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Abstract: Stochastic distribution control (SDC) systems are a group of systems where the outputs considered are the
measured probability density functions (PDFs) of the system output whilst subjected to a normal crisp input. The purpose of
the control algorithm design of such systems is to choose a control input such that the output PDF of the system output can
follow a pre-specified PDF as close as possible. Using the rational square-root B-spline model to represent the dynamics
between the output PDF and the input,a nonlinear adaptive observer based fault diagnosis algorithm is proposed to diagnose
the fault in the dynamic part of the system in this paper. Through the controller reconfiguration,a good output PDF tracking
can still be realized when fault occurs,which has been shown to be able to enhance the reliability of the SDC system.
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1 ÚÚÚóóó(Introduction)
�
Jp¢S�ÅXÚ���5ÚS�5, �

ÅXÚ��æ�äÚN���¤���ó§ïÄ+

��­�|¤Ü©.��æÚÙ¦6ÄÑ\´�Å
Cþ�,Ì�küa�{?nùa�æ�ä¯Kµ
�´
uÚOnØ, ^q,'½��d�{¿(
Ü�
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�æ!Ñ\!ÑÑ½D(¿Ø�½Ñlpd©Ù.Ï
dïÄÑl�pd©Ù�ÅXÚ��æ�äÚN

���´ék7��.
�, 3¢S¥, �
XÚ�
ÑÑ�XÚÑÑ�VÇ�Ý¼ê,
Ø´¢S�Ñ
Ñ�.éùaXÚ5`�"���ÑÑ´�ÿ�Ñ
ÑVÇ�Ý¼ê. Ïd¡ùa�ÅXÚ��Å©Ù
XÚ.�÷Æ¬l1996cJÑ
�Å©Ù���V
g,���8I´��XÚÑÑVÇ�Ý¼ê�/
G.�O��ì¦XÚÑÑVÇ�Ý¼ê/G�l
�½VÇ�Ý¼ê,¿ïáõ«���{[14],�Ñ

���ÅXÚ���{éØ÷vpdÑ\b��

�ÅXÚòØ2U��ÑÑVÇ�Ý¼ê/G�

":.
3�Å©ÙXÚ��æuÿÚ�ä�¡, é�

5B�^�.��Å©ÙXÚ,©[10]ÄgJÑ�«
Äu*ÿì��æuÿ�{5uÿT�Å©ÙXÚ

¥u)��æ, �,�5B�^�.äk{ü�*
�A:, ��k�
":, X�Ä¼ê�ê���,
duê�°�5�f�U¦�"��¤�)���

ÑyK�.Ïd,I�JÑ#�%C�.5Jpê�
°�5.��qJÑ
knB�^�.!²��B�
^�.[14], Úkn²��B�^�.[15].²��B�
^�.�Ñ
�5B�^�.��k�ÑyK�
�f:,U���y3�"��¥ÑÑVÇ�Ý¼
ê��K5. �é²��B�^�.Ú�5B�^
�.5`,éæ^n�Ä¼ê�¼ê%C,¢Sþ�
kn − 1���´�pÕá�. knB�^�.�J
Ñ)û
ù�JK,§÷vVÇ�Ý¼ê3½Â�
SÈ©�1�^�.Ïd, n�Ä¼ê�¼ê��´�

pÕá�.�knB�^�.Ó���5
,��¯
K,=�����5ØU���y. kn²��B�
^�.nÜ
knB�^�.Ú²��B�^�.
�A:,Ù��Ñ´�pÕá�,����1�A�
´��«�.ÏdéT�.?1�æ�ä�ïÄ�
´ék¿Â�.â�ö¤�,8c�vk©z��L
�pd�ÅXÚ�N���,�©Áãé�pd�
ÅXÚ�N���?1&¢5�ïÄ.
�©éæ^kn²��B�^%C��pd�

Å©ÙXÚJÑ
�«Äu��5g·A*ÿì�

�æ�ä�{,�ä�{U¯��äÑXÚÑy�
�æ,¿äk�½�°�5.�¦��æu)�XÚ
�ÑÑVÇ�Ý¼êEU�l�½�©Ù,?1

XÚ��ì­|,3�O�Û�`�l��Æ��
ÿ�Ä��æ�K�,��
­|��ì,¿é�l
Ø��Âñ5¯K?1
©ÛÚy². 3­|��

Æ��^e,XÚ�ÑÑVÇ¼êEU�l�½�
©Ù,��
N���8�.

