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Abstract: Considering a class of polytopic continuous linear uncertain systems, the sign stability condition is researched
in order to explore a new robust control design approach for uncertain systems. On the basis of the definition and necessary
conditions for the sign stability of matrix, the sign stability of matrix set is defined, and the concept of complete isogenous
sign stable set is presented. Then the necessary and sufficient condition of sign stability for the polytopic uncertain systems
is acquired. The relationship between the eigenroots and principal diagonal elements of sign stable polytopic uncertain
systems is analyzed, and the state feedback stabilization control synthesis approach based on sign stability is provided.
Compared with the robust control technique based on Lyapunov function method, the achieved approach avoids the resolu-
tion of the linear matrix inequalities and accords with the engineering practice. A computation and simulation example of
satellite attitude control problem is given to validate the proposed method.

Key words: sign stability; control synthesis; uncertain systems; attitude control

1 ÚÚÚóóó(Introduction)
ÎÒ­½�Vg�@Ñy3)�XÚ+�,3�

5��)�XÚ¥,«+êþÉõ«Ï�K��"�
°(�ï��{,�%¥yÑér�­½5Ú|Z6
Uå,ùr¦ïÄ<
|^ÎÒ­½ù«½5�{©
ÛØÓ)Ô«+�m�Ä�CzL§[1–3]. 3þãï
ÄÄ:þ,XÚ�Æ+���'ÆöÏL©Ûä�'
Ý
�ÎÒA�5ïÄÄ�XÚ�½5­½5,¿�
�
�½�ïÄ¤J[4–6]. ù«ÎÒ­½�{ÏL©
Û�½Ý
�� �þ���ÎÒ,5�ä�TÝ

äk�ÓÎÒ/ª�?¿Ý
�­½5.

3��nØÚ��ó§+�,AO´Ø(½XÚ
�°����{ïÄ¥,ÎÒ­½�{�Åì��

�½�­ÀÚA^. 8c, Lyapunov­½5nØÚÄ
u�5Ý
Ø�ª����{´ëêØ(½XÚ°

�©Û���nÜ�Ì6ïÄ�{[7–12]. ,
,ØØ
´�¦Ø(½XÚäkú�Lyapunov¼ê��g­
½5,�´Lyapunov¼ê�Ø(½5�'é�ëê�
6­½5,3¢Só§¥Ek¯KI�)û. ù´Ï
���¡,�XXÚE,Ý�O\,�5Ý
Ø�ª
��)5Ã{�y;,��¡,Äu�5Ý
Ø�ª
���ì¦)�{ØUU«®k�²;���O²
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�. ±þÏ�¦�ù
�{�ó§þ2�A^�/l
�ü:�O+3���nÜ0��OµeEk«O§
l
��
Ù3¢Só§¥�A^.

duÎÒ­½5�XÚÝ
���ê���Ã',
äk�«U,�°�5,Ïd�Ø(½Ä�XÚ�°
����{Jø
�^#�g´,=ÏL��XÚÝ

���ÎÒ¢yØ(½XÚ�°�	½. ù«�{
Ø�{ü!�*,��½§ÝþU
U«²;�{�
�O²�. ©z[13]|^ÎÒ­½�é�a¶é¡¥
(�O
�«n¶^�	½��ì,ÏLò4�XÚ
Ý
���Ï"�ÎÒÝ
.,�y¥(3^=��
Ý�ÌØ(½Cz��°�­½. ©z[14–15]©Û

Ý
��ÎÒéuXÚ4:�á5�K�,ïÄ

÷v�½5U�¦�4�XÚÎÒÝ
��O,�Ñ

�G��"e4�XÚÎÒ����^�ÚéA

���ì�O�{,¿ÏL¥(^���XÚÚ�Å
îý���XÚ�y
�{�k�5.

þãïÄ�ÎÒ­½5�{3��ó§¥�A^

C½
nØÄ:,�´¤?ØÚ)û�XÚØ(½5
¯K�'�{ü. 3þãÎÒ­½5�{Ä:þ,©
z[16]�é�aäk(�zëêØ(½5��5�Ø
CXÚJÑ
�«#�°���ì�O�{. T�{
JÑ�4�XÚÝ
8Ü÷v�½�(�A��,�
±�yXÚéu¢ëê�Ääk�½�°�5. ©
z[17]?�ÚJÑ
½5°�5�Vg,¿�é�a
AÏ�«mëêÝ
,ïÄ
°���ì�O�{.
(ØL²�XÚ�º:Ý
ÎÒ­½�÷v�½^

��,��y«mëêÝ
�°�­½5.

