

E ˙̄ζ(t) = Ā(θ)ζ̄(t) + B̄(θ)Fu(t) + C̄r(t) (15),��$�(q_
 E =

[

I 0

0 0

]

, Ā(θ) =

[

0 I

Ã(θ) −I

]

, B̄(θ) =

[

0

B̃(θ)

]

, C̄ =

[

0

C̃

]

.'�T~�2	$� (9) 

mh�0r�/7{GX�0s�H�AR 1. f�$� (9), G�7{+q_
 X2, Y ��T_
 X1i > 0, i = 1, 2, · · · , N ,℄xmwCG��_
 F , [E'�X5 LMIs

[

XT
2 ÃT

i + ÃiX2 + B̃iFY + Y TFB̃T
i + υiX1i ∗

ÃiX2 + B̃iFY + X1i − XT
2 −X2 − XT

2

]

< 0 (16)-��~7{%zhwr�/ (10), [E$� (9) $&�T�,��`_
 K = Y X−1
2 .hV�k\ (3) �\ (16), E

[

XT
2 ÃT

i + ÃiX2 + B̃iFY + Y TFB̃T
i + X1iθ̇i/θi ∗

ÃiX2 + B̃iFY + X1i − XT
2 −X2 − XT

2

]

< 0 (17)� P2 = X−1
2 , P1i = X−T

2 X1iX
−1
2 > 0, ℄#J\ (17) 9�s�9._
 diag{X−T

2 , X−T
2 },n._
 diag{X−1

2 , X−1
2 }, #J\ (17) JBp
[

ÃT
cliP2 + PT

2 Ãcli + P1iθ̇i/θi ∗

PT
2 Ãcli + P1i − P2 −P2 − PT

2

]

< 0 (18)
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[

ÃT
cl(θ)P2 + PT

2 Ãcl(θ) +
dP1(θ)

dt
∗

PT
2 Ãcl(θ) + P1(θ) − P2 −P2 − PT

2

]

=

N
∑

i=1

θi

[

ÃT
cliP2 + PT

2 Ãcli + P1iθ̇i/θi ∗

PT
2 Ãcli + P1i − P2 −P2 − PT

2

]

< 0 (19)℄p�)$� (11) #f��&jH�8(q0Æ Lyapunov �q
V (ζ, θ) = ζ̄

T
EP (θ)ζ̄ = ζTP1(θ)ζ (20),��E =

[

I 0

0 0

]

, P (θ) =

[

P1(θ) 0

P2 P2

]

=
N

∑

i=1

θi

[

P1i 0

P2 P2

]

, P1(θ) =
N

∑

i=1

θiP1i > 0, P1i =

PT
1i > 0.�a\ (14) �\ (15), ~ Lyapunov �q (20) ℄VD t GAq

V̇ (ζ, θ) =2ζTPT
1 (θ)ζ̇ + ζT dP1(θ)

dt
ζ = 2[ζTηT]PT(θ)

[

ζ̇

0

]

+ ζT dP1(θ)

dt
ζ =

ζ̄
T

[

ÃT
cl(θ)P2 + PT

2 Ãcl(θ) +
dP1(θ)

dt
∗

PT
2 Ãcl(θ) + P1(θ) − P2 −P2 − PT

2

]

ζ̄ (21)a5 V̇ (ζ, θ) < 0, ∀ζ 6= 0, �a Lyapunov �T?~��$� (9) $&�T� �l 3. {T~ 1 ��_��G��SP i wCm#
G�T_
 X1i �4#J\ (16).h_��G��SP℄d#
G�T_
 X1i �=
6�T?T4℄pxmSP$�7{X��XG�T_
 X1, Km�pLL
6�T?{(�kp'hX��XG�T_
bbXG�g?�l 4. ℄p$� (9), �#f��=/��2#f��0r���V�~$� (9) ^�&��+ [3] G$� (7), ��GT~ 1 G\ (16) ℄0dG�&��+ [3] T~ 2 G\ (16).���GT~ 1 `�+ [3] T~ 2 G���'��2�'�0r�$�Gr�/7{G0s�H� LMI K;jf��ab~ 2�T~ 1, � F = I V�mEG'G���\U 1. ℄p�'�0r�$� (13), G�7{+q_
 X2s, Ys ��T_
 X1si > 0,

i = 1, 2, · · · , N , [E'�X5 LMIs

[

XT
2sÃ

T
i + ÃiX2s + B̃iYs + Y T

s B̃T
i + υiX1si ∗

ÃiX2s + B̃iYs + X1si − XT
2s −X2s − XT

2s

]

< 0 (22)-��~7{%zhwr�� u(t) = Ksζ(t), [$� (13) $&�T�7[t$� (1) JY�T2j2 Sy(t) %
JY�0(f9� r(t). ,��`_
 Ks = YsX
−1
2s .f��=/��"< (4), '��2mh�0r�$�%zhwr�/GK;jf�
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I��oj�1t�6.}r>t��Ifj 743AR 2. f�mh�0r�$� (9), G�7{+q α1 > 0, α2 > 0, +q_
 X2r, Yr��T_
 X1ri > 0, i = 1, 2, · · · , N , [E#J\