2 XXXÚÚÚ���...£££ããã(System model description)
Pη(t) ∈ [a, b]���k.�ÅL§¿b½Ù

��ÅXÚ3t���ÑÑ, ¿Pu(t) �äkÜ
·�ê���η(t)©Ù���Ñ\�þ. 3?
¿��, η(t)�©Ù�±^§�^�VÇ�Ý¼
êγ(y, u(t))5Lã,Ù½ÂªXeµ

P (a 6 η(t) < ξ|u(t)) =
w ξ

a
γ(y, u(t))dy.

Ù¥P (a 6 η(t) < ξ|u(t))L«XÚ3u(t)�^
eÑÑy(t)á3«m[a, ξ)S�VÇ; =η(t)�VÇ
�Ý¼êγ(y, u(t))�/G�du(t)��. b�«
m[a, b]®�, ÑÑVÇ�Ý¼êγ(y, u(t))ëY�
k., dB�^¼ê%C�n��[16], �±^X
ekn²��B�^�.[15]5%CVÇ�Ý¼

êγ(y, u(t)):√
γ(y, u(t)) =

n∑
i=1

ωiBi(y)/

√
n∑

i,j=1
ωiωj

w b

a
Bi(y)Bj(y)dy =

C(y)V√
V TEV

, ∀y ∈ [a, b]. (1)

Ù¥: Bi(y)(i = 1, 2, · · · , n, n > 2)´ýk�
½�Ä¼ê, ωi(i = 1, 2, · · · , n)´=Ú��Ñ
\u(t)�'�%C��, n´Ä¼ê��ê. C(y) =
[B1(y), B2(y), · · · , Bn(y)], E =

r b

a
CT(y)C(y)dy,

V = [ω1, ω2, · · · , ωn]T�V 6= 0.
b�dB�^��£ã�XÚÄ�Ü©U
L

«��5ëY½~XÚ,K¤�Ä�Ä�XÚ�L
«�{

V̇ (t) = AV (t) + Bu(t) + GF,√
γ(y, u(t)) = C(y)V (t)/

√
V (t)TEV (t).

(2)

Ù¥: {A,B, G}�®�kÜ·�ê�ëêÝ
,
F�LXÚ��æ,�XÚÃ�æ�F = 0. éT�
.5`,11��§´'uV (t), u(t)ÚF����5

Ä�'Xª,12��§�LXÚÑÑVÇ�Ý¼ê
�B�^L�ª.

3 ���æææuuuÿÿÿ(Fault detection)
�æuÿ�8/´|^XÚ(2)�Ñ\�

þu(t)ÚÑÑVÇ�Ý¼êγ(y, u(t))5uÿ�æF .
Ï�XÚdG��§L«,[^Äu*ÿì��æ
uÿ�{5uÿXÚ(2)��æ. �d, �âª(2)�
(�,�EXe�æuÿ*ÿì
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



˙̂
V = AV̂ + Bu(t) + Kd(t)εd(t),

εd(t) =
w b

a
(
√

γ̂ −√γ)dy,

√
γ̂(y, u(t)) = C(y)V̂ (t)/

√
V̂ T(t)EV̂ (t).

(3)

Ù¥: Kd(t)´��½�g·AOÃ, εd�*ÿì�

í�&Ò.-Ø��þ�

ed(t) = V̂ (t)− V (t). (4)

dª(2) (3)��e�Ø�XÚ�§



ėd = AV̂ (t) + Bu(t) + Kd(t)εd(t)−
AV (t)−Bu(t)−GF,

εd(t) =
w b

a
C(y)

( V̂ (t)√
V̂ T(t)EV̂ (t)

− V (t)√
V T(t)EV (t)

)
dy.