þã(J3ÄuÎÒ­½�°���ïÄ¥k¤

â»,�´¤�Ä�Ø(½é��.��AÏ,Øä
k��5,�"yXÚ5���ì�O�Y.�'�
e,�©¤æ^�àõ¡NØ(½XÚ´�«��g
,�A^2��XÚØ(½5£ã�ª. �éùaX
ÚÎÒ­½5^��ïÄU
�Ø(½XÚJø�

«�ÊH�°����{. Ød�	,éuØ(½X
Ú���nÜ¯K,3DÚ�Lyapunov­½¿Âe,
àõ¡N��º:­½¿ØU�yØ(½XÚ�°

�­½;�'�e,ÎÒ­½53�½^�eéuà
|Ü$�äkµ45,=�º:�ÎÒ­½U
�y
Ùà|Ü�ÎÒ­½5,ù���O�aäk/l�
ü:�O+3���nÜ0�Oµe�#.°���
ìnÜ�{Jø
�U.

�©lþã©ÛÑu,ïÄ
àõ¡NØ(½X
ÚÎÒ­½�¿�^�,JÑ����{�±é�º
:fXÚ?1Õá©ÛÚ�O,2?1��XÚnÜ,
�����ìØ=lnØþ�y
XÚ�­½5,

�l4:����Ý�y
XÚ5U.

2 ¯̄̄KKKJJJÑÑÑ(Problem statement)
�!Äk�ÑÝ
ÎÒ­½�½ÂÚ�â,?�

ÚJÑÝ
8ÜÚØ(½XÚÎÒ­½�½Â,JÑ
àõ¡NØ(½XÚÎÒ­½5©ÛÚ��nÜ�

Ì�¯K.

éun× n�¢Ý
A = (aij)n×n,=�3Ù��
��ÎÒsgn aij ,dd|¤�Ý
¡�Ý
A�ÎÒ

.,P�sgnA. ÎÒ.�±À��aAÏ�Ý
,Ù
��þdÎÒ+, −,½0|¤.

½½½ÂÂÂ 1[6] XJ�¢Ý
A = (aij)n×nk�ÓÎ

Ò.�?¿¢Ý
BÑ´­½�,K¡A´ÎÒ­½

�,Ó��¡Ý
A�ÎÒ.sgnA´ÎÒ­½�.

�'©z¥�Ñ
Ý
ÎÒ­½�¿�^�,ù
p±Ún��ª�ÑÝ
ÎÒ­½�7�^���

�©Ì�(Ø�Ä:.

ÚÚÚnnn 1[6] Ý
A = (aij)n×nÎÒ­½�7�^

�Xe:

1) ∀i, aii 6 0;

2) ���3��i¦�aii < 0;

3) ∀i 6= j, aijaji 6 0;

4) éu¹3�½3�±þ���?¿eIS� i, j,

k, · · · , q, r,Ñkaijajk · · · aqrari = 0;

5) det A 6= 0.

þãÚn�´Ý
ÎÒ­½�7�^�,éuÝ

ÎÒ­½��â, Jeffries��Ñ
�«æÚÿÁ
{[6],I�`²�´�©�Y�Ý
ÎÒ­½�½þ
¦^þã�{?1.

aq/,�±�ÑÝ
8Ü�ÎÒ.±9ÎÒ­
½�½Â.½ÂÝ
8Ü{Ai, i ∈ Γ}�ÎÒ.8Ü
� sgn{Ai}={Si|Si =sgnAi, i∈Γ}. �ÄÝ
8Ü
{Ai, i∈Γ}Ú {Bj, j ∈ ∆},XJ∀i ∈ Γ ,ÑksgnAi

∈ sgn{Bj},�∀j ∈ ∆,Ñk sgnBj∈sgn{Ai},K¡
Ý
8Ü{Ai, i∈Γ}Ú{Bj, j∈∆}äk�Ó�ÎÒ
.8Ü.

½½½ÂÂÂ 2 �½Ý
8Ü{Ai, i∈Γ},XJ∀i∈Γ ,
Ai´ÎÒ­½�,K¡Ý
8Ü{Ai}´ÎÒ­½�,
�¡ÎÒ.8Üsgn{Ai}´ÎÒ­½�.