ÃiX2r+B̃iF0Yr+XT
2rÃ

T
i +Y T

r F0B̃
T
i +υiX1ri ∗ ∗ ∗ ∗

ÃiX2r + B̃iF0Yr − XT
2r + X1ri −X2r−XT

2r ∗ ∗ ∗

W 1/2Yr 0 −(α1+α2)
−1I ∗ ∗

W 1/2F0B̃
T
i 0 0 −α1I ∗

0 W 1/2F0B̃
T
i 0 0 −α2I















<0

(23)-��~7{mh%zhwr�� u(t) = Krζ(t), [$� (9) $&�T�7[t$� (1) JY�T2j2 Sy(t) %
JY�0(f9� r(t). ,��`_
 Kr = YrX
−1
2r .hV�k\ (6) �\ (16) m

[

XT
2rÃ

T
i + ÃiX2r + B̃iFYr + Y T

r FB̃T
i + υiX1ri ∗

ÃiX2r + B̃iFYr + X1ri − XT
2r −X2r − XT

2r

]

=

[

XT
2rÃ

T
i +ÃiX2r+B̃iF0Yr+Y T

r F0B̃
T
i +υiX1ri ∗

ÃiX2r+B̃iF0Yr+X1ri−XT
2r −X2r−XT

2r

]

+

[

B̃iF0LYr + (B̃iF0LYr)
T ∗

B̃iF0LYr 0

]

(24)�ab~ 1, \ (24) G8%X3
[

B̃iF0LYr+(B̃iF0LYr)
T ∗

B̃iF0LYr 0

]

6

[

α−1
1 B̃iF0W (B̃iF0)

T+(α1+α2)Y
T
r WYr 0

0 α−1
2 B̃iF0W (B̃iF0)

T

]

(25)k\ (23)∼(25) 4 Schur "b~E
[

XT
2rÃ

T
i + ÃiX2r + B̃iFYr + Y T

r FB̃T
i + υiX1ri ∗

ÃiX2r + B̃iFYr + X1ri − XT
2r −X2r − XT

2r

]

< 0 (26)�ab~ 2 �T~ 1, m�T~ 2 ,
� �

4 n�Y�f� F-18 C.234q=G-?&xW"<[9]

[

α̇

q̇

]

= Along

[

α

q

]

+ Blong

[

δE

δPTV

]

(27),�$�%z�� α, q s�=�gM�wQMu�	r�jH δE , δPTV s�=�QLa�l�}G)$M�$�(q_
�
Am7h14

long =

[

−1.175 0.9871

−8.458 −0.8776

]

, Bm7h14
long =

[

−0.194 −0.03593

−19.29 −3.803

]

, Am85h5
long =

[

−2.328 0.9831

−30.44 −1.493

]

Bm85h5
long =

[

−0.3012 −0.05866

−38.43 −7.815

]

, Am9h10
long =

[

−2.452 0.9856

−38.61 −1.34

]

, Bm9h10
long =

[

−0.2757 −0.05226

−37.36 −7.247

]�+X�q2Wz$�m_��:P�{
TG�:P�$�(q_
�+����:P�&V�$�G(q_
WKw*�&�GSP_
 Am7h14
long �^{~[� 14km, �
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 A 8����,K℄ F-18 C.2wQMu��0r�X=K;�8 r(t) = 1rad/s, S = 1, N = 3, C1 = C2 = C3 = [0 1], υ1 = υ2 = υ3 = 1.℄$� (27), �a�� 1 K;2G'G�'r�/�`_
 Ks; 8��_
 F =

diag{f1, f2}, 0 6 f1 6 1.2, f2 = 1, α1 = α2 = 1, �T~ 2 ℄$� (27) K;2G'Gmh�0r�/�`_
 Kr.

Ks =

[

−10.8704 −4.2619 6.4305

52.7429 17.1573 −31.2326

]

, Kr =

[

0 0 0.0001

−2.5210 −4.4346 1.5976

]'�K℄�'�0r�$��mh�0r�$�X=�P���=/#dN��V��'�0r�$��mh�0r�$�{0dGr�/:h'Z%[,℄dG�)$�JY�T�2j2 Sy(t) %
JY�0(f9� r(t), G� 1�� 2 x^�
� 1 �(�1t�&
$eP��xRNv��17/

Fig. 1 The pitch rate tracking curve of standard

control with no fault

� 2 oj�1t�&
$eP��xRNv��17/
Fig. 2 The pitch rate tracking curve of reliable

control with no fault*AT�=/dN�� F = diag{0, 1}, ,�mG����=/NX��D7QLaG�=2	�;S7��=/N
��D7l�}G)$M�=2	�dNB!���5V�k�'r�/	-G�)$�KS:�T (� 3); ?kmh�0r�/	-G�)$�C?JY�T�2j2 Sy(t) %
JY�0(f9� r(t), G� 4 x^�
� 3 �(�1t�&
eP��xRNv��17/

Fig. 3 The pitch rate tracking curve of standard

control with fault

� 4 oj�1t�&
eP��xRNv��17/
Fig. 4 The pitch rate tracking curve of reliable

control with fault
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