(5)

-Σ =
w b

a
C(y)dy, ¿�b�(A,Σ )´���*ÿ

é. K

εd(t) =
Σed√
V̂ TEV̂

+
ΣV√
V̂ TEV̂

− ΣV√
V TEV

. (6)

�
?�Ú©Ûª(5)�5�,Äk�ÑXeÚnµ
ÚÚÚ nnn é u(

√
V TEV −

√
V̂ TEV̂ )� 3 �

�λ(T1 6 |λ| 6 T2)¦�e��ª¤á:
√

V TEV −
√

V̂ TEV̂ =

λ(
√

V TV −
√

V̂ TV̂ ) = λ(‖V ‖ − ‖V̂ ‖). (7)

Ù ¥: T1 = λmin(E)/λmax(E), T2 =
λmax(E)/λmin(E).
yyy Äk�±y²

|
√

V TEV −
√

V̂ TEV̂ |= |V TEV −V̂ TEV̂ |
√

V TEV +
√

V̂ TEV̂
.

(8)
qÏV TEVÚV̂ TEV̂þ�Iþ,¤±

|
√

V TEV−
√

V̂ TEV̂ | =
‖(V−V̂ )E(V+V̂ )‖
√

V TEV+
√

V̂ TEV̂

λmin(E)√
λmax(E)

‖V TV−V̂ TV̂ ‖
√

V TV+
√

V̂ TV̂
6

|
√

V TEV−
√

V̂ TEV̂ |6 λmax(E)√
λmin(E)

‖V TV−V̂ TV̂ ‖
√

V TV+
√

V̂ TV̂
.

þªq�?�Ú��

λmin(E)√
λmax(E)

|(V TV − V̂ TV̂ )|
√

V TV +
√

V̂ TV̂
6

|
√

V TEV −
√

V̂ TEV̂ | 6
λmax(E)√
λmin(E)

(
|V TV − V̂ TV̂ |
√

V TV +
√

V̂ TV̂
). (9)

ùp�±y²

Ø�ªmà=λmax(E)/
√

λmin(E)|
√

V TV−
√

V̂ TV̂ |=
T2|
√

V TV−
√

V̂ TV̂ |,
Ø�ª�à=λmin(E)/

√
λmax(E)|

√
V TV−

√
V̂ TV̂ |=

T1|
√

V TV−
√

V̂ TV̂ |.
Ù¥:

T1 = λmin(E)/
√

λmax(E),

T2 = λmax(E)/
√

λmin(E).

Ïd,�3�~êλ(T1 6 |λ| 6 T2)¦�
√

V TEV −√
V̂ TEV̂ = λ(

√
V TV −

√
V̂ TV̂ ) = λ(‖V ‖−‖V̂ ‖).

y..
dª(2)Ú(3)�±?�Ú��e�Ø�Ä�

XÚ:

ėd(t) = Aed(t) + Kd(t)
Σed√
V̂ TEV̂

+

Kd(t)Σ(
V√

V̂ TEV̂
− V√

V TEV
)−GF.

(10)

Ï�(A,Σ )´���*ÿé,���3½~Ý
L¦

�H = A + LΣ��HurwitzÝ
. ùL²�3�½
Ý
P1 > 0ÚQ1 > 0¦�e�Lyapunov�§¤á:

HTP1 + P1H = −Q1. (11)

éª(10),ÀJ�C*ÿìOÃ�

Kd = L
√

V̂ TEV̂ . (12)

qdÚn���3λ1¦�
√

V TEV −
√

V̂ TEV̂ =
λ1(‖V ‖ − ‖V̂ ‖).ùL²�F = 0(XÚÃ�æ�),Ø
�Ä�XÚ(10)�?�Ú{z¤

ėd = (A + LΣ )ed + LΣV
λ1(‖V ‖ − ‖V̂ ‖)√

V TEV
. (13)

ù´����5Ø�XÚ. éuª(13)¤L«�Ø
�XÚ,��Xe/ª��g.Lyapunov¼ê

π =
1
2
eT

d P1ed. (14)

|^ª(13)�(�,���'uLyapunov¼êπ��

��ê�

π̇=−1
2
eT

d Q1ed+eT
d PLΣV

λ1(‖V̂ −ed‖−‖V̂ ‖)√
V TEV

6

−1
2
λQ1‖ed‖2 +

T2‖ed‖‖P1LΣ‖‖V ‖‖ed‖
‖V ‖

√
‖E‖ =

−1
2
(λQ1 −

2T2‖P1LΣ‖√
‖E‖ )‖ed‖2. (15)
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�e�^�÷v

λQ1 >
2T2‖P1LΣ‖√

‖E‖ (16)