?�Ú�Äàõ¡N/ª�Ø(½XÚ,ÙG�
�§Xe¤«:




ẋ(t) = A(θ)x(t), A(θ) =
N∑

i=1

θiAi,

θ ∈ Ω := {(θ1, · · · , θN)|
N∑

i=1

θi = 1, θi > 0}.
(1)

éuª(1)£ã�àõ¡NØ(½XÚ,Ó��±
�ÑÙÎÒ­½�½Â.
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½½½ÂÂÂ 3 XJ∀θ ∈ Ω, A(θ)Ñ´ÎÒ­½�,K
¡àõ¡NØ(½XÚ(1)´ÎÒ­½�.

d½Â3ØJwÑ,éu?¿�½�ÎÒ­½àõ
¡NØ(½XÚ,Ù7,´Hurwitz­½�. Ó�,d
àõ¡NØ(½XÚ�½Â��, ∀i ∈ {1, · · · , N},
ÑkAi´ÎÒ­½�,=Ai�ÎÒ.sgnAi´ÎÒ­

½�. dþã©ÛØJ�Ñ±eÚn.

ÚÚÚnnn 2 XJàõ¡NØ(½XÚ(1)´ÎÒ­
½�,KXÚ(1)�º:Ý
8Ü{Ai, i=1,· · ·, N}´
ÎÒ­½�.

yyy XJXÚ(1)´ÎÒ­½�,Kd½Â3��,
∀θ ∈ Ω, A(θ)þ´ÎÒ­½�. K-θ1 =1,�-θ2 =
θ3 = · · · = θN = 0,��A1´ÎÒ­½�,Ón´�
∀i ∈ {1, · · · , N}, Aiþ´ÎÒ­½�,=XÚ(1)�º
:Ý
8Ü{Ai, i = 1, · · · , N}´ÎÒ­½�.

3þãnØÄ:þ,�©Ì�ïÄàõ¡NØ(
½XÚ(1)ÎÒ­½�¿�^�,¿lÎÒ­½�Ý�
ÑXÚ(1)�G��"	½��ì�O�{.

3 ÌÌÌ���(((JJJ(Main results)
3.1 ØØØ(((½½½XXXÚÚÚ���ÎÎÎÒÒÒ­­­½½½555©©©ÛÛÛ(Sign stability

analysis for uncertain systems)
½½½ÂÂÂ 4 éu�½�ÎÒ.8Üsgn{Ai, i∈Γ},

XJÙ�ÎÒ.¥��Ó �?���÷veã^

���,K¡�ÎÒ.Ó
,¡TÎÒ.8Ü���
Ó
8.

1) ���äk�Ó�ÎÒ(¹0��,=@�0�
?¿ÎÒÓÒ);

2) ���þ�0;

3) �T �'uÌé��é¡ �?����
þ�0.

ª(2)�Ñ
��3× 3�Ó
ÎÒ.8Ü:





−+ +
− 0 −
0 +−


 ,



− 0 +
−−−
0 0 −


 ,




0 +−
−− 0
0 +−








. (2)

�Ä��®��Ó
ÎÒ.8Ü,½ÂÙ��Î
Ò.¿$�Xe: 1)XJ�ÎÒ.Ó� �?���
��,��ÓÎÒ½0,K¿$�(JéA �?�
���TÎÒ(�0); 2)XJ�ÎÒ.Ó� �?��
��þ�0,K¿$�(JéA �?����0;
3)XJ�ÎÒ.Ó� �?����ÉÒ,K¿$�
(JéA �?���P�∗,L«��?¿ÎÒ.

½Âþã¿$�(J�TÓ
ÎÒ.8Ü�
Î

Ò.,ØJwÑ¤��
ÎÒ.�U®3�8Ü¥,
��U���#�ÎÒ.���8Ü¥�ÎÒ.Ó


. 8Ü(2)�
ÎÒ.Xe:



− + ∗
− − −
0 + −


 (3)

dÎÒ.Ó
�½Â�±wÑ,±þã
ÎÒ.
�Ä:,òÙÜ©�"��O��0,�±��#�Ó

ÎÒ.. ?
�±�ÑdT
ÎÒ.)¤�¤kÓ

ÎÒ.,¿ò�8Ü*Ð���#�Ó
8Ü,¡
�T
ÎÒ.���Ó
8. w,,3þã���Ó

8¥,÷vÎÒ­½^��ÎÒ.â´ïÄ�­:,
Ïd�±lT8Ü¥ÀÑ¤kÎÒ­½�ÎÒ.,¿
��#�8Ü½Â.

½½½ÂÂÂ 5 XJ��ÎÒ.8Üd��ÎÒ­½

�
ÎÒ.,±9¤kdT
ÎÒ.)¤�ÎÒ­½
�ÎÒ.|¤,K¡TÎÒ.8Ü���Ó
­½8.

555 1 I�`²�´∗�L�Ø(½��¿ØK�Î
Ò­½5,Ù�Ï3u∗7L�0��'uÌé��é¡Ñy,

üö�¦È©ª�0,ØK�ÎÒ­½5.

e¡ÏL½n�Ñàõ¡NØ(½XÚÎÒ­½

�¿©7�^�,¿JÑ�«�EÎÒ­½Ø(½X
Ú��{.