9XÚÃ�æ�(F = 0), π̇ < 0,K lim
t→∞

ed(t) = 0.ù

L²�XÚÃ�æ�dª(10)∼(12)¤|¤�*ÿ
ì´ìC­½�. Ïd‖εd(t)‖ > τ�L²�æ®²

u)(F 6= 0),ùpτ(τ > 0)´�ýk�½����.
555 1 w,, é?��L ¦�ª(11)¤á¿Ø�½

U�yª(16)¤á, �éu?��é��LÝ
(L → 0),
�A´­½�Ý
�,·Kw,¤á.
dþ¡�í���äN�ÏéL�Ú½Xeµ

a) ^4:����{(½ÑL���Ð�,¦
�H�Hurwitz
,¿¦�U/¦Lé�(L → 0);

b) ? � � � � ½ Ý 
Q1, ) ª(11)¤ «
�Lyapunov�§,(½Ñ�½Ý
P1;

c) òL, P , Q1 �\�ª(16)¥�y, wª(16)´
Ä÷v, XØ÷v, K£�Ú½a)?1S�, ��
ª(11)Ú(16)Ñ÷v��.

4 ���æææ���äää(Fault diagnosis)
��XÚ�æ�uÿÑ5,ÒI�éXÚ?1�

æ�ä±�OÑ�æ���. �d,�EXe�ä*
ÿì:



V̇m(t) = AVm(t) + Bu(t) + Kd(t)ε(t) + GF̂ ,

εm(t) =
w b

a
(
√

γ̂ −√γ)dy,

√
γ̂ =

C(y)Vm(t)√
V T

m EVm

.

(17)

ùpF̂´F��O�.�em = Vm − V , F̃ = F̂ − F .
qÏ�3λ2¦�

√
V TEV −√

V T
m EVm = λ2(‖V ‖−

‖Vm‖). K����äØ�XÚ�

ėm = Hem + LΣV
λ2(‖V ‖ − ‖Vm‖)√

V TEV
+ G(F̂ − F ).

(18)
�æ�ä�8�´ÀJF��O�,¦�em → 0. �
d,ÀJXe�Lyapunov¼ê

π =
1
2
eT

mP1em +
1
2
F̃TF̃ . (19)

éTLyapunov¼ê¦���ê

π̇ = −1
2
eT

mQ1em + eT
mP1LΣV

λ2(‖V ‖ − ‖Vm‖)√
V TEV

+

eT
mP1GF̃ + F̃T ˙̂

F. (20)

b��æ�þ.�®��
M

2
(=‖F‖ 6 M

2
),¿ÀJ

Xe�F̂�g·AN!Æ

dF̂

dt
= −Γ

√
V T

m
EVmεm(t)(‖F̂‖ > M

2
),

dF̂

dt
= 0(‖F̂‖ 6 M

2
).

(21)

Ù¥Γ > 0´�ýk�½�ÆSXê. Tg·AN

!ÆA¦‖F̂‖ 6 M

2
.

-P̄1 = GTP1 − ΓΣ ,K�±y²

π̇ =

−1
2
eT

mQ1em + eT
mP1LΣV

λ2(‖V ‖ − ‖Vm‖)√
V TEV

+

eT
mP1GF̃−F̃TΓ

√
V T

mEVm(
ΣVm√
V T

mEVm

− ΣV√
V TEV

)=

−1
2
eT

mQ1em + eT
mP1LΣV

λ2(‖V ‖ − ‖Vm‖)√
V TEV

+

F̃TP̄1em−F̃TΓ (

√
V TEV −√

V T
m EVm√

V TEV
)ΣV 6 (22)

−1
2
(λmin(Q1)− 2 ‖P1LΣ‖T2√

‖E‖ ) ‖em‖2 +

‖F̃‖(‖P̄1‖+
T2‖Γ‖ · ‖Σ‖√

‖E‖ )‖em‖ =

−δ1‖em‖2 + δ2‖F̃‖‖em‖. (23)

Ù¥

δ1 =λmin(Q1)−2T2 ‖P1LΣ‖√
‖E‖ , δ2 =

∥∥P̄1

∥∥+T2Σ ‖Γ‖√
‖E‖ .