½½½nnn 1 àõ¡NØ(½XÚ(1)ÎÒ­½�¿
©7�^�´XÚ(1)�º:Ý
ÎÒ.8Üsgn{Ai,

i = 1, · · · , N}�,���Ó
­½8�f8.

yyy ky7�5,dÚn2��XÚ(1)�º:Ý

ÎÒ.8Üsgn{Ai, i = 1, · · · , N}´ÎÒ­½�.

´�∀θ ∈ Ω, A(θ)=
N∑

i=1

θiAiÎÒ­½,Ø��θ3 =

θ4 = · · · = θN = 0,Kk

A(θ)=θ1A1 + θ2A2, θ1 >0, θ2 > 0, θ1 + θ2 = 1.

(4)

½Âri,j�Ý
A(θ)1i11j����, a∼k
i,j�Ý


8Ü{Ai, i ∈ Γ}¥1k�Ý
1i11j����,
Kk

ri,j = θ1a
∼1
i,j + θ2a

∼2
i,j , (5)

KdÚn1�^�3)��,éu∀i 6= j,k

ri,jrj,i =(θ1a
∼1
i,j +θ2a

∼2
i,j )(θ1a

∼1
j,i +θ2a

∼2
j,i ) 6 0. (6)

e¡©�¹?Ø.

1) éuri,jrj,i = 0��¹,Ï�θ1Úθ2�?¿5,
K7ka∼1

i,j = a∼2
i,j = 0½ a∼1

j,i = a∼2
j,i = 0,=∀p 6= q,

∀i 6= j, a∼p
i,j = a∼q

i,j = 0½a∼p
j,i = a∼q

j,i = 0.

2) éuri,jrj,i <0��¹,Ø���5,-θ1 =θ2,
��

(a∼1
i,j + a∼2

i,j )(a∼1
j,i + a∼2

j,i ) < 0, ∀i 6= j, (7)
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=éu∀i 6= j,k

a∼1
i,j a∼1

j,i + a∼2
i,j a∼1

j,i + a∼1
i,j a∼2

j,i + a∼2
i,j a∼2

j,i < 0. (8)

�Ä�����ýé��?¿��,-
∣∣a∼1

i,j

∣∣ =
∣∣a∼2

j,i

∣∣ ,
∣∣a∼2

i,j

∣∣ =
∣∣a∼1

j,i

∣∣ , (9)

�� 



a∼1
i,j a∼1

j,i = sgn(a∼1
j,i a

∼2
i,j )a∼1

i,j a∼2
i,j ,

a∼2
i,j a∼1

j,i = sgn(a∼1
j,i a

∼2
i,j )(a∼2

i,j )2,

a∼1
i,j a∼2

j,i = sgn(a∼1
i,j a∼2

j,i )(a
∼1
i,j )2,

a∼2
i,j a∼2

j,i = sgn(a∼1
i,j a∼2

j,i )a
∼1
i,j a∼2

i,j .

(10)

dÚn 1�^�3)��a∼1
i,jÚa∼1

j,i�Ò(�)0),�

a∼2
i,jÚa∼2

j,i�Ò(�) 0). K7k a∼1
i,j a∼2

j,i Ú a∼1
j,i a

∼2
i,j Ó

Ò,=sgn(a∼1
i,j a∼2

j,i ) = sgn(a∼1
j,i a

∼2
i,j ). Kª(8)���

sgn(a∼1
i,j a∼2

j,i )(a
∼1
i,j a∼2

i,j + (a∼2
i,j )2 +

(a∼1
i,j )2 + a∼1

i,j a∼2
i,j ) < 0, ∀i 6= j, (11)

=

sgn(a∼1
i,j a∼2

j,i )(a
∼1
i,j + a∼2

i,j )2 < 0, ∀i 6= j. (12)

��yþªéa∼1
i,jÚa∼2

i,j�?¿��Ñ¤á,Ka∼1
i,jÚ

a∼2
j,i7L�Ò,Ïd, a∼1

i,jÚa∼2
i,j7LÓÒ(�)0),=

a∼1
i,j a∼2

i,j > 0,�=

∀p 6= q, ∀i 6= j, a∼p
i,j a∼q

i,j > 0. (13)

nÜþãü«�¹��éu∀p 6= q, ∀i 6= j,k
a∼p

i,j = a∼q
i,j = 0,½a∼p

j,i = a∼q
j,i = 0,½a∼p

i,j a∼q
i,j > 0.