(24)
Ï�®b��æ�þ.�®��M

2 (‖F‖ 6 M
2 ),

¿�ÏLg·AÆ(21) �¦�‖F̂‖ 6 M
2 . u´

ª(23)�z{�

π̇ 6 −δ1(‖em‖ − Mδ2

2δ1

)2 +
M 2δ2

2

4δ1

< 0. (25)

Ïd�‖em‖ > Mδ2(δ1 +
√

δ1)
2δ1

�, π̇ < 0. ùL²

�XÚÃ�æ�dª(17)Ú(21)¤|¤�*ÿì´
­½�. þã(J�o(¤Xe½nµ
½½½nnn 1 (Âñ5½n) b�‖F‖6M

2 �ÏLg

·AÆ(21)�¦�‖F̂‖6M

2
,KU�y*ÿØ�÷v

lim
t→∞

‖em‖ 6 Mδ2(δ1 +
√

δ1)
2δ1

. (26)

T½nL²�g·AN!Æ(21)^u�ä*ÿ
ì(17)�,�äØ�XÚ(18)´­½�.

F Ú F̂ ��C§Ý´�æ�ä�'�.
� ± l þ ¡ � © Û L § w �, � ‖em‖ >
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Mδ2(δ1 +
√

δ1)
2δ1

�(=em 34¥	¡�), π̇ < 0,

ùL²F̃ → 0. �‖em‖ 6 Mδ2(δ1 +
√

δ1)
2δ1

�,

em34¥S. d�k‖F̂‖ 6 M

2
(δ1 +

√
δ1) , δ1 =

λmin(Q1) − 2T2‖P1LΣ‖√
‖E‖ . ùL²�ÏLP1 , Q1�

À�¦�δ1 é�. ÏdF̃¯¢þ�´é��,
=FÚF̂´é�C�.

5 NNN���������LLL§§§(Fault tolerant control pro-
cess)

5.1 ÃÃÃ���æææ���XXXÚÚÚÑÑÑÑÑÑVVVÇÇÇ���ÝÝÝ¼¼¼êêê���`̀̀���lll

������ÆÆÆu1������OOO(Design of the fault-free op-
timal tracking controller u1)
ÑÑVÇ�Ý¼ê���{��O8I´À

J����Ñ\¦�XÚ�¢SÑÑVÇ�Ý

¼ê¦�U�l��¯k�½�ëYVÇ�Ý¼

êg(y),ùpg(y)�´½Â3[a, b]«mþ�¼ê. b
�Ã�æ�XÚÑÑVÇ�Ý¼ê�`�l��Æ

�u1(t).
aquéγ(y, u(t))�%C, 8IVÇ�Ý¼ê

��^kn²���.£ãXeµ

g(y) = C(y)Vg/
√

V T
g EVg. (27)

Ù¥Vg´Ï"8I�������þ. �¢yÑÑ
VÇ�Ý¼ê�`�l,�XÚÃ�æ�,æ^Xe
��g.5U�Iµ

J1 =
1
2

w ∞
0

[
w b

a
(
√

γ(y, u1(t))−
√

g(y))2dy +

ζT
1 (t)R1ζ1(t)]dt. (28)

Ù¥: R1 = RT
1 > 0, ζ1´dBζ1(t) = Bu1(t) +

AVg½Â�. �XÚ�~ó��, F = 0, òª

(2)Ú(27)�\ª(28), ª(28)�1�����5�,

ÏdØU��A^�5�g.OK¦)�`�ζ1.

�d,I=���üÑ,æ^g`��g�,¿�E

Xe��5�g.5U�I±�Oª(28):

J1 =
1
2

w ∞
0

[eT
1
(t)Ee1(t) + ζT

1
(t)R1ζ1(t)]dt. (29)

ª¥e1(t) = V (t) − Vg�ÑÑ����þÚ8I�

���þ��lØ�,dd��Ø��.�

ė1(t) = Ae1(t) + Bζ1(t). (30)

ØJuy, ª(29) Úª(30)´��;.��g.�

`N!¯K. �,ù´��g`��, �´��

ª(29)������,�8I¼ê(28)���
��

�,ù�?n�¦���{��{z. A^²;��

�nØØJ¦Ñ�"OÃÝ
K1. äN/, ÏL¦

)Riccati�§(31)¦ÑÝ
P̃ (P̃´��½é¡Ý
),

ò¤¦Ñ�P̃ �\ª(32)=�¦ÑOÃÝ
K1:

P̃A + ATP̃ − P̃BR−1
1 BTP̃ + E = 0, (31)

K1 = −R−1
1 BTP̃ . (32)

�B�ÛÉ�,�����þ�

u1(t)=ζ1(t)−B−1AVg =−K1e1(t)−B−1AVg. (33)

Ï���V (t)3¢S¥Ø�ÿþ, Ïd�¦^��

ìu1(t)�L�OÑG�Cþ(���V (t)). ùpæ

^G�*ÿì�{5¼����.