ØJwÑ1)−2)ü«�¹éA
½Â4¥�3�^
�,=ÎÒ­½�àõ¡NØ(½XÚ(1)�º:Ý

ÎÒ.8Ü7´Ó
8. �dÓ
8�
ÎÒ.�
sgnAs,Kd θ�?¿5��7�3 θs ∈ Ω¦�

sgn(A(θs)) = sgnAs,Ïd
ÎÒ.sgnAsÎÒ­

½. ?�Úd½Â5��,XÚ(1)�º:Ý
ÎÒ.
8Ü7´±sgnAs�
ÎÒ.���Ó
­½8�

f8.

2y¿©5,XJàõ¡NØ(½XÚ(1)�º:
Ý
ÎÒ.8Ü´,���Ó
­½8�f8,K�
º:�ÎÒ.Ó
�ÎÒ­½,Kd��Ó
­½8

�½Â´�,éu?¿�θ∗ ∈ Ω, A(θ∗) =
N∑

i=1

θ∗i Ai�

ÎÒ.áuT��Ó
­½8,ÏdA(θ∗)´ÎÒ­
½�. y..

|^½n1�±�½���½�àõ¡NØ(½
XÚ´ÄÎÒ­½,��±d��Ó
­½8�Vg
�ï��ÎÒ­½�àõ¡NØ(½XÚ.

du��Ó
­½8�±ÏLÙ
ÎÒ.)¤,
Ïd,�é(½�ê�Ý
,Ïé��ÎÒ­½�

ÎÒ.´�ï��Ó
­½8�'�.ØJwÑ,�

¦��ï���Ó
­½8k¦�Uõ�ÎÒ.,

¤À��
ÎÒ.A¹k¦�U��0��.Ïd,Ï
~ò
ÎÒ.�¤ké����þ��−,�é��
��¦�Uõ���+−é. ±2× 2Ý
�~,ª(14)
¥�8Ü�Ñ
��Ó
­½8���«~,�8Ü
¥�11����
ÎÒ.:{[

−+
−−

]
,

[
0 +
−−

]
,

[
−+
− 0

]
,

[
−+
0 −

]
,

[
− 0
−−

]
,

[
− 0
0 −

]}
.

(14)

I�`²�´2× 2Ý
���Ó
­½8Ø�
þã«~,¯¢þ,ª(14)¥�15Ú16ü�ÎÒ.
�|¤����Ó
­½8,�±15�ÎÒ.�

ÎÒ..

dª(14)��, 2× 2�ÎÒ­½Ý
¥0��Ø´
7I�. 
éu3× 3Ý
A = (aij)3×3 ,dÚn1�
^�4)��,�é����¥A��¹kü�0��,
l
�ya12a23a31 = 0� a13a32a21 = 0. ?�Ú©
Û��,Xª(15)¤«,dÎÒ&Ú#©O�L�üa
�é�� �A©O¹k����0��:


− & #
# − &
& # −


 . (15)

éu�ê�p�Ý
Ó�kaq�(Ø,Ïd3
ÀJ
ÎÒ.�,I�3÷vþã^��Ä:þ,�
Ä�é�������.éu3× 3Ý
���Ó
­
½8,�©14!ò�Ñ«~.

3.2 ÄÄÄuuuÎÎÎÒÒÒ­­­½½½���������nnnÜÜÜ(Control synthesis
based on sign stability)
±e?�Ú©Ûàõ¡NØ(½XÚ�A��©

ÙA:,¿�ÑXÚÄuÎÒ­½�G��"	½�
�ìnÜ�{.

ÚÚÚnnn 3[15] éu¤kÎÒ­½�Ìé����

þ�K�n× n¢Ý
A = (aij)n×n,Ù¤kA��
�¢Ük.�÷v: A��¢Üýé��e.´¤k
é����ýé�����,A��¢Üýé��þ
.´¤ké����ýé�����.=

|ai,i|min 6 |Re(λi)|min 6 |Re(λi)|max 6 |ai,i|max,

(16)

�éuA = (aij)n×nÜ©Ìé�����0��¹,
k

0 < |Re(λi)|min 6 |Re(λi)|max 6 |ai,i|max. (17)

dþãÚn´�,éun× n¢Ý
A=(aij)n×n,
eÙÎÒ­½,KA�������dÌé��þ�
�����½,éuàõ¡NØ(½XÚ(1),Ó��
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±¼�aq�(Ø.

½½½nnn 2 �Ä®��ÎÒ­½àõ¡NØ(½

XÚ(1),éu?¿�θ∗ ∈ Ω, A(θ∗) =
N∑

i=1

θ∗i Ai�¤

kA��λ∗1, λ
∗
2, · · · , λ∗n�¢Ük.�÷v: e¤k

º:Ý
�Ìé����þ�K,Kk |a∼k
i,i |min 6

|Re(λ∗i )|min 6 |Re(λ∗i )|max 6 |a∼k
i,i |max;eÜ©Ìé

�����0,Kk

0< |Re(λ∗i )|min 6 |Re(λ∗i )|max 6 |a∼k
i,i |max,

Ù¥a∼k
i,i�º:Ý
Ak �1i�é����.

yyy dÚn 3��,éuÎÒ­½�àõ¡NØ
(½XÚ (1),kª (16)½ª (17)¤á,qd ai,i =
N∑

k=1

θka
∼k
i,i´�½n2¤á. y..

½n2`²éuàõ¡NØ(½XÚ�4:¢Ü
����±ÏL�º:4�XÚÝ
�é����

5¢y,�|^Ìé����N!XÚ�5UJø

�U.

e¡�Ñ|^ÎÒ­½5�Oàõ¡NØ(½X

Ú(1)�G��"	½��ì�Ú½:

ÚÚÚ½½½ 1 �âàõ¡NØ(½XÚº:�XÚ

Ý
Ú��Ý
��êÚA:,ÀJ��ÎÒ­½�

ÎÒ.9ÙéA���Ó
­½8;

ÚÚÚ½½½ 2 ©O�é�º:�OG��"��ì

¦��º:�4�XÚÝ
äkþã��Ó
­½

8¥�ÎÒ.,¿�ÏL��Ìé����(½�A
��¢Ü�����;

ÚÚÚ½½½ 3 éu?¿®��Ø(½ëêθ∗,|^e
ã���{¼�àõ¡NØ(½XÚ(1)���ìO
ÃK(θ∗):

K(θ∗) = (
N∑

i=1

θ∗i Bi)+(
N∑

i=1

θ∗i BiKi), (18)

Ù¥ (
N∑

i=1

θ∗i Bi)+�
N∑

i=1

θ∗i Bi�2Â_,Ó��¦

N∑
i=1

θ∗i Bi1÷�.

dþã�OÚ½��,éuàõ¡NØ(½XÚ
(1),Ù4�XÚÝ
÷v

Ac(θ∗) =
N∑

i=1

θ∗i Ai + (
N∑

i=1

θ∗i Bi)K(θ∗) =

N∑
i=1

θ∗i Ai + (
N∑

i=1

θ∗i Bi)(
N∑

i=1

θ∗i Bi)+(
N∑

i=1

θ∗i BiKi) =

N∑
i=1

θ∗i (Ai + BiKi) =

N∑
i=1

θ∗i Aci, (19)

Ù¥: Aci��º:�4�XÚÝ
,�ÙÎÒ.8
sgn{Aci}�,���Ó
­½8�f8,Kd½n1
��, Ac(θ∗)ÎÒ­½,Ïdþã�OÚ½�¤
à
õ¡NØ(½XÚ�ÎÒ­½��nÜ.

4 ���~~~���yyy(Example validation)
4.1 êêê������~~~(Computation example)
�ÄXe�àõ¡NØ(½XÚ(20):



A1 =

[
1.2 0.5
5.3 −3.4

]
, A2 =

[
−1.8 −2.5
0.6 4.2

]
,

B1 =

[
1 0
−2 1

]
, B2 =

[
1 −1
0 1

]
.

(20)

�â�º:�XÚÝ
A�,ÀJª(21)¤«�

ÎÒ.,¿|^dÙ)¤���Ó
­½8éþã
Ø(½XÚ?1G��"	½��.¯¢þ,ùp¿
ØI��Ñª(21)éA���Ó
­½8,
�I�
ÑT8Ü¥¤I�Ü©ÎÒ.=�.Xª(22)¤«,
sgn Ac1ÚsgnAc2©O�ü�º:4�XÚ�8IÎ

Ò.. [
− −
+ −

]
, (21)

sgnAc1 =

[
− 0
+ −

]
, sgnAc2 =

[
− −
0 −

]
. (22)

²LO�,ÏLª(23)¤«�G��"OÃÝ

K1ÚK2�±òXÚ(20)º:�4�XÚÝ
���
ª(22)¤«�8IÎÒ.. ?�ÚA^�©�Ì�(
Ø��,4�Ø(½XÚäk/Xª(21)�ÎÒ.,�
´ÎÒ­½�,l
�¤
àõ¡NØ(½XÚ(20)
�	½��.