3t < tf�,�æuÿ*ÿì�*ÿ�XÚ�G

�,
Ø¬uÑ�æ�´,Ïd,�±^�æuÿ*

ÿì�G��O��ì¥XÚ�G�,l
��¢

S���ì.

òª(3)¥�V̂�OVK���¢S��ì�

u1(t) = −K1(V̂ (t)− Vg)−B−1AVg. (34)

3��Æ(34)��^e9XÚ(2)�~ó��, ÙÑ
ÑVÇ�Ý¼ê�l
�½�©Ù.

t > tf �,XÚ¥Ñy�æ, F 6= 0,�¦�XÚ
ÑÑ�VÇ�Ý¼êEU�l�½�©Ù,�|^
�äÑ��æF̂�&E?1��XÚ­|.
5.2 ���æææ���������XXXÚÚÚ­­­|||(Post-fault controller re-

configuration)
��XÚ­|�?Ö´¦�æ�XÚ�ÑÑV

Ç�Ý¼êEU�l�½�©Ù.�æ�OÑ�,�
@�F̂ ≈ F . �¦Ñ��XÚ­|����ìu2­

#½Â5U�IXe:

J2 =
1
2
[
w b

a
(
√

γ(y, u2(t))−
√

g(y))2dy +

ζT
2 (t)R2ζ2(t)]. (35)

Ó��EXe�5�g.5U�I:

J2 =
1
2
[eT

2
(t)Ee2(t) + ζT

2 (t)R2ζ2(t)]. (36)

Ù¥e2(t) = V (t)− Vg.
555 2 N����½Â�5U�I´]�5U�I,

Ï��XÚu)�æ�, �Å©ÙXÚ�ÑÑVÇ�Ý¼
êØ¬2���l�½�VÇ�Ý¼ê. ¤±­#½Â]
�5U�I, ¦�u)�æ��ÅXÚ�ÑÑVÇ�Ý¼
ê¦�U�l�½�VÇ�Ý¼ê, ±¢y�Å©ÙXÚ
�N���,�´�l�°Ý¬k¤eü.
e¡�?Ö´­#�O­|��ìu2(t). E,

/Ï�Û�l����ì�Og�,¿4ζ2(t)�Ä
�æ�K�,-Bζ2(t) = Bu′2(t)+AVg +GF̂ . u′2�
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�­#�O���ì, EéØ��.(30)?1�g
.�`N!. K���

u′2(t) = ζ2(t)−B−1AVg −B−1EF̂ =

−K2e2(t)−B−1AVg −B−1GF̂ . (37)

3��Æu′2��^e¦�5U�I(36)����,
l
¦8I¼ê(35)�����.
¢S¥,XÚG���ØU����,�ä*ÿ

ì(17)��¡U�OÑ�æ�Ì�,,	�*ÿÑ

�æu)�Ä��Å©ÙXÚ�G�Vm(t),ò*ÿ
G��OXÚ�G�,��¢S�­|��ì�

u2(t)=−K2(Vm(t)−Vg)−B−1AVg−B−1GF̂ . (38)

ÏLé��Æu1­#�O, ����Æu2�¦��

æ�XÚÑÑVÇ�Ý¼êEU�l�½©Ù.
555 3 3­|��ì��ÿ­#½Â
]�5U�

I,
­|��ì��OE/Ï
�Û�`�g�5�O.
XJ¤²{�mØv
�, �Û5U�I(28)�7`u6
�5U�I(35).
±eé�æ­|��XÚ�­½5\±©Û.�

=�	Ø�XÚ

e2(t) = V (t)− Vg (39)

�­½5¯K.Äk�±y²Ø�XÚ÷v

ė2(t) = V̇ (t)− V̇g = AV (t) + Bu2 + GF − V̇g.