K1 =

[
−2 −0.5
0 0

]
,K2 =

[
0 0

−0.6 −5.5

]
. (23)

4.2 AAA^̂̂¢¢¢~~~(Application example)
�?�Ú�y�©¤J��{,�Ä�aé/½

�n¶­½¥(�^���¯K,er¥(w�fN,
ÙEÄ!:�Ú Ê3�^��©OP�φ, θÚψ,K
3^��Ú^���Ýé���¹e,kXe�^�
ÄåÆ�§:




Ixφ̈ + (Iz − Iy)ω0ψ̇ = Lx,

Iyθ̈ = Ly,

Izψ̈ + (Iy − Ix)ω0φ̇ = Lz,

(24)

Ù¥: Lx, Ly, Lz´	åÝ3¥(�N�IX¥�3�
©þ; Ix, Iy, Iz´¥(�3�Ì.þ; ω0´¥(�;�

��Ý.òþã^�ÄåÆ�§���5G��§/
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ª:
ẋ(t) = Ax(t) + Bu(t), (25)

Ù¥: x(t) = [φ̇ θ̇ ψ̇]T´XÚ�G��þ; u(t) =
[Lx Ly Lz]T´���þ;XÚÝ
AÚ��Ý
B

©O�

A=




0 0 ω0(Iy−Iz)/Ix

0 0 0
ω0(Ix−Iy)/Iz 0 0


 ,

B =




1/Ix 0 0
0 1/Iy 0
0 0 1/Iz


 .

(26)

�ω0 = 1×10−3 rad/s; Ix = 9×103 kg·m2; Iz =
7× 103 kg ·m2; Iy = 7× 103 kg ·m2. ��yÎÒ­
½5�{3àõ¡NØ(½XÚ¥�A^,éIy�

±10%�ëê �,dd��äk4�º:�àõ¡N
Ø(½XÚXe:

A1 = A3 =




0 0 7.78× 10−5

0 0 0
1.86× 10−4 0 0


 ,

A2 = A4 =




0 0 −7.78× 10−5

0 0 0
3.86× 10−4 0 0


 ,

B1 =B2 =




1.11×10−4 0 0
0 1.30×10−4 0
0 0 1.43×10−4


 ,

B3 =B4 =




1.11×10−4 0 0
0 1.59×10−4 0
0 0 1.43×10−4


 .

e¡ÏLcã�ÎÒ­½��nÜÚ½�Ñ¥(

^���XÚ�G��"	½��ì�O�{. Äk
ÀJØ(½4�XÚ�
ÎÒ.Xe:


− ∗ ∗
0 − +
0 − −


 . (27)

|^æÚÿÁ{��ÎÒ­½�â�±��

ª(27)éA���Ó
­½8Xª(28)¤«,Ù¥∗E
�L�U�+,−½0�Ø(½ÎÒ.du∗��3,
ª(28)¥���¢Sþ©O�¹
9(= 3× 3)�ÎÒ
.,Ïd8Ü¥oOk54(= 6× 9)�ÎÒ.:





− ∗ ∗
0 − +
0 − −


 ,



− ∗ ∗
0 0 +
0 − −


 ,



− ∗ ∗
0 − +
0 − 0






− ∗ ∗
0 − 0
0 − −


 ,



− ∗ ∗
0 − +
0 0 −


 ,



− ∗ ∗
0 − 0
0 0 −








.

(28)

I�`²�´,�^∗�L?¿ÎÒ�,þã8Ü
¥�ÎÒ.�111Ú11�þØ�UC,=��Ó

­½8dme��2× 2Ý
¬(½. ¢Sþ,TÝ

¬TÐ�ª(14)¥���Ó
­½8�Ó.
ÀJàõ¡NØ(½XÚ4�º:�4�XÚÝ


Ac1, Ac2, Ac3, Ac4©OäkXe�ÎÒ.,Ó��
Ìé����þ�−0.7.

sgnAc1 = sgnAc3 =



−0.7 ∗ +

0 −0.7 +
0 − −0.7


 ,

sgnAc2 = sgnAc4 =



−0.7 ∗ −

0 −0.7 +
0 − −0.7


 .

(Ü�º:�XÚÝ
Ú��Ý
,´)�Ñ�
|÷v�¦�G��"OÃÝ
Xe¤«:

K1 =



−6306.3 0 1000

0 −5384.6 1
−1.301 −1 −4895.1


 ,

K2 =



−6306.3 0 −1000

0 −5384.6 1
−2.699 −1 −4895.1


 ,

K3 =



−6306.3 0 1000

0 −4402.5 1
−1.301 −1 −4895.1


 ,

K4 =



−6306.3 0 −1000

0 −4402.5 1
−2.699 −1 −4895.1


 .

d�,éA�º:4�XÚÝ
�

Ac1 =



−0.7 0 0.1111

0 −0.7 1.30× 10−4

0 −1.43× 10−4 −0.7


 ,

Ac2 =



−0.7 0 −0.1111

0 −0.7 1.30× 10−4

0 −1.43× 10−4 −0.7


 ,

Ac3 =



−0.7 0 0.1111

0 −0.7 1.59× 10−4

0 −1.43× 10−4 −0.7


 ,

Ac4 =



−0.7 0 −0.1111

0 −0.7 1.59× 10−4

0 −1.43× 10−4 −0.7


 .