òª(38)�\ª(39)¿�Ä�Vg´��~�þ,��
�eª:

ė2 = AV (t) + Bu2 + GF =

AV (t) + B(−K2(Vm(t)− Vg)−
B−1AVg −B−1GF̂ ) + GF =

Ae2 −BK2e2 + BK2(V − Vm)−GF̃ =

(A−BK2)e2 −BK2em −GF̃ . (40)

w,, A − BK2´��­½Ý
, l
�3�½Ý

P2¦�eª¤á:

(A−BK2)TP2 + P2(A−BK2) = −Q2. (41)

ÀJXeLyapunov¼ê

π = eT
2 P2e2.

¿÷ª(40)éLyapunov¼ê¦���ê��

π̇ = eT
2 [P2(A−BK2)+(A−BK2)TP2]e2−

2eT
2P2BK2em− 2eT

2 P2GF̃ =

−eT
2 Q2e2 − 2eT

2P2BK2em−2eT
2P2GF̃ 6

−λmin(Q2) ‖e2‖2+ 2 ‖e2‖ ‖P2‖ ·
(‖BK2‖ ‖em‖+ ‖F̃‖ ‖G‖).

|^½n1���eª:

π̇ 6 −λmin(Q2) ‖e2‖2 + 2 ‖e2‖ ·

(‖P2‖ ‖BK2‖ Mδ2(δ1+
√

δ1)
2δ1

+M ‖G‖ ‖P2‖)=

−ω1 ‖e2‖2 + 2ω2 ‖e2‖ .

Ù¥

ω1 = λmin(Q2),

ω2 = ‖P2‖ ‖BK2‖ Mδ2(δ1 +
√

δ1)
2δ1

+ M ‖G‖ ‖P2‖ .

u´k

π̇ 6 −ω1(‖e2‖ − ω2

ω1

) +
ω2

2

ω1

< 0.

�‖e2‖ > ω2(ω1 +
√

ω1)
ω1

, Lyapunov¼ê����
ê�K.l
kXe½n¤á:
½½½nnn 2 3½n1¤á�cJe, Xª(38)¤«

�­|��Æu2�y
�lØ�e2÷v

lim
t→∞

‖e2‖ 6 ω2(ω1 +
√

ω1)
ω1

, (42)

¤±­|��Æu2¦��æ��k.�Å©ÙXÚ

ÑÑVÇ�Ý¼êEU�l�½�VÇ�Ý¼ê,
¢y
kn²��k.�Å©ÙXÚ�N���.

6 OOO���ÅÅÅ���ýýýÞÞÞ~~~(Computer simulation ex-
amples)
�
?�Ú`²þã�{, �Ä���ÅX

Ú, ÙÑÑVÇ�Ý¼ê�±dXe�B�^¼
êBi(y)(i = 1, 2, 3)5%C.



B1(y) = 0.5(y − 2)2I1 + (−y2 + 7y − 11.5)I2+
0.5(y − 5)2I3,

B2(y) = 0.5(y − 3)2I2 + (−y2 + 9y − 19.5)I3+
0.5(y − 6)2I4,

B3(y) = 0.5(y − 4)2I3 + (−y2 + 11y − 29.5)I4+
0.5(y − 7)2I5.

(43)
Ù¥

Ii =
{

1, y ∈ [i, i + 1]
0, Ù¦

(i = 1, 2, 3, 4, 5).

b½XÚÄ��§�±L«�

V̇ (t)=



−5 2 0
0.8 −4 0
0 2 −3


V (t) +




0.5 0.3 0
0 0.9 0.1

−0.5 −0.2 0.1


u(t)+




3
−1
−1.5


F. (44)

F�LÄ�XÚ(44)��æ. F = 0�XÚ(44)�~
ó�,�t > 5 s�F = 2. æ�Ú�ÀJ�0.05 s.
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¦ ª(12)¥ �L¦ þ � òL� �L =
[−0.1 0.3 −0.15]T ¦�A + LΣ�HurwitzÝ
.