éu¢Sÿ��ëêI∗y ,|^à©)�±��é
A�θ∗ = (θ∗1 , θ

∗
2 , θ

∗
3 , θ

∗
4),KØ(½XÚ�G��"

��OÃÝ
dª(18)(½.
~Xe�I∗y = 7.5× 103 kg ·m2,K�)�

θ∗1 = 0.7559, θ∗2 = 0.1261,

θ∗3 = 0.1011, θ∗4 = 0.0169,
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?�Ú��

K∗ =



−6306.3 0 714

0 −5246.5 1
−1.501 −1 −4895.1


 .

d�4�XÚÝ
�

A∗
c =



−0.7 0 7.93× 10−2

0 −0.7 1.33× 10−4

0 −1.43× 10−4 −0.7


 .

4�A���

ξ1 = −0.7,

ξ2 = −0.7 + 0.0001i,
ξ3 = −0.7− 0.0001i.

555 2 Ø(½4�XÚ�
ÎÒ.�ÀJ¿Ø��,

I�(Üm�XÚÝ
Ú��Ý
�A:?1ÀJ,ÙÄ�

�K´¦éXÚÝ
� �ÎÒ�UÄ¦�U��,�~�

`²Ó
ÎÒ.3­½5©Û¥�`³,ÀJ
cã�
Î

Ò.,¿�{z$�,ü$
ê��E,Ý.

?�Ú3àõ¡NSÀ�õ�Ø(½fXÚ,=
é Iy�õ|ØÓ�ëê � (0,±2%,±4%,±6%,
±8%),¿ÏLþã�{)�G��"��ì,��ý
Ð�� φ̇0 = 0.001 rad/s, θ̇0 = −0.001 rad/s, ψ̇0 =
0.002 rad/s,é�XÚ?1�ý,�ý(J­�Xã
1−3¤«.

ã 1 E=��Ýφ̇

Fig. 1 Roll angular rate φ̇

ã 2 :���Ýθ̇

Fig. 2 Pitch angular rate θ̇

ã 3  Ê��Ýψ̇

Fig. 3 Yaw angular rate ψ̇

X^���Ý�A­�¤«,éAuIy�õ|Ø

Ó�ëê ��,¥(�3�^��ÑU¯�Âñ,
ÉIyëêØ(½5�K�,E=��Ýφ̇�Âñ­�

Ñk�É,�Ä�Âñª³��,:���Ýθ̇Ú Ê

��Ýψ̇�­���­Ü,`²
�©¤J�{éu
Ø(½XÚ��ì�O�k�5.

3þã�ý©ÛÄ:þ,ò�©¤J�{9ÙA
^�©z[13]¥��5½~XÚÎÒ­½A^¢~�
é'. du©z[13]¥�ÎÒ­½���Y�¦¤�
O�4�XÚäkü��ÎÒ.,¦Ù=U·AÜ©
ëê�Ø(½5,3�A�A^¢~¥,T�{=é
¥(;���Ýω0�Czäk°�5,��¦ω0�Î

Ò�±ØC,��
T�{�?�ÚA^. �'�e,
�©JÑ�ÎÒ­½°����{¡��aàõ¡

NØ(½XÚ,éuÎÜàõ¡N£ã�XÚëêØ
(½5þäk°�5,Ïdäk�2�A^��.

5 (((ØØØ(Conclusions)
�©ïÄ
�aàõ¡NØ(½XÚ�ÎÒ­½

5¯K,¿òÙA^uØ(½�5�ØCXÚ�°�
	½��.|^��Ó
­½ÎÒ.8Ü�VgJÑ

àõ¡NØ(½XÚÎÒ­½�¿©7�^�,?
�Ú|^ÎÒ­½éuà|Ü�µ45,�Ñ
Ø(
½XÚ�G��"ÎÒ	½���{. ¤����ì
Ø=lnØþ�y
Ø(½XÚ�°�­½5,
�
l4:����Ý�y
XÚ5U.¤J��{{
B!�*,ÎÜ/ü:�O+��nÜ0��Oµe,
�àõ¡NØ(½XÚ�©Û���nÜJø
�

«#�g´.
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