¿ÀJQ1 =




0.8121 0.0922 0.1662
0.0922 0.4249 0.3756
0.1622 0.3756 0.8386


,¦�P1 =




0.0899 0.0522 0.0327
0.0522 0.1380 0.1076
0.0327 0.1076 0.1423


, �¦ª(11)Úª(16)Ó

���÷v, ��¦ª(26)¥δ1 = 0.0639 , δ1 → 0,
ÏdFÚF̂�~�C.Jp
�æ�ä�{�°Ý.
ã1L«XÚ�í���mCz�¹. ã2L«

�æ�ä(J,T(JL²²Lá6�LÞL§,�
æ�OF̂�±O(/�lF�Cz,¢y
¯�k�
��æ�ä.

ã 1 í�εm(t)�Cz
Fig. 1 Response of residual εm(t)

ã 2 F̂�Cz

Fig. 2 Response of F̂

�XÚ(44)Ã�æ�(F = 0),�

R1 =




0.1 0 0
0 0.1 0
0 0 0.1


 .

dª(31)��

K1 =




0.2632 −0.0533 −0.4075
0.5393 0.9570 0.3142
0.0472 0.1565 0.1394


 .

3��ì(34)��^e,Ð©^�©O�V (0) =
[0.22 0.32 −0.42]T, 8I�Vg = [10 17 10]T,

uÿ*ÿìÚ�ä*ÿì�Ð�©O�V̂ (0) =
[0.4 0.6 −0.6]T, Vm(0) = [0.7 0.8 −0.9]T, XÚ
�~ó��ÑÑ�VÇ�Ý¼êé�½©Ù��l

(JXã3¤«.

ã 3 XÚ�~�ÑÑVÇ�Ý¼ê(F = 0)
Fig. 3 Normal output PDF(F = 0)

� t > 5 s �, XÚÑy�æ (F = 1), ��
äÑ�æ�, éXÚ?1��ì­|, ¿�R2 =


0.05 0 0
0 0.05 0
0 0 0.05


, 3­|��Æ(38)��^e

XÚÑÑVÇ�Ý¼ê��ý(JXã4¤«.
ã5´u)�æØ?1��ì­|�Ã�æ��
�ªVÇ�Ý¼êγ(y, 300)�'�,dTã�wÑ,
u)�æ�XJØ?1��ì­|, KXÚÑÑ�
VÇ�Ý¼êÒØU�l�½�VÇ�Ý¼ê.

ã 4 ÑÑVÇ�Ý¼ê�N����J
Fig. 4 Output PDF of the whole fault tolerant

control process

ã 5 u)�æØ?1��ì­|�Ã�æ��
�ªVÇ�Ý¼êγ(y, 300)�'�

Fig. 5 Final PDF γ(y, 300)without controller reconfigur-
ation in comparison with the normal final PDF
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ã6�Ñ
XÚ(44)�~(F = 0)�ÑÑ��ªV
Ç�Ý¼êγ(y, 300)ÚXÚu)�æ¿?1��
ì­|�XÚÑÑ��ªVÇ�Ý¼êγ(y, 300).
ã7�Ñ
����L§¥��ìu2(t)�Cz­�,
Ù¥u2(1), u2(2), u2(3)�õÑ\u2�3�©þ. l
ã4Úã6�wÑEU¦�æ�XÚ(44)�ÑÑVÇ
�Ý¼ê�l�½�VÇ�Ý¼ê, �l�°Ý�
CÃ�æ���l°Ý,N����JûÐ.

ã 6 XÚ�~(F = 0)Ú�æ�(F 6= 0)��ªV
Ç�Ý¼êγ(y, 300)

Fig. 6 Normal final PDFγ(y, 300)(F = 0) and
the finalγ(y, 300)(F 6= 0)

ã 7 ��ìu2�Cz

Fig. 7 Response of the controller u2

7 (((ØØØ(Conclusion)
éæ^kn²��B�^%C��pdÄ��

Å©ÙXÚ,æ^Äu��5g·A*ÿì��æ
�ä�{, ¯�k�/�äÑT�ÅXÚ��Ï"
�æCz. �XÚ�æu)�,é��ì?1­#�
O,�O�Û�`�l��Æ��Ä��æ�K�,
¦��æ­|�XÚ�ÑÑVÇ�Ý¼êEU�l

�½�©Ù,¢y
T�pd�Å©ÙXÚ�N�
��.O�Å�ýw«¤JÑ��æ�äÚN��
��{�k�5.
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